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Abstract

The proprotein convertase subtilisin/kexin type 9 (PCSK9) was first characterized in
2003 by Seidah and colleagues and marked the beginning of what is now considered by many as
the greatest advancement in the field of cardiovascular disease (CVD) research since the
discovery of the LDLR nearly half of a century ago. Since its discovery, PCSK9 was shown to
enhance the degradation of cell-surface low-density lipoprotein (LDL) receptor (LDLR) and
gain-of-function (GOF) mutations were shown to correlate with CVD risk. In contrast, patients
carrying loss-of-function (LOF) mutations in PCSK9 highlighted a novel therapeutic approach
for LDL lowering as they exhibit a life-long state of hypocholesterolemia and reduced CVD risk.
A decade after the cloning of the PCSK9 gene, pharmaceutical companies have now developed a
variety of PCSK9 inhibitors, ranging from monoclonal antibodies (mAbs) to small interfering
RNA (siRNA) and vaccines, which have been shown to markedly reduce LDL cholesterol levels
in pre-clinical models, as well as in patients at high risk of CVD. Despite these advances, there
remained several unanswered questions regarding the mechanisms by which PCSK9 expression
and secretion is regulated in the liver; the tissue from which the circulating pool of PCSK9
almost exclusively originates. The thought that further development of our understanding of
PCSKO9 biology may lead to the discovery of a signaling cascade that could be targeted by small
molecules, the only class of inhibitor that has not yet been developed, has now merited additional
research attention.

The focal point of my doctoral studies represents the axis between a cellular process
known as endoplasmic reticulum (ER) stress and PCSK9 expression/biosynthesis. ER stress is a

deleterious cellular process that is known to occur in secretory cell types, such as liver
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hepatocytes, and is a well-established causative driver of an array of human diseases ranging
from CVD to neurodegenerative diseases. ER stress is prevalent in the livers of patients with
metabolic disease and is also known to activate the transcription factor capable of regulating
PCSKO9 levels, the sterol regulatory element-binding protein 2 (SREBP2). Based on this
information, the first aim during the course of my PhD studies was to determine whether ER
stress affected the expression and secretory status of PCSKO. In the past several years, |
demonstrated that ER stress caused by ER CaZ* depletion led to a marked increase in PCSK9
protein expression, but blocked its secretion as a result of its retention in the ER. Such a result
was also associated with heightened hepatic LDLR expression and reduced LDL cholesterol
levels in mice. Additional studies also characterized a variety of agents, including caffeine, as
potent inhibitors of PCSK9 expression via increasing ER Ca2* levels, which antagonized
SREBP2 activity. As our initial studies revealed ER PCSK9 retention as a viable strategy for
PCSKO9 inhibition and LDL lowering, follow-up studies were also carried out to determine the
outcome of such a strategy on liver function and injury. Given that heritable mutations in
proteins that transit the ER can accumulate in this compartment and cause ER storage disease
(ERSD), it was critical to further evaluate whether ER PCSK9 retention would lead to a similar
outcome.

In a series of experiments with rather surprising outcomes, we observed that the retention
of the LOF QI52H PCSK9 mutant in the ER failed to cause ER stress; even in mice
overexpressing the protein. Interestingly, tissue culture and mouse models demonstrated that the
retention of PCSKO9 in this cellular compartment increased the cellular abundance of ER stress

response chaperones, such as the glucose-regulated proteins of 78- and 94-kDa (GRP78 and



GRPY4, respectively), but did not activate transducers of the ER stress signaling cascade.
Strikingly, mice expressing the ER-retained PCSK9 Q152H mutant were protected against ER
stress, suggesting a novel co-chaperone-like role of intracellular PCSK9. Collectively, the ER
environment including secondary messengers like Ca2* as well as its chaperones, plays a critical
regulatory role on PCSK9 expression and secretion. Agents that increase ER Ca2* levels can be
utilized to block PCSK9 expression at the mRNA level to increase hepatic LDL clearance, and
ER PCSKO9 retention may also represent a safe avenue with a similar LDL lowering outcome.
Beyond LDL lowering, hepatic ER PCSK9 retention may also serve as a novel strategy to

enhance ER function and protect against ER stress-driven diseases of the liver.
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submitted to a peer-reviewed scientific journal. All scientific articles included in this manuscript
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article describes the nature of the contributions made by each of the authors in the multi-authored
works. The final chapters of this thesis (chapter 7-8) are comprised of discussions covering such

topics as the limitations, clinical relevance and future directions of these studies.
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Chapter 1: Introduction and Research Objectives
1.1 The cholesterol theory of CVD

In the early 1900’s, Russian physicians Ignatowski and Anitschkow were the first to
demonstrate that a high cholesterol diet derived from milk, eggs and meat, produced
atherosclerotic lesions in rabbits [1]. Although initial studies were conducted in rodents, over a
century of research now confirms that this result holds true in humans; yielding large necrotic
cores with an abundant population of macrophage foam cells driving core progression [2]. These
seminal studies gave rise to the cholesterol hypothesis of CVD and have provided the foundation
on which the majority of research in the field of atherosclerosis builds upon today.

Like all theories, the cholesterol hypothesis has been the subject of criticism and rigorous
testing since its conception. In recent years, alternative cholesterol-independent drivers of CVD
have also been identified, such as the inflammatory mediator interleukin-18 (IL-1B) [3]. The
fields of genetics, molecular biology and clinical trials, however, have produced overwhelming
evidence demonstrating that cholesterol is a principal, and causative driver of CVD [4].

The LDL particle is the vehicle in which pro-atherogenic cholesterol circulates in the
blood. The LDL particle is comprised of a phospholipid membrane enveloped by a single large
apolipoprotein-B (ApoB) protein encasing approximately 1500 molecules of cholesterol [5].
Importantly, ApoB is present in a defined stoichiometry of 1:1 with LDL particles and provides
structural integrity, as well as a ligand for receptor-mediated clearance from the blood. ApoB-
derived cholesterol particles, such as the very low-density lipoprotein (VLDL) and LDL, serve as
the primary means of distribution of lipid from the lipid-rich liver to peripheral tissues [6]. The

ApoB-containing particle is first secreted from the liver as a triglyceride-rich VLDL. Enterocytes



from the gastrointestinal system also excrete lipid-rich chylomicrons, thereby contributing to
peripheral lipid distribution. As VLDL passes through the vasculature, the ubiquitously-
expressed cell-surface lipoprotein lipases extract the triglyceride from VLDL, thereby reducing
VLDL particle size, but increasing of its density [7]. Finally, the newly-exposed ApoB moeity in
the increasingly dense LDL particle can be readily detected by cell-surface LDLR expressed in
tissues of the periphery [8]. Binding and internalization of the LDL particle by the LDLR serves
to distribute cholesterol, the final payload of the LDL particle.

Because cholesterol is an essential component of the cellular lipid bilayer, de novo
synthesis of cholesterol within the cell represents a redundant mechanism to ensure its presence
in all cells [9]. Interestingly, however, recent studies have shown that de novo cholesterol
synthesis within cells can provide up to 95% of the total required cholesterol to maintain cellular
health and function [7]. In today’s day and age, with a diet that provides an abundance of
cholesterol, the distribution of cholesterol in the form of LDL is largely a vestigial characteristic
that now promotes excess deposition and accumulation of cholesterol in tissues. Importantly,
there also exists a form of retrograde cholesterol transport mediated by high-density lipoprotein
(HDL) particles, which shuttle excess cholesterol from peripheral tissues back to the liver for
metabolism [10, 11]. Based on this mechanism, the negative correlation between circulating

HDL levels and reduced CVD risk also support the cholesterol theory of CVD (Figure 1).



Figure 1. As liver-derived VLDL particles distribute triglycerides to tissues of
the periphery, they lose of there size and become increasingly dense. With the
ApoB moiety exposed, LDL particles deliver the final cholesterol-rich payload to
LDLR-expressing tissues of the periphery. In contrast, HDL-mediated retrograde
cholesterol transport serves to remove excess cholesterol from the periphery for

metabolism in the liver.
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Vascular regions of non-laminar flow, such as bifurcations in the coronary arteries, are
particularly prone to the penetration of LDL within the lining of the endothelial cell wall [12].
Sub-endothelial peptidoglycans interact with the positively charged domains of ApoB and hinder
its exit, thereby promoting its accumulation [13]. Although LDLR-mediated clearance of LDL by
macrophages within the vessel wall can reduce acute LDL buildup, long-term exposure of
macrophages to cholesterol can promote an inflammatory phenotype-switch of the lipid-laden
macrophages into what is commonly referred to as a foam cell [14]. Vessel-resident foam cells
are known to secrete a number of bridge molecules that enhance LDL retention within the vessel
wall. As LDL accumulation worsens, the oxidation status of the LDL particles also progresses.
This new form of oxidized (ox)LDL exhibits diminished affinity for the LDLR but increased
affinity for the abundantly-expressed scavenger receptors present on the cell-surface of foam
cells [15]. Unlike the LDLR, scavenger receptors, such as the cluster of differentiation 36
(CD36), do not exhibit negative feedback characteristics and tend to increase in abundance as the
cell-surface as oxLDL is absorbed by the foam cell. As this condition progresses, ever increasing
amounts of LDL cholesterol accumulate in the intimal region of the vessel wall, which in turn
drives foam cell formation.

Prolonged lipid accumulation in foam cells causes a change in gene expression, such that
a localized pro-inflammatory milieu is created within the vessel wall. Among the pro-
inflammatory mediators regulated by foam cells are ICAM and VCAM molecules on the surface
of nearby endothelial cells that promote the recruitment of additional monocytes to the vessel
wall [16, 17]. Exposure of the newly-recruited monocytes to lipid and pro-inflammatory

mediators within the vessel wall quickly causes a phenotype switch to produce additional



macrophage foam cells. Chronic lipid overload in foam cells leads to an intracellular disturbance
known as ER stress; a process ultimately known to cause apoptotic cell death of foam cells [18].
As the cycle continues, the cholesterol and matrix remnants of dead foam cells accumulate
within the vessel wall, leaving behind a necrotic core. Although the necrotic core is not directly
exposed to the coagulation factors present in the circulation, release of core contents into the
vessel lumen via rupture of the fibrous cap causes the spontaneous formation of a thrombus [19].
Depending on the severity and size of the thrombus, reduced oxygen delivery to the downstream

tissues as a result of hindered blood flow, often causes a cardiovascular event.

1.2 LDL cholesterol: an irrefutable driver of CVD

The totality of evidence demonstrating that LDL cholesterol is a causative driver of CVD
stems from a wide range of fields. Most importantly, it is the sum and/or combination of these
data that makes the argument irrefutable [4]. Genetic mutations that increase circulating LDL
cholesterol levels increase CVD risk and in a reciprocal manner, mutations and therapeutic
interventions that reduce circulating LDL cholesterol reduce CVD risk. Perhaps the most
compelling evidence, however, is the consistency of this observation regardless of the
mechanism by which LDL levels are affected. Our current understanding of LDL and its role in
CVD progression is largely due to heritable mutations in genes that give rise to elevated
circulating LDL cholesterol levels. This fairly common condition is known as familial
hypercholesterolemia (FH). In its heterozygous form, FH confers a 50% chance of having a

cardiovascular event before the age of 50 [20].



1.2.1 Loci involved in the pathogenesis of atherosclerosis

FH is an autosomal co-dominant disorder characterized by a marked increase in
circulating LDL cholesterol levels [20, 21]. The worldwide prevalence of heterozygous FH is
approximately 1:200 to 1:300 individuals and typically results in circulating LDL cholesterol
levels of approximately 4.5-12 mmol/L, as well as premature atherosclerosis and coronary artery
disease [22]. A gene-dose effect is also observed, as the much rarer condition known as
homozygous FH produces circulating LDL cholesterol levels that can surpass 13 mmol/L [23].
Homozygous FH often results in cardiovascular complications and death within the first few
years of life. FH pathogenesis was originally believed to be the consequence of excessive de
novo cholesterol synthesis [24], however, this was shown to be incorrect by scientists Brown and
Goldstein in the early 1970’s. In one of the most exciting chain of discoveries in modern
medicine, it was shown that cell-surface LDLR internalizes circulating LDL cholesterol to
increase intracellular cholesterol levels [25, 26]. Heightened intracellular levels subsequently act
as a feedback mechanism in a manner dependent on the SREBPs to attenuate further de novo
cholesterol synthesis by 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR). In most
patients with FH, this means that a LOF mutation in the LDLR gene prevents the clearance of
cholesterol from the blood and also induces a constitutive state of de novo cholesterol synthesis.
The LDLR, is now well-described and its ability to cause FH has been classified into seven
groups based on mutation phenotypes [27]: (a) no detectable LDLR protein, (b) either complete
(2a) or partial (2b) failure of the LDLR to traffic from the ER, (c) defective LDL binding, (d)

defective clustering in clathrin-coated pits, (e) recycling-defective LDLR, (e) sorting-defective



LDLR in polarized epithelial cells, (f) increased susceptibility to degradation by circulating
PCSK9 and (g) defective LDL delivery into the lysosome due to a resistance to extracellular
PCSKO9 [28].

It was later shown that mutations in the APOB gene also promote FH. Innerarity and
colleagues were the first to successfully demonstrate that in certain patients with FH, failure of
the interaction between the LDL particle and cell-surface LDLR was not the result of a mutation
in the LDLR, but rather in the LDLR substrate, ApoB. Soria and colleagues then characterized a
point mutation in 4APOB, R3500Q, as the cause of this rare form of FH [29]. Despite the
significant amount of research conducted on this gene, however, only one other mutation has
been shown to antagonize ApoB receptor binding, R3500W [30]. Finally, a third locus capable of
causing FH was identified as the PCSK9 gene by Abifadel & Seidah et al. in 2003 [31, 32].
PCSK9 encodes a secretory protein that enhances the degradation of cell-surface LDLR, thereby
reducing the ability of the liver to clear pro-atherogenic LDL cholesterol from the blood (Figure
2) [33]. To date, a wide variety of GOF mutations in PCSK9 have been identified, which confer
elevated circulating LDL cholesterol levels, as well as increased CVD risk. In contrast to GOF
mutations, LOF mutations in PCSK9 confer significant protection against CVD risk [34, 35].

Although mutations in LDLR, APOB and PCSK?Y represent significant contributors, they
do not account for all cases of genetic mutations resulting in increased CVD risk. Mutations in
SORTI, ABCG5/8, LPA, LIPA and APOE can also increase LDL cholesterol levels and impact
CVD risk [36]. Recent Mendelian randomization studies have now identified a strong positive

correlation between LDL cholesterol levels and CVD risk across mutations in over 50 genes



[37-39]. Moreover, mutations in genes known to regulate triglyceride-rich lipoproteins,

inflammation, vascular remodelling and vascular tone are also known to affect CVD risk [36].

Figure 2. Cell-surface LDLR interacts with the ApoB moiety of the LDL
particle and subsequently removes the particle from the circulation via
endocytosis. In the absence of PCSK9, LDLR is quickly recycled back to the
cell surface, where it continues to clear LDL from the blood. In the presence of
PCSK9, however, lysosomal degradation effectively reduces the expression of

LDLR at the cell-surface, thereby increasing the abundance of LDL in the
circulation.
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1.2.2 LDL-lowering therapies reduce CVD risk

Based on the discoveries made at the genetic level, or through serendipity as in the case
of Akira Endo with statins [40], a variety of therapies currently exist that reduce circulating LDL
cholesterol levels and CVD risk. A meta-analysis based on 26 randomized control trials
involving over 170,000 patients that were treated with statin therapies, which antagonize HMGR
and block de novo cholesterol synthesis, demonstrated an overall 22% reduction in CVD risk per
mmol/L reduction in LDL cholesterol [41]. Importantly, therapies that reduce circulating LDL
levels independent of HMGR, such as ezetimibe [42], bile acid sequestrantes [43], fibrates [44]
and stanol esters [45] also markedly reduce CVD risk. Surgical methods that reduce cholesterol
absorption from the gastro-intestinal tract, such as ileal bypass [46], also reduce LDL cholesterol
levels and confer reduced CVD risk. In severe cases of FH, LDL-lowering has also been
achieved via liver transplantation in order to provide FH patients with wild-type isoforms of FH-
inducing genes; notably, the expression of functional LDLR in transplanted livers has been
shown to significantly reduce circulating LDL cholesterol levels [47].

Overall, atherosclerosis and other forms of CVD represent a chronic illness that develops
during the course of a lifetime [4]. As is the case with other chronic illnesses, the contributors of
CVD are numerous and intricate. The abundance of evidence presented herein, however, strongly
suggests that LDL cholesterol represents a significant driver; perhaps even accounting for the
majority of disease burden. Long-term follow up studies have now demonstrated that risk of
CVD posed by LDL is not only the result of absolute LDL magnitude but also of the cumulative
exposure to LDL levels over a lifetime [48]. It is perhaps due to this observation that LDL-

lowering therapies can yield underwhelming results on CVD risk in short-term studies. Long-
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term LDL lowering from a young age, prior to the development of atherosclerosis, would likely
result in a proportionately greater reduction in CVD risk [49]. In support of this notion, statin
therapies have been shown to reduce CVD risk by 10% per mmol/liter of LDL lowering during
the first year and by an additional 6% in the second year. By the third year of therapy, CVD risk
is reduced by a total of 20%. The fourth and fifth years have been shown to yield an additional
1.5% reduction in CVD risk; a figure that appears constant during additional years of treatment
as plaque burden/stability comes to equilibrium [50]. Based on these data, five years of statin
treatment yields approximately 25% CVD risk reduction and therefore, 40 years should yield a
CVD risk reduction of approximately 50% [4]. Strikingly, Amgen’s FDA-approved human
monoclonal antibodies targeted against circulating PCSK9 have been shown to reduce LDL
cholesterol levels by 60% [51, 52]. This represents a marked improvement over previous statin-
based therapies. Given the novelty of these antibodies, however, data supporting CVD risk in
patients is currently limited. Overall, early detection of elevated LDL levels in young individuals
at high risk of CVD, such as those with FH, would be beneficial as this would afford the time for

LDL-lowering therapies to achieve a substantial level of risk reduction over a lifetime.

1.3.0 PCSKO9: from discovery to therapeutic application

The discovery of PCSK9 ultimately resulted in what is now widely considered as the
greatest advancement in our understanding of CVD since the discovery of the LDLR over 40
years ago. The groundbreaking collaboration between Seidah et al. and Abifadel et al. led to
back-to-back publications in early 2003, which simultaneously characterized the molecular

biology of PCSK9 and identified GOF mutations as significant contributors of CVD risk [31,
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32]. In the following years, it was also shown that LOF mutations in PCSK9 were associated

with a lifelong state of hypocholesterolemia and a substantial reduction of CVD risk [34, 53-56].

1.3.1 PCSKO structure and function

PCSK9 is primarily expressed in the liver, small intestine and kidney where it is
synthesized as a 692 amino acid zymogen. A signal peptide spanning from amino acids 1-30
ensures that PCSK9 enters the ER via the translocon during translation. Shortly after entry, signal
peptidases remove the signal peptide and nascent PCSK9 undergoes maturation via autocatalytic
cleavage at position Q152 [32, 57]. In an event that is unique to PCSK9 within the proprotein
convertase family, the cleaved pro-domain (amino acids 31-152) binds to the catalytic domain
and blocks further protease functionality (Figure 3). Several studies characterizing LOF
mutations in PCSK9 have shown that auto-catalytic cleavage in the ER represents the rate-
limiting step of its secretion from the hepatocyte [58, 59]. A French Canadian family harboring
the QI152H mutation was among the first evidence of this phenomenon, as homozygote
individuals exhibit a near-complete loss of circulating PCSK9 [55]. In a reciprocal manner,
artificial mutations in the catalytic domain (S386A) also demonstrate that impaired processing
substantially reduces PCSK9 secretion [60]. Mutations in portions of the peptide sequence
known to play a role in cellular trafficking, such as the L10 and R46L, also reduce circulating
PCSKD9 levels in patients [61, 62]. Overall, individuals with these mutations exhibit a lifelong
state of hypocholesterolemia, which has not yet been correlated with any health complications

other than a marked reduction in CVD risk.
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Figure 3. Intracellular cholesterol depletion induces the activation of the
transcription factor SREBP2, which translocates to the nuclease to increase the
expression of PCSK9 (not shown). The signal peptide ensures that PCSK9 is
translated into the ER via the translocon. PCSK9 immediately undergoes
autocatalytic cleavage and maturation prior to its entry into the trans-Golgi
network, where it is given a GOF phosphorylation at position Ser688 by Fam20.
Finally, the proteolytically inactive and phosphorylated PCSK9 is ready for
secretion from the hepatocyte.
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Following cleavage and maturation of PCSK9 within the ER, PCSKO is shuttled to the
cell surface through the trans-Golgi network for secretion into the blood. Although PCSKO is
expressed in several tissues, the population of PCSK9 found in the blood originates almost
exclusively from liver hepatocytes [63]. Circulating PCSK9 can then bind to cell-surface LDLR
with a Kd ranging from 90-840 nmol/L. As the PCSK9-LDLR complex enters the cell via
endocytosis and acidity of the lysosome increases, the Kd of PCSK9 for the LDLR also increases
by approximately 20-fold [64-66]. The strength of the interaction taking place in this
environment prevents release of the LDLR from PCSK9. In a series of events that are not yet
understood, the PCSK9-bound LDLR is no longer recycled to the cell surface, but rather, it is
degraded in the lysosome [67]. Practically speaking, the process by which PCSK9 induces the
degradation of the LDLR has been shown to occur with a binding half-life of 5-10 minutes,
followed by an internalization half-life of 2-3 hours. The net phenotype on total cell-surface
LDLR populations can be observed 12 to 24 hours following the addition of PCSK9 to the
medium, depending on experimental conditions [33].

Similar to PCSK9, the LDLR also begins its journey in the ER and requires an array of
post-translational modifications [68]. Although PCSK9 and the LDLR co-exist in the cell prior to
their transit to the cell-surface, PCSK9 fails to induce LDLR degradation in this compartment
[69]. Paradoxically, studies have demonstrated that newly synthesized intracellular PCSK9
exhibits chaperone activity and aids in the maturation and localization of the LDLR to the cell

surface [69].
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1.3.2 Regulation of circulating PCSKO9 levels

Like all protein species within a certain physiological compartment, PCSK9 levels in the
blood represent a balance between secretion and clearance. PCSK9 synthesis is regulated by the
ER-resident sterol-sensing transcription factor, known as SREBP2 [70]. Although similar to
SREBP1, which regulates the expression of genes associated with triglyceride production [71],
SREBP2 activation promotes cholesterol synthesis and uptake. Paradoxically, LDLR is also
transcriptionally-regulated by SREBP2, which has led many to believe that PCSK9 may serve as
a feedback mechanism to attenuate excessive LDLR expression/activity at the cell surface.
Induction of the PCSK9-LDLR axis begins when low intracellular cholesterol levels are detected
by the sterol-sensing domain of the insulin-induced gene-1 (INSIG1); a protein charged with the
task of anchoring the inactive ER-resident precursor form of SREBP2 to the luminal face of the
ER. SREBP2 and its binding partner, SREBP cleavage-activating protein (SCAP), subsequently
translocate to the Golgi for proteolysis and activation by site-1 and -2 proteases (S1/2P). Finally,
the cleaved and activated form of SREBP2 translocates to the nucleus to increase cholesterol-
regulatory gene expression, with the overall goal of increasing intracellular cholesterol levels
back to the homeostatic range [72]. The addition of PCSK9 as a new member of this pathway
also led to the discovery of an apparent inefficiency of LDL-lowering therapies, such as statins
and ezetimibe, which inherently increase secreted PCSK9 levels by activating SREBP2 [70].

Just like PCSKO9 that acts as a negative regulator of the LDLR, in a reciprocal manner,
cell-surface LDLR is a negative regulator of circulating PCSK9. Ld/r-- mice exhibit a substantial

increase in circulating PCSK9 levels whereas overexpression leads to the opposite outcome [73,
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74]. Likewise FH patients with LOF mutations in LDLR also exhibit increased plasma PCSK9
levels [75]. Beyond the LDLR, Benjannet and colleagues have demonstrated that circulating
PCSKO is cleaved by furin at the cell-surface into a truncated inactive form [76]. Because the
majority of circulating PCSK9 is bound to LDL, it is no surprise that LDL also represents a
strong regulator of PCSK9 half-life. Although the exact mechanism by which this process occurs
is not well-understood, recent studies have shown that LDL antagonizes furin-mediated PCSK9
cleavage [77]. It is likely due to this observation that the majority of LDL-bound PCSK9 exists
as the full-length protein, whereas the furin-cleaved form represents the majority of the LDL-free
population. Furthermore, clinical studies have also shown that patients that undergo lipoprotein
apheresis to remove LDL cholesterol from the blood, exhibited reduced PCSK9 levels [78].
Overall, PCSK9 enters the blood from liver hepatocytes and directly complexes with LDL. This
interaction not only increases PCSK9 half-life by reducing furin-mediated inactivation, but also

increases the affinity of PCSK9 for the LDLR by 2-fold.

1.3.3 PCSKO inhibitors: current and future strategies

Strictly on the basis of LDL-lowering efficacy, mAbs targeted against circulating PCSK9,
namely Evolocumab and Alirocumab, were approved by the FDA in 2016 [4, 79]. This event
highlighted the general consensus of the scientific community, as well as regulatory agencies,
with regards to the role of LDL cholesterol on CVD risk. Mechanistically, binding of the anti-
PCSKO9 antibody to circulating PCSK9 antagonizes further interaction between PCSK9 and cell-
surface LDLR. Although this process has recently been shown to increase circulating PCSK9

levels by approximately 7-fold [80], inactivation of circulating PCSK9 leads to an increase in
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cell-surface LDLR populations with a concomitant increase in LDL clearance from the blood.
The story of PCSK9, from its discovery in 2003 to the recent approval of mAbs, is now widely
regarded as one of the finest examples of translational bench-top to bedside research in modern
medicine [81]. Clinical trials testing the efficacy of anti-PCSK9 mAbs were initiated in 2012 in
patients that were at particularly high risk of CVD due to stain intolerance or FH-related
complications [82]. The striking efficiency of anti-PCSK9 mAbs quickly became apparent as the
results from these studies indicated a 50-60% lowering of LDL as a monotherapy and 60-70%
when provided as a combination with statins and ezetimibe [52]. Belonging to the class of
biologic therapies, however, PCSK9 mAbs require subcutaneous injection every two weeks and
are costly to manufacture [83].

RNA silencing, using siRNA is also being explored as an avenue for PCSK9 inhibition
[84, 85]. In this approach, an RNA species targeted in a complementary fashion to an mRNA of
interest is delivered to a cell. The siRNA is processed by the Dicer endo-ribonuclease and
conjugated to a RISC complex [86]. Using the siRNA as a guide, the RISC complex associates
with the mRNA target and induces its degradation, thereby blocking the expression of the target
protein. The anti-PCSK9 siRNA, inclisiran, also contains an N-acetyl galactosamine, ligand of
the asialoglycoprotein receptor to ensure liver-specific delivery of the siRNA. The phase I
clinical trial testing the LDL-lowering efficacy of inclisiran demonstrated a >50% inhibition 270
days following administration [84]. The long-lasting nature of siRNA is undoubtedly due to the
inherent stability of the RISC complex.

Although clinical data is not yet available, anti-PCSK9 vaccines are also under

development. Using the ApoE*Leiden/cholesteryl ester transfer protein mouse model, which is
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susceptible to PCSK9-induced changes in atherosclerotic lesion development, the AT04A
vaccine was shown to increase anti-PCSK9 antibodies well-beyond the study end-point [87].
Increased antibody titre was shown to reduce LDL cholesterol levels and atherosclerotic lesion
area by 53% and and 64%, respectively. The phase I clinical trial for AT04A is currently
underway. In a manner similar to inclisiran, the immune system-based anti-PCSK9 vaccine will
likely yield a long-lasting LDL-lowering effect.

Anti-PCSKO9 therapies prevent CVD by reducing circulating LDL cholesterol levels. Due
to the complex and chronic nature of atheroscleotic lesions and other forms of CVD, risk
reduction in patients taking anti-PCSK9 therapies will likely not occur until several years
following initiation of the treatment. Early small-scale studies, such as the Evaluation of
Cardiovascular Outcomes after an Acute Coronary Syndrome During Treatment With
Alirocumab (ODYSSEY Outcomes), were among the first to provide promising results. In a
cohort of 2341 high risk patients, alirocumab reduced circulating LDL cholesterol levels by 61%
[88]. As a result, a lower incidence of endpoints including non-fatal miocardial infarction (MI),
unstable angina and ischemic stroke was observed in alirocumab-treated patients compared to
those treated with placebo (1.7% vs. 3.3%; p=0.02). Further Cardiovascular Outcomes Research
with PCSK9 Inhibition in Subjects with Elevated Risk (FOURIER) was the first large-scale
randomized control trial, in which 27,564 patients with established atherosclerosis were
randomized to either evolocumab or placebo, to test the risk of cardiovascular outcomes [52].
Anti-PCSK9 antibody treatment in this trial was associated with a 59% reduction of LDL
cholesterol levels and a modest 1.5% reduction in risk of cardiovascular endpoints at 26 months.

Based on the results of this study and the high-cost associated with this therapy, addition of anti-
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PCSK9 mAbs to the standard-of-care regimen has been reserved for those at particularly high-
risk of cardiovascular events. Recent extrapolations in cost-benefit analyses have suggested a
number needed to treat to prevent a single cardiovascular event of 74 individuals over two years
in FOURIER and number needed to treat of 64 in ODYSSEY. At the current $14,400 USD/year
cost of these therapies, the price of preventing a single cardiovascular event approaches the
$1,000,000 USD mark [81, 89]. Overtime, however, as data on longitudinal studies are compiled
and the cost of these therapies is reduced, it is likely that PCSK9 inhibitors will join statins in the
standard-of-care [81].

Small molecule inhibitors represent one of the final frontiers not yet exploited for LDL-
lowering via PCSK?9 inhibition . The benefits of this strategy are accentuated by the exceedingly
high cost associated with current strategies. The absence of small molecule antagonists of
PCSKD9 in today’s repertoire of PCSK9 inhibitors, however, is not for the lack of trying by the
scientific community [58, 59, 90]. PCSKO9 proteolysis represents the rate-limiting step of PCSK9
secretion and stands as a highly sought-after and classical pharmacologic target. This process,
however, follows exceedingly fast kinetics and is concealed from pharmacologic agents by two
lipid bilayers. Inhibition of the binding of PCSK9 to the LDLR at the cell-surface has also
proven difficult due to the flat surface of interaction between these two proteins. The appealing
nature of low-cost small molecule inhibitors of PCSK9, however, far exceeds these drawbacks. A
final class of small molecule inhibitors of PCSK9 that are currently gaining momentum are those
that block de novo PCSK9 synthesis, thus leading to a reduction of its levels in the circulation.
Although SREBP2 regulates the expression of PCSK9 and the LDLR, inhibition of this

transcription factor commonly results in a reduction of PCSK9 and increased hepatic LDLR
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levels. The difference in half-life of PCSK9 and the LDLR likely explains this paradox. With a
half-life of only 5 minutes [91], circulating PCSK9 levels are closely linked to SREBP2-
mediated synthesis. In contrast, with a half-life of 12 hours [92], LDLR expression is primarily

regulated by factors that affect its stability at the cell surface, such as PCSKO9.

1.3.4 PCSK?9 beyond LDL cholesterol

Much of the research attention given to PCSK9 over the last several decades has focused
on its role as a regulator of LDL cholesterol and by extension, its role as a contributor of CVD.
During this period, however, a few roles beyond its ability to enhance LDLR degradation have
been identified. In particular, PCSK9 has been shown to enhance the degradation of most
members of the LDLR family, including LRP1, VLDLR and the ApoER2 [93, 94]. PCSK9 was
also shown to enhance the degradation of the fatty acid translocase, CD36 [95]. As these
receptors interact with a variety of ligands, PCSK9 has now been associated with signaling
cascades, molecular mechanisms and disease states that extend beyond the realm of CVD [96].
For the same reason that PCSK9 reduces circulating lipid levels by degradation a variety of
hepatic lipid receptors, accumulating evidence now demonstrates that PCSK9 can also attenuate
hepatic steatosis during metabolic challenges. Replenishment of circulating PCSK9 in E2f] null
mice, which express markedly reduced levels of PCSK9, reversed hepatic steatosis and other
metabolic parameters [97]. We have also demonstrated that HFD-fed Pcsk9 null mice exhibit
increased hepatic ER stress, fibrosis and inflammation compared to controls. In Pcsk9 knockout
hepatocytes, pharmacologic and genetic antagonism of CD36 protected against palmitate-

induced ER stress and lipotoxicity (see Appendix A for manuscript).
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In the intestine, PCSK9 has been shown to regulate triglyceride-rich lipoprotein
metabolism, as olive oil gavage led to increased lipid droplet accumulation in wild-type mice
compared with Pcsk9 knockout counterparts. Using Caco-2 cells, the authors of this study
concluded that PCSK9 regulates the secretion of apoB48 [98]. This research was supported by
follow-up studies demonstrating that PCSK9 knockout mice exhibit increased trans-intestinal
cholesterol excretion [99]. Recent studies also demonstrate that patients carrying LOF PCSK9
mutations exhibit reduced postprandial apoB levels compared with controls [100]. In addition to
the liver and the intestine, PCSK9 is also highly abundant in the kidney [32]. In this tissue,
PCSKD9 has been suggested to play a role in nephrogenesis [32], but its major role in this tissue
remains to be determined. In immortalized embryonic kidney HEK 293 cells, PCSK9 was shown
to regulate the amioride-sensitive epithelial sodium channel subunit-a (ENaC) [101], thereby
increasing its degradation via the proteasomal pathway. PCSK9 deficiency in pre-clinical
models, however, does not alter blood pressure as the initial in vitro findings had suggested
[102]. Perhaps in the most elegant kidney-related study, it was discovered that nephrotic
syndrome increases the hepatic expression and secretion of PCSK9 [103]. Importantly, the
majority patients with kidney disease succumb to CVD due to a shift towards a pro-atherogenic
lipid profile in the blood [104]. These findings identified PCSK9 as a significant contributor of
CVD in patients with kidney disease.

PCSK9 was also shown to enhance the degradation of CDS81, a cell surface receptor that
promotes the entry of virulent particles like the hepatitis C virus [105]. This suggests that PCSK9
may protect from viral infection. Because many species of bacteria, as well as viruses, require

cholesterol for host infection and proliferation [106], many have also hypothesized that PCSK9
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LOF may have yielded evolutionary benefits. In support of this notion, a recent study
demonstrated a marked increase in the frequency of severe malaria in Malian children carrying

GOF PCSK9 mutations [107].

1.4 Liver function and CVD risk

The liver plays a central role in energy/lipid homeostasis, as well as regulating levels of
secretory proteins known to contribute to a variety of disease states. Given this systemic
oversight, it is not surprising that the worldwide prevalence of non-alcoholic fatty liver disease
(NAFLD) is increasing along-side other metabolic complications, such as type-2 diabetes
mellitus (T2D) and CVD [108-110]. NAFLD is characterized by hepatic lipid accumulation, also
known as steatosis, in the absence of fibrosis and inflammation [111]. Although this condition is
generally benign, it represents the gateway for a progressive fibrotic and inflammatory state
known as non-alcoholic steatohepatitis (NASH). As hepatic steatosis, inflammation and fibrosis
worsen, NASH can progress to cirrhosis or hepatocellular carcinoma and eventually, liver failure
[109]. Although the exact mechanism by which this process occurs is not well-understood, it is
now widely accepted that excess consumption of dietary fats and sugars initiates deleterious
cellular processes in the liver such as ER stress, oxidative stress, Kupffer cell activation,
apoptosis, fibrosis and inflammation [112]. As each of these cellular processes is known to
promote the other, a net synergistic effect is often observed and is referred to as the multiple hits
hypothesis of liver disease.

Although the role of hepatic steatosis as an independent risk factor of CVD is still under

debate, it is well-established that CVD is the primary cause of mortality in patients with NAFLD
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[113]. Beyond mortality, studies have shown that plasma transaminase levels correlate with
incidence of stroke and myocardial infarction [114]. NAFLD is also associated with other
markers of CVD such as endothelial cell dysfunction, arterial stiffness, hypertension, intima and

media thickness of the carotid arteries and left ventricular diastolic dysfunction [110].

1.4.1 Molecular mechanisms by which NAFLD contributes to CVD

As one of the largest endocrine organs in the body, steatosis-driven changes in gene
expression within the liver also lead to changes in the protein and lipid profiles of the blood.
Increased levels of homocysteine in patients with NAFLD and NASH, a well-established driver
of CVD, is perhaps one of the most well-studied examples [115, 116]. Observational studies
suggest that circulating homocysteine promotes endothelial cell dysfunction, induces platelet
activation and perturbs redox status. Impaired liver function was shown to cause a reduction in
trans-sulfuration and re-methylation of homocysteine metabolites, thereby reducing
homocysteine clearance from the blood. In this double-hit process, the accumulation of
homocysteine metabolites in the liver also promotes oxidative stress and further contributes to
liver disease progression. Likely as a result of this oxidative environment, recent evidence has
also demonstrated a correlation between serum oxLDL levels and liver fat content [117]. A pro-
atherogenic lipid profile also correlates with liver disease severity [118]. Initial studies
demonstrated heightened levels of triglycerides, VLDL and LDL, as well as reduced levels of
HDL in patient with NAFLD [119]. Changes in circulating levels of coagulation factors are also
prevalent in patients with NAFLD, as these factors almost exclusively originate from the liver.

Given that a pro-coagulative state is associated with CVD risk, this represents another
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mechanism by which NAFLD may contribute to CVD progression. Finally, the liver also
contains one of the largest pools of resident macrophages in the body [120]. Although causative
data are currently scarce, it is conceivable and even likely, that pro-inflammatory mediators
secreted by the diseased liver also contribute to CVD. Consistent with this notion, the CANTOS
trial demonstrated that anti-IL-1 antibodies reduce the incidence of cardiovascular events by
15% in patients, independent of LDL lowering [3]. Studies in this field have now identified a
total of 18 pro-inflammaotry mediators, increased in the blood of patients with NAFLD, that are
independently known to contribute to CVD, including IL-1B (Figure 4) [110]. Increased ratio of
M1/M2 macrophages, which is indicative of a pro-inflammatory state, was also observed in the
venous blood of patients with NAFLD [121]. Collectively, accumulating evidence demonstrates
that NAFLD represents an independent risk factor of CVD. Although causative data are currently

limited, there also exists an abundance of molecular mechanisms supporting these findings.
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Figure 4. The far-reaching effect of the liver, an important endocrine organ, occurs
primarily via changes in the abundance of the secreted proteins and lipids that the
liver regulates. In NAFLD and NASH, the liver promotes a pro-atherogenic lipid
and protein profile within the circulation, thereby contributing to CVD.
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1.5 ER stress: a central driver of cardiometabolic disease

Hepatocytes, like all secretory cells, are rich in ER and are sensitive to disturbances that
affect ER homeostasis. Because the majority of cell-surface and secretory proteins transit this
organelle, it is vitally important for hepatocytes to maintain ER function [122, 123]. The ER
consists interdigitated cisternae located in the perinuclear region of the cell and can be
subdivided into the ribosome-enriched rough ER responsible for de novo protein synthesis and
maturation, as well as the smooth ER responsible for the synthesis of lipids and steroids [124]. In
order to carry out such a diversity of tasks, the ER contains an abundance of resident molecular
chaperones within its lumen. Chaperones are charged with the task of ensuring that the constant
influx of nascent proteins entering the ER are properly folded before exit and subsequent
secretion from the cell. Any proteins identified as being misfolded within the ER lumen are
quickly extruded through the translocon and targeted for degradation via ER-associated
degradation (ERAD) [125, 126]. When the influx of newly-synthesized proteins entering the ER
exceeds its protein folding capacity, an accumulation of misfolded polypeptides ensues. This
state is referred to as ER stress, and often occurs when a chemical imbalance within the luminal
environment reduces ER-resident chaperone protein folding efficiency. Given the importance of
the ER in all secretory and metabolically active tissues, it is not surprising that ER stress has now
been identified as a driver in the development of a range of human diseases including liver

disease, CVD, kidney disease, T2D, as well as obesity and neurodegenerative diseases, to name a

few [122, 127-129].
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1.5.1 The ER environment

The lumen of the ER is a unique environment within the cell. Because most proteins that
transit this compartment are eventually secreted or expressed at the cell surface, ER biochemistry
very much resembles the extracellular space. Key characteristics of this biochemistry include its
net oxidative potential, as well as elevated Ca2* levels relative to the cytosol. This environment
enhances oxidoreductase protein potential, and protein folding efficiency of Ca2*-dependent
chaperones located in the ER lumen [130, 131].

ER luminal Ca?* levels represent a fundamental component of the environment on which
the majority of ER-resident chaperones depend. To maintain elevated CaZ* levels relative to the
cytosol, three different classes of proteins must be expressed in the ER. These include (a) ATP-
dependent pumps, such as the sarco/endoplasmic reticulum ATPase (SERCA) for pumping Ca2*
into the ER lumen against the electrochemical gradient [132], (b) Ca2* channels, such as the
ryanodine and inositol-trisphosphate receptors (RyR and IP3R), which slowly release Ca2* back
into the cytosol for signaling purposes [133], and (c¢) ER-resident Ca2*-binding proteins that
increase the Ca2" retaining ability of the ER (Figure 5) [134]. Importantly, Ca2*-binding proteins
also play a dual role as chaperones to ensure the proper folding and quality control of nascent
proteins. In most tissues, these chaperones include calreticulin, calnexin, GRP78 and GRP94
[135]. As Ca?*-dependent chaperones, the expression and function of these proteins is directly
proportional to ER Ca?* levels. Given the importance of intracellular Ca2* homeostasis and
protein folding within the ER, it is not surprising that knockout of these chaperones leads to
embryonic lethality [136]. Calreticulin and calnexin exhibit high affinity, but low-capacity Ca?*-

binding characteristics. The P-domain of calreticulin, for instance, can bind 1 mol of Ca2*/mol
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protein at Kd=1 umol/L [134]. Calreticulin also exhibits a low-affinity high capacity domain,
capable of binding 25 mol Ca?* per mol protein at Kd = 2 mol/L. GRP78 and GRP94 are largely
low-affinity, high capacity Ca2*-binding chaperones, binding as much as 10 mol of Ca2?* per mol
protein [135, 137]. Due to the abundance of GRP78 in the ER, however, this single chaperone is
responsible for maintaining as much as 25% of total ER Ca2* levels [134]. GRP78 is the most
abundant and ubiquitously expressed of the chaperones and also represents the predominant ER
stress marker throughout the literature as its expression increases rapidly in conditions of ER
stress. GRP78 owes its role as the major regulator of ER function in mammalian cells due to its
promiscuous client binding domain, which was shown to exhibit one binding site in every 36
amino acids of a randomly generated peptide [138]. Once bound to a nascent polypeptide client,
GRP78 and other ER-resident chaperones undergo a series of ATP-dependent conformational
changes that prevent the premature aggregation and misfolding of the polypeptides [139].

It is well-established that inducing ER Ca2* depletion using SERCA pump inhibitors, like
thapsigargin (TG), causes ER stress [140]. In a reciprocal manner, recent evidence also
demonstrates that inhibition of channels, or promoting SERCA pump activation can also protect
against ER stress [141]. Not all conditions leading to ER stress, however, function directly
through CaZ*-dependent mechanisms. Agents like TM can inhibit the N-glycosylation of newly
synthesized proteins in the ER, a key step in the maturation of most secretory and cell-surface
proteins, thus leading to their accumulation in this compartment [122, 142]. Reducing agents,
like dithiotheritol (DTT), can also hinder oxidoreductase proteins that rely on the oxidative
environment of the ER. This ultimately leads to an accumulation of misfolded polypeptides in

need of disulfide bonds. Heritable loss-of-function mutations in the many cell-surface or
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Figure 5. Extracellular Ca®" is sparsely permitted to enter the cell through store-
operated channels, such as the Ca’" release-activated channel (CRAC). Excess
cytosolic Ca?* is quickly removed from the cytosol to avoid mitochondrial-induced
apoptosis and activation of other undesired signaling cascades, by the SERCA pump
into the ER lumen. The ER takes advantage of its abundantly-expressed Ca’*-
binding chaperones to buffer and maintain high levels of Ca?" compared to the
cytosol, thereby acting as the primary store of intracellular Ca?>". ER Ca?" release is
tightly regulated by the IP3R and RyR for cellular signaling purposes.
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secretory proteins that transit the ER can also lead to a protein product that fails to pass ER
quality controls and accumulate in the ER; a condition known to cause ERSD [143]. A well-
characterized ERSD occurring in the liver results from a number of established mutations in
alpha (1)-antitrypsin Z, which induce chronic ER stress and subsequent liver cirrhosis, as well as
hepatocellular carcinoma [144, 145]. Additional examples include arginine-vasopressin
mutations (G14R and G17V) involved in familial neurohypophyseal diabetes insipidus [146,
147], cystic fibrosis transmembrane conductance regulator-AF508 involved in cystic fibrosis
[148], thyroglobulin mutations involved in congenital goiter and hyperthyroidism [149] and
mutations in the Notch receptor known to promote cerebral autosomal-dominant arteriopathy and

leukoencephalopathy [150].

1.5.2 The unfolded protein response

Acute or chronic conditions that affect the delicate environment of the ER can reduce the
efficiency of ER-resident chaperones and quickly lead to an accumulation of misfolded protein in
this compartment. Given that many environmental and genetic conditions can contribute to this
event, cells have evolved an intricate regulatory mechanism to cope with excess misfolded
proteins. Activation of this highly-conserved cascade, known as the unfolded protein response
(UPR), simultaneously increases the protein folding capacity of the ER and reduces the protein
folding demand by attenuating global protein synthesis (Figure 6). The UPR was first
characterized in Saccharomyces cerevisiae, which only expresses the fundamental arm of the
UPR [151]. In this system, detection of misfolded protein aggregates in the ER lumen triggers

activation of the inositol-requiring enzyme-1 (IRE1). This ER stress transducer utilizes
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endoribonuclease activity to cleave an inhibitory intron from the mRNA transcript of the HAC1
transcription factor. The translated and functional HACI protein induces the expression of ER-
resident chaperones, thereby increasing ER folding capacity and restoring ER function.
Vertebrates have developed a much more complex UPR involving many arms and
downstream signaling cascades. Similar to Saccharomyces cerevisiae, activation of the UPR
promotes the dimerization and auto-transphosphorylation of IRE1 (o and B isoforms), which
engages its endoribonuclease activity [151]. In this setting, however, active IRE1 splices and
activates the X-box-binding protein (XBP1). Similar to HACI, removal of the 26-nucleotide
inhibitory intron causes a frame shift in the mRNA transcript resulting in its translation as an ER
stress-inducible transcription factor. The activated spliced form of XBP1 (sXBP1) translocates to
the nucleus where it induces the expression of genes that enhance ERAD capacity and chaperone
function, among other endpoints [152]. Notably, IRE1 has been shown to increase phospholipid
synthesis during conditions of ER stress, which represents an obligate component of all lipid
bilayers [153]. ER expansion, a process that demands membrane production, increases luminal
volume of the ER and provides advantage to ER-resident chaperones by increasing total ER
volume, thus diluting the misfolded proteins [154]. Recent studies have also identified a role of
IRE1 as a repressor of translation during conditions of ER stress [155]. Beyond its
endoribonuclease activity on XBP1 mRNA, regulated IRE1-dependent decay (RIDD) induces
the cleavage and inactivation of an array of mRNA species encoding protein products that are
targeted for translation into the ER [156]. The activating transcription factor 6 (ATF6) family of

proteins represent the second arm of the UPR. ER stress causes the release of ATF6 from the ER
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Figure 6. During conditions of ER stress, three signaling cascades act in
tandem to increase the protein folding capacity of the ER or to promote
apoptosis, as a result of prolonged ER stress. Dissociation of GRP78 from the
luminal domain of ATF6 causes its translocation and activation in the Golgi by
S1/2P. ATF6 subsequently localizes to the nucleus where it increases chaperone
expression at the ER stress response element. Dissociation of GRP78 from
PERK leads to the dimerization and auto-transphosphorylation of newly-
formed PERK homodimers. Activated pPERK also promotes the
phosphorylation of elF2a, which activates ATF4 in order to further increase
chaperone expression. pelF2a can also directly reduce ER burden by blocking
global protein translation. Lastly, dissociation of GRP78 from IREla also
causes its dimerization and auto-transphosphorylation. Activated pIREla
homodimers utilize endoribonuclease activity to promote the splicing of XBP1
mRNA, thereby removing an inhibitory intron from its transcript and inducing
its translation. sXBP1 protein translocates to the nucleus where it increases the
expression of chaperones, as well as ERAD proteins.
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membrane resulting in its translocation to the Golgi for processing and activation by S1/2P
[157]; a process of activation similar to that of the SREBPs [158]. The active ATF6 fragment
then translocates to the nucleus where it increases the expression of ER chaperones, as well as
ERAD machinery. In the third and final arm of the UPR, phosphorylation of the eukaryotic
initiation factor 2 a (pelF2a) by the protein kinase RNA-like ER kinase (PERK) leads to an
attenuation of global protein synthesis to reduce the influx of de novo polypeptides entering the
ER lumen. PERK also induces the activating transcription factor 4 (ATF4), which in a manner
similar to ATF6, increases the expression of chaperones in the ER lumen [159]. In addition to
this function, ATF4 has been shown to enhance the oxidative potential of the ER as well as
promote the recycling of misfolded protein aggregates in a manner dependent on autophagy
[160]. Collectively, the adaptive UPR found in vertebrates acts as a pro-survival pathway;
helping the cell overcome conditions of ER stress by (a) increasing folding capacity via
increasing chaperone expression, (b) enhancing the degradation of misfolded proteins via ERAD
and (c) reducing ER burden by blocking the influx of de novo proteins entering the ER.
The mechanism by which ER-luminal misfolded proteins trigger UPR activation has been
a central topic of research in the field of ER stress during the past several years. Immediately
following increased concentrations of misfolded proteins in the ER, the IRE1 and PERK
transducers undergo a process of homodimerization and autophosphorylation [161]. Although
this event is currently thought to enhance the ability of these transducers to detect misfolded
proteins in the ER, data supporting this hypothesis are currently scarce. Importantly, pioneering
studies in this field have demonstrated that the interaction between GRP78 and these transducers

at the ER membrane serves to fine-tune UPR activation, as it represses their dimerization [162].
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Furthermore, GRP78 preferentially interacts with misfolded proteins and quickly dissociates
from IRE1 and PERK during conditions of ER stress; thus permitting these UPR transducers to
undergo dimerization, autophosphorylation and activation. A recent study, which unequivocally
confirmed this hypothesis, demonstrated that mutagenesis/deletion of the GRP78 binding
domains of IRE1 and PERK led to constitutive activation of the UPR in a variety of models
[163]. In the case of ATF6, interaction with GRP78 is suggested to mask the Golgi localization
signal [164]. Dissociation of GRP78 from ATF6 permits ATF6 to interact with coat protein-2 at
the ER membrane and to be integrated to vesicles for ER exit. Beyond the well-established role
of GRP78 as the major sensor of misfolded proteins, emerging evidence has also uncovered an
intrinsic capacity of the yeast IRE1 isoform to detect misfolded proteins within the ER lumen
[165]. Crystallography studies have identified a peptide binding domain similar to that the of the
major-histocompatibility complex class 1 (MHC-1) within the IRE1 structure [166]. This
discovery led to additional studies demonstrating a two-step process of IRE1 activation in which
the release of GRP78 is immediately proceeded by an interaction with misfolded protein. This
hypothesis was recently confirmed in yeast models as misfolded proteins were required for IRE1
activation following its release from GRP78. Although these studies presented significant
advance in the field of ER stress, other studies have now demonstrated that the MHC-1-like
domain of the mammalian IRE1 isoform is theoretically incapable of interacting with protein
[167]. Additionally, it is not yet known whether PERK or ATF6 are capable of interacting
directly with misfolded protein. As such, in our current understanding of ER stress and UPR
activation, GRP78 stands as the primary trigger for UPR activation as it releases the transducers

for activation upon sequestration by misfolded protein in the ER lumen.
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Although our previous understanding of the UPR suggested that ER stress caused a linear
and parallel activation of all three pathways with consistent outcomes, accumulating evidence
now demonstrates that there exists a variety of types UPR activation depending on the
mechanism, intensity and duration of the ER stress-inducing stimulus [168]. Initial studies
quickly identified ATF6 as the first of the arms activated during conditions of ER stress [169].
Additional studies demonstrated that IRE1 and PERK elicit a stronger response to ER Ca2*
depletion [168]. Similarly, reducing the oxidizing environment of the ER was shown to primarily
trigger the IRE1 pathway [168]. Evidence also demonstrates that ATF6 is highly-sensitive to the
glycosylation status of ER-resident proteins as well as the protein load of the ER membrane
[170]; suggesting that this arm plays a central role in regulating the secretory pathway as well as
the cargo receptors responsible for enhancing the exit of properly folded nascent proteins.
Additional experiments during the course of my doctoral studies led to the observation that a
significant level of cross talk occurs between the arms of the UPR. We demonstrated that
pharmacologic or genetic inhibition of ATF6 led to a compensatory increase in PERK and IRE1
expression/activity in cultured cells. Such conditions were also accompanied by a marked
increase in the susceptibility of cells to ER stress-induced apoptosis (see Appendix B for full
publication; [171]). Collectively, although many of the functions of the arms of the UPR appear
redundant (eg. increasing chaperone expression), accumulating evidence also suggests that its
signaling cascades display cross-talk and specificity in response to varying conditions of ER

stress.
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1.5.3 Chronic UPR activation and apoptosis

In cells with a high-demand for protein folding and secretion, the UPR is constantly
activated. It is important in these cells, however, not to surpass the threshold that sends the UPR
from its pro-survival state into a pro-apoptotic state. In this context, apoptosis represents a well-
characterized safety mechanism to remove damaged cells from the otherwise healthy tissue.
Interestingly, a growing body of literature demonstrates that chronic UPR activation, and all of
the protein folding benefits associated with increased chaperone expression, represents a strong
contributor to tumor progression. In this context, chronic UPR activation goes unchecked as the
pro-apoptotic switch of the UPR fails to trigger apoptosis [172, 173]. During the course of my
PhD studies, our research group also had the opportunity to develop a novel assay for the
quantification of apoptosis and other forms of cell death using a low cost dye (see Appendix C
for publication).

Apoptosis under conditions of unresolved ER stress relies on the C/EBP-homologous
protein (CHOP), which is responsible for fine-tuning the switch from a pro-survival to a pro-
apoptotic UPR [174]. In conditions of chronic ER stress, CHOP is activated by the PERK-ATF4
axis which subsequently induces the expression of members of the B cell lymphoma family of
proteins (BCL-2). These include the BAX antagonist killer (BAK), the BCL-2 homology 3
(BH3)-only protein, the BCL-2-interacting mediator of cell death (BIM), as well as other pro-
apoptotic proteins, such as the p53 upregulated modulator of apoptosis (PUMA) [175]. Once
activated, these proteins promote the cleavage and activation of the caspase family of proteases.
In turn, caspases cleave a vast array of protein substrates including mitochondrial proteins and

membrane proteins that play a role in the structural integrity of the cell [176]. Recent studies
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have also highlighted the regulatory mechanism by which the UPR switches to its pro-apoptotic
state. Prolonged pharmacologic insult to the ER was shown to block IRE1 activity and attenuate
the pro-survival characteristics of its downstream effector, sXBP1 [177]. In this setting of long-
term ER stress, the PERK-ATF4 cascade prevails, thereby increasing CHOP abundance to the
point of caspase-induced apoptosis. The release of Ca?* from the ER during conditions of ER
stress also initiates mitochondrial-induced apoptosis [178]. Heightened levels of this secondary
messenger in the cytosol are readily detected by the mitochondria, at interfaces between the ER
membrane and the mitochondria that are close in proximity. In turn, the formation of cytochrome
¢ and of the intuitively named, apoptosome complex leads to caspase activation and subsequent

apoptotic cell death.

1.6.0 ER stress as a driver of liver disease

Several decades of research now demonstrate that ER stress represents a causative driver
of liver disease. Increased expression of ER stress markers are observed in almost all animal
models of diet-induced liver injury, including the high-fat, high-fat/high-sugar, high-cholesterol,
high-cholesterol/high cholate, methionine-choline deficient as well as in genetically-induced
models of injury, such as the ob/ob and db/db mouse models [179-181]. Our research group also
identified GDF10 knockout mice as a novel model NASH, exhibiting hepatic ER stress,
inflammation and fibrosis as a result of excessive hepatic lipid accumulation (See Appendix D
for full published manuscript, [182]). The expression of ER stress markers in liver biopsies also
correlates with disease grade in patients [183]. Furthermore, pre-clinical studies have

demonstrated that pharmacologic inhibition of the UPR using small chemical chaperones, such
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as 4-phenylbutyrate (4-PBA) and tauroursodeoxycholic acid (TUDCA), blocks the progression
of liver disease in high-fat fed and ob/ob mice [184]. Due to their poor target specificity,
however, these agents have been largely neglected in clinical practice as treatment strategies for
the management of liver disease [185].

As a major metabolic and secretory organ, liver hepatocytes represent approximately
70% of total liver weight and are enriched in ER [185]. The ER of liver hepatocytes plays a
central role in systemic energy homeostasis by regulating the levels of a variety of circulating
proteins, as well as regulating de novo lipogenesis, cholesterol synthesis, glucose metabolism
and exogenous drug/xenobiotic metabolism [186]. In mammals, conditions such as excessive
drug consumption, hyperlipidemia, viruses and inflammation can cause imbalances in the ER
environment and lead to hepatic ER stress. Although hepatic UPR cascades are perhaps more
robust than those found in most cells, given their intrinsic state of activation, prolonged and/or
acute severe ER stress can contribute to liver injury. As is the case with liver disease in general,
hepatic lipid accumulation represents the mechanism by which ER stress first contributes to
disease pathology. A systematic assessment of the livers in patients with NAFLD demonstrated
that 60% of total lipid originates from adipose-derived non-esterified fatty acid overload, 25%
from de novo lipogenesis and 15% from uptake of excess dietary fats the circulation [187]. As a
strong regulator of de novo lipogenesis, ER stress may contribute directly to 25% of liver lipid
burden. ER stress is also well-known to promote lipid overload in adipose tissue and therefore,

may contribute indirectly to an additional 60% [188-190].
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1.6.1 The UPR as a central regulator of de novo lipogenesis

Similar to the pro-apoptotic cascades of the UPR, basal signaling protects against
intracellular lipid accumulation until chronic high-intensity ER stress is achieved. Although not
extensively studied, the lipostatic control of the UPR was first examined under the IRE1-XPBI1
axis [191, 192]. Liver-specific deletion of IRE1 in mice was found to drive TM-induced hepatic
lipid accumulation [193]. To explain these findings the authors identified a reduction in the
expression of lipid-regulatory genes including C/EBPB/y and PPARY, as well as a reduction of
lipid secretion from the liver through the VLDL. The PERK-ATF4 axis was also found to
regulate hepatic lipid accumulation. Overexpression of GADD34, which induces the
dephosphorylation of elF2a, protected mice from HFD-induced hepatic steatosis and liver injury
[194]. ATF4 deficient mice were also shown to be protected from high-fructose and age-onset
hepatic steatosis via reduced de novo lipogenesis [195]. Finally, the ATF6 arm appears protective
as ATF6 knockout mice exhibit heightened hepatic CHOP expression and reduced C/EBPa
expression when challenged with TM [196, 197]. ATF6 is also known to antagonize the
activation of SREBP1 and SREBP2, which represent well established drivers of de novo
lipogenesis [198]. Overexpression of SREBP1 in transgenic mice led to severe hepatic steatosis
and liver injury [199]. Interestingly, our research group has also characterized ER stress resulting
from ER Ca?* depletion as a potent activator of the SREBPs [140]. The overall contribution of
the SREBPs in ER stress-induced hepatic lipid accumulation, however, is still under

investigation.

44



1.6.2 Mechanisms of lipid-induced ER stress.

Triglycerides are the most abundant member of the lipid family in most vertebrates.
Under conditions of hepatic steatosis, a subtype of lipids known as ceramides and diglycerides
prevail in the liver as the dominant lipid. This outcome is not surprising, as the receptor for these
saturated fatty acids, CD36, is abundantly expressed in the lipid-laden liver [200, 201]. Because
changes in the lipid composition of the ER and cell membrane can be toxic to cells, intracellular
lipids are quickly esterified and packaged into lipid droplets by the perilipin proteins as they
accumulate in the cell. Interestingly, recent studies have shown that saturated fatty acids, such as
ceramides and diglycerides, block perilipin expression and activity resulting in an accumulation
of these lipids within cellular membranes [202]. Studies have also demonstrated that sudden
changes in ER membrane lipid composition can antagonize the SERCA pump, thereby causing
ER stress as a result of ER Ca2* depletion [203, 204]. In HFD-fed mice, overexpression of
SERCA, as well as correction in membrane lipid composition, attenuated ER stress and liver
injury [205]. In a second recently-identified mechanism, the luminal domains of IRE1 and PERK
have been shown to act as sensors of membrane lipid composition [206]. In these studies,
mutagenesis was used to demonstrate that palmitate, a saturated fatty acid known to cause ER
stress in a variety of cultured cell models, differentially activated downstream signaling cascades
of these pathways depending on mutation types. Overall, there likely remains much to be
uncovered in the relationship between ER stress and intracellular lipid accumulation. Our current
understanding highlights a paradoxical relationship in which lipid overload triggers UPR
activation, which in turn drives de novo lipogenesis to further exacerbate lipid accumulation

[207]. Furthermore, several cell-surface receptors responsible for lipid uptake, such as CD36, the
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VLDLR and the LDLR, are regulated by ER stress-inducible transcription factors [140, 208,
209]. Thus, ER stress also increases lipid uptake from the extracellular space by increasing the

abundance of these receptors at the cell surface.

1.7.0 Research overview and objectives

While it has long been established that PCSK9 transits the ER prior to its secretion from
hepatocytes, the role of ER homeostasis on this process had not been characterized prior to my
doctoral studies. The SREBP2 transcription factor responsible for the regulation of PCSK9
expression, also resides in the ER as an inactive pre-cursor; this evidence represented a second
line of evidence that changes in ER homeostasis could impact PCSK9 biology. Interestingly,
studies from our research group, as well as others, have demonstrated that conditions of ER
stress resulting from ER Ca2?* depletion cause the activation of the SREBPs [124, 210, 211].
These seminal discoveries led to the first hypothesis examined during my doctoral studies: ER
stress induces PCSK9 expression in hepatocytes in an SREBP2-dependent manner.

As an established regulator of ER function, our studies had now demonstrated that ER
Ca2+ depletion led to SREBP2 activation and PCSK9 expression. Next, we postulated in a
follow-up study that increasing ER Ca?* levels may antagonize SREBP2 activity thereby
blocking PCSK9 expression.

The discoveries made during the course of these studies identified that many agents and
genes capable of affecting ER CaZ* levels, also affect the activation of SREBP2 and expression
of PCSKO. These included (a) genetic approaches that increased ER Ca2* buffering capacity, (b)

genetic approaches that reduced ER Ca?* leak, as well as (c) pharmacologic approaches that
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increased ER Ca?* uptake and/or reduced ER Ca?* leak. Overall these studies identified Ca2+ as
a strong regulator of the PCSK9-LDLR axis and led to the characterization of a wide variety of
pharmacologic agents and proteins capable of antagonizing the expression of PCSKO.

Our next aim was to assess the impact of ER stress on PCSK9 expression in a clinical
setting. Interestingly, recent studies had demonstrated that liver steatosis grade in patients
correlated positively with circulating PCSK9 levels [212]. Given that secreted PCSK9 originates
almost exclusively from liver hepatocytes, and that ER stress is an established driver of liver
disease, this represented an ideal model to evaluate our hypothesis. Although we had previously
demonstrated that ER stress affected PCSK9 expression [140], no mechanism was provided in
clinical studies to explain the observed increase in circulating PCSK9 levels in patients with liver
disease. With our newly-gained knowledge of the regulatory role of ER stress on PCSK9
expression, we hypothesized that ER stress-induced de novo synthesis of PCSK9 accounted for
the observed changes in circulating levels of this protein in patients with NAFLD. Furthermore,
we also hypothesized that such changes could contribute to dyslipidemia in patients with NAFLD
and/or in vivo models of diet-induced hepatic steatosis.

Consistent with the previously-reported clinical observations, during the course of our
studies we observed that diet-induced hepatic steatosis increased de novo synthesis of PCSK9, in
a manner dependent on ER stress-induced SREBP2 activation. Furthermore, a marked reduction
in cell-surface hepatic LDLR was also observed in wild-type mice, but not in HFD-fed Pcsk9--
mice. Collectively, this study characterized the effect of liver function on PCSK9 and LDLR

expression and also highlighted a novel mechanism by which NAFLD may contribute to CVD.
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To this point, our research endeavors had focused on the effect of ER stress on PCSK9
expression. In a reciprocal manner, however, we also aimed to determine whether PCSK9 played
a role in ER function. Accumulating evidence, including several of our own studies, had
demonstrated that the retention of PCSK9 in the ER may represent a novel avenue for LDL-
lowering. It is well established, however, that the retention of proteins in the ER can cause
activation of the UPR [213]. Heritable mutations in proteins that transit the ER can cause a
variety of chronic diseases, commonly referred to as ERSDs. Despite this evidence, individuals
harboring the ER-retained Q152H LOF mutation in PCSK9 appear healthy [56]. Although these
findings provided promising data supporting ER PCSKO9 retention as a safe therapeutic strategy,
the molecular biology behind this counter-intuitive observation required further validation. In our
initial studies we had the simple objective of determining whether the retention of PCSK9 in
cultured liver hepatocytes caused ER stress or apoptosis. In a series of follow-up studies, the
effect of ER PCSK9 retention was also characterized in mice and in members of the French
Canadian families known to harbor the PCSK9-Q152H mutation. These objectives and

hypotheses are discussed in further detail in the following chapters:

1.7.1 Chapter 2: Endoplasmic reticulum stress and Ca2+ depletion differentially modulate

the sterol regulatory protein PCSK9 to control lipid metabolism

Published in The Journal of Biological Chemistry (2017), Volume 292, pages 1510-1523.
Summary — Accumulating evidence implicates endoplasmic reticulum (ER) stress as a mediator

of impaired lipid metabolism, thereby contributing to fatty liver disease and atherosclerosis.
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Previous studies demonstrated that ER stress can activate the sterol regulatory element-binding
protein-2 (SREBP2), an ER-localized transcription factor that directly up-regulates sterol
regulatory genes, including PCSK9. Given that PCSK9 contributes to atherosclerosis by
targeting low density lipoprotein (LDL) receptor (LDLR) degradation, this study investigates a
novel mechanism by which ER stress plays a role in lipid metabolism by examining its ability to
modulate PCSK9 expression. Herein, we demonstrate the existence of two independent effects of
ER stress on PCSK9 expression and secretion. In cultured HuH7 and HepG2 cells, agents or
conditions that cause ER Ca? depletion, including thapsigargin, induced SREBP2-dependent up-
regulation of PCSK9 expression. In contrast, a significant reduction in the secreted form of
PCSK9 protein was observed in the media from both thapsigargin- and tunicamycin (TM)-
treated HuH7 cells, mouse primary hepatocytes, and in the plasma of TM- treated C57BL/6
mice. Furthermore, TM significantly increased hepatic LDLR expression and reduced plasma
LDL concentrations in mice. Based on these findings, we propose a model in which ER Ca?
depletion promotes the activation of SREBP2 and subsequent transcription of PCSK9. However,
conditions that cause ER stress regardless of their ability to dysregulate ER Ca® inhibit PCSK9
secretion, thereby reducing PCSK9- mediated LDLR degradation and promoting LDLR-
dependent hepatic cholesterol uptake. Taken together, our studies provide evidence that the

retention of PCSK9 in the ER may serve as a potential strategy for lowering LDL cholesterol

levels.
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1.7.2 Chapter 3: Caffeine Blocks SREBP2-induced Hepatic PCSK9 Expression to Enhance

LDLR-Mediated Cholesterol Clearance.

Submitted to Science Translational Medicine, August (2019).

Summary — Circulating proprotein convertase subtilisin/kexin type 9 (PCSK9) has emerged as a
critical regulator of low-density lipoprotein (LDL) cholesterol, an established driver of
cardiovascular disease (CVD), by enhancing the degradation of hepatic LDL receptor (LDLR).
The transcription factor responsible for inducing PCSK9 expression, known as the sterol
regulatory element-binding protein 2 (SREBP2), also contributes to a variety of pathologies by
promoting de novo lipogenesis in a manner dependent on genes like HMGCR. In the present
study, we demonstrate that caffeine and other agents capable of increasing endoplasmic
reticulum (ER) Ca2* levels block the activation of SREBP2 and subsequent expression and
secretion of PCSK9 from hepatocytes. To explain these findings, we provide evidence that
caffeine and other agents that increase ER Ca?* levels enhance the ability of GRP78 to sequester
the ER-resident precursor form of SREBP2, thereby preventing its re-localization and activation
in the Golgi. By blocking its natural inhibitor, we also provide evidence that caffeine increases
the expression and activity cell-surface hepatic LDLR and improves hepatocyte-mediated LDL
clearance. Collectively our findings highlight ER Ca2?* as a master regulator of SREBP2
activation and identify a novel mechanism by which caffeine, as well as other Ca2* modulating

agents, affect circulating LDL cholesterol levels.
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1.7.3 Chapter 4: Diet-induced hepatic steatosis abrogates cell-surface LDLR by inducing de

novo PCSK9 expression in mice.

Published with The Journal of Biological Chemistry (2019), Volume 294, pages 9037-9047.

Summary — The worldwide prevalence of non-alcoholic fatty liver disease (NAFLD) is
increasing rapidly. Although this condition is generally benign, accumulating evidence now
suggests that patients with NAFLD are also at increased risk of cardiovascular disease (CVD);
the leading cause of death in developed nations. Despite the well-established role of the liver as a
central regulator of circulating low-density lipoprotein (LDL) cholesterol levels, a known driver
of CVD, the mechanism(s) by which hepatic steatosis contributes to CVD remains elusive.
Interestingly, a recent study has shown that circulating proprotein convertase subtilisin/kexin
type 9 (PCSK9) levels correlate positively with liver steatosis grade. Given that PCSK9 degrades
the LDL receptor (LDLR) and prevents the removal of LDL from the blood into the liver, in the
present study we examined the effect of hepatic steatosis on LDLR expression and circulating
LDL cholesterol levels. We now report that in a manner consistent with findings in human
patients, diet-induced steatosis increases circulating PCSK9 levels as a result of de mnovo
expression in mice. We also report the novel finding that steatosis abrogates hepatic LDLR
expression and increases circulating LDL levels in a PCSK9-dependent manner. These findings
provide important mechanistic insights as to how hepatic steatosis modulates lipid regulatory
genes like PCSK9 and the LDLR, and also highlights a novel mechanism by which liver disease

may contribute to CVD.
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1.7.4 Chapter 5: Loss-of-function PCSK9 mutants evade the unfolded protein response

sensor GRP78 and fail to induce endoplasmic reticulum stress when retained

Published with the Journal of Biological Chemistry (2018). Volume 293, pages 7329-7343.

Summary — The proprotein convertase subtilisin/kexin type-9 (PCSK9) plays a central role in
cardiovascular disease (CVD) by degrading hepatic low-density lipoprotein receptor (LDLR). As
such, loss-of-function (LOF) PCSK9 variants that fail to exit the endoplasmic reticulum (ER)
increase hepatic LDLR levels and lower the risk of developing CVD. The retention of misfolded
protein in the ER can cause ER stress and activate the UPR. In this study, we investigated
whether a variety of LOF PCSK9 variants that are retained in the ER can cause ER stress and
hepatic cytotoxicity. Although overexpression of these PCSK9 variants caused an accumulation
in the ER of hepatocytes, UPR activation or apoptosis was not observed. Further- more, ER
retention of endogenous PCSKO9 via splice switching also failed to induce the UPR. Consistent
with these in vitro studies, overexpression of PCSK9 in the livers of mice had no impact on UPR
activation. To elucidate the cellular mechanism to explain these surprising findings, we observed
that the 94-kDa glucose-regulated protein (GRP94) sequesters PCSK9 away from the 78-kDa
glucose-regulated protein (GRP78), the major activator of the UPR. As a result, GRP94
knockdown increased the stability of GRP78 —PCSK9 complex and resulted in UPR activation
following overexpression of ER-retained PCSK9 variants relative to WT secreted controls.
Given that overexpression of these LOF PCSK9 variants does not cause UPR activation under
normal homeostatic conditions, thera- peutic strategies aimed at blocking the autocatalytic

cleavage of PCSK9 in the ER represent a viable strategy for reducing circulating PCSK9.
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1.7.5 Chapter 6: The loss-of-function PCSK9Q!52H mutant stabilizes GRP94 and attenuates

hepatic ER stress

Submitted to the Journal of Clinical Investigation, August 2019.

Summary — Individuals harboring a loss-of-function (LOF) mutation in the gene encoding the
proprotein convertase subtilisin/kexin type-9 (PCSK9) at the site of autocatalytic cleavage,
glutamine (GlIn)!52, exhibit a marked reduction of circulating PCSK9 levels compared to the
general population. Because circulating PCSK9 enhances the endosomal/lysosomal degradation
of hepatic low-density lipoprotein (LDL) receptor (LDLR), these individuals also have reduced
CVD risk and are clinically normal despite a life-long state of hypocholesterolemia. Like many
secretory proteins, PCSK9 must transit the endoplasmic reticulum (ER) prior to its secretion
from liver hepatocytes; the cell type from which circulating PCSK9 exclusively originates. The
serine protease-mediated autocatalytic cleavage of proPCSKO in the ER is an essential step for
its exit from this compartment and secretion from the cell, and thus represents an important
pharmacologic target for PCSK9 inhibition as a strategy for LDL lowering. However, heritable
LOF mutations that cause secretory or cell-surface proteins to accumulate in the ER are known
to cause ER stress and contribute to a variety of human pathologies. In the present studies, we
examined the impact of the LOF PCSK9Q!52H mutation on liver function and injury in order to
understand the absence of liver damage in humans with this rare PCSK9 mutation. To achieve
this goal, Pcsk9- mice were treated with adeno-associated virus (AAV) encoding human

PCSKOQI52H; a naturally occurring LOF PCSK9 mutant that fails to undergo autocatalytic
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cleavage in the ER. Unexpectedly, we report here that the retention of 100-fold overexpressed
PCSKO9Q152H in the ER does not cause conventional ER stress in liver hepatocytes compared to
those expressing the ER-retained LDLRG544V mutant. Furthermore, hepatic overexpression of the
LDLRG544V mutant, but not the PCSK9Q!52H mutant, caused marked liver dysfunction and injury.
Strikingly, hepatic protein levels of the key stress-response chaperones, the 78- and 94-kDa
glucose-regulated proteins (GRP78 and GRP94, respectively), were increased as a result of
stability via direct binding to this uncleaved form of proPCSK9. In contrast to LDLRG544V,
PCSK9QI52H-expressing hepatocytes were protected against ER stress and liver injury as a result
of heightened levels of these stress-response chaperones. Our findings identify a novel
intracellular role of PCSK9 as a regulator of ER chaperone abundance/activity and that
promoting its retention in this organelle may represent a unique mechanism to improve the
function and viability of hepatocytes. In this report, we provide molecular evidence that further
describes the phenotype observed in patients harboring the PCSK9Q!52H mutation, demonstrating

an additional clinical benefit of ER PCSKO9 retention that may extend beyond dyslipidemia.
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Chapter 2: Publication in the Journal of Biological Chemistry, 2017

Lebeau, P., A. Al-Hashimi, S. Sood, S. Lhotak, P. Yu, G. Gyulay, G. Pare, S. R. Chen, B. Trigatti,
A. Prat, N. G. Seidah and R. C. Austin (2017). "Endoplasmic Reticulum Stress and Ca2+
Depletion Differentially Modulate the Sterol Regulatory Protein PCSK9 to Control Lipid

Metabolism." J Biol Chem 292(4): 1510-1523.
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Accumulating evidence implicates endoplasmic reticulum
(ER) stress as a mediator of impaired lipid metabolism, thereby
contributing to fatty liver disease and atherosclerosis. Previous
studies demonstrated that ER stress can activate the sterol reg-
ulatory element-binding protein-2 (SREBP2), an ER-localized
transcription factor that directly up-regulates sterol regulatory
genes, including PCSK9. Given that PCSK9 contributes to ath-
erosclerosis by targeting low density lipoprotein (LDL) receptor
(LDLR) degradation, this study investigates a novel mechanism
by which ER stress plays a role in lipid metabolism by examining
its ability to modulate PCSK9 expression. Herein, we demon-
strate the existence of two independent effects of ER stress on
PCSK9 expression and secretion. In cultured HuH7 and HepG2
cells, agents or conditions that cause ER Ca”* depletion, includ-
ing thapsigargin, induced SREBP2-dependent up-regulation of
PCSK9 expression. In contrast, a significant reduction in the
secreted form of PCSK9 protein was observed in the media
from both thapsigargin- and tunicamycin (TM)-treated HuH7
cells, mouse primary hepatocytes, and in the plasma of TM-
treated C57BL/6 mice. Furthermore, TM significantly increased
hepatic LDLR expression and reduced plasma LDL concentra-
tions in mice. Based on these findings, we propose a model in
which ER Ca?* depletion promotes the activation of SREBP2
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and subsequent transcription of PCSK9. However, conditions
that cause ER stress regardless of their ability to dysregulate
ER Ca®* inhibit PCSK9 secretion, thereby reducing PCSK9-
mediated LDLR degradation and promoting LDLR-dependent
hepatic cholesterol uptake. Taken together, our studies provide
evidence that the retention of PCSK9 in the ER may serve as a
potential strategy for lowering LDL cholesterol levels.

It is well established that the endoplasmic reticulum (ER)?
plays a central role in the proper folding and maturation of cell
surface and secretory proteins (1-3). The ability of the ER to
mediate protein folding relies on the oxidative state and ele-
vated Ca®" concentration of the ER (=400 um) relative to the
cytosol (=100 nm) (4, 5). An equilibrium formed between ER
Ca®" uptake via sarco/endoplasmic reticulum ATPase and ER
Ca’>" release mediated by two homologous classes of intracel-
lular Ca®" release channels, known as the ryanodine receptors
(RYRs) and the inositol 1,4,5-triphosphate receptors, play a
major role in the regulation of ER Ca®* homeostasis (6). Addi-
tional regulators of ER Ca®>" homeostasis include ER luminal
proteins that interact with Ca®*, such as buffer proteins and
chaperones. Many chaperones, such as calreticulin and the glu-
cose-regulated proteins of 78 and 94 kDa (GRP78 and GRP%4),
can directly interact with Ca®" due to the presence of Ca®"-
binding motifs (7-9). Other Ca®"-dependent chaperones, such
as protein-disulfide isomerase (PDI), interact with Ca*>*-bind-

3 The abbreviations used are: ER, endoplasmic reticulum; TG, thapsigargin;
TM, tunicamycin; LDLR, low density lipoprotein receptor; RYR, ryanodine
receptor; gRT, quantitative RT; GOF, gain-of-function; LOF, loss-of-func-
tion; PDI, protein-disulfide isomerase; IHC, immunohistochemistry; INSIG,
insulin-induced gene; PERK, (PKR)-like ER kinase; CHOP, CCAAT-enhancer-
binding protein homologous protein; SCAP, SREBP cleavage activating
protein; SREBP, sterol regulatory element-binding protein; AEBSF, 4-(2-ami-
noethyl)benzenesulfonyl fluoride; VLDLR, VLDL receptor; UPR, unfolded
protein response; NT, untreated; PC, proprotein convertase; A23, A23187;
PF, PF-429242; U18, U18666A; BAPTA, 1,2-bis(2-aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid; LRP, LDLR-related protein.

SASBMB

VOLUME 292+NUMBER 4+JANUARY 27,2017

810T “¥¢ KN U0 TNDO - ATU[) INSBDIA I8 /310°0q[ mmm,//:d1y woiy popeo[umo(]

56



ing proteins like calreticulin and therefore indirectly rely on ER
Ca®* (10). Overall, this intricately controlled system allows for
Ca**-dependent chaperones to promote the proper folding of
newly synthesized polypeptides. Any physiological conditions
that alter the state of ER Ca®>" can impair chaperone activity,
subsequently leading to an accumulation of misfolded proteins
in the ER. This state, known as ER stress, contributes to hepatic
injury in liver diseases such as cholestatic liver disease, alcoholic
fatty liver disease, non-alcoholic fatty liver disease, and drug-
induced liver disease (2, 11-13). In addition to liver disease,
prolonged ER stress causes apoptosis of foam cell macrophages,
thereby accelerating necrotic core formation, plaque rupture,
and progression of atherosclerosis (14, 15).

Under normal physiological conditions, however, a moder-
ate accumulation of ER luminal protein triggers the unfolded
protein response (UPR), which in turn restores ER homeostasis.
This highly conserved mechanism consists of three signaling
cascades as follows: (a) the inositol-requiring protein-le
(IREle) with its intrinsic RNase activity splices and activates
the X-box-binding protein-1 (XBP1); (b) the activating tran-
scription factor-6 (ATF6); and (c) the protein kinase RNA
(PKR)-like ER kinase (PERK), which induces the expression of
proapoptotic CCAAT enhancer-binding protein homologous
protein (CHOP) (1). Collectively, these UPR mediators alleviate
ER stress by increasing the folding capacity of the ER and reduc-
ing the influx of newly synthesized peptides into the ER luminal
space. In addition to the induction of these chaperones, we as
well as others have reported that ER stress promotes the acti-
vation of the sterol regulatory element-binding protein-2
(SREBP2) (16-23). In its inactive state, SREBP2 resides in the
ER through its interaction with the SREBP cleavage-activating
protein (SCAP) (24) and the insulin-induced gene (INSIG) (25).
Although the specific mechanism by which ER stress activates
SREBP?2 is unclear, it is established that low intracellular cho-
lesterol concentrations cause release of the SCAP-SREBP2
complex from the ER anchor, INSIG (26). Upon translocation
from the ER to the Golgi apparatus, SREBP2 is cleaved and
activated by site-1 and -2 proteases (27-29). The active SREBP2
transcription factor then translocates to the nucleus where it
up-regulates a number of genes that regulate de novo choles-
terol synthesis or uptake (30). Among these genes (31) is the
proprotein convertase subtilisin/kexin type-9 (PCSK9) (32),
which plays a critical role in modulating cardiovascular disease
(33) by blocking hepatic low density lipoprotein (LDL) choles-
terol uptake and inducing the degradation of the LDL receptor
(LDLR) (34-37). Despite its critical role in LDL cholesterol
uptake, the precise mechanism by which ER stress activates
SREBP2 and mediates LDLR and cholesterol uptake via PCSK9
has not yet been examined.

We now report that ER stress, specifically caused by ER Ca®"
depletion, leads to an SREBP2-dependent increase in PCSK9
expression in cultured HuH7 and HepG2 hepatocytes. In con-
trast, ER stress reduces circulating PCSK9 concentrations,
thereby increasing cell surface hepatic LDLR expression and
reducing circulating LDL concentrations. Collectively, our
findings outline a novel mechanism by which ER stress modu-
lates lipid metabolism through PCSK9.
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Results

ER Ca®" Depletion Induces de Novo PCSK9 Expression—To
assess whether ER stress induces the expression of PCSK9,
HuH7 and HepG2 cells were either untreated (NT) or treated
with TG, A23187 (A23), TM, or dithiothreitol (DTT) for 24 h.
Immunoblotting showed that HuH7 cells treated with agents
that cause ER Ca*>* depletion, TG and A23, exhibit increased
cellular abundance of the PCSK9 protein (Fig. 14). This induc-
tion was not observed in cells treated with TM or dithiothreitol
(DTT). As expected, UPR markers FLAG-sXBP1, GRP78,
GRP94, and CHOP were up-regulated by all ER stress-inducing
agents used. Similar results were observed in HepG2 cells (data
not shown). Consistent with PCSK9 protein, PCSK9 mRNA
levels were up-regulated by TG and A23 but not by TM or DTT
(Fig. 1B), whereas all ER stress-inducing agents used increased
the expression of UPR markers GRP78 and sXBP1 (*, p < 0.05
compared with NT). In addition, although GRP78 and sXBP1
mRNA were induced by TG within 6 h of treatment, we
observed that TG did not significantly affect PCSK9 mRNA
until 18 h following treatment (Fig. 1C; *, p < 0.05 compared
with NT). To confirm induction of the UPR by these ER stress-
inducing agents, HuH7 cells were transfected with FLAG-
sXBP1 plasmid and visualized by labeling the FLAG antigen
with Alexa 647 immunofluorescent secondary antibodies. Im-
munofluorescence images from this experiment illustrate that
all ER stress-inducing agents used in our experiments induced
the UPR marker FLAG-sXBP1 (Fig. 1D). To assess the role of
ER Ca*" release on PCSK9 expression, a Ca®" release assay was
completed in HuH7 cells using the cytosolic Ca®" indicator
Fura-2AM. Our data indicate that TG (*, p < 0.05 compared
with NT) and A23 (**, p < 0.05 compared with NT) led to a
significant increase in cytosolic Ca>* (Fig. 1E).

In addition to the well established pharmacologic inducers of
ER stress used in Fig. 14, PCSK9 expression was examined fol-
lowing nutrient deprivation (Fig. 1F). Similar to our previous
findings, although all conditions led to a state of ER stress, as
indicated by the induction of GRP78, only those that caused a
loss of ER Ca®* resulted in increased PCSK9 expression. The
absence of sterols also led to an induction of PCSKO9, likely as a
direct result of SREBP2 activation.

Given that RYRs are involved in ER Ca®>* homeostasis (38 —
41), we utilized HEK293 cells that stably overexpress mutant
RYR2s to further assess the role of ER Ca>* depletion on PCSK9
expression. Specifically, the gain-of-function (GOF) RYR2
mutants (Q4201R and V4653F) yield increased ER Ca®*
leakage, whereas the loss-of-function (LOF) RYR2 mutant
(A4860G) exhibits reduced Ca®>* leak into the cytosol as com-
pared with WT RYR2 (6, 42). Consistent with the effect of TG
and A23, GOF RYR2 mutants induced PCSK9 expression (Fig.
1G). In addition, although GOF RYR2 mutants led to the up-
regulation of the UPR marker CHOP, the LOF RYR2 mutation
reduced GRP78 expression.

ER Ca®" Depletion Induces PCSK9 Expression in an SREBP2-
dependent Manner—Although SREBP2 is activated by ER stress
and regulates PCSK9 expression, the link between ER stress and
PCSK9 has not yet been reported. Immunoblot analysis was
used to assess the effect of ER Ca®" depletion on SREBP2 acti-

JOURNAL OF BIOLOGICAL CHEMISTRY 1511

810T ‘T ABIA U0 TNDO - ATU[) IISBIADIA 18 /310°0q[ mmm//:dny woty papeojumo

57



ER Stress Modulates PCSK9 Expression

vation and on INSIGL levels, a key regulator of SREBP2 activa-
tion. Both TG and A23 caused a reduction of INSIG1 while
increasing the abundance of cleaved active nuclear SREBP2
(nSREBP2) (Fig. 2A4). However, SREBP2 activation and PCSK9
expression were blocked by PF-429242 (PF), an inhibitor of

site-1 proteases (Fig. 2B). Consistent with these findings, block-
ing the activation of SREBP2 with PF as well as fatostatin or
AEBSF significantly reduced the expression of PCSK9 at the
mRNA level (Fig. 2C; #, p < 0.05 compared with NT). TG-
induced PCSK9 expression (*, p < 0.05 compared with NT) was
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also blocked by these agents ($, p < 0.05 compared with TG). In
amanner consistent with Fig. 2, Band C, treatment of cells with
siRNA knockdown of SREBP2 blocked TG-mediated PCSK9
induction to a similar extent as that observed for U18666A
(U18), a known activator of SREBP2 (Fig. 2D) (43).

In support of these findings, we confirmed the link between
SREBP2 activation and PCSK9 expression in our model by pro-
moting the activation of SREBP2. Similar to Fig. 2D, the treat-
ment of HuH?7 cells with U18 led to the activation of SREBP2
and a subsequent increase in the expression of downstream
targets PCSK9 and LDLR without affecting UPR markers
GRP94 and CHOP (Fig. 2E). Consistent with our SREBP2 inhi-
bition studies, RT-PCR data also showed that PF (**, p < 0.05
compared with U18) can block U18-induced (*, p < 0.05 com-
pared with NT) PCSK9 expression (Fig. 2F). To examine
whether U18, which induces SREBP2 activation via sterol star-
vation, also causes ER Ca®>* release, a cytosolic Ca®" release
assay was completed. These data show that U18 causes a robust
activation of SREBP2 without a spontaneous loss of ER Ca**
(Fig. 2G).

ER Stress Reduces PCSK9 Secretion—Given that the interac-
tion between PCSK9 and the LDLR occurs primarily in the
extracellular space of the hepatocyte, we explored the effect of
ER stress on PCSK9 secretion. Using ELISAs, we found that TG
and TM significantly reduced the levels of secreted PCSK9
within the media from HuH?7 cells (Fig. 34, *, p < 0.05 com-
pared with NT). Furthermore, TM reduced secreted PCSK9
concentrations to a significantly greater extent than TG (Fig.
34, £, p < 0.05 compared with TG). Similar results were
observed in mouse primary hepatocytes (Fig. 3B). Given that
TG increases the mRNA and cellular abundance of PCSK9, yet
blocks its secretion, we next aimed to assess whether TG causes
intracellular PCSK9 accumulation. HuH?7 cells were pretreated
with TG and subsequently permitted to rest in fresh TG-free
media for 48 h. Secreted PCSK9 concentrations from the 24 to
48-h period following pretreatment were significantly greater
than that of untreated cells (Fig. 3C). To explore the link
between SREBP2 and secreted PCSK9, the media from AEBSE-
and PF-treated HuH?7 cells was also examined and found to
contain significantly less PCSK9 than untreated controls (Fig.
3D, *, p < 0.05 compared with NT).

To determine the correlation between ER stress and PCSK9
secretion, HuH7 cells were treated with increasing concentra-
tions of TM for 24 h. GRP78 protein expression, which served
as a marker of UPR activation, was compared with the PCSK9
content in the media (Fig. 3E). A Pearson’s correlation analysis
of these data showed that the induction of the UPR inversely

ER Stress Modulates PCSK9 Expression

correlates with PCSK9 secretion (r = —0.871, p = 0.0005),
which is significant (Fig. 3E,*, p < 0.05) at doses higher than
0.06 pg/ml TM.

ER Stress Retains PCSK9 in the ER—Given our previous find-
ings that ER Ca*>" depletion induces de novo expression and
cellular abundance of PCSKDY, yet blocked its secretion, the cel-
lular localization of TG- and TM-induced PCSK9 accumula-
tion was examined. HuH7 cells transfected with V5-labeled
PCSK9 were stained initially with rhodamine phalloidin and
PDI to visualize the cytoskeleton and ER, respectively (Fig. 4A).
Transfected cells were also stained for V5 and PDI (Fig. 4B).
Upon analysis of these cells, we first observed that ER stress,
whether induced by TG or TM, appeared to increase the rela-
tive size of the ER, an established phenomenon known as ER
expansion (44). In addition, V5 staining revealed that PCSK9
remains confined to the ER irregardless of conditions that cause
ER stress (Fig. 4). Collectively, these data indicate that regard-
less of the status of the UPR, exogenously expressed PCSK9
predominantly resides in the ER, as reported previously for WT
PCSK9 (45).

TM Blocks PCSK9 Secretion and Induces Hepatic Cell Surface
LDLR Expression in Vivo—To explore the effect of ER stress on
PCSKO9 secretion in vivo, C57BL/6 female mice were treated
with increasing concentrations of TM for 24 h (Fig. 5A) or given
a single treatment and sacrificed at 24-h intervals for a total of
120 h (Fig. 5B). Consistent with our in vitro findings, plasma
PCSKO levels were significantly reduced following TM treat-
ment. This inhibitory effect of TM on plasma PCSK9 levels
occurred at all doses of TM (*, p < 0.05), in a dose-dependent
manner (%, p < 0.05) and persisted for up to 120 h following
injection of TM (#, p < 0.05). Because of the role of PCSK9 as a
major regulator of hepatic LDLR, we also examined LDLR
expression. LDLR-stained liver sections from these animals
show that TM induced hepatic cell surface LDLR to a similar
extent as those observed in the well described PCSK9 KO mice
(Fig. 5C) (46). The quantification of sections from multiple ani-
mals (n = 3) reveals similar results (Fig. 5D, *, p < 0.05). LDLR
histology findings were confirmed using immunoblots, and as
expected, ER stress markers GRP78 and CHOP were up-regu-
lated by TM along with the LDLR (Fig. 5E). Non-permeabilized
mouse primary hepatocytes were also stained for LDLR to
confirm the cell surface localization of TM-dependent LDLR
expression (Fig. 5F). Taken together, these data suggest that
blockage of PCSK9 secretion, via ER stress, up-regulates
hepatic LDLR expression.

TM Reduces the LDL Cholesterol Content of Plasma—Given
the effect of ER stress on hepatic PCSK9 retention and

FIGURE 1. ER Ca?* depletion induces de novo PCSK9 expression. HuH7 cells were seeded in DMEM and transfected with the FLAG-sXBP1 ER stress reporter
plasmid. Cells were subsequently untreated (NT) or treated with ER stress-inducing agents TG (100 nm), A23 (1 um), TM (2 wg/ml), or DTT (2 mm) for 24 h. A and
B, following treatment, protein lysates were collected for immunoblot analysis of PCSK9 and UPR markers FLAG-sXBP1, GRP94, GRP78, and CHOP. RNA was
collected for qRT-PCR analysis of PCSK9, sXBP1,and GRP78. C, RNA from HuH?7 cells treated with TG (100 nm) for 2, 6, 18, or 24 h were also examined via gRT-PCR
to determine the time dependence of TG-induced PCSK9 expression. *, p < 0.05. D, HuH7 cells, which underwent the same transfection and treatment
conditions as in A and B, were also stained for FLAG to examine UPR induction viaimmunofluorescence microscopy. E, HuH7 cells were plated in clear bottom
96-well plates and incubated with Fura-2AM, a fluorescent cytosolic Ca®* indicator, for 30 min. Following incubation, cytosolic Ca®* of cells treated with ER
stress-inducing agents was measured for 30 min. F, to determine the effect of ER stress-inducing conditions via non-pharmacologic means on PCSK9 expres-
sion, HuH7 cells were exposed to medium deficient in either Ca**, glucose, amino acids, or sterol for 24 h. G, in addition, the role of ER Ca®* loss on PCSK9
expression was examined using HEK293 cells that stably overexpress tetracycline-inducible GOF or LOF RYR2 mutants using immunoblots. GOF RYR2 mutant
cell lines (Q4201R and V4653F) exhibit increased ER Ca®* leakage, whereas LOF RYR2 mutant (A4860G) exhibits reduced ER Ca>* leak compared to WT cells (6,
42). Differences between treatments were assessed with paired Student’s t tests, and all values are represented as mean *+ S.D.

JANUARY 27,2017 +VOLUME 292+NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 1513

SASBMB

8107 ‘¢ ABIN U0 TNDO - ATU[) JNSBNDIN 18 /310°0q[ mmm//:dny woiy popeojumoc]

59



ER Stress Modulates PCSK9 Expression

A B
«0a NT_T6_A23_Tm OTT [ T - 1 - T + [ =+ ]

135- — SREBP2 [

—nSREBP2

2 1.2 —PCSK9

o
s
C < 6 b | 02 |-nsresp2
4
o< *
s f
X
< E ka _NT uis
§ A 135 - [
5 L
3 -
59 100
g2
g &
[
e
©
°
o
+ - +
AEBSF| + - +
D
SISREBP2 - + - + e +
Control siRNA| + - + - +
T6 - - ¥ %
u18 - - - - + +
Da = — B-Actin
75— ¢ »
1 - SREBP2
- PCSK9 ol 1 | 35 | 15 |-nsResp2
£l 1 | 88 | 1.8 |-Pro-PCSK9
- nSREBP2 & 1 [aa| 2 |-pcsco
’ = 1 15 |01 |-DR
T 3 271 |08 | 12 |-GRPo4
_ B-Actin 1 1 | 1.4 |-GRP78
» o " g 1 | 08 | 69 |-cHoOP
@
s ®[ 1 [ o5 [ 16 | 09 | 24 [ 1 |-PCSk9
2 gl 1 | 02 | 14 | 01 | 16 | 01 |-nSREBP2
F g G < NT
3 254 & TG(1mM)
2 ¥ e -@ U18 (10 pgiml) * p<0.05NT vs TG
g4 %82
£ 88
5 9 o3 1
9 S2
g2 a3 U18 NS vs NT
EE 8T 1
1 % e ;(:4 -
2e ¢ () F 1
= z c 4
& NT u1s U18 + PF L S PR Y g gy g P P SR S Y
SrUQIPCeCeORNNRIRENRR

FIGURE 2. ER Ca** depletion induces PCSK9 expression in an SREBP2-dependent manner. A, protein lysates were collected from HuH7 cells either
untreated (NT) or treated with ER stress-inducing agents TG (100 nm), A23 (1 um), TM (2 wg/ml), or DTT (2 mm) for 24 h for immunoblot analysis. B, HuH7 cells
were then treated with TG in the presence or absence of PF (10 um), which inhibits SREBP2 activation, for 24 h. Immunoblot analysis was carried out as in A to
examine the SREBP2 dependence of PCSK9 expression resulting from ER Ca* release. C, RNA was collected from HuH7 cells, which were treated with additional
inhibitors of SREBP2 activation, including AEBSF (0.3 mm) and fatostatin (20 um) in the presence or absence of TG (100 nm) to further elucidate the SREBP2
dependence of PCSK9 expression. #, p < 0.05 versus untreated cells (NT); *, p < 0.05 versus NT; $, p < 0.05 versus TG-treated cells. D, to confirm the link between
SREBP2 activation and PCSK9 expression in our model, HuH7 cells were transfected with SREBP2 siRNA. Following transfection, cells were also treated with TG
(100 nm) or U18 (1 wg/ml), an inducer of SREBP2 activation, for 24 h. E, to examine SREBP2 activation by U18, immunoblots were used to directly assess SREBP2
and markers of SREBP2 activation, PCSK9 and LDLR; UPR markers GRP94, GRP78, and CHOP were also evaluated to determine the influence of U18 on UPR
activation. F, PCSK9 mRNA was also examined in HuH7 cells treated with U18 in the presence or absence of PF for 24 h.*, p < 0.05 versus NT; **, p < 0.05 versus
U18-treated cells. G, to assess whether U18-induced PCSK9 expression occurs in a Ca?*-dependent manner, HuH7 cells were incubated with fluorescent
cytosolic Ca®* indicator for 30 min and subsequently treated with U18 (10 ug/ml) or TG (1 mm) control. Differences between treatments were assessed with
paired Student'’s t tests, and all values are represented as mean =+ S.D.

increased LDLR expression, we next aimed to delineate the
functional implications of these observations on circulating
cholesterol levels. Our findings showed that TM treatment sig-
nificantly reduces total plasma cholesterol (Fig. 64, *, p < 0.05)
and triglycerides (Fig. 6B, * p < 0.05). Immunoblotting
revealed that TM also significantly reduced the serum levels of

1514 JOURNAL OF BIOLOGICAL CHEMISTRY

apolipoprotein (apo) B100 and apoB48 (Fig. 6C) suggesting
reduced abundance of very low density lipoprotein (VLDL) and
LDL particles (47). Importantly, hepatic UPR markers GRP94,
GRP78,and IRE1-«a all confirm that TM treatment was success-
ful in causing hepatic ER stress. Fast protein liquid chromatog-
raphy (FLPC) cholesterol profile of the TM-treated mice
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to rest in TG-free medium for 48 h. D, to examine the effect of SREBP2 inhibition on secreted PCSK9, FBS-free medium from HuH7 cells treated with AEBSF (0.3
mm) was also examined via ELISAs. A-D, *, p < 0.05 versus non-treated cells (NT). **, p < 0.05 versus TG-treated cells. £, correlation between UPR activation and
PCSK9 secretion was assessed using a dose-response experiment in which HuH7 cells were treated with increasing concentrations of TM for 24 h. GRP78
expression, determined viaimmunoblots, was quantified and compared with ELISA data generated from the medium of the respective HuH7 cells. A Pearson’s
correlation was used to establish the relationship between cellular GRP78 expression and secreted PCSK9 (r = —0.871, p = 0.0005). £, p < 0.05 versus NT.
Differences between treatments were assessed with paired Student’s t tests, and all values are represented as mean = S.D.

showed the cholesterol-lowering effect of TM (Fig. 6D). Quan-
tification of these lipid profiles confirmed that TM significantly
reduced plasma cholesterol concentrations in all lipoprotein
classes (Fig. 6E; *, p < 0.05). These data demonstrate that TM
has a potent cholesterol-lowering effect in vivo.

Discussion

In this study, we identify a novel role for ER stress in the
modulation of hepatic PCSK9 and LDLR. We observed a strik-
ing consistency in our in vitro data, using a variety of cell lines,
with respect to the up-regulation of PCSK9 in response to ER
stress conditions that cause ER Ca®" depletion (Fig. 1). In addi-
tion to the up-regulation of PCSK9 by TG and A23, a similar
observation was made using sarco/endoplasmic reticulum
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ATPase inhibitors cyclopiazonic acid (1 um) and cyclosporin-A
(10 pg/ml) (data not shown). Previous pulse-chase studies have
reported that TG- and A23-mediated ER Ca*>* depletion for up
to 4 h had no effect on the zymogen processing or Tyr sulfon-
ation of PCSK9 (32), which allow for its maturation and secre-
tion, respectively. In accordance with this observation, our
findings suggest that the effect of ER Ca*>" depletion on endog-
enous PCSK9 has no direct effect on PCSK9 processing. Rather,
we observed a distinct effect of ER Ca>* depletion on the tran-
scriptional regulation of endogenous PCSK9 via Ca®*-depen-
dent SREBP2 activation. Notably, the observed activation of
SREBP2 that we observed may be caused by the down-regula-
tion of INSIG1 expression (Fig. 24). A recent report in which
copper-induced ER stress leads to ER Ca*>" depletion and sub-

JOURNAL OF BIOLOGICAL CHEMISTRY 1515

8102 ‘v Ke]A U0 TNDO - ATu[) SISO 18 /310°0q[ mmm//:d1y woiy papeojumo(]

61



ER Stress Modulates PCSK9 Expression
A

FIGURE 4. ER stress retains PCSK9 in the ER. HuH7 cells were plated in chamber slides and transfected with V5-PCSK9. Cells were subsequently either
untreated (NT), treated with TG (100 nm), or TM (2 ng/ml) for 24 h. A, cells were then fixed and stained with rhodamine phalloidin (red) and ER marker PDI to allow
for visualization of the cellular location of the ER relative to the cytosol. B, in addition, cells were also stained for V5 and PDI to identify the cellular localization
of PCSK9. PCSK9 (red) was visualized using Alexa 594 fluorescent secondary antibodies, whereas PDI (green) was visualized using Alexa 647 fluorescent

secondary antibodies.

sequent reduction in INSIG expression lends support to our
findings (48). In addition, it has been shown that the down-
regulation of an ER-resident Ca”*-binding protein, calreticu-
lin, results in ER Ca®" loss and increased SREBP-1C activation
(23). Finally, the direct effect of TG on the activation of
SREBP-1 and -2 has also been reported previously (21). In addi-
tion to these findings, these authors also demonstrated that the
TG-mediated activation of SREBP could be reversed with a
6-h treatment of the Ca®>" -chelating agent BAPTA (21). How-
ever, the effect of BAPTA on cellular Ca®>" homeostasis is sub-
jected to temporal variations. Upon treatment of HuH7 cells
with BAPTA for 24 h, we observed increased PCSK9 expression
similar to that of the effect of TG (data not shown). This likely
occurred due to excessive cytosolic Ca®>" chelation resulting in
ER Ca®" depletion. Furthermore, as a consequence of causing
ER Ca®* depletion by blocking ER Ca®>" uptake, TG increases
cytosolic Ca®* content. For this reason, the induction of PCSK9
via a 24-h treatment of BAPTA indicates that TG-mediated
PCSK9 expression occurs primarily as a result of ER Ca*"
depletion and is not due to increased cytosolic Ca®". Collec-
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tively, our findings, as well as those of others, support a model in
which a spontaneous loss of ER Ca®" promotes the activation of
SREBP2 and a consequent up-regulation of PCSK9. However,
the specific mechanism by which ER Ca®>* depletion causes the
down-regulation of INSIG1 and release of SREBP2 from the ER
remains to be elucidated.

We also explored the effect of ER stress on PCSK9 secretion
in cultured HuH?7 cells and mouse primary hepatocytes. Given
our previous findings that TG increased PCSK9 expression, we
measured PCSK9 in the media from these cells. We found that
ER stress, whether induced by TG or TM, significantly reduced
the PCSK9 content of media (Fig. 4, A and B). In addition,
PCSKO9 appears to accumulate in the cell during conditions of
stress and is subsequently processed and secreted upon allevi-
ation of such conditions (Fig. 4C). Consistent with these find-
ings, TM-treated mice also had significantly less circulating
PCSK9 (Fig. 54). The mechanism by which ER stress reduces
PCSK9 in the media/plasma remains unclear. However,
because these agents fail to block the autocatalytic cleavage of
PCSKO9 from its premature (75 kDa) to its mature form (68 kDa)
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FIGURE 5. TM blocks PCSK9 secretion and induces hepatic cell surface LDLR expression in vivo. 12-Week-old C57BL/6 female mice were randomly divided
into eight groups (n = 3) and subcutaneously injected with a single dose of PBS vehicle control or TM. Animals treated with PBS or TM (125-500 pg/kg) were
sacrificed 24 h following injection. The remaining animals, belonging to groups 5- 8 were treated with a single injection of TM (500 ng/kg) and sacrificed every
24 h for the following 120 h. Plasma was taken from each mouse prior to injection and after sacrifice. A, *, p < 0.05 versus before treatment. =, p < 0.05 versus
after treatment. A and B, plasma PCSK9 levels were quantified via ELISAs. B, #, p < 0.05 versus before treatment. C and D, livers from the TM-treated and
untreated PCSK9 KO mice were collected, fixed in formalin, sectioned, stained for LDLR, and quantified. E, flash-frozen liver tissues from these animals were
used to examine the expression of LDLR and of UPR markers GRP78 and CHOP using immunoblots. *, p < 0.05 versus vehicle. F, to elucidate whether IHC LDLR
stating occurred specifically on cell surface LDLR, mouse primary hepatocytes were plated and stained for LDLR in the absence of permeabilizing agents.
Control, HuH7 cells were also incubated with Alexa 594 secondary antibody, in the absence of primary antibody staining. Differences between treatments were

assessed with unpaired Student's t tests, and all values are represented as mean = S.D. Veh, vehicle; NS, not significant.

(Fig. 1A), our data suggest that ER stress does not directly affect
PCSKO. Rather, ER stress is likely affecting other proteins in the
PCSK9 secretory pathway. Recent reports have identified
GRP%4, an ER stress inducible protein, as an ER-resident bind-
ing partner of PCSK9 (49). Furthermore, it has been shown that
the exit of PCSK9 from the ER depends on anterograde COPII
vesicular trafficking (50), a process known to be impaired by ER
stress (51). Taken together, these findings suggest that ER stress
increases the PCSK9-retaining ability of the ER (Fig. 3) by up-
regulating GRP94 (Figs. 14 and 6C), and it further hinders the

SASBMB

JANUARY 27,2017 «VOLUME 292-NUMBER 4

exit of PCSK9 from the ER by blocking COPII vesicular
transport.

Consistent with our findings, it has been reported that circu-
lating PCSKO9 levels were significantly reduced in mice fed a
high cholesterol diet (52), a condition known to cause hepatic
UPR activation (53). Most notably however, the reduction in
circulating PCSK9 levels was linked to an increase in hepatic
LDLR expression.

Similar to previous reports, we found plasma PCSK9 concen-
trations to be inversely related to hepatic cell surface LDLR
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FIGURE 6. Tunicamycin reduces the LDL cholesterol content of plasma. 12-Week-old C57BL/6 female mice were subcutaneously injected with a single dose
of TM (500 ng/kg) and sacrificed 24 h later. A and B, plasma was collected after sacrifice and total cholesterol and triglycerides were quantified using enzymatic
assays.Aand B, *, p < 0.05 versus vehicle. C, to determine the effect of TM on LDL cholesterol, plasma apoB48 and apoB100 were examined using immunoblots.
Immunoblot analysis was also used to ensure TM-mediated induction of UPR markers GRP94, GRP78, and IRE1«. D, to further elucidate the effect of TM on all
lipoprotein fractions, FPLC analysis was used to construct a lipid profile. Differences between treatments were assessed with paired Student’s t tests, and all
values are represented as mean = S.D. E, ¥, p < 0.05 versus vehicle (NT). Veh, vehicle.

expression (37, 54, 55). Although it has been reported that TM
induces the VLDLR via the PERK-ATF4 pathway (13), the
potential mechanisms by which TM affects LDLR expression
are numerous. First, because of the glycosylated nature of the
LDLR, the direct impact of TM, which inhibits N-glycosylation,
on the LDLR must be taken into consideration. Upon longer
exposure of our LDLR immunoblots (Fig. 5E), it became appar-
ent that TM caused a distinct accumulation of premature non-
N-glycosylated LDLR (120 kDa, data not shown) in the livers of
these mice. For this reason, the increase in LDLR expression,
however, is likely a result of increased LDLR half-life due to the
TM-mediated loss of PCSK9 in circulation.

Alternatively, it has been reported that newly synthesized
mature ER-resident PCSK9 can act as a chaperone of the LDLR,
thereby contributing to LDLR maturation and exit from the ER
(56). Based on these findings, and given the effect of TM on ER
PCSK9 retention (Fig. 4), it is also possible that the abundance
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of PCSKY in the ER leads to a net increase in PCSK9-mediated
ER LDLR processing and maturation.

Finally, although LDLR expression is transcriptionally regu-
lated by SREBP2 (57), which can be activated by ER stress (2,
11-13), our data indicate that ER Ca®* release is necessary for
this process to occur (Fig. 2A4). Based on these findings, it is
unlikely that TM is directly inducing hepatic cell surface LDLR
expression via SREBP2 activation. Consistent with this, others
have determined that TM blocks the N-glycosylation and sta-
bility of SCAP, leading to a reduction of SREBP1/2 activation
(58).

In addition to association between the loss of circulating
PCSK9 and elevated LDLR expression, we also describe a TM-
mediated ablation of circulating LDL (Fig. 6, C—E). Others have
reported that TM blocks de novo cholesterol synthesis via direct
inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase (59) and reduces cholesterol efflux (60). However, a model
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in which TM reduces circulating LDL via LDLR has not been
reported.

Moreover, we also observed a significant reduction in circu-
lating HDL levels (Fig. 6, D and E). This finding has been
described previously, in which lower circulating HDL levels in
PCSK9 ™'~ mice were shown to be dependent on LDLR-medi-
ated uptake of HDL via apoE (61). It is also established that
other ER stress-inducible members of the LDLR family, includ-
ing the LDLR-related protein (LRP) (62) and VLDLR (13), can
bind and internalize apoE-containing HDL (63) and be
degraded by circulating PCSK9 (64— 67). Consistent with these
findings, the overexpression of profurin, the prodomain of a
member of the proprotein convertase (PC) family, blocks PC
activation and subsequently abrogates circulating HDL levels
(68). Based on our findings, as well as those mentioned herein,
TM may be reducing circulating HDL levels by inducing the
expression of apoE-binding receptors such as the LDLR (Fig.
5C), VLDLR (13), and LRP. Furthermore, in a manner similar to
profurin, the inhibition of N-glycosylation by TM may also be
affecting PC activation thereby further contributing to the
reduction in circulating HDL levels.

Currently, the mechanism by which PCSK9 is secreted
remains unclear. However, in agreement with other studies, our
findings demonstrate that PCSK9 secretion is a highly regu-
lated process potentially involving multiple cellular pathways
(63, 69-71). Our studies show that inhibition of N-glycosyla-
tion and induction of the UPR markedly impairs PCSK9 secre-
tion. Our data further support the notion that reducing PCSK9
secretion, via ER retention, may contribute to a reduction in
circulating LDL cholesterol (72). Overall, this study further
enforces the need for additional investigations to delineate the
mechanism(s) by which ER Ca®>" and ER stress play a role in the
expression and cellular retention of PCSKO9.

Experimental Procedures

Cell Culture and Cell Treatment—Human hepatocellular
carcinoma HuH7 and HepG2 cells were chosen because they
are known to express and secrete PCSK9 (73, 74). HuH7 cells
were a generous gift from Dr. Nabil G. Seidah (University of
Montreal), and HepG2 cells were purchased from American
Type Culture Collection (catalog no. HB-8065). HuH7 cells and
HepG?2 cells were routinely grown at 37 °C with 5% CO, in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Thermo
Fisher Scientific, Waltham, MA) containing 10% fetal bovine
serum (FBS, Sigma), 100 IU/ml penicillin, and 100 pg/ml strep-
tomycin (Gibco, Thermo Fisher Scientific). HEK293 cells over-
expressing RYR2 mutants (75) were used to examine PCSK9
expression. Briefly, HEK293 cells were plated to a confluence of
90% in DMEM containing 10% FBS, 100 IU/ml penicillin, 100
pug/ml streptomycin, 4 mM L-glutamine (Sigma), 0.1 mm non-
essential amino acids (Gibco, Thermo Fisher Scientific), and
expression of RYR2 wild type (WT) and mutants was induced
via incubation with tetracycline (1 ug/ml, Sigma) for 24 h (76).
Cells were subsequently treated with agents that induced vary-
ing types of ER stress for 24 h. TG (100 nm, Sigma), and Ca**
ionophore A23 (1 M, Sigma) cause ER Ca*>* depletion (32);
TM (2 ug/ml, Sigma) inhibits N-glycosylation (77), and the
reducing agent DTT (2 mu, Sigma) disrupts disulfide bond for-
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mation by compromising the oxidative environment of the ER
lumen (18). To further examine the conditions of ER stress on
PCSK9 expression, HuH7 cells were incubated in medium defi-
cient in either Ca®>* (catalog no. 21068-028, Gibco, Thermo
Fisher Scientific), p-glucose (catalog no. 11966-025, Gibco,
Thermo Fisher Scientific), amino acids (catalog no. 24010-043,
Gibco, Thermo Fisher Scientific), or sterols. With the exception
of the medium deficient in sterol, which contained no FBS, all
media used in these experiments were supplemented with dia-
lyzed FBS (catalog no. 26400-036, Gibco, Thermo Fisher Scien-
tific). To block the activation of SREBP2, cells were treated with
AEBSF (20) (0.3 mum, Sigma), fatostatin (78) (20 um, Sigma), or
PF (10 uM, Sigma) (79) for 24 h. siRNA was also used to block
SREBP2; briefly, HuH7 cells were transfected with SREBP2
siRNA (catalog no. 4390824, Thermo Fisher Scientific) or con-
trol siRNA (catalog no. 4390843, Thermo Fisher Scientific)
using Lipofectamine RNAIMAX (catalog no. 13778030,
Thermo Fisher Scientific) and incubated in the transfection
mixture for 48 h. Cells were then either untreated or treated
with TG (100 nm) or U18 (1 ug/ml, Sigma) for 24 h following
initiation of the transfection. In addition to TG, U18 was used
as an activator of SREBP2 due to its ability to promote intracel-
lular sterol starvation (43).

Hepatocyte Isolation—Primary hepatocytes were isolated
from 12-week-old male C57BL/6 mice in a two-step hepatic
perfusion of prewarmed EGTA (500 um in HEPES buffer,
Sigma) and collagenase (0.05% in HEPES buffer, Sigma) solu-
tions (80). Immediately proceeding the harvest, cells were
washed, collected via low speed centrifugation with cell strain-
ers, and plated (10° cells/ml) in warm William’s E medium
(Gibco, Thermo Fisher Scientific) supplemented with 10% FBS,
100 IU/ml penicillin, and 100 pg/ml streptomycin.

Measurement of Intracellular Ca®" —Intracellular Ca*>" in
HuH?7 cells was measured using the Fura-2AM fluorescent
indicator as described previously (81). Briefly, cells were plated
in clear-bottom white 96-well plates (Nunc, Denmark) to a con-
fluence of 80%. Following a 24-h resting period, cells were
washed and incubated with Fura-2AM (2 um) for 30 min. Cells
were subsequently washed again and left to incubate in Hanks’
balanced salt solution containing 10 mm HEPES during the
course of the experiment. Fluorescence intensity measure-
ments were taken every minute for 30 min at two distinct wave-
lengths (excitation 340/emission 515 and excitation 380/
emission 515) using a SpectraMax Gemini EM fluorescent
spectrophotometer (Molecular Devices, Sunnyvale, CA).

Plasmids, Transfections, and Immunofluorescence Micro-
scopy—To ensure appropriate induction of the UPR by the ER
stress-inducing agents used, HuH7 cells were transfected with
an ER stress-activated indicator plasmid as described previ-
ously (82). Briefly, under conditions of stress, the ER stress-
specific intron is spliced and removed from the ER stress-acti-
vated indicator mRNA transcript leading to a frameshift and
subsequent production of functional FLAG-spliced XBP1
(sXBP1) protein. ER stress-induced FLAG-sXBP1 was visual-
ized by staining for FLAG. To determine the cellular localiza-
tion of PCSK9 in conditions of stress, HuH7 cells were trans-
fected with WT V5-labeled PCSK9, as described previously
(83), and stained for V5. Transfection of the HuH7 cells with
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this plasmid was performed at 60% confluence. Briefly, a trans-
fection mixture consisting of a 1:3 ratio (2 pg, 6 ul) of plasmid/
X-tremeGENE (catalog no. 6366236001 Roche Applied Science
and Sigma) and 192 ul of Opti-MEM (Thermo Fisher Scien-
tific) were added to the HuH7 cells in 6-well culture dishes or
4-well chamber slides (catalog n0.177399, Thermo Fisher Sci-
entific) containing complete DMEM for 48 h. ER stress-induc-
ing agents were added 24 h after the addition of the transfection
mixture. Cells were either lysed for immunoblot analysis or
fixed with 4% paraformaldehyde for immunofluorescence
microscopy. Fixed cells were subsequently washed with PBS,
either non-permeabilized or permeabilized with 0.025% Tri-
ton-X in 1X PBS, and blocked with 1% bovine serum albumin
for 30 min. Cells were then stained with anti-FLAG (catalog no.
F3040 Sigma), anti-V5 (catalog no. sc-83849, Santa Cruz Bio-
technology), anti-LDLR (catalog no. AF2255, R&D Systems), or
anti-PDI (catalog no. C81H6, Cell Signaling Technology) for 1 h
in 1% BSA in 1X PBS-T. Following incubation with primary
antibody, cells were washed and incubated with either Alexa
594 (catalog no. A11058, Thermo Fisher Scientific) or Alexa
647 (catalog no. 21245, Thermo Fisher Scientific) fluorescent
secondary antibodies as well as DAPI To determine the local-
ization of the ER relative to the cytoskeleton, additional control
cells were stained with rhodamine phalloidin (catalog no. R415,
Thermo Fisher Scientific). Slides were then coverslipped with
permafluor and visualized using the EVOS FL color imaging
system at either X20 or X40 magnification.

Immunoblot Analysis—Cells were lysed in 4X SDS-PAGE
sample buffer and separated on either 7 or 10% polyacrylamide
gels in denaturing conditions, as described previously (84). Fol-
lowing gel electrophoresis, proteins were transferred to nitro-
cellulose membranes (Bio-Rad) using the Trans-Blot Semi-Dry
transfer apparatus (Bio-Rad) and blocked with 5% skim milk
(Compliments, Sobeys, Canada) in 1X TBS-T for 1 h at room
temperature. Membranes were then incubated with primary
antibodies for 18 h at 4 °C. The primary antibodies were diluted
in 1X TBST with 1% skim milk. These included the following:
anti-CHOP (catalog no. SC-793, Santa Cruz Biotechnology);
anti-FLAG (catalog no. SC-121-G, Santa Cruz Biotechnol-
ogy); anti-GRP78 (catalog no. 610979, BD Biosciences); anti-
IREla (catalog no. 14C10 Cell Signaling Technology); anti-
KDEL (catalog no. 10C3, Enzo Life Sciences); anti-PCSK9
(catalog no. NB300-959, Novus), and anti-SREBP2 (catalog no.
557037, BD Biosciences). Following the incubation with pri-
mary antibody, membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies diluted in 1X
TBS-T with 1% milk (goat anti-mouse, catalog no. 170-6516,
Bio-Rad; goat anti-rabbit, catalog no. 170-6515, Bio-Rad; and
donkey anti-goat, catalog no. ab6741, Abcam). Membranes
were visualized using the EZ-ECL chemiluminescent reagent
(catalog no. 20-500-500, FroggaBio) on Amersham Biosciences
Hyperfilm (catalog no. 28906839, GE Healthcare), which was
subsequently developed on a Kodak X-Omat 1000A processor.
Following exposure, band intensities were quantified using
Image] software. Relative band intensities represent the mean
of three replicate immunoblots adjusted to membranes
re-probed against 3-actin (catalog no. A5441, Sigma).
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RT-PCR—Total RNA was isolated using RNeasy mini kits
(catalog no. 74104, Qiagen) and reverse-transcribed to cDNA
using SuperScript Vilo ¢cDNA synthesis kit (catalog no.
11754050, Life Technologies, Inc.). RT-PCR was completed
using Fast SYBR Green (catalog n0.4385610, Life Technologies,
Inc.), as described previously (83).

PCSK9 ELISA—Mouse plasma was diluted 1:200 and PCSK9
levels were determined using a mouse PCSK9 Quantikinine
ELISA kit (catalog no.MCP900, R&D Systems). PCSK9 in tissue
culture medium collected from cultured HuH7 cells grown in
FBS-free medium was measured using the human PCSK9 quan-
tikinine ELISA kit (catalog no. DCP900, R&D Systems).

Immunohistochemistry (IHC)—Liver tissues were collected
and fixed in formaldehyde before being embedded in paraffin.
Sections were subjected to antigen retrieval for 10 min at
room temperature in 0.05% protease (Sigma) and stained for
LDLR (catalog no. AF2255, R&D Systems), which was
diluted 1:20. Quantification of LDLR staining was done using
Image] software.

Animal Studies—Animal studies were separated into two
independent experiments; the first aimed to identify the effect
of ER stress on secreted PCSK9 levels, and the second was to
examine the impact of ER stress on hepatic LDLR and circulat-
ing LDL levels. These experiments were completed using
12-week-old female C57BL/6 mice (strain no. 000664, Charles
River, Sherbrooke, Quebec, Canada). Animals were received at
10 weeks of age and housed in 12:12 light/dark cycles and had
access to rodent chow and water ad libitum for 2 weeks prior to
studies. In our first experiment, which aimed to examine circu-
lating PCSK9 and hepatic LDLR expression, animals were ran-
domly divided into 8 groups (# = 3). Animals sacrificed 24 h
following injection were treated with PBS vehicle control, TM
125 ug/kg, 250 ug/k, or 500 ng/kg (groups 1-4). The remaining
animals were treated with TM 500 pg/kg and sacrificed every
24 h for 120 h. Plasma was collected via facial bleeds prior to the
single subcutaneous injection and after sacrifice. In our second
experiment, which aimed to examine circulating lipid, C57BL/6
mice were randomly divided into two groups (n = 5) and
treated with either 1X PBS (n = 5) or TM 500 pg/kg (n = 5) for
24 h. In both experiments, liver tissue was flash-frozen for
immunoblot and RT-PCR analyses or fixed in 4% formalin for
IHC. The McMaster University Animal Research Ethics Board
approved all procedures.

Plasma Lipoprotein Analysis—Total plasma cholesterol and
triglycerides were determined using enzymatic kits (Wako
Diagnostics, Richmond, VA). Plasma lipid profiles were gener-
ated via FPLC as described previously (85). In brief, 100 ul of
plasma from each animal (n = 3) was fractioned by gel filtration
FPLC using an AKTA system with a Tricorn Superose 6 HR10/
300 column (GE Healthcare, Baie D’Urfe Quebec, Canada). An
enzymatic assay kit was used to measure total cholesterol in
fractionated plasma, following the manufacturer’s instructions
(catalog no. TR13421, Thermo Fisher Scientific, Ottawa,
Ontario, Canada). Cholesterol from each fraction was quanti-
fied using a SpectraMax Plus384 spectrophotometer (Molecu-
lar Devices).

Statistical Analysis—Statistical analysis for differences
between groups was performed using two-tailed unpaired
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Student’s ¢ test. Comparisons between plasma PCSK9 concen-
trations from the same animals before and after treatment were
completed using paired two-tailed Student’s ¢ test. Statistical
tests were analyzed using Prism software (GraphPad Software,
San Diego). Differences between groups were considered sig-
nificantat p < 0.05, and all values are expressed as mean * S.D.
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Caffeine Blocks SREBP2-induced Hepatic PCSK9 Expression to Enhance
LDLR-Mediated Cholesterol Clearance.
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Abstract: Circulating proprotein convertase
subtilisin/kexin type 9 (PCSK9) has emerged
as a critical regulator of low-density
lipoprotein (LDL) cholesterol, an established
driver of cardiovascular disease (CVD), by
enhancing the degradation of hepatic LDL
receptor (LDLR). The transcription factor
responsible for inducing PCSK9 expression,
known as the sterol regulatory element-
binding protein 2 (SREBP2), also contributes
to a variety of pathologies by promoting de
novo lipogenesis in a manner dependent on
genes like HMGCR. In the present study, we
demonstrate that caffeine (CF) and other
agents capable of increasing endoplasmic
reticulum (ER) Ca2* levels block the
activation of SREBP2 and subsequent
expression and secretion of PCSK9 from
hepatocytes. To explain these findings, we
provide evidence that CF and other agents
that increase ER Ca?* levels enhance the
ability of GRP78 to sequester the ER-resident
precursor form of SREBP2, thereby
preventing its re-localization and activation in
the Golgi. By blocking its natural inhibitor,
we also provide evidence that CF increases
the expression and activity cell-surface
hepatic LDLR and improves hepatocyte-
mediated LDL clearance. Collectively our
findings highlight ER Ca2* as a master
regulator of SREBP2 activation and identify a
novel mechanism by which CF, as well as
other Ca2?* modulating agents, affect
circulating LDL cholesterol levels.

Introduction

The sterol regulatory element-binding
proteins (SREBPs) play a central role in
cellular lipid metabolism and homeostasis.
They are activated by pathological cellular
processes such as ER stress (1), inflammation
(2), autophagy and apoptosis (3) and have

been shown to contribute to a variety of
disease states including dyslipidemia, CVD,
obesity, type 2 diabetes, non-alcoholic
steatohepatitis, chronic kidney disease and
neurodegenerative diseases (3). Conventional
and/or homeostatic signaling of the SREBPs
begins at the luminal face of the ER. During
conditions of lowered intracellular lipids, the
sterol-sensing SREBP cleavage-activating
protein (SCAP) releases its ER anchor,
known as the insulin induced gene 1
(INSIG1) (4). The SCAP-SREBP complex
then exits the ER, subsequently leading to the
cleavage and activation of pre-mature SREBP
in the Golgi by site-1 and -2 proteases
(S1/2P). Mature SREBP1/2 then translocate
to the nucleus, where they induce the
expression of fatty acid and cholesterol
regulatory genes by binding to sterol-
regulatory elements (5). Our group has also
demonstrated that unconventional signaling
triggered by the loss of ER CaZ*, a process
known to promote ER stress, inflammation,
autophagy and apoptosis (6), can also activate
the SREBPs during pathophysiological
processes (1, 7-9).

The ER is located in the perinuclear region of
the cell and is the largest intracellular Ca2*
store, yielding intra-luminal concentrations of
100-800 puM (10). Key players in the
maintenance of this state include the (a)
sarco/endoplasmic reticulum ATP-ase
(SERCA), responsible for pumping CaZ* into
the ER against the chemical gradient, and (b)
the ryanodine receptors (RyRs) and inositol
trisphosphate receptors (IP3Rs), responsible
for leaking Ca2?* back into the cytosol for
signaling purposes, as well as (c) ER-resident
Ca?*-binding proteins, such as GRP7S,
GRPY4, calnexin and calreticulin, which act
as buffers to increase ER Ca2?" retention
capacity. Given that almost all cell-surface
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and secretory proteins undergo proper folding
and maturation in the ER, in a manner
dependent on ER-resident Ca2*-dependent
chaperones, the maintenance of ER Ca2*
homeostasis is of vital importance (11).
Failure to maintain this state of homeostasis
reduces the polypeptide folding efficiency of
these chaperones, thus causing an
accumulation of misfolded proteins in the ER
lumen; a state commonly referred to as ER
stress and an established driver of
cardiometabolic and neurodegenerative
diseases (12). Interestingly, caffeine (CF), one
of the most frequently consumed drugs in the
world (13), is also an established modulator
of intracellular Ca2?* (14) and was recently
shown to block SREBP expression and
activation (15).

1,3,7 trimethylxanthine, or CF, is best known
as a stimulant alkaloid of the central nervous
system found in various plants and is
commonly consumed in the form of coffee or
tea. The majority of published literature
demonstrates that the average adult consumes
between 400 and 600 mg/day and
organizations like Health Canada and the
Food and Drug Administration conclude that
such doses are not negatively associated with
toxicity, cardiovascular effects, bone status,
calcium imbalance, behavior, incidence of
cancer or effects on male fertility (14). On the
contrary, accumulating evidence now
suggests that moderate to high levels of CF
(400 to >600 mg/day), consumed on a daily
basis in the form of non-alcoholic beverages,
are associated with a protective outcome on
the cardiovascular system. Although
biochemical studies have shown that CF
increases intracellular Ca?* levels and induces
vasodilation of the vascular endothelium (13,
16), a cellular process known to be
cardioprotective (17), molecular mechanisms

supporting clinical evidence are currently
lacking.

Among the many mRNA species known to be
regulated by the self-induced SREBP2
transcription factor, the isoform of SREBP
implicated in cholesterol homeostasis and
CVD, are PCSK9, the LDLR and HMG-CoA
reductase (HMGR) (18). Recent
advancements in the therapies available for
the management of dyslipidemia and CVD
have led to the characterization of PCSK9 as
a hepatocyte-secreted circulating factor
capable of enhancing the degradation of cell-
surface LDLR (19-22). By extension, PCSK9
also reduces the ability of metabolically
active tissues, like the liver, to remove excess
LDL cholesterol (LDLc) from the blood.
Based on these seminal discoveries, anti-
PCSK9 antibodies are now being
administered to patients at high risk of CVD
with great success, yielding an unprecedented
60-70% reduction of LDLc levels (23).
Although efficacious, the high cost of
manufacturing fully human anti-PCSK9
antibodies poses a limit to their availability to
patients worldwide (24). Such circumstances
warrant the need for additional studies
examining the molecular mechanisms that
modulate the expression and secretion of
PCSKO9 from hepatocytes, in order to develop
novel and more cost-effective therapies.

Our group has previously demonstrated that
the expression and secretion of PCSK9 from
hepatocytes is strongly influenced by changes
in ER Ca?2* (9). We now report that
heightened ER Ca?* levels increase the
peptide binding capacity of ER-resident Ca?*-
dependent chaperones, like GRP78. In turn,
we observed that CF and other agents known
to increase ER Ca?* levels enhance the
interaction taking place between GRP78 and
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SREBP2, thereby preventing the exit of
SREBP2 from the ER and its transit into the
Golgi for activation. As such, we found that
CF blocked the expression and secretion of
PCSK9 from hepatocytes by enhancing its
retention in the ER resulting in increased
LDLR-mediated LDL clearance. Collectively
our findings provide new insights into the
cellular mechanisms that regulate PCSK9
expression and also highlight a novel cellular
pathway by which CF and other modulators
or intracellular Ca2* can protect against CVD.

Results

CF blocks PCSK9 expression and secretion in
hepatocytes

Previous studies have demonstrated that CF
blocks SREBP2 expression and activity (15).
We therefore examined whether CF would
also block the expression of a downstream
target of SREBP2 transcriptional activity
(18), and established driver of CVD, PCSK9
(25). To initiate our studies, cultured
immortalized hepatocytes known to express
and secrete PCSK9 (9), including HuH7 and
HepG2 cells, as well as primary mouse- and
primary human-hepatocytes (PMH and PHH,
respectively), were treated with CF for 24
hours and assessed for PCSK9 expression via
immunoblots and real-time PCR (Fig. 1 A to
D). Consistent with our hypothesis, these
initial experiments revealed that CF reduced
protein and mRNA transcript levels of
PCSK9. CF also attenuated PCSK9
expression resulting from the SERCA
antagonist and established ER stress-inducing
agent, thapsigargin (TG) (9). Given that sterol
deprivation represents another well-
established promoter of SREBP2 activation
(9), cells were also treated with CF in the
presence and absence of U18666A (U18) that

depletes intracellular sterols. Similar to TG-
treated cells, CF attenuated UIl8&-induced
PCSK9 expression; see Table 1 in
supplemental materials for a list of
compounds and mechanisms of action.
Importantly, CF also blocked the secretion of
PCSK9 from HuH7, HepG2 cultured
hepatocytes, as well as in PMH and PHH
(Fig. 1E, F and G). Control experiments were
performed in order to confirm that CF was
not interfering with the ELISA by measuring
levels of recombinant PCSK9 in the presence
or absence of CF added directly to the ELISA
(Fig. S1). A Coomassie stain of
electrophoretically-resolved media harvested
from these cells was also used to confirm that
CF was not affecting global protein secretion
(Fig. 1H). These data demonstrate that CF
causes a marked reduction of PCSK9
expression at the mRNA and protein levels in
a variety of hepatocyte models.

CF blocks SREBP?2 activation in hepatocytes

Our research group has previously
demonstrated that ER stress, specifically
resulting from the depletion of ER Ca?*,
promotes the activation of SREBP2 and
expression of PCSK9 (1, 7, 9). We therefore
examined the effect of CF on TG-induced
SREBP2 activation. Consistent with previous
studies (15), we observed that CF blocked the
expression of SREBP2 in PMHs and PHHs,
as well as in HepG2 cells (Fig. 2A to C). CF
also blocked the expression of a downstream
target of SREBP2 transcriptional activity in
mouse hepatocytes, HMGR (Fig. 2A), as well
as SREBPI, the isoform known to regulate
fatty acid synthesis (Fig. 2D). The effect of
CF on the expression of hepatocyte nuclear
factor la, a liver-expressed transcription
factor also known to regulate PCSK9
expression (26) was assessed but not did not
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yield a significant difference in the absence of
TG (Fig. S2A). SREBP2 activation and
activity was then examined at the protein
level in HuH7 cells transfected with a plasmid
encoding GFP driven by the sterol regulatory
element (SRE-GFP; Fig 2E, F and Q).
Consistent with real-time PCR data, we
observed that CF blocked the nuclear/
activated isoform of SREBP2 (nSREBP2;
~60kDa) and the expression of SRE-driven
GFP in the presence and absence of TG. GFP
expression was also visualized via
immunofluorescent staining and quantified
using ImageJ Software. Immunofluorescent
staining of SREBP2 in cells treated with TG
in the presence and absence of CF also
demonstrated that CF attenuates the re-
localization of SREBP2 from the perinuclear
region of the cell to the nucleus (Fig. 2H;
nuclei containing activated SREBP2 are
indicated by white arrows). Collectively,
given the well-established role of SREBP2 in
the transcriptional regulation of PCSK9, our
data suggested that CF reduces PCSK9
expression and secretion due to an
antagonism of de novo synthesis. In support
of this, CF did not affect the secretion of
cytomegalovirus (CMV)-driven PCSK9 in
cells transfected with mammalian expression
vector, suggesting that PCSK9 is not affected
by CF at the protein level (Fig. S2B).

Previous studies have also shown that CF can
promote the phosphorylation and activation of
AMPK (15, 27), a liver-expressed kinase
known to induce the inhibitory
phosphorylation of SREBPs (28). Despite the
observed increase in hepatic pAMPK levels
in response to CF treatment in the livers of
mice, as well as increased levels of a marker
of AMPK activation (pACC; Fig. S3A), CF
also blocked PCSK9 expression and secretion
in PMHs isolated from a model of hepatic

AMPK deficiency (AmpkpI--; Fig. S3B and
C) (29). A similar result was also observed in
hepatocytes treated with a pharmacologic
agent known to increase ER Ca2* levels by
inducing SERCA pump activation, CDN1163
(CDN) (Fig. S3D and E) (30). Although
several studies demonstrate that AMPK is a
repressor of SREBP2, and that CF can
activate AMPK, our data suggest that the CF
blocks SREBP2 and PCSK9 in an AMPK
independent manner.

ER Ca?* modulates PCSK9 expression and
secretion

Among the many intracellular effects of CF
on the cell, its ability to increase intracellular
Ca2*+ levels is well-studied (13). Given that
we previously demonstrated that ER Caz*
depletion induced SREBP2 activation, in the
present study we postulated that (a) CF may
increase ER Ca?* levels, and (b) other agents
known to increase ER Ca?* levels may also
block SREBP2 activation and PCSK9
expression. To test this hypothesis, we first
examined cytosolic Ca2?* levels in CF-treated
cells using the high-affinity fluorescent Ca2*
indicator, Fura-2-AM. Consistent with
previous studies, CF significantly increased
cytosolic Ca?* levels in immortalized
hepatocytes (Fig. S4). ER Ca2* levels were
then examined in cells transfected with
DIER; a genetically-encoded ER-resident
fluorescence resonance energy transfer
(FRET)-based calreticulin chameleon Ca2*
sensor, which increases in fluorescence
intensity upon Ca?* binding (31). The low-
affinity Ca?* indicator, Mag-Fluo-4, was also
utilized for the direct assessment of ER Ca2*
and increases in fluorescence intensity upon
Ca2* binding (32). The fluorescence intensity
of cells treated with CF and control agents,
TG and CDN, was assessed using a
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fluorescent spectrophotometer and also
visualized using a fluorescent microscope
(Fig. 3A). In addition to heightened cytosolic
Ca?* levels, we also observed that CF
increased ER Ca?* levels. As expected,
control agent CDN increased ER Ca2* levels,
whereas TG reduced ER Ca?* levels. ER Caz*
content was also assessed indirectly with the
high affinity Ca?* dye, fura-2-AM (Fig. 3B).
HuH7 cells were pretreated with CF for 24
hours and subsequently exposed to a high
dose of TG, which causes a spontaneous loss
of ER CaZ?*. In response to this treatment, we
observed that cells pretreated with CF
exhibited increased ER Ca?* efflux compared
to cells treated with the vehicle control when
exposed to TG. We also observed that the
expression of calnexin, an ER-resident
protein with high capacity for Ca2* binding
(33), was induced by CF and blocked by TG
(Fig. 30).

To further test our hypothesis that increasing
ER Ca?* blocks PCSK9 expression, we
treated cells with a variety of well-established
Ca?*-modulating agents. At low dose (10
nM), ryanodine is known to facilitate ER Ca2*
loss by enhancing RyR-mediated Ca2*
transients, whereas high dose ryanodine (10
uM) is known to block RyR-mediated ER
Ca2* leakage (34). 2 APB also blocks the exit
of ER Ca?* by antagonizing IP3Rs (35). In
contrast to these two agents that modulate ER
Ca?* release, CDN is an established allosteric
activator of the SERCA pump and thus
increases the entry of Ca2* into the ER (30).
Consistent with our hypothesis, we observed
that high-dose ryanodine, 2 APB and CDN,
blocked SREBP2 and PCSK9 on the mRNA
transcript level in the presence or absence of
TG (Fig. 3D to F). These agents also blocked
the TG-induced expression of the Ca2*-
dependent chaperone, and ER stress marker,

GRP78. Consistent with our previous studies,
we also observed that ER Ca2* depletion via
TG and CPA treatment increased PCSK9 and
SREBP2 expression (Fig. 3G and H). As
expected, these established ER stress-
inducing agents also increased the expression
of GRP78.

Secreted PCSK9 levels in the media
harvested from cells treated with CaZ*-
modulating agents were then assessed using
ELISAs. Consistent with real-time PCR
findings, we observed that high-dose
ryanodine, CDN and 2 APB blocked PCSK9
secretion (Fig. 3I). Overexpression of
calnexin and loss-of function ryanodine
receptor variants (RyR2E4872A and
RyR2A4860G) " which were previously shown to
increase ER Ca2*levels (34, 36), also blocked
PCSKD9 secretion (Fig. 3J and K). In contrast
to its effect on PCSK9 mRNA transcript
levels, we also observed that TG blocked
PCSK9 secretion; an observation that was
consistent with our previous study (9). Sterol
deprivation via treatment with U18, which is
not known to affect ER Ca2* levels, also
yielded findings consistent with our previous
observations (9) and increased PCSK9
secretion (Fig. 3M). Finally, to confirm that
CF blocked PCSK9 secretion in a Ca2*
dependent manner, experiments were
repeated in HepG2 cells incubated in Ca2*-
deficient medium for 48 hours. We previously
demonstrated that this treatment causes robust
ER stress and likely explains the observed
reduction of secreted PCSK9 levels in the
absence of CF. Importantly, however, these
data reveal that CF failed to antagonize
PCSK9 secretion in cells that have been
deprived of Ca2*. Overall, these data provide
strong evidence that ER Ca?* levels not only
affect the expression of ER stress markers,

76



but also regulate the cholesterol-regulatory
proteins, PCSK9 and SREBP2.

Ca?* increases the binding capacity of
GRP78 for ER-resident SREBP2 and prevents
its exit from the ER

GRP78 is among a number of Ca2*-dependent
chaperones that play a central role facilitating
a chemical equilibrium that favors elevated
Ca2* levels in the ER lumen relative to the
cytosol via direct binding/sequestration and
buffering (37). It is estimated that GRP78
increases the Ca2*-retaining ability of the ER
by 25% (38). Given that chaperones increase
ER Ca2* levels, but are also Ca?*-dependent
in their capacity to bind and fold
polypeptides, we investigated whether ER
Cazt could modulate the ability of GRP78 to
interact with ER-resident pre-mature SREBP2
(~125 kDa). In support of this notion,
previous studies have demonstrated that (a)
GRP78 is highly promiscuous in its client
specificity (39), capable of binding to one site
every 36 amino acids of a randomly generated
peptide (40); (b) Caz* and ATP bind to GRP78
in a cooperative manner and that ATP is
necessary for the peptide binding and folding
abilities of this chaperone (41); and (c)
overexpression of GRP78 can attenuate the
activation SREBPs in response to ER stress

(D.

To test our hypothesis that increasing ER Ca2*
levels enhances GRP78 peptide binding
capacity, HuH7 cells were treated with either
CDN, which increases ER Ca2* levels, or TG
which causes ER Ca2* depletion. Following
treatment, the interaction taking place
between GRP78 and SREBP2 was examined
via immunoprecipitation of the former. By
affecting ER Ca?* levels however, these
agents also directly impact the expression and

abundance of GRP78 compared to untreated
cells. Therefore, assessment of the relative
binding capacity GRP78 for SREBP2
between treatments required normalization of
immunoprecipitations to equal levels of
GRP78 (Fig. 4A). Following conditions of
TG-induced ER Ca2* depletion and stress,
GRP78 lost its intrinsic ability to interact with
pre-mature SREBP2. Conversely, increasing
ER Ca2* levels via CDN treatment enhanced
the ability of GRP78 to interact with and
sequester pre-mature SREBP2. Strikingly, we
observed that CF-treated cells behaved much
like that of CDN-treated cells, suggesting that
CF also increases the SREBP2-binding
capacity of GRP78. Consistent with
immunoprecipitations, immunoblots of
whole-cell lysates demonstrate that CF and
CDN antagonized the activation and nuclear
localization of SREBP2, whereas TG had the
opposite effect (Fig. 4B).

To confirm that CF blocked SREBP2
activation in a manner dependent on GRP78,
cells transfected with siRNA targeted against
GRP78 (siGRP78) were also treated with CF.
Our findings demonstrate that siGRP78
treatment significantly increased the mRNA
and secreted forms of PCSK9, as well as the
mRNA levels of SREBP2 (Fig. 4C and D).
Consistent with our hypothesis, we also
observed that CF failed to attenuate PCSK9
and SREBP2 mRNA expression or secreted
PCSK9 levels in the presence of siGRP78
(Fig. 4D and E). The siRNA-mediated
knockdown of GRP78 was confirmed via
immunoblotting (Fig. 4F).

Because ER Ca?* depletion induces a
compensatory UPR activation, we also
postulated that CF may attenuate UPR marker
expression by increasing ER Ca2?* levels.
Upon assessment of PHH treated with CF, we
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observed a reduction in mRNA transcript
levels of ER stress markers GRP78 and the
activating transcription factor 4 (ATF4; Fig.
4G). Similar experiments were also carried
out in cultured HuH7 cells (Fig. S5A and
S5B), in which a reduction in the expression
of pPERK, IREla, sXBP1, ATF4 and ATF6
was also observed via immunoblotting and
real-time ~ PCR. Reactive oxygen species
production, a process known to occur during
conditions of ER stress, was also attenuated
by CF (Fig. 5SH). In support of these findings,
CF blocked the accumulation of thioflavin-T-
stained misfolded protein aggregates and the
expression of FLAG-sXBP1 in cells
transfected with the ER activated indicator
plasmid (42) (Fig. 41-K). Collectively, these
data support a model in which heightened ER
Cazt levels promote chaperone function and
efficiency, thereby leading to a reduction in
chaperone abundance. While increasing the
protein binding ability of chaperones, such as
GRP78, CF also attenuates SREBP2-driven
gene expression (Fig. 4L).

CF blocks hepatic ER chaperone expression
and attenuates PCSK9 secretion in mice

Next, we assessed the effect of CF on UPR
marker and PCSK9 expression/secretion in
mice. Following IP injection of CF (50 mg/kg
- 8 hours) we observed a significant reduction
of circulating PCSK9 and triglyceride levels
(Fig. 5A and B). A time-course experiment
also revealed that CF treatment required 4
hours to significantly reduce plasma PCSK9
levels in mice (Fig. 5C). The protein and
mRNA expression of UPR chaperones,
GRP78, GRP94, IREla and CHOP was also
assessed via immunohistochemical staining,
immunoblots and real-time PCR in the livers
of these mice. Consistent with our findings in
cultured cells, CF reduced the expression of

UPR markers (Fig. 5D to G). Similar to
previous reports, we also observed an inverse
correlation between plasma PCSKO9 levels and
the expression of hepatic cell-surface LDLR
and CD36. Immunohistochemical staining
intensities were quantified using Imagel
Software (Fig. 5J). Similar to CF, we also
observed that CDN increased hepatic LDLR
expression in mice (Fig. S5C. 50 mg/kg; IP; 8
h).

CF increases hepatic LDL uptake

It is well-established that PCSK9 enhances
the degradation of the LDLR and reduces the
capacity of hepatocytes to bind and
internalized extracellular LDL cholesterol
(25). We therefore postulated that CF and
other agents that increase ER Ca?* levels,
may also increase LDL clearance. We started
by confirming that CF increased the
expression of PCSKO9-regulated receptors in
our cultured cell models using immunoblots
(Fig. 6A). Next, we developed an assay
whereby HepG2 cells plated in black clear-
bottom 96-well plates were treated with
agents for 24 hours and subsequently exposed
to fluorescently-labelled Dil-LDL for 5 hours
in FBS-free medium prior to analysis. The
uptake and accumulation of Dil-LDL was
then quantified using a fluorescent
spectrophotometer (Molecular Devices).
Interestingly, we observed that CF increased
LDL uptake and that U8, an agent that
increases secreted PCSK9 levels (Fig. 3M),
reduced LDL uptake (Figure 6B). To confirm
that CF increased LDL uptake in cultured
hepatocytes in a manner dependent on
PCSK9 inhibition, this experiment was
repeated in HepG2 cells stably transfected
with PCSK9 shRNA. Consistent with our
hypothesis, CF treatment failed to
significantly increase LDL uptake in
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conditions of reduced PCSKO9 levels (Fig 6C).
Live-cell staining of LDLR was also
performed in HepG2 cells exposed to Dil-
LDL. Increased cell-surface LDLR, as well as
intracellular Dil-LDL, was observed in CF-
treated HepG2 cells compared to vehicle-
treated cells using a fluorescent microscope.

We next examined the effect of CF on hepatic
LDL uptake in mice, and whether the process
also occurs in a PCSK9-dependent manner.
Accordingly, Pcsk9+* and Pcsk9-- mice were
treated with either CF or PBS-vehicle for 8
hours and fluorescently-labelled Dil-LDL
cholesterol during the last hour prior to
sacrifice. In line with our in vitro studies, we
observed that CF increased hepatic cell-
surface LDLR expression in the Pcsk9++
mice, but did not increase LDLR expression
in Pcsk9/- mice (Fig. 6E). CF also increased
hepatic Dil fluorescence intensity and
reduced serum Dil fluorescence intensity in
Pcsk9++ mice, but failed to affect these
parameters in Pcsk9-- mice (Fig 6F). Hepatic
cell-surface LDLR staining and Dil-LDL
uptake were also examined using a
fluorescent microscope (Figure 6G).
Collectively, these data suggest that CF
increases hepatic LDL clearance in a manner
dependent on its ability to block PCSK9
secretion from hepatocytes.

CF reduces plasma PCSKY levels in healthy
human subjects

Given that CF is among the most commonly
consumed pharmacologically active
compounds in the world (14), we assessed its
ability to affect PCSK9 levels in fasted
healthy volunteers. Serum was collected prior
to, as well as 2- and 4-hours post CF
treatment (400 mg orally; ~ 5 mg/kg).
Consistent with our observations in cultured

hepatocytes and in mice, CF reduced plasma
PCSKO9 levels in healthy subjects by 25%
(n=12) and 21% (n=8) at the 2- and 4-hour
time points, respectively (Fig. 7A and B).
Plasma PCSK9 levels were also examined
control subjects that did not consume CF, to
verify whether the additional 2 hours of
fasting during the course of the experiment
would alter PCSK9 levels. No significant
difference was observed in this group (n=5;
Fig. 7C).

Characterization of novel CF derivatives as
antagonists of PCSK9

Our data demonstrate that CF antagonizes
secreted PCSKO levels in pre-clinical models,
as well as in humans. Importantly, CF is a
well-characterized compound known to have
several health benefits with few adverse
effects. Achieving an optimal level of PCSK9
inhibition absent of the neuro-excitatory
effect of CF, however, may be a challenge for
the long-term clinical application of these
findings. To address this issue, a variety of
caffeine derivates were screened in order to
identify compounds with increased efficacy
for PCSK9 inhibition; with the ultimate goal
of providing patients with a lower dose to
achieve significant PCSK9 inhibition while
avoiding the undesired neuro-excitatory
effect. We started by screening a variety
xanthine-derived compounds for PCSK9
inhibition. Interestingly, a variety of CF
metabolites, including theobromine and
paraxanthine, as well as other xanthine
derived compounds, such as PSB603, 8CD
and 8CC, exhibited a dose-dependent
reduction of mRNA expression and secreted
levels of PCSK9 (Fig. 8A and B). Xanthine
derivatives with electron withdrawing groups
conjugated to the carbon most susceptible to
metabolism by liver CYP450 enzymes were
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also developed (Fig. 8C). Experiments done
in HepG2 cells demonstrate that treatment
with MRLA-1812 and MRLA-1820 yield an
approximate 2-fold reduction of secreted
PCSKO9 levels compared to CF treatment at
the same dose (Fig. 8D). Moreover, at a
concentration of 100 nM, these novel
compounds achieved similar levels of
inhibition as CF at a dose of 100 pM.
Assessment at the mRNA level reveal that a
similar mode of action is taking place with
these novel compounds, whereby antagonism
of SREBP2 reduces de novo synthesis of
PCSK9 (Fig. 8E). Similar to CF, we also
observed that MRLA-1812 and MRLA-1820
do not exhibit cytotoxic properties on
cultured HepG2 hepatocytes (Fig. S8F).
Overall, these data demonstrate that a variety
of xanthine-derived compounds exhibit
potency for the antagonism of PCSK9
expression. We also demonstrate that subtle
changes to the chemical structure of this
backbone, such as those that protect the
molecule from metabolism, can significantly
increase potency.

Discussion

This report provides molecular insight into
the mechanism by which pathological
conditions known to affect ER Ca2* levels can
modulate the activation of SREBP2 and
expression of PCSK9 in hepatocytes. We
demonstrate that agents capable of increasing
ER Ca2* levels, such as CF, increase the
binding capacity of the ER-resident
chaperone GRP78 for SREBP2, which in turn
prevents the transit of SREBP2 to the
nucleus. Given that conditions of ER Caz*
depletion and ER stress increase chaperone
expression (12), the observed reduction of
chaperone expression in hepatocytes treated
with agents that increase ER Ca?* levels also

strongly suggests that these agents promote
chaperone function and protect against ER
stress. Beyond the direct effect of CF on
GRP78, SREBP2 and PCSK9, we observed
that CF increased cell-surface hepatic LDLR
and also increased LDL uptake. Given that
CF did not affect LDLR expression in the
livers of Pcsk9/- mice and also failed to
promote LDL uptake in PCSK9 knockdown
hepatocytes, our data also demonstrate that
CF-mediated upregulation of the LDLR and
subsequent LDL uptake, occurs in a PCSK9-
dependent manner.

The effects of CF on the vascular system and
CVD, have also been examined by others in
the past. Given that CF consumption occurs
primarily in the form of beverages that
contain inconsistent doses and that are
frequently mixed with adulterants such as
dairy and sugar product, results from such
studies can be difficult to interpret and often
vary. A recent meta-analysis provides an in-
depth summary of the current body literature
existing on the effects of CF consumption on
cardiovascular outcomes, including total
CVD (43). Interestingly, the majority of
studies examined, which generally ranged
from thousands to hundreds of thousands of
patients, demonstrated a protective effect of
CF consumption against CVD. Daily CF
consumption in these studies typically ranged
between 400 and 600 mg/day.

CF is known to exert its effect through a
range of molecular targets, including the
antagonism of adenosine receptors, GABA
receptors and phosphodiesterase enzymes, as
well as inducing intracellular CaZ* transients
by enhancing RyR-mediated calcium-induced
calcium release (CICR) (13). For this reason,
the identification of exact molecular
mechanisms pertaining to its protective effect
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on the vascular system has be challenging. In
support of the aforementioned clinical
observations, CF has been shown to promote
vasodilation of the vascular endothelium by
means of stimulating Ca?* release via CICR
and leading to the activation of eNOS (44). In
vascular smooth muscle cells, following
CICR-induced vasodilation, CF also increases
intracellular Ca?* levels by inducing non-
selective cation channels at the cell surface
(45) and has been shown to block IP3Rs (46).
These studies, as well as those of others (47,
48), are consistent with our observations that
CF increases intracellular Ca2?* levels and
attenuates ER stress. Collectively, however,
there exists a range of mechanisms by which
CF affects intracellular Ca2+ levels, which
tend to differ between tissue and/or cell types.
In hepatocytes, our data strongly suggest that
CF increases cytosolic and ER CaZ* levels
following a 24-hour exposure (Fig. 4A and
B).

The ER serves as an important and dynamic
CaZ" reserve, capable extruding CaZ" for
signaling and/or excitatory purposes and
removing excess cytosolic CaZ* following
periods of excitement. The Ca2* sequestering
capacity of the ER, which far exceeds that of
the cytosol, depends on the abundance of ER-
resident low-affinity/high capacity Ca2*-
binding proteins (49). The interaction of Caz*
with these proteins also promotes chaperone
function. During conditions of ER Ca2*
depletion, chaperones lose of their folding
capacity and misfolded polypeptides
accumulate in the ER. The UPR, which
increases the abundance of ER-resident
chaperones, is then triggered in order to
restore ER folding capacity and ER Ca?*
levels (50). Conversely, increasing ER Ca2*
levels appears to have a net protective effect
on ER homeostasis, given the observed

reduction in UPR marker expression by
agents that activate SERCA and increase ER
Cazt influx or those capable of blocking
leakage from either IP3R or RyR (30, 51).
Consistent with this observation, we also
found that CF protects against TG-induced
ER stress in cultured hepatocytes and reduces
the expression of a variety of ER chaperones
in the livers of mice (Fig. 6).

In addition to UPR chaperones, ER stress is
also known to promote the activation and
expression of the self-induced transcription
factors that regulate the expression of fatty
acid- and cholesterol-regulatory genes,
SREBP-1 and -2 (52). Although the exact
mechanism by which ER stress activates the
SREBPs remains elusive (7), previous studies
have suggested and/or demonstrated that (a)
ER stress can reduce the expression of
INSIGI, a negative regulator of the SREBPs
(53), (b) ER stress-induced caspases can
cleave and activate the SREBPs in a manner
independent of conventional S1P activation in
the Golgi and (54, 55) (c), GRP78 can
dissociate from the SCAP-SREBP complex
thus liberating SREBP from the constraints of
the ER (56). We now report the novel finding
that ER Ca?* levels serve to fine-tune the
peptide binding capacity of GRP78, thereby
affecting the exit of its binding partners —
such as pre-mature SREBP2 — from the ER

(Fig. 5).

In addition to blocking SREBP2-mediated
PCSK9 expression, we also observed that CF
induced the protein expression of the LDLR
and increased LDL wuptake in cultured
hepatocytes. Given that SREBP2 regulates de
novo expression of PCSK9 and the LDLR,
the observed induction of cell-surface LDLR
in the face of SREBP2 inhibition likely
occurs in response to the loss of circulating

81



PCSK9 levels. Several studies have
demonstrated that with a half-life of five
minutes (57), PCSK9 expression closely
follows that of SREBP2 (58). In contrast,
with a 144-fold increased half-life compared
to PCSK9 (12 hours) (59), expression of the
LDLR appears less dependent on de novo
synthesis and more on factors that influence
its stability at the cell surface, like circulating
PCSK9. Because SREBP2 also induces the
expression of HMGR, it is also possible that
CF reduces circulating LDL cholesterol levels
via inhibition of HMGR-mediated de novo
cholesterol synthesis. However, given that
HMGR inhibitors like statins cause sterol
deprivation and subsequently activate
SREBP2 and induce PCSK9 expression (60),
it is unlikely that CF effectively blocks
HMGR.

PCSK9 enhances the degradation of the
LDLR and promotes the onset and
progression of CVD, which represents one of
most challenging and costly health care
problems that society faces today (61).
Developing our understanding of the
regulatory mechanisms that modulate the
expression and secretion of PCSK9 from
hepatocytes, may aid in the development of
novel anti-PCSK9 therapies that are more
cost-effective than those that currently exist.
Overall, our study provides evidence that
small molecules like CF, capable of
increasing ER CaZ* levels, can block the
activation of SREBP2 by enhancing GRP78
chaperone function and binding capacity. We
also report that CF potently blocks the
expression of PCSK9, a downstream target of
SREBP2 transcriptional activity, in cultured
hepatocytes, in mice and in healthy human
subjects. By extension, we also observed that
CF induced the expression of cell-surface
hepatic LDLR and increased the uptake of

LDL cholesterol. Our findings delineate a
novel mechanism by which ER Ca?* and its
modulators can affect the expression and
activity of proteins that play a central role
CVD.

Methods and Materials
Cell culture, treatments and transfections

HuH7 and HepG?2 cells were routinely grown
in complete Dulbecco’s Modified Eagle’s
Medium (Gibco, Thermofisher Scientific)
supplemented with 10% fetal bovine serum
(Sigma-Aldrich) and 50 U/ml of penecilin
and streptomycin (Sigma-Aldrich). CF,
ryanodine, 2 APB, CDN, theobromine,
paraxanthine, 8-cyclopentyl-1,3-
dimethylxanthine (8CD), 8-(3-Chlorostyryl)
CF (8CC), PSB603, cyclopiazonic acid and
U18666A were purchased from Tocris
Bioscience. All cell treatments were carried
out for 24 hours unless otherwise stated. Cells
were transfected with a cocktail consisting of
plasmid DNA (1 pg), X-tremeGENE HP (3
ul; Thermofisher Scientific) and opti-MEM
(100 pl; Thermofischer Scientific) per 1 ml
complete medium containing plated cells.
Human PCSK9 was overexpressed using the
bicistronic pIRES-EGFP plasmid; calnexin
using the mPA-GFP-N1 plasmid.

Ca?* studies: fluorogenic dyes and genetically
encoded FRET-based sensors

Intracellular Ca?* in Huh7 and HepG2 cells
was measured using a high-affinity Ca2*
indicator, Fura-2-AM (Thermofisher
Scientific). ER Ca2* levels were assessed
using the low-affinity Ca?* indicator, Mag-
Fluo-4, and via transfection of cells with
DI1ER. The DI1ER plasmid encodes an ER-
resident calcium binding protein linked to a
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fluorescent protein and increases in
fluorescence intensity upon Ca?* binding
(31). For assessment using indicators, cells
were plated in black clear-bottom 96-well
plates to a confluence of 70-75% and treated
with Ca?* modulating agents for 24 hours
(n=6). Cells were then washed and incubated
with Fura-2-AM (2 uM) or Mag-Fluo-4
(2uM) for 45 minutes at 37 °C in HBSS
containing 20mM HEPES and 2% pluronic
acid v/v (Thermofisher Scientific).
Fluorescence intensity of intracellular Fura-2-
AM was measured at two distinct
wavelengths (ex 340/em 515 and ex 380/em
515), following three consecutive washes, to
assess bound and unbound states using a
SpectraMax GeminiEM fluorescent
spectrophotometer (Molecular Devices,
Sunnyvale, California, USA). Fluorescence
intensity of Mag-Fluo-4 was quantified at a
single wavelength (ex 495/em 515). For
assessment using DIER, HuH7 cells were
plated in black clear-bottom 96-well plates to
a confluence of 70-75% and transfected
(n=6). 24 hours later, cells were treated with
Ca?* modulating agents for an additional 24
hours and quantified (ex 495/em 515) using a
SpectraMax GeminiEM fluorescent
spectrophotometer.

Immunoblot Analysis

Cells were washed in phosphate-buffered
saline (PBS), lysed in 4X SDS-PAGE lysis
buffer and separated on 7-10%
polyacrylamide gels in denaturing conditions.
Gels were transferred to nitrocellulose
membranes using the BioRad mini trans-blot
system,blocked in 5% skim milk in tris-
buffered saline (TBS) for 1h and incubated in
primary antibody overnight for 16h at 4 °C.
Membranes were then exposed to horse
radish peroxidase conjugated secondary

antibodies and visualized using EZ-ECL
chemiluminescent reagent (Froggabio). Band
intensities were quantified using Imagel
software (BioRad) against membranes
reprobed for house keeping proteins.

Immunoprecipitations

Cells were grown in 10 cm dishes were
resuspended in ice cold non-denaturing
immunoprecipitation buffer containing 20mM
tris HCL, 137mM NaCl, 1% NP-40, 2mM
EDTA and protease inhibitor (Roche). Total
cell protein was normalized using a protein
assay (BioRad) and Img of protein from each
sample was incubated with 2 pg of capture
antibody targeted against GRP78 (Santa Cruz
Biotechnology; SC-1050) and rotated on a
platform for 24h at 4°C. Following
incubation, samples were exposed to 100 ul
of Protein G magnetic Surebeads (BioRad)
for an additional 2h on a rotating platform at
4°C. Beads conjugated to the anti-GRP78
antibody were subsequently isolated and the
remaining sample was collected and labelled
"input" for use as controls. The magnetic
beads underwent 4 consecutive washes using
the non-denaturing IP buffer and resuspended
and boiled in 100 pl of 4X SDS-PAGE
sample buffer.

Immunofluorescent Staining

Cells were plated in 4-well chamber slides
and incubated in complete DMEM for 24h
and exposed to treatments 24 hours later for
an additional 24 hours. Cells were fixed with
4% paraformaldehyde for 30 minutes and
washed with either non-permeabilizing, or
permeabilizing PBS containing 0.025%
Triton-X. Cells were then blocked with 1%
bovine serum albumin (BSA) for 30 minutes
and stained with anti-GFP antibody for 1h in
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phosphate-buffed saline containing 1% BSA.
Afterwards, cells were washed and incubated
with Alexa 488 fluorescnetly-labelled
secondary antibodies, as well as the DAPI
nuclear stain. Slides were then mounted with
permafluor and visualized using the EVOS
FL colour imaging system at either 20 or 40X
magnification.

Thioflavin-T Staining

Following treatment, live cells were
incubated in complete DMEM containing 5
uM Thioflavin-T (ThT; Thermofisher
Scientific) for 15 minutes. Cells were then
fixed in 4% paraformaldehyde and mounted
with permafluor. Fluorescent staining was
visualized using the EVOS FL colour system
at either 20 or 40X magnification.

Immunohistochemical staining

Liver tissues were fixed in formaldehyde and
subsequently embedded in paraffin for
sectioning. 4 puM thick sections underwent
epitope retrieval and were subsequently
stained with primary antibodies for 16h at 4
°C. Slides were then exposed to biotin-
conjugated secondary antibodies for 45
minutes and then streptavidin peroxidase for
10 minutes. Staining was visualized using the
Nova Red HRP Substrate (Vector
Laboratories). See supplemental Materials
and Methods for a complete list of antibodies
and epitope retrieval procedures.

Quantitative Real-Time PCR

RNA purification/isolation was performed
using RNeasy mini kits (Qiagen) and
normalized to 2 pg RNA using a NanoDrop
spectrophotometer. Samples were then
reverse transcribed into cDNA using

Superscript Vilo ¢cDNA Synthesis kit
(Thermofisher Scientific). Real-time PCR was
executed with Fast SYBR Green (Thermo
Fisher Scientific) using the AAct method on
the ViiA7 real-time PCR platform

(Thermofisher Scientific).
ELISAs

Secreted PCSK9 levels were assessed directly
in cell culture medium of cells grown in FBS-
free medium for 24h or in the serum isolated
from either mice or human subjects. Mouse
PCSK9 was measured using the Quantikinine
ELISA kit (#MCP900, R&D Systems) and
human PCSK9 using the PCSK9
Quantikinine ELISA kit (#DCP900, R&D
Systems). Serum samples were diluted as per
manufacturer’s instructions.

Mouse studies and primary hepatocyte
isolation

All animal studies were carried out in fasted
male wild-type, Pcsk9-- or Ampkf1-- mice on
the C57BL/6J background and were
performed in strict accordance with the
McMaster University animal care guidelines.
CF (25-100 mg/kg - 8 hours) and CDN (50
mg/kg) treatments were administered via
intraperitoneal injection. Primary mouse
hepatocytes were isolated using a two-step
process with EGTA (500 M in HEPES buffer,
Sigma Aldrich) and collagenase (0.05% in
HEPES buffer, Sigma Aldrich) in 12-week-
old male mice on the C57BL/6J background.
Cells were then washed, centrifuged, and
plated following isolation in cell strainers.
Hepatosure 100-donor pooled primary human
hepatocytes were purchased from Xenotech.
Primary hepatocytes were regularly grown in
William's E medium (Gibco, Thermo Fisher
Scientific) containing 10% fetal bovine
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serum, 100 IU/ml penicillin, and 100g/ml
streptomycin.

Dil-LDL uptake assay

Cells were seeded plated in black clear-
bottom 96-well plates for 24 hours and treated
with experimental agents for an additional 24
hours. During the last 5 hours of treatment
(hour 19 to 24) cells were exposed to Dil-
LDL (10 pg/ml) and then washed with two
changes of pre-warmed (37 °C) HBSS
containing 20 mM HEPES prior to analysis.
The intracellular fluorescence intensity of Dil
was then quantified using the SpectraMax
GeminiEM fluorescent spectrophotometer
(Molecular Devices; ex 554/em 571).

CF studies in healthy human subjects

Healthy human subjects between the ages of
22 and 45 underwent fasting for 12 hours
prior to oral administration of CF (5 mg/kg).
Blood was collected prior to administration
and at hour 2 and 4 following administration.
All patients completed and signed consent
forms and studies were approved by the
Hamilton Integrated Research Ethics Board,
project number 5805.

Statistics

Statistical analysis for differences between
experimental groups was performed using
two-tailed unpaired Student's ¢-test. The
paired Student’s #-test was used to compared
pre- and post-treatment values in human
subjects. Differences between groups were
considered significant at p<0.05 and all
values are expressed as mean + SD.
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Fig. 1. CF blocks PCSK9 expression and secretion in hepatocytes. (A) HuH7 cells were treated
with established inducers of PCSK9 expression, TG (100 nM) or U18 (10 uM), in the presence
or absence of CF (200 uM) for 24 hours. PCSK9 expression was assessed via immunoblot
analysis. (B-D) PCSK9 expression was also assessed in PMH and PHH, as well as in HepG2
cells treated with CF and TG via real-time PCR. (E-G) PCSK9 ELISAs were carried on the
medium harvested from CF-treated HuH7, HepG2, PMHs and PHH (*, p<0.05). (H) Coomassie
blue staining of electrophoretically resolved medium harvested from CF-treated cells served to
examine the effect of CF on total secreted protein levels. Values are presented as the mean and error
bars as SD. *, p<0.05

Fig. 2. CF blocks SREBP2 activation in hepatocytes. (A) The effect of CF (200 uM) on SREBP2
and SREBP1 mRNA expression was examined in PMH in the presence and absence of TG (100
nM), an established activator of SREBPs. The downstream product of SREBP2 transcriptional
activity, HMGR, was also examined. (B, C) The inhibitory effect of CF on SREBP2 was also
examined in PHH and HepG2 cells. (D) CF-mediated SREBP1 inhibition was also examined in
PMH (*, p<0.05). (E-G) HuH7 cells were transfected with a reporter construct encoding a sterol-
regulatory element-driven green fluorescent protein (SRE-GFP). Cells were subsequently treated
with CF (200 uM) and/or TG (100 nM) 24 hours later. GFP and nuclear (n)SREBP2 expression
was examined via immunoblot analysis. GFP expression was also assessed via
immunofluorescent staining, which was quantified using ImagelJ. (H) The cellular localization of
SREBP2 in CF- and TG-treated HuH7 cells was also examined via immunofluorescent staining.
Nuclei containing activated SREBP2 are indicated by white arrows. Values are presented as the
mean and error bars as SD. *, p<0.05. Scale bars; (G) 100 um; (H) 20 um.

Fig. 3. ER Ca?" modulates PCSK9 expression and secretion. (A) HuH7 cells were either
transfected with a FRET-based ER-resident Ca?* sensor, DIER, or pre-loaded with the low-
affinity Ca?* indicator, Mag-Fluo-4. Cells were subsequently treated with either TG (100 nM),
CDN (100 uM) or CF (200 uM) for 24 hours. Fluorescence intensity was measured using a
fluorescent spectrophotometer and visualized using a fluorescent microscope. (B) HuH7 cells
were pre-treated with either CF or vehicle for 24 hours and loaded with the high-affinity Ca2*
dye, Fura-2-AM. Exposure of cells to a high dose of TG (1 mM) induced a spontaneous
depletion of ER Ca2* (*, p<0.05 vs. vehicle-treated). (C) The expression of an ER-resident Ca2*
binding protein, calnexin, was examined in CF- and TG-treated HuH7 cells using immunoblots.
(D-G) PCSK9, SREBP2 and GRP78 mRNA expression was assessed in HuH7 cells treated with
a variety of ER Ca2" modulators including: ryanodine receptor agonist (ryanodine 10 nM),
ryanodine receptor antagonist (ryanodine 10 uM), SERCA pump activator CDN (100 uM) and
IP3R antagonist 2 APB (50 um), in the presence and absence of TG (100 nM) for 24 hours. (H)
mRNA transcript levels were also examined in HuH7 cells treated with SERCA pump inhibitors,
TG (100 nM) and CPA (10 uM). (I-K) The effect of pharmacologic agents and plasmid-derived
CMV-driven proteins, known to affect ER Ca?* levels, on secreted PCSK9 levels was then
examined using ELISAs. (L,M) Secreted PCSK9 levels were also examined in TG- and U18-
treated cells. (N) The effect of CF on secreted PCSK9 levels was also examined in cells
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incubated in CaZ*-deficient medium. Values are presented as the mean and error bars as SD. *,
p<0.05. Scale bars; 200 pm.

Fig. 4. ER Ca?* regulates the interaction between GRP78 and SREBP2. (A) HuH7 cultured
human hepatocytes were treated with control agents TG (100 nM), which causes ER Ca2*
depletion, or CDN (100 uM), a compound known to increase ER Ca2* levels. The effect of CF
(200 uM) was also assessed. 24 hours after treatment, a co-immunoprecipitation (IP) for GRP78
was carried out. Protein loading was normalized to GRP78 and relative co-immunoprecipitated
SREBP2 was examined via immunoblots (IB). (B) The effect of CF, CDN and TG on the
retention of ER-resident pre-mature SREBP2, and on the activated nuclear SREBP2 (nSREBP2),
was also assessed via IB. (C-E) To confirm the role of GRP78 in CF-mediated PCSK9
inhibition, mRNA transcript and secreted protein levels were examined in HepG2 cells exposed
to siRNA targeted against GRP78 (siGRP78). (F) Knockdown of GRP78 was confirmed via
immunoblot analysis. (G) ER stress markers were assessed in PHH treated with CF 200 uM
CDN (10 uM) via real-time PCR. (H) The effect of CF on reactive oxygen species production,
resulting from the treatment of TG (100 nM), was also assessed in HuH7 cells (*, p<0.05 vs.
vehicle-treated). (I) ER stress-induced amyloid deposition was examined using the fluorescent
stain, Thioflavin-T. (J,K) HuH7 cells were transfected with the ER activated indicator plasmid
encoding an ER stress-inducible FLAG-sXBP1. Staining intensity was using ImageJ software.
(L) Model in which Ca?* promotes the GRP78-mediated sequestration of SREBP2 in the ER.
Values are presented as the mean and error bars as SD. (*, p<0.05).

Fig. 5. CF reduces chaperone expression and blocks hepatic PCSK9 expression in mice. 12-
week-old male C57BL/6J mice were fasted and treated with CF (50 mg/kg) for 8 hours prior to
sacrifice (n=6). (A, B) Plasma PCSK9 and triglyceride levels were measured using an ELISA
and colorimetric assays, respectively. (C) The time-dependence of CF on plasma PCSK9 levels
was also determined using an ELISA (n=5). (D) The livers of these mice were assessed for cell-
surface expression of LDLR and CD36, as well as ER stress markers GRP78 and GRP94 via
immunohistochemical staining. (E) Staining was quantified using ImagelJ software. (F, G) The
expression of the LDLR, as well as ER stress markers (GRP78, PERK and IREla) as well as
cholesterol-regulatory genes (PCSK9, HMGR, SREBP1 and SREBP2) were also examined using
immunoblots and real-time PCR. Values are presented as the mean and error bars as SD. (*, p<0.05).
Scale Bars; 50 pm.

Fig. 6. CF increases hepatic LDL uptake in a PCSK9-dependent manner. (A) The expression of
PCSK9-regulated receptors, LDLR and CD36, was examined in CF-treated cultured hepatocytes
(200 uM). (B) The uptake and intracellular accumulation of fluorescently-labelled Dil-LDL was
examined in cells treated with CF in the presence or absence of the PCSK9-inducer U18, using a
fluorescent spectrophotometer. (C) The effect of CF treatment (200 uM) on Dil-labelled LDL
uptake was also examined in PCSK9 shRNA knockdown cells (NS, non-significant). (D)
Immunofluorescent staining of cell-surface LDLR was carried out in live CF pre-treated HepG2
cells (200 uM). Cellular Dil-LDL accumulation was also visualized in CF-treated HepG2 cells
using a fluorescent microscope. Pcsk9* and Pcsk9-- mice were treated with either PBS-vehicle
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or CF, as well as fluorescently-labelled Dil-LDL (1 pg/kg). (E) Hepatic cell-surface LDLR
expression was assessed via [HC and immunofluorescent staining. (F, G) Hepatic and serum Dil-
LDL fluorescence intensity was quantified using a fluorescent spectrophotometer and visualized

using a fluorescent spectrophotometer. Values are presented as the mean and error bars as SD. *,
p<0.05; NS, non-significant. Scale bars; (D) 10 um; (E) 50 pm; (G) 100 um.

Fig. 7. CF reduces plasma PCSK?9 levels in healthy volunteers. (A, B) Healthy subjects between
the ages of 22 and 45 were administered 400 mg (~ 5 mg/kg) of CF following a 12-hour fasting
period. Plasma PCSK9 levels were measured before administration, as well as 2- and 4-hours
following administration (n=12 and n=5, respectively). (C) PCSK9 levels were also measure in a
group of individuals (n=5) that were not administered CF to control for the 2 additional hours of
fasting time during the experiment. Differences between groups were determined using a paired
Student’s #-test and error bars are presented as SD.

Fig. 8. Characterization of novel xanthine-derived compounds as PCSK9 inhibitors. (A, B)
HepG2 cells were treated with increasing doses of CF metabolites, paraxanthine and
theobromine, as well as xanthine derivatives PSB603, 8CD and 8CC. Secreted PCSK9 levels
were assessed using ELISAs and mRNA transcript via real-time PCR. (C) A series of novel
compounds were developed with the aim of increasing the inhibitory effect of CF on PCSK9
expression. Cells were treated with CF, as well as MLRA-1812 and MLRA-1820. (D, E)
Secreted PCSK9, as well as PCSK9 mRNA and SREBP2 mRNA were assessed in these cells.
(F) The cytotoxicity of these agents was examined using an LDH assay.
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Figure 1. Lebeau et al., 2019
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Figure 2. Lebeau et al., 2019
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Figure 4. Lebeau et al., 2019
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Figure 5. Lebeau et al., 2019
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Figure 6. Lebeau et al., 2019
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Figure 6. Lebeau et al., 2019
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Figure 7.
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Figure 8. Lebeau et al., 2019
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Supplementary Information

Title: Caffeine Blocks SREBP2-induced Hepatic PCSK9 Expression to Enhance LDLR-
Mediated Cholesterol Clearance.

Figure Legends

Fig. S1. CF does not interfere with the PCSK9 ELISA. (A) A human PCSK9 ELISA was
carried out on media harvested from HepG2 cells expressing PCSK9. CF was added directly into
the ELISA at a concentration of 1 mM. NS, non-significant.

Fig. S2. CF does not affect CMV-driven PCSK9 expression. (A) The expression of the
hepatocyte nuclear factor 1a was assessed in hepatocytes treated with CF in the presence or
absence of the ER stress-inducing agents TG. (B) The effect of caffeine on secreted PCSK9
levels was examined in HepG2 cells transfected with a CMV-driven PCSK9 expression plasmid.

Fig. S3. CF blocks PCSKO9 expression in a manner independent of AMPK (A) The livers of
CF-treated mice (100 mg/kg - 8 hours) were examined for phosphorylated (p)AMPK and a

downstream target of its activation, pACC. (B,C) CF-mediated inhibition of PCSK9 was tested
in primary hepatocytes isolated from AMPK[3--via ELISA and real time PCR. (D,E) The effect

of CDN on PCSK9 expression and secretion was also examined in AMPK[3-- hepatocytes.

Fig. S4. CF increases cytosolic Ca2* levels in cultured hepatocytes. Immortalized HuH7
cultured hepatocytes were loaded with the cytosolic Ca2* dye, fura-2-AM, and subsequently
treated with CF over a 24-hour time-course (*, p<0.05).

Fig. S5. CF protects against ER stress in cultured hepatocytes. (A,B) The effect of CF on ER
stress marker expression in HuH7 cells was examined via immunoblots and real time PCR. (C)
12-week old C57BL/6J mice were treated with CDN 50 mg/kg and assessed for LDLR

expression via immunohistochemical staining.

Table 1. Compounds used during the course of the study to block the expression and secretion of
PCSK9 form hepatocytes.

Table 2. Structure activity relationship of CF and its derivatives on PCSK9 inhibition.
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Fig. S1
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Fig. S2.
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Table 1. Compounds used during the course of these studies

Compound

Effect on ER Ca?* Levels

Concentrations used

Mechanism of Action

thapsigargin (TG)

CDN1163 (CDN)

2 APB

ryanodine

Caffeine (CF)

8CC

8CD

PSB 603

paraxanthine

theophyline

theobromine

Cyclopiazonic acid (CPA)

U18666A

decrease

increase

increase

decrease/increase

hypothesized increase

hypothesized increase

hypothesized increase

hypothesized increase

hypothesized increase

hypothesized increase

hypothesized increase

decrease

N/A

100 nM

10 pm

100 uM

10 nM - 10 pM

10nM-1mM

100 nM -1 mM

100 n M -1 mM

100 nM -1 mM

100 nM -1mM

100 nM - 1mM

100 nM - 1mM

100 pM

10 pM

irreversible SERCA
antagonist

allosteric SERCA agonist

IP3R antagonist

RyR agonist at nM and RyR
antagonist at pM

multiple

adenosine receptor
antagonist

adenosine receptor
antagonist

adenosine receptor
antagonist

multiple

multiple

multiple

SERCA antagonist

Intracellular sterol
depletion
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Table 2. Structure activity relationship of CF and its derivatives on PCSK9 inhibition.

[}
H
S~ N, ﬂ/—\
)\I/ SN
HO-O

PSB 60!

3

PCSK9 (100 nM) = 0.75

ﬁI%@«

MLRA-1819
theobromine

PCSK9 (1 uM) = 0.57
PCSK9 (100 uM) = 0.68
Soluble (12.1 mg/ml)

PCSKO (100 uM) =

PCSK9 (100 nM) = 0.75
Insoluble (0.0004 mg/ml)

PCSK9 (100 uM) = 0.6

o
~ H
L0
7 /
A Y
|
MLRA-1816
PCSK9 (1 uM) = 0.68

PCSK9 (100 uM) = 0.59
Soluble (0.46 mg/ml)

o}
- /
N
A A0
07 N7 TN
H
paraxanthine
PCSK9 (100 nM) = 0.7*

PCSK9 (100 uM) = 0.8
Soluble (2.34 mg/ml)

H

HN
Py
H

Xanthine
(MLRA-18086)

PCSK9 (100 nM) = 1.0
PCSK9 (250 uM) = 0.65
Soluble (0.28 mg/ml)

,,k)f*@

PCSK9 (1 uM) = 0.58
PCSKS9 (100 uM) = 0.56
Soluble (1.47 mg/ml)

o
~ N
N
A A
07 N7 N
|
theophyline

PCSK9 (100 nM) = n/a
PCSK9 (1mM)=0.3 2z
Soluble (14.4 mg/ml)

”I@

MLRA-1811
PCSK9 (100 nM) = 0.86
PCSK9 (100 uM) = 0.67
PCSK9 (250 uM) = 0.56
Solubile (0.83 mg/ml)

PCSK9 (100 nM) = 1.0
PCSK9 (500 uM) = 0.9

Soluble (5.2 mg/ml)

MLRA-1818 I
MLRA-1813

PCSKS (1 uM) = 0.42
PCSK9 (high) = 0.43
Insoluble (0.04 mg/ml)

AJI o Y.

Etofylline

(MLRA-1804) (MLRA-1807)

PCSK9 (100 nM) = 1.0
PCSK9 (500 uM) = 0.9

PCSK9 (100 nM) = 0.93
PCSK9 (100 uM) = 0.84
Insoluble (0.07 mg/ml)

6-amino-1,3-dimethy uracil

Soluble (257 mg/ml) Soluble (17.4 mg/ml)
MLRA-1815
PCSK9 (1uM) =0.73
PCSK9 (100 uM) = 0.59
Insoluble (0.03 mg/ml)
(o] - [o]
/ N H
>N Ny N N,
PR Y Py | )
o T N o N

pentoxifylline
(MLRA-1801)

PCSK9 (100 nM) = 1.0
PCSK9 (500 uM) = 0.8
Soluble (42.6 mg/ml)

OH
e K(
OH

4\'f>

daphylline
(MLRA-1803)
PCSK9 (100 nM) = 1.0
PCSK3 (500 uM) = 0.9
Soluble (137 mg/ml)

i r(O OH
por
|

theophyllineacetic acid
(MLRA-1802)

PCSK9 (100 nM) = 1.0
PCSK9 (500 uM) = 1.0
Soluble (1000 mg/ml)

8-(3-chlorostyryl) caffeine

PCSK9 (100 nM) = 0.8
PCSK9 (100 uM) = 0.8
Insoluble (0.04 mg/ml)

o]

T X

o N
H

Uric acid
(MLRA-1805)
PCSK9 (100 nM) = 1.0
PCSK9 (500 uM) = 1.0
Soluble (4.44 mg/ml)

8-cyclopentyltheophylline
(8CD)

PCSK9 (100 nM) = 0.9
PCSK9 (100 uM) = 0.8
Soluble (0.22 mg/ml)

1
\")ﬁ"h;
Y. r

o)\rr N

MLRA-1810
8-bromocaffeine

PCSK9 (100 nM) = 1.0
PCSK9 (100 uM) = 1.0
Soluble (5.45 mg/ml)
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by inducing de novo PCSK9 expression in mice
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The worldwide prevalence of non-alcoholic fatty liver disease
(NAFLD) is increasing rapidly. Although this condition is gen-
erally benign, accumulating evidence now suggests that patients
with NAFLD are also at increased risk of cardiovascular disease
(CVD); the leading cause of death in developed nations. Despite
the well-established role of the liver as a central regulator of
circulating low-density lipoprotein (LDL) cholesterol levels, a
known driver of CVD, the mechanism(s) by which hepatic stea-
tosis contributes to CVD remains elusive. Interestingly, a recent
study has shown that circulating proprotein convertase subtili-
sin/kexin type 9 (PCSK9) levels correlate positively with liver
steatosis grade. Given that PCSK9 degrades the LDL receptor
(LDLR) and prevents the removal of LDL from the blood into the
liver, in the present study we examined the effect of hepatic
steatosis on LDLR expression and circulating LDL cholesterol
levels. We now report that in a manner consistent with findings
in patients, diet-induced steatosis increases circulating PCSK9
levels as a result of de novo expression in mice. We also report
the finding that steatosis abrogates hepatic LDLR expression
and increases circulating LDL levels in a PCSK9-dependent
manner. These findings provide important mechanistic insights
as to how hepatic steatosis modulates lipid regulatory genes,
including PCSK9 and the LDLR, and also highlights a novel
mechanism by which liver disease may contribute to CVD.

Liver fat accumulation due to reasons other than excessive
alcohol consumption, or more often referred to as NAFLD,?

This work was supported by the Heart and Stroke Foundation of Canada
Research Grants G-13-0003064 and G-15-0009389 and Canadian Institutes
of Health Research Grant 74477 (to R. C. A.), Leducq Foundation Grant 13
CVD 03, CIHR Foundation Grant 148363, and Canada Research Chair Grant
216684 (to N. G. S.), and the Research Institute of St. Joe’s Hamilton. The
authors declare that they have no conflicts of interest with the contents of
this article.

" Both authors contributed equally to this work.

2 A Career Investigator of the Heart and Stroke Foundation of Ontario and
holds the Amgen Canada Research Chair in the Division of Nephrology at
The Research Institute of St. Joe’s Hamilton and McMaster University. To
whom correspondence should be addressed: 50 Charlton Ave. East, Rm.
T-3313, Hamilton, Ontario L8N 4A6, Canada. Tel.: 905-522-1155 (ext.
35175); Fax: 905-540-6589; E-mail: austinr@taari.ca.

3 The abbreviations used are: NAFLD, non-alcoholic fatty liver disease; 4PBA,
4-phenylbutyrate; ApoB, apolipoprotein-B; ATF4, activating transcription
factor 4; CASP, caspase; CHOP, C/EBP homologous protein; CVD, cardiovas-
cular disease; ER, endoplasmic reticulum; FN1, fibronectin 1; GFP, green
fluorescent protein; GRP, glucose-regulated protein; H&E, hematoxylin
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currently has an estimated occurrence of 30 —46% in developed
nations (1). Given the current trends in global consumption of
unhealthy dietary fats and sugars, it is no surprise that NAFLD
is increasing in prevalence as these factors play a central role in
its development (2). Although NAFLD is described as liver fat
accumulation with no sign of liver injury, this initial stage often
progresses to non-alcoholic steatohepatitis (NASH); a state
characterized histologically by necroinflammation and hepato-
cyte damage (3). NAFLD and its complications are estimated to
be the primary cause of liver-related mortality and liver trans-
plantation within the next 20 years (4).

Evidence that patients with NAFLD are at higher risk of
developing CVD, which is among the leading causes of death
worldwide (5), is now accumulating (6-9). Given that both
NAFLD and CVD share many comorbidities and frequently
develop in patients at the same time, it has been a major chal-
lenge to discern the exact mechanism(s) by which one contrib-
utes to the other (10). Despite this challenge, several reports
have demonstrated that NAFLD increases the expression or
prevalence of factors known to contribute to CVD. These fac-
tors include circulating proinflammatory mediators, pro-
thrombotic factors, hyperlipidemia, and risk of type-2 diabetes.
Recent studies have shown a link between the presence of
NAFLD and increased intima-media thickness, impaired arte-
rial vasodilation, plaque development, as well as coronary
artery calcium scores (10).

Interestingly, two independent clinical studies have also
demonstrated that patients with NAFLD have increased levels
of circulating PCSK9 (11, 12). PCSK9 is an established driver of
atherosclerotic lesion development and CVD due to its ability
to enhance the degradation of cell-surface LDLR, thereby
reducing the ability of the liver to clear pro-atherogenic LDL
cholesterol from the circulation (13—15). Seminal studies in this
field have also shown that gain-of-function mutations in PCSK9
correlate with increased risk of CVD in humans (16), and in a
reciprocal manner, loss-of-function mutations have the oppo-
site outcome (17). Pre-clinical data also demonstrate that

and eosin; HFD, high-fat diet; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA;
IRE1¢, inositol-requiring enzyme 1a; LDL, low-density lipoprotein; LDLR,
LDL receptor; Met, metformin; NASH, non-alcoholic steatohepatitis; NCD,
normal control diet; ORO, Oil Red O; PA, palmitate; PCSK9, proprotein con-
vertase subtilisin/kexin type 9; PERK, PKR-like endoplasmic reticulum
kinase; SREBP, sterol regulatory element-binding protein; TBS, Tris-buff-
ered saline; UPR, unfolded protein response; XBP1, X-box-binding protein.
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Figure 1. Circulating PCSK9 levels are increased in patients with hepatic steatosis. A-C, circulating PCSK9 levels, as well as total cholesterol and triglyc-

eride levels, were assessed in patients with fatty liver (1 = 9) and compared wi
of 50.

adenoviral-mediated overexpression of PCSK9 in mice, or hep-
atocyte-specific transgenic overexpression of PCSK9 leads to a
similar phenotype as that of the well-established Ldlr '~
mouse model used for the study of atherosclerosis (18, 19). In
line with these data, human monoclonal antibodies targeted
against PCSK9 were recently shown to reduce circulating LDL
cholesterol levels by up to 60% in patients at high risk of CVD
(20).

In the present study, we examined the effect of diet-induced
hepatic steatosis on the expression and abundance of estab-
lished drivers of CVD. Here, we show that the uptake and accu-
mulation of the saturated fatty acid palmitate (PA), as well as
high-fat diet (HFD), cause endoplasmic reticulum (ER) stress in
cultured hepatocytes, and in the livers of mice, respectively. ER
stress is a pathological cellular response that contributes to the
development of liver disease and is also known to promote the
activation of the sterol regulatory element-binding protein-2
(SREBP2); the major transcription factor responsible for the de
novo synthesis of cholesterol regulatory proteins including
PCSK9 and the LDLR. Accordingly, we also observed increased
expression of PCSK9 in PA-treated hepatocytes, as well as in
the livers and circulation of HFD-fed mice. Given the consis-
tency of these data with studies done in patients with NAFLD,
we next investigated the effect of this outcome on circulating
LDL cholesterol and on the expression of its receptor in the
liver. We also report the novel finding that HFD-induced
hepatic steatosis caused a significant reduction of cell-surface
LDLR expression and increased circulating LDL cholesterol
levels in mice. Furthermore, because LDLR expression and
serum LDL levels were unaffected by the HFD in Pcsk9™ '~
mice, we also identify that diet-induced hepatic steatosis
affected these parameters in a PCSK9-dependent manner. Col-
lectively, our data highlight a novel mechanism by which
NAFLD may contribute to CVD by increasing PCSK9 expres-
sion to attenuate liver-mediated LDL cholesterol clearance.

Results

HFD increases circulating PCSK9 levels and attenuates hepatic
cell-surface LDLR expression in mice

Consistent with previous studies (12), we first confirmed that
patients with liver fat accumulation exhibit increased plasma
PCSKO9 levels (Fig. 14; p = 0.013; n = 9), as well as circulating
cholesterol (Fig. 1B; p = 0.0001; n = 9) and triglyceride levels
(Fig. 1C; p = 0.0020; n = 9). Given that (a) PCSK9 contributes

9038 J. Biol. Chem. (2019) 294(23) 9037-9047

ith healthy volunteers (n = 9). All samples were acquired from males over the age

to CVD by degrading the LDLR and increasing plasma LDL
levels (21), and (b) accumulating evidence suggests that hepatic
steatosis contributes to CVD (10), we next examined the effect
of steatosis on hepatic LDLR expression. Accordingly, male
C57BL/6] mice were fed HFD or normal control diet (NCD) for
a total of 12 weeks. Hepatic steatosis in these mice was con-
firmed via visualization of lipid droplets using H&E, as well as
Oil Red O (ORO) (Fig. 2A). Strikingly, immunohistochemical
staining revealed that HFD-fed mice had markedly reduced
cell-surface LDLR expression compared with NCD-fed con-
trols (Fig. 2B). As expected, LDLR antibody staining specificity
was confirmed by the absence of staining in the livers of Ldlr '~
mice. In contrast, immunoblotting revealed a modest reduction
in LDLR expression in the livers of HFD-fed mice (Fig. 2C).
These data are representative of whole-cell LDLR abundance,
however, and not strictly of the cell-surface LDLR population.
Therefore, these data suggest a strong presence of an intracel-
lular LDLR population in liver hepatocytes, which is not
affected by the HFD. ORO and LDLR immunohistochemical
staining intensities were also quantified using Image] software
(Fig. 2D). Consistent with previous studies, we observed that
hepatic LDLR expression was inversely correlated with circu-
lating PCSK9 levels in mice (Fig. 2D) (14). The surrogate
marker of circulating LDL cholesterol, apolipoprotein-B
(ApoB) (22), as well as total cholesterol and triglyceride levels
were also examined and found to be increased in HFD-fed mice
compared with NCD-fed controls (Fig. 2, E-G). These findings
demonstrate a diet-induced hepatic steatosis effect on the
PCSK9-LDLR axis, which could explain the observed increase
in circulating lipid levels.

Diet-induced hepatic steatosis causes hepatic ER stress and
promotes de novo PCSK9 expression

Our research group has previously demonstrated that ER
stress causes the activation of SREBP2 (23, 24) and expression
of PCSK9 in cultured hepatocytes (25). As such, we next exam-
ined the livers of HFD-fed mice for markers of ER stress. Con-
sistent with other reports (26, 27), increased expression of ER
stress and pro-apoptotic markers, including the glucose-regu-
lated proteins (GRP78 and GRP94), C/EBP homologous pro-
tein (CHOP), activating transcription factor 4 (ATF4), PKR-like
endoplasmic reticulum kinase (PERK), as well as pro-fibrotic
and apoptotic markers fibronectin 1 (EN1), Bcl-2—binding
component 3 (BBC3), caspases (CASP1 and CASP3), inositol-
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Figure 2. Diet-induced hepatic steatosis increases circulating PCSK9 levels and blocks cell-surface LDLR expression in mice. C57BL/6J mice were fed
either a NCD (n = 10) or a HFD (n = 10) ad libitum starting at 6 weeks of age, for an additional 12 weeks. A, hepatic lipid droplet accumulation was confirmed
using H&E as well as ORO staining. B, cell-surface LDLR protein expression was examined viaimmunohistochemical staining. LDLR antibody staining specificity
was confirmed in the livers of Ldlr '~ mice. G, total hepatic LDLR expression was also examined viaimmunoblot analysis. D, ORO and LDLR staining intensities
were quantified using ImageJ software. E and F, circulating PCSK9 and ApoB protein levels were examined using ELISAs (n = 5). G, total cholesterol and
triglyceride levels were also examined in the serum of NCD- and HFD-fed mice. *, p < 0.05. Error bars represent values presented as the mean *+ S.D.

requiring enzyme la (IREle), and spliced X-box—binding pro-
tein 1 (sXBP1) was observed in the livers of HFD-fed mice com-
pared with controls via immunohistochemical staining, real-
time PCR, and immunoblotting (Fig. 3, A-C). Furthermore,
similar to our previous studies done in cultured cells (25), we
observed that hepatic ER stress was associated with increased
mRNA expression of SREBP2, as well as PCSK9 and the LDLR
(Fig. 3C). Increased intracellular PCSK9 protein abundance was
also observed in the livers of HFD-fed mice compared with
NCD-fed controls (Fig. 3D). Additional modulators of choles-
terol and triglyceride homeostasis, including the SREBP2-reg-
ulated HMG-CoA reductase, SREBPI, fatty acid synthase, and
ApoB were examined via real-time PCR and found to be
induced in the livers of HFD-fed mice (Fig. 3F). Overall, because
circulating PCSK9 originates almost exclusively from liver
hepatocytes (20, 28), these findings suggest that diet-induced
hepatic ER stress represents a significant contributor in the
observed increase in circulating PCSK9 levels in the context of
liver fat accumulation.

Pharmacologic inhibition of ER stress, or lipid accumulation,
blocks lipid-driven PCSK9 expression and restores LDLR
function and expression in hepatocytes

To further examine the effect of lipid-induced ER stress on
PCSKO9 expression, cultured hepatocytes were treated with the
fatty acid, PA. PA represents one of many saturated fatty acids
that are highly abundant in animal-derived dietary fats (29) and
is also a well-established inducer of ER stress in a variety of
cultured cell models (30-32). Similar to the livers of mice

SASBMB

exposed to high levels of dietary fats from the HFD, cultured
human HepG2 hepatocytes treated with bovine serum albumin
(BSA)-conjugated PA yielded increased mRNA expression of
SREBP2, PCSK9, and LDLR compared with those treated with
the BSA vehicle control (Fig. 44). Because previous studies have
shown that metformin (Met) and 4-phenylbutyrate (4PBA)
attenuate hepatic lipid accumulation and protect against ER
stress (33-35), two additional groups of cells were also pre-
treated with these agents for 24 h prior to PA treatment. Con-
sistent with other studies, we observed that both agents
reduced lipid accumulation (Fig. 4B) (36, 37) and attenuated
PA-induced expression of the ER stress markers, GRP78,
GRPY4, and IREla. Furthermore, Met and 4PBA also blocked
the PA-induced expression of SREBP2, PCSK9, and LDLR.
SREBP2 transcriptional activity was then assessed in HuH7 cul-
tured human hepatocytes transfected with a sterol-regulatory
element (SRE)-driven GFP reporter construct (Fig. 4C). Similar
to mRNA transcript levels of SREBP2, PA increased GFP fluo-
rescence intensity, which was in turn blocked by Met and 4PBA.
Met and 4PBA also significantly reduced PA-induced secreted
PCSKO levels in the medium harvested from HepG2 and HuH7
cells (Fig. 4D). To assess whether these treatments were affect-
ing all secreted proteins, or if PCSK9 was affected with an
acceptable level of specificity, medium harvested from these
cells was electrophoretically resolved and stained using Coo-
massie Brilliant Blue protein stain. Given that the relative abun-
dance of secreted proteins was not markedly affected by these
treatments, these data suggest that PA, Met, and 4PBA-induced

J. Biol. Chem. (2019) 294(23) 9037-9047 9039
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Figure 3. HFD-fed mice exhibit hepatic ER stress and increased expression of SREBP2 and PCSK9. C57BL/6J mice were fed either a NCD (n = 10) ora HFD
(n = 10) ad libitum starting at 6 weeks of age, for an additional 12 weeks. A, immunohistochemical staining of the ER stress markers, GRP78 and GRP94, as well
as Masson’s trichrome staining for fibrotic collagen deposition (blue) in the livers of HFD-fed mice. B, real-time PCR analysis of hepatic ER stress marker
expression (GRP78, GRP94, CHOP, ATF4, PERK, and IRE1«), apoptosis, and fibrosis markers (CASP1, CASP3, and FN1). G, immunoblots used to examine LDLR
expression in the livers of HFD-fed mice from Fig. 2C were re-probed for ER stress markers GRP78, IRE1e, and XBP1. D, real-time PCR analysis of hepatic PCSK9,
LDLR, and SREBP2 mRNA transcript levels. £, assessment of liver PCSK9 protein levels using an ELISA. F, analysis of mRNA transcript abundance of established
cholesterol and triglyceride modulators HMG-CoA reductase (HMGR), SREBP1, fatty acid synthase (FAS), and ApoB via real-time PCR. *, p < 0.05. Error bars

represent values presented as the mean =+ S.D.

changes in secreted PCSK9 levels are not the result of changes
in global protein secretion.

Next, a quantitative assessment of fluorescently-labeled
Dil-LDL uptake was carried out in HepG2 cells treated with
vehicle, Met, or 4PBA in the presence or absence of PA (Fig. 4E).
Consistent with previous studies, elevated secreted PCSK9 lev-
els were associated with a reduction of LDL uptake (38, 39). Met
and 4PBA also attenuated the PA-mediated inhibition of
Dil-LDL uptake observed in these cells. PCSK9 mRNA expression
and secretion in response to PA treatment was also examined in
primary human hepatocytes, yielding findings that were consis-
tent with those observed in HepG2 and HuH?7 cells (Fig. 4F).

Given our observation that 4PBA can attenuate PA-induced
ER stress and PCSK9 expression in cultured cells, an additional
cohort of mice was fed HFD in the presence or absence of 4PBA
in the drinking water. Similar to PA-treated HepG2 cells, we
observed that 4PBA attenuated the ability of the HFD to block
LDLR expression (Fig. 4G). A reduction in the expression of the
ER stress markers, GRP78 and GRP94, as well as the fibrosis
marker, fibronectin, was also observed in the livers of HFD-fed
mice exposed to 4PBA (Fig. 4H).

Diet-induced hepatic steatosis attenuates hepatic LDLR
expression in a PCSK9-dependent manner

Because LDLR expression is known to be affected by other
proteins and conditions (40), our final aim was to identify the
extent to which PCSK9 contributed to the observed reduction
of cell-surface LDLR expression in HFD-fed mice. Accordingly,

9040 J. Biol. Chem. (2019) 294(23) 9037-9047

Pcsk9™’~ mice on a C57BL/6] background were also fed a HFD
for 12 weeks starting at 6 weeks of age. Similar to wild-type
C57BL/6] mice, a significant increase in hepatic lipid content
was observed in HFD-fed Pcsk9 '~ mice compared with those
fed the NCD (Fig. 5, A and B). Strikingly, immunohistochemical
staining revealed that the HFD did not significantly reduce
LDLR expression in these mice. ORO and LDLR staining inten-
sities were also quantified using Image]J software (Fig. 5C). Con-
sistent with immunohistochemical staining of cell-surface
LDLR, immunoblot data also demonstrate that HFD did not
markedly reduce LDLR expression in the livers of Pcsk9 ™/~
mice (Fig. 5D). Furthermore, HFD also failed to increase circu-
lating ApoB-containing LDL cholesterol in Pcsk9 ™/~ mice (Fig.
5E). PCSK9 knockout in these mice was confirmed using an
ELISA for circulating PCSK9 (Fig. 5F).

Collectively, these data suggest that intracellular lipid accu-
mulation causes ER stress, which induces de novo PCSK9
expression and secretion from hepatocytes (Fig. 6). In turn,
heightened circulating PCSK9 levels enhance the degradation
of hepatic cell-surface LDLR and increase the levels of circulat-
ing LDL cholesterol in the context of diet-induced hepatic
steatosis.

Discussion

Hepatocytes, like all secretory cells, are rich in ER and are
thus susceptible to injury and damage as a result of conditions
that lead to ER stress (41). It is well-established that lipid accu-
mulation in hepatocytes can promote the activation of the
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Figure 4. Blocking ER stress and lipid accumulation attenuates PCSK9 expression and restores LDLR expression and function. A, HepG2 cells were
pre-treated with Met (1 mm) or 4PBA (1 mwm) for 24 h and subsequently treated with BSA-conjugated PA (300 um). SREBP2, PCSK9, and LDLR, as well as the ER
stress markers GRP78, GRP94, and IRE1« expression was assessed using real-time PCR. B, lipid droplet accumulation in these cells was also assessed via ORO
staining. G, HepG2 cells were transfected with a SRE reporter plasmid encoding GFP and subsequently pre-treated with Met (1 mm) or 4PBA (1 mm) in the
presence or absence of BSA-conjugated PA (300 um). SREBP2-mediated GFP expression was assessed using a fluorescent microscope. D, secreted PCSK9 levels
from HepG2 and HuH?7 cells grown in FBS-free medium were examined via ELISA. Coomassie staining of electrophoretically resolved medium harvested from
these cells demonstrates that treatments did not affect global protein secretion. E, fluorescently-labeled Dil-LDL uptake was examined in treated HepG2 cells.
F, experiments were repeated in cultured primary human hepatocytes (PA, 300 um, 24 h). G and H, male C57BL/6J mice were fed a HFD in the presence or
absence of 4PBA in the drinking water. Hepatic LDLR expression, as well as GRP78, GRP94, and fibronectin expression was examined viaimmunohistochemical
staining. *, p < 0.05. Error bars represent values presented as the mean = S.D.

unfolded protein response (UPR), a highly conserved signaling  intracellular lipid accumulation by inducing de novo lipid syn-
cascade that attempts to resolve ER stress (42). In a reciprocal  thesis in a manner dependent on specific transcription factors,
manner, studies have also shown that ER stress can lead to such as SREBP1 (42, 43). Given that both processes appear to
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Figure 5. HFD fails to affect hepatic cell-surface LDLR and plasma LDL in Pcsk9 ™/~ mice. A, Pcsk9 ™/~ mice on a C57BL/6J background were fed either NCD
(n = 5) or HFD (n = 5) ad libitum for 12 weeks starting at 6 weeks of age. A and B, hepatic lipid droplet accumulation was assessed via H&E and ORO and
cell-surface LDLR expression viaimmunohistochemical staining. G, staining intensity was quantified using ImageJ Software (¥, p < 0.05; n = 5). D, hepatic LDLR
expression was also examined via immunoblot analysis. E, circulating ApoB levels were assessed using an ELISA. F, PCSK9 knockout was also confirmed via
ELISA of circulating PCSK9 (¥, p < 0.05). Error bars represent values presented as the mean = S.D.

occur at the same time, however, it has been challenging to
discern which of the two factors in this paradoxical relationship
contributes most to the development of liver disease (10).
Nonetheless, in a manner consistent with previous studies, we
observed a significant increase in the expression of mediators of
the UPR during conditions of hepatic steatosis in response to
HED (Fig. 3, A and B) (27). Although previous studies have
demonstrated that HFD increases SREBP1 expression (44, 45),
we also report the finding that diet-induced hepatic steatosis
increases the expression of SREBP2 (Fig. 3C). Furthermore,
we demonstrate that hepatic ER stress caused a significant
increase in PCSK9 expression and secretion (Figs. 3C and
2D, respectively); a process that we previously demonstrated
to be dependent on SREBP2 (25). We also observed that PA,
a saturated fatty acid known to cause ER stress in secretory
cell types (46), increased SREBP2 activity and PCSK9 expres-
sion and secretion in cultured human hepatocytes (Fig. 4). In
response to elevated secreted PCSKO9 levels, we observed that
the livers of mice and cultured hepatocytes exhibited a sig-
nificant reduction in LDLR expression and activity (Figs. 2B
and 4E, respectively). Given that this phenotype was not
observed in HFD-fed Pcsk9~’~ mice, we conclude that the
effect of diet-induced hepatic steatosis on LDLR expression
occurs in a manner dependent on de novo SREBP2-driven
PCSKO9 expression and secretion (Fig. 6).

In a previous study, we observed that ER stress resulting from
ER Ca" depletion, but not from the inhibition of N-glycosyla-
tion, caused a significant increase in SREBP2 activation and
PCSKO9 expression in hepatocytes (25). These findings suggest
that PCSK9 expression is affected only by certain ER stress-
inducing stimuli. Despite increased PCSK9 protein abundance

9042 . Biol. Chem. (2019) 294(23) 9037-9047

as a result of thapsigargin treatment, we observed that thapsi-
gargin and tunicamycin blocked the exit of PCSK9 from hepa-
tocytes. Interestingly, in the present study we demonstrate that
lipid accumulation in hepatocytes increases SREBP2 activity
and promotes PCSK9 expression, suggesting that this process
could occur as a result of ER Ca®>* depletion. Consistent with
this notion, previous studies have also demonstrated that fatty
acid uptake and accumulation causes ER Ca®" depletion, ER
stress, and apoptosis in a variety of cell lines (30, 47). In contrast
to our previous study, however, diet-induced hepatic steatosis
and ER stress not only increased the expression of PCSK9, but
also increased its secretion from hepatocytes. Given the intri-
cacies of the UPR and ER cargo receptors that are known to play
a role in the secretion of PCSK9 and regulation of cholesterol
(48,49), it is not surprising that different conditions of ER stress
affect PCSK9 in different ways. Although ER stress can increase
its expression, PCSK9 is also a lipid-responsive gene and there-
fore further studies are required to delineate the exact mecha-
nism by which lipid accumulation influences PCSK9 secretion
from hepatocytes.

Consistent with previous studies, we also observed that cir-
culating PCSK9 levels were positively correlated with circulat-
ing LDL cholesterol levels, but inversely correlated with hepatic
LDLR expression (Fig. 2, B, D, and E) (38, 50). Importantly, de
novo synthesis of PCSK9 and the LDLR is regulated by the same
transcription factor, and thus differences in the relative abun-
dance of these proteins in the context of SREBP2 activation/
inhibition can be attributed to differences in the stimuli being
studied. Here, we observed that diet-induced hepatic steatosis
increased de novo expression of the LDLR at the mRNA level
(Fig. 3C), but blocked its expression at the protein level
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Figure 6. Fatty liver increases de novo PCSK9 to block cell-surface LDLR expression. The healthy liver regulates circulating LDL cholesterol levels by means
of expressing high levels of cell-surface LDLR compared with most tissue types. Diet-induced hepatic steatosis, however, causes ER stress, which leads to an
increase in SREBP2 activation and expression of the natural inhibitor of the LDLR, PCSKO. In this pathologic milieu, PCSK9 prevails over the LDLR and contributes

to dyslipidemia and risk of CVD.

(Fig. 4A). Consistent with our observations, LDLR expression is
inversely correlated with SREBP2 activation in naringin-
treated mice and in monkeys treated with siRNA targeted
against the SREBP cleavage-activating protein (51, 52); a pro-
tein known to interact with and stabilize the SREBPs (53). In
contrast, it is also well-established that HMG-CoA reductase
inhibitors activate SREBP2 and increase hepatic LDLR expres-
sion, as well as circulating PCSK9 levels (54, 55). Interestingly, a
recent study has demonstrated that HMG-CoA reductase
inhibitors can increase circulating PCSK9 levels while blocking
the occurrence of a gain-of-function phosphorylation at posi-
tion 688 (56). Given that HMG-CoA reductase inhibitors are
well-known to reduce CVD risk (57), the aforementioned find-
ings rectify the long-lasting PCSK9-statin anomaly. Further-
more, with a half-life of only 5 min (58), PCSK9 protein expres-
sion is more likely dependent on do novo synthesis than the
LDLR, which has a half-life of 12 h (59).

Although we are the first to demonstrate that diet-induced
liver fat accumulation increases circulating PCSK9 levels in
mice, similar reports in patients have been controversial. The
Dallas Heart study was the first to report a modest but signifi-
cant positive correlation between hepatic steatosis and circu-
lating PCSK9 levels (11). Ruscica and colleagues (12) also
reported a statistically significant positive correlation between
steatosis grade and circulating PCSK9 levels. Although our
findings also demonstrate that patients with hepatic steatosis
exhibit increased plasma PCSKO9 levels, the statistical power of
the result in this study is limited by low patient number. In
contrast to the aforementioned data, a recent study by Wargny
and colleagues (60) demonstrated that no significant correla-
tion was observed between circulating PCSK9 levels and liver

SASBMB

fat accumulation, plasma transaminase activity, NASH activity
score, or lobular/portal inflammation in three patient cohorts.
Inconsistencies in these data sets, however, are likely attribut-
able to differences in liver disease severity between patient
cohorts (60).

The liver is a central regulator of lipid homeostasis and yet
despite the established role of lipid in the development of
atherosclerosis and other cardiovascular complications, the
contribution of liver disease to CVD remains elusive.
Although previous studies have also demonstrated that a
HEFD can increase circulating LDL cholesterol levels (61), we
are the first to highlight a role of the liver in this process.
Because recent studies have also demonstrated that PCSK9
itself has proinflammatory properties (62), it is also possible
that steatosis-driven PCSK9 expression may contribute to
CVD in a manner independent of LDL cholesterol. Collec-
tively, the present study delineates a novel mechanism by
which diet-induced liver fat accumulation can influence
CVD by affecting the expression of central regulators in its
development, PCSK9 and the LDLR.

Experimental procedures
Patient cohort and ELISAs

Plasma samples from healthy controls and patients with fatty
liver disease were acquired from Discovery Life Sciences
(Huntsville, AL). All samples were acquired from males over
the age of 50. PCSK9 levels in human and mouse plasma sam-
ples, as well as mouse liver lysates, were examined using com-
mercially available ELISAs (R&D Systems). Mouse ApoB levels
were also assessed using ELISAs (Abcam).
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Table 1
Antibodies used for immunoblotting and immunohistochemical (IHC) staining
Antibody Catalog No. Application Dilution
GRP78 SC-1050, Santa Cruz Biotechnology IHC* 1:40, no retrieval
GRP9%4 ADI-SPA-850, Enzo Life Sciences IHC 1:100, HIER®
LDLR AF-2255, R and D Systems HC 1:100, HIER
Fibronectin PA5-29578, ThermoFisher Scientific IHC 1:200, HIER
GRP78 610979, BD Bioscience IB” 1:1000
IREla 14C10, Cell Signaling Technologies 1B 1:500
XBP1 Sc-8015, Santa Cruz Biotechnology 1B 1:2000
B-Actin MA5-15739, ThermoFisher Scientific 1B 1:5000
LDLR AF2255, R and D Systems 1B 1:1000
“IHC, immunohistochemistry.
1B, immunoblot.
¢ HIER, heat-induced epitope retrieval.
Table 2
Primers used for real-time PCR
Gene Species Forward Reverse
ApoB Mouse AAGCACCTCCGAAAGTACGTG CTCCAGCTCTACCTTACAGTTGA
ATF4 Mouse ATGGCCGGCTATGGATGAT CGAAGTCAAACTCTTTCAGATCCATT
BBC3 Mouse TGTGGAGGAGGAGGAGTGG TGCTGCTCTTCTTGTCTCCG
CASP1 Mouse TCCGCGGTTGAATCCTTTTCAGA ACCACAATTGCTGTGTGTGCGCA
CASP3 Mouse CCTCAGAGAGACATTCATGG GCAGTAGTCGCCTCTGAAGA
CHOP Mouse CTGCCTTTCACCTTGGAGAC CGTTTCCTGGGGATGAGATA
FAS Mouse GCGATGAAGAGCATGGTTTAG GGCTCAAGGGTTCCATGTT
FN1 Mouse CGAGGTGACAGAGACCACAA CTGGAGTCAAGCCAGACACA
GRP78 Mouse GTCCTGCATCATCAGCGAAAG GGTAGCCACATACTGAACACCA
GRP94 Mouse GATGGTCTGGCAACATGGAG CGCCTTGGTGTCTGGTAGAA
HMGCR Mouse CTTTCAGAAACGAACTGTAGC TCAC CTAGTGGAAGATGAATGGACATGAT
LDLR Mouse GAGGAGCAGCCACATGGTAT GCTCGTCCTCTGTGGTCTTC
PCSK9 Mouse TTGCAGCAGCTGGGAACTT CCGACTGTGATGACCTCTGGA
PERK Mouse GATGACTGCAATTACGCTATCAAGA CCTTCTCCCGTGCCAACTC
SREBP1 Mouse GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT
SREBP2 Mouse GCGTTCTGGAGACCATGGA ACAAAGTTGCTCTGAAAACAAATCA

Cholesterol and triglyceride assays

Circulating plasma total cholesterol and triglyceride levels
were examined using commercially available colorimetric
assays and were carried out as per the manufacturer’s instruc-
tions (Wako Diagnostics).

Immunohistochemical staining

Formalin-fixed paraffin-embedded liver sections were
deparaffinized and stained with primary antibodies for 18 h
following heat-induced epitope retrieval. Excess primary anti-
bodies were removed via washing prior to exposure of sections
to secondary antibodies conjugated to horseradish peroxidase.
Staining was visualized using Nova Red (Vector Labs) and
quantified using Image]J. For quantification purposes, 20 repre-
sentative images were taken from each treatment group at a
magnification power of X20. See Table 1 for antibodies used.

Cell culture studies

HepG2 cells were treated with BSA-conjugated PA (300 uMm;
Sigma-Aldrich) for 24 h in the presence or absence of Met (1
my; Sigma-Aldrich) or 4PBA (1 my; Sigma-Aldrich). Cells
were fixed in 4% paraformaldehyde for the assessment of lipid
droplet accumulation via ORO (Sigma-Aldrich) staining.
SREBP2 transcriptional activity was assessed in HepG2 cells
transfected with a reporter plasmid encoding a SRE-driven GFP
(9) using X-tremeGENE HP transfection reagent (Sigma-Al-
drich). PCSK9 mRNA expression and ELISAs were repeated in
Hepatosure® 100-donor primary human hepatocytes pur-
chased from Xenotech (Kansas City, KS). For the quantitative
assessment of LDL uptake, HepG2 cells were seeded in black

9044 . Biol. Chem. (2019) 294(23) 9037-9047

clear-bottom 96-well plates and treated with the indicated
interventions for 24 h. Five hours prior to quantification using a
fluorescent spectrophotometer (Molecular Devices, Gemini
EM; excitation 554/emission 571), cells were treated with Dil
fluorescently-labeled LDL (100 ng/ml; Alpha Aesar). Excess
Dil-LDL in the medium was removed and the cell monolayer
was vigorously washed with Hank’s buffered saline solution
containing HEPES (20 mwm).

Animal studies

Pcsk9~'~ (n = 5) and age-matched Pcsk9*’" controls on a
C57BL/6] background (n = 10) were started on HFD (60% fat;
Harland Tecklad) ad libitum at 6 weeks of age and sacrificed at
18 weeks of age. A second cohort of C57BL/6] mice were started
on the HFD at 10-11 weeks of age and provided with either
normal drinking water (n = 8) or water containing 4PBA (n = 9;
1 g/kg/day) for 12 weeks. Mice were fasted for 12 h prior to
sacrifice. All animal studies were performed in accordance with
the McMaster University animal care guidelines.

Immunoblot analysis

Cells were lysed in 4X SDS-PAGE sample buffer and separated
on 10% polyacrylamide gels in reducing conditions, as described
previously (63), and transferred to nitrocellulose membranes using
a Trans-Blot Semi-Dry transfer apparatus (Bio-Rad). Following
transfer, membranes were blocked in 1X Tris-buffered saline
(TBS) and 5% BSA for 45 min. Membranes were then incubated
with primary antibodies (diluted in TBS containing 1% BSA) for
18 h at 4 °C. Following primary antibody incubation, membranes
were exposed to secondary antibodies conjugated to horseradish
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peroxidase. EZ-ECL chemiluminescent reagent (FroggaBio) was
used to visualize membranes on Amersham Biosciences Hyper-
film (GE Healthcare), which were developed using a Kodak
X-Omat 1000A processor.

RNA isolation and quantitative real-time PCR

Total RNA was isolated using RNeasy Mini Kit (Qiagen)
and reverse-transcribed to cDNA using High-capacity cDNA
Reverse Transcription kit (Applied Biosystems). Real-time PCR
was performed using Fast SYBR Green Master Mix (Applied
Biosystems). Primer sequences used for real-time PCR are
listed in Table 2.

Statistical analysis

Error bars represent values expressed as the mean * S.D.
Comparisons between two groups were carried out using the
unpaired Student’s ¢ test and those involving multiple groups
using a one-way analysis of variance. Differences between
groups were considered significant at p < 0.05.
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The proprotein convertase subtilisin/kexin type-9 (PCSK9)
plays a central role in cardiovascular disease (CVD) by degrad-
ing hepatic low-density lipoprotein receptor (LDLR). As such,
loss-of-function (LOF) PCSK9 variants that fail to exit the endo-
plasmic reticulum (ER) increase hepatic LDLR levels and lower
the risk of developing CVD. The retention of misfolded protein
in the ER can cause ER stress and activate the unfolded protein
response (UPR). In this study, we investigated whether a variety
of LOF PCSKO9 variants that are retained in the ER can cause
ER stress and hepatic cytotoxicity. Although overexpression of
these PCSK9 variants caused an accumulation in the ER of hepa-
tocytes, UPR activation or apoptosis was not observed. Further-
more, ER retention of endogenous PCSK9 via splice switching
also failed to induce the UPR. Consistent with these in vitro
studies, overexpression of PCSK9 in the livers of mice had no
impact on UPR activation. To elucidate the cellular mechanism
to explain these surprising findings, we observed that the
94-kDa glucose-regulated protein (GRP94) sequesters PCSK9
away from the 78-kDa glucose-regulated protein (GRP78), the
major activator of the UPR. As a result, GRP94 knockdown
increased the stability of GRP78 -PCSK9 complex and resulted
in UPR activation following overexpression of ER-retained
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PCSKO9 variants relative to WT secreted controls. Given that
overexpression of these LOF PCSK9 variants does not cause
UPR activation under normal homeostatic conditions, thera-
peutic strategies aimed at blocking the autocatalytic cleavage of
PCSK9 in the ER represent a viable strategy for reducing circu-
lating PCSK9.

The discovery of PCSK9? has provided a novel therapeutic
target for the management of CVD (1, 2). PCSK9 is mainly
expressed and secreted by liver hepatocytes where it degrades
the LDLR and promotes elevated circulating LDL levels (3, 4), a
well-known risk factor of cardiovascular dysfunction (5, 6). Fol-
lowing its characterization, genetic screens revealed that gain-
of-function (GOF) mutations in the PCSK9 gene represented a
third locus associated with autosomal-dominant hypercholes-
terolemia (7). In addition to the discovery of the first GOF var-
iant, PCSK95'7R further investigations led to the identification
of a wide range of LOF PCSK9 variants (8, 9). In contrast to
GOF mutations, which enhance PCSK9-mediated LDLR deg-
radation and promote increased circulating LDL levels, LOF
mutations increase hepatic LDLR expression and reduce circu-
lating LDL levels (10). The Atherosclerosis Risk in Communi-
ties (ARIC) study reported that nonsense (C679X/Y142X) and
missense (R46L) mutations in PCSK9 were associated with an
88 and 47% reduction in the risk of developing coronary heart

2 The abbreviations used are: PCSK9, proprotein convertase subtilisin/kexin
type-9; ATF, activating transcription factor; CHOP, CCAAT/enhancer—
binding protein homologous protein; CVD, cardiovascular disease; ER,
endoplasmic reticulum; ERAI, ER activated indicator; ERSD, endoplasmic
reticulum storage disease; EV, empty vector; GOF, gain-of-function; GRP78,
78-kDa glucose-regulated protein; GRP94, 94-kDa glucose-regulated pro-
tein; IRE1q, inositol-requiring enzyme-1a; LDLR, low-density lipoprotein
receptor; LOF, loss-of-function; PERK, protein kinase RNA-like endoplas-
mic reticulum kinase; SSO, splice-switching oligomer; TG, thapsigargin;
UPR, unfolded protein response; VP, vasopressin; XBP1, X-box-binding
protein-1; PCSK9®", PCSK9 splice variant; sXBP1, spliced XBP1; PUMA, p53-
up-regulated modulator of apoptosis; siGRP94, siRNA targeted against
GRP94; IP, immunoprecipitation; PCSK9™, PCSK9 frameshift variant.
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ER PCSK9 retention does not activate the UPR

disease, respectively (11). Additional LOF variants such as
PCSK992365, PCSKON**, and PCSK9?'*2" were subsequently
identified and extensively studied in vitro (10, 12). The pheno-
type associated with such LOF mutations occurs due to the
inability of the ER-resident nascent pro-PCSK9 to undergo
autocatalytic cleavage and maturation in the ER, thereby lead-
ing to its retention. This was found to drive LDLR expression
and accounts for the low circulating LDL levels found in
patients harboring such mutations (10, 12).

There is now ample evidence supporting the notion that
the retention of PCSK9 in the ER leads to a significant reduc-
tion of circulating LDL levels. In addition, we have recently
demonstrated that ER stress blocks the secretion of PCSK9
in cultured hepatocytes and mice, and this was associated
with increased hepatic LDLR expression and reduced circu-
lating LDL levels (13). Furthermore, the retention of PCSK9
in the ER via GRP94 promotes elevated hepatic LDLR levels
(14).

Despite the potential benefits of this strategy for reducing
circulating LDL levels, ER storage diseases (ERSDs) are a com-
mon end point of ER protein retention and contribute to a wide
range of human disorders (15, 16). The accumulation of
retained/misfolded proteins in the ER leads to ER stress and
triggers the UPR (17-19). A well-described form of ERSD
occurs as a result of ER arginine vasopressin (VP) retention
arising from mutations such as VP9*R and VPS'”V, These nat-
urally occurring mutations play a central role in the develop-
ment of familial neurohypophyseal diabetes insipidus in a man-
ner dependent on ER stress and subsequent UPR activation (20,
21). The UPR signaling cascade consists of three major trans-
ducers located at the ER membrane that are activated upon
dissociation of GRP78 from their intra-ER domains. These
“arms of the UPR” include (a) inositol-requiring protein-la
(IREla), which splices and activates X-box—binding protein-1
(XBP1), (b) activating transcription factor-6 (ATF6), and (c)
protein kinase RNA (PKR)-like ER kinase (PERK), which pro-
motes the expression of the proapoptotic CCAAT/enhancer—
binding protein homologous protein (CHOP). Collectively, this
cascade of UPR mediators acts to increase the folding capacity
of the ER while reducing its burden by blocking global synthesis
and nascent polypeptide influx (18).

Despite the well-documented phenomenon of ERSD, we
now report that the ER retention of LOF PCSK9 variants does
not cause UPR activation or apoptosis. This hypothesis was
tested using a number of LOF PCSKO9 variants, including the
naturally occurring PCSK92'*?", in HuH7, HK-2, and N2a cell
lines. Furthermore, ER stress and apoptosis were examined in
cells treated with a splice-switching oligomer (SSO) to induce
the retention of an endogenously expressed PCSK9 splice var-
iant (PCSK9%Y) lacking its catalytic domain, which is required
for autocatalytic cleavage (22). Finally, coimmunoprecipitation
experiments show that GRP94 masks ER-resident pro-PCSK9
from GRP78, which is widely known to act as the major sensor
of UPR activation (23, 24). To substantiate this observation, ER
PCSK9 retention was shown to cause ER stress/UPR activation
following knockdown of GRP94.

7330 J Biol. Chem. (2018) 293(19) 73297343

Results
Retention of PCSK9 variants in the ER does not induce the UPR

Cultured HuH7 hepatocytes, known to express PCSK9, were
transiently transfected with either wildtype PCSK9 (PCSK9¥'™)
or PCSK9?**?", Endogenous PCSK9 expression was then com-
pared with the cytomegalovirus (CMV)-driven V5-labeled
PCSK9 constructs by immunoblotting using an anti-PCSK9
antibody (Fig. 14). Cells transfected with PCSK9?'**" exhib-
ited 6.2-fold greater levels of ER-resident pro-PCSK9 than that
of endogenously expressed PCSK9 found in empty vector
(EV)—transfected controls and ~3-fold greater levels than
PCSK9%"-transfected controls. To confirm the cellular reten-
tion of PCSK9R**?"!, ELISAs were performed on the media
from the PCSK9-transfected cells and demonstrated an 87%
reduction in the secreted form of the protein (Fig. 1B). Activa-
tion of the ER stress—inducible transcription factor SREBP2
(25, 26), a regulator of PCSK9 expression (27), was also exam-
ined in PCSK9'**"_transfected HuH?7 cells and found to be
5-fold down-regulated compared with PCSK9™"-transfected
control (Fig. 1C). To investigate the effect of PCSK9 variants on
UPR activation, HuH7 cells cotransfected with the ER activated
indicator (ERAI) plasmid in addition to plasmids encoding a
variety of PCSK9 variants were examined via immunoblotting
of GRP78 and CHOP. The ERAI plasmid encodes an ER stress—
inducible FLAG-XBP1 and was used as an additional tool to
characterize UPR activation in our model (13, 28). A group of
cells were also treated with the ER stress—inducing agent thap-
sigargin (TG; 100 nm) to serve as a benchmark of UPR activa-
tion. PCSK9 variants examined in this experiment included
PCSK9¥ ™ and PCSK9?'%25, which undergo autocatalytic cleav-
age and secretion, as well as PCSK9?'%2H, PCSK9?Q'%2P (29),
and a C-terminal PCSK9 frameshift variant (PCSK9*%),? all of
which fail to exit the ER. Despite the retention of these PCSK9
variants in the ER, UPR activation was not observed as deter-
mined by the absence of GRP78, activated spliced XBP1
(sXBP1), and CHOP induction at the protein level (Fig. 1D).
As expected, cells exposed to TG showed increased protein
expression of these UPR markers. Furthermore, to investigate
whether cells expressing variant PCSK9?'*?" exhibited in-
creased susceptibility to UPR activation, transfected cells were
also treated with TG. Consistent with data from HuH7 cells,
immunoblots of HK-2 and N2a cell lysates confirm that reten-
tion of PCSK9?'*? fails to induce UPR activation (Fig. 1F).
Furthermore, the level of UPR induction by TG treat-
ment was similar in cells transfected with PCSK9¥" and
PCSK9?'*2H demonstrating that ER retention of PCSK9 did
not enhance the ability of TG to activate the UPR. Additionally,
real-time PCR experiments demonstrated that mRNA levels of
sXBP1, ATF6, and GRP78 were not significantly different (Fig.
1F). The temporal effect of ER PCSK9 retention on UPR acti-
vation was also examined via immunoblotting for GRP78 (Fig.
1G). These data demonstrate that the expression level of
PCSK9?**2H in the ER was greatest 48 h post-transfection.
Despite this observation, GRP78 expression was not induced by
PCSK9?'*2H at any of the time points examined. To lend sup-

3 N. G. Seidah, unpublished data.
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Figure 1. Retention of PCSK9 variants in the ER does not induce the UPR. HuH7 cells were seeded in DMEM and transfected with either EV control, WT,
Q152H, Q152S,Q152H, Q152D, or FS V5-labeled PCSK9 variants for 48 h. Cells were also treated with TG (100 nm) for 24 h to serve as a positive control for UPR
activation. In addition to V5-PCSK9 transfection, HuH7 cells were also cotransfected with the ERAI plasmid encoding FLAG-XBP1. A, CMV-driven PCSK9
expression was compared with endogenous PCSK9 expression in HuH7 cells. B, an ELISA was run on the media from HuH7 cells transfected with either PCSK9"'"
or PCSK9?'°2H, C, SREBP2 activation, in the form of nuclear SREBP2 (nSREBP2), was also examined in PCSK9?'°?"-transfected cells and compared with controls
via immunoblotting. D and F, immunoblot and real-time PCR analyses of these cells were performed for ER stress markers ATF6, GRP78, sXBP1, and CHOP.
Immunoblot analysis was also completed on V5-PCSK9 in whole cell lysate and medium to examine PCSK9 maturation and secretion, respectively. GFP,
originating from the bicistronic pIRES2-EGFP V5-PCSK9 plasmids, served as a transfection control. £, HK-2 and N2a cells transfected with either PCSK9" or
PCSK9?'>?H were also examined for UPR activation in the presence or absence of TG. G, a time course experiment was carried out in HuH7 cells transfected with
either PCSK9T or PCSK9?'°2" to identify the time point yielding the greatest level of PCSK9 retention. H and I, mouse primary hepatocytes were also
transfected with PCSK9?'%2H, PCSK9?"°2P, and PCSK9°3#¢A and examined for ER stress marker expression of GRP78, ATF4, sXBP1, and IRE1« via real-time PCR
and immunoblotting. Differences between treatments were assessed with unpaired Student’s t tests. All values are represented as means with error bars
representing S.D. B, ¥, p < 0.05 versus WT. F, *, p < 0.05 versus WT. F and H, nonsignificant (NS).
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Figure 2. Retention of vasopressin variants induces the UPR. A and C, the relative expression of UPR markers IRE1e, GRP78, ATF6, sXBP1, and ATF4 were
examined using immunoblotting and real-time PCR. B, the status of cellular VP retention was examined viaimmunoblotting of the media from cells transfected
with VPYT or VPS'7V. D, given that ER stress blocks PCSK9 secretion (13), ELISAs were also used to determine whether VPS'”V reduced the content of PCSK9 in
the media from HuH7 cells. £, mouse primary hepatocytes were also transfected with VP*'" and VP®'”" and examined for UPR marker expression of GRP78, ATF4,
and sXBP1 using real-time PCR. Differences between treatments were assessed with unpaired Student’s t tests. All values are represented as means, and error

bars represent S.D. Cand E, *, p < 0.05 versus VP"T.

port to our observations made in HuH7, HK-2, and N2a
immortalized cell lines, freshly isolated primary mouse he-
patocytes transfected with PCSK9 variants PCSK9Q1t52H,
PCSK9?>2P and PCSK9538¢A were also examined for UPR
activation. In addition to the aforementioned variants, which
fail to undergo autocatalytic cleavage due to mutations at the
site of cleavage, PCSK953%¢4 s an ER-retained variant that fails
to undergo autocatalytic cleavage due to a point mutation in the
catalytic domain (30). Consistent with our findings in immor-
talized cell lines, real-time PCR and immunoblot data reveal
that the UPR is no more active in cells expressing ER-retained
PCSK9 variants than in those expressing the WT secreted form
of the protein (Fig. 1, H and I).

Retention of VP variants induces the UPR in hepatocytes

To assess whether the accumulation of misfolded proteins
does indeed cause UPR activation in hepatocytes, HuH7 cells
transfected with either PCSK9Y" or its ER-retention variant
PCSK9R*>?H yere compared with cells transfected with two VP
variants, VPS*® and VPS'”Y, known to induce ER stress in N2a
cells (20, 21). Consistent with previous reports, our data dem-
onstrate that ER retention of VP leads to UPR activation as
determined by immunoblotting for GRP78 and IRE1« (Fig. 24).
The secretion status of VP in these transfected cells was also
examined via immunoblotting the media for VP. A greater level
of VP secretion occurred in cells expressing VPV compared
with cells expressing VPS'”V, which is consistent with
increased ER retention of VPS'”V (Fig. 2B). Furthermore,
increased intracellular expression of GRP78 was observed in
cells expressing VP<'”Y compared with those expressing VP *

7332 J.Biol. Chem. (2018) 293(19) 7329-7343

control. Similar to the immunoblot data in Fig. 2, A and B, a
significant increase in mRNA levels of sXBP1, ATF4, ATF6, and
GRP78 was observed in HuH7 cells transfected with the var-
iant VP97V (Fig. 2C). Given that chemical ER stress blocks
the secretion of PCSK9 from hepatocytes (13), ELISA was
used to determine whether PCSK9 secretion status was
affected in cells expressing VPS'7V. Consistent with the
observed VPS'”V.induced UPR activation, these cells also
secreted significantly less PCSK9 (Fig. 2D). In addition to
HuH?7 cells, the induction of UPR markers GRP78, ATF4,
and sXBP1 was also observed in mouse primary hepatocytes
transfected with VPS'7V relative to those transfected with
VP¥T control (Fig. 2E).

ER retention of a PCSK9 splice variant via RNAi does not cause
UPR activation

To confirm and extend our overexpression studies using
exogenously expressed PCSK9 variants, UPR activation was
examined in response to the retention of endogenously
expressed PCSK9%Y in HuH7 cells. To achieve this, HuH?7 cells
were transfected with an SSO that promotes the expression of a
PCSK9%Y lacking exon 8 that encodes the catalytic domain.
This form of PCSK9%Y fails to undergo autocatalytic cleavage
and secretion as demonstrated previously (22). Our data dem-
onstrate that sterol deprivation, which induces PCSK9 expres-
sion (13), was necessary to attain the SSO-induced formation of
ER-resident PCSK9V (Fig. 34). Consistent with our overex-
pression studies using the CMV-driven PCSK9 plasmids,
increasing the ER content of endogenously expressed PCSK9%Y
also did not correlate with increased expression of the ER stress
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Figure 3. ER retention of a PCSK9 splice variant via RNAi does not cause UPR activation. HuH7 cells were seeded in DMEM with and without sterol and
transfected with either scrambled siRNA or PCSK9 SSO (1 um). The SSO used in these studies promotes the expression of a PCSK9%" lacking exon 8 that fails to
undergo autocatalytic cleavage and exit from the ER. A, immunoblot analysis of these cells was used to examine PCSK9 expression and the abundance of ER
stress markers GRP78 and IRE1 . The status of PCSK9 secretion was also examined indirectly via LDLR immunoblotting. B, to confirm the formation of a PCSK9%Y,
real-time PCR analysis was carried out for PCSK9 using a forward (For.) primer upstream of exon 8 and a reverse (Rev.) primer downstream of exon 8. The
expected sizes of the PCR products from this reaction were 582 and 408 bp for full-length PCSK9 and PCSK9®", respectively. C, the relative band intensities of
PCSK9 and its splice variant were quantified using Imagel. D, mRNA analysis of ER stress markers GRP78, ATF6, CHOP, and sXBP1 using real-time PCR. E,
retention was further confirmed using a PCSK9 ELISA to measure PCSK9 content in the media from these cells. F, sequence and properties of PCSK9 SSO “hP872"
as described previously (22). PS, phosphorothioate. Differences between treatments were assessed with unpaired Student’s t tests. All values are represented
as means, and error bars represent S.D. C, *, p < 0.05 versus the respective sterol-treated controls. £, ¥, p < 0.05 versus scrambled. NS, nonsignificant.

markers IRE1a and GRP78. Effective alternative splicing of ER PCSK9 retention does not induce apoptosis
PCSK9 in the presence of the SSO was confirmed via real-time
PCR using primers that span exon 8. Given the size of this exon,
the PCR product of full-length PCSK9 had an expected size of
582 bp, whereas that of the PCSK9%Y lacking exon 8 was 408 bp
(Fig. 3B). Quantification of these data shows that the SSO sig- T QIsaH
nificantly reduced the abundance of PCSK9 mRNA (*, p < 0.05) PCSK9™ ™ and PCSK? »in the presence or absence of TG
while increasing the abundance of PCSK9SY mRNA (%, p < (100 nm), were examined for apoptosis-induced DNA damage
0.05) in the presence and absence of sterol (Fig. 3C). Consistent ~ via TUNEL staining (Fig. 44). No difference in TUNEL staining
with the immunoblot data, mRNA levels of ER stress markers ~Was observed between cells expressing PCSK9™" and the
were not affected by the SSO (Fig. 3D). To confirm the cellular  PCSK9?'**" retention variant. The abundance of the proapo-
retention status of PCSK9 resulting from SSO treatment, Pptotic mediator PUMA was also examined in PCSK9-trans-
secreted PCSK9 was examined via ELISA and found to be sig-  fected HK-2 cells, and no significant difference was observed in
nificantly reduced (*, p < 0.05) (Fig. 3E). The PCSK9 SSO used the presence or absence of TG (100 nwm; Fig. 4B). Lastly, cell
in this study, also known as hP872, was identical to that viability was also assessed in PCSK9-transfected HK-2 and
reported by Rocha et al. (22) (Fig. 3F). HuH? cells. Although TG treatment led to a significant increase

It is well-established that chronic or severe ER stress can
trigger apoptotic cell death (31, 32). For this reason, we exam-
ined the effect of ER PCSK9 retention on apoptosis as well as
selective mediators of apoptosis. HuH7 cells transfected with

SASBMB J. Biol. Chem. (2018) 293(19) 7329-7343 7333
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Figure 4. ER PCSK9 retention does not induce apoptosis. HuH7 and HK-2 cells were seeded in DMEM and transfected with either PCSK9" or PCSK9?'52 for
48 h. Cells were also treated with TG (100 nm) or DMSO vehicle control for 24 h. A, HuH7 cells were fixed in 4% paraformaldehyde and stained for apoptosis-
induced DNA damage using a 594-labeled TUNEL stain (red). Following TUNEL staining, cells were also stained for GFP to identify cells transfected with the
bicistronic pIRES2-EGFP V5-PCSK9 plasmids (green). B, transfected HK-2 cells were also examined for the apoptosis marker PUMA via immunoblot analysis. C
and D, cell viability assays were carried out on transfected HK-2 and HuH7 cells using trypan blue stain and lactate dehydrogenase assays, respectively. £, a
lactate dehydrogenase assay was also carried out on cells transfected with VPS'7V, a mutant known to induce ER stress as a result of ER retention (21). F, freshly
isolated mouse primary hepatocytes were transfected with PCSK9 variants PCSK92'2H, PCSK9?'%2P, and PCSK9%2%%" and examined for the apoptosis markers
caspase-3 and PUMA via real-time PCR. G, apoptosis marker expression of caspase-3 and PUMA was also examined in VP-transfected mouse primary hepato-
cyte using real-time PCR. Differences between treatments were assessed with unpaired Student’s t tests. All values are represented as means, and error bars
represent S.D. C, ¥, p < 0.05 versus DMSO-treated WT. D, *, p < 0.05 versus DMSO-treated WT. F and G, *, p < 0.05 versus VP, C, D, and E, nonsignificant (NS).

in the cytotoxicity of HK-2 and HuH7 cells (¥, p < 0.05 and f, PCSK9?'*?", the expression of VP!V significantly increased
p < 0.05, respectively), ER retention of PCSK9 did not alter cell ~ cell death compared with VP¥™ control (Fig. 4E). To confirm
viability in either cell line (Fig. 4, C and D). In contrast to our findings, apoptosis marker expression was also examined in

SASBMB
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e the influence of the proteasome and test whether further increasing the ER

content of PCSK9?">2H |eads to ER stress, HK-2 cells transfected with V5-labeled PCSK9 were treated with the proteasomal inhibitor MG132 (MG; 1 um) for 24 h.
A, to visualize the extent of ER PCSK9 retention, cells were fixed in 4% paraformaldehyde and stained using a V5 primary antibody and a 594-labeled secondary
antibody (red). B, ER stress markers IRE1«, GRP78, and CHOP as well as ER PCSK9 content and maturation were examined viaimmunoblot analysis. C, apoptosis
markers PUMA and cleaved caspase-3 (cCasp3) were also examined using immunoblotting.

mouse primary hepatocytes. Similar to our findings in HuH7
and HK-2 cells, real-time PCR experiments demonstrate that
the retention of VPS'7V, but not PCSK9?1>2H pCSK9Q1>2P o
PCSK9%%%¢4, caused an induction of proapoptotic mediators
caspase-3 and PUMA relative to WT secreted controls (Fig. 4, F
and G).

Proteasomal inhibition increases ER PCSK9 content

ER-associated degradation, a process mediated by the pro-
teasome, plays a major role in the removal of misfolded/accu-
mulated proteins from the ER (33). For this reason, we investi-
gated whether the proteasome is responsible for the removal of
retained PCSK9 and elicits a protective state against UPR acti-
vation in cells transfected with PCSK9?'*2*, Moreover, use of

SASBMB

the proteasome inhibitor MG132 in combination with CMV-
mediated overexpression served as a tool to further enhance
exogenous ER-PCSK9 content as a means of causing ER stress.
Immunofluorescence staining of V5 was used to visualize the
perinuclear localization and accumulation of PCSK9 (Fig. 54).
Representative images show that a greater intensity of staining
occurred in PCSK9'*?"_transfected cells than in PCSK9¥™-
transfected controls. Furthermore, PCSK9'**"'_transfected
cells treated with MG132 exhibited more ER-resident PCSK9
than the respective untreated controls, suggesting that the pro-
teasome plays a role in the degradation of PCSK92'*?!, Despite
a marked increase in the expression of IREle, GRP78, and
CHOP in response to MG132, no difference was observed
between PCSK9Y™ and PCSK9?'** in the presence or

J. Biol. Chem. (2018) 293(19) 7329-7343 7335
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Figure 6. GRP94 masks ER-resident PCSK9 from GRP78. A, coimmunoprecipitation experiments were carried out on cells transfected with VP and its
ER-retention variant (VP®'7V) and compared with that of cells transfected with PCSK9 and its ER-retention variant (PCSK9?'°2%). VP was immunoprecipitated
using an anti-GFP capture antibody, whereas PCSK9 was captured using an anti-V5 antibody; effective capture was confirmed by immunoblotting (/B) IPs with
anti-GFP and anti-PCSK9 antibodies, respectively. B and C, interactions characterized in A were confirmed by IP of endogenous GRP94 and GRP78 in cells
transfected with V5-PCSK9 and GFP-VP, respectively. D, binding of GRP78 to PCSK9"™ and PCSK9?'*2" was also examined in the presence of siGRP94. B, C, and

D, whole cell lysates were used as positive controls for antibody staining.

absence of MG132 (Fig. 5B). Consistently, MG132 treatment
induced the expression of proapoptotic markers cleaved
caspase-3 and PUMA, but no difference was observed as a
result of PCSK9'*?" expression with respect to its WT coun-
terpart (Fig. 5C).

GRP94 masks ER-resident PCSK9 from GRP78

Although GRP78 interacts with a diversity of client proteins
(34), recent studies have demonstrated that endogenously
expressed PCSK9 interacts with GRP78 to a significantly
greater extent following knockdown of GRP94 (14). Given the
role of GRP78 as a major trigger of UPR activation, we tested
whether GRP94 could mask ER-resident PCSK9 or pro-PCSK9
from detection by GRP78. Furthermore, the interaction
between PCSK92***" and GRP78 was compared with the inter-
action between GRP78 and VP'”V. These coimmunoprecipi-
tation experiments demonstrate that the VP retention variant
interacts with GRP78 but not GRP94 (Fig. 6A4). In contrast,
PCSK9 was pulled down by GRP94 and GRP78 with the latter
requiring a longer exposure of the immunoblots. Lastly, immu-
noprecipitation of the ER-retention variants VP'”Y and
PCSK9?**2" pulled down more GRP78 and GRP94 (respec-
tively) than their secreted WT counterparts. In a reciprocal
manner, the interaction between GRP94 and PCSK9 was con-
firmed via immunoprecipitation of GRP94 (Fig. 6B), and the
interaction of GRP78 with VP was confirmed via immunopre-
cipitation of GRP78 (Fig. 6C). Consistent with Fig. 64, these
immunoblots also demonstrate that GRP78 and GRP94 form
stronger interactions with the ER-retention variants of VP and

7336 . Biol. Chem. (2018) 293(19) 7329-7343

PCSK9 than their WT counterparts. Lastly, coimmunoprecipi-
tation experiments of PCSK9-transfected cells were performed
in the presence and absence of small interfering RNA (siRNA)
targeted against GRP94 (siGRP94; Fig. 6D). As reported previ-
ously (14), we observed a significantly greater level of interac-
tion between PCSK9 and GRP78 under conditions of GRP94
knockdown. Furthermore, we also observed more GRP78 in
complex with PCSK9'*?"! than with PCSK9¥™ under such
conditions.

ER retention of PCSK9 variants leads to UPR activation in the
absence of GRP94

Given that we observed a greater level of GRP78 association
with the PCSK92?'°?" variant in the absence of GRP94, our
next aim was to determine whether this specific condition
would lead to UPR activation. As such, UPR activation was
assessed in HuH?7 cells cotransfected with either PCSK9Y™ or
PCSK9?*?! in combination with scrambled siRNA or
siGRP94. Cells expressing PCSK9?'*?"!, in the presence of
siGRP94, exhibited increased expression of ER stress markers
from all three arms of the UPR (ATF6, IRE1e, and CHOP) (Fig.
7A). To further substantiate the relationship between PCSK9
and GRP94, we observed a modest but consistent increase in
GRP94 expression in cells transfected with PCSK9?'*2" com-
pared with those transfected with the PCSK9Y™ counterpart
(Fig. 7, A and B). Furthermore, cells transfected with both
siGRP94 and PCSK9?'*?"! showed a significant increase in
cytotoxicity compared with control groups (Fig. 7, C and D; *,
» <0.05). The effect of GRP94 on UPR activation in response to
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Figure 7. ER retention of the PCSK92"'>2" variant leads to UPR activation in the absence of GRP94. A, HuH7 cells were cotransfected with PCSK9"T or

PCSK9?'>2H and siGRP94. Immunoblot analysis was carried out to examine the expression of ER stress markers IRE1«, ATF6, GRP94, GRP78, and CHOP. B,given

that PCSK9 interacts with GRP94, the relative cellular abundance of this chapero
C, cytotoxicity of these cells was examined using a lactate dehydrogenase cell vi

ne was also examined in HK2 cells transfected with PCSK9"™ and PCSK9?'#2H,

ability assay. D, the relative number of live cells post-transfection was visually

apparent via light microscopy. £, in addition to PCSK9?'2", the ability of other ER-retention PCSK9 variants PCSK92'>2° and PCSK9°3%¢" to cause UPR activation
in conditions of reduced GRP94 expression was examined using immunoblotting. Differences between treatments were assessed with unpaired Student'’s t

tests. All values are represented as means, and error bars represent S.D. C, *, p <

ER PCSK9 retention was also assessed using PCSK9 variants
PCSK9'*?P and PCSK9%*¥¢4, Consistent with our findings in
Fig. 7A, we observed that cotransfection of HuH7 cells with
siGRP94 and ER-retained PCSK9 variants led to increased
expression of UPR markers GRP78 and nuclear ATF6 relative
to those transfected with siGRP94 and PCSK9™™ (Fig. 7E).

Marked overexpression of mouse PCSK9 does not induce the
UPR in murine liver

Based on our cell culture studies, we examined whether
transgenic mice overexpressing PCSK9 (PCSK9Trseenic),
which increases the ER content of nascent PCSK9, would
exhibit signs of ER stress. The livers from these mice were
examined for UPR activation via immunoblotting for IREl«
and GRP78 (Fig. 84) and real-time PCR of sXBP1 (Fig. 8B),
which yielded no substantial difference between PCSK9™ " and
PCSK9'ranseenic mice, Furthermore, PCSK9 knockout (KO)
mice showed no induction of the UPR compared with the other
groups. LDLR immunoblotting and real-time PCR of PCSK9
served as controls for PCSK9 expression, yielding a significant
increase in hepatic LDLR expression and a 100-fold increase in
PCSK9 mRNA in PCSK9™"*&°™¢ mice compared with WT
mice (Fig. 8, A and C). Lastly, ER stress was also examined via
immunohistochemical staining of the livers for ER stress mark-
ers KDEL and CHOP in PCSK9Y" and PCSK9™"¢°™ mice as
well as a control group of WT mice treated with the ER stress—

SASBMB

0.05 versus scrambled WT control. nATF6, nuclear ATF6.

inducing agent tunicamycin (500 ug/kg for 24 h). Consistent
with immunoblot and real-time PCR data, no difference in
KDEL or CHOP expression was observed between PCSK9¥™
and PCSK9™"s&°™¢ mice (Fig. 8D).

Discussion

A number of ERSDs have been characterized to date (15, 16).
Such diseases arise as a result of genetic mutations that lead to
the synthesis of a misfolded de novo protein product, which fails
to exit the ER (Fig. 9). Frequently, the disease phenotype occurs
due to the absence of the mature functional protein at its native
site of action. Another well-established mode of action for
pathology in ERSDs is chronic activation of the UPR in
response to ER stress. A well-characterized ERSD occurring in
liver results from a number of established mutations in a;-an-
titrypsin Z that induce ER stress, liver cirrhosis, and hepatocel-
lular carcinoma (35, 36). Additional examples affecting other
tissues include arginine vasopressin mutations (G14R and
G17V) in familial neurohypophyseal diabetes insipidus (20, 21,
37), cystic fibrosis transmembrane conductance regulator
AF508 in cystic fibrosis (38), thyroglobulin mutations in con-
genital goiter and hyperthyroidism (39), and mutations in the
Notch receptor that lead to cerebral autosomal-dominant arte-
riopathy and leukoencephalopathy (40).

We confirm that overexpression of a mutant form of VP that
is retained in the ER resulted in UPR activation and increased
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Figure 8. Marked overexpression of mouse PCSK9 does not induce the UPR in murine liver. To examine whether elevated levels of nascent ER-resident
PCSK9 promote UPR activation in vivo, we tested the hypothesis in a transgenic murine model known to express ~40-100-fold greater levels of PCSK9 than WT
controls. Aand B,immunoblot and real-time PCR analyses were carried out in the livers of these mice, PCSK9 KO mice and WT controls, to characterize ER stress
marker expression of IRET«, GRP78, and sXBP1. C, a control real-time PCR was also done to confirm the overexpression of PCSK9 in our model. D, formalin-fixed
paraffin-embedded liver sections from these mice in addition to mice treated with the ER stress-inducing agent tunicamycin (500 ng/kg; single injection for
24 h) were also stained for ER stress markers KDEL and CHOP. LDLR staining served as a control for the status of PCSK9 expression. Differences between
treatments were assessed with unpaired Student's t tests. All values are represented as means, and error bars represent S.D. B, nonsignificant (NS). C, *, p < 0.05
versus WT.
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Figure 9. Model for the masking of ER-resident PCSK9 from UPR sensor GRP78. A, in normal homeostatic conditions, GRP78 is recruited to ER transducers
ATF6, IRE1a, and PERK and acts to block UPR activation. B, in the presence of ER-retained protein such as VP®'”Y, GRP78 dissociates from UPR transducers and

interacts with accumulated misfolded proteins to prevent further aggregation

. This process liberates ER transducers and leads to UPR activation. C, in contrast

to VPS'”V, GRP78 is not recruited to ER-retained PCSK92'°2" due to the interaction taking place with GRP94. D, removal of GRP94 from PCSK9 aggregates,
however, restores the function of GRP78 as a sensor of UPR activation in response to ER PCSK9 accumulation.

cytotoxicity. In contrast to these findings and with striking con-
sistency, overexpression of LOF PCSK9 variants that accumu-
late in the ER did not exhibit UPR activation or apoptosis. These
findings were confirmed using three cell lines (HuH7, HK-2,
and N2a) originating from tissues known to express PCSK9
(liver, kidney, and brain, respectively) and with a number of
PCSK9 variants (PCSK9R2H PCSK9R>2P| and PCSK9'®)
known to be retained in the ER. Despite the absence of UPR
signaling, a distinct expansion of the ER was observed in HuH7
and HK-2 cells expressing PCSK9Q'*?" relative to those
expressing PCSK9¥™ controls.* This phenomenon, which is an
initial response to ER stress (41, 42), appears to occur in a man-
ner independent of the UPR. Although the key players in this
process are not yet validated, one possibility is that ER stress—
inducible genes like SREBP2 promote membrane biogenesis by
inducing de novo synthesis and uptake of lipid (43, 44). How-
ever, given that ER PCSK9 retention blocks SREBP2 activation
(Fig. 1C), increased de novo synthesis is likely not the culprit.
PCSK9R*? expression, however, is known to result in
enhanced cell surface LDLR expression (10) and likely allows
the cells to acquire the ER expansion—enabling lipid from
LDLR-mediated uptake of LDL.

Given that few reports have documented an absence of UPR
activation resulting from ER protein retention, the remainder
of this discussion will focus on the key differences between
PCSK9 and other mutants known to cause ER stress when
retained. An initial foundational observation stems from an
epidemiological line of evidence: LOF PCSK9 mutations,
including PCSK9?'*?"', are naturally occurring and confer a
substantial reduction in the risk of developing CVD (11, 45, 46).
As of yet, the absence/inhibition of circulating PCSK9 has not
been associated with deleterious effects other than mild rashes
at the site of mAb injection (47). Taken together, these factors
imply a positive evolutionary selection pressure for LOF PCSK9
mutations. In support of this notion, the frequency of LOF
PCSK9 mutations is relatively high, especially in Africans (48).
Indeed, it was recently shown that the PCSK9 mutation C679X,

4P. Lebeau and R. C. Austin, unpublished data.
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encoding a form of PCSK9 that fails to be secreted (8), has a
prevalence of 3.7% in African women (49).

It is also worth considering the implications associated with
the observation that nascent PCSK9™" forms pro-PCSK9 olig-
omers while in the ER (1). Given that ER protein oligomers
and/or aggregates are a principal cause of UPR activation and
that ER-resident pro-PCSK9 oligomers are naturally occurring,
itis therefore evident that cells expressing PCSK9 have adapted
a mechanism to prevent constitutive UPR activation and cell
death.

Furthermore, in contrast to a number of cell surface/secre-
tory proteins that transit the ER, PCSK9 folding and maturation
can occur in a manner independent of ER chaperones. In sup-
port of this concept, our previous studies (13) as well as those of
others (45) have demonstrated that PCSK9 undergoes matura-
tion in the presence of agents that induce ER Ca®" depletion
regardless of the obligate Ca®>* dependence of ER chaperones.
In addition, endogenously expressed PCSK9 does not stably
interact with endogenously expressed ER luminal GRP78 (14),
which is interesting given the well-established broad client base
of this chaperone (50). These findings, in addition to those
highlighted in this report, suggest that ER-resident pro-PCSK9
may be undetected and unaffected by major ER chaperones like
GRP78. GRP78 is a ubiquitously expressed chaperone involved
in the folding of polypeptide chains, nascent chain transloca-
tion, resolving the accumulation/removal of misfolded protein
in the ER, and modulating the activation of ER stress transduc-
ers (51, 52). GRP78 owes its importance in biological systems to
its promiscuity, which relies on a client-binding domain known
to seek 7—11-residue peptides forming $ strands with alternat-
ing hydrophobic residues (53, 54). It is estimated that one
GRP78-binding site would arise every 36 amino acids within a
randomly generated peptide chain (54).

In addition to demonstrating that the interaction between
PCSK9 and GRP78 was not as strong as that of PCSK9 and
GRP%4, our coimmunoprecipitation data also indicate that
GRP78 forms a more abundant complex with the retained
VP!V variant than with the VP control. These data suggest
that ER-retained mutant VPS'7Y sequesters a greater amount
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of ER-resident GRP78 (Fig. 6A), likely as a result of increased ER
abundance relative to secreted VP™' control. In turn,
increased VP'”Y-mediated GRP78 sequestration hindered the
capacity of this chaperone to act as a blocker of UPR activation
and ultimately led to the observed ER stress response (Fig. 24).
Although a similar effect was observed with PCSK9?"**" inter-
acting with GRP94 (versus PCSK9™™) (Fig. 6A), this chaperone
is not known to play a direct role as a UPR sensor or mediator of
ATF6, IRElq, and PERK activation (55). Rather, it was recently
shown that PCSK9 interacts with GRP78 to a greater extent in
the absence of GRP94, likely preventing early binding of PCSK9
to the LDLR in the ER (14). Our data also suggest that GRP94
masks ER-resident pro-PCSK9 oligomers from detection by
GRP78. To confirm and extend these findings, we demon-
strated that overexpression of the PCSK9?'*?" variant induced
the UPR following knockdown of GRP94 (Fig. 7A). Further-
more, the onset of ER stress in cells transfected with siGRP94
and PCSK9?'**" was sufficient to cause a significant increase in
cytotoxicity 3 days post-transfection as compared with controls
(Fig. 7, Cand D).

We recently demonstrated that ER PCSK9 retention is asso-
ciated with a significant reduction of circulating LDL choles-
terol (13). We now also confirm that it fails to induce ER stress
despite the known link among misfolded protein accumulation,
UPR activation, cell death, and disease (18). Our findings dem-
onstrate that PCSK9?'*?" likely fails to cause ER stress as a
result of a combination of efficient proteasomal degradation
(Fig. 5A4) and masking by GRP94 (Figs. 6 and 7). In support of
these findings, mice expressing 100-fold greater levels of
PCSK9 mRNA also failed to exhibit UPR activation (Fig. 8). We
are now actively assessing whether the overexpression of LOF
variants of PCSK9, including PCSK9?'*?", in the livers of
PCSK9 KO mice cause ER stress/UPR activation and/or apo-
ptotic cell death. Taken together, our results indicate that the
ER retention of mutant forms of PCSK9 unable to undergo
autocatalytic cleavage does not trigger detrimental ER stress,
UPR activation, and cytotoxicity. This has important implica-
tions for the design of novel therapeutics targeting PCSK9. Spe-
cifically, our findings suggest that the development of small
molecule inhibitors of PCSK9 autocatalytic cleavage may serve
as an effective alternative to the costly biologic PCSK9 inhibi-
tors that are currently available.

Experimental procedures
Cell culture and transfections

HuH?7, HK-2, and N2a cells were routinely grown in Dulbec-
co’s modified Eagle’s medium (DMEM; Thermo Fisher Scien-
tific, Waltham, MA) supplemented with 10% fetal bovine
serum (FBS; Sigma-Aldrich), 100 IU/ml penicillin, and 100
pg/ml streptomycin (both from Gibco, Thermo Fisher Scien-
tific) at 37 °C with 5% CO,. To examine the effect of ER PCSK9
retention on UPR activation, cells were seeded in 6-well plates
to a confluence of 60% and transfected with plasmids encoding
PCSK9 variants 24 h later. Cells were transfected in penicillin/
streptomycin—free medium with Xtremegene transfection re-
agent (Xtremegene HP, catalogue number 6366236001, Roche
Applied Science) at a 3:1 ratio with plasmid DNA (3 ul of trans-
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fection reagent/1 pg of DNA/1 ml of medium). To block GRP94
expression, siRNA targeted against GRP94 was purchased from
Dharmacon (catalogue number M-006417-02-0005). RNAIMAX
(catalogue number 13778030) transfection reagent was used for
siRNA transfections; siRNA transfection mixtures contained
100 nm siRNA and 3 ul of RNAIMAX/ml of complete medium.
Prior to treatment of cells, transfection mixtures were incu-
bated in Opti-MEM (100 ul of Opti-MEM per treatment;
Thermo Fisher Scientific) for 30 min at room temperature prior
to transfection according to the manufacturer’s instructions.
Transfection mixture-containing medium was removed from
cells after 24-h incubation and replaced with either fresh
medium or medium containing the ER stress—inducing agent
TG (100 n»; Sigma-Aldrich) for an additional 24 h prior to cell
lysis. The plasmids used in these studies included the bicis-
tronic pIRES2-EGFP plasmids encoding V5-PCSK9¥™" and
its variants PCSK9R1525, PCSK9RQ!>2H pPCSK9R52P | and
PCSK9*S. VP¥™ and its variants VPS'*® and VPS'" were
cloned into pEGFP-N1 as described previously (21), and
PCSK9%35¢* was cloned into a pcDNA3.1 plasmid.

Immunoblotting

Cells were washed in phosphate-buffered saline (PBS) and
resuspended in lysis buffer containing SDS and protease inhib-
itor (catalogue number 4693159001, Roche Applied Science).
Total cell protein was normalized using a protein assay (cata-
logue number 5000121, Bio-Rad). Protein samples were
resolved using standard Western blotting procedures on 7 or
10% acrylamide gels and subsequently transferred to nitrocel-
lulose membranes using the Bio-Rad Mini Trans-Blot system
(catalogue number 1703930). Membranes were then blocked in
5% skim milk in TBS for 1 h and then incubated in primary
antibody overnight for 16 h at 4 °C. The primary antibodies
used in this study include the following: anti-ATF6 (catalogue
number 70B1413.1, Novus Biologicals), anti-CHOP (catalogue
number SC-793, Santa Cruz Biotechnology), anti-FLAG (cata-
logue number F3165, Sigma-Aldrich), anti-GRP78 (catalogue
number 610979, BD Biosciences), anti-IREl« (catalogue num-
ber 3294, Cell Signaling Technology), anti-PCSK9 (catalogue
number NB300-959, Novus Biologicals), anti-V5 (catalogue
number sc-83849, Santa Cruz Biotechnology), anti-GFP (cata-
logue number sc-8334, Santa Cruz Biotechnology), anti-GFP
(catalogue number NB600-308, Novus Biologicals), and anti-3-
actin (catalogue number ab8227, Sigma-Aldrich). Membranes
were visualized using EZ-ECL chemiluminescent reagent (cat-
alogue number 20-500-500, Froggabio), and relative band
intensities were quantified using ImageLab software (Bio-Rad).
Band intensities represent the mean of three replicates adjusted
to membranes reprobed for B-actin.

Coimmunoprecipitations

Cells grown in 10-cm dishes were collected in ice-cold non-
denaturing IP buffer containing 20 mm Tris HC, 137 mm NaCl,
1% Nonidet P-40, 2 mm EDTA, protease inhibitor, and phos-
phatase inhibitor (PhoSTOP, Roche Applied Science). Cells
were further lysed by passing through an insulin syringe 20
times. Following lysis, samples were centrifuged at 4 °C for 30
min at 20,000 X g. Supernatants were transferred to new sam-
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ple tubes, and cell debris—containing tubes were discarded.
One milligram of protein from each sample was subsequently
incubated with 2 pg of capture antibody targeted against V5
(catalogue number sc-83849, Santa Cruz Biotechnology) or
GFP (catalogue number sc-8334, Santa Cruz Biotechnology) for
V5-PCSK9 — and GFP-VP- transfected cells, respectively, on a
rotating platform for 24 h at 4 °C. Following this period, sam-
ples were exposed to 100 ul of Protein G magnetic Surebeads
(catalogue number 1614023, Bio-Rad) for an additional 2 h on
the rotating platform at 4 °C. The beads were then magnetized,
and the remaining sample was placed in tubes labeled “input” to
serve as controls. The magnetic bead slurry was subjected to
four consecutive washes using nondenaturing IP buffer. Protein
complexes bound to the beads were collected by boiling the
slurry with 100 ul of 4X SDS-PAGE sample/loading buffer.
Successful pulldown was confirmed by reprobing immunoblots
with anti-PCSK9 antibody (catalogue number NB300-959) and
anti-GFP antibody (catalogue number NB600-308).

RNA isolation and real-time PCR

RNA extraction was performed using RNeasy Mini kits (cat-
alogue number 74104, Qiagen) as described previously (7).
Total RNA was quantified, normalized, and reverse transcribed
into cDNA using a Superscipt Vilo cDNA synthesis kit (cata-
logue number 11754050, Thermo Fisher Scientific). Real-time
PCR was completed using Fast SYBR Green (catalogue number
4385610, Thermo Fisher Scientific). The relative abundance of
PCSK9 and PCSK9%Y mRNAs from experiments involving SSO
was examined via quantitative PCR and agarose gel electropho-
resis as described previously (14). Quantification of the relative
band intensities was done using ImageLab. DNA was quantified
and normalized prior to electrophoresis using a NanoDrop™
spectrophotometer.

Immunofluorescence microscopy and TUNEL assay

HuH7 and HK-2 cells were seeded in 4-well chamber slides
(catalogue number 177399, Thermo Fisher Scientific) to a con-
fluence of 50% and cultured for 24 h. Cells were then incubated
in transfection mixture for 24 h and treated with MG132 (1 um;
catalogue number M8699, Sigma-Aldrich) for an additional
24 h. Following treatments, cells were washed in cold PBS, fixed
in 4% paraformaldehyde, and permeabilized in 0.2% Triton
X-100 (Sigma-Aldrich). Prior to the 1-h incubation with pri-
mary antibodies, cells were blocked in PBS-Tween (PBS-T)
containing 5% bovine serum albumin (BSA; catalogue number
05470, Sigma-Aldrich). Primary antibodies used for immuno-
fluorescence staining included the following: anti-V5 (cata-
logue number sc-83849) and anti-GFP (catalogue number
NB600-308). All primary antibodies were diluted 1:100 in
PBS-T containing 1% BSA. Following primary antibody incu-
bation, cells were incubated in fluorescently labeled secondary
antibodies diluted 1:200 in 1% BSA in PBS-T. These included
donkey anti-goat 594 (catalogue number A11058, Thermo Fis-
cher Scientific) and goat anti-rabbit 488 (catalogue number
R37116, Thermo Fisher Scientific). Fluorescently labeled cells
were then counterstained with DAPI (catalogue number
D1306, Thermo Fisher Scientific). TUNEL assays were carried
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out according to the manufacturer’s instructions using a Trevi-
gen kit (catalogue number 4812-30-K, Trevigen).

PCSK9 ELISA

Secreted PCSK9 from cell culture models was measured
using the human PCSK9 Quantikinine ELISA kit from R&D
Systems (catalogue number DCP900). Briefly, FBS-free
medium from transfected cells was collected and centrifuged at
1000 X g for 10 min to remove floating cells/debris. ELISAs
were then carried out according to the manufacturer’s
instructions.

Cell death assays

Lactate dehydrogenase assays were completed accord-
ing to the manufacturer’s instructions (catalogue number
04744926001, Roche Applied Science). A novel cell death assay,
based on trypan blue staining of cell debris, was also used to
quantify cell death. Briefly, HK-2 cells were transfected with
either EV control, PCSK9¥™, or PCSK9?'*?" in the presence or
absence of TG (100 nm). The medium, which contained all cell
debris, was collected 24 h later and incubated with 10% trypan
blue solution (v/v) (catalogue number 15250061, Thermo
Fisher Scientific) for 5 min at room temperature. Samples were
then centrifuged at 10,000 X g to isolate the cell debris pellet.
The pellet was then washed with isopropanol and subsequently
incubated in Hank’s balanced salt solution for 30 min at 37 °C to
extract trypan blue from the debris. Optical density of trypan
blue— containing Hank’s balanced salt solution was then mea-
sured using a SpectraMax Plus 384 spectrophotometer at 488
nm (Molecular Devices).

Immunohistochemistry

Liver tissues were collected and fixed in formalin, embedded
in paraffin, and sectioned at a thickness of 4 um. KDEL staining
was carried out using a 1:40 dilution of the primary antibody
with no epitope retrieval (catalogue number ADI-SPA-827,
Enzo Life Sciences). CHOP staining was carried out with heat-
induced epitope retrieval using a 1:40 dilution of the primary
antibody (catalogue number sc-575, Santa Cruz Biotechnol-
ogy). LDLR staining was carried out using a 1:20 dilution of the
primary antibody with no epitope retrieval (catalogue number
AF2255, R&D Systems).

Animal studies

12-week-old PCSK9 KO mice or transgenic mice overex-
pressing mouse PCSK9 (3) and age-matched controls on a
C57bl/6 background were housed in a 12-h light/dark cycle and
fed normal chow and water ad libitum. Control and PCSK9 KO
mice were randomly divided into four groups (n = 5 per group)
and treated with either PBS vehicle control or the ER stress—
inducing agent tunicamycin (500 ug/kg) for 24 h prior to sacri-
fice. The McMaster University Animal Research Ethics Board
approved all procedures.

Primary hepatocyte isolation

A two-step hepatic perfusion of EGTA (500 M in HEPES
buffer, Sigma-Aldrich) and collagenase (0.05% in HEPES buffer,
Sigma-Aldrich) was used in 12-week-old male C57bl/6 mice to
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isolate primary hepatocytes. Following harvest, cells were
washed, separated via centrifugation and cell strainers, and
plated at a confluence of 1 X 10° cells/well in William’s E
medium (Gibco, Thermo Fisher Scientific) supplemented with
10% fetal bovine serum, 100 IU/ml penicillin, and 100 ug/ml
streptomycin.

Statistical analysis

All experiments done during these studies were carried out
using a minimum of three replicates. Statistical analysis for
differences between groups was performed using two-tailed
unpaired Student’s ¢ test. Comparisons between plasma PCSK9
concentrations from the same animals before and after treat-
ment were completed using paired two-tailed Student’s ¢
test. Statistical tests were completed using Prism software
(GraphPad Software, San Diego, CA). Differences between
groups were considered significant at p < 0.05, and all values
are expressed as mean * S.D.
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Abstract

Retention of misfolded loss-of-function
(LOF) proteins in the endoplasmic reticulum
(ER) causes ER stress and contributes to ER
storage diseases (ERSDs). Although it is well
established that several LOF mutations in the
human proprotein convertase subtilisin/kexin
type 9 (PCSKY9) gene are retained in the ER,
their contribution to hepatic ER stress and
liver injury is not known. In this study, we
report that hepatic overexpression of human
PCSKO9QI52H in Pesk9-- mice does not cause
ER stress, liver dysfunction or injury.
Strikingly, hepatic overexpression of
PCSKO9QI52H protected against ER stress by
increasing the abundance of the stress-
response chaperones, GRP78 and GRPY%4.
Finally, normal liver function was preserved
and systemic ER stress, as measured by the
levels of circulating anti-GRP78
autoantibodies, was unaffected in all subjects
harboring the human PCSKO9QI52H mutation.
Our findings demonstrate that ER retention of
PCSKD9 protects against hepatic ER stress and
suggests that inhibitors of PCSK9
autocatalytic cleavage may provide benefits
to the liver over and above the well-
established protective role of PCSK9
inhibition on cardiovascular disease (CVD).

Introduction

Circulating low-density lipoprotein
cholesterol (LDLc) is a causal factor in the
development and progression of CVD!-3. The
cloning and characterization of the PCSK9Y
gene and its capacity to enhance the
degradation of hepatic LDL receptor (LDLR)
represents a seminal advancement in our
understanding of how circulating levels of
LDLc are regulated*¢. While gain-of-function
(GOF) mutations in the PCSK9 gene are
associated with elevated serum LDLc levels
and premature CVD, LOF PCSK9Y mutations

confer a hypocholesterolemic phenotype with
reduced CVD risk 4 7-10, PCSK9 protein with
LOF mutations in the serine protease catalytic
domain (PCSK9S38A) or in the site of
autocatalytic processing, GInl!52]
(PCSKO9QI52H) - do not undergo autocatalytic
cleavage and maturation in the ER and thus
fail to exit this cellular compartment8.9.

The ER is the largest organelle in secretory
cells and is the major site of Ca2* storage,
lipid and carbohydrate metabolism as well as
de novo protein folding!!-13. Although serine
proteases like PCSK9 are common
pharmacologic targets!4 and patients with
LOF PCSK9 mutations provide clinical
evidence of lowered LDLc and protection
against CVD79, it is well-established that the
retention of inactive or misfolded proteins in
the ER can lead to ER stress!5-20. A number of
heritable LOF mutations in proteins that
transit the ER are known to be retained in this
organelle and contribute to a condition known
as ERSD. The well-characterized ER-retained
LOF mutations in al-antitrypsin, for instance,
cause fibrosis, toxicity and ultimately lead to
liver cirrhosis as a result of prolonged hepatic
ER stress!9-20, To mitigate or resolve ER
stress, canonical unfolded protein response
(UPR) activation is triggered by ER-resident
molecular chaperones, such as the glucose-
regulated protein of 78-kDa (GRP78). When
misfolded protein aggregates are detected in
the ER lumen, GRP78 dissociates from the
three arms of the UPR leading to their
activation!6. These arms/transducers include
the activating transcription factor-6 (ATF6),
the inositol-requiring enzyme 1o (IREla) and
the protein kinase R-like ER kinase (PERK).
IREla phosphorylation activates
endoribonuclease activity to splice and
activate XBP1 (sXBP1), which in a manner
similar to ATF6, translocates to the nucleus
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and induces de novo expression of ER
chaperones via the ER stress-response
element. PERK phosphorylation increases its
native kinase activity and subsequently
promotes the phosphorylation of  the
eukaryotic initiation factor 2a (p-elF2a). The
latter pathway simultaneously attenuates
global protein synthesis to reduce ER burden,
increases ER chaperone expression through
the activating transcription factor 4 (ATF4),
and during conditions of chronic or severe ER
stress can promote apoptosis by inducing the
expression of the CCAAT-enhancer-binding
protein homologous protein (termed
CHOP)321.22,

Liver hepatocytes perform a myriad of
secretory roles and are thus enriched in ER.
Accumulating evidence stemming from the
last two decades of research confirms that ER
stress is a driver of liver disease and its
complications!3.23.24, Chronic UPR activation
has been shown to promote apoptosis,
inflammation and fibrosis; all of which
contribute to terminal hepatic disease,
commonly resulting in liver cirrhosis and
cancer. Although we have recently
demonstrated that the retention of a variety of
LOF PCSK9 mutants in cultured hepatocyte
cell lines does not cause ER stress?’, it is
currently unknown whether the retention of
such mutants cause hepatic ER stress or
dysfunction in mice or in humans. We now
demonstrate that hepatic overexpression of
the PCSK9QIS2H mutant in Psck9-- mice does
not cause hepatic ER stress or any detectable
liver dysfunction or injury, but rather acts as
an ER-resident co-chaperone by enhancing
the levels of GRP78 and GRPY94, key ER
chaperones known to protect against ER
stress26. In support of these studies,
PCSKO9QI52H-expressing subjects of all ages
had (i) preserved liver function including

normal levels of circulating liver enzymes,
and (i1) no change in circulating anti-GRP78
autoantibody titres, a marker of systemic ER
stress. Taken together, our findings are the
first to demonstrate that the ER-retained
PCSK9QI52H mutant not only fails to cause
ER stress, but exhibits co-chaperone-like
properties by increasing the abundance of key
ER chaperones that protect against hepatic
dysfunction and/or liver injury. These
findings provide compelling evidence that the
inhibition of PCSK9 autocatalytic in the ER
may confer additional health benefits to the
liver over and above the well-established
reduction in CVD risk.

Results

Liver function in subjects harboring the
PCSK92152H muytation

The rare LOF PCSKO9QIS2H ig limited to 4
French-Canadian families’. Subjects with this
mutation have no defined morbid phenotype
and are completely normal despite their life-
long state of hypocholesterolemia?%. To
assess liver function, 66 subjects from 3 of
the 4 families known to harbour the
PCSKO9QI52H mutation were submitted to full
medical examination. Circulating liver
enzymes, LDH, AST, ALT, GGT and bilirubin
were within normal range in the PCSK9Q152H-
expressing subjects, including those over 90
years of age (Fig. 1A). Among the older
subjects, six PCSK9QI52H-expressing subjects,
including two homozygotes (HH; 64.7 years
of age) and four heterozyotes (QH; 76.4 years
of age), along with seven wild-type family
controls (QQ; 67.3 years of age) were
submitted for abdominal NMR-imaging.
These data revealed that liver volume and fat
content, which represent well-established
early-stage markers of liver disease, were not
different in subjects with or without the
PCSKO9Q152H mutation (Fig. 1B).
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Characterization of Pcsk9-/- mice
overexpressing PCSK92152H oy LDLRG44V

To better understand the innocuous effect on
liver injury/dysfunction, PCSK9 encoding the
QI152H mutation was overexpressed in the
livers of male C57BL/6J Pcsk9-/- mice using
the adeno-associated virus (AAV)?7. The
AAVs using in these studies encoded either
human PCSK9WT (AAV-hPCSKO9WT), human
PCSKO9QIs2H  (AAV-hPCSKO9QI52H) human
LDLRG544V (AAV-hLDLRG544V) or an AAV-
empty-vector (EV) control. To confirm
appropriate expression and localization of
these proteins, livers were assessed via
immunohistochemical (IHC) staining and
immunoblots. Treatment with AAV-
hPCSKO9QI52H caused an increase in ER-
PCSK9 staining and induced a marked
expansion of the ER compared to the AAV-
hPCSKOWT treatment (Fig. 2A-C). The
secretory status of PCSK9 was assessed by
using either human (Fig. 2D) or mouse (Fig.
2E) PCSK9 ELISAs. We observed that the
treatment of AAV-hPCSKO9WT led to a ~15-
fold increase in circulating PCSK9 levels
compared to Pcsk9-/- mice treated with AAV-
hPCSKO9QI52H (32.6 vs. 2.2 ng/ml) (Fig. 2D)
and a ~113-fold increase compared to that of
endogenously-expressed mouse PCSK9 in
C57BL/6J mice (32.6 vs. 0.289 pg/ml) (Fig.
2E). Immunoblots were also employed to
confirm the abundance of ER-retained
proPCSK9 in the livers of mice treated with
AAV-hPCSK9Q!52H and AAV-hPCSK9WT
(Fig. 2F). As expected, immature LDLR
(LDLR-i) was abundant in the livers of mice
treated with AAV-hLDLRG544V.  Consistent
with these findings, IHC revealed increased
intracellular staining for human LDLR in the
livers of mice treated with AAV-hLDLRG544V,
compared to other groups (Fig. S1). To
confirm the functionality of AAV-expressed

human PCSK9 in our Pcsk9-- mouse model,
we also carried out IHC staining for
endogenously expressed hepatic cell-surface
mouse LDLR (Fig. 2G and H), and a
quantitative assessment of plasma triglyceride
(Fig. 2I) and cholesterol (Fig. 2J) levels.
Consistent with the well-established role of
PCSKD9 as an inducer of LDLR degradation?8,
Pcsk9-/- mice treated with AAV-hPCSKOWT
exhibited a substantial reduction in cell-
surface LDLR levels, which was
accompanied by an increase in plasma
triglyceride and cholesterol levels, compared
to AAV-EV and/or AAV-hPCSK9Q!52H-treated
Pcsk9-/- mice. Overall, these data demonstrate
that treatment with AAVs encoding
hPCSK9Q!I52H or hLDLRG544V led to a marked
increase in the intracellular abundance of
these mutant proteins in the livers of mice.

Hepatic ER retention of PCSK9 increases
the abundance of liver GRP78 and GRP94
proteins

Given that we, as well as others, have
recently shown that PCSK9 can interact
directly with GRP78 and GRP9425.29, two
ER-resident chaperones known to play an
important role in the regulation of protein
folding and UPR activation26, we first
assessed the levels and localization of these
proteins via IHC staining and immunoblots
(Fig. 3A-C). Similar to findings reported in
cultured hepatocytes?s, the livers of mice
overexpressing the PCSK9QIS2H mutant
exhibited increased GRP94 protein compared
to those of mice treated with either AAV-EV
or AAV-hPCSKO9WT; moreover, a similar
increase in GRP78 and GRP94 levels was
also observed in the livers of mice treated
with AAV-hLDLRG544V, Increased staining
with an anti-KDEL antibody, which detects
both GRP94 and GRP78, was also observed
in the livers of AAV-hPCSK9QI52H- and AAV-

143



hLDLRG544V-treated mice (Fig. S2). Despite
having less protein abundance of GRP78 and
GRPY94 than the livers of mice treated with
AAV-hPCSKO9QIS2H - real-time PCR analysis
revealed that only AAV-hLDLRG#4-treated
mice had significantly increased mRNA
transcript levels of these chaperones,
compared to controls (Fig. 3D). A comparison
of the livers of AAV-hLDLRG544V-treated
mice with those of C57BL/6J mice treated
with ER stress-inducing agent, tunicamycin
(TM; 250 pg/kg), also revealed a similar re-
localization of GRP78 from the ER to the
cell-surface of hepatocytes; a well-established
hallmark of prolonged ER stress known to
contribute to hepatocellular carcinoma as well
as endothelial cell activation and
atherosclerosis (Fig. S3)30-33, The interaction
between hPCSK9 and the chaperones, GRP78
and GRP94, was also confirmed via
immunoprecipitation from freshly-isolated
livers (Fig. S4A). Consistent with previous
studies??, overexpression of GRP78 and
GRP94, a process known to block PCSK9
secretion, increased LDL uptake of HepG2
cells (Fig. S4B).

To explore the effect of PCSK9 deficiency on
hepatic GRP78 and GRP94 levels, Pcsk9--
and age-matched Pcsk9+* control mice were
fed an ER stress-inducing high-fat diet for 12
weeks?3. In a reciprocal manner to increased
ER-PCSK9 levels, as is the case in
hepatocytes exposed to AAV-hPCSKO9QIS2H,
hepatic PCSK9 deficiency led to an
attenuation of HFD-induced GRP78 and
GRP94 protein levels, compared to Pcsk9+/*
controls (Fig. 3E, F and S5A). Similar to
AAV-treated mice, real-time PCR
demonstrated that changes in the expression
of GRP78 and GRP94 in HFD-fed Pcsk9--
mice were restricted to the protein level (Fig.
S5B).

ER retention of PCSK9 protects cultured
hepatocytes from ER stress and cytotoxicity

To explore whether increased abundance of
GRP94 and/or GRP78 observed in the livers
of mice expressing PCSKOQIS2H affects the
susceptibility of cells to ER stress and
cytotoxicity, HEK293 cells were transfected
with mammalian expression vectors encoding
either human PCSK9WT or PCSK9Q!52H for 48
hours and treated with ER stress-inducing
agents, TM (2 pg/ml) or thapsigargin (TG;
100 nM) for an additional 24 hours. In
response to PCSKO9QIS2H expression, we
observed that HEK293 cells exhibited
reduced expression of ER stress markers,
GRP78, sXBP1, IREla, and ATF6 in
response to ER stress-inducing agents
compared to cells transfected with PCSK9OWT
via real-time PCR (Fig. 4A). Consistent with
HEK?293 cells, a reduction in TG-mediated
ER stress marker expression of
phosphorylated (p)PERK and IRE1a was also
observed at the protein level in HuH7
immortalized human hepatocytes transfected
with PCSKO9QI52H compared to those
transfected with PCSK9WT (Fig. 4B). HepG2
immortalized human hepatocytes transfected
with PCSK9QI52H also exhibited a reduction
in cytotoxicity, both in the absence and in the
presence of TG or TM, compared to those
transfected with PCSK9WT (Fig. 4C). To
confirm that the protective effect of ER-
PCSK9 retention occurred in a manner
dependent on GRP94, the latter experiment
was repeated in HepG2 cells treated with
siRNA targeted against GRP94 (siGRP94).
Following reduced GRP94 expression, ER
PCSK9 retention substantially increased
cytotoxicity compared to cells expressing the
secreted PCSKOWT in the presence or absence
of ER stress-inducing agents (Fig. 4D). In a
reciprocal manner, siRNA-mediated
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knockdown of PCSK9 also contributed to
TG-induced cytotoxicity in HEK293, HepG2
and HuH7 cells (Fig. 4E).

The ability of GRP78 and GRP94 to attenuate
ER stress-induced cytotoxicity was also
examined in HepG2 cells by means of
overexpression using mammalian expression
plasmids (Fig. 4F and G). Consistent with
cells overexpressing PCSKO9QIS2H we
observed that cells overexpressing GRP78 or
GRP94 also were protected against TG- and
TM-induced cell death. Finally, to determine
whether the expression of PCSKO9QI52H
confers general protection against ER stress-
induced cytotoxicity as a result of a misfolded
protein mutant, HepG2 cells were co-
transfected with native secreted WT
vasopressin (VPWT) or an ER-retained VPG17V
mutant that was previously shown to cause
ER stress and cytotoxicity in a variety of cell
lines!725, Consistent with previous studies,
we observed that the retention of VPG!7V in
the ER markedly increased cytotoxicity; an
effect that was attenuated by the co-
expression of ER-retained PCSK9Q!I52H (Fig.
4H), suggesting that PCSK9QI52H could
protect against ER stress induced by another
misfolded protein. These findings were also
confirmed using a TUNEL assay, which stains
damaged DNA resulting from apoptosis (Fig.
41 and J). The expression/inhibition of
proteins of interest in HepG2 cells transfected
with mammalian expression vectors or sSiRNA
was confirmed via immunoblot analysis (Fig.
4K).

ER retention of LDLRG54V, but not
PCSK92152H cquses robust UPR activation,
apoptosis and fibrosis in the livers of Pcsk9--
mice.

Given that GRP78 and GRP94 were
upregulated at the protein and mRNA levels

in mice treated with AAV-hLDLRG344V,  a
result limited to protein level in mice treated
with AAV-hPCSKO9Q!I52H we reasoned that (1)
ER retention of PCSKO9QIS2H increases the
stability of these chaperones via protein-
protein interaction, and that (2) ER retention
of LDLRG54V increases the expression of
these chaperones as a result of an ER stress-
induced increase in mRNA transcript. IHC
staining revealed a marked increase in
pPERK and pIREla in the livers of AAV-
hLDLRG544V-treated mice compared to AAV-
EV (Fig. S6A). Immunoblots also
demonstrated increased expression of UPR
markers pPERK, IREla, sXBP1 and p-elF2a.
in the livers of AAV-hLDLRG544V-treated
mice, compared to controls (Fig. 5A).
Increased expression of UPR markers ATF4,
sXBP1, PERK, CHOP and IREla was also
observed in AAV-hLDLRG544V-treated mice
via real-time PCR (Fig. 5B). In contrast to
mice treated with AAV-hLDLRG544V  those
treated with AAV-hPCSK9QI52H did not
exhibit increased protein or mRNA levels of
these UPR markers, compared to controls.
Misfolded protein aggregates or amyloid
accumulation resulting from ER stress was
also examined via Thioflavin-S staining (Fig.
S6B). Consistent with ER stress marker
expression, an increase in amyloid
accumulation was observed in the livers of
mice treated with AAV-hLDLRG5344V,
compared to other groups. Overall, these
results are consistent with previous tissue
culture studies demonstrating that ER
retention of LDLRG544V causes robust UPR
activation, whereas ER retention of
PCSK9QI52H fails to do s025:35,

To further examine the role of PCSK9 on ER
stress and liver injury, AAV experiments were
repeated in Pcsk9*+ mice (n=5). Interestingly,
in a manner similar to previous reports$.9, the
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expression of ER-retained PCSKO9QI52H
caused the retention of endogenously-
expressed mouse PCSKO9 (Fig. 5C), likely via
oligomerization of ER retained proPCSK95.
We also observed that Pcsk9++ mice treated
with AAV-hLDLRG544V exhibited a marked
reduction in endogenously-expressed
circulating PCSK9 levels compared to AAV-
EV-treated Pcsk9*+ controls. Based on our
previous studies demonstrating that ER stress
causes the retention of PCSK9 within the
ER35, we postulated that ER stress resulting
from of LDLRG544V expression was
antagonizing the secretion PCSK9 from the
livers of these mice. Consistent with this
hypothesis, an increase in hepatic PCSK9
protein was also observed in the livers of
AAV-hLDLRG44V-treated Pcsk9"* mice as
determined by ELISA (Figure 5D).
Importantly, no change was observed in
PCSK9 mRNA transcript levels (Fig. S7),
thus suggesting that increased PCSK9 protein
abundance did not occur as a result of de novo
synthesis. Next, we tested whether the
accumulation of PCSK9 in the ER could
protect against ER stress. Comparison
between AAV-hLDLRG544V-treated Pcsk9--
and Pcsk9+/* mice revealed that the presence
of PCSK9, which had accumulated in the
livers of the AAV-hLDLRG544V-treated
Pcsk9+/+ mice, attenuated the hLDLRG544V-
induced expression of ER stress markers (Fig.
SE). Finally, liver injury in these mice was
assessed via quantification of circulating ALT
activity. Similar to ER stress marker
expression, a marked increase in serum ALT
activity was observed in AAV-hLDLRG544V-
treated mice, but not those treated with AAV-
hPCSKO9QI52H  (Fig. 5F). Furthermore, a
substantial reduction in ALT activity was
observed in AAV-hLDLRG44V-treated Pcsk9+/
+* compared to AAV-hLDLRG544V-treated
Pcsk9-/-mice (Fig. 5G).

In the context of prolonged and/or chronic
UPR activation, the associated apoptosis is an
established contributor to pathology in a
variety of ERSD states2!22. Therefore, we
next examined the expression of pro-
apoptotic markers in livers of AAV-treated
Pcsk9/- mice. Consistent with the observed
UPR activation, increased cleaved caspase-3
staining was observed in the livers of AAV-
hLDLRG544V-treated mice, compared to other
groups (Fig. S8A and B). Additional pro-
apoptotic mediators including PARP, cleaved
(c)PARP, caspases (Casp) and cleaved
caspases (cCasp)-1, -3, -7 and -9 were also
assessed via immunoblot (Fig. S8C) and real-
time PCR (Fig. S8D) and were exclusively
upregulated in the livers of AAV-
hLDLRG544V-treated mice.

In addition to apoptotic cell death, the
complex interplay of cellular events known to
take place during conditions of hepatic ER
stress also includes fibrosis and
inflammation!3.23, As such, the livers of AAV-
treated mice were examined for fibrosis via
staining of picrosirius-red (PSR), a-smooth
muscle actin (a(SMA), and fibronectin (FN1).
The infiltration of CD20-positive
inflammatory macrophages was also assessed
via IHC staining. Similar to the observed
increase in UPR activation and expression of
pro-apoptotic mediators, we observed an
increase in the staining of fibrotic and
inflammatory markers in the livers of AAV-
hLDLRG544V-treated mice compared to
controls (Fig. S9A,B). Heightened expression
of fibrotic markers aSMA, FN1, TGFp, as
well as inflammatory markers CD4, IL6, IL1§3
and TNFa was also observed in this treatment
group via immunoblot (Fig. S9C) and real-
time PCR (Fig. S9D). Collectively, these data
demonstrate that ER retention of misfolded
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proteins, such as the LDLR, can cause severe
hepatic ER stress, as well as liver injury.
Furthermore, these data also imply that
PCSK9 is retained in the ER during
conditions of ER stress in order to attenuate
UPR activation and subsequent liver injury.

NASH patients, but not PCSK92152H-
expressing subjects, exhibit elevated levels of
anti-GRP78 autoantibodies

During conditions of prolonged ER stress,
ER-resident GRP78 can localize to the cell-
surface, where it plays a variety of roles as a
pro-survival signaling molecule with
implications in cancer progression and
atherosclerosis 30-33, Hepatocytes in the livers
of AAV-hLDLRG>44V-treated mice, as well as
hepatocytes in the livers of TM-treated mice,
exhibited increased cell-surface GRP78
expression (Fig. S2). Following the
expression of this neoantigen at the cell-
surface, the immune system can generate
autoantibodies targeted against GRP7830.3.
Because this process is dependent on ER
stress, we utilized circulating anti-GRP78
autoantibodies as a surrogate marker of
systemic ER stress in subjects harboring the
PCSK9QI52H mutation. Interestingly, a modest
but significant increase in autoantibody titres
was observed in patients with NASH; a
progressive form of liver disease in which ER
stress is a well-established and causative
driver!3.23.36. However, individuals expressing
ER-retained PCSKO9QI52H did not exhibit
increased levels of anti-GRP78
autoantibodies (Fig. 6). Overall, these data
demonstrate that ER stress driven liver
disease can increase circulating levels of anti-
GRP78 autoantibodies and suggests that
patients expressing ER-retained PCSK9Q152H
do not exhibit hepatic ER stress.

Discussion

Individuals harboring the LOF PCSK9Q!52H
mutation present with reduced or absent
circulating PCSK9 levels and
hypocholesterolemia due to the synthesis of a
cleavage-resistant form of proPCSK9 that
fails to exit the ER5:3.9. Despite the beneficial
reduction in CVD risk, it is currently
unknown whether the retention and
accumulation of these uncleavable forms of
PCSK9 within the ER leads to a form of
ERSD. Our results demonstrate that hepatic
overexpression of the PCSK9QI52H mutant in
Psck9-- mice does not cause hepatic ER stress
or any detectable liver dysfunction or injury.
Our findings also demonstrate that ER
PCSK9 retention in mice can increase the
protein abundance of GRP78 and GRP94, key
ER chaperones known to protect against ER
stress and liver disease?¢, without affecting
the remainder of UPR signaling cascades.
Similarly, PCSK9Q!52H-expressing subjects
had (i) preserved liver function, including
normal levels of circulating liver enzymes,
and (i1) no increase in circulating anti-GRP78
autoantibody titres, a marker of systemic ER
stress30-33,

Assessment of UPR signaling cascades in this
study also identified the ER-retained
LDLRG544V mutant as a potent inducer of
hepatic ER stress in mouse models; a finding
consistent with cultured human hepatocyte
cell lines34. Although increased protein
abundance of GRP78 and GRP94 was
observed in the livers of AAV-hPCSK9Q!52H
and AAV-hLDLRG544V-treated mice, increased
mRNA levels of these chaperones was
restricted to LDLRG544V-expressing mice.
Conventional UPR activation, including
elevated expression of a breadth of UPR
chaperones at the protein and mRNA
transcript levels, was only observed in the
livers of AAV-hLDLRG#4V-treated and not
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AAV-hPCSK9QI52H-treated mice. Taken
together, these data strongly suggest that by
interacting with GRP78 and GRP94, ER-
resident PCSK9 increases their stability
without affecting their transcriptional status
or inducing UPR activation.

In accordance with these observations,
Pcsk9/- mice exhibited reduced GRP78 and
GRP94 protein levels in response to the ER
stress-inducing HFD compared to Pcsk9++
counterparts. A marked reduction in the
protein abundance of GRP94 was also
observed in the livers of Pcsk9-/- mice fed
NCD compared to controls, suggesting a
strong PCSK9-dependence of hepatic GRP94.
The observed increase in GRP94 expression
in AAV-hPCSK9QI52H-treated mice (8-fold vs.
AAV-EV) compared to that of GRP78 (3-fold
vs AAV-EV) also suggests that the interaction
between PCSK9 and GRP94 exceeds that of
PCSK9 and GRP78.

Given the observed increase in the expression
of GRP78 and GRP94, two chaperones
known to play protective roles against ER
stress and cytotoxicity in a variety of
pathologies, the protective role of
PCSKO9QI52H also became a primary objective
of our study. Accordingly, we observed that
PCSK9QI52H-expressing cultured cells were
protected from pharmacologically-induced
ER stress, as well as cell death resulting from
the retention of an ER-retained VP mutant
that was previously shown to cause ER
stress!7:37.  Although our study provides
evidence of a novel role of intracellular
PCSKD9, it is not the first to identify ER-
resident proteins capable of increasing the
stability of ER chaperones to protect against
ER stress. Previous studies have identified
Bag5 as an ER-resident GRP78 binding
partner capable of increasing its stability and

expression at the protein level in
cardiomyocytes3s. Consistent with our
observations, overexpression of Bag5 reduced
cell death whereas siRNA-mediated
knockdown had the opposite effect. GALNT6
was also identified as an O-type
glycosyltransferase capable of increasing the
protein stability of GRP78 and suppressing
ER stress-induced apoptosis3®.

Given the well-established pro-survival/
protective role of GRP78, it is not surprising
that proteins that increase its stability also
confer protection against ER stress-inducing
stimuli. Similar to GRP78, however,
accumulating evidence now suggests that
GRP94 also plays a significant protective
role041, In support of this, recent evidence
has demonstrated that (a) the knockdown of
GRP94 is embryonic lethal2¢, that (b) GRP9%4
knockout in embryonic stem cells leads to
compensatory changes in UPR signaling/
activationt!, which commonly leads to
increased susceptibility to cytotoxicity43, and
that (c) liver-specific deletion of GRP94 leads
to liver injury and spontaneous hepatocellular
carcinoma in aged mice44. Likewise,
overexpression of these chaperones is also
known to protect against ER stress40:45.

Our previous findings demonstrated that
conditions of ER stress, via pharmacologic
intervention, causes the retention of PCSK9
in the ER of hepatocytes and reduces its
levels in circulation35. Consistent with this
observation, we now report that expression of
LDLRG544V — which causes severe ER stress
and liver injury in Pcsk9’- mice — also
abolished the circulating levels of
endogenously-expressed mouse PCSK9.
Given that hepatic PCSK9 protein levels are
increased in AAV-hLDLRG544V-treated mice
compared to AAV-EV-treated controls, and
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that mRNA transcript levels are not affected,
these data suggest that PCSK9 is being
retained in the livers of these mice as a result
of ER stress. Given the use of a liver-targetted
AAV serotype in our studies, these data are
also consistent with liver-specific Pcsk9
ablation studies demonstrating that circulating
PCSK9 originates almost exclusively from
liver hepatocytes4®. The previously-
documented dominant negative effect of ER-
retained PCSKO9QI2H on secreted levels of
endogenously-expressed mouse wild-type
PCSK9 was also observed in our studiess’.
Finally, in a manner consistent with our
findings in cultured cells, the cellular
retention of PCSK9 in the livers of AAV-
hLDLRG544V-treated Pcsk9** mice caused a
reduction of ER stress marker expression in
comparison to mice expressing the same
LDLR mutant that lack PCSK9 (AAV-
hLDLRG44V-treated Pcsk9--). Collectively,
these results demonstrate that retention of
PCSK9 in hepatocytes during conditions of
ER stress leads to an attenuation of UPR
activation and liver injury.

The clinically approved anti-PCSK9 antibody
therapeutics markedly reduce plasma LDLc in
patients at high-risk of cardiovascular
events?’. Given the impressive efficacy of
PCSKO9 reduction, and the prevalence of the
underlying disease against which it is
targeted, the need for additional PCSK9

inhibitory treatment modalities is well-
justified48-50, Currently, pharmacologic
inhibition of PCSKO9 proteolysis to induce its
retention in the ER has proven to be a major
biochemical challenges!-52. Although PCSK9
auto-endoproteolysis represents the rate-
limiting step of PCSK9 secretion and stands
as a highly sought-after and classical
pharmacologic target, this process follows
exceedingly fast kinetics and is concealed
from pharmacologic agents by two lipid
bilayers0. The appealing nature of low-cost
small molecule inhibitors of PCSKJ9,
however, far exceeds these drawbacks.
Beyond the novel role of proPCSK9 as a
putative co-chaperone of hepatic GRP78 and
GRP94, our findings provide biochemical and
genetic evidence that the inhibition of
proPCSKO9 autocatalytic cleavage in the ER,
may represent a safe and unique approach for
the management of hyperlipidemia as well as
having the added benefit of preventing liver
dysfunction. The experimental findings and
the clinical observations described in this
study suggests that the naturally-occurring
LOF PCSK9QI52H mutant is an important
player in ER stress response. This is the first
example that a single mutation of a human
gene, already beneficial against CVD risk,
may also offer additional protection against a
major group of liver-related diseases>3:34.
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Figure Legends

Figure. 1. Liver function in PCSK9 Q152H-expressing subjects and family controls. (A)
Correlations between age and the circulating liver enzymes lactate dehydrogenase (LDH),
aspartate aminotransferase (AST), alanine aminotransferase (ALT) and gamma-glutamyl
transferase (GGT) for Q152H subjects (-/-,+/-) and (+/+) family controls. Squares represent men,
circles represent women. Homozygous Q152H (-/-) subjects are coloured in red, heterozygous
QI52H (+/-) subjects are half black and family controls (+/+) are in white. Second order
quadratic correlation is shown for the entire cohort. (B) Age, BMI, percent liver fat fraction and
liver volume of Q152H subjects (-/-,¥/-) and non-carrier family subjects (+/+). All data are
presented as mean = s.d.All data were analyzed by unpaired student t-test.

Figure 2. Characterization of PCSK9/LDLR AAV-treated mice. Pcsk9” mice (n=5) were
treated with adeno-associated virus (AAV) encoding empty vector (EV), human (h)PCSK9 wild-

type (WT) and ER-retained variants hPCSK9?'*?" and hLDLR®*V. (A,B) Intracellular PCSK9
expression and retention was assessed via immunohistochemical staining and quantification
using Imagel software. (C) Immunofluorescent staining of PCSK9 and ER marker, PDI, was
also used to visualize ER PCSKO9 retention and expansion (ER area depicted as yellow dotted
line). Secreted PCSK9 levels were examined using human (D) and mouse (E) PCSK9 ELISAs.
(F) Liver expression of immature LDLR (LDLR-i; 100 kDa) and proPCSK9 (75 kDa) was
confirmed via immunoblots. Additional parameters known to be modulated by secreted PCSKO9,
including (G,H) cell-surface hepatic LDLR expression, (I) plasma triglyceride levels and (J)
plasma cholesterol levels, were also examined. Values are represented as mean and error bars as
S.D. *, P<0.05. ANOVA and ¢ test were used for all statistical comparisons. Scale bars, Fig. 1A
and G, 200 um; Fig. 1C, 10 um.

Figure 3. ER retention of PCSK9 increases the stability of UPR chaperones, GRP78 and

GRP%4. (A) The livers of Pcsk9” mice (n=5) treated with adeno-associated virus (AAV)
encoding empty vector (EV), human (h)PCSK9 wild-type (WT) and ER-retained variants
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hPCSK9?'** and hLDLR®***Y were examined for expression of ER-resident chaperones GRP78
and GRP94 via immunohistochemical staining. (B) Relative staining intensities were quantified
using Imagel software. (C,D) GRP78 and GRP94 mRNA protein and mRNA levels were also

assessed using immunoblots and real time PCR. (E,F) Pcsk9” and age-matched Pesk9"™" controls

(n=5) were fed either normal chow diet (NCD) or high-fat diet (HFD) for 12 weeks and
examined for GRP78 and GRP94 expression via immunohistochemical staining and
immunoblots. Values are represented as mean and error bars as S.D. ANOVA and ¢ test were used
for all statistical comparisons. *, P < 0.05. Scale bars, 200 um.

Figure 4. ER PCSK9 retention reduces ER stress-induced cytotoxicity in cultured
immortalized hepatocytes. (A) Hek293 cells were transfected with plasmids encoding either
human PCSK9 wild-type (PCSK9™T) or the ER-retained variant PCSK9?'**" for 48 hours and
subsequently treated with ER stress-inducing agents thapsigargin (TG; 100 nM) or tunicamycin
(TM; 2 ug/ml) for an additional 24 hours. ER stress marker expression was assessed via real-
time PCR. (B) The expression of ER stress markers pPERK, IREla and GRP94 were also

assessed in HuH7 immortalized hepatocytes transfected with either PCSK9O™T or PCSK9?"** in
the presence and absence of TG using immunoblots. Cytotoxicity was examined in PCSK9-
transfected HepG2 cells in the absence (C) or in the presence (D) of siRNA targeted against
GRPY9%4 (siGRP94) using a Lactate dehydrogenase (LDH) assay. (E) Cytotoxicity was also
examined in Hek293, HuH7 and HepG2 cells transfected with siRNA targeted against PCSK9
(siPCSKDY) in the presence and absence of TG. (F,G) The effect of increased GRP78 and GRP94
expression on cytotoxicity caused by ER stress-inducing agents, thapsigargin (TG; 100nM) and
tunicamycin (TM; 2 png/ml) was also examined. (H) LDH assays were carried out in HepG2 cells
co-transfected with wild-type arginine-vasopressin (VP) or a naturally occurring variant known

to cause ER stress and cytotoxicity (VPS'7V; 23) in the presence or absence of ER-retained
PCSK9?"?" (L J) These findings were confirmed via staining of apoptotic DNA damage using a
TUNEL assay. (K) Effective transfection in HepG2 cells was confirmed using immunoblots.

Values are represented as mean and error bars as S.D. *, P < 0.05 . ANOVA and ¢ test were used
for all statistical comparisons. Scale bars; 200 um.

Figure 5. ER retention of LDLR%*, but not PCSK9?'52!, causes a robust UPR activation

in liver. (A,B) The livers of Pcsk9” mice (n=5) treated with adeno-associated virus (AAV)
encoding empty vector (EV), human (h)PCSK9 wild-type (WT) and ER-retained variants
hPCSK 9?9 and hLDLR%*" were examined for expression of UPR markers pPERK, IREla,
sXBP1, pelF2a, ATF4 and CHOP via immunoblotting and real-time PCR. (C,D) Serum and
hepatic PCSKO9 levels were examined in Pcsk9"* mice treated with AAV encoding either ER,
hPCSK9QI52H or hLDLRG544V. (E) ER stress marker expression in the livers of Pcsk9--
expressing hLDLRG544V  were compared to Pcsk9"" mice expressing hLDLRG44V via
immunoblotting. (F,G) Liver injury was examined in these mice via quantification of serum ALT
activity. Values are represented as mean and error bars as S.D. *, P < 0.05. ANOVA and ¢ test
were used for all statistical comparisons.
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Fig. 6. Anti-GRP78 autoantibody titres in the plasma of Q152H subjects and non-carrier
family controls. ELISAs were used to measure plasma levels of anti-GRP78 autoantibodies in
patients with NASH; a progressive form of liver disease, in which ER stress is an established
driver. Anti-GRP78 autoantibodies were next examined in the plasma of PCSK9Q!52H-expressing
subjects (-/-,+/-) and non-carrier family siblings (+/+). Values are represented as mean and error
bars as S.D. *, P <0.05. #-tests were used for all statistical comparisons.
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Lebeau et al., 2019. Figure 6.
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Online Methods and Supplementary Information

The hypocholesterolemic loss-of-function PCSK9 Q152H mutation protects against liver
injury/dysfunction by enhancing ER chaperone stabilization

Human studies

Samples were collected after participants
were fasted 12h and had abstained from
consuming alcohol for 48h. Plasma samples
were separated by ultracentrifugation;
aliquoted and stored at -80 C. Standard assays
of plasma biochemistry were performed by a
certified private laboratory (Biron Health
Group, Quebec, Canada).

Liver MRI

Magnetic resonance imaging (MRI) was
performed on a 3T system (Magnetom Skyra;
Siemens, Erlangen, Germany). Three-
dimensional (3D) dual-echo spoiled gradient-
recalled echo (VIBE) phase-sensitive two-
point Dixon sequences were acquired for
separation of whole-body water and fat. Two-
dimensional (2D) multi-echo spoiled
gradient-recalled echo sequences with seven-
echo readout were acquired during a single
breath-hold to cover the entire liver for
calculation of fat fraction along a dynamic
scale from 0 to 50% (34-37).

Mouse studies and AAV administration

Mouse AAV injections in male Pcsk9-/- (n=5)
mice on the C57BL/6J background and in
Pcsk9+* on the C57BL/6J background (n=5)
were conducted at Amgen Inc. and were
approved by Amgen Institutional Animal Care
and use Committee (IACUC). Mice had
access to water and NCD ad libitum and were
maintained in rooms with 12-hour light/dark
cycles. Mice were injected with AAV at 6

weeks of age and killed at 12 weeks of age.
The four AAV treatment groups included
AAV-hPCSKI9WT, AAV-hPCSK9QI52H A AV-
hLDLRG544V and AAV-EV control.

Mouse studies involving the feeding of HFD
were carried out at McMaster University and
performed in strict accordance with the
McMaster University animal ethics
guidelines. Male Pcsk9-- mice on a C57BL/
6J background and age-matched C57BL/6J
Pcsk9*+ controls (n=5; Jackson Laboratories)
were started on either HFD, or NCD control,
at 6 weeks of age for the duration of 12
weeks. These mice were also housed in rooms
with 12-hour light/dark cycles.

AAV vector generation

PCSK9 and LDLR mutant cDNA were
inserted between a bovine growth hormone
poly A and an elongation factor la promoter.
A mammalian expression cassette was
subsequently inserted and flanked by inverted
terminal repeats of AAV. Human embryonic
kidney-293 T cells were then transfected with
the resulting construct and recombinant AAV
was collected, as described previously>s.
Briefly, 8 x 108 cells were lysed in 8 ml of
serum-free DMEM through 3 rounds of
freeze/thaw. AAV-containing lysate was then
treated and loaded onto AVB Sepharose
columns. Following elution with pH 3.0
glycine HCI, acidic pH was promptly
neutralized with 1M tris-HCl and dialyzed
using phosphate-buffered saline (PBS)
containing 1 mM MgCl, and 2.5 mM KCL

163



Slid-A-Lyzer Concentration Solution
(Thermofisher Scientific) was then used to
concentrate the isolated AAV in the dialysis
cassette. The QuickTiter AAV Quantification
Kit (Cell Biolabs Inc.) was then used to titer
and quantify purified AAV particles.

Cell culture, treatments and transfections
HepG2 cells were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco,
Thermofisher Scientific) supplemented with
10% (v/v) fetal bovine serum (FBS; Sigma-
Aldrich) and 50 U/ml of penicillin and
streptomycin (Sigma-Aldrich). Cells were
seeded in 6-well cell culture dishes to a
confluence of 60% and transfected 24 hours
later. Transfection cocktail consisted of 1 pug
DNA:3 ul X-tremeGENE HP DNA reagent
(Sigma-Aldrich): 100 ul Opti-MEM (Gibco,
Thermofisher Scientific) per well of cells
containing 1 ml complete DMEM. The cDNA
of human PCSK9 and its mutant, Q152H, was
cloned into pIRES-EGFP (Clontech) and a
V5-tag was inserted between the N-terminal
signal peptide (residues 1-30) and the start of
the prosegment, as described (7). Human
GRP78 cDNA was cloned into pcDNA3.1.
siRNA targeted against GRP94 (SMARTpool
siGenome HSP90B1) and PCSK9
(SMARTpool siGenome PCSK9) were
purchased from Dharmacon and transfected
by using RNAiMAX (Thermofisher
Scientific). Cells were incubated in
transfection cocktail for 24 hours and media
was subsequently replaced with fresh DMEM
containing 1% FBS for an additional 48 hours
prior to lysis or assessment of cytotoxicity
with lactate dehydrogenase (LDH) assays.
For assessment of ER stress and/or ER stress-
induced cytotoxicity, cells were treated with
either vehicle (containing equimolar DMSO),
thapsigargin (300 nM) or tunicamycin (2 pg/
ml) 24 hours prior to lysis.

Immunoblots and quantification

Small fragments of mouse liver (~0.05g) were
lysed in SDS-containing buffer and
normalized to total protein before being
electrophoretically resolved on
polyacrylamide gels. Resolved proteins were
then transferred to nitrocellulose membranes,
blocked in skim milk and exposed to primary
antibodies overnight (18 hours) on a rocker at
4 °C. Unbound primary antibodies were
subsequently removed via tris-buffered saline
(TBS) washes. Immunoblots were then
incubated in HRP-conjugated secondary
antibodies and developed by using
chemiluminescent reagent (Froggabio) and
quantified by using a BioRad Imaging system
with immunoblots reprobed against B-actin or
GAPDH. See Table 1 for a list of antibodies
used for immunoblots.

Real-time PCR

Liver RNA was collected by using RNeasy
mini kits (Qiagen) and normalized to 2 pg
before being reverse-transcribed to cDNA by
using SuperScript Vilo cDNA synthesis kit
(Life Technologies). The viia7 system
(Thermofisher Scientific) in conjunction with
FAST SYBR Green (Life Technologies) was
used for quantitative real-time PCR
assessment of mRNA species in each sample
(see Table 2 for a list of primers used).

LDH and TUNEL assays in cultured cells

Transfected cells were incubated in DMEM
containing 1% FBS 24 hours prior to LDH
cytotoxicity assays. Assay was carried out as
per manufacturer’s instructions (Roche).
TUNEL staining of apoptotic nuclei in
transfected HuH?7 cells was also carried out as
per manufacturer’s instructions (Trevigen).
Briefly, HuH7 cells were fixed in
paraformaldehyde and permeabilized in TBS
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containing 0.02% Triton-X. Cell were then
incubated with the TDT-labelling enzyme at
37 °C for one hour, which biotinylates
damaged DNA, and subsequently incubated
in 594-labelled streptavidin. Cells were
visualized in a fluorescent microscope
(EVOS, Life Technologies) and quantified by
using ImagelJ Software (NIH).

Quantitative assessment of plasma ALT
activity, triglycerides/cholesterol levels and
circulating PCSK9

Examination of plasma ALT (Cayman
Chemical), triglyceride (Wako Dignostics)
and cholesterol (Wako Dignostics) was
carried by using colorimetric assays and
serum/hepatic PCSK9 levels via ELISAs (R
and D Systems).

Quantification of serum GRP78
autoantibodies

Autoantibodies were detected using ELISAs,
as described previously33. Briefly, 96-well
plates coated with a KLH-conjugated GRP78-
specific peptide (CNVSKDSC) were blocked
in PBS-Tween containing 3% BSA. Serum
samples diluted 1:100 were added to the
plates and incubated for 18h. Excess sample
was then removed via washing and the plate
was subsequently exposed to alkaline
phosphatase-conjugated anti-human IgG and
developed using alkaline phosphatase
substrate at a wavelength of 405 nm using a
spectrophotometer (Molecular Devices).

IHC and immunofluorescent staining of
paraffin-embedded tissue

IHC was conducted as described
previously25:35. Briefly, 4 um thick paraftin-
embedded mouse liver or adipose tissue
sections were stained with primary antibodies
overnight (18 hours). Sections were then
stained with biotinylated secondary
antibodies and streptavidin-HRP. Exposure to
NovaRED peroxidase kit for five minutes or
less then permitted for the visualization of
analyte antibody complexes. Thioflavin-S
staining was also carried out in paraffin-
embedded tissues. Following
deparaffinization, sections were exposed to a
1% filtered aqueous solution of Thioflavin-S
(Sigma-Aldrich) for 10 minutes and
subsequently washed in 80% ethanol. Slides
were mounted in aqueous mount and imaged
immediately to avoid photobleaching. All
images were taken with a high-powered light
microscope and processed and/or quantified
by using Image] software. For quantification
purposes, several images were taken from the
livers of each mouse by using a 20x objective
and staining intensity measured with a fixed
pixel-density threshold between groups. See
Table 1 for a list of antibodies used for IHC.

Statistics

All values are expressed as mean with error
bars expressed as SD. Statistical analysis for
two-group comparisons were done by using
the unpaired Student’s #-test and comparisons
involving multiple groups by using one-way
ANOVA. Differences between groups were
considered significant at P < 0.05.
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Supplementary Figure Legends

Fig. S1. Liver-expressed LDLR®**" fails to be expressed at the cell surface. The expression
and cellular localization of the human isoform of AAV-expressed LDLR®***" was examined in

the livers of Pcsk9” mice (n=5) and compared to wild-type mouse LDLR using two different
antibodies targeted against human and mouse LDLR, respectively. Scale bars; 50 um.

Fig. S2. ER PCSKD9 retention increases the abundance of hepatic chaperones containing the
KDEL ER-localization peptide. The expression of ER-localized chaperones containing the
KDEL sequence was assessed in Pcsk9”™ mice (n=5) treated AAVs encoding either empty vector
(EV), wild-type (WT) secreted PCSK9 or the ER-retained variants PCSK9?'**" and LDLR®***Y

via immunohistochemical staining. Values are represented as mean and error bars as S.D. Scale
bars; 200 pm.

Fig. S3. ER PCSKD9 retention induces ER expansion but fails to promote cell-surface
localization of GRP78. The livers of Pcsk9” mice (n=5) treated with AAVs encoding human
wild-type PCSK9 (PCSKO™"), as well as two variants that fail to exit the ER, PCSK9?'**" and

LDLR%*V were examined for cellular localization of GRP78 via immunohistochemical
staining. The livers of tunicamycin (TM)-treated Pcsk9™* mice served as positive controls for ER

stress-induced cell-surface localization of GRP78. Scale bars; 50 um.

Fig. S4. ER-retained PCSKD9 interacts directly with GRP78 and GRP94. The interaction
between ER-resident PCSK9 and chaperones GRP78 and GRP94 was assessed via
immunoprecipitation of human (h)PCSK9 from the livers mice treated with either AAV-hPCSK9
wild-type (PCSK9™") or ER-retained variant AAV-hPCSK9?'*?" Additional immunoblots of
input lysates for GRP94 and GRP78 confirm the increased abundance of these chaperones in the
livers of PCSK9?"*! AAV-treated mice; B-actin serves as a control for immunoblot loading. (B)
The interaction between GRP78/GRP94 and PCSK9 was further examined via analysis of LDLR
activity; a well-established target of secreted PCSK9 (23). shRNA control or PCSK9 shRNA
knockdown HepG2 cells were transfected with mammalian expression vectors encoding either
GRP78 or GRP94. The uptake and accumulation of exogenously added fluorescently-labelled
Dil-LDL was examined using a fluorescent spectrophotometer (Molecular Devices). Values are
represented as mean and error bars as S.D. *, P < 0.05 vs. Control shRNA. ANOVA and ¢ test
were used for all statistical comparisons.

Fig. S5. Pcsk9”™ mice exhibit reduced GRP78 and GRP94 expression in response to diet-
induced ER stress. (A) Hepatic GRP78 and GRP94 protein levels in Pcsk9” and age-matched

Pcsk9™ controls fed either high-fat diet (HFD, n=5) or normal control diet (NCD, n=5) from 6
weeks of age to 18 weeks of age were assessed by immunohistochemical staining and quantified
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using ImageJ Software. (B) Hepatic GRP78 and GRP94 mRNA expression was also examined
via real time PCR. *, P <(0.05. ANOVA and ¢ test were used for all statistical comparisons.

Fig. S6. Expression of hLDLRG54 induces the expression of ER stress markers, pPERK and
PIREla, as well as amyloid accumulation in the livers of mice. The livers of Pcsk9”™ mice
(n=5) treated with AAV's encoding human wild-type PCSK9 (PCSK9™"), as well as two variants

that fail to exit the ER, PCSK9?'**" and LDLR“***V, were examined for the expression of ER
stress markers pPERK and pIREla via IHC. IHC staining intensities were quantified using
Imagel Software. (B) Misfolded protein amyloid was also examined in the livers of these mice
via thioflavin-S staining. Values are expressed as the mean and error bars as SD. *, P < 0.05.
ANOVA and ¢ test were used for all statistical comparisons. Scale bars, 200 um.

Fig. S7. The expression of hLDLRG54V does not affect de novo PCSK9 expression. PCSK9
mRNA transcript in the livers of mice treated with AAV-EV and AAV-hLDLRG544V was assessed
via real-time PCR. Values are expressed as the mean and error bars as SD. *, P < 0.05. The ¢ test
was used for statistical comparison.

Fig. S8. ER retention of two protein variants, LDLR®**Y and PCSK9?"3?H, differentially

affects apoptosis. (A,B) The livers of Pcsk9” mice (n=5) treated with adeno-associated virus
(AAV) encoding empty vector (EV), human (h)PCSK9 wild-type (WT) and ER-retained variants

hPCSK9?** and hLDLR®*V were examined for expression of cleaved (c)Caspase-3 via
immunohistochemical staining, which was quantified using ImagelJ software. (C,D) Additional
pro-apoptotic markers including, PARP, cleaved PARP (cPARP), caspase 1 (CASP1), caspase 3
(CASP3), caspase 7 (CASP7), cleaved caspase-3 (cCasp-3), cleaved caspase-7 (cCasp7) and
PUMA were also examined using immunoblots and real-time PCR. (E) Liver toxicity was
assessed via measurement of plasma alanine transaminase (ALT) activity. Values are represented
as mean and error bars as S.D. *, P < 0.05. ANOVA and ¢ test were used for all statistical
comparisons. Scale bars; 50 pm.

Fig. S9. ER retention of LDLR®***V promotes fibrosis and increases the abundance of

CD20-positive inflammatory macrophages. (A) The livers of Pcsk9” mice (n=5) treated with
adeno-associated virus (AAV) encoding empty vector (EV), human (h)PCSK9 wild-type (WT)
and ER-retained variants hPCSK9?"**"" and hLDLR%**V were examined for fibrotic collagen
deposition using picrosirius-red (PSR) staining. Immunohistochemical staining was used to
assesses hepatic deposition of a-smooth muscle actin (aSMA) and fibronectin (FN1) and
infiltration of CD20-positive inflammatory macrophages. (B) Staining was quantified using
Image] software. (C,D) Additional pro-fibrotic markers, including aSMA, FN1 and TGFp, as
well as pro-inflammatory markers including CD4, IL6, IL1p were examined using immunoblots
and real-time PCR. Values are represented as mean and error bars as S.D. *, P < 0.05 vs. EV.
ANOVA and ¢ test were used for all statistical comparisons. Scale bars; 200 pm.
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Lebeau et al., 2019. Supplemental Figure 1.
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Lebeau et al., 2019. Supplemental Figure 2.
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Lebeau et al., 2019. Supplemental Figure 3.
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Lebeau et al., 2019. Supplemental Figure 4.
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Lebeau et al., 2019. Supplemental Figure 5.
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Lebeau et al., 2019. Supplemental Figure 6.
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Lebeau et al., 2019. Supplemental Figure 8.
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Lebeau et al., 2019. Figure 9.
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Chapter 7: Discussion

The identification of PCSK9 as a liver-secreted factor with a prominent affinity for LDLR
degradation firmly positioned PCSK9 as a target for the management of LDL cholesterol levels
[214]. Given the clinical importance of this discovery, much about PCSK9 biology had been
characterized from the time of its original discovery in 2003 to the time my doctoral studies had
begun in 2016. There remained important gaps, however, pertaining to the regulation of PCSK9
levels in the blood by the liver; the tissue from which the circulating pool of PCSK9 almost
exclusively originates [63]. ER stress, a fundamental cellular process known to occur in the
livers of patients with a variety of metabolic diseases, was known to activate the transcription
factor that regulates PCSK9 expression [211]. Because metabolic disease and CVD commonly
present in patients as comorbidities [215], this hypothesis and newly gained insight provided our
research group with the opportunity to shed light on the possible link between PCSK9 and ER
stress in the context of cardiometabolic disease. Lastly, the identification of ER-retained variants
of PCSK9 in hypocholesterolemic patients left many inconsistencies with our current
understanding of ER stress biology [55]. As the retention of mutant and misfolded proteins is
known to cause ER stress and disease [213], the healthy state of patients harboring the PCSK9
Q152H mutation posed several unanswered questions.

Assessment of our first hypothesis led to the observation that SREBP2 was activated by
ER Ca?* depletion. Interestingly, our in vitro models also demonstrated that other types of ER
stress did not activate this transcription factor [140]. In contrast to intracellular expression levels,

cultured hepatocyte cell lines and mice treated with ER stress-inducing agents exhibited a
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reduction in the secreted levels of PCSK9. Additional studies were then carried out to identify
the cellular compartment in which PCSK9 was being retained in hepatocytes. Not surprisingly,
ER stress was causing the retention of PCSK9 in the ER. Because these conditions were also
associated with increased hepatic LDLR expression and reduced circulating LDL cholesterol
levels, these data supported ER PCSKO9 retention as a viable strategy for LDL lowering [140]. As
a deleterious cellular process, however, mechanisms other than ER stress would have be utilized
to block PCSK9 secretion from hepatocytes in a clinical setting. Since the completion of this
research project in 2017, other research groups have also confirmed ER Ca2?* as a strong
regulator of cholesterol regulatory genes [216]. Furthermore, in striking consistency with our
animal studies, a recent study has also demonstrated that patients with ER stress-inducing
glycosylation disorders exhibit increased LDLR expression as well as low circulating LDL
cholesterol levels [217].

In line with our initial findings, further studies led to the discovery that agents known to
increase ER Ca2* levels potently blocked SREBP2 activation and de novo PCSK9 expression. As
expected, this result was also accompanied by a reduction in secreted PCSK9 levels.
Interestingly, although a variety of agents that are known to affect ER Ca2* levels were tested for
PCSKO9 inhibition, caffeine was among the first compounds examined. As an agent capable of
increasing ER Ca2* levels, its ability to attenuate ER stress in hepatocytes was also confirmed.
The association between caffeine and/or coffee consumption and CVD risk had been intensively
studied for several decades at the time of our studies [218, 219]. Although such correlations can

be difficult to discern due to the large variety of confounding variables in patient populations,
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recent meta-analyses support a net protective effect of caffeine on CVD risk [218, 220]. The
mechanism by which this process occurs, however, remains poorly understood.

Pharmacologic ER stress in hepatocytes, using agents such as TM and TG, caused a
reduction in PCSK9 secretion. Likewise, we demonstrated that caffeine protects against ER
stress and also blocks PCSK9 secretion from hepatocytes. Clearly, these data suggest that ER
stress, per se, encompasses too many intricate signaling cascades to serve as a viable model/
mechanism to account for changes in PCSK9 secretory status. Ca?* signaling within the cell,
however, a process heavily associated with ER function, stood out as a potent regulator of
PCSKD9 biology and also accounted for the differences between our observations. Utilizing this
model, a number of additional agents that were not previously known to affect genes associated
with CVD, were identified as regulators of PCSK9 expression and secretion. Additional studies
also led to the observation that caffeine increased cell-surface hepatic LDLR expression and
reduced LDL cholesterol levels in a PCSK9-dependent manner. Overall, these data suggested
that PCSK9 inhibition may represent a molecular mechanism to explain the cardioprotective
effect of caffeine consumption.

Although previous studies had demonstrated that conditions of ER stress can cause
activation of the SREBPs and subsequent intracellular lipid accumulation as a result of de novo
lipogenesis, the mechanism by which this process occurred also remained obscure. Previous
evidence suggested that (1) ER stress-induced activation of the SREBPs required S1/2P [211]
and that, (2) attenuation of ER stress via overexpressing GRP78 could block SREBP activation
[210]. Upon further assessment of the mechanism by which caffeine blocked SREBP2 activation

in our studies, we observed that heightened ER Ca?* levels increased the abundance of the ER
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resident form of SREBP2 and reduced its nuclear/active form. Immunoprecipitation studies
revealed that caffeine, and other agents that increased ER Ca?* levels, enhanced the ability of
GRP78 to sequester pre-mature SREBP2 in the ER. This finding is consistent with previous
studies demonstrating the Ca2* is required for GRP78 to form interactions with, and properly
fold nascent polypeptides [221]. In contrast, ER Ca2* depletion via TG treatment reduced the
frequency of the interaction taking place between GRP78 and SREBP2, resulting in increased
nuclear abundance of SREBP2. Overall, during the course of our studies examining the effect of
caffeine and other ER Ca?* modulating agents on the expression of genes associated with CVD,
many interesting observation were made. The mechanism by which cafteine and other xanthine-
derived compounds increase ER Ca?* levels, however, is not yet clear. Interestingly, a recent
study demonstrated that caffeine intercalates into the ER lumen and acts as a Ca2?* chelator to
increase its levels in this cellular compartment [222]. Although these data suggest that caffeine
could increase ER CaZ* levels in a similar manner as Ca2*-binding chaperones of the ER, further
studies are needed to elucidate these findings in hepatocytes.

Beyond our studies examining the effects of pharmacologic agents that enhance or impair
the ER environment, our next aim was to assess the effect of a naturally occurring form of
hepatic ER stress on PCSK9 expression and secretion. ER stress is a common observation and
well-established driver of liver disease in patients with NAFLD and NASH [186]. Similar to the
available literature on the topic of caffeine and its impact on CVD risk, accumulating evidence
now suggests that liver disease also correlates with CVD risk [223]; albeit as a driver of disease
and not as a protective agent. Also similar was the apparent lack of mechanistic evidence

supporting its association with CVD in patient cohorts. Strikingly, two independent studies have
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now demonstrated that liver steatosis grade correlates positively with circulating PCSK9 levels
[212, 224]. Given the role of ER stress in liver disease progression, and in the regulation of
PCSK9 expression/secretion, a number of in vivo experiments were carried out with the goal of
(a) characterizing the mechanism by which this process occurred and (b) to determine whether
the observed change in PCSK9 levels affected hepatic cell-surface LDLR and circulating LDL
cholesterol levels.

Consistent with findings in patients, our studies revealed that mice exposed to a HFD for
12 weeks exhibited a significant increase in circulating, as well as hepatic PCSK9 protein levels
[225]. Importantly, PCSK9 and SREBP2 mRNA levels were also elevated, suggesting that
heightened PCSK9 protein abundance occurred as a result of SREBP2-driven de novo synthesis.
In vitro studies, in which cultured HepG2 and primary human hepatocytes treated with the
saturated fatty acid, palmitate, yielded similar findings. Interestingly, the HFD as well as
palmitate reduced cell-surface LDLR expression, despite increasing the abundance of its mRNA
transcript levels. These findings, however, are consistent with several other studies in which
SREBP2 activation correlates positively with circulating PCSK9 levels and inversely with cell-
surface LDLR levels [226, 227]. Although the exact mechanism behind this observation is not
yet confirmed, one possibility is that the short PCSK9 half-life renders the circulating pool of
this protein dependent on replenishment via de novo synthesis. In contrast, with a half-life of 12
hours, cell-surface LDLR is perhaps more dependent on factors that affect its stability at the cell
surface, such as PCSK9. Although numerous studies are consistent with this hypothesis, there
remains a well-known example in which it does not hold true. Statins activate SREBP2 to

increase LDLR expression and reduce circulating LDL cholesterol levels. To activate SREBP2,
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however, this class of compounds antagonizes HMGR, thereby reducing intracellular cholesterol
levels [72]; as a downstream product of SREBP2 activity, statin-induced PCSK9 expression was
thought to represent an inefficiency of this mechanism of action. Until recently, this created a
paradox because statins are well-known to reduce circulating LDL cholesterol levels [228].
Importantly, it has now been demonstrated that under such circumstances, statins antagonize a
GOF phosphorylation on PCSK9 by the Fam20 kinase. As a result, statins increase the
expression of PCSKO9, but it represents a LOF form PCSK9 with diminished efficacy for LDLR
inhibition [229].

An interesting inconsistency in the observations made during the course of our studies
was the ability of the HFD and palmitate to increase PCSK9 secretion from hepatocytes, whereas
other ER stress-inducing agents reduced its levels. Given that intracellular lipid dysregulation is
well-known to cause ER stress via ER Ca2t depletion [188], however, it is not surprising that the
HFD and palmitate increased intracellular PCSK9 expression. Differences in the secretory status
of the protein between these treatments may have occurred due to a variety of reasons. First,
although we have characterized PCSK9 as an ER stress-inducible gene [140], PCSK9 is also a
lipid-responsive gene [70, 230]. Because palmitate is simultaneously a lipid that induces ER
stress, it becomes difficult to discern which aspect of this form of stimulus has a greater effect on
PCSK9 biology. Answering this question would require additional studies characterizing the
precise mechanism by which conventional, or pharmacologic, ER stress induces the cellular
retention of PCSK9. A possibility that has not yet been confirmed stems from the apparent
increase in ER PCSK9 abundance during conditions of ER stress. Given that we, as well as

others, have demonstrated that PCSK9 can interact directly with chaperones, such as GRP78 and
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GRP94, the possibility that PCSKO9 is being retained as a result of direct interaction with these
chaperones during conditions of ER stress is likely. As strong inducers of ER stress,
pharmacologic agents such as TG and TM, may increase ER chaperone abundance to a
significantly greater extent than the HFD or palmitate. Heightened chaperone expression as a
result of TG or TM treatment relative to lipid-induced ER stress, which only modestly increases
chaperone abundance, may contribute to the net reduction in secreted PCSK9 levels via
increased sequestration in the ER. Overall, ER stress in the lipid-laden liver increases PCSK9
expression and secretion whereas pharmacologically-induced severe ER stress also increases its
expression but causes its retention. Perhaps, increased PCSK9 secretion during conditions of
diet-induced hepatic steatosis represents a protective negative feedback loop to prevent further
lipid uptake and liver injury, however, additional studies are required to confirm this reasoning.
Additionally, although the retention of PCSK9 during conditions of severe ER stress may be a
coincidental event, it is also possible that PCSK9 serves a purpose in this compartment under
such conditions.

The retention of misfolded proteins in the ER is the underlaying cause of ER stress.
Heritable mutations that lead to the production of misfolded protein are also known to contribute
to a variety of human diseases. Not all proteins that are retained in the ER, however, cause ER
stress and disease. The overexpression of ER-resident chaperones, such as GRP78 and GRP94
for instance, is well-known to alleviate ER stress and protect against metabolic disease [136,
231-233]. Likewise liver-specific knockout of these chaperones was shown to cause liver injury,
metabolic abnormalities and hepatocellular carcinoma [234, 235]. Interestingly, the data

accumulated during the course of my studies suggest that certain characteristics of intracellular
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PCSKO9 parallel those of ER chaperones. Although PCSK9 knockout mice have not been shown
to develop severe phenotypes like those deficient in chaperones, our studies suggest that several
similarities exist between these mice. Consistent with chaperone deficient mice, PCSK9
knockout mice exhibit increased activation of UPR signaling cascades and liver injury in
response to the ER stress-inducing HFD (Lebeau and Austin, unpublished data) and the
methionine/choline deficient diet compared to controls (Lebeau and Austin, unpublished data).
Increased UPR activation and liver injury is also observed in the livers of PCSK9 KO mice 72
hours post TM treatment compared to controls (Lebeau and Austin, unpublished data).
Collectively, experiments in which PCSK9 knockout mice are challenged with ER stress-
inducing stimuli demonstrate that intracellular PCSKO9 plays a role in ER homeostasis.

The apparent lack of UPR activation in cultured hepatocytes overexpressing ER-retained
LOF PCSKO variants was among our first clues as to the potential role of PCSK9 in ER function
[236]. Additional studies led to the observation that prolonged overexpression of ER-retained
PCSKO9 increased the abundance of the chaperones, GRP78 and GRP94 at the protein level, but
did not affect their mRNA transcript abundance. Furthermore, cultured hepatocytes
overexpressing ER-retained PCSK9 were protected from ER stress and cytotoxicity in a manner
dependent on these chaperones. In contrast, overexpression of ER retained PCSK9 Q152H in
cells treated with siRNA targeted against GRP94, induced ER stress and cytotoxicity. Overall,
these data as well as those characterizing the physical interaction taking place between PCSK9
and GRP78/GRP9Y94, strongly suggest that ER-resident PCSK9 increases the stability of these
chaperones; which in turn, confers protection against ER stress. This notion is also supported by

in vivo studies in which overexpression of ER retained PCSK9 Q152H increased the protein

184



abundance of GRP78 and GRP94, but did not affect the expression of UPR transducers, ATF6,
IREla or PERK. In contrast, overexpression of the ER-retained LDLR G544V variant caused
marked ER stress, characterized by increased expression of a variety of ER stress markers at the
mRNA and protein level. Interestingly, expression of the LDLR G544V abolished secreted
PCSKO levels. These findings were consistent with our previous studies in which ER stress was
causing the retention of PCSK9 in the ER. In follow up studies, we observed that PCSK9-
expressing wild-type mice exhibited less ER stress than PCSK9 knockout counterparts in
response to LDLR G544V. These findings are also in line with our observations in PCSK9
knockout mice treated with ER stress-inducing stimuli. The deficiency of GRP78/GRP94 in the
PCSK9 knockout mice likely reduces protein folding capacity of the ER and increases their
susceptibility to ER stress and liver injury.

In conclusion, the studies conducted during my doctoral studies characterized an array of
regulatory processes and molecular mechanisms that affect the biology of PCSK9 and LDL
cholesterol metabolism. As a secretory protein, we have identified that the transit of PCSK9
through the ER represents a major regulator of its secretion during conditions of stress.
Furthermore, ER stress and ER Ca?* homeostasis can regulate PCSK9 expression at the mRNA
level via GRP78-mediated sequestration of its transcription factor, SREBP2. Additional studies
in this area of research may uncover agents, such as caffeine and/or its derivatives, that may
potently increase ER Ca2* levels to simultaneous protect against hepatic ER stress, as well as
block PCSK9-mediated CVD risk. Further studies are also required to identify the exact
mechanism by which caffeine and its derivatives increase ER Ca2* levels. The discovery that

hepatic ER stress contributes to elevated circulating PCSK9 levels in models of diet-induced
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NAFLD and that such PCSKO levels also increase LDL cholesterol levels may prove beneficial
in the years to come. Pharmacologic agents that block ER stress signaling cascades could be
utilized to reduce the hepatic burden on CVD risk, as well as attenuate ER stress-driven liver
disease progression in patients with cardiometabolic disease. Finally, despite the abundance of
evidence suggesting that ER protein retention can lead to chronic ER stress, we have clearly
demonstrated that hepatic PCSK9 retention fails to yield this outcome. Our studies in this area
have demonstrated that ER-resident PCSK9 interacts directly with GRP94, and that in the
absence of this chaperone can cause ER stress in hepatocytes. Consistent with these findings,
expression of the ER-retained PCSK9 Q152H mutant also failed to cause ER stress in mice or in
human subjects harbouring the mutation. Strikingly, by increasing the abundance of ER stress
response chaperones, we observed that ER-retained PCSK9 protected against ER stress in mice
rather than induce it. These final data suggest that causing the ER retention of PCSK9 may
simultaneously reduce LDL cholesterol and CVD risk while protecting against ER stress driven
liver disease and injury. The identification of small molecules capable of inhibiting PCSK9
synthesis, processing and/or secretion from the ER is a major objective of future studies in the

Austin Laboratory.
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Chapter 8: Overall Contribution and Future Directions

In the field of molecular biology and genetics, when a new protein is described as being a
contributor of a certain disease state, the majority of research efforts are aimed at identifying
ways to block it’s activity. In the case of PCSK9 and its ability to enhance the degradation of the
LDLR and contribute to a disease widely known as the leading cause of death worldwide, it was
no different. To date, inhibitory strategies that have been successful in pre-clinical models
include (a) clustered regularly interspaced short palindromic repeats, (b) siRNA, (c) translation
inhibitors (PF-06446846), (d) adnectins, (¢) ABD-fused anticalin, (f) mAbs against the CHRD of
PCSKD9, (g) mAbs against EGFa-binding domain of PCSK9, (h) vaccines and (e) sdAbs. As is
the case with any therapeutic, however, many of these strategies are limited in the clinical space
due to undesired off-target effects or high cost. Although siRNAs and vaccines have been shown
to markedly reduce circulating LDL cholesterol levels, FDA/Health Canada approval has only
been granted to mAbs against the EGFa-binding domain of PCSK9 [85].

The original intent on PCSK9 research in the Austin Laboratory was not necessarily to
follow this research paradigm. Over the course of several research projects, however, ER Ca2*
emerged as a novel and potent regulator of lipid-responsive genes. As such, one of my major
contributions to the field of PCSK9 biology has been the identification that agents capable of
increasing ER Ca?* levels and protecting against ER stress tend to block SREBP2-mediated
PCSK9 expression and also increase hepatic LDLR expression to reduce circulating LDL
cholesterol levels. Much progress has been made in this area, including the identification of
novel xanthine derivatives that are capable of antagonizing PCSKO9, as well as proof of principle

studies demonstrating efficacy in healthy volunteers (Lebeau et al., 2019). Future endeavors in
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this area of research will focus on expanding our library of novel xanthine derivatives with
increased potency as inhibitors of PCSKD9, as well as proof of principle studies characterizing the
effect of caffeine on atherosclerotic lesion development in mice. See Table 1 for a list of future

experiments in this area of research in the Austin Laboratory.

Table 1. Future directions in research on the topic of ER Ca2* as a regulator of PCSK9.

Research Question Experiment(s)
Does caffeine (or its derivatives) 1. Pre-treat mice with caffeine and then expose to pharmacologic ER stress-inducing
protect against ER stress in vivo? agents (e.g. tunicamycin or thapsigargin).

2. Treat mice with caffeine in the drinking water and expose to ER stress-inducing
metabolic challenge (e.g. 60% HFD or 0b/0b or db/db). Assess ER stress marker
expression in the liver and kidney. Assessment of metabolic function via GTT/ITT and
glucose production would also be of interest.

Does caffeine (or its derivatives) 1. Expose APOE*3 leiden mice to atherogenic diet in the presence or absence of caffeine
protect against atherosclerosis in in the drinking water and assess lesion development. Lesion development in this
model occurs in a PCSK9-dependent manner.
2. Expose Apoe’- or Ldlr-- mice to atherogenic diet in the presence or absence of
caffeine in the drinking water and assess lesion development. Lesion development in
these models does not occurs in a PCSK9-dependent manner.

vivo?

The remainder of the research in the field of PCSK9 biology has aimed to identify roles
of PCSK9 beyond LDL metabolism and CVD risk. Based on our current understanding of
evolution, it would make no sense that natural selection would favour the propagation of a gene
that only promotes CVD and reduces overall fitness. In this landscape of research the studies
conducted during the course of my PhD have led to the identification of two benefits incurred by
the presence of PCSKO9 in a biological system. First, we have demonstrated that PCSK9 plays a
role as a co-chaperone in the ER of metabolically active tissues, such as liver and kidney, to
protect against ER stress. Using a variety of in vivo and in vitro models, we have observed that

PCSKO9 deficiency leads to heightened injury when challenged with ER stress-inducing stimuli.
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Likewise, overexpression of PCSK9 increases chaperone expression and lends further protection
against injury. In the context of metabolic diseases in which ER stress is an established driver of
progression, such findings have clear and important implications. See Table 2 for a list of future

experiments in this area of research in the Austin Laboratory.

Table 2. Future directions in research on the topic of ER-retained LOF PCSK9 variants and ER

stress.
Research Question Experiment(s)
Does endogenously-expressed 1. Express PCSK9Q!52H in mice using CRISPR via the sterol regulatory element and
PCSKYQ152H protect against ER challenge with ER stress-inducing stimulus. Assess liver and kidney for ER stress
stress? marker expression.

Do other forms of ER-retained LOF | 1. Express PCSK9S386A (catalytic inactive) and/or PCSK9¢79X (cleaved but not secreted)
PCSK?9 variants protect against ER and examine whether this protects against ER stress in a similar manner as

PCSK9QIs2H,
stress?

Does PCSK9Q!52H protect against 1. Express ER-retained LOF PCSK9 variants and challenge mice with a 60% HFD for
: P : 12 weeks. Assess hepatic ER stress marker expression and injury.
liver inj lll)l‘)i_m ;esll; onse,,to a 2. Express ER-retained LOF PCSKO variants in ob/ob or db/db mouse models. Assess
metabolic challenge? livers for ER stress marker expression and injury.
3. In both of the above cases, assess parameters of insulin resistance and diabetes. This
includes ITTs/GTTs, glucose production, hepatic gluconeogenic gene expression.

A second evolutionary benefit offered by circulating PCSK9 will likely come into play in
modern society where excess dietary lipid is frequently consumed on a daily basis. Based on
research demonstrating that PCSK9 reduces the expression of CD36, a fatty acid translocase
known to uptake circulating free fatty acids, we demonstrated that PCSK9 knockout mice are
more susceptible to ER stress, inflammation and injury of the liver in response to a HFD.
Furthermore, during early stages of NAFLD, we as well as others have demonstrated that
circulating PCSK9 levels in the blood are also increased; likely as a result of lipid-induced ER

stress and activation of SREBP2. As such, my research in this area has suggested that the fatty
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liver secretes elevated levels of PCSK9 in order to enhance the degradation of cell-surface
receptors, such as CD36, to reduce the uptake and accumulation of free fatty acids.

Elevated LDLR expression is desired due to its protective outcome on CVD, whereas
elevated CD36 expression is associated with a variety of lipid-driven disorders. Because of this
fact, a thought that will come to the mind of any molecular biologist is that mAbs that block
PCSK9 may reduce circulating LDL cholesterol levels via their effect on the LDLR, but that they
may also promote hepatic and peripheral lipid accumulation by increasing the expression of
CD36. In recent months, we have set out to answer this burning question and have encountered
very interesting and counter-intuitive results. First, it is important to understand that the primary
route of PCSK9 clearance from the blood is via interaction with the LDLR; as such, mAbs
against PCSK9 have been shown to increase the circulating pool of PCSK9 by approximately 7-
fold. Second, it is important to note that PCSK9 interacts with the LDLR and CD36 via two
different domains. This is supported by evidence demonstrating that mutations in PCSK9 that
enhance its affinity for the LDLR (e.g. D377Y) do not enhance its affinity for CD36 [95]. Based
on this evidence, we have recently postulated that circulating PCSK9 bound to mAbs targeted
against the EGFa-binding domain may retain a certain level of activity against CD36. For this
reason it becomes important to make the distinction that mAbs like Evolocumab and Alirocumab
do not block PCSK9, but rather prevent its association with the LDLR. By reducing LDLR-
mediated clearance of circulating PCSK9, such mAbs may increase the rate at which PCSK9
antagonizes CD36. Based on this reasoning, the currently FDA-approved mAbs against PCSK9
may simultaneously protect against CVD by increasing LDLR expression and protect against

NAFLD by reducing CD36 expression. Although many more experiments are required before
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firm conclusions can be made in this area, our preliminary findings strongly suggest that this is
indeed the case (Lebeau and Austin, unpublished data). See Table 3 for a list of future

experiments in this area of research in the Austin Laboratory.

Table 3. Future directions in research on the topic of PCSK9 and NAFLD.

Research Question Experiment(s)

—_

Do Alirocumab/Evolocumab affect Treat mice with Alirocumab or Evolocumab for one week and examine circulating

hepatic or renal CD36 expression? PCSKO9 levels, as well as hepatic LDLR and CD36 expression.
Do Alirocumab/Evolocumab protect | 1. Expose mice to a HFD for 12 weeks in the presence or absence of Alirocumab or
against diet-induced NAFLD? Evolocumab (bi-weekly injection). Assess hepatic steatosis, ER stress and liver injury
: at endpoint.

2. Similar experiments can be repeated in other models known to develop diet-induced
liver injury, such as the 0b/ob or db/db mouse models.
3. In both of the above cases, assess parameters of insulin resistance and diabetes. This
includes ITTs/GTTs, glucose production, hepatic gluconeogenic gene expression.

Overall, the findings made over the course of my doctoral studies have aided in our
understanding of PCSK9 biology on two fronts. In the first, the therapeutically relevant
discovery that caffeine and other xanthine derivatives potently antagonize de novo PCSK9
expression add to our knowledge of small molecule inhibitors of PCSKO. It is not necessarily the
idea that caffeine per se leads to a reduction of PCSK9 expression that is important, but rather
the discovery of the mechanism by which this phenomenon takes place. We have observed that
not only caffeine, but a variety of agents known to increase ER Ca2* levels, markedly reduce
SREBP2 activity, PCSK9 expression and circulating LDL cholesterol levels. Although much
work remains to be done in order to identify novel compounds with increased liver specificity as
compared with caffeine, it remains that this work has provided scientists with a first stepping

stone. Moreover, we have also characterized two distinct molecular pathways, or answers for the
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age-old question of “why does a protein like PCSK9 exist in biological systems if only to
promote disease?”. To this question, I now add to the work of Nabil G. Seidah who demonstrated
an important role of PCSKD9 in liver regeneration [63]. Here, we show that (a) PCSK9 also plays
a key role as a co-chaperone of the ER, incurring increased resilience to cells against
environmental or genetic toxins and (b) protection of the liver against lipotoxicity by fine-tuning
the uptake and accumulation of free fatty acids from the circulation. New and exciting research
from the Austin Laboratory will likely continue to advance our understanding, as well as the

applicability of these concepts, for years to come.
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Lay Abstract: The proprotein convertase subtilisin/kexin type 9 (PCSK9) is a circulating protein
known to reduce the abundance of receptors on the surface of liver cells charged with the task of
lipid uptake/removal from the blood. Although PCSK9 deficiency is known to cause lipid
accumulation in mice and in cultured cells, the toxicological implications of this observation
have not yet been reported. In this study, we demonstrate that PCSK9 can protect against
cytotoxicity in cultured liver cells treated with a saturated fatty acid and we also show that
PCSK9 knockout mice develop increased liver injury in response to a high fat diet.

Abstract:

Background & Aims: The fatty acid translocase, also known as the cluster of differentiation 36
(CD306), is a well-established scavenger receptor for fatty acid (FA) uptake and is abundantly
expressed in many metabolically active tissues. In the liver, CD36 is known to contribute to the
progression of non-alcoholic fatty liver disease (NAFLD), to the more severe non-alcoholic
steatohepatitis (NASH), by promoting triglyceride accumulation and subsequent lipid-induced
endoplasmic reticulum (ER) stress. Given the recent discovery that the hepatocyte-secreted
proprotein convertase subtilisin/kexin type 9 (PCSK9) blocks CD36 expression, we sought to
investigate the role of PCSK9 in liver fat accumulation and injury in response to saturated FAs
and in a mouse model of diet-induced hepatic steatosis.
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Methods: In this study, the role of PCSK9 on the uptake and accumulation of FAs, as well as
FA-induced toxicity, was examined in a variety of cultured hepatocytes. Diet-induced hepatic
steatosis and liver injury was also assessed in Pcsk9-- mice.

Results: Our results indicate that PCSK9 deficiency in cultured hepatocytes increased the uptake
and accumulation of saturated and unsaturated FAs. In the presence of saturated FAs, PCSK9
also protected cultured hepatocytes from ER stress and cytotoxicity. In line with these findings, a
metabolic challenge using a high fat diet (HFD) caused severe hepatic steatosis, ER stress
inflammation and fibrosis in the livers of Pcsk9/- mice compared to controls. Given that
inhibition of CD36 ablated the observed accumulation of lipid in vitro and in vivo, our findings
also highlight CD36 as a strong contributor of steatosis and liver injury in the context of PCSK9
deficiency.

Conclusions: Collectively, our findings demonstrate that PCSK9 regulates hepatic triglyceride
content in a manner dependent on CD36. In the presence of excess dietary fats, PCSK9 can also
protect against hepatic steatosis and liver injury.

Introduction

Given that the liver plays a central role in
glucose and lipid metabolism, it is no surprise
that NAFLD has emerged as a contributor of
other chronic diseases, such as type 2 diabetes
(T2D) and cardiovascular disease (CVD) [1,
2]. Severity ranges from simple steatosis to
progressive stages of NASH, depending on
the presence or absence of inflammation,
fibrosis and hepatocyte injury. Excessive
consumption of dietary saturated fats and
sugars is widely accepted as the primary
driver of NAFLD and its prevalence is
currently on the rise; affecting 30 to 46% of
individuals in Western societies [3].

Although the exact mechanisms by which
NAFLD progresses to NASH are not well
understood, an accumulation of events
including oxidative stress, mitochondrial
dysfunction, adipokine alteration, lipid
peroxidation and Kupffer cell activation are
all believed to contribute to the currently
accepted multiple hit hypothesis [4]. Chief
among these hits is the process by which
misfolded polypeptides accumulate in the ER
and cause ER stress. Paradoxically, this

cellular stress pathway is also known to
promote oxidative stress, mitochondrial
dysfunction and Kupffer cell-mediated
inflammation [5, 6]. In a manner similar to
other secretory cells, hepatocytes are rich in
ER and the signaling cascades associated with
its state of stress have been shown to promote
apoptotic cell death, lipotoxicity,
inflammation and insulin resistance; all of
which are commonly observed in patients
with obesity, NAFLD and NASH [4].

In response to ER stress, the unfolded protein
response (UPR) is activated via three
signaling cascades that include (a) the highly
conserved inositol-requiring lo (IREla)-X-
box-binding protein 1 (XBP1) pathway
required for hepatic lipid regulation during
conditions of ER stress [7], (b) the protein
kinase RNA (PRK)-like ER kinase (PERK)-
Activating transcription factor-4 (ATF4)
pathway known to modulate de novo
lipogenesis through fatty acid synthase (FAS)
and the sterol regulatory element-binding
protein-1C (SREBPI1-C) [8], and (c)
activating transcription factor-6 (ATF6),
which in its nuclear active form interacts
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directly with nuclear SREBP-2, thereby
attenuating the expression of lipid regulatory
genes [9]. Overall, canonical UPR activation
increases the folding capacity of the ER and
blocks global protein synthesis in order to
reduce ER burden. In a manner similar to
NAFLD, ER stress and ER stress-induced
apoptosis are also well-established
contributors of CVD [10].

In recent years, CVD is considered the
leading cause of death in the USA,
accounting for 34% of total deaths in
individuals <75 years of age [11]. The
discovery of PCSK9 [12] and its ability to
induce the degradation of the low-density
lipoprotein (LDL) receptor (LDLR) once
secreted from the liver, firmly positioned
PCSK9 as a target for the management of
CVD [13]. These seminal discoveries have
since led to the development of human anti-
PCSK9 monoclonal antibodies capable of
reducing circulating LDL levels by 60% in
patients at high risk of CVD [14]. In addition
to its ability to induce the degradation of cell-
surface LDLR, secreted PCSK9 was recently
shown to promote the degradation of several
other receptors known to uptake lipid from
the circulation into the liver, such as the very
low-density lipoprotein receptor (VLDLR)
[15, 16], LDLR-related protein-1 [17], the
apolipoprotein E (ApoE) receptor-2 [15] and
CD36 [18]. Based on these studies, inhibiting
circulating PCSK9 may impact the levels of
these receptors on the cell-surface of
hepatocytes, thereby increasing liver burden
via enhanced hepatic lipid uptake and
accumulation.

The purpose of this study was to determine
whether the previously reported increase in
hepatic lipid content observed in Pcsk9-- mice
[18] correlated with the hallmark features of

NASH, such as ER stress, apoptosis,
inflammation and fibrosis. Accordingly,
primary human hepatocytes, as well as
cultured HepG2 and HuH7 hepatocyte cell
lines, were treated with a variety of
lipoproteins and dietary FAs known to cause
ER stress. Our data demonstrate that PCSK9
strongly regulates the lipid content of cultured
hepatocytes and in the presence of saturated
FA, can protect against ER stress, reactive
oxygen species (ROS) production and
lipotoxicity. Consistently, a significant
increase in triglyceride content in the livers of
normal control diet (NCD)-fed Pcsk9-- mice
compared to Pcsk9*/* was also observed.
Feeding of a HFD for 12 weeks, however, led
to a more severe fatty liver phenotype;
yielding increased expression of ER stress,
apoptotic and fibrotic markers, as well as
elevated serum alanine transaminase (ALT)
levels in Pcsk9-- mice compared to Pcsk9+/*
counterparts. Based on these observations,
our data suggest that PCSK9 can act as a
modulator of hepatic lipid content, capable of
protecting against hepatic steatosis and liver
injury in response to a metabolic challenge.

Materials and Methods

Cell culture and free FA treatments. HuH7
and HepG2 immortalized human hepatocytes
were cultured at 37°C with 5% CO: in
complete Dulbecco’s Modified Eagle’s
Medium (Gibco, Thermorfisher Scientific)
containing 10% fetal bovine serum (Sigma-
Aldrich) and 50 U/ml of penicillin and
streptomycin (Sigma-Aldrich). HepatoSure
100-donor primary human hepatocytes were
purchased from Xenotech and cultured in
complete William’s E medium as per
manufacturer’s instructions. FAs used for cell
treatment such as oleate (OA; Sigma-
Aldrich), linoleate (LA; Sigma-Aldrich),
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stearate (SA; Sigma Aldrich) and palmitate
(PA; Sigma-Aldrich) were conjugated to FA-
free bovine serum albumin (BSA; Sigma
Aldrich), as previously described [19], to a
stock concentration of 1 mM. Cells were also
treated with LDL (Lee Biosolutions), high-
density lipoprotein (HDL; Alpha Aesar) and
oxidized (ox)LDL (Alpha Aesar). Additional
treatments used in cell culture studies
included recombinant human (rh)PCSK9
(Cayman Chemical), Dil-LDL (Alpha Aesar)
and sulfo-N-succinimidyl oleate (SSO). All
cell treatments were carried out for 24 hours,
unless specified otherwise. Small interfering
RNA (siRNA) targeted against PCSK9
(siPCSK9) and CD36 (siCD36) were
purchased from siGenome, Dharmacon, and
transfections were carried out as per
manufacturer’s instructions using RNAIMAX
(ThermoFisher Scientific). The
overexpression of human wild-type
PCSK9MWT) and the secretion-deficient
PCSKO9QI52H as well as human CD36
(Addgene, # 52025) was achieved using X-
tremeGENE transfection reagent as per
manufacturer’s instructions.

Animal studies. Hepatic lipid accumulation
was first examined in 12-week-old male
Pcsk9-- mice (n=10) on a C57BL/6J
background and age-matched CS57BL/6J
controls (Pcsk9+/*; n=10) fed NCD.
Experiments were then repeated in a second
cohort of Pcsk9-- mice (n=5) on a C57BL/6J
background and age-matched Pcsk9*+/*
controls (n=5), which were fed either NCD or
HFD (60% fat/Kcal, ENVIGO #TD.06414),
starting at 6 weeks of age for an additional 12
weeks prior to sacrifice. A final cohort of 12-
week-old male Pcsk9-/- mice on a C57BL/6J
background (n=6) were treated with SSO (10
mg/kg; intraperitoneal injection) and one hour
later with OA (lg/kg, intraperitoneal

injection) for an additional two hours prior to
study endpoint. All animals were housed in a
vented rack system, had access to food and
water ad libitum and were exposed to 12h
light:dark cycles. Animal experiments were
performed in strict accordance with the
McMaster University animal care guidelines.

Statistical analysis: All data are presented as
the mean and error bars as SD. Statistical
differences between two groups were
determined using the unpaired ¢ test. For
analysis of experiments involving multiple
groups, the one-way ANOVA was performed.
All comparisons were considered statistically
significant when p<0.05.

See Supplemental Materials and Methods
for additional information.

Results

PCSK9 reduces lipid accumulation in
cultured hepatocytes treated with FAs and
lipoproteins.

The effect of PCSK9 on cellular lipid
accumulation was first examined in cultured
HepG2 hepatocytes stably transfected with
short hairpin RNA (shRNA) targeted against
PCSK9 or control shRNA. Knockdown of
PCSKO in these cells was first confirmed via
enzyme-linked immunosorbant assay
(ELISA) for secreted PCSK9 and
immunoblotting of PCSK9-regulated
receptors, LDLR and CD36 (Fig. 1A and B).
Consistent with previous studies, PCSK9
expression was inversely correlated with
LDLR and CD36 expression [13,18].
Increased uptake of fluorescently-labelled
Dil-LDL cholesterol was also observed in
PCSK9 shRNA knockdown cells compared to
shRNA controls (Fig. STA and S1B). Staining
with Oil-red-O (ORO), as well as triglyceride
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extraction and quantification, revealed a
marked increase in triglyceride accumulation
in PCSK9 shRNA cells treated with dietary
saturated FAs (PA and SA), unsaturated FAs
(OA and LA) and lipoproteins (LDL and
HDL) (Fig. 1C and D). The dose-dependent
effect of exogenously-added extracellular
PCSK9 on intracellular lipid accumulation
was also examined in OA-treated HepG2
cells using thPCSK9 (Fig. 1E). A modest but
significant reduction in CD36 expression and
in OA-induced lipid accumulation was also
observed in HepG2 cells and primary mouse
hepatocytes transfected with wild-type (WT)
PCSK9 compared to those transfected with a
loss-of-function (LOF) Q152H-PCSK9
variant that fails to be secreted (Fig. S1C to
S1F) [20]. Transfection efficiency in these
cells was confirmed via immunoblotting for
PCSK9 and GFP encoded by the bicistronic
plasmid utilized in these studies (Fig. S1G).
Lipid uptake and accumulation was also
assessed in primary human hepatocytes that
were exposed to medium harvested from
HuH7 cells transfected with either WT-
PCSK9 or the secretion-deficient Q152H-
PCSK9 variant (Fig. 1F). Consistent with
cultured HepG2 cells, secreted WT-PCSK9
significantly reduced OA-induced lipid
accumulation in primary human hepatocytes.

The CD36 inhibitor, SSO, reduces OA-
induced lipid droplet accumulation in
PCSK9 knockdown hepatocytes.

Our next aim was to assess the recently
described inhibitory role of PCSK9 on CD36
as the mechanism by which PCSK9 regulates
hepatic lipid levels using a pharmacologic
antagonist of CD36, SSO [21]. Consistent
with PCSK9 shRNA knockdown HepG2
cells, the knockdown of PCSK9 in HepG2
and HuH7 cells using siRNA increased
intracellular lipid content; a result that was

further exacerbated via incubation of the cells
in OA (Fig. 2A and B). No such increase in
lipid accumulation, however, was observed in
cells pre-treated with SSO. Consistently, SSO
pre-treatment also attenuated hepatic lipid
accumulation in Pcsk9-/- mice exposed to a
bolus injection of OA (Fig. 2C). The
knockdown of CD36 using siRNA (siCD36)
also reduced lipid accumulation in HepG2
cells challenged with OA (Fig. 2D and E).
Lastly, to confirm the role of CD36 as a
driver of lipid accumulation in the context of
PCSK9 deficiency, experiments were
repeated in cells co-transfected with siPCSK9
and siCD36. ORO extract and quantification
from these cells demonstrates that ablation of
CD36 expression markedly reduced lipid
accumulation occurring as a result of PCSK9
knockdown in the presence or absence of OA
(Fig. 2F). Similar findings were observed in
HuH7 cells (Fig. S2A). The difference in lipid
accumulation between control and PCSK9
shRNA cells was also lost in cells
overexpressing CD36 (Fig. 2G). Eftective
knockdown of PCSK9 and CD36, as well as
overexpression of CD36 in HepG2 cells, was
confirmed via immunoblotting (Fig. S2B to
S2D). Collectively, these data suggest that
increased expression of CD36 strongly
contributes to the heightened levels of
intracellular lipids observed in hepatocyte cell
lines with reduced PCSK9 expression.

PCSKO9 protects cultured hepatocytes from
palmitate-induced ER stress and
cytotoxicity.

To substantiate our findings, we next
investigated whether PCSK9 would protect
from the well-established ER stress-
associated effects of increased CD36
expression, such as ER Ca2" depletion, ROS
production and cytotoxicity [22]. First,
increased expression of the ER stress markers
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IREla, glucose-regulated protein of 78-kDa
(GRP78), the pro-apoptotic marker CCAAT/
enhancer-binding protein homologous protein
(CHOP), ATF6 and sXBP1 was observed in
PCSK9 shRNA compared to control shRNA
HepG2 cells treated with PA via
immunoblotting and quantitative real time
PCR (Fig. 3A and B). Similarly, primary
human hepatocytes exposed to medium
harvested from HuH?7 cells transfected with a
secretion-defective QI152H-PCSK9 also
yielded increased PA-induced expression of
ER stress markers compared to those exposed
to medium containing WT-PCSK9 (Fig. 3C).
Consistent with previous studies [19],
treatment with OA and lipoproteins did not
cause ER stress in HepG2 cells (Fig. S3A,
S3B and S3C).

PCSK9 shRNA HepG2 cells also exhibited
increased cytotoxicity in response to PA
relative to controls (Fig. 3D and S3D).
Interestingly, although SSO-mediated CD36
inhibition failed to reduce PA-induced
cytotoxicity in shRNA control cells, the
CD36 inhibitor attenuated cytotoxicity in
PCSK9 shRNA knockdown cells (Fig. 3D).
Given the role of ER stress in the production
of ROS, the ability of PCSK9 to protect from
PA-induced ROS was also examined in
HepG2 cells (Fig. 3E). We observed that PA
treatment led to a significant increase in ROS
production in PCSK9 shRNA HepG2 cells
compared to shRNA controls during the
course of the experiment.

Next, we assessed ER Ca2* depletion, which
represents another established outcome of ER
stress in cells treated with PA [23]. The
fluorometric cytosolic Ca?* indicator utilized
in these studies, Fura-2-AM, increases in
fluorescence intensity as Ca?* exits the ER
into the cytosol [24]. To measure relative ER

Caz* content, HepG2 cells pre-treated with PA
(5 hours; 500 uM) were exposed to a potent
sarco/endoplasmic reticulum ATPase
(SERCA) pump inhibitor, cyclopiazonic acid
(CPA; 50 uM; Fig. 3F). In response to CPA,
we observed that PA-treated shRNA control
cells exhibited ER Ca2?* loss to a similar
extent as that of untreated controls. In
contrast to this result, PA pre-treated PCSK9
shRNA knockdown cells failed to exhibit loss
of ER Ca?* in response to CPA, suggesting
that PA induced ER Ca2* depletion during pre-
treatment in these cells. Consistently, a time-
course study in which ER Ca?* depletion was
monitored over a 210-minute period yielded
similar findings (Fig. S3E). Increased ER
expansion, another hallmark feature of ER
stress, was also observed in HepG2 cells
transfected with a splice-switching oligomer
that causes ER retention of PCSK9 in
response to PA (Fig. S4A and S4B).
Appropriate splice-switching and ER
retention of PCSK9 in these cells was
confirmed via immunoblotting (Fig. S4C).

Pcsk9-- mice exhibit compensatory changes
in biliary cholesterol excretion and in the
expression of hepatic lipid regulatory
proteins.

Given the observed increase in lipid droplet
content in cultured hepatocytes, PCSKO9-
dependent changes in hepatic lipid content
were also examined in vivo. The livers of
NCD-fed 12-week-old Pcsk9-- mice exhibited
increased ORO-staining of lipid droplets and
protein levels of the lipid droplet marker
perilipin (Fig. 4A) compared to controls.
Consistent with previous reports,
immunohistochemical staining also
demonstrated a marked increase in cell-
surface levels of LDLR, VLDLR and CD36
expression in the livers of Pcsk9-- compared
to controls [13, 16, 18]. We also report the
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novel finding that Pcsk9/- mice exhibit
increased levels of the cholesterol efflux
transporter ABCA1 when compared to
controls (Fig. 4A and S5A). In contrast to the
LDLR, CD36 and the VLDLR, changes in
hepatic ABCA1 expression in Pcsk9/- mice
likely occurred as a result of increased mRNA
transcript expression (Fig. S5B). Elevated
expression of hepatic PCSKO9-regulated
receptors, LDLR, VLDLR and CD36 was
also confirmed using immunoblots (Fig. 4B).
Given that hepatic biliary secretion or trans-
intestinal cholesterol excretion are established
mechanisms of cholesterol clearance [25, 26],
fecal cholesterol content was also assessed
(Fig. 4C). The feces of Pcsk9-/- mice
contained increased levels of cholesterol
compared to controls. The positive correlation
between PCSK9 and circulating cholesterol
and triglycerides was also confirmed via
colorimetric assays (Fig. 4D). Consistent with
our hypothesis that elevated hepatic lipid
content in Pcsk9/- occurs as a result of
increased lipid uptake, no difference was
observed in the FA oxidation marker, B-
hydroxybutyrate (Fig 4E). Furthermore, we
observed that the livers of Pcsk9/- mice
exhibited (a) a significant reduction in
peroxisome proliferator-activated receptor
gamma (PPARy) co-activator 1-alpha
(PGCla), a protein commonly associated
with de novo cholesterol synthesis and
PPARy-mediated NAFLD; (b) a modest but
significant increase in mRNA levels of the
lipolysis markers ACOX1 and APOC2; and
(c) no change in the expression of the FA
oxidation marker PPARa (Fig. 4F).
Consistent with IHC data, a significant
increase at the mRNA level of perilipin was
also observed in Pcsk9/- mice relative to
controls (Fig. 4F). Although additional
studies are required to confirm that de novo
lipogenesis and lipid oxidation do not

contribute to the observed phenotype, our
data suggest that lipid accumulation in the
livers of Pcsk9-/- mice occurs largely as a
result of increased lipid uptake at the cell
surface.

PCSK9 knockout exacerbates diet-induced
hepatic steatosis in mice.

Although we did not observe profound
differences in gross liver morphology or
injury in NCD-fed Pcsk9-- mice compared to
Pcsk9+* counterparts, this diet is not lipid-
rich or used for the study of hepatic steatosis.
Therefore, our next aim was to assess the
effect of a HFD on liver function and injury
in the context of PCSK9 deficiency and
increased hepatic CD36 expression.
Accordingly, 6-week-old Pcsk9-- mice and
Pcsk9++ controls were fed either NCD or
HFD for 12 weeks. Upon removal of the liver
from these animals during sacrifice, an
apparent increase in size and change in colour
was observed in the HFD-fed Pcsk9-- mice
compared to controls (Fig. 5A). Assessment
of hepatic lipid droplets via ORO and H&E
staining also yielded an increase in lipid
droplets in the livers of HFD-fed Pcsk9--
mice compared to HFD-fed controls (Fig.
5B). Although total body weight was not
affected by PCSK9 (Fig. 5C) in these
experiments, a significant increase in liver
weight (Fig. 5D) and liver triglyceride and
cholesterol content (Fig. 5E) was also
observed in HFD-fed Pcsk9-- compared to
controls. A trend was also apparent for
elevated gonadal, inguinal and brown adipose
tissue weights in the Pcsk9/- mice on HFD,
but the differences between genotypes were
not statistically significant in this experiment
(Fig. 5F).
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PCSK9 knockout mice exhibit increased
diet-induced liver injury and insulin
resistance.

We next examined hepatic ER stress in these
mice; a process well known to contribute to
hepatic steatosis [4-6]. Increased expression
of ER stress markers pPERK, pIREla,
IREla, sXBP1, pelF2a, GRP78, GRP94 and
CHOP; pro-apoptotic markers cleaved
caspase-3 and -12 (cCasp3 and cCaspl2); and
pro-fibrotic markers o smooth muscle actin
(aSMA) and connective tissue growth factor
(CTGF) were observed in the livers of HFD-
fed Pcsk9/- mice compared to HFD-fed
Pcsk9++ control mice (Fig. 6A, B and C).
Increased staining of F4/80, a marker of pro-
inflammatory Kupffer cells, as well as hepatic
mRNA expression of pro-inflammatory
markers tumor necrosis factor o (TNFa),
interleukin (IL) 1B, IL6, IL12, toll-like
receptor (TLR) 1, TLR2, TLR4, intercellular
adhesion molecule (ICAM), vascular cell
adhesion protein (VCAM) and monocyte
chemoattractant protein (MCP1) mRNA was
also observed in the livers of HFD-fed
Pcsk9-- mice compared to controls. A modest
increase in fibrosis was also observed in these
mice via Mason’s trichrome staining of
collagen (blue), as well as
immunohistochemical staining of fibronectin.
Assessment of plasma ALT activity, as well as
apoptosis using a TUNEL assay, also revealed
that Pcsk9-- mice were more prone to diet-
induced hepatic injury compared to controls
(Fig. 6D and E). Similarly, an increase in
protein aggregate accumulation was observed
in HFD-fed Pcsk9-/- mice compared to
controls using thioflavin-T (Fig. S6)

Hepatic steatosis is also an established driver
of insulin resistance and diabetes as it tends to
promote chronically elevated circulating

glucose levels resulting from constitutively
activated gluconeogenic pathways [27]. For
this reason, our last aim was to examine the
effect of PCSK9 knockout on markers of
hepatic insulin resistance in HFD-fed mice.
First, however, assessment of glucose
production in PCSK9 shRNA HepG2 cells
revealed that PA treatment induced glucose
production to a greater extent in PCSK9
knockdown cells than in control cells (Fig.
7A). Further, exposure of naive HepG2 cells
to medium harvested from HuH7 cells
transfected with either PCSK9WT or the
secretion-defective PCSKO9QI52H also
demonstrated that PCSK9 protected against
PA-induced gluconeogenesis (Fig. 7B).

In mice, glucose and insulin tolerance tests
(GTT and ITT, respectively) revealed that
HFD-fed Pcsk9-- mice exhibited a reduction
in glucose uptake in response to a bolus
injection of glucose or insulin (Fig. 7C),
indicative of resistance to insulin [28, 29]. A
significant increase in resting glucose levels,
which represents another characteristic of
insulin resistance, was also observed in HFD-
fed Pcsk9-- mice compared to HFD-fed
controls (Fig. 7D). In contrast to other models
of diet-induced insulin resistance [30], plasma
insulin levels were reduced in Pcsk9-- mice
compared to controls, but this likely
involving pancreatic islet abnormalities, as
reported previously (Fig. 7E) [28, 29]. Mice
were also injected with insulin one hour prior
to sacrifice in order to examine the
phosphorylation/activation status of protein
kinase B (AKT); a central regulator and
strong promoter of hepatic glucose uptake
and metabolism (Fig. 7F) [30]. As expected,
insulin treatment led to the phosphorylation
of AKT in the livers of NCD-fed mice, but no
difference was observed between Pcsk9--and
Pcsk9+ mice. In HFD-fed mice, however,
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the ability of insulin to activate hepatic AKT
was reduced to a greater extent in Pcsk9--
mice than in the Pcsk9+/* control

mice. Consistent with other studies, hepatic
steatosis severity in the mice was positively
correlated with the mRNA abundance of
hepatic gluconeogenic markers, including
signal transducer and activator of
transcription 3 (STAT3), glucose 6
phosphatase (G6P), stearoyl-CoA
desaturase-1 (SCD1), pyruvate
dehydrogenase kinase 4 (PDK4) and the
Dimethylaniline monooxygenase [N-oxide-
forming] 2 (FMO2) (Fig. 7G) [31]. In line
with the other endpoints examined in these
mice, increased gluconeogenic marker
expression was observed in the livers of
Pcsk9-- compared to Pcsk9+/+ mice.
Collectively, these data suggest that PCSK9
can reduce liver lipid accumulation and
protect against ER stress, hepatic insulin
resistance and glucose production in response
to a HFD.

Discussion

Previous studies have demonstrated that the
equilibrium of hepatic lipid levels can favor
hepatic steatosis during conditions of (a)
increased de novo lipogenesis, (b) heightened
lipid uptake (c) reduced lipid efflux and (d)
reduced lipid oxidation [31]. In the case of
Pcsk9/- mice, our studies as well as those of
others [18], suggest that PCSK9 prevents the
uptake of lipid into the liver by down-
regulating the expression of CD36. Consistent
with our observations, previous studies have
also shown that increased expression of CD36
can promote fatty liver disease and contribute
to hepatic insulin resistance [32].
Furthermore, CD36-mediated FA uptake is
known to promote ER stress and lipotoxicity
in cells types with high capacity for FA

metabolism including adipocytes,
cardiomyocytes, hepatocytes, endothelial
cells, macrophages, pancreatic [ cells,
podocytes and neurons [22]. Here we
demonstrate that PCSK9 prevents CD36-
mediated FA uptake and accumulation in
cultured hepatocytes. We also show that
under normal dietary conditions, several
compensatory mechanisms in the livers of
Pcsk9/- mice may act to suppress hepatic
steatosis. During a HFD metabolic challenge,
however, we observed a significant increase
in the expression of markers of ER stress,
fibrosis, inflammation and apoptosis as well
as plasma levels of ALT in Pcsk9-/- mice
compared to Pcsk9*/* controls.

The current landscape of studies examining
the role of PCSK9 in hepatic steatosis in
humans remains controversial. Pre-clinical
data however, have been largely consistent;
demonstrating that circulating PCSK9 can
prevent hepatic lipid uptake and accumulation
in mice. Demers and coworkers were the first
to demonstrate that PCSK9 negatively
regulates the expression of CD36 and also
reported a 3-4 fold increase in hepatic
triglyceride levels in NCD-fed Pcsk9-/- [18].
Recent studies have also identified E2f7 as a
major regulator of hepatic lipid homeostasis
in a manner dependent on PCSK9 [33]. Lai
and colleagues reported increased hepatic
lipid content in E2fI-- mice and also
discovered that these mice exhibit
significantly reduced -circulating PCSK9
levels. Upon re-expression of PCSK9 in these
mice, the fatty liver phenotype was lost.
Consistent with this growing body of
literature, a recent network analysis done in
primary human hepatocytes identified PCSK9
as a gene linked to liver fat content and
NAFLD [34].
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Two independent clinical studies have now
demonstrated consistent findings with regards
to the association between liver fat content
and circulating PCSK9 levels. The Dallas
heart study reported a modest but significant
positive correlation between liver fat content
and circulating PCSK9 levels (n=2027
subjects; p<0.0001) [35]. Ruscica and
colleagues have now also reported a positive
correlation between circulating PCSK9 and
liver steatosis grade (p=0.0011) as well as
necroinflammation, ballooning and fibrosis
stage (n=201) [36]. Consistent with these
findings our research group has observed that
diet-induced steatosis promotes de novo
hepatic PCSK9 expression and increases
circulating PCSK9 levels in mice (Lebeau,
Byun and Austin, unpublished data). In
contrast to these data, Wargny and colleagues
failed to observe a significant correlation
between circulating PCSKO9 levels and plasma
transaminases, liver fat content, histological
liver lesions, steatosis severity, NASH
activity score, lobular and/or portal
inflammation or ballooning in three patient
cohorts with advanced stages of NASH
(n=478) [37]. Given the severity of steatosis
in the patients from this study, however, the
authors highlight that variations between
studies suggest that in humans, PCSK9 likely
plays a role in the early development of
NAFLD and not in late stages of NASH.

Beyond liver fat content, Mbikay and
colleagues have reported abnormalities in
pancreatic islets of Pcsk9-/- mice, which were
shown to contribute to insulin resistance [28].
Consistent with these findings, we also report
the novel finding that diet-induced hepatic
steatosis attenuates insulin-induced
phosphorylation and activation of AKT in the
livers of Pcsk9/- mice to a significantly
greater extent than in controls. Consistently,

here we show that HFD-fed Pcsk9-/- mice
exhibit reduced rates of glucose uptake and
insulin sensitivity; all of which represent
hallmark features of hepatic insulin
resistance. In line with these findings, a recent
study also identified a positive correlation
between LOF PCSK9 mutations and
increased fasting glucose, body weight, waist-
to-hip ratio and odds ratio of T2D in patients
[38].

Accumulating evidence demonstrates that
PCSK9 regulates the uptake and
accumulation of lipid in the livers of mice.
Given the current inconsistencies in clinical
data sets, additional studies are required
before strong conclusions can be made in the
context of human disease. Interestingly,
recent studies have demonstrated that FDA-
approved monoclonal antibodies targeted
against the LDLR-binding domain of
circulating PCSK9 increase its concentrations
7-fold as a result of antagonizing LDLR-
mediated clearance [39]. Given that the
domain utilized by PCSK9 to interact with
CD36 differs from its LDLR binding domain
[18], it remains possible and even likely that
such antibodies may also reduce CD36
expression as a byproduct of increasing the
circulating pool of PCSK9. Additional studies
are required to answer this important question
and to determine whether anti-PCSK9
antibodies could be utilized to protect against
CD36-driven diseases like NAFLD and
NASH.

Overall, the abundance of data characterizing
PCSK9 as a modulator of circulating
cholesterol strongly suggest that its influence
on the latter exceeds that of its effect on
circulating and peripheral triglyceride levels.
Nonetheless, our findings as well as those
discussed herein, suggest that hepatic PCSK9
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expression is upregulated during conditions of
steatosis to prevent further lipid uptake and
accumulation in the liver, thus acting as a
classical feedback modulator of hepatic lipid
levels. Moreover, our data demonstrate that in
mice, PCSK9 can protect against ER stress,
fibrosis and injury of the liver in response to
conditions of excessive fat consumption.
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Figure Legends

Fig. 1. PCSK9 reduces the triglyceride
content of HepG2 cells and primary
human hepatocytes. (A,B) PCSKO9
knockdown in PCSK9 shRNA HepG2 cells
was confirmed via ELISA for secreted
PCSK9 (*, p<0.05) and immunoblots for
PCSK9-regulated receptors LDLR and CD36.
(C) ORO lipid droplet staining of HepG2
control cells (shRNA control) and PCSK9
knockdown cells (PCSK9 shRNA) in the
presence or absence of OA (200 pm) and
LDL (50 pg/ml). (D) Intracellular triglyceride
content was also quantified in cells treated
with either OA (200 uM), LA (200 uM), PA
(200 uM), SA (200 puM) and lipoproteins
LDL (50 pg/ml) and HDL (50 pg/ml) for 24
hours (*, p<0.05; f, p<0.05 vs. vehicle-
shRNA control; §, p<0.05 vs. vehicle-PCSK9
shRNA). (E) The effect of rhPCSK9 on OA
uptake was examined in HepG2 cells via
quantification of the density of ORO extracts
(*, p<0.05). (F) ORO staining was carried out
in primary human hepatocytes that were
exposed to medium harvested from HuH7
cells transfected with either secreted wild-
type (WT)-PCSK9 or a PCSK9 variant that
fails to exit the cell [20], Q152H-PCSK9, and
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treated with OA (200 uM) for 24 hours. ORO
extracts from primary human hepatocytes
were also quantified (*, p<0.05). Results are
shown as the mean and error bars as S.D.
Differences between groups were determined
via Student’s ¢ test or one-way ANOVA. Scale
bars, 50 um.

Fig. 2. PCSK9 regulates FA uptake in
immortalized hepatocytes through CD36.
(A,B) HepG2 and HuH7 cells were
transfected with siPCSK9 targeted against or
scrambled control siRNA. Cells were
subsequently treated with OA and or SSO (10
uM), a well-established blocker of CD36
(23), for an additional 24 hours (*, p<0.05).
(C) 12-week-old male C57BL/6J mice were
pre-treated with SSO (50 pg/kg) for 1 hour
and subsequently administered with OA for
an additional 2 hours. Hepatic lipid
accumulation was visually examined via
ORO staining and quantified using a
triglyceride assay. (D,E) The effect of CD36
inhibition on OA uptake was also assessed
using siRNA targeted against CD36 (siCD36)
(*, p<0.05). Finally, intracellular lipid
accumulation was examined in HepG2 cells
co-transfected with siPCSK9 and siCD36, via
ORO extract and quantification using a
spectrophotometer (*, p<0.05). (G) The effect
of CD36 overexpression on lipid
accumulation was examined in HepG2 cells
via quantification of ORO extract (*, p<0.05;
T, p<0.05 vs. control shRNA; §, p<0.05 vs.
PCSK9 shRNA). Results are shown as the
mean and error bars as S.D. Differences
between groups were determined via
Student’s ¢ test or one-way ANOVA. Scale
bars, (A) 50 um, (C) 200 pm.

Fig. 3. PCSK9 blocks palmitate-induced
ER stress in HepG2 cells. (A,B),
Immunoblot and real time PCR analysis of

ER stress marker expression in shRNA
control and PCSK9 shRNA HepG2 cells
treated with vehicle (BSA) or PA (100 or 500
uM) for 24 hours (*, p<0.05). (C) Primary
human hepatocytes were exposed to medium
harvested from HuH7 cells transfected with
either WT-PCSK9 or a QI52H-PCSK9
variant that fails to be secreted. Hepatocytes
were then treated with PA (500 uM) for 24
hours and assessed for ER stress marker
expression via real time PCR (*, p<0.05). (D)
Cytotoxicity of PA-treated HepG2 cells was
also examined using a lactate dehydrogenase
assay in the presence or absence of CD36
inhibitor, SSO (10 uM; *, p<0.05; T, p<0.05
vs. PA). (E) ROS production was assessed by
pre-loading cells with DCF, a ROS-sensitive
fluorogenic dye, at 1, 2 and 3 hours in HepG2
cells following PA treatment (*, p<0.05). (F)
The Fura-2-AM Ca?" indicator was used to
examine PA-induced ER Ca?* release.
Following the incubation of HepG2 cells with
PA for 5 hours (500 uM), the SERCA blocker
CPA (50 puM) was used to promote the
spontaneous release of ER Ca?* to examine
total ER Ca2* content (*, p<0.05). Results are
shown as the mean and error bars as S.D.
Differences between groups were determined
via Student’s ¢ test or one-way ANOVA.

Fig. 4. Pcsk9-- mice exhibit compensatory
changes in the expression of lipid
regulatory proteins. (A) Representative
ORO staining of hepatic lipid droplets in
Pcsk9++ and Pcsk9-- mice (n=10; C57BL/6J).
Protein levels of the lipid droplet marker,
perilipin, as well as LDLR, VLDLR and
CD36 and the cholesterol efflux transporter,
ABCA1l, were also examined via
immunohistochemistry. (B) Hepatic
expression of LDLR, VLDLR and CD36 was
also examined using immunoblots. (C,D,E)
Fecal cholesterol, total plasma cholesterol and
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triglycerides as well as a circulating marker of
FA oxidation, B-hydroxybutyrate, were
measured using colorimetric assays (n=5). (F)
mRNA levels of genes known to play a role in
FA metabolism (n=5). Results are shown as
the mean and error bars as S.D. *, p<0.05 by
Student’s ¢ test or one-way ANOVA. Scale
bars, 200 um.

Fig. 5. PCSK9 reduces ER stress-induced
hepatic lipid accumulation. (A) Changes in
liver size and gross morphology were first
visualized and imaged following the sacrifice
of NCD- and HFD-fed Pcsk9-/- and Pcsk9t+
mice (n=5). (B) Hepatic lipid accumulation
was then examined via ORO and H&E.
Changes in body and liver weight (C and D),
as well as liver triglycerides and cholesterol
levels (E) and adipose weights (F) were also
examined. Results are shown as the mean and
error bars as S.D. *, p<0.05 by Student’s ¢ test
or one-way ANOVA. Scale bars, 200 pm.

Fig. 6. PCSK9 knockout exacerbates diet-
induced ER stress and inflammation in the
livers of mice. (A, B and C) Markers of ER
stress (pPERK, pIREla, IREla, pJNK,
sXBP1, pelF2a and CHOP), inflammation
(F4/80, TNFa, IL1pB, IL6, IL12, TLR1, TLR2,
TLR4, ICAM, VCAM and MCPI), fibrosis
(fibronectin, aSMA, CTGF) and apoptosis
(cCaspl2 and Caspl2) were examined in the
livers of NCD- and HFD-fed mice via
immunohistochemical staining,
immunoblotting and real time PCR. Hepatic
collagen deposition (blue) was also examined
via Masson’s Trichrome. (D,E) Liver injury
was examined via assessment of plasma ALT
activity, as well as liver TUNEL staining of
apoptotic cells. Results are shown as the
mean and error bars as S.D. *, p<0.05 by
Student’s ¢ test or one-way ANOVA. Scale
bars, 100 pm.

Fig. 7. PCSK9 knockout contributes to
gluconeogenesis and diet-induced insulin
resistance.

(A) Gluconeogenesis was first examined in
PCSK9 shRNA and control shRNA HepG2
cells. Cells incubated in glucose free-medium
were treated with either vehicle or the
saturated free FA, PA. Glucose content of the
medium, occurring as a result of cellular
gluconeogenesis, was subsequently quantified
using a colorimetric assay (*, p<0.05). (B)
Gluconeogenesis was also examined in wild-
type HepG2 cells exposed to medium
harvested from HuH7 cells transfected with
either the secreted PCSK9WT or the secretion-
defective PCSK9RQ!I52H variant (*, p<0.05). (C)
One week prior to sacrifice, mice were
injected with either insulin (1 IU/kg) or
glucose (0.8g/kg) (ITT and GTT,
respectively) to assess insulin resistance in
NCD- and HFD-fed Pcsk9+/* and Pcsk9--
mice (*, p<0.05 vs. Pcsk9+*). (D) Resting
glucose levels were also assessed prior to
injections. (E) Resting plasma insulin levels
in these mice were examined using an
ELISA. (F) Mice were injected with insulin
one hour prior to sacrifice to assess hepatic
insulin resistance via phosphorylation of AKT
via immunoblotting. (G) The expression of
pro-gluconeogenic markers (STAT3, G6P,
SCD1, PDK1, PDK4 and FMO2) was
examined in the livers of HFD-fed mice via
real time PCR (*, p<0.05. vs. HFD-fed
Pcsk9+/+). Results are shown as the mean and
error bars as S.D. *, p<0.05. NCD, normal
control diet; HFD, high-fat diet; PA,
palmitate; ITT, insulin tolerance test; GTT,
glucose tolerance test. Differences between
groups were determined via Student’s ¢ test or
one-way ANOVA.
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Figure 1. Lebeau et al., 2019
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Figure 2. Lebeau et al., 2019
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Figure 3. Lebeau et al., 2019
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Figure 4. Lebeau et al., 2019
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Figure 5. Lebeau et al., 2019
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Figure 6. Lebeau et al., 2019
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Figure 7. Lebeau et al., 2019
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High impact short article

Pharmacologic inhibition of S1P attenuates ATF6 expression, causes ER )
stress and contributes to apoptotic cell death

‘ updates |

Paul Lebeau', Jae Hyun Byunl, Tamana Yousof, Richard C. Austin®

Department of Medicine, Division of Nephrology, McMaster University, St. Joseph's Healthcare Hamilton, Hamilton Centre for Kidney Research, Hamilton, Ontario L8N
4A6, Canada

ARTICLE INFO ABSTRACT

Keywords: Mammalian cells express unique transcription factors embedded in the endoplasmic reticulum (ER) membrane,
S1P inhibition such as the sterol regulatory element-binding proteins (SREBPs), that promote de novo lipogenesis. Upon their
SREBP release from the ER, the SREBPs require proteolytic activation in the Golgi by site-1-protease (S1P). As such,
ATF6 inhibition of S1P, using compounds such as PF-429242 (PF), reduces cholesterol synthesis and may represent a
E;:izz:z new strategy for the management of dyslipidemia. In addition to the SREBPs, the unfolded protein response

(UPR) transducer, known as the activating transcription factor 6 (ATF6), is another ER membrane-bound
transcription factor that requires S1P-mediated activation. ATF6 regulates ER protein folding capacity by pro-
moting the expression of ER chaperones such as the 78-kDa glucose-regulated protein (GRP78). ER-resident
chaperones like GRP78 prevent and/or resolve ER polypeptide accumulation and subsequent ER stress-induced
UPR activation by folding nascent polypeptides. Here we report that pharmacological inhibition of S1P reduced
the expression of ATF6 and GRP78 and induced the activation of UPR transducers inositol-requiring enzyme-1la
(IREla) and protein kinase RNA-like ER kinase (PERK). As a consequence, S1P inhibition also increased the
susceptibility of cells to ER stress-induced cell death. Our findings suggest that S1P plays a crucial role in the
regulation of ER folding capacity and also identifies a compensatory cross-talk between UPR transducers in order
to maintain adequate ER chaperone expression and activity.

UPR inhibition

1. Introduction capacity of the ER lead to an accumulation of misfolded polypeptides in

the ER lumen. This state of ER stress is associated with numerous

The ER is the intracellular compartment that plays a central role in
the synthesis and folding of nascent polypeptides (Austin, 2009). One
third of the proteome originates in the ER, consisting primarily of cell-
surface and secretory proteins, which undergo post-translational mod-
ifications, including disulfide bond formation, N-linked glycosylation
and proline cis-trans isomerization (Schwarz and Blower, 2016;
Vincenz-Donnelly and Hipp, 2017).

Due to the constant influx of newly synthesized polypeptides en-
tering the ER, the expression of ER-resident chaperones burdened with
the task of protein folding is tightly regulated. GRP78 is a ubiquitously
expressed ER chaperone known to promote polypeptide folding, en-
hance nascent polypeptide chain translocation and resolve the accu-
mulation of misfolded proteins. Perhaps its most well-studied role is its
ability to prevent constitutive activation of the UPR by blocking the
release of ATF6, IREla and PERK at the ER luminal surface (Shen et al.,
2002; Lee, 2005; Gardner et al., 2013). Conditions that cause the pro-
tein folding requirements of the cell to exceed the protein folding

human diseases including heritable ER storage diseases, cardiovascular
disease, neurodegenerative disease and metabolic disorders
(Rutishauser and Spiess, 2002; McAlpine et al., 2010; Xiang et al.,
2017).

In order to prevent further misfolding of de novo polypeptide chains,
GRP78 dissociates from the ER luminal domain of ATF6, IREla and
PERK, thereby leading to the release of these transducers from the ER
and causing UPR activation. Among these “arms of the UPR” is the
ATF6 transcription factor; IREla which utilizes intrinsic en-
doribonuclease activity to cleave the X-box-binding protein-1 (XBP1)
mRNA to form the active spliced-XBP1 (sXBP1) transcription factor; as
well as PERK, which promotes the expression of the pro-apoptotic
CCAAT-enhancer-binding protein homologous protein (CHOP).
Collectively, this UPR signaling cascade increases the protein folding
capacity of the ER, while reducing its burden by blocking global de novo
protein synthesis (Basseri and Austin, 2008).

Chief among the transcription factors capable of binding to the
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CCAAT consensus sequence of the ER stress element, is the basic leucine
zipper protein ATF6 (Okada et al., 2003). Upon its release from the ER
by GRP78, ATF6 translocates to the Golgi complex where it undergoes
proteolytic activation by S1P. Other ER stress-inducible transcription
factors known to reside in the ER and to be cleaved and activated by
S1P are the SREBPs (Brown and Goldstein, 1999); isoforms of the
SREBPs consist of SREBP1 and SREBP2, which regulate triglyceride and
cholesterol synthesis, respectively. Because SREBPs play a central role
in de novo lipogenesis, S1P has recently been identified as a putative
therapeutic target for the management of dyslipidemia (Hay et al.,
2007; Hawkins et al., 2008; Basu et al., 2015).

In the present study we used a pharmacological approach to ex-
amine whether blocking S1P would reduce ATF6 expression and lead to
UPR activation. Due to the well-established role of the liver in choles-
terol synthesis, these studies were carried-out in HuH7 cultured human
hepatocytes. SIP was blocked using the aminopyrrolidineamide small-
molecule reversible inhibitor, PF, which was first characterized for its
hypolipidemic properties from a high throughput screen done in a
Pfizer compound library (Hay et al., 2007; Hawkins et al., 2008; Uchida
et al., 2016). We show here for the first time that reducing the acti-
vation of ATF6, via PF-mediated S1P inhibition, is associated with an
induction of IREla and increased phosphorylation of PERK. We also
observed that S1P inhibition increased the susceptibility of cells to
cytotoxicity in the presence of ER stress-inducing agent thapsigargin
(TG). Because ATF6 is a major regulator of GRP78 expression, which
modulates the activation of the UPR, the observed downregulation of
GRP78 is a likely cause of IREla and PERK induction. Indeed, a com-
pensatory UPR activation to account for reduced ATF6 activity may
represent another explanation for these observations. Upon inhibition
of IREla activity via STF-083010 (STF), which did not reduce GRP78
expression, we also observed that cells were more susceptible to TG-
induced UPR activation and apoptosis. Taken together, our findings
demonstrate that S1P plays a critical role in maintaining the protein
folding capacity of the ER and that there exists a compensatory cross-
talk between UPR transducers.

2. Materials and methods
2.1. Cell culture and reagents

HuH7, HepG2, HEK293 and DU145 cells were routinely grown in
Dulbecco's Modified Eagle's Medium (Gibco, Thermofisher Scientific)
supplemented with 10% (v/v) fetal bovine serum (Sigma-Aldrich) and
50 U/ml of penicillin and streptomycin (Sigma-Aldrich). TG, AEBSF, PF,
STF and 4-phenylbutyrate (4PBA) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Cells were treated with TG (100 nM), AEBSF
(300 uM), PF (10 uM), STF (60 uM) and/or 4PBA (1 mM) for 24 h prior
to lysis.

2.2. Transfection and plasmids

Transfection of HuH7 cells was carried-out using XtremeGene HP
(Roche Applied Sciences) at a 3:1 ratio with plasmid DNA (3 pl trans-
fection reagent, 1 g DNA per ml media). The ER stress-activated in-
dicator (ERAI) plasmid used in our studies encodes XBP1 that displays a
FLAG antigen upon splicing and removal of the ER stress-specific intron
by IREla (Iwawaki et al., 2004). This form of FLAG-sXBP1 is lacking its
DNA-binding domain and serves strictly as a marker of IREla activity
with no transcriptional capacity. Inhibition of SREBP2 was achieved
using siRNA (200 nM, #4390824, Thermofisher Scientific), which was
transfected into HuH7 cells using Lipofectamine RNAIMAX (X13778-
030, Invitrogen).

2.3. Immunoblotting and antibodies

Cells were lysed in 4 X SDS-PAGE lysis buffer and protein lysates
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were resolved on 10% polyacrylamide gels in denaturing conditions, as
described previously (Lebeau et al., 2017). Following gel electrophor-
esis, resolved proteins were transferred to nitrocellulose membranes.
Membranes were then blocked in 5% skim milk dissolved in 1x Tris-
buffered saline with 1% Tween-20 (TBS-T). Incubation of membranes
with primary antibodies was carried-out for 18 h at 4 °C. Primary an-
tibodies were diluted in TBS-T containing 1% skim milk, which in-
cluded the following: anti-ATF6, (70B1413.1, Novus Biologicals), anti-
CHOP (#8SC-793, Santa Cruz Biotechnology), anti-GRP78 (#610979,
BD Bioscience), anti-GRP94 (#ADI-SPA-850, Enzo Life Sciences), anti-
IREla (#14C10 Cell Signaling Technology), anti-pPERK (#3179S, Cell
Signaling Technology) and anti-SREBP2 (#557037, BD Bioscience).
Membranes were visualized using the EZ-ECL chemiluminescent re-
agent (#20-500-500, FroggaBio) and quantified using ImageLab soft-
ware (BioRad). Quantification of band intensities represent the mean of
three replicates, normalized against membranes re-probed for p-actin.

2.4. Reverse transcription and quantitative real-time PCR

Total RNA was extracted using RNeasy Mini kits (#74104, Qiagen)
and reverse transcribed to cDNA using Superscript Vilo cDNA Synthesis
kit (#11754050, Life Technologies). Real-time PCR was completed
using Fast SYBR Green (#4385610, Life Technologies), as described
previously (Al-Hashimi et al., 2010).

2.5. Immunofluorescent staining

HuH?7 cells were seeded in 4-well chamber slides, transfected with
the ERAI plasmid for 48h and treated with PF or TG 24 h prior to
fixation in 4% paraformaldehyde. Following fixation, cells were per-
meabilized with phosphate-buffered saline (PBS) containing 0.025%
Triton-X, blocked in PBS containing 1% bovine serum albumin and
incubated in primary antibodies targeted against FLAG (1:100; F3165,
Sigma Aldrich) for 1 h. Cells were then washed in PBS containing 1%
tween and incubated with Alexa 488 fluorescently-labelled secondary
antibody (1:200; #A32723, ThermoFisher Scientific) for 45 min. Actin
and nuclei were stained using rhodamine phalloidin (#R415,
ThermoFisher Scientific) and DAPI (Sigma-Aldrich), respectively.
Immunofluorescent staining of ATF6 was carried-out with the same
protocol as mentioned above using an anti-ATF6 antibody (1:100; Enzo
Life Sciences, 70B1413.1). TUNEL assays, which stain DNA damage,
were used to assess cell apoptosis. After fixation of cells in 4% paraf-
ormaldehyde, TUNEL assays were carried-out as per manufacturer's
instructions (#4810-30-CK, Trevigen). Briefly, HuH7 cells were in-
cubated with terminal deoxynucleotidyl transferase, which biotinylates
damaged DNA, for 1h at 37 °C. Biotinylated DNA was then labelled via
incubation with streptavidin-594 (1:200 in PBS) for an additional hour
at room temperature. 5 representative images of TUNEL-stained cells
from each treatment group were quantified using ImageJ software (U.
S. National Institute of Health).

2.6. Lactate dehydrogenase cytotoxicity assay

Lactate dehydrogenase cytotoxicity assays were performed as per
manufacturer's instructions (#04744926001, Roche Applied Sciences).

2.7. Measurement of cellular reactive oxygen species

HuH7 cells were seeded in a black clear-bottom 96-well plate and
permitted to adhere for 24 h. Live cells were then washed with Hank's
Balanced Salt Solution (HBSS) containing 20 mM HEPES and loaded
with DCFDA (25 uM, #D6883, Sigma-Aldrich) via incubation for 1 h at
37 °C. DCFDA-containing HBSS was then washed off and an additional
100 pl of HBSS and treatments were added to each well. DCFDA relative
fluorescence units (RFU) were measured using the Gemini EM
Microplate Reader at 37 °C for 18 h with the excitation and emission
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wavelengths of 480 and 515 nm, respectively.

2.8. Isolation of primary hepatocytes

A two-step hepatic perfusion of collagenase (0.05% in HEPES buffer,
Sigma) and EGTA (500 M in HEPES buffer, Sigma) was used in 12-
week-old male C57bl/6 mice to isolate fresh primary hepatocytes.
Following harvest, cells were washed, separated via centrifugation and
cell strainers and plated at a confluence of 1 x 10° cells/well in
William's E medium (Gibco, Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum, 100IU/ml penicillin, and 100 g/ml
streptomycin.

2.9. Statistical analysis

Error bars are represented as standard deviation of the mean.
Statistical significance was calculated using unpaired Student's t-tests.
Comparisons between means of immunoblot quantifications was done
using one-way ANOVA.

3. Results
3.1. PF blocks ATF6 activation and GRP78 expression

The role of S1P in the activation of ATF6 and expression of GRP78
was explored in HuH7 cells via treatment with PF for 24 h. Our data
demonstrate that PF significantly reduced the abundance of nuclear
ATF6 (nATF6; Fig. 1A) and expression of GRP78, whether in the pre-
sence or absence of the ER stress-inducing agent TG (Fig. 1B). Con-
sistent with our previous findings (Lebeau et al., 2017), we observed
that PF blocked SREBP2 activation and reduced the abundance of a
downstream target of SREBP2 transcriptional activity, the proprotein
convertase subtilisin/kexin type-9 (PCSK9). Immunoblot findings were

Al ] 3
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confirmed via real-time PCR of cells treated with PF as well as the serine
protease inhibitor AEBSF (Fig. 1C). The effect of PF on GRP78 and ATF6
expression was also examined in HepG2 immortalized human hepato-
cytes via real-time PCR (Fig. 1D). Given that PF blocks the S1P-medi-
ated proteolytic cleavage of ATF6 in the Golgi complex, we also ex-
amined the effect of PF on TG-induced nuclear localization of ATF6 via
immunofluorescence staining (Fig. 1E). Our findings demonstrate that
upon treatment of HuH7 cells with TG, ATF6 localizes to the nucleus, as
well as the perinuclear region of the cell. In the presence of PF, how-
ever, TG-induced nuclear localization of ATF6 was not observed; rather
a distinct accumulation of ATF6 was observed in the perinuclear com-
partments of the cell (white arrows), likely the ER or Golgi.

3.2. Pharmacologic inhibition of SI1P induces UPR activation

Given the well-established role of GRP78 as a sensor/repressor of
UPR transducers, and that inhibition of S1P downregulates GRP78
(Okada et al., 2003), we investigated whether treatment of PF would
lead to UPR activation. After a 24 h treatment with PF, a significant
upregulation of the remaining two arms of the UPR, PERK and IREla,
was observed in HuH7 cells (Fig. 2A). We also observed a marked in-
crease in the expression of GRP94; another member of the heat-shock
protein (HSP) family of proteins, which in contrast to GRP78 was not
downregulated by S1P inhibition. Given the significant induction of
IREla by PF, the splicing of XPB1 was also examined in HuH7 cells
transfected with the ERAI plasmid via immunofluorescence staining.
Consistent with the observed PF-mediated increase in IRE1a expression
was a concomitant increase in cells that stained positive for sXBP1
(Fig. 2B and C). The effect of PF on UPR activation was also confirmed
in freshly isolated primary mouse hepatocytes (Fig. 2D), human em-
bryonic kidney (HEK293) and HepG2 cells via real-time PCR (Fig. 2E
and F) and immunoblots (Fig. 2G and H). Consistent with our ob-
servations in immortalized cultured human hepatocytes (HuH7), we
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Fig. 1. PF-429242 (PF) blocks ATF6 activation and GRP78 expression. (a and b) Immunoblots of HuH7 cells incubated with PF (10 uM) in the presence or absence of
thapsigargin (TG; 100 nM) for 24 h show that PF blocks nuclear ATF6 (nATF6), GRP78, nuclear SREBP2 (nSREBP2) and PCSK9 expression. (c) Transcriptional
repression of GRP78 mRNA by S1P inhibitors AEBSF and PF was also examined using real-time PCR 8 h post-treatment (*, p < 0.05). (d) PF-mediated inhibition of
GRP78 and ATF6 was also examined in HepG2 cells via real-time PCR (*, p < 0.05 vs. NT; §, p < 0.05 vs. TG). (e) PF-mediated inhibition of ATF6 nuclear
localization was also observed in HuH7 cells treated with TG via immunofluorescence staining.
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Fig. 2. Pharmacologic inhibition of S1P induces UPR activation. (a) UPR markers phospho-PERK (pPERK), IRE1a and GRP94 were examined in HuH7 cells incubated
with PF-429242 (PF; 10 uM), via immunoblots. (b) The PF-mediated splicing of XBP1 (sXBP1) was examined in HuH7 cells transfected with the ER-activated indicator
(ERAI) plasmid using immunofluorescence staining. ERAI-transfected cells were also treated with ER stress-inducing agent thapsigargin (TG; 100 nM) to serve as a
positive control. (¢) Quantification of ERAI positive staining using ImageJ (*, p < 0.05 vs. NT). (d, e, f, g and h) The effect of PF on UPR marker expression was
confirmed via real-time PCR and immunoblots in mouse primary hepatocytes, HepG2 and HEK293 cells. (i) The reversibility of PF-induced ER stress was also
examined via pre-treatment of cells with the small chemical chaperone 4-phenylbutyrate (4PBA, 1 mM) using immunoblots. (j) PF-mediated cellular reactive oxygen
species (ROS) production was also examined in HuH7 cells in the presence and absence of 4PBA using a DCF assay during an 18 h treatment time-course (*, p < 0.05
vs. Vehicle). (k) The effect of SREBP2 inhibition on UPR marker expression was examined in HuH7 cells transfected with siRNA targeted against SREBP2 (siSREBP2)

in the presence and absence of an agent that induces SREBP2 activation, U18666A

observed that a 24 h treatment of PF (10 uM) blocked the expression of
GRP78 but increased the expression of UPR markers ATF4, sXBP1,
IREla and GRP94. SREBP1 expression was also examined in PF-treated
primary hepatocytes and found to be significantly reduced, which is
consistent with that of the other S1P-regulated transcription factors,
ATF6 and SREBP2.

To confirm that the PF-mediated induction of IREla occurred in a
manner dependent on ER stress, HuH7 cells were treated with 4PBA; a
small chemical chaperone well-known to alleviate ER stress (Basseri
et al., 2009; Liu et al., 2016). Consistent with our findings in Fig. 2A, we
observed that PF increased the cellular abundance of IREla and that
this increase was blocked in the presence of 4PBA (Fig. 2I). The pro-
duction of reactive oxygen species (ROS), a process closely related to ER
stress (Zeeshan et al., 2016), was also examined in PF-treated HuH7
cells (Fig. 2J). Our data show that PF caused a significant increase in
cellular ROS starting at the 11 h time point, which persisted until the 18
h endpoint. Consistent with findings in Fig. 2I, we also observed that
4PBA abolished PF-mediated ROS production, likely due to its ability to
attenuate ER stress. Because of the dual role of S1P in activation of the
SREBPs and ATF6, we next examined whether the inhibition of SREBP2

(Basu et al., 2015).

would lead to UPR activation. Despite the significant siRNA-mediated
reduction in the nuclear form of SREBP2 (nSREBP2), immunoblots re-
veal that GRP78 and IREla were not affected (Fig. 2K). Furthermore,
the expression of UPR markers was not altered upon induction of
SREBP2 via U18666A, an agent that causes intracellular sterol depri-
vation (Basu et al., 2015).

3.3. Inhibition of S1P leads to ER stress-induced cell death

It is well-established that prolonged ER stress promotes pro-
grammed cell death in a manner dependent on the UPR mediator CHOP
(Szegezdi et al., 2006). Despite the observed UPR activation in response
to PF, our findings demonstrate that an additional stimulus by the ER
stress-inducing agent TG was required for PF to elicit an effect on CHOP
expression (Fig. 3A) and cytotoxicity (Fig. 3B) in HuH7 cells. Given that
a number of inhibitors of the UPR have been shown to reduce the onset
and progression of a variety of cancer types, the pro-apoptotic effect of
PF-mediated ATF6 inhibition was also examined in a well-established
prostate cancer cell line DU145 (Fig. 3C). Consistent with our previous
observation that 4PBA attenuated PF-induced UPR activation, we also
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confirmed via pre-treatment of cells with the small chemical chaperone 4-phenylbutyrate (4PBA; 1 mM), which significantly reduced cytotoxicity. (d and e) Apoptosis
was also examined in PF-treated HuH7 cells in the presence and absence of TG using a TUNEL assay (red) (#,p < 0.05vs. NT; *,p < 0.05). (f) PF-mediated changes
in cell morphology were examined in the presence and absence of TG using light microscopy. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

observed that 4PBA reduced PF-induced cytotoxicity in HuH7 and
DU145 cells. To examine apoptosis specifically, a TUNEL assay was
carried-out and also revealed that TG is required to attain a PF-medi-
ated increase in cell death (Fig. 3D and E). Furthermore, we observed
an increase in the TG-mediated shrinking and budding of cells (red
arrows) in the presence of PF; a well-established morphological hall-
mark of apoptosis (Fig. 3F).

3.4. Inhibition of IRE1a, via STF, exacerbates TG-mediated UPR activation
but does not block GRP78 expression

To investigate whether PF-mediated UPR activation occurred solely
as a result of reduced GRP78 expression, or also as a result of a com-
pensatory response of the UPR, cells were treated with an inhibitor of
IREla that fails to reduce GRP78 expression. To confirm effective STF-
mediated inhibition of IREla activity, sXBP1 was examined via real-
time PCR. These data demonstrate that STF significantly reduced the
cellular abundance of sXBP1, the downstream marker of IREla activity,

whether in the presence or absence of TG (Fig. 4A). The STF-mediated
effect on UPR marker expression was then examined via real-time PCR
and immunoblot analysis (Fig. 4B and C). In a consistent manner, these
data demonstrate that STF treatment failed to induce GRP78 and CHOP
expression; however, in the presence of TG, STF significantly increased
the cellular abundance of both UPR markers. In support of the PF
findings, TUNEL assay data also demonstrate that STF treatment re-
quired an additional ER stress-inducing stimulus to elicit a significant
increase in cell death (Fig. 4D and E).

4. Discussion

Accumulating evidence implicates S1P as a major regulator of
cholesterol due to its role in the activation of SREBP1/2 (Brown and
Goldstein, 1999; Hawkins et al., 2008; Hyrina et al., 2017). In support
of this, we have recently demonstrated that inhibition of S1P, via AEBSF
and PF, blocks the activation of SREBP2 and PCSK9 expression (Lebeau
et al., 2017). In addition to the SREBPs, S1P is also known to mediate
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the activation of the ATF6 transcription factor that plays a central role
in the transcriptional regulation of ER chaperones, such as GRP78 (Li
et al., 2000). Given that GRP78 promotes the folding and maturation of
nascent polypeptides and acts as a repressor of ATF6, IRE1a and PERK
function, we investigated whether S1P inhibition would lead to UPR
activation.

Despite the potential benefits associated with S1P inhibitor-medi-
ated cholesterol lowering (Hawkins et al., 2008; Basu et al., 2015), the
major finding of this study suggests that SIP plays a crucial role in
maintaining ER chaperone expression and ER folding capacity. Our
findings demonstrate that inhibition of S1P leads to UPR activation in
the absence of additional ER stress-inducing stimuli (Fig. 2). While S1P
inhibition did not induce a significant level of cytotoxicity, a significant
increase in cytotoxicity was observed in the presence of TG (Fig. 3).

Given that S1P regulates the activation of SREBP1/2 and ATF6
(Velho et al., 2017), which are both ER stress-inducible proteins
(Colgan et al., 2007), we also examined whether inhibition of SREBP2
corresponded with UPR activation using small-interfering RNA
(Fig. 2K). We observed that inhibition of SREBP2 expression did not
yield UPR activation, suggesting that S1P inhibition promotes UPR
activation in a manner dependent on ATF6 and/or GRP78. Because
GRP78 has intrinsic chaperone activity and plays a major role in the
repression of UPR activation, it remains unclear whether PF-mediated
downregulation of GRP78 contributes to UPR activation via liberation
of the UPR transducers from the ER or as a compensatory response to
reduced ATF6 and GRP78 chaperone activity.

In support of the notion by which S1P inhibition promotes UPR
activation as a compensatory response, we also observed that IREla
inhibition increased the susceptibility of cells to TG-induced ER stress
despite not having an effect on GRP78 expression (Fig. 4C). Accumu-
lating evidence suggests that the three arms of the UPR work in concert
to maintain ER folding capacity and cellular homeostasis. ATF6 ™/~
mice exhibit increased hepatic lipid accumulation and UPR activation
in response to ER stress-inducing agent tunicamycin (Yamamoto et al.,
2010). Similarly, liver-specific PERK ™/~ mice exhibit increased tuni-
camycin-mediated hepatic apoptosis (Teske et al., 2011). Inhibition of
the UPR was also shown to cause severe atrophy in cultured myotu-
bules, a process known to contribute to skeletal muscle wasting in
cancer patients (Bohnert et al., 2016).

The UPR is emerging as a therapeutic target due to its well-estab-
lished role in the onset and progression of a variety of human diseases
(Maly and Papa, 2014; Nagelkerke et al., 2014). Inhibitors of IREla
activity and PERK have been shown to reduce the progression of
atherosclerosis and various cancers including multiple myeloma and
pancreatic cancer (Atkins et al., 2013; Chien et al., 2014; Feng et al.,
2017; Tufanli et al., 2017). The present study supports the notion that
networks of the UPR are fully integrated and act in concert to maintain
ER chaperone activity. Inhibitors of S1P and the UPR may confer sig-
nificant protection against dyslipidemia or disease in tissues laden by
chronic UPR activation. However, given that blocking ATF6 and IREla
can promote cell death in conditions that increase ER burden, the long-
term systemic effect of such inhibitors remains to be elucidated.
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ABSTRACT

Cell death is a common driver of human disease and is frequently studied in a variety of in vitro settings. There
currently exists a range of commercially available assays to examine cell death, however, most are costly and
require assay-specific experimental conditions that may not be suitable for many cell types. Here, we show that
cellular debris occurring as a result of cell death can be used to quantify cell death using trypan blue. Furthermore,
we demonstrate that the data generated using this technique are comparable to the widely-used lactate
dehydrogenase (LDH) assay. Overall, we describe a novel application for trypan blue, a stain found in most biology
laboratories, as a novel and cost-effective method for the quantification of cell death via staining of cell debris.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
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e The technique is quick and affordable.

o No manipulation of experimental conditions, such as low FBS, are required to accommodate the
assay.

e Data generated using the assay are consistent with the widely-used LDH release assay.
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Specifications Table

Subject Area: Biochemistry, Genetics and Molecular Biology
More specific subject area: Molecular Biology
Method name: Trypan Blue Cellular Debris Assay
Name and reference of W. Strober, Trypan blue exclusion test of cell viability, Curr Protoc Immunol Appendix 3
original method: (2001) Appendix 3B.
Resource availability: e 6-well tissue culture dish
o 96-well plate

Complete cell culture medium

Phosphate-buffered saline (PBS), pH 7.4

99% v/v Isopropanol

0.4% w/v Trypan blue solution (ThermoFisher Scientific, Cat. no. 15250061)

- Alternatively, dissolve 400 g of trypan blue powder (Sigma- Aldrich, Cat. no. T6146) in
100 mL of distilled water

Microcentrifuge

Dry block heater

1.5 mL Microcentrifuge tubes

Spectrophotometer

Method details

Here, we describe a non-invasive method, referred to as the trypan blue cellular debris (TBCD)
assay, to examine media content of cell debris occurring as a result of cell death. Following the harvest
of debris, live adherent cells can continue to be grown or be utilized for additional assays. Although the
following protocol was optimized using 6-well tissue culture dishes, the protocol can also be
optimized for use with other culture dish formats.

Equipment and reagents

e 6-well tissue culture dish

e 96-well plate

e Complete cell culture medium

e Phosphate-buffered saline (PBS), pH 7.4

e 99% v/v Isopropanol

e 0.4% w/v Trypan blue solution (ThermoFisher Scientific, Cat. no. 15250061)

- Alternatively, dissolve 400 g of trypan blue powder (Sigma-Aldrich, Cat. no. T6146) in 100 mL of

distilled water

e Microcentrifuge

e Dry block heater

e 1.5 mL Microcentrifuge tubes

e Spectrophotometer

Seeding and treatment of cells

1 Centrifuge complete medium at 15,000 x g for 5 min to remove any particulates found in the FBS and
warm medium to the desired temperature prior to seeding. This can be done using sterile
microcentrifuge tubes in a table-top microcentrifuge.

2 Seed cells in 6-well tissue culture dishes containing the appropriate volume of medium. We
recommend using 1 mL of complete medium per well and a seeding density of approximately
8 x 10° cells per well or 80% confluency. Ensure that each well contains an equal number of cells.

3 Treat cells with appropriate drugs/interventions.

Staining of cell debris

1 Following the desired treatment period, carefully harvest cell debris by collecting all of the medium
from each well using a pipette without disturbing cells attached to the bottom of the plate. The
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medium containing cell debris should be placed in pre-labelled microcentrifuge tubes. Continue to
grow the cells by adding fresh pre-warmed medium or collect lysate for analysis of protein or mRNA
using the appropriate lysis buffer.

2 Pellet cell debris via centrifugation at 10,000 x g for 2 min at room temperature. Although not
necessary for most cell types, live weakly adherent cells must be cleared from the media prior to
isolation of cell debris via low-speed centrifugation at 500 x g for 1 min. Remove the cell debris-
containing supernatant and continue the standard protocol; be careful not to agitate the pellet of
live cells from the bottom of the tube.

3 Discard the medium by inverting the tube or collect medium for other assays using a pipette. Be
careful not to agitate the cell debris pellet.

4 Add 100 p.L of trypan blue solution to each tube and re-suspend the pellet using a vortex. Allow cell
debris to stain on the bench top for 5min at room temperature.

5 Centrifuge the samples at 12,000 x g for 2 min at room temperature and discard excess trypan blue
stain by inverting the tube. Be careful not to disturb the pellet.

6 Wash the pellet by adding 500 L of 99% isopropanol. Slowly invert the tube and open the lid to
remove the wash (Fig. 1). Remove any excess isopropanol using a pipette while being careful not to
disturb the trypan blue-stained cell debris pellet.

Extraction and quantification

1 Add 100 L of PBS to each of the tubes in order to extract the stain from the pellet. Agitate the pellet
using a vortex and heat the tubes using a dry block heater for 10 min at 80°C.

2 Centrifuge the samples to remove cell debris from the blue-coloured PBS extract.

3 Load the blue-coloured PBS extract into a 96-well plate as technical duplicates of 45 L and
measure the optical density of the extract using a spectrophotometer at a wavelength of 590 nm.

Data analysis and recommended controls

Similar to many assays, data generated using the TBCD assay described in this report can be
presented as (a) relative or fold changes in cell death or (b) absolute cell death. To present data in a
manner relative to an untreated or vehicle control group, no assay controls are required; simply
normalize the mean optical density value obtained from each treatment group to the mean value
obtained for the untreated/vehicle control. Error values should be treated in the same manner as the
means. To illustrate absolute cell death, blank and 100% cell death controls are required. The blank can
be generated by adding 100 L of trypan blue to a new microcentrifuge tube containing no cell debris
(starting at step 4 of Staining of cell debris). A small amount of stain will adhere to the plastic and

Fig.1. Isolate and wash the trypan blue-stained cell debris pellet by adding 500 L of isopropanol and gently inverting the tube.
The isopropanol will displace the aqueous trypan blue fraction and leave behind a clean blue pellet.
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generate non-specific signal. Optical density generated from the blank should be subtracted from the
mean value of each treatment group during data processing. To generate a 100% cell death control,
place a culture dish containing the same total number of cells as those used for the treatment groups
into a freezer for 20 min; remove medium from these cells prior to freezing. Following freezing,
resuspend cell debris in PBS. Ensure that all cells/debris are collected by scraping the bottom of the
well with a cell scrapper. Collect and stain these cell debris using the protocol described above. To
calculate percent cell death, use the optical density values obtained from experimental and controls
groups in Eq. (1).

Experimental Value — Blank Value

#Cell Death = 100% Cell Death Value — Blank Value

x 100 (1)

Method validation

To ensure the validity and sensitivity of the TBCD assay, HuH7 immortalized human hepatocytes
were seeded in 6-well culture dishes at a confluency of 80%. The following day, cell debris was
generated by freezing the cells at -80 °C for 20 min. Serial two-fold dilutions of cell debris were carried
out prior to staining in order to mimic incremental changes in cell death.

Quantification of the optical density of the PBS extracts using a spectrophotometer (Molecular
Devices) demonstrates that changes in cell debris concentration can be detected using trypan blue
(n=3 wells) (Fig. 2). HuH7 cells were then treated with increasing concentrations of a
pharmacologic agent known to cause cell death in a manner dependent on endoplasmic reticulum
stress, thapsigargin (Tg) (Fig. 3A) [1]. Data generated using the TBCD assay were compared to data
generated using an LDH release assay (Roche); both assays were carried out on the same
experiments using the same medium. Qualitative assessment of apoptosis was also carried out in Tg-
treated cells using a terminal deoxynecleotidyl transferase dUTP nick end labeling (TUNEL) assay
(Trevigen). TUNEL-positive apoptotic cells were visualized using a fluorescent microscope (EVOS,
ThermoFisher Scientific). Quantification of TUNEL staining intensity of 5 separate wells of cells per
treatment using Image] software (NIH) also reveals that findings are consistent with the LDH and
TBCD assays (Fig. 3B and C). Our research group has also used the TBCD assay described in this
report to demonstrate changes in cell death in HK2 cells transfected with mammalian expression
plasmids [2].
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Fig. 2. Cell debris was generated by freezing cell monolayers for 20 min (n =3). Debris was resuspended, underwent two-fold
serial dilutions and was stained using the trypan blue debris assay protocol. Statistical analysis was carried out using the
unpaired Student’s t-test.
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Fig.3. (A) Acomparison of data generated using a lactate dehydrogenase (LDH) release assay and the trypan blue cellular debris
assay (TBCD) in HuH7 immortalized human hepatocytes treated with thapsigargin (Tg). (B) Apoptotic cells were also visualized
by staining for DNA damage using a TUNEL assay, which was quantified using Image]J Software. Error bars are represented as SD.
Scale bars, 200 pm. *, p <0.05. Statistical analysis was carried out using the unpaired Student’s t-test.

Supplementary material and/or additional information

Trypan blue is a widely-available low-cost dye used to distinguish between intact live cells and
permeable dead cells and debris [3]. Although this dye is commonly used to stain and exclude dead
cells for the quantification of live cells using a hemocytometer, to the best of our knowledge the
quantification of cell debris found in the medium using trypan blue has not yet been described. The
use of cell debris, a component that is generally discarded in most experiments, to generate data on
cell viability status represents the first advantage of this method. Because debris is isolated from the
sample, all of the media and cell monolayer remains available for additional experiments.

Other common cell death assays include (a) intracellular protein release assays, such as the LDH
release assay, and (b) metabolism-based assays [4,5]. The former relies upon the release of proteins
that are normally expressed in cells into the medium as a result of cytotoxicity-induced perturbations
in membrane integrity. Activity is then measured in the medium by providing the enzyme with
detectable substrate. Because ATP production is reduced in dying cells, metabolism-based assays can
also be used to quantify ATP levels in cells using a firefly-luciferase system [6]. Each of these enzyme-
dependent classes of cell death assays, however, share a common limitation. The expression of such
enzymes can be affected by certain treatments thus leading to either over- or under-estimations of
true cell death. Because the TBCD assay relies on damaged cell membrane, which represents a more
direct marker of cell viability, this assay is not affected by alterations in enzyme expression and/or
activity.

Another common method to quantify cell death in a manner dependent on cell membrane integrity
involves a fluorescent dye, known as propidium iodide (PI) [7]. Similar to trypan blue, PI does not
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Fig. 4. To determine the limitations of the trypan blue cellular debris (TBCD) assay in comparison to the lactate dehydrogenase
(LDH) release assay, HuH7 immortalized human hepatocytes were treated with a detergent capable of dissolving cell
membrane. Representative images of cells treated with Triton-X were taken with a light microscope. *, p < 0.05 vs. LDH assay -
untreated; NS, non-significant vs. TBCD assay untreated. Statistical analysis was carried out using the unpaired Student’s t-test.
Error bars are presented as SD.

readily pass through intact membrane in live cells. In damaged cells, Pl passes through pores of the cell
membrane and intercalates with DNA; therefore, PI is generally used to visualize and quantify cell
death using fluorescence microscopy and/or flow cytometry [8]. High-throughput Pl-based
fluorometric assays have also been developed, however, these are often expensive and laborious
processes that are known to produce false-positive results. Furthermore, as PI-based assay rely on
intact nuclei of damaged cells within the cell monolayer, PI assays also fail to detect dead floating cells
that have lifted from the monolayer [9]. In this regard, the because the LDH and TBCD assays quantify a
by-product of cell death found in the medium, these assays may represent better tools to assess total
cell death.

The dependence on cell membrane, however, also has its limitations. Detergent-based treatments
known to dissolve cell membrane significantly reduce the ability of the TBCD assay to detect changes
in media debris content. To test this, a side-by-side comparison was made between the TBCD assay and
the LDH release assay using HuH7 cells treated with Triton-X; a harsh detergent commonly used to
generate positive control values for the LDH release assay (Fig. 4). Although nearly 100% cell death
occurred as a result of this treatment, which was confirmed using a light microscope, media debris
content did not accurately reflect cell death.

In conclusion, there exists many assays for the assessment of cytotoxicity and cell death and each
has its limitations. The assay described in this report adds to the repertoire of techniques available to
examine cell death and may offer significant advantage over enzyme-based assays in certain
circumstances.
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GDF10 blocks hepatic PPARy activation to
protect against diet-induced liver injury

Khrystyna Platko *%, Paul F. Lebeau "%, Jae Hyun Byun ', Samantha V. Poon ', Emily A. Day?,
Melissa E. MacDonald ', Nicholas Holzapfel ', Aurora Mejia-Benitez ', Kenneth N. Maclean °,
Joan C. Krepinsky ', Richard C. Austin "'

ABSTRACT

Objective: Growth differentiation factors (GDFs) and bone-morphogenic proteins (BMPs) are members of the transforming growth factor 3
(TGFP) superfamily and are known to play a central role in the growth and differentiation of developing tissues. Accumulating evidence, however,
demonstrates that many of these factors, such as BMP-2 and -4, as well as GDF15, also regulate lipid metabolism. GDF10 is a divergent member
of the TGFB superfamily with a unique structure and is abundantly expressed in brain and adipose tissue; it is also secreted by the latter into the
circulation. Although previous studies have demonstrated that overexpression of GDF10 reduces adiposity in mice, the role of circulating GDF10
on other tissues known to regulate lipid, like the liver, has not yet been examined.

Methods: Accordingly, GDF10~/~ mice and age-matched GDF10*/* control mice were fed either normal control diet (NCD) or high-fat diet (HFD)
for 12 weeks and examined for changes in liver lipid homeostasis. Additional studies were also carried out in primary and immortalized human
hepatocytes treated with recombinant human (rh)GDF10.

Results: Here, we show that circulating GDF10 levels are increased in conditions of diet-induced hepatic steatosis and, in turn, that secreted
GDF10 can prevent excessive lipid accumulation in hepatocytes. We also report that GDF10~/~ mice develop an obese phenotype as well as
increased liver triglyceride accumulation when fed a NCD. Furthermore, HFD-fed GDF10~/~ mice develop increased steatosis, endoplasmic
reticulum (ER) stress, fibrosis, and injury of the liver compared to HFD-fed GDF10*/*+ mice. To explain these observations, studies in cultured
hepatocytes led to the observation that GDF10 attenuates nuclear peroxisome proliferator-activated receptor y (PPARY) activity; a transcription
factor known to induce de novo lipogenesis.

Conclusion: Our work delineates a hepatoprotective role of GDF10 as an adipokine capable of regulating hepatic lipid levels by blocking de novo

lipogenesis to protect against ER stress and liver injury.
© 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords BMP-3b; ER stress; Hepatic steatosis; HFD; NAFLD; NASH; TGFf

1. INTRODUCTION poorly understood, the well-accepted multiple-hits hypothesis sug-

gests that cellular events including oxidative stress, lipid peroxidation,

Obesity is considered by many as the epidemic of the 21st century,
affecting over 2 billion individuals worldwide and still increasing in
frequency [1]. Although obesity is commonly thought of as a disease
characterized by excess adipose tissue, other hallmark characteristics
are also common in obese individuals. Non-alcoholic fatty liver disease
(NAFLD) affects approximately 75% of obese individuals and contrib-
utes to other comorbidities associated with obesity, such as type 2
diabetes mellitus, hypertension, heart disease and ischemic stroke
[2,3]. NAFLD is defined as an accumulation of triglyceride in the liver in
excess of 5% of total liver weight and is commonly referred to as
steatosis. Simple steatosis is largely benign; however, NAFLD can
progress to life-threatening non-alcoholic steatohepatitis (NASH) or
liver cirrhosis. Although the precise mechanism of progression remains

Kupffer cell activation, and adipocytokine alterations play a central role
[1,4]. Numerous studies have also demonstrated that ER stress plays a
key role in the development of NAFLD and NASH by promoting Kupffer
cell activation, oxidative stress and mitochondrial dysfunction [5—7].
Given that secretory cells like adipocytes and hepatocytes are rich in
ER, the role of ER stress has become a topic of considerable interest in
the development of metabolic diseases. ER stress is characterized by
an overwhelming of ER-resident chaperones by misfolded de novo
polypeptides in the ER lumen. This event triggers the unfolded protein
response (UPR) in order to increase ER protein folding capacity and
restore homeostatic conditions. The signaling cascades of the UPR are
comprised of (a) the activating transcription factor 6 (ATF6) pathway,
which modulates sterol regulatory element-binding protein (SREBP)-2
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Abbreviations

ANGPTL4  angiopoietin-like 4

ACOX1 acyl-coenzyme A oxidase 1
ACOT2 acyl-coenzyme A thioesterase 2
ACADM  acyl-coenzyme A dehydrogenase, C-4 to

C-12 straight chain
ATF4 activating transcription factor 4
ATF6 activating transcription factor 6

ALT alanine-L transaminase

BMP bone morphogenic protein

BAT brown adipose tissue

BSA bovine-serum albumin

C/EBPa.  CCAAT-enhancer-binding protein o

CD36 cluster of differentiation 36
CGTZ ciglitizone

CLAMS Columbus Instruments Comprehensive
Lab Animal Monitoring System

CRTC2 CREB-regulated transcription cofactor 2

CHOP C/EBP homologous protein

DMEM Dulbecco’s Modified Eagle’s Medium

ER endoplasmic reticulum

FBS fetal bovine serum

FATP5 fatty acid transport protein 5

FSP27 fat-specific protein 27

FOXO01 forkhead box protein 01

FN1 fibronectin 1

FFPE formalin-fixed paraffin-embedded
GDF10 growth differentiation factor 10

GAT gonadal adipose tissue

GRP78 glucose-regulated protein of 78 kDa
GRP94 glucose-regulated protein of 94 kDa
B-HB {3-hydroxybutyrate

HFD high-fat diet

IHC immunohistochemistry

IAT inguinal adipose tissue

IRE1t inositol-requiring 1o

LPL lipoprotein lipase

IL1B interleukin 15

LDH lactate dehydrogenase

NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

NCD normal control diet

ORO 0il Red 0

0A oleate

PFA paraformaldehyde

PPARY/a.  peroxisome proliferator-activated receptor y/o.

PGC1B peroxisome proliferator-activated receptor gamma
coactivator 1-f3

PPRE peroxisome proliferator response element

PSR Picrosirius red

PDK4 pyruvate dehydrogenase lipoamide kinase isozyme 4

PERK protein kinase RNA (PKR)-like ER kinase

PA palmitate

PCK1 phosphoenolpyruvate carboxykinase 1

PBS phosphate-buffered saline

rhGDF10  recombinant human growth differentiation factor 10

si small interfering

STAT3 signal transducer and activator of transcription 3

SREBP-1/-2 sterol regulatory element-binding protein-1/-2
TGFB transforming growth factor f8

TGFPR1  TGFP receptor subtype-1
TG thapsigargin

™ tunicamycin

TNFo tumor necrosis factor alpha
UPR unfolded protein response

XBP1 X-box-binding protein 1

mediated de novo lipogenesis [8]; (b) the highly conserved inositol-
requiring 1o (IRE1a) - X-box-binding protein 1 (XBP1) pathway,
which is required for the regulation of hepatic lipids during conditions
of stress [9]; as well as (c) the protein kinase RNA (PKR)-like ER kinase
(PERK) - activating transcription factor 4 (ATF4) pathway capable of
regulating de novo lipogenesis via fatty acid synthase and SREBP-1
[10]. Previous studies have also demonstrated that ATF4 can induce
the expression and activation of PPARY, a transcription factor known to
promote the expression of pro-adipogenic mediators including fatty
acid transport protein 5 (FATPS), angiopoietin-like 4 (ANGPTL4), lipo-
protein lipase (LPL), Perilipin, cluster of differentiation 36 (CD36) and
fat-specific protein 27 (FSP27) [11,12]. Clinical studies have also
characterized increased PPARYy expression in the livers of patients with
NAFLD [13]. Although pro-survival at its core, chronic or severe ER
stress can induce the expression of lipid-regulatory genes that promote
de novo lipogenesis, as well as drive inflammation, fibrosis, and
apoptosis in the liver [14].

GDF10, also known as BMP-3b, is an atypical member of the TGF3
superfamily capable of inhibiting osteoblast differentiation by antago-
nizing BMP-2 and -4 -mediated osteogenesis [15]. To date, over 30
members of the superfamily have been described, and all share
common features. They are synthesized as precursor proteins con-
taining N-terminal signal peptide sequences and pro-regions. Once
secreted, the mature, biologically active molecule is believed to consist

of a homodimer originating from proteolytically-cleaved precursors
[16]. In recent years, accumulating evidence has shown that these
factors play a central role in the regulation of energy balance and
homeostasis. BMP-2 and -4 promote white adipogenesis while BMP-7
promotes brown adipogenesis [17—19]. Studies have also demon-
strated that in vitro knockdown of GDF10 enhances adipogenesis and
that transgenic mice overexpressing GDF10 are protected against diet-
induced obesity and insulin resistance [20,21]. GDF15 has also been
shown to regulate feeding and fatty acid oxidation and to protect
against steatosis, insulin resistance, obesity, and ER stress in the livers
of mice fed a HFD [22—24].

It is well-established that adipokines can modulate obesity and a
variety of its comorbidities, including NAFLD [25]. However, little is
known about the role of circulating GDF10 on liver health/function
and injury in the face of diet-induced obesity. Here, we report that
pharmacologic and diet-induced ER stress increases the expression
of GDF10 in cultured pre-adipocytes and in white adipose tissue. We
also show that GDF10~/~ mice exhibit increased nuclear PPARY
expression and activity coupled with hepatic steatosis on the NCD
and develop a severe NASH-like phenotype on the HFD. Collectively,
our findings suggest that circulating GDF10 plays a critical role as a
regulator of hepatic PPARy during conditions of dietary stress and
that GDF10 is capable of attenuating the progression of steatosis to
NASH.
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2. MATERIALS AND METHODS

2.1. Animal studies

GDF10~'~ mice were a generous gift from Dr. Se-Jin Lee (Johns
Hopkins University) [16]. Animals were housed in 12 h light cycles and
controlled temperature and humidity conditions and had access to
standard NCD (2918, Envigo) and water ad libitum (n = 10). In ex-
periments designed to study diet-induced hepatic steatosis, male
GDF10~'~ mice and age-matched GDF10*/* controls were provided
with HFD (60% Kcal; TD.06414, Envigo) ad /ibitum starting at 6 weeks
of age for an additional 12 weeks prior to sacrifice (n = 5). Mea-
surements of metabolic parameters were performed using the Co-
lumbus Instruments Comprehensive Lab Animal Monitoring System
(CLAMS) one week prior to sacrifice. A cohort of 12-week-old male
C57BL/6J mice were also treated with phosphate-buffered saline
(PBS) vehicle control or with the ER stress-inducing agent, tunicamycin
(TM; 500 pg/kg), for 24 h via intraperitoneal injection in the left flank
(n = 5). All mice were fasted for 6 h and anesthetized using isoflurane
prior to sacrifice. Experimental procedures were approved by the
McMaster University Animal Research Ethics Board.

2.2. Cell culture and treatment

Huh7 and HepG2 immortalized human hepatocyte cell lines as well as
primary human hepatocytes were maintained in 5% CO, at 37 °C and
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) or Willams’ E
medium, supplemented with 10% v/v fetal bovine serum (FBS), 100 IU/
ml penicillin and 100 pg/ml streptomycin. For experimental proced-
ures designed to examine the effect of GDF10 on lipid accumulation,
cells were pre-treated with rhGDF10 (250 ng/mL, R&D Systems) for
24 h and then treated with agents known to stimulate lipid droplet
accumulation, such as oleate (0A; 200 1M, Sigma—Aldrich), palmitate
(PA; 200 pM, Sigma—Aldrich), thapsigargin (TG; 100 nM, Sigma—
Aldrich) and TM (2 pg/mL, Sigma—Aldrich) for an additional 24 h.
Similarly, for studies examining the effect of GDF10 on PPARY-
mediated lipid accumulation, hepatocytes were pre-treated with
rhGDF10 and then treated with PPARy agonist, ciglitizone (CGTZ;
10 pM, Tocris Bioscience), for 24 h prior to analysis. For experiments
designed to examine the effect of GDF10 on PPARY cellular localization
and promoter binding, cells were pre-treated with rhGDF10 for 24 h,
and subsequently treated with CGTZ for 1 h prior to analysis. All cell
culture experiments were repeated a minimum of 3 times. To block
Smad3 expression, siGENOME SMARTpool siRNA targeted against
Smad3  (UCAAGAGCCUGGUCAAGAA,  GAGUUCGCCUUCAAUAUGA,
GGACGCAGGUUCUC-CAAAC, GGACGAGGUCUGCGUGAAU) was pur-
chased from Dharmacon (S0-2782081G). 100 nM of siRNA targeted
against Smad3 or scrambled siRNA control was transfected using
RNAIMAX (ThermoFisher Scientific) as described previously [26].

2.3. Cell fractionation and transcriptional activity studies

Huh7 and HepG2 cells were seeded into 100 mm dishes and allowed
to grow to confluency of 80%. Following treatment, nuclear and
cytosolic fractions were isolated using an extraction kit (Abcam) ac-
cording to the manufacturer’s instructions. For experiments designed
to examine the effect of GDF10 on PPARY transcriptional activity,
HepG2 cells were pre-treated with rhGDF10 for 24 h, and subsequently
treated with CGTZ for 1 h prior to cellular fractionation. PPARY tran-
scription factor assay kit (Abcam) was carried out according to man-
ufacturer’s instructions. Briefly, 120 ug of protein isolated from nuclear
extracts was added to each well of a 96-well plate coated with a
double-stranded DNA sequence containing peroxisome proliferator
response element (PPRE). Following an over-night incubation, anti-
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PPARY primary antibody was added, followed by an HRP-conjugated
secondary antibody. PPARY binding to the PPRE was detected using
a spectrophotometer at a wavelength of 450 nm.

2.4. Histological and immunohistochemical staining

Histological analysis was carried out in formalin-fixed paraffin-
embedded (FFPE) tissues that were cut into 4 um thick sections. Gross
pathological changes were first examined with hematoxylin and eosin
(H&E) and collagen accumulation was examined using Mason’s Tri-
chrome (Sigma—Aldrich). Analysis of intracellular triglyceride accu-
mulation was carried out in OCT-embedded liver sections (10 um) and
in cultured cells fixed in 4% paraformaldehyde (PFA) using Oil Red O
(OR0). The ORO content of isopropanol extracts was measured using a
spectrophotometer (Molecular Devices) at a wavelength of 520 nm
[27]. Immunohistochemical (IHC) staining was also carried outin 4 um
thick FFPE sections. Briefly, deparaffinized sections were blocked in
5% serum, incubated in primary antibody for 18 h at 4 °C, and exposed
to biotin-labeled secondary antibody (Vector Laboratories; for a com-
plete list of antibodies and working dilutions, please refer to
Supplemental Table 1). Streptavidin-labeled HRP solution (Vector
Laboratories) and the developing solution (Vector Laboratories) were
used to visualize staining. Slides were examined using a Nikon mi-
croscope and images were quantified using ImageJ Software (NIH).

2.5. Quantitative real time PCR

Total RNA was isolated using RNA purification kits (ThermoFisher
Scientific). A total of 2 pug of RNA was reverse transcribed to cDNA
using the High-Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems). PCR amplification was performed using the Fast SYBRGreen
PCR master mix (Applied Biosystems) according to the manufacturer’s
instructions. All primer sequences are listed in Supplemental Table 2.

2.6. Immunoblots

Whole cell and tissue lysates were prepared using SDS lysis buffer
containing a protease inhibitor cocktail (Roche), and protein concen-
tration was measured as described previously [26]. The samples were
resolved using SDS-PAGE and subsequently transferred to nitrocellu-
lose membranes. Nitrocellulose membranes were then incubated in
5% w/v skimmed milk and primary antibody followed by the respective
secondary antibody. The signal was detected using a Konica Minolta X-
Ray film processor.

2.7. Immunofluorescent staining

Following treatment, Huh7 and primary human hepatocytes were fixed
in 4% PFA and permeabilized in 0.025% Triton X-100 for 15 min. After
blocking in 5% bovine-serum albumin (BSA), cells were stained with
primary antibody, washed, and subsequently stained with fluo-
rescently-labeled secondary antibodies and DAPI nuclear stain. Slides
were then mounted using an aqueous mounting medium (Thermo-
Fisher Scientific) and visualized using the EVOS FL (ThermoFisher
Scientific) imaging system.

2.8. Plasma B-hydroxybutyrate (3-HB), ELISA, lactate
dehydrogenase (LDH) and alanine-L transaminase (ALT) assays
Plasma levels of the ketone body (-HB were measured using a
colorimetric assay (Cayman). Circulating GDF10 levels were measured
using a mouse GDF10 ELISA kit (Elabscience). Plasma ALT was
measured using a commercially available colorimetric assay (Abcam).
Cytotoxicity was examined using a LDH colorimetric assay kit (Roche).
All assays were performed according to the manufacturer’s
instructions.
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Figure 1: GDF10~/~ mice have increased body weight and adiposity. (A) Macroscopic appearance and (B) body weights of 30 week old GDF10*/* and GDF10~"

'~ mice fed

NCD (n = 5). (C) IHC staining of the adipocyte marker perilipin and H&E staining of the GAT. (D) Average adipocyte size in GAT. (E) Weights of the IAT, GAT, and BAT. (F) H&E
staining of the BAT. (G) Quantification of lipid droplets in BAT using ImageJ software. (H) Macroscopic appearance of the BAT from GDF10*/+ and GDF10~/~ mice at 30 weeks of
age. () Real time PCR analysis of mRNA abundance of GDF10 in the GAT to confirm knockout (n = 5). (J) Immunoblots of the liver and GAT from GDF1 0*/+ and GDF10~'~ mice.
Scale bars, 100 pm. All data are shown as the mean + S.D. *, p < 0.05 by unpaired two-tailed Student’s #test.

2.9. Quantification of plasma, hepatic, and fecal lipid

Equal amounts of liver tissues were lysed in a mixture of hexane/2-
propanol and incubated on an orbital shaker at 37 °C for 5 h. Sam-
ples were then subjected to centrifugation for 5 min (12,000 rpm) in
order to isolate the lipid-containing liquid phase. Lipid content was
quantified using a colorimetric triglyceride assay (Wako Diagnostics)
according to the manufacturer’s instructions. In a similar manner, fecal
cholesterol content was measured directly from feces normalized to
dry weight. Hepatic cholesterol content was measured using a
commercially available colorimetric kit (Abcam) according to the
manufacturer’s instructions.

2.10. Statistical analysis

Data are reported as the mean + SD. Statistical analysis was per-
formed using GraphPad Prism. For comparison between two groups,
an unpaired two-tailed Student’s t-test was used. For analysis of three
or more groups, a one-way ANOVA followed by Tukey’s HSD multiple

comparison test was performed. Differences between groups were
considered statistically significant when p < 0.05.

3. RESULTS

3.1. GDF10~/~ mice exhibit increased body weight gain and
adiposity

Increased body weight gain in our GDF10~/~ mouse colony was
among our initial observations and was consistently observed in mice
fed NCD (Figure 1A,B; *, p < 0.05, n = 5). Following this observation,
adiposity was examined via IHC staining for the adipocyte marker,
perilipin, as well as H&E of the gonadal adipose tissue (GAT).
Consistent with gross morphological observations, GDF10~/~ mice
had increased mean adipocyte size (Figure 1C,D; *, p < 0.05,n = 5)
and weight of the inguinal adipose tissue (IAT), GAT and brown adipose
tissue (BAT) (Figure 1E; *, p < 0.05, n = 5). BAT from GDF10~/~ mice
also appeared lighter in color and revealed increased lipid droplets
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Figure 2: GDF10 deficiency leads to hepatic lipid accumulation. (A) Weights and macroscopic appearance of the livers from NCD-fed GDF10™/* and GDF10

'~ mice (n=25).

(B) Hepatic triglyceride and cholesterol content (n = 5). (C) H&E, perilipin and ORO staining of livers from GDF10™/* and GDF10~/~ mice fed NCD or HFD. (D) Quantification of
perilipin and ORO staining using ImageJ Software (n = 5). (E) Serum triglyceride content. Scale bar, 100 um. All data are shown as the mean =+ S.D. *, p < 0.05 by unpaired two-

tailed Student’s t-test or one-way ANOVA.

compared to BAT from control mice (Figure 1F,G and H; *, p < 0.05,
n = 5). GDF10 knockout was confirmed in these mice via real time
PCR in GAT (Figure 1I; *, p < 0.05) and immunoblot (Figure 1J).
Immunoblot analysis also revealed that GDF10 is expressed in GAT, but
not in the livers of healthy wild-type mice (Figure 1J).

3.2. GDF10~'~ mice exhibit hepatic lipid accumulation

Given that steatosis is commonly observed in obese patients as well as
in rodent models of obesity [1,4], we next examined the livers of
GDF10~"~ mice fed NCD and HFD. Consistent with our observations in
adipose tissue, liver weight was increased in GDF10~/~ mice
compared to controls on the NCD (Figure 2A; *, p < 0.05, n = 5).
Analysis of hepatic triglyceride and cholesterol content yielded findings
that were consistent with liver weights (Figure 2B; *, p < 0.05, n = 5).
Similarly, H&E, perilipin and ORO staining also revealed increased lipid

accumulation in the livers of NCD- and HFD-fed GDF10~'~ mice
compared to wild-type counterparts (Figure 2C). To confirm our visual
observations, perilipin and ORO staining was quantified using ImageJ
software (Figure 2D; *, p < 0.05, n = 5). In line with increased hepatic
lipid accumulation, an increase in plasma triglyceride content was also
observed in GDF10~/~ compared to GDF10*"+ mice (Figure 2E; *,
p < 0.05). The ability of GDF10 to modulate lipid droplet accumulation
was then examined in immortalized human HepG2 cells. Consistent
with in vivo findings, exogenously added rhGDF10 markedly reduced
lipid accumulation in hepatocytes, resulting from exposure to the fatty
acid, PA, and to the ER stress-inducing agent, TG (Fig. S1A; *,
p < 0.05). Exogenously added rhGDF10 also reduced cytotoxicity
resulting from the treatment of cells with ER stress-inducing agents
known to cause de novo lipogenesis [28], TG and TM (Fig. S1B; *,
p < 0.05).
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Figure 3: GDF10 deficiency increases the nuclear abundance of hepatic PPARy and G/EBPa.. (A) IHC staining of PPARy, C/EBPo. and CD36 in the livers of mice fed NCD or
HFD. (B) Quantification of indicated histological staining. (C) Immunoblots of the nuclear subcellular fraction from livers of the mice fed NCD or HFD. (D) Real time PCR analysis of
hepatic mRNA abundance of PPARy, C/EBPo. and (E) mRNA abundance of PPARY-regulated genes. (F) PPARy transcription factor activity assay. Scale bar, 100 um. All data are

shown as the mean + S.D. *, p < 0.05 by one-way ANOVA.

3.3. GDF10 reduces PPARY expression via the TGFBR1-Smad3
pathway in hepatocytes

Given the abundance of triglyceride observed in the livers of GDF1 0~
mice, we next assessed the expression of established modulators of de
novo lipogenesis and lipid uptake.

Previous studies have demonstrated that mouse models of steatosis
exhibit increased PPARY expression and activity [29]; thus, it was
among the first markers examined. It is also well-known that naturally
occurring derivatives of long-chain polyunsaturated fatty acids,
including palmitic, linoleic, linolenic, and arachidonic acids, can acti-
vate PPAR receptor transcriptional activity [30,31]. Upon assessment
of these mice, IHC staining revealed an increase in PPARYy expression
in the livers of NCD- and HFD-fed GDF10~/~ mice compared to
controls. The expression of pro-adipogenic PPARY-responsive pro-
teins, including C/EBPo. and CD36, were also increased (Figure 3A,B; *,
p < 0.05, n = 5). Immunoblot analysis of nuclear fractions from the
livers of NCD- and HFD-fed mice revealed consistent findings, whereby

an increase in PPARy and C/EBPa. was observed in GDF10~/~
compared to GDF10™/* mice (Figure 3C; n = 3). The mRNA transcript
abundance of PPARY and C/EBPa. was also increased in the livers of
NCD- and HFD-fed GDF10~/~ (Figure 3D; *, p < 0.05, n = 5), as was
the expression of CD36 and other PPARY-responsive targets including
FATP5, ANGPTL4, LPL, Perilipin and FSP27 (Figure 3E; *, p < 0.05,
n = 5). Further examination of PPARY using an ELISA-based tran-
scription factor assay [32,33] revealed a concomitant increase in the
binding of PPARY to its PPRE, indicative of increased transcriptional
activity in the livers of GDF10~"~ mice compared to controls
(Figure 3F; *, p < 0.05, n = 5). Given its established role in the
regulation of feeding and metabolism, circulating leptin was also
examined in a cohort of 30 week old NCD-fed GDF10~/~ mice and
age-matched controls. Consistent with previous reports in which
PPARY activation was inversely correlated with leptin, we observed
leptin levels to be approximately 2-fold lower in GDF10~/~ mice
(Fig. S2; *, p < 0.05; n = 7) [34].
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Figure 4: GDF10 modulates PPARY nuclear abundance and transcriptional activity. (A) ORO staining and (B) extract quantification of HepG2 cells treated with PPARy agonist,
CGTZ (10 puM), or rhGDF10 (250 ng/mL) for 24 h. (C) Immunoblots of the nuclear and cytosolic subcellular fractions of Huh7 cells treated with CGTZ or rhGDF10. (D) PPARY

transcription factor activity assay after treatment with rhGDF10 or CGTZ for 1 h. (E) Immunol

blots of HepG2 cells treated with IN1130 (100 nM) or rhGDF10. (F) PPARy transcription

factor activity assay in HepG2 cells transfected with either SiRNA targeted against Smad3 or scrambled control siRNA and subsequently treated with CGTZ or rhGDF10. (G)

Immunofluorescent staining of PPARy and C/EBPo. in Huh7 cells transfected with siRNA ta

rgeted against Smad3 and treated with rhGDF10 or CGTZ. (H) Morphology of the Huh7

cells was examined using a light microscope. () Immunoblots of HepG2 cells transfected with either siRNA targeted against Smad3 or scrambled control SiRNA to confirm knock-
down. Scale bars, 50 um. All data are shown as the mean =+ S.D. *, p < 0.05 by one-way ANOVA.

To substantiate our findings on the inhibitory effect of GDF10 on
PPARY-mediated lipid droplet accumulation, cultured HepG2 and Huh7
immortalized human hepatocytes were pre-treated with rhGDF10 and
exposed to CGTZ, an established glitazone agonist of PPARY. Repre-
sentative images of HepG2 cells, as well as quantification of ORO
isopropanol extracts of HepG2 and Huh7 cells, demonstrate that
GDF10 reduced cellular lipid content in response to CGTZ treatment
(Figure 4AB; *, p < 0.05).

To follow up with our in vivo observations, we next examined the ability
of GDF10 to modulate the nuclear abundance of C/EBPa as well as
PPARY in Huh7 cells. Consistent with the livers of GDF107/~ mice,
immunoblot analysis of subcellular fractions in cultured hepatocytes
revealed that GDF10 blocked the CGTZ-mediated nuclear localization
of C/EBPa, and abundance of PPARYy (Figure 4C). In line with sub-
cellular fraction data, immunofluorescent staining of HepG2 and pri-
mary human hepatocytes also demonstrated that GDF10 blocked the
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CGTZ-mediated nuclear localization of these transcription factors
(Fig. S3A,S3B). Finally, the antagonistic effect of GDF10 on PPARY
transcriptional activity was also confirmed in HepG2 cells using the
transcription factor activity assay (Figure 4D; *, p < 0.05).

We next utilized this cultured hepatocyte model to determine the
mechanism by which GDF10 affects PPARy expression and activity.
Importantly, previous studies have demonstrated that (a) signaling of
TGFP through TGFf receptor subtype-1 (TGFBR1) induces the phos-
phorylation of Smad3, which (b) leads to the suppression of PPARY
expression and activity [35,36]. Furthermore, recent studies have also
shown that (c) in @ manner similar to TGFB, GDF10 induces the
phosphorylation of Smad3 [35]. Similar to previous studies, we
observed that exogenously-added rhGDF10 induced the phosphory-
lation of Smad3, but only in the absence of the TGFPBR1 antagonist,
IN1130. Also consistent with previous studies, rhGDF10 and/or IN1130
did not affect the phosphorylation of Smad1/5/9 (Figure 4E). Using the
PPARY transcription factor assay, we next observed that rhGDF10
failed to antagonize CGTZ-mediated PPARY activity in cells transfected
with small interfering (si)RNA targeted against Smad3 (siSmad3;
Figure 4F; *, p < 0.05). This observation was also confirmed via
immunofluorescent staining of PPARy and C/EBPa in Huh7 cells
(Figure 4G). No marked change in cytotoxicity or cell morphology was
observed in these cells (Figure 4H) and effective knockdown of Smad3
was confirmed via immunoblotting (Figure 4l). Finally, in line with these
findings, we also observed that IN1130 attenuated the lipid-lowering
effect of rhGDF10 in the presence of CGTZ (Fig. S4). Taken together,
our results indicate that GDF10 acts to oppose PPARy-mediated lipid
accumulation in cultured hepatocyte models via TGFPR1-induced
Smad3 phosphorylation.

3.4. GDF10~~ mice exhibit compensatory changes in fatty acid
oxidation

Other parameters known to contribute to fatty liver and/or obesity, such
as changes in lipid oxidation, biliary cholesterol excretion, energy
expenditure and food consumption were also examined in GDF10~"~

8 MOLECULAR METABOLISM xx (xxxx) xxx © 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (htip:

mice. To examine the possibility of lipid accumulation occurring as a
result of reduced fatty acid oxidation, the ketogenic marker B-HB, was
measured in the plasma. Interestingly, the elevated levels of -HB
observed in NCD-fed GDF10~/~ mice are indicative of increased global
fatty acid oxidation (Figure 5A; *, p < 0.05), likely working as a
compensatory mechanism to oppose further lipid accumulation.
Consistent with this result, increased hepatic mRNA transcript levels of
a number of known drivers of fatty acid oxidation, including acyl-
coenzyme A oxidase (ACOX1), peroxisome proliferator-activated re-
ceptor gamma coactivator 1- 3 (PGC1f), acyl-coenzyme A thio-
esterase 2 (ACOT2), peroxisome proliferator-activated receptor o
(PPARa), pyruvate dehydrogenase lipoamide kinase isozyme 4 (PDK4)
and acyl-coenzyme A dehydrogenase, C-4 to C-12 straight chain
(ACADM) were also observed in the livers of NCD-fed GDF10 ™/~ mice
(Figure 5B; *, p < 0.05). However, no difference in respiratory ex-
change ratio and heat production was detected between GDF10*/*
and GDF10~"~ mice (Figure 5C,D. *, p < 0.05). In addition, no dif-
ference in food consumption was observed between GDF10™ "+ and
GDF10~'~ mice (Figure 5E. *, p < 0.05). Increased fecal cholesterol
content was also observed in the GDF10~/~ mice, suggesting
heightened biliary cholesterol excretion (Figure 5F; *, p < 0.05).
Collectively, these data suggest that despite increased liver fat content
observed in GDF10~/~ mice, a variety of compensatory mechanisms
act in tandem to attenuate further lipid accumulation.

3.5. GDF10~/~ mice exhibit increased UPR activation, fibrosis and
liver injury

ER stress is a well-established early initiator of hepatic steatosis and is
known to contribute to the progression of liver disease [7,37,38].
Therefore, our next aim was to assess the expression of ER stress
markers in the livers of NCD- and HFD-fed GDF10~/~ mice. Consistent
with the observed increase in hepatic triglyceride levels, histological
analysis revealed increased expression of ER stress markers, glucose
regulated protein of 78 and 94 kDa (GRP78, GRP94) as well as
phosphorylated (p)PERK in response to a HFD in the livers GDF10~/~
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Figure 6: Livers from GDF10~/~ mice exhibit increased UPR activation, fibrosis, and inflammation. (A) IHC staining of GRP78, GRP94, pPERK and fibronectin, as well as
Masson’s Trichrome and Thioflavin-S in the livers of NCD- and HFD-fed mice. (B) Quantification of indicated histological staining (n = 5). Real time PCR analysis of hepatic mRNA
abundance of the indicated genes involved in (C) ER stress, (D) inflammation, and fibrosis. (E) Analysis of serum ALT activity, a marker of liver injury (n = 8). Scale bars, 100 pm.

All data are shown as the mean + S.D. *, p < 0.05 by one-way ANOVA.

mice (Figure 6A,B; *, p < 0.05). Thioflavin-S staining of misfolded
protein amyloid, known to occur as a result of prolonged ER stress [9]
was also increased in HFD-fed GDF10~/~ mice compared to controls.
Further assessment of the livers via IHC staining of fibronectin and
Masson’s Trichrome also revealed increased fibrosis in HFD-fed
GDF10~/~ mice (Figure 6AB; *, p < 0.05, n = 5). Increased

fibrosis in the livers of HFD-fed GDF10~/~ mice was also indepen-
dently confirmed via Picrosirius red (PSR) staining of fibrotic collagen
deposition (Fig. S5A). Although a marked increase in ER stress and
fibrosis markers was observed in the livers of HFD-fed GDF10~/~
mice, no substantial difference was observed in the NCD-fed cohort.
mRNA transcript abundance of ER stress, fibrotic, inflammatory, and
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Figure 7: ER stress increases GDF10 abundance in GAT and in circulation. (A)
Plasma content of circulating GDF10 in mice fed NCD or HFD for 12 weeks (n = 5), and
mice treated with a bolus injection of TM (250 pg/kg - 24 h; n = 5). (B) IHC staining of
GRP78, GRP94 and GDF10 in the GAT of mice fed NCD or HFD. Scale bars, 100 pm. A
and M indicate adipocytes and macrophages, respectively. All data are shown as the
mean = S.D. *, p < 0.05 by one-way ANOVA.

apoptotic markers was also examined by real time PCR and yielded
consistent findings with histological analysis (Figure 6C, D and
Fig. S5B; *, p < 0.05, n = 5).

Hepatic insulin resistance represents another hallmark feature of liver
disease. Thus, markers of hepatic gluconeogenesis were assessed via
real time PCR. Interestingly, the gluoconeogenic markers induced in
the livers GDF10~/~ mice, including signal transducer and activator of
transcription 3 (STAT3), CREB-regulated transcription cofactor 2
(CRTC2), forkhead box protein 01 (FOX01) and phosphoenolpyruvate
carboxykinase 1 (PCK1) are also known to be upregulated by condi-
tions of ER stress (Fig. S5C; *, p < 0.05) [39]. Finally, the enzymatic
activity of circulating ALT was increased in the HFD-fed GDF10~/~
mice compared to NCD-fed controls, which is indicative of liver injury
(Figure 6E; *, p < 0.05). Collectively, these data provide compelling
evidence of heightened ER stress in the livers GDF10~/~ mice and
highlight the ability of GDF10 to attenuate diet-induced liver injury.

3.6. ER stress increases circulating and adipose GDF10 levels

Given the role of GDF10 in the regulation of hepatic triglyceride levels
and injury, our final aim was to assess the effect of diet-induced stress
on GDF10 expression in GDF10*/* mice. Similar to findings

demonstrating a positive correlation between circulating GDF15 levels
and hepatic ER stress [24], we also observed increased plasma GDF10
levels in HFD-fed GDF10™* and in wild-type mice injected with the ER
stress-inducing agent, TM (Figure 7A; *, p < 0.05, n = 7). Because
GDF10 is primarily expressed in adipose tissue, we also examined
whether TM affects GDF10 expression in 3T3-L1 adipocytes at day 10
of differentiation (Fig. S6; *, p < 0.05, n = 5) and in GAT from HFD-fed
mice (Figure 7B; n = 7). Similar to secreted levels, an increase in
GDF10 expression was observed in response to TM in 3T3-L1 adi-
pocytes and in the GAT from HFD-fed GDF10+/+ mice. We also report
the surprising finding that GAT-resident macrophages in HFD-fed mice
express abundant levels of GDF10 (Figure 7B); an observation that was
not present in GAT from NCD-fed mice. Collectively, these data suggest
that during conditions of diet-induced stress, adipose tissue promotes
the expression of GDF10 to attenuate further triglyceride accumulation
in the liver as a response to injury.

4. DISCUSSION

A growing body of evidence suggests that GDF10, in addition to being a
key modulator of osteogenesis, also plays a critical role in adipose lipid
metabolism [20,21]. To the best of our knowledge, however, the
functional importance of GDF10 in liver lipid metabolism has not yet
been evaluated. Here, we demonstrate that GDF10~/~ mice exhibit
increased adiposity, as well as increased body weight and hepatic
triglyceride and cholesterol levels; an early feature in the development
of diet-induced liver disease [3]. We also observed that severe lipid
accumulation in the livers of HFD-fed GDF10~/~ mice was associated
with a substantial induction of a variety of ER stress markers and
concomitant liver injury. Additional hallmark characteristics of liver
disease, such as apoptosis, inflammation, fibrosis and changes in
gluconeogenic gene expression, were also observed in the livers of
HFD-fed GDF10~/~ mice.

To explain these findings, we examined a number of metabolic pa-
rameters and expression of genes known to alter lipid metabolism.
Despite elevated body weight and adiposity, an increase in global fatty
acid oxidation was observed in GDF10~/~ mice. Given that this finding
is in mechanistic contrast to the obese phenotype in the mice, these
findings suggest that heightened fatty acid oxidation likely occurred as
a compensatory response to attenuate further fat accumulation. In line
with these data, an increase in biliary cholesterol excretion was also
identified. To this end, we observed an increase in the expression of
key modulators of adipogenesis and well-known drivers of NAFLD,
such as PPARy and C/EBPa, in the livers of GDF10~/~ mice. Upon
further analysis using cultured hepatocytes, exogenously added
rhGDF10 reduced the abundance and transcriptional activity of PPARY,
and also blocked PPARY agonist-driven lipid accumulation. Lastly, we
have also demonstrated that GDF10 inhibits PPARY transcriptional
activity via the conventional TGFBR1-Smad3 signaling cascade.
Collectively, these data suggest that GDF10 is a potent antagonist of
PPARY and can protect from diet-induced hepatic steatosis.

Several groups have recently demonstrated the involvement of multiple
TGFB superfamily members in the pathogenesis of obesity-related
diseases such as type 2 diabetes and NAFLD [40—42]. In clinical
studies, GDF15 expression correlates with a variety of metabolic dis-
orders, including obesity, insulin resistance and the risk of cardio-
vascular events [43]. GDF15~/~ mice also exhibit increased body
weight and peripheral lipid accumulation following a metabolic chal-
lenge, whereas overexpression of this protein led to reduced body
weight and improved metabolic parameters [44,45]. Similar to
GDF15~'~ mice, GDF10~/~ mice have increased body weight and
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adiposity, a phenotype that unlike GDF1 5/~ mice, does not require a
metabolic stimulus such as a HFD. Our findings are also consistent
with studies in which overexpression of GDF10 in mice led to a
reduction in adiposity and improved metabolic outcomes [21].
Activation of the TGFPB signaling cascade has been shown to
differentially modulate the expression of lipogenic markers, based on
tissue/cell-specific expression, and unique molecular interactions
with a variety of inhibitory molecules and receptor—ligand com-
plexes. TGFB signaling has been shown to induce lipogenesis,
inflammation and cell death via Smad2/3 [42], while also blocking
PPARY expression, activity and lipogenesis in a manner dependent
on B-catenin [46]. Overexpression of Smad3 and its partner Smad4
has been shown to reduce PPARy promoter activity in aortic smooth
muscle cells [47]. Furthermore, TGFp suppresses PPARy expression
and activity via Smad3/4 binding to the inhibitory element in the
PPAR promoter region in lung fibroblasts [36]. Given that GDF10 can
induce the phosphorylation and activation of Smads3, but also block
the transcriptional activation of PPARY, our data suggest that in a
manner similar to TGFB, GDF10 reduces PPARY activity in a Smad3-
dependent manner.

PPARY activation is necessary and sufficient to induce adipocyte dif-
ferentiation. Studies have demonstrated that (a) selective ablation of
PPARY, using a tamoxifen-dependent recombination system in mice,
led to the death of adipocytes only a few days following treatment [48],
and (b) AAV-mediated hepatic overexpression of PPARy, in mice
promoted an adipose-like phenotype in hepatocytes by inducing the
expression of pro-adipogenic mediators, such as adipsin, adiponectin,
and aP2, which resulted in severe steatosis [49]. Moreover, previous
studies have also demonstrated that hepatic PPARy is robustly
induced in the livers of patients, as well as in pre-clinical models of
NAFLD [13,49]. Conversely, PPARy deletion in mouse hepatocytes has
been shown to attenuate intracellular lipid accumulation [50].
Consistent with our studies, it is also well-established that exposure of
mice to a HFD promotes the expression of hepatic PPARY and a variety
of its downstream targets [51]. In addition to PPARy, we also observed
increased expression and nuclear localization of C/EBPa. in the livers of
GDF10~/~ mice compared to the GDF10*/* controls. C/EBPa. is also
known to play a crucial role in adipocyte differentiation, and similar to
PPARY, its expression is both necessary and sufficient for adipo-
genesis [52]. Studies also demonstrate that C/EBPa. can directly
regulate PPARy promoter activity [53] and has been described as a
critical and obligate regulator of PPARy expression [54]. Furthermore,
PPARY and C/EBPo. mutually induce each other’s expression in order
to promote adipogenesis [53,55,56] Given the cross-talk that occurs
between these two master regulators of adipogenesis, it remains
unclear which of the two, or whether both are directly affected by
GDF10.

In summary, we demonstrate that GDF10 is an essential modulator of
hepatic lipid homeostasis and is crucial for the maintenance of hepatic
lipid turnover. GDF10 knockout leads to hepatic steatosis in NCD-fed
mice, as well as severe steatosis, inflammation, fibrosis, and ER
stress in response to a HFD. Given that most diet-induced models of
liver disease fail to recapitulate fibrosis, a key marker of NASH, in this
report we also describe a new genetic model for the study of liver
disease. Furthermore, conditions that cause hepatic and/or adipocyte
lipid accumulation also induced a compensatory increase in circulating
GDF10 levels in GDF10-expressing control mice. Additional tissue-
specific knockdown studies, however, are required to confirm the
origin of circulating GDF10 in the context of diet-induced NAFLD.
Future studies examining the correlation between polymorphisms in
the GDF10 gene and the prevalence of obesity and/or NAFLD may also
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yield interesting findings. Overall, we identify circulating GDF10 as a
novel regulator of liver lipid metabolism and demonstrate that in a
manner similar to GDF15, this adipokine could be utilized for the
management of metabolic disorders.
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