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ABSTRACT
Background: Disturbances in metabolic homeostasis, resulting in cardiovascular disease,
are the major cause of morbidity and mortality in patients with chronic kidney disease
(CKD). Mineral deposition in the vascular smooth muscle cell (VSMC)-rich medial layer
of the vessel wall is a prominent driver of mortality in these patients. Vascular calcification
(VC) is now recognized as an important predictor and independent risk factor for all-cause
and cardiovascular mortality in patients with advanced CKD. Prolonged impairment in
kidney functions, characteristic of chronic CKD, results in marked changes in blood
biochemistry, namely elevated circulating levels of inorganic phosphate (P;) and calcium.
These changes in circulating mineral content trigger osteogenic transdifferentiation and
apoptosis of the VSMCs, subsequently leading to VC. In addition to kidney-related
metabolic changes, chronic inflammation and liver disease are also associated with
increased VC. T-cell death-associated gene 51 (TDAG51) and growth differentiation factor
10 (GDF10) have been previously reported to contribute to metabolic regulation in
conditions of atherogenic VC, osteogenesis, and adipogenesis. However their role in medial
VC and associated morbidities remains unknown. Methods and Results: Using a
combination of in vitro, ex vivo and in vivo models findings presented in this thesis
demonstrate that TDAGb51 is an important modulator of VC, and as such is upregulated by
conditions of hyperphosphatemia. | show that VSMCs from TDAG51” mice exhibit
reduced expression and activity of key driver of osteogenic transdifferentiation, Runt-
related transcription factor 2 (Runx2). To explain these observations, | demonstrate reduced

expression of type 111 sodium-dependent P; transporter, Pit-1, as well as intracellular P; in
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these cells. Additionally, GDF10, an established inhibitor of osteogenesis, was identified
to be significantly upregulated in TDAG517 VSMCs and mice. In line with these
observations, knockdown of human homologue of TDAG51, pleckstrin homology-like
domain, family A, member 1, resulted in increased expression of GDF10. Consistent with
the anti-osteogenic role of GDF10, treatment with recombinant human GDF10 reduced P;-
mediated hydroxyapatite deposition, Runx2 expression and activity in primary mouse
VSMCs. Interestingly, GDF10™- mice develop severe adiposity, hepatic lipid accumulation,
injury and inflammation. To explain this phenotype, a marked increase in the expression
and activity of established driver of adipogenesis, peroxisome-proliferator-activated
receptor y (PPAR 7v) in the livers of GDF107 mice was demonstrated. Complementary
experiments in cultured hepatocytes demonstrate that treatment with recombinant human
GDF10 attenuates nuclear PPAR vy expression and subsequent lipid accumulation,
inflammation and fibrosis in these cells. Conclusion: This work highlights TDAG51 as an
important regulator of Pi-mediated VC through downregulation of Pit-1, Runx2, and
GDF10. Additionally, GDF10 has been described as a novel systemic inhibitor and a
potential diagnostic marker for VC. Lastly, this work further characterizes GDF10 as an
adipokine important in the regulation of hepatic lipid levels, which can indirectly affect

vascular health.
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CHAPTER 1: INTRODUCTION
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1.1 NATURAL HISTORY OF ARTERIAL STIFFNESS DUE TO
CALCIFICATION

The large elastic arteries play an important role in buffering the cyclical cardiac flow. In a
healthy individual, the vasculature maintains low systolic blood pressure by expanding to
accommodate the stroke volume during systole and subsequently recoiling in order to
preserve adequate blood pressure to allow for sufficient cardiac perfusion during diastole!?.
As stiffening of the vasculature progressively increases with age, it accelerates the
development of cardiovascular (CV) disease (CVD) and deterioration of major organs®. An
increase in the arterial stiffening is recognized as an independent predictor of myocardial
infarction, hypertension, stroke, left ventricular hypertrophy and atherosclerosis as well as
CV complications in patients with diabetes mellitus (DM) and chronic kidney disease
(CKD)*®. Vascular stiffening is further exacerbated by CVD, metabolic syndrome, DM,
and CKD?. Additionally, the aortic pulse wave velocity — the indicator arterial stiffness —
is also an important predictor of CV risk in the healthy general population’.

Extensive pathophysiological studies have elucidated numerous mechanisms
contributing to the progressive increase in arterial stiffness. Structural and functional
changes that occur in the vasculature as a result of aging, CVD, and metabolic syndrome
are thought to drive this process?. In patients with essential hypertension, arterial stiffness
is elevated in response to persistent arterial pulsatile stress due to the elevated blood
pressure, which occurs as a result of vascular remodeling®. Studies also demonstrate that
chronic hyperglycemia, observed in patients with DM, results in persisting activation of the

renin-angiotensin system leading to vascular smooth muscle cell (VSMC) proliferation,
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inflammation, advanced glycation end products formation, and collagen crosslinking,
subsequently leading to structural alterations of the arterial wall and increased vascular
stiffness®. Activation of the renin-angiotensin system also occurs independent of
hyperglycemia in patients with CKD®. Emerging evidence demonstrates a link between
arterial mineral deposition, commonly referred to as vascular calcification (VC), and
arterial stiffness which accelerates the development of CvVD?101%,

A variety of arterial wall cell types contribute to arterial stiffening, including
endothelial cells, fibroblasts, inflammatory cells, and VSMCs?3. Among these, VSMCs are
essential for maintaining vascular elasticity and compliance®3. Under normal heathy
condition, VSMCs regulate vascular tone by producing crucial extracellular matrix (ECM)
components, such as collagens and elastin. The bi-directional cross-talk between the
VSMCs and the ECM also helps maintain vascular homeostasis?. However, in conditions
of vascular stress, due to toxicity or elevated blood pressure, ECM remodeling promotes
arterial stiffness in-part due to VC and overproduction of ECM components. Conversely,
mineral deposition in the VSMCs drives ECM remodeling further exacerbating this unique
pathophysiological adaptations that lead to an increase in arterial stiffness and subsequent

increase in CV risk?1012,

1.1.0 Intimal vs. medial vascular calcification
VC of the large arteries is a phenomenon dating as far back as >2,000 years. Computed
tomography scans of mummies from the Egyptian empire show presence of mineral

deposits in various vessels, including aorta, coronary, carotid, iliac, and femoral arteries®?.
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Abundant evidence now demonstrates that VVC is a pathophysiologic condition prevalent
in aging, DM, dyslipidemia, CKD, and some genetic conditions®%4, In a meta-analysis,
Wang et al.®® conclude that 53-68 % of patients with CKD have coronary artery
calcification. There are two major types of VC: intimal calcification and medial
calcification'®. As the name suggests, intimal calcification is present within the tunica
intima, and is associated with hyperlipidemia, macrophage infiltration, and vascular
inflammation'®. Medial VC, also known as Monckeberg sclerosis, is found within the
VSMC-rich tunica media, and occurs independent of atherosclerosis (Figure 1)
Numerous epidemiological studies have linked the prevalence and the extent of VC with
increased risk of all-cause and CV mortality both in heathy and diseased populations’*°.

Calcification of the intimal layer of the vessel wall is defined by lipid deposits in a
form of fatty streaks spanning the large elastic arteries and is prevalent in progressive
atherosclerotic lesions®®. On the other hand, medial VVC, which presents as sheet-like
mineral deposits within the medial layer of the vessel wall, occurs independent of intimal
calcification'®. Medial VC is a unique and prominent type of vascular mineral deposition
that is almost exclusively associated with mineral metabolism dysregulation observed in
patients with advanced CKD!"2%2, Significant medial VC of coronary arteries is present
in the absence of intimal mineral deposition and is associated with an increase in serum
creatinine — indicative of reduced renal function??. Similarly, Moe et al.?® show an
increase in medial VC of the epigastric artery in the absence of classical atherosclerosis
in patient with CKD. Additionally, medial VVC is present in vessels of both the central and

the peripheral circulatory system in patients with CKD?*. Autopsy studies reveal an
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increased hydroxyapatite (HA) mineral deposition within vasculature in patients with
CKD??, In line with these studies, the frequency of calcific atherosclerotic plaque
formation is increased in patients with CKD compared to age-matched subjects with
normal renal function?®?’, Furthermore, the presence of medial VC is a strong predictor
of CV and all-cause mortality in patients with CKD?’,

Although morphologically distinct, clinical and pathophysiological studies
demonstrate that there are many similarities between the pathogenesis of intimal and
medial VCZ. In particular, increased oxidative stress- and hyperglycemia-mediated
systemic and local inflammation are associated with both intimal and medial VC in
patients with CKD as well as those presenting with classical atherosclerosis?. The state
of chronic inflammation is also associated with increased CV mortality, a condition that
is further exacerbated in patients with CKD?. In line with these findings, there exists a
positive correlation between systemic inflammation and presence of both intimal and
medial calcification in hemodialysis patients?®3. Additionally, expression of markers of
inflammation in calcified arteries from patients with CKD differs from that of non-uremic
controls3t. However, even though patients with CKD frequently present with both types
of VC, medial VC is more prevalent due to kidney-induced changes in blood
biochemistry. For this reason, patients with advanced CKD exhibit an additive CVD-

associated risk due to the presence of both types of VVC.
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Normal Artery Diseased Artery

Medial VC

Intimal VC

@ec A VsvC * HA

Figure 1. Intimal vs. medial VC. Healthy large elastic arteries are broadly divided into
tunica intima, composed of endothelial cells (EC), and tunica media that is rich in vascular
smooth muscle cell (VSMC). Pathological deposition of hydroxyapatite (HA) mineral
crystals can occur within both layers of the vessel wall. HA mineral deposition in the
intimal layer of the vessel wall is associated with atherosclerotic plaques, whereas mineral
deposition in the medial layer of the vessel wall almost exclusively occurs in patients with

chronic kidney disease. Figure adapted from Kakani et al?*,
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1.1.1 The link between impaired renal function and cardiovascular death

CKD is a major cause of morbidity and mortality both nationally and internationally*®. The
prevalence of CKD is 13% worldwide, while approximately 15% of individuals suffer from
this disease in Canada and USA32. A numbers which are likely to increase with increase in
aging population. CKD is characterized by the presence of kidney damage or decline of
kidney function lasting longer than 3 months, and is classified by a degree of renal
impairment, measured by the estimated glomerular filtration rate (eGFR), urinary albumin-
to-creatinine ratio and presence or absence of kidney damage*. Currently CKD is defined
by eGFR of less than 60 mL/min per 1.73 m? or urinary albumin-to-creatinine ration of
greater than 30 mg/g. CKD can be further classified into 5 stages based on eGFR, as well
as recently modified 3 stage classification of albuminuria. The newly adopted classification
system emphasizes the prognostic value of these key drivers of CKD*. The progressive
decline in renal function results in end-stage renal disease (ESRD) which requires renal
replacement therapy delivered either in the form of dialysis or renal transplantation®.
Chronic renal insufficiency is associated with increased risk of all-cause and CVD-
associated mortality®>38,

Patients with CKD present with a multitude of CVD outcomes, including ischemic
heart disease, heart failure, arrythmias, and peripheral vascular disease!!. The evidence
from several epidemiological studies conducted in the general population as well as various
clinical populations demonstrates a strong relationship between renal insufficiency and the
CVD?*%73 The Framingham Heart Study assessed the effect of reduced renal function on

CV death in general population. Over a 15 year follow-up period, the study showed that
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impaired renal function correlates with an increase in CV events and all-cause mortality in
men, while no significant association was observed in women®. In a cohort of 1,120,295
adults, Go et al.* defined an independent inverse association between renal function —
assessed by eGFR — and the rate of CV event, death, and hospitalization. Similarly, a meta-
analysis including 266,975 patients showed a correlation between renal disfunction,
measured by eGFR and albuminuria, and CV mortality®. Consistent with these findings,
Manjunath et al.*” reported a 5% increase in risk of CV mortality with every 10 mL/min
per 1.73m? reduction in eGFR. CVD in turn can exacerbate the progression on CKD, as
shown by a 29% higher risk of decline in renal function in patients with heart failure*°.

CV mortality is about 15 to 30 times higher in patients with advanced CKD
compared to age-adjusted rate of CVD-associated mortality in the general population®.
Despite the presence of traditional CVD risk factors in patients with CKD, they can only
partially explain the strikingly high prevalence of CVD mortality in this patient population.
Thus many studies have now delineated the relationship between non-traditional risk
factors that are almost exclusively unique to patients with CKD and CV risk. These include,
but are not limited to, albuminuria, hyperparathyroidism, as well as mineral and bone
disorderst!. Importantly, both traditional and non-traditional risk factors have an additive
effect in patients with CKD, expediating CVD progression.

In addition to low eGFR, renal disease is also defined by the presence of excess
albumin in the urine, which is now regarded as an independent marker of CV risk®.
Microalbuminuria, defined as urinary albumin excretion rate of 30 to 300 mg per 24 hours,

is recognized as a predictor of CV mortality in the general population and patients with
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DM, In a cohort of 40,548 adults between ages 28 and 75, the Prevention of Renal and
Vascular End Stage Disease Study group demonstrated a positive dose-response
relationship between urinary albumin concentration and all-cause mortality, as well as CV
mortality®®. In a similar manner, the Heart Outcomes Prevention and Evaluation study
reported that microalbuminuria increased the adjusted relative risk of CV events,
congestive heart failure, and all-cause mortality in those with and without DM, In a
similar population, Zeeuw et al.** showed that albuminuria was a strong independent
predictor of CV risk in patients with diabetic nephropathy. Importantly, recent studies have
established that any degree of rise of albuminuria, even within currently defined normal
range (< 30 mg per 24 hours), leads to an increase in CV risk*!.,

Similar to albuminuria, hyperthyroidism develops in the early stages of renal
insufficiency as an adaptive mechanism to maintain calcium homeostasis!!. Under normal
healthy conditions, the parathyroid hormone (PTH) maintains a narrow range of blood
calcium by regulating calcium resorption in the cortical bone, its absorption in the intestine,
and excretion by the kidney*®. However, disturbances in calcium and vitamin D metabolism
that occur as a result of CKD lead to secondary hyperthyroidism defined by an increase in
PTH secretion, synthesis, and parathyroid gland hyperplasia®. It is also important to note
that abnormalities in phosphate (P) metabolism, observed in patients with progressive
CKD, can contribute parathyroid gland dysfunction, while PTH abnormalities also
exacerbate hyperphosphatemia®®. Aberrant PTH regulation is related to atherosclerosis,
endothelial dysfunction, inflammation, elevated blood pressure, VC, and increased risk of

CV events; conditions that are further heightened in patients with CKD*'.
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Mineral and bone disorders are also prevalent in patients with CKD, and occur as a
result of persistent mineral and hormonal imbalances described above*®. Patients with CKD
exhibit higher risk of fractures compared to age-adjusted general population®®. There also
exists an inverse relationship between bone mineral density and VC, suggesting that these
two processes occur in parallel®®!. Pathomorphological studies show presence of
structures resembling bone, cartilage, and bone marrow elements in calcified
vasculature?®2+52, Thus, a combination of pre-existing traditional CV risk factors and non-
traditional pathologies that occur as a result of impaired kidney function, lead to increased

risk of CV mortality in patients with advanced CKD.

1.1.1 The role of phosphate in the development of vascular calcification

The majority of P in the body is found in the form of organic P, which is essential for
cellular structure and function, energy production, glucose synthesis, as well as cellular
signaling®. In humans, 85% of P is found in bone, 14% is in the intracellular space and 1%
is found in the extracellular fluid®*. The free P found in the extracellular space, mainly in
the form of inorganic P (Pi), functions as a buffering system®. Similar to extracellular
calcium, maintenance of normal serum P; depends on absorption in the gut, reabsorption
and excretion in the kidney, and the flux between blood content and skeletal system®:.
Under healthy conditions, the narrow normal range of extracellular Pi concentration is
regulated by complex crosstalk between the bone, intestine, kidney, and parathyroid gland.
At the cellular level, PTH, calcitriol and fibroblast growth factor 23 (FGF23) are the main

regulators of extracellular P; content>. Dysregulation of this homeostasis has serious health
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consequences. Studies show that even a small increase in serum P, within or outside of the
normal range, correlate with increased CV mortality in patients with CKD and those with
normal renal function®¢-%8,

In humans, an increase in serum P; triggers a subsequent increase in the secretion of
PTH and FGF23 from the parathyroid glad and bone cells respectively®. Both PTH and
FGF23 inhibit P; reabsorption in the kidney by decreasing the expression of sodium-
dependent phosphate transporters, NaPi-2a and NaPi-2c. Additionally, FGF23 also
decreases P;j absorption in the intestine by reducing the expression of NaPi-2b in the gut
and suppressing circulating calcitriol levels®®. There also exists a reciprocal regulatory
cascade between FGF23 and PTH, where PTH increases FGF23 expression directly and
indirectly via calcitriol, and FGF23 inhibits PTH expression®. Thus, an increase in renal P;
excretion and a decrease of intestinal P; absorption lower the concentration of free P; in the
circulation (Figure 2).

Chronic renal insufficiency combined with abnormalities in bone-mineral turnover and
hormonal imbalance lead to a persistent state of hyperphosphatemia and eventually P;
toxicity in patients with CKD®. Therefore, hyperphosphatemia is a complication of late
stage CKD, and as such is an important predictor of CV mortality in these patients®®. An
increase in serum P; concentrations, even within normal range, can increase both valvular
and vascular calcification in patients with both normal and impaired renal function®®*°.
Consistently, elevated calcium x P;j product is associated with increased medial VC in
dialysis patients®. Additionally, high P; ex vivo culture of arterial rings from patients with

CKD promotes mineral deposition within the arterial tissue®. Consistent with these
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findings, EI-Abbadi et al.®* reported that high P; loading is significantly associated with VC
in uremic mice. Likewise, high P;i levels in VSMC culture leads to an induction of pro-
osteogenic phenotype and mineral deposition in these cells®?. Conversely, lowering serum
Pi slows the progression of VC in patients with ESRD®3%4, Collectively, current knowledge
leads to the conclusion that P; is a clinically important modulator of vascular function and

CVD in the general population and patients with renal insufficiency.
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Figure 2. Pi homeostasis. In a healthy individual Pi homeostasis is maintained by the
complex crosstalk between the parathyroid gland, bone, intestine, and kidney. An increase
in serum P; occurs as a result of (i) P; reabsorption in the kidney via NaPi-2a/b
cotransporters, (ii) P; absorption in the intestine via NaPi-2b cotransporter, and (iii) P;
resorption from the bone. An increase in extracellular Pi then triggers secretion of PTH and
FGF23 from the parathyroid gland and bone, respectively. PTH and FGF23 both inhibit P;
reabsorption in the kidney by decreasing the expression of NaPi-2a/c P; cotransporters.
Additionally, FGF23 reduces Pj absorption in the gut by decreasing the expression of NaPi-
2b P; cotransporters, as well as suppressing circulating calcitriol. High circulating levels of
calcitriol inhibit PTH and stimulate FGF23 secretion, whereas low calcitriol levels
stimulate PTH secretion. There also exits a reciprocal relationship between FGF23 and
PTH, whereby PTH increases FGF23, and FGF23 inhibits PTH. Figure adapted from Ritter

and Slatopolsky®3
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1.2 MOLECULAR MECHANISMS DRIVING MEDIAL VASCULAR
CALCIFICATION

Although previously thought of as a passive phenomenon, VC is now recognized as a
highly regulated process that shares many similarities with bone formation, and is defined
by osteogenic transdifferentiation, matrix maturation, and mineralization stages*2'6, This
multifaceted process is regulated by a number of intra- and extra-cellular stimuli as well
as environmental factors'®. Osteogenic transdifferentiation of vascular cells, mainly
VSMCs, is a common feature present in both intimal and medial VC*®. The plasticity of
VSMCs is critical for the phenotypic transition that occurs during osteogenic
transdifferentiation, as well as transdifferentiation into other cell types of mesenchymal
lineages, such as chondrocytes and adipocytes®®-’. Osteogenic transdifferentiation of
VSMC:s is characterized by the loss of contractile phenotype followed by the transition to
osteoblast-like phenotype; the process which features an increase in bone markers
accompanied by a concurrent decrease in smooth muscle markers?®24¢° Similar to
osteoblast differentiation of bone cells, increased expression of alkaline phosphatase
(ALP) and type | collagen (Col 1) is also observed in the VSMCs undergoing the
osteogenic switch®. There are a number of intra- and extra-cellular regulators of VC,
including elevation of oxidative stress, hyperglycemia, dysregulation of mineral
metabolism, and initiation of pro-osteogenic program in the VSMCZ. Additionally,
multiple genetic regulator of VC have also been identified®. However, broadly speaking,
apart from the genetic pre-dispositions, external stimuli affect the two main

pathophysiological processes that facilitate the development of VC, namely pro-
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osteogenic phenotype transition and apoptosis of the VSMCs (Figure 3)?1912,
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Figure 3. Cellular and systemic drivers of VC. The two major pathophysiological
mechanisms that contribute to VC are apoptotic cell death and osteogenic
transdifferentiation of VSMCs. Additionally, downregulation of inhibitors of VC,
including ENPP1, Fetuin-A, OPN, MGP, PP;, exacerbates this process. In a setting of
CKD, elevated extracellular Pj is one of the major drivers of VC. In VSMCs, P; transporter
is regulated by sodium-dependent Pi transporters, Pit-1 and Pit-2. Elevated intracellular
Pi promotes pro-osteogenic phenotype, characterized by decrease in smooth muscle cell-
specific genes, including ACTA2, MYH11, SMTN, VIM, and a concurrent increase in
pro-osteogenic genes, including Runx2, OSX, OCN, MSX2, Col Al. Additionally, P;
toxicity promotes apoptosis of VSMCs, which further contributes to vascular

mineralization. Figure adapted from Li et al. and Shanahan et al%°,
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1.2.1 Genetic determinants of vascular calcification

Genetic studies have established that VC of the large contractile arteries is heavily
influenced by heritability’®’t. The Framingham Heart Study concluded that 49% of
variability in the abdominal artery calcification can be attributed to genetic variations’®.
In a different study, Peyser et al.”* examined coronary artery calcification (CAC) in 698
adults and also concluded that 41.8% of variation in CAC is attributable to genetic factors.
Although arterial calcification of the aorta, coronary, carotid, and peripheral arteries
increases with age, DM, CKD, as well as other metabolic disorders, genetic factors play
a key role in modulating VC*4%, To date many key regulators of VC have been identified
through genetic studies in human as well as animal models. These include matrix proteins,
circulating calcium-binding proteins, regulators of P; and pyrophosphate (PP;) metabolism
and many others®®,

Matrix-Gla protein (MGP) is a vitamin K-dependent protein secreted
predominantly by chondrocytes and VSMCs?>®8, MGP acts as a powerful endogenous
inhibitor of VC by binding to calcium in order to prevent the accumulation of mineral
deposits®. In clinical studies, single-nucleotide polymorphisms (SNPs) in the MGP gene
have been linked to Keutel syndrome and severe arterial calcification’>"3. In line with these
studies, MGP” mice develop severe ectopic mineral deposition in soft tissues, such as
arteries and cartilage”. MGP deficient ApoE™ mice develop extensive medial VC when
compared to ApoE”". Consistently, inhibition of vitamin K metabolism leads to the
production of functionally-deficient MGP and subsequent VC®. Likewise, SNPs in the

vitamin K epoxide reductase, a protein essential for vitamin K function, are also associated
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with aortic calcification””. Osteopontin (OPN) is another matrix protein that acts as an
inhibitor of VC through adhesion to apatite crystals®®. OPN level is associated with CAC
presence and severity in dialysis patients’®. Furthermore, exogenous addition of OPN
prevents mineral deposition and promotes regression of ectopic calcification’.

Fetuin-A is a systemic calcification inhibitor, that in a manner similar to MGP and
OPN, prevents VVC by directly interacting with the mineral particles to prevent HA crystal
precipitation®2, Variations in fetuin-A allele are associated with reduction in circulating
fetuin-A and an increase in circulating P; in healthy individuals®!. A decrease in circulating
fetuin-A levels is also associated with increased VC in patients with atherosclerosis, DM,
and CKD®®4 |In their study, Lehtinen et al.®® identified four different SNPs in fetuin-A
gene that are associated with the extent of CAC in patients with DM. In line with these
findings, Fetuin-A knock out (KO) mice develop severe calcification of soft tissues,
supporting its key role of powerful circulating inhibitor of \VVC8.

The homeostasis between Pi and PP; is critical for the maintenance of vascular
health'8, Genetic and pathophysiological studies identified three key proteins that work
in concert to suppress spontaneous arterial calcification by modulating P; and PP;
homeostasis®®. Ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) is an
enzyme that hydrolyzes adenosine triphosphate (ATP) into adenosine monophosphate
(AMP) and PP;j at the cell membrane, where it is thought to be subsequently transported to
the extracellular matrix via the ANK transporter%887. PP; is a well-known inhibitor of HA
formation, and ENPP1 deficiency in humans is associated with severe arterial calcification

of infancy, characterized by extensive mineral deposition in the soft tissues®”. Additionally,
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polymorphisms in the ENPP1 gene are associated with significantly higher CAC in patients
with ESRD®. In support of these findings, the ENPP17 mice also develop increased
arterial mineral deposition®. Similarly, mice with mutations in the ANK gene exhibit
defects in PP; metabolism and as a result increased VC®. The cluster of differentiation 73
(CD73) is also a cell surface enzyme that hydrolyzes the AMP produced by ENPP1 to
generate adenosine, which in turn suppresses tissue nonspecific ALP expression, vascular
inflammation, and P; production®®. In humans, deficiencies in CD73 lead to calcification of
joints and arteries®*. On the other hand the ATP binding cassette subfamily C, member 6
(ABCC6) is a transmembrane ATP and adenosine transporter though to aid in the
maintenance of extracellular PPi/P; homeostasis®. Similar to phenotype observed in ENPP1
and CD73 deficient mice and humans, ABCC6 deficiencies lead to calcification of the soft
tissues, such as skin, retina, aorta, and vena-cava®. Thus, monogenic mutations in ENPP1,
CD73, and ABCCE6 are established drivers of molecular changes that subsequently lead to
prominent arterial calcification.

Recent association analyses have identified additional diverse mediators of VC in
human and mouse studies, including adiponectin, klotho (KL), and carbonicanhydrase-2
(CA2)**%, Adiponectin is a systemic an anti-inflammatory hormone produced by
adipocytes. SNPs in the adiponectin gene are associated with increased prevalence of CAC
in African American population®. In support of these findings, adiponectin-deficient mice
develop age-onset aortic calcification®. Similar to adiponectin, KL is a circulating protein
known to regulate oxidative stress and insulin sensitivity®*. Although there currently there

exists no associations between mutations in the human KL gene and VVC, KL-deficient mice
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develop arterial stiffening, osteoporosis, and ectopic calcification®®%4, Consistently, KL
abundance declines with renal insufficiency®. CA2 is an ion transporter crucial for normal
bone turnover®. In humans, loss of CA2 function leads to cerebral calcificatio®. Likewise,
mice deficient in Ca2 develop extensive age-onset medial VVC%,

Additionally, the transforming growth factor- (TGF-B) superfamily signaling has
fundamental roles in embryonic skeletal development and postnatal bone homeostasis, as
well as regulation of soft-tissue calcification®®. SMA-related and MAD-related protein
(SMAD) 6 is a negative regulator of the TGF-B signaling and a known inhibitor of VC%,
Mice deficient in SMADG6 develop arterial calcification'®. On the other hand, bone
morphogenic protein (BMP) 7 protects against VC and promotes a VSMC-specific
phenotype by upregulating the expression of a-smooth muscle actin (a-SMA).,
Furthermore, SNPs in BMP7 gene are associated with arterial calcification in patients with

DMlOZ.

1.2.2 Osteogenic transdifferentiation of the VSMCs

Chronic renal insufficiency promotes changes in both systemic and local stimuli that drive
the development of VC!4202328  QOsteogenic transdifferentiation of VSMCs is a highly
regulated pathophysiological process that shares many common features with
differentiation of bone cells'®®2° In VSMCs, this process is characterized by increased
expression of bone-specific markers and concurrent decrease in the expression of VSMC-
specific markers®*%5, Bone-related transcription factors, including Runt-related

transcription factor 2 (Runx2), Msh homeobox 2 (MSX2) and osterix (OSX) have been
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detected in calcified vessels®®1%31% These transcription factors are well-established
regulators of osteoblast and chondrocyte differentiation, and are now also recognized as
crucial mediators of VC. Among them, Runx2 is regarded as a specific and indispensable
regulator of osteogenic differentiation of the VSMCs*22°,

Various experimental approaches have determined the essential role of Runx2 in
the development of VVC. Clinical studies and animal models highlight an increase in the
expression of Runx2 and its downstream targets osteocalcin (OCN), ALP, and Col | in
calcified vessels?>691%5 Qverexpression of Runx2 in the VSMCs and adipose-derived stem
cells is sufficient to induce osteogenic transdifferentiation of these cells'®1%7, In support of
these findings, Runx2 expression is necessary for hyperphosphatemia-induced VC in
mice'®. Conversely, VSMC-specific ablation or downregulation of Runx2 expression
attenuates VC%%!10, In addition to its role as a regulator of osteogenic transdifferentiation
of the VSMCs, Runx2 expression is also associated with calcification of other vascular
cells, including endothelial cells and vascular progenitor cells?.

A diverse abundance of extracellular stimuli are known to regulate the expression
and transcriptional activation of Runx2 leading to subsequent osteogenic
transdifferentiation of the VSMCs. In their study, Byon et al.1% show that reactive oxygen
species induce osteogenic transdifferentiation of the VSMCs by increasing the expression
of Runx2 and its downstream targets ALP, OCN, and Col I. Similarly, hyperglycemia and
glucose metabolites increased Runx2 expression and transcriptional activity in vascular
cells’!, Serum from uremic patients with CKD increased Runx2 expression, while

simultaneously decreasing the expression of a-SMA in human VSMCs!*2, However, in the
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context of advanced CKD, high P plays a key role in the pro-osteogenic transdifferentiation
of VSMCs!'®. An increase in P; concentration can also induce Runx2 expression and
transcriptional activity, leading to mineralization of the VSMCs as well as ex vivo aortic
ring cultures®%.65114,

In VSMCs, P; transport is mediated by the type Il sodium-dependent P;
cotransporters Pit-1 and Pit-2%2. Pit-1 is the predominant P; cotransporter found in human
VSMCs, and as such is necessary for Pi-mediated mineralization®®. Pit-1 knock-down
inhibits P; uptake and HA deposition, while Pit-1 overexpression leads to increased Pi-
mediated calcification®. In their study, Koleganova et al.!'® reported that together with
other well-established drivers of VC, including Runx2, MSX2 and OCN, Pit-1 expression
was also increased in calcified arteries from patient with CKD. Similar to the master-
regulator of osteogenic transdifferentiation of the VSMCs, Runx2, Pit-1 expression is also
induced by Pj, calcium, and BMP2114116.117,

Extensive research has identified multiple cellular signaling pathways that regulate
Runx2-mediated osteogenic transdifferentiation of the VSMCs. Activation of the protein
kinase B (AKT) signaling pathway by oxidative stress leads to upregulation of Runx2
expression and transcriptional activity, resulting in osteogenic transdifferentiation of the
VSMCs!%, Additionally, activation of the mitogen-activate- protein kinase (MAPK)
pathway increases Runx2 phosphorylation resulting in enhanced mineral deposition in vitro
and in vivo'8, Conversely, downregulation of the p38 MAPK expression in the VSMCs
attenuates Runx2 transcriptional activity and osteogenic transdifrentiation!!®. In their study,

Fujuta et al.'*® show that intracellular P; content regulates nuclear shuttling of Runx2 in
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osteoblast cells. Collectively, the intra- and extra-cellular stimuli that lead to enhanced
Runx2 expression via the activation of various cellular pathways are exacerbated in
conditions of oxidative stress, hyperglycemia, and dysregulation of mineral metabolism.
Additionally, recent evidence highlights the importance of a reciprocal relationship
between peroxisome proliferator-activated receptor y (PPARY) and osteogenic pathways'?>
122 pp ARy-deficient mesenchymal stem cells differentiate into osteoblast-like cells, while
PPARy-deficient mice exhibit an increase in bone mass*?®*'?*, In mesenchymal bone
marrow cells, conditions that lead to osteoblast differentiation inhibit adipogenesis, while
those promoting adipocyte formation supress osteoblast differentiation'?®. Consistent with
these observations, MAPK-mediated phosphorylation of Runx2 and PPARYy is necessary
for osteoblast differentiation'?°. VSMC-specific deletion of PPARy accelerates VC in low
density lipoprotein receptor deficient mice!?®. Similarly, Pi-mediated inhibition of PPARy
expression exacerbated CKD-associated VC*?, Together these findings suggest that a fine
balance between, PPARy and Runx2 is necessary for the maintenance of vascular

phenotype.

1.2.3 Apoptotic cell death as a driver of VC

Accumulating evidence suggests that apoptosis of the VSMCs is another key cellular
process that mediates VC*2, In their study, Proudfoot et al.}?® report that apoptosis
precedes mineral deposition in vivo. Additionally, apoptotic bodies released by damaged
VSMCs are known to contain high mineral content and act as nucleating agents further

driving VC®¥. Consistently, increased apoptosis and matrix vesicle release was also
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observed in calcifying human VSMCs'?°. Similarly, treatment of ex vivo cultured aortic
rings from patients with CKD in high Pi-containing calcifying medium lead to an increase
apoptotic cell death and subsequent calcification of these vessels®. Calcified vessels from
pediatric patients undergoing dialysis treatment also exhibit severe apoptosist¥.
Conversely, inhibition of apoptotic cell death attenuates the secretion of mineral-rich
matrix vesicles as well as VC®1%8,
Experimental studies in a variety of disease models have identified key modulators
of cell death and VVC. Endoplasmic reticulum (ER) stress has long been recognized as a
critical regulator of vascular health in the context of atherosclerosis'3l. However, emerging
evidence has also defined the role of ER stress in the development of VC32, Tumor necrosis
factor a-mediated activation of C/EBP homologous protein (CHOP) — a known regulator
of apoptotic cell death — lead to increased VC in a CKD-dependent model of VC!%,
Consistent with these findings, CHOP deficiency attenuated CKD-dependent apoptotic cell
death and VC**, Studies also demonstrate an increase in the expression of know modulator
of DNA damage response machinery and markers of apoptosis, poly [ADP-ribose]
polymerase (PARP) 1 and 2, at the site of VC in human and animal vessels, as well as
calcified VSMCs**>13, These enzymes are activated in response to calcifying medium, and
their inhibition can attenuate mineral deposition in VSMCs*3.
Although under normal healthy conditions, apoptotic cell death and osteogenic
differentiation are two distinct physiological processes, in the state of chronic renal
insufficiency, changes in systemic stimuli lead to these two processes being tightly

intertwined. Activation of ER stress-mediated cell death also results in an increase in ALP
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activity, which is a well-established indicator of increased Runx2 activation®33134,
Similarly, PARP signaling regulates Runx2 protein levels and osteogenic
transdifferentiation of the VSMCs*®’. It has also been previously suggested that osteogenic
transdifferentiation and apoptosis are both adaptive processes that occur in response to
elevated extracellular mineral content. In their study, Shroff et al.** suggest that VSMC
undergo phenotypic switch in order to avoid mineral overload, where those cells that fail
to transdifferentiate undergo apoptotic cell death and thus contribute to HA deposition in

that manner.

1.3 T-CELL DEATH-ASSOCIATED GENE 51 (TDAG51) AND ITS HUMAN
HOMOLOGUE PLECKSTRIN HOMOLOGY-LIKE DOMAIN FAMILY A,

MEMBER 1 (PHLDA1)

1.3.1 Protein structure and homology

The pleckstrin homology-like domain (PHLD) class of proteins is composed of two
separate families of multifunctional proteins, including PHLDA and PHLDB®, Both
PHLDA and PHLDB families are highly evolutionary conserved and consists of three
structurally-similar proteins, including PHLDAL, PHLDA2, PHLDAS3, PHLDB1I,
PHLDB2 and PHLDB3%%13%  As their name suggests, all PHLD proteins contain a PHL
domain that is 100-120 amino acids (aa) in length and has been demonstrated to bind to
phosphatidylinositol lipids'®®. Proteins containing the PHL domain have been found to
participate in cellular signaling, vesicular trafficking, and maintenance of cytoskeletal

integrity®**14%, However, to date majority of the studies have focused on the role of
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PHLDA, more specifically PHLDAL, in health and disease.

PHLDAL and its mouse homologue TDAG51 were first identified as a
transcription factor necessary for Fas-mediated apoptosis!*142, TDAG51 and PHLDA1
share 89% sequence homology, with most variability observed in the N-terminal domain.
PHLDAL gene is located on chromosome 12¢21.2 and encodes a protein that is 401 aa in
length containing regions rich in polyglutamine (QQ), proline-glutamine (PQ) and
proline-histidine (PH) in addition to the PHL domain**®!43, Full length TDAG51 and
PHLDAL both contain PH and PQ repeats, also known as the death domain, which are
located in the C-terminus of the protein and are responsible for pro-apoptotic properties
of PHLDA1*4, Similar to the PHL and the PQ domains, the QQ domain is also well-
conserved in a variety of eukaryotic cells and is predominantly found in proteins known
to regulate transcriptional activation'*®. The evolutionary conserved PHL domain is

located in the N-terminal domain of PHLDA1 (Figure 4A)!3%:143,
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Figure 4. PHLDALI structure and function . (A) Schematic representation of PHLDAL
protein structure. PHL, plecktrin homology-like domain; PQ, proline-glutamine-rich
region; PH, proline-histidine-rich region; QQ, polyglutamine-rich region. (B) The
expression of PHLDALl and its mouse homologue TDAG51 is associated with
atherosclerotic plaque formation, skeletal muscle repair, tumorigenesis, adipogenesis,
hepatic lipid accumulation, and renal fibrosis. Figure adapted from Nagai et. al and

Fuselier et. alt38143,
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1.3.2 The role of TDAG51/PHLDAL in health and disease

TDAGS51 was first identified as a transcription factor necessary for T-cell receptor-induced
Fas-mediated apoptosis'#*. Since then, the expression of TDAG51 and PHLDA1 was found
in a variety of tissues, including lung, thymus, liver, VSMCs, and white adipose
tissue!'414314  TDAG51 is predominantly found in the cytoplasm, however, it is also
present in the perinuclear and nuclear cellular compartments!*4142143 Although the exact
molecular and biological function of TDAG51 remains to be elucidated, diverse
extracellular stimuli induce TDAG51 expression in a variety of cell types. In their study,
Kastrati et al.}*® demonstrate that PHLDA1 expression is modulated by crosstalk between
estrogen receptor and the inflammatory nuclear factor kB in breast cancer cells. Similarly,
insulin-like growth factor 1 upregulates TDAG51 expression in fibroblast cells'*’. ER
stress-inducing agents, such as tunicamycin, thapsigargin, cyclosporin A, homocysteine,
peroxinitrate, and farnesol can also induce TDAG51 expression in a variety of cell types'*,
Additionally, elevated P; content, common in the state of hyperphosphatemia observed in
patient with CKD, increases TDAG51 expressiont4,

Downregulation PHLDA1L expression is found in a variety of tumors, suggesting
that it predominantly functions as a tumor suppressor (Figure 4B)*3. In melanoma,
downregulation of PHLDAL expression is present in metastatic lesions and its expression
is associated with cell growth and apoptosis'#?. Similarly, reduced PHLDA1 expression is
also observed in patients with oral carcinoma*®. In lung and breast carcinomas, PHLDA1
overexpression inhibits cell proliferation, colony formation, and cell migration*°. Patients

with increased PHLDAL expression in estrogen receptor-negative tumors have a more
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favorable outcome, whereas, high PHLDAL expression is associated with metastatic state
in estrogen receptor positive tumors!#61%0 An increase in PHLDAL expression is also
present in osteosarcoma and colorectal carcinoma®®. Thus, suggesting that PHLDA1 may
have a different function depending on cells type and state.

In addition to its tumor suppressor role, PHLDAL1 is also important in the regulation
of apoptotic cell death'*3. In agreement with its proapoptotic role, antibody-mediated
neutralization of PHLDA1 increases while its overexpression decreases cell survival?,
Hossain et al.'>? reported a significant increase in TDAG51 expression in atherosclerotic
lesions form ApoE” mice, which also correlated with apoptotic cells death. Transient
overexpression of PHLDAL results in substantial changes in cellular morphology and
adhesion, which promotes detachment-mediate cell death of endothelial cells'>2. Similarly,
PHLDAL overexpression attenuates cell growth, and colony formation while increasing
apoptotic cell death in a variety of melanoma cell lines'*®. Furthermore, stress-induced
heat-shock proteins inhibit its pro-apoptotic function by direct binding to the PHL domain
of PHLDA1 in mouse embryonic fibroblasts!**. These findings further supporting its role
as a robust modulator of apoptosis (Figure 4B).

Although the initial studies have focused on the role of PHLDA1 and TDAG51 as
mediators of apoptosis and tumorigenesis, our understanding of TDAG51/PHLDA1-
mediated cellular processes have evolved. Findings from our laboratory demonstrate that
TDAGS51 is an important modulator of adipogenesis and as such, its expression is inversely
correlated with mature-onset obesity, hepatic steatosis and insulin resistance*®. More

specifically, TDAG51 expression is downregulated during adipogenesis, while loss of
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TDAGS51 leads to enhanced lipid accumulation in TDAG51” primary preadipocytes. In line
with these findings, TDAG51”" mice develop increased adiposity, hepatic steatosis, and
insulin resistance (Figure 4B). To explain these observations, enhanced expression of key
drivers of adipogenesis, PPARy and CCAAT/enhancer binding protein o, was observed'#®.
Additionally, TDAG51 mediates epithelial to mesenchymal transition (EMT) in
human proximal epithelial cells (Figure 4B). Carlisle et al.'* found that similar to changes
observed in endothelial cells, transient TDAG51 overexpression results in changes in cell
shape and morphology that exacerbate TGF-f mediated EMT. Consistent with these
observations, TDAG51”7 mice are resistant to TGF-B induced EMT and peritoneal
fibrosis'®3. Findings from our laboratory also identify TDAG51 as a key modulator of P;-
induced VC!4, Given that TGF-B superfamily is composed of many well-established
mediators cellular signaling, tissue fibrosis, VC, and tumorigenesis, processes that are all
affected by changes in TDAG51 expression, additional studies are necessary to delineate
the potential crosstalk between TDAG51 and the TGF-f superfamily and their role in

disease state.

1.4 THE FUNCTION OF TGF-p SUPERFAMILY IN HEALTH AND DISEASE

1.4.1 TGF-p superfamily overview

The TGF-B superfamily is comprised of thirty three multifunctional proteins, including
three TGF-B isoforms, activins, inhibins, nodals, anti-mullerian hormone, BMPs, and
growth differentiation factors (GDFs)*>*. Although structurally similar, these ligands elicit

different responses based on their tissue/cell-specific expression, and unique molecular
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interactions with a variety of inhibitory molecules and receptor complexes®™>*1%, They all
elicit their signaling effect via the serine/threonine transmembrane receptors and SMAD
transcription factors'®®. The TGF-B superfamily signaling has fundamental roles in
embryonic development, adult tissue homeostasis, and in pathogenesis of variety of
diseases, including cancer, fibrosis, and CVD. The TGF-B signaling exerts its control by
regulating a multitude of cellular processes, such as cell growth, differentiation, migration,
apoptosis, and ECM production®*,

All TGF-B superfamily members are encoded as a large precursor polypeptides
comprised of the amino-terminal signal peptide, pro-segment, and carboxy-terminal active
polypeptide!™*. The amino-terminal signal peptide is removed during the translocation of
the peptide into the lumen of the rough ER**. The inactive precursor protein is then cleaved
by the furin protein convertase to generate a mature ligand. Although, the majority of the
studies delineating the activation mechanism have focused on TGF-B1, all TGF-B
superfamily members contain a pro-segment with putative furin cleavage sites (RXXR,
RXK, RR)¥. The mature protein contains seven to nine cysteine residues that modulate
inter- and intra-molecular interaction and are conserved in most TGF-f superfamily
members™,

Despite the large number of TGF-B ligands, only a few receptors mediate the
transduction of intracellular signaling cascades. The ligands that belong to the TGF-
superfamily elicit their response via the type | and type Il serine/threonine kinase
transmembrane receptors®*>°, To date, seven type | receptors have been identified, known

as activin receptor-like kinases (ALKSs), ALKs1-7. Additionally, five type Il receptors have
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been identified, including activin receptor type I1A and B, BMP type Il receptor, TGF-f

154 Different ligands can bind

type Il receptor, and anti-mullerian hormone type Il receptor
to different combinations of type I and type Il receptors, resulting in different responses.
Importantly, the abundance of each receptor type varies between tissues, which can explain
a multitude of signaling responses mediated by TGF-B superfamily*>>1%,

TGF-B and TGF-B-like ligands bind to the constitutively active type Il receptor,
leading to phosphorylation and activation of type I receptor>4%¢, Upon activation, the type
| receptor undergoes a conformational change that allows direct binding and
phosphorylation of the appropriate receptor (R-) SMAD. SMADs are the canonical
signaling proteins responsible for eliciting the TGF-f response. TGF- and activins
predominantly induce phosphorylation of SMAD2 and SMAD3, whereas BMPs induce
phosphorylation of SMAD1, SMAD5, and SMAD8®*15%1%8  phosphorylation of R-
SMADs leads to its subsequent association with common partner SMAD4 and nuclear
translocation of the complex, where it can regulate the expression of TGF-p target genes*®®.

Additionally, the TGF-f superfamily of proteins are known to elicit their response via

several non-SMAD signaling pathways*®®.

1.4.2 The role of TGF-B superfamily in vascular function

Genetic analyses in mice and humans have identified TGF-f signaling to be essential for
vascular development and homeostasis'*®®. Using a variety of knockout models, studies
report that inactivation of various components of TGF-f signaling results in either

embryonic lethality due to vascular defects or severe abnormalities in the vessel structure
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and function!®16%161 '1n humans, dysregulation of TGF-B signaling can lead to a myriad of
vascular pathologies, such as arteriovenous malformations, aneurysms, hypertension,
atherosclerosis and CVD™. In endothelial cells, TGF-B signaling regulates proliferation,
migration and vascular permeability. Additionally, TGF-f signaling plays an important role
in the regulation of VSMC differentiation and function. The interaction between the

154 Consistent with

endothelial cells and VSMCs maintains healthy vessel tone and function
this notion, perturbations in the TGF-f signaling cascade result in impaired blood flow due
to hypertension®2. Similarly, loss of BMP receptor 11 in endothelial cells and VSMCs leads
to dysregulation in pulmonary arterial hypertension in humans and mice!®3. Furthermore,
expression of various TGF-p superfamily members is found in advanced atherosclerotic
pIaques164'165.

Arterial calcification is regarded as a hallmark of advanced vascular disease!®.
Several studies provide evidence that TGF-f signaling contributes to mineral deposition in
both intimal and medial layers of the vessel wall. In particular, BMPs play an important
role in osteogenic transdifferentiation of vascular cells which leads to VC'*. Consistent
with these findings, exogenous BMP2 treatment leads to VC in the aortas of high fat diet-
fed LRLR™ mice®®’. Furthermore, treatment of VSMCs with BMP2 enhances osteogenic
transdifferentiation and VC by increasing P; uptake and Runx2 expressiont!’:168.169
Activation of the BMP2 and BMP4 signaling promotes osteoblast-like phenotypic switch
and increases the expression of osteoblast-specific genes, such as ALP, OCN, OSX and

MSX2117168-171 "1y line with these observations, inhibition of BMP2 signaling in ApoE”

mice attenuates arterial calcification’®.
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Studies also show that in addition to pro-osteogenic BMPs discussed above, there
also exist BMPs that oppose this process. BMP7 promotes a VSMC-specific phenotype by
upregulating the expression of a-SMAN, Additionally, BMP3 is another negative
regulator of osteogenesis, a process similar to VC!172, Mice lacking the BMP3 gene
display increased bone mass, whereas transgenic mice overexpressing BMP3 develop
spontaneous rib fractures due to altered endochondral bone formatio®’?13, BMP-3b, also
known as GDF10, is a divergent member of the TGF- superfamily that is closely related
to BMP3 and signals through TGF-B receptors!’*1">, GDF10 expression correlates with
osteoblast differentiation and in a manner similar to BMP3, is able to inhibit this
processt’®17’ Furthermore, GDF10 acts as an inhibitor of ALP activity and mineralization
in pre-osteoblast cells'’®. Given that VC is a highly regulated process that draws many
similarities with osteoblast differentiation, GDF10 may also play a role in maintaining

vascular function by regulating osteogenic transdifferentiation of the VSMCs.

1.4.3 The role of TGF-P superfamily in fibrosis and tissue repair

Under normal healthy conditions, TGF-f signaling regulates wound healing by modulating
cell proliferation, migration, ECM production, and tissue remodeling. However, chronic
tissue injury leads to persistent need for healing, thus resulting in excessive scarring or
fibrogenesis, the process in which TGF-B signaling plays a critical role!’®. The balance
between activation of TGF-f3 and BMP pathways through both canonical and non-canonical
signaling modulates the fibrotic response in various organ tissues®’. In their seminal

discovery, Roberts et al.'® reported that a subcutaneous injection of TGF-B1 can induce
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fibrotic lesion formation at the site of the injection. Consistently, administration of TGF-3
adenoviral vector results in fibrotic response in lung and peritoneum?®382_In hepatocytes,
activation of TGF- signaling contributes to hepatocyte cell death and lipid accumulation,

leading to increased hepatic fibrosis'®®

. Activation of the TGF-p signaling cascade in the
liver leads to production of Col I, fibronectin as well as other ECM components,
subsequently resulting in hepatic fibrosis'®. In contrast, inhibition of TGF-B signaling
attenuates liver fibrosis in mice'®. Consistent with the crucial role of TGF-p-SMAD
pathway in fibrogenesis, SMAD3 knockout mice are resistant to bleomycin-induced lung
fibrosis, and unilateral ureteral obstruction-induced renal fibrosis'8186,

Several studies demonstrate that other components of the TGF-f signaling cascade
are also important in mitigating the fibrotic response. Increase in circulating BMP9 levels
are observed in patients with liver fibrosis, while BMP9 knockout mice develop an increase
in perivascular hepatic fibrosis*®”#, In line with these findings, treatment of primary liver
sinusoidal endothelial cells with exogenous BMP9 attenuates the fibrotic response®e,
Similarly, BMP7 treatment inhibits tubulointerstitial fibrosis in a rodent model of renal
injury®. Consistent with these findings, exogenous BMP7 also ameliorates the expression
of profibrotic genes in the aortas of uremic rats'®. GDF15 expression is dramatically
increased following liver injury, while its overexpression can reduce ischemia reperfusion
injury in the heart and improve functional recovery following a traumatic spinal cord
injury®®-19 Additionally, treatment with exogenous GDF10 promotes axonal sprouting

and functional recovery after stroke in rodents*®*. In line with its potential role as a

modulator of tissue repair, GDF107 mice develop severe hepatic fibrosis and lipid
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accumulation, whereas mice overexpressing GDF10 are protected against diet-induced
obesity%>1%_ Additionally, almost a 12-fold decrease in GDF10 was observed in a model
of wound healing®’.

The pro-fibrotic activity of TGF-B is also mediated by several members of the
nuclear receptor superfamily, such as vitamin D receptor and PPAR-y*4. Vitamin D
treatment attenuates TGF-B-induced EMT in a model of subepithelial fibrosis®.
Additionally, activation of the vitamin D3 receptor by its ligands inhibits TGF-B-mediated
hepatic stellate cell activation and fibrosis, while vitamin D receptor knockout mice
develop severe hepatic fibrosis®®. Similarly, PPAR-y inhibits TGF-B-mediated pro-fibrotic
response in hepatic stellate cells?®, Studies also show that activation of PPAR-y inhibits

TGF-B signal transduction and fibrosis in liver, lung, kidney, and heart?%%-2%3,

1.4.4 GDF10 is a divergent member of the TGF-p superfamily similar to BMP3

GDF10, also known as BMP-3b, is a member of the TGF-B superfamily of growth and
differentiation factors, and is closely related to BMP3 in sequence homology?%*. BMP3 and
GDF10 share 82% homology in the mature region, while homology in the pro-region is
only 37%. The GDF10 gene encodes a protein of 476 aa with a predicted molecular mass
of approximately 52 kDal’4?%, Similar to other TGF-p family members, GDF10 is
synthesized as a large precursor protein containing a hydrophobic signal sequence,
carboxyl-terminal domain, and amino-terminal pro-domain!’#1’®, The active/secreted form
of GDF10 is generated by proteolytic cleavage of the precursor protein at the putative

RXXR site. Like BMP3, GDF10 also has two potential cleavage sites, which give rise to
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two different sizes of mature protein (Figure 5A)1"82%, Several studies have characterized
the expression of GDF10 in a variety of rodent and human tissues, such as adipose, brain,
spleen, uterus and bone!’*176178.204 "OQur group has also characterized murine GDF10
MRNA expression using in situ hybridization analysis. Similar to other reports, we observe
GDF10 mRNA expression in the brain, bone, uterus, aorta as well as lung Additionally,
GDF10 expression was also detected in spleen, parathyroid, and adrenal glands (Chapter
2; Fig. 1B &C, Fig. S2).

Similar to BMP3, GDF10 was originally discovered in bone and thus though to
have osteogenic activity!’#?%*, GDF10 expression increases upon BMP2-induced
differentiation of rat calvarial osteoblasts. In contrast, TGF-B1 inhibits osteoblast
differentiation and GDF10 expression'’®. Similarly, primate studies show an increase in
GDF10 expression in a model of ectopic bone formation induced by TGF-p22%. Although
the expression of GDF10 in the bone is relatively high, treatment with recombinant-purified
GDF10 does not induce ectopic mineral deposition*’®. Similar to BMP3, GDF10 is a
negative regulator of osteogenesis, and as such GDF10 inhibits ALP activity and osteoblast
differentiation'’>78, Additionally, GDF10 is necessary for head formation and acts as an
antagonist of BMP2 during embryogenesis!’®2%. Mechanistically GDF10 inhibits
osteoblast differentiation by inhibiting BMP-2, -5, -6, and -7-induced expression of Runx2
and OCN via the SMAD 2/3 pathway'’’.

Although initial studies have focused on the role of GDF10 in osteogenesis and
embryogenesis, our understanding of its function has expanded beyond these roles. Recent

studies highlight that GDF10 plays an important role in metabolic regulation. GDF10 is
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highly expressed in adipose tissue and its expression is induced by high fat diet (HFD)?’.
Furthermore,GDF10 is secreted from adipocytes and that its expression is higher in
preadipocytes than mature adipocytes, suggesting that GDF10 is a regulator of
adipogenesis®®’. In support of its role as a regulator of adipogenesis, overexpression of
GDF10 inhibits adipocyte differentiation, while its inhibition enhances adipogenesis in
3T3-L1 pre-adipocytes?®’. Consistent with these findings, adipose-specific overexpression
of GDF10 in mice reduced adiposity and improved insulin sensitivity in HFD-fed mice
through downregulation of PPARYy and its target genes'®. Likewise, GDF10 knockout mice
develop severe HFD-induced obesity and hepatic steatosis that occurs as a result of
increased PPARYy expression and activity'®®. Taken together these findings suggest that

there exists a fine balance between GDF10 and PPARy signaling (Figure 5B).

38



PhD. Thesis—Khrystyna Platko; McMaster University—Medical Sciences

A 126 152 176 RQXZR 467
N’ ' Pro-domain Mature peptide — C’
1 ~100 363 476

-

i, &
.
b
=¢

|
Tumor suppressor
( -

== GDF10 o

Lipid acecumulation

p |
Fibrosis * (

Adipogenesis

Osteoblast
| | differentiation

P

Figure 5. GDF10 structure and function. (A) Schematic representation of GDF10 protein
structure. Yellow arrows represent glycosylation sites. Black and red arrow represents an
established and a potential alternative cleavage sites, respectively. (B) The expression of
GDF10 is associated with tumorigenesis, osteoblast differentiation, hepatic lipid

accumulation and fibrosis. Structure of GDF10 protein is based on Hino et al. and Takao

et a|174,178

39



PhD. Thesis—Khrystyna Platko; McMaster University—Medical Sciences

1.5 THE FUNCTION OF PPARs IN HEALTH AND DISEASE

15.1 PPAR superfamily overview

The PPAR nuclear receptor superfamily is composed of three isoforms, PPARy, PPARa,
and PPARS, which are all encoded by their respective genes?®. All PPARSs contain the N-
terminal transactivating domain, central DNA-binding domain (DBD), and C-terminal
ligand-binding domain (LBD)?%. The DBD is composed of two zinc-finger domains that
uniquely bind the PPREs. Additionally, the C-terminal LBD of PPARs is composed of 13
a-helices and 4 B-sheets, which is known to create a large ligand binding pocket. The large
ligand binding pocket of PPARs is thought to facilitate the ability of these transcription
factors to be activated by a large variety of ligands?®®2%, The DBD and LBD are most
conserved between the three receptors?®2%°  Additionally, PPARs also possess two
activations domains, AF-1 and AF-2, which are responsible for ligand-independent and -
dependent recruitment of coregulatory proteins, respectively?%:210,

Upon ligand-mediated activation, each of the PPAR nuclear receptors binds to its
respective peroxisome proliferator response elements (PPARE) as a heterodimer with
retinoid X receptor (RXR), which is then followed by coactivator recruitment?!,
Additionally, phosphorylation of PPARs is critical for their function®2. A large variety of
naturally occurring free fatty acids and synthetic compounds serve as ligands, and PPARs
possess varying degree of responsiveness dependent on the ligand?'®. Studies have also
shown that PPARs are found in a variety of tissues, including adipose, liver, cardiovascular
system, immune system, and nervous system, where they have distinct function based on

ligand binding?®2!*, The PPARs play a crucial role in cell differentiation, development,
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and metabolism. PPARa function has been predominantly characterized in the liver, where
it modulates lipid homeostasis by regulating fatty acid transports, p-oxidation, and
ketogenesis. In contrast, PPARS is highly expressed in the muscle where regulates fatty
acid metabolism. Additionally, PPARy is crucial for adipose differentiation. Various
studies also highlight the role of PPARs in the regulation of atherosclerotic plaque

formation, vascular tone, angiogenesis, and variety of cancers?%213.214,

1.5.2 The biological function of PPARY
PPARY expression is crucial for adipocyte differentiation and healthy function?'®. PPARY
expression is highest in adipose tissues, where it mainly regulates the expression of genes
involved in lipid homeostasis, including aP2, PEPCK, acyl-CoA synthase, FATP-1 and
CD36%1>21%, Aberrant PPARYy expression is associated with obesity, insulin resistance, and
fibrosis?%216, Conversely, PPARy-deficient mice develop reduced adipose tissue stores?’,
Interestingly, PPARYy activation exerts differential effect based on adipose depot. In white
adipose tissue, PPARy is essential for insulin sensitivity, lipogenesis, and adipocyte
function. On the other hand, PPARy activation in brown adipose tissue regulates
thermogenesis and mitochondrial biogenesis?'®. Overexpression of PPARy in fibroblast
cells leads to a pro-adipogenic program in these cells?!®. Thus, PPARy is both necessary
and sufficient to induce adipogenesis.

Although under normal healthy conditions PPARy is most abundantly expressed in
adipose tissue, its hepatic expression is robustly induced in conditions of hepatic lipid

accumulation?!®21®, In the liver, pro-steatotic effect of PPARYy is due to upregulation of
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genes involved in lipogenesis, triglyceride synthesis, and lipid droplet formation. In
conditions of metabolic stress, elevated dietary free fatty acids modulate PPARy
activity?'®218, Conversely, hepatocytes and mice that do not express PPARYy in the liver are
resistant to HFD-induced hepatic lipid accumulation, but this exacerbates insulin
resistance??°. Similarly, inhibition of PPARy or RXR using pharmacological agents also
ameliorates hepatic steatosis?’!. Taken together, these studies demonstrate that PPARy
plays an important role in regulating hepatic lipid metabolism in conditions of metabolic
stress.

Our understanding of PPARy function has now extended beyond its role in lipid
metabolism. PPARy activation in endothelial cells inhibits inflammation and the expression
cellular adhesion molecules?'4. Endothelial cell migration and apoptosis are also regulated
in PPARy-dependent manner. In VSMCs PPARy expression is upregulated in hypertensive
conditions and upon injury. Similar to its role in endothelial cells, PPARy also regulates
VSMCs migration, proliferation and apoptosis®4. Furthermore, recent studies have
demonstrated that activation of PPARy inhibited VC by inhibiting Wnt5a signaling in
VSMCs!?, PPARy-mediated upregulation of Klotho also inhibited VC?22, In their study,
Liu et al.*?’ reported that high P; conditions, downregulated PPARy expression which
contributed to increased CKD-associated VC. In line with these findings, PPARYy inhibits
pro-osteoblastic phenotype by directly biding to Runx2 and preventing its association with
the osteoblast-specific element-2 promoter??®. Similarly, overexpression of PPARy co-
factor, peroxisome proliferator-activated receptor-y coactivator-1a, attenuates mineral

deposition in adenine-induced model of VC??4. Thus in addition to its established role in
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adipogenesis and tissue fibrogenesis, PPARy is also a modulator of vascular health.

1.6 PROJECT RATIONALE, HYPOTHESIS, OBJECTIVES, AND THESIS

OUTLINE

1.6.1 Project rationale and hypothesis

The overall objective of this thesis is to (i) determine the role of TDAG51 and GDF10 in
VC, and (ii) identify the mechanism(s) by which these proteins regulate mineral deposition
in the VSMCs. Additionally, observations during these studies brough to light the
importance of GDF10 as a regulator of metabolic homeostasis. Thus the focus of the final
chapter of this thesis is on the mechanism by which GDF10 regulates hepatic lipid
metabolism.

Medial VC is the predominant pathophysiological mechanism contributing to
vascular dysfunction and poor prognosis in patients with CKD"252, In support of these
findings, VC in patients with CKD has been linked to disturbances in Pi homeostasis, and
is now recognized as the major risk factor for CVD in these patients®. TDAG51 is most
frequently characterized as a pro-apoptotic gene involved in both intrinsic and extrinsic
mechanisms of apoptosis; however, this relationship is variable across different tissues and
species'*®. We and others have reported that TDAG51 contributes to vascular disease in the
setting of atherosclerosis, and is induced by a variety of stimuli. In addition to a reduction
in atherogenesis, however, a significant reduction in intimal calcification within advanced
atherosclerotic lesions in mice with global deletion of TDAG51 was also observed®2,

Given that in clinical studies medial and intimal calcification are frequently present at the
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same time, | hypothesize that TDAG51 also acts as a modulator of CKD-associated medial
VC.

A micro-array analysis identified GDF10 to be significantly upregulated in
TDAG517 VSMCs. Although it’s role in VC is unknown, a recent study has demonstrated
that GDF10 inhibits osteoblast differentiation, a process that draws many parallels with
VCY®7 "In support of these findings, GDF10 overexpression inhibits ALP activity in
mouse calvarial pre-osteoblast cells!’®. Additionally, GDF10 acts as a antagonist of BMP2,
a well-established driver of osteogenesis, during embryogenesis®®. Given these data, |
hypothesize that GDF10 is a novel systemic inhibitor of VC.

During my studies | also observed that GDF10” mice develop increased body
weight, adiposity, and hepatic lipid accumulation when fed normal control diet. Consistent
with these findings, mice overexpressing GDF10 are protected against HFD-induced
obesity®®®. In their studies, Hino et al.*® reported that GDF10 regulates adipogenesis and
free fatty acid B-oxidation in adipose tissue. Despite the established role of the adipose-
secreted adipokine GDF10 in modulating adipogenesis, its role in hepatic steatosis remains
to be explored. Given that the preliminary findings showed increased adiposity and severe
hepatic lipid accumulation in GDF107- mice, | hypothesize that GDF10 plays a pivotal role
in the regulation of hepatic lipid metabolism.

In summary, the hypothesis of this PhD thesis consists of several parts: medial VC
is mediated by (i) TDAG51 and (ii) systemic adipokine GDF10. (iii) GDF10 also acts as

an inhibitor of non-alcoholic fatty liver disease (NAFLD) progression. Given that in clinical
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studies there exists a correlation between NAFLD and VC, GDF10 may also regulate VC

indirectly by modulating other metabolic parameters.

1.6.2 Objectives and experimental approach
To assess my hypothesis, studies focused on examining the following objectives.
1. Examine the mechanism(s) by which TDAG51 regulates hyperphosphatemia-
associated VC.
2. Determine whether GDF10 acts as an inhibitor of VC and the mechanism(s)
involved in its regulatory action.

3. Define mechanism(s) by which GDF10 regulates hepatic lipid metabolism.

In order to examine the objectives of this thesis, in vitro, in vivo, and ex vivo approaches
were used.

For experiments examining VC, primary mouse and human VSMCs were used.
Primary mouse VSMCs were derived using the explant method, while human VSMCs were
purchased from a commercially available source??®. Although biologically relevant, these
cells have a finite lifespan, and thus were only used up to passage 8. When appropriate and
permitting, the results were also corroborated in mouse ex vivo aortic rings and in vivo
models of VC. Additionally, experiments examining the mechanisms by which GDF10
regulates hepatic lipid homeostasis utilized Huh7 and HepG2 immortalized human
hepatocyte cell lines, as well as primary human hepatocytes that were acquired from

commercial source. The results of in vitro studies were also confirmed using in vivo models
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of HFD-induced hepatic lipid accumulation.

Male TDAG517 and TDAG51*"* littermate control mice were used to examine VC
in a model of hyperphosphatemia-associated vitamin D3-induced model of VC. Similarly,
in vivo studies examining the role of GDF10 in VVC utilized male GDF107 and GDF10*/*
littermate control mice in a similar setting. For studies examining the role of GDF10 in
hepatic lipid accumulation, male GDF10 knockout (KO) and wild-type (C67BI/6J) mice
were used. Widely-used HFD model of hepatic lipid accumulation was utilized for these
experiments. All animals were bred in-house or purchased from Jackson Laboratories.
Experimental procedures were performed with accordance to McMaster University Animal
Research Ethics Board guidelines.

Tissue samples collected from the experiments described above were analyzed
using a combination of laboratory techniques, including but not limited to, quantitative real-
time polymerase chain reaction, western blotting, immunohistochemistry,
immunofluorescent staining, morphological staining (H&E, Masson’s Trichrome), mineral

staining (Von Kossa, Alizarin Red), ELISAs, as well as variety of functional assays.

1.6.3 Thesis outline
The thesis objectives and experimental results are summarized in three manuscripts

(Chapter 2-4) that are presented as follows:

Chapter 2: TDAG51 (T-cell death-associated gene 51) is a key modulator of vascular

calcification and osteogenic transdifferentiation of arterial smooth muscle cells.
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This journal article, published in Atherosclerosis, Thrombosis, and Vascular
Biology (2020), was accepted for publication on May 4, 2020. According to the AHA/ASA
journal policies, the authors retain the right to include full journal article for print thesis at
this time and electronic thesis 12 months after the article publication, provided that the
journal is cited as the original source. Therefore the published article and relevant
supplemental materials are included as Chapter 2.This journal article demonstrated that
TDAG51 mediates VC by regulating RUNX2 transcriptional activity and Pit-1 expression.

To this end, TDAG51”" mice were protected from hyperphosphatemia-associated VC.

Chapter 3: GDF10 is a negative regulator of vascular calcification of vascular smooth
muscle cells.

This journal article currently being prepared for submission to Journal of Biological
Chemistry. Findings outlined in the manuscript identified GDF10 as a novel mediator of
mineral deposition in the VSMCs, and as such a potential novel therapeutic avenue for

diagnosis and management of this disease.

Chapter 4:GDF10 blocks hepatic PPARy activity to protect against diet-induced liver
injury.

This journal article, published in Molecular Metabolism (2019), was accepted for
publication on June 24, 2019. According to the Elsevier publishing group guidelines, the
authors retain the right to include full journal article as a part of thesis dissertation, provided

that (i) it is not published commercially, and (ii) the journal is sited as the original source.
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Therefore the published article and relevant supplemental materials are included as chapter
4. This journal article demonstrated that GDF10 knock out mice develop severe diet-
induced obesity, hepatic steatosis, and hepatic fibrosis. To explain these observations,
heightened PPARy expression and activity was observed in these mice. Additionally,

GDF10 attenuated lipid accumulation and PPARY activity in cultured hepatocytes.
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CHAPTER 2: MANUSCRIPT 1

TDAGS51 (T-cell death-associated gene 51) is a key modulator of vascular
calcification and osteogenic transdifferentiation of arterial smooth muscle cells.

Khrystyna Platko, Paul F. Lebeau, Gabriel Gyulay, Sarka Lhotak, Melissa E.
MacDonald, Giusepina Pacher, Jae Hyun Byun, Felix J. Boivin, Suleiman A. Igdoura,
Jean-Claude Cutz, Joan C. Krepinsky, Richard C. Austin

Atherosclerosis, Thrombosis, and Vascular Biology (2020). 40(7):1664-1679. doi:
10.1161/ATVBAHA.119.313779.

© Copyright by American Heart Association
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Chapter link: TDAG51 regulates osteogenic transdifferentiation and subsequent VC of
the VSMCs. Previous studies demonstrate that TDAG51contributes to vascular disease in
the setting of atherosclerosis?®®. In addition to reduction in atherogenesis, a significant
reduction in intimal calcification was observed in the TDAG517 mice!®?. Although
morphologically distinct, there are many similarities between the pathogenesis of intimal
and medial VC, and both are frequently present in patients with advanced CKD?°. However,
medial VC, which mainly occurs as a result of changes in blood biochemistry, almost
exclusively a feature of CKD-associated vascular impairment®®, This journal article
demonstrated that TDAG51 modulates osteogenic transdifferentiation and subsequent VC
by regulating (i) transcriptional activity of master-regulator of pro-osteogenic switch in
VSMCs, Runx2, and (ii) cellular Pi homeostasis via the regulation the expression of

sodium-dependent phosphate transporter, Pit-1.
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TDAGH1 (T-Cell Death-Associated Gene 51)
ls a Key Modulator of Vascular Calcification
and Osteogenic Transdifferentiation of Arterial
Smooth Muscle Cells

Khrystyna Platko, Paul F. Lebeau, Gabriel Gyulay, Sarka Lhotak, Melissa E. MacDonald, Giusepina Pacher, Jae Hyun Byun,
Felix J. Boivin, Suleiman A. Igdoura, Jean-Claude Cutz, Darren Bridgewater, Alistair J. Ingram, Joan C. Krepinsky;
Richard C. Austin®*

OBJECTIVE: Cardiovascular disease is the primary cause of mortality in patients with chronic kidney disease. Vascular calcification
(VC) in the medial layer of the vessel wall is a unique and prominent feature in patients with advanced chronic kidney disease
and is now recognized as an important predictor and independent risk factor for cardiovascular and all-cause mortality in
these patients. VC in chronic kidney disease is triggered by the transformation of vascular smooth muscle cells (VSMCs) into
osteoblasts as a consequence of elevated circulating inorganic phosphate (P) levels, due to poor kidney function. The objective
of our study was to investigate the role of TDAG51 (T-cell death-associated gene 51) in the development of medial VC.

METHODS AND RESULTS: Using primary mouse and human VSMCs, we found that TDAG51 is induced in VSMCs by P and is
expressed in the medial layer of calcified human vessels. Furthermore, the transcriptional activity of RUNX2 (Runt-related
transcription factor 2), a well-established driver of P-mediated VC, is reduced in TDAG51~~ VSMCs. To explain these
observations, we identified that TDAG51~~ VSMCs express reduced levels of the type Il sodium-dependent P, transporter,
Pit-1, a solute transporter, a solute transporter, a solute transporter responsible for cellular P, uptake. Significantly, in response
to hyperphosphatemia induced by vitamin D,, medial VC was attenuated in TDAG51~~ mice.

CONCLUSIONS: Our studies highlight TDAG51 as an important mediator of P-induced VC in VSMCs through the downregulation
of Pit-1. As such, TDAG51 may represent a therapeutic target for the prevention of VC and cardiovascular disease in patients
with chronic kidney disease.

VISUAL OVERVIEW: An online visual overview is available for this article.

Key Words: hyperphosphatemia ® inorganic phosphate transporter ® osteoblasts B risk factor ® vascular calcification ® vascular smooth muscle cells

of mortality in patients with chronic kidney disease

(CKD) as a result of vascular calcification (VC), a
process known to reduce vascular compliance result-
ing in chronically elevated blood pressure."? Although
VC of the intimal layer of the vessel wall is a common
feature of atherosclerotic CVD, kidney-induced changes
in blood biochemistry drive calcification of the vascular

cardiovascular disease (CVD) is the primary cause

smooth muscle cell (VSMC)-enriched medial layer of
the vessel wall. For this reason, patients with end-stage
renal disease (ESRD) commonly exhibit an additive risk
of CVD due to the presence of both forms of VC. Fur-
thermore, calcification of the medial layer of the vessel
wall is regarded as an established risk factor for sudden
cardiac death in patients with CKD®® and contributes
to myocardial infarction, aortic valve stenosis, and limb
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The Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313779.
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Nonstandard Abbreviations and Acronyms

Highlights

a-SMA alpha smooth muscle actin
ALP alkaline phosphatase
CKD chronic kidney disease
CvD cardiovascular disease
ESRD end-stage renal disease
EV empty vector

MSX2 Msh homeobox 2

OCN osteocalcin

OPG osteoprotegerin

OPN osteopontin

OSE2 osteoblast-specific cis-acting element 2

0OSX osterix

PHLDA1  pleckstrin homology-like domain, family
A, member 1

Pi inorganic phosphate

Pit-1/2 type Il sodium-dependent Pi transporter

PPARY peroxisome proliferator-activated
receptor;

RUNX2  Runt-related transcription factor 2

TDAGS51  T-cell death-associated gene 51

vC vascular calcification

VD3 vitamin D3

VSMC vascular smooth muscle cell

WTCCC  Welcome Trust Case Control Consortium

amputation in these patients.5” Despite its clinical impor-
tance, understanding the cellular factors and molecular
mechanisms modulating VC and the effective targeting
of this process is a major unmet clinical need, since no
reliable therapies currently exist®

Although several pathophysiological processes are
thought to contribute to the development of medial VC,
inorganic phosphate (P)-mediated apoptotic cell death
and the transdifferentiation of VSMCs into osteoblast-
like cells are established causative factors.® Hydroxyapa-
tite (HA) is the most abundant mineral within calcified
regions of the artery, and its deposition has been shown
to be essential for the osteogenic transdifferentiation
of VSMC."® Currently, the osteogenic transdifferentia-
tion process is incompletely understood. What is known,
however, is that mineral abnormalities such as hyper-
phosphatemia play a key role by inducing the expres-
sion of procalcific bone matrix proteins in VSMCs as well
as causing apoptotic cell death of VSMCs.3'! Elevated
levels of P, in the serum, due to a lack of excretion in
patients with CKD, initiates this osteogenic switch. The
state of hyperphosphatemia also increases intracellular
P levels via active transport through type Il sodium-
dependent P, transporters, Pit-1 and Pit-2, at the cell
surface.’?'® Pit-1, in particular, plays a major role in VC,

Arterioscler Thromb Vasc Biol. 2020;40:1664-1679. DOI: 10.1161/ATVBAHA.119.313779

» Vascular calcification resulting from elevated serum
P content is an important predictor of cardiovascu-
lar mortality in patients with chronic kidney disease.

» Osteogenic transdifferentiation and apoptotic cell

death are thought to be major contributors to min-

eral deposition within vessel wall.

In this study, we identify TDAG51 (T-cell death-

associated gene 51) as an important mediator of

vascular calcification.

» We demonstrate TDAG51~~ vascular smooth mus-
cle cells exhibit reduced RUNX2 (Runt-related tran-
scription factor 2) transcriptional activity and Pit-1
expression.

+ TDAGH1™~ mice are protected from vitamin
D3-mediated vascular calcification.

with its downregulation preventing and overexpression
promoting the pro-osteogenic phenotype.'? Furthermore,
higher expression of Pit-1 is observed in the calcified
aortas of patients with CKD.'*

RUNX2 (Runt-related transcription factor 2) is a key
transcription factor necessary for osteoblast transdif-
ferentiation and is involved in the transcriptional regu-
lation of several genes, including bone matrix proteins
like osteocalcin (OCN) and collagen 1.'® In both clinical
studies and animal models, elevated RUNX2 expression
is observed in calcified aortas.' Elevated intracellular P,
increases the expression of RUNX2 and its downstream
target, OCN, in human aortic VSMCs.'®'” Overexpression
of RUNX2 in VSMCs and adipose-derived stem cells is
sufficient to induce the expression of pro-osteogenic
genes and leads to a phenotypic switch.'®2° Although
global RUNX2 knockout mice die shortly after birth, due
to a complete absence of bone development as a result
of impaired osteoblast maturation,?' VSMC-specific dele-
tion of RUNX2 protects against high-fat diet-induced
VC.22 Furthermore, RUNX2 expression in the VSMCs
is required for vitamin D, (VD,)-mediated VC, which is
also driven largely by hyperphosphatemia.?®* Beyond the
strong influence of RUNX2, functional disturbances in,
or attenuation of, endogenous calcification inhibitors
such as pyrophosphate, fetuin-A, maGLAP (matrix Gla
protein), OPN (osteopontin), and OPG (osteoprotegerin)
also represent an established avenue leading to VC in
the setting of ESRD.!" Overall, the plasticity of VSMCs is
a critical characteristic for the phenotypic switch during
the pathogenesis of VC.

TDAG51 (T-cell death-associated gene 51) and its
human homologue PHLDA1 (pleckstrin homology-like
domain, family A, member 1) are members of the pleck-
strin homology-related domain gene family that have
been traditionally regarded as tumor suppressor genes
with the ability to cause apoptotic cell death in a variety
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of mammalian cells.?*%" We?®3! as well as others®? have
reported that TDAGH1 contributes to vascular disease
in the setting of atherosclerosis and that TDAGSH1
expression is induced by endoplasmic reticulum stress.
The WTCCC (Welcome Trust Case Control Consortium)
study showed that 5 single-nucleotide polymorphisms in
the region that include the PHLDA1 gene are associated
with CVD, while our findings highlight an association
between 2 single-nucleotide polymorphisms and CVD
using combined analysis of results from the WTCCC and
the University of California, San Francisco case-control
study.®'¥%34 |n addition to a reduction in atherogene-
sis, a marked attenuation of intimal calcification within
advanced atherosclerotic lesions was also observed in
TDAGBH1~~ mice.®' However, a specific role for TDAG51
in medial VC was not investigated.

Here, we report that TDAG51 is induced in VSMCs
by P and is expressed in the medial layer of calcified
human vessels. Although no direct interaction between
TDAGH1 and RUNX2 was detected, the transcriptional
activity of RUNX2 was reduced in TDAG51~~ VSMCs
and this was associated with reduced HA crystal forma-
tion. Furthermore, we identified that TDAG51~~ VSMCs
express reduced levels of Pit-1. In contrast, overexpres-
sion of Pit-1 restored P, uptake, RUNX2 activation and
mineral deposition in the TDAG51~~ VSMCs. Our find-
ings also show that siRNA-mediated RUNX2 knock-
down reduced Pit-1 expression. In support of these in
vitro findings, TDAG51 deletion protected against rapid
mineral deposition induced by VD, administration in a
mouse model of hyperphosphatemic medial VC. Collec-
tively, these findings suggest that TDAG5H1 represents
a novel driver of medial VC in the context of mineral
imbalance—a condition commonly observed in patients
with CKD.

METHODS

The authors declare that all supporting data are available within
the article and in the Data Supplement.

Animal Handling and Procedures

TDAG5 1/~ mice were generated previously®® and backcrossed
onto a C57BL/6J (TDAG51+/*) background for at least 9 gen-
erations (Tables | and Il in the Data Supplement) as character-
ized by our group.®"® Mice were housed in a 12-hour light-dark
cycle with access to a standard laboratory diet (2918, Envigo)
and water ad libitum. At 6 to 10 weeks of age, male TDAG51~~
mice and age-matched TDAG51+* littermate controls were
euthanized under anesthesia and perfused with PBS, after
which the thoracic and abdominal aortas were excised for
experimentation. For studies examining VC, 8-week-old male
TDAGB1** and TDAG51~~ mice were randomly allocated
into groups treated with VD, or a vehicle control (n=9-13
per group). Male mice were used in our study because estro-
gen has been demonstrated to affect mineral absorption via
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the PTH-VD, axis.*” Mice were subcutaneously injected with
5.656x10° IU/kg per day of active VD, (Sigma-Aldrich) for 3
consecutive days®®° and were euthanized 7 days post-treat-
ment. All animal procedures were approved by the McMaster
University Animal Research Ethics Board.

VSMC and Aortic Ring Isolation and Treatment
TDAG51** and TDAG51~~ VSMCs were isolated from the
aortas of 6- to 10-week-old male mice by the explant method*®
and cultured in DMEM (Gibco) supplemented with 10% v/v
fetal bovine serum (Sigma-Aldrich), 100 IU/mL penicillin and
100 pg/mL streptomycin (Gibco). Human aortic VSMCs were
purchased from Lonza (CC-2571, isolated from an 18-year-old
healthy male donor) and cultured in SmGM-2 BulletKit medium
(Lonza). All VSMCs were maintained in 5% CO, at 37°C. Cells
were plated at a confluence of 50% to 70% and used at pas-
sage 4 to 6. Similarly, aortic rings were isolated for ex vivo stud-
ies. Briefly, thoracic aortas were removed, washed in PBS-anti/
anti solution (Gibco) 6x while the adventitia and adipose layers
were removed. Clean aortas were cut into 5 to 10 mm seg-
ments and cultured in suspension. To induce osteogenic dif-
ferentiation of the VSMCs and ex vivo aortic rings, medium was
supplemented with additional P, to achieve a concentration of
2.6 mmol/L*"; a clinically relevant concentration commonly
observed in the plasma of patients with ESRD.*?

Quantification of Ca** and P, Content

After decalcification of cells or tissue with 0.6 N HCI for 48
to 72 hours, Ca**deposition in arteries or VSMCs was quanti-
fied using a colorimetric calcium kit via the o-cresolphthalein
method (Sigma-Aldrich).** Data were normalized to cellular
protein content or the dry weight of aortic tissue. For experi-
ments examining intracellular P, content, cells were lysed using
the freeze-thaw method followed by scraping of the cells and
sonication of the cell lysate suspension. P, content in the sus-
pension was quantified using a colorimetric phosphate kit
(Sigma-Aldrich) according to the manufacturer's instructions
and normalized to protein content.

Osteolmage HA Crystal Quantification Assay

HA levels were quantified using the Osteolmage fluorescent
assay kit (Lonza) according to the manufacturer's instructions.
Briefly, cells were plated in a black clear-bottom 96-well plate
and cultured in calcification-inducing medium for 5 to 6 days.
Cells were subsequently washed, fixed with 4% w/v parafor-
maldehyde, and stained with the fluorescent reagent for 30
minutes. HA levels were quantitatively assessed using a fluo-
rescent microplate reader (Molecular Devices) at 492/5620 nm
wavelengths. Mineral deposition was normalized to either total
cell number or protein content. Cells were also visualized using
a fluorescent microscope (EVOS-FL, ThermoFisher Scientific).

Von Kossa and Alizarin Red S Calcium Staining
Von Kossa staining was performed on sections that were
adjacent to the sections used for human temporal artery fluo-
rescent in situ hybridization analysis. Staining was performed
by the St Joseph's Healthcare Pathology department using
bone sections as positive controls. Briefly, 5 pm sections

Arterioscler Thromb Vasc Biol. 2020;40:1664—1679. DOI: 10.1161/ATVBAHA.119.313779
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were deparaffinized, rinsed in distilled water, and incubated
in a 1% w/v silver nitrate (Sigma-Aldrich) solution under UV
light. Slides were then incubated in 5% w/v sodium thiosul-
fate (Sigma-Aldrich) solution for 5 minutes. Slides were subse-
quently counterstained with Nuclear Fast Red (Sigma-Aldrich),
followed by dehydration and mounting. Calcium deposition was
visualized by black and brown staining.** Alizarin Red S was
used to visualize calcium deposition in mouse tissue sections.
Following deparaffinization, sections were stained with 2% w/v
Alizarin Red (Sigma-Aldrich) solution at a pH of 4.2 for 2 min-
utes, dehydrated, and mounted in synthetic mounting medium.
Calcium deposition was visualized via orange-red staining.*® All
staining was imaged using a Nikon Eclipse Ci (DS-Ri2) light
microscope.

Small Interfering RNA Transfection

To block PHLDA1 expression, targeting siRNA was purchased
from Dharmacon (M-012389-01-0005); nontargeting siRNA
(D-001210-01-05) was used as a control. Similarly, siRNA
targeted against RUNX2 was purchased from ThermoFisher
Scientific (MSS202674). Dharmafect 1 (GE Dharmacon) and
Lipofectamine RNAIMAX (ThermoFisher Scientific) transfec-
tion reagents were used for siRNA transfections according to
the manufacturer’s instructions.

Transient Transfection and Luciferase Reporter
Assay

TDAG51+* and TDAGS1~~ mouse VSMCs were seeded over-
night before cotransfection with a RUNX2 luciferase reporter
plasmid*® and a B-galactosidase plasmid (631719, Takara Bio)
using Lipofectamine 2000 (ThermoFisher Scientific) according
to the manufacturer’s instructions. At 24-hour post-transfection,
cells were treated with either 2.6 mmol/L P, or a vehicle control
then harvested for a luciferase promoter assay (Promega) 48
hours following the treatments. The B-galactosidase enzyme
assay (Promega) was used as a transfection control. In experi-
ments designed to examine the role of Pit-1 in mineral metabo-
lism and VC, mouse VSMCs were transfected with either the
Pit-1 expression plasmid (MR209998, OriGene Technologie)
or an empty vector (EV) control using Lipofectamine 2000. The
cells were harvested for analysis at 48-hour post-transfection.

Cell Fractionation, RUNX2 Response

Element Immunoprecipitation Assay and
Immunoprecipitation Analysis

Nuclear extracts from TDAG51** and TDAG51~~ VSMCs
were isolated using a Nuclear Extraction Kit (Abcam) accord-
ing to the manufacturer's instruction. For studies examining
RUNX2 binding to the OSE2 (osteoblast-specific cis-acting
element 2), 500 pg of protein from nuclear extracts was incu-
bated overnight on an orbital shaker at 4°C with an oligonucle-
otide (1 pg) consisting of 6x repeats of the OSE2 promoter
(ACCACA), as well as RUNX2 or IgG control antibody. The
samples were then incubated with protein G magnetic beads
(Bio-Rad). For the OSE2-containing oligonucleotide was iso-
lated by incubating samples at high heat (95°C for 5 minutes)
and amplified via polymerase chain reaction using Platinum
Taq DNA Polymerase High Fidelity (ThermoFisher Scientific).

Arterioscler Thromb Vasc Biol. 2020;40:1664-1679. DOI: 10.1161/ATVBAHA.119.313779
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The amplified DNA product was electrophoretically resolved
on agarose gels and visualized using Safe-Red (Applied
Biosystems). For complete oligonucleotide sequences, please
refer to Materials in the Data Supplement and Table V in the
Data Supplement. For studies examining RUNX2 phosphoryla-
tion status and TDAG51-RUNX2 protein interaction, 500 ug
of protein was incubated overnight on an orbital shaker at 4°C
with RUNX2 or TDAG51 antibody (1 pg) respectively, using
IgG (Invitrogen) as a control. The samples were then incubated
with protein G magnetic beads (Bio-Rad). Immunoprecipitation
samples were subsequently eluted in SDS-containing lysis buf-
fer at high heat (100°C for 5 minutes) and resolved on an SDS-
PAGE gel for analysis.

Patient Samples/Temporal Aortas

Biopsies were obtained from male and female patients between
67 and 73 years of age, who were previously diagnosed with
diabetes mellitus or chronic obstructive pulmonary disease
and suspected of exhibiting medial VC and temporal arteri-
tis. All procedures were approved by the McMaster University
Research Ethics Board.

Statistical Analysis

Data were analyzed using the unpaired Student ¢ test or 1-way
ANOVA with Tukey multiple comparison testing using Prism 6
(GraphPad). Data were not analyzed for normality and equal
variance. Data are presented as the mean+SD, with P<0.05
considered significant between groups. All experiments were
repeated at least 3x. Details of the biological replicates are
listed in figure legends.

RESULTS

TDAGS51 Is a Regulator of P-Induced VC in
Primary Mouse and Human VSMCs

Intimal and medial arterial mineral deposition is prevalent
in patients with CKD and is regarded as an important
predictor of cardiovascular mortality.*'® Given our previ-
ous findings, in which intimal calcification was reduced in
atherosclerotic lesions from TDAG51~~/ApoE~~ mice,®!
in situ hybridization was used to assess the expres-
sion of PHLDA1 (human homologue of TDAG51) in
the medial layer of calcified human temporal arteries.
An increase in PHLDAT mRNA was observed within
smooth muscle cells adjacent to the mineral deposits
devoid of live cells (Figure 1A and Figure IA in the Data
Supplement). To provide further insight into the location
of healthy VSMCs, a-SMA (a smooth muscle actin) was
also examined in adjacent sections using in situ hybrid-
ization (Figure 1A). Co-staining of PHLDA1 and a-SMA
using fluorescent in situ hybridization revealed that
PHLDAT1 is found in healthy VSMCs, whereas regions
where a-SMA expression is low, an occurrence which
has previously been associated with mineral deposition
in the arterial wall*” undetectable PHLDA1 expres-
sion (Figure 1B). PHLDA1 and o-SMA hybridization
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Figure 1. TDAG51 (T-cell death-associated gene 51) is expressed in human temporal arteries and induced in Pi-treated vascular
smooth muscle cells (VSMCs).

A, Representative micrographs of PHLDA1 (pleckstrin homology-like domain, family A, member 1; human homologue) fluorescent in situ
hybridization and von Kossa staining in serial sections of human temporal arteries. The arrow points to the area of TDAG51 upregulation. B,
Immunofluorescence co-staining of PHLDA1 (red) and a-SMA (a-smooth muscle actin; green) in human temporal arteries. C, Immunoblot and
densitometry analysis of TDAG51 protein following 4 days of inorganic phosphate (P) treatment in cultured mouse TDAG51++ and TDAG51~"~
VSMCs (n=5). D, Immunofluorescent staining of TDAG51 in mouse VSMCs. All data are shown as mean and error bars as SD. *P<0.05 by
2-tailed unpaired Student t test. Genotype is indicated as ** and =~ for TDAG51** and TDAG51~", respectively.

probes were validated via the staining of human hair
follicles (Figure IB and IC in the Data Supplement).*®
Immunoblot and immunofluorescence staining revealed
an increase in TDAGH1 protein expression in primary

1668  July 2020

mouse VSMCs treated with a pathophysiological dose
of P, (2.6 mmol/L) for 4 days*'“? (Figure 1C and 1D).
Overall, these early observations demonstrate that (1) in
human temporal arteries, PHLDA1 expression is high in
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areas adjacent to HA deposits and (2) TDAG51 expres-
sion increases upon treatment with P, in primary mouse
VSMCs. We, therefore, hypothesized that TDAG51 may
play an important role in the process of VC in conditions
of hyperphosphatemia.

To further test this hypothesis, we next assessed the
role of TDAGH1 in the process of VC using a variety of
knockdown and knockout VSMC models. Supporting
its putative role in VC, reduced mineral deposition was
observed in human VSMCs following PHLDA1 siRNA-
mediated knockdown (Figure 2A, 2B, and 2C) and in
TDAG5 17~ VSMCs (Figure 2D), as well as in TDAG51~~
aortic ring cultures exposed to high P, medium (Fig-
ure 2E). Because the pathogenesis of medial VC is
predominantly associated with extracellular crystalli-
zation of HA in the medial layer of the arterial wall,*%°
we first confirmed that P-mediated mineral deposition
occurs in the extracellular matrix. Quantification of Ca?*
and HA formation assays both demonstrate an increase
in mineral deposition in purified extracellular matrices
(Figure IIA and 11B in the Data Supplement).?' The quality
of matrix preparations was verified by nuclear staining
using DAPI (Figure IIC in the Data Supplement). Collec-
tively, these data demonstrate that TDAG51 expression
strongly correlates with regions adjacent to the calcified
areas in the medial layer of the vessel wall and also sug-
gest that TDAG51 may contribute to the process of P-
mediated VC.

TDAG51~~ VSMCs Exhibit Reduced Basal P-
Mediated RUNX2 Transcriptional Activity

Similar to bone formation, osteogenic transdifferentia-
tion of VSMCs is a highly regulated process.'” Given that
RUNX2 activation is both necessary and sufficient for the
development of VC,'819222% oyr next aim was to assess
RUNX2 expression in TDAG51~~ VSMCs. Interest-
ingly, an increase in total cellular abundance of RUNX2
was observed in TDAG51~~ VSMCs cultured in regular
medium, as well as in cells treated with P, although basal
mRNA levels were lower in these cells (Figure 3A and
3B). Similarly, immunoblot analysis of subcellular frac-
tions as well as immunofluorescence staining revealed
increased nuclear abundance of RUNX2 in TDAG51~~
VSMCs following 24 hours of P, treatment (Figure 3C
and 3D). Concurrently, P, treatment also increased
the nuclear abundance of TDAG51 in the TDAGH1+*
VSMCs (Figure 3C).

Given that RUNX2 expression was increased, we
next examined RUNX2 transcriptional activity using a
luciferase reporter assay with 6XOSE2-Luc, a RUNX2
target gene promoter that is widely used to study osteo-
blast development.*® Despite the elevated abundance
of RUNX2 observed in TDAGH1~~ VSMCs, RUNX2-
dependent activation of the OSE2 promoter was dimin-
ished in the TDAG51~~ VSMCs (Figure 4A). RUNX2

Avrterioscler Thromb Vasc Biol. 2020;40:1664—-1679. DOI: 10.1161/ATVBAHA.119.313779
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binding to the OSE2 promoter region was also exam-
ined in nuclear extracts from these cells. Consistent
with reduced RUNX2 transcriptional activity, RUNX2
binding to the OSE2 promoter region was significantly
diminished in the TDAG517~ VSMCs (Figure 4B).
Because RUNX2 phosphorylation sites associated with
osteogenic transdifferentiation and mineral deposition
predominantly occur on serine residues,® total serine
phosphorylation of RUNX2 immunoprecipitated from
TDAGH1** and TDAGS51™~ VSMCs was also exam-
ined via immunoblots. These studies demonstrated an
increase in global RUNX2 serine phosphorylation in
TDAG5 17~ VSMCs (Figure 4C). In line with these find-
ings, the mRNA expression of the RUNX2-regulated
osteogenic marker, OCN, was also reduced (Figure 4D).
Furthermore, we observed an increase in the expres-
sion of calcification inhibitors, including OPN, OPG, and
maGLAP' in TDAG51~~ VSMCs (Figure Ill in the Data
Supplement). To gain further insight in the mechanism
by which TDAG51 modulates RUNX2 activity, studies
examining the ability of TDAG51 to bind to either the
OSE2 promoter region or act as a RUNX2 binding part-
ner were performed. Co-immunoprecipitation studies
demonstrate no direct interaction between RUNX2 and
TDAG51 (Figure 4E). In a similar manner, TDAG51 does
not bind to the OSE2 promoter region as illustrated by
a promoter binding assay, using RUNX2 as a positive
control (Figure 4F). Taken together, our results indicate
that TDAG51 does not act as a promoter of P-induced
RUNX2-mediated osteogenic differentiation in VSMCs
by directly regulating RUNX2 function.

Apoptotic cell death is another major contributor to
the development of VC and that TDAG51 has been
previously shown to affect this process,® apoptotic cell
death, and cell viability were also examined using the
TUNEL (terminal deoxynucleotidyl transferase dUTP
nick-end labeling) stain assay and a lactate dehydroge-
nase release assay. Our observations recapitulate previ-
ous findings where TDAGS51~~ VSMCs were protected
from apoptotic cell death and exhibit improved cell viabil-
ity, suggesting that reduced cell death may be contribut-
ing to the observed phenotype (Figure IVA and IVB in the
Data Supplement).

Pit-1 Inhibition in TDAG51~- VSMCs Leads to a
Reduction in Intracellular P, Content

Pit-1 is the predominant P, solute transporter and
an established modulator of mineral deposition in
VSMCs.'"12%%  Given the established link between
intracellular P, content and RUNX2 activation,’'” we
next examined Pit-1 expression. A reduction in Pit-1
mRNA transcript and protein expression was observed
in TDAG51~~ VSMCs, while Pit-2 expression was
unchanged (Figure 5A and 5B). Consistent with immu-
noblotting, immunofluorescence staining demonstrated
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Figure 2. TDAGS51 (T-cell death-associated gene 51) deficiency inhibits inorganic phosphate (P)-induced VC in vascular smooth
muscle cells (VSMCs) and ex vivo aortic ring cultures.

A, Quantitative real-time polymerase chain reaction and immunoblot analysis of PHLDA1 (pleckstrin homology-like domain family A member 1)
expression in human VSMCs transfected with either control siRNA or siRNA targeted against PHLDA1(n=3). B, Quantification of P-induced
hydroxyapatite (HA) crystal formation in control or PHLDA1 siRNA-transfected human VSMCs (n=12). C, Brightfield microscopy depicting

HA crystal formation after 5 days of 2.6 mmol/L P, treatment in human VSMCs transfected with control or PHLDA1 siRNA. The outline of the
representative cell is depicted as a dotted yellow line. D and E, Quantification of calcium deposition in TDAG51** and TDAG51~"~ mouse
VSMCs and ex vivo aortic ring cultures following 5 and 7 days of 2.6 mmol/L P, treatment, respectively (n=5 and n=4). All data are shown as
mean and error bars as SD. *P<0.05 by 2-tailed unpaired Student t test or 1-way ANOVA with Tukey multiple comparison testing using Prism 6
(GraphPad). Genotype is indicated as ** and =~ for TDAG51**+ and TDAG51~", respectively.

a reduction in cell-surface expression of Pit-1 both in
the absence and in the presence of high P, treatment in
TDAG51~~ VSMCs (Figure 5C). Furthermore, immunob-
lotting and immunohistochemistry staining of thoracic
aortas also revealed a decrease in Pit-1 abundance in
TDAG5 17~ compared with TDAG51+/+ mice (Figure 5D

1670  July 2020

through 5F). Immunofluorescence co-staining of Pit-1
and CD31 (endothelial cell marker) as well as Pit-1 and
a-SMA (smooth muscle cell marker) confirmed that Pit-1
staining occurs within the smooth muscle cell layer of
the vessel (Figure VA and VB in the Data Supplement).
Next, we examined whether decrease in the expression

Arterioscler Thromb Vasc Biol. 2020;40:1664-1679. DOI: 10.1161/ATVBAHA.119.313779
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Figure 3. TDAG51~~ (T-cell death-associated gene 51) vascular smooth muscle cells (VSMCs) exhibit reduced expression of

RUNX2 (Runt-related transcription factor 2).

A and B, Quantitative real-time polymerase chain reaction and immunoblot analysis of RUNX2 expression in mouse VSMCs after 4 days of
inorganic phosphate (P) treatment (n=5). C, Immunoblot analysis of TDAG51 and RUNX2 in cytosolic and nuclear subcellular fractions from
mouse VSMCs treated with 2.6 mmol/L P, for 5 days (n=4). D, Representative micrograph of immunofluorescence staining in TDAG51+*
VSMCs with anti-TDAG51 antibody (red), anti-RUNX2 antibody (green), phalloidin (teal), and DAPI (blue) following 5 days of 2.6 mmol/L P,
treatment. All data are shown as mean and error bars as SD. * £<0.05 by 1-way ANOVA with Tukey multiple comparison testing using Prism 6
(GraphPad). Genotype is indicated as ** and ~~ for TDAG51+* and TDAG51~"-, respectively.

of cell-surface Pit-1 leads to a reduction in intracellular
P content in TDAG51~~ VSMCs. Consistent with other
observations, our data reveal that TDAG51~~ VSMCs
exhibit lower levels of intracellular P, content following 1,
2, and 3 day P, treatment (Figure 5G).

Previous studies also report that Pit-1 expression is
increased within calcified regions of the artery and has
been shown to be modulated by well-established drivers
of VC5%% Furthermore, Pit-1 knockdown blocks P-induced
mineralization of VSMCs.'2'® Thus, to interrogate the role
of Pit-1 in the context TDAGbH1 deficiency in vitro, and to
determine whether Pit-1 overexpression can restore VC
in response to P, we used a FLAG-tagged Pit-1 expres-
sion vector. Transfection efficiency was evaluated by immu-
noblotting of whole cell lysates and immunofluorescence

Arterioscler Thromb Vasc Biol, 2020;40:1664-1679. DOI: 10.1161/ATVBAHA.119.313779

staining in TDAG51~~ VSMCs (Figure 6A and 6B). Inter-
estingly, we observed that overexpression of Pit-1 mark-
edly increased RUNX2 expression (Figure 6A). In support
of previous studies demonstrating a transient decrease
in intracellular F" uptake following Pit-1 knockdown, Pit-1
overexpression yielded increased intracellular P content
following 48 hours of P, treatment (Figure 6C)."2 In addition,
the increased intracellular P, content was accompanied by
increased VC (Figure 6D). A promoter binding assay was
also employed to confirm that Pit-1 overexpression restored
the binding of RUNX2 to the OSE2 promoter region in
TDAG51~~ VSMCs (Figure 6E).

Our observations as well as those of others,'?'4
strongly suggest that Pit-1 is a modulator of RUNX2
expression and activity. In human VSMCs, RUNX2
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Figure 4. Inorganic phosphate (P) fails to induce RUNX2 (Runt-related transcription factor 2) transcriptional activity in
TDAG51~/~ (T-cell death-associated gene 51) vascular smooth muscle cells (VSMCs).

A, RUNX2 luciferase reporter assay following 2 days of P, treatment (n=5). B, RUNX2-OSE2 (osteoblast-specific cis-acting element 2) binding
assay and RUNX2 immunoprecipitation control in TDAG51*+ and TDAG51~"~ VSMCs (n=3). C, Immunoblot of RUNX2 immunoprecipitation
and global RUNX2 serine phosphorylation. D, Quantitative real-time polymerase chain reaction of OCN (osteocalcin) expression (n=5). E, Co-
immunoprecipitation of TDAG51 and RUNX2 in TDAG51++ VSMCs using TDAG51~~ VSMCs and whole cell lysate (WCL) as negative and
positive controls. F, TDAG51-OSE2 binding assay. All data are shown as mean and error bars as SD. * £<0.05 by 1-way ANOVA with Tukey
multiple comparison testing using Prism 6 (GraphPad). Genotype is indicated as *+ and 7~ for TDAG51** and TDAG51", respectively.

activity is dependent upon Pit-1 expression, and lack
thereof prevents osteogenic transdifferentiation of these
cells in a high P, environment."? To our knowledge, how-
ever, the capacity of RUNX2 to regulate Pit-1 expres-
sion has never been reported. To determine whether the
reduced RUNX2 activity in TDAG51~~ VSMCs contrib-
utes to decreased Pit-1 expression, we downregulated
RUNX2 using siRNA. RUNX2 knockdown reduced Pit-1
protein and mRNA abundance (Figure 6F; Figure VI in
the Data Supplement), suggesting that Pit-1 is a Runx2

1672 July 2020

responsive gene. Given that Pit-1 is known to impact the
activity of Runx2, and that our studies show that Runx2
affects Pit-1 expression, our data suggest that TDAG51
enhances RUNX2 activity in a Pit-1-dependent manner.

TDAGS51~~ Mice Are Protected Against VD,-
Induced Medial VC

To substantiate our findings on the role of TDAG51 in VC, a
VD, overload mouse model of rapid VC was employed.?83

Arterioscler Thromb Vasc Biol. 2020;40:1664-1679. DOI: 10.1161/ATVBAHA.119.313779
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Figure 5. TDAG51 (T-cell death-associated gene 51) modulates intracellular inorganic phosphate (P) levels via Pit-1.

A and B, Quantitative real-time polymerase chain reaction and immunoblot analysis of type Il sodium-dependent P, transporters (Pit-1/2)
expression in TDAG51*+ and TDAG51~~ VSMCs (vascular smooth muscle cells; n=5). C, Inmunofluorescence staining of Pit-1 (red), phalloidin
(green), and DAPI (blue) in TDAG51+*+ and TDAG51~"~ VSMCs following 3 days of 2.6 mmol/L P treatment. D, Immunoblot analysis of Pit-1
expression in thoracic aortas from TDAG51**+ and TDAG51~~ mice (n=3). E and F, Inmunohistochemistry staining and quantification of Pit-1

in TDAG51**+ and TDAG51~"~ mouse aortas (n=5). G, Quantification of intracellular P, content in TDAG51** and TDAG51~"~ VSMCs following
treatment with 2.6 mmol/L P, for 0, 1, 2, and 3 days (n=3). All data are shown as mean and error bars as SD. *P<0.05 by unpaired 2-tailed
Student t test or 1-way ANOVA with Tukey multiple comparison testing using Prism 6 (GraphPad). Genotype is indicated as */+ and =/~ for

TDAG51*+ and TDAG5 17", respectively.
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Figure 6. Pit-1 (type Il sodium-dependent Pi transporter) overexpression restores inorganic phosphate (P) uptake and induces
mineral deposition in TDAG51~/~ (T-cell death-associated gene 51) vascular smooth muscle cells (VSMCs).

A and B, Immunoblot analysis and immunofluorescence staining of Pit-1 in TDAG51~~ VSMCs. C, Quantification of the intracellular P, content
in TDAG51+** and TDAG51~"~ VSMCs transfected with either Pit-1 or empty vector (EV) following 48 h of 2.6 mmol/L P, (n=3). D, HA
quantification in TDAG51+*+ and TDAG51~~ VSMCs transfected with either Pit-1 or EV following 5 days of 2.6 mmol/L P, (»=6). E, RUNX2
(Runt-related transcription factor 2)-OSE2 (osteoblast-specific cis-acting element 2) binding assay in TDAG51+* and TDAG51~~ VSMCs
transfected with either Pit-1 or EV following 48 h of 2.6 mmol/L P, (n=3). F, Inmunoblot analysis of RUNX2 and Pit-1expression in TDAG51+/*
VSMCs transfected with either control siRNA or siRNA targeted against RUNX2. All data are shown as mean and error bars as SD. *P<0.05
by unpaired 2-tailed Student t test or 1-way ANOVA with Tukey multiple comparison testing using Prism 6 (GraphPad). Genotype is indicated
as ** and 7~ for TDAG51** and TDAG51~'-, respectively.

Functionality of the model was first examined. Consistent  unaffected by the absence of TDAG51 (Table 1). Despite
with previous studies,*® a significant increase in serum Ca?*  this expected finding, quantification of mineral deposition
and P levels was observed in VD -treated mice and this was (Figure 7A) and Alizarin Red calcium stain (Figure 7E)
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Table. Serum Biochemistry

TDAG51 Regulates Vascular Calcification

Vehicle Vitamin D,
TDAG51+/+ TDAG51~~ TDAG51+/+ TDAG51~"~
Serum calcium, mmol/L 2.6+0.21 2.370.11 3.70+0.47t 4.03+0.36*
Serum phosphate, mmol/L 1.83+0.14 1.93+0.25 2.88+0.451 2.42+0.25*

Serum calcium and phosphate content in mice treated with vehicle control or VD3 for 7 days. TDAG51 indicates T-cell death-associated gene 51.
All data are shown as mean+SD. *A<0.05 vs TDAG51+/*; VD, tA<0.05 vs TDAG51*/* vehicle by 1-way ANOVA with Tukey multiple comparison test-
ing using Prism 6 (GraphPad). Genotype is indicated as *+ and =~ for TDAG51+* and TDAG51~~, respectively.

both revealed a reduction in deposition in TDAG51~~ aor-
tas compared with controls. The increase in systolic blood
pressure mediated by the calcified vessels, as seen in
TDAGH1** mice, was also abrogated in TDAGSH1~~ mice
(Figure 7B). In line with our in vitro studies, immunob-
lot, quantitative real time polymerase chain reaction, and
immunohistochemistry analysis also revealed a decrease in
the expression of established drivers of osteogenic trans-
differentiation of VSMCs, including MSX2 (Msh homeobox
2), ALP (alkaline phosphatase), and OSX (osterix), in the
aortas of VD_-treated TDAG5 17~ mice (Figure 7C through
7E). Additionally, immunofluorescence co-staining of
Runx2/MSX2/0CN and CD31 as well as Runx2/MSX2/
OCN and a-SMA confirmed that these markers were pre-
dominantly expressed within the medial layer of the vessel
wall (Figure VIIA and VIIB in the Data Supplement). Overall,
these data demonstrate that TDAGS1 plays a critical role
as a regulator of VC.

DISCUSSION

VC in the medial layer of the vessel wall is a predic-
tor of cardiovascular morbidity and mortality in patients
with CKD.'? However, its development is not com-
pletely understood."3® High circulating P, levels are
considered to be a major driver in the development
of arterial VSMC calcification in humans, as well as in
in vivo and in vitro models.*%'% In this study, we have
identified TDAGH1 as a regulator of osteogenic trans-
differentiation and calcification of VSMCs in response
to high P. We demonstrate an induction of TDAG51
expression in VSMCs treated with a pathophysiologi-
cal dose of P, as well as within calcified regions of
human temporal arteries. As bone formation and VC
share a common pathway,’° we examined the expres-
sion and transcriptional activity of the osteogenic tran-
scription factor, RUNX2. Our findings show differential
RUNX2 serine phosphorylation, diminished basal and
P-mediated Runx2 activation, as well as decreased
RUNX2 binding to the OSE2 promoter region in
TDAG5 1~ VSMCs. To explain these observations, we
examined the expression of the predominant P, trans-
porter in VSMCs, Pit-1. In our studies, we observed a
reduction in Pit-1 expression and intracellular P, con-
tent in TDAG51~~ VSMCs compared with controls. In
line with these findings, Pit-1 overexpression restored

Avrterioscler Thromb Vasc Biol. 2020;40:1664—-1679. DOI: 10.1161/ATVBAHA.119.313779

intracellular P, content, HA crystal formation and the
ability of RUNX2 to bind to the OSE2 promoter region
in the presence of P, Furthermore, we demonstrated
that siRNA-mediated knockdown of RUNX2 reduced
Pit-1 abundance, suggesting that there exists a recip-
rocal relationship between Pit-1 and RUNX2. Collec-
tively, these data support the concept that TDAGH1
modulates P-induced RUNX2-mediated osteogenic
transdifferentiation of VSMCs in a Pit-1-dependent
manner by regulating RUNXZ2 activity.

The potential mechanisms underlying P-induced VC
include osteogenic transdifferentiation of VSMCs, loss of
calcification inhibitors, induction of procalcific genes, and
apoptotic cell death.® Although conventionally described
as a tumor suppressor,?* we as well as others have
reported that TDAGSH 1 attenuates apoptosis,?® endoplas-
mic reticulum stress?°2° and oxidative stress,®" all of which
are well-established mediators of osteogenic transdiffer-
entiation in VSMCs. It is, therefore, possible that TDAG5 1
may regulate VC via alternative cellular processes. In
support of this notion, endoplasmic reticulum and oxi-
dative stress-inducing agents, such as homocysteine,®
tunicamycin,%® and farnesol®” have all been reported to
induce TDAGbH1 expression in various cell types. Tran-
sient overexpression of TDAG51 has been shown to
decrease cell adhesion and cause detachment-mediated
programmed cell death in cultured human vascular endo-
thelial cells?® and cardiac muscle cells.®® Furthermore,
TDAGH 1-deficient ApoE™~ mice exhibit reduced apop-
tosis and mineral deposition in atherosclerotic lesions.®’
Consistent with these findings, we observed reduced
apoptotic cell death and increased cell viability following
P treatment in the TDAG51~~ VSMCs. Prior studies also
illustrate an inverse relationship between TDAG51 and a
well-established inhibitor of osteogenic transdifferentia-
tion in VSMCs, PPARY (peroxisome proliferator-activated
receptor v).3'%° Specifically, TDAG51 was shown to neg-
atively regulate the expression of PPARy and its down-
stream targets, whereas TDAG51 deficiency enhanced
PPARY activity. Studies in 3T3-L1 preadipocytes and
mouse embryonic fibroblasts also show that decreased
TDAGBH1 expression inversely correlates with the induc-
tion of PPARY expression,*® suggesting that TDAG51
may act as a modulator of cellular differentiation. There-
fore, even though these studies focus on Pit-1-RUNX2-
mediated mechanism of VC, TDAG51~~ models may in

July 2020 1675

62

(=]
==
o
()
(7]
=
m
=
[}
m
()
'
-
(=~




[==]
=
1
w
wl
(=]
=
wl
(]
w
=
w
=
[--]

020¢ ‘7z Anr uo £q 310 syeuanoleye,/:dny woly papeojumo

PhD. Thesis—Khrystyna Platko; McMaster University—Medical Sciences

Platko et al TDAG51 Regulates Vascular Calcification

I TDAG51*/* Veh. [l TDAG517- Veh. [l TDAG51*/* VD; ] TDAG517- VD,
A, B @200 s C [oacsl +/+ [ - [++] 7 |
g = g 1504 [ ¥ ] E VD, | - - + |+
24 =i S1o 757 [ —| MS5X2
£ © %5 35— Ja-SMA
ts 1 8 5 2 [msx2 | 1204 Jo.oz0.6]1.2:0.1]0.3:005
o > -
= & e *, P<0.05, vs. TDAG51*/+VD,
DT, z 5 8y -2 L 2 &5 584
55 52 3 g2 . 52 :
g3 £3 £3 ERH £33
iz 25 LN 25 34,
s E 5 E £E TE 2
)z( < 4 ﬁ I da < o <
2% 8 an: & ang H ang Ed HzE‘
E | Vehicle Il VD; |
| TtobAGs1+ || TDAG51” || TDAG51%* || TDAG517 |
B[] ;
(>3 -~ '
|| X
.g 8
N i
= | oum < = ol
D &
S ]
— : - J
o N LJ Az Stz
x 100 um & 2 p+
= M
=
o
z
Q
o
o
<
(%)
=
Figure 7. TDAG51~/~ (T-cell death-associated gene 51) mice are protected inst vi in D3 (VD,)-induced lar calcification

(VO).

A, Calcium quantification in the abdominal aortas (n=9-13 per group), as well as (B) systolic and diastolic blood pressure (BP) in TDAG51*+
and TDAG51~~ mice treated with VD3 and vehicle-treated controls (n=5 per group). C, Immunoblot analysis of MSX2 (msh homeobox 2)
expression in TDAG51+*+ and TDAG51~~ mice treated with VD, and vehicle-treated controls (n=3 per group). D, Quantitative real-time
polymerase chain reaction analysis of mMRNA expression of RUNX2, OCN (osteocalcin), OSX (osterix), BMP-2 (bone morphogenic protein

2) and ALP (alkaline phosphatase). E, Alizarin Red staining and immunohistochemistry staining of RUNX2 (Runt-related transcription factor
2), OCN, and MSX2 in abdominal aortas. All data are shown as mean and error bars as SD. *P<0.05 by 1-way ANOVA with Tukey multiple
comparison testing using Prism 6 (GraphPad). Genotype is indicated as *+ and =~ for TDAG51+** and TDAG51~"-, respectively.

1676  July 2020 Arterioscler Thromb Vasc Biol. 2020;40:1664-1679. DOI: 10.1161/ATVBAHA.119.313779

63



020¢ ‘7z Anr uo £q S1o'srewmofleye//:dny woiy papeojumoq

PhD. Thesis—Khrystyna Platko; McMaster University—Medical Sciences

Platko et al

part exhibit additional cytoprotection through other cellu-
lar mechanisms, including increased PPARY activity and
attenuated apoptotic signaling.

The transdifferentiation of VSMCs is a highly regulated
process that draws many parallels with bone formation. It is
well-established that RUNX2 transcriptional activity is nec-
essary for osteoblast differentiation, matrix production, and
mineralization during bone development® as well as VC.2'~
25 Recent studies demonstrate that P, also plays a critical
role in RUNX2-mediated skeletal development. Acute P,
restriction decreased the expression of RUNX2 down-
stream targets and markers of osteogenic lineage, includ-
ing OSX and OCN. Similarly, studies have also shown that
RUNX2 activation is essential for P-mediated osteogenic
differentiation of VSMCs.2%2* Furthermore, overexpression
of RUNX2 in adipose tissue-derived mesenchymal stem
cells led to the development of an osteoblast-like pheno-
type and mineral deposition in these cells.'® Although global
knockout of RUNX2 is embryonically lethal due to skeletal
malformations,?' VSMC-specific deletion of RUNX2 pro-
tects against vascular mineral deposition.?2%® Interestingly,
while protected from VC, TDAG51~~ VSMCs exhibited an
increase in RUNX2 expression accompanied by impaired
RUNX2 transcriptional activity and VC. These findings
suggest that increased RUNX2 expression occurs as a
compensatory mechanism in response to impaired tran-
scriptional activation. Similar to our findings in TDAG51~~
VSMCs, Liu et al®' observed that ablation of MED23 in
osteoblasts increased RUNX2 expression while reducing
OSE2-Luc activity and attenuating osteoblast differen-
tiation. We also demonstrate a decrease in the expression
of key modulators of RUNX2 expression and transcrip-
tional activity MSX2'%%? as well as its downstream targets
OCN and OSX™% in VD -treated TDAG51~~ mice. The
diminished mineral accumulation and osteogenic differen-
tiation observed in TDAG51~~ VSMCs, despite increased
RUNX2 expression, could potentially occur as a result of
altered function of RUNX2. Additional studies are currently
underway to investigate how TDAG51 regulates RUNX2
transcriptional activity.

Preclinical and clinical studies demonstrate that per-
sistent hyperphosphatemia is associated with increased
prevalence of VC and cardiovascular mortality in patients
with ESRD3%"" Importantly, lowering serum P, slows the
progression of VC in patients with ESRD.®3%* Consistent
with these findings, exposure to pathophysiological levels
of P, leads to mineral deposition in vitro.® Active P, trans-
port into rat and human VSMCs is mediated by the type
Il sodium-dependent cotransporters, Pit-1 and Pit-2.'" In
VSMCs, Pit-1 is more abundant than Pit-2 and is critical
for P-mediated VC. Similar to the knockdown of RUNX2,
Pit-1 knockdown impaired mineralization and blocked the
expression of osteogenic transdifferentiation markers,
RUNX2 and OPN. Conversely, Pit-1 overexpression res-
cued P-induced mineralization of VSMCs.'?2 Furthermore,
Pit-1 and RUNX2 expression were found to be increased
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in calcified aortas of uremic rats.>°% Studies also show that
during osteoblast differentiation, Pit-1 expression levels
increase concomitantly with OCN, an established target
of RUNX2 activation, while low basal Pit-2 expression
remains unchanged.®® Similarly, in our studies, a reduction
in the expression of Pit-1 was observed in the absence of
changes in Pit-2 expression in TDAG51~~ cells and aortas.
Consistent with previous studies,'? we also show impaired
P-induced RUNX2-mediated osteogenic transdifferen-
tiation in Pit-1 deficient TDAG51~~ VSMCs. Our studies
also indicate that RUNX2 and Pit-1 mutually induce their
expression to promote osteogenic differentiation. How-
ever, given the apparent cross-talk that occurs between
RUNX2 and Pit-1, it is unclear whether TDAG51 regulates
VC through (1) regulation of Pit-1 expression, (2) modulat-
ing RUNX2 transcriptional activity, or (3) whether both are
affected by TDAGS 1. Therefore, further studies are neces-
sary to elucidate the mechanism by which TDAG51 regu-
lates these key drivers of VC.

In summary, we demonstrate that TDAG51 plays a
central role in P-mediated calcification of the VSMCs.
TDAG51 is induced in conditions of P-mediated osteo-
genic transdifferentiation, while loss of TDAG51 expres-
sion leads to a protective phenotype in both in vitro and
in vivo models. Given the emerging role of TDAG51 in
a variety of metabolic diseases known to contribute to
VC,26-32 additional tissue-specific knockout studies are
required to further elucidate the mechanism by which
the loss of TDAGDH1 protects against VC. Future studies
examining the role of TDAG51 in CKD-mediated VC and
in combination with high P feeding are also of interest.
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Materials and Methods

Immunoblotting

Whole cell and tissue lysates were prepared using RIPA buffer containing protease inhibitors
(Roche). Protein concentrations were measured using a modified Lowry assay (Bio-Rad). The
samples were resolved by SDS-PAGE and subsequently transferred to nitrocellulose membranes
(Bio-Rad). The membranes were then blocked using 5% wi/v skimmed milk, incubated with
primary antibodies, followed by horseradish peroxidase-conjugated secondary antibodies. The
signal was detected using a Konica Minolta X-ray film processor or ChemiDoc XRS+ (Bio-Rad).
Band intensity was measured by densitometry analysis using ImageLab software and normalized
to membranes against respective loading control proteins (Bio-Rad). Genotype is indicated as
+/+ and -/- for TDAG51** and TDAG517", respectively. All antibodies and working dilutions are
listed in Supplemental Table IV.

Immunohistochemical (IHC) staining

4 um thick sections were deparaffinized, blocked in 5% v/v serum and subsequently incubated in
primary antibodies for 18 h at 4°C. Sections were then exposed to biotin-labeled secondary
antibodies (Vector Laboratories). Streptavidin-labeled HRP solution (Vector Laboratories) and
the developing solution (Vector Laboratories) were used to visualize the staining. Slides were
examined using a Nikon light microscope. All antibodies and working dilutions are listed in
Supplemental Table 1V.

Immunofluorescence (IF) of cells

VSMCs were fixed for 1 h using 4% w/v PFA and then permeabilized with 0.025% v/v Triton X-
100 for 15 min. After blocking with 5% v/v bovine serum albumin (BSA), cells were incubated
with primary antibodies for 1 h at room temperature and stained with the appropriate
fluorescently labeled secondary antibodies (Invitrogen) and DAPI. Slides were mounted with
Permafluor (ThermoFisher Scientific) and visualized using a fluorescent microscope (EVOS-FL,
ThermoFisher Scientific). All primary and secondary antibodies and working dilutions are listed
in Supplemental Table 1V and Supplemental Table VI, respectively.

Quantitative real-time (QRT)-PCR

gRT-PCR was performed as described previously *. Briefly, total RNA was isolated using RNA
purification kits (ThermoFisher Scientific). A total of 2 pg of RNA was reverse transcribed to
produce cDNA using the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher
Scientific). PCR amplification was performed using Fast SYBR Green (ThermoFisher
Scientific). Transcript levels were determined using the AACT method and normalized to 18S.
All primer sequences are listed in Supplemental Table I11.

Extracellular matrix (ECM) isolation

ECM was isolated from TDAG51*+ VSMCs following 5 days of 2.6 mM Pi treatment using
sequential extraction with sodium deoxycholate (DOC).? Briefly, cells were washed three times
with cold PBS and subsequently lysed in DOC lysis buffer (0.5% DOC, 50 mM Tris pH 8.0, 150
mM NaCl, 1% Nonidet P-40) containing protease inhibitors (Roche) for 10 minutes. Lysis buffer
was replaced with fresh DOC lysis buffer for additional 10 minutes followed by three PBS
washes. The ECM isolates were then used for quantification of Ca?* and HA deposition, which
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were normalized to protein content or cell number, respectively. The quality of ECM preparation
was examined by nuclear staining using DAPI (Sigma-Aldrich).

LDH Cytotoxicity assay

A Cytotoxicity Detection Kit (Roche) was used to measure cell death by detecting lactate
dehydrogenase (LDH) release into the culture medium, indicating cell membrane permeability.
Media was removed from cells and LDH activity was measured at 492 nm using a microplate
reader (Molecular Devices), where cytotoxicity (%) = [(experimental value—low control)/(high
control-low control)] x 100%.

Blood pressure and serum biochemistry

Blood pressure was measured by the noninvasive CODA tail-cuff method (Kent Scientific
Corporation). Serum Pj and Ca?* content was measured by the Core Laboratory Facility at St.
Joseph’s Healthcare Hamilton.

Fluorescent in situ hybridization (FISH)

FISH for PHLDAL, a human homologue of TDAG51,® and a-SMA was performed using the
Affymetrix QuantiGene ViewRNA assay (ThermoFisher Scientific). Briefly, 5 pm sections were
deparaffinized, boiled in pre-treatment solution and digested with Proteinase K. Sections were
then incubated with a PHLDA1 probe for 2 h at 40°C. The signal was amplified with Pre-Amp
and Amp solutions (ThermoFisher Scientific) and then developed with Fast-Red and Fast-Blue
Substrates (ThermoFisher Scientific). Slides were counterstained with DAPI (Sigma-Aldrich),
mounted with Fluoromount (ThermoFisher Scientific) and photographed on a Nikon 90i-eclipse
upright fluorescent microscope.
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Table I: Animal (in vivo studies)
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Species Vendor or Source Background Sex
Strain
TDAG51"" and ”~ Mice Bred in-house C57BL/6J Male
Table II: Breeding of genetically modified animals
Species Vendor or | Background Other Information
Source Strain
Parent—Male | TDAG51* Mouse Bred in- C57BL/6J TDAG51" mice were
house generated as previously
Parent — Female | TDAG51* Mouse Bred in- C57BL/6J described.*
house
Table I1I: List of primers used for quantitative real-time PCR
Gene Specie Forward Reverse
S
PHLDA | Human | GAAGATGGCCCATTCAAAAGC GAGGAGGCTAACACGCAGG
1 G
18S Human | GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
18S Mouse | CTTAGAGGGACAAGTGGCG ACGCTGAGCCAGTCAGTGTA
Pit-1 Mouse | TTTGACAAACTTCCTCTGTGGG | GGACTTTCAGACGGACTAGACT
T
MGLA | Mouse | GGCAACCCTGTGCTACGAAT CCTGGACTCTCTTTTGGGCTTTA
OPG Mouse | ACCCAGAAACTGGTCATCAGC CTGCAATACACACACTCATCACT
OPN Mouse | AGCAAGAAACTCTTCCAAGCAA GTGAGATTCGTCAGATTCATCCG
OCN Mouse | GCAATAAGGTAGTGAACAGACTC | GTTTGTAGGCGGTCTTCAAGC
C
ALP Mouse | CCAACTCTTTTGTGCCAGAGA GGCTACATTGGTGTTGAGCTTTT
BMP-2 | Mouse | TCTTCCGGGAACAGATACAGG TGGTGTCCAATAGTCTGGTCA
Osx Mouse | ATGGCGTCCTCTCTGCTTG TGAAAGGTCAGCGTATGGCTT
RUNX2 | Mouse | ATGCTTCATTCGCCTCACAAA GCACTCACTGACTCGGTTGG
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Table IV: List of antibodies used for immunoblotting (IB), immunohistochemistry (IHC)

and immunofluorescent (IF) staining
Target Vendor or Catalog Working Persistent ID / URL
antigen Source # concentration
CD31 R&D Systems | AF3628 IF: 1 ug/ml | https://www.rndsystems.com/products/mouse-
rat-cd31-pecam-1-antibody af3628
GAPDH | Cell Signaling 5174 1B: 0.34 https://www.cellsignal.com/products/primary-
Technology pg/ml antibodies/gapdh-d16h11-xp-rabbit-mab/5174
Histone | Cell Signaling 4499 I1B: 0.12 ug/ml | https://mww.cellsignal.com/products/primary-
H3 Technology antibodies/histone-h3-d1h2-xp-rabbit-
mab/4499
Lamin Abcam ab16048 IB: 1 pug/ml https://www.abcam.com/lamin-b1-antibody-
B1 nuclear-envelope-marker-ab16048.html
MSX2 Novus NBP1- I1B: 0.2 pug/ml https://www.novusbio.com/products/msx2-
Biologicals 85445 IF: 0.4 pg/ml antibody_nbp1-85445
IHC: 0.4
pg/ml
OCN Abcam ab93876 | IF: 1.0 ug/ml | https://www.abcam.com/osteocalcin-antibody-
IHC: 1.0 ah93876.html
ug/mi
PHLDAL | Proteintech 18263- IP: 2 pg/ml https://www.ptglab.com/products/PHLDA1-
1AP Antibody-18263-1-AP.htm
Pit-1 Abcam abl177147 IB: 0.094 https://www.abcam.com/slc20al-antibody-
pg/mi eprl14272-ab177147 .html
IF: 0.188
pg/ml
IHC: 0.188
ug/mi
Pit-2 Sant Cruz SC- 1B:0.2 ug/mi https://www.scht.com/p/pit2-antibody-b-4
Biotechnology | 377326
RUNX2 | Cell Signaling 8486 I1B: 1.82 pug/ml | https://mwww.cellsignal.com/products/primary-
Technology antibodies/runx2-d1h7-rabbit-mab/8486
RUNX2 Abcam ab192256 IF: 0.548 https://www.abcam.com/runx2-antibody-
pg/ml epr14334-ah192256.html
IHC: 0.548
ug/mi
pSer Abcam ah9332 I1B: 0.5 pug/ml https://www.abcam.com/phosphoserine-
antibody-ab9332.html
TDAG51 Sant Cruz SC- I1B: 0.4 pug/ml https://www.scbt.com/p/tdag51-antibody-rn-
Biotechnology | 23866 IF: 0.2 pg/ml 6e2
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a-SMA Abcam

ab7817 | 1B: 1.0 ug/ml https://www.abcam.com/alpha-smooth-
IF: 1.0 pg/ml muscle-actin-antibody-1a4-ab7817.html

Table V: RUNX2 promoter binding assay oligonucleotide sequence and primers used for

PCR

Primer set

Sequence

RUNX2 promoter
oligonucleotide sequence

5’ TTCCTCGGGGTGCTCTTTTTAACCACAACCACAACCAC
AACCACAACCACAACCACAACCACAACCACAACCACAA
CCACAACCACAACCACAACCACAACCACAACCACAACC
ACAACCACAACCACAACCACAACCACAACCACACTGGA
ATCAATGCAAGTTCGGT3’

PCR Primers

Forward: AAGGAGCCCCACGAGAAAAAT

Reverse: ACCGAACTTGCATTGATTCCAG

Table VI: List of secondary antibodies used for IF

Antibody Vendor Product | Working URL
# Concentrati
on
Goat anti-Rabbit 1gG (H+L) | ThermoFisher A11008 | 1 pg/ml https://www.thermofis
Cross-Absorbed Secondary | Scientific her.com/antibody/prod
Antibody, Alexa Flour 488 uct/Goat-anti-Rabbit-
19G-H-L-Cross-
Adsorbed-Secondary-
Antibody-
Polyclonal/A-11008
Goat anti-Mouse 1gG (H+L) | ThermoFisher A32728 | 1 pg/ml https://www.thermofis
Highly Cross-Absorbed | Scientific her.com/antibody/prod
Secondary Antibody, Alexa uct/Goat-anti-Mouse-
Flour 647 1gG-H-L-Highly-
Cross-Adsorbed-
Secondary-Antibody-
Polyclonal/A32728
Donkey anti-Goat 1gG (H+L) | ThermoFisher A32814 | 1 pg/ml https://www.thermofis
Highly Cross-Absorbed | Scientific her.com/antibody/prod
Secondary Antibody, Alexa uct/Donkey-anti-Goat-
Flour 488 1gG-H-L-Highly-
Cross-Adsorbed-
Secondary-Antibody-
Polyclonal/A32814
Donkey  anti-Rabbit  1gG | ThermoFisher A21207 | 1 pg/ml https://www.thermofis
(H+L) Highly Cross-Absorbed | Scientific her.com/antibody/prod
Secondary Antibody, Alexa uct/Donkey-anti-
Flour 594 Rabbit-19G-H-L-
Highly-Cross-

Adsorbed-Secondary-
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Antibody-
Polyclonal/A-21207

Goat anti-Mouse 1gG (H+L)
Highly Cross-Absorbed
Secondary Antibody, Alexa
Flour 488

ThermoFisher
Scientific

A32723

1 pg/ml

https://www.thermofis
her.com/antibody/prod
uct/Goat-anti-Mouse-
1gG-H-L-Highly-
Cross-Adsorbed-
Secondary-Antibody-
Polyclonal/A32723
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246 SUPPLEMENTAL FIGURES AND FIGURE LEGENDS
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248  Supplemental Figure I
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249  Supplemental Figure I. TDAG51 expression in human temporal arteries and FISH probe
250  validation. (A) Representative micrograph of PHLDAL (human homologue) FISH and von
251  Kaossa staining in serial sections of a human temporal artery. (B) TDAG51 and a-SMA in situ
252 hybridization in human scalp tissue. (C) IHC staining of TDAG51 in human scalp tissue.
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256  Supplemental Figure II
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259  Supplemental Figure II. Quantification of mineral deposition in the extracellular matrix in

260 TDAGS51"* VSMCs. (A,B) Quantification of Ca?* and HA deposition in the extracellular matrix
261  of TDAGS51"* VSMCs following 5 days of 2,6 mM P; treatment (n=8 and n=8). (C) Nuclei
262  (DAPI) and HA staining in the intact TDAG51"* VSMCs as well as ECM matrix isolates.
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Supplemental Figure I1
A @B Vehicle B
@ P &8 Vehicle

1007 . = P

3 f l 80- *

o 80 —
a € S en-

S 60 £ ] 60

o0 g ~

E 40 5 2 407
& ]

S 20 £ Z 201

o0

=

0- 0-
¢ | DAPI + HA |
| Vehicle | | 2.6 mM P, |

o]

o

-t

(8)

©

e

£

>

c

)

X

E S

e

(1]

=

Supplemental Figure II. Quantification of mineral deposition in the extracellular matrix in
TDAG51** VSMCs. (A,B) Quantification of Ca>" and HA deposition in the extracellular matrix
of TDAG51"* VSMCs following 5 days of 2,6 mM P; treatment (n=8 and n=8). (C) Nuclei
(DAPI) and HA staining in the intact TDAG517* VSMCs as well as ECM matrix isolates.
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Supplemental Figure I11
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Supplemental Figure III. Expression of inhibitors of osteogenesis in TDAGS51** and
TDAG517 VSMCs. Quantitative real-time PCR of mRNA expression of the calcification
inhibitors Osteopontin (OPN), Osteoprotegerin (OPG) and matrix Gla Protein (maGLAP)
following 2 days of 2.6 mM P; treatment. *p<0.05 compared to respective TDAGS51™"* controls.
# p<0.05 compared to TDAGS51** untreated (n=4 per group).
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Supplemental Figure IV
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Supplemental Figure IV. TDAG517- VSMCs exhibit reduced Pi-mediated apoptotic cell
death. TDAG51** and TDAG517- VSMCs were treated with 2.6 mM phosphate for 3 days. (A)
Detection of DNA fragmentation indicative of apoptotic cell death using the TUNEL labeling
method. (B) Lactase Dehydrogenase (LDH) cytotoxicity assay in cells treated with P;. * p<0.05
(n=4 per group).
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Supplemental Figure V
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Supplemental Figure V. Colocalization of Pit-1 with endothelial and VSMC markers. (A)
Immunofluorecence co-staining of Pit-1 (red), endothelial cell marker CD31 (green) and nuclei
using DAPI (blue). (B) Immunofluorecence co-staining of Pit-1 (green), smooth muscle cell
marker a-SMA (red) and nuclei using DAPI (blue).
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Supplemental Figure VI
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Supplemental Figure VI. Quantitative real-time PCR analysis of Pit-1 and RUNX2 mRNA in

cultured mouse VSMCs. * p<0.05, n=5 per group
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Supplemental Figure VII
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Supplemental Figure VII. Staining of mineral deposition as well as colocalization IF of

drivers of osteogenesis with markers of cellular lineage (A) Immunofluorecence co-staining
of RUNX2/OCN/MSX2 (red), endothelial cell marker CD31 (green) and nuclei using DAPI
(blue). (B) Immunofluorecence co-staining of a-SMA (red), RUNX2/OCN/MSX2 (green) and

nuclei using DAPI (blue).
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CHAPTER 3: MANUSCRIPT 2

GDF10 is a negative regulator of vascular calcification of vascular smooth muscle
cells.

Khrystyna Platko, Gabriel Gyulay, Paul F. Lebeau, Melissa E. MacDonald, Jae Hyun
Byun, Suleiman A. Igdoura, Rachel M. Holden, Anna Roubtsova, Nabil G. Seidah, Joan
C. Krepinsky, Richard C. Austin

Manuscript being prepared for submission to the Journal of Biological Chemistry
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Chapter link: GDF10 is a novel systemic inhibitor of vascular mineralization. Follow-up
studies aimed at elucidating additional mechanisms by which TDAG51 regulates VC
identified GDF10 to be significantly up-regulated in TDAG51”- VSMCs. Although its role
in VC has been previously unknown, GDF10 inhibits osteoblast differentiation, a process
that is very similar to osteogenic transdifferentiation of VSMCs. This manuscript
demonstrates that similar to its anti-osteogenic role in rat calvarial osteoblasts, recombinant
human (rh)GDF10 inhibits mineralization of VSMCs and ex vivo aortic ring cultures.
Mechanistically, treatment with rhGDF10 inhibits Pi-induced Runx2 transcriptional

activity and expression in VSMCs.

Author’s contribution: K. Platko, G. Gyulay, R. C. Austin, and J.C. Krepinsky designed
the study. K. Platko and G. Gyulay performed cell culture experiments, western blotting,
immunofluorescence staining, alizarin red staining and ALP activity assay, as well as
related analysis with help of P.F. Lebeau and J. Hyun Byun. Analysis of hydroxyapatite
deposition in the ex vivo aortic rings and VSMCs were performed by G. Gyulay. Anna
Roubtsova performed GDF10 in situ hybridazation analysis. Human serum samples for
analysis of GDF10 abundance were provided by R. M. Holden. Animal experiments were
conducted by K. Platko with help of M.E. MacDonald. K. Platko curated the data and
wrote the manuscript. G. Gyulay and P.F. Lebeau helped revise the manuscript. K. Platko,
R.C. Austin, J.C. Krepinsky, S.A. Igdoura, R.M. Holden and N.G. Seidah reviewed and

edited the manuscript. All authors approved the final submission.
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Abstract

Due to the negative impact of vascular calcification (VC) on vascular compliance, the
occurrence of cardiovascular mortality in patients with end-stage renal disease is steadily
on the rise. VC is a highly regulated biological process similar to bone formation involving
osteogenic transdifferentiation of vascular smooth muscle cells (VSMCs). We have
previously demonstrated that loss of T-cell death associated gene 51 (Tdag51) expression
leads to an attenuation of medial VC. We now show a significant induction of circulating
levels of growth differentiation factor 10 (Gdf10) in Tdag51” mice, which was of interest
due to its established role as an inhibitor osteoblast differentiation. The objective of this
study was to examine the role of Gdf10 in the osteogenic transdifferentiation of VSMCs.
Using primary mouse and human VSMCs, as well as ex vivo aortic ring cultures, we
demonstrated that treatment with recombinant human (rh) GDF10 reduced phosphate-
mediated hydroxyapatite (HA) mineral deposition. Furthermore, ex vivo aortic rings from
Gdf10”" mice exhibited increased HA deposition compared to C57BL/6J controls. To
explain our observations, we identified that rhnGDF10 treatment reduced protein expression
of runt-related transcription factor 2, a well-established driver of osteogenic
transdifferentiation of VSMCs and VC. Furthermore, we demonstrated an increase in
circulating GDF10 in patients with chronic kidney disease with clinically defined severe
VC, as assessed by coronary artery calcium score. Thus, our studies identify Gdf10 as a
novel inhibitor of mineral deposition and as such, may represent a potential novel

biomarker and a therapeutic avenue for detection and management of VC.
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Abbreviations
ALP, alkaline phosphatase; a-SMA, a-smooth muscle actin; CVD, cardiovascular disease;
CKD, chronic kidney disease; CAC, coronary artery calcium; BMP, bone morphogenic
protein; BSA, bovine serum albumin; FBS, fetal bovine serum; Gdf10, mouse growth
differentiation factor 10; GDF10, human growth differentiation factor 10; HA,
hydroxyapatite; HRP, horseradish peroxidase; IHC, immunohistochemistry; Runx2, runt-
related transcription factor 2; rh, recombinant human; Tdag51,T-cell death associated gene
51; Pj, inorganic phosphate; PFA, paraformaldehyde; T-cell death associated gene 51;
TGF-B, transforming growth factor-B; VC, vascular calcification;, VSMCs, vascular
smooth muscle cells; VD3, vitamin D3
Introduction
Cardiovascular disease (CVD) is the leading cause of mortality in patients with chronic
kidney disease (CKD) (1). Vascular calcification (VC) in the medial layer of the vessel wall
due to hydroxyapatite (HA) mineral deposition, which subsequently leads to reduced
vascular elasticity, is the predominant driver of this mortality (2). The prevalence of VC in
patients with CKD ranges from 40% in those with stage 3 CKD to 80-90% in patients with
stage 5 CKD (3). Furthermore, VC has been found to be an independent risk factor for
sudden cardiac death in patients with CKD (4-6). Despite the growing prevalence of CKD
in the aging population (7), there is limited understanding of the molecular mechanisms
that modulate the development of VC.

Although previously considered to be passive, VC is now recognized as a highly

regulated pathological process that shares many features with bone formation (8). Bone
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morphogenic proteins (BMPs) are members of the transforming growth factor-g (TGF-p)
superfamily that have long been shown to be crucial modulators of bone formation and are
now recognized as drivers of VC (8, 9). Studies demonstrate that BMP2 and Bmp4 are
inducers of osteogenic differentiation and HA deposition in osteoblasts and vascular
smooth muscle cells (VSMCs) (10-12). In contrast, BMP7 promotes a VSMC-specific
phenotype by upregulating the expression of a-smooth muscle actin (a-SMA). BMP3 is
another negative regulator of osteoblast differentiation (13). Mice lacking the Bmp3 gene
display increased bone mass (13), whereas transgenic mice overexpressing BMP3 develop
spontaneous rib fractures due to altered endochondral bone formation (14). BMP-3b, also
known as growth differentiation factor 10 (GDF10), is a divergent member of the TGF-f
superfamily that is closely related to BMP3 (15) and signals through TGF-f receptors (16—
18). Gdf10 expression correlates with osteoblast differentiation (19) and in a manner
similar to BMP3, is able to inhibit this process (20).

Runt-related transcription factor 2 (Runx2) is a key transcription factor necessary
for osteoblast development and maturation (21). Transcriptional regulation of Runx2 by
BMPs plays an important role in osteoblast differentiation, as well as mineralization of soft
tissues (22-28) Combined treatment of fibroblast-like ligamentum flavum cells and
primary skeletal myoblasts with adenoviruses to overexpress Runx2 and Bmp2 revealed a
synergistic effect on the expression of osteogenic genes (28). Furthermore, overexpression
of Runx2 in VSMCs and adipose-derived stem cells promoted the expression of drivers of
osteogenesis and a subsequent phenotypic switch (29-31). In VSMCs, phosphate-mediated

increase in Runx2 expression and activation lead to an increase in the expression of type
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I11 sodium-dependent phosphate transporter, Pit-1 (32), a well-established mediator of VC
(33-35). Additionally, an increase in Runx2 and Pit-1 expression was observed in calcified
aortas (29, 36). Interestingly, Tandon and colleagues (37) demonstrated that there also
exists an inverse relationship between Runx2 and Gdf10 expression in lung cancer cells
and mesenchymal stem cells from functionally deficient Runx2 mice. Runx2
overexpression and knockdown studies show that Runx2 downregulates Gdf10 expression
by increasing its methylation status (37).

We have recently demonstrated that loss of T-cell death-associated gene 51
(Tdag51) expression reduced Runx2 transcriptional activity, Pit-1 expression and
subsequently blocked the development of VC (32). Interestingly, our recent microarray
analysis revealed that Gdf10 expression in VSMCs from Tdag51” mice was significantly
upregulated compared to the VSMCs from littermate controls. To shed light on this critical
observation, we now demonstrate that treatment with recombinant human (rh) GDF10
decreases phosphate (Pi)-mediated Runx2 expression and mineral deposition in VSMCs
and ex vivo aortic ring cultures. Furthermore, we also demonstrate an increase in circulating
GDF10 in patients with CKD and clinically defined VC. Therefore, our studies identify
Gdf10 as a novel regulator of VC, serving as a potential therapeutic target for the
management of VC and as a potential marker for its detection.

Methods
Animals
Tdag517 mice were generated as previously described (38) and backcrossed to C57BL/6J

(Tdag51*"*) mice for at least 9 generations. Gdf10”- mice were generously provided by Dr.
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Se-Jin Lee (39) and were also backcrossed onto the C57BL/6J background for at least 9
generations. Wild-type (C57BL/6J) mice were purchased from Jackson Laboratory (Stock
No: 000664). All mice were housed in a 12h light-dark cycle with free access to regular
control diet. For studies examining VC using a vitamin D3 (VDs) model of
hyperphosphatemia-induced rapid VC, 8-week-old male Gdf10” mice and Gdf10**
littermate controls were used. Mice were subcutaneously injected with 555 X 10°
IU/kg/day of active VD3 (Sigma-Aldrich) daily for 3 consecutive days (40) and were
sacrificed 4 days posttreatment. All animal procedures were approved by the McMaster

University Animal Research Ethics Board.

VSMC and ex vivo aortic rings cultures

All VSMCs were isolated from the aortas of 6 to 10-week-old male mice by the explant
method (41) and cultured in Dulbecco’s Modified Eagle’s Medium (GIBCO GlutaMAX
10567-014 + 1 g/L D-glucose + 110 mg/mL Sodium Pyruvate) supplemented with 10% v/v
fetal bovine serum (FBS) (Sigma-Aldrich), 100 IU/ml penicillin and 100 pg/ml
streptomycin (Gibco). Primary human aortic VSMCs were purchased from Lonza (CC-
2571) and cultured in SmMGM-2 BulletKit medium (Lonza). Cells were plated at a
confluence of 50-70% and used at passage 4-8. Aortic rings for ex vivo studies were isolated
in a similar manner. Briefly, thoracic aortas were removed, washed in PBS-antibiotic-
antimycotic solution (Gibco) 6 times while the adventitia and adipose layers were carefully
removed. Clean aortas were cut into 5-10 mm segments (~4-5 per animal) and cultured in

suspension (42). All VSMCs and ex vivo aortic rings were maintained in 5% CO; at 37°C.
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To induce osteogenic transdifferentiation and calcification of the VSMCs, medium was
supplemented with additional P; to achieve a concentration of 2.6 mM. The addition of
cleaved or full length (FL) rhGDF10 (R&D and AbNova) at increasing doses (100-1000

ng/ml) was added to calcification medium.

Calcium guantification assay

After decalcification of cells or tissue with 0.6N HCI for 48-72 hours, calcium deposition
was quantified using a colorimetric calcium kit using the o-cresolphthalein method
according to the manufacturer’s instructions (Sigma-Aldrich). Measurements were

normalized to protein content or dry tissue weight.

Osteolmage HA crystal quantification assay

HA deposition was quantified using the Osteolmage fluorescent assay kit (Lonza)
according to the manufacturer’s instructions. Briefly, cells were plated in a black clear
bottom 96-well plate and cultured in calcification medium for 5-6 days. Cells were washed,
fixed with 3.7% wi/v paraformaldehyde (PFA) and stained with the fluorescent reagent. HA
deposition was quantitatively assessed using a fluorescent microplate reader (Molecular

Devices) at 492/520 nm wavelengths (32).

Immunoblotting

Immunoblot analysis was performed as previously described (43). Briefly, whole cell and

tissue lysates were prepared using RIPA lysis buffer containing a protease inhibitor cocktail
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(Roche). Protein concentrations were determined using a modified Lowry assay (Bio-Rad).
Equal amount of protein samples were resolved by SDS-PAGE and subsequently
transferred to nitrocellulose membranes (Bio-Rad). The membranes were then blocked in
5% wi/v skimmed milk, incubated with primary antibodies for 18 h at 4°C, followed by
horseradish peroxidase (HRP)-conjugates secondary antibodies. Secondary antibodies
were detected using enhanced chemiluminescence reagent (Amersham) and exposed using
Konica Minolta X-ray film processor. Band intensity was measured by densitometry
analysis using ImageLab software (Bio-Rad) and normalized to membranes reported

loading control. All antibodies and working dilutions are listed in Supplemental Table 1.

Immunohistochemical (IHC) and histological staining

Paraffin blocks were cut into 4 um thick sections, deparaffinized and dehydrated in 3
changes of xylene and 100% v/v ethanol respectively. Following an endogenous peroxidase
block, sections were then blocked in 5% v/v serum and subsequently incubated in primary
antibodies for 18 h at 4 °C. Sections were then exposed to biotin-labeled secondary
antibodies (Vector Laboratories). Streptavidin-labeled HRP solution (Vector Laboratories)
and the developing solution (Vector Laboratories) were used to visualize the staining.
Calcium deposition in mouse tissue sections was visualized using Alizarin Red S stain.
Following deparaffinization, sections were stained with 2% w/v Alizarin Red (Sigma-
Aldrich) solution at a pH of 4.2 for 2 min, dehydrated and mounted in synthetic mounting
medium. Slides were examined using a Nikon light microscope. All antibodies and working

dilutions are listed in Supplemental Table 1.
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In situ hybridization

Glass slides containing 12 pum thick frozen sections of whole body mice at embryonic day
12 (E12) and postnatal day 5 (p5) mice, as well as 30 tissues of adult mice were fixed using
4% formaldehyde. The [*°S]-labeled (PerkinElmer) cRNA probes were synthesized in vitro
and corresponded to mouse while coding region of Gdf10. RNA sense and antisense probes

were synthesized and tested by in situ hybridization as reported.

Immunofluorescence (IF)

IF staining was performed as described previously (44). Briefly, 10 um thick cryosections
of thoracic aortas were fixed for 1 h using 4% w/v PFA, permeabilized for 15 min with
0.025% v/v Triton X-100 and subsequently blocked with 5% w/v bovine serum albumin
(BSA). Slides were then incubated with primary antibody overnight at 4°C and stained with
appropriate Alexa Fluor-labeled (ThermoFisher Scientific) secondary antibodies and DAPI
(Sigma-Aldrich). Slides were mounted with Permafluor (ThermoFisher Scientific) and
visualized using a fluorescent microscope (EVOS-FL, ThermoFisher Scientific). All

antibodies and working dilutions are listed in Supplemental Table 1.

ELISAs

Commercially available ELISA Kits were used to measure serum levels of mouse Gdf10

(Elabscience) and Bmp3 (MyBioSource) according to the manufacturer’s instructions.
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Microarray analysis

Total RNA was isolated from Tdag51*"* and Tdag51” VSMCs (n=3 per group) using the
RNA purification kit (Qiagen) according to the manufacturer’s instructions. 300 ng of total
RNA for each sample was used as input RNA in Ambion® WT Expression Kit
(ThermoFisher Scientific) and 2.75 pg of cDNA for each sample was fragmented and
labelled according to Affymetrix WT labeling and fragmentation protocol. Mouse 1.0 ST
Gene Arrays vl arrays were hybridized for 18hrs at 45°C at 60 RPM. Arrays were washed
using GeneChip Fluidics Station P450 and were scanned with Affymetrix GeneChip
Scanner 7G. The relevant data are represented as the log fold change relative to Tdag51*"*

VSMCs.

siRNA transfection

To block pleckstrin homology-like domain family A, member 1 (PHLDAL) expression in
human VSMCs, targeting siRNA (M-012389-01-0005) and non-targeting control siRNA
(D-001210-01-05) were purchased from Dharmacon. Dharmafect 1 (GE Dharmacon)

transfection reagent was used according to the manufacturer’s instructions (32).

Quantitative real-time (QRT)-PCR

Total RNA was isolated using RNA purification kit (ThermoFisher Scientific) according
to the manufacturer’s instructions. A total of 2 ug of RNA was reverse transcribed using a
High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific). PCR

amplification was performed using fast SYBR Green (Applied Biosystems). Relative
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transcript expression levels were calculated using the AACT method and normalized to

18S. All primer sequences are listed in Supplemental Table 2.

Human serum samples

Serum from nondiabetic patients with CKD (eGFR 8-45ml/min) and associated severe VC,
or no significant calcification as assessed by coronary artery calcium (CAC) score (45) as
described in (46) were assessed for GDF10 by ELISA. The study cohort included both
males and females and was not stratified by other co-morbidities or biochemical or clinical

parameters.

Statistical analysis
Data were analyzed using the unpaired Student’s t-test and are presented as mean + standard
deviation, with p<0.05 considered significant between two groups. Details of biological

replicates are listed in figure legends.

Results

Tdag51”- VSMCs and mice exhibit increased expression of the inhibitor of
osteogenesis, Gdf10

Osteogenic transdifferentiation of VSMCs is a major contributor to the development of VC
in conditions of hyperphosphatemia (8). Our previous findings demonstrated that Tdag51
"~ VSMCs and mice exhibit an attenuation of HA deposition due to (i) reduced expression
of type 11l sodium-dependent P; transporter and (ii) diminished Runx2 activity (32). To

further define additional modulators of VVC, microarray analysis of Tdag51** and Tdag51-

96



PhD. Thesis—Khrystyna Platko; McMaster University—Medical Sciences

~V/SMCs identified 622 up-regulated and 363 down-regulated genes in Tdag51” VSMCs.
Identified genes were classified according to their molecular function, biological process,
cellular component and protein class (Fig. S1 A-D). Further analysis determined 49 genes,
with log-fold change cut-off of +/- 1.5 compared to Tdag51** VSMCs, that have
previously been demonstrated to be involved in the regulation of mineral deposition in
either soft tissues or bone (Fig. 1A). Among the identified genes was Gdf10, which was of
interest because it is a circulating factor that is easily detected in the medium from primary
mouse VSMCs (data not shown) and has previously been shown to inhibit osteoblast
differentiation, a process that draws many parallels with VC (8, 20). Consistent with the
notion that Gdf10 plays a role in bone formation and vascular mineral deposition (19, 20),
in situ hybridization studies reveal that at embryonic day 12 (E12) and post-natal day 5
(p5), Gdf10 mRNA was abundantly expressed in the vasculature such as the aorta, as well
as in bone, such as the vertebrae, skull and cartilage (Fig 1B,C and S2).

Consistent with the microarray data, quantitative real-time PCR and immunoblot
analysis demonstrated an increase in Gdf10 mRNA and protein expression in Tdag51”
VSMCs (Fig. 2A). Similarly, IHC staining of Gdf10 (Fig. 2B) as well as circulating levels
of Gdf10 (Fig. 1C) were increased in Tdag51” mice compared to controls. In support of
these findings, sSiRNA-mediated knockdown of PHLDAL (human homologue of Tdag51)
in human VSMCs resulted in increased GDF10 expression (Fig. 2D), thus suggesting that
Tdag51 regulates Gdf10 expression. Given that Tdag51™ leads to (i) elevated expression

of Gdf10 as well as (ii) an attenuation of HA deposition, our findings suggest that similar
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to its role in osteoblast differentiation, Gdf10 is likely an inhibitor of mineral deposition in

VSMCs.

Recombinant human GDF10 treatment attenuates Pi-mediated mineral deposition
Given that GDF10 signals through TGFp receptors (16-18), we first confirmed that
treatment with rhGDF10 induces Smad3 phosphorylation in a TGFf receptor-dependent
manner (Fig. S3A). We next examined the effect of rhGDF10 on mineral deposition in
primary mouse VSMCs (Fig. 3A) and ex vivo aortic ring cultures (Fig. 3B), as well as
primary human VSMCs (Fig. 3C). The effect of rhGDF10 treatment on alkaline
phosphatase (ALP) activity in VSMCs (Fig. 3D) and the pattern of mineral accumulation
in ex vivo aortic rings (Fig. 3E) was also examined. Consistent with its previously
established role as an inhibitor of osteoblast differentiation (20), rhGDF10 attenuated P;-
mediated mineral deposition in VSMCs and ex vivo aortic ring cultures, as well as ALP
activity. Furthermore, ex vivo aortic rings from Gdf107- mice exhibited increased mineral
deposition compared to C57BL/6J controls (Fig. 3F). Collectively, these data indicate that
Gdf10 is a negative regulator of Pi-mediated mineral deposition in VSMCs.

Similar to other TGFpS family members, active Gdf10 is generated by proteolytic
cleavage of the precursor protein at the putative furin cleavage site (RXXR)(47-49). In
order to confirm that active Gdf10 is necessary for the observed anti-osteogenic phenotype,
human and mouse VSMCs were treated with either cleaved/active (GIn369-Arg478) or FL
rhGDF10 in the presence or absence of an established furin inhibitor, decanoyl-RVKR-

CMK (Fig. S3A and S3B) (50). Both FL and active peptide forms of rhGDF10 significantly

98



PhD. Thesis—Khrystyna Platko; McMaster University—Medical Sciences

reduced calcification, while decanoyl blocked the inhibitory effect of the FL rhGDF10. A
control peptide was also used as an additional control and had no effect on HA deposition.
Thus, suggesting that only active GDF10 acts as an inhibitor of HA deposition and VC.
Given that the decanoyl-RVKR-CMK inhibited the anti-calcific effect of GDF10, these
observations also suggest that Gdf10 is processed at the cell surface by furin.

To investigate the role of Gdf10 in VC, a model of VDsz-induced VC was employed.
Mineral deposition within the vessel wall was examined by quantification of Ca®* content
(Fig. S4A) and Alizarin Red calcium stain (Fig. S4B). To our surprise, no difference in
mineral deposition was observed between Gdf10” and Gdf10*"* littermate controls. To
interrogate the possibility of compensatory increase in a closely related family member and
a known negative regulator of osteogenesis, Bmp3 (13, 14), its circulating levels were
measured using ELISAs (Fig. S4C). These data revealed a substantial increase in
circulating Bmp3 in Gdf10” mice, likely compensating for the absence of Gdf10, which

may explain inconsistencies between our in vivo and in vitro observations.

Recombinant human GDF10 treatment inhibits Runx2 expression and activity

Osteogenic transdifferentiation of the medial layer of the vessel wall leading to VC draws
many similarities to growth and maturation of osteoblasts (8). We next examined the effect
of rhGDF10 on the expression of well-established drivers of osteogenic transdifferention
of VSMCs (24, 25, 31, 34). Immunoblot analysis demonstrated that rhGDF10 attenuated P;
and TGF-B-mediated upregulation of Runx2 and its transcriptional cofactor Msh

homeobox 2 (Msx2), while Pit-1 levels remained unchanged (Fig. 4A). Because the
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expression of Runx2 and its co-factor Msx2 is associated with Runx2-mediated
transcriptional activity and pro-osteogenic phenotype (24, 51), Runx2 transciptional
activation was also examined using 6XOSE2-Luc. Runx2-dependent activation was
inhibited by rhGDF10 (Fig. 4B). In line with these findings, the mMRNA expression of
established markers of osteogenesis, including Runx2, Msx2, and ALP were also reduced
(Fig. 4C). Additionally, rhGDF10 treatment decreased the expression of Runx2 and its
downstream target osteocalcin (OCN) in the ex vivo aortic ring cultures following 7 days
of treatment (Fig. 4D). Thus, these observations reveal that GDF10 may in part inhibit
arterial mineral deposition by regulating the expression of key drivers of VC, such as Runx2

and its downstream targets.

Circulating GDF10 levels are elevated in patients with coronary artery calcification
Given the established role of circulating osteogenic proteins in the development of arterial
calcification (52-54), we next examined circulating GDF10 levels in a cohort of patients
with CKD who were also determined to have severe VC, as assessed by CAC score of >200
(Fig. 5). Similar to other established inhibitors of medial arterial mineral deposition (8, 52—
54), we observed an increase in serum GDF10 in patients with severe VC. These data
suggest that circulating levels of GDF10 increase in response to vascular injury in calcified
regions, likely in an attempt to prevent this process.

Discussion

The relationship between TGF-£ signaling and VC has been known for decades, and has

predominantly focused on the effect of well-characterized members of this diverse
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superfamily, such as TGF-g, BMP-2 and BMP-7 (22-26, 28). Our studies begin to
characterize the relationship between a divergent member of the of the TGF-S superfamily,
GDF10, and osteogenic transdifferentiation of VSMCs. Using a combination of in vivo and
ex vivo studies, we demonstrated that rhGDF10 attenuated VC. To explain these
observations, we also demonstrated that rhGDF10 reduced the expression of well-
established drivers of osteogenic transdifferentiation in VSMCs.

Osteogenic transdifferentiaiton of VSMCs is a highly regulated process that shares
many similarities with osteoblast differentiation and bone mineralization (8). Runx2 is an
indispensable transcription factor necessary for both of these processes to occur (55, 56).
Studies demonstrate that Runx2 is essential for osteogenic transdifferentiation of VSMCs
and adipose-derived mesenchymal stem cells (30, 56). Importantly, accumulating evidence
demonstrates that several members of the BMP family are key regulators of Runx2
transcriptional activity and expression in the context of osteoblast differentiation, as well
as mineralization of soft tissues (25-28, 57). We have recently demonstrated that VSMCs
derived from Tdag51” mice exhibit reduced expression of the type Il sodium-dependent
Pi transporter and Runx2 transcriptional activity, leading to diminished VC (32). Here we
illustrate that reduced VC in Tdag51”" mice is also accompanied by an increase in Gdf10
expression. Evidence also suggests that there exists an inverse relationship whereby Runx2
can regulate a divergent member of the BMP family, Gdf10, in lung carcinoma, and
mesenchymal stem cells (37). These findings provide a potential additional mechanism to
explain the protective phenotype observed in Tdag51” mice (32) In the present study, we

demonstrate that rhGDF10 treatment inhibits Pi-mediate HA mineral deposition in cultured
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mouse and human VSMCs, as well as ex vivo aortic ring cultures. Additionally, rhGDF10
treatment attenuated Runx2 expression and transcriptional activity in wild-type VSMCs.
Thus, our findings support a role for Gdf10 as a novel negative modulator of Runx2 thus
of VC.

GDF10 is a member of the TGF-S superfamily that also shares an 83% amino acid
sequence homology with BMP3 (15). Daluiski and colleagues (13) have demonstrated that
BMP3 is a powerful negative modulator of osteogenic differentiation and mineralization in
mouse myoblast cells, however no skeletal defects were observed in Bmp3~- embryos and
newborns. Additionally, the authors observed no obvious skeletal phenotype in adult Bmp3-
" mice other than an increase in total trabecular bone volume, which was accompanied by
a considerable amount of variation between mice (13). Consistent with the role of BMP3
as an inhibitor of osteogenesis, transgenic mice overexpressing BMP3 develop spontaneous
rib fractures due to defects in bone formation (14). Due to the homology between these two
proteins, in a manner similar to BMP3, Gdf10 expression also correlates with periods of
osteoblast differentiation in rat calvarial osteoblasts (19, 20). To our surprise, however, we
observed no difference in HA mineral deposition between VDs-treated Gdf10” and
Gdf10*"* mice. Similar to the studies conducted in Bmp3™ mice (13), the absence of a VC
phenotype observed in Gdfl0” mice from our study may be due to its functional
redundancy with its closely related family member, Bmp3.

Our understanding of BMPs is expanding beyond that of bone growth and cartilage
formation. Several studies have now demonstrated that BMPs act as response to injury

factors, mitigating disease progression (17, 18, 58-62). Clinical and pre-clinical studies
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demonstrate an increase in circulating BMP9 levels in patients with liver fibrosis as well as
an increase in perivascular hepatic fibrosis in Bmp9 knockout mice (58, 59). Exposure of
primary liver sinusoidal endothelial cells to exogenous BMP9 led to an attenuation of the
fibrotic response (59). In a similar manner, BMP7 treatment can prevent tubulointerstitial
fibrosis and preserve renal function in a rodent model of renal injury (61, 62). Consistent
with these findings, exogenous BMP7 also ameliorates the expression of profibrotic genes
in the aortas of uremic rats (60). On the other hand, Gdfl5 expression dramatically
increases following liver injury (63), while its overexpression ameliorates ischemia
reperfusion injury (64) and leads to improved functional recovery following a traumatic
spinal cord injury (65). Recent evidence also suggests that GDF10 plays a role in injury
prevention and wound healing, as Li and colleagues (18) demonstrate an increase in GDF10
expression in rodent and non-human primate models of stroke, as well as in autopsy
samples from patients who presented with a clinically diagnosed stroke event. Furthermore,
exogenous treatment with rhGDF10 promoted axonal sprouting and functional recovery
after stroke in rodents (18). In line with these findings, we and others demonstrated that
Gdf10™- mice develop severe hepatic fibrosis and lipid accumulation, whereas mice with
adipose-specific overexpression of BMP-3b were protected against diet-induced obesity
(17, 66). In our present study, we demonstrate an increase in serum GDF10 in CKD patients
with established VC. Similar to other BMP family members, GDF10 may potentially act
as an inhibitor of VC and a circulating response to injury protective factor.

The present study identifies GDF10 as a novel mediator of osteogenic

transdifferentiation of the VSMCs and HA mineral deposition. Mechanistically, rhGDF10
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treatment inhibited Pi-induced Runx2 expression and activity. Our results also show that
patients with CKD and established severe VVC exhibit elevated circulating levels of GDF10.
Thus our findings identify GDF10 as an important circulating factor regulating osteogenic
transdifferentiation and subsequent VVC of VSMCs and that patients with CKD may benefit

from increased circulating levels of this protein.
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Figure 1. Gdf10 is highly expressed in the vasculature, bone and cartilage, and is
upregulated in Tdag51’ mice. (A) Representation of the log fold change of genes that
have previously been demonstrated to be involved in the regulation of mineral deposition
in either soft tissues or bone in VSMCs from Tdag51’ mice compared to littermate
controls. (B and C). Gdf10 mRNA distribution in whole body sections of mice at embryonic
day 12 (E12) and postnatal day 5 (p5). All data are shown as mean and error bars as S.D.
*, p<0.05 by unpaired two-tailed Student’s t-test. As, antisense; Ao, aorta; Bn, bone; CV,
thionin staining; Cr, cartilage; NS, non-specific staining; S, control sense; Tdag51, T-cell
death associated gene 51; VB, vertebrae.
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Figure 2. Tdag51”- VSMCs and mice exhibit increased expression of Gdf10. (A)
Quantitative real-time PCR and immunoblot analysis of Gdf10 expression in Tdag51*'*
and Tdag517- VSMCs (n=3). (B) IHC staining of Gdf10 in Tdag51*"* and Tdag51”"
mouse aortas. (C) Plasma levels of Gdf10 protein in male Tdag51** and Tdag51” mice
(n=5). (D) Quantitative real-time PCR analysis of PHLDAL and GDF10 expression in
human VSMCs transfected with either control sSiRNA or siRNA targeted against
PHLDA1 (n=3). All data are shown as mean and error bars as S.D. *, p<0.05 by unpaired
two-tailed Student’s t-test. GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; Gdf10,
growth differentiation factor 10; PHLDAL, pleckstrin homology like domain family A

member 1; Tdag51, T-cell death associated gene 51; VSMCs, vascular smooth muscle
cells.
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Figure 3. rhGDF10 treatment inhibits Pi-mediated mineral deposition. (A, B)
Quantification of Pi-induced HA crystal formation and calcium deposition in wild-type
(C57BL/6J) mouse VSMCs (n=5-10) and ex vivo aortic ring cultures (n=4) following P;
(2.6 mM) treatment for 5 and 7 days, respectively, in the presence or absence of rhGDF10
(100 ng/ml or 1000 ng/ml). (C) Quantification of Pi-induced HA crystal formation in
human VSMCs following 5 days of P; (2.6 mM) treatment in the presence or absence of
rhGDF10 (100 ng/ml; n=8-11). (D) Quantification of alkaline phosphatase activity in wild-
type VSMCs following 4 days of Pi (2.6 mM) and rhGDF10 (250 ng/ml) treatment. (E)
Alizarin red calcium stain in wild-type ex vivo aortic rings following 7 days of Pi (2.6 mM)
and rhGDF10 (1000 ng/ml) treatment. (F) Quantification of calcium deposition in
C57BL/6J and Gdf107- mouse ex vivo aortic ring cultures following 7 days of P; (2.6 mM)
treatment (n=4). All data are shown as means and error bars as S.D. *, p<0.05 by unpaired
two-tailed Student’s t-test. ALP, alkaline phosphatase; Gdf10, growth differentiation factor
10; HA, hydroxyapatite; Pj, inorganic phosphate; rh, recombinant human.
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Figure 4. rhGDF10 treatment inhibits Pi-induced Runx2 protein expression in
C57BL/6J VSMCs. (A) Immunoblot analysis of Runx2, Msx2, Pit-1 and GAPDH
expression in VSMCs from C57BL/6J mice following 4 day treatment of P; (2.6 mM) in
the presence or absence rhGDF10 (250 ng/ml). (B) Runx2 luciferase reporter assay
following 2 days of 2.6 mM P; treatment (n=6-13 per group). (C) Quantitative real time
polymerase chain reaction of Runx2, Msx2, and ALP mRNA expression (n=3). (D)
Representative micrograph of immunofluorescence staining in wild-type ex vivo aortic
rings following 7 days of Pi (2.6 mM) and rhGDF10 (1000 ng/ml) treatment, OCN (green),
a-SMA (red) and DAPI (blue). All data are shown as means and error bars as S.D. *, p<0.05
by 1-way ANOVA with Tukey multiple comparison testing. ALP, alkaline phosphatase;
GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; Msx2, Msh homeobox 2; rh,
recombinant human; Pit-1, type 111 sodium-dependent phosphate transporter; Runx2, runt-
related transcription factor 2.
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Figure 5. Serum GDF10 levels are elevated in patients with CKD and established VC.
(A) Quantification of serum GDF10 levels in patients with CKD (n=8-9). All data are
shown as means and error bars as S.D. *, p<0.05 by unpaired two-tailed Student’s t-test.

CAC, coronary artery calcium; CKD, chronic kidney disease; GDF10, growth
differentiation factor 10.
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Supplemental Table 1: List of antibodies used for immunoblotting (IB),
immunohistochemistry (IHC) and immunofluorescence (IF)

Target | Vendor or Catalog Working Persistent ID / URL
antigen Source # concentrati
on
GAPD Cell 5174 IB: 0.34 https://www.cellsignal.com/products/pri
H Signaling pg/ml mary-antibodies/gapdh-d16h11-xp-
Technology rabbit-mab/5174
OCN Abcam ab93876 IF: 1.0 https://www.abcam.com/osteocalcin-
pg/ml antibody-ab93876.html
RUNX Cell 8486 IB: 1.82 https://www.cellsignal.com/products/pri
2 Signaling pg/ml mary-antibodies/runx2-d1h7-rabbit-
Technology mab/8486
Msx2 Novus NBP1- IB: 0.548 https://www.novusbio.com/products/ms
Biologicals 85445 pg/ml x2-antibody nbp1-85445
TDAGS Sant Cruz SC- IB: 0.4 https://www.scbt.com/p/tdag51-
1 Biotechnolog 23866 pg/ml antibody-rn-6e2
y
GDF10 Novus H000026 | IB:0.5 pg/ml | https://www.novusbio.com/products/bm
Biologicals | 62-B0O1P IHC: 2 p-3b-gdf-10-antibody _h00002662-b01p
ug/ml
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Supplemental Table 2: List of Primers Used for Quantitative Real-Time PCR

Gene Species Forward Reverse
PHLDA1 | Human | GAAGATGGCCCATTCAAA | GAGGAGGCTAACACGCAG
AGCG G
18S Human | GTAACCCGTTGAACCCCA | CCATCCAATCGGTAGTAG
1T CG
18s Mouse | CTTAGAGGGACAAGTGGC | ACGCTGAGCCAGTCAGTG
G TA
Gdf10 Mouse | AATGATCGACCAAAAGCC | CTTGCAGAATACCTCACG
TGT AGC
Runx2 Mouse | ATGCTTCATTCGCCTCACA | GCACTCACTGACTCGGTT
AA GG
ALP Mouse | CCAACTCTTTTGTGCCAG | GGCTACATTGGTGTTGAG
AGA CTTTT
Msx2 Mouse | GGCAACCCTGTGCTACGA | CCTGGACTCTCTTTTGGGC
AT TTTA
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Supplemental figures and figure legends

Fig. S1
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W transcription regulator activity (G0:0140110)
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biological regulation (GO:0065007)
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M cellular process (G0:0009987)
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m cell part (GO:0044464)
cell (GO:0005623)
extracellular region part (GO:0044421)
extracellular region (GO:0005576)
membrane part (GO:0044425)
membrane (GO:0016020)
membrane-enclosed lumen (G0O:0031974)
organelle part (G0:0044422)
organelle (GO:0043226)
protein-containing complex (G0:0032991)
supramolecular complex (GO:0099080)
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multicellular organismal process (G0:0032501)
pigmentation (GO:0043473)
reproduction (GO:0000003)

M reproductive process (G0:0022414)
response to stimuli (GO:0050896)
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Figure S1. Gene ontology classification of targets identified by the microarray
analysis. (A) Molecular function. (B) Biological process. (C) Cellular component. (D)
Protein class.
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Fig. S2
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Tissues:

1-thymus 11 - epididymis 21— liver

2 —spleen 12 - esophagus 22 — gallbladder
3-lung 13 — parathyroid gland 23 —brain

4 —aorta 14 — thyroid gland 24 - cerebellum
5 — submaxillary gland 15 — pituitary gland 25 - colon

6 — heart 16 — adrenal gland 26 — pancreas
7 — testis 17 — ovary (estrus) 27 — stomach

8 — kidney 18 — oviducts 28 — duodenum
9 — coagulating gland 19 — uterus 29 — jejunum
10 — urinary bladder 20 - prostate 30 —ileum

Figure S2. Local distribution of Gdf10 mRNA expression in 30 tissues of adult mice,
following antisense and sense hybridization. (A) Frozen tissue cryostat sections in 30
mouse tissues array after thionin staining. (B) X-ray film autoradiography with frozen
tissue cryostat sections following antisense hybridization and 5 days exposure (same slide
as in A). (C) Control (sense) hybridization in adjacent cryostat sections showing a level of
non-specific labelling (same slide as in A). As, antisense; CV, thionin staining; Gdf10,
growth differentiation factor 10; S, control sense.

120



PhD. Thesis—Khrystyna Platko; McMaster University—Medical Sciences

Fig. S3
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Figure S3. rhGDF10 treatment induces SMAD3 phosphorylation in TGFf receptor-
dependent manner. (A) Immunoblot analysis of P-SMAD3 and T-SMAD3 expression in
VSMCs from C57BL6/J mice treated with rhGDF10 (100 ng/ml) in the presence or absence
of TGFp receptor inhibitor (5 um). Recombinant TGFp used as a positive control (5 ng/ml).
(B and C) Quantification of Pj-induced HA crystal formation and calcium deposition in
mouse and human ex vivo aortic ring cultures (n=8) following 5 days of Pi (2.6 mM)
treatment in the presence or absence of cleaved/active or full length rhGDF10 (100 ng/ml)
as well as decanoyl (5 um) and control peptide (100 ng/ml). All data are shown as means
and error bars as S.D. *, p<0.05 by 1-way ANOVA with Tukey multiple comparison
testing. GDF10, growth differentiation factor 10; TGF, transforming growth factor beta.
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Fig. S4
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Figure S4. Gdf107- mice develop similar degree of VD3-induced mineral deposition
compared to Gdf10** littermate controls. (A, B) Calcium quantification and Alizarin
Red calcium stain in the abdominal aortas (n=5-8). (C) BMP3 ELISAs (n=6). All data are
shown as mean and error bars as S.D. *, p<0.05 by unpaired two-tailed Student’s t-test.
BMP3, bone morphogenic protein 3; Gdf10 growth differentiation factor 10; VD3, vitamin

G3.
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CHAPTER 4: MANUSCRIPT 3

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

* Authors contributed equally to this work.
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Chapter link: GDF10 blocks hepatic lipid accumulation and injury. While examining the
role of GDF10 in VC, we observed that GDF10 KO mice develop increased body weight,
adiposity, and hepatic lipid accumulation when fed normal control diet. In line with our
preliminary observations, mice overexpressing GDF10 are protected against HFD-induced
obesity®®. This journal article further characterizes GDF10 as modulator of metabolic
homeostasis. More specifically, recombinant human GDF10 attenuated hepatic lipid
accumulation and subsequent injury by antagonizing PPARY activation and expression in
cultured hepatocyte cells and liver tissue. Consistent with these observations, GDF10 KO

developed severe diet-induced hepatic steatosis and fibrosis.

Author’s contribution: K. Platko, P.F. Lebeau and R. C. Austin designed the study. K.
Platko and P.F. Lebeau performed cell culture experiments, western blotting,
immunohistochemistry staining, immunofluorescence staining, morphological staining
(H&E, Masson’s Trichrome), as well as related analysis with help of, J. Hyun Byun, S. V.
Poon, and N. Holzapfel. Analysis of fatty acid oxidation was performed by E.A. Day.
Animal experiments were conducted by K. Platko with help of M.E. MacDonald. K. Platko
and P.F. Lebeau curated the data and wrote the manuscript. K. Platko, P.F. Lebeau, R.C.
Austin, J.C. Krepinsky, K.N. Maclean and A. Mejia-Benitez reviewed and edited the

manuscript. All authors approved the final submission
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GDF10 hlocks 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
(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 GDF1 07/ 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:

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

FOX01 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
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IHC immunohistochemistry

IAT inguinal adipose tissue

IRE1a inositol-requiring 1ot

LPL lipoprotein lipase

IL1B interleukin 13

LDH lactate dehydrogenase

NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

NCD normal control diet

0RO 0il Red 0

0A oleate

PFA paraformaldehyde

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

PGC1B peroxisome proliferator-activated receptor gamma

coactivator 1-p

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
TGFBR1  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 1ot (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 (FATP5), 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 PPARy 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 TGF}
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

MOLECULAR METABOLISM 27 (2019) 62—74
www.molecularmetabolism.com

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.

© 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (htp:/creativecommons.org/licenses/by-nc-nd/4.0/). 63
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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 /ibitum (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 libitum 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 uM, 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 uM, 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 pg 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-

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 0CT-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 out in 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 B-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 GDF1 0*"* 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 GDF10™/* and GDF10~/~ mice.
Scale bars, 100 um. All data are shown as the mean + S.D. *, p < 0.05 by unpaired two-tailed Student’s ttest.

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

MOLECULAR METABOLISM 27 (2019) 62-74 © 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http:
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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 GDF1 0+ and GDF10~"~ mice (n=5).
(B) Hepatic triglyceride and cholesterol content (n = 5). (C) H&E, perilipin and ORO staining of livers from GDF1 0"+ 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 pm. 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 1l; *, p < 0.05) and immunoablot (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).

66 MOLECULAR METABOLISM 27 (2019) 62-74 © 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license i 1d/4.0/).

www.molecularmetabolism.com

129



PhD. Thesis—Khrystyna Platko; McMaster University—Medical Sciences

Iy

MOLECULAR
METABOLISM

[ GDF10*/* NCD [Z] GDF107- NCD [N GDF10*/* HFD Il GDF107° HFD

NCD

HFD |

[ GDF10*/*

GDF107/

GDF10*7* GDF107 |

PPARY

/[

I

C/EBPa

I

CD36

s £

Zo 2

2 — 8

£ G - £

-— o~

£s | Pss

-3 R "<

a 5

3 &

£ o 5

D

$ . —m EEY L v

£gX yszf o | 89

'sa:s §31s 38

c

§2° .. gt g5

52‘ — 2E €3

= 5 TE

£§5 5 32 £5

2z £ 3=

2 PPARY C/EBPa e
Figure 3: GDF10 defici the nuclear

HFD. (B) Quantification of indicated histological staining. (C)

- PPARy

e o e

F

24

nlll

-

PPARY Transcriptional
-

Activity (Fold Induction )

o

of hepatic PPARY and C/EBPa. (A) IHC staining of PPARYy, C/EBPa and CD36 in the livers of mice fed NCD or

of the nuclear

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 pm. All data are

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

3.3. GDF10 reduces PPARy expression via the TGFPR1-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 PPARy 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/EBPa. 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

MOLECULAR METABOLISM 27 (2019) 62-74 © 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/).

www.molecularmetabolism.com

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 PPARYy nuclear abundance and transcriptional activity. (A) ORO staining and (B) extract quantification of HepG2 cells treated with PPARy agonist,
CGTZ (10 M), 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) Immunoblots 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/EBPa. in Huh7 cells transfected with SiRNA targeted against Smad3 and treated with rhGDF10 or CGTZ. (H) Morphology of the Huh7
cells was examined using a light microscope. (I) Immunoblots of HepG2 cells transfected with either siRNA targeted against Smad3 or scrambled control siRNA to confirm knock-

down. Scale bars, 50 pm. All data are shown as the mean + S.D. *, p < 0.05 by one-

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 4A,B; *, p < 0.05).

MOLECULAR METABOLISM 27 (2019) 62-74 © 2019 The Authors. Published by Elsevier GmbH.
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way ANOVA.

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 GDF10 "/~ mice,
immunoblot analysis of subcellular fractions in cultured hepatocytes
revealed that GDF10 blocked the CGTZ-mediated nuclear localization
of C/EBPa., and abundance of PPARy (Figure 4C). In line with sub-
cellular fraction data, immunofluorescent staining of HepG2 and pri-
mary human hepatocytes also demonstrated that GDF10 blocked the

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com
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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
TGFB through TGFP 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 a manner similar to TGFp, 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 TGFPR1 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~/~

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 B-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- § (PGC1p), acyl-coenzyme A thio-
esterase 2 (ACOT2), peroxisome nproliferator-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 GDF1 0™+ 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~/~

MOLECULAR METABOLISM 27 (2019) 62-74 © 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/). 69
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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

70
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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 pum. 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 (FOXO01) 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
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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 PPARYy agonist-driven lipid accumulation. Lastly, we
have also demonstrated that GDF10 inhibits PPARYy transcriptional
activity via the conventional TGFPR1-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 GDF15~/~ 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 TGFB 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 Smad3, 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

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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Table 1: List of antibodies used for IHC and immunoblotting.

Antibody

C/EBP

CD36

GRP78

GRP94

Perilipin

PPARY

pPERK
GAPDH

GDF10

Histone H3

C/EBPa

PPARy

Smad2/3

Manufacturer and
Product Number

sc-7273, Santa Cruz
Biotechnology

NB400-144, Novus
Biologicals

sc-1050, Santa Cruz
Biotechnology

ADI-SPA-850, Enzo Life
Sciences

ab3526, Abcam

sc-7273, Santa Cruz
Biotechnology

ab192591, Abcam

2118, Cell Signaling
Technology

16630, Novus
Biologicals

9715, Cell Signaling
Technology

sc-150, Santa Cruz
Biotechnology

sc-7273, Santa Cruz
Biotechnology

3102, Cell Signaling
Technology

Application

IHC

IHC

IHC

IHC

IHC
IHC

IHC

IF, 1B

IF, 1B

Dilution

1:50, HIER

1:100, no retrieval

1:40, no retrieval

1:100, HIER

1:100, HIER

1:50, HIER

1:50, HIER

1;1000

1:50, 1:1000

1:1000

1:50, 1:200

1:50, 1:200

1:500

138



PhD. Thesis—Khrystyna Platko; McMaster University—Medical Sciences

Phospho-Smad2/3

Smad1/5/9

Phospho-Smad1/5/9

8828, Cell Signaling
Technology

12656, Cell Signaling
Technology

13820, Cell Signaling
Technology

B 1:500
1B 1:500
B 1:500

IB, immunoblot; IHC, immunohistochemical staining; IF, immunofluorescence; HIER, heat-
induced epitope retrieval

Table 2: List of primers used for quantitative real time PCR

Gene
ANGPTL4
ACOX1
ACOT2
Acadm
ATF4
BBC3
CEBPa
CD36
CHOP
Casp3
Casp7
CRCT2
FOXO1
FGF21
FN1
FSP27
FATP5
GRP78
GRP94
GDF10

Species

Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse

Mouse

Forward
CATCCTGGGACGAGATGAACT
GGGAGTGCTACGGGTTACATG
GTTGTGCCAACAGGATTGGAA
AGGGTTTAGTTTTGAGTTGACGG
ATGGCCGGCTATGGATGAT
TGTGGAGGAGGAGGAGTGG
CAAGAACAGCAACGAGTACCG
GATGACGTGGCAAAGAACAG
CTGCCTTTCACCTTGGAGAC
CCTCAGAGAGACATTCATGG
GGACCGAGGGCCCACTTATC
ATGAACCCTAACCCCCAAGAC
CCCAGGCCGGAGTTTAACC
AGATCAGGGAGGATGGAACA
CGAGGTGACAGAGACCACCA
ATGGACTACGCCATGAAGTCT
GAATCGGGAGGCAGAGAACT
GTCCTGCATCATCAGCAAAG
GATGGTCTGGCAACATGGAG
AATGATCGACCAAAAGCCTGT

Reverse
TGACAAGCGTTACCACAGGC
CCGATATCCCCAACAGTGATG
GCTCAGCGTCGCATTTGTC
CCCCGCTTTTGTCATATTCCG
CGAAGTCAAACTCTTTCAGATCCATT
TGCTGCTCTTCTTGTCTCCG
GTCACTGGTCAACTCCAGCAC
TCCTCGGGGTCCTGAGTTAT
CGTTTCCTGGGGATGAGATA
GCAGTAGTCGCCTCTGAAGA
TCGCTTTGTCGAAGTTCTTGTT
CGTTCTCCTCAATAGCAGGGA
GTTGCTCATAAAGTCGGTGCT
TCAAAGTGAGGCGATCCATA
CTGGGAGTCAAGCCAGACACA
CGGTGCTAACACGACAGGG
AGCGGGTCATACAAGTGAGC
GGTAGCCACATACTGAACACC
CGCCTTGGTGTCTGGTAGAA
CTTGCAGAATACCTCACGAGC
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I11b Mouse
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Figure legends

TGAAACACCCCTTCTTCTGG
GCACTACAGGCTCCGAGATGAAC

GGGCTCTGCCTGAGTTGTAG

GAAGGGCACACGCGTGCGAGTTTT
CAG
CTGTGTGCAATGCCTATGAG
A
TCCTGTAAAAGCCCGGAGTA
T

AGGGAGGTCGAGCTGTTCTC
GGAAAGGGATCTACTTTGCCG
CTGCATAACGGTCTGGACTTC
GAGTCCGCAGCAGGTG
CACCTTGGATTGAGAGTCAAGAC
CATGAGCACAGAAAGCATGATCCG
CAACAATTCCTGGCGTTACCTTGG

CCTCCTTTTCTATTCGGTCACTT
TTGTCGTTGCTTGGTTCTCCTTGT

AGAAATTTCGAAGGCCTGGT

GAAGGGCACACGCGTGCGAGTTTT
CAG

CTGGAGGGTATTGAAGAGCC
G

GCTCTGGTAGGGGCAGTGA

GGAGTGTTCACTAAGCGGTCA
TCGGGTCTCCCTGAGATGTG
CAGCAACTGCCCGTACTCC
GTGTCAGAGTCCATGGGA
AGGAATCGGCTATATTGCTGGT
AAGCAGGAATGAGAAGAGGCTGAG
GAAAGCCCTGTATTCCGTCTCCTT

Fig. S1 GDF10 treatment reduces cytotoxicity in response to TG and TM. (A) ORO staining
and isopropanol extract quantification of HepG2 cells treated with TG (100 nM), PA (200 uM )
and rhGDF10 (250 ng/mL) for 24 hours. (B) LDH release assay in the medium from Huh?7 cells
treated with TG (100 nM) and TM (2 png/mL). Scale bar, 50 um. All data are shown as the mean
+ S.D. *, p<0.05 by unpaired two-tailed Student’s #-test or one-way ANOVA.

Fig. S2 GDF10-- exhibit a reduction in plasma Leptin. Plasma content of circulating Leptin in
wild type and GDF107- mice fed NCD (n=5). All data are shown as the mean + S.D. *, p<0.05 by
unpaired two-tailed Student’s #-test.

Fig. S3 GDF10 modulates PPARy and C/EBPo nuclear abundance. Immunofluorescent
staining of PPARy and C/EBPa in (A) HepG2 cells and (B) primary human hepatocytes treated
with rhGDF10 or CGTZ. Scale bars, 50 pm.

Fig. S4 TGFpBR1 inhibition reduces CGTZ-mediated lipid droplet accumulation in HepG2
cells. ORO staining in HepG2 cells treated with CGTZ (10 uM), rhGDF10 (250 ng/mL) and
IN1130 (100 nM). Scale bar, 50 um.
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Fig. S5 GDF107- mice exhibit increased hepatic fibrosis, apoptosis and gluconeogenesis. (A)
PSR staining in the livers of mice fed NCD or HFD. Real time PCR analysis of hepatic mRNA
abundance of indicated genes involved in (B) apoptosis and (C) gluconeogenesis (n=5). Scale
bars, 200 um. All data are shown as the mean + S.D. *, p<0.05 by one-way ANOVA.

Fig. S6. ER stress-inducing agent TM induces the expression of GDF10 in 3T3-L1
adipocytes. Real time PCR analysis of GDF10 mRNA transcript levels in 3T3-L1 adipocytes
treated with TM (2 pg/ml) for 24 hours. All data are shown as the mean + S.D. *, p<0.05 by
unpaired two-tailed Student’s ¢-test.
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Figure S1. Platko & Lebeau et al., 2019
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Figure S2. Platko & Lebeau et al., 2019
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Figure S3. Platko & Lebeau et al., 2019
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Figure S4. Platko & Lebeau et al., 2019
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Figure S5. Platko & Lebeau et al., 2019
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Figure S6. Platko & Lebeau et al., 2019
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CHAPTER 5: GENERAL DISCUSSION

CVD is the primary cause of mortality in patients with advanced CKD!35-%"_ Increased
arterial stiffness, occurring as a result of VC, is an established predictor and independent
risk factor of CVD-associated mortality in patients with impaired renal function'>1-1°, The
data shown in this thesis demonstrate that TDAG51 modulates VC by regulating the
expression of Runx2, Pit-1 (Chapter 2), as well as GDF10 in the VSMCs (Chapter 3).
Findings summarized in Chapter 3 also identify GDF10 as a novel systemic inhibitor of
VC, and as such, a potential therapeutic avenue for the management and diagnosis of this
disease. In addition to its role as an inhibitor of VC, the results indicated in this thesis also
report that GDF10 is a crucial modulator of hepatic lipid homeostasis, and therefore may

indirectly affect vascular heath by regulating other metabolic parameters (Chapter 4).

5.1 The pathogenesis of VC

The appropriate diagnosis and management of VC among patients with CKD
represents a significant unmet need??’. There are currently no clinically-applicable methods
that reliably detect and quantify CKD-associated VC. As a result, most VC is detected
unintentionally through imaging that was designed to assess other indications®’. In the
academic setting, however, several imaging-based quantitative methods have been
developed and are thought to have prognostic value. Among these, the computed
tomography-based quantification of arterial mineral deposition, reflected as CAC score, is
the most widely used??”28, The ability of imaging-based quantification tools to accurately

distinguish between intimal and medial \VC, represents a limitation of this technology??’.
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In recent years however, this area of research has focused on the identification of systemic
biomarkers of VC. These include serum calcioprotein particles and extracellular vesicle-
associated mineral quantification approaches??®?%, Increasing evidence suggests that
circulating levels of microRNAs also have a potential prognostic value?!. Additionally,
elevated circulating levels of calcification inhibitors, OPN and OPG, have been associated
with VC in DM, and hemodialysis patients, respectively?®223, In line with these studies,
we report that a novel inhibitor of VC, GDF10, may serve as a potential biomarker of VC.
These findings are supported by the observed increase in circulating GDF10 levels in
patients with established CAC (Chapter 3). Thus similar to other well-established inhibitors
of the mineralization process, GDF10 may possess a dual role as an inhibitor and a marker
of this disease?322%,

Although our understanding of biomarkers of VVC is rapidly improving, there are
currently no established therapeutic intervention for the prevention and reversal of this
process. In clinical studies, several lines of evidence demonstrate that lowering of serum P;
can decrease mineral and bone disorder and CV risk in patients with CKD®*. As a result, P
binders are regularly used as a treatment modality for the management of
hyperphosphatemia in these patients??’. Additionally, vitamin K and magnesium
supplementation both show potential for the management of VC?32%, Given that pro-
osteogenic differentiation and apoptosis are the two main mechanisms that drive VC of
VSMCs, novel therapies aimed directly at these processes in the vasculature are necessary
to effectively target VC*2. In support of this notion, evidence from in vitro studies show

that inhibition of apoptotic cell death can attenuate VVC*?8, To our knowledge, however, no
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evidence of reversal of osteogenic transdifferentiation of VSMCs has been documented.
Interestingly, one study reports that mature osteoblast can dedifferentiate to osteogenic
precursor cells, suggesting that similar to VSMCs, osteoblasts possess some degrees of
plasticity?®. Because mesenchymal stem cells give rise to both osteoblast and VSMCs,
these data also suggest that dedifferentiating osteoblast may in some circumstances commit
to a VSMC lineage?. Given that previous studies from our laboratory, in accordance with
the data presented in this thesis, highlight TDAG51 as regulator of cellular differentiation
and apoptosis, TDAG51 may serve as an important molecular link for delineating the exact
cellular mechanisms involved in the development of \/C114145:152.226

Another important consideration for scientists in the field of VC is the question of
whether it is safe to reverse/remove VC. VC is a pathophysiological adaptation of the
VSMCs that occurs at every spectrum of renal dysfunction and only reaches its maximal
size potential after chronic exposure to circulating toxins'>®. As a result, substantial VC
that is readily detectable using currently available techniques is predominantly present in
patients with advanced CKD. The calcified areas in the vasculature consist of HA crystals
and osteoblast-like transdifferentiated VSMCs®®??". Given the current knowledge of
disease aetiology, in the early stages of the disease, dissolution of micro calcification within
the arterial wall may have a beneficial effect on vascular compliance and CV risk, with
minimal adverse side effects. Importantly, it is well-accepted that dissolution of large HA
crystals present in patients with advanced CKD would potentially lead to empty spaces or
gaps in the large arteries, likely resulting in serious health consequences primarily affecting

the hemodynamic balance and arterial wall integrity in these patients.
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5.1.1 TDAGS51 is a key modulator of vascular calcification and osteogenic
transdifferentiation of arterial smooth muscle cells

In humans, chronic renal insufficiency leads to a persistent state of hyperphosphatemia,
which is associated with increased risk of CV mortality due to changes in vessel wall
elasticity’*°. Consistently, presence of medial VVC is a strong predictor of CV and all-cause
mortality in patients with CKD™7-1%, Experimental studies have identified Runx2 as a
crucial mediator of VC, as its expression is upregulated in conditions of
hyperphosphatemial®®1%41%_Ppit-1 is the predominant P; cotransporter found in VSMCs,
and is necessary for Pi-mediated mineralization of the VSMCs®. Using in vitro, in vivo,
and ex vivo models of VC, Chapter 2 illustrates that TDAG51 modulates
hyperphosphatemia-induced VC by regulating (i) Runx2 transcriptional activity and (ii)
Pit-1 expression. In line with the regulatory role of TDAGS51, its expression is also
increased in calcified human arteries and mouse VSMCs, while TDAG51 deficiency
confers a protective phenotype.

Although Chapter 2 predominantly focused on the Pit-1-Runx2-mediated
mechanism of TDAGS51 regulatory action, other molecular mechanisms may also
contribute to the protective phenotype observes in TDAG51” mice and VSMCs. TDAG51
is traditionally regarded as a transcription factor with pro-apoptotic activity**. In line with
this notion, antibody-mediated neutralization of its human homologue, PHLDAL, increases
while its overexpression decreases cell survival'®. TDAG51 expression also correlates
with apoptotic cell death in atherosclerotic lesions from ApoE” mice'®2. Cell membrane

distortion, resulting in increased permeability of VSMCs, can lead to apoptotic cell death.
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We have reported that overexpression of PHLDAL leads to substantial changes in cellular
morphology and adhesion, and promotes detachment-mediate cell death of endothelial
cells®. Similarly, Carlisle et. al*®® found that transient overexpression of TDAG51
promoted changes in cell shape and morphology that exacerbate TGF-p mediated EMT.
Given these findings, apoptosis is one of the major mechanisms contributing to VC, the
phenotype observed in TDAG517- may partially occur due to their resistance to apoptotic
cell death.

Accumulating evidence also demonstrates that ER stress plays an important role in
the development of VC. A variety of well-established inducers of VC, such as BMP2,
advanced glycation end products, TGF-f, vitamin D3, as well as calcium and P;, are also
know to induce ER stress'*1%°, Activation of ER stress signaling promotes pro-osteogenic
ALP activity in primary human VSMCs?’. Conversely, inhibition of ER stress attenuates
Pi-mediated pro-osteogenic differentiation of fibroblast cells®®. ER stress also mediates
TDAGS51 induction and detachment-mediated cell death, while TDAG517 mice are
protected from ER stress-mediated pathological processes in the context of atherosclerosis,
and renal disease'®*??®, To this end, additional unpublished observations shown in this
thesis demonstrate that aortas from TDAG517 mice display attenuation of ER chaperones,
GRP78 and GRP94 (Appendix 1). These data suggest that the phenotype observed in
TDAG517 may partially occur due to an attenuation in ER stress response.

Studies from our laboratory also highlight the existing relationship between
TDAGb51 and well-established inhibitor of osteogenic transdifferentiation of VSMCs,

PPARY. TDAG51 negatively regulates the expression of PPARy and its downstream
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targets, whereas TDAG51 deficiency enhanced PPARY activity*. Recent evidence also
found that PPARYy inhibits Runx2 expression and transcriptional activity by preventing
Runx2 interaction with osteoblast-specific element-2 promoter in osteoblasts??®. There
exists a reciprocal relationship between Runx2 and PPARy via the MAPK pathway!%%-122,
Specifically, MAPK-mediated phosphorylation of Runx2 and PPARY is necessary for the
initiation of osteogenic and inhibition of adipogenic program in mouse embryonic
fibroblast cells'?°. To this end, reduced VC in TDAG51”" mice may also be observed due
to enhanced PPARy expression that works to oppose Runx2-mediated pro-osteogenic
phenotype.

Although the major hypothesis is supported by ample evidence in this thesis, there
remains certain key limitations. One of the most evident limitations is the use of the global
TDAG517 mouse model. It is well-established that TDAG51 plays a role in the
development of diabetes, obesity, atherosclerosis, and renal impairment, conditions that
have all been previously correlated to development of VC1451521%3 Thys, the use of smooth
muscle cell-specific TDAG517 would provide a better understanding of the role of
TDAG51 in VC. A second limitation of the studies included in this thesis is the use of a
non-CKD model of VC. Although the vitamin D3 overload model leads to VC as a result
of Pi overload, this model is very rapid and thus may not be representative of the changes
in vasculature that occur as a result of chronic hyperphosphatemia observed in patients with
advanced CKD. This model was chosen due to the lack of reliable and easily reproducible
mouse models of CKD-associated VC. Although studies demonstrate that adenine feeding

combined with high P;j feeding is able to induce VVC, we were not able to replicate these
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studies due to high mortality rate (Appendix 2)?%24°, The last limitation of this study is that
only male mice were used for the in vivo experiments. Recent studies have found that there
may be sex differences associated with development of VC?#1242_ Thus, examining VC in
female mice would determine whether the role of TDAG51 as a regulator of VC is

dependent on sex.

5.1.2 GDF10 is a negative regulator of vascular calcification of vascular smooth
muscle cells

Osteogenic transdifferentiation of VSMCs is a highly regulated process that shares many
similarities with osteoblast differentiation and bone mineralization'?'6, The relationship
between TGF-B signaling and pro-osteogenic differentiation of the VSMCs is well-
established, and has predominantly focused on the effect of well-characterized members of
the superfamily, including TGF-B, BMP2 and BMP72%3-2%_ Chapter 2 of this thesis
demonstrates that VSMCs derived from TDAG51”- mice exhibit reduced expression of the
type 11l sodium-dependent P; transporter and Runx2 transcriptional activity, leading to
diminished VC!4, Building on these observations, Chapter 3 also shows that reduced VC
in TDAG51”" mice is accompanied by an increase in the expression of known inhibitor of
osteogenesis, GDF10%"%1’® In line with its anti-osteogenic role, recombinant human
GDF10 treatment attenuated VC by reducing the expression and activity of Runx2. These
findings provide potential additional mechanism to explain the protective phenotype

observed in the TDAG517 mice.
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Similar to TGF-pB, GDF10 exerts its effect by activating the TGF-B receptor-
SMAD?2/3 signaling pathway*">'%. However, TGF-p and GDF10 have opposing effect on
VC. While TGF-B promotes pro-osteogenic phenotype in vascular cells, our observations
show that GDF10 inhibits this process®*’. The various biological functions controlled by
the TGF-p signaling cascade are mediated by the combinations of ligands and type I/l
receptors that differ based on the cell type and state*®*?%8, For example, BMP2 and BMP4
preferentially bind to ALK3 or ALK6, while BMP6 and BMP7 are more likely to exert
their effect through ALK2 or ALK6%4°%!, The closely related family member BMP3 was
reported to exert its effect via the ALK4/Actr-11B-mediated pathway activation’2252253,
While, Matsumoto et al.}”” demonstrated that GDF10 facilitates its anti-osteogenic effect
via ALK4/Actr-11A. In line with differential effect of TGF-p and GDF10 on VC, TGF-$
induces VC via the ALK5-mediated pathway?54. Additionally, activation of the same
ALK receptors may produce differential physiological response dependent on cell type. For
instance, activation of ALK3 induced osteogenesis in mesenchymal stem cell, while its
downregulation in osteoblast cells can also lead to ectopic mineralization via the
upregulation of bone-specific markers, including Runx2 and ALP?>%2% The observed
differential effect may also occur as a result of differences in receptor innervation achieved
by the two ligands, occurring because of differences in their structure. GDF10 is a divergent
member of the TGF- superfamily, and as such shares only 40 to 50% sequence homology
with TGF-B in the active domain (Appendix 3). Because of these differences in protein
structure, GDF10 and TGF-p may differentially affect the same receptor, thus resulting in

the recruitment of distinct coregulatory partners and contrasting actions of its two ligands.
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Chapter 3 of this thesis identifies GDF10 as a novel inhibitor of Pi-mediated Runx2
expression and transcriptional activity, as well as HA deposition in the VSMCs. The work
described in Chapter 2 of thesis showed that there exists a reciprocal relationship between
Runx2 and Pit-1, suggesting that Pit-1 may be a downstream target of Runx2 transcriptional
activity in the VSMCs. However, no change in Pit-1 expression upon GDF10-mediated
downregulation of Runx2 expression and transcriptional activation was observed. Although
inconsistent with previous studies, it is not uncharacteristic of a complex transcription
factor like Runx2 to promote or repress the expression of varying genes dependent on
cellular type and state, as well as stimulus type and duration®’. In line with this notion, a
regulator of Runx2 activity, DLX3 exerts both positive and negative regulation of gene
transcription®®®. During proliferation stages, DLX3 directly interacts with Runx2, thorough
protein-protein interaction to inhibit Runx2 activation. While during the maturation of
osteoblasts, DLX3 acts as an induced of Runx2 transcriptional activity via DNA-protein
interaction which stimulates OCN transcription®®. Runx2 transcriptional activation is also
regulated by a variety of post-translational modifications and/or protein-protein
interactions?®”2°%-261  Moreover, Runx2 contains two activation domains that facilitate
coactivator or repressor recruitment and transcriptional activation. As such, its promoter
regions are either surrounded by or overlapped with binding sites for a variety of
coregulatory molecules, including SMADS?°282_ Given that GDF10 exerts its effect in
SMAD3-dependent manner and that Runx2 activation is also regulated by SMAD3, GDF10
and Runx2 may compete for SMAD3 and well as the co-receptor SMAD4 in

VSMCs!75195:263 Gijven that regulation of Runx2 transcriptional activity occurs in multiple
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regions, GDF10-mediated downregulation or Runx2 expression may occur through one of
several potential mechanisms described above, and thus may only affect some genes.
While this thesis provides considerable evidence in support of an anti-osteogenic
role of GDF10 in vitro, one of the most evident limitations is that no difference in HA
deposition was observed in the GDF107" mice. Thus, additional studies using GDF10
supplementation in vivo are necessary to confirm its role as a novel inhibitor of VC. The
data presented in Chapter 3 also demonstrate a substantial increase in circulating levels of
closely related BMP3 in GDF10”" mice, which likely occurred in a compensatory manner
due to the absence of GDF10, and may explain inconsistencies between in vivo and in vitro
experiments. For this reason, additional studies using GDF10 and BMP3 double KO mice
would further elucidate the role of GDF10 in ectopic mineralization. Future studies are also
necessary to examine the mechanisms by which GDF10-mediated downregulation of
Runx2 transcriptional activity occurs. Given that hyperphosphatemia-mediated
development of osteogenic phenotype in VSMCs is similar to osteoblast differentiation, the
potential mechanisms underlying GDF10-mediated inhibition of Runx2 are also likely
closely related to inhibitory mechanisms observed in osteoblast. Activation of the TGF-p-
SMAD pathway results in the recruitment of histone deacetylases that antagonize Runx2
activity and as such inhibit osteogenesis®. Given that TDAG51”- VSMCs exhibit reduced
Runx2 activity (Chapter 2), coupled with an increase in GDF10 and HDAC3 expression

(Appendix 4), GDF10 may exert its effect in an HDAC-dependent manner.
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5.2 The relationship between CKD and NAFLD

Mounting evidence demonstrates the increased prevalence of metabolic syndrome (MS),
characterized by presence of obesity, hypertension, and DM in patients with CKD?54-2%6,
Epidemiological studies show that NAFLD is an independent risk factor for CKD, where
presence and severity of NAFLD correlates with increased risk and severity of CKD?%7:2%,
Approximately 20% to 50% of patients with NAFLD have impaired renal function?®,
Likewise the prevalence of CKD is increased in patients with NAFLD?™, Given that
NAFLD and CKD are both progressive chronic conditions that occur as feature of MS, they
have an independent and likely additive effect on CV risk in patients with impaired renal
function.

Similar to the association between CKD and VC, there also exists an association
between NAFLD and CAC in patients with and without previous history of CVD?%. A
relationship between presence the of NAFLD and abdominal aortic calcification has been
highlighted previsously?’2. In line with these observations the Multi-Ethnic Study of
Atherosclerosis defined an association between NAFLD and arterial stiffness—which is
frequently used as a surrogate measure of VC273. A cross-sectional study of 4123 patients
and controls also determined that presence of NAFLD is predictive of an increase in CAC
score independent of other CV risk factors?#. Similarly, in the Framingham Heart Study,
hepatic lipid accumulation was associated with increase in the CAC score?’®. Recent
epidemiological studies have also reported lower bone mineral density in patients with
NAFLD; a condition which is also highly prevalent in patients with advanced CKD and

VC48'276.
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Limited mechanistic insight exists to link these symptomatically distinct diseases
that occur as a result of MS. In one study, an increase in circulating leptin and metabolic
oxidative stress, as a result of NAFLD, was shown to increase renal inflammation and
fibrosis in a mouse model of hepatic steatosis and acute renal toxicity?’’. In line with these
studies, NAFLD-associated increase in circulating leptin was also demonstrated to cause
renal mesangial cell activation and inflammation, subsequently leading to renal fibrosis?’®.
However, to date no mechanistic evidence exists to delineate the relationship between
NAFLD and an increase in CAC observed in epidemiological studies. Thus, vascular

manifestations may occur either as a direct result of NAFLD, or indirectly as a result of

renal disease.

5.2.1 GDF10 blocks hepatic PPARY activation to protect against diet-induced liver
injury
The prevalence of MS is quickly rising worldwide?”®. NAFLD is a feature of a MS that
affects approximately 25% of the global population, and contributes to other comorbidities
associated with MS, such as DM, hypertension, heart disease, and ischemic stroke?®.
Chapter 4 of this thesis demonstrates that GDF107 mice develop increased HFD-induced
obesity, hepatic steatosis, and liver fibrosis. Using in vitro models the data presented in
Chapter 4 show that recombinant human GDF10 can prevent excessive lipid accumulation
in hepatocytes by attenuating PPARY transcriptional activity. These findings are consistent
with the previously reported role of GDF10 in adipocyte differentiation'%6-27,

While the study described in Chapter 4 provides insight into the hepatoprotective

role of GDF10 via the regulation of de novo lipogenesis, the role of GDF10 on liver injury
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has not been fully elucidated. A substantial increase in hepatic fibrosis was found in the
GDF107 mice, which is of interest because the observed degree of liver damage does not
normally occur as a result of HFD-feeding in mice with C57BL/6J genetic background, and
is comparable to established models of hepatic fibrosis®®'-?¢2, This suggests that GDF107
mice may represent a novel model of diet-induced hepatic injury. However, additional
studies using established models of liver injury are necessary to fully elucidate the potential
protective effect of GDF10.

Although antagonistic activity of GDF10 against PPARy in hepatocytes confers a
protective phenotype, these findings are in conflict with a previously demonstrated
protective effect of GDF10 in other PPARy-rich cell types, like VSMCs'?. Given that an
increase PPARYy activation in the VSMCs confers a protective phenotype against VC, there
exists a possibility that in a manner similar to TGF-B, GDF10-mediated regulation of
PPARy function can occur in a cell- and context-dependent manner'?®, These findings
suggest that in contrast to hepatocytes, GDF10 may function as a PPARy agonist in
VSMCs. If this holds true, GDF10-induced downregulation of Runx2 transcriptional
activity in VSMCs may occur as a result of heightened PPARy activation!?0125,
Additionally, the GDF10-mediated response in VSMCs may occur through an alternative
regulatory signaling cascade, which could also result in differential response. However,

additional studies are necessary to test this hypothesis.
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5.3 Conclusion and future directions

One of main findings of this thesis demonstrates that TDAG51 modulates VC by
regulating Runx2 transcriptional activity and Pit-1 expression. To this end, TDAG517- mice
and VSMCs exhibit an attenuation of VC!4, The second main findings is that in addition
to the regulatory action of TDAG51 on Runx2 and Pit-1, TDAG51 also modulates the
expression of the novel systemic inhibitor of VC, GDF10. This finding provides additional
and alternative mechanism to explain diminished mineral deposition that was observed in
TDAG51" . Lastly, the results shown in this thesis also demonstrate that GDF10 is a
powerful circulating inhibitor of PPARy activation in hepatocytes, and as such an important
modulator of hepatic lipid accumulation!®. These last two observations are especially
exciting because as a circulating protein, GDF10 holds great potential as a therapeutic
treatment for VC and NAFLD.

Give that we have previously demonstrated that TDAG517" mice exhibit a
predisposition to conditions that affect renal insufficiency, as well as VVC, future studies
should focus on examining VSMC-specific role of TDAG5145152153226 gty dies utilizing
VVSMC-specific knockout and overexpression of TDAG51 would allow to determine the
role TDAG51 in VC independent of other modulators of this disease. This is of interest
because TDAG51” mice exhibit an increase in circulating levels of novel inhibitor of VC,
GDF10 (Chapter 3). Importantly, GDF10 is predominantly expressed in adipose tissue and
is also involved in the regulation of adipocyte differentiation'2%7, Consistent with these
findings, TDAG51”" mice develop increased adiposity characterized by enlarged

adipocytes!#. Because adipose tissue is known to secrete a variety of factors involved in
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both paracrine and autocrine regulation, increase in circulating GDF10 in TDAG51” mice
likely occurs as a result of increased GDF10 secretion from adipose tissue as opposed to
VSMCs®2, In turn, adipose-secreted GDF10 in TDAG51” mice may affect vascular
homeostasis.

Despite the fact that Chapter 3 of this thesis highlights GDF10 as a novel inhibitor
of VC, additional animal studies are necessary to confirm these findings. Future
experiments should investigate whether exogenous GDF10 treatment can inhibit VC in
wild-type mice using either a CKD-associated or proof-of-principle vitamin D3 overload
model of VC. Because there exists a compensatory increase in BMP3 in GDF107" mice,
experiments utilizing GDF10-BMP3 double knockout mice are also necessary to
unequivocally validate GDF10 as an important regulator of mineralization. Given that
similar to Bmp3, GDF10 is a negative regulator of osteoblast differentiation and
mineralization future experiments examining skeletal health status in GDF10” and
GDF10-BMP3 double knockout mice are also of interest! 2173,

Identification of GDF10 as a novel systemic modulator of VC and hepatic lipid
accumulation are particularly exciting. Previous findings demonstrate the vital role of
circulating proteins in the regulation of conditions associated with MS. In clinical studies
expression of another divergent member of the TGF-B superfamily, GDF15, has been
correlated with obesity, insulin resistance, and risk of CVD?®*, Studies have also reported
that plasma levels of KL, OPN, and fetuin-A are associated with CAC®. Similarly,
systemic levels of proprotein convertase subtilisin/kexin type 9 (PCSK9) correlate with

presence of calcific aortic valve stenosis, while patients treated with anti-PCSK9 antibodies
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exhibit an attenuation of aortic stenosis progression?®2%  Hence, identification of

molecules that can effectively regulate GDF10 activity and expression are of great interest.
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APPENDIX 1-ER stress in response to vitamin D3

Supplemental Figure 1

Vehicle Vitamin D3
TDAGS51 ** TDAGS51 - TDAGS51 TDAGS51 -
= | 2l
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Supplemental Figure S1: Aortas from TDAG517 mice exhibit an attenuation of ER
stress in response to vitamin D3 treatment. Eight week old TDAG51** and TDAG51”-
male mice were randomly selected to either treatment or vehicle control groups. The
treatment group was injected with 555000 1U/kg/day of active vitamin D3 for 3 consecutive
days®. Mice were sacrificed on day 7 of the study. Abdominal aortas were harvested, fixed
in formalin, embedded in paraffin and sectioned at a thickness of 4 um. Sections were
deparaffinized in three changes of xylene and dehydrated in 3 changes of ethanol. Sections
were then blocked for 30 minutes and incubated with primary antibody overnight.
Following the incubation with primary antibody, sections were washed and subsequently
incubated with secondary antibody. Nuclei were counterstained using Gill’s Hematoxylin.

Staining was detected using Nova Red Solution.
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APPENDIX 2-Adenine model of VC pilot

Various animal models have been developed to examine CKD-associated VC. The large
majority of available models are dependent on surgical or genetic manipulation. The most
commonly used method to induce renal dysfunction is surgical reduction of kidney mass
by 2/3, 3/4 or 5/6, which eventually leads to uremia and other CKD-related complication?.
However, surgical models pose a substantial risk of mortality. Induction of CKD using
dietary administration of adenine is an alternative model in which renal impairment occurs
as a result of nephrotoxicity due to an accumulation of precipitated adenine crystals in the
renal tubules and urinary track?. Adenine-based models of VVC are predominantly used in
rat studies and have been demonstrated to produce somewhat inconsistent results in mice
on a C57BL/6J genetic background due to resistance to ectopic mineral accumulation?.

In recent years, two separate groups have successfully demonstrated an induction
adenine-mediated kidney injury in mice®**. In their study, Jia et al.® carried out an 8-week
experiment in which mice were fed either a casein-based control diet or casein-based diet
supplemented with varying concentrations of adenine. Schematic view of study design
adapted from the original manuscript is shown in Supplemental Figure S2A below. This
study demonstrated a reliable non-surgical method of inducing CKD-like renal damage in
mice, however VC was not examined. Even though a substantial increase in circulating
serum P;i was observed in the adenine group, it is unclear whether VC would be present in
these animals given that no additional Pi supplementation was provided. In a separate study,
Tani et al.* demonstrated that although adenine feeding leads to renal impairment similar

to that observed previously, adenine alone is not sufficient to lead to VVC in the absence of

187



PhD. Thesis—Khrystyna Platko; McMaster University—Medical Sciences

additional P; supplementation. Based on these observations, we adopted the protocol for
CKD induction and P; loading developed by Tani and colleagues®. Schematic view of our
study design is shown in Supplemental Figure S2B below. Other components of the diet,
such as calcium, magnesium, and vitamin D3 were comparable to Jia et al.®> because the
experimental procedure in the study described by Tani et al. did not disclose the exact
proportions. The exact proportions of micro and macro nutrients are outlined in
Supplemental Table 1.

The designed study was not carried out to completion because of substantial weight
loss, which occurred as a result of reduced food consumption, and increased mortality rates
in the adenine and adenine+P; groups (Figure S3A). Weight loss further increased when a
combination of high P; and adenine was introduced, leading to termination of the
experiment (Figure S3A). The limited data from this study demonstrate that in line with
previous observations adenine feeding results in renal tubular inflammation and increased
adipocyte content in the femurs of mice fed diet containing 0.2% adenine (Figure S3B and
C)**. Additionally, an increase in serum phosphate and creatinine was also observed in
adenine fed mice (Figure S3D). No significant increase in aortic mineral content was
observed in the adenine+Pi or adenine alone groups (Figure S3E). Given that mice were
only fed high Pi containing diet for approximately one week, and that Tani et al.*
demonstrated that adenine alone does not induce VC, it is not surprising that no increase in
mineral content in the aortas was observed.

To overcome the limitations of the study described above, experimental approach

was modified to incrementally increase P; content in the diet util it reached 1.8%. Schematic

188



PhD. Thesis—Khrystyna Platko; McMaster University—Medical Sciences

view of modified study design is shown in Supplemental Figure S4A. Additionally, to help
maintain body weight, diet was supplemented with a high calorie dietary supplement
recommended by the animal facility staff. Given that vehicle control samples were
available from previous experiment, this pilot study only included the adenine and adenine+
Pi groups. Although, the study was carried out to completion with minimal weight loss, no
difference in aortic mineral content between adenine+P; group and previously tested
vehicle control group was observed (Figure S4B and C). Lack of expected phenotype was

attributed to high concentration of vitamin K in the dietary supplement (Ensure).
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Supplemental Figure S2 (1/1)
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Supplemental Figure S2: A schematic representation of adenine-mediated CKD
models. (A) Adenine model of renal damage employed by Jia et al®. (B) Study design for

induction of CKD-associated VVC based on Tani et al*.
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Supplemental Figure S3 (1/2)
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Supplemental Figure S3 (2/2)
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Supplemental Figure S3: Assessment of adenine-mediated model of renal damage and
VC . (A) Percent body weight change (n=3-5 per group). (B) Representative H&E and
Trichrome staining in the kidney tissue. (C) Representative H&E staining in the femur
tissue. (D) Quantification of serum phosphate, creatinine, and calcium (n=3 per group). (E)
Quantification of calcium deposition in the aortas (n=3-5 per group). All data represented

as mean and error bars as standard deviation.
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Supplemental Figure S4
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Supplemental Figure S4: Assessment of adapted adenine model of renal damage and
VC . (A) A schematic representation of adapted experimental design. (B) Percent body
weight change (n=5-7 per group; control groups from previous experiment). (C)
Quantification of calcium deposition in the aortas (n=5-7 per group; control groups from

previous experiment). All data represented as mean and error bars as standard deviation.
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Supplemental Table 1: Diet compositions

Diets

Diet Formula Control 0.2% 0.2%

Adenine Adenine

+1.8%
Pi
Adenine (%) 0 0.2 0
Phosphate (%) 0.8 0.8 0.8
Calcium (%) 1.07 1.07 1.07
Magnesium (%) 0.24 0.24 0.24
Vitamin D3 (IU) 1.37 1.37 1.37
Casein (g/kg) 200.0 200.0 200.0
L-Cystine (g/kg) 3.0 3.0 3.0
Corn Starch (g/kg) 367.4366 365.4366 | 340.9368
Maltodextrin (g/kg) 132.0 132.0 132.0
Sucrose (g/kg) 100.0 100.0 100.0
Soybean Qil (g/kg) 70.0 70.0 70.0
Cellulose (g/kg) 50.0 50.0 50.0
Mineral Mix (g/kg) 13.39 13.39 13.39
Calcium Phosphate, monobasic, monohydrate (g/kg) 26.42 26.42 67.07
Calcium Carbonate (g/kg) 16.15 16.15
Potassium Phosphate, monobasic (g/kg) 0.44 0.44 0.44
Magnesium Oxide (g/kg) 3.123 3.123 3.123
Vitamin Mix (g/kg) 15.0 15.0 15.0
Vitamin A Palmitate (500, 000 1U/g) (g/kg) 0.012 0.012 0.012
Vitamin D3 in (50, 000 1U/g in sucrose ) (g/kg) 0.0274 0.0274 0.0274
Vitamin E, DL-alpha tocopheryl acetate (500 1U/g) (g/kg) 0.225 0.225 0.225
Choline Bitartrate (g/kg) 2.75 2.75 2.75
Thiamine (81%) (g/kg) 0.01 0.01 0.01
Vitamin K, phylloguinone (g/kg) 0.002 0.002 0.002
TBHQ antioxidant (g/kg) 0.014 0.014 0.014
Nutrient information
% kcal
from
Protein 19.5 19.5 20
Carbohydrate 62.7 62.7 61.7
Fat 17.8 17.8 18.3
| Kcallg 3.6 3.6 35 |
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APPENDIX 3-Structural similarity between mouse TGF-p and GDF10 active

ligands

Protein sequence of mouse TGF-B1 and GDF10 were compared using the NCBI Protein

Blast online tool. Query input is summarized in Supplemental Table 2. Graphical summary

of comparison of protein sequences demonstrates only 40-50% similarity in the carboxy

terminal domain between TGF-B1 and GDF10 (Figure S5).

Supplemental Table 2: NCBI protein blast input summary

TGF-B GDF10
Species Mouse Mouse
Peptide length (amino acids) 390 476
Predicted Molecular Mass (Da) 44,310 52,575
UniProt Sequence Identifier Q3UNK5 P97797
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Supplemental Figure S5

Distribution of the top 5 Blast Hits on 1 subject sequences
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Supplemental Figure S5: Comparison of Gdfl0 and TGF-B protein sequences. (A)

Graphical summary. (B) Dot plot summary.
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APPENDIX 4-HDAC3 expression in VSMCs from TDAG51** and TDAG51"
mice

Supplemental Figure 6
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Supplemental Figure 6: TDAG517- VSMCs exhibit increase expression of HDACS3.
TDAG51** and TDAG517 VSMCs were either untreated or treated with 2.6 mM Pi for 3
days. Protein concentrations of whole cell lysates were measured using a modified Lowry
assay. The samples were resolved by SDS-PAGE and subsequently transferred to
nitrocellulose membranes. The membranes were then blocked using 5% w/v skimmed milk
and subsequently incubated with respective primary antibodies overnight. Following the
incubation with primary antibody, membranes were incubated with respective secondary
antibodies and the signal was detected using a Konica Minolta X-ray film processor or

ChemiDoc XRS+.
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