M.Sc. Thesis — R. Venier McMaster University — Biology

DIFFERENTIAL REGULATION OF HIF-1a IN TAY-SACHS NEUROGLIA



M.Sc. Thesis — R. Venier McMaster University — Biology

DIFFERENTIAL REGULATION OF HIF-1a IN HUMAN TAY-SACHS NEUROGLIA

By: ROSEMARIE E. VENIER, B.Sc. (Hons)

A Thesis Submitted to the School of Graduate Studies in Partial Fulfillment of the
Requirements for the Degree Master of Science

McMaster University © Copyright by Rosemarie E. Venier, August 2012
All Rights Reserved



M.Sc. Thesis — R. Venier McMaster University — Biology

MASTER OF SCIENCE Biology (2012)

McMaster University
Hamilton, Ontario, Canada

TITLE: Differential Regulation of HIF-1a in Human Tay-Sachs Neuroglia
AUTHOR: Rosemarie E. Venier, B.Sc. (Hons) (McMaster University)
SUPERVISOR: Suleiman A. Igdoura, PhD

NUMBER OF PAGES: xi, 114

i



M.Sc. Thesis — R. Venier McMaster University — Biology

ABSTRACT

Lysosomal storage diseases (LSDs) are devastating neurological disorders caused
by mutations in lysosomal hydrolases that result in accumulations of hydrolase substrates.
Tay-Sachs disease (TSD) is an LSD that specifically results in the accumulation of GM2
gangliosides causing the activation of inflammatory signaling pathways, and leading to
microglial activation and apoptotic cell death. The detailed mechanisms through which
cell death occurs have not been completely elucidated, however, excitotoxicity is thought
to play a major role. Here, we investigated the role of hypoxia-inducible factor-1a (HIF-
la) and its effector microRNA, miR-210, and the impact they have on the expression of
important molecules involved in excitotoxicity, namely neuronal pentraxin 1 (NPTXI)
and potassium channel KCNK2 (KCNK2). We discovered that TSD neuroglia are
inefficient at stabilizing HIF-1a in hypoxic conditions. Furthermore, miR-210 expression
is significantly higher in TSD neuroglia compared to normal neuroglia at baseline and
during hypoxia. In addition, TSD neuroglia expressed NPTXI, NPTX2 and KCNK2 at
higher levels, and neuronal pentraxin receptor at lower levels than normal neuroglia,
implicating excitotoxicity in disease pathogenesis. We also confirmed that miR-210 binds
to the 3> UTR of NPTXI to repress its expression in TSD neuroglia. The presence of
reverse hypoxia response elements in the promoter of KCNK2 and the repression of
KCNK?2 expression by HIF-1a stabilization suggest that KCNK2 is directly regulated by
HIF-1a. Moreover, the glucosylceramide synthase inhibitor, NBDNJ, which is used to
reduce ganglioside synthesis, caused expression of NPTX] to decrease but KCNK2

expression to increase, indicating this drug can modify multiple parameters of disease.
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This study identifies major gene expression changes between normal and TSD neuroglia
that affect the excitability and therefore the viability of TSD cells. This information
provides new insight into the mechanisms of neurodegeneration experienced by TSD

neuroglia.
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INTRODUCTION

Lysosomal Storage Disorders

Glycosphingolipids (GSLs) are glycolipids found within the plasma membrane.
They are important molecules that are localized in microdomains called lipid rafts, which
facilitate cell-cell interactions and effective signaling. Lipid rafts are enriched in
sphingolipids, cholesterol, and glycosylphosphatidylinositol (GPI)-anchored proteins
positioned to enable efficient localization of signaling proteins.' Gangliosides are a
subclass of GSL that contain a ceramide backbone and at least one sialic acid residue on
the glycan. The ceramide moiety of the GSL functions to anchor the molecule in the
plasma membrane and positions its glycan moieties on the cell surface.’

GSLs are essential to early development as demonstrated by the embryonic
lethality observed in the mouse gene knockout of glucosylceramide synthase — the
enzyme that facilitates the first committed step of ganglioside synthesis.” Knockout of
other enzymes responsible for later steps of synthesis are not embryonic lethal but do
result in neurological defects. As such, knockout of [-1,4-N-acetyl-galactosaminyl
transferase (GalNAcT) in mice, which is the enzyme responsible for synthesis of GM2
ganglioside from GM3, causes reduced neural conduction velocity due to disrupted nodes
of Ranvier,"> axonal degeneration, reduced myelination and dysmyelination.*” Some of
these pathologies are attributed to a disruption in the interactions between ganglioside
ligands and myelin-associated glycoprotein, which has been shown to maintain myelin

stability.’
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Localization of gangliosides to lipid rafts serves a significant biological function.
In fact, both ganglioside deficiency, and addition of exogenous gangliosides leads to the
disruption of lipid rafts.** Small lipid rafts are found throughout the cell at steady state,'’
but certain stimuli cause the rafts to rearrange into large platforms to allow recruitment of
downstream signaling molecules.''"® Similarly, the post-synaptic density (PSD) is an
important component of the post-synaptic neuron composed of scaffold and signaling

. . . .. 14. 15
proteins required for neuronal signal transmission.

Lipid rafts are known to associate
with the PSD,'® which implicates gangliosides in synaptic signaling. Disruptions in raft
composition have been found to reduce the stability of signaling molecules at the cell
surface, including ionotropic glutamate receptors (AMPARs and NMDARs)."” Recent
evidence suggests increased GM1 and GM2 gangliosides alter lipid rafts in Alzheimer’s
disease (AD) and contribute to myelin degradation and disease pathogenesis.'®
Gangliosides are thus intricately involved in neuronal signaling and survival, and altered
ganglioside levels affect cell viability.

As part of normal turnover, gangliosides are internalized and targeted to the
lysosome for degradation. Here, individual sugars are cleaved from the molecule in a
step-wise fashion by specific lysosomal hydrolases." Mutations in these hydrolases can
cause a deficiency or complete loss of enzyme activity leading to accumulation of
enzyme substrate in the lysosome. This occurrence is detrimental to individual cells and
physiologically results in developmental retardation, paralysis, dementia, blindness, and

death early in life.® Collectively, diseases of this nature are termed lysosomal storage

disorders (LSDs).
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The focus of this report will be two related LSDs that are classified as GM2
gangliosidoses: Tay-Sachs disease (TSD) and Sandhoff disease (SD). These diseases are
autosomal recessive disorders, which are caused by a mutation in HEXA or HEXB genes,
respectively. This results in a deficiency or loss of function in lysosomal -
hexosaminidase. The HEXA gene encodes for the a subunit of B-hexosaminidase A and
the HEXB gene encodes for the B subunit of B-hexosaminidase A (off subunits) and B-
hexosaminidase B (Bp subunits). These enzymes are responsible for the catabolism of
GM2 ganglioside (HEXA), and globoside and GA2 (HEXB), by removing a terminal N-
acetylgalactosamine residue. Cells with one or more mutations in either gene lead to
substrate accumulation and eventually succumb to death. Diseased neurons are large and
swollen, and undergo neurodegeneration characteristic of these diseases.”

TSD is much more common in the Ashkenazi Jewish population compared to the
general population due to founder mutations. Founder mutations occur when a small,
isolated population is first established. Although the population may grow in size
subsequently, the gene pool is derived from the genes of the original founders. Therefore,
mutations are more likely to be inherited from both parents, which increases the
frequency of homozygous recessive offspring.'® The severity of TSD varies from infantile,
to juvenile, to adult onset depending on residual enzyme activity. Less enzyme activity is
correlated with earlier onset and more severe disease progression.”” The most common
mutations in the Ashkenazi population are a four basepair insertion (1278insTATC) in

exon 11 and a splice site mutation in intro 12 (IVS12+1G->C). The insertion mutation



M.Sc. Thesis — R. Venier McMaster University — Biology

causes a frameshift and premature stop codon, whereas the transversion mutation causes
abnormal splicing and both result in deficient HEX4 mRNA .*'

Despite what is known about the genetics and biochemistry of the disease, the
mechanism through which cell death occurs is still under investigation. In addition to

22-25

substrate accumulation, there is evidence to show that inflammation, microglial

26,27 22,28,29

activation, and apoptosis contribute to the pathology of TSD and SD.

It is widely accepted that chronic inflammation occurs in TSD and SD, as well as
other LSDs. This is due to an inappropriate immune response to lysosomal accumulations.
The pathophysiological mechanisms involved are still unknown, but mouse models have
been helpful in elucidating these events.”® Hexb” mice are used for the study of TSD and
SD because Hexa” mice are asymptomatic due to a bypass that results in desialylation of
GM2 to GA2 and subsequent removal of the terminal GalNAc residue by HEXB. Human
sialidase does not effectively facilitate the same catabolic bypass.”' Studies on Hexb”
mice have found altered blood-brain barrier permeability, microglial activation and
infiltration, and higher pro-inflammatory cytokine secretion when compared with wild
type mice. Inflammatory damage pre-dates clinical symptoms of disease and becomes
more extensive as the disease progresses.”> Bone marrow transplant (BMT) introduces
healthy microglia to the brain and thus has been observed to decrease activation and
expansion of resident diseased Hexb” microglia, and prevent apoptosis.*® It has also been

shown in vitro in human immunogenic dendritic cells (i-DCs) that either HEXA or HEXB

is required for immunostimulatory function. Because i-DCs are responsible for tailoring



M.Sc. Thesis — R. Venier McMaster University — Biology

T-cell responses and activation, this provides a potential explanation for the inappropriate
inflammatory response seen in TSD and SD.*

Clinically, TSD and SD are incurable diseases, however, there are many treatment
options that attempt to ameliorate symptoms of these and other LSDs. Enzyme

replacement therapy and substrate reduction, which are largely used in the treatment of

26, 34 29,35

Gaucher disease,”” ** bone marrow transplant (BMT) and viral gene therapy are
the most promising options.

N-butyldeoxynojirimycin (NBDNJ, Miglustat) is an iminosugar that acts as a
structural ceramide mimic to inhibit glucosylceramide synthase and functions to reduce
glucosylceramide entering the ganglioside synthesis pathway. This method of disease
treatment is called substrate reduction therapy.’®*’” The ability of NBDNJ to block GSL
synthesis at such an early step, as well as cross the blood brain barrier,*® makes it a useful
drug for the treatment of multiple lysosomal storage diseases. NBDNIJ is marketed under
the name Miglustat and has been approved by the United States Food and Drug
Administration, the European Union, and over 30 other countries for the treatment of
adults with type I Gaucher disease for which enzyme replacement therapy is unsuitable.
In addition, it has been approved in the European Union for the treatment of progressive
neurological manifestations in adult and pediatric patients with Niemann-Pick type C
(NPC).*

Overall, NBDNIJ appears to be a useful and beneficial drug for substrate reduction

therapy, particularly for the treatment of Gaucher disease where the drug target is

immediately upstream of the accumulating substrate, and NPC where GSL accumulation
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is secondary. Gaucher disease results from a deficiency in acid B-glucosidase
characterized by lysosomal storage of glucosylceramide, the substrate of acid B-
glucosidase.” In constrast, GSL accumulation is secondary to a cholesterol transport
defect in NPC. This leads to the accumulation of cholesterol, sphingomyelin,
phospholipids and glycolipids in the liver and spleen.* However, the exact degree to
which GSLs can be decreased in mammals safely, is unknown. Gangliosides play a
pivotal role in development and in neuronal function; it is therefore imperative to
determine the possible molecular consequences of this therapy before implementing it as
a standard treatment for all glycosphingolipidoses.

Proof of principle for substrate reduction therapy has been established using
mouse models that lack functional ganglioside synthases. Embryogenesis was arrested in
glucosylceramide synthase knockout mice during gastrulation, indicating the necessity for
glycosphingolipids in early development.” As previously mentioned, mice with a
disruption in the -1,4-N-acetyl-galactosaminyl transferase (GalNAcT) gene, the enzyme
responsible for synthesis of GM2 and GD2, are not embryonic lethal. The absence of
complex gangliosides caused GM3 and GD3 gangliosides, and lactosylceramide levels to
increase, however, other than seminiferous tubule degeneration causing infertility in
males, GalNAcT™~ mice were phenotypically normal.* When GalINAcT” mice were
crossed with Hexb” mice, the double knockouts showed GSL profiles identical to
GalNAcT” single knockouts. Double knockouts lived throughout the experimental period
and did not initially experience the behavioural deficiencies that Hexb” mice did.

Eventually, double knockouts developed progressively worsening ataxic gait at seven
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months and muscle wasting and hunched posture at nine. Severe ataxia in these mice
corresponded with the widespread loss of cerebellar Purkinje cells, which was not
observed in GalNAcT” single knockouts. Nonetheless, double knockout of HexB and
GalNAcT prolonged the life of the animals compared to single knockout of HexB,"
suggesting that substrate reduction therapy would be beneficial for the treatment of TSD
and SD.

As mentioned earlier, studies of GaINAcT” mice reinforce the idea that complex
gangliosides play an important role in neuronal signal transduction. In addition to reduced
neural conduction velocity,’ and axonal degeneration,” ’ depolarizing K* levels or
glutamate caused apoptosis in cerebellar granule neurons of GalNAcT” mice due to
persistent intracellular Ca®" elevation.*” These studies suggest that complex gangliosides
are important in Ca* homeostasis, axonal maintenance and neuronal transmission;
therefore, the administration of substrate reduction therapy may harbor negative
consequences especially in children and adolescents where myelination may still be
occurring as treatment begins.

In vitro studies in the promyelocytic cell line, HL-60 showed decreased levels of
neutral glycolipids and gangliosides when cells were treated with NBDNJ. More
specifically, GM1 was reduced by 90% in HL-60 cells and three other cell lines upon
NBDNI treatment, indicating inhibition of glycolipid biosynthesis. Further investigation
by this group showed that lipid accumulation was prevented in the presence of NBDNJ in

a murine macrophage cell line (WEHI-3B) treated with conduritol B-epoxide to mimic the



M.Sc. Thesis — R. Venier McMaster University — Biology

lysosomal storage phenotype of Gaucher disease,” which led to the administration of
NBDNI in vivo.

Healthy C57Bl/6 mice treated with NBDNJ presented with smaller spleens and
thymuses and grew slower than untreated controls.** These findings were encouraging
since splenomegaly is a common symptom of lysosomal storage diseases,” however, the
concentration used to decrease lymphoid organ size was greater than the equivalent
clinical dose in humans. Nonetheless, NBDNJ was found to alter lymphocyte populations
in these mice. Treated mice had more T cells but fewer B cells in the spleen. As well,
thymuses had increased levels of CD4" or CD8" cells at the expense of CD4'/CD8"
cells.* Studies have shown the importance of lipids, specifically gangliosides in
lymphocyte development and maturation*** indicating that NBDNJ has the ability to
affect immune cell function, which may directly counteract the extensive inflammation
present in some LSDs.

Overall, in C57Bl/6 mice, cell surface gangliosides decreased upon NBDNJ
treatment but sphingomyelin levels increased.** This occurrence may be due to a
compensatory mechanism in place to prevent ceramide accumulation by shunting it to
other pathways, which is known to initiate apoptosis at high levels.** Additionally, while
lipid levels recovered two weeks after the drug was removed from the diet, GM2 was the
slowest to return to normal.** This difference may suggest a more specific, long-term
effect of NBDNJ on GM2 synthesis, which may be useful for treatment of the GM2
gangliosidoses. These findings led to the administration of NBDNJ to mouse models of

lysosomal storage diseases including TSD and SD.
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Tay Sachs disease mice (Hexa”) treated with NBDNJ showed improved
neuropathology and significantly less GM2 accumulation than age matched, untreated
controls.”® Similar results were seen in Hexb” mice.” In addition to reducing ganglioside
levels, NBDNJ significantly reduced the rate of decline of Hexh” mice compared to
untreated controls by increasing life expectancy from 125 to 170 days. NBDNIJ treated
animals performed well in behavioural testing when age matched Hexb™ controls were at
an advanced stage of disease. Additionally, apoptosis assays done on these mice stained
positive in untreated but not NBDNJ treated mice, in most of the brain. However,
characteristic tremor at 12 weeks was unavoidable even with treatment.”® Other studies
have observed apoptosis in Hexb” mice as well as human TSD and SD brain, indicating a
prevalent role in pathogenesis.”® Therefore, the ability of NBDNJ to reduce these
parameters indicates its relevance to treating LSDs as well as the importance of early
intervention.

Further, NBDNIJ can act in conjunction with other modes of treatment and has
been found to result in synergy. Hexb” mice administered NBDNIJ after they had
undergone BMT had significantly delayed symptom onset, performed better in
behavioural tests, and had the slowest rate of decline compared to untreated mice or those
treated with either NBDNJ or BMT alone. Moreover, GA2 levels in treated mice were
comparable to untreated SD controls although they lived longer, which suggests that GA2
is not affected by NBDNIJ and levels of GA2 may not be a major life expectancy
determinant. While brain GM2 levels were similar in untreated, NBDNJ and BMT mice,

the NBDNJ/BMT combination resulted in 30% higher GM2. However, the combination
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therapy still enhanced survival for Hexb” mice.** Based on these data, the authors suggest
that pathology is not solely due to a GM2 storage level threshold. This evidence suggests
lysosomal accumulations may initiate neuropathology but not propagate it.

Moreover, further studies on the properties of NBDNJ indicate it is proficient at
altering other disease symptoms. Elevated levels of pro-inflammatory cytokines TNF-a
and IL1-p normally observed in Hexb” mice were reduced to near normal levels in those
treated with NBDNJ. Additionally, MHC class II and CD68 expression — markers of
inflammation — were reduced to normal levels upon NBDNIJ treatment as well.”> This
provides further evidence of NBDNJ’s wide-reaching impact on disease.

Clinical trials of NBDNJ for use in Gaucher disease treatment have generally been
successful, with all reporting a significant reduction in liver and spleen volumes and

. . . 33, 51
reduction of disease biomarkers.”™

The major side effect noted by the majority of
patients was diarrhea, which responded well to loperamide or a lactose free diet. This
symptom is due to o-glucosidase inhibition.”” Success in these trials led to the
administration of NBDNJ to patients with other LSDs. Jacobs et al. administered NBDNJ
to a child with TSD after BMT,>* and similarly, Bembi et al. studied two young girls with
TSD who were also given the drug.”® Neither study found that NBDNJ was able to arrest
neurological deterioration, however, Bembi et al. found it prevented macrocephaly.™ It is
hard to draw any concrete conclusions from these studies; yet, it is likely that due to the

severe nature of infantile TSD, NBDNJ must be administered at a very young age before

substantial accumulation has taken place for it to have a largely observable affect.

10
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Studies performed on areas other than the brain indicate the wide range of
therapeutic effects of NBDNJ. Misago et al. found that NBDNJ stimulated proliferation
of human granuloid progenitors from bone marrow blood, yet suppressed the maturation
from myelocytes to segmented neutrophils. In addition, NBDNJ slightly induced
apoptosis in these cells as measured by flow cytometry.”* Since neutrophils are strong
producers of reactive oxygen species (ROS), and neutrophils isolated from Parkinson’s
and Alzheimer’s patients show higher levels of ROS, this evidence may indicate a role for
neutrophils in neurodegeneration.” There has also been evidence to suggest NBDNJ can
be atheroprotective by altering plasma lipid, lipoprotein and C reactive protein levels in
Gaucher patients.’*These data further suggest a role for NBDNJ in regulation of
inflammation as well as GSL reduction, contributing further to its neuroprotective effects.

It is obvious from the aforementioned studies that the complex molecular events
in TSD are important modulators of disease pathogenesis. Therefore, gene expression
changes specific to TSD can help identify the pathways involved in cellular dysfunction
and death. Moreover, treatment with NBDNJ may help elucidate which changes are
beneficial and which are detrimental. With this knowledge, it is possible to design new
and more effective therapies for the treatment of the disease. The goal of this study is to
specifically investigate the role of hypoxia-inducible factor-1a (HIF-1a) and its effectors
in TSD.

Hypoxia Inducible Factor-1

HIF-1 is a protein that consists of an o and B subunit which are members of the

Per/Amt/Sim (PAS) protein family. This protein family consists of basic helix-loop-helix

11
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proteins that are able to dimerize due to their PAS domain.’” HIF-1a is constitutively
synthesized and degraded during normoxia,™ however, under hypoxic conditions, it
undergoes modifications that prevent its degradation and subsequently lead to

61, 62
’ and

accumulation,”” ® dimerization with the constitutively expressed HIF-1p
upregulation of target genes.

HIF-a has three paralogs: HIF-la, -2a and -3a.” Once HIF-1 moves to the
nucleus, it recognizes and binds the hypoxia response element (HRE) with the consensus
sequence (A/G)CGTG.** HIF-1a is more widely expressed than HIF-2a, and expression

65,66 HIF-3q is believed to act as a

patterns are complementary rather than redundant.
negative regulator of HIF-mediated transcription.®” An alternatively spliced product of
HIF-3a called IPAS (inhibitory PAS) dimerizes with HIF-1f to inhibit transcription. This
splicing event can be induced by hypoxia and thus provides a regulatory feedback

mechanism.®® ¢

The pro-inflammatory cytokine TNF-a increases expression of IPAS and
decreases HIF-1 target gene expression in rat PC12 cells but not human Hep3B cells,
indicating that its action may be cell type specific, yet could be involved in regulating
inflammatory responses.”’

To function as an oxygen sensor, degradation of constitutively expressed HIF-1a
is mediated through ubiquitylation and proteosomal degradation. It occurs through
modification of an oxygen-dependent degradation domain (ODDD), which is flanked by
the N-terminal activation domain and the C-terminal activation domain.”® In the presence

of oxygen, iron and 2-oxoglutarate, HIF-1a is hydroxylated by prolyl hydroxylase domain

(PHD) proteins which specifically hydroxylate proline residues 402 and 564 in the

12
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ODDD at a conserved Leu-X-X-Leu-Ala-Pro motif.®° Hydroxylation allows the von
Hippel-Lindau protein (pVHL) to bind HIF-la, initiating poly-ubiquitylation and
proteosomal degradation.”"” As an additional control, hydroxylation of asparagine
residue 803 prevents HIF-1a from interacting with its coactivator p300/CBP.”*"® This
modification is facilitated through factor inhibiting HIF1 (FIHI), which, similarly to
PHDs, needs iron, 2-oxoglutarate and O, for proper function.”* Consequently, under
hypoxic conditions, both PHDs and FIH1 are inhibited, allowing HIF-1a stabilization and
activation.

Post-translational modification and protein-protein interactions of HIF-1a are
essential for fine-tuning its actions. For example, phosphorylation by ERK1/2 promotes
nuclear translocation, interaction with HIF-1B and transactivation of HIF-1.”> " On the
other hand, phosphorylation by GSK3f causes destabilization of HIF-1a independent of
pVHL.” Another VHL-independent interaction occurs between HIF-1a and HSP90 via
the PAS domain.*** Since this domain is needed for dimerization with HIF-1p, it
competes with HSP90 for binding to HIF-1a. HSP90 thus keeps HIF-1a accessible and
prevents nonspecific degradation.*> Modifications like these allow refinement of HIF-1a
responses so the appropriate actions may be carried out based on the activation of
different signaling pathways.

HIF-1 is classically known to activate genes involved in cellular processes
including angiogenesis, glycolysis and vasodilation, which help the cell adapt to hypoxic
conditions.® Nonetheless, HIF-1o. can be activated under normoxic conditions via

transition metals, nitric oxide (NO), ROS and growth factors,85 indicating that it is

13
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capable of responding in oxygen-independent ways as well. Therefore, HIF-1a can be
thought of as a general stress-response protein rather than a solely hypoxic response
protein.

One well studied target of HIF-1a is microRNA-210 (miR-210).%**" microRNAs
(miRNAs) are small endogenous RNA molecules, 19-22 nucleotides long. They are
responsible for regulating gene expression by targeting mRNAs for cleavage or
repressing their translation.®® Most miRNAs are found in intronic regions of known
genes.” * miRNAs are transcribed by RNA polymerase II as long, hairpin containing
primary transcripts (pri-miRNA) with a 5° cap and poly A tail.”"”> The miRNA hairpin is
cropped from the primary transcript by an enzyme called Drosha into precursor (pre-

9597 into the

)miRNA.** The hairpin is then exported through exportin-5-RanGTP,
cytoplasm where Dicer cleaves off the hairpin loop leaving a miRNA duplex.”'" The
mature miRNA is loaded into miRISC (miRNA-containing RNA-induced silencing
complex), ready to bind and repress its target.'*

The first 2-8 nucleotides of a mature miRNA make up the “seed” sequence. It is
these nucleotides that bind within the 3’ untranslated region (UTR) of their target(s) to
repress gene expression.' The discovery of miRNAs is rather recent, yet they have been

implicated in many molecular processes including CNS development.'**'% Conditional

knockdown of Dicer, leads to neurodegeneration in many different brain cells including

107 9

cerebellar Purkinje cells,'”’ cortical neurons,'® and astrocytes.'”
With such an important role in development, it is not surprising that dysregulated

miRNA expression has been shown to contribute to neurodegeneration. For instance, an

14
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increase in proinflammatory cytokines has been linked to the accumulation of amyloid-3
(AP) in Alzheimer’s disease (AD).'"® More specifically, these cytokines increase NF-kB,
which in turn increases expression of miR-146. miR-146 represses complement factor H,
which helps to control the immune and inflammatory response of the brain, thus miR-146
propagates the pro-inflammatory response.''" ''? In addition, another miRNA, let-7,
activates the RNA-sensing Toll-like receptor 7 which results in neuronal cell death. This
miRNA is upregulated in the CSF of AD patients,'”” indicating its role in
neurodegeneration in AD. Studies like these illustrate miRNAs are a major influence on
gene expression regulation and suggest dysregulated miRNA levels may contribute to
many pathologies.

The diversity of HIF-1a regulation and responses indicate it is important for many
cellular events. Relevant to LSDs, there is evidence to suggest that HIF-1a is protective in
neurodegenerative diseases. For example, HIF-1a protein levels are decreased in the
brains of AD patients, which results in reduced expression of glucose transporters 1 and 3
— gene targets of HIF-1a. Impaired glucose uptake leads to the hyperphosphorylation of
tau protein contributing to AD pathogenesis.''* Furthermore, astrocyte activation induced

115

by AP was reduced by HIF-la stabilization. ° This is encouraging since astrocyte

activation is believed to play a role in many neurodegenerative diseases, including TSD.*
26,27, 116

Lastly, deletion of the HRE in the promoter of vascular endothelial growth factor
(VEGF, another HIF-1a target gene) results in mice with a progressive motor neuron

117

disease similar to amyotrophic lateral sclerosis (ALS) in humans.* Furthermore,
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overexpression of VEGF'"® and its receptor (VEGFR2)'"® improved the phenotype of
SODI1 mice, a true model of ALS. HIF-1a and HIF-2a knockout mice are embryonic
lethal and neuron specific deletion of HIF-1a results in hydrocephalus and reduction in

120, 121
neural stem cells. =™

These examples indicate that HIF-1a plays a significant role in
neuroprotection by counteracting pathways involved in disease and is required for proper
neural development.
Excitotoxicity

Another process that has been investigated in neurodegenerative disease pathology
is glutamate excitotoxicity. Excitotoxicity is defined as neuronal death caused by
excessive glutamate excitation.'** It occurs via the excitatory neurotransmitter glutamate,
which activates metabotropic or ionotropic glutamate receptors; this facilitates synaptic
transmission through release of intracellular calcium stores or opening of ion channels.'*
Ionotropic glutamate receptors include the N-methyl-d-aspartate receptor (NMDAR),
kainite receptor and the 2-amino-3-(3-hydroxy-5-methylisoxa- zol-4-yl) proprionate
receptor (AMPAR). AMPAR activation mediates fast excitatory postsynaptic potentials,
which increase cell permeability to sodium, potassium and calcium ions. The receptors
themselves are tetramers — dimer of dimers — composed of GluR1-4 subunits.'**
Activation of AMPARs and subsequent cell depolarization removes the NMDAR Mg**
block, which further increases cation influx, particularly Ca®" and leads to cell
depolarization and signal transduction.'*’
AMPARs are found throughout the central nervous system in both neurons and

126, 127

glia, and are not confined to the synapse, but are rather found throughout the

16
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membrane where they laterally diffuse to the pPSD. 213!

The position and number of
AMPARSs present at the synapse is under tight control. Modulation of these parameters
contributes to long-term depression (LTD) or potentiation (LTP), that is, the decrease or
increase of synaptic efficacy, respectively.'*> '** Evidence has shown that AMPARs
directly across from the site of neurotransmitter release open with ~60% probability,
however, receptors positioned even 50 nm from this site are less likely to open.'**"'*° This
suggests that clustering of AMPARs within a particular location also determines the
efficiency of neuronal transmission.

Each GluR subunit has a large extracellular N-terminal domain, four membrane
spanning domains (three transmembrane, one re-entrant loop), and a C-terminal

. . 137,138
intracellular domain. ~ "

While the N-terminal domains of the four subunits are highly
similar, C-terminal domains are not, and thus permit interactions with different proteins
allowing receptors to respond differently based on their subunit composition."*” GluR1,
GluR2L (a splice variant of GluR2) and GluR4 have long C-terminal tails whereas GluR2,

149 Differential

GluR3 and GluR4c (a splice variant of GluR4) have short C-terminal tails.
regulation of GluR subunits is exemplified by the interaction of GluR2 and GluR3 with
PDZ domain interacting proteins such as glutamate receptor-interacting protein (GRIP)
and protein interacting with C-kinase-1 (PICK1), which do not interact with other GluR
subunits.'*"" '** GRIP and PICK1 both bind the same region of GluR2 and GIuR3,
however, phosphorylation of Ser880 on GluR2/3 by PKC favours association with

PICK1.'" Studies on GRIP and PICK1 knockouts determined that they are not necessary

for AMPAR trafficking to the synapse,'** '** but instead may regulate its localization to

17
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intracellular pools or stabilization at the membrane."*®'*” On the other hand, the synaptic
protein SAP97 associates exclusively with GluR 1 to localize it to the synapse.'*®
AMPARSs also interact with transmembrane AMPA receptor regulatory proteins
(TARPs). Stargazin and other TARPs function to regulate many aspects of AMPARSs by
forming very stable interactions."”” '**'>> TARPs increase AMPAR localization to the

- o 154-157
membrane as well as their activity,

and regulate channel gating by slowing
desensitization and controlling channel opening rates."”*'® In addition to GluR1-4,
stargazin also associates with PSD-95; phosphorylation of stargazin by PKA and MAPKs
prevent this interaction and decrease its localization to the PSD, altering AMPAR
localization as well.'®* '®> Phosphorylation of stargazin by Ca”‘/calmodulin-dependent
protein kinase II (CaMKII) prevents diffusion of AMPARs from the synapse. This
impedes the normal diffusional exchange of desensitized receptors from the synapse,
reducing AMPAR activation.'®® Regulation of AMPAR localization by TARPs may be
cell-type specific since cerebellar LTD in Purkinje neurons requires dephosphorylation of
stargazin rather than phosphorylation.'®” AMPAR subunit composition and cell type are
therefore important in modulating cellular response.

Some synapses only contain NMDARs and are called “silent synapses” since there
are no AMPARS to release the NMDAR Mg”" block.'®*'" Activity-dependent insertion
of AMPARs at the membrane “un-silences” the synapse and facilitates LTP.""*'"° In
addition, while membrane expression of AMPARs is maintained at a relatively constant

level by dynamically matching endo- and exocytosis, constitutive endocytosis of

AMPARSs to provide rapid turnover has been documented.'””"® This process is Ca**
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180, 181

independent, in contrast to NMDAR-dependent internalization which requires the

Ca’"/calmodulin-dependent phosphatase calcineurin.'®*"'*

In other cell types however,
LTD depends on protein kinase C activation."®'® Again, it is likely that due to different
AMPAR subunit combinations, different effector molecules are required for cell specific
plasticity.

Fundamentally, AMPARs allow the influx of ions including Ca®", which cause a
cellular response. Calcium functions as a signaling molecule and effects cell growth and
differentiation, membrane excitation and synaptic activity. Intracellular levels are kept
low (100 nM) in neurons at rest. This allows for small elevations to efficiently activate
cellular events. Normally, neurons are able to control Ca*" levels by managing influx and
efflux through buffering and compartmentalization. However, excessive influx, for
example by over activation of glutamate receptors, or release from intracellular stores,
can over-saturate regulatory mechanisms and cause inappropriate activation of Ca’'-
dependent processes.'™ This can be detrimental in multiple ways by activating proteases,
lipases, phosphotases, endonucleases and calpains, increasing levels of oxidative and
nitrosative stress, and decoupling electron transfer from ATP synthesis, ultimately leading
to cell death."® Molecules that block ER calcium release, or that chelate intracellular
calcium, have been shown to prevent glutamate induced death'’’, which implicates
calcium directly in excitotoxicity.

GIuR2 subunits are unique in that they determine Ca*" permeability of the
AMPAR. mRNA editing of GluR2 results in an arginine to glutamine switch and

192

introduces a positive charge in the re-entrant loop. "~ This charge prevents the passage of
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divalent cations through the channel.'” '** The majority of AMPARS in the CNS contain

127, 195

GluR2, and are thus Ca®" impermeable. During early postnatal development,

1."% This suggests that Ca**

however, GluR2’s expression is low compared to GluR
permeable AMPARs play a role in shaping early synapse development. Inclusion of
GluR2 into AMPARs alters channel properties and hence alters cellular response to
glutamate and Ca”".

Dysregulated Ca*" homeostasis has been evidenced to play a role in LSDs. GM2
accumulation in Hexh” mice inhibits the sarco/endoplasmic reticulum Ca’" ATPase
(SERCA), decreasing cytosolic Ca®" uptake, and rendering neurons more sensitive to cell
death. Reduction of GM2 storage by the glycolipid synthesis inhibitor NBDNJ, reversed
these events.'”” Cerebellar granule neurons from GalNAcT mice undergo apoptosis in
response to depolarizing K levels or exposure to glutamate due to persistent intracellular

24 . 42,198
Ca”" elevation.”™

Therefore, these studies show that gangliosides are likely important
in the Ca®" buffering process since both excess and lack of gangliosides alters
homeostasis. In addition, inflammation has been observed to alter AMPAR function. In
particular, TNF-a increases neuronal excitotoxic susceptibility by increasing Ca*"
permeable AMPARS at the cell surface which may have implications for LSDs.'”*2"!
Since excitotoxicity is so detrimental, there are cellular mechanisms in place to
prevent it. The concentration of glutamate in the synapse determines the level of receptor
activation and hence must be controlled. Glutamate is removed from the extracellular

fluid via excitatory amino acid transporters (EAATs) which are present on neurons and

the surrounding glia.**> These transporters exchange three sodium ions, one proton, and
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glutamate for one potassium ion.””* Glutamate transport therefore results in a net positive
charge into the cell and is thus stimulated by a negative membrane potential.**> The
glutamate transport cycle can operate in both directions and is reversible.***

Inactivity of EAATSs allows glutamate accumulation within the synapse providing
a mechanism for excitotoxicity, although cells are capable of protecting themselves to a
certain extent. Inactivity of neuronal EAAT3 reduces membrane AMPAR expression and
inhibition of EAAT3 reduces total and membrane AMPARs. Internalized receptors are
then degraded in a proteasome-dependent fashion thought to be controlled by activation

of parasynaptic NMDARs.”*

Regulation of glutamate signaling is hence very complex
involving multiple receptors, signaling effectors and re-uptake transporters. Changes in
any of these mechanisms have the potential to be detrimental to cellular viability and
therefore warrant investigation in excitotoxic diseases.
Pentraxins

Neuronal pentraxin 1 (NPTX1) and the related proteins neuronal pentraxin 2
(NPTX2) and neuronal pentraxin receptor (NPR) are important neuronal molecules
involved in AMPAR localization, apoptosis and synaptic scaling. NPTX1, one of the
major focuses of this report, was first discovered as a binding protein for the snake venom
toxin taipoxin. It is most highly expressed in neurons of the cerebellum, hippocampus and
cerebral cortex.””® All three of the neuronal pentraxins contain an N-terminal coiled coil
domain that facilitates heteromultimerization. Based on X-ray crystallography, NPTX1

and NPTX2 are believed to form hexameric structures, held together by cysteine bonds.**

.. . . . . 207. 208
This is in contrast to the classical pentraxins which form pentameric structures.””
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Molecular studies of NPTX2 suggest cysteine (C)14 and C26 interact with the cysteine
residues on neighbouring pentraxins to form a radially symmetrical hexamer, while C79
facilitates hexamer-hexamer interactions. NPTX1 can form heteromers with NPTX2 in a
similar manner.**®

The C-terminal pentraxin domain facilitates AMPAR clustering by interacting
with the extracellular N-terminal domain of subunits GluR1-4.2%% 22" These
interactions cluster AMPARs at the synapse, a process characteristic of excitatory
synapse formation.”” Interactions between NPTX1 and NPTX2 affect each others
functions. For example, NPTX2 is more effective at clustering AMPARs and increases
the efficiency of NPTXI1 to do so. In addition, NPTX2 is an activity regulated gene,
whereas NPTX1 is constitutively expressed. Therefore, their interactions affects AMPAR
signaling in response to different stimuli, and at different times during development.**®
The ability of neuronal pentraxins to modulate AMPAR clustering suggests they may
play a role in neuronal excitation since clustering enhances the chance of activation by a
stimulus.'**"*°

Both NPTX1 and NPTX2 are secreted, glycosylated proteins,”*> %> whereas NPR
is a transmembrane protein that tethers the secreted pentraxins to the membrane.*'
Cleavage of NPR by the matrix metalloprotease, TACE (tumor necrosis factor-o
converting enzyme), releases it from the membrane. Activation of mGluR1/5 is sufficient

for TACE activation via PKC. Since NPTX1 and NPTX2 interact with AMPAR subunits

and NPR, it is believed that after NPR cleavage, all four components accumulate in
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endosomes. This process facilitates mGluR1/5-mediated LTD, and requires neuronal
pentraxins.*"!

In addition to its AMPAR clustering capabilities, NPTX1 has been associated with
neurodegenerative processes. Levels of NPTX1 mRNA and protein were increased in
cerebellar granule neurons (CGNs) cultured under low K™ or hypoxic-ischemic (HI)
conditions. NPTX1 anti-sense oligonucleotides reduced apoptosis and cytotoxicity, and
increased cell viability in these experiments.”'>*'* Under low K" conditions, NPTXI1 is
mainly localized to mitochondria where it acts upstream of the apoptotic protein, Bax. K
reduction decreased mitochondrial length and increased mitochondrial fragmentation,
release of cytochrome c, cleavage of caspase-3 and cell death. Although mitochondrial
shortening was not prevented with shRNA for NPTX1, fragmentation was, indicating
NPTX1 is required for this event. Furthermore, NPTX1 significantly increased levels of
Bax in CGNs, however low K'-induced NPTX1 overexpression in CGNs from Bax™
mice did not undergo apoptosis, demonstrating that NPTX1 acts upstream of Bax.”"> The
NPTX1-mediated apoptotic effects of HI have also been linked to GSK3a/B. HI inhibits
Akt, leading to activation of GSK3a/p and a corresponding increase in NPTX1. Neurons

from NptxI” mice were protected from the effects of HI,*'®

indicating NPTX1 is required
for HI-induced apoptosis.

NPTX1 has also been implicated in Alzheimer’s disease. Cells cultured with AP,
showed increased NPTX1 protein levels and cleaved caspase-3 corresponding to

increased apoptosis. Again, anti-sense NPTX1 reversed the changes AP caused within the

cell, including reduced neurite outgrowth, reduced dendrite length and synapse loss.
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Overexpression of NPTX1 mimicked the effects of Ap,*'” emphasizing a major role for
NPTXI1 in neurodegeneration.

In addition to the aforementioned functions of NPTX1, it has also been found to
be involved in synaptic scaling. Mice lacking NPTX1, NPTX2 and NPR, are viable,
fertile, and possess no gross cerebral, cerebellar or hippocampal changes.”'* '
Nevertheless, NPR knockout reduces the amount of NPTX1 and NPTX2 that can be
purified by 50%, indicating it is important for the stabilization of the secreted NPTXs at
the membrane.”'® Despite the absence of gross morphological changes, NPTX1 and
NPTX2 knockouts have a defect in dorsal lateral geniculate nucleus formation due to a
failure in retinal ganglion cell (RGC) axon refinement. RGCs cultured from knockout
mice had few synaptic currents with small amplitudes, indicating that glutamatergic
synaptic function was delayed without NPTX1 and NPTX2.>'® Other members of the
pentraxin family including serum amyloid P component, C-reactive protein and
pentraxin-3, interact with the complement protein Clq to activate the complement
cascade. Complement proteins function to mark targeted cells for destruction and are an
important component of immunity.*'***" Although it has not been proven, based on the
aforementioned evidence, it is likely NPTX1 and NPTX2 are capable of this interaction
as well and are therefore fundamental to synaptic maintenance.

Studies on NPTX1 undoubtedly indicate its involvement in AMPAR regulation,

and provide it with a role in excitotoxic cell death and neurodegeneration that deserves

further study. Here, we attempt to determine its involvement in LSDs, particularly TSD.
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Potassium Channel KCNK2

The potassium channel KCNK2 (also called TREK1) is a dimeric, outwardly
rectifying, background potassium channel. In humans, KCNK2 is primarily found in the
CNS, particularly in the striatal tissues of the caudate and putamen, spinal cord, amygdala,
thalamus and fetal brain.*** Studies in rat brain have localized it particularly to

GABAergic interneurons, where it can be observed on the cell body and cell processes.”*

It is also found at lower levels in the stomach and intestinal tract.”*

Three mRNA variants of human KCNK2 have been documented. They differ in
their 5° ends and therefore two potential promoters have been identified,”** which
provides another degree of control over channel properties. Most published studies on
human KCNK2 investigate variant 2 or 3.”*>**" More specifically, variant 3 contains an
alternative translation initiation site that results in a A1-56 truncated protein. This causes
shortening of the N-terminal intracellular domain and reduced outward K currents. The
deletion also causes a depolarizing shift in resting membrane potential due to the
channel’s increased permeability to Na".**® Furthermore, a splice variant missing exon 4
has been described. This variant has no channel activity and is in fact retained in the
cytosol. It acts as a dominant negative KCNK2 by dimerizing with full length KCNK2
and preventing it from travelling to the cell surface. This dominant negative form
involves interactions with the N-terminus of full-length KCNK2.**’

Each KCNK2 channel is composed of two subunits and each subunit has four

transmembrane and two pore (P) domains.>** Both P domains of KCNK2 contain a Gly-

Phe-Gly motif which makes up the selectivity filter. As a background or “leak” K"
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channel, the activity of KCNK2 drives neuronal membrane potential closer to the K"
equilibrium potential (-90 mV) by allowing ions to leak out of the cell and therefore tends
to reduce cell excitability.*'

Neurotransmitters like glutamate are known to inhibit background potassium
channels to induce membrane depolarization and firing of an action potential.>***** This
occurs via the postsynaptic group 1 mGluRs (mGluR1/5): glutamate-induced activation of
Gq-coupled mGluRs activates phospholipase C (PLC) and leads to cleavage of PIP; into
DAG and IP;. DAG activates PKC and IP; induces intracellular Ca’" release.?*>2%8
Evidence suggests DAG directly interacts with KCNK2, whereas PKC phosphorylates it
to cause its inhibition. Conversely, related channels KCNK3 and KCNK9 are thought to
be regulated by the other side of the pathway via IP; instead.”> ****** KCNK2 is not a
“pure” open rectifier in that it is blocked by Mg®" at negative membrane potentials,*** and

245 . .
These modifications cause

phosphorylation by PKA can render it voltage-dependent.
KCNK?2 activation at depolarized potentials. Together, these events illustrate an important
role for KCNK2 in maintenance of cell potential in which glutamate stimulus causes
KCNK?2 inhibition and subsequent membrane depolarization which thereafter activates
KCNK2 to return the cell to resting potential. Moreover, inflammatory molecules can

238, 245, 246

cause activation of mGluR1/5 as well, causing KCNK2 inhibition. This may

have implications in TSD where inflammatory cytokines are high.
Because KCNK2 must be able to maintain cellular membrane potential under

many conditions, other molecules and environmental changes can cause its activation.

247 249,

Poly unsaturated fatty acids like arachidonic acid (AA),””" membrane s‘uretch,248 heat,
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% volatile anaesthetics, intracellular acidosis, activation of mGluR2 and

mGluR4,***** and stimulation of p38 and ERK pathways all increase activity.”> AA and
membrane stretch change cell membrane curvature to activate KCNK2. This is reinforced
by the observation that lysophospholipids stimulate KCNK2 when present in the outer

leaflet of the lipid bilayer, but inhibit KCNK2 when they are present in the inner leaflet

231, 256

because of the convex and concave membrane deformations they create. Residues

in the C-terminus of KCNK2 are responsible for facilitating most of these responses.*’

KCNK2 knockout mice have been useful in determining the physiological
function of KCNK2. Kcnk2”™ mice are more sensitive to epileptic seizures induced by
kainic acid (KA), and ischemia. PUFAs, which activate the channel and hyperpolarize the

cell, protected wild type mice from KA-induced excitotoxic neuronal death but not

Kenk2” mice, indicating a role for KCNK2 in neuroprotection.”’

Knockouts are also more sensitive to painful heat stimulation,® require higher

251,257

concentrations of, and longer exposure to volatile anesthetics, and display an anti-

259

depressant phenotype due to inhibition of serotonin reuptake.”” KCNK2 is present pre-

and postsynaptically,**- 2

and extrapolations from work with the yeast homolog, S-type
K" channel suggest that presynaptic KCNK2 is thus capable of affecting neurotransmitter
release.”*® Stimulation of the serotonin receptor lowers cAMP. Since cAMP inhibits
KCNK2, serotonin receptor activation would increase KCNK2 activation to hyperpolarize
the cell, reduce the action potential firing rate and decrease serotonin release. Therefore,
loss of KCNK2 prevents hyperpolarization and increases serotonin release, which has

implications for the development of antidepressants.”'
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Consequently, KCNK2 is an important molecule involved in neural signal
transduction, with a key role in neuroprotection. Modifications to its activity or
expression levels could cause major cellular changes that may affect cell viability.
Conclusion

Understanding the process through which neurons die in TSD and SD will lead to
the development of new therapies and increased quality of life for patients. In addition,
TSD and SD share common disease pathways with other neurodegenerative diseases like
Alzheimer and Parkinson’s diseases. Regardless, there are still many details of the
neurodegenerative process that must be worked out. It is the hope that the experiments
hereafter help to further our knowledge of these devastating diseases. Inherent regulation
of molecules like HIF-1o, miR-210, NPTX1 and KCNK2 is important to neuronal
viability, and alterations in their expression levels may contribute to disease pathology

together with ganglioside accumulation, inflammation and microglial activation.
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METHODS

Cell Culture - Normal and TSD cerebellar neuroglia were obtained from Dr. Brooks at
the Kingsbrook Jewish Medical Centre in New York. Cells were cultured in a 37°C
humidified incubator with 21% O, and 5% CO, and cultured in Dulbecco’s modified
eagle medium (Invitrogen, 12800017) supplemented with 15% fetal calf serum
(12483020), 1% penicillin/streptomycin (15140122) and 0.1% fungizone (15290018)
from Invitrogen.

Genotyping - DNA from TSD and normal neuroglia was isolated using standard phenol
extraction ethanol precipitation. Cells were incubated in lysis buffer (100 mM Tris-HCl
pH 8.0, 5 mM EDTA pH 8.0, 0.2% SDS, 200 mM NaCl) with proteinase K (0.1 mg/ml)
for 30 minutes. Phenol was added, vortexed, and spun down for 10 min at 16,400 RPM.
The top aqueous layer was mixed with ice-cold ethanol and the precipitated DNA was
removed and dissolved in water. Primers for exon 11 insertion genotyping were as
follows: forward 5’-GCCAGACACAATCATACAGG-3" and reverse 5°-AGGG
GTTCCACTACGTAGAA-3’. Spice site mutation primers were: forward 5’-
CCCCTGAGCAGAAGGCTCTGGTG-3> and reverse 5’-TCCTGCTCTCAGGCCC
AACCCTC-3’. The PCR program denatured DNA at 95° for 5 min, then cycled 95°, 55°,
72°, 30 seconds each for 30 cycles. A final extension was done at 72° for 7 minutes.
SDS-PAGE and Western Blotting - Cell lysates were harvested in RIPA buffer with
protease inhibitors (Complete Mini, Roche, 04693124001) and protein concentrations
were estimated using the DC protein assay (Bio-Rad, 500-0111). Samples were added to

6x Laemmli sample buffer and boiled for 10 min before SDS-PAGE. Proteins were
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transferred to nitrocellulose membranes and subsequently blocked with 5% non-fat milk
in TBS-Tween for 1 hour. Primary antibodies were incubated on the membrane in
blocking solution O/N at 4°C with rocking. The following day, blots were washed with
TBS-Tween and incubated with secondary antibody for 1 hour. Proteins were detected
using Amersham ECL detection reagents and hyperfilm (GE Healthcare, RPN2106 and
28906839). Protein levels were quantified using integrated band density estimated by
ImagelJ software.

Immunocytochemistry - Cells were grown on cover slides overnight and then treated. At
harvest, media was removed and cells were washed with cold PBS. Cells were then fixed
with 3.8% formaldehyde in PBS for 30 min at RT, washed with PBS and permeabilized
with 0.5% Triton-X 100 for 30 min at RT with rocking. After washing, cells were blocked
with 20% goat serum for 1 hour at RT and then incubated with primary antibodies in 1%
goat serum O/N at 4° C. The following day, cells were washed with PBS-Tween (0.05%),
secondary antibodies were diluted in 1% goat serum and incubated with rocking on cells
for 1 hour at RT. Cells were washed with PBS-Tween and stained with Hoechst, to
visualize nuclei. Once washed, cover slips were lifted from the culture dish, dipped in
ddH,O and mounted on glass slides with ProLong gold antifade (Invitrogen, P36930).
RNA Isolation, Reverse Transcription and Reverse Transcription-PCR - Total RNA from
confluent cells was isolated by scraping cells in lysis buffer containing 1% -
mercaptoethanol and passing lysate through an 18" gauge needle (Norgen Total RNA
Purification Kit, 17200 or Ambion Purelink RNA Isolation Kit, 12183018A). RNA was

reverse transcribed with oligodT or random primers according to the Superscript III
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protocol (Invitrogen Superscript III, 18080-093). RNA, dNTPs, and primers were
incubated at 65°C for 5 min, then on ice for 1 min. First strand buffer, DTT, RNase OUT
and Superscript III were added to the mixture and incubated at 25°C for 5 min if random
primers were used. Then, the mixture was incubated at 50°C for 1 hour and inactivated at
70°C for 15 min.

RT-PCR was performed for KCNK2 variants from ¢cDNA with the following
primers: variant 1 forward 5’-CAAACTTGTGAGAATAAGTGAC-3’ and reverse 5’-
TCCGTAATTTCCAAAACAGA-3’; variants 2 and 3 forward 5’-CGCTCTCCCCACC
TTGTAAA-3’ and reverse 5’-GGTTTGGAGTTCTGAGCGGC-3’. cDNA was amplified
with the following cycle: 95° for 4 min, then 35 cycles of 95° for 30 s, 44° for 30 s
(variant 1) or 53° for 30 s (variants 2 and 3), 72° for 45 s; then 72° for 7 min.

Tagman Gene Expression Assays - Taqgman assays were performed with Tagman gene
expression master mix (Applied Biosystems, 4370048) using cDNA obtained as
described above. cDNA was mixed with master mix, and gene specific probes and added
to a MicroAmp Optical 96-well Reaction Plate (Applied Biosystems, 4316813). The plate
was spun down quickly to remove bubbles and placed in the 7900HT Sequence Detection
System (Applied Biosystems). Thermal cycling conditions were as follows: 50°C for 2
min, 95°C for 10 min, then 40 cycles of 95°C for 15 sec, 60°C for 1 min. A standard
curve was used and final values are expressed as relative gene of interest divided by the
endogenous control (GAPDH). Primers and probes used were as follows: NPTX1

Hs00159652 m1, KCNK2 Hs00247951 ml, GriAl Hs00181348 ml, NPTX2
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Hs00383983 ml1, NPR Hs00204729 ml, GAPDH Hs99999905 ml (Applied
Biosystems).

Reverse transcription of miRNA was done separately from total RNA, the
SuperScriptlll system was used as above, however, miR-210 and U18 have specific RT
primers, (Applied Biosystems, 4427975, miR210 Assay ID: Hs04231470 sl, U18 Assay
ID: 001204) and use a different thermocycler program (16° 30 min, 42° 30 min, 85° 5
min).

SYBR Green gene expression assays — SYBR Green assays were performed with SYBR
Green PCR Master Mix (Applied Biosystems, 4309155) using cDNA obtained as
described above. Primers were as follows: NPTX1 forward 5’-AGCAAGATCGATG
AGCTG-3’, reverse 5-TGTCTTTCTGACCTTTCTCG-3> KCNK2 forward 5’-AGCC
TCATGAGATTTCACAG-3’ and reverse 5’-CCTATGGTTATAACAGTGC-3> VEGF
forward 5’>-AGGGCAGAATCATCACGAAGT-3’ and reverse 5’- GGTCTCGATTGGA
TGGCAGTA-3" and GAPDH forward 5’-CATGAGAAGTATGACAACAGCCT-3’ and
reverse 5’-AGTCCTTCCACGATACCAAAGT-3’. Samples, master mix and primers
were added to a MicroAmp Optical 96-well Reaction Plate (Applied Biosystems,
4316813). The plate was spun down quickly to remove bubbles and placed in the 7900HT
Sequence Detection System (Applied Biosystems). Thermo cycling conditions were as
follows: 50°C, 2 min, 95°C, 10 min, 40 cycles of 95° C, 15s; 60°C, 1min. SDS (v.2.3)
(SABiosciences) was used to analyze all gene expression data.

Construction of vectors — For the construction of pGL3-CMV NPTXI1 3° UTR: Human

brain total RNA (Clontech, 636530) was reverse transcribed using random primers; 732
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bp of the 3° end of NPTX! was amplified using a forward primer 5’-
CTGGGACCGCAAGCTGACCC-3> and a reverse primer 5’ -CCCCCGG
CCTTTGACAAACC-3’. The amplification program was 4 min at 95°C, 35 cycles of
95°C for 30 sec, 57°C for 30 sec and 72°C for 1 min, and a final extension of 72°C for 7
min. The band was cut, extracted from the gel (Geneclean MP Biomedicals), and cloned
into pCR2.1 (TA cloning kit Invitrogen, K2020). pGL3-CMV (as described
previously,”") was digested with Xbal (NEB, R0145) and dephosphorylated with calf
alkaline phosphatase (Boehringer Mannheim, 1243284). The 3> UTR sequence was cut
from pCR2.1 using Spel (NEB, R0133) and Xbal and ligated into pGL3-CMV following
agarose gel extraction. Site-directed mutagenesis primers were as follows: mutant 1
forward 5’-ACCGAGGCCGTCGCCCCTGCACCTAAGTCCGCACACAGCCTGGTT
TTGTCC-3’, mutant 1 reverse 5’-GGACAAAACCAGGCTGTGTGCGGACTTAGGTG
CAGGGGCGACGGCCTCAGAT-3’, mutant 2 forward 5’-GGCCGTCGCCCCTGCA
CACGCACCTAAGTCCAGCCTGGTTTTGTCCTCA TGCA-3’ and mutant 2 reverse
5’-TGCATGAGGACAAAACCAGGCTGGACTTAGGTGCGTGTGCAGGGGCGAC
GGCC-3’. Amplification was performed as recommended by manufacturer (Agilent
QuikChange II, 200523).

For the construction of pPCDNA3-premir210: Human genomic DNA was used as a
template for premir-210 amplification wusing a forward primer 5’-TCGG
ACGCCCAAGTTGGAGGGG-3> and a reverse primer 5-CAGGAACTCCGC
ACACTGGT-3’; the program was the same as above except the annealing temperature

was 58.6°C for 30 sec and elongation was 72°C for 45 sec. The insert was cloned into
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pCR2.1 as described above, then removed with BamHI (Fermentas, ER0051) and Not/
(NEB, R0189) and ligated into pcDNA3 (Invitrogen). All clones were confirmed by
direct sequencing.

Transfection - Cells were transfected with the indicated amounts of DNA as
recommended by the manufacturer for three days (Qiagen Effectene Transfection Reagent,
301425). Briefly, DNA, DNA-condensation buffer and Enhancer were incubated at room
temperature for 5 min, then Effectene was added to the mixture and incubated for an
additional 10 min. Media containing serum and antibiotics was added to the complexes
and added drop-wise to the cells. Dishes were gently swirled to ensure even distribution
of the complexes. pPCMV6-NPTX1 was obtained from Origene (RC212316) and contains
Myc and DDK tags. As a control, pPCMV6-NPTX1 was digested with Sall (NEB, R0138)
and Xhol (NEB, R0146), gel purified and re-ligated. The clone was named pCMV6-
Empty and confirmed with sequencing.

Luciferase Assays - Dual luciferase assays were carried out as recommended by the
manufacturer (Promega, E1910). Briefly, cells were transfected as described and
harvested in 100 pl passive lysis buffer. Lysates were cleared for 30 sec at top speed; 20
pl was plated per well and 50 pl of LARII and Stop & Glo were injected per well
automatically by a Luminoscan Ascent luminometer with a 10 second measurement
period and a 2 second delay between readings. Values are represented as firefly luciferase
activity normalized to Renilla luciferase activity.

Ganglioside Isolation — Normal and TSD neuroglia were scraped in water and sonicated.

Then, a 1:1 mixture of chloroform:methanol was added to the sample to result in a final
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concentration of 10:10:1 C:M:H,0O. Samples were sonicated in a cold water bath for a
total of 15 min: 20 sec on, 20 sec off. Next, they were spun down for 15 min at 4°C, 3000
RPM. The supernatant (S1) was removed, 10:10:1 C:M:H,O was added to the pellet and
sonicated again. The supernatant (S2) was combined with S1. Sonication was repeated
again, this time with 30:60:8 C:M:NaAcetate (0.8M); supernatant was combined with S1
and S2. Combined supernatants were evaporated O/N. The next day, 30:60:8 C:M:H,O
was added to samples and heated to 50°C for 4 hours. The pH was kept at 11 with 4M
KOH. Once cooled, glacial acetic acid was used to neutralize samples to pH 7 and
samples were spun for 10 min at 4°C, 3000 RPM. Supernatant was transferred to a new
tube and evaporated O/N. The following day, samples were resuspended in 700 pl
10:10:1 C:M:H,O0, loaded onto Sephadex G-50 fine columns (Roche 11273965001) and
spun for 2 min at 700 RPM. Then, sample was loaded into prepared columns of DEAE
Sepharose Fast Flow (GE Healthcare, 17070901) and washed with 30:60:8 C:M:H,0O and
finally with 30:60:8 C:M:NaAcetate (0.8M) before O/N evaporation. The next day,
samples were resuspended in 3:48:47 C:MKCI (0.1M) and loaded onto equilibrated Sep-
Pak C-18 columns (Waters, WAT051910). Gangliosides were eluted with 2:1 C:M and
evaporated O/N.

Thin layer chromatography - Ganglioside samples were resuspended in 10:10:1 C:M:H,O
and spotted drop-wise with a Hamilton pipette. All sample concentrations were estimated
with DC protein assay (BioRad) performed on the original lysate. Acetone phase was run
until the front was ~ lem from the top of the plate. Then, the plate was removed and

allowed to dry before the second 60:35:8 C:M:CaCl, (0.2%) phase was run. Plate was
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sprayed with 0.2%(w/v) resorcinol (Sigma 2835052 398047) in 10% H,SO4 and then
cooked for ~ 1 hour at 120°C.

Chemicals and Antibodies - Alexa Fluor 594 goat anti-mouse IgG (Invitrogen, A11005),
Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen, A11008), rabbit polyclonal anti-HIF-1a
(H-206) (Santa-Cruz, SC10790), mouse monoclonal anti-B-Actin (8H10D10) (Cell
Signaling, 3800), mouse monoclonal anti-neuronal pentraxin 1 (BD Transduction
Laboratories, 610369), dimethyloxallyl glycine (DMOG) (Cayman Chemical, 71210), 2-
amino-3-(3-hydroxy-5-methylisoxa- zol-4-yl) proprionic acid (AMPA) (Toronto
Research Chemicals, A611500), N-butyldeoxynojirimycin (Sigma-Aldrich, B8299),
rabbit polyclonal anti-DYKDDDDK tag (Cell Signaling, 2368), N-glycosidase F (Roche,
11365185001), goat anti-rabbit IgG-HRP (Santa Cruz, sc-2004), and goat anti-mouse
IgG-HRP (Santa Cruz, sc-2005).

Statistical analyses — All statistics were done using a student’s unpaired t-test unless

indicated differently. All values are reported as the mean + standard error.
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RESULTS

Characterization of disease causing mutations in TSD Neuroglia

In this study, we utilized human normal and Tay Sachs neuroglia cell lines
obtained from Dr. Brooks (Kingsbrook Jewish Medical Center, NewYork, NY) as an in
vitro model of TSD. Since the cells originated from the offspring of a Jewish couple, we
sought to screen for the most common TSD mutations in Ashkenazi Jews. A four base
pair insertion, TATC, in exon 11 of HEXA causes a frameshift.”' To detect this mutation,
part of exon 11 was amplified from genomic DNA isolated from TSD and normal
neuroglia. The PCR product was cleaved with Haelll. The wild type product resulted in
four fragments of 78, 43, 36 and 12 bp. The heterozygous mutant, however, resulted in a
43/47 bp doublet that was detectable on a 12% polyacrylamide gel. In addition, uncleaved
mutant product ran as a heteroduplex. Furthermore, the heterozygotic mutation forms a
“bubble” of DNA called a heteroduplex that migrates slower than the homozygously
paired DNA (Figure 1A).

The second mutation these cells were screened for was the G=>C transversion in
intron 12. This mutation creates a splicing defect in HEXA and creates a Ddel site.”**2%
A section of genomic TSD and normal neuroglia DNA was amplified containing the
intron 12 splice junction. The mutant product was cleaved into four fragments: 85, 35, 19
and 12 bp while the wild type product was cleaved into three: 120, 19 and 12 bp (Figure

1B). This confirmed that the neuroglia cells are from a TSD patient compound

heterozygotic for the two most common mutations in the Ashkenazi Jewish population.

37



M.Sc. Thesis — R. Venier McMaster University — Biology

NTC Normal TSD

Haelll - + - + - +

300 Heteroduplex

169 Homoduplex

78

47
43

36

NTC Normal TSD

Ddel - + - + - +

151
120

85

Figure 1. TSD neuroglia are compound heterozygotes. DNA from human TSD neuroglia was
amplified and cleaved with either Haelll or Ddel, then visualized on a 12% polyacrylamide gel. A) The
four basepair insertion (TATC) in exon 11 of HexA is detectable by cleavage of the PCR product with
Haelll. Haelll cuts normal DNA into four pieces: 78, 43, 36 and 12 bp, three of which are observed
above. The mutant product gives a band of 47 instead of 43 bp. This patient has both a 43 and 47 bp
band indicating it is heterozygotic for the exon 11 insertion. During PCR of the TSD template,
heteroduplexes form, which migrate slower than the wild type homoduplex. B) The G—>C substitution
in the first nucleotide of intron 12 creates a Ddel site; thus, in normal cells, cleavage of the PCR
product results in fragments of 120, 19 and 12 bp, whereas cleavage of TSD PCR product results in 85,
35, 19 and 12 bp fragments. These data indicate that the TSD neuroglia have one allele with the
insertion and one with the splicing defect.
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HIF-1a stabilization is defective in TSD neuroglia

Lysosomal storage diseases like TSD create a very stressful molecular
environment. In addition to substrate accumulations, other changes occur, altering
signaling pathways which exacerbate disease progression by increasing cytokine
expression and activating pro-inflammatory pathways.” HIF-1a was initially studied as

. . . 265
an oxygen sensing transcription factor.

More recently however, it has also been
regarded as a general responder to stress.*> We performed western blot analyses to
investigate the expression of HIF-1a in normal and TSD neuroglia. Cells were incubated
for 48 hours under normoxic or hypoxic conditions, or with the hypoxic mimetic DMOG
under normoxic conditions. The experiment was performed in biological triplicate and
samples were run on three polyacrylamide gels that were then blotted for HIF-1a (and
GAPDH) in parallel. All cells were approximately 90% confluent at the time of harvest.
Protein quantification was performed using ImageJ and levels of HIF-1a were normalized
to GAPDH and averaged. We demonstrated that both cell lines have very little steady
state HIF-la expression under normoxic conditions. When PHDs were inhibited by
DMOG, HIF-1a accumulated within both cell types, as expected, indicated by a doublet
in western blots; however, levels of HIF-1a expression in TSD neuroglia treated with 2
mM DMOG were lower than that in normal neuroglia (2.791 + 0.2196 vs. 1.354 + 0.1385,
normal vs. TSD respectively, n = 3, p < 0.005). In addition, under hypoxic conditions,
HIF-1a accumulated in normal neuroglia but not in TSD neuroglia indicating a

downregulation of HIF-1a expression in TSD cells (1.309 + 0.4407 vs. 0.2776 + 0.1267,

normal vs TSD respectively, n = 3, p < 0.05; Figure 2A,B). Since TSD neuroglia do not
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respond to hypoxia by stabilizing HIF-1a, it is anticipated that gene expression and
signaling are altered in these cells as a result of HEXA deficiency. Moreover, cerebellar
lysates from C57Bl/6 and HexB” mice indicated that the diseased mice also express
lower levels of HIF-la (Figure 2C). This supports the idea that hexosaminidase

deficiency alters HIF-1a expression in vivo.
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Figure 2. HIF-1a stabilization is deficient during hypoxia in TSD neuroglia. To determine how TSD
affects HIF-1a expression, western blot analysis was performed on normal and TSD neuroglial lysates during
normoxia, hypoxia and in the presence of the hypoxia mimetic DMOG for 48 hours. TSD neuroglia were
insufficiently able to stabilize HIF-1a under 2 mM DMOG and hypoxic conditions. A) A representative blot
of lysates probed for HIF-la and the internal control GAPDH. HIF-la appears as a doublet. B)
Quantification of relative HIF-1a expression normalized for GAPDH show a significant difference between
TSD and normal cells with 2 mM DMOG treatment and hypoxic conditions. Bars represent average band
density of biological triplicates £ SEM, n = 3, one-tailed t test, * p < 0.05, ** p < 0.005. C) Western blot of
mouse cerebellum from C57Bl/6 and Hexb”- mice probed for HIF-1a and actin showed reduced HIF-1a
levels in Hexb”~ mice at baseline.

41



M.Sc. Thesis — R. Venier McMaster University — Biology

Cellular localization of HIF-1a

DMOG is a PHD inhibitor that prevents HIF-1a hydroxylation, resulting in its
accumulation within the cell. We used immunocytochemistry to observe the localization
of HIF-1a in response to DMOG in both normal and TSD neuroglia. Cells were plated on
glass coverslips overnight, media was replaced the next day with or without DMOG and
cells were incubated for 24 hours before they were permeablized and fixed. We detected
HIF-1a staining in cells without treatment, staining was diffuse in the cytosol of both
TSD and normal neuroglia. However, in the presence of DMOG, HIF-1a staining was
brighter and prominently nuclear. This indicates that DMOG stabilizes HIF-1a and

promotes its localization to the nucleus (Figures 3, 4).
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Figure 3. DMOG localizes HIF-1a to the nucleus. Normal neuroglia were plated on coverslides and
cultured in media with or without 1 mM DMOG. Cells were fixed, permeablized and stained for HIF-1a.
DMOG increased the stabilization of HIF-1a and its localization to the nucleus compared with untreated
samples. Scale bars represent 20 um.
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Figure 4. DMOG localizes HIF-1a to the nucleus. TSD neuroglia were plated on coverslides and cultured
in media with or without 1 mM DMOG. Cells were fixed, permeablized and stained for HIF-1a. DMOG
increased the stabilization of HIF-1a and its localization to the nucleus compared with untreated samples.
Scale bars represent 20 um.
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Gene expression of neuronal molecules is altered in TSD neuroglia
In a previous study, we demonstrated that TSD neuroglia are more sensitive to

266 .
In order to examine the

glutamate treatment and as a consequence, to neurotoxicity.
roles of molecules involved in glutamate cell response, we measured the expression level
of NPTX1, NPTX2, NPR, GluRI and KCNK?2 in normal and TSD neuroglia. At baseline,
NPTXI, NPTX2 and KCNK2 expression was significantly higher, whereas NPR was
significantly lower in TSD compared to normal neuroglia (NP7X1 0.004751 + 0.001178
vs. 1.649 £ 0.1456, p < 0.0005; NPTX2 0.7894 + 0.3334 vs. 6.728 + 2.158, p < 005;
KCNK2 0.1330 + 0.07006 vs. 1.001 + 0.2121, p < 0.01; NPR 0.2551 £ 0.06079 vs.
0.08645 + 0.02368, p < 0.05, normal vs. TSD respectively, n = 3; Figure 5). The large
increases in NPTXI, NPTX2 and KCNK2 expression suggest that these molecules are
involved in TSD pathology. To investigate the role of these molecules further, and to
determine whether this dysregulation was related to the defect in HIF-1a stabilization, we

examined the effect of DMOG and AMPA, the AMPA receptor agonist, on TSD

neuroglia.
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Figure 5. Gene expression of neuronal molecules in TSD neuroglia. Neuroglial gene expression of
specific neuronal molecules was measured to determine if they were altered by disease. Total RNA was
isolated from both genotypes and quantified using Tagman gene expression assays. NPTX/ and KCNK?2
expression were significantly higher, whereas NPR expression was lower in diseased cells versus the control.
Bars denote mean + SE, n=3; one tailed t-test, *p < 0.05, **p < 0.01, *p <0.001.
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DMOG and AMPA modify expression of NPTX1, KCNK2 and VEGF

HIF-1a regulates many genes in response to hypoxia and cell stress to facilitate
cell survival. AMPAR activation can cause neuronal depolarization, and excessive
activation may lead to cell death. Low levels of HIF-1a expression during hypoxia and an
increased susceptibility of TSD neuroglia to glutamate suggest that these treatments may
contribute to the expression of important neuronal molecules. TSD cells were treated with
DMOG (ImM) or AMPA (200 uM) for 24 hours. SYBR green q-RT PCR was performed
to measure relative RNA levels. We found that NPTX1 showed a trend to be decreased by
HIF-1a stabilization (1.950 + 0.3004, n = 3 vs. 1.014 £ 0.2138, n = 2, no treatment vs.
DMOG respectively) and was significantly decreased by AMPAR activation (1.950 +
0.3004 vs. 1.149 + 0.2204, p< 0.05, no treatment vs. AMPA respectively, n = 3).
DMOG/AMPA together further reduced NPTX! expression (1.950 + 0.3004 vs. 0.4288 +
0.1944, p < 0.01, no treatment vs. DMOG/AMPA, n = 3, Figure 6A). KCNK2 was also
repressed by AMPA (5.617 £ 0.5260 vs. 3.195 £ 0.9800, p < 0.05, no treatment vs.
AMPA respectively, n = 3) and DMOG (5.617 + 0.5260 n = 3 vs. 0.4135 +0.01909 n =2,
no treatment vs. DMOG respectively). Simultaneous treatment with DMOG and AMPA
significantly reduced KCNK?2 expression (5.617 + 0.5260 vs. 0.3160 + 0.1834, p < 0.0005,
no treatment vs. DMOG/AMPA respectively, n = 3, Figure 6B). Reduction of NPTX] and
KCNK?2 expression by HIF-1a stabilization and AMPAR activation may therefore control
neuronal excitation.

VEGF is a target gene of HIF-1a.>*’ Its promoter contains an HRE, where HIF-1 is

known to bind to induce gene expression.** In addition, loss of VEGF has been shown to
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be involved in neurodegenerative diseases like ALS''® and its expression has been found

- L1268
to increase axon growth and promote neuronal survival.

We measured expression of
VEGF in TSD neuroglia to determine its involvement in the disease. DMOG, AMPA and
the combination treatment altered VEGF expression. DMOG induced expression of
VEGF on its own (1.671 + 0.3585, n = 3 vs. 3.252 = 0.2163 n = 2, no treatment vs.
DMOG respectively) and in the presence of AMPA (1.671 + 0.3585 n =3 vs. 7.727 +
3.058, n = 2, no treatment vs. DMOG/AMPA respectively). Conversely, AMPA by itself
significantly reduced VEGF expression (1.671 + 0.3585 vs. 0.6066 + 0.07225, p < 0.05,
no treatment vs. AMPA respectively, n = 3, Figure 6C). These data support the evidence
that suggests a neuroprotective role for VEGF. Since VEGF contributes to the stimulation

of growth and survival of neurons and glia, its repression by AMPAR activation may

contribute to neurodegeneration.
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Figure 6. DMOG and AMPA modify NPTX1, KCNK2 and VEGF expression. Neuroglial gene
expression was measured after 24 hours of treatment with 1 mM DMOG or 200 uM AMPA to determine how
HIF-10 stabiliation and AMPAR activation affected NPTX1, KCNK2 and VEGF. A and B) DMOG and
AMPA reduced NPTX1 and KCNK2 expression alone and together. C) VEGF is a known target of HIF-10.
DMOG caused a significant increase in VEGF expression, however, AMPA caused a reduction compared to
baseline and DMOG alone. DMOG is capable of upregulating VEGF despite the presence of AMPA. Bars
denote mean = SE, n=3; one tailed t-test, *p < 0.05, **p < 0.01, #p < 0.0005.
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HIF-1a represses expression of NPTX1 and KCNK2

Since HIF-1a is a major regulator of cellular response to stress, we hypothesized
that the difference in HIF-1a expression in TSD cells would contribute to the changes
seen in the genes mentioned above. To investigate the effect of stabilized HIF-1la,
Tagman qRT-PCR was performed on samples from cells treated with DMOG or cultured
under hypoxic conditions for 48 hours (Figure 7). NPTXI expression was significantly
higher in TSD neuroglia compared to normal neuroglia under normoxic conditions
(0.4965 £ 0.004653 vs. 12.08 + 0.9210, p < 0.0005, normal vs. TSD neuroglia, n = 3),
this trend was maintained after DMOG-mediated HIF-1a stabilization, although two
samples did not amplify during the qRT-PCR reaction and therefore statistical tests could
not be performed (0.05650 + 0.0009337, normal neuroglia 1 mM DMOG, n = 3; 0.9543 +
0.1512, TSD neuroglia 1 mM DMOG, n = 2; 0.1713 £ 0.03725, normal neuroglia 2 mM
DMOG, n = 3; 0.4768 + 0.1263, TSD neuroglia 2 mM DMOG, n =2). During hypoxic
conditions, the level of NPTXI expression decreased compared to normoxic levels
(0.4965 + 0.004653 vs. 0.2080 £ 0.009281, p < 0.0001, normal normoxia vs. normal
hypoxia, n = 3; 12.08 + 0.9210 vs. 1.509 £+ 0.1967, p < 0.0005, TSD normoxia vs. TSD
hypoxia, n = 3), however, TSD neuroglia still expressed higher NPTX] compared to
normal neuroglia (0.2080 + 0.009281 vs. 1.509 £ 0.1967, p < 0.005, normal vs. TSD, n =
3, Figure 7A).

As seen previously, KCNK?2 expression was significantly higher in TSD neuroglia
compared to normal neuroglia under normoxic conditions (2.195 + 0.1250 vs. 12.46 +

0.9093, p < 0.0005, normal vs. TSD, n = 3). This difference between genotypes was
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maintained with 1 mM DMOG treatment (0.04552 + 0.002893 vs. 0.1494 + 0.00947, p <
0.0005, normal vs. TSD, n = 3), 2 mM DMOG treatment (0.02122 + 0.001508 vs.
0.07232 + 0.008656, p < 0.005, normal vs. TSD, n = 3) and hypoxia (0.6941 + 0.02679 vs.
2.622 + 0.2421, p < 0.001, normal vs. TSD, n = 3). HIF-1a stabilization by DMOG or
hypoxia in normal neuroglia significantly decreased KCNK2 expression compared to
normoxic levels (one-way ANOVA, p <0.001 for all), as it does in TSD neuroglia as well
(one-way ANOVA, normoxia vs. hypoxia p < 0.001; DMOG vs hypoxia p < 0.05).
However, although KCNK?2 expression during hypoxia is still repressed, the larger
difference between normal and TSD neuroglia suggests KCNK2 expression is under the
control of HIF-1a (Figure 7B). Nevertheless, the decrease in expression of NPTX! and
KCNK?2 during hypoxia suggests that while HIF-1a regulation may be impaired in TSD

neuroglia, it is not completely absent.
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Figure 7. NPTXI and KCNK?2 expression is higher in TSD cells; hypoxia and hypoxia mimetic DMOG
decrease their expression. A) Prediction algorithms suggest miR-210 binds the 3 UTR of NPTX] resulting
in reduced expression. NPTXI expression was measured to determine if levels of miR-210 expression were
inversely correlated in the presence of hypoxia or its mimetic. Gene expression was measured after cells
were treated for 2 days. TSD cells showed significantly higher levels of NPTX] compared to normal cells.
Significance was maintained when HIF-la was stabilized chemically or physiologically, although total
expression levels decreased compared to baseline. B) To determine if KCNK2 expression was also altered
during hypoxic conditions, its expression was measured under the same conditions. Hypoxia and DMOG
significantly reduced KCNK2 expression compared to baseline, however, TSD neuroglia consistently
expressed higher levels when compared to normal neuroglia. Bars denote mean + SE, n=3, n=2 for two TSD
samples (one each from NPTX1, 1 mM DMOG and 2 mM DMOG); one tailed t-test * p < 0.005, **p <
0.001, ~ p < 0.0005.
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miR-210 is expressed at higher levels in TSD neuroglia.

HIF-1a is a transcription factor responsible for the regulation of many different
cellular processes. One of the molecules it is known to regulate is miR-210.*** The
promoter of miR-210 contains a hypoxia response element (HRE) that is not only present

in humans but is conserved in mice, rats, and dogs (Figure 8A).*®

We hypothesized that
differences in HIF-1a stabilization in TSD cells would also alter miR-210 expression.
This was investigated using Tagman qRT-PCR for miR-210, which is normalized to the
control miRNA, U18. Our results demonstrated a slight but significant increase in miR-
210 expression in TSD cells at baseline (0.1520 + 0.02809 vs. 0.2507 + 0.03253, normal
vs. TSD respectively, n = 3, p < 0.05; Figure 8B), indicating that regulation of miR-210 at
baseline in TSD neuroglia is independent of HIF-1a regulation.

Furthermore, to investigate how miR-210 responds to HIF-1a stabilization, miR-
210 expression levels were measured in the presence of DMOG (I mM or 2 mM) at
normoxic conditions (21% O,) and under hypoxic conditions (1%0,) for 48 hours. The
difference in miR-210 expression between normal and TSD cells under these conditions
was intensified, with TSD neuroglia showing higher levels of expression in all treatments
(0.5956 + 0.04452 vs. 1.484 + 0.08680, p < 0.0005, I mM DMOG; 0.6994 + 0.03729 vs.
1.138 + 0.04147, p < 0.001, 2 mM DMOG; 0.7515 + 0.02807 vs. 1.587 + 0.1552, p <
0.005, hypoxia; normal vs. TSD respectively, n = 3; Figure 8B). These data indicate that
although miR-210 is higher in TSD cells at baseline, it is still, at least partly, under the

transcriptional control of HIF-1a. miR-210 expression is significantly increased in TSD

neuroglia when HIF-la is stabilized pharmacologically and physiologically, in
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comparison to normal cells. This may indicate that miR-210 is regulated differently in
TSD neuroglia, or that these cells are missing a level of control that normal neuroglia

PpoOSSess.
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Figure 8. miR-210 expression is higher in TSD cells; hypoxia and hypoxia mimetic DMOG, increase
miR-210 expression. A) miR-210 is under the control of HIF-1a. Its promoter contains an HRE (indicated in
red). B) To determine the effect deficient HIF-1a had on miR-210 expression, miR-210 was measured after
cells were treated for 2 days with or without DMOG under normoxic conditions, or without treatment under
hypoxic conditions. TSD cells showed significantly higher levels of miR-210 compared to normal cells at
baseline. Significance increased when HIF-1o was stabilized chemically or physiologically. Bars denote
mean = SE, n=3; one tailed t-test * p < 0.05, **p <0.005, & p <0.001, * p< 0.0005.
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miR-210 is predicted to bind the 3’ UTR of NPTX1

miRNAs are gene regulators.*”® The differential expression of miR-210 in normal
and TSD neuroglia suggests that its targets are potentially dysregulated in TSD. To
investigate potential targets of miR-210, we used the online miRNA target predictor
PicTar.””® miR-210 was predicted to bind to the 3> UTR of NPTXI (Figure 9). We
therefore examined the expression levels of NPTX!/ in TSD neuroglia to investigate

whether a connection exists between NPTX! expression and aberrant miR-210 levels.
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Figure 9. Predicted binding of miR-210 to the 3° UTR of NPTXI. The online miRNA target predictor
PicTar suggested miR-210 may bind to the 3> UTR of NPTXI. Pictured above are two possible binding
orientations. The sequence shown is 1541-1620 bp of NPTX1 3’UTR, miR-210 is above the mRNA sequence
in the opposite orientation.
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The effect of miR-210 on NPTX1 expression

To determine if miR-210 directly represses NPTX1 expression, we used the dual
luciferase reporter assay (Promega). Expression vectors containing the 3° UTR of NPTX/
were created using cDNA from TSD neuroglia. The sequence was cloned into pGL3-
CMYV and site directed mutagenesis was performed to mutate seven nucleotides that form
putative seed sequences (Figure 10). TSD cells were co-transfected with pGL3-CMV
NPTX1 3’ UTR, pGL3-CMV NPTXI1 3> UTR Mutant 1 or pGL3-CMV NP1 3° UTR
Mutant 2 (0.2 pg) and pRL-CMV control (0.02 pg). Half were also transfected with
pCDNA3-premir210 (0.2 pg). After 72 hours, cells were harvested and luciferase activity
was measured. Both mutant vectors were expressed at significantly higher levels
compared to pGL3-CMV at baseline (36.62 + 1.919 vs. 47.34 + 1.937 mutant 1, p < 0.01,
n = 3; vs. 46.30 £ 1.278 mutant 2, p < 0.01, n = 3; 2-way ANOVA). Co-expression of
pCDNA3-premir210 caused expression from pGL3-CMV 3” UTR NPTX1 and mutant 2
to decrease compared to pGL3-CMV, whereas mutant 1 did not (34.04 + 3.253 pGL3-
CMV 3° UTR NPTXI, 33.61 + 1.520 mutant 2 vs. 41.49 + 1.615, p = 0.0547 mutant 1; n
= 3 p < 0.01, 2-way ANOVA, Figure 11). This indicates that miR-210 represses
expression of NPTXI, the binding site of which is maintained when the nucleotides in

mutant 2, but not mutant 1, are changed.
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Figure 10. Mutation of NPTX1 3° UTR. To directly investigate the binding of miR-210 to the 3’ UTR of
NPTX1I, site directed mutagenesis of the predicted binding sites was performed. Primers were designed
containing the desired mutations and flanking nucleotides; PCR was performed using the wildtype vector
as template. Positive colonies were confirmed by sequencing. The sequence shown is 1541-1620 bp of
NPTX1’s 3°UTR. Mutated nucleotides are shown in colour, miR-210 is shown above or below the NPTX1
mRNA sequence. Note that mutations prevent the seed sequence from binding the UTR.
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Figure 11. Mutant 1 reduces binding of miR-210. Predicted binding sites for miR-210 were mutated to
determine the exact site of miR-210 binding in the 3> UTR of NPTXI1. Luciferase expression increased in
both mutant vectors compared to pGL3-CMV and pGL3-CMV 3° UTR NPTXI1 without treatment. When
miR-210 was co-transfected (as pCDNA3-premir210), expression from pGL3-CMV 3’ UTR and mutant 2
decreased compared to pGL3-CMV. On the other hand, luciferase expression from mutant 2 was
significantly different from that of mutant 1. Expression from mutant 1 showed a trend toward an increase in
expression compared to pGL3-CMV 3’UTR NPTX1 (p=0.0547). Together, this suggests that the nucleotides
mutated in mutant 1 participate in binding of miR-210. Bars denote mean + SE, n=3; 2-way ANOVA * p <
0.05, **p <0.01.
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Expression of Neuronal Pentraxin 1

Despite high mRNA levels in TSD neuroglia, endogenous protein levels are hard
to detect. Similar results are described in the literature, suggesting high protein turnover
or low translational efficiency.””> To study modifications of the protein, we used a vector
overexpressing NPTX1. TSD neuroglia were transfected with 2 pg pCMV6-NPTX1 or a
control empty vector. Lysates and media were collected 72 hours after transfection.
Western blotting with the tag antibody DDK revealed 51 and 120 kDa bands in lysates
and a smaller 49 kDa band in media (Figure 12A). These findings confirm that NPTX1
forms multimers in TSD neuroglia. Also, a truncated form of the protein was secreted in
the media, which is most likely missing the signal peptide found at the N-terminus.

Further, lysates were treated with 1 unit N-glycosidase F per pl of sample (15 pg
total protein) overnight and then subjected to western blotting. Blots probed with anti-
DDK indicate both the multimeric and monomeric forms of NPTX1 are glycosylated

(Figure 12B).

61



M.Sc. Thesis — R. Venier McMaster University — Biology

A pCMV6-Empty | pCMV6-NPTX1
L M L M
DDK
120
51
49
B
pCMV6-NPTX1 - 0.5ug | 0.5ug
N-Glycosidase F - - +
DDK 120
116
51
47

Figure 12. NPTX1 associates in multimers and is glycosylated. A) Endogenous levels of NPTX1 are low
in both normal and TSD cells, however, TSD neuroglia express higher levels compared to normal neuroglia.
B) TSD neuroglia were transfected with 2 ng of pPCMV6-Empty or pCMV6-NPTX1. Media was collected
and cells were harvested 72 hours after transfection. Probing with anti-DDK revealed bands with molecular
weights of 51 and 120 kDa in lysates and a slightly smaller 49 kDa band in media, indicating that NPTX1
associates in B-mercaptoethanol-resistant multimers and is secreted into the media. C) Samples of TSD
neuroglia transfected with pCMV6-NPTX1 were degylcosylated with N-glycosidase-F to investigate post-
translational modification. The membrane was probed with anti-DDK, therefore only transfected NPTX1 is
visualized. Monomeric and multimeric complexes are detected on the blot. The shift indicates glycosylation
of NPTX1 in both forms. L, lysate M, media.
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Regulation of Potassium Channel KCNK2 Expression

KCNK?2 promoter analysis reveals rHREs. There are multiple transcript variants
for KCNK2. NCBI Aceview indicates that the variants differ in their first exons and 5’
UTR, but share exons 2-7 (Figure 13). In order to investigate the observed down
regulation of KCNK2 expression via HIF-1a, we analyzed both putative promoters 2 kb
upstream of the transcription start sites. Knowing that DMOG and hypoxia are capable of
repressing expression of KCNK2 (Figures 6,7), we examined the putative promoter
sequences specifically for reverse HRE (rHRE) elements (consensus sequence TGCAC).
We discovered three putative rHREs in promoter 1 and two rHREs in promoter 2 (Figure
13). This suggests that KCNK?2 may be negatively regulated by HIF-1a via a rHRE site.

Three major variants of KCNK2 are expressed in TSD neuroglia. Exon skipping
in KCNK?2 variants results in three putative proteins of varying lengths. All three have
validated 5’ caps, but only the longest isoform, which we refer to as variant 1, contains a

1.22* Variant 1 uses a different first exon than the other variants.

validated polyA signa
Variants 2 and 3 share the 5’ end of their first exons but variant 3 contains an additional
125 bp at its 3° end before the next common exon. To determine which variants were
present in TSD cells, we designed primers that were specific for the 5° end of each variant.
RNA was isolated from TSD cultures, reversed transcribed with oligodT primers and
amplified using PCR. All three variants were detected. Since variants 2 and 3 share a
common 5’ end, the reaction amplified two different sized fragments (Figure 14). These

results indicate that any or all variants may contribute to the increased KCNK2 expression

observed in these cells and may alter KCNK2 function and cell excitability.
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Figure 13. KCNK2 gene structure. There are three transcript variants of KCNK2. Exons 2-7 are common to
all variants, however, exon 1 differs. Variant 1’s first exon is furthest upstream on chromosome 1. Variants 2
and 3 share similar first exons, both start with the same UTR but variant 3 contains 124 bp at the 3’ end of the
UTR. In this diagram, filled rectangles are the ORF, empty rectangles represent UTRs, lines above exons
represent introns, the grey line represents putative promoters, small black lines above the promoter indicate
predicted rHREs which are bolded and underlined in the sequence. Numbers before the sequences indicate
basepairs upstream of the transcription start site.
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Figure 14. The three major KCNK2 transcript variants are present in TSD neuroglia. Expression of
KCNK2 mRNA is high in TSD cells. To determine if one or all variants are expressed, TSD RNA was reverse
transcribed using oligodT primers and amplified by PCR using primers specific for exon one of each variant.
Variant 1 uses an upstream exon 1 whereas variants 2 and 3 use the same exon 1 but variant 3 contains an
additional 125 basepairs. All three variants are present in TSD neuroglia.
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Treatment with NBDNJ

NBDNJ increases ganglioside levels in TSD neuroglia. The glucosylceramide
synthase inhibitor, NBDNJ has been approved for clinical use to treat Gaucher disease
and NPC.** It has been useful in reducing ganglioside accumulations in these diseases and
in mouse models of TSD and SD and therefore, we chose to investigate its effects at the
cellular level in TSD neuroglia.

TSD neuroglia were treated with 100 uM NBDNJ for 1, 3 or 6 days. Cells were
then lysed and gangliosides were isolated using chloroform-methanol extraction. Purified
samples were spotted on a TLC plate based on estimates from total protein present at the
beginning of the isolation. Samples were separated based on size and gangliosides were
visualized with resorcinol. We observed a marked increase in GM2 and GM3 ganglioside
in TSD neuroglia the longer NBDNJ was present.

To determine whether the increase we saw was due to time in culture, we
observed cells that were grown in parallel, half not treated and half treated with NBDNJ.
The increase in GM2 ganglioside was apparent over time in both sets of samples;
however, NBDNJ seemed to increase these levels further compared to cells that were not
treated (Figure 15). These results suggest that NBDNJ is capable of directly increasing
GM2 and GM3 gangliosides.

NBDNJ alters expression of NPTXI1 and KCNK2. To investigate the effects of
NBDNI at a molecular level, expression of NPTX] and KCNK2 was measured (Figure
16). We found that expression of NPTX/ increased in TSD neuroglia after the first three

days of culturing without treatment (1.293 + 0.3082 vs. 2.454 + 0.1147 no treatment 3
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days vs. no treatment 6 days respectively, p < 0.05, n = 3). Similarly, NBDNJ treated
samples showed increased NPTX] expression as time passed (0.6981 + 0.08857 NBDNJ
1 day vs. 1.134 = 0.02372 NBDNJ 3 days, and vs. 1.567 + 0.1691 NBDNJ 6 days, p <
0.01; NBDNJ 3 days vs. NBDNIJ 6 days, p < 0.05, n = 3); however, NBDNIJ prevented
NPTXI expression from increasing to levels of untreated neuroglia after 6 days (2.454 +
0.1147 vs. 1.567 +£ 0.1691, p < 0.01, no treatment 6 days vs. NBDNJ 6 days respectively,
n=3).

KCNK?2 expression showed a similar pattern in that it was significantly increased
in TSD neuroglia in culture without treatment (0.7231 + 0.4550 no treatment 1 day vs.
0.9486 + 0.07786 no treatment 3 days, and 0.8657 + 0.01469 no treatment 6 days, p <
0.05, n = 3), and treatment with NBDNJ also increased expression of KCNK2 over time
(0.5811 + 0.08017 no treatment 1 day vs. 0.9995 + 0.03936 no treatment 3 days; and vs.
1.042 + 0.03605 no treatment 6 days, p < 0.01, n = 3). However, NBDNI significantly
increased KCNK2 expression when compared to no treatment control after 6 days
(0.8657 + 0.01469 vs. 1.042 + 0.03605, p < 0.01, no treatment 6 days vs. NBDNJ 6 days
respectively, n = 3).

These results indicate that NBDNJ is capable of altering gene expression as well
as ganglioside accumulation. Furthermore, the contrasting effects of NBDNJ on NPTX/

and KCNK?2 expression suggest that these genes may have opposing functions in TSD.
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Figure 15. NBDNJ increases GM2 in TSD neuroglia. To investigate the effect of NBDNJ on TSD
neuroglia, cells were treated for the indicated times with 100 uM NBDNIJ. Upon experiment termination,
gangliosides were isolated via choloroform-methanol extraction and resolved on silica plates. We discovered
that NBDNIJ increased the level of GM2 ganglioside in TSD neuroglia over time. A) Lane 1, purified GM2
standard, lane 2, SD mouse brain, lane 3, no treatment TSD neuroglia, lanes 4, 5, 6, NBDNJ treatment. B) To

compare GM2 ganglioside accumulations over time in untreated and NBDNJ treated TSD neuroglia, cells
were cultured in parallel.
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Figure 16. NBDNJ alters expression of NPTX1 and KCNK2. TSD cells were treated with 100 pM
NBDNJ for the indicated times. After 3 days, media was replaced to ensure cells were not starved. The
treated cells received fresh media with 100 pM NBDNJ. Total RNA was collects and reverse transcribed with
oligodT primers. cDNA was used as a template for Tagman qRT-PCR. A) NPTX1 gene expression increased
as cells grew in culture. NBDNJ reduced NPTX1 expression after 6 days. B) KCNK2 expression also
increased in cells as they grew in culture, however, NBDNIJ had the opposite effect compared to NPTX1.
NBDNJ increased expression of KCNK2 after 6 days. The contrasting responses to NBDNJ may suggest that
NPTX1 and KCNK2 serve opposite purposes. Bars denote mean + SE, n=3; one tailed t-test **p < 0.01.
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DISCUSSION
HIF-1a

In this study, we set out to determine the role of HIF-1a in TSD neuroglia. HIF-1
is an important transcription factor that is involved in many processes including
angiogenesis, glucose metabolism, cell survival and brain development. In fact, complete
deficiency of HIF-1a in mouse embryos is lethal by E10 and embryos possess neural tube
defects, cardiovascular malformations and marked cell death especially within the
cephalic mesenchyme.'”® As such, although HIF-1 gets its name from its ability to
respond to hypoxia, it can be considered a master regulator of many genes and cellular
processes. It is for this reason that we chose to investigate its role in TSD, as lysosomal
storage of GM2 ganglioside exerts major stress at the cellular level, including increased
pro-inflammatory cytokine release and microglial activation.”*’

We found that stabilization of HIF-1a during hypoxia is impaired in TSD neuroglia
(Figure 2). These cells, being of Ashkenazi Jewish ancestry, possessed two of the most
common mutations in this population. The exon 11 TATC insertion and the splice
junction mutation in intron 12 effectively eliminate HEXA activity in these neuroglia.
Since treatment of TSD neuroglia with the PHD inhibitor, DMOG, was still capable of
stabilizing HIF-1o under normoxia, the ODDD is likely in tact and does not account for
the HIF-la deficiency. Furthermore, DMOG-mediated stabilization resulted in
localization of HIF-1a to the nucleus (figures 3, 4) and increased expression of confirmed
targets VEGF and miR-210 (figures 6, 8). The staining of HIF-1a in untreated cells is

likely due to the presence of a truncated form of the protein that we have observed
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previously (data not shown). TSD neuroglia may lack another level of HIF-1a control

upstream of ODDD hydroxylation. As mentioned previously, HIF-1a is regulated in

71,72 77-79

many ways including ubiquitination, and phosphorylation. In this case, the more
relevant aspects of regulation may be those that involve HIF-la stabilization during
normoxia, or degradation during hypoxia. Alteration of these mechanisms may explain
the reduction in stabilized HIF-1a in TSD neuroglia. A similar pattern of expression was
observed in the cerebellum of a Hexbh” mouse when compared to a wild type cerebellum,
indicating that HIF-1a deficiency is involved in TSD and SD (Figure 2).

118,271

HIF-1a plays a role in neuroprotection by increasing VEGF expression, and

reducing astrocyte activation,'”’ and has been shown to be directly involved in the
neurodegenerative diseases Alzheimer’s and Parkinson’s.''* ? The deficiency we
observed may therefore affect the ability of TSD neuroglia to respond to stress caused by
ganglioside accumulation, inflammation and excitotoxicity. For example, cells may be
bombarded with signaling molecules that normally elicit a protective response to protect
the cell, but chronically cause damage. Therefore, lower levels of HIF-1a decrease the
pre-emptive protection that molecules like VEGF afford.

To study the impact of reduced HIF-1a in TSD cells, we looked at the levels of
expression of neuronal molecules involved in excitotoxicity because we had previously
found TSD neuroglia to be more susceptible to AMPA-induced excitotoxic death.”®
Significantly higher expression of both secreted neuronal pentraxins, and KCNK2 was

found in TSD neuroglia, whereas the neuronal pentraxin receptor was downregulated in

these cells (Figure 5). The neuronal pentraxins have been found to increase AMPAR
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clustering at synapses.”’*® 2> ! Therefore, increased NPTXI and NPTX2 expression
should increase AMPAR clustering at the membrane. Since expression of NPR is
decreased in TSD compared to normal neuroglia, and NPR can facilitate mGluR1/5-
mediated LTD,”'" internalization of the secreted pentraxins may not be as efficient in
diseased cells. Indeed, half the amount of NPTX1 and NPTX2 from NPR knockout mice
brains could be purified versus the amount from wild type mice, indicating NPR tethers
NPTX1 and NPTX2 to the membrane.”"® Together, our results suggest that due to such
high levels of the secreted pentraxin, AMPAR internalization is deficient in TSD cells,
despite higher levels of NPR to compensate, resulting in increased vulnerability to
excitotoxicity.

To investigate how AMPAR activation affects NPTX1, we measured NPTXI
expression in TSD neuroglia after treatment with the AMPAR agonist, AMPA. In
addition, gene expression was measured after DMOG treatment to determine if HIF-1a
directly modulated NPTXI expression. We found that AMPA significantly reduced
NPTX]I expression, and when cells were treated with AMPA and DMOG together, there

was further repression (Figure 6). Cells internalize AMPARs after stimulation to attenuate

273-275 206, 209-211

glutamate-induced signaling, in which neuronal pentraxins play a role.
Activation of mGluR1/5, induces cleavage of NPR surprisingly fast, reaching 60.7% of
its original levels after 90 minutes. Subsequent internalization of GluR1-containing
receptors occurs rapidly, reducing membrane receptors by 74.1% of the vehicle control

. 211 . . .
after 45 minutes.” Since our experiments measured gene expression 24 hours after

AMPAR activation, it is possible that NPTX] expression is shut down by AMPA in a
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negative feedback mechanism after internalization takes place. Further, because AMPAR
clustering has been found to increase excitation, lower levels of NPTXI would decrease
AMPAR clustering at the membrane and hence decrease excitability, which may be
desired after receptor activation and cell depolarization. We also observed that
stabilization of HIF-1a by DMOG enhances the AMPA-mediated repression of NPTX].
In fact, evidence indicates that hypoxic preconditioning and therefore induction of HIF-
la stabilization, reduces intracellular [Ca®"] increases induced by AMPA *"® Therefore,
AMPA-mediated excitation reduces expression of NPTX/ in an attempt to decrease
excitability and facilitate recovery, which is aided by HIF-1a directly and indirectly, as
described below.

In addition to NPTXI, we also measured levels of VEGF. VEGF is a target of
HIF—IOL,64 therefore, increased expression of VEGF in the presence of DMOG, confirmed
stabilization of HIF-la and transactivation. Second, VEGF protects from AMPAR-
mediated excitotoxicity through the upregulation of GIuR2, which, once included in
AMPARSs renders receptors impermeable to Ca®".*’'Reduced levels of VEGF in the
presence of AMPA, and the deficient levels of HIF-1a in TSD neuroglia during hypoxia,
along with the fact that TSD neuroglia are more susceptible to AMPA-induced cell death
compared to normal neuroglia,”®® suggests that the intrinsic shortage of HIF-1a prevents
the upregulation of VEGF needed to afford protection from AMPA-induced
excitotoxicity. Therefore, when HIF-la was stabilized by DMOG, AMPA could not
reduce VEGF expression like it could on its own. Consequently, low levels of HIF-1a in

TSD neuroglia may be responsible for their vulnerability to AMPA-induced death.
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miR-210

We measured expression of miR-210 because it is a HIF-1o target gene and

86, 269 87, 270

effector, and a potential regulator of NPTX] First, to determine if miR-210
expression was altered by HIF-1a expression in TSD neuroglia, we measured miR-210 in
the presence of DMOG and under hypoxia (Figure 8). In normal neuroglia, the pattern of
miR-210 expression is complementary to HIF-la expression and reciprocal to the
expression of NPTX1, lending merit to our hypothesis that miR-210 represses NPTX]. In
contrast, in TSD neuroglia, miR-210 levels do not mirror HIF-1a expression patterns.
miR-210 expression is consistently significantly higher in TSD cells than in normal
controls. However, in hypoxic conditions, TSD neuroglia are unable to stabilize HIF-1a
efficiently. This was not reflected in the miR-210 expression data. Therefore, miR-210
must be under the control of another molecule, in addition to HIF-1a. Another study has
shown that miR-210 expression can be induced by Akt activation, independent of HIF-

277
la.

These data suggest that although HIF-1a does induce miR-210 expression in both
TSD and normal neuroglia, evidenced by its increased expression in the presence of
DMOG, there are other molecules that can do so as well. miR-210 exerts protective
effects by decreasing expression of its target proteins (subsequently described in detail).
Moreover, most evidence demonstrates a neurotoxic role for NPTX1.213217- 278 Taken
together, this suggests that TSD neuroglia compensate for low HIF-la expression by
increasing miR-210 to keep NPTX] expression as low as possible. Despite this attempt,

NPTX] is so highly expressed in TSD neuroglia at baseline that the increase in miR-210

expression is not enough to completely suppress NPTX]. It seems that the reduced ability
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of TSD neuroglia to stabilize HIF-1a under hypoxia may affect their ability to respond to
other stressful stimuli, i.e. lysosomal storage. TSD neuroglia are therefore intrinsically
predisposed to cell death due to increased expression of neuronal molecules involved in
excitotoxicity, in addition to ganglioside accumulations.

Direct targets of miR-210 that have been discovered include SHIP-1, a negative
regulator of hematopoesis,””> EphrinA3, involved in angiogenesis and synapse
formation,”™ iron-sulphur cluster assembly proteins 1/2, involved in mitochondrial
respiration,”®' NF-kB1 (p105),%*? apoptosis-inducing factor, mitochondrion-associated 3
and HIF-3a.””” Generally, targeted degradation of these proteins is neuroprotective.

More specifically, the NF-kB family of transcription factors (TFs), of which NF-
kB1 is a part, dimerize with each other to activate gene transcription. NF-kB1 does not
contain a transactivation domain and therefore must rely on its dimerization partner to do

283, 284

SO NF-«B1 is constitutively processed into its truncated form, p50, in non-

stimulated cells;285’ 286 it dimerizes with RelA and c-Rel, other members of the NF-xB
family. NF-xB dimers are sequestered in the cytoplasm by inhibitors of NF-kB (IkB).
However, when cells are stimulated by TNF-o or IL-1, IkBs are phosphorylated,
ubiquitinated and degraded, freeing the NF-kB dimer, allowing movement to the nucleus
and activation of target genes.” Unprocessed NF-kB1 can also function as an IkB.**"%
NF-«B signaling can be induced by the binding of lipopolysaccharide (LPS) to the
Toll-like receptor 4 (TLR-4).*° LPS is a molecule found in the membrane of Gram-

. . . . . 201 .
negative bacteria, which activates TLR-4 to produce an immune response.” Murine

macrophages treated with LPS induced HIF-la and miR-210 expression and miR-210
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directly targeted and inhibited NF-xB1, which significantly reduced pro-inflammatory

: . 282
cytokine secretion.

In fact, the promoter for HIF-1a contains a RelA binding site and is
thus transcriptionally regulated by NF-kB.*”> Reduction of NF-kB1 thus inhibits the
inflammatory signaling cascade and reduces pro-inflammatory cytokines. Therefore, high
levels of miR-210 may be anti-inflammatory and neuroprotective in TSD.

While NF-kB-induced gene expression is transiently protective, chronic activation
of these pathways can cause damage through highly upregulated inflammatory
responses.”® Furthermore, TLR-4 is also activated by gangliosides, which also increases
NF-kB and pro-inflammatory cytokine secretion.””®> Lysosomal exocytosis has been
documented as a way for cells to replenish or repair the plasma membrane or remove

294-298

pathogenic bacteria from infected cells. Moreover, there is evidence that illustrates

299, 300 C -
°7" From this evidence, high

this process occurs in LSDs including SD and sialidosis.
levels of pro-inflammatory cytokines characteristic of TSD and SD, and extracellular
gangliosides may increase NF-kB signaling, and since HIF-1a stabilization is deficient
during stress, the negative feedback mechanism involving miR-210 is ineffective. miR-
210 may be overexpressed in TSD neuroglia by a HIF-la-independent mechanism to

2223 in an attempt to

compensate for the pro-inflammatory response seen within the brain,
prolong cell viability.

While the targeting of NF-kB1 by miR-210 illustrates a protective role for miR-
210 in TSD, we decided to look for other putative miR-210 targets that may be more

directly involved in the neurodegeneration of TSD neuroglia. Prediction algorithms

including PicTar " *°! suggested miR-210 may bind to the 3° UTR of NPTX1 (Figure 9).
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Based on the excitotoxic nature of NPTX1,%1*2!3

the overexpression of NPTX1 that we
observed in TSD neuroglia is likely detrimental. Furthermore, the inversely correlated
levels of miR-210 and NPTX1 expression during hypoxia or DMOG treatment (Figures 7,
8) add merit to the idea that miR-210 directly binds the 3° UTR of NPTX1.

NPTX1

NPTX]I expression was significantly higher in TSD neuroglia compared to normal
neuroglia (Figure 5). Since HIF-1la stabilization by DMOG tended to decrease NPTX!
expression in initial experiments (Figure 6), we used Tagman gene expression assays to
better understand how HIF-1a affects NPTX! in TSD neuroglia directly. We measured
the expression of NPTXI in cells cultured under hypoxic conditions and found that HIF-
la stabilization reduced NPTX1 expression in both normal and TSD cell types, although
it was more effective at doing so in normal neuroglia. HIF-1a deficiency in hypoxic TSD
neuroglia resulted in significantly higher levels of NPTX! in TSD neuroglia compared to
normal neuroglia (Figure 7).

To directly test the ability of miR-210 to reduce NPTXI expression, we used a
luciferase reporter containing the 3> UTR of NPTX1. We also used site-directed
mutagenesis to generate two 3 UTR mutants, each with a mutated putative seed sequence
(Figure 10). Luciferase expression from the mutant vectors at baseline were significantly
different from pGL3-CMV. Long 3’ UTRs have been observed to increase mRNA

stability,**

which explains the increase of expression in the mutants compared to pGL3-
CMYV, which contains the luciferase reporter but does not contain a 3° UTR like the

vectors we constructed. Luciferase expression from pGL3-CMV 3° UTR NPTXI1 and

77



M.Sc. Thesis — R. Venier McMaster University — Biology

from mutant 2 was not significantly different from pGL3-CMV control when co-
transfected with pCDNA3-premir210, most likely due to large variation levels. However,
expression from pGL3-CMV 3 UTR NPTX1 and mutant 2 is significantly reduced by
miR-210 compared to the expression from mutant 1 (Figure 11). This suggests that the
nucleotides mutated in mutant 1 facilitate miR-210 binding, since miR-210 is not capable
of decreasing its expression like it is of pGL3-CMYV 3° UTR NPTX1 and mutant 2. This
indicates that higher levels of miR-210 observed in TSD neuroglia may serve to control
the excessive NPTXI expression in these cells. If NPTX1 is neurotoxic as most evidence
indicates, then miR-210 and HIF-lo are neuroprotective in TSD neuroglia and the
intrinsic deficiency in HIF-a is a major cause of pathology.

Since we were unable to detect endogenous levels of NPTX1 protein in TSD cells,
we chose to overexpress it to determine its properties in TSD neuroglia. Initial studies of
NPTX1 found protein levels were particularly hard to detect in rat brains despite high
mRNA levels.””” We found the same in TSD neuroglia, which is most likely due to the
fact that NPTX1 is a secreted protein and that our studies used cell culture and not whole
brain lysates. In our studies, we found that NPTX1 forms glycosylated multimers in TSD
neuroglia (Figure 12), as predicted by studies on NPTX1 isolated from rat brain.””> We
were also able to detect NPTX1 secreted in the media of transfected cells. It is interesting
to note, however, that NPTX1 found in the media was slightly smaller than that in lysates.
This suggests that the molecule was cleaved when it was secreted, which fits with the

model that describes TACE-mediated NPR cleavage and release of NPTX1/2 from the
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membrane.>!!

These data confirm that NPTX1 produced in TSD neuroglia is consistent
with NPTX1 described elsewhere.
KCNK2

Previous data from our lab suggested that KCNK2 expression was increased in
TSD neuroglia compared to normal neuroglia. We confirmed this observation with qRT-
PCR (Figure 5). KCNK2 is a background potassium channel that hyperpolarizes neurons

231

and thus decreases their excitability.” Nevertheless, glutamate inhibits activation of

potassium channels similar to KCNK2.2%234

Therefore, overexpression of KCNK2 in
TSD neuroglia could be a way for these cells to compensate for the increased
susceptibility to AMPA-induced cell death.

Perhaps the most interesting observation we found was that hypoxia and DMOG-
mediated HIF-1a stabilization suppressed KCNK2 expression (Figure 6, 7). There has
been some controversy in the literature about the oxygen sensing capabilities of KCNK2.
Miller et al. illustrated that in stably transfected HEK293 cells, hypoxia (20 mmHg)
reduced whole-cell K™ currents by ~40%. Furthermore, hypoxia was able to prevent the

activation of KCNK2 by AA or membrane stretch.’”

However, the method used to
equilibrate the hypoxic solutions in these experiments was shown by Buckler et al. to
actually eliminate AA from solution. Moreover, subsequent experiments by Buckler et al.

found no change in K current during hypoxia.”*

Nevertheless, our data clearly indicate
that HIF-1a stabilization significantly reduces KCNK2 expression in TSD neuroglia, and
that the deficiency in HIF-la in these cells during hypoxia de-represses KCNK2

expression as expected (Figure 7). Unlike NPTX1, we did not find a miR-210 binding site
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in the 3> UTR of KCNK2. Instead, promoter analysis revealed multiple putative reverse
hypoxia response elements (rHREs)(Figure 13). These consensus sequences are HREs on
the reverse DNA strand that recruit HIF-la binding and repression of gene
transcription.”®>% Our goal in identifying these sites is to clone and test them for their
ability to repress reporter gene expression.

As mentioned previously, there are three variants of human KCNK2 described in
GenBank. They are produced by exon skipping and result in three putative proteins of
422, 411 and 426 amino acids. The AceView database suggests that variant 1 uses a

different promoter than variants 2 and 3.***

The probes used to measure KCNK2 gene
expression in our experiments span exons 5 and 6, which would therefore detect all three
variants. To determine whether TSD neuroglia express all variants, we performed RT-
PCR. We found that all variants are expressed, variant 2 the most so (Figure 14). The
predicted alternative promoters of KCNK2 probably allow regulation of the variants by
different transcription factors, however, there have been no previous studies on KCNK2
promoters. Most studies on human KCNK2 have involved physiological properties of
variants 2 and 3. The differences between variants are present in the N-termini
intracellular domain of the protein. There is evidence to suggest that the N-terminus of

KCNK2 may be used as a localization marker.””

Furthermore, a truncated form of
KCNK2 that is missing 56 N-terminal amino acids increases the channel’s Na’
permeability, which increases cell depolarization.””® Therefore, it is important to

determine the properties of the KCNK2 channels expressed in TSD neuroglia to better

understand their role in excitotoxicity and how they may contribute to neuronal cell death.
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NBDNJ

The glucosylceramide synthase inhibitor NBDNIJ is used for the treatment of
Gaucher disease and NPC,”> and has been investigated for the use in other
glycosphingolipidoses as well. In order to determine how ganglioside reduction would
affect gene expression levels, we measured the expression of NPTX] and KCNK2 in the
presence of NBDNIJ. First, we determined what extent NBDNJ reduced gangliosides in
TSD neuroglia. However, contrary to what we expected, we found NBDNJ increased
GM2 and GM3 gangliosides in TSD neuroglia compared to untreated controls (Figure
15A). Logically speaking, the longer time spent in culture, the more gangliosides TSD
neuroglia are expected to accumulate. Nevertheless, when compared in parallel to an
untreated control, NBDNJ-treated neuroglia contained more GM2 and GM3 ganglioside
(Figure 15B). This indicates that NBDNJ directly causes GM2 and GM3 gangliosides to
increase in TSD neuroglia.

NBDNJ acts to inhibit the first committed step in ganglioside synthesis,’
therefore, it acts to reduce the level of all gangliosides present in the cell. In
glycosphingolipidoses that are the result of null mutations, this does little to correct the
problem. However, in cells with residual hydrolase activity, NBDNJ may reduce the
workload for active enzymes and reduce accumulations. It is consequently imperative that
NBDNIJ be administered early on in disease progression and would be most effective in
treatment of less severe forms, i.e. juvenile or adult onset. All this being considered, due
to the nature of the mutations in our TSD neuroglia, it is not surprising to see GM2

ganglioside continue to increase as the cells spend time in culture. Most studies on
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NBDNI have been done in vivo, using mice with LSDs. In particular, NBDNIJ treated SD
mice had reduced GM2 accumulations in brain and liver, reduced neuronal apoptosis,
improved behaviour indicative of delayed disease symptoms, and increased life span after
NBDNIJ treatment.”® Even so, although SD mice treated with NBDNJ lived longer, when
they reached endpoint, brain GM2 and GA2 levels had increased versus endpoint
untreated controls.** This suggests that other effects of NBDNJ may enhance cell survival
instead. In fact, NBDNIJ is capable of decreasing inflammatory cytokine secretion in SD
mice.” It is possible that since gangliosides are very important for nervous system
development, explained at length in the introduction of this report, TSD neuroglia treated
with NBDNJ increase ganglioside production to compensate for the blockage the drug
causes. TSD cells are deficient in HEXA, however, and thus are still unable to degrade
the now even larger amount of GM2, resulting in its accumulation.

Despite the use of NBDNIJ in the clinic, little has been done to determine the
consequences it may have at the molecular level on a long-term basis. As mentioned,
NBDNI treated SD mice produced lower pro-inflammatory cytokines than untreated
controls. In addition, mice treated with NBDNJ also expressed MHC class II and CD68 at
levels closer to normal versus untreated SD mice.* Furthermore, NBDNJ altered T cell
populations in healthy C57Bl/6 mice, indicating that substrate reduction also affects
aspects of cell growth and differentiation.** We have found evidence that NBDNJ is
capable of altering the gene expression of NPTX!/ and KCNK2 in TSD neuroglia, two

important molecules involved in excitotoxicity.
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Furthermore, time-course experiments indicated that NPTX1 expression increased
overtime as TSD neuroglia were cultured. Although NBDNIJ did not completely prevent
this increase, it did suppress NPTXI expression compared to untreated controls, after 6
days (Figure 16A). These data, considered with evidence of the neurotoxic role of
NPTXI1, indicate that in addition to the mechanisms noted above, NBDNJ may be
neuroprotective by reducing expression of excitatory molecules.

In contrast, KCNK?2 expression was fairly steady over time in culture; however,
after 6 days, NBDNJ treated TSD neuroglia expressed higher levels compared to
untreated controls (Figure 16B). This effect of NDBNIJ treatment may also be
neuroprotective, since higher expression of KCNK2 could hyperpolarize neurons and
protect them from excitotoxicity. Our data therefore demonstrate that NBDNJ is capable
of altering gene expression as well as ganglioside synthesis. Moreover, it also suggests
that while ganglioside accumulations may initiate disease mechanisms, other factors
including cytokine secretion, inflammation and microglial activation may propagate

disease pathogenesis despite ganglioside levels.
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Figure 17. Working model. HIF-1a induces expression of miR-210, which binds to and suppresses NPTX1
expression in TSD neuroglia. The AMPAR clustering capabilities of NPTX1 increase cellular excitability.
Increased cell excitability enhances the chances of excitotoxicity and therefore high intracellular Ca?*, which
causes mitochondrial dysfunction, protease activation, formation of reactive oxygen species, etc, resulting in
apoptosis. TNF-a activated inflammatory responses lead to the inflammation characteristic of TSD and SD to
propagate disease and activate microglia, but also increase Ca?* permeable AMPARS at the cell surface.
KCNK?2 is inhibited by HIF-10, which decreases cell excitability by hyperpolarizing the cell. TSD neuroglia
stabilize low levels of HIF-1a during hypoxia de-repressing KCNK2 but not affecting miR-210 levels.
miR-210 is therefore regulated differently under these conditions.
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Taken together, we propose that due to ganglioside accumulations intrinsic to
TSD neuroglia, there are multiple cellular molecules affected. The altered levels of HIF-
la, miR-210, NPTX1 and KCNK2 that we have characterized here, probably affect
cellular interactions in the whole brain, and thus should next be investigated in vivo. We
have demonstrated that TSD neuroglia are unable to respond to hypoxia as efficiently as
normal neuroglia by stabilizing HIF-1a. This may be due to high levels of TNF-a that
inhibit HIF-1o and increase the number of Ca®" permeable AMPARS at the cell surface,
as well as activate NF-kB to induce higher pro-inflammatory cytokine secretion.'” These
occurrences, in addition to NPTXI-mediated AMPAR clustering, could increase
susceptibility of TSD neuroglia to excitotoxicity. High KCNK2 and miR-210 expression
may be a mechanism in TSD neuroglia, that attempts to compensate for neurotoxic events
by hyperpolarizing TSD cells and directly inhibiting NPTXI expression, respectively, in
an attempt at neuroprotection. Furthermore, low levels of HIF-la during hypoxia de-
repress KCNK2 expression to facilitate neuroprotection (Figure 17). TSD neuroglia are
beneficial to study the course of disease because they have not differentiated and
therefore illustrate the inherent problems within individual cells that are most likely
amplified as time progresses, and which can be extrapolated to predict disease
mechanisms in the whole organism. Despite the future work needed, these experiments
illustrate the complicated process of excitotoxicity in TSD cells. The major players
involved include NPTX1, miR-210, AMPAR and HIF-1a and aberrant expression of
these components contributes to TSD pathology. Furthermore, inhibition of KCNK2

expression by HIF-1a has major implications for the study of hypoxia-ischemia, in that it
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provides a mechanism for cell death under these conditions. There is no doubt, that this

observation could have major implications of cellular viability in TSD and in general.
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