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Abstract

Background—Niemann-Pick type C (NPC) disease is a fatal neurodegenerative disorder
characterized by the accumulation of free cholesterol in lysosomes. There are currently no
effective FDA-approved treatments for NPC, although in the last years the inhibition of Histone
Deacetylases (HDACs) has emerged as a potential treatment for this disease. However, the
molecular mechanisms that deregulate HDACs activity in NPC disease are unknown. Previously
our group had shown that the proapoptotic tyrosine kinase c-Abl signaling is activated in NPC
neurons. Here, we demonstrate that c-Abl activity increases HDAC?2 levels inducing neuronal gene
repression of key synaptic genes in NPC models.

Results—Our data show that: i) HDAC2 levels and activity are increased in NPC neuronal
models and in Npc1”~ mice; ii) inhibition of c-Abl or c-Abl deficiency prevents the increase of
HDAC?2 protein levels and activity in NPC neuronal models; iii) c-Abl inhibition decreases the
levels of HDAC?2 tyrosine phosphorylation; iv) treatment with methyl-B-cyclodextrin and Vitamin
E decrease the activation of the c-Abl/HDAC?2 pathway in NPC neurons; v) /n vivo treatment with
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two c-Abl inhibitors prevents the increase of HDAC? protein levels in the brain of Npc1”- mice
and, vi) c-Abl inhibition prevents HDAC2 recruitment to the promoter of neuronal genes,
triggering an increase in their expression.

Conclusion—our data show the involvement of the c-Abl/HDAC?2 signaling pathway in the
regulation of neuronal gene expression in NPC neuronal models. Thus, inhibition of c-Abl could
be a pharmacological target for preventing the deleterious effects of increased HDAC? levels in
NPC disease.

Keywords

Niemann-Pick type C disease; Neuronal genes; Histone deacetylase 2; Tyrosine kinase c-Abl;
Imatinib; GNF2

1. Introduction

Neuronal gene repression has been extensively described in several neurodegenerative
diseases (1). Specifically, histone deacetylation plays a fundamental role in neuronal gene
repression in neurodegenerative processes (2-4). HDACs are a family of enzymes
responsible for the regulation of histone deacetylation, which promote greater chromatin
compaction making it inaccessible to the transcriptional machinery (5, 6). HDACs are
grouped into four classes and have been implicated in diverse biological processes including
cellular function, differentiation, development, apoptosis, and synaptogenesis (7). However,
the roles of individual HDACs in brain function have only been addressed recently (4, 8, 9).
HDACL1, HDAC2, HDAC3 and HDACS belong to class | HDACs. Interestingly, HDAC2 is a
master regulator of histone deacetylation and gene repression of neuronal genes (1, 3, 4, 10,
11). Surprisingly, HDAC?2 is predominantly expressed in neurons the adult brain compared
to other HDACs of the same class, such as HDAC1, which is expressed in neural stem cells/
progenitors and glia (12). HDAC?2 is preferentially recruited on the promoters of neuronal
genes triggering neuronal gene repression, cognitive problems and a decrease of synaptic
plasticity in the adult brain (4).

Niemann-Pick type C (NPC) disease is a fatal pediatric neurodegenerative lysosomal storage
disorder caused by mutations in the NPC1 or NPC2 genes (13, 14). Both genes encode
cholesterol transport proteins and their deficiency leads to the pathogenic accumulation of
cholesterol and other lipids (lactosylceramide, glucosylceramide, GM2 and GM3
glycosphingolipids and sphingosine) within the late endosomal/lysosomal compartment
(15-18). NPC is a systemic disorder characterized primarily by neurodegeneration,
especially in the cerebellum and brain cortex, and liver damage (19). Although the etiology
of NPC has been already elucidated, there is no curative treatment for this devastating and
fatal disorder yet. Nevertheless, Miglustat (N-butyldeoxynojirimycin; NB-DNJ; Zavesca®,
Actelion Pharmaceuticals Ltd) is currently approved in the European Union (EU), for the
treatment of progressive neurological manifestations in patients with NPC (19, 20). In
addition, the cholesterol lowering agent hydroxypropyl-g-cyclodextrin (HP-B-CD) is
undergoing a NIH clinical trial in NPC patients (20).
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Interestingly, treatment with the class | HDAC inhibitor valproic acid prevents reduction in
the expression of neuronal genes in NPC cellular models (21). In addition, treatment with
HDAC:Ss inhibitors of classes | and Il, reduces cholesterol accumulation in NPC human
fibroblasts (22). Based on this evidence, HDACs inhibition has emerged as a potential
therapeutic treatment for NPC disease (20, 23, 24). Although what HDACs are deregulated
in NPC is currently unknown, the evidence suggests that a HDACSs class | inhibitor could be
a useful treatment to prevent neuronal gene repression and cognitive impairment. As
previously mentioned, HDAC?2 is the main HDAC | expressed in the adult brain. Moreover,
HDAC2-overexpresssing mice show reduced expression of synaptophysin, decreased
synaptic plasticity, fewer dendritic spines and cognitive impairments (4). In contrast, Hdac2
knockout mice show increased expression of synaptophysin, augmented synaptic plasticity
and a higher number of dendritic spines in the CA-1 region, associated with improvement in
associative learning compared to wild-type mice (4, 25). In addition, HDAC2 has been
described as a key protein involved in neuronal gene repression in neurodegenerative
diseases (3, 4, 10). Indeed, HDAC?2 is increased in mouse models of Alzheimer's disease
(AD) and samples from AD patients, whereas HDAC1 or HDAC3 are unchanged (3, 10, 26).
Therefore, HDAC2 is a good therapeutic candidate for NPC disease.

Interestingly, we recently demonstrated that the activation of the tyrosine kinase c-Abl
increases HDAC? levels in AD models causing neuronal gene repression (10). Our findings
show that c-Abl induces HDAC2 phosphorylation on tyrosine 222, increasing its stability
and protein levels. This in turn increases histone H3 deacetylation and HDAC?2 recruitment
to the promoter of key HDAC? target genes, such as synaptotagmin, NR2a and GIuR1,
inducing their transcriptional repression in AD models. Our results suggest that c-Abl/
HDAC2 signaling is relevant in neurodegeneration (10).

Moreover, recent data show that c-Abl is also involved in HDACL1 regulation by inhibiting
its proteasomal degradation (27), suggesting that c-Abl activity controls epigenetic changes
of several genes in different cellular contexts.

Interestingly, although AD and NPC have a different etiology, both diseases share some
pathological features, including the accumulation of amyloid-p (Ap), tau pathology and
lysosomal dysfunction (28, 29). Moreover, high cholesterol is a risk factor in AD and
carrying the £4 isoform of apolipoprotein E (ApoE) is a risk factor in both disorders (30-32).
Accordingly, treatment with HP-B-CD lowered the levels of Ap42 in a transgenic mouse
model of AD, both by reducing Ap production and enhancing clearance mechanisms (33).

c-Abl has been previously linked to NPC disease pathology. We demonstrated that c-Abl is
activated in /n vitroand in vivo NPC models, triggering neuronal apoptosis (34).
Interestingly, treatment with the c-Abl inhibitor Imatinib decreases apoptosis of Purkinje
cerebellar neurons, improving locomotor abilities and increasing the survival rates of Npc1”-
mice (35). In addition, c-Abl activity has been implicated in several neurodegenerative
disorders such as AD (36, 37), Parkinson's Disease (38) and Amyotrophic Lateral Sclerosis
(39). Finally, c-Abl-overexpressing mice show severe neurodegeneration (40).

Biochim Biophys Acta. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Contreras et al.

2. Results

Page 4

In this work we analyzed the relevance of the c-Abl/HDAC2 pathway in NPC neuronal
models. We found that HDAC?2 protein levels and activity are increased in NPC neuronal
models and in Npc1”- mice. Also the pharmacological inhibition of c-Abl or c-Abl
deficiency (c-Abl”-) prevents the increase of HDAC2 levels and activity in NPC neuronal
models and decreases the levels of tyrosine phosphorylation of HDAC2. In addition, we
found that cholesterol accumulation and oxidative stress are upstream regulators of the c-
AbI/HDAC2 pathway in NPC neurons. Furthermore, c-Abl inhibition prevents the
recruitment of HDAC2 to the promoter of neuronal genes, triggering an increase in their
expression. Our results suggest that c-Abl could be a therapeutic target for preventing
HDAC2-mediated neuronal gene repression in NPC disease.

2.1. c-Abl mediates the increase in protein levels and repression activity of HDAC2 in NPC
neuronal models

To evaluate the relevance of HDAC?2 function in the NPC phenotype we first assessed
HDAC2 protein levels in NPC neuronal models. We transfected the hippocampal-like cell
line HT22 with an shRNA against NPC1 for 48h. As expected, the decrease in NPC1 protein
levels was associated with an increase in intracellular free cholesterol levels that was
detected by filipin staining (Fig. 1A). Interestingly, HDAC2 protein levels were increased in
this neuronal NPC model (Fig. 1B). Although the inhibition of HDACs function has been
proposed to have beneficial effects on NPC pathology, this is the first time that HDAC?2
levels are reported to be increased in NPC cells.

We confirmed that the increase in HDAC?2 protein levels were associated with the NPC
phenotype using different NPC cellular models. The Chinese hamster ovary (CHO) cells
containing a deletion in the MPCZ locus presented higher HDAC2 levels than wild type cells
(Fig. S1A). Moreover, the increase in HDAC2 levels was observed in other NPC neuronal
models. 7DIV rat hippocampal neurons or the HT22 cells were treated with the NPC inducer
U18666A (U18) for 24h. As expected, U18 promoted intracellular free cholesterol
accumulation, in both NPC neuronal models (Fig. 1C & 1E) and a clear increase in HDAC2
protein levels (Fig 1D & 1F). Interestingly, pretreatment with the specific c-Abl inhibitor
Imatinib, prevented the increase in HDAC?2 protein levels (Fig. 1D & 1F).

Next, we evaluated HDAC2 mRNA levels in NPC neuronal models. We found that HDAC2
MRNA levels remain unchanged under all conditions (Fig. 1G), indicating that the changes
in HDAC2 protein levels were not related to changes in its mMRNA levels.

To evaluate if the increase in HDAC2 protein levels correlate with an increase in its activity,
we evaluated HDAC? repression activity using a plasmid expressing a Gal4-HDAC?2 fusion
protein. This construct represses the luciferase expression of a reporter plasmid with a Gal4
binding site upstream of the thymidine kinase promoter (Gal4-TK-Luciferase) (41) (Fig.
1H). HDAC?2 repression activity was assessed as the decrease in luciferase activity in HT22
cells transfected with the Gal4-HDAC2 recombinant plasmid versus a Gal4 empty vector.
Concordantly with our previous results, treatment of HT22 cells with U18 produced an
increase in Gal4-HDAC2-induced repression of luciferase gene in HT22 cells (Fig.1l1),
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whereas Imatinib reduced Gal4-HDAC2-induced repression of the luciferase gene (Fig. 11).
As expected, the class | HDAC inhibitor C1994 also reduced Gal4-HDAC2-induced
repression of the luciferase gene (Fig. 11). Our data confirm an increase in HADC2 protein
levels and activity in NPC neuronal models and suggest that c-Abl inhibition decreases the
transcriptional repressor activity of HDAC2.

Next, we analyzed the levels of HDACL, other class | HDAC protein that was previously
shown to be upregulated by c-Abl (27). Concordantly, our results suggest that Imatinib
treatment decreases HDACL levels (Fig. S2). However, we did not find a clear increase in
the HDACL protein levels in an in vitro NPC model (Fig. S2).

To visualize HDAC?2 localization in NPC neuronal models, we performed
immunofluorescence experiments in rat hippocampal neurons at 7DIV and treated with U18
for 24 h. We observed an increase in HDAC?2 signal and, as expected, HDAC?2 was localized
in the nucleus. The pre-treatment with the c-Abl inhibitor, Imatinib, prevented this increase
(Fig. 2A).

In addition, and to confirm that c-Abl activity mediates the increase in HDAC2 levels in the
NPC cells, we analyzed primary cultures of hippocampal neurons (7DIV) from control (c-
Abl floxo/floxo) and c-Abl null (c-Abl foxo/floxo Nestin-Cre) P1 mice. Interestingly, the c-
Abl null neurons showed no increase in HDAC? levels in immunofluorescence analysis
when they were treated with U18 (Fig. 2B), while control neurons showed a clear increase.
As expected, a very weak c-Abl signal was detected in western blot analysis in primary
cultures of c-Abl”-hippocampal neurons, probably due to c-Abl expression in other non-
neuronal cells present in the culture (Fig. 2C). In agreement with our previously results in
AD models (10), these data strongly suggests that in NPC neuronal models, the increase in
HDAC?2 levels is mediated by c-Abl.

To confirm the specificity of the Imatinib effect we performed experiments using inhibitors
that do not target the c-Abl pathway and evaluated HDAC?2 protein levels in HT22 cells (10).
We found not change in HDAC2 protein levels using SP600125 (SP), PD 0325901 (PD) and
Torinl, that inhibit INK, MEK1/2 and mTORC1, respectively (Fig. S3).

We have previously demonstrated that c-Abl dependent phosphorylation regulates the
stability of HDAC2 preventing its proteosomal degradation in neuronal models (10). We
thought that the same mechanism could be involved in the regulation of HDAC?2 levels by c-
Abl in NPC neurons. To test this idea we transfected HT22 cells with a Flag-HDAC?2
expression plasmid and treated the cells with U18. 24h later, we immunoprecipitated
HDAC2 from whole cell lysates using anti-Flag beads, and evaluated tyrosine
phosphorylation levels. We found that U18 treatment induced tyrosine phosphorylation of
Flag-HDAC?2, while Imatinib prevented it (Fig. 2D).

Thus, our data suggest that increased HDAC?2 protein levels in NPC models is probably
mediated by c-Abl tyrosine phosphorylation of HDAC2.
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2.2 Cholesterol accumulation and oxidative stress are upstream regulators of the c-Abl/
HDAC2 pathway in NPC neurons

Previously, our laboratory reported that cholesterol accumulation mediated by the NPC
inducer U18, activates the c-Abl/p73 signaling in NPC neurons (34). Therefore, we
evaluated if cholesterol accumulation causes increased HDAC? protein levels by using the
cholesterol reducing agent methyl-B-cyclodextrin (MBCD). U18 treated-HT22 cells were
treated with increasing concentrations of MBCD and 24h later we evaluated cholesterol
accumulation by filipin staining. Also, we measured the activation of c-Abl with a phopsho-
c-Abl antibody and HDAC2 protein levels by western blot analysis. Interestingly, we found a
decrease in both phospho-c-Abl and HDAC? protein levels that correlated with the decrease
in cholesterol filipin staining caused by MBCD treatment (Fig. 3A-D). Our previous results
demonstrated that cholesterol accumulation in NPC neurons triggers oxidative stress and the
activation of c-Abl/p73 signaling pathway. Accordingly, the use of antioxidants reduces c-
Abl/p73 activation (34, 42). Therefore, we evaluated the effect of antioxidant treatment on
HDAC2 protein levels in U18-treated HT22 cells. As expected, we found that the
antioxidant Vitamin E (VitE) significantly decreased HDAC? protein levels (Fig. 3E).

Our results suggest that both, lipid accumulation and oxidative stress induce impairment of
c-Abl/HDAC2 signaling in NPC neuronal models.

2.3. Imatinib and GNF2 treatments prevent the increase of HDAC2 protein levels in Npc1”

mice

Previously, our laboratory showed that treatment of Npc1”- mice with Imatinib increases
locomotor function and survival (35). Therefore, we evaluated whether HDAC?2 protein
levels are upregulated /7 vivoin the NPC murine model, and if c-Abl activation is involved
in this increase. We decided to analyze brain and cerebellum, two of the most affected areas
in the CNS of NPC mice. To this end, four week-old Npc1”- mice underwent daily treatment
with Imatinib by intraperitoneal injection for 1 month. Then, we analyzed HDAC?2 protein
levels in the brain and in the cerebellum by western blot analysis. In concordance with the 7in
vitro NPC models, we observed that NPC mice show higher levels of HDAC?2 than wild type
mice in brain and cerebellum (Fig 4A). Moreover, we observed that Npc1”~ mice treated
with Imatinib presented HDAC? levels similar to those of wild type mice (Fig. 4A). This
result indicates that there is an increase in HDAC2 levels, which is prevented by c-Abl
inhibition, in brain and cerebellum of Npc1”/-mice.

To confirm our /n vivoresults we used a different c-Abl allosteric inhibitor, GNF2, and
evaluated HDAC?2 levels in the brain by immunofluorescence. We treated four weeks-old
Npc17- animals for three weeks with GNF2. The immunofluorescence assays of Npc1-
mice cerebellum clearly showed higher HDAC?2 levels than wild type animals; while the
cerebellum of Npc17- mice treated with GNF2 presented a fainter HDAC2 staining, similar
to the wild type (Fig. 4B and Fig. S4). Moreover, HDAC2 was almost undetectable in wild
type animals treated with GNF2. In addition, we analyzed HDAC?2 levels in the CAL area of
the hippocampus and in the cortex. We also observed higher levels of HDAC2 in Npc1™-
mice. GNF2 treatment prevented the increase of HDAC2 levels in these same brain
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structures in Npc1”- mice (Fig. 4C). Altogether, these results indicate that the increased
HDAC? levels in brain and cerebellum of Npc1”- mice is mediated by c-Abl activity.

2.4. c-Abl inhibition prevents increased HDAC2 recruitment on neuronal genes and
decreased mRNA levels of neuronal genes

After establishing that there is an increase of HDAC2 protein levels mediated by c-Abl in
NPC neuronal models, we investigated whether this increment was associated with the
repression of well-known HDAC?2 neuronal target genes. First, we assessed the recruitment
of HDAC?2 to the promoter of the neuronal genes GIluR1, NRZA, Synaptophysin and
Synaptotagmin by chromatin immunoprecipitation (ChlP). We treated HT22 cells with U18
and observed that HDAC?2 recruitment on the neuronal genes promoters was increased when
compared with vehicle-treated cells (Fig. 5A). In agreement with our previous results, the
recruitment of HDAC2 on the promoter of these four genes was prevented by the c-Abl
inhibitor Imatinib (Fig. 5A). In the same way, U18 treatment of HT22 cells induced a
significant decrease of acetylated histone H3 (H3ac) levels at the promoter of these genes
(Fig. 5B), which correlates with increased recruitment of HDAC2 in HT22 cells treated with
U18 (Fig. 5A). In addition, Imatinib pre-treatment significantly increased H3ac levels at the
promoter of these neuronal genes (Fig. 5B), which also correlates with a decrease in the
recruitment of HDAC2 to these promoters (Fig. 5A). Finally, we evaluated mRNA levels of
these four neuronal genes by g-PCR. We observed a decrease in mRNA expression of
GIluR1, NRZA, Synaptophysin and Synaptotagminin HT22 cells treated with U18 for 24h
(Fig. 5C). Consistently, this repression of neuronal genes was prevented by the class |
HDAC inhibitor, MS275 (Fig. 5C). More importantly, pretreatment with Imatinib, also
prevented the reduction of the mRNA levels of the four neuronal genes evaluated (Fig. 5C).
As a control, we analyzed the expression of the a-tocopherol transport protein gene (TtpA),
which we had previously shown was not regulated by U18 treatment (43). As expected, the
expression of this gene did not change with Imatinib or C1994 treatments (Fig. S5).

These results suggest that, in NPC neuronal models, c-Abl inhibition prevents the
recruitment of HDAC2 on the promoter of some key genes involved in synaptic plasticity
resulting in an increase in their expression.

3. Discussion

In this work we report the participation of the c-Abl/HDAC2 signaling pathway in epigenetic
alterations in NPC neurons. We found that HDAC? levels and repression activity are
increased in NPC neuronal models and also in Npc1”-mice, and that the pharmacological
inhibition of c-Abl or c-Abl deficiency prevents the increase of HDAC2 levels. In addition,
we show that cholesterol accumulation and oxidative stress are upstream regulators of the c-
AbI/HDAC? pathway. Furthermore, c-Abl inhibition prevents the recruitment of HDAC?2 to
the promoter of neuronal genes, allowing an increase in their expression.

To our knowledge, this is the first report showing an increase in HDAC2 protein levels in
different NPC neuronal models, including HT22 cells and hippocampal neurons treated with
U18, and HT22 cells transfected with an ShRNA against NPC1. Interestingly, although we
did not find a clear increase in HDAC1 protein levels after U18 treatment of HT22 cells,
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Imatinib did decrease HDACL levels. These results suggest that in NPC neuronal models
HDAC1 levels are regulated by other signaling pathways in addition to c-Abl. We also found
increased HDAC?2 protein levels in NPC mice brain and cerebellum, two CNS areas that are
damaged in NPC patients. Increased expression of HDAC2 has also been reported in other
neurodegenerative disease models. In AD, the increase in HDAC?2 levels and activity has
been linked to the deterioration of neuronal and synaptic function. Indeed, postmortem
samples from AD patients show increased HDAC?2 levels (3). Thus, the evidence suggests
that HDAC2 inhibition, or the restraint of HDAC?2 activity could be an effective strategy to
ameliorate the progression of the disease and to improve the cognitive and motors skills in
NPC patients, as has been proposed for AD.

Treatment with HDAC inhibitors was demonstrated to be effective against cognitive decline
and neuronal gene repression in AD mouse models (2, 44-47), reducing cholesterol
accumulation in mutant human fibroblasts and preventing the decrease in neuronal gene
expression in NPC models (21, 22, 48). Indeed, HDACs inhibition was proposed as a
therapeutic approach for NPC pathology (23, 24). Considering our results, HDAC2 should
be considered a good therapeutic candidate for NPC. However, there are currently no
available selective inhibitors of HDAC?2 activity (49). Furthermore, the development of a
specific HDAC2 inhibitor is challenging because the members of class | HDACs have a
highly conserved catalytic domain (50). Thus, an alternative strategy could be to modulate
the pathways involved in regulating HDAC? levels and activity in NPC neurons.

Previously, our laboratory demonstrated that c-Abl is mainly activated in NPC neuronal
models due to increased oxidative stress, and that treatment with antioxidants such as N-
acetylcysteine and vitamin E can prevent c-Abl activation (34, 42). We also showed that
treatment of Npc1”- mice with Imatinib, a specific c-Abl inhibitor, improves locomotor
abilities and increases survival rates (35). This effect correlated with decreases in c-Abl/p73
proapoptotic signaling and Purkinje neuron death and apoptosis (35). Here, we show that
cholesterol accumulation and oxidative stress are upstream activators of the c-Abl/HDCA2
pathway and accordingly, treatment with MBCD and Vit E decrease phospho-c-Abl and
HDAC?2 levels in NPC neuronal models. In addition, our results suggest that tyrosine
phosphorylation of HDAC2 by c-Abl, increases HDAC2 protein levels in NPC models.
These results are in agreement with our previous findings in neuronal models in which we
found that specific phosphorylation on tyrosine 222 promotes HDAC?2 repression activity
and prevents poly-ubiquitination and proteasomal degradation (10). However, further studies
are required to establish if this specific HDAC2 tyrosine is phosphorylated by c-Abl,
preventing its degradation in NPC neuronal models.

To demonstrate the connection between c-Abl and the increase in HDAC2, we used different
NPC models and approaches. We found that the specific inhibitor Imatinib, prevents the
increase in HDAC?2 levels and activity in HT22 cells and hippocampal neurons treated with
U18. Moreover, treatment with two different and specific c-Abl inhibitors prevents the
increase in HDAC?2 levels in the brain and cerebellum of NPC mice. In addition, we
demonstrated that c-Abl activity is responsible for the increase of HDAC2 levels in NPC
neuronal models using c-Abl”~ hippocampal neurons.
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Interestingly, our results show that the change in HDAC2 protein levels and activity does not
correlate with changes in HDAC2 mRNA levels, suggesting that c-Abl activity increases the
stability of the HDAC?2 protein, probably through c-Abl mediated HDAC?2 tyrosine
phosphorylation, a similar mechanism to that occurring in AD models (10).

HDAC2 has been described as an epigenetic repressor. Therefore, we focused our attention
on known HDAC?2 target genes that are relevant in the context of synaptic plasticity,
including GIuR1, NR2a, synaptophysinand synaptotagmin. These genes are down regulated
in neurodegenerative diseases, such as in the human AD brain (3). In addition, several
studies have shown that GIuR1 and NR2a KO mice display learning and memory deficits
(51, 52).

We found increased recruitment of HDAC2 on the promoter of G/luR1, NRZ2a, synaptophysin
and synaptotagmin genes and that this increase was prevented by Imatinib. Concordantly,
U18 treatment promoted a reduction in acetylated histone H3 levels on the promoter of these
synaptic genes, effect that was prevented by Imatinib. As a consequence of these chromatin
changes, we expected a change in the mMRNA expression of these genes. Accordingly, we
found a reduction in their mMRNA levels that was prevented by pre-treatments with the
HDAC inhibitor MS-275 and with Imatinib.

We have previously described the reduction in neuronal gene expression in NPC models.
Indeed, our laboratory demonstrated a change in the expression profile of NPC mice,
especially in genes related with synaptic function and axogenesis (53). Although the
molecular mechanisms involved are unknown, in this work we show evidence supporting the
role of HDAC?2 in repression of neuronal genes in NPC models.

4. Conclusions

Our data show that HDAC?2 levels and repression activity are increased in NPC neuronal
models. The pharmacological inhibition of c-Abl or the deficiency of c-Abl prevents the
increase of HDAC?2 proteins levels and activity and the recruitment of HDAC?2 to the
promoter of neuronal genes, triggering an increase in their expression, in NPC neuronal
models.

The results of this work suggest that the c-Abl/HDAC?2 signaling pathway could also
contribute to the pathogenesis of NPC disease, decreasing neuronal gene expression and
worsening neuronal function. Consequently, treatment with c-Abl inhibitors would also
decrease c-Abl/HDAC?2 signaling and therefore rescue neuronal gene expression,
contributing to the improvement of NPC disease.

Finally, our results reveal a new mechanism of damage in NPC through the activation of the
c-Abl/HDAC?2 signaling pathway and the repression of neuronal genes expression. Thus,
inhibition of c-Abl could be a pharmacological target for the prevention of the deleterious
effects caused by increased HDAC2 levels in NPC.
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5. Material and methods

5.1. Antibodies and reagents

Mouse anti-HDAC2 3F3 ChlIP grade (ab51832), rabbit anti-HDAC2 ChIP grade (ab7029)
and rabbit anti-HDAC1 (ab184651) were purchased from Abcam (Cambridge, United
Kingdom). Rabbit anti-acetyl-Histone H3 (06-599) were purchased from Millipore
(Billerica, USA). Mouse anti-c-Abl (sc-23), rabbit anti-B-tubulin (sc-9104), mouse anti-
GAPDH (sc-32233) were purchased from Santa Cruz biotechnology (Dallas, United States
of America). Rabbit anti-phospho-c-Abl (C4240), Filipin, The ANTI-FLAG M2 affinity gel
(A2220), methyl-p-cyclodextrin and Vitamin E ((+)-a-tocopherol acetate semisynthetic
from natural a-tocopherol) was purchased from Sigma-aldrich. Rabbit anti-Calbindin
D-28K (AB1778) was purchased from Chemicon International (Temecula, CA, USA). The
anti-NPC1 antibody was kindly donated by Dr. William Garver (University of Arizona,
Tucson, AZ). Imatinib mesylate (13139), MS275 and C1994 was purchased from Cayman
Chemical Company (Ann Arbor, United States of America). Torinl (4247) was purchased
from Tocris.

GNF2 was obtained from National Center for Advancing Tranlational Sciences (Center at
the National Institutes of Health (NIH). U18666A (U18) drug was purchased from Enzo
Life Sciences Inc. (Farmingdale, NY, USA). The mouse anti-phospho-tyrosine (4G10) was
purchased from Millipore.

5.2. Cell Culture

HT22 cells were kindly donated by Elena Pasquale (Sanford-Burnham Medical Research
Institute, La Jolla, California, USA). The cells were maintained in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 100 1U/mL
penicillin, and 100 ug/ml streptomycin. CHO cells were maintained in Ham's F12 nutrient
mixture medium (Gibco) supplemented with 10% fetal bovine serum, 100 IU/mL penicillin,
and 100 ug/ml streptomycin.

5.3. Rat and mice hippocampal neuron cultures

Rat hippocampal cultures were prepared as described previously with some modifications
(36, 54). Hippocampi from Sprague Dawley rats at embryonic day 18 or Hippocampi from
mouse at postnatal day 1 were removed (the genotype of the animals (c-Abl** or c-Abl")
was determined 1 day later), dissected in Ca2*/Mg?2*-free Hank's balanced salt solution
(HBSS) and rinsed twice with HBSS. Then, the tissue was resuspended in HBSS containing
0.25% trypsin and incubated for 15 min at 37°C. After three rinses with HBSS, the tissue
was mechanically dissociated in DMEM, supplemented with 10% horse serum (Invitrogen),
100 U/mL penicillin, and 100 pg/mL streptomycin. Dissociated hippocampal cells were
seeded onto polyLysine coated coverslips. Cultures were maintained at 37°C in 5% CO», for
2 h before the plating medium was replaced with Neurobasal growth medium (Invitrogen)
supplemented with B27 (Invitrogen), 2 mM L-glutamine, 100 U/mL penicillin, and 100
ug/mL streptomycin. At day 2, cultured neurons were treated with AraC 2uM for 24 h; this
method resulted in cultures highly enriched in neurons (approximately 5% glia).
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5.4. Imatinib, GNF2, Vitamin E, MS275, U18666A (U18), SP600125 (SP), Torin, PD 0325901
(PD) treatments

Rat hippocampal neurons and HT22 cells (neuronal hippocampal cell line) were pre-treated
with Imatinib at 5 uM or MS275 0.1 uM or SP 10 uM or PD 25 pM or Torinl 0.25 uM and
Vitamin E (a-tocopherol) at 50 or 100 pM. Later, cells were treated with U18 at 0.5 pg/mL
for 24 h. c-Abl”~ hippocampal neurons were treated with U18 at 0.5 pg/mL for 24 h. Mice
were treated with Imatinib 12.5 mg/kg or GNF2 5 mg/kg by intraperitoneal injection every
day, starting at p28 for 1 month or 3 weeks respectively. Control groups received daily
injections of 0.9% NaCl.

5.5. Plasmids

pM18S Flag-HDAC?2, pGal4-HDAC?, p-Gal4E1B-TK-Luciferase were previously described
(41). ShNPC1 were purchased from Open Biosystem Inc. (Colorado, USA). ShNPC1 were
transfected into HT22 cells using Lipofectamine 2000 reagent (Life Technologies, Carlsbad,
US). After 48 hours of transfection, the cells were lysed in RIPA buffer and performed
immunoblot analysis. We use a plasmid scramble ShRNA as a control.

5.5. HDAC?2 repression activity assay

Plasmids Gal4-HDAC?2 and luciferase reporters were transfected into HT22 cells. 48h later,
cells were collected and luciferase activity was determined with the Dual Luciferase
Reporter Assay System (Promega, E1910).

5.6. Methyl-p-cyclodextrin (MBCD) treatments

HT22 cells were treated with vehicle or U18 at 0.5 pg/mL. 4 h later cells were co-treated
with different concentrations of MBCD: 0.1, 0.2, 0.5, 0.8 and 1 mM for 20 h. Cells were
then fixed for filipin staining or collected to perform immunoblot analyses.

5.7 HDAC?2 tyrosine phosphorylation assay

HT22 cells were lysed in RIPA buffer plus protease and phosphatase inhibitors. We used
Anti-FLAG M2 affinity Gel beads for Flag-HDAC?2 immunoprecipitations. HDAC2 tyrosine
phosphorylation was evaluated with an anti-phospho-Tyr antibody.

5.8. Immunofluorescence procedures

Hippocampal neurons were seeded onto poly-Lysine coated coverslips in 24-well culture
plates at a density of 3.0 x 104 cells per well. After treatment, cells were washed twice with
PBS, fixed in 4% paraformaldehyde in PBS for 20 min, and permeabilized for 10 min in
0.2% Triton X-100 in PBS. After 2 washes with PBS, the cells were incubated in 3% BSA in
PBS for 30 min at room temperature, followed by an overnight incubation at 4°C with
primary antibodies against HDAC?2 and B-Tubulin. The cells were washed four times with
PBS and then incubated with anti-mouse Alexa 488 and anti-rabbit Alexa 555 antibodies
(Life Technologies, Carlsbad, United States of America) for 1h at room temperature. The
fluorescence images were captured with an Olympus BX51 microscope and analyzed and
quantified with the ImageJ software.
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5.9. Filipin staining

HT22 cells or hippocampal neurons were fixed in 4% paraformaldehyde/4% sucrose in PBS
for 30 min. Then, cells were washed in PBS and treated with 1.5 mg/mL glycine for 20 min.
Finally cells were treated with 25 pg/mL Filipin (Sigma) for 30 min, washed with PBS and
covered with Fluoromount-G (Southern Biotech, Birmingham, AL, USA). Images were
captured with an Olympus BX51 microscope (Olympus) and analyzed with the ImageJ
software.

5.10. Immunoblot analysis

Cells and brain homogenates were lysed in RIPA buffer (25mM Tris-HCI pH 7.6, 150mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) supplemented with protease
inhibitors cocktail (Roche), Na3VO4, NaF, PMSF and Aprotinina. Proteins were resolved in
SDS-PAGE, transferred to Nitrocellulose membranes (Thermo Scientific), and detected with
primary antibodies against HDAC1, HDAC?2, c-Abl, GAPDH and NPCL1. The reactions were
followed by incubation with HRP labeled secondary antibodies and developed using the
ECL technique (Thermo Scientific).

5.11. Histological analysis

Mice treated with GNF2 5 mg/kg were perfused with 4% paraformaldehyde in PBS. Brains
were removed and post-fixed overnight at 4°C, placed in 20% sucrose in PBS at 4°C
overnight, and then cut in 25 um thick sagittal sections using a cryostat (Leika) at -20°C.
Slices were permeabilized with 0.1% Triton X-100, blocked in 5% BSA in PBS and
incubated overnight with the anti-Calbindin D-28K (AB1778) and rabbit anti-HDAC?2
antibody (ab7029) or the mouse anti-HDAC?2 3F3 ChIP grade antibody (ab51832) in 5%
BSA in PBS. The primary antibody was visualized with anti-rabbit Alexa-Fluor 555, anti-
rabbit Alexa-Fluor 488 or ari-mouse Alexa Fluor 488.

5.12. Quantitative Real-Time PCR

Total RNA from HT22 cells was extracted using Trizol (LifeTechnologies, 15596), and
reverse-transcribed into cDNA using iScript RT Supermix (Bio-Rad 1708840). Real-time
quantitative PCR assays were performed in triplicate using iQ SYBR Green supermix (Bio-
Rad, 170-8882) and exon specific primers (primers are listed in the Supplemental
experimental procedures table I) in a CFX96 real-time PCR Detection system (Bio-Rad).
The relative quantities of cDNA were calculated using the comparative CT method. Data
were derived from three independent amplifications.

5.13. Chromatin Immunoprecipitation

ChIP was performed with HT22 cells. The cells were rinsed with PBS, fixed in 4%
paraformaldehyde in PBS for 10 min and washed with 0.125M Glycine in PBS. Then, they
were lysed in Lysis Buffer | (50mM HEPES, 3mM MgCI2, 20mM KCI and 0.1% NP-40)
and disrupted with a Dounce Homogenizer. Then, the samples were sonicated using a
Bioruptor (Diagenode B01010002), using a cycle of eight 30-second pulses (30s between
pulses) at a frequency of 20 KHz, 8 times at 4°C. The resulting whole cell extract was
diluted in 50mM HEPES, 140 mM NaCl, 1mM EDTA and 1% Triton and incubated in
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Protein A 25 pL (sc-2001, Santa Cruz Biotechnology) or G agarose (sc-2002, Santa Cruz
Biotechnology), depending on the primary antibody isotype, and then incubated for 4 h at
4°C. The samples were then centrifuged and the supernatant was incubated overnight at 4°C
in 4 ug of mouse anti-HDAC?2 3F3 ChIP grade antibodies (ab51832) or rabbit anti-acetyl-
Histone H3 (06-599) antibodies. Later, 50 uL of Protein A or G, depending on the antibody
isotype, was added and incubated for another 4 h at 4°C in a rotator. The pellet was then
washed four times in 1M HEPES, 140 mM NaCl, 1mM EDTA and 1% Triton. The
immunocomplex was eluted by incubation at 65 °C for 15 min in 50mM Tris pH = 8.0,
1mM EDTA, 1% SDS and NaCl 200 mM. The immunocomplex and whole-cell extracts
were treated with RNAseA, (Qiagen 19101) proteinase K (Life Technologies 25530) and the
DNA was then purified using the Qiagen DNA purification kit (Cat# 28106). The
enrichment of DNA fragments was evaluated by Real Time PCR analysis, which was
performed using iQ SYBR Green supermix (Bio-Rad, 170-8882) and primers designed to
amplify the promoters of the genes analyzed (primers are described in the Supplemental
experimental procedures table 1), in a CFX96 realtime PCR Detection system (Bio-Rad).
The relative quantities of immunoprecipitated DNA fragments were calculated using Pfaffl
method (55).

5.14. Statistical analysis

Mean and s.e.m values and the number of experiments are indicated in each figure. One-way
ANOVA tests were performed followed by Bonferroni post-test using the Prisma Software.

5.15. Statement of ethics

All protocols were approved and followed local guidance documents generated by the ad
hoc committee of Chile (CONICYT) and were approved by the Bioethics Committee of the
School of Medicine from Pontificia Universidad Catélica de Chile (CEBA Protocol #
14-038). They were in agreement with the US Public Health Service Policy on Humane Care
and Use of Laboratory Animals recommended by the Institute for Laboratory Animal
Research in its Guide for Care and Use of Laboratory Animals.
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Figure 1. NPC neuronal models show increased HDAC2 protein levels and activity, effect that is
prevented with Imatinib

(A) Representative images showing filipin staining of HT22 cells transfected for 48 h with a
plasmid expressing ShRNA against NPC1 (ShNPC1) or ShRNA scramble (ShSc) as a
control. (B) Western blot analysis and quantification of HDAC2 expression normalized
against GAPDH levels, of HT22 cells transfected for 48 h with a plasmid expressing a
ShRNA against NPC1 (ShNPC1) or ShRNA scramble (ShSc) as a control (n=3). (C)
Representative filipin staining images of hippocampal neurons (7DIV) treated either with
vehicle (Ct) or U18 0.5 pg/mL for 24 h. (D) Western blot analysis and quantification of
HDAC?2 expression normalized against GAPDH levels of hippocampal neurons (7DIV)
treated either with vehicle (control), U18 0.5 ug/mL, U18 0.5 pug/mL plus Imatinib (Ima) 5
UM or Ima 5 uM for 24 h (n=3). (E) Representative filipin images of HT22 cells treated with
vehicle (Ct) or U18 0.5 pug/mL for 24h. (F) Western blot analysis of HDAC2 and (G)
quantitative PCR results of Hdac2 mRNA levels in HT22 cells treated with vehicle (control),
U18 0.5 pg/mL, U18 0.5 pg/mL plus Imatinib (Ima) 5 uM or Imatinib 5 uM for 24h (n=3).
(H) Diagram of the HDAC?2 repression activity assay. (I) HDAC2 repression activity assay
were as follows: HT22 cells were co-transfected with the Gal4-TK-Luciferase, Gal4-Vector
or decreasing quantities of Gal4-HDAC?2. 24h after transfection, the cells were pre-treated
with Imatinib 5 pM or C1994 (CI) 1 uM and 1 hour later the cells were treated with U18 0.5

Biochim Biophys Acta. Author manuscript; available in PMC 2017 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Contreras et al.

Page 19

pg/mL for 24 h. Results are from three independent experiments. *p < 0.05; **p < 0.01;
***p < 0.001; values are mean + SEM.
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Figure 2. Theincreasein HDAC2 protein levelsin NPC neuronal modelsis mediated by c-Abl
induced tyrosine phosphorylation
(A) Representative immunofluorescence and quantification of HDAC2 (green) and B-tubulin

(red) levels in hippocampal neurons (7DI1V) treated with vehicle (Ct), U18 0.5 pg/mL, U18
0.5 pg/mL plus Imatinib (Ima) 5 uM or Ima 5 uM for 24 h (n=3). (B) Representative
immunofluorescence and quantification of HDAC2 (red) and B-tubulin (green) levels in
hippocampal neurons (7DIV) of c-Abl */* and c-Abl 7~ mice treated with vehicle (control) or
U18 0.5 pug/mL for 24h. (C) Representative western blot of c-Abl expression in hippocampal
neurons (7D1V) of c-Abl 7~ mice. (D) Representative western blot of HDAC2 tyrosine
phosphorylation. HT22 cells were transfected with a Flag-HDAC?2 plasmid. After 24h the
cells were pre-treated with Imatinib 5 uM, and 1h later cells were treated with U18 0.5
pg/mL for 24h. Flag-HDAC?2 was immunoprecipitated and phospho-Tyrosine levels and
HDAC2 expression were assessed by western blot analyses. Results are from three
independent experiments. **p < 0.01; ***p < 0.001; values are mean + SEM.
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Figure 3. Cholesterol accumulation and oxidative stress are upstream regulators of the c-Abl/

HDAC2 pathway in NPC neurons

(A) Filipin stained HT22 cells treated with vehicle (Ct), U18 0.5 pg/mL for 24h, or U18 0.5
pg/mL for 24h plus increasing concentrations of methyl-p-cyclodextrin (MBCD) (0.1, 0.2,
0.5, 0.8 and 1 mM). (B-D) Representative western blot of HDAC2 expression in HT22 cells
treated with vehicle (Ct), U18 0.5 pg/mL for 24h or U18 0.5 pg/mL for 24h plus increasing
concentrations of methyl-B-cyclodextrin (0.1, 0.2, 0.5, 0.8 and 1 mM) (n=3). (E) Western
blot of HDAC2 expression in HT22 cells treated with vehicle (Ct), U18 0.5 ug/mL for 24h,
U18 0.5 pg/mL for 24h plus Imatinib (Ima) 10 uM and U18 0.5 pg/mL for 24h plus Vitamin

E (VitE) at 50 and 100 pM.
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Figure 4. NPC in vivo models show increased HDAC?2 levels, which are prevented by Imatinib
and GNF2 treatments
(A) Representative western blot and quantification of HDAC2 levels in brain and cerebellum

extracts from 8-month-old wild-type (Npcl */*) and Npc1 7~ mice treated with Imatinib
(Ima) 12.5 mg/Kg or vehicle, every day for four weeks by intraperitoneal injection (n=3).
(B) Representative immunofluorescence micrographs showing HDAC? levels in the lobule 6
of cerebellums of Npc1 */* and Npc1 - mice treated with vehicle or GNF2 5 mg/Kg.
Results are from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; values
are mean + SEM.
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Figure 5. HDAC2 regulates synaptic gene expression in NPC neuronal models
(A) Quantitative PCR results of the promoters of Glurl, NR2a, Synaptophysin and

Synaptotagmin from HDAC2-immunoprecipitated chromatin and (B) histone H3-acetylated
immmunoprecipitated chromatin from HT22 cells treated with vehicle (control), U18 0.5
pg/mL and U18 0.5 pg/mL plus Imatinib (Ima) 5 uM for 24h (n=3). (C) Quantitative PCR
results of Glurl, NRZ2a, Synaptophysin and Synaptotagmin mRNA expression in HT22 cells
treated with vehicle (control), U18 0.5 ug/mL, U18 0.5 pg/mL plus Imatinib (Ima) 5 uM and
U18 0.5 pg/mL plus MS275 0.1 uM (MS) for 24h (n=3). Results are from three independent
experiments. *p < 0.05; **p < 0.01; ***p < 0.001; values are mean = SEM
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