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Abstract

The RE1 Silencing Transcription Factor (REST) is a repressor of neuronal differentiation and its
elevated expression in neural cells blocks neuronal differentiation. In the present study, we
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demonstrate a role for REST in the control of proliferation of medulloblastoma cells. REST
expression decreased the levels of CDKNIB/p27, a cyclin-dependent kinase inhibitor and a brake
of cell proliferation in these cells. The reciprocal relationship between REST and p27 was
validated in human tumor samples. REST knockdown in medulloblastoma cells derepessed a novel
REST-target gene encoding the deubiquitylase ubiquitin-specific peptidase 37 (USP37).
Ectopically expressed wild type USP37 formed a complex with p27, promoted its deubiquitination
and stabilization and blocked cell proliferation. Knockdown of REST and USP37 prevented p27
stabilization and blocked the diminution in proliferative potential that normally accompanied
REST loss. Unexpectedly, wild type USP37 expression also induced the expression of REST-
target neuronal differentiation genes even though REST levels were unaffected. In contrast, a
mutant of USP37 carrying a site-directed change in a conserved cysteine failed to rescue REST-
mediated p27 destabilization, maintenance of cell proliferation and blockade to neuronal
differentiation. Consistent with these findings, a significant correlation between USP37 and p27
was observed in patient tumors. Collectively, these findings provide a novel connection between
REST and the proteasomal machinery in the control of p27 and cell proliferation in
medulloblastoma cells.
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Introduction

The REL1 silencing transcription factor (REST) is an important regulator of neuronal
differentiation (1-10). It is expressed in neural progenitors, but downregulated in most
differentiated neurons (1-11). REST binds a 21-23 bp sequence called the RE1 element
found in the regulatory regions of target genes through a centrally located DNA binding
domain. REST has two independent repressor domains located at the amino (N) and carboxy
(C) termini of the protein (3-9). The N-terminal repression domain is associated with
mSin3a and HDAC1/2, whereas the C-terminal repression domain complexes with co-
REST, the chromatin remodeling protein Brgl, G9a histone methyltransferase, LSD1 lysine
demethylase, and HDAC1/2 (3-10). Acting through these complexes, REST represses target
gene expression in neural progenitors. A number of these genes are involved in
neurogenesis. The decline in REST expression at onset of neuronal specification derepresses
these target genes and allows terminal neuronal differentiation (1-10).

Consistent with a role for REST in neuronal differentiation, our previous studies showed
that its expression is aberrantly maintained in the undifferentiated neural tumor of childhood
called medulloblastoma (12-14). V-Myc immortalized murine cerebellar progenitor cells
(NSC-M) that were engineered to constitutively express human REST transgene (NSC-MR)
were blocked in neuronal differentiation and formed tumors when injected into the
cerebellum of mice (13). In contrast, the parental v-Myc immortalized progenitors (NSC-M)
underwent neuronal differentiation in vitro and failed to form tumors in vivo (13).
Importantly, constitutive REST expression provided a proliferation advantage to NSC-MR
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cells in vitro (13). In the study described here, we evaluated if REST played a direct role in
the control of cell proliferation and also investigated the underlying molecular mechanisms.

Several studies have demonstrated the importance of the cyclin-dependent kinase inhibitor
(CDKI) p27/Kipl in the control of proliferation and cell exit in cerebellar progenitor cells
(CPCs), the cells of origin of a subset of medulloblastoma (15-17). Mice that are
heterozygous or nullizygous for p27 exhibit cerebellar enlargement stemming from
hyperproliferation of CPCs (15-17). Cytoplasmic mis-localization of p27 is also associated
with uncontrolled CPC proliferation (18). These aberrations in p27 biology contribute to
medulloblastoma formation in the background of constitutive sonic hedgehog (Shh)
signaling (18-21). In the present study, we provide evidence that REST-dependent effects
on cell proliferation involve repression of a gene encoding a deubiquitylase (DUB), USP37
(22-24). The absence of USP37 transcript in REST-expressing medulloblastoma cells was
associated with low p27 protein levels. Conversely, REST knockdown upregulated USP37
gene expression and promoted an increase in p27 protein levels. A significant correlation
between p27, REST and USP37 was also seen in human tumor samples. Ectopically
expressed USP37 formed a complex with p27, promoted its stabilization, blocked cell
proliferation and induced the expression of REST-target neuronal differentiation genes. In
contrast, ectopic expression of a USP37 transgene carrying a mutation in a conserved
cysteine residue failed to rescue REST-dependent effects on p27, cell proliferation and
neuronal differentiation. Since concomitant loss of REST and USP37 expression attenuated
p27 stabilization and differentiation and rescued cell proliferation, our data strongly suggest
that repression of USP37 and consequent p27 degradation, are important for REST-
dependent maintenance of cell proliferation.

REST controls cell proliferation

REST has been mostly studied in the context of its function as a regulator of neuronal
differentiation genes. Our previous studies showed that elevated REST expression in v-Myc
immortalized NSC-MR cells provided proliferation advantage to these cells (13). To
determine if REST had a direct role in maintaining cell proliferation, we knocked down
endogenous REST gene expression in DAQOY and D283 medulloblastoma cell lines through
transient transfection of pooled REST-specific SiRNA or control scrambled (scr) siRNA.
REST knockdown was confirmed by Q-RT-PCR and Western blotting analyses (Figs. 1D
and 1E). A decline in REST expression promoted a 50-60% decline in total cell numbers
relative to control scr-siRNA-transfected cell numbers (Fig. 1A). To determine if this
decrease in cell numbers upon REST loss was mediated by an effect on cell proliferation,
DAOY and D283 cells with or without REST expression were co-stained for REST and
Ki-67 using specific antibodies and analyzed by immunofluorescence assay (IFA). Percent
decrease in Ki-67 staining in cells lacking REST relative to control REST-expressing cells
was between 50% and 70% (Fig. 1B). Flow cytometric analysis was also used to assess
changes in the cell cycle distribution of DAOY cells in the presence or absence of REST
expression. Loss of REST expression promoted an increase in the number of cells in the G1
phase of the cell cycle from 53% to 63%, which was associated with a corresponding

Oncogene. Author manuscript; available in PMC 2013 September 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Das et al.

Page 4

decrease in the number of cells in S phase (17% to 7%) (Fig.1C). A significant change in the
number of cells with a sub-G1 or G2/M DNA content was not detected, indicating that
apoptosis was not a major consequence of REST loss in our assays (Fig. 1C). REST loss and
the consequent increase in expression of its target gene Synl, was also confirmed by Q-RT-
PCR analyses (Fig. 1D). Western blotting also revealed REST loss to cause a decrease in the
levels of the pro-proliferative marker N-Myc and an increase the levels of the inhibitor of
cell proliferation, p27, in DAOY and D283 cells (Fig. 1E) (17, 19-21, 25, 26). Levels of the
CDKI p21 were elevated in DAQY cells but not in D283 cells following REST loss.
Interestingly, REST expression was associated with the presence of slower migrating forms
of p27 in both DAOY and D283 cells. Conversely, the increase in p27 levels following
REST knockdown was accompanied by the emergence of a ladder of faster migrating forms
of the protein. Nuclear localization of p27, which is important for its function as a CDKI
was also observed upon REST knockdown (data not shown). These data implicate REST in
the control of cell proliferation and potentially through regulation of p27 protein levels.

REST and p27 are reciprocally expressed in human medulloblastoma samples

The relationship between REST and p27 observed in medulloblastoma cell lines was also
validated in human tumor samples. Following Institutional Review Board (IRB)-approval,
de-identified patient samples were co-stained for REST and p27 proteins using specific
antibodies and studied by IFA. Staining in representative tumors and control normal
cerebellum is shown in Fig. 2A (top panel). The corresponding hematoxylin-eosin (H&E)
stained sections are included in the bottom panel (Fig. 2A). REST was expressed in all
tumor samples in a focally elevated pattern, but not in the control normal cerebellum. In
contrast, p27 was expressed in the normal cerebellum and either absent or present at low
levels in tumors. Specifically, a total of 45 human tumors were analyzed for REST and p27
expression and scored on a scale from no (=) to high (++++) expression. Approximately, 27
of the 45 samples (60%) showing focal REST expression (+/++/+++/++++) had no
detectable p27 protein. A majority (16/27) of these p27-negative tumors exhibited very high
REST expression (++++) and 12/27 of p27-negative tumors exhibit lower REST staining
(+/++/+++). An additional 18 of the 45 samples (40%) with REST expression also expressed
p27 (+/++/+++) at levels lower or comparable to normal cerebellum (+++). The distribution
of p27 protein as a function of REST levels is shown in Figures 2B and 2C. Overall, there
was a statistically significant difference in level of REST protein between tumors with p27-
negative and p27-positive tumors (p=0.0008, Wilcoxon rank-sum test; p=0.0006, T test).

REST represses the expression of ubiquitin-specific peptidase 37 (USP37)

The laddering appearance of p27 protein in REST-expressing cells in Fig. 1E was suggestive
of post-translational regulation and modification by high molecular weight adducts. A
number of studies have shown p27 levels to be post-translationally regulated by
ubiquitination, which targets its for proteasomal degradation (27-37). To assess if p27 levels
were post-translationally controlled in medulloblastoma cells and required the proteasome,
translation of new protein synthesis was blocked by cycloheximide (CHX) treatment (0-120
minutes) in DAOY, D283 and UW228 medulloblastoma cells and p27 levels were measured
by immunoblotting. As seen in Fig. 3A, there was a substantial reduction in p27 levels
following CHX treatment, which could be prevented by the proteasomal inhibitor MG132.
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To further evaluate whether the slower migrating forms of p27 seen in REST-expressing
cells were ubiquitinated and whether p27 ubiquitination changed in a REST-dependent
manner, we performed immunoprecipitation (IP) assays using extracts prepared from DAOY
cells transiently transfected with REST siRNA or scr siRNA. IP with anti-ubiquitin (anti-Ub)
antibody followed by Western blotting with anti-p27 antibody revealed an increase in faster
migrating forms of p27 in immunoprecipitates from cell extracts lacking REST compared to
that from cells expressing REST. Reactions with control non-immune sera (IgG) were
included as controls (Fig. 3B). Input lanes have been shown separately to highlight
differences in the slower migrating forms of p27 in cells that expressed and lacked REST.
These results suggest that REST loss increased p27 levels by potentially affecting its
ubiquitination.

Skp2, FBXW?7 and KPC1/KPC2 are a few E3 ligases known to be important for p27
ubiquitination and proteasomal degradation (27-37). However, REST knockdown did not
cause a change in the levels of these enzymes. Therefore, we asked if REST regulated the
process of deubiquitylation catalyzed by a family of proteases called deubiquitylases
(DUBSs). A function of these enzymes is to remove ubiquitin moieties from proteins and
prevent their proteasomal degradation (22-24, 38, 39). Since REST-target DUBs with
activity towards p27 have not been reported in neural cells, we searched for candidates in
the RE1-database that lists putative target genes based on the presence of the REST-binding
RE1 element in the gene regulatory regions (40). This search identified a distal RE1 site
downstream of the gene encoding the ubiquitin-specific peptidase 37 (USP37) (40). To
determine whether USP37 was a REST target gene, we first assessed if USP37 expression
changed in a REST-dependent manner. To this end, DAOY and D283 cells were transiently
transfected with REST SsIRNA or scr SiIRNA and analyzed 24 h later for the efficiency of
REST knockdown and change in USP37 expression by Q-RT-PCR analysis using 18s RNA
as an internal control and for normalization. As shown in Figure 3C, both DAOY and D283
cells showed a significant increase in USP37 expression (4.5-fold and 1.6-fold, respectively)
following REST knockdown. Q-RT-PCR analyses also confirmed a substantial diminution of
USP37 expression in REST-positive established cell-lines (Daoy, D283) and patient-derived
primary cultures (UW-228, UW-426, MB-0110, MB-020 and MB-030) compared to normal
cerebella (Fig. 3D). REST binding to the RE1 motif in the USP37 regulatory region and in
the positive control Synl in DAQY cells was confirmed by chromatin immunoprecipitation
(ChlIP) analyses (Fig. 3E). The signal obtained with control 1gG pull-down was subtracted
from that obtained with the specific REST-antibody and plotted as relative binding.
Together these data indicate that REST controlled USP37 gene expression.

The relationship between USP37 and p27 was also evaluated by IFA in human
medulloblastoma tumor samples. Both p27 and USP37 were expressed in the normal
cerebellum whereas their expression was not detected at all or to very low levels in human
tumors (Fig. 4A, top and middle panels). The corresponding H&E-stained sections are
shown in the bottom panel (Fig. 4A). Of the 42 human tumor samples studied and scored, 19
(45%) showed staining for p27, while 23 (55%) did not. Of the p27-negative tumors, 18 did
not express USP37, 4 expressed low levels (+) of USP37, and 1 expressed modest levels of
USP37 (+++). Conversely, normal cerebellum expressed both USP37 and p27. Statistical
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analyses revealed that USP37 protein expression levels were significantly higher in p27-
positive than in p27-negative tumors (r=0.80, p<0.0001, Spearman correlation) (Figs. 4B
and 4C).

The expression of these proteins was also studied in the normal cerebellum of postnatal day
7 mice by IFA. USP37 expression was first seen in cells of the inner external granule layer
(EGL) and was maintained in the inner granule layer (IGL) (Fig. 4D). p27 expression
overlapped strongly with that of USP37 in these cells. Neither protein was detected in the
outer EGL cells (Fig. 4D). These data provide strong evidence for a correlation between
USP37 and p27 levels in human tumors and in the normal murine cerebellum.

Constitutive USP37 expression promotes p27 deubiquitination

To further evaluate the involvement of USP37 in the control of p27 ubiquitination, we
studied the interaction between the two proteins using transiently expressed, epitope tagged
USP37 (24). DAQY cells were transiently transfected with pDEST26 plasmid expressing
FLAG-HA-tagged USP37 or vector alone. Transgene expression was measured by Q-RT-
PCR analyses and Western blotting at various times following transfection (Figs. 5A and
5C). Interaction between USP37 and p27 was also confirmed by co-immunoprecipitation
experiments using anti-p27 antibodies or control IgG followed by Western blot analysis
using anti-Ub antibodies. Although slower migrating forms of p27 that are presumably
ubiquitinated, were seen in the presence and absence of ectopic USP37, an increase in the
lower molecular weight forms of p27 was observed in USP37 (USP37WT) expressing cells
(Fig. 5B). A substantial increase in p27 protein levels accompanied by a gradual decrease in
the slower migrating p27 bands over time was also apparent In USP37 transgene-expressing
cells (Fig. 5C). In contrast, a mutant of USP37 carrying a cysteine to serine change at amino
acid 350 (USP37C350-S) failed to stabilize p27 (Fig. 5D). Transient transfection of Myc-
tagged USP1 was also ineffective in stabilizing p27 (Fig. 5E). To confirm that USP37
ubiquitinated p27, we performed in vitro DUB assays using purified epitope tagged proteins
from transiently transfected 293T cells. Addition of USP37 to a reaction mix containing
HA-ubiquitin and Myc-p27 caused a substantial increase in the 27kD form of p27 and a
corresponding decrease in the slower migrating forms of the protein relative to reactions
containing USP37 and a protease inhibitor N-ethyl maleimide (NEM) or USP37€350-S or
USP1 (Fig. 6F). Collectively, these data indicate that p27 ubiquitination and stability in
medulloblastoma cells is controlled by USP37.

REST-induced cell proliferation and blockade of neuronal gene expression is dependent

on USP37

To examine the effect of USP37-dependent stabilization of p27 on proliferation and
differentiation of medulloblastoma cells, we transfected DAQY cells with pDEST26 vector
alone or pDEST26 expressing USP37WT or USP37C350-S, Cells were stained with anti-Ki67
antibodies and studied by IFA. Percent change in the number of Ki-67 positive cells in
USP37WT or USP37C350-S.expressing cells was measured and plotted relative to vector-
transfected controls (set to 100%) (Fig. 6A). Only 10% of cells expressing USP37WT were
Ki-67 positive in contrast to 70% Ki-67 positivity in USP37C3%0-S.expressing cells (Fig.
6A). Unexpectedly, Q-RT-PCR analyses showed that WT USP37 expression promoted a
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2.7-8 fold increase in expression of the REST target genes Synl, BDNF and SCG10
respectively, relative to vector transfected cells. A 1.2-2 fold upregulation of these genes
was seen in cells expressing USP37¢350-S (Fig. 6B). These findings indicate that ectopic
USP37 not only blocked REST-dependent cell proliferation, but also countered the blockade
to neuronal differentiation even in the presence of REST.

To examine if REST-induced p27 stabilization and maintenance of cell proliferation
required USP37, we transiently knocked down REST gene expression alone or REST and
USP37 gene expression together in DAQY cells and the effect on p27 stabilization and cell
numbers was measured. Cells transfected with USP37 siRNA or scrambled siRNA were
included as controls. Knockdown efficiency was measured by Q-RT-PCR analyses (Fig.
6C). As seen in Figures 6D and 6E, REST loss promoted p27 protein stabilization whereas
the concomitant loss of USP37 countered this effect. This also countered the decrease in cell
numbers that was observed in cells lacking REST gene expression. Thus, our data suggest
that REST-mediated destabilization of p27 and deregulation of proliferation are mediated by
USP37.

Discussion

REST is expressed in embryonic stem cells (ESCs), non-neural cells, and neural progenitors,
where it prevents neuronal differentiation (1-10). However, recent work from a number of
groups, including our work described here, has implicated REST in the control of non-
neurogenic processes (10, 41-45). We had previously shown that the aberrant maintenance
of REST expression in medulloblastomas and the ectopic expression of REST in v-Myc-
immortalized neural progenitors (NSC-MR) blocked neuronal differentiation (13). Elevated
REST expression was also associated with sustained proliferative potential in these cells
(13). A role for REST in the control of proliferation seen in our studies is consistent with its
expression in the cerebellar EGL, where proliferating progenitors are housed, and its
absence from post-mitotic cells in the inner EGL and IGL (46). Our findings linking REST
to the control of cell proliferation are also supported by a recent report wherein elevated
REST expression was shown to promote proliferation in PC12 rat pheochromocytoma cells
by causing a decrease in tuberous sclerosis 2 (TSC-2) and an increase in nuclear beta-
catenin levels (47).

In the current study, we suggest that the decline in cell proliferation in the absence of REST
may be a consequence of p27 stabilization. The inhibitory effect of p27 on the activity of the
cyclinD-CDK4 and/or cyclinE-CDK2 complex is important for cell cycle progression in
both G1 and S phase (30, 48-54). Its importance in the control of proliferation of CPCs in
vitro and for terminal cell cycle exit during neuronal differentiation in the murine
cerebellum is well known (15-17). A decline in p27 levels or its subcellular mis-localization
has also been implicated in medulloblastoma development (18-21). While these findings
clearly indicate the need for tight control over p27 gene expression, protein levels and its
localization in neural cells, the underlying regulatory mechanisms are only beginning to be
delineated.
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Studies in non-neural cells have shown p27 levels or activity to be regulated by post-
translational modifications and its sub-cellular localization (30, 33, 48, 51, 52, 55). In
proliferating cells, p27 is ubiquitinated by E3-ligases such as Skp2, KPC1/KPC2 and
FBXW?7 and targeted for proteasomal degradation (29-32, 37, 52, 56). In our studies
reported here we show that the decrease in p27 levels in REST-expressing cells stemmed
from the absence of the DUB, USP37. Although the levels of known p27-specific E3-ligases
(Skp2, KPC1/KPC2) were unaltered in our assays, we cannot rule out a change in the
activity of these enzymes at this time. Additionally, it is important to note that the
introduction of a conserved cysteine residue in USP37 may have caused a change in protein
folding and promoted its inactivation. To our knowledge, this is the first report of a DUB
involved in p27 regulation in neural cells (22). The involvement of USP37 in cell
proliferation suggested by our data is supported by a previous report in the literature by
Huang and colleagues (57). This excellent study showed USP37 to be important for
deubiquitylation of cyclin A and in S phase progression in 293T cells (57). However, we
observed an USP37-dependent decrease in cell proliferation in neural cells. Additionally,
whereas USP37 expression was found to be controlled by E2F and also subject to an auto-
regulatory loop in the study by Huang et al., we showed it to be controlled by REST in
neural cells (57). Whether these opposing effects on cell proliferation and cell cycle
progression is a reflection of fundamental differences in the regulation and function of
USP37 and or its target specificity in neural and non-neural cells is not clear at this time. In
this context, it is important to note that REST has tumor suppressive and oncogenic
functions in non-neural and neural cells respectively (12-14, 43, 58-61). A future line of
investigation would be to assess the role of REST, if any, in the control of USP37
expression in non-neural cells. If so, it would be important to also examine its connection to
E2F-dependent regulation of USP37.

In conclusion, our study has uncovered a novel role for REST and USP37 in the regulation
of p27 protein and cell proliferation, although a transcriptional regulation of p27 by REST
cannot be ruled out. These findings add to a growing body of literature implicating DUBs in
cell cycle control (62-69). Our data suggest that REST could potentially function as a
molecular switch that temporally coordinates cell proliferation with blockade of
neurogenesis. This possibility needs to be evaluated in mouse models. The contribution of
REST-USP37-p27 pathway to the development of neural tumors such as medulloblastoma is
unclear and is a subject of ongoing investigation in our laboratory.

Materials and methods

Cell Culture

Human medulloblastoma cell lines DAQOY and D283 were obtained from the American
Type Culture Collection (Manassas, VA) and were maintained as previously described (70).
Primary cultures MB-003, MB-020, MB-0110, UW426, and UW228 were a kind gift of Drs.
James Olson, Laurence Cooper and John Silber.
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Transient Transfection

DAOY and D283 cells were transiently transfected with On-Target plus Smart pool duplex
siRNA against human and mouse REST, human USP37 or On-Target plus si-control non-
targeting siRNA (Dharmacon, Lafayette, CO) using DharmaFect transfection reagent.
Briefly, cells were grown overnight in antibiotic-free serum containing medium and
transfected with 100 nM REST-specific sSiIRNA, USP37-specific sSiRNA, or both siRNAs,
and non-target scr siRNA and incubated for 24 hours (h) at 37°C and 5% CO,. DAQY cells
were also transiently transfected with the following plasmids: pDEST-FLAG-HA-
USP37WT, USP37C350-S FI AG-HA-USP1, pcDNA3-myc3-p27 or HA-ubiquitin (Addgene,
Inc). Cell numbers and viability were assessed by trypan blue staining.

Flow Cytometry

DAOQY cells transfected with pooled siRNA against REST or control siRNA were
resuspended in a solution containing 1 mg/mL sodium citrate, 0.1% Triton-X-100, and 0.05
mg/mL propidium iodide and incubated overnight at 4°C. Stained cells were analyzed using
a Becton-Dickinson FacsScan Flow Cytometer (Franklin Lakes NJ), and the numbers of
cells with sub-G1, G1, S, or G2/M DNA content were calculated using CellQuest 3.2
software (BD Bioscience, San Jose, CA).

Q-RT-PCR Analyses

RNA was isolated from DAQY and D283 cells transfected with various pooled siRNAs or
wild type and mutant USP37C€350-S ysing the RNeasy kit (Qiagen, Valencia, CA). Q-RT-
PCR reactions were performed as described previously using primers for human REST,
USP37, Synapsin, BDNF or SCG10 (70). Reactions were performed in triplicate and gene
expression was normalized to actin, GAPDH, or 18S RNA. Relative mRNA expression was
calculated using the comparative AAct method (71).

Primers sequences:
BDNF
Forward: 5'-GCC CTG TAT CAA CCC AGA AA -3’
Reverse: 5'-CTT CAG AGG CCT TCG TTT TG-3’
SCG10
Forward: 5-GAG CTG TCC ATG CTG TCA CTG-3’
Reverse: 5'-GAA GAA ACT GGA GGC TGC AGA-3’
Synl
Forward: 5'- GTC TGA CAG ATA CAA GCT CTG-3
Reverse: 5'- GAC CAC GAG CTC TAC GAT GAG-3’
REST
Forward: 5'- GTA GGA GCA GAA GAG GCA GAT-3’
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Reverse: 5'- GCT TCA CGT TCT TCT ACT GCT-3’
USP37

Forward: 5'- GTG CTC TTG TCA GGC ACA AA-3’
Reverse: 5'- GCA CTC CAA CCA AGG GTA AA-3’

Western Blotting

DAOY, D283, and UW228 were treated with 100 pg/ml cycloheximide (CHX) (Sigma, St
Louis, MO) or 20 uM MG132 (Calbiochem, La Jolla, CA). Extracts prepared from these
cells or those transfected with expression constructs and siRNAs cells were subjected to
polyacrylamide gel electrophoresis and Western blotting using one or more of the following
primary antibodies: REST (Millipore, Waltham, MA); p27 (BD Biosciences, Franklin
Lakes, NJ and Cell Signaling, Danvers, MA); USP37 (Bethyl Laboratories, Montgomery,
TX); ubiquitin (Abcam, Cambridge, MA); type-I11 beta tubulin (Covance, Emeryville, CA);
actin (Cell Signaling, Danvers, MA); GAPDH (Abcam, Cambridge, MA); and N-Myc
(Santa Cruz Biotechnologies, Santa Cruz, CA).

Chromatin Immunoprecipitation Assay

Cross-linked DAQY cells were resuspended in sonication buffer (50 mM Tris-HCI [pH 8.0],
10 mM EDTA [pH 8.0], 1% SDS, and protease inhibitors) and sonicated and 10% of this
material was saved as input DNA. The reminder of the samples were diluted 10-fold with IP
buffer [16.7 mM Tris-HCI [pH 8.0], 167 mM NaCl, 1.2 mM EDTA (pH 8.0), 1.1% Triton
X-100, and protease inhibitors], precleared, and incubated with anti-REST antibody or
control non-immune sera for 12 h at 4°C. Following incubation with protein A beads,
washing, and elution, the cross-linking was reversed and DNA was purified with a QiaQuick
PCR Purification Kit (Qiagen, Valencia, CA). The bound DNA was quantified by SYBR-
Green Q-PCR analyses and analyzed using an 1Q5 Real-Time PCR Detection System (Bio-
Rad Laboratories, Hercules, CA). Calculations following normalization to input values were
done as described previously (72). The following primers were used:

Human USP37

Forward: 5'-CAT CTC ACT CAG GCA GGA AAG TTG TGC-3'
Reverse: 5'-GGA CCA GGC TTC ACA GGT GAT AGG AG-3'
Human Synl

As described in (12).

Immunoprecipitation and Co-immunoprecipitation Assay

Cells were resuspended in lysis buffer (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1 mM
EDTA [pH 8.0], 1% Triton X-100, 0.1% Igepal, and protease inhibitors) and sonicated.
Protein (1 mg) in lysis buffer was pre-cleared and incubated with anti-p27 or anti-Ubiquitin
(Ub) antibody (Abcam, Waltham, MA) overnight at 4°C and then incubated with protein-G
agarose. Beads were washed and sample was eluted with 2X sodium dodecyl sulfate (SDS)
buffer and analyzed by Western blotting using anti-p27 or anti-Ub antibody.
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Immunofluorescence Assay (IFA) and Hematoxylin Eosin staining

De-identified patient samples and normal cerebella were obtained following Institutional
Review Board (IRB) approval. Samples were deparaffinized and processed for IFA using
antibodies against REST (1:50, Millipore, Waltham MA), p27 (1:100, BD Transduction
Laboratories, Bedford, MA) and USP37 (1:150, Bethyl Laboratories, Montgomery, TX).
After washing, cells were incubated with Cy3- or Alexa 488-conjugated secondary
antibodies (Invitrogen, Carlsbad, CA) and then covered with Slowfade Gold antifade
(Invitrogen, Carlsbad, CA) containing 1 ug/ml Hoechst dye to stain the nuclei. Images were
visualized under a Nikon fluorescence microscope and analyzed using Metamorph software
(Molecular Devices, Downington, PA). Staining for REST, p27, and USP37 expression was
scored as high (++++/+++), moderate (++), low (+), or none (=). Hematoxylin-eosin staining
and co-staining for REST and p27 were performed as previously described (13, 70). Brains
were harvested from postnatal day 7 mice and processed for IFA using anti-p27 and anti-
USP37 antibodies.

Site Directed Mutagenesis

The plasmid pDEST26-Flag-HA-USP37 expressing the human USP37 gene (Addgene, Inc)
was used as a template to perform a site directed change of the conserved cysteine at
position 350 to a serine using QuikChange Il XL Site Directed Mutagenesis Kit
(Invitrogen). The following primers were used: 5-GGG CTT CTC CAATTT GGG AAA
TAC CTC CTA TAT GAA TGC-3" and 5° GCA TTC ATATAG GAG GTATTT CCC
AAA TTG GAG AAG CCC TGC-3'. Introduction of the mutation was confirmed by
sequencing.

In Vivo Deubiquitination Assay

DAOY cells were transfected with pDEST26 vector expressing Flag-HA-USP37WT, Flag-
HA-USP37C350-S or Flag-HA-USP1 (Addgene, Inc). Cell extracts were prepared after
addition of MG132 (20 pM) to the culture medium for a period of 6 hours prior to harvesting
the cells. Cell lysates were subjected to polyacrylamide gel electrophoresis and Western
blotting using anti-p27, anti-REST, anti-USP37 and anti-GAPDH antibodies.

In Vitro Deubiquitination Assay

293T cells were co-transfected with pcDNA3-myc3-p27 and HA-ubiquitin or with
pDEST26-FLAG-HA-USP37WT, FLAG-HA-USP37¢350-S or FLAG-HA-USP1 using
Lipofectamine 2000 (invitrogen). The cells were treated with 20 uyM MG132 for 6h before
collection and lysed in immunoprecipitation buffer. Cell extracts from DUB-expressing cells
(1 mg protein) were immunopurified using anti-FLAG M2 beads and eluted with FLAG
peptide. HA-Ub-p27 substrate was purified from cell extracts (1 mg protein) using anti
EZview red anti-HA affinity gel and elution with HA-peptide. DUB assays were performed
by incubating equal amount of substrate with purified DUBs (USP37, USP37 C350-S or
USP1) in the presence or absence of 15 mM NEM (57)). Reactions were terminated by
adding 6X Laemmli buffer reactants and analyzed by Western blotting with anti-p27 and
anti-Ub antibodies.
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Figure 1. REST knockdown causes a declinein medulloblastoma cell proliferation and an
accumulation of p27
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(A) REST-dependent change in the number of DAQY and D283 cells was measured 24 h
post-transfection with pooled siRNA against REST or control scrambled (scr) siRNA. (B)
Change in the proliferation potential of DAOY and D283 cells following transfection with
REST-specific sSiRNA or control scr-siRNA-transfected cells was determined by co-staining
for REST and Ki-67 and counting Ki67 positive cells under a fluorescence microscope. (C)
DAOQY cells transfected with pooled siRNA against REST or control siRNA were stained
with propidium iodide and analyzed for changes in their cell cycle distribution by flow
cytometry. Analysis was performed CellQuest 3.2 software. (D) SYBR Green Q-RT-PCR
analysis was carried out to determine the efficiency of REST knockdown and the
upregulation of its target gene Synl using specific primers. 18s mRNA levels were used for
normalization. (E) Western blot analysis was performed to assess REST knockdown and
measure changes in its target gene-product type-I11 beta tubulin. Levels of the pro-
proliferative marker N-Myc and the anti-proliferative markers p21 and p27 following REST
loss were also determined by Western blotting using specific antibodies. GAPDH and actin
were measured to confirm equal loading.
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vitro

(A) co-IFA to measure REST and p27 protein levels in human medulloblastoma samples
and normal cerebellum was carried out using anti-p27 (green) and anti-REST (red) primary
antibodies and fluorophore-conjugated secondary antibodies. Nuclei (blue) were stained
with Hoechst dye. Stained cells were visualized under a Nikon fluorescence microscope.
Images were analyzed using Metamorph software (top panel). Hematoxylin-eosin (H&E)
staining of these tumors and normal cerebellum is shown in the bottom panel. (B and C)
Distribution of p27 expression in REST-expressing human medulloblastomas is provided.
Each dot represents a tumor. Significance and correlation were measured using the
Wilcoxon rank-sum test and Spearman correlation test (rank correlation=0.51 and

p=0.0008).
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Figure 3. REST affects p27 ubiquitination by repressing the deubiquitylase USP37
(A) Stability of p27 in DAQOY, D283, and UW228 cells was measured following treatment

with cycloheximide (CHX) (100 pg/ml) for various time periods (0—120 mins) or MG132
(20 uM) for 4 hrs and analyzed by Western blotting. GAPDH was used as a loading control.
(B) REST-dependent changes in p27 ubiquitination were assessed by immunoprecipitation
experiments following transient transfection of DAOY cells with REST-specific sSiRNA or
scr sSiRNA. p27 was immunoprecipitated from whole cell extracts using anti-ubiquitin (Ub)
antibody followed by Western blotting using anti-p27 antibody. Input lanes (0.5% and 10%)
are included. (C) Change in USP37 gene expression in DAOY and D283 cells transfected
with REST-specific SiRNA or scr siRNA was determined by SYBR-Green Q-RT-PCR
analysis using specific primers. Changes in REST and USP37 gene expression were plotted
relative to 18SRNA. Each experiment was performed in triplicate and the standard error
calculated. Significance (* p<0.1, ** p<0.05, *** p< 0.001) was calculated using Statistica
6.0 software. (D) USP37 expression in normal cerebella and established or primary
medulloblastoma cultures were measured by Q-RT-PCR analyses and normalized to 18S
levels. (E) REST binding to the RE1 element downstream of the USP37 gene was evaluated
by chromatin immunoprecipitation assay. REST was immunoprecipitated from
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formaldehyde-cross-linked and sonicated nuclear DAOY cell extracts, and the associated
DNA was measured by Q-RT-PCR analysis. The results shown are the average of three
separate experiments. Significance (* p<0.1, ** p<0.05, *** p< 0.001) was calculated using
Statistica 6.0 software.
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Figure 4. USP37 and p27 levelsare correlated in human medulloblastoma and normal mouse
cerebellum

(A) Expression of USP37 (red) and p27 (green) in human medulloblastoma samples was
assessed by IFA using specific antibodies and Cy3- or Alexa-488-conjugated secondary
antibodies. Nuclei were stained with Hoechst dye and the images viewed and analyzed by
fluorescence microscopy. (B and C) Distribution of p27 expression in USP37-expressing
human medulloblastomas is provided. Significance and correlation were measured using the
Wilcoxon rank-sum test and Spearman correlation test (rank correlation=0.67 and
p<0.0001). (D) USP37 (red) and p27 (green) expression in cerebella of postnatal day 7 mice
were evaluated by IFA as described above. EGL: external granule layer, IGL: Internal
granule layer.
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Figure 5. Constitutive USP37 expression counters REST-mediated destabilization of p27
(A) DAQY cells were transiently transfected with a plasmid expressing pDEST-FLAG-HA-

USP37-wildtype (WT) or vector alone (UT). Transgene expression was determined at
various times post-transfection by Q-RT-PCR analysis using primers specific to USP37.
Levels of 18SRNA were measured for normalization. (B) Co-immunoprecipitation assay
was performed to study the association of p27 and USP37 in DAQY cells constitutively
expressing FLAG-HA-USP37. Anti-p27 antibody was used to immunoprecipitate p27 from
whole cell extracts prepared 16 h post-transfection. USP37 and ubiquitinated p27 pull-down
was evaluated by Western blotting using anti-Ub and anti-USP37 antibodies. DAQY cells
transiently expressing (C) FLAG-HA-USP37WT or (D) mutant FLAG-HA-USP37€350-S
were subjected to Western blotting to assess p27 levels at various times after transfection.
USP37 expression was confirmed by re-probing the blot with anti-USP37 antibodies.
GAPDH was used as a loading control. (E) p27 levels in DAQY cells expressing FLAG-
HA-USP1, -USP37WT -Usp37¢350-S were compared by Western blotting using anti-p27
antibody. Levels of REST, USP37 and GAPDH (loading control) were also measured using
specific antibodies. (F) In vitro DUB assays were performed by co-incubating the substrate
(immunopurified HA-Ub-Myc-p27) with FLAG-HA-USP37WT (lane 2) FLAG-HA-
USP37WT in the presence of NEM (lane 3) FLAG-HA-USP37C350-S (lane 4) or FLAG-HA-
USP1 (lane 5). A reaction containing substrate alone was included as a control (lane 1).
Cells were treated with 20 uM MG132 for 6 hours prior to extract preparation.
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Figure 6. USP37 is necessary for REST-mediated effects on p27 stability, proliferation and

differentiation
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The effect of constitutive expression of USP37WT or USP37C350-S (A) on cell proliferation
was assessed by measuring Ki-67 staining relative to vector-transfected cells (B) on
neuronal differentiation was evaluated by Q-RT-PCR analysis using primers specific to the
REST-target genes Synl, BDNF, and SCG10. Levels of 18SRNA were measured for
normalization. DAQY cells transfected with scrambled siRNA or pooled siRNA against
REST or USP37 or both and (C) efficiency USP37 and REST knockdown was assessed by
Q-RT-PCR analyses and normalization to 18SRNA levels (D) effect on p27 ubiquitylation
and stabilization was determined by Western blotting using anti-p27 antibodies (E) and on
cell numbers by trypan blue staining and counting.
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Figure 7. Model to describe the novel rolefor REST and USP37 in the control of p27 levels and

cell proliferation

(A) REST is a known regulator of neuronal differentiation genes in neural progenitors and
medulloblastoma cells. Here, we show that REST also promotes cell proliferation by
repressing USP37 expression and causing p27 degradation. (B) USP37 promotes p27
deubiquitylation and prevents its proteasomal degradation, a process that is negatively

regulated by REST.
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