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Abstract

Oligodendrocyte progenitor cells (OPCs) have the ability to divide or to arrest growth and
differentiate into myelinating oligodendrocytes in the developing brain. Due to their high number
and the persistence of their proliferative capacity in the adult brain, OPCs are being studied as
potential targets for myelin repair and also as potential source of brain tumors. This study
addresses the molecular mechanisms regulating the transcriptional changes occurring at the critical
transition between proliferation and cell cycle exit in cultured OPCs. Using bioinformatic analysis
of existing datasets, we identified c-Myc as a key transcriptional regulator of this transition and
confirmed direct binding of this transcription factor to identified target genes using chromatin
immunoprecipitation. The expression of c-Myc was elevated in proliferating OPCs, where it also
bound to the promoter of genes involved in cell cycle regulation (i.e. Cdc2) or chromosome
organization (i.e. H2afz). Silencing of c-Myc was associated with decreased histone acetylation at
target gene promoters and consequent decrease of gene transcripts. c-Myc silencing induced also a
global increase of repressive histone methylation and premature nuclear peripheral chromatin
compaction and promoted the progression of OPCs towards differentiation. We conclude that c-
Myc is an important modulator of the transition between proliferation and differentiation of OPCs,
although its decrease is not sufficient to induce progression into a myelinating phenotype.
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INTRODUCTION

Oligodendrocyte progenitor cells (OPCs) have the ability to proliferate and generate
alternative lineage cells. Because of their abundance in the adult brain, they are the subject
of an intense debate due to their potential for repair but also due to the potential risk for
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transformation into cell-of-origin for glioblastoma, one of the most aggressive adult brain
tumors (Lei et al., 2011). It is well accepted that transformation of progenitors requires: a
proliferative advantage (typically by escaping the cell cycle regulatory circuitry, due to
mutations, deletions or amplifications), changes in chromatin structure and aberrant
transcriptional regulation of differentiation. Recent studies conducted in human GBM have
identified striking similarities between the human “transcriptional signature” and that of
animal models (Verhaak et al., 2010). Intriguingly, this “proneural signature” shared a
substantial overlap with the OPC transcriptome. Thus, studies on the transcriptional
regulation of the transition between proliferation and cell cycle exit and differentiation in
OPCs are of high relevance for both repair and for a better understanding of human brain
tumors. The decision of OPC to divide or exit the cell cycle and start differentiating relies on
important key transcriptional regulators, including E2F1 and c-Myc. The ability of E2F1 to
regulate gene expression is dependent on post-translational modifications of the molecule
and its binding to the unphosphorylated retinoblastoma protein Rb (Dyson, 1998) (Nevins,
1998). In proliferating cells, Rb is highly phosphorylated due to the activity of cyclin
dependent kinases (i.e. CDK2 and CDK4), bound to their positive regulators (i.e cyclins)
(Sherr, 1995). Mitogens increase the bioavailability of cyclins, resulting in the formation of
activated cyclinD-CDK4/6 and cyclinE/CDK2 complexes which sequentially phosphorylate
Rb (Sherr, 1994) (Weinberg, 1995), and in turn free E2F1 from sequestration and allow
expression of S-phase genes (Ruas and Peters, 1998) (Sherr and Roberts, 1999).

c-Myc is a very powerful proto-oncogene which has also been shown to play a critical role
in cell reprogramming (Thier et al., 2012) (Song et al., 2012) and has been proposed to serve
the function of “sensor” of mitogen and nutrient availability (Dang, 1999). It has been
shown to bind DNA to specific sites and activate transcription (Amati et al., 2001) of
enzymes regulating energy metabolism and synthesis of nucleic acids (Dang et al., 2009)
(Sloan and Ayer, 2010). The Myc family of transcription factors includes proteins
characterized by a basic DNA binding region and a leucine-zipper domain, responsible for
dimerization with other components. The DNA-binding region of Myc recognizes the E box
consensus sequences (i.e. CANNTG) on DNA and modulates activation or repression,
depending on its binding partners (Blackwell et al., 1990) (Pelengaris et al., 2002). The
leucine zipper recruits other proteins to form functional complexes. In the absence of the
leucine zipper domain, for instance, c-Myc retains the ability to transform cells, even though
it is unable to affect myoblast differentiation (La Rocca et al., 1994). c-Myc was also
reported to modulate acetylation of large chromatin domains (Guccione et al., 2006) and to
bind the histone acetyl-transferase GCN5 in cancer cells (McMahon et al., 2000), in a cell-
specific and context-dependent fashion. Histone acetylation, which neutralizes the positive
charge of the lysine side-chain, is thought to weaken histone-DNA interactions, thus
destabilizing the chromatin structure and allowing activation of transcription. By recruiting
histone acetyl-transferases (HATS) to chromatin, c-Myc is thought to modulate histone
acetylation at multiple genomic locations (Frank et al., 2001) (Martinato et al., 2008). We
and others have previously reported the importance of histone acetylation in proliferating
OPCs and identified histone de-acetylation as required for the transition between
proliferation and differentiation (Lyssiotis et al., 2007) (Marin-Husstege et al., 2002) (Shen
et al., 2005) (He et al., 2007) (Shen et al., 2008). Given the proposed role of c-Myc in
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modulating cell cycle and histone acetylation in other cell types, we reasoned it may play an
important role in the transcriptional regulation of the transition from proliferation to
differentiation in OPCs, possibly by modulating gene expression, histone acetylation and
chromatin reorganization and this is the focus of the current study.

EXPERIMENTAL PROCEDURES

Animals

Cnp-EGFP mice were provided by Dr. Gallo (Children's Hospital Washington, DC). Use of
animals in this research was strictly compliant with the guidelines set forth by the US Public
Health Service in their policy on Humane Care and Use of Laboratory Animals, and in the
Guide for the Care and Use of Laboratory Animals. Mice were maintained under pathogen-
free environment at Mount Sinai School of Medicine animal facility. All procedures
received prior approval from the Institutional Animal Care and Use Committee. Timed
pregnancy Sprague-Dawley rats and mice were purchased from Charles River Laboratory
(Wilmington, MA). Animal handlings and experiments were performed according to the
German animal protection laws (LANUV Nordrhein-Westfalen (AZ 8.87-51.05.20.10.262).

Cell culture and treatment

Mouse oligodendrocyte progenitors were isolated from P6-P8 C57BI6 mice and cultured as
previously described (Cahoy et al., 2008). Briefly, dissociated mouse forebrains were
resuspended in panning buffer. To deplete microglia, the single-cell suspension was
sequentially panned on BSL1 panning plates and then incubated on a PDGFRa plates. The
adherent cells were trypsinized and plated onto poly-D-lysine coated plates. The cultures
were maintained under proliferating conditions by addition of PDGFA (10ng/ml) and bFGF
(20ng/ml) and then differentiated by adding L-3,3’,5-triiodothyronine sodium salt (T3
hormone, 45nM). The mouse oligodendrocyte precursor cell line Olineu (Jung et al., 1995)
were grown on poly-ornithine-coated culture dishes. The immature Olineu cells were
maintained in growth medium consisting of DMEM supplemented with 2 mM L-glutamine,
1 mM sodium pyruvate, 10 ng/ml biotin, 100 ug/ml apotransferrin, 100 UM putrescine, 20
nM progesterone, 30 nM sodium selenite, 5 pug/ml insulin, 1% horse serum, 100 U/ml
penicillin and 100 pg/ml streptomycin. Differentiation was induced by switching the cells to
a serum-free medium containing 45nM T3.

Tissue Collection and Sectioning

Cnp-EGFP mice were perfused intracardially with 4% paraformaldehyde in 0.1 M
phosphate buffer. Brains were removed from the skulls, postfixed overnight, and
cryopreserved by sequential immersion of 10%, 20% and 30% sucrose solution in 0.1M
phosphate buffer pH7.4. Brains were then embedded in OCT (Fisher Scientific) and
sectioned (1pm).

Immunohistochemistry

Cryostat brain sections from Cnp-EGFP mice at P2 and P21 were immunostained with
antibody against c-Myc (Sc-764, Santa Cruz Biotechnology). Sections were incubated
overnight at 4°C with antibody diluted in 0.1 M phosphate-buffered saline (pH 7.4)
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containing 0.5% Triton X-100 (vol/vol) and 10% normal goat serum (vol/vol). For
secondary we used Alexa-fluor 546 goat antibody to rabbit 1gG. Sections were incubated
with secondary antibodies for 1h at 22-25°C, than washed and mounted on the slides.

Immunocytochemistry

Cells were grown on CC2-coated 8 well chambers (Lab-Tek) for all immunocytochemistry.
For staining oligodendrocyte lineage markers, cells were rinsed gently with PBS and
incubated live with O4 hybridoma supernatant (1:10) for 30 min at 37°C. Cells were then
fixed with 1% paraformaldehyde for 20 min at room temperature and first incubated with
pageing solution (PGBA plus 10% normal goat serum) for 60 min followed by incubation
with secondary antibodies for 1 h at room temperature. For staining with rabbit polyclonal
antibodies against the histone marks H3K9Ac (Abcam, ab4441) and H3K9me3 (Abcam,
ab8898) cells were equilibrated with Triton X-100 containing pageing solution (PGBA plus
10% normal goat serum and 0.5% TX-100) for 30 min, then processed for the primary
antibody staining followed by the appropriate secondary antibody. For staining with surface
marker NG2 (Chemicon, Ab5320) cells were equilibrated in pageing solution (PGBA plus
10% normal goat serum) for 60 min, then processed for the primary antibody staining
followed by the appropriate secondary antibody. For staining with chicken polyclonal
antibody against GFP (Abcam, ab13970) cells were equilibrated with Triton X-100
containing pageing solution (PGBA plus 10% normal goat serum and 0.5% TX-100) for 30
min, then processed for the primary antibody staining followed by the appropriate secondary
antibody. Cells were then counterstained with 4_, 6_-diamidino-2-phenylindole (DAPI;
1:20000; Invitrogen) to visualize cell nuclei.

Analysis of immunocytochemistry

Analysis of the immunocytochemistry on mOPCs (oligodendrocyte progenitors) and OLs
(oligodendrocytes) in vitro was performed using the ImageJ software (NIH, Bethesda, MD,
USA). The intensity value for histone marks staining was determined as pixel intensity/area.
Only GFP labeled nuclei were analyzed. Both the confocal and the ImageJ settings were
consistent throughout all the images analyzed. The pixel value intensity was obtained by
analyzing integrated density function in ImageJ in arbitrary unit and then it was normalized
to the scramble value. Both the length of the longest process by NG2 and the membrane
extension by O4 was measured with ImageJ in artitrary unit and then normalized to the
scramble.

RNA isolation and qRT-PCR analysis

Mouse primary oligodendrocyte progenitors and oligodendrocytes, or mouse tissue derived
from corpus callosum at different time points were homogenized in Trizol Reagent and
RNA was isolated following manufacturer's instruction and cleaned using RNeasy Mini kit
(Qiagen, CA). 500 nanograms of total RNA was used in 20ul of reverse transcription
reaction, using gScript cDNA SuperMix (Quanta Biosciences). qRT-PCR was performed
using PerfeCTa SYBR Green FastMix (Quanta Biosciences) in Applied Biosystem 7900HT
Sequence Detection PCR System. The melting curve of each sample was measured to ensure
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the specificity of the products. Data were normalized to the internal control 18S and
analyzed using Pfaffl AACtmethod. Primers used in quantitative PCR are given in Table 1.

Western Blot

Nuclear extract proteins were derived from corpus callosum tissues and from Olineu cells
using Nuclear Extract kit (Active Motif). 30 pg of nuclear extract were separated by SDS-
PAGE and transferred onto a PVDF (Millipore) membrane using a buffer containing 25 mM
Tris base, pH 8.3, 192 mM glycine, 20% (vol/vol) methanol for 1 h at 100 V at 4 °C.
Western blot analysis was performed using anti-c-Myc (Sc-764, N-262, 1:500).
Immunoreactive bands were visualized using horseradish peroxidase—conjugated secondary
antibodies (Amersham), followed by chemiluminescence with ECL-Plus Western Blotting
Detection System (Amersham). Equal protein loading was guaranteed by probing the blots
with antibody against total H3.

Clustering and Ontology Analysis

The expression data for the time course of oligodendrocyte differentiation used for the
clustering analysis was previously published (Swiss et al., 2011). Ontology analysis of each
co-expressed group of genes was performed using the DAVID ontology software as
previously described (Swiss et al., 2011) (Dennis et al., 2003) (Huang da et al., 2009) using
the whole genome as the background dataset and an EASE score < 1073 considered highly
enriched ontology groups. ChEA analysis was performed by interrogating ChEA software
(http://amp.pharm.mssm.edu/lib/chea.jsp) as described (Lachmann et al., 2010).

Transcription factor binding sites

The software Matlnspector from Genomatix (Genomatix Software) was used to search the
binding sites for c-Myc on the promoter regions of selected genes.

Chromatin immunoprecipitation

Chromatin was isolated from mouse OPC, either proliferating or differentiating (>10x108
cells), and from Olineu Cells, either proliferating or differentiating (>10x106 cells) as
previously described (Liu et al., 2010). Cells were crosslinked in 1% formaldehyde for 10
min, lysed in nuclear lysis buffer (50mM TrisHCI pH8, 10mM EDTA, 1%SDS, protease
inhibitor cocktail (Roche), phosphatase inhibitor cocktail (Roche) and sonicated using a
Bioruptor (Diagenode) sonicator to produce an average size of 250-500 base pairs.
Chromatin concentration was measured by its absorbance at 260 nm in the Nanodrop (1
U/ml of chromatin corresponds to 1=0D260) and diluted 1:10 with dilution buffer (NaCl
165 mM, SDS 0.01%, Triton X-100 1.1%, EDTA 1.2 mM, Tris-HCI 16.7 mM, pH 8.0).
Chromatin was immunoprecipitated using protein A magnetic beads (Dynabeads-Invitrogen
100.01D) coated with the primary antibody. For c-Myc immunoprecipitation 4 pg of anti-c-
Myc (Sc-764, Santa Cruz Biotechnology) for chromatin Unit was used. 2.5 Units of
chromatin were used per condition. For histone marks immunoprecipitation 2 pg of anti-
H3K9Ac (Abcam, ab4441) and 10 pl of anti-H3K14Ac (39599, Active Motif) were used for
chromatin unit. 1 unit of chromatin was used per condition. The DNA recovered from
chromatin, which was not immunoprecipitated, was used as input. A mock

Neuroscience. Author manuscript; available in PMC 2015 September 12.


http://amp.pharm.mssm.edu/lib/chea.jsp

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Magri et al.

Page 6

immunoprecipitation was set up as control (rabbit IgG, Santa Cruz, Sc2027). Following
overnight immunoprecipitation, beads were washed twice consecutively with the following
buffers: Lio-B (HEPES 50 mM, pH 8.0, NaCl 140 mM, Triton X-100 1%, Sodium
deoxycholate 0.1%, EDTA 1 mM), Hio-B (HEPES 50 mM, pH 8.0, NaCl 500 mM, Triton
X-100 1%, Sodium deoxycholate 0.1%, EDTA 1mM), LiCI (Tris-HCI 10mM, LiCl 250
mM, NP-40 0.5%, Sodium deoxycholate 0.5%, EDTA 1 mM) and TE (Tris-HCI 10 mM, pH
8.0, EDTA 1 mM). Immunoprecipitated chromatin and input DNA were reverse crosslinked
in elution buffer (Tris-HCI 50mM, EDTA 10 mM, SDS 1%) in the presence of proteinase K
(50 pg/ml) by shaking (1300 rpm) at 68°C using a thermomixer (Eppendorf) for 2h. DNA
was purified using phenol-chloroform and precipitated overnight in ethanol at -20°C. DNA
pellets were dissolved in 200 pl of ddH20 and amplified by quantitative PCR, using primers
specific for selected genomic regions, as indicated in Table 2 for murine genes. Data are
expressed as percentage over input.

Lentiviral shRNA infection

c-Myec transduction silencing particles were purchased from Sigma-Aldrich
(TRCNO0000042515). A bicistronic lentivirus encoding for GFP and for the ShRNA
construct was used. GFP expression marked the cells expressing the ShRNA. ShRNA
infection in primary OPCs was performed in cell suspension with a M.O.1 of 5. In each
infection, a lentivirus encoding a scrambled sequence (SHC002V) against non-mammalian
gene target was used as a control. Polybrene was added at a final concentration of 2ug/ml to
increase the infection efficiency. The virus/cell mixture was incubated in 37°C for 2 h, and
plated at desired density in complete growth medium (PDGF, FGF2). After 48 hours
infected cells were selected with puromycin (0.1pg/ml) and cells were finally harvested for
analysis according to the experimental design.

Correlative light and electron microscopy

After shRNA infection, OPCs were plated on coated gridded glass bottom dishes
(P35G-2-14-C-GRID or P35G-2-14-CGRD, MatTek Corporation). On this coverslip is
etched an alphanumeric grid that enables cell relocation by light and electron microscopy.
Correlative light and electron microscopy was then performed as described in (Hanson et al.,
2010). Briefly, cells fixed with 4% glutaraldehyde (in 0.1M sodium cacodylate, pH 7.4)
including 1 mMCaCl, at 4°C for 20 min. Cells were then washed with 0.1 M sodium
cacodylate, pH 7.4 at 4°C and maintained up to 2 weeks at 4°C in this buffer until laser
scanning confocal microscopy (LSCM) imaging. An inverted Zeiss 780 laser scanning
confocal microscope was used. Cells expressing GFP were identified at low magnification
using the fluorescent light source. To orient the cells of interest with the gridded coverslip,
bright-field and GFP LSCM single-plane images were taken using a 10x such that the grid
was clearly visible. From these images, the location of the cells relative to the grid
coordinates on the glass surface could be ascertained. After LSCM, the material was treated
with 1% osmium tetroxide, 1.5 % potassium ferracyanide in 0.1M cacodylate buffer for 1 h
at 4°C. The cells were then dehydrated in solutions of ethanol at increasing concentrations.
After dehydration, cells were infiltrated with a 1:1 solution of resin (Embed 812 kit,
Electron Microscopy Sciences) and 100% ethanol for 24 h at 4°C. Prior to adding the resin/
ethanol, the approximate location of the cell of interest relative to the grid was noted on the
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coverslip. After infiltration overnight, the resin/ethanol was replaced with 1 mL layer of
pure resin, which when solidified stabilizes the glass grid. Prior to solidification, an open
ended embedding capsule with a 1x cm face (Electron Microscopy Sciences) was placed on
the dish surrounding the cell of interest. The resin was then polymerized in a vacuum oven
at of 65°C for 8-12 h. After the first layer was solidified, the capsule was topped off with
more resin and put back in the oven for another 8-12 h. To separate the block from the dish,
a hot plate was heated to 60°C and the dish was placed on a preheated hot plate for exactly 3
min and 30 s. The dish was removed from the hot plate and the capsule carefully dislodged
free from the dish. Once separated, the block face retains all the cells and an imprint of the
etched grid. The block was coarsely trimmed with a double-edged razorblade and a Diatome
cryotrim 45° mesa trimming knife (Electron Microscopy Sciences) was used to finely trim
the block around the cells of interests. Next, 70 nm serial ultrathin sections were cut from
the block surface using a Reichardt Ultracut E ultramicrotome. The sample was dried on the
grid and transferred to Hiraoka Staining Mats (Electron Microscopy Sciences) for heavy
metal staining. Grids were stained with 3% uranyl acetate and Reynold's lead citrate,
washed, and allowed to dry. For electron microscopy, cells were then viewed at low
magnification and low beam to identify the cells of interest based on comparison of the cell
morphology under the EM with the confocal GFP image. Serial sections of cells of interest
were then imaged at 10-30.000x magnification.

One-way ANOVAs were performed to determine significance for ChIP at different time
points. Assuming that significant main effects were observed (p < 0.05), Bonferroni post hoc
tests were used to compare selected groups. Student t tests were used for all other
comparisons, including gPCR analysis. All values included in the figure legends represent
mean + S.E.M. The statistical significance is either described in figure legends, or indicated
as asterisks (*). A p value of <0.05 was considered to be statistically significant (*p<0.05,
**p < 0.01, ***p < 0.001).

Identification of c-Myc as a relevant transcription factor during oligodendrocyte progenitor
differentiation

To define the relationship between cell cycle exit and transcriptional regulation of
oligodendrocyte progenitor differentiation, we referred to the analysis of a previously
reported comprehensive microarray dataset (Dugas et al., 2006), using a consensus
clustering algorithm based on the temporal profile of gene expression (Swiss et al., 2011).
This unbiased analysis of the oligodendrocyte transcriptome, revealed 12 distinct patterns of
gene expression that were defined as clusters. Genes downregulated during the transition
from proliferating to differentiating OPC differentiation were included in the first three
clusters, which were enriched for gene categories related to: cell cycle (Ccndl, Cecnd2,
Cdc20, Polal), RNA processing (E1f1A, EIf4EBP1, Rpl14, Rpl28, Rpl34, Rpl36, Hnrpal,
Hnrpa3), chromosomal reorganization (H2Afz, Dnmt1, Hmgn1, Hdac2, Uhrfl, Suv39H1)
and transcription (Myc, Pdgfra, Nfkbl) (Fig.1a). Due to the kinetics of expression of these
transcripts, we reasoned that transcriptional regulators of each clusters could be identified by
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using a ChIP Enrichment Analysis (ChEA) (Lachmann et al., 2010), (Muller and Helin
2000), which is based on the statistical enrichment of ChlP-validated transcription factor
binding sites within the gene list in each cluster. Interestingly, the transcription factor c-Myc
was identified as the top ranking transcription factor for the first two clusters (Fig.1b). These
data suggested that genes regulating cell cycle and chromatin organization are cMyc
transcriptional targets.

c-Myc is downregulated during oligodendrocyte differentiation

Low levels of c-Myc transcripts were detected in the developing corpus callosum, at the
earliest points of detection of myelin gene transcripts, such as Myelin Basic Protein (Mbp)
(Fig. 2a). c-Myc protein levels were similarly decreased in the developing white matter, as
shown by western blot analysis (Fig. 2b). To define whether reduced c-Myc levels could be
detected in oligodendrocyte lineage cells, we performed immunohistochemistry on brain
sections obtained from CNPase-EGFP mice, which are characterized by EGFP expression
restricted to oligodendrocyte-lineage cells (Yuan et al., 2002). Whereas c-Myc
immunoreactivity was clearly detected in most GFP* OPCs in the developing corpus
callosum at P2, reduced co-labeling of c-Myc and GFP was detected at P21, consistent with
the interpretation that c-Myc expression is elevated in OPCs and declines as they
differentiate into myelin-forming oligodendrocytes (Fig. 2c).

c-Myc downregulation could also be detected in vitro, in cultured OPCs differentiated by
withdrawal of mitogens and inclusion of thyroid hormone (T3) to the culture medium (Fig.
2d). Also in this case, the decreased levels of c-Myc were inversely correlated to the
transcript levels of Mbp, which increased over time (Fig. 2d). We also validated the
reduction of c-Myc at the protein level in Olineu cells differentiated in the presence of T3
(Fig. 2e). Taken together these results suggest that c-Myc levels are elevated in proliferating
OPCs and progressively decline as the cells differentiate.

c-Myc binds the promoter of nucleosomal histones and cell cycle genes

To further validate the direct role of c-Myc as transcriptional regulator of co-expressed
genes involved in cell cycle regulation and chromosomal reorganization, we used chromatin
immunoprecipitation. The putative location of c-Myc binding sites on gene targets was
determined using the Matlnspector software from Genomatix. These regions were selected
for the amplification of the DNA recovered after c-Myc immunoprecipitation of chromatin
isolated from Olineu cells. We selected a representative gene from each of the functional
categories identified by the bioinformatic approach and interpreted the presence of c-Myc
binding on a putative target gene as further evidence of transcriptional regulation. Among
the putative targets in the “chromosome organization” category, we selected the histone
variant H2afz. Within the “cell cycle” category, we selected Cdc2 and within the
“transcription” category, we selected the gene Pdgfra. Chromatin immunoprecipitation
detected reduced c-Myc binding in differentiating cells compared to proliferating cells,
which nicely correlated with decreased H2afz transcripts (Fig. 3a-c).

Similarly, c-Myc binding to the promoter of Cdc2 gene decreased in differentiating cells and
this correlated with diminished Cdc2 transcripts (Fig. 3d-f).
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A different scenario was observed for Pdgfra, whose gene product is characteristically used
as marker of the progenitor state. MatInspector revealed the presence of a single c-Myc
binding site within the Pdgfra promoter (Figure 3g). Interestingly, the ChIP analysis did not
detect differences in c-Myc binding to the Pdgfra promoter between proliferating and
differentiating cells (Fig. 3h), despite the fact that its transcripts were downregulated during
OPC differentiation (Fig. 3i). These data suggested that transcriptional regulation of Pdgfra
is affected by components other than c-Myc.

To better validate the role of c-Myc in regulating the expression of its targets, we adopted a
silencing approach. Primary mOPCs were transduced with a bicistronic lentivirus encoding
either a sequence specific for c-Myc or a scrambled sequence (defined hereafter as
“scrambled control””) and GFP, to allow visualization of the silenced cells (Fig. 4a).
Silencing efficiency was assessed by measuring c-Myc transcripts (Fig. 4b), and resulted in
decreased cell density (n=3) (Fig. 4c) and reduction of Pcna, a gene involved in cell cycle
control (Fig. 4d). The levels of c-Myc target genes Cdc2 and H2afz were also reduced (Fig.
4d). At a molecular level, the decreased levels of Cdc2 and H2afz in silenced cells were
associated with reduced acetylation of lysine residues K9 and K14 histone H3 at their
promoters (Fig. 5a). Conversely, a not significant decrease of histone acetylation was
detected at genomic locations corresponding to late differentiation genes as Mbp (Fig. 5b).
Together, these data define c-Myc as an important regulator of histone acetylation at the
promoter of target genes, encoding for regulators of the transition between proliferation and
differentiation of OPCs.

To further define the effect of c-Myc on the progression of OPC towards a mature
phenotype, we immunophenotypically characterized the c-Myc silenced and scrambled
control cells, using antibodies specific for the progenitor marker NG2 and for specific lipid
sulfatides recognized by 04 (Fig. 6a). Because lineage progression is characterized by the
extension of cytoplasmic processes followed by elaboration of membrane sheets, we
quantified these morphological changes in immunoreactive cells (fig. 6b). The analysis of 60
NG2+ cells per group revealed increased branching in proliferating OPCs (Fig. 6b) and a
corresponding increase of O4+ membrane extension in differentiating cells (Fig. 6b). These
morphological changes were associated with a tendency towards increased levels of late
differentiation markers (i.e. Mbp, Sirt2), albeit not statistically significant (Fig. 6¢). Together
these data suggest that c-Myc silencing promotes OPC lineage progression, but it is not
sufficient to drive the entire process of oligodendrocyte differentiation.

c-Myc levels modulate chromatin changes in differentiating OPC

We previously discussed the role of c-Myc as an important modulator of histone acetylation
at target genes with more modest contribution to overall histone acetylation.

Since histone deacetylation is one of the first modifications occurring during OPC
differentiation and preceding the formation of compact chromatin (Liu and Casaccia, 2010),
we asked whether c-Myc silencing increased a marker of compact chromatin (Fig. 7a).
Immunocytochemical analysis of c-Myc silenced cells and scrambled controls revealed a
statistically significant increase of heterochromatic foci, detected by the immunoreactivity
with antibodies specific for H3K9me3 (Fig. 7b).
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Finally, to further ascertain the changes in heterochromatin we performed electron
microscopy on silenced cells using a method allowing for the visualization of fluorescent
cells at the confocal microscopy followed by ultrastructural analysis (Fig. 8a) and
quantification of the heterochromatin. A greater proportion of heterochromatin foci at the
nuclear periphery was detected in c-Myc silenced cells as compared to scrambled sShRNA
infected cells (Fig. 8b).

Together, these results suggest an important role for the transcription factor c-Myc in the
maintenance of the progenitor state in multiple ways. C-Myc acts not only as transcription
factor, responsible for direct binding to consensus sequences close to the TSS of genes, but
also as recruiter of histone acetyltransferases to genes encoding for cell cycle and
nucleosomal histone variants, which are characteristically associated with proliferating
OPCs.

DISCUSSION

This study identifies c-Myc as an important transcriptional regulator of the transition from
proliferating to differentiating OPCs. The importance of c-Myc in maintaining a
proliferative and undifferentiated state is shown by a large number of evidence in several
cell types. Another member of the Myc family, N-Myc has been described in neural stem
cells and in neuroblastomas, where it similarly modulates the ability of neural precursors to
proliferate and differentiate (Knoepfler et al., 2002) (Knoepfler et al., 2006) (Cetinkaya et
al., 2007). C-Myc expression is high in proliferative cells and its deregulation and
amplification has been associated with cancer transformation (Vita and Henriksson, 2006).
Indeed, aberrant expression and activity of c-Myc has been described in gliomas (Hirvonen
et al., 1994) where it has also been proposed to play a role in the maintenance of cancer stem
cells (Wang et al., 2008). Previous studies in cultured OPC overexpressing c-Myc supported
that c-Myc expression alone favored the establishment of immortalized cells (Barnett and
Crouch, 1995), while the co-expression of c-Myc with the H-Ras oncogene was sufficient to
induce transformation, as OPC expressing these molecules were capable of inducing
gliomas when injected in the rat brain (Barnett et al., 1998).

Together these data were interpreted as resulting from the transcriptional activity of c-Myc
in regulating proliferation as consequence to direct binding to consensus sequences.
However more recent studies on the requirement of c-Myc for nuclear reprogramming of
somatic cells (Takahashi and Yamanaka, 2006) (Thier et al., 2012) (Song et al., 2012)
underscored the relevance of its chromatin-modifying properties and suggested that this
molecule may have functions that go beyond transcriptional regulation of target genes. This
idea was supported by genome-wide studies indicating that c-Myc is able to bind not only to
its own recognition sequence, but also to genomic sites characterized by specific
combinatorial histone codes, defined by activating trimethylation of lysine K4 and K27
together with hyperacetylation of nucleosomal histone H3 (Guccione et al., 2006). These
findings implied that the transcriptional consequences of c-Myc dys-regulation might be far
greater than just on genes bearing its consensus sequence. Our data in OPCs are consistent
with a transcriptional role of c-Myc in modulating histone acetylation at target genes and
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affecting their expression. However we did not detect the prominent changes in global
histone acetylation as suggested in other experimental systems.

Our study suggests that c-Myc directly binds to the promoter of genes encoding for cell
cycle regulators (i.e. Cdc2) and histone variants (i.e. H2afz), and possibly favors the
recruitment of histone acetyltransferases (Frank et al., 2003) (Vervoorts et al., 2003)
(McMahon et al., 2000) (Liu et al., 2003), as indicated by the hyperacetylation detected at
these loci in the presence of Myc and by the dramatic decrease of acetylated histones at the
same loci in c-Myc silenced cells.

It is also conceivable, although not directly investigated in this study, that c-Myc might have
additional transcriptional consequences due to the regulation of the histone variant H2Az,
and possibly its incorporation into target promoters, as shown in human B-cell line
(Martinato et al., 2008). The gene H2afz encodes for the nucleosomal H2Az histone variant,
which has been shown to be characteristically positioned in genomic regions flanking
transcription start sites (TSS) (Draker and Cheung, 2009) (Albert et al., 2007). H2Az is
considered a component of euchromatic promoters, and proposed to play a role in regulating
neural lineage specification (Creyghton et al., 2008).

Overall our data define c-Myc as important regulator of the maintenance of the proliferative
and undifferentiated state in OPCs. Its silencing modulated the very early stages of
oligodendrocyte lineage progression by reducing histone acetylation at target genes and
inducing transcriptional changes consistent with decreased proliferation and inducing the
formation of heterochromatin foci at the nuclear periphery. However decreasing its levels
was not sufficient to induce differentiation of oligodendrocyte progenitors, even though it
favored a morphologically more advanced phenotype characterized by extensive branching
in proliferating conditions and membrane extensions in differentiating conditions. Its role in
mature cells and the potential consequences on myelination remain to be thoroughly
understood. This question has been approached several years ago, with the generation of
transgenic mice overexpressing exons 2 and 3 of the human c-Myc from a fragment of the
Mbp promoter (Orian et al., 1994). The phenotype of these mice was characterized by
hypomyelination and aberrant postnatal development (Orian et al., 1997), which was
eventually compensated by a population of cells that did not contain the transgene and were
able to slowly proliferate and differentiate (Orian et al., 2001). A similar strategy used by a
different group (Jensen and Celis, 1998), in contrast, showed a much more severe phenotype
characterized by complete lack of myelin and severe cytotoxicity. The suggestion was that
apoptosis would occur at a time coincident with the beginning of differentiation of OPC and
that c-Myc overexpression is incompatible with terminal differentiation and maturation. Our
study provides a solid support to the importance of c-Myc as an important transcriptional
regulator in the oligodendrocyte lineage.
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Figure 1. Identification of c-Myc asa relevant transcription factor during oligodendrocyte
differentiation

(a) Heat Map showing the microarray signals of selected transcripts during a defined time
course (Dugas et al., 2006) of primary oligodendrocyte progenitor cells (OPCs)
differentiation. Only gene ontology categories that were enriched in the first three clusters of
co-regulated genes are reported (cell cycle, RNA processing, chromosomal reorganization,
transcription). These correspond to early downregulated genes, as previously described
(Swiss et al., 2011). (b) ChIP Enrichment Analysis (ChEA) of the co-regulated gene list in
clusters 1 and 2. Bar graphs identify the most significant transcription factors with ChlP-
validated binding sites. C-Myc is the top ranking transcription factor regulating genes in
cluster 1 and the second ranking transcription factor in cluster 2.
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Figure 2. c-Myc levels are downr egulated during oligodendrocyte differentiation
(a) Scatter-plot histograms depicting transcript levels of c-Myc and Myelin Basic Protein

(Mbp) analyzed by quantitative RT-PCR of RNA samples isolated from the developing
corpus callosum at the indicated time points. Each scatter point represents the expression
level in an individual mouse. Values were normalized by the levels of 18S and shown as
relative to the levels detected at P2. (b) Representative western blot showing c-Myc levels in
nuclear extracts obtained from the developing white matter at the indicated time points. (c)
c-Myc expression in the developing corpus callosum of CNPase-GFP mice stained for c-
Myc (red) and EGFP (green) at P2 and P21. (d) Scatter-plot histograms depicting transcript
levels of c-Myc and Mbp analyzed by quantitative RT-PCR of RNA samples isolated from
mouse OPC cultured in mitogens (DO) or in differentiation conditions for 3 days (D3). Each
scatter point represents expression from a distinct culture. Values were normalized by the
levels of 18S and shown as relative to the levels detected at DO. (e) Representative western
blot showing c-Myc levels in nuclear extracts obtained from Olineu cells cultured in serum
(DO) or in differentiating conditions for 3 days (D3). P=postnatal day. Scale bar in (C) = 50
pm
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Figure 3. c-Myc direct binding to the promoter of gene tar gets
(a) MatInspector Analysis (Genomatix) showing c-Myc binding sites at the promoter of

mouse H2afz gene. (b) Chromatin was isolated from murine Olineu cells either kept in
proliferating conditions (DO) or cultured in differentiation conditions for 1 day (D1) and
immunoprecipitated with antibodies specific for c-Myc. After reverse cross-linking, the
bound DNA was amplified using the specific primer sets for the mouse promoter of H2Afz
indicated by lines on top of the gene. A mock immunoprecipitation was used as negative
control. The experiment was performed in three biological replicates. (c) The transcript
value of H2afz was measured by qRT-PCR on RNA samples obtained from mouse OPCs in
proliferating (DO0) and differentiating (D3) conditions. The transcript levels were normalized
by the levels of 18S and shown as relative to the levels detected at DO. (d) MatInspector
Analysis (Genomatix) showing c-Myc binding sites at the promoter of mouse Cdc2 gene. (e)
Chromatin was isolated from murine Olineu cells either kept in proliferating conditions (DO)
or cultured in differentiation conditions for 1 day (D1) and immunoprecipitated with
antibodies specific for c-Myc. After reverse cross-linking, the bound DNA was amplified
using primer sets specific for the mouse promoter of Cdc2 and schematically shown as lines
drawn on top of the gene. A mock immunoprecipitation was used as negative control. The
experiment was performed in triplicate. (f) The transcript value of Cdc2 was measured by
gRT-PCR on RNA samples obtained from mouse proliferating (DO) and differentiating (D3)
OPC. The transcript levels were normalized by the levels of 18S and shown as relative to the
levels detected at DO. (g) MatInspector Analysis (Genomatix) showing c-Myc binding sites
at the promoter of mouse Pdgfra gene. (h) Chromatin was isolated from murine Olineu cells
either kept in proliferating conditions (DO0) or cultured in differentiation conditions for 1 day
(D1) and immunoprecipitated with antibodies specific for c-Myc. After reverse cross-
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linking, the bound DNA was amplified using primer sets specific for the mouse promoter of
Pdgfra and schematically shown as lines drawn on top of the gene. A mock
immunoprecipitation was used as negative control. (i) The transcript value of Pdgfra was
measured by gRT-PCR on RNA samples obtained from mouse OPCs in proliferating (DO)
and differentiating (D3) conditions. The transcript levels were normalized by the levels of
18S and shown as relative to the levels detected at DO. (mean + s.e.m. n=3,*p<0.05 **
p<0.01, *** p<0.005).
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Figure 4. Characterization of c-Myc silenced OPCs
(a) Phase-contrast micrographs and GFP* epi-fluorescence of mouse OPCs infected with a

double-cistronic lentivirus expressing GFP and either a scrambled ShRNA or shRNA
specific for c-Myc. (b) Bar graphs indicate the transcript level of c-Myc measured by
guantitative RT-PCR of RNA samples isolated from proliferating mOPCs 72h post-
infection. Transcriptional data were normalized to the transcript levels of c-Myc measured in
control cultures infected with the scrambled control. Note the c-Myc reduction in c-Myc
silenced cells. (c) Bar graphs indicate cell density measured 72h post infection with either
shRNA c-Myc or scrambled control. Cell density was measured as the total number of cells
per area. The analysis was performed on three different c-Myc silenced cultures and values
were expressed relative to scrambled control. (d) Bar graphs indicate the transcript levels of
c-Myc target genes - Pcha, Cdc2 and H2Afz - measured by quantitative RT-PCR of RNA
samples isolated from proliferating or early differentiating mOPCs, 72 hours post infection.
Transcriptional data were normalized relative to scrambled control. Note the reduction of
proliferation markers, cell cycle and c-Myc regulated genes upon shRNA c-Myc mediated
silencing (mean + s.e.m. n=3, ** p<0.01, *** p<0.005; scale bar in (A) = 20 um).
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Figure5. Loss of c-Myc leads to decreased histone acetylation at itstarget gene promoters
Chromatin was isolated from mouse OPCs 72h post-infection with either scramble shRNA

c-Myc or scrambled control, and immunoprecipitated with antibodies specific for acetylated
lysine 9 and lysine 14 on histone 3. After reverse cross-linking, the bound DNA was
amplified using primer sets specific for the promoters of the c-Myc target genes (a) or for an
independent gene, such as Mbp (b). A mock immunoprecipitation was used as negative

control. Experiment was performed in duplicate.
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Figure 6. c-Myc silencing favor s early oligodendr ocyte lineage progression

(a) c-Myc silenced cells were maintained either in proliferating condition (DO0) or
differentiated for 1 in the presence of T3 (D1). Proliferating mOPCs were stained for the
progenitor marker NG2 (red) and for GFP (green) to visualize infected cells and
counterstained with DAPI (blue). Differentiating mOPCs were stained for the progenitor
marker NG2 (red) and for the lipid sulfatide recognized by the antibody O4 (red). (b) Bar
graphs represent the average area occupied by NG2+ cytoplasmic processes at DO and D1
and the O4+ membrane extension at D1, as measured by ImageJ in three independent
experiments (n=3, mean = s.e.m. *** p<0.005). (c) Effect of c-Myc silencing on the
transcript levels of markers of oligodendrocyte differentiation (Mbp and Sirt2) as assessed
by quantitative RT-PCR on RNA samples isolated from proliferating mOPCs after 72h post
infection. Data were normalized to 18S and expressed as relative to scrambled controls.
Scale bar in (a) = 20 pm.
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Figure 7. Increased heter ochromatin marks upon c-Myc silencing
(a) Confocal images of c-Myc silenced and scrambled infected mOPCs either kept

proliferating (DO) or differentiated 24 hours in the presence of T3 (D1) and then stained for
the heterochromatin histone mark H3K9me3 (red). Cells were also counterstained with GFP
(green) to visualize infected cells and DAPI (blue) as nuclear counterstain. Inserts show a
representative magnification of stained nuclei. (b) Bar graphs represent the average pixel
intensity/area of H3K9me3 immunofluorescence as measured at DO and D1. Values are
expressed as relative to those measured in scrambled control in three independent
experiments (n=3, mean * s.e.m, *p<0.05, ***p<0.005; scale bar in (a) = 20 um.
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Figure 8. Peripheral chromatin compaction upon c-Myc silencing
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(@) Primary mouse OPCs were transduced with a double cistronic lentivirus encoding for
GFP and for the shRNA (scrambled or against c-Myc sequence) and then differentiated for 1
day in the presence of T3. The same cell was imaged using a confocal microscope equipped
with differential interference contrast (DIC) to detect silencing and a Hitachi 7800 electron
microscope (EM) to visualize ultrastructure. All images were scaled to size and orientation
to allow the overlay. Panels (i) and (iv) show low magnification DIC/GFP images. Higher

respectively. Panels (ii) and (v) show the GFP/EM overlay whereas panels (iii) and (vi)
show just the ultrastructure of the selected cells. (b) Bar graphs represent the average
quantification of heterochromatin regions at the nuclear periphery at D1. Values were
expressed as relative to those measured in scrambled control. Error bars represent s.e.m.

(n=5-8 cells per group,**p<0.01). Scale bar 2 um.
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Figure 9. Proposed model for therole of c-Myc in oligodendrocyte progenitor cells
(@) In proliferating OPCs, c-Myc activates transcription of target genes by favoring histone

acetylation (AcH3K9 and AcH3K14) possibly by recruiting histone acetyl transferases
(HAT) to the promoters of cell cycle genes (Cdc2) and chromatin components (H2Afz). (b)
In differentiating OPCs, reduced levels of c-Myc result in decreased acetylation (H3K9Ac
and H3K14Ac) at the promoters of the gene targets, thus leading to decreased expression.
The effect of c-Myc decrease on peripheral nuclear chromatin compaction (black regions at
the nuclear periphery) is also shown.
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Table 1

Mouse RT Primers

For

Rev

c-Myc TGAGGAGACACCGCCCAC CAACATCGATTTCTTCCTCATCTTC
Mbp ACACACGACAACTACCCATTATGG | AGAAATGGACTACTGGGTTTTCATCT
H2Az TGTGGCTTCAAAGAAGCTATTG TATCCACCAGAGTGGAAACAA

Cdc2 GCCAGAGCGTTTGGAATACC CAGATGTCAACCGGAGTGGAGTA
Pdgfra GGGGACAGACTGTGAGGTGT ACTGCACTTGAGGCCCTTTA

Primers for murine transcripts used in gPCR.
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Table 2
Mouse ChIP Primers | For Rev
H2Az (—450) GAGATCTGCGGACACGAAAG GAGGGAGGAGCTGGAAGG
H2Az (—50) GTTCTCCCATTGGCTGGAG GGACCGCGATTCAAACTG
Cdc2 ACAGAGCTCAAGAGTCAGTTGGC | CGCCAATCCGATTGCACGTAGA
Pdgfra GGGGACTTCATTTCCTGACA AAAGTAAGCCCCAAGCTTCC
Mbp (promoter) TTCAAGACCCCAGGAAGAAA TTCTTTGGGTCTGCTGTGTG

Primers for murine genes used in gPCR after ChiP.
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