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LXCXE-independent chromatin remodeling
by Rb/E2f mediates neuronal quiescence

Matthew G. Andrusiak,’ Renaud Vandenbosch,' Fred A. Dick,? David S. Park' and Ruth S. Slack'*

'Department of Cellular & Molecular Medicine; University of Ottawa; Ottawa, ON Canada; ?London Regional Cancer Program; Children’s Research Institute;
University of Western Ontario; London, ON Canada

Keywords: Rb, E2f, neuronal quiescence, cell cycle, transcription

Abbreviations: AC-3, activated caspase-3; Acetyl-H3, acetylated histone 3; CycA2, Cyclin A2; DAPI, 4',6-diamidino-2-
phenylindole; DIV, days in vitro; DNA, deoxyribonucleic acid; DP1, dimerization partner 15 E1A, early region 1A; GFP, green
fluorescent protein; H3K9me3, trimethylated histone 3 on lysine 9; H3K4, histone 3 lysine 4; HDAC, histone deacetylase; LV,

lentivirus; LXCXE, leucine- any amino acid- cysteine- any amino acid- glutamate; AL, LXCXE-binding disruption mutant; NeuN,
neuronal nuclei; PCNA, proliferating cell nuclear antigen; PCR, polymerase chain reaction; Rb, retinoblastoma;
SV40, simian virus 40

Neuronal survival is dependent upon the retinoblastoma family members, Rb1 (Rb) and Rb2 (p130). Rb is thought to
regulate gene repression, in part, through direct recruitment of chromatin modifying enzymes to its conserved LXCXE
binding domain. We sought to examine the mechanisms that Rb employs to mediate cell cycle gene repression in
terminally differentiated cortical neurons. Here, we report that Rb loss converts chromatin at the promoters of E2f-
target genes to an activated state. We established a mouse model system in which Rb-LXCXE interactions could be
induciblely disabled. Surprisingly, this had no effect on survival or gene silencing in neuronal quiescence. Absence of the
Rb LXCXE-binding domain in neurons is compatible with gene repression and long-term survival, unlike Rb deficiency.
Finally, we are able to show that chromatin activation following Rb deletion occurs at the level of E2fs. Blocking E2f-
mediated transcription downstream of Rb loss is sufficient to maintain chromatin in an inactive state. Taken together our
results suggest a model whereby Rb-E2f interactions are sufficient to maintain gene repression irrespective of LXCXE-

dependent chromatin remodeling.

Introduction

The retinoblastoma protein (Rb) plays an essential role in reg-
ulating cell proliferation by the repression of E2f transcription
factors." Rb/E2f interactions are best characterized for their role
in regulating the G,/S transition; however, growing evidence
is mounting to suggest a more diverse role for the pathway in
both cell cycle and non-cell cycle gene regulation.! In addition
to directly inhibiting transcription through interaction with
E2fs, Rb is able to actively repress gene expression through the
recruitment of co-factors.? Rb is thought to mediate many of
these repressive effects through its conserved LXCXE binding
domain.?

The study of viral oncoproteins, such as E1A and SV40 Large
T-antigen, led to the identification of the conserved LXCXE
motif that mediates interactions with Rb.** The LXCXE domain
was shown to be essential for the inactivation of Rb by direct
interaction with oncoproteins.”® Further studies identified simi-
lar LXCXE-interaction domains found in these viral proteins in
other cellular constituents.? Seminal studies showed that factors
such as HDACI, which contain an LXCXE-interacting domain,

*Correspondence to: Ruth S. Slack; Email: rslack@uottawa.ca
Submitted: 01/07/13; Revised: 03/26/13; Accepted: 04/02/13
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interact with Rb and are essential for its repressive function under
certain contexts.” Subsequent studies identified LXCXE interact-
ing factors that modulate transcriptional activation by histone
methylation and nucleosome remodeling.®? Other non-tran-
scriptional LXCXE interactions have also been revealed, such as
cyclin D and BRCA1, which are important for Rb function and
tumor suppression.'®'? Understanding how these LXCXE inter-
actions shape Rb/E2f activity physiologically is imperative in our
knowledge of how Rb loss contributes to pathological events such
as tumorigenesis and neurodegeneration.>?

The development of a murine transgenic knock-in mutant in
which Rb is defective for LXCXE interactions has challenged
initial studies detailing its importance in Rb-mediated gene
repression. The in vivo observation that LXCXE interactions
are important under conditions of stress, such as senescence and
following DNA damage, suggest unique contexts where this
domain is required."*'® Examination of fully differentiated reti-
nal neurons deficient for the LXCXE-binding domain of Rb did
not reveal any proliferative or differentiation defects;" however,
the use of germline homozygosity may have allowed for com-
pensation by other Rb family members. Furthermore, retinal
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Figure 1. Acute Rb removal results chromatin activation at E2f-regu-
lated promoters. qRT-PCR analysis of the PCNA and CycA2 promoters in
GFP- or Cre-infected cortical neurons (Rb™*/f*X) at 6 DIV from chromatin
immunoprecipitated DNA. (A) Western blot analysis of total protein
extracted from control (GFP) and Rb-deficient (Cre) cortical neurons at
6DIV. (B) Chromatin was immunoprecipitated with an antibody directed
toward acetylated histone 3 (Acetyl-H3). (C) Chromatin was immuno-
precipitated using an antibody that recognizes trimethylated lysine 9
on histone 3 (H3K9me3). Error bars represent SEM (n = 3, where n rep-
resents a ChIP performed on neurons isolated from a unique embryo),
significance was determined using a two-tailed Student’s t-test where
*p < 0.05.

neurons display a proliferative competence suggesting potential
differences in gene-repression when compared with a prolifera-
tion-incompetent quiescent cell type such as cortical neurons.””
It is still unknown how Rb mediates long-term gene repression in

a population that is incapable of proliferation.

www.landesbioscience.com

REPORT

Given our previous observation that Rb is essential for medi-
ating cell cycle gene repression and survival in post-mitotic neu-
rons, we sought to examine the mechanism utilized by Rb to
regulate this repression.” Cortical neurons present an excellent
system to study quiescence, as they are terminally differenti-
ated cells and should therefore employ a consistent non-transient
mechanism to repress cell cycle-related transcription. Using our
previously established acute model for Rb deletion in vitro, we
observe an activation of chromatin at E2f-regulated gene pro-
moters following Rb loss. We next examined the dependence
on LXCXE-dependent interactions for gene repression and cell
cycle regulation, as this domain has been broadly implicated in
Rb-mediated chromatin remodeling. We surprisingly report that
Rb-LXCXE interactions are dispensable for long-term regula-
tion of cell cycle gene repression and neuronal survival both in
vitro and in vivo. To address the dependence of chromatin activa-
tion on Rb and E2f, we broadly inhibited E2f activation in the
absence of Rb. The inhibition of E2f activation was sufficient
to prevent chromatin activation, suggesting that this process is
dependent on E2f-activation and not Rb-mediated repression in
post-mitotic cortical neurons. In this study, we highlight the suf-
ficiency of Rb-E2f interactions in maintaining neuronal quies-
cence and survival.

Results

Rb loss induces an active chromatin state at E2f target genes.
Our previous study had identified an essential role for Rb in the
survival of post-mitotic cortical neurons.” We observed spe-
cific induction of cell cycle-related gene targets and disruption
of neuronal quiescence upon acute removal of Rb."” Given the
previously described role for Rb in the regulation of chromatin
dynamics, we were interested to see the impact of Rb deletion on
the chromatin landscape in quiescent cortical neurons.

To ask whether Rb plays a role in regulating chromatin
dynamics, Rb"/*x neurons were infected with either GFP- or
Cre-expressing lentiviruses, as previously described,” then fixed
and harvested at 6 d in vitro (DIV). We performed chromatin
immunoprecipitation with antibodies directed toward acetylated
histone 3 (Acetyl-H3) and tri-methylated lysine 9 on histone 3
(H3K9me3), as these are two well-characterized Rb-associated
chromatin marks.? Using the PCNA and CyclinA2 promoters as
established E2f-regulated gene products,' we performed quanti-
tative real-time PCR to assess the enrichment of Acetyl-H3 and
H3K9me3 at these promoters in the presence or absence of Rb
(Fig. 1B and C). In accordance with an increase at the protein
level by western blot (Fig. 1A), Rb deletion induces the chro-
matin-activation mark Acetyl-H3 at both the PCNA and CycA2
promoters, and a significant decrease in the repressive H3K9me3
mark (Fig. 1B—C). This evidence supports the notion that Rb
plays a role in the regulation of gene repression at the level of
chromatin in quiescent cortical neurons.

The Rb LXCXE-binding domain is dispensable for neuro-
nal quiescence. We next sought to determine a more specific
role for Rb in the regulation of chromatin dynamics in corti-
cal neurons. We focused on the Rb LXCXE binding motif for
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its previously established role in chromatin regulation
by interaction with specific factors involved in his-
tone acetylation and histone methylation.? Cortical
neurons present an excellent model to study the role
of Rb in gene repression, as they are (1) a prolifera-
tion incompetent terminally quiescent cell type and
(2) have limited secondary consequences due to their
inability to divide. In order to address this question,
we established an acute Rb LXCXE-deficiency model
(Rb*") (Fig. S1A). This specific Rb*" mutant has been
extensively characterized to be deficient in interact
ing with known LXCXE-dependent factors."*> Our
model employs Rb™¥A" with the addition of Cre, by
viral or transgenic methods, inducing acute removal of
the floxed allele, leaving the mutant Rb*" protein to
function. This model prevents any compensation due
to the long-term absence of Rb or the LXCXE binding
domain. Functionality of this model was confirmed by
PCR analysis for excision of the Rb floxed allele and
presence of the LXCXE binding domain mutation
(Fig. S1B).

Upon acute deletion of Rb in cortical neurons, we
previously reported a disruption of quiescence as evi-
denced by the ectopic induction of cell cycle-related
genes.” We hypothesized that if Rb maintains the
long-term repression of these factors through interac-
tion with LXCXE-dependent chromatin-modifying
enzymes, that a form of Rb defective in these interac-
tions would be insufficient to maintain neuronal quies-
cence. We examined expression of the cell cycle-related
factor CycA2 by western blot at 10DIV (Fig. 2A). There
was a significant induction following complete Rb dele-
tion (RbF¥'Flox): however, one Rb*" allele (Rb™¥/21) was
sufficient to maintain CycA2 protein levels at control
(Rb™) levels (Fig. 2A). Similarly, when we examined
cortical neurons at 10DIV by immunofluorescence, we
did not see any significant increase in Ki67+ cells in
Rb*" cells compared with control (Fig. 2B).

We next examined the expression of cell cycle-
related genes in vivo. Due to the technical time limi-
tations on maintaining cultured cortical neurons, we
hypothesized that lengthening our analysis may reveal
gene expression defects in Rb*" neurons. An inducible
CamkCreERT2 model was used to delete the floxed
RbD allele upon tamoxifen administration in adult post-
mitotic cortical neurons (Fig. 2C).* Animals were
injected with tamoxifen and examined 4 wk later, a
time at which we previously showed massive neuro-
degeneration upon Rb deletion.”” Animals deficient in
Rb expression displayed ectopic expression of the cell
cycle-related factors Ki67 and CycE, whereas Rb*" and
control neurons did not show any significant changes

(Fig. 2C). This suggests that the Rb LXCXE-binding domain is
dispensable for the long-term repression of cell cycle-related fac-
tors. In addition, we employed a conditional model to address the
ability of Rb*" to establish neuronal quiescence by removing Rb
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Figure 2. Rb regulates neuronal quiescence in an LXCXE-independent manner.
(A) Western blot analysis of total protein extracted from control, Rb-deficient

and Rb cortical neurons at 10 DIV. (B) Cortical neurons were fixed at 10 DIV and
stained for Ki67. Percentage of Ki67+ was quantified using DAPI to represent total
cell number. Error bars represent SEM (n = 3, where n represent an independent
culture with multiple technical replicates); statistical significance was determined
using a one-way ANOVA, where *p < 0.05 was considered statistically significant.
(€) Animals of indicated genotypes were injected with tamoxifen (180 mg/kg/day
i.p., 3 d) and euthanized 4 wk following the final injection. Representative pictures
of ectopic expression of the cell cycle-related factors Ki67 (arrows) and Cyclin E
(arrows) in neurons in the cortex of CamKCreERT2; RbfFx mice compared with
CamKCreERT2; Rb™* and CamKCreERT2; Rbf*¥/At mice. Error bars represent SEM
(n =3, where n represent the cortex from a unique animal with multiple technical
replicates); statistical significance was determined using a one-way ANOVA, where
*p < 0.05 was considered statistically significant. Scale bar: 50 .M.

expression in embryonic neural precursors (Fig. S2). Consistent
with previous results, the complete loss of Rb leads to ectopic pro-
liferation in the developing dorsal cortex at E15.5,%! as evidenced
by Ki67 expression, whereas Rb*" and controls did not display
ectopic Ki67 (Fig. S2).
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Figure 3. Rb regulates neuronal survival in an LXCXE independent manner. (A) Western blot analysis of total protein extracted from control, Rb-

deficient and Rb*" cortical neurons at 10 DIV. (B) Cortical neurons of the indicated genotypes were infected with lentiviral Cre and fixed at 10 DIV, and
condensed nuclei were examined by DAPI staining. Error bars represent SEM (n = 3, where n represent an independent culture with multiple technical
replicates); statistical significance was determined using a one-way ANOVA, where *p < 0.05 was considered statistically significant. (C) Animals of in-
dicated genotypes were injected with tamoxifen (180 mg/kg/day i.p., 3 d) and euthanized 4 wk following the final injection. Representative pictures of
NeuN immunofluorescence in the cortex of CamKCreERT2; Rbf**/flox mice compared with CamKCreERT2; Rbf*** and CamKCreERT2; Rb™/A- mice. Scale
bar: 100 wm. (D) NeuN+ cells were quantified in the cortex, and percentages were obtained by normalizing to total DAPI cells for indicated genotypes.

Error bars represent SEM (n = 3, where n represents the cortex from a unique animal with multiple technical replicates); statistical significance was
determined using a one-way ANOVA, where *p < 0.05 was considered statistically significant.

The Rb LXCXE-binding domain is dispensable for neu-
ronal survival. The most profound phenotype observed upon
acute Rb deletion in cortical neurons was neurodegeneration.
Cortical neurons present a unique contrast to other neuronal
systems, as they are unable to tolerate loss of Rb.” To examine
whether survival may be impacted independently of quiescence
in our LXCXE mutation model; we performed studies to assess
neuronal survival. We examined neurons at 10 DIV for induc-
tion of apoptosis by both microscopic assessment of condensed
nuclei and western blot analysis for activated caspase-3 (AC-3)
(Fig. 3A and B). We did not observe any significant changes in
survival by either of these two techniques in Rb*" cells when
compared with control (Fig. 3A and B). To assess the poten-
tial for a more long-term contribution of Rb*" on survival, we
utilized our CamKCreERT2 model. Mice were examined for
neuronal survival by quantifying the percentage of neurons
(NeuN+) (Fig. 3C). We observed massive neurodegeneration
following Rb deletion, whereas no reduction in the number of
neurons was observed in Rb*" brains when compared with con-
trol (Fig. 3C). Overall, these results suggest that Rb interactions

www.landesbioscience.com

with the LXCXE-binding motif are dispensable for neuronal
survival.

Induction of an active chromatin state occurs downstream
of E2f-activation. No defects in the maintenance of quiescence
or survival were found in cortical neurons in our acute Rb*"
mutant model. In relation to our initial observation, that in
the absence of Rb chromatin is remodeled to an activate state,
we asked whether this process was solely dependent on Rb or
relied on E2f activation downstream of Rb loss. The role of the
Rb/E2f pathway in chromatin remodeling is not limited to
pocket protein-mediated repression but has also been shown to
include E2f-induced chromatin activation.??* To test this, we
utilized a dominant-negative DP1 construct (DP1,, .~ )."*>
As E2f inhibiton was sufficient to rescue neuronal survival fol-
lowing Rb loss,” we now asked whether DP1, . - was also
sufficient to prevent chromatin remodeling. We hypothesized
that if Rb/E2f-mediated gene repression relies solely on an inter-
action between Rb and E2f, that this construct would prevent
any remodeling. If chromatin remodeling was dependent on Rb
itself, the absence of these factors would result in changes to
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Figure 4. Chromatin activation in the absence of Rb occurs at the level
of E2f. qRT-PCR analysis of the PCNA and CycA2 promoters in GFP, Cre or
Cre/DP1,,, .., infected cortical neurons (RbF*¥"*) at 6DIV from chroma-
tin immunoprecipitated DNA. (A) Western blot analysis of total protein
extracted from control (GFP), Rb-deficient (Cre) and Rb-deficient/
dominant negative DP1 (Cre and DP1, . ) cortical neurons at 6 DIV.
(B) Chromatin was immunoprecipitated with an antibody directed
toward acetylated histone 3 (Acetyl-H3). (C) Chromatin was immuno-
precipitated using an antibody that recognizes tri-methylated lysine 9
on histone 3 (H3K9me3). Error bars represent SEM (n = 3, where n rep-
resents a ChIP performed on neurons isolated from a unique embryo);
statistical significance was determined using a one-way ANOVA, where
*p < 0.05 was considered statistically significant.

the chromatin landscape in the presence of DP1, . .. Western
blot analysis revealed a restoration of PCNA and CycA2 protein
to control levels (GFP) in DP1, . - infected Rb™/"** corti-
cal neurons (Cre and DP1, . ) (Fig. 4A). Chromatin immu-
noprecipitation was performed for Acetyl-H3 and H3K9me3
on RbM¥/Fx cortical neurons infected with LV-GFP, LV-Cre
or LV-Cre and DP1,, .~ We examined the enrichment for
these chromatin marks at the promoters of PCNA and CycA2
(Fig.4B and C). We did not observe any significant differences
in either mark at the PCNA or CycA2 promoters in LV-GFP or
LV-Cre/LV-DP1,, . . - (Fig. 4B and C) These results indicate
that the change in chromatin activation state that is observed
upon Rb removal is dependent on E2f-activation and not purely
the removal of Rb. Our data therefore highlights the sufficiency
of an interaction between Rb and E2f as a driving force in the

maintenance of neuronal quiescence and survival.
Discussion

Our studies demonstrate a number of important conclusions
regarding the role of Rb/E2f in the regulation of gene expres-
sion in post-mitotic cortical neurons. We have shown that acute
loss of Rb results in remodeling of chromatin at E2f-responsive
promoters to an active state. Surprisingly, we observe that long-
term gene repression by Rb occurs independently of the ability
to interact with LXCXE motifs that are found in many chro-
matin-regulating enzymes. Using an acute model, we did not
observe any changes, in vitro or in vivo, in the capacity of Rb*"
to mediate physiological changes or gene repression. Finally, we
provide evidence that E2f-activation downstream of Rb deletion
is essential in chromatin remodeling. In the absence of Rb, a
dominant-negative DP1, -~ ~“mutant is able to maintain chro-
matin in an inactive state. These findings suggest that cell cycle
gene repression by Rb/E2f in cortical neurons occurs at the level
of E2f.

The initial finding that viral oncoproteins required the
LXCXE motif in order to inactivate Rb suggested a critical role
for this domain in Rb function. Accumulating evidence is now
emerging that it is largely dispensable and only plays context-
specific roles in Rb function.'™'®?” An elegant study in the liver,
using acute transgenic and viral models, showed that the Rb
LXCXE-binding domain is not required for basal transcrip-
tion.'® In the liver, Rb-LXCXE interactions were only required
after treatment with a genotoxic agent, where it was shown
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that these animals upregulate cell cycle-related targets and, as
a result, initiate hepatocellular carcinomas.'® This study comple-
mented initial work revealing that Rb*" mutation, in a p53-null
background, resulted in more aggressive tumor formation due to
genomic instability created by defects in chromosome conden-
sation.”® Rb-LXCXE interactions have also been shown to be
essential for stress-responsive G, arrest or senescence.'*?’ Rb*"
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mutants showed specific defects in H3K9me3 recruitment at
heterochromatin, a hallmark of senescence.'*>? Furthermore,
studies have implicated Rb in the recruitment of H3K4 demeth-
ylases, Jaridla and Jaridlb, specifically during senescence.’
These studies suggest a unique mechanistic role for Rb in stress-
associated cell cycle arrest compared with cell cycle exit during
1430 Both processes are Rb-dependent;

however, senescence uniquely requires LXCXE-dependent fac-

terminal differentiation.

tors."**" Though senescence and cortical neuronal differentia-
tion are thought to be permanent cell cycle withdrawal events,
our data addresses the differential mechanism employed by
Rb in the lacter. Studies in retinal neurons may not represent
an ideal neuronal population to study terminal quiescence, as
these neurons have been shown to de-differentiate and prolifer-
ate."*” Furthermore, our acute model adds a level of specificity
to help prevent compensation from other pocket protein family
members.

Our data supports the notion that Rb-mediated gene repres-
sion occurs independently of LXCXE interactions, though it
does not exclude the possibility that factors interacting through
other Rb-domains influence gene repression. Our dominant
negative DP1, .
chromatin remodeling does occur downstream of Rb regard-
less of LXCXE or non-LXCXE factors. In this experiment, we
completely removed the Rb protein, thus all other accessory fac-
tors. The addition of DP1, .
tin activation, suggesting that Rb-interacting factors are either

model strengthens the conclusion that

was sufficient to block chroma-

(1) not present in cortical neurons or (2) present but dispens-
able in this context. Studies have implicated the switch between
repressive (histone deacetylase containing) and activator (histone
acetyltransferase containing) complexes during the switch to
E2f-activation.® Little is known about the specific role for activa-
tor E2fs (E2f1-3) in recruitment of these complexes. Studies in
Drosophila have shown that E2f activation is a two-step process,
with the initial disruption of Rb-dependent repressor complexes
and then recruitment of E2f-activation complexes.** Evidence has
been presented to suggest the relationship between E2f-activation
and histone acetyltransferase recruitment;****3 however, further
studies probing these interactions in an in vivo physiological con-
text would be extremely informative.

In conclusion, our results reveal a specific role for Rb-E2f
interactions in the maintenance of gene repression in cortical
neurons. We found that Rb-mediated gene repression occurs
independently of its LXCXE-binding domain. We did not
observe any physiological or gene expression changes when neu-
rons had to acutely rely on Rb*". Our use of a dominant-negative
DP1, . ,,, construct revealed that chromatin remodeling after
Rb deletion occurs at the level of E2f. These findings reveal
the need for constitutive inhibition of E2f in order to main-
tain gene repression and neuronal survival. It also highlights
the differential role Rb plays in terminally differentiated quies-
cent neurons when compared with previous studies investigat-
ing stress-induced cell cycle arrest.'*'" Most importantly, our
results provide evidence that in terminally quiescent neurons,
Rb/E2f function is more dependent on E2f activity than previ-
ously thought.

www.landesbioscience.com

Materials and Methods

Animals. All experiments were approved by the University
of Ottawa’s Animal Care Ethics Committee adhering to the
Guidelines of the Canadian Council on Animal Care. Rb™**4 and
Foxgl-Cre® were maintained on an FVBN background, while
RbAXEXE S and CamKCreERT2 (EMMA ID: 02125)*° mice
were maintained on a C57Bl/6 background. Animals were geno-
typed according to standard protocols with previously published
primers. For in vitro experiments Rb™*">* animals were crossed,
or RbM1oVAXEXE o RpFlex/s | A]l Cre-expressing animals used were
heterozygotes for Cre expression. CamKCreERT2;Rb"™* mice
were crossed with RbFYAXCXE mice to generate experimental
animals, which at 5-6 wk of age, were given tamoxifen (Sigma)
(180 mg/kg/day i.p., 3 d) and euthanized 4 wk after the final
injection.

Primary cortical neurons. Embryonic cortical neurons were
isolated by standard procedures.*® Neurons were infected at
the time of plating with a pWPXLD lentiviral vector express-
ing control GFP, GFP-tagged Cre recombinase or dominant-
negative DP1, =~ ~at a multiplicity of infection (MOI) of 2.
For immunofluorescence, cells were grown on coverslips for
10DIV then fixed with 4% paraformaldehyde (PFA) and stained
for Ki67 (Cell Marque, Cat No. 275-16), DAPI and visualized
with AlexaFluor 488 secondary antibody (Invitrogen, Cat No.
A11055). Statistical differences were determined using a one-way
ANOVA, where p < 0.05 was considered statistically significant.

Chromatin immunoprecipitation. Cortical neurons were
cross-linked with 1% formaldehyde for 10 min at room tem-
perature. Neurons were lysed [50 mM TRIS-HCI, 1% SDS,
10 mM EDTA, Protease Inhibitor Cocktail (Sigma)], soni-
cated for 30 min [30 sec (on), 45 sec (off)] using a BioRuptor®
(Diagenode) and centrifuged at 14,000 x g to remove cellular
debris. Each immunoprecipitation was performed using 2 pg
of antibody directed to acetylated histone 3 (Millipore, Cat
No. 06-599), tri-methylated lysine 9 on histone 3 (Abcam, Cat
No. ab8898) or normal rabbit immunoglobulin G (Millipore,
Cat No. 12-370). Immunocomplexes were captured using
Dynabeads® Protein A (Invitrogen) and washed extensively.
Cross-links were reversed overnight, followed by treatment with
RNase A at 37°C for 1 h and proteinase K at 65°C for 30 min.
Purified DNA was analyzed by real-time PCR using PerfeCTa
SYBR Green FastMix Reaction Mix (Quanta Biosciences) and
a Rotor-Gene RG-3000 (Corbett Research). Primer sequences
are available upon request and were designed to encompass E2f
binding regions in the PCNA and CycA2 promoters. Expression
values were obtained from three immunoprecipitations from
three independent cultures, and significance was determined
using a one-way ANOVA, where p < 0.05 was considered statis-
tically significant.

Western blots. Protein was isolated from cultured corti-
cal neurons and western blot analyses performed as previously
described,” with antibodies directed toward cleaved caspase-3
(Cell Signaling, Cat No. 9664S), Rb (PharMingen, Cat No.
554136), Cyclin A2 (Abcam, Cat No. ab7965), PCNA (Millpore,
Cat No. MAB424) and B-actin (Sigma, Cat No. A-5316).
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Tissue processing, and cell

quantification. Brains were perfused and fixed as previously

immunohistochemistry

described.?3¢ Sections were collected as 14 pm coronal cryosec-
tions on slides. For immunohistochemistry, sections underwent
antigen retrieval in Target Retrieval Solution (Dako) and incu-
bated overnight at 4°C with the following primary antibodies:
NeuN (EMD Millipore Corporation, Cat. No. MAB377), Tujl
(Covance, Cat No. MMS-435P), Ki67 (Cell Marque, Cat No.
275-16) and Cyclin E (Santa Cruz, Cat No. sc-481). Sections
were incubated in blocking solution containing donkey anti-
rabbit AlexaFluor488 (Jackson Immunoresearch, Cat. No. 711-
545-152), donkey anti-mouse Cy3 (Jackson Immunoresearch,
Cat No. 715-165-150) and DAPI. All images were acquired using
a Zeiss Axioobserver DI. For cell quantification, a minimum of
three sections containing the frontal cortex were analyzed per
brain and the percentage of positive (NeuN, Ki67 or Cyclin E)
cells among the total DAPI+ cells were quantified. Statistical
differences were determined using a one-way ANOVA, where
p < 0.05 was considered statistically significant.
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