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PURPOSE. Histone lysine methylation (HKM) is an important
epigenetic mechanism that establishes cell-specific gene ex-
pression and functions in development. However, epigenetic
control of retinal development is poorly understood. To study
the roles of HKM in retinogenesis, the authors examined the
dynamic changes of three HKM modifications and of two of
their regulators, the histone methyltransferases (HMTases)
Ezh2 and G9a, in the mouse retina.

METHODS. Retinal sections and lysates from embryonic day 16
through adult were processed for immunohistochemistry and
immunoblotting using antibodies against various marks and
HMTases. To further analyze the biological functions of HKM,
the effects of small molecule inhibitors of HMTases were ex-
amined in vitro.

RESULTS. Methylation marks of trimethyl lysine 4 and 27 on
histone H3 (H3K4me3 and H3K27me3) were detected primar-
ily in differentiated retinal neurons in the embryonic and adult
retina. In contrast, dimethyl lysine 9 on histone H3 (H3K9me2) was
noted in early differentiating retinal ganglion cells but was lost after
birth. The HMTases controlling H3K27me3, H3K9me2, Ezh2,
and G9a were enriched in the inner embryonic retina during
the period of active retinogenesis. Using the chemical inhibi-
tors of Ezh2 and G9a, the authors reveal a role for HKM in
regulating retinal neuron survival.

CONCLUSIONS. HKM is a dynamic and spatiotemporally regulated
process in the developing retina. Epigenetic regulation of gene
transcription by Ezh2- and G9a-mediated HKM plays crucial
roles in retinal neuron survival and may represent novel epi-

genetic targets to enhance viability in retinal neurodegenera-
tive diseases such as glaucoma. (Invest Ophthalmol Vis Sci.
2010;51:6784–6792) DOI:10.1167/iovs.09-4730

Genetic and epigenetic mechanisms ensure that complex
developmental programs are correctly executed. Histone

lysine methylation (HKM) is a crucial epigenetic mechanism
that regulates gene transcription (activation and repression)
and genome stability to influence development,1 stem cell
pluripotency,2 tumorigenesis,3 and inflammation.4 Specific pat-
terns of lysine methylation on histone H3 are associated with
gene transcription and repression because of their effects on
regulating the accessibility of particular DNA sequences, such
as gene promoters and enhancers.5

HKM has been well studied at the K4, K9, and K27 residues.
These lysine residues can be monomethylated, dimethylated,
and trimethylated. Generally, trimethylation of lysine 4 on
histone H3 (H3K4me3) is associated with fully activated pro-
moters, which correlates with gene transcription, whereas
dimethylation (H3K4me2) occurs at both inactive and active
euchromatic genes.6,7 H3K9 is a major negative regulator of
the H3K4 mark and dimethylation at lysine 9 (H3K9me2)
marks silent euchromatin, important in proliferating cells,
whereas H3K9me3 is enriched in regions of “gene-poor” peri-
centric heterochromatin.8–10 Methylation at lysine 27 on his-
tone H3 (H3K27me) is associated with transcriptional repres-
sion in many developmental processes.11

The methylation of lysine residues on histone H3 is catalyzed
by enzymes known as histone methyltransferases (HMTases). To
allow for precise regulation, HMTases target specific lysine
residues and methylation states. The activity of particular
HMTases, such as G9a and Ezh2, which catalyze H3K9me2 and
H3K27me3 marks,12,13 is essential to fundamental epigenetic
processes such as X-chromosome inactivation14 and parental-
specific silencing of imprinted genes, whose dysregulation is
implicated in Prader-Willi syndrome.15 Moreover, pharmaco-
logic inhibition of these HMTases is part of emerging ther-
apeutic strategies to selectively inhibit tumor growth and
reprogram easily isolable differentiated cells into induced
pluripotent stem cells.16,17

The development of the retina is a highly regulated process
whereby multipotent retinal progenitor cells generate a di-
verse, specialized set of glia and at least seven types of retinal
neurons in a stereotypic temporal sequence.18 HKM is a key
epigenetic mechanism regulating the ability of neural progen-
itor cells to self-renew and to generate neurons and glia in a
precise temporal fashion.19,20 The lack of proper retinal cell
maturation observed in zebrafish morpholinos, in which the
function of the H3K9me3 HMTase Suv39h1 is disrupted, re-
veals a role for HKM in retinal development.21 Similar to the
brain, most retinal neuronal types are born before the glial
cells. For example, retinal ganglion cells (RGCs) are generated
as early as embryonic day (E) 12, whereas Müller glial cell
genesis peaks at postnatal day (P) 3.22 Other time-sensitive
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mechanisms operate. For instance, the ability of the newly
born RGCs to robustly extend axons remains temporally lim-
ited. By E18, RGCs lose this intrinsic capacity.23 The retina has
been long used to interrogate mechanisms underlying how
common neural progenitors generate the cellular diversity and
contribute to the function of a complex CNS structure.24 In-
terestingly, despite the facile accessibility of the retina and the
increasing understanding of the role of epigenetics in regulat-
ing developmental competence, very little known about the
retinal role of HKM and their master regulators, the HMTases.

We hypothesized that HKM is dynamically regulated in the
developing retina. By immunostaining, we showed changing
patterns of H3K4me3, H3K27me3, H3K9me2, Ezh2, and G9a
in specific layers of the developing or adult retina. Interest-
ingly, H3K9me2 marks were present in the inner embryonic
retina but decreased rapidly by E18, a period during which
RGCs lose the ability to extend axons. This mark nearly disap-
pears, as does its corresponding HMTase, G9a, by adulthood.
We also found that the master regulators of H3K27me3 and
H3K9me2 marks, the HMTases Ezh2 and G9a, were enriched in
the embryonic and neonatal period, during which retinal pro-
genitor cells remained proliferative and neurogenic. Hypothe-
sizing that these HMTases play important roles in the specific
cell types that harbor their corresponding histone marks, we
applied chemical inhibitors of Ezh217 and G9a25 to neonatal
retinal neuronal cultures to reveal a new role for Ezh2 and G9a:
RGC survival.

MATERIALS AND METHODS

Primary RGC Isolation

All experimental procedures and use of animals were approved by the
Animal Care and Use Committee of the Schepens Eye Research Insti-
tute and adhered to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. P0 mouse pups were anesthetized
with hypothermia. The eyes were enucleated, and the retina was
gently peeled off with fine forceps and placed in sterile phosphate-
buffered saline (PBS). The retinas were collected in serum-free basal
medium (Neurobasal A; Invitrogen, Carlsbad, CA) and incubated at
37°C with a papain dissociation system according to the manufactur-
er’s instructions (Worthington, Lakewood, NJ). After 15 minutes of
incubation, retinal digestion was stopped by the addition of the papain
inhibitor ovomucoid (Worthington). RGCs were obtained by tritura-
tion of the retina in neuronal growth medium with a 1000-�L pipette.
RGCs were isolated with magnetic bead-conjugated Thy1.2 antibody
(Miltenyi Biotech, Auburn, CA) and were maintained in culture as
described.26 Briefly, isolated RGCs were seeded in 24-well plates
coated with poly-D-lysine (10 mg/mL; Sigma-Aldrich, St. Louis, MO) and
cultured in serum-free basal medium (Neurobasal A; Invitrogen) sup-
plemented with B27 and 100 U/mL penicillin-streptomycin (Invitro-
gen) as well as glutamine, brain-derived neurotrophic factor (50 ng/
mL), ciliary neurotrophic factor (10 ng/mL), forskolin (5 ng/mL), and
insulin (20 ng/mL) (all from Sigma-Aldrich). Cells were treated with
BIX-01294 (10 nM, 50 nM, 100 nM, 200 nM) or DZNep (10 nM, 50 nM,
100 nM, 200 nM) for 48 hours.

RGC Apoptosis and Viability Analyses

Cellular apoptosis was determined using a fluorescein in situ cell death
detection kit (Roche, Pleasanton, CA), which uses the incorporation of
terminal transferase (TdT) to label free 3�OH ends in genomic DNA
with fluorescein-dUTP (TUNEL) in apoptotic cells. To inhibit RGC
apoptosis, 10 nM N-Benzyloxycarbonyl-Val-Ala-Asp(O-Me) fluorom-
ethyl ketone (Z-VAD-FMK or ZVAD; Sigma-Aldrich) was used.

Preparation of Retinal Sections

Retina sections were prepared as previously described.27,28 Briefly, the
eyeballs from E16 to P0 were dissected, fixed in 4% paraformaldehyde

for 1 hour, embedded in agarose, and sectioned at 100-�m thick using
a vibratome. Adult mouse eyeballs were dissected, fixed in 4% para-
formaldehyde for 1 hour, cryoprotected, embedded in optimal cutting
temperature compound (Tissue Tek; Sakura Finetek, Torrance, CA),
and cryosectioned at 8 �m.

Immunofluorescence Microscopy

For immunofluorescence labeling, retinal tissue sections or RGC cul-
tures were blocked with blocking solution (5% bovine serum albumin �
5% normal goat serum � 0.3% triton X-100) for 1 hour at room
temperature. The blocking buffer was discarded, and the sections were
washed three times with 1� PBS, before the addition of antibodies
(Millipore, Billerica, MA; Cell Signaling, Danvers, MA) against histone
H3 lysine (K), methylation of trimethyl K4, dimethyl K9, and trimethyl
K27 (all rabbit polyclonal, 1:200), Ezh2 (1:200, Cell Signaling; mouse
monoclonal), and G9a (1:200; R&D Systems, Minneapolis, MN; mouse
monoclonal). Retinal sections and cultures were also double labeled
with primary antibodies against �-III-tubulin (Tuj1; 1:500; BD Bio-
sciences, San Jose, CA), cellular retinaldehyde-binding protein
(CRALBP), and rhodopsin (1:100; Chemicon, Temecula, CA). Incuba-
tion was performed overnight at 4°C. Sections were washed three
times, followed by incubation with secondary antibody Cy-3 (1:200;
Molecular Probes, Eugene, OR) conjugated with a fluorophore for 1
hour in the dark. The sections were washed again three times with 1�
PBS for 30 minutes After staining with 4�,6-diamindino-2-phenyindole
(2 mg/mL; Sigma) to reveal cell nuclei, retinal sections were mounted
and examined under fluorescence and confocal laser scanning micros-
copy (SP5; Leica, Wetzlar, Germany). Quantification of fluorescent
signal from anti-H3K27me3 and anti-H3K9me2 in RGCs in the presence
and absence of Ezh2 inhibitor 3-Deazaneplanocin A (DZNep) and G9a
inhibitor BIX-01294 was performed by determining the amount of
fluorescence (in arbitrary units) using ImageJ software (developed by
Wayne Rasband, National Institutes of Health, Bethesda, MD; available
at http://rsb.info.nih.gov/ij/index.html) and dividing that value by the
number of DAPI� nuclei in the given field.

Preparation of Cell Lysates and Western
Blot Analysis

Retinas from E16, E18, P0, and adult mice were dissected and homog-
enized in protein extraction reagent (B-PER; Pierce Biotech, Rockford,
IL). Protein concentrations of retinal lysates were determined with a
detergent-compatible colorimetric protein assay kit (DC Protein Assay
Kit; Bio-Rad Laboratories, Hercules, CA). Proteins of retinal lysates (30
�g) were separated by an SDS-polyacrylamide gel and electrophoreti-
cally blotted onto a nitrocellulose membrane, incubated with mouse
monoclonal Ezh2 antibody (1:500; Cell Signaling), and mouse mono-
clonal G9a antibody (1:500; R&D Systems). The blots were incubated
with a horseradish peroxidase-conjugated second antibody (1:10,000;
Jackson ImmunoResearch Laboratories, West Grove, PA) and were
detected by a chemiluminescence assay (ECL kit; Pierce). Histone H3
was used as the control for equal loading (1:500; Cell Signaling).

Statistical Analysis

In all experiments, mean � SEM was presented as stated. Asterisks
identify experimental groups significantly different from control
groups by the Student’s t-test. P � 0.05 was considered significant.

RESULTS

Spatial and Temporal Regulation of HKM
in the Retina

To identify patterns of HKM during retinal development, lysine
methylation-specific antibodies were used to probe sections of
embryonic (E16, E18), neonatal (P0), and adult (6-month-old)
murine retinas. Ages for analysis encompass important devel-
opment milestones, including RGC axonogenesis (E16 and
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earlier), RGC loss of axon growth capacity (E18), and photo-
receptor genesis (perinatal and postnatal periods).22,29 Meth-
ylated H3K4, H3K9, and H3K27 marks are among the most
well-studied HKM modifications in a variety of organ systems,
animal and in vitro human models of development, and dis-
ease.11

H3K4me3, a mark associated with active transcription,30

was present in RGCs (inner embryonic retina and ganglion cell
layer [GCL] P0 and later) of the retina throughout the ages
examined (Figs. 1A–D). In the E16 and E18 retina, the mark
appeared to be enriched in the inner neuroblastic layer (inbl),
where most postmitotic neurons reside (Figs. 1A, 1B). At P0,
H3K4me3 was enriched throughout the GCL and the inbl; less
expression of the mark was seen in other regions of the outer
neuroblastic layer (onbl; Fig. 1C), similarly corresponding to
regions of postmitotic neurons. In the adult retina, the
H3K4me3 mark expanded to all layers of the neural retina (Fig.
1D), when the retina was largely composed of cells that exited
the cell cycle. These included rhodopsin-positive photorecep-
tors (Fig. 2A), nearly all inner nuclear layer (INL) cells including
CRALBP-positive Müller glia (Fig. 2B), and Tuj1-positive RGCs
(Fig. 2C). In the adult, we observed that the H3K4me3 mark
localized to the outer nuclear layer (ONL) periphery (Fig. 2A),
whereas the mark in GCL and INL cells was distributed
throughout the nucleus (Figs. 2B, 2C). These data show that
H3K4me3, a euchromatic histone mark, is largely found in

post-mitotic neurons in the inner and outer retinal layers
throughout development and in the adult.

H3K27me3 is a mark associated with transcriptional repres-
sion, X-chromosome inactivation,14 body patterning,31 stem
cell pluripotency,32 and other processes. To determine the
spatial and temporal patterns of H3K27me3, a trimethyl-spe-
cific antibody for H3K27 was used to probe E16, E18, P0, and
adult murine retinal sections. At E16 and E18, similar to that
seen with H3K4me3, H3K27me3 marks were enriched in the
inbl, though few scattered H3K27me3� nuclei could be de-
tected in the onbl (Figs. 1E, 1F). At P0, intensive labeling of the
H3K27me3 mark was observed in the GCL and inbl (Fig. 1G).
In the adult, GCL and INL nuclei strongly stained for the
H3K27me3 mark (Fig. 1H). Further, a subset of nuclei in the
inner portion of the ONL was H3K27me3�, and in these cells,
similar to H3K4me3, the mark was also localized to the nuclear
periphery (Fig. 2D), in contrast to GCL and INL nuclei (Figs.
1H, 2E 2F). These data show that the repressive H3K27me3
histone modification is enriched in the inner layers of the
embryonic and adult retina and in a subset of ONL nuclei in the
adult murine retina, which largely comprises a population of
differentiated neurons.

H3K9me2 is a repressive mark known to silence euchro-
matic genes in embryonic cells.33 To examine for the presence
of this histone modification, E16, E18, P0, and adult retinal
sections were probed with a dimethyl-specific antibody against
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H3K9. Although the H3K9me2 mark was enriched in the E16
inbl, this mark appeared to decline abruptly at later time points
(Figs. 1I–L). At E18, H3K9me2� nuclei were still detectable in
the inbl and onbl, though the intensity of staining significantly
decreased (Fig. 1J). By P0, a few faintly stained H3K9me2�
nuclei were observed in the GCL, but this was extinguished in
the adult retina (Figs. 1K, 1L). These results demonstrate that
the repressive mark H3K9me2 is predominantly observed in
the inner layers of the embryonic retina (inbl), but this modi-
fication declines in the late stages of retinogenesis. The spatio-
temporal pattern of H3K9me2 is distinct from that of the
H3K4me3 and H3K27me3 marks.

Detection of HMTases Ezh2 and G9a Expression
in the Developing Retina

The HMTases constitute a family of enzymes that catalyze the
methylation of histones on specific residues. The HMTases
Ezh2 and G9a are the two best-characterized HMTases that
catalyze H3K27me3 and H3K9me2 modifications, respectively.
They are important in the repression of crucial genes in em-
bryonic and tissue-specific development and homeostasis34,35

and regulate the differentiation of neural progenitors.36–38 To
quantitatively examine their expression in the retina, we ana-
lyzed the temporal expression of Ezh2 and G9a by Western
blotting whole retinal lysates isolated from mice at E14, E16,
P0, and adult. Ezh2 was more highly expressed from E14 to P0,
during the period of active retinogenesis, but its expression
declined in the adult retina (Figs. 3A–D, 3I). To further char-
acterize the spatial expression of this protein in the developing
retina, we probed retinal sections with an antibody against
Ezh2 (Figs. 3A–D) during the same time points used to analyze
its downstream histone mark, H3K27me3 (Figs. 1E–H). Ezh2
was highly expressed in the inbl nuclei at E16, but the propor-
tion of Ezh2� nuclei declined rapidly at later time points, with
little detectable expression in the adult retina. The high level of
Ezh2 expression in the embryonic stages and its decreased
presence in the adult suggests an active role for the protein
during the period of retinogenesis.

Correlating with the temporal distribution of the H3K9me2
mark, the expression level of G9a—the HMTase responsible for

H3K9me2—in whole retina lysates was higher during the pe-
riod of retinogenesis (E14–P0) than in the adult (Figs. 3E–H, I).
Specifically, G9a expression peaked at E14 and declined at later
periods. Similarly, localization of the G9a in the developing
retina showed the most prominent expression in the E16 inbl,
but G9a� nuclei were also observed in the E16 onbl (Fig. 3E).
G9a� nuclei rapidly decreased at E18 and P0, with little or no
nuclear G9a seen in the adult retina (Figs. 3F–H). In contrast to
H3K27me3 and Ezh2 (Figs. 1E–H, 3A–D), which demonstrated
distinct spatiotemporal expression patterns from each other,
the spatiotemporal pattern of G9a expression appeared similar
to that of the H3K9me2 mark (Figs. 1I–L, 3E–H).

Regulation of RGC Survival by HMTases Ezh2
and G9a

A significant developmental event occurring in the mouse
retina from E14 to P0 is the maturation of RGCs and the loss of
axon growth capacity.29 Our results of immunohistochemistry
and Western blot analysis indicated a close association with
HKM, namely H3K9me2 and H3K27me3, and expression of the
corresponding HMTases G9a and Ezh2, with RGCs during this
period of retinal development. To interrogate the functional
roles of HKM in retinal development, we sought to determine
whether HMTases regulate RGC survival and differentiation. To
this end, we isolated and cultured P0 murine RGCs26,39–41 in
the presence or absence of small molecule inhibitors to G9a
and Ezh2, BIX-01294 and 3-deazaneplanocin A, respectively.

BIX-01294 is a diazepin-quinazolin-amine derivative that
acts as a selective, reversible inhibitor of G9a and that has been
shown to lower bulk H3K9me2 marks in several cell
types.16,25,42 3-Deazaneplanocin A (DZNep) inhibits Ezh2-me-
diated H3K27 trimethylation.17,43 To determine whether BIX-
01294 or DZNep lowers H3K9me2 or H3K27me3 levels, re-
spectively, we cultured P0 RGCs in the presence and absence
of these inhibitors and stained the cells with the corresponding
marks. The amount of H3K9me2 fluorescence per nuclei de-
creased with BIX-01294 treatment (n � 2 per treatment group;
P � 0.008; Figs. 4A–C, G), and the amount of H3K27me3
fluorescence per nuclei decreased with DZNep treatment (n �
2 per treatment group; P � 0.001; Figs. 4D–F, 4H).
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activation (H3K4me3, red, A–C) and
repression (H3K27me3, red, D–F) re-
veal distinct patterns of chromatin
organization among adult retinal cell
layers, including ONL photorecep-
tors (green, rhodopsin, A), INL Mül-
ler glia (green, CRALBP), and GCL
RGCs (RGCs, green, Tuj1). Scale bar,
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When RGCs were cultured in the presence of BIX-01294
and DZNep at 50 nM, 100 nM, and 200 nM, we detected RGC
apoptosis. A roughly dose-dependent effect was observed com-
pared with controls, with BIX-01294 inducing a 1.4- to 2.2-fold
increase in apoptosis and DZNep inducing a 1.5- to 2.1-fold
increase in apoptosis (n � 3 for each group; P � 0.015; Fig. 5).
In contrast, the addition of the pan-caspase inhibitor (negative
control) N-benzyloxycarbonyl-Val-Ala-Asp(O-Me) fluoromethyl
ketone (Z-VAD-FMK [ZVAD]) reduced apoptosis 1.5-fold com-
pared with control cultures (Figs. 5B, 5I).

These results suggest an essential involvement of HKM in
RGC survival. Inhibition of Ezh2 or G9a is associated with
RGC death. These studies provide important information for
future elucidation of the functional significance of these
changes in retinal development and disease using mouse
genetic technology.

DISCUSSION

By monitoring HKM during various developmental stages, we
explicitly defined patterns of H3K27me3, H3K9me2 marks,
Ezh2, and G9a for the first time in the embryonic and adult
retina and of H3K4me3 for the first time in the embryonic
retina. We showed that these histone marks and HMTases were
generally enriched in the inner layers of the embryonic retina;

later, H3K4me3 and H3K27me3 modifications persisted in the
adult neural retina. Interestingly, the H3K9me2 mark was largely
lost in the adult retina. We also showed that the HMTases con-
trolling H3K27me3, H3K9me2, Ezh2, and G9a were expressed
in the embryonic and neonatal periods of retinogenesis, con-
sistent with reports detailing these HMTases in other cell types
and organ systems. Finally, through chemical inhibition of Ezh2
and G9a in cultures of neonatal RGCs, we showed that these
HMTases are important for RGC survival.

We found that the patterns of H3K4me3 and H3K27me3,
activating and repressive marks, overlapped in the embryonic
and adult retina, especially in regions where postmitotic neu-
rons exist. Of course, both these marks exist in most cells
because they modify different regions of chromatin within a
given cell. Future studies using chromatin immunoprecipita-
tion (ChIP)-based technologies (e.g., ChIP-chip, ChIP-Seq)
looking at specific, DNA-protein/histone modifications around
key promoters required for retinal progenitor cell (Rx), RGC
(Brn3b), INL neuron identity (amacrine/calbindin, horizontal/
Prox1, bipolar/mGluR6, Müller /CRALBP), and photoreceptor
(Crx) will further elucidate with greater specificity the epige-
netic changes underlying the specification of diverse retinal
cell types from progenitor cells and plasticity in postmitotic
retinal cell types and mitotic adult glia such as Müller cells and
retinal astrocytes.
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A recent report44 described an association between noctur-
nal mammals (such as mice) and an inverted pattern of hetero-
chromatin in adult rod nuclei.44 The sequestration of rod het-
erochromatin to a single, central chromocenter (highly stained,
often “speckled” DAPI region, representing heterochromatin)
is developmentally regulated and takes place approximately 1
month after birth. Our data confirmed that the H3K4me3
nuclear pattern is enriched in the euchromatic regions seques-
tered to the periphery of the ONL nuclei, surrounding the
single murine rod chromocenter in the adult retina (Fig. 2A).
Interestingly, we show that similar to H3K4me3, the repressive
H3K27me3 mark is also enriched in the peripheral euchro-
matic regions of murine rod nuclei, consistent with the nuclear
pattern of this mark observed in other tissues10 (Fig. 2D). The
murine peripheral nuclear distribution of H3K4me3 and
H3K27me3 appeared to be specifically restricted to ONL cells
and developmentally regulated with their sequestration to the
euchromatic ONL nuclear periphery not observed until some-
time after P044 (Figs. 1C, 1D, 1G, 1H, 2A–F).

We noticed that G9a expression coincided with the
H3K9me2 mark through time, namely a decreasing level of G9a
and H3K9me2 as retinogenesis proceeded, with little or no
G9a and H3K9me2 observed in the adult. The higher level of
G9a at embryonic and neonatal stages was consistent with
reports that G9a, more than other H3K9 HMTases such as
Suv39h1/2, was especially critical during development in pro-
liferating cells.8,45 How might the H3K9me2 retinal mark be
lost through embryonic development? Possibilities include pas-
sive dilution of the modification after DNA replication in mi-
totic cells or through active enzymatic demethylation rather
than decreased expression of the G9a HMTase.46–48 A similar
mechanism may be responsible for the loss of the H3K9me2
mark in the retina, and it will be interesting to investigate

whether H3K9me2 demethylases LSD1 or JHDM2A regulates
the loss of the mark in this context.49,50

In the case of Ezh2 and H3K27me3, the level of Ezh2
decreased in the adult despite the persistence of the
H3K27me3 mark in the GCL/RGC, INL, and some ONL nuclei.
The persistence of the H3K27me3 mark in adult RGCs and
inner retinal neurons may be secondary to the enhanced sta-
bility of the trimethyl (versus dimethyl or monomethyl) mark,
retinal progenitor exit from the cell cycle (less DNA replica-
tion-associated dilution of the mark), or decreased activity of
the H3K27me3 demethylases UTX and JHJD3.31,48,51–54 Addi-
tionally, it would be interesting to assess whether Ezh1 (an
Ezh2 homologue) or H3K27me3 HMTase (largely expressed in
adult nonproliferative cells) plays a role in regulating the
H3K27me3 mark in the adult retina.55,56

We observed that the pharmacologic inhibition of G9a
(through the addition of BIX-01294) in neonatal RGCs impairs
RGC viability. These results are consistent with reports that
genetic and chemical ablation of G9a deficiency results in
somatic cell apoptosis in vivo and in vitro.8,25 Moreover, en-
hanced expression of the HMTase is involved in cell prolifer-
ation, as hypoxia induces G9a expression and increased
H3K9me2, which is known to silence tumor suppressor
RUNX3, and promotes tumor progression.57,58 Given the em-
bryonic character of G9a expression in the inbl and its down-
regulation by E18, the period during which RGCs lose the
ability to robustly extend their axons,59 its increased expres-
sion in proliferating cells,8 and the enhanced axonal regener-
ation of embryonic RGCs versus adult RGCs,60–62 it would be
interesting to determine whether G9a overexpression stimu-
lates RGC axonal regeneration.

The higher level of Ezh2 we observed during retinogen-
esis was consistent with the level found in previous reports
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FIGURE 4. BIX-01294 (BIX) and
DZNep inhibit H3K9me2 and
H3K27me3 in P0 RGCs. (A–C) Immu-
nofluorescence detection of H3K9me2
(red) and (D–F) H3K27me3 (red) with
or without treatment of the described
concentrations of BIX and DZNep
was overlaid on the nuclear counter-
stain (DAPI, blue). Scale bar, 5 �m.
(G) P0 RGCs were cultured for 3 days
and treated with vehicle control, 100
nM and 200 nM BIX, or the same
concentrations of (H) DZNep. Rela-
tive fluorescence per nuclei was ob-
tained by dividing the fluorescence
signal (arbitrary units) of the corre-
sponding histone mark antibody by
the total number of DAPI nuclei per
20� field using Image J software
(mean � SEM; n � 2 for each treat-
ment group, eight fields per culture,
mean 612 nuclei counted per field.
*P � 0.008.
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demonstrating increased Ezh2 expression in embryonic and
adult proliferating cells in other organ systems and tu-
mors.35,37,56,63,64 Ezh2 is known to inhibit terminal differen-
tiation in other organ systems such as the epidermal stem cell
niche and in neural tumorigenesis.35,65,66 We found that Ezh2
was more highly expressed in immature, postmitotic RGCs in
the E16 inbl than in more mature RGCs at later time points. It
will be important to elucidate what function(s) Ezh2 may play
in immature versus mature postmitotic RGCs. As in other
regions of the CNS,36,37 the overexpression and genetic inhi-
bition of Ezh2 in the retina may better clarify the role of this
HMTase in regulating RGC development and retinal progenitor
cell proliferation and the generation of RGCs and other retinal
neurons from progenitor cells.

In conclusion, we describe for the first time embryonic
(H3K4me3, H3K27me3, H3K9me2, Ezh2, G9a) and adult
(H3K27me3, H3K9me2, Ezh2, G9a) HKM and HMTase patterns
in the developing retina. We reveal a novel role for two im-
portant HMTases, G9a and Ezh2, in RGC survival. Further

studies may implicate these histone marks and their HMTases
in the epigenetic regulation of key cell-lineage genes during
retinogenesis underlying retinal cell competence, adult retinal
cell plasticity, retinal tumorigenesis (e.g., retinoblastoma), and
retinal cell survival and axonal regeneration (e.g., retinitis pig-
mentosa and glaucoma).
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