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Figure 4 p300 over-expression by adenovirus infection induces axonal regeneration of the optic nerve. (A) Representative pictures of
retinal ganglion cell layer after immunostaining in the retina against p300 shows expression of p300 in green fluorescence protein (GFP)-
positive cells 24 h after optic nerve crush (ONC) and AVp300 or AVGFP infection. An increase of p300 expression in the retinal ganglion
cell layer is shown following AVp300-GFP versus AVGFP infection. Scale bar = 20 um. (B) Bar graph represents quantification of p300
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protein levels analysed by measurement of the fluorescence signal. Asterisks = unpaired two-tailed ¢-test, *P-value < 0.01; n = 3.
Error bars represent SD. (C) Representative pictures of longitudinal optic nerve sections immunostained against GAP-43 14 days
after optic nerve crush and infected with AVGFP or AVp300-GFP (alone or in combination with lens injury) show axonal
regeneration in AVp300-infected rats, which is enhanced by lens injury. Scale bar = 100 um. (D) Adenoviral overexpression of
p300 alone or in combination with lens injury induces a significant increase in the number of axons past the lesion site compared
with AVGFP-infected nerves alone or in combination with lens injury as shown in the bar graph (n = 4 per condition).
Asterisks = unpaired two-tailed t-test, *P-value < 0.05. Error bars represent SD. (E) Representative pictures of whole flat retina
immunostained against B-IIl tubulin (Tuj1) 14 days after optic nerve crush with AVGFP or AVp300 infection. Scale bar =50 pm.
(F) Bar graphs show quantification of retinal ganglion B-1II tubulin-positive cells on whole flat retina (n = 3) that reveals no
difference in retinal ganglion cell survival (as compared with sham) 14 days after optic nerve crush with AVGFP or AVp300.

OD = optical density.

regeneration via both increased proregenerative transcription and
histone acetylation on select target promoters. Due to the large
size of p300 (8kb), we decided to clone full-length p300 in a
size-compatible adenoviral vector carrying two cytomegalovirus
promoters driving either p300 or GFP for intravitreous in vivo
infection experiments. AVGFP virus was employed as a control.
AVp300/GFP (AVp300) or AVGFP were injected into the vitreous
at the time of injury. Optic nerves were extracted 14 days
post-injury and immunostained for GAP-43 to identify regenerat-
ing axons. Infection of p300 significantly increased p300 expres-
sion as early as at 24 h after infection (Fig. 4A and B) in the retinal
ganglion cell layer. More importantly, it resulted in a significant
increase in the number of regenerating axons compared with con-
trol GFP (Fig. 4C and D). Additionally, the combination of lens
injury, a well-known strategy to enhance neuronal intrinsic-
dependent axonal regeneration after optic nerve crush, and
p300 overexpression led to further enhancement of axonal regen-
eration as compared with lens injury or p300 overexpression alone
(Fig. 4C and D). However, we observed that AVp300 does not
induce survival of retinal ganglion cells compared with AVGFP
when counting the overall number of 8-11I tubulin-positive neurons
(Fig. 4E and F), therefore the pool of regenerating axons
stems from the limited pool of spontaneously surviving retinal
ganglion cells. This was confirmed by evaluating the number of
double B-I1I tubulin/GFP-positive cells in p300 and control virus-
infected retinae, which showed no difference (Supplementary
Fig. 3).

A percentage of retinal ganglion cells (17.7 +3.4% SE of B-III
tubulin-positive cells, n=3) were successfully infected as shown
by co-localization of GFP with B-Ill tubulin within the ganglion
cell layer in vivo (Supplementary Fig. 4). A number of cells were

also infected in the retina inner nuclear layer, corresponding
presumably to bipolar/amacrine and Miller cells (Supplementary
Fig. 4). In order to prove the cell autonomous effects of p300
overexpression specifically in neurons, we cultured primary retinal
cells and infected them with either AVGFP or AVp300. Retinal
ganglion cells were infected in culture as shown by expression
of GFP in B-IIl tubulin-positive cells (Fig. 5A). More importantly,
we found that overexpression of p300 induced a significant in-
crease in neurite outgrowth as compared with control-infected
neurons (Fig. 5B and C). All together, these data suggest that
p300 overexpression can promote axonal regeneration but not
survival of retinal ganglion cells following optic nerve crush and
that these effects are at least in part mediated by neuronal intrinsic
mechanisms.

Immunofluorescence  experiments  further showed that
overexpression of p300 induced both pro-axonal regeneration
transcription factor and histone H3 hyperacetylation in the retinal
ganglion cell layer following optic nerve crush. At both 24
and 72h post-optic nerve crush, we observed a significantly
increased p53K373 acetylation in the retinal ganglion cell layer
in AVp300 versus AVGFP infection, while total p53 levels
remained unchanged (Fig. 6A and B). Similarly, we found that
the acetylation of the pro-axonal regeneration transcription
factor C/EBP, which can be acetylated on lysine 215 and
216 (Cesena et al., 2007; Wang et al., 2007), was enhanced
at 24 and 72h after optic nerve crush by p300 overexpression
(Fig. 6A and B). Lastly, we confirmed as expected that p300
overexpression was able to induce H3K18 acetylation (Fig. 6A
and B).

Therefore, induction of p300 resulted in an increased acetylation
of p53 and C/EBP, which is associated with their increased
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Figure 5 Overexpression of p300 induces neurite outgrowth in cultured cells. (A) Retinal cells were cultured on poly-p-lysine for 24 h and
infected with AVGFP or AVp300 at MOI 100. Immunostaining against -1l tubulin for retinal ganglion cells shows a colocalization with
infected green fluorescence protein (GFP)-positive cells. Scale bar = 20 um. (B) Representative pictures of dissociated retinal primary
culture immunostained against B IlI-tubulin show enhanced neurite outgrowth in p300-infected GFP-positive cells compared with control
virus infection. Scale bar = 20 um. (C) Quantification of neurite length shows an increase in neurite outgrowth 72 h after infection of
AVp300 compared with AVGFP-infected cells. Asterisk = unpaired two-tailed ¢-test, *P-value < 0.01; n = 3. Error bars represent SD.

MOI = multiplicity of infection.

transcriptional activity, and with H3 hyperacetylation, signature of
active chromatin. However, in order to assess whether AVp300, in
addition to enhancing axonal regeneration, is also directly capable
of occupying and acetylating the promoters of proregenerative
gene targets, we performed chromatin immunoprecipitation
assays from dissected retinae after optic nerve crush and infection
with either AVp300 or AVGFP. Selected gene targets included
Sprria and GAP-43 as markers of pro-regenerative state of retinal
ganglion cells (Benowitz and Routtenberg, 1997; Fischer et al.,
2004), and coronin 1B as a pro-neurite outgrowth gene and
target of p53-dependent acetylation (Di Giovanni et al., 2006).
Following p300 overexpression, we found a significant increase
of p300 proximal promoter occupancy on GAP-43, coronin 1b
and Sprria (Fig. 7A), which was paralleled by a strongly
enhanced promoter acetylation of H3 (Fig. 7B). Importantly, as
p300 promoter occupancy and p300-dependent promoter

acetylation are associated with gene transcription, we measured
gene expression by real-time reverse transcriptase polymerase
chain reaction post-optic nerve crush and AVp300 or AVGFP in-
fection. Indeed, we observed an increase in messenger RNA
expression of several pro-axonal outgrowth genes, including
GAP-43, Sprria and coronin 1b (Fig. 7C), as well as a-tubulin
1a, Chl1 and Lgals1 (Fig. 7D). Interestingly, all of these genes
contain p300-related p53 putative binding sites, and their
induction is likely to contribute to the pro-axonal regenerative
properties of p300. In summary, overexpression of p300 induces
axonal regeneration upon optic nerve crush, acetylates the
proregenerative transcription factors p53 and C/EBP, directly
occupies and acetylates the promoters of the regeneration-
associated genes GAP-43, coronin 1b and Sprria and drives the
gene expression programme of several regeneration-associated
genes.
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Figure 6 p300 overexpression leads to increased acetylation of
p53, C/EBP and H3 K18. (A) Immunohistochemistry of retinae
against p53 Ac373, p53, C/EBP Ac215/216 and H3AcK18
shows expression in the retinal ganglion cell layer 24 h after optic
nerve crush (ONC) and AVGFP or AVp300 infection. Shown is
an increase of H3AcK18, p53 and C/EBP acetylation. The basal
level of p53 is unchanged. Scale bar = 20 um. (B) The bar graphs
represent assessment of fluorescence signal in retinal ganglion
cells for the different antigens. Asterisk = unpaired two-tailed
t-test, *P-value < 0.01; n = 3. Error bars represent SD.

OD = optical density.

Discussion

Variable degrees of axonal regeneration of the optic nerve have
been achieved by both inhibiting the extrinsic environment or by
enhancing the intrinsic capacity of retinal ganglion cells (Bertrand
et al., 2005, 2007; Park et al., 2008; Moore et al., 2009). As
far as the intrinsic strategies are concerned, lens injury, the
pro-inflammatory molecule oncomodulin, the Bcl-2 inhibitor
BAG-1 or ciliary neurotrophic factor have all led to substantial
axonal regeneration (Yin et al., 2006, 2009; Planchamp et al.,
2008). More recently, direct modifications of transcription or of
protein synthesis via KLF4 or PTEN deletion, respectively,
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promoted axonal regeneration after optic nerve crush (Park
et al., 2008; Moore et al., 2009), and to a substantial distance
in the case of combinatory treatment with PTEN deletion, cyclic
adenosine monophosphate and oncomodulin (Kurimoto et al.,
2010).

Here, we show for the first time that intrinsic axonal regener-
ation of the optic nerve can be achieved by a different class of
molecules, via overexpression of a transcriptional coactivator and
epigenetic modifier, the acetyltransferase p300. Overexpression of
p300 induces axonal regeneration of the optic nerve following
crush, hyperacetylates histone H3, acetylates the promoters of
several regeneration-associated genes and induces their gene
expression. In addition, overexpression of p300 results in the
acetylation of the pro-axonal outgrowth transcription factors p53
and C/EBP. p53 K373 acetylation has been previously shown to
promote neurite outgrowth in primary neurons and to be a signa-
ture of active p53 that is required for axonal regeneration
(Tedeschi et al., 2009; Gaub et al., 2010). Acetylated C/EBP,
whose acetylation enhances its transcription potential, has been
shown to be induced in retinal ganglion cells during lens
injury-mediated axonal regeneration, and has been reported to
be required for axonal regeneration in the PNS (Nadeau et al.,
2005).

It is therefore conceivable that p300 may unlock a silent
pro-regenerative gene expression programme by driving the
expression of several regeneration-associated genes via enhanced
transcription.

We found initially that p300 was regulated during retinal gan-
glion cell maturation to decrease in the mature retinal ganglion
cells as well as following optic nerve crush. Importantly, the signal
for p300 and the related proteins does not follow the same pat-
tern of expression in the inner nuclear layer (data not shown),
suggesting that it is specific to the retinal ganglion cell layer. In
addition, in the ganglion cell layer, the expression of histone acet-
yltransferases is largely restricted to retinal ganglion cells, and is
only sporadically found in neighbouring glial cells.

Since mature adult neurons are known to be less plastic and to
express a less vigorous pro-regenerative gene expression pro-
gramme, we wondered whether p300 downregulation might be
in part responsible for the lack of intrinsic neuronal proregenera-
tive capacity. Indeed, after ruling out the pro-regenerative poten-
tial of a more general epigenetic strategy with the histone
deacetylase inhibitor trichostatin A, which does not enhance
p300 expression, we found that overexpression of p300 was
able to promote axonal regeneration of surviving retinal ganglion
cells. This supports the model where reactivating a silenced devel-
opmental programme in the adult may favour axonal
regeneration.

P300 is a transcriptional coactivator and histone-modifying
enzyme (Ogryzko et al., 1996), thus contributing to epigenetic
changes responsible for enhanced transcriptional activity.
Recently, we have shown that a transcriptional complex formed
by CBP/p300 and p53 occupies the promoter of GAP-43 driving
its expression during axonal regeneration following facial nerve
axotomy (Tedeschi et al., 2009). Subsequently, we also observed
that overexpression of CBP and p300 was able to promote neurite
outgrowth on permissive and inhibitory myelin substrates in
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Figure 7 Infection of AVp300 enhances promoter occupancy of p300 and histone acetylation on specific proregenerative genes along
with an increase of their gene expression level. (A) Chromatin immunoprecipitation (ChIP) assay from dissected retina shows increased
occupancy of the GAP-43, coronin 1b and Sprr1a promoters by p300 following 24 h of optic nerve crush plus AVp300 injection versus
AVGFP. Fold change was calculated as a ratio of promoter occupancy between AVp300 treated versus AVGFP in three independent
animals in triplicate samples. Asterisks = unpaired two-tailed t-test, *P-value < 0.05, **P-value < 0.01. Error bars represent SD. (B) Bar
graph shows an increase of histone H3 acetylation on Sprr1a, coronin 1b and GAP-43 promoter 24 h after optic nerve crush with AVp300
compared with AVGFP infection. Fold change was calculated as a ratio of promoter occupancy between AVp300 treated versus AVGFP in
three independent animals in triplicate samples. Asterisks = unpaired two-tailed t-test, *P-value < 0.05, **P-value < 0.01. Error bars
represent SD. (C and D) Bar graphs show real-time reverse transcriptase polymerase chain reaction (PCR) messenger RNA (mRNA)
expression data for p300 and a number of regeneration-associated genes including Sprr1a, GAP-43 and coronin 1 b (C) or for a-tubulinia,
SCG10, Chl1, L1CAM and Lgals1 (D). Optic nerve crush with AVp300 induces an increase of several of these genes compared with optic

P. Gaub et al.

nerve crush with AVGFP in three independent animals. Asterisks = unpaired two-tailed t-test, *P-value < 0.05, **P-value < 0.01.

Error bars represent SD.

primary cerebellar neurons (Gaub et al., 2010). Here we show for
the first time that p300 can promote neurite outgrowth in retinal
ganglion cells, supporting the neuronal intrinsic effect of p300 in
axonal regeneration. We used adenoviral infection to achieve
p300 overexpression due to the large size of p300 (~8kb),
which is too large for other viral vectors such as adeno-associated
virus (maximum insert size <5kb) that have become the gold
standard for retinal ganglion cell infection in vivo in recent years
(Dinculescu et al., 2005). However, adenoviruses have been ex-
tensively used to infect both non-neuronal and neuronal cells in
the eye, both via intravitreal (Jomary et al., 1994; Li et al., 1994;
Weise et al., 2000; Zhang et al., 2008) or axonal retrograde in-
jection (Cayouette and Gravel, 1996; Isenmann et al., 2001), and
our findings suggest that our adenovirus is able to infect primary
neurons at very high efficiency in culture and at a lower efficiency
in vivo. It is possible that infection of bipolar/amacrine cells also
plays an important role in determining the intrinsic growth ability

of retinal ganglion cells (Goldberg et al., 2002), and that the
infection of glial cells may contribute to stimulating intrinsic
axonal regeneration of retinal ganglion cells. Conceptually, the
specificity of p300-dependent axonal regeneration is supported
by the negative findings following trichostatin A treatment,
where overall pro-transcriptional epigenetic changes do not en-
hance axonal regeneration. Interestingly, trichostatin A does
induce survival of retinal ganglion cells 14 days after optic nerve
crush, as well as increased CBP expression and H3K18 acetylation,
but fails to promote p300 expression and p53 acetylation.
Conversely, overexpression of p300 does not induce retinal gan-
glion cell survival but promotes axonal regeneration in surviving
retinal ganglion cells, suggesting that histone deacetylases inhib-
ition and p300 activate two independent pathways. Axonal regen-
eration is not always linked to neuronal survival, as in the case of
deletion of the transcription factor KLF4 (Moore et al., 2009),
which results in a significant increase in axonal regeneration
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from surviving retinal ganglion cells but not in increased retinal
ganglion cell survival. Here, neuronal survival was assessed by
B-1I" tubulin staining, which although it cannot discern among
specific cell death mechanisms, is widely used to count retinal
neurons. If lack of enhanced p300-dependent retinal ganglion
cell survival is disappointing, it highlights the efficacy and specifi-
city of p300 in promoting the axonal regeneration programme.

We have in fact shown, for the first time, that a selective modi-
fication of the transcriptional environment is capable of promoting
axonal regeneration in the CNS by enhancing the intrinsic prore-
generative programme. Moreover, the enhanced axonal regener-
ation achieved by the overexpression of p300, along with lens
injury, suggests that p300 may further stimulate the intrinsic
gene expression programme known to be activated by lens
injury. Therefore, future combinatory experiments with molecules
such as oncomodulin, deletion of PTEN or delivery of ciliary neuro-
trophic factor are also expected to enhance the level of
p300-dependent axonal regeneration by boosting the intrinsic ret-
inal ganglion cell regeneration potential.
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