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PURPOSE. Inhibition or targeted deletion of histone deacetylase 3 (HDAC3) is neuropro-
tective in a variety neurodegenerative conditions, including retinal ganglion cells (RGCs)
after acute optic nerve damage. Consistent with this, induced HDAC3 expression in
cultured cells shows selective toxicity to neurons. Despite an established role for HDAC3
in neuronal pathology, little is known regarding the mechanism of this pathology.

METHODS. Induced expression of an HDAC3-mCherry fusion protein in mouse RGCs was
accomplished by transduction with AAV2/2-Pgk-HDAC3-mCherry. Increased susceptibil-
ity to optic nerve damage in HDAC3-mCherry expressing RGCs was evaluated in trans-
duced mice that received acute optic nerve crush surgery. Expression of HDAC3-FLAG or
HDAC3-mCherry was induced by nucleofection or transfection of plasmids into differen-
tiated or undifferentiated 661W tissue culture cells. Immunostaining for cleaved caspase
3, localization of a GFP-BAX fusion protein, and quantitative RT-PCR was used to evaluate
HDAC3-induced damage.

RESULTS. Induced expression of exogenous HDAC3 in RGCs by viral-mediated gene trans-
fer resulted in modest levels of cell death but significantly increased the sensitivity of
these neurons to axonal damage. Undifferentiated 661W retinal precursor cells were
resilient to induced HDAC3 expression, but after differentiation, HDAC3 induced GFP-
BAX recruitment to the mitochondria and BAX/BAK dependent activation of caspase
3. This was accompanied by an increase in accumulation of transcripts for the JNK2/3
kinases and the p53-regulated BH3-only gene Bbc3/Puma. Cell cycle arrest of undiffer-
entiated 661W cells did not increase their sensitivity to HDAC3 expression.

CONCLUSIONS. Collectively, these results indicate that HDAC3-induced toxicity to neurons
is mediated by the intrinsic apoptotic pathway.

Keywords: retinal ganglion cells, glaucoma, 661W cells, histone deacetylase 3 (HDAC3),
neurodegeneration, epigenetics, intrinsic apoptosis

Histone deacetylases (HDACs) comprise a large family
of proteins spanning three major classes defined by

sequence homology, enzyme structure, and the requirement
for NAD+ as a co-factor. As the name implies, HDACs play a
critical role in balanced acetylation states of histone proteins
that regulate chromatin structure, playing a role in modulat-
ing gene transcription, DNA synthesis, cell division, and cell
death. Additionally, HDACs are the central mediators of post-
translational modifications of non-histone targets through
acetylation. Growing evidence has linked HDAC activity to
age-related changes in health,1 with perhaps the most promi-
nent of these changes involving a variety of neurodegener-
ative conditions.2

Multiple HDACs have been implicated in neurodegen-
eration, including the classical class I HDACs, HDAC1,

HDAC2, HDAC3 and HDAC6.2 HDAC3, in particular, has
been linked to the pathophysiology inherent in ischemic
stroke,3,4 Parkinson’s disease,2 spinocerebellar ataxias
including Friedreich’s ataxia,5–7 Huntington’s disease,8–10

and Alzheimer’s disease.11,12 Additionally, HDAC3 activity
has been associated with memory function13,14 and the
behavior of cocaine addiction.15 Much of the research
centered on HDAC3 function in these conditions has been
conducted using selective inhibitors, or HDAC3 knock-
down, with a majority indicating that inhibition of HDAC3
provides a protective environment for neurons in animal
models of neurodegeneration. Studies on the effects of
induced expression of exogenous HDAC3 have been limited
to experiments using cultures of immortalized cells derived
from a neuronal source, or primary neuron cultures.16,17
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These studies show a selective toxicity of neurons to HDAC3
overexpression, ranging from induced cell death to increas-
ing the sensitivity of cells to known damaging stimuli. The
mechanism of this selective toxicity is not fully understood
and is an ongoing area of investigation.

We have been studying the role of HDAC3 activity in
pathologies that cause retinal ganglion cell (RGC) death.
RGCs are long projection neurons of the central nervous
system and populate the innermost layer of the mammalian
retina. Their function is to act as a relay of electrical
and chemical activity generated in the retina in response
to photon capture by the outermost photoreceptor cells,
to visual centers in the brain. Damage to RGC axons in
the optic nerve is often deleterious to RGC cell bodies
in the retina18 and there are multiple conditions that can
lead to such damage and neurodegeneration, some rela-
tively common such as glaucoma19,20 and traumatic brain
injury.21,22 Previously, we reported that histone deacetylation
was an early event in the pathologic sequence executed by
RGCs after both acute and chronic optic nerve damage,23,24

and this phenomenon was associated with the redistribution
of HDAC3 from the cytosol to the nucleus in affected cells.23

Conditional deletion of Hdac3 in RGCs in mice, or treatment
with the HDAC3-selective inhibitor RGFP966, revealed both
a reduction in the level of global deacetylation associated
with acute optic nerve damage, and an increase in long-
range RGC somata survival.25,26 Because axonal damage
leads to the activation of the intrinsic apoptotic pathway in
RGCs,27–29 it is possible that HDAC3 activity plays an early
and critical role in the molecular sequence of events lead-
ing up to the activation of this pathway. Alternatively, the
protective effect of either Hdac3 deletion or HDAC3 inhi-
bition, while significantly prolonged (up to 8 weeks) is not
comparable to the protective effect of deletion of the intrin-
sic apoptosis-critical gene, Bax, in RGCs, which blocks RGC
death for upwards of 18 months.30 The true contributory
role of HDAC3 in neuronal pathology, including RGCs, may
be difficult to elucidate in experiments that delete or impair
this enzyme because of the “noise” generated by multiple
other concurrent molecular events. This study evaluated the
role of induced HDAC3 expression with specific emphasis
on characterizing its contribution to the activation of the
intrinsic apoptotic pathway.

MATERIALS AND METHODS

Mice

Male and female C57BL/6 mice between the ages of four
to six months old were used in these experiments. Mice
were housed in microisolator cages and kept on a 12-hour
light/dark cycle. They were maintained on a 4% fat diet
(8604 M/R; Harland Tekland, Madison, WI, USA). Experi-
ments with mice were approved by the Animal Use Commit-
tee at the University of Wisconsin–Madison and conformed
to the ARVO statement for use of animals in research. Each
treatment group contained a minimum of three mice for all
experiments, and each cohort contained an equal proportion
of males to females.

Intravitreal Injections and Optic Nerve Crush
Procedures

AAV2/2-Pgk-Cre or AAV2/2-Pgk-HDAC3-mCherry were
administered intravitreally. In some experiments, each of

these viruses was mixed in equal proportion (based on
genome copies) with AAV2/2-Pgk-GFP-BAX. The AAV2/2-
Pgk-Cre virus, which was used as a non-specific control,
was obtained from the University of North Carolina
Vector Core (Raleigh, NC). The AAV2/2-Pgk-GFP virus was
packaged by the same facility using an entry plasmid
developed in our laboratory as previously described.29,31

The AAV2/2-Pgk-HDAC3-mCherry virus was packaged by
VectorBuilder/Cyagen Biosciences Inc. (Santa Clara, CA)
from a DNA construct (described below) provided to them.
Mice were first anesthetized with an intraperitoneal injec-
tion of ketamine (6 mg/mL) and xylazine (0.4 mg/mL) and
the left eye was numbed with a drop of 0.5% proparacaine.
The globe was first punctured near the limbus with the
bevel of a 30G needle, and intravitreal injections were
conducted using a 10 μL Nanofil syringe with a 35G beveled
needle attached (World Precision Instruments, Sarasota,
FL) that was positioned into the vitreous chamber through
the puncture hole. A volume of 1 μL of virus (equaling
approximately 109 genome copies) was injected over a
period of 40 seconds, and the needle was held in the eye for
another 30 seconds before it was retracted. The puncture
site was covered with triple antibiotic ointment and the
animals were given an immediate injection (subcutaneous)
of buprenorphine and allowed to recover. Retinas were
harvested at three, four, five, eight, and 12 weeks after
injection for total cell counts and nuclear scoring in the
ganglion cell layer (GCL). Retina processing and cell counts
were obtained using a modification of the method described
in Li et al.32 Briefly, enucleated eyes were immersion fixed
in 4% paraformaldehyde in PBS (50 mM phosphate buffer,
pH 7.4, 150 mM NaCl) for 60 minutes at 22˚C, followed by
0.4% paraformaldehyde in PBS, where they could be stored
at 4˚C. The retinas were then dissected out of the fixed
globes and displayed with the ganglion cell layer facing
up on Superfrost Plus microscope slides (ThermoFisher
Scientific, Waltham, MA, USA). Four relaxing cuts were
made in each retina to allow them to splay out flat on
the slide in an “iron cross” formation of four lobes. The
retinas were then mounted with a drop of Vectashield
containing 4ʹ, 6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories, Burlingame, CA, USA) and coverslipped. Nine
digital images, captured with an objective ×40, were taken
of each lobe of each whole mount with a Zeiss Axiophot
fluorescent microscope (Carl Zeiss Microscopy LLC, White
Plains, NY, USA). Neuronal cell numbers were determined
from 108 separate 104 μm2 fields for each retina. Likely
neurons were defined as cells with round or oval nuclei
and prominent nucleoli. Change in cell number for each
experimental eye was calculated as a percentage of cell
numbers in the corresponding control eye of each mouse.

Optic nerve crush was performed as previously
described.32,33 Briefly, at four weeks after bilateral viral injec-
tion to allow for maximal expression of the viral transgene,
mice were anesthetized as described above, and the optic
nerve was exposed after a lateral canthotomy and dissec-
tion of the overlying conjunctiva. The exposed nerve was
then clamped for three seconds with N7 curved self-closing
forceps (Roboz Surgical Instrument Co., Gaithersburg, MD,
USA). Mice were then allowed to recover from the procedure
as described above. At five days after optic nerve surgery, the
animals were euthanized and the extent of damage to the
ganglion cell layer was assessed. The time point of five days
was chosen because this represents a timepoint when RGCs
normally exhibit signs of apoptotic loss induced by the crush
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surgery such as peak activation of caspase 3.34–36 Damage
to RGCs in the ganglion cell layer was assessed by measur-
ing the change in density of TUBB3 positive cells, and by
counting the presence or absence of DAPI-stained apoptotic
nuclei in TUBB3 positive cells (see immunostaining below).
TUBB3 stains for β-III-tubulin, which is highly expressed
by RGCs and is often used as an RGC-selective marker.35,37

Damage was also assessed in retinas from eyes that were co-
injected with AAV2/2-Pgk-GFP-BAX. In these experiments
the percentage of transduced cells exhibiting punctate local-
ization of GFP-BAX, which is a measure of cells execut-
ing the intrinsic apoptotic pathway,29,31 was quantified. Last,
RGC damage was measured by assessing the number of
caspase-3 positive TUBB3 cells in the AAV2/2-Pgk-HDAC3-
mCherry and Control AAV2 injected eyes. Image documen-
tation used for quantification was the same as described for
DAPI-stained retinas (see above).

Clones and Plasmids

The GFP-Bax construct used in these experiments was
described by Semaan et al.,38 the HDAC3-Flag construct
was a gift from Eric Verdin (Addgene plasmid no. 13819;
Addgene, Cambridge, MA, USA), and Mito-BFP construct
was described in Maes et al.39 Generation of the HDAC3-
mCherry fusion protein construct was done by first amplify-
ing Hdac3 cDNA from the plasmid pHdac3-tGFP (Origene,
Rockville, MD) using the following primers containing Age I
sites: FWD-5’-AGGAGATCTACCGGTGCGATCGCCATG-3’ and
REV-5ʹ-CATCTCGACCGGTCGCGTACGCGTAATC-3ʹ. The Age
I-Hdac3-Age I fragment was then ligated into pmCherry-C1
(Clontech, Mountain View, CA, USA). This plasmid and the
empty pmCherry-C1 parent plasmid were used for nucle-
ofection experiments (see below). The HDAC3-mCherry
sequence was then excised with Nhe I and Hind III and
cloned into a bridge vector created from AAV-Pgk-Cre (a
gift from Patrick Aebischer, Addgene plasmid no. 24593)
where the Cre coding region was removed and replaced
with a restriction enzyme multiple cloning site, to create
the AAV2/2-Pgk-HDAC3-mCherry plasmid. This plasmid was
digested with Sma I to confirm the presence of inverted
terminal repeats, and then sent to VectorBuilder/Cyagen
Biosciences Inc. to obtain AAV2/2 virus particles. The pGEM
p21 plasmid was a gift from Frederic Mushinski (Addgene
plasmid no. 8443).

Immunostaining Mouse Retinal Tissue

Immunostaining of retinal tissue was conducted on whole
retinal eyes cups, followed by whole mounting the retina.
For immunostaining whole mount retinas, eyecups were
prepared from fixed enucleated eyes and the vitreous was
removed by wiping the inner surface with a spear made
from a Kimwipe (Kimberly-Clark, Irving, TX, USA). Eyecups
were equilibrated in 30% sucrose in PBS overnight at 4˚C. A
majority of the sucrose was then removed, and each eyecup
was subjected to three cycles of a freeze-thaw on dry ice.
The entire eyecup was rinsed with PBS and then blocked
in blocking buffer (PBS containing 2% to 5% bovine serum
albumin [ThermoFisher Scientific] and 0.1% Triton-X 100)
overnight at 4˚C, followed by a brief wash in PBS. The
eyecup was then submerged in blocking buffer containing
one or more of the following primary antibodies: mouse
monoclonal against human BRN3A (no. MAB1585, 1:50
dilution) (EMD Millipore Inc., Billerica, MA, USA); mouse

monoclonal against mammalian β-III tubulin (TUBB3) (no.
ab78078, 1:1000 dilution) (AbCam, Cambridge, MA, USA),
rabbit polyclonal antibody to acetylated histone H4 (no.
06-866, 1:100 dilution) (EMD Millipore Inc.), rabbit poly-
clonal antibody against mCherry (#ab167453, 1:500 dilution)
(AbCam), or rabbit polyclonal antibody against activated
caspase 3 (no. AF835, 0.5 μg/mL dilution) (R&D Systems,
Minneapolis, MN, USA). Incubations with primary antibodies
were for four days at 4˚C. Eyecups were then washed in PBS
and incubated with blocking buffer containing goat anti-
mouse IgG conjugated to FITC or Alexa488 (for BRN3A or
TUBB3) or goat anti-rabbit IgG conjugated to Texas Red (for
mCherry), Alexa594 (for active caspase 3), or FITC (for acety-
lated histone H4) (1:1000 dilutions) (Jackson ImmunoRe-
search Laboratories, West Grove, PA, USA) overnight at 4˚C.
Eyecups were then washed in PBS and the retinas were
dissected out and whole mounted as described above. Non-
confocal imaging and digital capture was conducted using
either a Zeiss AxioImager.Z2 epifluorescent microscope or a
Zeiss AxioImager.A2 epifluorescent microscope (Carl Zeiss
MicroImaging Inc.). Confocal images were taken using a
Leica TCS SP8 confocal microscope (Leica Microsystems Inc.,
Buffalo Grove, IL, USA).

Quantification of Immunostaining for Acetylated
Histone H4

Survey images of 4 quadrants of stained retinal whole
mounts were captured using a ×40 oil objective lens with
constant laser intensity and exposure time (700 msec). Digi-
tal images were then imported into ImageJ (imagej.nih.gov)
and pixel intensity was measured in a fixed size region of
interest of 7 μm in diameter. Ten regions of background
intensity were measured and averaged in each image. This
value was then subtracted from measurements of inten-
sity taken by moving the region of interest over individu-
ally stained nuclei. A minimum of 500 cells were randomly
measured per retina and all data from three individual reti-
nas per group was pooled for graphing and analysis.

661W Cell Culture and Differentiation

The 661W cells were cultured in 10% fetal bovine serum
supplemented Dulbecco’s modified Eagle medium, and cells
were incubated at 37°C and 5% CO2 until they reached 70%
to 80% confluence before experiments. Cell identity was
confirmed as Mus musculus origin by PCR of the mitochon-
dria d-loop40 and their ability to be differentiated.41,42 Differ-
entiation of wild type and BAX-edited 661W cells (line Sg1,
described below) was achieved by addition of 316 nM stau-
rosporine (STS; Sigma-Aldrich, St. Louis, MO, USA) dissolved
in DMSO and brought up in full media and incubated for 0,
0.5, 1, 6, 12, or 24 hours. Differentiation was carried out
24 hours before transfection for the initial BAX recruitment
assay, or differentiation was initiated 24 hours after nucleo-
fection in subsequent experiments. The differentiated state
of cells was confirmed by visualization of neurite extensions
using differential interference contrast microscopy.

PCR Experiments

For nested reverse transcriptase polymerase chain-reaction
(RT-PCR) analysis of the Bak splice variants, frozen pellets
of 661W cells or mouse tissues were homogenized and
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TABLE 1. Sequences of Primers Used for PCR Experiments

Target Gene Sequence Comment

Bak Primer 1 5ʹ-atggcatctggacaaggaccaggt-3ʹ FL gene exon 2 forward
Bak Primer 2 5ʹ-gtcatgatctgaagaatctgtgtacc-3ʹ FL gene exon 6 reverse
Bak Primer 3 5ʹ-cgagatggacaacttgcccctgg-3ʹ FL gene exon 3 forward
Bak Primer 4 5ʹ-cagctgatgccactcttaaataggct-3ʹ FL gene exon 5 reverse
Jnk2 Forward 5ʹ-tgtttggtatgaccccgctg-3ʹ FL gene exon 9 forward
Jnk2 Reverse 5ʹ-tgcatctgtgctgaaggctg-3ʹ FL gene exon 11/12 reverse
Jnk3 Forward 5ʹ-gactcaccttccccaagctc-3ʹ FL gene exon 10 forward
Jnk3 Reverse 5ʹ-cttcgatggtgtgctccctt-3ʹ FL gene exon 12 reverse
S16 Forward 5ʹ-cactgcaaacggggaaatgg-3ʹ FL gene exon 2 forward
S16 Reverse 5ʹ-tgagatggactgtcggatgg-3′′ FL gene exon 4 reverse

sonicated in Tri-Reagent (Invitrogen, , Carlsbad, CA, USA;
ThermoFisher Scientific) and total RNA was isolated. First
strand cDNA was synthesized from 1 μg of total RNA that
had first been pretreated with DNase I to remove genomic
DNA contamination, using oligo(dT) as a primer and M-
MULV reverse transcriptase (Promega, Madison, WI, USA).
Nested RT-PCR was conducted as described previously.43

Briefly, first round PCR was conducted with primers P1
and P2 (Table 1) with 40 cycles of amplification (95°C for
30 seconds, 60°C for 30 seconds, and 72°C for one minute).
This reaction was diluted 1:50 with H2O, and 1 μl of this was
reamplified using primers P3 and P4 with the same reaction
conditions. PCR products were analyzed on 2% agarose gels
containing ethidium bromide.

For real-time quantitative RT-PCR (qPCR) experiments,
total RNA was isolated and first strand cDNA synthe-
sis was performed as described above. For qPCR anal-
ysis of Jnk2 and Jnk3, primers were first designed
using NCBI primerblast (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/) (Table 1). Appropriate targeting and
amplification conditions, including sequence confirmation
of the PCR product, were determined empirically prior
to qPCR analysis. For qPCR, samples were amplified with
SyberGreen containing master mix in a QuantStudio 7 Flex
real-time PCR machine (Applied Biosystems, Foster City,
CA, USA; ThermoFisher Scientific) using the 96 well fast
block. For these experiments, S16 ribosomal protein mRNA
was used as the reference gene for sample normalization.
For expression of BCL2 Homology Domain 3-only (BH3-
only) gene products, qPCR was conducted using a custom
TaqMan Array card (ThermoFisher Scientific) designed to
include optimized primer sets for mouse Bcl2 gene family
members.31 Isolation of total RNA was as described above,
but first strand cDNA was made using random hexamers.
PCR was performed in the QuantStudio 7 Flex machine,
using the array card block. For these experiments, 18s rRNA,
which is integrated into the array card design, was used
as the reference gene for sample normalization. All qPCR
data was collected from 3 independent experiments. Data
was analyzed using the ��Ct method of relative quantifi-
cation. For Jnk mRNAs, sample comparisons were made
between differentiated or undifferentiated cells, express-
ing HDAC3 relative to the same cells expressing an empty
mCherry only vector. For the BH3-only gene comparisons,
the �Ct for each target molecule was first calculated in each
of four conditions (undifferentiated 661W cells, expressing
either mCherry alone or HDAC3, and differentiated cells,
expressing either mCherry alone or HDAC3). The sample
with the highest �Ct value (i.e., with the least abundant

amount of target mRNA) was then assigned as the baseline
and compared to all the other conditions using the ��Ct
method.

BAX and BAK Depletion in 661W Cells

CRISPR/Cas9 was used to edit the Bax gene in mouse 661W
cells. Here, lentiCRISPRv2 (one vector system), a gift from
Feng Zhang (Addgene plasmid #52961) was used because
this plasmid contains two expression cassettes, hSpCas9 and
the chimeric guide RNA. The plasmid was digested using
Bsm BI, and a pair of annealed oligos was ligated into the
single guide (Sg) RNA scaffold. Three different oligo pairs
for the gRNA were designed based on a 20 bp target site
sequence in the first exon of murine Bax and were flanked
on the 3ʹ end by a 3 bp NGG PAM sequence (Table 2).

Briefly, 5 μg of the lentiviral CRISPR plasmid was digested
with BsmBI for 30 minutes at 37°C. Then, the digested plas-
mid was gel purified using the QIAquick Gel Extraction
Kit (Qiagen, Hilden, Germany) and eluted in elution buffer.
The oligos were annealed, diluted at 1:100, and then ligated
into the digested lentiviral CRISPR plasmid. The ligation was
transformed into Stbl3 bacteria for propagation. The 661W
cells were then transfected with the ligated plasmid and
maintained in 1% puromycin to maintain expression of the
construct. Control wild type cells were transfected with an
empty cassette vector. These cells were used as the wild type
controls in all experiments involving CRISPR/Cas9 edited
661W cells. All culturing of 661W cells in these experiments
contained puromycin to maintain plasmid expression. Cas9
excision was confirmed using a T7 endonuclease assay (data
not shown) and BAX depletion in resulting cell lines was
confirmed by Western blotting (see below).

To achieve depletion of pro-apoptotic protein, BAK, ON-
TARGETplus mouse Bak1 (12018) siRNA-SMARTpool (no.
L-042978-00-0005) and scramble siRNA (no. D-001810-01-
05) were obtained from GE Healthcare Dharmacon Inc.
(Lafayette, CO, USA). The 661W cells were nucleofected
(described below) at a final concentration of 25 nM siRNA/1
× 106 cells, and BAK depletion was confirmed by Western
blotting after 48 hours.

Transfection and Nucleofection

Transfection of undifferentiated and differentiated
661W cells was carried out with combinations (as
specified) of HDAC3-FLAG (human HDAC3), HDAC3-
mCherry (mouse HDAC3), Mito-BFP, pGEMp21, and GFP-
BAX plasmids. 661W cells were passaged until they
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TABLE 2. Sequences of Targeting Primers for CRISPR/Cas9 Editing of the Murine Bax Gene (Exon 1)

Target Sequence Primers

gRNA1 acgggtccggggagcagcttggg Bax1F: 5ʹ-caccgACGGGTCCGGGGAGCAGCTT-3ʹ
Bax1R: 5ʹ-aaacAAGCTGCTCCCCGGACCCGTc-3ʹ

gRNA2 gacgggtccggggagcagcttgg Bax2F: 5ʹ-caccgGACGGGTCCGGGGAGCAGCT-3ʹ
Bax2R: 5ʹ-aaacAGCTGCTCCCCGGACCCGTCc-3ʹ

gRNA3 ggcagtgatggacgggtccgggg Bax3F: 5ʹ-caccgGGCAGTGATGGACGGGTCCG-3ʹ
Bax3R: 5ʹ-aaacCGGACCCGTCCATCACTGCCc-3ʹ

The NGG PAM sequence for each target is shown in bold. Forward (F) and reverse (R) primers for each target are also indicated, with
the target sequence shown in upper case letters for each primer.

reached 70–80% confluency, then cells were treated
with 0.25% trypsin for 5-10 minutes until they became
non-adherent. Suspended cells were counted, and cells
were plated at 250,000 cells per well of a 6-well plate
or 20,000 cells per well of a 4-chamber slide. After
24 hours of incubation, the same 661W cells were differenti-
ated using 316 nM STS. After another 24 hours of incubation,
these cells were transfected. To achieve transfection, media
was prewarmed and vortexed with 2 μg of each speci-
fied plasmid. Then a 2:1 ratio of Transfast reagent (no.
E2431) (Promega) was added and vortexed immediately
and incubated for 10 to 15 minutes at room temperature.
After this incubation step, growth media was removed from
cells, and the Transfast reagent/DNA mixture was briefly
vortexed before adding to wells containing cells. The cells
with the Transfast reagent/DNA mixture was incubated
at 37°C for one hour. After one hour of incubation, cells
were overlaid with complete medium and returned to the
incubator for another 24 hours before assaying. The BAX
recruitment assay was used to observe apoptosis in these
cells.

In preparation for nucleofection, 661W cells were
passaged until they reached 70% to 80% confluency, then
cells were treated with 0.25% trypsin for five to 10 minutes
until they became nonadherent. Suspended cells were then
counted, and 1 × 106 cells were pelleted and resus-
pended in 100 μL nucleofection solution (Lonza Group,
Basel, Switzerland). For all nucleofections, 1 to 5 μg plas-
mid DNA was added to the cell solution before it was
transferred to the nucleofection cuvette and the Neuro-
2a Lonza program was run. The 661W cells were then
plated at 250,000 cells per well of a 6-well plate or 20,000
cells per well of 4- or 8-chamber cover glass slides (no.
80826 or 80427) (Ibidi USA, Inc., Fitchburg, WI, USA) or
4-or 8-chamber glass slides (no. 354118 or 354114) (Corn-
ing, Corning, NY, USA). Nucleofected 661W cells were
then incubated for 24 hours at 37°C before differentiating
with STS.

For BAK knockdown experiments both wild type and
BAX-deficient (Sg1) mouse 661W cells were cultured in
Dulbecco’s modified Eagle medium supplemented with 10%
fetal bovine serum and 1% puromycin. Cells were incu-
bated at 37°C and 5% CO2 until they reached 80% conflu-
ency. Nucleofections were performed in 12-well strip tubes
(Lonza) containing 200,000 cells per tube and 2 to 5 μg of
plasmid (2 μg for pmCherry and 5 μg for HDAC3-FLAG)
per reaction and 25 nM of siRNA (BAK or scramble). The
Neuro-2A program was used on the Amaxa Lonza nucleo-
fector. After nucleofection, 10,000 cells were plated into one
well of an 8-well chamber slide and incubated at 37°C and
5% CO2 for 24 hours. Differentiation of cells was achieved

by addition of 316 nM of STS. Cells were then incubated
for 12 hours. Afterwards, they were fixed for eight minutes
using 4% paraformaldehyde in PBS and rinsed in PBS for
five minutes. Cells were blocked in 5% BSA in PBS for
two hours at room temperature in the dark. Primary anti-
body: rabbit polyclonal against human activated Caspase-3
(see above) diluted in 3% BSA and 0.1% Triton-X100 was
added to cells for 24 hours at 4°C. Cells were washed in PBS
three times before adding secondary antibody: goat anti-
rabbit IgG conjugated to FITC (1:1000) (Jackson ImmunoRe-
search Laboratories) in 5% BSA and 0.1% Triton-X100 for
two hours at 22°C in the dark. Cells were washed in PBS and
counter-stained for 10 minutes with DAPI. After PBS washes,
cells were mounted with immunomount and cover slipped.
Fluorescent images were obtained using a Zeiss Axioplan 2
Imaging microscope with Axiovision 4.6.3.0 software (Carl
Zeiss MicroImaging Inc.) with a ×20 objective. Photos were
analyzed using Zen 2.1 lite.

BrdU Immunostaining

Undifferentiated and differentiated 661W cells were incu-
bated in 10 μM 5-bromo-2ʹ-deoxyuridine (BrdU) (Ther-
moFisher Scientific) for four hours before fixing the cells.
After fixation, cells were rinsed in PBS, blocked in 3% H2O2

in PBS for two hours, rinsed again in PBS, and labeled
for BrdU using the BrdU in situ detection kit from BD
Pharmingen (BD Biosciences, San Jose, CA, USA). Slides
were then incubated in hematoxylin for 60 seconds and
rinsed in H2O thoroughly before coverslipping and imaging
using the Zeiss Imager Axioplan 2 microscope (Carl Zeiss
MicroImaging Inc.) and a digital camera attachment. Quan-
tification of BrdU-positive and hematoxylin-positive cells
were done by a masked observer from images taken with an
objective ×40.

Immunofluorescence of 661W Cells

The 661W cells were grown in 4- or 8-chamber coverslip
slides (Ibidi) or 4- or 8-chamber glass slides (Corning), fixed
in 4% paraformaldehyde in PBS for 20 minutes and then
rinsed in PBS. The cells were then blocked in 5% BSA in
PBS for two hours at room temperature and later rinsed
in PBS. Primary antibodies included mouse monoclonal
against mammalian TUBB3 (see above), mouse monoclonal
against FLAG (no. F1804, 1:1000 dilution) (Sigma-Aldrich),
and rabbit polyclonal against human activated Caspase-3
(no. ab13847, 1:200 dilution) (AbCam). Cells were incu-
bated in primary antibody for 24 to 48 hours at 4°C and
washed in PBS afterward. Secondary antibodies used are
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described above and were incubated at 22°C in the dark
for two hours and washed in PBS. After incubation, cells
were counterstained for 10 minutes with 300 ng/mL DAPI (in
PBS) and were washed with PBS. Slides were then overlain
with Immumount mounting medium (ThermoFisher Scien-
tific) and coverslipped. Fluorescent images were obtained as
described above.

Western Blot Analysis

The 661W cell pellets were lysed by sonication in 0.1%
phenylmethane sulfonyl fluoride in radioimmunoprecipi-
tation assay buffer (50 mM Tris, pH 8.0, 150 mM NaCl,
5 mM EDTA, 1.0% IGEPAL, 0.5% Na+ Deoxycholate, 0.1%
SDS) and incubated on ice for 30 minutes. Cell lysate was
spun in a microcentrifuge (five minutes at 5000 rpm) to sepa-
rate membranes from lysate, and supernatant was removed
into a new tube. Samples were diluted 1:10 in PBS then
assayed for protein abundance using the bicinchoninic assay
(Pierce, ThermoFisher Scientific) to determine total concen-
tration of protein in each sample. Each sample was then
diluted in sample buffer (4% SDS, 10% 2-mercaptoethanol,
20% glycerol, 0.004% bromophenol blue in 125 mM Tris-
HCl, pH 6.8) and heated at 42°C for five minutes before
loading in triplicate with 20 μg per lane on 12% poly-
acrylamide gels. After electrophoresis, gels were transblot-
ted onto Immobilon-FL PVDF transfer membrane (Milli-
pore, Inc., Billerica, MA, USA). Blots were blocked in 5%
milk in 0.1% Tween-20 in PBS (PBST) for two hours, then
rinsed in PBST. Membranes were probed for BAX, BAK,
and ACTIN, with primary antibodies diluted in 5% BSA in
PBS. For blots probed for BAX, mouse monoclonal anti-
body to BAX was used at 1:200 (no. sc-23959) (Santa Cruz
Biotechnology, Dallas, TX, USA). For blots probed for BAK,
a rabbit polyclonal antibody to BAK was used at 1:500 (no.
06-536) (EMD Millipore, Burlington, MA, USA). Both blots
were probed for ACTIN using goat polyclonal antibody to
ACTIN at 1:200 (no. sc-1616) (Santa Cruz Biotechnology).
Blots were incubated in primary antibody overnight, then
washed in PBST. For secondary antibody incubations, the
blots were first incubated in donkey anti-goat secondary
(1:10,000) conjugated to IRDye 800CW (no. 926-32214) (LI-
COR Biosciences, Lincoln, NE, USA) in 5% milk in PBST
for 2 hours at room temperature to detect the anti-ACTIN
antibody, and after washing in PBST, incubated in either
goat anti-rabbit secondary (1:10,000) conjugated to IRDye
680RD (no. 926-68071) (LI-COR Biosciences) or goat anti-
mouse secondary (1:10,000) conjugated to IRDye 680RD
(no. 925-68070) (LI-COR Biosciences) in 5% milk in PBST for
two hours at room temperature. Blots were washed in PBST
before imaging for labeled bands. Images were scanned and
analyzed using the Odyssey Clx (LI-COR Biosciences). Band
labeling was quantified using Image Studio software (LI-
COR Biosciences), and data were normalized to the ACTIN
loading reference on each blot.

Statistical Analysis

Cell count data and Western blot data were collected from
independent samples, and the data was presented as the
mean ± standard error (bar graphs) or scatter plots with ±
standard deviation. All statistical analyses were performed
using Welch’s two-sample t-test assuming unequal variances.
For comparison of multiple groups, we used linear modeling

regression analysis (R version 4.0.5). Statistical significance
(alpha) set at P ≤ 0.05 for all comparisons.

RESULTS

Characterization of Induced HDAC3-mCherry
Expression in Mouse Retinal Ganglion Cells
In Vivo

Our previous studies demonstrated that genetic deletion of
Hdac3, or selective inhibition using the inhibitor RGFP966,
resulted in significant attenuation of RGC death after acute
(crush) insult to the optic nerve in mice.25,26 Although these
studies demonstrated an important role within the complex
molecular changes occurring in damaged RGCs, they did
not distinguish between either a primary or a secondary
role for HDAC3 activity in the overall activation of the
intrinsic apoptotic program being executed by these cells.
To evaluate further the hierarchy of the role played by
HDAC3 in neuronal cell death, we tested the hypothesis
that induced expression of exogenous HDAC3 in other-
wise healthy RGCs would lead to activation of RGC pathol-
ogy and death. Mice were transduced with AAV2/2-Pgk-
HDAC3-mCherry in one eye, and aged an additional four to
12 weeks. Figure 1A shows a whole mounted retina,
12 weeks after viral transduction, counterstained for
mCherry to identify the transgene fusion protein. Immunos-
taining was used because of the weak signal generated
by mCherry in vivo.44 Colocalization with the RGC marker
BRN3A indicated that the majority of HDAC3-mCherry
expressing cells were RGCs (Fig. 1B). Because deletion or
inhibition of HDAC3 in these cells prevents histone deacety-
lation and chromatin condensation normally associated with
optic nerve damage,23–26 we expected induced expression of
the protein to lead to wide-spread deacetylation of histones
and the formation of heterochromatin in cells of the ganglion
cell layer. Immunostaining for pan-acetylated histone H4,
however, showed only limited signs of deacetylation in trans-
duced retinas (five weeks shown [Figs. 1C–1E]). Some cells in
the transduced retinas appeared to exhibit very little acety-
lated histone H4, but overall there was only an approximate
decrease of 22% of the mean staining intensity in these reti-
nas. At 12 weeks, confocal imaging of whole mounted reti-
nas also showed no evidence of heterochromatin formation
in HDAC3-mCherry expressing cells (Figs. 1F–1H). Rather,
there appeared to be the opposite effect of an increase
in euchromatin formation and shrinkage or dissolution of
nucleolar structure in approximately 25% to 30% of HDAC3-
mCherry positive cells at this late stage.

To assess whether HDAC3-mCherry overexpression
induced RGC loss, we first quantified the change in neuronal
cell density in the ganglion cell layer over a 12-week inter-
val in whole mounted retinas stained with DAPI. To control
for viral transduction, a cohort of age-matched C57BL/6
mice received an injection of an AAV2/2-Pgk-Cre expressing
virus. The change in neuronal cell density was quantified
relative to the fellow non-viral injected contralateral retina
of each mouse. Figure 2 shows the change in density for
both the HDAC3-mCherry and control viruses. At four weeks
retinas transduced with both viruses showed no change
in cell density relative to each other (P = 0.298). Start-
ing at five weeks, one week after the time when maxi-
mal transgene expression from an AAV2 vector is normally
expected (e.g., four weeks in the mouse retina25), HDAC3-
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FIGURE 1. Induced expression of HDAC3-mCherry in retinal ganglion cells fails to stimulate widespread histone deacetylation and hete-
rochromatin formation. Mouse retinas were transduced with AAV2/2-Pgk-HDAC3-mCherry and harvested at times between three to 12 weeks
for analysis. (A) A retinal whole mount 12 weeks after transduction and immunostained for mCherry (red) showing widespread expression
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of the fusion protein in the visible ganglion cell layer. Scale bar: 800 μm. (B) Detail of a retinal whole mount, 12 weeks after transduction,
co-immunostained for mCherry and the RGC marker BRN3A (green). In this field, there are seven HDAC3-mCherry expressing cells that do
not colocalize with BRN3A (arrows), whereas the majority of cells are positive for both proteins. The lack of BRN3A expression in these
cells indicates the possibility of AAV2-mediated transduction of some non-RGCs, or could represent the approximately 15% of RGCs that
do not express this protein.124,125 Scale bar: 60 μm. (C) Whole mounted contralateral retina and (D) a retina transduced with AAV2/2-Pgk-
HDAC3-mCherry, five weeks after transduction, immunostained for pan-acetyl histone H4 (green). Although both retinas exhibit nuclei with
varying levels of fluorescent staining, the transduced retina displays several cells with dramatically reduced staining (arrows in D). Scale
bar: 25 μm. (E) A box and whisker plot of fluorescent staining for acetylated histone H4 (1–99 percentiles graphed). The mean staining
intensity (defined as arbitrary units per region of interest, which was set to a fixed circle 7 μm in diameter) in the transduced retinas is
∼22% lower than the contralateral retinas (n = 1524 cells, contralateral; n = 2055 cells, HDAC3-transduced; three retinas each condition)
(*P < 0.0001). (F–H) Confocal image of a retinal whole mount 12 weeks after transduction, immunostained for mCherry and counterstained
with DAPI. RGC nuclei often appear oval or round and display at least one prominent nucleolus. This morphology is evident in a majority
of cells expressing HDAC3-mCherry (examples highlighted by arrows). A substantial minority of cells, however, appear to have a marked
increase in euchromatin and reduced or absent nucleoli (asterisks). Scale bar: 10 μm.

FIGURE 2. Induced expression of HDAC3-mCherry induces a
moderate loss of cells in the ganglion cell layer. Scatter plot of
neuron density in the ganglion cell layer of transduced retinas,
depicted as a function of the density of contralateral retinas that
were not transduced. Each data point represents a single mouse.
The control AAV2 was expressing Pgk-driven Cre. Differences in cell
density over this time course were assessed using a linear regres-
sion model analysis. At four weeks after transduction, there was no
change increase in cell density in eyes injected with either virus
(n.s., not significant, P = 0.433). At five weeks and later, HDAC3-
mCherry transduced retinas exhibit a marked decrease in density
compared to transduced retinas at four weeks (*P = 0.018), but
there was no significant difference among retinas transduced with
HDAC3-mCherry between five, eight, and 12 weeks (P = 0.588). At
these later time points, however, HDAC3-mCherry retinas exhibited
significantly different levels of cell density relative to control virus
(***P = 0.0002).

mCherry transduced retinas exhibited a significant decrease
in cell density to approximately 90% of the density of cells
in nontransduced retinas and transduced retinas at four
weeks. This reduced level was maintained at both eight and
12 weeks after transduction. Additionally, eyes injected with
the control AAV2/2-Pgk-Cre virus exhibited significantly
greater cell density over AAV2/2-Pgk-HDAC3-mCherry trans-
duced retinas at all time points starting at five weeks. Linear
regression analysis confirmed these significant changes
between the four-week and the five-, eight-, and 12-week
time points.

Although there may be a modest intrinsic ability of
HDAC3-mCherry to induce RGC loss, others have shown
that induced HDAC3 expression in tissue culture cells also
increases the susceptibility of these cells to a damaging stim-
ulus.16 Therefore we examined if RGC death was greater in
HDAC3-mCherry transduced eyes when subjected to acute
optic nerve crush four weeks after transduction. The time

point of four weeks was chosen because this represents
a time point when transgene expression reaches peak,
and when we do not observe any changes in cell density
(Fig. 2). A monoclonal antibody was used to stain TUBB3,
which is more highly expressed in RGCs over other reti-
nal neurons and a polyclonal antibody against mCherry
was used to identify transgene expression. Optic nerve
crush damage to RGCs was examined five days after crush
surgery, at a time point when RGC pathology is just begin-
ning to be evident. Quantification of TUBB3 positive cells
that exhibited apoptotic nuclei (Supplemental Fig. S1A–
S1D) showed a significant increase in apoptotic cells, at
five days after crush, relative to control virus transduced
cells (P = 0.036) (Supplemental Fig. S1E). Interestingly,
many cells with condensed and fragmented nuclei exhib-
ited a marked decrease in mCherry staining. Because DNA
degradation and nuclear fragmentation are associated with
increased caspase activity,45,46 we hypothesize that the trans-
gene is being degraded by caspases active in these cells.
Supporting this, others have described HDACs as substrates
for caspases.47,48 HDAC3-mCherry transduced retinas also
exhibited a significant decrease in TUBB3-positive cell
density over control virus retinas, by five days after optic
nerve crush (P = 0.037, Supplemental Fig. S1F). Further
evidence of an increase in susceptibility was demonstrated
by quantifying the proportion of cells that exhibited translo-
cation of BAX to mitochondria, which is considered a criti-
cal step in activation of intrinsic apoptosis in cells.49 RGCs
in both retinas were transduced with AAV2/2-Pgk-GFP-BAX
virus combined with either AAV2/2-Pgk-Cre or AAV2/2-
Pgk-HDAC3-mCherry. After four weeks, one eye of each
mouse was subjected to optic nerve crush and both reti-
nas were analyzed for GFP-BAX localization after 5 days
(Figs. 3A–3D). Crush induced a significant increase in cells
with punctate distribution of BAX, indicative of mitochon-
drial translocation,50 regardless of which virus they were
transduced with. Crushed retinas transduced with HDAC3-
mCherry, however, exhibited significantly more punctate
GFP-BAX cells than retinas transduced with the control virus
(Fig. 3D). A caveat to this experimental paradigm is that
increased cell loss in HDAC3-mCherry expressing RGCs may
be a cumulative effect of intrinsic RGC susceptibility to the
HDAC and additional cells responding to crush. To overcome
the intrinsic effect, we transduced both eyes of mice with
either the control or HDAC3 expressing virus and waited
6 weeks until independent HDAC3-mediated loss had stabi-
lized (see Fig. 2). Eyes were then subjected to crush surgery
and retinas were harvested and stained for activated caspase-
3 and TUBB3, 5 days later. Contralateral retinas exhib-
ited virtually no active caspase 3 staining in TUBB3+ cells
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FIGURE 3. Induced expression of HDAC3-mCherry sensitizes retinal ganglion cells to optic nerve damage. To validate that transduced cells
were executing the intrinsic apoptotic pathway, retinas were co-transduced with AAV2/2-Pgk-GFP-BAX and either AAV2/2-Pgk-Cre (control
virus) or AAV2/2-Pgk-HDAC3-mCherry. At four weeks after transduction eyes were subjected to crush surgery and assessed five days later.
(A–C) Detail of co-transduced cells in the ganglion cell layer after crush. Two co-transduced cells exhibit punctate localization of GFP-BAX
(arrows) indicating recruitment of BAX to the mitochondria. A third co-transduced cell exhibits cytosolic localization of GFP-BAX (asterisk).
Scale bar: 15 μm. (D) Scatter plot showing percentage of transduced cells exhibiting punctate GFP-BAX five days after optic nerve crush
(ONC). Retinas transduced with either virus exhibited a significant increase in punctate BAX cells after crush compared to contralateral retinas
(**P < 0.001), but HDAC3-mCherry co-transduced cells showed significantly greater percentages of punctate BAX than cells co-transduced
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with the control virus (*P = 0.0034). Each point represents a single microscopic field (minimum of four fields/mouse from three separate
mice). To further confirm that transduced cells were dying, retinas were transduced with AAV2/2-Pgk-Cre (control virus) or AAV2/2-Pgk-
HDAC3-mCherry. At six weeks after transduction, eyes were subjected to optic nerve crush surgery and assessed five days later. Images of
whole mounts labeled for caspase-3 (red) and DAPI (blue) (TUBB3 staining not shown) indicate more visible caspase-3–labeled cells in the
HDAC3 overexpressing retina (E, F). Scale bar: 60 μm. Cell count data indicate a significantly higher number of TUBB3 positive/caspase-3
positive cells in HDAC3-mCherry transduced retinas than control retinas (**P = 0.0061). Each point represents a single retina.

(one cell in five retinas for control virus and 15 cells in
six retinas for HDAC3-mCherry). After optic nerve crush,
however, HDAC3-mCherry transduced retinas exhibited
significantly more TUBB3+ cells that were positive for active
caspase-3 than the crushed retinas expressing the control
virus (P = 0.0061) (Fig. 3G). Collectively, these results
suggest that HDAC3 may function as a primary activator
of downstream apoptotic events in a subset of cells, while
further sensitizing additional RGCs to a damaging stimulus
such as optic nerve crush.

Induced HDAC3 Expression Selectively Stimulates
Recruitment of BAX to Mitochondria in
Neuronally-Differentiated 661W Retinal Precursor
Cells

To better evaluate the pathologic molecular events associ-
ated with HDAC3 expression, we initiated studies in tissue
culture cells. Since it was previously shown that induced
HDAC3 expression was selectively toxic to primary neurons
and neuroblastoma cell lines, whereas non-neuronal cells
were resistant,16 we reasoned that we could duplicate this
effect in a single neuronally-derived cell line that can be
converted from an undifferentiated to a differentiated state.
For these experiments we chose 661W cells, which were
derived from retinal tumors of transgenic mice express-
ing the SV40 virus large T-antigen under the control of
the promoter for human interphotoreceptor retinol-binding
protein (IRBP).51 These cells can be converted from an
immortalized phenotype (undifferentiated) into a differen-
tiated phenotype, where they stop dividing and extend
neurite-like processes, by incubating them for 24 hours in
316 nM STS.42 To examine the selective toxicity in these
cells in their differentiated and undifferentiated states, we
first transfected cells in both conditions with plasmids that
enabled expression of mito-blue fluorescent protein (BFP)
to label mitochondria and the GFP-BAX fusion protein (Figs.
4A–4C). Some cells were also cotransfected with a plasmid
expressing a human HDAC3-FLAG fusion protein (Fig. 4D–
F). After 24 hours, cells were fixed and examined for translo-
cation of GFP-BAX to mitochondria, resulting in a punctate
pattern of localization. Differentiated cells not expressing
HDAC3-FLAG typically showed diffuse, cytosolic localiza-
tion of GFP-BAX (Fig. 4C), whereas differentiated cells that
were transfected with HDAC3-FLAG were more likely to
show punctate GFP-BAX labeling that colocalized with mito-
BFP–labeled mitochondria (Fig. 4F). Quantification of both
undifferentiated and differentiated cells showed that only
differentiated cells transfected with HDAC3-FLAG exhibited
significantly more cells with punctate GFP-BAX (P ≤ 0.005)
(Supplemental Fig. S2A). In a separate experiment, we also
stained transfected cells with an antibody against the FLAG
epitope and scored them for apoptotic nuclei. As with GFP-
BAX localization, only differentiated cells showed a signifi-
cant increase in the presence of apoptotic nuclei (P ≤ 0.005)
(Supplemental Fig. S2B).

A drawback with our transfection protocol was the trans-
fection efficiency, which was less than 5% of the cells after
differentiation. Nucleofection can increase the efficiency of
introducing DNA into cells. We found that nucleofection was
able to introduce plasmids into 73.68% ± 10.42% of undif-
ferentiated cells, but this decreased to 17.93% ± 3.66% of
cells if they were differentiated. Because undifferentiated
cells appeared to be resistant to induced HDAC3 expres-
sion, we tested whether nucleofecting undifferentiated cells
with HDAC3-mCherry followed by differentiation was able
to replicate the selective sensitivity to this enzyme demon-
strated in the transfection experiments. Cells were nucle-
ofected with GFP-BAX and either mouse HDAC3-mCherry
or mCherry containing plasmids. After 24 hours, cells were
treated with 316 nM STS or left undifferentiated, and the
localization of GFP-BAX was scored over the next 24 hours
(Figs. 4G–4O). The process of differentiation induced the
translocation of GFP-BAX to the mitochondrial membrane in
cells with induced expression of HDAC3-mCherry to signifi-
cant levels over the next 24 hours, relative to undifferentiated
cells or cells expressing mCherry alone (P ≤ 0.032) (Fig. 4O).

Induced Expression of HDAC3 Induces Intrinsic
Apoptosis in Differentiated 661W Cells

The ability of induced HDAC3 expression to induce GFP-
BAX translocation implies that these cells are activating
the intrinsic apoptotic pathway. However, BAX activation
is often a feature of other cell death pathways, which
will recruit the mitochondrial dependent intrinsic pathway
by secondary activation of specific BH3-only proteins.52,53

Alternatively, intrinsic apoptosis is exclusively dependent
on the function of proapoptotic proteins such as BAX and
BAK. To assess the dependence of HDAC3-induced toxicity
on BAX function, we selectively expressed a CRISPR/Cas9
cassette with different gRNAs targeting regions of exon 1
of the Bax gene in wild type 661W cells. CRISPR edit-
ing successfully reduced or eliminated BAX protein levels
(Fig. 5A), with the greatest reduction using the Sg1 gRNA
(Fig. 5B). As a consequence, all further experiments were
conducted with this cell line, which was termed Sg1. Sg1
cells treated with 316 nM STS exhibited expected signs of
differentiation, including neurite extension with βIII-tubulin
expression (Figs. 5C–5J and Supplemental Figs. S3A–S3H)
and cell cycle arrest (Figs. 5K–5O). Undifferentiated wild
type and Sg1 cells were then nucleofected with HDAC3-
mCherry, differentiated, and assessed for cell death by
immunostaining for activated caspase 3 (Figs. 6A–6P). Edit-
ing of the Bax gene in Sg1 cells conferred significant, but
only partial, attenuation of HDAC3-mediated cell death (P
= 0.0006 relative to wild type cells expressing HDAC3-
mCherry) (Fig. 6Q).

Partial attenuation of cell death by Bax deletion is a
feature of cells that express both BAX and BAK.54 Down-
regulation of both genes is required to achieve full protec-
tion. Most neurons, however, execute a splice variant of
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FIGURE 4. Differentiated 661W cells are selectively sensitive to HDAC3-induced BAX recruitment and caspase 3 activation. The activation
of the BAX proapoptotic protein is a hallmark of the mitochondrial-dependent apoptotic pathway and is often considered the irreversible
step in the death process.49 The recruitment of BAX was visualized in cells expressing a GFP-BAX fusion protein. (A–C) A 661W cell,
differentiated with 316 nM STS, transfected with plasmids expressing GFP-BAX and mito-BFP to label mitochondria. In cells lacking induced
HDAC3 expression, GFP-BAX occupies a cytosolic distribution indicative of inactive latent protein. (D–F) A differentiated cell transfected
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with GFP-BAX, mito-BFP, and a plasmid expressing HDAC3-FLAG. Induced HDAC3 expression induces recruitment of GFP-BAX to the
mitochondria, which is evident by the punctate labeled aggregates of GFP-BAX colocalized with the mito-BFP, starting between 11 to
14 hours after transfection. Scale bar: 5 μm. (G–N) 661W cells nucleofected with HDAC3-mCherry and GFP-BAX before incubation without
or with STS to induce differentiation. Undifferentiated cells retain diffuse localization of both fusion proteins (G–J), whereas differentiated
cells exhibit some concentration of HDAC3-mCherry in the nucleus and punctate/aggregations of GFP-BAX (K–N). DAPI counterstain.
Scale bar: 5 μm. (O) Quantification of cells with GFP-BAX localization at different time points after STS addition. Differentiated cells show
significant punctate GFP-BAX localization after 24 hours (*P ≤ 0.032, relative to the other groups at 24 hours).

the Bak gene transcript, which introduces a weak 20 bp
exon that creates a premature stop codon, resulting in
a transcript called N(neuronal)-Bak.43 This transcript also
reportedly exhibits impaired translation in neurons.55,56 As
a consequence, Bax-deletion in mice effectively results in
a Bax/Bak double knock-out phenotype and confers a
complete block of intrinsic apoptosis of a variety of neuronal
populations,57–60 including RGCs.27,28,30,61 N-Bak in 661W
cells was first examined by nested RT-PCR, which revealed
the absence of the neuronal splice variant and the presence
of the full-length variant in these cells (Fig. 7A). The expres-
sion of full-length BAK protein was also confirmed by west-
ern blotting extracts from both wild type and Sg1 661W cells
(Fig. 7B). To reduce BAK levels, we nucleofected both wild
type and Sg1 cells with an siRNA directed against mouse
Bak mRNA along with a plasmid expressing HDAC3-FLAG.
The siRNA significantly reduced the levels of BAK protein
in both cell lines relative to cells treated with a scrambled
siRNA (Figs. 7C and 7D) but did not completely eliminate it.
These cells were then differentiated and examined for acti-
vated caspase 3 after 24 hours. Wild type cells with BAK
knockdown exhibited a 43.5% reduction in labeling for acti-
vated caspase 3 relative to scramble siRNA treated cells (P
< 0.0005). Conversely, Sg1 cells exposed to the scrambled
siRNA exhibited a 65.4% decrease (P = 0.0003, relative to
wild type cells treated with Bak siRNA). Sg1 cells treated
with the Bak siRNA exhibited an 82% reduction of caspase 3
activation (P= 0.005, relative to Sg1 cells treated with scram-
bled siRNA) (Fig. 7E). These results indicate that HDAC3-
induced toxicity results in activation of the intrinsic apop-
totic program.

Induced Expression of HDAC3 Stimulates Jnk2/3
and BH3-Only Bbc3(Puma) Gene Expression in
Differentiated Cells

In neurons, including RGCs, damage stimulates a cascade of
kinase activation that originates with the activation of dual
leucine zipper kinase and ultimately the activation of JUN N-
terminal kinases (JNKs) (Fig. 8A). With respect to BAX acti-
vation, this pathway leads to the transcription of BH3-only
genes, which function to antagonize anti-apoptotic proteins
such as BCL-X and facilitate a conformational change in
latent BAX to allow it to interact and permeabilize the
mitochondrial outer membrane. Two transcription factors
downstream of JNK activation are cJUN and p53, which are
activated or stabilized, respectively. Phosphorylated cJUN
activates Bim and Hrk gene transcription, whereas p53 acti-
vates Bbc3(Puma) and Noxa gene transcription. First, we
conducted a qPCR analysis of Jnk2 and Jnk3 transcript
abundance, comparing either undifferentiated or differenti-
ated cells with or without induced HDAC3 expression, since
these molecules represent a pivotal point in this activa-
tion cascade (Fig. 8B). Undifferentiated cells showed less
than a onefold increase in transcript abundance for these

genes in response to induced HDAC3 expression. However,
once the cells were differentiated, they showed a signifi-
cantly greater induction of Jnk2 and Jnk3 gene expression
in response to HDAC3 overexpression. We then examined
the change in expression for 4 different BH3-only gene
transcripts (Fig. 8C). We observed no significant change in
the abundance of mRNA for the cJUN-dependent BH3-only
gene Bim, while Hrk mRNA levels were below the level of
detection. Alternatively, HDAC3 induced significant upregu-
lation of the p53-dependent gene Bbc3(Puma) in differen-
tiated cells (P ≤ 0.002). Noxa mRNA levels were elevated
by induced HDAC3 expression in undifferentiated cells, and
in differentiated cells not expressing exogenous HDAC3. In
differentiated cells, induced HDAC3 expression produced no
further increase in Noxa expression. Based on these results,
we predict that HDAC3 induces JNK2/3 signaling in differ-
entiated cells, which results in p53 activation.

HDAC3-Mediated Death of 661W Cells is Not
Dependent on Cell-Cycle Arrest

Differentiation of 661W cells causes cell cycle arrest (Fig. 5).
Since one of the functions of HDAC activity is to promote
transition of cells from G1 to S phase,62 it is possible that the
differential response to increased HDAC3 activity between
undifferentiated dividing 661W cells, and differentiated non-
dividing 661W cells, is a consequence of induced entry into
the cell cycle. Forcing terminally differentiated cells, such
as neurons, into S phase frequently induces cell death.63

Additionally, previous studies showing the selective sensi-
tivity of neurons to HDAC3 expression did not explicitly
examine the effect of cell cycle arrest on non-neuronal cell
lines.16 To examine the possible contribution of cell cycle
arrest in HDAC3 sensitivity, we nucleofected undifferenti-
ated 661W cells with a plasmid expressing high levels of
p21WAF-1/Cip-1, which will create a G1-S phase block and
push cells into a G0-like state of quiescence.64 Cells were
nucleofected with (or without) p21WAF-1/Cip-1, GFP-BAX, and
HDAC3-mCherry. Cell cycle arrest was validated in some
cultures of p21WAF-1/Cip-1-expressing 661W cells by monitor-
ing the incorporation of BrdU (Figs. 9A and 9B), which was
reduced by 24 hours and completely eliminated by 48 hours.
After 24 and 36 hours nucleofected cells were scored for
the formation of GFP-BAX puncta (Figs. 9C and 9D). As a
control, we nucleofected the same plasmids into HeLa cells
to assess if cell cycle arrest would also sensitize a cell line
not derived from a neuronal lineage. The results showed that
p21WAF-1/Cip-1–induced cell cycle arrest had no effect in sensi-
tizing either cell line to induced HDAC3-mCherry expression
at these time points. The time point of 36 hours was chosen
in anticipation of observing cells that were transitioning into
cell cycle arrest, however, in a separate experiment, we also
examined if HDAC3 induced GFP-BAX recruitment in undif-
ferentiated 661W cells at 48 after p21WAF-1/Cip-1 nucleofection.
This experiment also showed no evidence of an increase in
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FIGURE 5. Characterization of 661W cells after CRISPR/Cas9 editing of the Bax gene. The Bax gene was edited using lentiCRISPRv2
transfected into undifferentiated 661W cells. Plasmid expression was maintained by growing the cells in puromycin, which was subsequently
added to the media for all experiments using these cells. Additionally, WT cells were transfected with the lentiCRISPRv2 plasmid, but without
a guide RNA. (A) LICOR-generated image of a representative western blot showing endogenous BAX and ACTIN levels in WT and 3 lines
edited with different gRNAs against the first exon of the Bax gene. (B) Quantification of three independent Western blots showing BAX
protein levels normalized to the ACTIN reference. All three lines showed significant depletion of BAX (P < 0.0001). Sg1 cells were used for
further experiments. (C–J) WT and edited Sg1 cells show typical features of differentiation including the extension of neurite-like processes
and staining for βIII-tubulin (green—see also Supplemental Fig. S3). Panels show different times after addition of 316 nM STS to induce
differentiation. Scale bar: 10 μm. DAPI counterstain. (K–N) Differentiation causes cell cycle arrest in both WT and Sg1 cells. Undifferentiated
cells exhibit incorporation of BrdU (brown immunoreaction product) (Scale bar: 15 μm), which is reduced to negligible levels by 24 hours
in culture with STS (O). (*P < 0.001).
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FIGURE 6. Differentiated Bax-edited 661W cells (Sg1) show reduced apoptotic death in response to induced HDAC3 expression. Wild type
(WT) and Sg1 cells were nucleofected with HDAC3-mCherry and then differentiated with 316 nM staurosporine or left undifferentiated.
After 24 hours, cells were fixed and immunostained for activated caspase 3. (A–D) Undifferentiated cells show diffuse HDAC3-mCherry and
no active caspase 3, but differentiated cells expressing the HDAC3 plasmid are positive for this active protease and exhibit concentration
of HDAC3-mCherry in the nucleus (E–H). (I–L) Undifferentiated Sg1 cells also exhibit diffuse HDAC3-mCherry distribution. (M–P) Some
differentiated Sg1 cells showed a concentration of HDAC3-mCherry to the nucleus and perinuclear region of the cell and activation of caspase
3. Scale bar: 10 μm. (Q) Quantification of HDAC3-mCherry expressing cells that were positive for activated caspase 3. Differentiated WT and
Sg1 both exhibited higher levels of activated caspase 3 relative to undifferentiated cells (*P < 1.0E-07), but Sg1 cells exhibited a reduction
of 52% of nucleofected cells showing activation of caspase 3 at this time point (**P = 0.0006).
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FIGURE 7. Characterization of BAK expression and knock-down in WT and Sg1 661W cells. (A) Nested PCR yields a 200 bp product for
transcripts from the full length Bak splice variant (FL-Bak), which is present in the liver, brain, and both wild-type (WT) and Sg1 661W cells.
The brain sample also shows the neuronal Bak (N-Bak) splice variant containing a weak 20 bp exon. N-Bak is not detected in 661W cells.
Extraneous lanes were removed for presentation of this figure. (B) Western blot showing full length BAK in spleen and both undifferentiated
(Un) and differentiated (D) 661W cells. Full length BAK is virtually undetectable in normal mouse retina. (C) Western blot showing levels of
BAK protein in differentiated WT and Sg1 661W cells treated with a scrambled siRNA or an siRNA directed against Bak. Extraneous lanes
were removed for presentation of this figure. (D) Bak siRNA results in depletion of BAK protein. Mean (± SD) of 4 independent western
blots shown. (*P ≤ 0.033). (E) Graph showing the level of caspase 3 activation in cells expressing HDAC3-FLAG. All data were collected
24 hours after induction of differentiation. WT cells show a significant increase in activated caspase 3 staining after differentiation, which is
not affected by scrambled siRNA. Nucleofection with Bak siRNA; however, results in a significant reduction in cells with activated caspase
3. Sg1 cells also show a significant increase in activated caspase 3 staining after differentiation, but this increase is reduced relative to WT
cells (no siRNA treatment, P < 0.0001, not indicated on graph) consistent with the results in Figure 6. Nucleofection of scrambled siRNA
does not affect caspase 3 activation in 661W cells, but Bak siRNA induces a further reduction in caspase 3 activation over Sg1 cells alone,
and over WT cells nucleofected with the Bak siRNA. Values shown are the mean ± (SEM) of three independent experiments. At least 120
cells were scored for each treatment group in each experiment. (*P = 0.0052; **P ≤ 0.0005; ***P < 0.0001).
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FIGURE 8. Increased transcript abundance of Jnk2, Jnk3, and Bbc3(Puma) by induced HDAC3 expression in differentiated 661W cells.
(A) Schematic of the dual leucine zipper kinase–JNK activation pathway. Previous studies indicate that this pathway is prevalent in damaged
neurons including retinal ganglion cells after optic nerve damage. The result of JNK activation is the phosphorylation and activation of
two regulatory transcription factors.94,126 Activation of cJUN leads to the expression of the BH3-only proteins BIM127 and HRK,128 whereas
p53 directs the transcription of the BH3-only proteins BBC395 and NOXA.129 BH3-only proteins, in turn, lead to the activation of BAX.
(B) Real time qPCR analysis of transcript abundance of Jnk2 and Jnk3. The data shown represents the fold change in abundance of either
undifferentiated, or differentiated, 661W cells expressing HDAC3-mCherry for 24 hours, relative to cells expressing mCherry only (*P < 0.02).
(C) Real time qPCR of three BH3-only gene products representative of p53-directed (Bbc3 and Noxa) or JUN-directed (Bim) transcription.
Induced HDAC3-mCherry expression in undifferentiated cells induces a significant increase in Noxa expression. Differentiation of 661W cells
also induces significant expression of this BH3-only gene that is not increased further by HDAC3-mCherry. Conversely, HDAC3-mCherry
expression in differentiated 661W cells induces a significant increase in Bbc3 transcript abundance. (*P ≤ 0.016; **P = 0.002; ***P = 3.28E-05).
The mean (± SD) of three independent experiments is shown for all qPCR experiments.

sensitivity to HDAC3 (-p21, 30.0 ± 15.3% cells with punctate
GFP-BAX;+p21, 23.3% ± 9.7% cells with punctate GFP-BAX,
P = 0.718). The implication of these results is that other
elements, specific to neuronal differentiation, are required
to make cells susceptible to HDAC3 toxicity.

DISCUSSION

Previous studies with Hdac3 conditional knock-out mice25

or with an HDAC3 selective inhibitor26 revealed a consider-
able role for this enzyme in the process of RGC death after
acute optic nerve injury. These studies did not, however,
reveal the temporal importance of HDAC3 activity in the
activation of other downstream apoptotic events. Induced
expression of HDAC3 in mouse RGCs showed a modest
intrinsic effect stimulating cell loss around five weeks after
transduction. This timing likely reflects the beginning of
peak transgene expression, which takes up to four weeks to
reach optimal levels in AAV2 transduced RGCs.25 After five
weeks, no further loss of cells was detected by eight and
12 weeks after transduction (Fig. 1). Although HDAC3 over-
expression was able to directly induce loss of some cells,
it had a greater effect on sensitizing the RGCs to axonal

damage. This lowering of the tolerance threshold of cells
was also reported in neuronal cell cultures transfected with
HDAC3.16

The limited amount of cell loss induced by direct HDAC3
transduction could be explained by differential expression
of the transgene, such that cells exhibiting the highest levels
of HADC3 expression were more likely to spontaneously die.
It is difficult to control the level of expression in cells using
the paradigm of viral-mediated transduction and it is clear
that there is a heterogeneous population of cells exhibit-
ing different levels of HDAC3-mCherry staining after trans-
duction (Fig. 1B). Additionally, cells with robust transgene
expression clearly survived as late as 12 weeks after trans-
duction. It is possible that the cells that spontaneously died
represented a class of RGCs (or transduced non-RGCs) that
were selectively more sensitive to HDAC3 expression. A simi-
lar phenomenon was described by Tran and colleagues65

in the mouse retina after optic nerve crush damage. Using
single cell RNA-Seq, this group was able to classify 46 differ-
ent sub-types of RGCs on the basis of their transcriptome
and show that select classes of these cells were more or less
resilient to the optic nerve injury. Future experiments should
be directed at determining if a similar selectivity to HDAC3
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FIGURE 9. Cell cycle arrest mediated by p21WAF-1/Cip-1 does not sensitize undifferentiated cells to induced HDAC3 expression. Immunohis-
tochemical labeling showing BrdU incorporation into (A) undifferentiated 661W cells or (B) undifferentiated cells 36 hours after exoge-
nous expression of p21WAF-1/Cip-1. Scale bar: 10 μm. (C) Quantification of BrdU-positive staining cells showing reduced incorporation after
24 hours, and significantly reduced incorporation after 48 hours (*P = 1.10E-07). (D, E) Quantification of GFP-BAX recruitment in cell
cycle-arrested undifferentiated 661W cells with or without induced HDAC3 expression. In this experiment, p21WAF-1/Cip-1 -arrested HeLa cells
were used as a non-neuronal cell line for comparison. (D) At 24 hours, and (E) 36 hours, induced HDAC3 expression in both p21WAF-1/Cip-1

nucleofected HeLa and 661W cells failed to induce any increase in GFP-BAX recruitment relative to normal dividing cells. The time points
represent the time from nucleofection with plasmids for GFP-BAX, HDAC3-mCherry, and a p21WAF-1/Cip-1 expressing plasmid. Data from
three independent experiments are plotted.

expression exists within different RGC subtypes. It is also
important to note that AAV2, while having a high trophism
for RGCs, can also transduce other retinal cell types in the
naïve retina, principally Müller cells, but also some amacrine
cells and rod bipolar cells. Because we used the nonselective
Pgk promoter to ensure maintenance of transgene expres-
sion after injury, our experiments cannot rule out that possi-
bility that increased RGC sensitivity was influenced by the
expression of the transgene in these other cell types as well.

To better evaluate the mechanisms by which HDAC3
induces cellular toxicity, intrinsically, we examined the

effects of induced expression of this enzyme in a cell
culture system using the neuronally-derived 661W cells.
Transfection of these cells in both the un- and differen-
tiated states showed that induced expression of exoge-
nous HDAC3 was selectively toxic to differentiated cells.
Our initial assay for toxicity was monitoring the recruit-
ment of a GFP-BAX fusion protein that was introduced
into the cells along with the plasmid expressing HDAC3.
BAX (and its homologous protein BAK) recruitment to
the mitochondrial outer membrane is often considered the
point of no return in the intrinsic apoptotic pathway49
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and precedes irreparable events of the apoptotic pathway
such as the release of cytochrome c, mitochondrial frag-
mentation, and caspase activation.39,49,66–69 Although BAX
activation is a distinct feature of intrinsic apoptosis, this
event can also occur during execution of the extrinsic path-
way by caspase 8-mediated cleavage of the BH3-only protein
BID.52 To evaluate the critical nature of BAX (and BAK)
function in HDAC3-mediated cell death, the Bax gene was
edited in 661W cells, whereas BAK protein levels were
reduced using siRNA. Combined depletion of both of these
full-length pro-apoptotic proteins significantly abrogated
HDAC3-dependent cell death in differentiated 661W cells,
strongly implicating the activation of the intrinsic apoptotic
program by induced expression of this HDAC. Consistent
with this, induced HDAC3 expression also stimulated an
increase in gene elements associated with JNK signaling
pathway and resulted in an increase in Bbc3(Puma) expres-
sion and activated caspase 3.

HDAC3 and Chromatin Changes Associated With
Apoptosis

Conditional Hdac3 ablation,25 or treatment with HDAC3-
selective inhibitors,26 results in the prevention of global
histone deacetylation normally observed during the early
stages of RGC death induced by acute optic nerve damage.
Additionally, the kinetics of histone H4 deacetylation after
optic nerve damage is consistent with the translocation
of HDAC3 from a predominantly cytosolic localization
to the nuclei of RGCs.23,24 From these results, we have
attributed the process of death-associated histone deacety-
lation to HDAC3. Therefore it was unexpected to observe
that induced HDAC3 expression only resulted in moderate
levels of histone H4 deacetylation in mouse RGCs. Addition-
ally, we did not observe an increase in nuclei with a hete-
rochromatic appearance. In fact, we observed the opposite,
where the nuclei of a large proportion of transduced cells
appeared to become more euchromatic (Fig. 1). It is proba-
ble that a subpopulation of the HDAC3mCherry expressing
cells were amacrine or ipRGCs, since BRN3A does not label
these cell types. This could explain why some cells did not
undergo apoptosis, and euchromatic nuclei were observed.
This phenomenon requires further study.

There are a variety of explanations as to why induced
HDAC3 expression did not lead to a major increase in
histone H4 deacetylation and heterochromatin formation.
HDAC3 is the core epigenetic subunit of the nuclear repres-
sor co-receptor (NCoR)/silencing mediator of retinoid and
thyroid hormone receptor (SMRT) co-repressor complex. It
is this complex that mediates the interaction of HDAC3 with
targeted areas of chromatin structure in the nucleus, which
leads to transcriptional repression.70 Simply upregulating
HDAC3 expression, as we have done in our experiments,
may not necessarily stimulate an increase in NCoR/SMRT
repressor complex activation. Similarly, activity of the
NCoR/SMRT corepressor can be influenced by interacting
with other molecules such as c-MYC71 and peroxisome
proliferator-activated receptor γ .72,73 Up- or down-regulation
of additional factors that control the repression complex
may be a consequence of early signaling steps in the RGC
cell death program. HDAC3 itself may require cell death-
induced post-translational modifications such as deubiqui-
tinization74 or phosphorylation,75,76 which lead to stabiliza-
tion and increased activity, respectively. It is telling that

while induced expression in RGCs yielded moderate cell
loss, these cells became sensitized to optic nerve crush,
suggesting that axon-induced damaged was required to acti-
vate one or more secondary factors that were then able to
catalyze and accelerate RGC pathology in the presence of
high levels of HDAC3. Increased sensitivity to a damaging
stimulus was also observed in neuronal tissue culture cells
expressing HDAC3.16

Curiously, however, differentiated 661W cells exhibited
almost complete activation of apoptosis in response to
induced HDAC3 expression. It is possible that factors
required to mediate HDAC3-induced pathology were already
present in these cells, perhaps as a result of the differentia-
tion process by sub-lethal levels of STS. Additionally, tissue
culture cells do not benefit from a more stabilized environ-
ment with supporting glial cells that RGCs likely enjoy. Alter-
natively, 661W cells differ from RGCs in that they express
both BAX and BAK (see below), which may differentially
sensitize them to the effects of induced HDAC3 expression.
While these pro-apoptotic proteins are known to function
similarly to induce mitochondrial outer membrane perme-
abilization, their activation is not uniform to the spectrum
of damaging stimuli. In mouse embryonic fibroblasts, for
example, BAK is preferentially activated in response to DNA
damaging radiation, whereas BAX is preferentially activated
by trophic factor withdrawal.54

661W Cells as a Model System

We reasoned that a better understanding of why neurons
are selectively sensitized to HDAC3 expression may require
a simplified experimental platform for study, rather than
conducting experiments in vivo. Such a platform could
be enhanced if we could show that cells from the same
line acquired sensitivity, thereby eliminating confounding
factors associated with lineage specific genetic and epige-
netic differences encountered when conducting compara-
tive studies between divergent cell lines. We chose 661W
cells because of the relative ease at which they could be
differentiated and because of their origin from the mouse
retina. These cells were originally derived from the tumors of
transgenic mice expressing the SV40 large T-antigen under
the control of the promoter for IRBP.51 Initial studies with
these cells showed that they could be induced to express
cone photoreceptor-specific antigens,51 and subsequently
they have often been considered to be a cell culture model
of cones. More recently, however, Sayyad and colleagues77

reported that 661W cells expressed both cone-specific and
RGC-specific markers, suggesting that T-antigen transfor-
mation may have occurred in neuroblasts that were tran-
sitioning near the specification points of RGCs and cones.
Non-supporters of this idea might argue that IRBP expres-
sion is restricted to photoreceptors in the adult retina,78 but
IRBP expression has also been reported early in mouse
retinal development (embryonic day 11- E11) and during
this period is colocalized with BrdU, indicating its expres-
sion in dividing neuroblasts.79 E11 marks the time point
where both RGCs80 and cone photoreceptors81 begin to
form from daughter cells of neuroblasts. As a consequence,
661W cells may represent a retinal precursor cell that is
transitioning between these two cell types, and it may
be erroneous to categorize them as strictly cone-lineage
cells.

Further evidence that 661W cells represent a retinal
precursor cell is the fact that they still express the full-length
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Bak transcript. Differentiated neurons exhibit a neuron-
specific splice variant of this transcript that incorporates
a weak 20 bp exon embedded in the fourth intron of the
Bak gene.43,82 Insertion of this exon creates a premature
STOP codon in the coding sequence, resulting in a truncated
peptide that contains only the BH3-domain of the full-length
BAK protein (N-BAK),82,83 although there is some evidence
that the spliced transcript is also inefficiently translated.55,56

When neuroblasts switch to the splice variant is not known,
but full-length BAK is expressed by glia in the CNS43,82,84

(note the presence of both the N-Bak and full-length tran-
scripts in mouse brain in Fig. 7) and preliminary studies
done by our group indicate that full length Bak transcripts
are present in Müller cells (data not shown). Because Müller
cells are derived late from the same neuroblast lineage that
retinal neurons arise from, it stands to reason that full length
Bak expression is conserved throughout the life of divid-
ing retinoblast cells. This is consistent with studies show-
ing full length BAK protein expression in other neuronal
precursor cells85,86 and the appearance of the N-Bak splice
variant coinciding with the ending phase of neurogenesis in
the mouse cortex.87

Regardless of the origin of 661W cells, our experiments
documenting the toxicity of HDAC3 expression in this line
may be equally relevant to both RGC and cone photore-
ceptor biology in disease. Broad spectrum HDAC inhibitors
protect both rod and cone photoreceptors in models of outer
retinal degeneration88,89 and HDAC activity is increased in
both classes of photoreceptors by day PN30 in rd1 mice and
PN59 in rd10 mice.90

The Relationship Between p53 and HDAC Activity

Our results indicate that induced HDAC3 expression in
differentiated 661W cells leads to the upregulation of
Jnk2 and Jnk3, consistent with these molecules being acti-
vated in dying neurons.91 In cultured cerebellar granular
neurons, HDAC3 overexpression precipitates an increase in
cJUN protein levels,17 an expected outcome for the activa-
tion of cJUN in this pathway. We observed no change in
BH3-only gene expression attributed to activated phospho-
cJUN (Bim and Hrk),92,93 however. Instead, we observed
that HDAC3 expression selectively induced an increase in
the p53-regulated gene Noxa in undifferentiated cells and
Bbc3(Puma)94,95 in differentiated 661W cells. NOXA is a
weak BH3-only protein and has a minimal impact on cell
viability alone, but appears to amplify apoptosis when
expressed in conjunction with other BH3-only proteins.96

Conversely, BBC3(PUMA) is a potent killer,96,97 which may
account for the increased activation of BAX recruitment by
HDAC3 in differentiated cells. There is extensive literature
suggesting that p53 mediates the neuronal toxicity of HDAC
expression. The activity and selectivity of promoter bind-
ing of p53 is influenced by both its level of phosphorylation
and acetylation.98 Acetylation of p53 at specific sites prevents
its activity,99,100 while HDAC inhibition or conditional dele-
tion of Hdacs in neurons, such as RGCs, reduces p53-
dependent gene expression and p53-dependent death.101,102

Interestingly, the opposite appears to be true for dividing
cells, where inhibition of HDAC activity can stimulate p53-
mediated apoptosis,103–105 including undifferentiated 661W
cells.106 Alternatively, one of the reasons why differentiated
661W cells were selectively sensitive to HDAC3 was because
the process of differentiation removed them from the cell
cycle. However, undifferentiated 661W cells that were placed

in cell cycle arrest by the expression of p21WAF-1/Cip-1 showed
no increase in sensitivity to induced HDAC3 expression.

The Mechanism of Neuronal Susceptibility

It is clear that HDAC3 plays an important role in neuronal
pathology. This is evidenced by the growing number of stud-
ies showing that blocking the activity of this HDAC has a
protective effect in a variety of different neurodegenerative
conditions (reviewed by D’Mello107). The fact that induced
HDAC3 expression in RGCs does not trigger widespread
death of these neurons, however, would seem to suggest
that the action of this enzyme is not a master regulator of
downstream apoptotic reactions. A caveat to this conclusion
is that the function of HDAC3 in the death process may
require additional co-factors that are independently gener-
ated as an early step in the apoptotic pathway. For example,
this may take the form of additional components to allow
for the formation of active NCoR/SMRT complexes.

Alternatively, pathologic HDAC3 activity in RGCs may
require secondary modifications such as phosphorylation
by glycogen synthetase kinase 3β (GSK3β).16 Regulation
of GSK3β is mediated in many cells by the activity of the
AKT/PI3 Kinase complex.108,109 AKT phosphorylates GSK3β
rendering it inactive, but inhibition (or loss of activity) of
AKT results in accumulation of dephosphorylated GSK3β
and its activation. The loss of AKT activity is considered one
of the primary events associated with loss of neurotrophin
support when axons of RGCs are damaged. Supporting this,
depletion of GSK3β by siRNA knock-down has a protective
effect in RGCs after optic nerve damage.110 It is reasonable
to speculate that the delayed toxicity of induced HDAC3
expression is mediated by a requirement to activate GSK3β
through optic nerve damage. Interestingly, this may not
be the only event leading to HDAC3 toxicity, since GSK3β
commonly requires an initial primary modification of its
substrates before it will phosphorylate them.108 If this is
the case for RGCs, then HDAC3 requires an additional post-
translational modification in these cells by a mechanism that
is not yet identified.

How HDAC3 selectively kills neurons is still unresolved.
Our studies suggest that activation of p53, leading to
the activation of intrinsic apoptosis, is a principal mech-
anism. The selectivity for neurons may be a function of
the genes that p53 targets for transcriptional control, which
can change depending on the post-translational modifica-
tion of p53 and the chromatin structure of target genes
with either strong or weak p53-binding sites.98,111–115 Alter-
natively, a recent proteomics study of rat cerebellar gran-
ule neurons expressing HDAC3 showed the upregulation of
several proteins that are linked to neurotoxicity, including
NPTX1 (neuronal pentraxin), HDAC9, TEX10, TFG, TSC1,
and NFL.17 Of these, we were able to amplify a transcript for
Nptx1 in 661W cells, but abundance of this mRNA was not
changed by induced HDAC3 expression (data not shown).
Pentraxins are intriguing, however, because they regulate
the complement pathway116 and studies suggest this is an
important regulator of pathology in most neurodegenera-
tive conditions.117 Deletion of the complement activation
pathway, for example, is protective in the DBA/2J mouse
model of glaucoma,118–120 where Nptx1 is up-regulated
in the optic nerve head early in the progression of the
disease.118

Last, the pathologic effects of HDAC3 may not be directly
related to its role in histone modification/transcriptional
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regulation. Regulation of the activity of non-nuclear targets,
such as kinases,121 metabolic enzymes,122 and struc-
tural elements of the cytoskeleton123 by HDAC3-mediated
deacetylation have also been described. At this point, it is
not possible to rule out that HDAC3 may be acting on one
of these “nonconventional” substrates to mediate its effect
on neurons.
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