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Abstract

The lack of axonal regeneration is the major cause of vision loss after optic nerve injury in adult mammals. Activating the PI3K/AKT/
mTOR signaling pathway has been shown to enhance the intrinsic growth capacity of neurons and to facilitate axonal regeneration in
the central nervous system after injury. The deletion of the mTOR negative regulator phosphatase and tensin homolog (PTEN) enhances
regeneration of adult corticospinal neurons and ganglion cells. In the present study, we used a tyrosine-mutated (Y444F) AAV2 vector to
efficiently express a short hairpin RNA (shRNA) for silencing PTEN expression in retinal ganglion cells. We evaluated cell survival and
axonal regeneration in a rat model of optic nerve axotomy. The rats received an intravitreal injection of wildtype AAV2 or Y444F mutant
AAV2 (both carrying shRNA to PTEN) 4 weeks before optic nerve axotomy. Compared with the wildtype AAV2 vector, the Y444F mutant
AAV2 vector enhanced retinal ganglia cell survival and stimulated axonal regeneration to a greater extent 6 weeks after axotomy. Moreover,
post-axotomy injection of the Y444F AAV2 vector expressing the shRNA to PTEN rescued ~19% of retinal ganglion cells and induced
axons to regenerate near to the optic chiasm. Taken together, our results demonstrate that PTEN knockdown with the Y444F AAV?2 vector
promotes retinal ganglion cell survival and stimulates long-distance axonal regeneration after optic nerve axotomy. Therefore, the Y444F
AAV2 vector might be a promising gene therapy tool for treating optic nerve injury.

Key Words: nerve regeneration; optic nerve; axotomy; gene therapy; Miiller cell; retinal ganglion cell; AAV2; shRNA; PTEN; GLAST; mTOR;
neural regeneration

tracellular environment (Moore and Goldberg, 2010; Fischer
and Leibinger, 2012). Over the last few decades, numerous
studies have shown that activation of the intrinsic growth
capacity is able to induce a robust regenerative response in
mature axotomized RGCs (Goldberg, 2004; Yang and Yang,

Introduction

Apoptosis of retinal ganglion cells (RGCs) is the key feature of
traumatic optic neuropathy (Moore and Goldberg, 2010; Yang
and Yang, 2012). As a part of the central nervous system, the
optic nerve in mammals has a very limited ability to regener-

ate its axons after injury, resulting in irreversible vision loss.
The failure of axonal regeneration has been attributed to the
apoptosis of RGCs, insufficient intrinsic growth capacity of
mature neurons, lack of suitable stimuli, and an inhibitory ex-

2012). Deletion of phosphatase and tensin homolog (PTEN), a
negative regulator of mammalian target of rapamycin (mTOR),
has been demonstrated to enhance the regeneration of adult
corticospinal neurons and RGCs (Park et al., 2008; Liu et al.,
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2010). However, conditional gene deletion cannot currently be
translated to clinical practice, and therapies based on small-in-
terfering RNA (siRNA) to knockdown the target gene may be
potentially most useful for treatment of optic nerve diseases,
such as glaucomatous optic neuropathy (Guzman-Aranguez et
al., 2013).

Although adeno-associated virus 2 (AAV2) is currently the
most efficient vector for transduction of adult RGCs by intra-
vitreal injection (Hellstrom and Harvey, 2011; Tshilenge et al.,
2016), it takes a long time (more than 2 weeks) after injection to
reach therapeutic levels of gene expression in the retina to res-
cue RGCs in traumatic optic neuropathy, a disease character-
ized by quick retinal deterioration (Xie et al., 2002; Hellstrom
et al., 2011). Fortunately, site-directed tyrosine (Y)-to-phe-
nylalanine (F) mutation of capsid surface-exposed and highly
conserved tyrosine residues has been reported to dramatically
increase the transduction efficiency of self-complementary
AAV2 following intraocular injection (Petrs-Silva et al., 2009;
Miao et al., 2016). Therefore, we hypothesized that Y-to-F mu-
tated AAV2 might have great potential role in gene therapy for
traumatic optic neuropathy.

In the present study, we evaluated the intraocular transduc-
tion characteristics of intravitreally injected Y-to-F mutated
AAV2. We then used this vector to deliver shRNA to suppress
PTEN and activate the PI3K/AKT/mTOR signaling pathway
to promote RGC survival and axonal regeneration.

Materials and Methods

Animals

A total of 155 specific-pathogen-free female Sprague-Dawley
rats, weighing 200-250 g, 8 weeks of age, were purchased from
SLRC Laboratory (Shanghai, China) (license No. SCXK 2012-
002) and were used for all experiments. The rats were housed
in Makrolon polycarbonate cages with a 12-hour light/dark
cycle, and allowed free access to food and water. All surgeries,
including intravitreal injection, optic nerve axotomy, and ste-
reotactical injection, were performed under deep anesthesia
with intraperitoneal injection of 3% pentobarbital (50 mg/kg
body weight). Animals were treated in compliance with the As-
sociation for Research in Vision and Ophthalmology Statement
for the Use of Animals in Ophthalmic and Vision Research,
and study protocols were approved by the Institutional Animal
Care and Use Committee of Nanjing Medical University (ap-
proval No. 2015-0076).

Construction of tyrosine-mutated AAV2 capsid plasmids

Single (Y444F), quadruple (Y272, 444, 500, 730F) and sextuple
(Y252, 272, 444, 500, 704, 730) mutagenesis of surface-ex-
posed tyrosine residues on AAV2 VP3 was generated with a
two-stage procedure using QuikChange II site-directed mu-
tagenesis of the pAAV-RC plasmid, as previously described
(Zhong et al., 2008b). Briefly, in stage one, two polymerase
chain reaction (PCR) extension reactions were performed in
separate tubes for each mutant. One tube contained the for-
ward PCR primer and the other contained the reverse primer.
In stage two, the two reactions were mixed and a standard
PCR mutagenesis procedure was carried out. PCR primers
were designed to introduce changes from tyrosine to phenyl-
alanine residues and a silent change to create a new restriction
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endonuclease site for screening purposes.

Production of pAAV-shRNA.PTEN-GFP plasmid

The most effective sShRNA targeting PTEN was selected based
on a previous report (Lewandowski and Steward, 2014). The
sequence of this sShRNA was cloned into the pAAV-U6-CAG-
ZsGreen vector, as described previously (Koch et al., 2011a)
(Figure 1). In brief, 1 uL of the forward primer and 1 pL of the
reverse primer containing the shRNA sequence were dissolved
in 16 pL water and 2 pL of 10x annealing buffer (100 mM Tris,
pH 7.5, 1 M NaCl and 10 mM ethylenediamine tetraacetic
acid). The solution was boiled for 5 minutes and then cooled to
room temperature. Annealed oligos were ligated to a BamH 1/
EcoR I-cut backbone fragment of pAAV-U6-CAG-ZsGreen.
The sequences of the shRNA primers were as follows (in bold:
sequence of siRNA-sense and siRNA-antisense strands; in
italics: sequences of the hairpin turns). shRNA.PTEN forward
primer: 5-GA TCC GGC ACT GTT GTT TCA CAA GAT
TTC AAG AGA ATC TTG TGA AAC AAC AGT GCC TTT
TTT C-3'; sShRNA.PTEN reverse primer: 5-AA TTG AAA
AAA GGC ACT GTT GTT TCA CAA GAT TCT CTT GAA
ATC TTG TGA AAC AAC AGT GCC G-3". The plasmid was
sequenced to confirm identity.

Production of AAV2 vectors

Production of AAV2-GFP (wildtype (Wt), single mutant,
quadruple mutant, and sextuple mutant), Wt AAV2-shRNA.
PTEN-GFP and Y444F AAV2-shRNA.PTEN-GFP were per-
formed as reported before (Zolotukhin et al., 1999). Brief-
ly, HEK293 cells were transfected with calcium phosphate,
HEPES-buffered saline and a serotype-specific plasmid complex
containing 10 ug pAAV-RC/mutated pAAV-RC, 20 pg pHelp-
er (Stratagene, La Jolla, CA, USA) and 10 pg pAAV-GFP or
PAAV-shRNA.PTEN-GFP plasmid. Then, 72 hours after
transfection, cells were harvested and AAV were purified by
dialysis and virus gradient centrifugation in iodixanol. Protein
liquid chromatography was performed to obtain high-titer vi-
ral stocks. The viral titers were determined using quantitative
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BamHI (423)
f EcoRI(440)

CAG promoter

pUC ori

Amp+
| pHBAAV-U6-shRNA-CAG-ZsGreen %
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Figure 1 Map of the AAV2 construct used to knockdown PTEN.
shRNA.PTEN was inserted between the BamHI and EcoRI sites,

and expressed under the control of an U6 promoter. A robust and
non-cell-specific CAG promoter controlled the expression of ZsGreen,
acting as a reporter. R-LTR: Right long terminal repeat; L-LTR: left long
terminal repeat; WPRE: woodchuck hepatitis virus post-transcriptional
regulatory element; CAG: chicken beta actin; AAV2: adeno-associated
virus 2; PTEN: phosphatase and tensin homolog.
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PCR and normalized to 1.0 x 10" viral genomes per milliliter
(vg/mL) using balanced salt solution.

Transfection via intravitreal injection

AAV2 vectors (5 pL, titers at 1.0 x 10"*) or cholera toxin B
subunit-conjugated fluorescein isothiocyanate C (CTB-FITC)
(5 uL of 0.2%; Sigma, St. Louis, MO, USA) were intravitreally
injected using a 5-pL Hamilton syringe (Hamilton, Bonaduz,
Switzerland) (Koch et al., 2014). Briefly, the needle was insert-
ed into the peripheral retina, just behind the ora serrata, and
was carefully positioned to avoid damage. Rats with traumatic
cataract, retinal detachment, or vitreous hemorrhage were ex-
cluded from this study.

Establishment of the optic nerve axotomy model

Optic nerve axotomy of the right eye was performed as report-
ed previously (Koch et al., 2011b; Cen et al., 2017). In brief,
the lateral canthus was incised along the orbital rim and the
lacrimal gland was moved to the side. The eyeball was slightly
rotated by pulling the superior rectus muscle. The optic nerve
was then exposed intraorbitally, and crushed with jeweler’s
forceps (Dumont #5; Roboz, Switzerland) at a distance of at
least 2 mm behind the eyeball for approximately 10 seconds,
avoiding damage to the ophthalmic artery. The vascular integ-
rity of the retina was examined by fundoscopy. Rats in which
the retinal vessel was injured were excluded from the study.

Immunofluorescence

Rats were given a lethal overdose of anesthesia and transcardi-
ally perfused with 4% paraformaldehyde. Eyes were post-fixed
in the same fixative, cryoprotected in 30% sucrose overnight
at 4°C, and frozen in optimal cutting temperature compound.
For immunostaining of phospho-S6 ribosomal protein (pS6)
and glutamine synthetase, longitudinal frozen sections of the
eyes were cut at 8 pm thickness. For quantifying the density
of RGCs, whole retinas were dissected out. Frozen sections
were blocked with immunostaining blocking buffer (Beyotime,
Shanghai, China) and permeabilized with 0.2% Triton X-100
for 1 hour at room temperature. Subsequently, the sections
were incubated overnight at 4°C with rabbit anti-rat pS6 mono-
clonal antibody (1:100; Cell Signaling Technology, Danvers,
MA, USA), and rabbit anti-rat glutamine synthetase monoclo-
nal antibody (1:250; Abcam, Cambridge, MA, USA). Retinas
were blocked with immunostaining blocking buffer and perme-
abilized with 0.2% Triton X-100 for 2 hours at room tempera-
ture. The retinas were immunostained overnight at 4°C with
rabbit anti-rat neuronal class III B-tubulin (TUJ1) monoclonal
antibody (1:250; Beyotime, Shanghai, China), which specifically
labels adult RGCs (Park et al., 2008). The sections or retinas
were rinsed with 0.1 M phosphate-buffered saline for 5 minutes
and incubated with goat anti-rabbit secondary antibody conju-
gated to Cy3 (1:500; Beyotime) for 1 hour at room temperature.
After washing, the sections were examined under a fluorescence
microscope (Nikon Eclipse50i, Tokyo, Japan), and images were
captured with a CCD camera. GFP staining intensity in flat
mounts was quantified from fluorescence microscopic images
using ImageJ software (National Institutes of Health, Bethesda,
MD, USA) to determine the mean fluorescence intensity in pix-
els per image. The retinas immunostained with TUJ1 antibody

were mounted onto pre-coated glass slides, and the images
were captured under the fluorescence microscope. Sixteen fields
in the mid portion of the retina (approximately 0.276 mm” per
field at 100x magnification), radially distributed at 1 mm to 2
mm from the optic nerve disc, were sampled per retina. The
total TUJ1-positive cells in each image were counted, and the
density of RGCs was calculated.

Western blot assay

Total retinal protein was extracted and quantified using
a bicinchoninic acid protein assay kit (Beyotime). Protein
samples (30 pg) were separated on 10% SDS-PAGE gels and
transferred to polyvinylidene fluoride membranes (0.22-um;
Millipore, Billerica, MA, USA). Membranes were incubated
with a rabbit anti-rat glutamate aspartate transporter (GLAST)
monoclonal antibody (1:2,500; Abcam), rabbit anti-rat pS6
monoclonal antibody (1:2,000; Cell Signaling Technology) or
rabbit anti-rat glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) monoclonal antibody (1:5,000; Beyotime) overnight
at 4°C. After washing in Tris-buffered saline with Tween, the
membranes were incubated with goat anti-rabbit horseradish
peroxidase-conjugated secondary antibody (1:1,000; Beyotime)
for 1 hour at room temperature. The immune complexes were
detected by enhanced chemiluminescence (Millipore). The op-
tical density of the bands was quantified by densitometry and
normalized to GAPDH using ImageLab software (BioRad labo-
ratories, Hercules, CA, USA). Each experiment was performed
at least three times.

Assessment of regenerating axons

To visualize and quantify regenerating RGC axons, 5 uL of
0.2% CTB-FITC was injected into the vitreous body for an-
terograde labeling using a Hamilton syringe 5 days before
sacrifice. The orbital optic nerve segments, the optic chiasm
and the brain were dissected out, post-fixed in 4% paraformal-
dehyde, and transferred to 30% sucrose solution overnight at
4°C, separately. Longitudinal frozen sections of optic nerves
and coronal frozen sections of the optic chiasm and brain
were cut at 8 um, 10 um and 14 um thickness, respectively,
and thaw-mounted onto pre-coated glass slides. At least five
non-consecutive sections were examined under the fluores-
cence microscope for each animal. The fluorescence inten-
sities of the CTB-FITC signals in the optic nerve at different
distances from the site of optic nerve axotomy were analyzed
with Image]J software (NIH, Bethesda, MD, USA).

Statistical analysis

All data are displayed as the mean + SD. Statistical analysis
was carried out using Stata 11.4 software (StataCorp, College
Station, TX, USA). One-way analysis of variance followed by
the Bonferroni’s post hoc test was used to compare multiple
groups. Pairwise comparison between groups was performed
using Student’s t-test. A value of P < 0.05 was considered sta-
tistically significant.

Results

Efficiency of transgene expression of AAV2 vectors
To evaluate the efficiency of transgene expression, Wt AAV2,
single mutant, quadruple mutant and sextuple mutant vectors
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Figure 2 GFP expression in flat-mount retinas 4 weeks following intravitreal delivery.

(A-H) GFP expression following transduction with wildtype (Wt) (A, E), single mutant (Y444F) (B, F), quadruple mutant (Y272, 444, 500, 730F)
(C, G) and sextuple mutant (Y252, 272, 444, 500, 704, 730) (D, H) AAV2 vectors. (A-D) Images of the posterior retina including the optic disc; (E-
H) images of the peripheral retina. (I) The GFP signal intensity for the single mutant was higher than for all other vectors. All pictures were taken
with the same exposure time to evaluate GFP intensity using Image]J software. Data are expressed as the mean + SD. **P < 0.01 (analysis of variance
followed by Bonferroni’s post hoc test). Scale bars: 100 pum. GFP: Green fluorescent protein.
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Figure 3 Immunofluorescence in flat-mount whole retinas showing
RGC:s expressing the GFP transgene 4 weeks after intravitreal
injection.

Merged image shows the colocalization of GFP and neuronal class III
B-tubulin (TUJ1) in retinal flat-mounts from eyes injected with Wt
AAV2, single mutant (Y444F), quadruple mutant (Y272, 444, 500,
730F) or sextuple mutant vectors, indicating that RGCs are transduced
by the various AAV?2 vectors. Scale bars: 100 pum. GFP: Green fluores-
cent protein; RGCs: retinal ganglion cells; AAV2: adeno-associated
virus 2.

were injected into the intact eyes of rats containing normal
populations of RGCs. The fluorescence intensity of GFP expres-
sion in the eyes injected intravitreally with the various vectors
was initially analyzed on retinal flat mounts to quantitatively
evaluate the transduction capacity for each vector 4 weeks after
injection. At this time point, Wt AAV2 and the quadruple mu-
tant showed widespread GFP fluorescence, of moderate intensi-
ty, while the sextuple mutant displayed strong GFP fluorescence
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Figure 4 Colocalization of GFP with the Miiller cell marker GS in
immunolabeled frozen retinal sections 4 weeks after intravitreal
injection.

Infection with wildtype (Wt) (A-C) AAV2 resulted in GFP expression
(green) in the GCL and occasionally in the INL. (D-L) Mutants pro-
duced a similar pattern of GFP expression in the GCL and INL. The
majority of cells expressing GFP in the INL spanned nearly the full
thickness of the retina, from the GCL to the OLM, which is characteris-
tic of Miiller glia (Newman and Reichenbach, 1996), and co-expressed
GS. Scale bars: 100 pm. GFP: Green fluorescent protein; GS: glutamine
synthetase; GCL: ganglion cell layer; INL: inner nuclear layer; OLM:
outer limiting membrane.

only in patchy areas around the blood vessels of the retina (n
= 6; Figure 2A-H). In contrast, the single mutant showed a
significantly higher intensity of widespread GFP fluorescence
compared to its wildtype counterpart or other mutants (n = 6;
Figure 2I). These results demonstrate that the Y444F AAV2
mutant displays significantly increased transduction efficiency
relative to Wt AAV2.
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Figure 5 Neuronal class III B-tubulin (TUJ1) immunolabeling for evaluating RGC survival 6 weeks after optic nerve axotomy in rats
intravitreally injected with vector 4 weeks before lesioning.

(A-F) RGCs were visualized by immunolabeling with TUJ1 antibody to assess survival. Scale bars: 50 pm. (G) The number of surviving RGCs was
decreased significantly 6 weeks after axotomy. Compared with Wt AAV2-GFP, both Y444F AAV2-shRNA.PTEN and Wt AAV2-shRNA.PTEN sig-
nificantly enhanced RGC survival, while Y444F AAV2-shRNA.PTEN further enhanced the survival of RGCs in comparison to Wt AAV2-shRNA.
PTEN. Data are expressed as the mean * SD. **P < 0.01 (analysis of variance followed by Bonferroni’s post hoc test and Student’s ¢-test). ONC: Op-
tic nerve crush; RGCs: retinal ganglion cells; AAV2: adeno-associated virus 2; PTEN: phosphatase and tensin homolog; shRNA: short hairpin RNA.
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Figure 6 Fluorescence images of longitudinal sections of the optic nerve showing axonal regeneration 6 weeks after optic nerve axotomy in
rats intravitreally injected with vector 4 weeks before lesioning.

(A-C) CTB-FITC-labeled regenerating fibers in rats infected with Y444F AAV2-shRNA.PTEN (A), Wt AAV2-shRNA.PTEN (B) or Wt AAV2-GFP
(C). Scale bars: 100 um. Arrows: optic nerve axotomy site. (D) Quantification of the fluorescence intensity at different distances to the lesion site.
Transduction with Y444F AAV2-shRNA.PTEN or Wt AAV2-shRNA.PTEN increased the signal intensity at almost all analyzed positions, com-
pared with Wt AAV2-GFP. Furthermore, Y444F AAV2-shRNA.PTEN produced higher signals compared with Wt AAV2-shRNA.PTEN. Transduc-
tion with Y444F AAV2-shRNA.PTEN or Wt AAV2-shRNA.PTEN resulted in a significant increase in the fluorescence intensity 500 um proximal
to the optic nerve axotomy site compared with Wt AAV2-GFP. All pictures were taken with the same exposure time to evaluate GFP intensity using
Image] software. Data are expressed as the mean + SD. *P < 0.05, **P < 0.01 (analysis of variance followed by Bonferroni’s post hoc test). CTB-
FITC: Cholera toxin B subunit-conjugated fluorescein isothiocyanate; GFP: green fluorescent protein; AAV2: adeno-associated virus 2; PTEN:
phosphatase and tensin homolog; ShRNA: short hairpin RNA.

Optic chiasm Optic tract Brachium superior colliculus

Figure 7 CTB-FITC labeling for regenerating axons in the
brain 6 weeks after optic nerve axotomy in rats intravitreally
injected with vector 4 weeks before lesioning.

(A-C) CTB-FITC labeling showing nerve fibers in the optic chi-
asm, optic tract and brachium superior colliculus in normal con-
trol rats. (D, E) CTB-FITC labeling showing regenerating nerve
fibers in the optic chiasm and optic tract of Y444F AAV2-shR-
NA.PTEN-injected rats. (F) No CTB-FITC-labeled nerve fibers
were detected in the brachium superior colliculus. (G-I) No
CTB-FITC-labeled nerve fibers were found in the optic chiasm,
optic tract or brachium superior colliculus of Wt AAV2-shRNA.
PTEN-injected rats. Scale bars: 100 pm. CTB-FITC: Cholera
toxin B subunit conjugated to fluorescein isothiocyanate; AAV2:
adeno-associated virus 2; PTEN: phosphatase and tensin homo-
log; shRNA: short hairpin RNA.

Y444F AAV2-
shRNA.PTEN Intact control

Wt AAV2-ShRNA.
PTEN-GFP
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Assessment of AAV2 transgene expression

To evaluate the transduction properties of vectors 4 weeks
after intravitreal injection, immunohistochemistry was per-
formed on retinal flat mounts and frozen sections. In flat
mounts, cells expressing GFP were stained with TUJ1 antibody
(n = 6; Figure 3). In frozen sections, all mutants displayed a
similar pattern of GFP expression in the RGCs, Miiller cells and
other inner nuclear layer cells, while Wt AAV2 showed GFP
expression in RGCs, and occasionally in inner nuclear layer
cells (n = 6; Figure 4). These results suggest that Wt AAV2 and
the various mutants can transduce RGCs. Notably, compared
with the Wt AAV2 vector, the Y-to-F mutant AAV2 vectors
efficiently transduced both RGCs and Miiller cells.

RGC survival and axonal regeneration in rats

administered AAV?2 vectors before optic nerve axotomy

To evaluate their potential neuroprotective effects in RGCs,
Y444F AAV2-shRNA.PTEN, Wt AAV2-shRNA.PTEN and
Wt AAV2-GFP vectors were intravitreally injected 4 weeks
before optic nerve axotomy. RGCs were identified by immu-
nolabeling with TUJ1 antibody 6 weeks after optic nerve axo-
tomy. The density of immunolabeled RGCs in the central re-
gion of the retina was quantified on flat mounts (n = 5; Figure
5A-F). Substantial RGC loss was evident 6 weeks after optic
nerve axotomy. The number of viable RGCs in retinas trans-
duced with Wt AAV2-shRNA.PTEN (561 + 170/100x field)
was significantly higher compared with retinas transduced
with Wt AAV2-GFP (201 + 65/100x field) 6 weeks post-axot-
omy, and the survival of RGCs was further improved by trans-
duction with Y444F AAV2-shRNA.PTEN (912 + 144/100x
field) (n = 5; Figure 5G). In addition, the collapse of retinal
nerve fibers in retinas transduced with Wt AAV2-shRNA.
PTEN or Y444F AAV2-shRNA.PTEN was of reduced severity
compared with retinas transduced with Wt AAV2-GFP (n = 5;
Figure 5D-F).

In addition to evaluating the survival of RGCs, we also as-
sessed axonal regeneration. In rats transduced with Wt AAV?2-
GFP vector, only a few regenerating neurites were observed
crossing the lesion site, and no neurite was observed greater
than 500 pm distal to the site of optic nerve axotomy (n = 5;
Figure 6A). In contrast, transduction with Y444F AAV2-shR-
NA.PTEN resulted in neurites regenerating over a long dis-
tance, extending from the lesion site towards the optic chiasm.
Wt AAV2-shRNA.PTEN did not promote axonal regener-
ation towards the optic chiasm (n = 5; Figures 6B, 6C, 7D,
7G). Quantification of the fluorescence intensities of CTB-
FITC at all analyzed distances showed a significant increase in
the Y444F AAV2-shRNA.PTEN group compared with the Wt
AAV2-shRNA.PTEN or Wt AAV2-GFP group (n = 5; Figure
6D). Notably, Y444F AAV2-shRNA.PTEN induced axonal
regeneration as far as the optic tract (n = 5; Figure 7E, F, H, I).

Retinal expression of pS6 and GLAST in rats administered
AAV2 vectors before optic nerve axotomy

To investigate the mechanisms underlying the effects of
AAV2-mediated PTEN suppression on RGC survival and axo-
nal regeneration, we assessed the expression of pS6 4 weeks af-
ter intravitreal injection. PTEN inhibition activates mTOR. The
most widely used biochemical marker of mTOR activity is pS6,
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a substrate of mTOR complex-1 (Park et al., 2008). Therefore,
we evaluated the expression of pS6 by western blot assay and
immunohistochemistry. Western blot assay showed that Y444F
AAV2-shRNA.PTEN significantly increased pS6 expression in
retinas compared with Wt AAV2-shRNA.PTEN or Wt AAV2-
GFP 4 weeks after injection (P < 0.01, P < 0.05; n = 5; Figure
8A). At 6 weeks after optic nerve axotomy, the expression of
pS6 was significantly decreased in Wt AAV2-GFP-transduced
retinas compared with intact retinas, and the expression of pS6
was significantly higher in Y444F AAV2-shRNA.PTEN and Wt
AAV2-shRNA PTEN-transduced retinas than in intact or Wt
AAV2-GFP-transduced retinas (P < 0.01, n = 5; Figure 8C). At
4 weeks after injection, analysis of the percentage of pS6-posi-
tive cells in the ganglion cell layer revealed significant differenc-
es among Wt AAV2-GFP (7.08 + 2.57%), Wt AAV2-shRNA.
PTEN (17.25 + 4.26%) and Y444F AAV2-shRNA.PTEN (23.25
+ 4.31%)-transduced retinas (n = 6; Figure 9). Additionally,
pS6-positive cells were also present in the inner nuclear layer
of Y444F AAV2-shRNA.PTEN-transduced retinas, but were
nearly completely absent in Wt AAV2-shRNA.PTEN and Wt
AAV2-GFP-transduced retinas (n = 6; Figure 9).

Next, we examined GLAST expression in retinas. GLAST
expression was not significantly different among the various
groups 4 weeks after virus injection (pre-axotomy) (P > 0.05,
n = 5; Figure 8B). We then examined retinal GLAST expres-
sion 6 weeks after axotomy. A dramatic decrease in GLAST
expression was found in the Y444F AAV2-shRNA.PTEN, Wt
AAV2-shRNA.PTEN and Wt AAV2-GFP groups compared
with the intact control group (P < 0.01), but GLAST expres-
sion was higher in the Y444F AAV2-shRNA.PTEN group
compared with the Wt AAV2-shRNA.PTEN or Wt AAV2-
GFP group (P < 0.05, n = 5; Figure 8D).

RGC survival and axonal regeneration after post-axotomy
AAV2 injection

To mimic potential clinical situations, rats were intravitreally
injected with Y444F AAV2-shRNA.PTEN immediately after
optic nerve axotomy. Six weeks later, the density of RGCs was
quantified and regenerating axons were examined. Although
the number of surviving RGCs and the CTB-FITC fluorescence
intensity of regenerating axons were significantly lower in
post-axotomy-injected rats than in pre-axotomy-injected rats
(n = 5; Figure 10A, B, D), regenerating axons were observed to
cross the lesion site and extend over long distances in the optic
nerve (n = 5; Figure 10C). Furthermore, regenerating fibers
were observed in one of five optic chiasms and no FITC-labeled
fibers were visible in the optic tract (n = 5; Figure 10E).

Discussion
In this study, we investigated the effects of PTEN silencing

by tyrosine-mutated AAV2 on axonal regeneration in the
adult rat optic nerve. We found a much higher transduction
efficiency of Y444F AAV2 for RGCs as well as Miiller cells.
Furthermore, when injected intravitreally before or immedi-
ately after optic nerve axotomy, this vector, carrying an shR-
NA to silence PTEN expression, promoted RGC survival and
induced long-distance axonal regeneration by activating the
PI3K/AKT/mTOR pathway and regulating glutamate homeo-
stasis in rats.
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Y444F AAV2 was the most efficient among the vectors
tested, and this mutant had significantly higher transduction
efficiency for RGCs and Miiller cells. It has been shown that
AAV?2 strongly depends on heparan sulfate proteoglycans for
transduction (Zaiss et al., 2015; Woodard et al., 2016). Hepa-
ran sulfate proteoglycans on the inner membrane may func-
tion as receptors, binding AAV2 and facilitating uptake by
adult RGCs and Miiller cells (Hellstrom et al., 2009; Petrs-Sil-
va et al., 2009; Boye et al., 2016). The present results are con-
sistent with previous studies showing that RGCs can be infect-
ed by intravitreally-injected Wt AAV2, while Miiller cells can
be occasionally transduced (Auricchio et al., 2001; Liang et
al., 2003; Harvey et al., 2006). Once in the retina, AAV2 needs
to overcome additional barriers to achieve efficient transduc-
tion. The ubiquitin-proteasome pathway is a major obstacle
to AAV-mediated gene expression. This pathway degrades the
viral particles during their intracellular trafficking from the
cytoplasm to the nucleus, and involves the phosphorylation
of tyrosine residues by the epidermal growth factor receptor
(Ding et al., 2006; Zhong et al., 2008a). Thus, substitution of
certain surface-exposed tyrosine residues on AAV2 capsids
may allow the vectors to escape ubiquitination and proteaso-
mal degradation. Interestingly, mutation of surface-exposed
tyrosine residues on the AAV2 capsid can also lead to more
efficient transduction of RGCs (Zhong et al., 2008b; Petrs-Sil-
va et al.,, 2009), but not Miiller cells (Petrs-Silva et al., 2011).
AAV?2 is the only serotype able to transduce RGCs efficiently,
making it the only effective vector for therapies targeting glau-
comatous optic neuropathy (Harvey et al., 2006). RGC apop-
tosis is the common result of glaucomatous optic neuropathy
and traumatic optic neuropathy, although the underlying
mechanisms may be different. Moreover, the progression of
glaucomatous optic neuropathy is slow, while that of traumat-
ic optic neuropathy is relatively rapid. The more potent trans-
duction efficiency of Y444F AAV2 makes it a suitable gene
delivery vector for treating traumatic optic neuropathy.

To our knowledge, we are the first to use Y444F AAV2 as a
vector to deliver an shRNA targeting PTEN to promote RGC
survival and activate its intrinsic axonal regenerative capacity.
Deletion of PTEN, which is a negative regulator of mTOR, has
been demonstrated to enhance the regeneration of adult cor-
ticospinal neurons and RGCs (Liu et al., 2010; Benowitz et al.,
2017). However, conditional gene deletion prior to optic nerve
injury is impossible to translate to clinical practice, while ther-
apies based on RNA interference to knockdown a target gene
may be most useful for treatment of optic nerve damage (Guz-
man-Aranguez et al., 2013).

The PI3K/AKT/mTOR signaling pathway has been implicat-
ed in neuronal survival and neurite outgrowth (Christie et al.,
2010; Sun et al.,, 2011; Guo et al., 2016). mTOR, downregulat-
ed during the development of the central nervous system and
further reduced after optic nerve injury (Liu et al., 2010; Park
et al,, 2010), plays a critical role in modulating protein syn-
thesis, and in axonal growth in development and in response
to injury (Ma and Blenis, 2009; Lu et al., 2014). Inactivating
PTEN might activate Akt and mTOR and enhance neuronal
survival and axonal regeneration in optic neuropathy (Park et
al., 2008; Leibinger et al., 2016). Recent studies indicate that
mTOR complex-1 is necessary, while mTOR complex-2 and

GSK3b are inhibitory, for AKT3-induced axonal regeneration
in the central nervous system (Miao et al., 2016). In the cur-
rent study, we found that Y-to-F mutated AAV2 transduced
RGCs and Miiller cells more efficiently than Wt AAV2. pSé6,
the most widely used biochemical marker for mTOR com-
plex-1 activity, was upregulated in both the ganglion cell layer
and the inner nuclear layer of retinas infected with Y444F
AAV2-shRNA PTEN, compared with retinas infected with Wt
AAV2-shRNA.PTEN, indicating that Y444F AAV2-shRNA.
PTEN enhances mTOR complex-1 activity in both RGCs and
Miiller cells.

Another key finding of our study is that Y444F AAV2-shR-
NA.PTEN increased the expression of GLAST after optic
nerve axotomy. Miiller cells can survive under neurodegen-
erative conditions, and can be activated by nearly all patho-
genic stimuli. Reactive Miiller cells can support the survival
of photoreceptors and neurons (Bringmann et al., 2009), and
are considered an ideal target for viral gene therapy for neu-
roprotection (Bringmann et al., 2006). Expressed in Miiller
cells, GLAST is a major glutamate transporter within the ret-
ina, removing approximately 50% of extracellular glutamate
to prevent neurotoxicity (Sarthy et al., 2005). Previous and
more recent studies have shown that optic nerve crush leads
to an increase in retinal extracellular glutamate to neurotoxic
levels (Vorwerk et al., 2004; Nishikawa et al., 2016). The up-
regulation of GLAST is an anti-apoptotic response in the adult
central nervous system (Koeberle and Béhr, 2008). Indeed, we
observed high levels of GLAST expression 6 weeks after op-
tic nerve axotomy in the Y444F AAV2-shRNA.PTEN group
compared with the Wt AAV2-shRNA.PTEN or Wt AAV2-
GFP group. Therefore, the higher GLAST expression in the
transduced Miiller cells might also contribute to the enhanced
RGC survival. The mechanisms underlying this protective ef-
fect are unclear. However, GLAST activity might trigger Ca®*
influx, increase mTOR activity and promote AP-1 binding to
DNA (Maria Lopez-Colomé et al., 2012), in addition to pre-
venting excitotoxicity (Izumi et al., 2002).

Here, we found that pre-administration of Y444F
AAV2-shRNA.PTEN enhanced RGC survival 6 weeks after
optic nerve axotomy compared with Wt AAV2-shRNA.PTEN.
The survival of RGCs is a prerequisite for axonal regeneration
(Morgan-Warren et al., 2013). We observed much stronger
axonal regeneration in Y444F AAV2-shRNA.PTEN-injected
rats, with some regenerating axons regrowing towards the op-
tic tract. In contrast, no regenerating axons were able to reach
the optic chiasm in Wt AAV2-shRNA.PTEN-injected rats.
This dissimilarity might be caused by differences in mTOR
complex-1 activation and GLAST expression in the transduc-
ed RGCs and Miiller cells. Given that axonal regeneration in-
duced by Y444F AAV2-shRNA.PTEN is similar to that caused
by PTEN deletion (de Lima et al., 2012), it is possible that oth-
er factors also contribute to RGC survival and axonal regener-
ation, such as endogenous CNTF, which might be continually
released by the AAV2-transduced and activated Miiller glia.

We further found that RGC survival and axonal regener-
ation after post-axotomy injection of Y444F AAV2-shRNA.
PTEN were less significant compared with pre-axotomy in-
jection. In adult rats, RGCs start to die within 5 to 6 days of
intraorbital optic nerve injury, with less than 10% surviving
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retinal expression of pS6 ribosomal
protein and GLAST 6 weeks after
optic nerve axotomy in rats
intravitreally injected with vector 4
weeks before lesioning.

(A) Y444F AAV2-shRNA.PTEN sig-
nificantly increased the expression
of pS6 in retinas compared with Wt
AAV2-shRNA.PTEN or Wt AAV2-
GFP 4 weeks after injection. (B) Nei-
ther Y444F AAV2-shRNA.PTEN nor
Wt AAV2-shRNA.PTEN affected the
expression of GLAST 4 weeks after
injection. (C) Six weeks after axotomy,
the expression of pS6 was significantly
decreased in Wt AAV2-GFP-infect-
ed retinas compared with the intact
retina, and the expression of pS6 in
Y444F AAV2-shRNA.PTEN and Wt
AAV2-shRNA.PTEN-infected retinas
was significantly higher than that in in-
tact or Wt AAV2-GFP-infected retinas.
(D) A dramatic decrease in GLAST
expression was observed in the Y444F
AAV2-shRNA.PTEN, Wt AAV2-shR-
NA.PTEN and Wt AAV2-GFP groups
compared with the intact control
group, while GLAST expression was
still higher in the Y444F AAV2-shR-
NA.PTEN group compared with the
Wt AAV2-shRNA.PTEN group or Wt
AAV2-GFP group 6 weeks after axot-
omy. Data are expressed as the mean +
SD. %P < 0.05, **P < 0.01 (analysis of
variance followed by Bonferroni’s post
hoc test). pS6: Phospho-S6; GLAST:
glutamate aspartate transporter; AAV2:
adeno-associated virus 2; PTEN: phos-
phatase and tensin homolog; shRNA:
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Figure 9 Immunolabeling for pS6 ribosomal protein in retinas 4 weeks after intravitreal injection of AAV?2 vectors.

(A-I) Frozen sections showing pS6-positive cells in retinas 4 weeks after injection of Y444F AAV2-shRNA.PTEN (A-C), Wt AAV2-shRNA.
PTEN (D-F) or Wt AAV2-GFP (G-I) vectors (pre-axotomy). Scale bars: 50 um. (J) Quantification for the percentage of pS6-positive cells in the
GCL revealed significant differences among Wt AAV2-GFP, Wt AAV2-shRNA.PTEN and Y444F AAV2-shRNA.PTEN-infected retinas. pS6 la-
beling is also detected in the INL of Y444F AAV2-shRNA.PTEN-infected retinas, but was nearly undetectable in Wt AAV2-shRNA.PTEN and Wt
AAV2-GFP-infected retinas. Data are expressed as the mean + SD. kP < 0.01 (analysis of variance followed by Bonferroni’s post hoc test). pSé6:
Phospho-S6; GCL: ganglion cell layer; INL: inner nuclear layer; AAV2: adeno-associated virus 2; PTEN: phosphatase and tensin homolog; shRNA:

short hairpin RNA.
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by 14 days (Berkelaar et al., 1994), which is when transgene
expression commences when the AAV2 vector is injected at
the time of injury. Despite the rapid cell loss after optic nerve
axotomy, Y444F AAV2-shRNA.PTEN injected immediately
after optic nerve axotomy still rescued a considerable amount
of RGCs (~19%) at 6 weeks after optic nerve axotomy. It also
induced axons to regenerate up to near the optic chiasm, indi-
cating its potential for clinical treatment.

In summary, our findings show that Y444F AAV2 is a
promising vector for gene therapy for traumatic optic neurop-
athy. Y444F AAV2-mediated PTEN knockdown was able to
activate mTOR complex-1 and induce long-distance axonal
regeneration in wildtype animals, suggesting that it is a prom-
ising translatable treatment for traumatic optic neuropathy. In
view of the complexity of the cell and molecular mechanisms
underlying axonal regeneration, future studies will focus on
using Y444F AAV?2 to modulate mTOR complex-1 as well as
other critical targets to achieve robust axonal regeneration for
functional visual recovery.
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