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Mouse y-Synuclein Promoter-Mediated Gene Expression
and Editing in Mammalian Retinal Ganglion Cells
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Optic neuropathies are a group of optic nerve (ON) diseases caused by various insults including glaucoma, inflammation, is-
chemia, trauma, and genetic deficits, which are characterized by retinal ganglion cell (RGC) death and ON degeneration. An
increasing number of genes involved in RGC intrinsic signaling have been found to be promising neural repair targets that
can potentially be modulated directly by gene therapy, if we can achieve RGC specific gene targeting. To address this chal-
lenge, we first used adeno-associated virus (AAV)-mediated gene transfer to perform a low-throughput in vivo screening in
both male and female mouse eyes and identified the mouse y-synuclein (mSncg) promoter, which specifically and potently
sustained transgene expression in mouse RGCs and also works in human RGCs. We further demonstrated that gene therapy
that combines AAV-mSncg promoter with clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 gene edit-

ing can knock down pro-degenerative genes in RGCs and provide effective neuroprotection in optic neuropathies.
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Here, we present an RGC-specific promoter, mouse y-synuclein (mSncg) promoter, and perform extensive characterization
and proof-of-concept studies of mSncg promoter-mediated gene expression and clustered regularly interspaced short palin-
dromic repeats (CRISPR)/Cas9 gene editing in RGCs in vivo. To our knowledge, this is the first report demonstrating in vivo
neuroprotection of injured RGCs and optic nerve (ON) by AAV-mediated CRISPR/Cas9 inhibition of genes that are critical
for neurodegeneration. It represents a powerful tool to achieve RGC-specific gene modulation, and also opens up a promising
gene therapy strategy for optic neuropathies, the most common form of eye diseases that cause irreversible blindness.
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Introduction
Optic neuropathies are a group of optic nerve (ON) diseases
characterized by the progressive death of retinal ganglion cells
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(RGCs) and ON degeneration, which are the leading causes of ir-
reversible blindness (Carelli et al,, 2017; DeBusk and Moster,
2018). RGCs relay visual information from retina to brain
through the ON, which is formed by RGCs’ projection axons.
The ON is highly vulnerable to injury by inflammation, ische-
mia, toxicity, hereditary deficits and high intraocular pressure,
any of which can cause retrograde RGC death. Optic neuropathy
can also be associated with other CNS neurodegenerative dis-
eases (Carelli et al., 2017), including multiple sclerosis (Talman,
2010; Toosy et al., 2014; Balcer et al., 2015), Alzheimer’s disease
(McKinnon, 2003; Chiasseu et al., 2016), and amyotrophic lateral
sclerosis (Minegishi et al., 2016; Wiggs and Pasquale, 2017). Lack
of effective neuroprotective or regenerative therapy for RGCs
and ON significantly impedes preservation of vision in patients
with optic neuropathies, and novel treatments are desperately
needed.

Gene therapy using a viral vehicle to deliver genetic material
into cells is a promising way to directly target pathogenetic mole-
cules (Keeler et al., 2017). The retina is an advantageous target
for gene therapy due to its easy access, confined non-systemic
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localization, partial immune privilege, and well-established de-
finitive functional readouts (Ratican et al., 2018). The success of
adeno-associated virus (AAV)-mediated gene replacement in
treating inherited retinal disease (Bainbridge et al, 2008;
Hauswirth et al., 2008; Maguire et al., 2008, 2009; Busskamp et
al., 2010; Gorbatyuk et al., 2010; Mingozzi and High, 2011; Boye
et al., 2013; Smalley, 2017) makes RGC-specific gene expression
and editing by AAV a promising gene therapy strategy for optic
neuropathies. We and others have found that AAV?2, the best-
characterized AAV serotype, efficiently infects RGCs in retina af-
ter intravitreal injection; RGCs are located in the innermost layer
of the retina, which is directly opposed to the vitreous (Pang et
al.,, 2008; Park et al., 2008; Hu et al., 2012; Boye et al., 2013; Yang
et al,, 2014, 2016a; Miao et al., 2016). However, other cell types,
including amacrine cells, Miiller glia, and bipolar cells, can also
be infected, although to a lesser degree (Pang et al, 2008;
Nickells et al., 2017). Therefore, one critical requirement for safe
clinical treatment of RGCs by AAV-mediated gene therapy is to
achieve precise targeting and sustained gene expression in RGCs
without unwanted gene expression in other retinal cells.

The clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated protein (Cas) system, which
bacteria use to edit foreign viral gene intrusion, has been adapted
for efficient gene editing of the mammalian genome (Cong et al.,
2013; Jinek et al., 2013; Mali et al., 2013). Mature retinal neurons
are post-mitotic cells, in which specific gene deletion can be
achieved by CRISPR/Cas9-mediated double-stranded DNA
breaks and nonhomologous end joining (Wang et al., 2014b;
Bakondi et al., 2016). The simplicity and specificity of the RNA-
guided CRISPR/Cas9 endonuclease system has revolutionized
gene therapy by enabling precise, efficient and even multiplex
gene editing in mammalian cells. Taking advantage of these
powerful genetic tools to develop neuroprotective treatments for
optic neuropathy is a scientifically important and clinically
urgent undertaking.

We reasoned that an RGC-specific promoter would allow us
to precisely manipulate RGC gene expression without affecting
other retinal cell types. Here, we report that mouse 7y-synuclein
(mSncg) promoter drives specific, potent, and sustained trans-
gene expression in rodent RGCs. We also demonstrate, for the
first time in vivo in mouse RGCs, that AAV2-mSncg promoter-
driven CRISPR/Cas9 can significantly knock-down endogenous
DNA-damage inducible transcript 3 (Ddit3; gene name for the
transcription factor CHOP) and SarmI and preserve the acutely
injured RGC somata and axons. This proof-of-concept study
demonstrates that AAV-mediated CRISPR gene therapy using
an RGC-specific promoter to directly modulate endogenous de-
generative genes holds great potential in treating devastating
optic neuropathies.

Materials and Methods

Mice

C57BL/6 WT (#000664) mice and H11"">F% % with C57BL/6 back-
ground (#027632; Chiou et al., 2015) were purchased from The Jackson
Laboratory. Either sex was randomly used in the experiments. All experi-
mental procedures were performed in compliance with animal protocols
approved by the IACUC at Stanford University School of Medicine.

Constructs

All the promoter constructs were based on the pAM-AAV-CAG-EGFP-
WPRE plasmid. Genomic DNA (gDNA) from C57BL/6] mouse tails and
human HEK 293 cells were used to PCR the nine mouse promoters
[mSncg; a-calcium/calmodulin-dependent protein kinase I (mCaMKIIa);
ISL LIM homeobox 2 (mIsl2); thy-1 cell surface antigen (mThyl); Class
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IIT B-tubulin (mTuBB3); Synapsin I (mSynI); phosphoglycerate kinase 1
(mPGK); growth associated protein 43 (mGAP43); and RNA-binding
protein with multiple splicing (nRBPMS)] and the four human promoters
(hSncg, hIsl2, hThyl, and hSynI), respectively. All the promoters’ sequen-
ces are included in Extended Data Fig. 1-1. The primers used for PCR
with the promoters are shown in Extended Data Fig. 1-2. The promoters
were inserted into Ndel and EcoRI sites of pAM-AAV-CAG-EGFP-
WPRE plasmid to replace the original CAG promoter but partially keep
CMYV enhancer. The truncation of mSncg promoter was also done by
PCR using the primers listed in Extended Data Fig. 1-2. As we failed to
amplify the mRBPMS promoter by PCR, a 2475-bp fragment was synthe-
sized by Integrated DNA Technologies, Inc (IDT).

AAV production

The detailed procedure has been described previously (Hu et al., 2012;
Yang et al., 2014). Briefly, AAV plasmids containing the transgenes were
co-transfected with pAAV2 (pACG2)-RC triple mutant (Y444, 500,
730F; Petrs-Silva et al., 2011; Wang et al., 2014a; Zhang et al., 2014) and
the pHelper plasmid (Stratagene) into HEK293T cells. All the AAV used
in this manuscript were generated the same way; 72 h after transfection,
the cells were lysed to release the viral particles, which were precipitated
by 40% polyethylene glycol and purified by two rounds of cesium chlo-
ride density gradient centrifugation. The virus bands were taken out for
dialysis in a MWCO 7000 Slide-A ~-LYZER cassette (Pierce) overnight at
4°C. The AAV titers were determined by real-time PCR (Extended Data
Fig. 1-2) and diluted to 1.5 x 1012 vector genome (vg)/ml. Thus, we
used 2 pl for intravitreal injection of each eye to achieve 3 x 109 vg/ret-
ina. All the AAVs titers are summarized in Extended Data Fig. 1-2.

Intravitreal injection

Mice were anesthetized by xylazine and ketamine based on their body
weight (0.01 mg xylazine/g + 0.08 mg ketamine/g). For each AAV intra-
vitreal injection, a micropipette was inserted into the peripheral retina of
three- to eight-week-old mice just behind the ora serrata, and advanced
into the vitreous chamber so as to avoid damage to the lens.
Approximately 2 pl of the vitreous was removed before injection of 2 pl
AAV into the vitreous chamber.

Immunohistochemistry of wholemount and cross sections of retina

After transcardiac perfusion with 4% PFA in PBS, the eyes were dis-
sected out, postfixed with 4% PFA for 2 h, at room temperature, and cry-
oprotected in 30% sucrose overnight. For retina wholemount, retinas
were dissected out and washed extensively in PBS before blocking in
staining buffer (10% normal goat serum and 2% Triton X-100 in PBS)
for 1 h. RBPMS guinea pig antibody was made at ProSci according to
publications (Kwong et al.,, 2010; Rodriguez et al., 2014) and used at
1:4000, mouse CHOP (1:50, Cell Signaling Technology), rat HA (clone
3F10, 1:200, Roche), and M2 antibodies for Flag tag (1:200) were diluted
in the same staining buffer. Floating retinas were incubated with primary
antibodies overnight at 4°C and washed three times for 30 min each
with PBS. Secondary antibodies (Cy2, Cy3, or Cy5 conjugated) were
then applied (1:200; Jackson ImmunoResearch) and incubated for 1 h at
room temperature. Retinas were again washed three times for 30 min
each with PBS before a cover slip was attached with Fluoromount-G
(SouthernBiotech). For cross sections of retina, the eyes were dehydrated
in 30% sucrose solution overnight before embedding in OCT on dry ice.
Serial cross sections (14 pum) were cut with a Leica cryostat and collected
on Superfrost Plus Slides and stored at -80°C until processed.

Counting surviving RGCs in peripheral retina and axons in ON

The detailed procedure has been described previously (Hu et al., 2012;
Yang et al., 2014; Huang et al., 2017). Briefly, for RGC counting, whole-
mount retinas were immunostained with the RBPMS antibody, six to
nine fields sampled from peripheral regions of each retina using 40x
lens with a Zeiss M2 epifluorescence microscope, and RBPMS* RGCs
counted by Volocity software (Quorum Technologies). The percentage
of RGC survival was calculated as the ratio of surviving RGC numbers in
injured eyes compared with contralateral uninjured eyes. To count sur-
viving axon in ON, transverse semi-thin (1 pm) sections of ON were cut
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Retinal cross sections showing EGFP expression mediated by AAV2 with diverse promoters. A, Diagram of AAV vectors that contain diverse promoters to drive EGFP expression.

The promoters’ sequences are in Extended Data Figure 1-1 and the primers used to generate these promoters are in Extended Data Figure 1-2. B, Confocal images of retina cross sections show-
ing EGFP expression driven by different promoters. Scale bar, 20 um. C, The percentage of RBPMS-positive cells (RGCs) in GFP-positive cells in retinal cryostat sections. Data are presented as

mean == SEM, n=3; **p << 0.01; one-way ANOVA with Tukey's post hoc test.

on an ultramicrotome (EM UC7, Leica) and collected 2 mm distal to the
eye (~1.5 mm distal to the crush site). The semi-thin sections were stained
with 1% para-phenylenediamine (PPD) in methanol: isopropanol (1:1;
Smith, 2002), and imaged through a 100x lens of a Zeiss M2 epifluores-
cence microscope to cover the entire area of the ON without overlap. Two
areas of 21.4 x 29.1 pm were cropped from the center of each image, and
the surviving axons within the designated areas, roughly 10% of entire
cross-area of one ON, were counted manually. After counting all the
images taken from a single nerve, the mean of the surviving axon number
was calculated for each ON. The mean of the surviving axon number in

the injured ON was compared with that in the contralateral control ON to
yield a percentage of axon survival value. The investigators who counted
the cells or axons were blinded to the treatment of the samples.

Retrograde labeling of RGCs by injection of Dil into superior colliculus
(SO

The adult wild-type (WT) mice were anesthetized by xylazine and keta-
mine based on their body weight (0.01 mg xylazine/g + 0.08 mg keta-
mine/g) and placed on a mouse adaptor (502600, World Precision
Instruments, LLC) attached to a digital stereotaxic instrument (68025,
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Figure 2. Retinal and ON wholemounts showing EGFP intensities mediated by AAV2 with diverse promoters. A, Confocal images of retinal wholemounts showing EGFP expression at varying
intensity levels driven by diverse promoters in RGCs. Scale bar, 20 pum. B, Low-magnification epi-fluorescence images of wholemount ONs containing optic chiasm showing EGFP expression in
RGC axons. €, Mean EGFP fluorescence intensity in wholemount retinas. Data are presented as mean = SEM, n=3; **p << 0.01; one-way ANOVA with Tukey's post hoc test.
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RWD Life Science). The bregma was set as
the origin of anterior to posterior (AP),
medial to lateral (ML), and dorsal to ventral
(DV), and the A was at the same ML and
DV as bregma. The horizontal plane of the
mouse skull was calibrated before drilling by
adjusting the left hemisphere point (AP:
—2.00, ML: 2.50) at the same DV with the
contralateral point (AP: —2.00, ML: —2.50).
The SC coordinates for four sites and three
depths are: AP: —3.55, ML: 0.6, DV: —1.25/
—1.60/—2.00, AP: —3.55, ML: —0.6, DV:
—1.25/—1.60/—2.00, AP: —3.92, ML: 0.8,
DV: —1.25/—1.60/—2.00, and AP: —3.92,
ML: —-0.8, DV: —-1.25/—1.60/—2.00. A
pulled-glass micropipette fused to a 10-pl sy-
ringe (80314, Hamilton) with hot glue and
filled with mineral oil was controlled by
micro syringe pump (Micro4, World
Precision Instruments, LLC) at the speed of
250 nl/min for 1 min per site. Approximately
3-pl Dil (V22885, Invitrogen) was injected
into both SC. 2 d after SC injection, the mice
were sacrificed, and retinas prepared for
wholemount staining.

>
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Fluorescent in situ hybridization (FISH)
with retina cross sections

FISH was performed by using the RNAscope E3
Multiplex Fluorescent Detection Reagents

V2 (Advanced Cell Diagnostics, ACD) B
according to the manufacturer’s instructions.

RNAscope probes Mm-Ddit3 and Mm- 1007  *%%x
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Human Stem Cell-derived RGCs
mSncg-EGFP hSncg-EGFP

o mm mSncg-EGFP
Sarml were purchased from ACD and tar- £ L~ ' D=3hSncg-EGFP
geted bases 11-807 and 1011-1966 of mouse 3 80, ek
Ddit3 and Sarm1 (NCBI reference sequence: % 60+ !
NM_007837.3 and NM_001168521.1), res- § 404 T
pectively. Adult mice were perfused with ice- 3 x10" vgice x19"vgice
cold 4% PFA/PBS, eyes were dissected out 5 201 |'T'|
and fixed in 4% PFA/PBS at 4°C overnight. < 0 . B |
The eyes were dehydrated with increasing Double+ Double+
concentrations of sucrose solution (15 — IGFP ItdTomato
30%) overnight before embedding in OCT Figure 3.  Co-labeling AAV-mSncg-EGFP infected hPSC-derived human RGCs with RGC reporter Br3b-tdTomato. A, Confocal

on dry ice. Serial cross sections (12 pm) were
cut with a Leica cryostat and collected on
Superfrost Plus Slides. The sections were pre-
treated with protease and then subjected
to in situ hybridization with RNAscope
Multiplex Fluorescent Detection Reagents V2
according to the manufacturer’s instruction
(ACD). Briefly, sections were hybridized with the probe solution, fol-
lowed by amplification and probe detection using TSA plus fluorescein/
cyanine 5 (PerkinElmer). The sections were mounted with Fluoro-
mount-G (SouthernBiotech). Images were captured by a Zeiss LSM
880 confocal laser scanning microscope with 63x/1.40 Oil DIC (Carl
Zeiss Microscopy).

Maintenance of human pluripotent stem cells (hPSCs)

hPSCs were initially maintained in an undifferentiated state as previ-
ously described (Ohlemacher et al., 2015, 2016). Briefly, cells were
maintained in the undifferentiated state in mTeSR1 medium on a
Matrigel substrate. Upon reaching ~70% confluency, cells were
mechanically passaged with dispase (2 mg/ml) and split at a ratio
of 1:6.

Differentiation of RGCs from hPSCs

hPSCs were differentiated to a retinal lineage following established pro-
tocols (Ohlemacher et al., 2015, 2016) with presumptive RGCs identified
by a BRN3B:tdTomato reporter (Sluch et al., 2017). After 45 d of dif-

images of cultured hPSC-RGCs showing EGFP™ and tdTomato™* RGCs. Scale bar, 20 um. B, Quantification of EGFP/tdTomato
double-positive cells. Data are presented as mean = SEM, n = 12; ****p < 0.0001; Student’s ¢ test. , Epi-fluorescence images
of human primary RGCs infected with AAV-mSncg-EGFP or AAV-hSncg-EGFP at the same ratio. D, Epi-fluorescence images of
human stem cell-derived RGCs infected with AAV-mSncg-EGFP or AAV-hSncg-EGFP at different ratio. Scale bar, 50 pm.

ferentiation, BRN3b:tdTomato-expressing retinal organoids were dissoci-
ated to a single cell suspension using Accutase for 20 min at 37°C. For
purification of RGCs, dissociated cells were immunopurified for the
cell surface receptor Thyl.2 using the magnetic-activated cell sorting
(MAC:s) kit from Miltenyi Biotec. In brief, dissociated cells were incu-
bated for 15 min at 4°C in the dark with 10 ul of CD90.2 beads and 90
ul of MACs buffer per 10 million cells. Subsequently, the cell suspen-
sion was run through a magnetic sorting column, followed by three
PBS washes. Purified RGCs were then plated on poly-D-ornithine
and laminin-coated coverslips at a density of 10,000 cells/coverslip
and maintained in BrainPhys neuronal medium (STEMCELL
Technologies), as previously described (Fligor et al., 2018).

Isolation of human primary RGCs

RGC isolations were performed as previously shown by Barres et al.
(1988), with slight modifications to accommodate human tissue. Briefly,
retinas were isolated from healthy donor eyes (within 24 h postmortem,
six-month-old infant) by circumferential dissection at the limbus, and
separation of the anterior and posterior segment of the globe. The vitre-
ous and lens were then carefully dissected away from the retina, care was
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Figure 4. Co-labeling AAV-mSncg-EGFP infected cells in mouse retina with RGC markers, RBPMS or retrograde tracing dye Dil. A, Confocal images of wholemount retina showing EGFP™ and
RBPMS™ RGCs. B, Quantification of EGFP/RBPMS double-positive cells in retina. Data are presented as mean + SEM, n=6. €, Confocal images of wholemount retina showing EGFP™ and
Dil™ RGCs. Scale bar for the whole-retina images, 1 mm. Scale bar for the enlarged white dotted square regions, 20 pum. D, Quantification of EGFP/Dil double-positive cells in retina. Data are

presented as mean == SEM, n=5.

taken to avoid retinal tearing, and retinas were separated away from the
sclera. Retinas were then digested with papain to dissociate the cells.
RGCs were purified from other retinal cells via a series of negative selec-
tion immuno-panning steps followed by a modified positive selection
pan, using an antibody against human Thyl (Bio-Rad, F15-42-1) to
select for human RGCs. RGCs were then plated on PDL+Laminin
coated eight-well chamber slides (Lab-Tek; 155411) at 20 k per well.
We added the AAV at 1 x 105 vg/cell in the culture and refreshed cul-
ture medium every other day for 5 d before fixation with 4% PFA in
PBS and immunostaining with primary antibodies (RBPMS 1:4000)
and EGFP antibody (Aves Lab, 1:200) overnight at 4°C and washing
three times for 30 min each with PBS. The cells were incubated with
secondary antibodies (1:200; Jackson ImmunoResearch) for 1 h at room
temperature.

Human embryonic stem cell culture and RGC differentiation

Human embryonic (A81-H7) stem cells (Sluch et al.,, 2015) were cul-
tured in mTeSR1 (STEMCELL Technologies), incubated at 37°C in 5%
CO,. For RGC-like cell differentiation, we used the chemical-based
protocol for neural differentiation that was previously described
(Venugopalan et al., 2016). Briefly, stem cells were cultured in six-well
plates to 80% confluence, then medium was changed to N2 medium
(DMEM/F-12; Thermo Fischer Scientific) supplemented with 1% N2
(Thermo Fisher Scientific) on day 0. On day 1, medium was replaced

with N2 medium supplemented with dorsomorphin (1 um, Tocris),
SB431542 (10 uM, Sigma-Aldrich), and IWP (2 um, Sigma-Aldrich),
which we named N2+Dor+SB+IWP2 (N2DSI). On day 2, to create
embryonic bodies (EBs), we washed cells with PBS (without Ca®*/
Mg>") for 5 min at 37°C. Cells were then scraped in N2DSI medium
and transferred to ultra-low attachment plates (Corning). Starting from
day 3, we changed the N2DSI medium every other day, using a cell
strainer to avoid the loss of EBs, until day 9. On day 10, EBs were dissoci-
ated with Accutase (Innovative Cell Technologies) and cultured on
Matrigel-coated plates using NBF medium (DMEM/F-12 supplemented
with 1% PS, 0.5% N2, 1% B27, and bFGF, 20 ng ml’l). Neural rosettes
formed from EBs in the next 6 d. When neural rosettes appeared, they
were manually picked up with a needle, dissociated with Accutase and
cultured on PDL/Laminin-coated plates using NBF medium. Neural
progenitor cells (NPCs) were purified after a few passages and Rock in-
hibitor (Y-27632, EMD Millipore) was added for sub-culturing. RGCs
were then differentiated from NPCs using Full Sato (FS) medium, which
contained 10 um y-secretase inhibitor (Notch signaling inhibitor;
DAPT; EMD Millipore). Half of the medium was changed every other
day until harvesting.

Wholemount ON imaging
The ON was isolated from 4% PFA perfused mouse and imaged imme-
diately by epi-fluorescence microscopy (Leica M165FC) or mounted on
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Figure 5.  Long-term EGFP expression driven by mSncg or CAG promoters in mouse RGCs. 4, Live SLO retina fundus images showing EGFP expression in RGCs at different time points after

AAV intravitreal injection. Scale bar, 100 pum. B, Quantification of EGFP fluorescence intensities at different time points after AAV intravitreal injection. Data are presented as mean * SEM,
n=5-12. C, Confocal images of retina and ON wholemounts at 12 mpi (one year) showing EGFP+ RGC somata and axons. Scale bar of retina, 20 pum. Scale bar of ON, 100 pm.

a slide with Fluoromount-G and cover glass, and pressed with a 100 g
weight scale for at least 4 h before imaging with a 40x lens by laser scan-
ning confocal microscopy (Zeiss, LSCM880).

Constructs for Cas9 and sgRNAs

The plasmid containing SpCas9 with N-terminal HA tag was purchased
from Addgene (PX551, plasmid #60957). For constructing the vector
carrying SpCas9 with mSncg-0.27K promoter, the PX551 was digested
with Xbal and Agel to remove the original Mecp2 promoter. The
promoter insert was amplified using the following primers: ITR-mSncg-
0.27K-F: catcactaggggttcctgeggectctagaaagagtcagcagggcagaatagage; Cas9-
mSncg-R: acatcgtatgggtacatggtggcgaccggtcttgaagacgtecatggtgtttec. The
backbone and insert were assembled together by Gibson reaction (NEB,
E2611L).

For single guide RNA (gRNA) selection to mouse Ddit3 and Sarm1
genes, the 20-nt target sequences were selected to precede a 5'-NGG pro-
tospacer-adjacent motif (PAM) sequence in the coding exons (https://
portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design).  For
each gRNA, two partially complementary oligos with 4nt overhangs
compatible for cloning were synthesized and annealed and ligated into
Sapl digested PX552 vector (Addgene, plasmid #60958) that carries the
gRNA scaffold with U6 promoter. The original PX552 plasmid was used
as control (control gRNA). For the multiplex gene targeting strategy,
individual gRNA cassettes with U6 promoter and gRNA scaffold were
pasted into the region between ITR and until four U6-sgRNA cassettes
were built into one construct. All obtained constructs were verified by
sequencing.

In order to select sgRNAs that knock-down mouse Ddit3 and Sarm1
more efficiently in vitro, we subcloned Ddit3 and Sarml with fused
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Figure 6.  The specificity and potency of different truncated forms of mSncg promoter in mouse RGCs. A, Schematic illustration of the mouse Sncg gene and its promoters. The Sncg gene is
located on chromosome 14 (34370274-34374669) adjacent to multimerine 2 gene (Mmrn2). The 1.45-kb mSncg promoter starts from —1352 bp upstream of +1 Sncg transcription start site
and ends at +92 bp. It includes partial sequence of the first intron and the whole first exon of Mmrm2, the non- transcription regions between Mmr2 and mSncg genes, and the non-trans-
lated region of the first exon of mSncg. The green “boxes” represent non-translated regions. B, Epi-fluorescence low-magnification images of ON wholemounts showing EGFP expression in RGC
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Figure 7.

In vitro assays to select effective Ddit3 and Sarm7 gRNAs. A, Schematic illustration of AAV vectors for U6 promoter driven gRNA expression. The (/S gRNAs include four U6 pro-

moters that drive 2 Ddit3 and Sarm7 gRNAs individually. B, Sequences of 4 Ddit3 gRNAs and SarmT gRNAs that we tested in vitro. The red coded sequences are selected to make (/S gRNAs. €,
Schematic illustration of mCHOP-mCherry and Sarm1-mCherry constructs and corresponding targeting regions of gRNAs. Note, 49 bp in between of (2 and (3 sgRNAs and 147 bp in between
of S3 and S4 sgRNAs are potential truncations by paired sgRNAs. D, Co-transfection of SpCas9, gRNAs and reporters (Ddit3-mCherry or Sarm1-mCherry) in HEK293T cells to determine knock-

down effects. Scale bar, 50 pim.

mCherry into AAV vectors to overexpress both genes. mDdit3 was
amplified from Addgene plasmid #21913 using the primer pair: mDdit3-
F: gcggcecgeacgegtctcgagaattcatggageaaaagetgatttctgaggagg and mDdit3-
mCherry-R: cttgctcacagctccacctecacctectgettggtgcaggetgaccatgegg; mCherry
was amplified with mDdit3-mCherry-F: ccgcatggtcagcctgcaccaageaggaggtg
gaggtggagctgtgagcaag  and mCherry-R:  cagaggttgattatcgataagcttctcgac-
tagtttccggacttgtacagetc. The two fragments were assembled to a pAM back-
bone that cut from pAM-AAV-CAG-EGFP-WPRE with EcoRI and Mlul.
mSarml was amplified from Addgene plasmid #50707 using mSarm1-F:
geggecgcacgcegtctcgagaattcatg GAGCAAAAGCTGATATCTGAAGAGGAC
and mSarm1-mCherry-R: cttgctcacagcetccacctecacctccaggeagacccattggeg-
tagctcce. mCherry was amplified with mSarm1-mCherry-F: gggagctacgc-
caatgggtctgectggaggtggaggtggagetgtgagcaag and mCherry-R: cagaggttg
attatcgataagcttctcgactagtttccggacttgtacagetc.

«—

axons. €, Confocal images of wholemount retinas showing EGFP-positive RGCs. Scale bar, 20
um. D, The MFI and percentage of GFP+ cells of each promoter-driven GFP among total
retina cells were measured by FACS. Data are presented as mean * SEM, n=4;
*¥p < 0.01, ****p < 0.0001; one-way ANOVA with Tukey's post hoc test. E, Confocal
images of cross sections of retinas showing EGFP signals in different retina layers. Scale bar,
20 pm.

Live retina fundus imaging with scanning laser ophthalmoscopy (SLO)
After the mice were anesthetized, pupils were dilated by applying 1% tro-
picamide sterile ophthalmic solution (Akorn), and the customized
+10D contact lens (3.0-mm diameter, 1.6-mm BC, PMMA clear,
Advanced Vision Technologies) applied to the dilated pupil. The retina
fundus images were captured with the Heidelberg Spectralis SLO/OCT
system (Heidelberg Engineering) equipped with 488 excitation laser and
55° noncontact lens. The focal point position to the ON head, imaging
area and mouse position were fixed for every animal for reliable compar-
ison. The fluorescent fundus images were acquired at 70 sensitivity,
high-resolution mode, and 30 frames average. To determine the GFP in-
tensity on fundus images, the fluorescence intensity to radius measure-
ment with the center at the optic disk was obtained by Image] and the
Concentric Circles Plugin as described before (Wassmer et al., 2017).

Spectral-domain optical coherence tomography (SD-OCT) imaging

The animal anesthesia, pupil dilation, contact lens application, and
mouse position were the same as for SLO imaging, except that a 30° lens
(Heidelberg Engineering) was used. The Spectralis OCT has an 870-nm
infrared wavelength light source, and the scanner has 7-pm optical axial
resolution, 3.5-um digital resolution, and 1.8-mm scan depth at 40-kHz
scan rate. The mouse retina was scanned with the ring scan mode cen-
tered by the ON head at 100 frames average under high-resolution mode
(each B-scan consisted of 1536 A scans). The scanning ring has a fixed
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Off-target of gRNA analysis

To find the predictive off-targets, we used the
online CRISPR RGEN Tool, Cas-OFFinder,
based on two criteria. First, potential off-tar-
gets can have a maximum of two mismatches
with the gRNA (Hsu et al, 2013). Second,
potential off-targets must match perfectly in
their seed (12 nt 3’ of the PAM sequence)
with a maximum of two mismatches in the
rest of the gRNA (Cong et al., 2013). Using
these criteria, we could not detect off-target
for any of the gRNAs that we used, except
one Ddit3 gRNA (GACTGGAATCTGGAG
AGCGA), which has one off-target with
three mismatches (GtgTGtAATCTGGAG
AGCGAGGG). The activity of the off-target
was evaluated by surveyor assay.

RGC purification by FACS

Five weeks after intravitreal injection of
AAV-C/S gRNAs-hSyn1-GFP and AAV-
0.27k mSncg-HA-SpCas9, retinas were
collected after sacrifice. The retinal cells
were dissociated by a neuron dissociation kit
(FUJIFILM Wako Pure Chemical Corpo-
ration) following the manufacturer’s instruc-
tion. The cells were resuspended in PBS and
filtered by 40-um cell strainer (Corning) for
FACS. GFP+ cells were collected by FACS
(FACSAria Fusion Sorter, BD Biosciences).
gDNA was isolated from collected cells using
QIAamp DNA Mini kit (QIAGEN).

'RBPMS/GFP

Quantification of the median fluorescence in-
tensity (MFI) by FACS

AAV-hSncg-GFP, AAV-mSncg-1.45kb-GFP,
AAV-mSncg-1.03kb-GFP, AAV-mSncg-0.66kb-
GFP, or AAV-mSncg-0.27kb-GFP were
intravitreally injected into mice. Retinas
were collected three weeks after injection
and retinal cells dissociated as described

¥X¥

_| above. The cells were fixed by 4% PFA,
resuspended in PBS, and filtered by 40-um

C/S-gRNA Control-gRNA
Control C/S-gRNA-

cell strainer (Corning) for FACS. Appro-

Figure 8.

0 10 20
Ddit3* RGC / total RGC (%)

Ddit3 and Sarm1 knock-down by AAV-mSncg-CRISPR/Cas9 in mouse RGCs. A, Confocal images of wholemount ret-
inas showing AAV-mSncg-HA-SpCas9 expression in retina (upper panel) and the expression of (/S gRNAs-GFP in RGCs (GFP-pos-
itive cells) and Ddit3-mCherry inhibition. B, Confocal images of wholemount retinas showing AAV-mSncg-Cre-mediated Flag-
SpCas9 expression in retinas of LSL-Flag-SpCas9 mice, and Sarm1-mCherry inhibition by (/S gRNAs-GFP. Scale bar, 20 pm. C,
Confocal images of cross sections of retinas showing Ddit3 and Sarm7 mRNA levels in GCL by ISH. Scale bar, 20 pm. D,

30 40 50 ximately 100 GFP+ cells were analyzed by

FACS (LSRII- analyzer, BD Biosciences)
from each sample, and each sample was
acquired four times to generate the MFI,
which is used to describe the brightness of
GFP. MFI and percentage of GFP+ cells
within the total retinal cells were calculated
by Flow]Jo_v10.

Confocal images of wholemount retinas showing Ddit3 expression in RGCs. For Ddit3-positive RGCs counting, four random fields

from each retina were imaged using a 40 oil lens, and the RGCs doubly positive for RBPMS and Ddit3 were counted by
masked observer. The percentage of Ddit3+ RGCs was calculated as the ratio of Ddit3+ RGCs compared with total RGCs in

the field. Data are presented as mean = SEM, n=5; ***p < 0.001, Student’s ¢ test.

diameter of 160 pm, and we fixed the focal length at scale 37D. We
always placed the ON head in the center of the ring, which allowed us to
scan the same area and same distance from the ON head to the ring of
each eye. The GCC thickness was determined by averaging the GCC
thickness along the whole parameter of the ring, not in a specific direc-
tion. The GCC includes retinal nerve fiber layer (RNFL), ganglion cell
layer (GCL), and inner plexiform layer (IPL). The average thickness of
GCC around the ON head was measured manually with the aid of
Heidelberg software. The mean of the GCC thickness in the injured retina
was compared with that in the contralateral control retina to yield a percent-
age of GCC thickness value. The investigators who measured the thickness
of GCC were blinded to the treatment of the samples.

Genomic deletions analysis

Paired sgRNAs were designed to maximize
the efficiency of editing the target genes,
which can also result in genomic deletions.
For the analysis of deletions, the primers
were designed to anneal to outside the
deleted region to verify the successful deletion by product size analysis
using electrophoresis in agarose gels (Ran et al., 2013).

Targeted deep sequencing and data analysis

Targeted deep sequencing primers were designed to amplify 100-200 bp
on either side of the gRNAS’ targets (for a total amplicon 500 bp long)
with generic adapters. Ddit3-F, acactctttccctacacgacgctcttccgatctGTC
AAGTATAGGCAAGAGGCG; Ddit3-R, gactggagttcagacgtgtgctcttccgatct
TTGAGCCGCTCGTTCTCTTCA; Sarml-F, acactctttccctacacgacgcte
ttccgatct TTCTGTCTGCCATGACTCAC; Sarml-R, gactggagttcagacgt
gtgctettecgatct TTCCACCTCCTTGTTGGTAG. Low-cycle PCR  was
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Reference amplicon position (bp)

The efficiencies of Ddit3 and Sarm1 genomic editing in mouse retina by AAV-mediated CRISPR/Cas9. AAV-Sncg-Cas9 and AAV-U6-C/S gRNAs-Syn1-GFP were co-injected intravi-

treally. A, Representative FACS plots of dissociated retinal cells gated for GFP+ cell isolation. BV421 (405 nm violet laser channel) was used to gate autofluorescence and FITC channel was
used to gate GFP+ cells. A total of 10 WT mice were intravitreally injected with 6 x 109 vg AAV-mSncg-Cas9 and 3 x 109 vg AAV-C/S gRNAs-Syn1-GFP. B, Surveyor assay revealing indel for-
mation at the Ddit3 and Sarm7 genomic locus, but not the off-target locus. Blue arrows are WT bands; red arrows are indel bands. €, Representative gel images showing WT and deletion bands
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performed using Q5 High-Fidelity DNA Polymerase (NEB). Gel purifi-
cation of PCR products was by size- fractionating and the DNA was
extracted using MicroElute Gel Extraction kit (Omega Bio-Tek).
Samples were pooled in equal amounts and a mixed barcoded library
sequenced (paired-end 250 bp) by GENEWIZ Amplicon-EZ sequencing
service (GENEWIZ). More than 50,000 reads were generated with each
sample using Illumina platform. Data analysis was performed with
CRISPResso2 (Clement et al., 2019).

SURVEYOR nuclease assay

The amplicons were PCR-amplified from gDNA of GFP+ cells collected
by FACS. The primers are: Sur-Ddit3-F, CGACTGTGGTGAAT
GGAATG; Sur-Ddit3-R, GAGACAGACAGGAGGTGATG; Sur-Sarm1-
F, GGGTTGAAAACATTCAACCG; Sur-Sarm1-R, GCACAGGTAGAA
TGCTCCTA; Sur-off-target-F, TGGGAGATGCCTCCTCAAAGC; Sur-
off-target-R, AGATATGCTATTTGCCACTGCC. The amplicons were
then denatured at 95°C and gradually reannealed to allow the formation
of DNA heteroduplexes. The annealed heteroduplexes were digested
with SURVEYOR nuclease (Integrated DNA Technologies) following
the manufacturer’s instructions. The products were visualized on a 1.5%
(wt/vol) agarose gel. The intensity of the bands of the PCR amplicons
and cleavage products was measured by using ImageJ. The indel ratio
(indel %) was calculated using the equation below, where a is the inte-
grated intensity of the PCR amplicon and b and ¢ are the integrated
intensities of each cleavage product:

Indel% = 100 x (1 — /1 — (b+c)/(a+b+c))

P19 cell culture and transfection

P19 cells (ATCC) were cultured at 37°C in a 5% CO, in air atmosphere
in Alpha MEM (Thermo Fisher Scientific) with 5% fetal bovine serum
(Thermo Fisher Scientific), 100 U/ml penicillin and 100 U/ml strepto-
mycin (Thermo Fisher Scientific). One day before the transfection, cells
were seeded at 3 x 105 cells/well in six-well tissue culture plate.
Transfection was performed by using TransIT-X2 transfection reagent
(Mirus) following the manufacturer’s instructions. Briefly, cells were
80% confluent at the time of transfection; 2.5 pg total DNA plasmid (C/
S-gRNA: Cas9 =1:2 or Cas9 only as control) added in to Opti-MEM I
reduced serum medium (Thermo Fisher Scientific), and then 7.5 pl
TransIT-X2 added into the DNA. The mixture incubated at room tem-
perature for 20 min to allow complexes to form. Distributed the com-
plexes to cells and harvest the cells 48 h after transfection. gDNA from
the cells was isolated using QIAamp DNA Mini kit (QIAGEN). Gene
editing efficiency was detected by targeted deep sequencing and
SURVEYOR assay.

Statistical analyses

GraphPad Prism 6 was used to generate graphs and for statistical analy-
ses. Data are presented as mean = SEM. Student’s t test was used for two
groups comparison and one-way ANOVA with post hoc test was used
for multiple comparisons.

Results

AAV-mSncg promoter drives potent GFP expression in
mouse RGCs after intravitreal injection

To identify a RGC-specific promoter, we collected a group of
promoters that are commonly used in AAVs to drive gene
expression in neurons (CAG, mPGK, mCaMKIla; Mayford et
al,, 1996; Gerits et al,, 2015), SynI (Ktgler et al., 2003), and pre-
dicted promoter sequences from several RGC-specific genes,

«—

of Ddit3 and Sarm1. Blue arrows are WT bands; red arrows are deletion bands. D, Schematic
illustration of the insertion/deletion ratio and position distribution in the targeted regions of
(/S gRNAs in mouse Ddit3 and Sarm1 locus, detected by deep sequencing.
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Sncg (Surguchov et al., 2001; Buckingham et al., 2008; Soto et al.,
2008; Surgucheva et al., 2008), Isl2 (Pak et al., 2004), Thy1 (Vidal
et al., 1990; Spanopoulou et al., 1991), Tubb3 (Mellough et al.,
2004), GAP43 (Meyer et al, 1994; Schaden et al., 1994), and
RBPMS (Kwong et al,, 2010; Rodriguez et al., 2014). We sub-
cloned the promoters into the same AAV2 backbone vector to
drive expression of reporter gene, EGFP (Fig. 1A). We injected
the same amount of AAVs into the vitreous (3 x 109 vg/eye) and
used retinal cross sections to screen the tested promoters for cell
transduction in the GCL (Fig. 1B). In dramatic contrast to the
commonly used universal CAG promoter, which drives EGFP
expression in both GCL and inner nuclear layer (INL), the
mouse and human Sncg demonstrated the best specificity among
the promoters that we tested, as evidenced by restricted EGFP in
GCL (Fig. 1B,C). Isolated RBPMS-positive cells in INL that co-
localize with GFP represent displaced RGCs in INL. Based on
EGFP intensity as a reflection of promoter strength (Fig. 2A,C),
mSncg promoter showed much stronger activity than any of the
other promoters tested, except for mCaMKIIa promoter, which
drove EGFP expression as robustly as mSncg, but did not restrict
expression to the GCL. Unexpectedly, the predicted RBPMS pro-
moter, containing the RBPMS gDNA sequence from —1589 to
+885, did not have strong promoter activity. Interestingly,
mSncg promoter was much more potent than hSncg promoter,
as evidenced by stronger EGFP intensity in both wholemount
retina and ON (Fig. 2A,B).

To determine the activities of human and mouse Sncg pro-
moters in human RGCs, we tested AAV2-mSncg and hSncg-
EGFP in hPSC-derived RGCs (Ohlemacher et al., 2015, 2016;
Sluch et al, 2017). A Brb3b:tdTomato reporter has been engi-
neered into this hPSC line and the human RGCs derived from it
are labeled with tdTomato (Fig. 3A). Surprisingly but consistent
with the result from mouse retina, AAV2-mSncg-EGFP also
much more efficiently targeted the majority of hPSC-derived
human RGCs than AAV2-hSncg-EGFP (Fig. 3A,B). This pheno-
type was further confirmed in human primary RGCs and human
stem cell-derived RGCs (Fig. 3C,D). Our subsequent experi-
ments therefore focused on characterizing the mSncg promoter.

To determine the extent and specificity with which AAV2-
mSncg-EGFP targeted RGCs after intravitreal injection, we la-
beled RGCs with a pan-RGC marker, RBPMS (Kwong et al.,
2010; Rodriguez et al., 2014). Approximately 78% of RBPMS"
RGCs were double labeled with GFP, and ~85% of GFP™ cells
were double labeled with RBPMS (Fig. 4A,B), indicating that
AAV2-mSncg-EGFP efficiently targeted the majority of RGCs
and that most of the cells transduced by AAV2-mSncg-EGFP
were RGCs. Since >85% of mouse RGCs project their axons to
SC (Ellis et al., 2016), we also injected neuronal tracing dye Dil
into SC to retrogradely label the majority of RGCs. Again, ~75%
of Dil " RGCs were double labeled with GFP, and ~82% GFP ™"
RGCs were also labeled with Dil (Fig. 4C,D). Considering that
none of these confirmatory methods label all RGCs, these results
increased confidence that AAV2-mSncg-EGFP effectively tar-
geted a large majority of RGCs in vivo.

AAV2-mediated transgene expression follows a unique
dynamic long-term pattern in mouse RGCs

AAV rarely integrates into the host genome, and instead remains
as episomes that express transgenes for a long period of time
(Schnepp et al., 2003; Hastie and Samulski, 2015). To determine
its expression pattern in RGCs, we injected AAV2-mSncg-EGFP
and AAV2-CAG-EGFP intravitreally into two groups of mice
and used live fundus imaging with SLO to monitor EGFP
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expressmnhavealsobeenseenlnblood CCCTCGGTCTCCAGATTCCAIGTCAGAGTTCTATGGCCCAG-()'339% (218 reads
; ; CCCTCGATCTCCAGATTCCAGTCAGAGTTCTATGGCCCAG-0)>3% (194 reads
and liver cells, the immune responses CCCTCGCTTTCCAGATTCCAGTCAGAGTTCTATGGCCCAG—SZ%goﬁ; 187 reads
i i i clC clic G il cinAY cla] ¢ % ¢ clA: 6 [ clA G [ ¢ i c ilAN G G (€ ¢ ClAlG- % (182 reads
seemplaylnganlrgportantrole(Nathwam CCCTCGCTCTTCAGATTCCAGTCAGAGTTCTATGGCCCAGVSZ%%OQ 172 reads
et al, 2002; Sabatino et al, 2007, 2011;  ~ "~ """ T oS T TS T T oo imT o s s s s e 2
. S3 sgRNA
Favaro et al.,, 2011). Wholemounts of reti- 9
. CCGCGTGGCGCGCATCGGTCTAGGCGTGATCTTGAACCT G-Reference
nas and ON at 12 mpi confirmed potent e e 79.29% (6088 reads)
_ 3 : CCGCGT - - - = = = = = = = = o o ahe oo oo oo - @7 Tl oo eoe o 56% (273 reads
long-term  expression of EGFP in RGCs CCGCGTGGCGCGCATCGGTCTAGGCGTGATCTTGAACCTG—%'ggoﬁ 126 reads
(Fig. 5C). In summary, mSncgprornoter CCGCGTGGCGCGCATCGGTCITAGGCGTGATCTTGAACCTG-7129% (86 reads
. o CGCGTCMGGGGGCCTCTAT -f- - - - - - - GATCAAGAGATAC-3'329% (71 reads
can drive long-term transgene expression in COEEET == > - - - --c-c--cfl-oc oo aiaen oo oo 0.75% (55 reads
CCGCGTGGCGCGCATCGGTCTAGGCGTGATCTTGAACCTG-0'60% (46 reads
RGCs. CCGCGTGGCGCGCATCGGTCTAGGCGTGATCTTGAACCTG-('33% (25 reads
CCGCGTGGCGCGCATCGGTCTAGGCGTGATCTTGAACCTG-0'339% (18 reads
Truncated forms of mSncg promoter S4sgRNA
maintain strong promoter activities CCTCGACGCGGTGCTGTACTGGTGCCGCCGCACAGACCC G-Reference
o - - - - - - ¢l 6[el 6 il G [CHl 6 FAICE G G [l G [€Ic] 6 [eIc) 6 [CAYCHA G [RYcicic 6- % (6008 reads
but decrease RGC specificity "7 77 7° CGCGGTGCTGTACTGGTGCCGCCGCACAGACCCG—;84'525§0A)2(67read5 )
i is ~4.7 BRI D R 12% (86 reads
The capacity of the AAV vector is ~4.7 ==~~~ cecGGTGCTGTACTGGTGccGCCGCACAGACCCG-%%SZ;Q 53 reads
kilo base pairs (kb) in between two - --- - - CGCGGTGCTGTACTIGGTGCCGCCGCACAGACCCG-()69% (53 reads
. . EETEEATI==cco==cceoofeccozoooccenzococcsop 0.40% (31 reads
inverted terminal repeats (ITRs); a shorter - - - - ... ... ... ... ... ... 359 (57 reads
. CCTCGACGCGGTGCTGTACTIGGTGCCGCCGCACAGACCCG-(29% (22 reads
promoter will allow larger transgene  ccrceaca--- ... ... T S 0'57% (51 reads
packaging. We truncated the 145-kb = - CGCGGTGCTGTACT|{GGTGCCGCCGCCCAGACCCG-0'25% (19 reads

mSncg promoter that we originally tested
from upstream (5'-) into three different
sizes, 1.03, 0.66, and 0.27 kb (Fig. 6A).
Wholemounts of ON and retinas and
FACS analysis of dissociated retinal cells
demonstrated that all of these truncated forms of mSncg pro-
moter drove comparable EGFP expression in RGCs although to
a lesser degree than the full-length mSncg promoter (Fig. 6B-D),
and therefore that they retained the core promoter region.
However, retinal cross sections revealed increasing INL cell label-
ing with increasing truncation, and therefore a noticeable decline
in the RGC specificity (Fig. 6E). These data suggest that
upstream regions of the mSncg promoter contain cis-regulatory
elements important for RGC specificity.

Figure 10.

AAV-mSncg promoter-mediated CRISPR/Cas9 efficiently
knocks down Ddit3 and Sarm1 in mouse RGCs

We previously found that ON injury induces endoplasmic reticu-
lum (ER) stress in RGCs (Hu et al., 2012). ER stress activates a com-
plex cascade of reactions, in general called the unfolded protein
response (UPR; Wang and Kaufman, 2016). We further demon-
strated that deletion of Ddit3, one of the critical UPR genes that
mediates ER stress-induced apoptosis, preserve the structure and
function of both RGC somata and axons in experimental ON crush,
glaucoma and EAE/optic neuritis (Hu et al, 2012; Yang et al,
2016a; Huang et al,, 2017). Because neuronal soma and axon degen-
erations are active autonomous processes with distinct molecular
mechanisms (Wang et al., 2012; Howell et al., 2013; Conforti et al.,
2014; Gerdts et al.,, 2016), targeting both provides better functional
recovery than targeting either alone. Sterile a and TIR motif-
containing protein 1 (Sarml) has been found to be critical for

Sequencing results showing indels in Ddit3 and Sarm1 gRNAs’ targeted regions. The representative mutation
patterns and corresponding ratios in total reads detected by deep sequencing.

axon degeneration, and its deletion reported to preserve the in-
tegrity of injured axons (Osterloh et al, 2012; Gerdts et al.,
2013). Therefore, Ddit3 and Sarml are promising targets for
neuroprotection of injured RGCs and their ON axons.
Therefore, we tested the effects of knocking down these two
genes with CRISPR/Cas9 in RGCs. First, we designed several
gRNAs that target Ddit3 and Sarm1 coding regions (Fig. 7A-C),
tested them in cultured cells (Fig. 7D) and selected 2 gRNAs for
each gene that showed strong inhibition of overexpressed Ddit3-
mCherry and Sarm1-mCherry. We used these total four gRNAs
to make a Ddit3 and Sarm1 (C/S) gRNAs AAV vector that also
contains Syn1-GFP to label the cells with gRNA expression. The
AAV2-U6-C/S gRNAs-Syn1-GFP will target both genes with
paired gRNAs at the same time. “Cas-OFFinder” found no
potential off-targets based on “All” (Hsu et al., 2013) and “Seed”
(Cong et al.,, 2013) criteria, except one with three mismatches
that we also checked with Surveyor assay. The mSncg-0.27kb
promoter allowed us to package SpCas9 into AAV2 vector and
test its gene editing efficiency in RGCs in vivo. We confirmed the
expression of HA-SpCas9 in RGCs after AAV-mSncg-HA-
SpCas9 intravitreal injection (Fig. 84, top panel). Co-injection of
AAV-SpCas9 + AAV-U6-C/S gRNAs-Synl-GFP + AAV-Ddit3-
mCherry in WT mouse eyes consistently produced significantly
greater downregulation of Ddit3-mCherry than control-gRNA (Fig.
8A, bottom panel). In a separate approach, we tested Cre expression
driven by full-length mSncg promoter in LSL-Flag-SpCas9 mouse
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Figure 11.  The efficiencies of Ddit3 and Sarm7 genomic editing in mouse P19 cell line by CRISPR/Cas9. A, Surveyor assay revealing indel formation at the Ddit3 and Sarm1 genomic locus in
mouse P19 cells after transfection with (/S gRNA and Cas9. Blue arrows are WT bands; red arrows are indel bands. B, Representative gel images showing WT and deletion bands of Ddit3 and



3910 - J. Neurosci., May 13,2020 - 40(20):3896-3914

eyes and confirmed Flag-SpCas9 expression in RGCs (Fig. 8B, top
panel). This strategy also enabled us to detect significant inhibition
of Sarm1-mCherry expression after combined injection of AAV-
U6-C/S gRNAs-Syn1-GFP + AAV-Sarm1l-mCherry in RGCs (Fig.
8B, bottom panel). Lastly, we used ISH and immunostaining to con-
firm that AAV-mSncg mediated CRISPR/Cas9 gene editing effi-
ciently and specifically knocked down endogenous Ddit3 and
Sarml in RGCs (Fig. 8C,D). Because basal levels of Ddit3 and
Sarm1I are very low in RGCs, the effects of knock-down were more
obvious at 3 d postcrush (dpc), when crush injury has induced
Ddit3 expression as we showed before (Hu et al., 2012).

To confirm that the downregulation of Ddit3 and Sarml is
indeed through genomic editing in vivo, we purified GFP+
RGCs that with AAV-U6-C/S gRNAs-Syn1-GFP expression by
FACS (Fig. 9A) and extracted gDNA for further analysis.
Surveyor assays clearly revealed the formation of indels in the C/
S gRNAS’ targeted regions of Ddit3 and SarmI gDNA, but not in
the off-target region (Fig. 9B). Since paired gRNAs were used to
target each gene, a truncation of the gDNA in between the two
targeted sequences of each gene is predicted (Fig. 7C). Indeed,
we detected truncated bands by PCR amplification of the corre-
sponding regions of Ddit3 and Sarm1 (Fig. 9C). Deep sequencing
to determine the mutation patterns and corresponding ratios
further confirmed these patterns (Fig. 10). The modification rate
of Ddit3 gDNA in between the two gRNA targeted regions was
~11%, whereas the modification rate of Sarm1I was much higher,
~94% (Fig. 9D). The huge difference in modification rates of
Ddit3 and Sarml gRNAs is further confirmed in a mouse P19
cell line (Fig. 11), indicating the much higher efficiency of SarmI
gRNAs for endogenous genome editing.

AAV-mSncg-CRISPR/Cas9-mediated Ddit3/Sarm1 knock-
down protects RGCs and on after acute on crush injury

With these tools in hand, we were able to perform a proof-of-
concept study testing whether RGC-targeted, AAV-mSncg-
CRISPR/Cas9 mediated gene editing can provide neuroprotec-
tive gene therapy for ON injuries. We crushed ON in mice that
expressed control gRNA or C/S gRNAs together with SpCas9
expression mediated by AAV-mSncg-0.27K-SpCas9 in WT mice
or AAV-mSncg-Cre in LSL-Flag-SpCas9 mice. As a biomarker
for the integrity of RGCs, we measured thickness of the ganglion
cell complex (GCC, including RNFL, GCL, and IPL), with live
OCT imaging (Fig. 12A). At two weeks after ON crush, there
was ~20% GCC thinning in control mouse eyes, indicating
severe degeneration of RGC somata and axons (Fig. 12A,B). In
contrast, C/S gRNAs expression together with mSncg-mediated
Cas9 expression significantly increased the thickness of GCC in
LSL-Cas9 mice or WT mice (Fig. 12A,B). Consistent with these
in vivo results, histologic studies also demonstrated significant
neuroprotection of RGC somata and axons: more RGCs survived
in retina and axons in ON after AAV-mSncg-CRISPR/Cas9-
mediated Ddit3/Sarml knock-down than in control mice (Fig.
12C-F). Interestingly, more RGCs survived in WT mice injected
with AAV-mSncg-Cas9 than in LSL-Cas9 mice injected with
AAV-mSncg-Cre,

«—

Sarm1. Blue arrows are WT bands; red arrows are deletion bands. €, Schematic illustration of
the insertion/deletion ratio and position distribution in the targeted regions of (/S gRNAs in
mouse Ddit3 and Sarm1 locus, detected by deep sequencing.

Wang, Zhuang et al. e Retinal Ganglion Cell-Specific Promoter for Gene Editing

Discussion

Through a low-throughput screening, we identified and charac-
terized the mSncg promoter as an RGC-specific promoter and
demonstrated its specificity and potency in driving transgene
expression in mouse RGCs. Although AAV-mediated CRISPR/
Cas9 gene deletion has been successfully applied to retina neurons
before (Hung et al., 2016; Yu et al,, 2017), we are the first to report
specific targeting and CRISPR/Cas9 gene editing of RGCs in vivo.
By applying these novel tools to the ON crush in vivo axon injury
model, we were able to demonstrate that the effective Ddit3 and
Sarm]1 inhibition with AAV-mSncg-mediated CRISPR/Cas9 repre-
sents a promising gene therapy strategy for RGC/ON protection.

AAV-mediated inhibition of degenerative genes and enhance-
ment of neuroprotective genes has much broader applications in
treating of neurodegenerative diseases than correcting the patho-
genetic mutation of a single gene. Because of their universal activ-
ities, CMV and hybrid CMV early enhancer/chicken [ -actin
promoter (CAG) are often used for driving transgene expression
in AAV vectors (Schon et al., 2015). Human trials with AAV2-
ND4 (NADH dehydrogenase, subunit 4) for Leber’s hereditary
optic neuropathy (LHON) are currently generating promising ini-
tial data (Feuer et al,, 2016; Yang et al., 2016b; Guy et al., 2017).
However, some of the beneficial effects are transient, which may
be because transgene expression driven by small CMV chicken
B -actin promoter is short-lived. The relatively specific and highly
potent mSncg promoter may therefore be a better choice for
future clinical trials delivering genetic materials to RGCs, includ-
ing overexpression and knocking down specific genes to deter-
mine their RGC autonomous effects. Since RBPMS expression is
quite stable and reliably detected by antibody in adult RGCs, it is
puzzling that the genome sequence surrounding RBPMS TSS has
no promoter activity at all. The real RBPMS promoter may be
located far away from the RBPMS TSS or another regulatory ele-
ment, such as a specific enhancer, may be needed to allow its full
function. This question certainly warrants further investigation.

The synuclein proteins are chaperones in neurons, and Sncg
is highly enriched in RGCs (Farkas et al., 2004; Trimarchi et al.,
2007; Buckingham et al., 2008; Soto et al., 2008). Human Sncg
promoter has recently been used to drive channelrhodopsin gene
expression in macaque RGCs (Chaffiol et al., 2017). Because our
data showed that the activity of mSncg promoter exceeded that of
hSncg promoter in all varieties of RGCs that we studied, including
mouse RGCs, hPSC-derived human RGCs, human primary
RGCs, and human stem cell-derived RGCs, it would be interesting
to test whether mSncg promoter is also more effective than hSncg
promoter in non-human primate RGCs. Interestingly, recent find-
ings also suggest that synthetic promoters show strong species
specificity (Juttner, 2019). Although the mSncg promoter showed
strong specificity for RGCs, it did not drive gene expression exclu-
sively in RGCs (Fig. 4).

Our screening results also suggest that the specificity and po-
tency of promoters from RGC-specific genes can be highly vari-
able. This variability could be due to the particular characteristics
of the promoter regions that we examined, or because RGCs
contain additional enhancers that can affect specific promoter
activity. To systematically identify additional RGC-specific genes
or RGC-specific cis-regulatory elements, including promoters,
enhancers and silencers, the highly efficient RGC targeting by
AAV-mSncg-Cre can be combined with floxed mouse lines.
Useful lines would include the RiboTag mouse (Sanz et al,
2009), which could be used to isolate RGC-specific ribosomes for
translatome profiling, or the SUN1-sfGFP-Myc mouse (Mo et
al., 2015) to isolate RGC-specific nuclei for epigenomic studies.
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AAV-mSncg-CRISPR/Cas9 mediated Ddit3/Sarm1 inhibition promotes significant RGC soma and axon survival after ON crush injury. A, Representative OCT images of mouse retina.

Green circle: indicator of the ring scanned circumpapillary region of the retina. GCC: ganglion cell complex, including RNFL, GCL, and IPL layers. B, Quantification of GCC thickness, represented
as percentage of GCC thickness in the injured eyes, compared with the intact contralateral eye. Data are presented as mean = SEM, n=8-10; *p << 0.05, **p << 0.01, Student’s ¢ test. C,
Confocal images of wholemount retinas showing surviving EGFP positive (gRNA expressed cells) and RBPMS-positive (red) RGCs, Scale bar, 20 pm. AAVs were injected intravitreally two weeks
before ON crush and mice were killed 14 dpc. E, Light microscope images of semi-thin transverse sections of ON with PPD staining. Scale bar, 10 pm. D, F, Quantification of surviving RGC
somata and axons, represented as percentage of crush injured eyes compared with the sham contralateral control eyes. Data are presented as mean = SEM and n=7-10; **p < 0.01,

***p <0.001, ****p << 0.0001; one-way ANOVA with Tukey's post hoc test.

Either of these strategies would obviate the need for disruptive
and potentially confounding retinal cell dissociation. We antici-
pate that these RGC-specific genomic and epigenomic studies
will yield more RGC-specific genes/promoters/enhancers that

will find broad application in RGC-related basic and transla-
tional research.

CRISPR/Cas9 has been used for photoreceptor gene editing
with photoreceptor-specific promoters (Yu et al., 2017; Maeder
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etal, 2019). Here, we demonstrate that the mSncg promoter can
drive CRISPR/Cas9 specifically in RGCs, that this strategy can
effectively knock down two genes, Ddit3 and Sarm]I, at the same
time and that it can provide significant neuroprotection for
injured RGCs and ON. This success will encourage similar test-
ing of additional neuroprotective or regenerative genetic targets
for neural repair in optic neuropathies. We found that RGC pro-
tection by Ddit3 gRNA was less effective than Ddit3 total KO
(Hu et al., 2012). This difference could be explained by the rela-
tively low genomic indel ratio. Although the gRNAs are effec-
tively knock down overexpressed Ddit3 (Fig. 8A,D), the genomic
modification of endogenous Ddit3 in RGCs in vivo is only ~11%
(Fig. 9D) and similar result from mouse P19 cell line (Fig. 11).
These results suggest that certain gene loci may be difficult to
access by gRNAs/Cas9. The Sarml gRNAs expressed from the
same vector as Ddit3 gRNAs modify the Sarml genome much
more efficiently, consistent with easier access. Another possibility
is that expression of four gRNAs may be less effective from one
vector, although four U6 promoters were used to drive individual
gRNA expression. This notion is difficult to test directly as there
is no reliable way to measure gRNA expression. Instead, express-
ing single or double Ddit3 gRNAs with one AAV vector and test-
ing its effect on endogenous Ddit3 genomic modification may be
more informative. Another concern for CRISPR/Cas9 gene edit-
ing is the long-term effect. A strategy to stop Cas9 expression af-
ter the wanted gene editing may be needed as a safeguard to limit
unspecific off-target effects.

Although the full-length mSncg promoter was more specific
for RGCs, we switched to a shorter one to accommodate a larger
proposed payload, SpCas9. However, S. Aureus Cas9 (SaCas9;
Ran et al,, 2015), which is ~70% of the size of SpCas9, could be
incorporated more easily into the AAV vector along with the
mSncg promoter. RNA-guided endonuclease Cas9 has been
repurposed for transcriptional inhibition and activation using
catalytically dead Cas9 (dCas9; Qi et al., 2013; Gilbert et al., 2014;
La Russa and Qi, 2015; Gao et al., 2016; Chen and Qi, 2017;
Joung et al., 2017), but the much larger size of transcriptional ac-
tivator/inhibitor-fused dCas9 currently precludes incorporating
dCas9 into AAV vectors. However, it may be possible to package
a split dCas9 system in two AAV vectors, an approach that is
currently under development.

In summary, identification of this highly efficient RGC-spe-
cific promoter and the promising results demonstrated in the
present proof-of-concept example of CRISPR/Cas9-mediated
neuroprotection, advance the important goal of treating optic
neuropathies with cell-specific gene therapy.
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