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DISEASES AND DISORDERS

A gene therapy for inherited blindness using
dCas9-VPR-mediated transcriptional activation
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Catalytically inactive dCas9 fused to transcriptional activators (dCas9-VPR) enables activation of silent genes.
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Many disease genes have counterparts, which serve similar functions but are expressed in distinct cell types. One
attractive option to compensate for the missing function of a defective gene could be to transcriptionally activate
its functionally equivalent counterpart via dCas9-VPR. Key challenges of this approach include the delivery of
dCas9-VPR, activation efficiency, long-term expression of the target gene, and adverse effects in vivo. Using dual
adeno-associated viral vectors expressing split dCas9-VPR, we show efficient transcriptional activation and long-
term expression of cone photoreceptor-specific M-opsin (OpnTmw) in a rhodopsin-deficient mouse model for
retinitis pigmentosa. One year after treatment, this approach yields improved retinal function and attenuated
retinal degeneration with no apparent adverse effects. Our study demonstrates that dCas9-VPR-mediated tran-
scriptional activation of functionally equivalent genes has great potential for the treatment of genetic disorders.

INTRODUCTION

Various inherited disorders are caused by mutations in genes for which
counterparts with similar function but distinct expression pattern exist.
CRISPR-Cas-mediated transcriptional activation (transactivation)
of such functionally equivalent genes is one attractive therapeutic
strategy to compensate for the function of their mutant counterparts.
Different transcriptional activators have been fused to catalytically
inactive Cas9 (dCas9) proteins and evaluated regarding their trans-
activation efficiency. Among the tested candidates, the catalytically
inactive dCas9 fused to transcriptional activators (dCas9-VPR) trans-
activating module shows high efficiency across different species and
cell types (1). However, because of its size (5.8 kb), dCas9-VPR exceeds
the genome packaging capacity of recombinant adeno-associated
viral (rAAV) vectors, which are currently the gold standard for gene
delivery to native tissues and for gene therapy. A previous study pro-
vided a proof of principle for reconstitution of split dCas9-VPR using
dual rAAVs in vitro and in vivo in wild-type (WT) mice (2). None-
theless, the therapeutic potential of this tool has not been evaluated
in disease models so far. In particular, the long-term effects, such as
efficiency and expression of the transactivated gene as well as the po-
tential adverse effects, remained largely unexplored.

Inherited retinal dystrophies (IRDs) affect several million people
worldwide. Retinitis pigmentosa (RP) is the most common IRD sub-
type and primarily affects rod photoreceptors (3). By contrast, achro-
matopsia (ACHM) is among the most frequent IRDs affecting the
cones (4). Many genes associated with RP or ACHM encode mem-
bers of the phototransduction cascade in rods or cones. The key pho-
totransduction molecules in these cells are encoded by distinct yet
functionally equivalent genes, and mutations in many of these genes,
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such as the visual pigments (opsins) or cyclic nucleotide-gated (CNG)
ion channels, are associated with different types of blinding disorders.
Mutations in the rhodopsin gene (RHO) are the leading cause for RP,
whereas mutations in the cone CNG channel genes (CNGA3 and
CNGB3) are the most frequent cause for ACHM. While rods only ex-
press rhodopsin, most mammals including mice express two opsin
types in cones, the short wavelength-sensitive S-opsin (Opnlsw) and
the medium wavelength-sensitive M-opsin (OpnImw). CNG chan-
nels are heterotetrameric complexes composed of the channel func-
tion defining CNG A and the modulatory CNG B subunit. The native
rod CNG channels contain CNGA1 and CNGB1 and their cone coun-
terparts CNGA3 and CNGB3 subunits, respectively. A previous study
has shown that rod and cone CNG A subunits can also form func-
tional units with the CNG B subunits from the other photoreceptor
type, i.e., CNGA1 with CNGB3 and CNGA3 with CNGB (5). Given
the functional similarity between native and chimeric CNG chan-
nels, activation of the respective functionally equivalent gene in rods
or cones appears an attractive treatment option. Recent work on mouse
models has shown that rhodopsin and cone opsins are also func-
tionally equivalent (6-9). This suggests that activation of genes en-
coding for cone opsins in rods could compensate for the defective
rhodopsin in the respective animal models.

Here, using dCas9-VPR, we were able to efficiently transactivate
the Rho homolog OpnImw and the rod-specific Cnga3 homolog Cngal
in vitro. Using a dual rAAV vector system for split dCas9-VPR-
mediated Opnlmw activation in a rhodopsin-deficient mouse model
for RP, we also demonstrate that this treatment results in safe and
efficient long-term expression, gain in retinal function, and delay
of retinal degeneration.

RESULTS

Cnga1 and Opn1mw transactivation in transiently
transfected 661W and MEF cells

To test for the feasibility and efficiency of ectopic activation of non-
expressed or poorly expressed genes, we transfected different mouse
cell lines with dCas9-VPR in combination with single guide RN As
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(sgRNAs) binding to the promoter region of either murine Cngal
or Opnlmw (Fig. 1A). As the transactivation efficiency can be in-
creased with a growing number of sgRNAs (1), we used a combina-
tion of three sgRNAs for each of the genes. Transactivation of Cngal
was addressed in 661W cells, immortalized derivatives of murine cones
lacking Cngal expression (10). As 661W cells express OpnImw endog-
enously, we used mouse embryonic fibroblast (MEF) cells for trans-
activation of this gene.

In 661W cells transiently cotransfected with the dCas9-VPR cas-
sette and Cngal-specific sgRNAs, we observed efficient transactiva-
tion of Cngal on the transcript level, which was absent in control
cells expressing the lacZ sgRNA (Fig. 1B and fig. S1A). Nevertheless,
no Cngal protein signal was detectable in cells labeled with a spe-
cific antibody under these conditions.

When addressing the OpnImw transactivation in MEF cells, we
detected Opnlmw transcript in both naive and in lacZ sgRNA-
expressing cells, indicating endogenous expression of OpnImw in
this cell line (fig. S1B). The efficiency of dCas9-mediated transacti-
vation is known to correlate negatively with the basal expression level
of a given gene (1). Nevertheless, despite the basal Opnlmw expres-
sion, a robust transactivation of OpnImw was detectable in MEF cells
coexpressing dCas9-VPR and Opnlmw-specific sgRNAs (Fig. 1C and
fig. S1B). A combination of another set of three Opnlmw sgRNAs
could not further improve the transactivation efficiency (fig. S1, C
and D). These results show that, in transiently transfected cells,
both Cngal and Opnlmw can be efficiently transactivated using
dCas9-VPR.
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Transactivation in cell lines stably expressing inducible
dCas9-VPR sgRNA cassettes
Next, we analyzed whether Cngal protein can be detected in a
transfection-independent system. For this, we created 661W and
MEEF cell lines with stable integration of expression cassettes for
doxycycline (DOX)-inducible dCas9-VPR in combination with Cngal,
Opnlmw, or lacZ-specific sgRNAs [661 W-piggyBac (pb) and MEF-pb,
respectively]. When analyzing the Cngal transcript in the 661W cells,
we detected a DOX concentration-dependent transactivation of this
gene. However, robust Cngal transactivation was also present in the
absence of DOX, suggesting a leaky activity of the DOX-dependent
promoter driving dCas9-VPR expression. Moreover, an increase
in Cngal expression was only obtained for the lowest DOX concen-
tration (5 ng/ml), whereas Cngal levels were decreasing with further
increase in drug concentration (Fig. 1D). Thus, when exceeding
the optimal DOX concentration, there was an inverse correlation
between dCas9-VPR transcript levels and the efficiency of Cngal
transactivation (Fig. 1E). Very similar results were obtained in MEF
cells stably expressing the dCas9-VPR cassette and Opnlmw sgRNAs,
indicating that this effect was gene independent (Fig. 1, F and G). In
contrast to Cngal, there was no apparent Opnlmw transactivation in
MEFs stably expressing dCas9-VPR and Opnlmw-specific sgRNAs
in the absence of DOX, which is most likely due to the endogenous
basal expression of this gene in this cell line.

In summary, these results suggest that an optimal window for
transactivation exists in which sufficient levels of dCas9-VPR pro-
tein support maximal levels of gene expression. Upon exceeding the
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Fig. 1. Transactivation of Cnga7 and Opn1mw via dCas9-VPR. (A) Binding position of the three sgRNAs used for targeting dCas9-VPR to the promoter of the Cnga1 or
Opnimw gene, respectively. The relative distance of each sgRNA to the transcription start site (TSS) of the target gene is given in base pairs. (B) Quantitative reverse
transcription polymerase chain reaction (qRT-PCR) from 661W cells cotransfected with dCas9-VPR and either CngaT or lacZ sgRNAs. Cnga1 expression was normalized to
the lacZ control. (C) gRT-PCR from MEF cells cotransfected with dCas9-VPR and either OpnTmw or lacZ sgRNAs. Opn1mw expression was normalized to the lacZ control. A
two-tailed unpaired t test with Welch's correction was used for statistical analysis in (B) and (C). (D to G) qRT-PCR from 661W-pb (D and E) or MEF-pb cells (F and G) cultured
at different doxycycline (DOX) concentrations as indicated. CngaT expression was normalized to DOX (500 ng/ml), and Opn1mw and dCas9-VPR expression was normal-

ized to DOX (0 ng/ml).
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optimal dCas9-VPR levels, there is a gradual decrease in transacti-
vation efficiency.

Analysis of protein expression and function in
transactivated cells

Next, we assessed the Cngal and M-opsin protein expression in the
corresponding stable cell lines treated with the optimal DOX con-
centration. Under these conditions, no evident increase in M-opsin
protein expression was detectable when compared to the control cells
(fig. S1E). For Cngal, however, we could detect a robust signal that
was absent in the lacZ sgRNA-expressing 661W cell line (Fig. 2A).
To address whether functional channels can be formed from the pro-
teins expressed from the transactivated Cngal locus, we conducted
electrophysiological recordings in 661W cells cultured under optimal
DOX concentration. In contrast to the lacZ control cell line lacking
any CNG channel-like responses, several Cngal channel-specific
characteristics including guanosine 3',5'-cyclic monophosphate (cGMP)
sensitivity, calcium, and magnesium blockage and outward rectifica-
tion could be measured upon transactivation of this gene (Fig. 2, B
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Fig. 2. dCas9-VPR-mediated transactivation results in functional Cnga1 channels.
(A) Immunostainings of 661W-pb cells stably expressing dCas9-VPR and lacZ-
(sglacZ, top row) or Cnga-specific sgRNAs (sgCnga1, bottom row) in the presence
of DOX (5 ng/ml) using Cas9- and Cnga1-specific antibodies. Scale bar, 30 um.
(B) Representative current traces recorded from inside out patches of DOX-induced
661W-pb cells in the presence of 300 uM cGMP (left, Icng) or cGMP and Ca?*/Mg**
(right, Ipjock)- (C) Quantification of the cGMP-induced currents in the absence (Icng)
or presence of Caz"/Mg2+ (Ipiock) (Unpaired t test with Welch's correction, two-
tailed). (D) Current-voltage plot of cGMP-induced currents from sgCnga1 or sglacZ
membrane patches.
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to D). This indicates that successful transactivation by dCas9-VPR
can lead to fully functional Cngal channels.

Cnga1 and Opn1mw transactivation in cells expressing split
intein dCas9-VPR

Owing to the limited genome packaging capacity of rAAVs, the en-
tire dCas9-VPR cassette cannot be packaged into a single rAAV
vector for in vivo delivery. To circumvent this limitation, two recent
studies took advantage of the split intein technology to reconstitute
(d)Cas9-VPR or its derivatives at the protein level upon codelivery
of two separate dual rAAVs, each of which expressing one half of
the split SpCas9 cassette (2, 11). The split intein-mediated reconsti-
tution efficiency is known to depend on the position of the intein in-
tegration within the corresponding protein (12). The aforementioned
studies addressed the transactivation of (d)Cas9-VP(R) split either
after the amino acid position E573 (11) or V713 (fig. S1F) (2). Never-
theless, to our best knowledge, no quantitative or comparative data
with respect to the reconstitution efficiency resulting from these two
approaches are available so far. As such data would be very helpful to
achieve optimal results in vivo, we first set out to compare the re-
constitution efficiency for both approaches side-by-side at the pro-
tein level. To this end, we transiently cotransfected human embryonic
kidney (HEK) 293 cells with plasmids encoding the SpCas9 halves
intersected after the E573 or V713 position (fig. S1G) and quantified
the resulting reconstitution efficiency. We found that the reconsti-
tution efficiency of the SpCas9 variant split after V713 (56.9 + 2.1%)
was considerably higher than its counterpart split after the E573 po-
sition (33.3 £ 2.1%) (fig. S1H).

Next, we examined whether the coexpression of split dCas9-V713-
VPR fragments also leads to efficient transactivation of Cngal and
OpnlImw in the respective cells. While the transactivation efficiency
for both target genes originating from the split dCas9-VPR was lower
than from full-length dCas9-VPR, it still appeared robust and high
enough in relation to the respective controls (fig. S1,1and J). Together,
we show that dCas9-VPR split after the V713 position can transac-
tivate both Cngal and Opnlmw in cell culture experiments and was
therefore used for the subsequent in vivo experiments.

Split dCas9-VPR efficiently transactivates cone opsins

in WT mice

We next focused on activation of Opnlmw in rod photoreceptors
to provide an in vivo proof of concept for transactivation of func-
tionally equivalent genes using split dCas9-VPR dual AAVs. For this
purpose, we coinjected titer-matched dual rAAVs expressing split
dCas9-VPR under control of a human rhodopsin promoter and
Opnlmw-specific sgRNAs (Fig. 3A). Given the high percentage of rods,
an activation of OpnImw in this cell type is expected to superimpose
the endogenous OpnImw mRNA and protein signal originating from
the more sparse cones, which make up only 3% of the total photo-
receptor population in mice. For initial experiments, we used WT (+/+)
animals subretinally injected on postnatal day 28 (P28) with split
dCas9-VPR dual rAAVs. Four weeks after injection, a robust increase
in Opnlmw transcript levels was observed in eyes coinjected with dual
rAAVs compared to saline-injected eyes (Fig. 3B). This up-regulation
of OpnImw transcript was also confirmed by RNA sequencing (RNA-
seq) (fig. S2A). Moreover, we could detect a strong M-opsin signal
using an M-opsin-specific antibody in rod photoreceptor outer seg-
ments (Fig. 3C). This rod photoreceptor-specific expression of M-opsin
was absent in untreated retinas, which only show M-opsin signal in
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Fig. 3. Split dCas9-VPR-mediated transactivation of OpnTmw and Opn1isw in
WT mice. (A) Scheme of split dCas9-VPR and sgRNA encoding dual rAAV vectors
used for transactivation of Opnimw (B to D) and Opn1sw (E and F) in C57BI/6J WT
(+/4) mice. (B) qRT-PCR for Opn1mw expression upon transactivation 4 weeks after
injection (Opnimw-ta). The expression was normalized to control eyes injected
with NaCl solution (saline, n = 6 eyes, paired t test, two-tailed). (C to F) Immuno-
labeling of two +/+ mice injected with OpnTmw- (C) or Opn1sw-transactivating
dual AAVs (E). The contralateral eyes (D and F) of both mice served as control
(untreated) (D and F). Peanut agglutinin (PNA; magenta) was used as marker for
cones. Scale bars, 30 um.

cone photoreceptors (Fig. 3D). Encouraged by this finding, we ad-
dressed whether S-opsin (Opnlsw), another Rho homolog and po-
tential candidate for transactivation in rhodopsin-deficient mice,
can also be transactivated in rods using the same approach. Akin to
Opnlmw, in retinas expressing split dCas9-VPR dual rAAVs and
Opnlsw-specific sgRNAs, we could also detect S-Opsin protein in rod
outer segments (Fig. 3, E and F). Notably, there was an evident vari-
ability in protein expression of transactivated M-Opsin and S-Opsin
from experiment to experiment (fig. S2, B to E).

Opn1mw transactivation delays retinal degeneration

and improves retinal function in Rho™’~ mice

Next, we also tested whether OpnImw transactivation is sufficient to
ameliorate the RP phenotype in the heterozygous rhodopsin-deficient
(Rh0+/_) RP mouse model (13). In contrast to Rho ™'~ mice, which
completely lack rod outer segments from birth, heterozygous mice
are capable of developing shortened but functional outer segments
(13, 14), which is expected to be an important prerequisite for treat-
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ments requiring injections at later time points. Rho*’~ mice were
subretinally injected on P14 with titer-matched dual rAAV vectors
expressing the split dCas9-VPR and Opnlmw sgRNAs. The contra-
lateral control eye was injected with a NaCl (saline) solution. As Rho*’~
mice show a slow course of retinal degeneration (13), we assessed the
effects of our treatment 1 year after injection. Retinal degeneration is
accompanied by a reduction of photoreceptors, a condition that can
be addressed noninvasively by optical coherence tomography (OCT)
measuring the thickness of the outer nuclear layer (ONL). OCT re-
cordings from eyes expressing split dCas9-VPR and Opnlmw sgRNAs
revealed an increase in the ONL thickness compared to the contra-
lateral saline-injected eye, suggesting that our treatment is capable of
delaying the degeneration (Fig. 4A and fig. S2F). Similar results were
obtained when comparing the ONL thickness between treated and
saline-injected eyes using an independent method based on histo-
logical analysis of retinal cryosections (fig. S2G).

To assess beneficial effects of our approach on rod-mediated
(scotopic) and cone-mediated (photopic) retinal function, electro-
retinography (ERG) measurements were performed in dark- and
light-adapted Rho*'~ mice, respectively (Fig. 4, B to G, and figs. $3 and
S4). The associated statistical analysis has been conducted in two dif-
ferent ways: (i) We performed a multiple comparison test to com-
pare the ERG amplitudes at the different light intensities of all three
groups (WT and treated or saline-injected Rho*'~ mice; Fig. 4), and
(ii) we made a paired comparison of ERG amplitudes between treated
and saline-injected eyes only (fig. S5).

In light-adapted animals, an increase in the a-wave amplitude of
dual rAAV-injected eyes at the highest light flash intensity was achieved
compared to saline-injected eyes and untreated WT animals (Fig. 4D).
Moreover, when performing a pairwise comparison of the treated
eyes to the corresponding saline-injected counterparts only, an in-
crease in photopic a-wave amplitudes could be observed for the two
highest flash intensities (fig. S5A). This suggests that under these con-
ditions, M-opsin expressing rods might respond to cone-activating
intensities. A slight tendential improvement was also detectable in the
photopic b-wave amplitudes in treated eyes at the highest flash in-
tensity (Fig. 4E and fig. S5B). When addressing the rod-mediated
function in dark-adapted animals, we could measure a slight tendency
for improvement of the scotopic a-wave toward WT-like responses
(Fig. 4F and fig. S5C). In comparison, a robust trend toward an im-
provement of the scotopic b-wave was observed when comparing the
treated eyes to their saline-injected counterparts (Fig. 4G and fig.
S5D). This trend was more pronounced with increasing light inten-
sities, further supporting the assumption that treated rods expressing
M-opsin are capable of responding to cone-activating stimuli. The
individual P values for all ERG measurements shown in Fig. 4 are
summarized in fig. S5E. Conclusively, these data suggest that Opnlmw
transactivation can ameliorate retinal degeneration and results in par-
tially improved retinal function in the Rho*’~ RP mouse model.

Opn1mw transactivation reduces apoptosis without
inducing gliosis or invasion of immune responsive cells

in Rho*'~ mice

In another set of experiments, we also analyzed the expression of
M-opsin protein and markers for potential gliosis, apoptosis, or im-
mune response in the retinas of the mice used for OCT and ERG mea-
surements. Analogous to the results obtained in WT mice (cf. Fig. 3C
and fig. S2), we found a considerable expression of transactivated
M-opsin in the rod outer segments of injected animals, which, however,
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varied between animals (Fig. 5, A and B, and figs. S6 and S7). Fur-
thermore, to assess the translational potential of this approach, we
examined whether our treatment induced persistent gliosis or im-
mune responses, which would be accompanied by proliferation of
glial fibrillary acidic protein (GFAP)-positive Miiller glia or ionized
calcium binding adaptor molecule 1 (Iba-1)-positive microglial or
mononuclear cells in the retina. Immune labeling of the retinas with
these markers revealed no obvious increase in the number of glial,
microglial, or mononuclear cells between the different groups in
contrast to retinas of rd1 (retinal degeneration 1) mice exhibiting a
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Fig. 4. Opn1mw activation improves retinal phenotype in Rho*'~ mice. (A) OCT
measurements from Rho*’~ mice injected with a NaCl solution (+/— saline, n=10 eyes)
ordual rAAVs expressing split dCas9-VPR and Opn1mw-specific sgRNAs (+/— treated,
n=10 eyes). Age-matched C57BI/6J WT mice (+/+, n =14 eyes) were used as con-
trols. Statistical analysis was performed using one-way analysis of variance (ANOVA)
with Tukey's post hoc test. (B and C) Averaged photopic and scotopic traces of the
same Rho"~ and WT mice at 10 cd.s/m?. (D and E) Quantification of light-adapted
photopic a- and b-wave amplitudes of the same groups. (F and G) Dark-adapted
scotopic a- and b-wave amplitudes of the same groups plotted against different
light intensities. All P values for each comparison (+/— treated versus +/— saline,
+/— treated versus +/+, and +/— saline versus +/+) are shown in fig. S5E.
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fast retinal degeneration peaking on P13 (Fig. 5, C to H, and fig. S8)
(15). To investigate whether photoreceptor degeneration is caused
by apoptosis in the Rho"’~ mouse model, we conducted a terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick end labeling (TUNEL) assay on retinal sections from the treated
Rho*'~ mice (Fig. 6, A and B). In this assay, we could detect a low
but considerable number of TUNEL-positive cells, indicating that
apoptosis is the underlying mechanism for the photoreceptor loss in
this mouse model. Moreover, by comparing the number of TUNEL-
positive cells per area in the transduced versus untransduced part of
the treated retinas, we show that Opnlmw transactivation reduces
apoptosis (Fig. 6C). These data further emphasize the beneficial ef-
fects of our treatment on photoreceptor survival.
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Fig. 5. Transactivation of OpnTmw in Rho*’~ mice does not evoke any microglial

activation or reactive gliosis. (A and B) Representative immunostainings of retinas
from Rho*’~ mouse #1 injected with either split dCas9-VPR and Opn1mw-specific
sgRNAs (A) (treated) or NaCl (B) (saline, contralateral eye). Peripherin-2 antibody
(PRPH2, cyan) was used as rod and cone outer segment marker and PNA (magenta)
as marker for cones. (C to F) Immunolabeling of the same retinas with Iba1 or GFAP
(cyan) to visualize microglial cells or reactive gliosis in the treated (C and E) and
saline-injected contralateral eye (D and F). (G and H) Immunolabeling of retinas
from Pde6b-deficient (rd1) mice on P13 with Iba1 (G, cyan) or GFAP (H, cyan) served
as a positive control. Scale bars, 30 um.
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Fig. 6. Transactivation of OpnTmw in Rho™™ mice reduces apoptosis. (A) Representative sections of the immunolabeled retina from Rho™™ mouse #1 injected with
split dCas9-VPR and Opn1mw-specific sgRNAs showing a transduced (left) or untransduced (right) area of the same retina 1 year after injection. (B) Immunolabeling of the
rd1 mouse retina on P13 served as a positive control. TUNEL staining (magenta, top) was used to visualize apoptosis, PRPH2 (cyan) was used as rod and cone outer seg-
ment marker (bottom). Scale bar, 30 um. (C) Quantification of TUNEL" cells in transduced versus untransduced areas of retinas from eight Rho™~ mice injected with split

dCas9-VPR and OpnTmw-specific sgRNAs. A paired t test (two-tailed) was used for statistical analysis.

Characterization of untreated Rho*'~ mice

The interpretation of the results obtained so far was largely based
on the comparison of the treated Rho*'~ mice to the saline-injected
contralateral eye. To address whether the injection of saline might in-
duce some effects on its own, we characterized the retinal degener-
ation and function, reactive gliosis, recruitment of immune reactive
cells, and apoptosis in age-matched (1-year-old) untreated Rho*'~
mice and compared these parameters side by side to those obtained
from saline-injected control eyes. Except for a very slight decrease
in the photopic b-wave amplitude at one single light flash intensity
(0.1 cd.s/m?) upon saline injection, there were no noticeable differ-
ences in any of these parameters between the two groups (fig. S9).
The injection of the saline solution thus most likely does not affect
the interpretation of our results and the treatment success.

DISCUSSION

In this study, we provide the first evidence that ectopic transcriptional
activation of functionally equivalent genes using split dCas9-VPR can
ameliorate a disease phenotype, further expanding the spectrum of
possibilities for treatment of genetic disorders. Given that many IRD-
linked genes expressed in rods or cones are encoded by functionally
equivalent genes, the transactivation approach provides an attractive
option for therapy of these diseases for several reasons: (i) Transac-
tivation of functionally equivalent genes can be used for the treatment
of large and frequent IRD genes, such as ABCA4 or MYO7A, which
cannot be efficiently reconstituted using classical dual AAV vectors.
ABCA4and MYO7A belong each to a large protein family with many
functionally equivalent partners expressed across different cell types.
Some of these partners, e.g., ABCAI or MYO7B, show a very high
structural conservation to ABCA4 and MYO7A, respectively, with at
least 50% amino acid identity and 65% amino acid similarity and
therefore represent highly attractive candidates for transactivation.
(i) A transactivation approach can also be used for therapy of genes
with autosomal dominant inheritance, for which gene delivery has
to be combined with simultaneous knockout of the diseased allele.
Recent studies demonstrated that sgRNAs with shortened spacer
lengths (<16 bases) repress the catalytic activity of Cas9-VPR (16, 17).
A strategy combining catalytically active Cas9-VPR with sgRNAs of
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shortened spacer lengths for transactivation and with standard sgRNAs
(usually 20 bases spacer length) for simultaneous down-regulation of
the diseased gene can, e.g., be used for the treatment of the most common
rhodopsin P23H gain-of-function mutation but should also be applicable
to other mutations in RHO or to other genes with autosomal-dominant
inheritance. (iif) Owing to the possibility of multiplexing in CRISPR-Cas
approaches, transactivation could potentially also be used for the
treatment of more complex (retinal) diseases, such as those caused
by mutations in two or multiple genes (18-20). (iv) The (d)Cas9-
VPR-mediated transactivation approach is mutation independent and
thus allows for the treatment of a large number of patients.

Using alternative activation strategies, two recent studies demon-
strated that CRISPR-Cas9-based transactivation of structurally and
functionally related genes can ameliorate the phenotypes of two dif-
ferent mouse models for muscular dystrophy (21, 22). Additional
work is necessary to compare the transactivation efficiency, long-
term effects, and safety between these approaches and dCas9-VPR
side by side to determine the best treatment strategy for the indi-
vidual disorders. It also remains to be investigated whether other
split position within dCas9-VPR (23) or other technologies for
reconstitution of large coding sequences might further improve the
transactivation efficiency and/or the therapeutic outcome of dCas9-
VPR-based approaches. Unlike its catalytically active counterpart,
dCas9 and its fusion variants do not cause single or double strand
breaks at the genomic level. Studies addressing the off-targets of dCas9-
VPR at the transcript level revealed that such off-target rates are
very low or nondetectable (1, 2), further emphasizing the therapeutic
potential of this approach. We demonstrate herein that the split
dCas9-VPR technology can induce long-term expression and morpho-
logical as well as functional phenotypic changes in an animal model
with no apparent adverse effects, such as gliosis or invasion of immune
cells. These promising results might therefore help pushing this
approach toward first clinical trials. Notably, as in previous retinal
gene therapy studies in mice, we could not fully rescue the WT-like
retinal function or morphology. One possible reason is that a single
subretinal injection with conventional rAAV capsids usually covers
only up to one third of the retina, and hence, amplitudes of up to
30% of the WT response could be expected. We suggest that functional
or structural improvements can be further increased by developing
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more potent rAAV vectors, which show pan-retinal expression
upon subretinal injection (e.g., due to lateral spreading) or which
allow for other more convenient administration routes (e.g., intra-
vitreal injection). In addition, we use a dual rAAV vector approach
that requires both vectors to be expressed and reconstituted in the
same cell. Accordingly, one would benefit from more efficient dual
rAAV vector strategies or techniques to increase the reconstitution
efficiency of the split dCas9-VPR.

Last, we also provide the first in vitro evidence that transactiva-
tion efficiency is inversely correlated with dCas9-VPR expression in
a transfection-independent system. It remains to be clarified whether
this unexpected dose dependency of dCas9-VPR also occurs in vivo
and whether it reflects an inherent property of other catalytically
active and inactive Cas9 or other Cas variants. A precise under-
standing of this correlation could help to further improve and fine-
tune the efficiency of these enzymes and might thus also increase
the therapeutic outcome of CRISPR-Cas-based approaches.

METHODS

Animals

All animal procedures were performed with the permission of local
authorities (District Government of Upper Bavaria) and in accor-
dance with the German laws on animal welfare (Tierschutzgesetz). An-
imals were anesthetized via an intraperitoneal injection of ketamine
(40 mg/kg body weight) and xylazine (20 mg/kg body weight). Eu-
thanasia was performed by cervical dislocation. For all experiments,
C57Bl/6] or Rho*'~ mice (13) backcrossed to a C57Bl/6] background
for at least eight generations were used.

sgRNA design

The Eukaryotic Promoter Database (https://epd.epfl.ch//index.php)
was consulted for the identification of promoter regions (24). sgRNA
sequences in the genomic target region were chosen using the CRISPOR
website with 20bp-NGG PAM settings for SpCas9 (25) and elimina-
tion of sgRNAs with a specificity score (26) lower than 50. All sgRNA
sequences used in this study are shown in table S1.

Construction and cloning of expression plasmids

The Cas9m4-VP64, SP-dCas9-VPR, pSMVP-Cas9N, pSMVP-Cas9C,
and pAAV-CMV-Cas9C-VPR plasmids were obtained from Addgene
(#47319, #63798, #80934, #80939, and #80933, respectively). sgRNAs
expressed via a U6 promoter were added using standard cloning
techniques. Cas9N and Cas9C were rendered catalytically inac-
tive by introducing the D10A and the H840A point mutations
via a standard site-directed mutagenesis protocol using the KAPA
HiFi HotStart ReadyMix PCR kit (Kapa Biosystems). For the genera-
tion of stable cell lines, dCas9-VPR was subcloned into a pb ex-
pression vector containing the Tet-On system for DOX-inducible
expression of dCas9-VPR. For expression in mouse photoreceptors,
the split dCas9-VPR driven by a human rhodopsin promoter and
corresponding sgRNAs each driven by a human U6 promoter were
subcloned into the pAAV2.1 vector (27). All transgenes were se-
quenced before use (Eurofins Genomics).

Cell culture and transfection

The murine 661W cell line derived from retinal tumors was provided
by M. Al-Ubaidi, University of Houston (28). The cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) GlutaMAX medium
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(ThermoFisher Scientific) supplemented with 10% fetal bovine se-
rum (FBS) (Biochrom) and 1% Anti-Anti (ThermoFisher Scientific) at
37°C and 10% CO,. Immortalized MEFs were generated as previously
described (29, 30). MEF cells were cultured in DMEM GlutaMAX
medium supplemented with 10% FBS (Biochrom) and 1% penicillin/
streptomycin (Biochrom) at 37°C and 5% CO,. Transient transfections
of 661W and MEEF cells were performed using the Xfect Transfection
Reagent (Takara Bio) according to the manufacturer’s instructions.
HEK293 cells were transfected using the standard calcium phosphate
technique.

Generation of stable cell lines using pb technology

The stable cell lines were generated using the pb transposon system.
Briefly, 661W or MEF cells were cotransfected with the respective
dCas9-VPR and sgRNA containing pb vector and a pb transposase
expression vector using the Xfect Transfection Reagent (Takara
Bio) according to the manufacturer’s instructions. Fourty-eight
to 72 hours after transfection, cells were selected for successful
integration by addition of puromycin dihydrochloride (Gibco, Thermo
Fisher Scientific) for approximately 1 week at 4.5 and 1 pg/ml con-
centration for 661W and MEF cells, respectively. To induce dCas9-
VPR expression, DOX hyclate (Sigma-Aldrich) was added directly to
the medium.

RNA isolation and (quantitative) reverse transcription
polymerase chain reaction

Forty-eight hours after transfection, the cells were harvested and
lysed using the mixer mill MM400 (Retsch). RNA was isolated using
the RNeasy Plus Mini Kit (QIAGEN) according to the manufacturer’s
instructions, and RNA concentration and purity were determined
via the NanoDrop2000 (ThermoFisher Scientific). Complementary
DNA (cDNA) was synthesized using the RevertAid First Strand cDNA
Synthesis Kit (ThermoFisher Scientific) according to the manufac-
turer’s instructions for up to 1 pg of total RNA. For reverse transcrip-
tion polymerase chain reaction (RT-PCR), the Herculase IT polymerase
(Agilent Technologies) was used following the manufacturer’s in-
structions. The quantitative RT-PCR (qRT-PCR) was performed
on the StepOnePlus Real-Time PCR System (Applied Biosystems,
ThermoFisher Scientific) using the SYBR Select Master Mix (Applied
Biosystems, ThermoFisher Scientific) according to the manufacturer’s
instructions. The relative expression levels of Cngal and Opnlmw were
normalized to the housekeeping gene Alas and calculated using the
224€M method. All primers used in this study can be found in table S1.

RNA isolation and mRNA-seq library preparation

and sequencing

Total RNA was isolated from retinas using the RNeasy Plus Micro Kit
(QIAGEN) according to the manufacturer’s protocol. For mMRNA
library production, we used a scaled-up version of the SMARTseq2
protocol. Briefly, from ca. 7 to 90 ng of total RNA, mRNA was cap-
tured with a mix of 0.5 pl of 20 uM oligo dT primer and 0.5 ul of
20 mM dNTPs, followed by heating to 72°C for 3 min and immedi-
ately putting into ice-water bath. Then, in a 10-ul reaction, double-
stranded cDNA was generated by adding 2 pl of 5x Superscript II
first-strand buffer (ThermoFisher Scientific), 2 ul of 5 M Betaine,
0.6 ul of 100 mM MgCl,, 0.5 pl of 100 mM dithiothreitol (DTT),
0.4 ul of RNAsin (Promega), 0.5 pl of 20 uM template-switch oligo
(20 uM), and 0.5 pl of SuperScript II reverse transcriptase (200 U/ul;
ThermoFisher Scientific) and incubation for 90 min at 42°C, followed
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by 14 cycles (50°C for 2 min, 42°C for 2 min) and heat inactivation
(70°C for 15 min). Pre-amplification was performed by addition of
12.5 pl of 2x KAPA HiFi HotStart Ready mix, 0.25 pl of 10 pM IS
PCR primers, and 2.25 ul of nuclease-free water in a thermos protocol
of 98°C for 3 min, 10 pre-amplification cycles (98°C for 20 s, 67°C
for 15 s, 72°C for 6 min), followed by 5 min at 72°C and hold at
4°C. Purification was performed with AMPure XP beads (Beckman
Coulter), and cDNA was quantified with Qubit (ThermoFisher Sci-
entific) and checked for fragment length distribution on an Agilent
Bioanalyzer chip. Next, 7 ng of cDNA was fragmented in a 20-pl
reaction by incubation with 1 pl of Tn5 enzyme from Illumina Nextera
library preparation kit and 10 ul of 2x tagmentation DNA buffer for
10 min at 55°C. Tagmented cDNA was purified with MinElute col-
umns (QIAGEN) and PCR-amplified with NEBNext High-Fidelity
2x PCR Mastermix, 1 pl of each 10 uM Nextera index 1 and Nextera
index 2 primer (Illumina) with a thermos protocol of 72°C for 5 min,
98°C for 30 s, 7 cycles (98°C for 10 s, 63°C for 30 s, and 72°C for
1 min), 72°C for 5 min, and hold at 4°C. The final library was purified
with AMPure beads, quantified by Qubit, and sequenced for 100 base
pairs using a V3 single read flow cell on a HiSeq 2500 (Illumina). The
generated data were trimmed for quality and adapter reads with
TrimGalore! and then mapped with STAR aligner. Duplicates were
marked with the MarkDuplicates function from Picard tools. Reads
were summarized with RSEM (RNA-seq by expectation maximization)
software, and FPM (fragments per million mapped fragments) count
matrix was generated with DESeq2.

Immunocytochemistry

For immunocytochemistry, 661W-pb or MEF-pb cells were seeded
onto sterile 12-mm-diameter cover slips coated with poly-L-lysine
hydrobromide (Sigma-Aldrich). After 48 hours of DOX application,
the cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) and
permeabilized for 30 min in 0.3% Triton X-100. Next, the coverslips
were incubated with blocking solution (5% ChemiBLOCKER, Merck
Millipore). To stain for Cngal and SpCas9 in 661W-pb cells, an anti-
Cngal mouse monoclonal antibody (1:30; gift from R. Molday) (31)
and the anti-SpCas9 rabbit polyclonal antibody (1:1000; C15310258,
Diagenode) were used, respectively. To stain for M-opsin and SpCas9
in MEF-pb cells, the anti-opsin red/green (M-opsin) rabbit polyclonal
antibody (1:300; AB5405, Merck) and an anti-SpCas9 mouse mono-
clonal antibody (1:500; SAB4200751, Sigma-Aldrich) were used, respec-
tively. Hoechst 33342 solution (5 pg/ml; Invitrogen, ThermoFisher
Scientific) was used as a nuclear staining. Images were obtained via
the Leica TCS SP8 spectral confocal laser scanning microscope (Leica),
acquired with the LASX software (Leica), and further processed with
the Image] software (National Institutes of Health).

Patch-clamp measurements

Inside-out patches were excised from 661W stable cells that were
maintained ata DOX concentration of 5 ng/ml. Currents were recorded
using an EPC-10 double patch-clamp amplifier (HEKA Elektronik,
Harvard Bioscience) and PatchMaster acquisition software (HEKA
Elektronik, Harvard Bioscience). Data were digitized at 20 kHz and
filtered at 2.9 kHz. All recordings were obtained at room temperature.
The extracellular solution was composed of 140 mM NaCl, 5 mM
KCl, 10 mM Hepes, and 1 mM EGTA (pH 7.4). The intracellular
solution contained 140 mM KCl, 5 mM NaCl, 10 mM Hepes, and
1 mM EGTA (pH 7.4). The effect of cGMP was examined by perfus-
ing the patch with extracellular solution supplemented with 300 uM
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c¢GMP. To investigate channel blocking, perfusion with a symmetric
Ca**'Mg** solution composed of 140 mM NaCl, 5 mM KCl, 2 mM
CaCl,, 1 mM MgCl,, and 10 mM Hepes was performed, followed by
perfusion with a cGMP-supplemented Ca**/Mg*" solution as a
control. Currents were evoked from a holding potential of 0 mV by
applying a 300-ms pulse of —80 mV followed by a 300-ms pulse of
80 mV every 3 s.

TX lysates and Western blot analysis

Transiently transfected HEK293 cells were harvested 48 hours after
transfection and lysed in TX lysis buffer (0.5% Triton X-100, v/v)
using the mixer mill MM400 (Retsch). The lysis buffer was supple-
mented with cOmplete ULTRA Protease Inhibitor Cocktail tablets
(Roche). For Western blotting, 30 ug of the whole-cell protein was
incubated in 1x Laemmli sample buffer supplemented with DTT
at 72°C for 10 min. The proteins were separated on a 6 to 12% SDS-
polyacrylamide gel via gel electrophoresis. For immunoblotting, the
anti-SpCas9 antibody (1:1000; C15310258, Diagenode) was used. The
relative band intensities were quantified using the ImageLab soft-
ware (Bio-Rad).

rAAV production and subretinal injections

rAAV vectors containing the N- or C-terminal part of dCas9-VPR
and the sgRNA expression cassette were produced using the 2/8YF
capsid (32) as described previously (33, 34). C57Bl/6] mice were
injected subretinally at P28 with a single injection (1 ul) of titer-
matched rAAVs (total 10" vg/ul), and the retinas were harvested for
immunohistochemistry 4 weeks after injection. For 10 Rho*’~ mice,
one eye was injected via a single injection (1 pl) of titer-matched
rAAVs (total 10" vg/ul) on P14. The contralateral eye was control
injected with 1 pl of NaCl (saline). Twelve months after injection,
ERG and OCT were performed on both eyes of all Rho*'~ mice, and
all retinas were harvested for immunohistochemistry.

Electroretinography

Corneal electroretinograms were recorded from 10 Rho*’~ and
10 age-matched C57Bl/6] WT mice using the Celeris full-field
ERG system from Diagnosys (model D430). Scotopic and photopic
electroretinograms were carried out for each animal. Mice were
dark adapted overnight, and scotopic ERG measurements were
conducted first under dim red light conditions followed by photopic
tests. Pupils were dilated using 1% atropine- and 0.5% tropicamide-
containing eye drops (Mydriaticum Stulln, Pharma Stulln GmbH).
As contact fluid, hydroxylpropyl methylcellulose (Methocel 2%,
OmniVision GmbH) was applied on both eyes before placing the
light guide electrodes. During the whole protocol, animals were kept
warm by the integrated platform heater of the Celeris system. ERG
responses were obtained simultaneously from both eyes. For scotopic
measurements, single flash recordings were performed at light inten-
sities of 0.003 (blue light, 455 nm), 0.01, 0.03, 0.1, 0.3, 1, 3, and
10 cd.s/m? (all remaining intensities 6500 K white light). Background
intensity was 0 cd/m” For photopic measurements, mice were light
adapted (3 cd.s/m?) for 5 min, and single flash recordings were
obtained at light intensities of 0.01, 0.03, 0.1, 0.3, 1, 3, and 10 cd.s/m’.
The background intensity for all photopic recordings was 9 cd/m®.
For both, scotopic and photopic assessments, measurements were
recorded from 50 ms before stimulus onset to 300 ms poststimulus.
Voltage signals were sampled at 1 Hz, and recorded responses
were averages of 5 (scotopic) or 10 (photopic) sweeps depending on
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signal-to-noise ratios. The measurements were analyzed using the pro-
vided Espion V6 software from Diagnosys with the a-wave ampli-
tude measured from stimulus onset to the trough of the a-wave and
the b-wave amplitude ranging from the trough of the a-wave to the
peak of the b-wave.

Optical coherence tomography

Retinal morphology of the Rho*'~ mice was assessed with OCT using
an adapted Spectralis HRA + OCT system (Heidelberg Engineering)
in combination with contact lenses as described previously (35). Pupils
were dilated using 1% atropine- and 0.5% tropicamide-containing eye
drops (Mydriaticum Stulln, Pharma Stulln GmbH), and hydroxyl-
propyl methylcellulose (Methocel 2%, OmniVision GmbH) was applied
to keep the eyes moist. OCT scans (20 frames per retina) were per-
formed in high-resolution mode with the scanner set to 30° field of view.

Immunohistochemistry and confocal microscopy

Retinas of 13-month-old injected Rho"’~ and age-matched WT mice
were dissected and processed for immunohistochemistry as described
previously (36). The mouse monoclonal anti-PRPH2 2B7 antibody
(1:100; gift from M. Naash) (37) served as marker for rod and cone
outer segments. The guinea pig anti-ibal antibody (1:100; 234 004,
Synaptic Systems) was used to visualize microglia. As marker for
potential reactive gliosis served the mouse anti-GFAP-Cy3 antibody
(1:1000; C9205, Sigma-Aldrich). Fluorescein isothiocyanate-conjugated
lectin from Arachis hypogaea [peanut agglutinin (PNA)] (1:100; L7381,
Sigma-Aldrich) was applied to stain cone photoreceptors. To detect
cone-specific and activated M-opsin in rod photoreceptors, the rabbit
anti-opsin red/green (M-opsin) antibody (1:300; AB5405, Merck)
was used. The cell nuclei were visualized with Hoechst 33342 solution.
To detect apoptosis, the TUNEL assay was performed using the In
Situ Cell Death Detection Kit, Fluorescein (11684795910; Roche) ac-
cording to the manufacturer’s instruction. The TUNEL assay was
conducted for 8 of 10 injected Rho*'~ mice except for mouse #7 and
#8 (Fig. 6) as there were no cryosections left to stain from these two
mice. Retinal images were obtained via the Leica TCS SP8 spectral
confocal laser scanning microscope (Leica), acquired with the LASX
software (Leica), and further processed with the Image]J software
(National Institutes of Health). Postmortem analysis of the ONL
thickness in stained retinal sections was performed using the Image]
software. Areas with equal distance to the optic nerve were chosen
for analysis. At least three measurements were averaged per retina.

Statistics

All values are given as means + SEM. The number of replicates ()
and the used statistical tests are indicated in each figure legend for
each experiment.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/34/eaba5614/DC1

View/request a protocol for this paper from Bio-protocol.
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