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GENETICS

Targeted gene silencing in the nervous system

with CRISPR-Cas13

Jackson E. Powell’, Colin K. W. Lim', Ramya Krishnan', Tristan X. McCallister',
Christian Saporito-Magrifia', Maria A. Zeballos', Garrett D. McPheron', Thomas Gaj''2*

Cas13 nucleases are a class of programmable RNA-targeting CRISPR effector proteins that are capable of silenc-
ing target gene expression in mammalian cells. Here, we demonstrate that RfxCas13d, a Cas13 ortholog with
favorable characteristics to other family members, can be delivered to the mouse spinal cord and brain to silence
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neurodegeneration-associated genes. Intrathecally delivering an adeno-associated virus vector encoding an
RfxCas13d variant programmed to target superoxide dismutase 1 (SOD1), a protein whose mutation can cause
amyotrophic lateral sclerosis, reduced SOD1 mRNA and protein in the spinal cord by >50% and improved outcomes
in a mouse model of the disorder. We further show that intrastriatally delivering an RfxCas13d variant pro-
grammed to target huntingtin (HTT), a protein whose mutation is causative for Huntington’s disease, led to
a ~50% reduction in HTT protein in the mouse brain. Our results establish RfxCas13d as a versatile platform for

knocking down gene expression in the nervous system.

INTRODUCTION

Clustered regularly interspaced short palindromic repeats (CRISPR)
and their CRISPR-associated (Cas) proteins constitute a diverse
family of adaptive bacterial immune systems that, in addition to
serving as valuable tools for DNA editing (I, 2), have emerged as
promising platforms for transcriptome engineering. Among the
CRISPR-based technologies capable of perturbing RNA is Cas13, a
programmable class 2 type VI CRISPR effector protein that naturally
binds and cleaves single-stranded RNA (3-7) and, as such, can be
co-opted for RNA targeting in prokaryotic (3) and eukaryotic cells
(5, 8). Casl3 proteins can be directed to a unique RNA sequence via
an engineered CRISPR RNA (crRNA) guide molecule that encodes
a programmable spacer sequence that mediates target engagement
by RNA-RNA base complementarity. Upon engaging with a target
sequence, Cas13 undergoes a conformational change that activates
its intrinsic ribonuclease (RNase) activity and results in the cleavage
of the complexed RNA (Fig. 1A) (9).

To date, several different Cas13 subtypes have been identified
and repurposed to silence target gene expression in mammalian
cells (5, 8, 10, 11). Among these is the Cas13d nuclease from
Ruminococcus flavefaciens XPD3002 (RfxCas13d) (5), a Casl3
ortholog that has favorable targeting characteristics to other family
members (5, 12, 13) and is small enough to fit within a single adeno-
associated virus (AAV) vector with a crRNA expression cassette for
in vivo gene transfer (14, 15). Given these features, we sought to
determine whether RfxCas13d could suppress gene function in vivo.
More specifically, we sought to establish whether RfxCas13d could
be delivered to the central nervous system (CNS) to silence the
expression of genes whose mutations are associated with debilitating
gain-of-function phenotypes.

In the present study, we demonstrate that RfxCas13d can be
deployed to the mouse spinal cord and brain to knock down the
genes causative for two progressive neurodegenerative disorders:
amyotrophic lateral sclerosis (ALS) and Huntington’s disease (HD).
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We find that intrathecally delivering an AAV vector encoding RfxCas13d
with a crRNA programmed to target superoxide dismutase 1 (SOD1),
a protein whose mutation can cause ALS, reduced SOD1 mRNA
and protein in the spinal cord by >50%, an outcome that we show
results in decreased muscle atrophy, improved neuromuscular function,
and a slowing in the overall progression of the disease in a mouse model
of the disorder. Furthermore, we demonstrate that RfxCas13d can be
programmed to target huntingtin (HTT), a protein that, when mutated
to carry an abnormal expansion of a polyglutamine (polyQ)-encoding
tract, causes HD. Intrastriatally delivering RfxCas13d to a mouse
model of the disease led to a potent reduction in HTT protein and
its aggregates. Our results thus establish RfxCas13d as a versatile
platform for knocking down gene expression in the CNS.

RESULTS

Silencing SOD1 with RfxCas13d

We sought to determine whether CRISPR-Cas13 could be delivered
to the CNS to silence neurodegeneration-linked genes. More specifi-
cally, we first asked whether RfxCas13d could be used to target
SOD1, a ubiquitously expressed metalloenzyme whose mutation
can cause ALS (I6), a rapidly progressive and paralytic disorder
characterized by the selective loss of motor neurons in the spinal
cord and brain (17). Given its causative role in ALS, lowering the
expression of mutant SOD1 by gene silencing has emerged as a
promising strategy for treating the disease (18, 19).

To this end, we designed 10 crRNAs with 30-nucleotide (nt)
protospacers targeting the mature human SOD1 (hSOD1) mRNA
(Fig. 1B). These crRNAs do not overlap with any common mutations
in SOD1, ensuring that they could be used in a mutation-independent
manner to target the majority of the >100 different SOD1 mutations
identified in ALS patients to date. Because Cas13d variants with a
nuclear localization signal (NLS) sequence target RNA with greater
efficiency than the native protein (5), we used an RfxCas13d variant
with NLS sequences at its N and C termini for our studies.

To identify crRNAs that could target SODI, we transfected
human embryonic kidney (HEK) 293T cells with expression vector
encoding RfxCas13d and a candidate crRNA, as well as a reporter
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Fig. 1. RfxCas13d can be programmed to target hSOD1. (A) Cartoon of RfxCas13d targeting. (B) (Top) Mature human SOD1 (hSOD1) mRNA and locations of the crRNA
binding sites (yellow bars). (Bottom) crRNA target sequences. (C) Mean fluorescence intensity (MFI) of AcGFP in HEK293T cells transfected with SOD1 reporter plasmid and
RfxCas13d with crRNAs. Data were normalized to cells transfected with RfxCas13d and nontargeted crRNA, denoted NTG. “—" indicates cells transfected with reporter
plasmid only (n = 3). (D) Normalized SOD1 mRNA in HEK293T cells transfected with RfxCas13d and crRNAs. Data were normalized to relative SOD1T mRNA in untreated cells
(n=3).(E) hSOD1 protein in cell lysate from HEK293T cells transfected with RfxCas13d and crRNAs. SOD1 protein was normalized to B-actin protein (n = 3). (F) SOD1 mRNA
in HEK293T transfected with RfxCas13d, catalytically dead RfxCas13d (dRfxCas13d), or no RfxCas13d with crRNAs. Data are normalized to relative SOD1 mRNA in untreated
cells. (D and F) Dashed lines indicate relative SOD1 mRNA in untreated cells (n=3). All analyses were conducted 72 hours after transfection. Error bars indicate SEM.

*P <0.05; ***P < 0.001. (C, D, and F) One-way ANOVA and (E) two-tailed unpaired t test.

plasmid expressing wild-type SOD1 fused to the green fluorescent
protein from Aequorea coerulescens (AcGFP), thereby linking SOD1
expression to AcGFP fluorescence. Using flow cytometry, which
was conducted 3 days after transfection, we found that all 10 of the
SOD1-targeting crRNAs decreased AcGFP fluorescence by >75%
relative to cells transfected with RfxCas13d and a nontargeted crRNA
(P < 0.001), with the most active crRNAs found to reduce AcGFP
fluorescence by >90% (P < 0.001) (Fig. 1C).

As the protospacer length of a crRNA can influence RfxCas13d
targeting, we next analyzed the activities of crRNAs with variously
sized targeting sequences (18, 20, 22, 24, 26, 28, 30, and 32 nt) for
their ability to silence the SOD1 reporter in HEK293T cells. Flow
cytometry revealed that, while spacer sequences equal to or less than
24 nt displayed modest or no activity, crRNAs with protospacers
exceeding 28 nt all had virtually identical targeting activities,
decreasing AcGFP fluorescence by ~95% (fig. S1). Given the lack of
clear enhancement in targeting with alternatively sized crRNAs, we
used a 30-nt protospacer for all subsequent studies.

We next evaluated the ability of RfxCas13d to target endogenous
SOD1 mRNA. We therefore transfected HEK293T cells with
RfxCas13d and the most active crRNA identified from our reporter
screen (crRNA 3). Compared to untreated cells, we measured a ~80%
decrease in SOD1 mRNA in cells transfected with RfxCas13d and
the SOD1-targeting crRNA (P < 0.001) (Fig. 1D). Western blot
corroborated this, showing a twofold reduction in total SOD1
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protein at the same time point in cells transfected with RfxCas13d
and the crRNA for SOD1 (Fig. 1E and fig. S2). Thus, RfxCas13d can
lower SOD1 mRNA and protein in a human cell line.

Because crRNAs have been reported as capable of knocking down
genes even in the absence of a Casl3 protein (20), we also tested
whether the SOD1-targeting crRNA could lower SOD1 either by
itself (that is, without RfxCas13d) or with a catalytically inactivated
RfxCas13d variant (dRfxCas13d). According to quantitative polymerase
chain reaction (qQPCR) and relative to untreated cells, we measured
a ~18% decrease in SOD1 mRNA in cells transfected with just the
SOD1-targeting crRNA (P = 0.36) and a ~28% decrease in SOD1
mRNA in cells transfected with dRfxCas13d and the SOD1-targeting
crRNA (P = 0.08; Fig. 1F). As additional controls, we evaluated the
ability for RfxCas13d alone, dRfxCas13d alone, RfxCas13d with a
nontargeted crRNA, and dRfxCas13d with a nontargeted crRNA to
affect SOD1. No significant changes in SOD1 mRNA were observed
for any of these conditions (P > 0.05; Fig. 1F). Thus, our results
demonstrate that RfxCas13d can be programmed to target SOD1.
In addition, we find evidence that non-RNase mechanism(s) can
potentially contribute to knockdown.

RfxCas13d silencing of SOD1 improves outcomes

in arodent model of ALS

Next, we sought to determine whether RfxCas13d could provide a
therapeutic benefit to a mouse model of SOD1-linked ALS following
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in vivo delivery to the spinal cord by an AAV vector. While motor
neurons are selectively lost in SOD1-ALS, lowering the expression
of mutant SOD1 within these cells only delays the onset of the
disease (21, 22), whereas decreasing its expression in astrocytes, a type
of glial cell involved in the neuroinflammatory response, markedly
slows the overall progression of the disorder (23-26). Thus, we
sought to deliver RfxCas13d to spinal cord astrocytes, a cell type
that can be efficiently targeted in adult mice by AAV9 (26-28). To
this end, we injected 60- to 65-day-old G93A-SOD1 mice—which
carry ~25 copies of the human mutant SOD1%** transgene and
develop an aggressive disease that phenocopies hallmarks of ALS,
including motor neuron degeneration, muscle wasting, and paraly-
sis (29, 30)—with AAV9 vector encoding RfxCas13d with either the
SOD1-targeting crRNA (AAV9-RfxCas13d-hSOD1) or a nontargeted
crRNA (AAV9-RfxCas13d-NTG) via the cerebrospinal fluid of the
lumbar spine (Fig. 2, A and B).

As expected, given the preference that intrathecally administered
AAV9 has for spinal cord astrocytes (26-28) and the fact that
disease onset in SOD1-ALS mice is modulated by the expression of
mutant SOD1 in motor neurons (21, 31), we observed no delay in
the onset of the disease (measured as peak weight) in mice treated
by RfxCas13d versus the controls (P > 0.05; Fig. 2C). However, as
compared to control animals, we observed that mice infused with
AAV9-RfxCas13d-hSOD1 had both significantly increased survival
(P < 0.01; Fig. 2D) and a considerably slower course of disease,

evidenced by a ~33% increase in the duration of disease, a measure
defined as the length of time between disease onset and end stage
(hSOD1: 50.7 + 12.4 days; NTG: 38.1 + 9.6 days; P < 0.001; Fig. 2E).
Furthermore, we measured that G93A-SOD1 mice infused with
AAV9-RfxCas13d-hSOD1 had (i) significantly improved rotarod
times during the late stage of the disease (the period from when
animals lose 10% of their peak weight to end stage; P < 0.05)
(Fig. 2F), (ii) a twofold slower rate of decline in hindlimb grip
strength (hSOD1: —6.0 + 0.36 normalized strength % per measure-
ment; NTG: —11.0 + 0.91 normalized strength % per measurement;
P <0.001) (fig. S3), and (iii) a nearly threefold slower rate of muscle
atrophy over the course of the entire disease (hSOD1: -1.3 + 0.19
weight % per measurement; NTG: —4.6 + 0.32 weight % per mea-
surement; P < 0.001) (Fig. 2G). Thus, our results demonstrate that
RfxCas13d can improve therapeutic outcomes in a rodent model of
a neurodegenerative disorder.

We next quantified SODI silencing in tissue harvested from
end-stage animals. According to Western blot, G93A-SOD1 mice
injected with AAV9-RfxCas13d-hSOD1 had reduced human mutant
SOD1 protein in each region of the spinal cord compared to
controls (Fig. 2H and fig. S4), including a 65 to 75% reduction in
the cervical and thoracic regions (P < 0.001) and a ~45% reduction
in the lumbar region (P < 0.01). Consistent with this finding, we
also observed a ~65% decrease in the relative amount of hSOD1
mRNA in the whole spinal cord of animals treated by RfxCas13d
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Fig. 2. RfxCas13d improves outcomes in G93A-SOD1 mice. (A) AAV vector schematic. ITR, inverted terminal repeat; CAG, cytomegalovirus early enhancer/chicken
B-actin promoter. (B) Timeline. (C) Percent before disease onset, (D) percent survival, (E) disease duration, (F) rotarod, and (G) weight of G93A-SOD1 mice injected with
2% 10" vg of AAV9-RfxCas13d-hSOD1 or AAV9-RfxCas13d-NTG (n = 15 for both groups for all measurements). (G) Gray indicates late-stage disease. (F and G) For NTG,
weeks 19 to 19.5 had no error, whereas week 20 involved only a single animal. (H) Relative hSOD1 protein from lumbar, thoracic, and cervical spinal cord (SC) (n=4).
hSOD1 protein was normalized to B-actin protein. (I) Relative hSOD1 mRNA from whole spinal cord (n =4). (J) Immunofluorescence of the lumbar spinal cord of injected
G93A-SOD1 mice. Scale bars, 500 um (left) and 30 um (anterior horn). (F and G) Mean values for each mouse normalized to week 9 values for the same mouse. (G) Rate
determined by linear regression analysis. Values represent means, and error bars indicate (F and G) SD or (H and 1) SEM. *P < 0.05; **P < 0.01; ***P < 0.001. (C and D)
Log-rank Mantel-Cox test; (E) one-tailed unpaired t test; (F) two-way ANOVA; (H and |) one-tailed unpaired t test.
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compared to the controls (P < 0.001) (Fig. 2I), demonstrating that
RfxCas13d lowered SOD1 in vivo. To evaluate off-target silencing
by RfxCas13d, we analyzed from these tissues the expression of
10 candidate off-target transcripts, which each contained a potential
pseudo-crRNA binding site with at least 13 nt of homology to the
SOD1 crRNA (fig. S5A). Compared to control mice, no significant
differences in expression (P > 0.05 for all) were measured by
qPCR for any of the candidate genes in mice injected with AAV9-
RfxCas13d-hSODI1 (fig. S5B).

We also analyzed the distribution of the RfxCas13d protein in
G93A-SOD1 mice. Immunofluorescence analysis of end-stage tissue
revealed that ~90% of glial fibrillary acidic protein-positive (GFAP™)
astrocytes in the anterior horn of the lumbar, thoracic, and cervical
spinal cord were positive for RfxCas13d, which we detected via its
genetically fused hemagglutinin (HA) epitope tag (Fig. 2] and
fig. $6). Consistent with the preference that intrathecally delivered
AAV9 has for spinal cord astrocytes (22, 26), we observed limited
RfxCas13d expression in other cell types within the spinal cord,
including Ibal* microglia and NeuN" neurons (fig. S7).

Next, we determined whether RfxCas13d reduced the accumula-
tion of SOD1 immunoreactive inclusions in the spinal cord, an
outcome that we and others have observed can occur in SOD1-ALS
mice after mutant SOD1 expression is ablated in spinal cord astro-
cytes (26, 32). According to immunofluorescence, mice injected
with AAV9-RfxCas13d-hSOD1 had, on average, ~40% fewer SOD1
immunoreactive inclusions in the spinal cord white matter and ~29%
fewer immunoreactive inclusions in the spinal cord anterior horn
(P < 0.05 for all; fig. S8).

Last, we examined whether intrathecally administering the
AAV9-RfxCas13d-hSOD1 vector induced an inflammatory response
in mice. As neuroinflammation is a hallmark of disease in G93A-SOD1
mice, vector was delivered to B6SJLF1/] mice, the background strain
for the G93A-SOD1 model used in this study. Compared to spinal
cord sections from control animals injected with phosphate-buffered
saline (PBS), we observed, at both 14 and 28 days after injection, no
increase in the number of CD4" or CD8" T cells, NK1.1" natural
killer cells, Ibal™ and Mac2" microglia, or GFAP" astrocytes in mice
injected with AAV9-RfxCas13d-hSODI1 (fig. S9). These findings
suggest that delivering vector did not elicit a detectable inflammatory
response in the spinal cord. In summary, our results demonstrate
that RfxCas13d can be programmed to target SOD1 and that its
AAV-mediated delivery to the spinal cord can impart a therapeutic
benefit to a mouse model of SOD1-linked ALS.

Lowering HTT by RfxCas13d targeting

We next sought to determine the general applicability of RfxCas13d
targeting in the CNS. To this end, we asked whether RfxCas13d
could be used to knock down HTT (33), a protein with a polyQ tract
near its N terminus that, when expanded beyond 37 repeats, causes
HD, a progressive and ultimately fatal neurodegenerative disorder
characterized by the loss of neurons in the striatum (34). Given the
causal link between mutant HTT and HD, modalities capable of
lowering mutant HTT gene expression hold the potential to slow
the clinical progression of the disease (35, 36).

On the basis of the versatility and flexibility observed by RfxCas13d
for SOD1, we designed just four crRNAs to target the sequence
corresponding to exon 1 of the human HTT (hHTT) mRNA, both
upstream and downstream of the polyQ-encoding repeat expansion
(Fig. 3A). We then evaluated the silencing activity of the crRNAs in

Powell et al., Sci. Adv. 8, eabk2485 (2022) 19 January 2022

HEK293T cells using a previously described (37) reporter plasmid
encoding exon 1 of the hHTT gene with 94Q fused to cyan fluores-
cent protein (CFP) (Fig. 3A). The expression of this reporter is
controlled by the tetracycline response element, which is activated
by the tetracycline-controlled transactivator protein. Thus, with this
system, expression of HTT exon 1 is linked to CFP fluorescence.

According to flow cytometry, all four of the crRNAs tested with
this reporter reduced CFP expression by >70% relative to a non-
targeting crRNA, with the three most active crRNAs found to
decrease fluorescence by ~95% (P < 0.001; Fig. 3B). As this reporter
expresses a mutant HTT protein fragment that also forms fluores-
cent inclusions in cells, we used fluorescence microscopy to analyze
aggregate formation, observing a reduction in the number of visible
inclusions in cells with RfxCas13d and the most active crRNAs
(Fig. 3C). Specifically, compared to the nontargeting crRNA, we
measured a ~50 to 70% decrease in the number of cells with CFP*
aggregates (P < 0.001 for all; Fig. 3C). Western blot supported this,
revealing at least an 80% reduction in the total amount of mutant
HTT-CEFP protein for the three most active crRNAs (P < 0.001 for
all; Fig. 3D and fig. S10).

We next sought to determine whether RfxCas13d could target
endogenous HTT mRNA. We therefore transfected HEK293T cells
with RfxCas13d and the most active HTT crRNAs identified from
the reporter screen (crRNAs 1, 2, and 4). By qPCR, we measured a
significant decrease in HTT mRNA for two of the crRNAs tested,
with the most active crRNA, crRNA 1, observed to reduce HTT
mRNA by ~60% compared to cells transfected with RfxCas13d and
a nontargeting crRNA (P < 0.001; Fig. 3E). These results thus
demonstrate that RfxCas13d can be programmed to target endoge-
nous HTT mRNA in a human cell line.

Because we measured a modest decrease in SOD1 mRNA in cells
transfected with just the SOD1 crRNA, we also determined whether
the HTT crRNA could lower HTT mRNA either by itself or with a
dRfxCas13d variant. Consistent with our findings for the SOD1
crRNA, we measured by qPCR a ~17% decrease in HI'T mRNA in
cells transfected with just the HTT crRNA (P = 0.15) and a ~28%
decrease in HTT mRNA in cells transfected with dRfxCas13d and
the HTT crRNA (P < 0.05) (Fig. 3F), with no significant changes in
HTT mRNA observed in cells transfected with RfxCas13d alone,
dRfxCas13d alone, RfxCas13d with a nontargeted crRNA, and
dRfxCas13d with a nontargeted crRNA (P > 0.05; Fig. 3F). These
results thus raise the possibility that non-RNase mechanism(s) can
contribute to knockdown. Additional studies will be needed to
determine whether, and potentially how, these mechanisms function
alongside catalytically active RfxCas13d.

As RfxCas13d has been reported as capable of silencing nontarget
transcripts (38), we analyzed on a transcriptome-wide scale the
targeting specificity of RfxCas13d with the HTT-targeting crRNA
in HEK293T cells. Using RNA sequencing (RNA-seq), we found
that, in addition to HTT, whose down-regulation was expected, 143
genes (~0.92% of total measured transcripts) were differentially
expressed in cells transfected with RfxCas13d and the HTT crRNA
[>1.25-fold change; false discovery rate (FDR)-adjusted P < 0.01]
(Fig. 3G). For reference, RfxCas13d alone or with a nontargeted
crRNA affected the expression of ~0.73 and ~3.5% of total tran-
scripts, respectively (Fig. 3H). Of the 143 nontarget genes that were
differentially expressed in cells transfected with RfxCas13d and the
HTT crRNA, 108 of them (~75%) were also affected in cells trans-
fected with RfxCas13d and the nontargeted crRNA, while 22 of
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Fig. 3. RfxCas13d can target hHTT. (A) (Top) HTT reporter and crRNA binding sites (red bars). (Bottom) crRNA target sequences. (B) CFP MFI in HEK293T cells transfected
with reporter, RfxCas13d, and crRNAs. Data are normalized to cells transfected with RfxCas13d and NTG crRNA (n=3). (C) (Top) Fluorescence image of HEK293T cells
transfected with reporter, RfxCas13d, and HTT crRNA 1. (Bottom) Percentage of cells with HTT-CFP aggregates (n=3). (B and C) “~"indicates cells transfected with reporter
only. (D) HTT-CFP protein in HEK293T cells transfected with reporter, RfxCas13d, and crRNAs. CFP protein normalized to B-actin protein. (E and F) Relative HTT mRNA in
HEK293T cells transfected with RfxCas13d/dRfxCas13d and crRNAs. Data are normalized to relative HTT mRNA in (E) cells transfected with RfxCas13d and NTG crRNA or
(F) untreated cells, both indicated by dashed lines (n=3). (G) Volcano plot of RNA-seq data comparing HEK293T cells transfected with RfxCas13d and HTT crRNA to
untreated cells (n = 3). Red circle denotes HTT. (H and I) Number of differentially expressed genes [>1.25-fold change (FC), FDR-adjusted P < 0.01] in cells transfected with
(H) RfxCas13d and crRNAs or (I) shRNAs, as compared to nontransfected cells (n=3). All analyses are conducted 72 hours after transfection. Error bars indicate SEM.

*P <0.05; ***P < 0.001. (B to F) One-way ANOVA.

these were affected in all three groups (fig. S11 and table S1). Among
the 33 nontarget genes that were uniquely affected by RfxCas13d
and the HTT crRNA, similarity searches for pseudo-crRNA bind-
ing sites revealed that no gene contained >10 nt of contiguous
homology to the HTT crRNA. In addition, an overrepresentation analy-
sis of gene ontology (GO) biological process (BP) and molecular
function (MF) terms revealed no significant enrichment (FDR-
adjusted P > 0.05) for any themes for the 33 genes that were uniquely
differentially expressed by RfxCas13d with the HTT crRNA or the
108 genes that were found to overlap between the multiple groups.

As an additional point of comparison, we measured by RNA-seq
the transcriptome-wide specificities of two short hairpin RNAs
(shRNAs) for HTT. By RNA-seq, we found that siHunt-1 (39), an
shRNA that targets the 5 untranslated region (UTR) of the hHTT
mRNA, affected the expression of 196 genes (~1.2% of measured
transcripts), while shHD2.1 (40), an shRNA that targets a sequence
in exon 2 of the hHTT mRNA, affected 1857 genes (~11.7% of
measured transcripts; >1.25-fold change for both; FDR-adjusted
P < 0.01 for both) (Fig. 3I). Thus, our results indicate that, on a
transcriptome-wide scale, RfxCas13d specificity is comparable
to shRNA.

Last, we sought to determine whether RfxCas13d could lower
the mutant hHTT protein in a transgenic mouse model of HD,
specifically R6/2 mice, which carry exon 1 of the hHTT gene with
a ~150-polyQ repeat alongside a ~1-kb fragment of the 5'UTR that
drives expression of the transgene (41). R6/2 mice produce the
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toxic N-terminal fragment of the human mutant HTT protein and
develop inclusions in striatal neurons (which are lost in HD) as early
as 4 weeks of age. They are thus a useful model for evaluating the
activity of HTT silencing agents.

Given its ability to transduce neurons in the striatum (40, 42-45),
we chose to use AAV1 to deliver RfxCas13d in vivo. Thus, we
injected the striatum of 4-week-old R6/2 mice with AAV1 vector
encoding RfxCas13d with either the HTT-targeting crRNA (AAV1-
RfxCas13d-hHTT, left hemisphere) or a nontargeted crRNA (AAV1-
RfxCas13d-NTG, right hemisphere). At 4 weeks after delivery, we
quantified the abundance of the human mutant HTT protein in
dissected striatal tissue. According to Western blot and compared
to control tissue, we measured a ~60% decrease in human mutant
HTT protein in hemispheres injected with AAV1-RfxCas13d-hHTT
(P < 0.05) (Fig. 4A and fig. S12), a finding that was corroborated by
qPCR, which revealed a ~45% reduction in the amount of relative
hHTT mRNA in treated hemispheres compared to control hemi-
spheres (P < 0.05) (Fig. 4B).

AsR6/2 mice develop HT'T immunoreactive inclusions (35, 42, 46),
we next used immunohistochemistry to determine whether RfxCas13d
could reduce their abundance in the brain. In addition to observing
RfxCas13d expression in ~54% of cells positive for the medium
spiny neuron marker DARPP-32 (Fig. 4C), the principal cell type
lost in HD (34), we measured that hemispheres injected with AAV1-
RfxCas13d-hHTT had ~50% fewer RfxCas13d" cells with human
mutant HTT immunoreactive inclusions as compared to RfxCas13d*
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Fig. 4. RfxCas13d can reduce HTT protein in the brain of a mouse model of HD. (A) hHTT protein (n =4) and (B) hHTT mRNA (n = 3) from striatal tissue 4 weeks after
R6/2 mice were injected with 6 x 10'® vg of AAV1-RfxCas13d-hHTT or AAV1-RfxCas13d-NTG. (A) hHTT protein in each sample was normalized to -actin protein. (C) Representative
immunofluorescence staining of striatal tissue 4 weeks after R6/2 mice were injected with either 6 x 10'° vg of AAV1-RfxCas13d-hHTT or AAV1-RfxCas13d-NTG. Scale bars,
30 um. (D) Quantification of the percentage of RfxCas13d" cells with measurable HTT immunoreactive inclusions, as determined by immunofluorescence staining of the
striatum 4 weeks after R6/2 mice were injected with 6 x 10'° vg of AAV1-RfxCas13d-hHTT or AAV1-RfxCas13d-NTG. A total of >100 cells were counted peranimal (n=7).
Values represent means, and error bars indicate SEM. *P < 0.05; **P < 0.01; ****P < 0.0001. (A, B, and D) One-tailed unpaired t test.

cells from the control hemisphere (P < 0.0001) (Fig. 4, C and D),
demonstrating that RfxCas13d can reduce a pathology associated
with HD. In conclusion, our results establish that RfxCas13d can be
delivered to the mammalian spinal cord and brain to knock down
target gene expression.

DISCUSSION

By virtue of their programmability and their ability to cleave target
RNAs via an intrinsic RNase activity, CRISPR-Cas13 effectors can
be used to knock down target gene expression in mammalian cells.
In the present study, we demonstrate that RfxCas13d, a Cas13 effec-
tor that is compact enough to fit within a single AAV vector particle
alongside a crRNA expression cassette, can be programmed to tar-
get (i) SOD1, a protein whose mutation has been linked to inherited
forms of ALS, and (ii) HTT, a protein that, when mutated to carry
an expansion of a polyQ stretch in its N terminus, causes HD. Our
results thus indicate that RfxCas13d is a versatile platform for
suppressing gene expression.

Gene silencing has emerged as a promising strategy for treating
various CNS disorders (47-50). As evidence for this, tofersen, an
antisense oligonucleotide (ASO) for SOD1 (19), has advanced to phase
3 trials (Clinical Trials.gov identifier: NCT02623699), while microRNA
(miRNA)-based approaches for SOD1-ALS (18) and HD (51)
(ClinicalTrials.gov identifier: NCT04120493) are under evaluation
in patients. Yet despite their broad potential, traditional gene silenc-
ing modalities have certain limitations. For instance, ASOs have a
transient life cycle and will require a lifetime of administrations,
which, in addition to potentially producing periods of diminished
activity before a redosing, could pose a physical and financial burden
on patients. Conversely, while small interfering RNAs (siRNAs),
shRNAs, and miRNAs can be expressed from a viral vector to con-
tinuously engage with a target RNA, these modalities rely on endoge-
nous pathways whose activation can trigger the silencing of off-target
transcripts (52). Thus, there remains a need to explore alternate
RNA targeting platforms.

To this end, in addition to evaluating its ability to mediate gene
knockdown in the CNS, we determined whether RfxCas13d could
be used to improve therapeutic outcomes in a mouse model of a
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neurodegenerative disorder, specifically the G93A-SOD1 mouse
model of SODI1-linked ALS. Our results establish that RfxCas13d
can impart a therapeutic benefit, as we found that G93A-SOD1 mice
intrathecally injected with AAV encoding RfxCas13d and a SOD1-
targeting crRNA had a significantly slowed disease, improved
survival, a decreased rate of muscle atrophy, and improved rotarod
and grip strength. However, despite this effect, the G93A-SOD1
mice treated by RfxCas13d did eventually succumb to disease.
Although the reason for this remains unknown, one possible expla-
nation could be a lack of delivery to microglia, a cell type that, like
astrocytes, contributes to disease progression in SOD1-ALS (21).
Should this be the case, the development of delivery vehicles (53)
capable of targeting microglia, in addition to the other cell types
involved in SOD1-ALS, could further slow disease progression.

Unexpectedly, our results also raise the possibility that RNase-
independent mechanisms may contribute to knockdown, as we
observed a relatively modest but nonetheless measurable decrease
in SOD1 and HTT mRNA in cells transfected with either just
crRNA or a catalytically dead variant of RfxCas13d with crRNA
[a separate study reported a similar observation following the trans-
fection of just crRNA (20)]. Additional experiments will be needed
to fully unravel these mechanisms and to determine whether they
function alongside catalytically active RfxCas13d.

Our study also examined RfxCas13d targeting specificity, a critical
parameter given that the Cas13 family of enzymes has promiscuous
RNase activity that can result in the cleavage of nontarget RNAs in some
environments (3, 4, 6, 7, 13, 38), although this effect has not been
observed for all targets in mammalian cells (5, 8). While our targeted
qPCR analysis revealed no significant changes in the expression of
10 candidate off-target transcripts in whole spinal cord tissue, a
whole-transcriptome survey conducted in HEK293T cells revealed
that, compared to untreated cells, RfxCas13d with the HTT crRNA
affected the expression of 144 genes. However, our analyses re-
vealed that ~75% of these genes were also affected in cells transfected
with RfxCas13d and a nontargeted crRNA or RfxCas13d alone, sug-
gesting the possibility for common mechanisms in response to the
RfxCas13d protein or its delivery to HEK293T cells. For addi-
tional benchmarking, we compared RfxCas13d specificity to HTT-
targeting shRNAs, observing that, on a transcriptome-wide scale,
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both modalities could induce a comparable number of off-target
effects. These results notwithstanding, RfxCas13d specificity and
safety are important questions that require further study, par-
ticularly given that Casl3 proteins can collaterally cleave nontar-
get RNAs.

For our proof-of-concept study, we implemented non-allele-
specific strategies to target both SOD1 and HTT, which holds the
advantage of being applicable to a wider patient population than
mutation-specific approaches for these disorders. For instance, in
the case of SOD1, >100 different mutations have been identified in
ALS patients. This degree of genetic heterogeneity poses consider-
able technical and economic challenges for the treatment of the
disorder by a mutation-dependent strategy. In addition, while single-
nucleotide polymorphisms (SNPs) that are associated with the
mutant HTT allele exist, there remains no single allele-specific strate-
gy that is applicable to the entire HD patient population (54-56). As
a result, non-allele-specific strategies have been implemented with
ASOs and shRNA/miRNAs for both SOD1-linked ALS (22, 27, 57-59)
and HD (40, 43, 60). However, these approaches are expected to
reduce the wild-type protein, which hold risks for inducing adverse
effects. While, to date, non-allele-specific targeting for SOD1-
linked ALS has resulted in no serious side effects and produced evi-
dence of clinical improvement (19), a phase 3 clinical trial designed
to evaluate the effectiveness of an intrathecally administered
non-allele-specific ASO for HD was recently halted following a
recommendation by an Independent Data Monitoring Committee
from an assessment of its risk-benefit profile, raising questions on
the potential safety of reducing the wild-type HTT protein. However,
a phase 1/2 trial for an AAV-based non-allele-specific miRNA therapy
for HD involving its surgical delivery to the striatum remains ongo-
ing (ClinicalTrials.gov identifier: NCT04120493), the results of
which may offer additional insight into the tolerability of lowering
wild-type HTT. Along these lines, because of its programmability,
RfxCas13d may be amenable to repurposing so that, if necessary, it
could (i) potentially lower HTT, SOD1, or any other protein to a
minimal safe but therapeutically effective threshold; (ii) selectively
target mutant allele-specific SNPs [which, notably, while possible
with CRISPR-Cas9 (61-63), has yet to be demonstrated as feasible
for any disease target for RfxCas13d]; or (iii) participate in a
two-vector-based knockdown-and-replace therapy. Such future opti-
mizations could be aided by the emergence of design resources
capable of predicting crRNA activity for targeted sequences (12).

Last, similar to other RNA targeting modalities, RfxCas13d must
be persistently expressed in cells so that it can continuously engage
with its target mRNA to maintain its effect. Cas13 effectors, however,
are bacterial in origin, which could pose a challenge for their clinical
implementation, as they could be recognized as foreign by the
immune system. Furthermore, similar to Cas9 (64, 65), a sizable
percentage of the human population may have preexisting immunity
to RfxCas13d and its orthologs, a finding that could further compli-
cate its application given its need for continuous expression. To-
ward the goal of beginning to determine the safety and tolerability
of RfxCas13d, we measured inflammatory responses in mice intra-
thecally injected with RfxCas13d-encoding AAV, observing no visible
evidence of activation or infiltration of CD4" or CD8" T cells,
NK1.1" natural killer cells, Ibal® or Mac2" microglia, or GFAP"
astrocytes at 14 or 28 days after injection. However, these studies
probed only for inflammation; thus, additional work is needed to
characterize the full spectrum of immunogenic effects that can be

Powell et al., Sci. Adv. 8, eabk2485 (2022) 19 January 2022

elicited by RfxCas13d. Longer-term studies will be also needed to
determine the effects that may arise from the sustained expression
of RfxCas13d. In conclusion, we have demonstrated that CRISPR-
Casl3 can be delivered to the CNS to silence neurodegeneration-
linked genes.

MATERIALS AND METHODS

Plasmid construction

pXR001, the plasmid encoding RfxCas13d (Addgene, 109049), and
pXR003, the plasmid encoding the crRNA expression cassette
(Addgene, 109053), were gifts from P. Hsu (5). To clone the pAAV
plasmid pAAV-CAG-RfxCas13d-U6-crRNA, (i) RfxCas13d, (ii) three
tandem copies of an HA epitope tag adjacent to a bovine growth
hormone polyadenylation signal, and (iii) the human U6 promoter
with a crRNA scaffold were PCR-amplified from (i) pXR001, (ii)
PAAV-CAG-C-Int-CBE-U6-sgRNA (single-guide RNA) (26), and
(iii) pXR003, respectively. These cassettes were then inserted be-
tween the Age I and Not I restriction sites of the plasmid pAAV-
CAG-C-Int-CBE-U6-sgRNA (26) by a single-step Gibson assembly
using the Gibson Assembly Master Mix [New England Biolabs (NEB)]
according to the manufacturer’s instructions. Sanger sequencing
(ACGT) was used to confirm the sequence of the plasmid. The full
sequence of pAAV-CAG-RfxCas13d-U6-crRNA is shown in fig. S13.

To construct the SOD1-AcGFP reporter plasmid, site-directed
mutagenesis was performed on pF148-pSOD1-G37R-AcGFP1
(Addgene, 26409), a gift from E. Fisher. Briefly, primers encoding
nucleotides to revert the SOD1-G37R mutation back to wild type
were used to amplify pF148-pSOD1-G37R-AcGFP1 using Phusion
High-Fidelity DNA Polymerase (NEB). The PCR was then incubated
with 1 pl of Dpn I (NEB) for 1 hour at 37°C and transformed to
5-alpha Competent Escherichia coli (NEB). Sanger sequencing (ACGT)
was used to confirm the sequence of the plasmid.

Oligonucleotides encoding the crRNA targeting sequences were
custom-synthesized (Integrated DNA Technologies) and then
incubated with T4 polynucleotide kinase (NEB) for 30 min at 37°C,
annealed at 95°C for 5 min, and then cooled to 4°C at a rate
of —0.1°C/s. Annealed oligonucleotides were then ligated into the Bbs
I restriction sites in pXR003 or pAAV-CAG-RfxCas13d-U6-crRNA.
Sanger sequencing (ACGT) was used to confirm the sequence of
the crRNA

The plasmids encoding siHunt-1 (39) and shHD2.1 (40) were
custom-synthesized by Synbio Technologies. All primer sequences
are shown in table S1.

Cell culture and transfections

HEK293T cells (American Type Culture Collection) were maintained
in Dulbecco’s modified Eagle’s medium (DMEM; Corning) supple-
mented with 10% (v/v) fetal bovine serum (FBS; Thermo Fisher
Scientific) and 1% (v/v) antibiotic-antimycotic (Thermo Fisher
Scientific) in a humidified 5% CO, incubator at 37°C. Cells were
seeded onto 24-well plates at an average density of 2 x 10° cells per
well and transfected with 1 ug of pAAV-CAG-RfxCas13d-U6-crRNA
by Lipofectamine 3000 (Thermo Fisher Scientific), according to the
manufacturer’s instructions.

For flow cytometry involving the SOD1-AcGFP reporter plasmid,
cells were transfected with 800 ng of pAAV-CAG-RfxCas13d-
U6-crRNA and 200 ng of SOD1-AcGFP reporter plasmid, while,
for flow cytometry involving the HTT-CFP reporter plasmid, cells
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were transfected with 800 ng of pAAV-CAG-RfxCas13d-U6-crRNA,
100 ng of tTA/TRE-mCherry, which encoded the tetracycline-
controlled transactivator, and 100 ng of pTreTight-HTT94Q-CFP
(Addgene, 23966).

Flow cytometry

At 72 hours after transfection, cells were harvested, washed with PBS,
and strained into single-cell suspensions using Falcon Round-Bottom
Polystyrene Test Tubes with Cell Strainer Snap Caps. Fluorescence
was then measured using the BD LSRFortessa Flow Cytometry
Analyzer (Roy J. Carver Biotechnology Center Flow Cytometry
Facility). A total of 50,000 events were recorded for each sample,
and data were analyzed using FlowJo v10 (FlowJo, LLC).

Quantitative PCR

At 72 hours after transfection, RNA was extracted from cells using
the PureLink RNA Mini Kit (Invitrogen) and converted to comple-
mentary DNA (cDNA) using the iScript cDNA Synthesis Kit
(Bio-Rad) according to the manufacturers’ instructions. cDNA
(50 ng) was then used per qPCR using iTaq Universal SYBR Green
Supermix (Bio-Rad). qPCR measurements for each biological repli-
cate were conducted in technical triplicates and normalized to
human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or
mouse B-actin expression for each respective sample.

Western blot

Cells were lysed by radioimmunoprecipitation assay (RIPA) buffer
(0.2% IGEPAL CA-620, 0.02% SDS with VWR Life Science Protease
Inhibitor Cocktails), and protein concentration was determined by
using the DC Protein Assay Kit (Bio-Rad). Protein (15 ug) was then
electrophoresed by SDS-polyacrylamide gel electrophoresis and
electrophoretically transferred onto a polyvinylidene fluoride (PVDEF)
membrane in transfer buffer [20 mM tris-HCI, 150 mM glycine,
and 20% (v/v) methanol] for 1.5 hours at 100 V. Membranes were
blocked with 5% (v/v) blotting-grade blocker (Bio-Rad) in tris-buffered
saline (TBS) [10 mM tris-HCl and 150 mM NaCL (pH 7.5)] with
0.05% Tween 20 (TBS-T) for 1 hour and then incubated with
primary antibodies in blocking solution at 4°C overnight. The
following primary antibodies were used: rabbit anti-hSOD1 (1:2000;
Cell Signaling Technology, 2770S), rabbit anti-GFP/CFP (1:1000;
Abcam, ab6556), rabbit anti-GAPDH (1:1000; Cell Signaling Tech-
nology, 2118S), and rabbit anti-B-actin (1:1000; Cell Signaling
Technology, 4970S). Membranes were then washed three times
with TBS-T and incubated with goat anti-rabbit horseradish peroxi-
dase conjugate (1:4000; Thermo Fisher Scientific, 65-6120) in block-
ing solution for 1 hour at room temperature (RT). Membranes were
then washed again three times with TBS-T and developed using
SuperSignal West Dura Extended Duration Substrate (Thermo
Fisher Scientific) and visualized by automated chemiluminescence
using ChemiDoc XRS+ (Bio-Rad). Band intensity was quantified
using Image Lab Software (Bio-Rad) and normalized to the reference
protein in each line.

To analyze the N-terminal fragment of the hHTT protein, R6/2
striatal tissue was lysed using RIPA buffer, and 20 pg of protein was
electrophoresed on the 4 to 15% Mini-PROTEAN TGX Precast
Protein Gel (Bio-Rad) and transferred onto a PVDF membrane in
transfer buffer [20 mM tris-HCI, 150 mM glycine, and 20% (v/v)
methanol] for 1.5 hours at 100 V. Membranes were then blocked in
blocking solution for 1 hour and incubated overnight at 4°C with the
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following primary antibodies: mouse anti-HTT (1:200; MilliporeSigma,
MABS5374) and rabbit anti-B-actin (1:1000; Cell Signaling Technology,
4970S). Membranes were washed three times with TBS-T and incubated
with either ready-to-use biotinylated goat anti-rabbit immuno-
globulin G (IgG) (Abcam, ab64256) or ready-to-use biotinylated
goat anti-mouse IgG (Abcam, ab64255) for 1 hour at RT. Membranes
were then again washed three times in TBS-T and then incubated
with a streptavidin-Alexa Fluor 700 conjugate (1:4000; Thermo
Fisher Scientific, $21383) diluted in blocking solution (5% bovine
serum albumin in TBS-T) for 1 hour at RT. Membranes were
washed three more times and visualized using the Odyssey Imaging
System (LI-COR). Band intensity was quantitated using LI-COR
Image Studio Software (LI-COR). Human mutant HTT protein was
then normalized to the B-actin reference protein in each lane.

RNA sequencing
Library construction was performed by the Roy J. Carver Biotech-
nology Center (University of Illinois). Purified deoxyribonuclease-
treated RN As were converted into individually barcoded polyadenylated
mRNA sequencing libraries using the TruSeq Stranded mRNA
Sample Prep Kit (Illumina). Libraries were then barcoded with unique
dual indexes to prevent index switching. Adaptor-ligated double-
stranded cDNAs were then PCR-amplified for eight cycles with
KAPA HiFi DNA Polymerase (Roche). Final libraries were quanti-
tated by Qubit (Thermo Fisher Scientific), and the average cDNA
fragment sizes were determined on a fragment analyzer. Libraries
were diluted to 10 nM and quantitated by qPCR on a CFX Connect
Real-Time qPCR system (Bio-Rad) to confirm accurate pooling of
barcoded libraries and to maximize the number of clusters in the
flowcell. Barcoded RNA-seq libraries were sequenced with NovaSeq
6000 (Illumina). FastQ read files were generated and demultiplexed
using the bcl2fastq v2.20 Conversion Software (Illumina). The quality
of the demultiplexed FastQ files was evaluated using FastQC.
RNA-seq analysis was conducted by the High-Performance
Biological Computing Core (University of Illinois). Briefly, Salmon3
version 1.2.0 was used to quasi-map reads to the transcriptome and
to quantify the abundance of each transcript. Transcriptomes were
indexed using the decoy-aware method in Salmon with the entire
genome file, and gene-level counts were estimated on the basis of
transcript-level counts using the “bias corrected counts without an
offset” method from the tximport package. The raw RNA-seq data
are available in the Supplementary Materials. Overrepresentation
analysis on differentially expressed genes was performed using
NetworkAnalyst 3.0 (66) using the GO:BP and GO:MF databases (67).

AAYV packaging

AAV vectors were packaged according to a previously established
protocol (68). Briefly, 2 x 107 HEK293T cells were seeded onto
15-cm cell culture plates in DMEM supplemented with 10% (v/v)
FBS (Thermo Fisher Scientific) and 1% (v/v) antibiotic-antimycotic
(Thermo Fisher Scientific). At 16 hours after seeding, cells were
transfected with 15 pg of either pAAV-CAG-RfxCas13d-U6-NTG,
PAAV-CAG-RfxCas13d-U6-SOD1, or pAAV-CAG-RfxCas13d-U6-HTT;
15 ug of AAV1 or AAVY; and 15 pg of pHelper using 135 ul of
polyethylamine (1 pug/ul). Cells were gently harvested after 72 hours
using a cell scraper, centrifuged at 4000g for 5 min at RT, and then
resuspended in lysis buffer [50 mM tris-HCl and 150 mM NaCl
(pH 8.0)]. Using liquid nitrogen and a water bath set to 37°C, cells
were freeze-thawed three times and then incubated with 10 U of
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benzonase (Sigma-Aldrich) per 1 ml of cell supernatant for 30 min
at 37°C. Supernatant was then centrifuged at 18,500¢ for 30 min at
RT, and the resulting lysate was overlayed on an iodixanol density
gradient, which was centrifuged at 140,000g for 2 hours at 18°C. Af-
ter centrifugation, the virus was isolated by extraction, washed three
times with 15 ml of PBS with 0.001% Tween 20 using an Ultra-15
centrifugal filter unit (Amicon), and concentrated to <150 pl. Viral
genomic titer was determined by qPCR using iTaq Universal SYBR
Green Supermix (Bio-Rad) and stored at 4°C.

Injections

All animal procedures were approved by the Illinois Institutional
Animal Care and Use Committee at the University of Illinois and
conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Treatment and
control groups for all studies were sex-balanced and litter-matched.

Following the procedures previously described by our laboratory
(26), genotyped P60-P65 G93A-SOD1 mice bred from male G93A-
SOD1 mice [B6SJL-Tg(SOD1*G93A)1Gur/J; The Jackson Laboratory,
stock no. 002726] and female B6SJLF1/] mice (The Jackson Laboratory,
stock no. 100012) were injected with 2 x 10"" vector genomes (vg)
of AAV9-RfxCas13d-hSOD1 or AAV9-RfxCas13d-NTG in 10 pl of
PBS with 0.001% Tween 20 into the mouse lumbar subarachnoid
space between the L5 and L6 vertebrae using a Hamilton syringe
with a 29-gauge 1.5-inch needle. The crRNA used in the animal
study corresponded to SOD1 crRNA 3 from our initial screen.
Identical injection procedures (26) were used to inject B6SJLF1/]
mice with AAV vector for inflammation studies.

Genotyped P28 R6/2 mice bred from male R6/2 mice [B6CBA-
Tg(HDexon1)62Gpb/3 J; The Jackson Laboratory, stock no. 006494]
and female B6CBAF1/] mice (The Jackson Laboratory, stock no.
100011) were injected with a total of 6 x 10" vg of AAVI-Rfx-
Cas13d-HTT (left hemisphere) and AAV1-RfxCas13d-NTG (right
hemisphere) in 3 pl of PBS with 0.001% Tween 20 at stereotaxic
coordinates anterior-posterior = 0.50 mm; medial-lateral = +1.65 mm;
and dorsal-ventral = —3.5, -3.0, and — 2.5 mm using a 25-ul syringe
with a 30-gauge Point Style 4 needle with a 30° angle (Hamilton).
Brain injections were performed using a drill and injection robot
(NeuroStar). The crRNA used in this animal study corresponded to
HTT crRNA 1 from our initial screen.

Behavior

All behavior measurements were conducted by a blinded investiga-
tor. Beginning 1 week after injection, motor coordination of G93A-
SOD1 mice was measured using a Rotamex-5 rotarod (Columbus
Instruments). Mice were placed onto an apparatus programmed to
accelerate from 4 to 40 rpm in 180 s (26). The latency to fall was
recorded, and each session was composed of three trials (26).

Hindlimb strength was measured using a grip strength meter
(Harvard Apparatus), as described (26). Mice were scruffed and
allowed to firmly latch onto a pull bar with their hindlimbs and then
pulled in the opposite direction (26). The maximum force exerted
before the release of the bar was recorded for each animal. Each
session consisted of at least three measurements (26).

Following our previous procedures (26), the weights of each
mouse were recorded twice per week using an electronic scale.
Disease onset and late-stage disease onset were then calculated as
the day at which animals reached peak weight and lost 10% of their
peak weight, respectively (26).
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As previously described (26), end stage was determined as the
point when the animal could no longer turn themselves over within
10 s of being placed on their back, lost more than 20% of their peak
weight, or had complete paralysis. Mice were provided with wet,
mashed food in their cages at the first sign of hindlimb paralysis and
were monitored daily thereafter (26). All behavior measurements
were normalized to the starting value at day 63.

Immunohistochemistry

Immunohistochemistry was performed according to our previous
procedures (26). After transcardially perfusing mice with PBS,
tissues were harvested and fixed overnight with 4% paraformaldehyde
in PBS at 4°C and then cut into 40-pm sagittal or coronal sections
using a CM3050 S cryostat (Leica). Sections of spinal cord were then
transferred to a 48-well plate, while sections of brain were trans-
ferred to a 24-well plate and then stored in cryoprotectant at —20°C.
Sections were washed three times with PBS and incubated with
blocking solution [PBS with 10% (v/v) donkey serum (Abcam) and
1% Triton X-100] for 2 hours at RT and stained with primary anti-
bodies in blocking solution for 72 hours at 4°C. Sections were then
again washed three times with PBS and incubated with secondary
antibodies in blocking solution for 2 hours at RT. Following incu-
bation with the secondary antibodies, sections were washed three
final times with PBS and then mounted onto slides using VECTA-
SHIELD HardSet Antifade Mounting Medium (Vector Laboratories).
Slides were imaged using a Leica TCS SP8 confocal microscope and
a Zeiss Observer Z1 microscope (Beckman Institute Imaging Tech-
nology Microscopy Suite, University of Illinois). All image analyses
were performed using Image] software.

The following primary antibodies were used: rabbit anti-hSOD1
(1:250; Cell Signaling Technology, 2770S), goat anti-choline acetyl-
transferase (ChAT) (1:25; EMD Millipore, AB144P), goat anti-HA
(1:250; GenScript, A00168), rabbit anti-HA (1:500; Cell Signaling
Technology, 3724S), chicken anti-HA (1:500; Abcam, ab9111), rabbit
anti-NeuN (1:500; Abcam, ab177487), rabbit anti-Ibal (1:500; Wako
Pure Chemical Industries, 019-19741), mouse anti—3-tubulin (1:1000;
Sigma-Aldrich, T8578), chicken anti-GFAP (1:1000; Abcam, ab4674),
rabbit anti-DARPP-32 (1:100; Cell Signaling Technology, 2306S), mouse
anti-HTT (1:50; MilliporeSigma, MAB5374), rabbit anti-CD4 (1:200;
Abcam, ab183685), rat anti-CD8a (1:200; Thermo Fisher Scientific,
14-0081-82), mouse anti-NK1.1 (1:200; Thermo Fisher Scientific,
MA1-70100), and rat anti-Mac2 (1:500; Cedarlane, CL8942AP).

The following secondary antibodies were used: donkey anti-rabbit
Cy3 (Jackson ImmunoResearch, 711-165-152), donkey anti-rabbit
Alexa Fluor 488 (Jackson ImmunoResearch, 711-545-152), donkey
anti-goat Cy3 (Jackson ImmunoResearch, 705-165-147), donkey
anti-goat Alexa Fluor 488 (Thermo Fisher Scientific, A-11055),
donkey anti-goat Alexa Fluor 647 (Jackson ImmunoResearch,
705- 605-147), donkey anti-mouse Alexa Fluor 488 (Jackson
ImmunoResearch, 715-545-150), donkey anti-chicken Alexa Fluor
647 (Jackson ImmunoResearch, 703-605-155), donkey anti-chicken
Cy3 (Jackson ImmunoResearch, 703-165-155), donkey anti-rat
Cy3 (Jackson ImmunoResearch, 712-165-153), and donkey anti-
mouse Alexa Fluor 488 (Jackson ImmunoResearch, 715-545-150).

Inclusion area was quantified as previously described (26). Briefly,
aregion of interest was first highlighted in Image]. A pixel intensity
threshold was then applied to identify regions covered by inclu-
sions, and the area of the respective region was determined by the
measure function in Image]. The measured area was then normalized
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to the total area initially highlighted to derive the percentage of the
area occupied by immunoreactive inclusions. All measurements
were performed by a blinded investigator.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8. For
in vitro studies, SOD1-AcGFP and HTT-CFP fluorescence intensity
and protein, and hSOD1 and hHTT mRNA were compared using
one-way analysis of variance (ANOVA). hSOD1 protein was com-
pared using an unpaired two-tailed t test. For in vivo studies,
mRNA, protein, disease onset, and late-stage disease onset were
compared using an unpaired one-way f test. Survival was analyzed
by Kaplan-Meier analyses using the Mantel-Cox test. Rotarod and
grip strength were analyzed using a two-way ANOVA followed by a
Bonferroni post hoc test. Weight loss and hind-limb grip strength
were analyzed using a linear regression analysis. Reactive inclusion
data were compared using a one-tailed unpaired ¢ test.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk2485

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