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CRISPR technology has demonstrated broad utility for con-
trolling target gene expression; however, there remains a
need for strategies capable of modulating expression via the
precise editing of non-coding regulatory elements. Here, we
demonstrate that CRISPR base editors, a class of gene-modi-
fying proteins capable of creating single-base substitutions in
DNA, can be used to perturb gene expression via their targeted
mutagenesis of cis-acting sequences. Using the promoter region
of the human huntingtin (HTT) gene as an initial target, we
show that editing of the binding site for the transcription factor
NF-kB led to a marked reduction in HTT gene expression in
base-edited cell populations. We found that these gene pertur-
bations were persistent and specific, as a transcriptome-wide
RNA analysis revealed minimal off-target effects resulting
from the action of the base editor protein. We further demon-
strate that this base-editing platform could influence gene
expression in vivo as its delivery to a mouse model of Hunting-
ton’s disease led to a potent decrease in HTT mRNA in striatal
neurons. Finally, to illustrate the applicability of this concept,
we target the amyloid precursor protein, showing that multi-
plex editing of its promoter region significantly perturbed its
expression. These findings demonstrate the potential for base
editors to regulate target gene expression.

INTRODUCTION

Gene expression, the process by which information encoded within
DNA is converted to a functional product, is a highly controlled pro-
cess involving the coordinated action of transcription factors (TFs)
that bind to cis-regulatory elements to orchestrate transcription.'
Given its importance for maintaining cell homeostasis during devel-
opment and adulthood, as well as the role that its dysregulation can
play in disease, considerable effort has been devoted to the develop-
ment of strategies capable of manipulating the expression of a target
gene.”” Among these are approaches based on Cas9,° an RNA-guided
DNA endonuclease that, since its discovery as a component of the
bacterial adaptive immune response,’ ° has been repurposed for tar-
geted gene editing in eukaryotic cells.”'"'* Cas9 can be directed to a
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specific DNA site by a single guide RNA (sgRNA) that encodes a pro-
grammable spacer sequence that mediates DNA binding via RNA-
DNA base complementarity.” Once bound to its target, Cas9 cleaves
it,"” activating DNA repair pathways such as non-homologous end-
joining (NHEJ), which can then introduce semi-random base inser-
tions and deletions (indels) at the target site, 1114 Critically, such
outcomes can be exploited to disrupt cis-acting sequences, which in
turn can influence the expression of a target gene.'”'® Catalytically
inactive forms of Cas9, however, can also be used to regulate expres-
19721 For instance, deactivated Cas9 (dCas9) can be deployed to
physically block transcriptional initiation and/or elongation
921 or epigenetically silence or activate the

sion.

of a target transcript
expression of an endogenous locus when tethered to a transcriptional
repressor”””” or activator domain.”* **

However, while effective, these approaches nevertheless possess
several limitations that could restrict their utility for certain applica-
tions. For instance, to sustain their effectiveness, CRISPR repressors
and activators must be persistently expressed in cells to continuously
engage with their target sequence(s), a technical limitation that could
increase their likelihood for affecting the expression of non-target
genes. In addition, Cas9-introduced indels, which can be directed
to cis-acting elements to perturb expression, are heterogeneous, can
vary in size,” " and pose risk for destroying TF binding sites,'>"”
which may be undesirable for applications that require the fine-tun-
ing of target gene expression. Moreover, Cas9-induced double-strand
breaks (DSBs) can result in genomic deletions, rearrangements, and
translocations, all of which hold the potential to affect cell sur-
vival.’*** Finally, while alternative pathways such as homology-
directed repair (HDR) can be used to precisely edit bases in cis-acting
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HDR is not available at high rates in many cell
't}rpes,l(J"%’38 which can limit its implementation. As a result, there re-
mains a need for strategies capable of modulating target gene expres-
sion via the precise editing of cis-acting sequences using pathways

available within a broad range of cell types.

A class of genome-modifying technologies with the potential to meet
these needs are CRISPR base editors.”” Generally consisting of fusions
of a targetable Cas9 nickase (nCas9) variant with a nucleobase deam-
inase enzyme,’™*' base editors have the ability to induce targeted
single-base substitutions in DNA, but without the need for a DSB,
thereby overcoming a disadvantage inherent to NHE]J-based ap-
proaches for DNA editing. In particular, unlike Cas9 nucleases,
base editors have a defined catalytic window that can enable the selec-
tive editing of a target base within a cis-regulatory sequence. Base ed-
itors also yield predictable editing outcomes, a feature that could be
exploited to enable reproducible changes in target gene expression.
Given these attributes, we hypothesized that base editors could be
an attractive platform for modulating target gene expression via their
precise editing of non-coding regulatory elements.

Here, we demonstrate that mutagenizing cis-acting sequences by base
editing provides a means for perturbing target gene expression.
Following the identification of actionable elements in the promoter
region of the human huntingtin (HTT) gene, which we initially
targeted to validate this concept, we show that base editing the bind-
ing site for the TF nuclear factor kB (NF-kB) led to a marked decrease
in HTT expression in base-edited cell populations. We found that
editing of the HTT promoter was stable, resulting in a persistent
decrease in HTT mRNA and protein over time, and specific, as
RNA sequencing (RNA-seq) revealed minimal differentially ex-
pressed genes (DEGs) from base editing. We further show that this
particular base-editing platform could lower HTT in vivo, as its intra-
striatal delivery to a mouse model of Huntington’s disease (HD) led to
a reduction in HTT gene expression within neurons. Finally, we
illustrate the applicability of this approach by targeting the amyloid
precursor protein, demonstrating that multiplexed editing of its
promoter region could significantly perturb its expression. Thus,
our findings demonstrate the ability for base editors to modulate
the expression of target genes.

RESULTS

Identification of actionable elements in the HTT promoter

We sought to determine the ability of base editors to influence the
expression of target gene(s) via their targeted mutagenesis of cis-regula-
tory sequences. As an initial proof of concept, we targeted the promoter
region for the HTT gene, which encodes a protein that, when mutated to
carry >35 copies of a CAG trinucleotide within exon 1 of its coding
sequence, causes HD, a debilitating and ultimately fatal neurodegener-
ative disorder characterized by the loss of neurons in the striatum.*”

There exists in the human HTT promoter predicted binding sites for
the TFs NF-kB (—139 bp from the translation start codon), AP2
(—242), SP1 (—280), AP4 (—326),and AMLI (—392) (Figure 1A).*>**
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Given the number of candidate base editors that could be created to
span these regions, as well as the prospect of other important regula-
tory elements within it, we sought to streamline our design efforts by
creating a map of functional elements for a portion of the HTT pro-
moter. To this end, we conducted a CRISPR interference (CRISPRi)
tiling screen using 30 sgRNAs designed to tile the human HTT pro-
moter from —700 to —30 bp from the translation start codon (Fig-
ure 1A), reasoning that such a screen would enable the identification
and/or ranking of sequences most suitable for targeting by base edit-
ing. To facilitate the identification of sgRNAs that could perturb
expression, we created a reporter plasmid expressing a Renilla lucif-
erase transgene from a ~1-kb fragment of the human HTT promoter
(pHTT-RLuc), with the expectation that dCas9 binding to functional
elements within it would alter Renilla luciferase expression.

To implement this screen, we transfected human embryonic kidney
(HEK) 293T cells with expression vectors encoding dCas9 and each
of the 30 sgRNAs tiling the HTT promoter in combination with
pHTT-RLuc, a plasmid that also contained within it the coding
sequence for firefly luciferase (which we used to normalize for transfec-
tion efficiency). From this screen, we found that sgRNAs targeting
—179 to —110 bp from the translation start codon, a region that con-
tains near its center the predicted binding site for NF-kB, effectively
repressed Renilla expression (Figure 1B). The most active of these
sgRNAs, in particular, targeted the NF-kB binding site and were found
to reduce Renilla activity by ~85% (p < 0.001; Figure 1B), which is
consistent with prior studies demonstrating that NF-kB can modulate
HTT expression.***” In addition, we found that an sgRNA targeting a
sequence ~46 bp from the translation start codon also effectively
repressed Renilla expression (p < 0.01; Figure 1B); however, unlike
the sgRNAs that targeted the regions flanking the NF-«kB binding
site, the sgRNAs targeting the positions adjacent to this site had no sig-
nificant effect on Renilla activity (p > 0.05; Figure 1B). Interestingly,
sgRNAs targeting +10 bp of the predicted binding sites for the TFs
Spl, AP2, AP4, and AMLL, as well as the more distal regions of the
cloned promoter fragment (—700 to —400 bp) were found to either
have no effect on Renilla expression or increased it (Figure 1B), indi-
cating their poor suitability as candidates for targeting by base editing.

Overall, our results demonstrate that the NF-«kB binding site and the
sequences surrounding it are important for modulating expression
from the HTT promoter.

Base editing of the NF-kB binding site in the HTT promoter can
decrease gene expression

Next, we sought to capitalize on the information from the CRISPRi
tiling screen by determining whether base editing of the NF-«kB bind-
ing site and/or the sequences adjacent to it could regulate HTT gene
expression. Because of the GC-rich nature of this 70-bp window, we
targeted it exclusively with cytosine base editors (CBEs),">*>*
of base-editing protein that relies on a cytidine deaminase to induce
the deamination of a target cytosine, which then facilitates its conver-
sion to thymine. More specifically, we used BE3, a third-generation
CBE that consists of the rat APOBECI cytidine deaminase and a
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Figure 1. CRISPR interference can identify actionable elements in the human HTT promoter

(A) The positions of the binding sites for the transcription factors (TFs) NF-xB, AP2, SP1, AP4, and AML1 in the promoter region of the human HTT gene. The approximate
locations of the sgRNA binding sites for the CRISPR interference (CRISPRI) tiling screen are indicated by purple bars. (B) Normalized Renilla luciferase expression in HEK293T
cells 3 days after transfection with the pHTT-RLuc reporter and expression vectors encoding dCas9 and each sgRNA. Renilla expression in each transfection was normalized
tofirefly luciferase, and all relative values were normalized to those from cells transfected with pHTT-RLuc and dCas9 with a non-targeted sgRNA. (C) Sequence of the human
HTT promoter and the NF-«B binding site, with the CBE binding sites indicated by purple arrows. Underlined bases denote the target cytosines for each CBE, with the
numbering specifying their position in relation to the translation start site. The NF-kB consensus motif is shown in the logo illustration,®’ with black arrowheads indicating
the target cytosines for CBE-3. (D) Heatmap showing the mean editing frequency for each base by the candidate CBEs in HEK293T cells, as determined by deep sequencing
(n = 3). Numbering indicates the relative position of the base to the translation start codon. (E) Base conversion frequencies within edited reads at positions —142C and
—141C in the HTT promoter in HEK293T cells 3 days after transfection with plasmids encoding CBE-3, as determined by deep sequencing (n = 3). Bars indicate means and

error bars indicate SEMs. *p < 0.05, **p < 0.01, **p < 0.001; 1-tailed unpaired t test.

uracil DNA glycosylase inhibitor, to tile this 70-bp window with the
expectation that its mutagenesis could disrupt the binding of a cis-
acting regulator that positively controls HTT expression (Figure 1C).
Notably, several of the CBE systems that we designed were expected
to target multiple cytosines, including CBE-3, a variant whose editing
window overlaps with the predicted binding site for NF-kB and in-
cludes two conserved cytosines (—142C and —141C) (Figure 1C).

We measured the ability of these five CBEs to edit the HTT promoter in
HEK293T cells. Using deep sequencing, we found that three variants,
CBE-1 and CBE-2, which both target sequences 5’ of the NF-«kB binding
site, and CBE-3, which targets the NF-kB binding site itself, edited their
target cytosines with efficiencies >25% (p < 0.001; Figure 1D). CBE-3,in

particular, was found to edit its two target bases (—142C and —141C)
with efficiencies near 40% (p < 0.001; Figure 1D), with deep sequencing
further revealing that ~90% and ~85% of these base conversions en-
coded the target thymine (Figure 1E) and that only ~3.5% of the
analyzed reads contained indels (Figure S1).

Given its higher editing efficiency compared to the other variants, as
well as the predicted importance of positions —142C and —141C for
NEF-kB binding (Figure 1C), we next tested the ability of CBE-3 to
modulate the expression of HTT. To restrict our analysis to base-edi-
ted cells rather than a bulk population consisting of edited and non-
edited cells that could dampen the measured effect,®** we co-deliv-
ered CBE-3 with a transient reporter that encodes a blue fluorescent
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Figure 2. Base editing of the NF-«kB binding site can lower HTT expression
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(A) Relative HTT mRNA in HEK293T cells 7 days after transfection, with plasmids encoding a targeted or non-targeted CBE and enriched by FACS using a transient reporter
(n=3). (B) Relative HTT mRNA in bulk unsorted HEK293T cells 7 days after transfection with plasmids encoding the CBE-3 or a deactivated CBE-3 (dCBE-3). (A and B) All of
the data were normalized to HTT mRNA in cells transfected with a non-targeted CBE (n = 3). (C) Sanger sequencing of the NF-kB binding site in expanded HEK293T clones
originally transfected with plasmids encoding CBE-3. Purple boxes indicate the bases edited by CBE-3, while the orange box indicates an indel mutation. The sequence
above the top trace indicates the wild-type HTT sequence, while the numbering indicates the positions of the first and last nucleotides within this window relative to the
translation start codon. Purple bases represent the target bases. (D) Heatmap showing (top) relative HTT protein and (bottom) relative HTT mRNA in the expanded HEK293T
clones. Values are relative to the measured HTT protein and mRNA from unedited HEK293T clones. (E) Volcano plot of RNA-seq data comparing bulk unsorted HEK293T
cells 7 days after transfection with plasmids encoding CBE-3 to cells transfected with a non-targeted CBE (n = 3). The red circle indicates the HTT gene, while the colored
circles indicate non-target differentially expressed genes (>1.25-fold change [FC], false discovery rate [FDR]-adjusted p < 0.1]. Bars represent means and error bars indicate

SEMs. *p < 0.05, **p < 0.01; 1-tailed unpaired t test.

protein (BFP) variant that can be converted to a green fluorescent
protein (GFP) following the induction of a C > T edit driven by
a co-transfected BFP-targeting sgRNA,*® thereby enabling the enrich-
ment of base-edited cells by fluorescence-activated cell sorting
(FACS).

As expected, transient enrichment increased the proportion of cells
with base edits in the NF-«kB binding site, as ~65% of the analyzed
alleles from the enriched pool of cells harbored edits at —142C and
—141C (Figure S2). Using qPCR, we measured the expression of
the HTT gene in the enriched cell populations. Compared to similarly
enriched cells that were transfected with a non-targeting CBE, we
observed a ~60% decrease in HI'T mRNA in cells transfected with
CBE-3 (p < 0.001) (Figure 2A), demonstrating that this CBE can in-
fluence the expression of the HTT gene.

However, because Cas9 binding to a promoter region can interfere
with transcriptional initiation and decrease target gene expression,'”
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we next sought to determine whether the base-editing outcomes
themselves, and not interference resulting from the binding of the
CBE to its target, were driving the change in HTT expression. To
this end, we created a deactivated CBE (dCBE) variant that contained
inactivating mutations (H61A and E63A) in its APOBECI catalytic
domain,”” but which still retained the ability to bind DNA (Figure S3).
Using qPCR, we measured the ability of this dCBE—targeted to the
NE-kB binding site (dCBE-3)—to lower HTT mRNA in HEK293T
cells at 7 days post-transfection, a time point that we reasoned would
provide sufficient time for the edits in the HTT promoter to affect the
transcription of the HTT gene. From this analysis, we found that only
cells transfected with the catalytically active form of the CBE had
reduced HTT expression (p < 0.05) (Figure 2B), as we measured
no significant difference in HTT mRNA in cells transfected with
dCBE-3 versus a non-targeted CBE (p > 0.05) (Figure 2B).

To further establish that base editing of the NF-«kB binding site in
the HTT promoter reduced HTT expression, we analyzed single
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cell-derived HEK293T clones that originated from a bulk pool of cells
transfected with CBE-3 and contained the target —142C > T and
—141C > T edits (Figure 2C); furthermore, although found to occur
at low frequencies, we expanded clones with non-target C > A and
C > G edits, as well as indels, to determine the effect that non-precise
editing outcomes at —142C and —141C could have on HT'T expres-
sion. We measured by western blot a nearly 2-fold decrease in
HTT protein for each edited clone compared to a control cell line
(Figure 2D), with no CBE protein detected in the lysate of any clone
(Figure S4), indicating that the decrease in HTT was attributable to
the base edits. These results were further corroborated by qPCR,
which, depending on the clone, revealed a ~30%-50% reduction
in HTT mRNA compared to the control cell lines (Figure 2D). Inter-
estingly, although unsurprisingly, our analyses revealed that clones
harboring non-target edits had a greater reduction in HTT mRNA
and protein compared to clones with the target C > T edits, a finding
that is consistent with the NF-kB consensus motif, which predicts that
C > G substitutions at —142C and —141C should be particularly
disruptive (Figure 1C).”"

Using RNA-seq, we next determined whether the action of the CBE
led to differential gene expression changes in HEK293T cells. In addi-
tion to the HTT gene, whose downregulation was anticipated, we
measured that only four non-target genes were differentially ex-
pressed in cells transfected with CBE-3 compared to cells transfected
with a non-targeted CBE (>1.25-fold change; false discovery rate
[FDR]-adjusted p < 0.1) (Figure 2E; Table S2). Of the four DEGs,
we found that none of them contained pseudo-sgRNA binding sites
(which we defined as having >75% of contiguous identity to the
CBE-3 target) within 5 kb upstream or downstream of their respective
transcription start site. An overrepresentation analysis of Gene
Ontology terms further revealed no significant enrichment for any
themes among HTT and the DEGs, indicating an unknown mecha-
nism of dysregulation for the four non-target genes.

In addition to determining its transcriptome-wide effects, we evalu-
ated whether the CBE edited off-target sites in the human genome.
Using deep sequencing, we measured no editing at any of the analyzed
computationally predicted off-target sites for CBE-3 in HEK293T
cells (p > 0.1; Figure S5).

Collectively, these results demonstrate that base editing of the
NF-kB binding site in the promoter region of the human HTT
gene can perturb its expression. In addition, we show that the action
of this base editor led to minimal changes in the transcriptome
of cells.

In vivo targeting of the HTT promoter by base editing can
modulate HTT expression

We next sought to determine whether the base editing system
designed to target the HTT promoter could reduce HTT expression
in vivo. More specifically, we sought to evaluate the targeting capabil-
ities of CBE-3 in the R6/2 mouse model of HD, which carries a ~1-kb
fragment of the human HTT promoter that drives expression of

the toxic N-terminal fragment of a mutant HTT (mHTT) protein
with ~120 polyQ repeats.”” R6/2 mice develop a progressive pheno-
type that involves the accumulation of mHTT inclusions in striatal

neurons and is characterized in part by a shortened lifespan.””>*

To deliver the CBE in vivo, we used adeno-associated virus (AAV).
Specifically, we used AAV1, which is capable of transducing neurons
following its direct injection to the striatal parenchyma.’”°
because AAV possesses a limited carrying capacity that restricts
its ability to deliver a full-length CBE by a single vector, we used
a split-intein-containing CBE scaffold that we®"®* 037605
have demonstrated is compatible with dual vector delivery and can
be used to reconstitute a functional, full-length CBE protein to enable
in vivo DNA editing (Figure 3A). Thus, we intrastriatally injected
4-week-old R6/2 mice with ~3 x 10" viral particles each of two
AAV1 vectors encoding either the N- or C-terminal split-intein CBE
domains with sgRNAs targeting the human HTT promoter (AAV1-
CBE-hHTT) or the mouse Rosa26 locus (AAV1-CBE-mRosa26) (Fig-
ure 3B). In addition, we co-injected R6/2 mice with ~3 x 10" viral par-
ticles of a third AAV1 vector encoding an EGFP variant fused to a
KASH (Klarsicht/ANC-1/Syne-1 homology) domain (AAV1-EGFP-
KASH) (Figure 3B). EGFP-KASH localizes to the outer nuclear mem-

brane, enabling the isolation of transduced neuronal nuclei by FACS for
63,66,67

0
However,

and others

a higher resolution analysis of base editor-mediated outcomes.

At 4 weeks after delivery, we conducted an immunohistochemical
analysis to quantify CBE delivery to the striatum. Our analyses
revealed that, within the striatum, ~70% of the cells positive for
the pan-neuronal marker NeuN were also positive for EGFP-KASH
(Figure 3C) and that ~60% of the cells positive for EGFP-KASH
were positive for the Cas9 domain in the CBE protein, indicating
that a proportion of cells were transduced by multiple vectors
(Figure S6).

We next used FACS to isolate EGFP* nuclei from the striatal tissue
of R6/2 mice injected with all three vectors, observing that ~16%
of cells from dissociated tissue were positive for EGFP (Figure S7).
Using qPCR, we measured HTT gene expression in these enriched
cell populations, finding that EGFP-KASH™ cells from mice injected
with AAV1-CBE-hHTT had ~50% less HTT mRNA compared
to cells from control animals (p < 0.001) (Figure 3D), supporting
the capacity for CBE-3 to lower HTT in vivo. We then measured
by deep sequencing the frequency of C > T editing in the NF-kB bind-
ing site in a fragment of the human HTT promoter amplified from
the enriched cell populations. Surprisingly, however, unlike that
from our cell culture studies, which revealed editing rates generally
consistent with the measured decreases in HT'T mRNA, we measured
that only ~2% and ~3.5% of the analyzed reads in mice injected
with AAV1-CBE-hHTT carried the —142C > T and —141C > T edits,
respectively (p < 0.05; Figure 3E), with only ~0.3% of these analyzed
reads containing indels (Figure S8). These results thus raise the
possibility that, in addition to the effects resulting from the editing
of the NF-kB binding site, CBE-3 may be lowering HTT expression
in vivo by additional mechanism(s), including potentially by
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Figure 3. Targeting the HTT promoter in vivo can lower HTT expression in a mouse model of HD

(A) Schematic of the AAV vectors used in this study. Abbreviations are as follows: TR, inverted terminal repeat; CAG, cytomegalovirus early enhancer/chicken B-actin
promoter; NLS, nuclear localization signal; FLAG, FLAG epitope tag; 3x HA, three repeats of the human influenza hemagglutinin (HA) epitope tag. (B) Overview of the in-
trastriatal injections conducted on R6/2 mice. (C) Representative immunofluorescence staining of the striatum 4 weeks after mice were injected with 3 x 10'° particles each
of dual AAV1 particles encoding the N- or C-terminal split-intein CBE domains with sgRNAs targeting the human HTT promoter (AAV1-CBE-hHTT) or the mouse Rosa26
locus (AAV1-CBE-mRosa26) and 3 x 10'° particles of AAV1-EGFP-KASH. Scale bar, 30 ym. (D and E) Relative HTT mRNA (n = 4) (D) and (E) heatmap showing the mean
editing frequencies at positions —142C and —141C in the human HTT promoter (n = 3) in FACS-enriched EGFP* nuclei from treated (AAV1-CBE-HTT) or untreated (AAV1-
CBE-mRosa26) R6/2 mice co-injected with 3 x 10'° particles of AAV1-EGFP-KASH. (D) Data were normalized to HTT mRNA in EGFP* nuclei from mice injected with AAV1 -
CBE-mRosa26. (F and G) Mean survival (F) and a (G) Kaplan-Meier analysis of R6/2 mice injected with 3 x 10" particles each of the AAV1-CBE-hHTT or AAV1-CBE-
mRosa26 vectors (n = 14). (D and F) Bars represent means and error bars indicate SEMs. *p < 0.05, **p < 0.01; (D) 1-tailed unpaired t test; (F) 2-tailed unpaired t test;

(G) log rank Mantel-Cox test.

physically blocking the transcription of mHTT. Additional studies are
needed to unravel the in vivo mechanism of action of this CBE.

Because we measured decreased mHTT in the treated animals, we also
determined whether CBE-3 could confer a therapeutic benefit. We
therefore monitored the lifespan of 4-week-old R6/2 mice injected
with only the CBE-encoding AAV1 vectors, finding that animals
treated with AAV1-CBE-hHTT displayed a ~10% increase in survival
compared to the mice injected with AAV1-CBE-mRosa26 (p < 0.05;
Figures 3F and 3G). An immunohistochemical analysis of mHTT
immunoreactive inclusions from the striatum of these injected animals
further revealed that treated mice had ~15% fewer CBE" cells with
visible mHTT inclusions compared to control mice (Figure S9).
Thus, our results altogether demonstrate that base editors engineered
to target the human HTT promoter can be delivered to an HD mouse
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model via AAV and that their action can reduce HTT gene expression
in transduced cells, which we show can lead to a therapeutic benefit.

Base editing cis-acting sequences in the APP promoter region
can perturb its expression

Finally, we sought to determine the applicability for base editing cis-
acting sequences as an approach for perturbing target gene expres-
sion. To this end, we targeted the promoter region of the gene encod-
ing the amyloid precursor protein (APP), a transmembrane protein
whose cleavage results in the peptide fragments that comprise
amyloid B (AB),*® a protein contained within the amyloid plaques
that are considered a hallmark of Alzheimer’s disease (AD).*’

Rather than relying on a CRISPRI tiling screen to identify functional
non-coding regions for targeting by base editing, we used a priori
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Figure 4. Base editing of the human APP promoter can reduce the expression of the APP gene
(A) Top; The positions of the binding sites for the TFs AP1, SP1, CTCF, GSF1, and AP1, and GGGCGC boxes. CBE binding sites are indicated by purple arrows. The HSF1

consensus motif is shown in the logo illustration,*®

with black arrowheads indicating the target cytosine for CBE-1. Bottom: Sequences targeted by the CBEs. (B) Sanger

sequencing traces showing the editing frequencies for the candidate CBEs in HEK293T cells, as determined by EditR. (C) Relative APP mRNA in unsorted bulk HEK293T cells
7 days after transfection with plasmids encoding the CBEs. (D) Relative APP mRNA in unsorted bulk HEK293T cells 7 days after transfection with combinations of plasmids
encoding the CBEs or dCBEs. (C and D) Data were normalized to the relative APP mRNA in cells transfected with a non-targeted CBE (n = 3). Bars represent means and error

bars indicate SEMs. **p < 0.01; 1-tailed unpaired t test.

knowledge of the human APP promoter to design three CBE systems
whose editing windows overlapped with (1) a single conserved
cytosine within a predicted binding site for the TF HSF1 (CBE-A)
or (2) multiple cytosines within GGGCGC boxes spanning —333 to
—255 bp from the translation start codon (CBE-B and -C), which
have been shown to be important for modulating APP expression
(Figure 4A).”° 73

Following their transfection into HEK293T cells, we validated the
editing capabilities of the CBEs using EditR,”* which revealed that
each CBE could edit its target bases with efficiencies >30% (Figure 4B).
Specifically, in the case of CBE-B and CBE-C, which target GGGCGC
boxes, we found that each editor could effectively mutagenize the
multiple cytosines contained within their editing windows (Fig-
ure 4B). After establishing their editing capabilities, we next deter-
mined whether the CBEs could perturb APP gene expression in
HEK293T cells. Surprisingly, however, despite editing DNA at rates
on par with the CBE targeting the NF-«B binding site in the human

HTT promoter and the demonstrated importance of these elements
for regulating APP,”’"”? our qPCR analyses revealed no statistically
significant differences (p > 0.05) in APP expression in HEK293T cells
transfected with any of the three CBEs compared to a non-targeted
CBE (Figure 4C). Nonetheless, because TFs often operate synergisti-
cally to regulate gene expression, we reasoned that combinatorial tar-
geting of the APP promoter could result in greater repression.””’® We
thus transfected HEK293T cells with combinations of the CBEs. In
contrast to our earlier findings, we found that two of the three
combinations (CBE-A + CBE-C and CBE-B + CBE-C) significantly
decreased APP mRNA in bulk-transfected cells (p < 0.05 for both;
Figure 4D). To determine whether this decrease was attributable to
base editing and not interference from the binding of the CBEs, we
measured APP expression in cells transfected with dCBEs targeted
to the same sites. Critically, no significant differences in APP expres-
sion were observed in cells transfected with any of the dCBE systems
(p > 0.05 for all; Figure 4D), indicating that the decrease in APP
mRNA was attributable to the editing of the APP promoter.
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In summary, our results collectively establish that base editing of cis-
regulatory elements can facilitate target gene perturbations.

DISCUSSION

Strategies for perturbing the expression of target gene(s) have the
potential to enable insights into the function of genetic elements
and to advance gene therapy. Here, we demonstrate that CRISPR
base editors,” *' a programmable technology capable of introducing
targeted single-base substitutions in DNA, can be harnessed to
perturb target gene expression via the mutagenesis of cis-acting se-
quences in the promoter regions of genes. This strategy expands on
prior work demonstrating that CBEs could be used to silence target
gene expression via their targeting of enhancer sequences.””

We demonstrate the ability for base editing to perturb target expression
against two targets: HT'T, a gene whose mutation is causative for HD,
and APP, a gene whose protein products comprise the plaques that are
a hallmark of AD. For HTT, we show that targeted base editing of two
cytosine bases in a predicted binding site for the transcription factor
NF-kB decreased HTT expression. We demonstrate this effect in
several contexts, including in FACS-enriched base-edited cell popula-
tions, in bulk transfected cells, and in clonally derived base-edited cell
lines. For the goal of demonstrating the applicability of this concept, we
also show that combinatorially targeting multiple cis-acting sequences
in the promoter region of the APP gene, specifically the binding site for
the transcription factor HSF1 and GGGCGC boxes, decreased APP
gene expression. Importantly, repression was achieved via two different
approaches: In the case of HTT, we conducted a CRISPRI tiling screen
to identify an important 70-bp region in the promoter region for the
HTT gene that we then subsequently mutagenized with CBEs, while,
for APP, we used a priori knowledge of the human APP promoter to
target annotated functional elements.”’”"?
that both methods are suitable for designing base editors to influence
target gene expression. Interestingly, while our CRISPR tiling screen
led us to prioritize a region of the HTT promoter encompassing the
NF-kB binding site, other regulatory elements in the HTT promoter
have also been identified as important despite not emerging as targets
from our tiling screen.”® We thus anticipate that conducting CRISPRi
screens in alternate cellular backgrounds, including those more rele-
vant to HD physiology, may enable the identification of additional tar-
gets whose editing, either individually or alongside the NF-kB binding
site, could facilitate greater repression of the HTT gene.

Our results demonstrate

Unlike Cas9-based methods for disrupting functional elements, base
editing offers a means for mutagenizing sequences in the absence
of NHEJ,** a DNA repair pathway that can generate products of varying
size, which, among other concerns, can pose risk for destroying entire
TF binding sites.'>'° The results from our clonal analysis, in particular,
demonstrate the near-single nucleotide resolution of this approach, as
we found that clones harboring as few as two base substitutions in the
NF-kB binding site (and which also harbored no detectable CBE pro-
tein) had a 2-fold decrease in target gene expression according to west-
ern blot and qPCR. Our results also highlight the specificity of this
approach. Using RNA-seq, we found that only four non-target genes
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were differentially expressed in bulk transfected cells. Thus, despite
the potential for homology with other promoter elements, this
approach resulted in minimal off-target effects in the transcriptome.

As CBE binding to a promoter region can potentially interfere with
transcriptional initiation, we verified using multiple methods that
the target gene perturbations observed in our cell culture studies
were attributable to base-editing. In addition to a clonal analysis,
which revealed no detectable CBE protein but reduced HTT mRNA
and protein in the edited cell lines, we conducted studies using a cata-
lytically inactive form of the CBE protein that still retained its ability
to bind DNA (and thus interfere with transcription). Importantly, we
found that only catalytically active forms of the CBEs could decrease
target gene expression in cell culture, as cells transfected with the
deactivated equivalents of our CBE systems showed no significant
differences in HTT or APP expression.

Given its toxic gain of function, modalities capable of lowering the
mHTT protein hold promise for treating HD.”>”*"*' We thus evalu-
ated the targeting capabilities of CBE-3, the base editor engineered
to target the NF-kB binding site in the human HTT promoter region,
in the R6/2 mouse model of HD. Interestingly, while we observed in
transduced nuclei a ~50% decrease in HTT mRNA, we measured in
these same cell populations editing frequencies of only ~2% and
~3.5% at the two targeted cytosines in the NF-«B binding site
of the human HTT promoter. These results thus raise the possibility
that the CBE lowered HTT in vivo through an additional mecha-
nism(s) beyond DNA editing, which is at odds with the results from
our cell culture experiments. Notably however, while our cell culture
studies revealed editing rates generally consistent with the measured
decreases in target mRNA, these experiments were conducted at
time points (7 days post-transfection) that may have diluted the
CBE-encoding plasmids to some extent. In the case of the clonal ana-
lyses, the CBE-encoding plasmids were likely largely lost from the cell
divisions, as our western blot results revealed no detectable CBE pro-
tein. By contrast, the CBE system that we delivered to mice was ex-
pected to be continuously expressed, as AAV episomes can be persis-
tently maintained in non-dividing cells such as neurons.** Thus, given
its likely continuous expression, we hypothesize that the CBE protein
may be preferentially physically blocking the transcription of the
mHTT gene in a manner not observed in our cell culture studies. It
is thus also worth noting that this suspected mechanism underscores
the potential for CRISPR repressors, a modality that has proven effec-
tive at silencing target gene expression in the brain®* and retina,** for
HD®>*® and other neurodegenerative disorders.

Finally, as demonstrated by our studies for the APP gene, we show that
combinatorial targeting of multiple cis-acting sequences could be used to
perturb expression in situations in which editing of a single element had
no effect on the expression of the target gene. Specifically, we reasoned
that combinatorial targeting could result in a synergistic effect that re-
sulted in greater repression.”>”” Indeed, we found that co-transfecting
CBEs targeting the HSF1 binding site and the GGGCGC boxes in the

APP promoter could more effectively perturb APP expression. Along
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these lines, the future implementation of base editor proteins with
expanded functional capabilities*>*”*”"* could provide even greater
control over a target perturbation. For example, the use of more efficient
base-editing platforms could enable stronger perturbations,” *” while
the incorporation of systems with more restrictive editing windows
may permit greater control over the target base, which could further
enhance tunability.”>”' Finally, the implementation of adenine base ed-
itors (ABEs), a class of base-editing technology capable of catalyzing the
conversion of adenosine bases to guanosines,"' could expand the range
of cis-acting sequences targetable by our approach, which could further
expand the range of applications for this method.

In conclusion, we establish that base editing of cis-regulatory elements
can enable target gene perturbations. Our proof-of-concept study
could pave the way for using base-editing technology to fine-tune
the expression of a therapeutic gene of interest to safe and effective
thresholds or to functionally interrogate non-coding elements at sin-
gle base resolutions.

MATERIALS AND METHODS

Plasmid construction

pCMV-BE3 (Addgene #73021),"" pEF-BFP (Addgene #138272),"
pSP-gRNA (Addgene #47108),”> and pcDNA-dCas9*’ and PX552
(Addgene # 60958),°° were gifts from David Liu, Xiao Wang, Charles
Gersbach, and Feng Zhang, respectively.

To generate the pHTT-RLuc, the target region of the human HTT
promoter was PCR amplified from genomic DNA of HEK293T cells
using the primers Gibson-HTT-Luc-Fwd and Gibson-HTT-Luc-Rev
(Table S1) and inserted between the KpnlI and Nhel restriction sites of
psiCHECK-2 (Promega) by Gibson Assembly using the Gibson
Assembly Master Mix (New England Biolabs [NEB]) per the manu-
facturer’s instructions.

To construct the deactivated CBE expression vector, site-directed
mutagenesis was performed on pCMV-BE3 by amplifying the plasmid
using the oligonucleotides SDM-dCBE-Fwd and SDM-dCBE-Rev
(Table S1) using Phusion High-Fidelity DNA Polymerase (NEB).
The resulting plasmids were incubated with Dpnl (NEB) for 1 h at
37°C and transformed into 5-alpha competent Escherichia coli (NEB).

To construct the AAV1-CAG-EGFP-KASH plasmid, the CAG pro-
moter sequence was amplified from pAAV-CAG-N-CBE-Int-U6-
sgRNA®' by PCR using the oligonucleotides PX552-CAG-Fwd and
PX552-CAG-Rev (Table S1). This amplicon was then ligated into
the Mlul and BamHI restriction sites of PX552.

To construct the sgRNA expression vectors, custom synthesized
oligonucleotides encoding the sgRNA spacer sequences (IDT)
(Table S1) were phosphorylated by T4 polynucleotide kinase (NEB)
for 30 min at 37°C and subsequently annealed in a thermocycler
(5 min at 95°; cooled to 4°C at a rate of —0.1°C/s). Annealed oligonu-
cleotides were then ligated into the BbsI restriction sites of pSP-gRNA
or our previously described split-intein CBE-containing plasmids®’

using T4 DNA ligase (NEB). The construction of all of the plasmids
was verified by Sanger sequencing (ACGT).

Cell culture and transfections

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM,; Corning) supplemented with 10% (v/v) fetal bovine serum
(FBS; Gibco) and 1% (v/v) antibiotic-antimycotic (Gibco) in a humid-
ified 5% CO, incubator at 37°C. For transfections, HEK293T cells
were seeded onto a 24-well plate at a density of 2 x 10° cells per
well or a 96-well plate at a density of 2 x 10* cells per well. All trans-
fections were conducted 16 h after seeding.

For the CRISPRi tiling screen, cells that were seeded onto a
96-well plate were transfected with 50 ng of pcDNA-dCas9, 75 ng
of pSP-gRNA, and 10 ng of the reporter plasmid using polyethyleni-
mine (1 mg/mL; PEI), as previously described.’” For studies involving
base editing of the HTT or APP promoter, cells seeded onto a 24-well
plate were transfected with 750 ng pPCMV-BE3 and 500 ng pSP-gRNA
using PEL For transient enrichment, cells seeded onto a 24-well plate
were transfected with 600 ng pCMV-BE3, 200 ng pEF-BFP, 200 ng
pSP-gRNA and 200 ng pSP-BFP-gRNA using PEI

Luciferase assays

At 72 h after transfection, cells were lysed with Passive Lysis Buffer
(Promega), and luciferase expression was determined using the
Dual-Glo Luciferase Assay System (Promega) using a Synergy HTX
Multimode Plate Reader (BioTek). The Renilla luminescence values
in each sample was normalized to the firefly luminescence values
from the same well.

qPCR

RNA from transfected cells or striatal tissue was extracted using the
PureLink RNA Mini Kit (Invitrogen) and converted to cDNA using
the iScript cDNA Synthesis Kit (Bio-Rad) per the manufacturers’ in-
structions. qPCR was conducted in a 96-well plate using 50 ng cDNA,
0.2 uM each of the forward and reverse primers (Table S1), and iTaq
Universal SYBR Green Supermix (Bio-Rad). All of the biological rep-
licates were measured in technical duplicates.

Western blot

Harvested cells were lysed by radioimmunoprecipitation assay
(RIPA) buffer (0.2% IGEPAL CA-620, 0.02% SDS with Protease In-
hibitor Cocktail [VWR]), and the protein concentration was deter-
mined using the DC Protein Assay Kit (Bio-Rad), per the manufac-
turer’s instructions. A total of 15 pg protein per sample was then
subjected to SDS-PAGE and electrophoretically transferred onto
a polyvinylidene fluoride (PVDF) membrane in transfer buffer
(20 mM Tris-HCI, 150 mM glycine, and 20% [v/v] methanol) for
1.5h at 100 V. Following the transfer, membranes were blocked using
5% (v/v) blotting-grade blocker (Bio-Rad) in Tris-buffered saline
([TBS] 10 mM Tris-HCI, 150 mM NaCl, and 0.1%, pH) with 0.05%
Tween 20 (TBS-T) for 1 h, followed by an overnight incubation at
4°C with the primary antibody in blocking solution. The following
primary antibodies were used: rabbit anti-HTT (EPR5526) (1:1,000;
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Abcam, ab109115) and rabbit anti-B-actin (1:1,000; Cell Signaling
Technology, 4970S).

After incubation, membranes were washed three times with TBS-T
for 15 min and then incubated with goat anti-rabbit horseradish
peroxidase conjugate (1:4,000; Thermo Fisher Scientific, 65-6120)
in blocking solution for 1 h at room temperature (RT), followed by
three additional washes with TBS-T. SuperSignal West Dura
Extended Duration Substrate (Thermo Fisher Scientific) was then
added to the membrane, with the signal visualized by automated
chemiluminescence using a ChemiDoc XRS + System (Bio-Rad).
Band intensities were quantitated using Image Lab Software (Bio-
Rad) and normalized to the reference band in each lane.

Deep sequencing

DNA was extracted from harvested cells using the QuickExtract DNA
Extraction Solution (Lucigen) according to the manufacturer’s in-
structions. Amplicon libraries were generated by PCR, subsequently
indexed with Nextera adapter sequences using the KAPA2G Robust
PCR Kit (Roche), and purified using the PureLink PCR Purification
Kit. Libraries were then sequenced from each end by the Roy J. Carver
Biotechnology Center (University of Illinois, Urbana-Champaign)
using a MiSeq Nano flow cell with a MiSeq Reagent Kit V2. The re-
sulting FASTQ files were demultiplexed using bcl2fastq version
2.17.1.14 conversion software (Illumina) per the adapter sequences.
Reads were then aligned and analyzed using CRISPResso2 software.
Only reads with Phred scores >25 were used for analysis.

RNA-seq

Library construction was performed by the Roy J. Carver Biotech-
nology Center (University of Illinois, Urbana-Champaign). Briefly,
DNase-treated RNA was converted into barcoded polyadenylated
mRNA libraries using the Kapa Hyper Stranded mRNA Sample
Prep Kit (Roche). Libraries were barcoded with unique dual indexes
to prevent index switching, and adaptor-ligated double-stranded
c¢DNAs were PCR amplified for eight cycles with KAPA HiFi DNA
Polymerase (Roche). The final libraries were quantitated by Qubit
(Thermo Fisher Scientific), and the average cDNA fragment sizes
were determined on a fragment analyzer. Libraries were then diluted
to 10 nM and quantitated by qPCR on a CFX Connect Real-Time
qPCR system (Bio-Rad) to confirm accurate pooling of barcoded li-
braries and to maximize the number of clusters in the flowcell. Bar-
coded RNA-seq libraries were sequenced using a NovaSeq 6000 on
one SP (S prime) lane with single reads 100 nt in length (Illumina).
FastQ read files were generated and demultiplexed using the bcl2fastq
version 2.20 Conversion Software (Illumina). The quality of the de-
multiplexed FastQ files were then evaluated using FastQC.

Salmon version 1.5.2 was used to quasi-map reads to the transcriptome
and to quantify the abundance of each transcript,”” using the decoy-
aware method, with the entire genome file as a decoy. Gene-level counts
were estimated on the basis of transcript-level counts using the “length-
Scaled TPM” method from the tximport package.”* Read counts were
normalized using the trimmed mean of M values (TMM) method
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from the edgeR package,”” and differential gene expression was tested
using the limma-trend method.”” RNA-seq analysis was conducted
by the High-Performance Biological Computing Core (HPCBio; Uni-
versity of Illinois, Urbana-Champaign).

Injections

All of the procedures were approved by the Illinois Institutional An-
imal Care and Use Committee (IACUC) at the University of Illinois
and conducted in accordance with the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals.

Four-week-old R6/2 mice bred from male R6/2 mice (B6CBA-
Tg(HDexon1)62Gpb/3]J; Jackson Laboratory, stock no. 006494) and fe-
male B6CBAF1/] mice (Jackson Laboratory, stock no. 100011) were
injected with 3 uL. AAV solution at stereotaxic coordinates anterior-pos-
terior = 0.50 mm; medial-lateral = +1.65 mm; and dorsal-ventral = —3.5,
—3.0,and —2.5 mm. AAV vector was manufactured and titered by Vec-
tor Builder, and injections were conducted using a drill and microinjec-
tion robot (NeuroStar). Treatment and control groups for all of the mea-
surements were sex balanced and litter matched.

Neuronal nuclei isolation

Neuronal nuclei were isolated from tissue as described.® Briefly, har-
vested striatal tissue was first homogenized in 2 mL Nuclei EZ Lysis
Buffer (Sigma-Aldrich) using the KIMBLE Dounce Tissue Grinder
(Sigma-Aldrich) per the manufacturer’s instructions. Following the
addition of an extra 2 mL Nuclei EZ Lysis Buffer to each homogenized
tissue, samples were incubated at RT for 5 min. Homogenized tissues
were then centrifuged at 500 x g for 5 min. After removing the super-
natant, nuclei were resuspended in 4 mL Nuclei Suspension Buffer
(PBS with 100 pg/mL bovine serum albumin [BSA] and 3.33 uM
Vibrant Dye Cycle Violet Stain [Thermo Fisher Scientific]). Nuclei
were centrifuged at 500 x g for 1 min and resuspended in 1 mL Nuclei
Suspension Buffer for FACS.

FACS

Harvested cells or nuclei were strained using a 35-pm filter and sorted
using a BD FACSAria II Cell Sorter (Roy J. Carver Biotechnology
Center Flow Cytometry Facility, University of Illinois, Urbana-
Champaign). Cells were collected in PureLink RNA Mini Kit Lysis
Buffer (Invitrogen) or DNeasy Blood & Tissue Kit Lysis Buffer (Qia-
gen). At least 15,000 cells or nuclei were sorted for each sample.

Immunohistochemistry

Immunohistochemistry was performed as previously described.”' Har-
vested mouse brains were fixed in 4% paraformaldehyde (PFA) over-
night at 4°C. Fixed tissues were then cut to 40 pum sagittal sections using
a CM3050 S cryostat (Leica) and stored in cryoprotectant at —20°C.
Before staining, sections were washed with PBS three times for
15 min and incubated in blocking solution (PBS with 10% [v/v] donkey
serum [Abcam] and 0.5% Triton X-100) for 2 h at RT. Sections were
then stained with primary antibodies in blocking solution for 72 h
at 4°C. After incubation, sections were washed three times with PBS
and incubated with secondary antibodies for 2 h at RT. Sections
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were then washed three times and mounted onto slides using
VECTASHIELD HardSet Antifade Mounting Medium (Vector
Laboratories).

Sections were imaged using a Zeiss Observer Z1 fluorescence light
microscope and a Leica TCS SP8 confocal microscope (Beckman
Institute Imaging Technology Microscopy Suite, University of Illi-
nois, Urbana-Champaign). Images were analyzed using Image]
(NIH) imaging software by a blinded investigator.

The following primary antibodies were used: goat anti-hemagglutinin
(HA) (1:250; GenScript, A00168), rabbit anti-HA (1:500; Cell
Signaling Technology, 3724S), rabbit anti-NeuN (1:500; Abcam,
ab177487), and mouse anti-HTT (1:50; Millipore Sigma, MAB5374).

The following secondary antibodies were used: donkey anti-rabbit Cy3
(Jackson ImmunoResearch, 711-165-152), donkey anti-goat Alexa
Fluor 647 (Jackson ImmunoResearch, 705- 605-147), donkey anti-
mouse Alexa Fluor 488 (Jackson ImmunoResearch, 715-545-150),
and donkey anti-mouse Cy3 (Jackson ImmunoResearch, 715-165-150).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8. For
in vitro studies, luciferase and qPCR data were analyzed by a one-
tailed unpaired t test. For in vivo studies, survival was analyzed by a
two-tailed unpaired t test and by Kaplan-Meier analysis using the
Mantel-Cox test, while qPCR and deep sequencing data were
compared using a one-tailed unpaired t test.

Data availability
Raw RNA-seq data, gene counts, and log-counts-per-million after
normalization and filtering have been deposited in the NCBI Gene
Expression Omnibus and are accessible through GEO Series accession
no. GSE204833.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.08.008.
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Figure S1. Indel frequency for CBE-3. Frequency of reads with indels at the CBE-3 target site
in HEK293T cells three days after transfection with plasmids encoding a non-targeted CBE or
CBE-3, as determined by deep sequencing (n = 3). Indels were measured within a 5 bp window
around the predicted nCas9 nick site in the target site using CRISPResso2. Bars indicate the means

and error bars indicate the S.D. ***P < (.001; one-tailed unpaired t-test.



Figure S2. Transient enrichment increased the percentage of HEK293T cells with edits
within the NF-kB binding site in the HTT promoter. A representative Sanger sequencing trace
and the corresponding EditR analysis of base editing frequencies in the HTT promoter from
HEK?293T cells seven days after transfection with plasmids encoding CBE-3 and the transient
enrichment reporter system (pEF-BFP and the BFP-targeting sgRNA). Arrowheads indicate the

target cytosines in the NF-kB binding site.
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Figure S3. Deactivated CBEs (dCBEs) do not edit DNA but retain the ability to bind DNA.
(A) Representative Sanger sequencing traces and the corresponding EditR analysis of the base
editing frequencies in the HTT promoter from HEK293T cells three days after transfection with
plasmids encoding a (top) non-targeting CBE or (bottom) the dCBE equivalent of CBE-3 (dCBE-
3). Arrowheads indicate the target cytosines in the NF-kB binding site. (B) Normalized Renilla
luciferase expression in HEK293T cells three days after transfection with the pHTT-RLuc reporter
plasmid and expression vectors encoding sgRNA 8 from Figure 1B (which targets nearby the NF-
kB binding site) and dCas9 or dCBE. Renilla expression was normalized to firefly luciferase, and
all relative values were normalized to cells trasfected with pHTT-RLuc and dCas9 with a non-

targeted sgRNA (n = 3). Bars indicate the means and error bars indicate the S.D.
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Figure S4. Base-edited clones expressed less HTT protein than negative control cells and had
no detectable CBE protein. Western blot of cell lysate from HEK293T clones originally
transfected with plasmids encoding CBE-3. “—* indicates HEK293T cells transfected with a non-
targeted CBE, which were harvested at 72 hr post-transfection. Quantitation of the western blot is

presented in Figure 2D.



A ID Target sequence Location

hHTT: 5’-CTGCCGGGACGGGTCCAAGA-3’  chr4:+3074699
0T1: 5’'-CTGATGGCAAGGGTCCAAGA-3"'  chr6:-19633866
0T2: 5'-CTGTTGTGAGGGGTCCAAGA-3"  chrl:-1227771
0T3: 5’-CTCCAGGGAGGGCTCCAAGA-3"  chrl11:-72828586
0T4: 5’-CTTCTGGGATGGATCCAAGA-3’  chrl:-167529418
0T5: 5’-GTGCCTGGCTGGGTCCAAGA-3’  chr20:+46302556
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Figure S5. CBE-3 did not edit computationally predicted off-target sites. (A) DNA sequences
and chromosomal locations of the target sequence for CBE-3 and five potential off-target sites
identified using an algorithm described Hsu et al.! (B) Tables showing the nucleotide frequencies
of each base, obtained by deep seqeuncing, for each off-target sites. Frequencies are presented as
the average percentage of edited reads from HEK293T cells three days after transfection with

plasmids encoding CBE-3 (n = 3).
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Figure S6. Striatal cells expressing EGFP-KASH also expressed the CBE protein following
their co-delivery to R6/2 mice. (A) Representative immunofluorescence staining of the striatum
four weeks after R6/2 mice were injected with 3 x 10'° particles each of dual AAV1 particles
encoding the N- or C-terminal split-intein CBE domains and an additional 3 x 10'° particles of
AAV1-EGFP-KASH. Scale bar; 15 pm. (B) Percentage of NeuN" cells that were EGFP" in the
striatum of the injected R6/2 mice (n = 4). A total of 826 cells were counted. (C) Percentage of
EGFP" cells that were Cas9" in the striatum of the injected R6/2 mice (n = 3). A total of 272 cells

were counted. (B and C) Bars represent means and error bars indicate S.D.
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Figure S7. FACS enrichment of EGFP* nuclei from striatal tissue. (A) Representative FACS
histograms illustrating EGFP fluorescence intensities of nuclei isolated from striatal tissue of (left)
control and (right) R6/2 mice four weeks after injection of 3 x 10'° particles each of dual AAV1
particles encoding the N- or C-terminal split-intein CBE domains and 3 x 10!° particles of AAV1-
EGFP-KASH. (B) Quantitation of the percentage of EGFP" nuclei isolated from striatal tissue (n
= 8). Unstained nuclei from an uninjected mouse was used as a negative control for gating. Bar

represents mean and error bar indicates S.D.



0.6
@
£ 0.4
L2
3
£ 02-
0.0-
PN
L
Q~O
@

Figure S8. Indel frequency for CBE-3 in vivo. Frequency of reads with indels at the CBE-3
target site in FACS-enriched EGFP" nuclei from treated (AAV1-CBE-HTT) or untreated (AAV1-
CBE-mRosa26) R6/2 mice co-injected with 3 x 10'° particles of AAV1-EGFP-KASH (n = 3).
Indels were measured within a 5 bp window around the predicted nCas9 nick site in the target site
using CRISPResso2. Bars indicate the means and error bars indicate the S.D. One-tailed unpaired

t-test.
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Figure S9. Base editing reduced the abundance of mutant HTT (mHTT) immunoreactive
inclusions in the striatum of R6/2 mice. (A) Representative immunofluorescence staining of the
striatum four weeks after R6/2 mice were injected with 3 x 10'? particles each of dual AAV1
particles encoding the N- or C-terminal split-intein CBE domains and 3 x 10'? particles of AAV1-
EGFP-KASH. Scale bar; 15 pm. (B) Quantitation of the percentage of transduced cells with visible
HTT immunoreactive inclusions within the striatum of injected R6/2 mice. A total of >100 cells

were counted per animal (n = 6). Bars represent means and error bars indicate S.E.M. *P < 0.05;

one-tailed unpaired t-test.
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