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Precise template-free correction restores
gene function in Tay-Sachs disease
while reframing is ineffective
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Tay-Sachs disease is a fatal neurodegenerative disorder caused
by HEXA mutations inactivating the metabolic enzyme HexA.
The most common mutation is c.1278insTATC, a tandem 4-bp
duplication disrupting HEXA expression by frameshift. In an
engineered cell model, we explore the use of CRISPR-Cas9
for therapeutic editing of c.1278insTATC.Within genomic mi-
croduplications, the microhomology-mediated end joining
(MMEJ) pathway is favored to repair double-stranded breaks
with collateral deletion of one repeat. Protospacer adjacent
motif (PAM) constraints on Cas9 endonuclease activity pre-
vented cleavage at the duplication center, the optimal position
for MMEJ initiation. Rather, cleavage 1 bp from the c.1278in-
sTATC duplication center spontaneously reconstructed the
wild-type sequence at �14.7% frequency, with concomitant
restoration of normal cellular HexA activity. As an alternative
to perfect correction, short insertions or deletions were serially
introduced to restore an open reading frame across a 19-bp
sequence encompassing c.1278insTATC. Frame-restored vari-
ants did not recover significant HexA function, presumably
due to structural incompatibility of incurred amino acid inser-
tions. Hence, precise correction of c.1278insTATC is the only
therapeutically relevant outcome achieved in this study, with
MMEJ highlighted as a potential template-free CRISPR-Cas9
modality to that end.
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INTRODUCTION
Tay-Sachs disease (TSD) is a neurodegenerative condition caused by
recessive pathogenic mutations in the HEXA gene on chromosome
15.HEXA encodes an a-polypeptide that dimerizes with a b-polypep-
tide expressed by HEXB.1 The folded ab-heterodimer localizes to the
lysosome as b-N-acetylhexosaminidase-A (HexA), the sole enzyme
capable of catabolizing GM2 gangliosides.2,3 As a membrane lipid,
GM2 relies on the GM2 Activator protein, expressed by GM2A, to
facilitate transport to the lysosome and orchestrate HexA binding.4,5

Therefore, deleterious mutations in any of the HEXA, HEXB, and
GM2A genes result in GM2 gangliosidosis, the spectrum of cellular
pathologies and clinical symptoms resulting from neuronal accumu-
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lation of undegraded GM2.6 Three genetically distinct forms of GM2
gangliosidosis are delineated by their locus of mutation: TSD
(HEXA), Sandhoff disease (HEXB), and the AB-deficiency variant
(GM2A).7

Over 200 pathogenic HEXA mutations have been cataloged to date,
with most being de novo or limited to an immediate pedigree.8–10

Indeed, TSD incidence is disproportionately driven by only a few
mutations inherited within high-risk populations as established by
historical genetic bottlenecks.11 The foremost example is the
c.1278insTATC mutation in Ashkenazi Jewish and Louisiana Cajun
communities, which are thought to carry the allele at 1/27 frequency
versus 1/300 in the general population.11,12 This 4-bp duplication of
50TATC at coding position 1,278 (exon 11) introduces premature
stop codons via frameshift, subjecting defective mRNA to degrada-
tion and halting HexA production.13

Although mutation diversity and compound heterozygosity yield a
wide range of phenotypes,6,14–16 the biallelic presence of c.1278in-
sTATC (or comparable high-pathogenicity mutations) corresponds
to archetypal TSD.4,14 Clinically, patients face the onset of neurolog-
ical symptoms in infancy and a fatal prognosis by ages 4–5, with no
treatments currently available.4 The physiological threshold for
HexA function is estimated to be no more than 15% of wild-type
levels.17,18 However, the difficulty of pharmacologically targeting neu-
rons across the blood-brain barrier has hampered efforts to redress
HexA enzyme deficiency and/or GM2 substrate accumulation.4,6,7,18

CRISPR-based genome editing excites the prospect of HexA rescue by
curative correction of underlying HEXA mutations. While precision
techniques like CRISPR prime editing show immense promise
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in vitro, packaging its modules into clinically applicable adeno-asso-
ciated virus vectors remains a translational hurdle.19 A simple,
compact CRISPR-Cas9 system is better poised for in vivo testing
should in vitro results be compelling. Accordingly, this work explores
the potential of template-free CRISPR-Cas9 for therapeutic editing of
c.1278insTATC in an engineered cell model. We sought precise
correction of the mutation via the microhomology-mediated end
joining (MMEJ) pathway; MMEJ has been outlined as a facile strategy
for the predictable deletion of short duplications by targeting Cas9 at
the center (i.e., duplication junction).20 We also probed the recovery
of HexA function in genomic variants of c.1278insTATC bearing
short insertions or deletions (indels) that restore an mRNA open
reading frame. Mutagenic CRISPR-Cas9-based frame-correction
therapies have offered compelling results, notably for the DMD
gene in Duchenne muscular dystrophy.21–23 ShouldHEXA reframing
enable expression of a physiological HexA product, frame-restoring
indels from CRISPR-Cas9 targeting would offer a therapeutic alterna-
tive to wild-type correction of c.1278insTATC.

RESULTS
Haploidized HEXA locus and CRISPR prime editing for rapid

modeling of TSD mutations

The transfectability and culturing resilience of the HEK293T cell line
provide an effective platform for genome editing experiments. How-
ever, the HEXA locus of HEK293T cells is triploid by default, which
enables recessive pathogenic mutations to be masked by a wild-type
allele present in trans.24 Hence, HexA functional deficiency in a
HEK293T model of c.1278insTATC would only manifest if every
allele harbored the mutation. To sidestep the burden of installing
the mutation on three alleles, we first “haploidized” the HEXA lo-
cus—in other words, render two of the alleles null to obtain a haploid,
single-allele locus (Figure 1A).

To generate the haploid locus, CRISPR-Cas9 was used to cut sepa-
rately within introns 6 and 11. Excision of the interposed fragment
(�4,700 bp) physically removes exons 7–11 and functionally inacti-
vates the entire allele by frameshift. The guides targeting introns 6
and 11 were each cloned into a pU6 vector co-expressing SpCas9
and puromycin resistance. This three-in-one vector was transfected
into wild-type HEK293T cells. Following puromycin selection, dele-
tion of exons 7–11 was detected in the bulk population by allele-spe-
cific PCR alongside residual wild-type alleles (Figures S1A and S1B).
After single-cell sorting and expansion of clonal lines, allele-specific
PCR was repeated on clones and followed by a copy-number assay
(Figures S1C and S1D) to screen for the specified configuration,
two null alleles and one residual wild-type allele. A positive clone
was identified, with this haploid line retaining a proportional one-
third of parental triploid cell HexA activity (Figure 1B, left).
Figure 1. Haploidization of HEXA locus facilitates TSD cell models recapitulati

(A) Schematic of CRISPR-Cas9-mediated deletion of exons 7–11 on two alleles of the t

scored in wild-type (triploid and haploid) andmutation cell lines. Error bars denote SD ofm

test against c.1278insTATC denoted by *p = 0.05, **p = 0.01, and ***p = 0.001, respec

CRISPR prime editing: c.1278insTATC, p.G269S, IVS7.-7G>A, p.Y435=.
CRISPR prime editing was then used to install the c.1278insTATC
duplication within the verified haploid HEXA HEK293T line using
the PE3 modality. Summarily, the cells were transfected with the
pCMV-PE2 vector expressing the nCas9 and engineered reverse tran-
scriptase module along with pU6 vectors separately encoding the
prime editing guide (peg)RNA and the secondary nicking guide (ma-
terials and methods). Installation efficiency was �30%, and a clone
positive for the c.1278insTATC allele was isolated following sorting
and expansion (Figure 1C). A fluorometric assay of HexA activity
(materials and methods) showed a thorough loss of activity in the
c.1278insTATC line, its HexA function score two orders of magni-
tude lower than that of the (haploid) wild-type reference. Residual ac-
tivity is attributed to basal substrate hydrolysis by other cellular gly-
cosidases (Figure 1B, left).1 Despite clear HexA deficiency, cellular
phenotypes commonly associated with TSD, including GM2 accumu-
lation and distended lysosomes, were not detected in HEK293T cells
harboring the c.1278insTATC mutation (Figure S2).

Further cell models of patient mutations linked to milder TSD were
generated using prime editing on the haploid HEXA locus, shown
in Table 1 and Figure 1B. An identical workflow to that of the
c.1278insTATC model was followed, except in the pegRNAs speci-
fying these mutations being furnished with the TevoPreQ motif to
form engineered (e)pegRNAs while forgoing a secondary nicking
guide (materials and methods). Quantification of HexA function in
the isolated models found higher residual HexA activities commensu-
rate with published values (Figure 1B, right).25–29,30 HEXA haploid-
ization in HEK293T cells enables streamlinedmodeling of pathogenic
mutations in their native genomic locus, which manifests HexA defi-
ciency to scale but not downstream cellular pathologies.

Microhomology across Cas9 cut site in c.1278insTATC

effectuates wild-type recovery

Systematic correction of microduplications by MMEJ is premised on
DNA cleavage at or close to the duplication center (Figure 2A).
Centered cleavage yields congruous sequences of microhomology
favoring MMEJ machinery to rejoin the DNA ends. The resect-then-
anneal mechanism of MMEJ is prone to collaterally deleting one
copy of themicrohomology,20,32 which in the context of microduplica-
tions like c.1278insTATC reproduces the desired wild-type genotype.
Junction-adjacent cleavage yields diminished and asymmetricalmicro-
homology, but may nonetheless be amenable to MMEJ with concom-
itant deletion of intervening, asymmetry-causing nucleotide(s).20

Akey constraint onMMEJ activation byCas endonucleases is the neces-
sary recognition of a downstream protospacer adjacentmotif (PAM) to
enable binding and cleavage of the sgRNA-defined DNA target. The
motifs specifying theHEXA c.1278insTATC junction (50CCT for sense
ng key biochemical phenotype

riploid HEXA locus of HEK293T cells to achieve the haploid state. (B) HexA function

ean for three biological replicates. Statistical significance from two-tailed Student’s t

tively. (C) Sanger chromatograms for mutations modeled within haploid locus using
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Table 1. HEXA variants modeled in haploidized HEXA line

Mutation Molecular defects Associated patient phenotypes Prime editing efficiency, %

c.1278insTATC frameshift, mRNA nonsense-mediated decay acute, infantile onset 30

p.G269S (c.805G>A) missense codon25 acute, adult onset25,26 50

IVS7.-7G>A
non-canonical 30 splice acceptor site, exon
skipping27

chronic28 15

p.Y435= (c.1305C>T) synonymous codon or alternative splicing29 chronic29,31 30
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and 50ATA for antisense) and its adjacent positions are all incompatible
with the 50NGGmotifs canonically recognized by thewidely used Strep-
tococcus pyogenesCas9 (SpCas9). Indeed, no Cas9 species known at the
time of this work would a priori recognize the motifs needed to target
c.1278insTATC for MMEJ. As such, we used an engineered SpCas9
variant with relaxed PAM requirements—SpRYCas9—to examine
whether MMEJ can be a therapeutic CRISPR-Cas9 intervention for
the c.1278insTATC mutation despite PAM limitations.33

PAM-oblivious sgRNAs specifying the junction of the c.1278in-
sTATC duplication and the immediate upstream (�1 bp) and down-
stream (+1 bp) positions were screened for editing with SpRYCas9.
These three positions were targeted by sense (S) and antisense (AS)
strands (Figure 2B). Each sgRNA spacer was cloned into a pU6 vector
expressing the spacer and scaffold along with puromycin resistance.
The pU6 vector was co-transfected into c.1278insTATC HEK293T
cells with a pCMV-T7 vector expressing SpRYCas9. A total of 48 h
of puromycin enrichment occurred before genomic DNA was ex-
tracted and PCR amplified around the c.1278insTATC target sites
for Sanger sequencing analysis.

Per Figure 2C, no edits were detected for either sgRNA targeting the
junction. To verify that the lack of in-cell editing at the junction is
attributable to SpRYCas9 inactivity rather than defects with the
sgRNAs, a cleavage assay was performed using in vitro synthesized
guides andpurified SpRYCas9 against the target site in a PCRamplicon
(Figure S3). In-cell editing was observed using the other four sgRNAs.
The S+1bpandS� 1 bpguides both resulted in spontaneous indels but
not the desired duplication removal. In contrast, the antisense guides
AS �1 bp and AS +1 bp elicited modest rates of precise correction
alongside random indels, averaging 5.67% and 14.67%, respectively.

Within a bulk population of c.1278insTATC cells treated by the
AS +1 bp guide, containing corrected wild-type cells at �11% fre-
quency (Figure S4), significant recovery of HexA activity from the
c.1278insTATC baseline comprises �13% of normal (haploid)
wild-type levels (Figure 2D). Evaluated in isolation, a clonal line
featuring the reconstructed wild type indicates complete restoration
of wild-type HexA activity (Figure 2E).

Generation of HEXA variants from c.1278insTATC allele bearing

an intact mRNA open reading frame

To assess whether non-wild-type editing outcomes could effectuate
HexA rescue, we examined the effect of indels counteracting the
4 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
c.1278insTATC frameshift. Given the 4-bp insertion of 50TATC,
1-bp deletions or 2-bp insertions are plausible CRISPR-Cas9 out-
comes that would restore the reading frame by net insertions of
3 bp (1 codon) and 6 bp (2 codon), respectively, compared to wild-
type HEXA. Proactively testing the functional outcome of reframing
across the c.1278insTATC mutation and adjacent sequences can
inform future approaches to therapeutic editing interventions for
this mutation. We selected a 19-bp window that spans plausible
boundaries for intervention, starting upstream of the mutation
from the 50ATA codon encoding Ile425 (preserving preceding codons
for active site residues Asn423 and Arg424)34 and ending at the
induced premature stop codon 50TGA (Figure 3A).

In total, 17 reframed genomic variants were established as cell lines
(Figure 3B). Variants 1–15 represent all unique single base pair dele-
tions across the 19-bp window, with consecutive nucleotides resulting
in four genetically redundant variants. Prime editing was used to
derive each 1-bp deletion from the c.1278insTATC allele, except for
variant 9 (deletion of C) being isolated as a stochastic CRISPR-Cas9
product thanks to a 50NGG PAM at the relevant position. Two spacer
sequences were employed for epegRNAs across the 19-bp sequence
(Table S2); the reverse transcriptase (RT) template was serially modi-
fied to encode each deletion and configured with a 10-bp primer bind-
ing (PB) site. The epegRNAs were cloned into a pU6 vector and indi-
vidually co-transfected with the PE2 construct into c.1278insTATC
cells. Editing was efficient, generally exceeding 40% for each epegRNA.
Edited populations were pooled into a heterogeneous mixture for sin-
gle-cell sorting, and expanded clones were screened until all 15 vari-
ants were isolated. The two additional variants (16 and 17) each carry
a random 2-bp insertion between the 7th and 8th nucleotides of our
selected window; these two variants were isolated from the editing
of c.1278insTATC cells by the AS +1 bp guide, as previously described.

The 17 genetically distinct variants translate to 12 unique polypep-
tides, assuming normal splicing and mRNA processing. The amino
acid change(s) entailed by each variant are shown in Figure 3B. At
minimum, each reframed variant carries an insertion (italicized resi-
due), while some variants also impose substitutions (underlined res-
idues) through vestigial c.1278insTATC insertion nucleotides. Map-
ping these polypeptide changes against wild type (Figure 3A)
reveals that collectively across the 17 variants, the wild-type residues
subject to substitution are Ile425, Ser426, Tyr427, and Gly428, while
Arg424 through Pro429 adjoin the various inserted residues (via C
and/or N terminus).
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Figure 2. MMEJ-mediated correction of c.1278insTATC allele by SpRYCas9 targeting

(A) Schematic for precise correction of c.1278insTATC to wild type via MMEJ. Reannealing of heterologous 50 TATC and 50 ATAG sequences (highlighted) following double-

stranded break. The resected 50 TATC and 50 ATAG copies (not highlighted) are deleted prior to re-ligation. (B) Sense and antisense sgRNA sequences tested for the

duplication junction and its two adjacent positions. Boxed motif indicates the notional PAMs (blue for sense, red for antisense) pertaining to each target position. (C) Indel

profile generated by sgRNA using SpRYCas9 with 48 h of antibiotic selection (gold, total; black, wild type; green, non-corrective, frame-restoring). (D) Significant recovery of

HexA function in c.1278insTATC population heterogeneously edited by AS +1 bp sgRNA containing wild-type cells at 11% frequency. SD of mean shown across three

independent experiments. Two-tailed, unpaired t test performed with significance set at ns = p > 0.05; *** = p < 0.001. (E) HexA activity in perfectly corrected clone isolated

from AS +1 bp sgRNA editing is on par with wild-type reference.
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Reframed HEXA variants entailing amino acid changes do not

recover significant HexA function

HexA activity of whole-cell lysates was scored for the 17 reframed
HEXA variants using the fluorometric assay as before (Figure 4A).
Apparent increases in HexA activity from the c.1278insTATC base-
line were suggested by a significant Welch’s one-way ANOVA
(p = 0.001). However, the post hoc analysis returned statistical signif-
icance only for variant 3 (p = 0.006), revealing no true restoration of
HexA function in the other 16 reframed variants.

As indicated above, Arg424 through Pro429 are the six residues dis-
rupted by substitution and/or insertions to reframe the c.1278in-
sTATC allele. To provide context, we identified the location of these
affected residues within the normal structure of HexA using Mol*
three-dimensional (3D) visualization; Figure 4B shows the crystal
structure of the HexA heterodimer with Arg424 through Pro429
called out as dark purple ball-and-stick residues. Figure 4C is an
enlarged view of residues highlighted in Figure 4B. As depicted,
Arg424 through Pro429 reside along an a and b subunit interface.
Notably, these perturbed residues are also in close proximity to resi-
dues comprising the active site within the a subunit (ball-and-stick
residues colored in blue) as elucidated by Lemieux et al. in their crys-
tallographic studies of HexA.34 Two of the residues perturbed in our
reframing experiments, Arg424 and Tyr427, are proposed by Le-
mieux et al. to participate directly in catalysis by mediating active
site binding of GM2 and coordinating b chain residues, respectively.34
Molecular Therapy: Nucleic Acids Vol. 36 March 2025 5
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DISCUSSION
The cellular models generated for this study exemplify the utility of
prime editing and locus haploidization techniques to recapitulate
HEXAmutations whose functional significance can be discretely eval-
uated. The four modeled mutations also usefully represent a gradient
of HexA activity levels and clinical phenotypes that help calibrate our
interpretation of the therapeutic significance of any HexA functional
recovery resulting from genetic editing. In particular, the p.Y435=
(c.1305C>T) variant corresponds to an atypically mild phenotype31;
this C-to-T substitution is putatively synonymous but empirically
found to engender aberrant splicing.29 In our assay, p.Y435= cells reg-
ister �13.8% of wild-type HexA activity, just short of the 15% phys-
iological threshold.

In our sample of 17 indels reframing the c.1278insTATC allele, only
variant 3 exhibits statistically significant functional recovery, but at
�5.47% of wild type, recovery is short of physiological levels. Bench-
marked against the p.G269S and IVS7.-7G>A HEXA variants, for
which we observed�4.02% and�6.95% of wild-type activity, respec-
tively, the magnitude of recovery in a homogeneous population of
variant 3 could plausibly reduce phenotype severity vis-à-vis the
c.1278insTATC baseline. However, we expect any such effect to be
therapeutically insignificant in a heterogeneously edited population.
Thus, we find no actionable therapeutic potential inHEXA reframing
across our 19-bp window encompassing the full c.1278insTATC
duplication sequence.

HexA enzyme function is predicated on the assembly of the a-poly-
peptide (HEXA) and b-polypeptide (HEXB) subunits.34 Degradation
of truncated HEXA mRNA produced by the c.1278insTATC allele
preempts the assembly of HexA.13,29 In theory, frame-restoring indels
could circumvent mRNA degradation and enable expression of an
a-polypeptide, albeit mutant, which may heterodimerize into a cata-
lytically active product. However, our present study finds no mean-
ingful recovery of catalytic activity following reframing.

Since the a-polypeptide residue insertions/substitutions induced by
frame-restoring indels reside at a key inter-subunit region of HexA,
we speculate that those amino acid changes may compromise the
functional/structural integrity of the nearby active site cavity and/or
destabilize critical contacts with the b-polypeptide. Unstable HexA
structures are typically retained and degraded in the endoplasmic re-
ticulum rather than processed for lysosomal uptake.30,35 While the
precise consequences of reframing on HexA folding and active site ar-
chitecture are beyond the scope of this work, the observation of HexA
functional deficiency despite reframed mRNA suggests delicate func-
tional genomics at play. As a compact catalytic protein of �54 kDa,
the poor tolerance of HexA for modest amino acid alterations needed
to reimpose an mRNA open reading frame hampers the therapeutic
Figure 3. Derivation of HEXA-reframed variants from c.1278insTATC allele

(A) Region selected for frame-restoring mutagenesis along the c.1278insTATC allele sh

mature stop). Wild-type sequence and polypeptide shown for reference on the right. (B

polypeptide residues presented below, with italicized and underlined residues respecti
feasibility of reframing the c.1278insTATC allele. In contrast, refram-
ing strategies for genes producing larger, structural proteins such as
COL7A1 (COL7A),36 NEB (nebulin),37 and DMD (dystrophin)
show considerable promise, including the skipping of select whole
exons.38–40

One distinctive reframing outcome absent in this study is non-correc-
tive 4-bp deletions on the c.1278insTATC allele. While not restoring
the wild-type genotype, such deletions would avoid amino acid inser-
tions and limit perturbation to residue substitutions. Substitutions
alone within HexA may be more innocuous and yield considerable
hypomorphic function. Furthermore, certain tetranucleotide dele-
tions around the c.1278insTATC duplication would reframe the
transcript to be synonymous with codons synonymous with those
of wild-type HexA. We raise this possibility that physiological
HexA function may not absolutely require the wild-type genotype,
but because 4-bp deletions are rare as stochastic indels, it is beyond
the template-free CRISPR-Cas9 premise of this work.

Since the sensitive functional genomics of HEXA dismiss therapeutic
prospects for spontaneous, untemplated reading frame correction,
restoring the wild-type sequence to c.1278insTATC remains the
clearest path to HexA rescue. To that end, our SpRYCas9 editing ex-
periments offer a basic blueprint to induce MMEJ for precise correc-
tion. The most effective guide we tested—antisense cutting +1 bp
from the center—produced the wild-type sequence at a mean fre-
quency of�14.7% of all sequencing reads in the bulk population, rep-
resenting approximately one-third of all indels. The notable corollary
is MMEJ being outcompeted as evidenced by the �2:1 prevalence of
random indels (including ineffective reframe events) characteristic of
the non-homologous end joining (NHEJ) pathway.

The three positions targeted within c.1278insTATC lack the canoni-
cal 50NGG PAM of wild-type SpCas9. While the PAM-promiscuous
SpRYCas9 successfully cut 1 bp from the c.1278insTATC junction,
our inability to cleave exactly at the junction is a major limitation
that is likely responsible for the relative sluggishness of MMEJ vis-
à-vis NHEJ. When targeting the PAM-supported junctions of
LMDG2 andHSP1microduplications, Iyer et al. report repair profiles
dominated by MMEJ, with precise correction comprising 70%–80%
of all indels.20 Interestingly, targeting 2 and 4 bp away from the junc-
tion of the 16-bpHSP1microduplication was still effective, with 50%–
60% of indels being precise correction.20 We interpret cuts positioned
away from the junction to be more detrimental to MMEJ in our 4-bp
c.1278insTATCHEXAmicroduplication compared to a 16-bpmicro-
duplication with more extensive microhomology at its disposal. All
this said, the lack of favorable PAM conditions and sub-optimal acti-
vation of MMEJ are translational concerns for the correction of
c.1278insTATC via CRISPR-Cas9. Nonetheless, this study validates
own in rectangle: spanning A of ATA codon (Ile425) through T of TGA codon (pre-

) Sanger chromatograms of reframed variants with operative indel. Corresponding

vely indicating insertions and substitutions compared to wild type.
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the general framework of Cas9-activated MMEJ for facile, template-
independent correction of the c.1278insTATC allele. Eventually,
cleavage at the c.1278insTATC junction for more robust MMEJ activ-
ity may become possible through newly isolated/engineered PAM-
compatible Cas enzymes.

Toward a prospective clinical MMEJ-based therapy for c.1278in-
sTATC, several other translational parameters remain unclarified
by our HEK293T cell model. First, the vigor of MMEJ against
NHEJ in the post-mitotic environment of neurons is unclear.41,42

Second, the lack of phenotypes like GM2 accumulation or lysosomal
distension in our HEK293T model also precludes assessing how
mutation correction may correspond to reversal of disease markers
and cellular pathologies. The lack of the lipid-related phenotype
HexA-deficient HEK293T cells may be due to fundamental differ-
ences in GM2 metabolism compared to neural tissue. Third, the
in vivo correction threshold to restore physiological HexA function
in the CNS has not been elucidated either. In this study, corrected
wild-type cells at 11% frequency in a treated c.1278insTATC popu-
lation (Figure S2) returned �13.3% of wild-type HexA activity,
which may hint at a near 1-to-1 linearity between genetic correction
and functional recovery. While this rate of in-cell editing ap-
proaches the benchmark 15% of wild-type function, it is the result
of enrichment; whether such levels of correction are achievable
in vivo is uncertain. In vivo correction thresholds could additionally
be nuanced by the spatial distribution of corrected cells in tissue and
cross-correction dynamics between organ systems.6,43 Ultimately,
comprehensive in vivo models are needed to determine whether
the MMEJ strategy for c.1278insTATC correction is clinically
feasible.44

Altogether, we find no therapeutic capacity in reading frame restora-
tion on c.1278insTATC whereby amino acid changes are incurred in
HexA. In our template-free CRISPR-Cas9 editing context, precise
MMEJ-mediated correction is the only therapeutically relevant
outcome, presented here as a proof-of-principle pending in vivo
study.

MATERIALS AND METHODS
CRISPR genome editing constructs

General plasmid preparation

Plasmid-based delivery of CRISPR constructs to HEK293T cells was
used. Competent TOP10 Escherichia coli cells (prepared in-house by
calcium chloride) were transformed with plasmids by heat shock, af-
ter which bacterial cells were plated and grown overnight at 37�C on
Luria broth (LB) agar plates with carbenicillin (50 mg/mL) per
plasmid-conferred resistance. Subsequent colonies were inoculated
Figure 4. Marginal HexA function rescued by frame-restoring indels disrupting

(A) HexA function scores for reframed variants derived from c.1278insTATCHEK293T ce

biological replicates. Omnibus significance indicated by one-way Welch’s ANOVA (p

baseline detecting significance for variant 3 (p = 0.006). (B) Structure of wild-type Hex

arbitrarily selected poses (right and left sides). Perturbed a subunit amino acids Arg42

residues within a subunit shown as sky blue ball-and-stick residues. (C) Magnified view
in LB with carbenicillin and further cultured for 12–15 h. Plasmid
DNA was isolated using the QIAprep Spin Miniprep kit (Qiagen).

CRISPR-Cas9 sgRNA design and cloning

Single-guide RNA (sgRNA) design occurred across two CRISPR-Cas9
editing contexts. The first was generation of the haploid HEXA locus
in HEK293T cells, targeting introns 6 and 11 for the deletion of exons
7–11, prior to mutation modeling. The CHOPCHOP web tool
(https://chopchop.cbu.uib.no/) predicted target sequences within in-
trons 6 and 11, engendering high SpCas9 activity.45 Second, for PAM-
ignorant editing experiments on 1278insTATC using SpRYCas9,
target positions were pre-fixed. Hence, spacers were simply taken as
the sequence ending 3 bp upstream of the intended cut site and start-
ing 17–22 nt upstream to feature G at the 50 end of the spacer to pro-
mote expression within plasmids. A 50 G was prepended to all sgRNA
spacer sequences without an endogenous G. Spacer sequences are
listed in Table S1. Spacer sequences and complements were synthe-
sized as oligonucleotides by Integrated DNA Technologies (IDT)
with 50CACC and 50AAAC overhangs, respectively, to facilitate re-
striction enzyme cloning into the linearized plasmid containing the
Cas9 scaffold sequence. Spacers and their complements were an-
nealed with a Tris-EDTA buffer and then were ligated into the
compatible sticky-ended plasmid backbone using T4 DNA ligase
(Thermo Fisher Scientific). The sgRNA spacer sequences targeting in-
trons 6 and 11 for HEXA haploidization were cloned into the
SpCas9(BB)-2A-Puro (PX459) version 2.0 vector containing the
sgRNA scaffold plus SpCas9 and puromycin resistance cassettes pro-
vided by the Zhang lab (https://www.addgene.org/62988/). This vec-
tor was linearized by BbsI (New England Biolabs [NEB]) digestion to
generate the compatible overhangs for directional assembly with the
spacer sequences. Spacers sequences for c.1278insTATC editing were
cloned into BPK1520-puroR shared by the Cohn lab (https://www.
addgene.org/173901/). Compatible sticky-end ligation sites were
generated by BsmBI (NEB) digestion. BPK1520-puroR co-expresses
puromycin resistance with the spacer and scaffold. The SpRYCas9
was expressed on a separate vector, pCMV-T7-SpRY-P2A-EGFP
(RTW4830), provided by the Kleinstiver lab (https://www.addgene.
org/139989/).

In vitro cleavage assay

In vitro cleavage was performed to validate the antisense and sense
guides targeting the c.1278insTATC duplication junction. Purified
SpRYCas9 (NEB) was complexed with synthesized sgRNAs and a
PCR amplicon containing the target site as the substrate. PCR
primers were the same as those used to amplify across the duplica-
tion for sequencing (Table S3). sgRNA synthesis was carried out us-
ing the MEGAshortscript T7 Transcription Kit (Thermo Fisher
amino acid near active site

ll line through 1-bp deletions or 2-bp insertions. Error bars indicate SDs across three

= 0.001), with Games-Howell multiple comparisons test against c.1278insTATC

A (b subunit in red, a subunit in gray) highlighting residues affected by reframing at

4 through Pro429 shown as dark purple ball-and-stick residues. Nearby active site

of right-side pose in (B) with residues labeled.
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Scientific) and purification was done by sodium acetate-ethanol pre-
cipitation. Custom synthetic DNA oligonucleotides containing a T7
promoter in tandem with the desired sgRNA sequence (IDT) served
as transcription templates per protocol shared by Varshney et al.46

Cas9, sgRNA, and substrate DNA were used at 90, 90, and 9 nM,
respectively, in a 1-h reaction at 37�C terminated by 15 min of Pro-
teinase K treatment. Products were analyzed by running the reac-
tion mixture on a 2% agarose gel. Cleavage efficiency was quantified
by relative band intensities using Image Lab (Bio-Rad).

epegRNA design and cloning

Prime editing experiments employed the PE2 construct consisting of
a pegRNA and a nickase Cas9 (nCas9), which nicks the DNA at the
target site and is fused to an engineered RT module.44 The pegRNA
features the spacer and scaffold of a traditional sgRNA plus an exten-
sion off the 30 end comprising two distinct segments: the RT template
and the PB site. The RT template sequence contains the desired edit to
be reverse transcribed into the genome by the RT module, while the
PB site is made complementary to the 30 flap of the DNA strand
nicked by the nCas9; the resulting duplex thus “primes” the reverse
transcription reaction off the free 30 end.44 If the newly edited 30

flap successfully re-ligates into the nicked strand and transmits the
edit to the unnicked, unedited strand during mismatch reconciliation,
then the edit is stably incorporation into the genome.47 PE3 permu-
tations of prime editing target the unedited strand with a secondary
nicking guide, which is intended to direct mismatch repair in favor
of the newly edited strand. In this study, pegRNA spacer sequences
were identified through 50NGG PAMs in the vicinity of target sites.
Final pegRNA designs were informed by RGenome web tool sugges-
tions on RT template and PB site configurations (http://www.
rgenome.net/pe-designer/).48 Appendage of the TevoPreQ motif
(50cgcggttctatctagttacgcgttaaaccaactagaa) on the 30 terminus of the
PB site was used to form the epegRNA modality for enhanced struc-
tural stability vis-à-vis the standard pegRNA.49 All pegRNA se-
quences are provided in Table S2. epegRNA sequences were cloned
into the pU6-pegRNA-GG-acceptor from the Liu lab (https://www.
addgene.org/132777/) and co-transfected with the pCMV-PE2 vector
expressing the PE2 construct, which consists of SpCas9 nickase
(H840A) and engineered Moloney murine leukemia virus RT
(https://www.addgene.org/132775/). The pU6 vector was linearized
by PCR (forward: 50atcacaaaaatcgacgctcaag; reverse: 50ggtgtttcgtcc
tttccaca) using CloneAmp HiFi PCR Premix (Takara) for 32 cycles
(10-s denaturation at 98�C, 10-s elongation at 60�C, and 10-s exten-
sion at 72�C). epegRNA sequences were synthesized by IDT as DNA
“eblock” fragments bearing 20–30 nt of homology to both ends of the
linearized backbone. Homology-based assembly was done using
NEBuilder HiFi DNA Assembly Master Mix (NEB) through a 1-h in-
cubation at 50�C.

Cell culture and harvesting

General conditions and procedures

HEK293T cells were sourced from American Type Culture Collection
and cultured at 37�C and 5% CO2. Standard culturing media was
DMEM supplemented with heat-inactivated fetal bovine serum
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(FBS) and penicillin/streptomycin cocktail (Wisent) at 10% and 1%
v/v, respectively. Adhered cells were detached using 0.25% trypsin
with 0.53 mM EDTA in Hank’s balanced salt solution (Wisent).
The cell suspension concentration was found using a CountessTM
2 FL Automated Cell Counter (Thermo Fisher Scientific). For cryo-
preservation, freezing media consisted of a 1:3:6 volumetric ratio of
DMSO:FBS:DMEM. Samples were cooled in a Mr. Frosty chamber
(Nalgene) before transferring to liquid nitrogen storage.

Transfection

Transfection was done with Lipofectamine3000 (Thermo Fisher Sci-
entific) per the manufacturer’s guidelines. For classic transfection,
cells were seeded and cultured overnight for �80% confluency at
the time of transfection, while reverse transfections added cells at
�80% confluency following on-plate transfection complex prepara-
tion. Total DNA, 1500 and 500 ng, were used for transfection in
12-well and 24-well plates, respectively. A 1:1 mass ratio of guide-
and Cas protein-expressing plasmids was generally used for editing
experiments. Puromycin selection was done at 2 mg/mL starting
24 h after transfection for 48–72 h, with antibiotic media refreshed
every 24 h.

Cell sorting

Cells were sorted into 96-well plates and clonally expanded in sup-
plemented DMEM. Sorting by flow cytometry was performed at the
SickKids-UHN Flow Cytometry Facility (Toronto, Ontario, Canada)
on a MoFloXDP sorter (Beckman Coulter); cells were suspended at
106 cells/mL in fluorescence-activated cell sorting buffer (PBS sans
Ca2+ and Mg2+, 2% v/v FBS, 2.5 mM EDTA), filtered by a 40-mm
strainer and stained with 0.1% v/v propidium iodide in polypro-
pylene tubes. Alternatively, manual sorting was performed by
limiting dilution. Per 96-well plate, cells were serially diluted to
�45 cells in 10 mL media; 100 mL of this diluted cell suspension
was pipetted into each well for an average seeding density slightly
under 0.5 cells/well. Colonies were expanded for 14 days or until
ready for analysis.

Protein isolation

Extraction from cell pellets began with a PBS (137 mMNaCl, 2.7 mM
KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4 at pH 7.4) wash, then a
30-min incubation on ice with lysis buffer (1% v/v Triton X-100,
50 mM Tris-HCl at pH 7.4, 150 mM NaCl, 5 mM EDTA, supple-
mented with 0.25 mg/mL human serum albumin [Thermo Fisher Sci-
entific] to support the miscibility of HexA). Lysate was centrifuged at
20,000 � g at 4�C for 15 min, the pelleted debris discarded, and pro-
tein collected as the supernatant. Protein concentration was deter-
mined using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific).

DNA extraction

DNA extraction for crude-lysis PCR applications used DirectPCR
Cell reagent (Viagen), while genomic DNA extraction was performed
with the Blood & Tissue Kit (Qiagen). DNA concentration was
measured by nanodrop spectrophotometer.
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PCR

PCR products for analysis (electrophoresis, Sanger sequencing) were
amplified with DreamTaq PCRMaster Mix (2�) (Thermo Fisher Sci-
entific) or Q5 High-Fidelity 2�Master Mix (NEB). Primer sequences
are listed in Table S3.

Gel electrophoresis

Agarose gels, 0.8%–2% w/v, were used for the electrophoresis of DNA
fragments. Agarose gels were cast with TAE buffer (40 mM Tris,
20 mM acetic acid, 1 mM EDTA, at pH 8.3) and ethidium bromide
added at 0.6 mg/mL. Gel visualization took place on a Bio-Rad GelDoc
instrument and Image Lab software.

Sanger sequencing

Sanger sequencing of purified PCR products or plasmids was either
performed by The Centre of Applied Genomics (TCAG; Toronto,
Ontario, Canada) or in-house on an Applied Biosystems SeqStudio
Genetic Analyser with BigDye Terminator version 3.1 Cycle
Sequencing and xTerminator Purification kits (Thermo Fisher Scien-
tific) following the manufacturers’ protocols. Primers used for
sequencing are shown in Table S3.

Deconvolution of CRISPR edits

Genetic heterogeneity in cell populations arising from CRISPR-Cas9
editing was analyzed with the Inference of CRISPR Edits (ICE) web
tool from Synthego (https://ice.synthego.com).50 ICE traces indel ed-
iting events and provides their estimated frequencies within a popu-
lation. For single-nucleotide substitutions, estimates were based on
thr proportion of mutant to wild-type base calls given by Sanger
sequencing.

Digital PCR

Digital PCR-based copy-number analysis of HEXA in HEK293T was
performed by TCAG. The assay probe targeted intron 10 to confirm
the haploidization of HEXA via a single residual copy of exons 7–11
without translocation of excised copies to other genome sites. The
RNase P locus served as the reference.

Fluorometric HexA assay

HexA activity within whole-cell lysates was assayed using
4-methylumbelliferyl 6-sulfo-2-acetamido-2-deoxy-b-D-glucopyra-
noside (MUGS), a synthetic substrate that releases the 4-Methylum-
belliferone (MU) fluorophore (excitation at 360 nm, emission at
450 nm) upon hydrolysis.30 The anionic sulfated moiety of MUGS
mimics the negatively charged NANA residue on the native HexA
substrate, GM2, making MUGS a highly specific proxy.3 For each
sample, 5 mg lysate was diluted in citrate phosphate buffer
(100 mM citric acid, 200 mM dibasic sodium phosphate, prepared
at pH 4.5) to a working volume of 25 mL. The 25 mL lysate was
then mixed with 25 mL MUGS substrate (Toronto Research Chemi-
cals), prepared as a 3.2-mM solution in citrate phosphate buffer.
The 50-mL reaction was incubated at 37�C for 1 h and then stopped
by the addition of 200 mL 2-amino-2-methylpropanol (100 mM,
pH 10) (Sigma-Aldrich). Endpoint fluorescence (360 nm, 450 nm)
was taken by a Synergy Neo2 microplate reader (BioTek), measured
in relative fluorescence units (RFU). For each sample, the identical
procedure was concurrently performed using MUG (Toronto
Research Chemicals), an uncharged substrate whose hydrolysis is
independent of HexA but liberates the same MU fluorophore as
MUGS.3 The RFU value of MUGS was divided by that of MUG,
becoming a unitless value. Because MUG hydrolysis is proportional
to the total protein amount, irrespective of HexA quantity/activity,
normalizing MUGS to MUG helps control for differences in protein
quantity between samples despite 5 mg lysate intended across all
samples.3 Accordingly, true biological differences in HexA function
are better detected without being obfuscated by experimental incon-
sistencies in HexA quantity. This normalized level of MUGS hydro-
lysis was then multiplied by 100 to produce the final unscaled
HexA function score that we report to quantify HexA activity for
each sample.

Fluorescent staining and analysis

LysoTracker staining

A total of 200,000 cells were seeded per well in a 12-well plate and
cultured overnight. Cells were then stained with LysoTracker red
DND-99 (Thermo Fisher Scientific) diluted to 1 mM inwarmedmedia
at 37�C in the dark for 1 h. Nuclei were counterstained with 10 mg/mL
Hoescht 33342 for 15 min followed by PBS washing. Fluorescence in-
tensity (577 nm, 590 nm) was read using a Synergy Neo2 plate reader
(Agilent), with LysoTracker intensity normalized to that of Hoescht.
Visual assessment of stained lysosomes was done with a Lionheart FX
automated microscope (Agilent) using red fluorescent protein and
DAPI filter sets.

Nile red staining

Cells were prepared as described for LysoTracker staining. Nile Red
(Thermo Fisher Scientific) was reconstituted in DMSO and diluted
to 1 mM in warmed media to stain cells for 15 min at 37�C in the
dark. Cells were fixed with 4% paraformaldehyde for 15 min, followed
by nuclear staining with Hoescht in the manner described above. Yel-
low-gold fluorescence was measured to target neutral lipid content
(i.e., cytoplasmic lipid droplets [515 nm, 585 nm]).51 Using Prolong
Gold Antifade Mountant (Thermo Fisher Scientific), cells were
mounted onto glass slides and then imaged using a spinning disk
confocal microscope (Quorum Technologies) with an EM-CCD
C9100-13 camera (Hamamatsu).

GM2 immunofluorescent staining

Cells were seeded in a 12-well plate on glass coverslips coated with
Gibco collagen I and rat tail (Fisher Scientific) and grown overnight
to �80% confluency. After 4% paraformaldehyde fixation for
15 min, cells were permeabilized using 0.1% Triton X-100 for
15 min and then blocked in 3% BSA for 1 h, all with PBS diluent at
room temperature. PBS washes took place between steps. Mouse
monoclonal anti-GM2 (MK1-16, TCI America) was then incuba-
ted at room temperature for 1 h (1:800 dilution). The secondary
probe was done using CoraLite488-conjugated goat anti-mouse
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immunoglobulin G (H + L) (Proteintech Group) for 1 h at room tem-
perature (1:1,000 dilution). DAPI was used to stain nuclei for 10 min,
followed by coverslip mounting onto glass slides using ProLong Glass
Antifade Mountant (Thermo Fisher Scientific) and sealing with clear
nail polish. Images were captured by spinning disk confocal micro-
scopy as above.

Software use and statistical tests

DNA sequence visualization and manipulation were done in
SnapGene (Dotmatics). The annotated HEXA genomic sequence
was retrieved from the NCBI database (GenBank: NC_000015;
Gene ID: 3073). PDB Mol* was used to generate 3D images of
HexA.52 Figures were created using BioRender, and statistical tests
were performed by R version 4.2.2. Error bars on graphs indicate
SDs. The following significance levels are noted: *p < 0.05;
**p < 0.01; ***p < 0.001.
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