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Original Article
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Free sialic acid storage disorders (FSASDs) result from patho-
genic variations in the SLC17A5 gene, which encodes the lyso-
somal transmembrane protein sialin. Loss or deficiency of sia-
lin impairs FSA transport out of the lysosome, leading to
cellular dysfunction and neurological impairment, with the
most severe form of FSASD resulting in death during early
childhood. There are currently no therapies for FSASDs.
Here, we evaluated the efficacy of CRISPR-Cas9-mediated ho-
mology directed repair (HDR) and adenine base editing
(ABE) targeting the founder variant, SLC17A5 c.115C>T
(p.Arg39Cys) in human dermal fibroblasts. We observed min-
imal correction of the pathogenic variant in HDR samples with
a high frequency of undesired insertions/deletions (indels) and
significant levels of correction for ABE-treated samples with no
detectable indels, supporting previous work showing that
CRISPR-Cas9-mediated ABE outperformsHDR. Furthermore,
ABE treatment of either homozygous or compound heterozy-
gous SLC17A5 c.115C>T human dermal fibroblasts demon-
strated significant FSA reduction, supporting amelioration of
disease pathology. Translation of this ABE strategy to mouse
embryonic fibroblasts harboring the Slc17a5 c.115C>T variant
in homozygosity recapitulated these results. Our study demon-
strates the feasibility of base editing as a therapeutic approach
for the FSASD variant SLC17A5 c.115C>T and highlights the
usefulness of base editing in monogenic diseases where trans-
membrane protein function is impaired.

INTRODUCTION
Free sialic acid storage disorders (FSASDs) are a spectrum of lyso-
somal storage disorders caused by the absence or malfunction of sia-
lin, a protein encoded by the SLC17A5 gene.1–3 Sialin is a transmem-
brane protein that mediates the transport of various substrates across
the lysosomal membrane. Among these substrates is sialic acid, a
sugar whose function is implicated in cellular communication and
structural/modulatory processes. In the lysosome, FSAs are released
by the action of neuraminidase on membrane gangliosides and glyco-
sylated proteins degraded in the lysosome.4,5 A malfunctional sialin
protein consequently results in the accumulation of FSA within the
lysosome, impeding proper degradation and recycling of cellular
waste components. The SLC17A5 variant determines FSASD pheno-
type severity: a non-functional sialin protein results in the severe in-
Molecular Ther
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fantile sialic acid storage disease (ISSD) (MIM: 269920), while vari-
ants allowing residual sialin function, as in Salla disease (SD)
(MIM: 604369), have an attenuated phenotype. Patients with
FSASD have increased urinary FSA excretion and clinical findings
such as coarse facial features, ataxia, developmental delays, and mod-
erate to severe neurocognitive impairments.1–3,6

SLC17A5 c.115C>T (p.Arg39Cys; dbSNP: rs80338794) is a patho-
genic variant that, in homozygosity, is associated with the SD pheno-
type. More than 80% of all reported individuals with SD have at least
one c.115C>T (p.R39C) SLC17A5 pathogenic variant,6,7 and, because
of a founder effect, nearly 95% of Finnish SD patients possess this
variant.

There are no therapies approved by the U.S. Food and Drug Admin-
istration (FDA) for FSASD, with current treatment directed toward
managing symptoms and enhancing quality of life.8 As sialin is a
lysosomal transmembrane protein, conventional treatments for
other lysosomal storage disorders such as enzyme replacement ther-
apy, which relies on cell-to-cell cross-correction, are not feasible.
Therefore, expanding current investigative studies aimed at devel-
oping therapeutic strategies, such as those based in gene editing, is
critical to curing this life-limiting disease and improving pa-
tient care.

Therapeutic strategies for genetic diseases have traditionally
focused on the delivery of small molecules or functional copies
of the defective gene to affected cells. Treatment has shifted
recently toward the development and delivery of gene therapies9

that use programmable nucleases to modify specific loci in the
genome.10,11 The RNA-guided endonuclease complex CRISPR-
Cas9 has streamlined the generation of targeted genetic alterations.
The CRISPR-Cas system has been shown to target and correct
genetically inherited variants in human cells, ameliorating underly-
ing molecular pathology.
apy: Nucleic Acids Vol. 34 December 2023 ª 2023 The Author(s). 1
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Table 1. Variants identified in FSASD fibroblasts available from the NIGMS Human Genetic Cell Repository at the Coriell Institute for Medical Research

Allele 1 Allele 2

Cell lines Nucleotide change Predicted protein change dbSNP# Nucleotide change Predicted protein change dbSNP#

GM05520 c.548A>G p.His183Arg rs119491109 c.1001C>G p.Pro334Arg
rs119491110
Verheijen et al. and Tondeur et al.3,22

GM05521 c.548A>G p.His183Arg rs119491109 – –

GM05522 c.1001C>G p.Pro334Arg rs119491110 – –

GM08496 c.115C>T p.Arg39Cys rs80338794 c.1129dupG p.Val337Glyfs*12 novel variant

GM08497 c.115C>T p.Arg39Cys rs80338794 c.115C>T p.Arg39Cys rs80338794

GM09885 c.802_816del p.Ser268_Asn272del
rs386833994
Lemyre at al.35

? ?

GM11850 c.115C>T p.Arg39Cys rs80338794 c.251delC p.Pro84Glnfs*6 novel variant

GM17488 c.1138_1139delGT p.Val380Serfs*8
rs386833988
Aula st al.7

? ?

GM17493 c.115C>T p.Arg39Cys rs80338794 c.802_816del p.Ser268_Asn272del
rs386833994
Lemyre at al.35

-: No second variant was found in SLC17A5 carrier parents of the proband GM05520.
?: No other pathogenic nucleotide change was identified upon sequencing of all 11 exons and their intron-exon boundaries, suggesting that the second variant might be located in a non-
coding area of the gene and/or the regulatory area.

Molecular Therapy: Nucleic Acids
Although CRISPR-Cas9 homology directed repair (HDR) represents
a novel approach to therapeutic intervention, its application has sig-
nificant limitations, with the most notable issues being low efficiency
of desired edit(s),12 requirement of a donor DNA template,13 a high
frequency of unwanted insertions/deletions (indels),14 and the poten-
tial for off-target edits.15 To address the limitations associated with
CRISPR-Cas9 HDR, adenine and cytosine base editors were devel-
oped. Rather than facilitating a double-stranded break, base editors
create a nick in one genomic strand, deaminating the target adenine
to inosine (read as guanine) or cytosine to uridine (read as thymi-
dine).16–18 Base editors have successfully produced targeted nucleo-
tide transitions in bacteria,19 human embryos,20 numerous other
cell types and organisms,21 and recently in patients (NCT05398029).

Cells derived from patients with FSASD are invaluable resources for
disease modeling and the assessment of potential therapeutics. There-
fore, genotyping the nine cell lines banked at the Coriell Institute for
Medical Research reportedly associated with FSASD (proband or
relative), was imperative. Of the cells genotyped, seven unique vari-
ants were identified, including patient cells harboring the SLC17A5
c.115C>T variant in homozygosity. These cell lines will be beneficial
for classifying the FSASD severity of each variant, will contribute to
variant frequency calculations, and will support the development of
personalized therapeutics for FSASD.

Personalized genome editing strategies have extended precision
medicine to genetic conditions like SD, with molecular tools that
target the source of the pathology rather than the symptoms of
the disease. Herein, we report the CRISPR-Cas9-mediated correc-
tion of the SLC17A5 c.115C>T SD variant in patient-derived human
dermal fibroblasts (GM08497) using HDR and adenine base editing
(ABE). ABE of the target site gave fewer (undetectable) indels
2 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
compared to HDR and effectively normalized markers of cellular
pathology including FSA. Translation of this ABE strategy to
Slc17a5c.115C>T/c.115C>T mouse embryonic fibroblasts (MEFs) had
comparable results. These findings extend the current scope of
genome editing strategies to targeted correction of pathogenic vari-
ants in transmembrane proteins and amelioration of associated
cellular phenotype.

RESULTS
SLC17A5 variant detection in cell lines frompatients with FSASD

We analyzed nine HDF cell lines associated with FSASD available
from the NIGMS Human Genetic Cell Repository at the Coriell Insti-
tute for Medical Research through Sanger sequencing of the 11 exons
and respective intron-exon boundaries of the SLC17A5 gene. Of the
nine cell lines, one (GM08497) was found to harbor the SLC17A5
c.115C>T (p.Arg39Cys) variant in homozygosity. Three cell lines,
GM05520-22, were derived from a Yugoslavian family of a proband
presenting with ISSD initially reported in 1982.22 The cell line derived
from the proband (GM05520) was reported as compound heterozy-
gous for c.548A>G (p.His183Arg; dbSNP: rs119491109) and
c.1001C>G (p.Pro334Arg; dbSNP: rs119491110) variants in
SLC17A5.3,22 The carrier status of each parent, GM05521 and
GM05522, is elucidated here (Table 1).

A previously reported 15-bp deletion in exon 6 of SLC17A5
(c.802_816del; p.Ser268_Asn272del; dbSNP: rs386833994) was found
in heterozygosity in both GM17493 and GM09885. GM17493 was
found to be compound heterozygous for the c.115C>T variant. Inter-
estingly, a second pathogenic variant was not identified in GM09885.
This suggests that the second pathogenic variant may be in a regula-
tory region or other non-coding region. Similarly, only one SLC17A5
variant (c.1138_1139delGT; p.Val380Serfs*8; dbSNP: rs386833988)
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Figure 1. ABE restores SLC17A5 c.115C sequence without creating indels in HDFs

(A) DNA and respective protein sequences of SLC17A5 around locus c.115. (Top left) c.115C site (in green) and CGT coding for arginine at codon 39 of the SLC17A5 protein.

(Top right) pathogenic variant SLC17A5 c.115C>T (in red), coding for cysteine at codon 39 of the SLC17A5 protein. (Middle) sgRNA design for HDR and ABE. The SLC17A5

c.115 site for the targeted cytosine-to-thymine transition is highlighted in red. Horizontal arrows indicate sequences of sgRNAs targeting the SLC17A5 c.115 site. Proto-

spacer adjacent motifs (PAMs) are highlighted in color corresponding with the respective sgRNA: for HDR, in blue, and base editing, in orange. (Bottom) Sequence of single-

stranded oligonucleotide (ssODN) used for HDR around SLC17A5 c.115C>T. PAM motifs are indicated in blue. A synonymous substitution to inactivate the PAM site

(SLC17A5 c.135G>A) is underlined. (B) Comparison of editing efficiency (green) and indel (gray) (%) between HDR and ABE in HDFs harboring the SLC17A5 c.115C>T

variant (affected). (C) Temporal assessment of editing efficiency in HDFs following base editing from day zero to day 14 post-nucleofection. (D) Electropherograms of

SLC17A5 sequence flanking c.115 in unaffected control, affected, HDR-treated, and ABE-treated HDFs, respectively. Shaded blue regions in the background of chro-

matograms represent Phred base calling quality scores. SLC17A5 c.115 site distinguished by arrows. (Top left) SLC17A5 c.115 unaffected control HDFs. Note the canonical

(legend continued on next page)
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was identified in GM17488. This variant has been reported in com-
pound heterozygosity with the c.115C>T variant in patients with severe
SD.7 However, in the GM17488 cell line, no c.115C>T variant in
SLC17A5 was observed. Furthermore, we identified two novel
SLC17A5 variants, c.251delC (p. Pro84Glnfs*6) and c.1129dupG
(p.Val337Glyfs*12), in GM11850 and GM08496, respectively. Both
cell lines are also compound heterozygous for the SLC17A5
c.115C>T variant. Analysis of the GM11850 cell line revealed two var-
iants in exon 2. Subsequent analysis by allele-specific PCR identified the
phase of two variants, c.251delC and c.115C>T, as trans. In this study,
both GM08497 (homozygous SLC17A5 c.115C>T variants) and
GM11850 (compound heterozygous with one SLC17A5 c.115C>T
variant) were used for subsequent genome editing experiments.

HDR of SLC17A5 c.115C>T results in minimal editing efficiency

Single guide RNA (sgRNA)-1 (Figure 1A) was designed for HDR us-
ing the online design tool CRISPick.23 A single-stranded HDR tem-
plate with 70 nucleotide homology arms was designed to incorporate
c.115C and install a silent PAM site modification (Figure 1A).
CRISPR-Cas9 HDR targeting of this genomic site in HDFs yielded
a low editing efficiency (4.1% ± 1.1%) while generating a high per-
centage of indels (50.3% ± 16.6%) (Figure 1B).

Editing efficiency and specificity is improvedwith ABE over HDR

We selected a sgRNA (sgRNA-2), located on the antisense strand, to
target the c.115 ‘C’ to ‘T’ transition on the sense strand (Figure 1A).
Base editing of the c.115C>T target variant was observed in HDFs
4 days post-transfection with an average editing efficiency of
64.3% ± 9.6% and no detected indels (Figure 1B). Peak editing effi-
ciency is achieved at 4 days after transfection, after which efficiency
plateaus until at least 14 days after transfection (Figure 1C). Of
note, transfected HDFs were found to have a bystander edit
(c.114T>C) that occurs at a frequency 27.6% ± 15.8%. This bystander
edit results in a p.Ala38Ala synonymous substitution not predicted to
impact protein function (Figure 1D).

ABE-treated SLC17A5 c.115C>T HDFs show nonsignificant

reductions in lysosomal-associated membrane protein 1 and

CD63

Lysosomal-associated membrane protein 1 (LAMP1) is a commonly
used marker for lysosome storage. CD63 is a membrane-associated
protein present on compartments of the endo-lysosomal pathway.
Both LAMP1 and CD63 levels are expected to be present in higher
abundance with increased lysosome burden. Immunocytochemistry
(ICC) of LAMP1 and CD63 was performed for unaffected control
HDFs, untreated homozygous SLC17A5 c.115C>T HDFs, and ABE-
treated SLC17A5 c.115C>T HDFs (Figures 2A, 2C, and S1–S6).
ABE-treated HDFs demonstrate a nonsignificant, but downward
‘C’ nucleotide at position c.115. (Top right) Homozygous SLC17A5 c.115C>T variant H

SLC17A5 c.115C>T HDFs. Multiple electropherogram peaks indicative of indels. (Botto

and ‘C’, indicating partial correction of the pathogenic ‘T’ to the canonical ‘C’ nucleotide

least three independent experiments are shown as mean ± standard deviation. Edi

assessment was analyzed using one-way ANOVA with the Tukey post hoc test. ****p <
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trend in LAMP1 (0.21 mean intensity units [miu] vs. 0.16 miu,
p = 0.13) and CD63 (0.17 miu vs. 0.13 miu, p = 0.06) levels when
compared with affected HDFs (Figures 2B and 2D).

Western blot analysis of LAMP1 and CD63 revealed no significant
differences across affected, ABE-treated, and unaffected control con-
ditions when normalized to loading controls (Figure S7).

FSA levels are reduced in ABE-treated SLC17A5 c.115C>T HDFs

We observed increased FSA levels in untreated homozygous SLC17A5
c.115C>THDFs (3.07 nM/mg protein) compared with unaffected con-
trol HDFs (1.43 nM/mg protein). ABE-treated SLC17A5 c.115C>T
HDFs (1.33 nM/mg protein) demonstrated a significant reduction of
FSA compared with untreated SLC17A5 c.115C>T HDFs and shows
normalization to unaffected control levels (Figure 2E).

FSA levels in a different FSASD patient HDF line (GM11850)
with compound heterozygous variants in SLC17A5 (c.115C>T/
c.251delC) were also elevated (9.32 nM/mg protein) and was signifi-
cantly reduced in ABE-treated samples (2.85 nM/mg protein) (Fig-
ure S8). ABE-treated compound heterozygote samples produced an
editing efficiency of 99% with minimal to no detectable indels.

Deep sequencing of in silico-nominated off-target sites does not

show off-target editing above baseline levels

In silico off-target analysis of the SLC17A5 c.115C>T-targeting
sgRNA was conducted to determine the frequency of putative off-
target sites using Cas-OFFinder.24 Sites were initially characterized
using a mismatch parameter of five or fewer nucleotides, identifying
1,192 sites (Figure 3). A more stringent three nucleotide mismatch
maximum identified 15 predicted off-target sites which were defined
as either intergenic, intronic, long non-coding RNA, or as a pseudo-
gene (Figure 3B). To determine the potential impact of off-target edit-
ing, we performed targeted amplicon deep sequencing on genomic
DNA isolated from ABE-treated and mock HDFs. Of the 15 sites,
two intergenic sites (OT2 and OT10) contained highly repetitive
sequences and could not be amplified for deep sequencing
(Tables S2 and S3). Deep sequencing reads were analyzed using
CRISPResso2,25 resulting in 11/13 off-target sites with >1,000�
coverage. No detectable off-target editing above baseline levels was
evident across these 11 putative off-target sites (Figures 3C and S9).

Base editing corrects Slc17a5 c.115C>T in MEFs

To demonstrate base editing translatability to a murine model of SD, a
MEF cell line possessing the c.115C>T variant in Slc17a5 was trans-
fected with an ABE and a Slc17a5 c.115C>T-targeting sgRNA
(sgRNA-3) (Figure 4A). Sanger sequencing of Slc17a5post-transfection
shows an average editing efficiency of 66.4% ± 9.9%, comparable with
DFs. Note the mutated ‘T’ nucleotide at position c.115. (Bottom left) HDR-treated

m right) ABE-treated SLC17A5 c.115C>T affected HDFs. Note the dual peak for ‘T’

at c.115. Bystander edit at c.114 is marked with an asterisk. Data generated from at

ting efficiency (%) and indel (%) were analyzed using unpaired t tests. Temporal

0.0001.



Figure 2. ABE reduces markers of endo-lysosomal pathology and normalizes FSA levels in HDFs

(A and C) LAMP1(A) and CD63 (C) staining in unaffected control (+/+), affected homozygous SLC17A5 c.115C>T (�/�), and ABE-treated SLC17A5 c.115C>T HDFs (ABE).

Scale bar, 200 mm. (B and D) Quantification of LAMP1 (B) and CD63 (D) signal intensity in HDFs, measured in mius. The editing efficiency of the ABE-treated group used for

staining corresponds with 53%. (E) Quantification of FSA in HDFs. Increased FSA levels in untreated affected HDFs (�/�) compared to unaffected control HDFs (+/+). Data

generated from at least (n = 3) independent experiments are shown as mean ± standard deviation. All comparisons were analyzed using a one-way ANOVA with the Tukey

post-hoc test. *p < 0.05; **p < 0.01; ****p < 0.0001. See also Figures S1– S8.
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the observed editing efficiency in HDFs (64.3% ± 9.6%) (Figure 4B).
FSA levels in affected Slc17a5 c.115C>T MEFs were significantly
increased (11.59 nM/mg protein) in comparison with unaffected con-
trol MEFs (0.48 nM/mg protein), while the FSA levels in ABE-treated
Slc17a5 c.115C>TMEFswere significantly decreased (1.33 nM/mgpro-
tein) compared with untreated Slc17a5 c.115C>T MEFs and shows
normalization to unaffected control levels (Figure 4C).

DISCUSSION
Wepresent the first genome editing study in cells derived from patients
carrying the common SD SLC17A5 c.115C>T variant.7,26 Since SD has
noFDA-approved therapy, this studybegins to address a significant un-
met need for patients, generating vital proof-of-principle results for the
optimization of an ABE-based therapeutic strategy. Given that 80% of
SD patients harbor at least one SLC17A5 c.115C>T variant, successful
implementation of ABE-mediated c.115C>T correction may benefit a
large proportion of SD patients worldwide.

In this work, we demonstrated that ABE generated superior correc-
tion of the target allele when compared with HDR, and that using
an ABE-mediated strategy produced improvements inmarkers of dis-
ease pathology in treated cells. This improvement is evident through
molecular analysis, with an average of 64.3% ± 9.6% correction of the
pathogenic variant to the canonical c.115C. This level of correction is
reached four days following nucleofection and is sustained over time
(Figure 1C). With the exception of the synonymous bystander edit
c.114T>C (p.Ala38Ala), we did not identify any off-target edits or in-
dels (Figures 3 and S9, and Table S2). Since there is an increase in
codon usage frequency between GCT (0.26) and GCC (0.40), we do
not expect there to be a negative impact on protein translation due
to editing of c.114 (Figures 1A and 1D). Although we do not predict
the SLC17A5 c.114 bystander will affect sialin function, we plan to
investigate this variant further in vitro.
In ABE-treated samples, cells displayed a nonsignificant reduction of
LAMP1 and CD63, markers of cellular lysosomal burden by ICC. For
both proteins, we observed a trend of reduced signal intensity in ABE-
treated c.115C>T HDFs compared with untreated c.115C>T HDFs
(Figures 2A–2D and S1–S6). Given that the model evaluated in this
study was HDFs, and not a cell type (e.g., neurons or glial cells) likely
impaired by FSA storage, we hypothesize that there may be a limited
lysosomal storage phenotype, as evidenced by inconclusive results in
LAMP1 and CD63 signal intensity across ABE-treated, untreated
c.115C>T, and unaffected HDFs upon western blotting (Figure S7).
Cellular models of SD that recapitulate disease pathology, including
those of the CNS, would better support measures of efficacy in
ABE-treated samples.

FSA levels in unaffected control, untreated c.115C>T, and ABE-
treated c.115C>T HDFs support our assertion that successful base
editing reduced lysosomal storage in affected HDFs. While FSA in
untreated SLC17A5 c.115C>T HDFs is significantly elevated
compared with unaffected controls, ABE-treated homozygous
c.115C>T HDFs demonstrated near-normalization of FSA (Fig-
ure 2E). These data suggest that functional sialin protein is pro-
duced in ABE-treated HDFs. The observation of significantly
reduced FSA in an ABE-treated c.115C>T/c.251delC HDF line in
which more than 99% of the target allele is corrected (Figure S8)
supports this conclusion, indicating that correction of only one
allele is sufficient to restore sialin function and lysosomal FSA
efflux. This is exceptionally relevant for translation of our strategy
to the SD population, where c.115C>T is the predominant patho-
genic allele.

Evaluating the safety and efficacy of the defined ABE strategy in an
animal model of SD is an important next step. Initial translation of
this strategy to Slc17a5c.115C>T/c.115C>TMEFs showed no cross-species
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 5

http://www.moleculartherapy.org


Figure 3. Targeted amplicon deep sequencing of putative off-target sites nominated in silico show no significant adenine deamination

Putative off-target (OT) sites were determined by Cas-OFFinder24 using the c.115T 20-nucleotide query sequence. (A) OT site frequencies predicted by the Cas-OFFinder

algorithm using a mismatch parameter of five or fewer nucleotides (5MM) compared with three or fewer nucleotides (3MM). (B) Predicted OT sites separated by genomic

location type, with a majority of predicted OTs found to be in intergenic or intronic regions. (C) Heatmap (left) representing percentage of non-adenine base identities where

adenine is expected, or indels (right), across in silico-nominated off-target sites after targeted amplicon deep sequencing and CRISPResso2 analysis.25 No significant

differences are observed between ABE-treated SLC17A5 c.115C>THDFs (ABE; bottom) andmock (top) samples. AssociatedOT sequences are listed at right, and adenines

with the potential for deamination are in red (n = 3, unpaired Student t tests). See also Tables S2 and S3, Figures S9 and S10.
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Figure 4. ABE restores Slc17a5 c.115C in a murine cell line

(A) Human and murine sgRNA comparison. Murine and human sequences are

identical, except a single nucleotide difference, highlighted in yellow. SLC17A5/

Slc17a5 c.115C>T is in red. (B) Base-editing efficiency (green) and indel (gray) (%)

MEFs harboring the SLC17A5 c.115C>T variant. (C) FSA quantification in MEFs.

Increased FSA levels in untreated Slc17a5 c.115C>T MEFs (�/�) compared to

unaffected control MEFs (+/+). ABE-treated Slc17a5 c.115C>T MEFs (ABE)

demonstrate normalization of FSA. Data generated from at least (n = 3) independent

experiments are shown as mean ± standard deviation. All comparisons were

analyzed using a one-way ANOVA with the Tukey post hoc test. ****p < 0.0001.
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efficacy of either sgRNA (Figure 4A) despite differing by only one
nucleotide within the target region. Base editing of the Slc17a5
c.115C>T site using murine-specific sgRNA-3 was successful in
Slc17a5 c.115C>T MEFs (Figure 4B) and resulted in a significant
reduction of cellular FSA to normal levels (Figure 4C) suggesting
that genomic correction effectively restored sialic acid metabolism.
We plan to evaluate whether intra-cranially-delivered ABE and
sgRNA-3 results in efficacious correction of the Slc17a5 c.115C>T
pathogenic variant in hippocampal and Purkinje cells, as well as oli-
godendrocytes and astrocytes, in the murine model of SD (unpub-
lished). We will assess for reduction of cellular pathology and FSA
levels, and whether potential correction at the molecular and cellular
level translates to any benefits in longevity, motor function, and
cognition in Slc17a5c.115C>T/c.115C>T mice.

While genotyping the FSASD patient cells from the NIGMS Human
Genetic Cell Repository at the Coriell Institute for Medical
Research, two variants in SLC17A5 not previously reported in
the literature were identified: c.251delC (p.Pro84Glnfs*6) and
c.1129dupG (p.Val337Glyfs*12) in GM11850 and GM08496,
respectively (Table 1). Sanger sequencing of the SLC17A5 cDNA
from these cell lines was performed and neither variant was de-
tected, suggesting nonsense-mediated decay may be responsible.
The potential pathogenic burden of these variants is likely loss of
function, but further characterization is required to determine the
respective impact. Functional consequences of these variants are un-
known, yet potential differences in the protein structure, respective
to these novel variants, suggests possible changes to protein stability
and/or activity.27
Importantly, not all FSASD pathogenic variants are targetable by base
editing. The genomic context with respect to the type of variant, PAM
site flexibility, base editing window rigidity, and predicted impact of
bystander editing will limit candidates. For those variants where
base editing is not feasible, including the novel variants identified
herein, prime editing may be used.

To further support the evaluation of the safety and efficacy of this
ABE strategy, it is imperative that a comprehensive unbiased analysis
of off-targets in vitro, such as CIRCLE-seq, be conducted before ther-
apeutic translation.28 Future studies will also elucidate the subcellular
localization of ABE-treated sialin and the role of existing cellular
pathophysiology, such as autophagic dysregulation, on sialin
trafficking.

MATERIALS AND METHODS
Cell culture, maintenance, and cell lines

HDF cell lines were obtained from the NIGMS Human Genetic Cell
Repository at the Coriell Institute forMedical Research Inc., and from
the American Type Culture Collection (ATCC). Cells were cultured
in DMEM (Cytiva) supplemented with 15% fetal bovine serum
(Omega Scientific), 2 mM GlutaMAX (Gibco), and 1% antibiotic-
antimycotic (100 U/mL penicillin, 100 mg/mL streptomycin, and
0.25 mg/mL amphotericin B; Gibco). A MEF cell line from a
Slc17a5c.115C>T/c.115C>T mouse model was provided as a generous
gift fromDrs. Marjan Huizing andMayMalicdan at the National Hu-
man Genome Research Institute.29 MEF cells were cultured on 0.1%
gelatin-coated plates in HDF culture medium supplemented with 1�
MEM non-essential amino acids (MEM NEAA; Gibco) and
12.87 mM b-mercaptoethanol (Gibco). All cell lines were maintained
at 37�C/5% CO2 air atmosphere until reaching optimal confluency of
85%–90% for nucleofection.

Genomic analysis for novel variant identification

Genomic DNA was extracted from each cell line using QuickExtract
DNA Extraction Solution (LGC Biosearch Technologies). SLC17A5
sequence analysis was conducted using previously established in-
tronic primers that flank each side of the exon.7 Minor modifications
to the primer design of some exons are listed in the supplemental in-
formation (Table S1). PCR products were purified using the DNA
Clean & Concentrator-5 kit (Zymo Research) before Sanger
sequencing with both forward and reverse primers, resulting in com-
plete coverage of the amplified regions (Eurofins Genomics). Analysis
of the GM11850 cell line revealed two heterozygous changes in
exon 2, and therefore a set of allele-specific oligos (C115: 50- CAG
TGTGCTGCTCTGCTC-30 and T115: 50- CAGTGTGCTGCTCTG
CTT-30) was designed to identify the relative allelic position between
c.251delC and c.115C>T in SLC17A5.

SLC17A5 c.115 sgRNA and single-stranded oligonucleotide

design

All oligonucleotides used in this study were synthesized by Integrated
DNA Technologies. CRISPR-Cas9 sgRNAs targeting the SLC17A5
c.115 site, used in the application of CRISPR-Cas9 HDR, were
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 7
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generated using in silico design tool CRISPick,23 which provided pro-
spective sgRNAs maximizing on-target activity and minimizing off-
target effects. Single-stranded oligonucleotides with 70 nucleotide ho-
mology arms flanking the target site and a synonymous substitution
in the PAM, were used together with sgRNA-1 to facilitate genomic
correction. sgRNAs directing SLC17A5 c.115 base editing were gener-
ated using in silico design tool BE-Designer.30 Prospective sgRNAs
were chosen based on the information provided by the BE-Designer
tool: CRISPR-Cas9 orthologue, base editing activity windows, G-C
content, potential mismatches, and off-target sites.

SLC17A5 c.115 base editing sgRNA expression vector cloning

SLC17A5 c.115-specific sgRNA oligonucleotides with BsmBI restric-
tion enzyme overhangs were designed as follows: forward oligo
(50-CACC(sgRNA)-30); reverse oligo (50-AAAC(reverse complement
sgRNA)-30). Complementary sgRNA oligonucleotides were annealed
and ligated to BsmBI-digested BPK1520 plasmid using the Quick
Ligation Kit (New England Biolabs). BPK1520 was a gift from Keith
Joung (Addgene plasmid #65777; http://n2t.net/addgene:65777;
RRID: Addgene_65777).31 NEB 5a competent Escherichia coli
(New England Biolabs) were transformed with ligated plasmid
DNA using standard protocol. Individual colonies were confirmed
by Sanger sequencing, and sgRNA-containing plasmid DNA was pu-
rified using a ZymoPURE II Plasmid Midiprep Kit (Zymo research).

Nucleofection

Cells were transfected using the Lonza nucleofection system (4D-Nu-
cleofector Core Unit, Lonza) with program CA-137. For HDR, 8–
9 � 104 SLC17A5 c.115C>T HDFs carrying SLC17A5 c.115C>T al-
lele(s) (GM08497) were transfected in SE Cell Solution (Lonza)
with 30 mM SLC17A5 c.115-specific RNP and 50–250 pM donor sin-
gle-stranded oligonucleotide. For base editing, 8–9 � 104 SLC17A5
c.115C>T homozygous HDFs (GM08497 and GM11850) were trans-
fected in P2 Primary Cell Solution (Lonza) with 250 ng BPK1520-
SLC17A5 c.115 sgRNA expression vector and 750 ng pCMV_ABE-
max_P2A_GFP. pCMV_ABEmax_P2A_GFP was a gift from David
Liu (Addgene plasmid #112101; http://n2t.net/addgene:112101;
RRID: Addgene_112101).32 Editing efficiency was determined using
the Synthego ICE Analysis tool (Synthego Performance Analysis,
ICE Analysis. 2019. v3.0).

ICC analysis

For determination of LAMP1 and CD63 signal by fluorescence mi-
croscopy, unaffected control (HDFs, PCS-201-010; ATCC), affected
SLC17A5 c.115C>T (GM08497), and ABE-treated SLC17A5
c.115C>T HDFs were grown on eight-chamber cell culture slides
(CellTreat Scientific Products). Cells were fixed with zinc sulfate
formalin (Mercedes Scientific), and permeabilized in 100% ethanol
before blocking in 1% BSA. Primary antibodies (rabbit against
LAMP1; 1:200; Abcam, RRID:AB_775978) or (rabbit against CD63;
1:100; R&D Systems; RRID: AB_2927414) was applied for 1 h at
37�C before applying secondary antibody (donkey anti-rabbit
IgG (H + L)-AF488; 1:500–1,000; Molecular Probes; RRID:
AB_2535792) for 1 h at 37�C. Slides were mounted using
8 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
VECTASHIELD antifademountingmediumwith DAPI (Vector Lab-
oratories). Images were captured on the Keyence BZ-X800 imaging
system at 20� magnification. The exposure time for GFP (AF488)
and DAPI are 1 s and 0.01 s, respectively. Quantification of LAMP1
and CD63 signal intensity was performed using CellProfiler33 by es-
tablishing a module pipeline which included “IdentifyPrimaryOb-
jects” and “MeasureObjectIntensity.”

Western blot analysis

Unaffected control (n = 3), affected (n = 3), and ABE-treated (n = 3)
HDF cell pellets were lysed in CelLytic M (Sigma-Aldrich), and pro-
tein concentration was estimated by BCA assay (ThermoFisher Scien-
tific). A total of 8 mg protein was resolved in 4%–15% mini-PRO-
TEAN TGX Stain-Free gels (Bio-Rad) and transferred to PVDF
membranes using the Tran-Blot Turbo Transfer System (Bio-Rad)
Membranes were then blocked in 2% casein for 1 h before overnight
incubation with one of the following primary antibodies: LAMP1
mouse monoclonal antibody (1:1,000, Abcam; RRID: AB_470708)
or CD63 mouse monoclonal antibody (1:1,000, Santa Cruz Biotech-
nology; RRID: AB_627877). Loading controls for LAMP1
and CD63 are GAPDH (1:2,500, Novus Biologicals; RRID:
AB_10002458) and Vinculin (1:1,000, Cell Signaling Technology;
RRID: AB_2728768) antibodies, respectively. Secondary antibody
(anti-mouse-HRP Bio-Rad; RRID: AB_11125547; anti-rabbit-HRP,
Bio-Rad Anti-Rabbit-HRP; RRID: AB_11125142 all 1:3,000) were
applied to the membrane at room temperature for 45 min. Clarity
Western ECL Substrate (Bio-Rad 170-5060) was applied and ECL sig-
nals were captured by Bio-Rad ChemiDoc Imaging System and quan-
tified with FIJI software.34

FSA quantification assay

Lysate containing approximately 1� 106 cells was mixed with deuter-
ated internal standard and four volumes of HPLC-grade water. Sam-
ples were filtered using a Spin-X 0.22-mmmicrocentrifuge filter tube.
FSA was analyzed by UPLC-MS/MS (Waters Acquity I-Class; Xevo
TQ-S MS/MS), using a C18 reverse-phase column (Waters Acquity
UPLC HSS T3) for chromatographic separation and tandem mass
spectrometry operated in selected reactionmonitoring mode (electro-
spray ionization, positive ion mode) for detection. Quantification was
accomplished by stable isotope dilution and comparison to a standard
curve. FSA concentrations were normalized by total protein concen-
tration as determined by the Lowry method. The limit of quantifica-
tion for FSA was 0.1 mM/L. All sample runs demonstrated calibration
curves with linearity exceeding r2 > 0.99.

Off-target analysis

In silico prediction of putative off-target sites was performed using
Cas-OFFinder with a query sequence of TAACAAGCAGAG
CAGCACAC and an NGG protospacer adjacent motif, allowing for
up to three mismatches between the query sequence and genomic
off-target site. Genomic DNA extracted from ABE-treated (n = 3)
andmock (n = 3) HDFs was PCR amplified with Taq RED (Apex Bio-
research Products) using site-specific primers (Table S2), generating
fewer than 250 bp amplicons. Amplified DNA was electrophoresed

http://n2t.net/addgene:65777
http://n2t.net/addgene:112101


www.moleculartherapy.org
on 0.7% agarose gels in TAE buffer, size selected, and gel purified us-
ing the Zymoclean Gel DNA Recovery Kit (Zymo Research). Ampli-
cons were library prepped using the NEBNext Ultra II DNA Library
Prep kit (New England Biolabs), according to the manufacturer’s pro-
tocol. Size selection of adaptor-ligated DNA was performed using
AMPure XP beads (Beckman Coulter) using a bead/sample ratio of
0.7�. Adaptor-ligated DNA was enriched using universal and index
primers, as per manufacturer’s protocol, with five PCR cycles. Li-
braries were run paired end on a MiSeq (Illumina) using the MiSeq
Reagent Kit v2 Nano (Illumina) with 500 cycles generating more
than 18,000 NGS reads/index primer, more than 1,000� reads/sam-
ple. One or both read files (.fastq) were analyzed using CRISPResso2
(Figure S10).25

Statistical analysis

Statistical analyses and graphing were carried out in GraphPad Prism
(Prism Version 8 for Windows 64-bit).
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