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ARTICLE INFO ABSTRACT

Keywords: Fabry disease is an X-linked glycolipid storage disorder caused by mutations in the GLA gene which result in a
Alpha-galactosidase deficiency in the lysosomal enzyme alpha galactosidase A (AGA). As a result, the glycolipid substrate Gb3 ac-
CRISPR-Cas9

cumulates in critical tissues and organs producing a progressive debilitating disease. In Fabry disease up to 80%
of patients experience life-long neuropathic pain that is difficult to treat and greatly affects their quality of life.
The molecular mechanisms by which deficiency of AGA leads to neuropathic pain are not well understood, due in
part to a lack of in vitro models that can be used to study the underlying pathology at the cellular level. Using
CRISPR-Cas9 gene editing, we generated two clones with mutations in the GLA gene from a human embryonic
stem cell line. Our clonal cell lines maintained normal stem cell morphology and markers for pluripotency, and
showed the phenotypic characteristics of Fabry disease including absent AGA activity and intracellular accu-
mulation of Gb3. Mutations in the predicted locations in exon 1 of the GLA gene were confirmed. Using
established techniques for dual-SMAD inhibition/WNT activation, we were able to show that our AGA-deficient
clones, as well as wild-type controls, could be differentiated to peripheral-type sensory neurons that express pain
receptors. This genetically and physiologically relevant human model system offers a new and promising tool for
investigating the cellular mechanisms of peripheral neuropathy in Fabry disease and may assist in the devel-
opment of new therapeutic strategies to help lessen the burden of this disease.
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1. Introduction signs and symptoms such as angiokeratoma, corneal clouding, reduced

sweating, hearing loss, abdominal pain, diarrhea, neuropathic pain,

Fabry disease (OMIM: 301500) is an X-linked lysosomal storage
disorder in which loss of function mutations in the GLA gene encoding
for the enzyme alpha galactosidase A (AGA, EC 3.2.1.22) causes a
deficiency of this enzyme [1], resulting in the accumulation of its
glycolipid substrate, globotriaosylceramide (Gb3), in critical tissues and
organs. Fabry disease is a progressive debilitating disorder affecting
multiple organ systems with an estimated incidence of ~1 in 40,000
males [2]. However, researchers who analyzed dried blood spots
collected from 34,736 newborns in an Austrian newborn screening
program detected Fabry disease in 1 in 3859 births [3], suggesting this
disease is under diagnosed. In its classic form, Fabry disease includes

cardiac hypertrophy, progressive kidney failure, and stroke; and causes
significant morbidity even in childhood.

One of the most debilitating symptoms of Fabry disease is pain. Two
types have been described: episodic crises and constant discomfort.
Many patients experience a constant burning pain in the palms of their
hands and soles of their feet that is difficult to control with pain medi-
cation [4]. In addition, they may have recurrent attacks of excruciating
pain (“Fabry pain crises”) that occur spontaneously or in response to
extreme temperatures, fever, fatigue, stress, overheating, or exercise
[5]. Although enzyme replacement therapy (ERT) with AGA is currently
available to treat Fabry disease, even long-term treatment does not
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neurotrophic factor; DAPI, 4',6-diamidino-2-phenylindole; DRG, dorsal root ganglion; EDTA, ethylene diamine tetracetic acid; ERT, enzyme replacement therapy;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Gb3, globotriaosylceramide; GDNF, glia-derived neurotrophic factor; eGFP, green fluorescent protein; GLA,
alpha-galactosidase A gene; hESC, human embryonic stem cell; HEX, beta-hexosaminidase; iPSC, induced pluripotent stem cell; NGF, nerve growth factor; PAM,
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reverse the neurologic dysfunction found in these patients [6], with over
80% of patients treated with ERT reporting moderate to severe pain [7].

The pathophysiology of pain in Fabry disease is still poorly under-
stood. Studies in patients have indicated it is a small fiber neuropathy,
with large fibers largely being spared (see [8,9] for reviews). Sensory
neurons respond to potentially damaging stimuli by sending signals to
the spinal cord and brain. The cell bodies of these nociceptor neurons are
located in the dorsal root ganglia (DRG) of the spinal cord. Neuronal
storage of Gb3 has been found in DRG of patients with Fabry disease at
autopsy [10], in DRG of a Fabry disease mouse model [11,12], and in the
peripheral nerves of a Fabry rat model [13], and it has been suggested
that this storage contributes to the neuropathic pain. In addition to
direct interference with lysosomal function, accumulation of Gb3 has
been shown to increase the expression of the pro-inflammatory cytokine
tumor necrosis factor-alpha (TNF-alpha) in a human monocyte cell line
[14]. Furthermore, expression of TNF-alpha has been shown to be
elevated in peripheral blood mononuclear cells isolated from Fabry
patients experiencing pain compared to normal controls [15]. Recent
studies in skin fibroblasts derived from Fabry patients [16] and in a
murine model of Fabry disease [17] indicated that cellular accumulation
of Gb3 altered expression and function of pain-associated ion channels
and expression of cytokines linked to inflammation. These results sug-
gest that Gb3 accumulation may induce a pro-inflammatory state that
potentially sensitizes the peripheral neurons to pain.

In addition, Choi and co-workers [18] reported that exposure to lyso-
Gb3, a deacylated derivative of the Gb3 molecule found in high con-
centrations in the plasma of Fabry patients, increased pain response
when applied to the foot pads of healthy mice and increased intracel-
lular Ca®* levels in a sub-population of cultured murine DRG neurons
responsible for sensing damage. These results suggest metabolites of
Gb3 may also contribute to pain sensitization in Fabry patients. In a
study of three families with a history of Fabry disease [19], the vari-
ability in the degree of neuropathy experienced by members of the same
family with identical GLA mutations suggests that genetic poly-
morphisms and environmental factors may alter the physiological
response to Gb3 accumulation in individual patients [19], resulting in
changes in sensitivity of the nociceptors to pain.

Attempts to study the pathology of Fabry-associated neuropathic
pain on a molecular level have only recently been reported (see [20] for
a review), in part due to the lack of relevant model systems. Several
groups have used primary cultures of DRG neurons from Fabry mouse
[12,18,21] and rat [13] models to study functional and morphologic
changes in isolated neuronal cultures. However, primary DRG cultures
are technically challenging, do not proliferate, and require the contin-
uous maintenance of an animal colony for source tissues. In addition,
although there are many similarities between human and rodent noci-
ceptors, there are also important differences in ion channel expression
and function [22].

Within the last decade there has been rapid progress in the devel-
opment of techniques for the use of human pluripotent stem cells to
model human diseases. Although several induced pluripotent stem cell
(iPSC) lines have been generated from patients affected with Fabry
disease [23-30], a major limitation of these models is that affected and
control cell lines have variable genetic backgrounds which may mask
subtle disease effects [31-33].

With the emergence of gene-editing techniques using the CRISPR-
Cas9 system, it is now possible to target specific genes to create
cellular models of human diseases that can be compared to unedited
isogenic controls, considerably reducing experimental variability. In
addition, methods for rapidly and reproducibly generating peripheral
neurons with nociceptive properties from pluripotent stem cells using
dual-SMAD inhibition/WNT activation-based methods are well estab-
lished [34-37]. To create an in vitro model system of Fabry disease no-
ciceptor peripheral neurons, we used CRISPR-Cas9 gene editing in a
human embryonic stem cell line to generate two stable clonal cell lines,
each with a complete knockout of AGA activity. We demonstrated that

Molecular Genetics and Metabolism Reports 33 (2022) 100914

these lines have the phenotypic characteristics of cells derived from
Fabry patients and they can be rapidly differentiated with small mole-
cules to neurons with characteristics of nociceptors. These cell lines offer
a new and promising in vitro model that can be used to study the cellular
mechanisms of peripheral neuropathy in Fabry disease, as well as pro-
vide a tool to develop new therapeutic strategies.

2. Materials and methods
2.1. Cell culture

A human embryonic stem cell line (hESC) with a normal male kar-
yotype, WA14 (NIHhESC-10-0064), was obtained at passage 18 from the
WiCell Research Institute (Madison, WI) and was used with institutional
approval.

Cultures were expanded and maintained in a feeder-free system in 6-
well plates coated with Matrigel substrate (Corning, Glendale, AZ) in
TeSR™-E8™ medium (StemCell Technologies, Cambridge, MA) and
were routinely passaged at a 1:6 ratio when they were 60% to 80%
confluent using phosphate buffered saline containing EDTA (0.5 mM)
according to the method of Beers et al. [38]. After passage 32, culture
medium was changed to mTeSR™ Plus (StemCell Technologies) for
routine maintenance.

2.2. Generation of GLA knockout cells using ribonucleoprotein (RNP)
complexes

Three CRISPRevolution Synthetic RNA kits consisting of chemically
modified simple guide RNAs (SgRNA) that targeted three different po-
tential CRISPR sites in exon 1 of the human GLA gene were provided by
Synthego (Redwood City, CA). Sequences for each SgRNA were derived
from the human mRNA for alpha-galactosidase A (GeneBank X05790.1)
(Table 1).

In two separate experiments, WA14 cells at passage 30 or 31 were
resuspended as single cells using Accutase™ cell detachment solution
(Stem Cell Technologies), washed 4 times with Opti-MEM + 10 uM
Y27632 (BioGems, Westlake Village, CA), and seeded on Matrigel-
coated plates in TeSR™-E8™ medium with 10 uM Y27632. Each
SgRNA was complexed with GenCRISPR NLS-Cas9-EGFP Nuclease
(GeneScript, Piscataway, NJ) in Opti-MEM medium and the cells were
transfected with the RNP complexes using TransIT-X2® Dynamic De-
livery System (Mirus Bio LLC, Madison, WI). Transfections were per-
formed in duplicate. After 24 h, one well was used to monitor
transfection efficiency by fluorescence microscopy using a Zeiss Axio-
vert microscope (Dublin, CA) and by flow cytometry using the FL1
channel of a FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA). To avoid exposing cells to possible mutagenesis from UV light, a
separate well was used to generate single cell clones.

To generate the WA14 clone designated 01-56, a washed, single-cell
suspension of WA14 cells at p30 was seeded in Matrigel-coated 24-well

Table 1
SgRNA used for WA14 CRISPR-Cas9 editing.

Designation  Synthego Sequence GLA EX1 mRNA
RNA Name target
nucleotide
numbers
GLA- >
SgRNA #1 101407798 E’AGAGCACUGGACAAUGGAU- 110-129
GLA- >
SgRNA #2 101407831 g’CUAGCCCCAGGGAUGUCCC- 94-113
GLA >
SgRNA #3 101407875 QFGMCCCAGMCUACAUCU- 33-52
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plates at approximately 67,000 cells/well and incubated overnight in
TeSR™-E8™ medium with 10 uM Y27632. For each well, 12 pmoles of
SgRNA #1 was complexed with 6 pmoles of GenCRISPR NLS-Cas9-EGFP
Nuclease in 100 pl Opti-MEM medium in a 1.5 ml microfuge tube. RNP
complexes were incubated for 15 min at 37° C and then 2 pl of TransIT-
X2® transfection reagent was added to the complexes, mixed, and
incubated for an additional 15 min at room temperature. After the in-
cubation, 50 pl of transfection complexes were added to each well of a
24-well plate.

To generate the WA14 clone designated 334-04, a washed, single
cell suspension of WA14 cells at p31 was seeded in Matrigel-coated 12-
well plates at approximately 150,000 cells/well and allowed to attach at
room temperature while the transfection complexes were being pre-
pared. For each well, 26 pmoles of SgRNA #3 was complexed with 13
pmoles of GenCRISPR NLS-Cas9-EGFP Nuclease (GeneScript) in 80 pl
Opti-MEM medium in duplicate 1.5 ml microfuge tubes. RNP complexes
were incubated for 15 min at 37° C, and then 20 pl of Opti-MEM con-
taining 2.0 pl of TransX2 transfection reagent were added to the com-
plexes and incubated for an additional 15 min at room temperature,
After incubation, the whole volume from each tube was added to one
well of a 12-well plate.

There were no clones generated from cells transfected with SgRNA
#2.

2.3. Flow cytometry of transfected cells

At 24 h post-transfection, one well of cells from each sample was
reduced to a single cell suspension with Accutase and resuspended in
FACS buffer (PBS with 0.5 mM EDTA and 0.5% BSA). PMT voltage of the
FL1 channel was adjusted with untransfected wild-type controls and
then 5000 cells from each sample were measured using a FACSCalibur
flow cytometer. Results were analyzed with Flowing Software (Turku
Bioscience, Turku, Finland).

2.4. Establishment of single cell clones from transfected cells

At 24 h post-transfection, a second well of cells was refed with
MTeSR™ Plus medium. At 48 h post-transfection the cultures were
reduced to a single cell suspension with Accutase, washed 4 times with
Opti-MEM + 10 uM Y27632, counted, and approximately 1000-1500
cells were seeded in 100 mm Matrigel-coated culture dishes on MTeSR™
Plus medium +10 uM Y27632. Cells were maintained on MTeSR™ Plus
medium +10 uM Y27632 for 4 days when small colonies appeared.
Colonies were expanded on MTeSR™ Plus medium without Y27632 for
an additional week. Well-isolated colonies were carefully scraped and
transferred with a pipet tip to one well of a Matrigel-coated 24-well plate
and were expanded in MTeSR™ Plus medium until there were sufficient
cells for an AGA enzyme assay.

For cells transfected with SgRNA #3 an additional round of cloning
was required. The colony with the lowest AGA activity was subcloned
using MTeSR™ Plus medium supplemented with 10% CloneR supple-
ment (Stem Cell Technologies) according to the manufacturer's
directions.

2.5. Measurement of AGA activity in cell extracts

A standard fluorometric assay for AGA in cell extracts was performed
as previously described [39] with modifications. Briefly, cell pellets
were resuspended in citrate-phosphate buffer (pH 4.6) containing so-
dium taurocholate (5 mg/ml) and Triton-X 100 (0.1%). The suspensions
were frozen (—20° C) and thawed once, then centrifuged at 5000 X g for
5 min. Aliquots of the supernatant were incubated in duplicate for one
hour with 4-methylumbelliferyl-alpha-D-galactopyranoside (5 mM,
Research Products International, Mount Prospect, IL) in citrate-
phosphate buffer (pH 4.6) in the presence of N-acetyl-galactosamine
(0.1 M, Research Products International), a specific inhibitor of alpha-N-
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acetylgalactosaminidase (alpha-galactosidase B) [40]. At the end of the
incubation period, enzyme activity was stopped with glycine buffer (0.1
N, pH 10.6). Fluorescence in samples was determined using a CytoFluor
4000 plate reader (Applied Biosystems, Foster City, CA) with an exci-
tation filter of 360 nm and emission filter of 490 nm. Amount of product
formed was determined using 4-methlyumbelliferone (4MU) standards
diluted in 0.1 N glycine stop buffer. Protein levels in extracts were
determined using the BCA protein assay kit (Pierce, Rockford, IL) ac-
cording to the manufacturer's instructions using BSA as standard. AGA
activity was calculated as nmoles 4-MU formed/h/mg protein and re-
sults were compared to untransfected controls included in the same
assay.

As a control for samples with deficient AGA activity, a second lyso-
somal hydrolase, beta-hexosaminidase (HEX), was assayed at the same
time under the same conditions except 2 mM 4-methylumbelliferyl-N-
acetyl-beta-D-glucosaminide (Sigma Chemical Company, St. Louis, MO)
was used as substrate and incubation was stopped after 20 min.

2.6. Analysis of CRISPR-Cas9-induced mutations in GLA gene

Total DNA was extracted from cultured cells using a Genomic Wizard
DNA Extraction Kit (Promega, Madison, WI). A 571 base pair (bp)
segment flanking the CRISPR GLA target sites was amplified with
repliQa HiFi ToughMix® (QuantaBio, Beverly, MA) according to the
manufacturer's protocol using the primer pair 5’-ACGGCTATAGCGA-
GACGGTA-3' (forward) and 5-CCTGATGCAGGAATCTGGCT-3'
(reverse). PCR products were purified with sparQ PureMag Beads,
(QuantaBio), checked for quality by agarose electrophoresis, and then
submitted for Sanger sequencing using the forward primer to ACGT, Inc.
(Germantown, MD). Chromatograms were analyzed for mutations using
the on-line Synthego ICE CRISPR Analysis Tool (https://www.synthego.
com/products/bioinformatics/crispr-analysis).

2.7. Western blot analysis

Cultures were harvested with PBS/EDTA and cell pellets were
extracted as described above for the AGA enzyme assay. The protein
content of the extracts was determined using a BCA Assay Kit (Pierce).
Extracts (10 pg per lane) and molecular weight markers (Page Ruler
Plus, Thermo Scientific, Waltham, MA) were separated by SDS/PAGE
using a 4-12% Bis-Tris polyacrylamide gel, transferred to a 0.45 PVDF
membrane, and probed with rabbit anti-AGA antibody (a gift from
Transkaryotic Therapies, Inc., Cambridge, MA) at a dilution of 1:2000 in
OneBlock™ Western-CL Blocking Buffer (Genesee Scientific, El Cajon,
CA). Protein bands were labeled using HRP-conjugated goat anti-rabbit
IgG antibody (Millipore, Temecula, CA) and they were visualized with
Clarity ECL substrate (Bio-Rad, Hercules, California). Chem-
iluminescence was detected with an Amersham™ 600 digital imager
(GE Healthcare Life Sciences, Pittsburgh, PA). HEK-293 cells transfected
with a plasmid expressing human AGA (a gift from Dr. Roscoe Brady,
National Institutes of Health, Bethesda, MD) were used as positive
controls.

For loading controls, blots were reprobed with mouse anti-GAPDH
antibody (Thermo Fisher Scientific) at 1:2000 in OneBlock™. Protein
bands were detected with HRP-labeled goat anti-mouse IgG (Millipore)
followed by development with Clarity ECL substrate and digital imaging
with an Amersham™ 600 digital imaging system.

2.8. Differentiation to nociceptor neurons by dual-SMAD inhibition/WNT
activation

Cells were differentiated to peripheral neurons with properties of
nociceptors according to the method of Chambers and co-workers
[34,35]. Briefly, WA14 cells were seeded in Matrigel-coated 6-well
plates in TeSR-E8 medium with 10 uM Y27632. When cultures were
60%-80% confluent, usually within 48 h, differentiation was initiated
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on Day 0 by replacing culture medium with KSR medium (KnockOut™
DMEM supplemented with 20% KnockOut™ Serum Replacement, 1% L-
glutamine, 1% MEM NEAA and 0.1% 2-mercaptoethanol (all from
Thermo Fisher Scientific) containing 10 pM SB-431542 and 100 nM
LDN-193189 (both from Tocris Bioscience, Minneapolis, MN). Medium
was replenished daily. On Day 2, 3 pM CHIR 99021, 10 pM DAPT, and 5
pM SU5402 (all from Selleck Chemicals, Radnor, PA) were also added to
the culture medium. Starting on Day 4, KSR culture medium was grad-
ually replaced with N2 medium consisting of DMEM/F12 medium
(Thermo Fisher Scientific) supplemented with 2 mM Glutamax™ and
1% N2 supplement (Thermo Fisher Scientific). On Day 6, SB-431542 and
LDN-193189 were discontinued and the cultures were fed with CHIR
99021, DAPT, and SU5402 only until Day 12. For most experiments,
cultures were disassociated with Accutase to single cells on Day 8,
washed, and reseeded onto Matrigel-coated culture vessels as required
for each experiment, or were viably frozen for later use as described by
Hoelting et al. [41]. Differentiation was continued in the new culture
vessel until Day 12. After Day 12, cultures were maintained in N2
growth medium consisting of N2 medium supplemented with 20 ng/mL
brain-derived neurotrophic factor (BDNF; Alomone Labs, Jerusalem,
Israel), 20 ng/mL glia-derived neurotrophic factor (GDNF; Alomone
Labs), and 25-50 ng/mL nerve growth factor (NGF; PeproTech, Cran-
bury, NJ). Every 7-10 days, 1 pg/mL mouse laminin I (Invitrogen,
Thermo Fisher Scientific) was also added to the culture medium to
maintain neuronal adhesion.

2.9. Immunostaining

For immunostaining, WA14 neurons at Day 8 were seeded on 2-well
glass slides coated with Matrigel and differentiated as described in
Section 2.6. At Day 14-28, they were fixed for 20 min at room tem-
perature with 3% paraformaldehyde containing 2% sucrose and stored
at 4 °C in PBS until use.

Fixed cells were stained by indirect immunofluorescence. The cells
were blocked in 10% normal goat serum in PBS for 1 h at room tem-
perature, and then incubated overnight at 4° C with the indicated pri-
mary antibody diluted in 1% normal goat serum in PBS. After overnight
incubation, slides were washed with PBS, and then stained with the
appropriate secondary antibody conjugated with either AlexaFluor 488
(green) or AlexaFluor 594 (red). Except for SSEA-4 and TRA-1-60, 0.2%
saponin was included in all incubation and washing solutions as a per-
meabilizing agent. In some experiments, nuclei were visualized by
incubating with 300 nM 4’,6-diamidino-2-phenylindole (DAPI) in PBS
for 5 min before washing. Slides were mounted in 90% glycerol in PBS
with 50 mg/ml n-propylgallate as antifade reagent. Staining was imaged
with a Keyence BZ-9000 fluorescence microscope (Itasca, IL) with a 20x
objective. To control for non-specific staining, all immunostaining ex-
periments included a negative control culture that was stained in par-
allel with primary antibody omitted. The primary antibodies used in the
study are listed in Table 2.
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3. Results
3.1. CRISPR-Cas9-mediated knockout of GLA expression in WA14 hESCs

To create an in vitro model to investigate the role of AGA deficiency
in the development of peripheral neuropathy in Fabry patients, we first
established an AGA-deficient cell line using CRISPR-Cas9 gene editing to
disrupt the GLA gene in a normal male hESC line WA14. Initially, we
tried to generate GLA knock-out clones by screening WA14 cells trans-
fected with a multicistronic DNA plasmid expressing SgRNA, Cas9
nuclease, and a mCherry reporter using both liposomal and non-
liposomal transfection reagents. Transfection efficiencies by this
method were usually less than 25%, which was consistent with those
reported in the literature [42]. Because we did not want to stress the
cells by using flow cytometry for enrichment, and we did not want to use
antibiotic selection, even transiently [43], to avoid stable integration of
the plasmid, we sought a more efficient editing system to reduce the
number of clones that needed to be screened to find a knock-out cell line.
By transfecting WA14 cells with SgRNA complexed with eGFP-labeled
Cas9 nuclease (RNP complexes), we were able to achieve transfection
efficiencies of 65%-82% (Fig. 1A). We incubated the transfected cul-
tures for48 hours post-transfection to allow the cells to recover, and then
reseeded them as single cells in 100-mm dishes at a density that allowed
formation of well-separated colonies. When colonies were approxi-
mately 1-2 mm, we selected a representative number, expanded them
on growth medium, and screened them for AGA activity.

As shown in Fig. 1B, by using this functional assay for screening, we
were able to easily group colonies as normal (> 80%), severely reduced
(<10%), or mixed population (25%-75%). For WA14 cells transfected
with SgRNA #1, we found 2 of 36 colonies with AGA activity that was
less than 5% of normal. One, designated Clone 01-56, had undetectable
AGA activity. This colony was expanded for further study. For WA14
cells transfected with SgRNA #3, 2 of 7 colonies had AGA activities,
indicating a mixed population. We selected the clone with lowest AGA
activity (24%) to subclone (indicated by a square in Fig. 1B). The second
round of cloning confirmed this colony was composed of a mix of mutant
and normal cells. Of the 24 subclones tested, 2 had AGA activities of
104% and 106%; one had an AGA activity of 23%, indicating it was still
a mixed population; and the remaining 21 clones had activities from 0%
to 2.0% of control. One of the subclones with undetectable activity,
designated Clone 334-04, was expanded for further study. For the cells
transfected with SgRNA #2, 1 of 23 clones showed an AGA activity in
the mixed population range and the rest were in the normal range. None
of these colonies was expanded.

3.2. Gene-edited WA14 clones display a Fabry phenotype

Chromatograms from Sanger sequencing of the PCR products
flanking the DNA CRISPR target sites showed disruption of the sequence
of GLA exon 1 in the chromosomal DNA around the predicted cut site in

Table 2

Antibodies used for immunostaining.
Antigen Clone/Designation Antibody Type Dilution Company Location
Gb3 (CD77) BGR-23 mouse IgG 1:300 AMSBIO Lake Forest, CA
Oct4 PCRP-POUSF1-1A4 mouse IgG 2.0 pg/ml Developmental Studies Hybridoma Bank Iowa City, IA
Nanog PCRP-NANOGP1-2D8 mouse IgG 2.5 pg/ml Developmental Studies Hybridoma Bank Iowa City, IA
SSEA-4 GTX48037 mouse IgG 1:250 GeneTex Irvine, CA
TRA-1-60 TRA-1-60 mouse IgM 1:100 Ebioscience San Diego, CA
BRN3A LS-C291450 rabbit IgG 1:100 LSBio Seattle WA
Islet1/1ISL1 Islet1/ISL1 rabbit IgG 1:500 Sino Biological Wayne, PA
Peripherin Clone 8G2 mouse IgG 1:200 Sigma-Aldrich St. Louis, MO
Tubulin, beta-III TUJI mouse IgG 1:500 Covance Princeton, NJ
Tubulin, beta-III TUBB3 rabbit IgG 1:300 Sino Biological Wayne, PA
TRPV1 A8564 rabbit IgG 1:100 AbClonal Woburn, MA
NAV1.7/SCN9A E-AB-32156 rabbit IgG 1:500 Elabscience Biotechnology Inc Houston, Texas
NAV1.8/SCN10A GTX42021 mouse IgG 1:100 GeneTex Irvine, CA
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Fig. 1. CRISPR-Cas9-mediated knockout of GLA expression in WA14 cells. (A) WA14 cells were transfected with three different RNP complexes using eGFP-labeled
Cas9 nuclease as described in Methods. After 24 h, cultures were resuspended as single cells and 5000 cells were analyzed in the FL1 channel of a FACSCalibur flow
cytometer. A positive signal was defined as fluorescence intensity larger than 99.5% of untransfected control cells. (B) Colonies were established from RNP-
transfected cells as described in Methods. Cells from approximately 2/3 of a 24-well plate were harvested with PBS/EDTA and assayed for AGA and HEX activ-
ities. Results are expressed as percent AGA activity relative to wild-type controls. Each point is a single colony. The colony from SgRNA #3 indicated with a square

was subcloned to remove contamination with wild-type cells (SgRNA #3-2nd).

both clones (Fig. 2). Clone 01-56 has an in-frame 6-nucleotide deletion,
and Clone 334-04 has a one base pair insertion resulting in a frame shift.

Repeated measurements of the lysosomal enzymes, AGA and HEX,
made over several weeks in culture confirmed the severe deficiency in
AGA activity in both clones (Fig. 3A). By contrast, the activity of the
second lysosomal enzyme, HEX, was within the normal range, con-
firming that the lack of AGA activity was not due to a general decrease in
lysosomal enzyme activity. AGA and HEX assays shown in Fig. 3A
represent enzyme activity assays performed at 2, 4, and 8 weeks in
culture. The lack of change in AGA activity indicated that the mutations
induced in the clones remained stable over time, and the cultures were
free of contaminating wild-type cells that could overgrow the culture.

Because the 6-bp deletion in Clone 01-56 was in-frame, we per-
formed a Western blot of AGA protein to determine whether the lack of
AGA activity in our clones was the result of the absence of AGA protein
or the expression of a mutant protein. The results show that both clones
lacked detectable levels of AGA protein compared to untransfected
controls (Fig. 3B).

Fabry disease is characterized by the accumulation of the glycolipid
Gb3 in the cells of Fabry patients. Therefore, we evaluated Gb3 levels in
our gene-edited cell lines by immunostaining. Under our feeder-free
culture conditions using MTeSR™ Plus medium, there was a

significant accumulation of Gb3 in both clones compared to normal
wild-type cells (Fig. 3C).

3.3. GLA gene-edited WA14 cells retain markers of pluripotency

To confirm that knock-out of AGA enzyme activity in WA14 cells did
not affect their pluripotent potential, the expression of pluripotency
markers Oct4, SSEA-4, Nanog, and TRA-1-60 was verified by immuno-
fluorescent staining (Fig. 4). Both Clone 01-56 and Clone 334-04 were
positive for these markers. In addition, both AGA-deficient clones dis-
played typical pluripotent morphology consisting of small tightly
packed cells with a high nucleus-to-cytoplasm ratio.

3.4. AGA-deficient WA14 clones can be differentiated into peripheral
neurons with nociceptor properties

Pluripotent stem cells can be differentiated into numerous cell types.
To determine whether human embryonic stem cells with deficient AGA
activity can be differentiated into pain-sensing peripheral neurons, we
used dual-SMAD inhibition/WNT activation with the small molecules
LDN-193189 and SB431542 combined with SU5402, CHIR99021 and
DAPT to differentiate our GLA gene-edited clones as described in
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Fig. 2. Sequence of GLA exon 1 in gene-edited WA14 clones. Sequencing chromatograms and sequence alignments for WA14 Clone 01-56 (A) and Clone 334-04 (B).
The AGA start codon is indicated by a black bar in the sequence alignment. The DNA sequence corresponding to the SgRNA annealing site is underlined in black in the
chromatogram and indicated by a blue bar in the sequence alignment. The upstream protospacer adjacent motif (PAM) is indicated in red. The expected cut side is

marked with a dotted line in the chromatograms.

Methods. After 12 days of small molecule treatment, we were able to
reproducibly generate cultures with abundant numbers of neuronal-type
cells from both Clone 01-56 and Clone 334-04 (Fig. 5), as well as wild-
type WA14 cells (not shown).

Over the course of the 12-day differentiation procedure, cultures
tended to develop neuronal clusters with processes projecting away
from the clustered domains (Fig. 5A). Attempts to transfer the cells after
Day 12, when the differentiation protocol was complete, met with
limited success, with many of the cells detaching within 24 h after
plating. Therefore, following the procedure of Hoelting and co-workers
[41], at Day 8, we reduced the cultures to single cells using Accutase,
counted them, and reseeded the cells in Day 8 differentiation medium in
Matrigel-coated culture vessels as required for each experiment. Alter-
natively, the cells were frozen at this stage for later use. Following
transfer, differentiation treatment for Days 9-12 was completed in the
experimental dish. This procedure allowed the reliable establishment of
monolayer cultures with similar cell numbers for each cell line (Fig. 5B).
At the end of the small molecule treatment at Day 12, cultures could be
maintained on DMEM/F12 medium with 1% N2 supplement and BDNF
(20 ng/ml), GDNF (20 ng/ml) and NGF (25 ng/ml) (N2 growth medium)
for up to 40 days. As cultures matured, the cells clustered into ganglia-
like processes with connecting fibrils (Fig. 7C).

To confirm the neuronal phenotype of the differentiated cells, we
immunostained them with markers for peripheral and sensory neurons.
By Day 14, the cells developed bipolar neuronal morphology (Fig. 5B)

and were positive for the pan-neuronal marker beta-III tubulin (Fig. 6)
and for peripherin, a marker for peripheral neurons (Fig. 6A). The cells
also showed strong, nearly homogeneous expression of two well-
established markers for sensory neurons, the transcription factor
brain-specific homeobox/POU domain protein 3A (BRN3A) [44]
(Fig. 6B), and insulin gene enhancer protein (Isletl) [45] (Fig. 6C).

There are three main subsets of sensory neurons—proprioceptors,
mechanoreceptors, and nociceptors. To determine if our neurons were
nociceptors, we immunostained them for the pain channels Navl.7
(SCN9A) and NaV1.8 (SCN10A), and vanilloid receptor TRPV1. As
shown in Fig. 7, cultures were positive for all three markers. These re-
sults indicated that AGA-deficient hESC can be differentiated to sensory
peripheral neurons with properties of nociceptors.

4. Discussion

In Fabry disease up to 80% of patients experience life-long neuro-
pathic pain that is difficult to treat and greatly affects their quality of life
[7]1. The molecular mechanisms by which deficiency of AGA leads to
neuropathic pain are not well understood, due in part to a lack of in vitro
models that can be used to study the underlying pathology at the cellular
level. Several groups have reported the use of primary neuronal cultures
isolated from DRG from Fabry mouse [12,18,21] and Fabry rat [13]
models to study functional and morphologic changes in isolated
neuronal cultures. However, isolation of primary DRG neurons is not
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Fig. 3. Deficiency of AGA enzyme in
CRISPR-Cas9 edited WA14 cells. (A)
70 AGA and HEX enzyme activities in
- cellular homogenates of wild-type
(blue), Clone 01-56 (orange) and Clone
334-04 (red). Results are expressed as
nmol 4MU released/h/mg cell protein.
Each point represents a separate assay
performed in duplicate. (B) Western blot
of AGA protein expression. Amount of
immunoreactive AGA was severely
reduced in the gene-edited clones
compared to wild-type. HEK-293 cells
transfected with a plasmid expressing
human AGA were included as a positive
control. GAPDH levels were used as a
loading control. (C) Cultures of wild-
type, Clone 01-56, and Clone 334-04
cells were fixed and immunostained for
Gb3 (red) as described in Methods.
Nuclei were counterstained with DAPI
(blue) and slides were imaged in a Key-
ence 9000 microscope with a 20x
objective. Scale bar = 100 pm.

AGA kD

Clone 334-04

SSEA-4 TRA-1-60

- - - - -

Fig. 4. Expression of markers of pluripotency in GLA gene-edited WA14 clones. Cells were seeded onto Matrigel-coated slides and immunostained as described in
Methods using an Alexa-594-labeled secondary antibody (red) to detect positive staining. Nuclei were counterstained with DAPI (blue). Slides were imaged with a

20x objective in a Keyence 9000 microscope. Scale bar = 100 pm.

practical for the study of neuronal dysfunction in humans.

In order to provide a human neuronal model system, previously our
group used gene-silencing by stable transfection with short-hairpin RNA
targeting AGA in the human neuroblastoma cell line LA-N-2 [46] to
produce two clonal cell lines with a Fabry phenotype. However,
although this model has many neuronal features, it is not directly
derived from peripheral neurons. Several groups have reported the
development of induced pluripotent cell lines using primary cells from
Fabry patients [23-30] and the use of CRISPR-Cas9 gene editing either
to generate GLA-knockout stem cell models from the hESC cell line
WAOQ9 (H9) [47] and from normal iPSC lines [48-50], or to generate
gene-corrected Fabry iPSC [50,51] to create isogenic controls. To date
these pluripotent stem cell lines have been used mainly to study mo-
lecular mechanisms of cardiomyopathy found in Fabry patients
[23,28,30,47,50,52], in addition to kidney [49] and vascular endothe-
lial dysfunction [51], but to our knowledge there have been no reports of
using Fabry pluripotent cells to model peripheral pain-sensing neurons.

In this paper we report the development of two new human GLA-

knockout cell lines derived from the human embryonic stem cell line
WA14 using CRISPR-Cas9 gene editing to target the GLA gene. We
demonstrate these clones closely model the defects found in cells from
Fabry patients and they can be differentiated into peripheral-type neu-
rons with properties of nociceptors that can be used to study the mo-
lecular mechanisms of peripheral neuropathy in Fabry patients on a
cellular level.

By transfecting WA14 cells with RNP complexes we were able to
avoid several drawbacks of plasmid transfection. Because RNP com-
plexes are formed from SgRNA and Cas9 nuclease, translation from a
DNA template is not necessary. Gene edits occur within the first 24 h
after transfection and the Cas9 protein is rapidly degraded [53],
reducing the potential for off-target effects. In addition, the possibility of
gene disruption due to random genetic integration of the DNA plasmid-
backbone elements into the cellular DNA is eliminated. Because of the
increased efficiency of transfection with RNP complexes (Fig. 1)
compared to plasmids in hESC, we were able to avoid the necessity of
enriching the transfected cells by flow cytometry, which can lead to
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shear-stress and cell death. This is especially important in mutant cells
that may be physically and metabolically fragile. The efficiency of gene
edits also allowed us to generate multiple clonal cell lines with the same
genetic background, two of which we expanded and characterized.
These clones can be used to compare results with isogenic wild-type cells
as well as with each other.

Our gene-edited clones maintained expression of pluripotent stem
cell markers (Fig. 4) and had the typical morphology of hESC. These
AGA-deficient cell lines modeled the phenotypic characteristics of cells
derived from Fabry patients. As we have shown, both WA14 Clone
01-56 and Clone 334-04 have a specific, severe reduction in lysosomal
AGA enzyme activity in cell homogenates (Fig. 3A), as well as severely
reduced expression of AGA protein by Western blot (Fig. 3B). Under our
culture conditions, the cells accumulate Gb3 (Fig. 3C), another pheno-
typic marker of Fabry cells. Sanger sequencing confirmed each clone had
a different genetic mutation in the predicted location in exon 1 of the
GLA gene (Fig. 2). Because we routinely culture the cells in defined
medium in the absence of feeder layers, variation in cellular metabolism
due to lot-to-lot variability of the lipid content in serum can be

Neurons — D14 — reseeded on D8
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Fig. 5. Differentiation of GLA gene-edited WA14 cells into
neurons. (A) Cultures were differentiated in 6-well plates as
described in Methods. At Day 12, live cultures were imaged
with a Zeiss Axiovert microscope using a 10x objective.
Scale bar = 50 pm. (B) Single cell neuronal cultures. Cultures
were differentiated as described in Methods. At Day 8, cul-
tures were reduced to single cells and cryopreserved. Once
thawed, cells were seeded on Matrigel-coated slides and
differentiation was continued for an additional 4 days, fol-
lowed by feeding with N2 growth medium. At Day 14, living
cultures were imaged with a Zeiss Axiovert microscope using
a 20x objective. Scale bar = 50 pm.

Fig. 6. Immunostaining of neuronal
cells derived from AGA-deficient WA14
clones for markers of sensory neurons.
WA14 clones were differentiated as
described in Methods. At Day 8, they
were transferred to Matrigel-coated 2-
well glass chamber slides and the dif-
ferentiation protocol was continued to
Day 12, after which the cells were refed
with N2 growth medium. At Day 14, the
cultures were fixed and stained as
described in Methods. (A) Cells were
double stained for peripherin (green)
and beta-III-tubulin (TUBB3, red). Areas
of overlap appear as yellow. (B) Cells
were double stained for BRN3A (green)
and beta-IlI-tubulin (TUJ1, red). (C)
Cells were double stained for Isletl
(green) and beta-III-tubulin (TUJ1, red).
All slides were imaged in a Keyence
9000 microscope using a 20x objective.
Scale bars = 100 pm.

C Isletl/TUJ1

controlled. In addition, the unknown effects of cellular interactions with
inactivated, but phenotypically normal, murine fibroblasts are
eliminated.

The method established by Chambers et al. [34] for differentiating
pluripotent cells with a small molecule-based method for dual-SMAD
inhibition/WNT activation has been shown to produce nearly pure
cultures of nociceptors that are molecularly comparable to human sen-
sory neurons derived from human DRG [36]. They are capable of
responding to noxious stimuli, exhibit mature electrophysiological
characteristics, and express ion channels related to the perception of
pain [36,54]. Chambers et al. [28] also reported that the sodium
channels SCN9A (Navl.7), SCN10A (NaV1.8) and SCN11A, the puri-
nergic receptor P2RX3, and the vanilloid receptors TRPV1 and TRPMS8
were upregulated in differentiated cells. McDermott et al. [54]
confirmed that NAV1.7 channels were highly expressed in neurons
derived from normal iPSC by this method and that NAV1.7 plays a
crucial role in human nociception.

Using the protocol published by Chambers et al. [35], we were able
to generate large numbers of neuronal cells from normal and AGA-
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A TRPV1/DAPI B

deficient WA14 cells within the relatively short time span of 12 days
(Fig. 5A). Using immunostaining, we confirmed these cells were
peripheral-type sensory neurons (Fig. 6) that expressed the pain re-
ceptors, NAV1.7, NAV1.8, and TRPV1 (Fig. 7).

It is well known that neuronal cells with fully established neuronal
processes are difficult to transfer from the original dish in which they
were plated without causing a large amount of irreversible cells damage
resulting in variable amounts of cell death. Using a two-step procedure
developed by Hoelting et al. [41], we were able to transfer the cells to
experimental culture vessels during the differentiation process, before
their neuronal phenotype was fully established, resulting in minimal loss
of viability (Fig. 5B). In addition, we could viably freeze the partially
differentiated cells and continue the differentiation protocol after
thawing. This allows the establishment of a cell bank of mutant and
wild-type cells at the same stage of differentiation that can be thawed at
the same time to be used in comparative studies and drug screening.

In summary, by using CRISPR-Cas9 gene editing techniques we
generated two AGA-deficient hESC clones that can be used to create
genetically and physiologically relevant cellular models to study the
pathogenesis of Fabry disease. To our knowledge, this is the first report
demonstrating that AGA-deficient human stem cells can be differenti-
ated to peripheral neurons with nociceptor properties. Since it has been
shown that human embryonic stem cells can be differentiated into other
cell types such as endothelial cells [55] and monocytes [56], our gene-
edited clones can be used to study potential interactions of these other
cell types with peripheral neurons in the development of neuropathy in
Fabry patients. This human model system offers a new and promising
tool for investigating the cellular mechanisms of peripheral neuropathy

in Fabry disease and may assist in the development of new therapeutic
strategies to help lessen the burden of this disease.

NAV 1.7/DAPI

Clone
01-56

Clone
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Fig. 7. Immunostaining of neuronal
cells derived from AGA-deficient WA14
clones for pain receptors. WA14 clones
were differentiated as described in
Methods. At Day 8, they were trans-
ferred to Matrigel-coated 4-well glass
chamber slides and the differentiation
protocol was continued to Day 12, after
which the cells were refed with N2
growth medium. At Day 21 (A and B) or
Day 28 (C), the cultures were fixed and
stained as described in Methods. (A)
Cells were stained for TRPV1 (green).
Nuclei were counterstained with DAPI
(blue). (B) Cells were stained for
NAV1.7 (SCN9A) (green). Nuclei were
counterstained with DAPI (blue). (C)
Cells were double stained for NAV1.8
(SCN10A) (green) and beta-III-tubulin
(TUBB3, red). Areas of overlap appear
as yellow. All slides were imaged in a
Keyence 9000 microscope using a 20x
objective. Scale bars = 100 pm.

C NAV 1.8/TUBB3
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