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Fabry disease is a glycosphingolipid storage disorder that is caused by a genetic deficiency of the lysosomal
enzyme alpha-galactosidase A (AGA, EC 3.2.1.22). As a result, the glycolipid substrate, globotriaosylceramide
(Gb3) accumulates in various cell types throughout the body producing a multisystem disease that affects the
vascular, cardiac, renal, and nervous systems. A hallmark of this disorder is neuropathic pain that occurs in up to
80% of Fabry patients and has been characterized as a small fiber neuropathy. The molecular mechanism by
which changes in AGA activity produce neuropathic pain is not clear, in part due to a lack of relevant model
systems. Using 50B11 cells, an immortalized dorsal root ganglion neuron with nociceptive characteristics derived
from rat, we used CRISPR-Cas9 gene editing of the galactosidase alpha (GLA) gene for AGA to create two stable
knock-out clones that have the phenotypic characteristics of Fabry cells. The cell lines show severely reduced
lysosomal AGA activity in homogenates as well as impaired degradation of Gb3 in cultured cells. This phenotype
is stable over long-term culture. Similar to the unedited 50B11 cell line, the clones differentiate in response to
forskolin and extend neurites. Flow cytometry experiments demonstrate that the gene-edited cells express TRPV1
pain receptor at increased levels compared to control, suggesting a possible mechanism for increased pain
sensitization in Fabry patients. Our 50B11 cell lines show phenotypic characteristics of Fabry disease and grow
well under standard cell culture conditions. These cell lines can provide a convenient model system to help
elucidate the molecular mechanism of pain in Fabry patients.

1. Introduction

Glycosphingolipids are important structural components of cellular
membranes. During the normal course of membrane turnover in cells,
glycolipids are sequentially degraded by a series of hydrolytic enzymes
found in lysosomes. Reduced activity of any one of these enzymes pre-
vents further degradation of the glycolipid molecule with a corre-
sponding accumulation of the lipid substrate.

Fabry disease is an X-linked glycosphingolipid storage disorder
caused by a deficiency of the enzyme alpha-galactosidase A (AGA, EC
3.2.1.22). This deficiency results in the intracellular accumulation of the
glycosphingolipid globotriaosylceramide (Gb3) and, to a lesser extent,
other lipid analogs with alpha-galactose moieties, such as globo-
triaosylsphingosine (lysoGb3), a deacylated derivative of Gb3. The

chronic accumulation of these substrates impairs cellular function in
tissues and organs, and leads to a multisystem disease that affects the
vascular, cardiac, renal, and nervous systems [1].

To date, over 985 mutations in the galactosidase alpha (GLA) gene
(NM_000169.2) for AGA expression have been described [2] and mu-
tations may occur anywhere within the 7 coding exons. Severity of the
symptoms of Fabry disease is variable depending on the amount of re-
sidual activity in the mutant AGA protein [3]. Over 70% of patients have
mutations that result in extremely low or absent AGA enzyme activity in
their cells [4]. Known as the “classic” Fabry phenotype, these patients
present with the most severe disease and have significant morbidity
even in childhood [5]. In addition, because Fabry disease is an X-linked
disorder, women who carry a GLA mutation can also experience symp-
toms of the disease depending on the severity of the mutation and the
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balance of X-inactivation between normal and mutant alleles in each
organ [6].

One of the most debilitating symptoms of Fabry disease is severe
neuropathic pain, which can be both chronic and acute. 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 medication [7]. In
addition, they may also have recurrent attacks of excruciating pain
(“Fabry pain crises”) that occur spontaneously or in response to extreme
temperatures, fever, fatigue, stress, overheating, or exercise [8]. Enzyme
replacement therapy (ERT) with recombinant AGA is currently available
to treat Fabry disease. However, in a three year study of ERT in Fabry
patients with severe pain, enzyme treatment reduced the severity of the
pain but did not completely reverse the neurologic dysfunction [9].

The pathophysiology of pain in Fabry disease is still poorly under-
stood. The peripheral nervous system involvement is a small fiber neu-
ropathy affecting mainly small A delta and C fibers [10]. Neuronal
storage of Gb3 has been found in dorsal root ganglia (DRG) in Fabry
patients at autopsy [11] and it has been proposed that this accumulation
contributes to the peripheral neuropathy [9]. Recently, Choi and co-
workers [12] demonstrated that exposure to lysoGb3, a deacylated de-
rivative of the Gb3 molecule found in high concentrations in the plasma
of Fabry patients, increased intracellular Ca®* levels in primary cultures
of peripheral sensory neurons from Fabry mice and increased pain
response when applied to the foot pads of healthy mice. These results
suggest another possible mechanism of pain sensitization in Fabry
patients.

With the development of the CRISPR-Cas9 technique for gene edit-
ing, it is now possible to target the GLA gene to create genetically
engineered cell lines that can be used to study the molecular mecha-
nisms of neuronal dysfunction in Fabry disease compared to normal
isogenic controls. 50B11 is an immortalized cell line created by trans-
forming E14.5 rat primary DRG neurons with SV40 large T-antigen and
human telomerase reverse transcriptase [13]. When differentiated with
forskolin, 50B11 cells express the characteristics of small fiber noci-
ceptor sensory neurons including extension of axonal processes and
increased gene expression for neurotrophin receptors and voltage-gated
ion channels, including transient receptor potential vanilloid family-1
(TRPV1) receptors [13,14]. Because these cells can be cultured easily
using standard laboratory techniques, we used CRISPR-Cas9 gene edit-
ing to disrupt the GLA gene for AGA in 50B11 cells to create an in vitro
model that can be used to help elucidate the molecular mechanisms of
peripheral neuropathy in Fabry disease and can potentially be used to
screen for new treatments.

2. Methods
2.1. Cell culture

50B11 cells were a gift from Dr. Ahmet Hoke, Department of
Neurology, School of Medicine, Johns Hopkins University, Baltimore,
MD, USA. They were maintained on Neurobasal medium (Invitrogen,
Grand Island, New York) supplemented with 10% heat-inactivated
GemCell Super Calf Serum (GCS, Gemini Bioproducts, Sacramento,
CA), 0.5 mM glutamine, 2% B-27 supplement, and 0.2% glucose. For
some experiments DMEM/F12 medium was used instead of Neurobasal
medium. Growth medium was replaced every 2-3 days, and the cells
were subcultured when approximately 80% confluent.

2.2. CRISPR-Cas9 gene editing

50B11 cells were transfected with an all-in-one CRISPR-Cas9 plasmid
(plasmid #RCP285763CG041B, GeneCopoeia, Rockville, MD) express-
ing sgRNA targeting exon 1 of the rat GLA gene (GenBank accession
number NM_001108820.3). The expression elements of this plasmid are
Cas9 nuclease under a U6 promoter, sgRNA with a CMV promoter, the
fluorescent marker copGFP as a reporter with a T2A promoter, and a
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neomycin resistance gene with an IRES2 promoter. 50B11 cells in log-
phase growth were seeded in Costar® 12-well multiplates (Corning,
Glendale, AZ) in growth medium prepared with DMEM/F12. After
overnight incubation, when the cells were 80-90% confluent, two wells
were transfected with 760 pg purified plasmid complexed either with Jet
Prime Transfection Reagent (Polyplus-transfection Inc., New York, NY)
at a 1:3 ratio in complete DMEM/F12 growth medium following man-
ufacturer's directions, or with Lipofectamine 2000 (Life Technologies,
Grand Island, NY) at a 1:2.5 ratio in DMEM/F12 medium without serum
or B27 supplement according to the manufacturer's directions. After 24
h the medium was changed to complete growth medium. After 48 h both
wells showed similar numbers of GFP-positive cells. Transfected wells
were trypsinized to single cells, both wells were combined, and the cell
suspension was sorted by GFP expression with a FACSCalibur flow cy-
tometer (BD Biosciences, San Jose, CA). The GFP-positive cells were
recovered, washed twice with phosphate buffered saline (Invitrogen),
and seeded in 60 mm dishes at low density in growth medium supple-
mented with 10 pg/ml gentamicin to maintain selection pressure for the
established neuronal phenotype [13]. When colonies became visible,
well-isolated colonies were transferred to individual wells of a 24-well
plate, expanded in growth medium, and screened for AGA activity.
Two colonies with AGA activity <3% (clones D and E) were subjected to
a second round of cloning by serial dilution.

2.3. Measurement of AGA activity in cell extracts

A standard fluorometric assay for AGA in cell extracts was performed
as previously described [15]. Briefly, cell pellets were resuspended in
citrate-phosphate buffer (pH 4.6) containing sodium taurocholate (5
mg/ml) and Triton-X 100 (0.1%). The suspensions were frozen (—20 G
and thawed once, then centrifuged at 5000 X g for 5 min. Aliquots of the
supernatant were incubated 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-acetylgalactosaminidase (NAGA, also
known as alpha-galactosidase B) [16]. 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 excitation
filter of 360 nm and emission filter of 490 nm. Amount of product
formed was determined using 4-methylumbelliferone (4-MU) 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. AGA activity was calculated
as nmoles 4-MU formed/h/mg protein and results were compared to
untransfected controls included in the same assay.

For determination of NAGA activity, homogenates were assayed as
for AGA only with and without inhibitor, and NAGA activity was
determined by subtracting the AGA activity (with inhibitor) from total
activity (without inhibitor).

For comparison, a third lysosomal hydrolase, beta-hexosaminidase,
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.

2.4. Western blot analysis

Cultures were harvested in log-phase growth and cell pellets were
extracted as described above for the AGA enzyme assay. The protein
content of extracts was determined using a BCA Assay Kit (Pierce). Ex-
tracts (10 pg per lane) and molecular weight markers (SeeBlue Plus2,
Invitrogen) were separated by SDS/PAGE using 4-12% Bis-Tris poly-
acrylamide gels, transferred to nitrocellulose membranes, and probed
with rabbit anti-AGA antibody (a gift from Transkaryotic Therapies,
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Inc., Cambridge, MA) at a dilution of 1:5000 in TRIS-buffered saline
containing 0.1% Tween-20. Protein bands were labeled using HRP-
conjugated goat anti-rabbit IgG antibody (Millipore, Temecula, CA)
and they were visualized using ECL substrate (Biotool.com, Houston,
TX). Chemiluminescence was detected using an Amersham™ 600 digital
imager (GE Healthcare Life Sciences, Pittsburgh, PA). Recombinant
human AGA (rH-AGA, Transkaryotic Therapies, Inc.) was used as a
positive control at 20 ng per lane.

For loading controls, blots were stripped with OneMinute® Western
Blot Stripping Buffer (GM Biosciences, Frederick, MD), washed, and
reprobed with goat anti-actin (1-19) antibody (Santa Cruz Biotech-
nology, Inc., Dallas, TX) at 1:5000, which was detected with HRP-
labeled donkey anti-goat IgG (Jackson ImmunoResearch, West Grove,
PA), followed by development with ECL substrate and digital imaging
using an Amersham™ 600 digital imaging system.

2.5. DNA sequencing

Total DNA was extracted from cultured cells using a Genomic Wizard
DNA Extraction Kit (Promega, Madison, WI). A 261 bp segment flanking
the CRISPR GLA target site was amplified with Platinum® PCR Super-
Mix (Invitrogen Life Technologies, Waltham, MA) according to the
manufacturer's protocol using the primer pair 5-TGGAGA-
TAACGGCCCAGTTG-3' (forward) and 5-GCGGACACCTACTATGGGC-3'
(reverse). PCR products were purified with a Monarch® PCR & DNA
Cleanup Kit, (New England Biolabs, Ipswich, MA), checked for quality
by agarose electrophoresis, and then submitted for Sanger sequencing
using the forward primer to Eurofins Genomics (Louisville, KY).

2.6. Glycolipid analysis by thin layer chromatography (TLC)

Cells from one 75cm? flask were trypsinized, washed twice with PBS,
pelleted by centrifugation, and dry pellets were stored at —20 °C until
use. For TLC analysis, each sample was suspended in 1000 ul of water
and immediately transferred to a screw-capped Pyrex glass tube and
then an aliquot was removed for protein determination. Total lipids
from 4 mg of cellular protein were extracted and analyzed by a modi-
fication of the method of van Echten-Deckert [17]. Briefly lipids from
the cell suspensions were extracted with 9 ml chloroform-methanol-
water 60:30:7 (v/v/v) for 24 h at 50 °C. Denatured protein particles
were removed by passing the sample through wadding. Phospholipids
were degraded by mild alkaline hydrolysis with 2 ml methanolic sodium
hydroxide (50 mM) for 2 h at 37 °C. After neutralization with acetic acid,
the lipids were desalted by reversed-phase chromatography using silica
gel (LiChroprop RP18, Sigma Aldrich, St. Louis, MO). Lipid samples
were applied to high performance silica TLC plates (Millipore-Sigma, St.
Louis, MO), and then chromatographed with chloroform-methanol-
0.22% aqueous calcium chloride 60:35:8 (v/v/v). After the run, plates
were dried, sprayed with copper sulfate solution, and baked at 180 °C in
order to visualize the bands. Fibroblasts derived from a Fabry patient
(GM-00107, NIGMS Human Genetic Cell Repository, Coriell Institute for
Medical Research, Camden, NJ) were included as positive controls.
Known amounts of Gb3 glycolipid standard (Matreya, LLC., Pleasant
Gap, PA) were also run on each plate to produce a standard curve. Plates
were imaged with a UVP Epichemi-3 darkroom (UVP, LLC., Upland, CA)
and images were analyzed using GelAnalyzer 2010a software (Gelana
lyzer.com). For standardization of Gb3 quantity in cells, proteins were
determined using the BCA protein assay kit (Pierce) according to man-
ufacturer's instructions and amount of Gb3 detected was normalized to
total amount of protein in the original sample.

2.7. Loading of lissamine rhodamine labeled Gb3 into adherent cells
Gb3 labeled in the ceramide moiety with the fluorescent tag liss-

amine rhodamine (LR-Gb3) was custom synthesized by Matreya, LLC
according to the method of.
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Monti [18]. 50B11 cells in culture were loaded with LR-Gb3 as
previously described for fibroblasts [19]. Briefly, when cultures were
80%-90% confluent, the culture medium was replaced with serum-free
DMEM/F12 supplemented 1% insulin-transferrin-selenium supplement
(ITS, Sigma Chemical Co., St. Louis, MO) and 3.0 nmoles/ml LR-Gb3
complexed with bovine serum albumin. After overnight incubation,
the cultures were washed twice with PBS, refed with growth medium,
and incubated for an additional 48 h with daily feeding. Live cultures
were imaged at 4, 24, and 48 h post-loading using a Keyence BZ-9000
fluorescence microscope with a rhodamine filter set and a 10x objec-
tive at standard exposure times.

2.8. Neuronal differentiation

For some experiments, 50B11 cells were differentiated by the addi-
tion of forskolin in reduced-serum growth medium (5% GCS) and used
within 36 h as described by Chen [13] and Bhattacherjee [14]. In our
hands, optimal concentration of forskolin for induction of neurites was
100 uM.

2.9. Immunostaining and flow cytometry

For immunostaining, 50B11 were seeded on 2-well glass slides
coated with poly-ornithine and laminin. After overnight incubation cells
were refed with differentiation medium and incubated for an additional
24 h. At the end of the incubation, they were fixed with 3% para-
formaldehyde, blocked with 10% normal goat serum (NGS) in PBS, and
stained by indirect immunofluorescence as previously described [20]
using saponin as a permeabilizing agent. For TRPV1 expression, cells
were stained with a rabbit polyclonal antibody to TRPV1 (ProteinTech,
Rosemont, IL) at a dilution of 1:100 and staining was detected with
Alexa Fluor 568 goat anti-rabbit IgG (Molecular Probes, Eugene, OR).
For CAS9 expression, 50B11 clones and LA-N-2 neuroblastoma cells
stably transfected with the Crispr-CAS9 plasmid as positive controls
were stained with a mouse monoclonal antibody to Cas9 (Cell Signaling
Technology, Danvers, MA) at a dilution of 1:800 and staining was
detected with Alexa Fluor 594 goat anti-mouse IgG (Molecular Probes,
Eugene, OR). Slides were imaged with a Keyence BZ-9000 fluorescence
microscope using a 20x objective. To control for non-specific staining,
all immunostaining experiments included a negative control culture that
was stained in parallel substituting antibody dilution buffer for the
primary antibody.

For flow cytometry analysis of TRPV1, cells were seeded in 60-mm
cell culture dishes and differentiated as described above. After 24 h
they were detached with TrypLE (Gibco, Gaithersburg, MD). The cells
were washed once with PBS, counted, and divided into 2 aliquots of 1
million cells each in 1.5 ml centrifuge tubes. For surface staining,
unfixed cells were stained in ice-cold 3% NGS in PBS as follows: one
aliquot of each cell line was resuspended in 100 ul TRPV-1 antibody at a
dilution of 1:100 in ice-cold 3% NGS in PBS. As a control for non-specific
staining, a second aliquot of each cell line was stained in parallel with an
equal concentration of rabbit IgG isotype control (Jackson ImmunoR-
esearch Laboratories, West Grove, PA) substituted for primary antibody.
After 30 min incubation on ice, cell were washed twice with 3% NGS and
incubated with Alexa 488 goat anti-rabbit antibody (Molecular Probes,
Eugene, OR) at a dilution of 1:200 for 30 min on ice. Cells were washed
twice with cold staining buffer and resuspended in 500 ul 3% NGS in
PBS. Fluorescence intensity of stained cells was measured in duplicate
using the FL-1 channel of a FACSCalibur flow cytometer (BD Bio-
sciences) and results were analyzed with Flowing Software (Turku
Bioscience).
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3. Results

3.1. CRISPR-Cas9 editing of GLA in 50B11 cells effectively reduced
endogenous AGA activity and protein expression

To create a model of peripheral neurons with Fabry disease we
transfected 50B11 cells with an all-in-one CRISPR-Cas9 plasmid
expressing sgRNA targeting exon 1 of the rat GLA gene (Fig. 3A) and a
GFP reporter as described in Methods. The presence of the GFP reporter
allowed an initial enrichment of positively expressing transfected cells
by FACS sorting. Because 50B11 cells are well adapted to in vitro culti-
vation, we were able to efficiently expand and clone these cells to obtain
homogenous populations. Of the 24 colonies first selected, 14 showed
AGA activities <50% of untransfected controls, with three showing AGA
activities of <10% of untransfected controls. Two colonies measured as
1% and 3% of control AGA activity were further purified by recloning
using serial dilution in 96-well plates. Subclones were tested for AGA
activity and response to forskolin, and the most responsive subclone
from each colony, designated 50B11 clone D4W and 50B11 clone E4,
were selected for further analysis. These clones no longer expressed GFP
and were negative for CAS9 expression by immunostaining (Supple-
mentary Fig. 1). We used two clones to compare results to untransfected
cells (50B11 parent) to control for possible off-target effects due to
transfection and cloning.

The results of a typical AGA assay for 50B11 clones D4W and E4 are
shown in Fig. 1A. AGA activity was reduced to 0.6% and 1.2% of
untransfected controls in clone D4W and clone E4, respectively. The
specificity of the reduction of AGA activity is shown by normal levels of
a second lysosomal enzyme, beta-hexosaminidase. In addition, we
measured activity of the lysosomal hydrolase alpha-N-acetylgalactosa-
minidase (NAGA), also known as alpha-galactosidase B. Although this
enzyme primarily hydrolyzes alpha-N-acetylgalactosamine residues, it
has a broad substrate specificity that allows it to catalyze alpha-
galactoside residues found on Gb3 [21], although with a much lower
activity than that of AGA. In our clones, NAGA activity was not reduced
and, in contrast, was higher than normal in both 50B11 clones (Fig. 1A),
which might represent a compensatory increase in NAGA expression in
response to deficient AGA activity.

Stability of the knockdown in AGA activity in the two clones during
long-term culture was confirmed by repeated AGA measurements over
time (Fig. 2). AGA activity relative to untransfected controls was
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Fig. 2. Stability of AGA activity over time in culture. AGA activity was deter-
mined for sample cultures at various intervals during long-term culture. Each
passage represents a transfer of approximately 1/20 of the cells to a fresh
culture flask. AGA activity was determined as described in Methods and results
were expressed as a percentage of activity found in normal cells included in the
same assay.

measured as 0.6% in both early passage (pl) and late passage (p44)
cultures for clone D4W and as 0.3% in early passage (p2) and 0.7% in
late passage (p33) cultures for clone E4. Thus both clones maintained a
greater than 99% reduction in AGA activity over many cell divisions.
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, we performed a Western blot of AGA protein levels as described
in Methods. The results show that both clones lacked detectable levels of
AGA protein compared to untransfected controls (Fig. 1B).
Chromatograms from Sanger sequencing of the PCR products
flanking the DNA CRISPR target site showed disruption of the sequence
of GLA exon 1 in the chromosomal DNA around the predicted cut site in
both clones (Fig. 3B), producing a complex chromatogram trace for each
clone. By contrast, Sanger sequencing of the untransfected control,
50B11 parent, produced an even trace with the expected sequence
(Fig. 3B). Using the web-based program, CRISP-ID [22], it is possible to
deconvolve chromatograms containing mixtures of sequences by
comparing the results to the normal control. The probable mutant se-
quences are shown in Fig. 3C and represent a mixture of insertions,
deletions, and base changes, any of which would disrupt the function of
the gene. Because 50B11 cells are tetraploid (CellLine Genetics,
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Fig. 1. Deficiency of AGA enzyme in CRISPR-Cas9 edited 50B11 cells. (A) AGA enzyme activity in cellular homogenates. Results are expressed as nmol 4mu
released/h/mg cell protein. Bars are averages of duplicate cultures +/— SD. Numbers are mean activity. (B) Western blot of AGA protein expression. Amount of
immunoreactive AGA was severely reduced in the gene-edited clones. rH-AGA was included as a positive control. Actin levels were used as a loading control.
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Fig. 3. Sequencing of GLA exon 1 target site in 50B11 cells. (A) Sequence for the GLA gene target. The start codon of exon 1 is highlighted by the black bar. The
sgRNA sequence (5'-UUUGAGCGGAGAUACACCGC-3') is labeled in light blue. The DNA sequence under the dark blue bar indicates the DNA target site. The upstream
protospacer adjacent motif (PAM) is indicated by a green bar and the double-strand break site is indicated with red triangles. (B) Chromatograms from Sanger
sequencing of chromosomal DNA for 50B11 parent and clones D4W and E4. The sequencing chromatograms for each cell line showing the base calls for the highest
peak are shown aligned with the target sequence in (A). Both gene-edited clones have complex chromatograms indicating a mixture of mutations while the
untransfected controls (50B11 parent) show a normal sequence. (C) Probable sequence changes of clones based on deconvolution of chromatograms using CRISP-ID.
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Fig. 4. Glycosphingolipid (GSL) storage in 50B11 cells. (A) Extracted GSLs from cultured 50B11 cells were analyzed by TLC using a solvent system of chloroform-
methanol-0.22% aqueous calcium chloride (60:35:8, v/v/v) as described in Methods. Fibroblasts (fibs) derived from a Fabry patient were used as positive controls.
Known amounts of Gb3 standards were loaded on the same plate to allow estimation of Gb3 quantity in samples by spot densitometry. Gb3 levels for samples shown
below the lanes were derived from a standard curve and normalized to the amount of protein in the original sample. (B) Standard curve shows linear correlation of
intensity of bands to amount of Gb3 standard loaded.
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3.2. 50B11 clones D4W and E4 accumulate Gb3 in culture and are slow
to degrade labeled Gb3 in intact cells

One of the hallmarks of the Fabry phenotype is the accumulation of
the glycolipid Gb3 in the cells of Fabry patients. Therefore, we analyzed
Gb3 levels in our cell lines by TLC. Under our culture conditions using
10% bovine serum in the culture medium, analysis of the lipid content of
the 50B11 clones and the untransfected controls demonstrated detect-
able levels of Gb3 in all cell lines tested (Fig. 4A).

In standards run simultaneously, density of the spots was propor-
tional to the amount of Gb3 present (Fig. 4B), allowing a semi-
quantitative estimate of the amount of Gb3 in the samples. When Gb3
levels in cells were standardized to amount of cellular protein loaded,
the 50B11 clones showed approximately a 2-fold increase in the con-
centration of Gb3 compared to untransfected controls (Fig. 4A).

Further evidence for the functional changes in degradation of Gb3 in
intact cells is shown in Fig. 5.

50B11 cells were loaded overnight with fluorescently-labeled Gb3 as
described in Methods. Previously, we demonstrated degradation of this
substrate is significantly impaired in fibroblasts and endothelial cells
from Fabry patients [19]. Two days after loading, essentially all the
labeled Gb3 was cleared in the untransfected controls while the 50B11
clones still showed significant retention of the fluorescent lipid.

3.3. Both the 50B11 parental line and clones D4W and E4 highly express
the pain receptor TRPV1 after differentiation

In the absence of forskolin, 50B11 cells appear as relatively undif-
ferentiated cells with occasional processes (Fig. 6A).

Within hours after the addition of forskolin, the cells start to extend
neurites and adopt a more bipolar morphology [13]. Both of our 50B11
clones D4W and E4 retained the ability to differentiate in the presence of
forskolin forming rounded cell bodies and numerous extensions
(Fig. 6B).

In addition, both the parental 50B11 cell line and the CRISPR-Cas9
edited clones highly express the TRPV1 pain receptor after differentia-
tion as shown by immunostaining with an antibody specific for TRPV1
(Fig. 6B). Semi-quantitative analysis of surface pain receptor expression

50B11 parent

clone D4W
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by flow cytometry showed the staining with TRPV1 antibody and Alexa
Fluor 568 secondary antibody was easily detectable above background
(Fig. 7A).

Intensity of staining in both 50B11 clone D4W and clone E4 was
increased by 2- to 3-fold relative to the 50B11 parent line (Fig. 7B).
However, the differences did not achieve statistical significance using
Student's t-test.

4. Discussion

Up to 80% of Fabry disease patients develop a peripheral neuropathy
that greatly affects their quality of life [23]. The mechanism of this
neuropathy is not well understood, in part because of a lack of cellular
models that can be used to study the molecular mechanisms of this
neuropathic pain in detail. Several groups have used primary cultures of
DRG neurons from Fabry mouse [12,24,25] and rat [26] models to study
functional and morphologic changes in isolated neuronal cultures.
However, primary DRG cultures are technically challenging, do not
proliferate, and require the continuous maintenance of an animal colony
for source tissues.

We report here the use of CRISPR-Cas9 gene-editing of 50B11 cells,
an immortalized rat DRG cell line with nociceptive properties [13], to
create AGA-deficient clones that model the metabolic defect in Fabry
disease and can be maintained in long-term culture. Our gene-edited cell
lines demonstrate the phenotypic characteristics of cells derived from
Fabry patients. As we have shown, our model cells have a specific, severe
reduction in lysosomal AGA enzyme activity in cell homogenates, as
well as reduced expression of AGA protein by Western blot. The 50B11
clones accumulate the AGA enzyme's glycolipid substrate, Gb3, under
standard culture conditions and can take up, but not degrade, exogenous
Gb3 when it is added to intact cells.

50B11 cells can be rapidly differentiated into a more neuronal
phenotype by incubating the cells in growth medium with forskolin
[13]. This treatment results in the development of neurites and
increased expression of receptors characteristic of nociceptive, small-
diameter sensory neurons, including expression of TRPV1 [13]. The
TRPV1 receptor, also known as the capsaicin receptor, is found in the
plasma membrane and functions in the perception of pain and heat [27].

clone E4

- -- -

- ---

Fig. 5. Uptake and degradation of labeled Gb3 in intact cells. Cells were loaded overnight with fluorescent Gb3 (LR-Gb3) as described in Methods and cultured for
48 h after loading. Live cultures were imaged with identical exposure times at each time point using a Keyence 9000 microscope with a rhodamine filter set. Scale

bar = 50 pm.
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Fig. 6. Differentiation of 50B11 cells and staining with TRPV1. (A) Brightfield images of living undifferentiated 50B11 cell cultures in growth medium without
forskolin. Images were taken with a Zeiss Axiovert microscope. Scale bar = 50 pm. (B) 50B11 cells 24 h after the addition of 100 uM forskolin in growth medium
containing 5% serum. Cells were fixed and stained with antibody to TRPV1 pain receptor. Note the extension of neurites from the cell bodies and the bright staining
for TRPV1 in all cultures. Negative controls in which primary antibody was omitted were blank at this exposure time (image not shown). Scale bar = 50 pm.
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Fig. 7. Flow cytometric quantitation of TRPV1 staining intensity. (A) Histograms showing distribution of fluorescence intensity of surface staining for TRPV1 in
50B11 parent, clone D4W, and clone E4. Dotted line (neg) represents negative control in which primary antibody was omitted. (B) Comparison of the staining
intensity for TRPV1 for each cell line. Assay was performed with duplicate samples. Bars are the geometric mean of the fluorescence intensity with background value

subtracted. Error bars represent +/— SD. Numbers are data values.

Previous groups have demonstrated increased levels of TRPV1
expression in whole DRG from Fabry mice by immunohistochemistry
[25] and in primary DRG cultures from mouse [25,28] using immuno-
staining and Western blot. We demonstrated that our genetically-
modified clones differentiate in response to forskolin and express
TRPV1. Consistent with findings from mouse models, we also found
increased expression of this pain receptor in our cell lines. However,
further experiments are needed to determine the significance of this
increase in our cell lines.

Unlike many neuronal cell lines and primary DRG cultures, 50B11
cells grow well in standard medium, do not need special substrates, and
can be differentiated easily; therefore, they are very well suited for high
throughput screening (HTS) of potential modulators and treatments for

neuropathic pain [29]. As we have shown, the stability of the genetic
editing in our model cells is maintained over long-term culture, allowing
the expansion of the cells in large numbers needed for HTS. The devel-
opment and characterization of two clonal cell lines, as well as the
availability of the isogenic 50B11 normal control, allows comparison of
morphological and functional differences between normal and affected
cells and comparison of findings between affected cell lines. In addition,
comparison of transcriptomic profiles among the cell lines could yield
valuable insights into pathogenic mechanisms.

Development of a neuronal model of Fabry disease with both defects
in glycolipid degradation and expression of nociceptive receptors is
important to understanding the pathophysiology of this disease. The
establishment of these new cell models will help further the
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understanding and treatment of the neuropathic pain that affects Fabry
patients and will help lessen the burden of this disease.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ymgmr.2022.100871.
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