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ZFN-mediated in vivo gene editing in hepatocytes
leads to supraphysiologic a-Gal A activity and
effective substrate reduction in Fabry mice
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Fabry disease, a lysosomal storage disorder resulting from
the deficient activity ofa-galactosidase A (a-Gal A), is character-
ized by cardiac, renal, and/or cerebrovascular disease due to pro-
gressive accumulation of the enzyme’s substrates, globotriaosyl-
ceramide (Gb3) and globotriaosylsphingosine (Lyso-Gb3). We
report here the preclinical evaluation of liver-targeted in vivo
genome editing using zinc-finger nuclease (ZFN) technology
to insert the human a-galactosidase A (hGLA) cDNA into the al-
bumin “safe harbor” locus of Fabry mice, thereby generating an
albumin-a-Gal A fusion protein. The mature a-Gal A protein is
secreted into the circulation for subsequent mannose-6-phos-
phate receptor-mediated tissue uptake. Donor vector optimiza-
tion studies showed that replacing the hGLA cDNA signal pep-
tide sequence with that of human iduronate 2-sulfatase (IDS)
achieved higher transgene expression. Intravenous adeno-asso-
ciated virus (AAV) 2/8-mediated co-delivery of the IDS-hGLA
donor and ZFNs targeting the albumin locus resulted in contin-
uous, supraphysiological plasma and tissue a-Gal A activities,
which essentially normalized Gb3 and Lyso-Gb3 levels in key tis-
sues of pathology. Notably, this was achieved with <10% of he-
patocytes being edited to express hGLA, occurring mostly via
non-homologous end joining (NHEJ) rather than homology-
directed repair (HDR). These studies indicate that ZFN-medi-
ated in vivo genome editing has the potential to be an effective
one-time therapy for Fabry disease.
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INTRODUCTION
Fabry disease (OMIM: 301500) is an X-linked lysosomal storage dis-
order due to pathogenic mutations in the a-galactosidase A gene
(GLA) that encodes the exogalactosyl hydrolase, a-galactosidase A
(a-Gal A; GenBank: NP_000160.1).1 Absent or markedly deficient
a-Gal A activity leads to the progressive systemic accumulation of
the enzyme’s major glycosphingolipid substrate, globotriaosylcera-
mide (Gb3), and its soluble deacylated derivative, globotriaosylsphin-
gosine (Lyso-Gb3), especially in the lysosomes of vascular endothelial
cells, renal cells (i.e., epithelial, endothelial, and mesangial), and car-
diomyocytes.2–5 Males with the type 1 classic phenotype have essen-
tially no a-Gal A activity and present in childhood or adolescence
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with acroparesthesias, angiokeratomas, hypohidrosis, and a charac-
teristic corneal dystrophy.1,6,7 In the absence of treatment, the
progressive deposition of the substrates leads to cardiac, renal, and/
or cerebrovascular disease and early demise, typically in the fourth
or fifth decade of life. In contrast, type 2 later-onset males have
a-Gal A mutations that encode low levels of enzymatic activity and
have very little, if any, endothelial vascular involvement and therefore
lack the early manifestations of the type 1 males. These patients typi-
cally develop kidney and/or cardiac disease in the fourth to sixth de-
cades of life.8–10 The clinical severity of female heterozygotes varies
and is determined primarily by X-chromosome inactivation.11

Since 2001, the approved therapy for patients with type 1 or 2 Fabry
disease has been enzyme-replacement therapy (ERT), which involves
intravenous infusions of recombinant human a-Gal A delivered to tis-
sue lysosomes via mannose-6-phosphate (M6P) receptor-mediated
endocytosis.12–14 Although ERT is effective, especially if initiated early
in the course of the disease,13,15–17 it necessitates lifelong 2- to 4-h in-
fusions every 2 weeks. In addition, a significant percentage of type 1
classic males make antibodies to the therapeutic enzyme, which, if
neutralizing, can decrease the amount of effective enzyme.18,19

Recently, an oral pharmacological chaperone therapy (1-deoxygalacto-
nojirimycin [DGJ], migalastat) was approved for the treatment of
Fabry disease in the United States and other parts of the world, but
most of the GLA mutations responsive to this approach cause the
type 2 phenotype.20–22 Therefore, a long-lasting treatment that is effec-
tive for both type 1 and 2 Fabry patients is desirable.

In vivo genome editing is an approach that uses programmable
nucleases to generate a double-strand break (DSB) at a specific chro-
mosomal locus, which, in mammalian cells, induces two major DNA
thor(s).
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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repair mechanisms.23–25 Non-homologous end joining (NHEJ) is a
highly efficient repair process that, although most repair reactions
occur with high fidelity, can also introduce small insertions and dele-
tions (indels) while ligating the two ends of the DNA during repair.
Homology-directed repair (HDR) is a high-fidelity process that re-
pairs by copying a sister chromatid or exogenous DNA template
(e.g., donor vector). By exploiting these endogenous DNA repair
mechanisms, the genome can be edited to disrupt gene function, cor-
rect specific mutations, or introduce a therapeutic transgene into a
“safe harbor” locus for in vivo protein replacement. Heterodimeric
zinc-finger nucleases (ZFNs) were the first of the widely applicable
programmable nucleases and consist of a DNA-binding zinc-finger
protein (ZFP) domain fused to the catalytic domain of the FokI endo-
nuclease.26–28 Recent advancements in designing highly specific
ZFPs, combined with the use of viral vectors as a delivery platform,
have facilitated the application of this technology for therapeutic
in vivo genome editing in patients.

Here, we report preclinical studies of a liver-targeted in vivo ZFN-
mediated genome editing strategy in an a-Gal A knockout mouse
model (Gla KO mouse) of Fabry disease that progressively accumu-
lates Gb3 and Lyso-Gb3 in the plasma and tissues.29 Two obligate het-
erodimeric ZFNs targeting intron 1 of the murine albumin (mAlb)
gene and a donor vector carrying a codon-optimized human GLA
(hGLA) cDNA were individually packaged into adeno-associated
viral (AAV) 2/8 vectors and intravenously co-administered, to
permanently insert the hGLA transgene into the mAlb intron 1 safe
harbor locus.30–32 A single administration of the hGLA donor and
ZFN vectors resulted in markedly increased expression of appropri-
ately glycosylated, active a-Gal A and normalized substrates in key
tissues of pathological significance in the Fabry mice.

RESULTS
AAV2/8-mediated delivery of obligate heterodimeric ZFNs and a

signal-peptide-less hGLA transgene results inmisfolded a-Gal A

enzyme in HepG2 cells and Fabry mice

Three AAV2/8 vectors were co-administered, two of which encode
obligate heterodimeric ZFNs targeting intron 1 of the mAlb locus
(designated ZFN vectors) and one that contains the therapeutic
hGLA cDNA flanked by homology arms (HAs) to the targeted Alb lo-
cus (designated hGLA donor; Figure 1A). Co-transduction of the
three vectors results in the permanent insertion of the hGLA trans-
gene into the first intron of the mAlb gene. Due to an added splice
acceptor (SA) site 50 of the hGLA cDNA, activation of the Alb pro-
moter leads to a chimeric transcript including exon 1 of the Alb
gene, which contains the secretory signal peptide, and the hGLA
cDNA (Figure 1A). Subsequent translation and post-translational
processing of the albumin-a-Gal A fusion protein results in the pro-
duction of mature, glycosylated a-Gal A enzyme that is secreted at
high levels into the plasma for uptake by various tissues via the
M6P-receptor-mediated uptake system.

Initial studies were performed using a donor construct containing a
codon-optimized hGLA cDNA that lacked sequences encoding the
31-amino-acidhGLA signal peptide (designatednosp-hGLAdonor;Fig-
ure 1A). With this donor design, the resulting mature a-Gal A enzyme
has two additionalN-terminal amino acids (EA inmouse,DA in human
HepG2 cells) that remain following cleavage of the albumin signal pep-
tide (Figure 1A, denoted by a star). Co-transduction ofHepG2 cells with
this donor and ZFN vectors targeting human ALB intron 1 resulted in
intracellular a-Gal A activities that were �2- to 5-fold higher than
mean endogenous levels in three independent gene-edited clones (Fig-
ure 1B). Addition of the chemical chaperone, DGJ, into the cell culture
medium induced dose-dependent increases in intracellular a-Gal A ac-
tivities in all three clones, reaching values that were up to �12-fold
higher than mean endogenous levels (Figure 1B).

Similarly, Fabry mice that were co-administrated the nosp-hGLA
donor (1.2E+12 vector genomes per mouse [vg/mouse]) and the
mAlb-targeted ZFN vectors (1.5E+11 vg/mouse each) had mean
plasma a-Gal A activity that was �2-fold higher than control Fabry
mice administered just the nosp-hGLA donor (i.e., no ZFN vector;
Figure 1C). �45% of the Alb loci had indels, indicating significant
ZFN activity and subsequent repair via NHEJ in the livers of the
mice treated with all three vectors (Table 1). When a subset of treated
mice was administered daily oral doses of DGJ from 30 days post-in-
jection onward, mean plasma a-Gal A activity increased up to �13-
fold over that of the donor-only controls, achieving levels comparable
to wild-type mice (Figure 1C).

Taken together, these findings suggested that low a-Gal A activity
observed in the treatedmice was not due to inefficient genome editing
but rather due to misfolding of the liver-expressed a-Gal A enzyme.
We hypothesized that the protein misfolding may be caused by the
two mAlb signal peptide amino acids that remained on the N-termi-
nus of the a-Gal A enzyme following cleavage of the Alb signal pep-
tide (Figure 1A). Thus, subsequent efforts evaluated whether addition
of a cleavable signal peptide sequence immediately 50 of the hGLA
cDNA would lead to efficient cleavage of these two amino acids, re-
sulting in properly folded, active a-Gal A enzyme.

Addition of a signal peptide sequence to the hGLA transgene

enhances a-Gal A activity and achieves effective substrate

clearance in Fabry mice

To assess whether the addition of a cleavable signal peptide sequence
to the hGLA transgene results in higher a-Gal A expression, the nosp-
hGLA donor was modified to include the hGLA signal peptide
sequence (GLAsp), either alone (GLAsp-hGLA) or in combination
with a modified GCCACC Kozak sequence (Kozak-GLAsp-hGLA)
or a 2A self-cleaving peptide33 (T2A-GLAsp-hGLA), or the human
iduronate 2-sulfatase (IDS) signal peptide (PPPRTGRGLLWL
GLVLSSVCVALG, IDSsp-hGLA; Figure 2A). The Kozak sequence
was incorporated to drive translation from the GLAsp, while the 2A
self-cleaving peptide was included to enhance cleavage of the two
Alb signal peptide residues.

Fabry mice administered ZFN vectors (1.5E+11 vg/mouse each) and
the GLAsp-containing donors (1.2E+12 vg/mouse), regardless of
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Figure 1. Signal-peptide-less hGLA transgene results

in only modest increases of a-Gal A activity in vitro

and in vivo

(A) Schematic representation of the Alb intron 1 in vivo

protein replacement strategy. The initial nosp-hGLA donor

consisted of a human factor IX splice acceptor (SA), a

codon-optimized hGLA cDNA lacking the signal peptide

(nucleotides 1–93; O1–93), and a poly A cassette (pA)

flanked by Alb intron 1 homology arms (left [LHA] and right

homology arm [RHA]). Following transgene integration into

the Alb locus via DNA repair, transcription, splicing, and

translation of the modified locus give rise to a chimeric

protein containing exon 1 of the Alb gene (depicted in red),

which includes the secretory signal peptide, followed by the

signal-peptide-less a-Gal A enzyme. Cleavage of the Alb

signal peptide results in mature a-Gal A enzyme (amino

acids 32–429) with two additional N-terminal amino acids,

DA in human and EA in mouse (denoted by a star), which are

contributed by the Alb signal peptide. (B) Intracellular a-Gal

A activities in three independent, stably modified HepG2

clones (clones #3, 38, and 42) using the nosp-hGLA donor. DGJ was added into the culture medium at a final concentration of 2 or 20 mmol/L and incubated for 24 h. Data for

untransduced HepG2 cells are shown for reference. Presented data are means ± SDs (n = 3). The a-Gal A activities of each clone, before (0 mMDGJ) versus after addition of

20 mMDGJ were compared to assess statistical significance. *p < 0.05 and **p < 0.01. (C) Time course of plasma a-Gal A activities of Fabry male mice injected with a single

dose of the nosp-hGLA donor (1.2E+12 vg/mouse) and ZFN vectors (1.5E+11 vg/mouse each). A subset of the treated mice was administered daily oral doses of DGJ (3mg/

kg) starting at 30 days post-injection. *p < 0.005 when comparing ZFN and donor vector-treated Fabry mice administered DGJ versus those not administered DGJ. Fabry

mice injected with only the nosp-hGLA donor and age- and sex-matched wild-type (WT) mice are included for comparison. Data presented are means ± SDs (n R 5).
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whether or not the Kozak sequence or the T2A peptide were pre-
sent, markedly increased their plasma a-Gal A activities during
the 3 weeks post-injection and sustained activities that were 38-
fold to 81-fold greater than mean wild-type levels for the entire 2-
month study period (Figure 2B). Notably, Fabry mice treated with
the IDSsp-hGLA donor achieved the highest plasma a-Gal A activ-
ities, which were continuously elevated �250-fold greater than
mean levels in wild-type mice (Figure 2B). Assessment of tissue
a-Gal A activities at 2 months post-injection revealed that all three
donors carrying the GLAsp led to similarly high enzyme expression,
resulting in mean activities in the liver, heart, kidney, and spleen
that were 11- to 24-fold, 6- to 9-fold, 0.6- to 1-fold, and 3- to 5-
fold elevated, respectively, compared to mean wild-type levels (Fig-
ure 2C). Mice treated with the IDSsp-hGLA donor had even higher
a-Gal A activities, averaging 73-, 25-, 2.4-, and 12-fold greater than
mean wild-type levels in liver, heart, kidney, and spleen, respectively
(Figure 2C).

In line with these findings, at 2 months post-injection, Fabry mice
treated with the GLAsp-hGLA, Kozak-GLAsp-hGLA, and T2A-
GLAsp-hGLA donors all had significant and similar reduction of
Gb3 and Lyso-Gb3 in their plasma and tissues compared to formula-
tion buffer-treated Fabry control mice (Figure 2D, data from T2A-
GLAsp-hGLA donor group shown as representative treatment group).
Mice that were administered the T2A-GLAsp-hGLA donor had liver
Gb3 concentrations that were below the lower limit of quantitation
(LLOQ) and �1%, 7%, and 14% residual Gb3 in their plasma, heart,
and kidney, respectively, relative to the formulation buffer-treated
Fabry controls (Figure 2D). Lyso-Gb3 concentrations in the plasma,
liver, heart, and kidney were markedly decreased to �18%, 5%, 14%,
3232 Molecular Therapy Vol. 29 No 11 November 2021
and 14%of those in the controls, respectively (Figure 2D).Mice treated
with the IDSsp-hGLA donor cleared substrates even more effectively,
with no detectable Gb3 in plasma, liver, or heart and only �7% re-
maining in the kidney. Lyso-Gb3 was completely cleared from heart,
while plasma, liver, and kidney retained only�6%, 2%, and 7% of con-
trols, respectively, at 2 months post-injection (Figure 2D).

Vector genome copies for ZFN and donor constructs were assessed in
all treatment groups, including the nosp-hGLA donor-treated mice
(Figure 2E). There were no significant differences in ZFN or donor
copy number between the groups, indicating that they all had similar
rates of hepatocyte transduction. Donor vector genome copies were
several-fold higher than ZFN vector genome copies due to the ratio
of ZFNs to donor used in this study (i.e., one part left ZFN1 to one
part right ZFN2 to eight parts hGLA donor). There were no signifi-
cant differences in group mean indels, which ranged from 37.8% ±

6.2% for the nosp-hGLA group to 52.5% ± 12.3% for the T2A-
GLAsp-hGLA group (data not shown).

To assess whether the liver-expressed a-Gal A enzyme was themature
form, western blot analysis was performed on liver extracts of Fabry
mice treated with ZFN vectors and the GLAsp-hGLA or T2A-GLAsp-
hGLA donor, using an anti-human a-Gal A antibody. As shown in
Figure 3, the liver-expressed human a-Gal A enzyme was detected
as a�50 kDa band, consistent with our previous reports of the mature
human a-Gal A enzyme,34 while the human protein was not detected
in untreated wild-type mouse livers. Digestion of the expressed
enzyme with peptide N-glycosidase F (PNGase F) and endoglycosi-
dase H (Endo H) yielded deglycoslyation patterns that were similar
to those of Chinese hamster ovary (CHO)-cell-produced



Table 1. Quantification of indels in Fabry mice treated with ZFN vectors

and/or the nosp-hGLA donor

Group n
ZFN dose (vg/
mouse)

Donor dose (vg/
mouse)

Mean indels ± SD
(%)

ZFNs +
donor

7 1.50E+11 1.20E+12 45.2 ± 11.4

Donor only 4 0 1.20E+12 0.1 ± 0.1

vg, vector genomes.
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recombinant human a-Gal A, indicating that the liver-expressed
a-Gal A was appropriately glycosylated (Figure 3).

Thus, addition of a cleavable signal peptide to the nosp-hGLA donor
markedly enhanced the hepatic production of mature, active a-Gal A
enzyme that was appropriately glycosylated. The effective clearance of
Gb3 and Lyso-Gb3 in key sites of pathology of Fabry mice indicated
that the liver-produced enzymewas efficiently secreted into the circula-
tion and subsequently taken up by target organs. Interestingly,
substituting the IDS signal peptide sequence for the native GLA signal
sequence resulted inmarkedly higher enzyme activity in plasma and tis-
sues and the complete, or near-complete, clearance of the glycolipid
substrates from key tissues.
AAV2/8-mediated delivery of ZFN vectors and the IDSsp-hGLA

donor rapidly and effectively clears glycolipid substrates in

Fabry mice, even at reduced doses

To evaluate AAV2/8 vector dose effect, Fabry mice were administered
twodifferent doses of the IDSsp-hGLAdonor vector, 1.2E+12 vg/mouse
(highdose; the samedose as used in Figure 2) or 4.0E+11 vg/mouse (low
dose), along with proportionally adjusted doses of the ZFN vectors
(5.0E+10 or 1.5E+10 vg/mouse per vector, respectively). To assess
how rapidly the substrates are cleared, a subset of the treated mice
was euthanized at 1 month, while the remaining mice were euthanized
at 2 months, similar to the study above (Figures 2C and 2D).

Following co-administration of the IDSsp-hGLA donor and ZFN vec-
tors, plasma a-Gal A activity markedly increased during the first
14 days post-injection and stabilized at levels that were �60- and
220-fold over wild-type levels for the low- and high-dose treatment
groups, respectively (Figure 4A). At 2 months post-injection, the
low-dose mice had mean tissue a-Gal A activities that were �12-,
10-, 1.7-, and 5-fold greater than mean wild-type levels in liver, heart,
kidney, and spleen, respectively (Figure 4B). These levels were �4-
fold lower in liver and �2-fold lower in heart, kidney, and spleen
compared to the high-dose mice. Notably, tissue a-Gal A activities
measured at 1 month post-injection were comparable to those at
2 months post-injection, regardless of the AAV dose administered
(Figure 4B), suggesting that the uptake rate of circulating a-Gal A
was constant over time and a function of enzyme concentration in
the plasma. In line with these findings, the number of ZFN and donor
vector genome copies in liver increased in a dose-dependent manner
(Figure 4C). Additionally, ZFN and donor vector copy numbers were
similar at 1 versus 2 months post-injection, in both the low- and high-
dose treatment groups (Figure 4C).

As anticipated, at 2 months post-injection, the higher-dosed mice had
essentially normal levels of Gb3 and Lyso-Gb3 in their plasma, liver,
and heart, and only negligible Gb3 concentrations (5.3% ± 2.1% of un-
treatedFabrymice) in their kidneys (Figures 4Dand4E).Normalization
of these substrates was achieved by 1-month post-injection (Figures 4D
and 4E). Despite having reduced plasma and tissue a-Gal A activities,
mice administered the low dose also had complete, or near-complete,
substrate clearance in their plasma and tissues at both 1 and 2 months
post-injection, with <7% of Lyso-Gb3 remaining in plasma and liver
and �10% of Gb3 retained in kidney, compared to formulation
buffer-treated Fabry control mice (Figures 4D and 4E). Gb3 and
Lyso-Gb3 concentrations in heart were below the LLOQ, similar to
wild-type mice.

These data indicate that the IDSsp-hGLA vector, even at a reduced dose,
was highly effective in clearing accumulated glycosphingolipid sub-
strates in key tissues. Importantly, both Gb-3 and Lyso-Gb3 were
cleared relatively rapidly, by 4 weeks post-injection. The treatment
was well-tolerated, even by the mice in the high-dose treatment group.
Treated mice were clinically healthy and had normal or only slight
elevation of liver transaminases when assessed at 2 months post-injec-
tion (Table 2).Mean plasma aspartate aminotransferase (AST) concen-
tration in untreated Fabry mice was 65 ± 29 U/L, whereas in high-dose
mice itwas 89± 26U/L,wellwithinwild-type levels (99± 73U/L).Mean
plasma alanine aminotransferase (ALT) concentrations in untreated
Fabry andwild-typemicewere 12± 3 and 13± 3U/L, respectively, while
in the high-dose mice it was 33 ± 8 U/L. The high-dose mice had mean
plasma albumin concentration of 2.4± 0.3 g/dL, comparable to those in
untreated Fabry and wild-type control mice (2.7 ± 0.2 versus 2.2 ± 0.3,
respectively; Table 2), indicating that this therapeutic approach did not
disrupt normal production of albumin in the liver.

Donor integration in <10% of hepatocytes, mostly occurring via

NHEJ, achieves complete or near-complete substrate clearance

in key tissues

The IDSsp-hGLA donor construct was designed to include a next-
generation sequencing (NGS) primer binding site and a targeted
integration (TI) sequence for simultaneous quantification of indels
and HDR-mediated integrations, respectively (Figure 5A, left panel;
see also Materials and methods). When assessed 2 months post-in-
jection, the frequency of indels in genomic DNA of livers ranged
from 38.4% to 60.5% in Fabry mice treated with the IDSsp-hGLA
donor and ZFN vectors (Figure 5A, right panel). There was no sig-
nificant difference in the percent of indels between the low- and
high-dose groups (44.6% ± 22.2% versus 47.7% ± 4.7%, respectively;
means ± SDs). In contrast, control Fabry mice administered only
the IDSsp-hGLA donor had <0.2% indels. Analysis of the donor-
specific TI sequences demonstrated a dose-dependent increase in
TI (Figure 5A, right panel), with the high-dose group having about
twice as many HDR-integrated transgenes as the low-dose group
(1.7% ± 0.4% versus 0.8% ± 0.2%, respectively, p = 0.002). No
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evidence of HDR-mediated integration was found in the donor-only
or untreated Fabry mice.

While it was previously thought that ZFN-mediated targeted trans-
gene insertion occurred primarily via HDR, recent studies have
shown that NHEJ can also efficiently insert a therapeutic transgene
into the ZFN-specified site.35 The relatively low frequency of HDR-
mediated integration events in this study suggested that the majority
of donor integrations at theAlb locus occurred via the NHEJ pathway.
This finding was confirmed by an in-situ hybridization assay using an
RNA probe specific to the Alb-IDSsp-hGLA fusion transcript (Fig-
ure 5B, left panel). An estimated 5.6% and 9.8% of hepatocytes ex-
pressed the fusion transcript in the low- and high-dose groups,
respectively (Figure 5B, right panel). Representative in situ hybridiza-
tion images are shown in Figure 5C. By subtracting the average fre-
quency of TI integration (i.e., HDR-mediated integration) from the
percent of cells expressing the fusion transcript, the percentage of cells
modified by NHEJ integration of the donor in the correct orientation
for transgene expression was estimated to be 4.8% and 8.1% for the
low- and high-dose treatment groups, respectively. Hepatocytes ex-
pressing the fusion transcript were not detected in mice treated
with only the donor (Figures 5B, right panel, and 5C, left panel).

These results indicate that near-complete substrate reduction in the
Fabry mice was achieved with less than 10% of hepatocytes being sta-
bly modified to express the human a-Gal A enzyme. Notably, the ma-
jority of donor integration occurred via NHEJ, rather than HDR.

DISCUSSION
Several characteristics of ZFNs make them particularly well-suited for
therapeutic genome editing applications compared to the other pro-
grammable nucleases, including transcription activator-like effector
nucleases (TALENs) and the clustered regularly interspaced short
palindromic repeats (CRISPR)-CRISPR-associated protein 9 (Cas9)
system.Modular ZFPs can be designed to recognize and bind extended
targets up to 36 base pairs, which facilitates the high precision required
for efficient and safe gene editing. This contrasts with the CRISPR-
Cas9 system, which recognizes �23 base pair DNA sequences,
including the 2- to 5-nucleotide-long protospacer adjacent motif
(PAM) sequence.36,37 Recent studies have led to the development of
improved design methods for the ZFP DNA-binding domain,38,39
Figure 2. hGLA transgenes with signal peptides result in markedly increased a

(A) Schematic representation of the four hGLA donors carrying cleavable signal peptides

the GLA cDNA, either by itself or preceded by a Kozak sequence or a 2A self-cleaving

peptide (IDSsp). Addition of a cleavable signal peptide right before the hGLA cDNA is exp

terminal amino acids carried over from the Alb signal peptide. (B) Time course of plasma

mouse each) and one of the signal-peptide-containing hGLA donors (1.2E+12 vg/mo

matched wild-type male mice. Data of Fabry mice treated with equivalent doses of the n

treated with ZFN vectors and a signal-peptide-containing hGLA donor, p < 0.001 relativ

a-Gal A activities (C) and percent (%) of Gb3 and Lyso-Gb3 remaining compared to form

shown. Data of untreated age-matched wild-type (WT) male mice are shown for compa

circles indicate that substrate concentrations were below the lower limit of quantitation. (

liver of treated male Fabry mice at 2 months post-injection, expressed as vector copies

copy numbers do not distinguish between the left and right ZFNs. For (B)–(E), data pre
improved design of the FokI dimer interface40,41 and cleavage
domain,39 and diversification of the ZFN architecture,42 yielding high-
ly specific ZFNs with little or no detectable off-target effects. Addition-
ally, the compact size of ZFNs allows for efficient packaging into AAV
vectors, which enables robust in vivo delivery, particularly to the liver.
This is an advantage over TALENs, which are limited in their use of
viral vector delivery platforms due to their relatively large size.43

Especially attractive is the AAV/ZFN-mediated in vivo protein replace-
ment approach using Alb intron 1 as a safe harbor locus, which has
recently been shown to be efficacious for the treatment ofmouse disease
models for hemophilia B32 and mucopolysaccharidosis (MPS) type I
and II.30,31Akey advantage of this therapeuticplatform is that transgene
expression is driven by the highly active nativeAlb promoter, leading to
constant high levels of transgene expression in stably modified hepato-
cytes. Diverting a small percentage of the transcriptional activity of the
Alb promoter toward transgene expression should be clinically innoc-
uous, as moderate decreases in albumin production are well tolerated.

We described here preclinical studies of AAV/ZFN-mediated in vivo
protein replacement for Fabry disease by targeting the Alb safe harbor
locus in a-Gal A-deficient Fabry mice. Integration of a signal-peptide-
less hGLA transgene into the mAlb locus resulted in only modest in-
creases of plasma and tissue a-Gal A activities, presumably due to mis-
folding of the enzyme in the endoplasmic reticulum (Figure 1C). This
was contrary to previous studies in MPS I and II and hemophilia B
mice, which achievedmarked increases in expression of the therapeutic
enzyme by integration of transgenes lacking their native signal peptide
sequences.30–32 Addition of a cleavable signal peptide (i.e., humanGLA
or IDS signal peptide) to the hGLA transgene resulted in continuous
supraphysiological expression of a-Gal A activity, indicating that the
protein misfolding in the absence of a signal peptide was due presum-
ably to the two non-native amino acids that were retained on the N-ter-
minus of the a-Gal A enzyme following cleavage of the albumin signal
peptide (Figures 1A, 2B, and 2C). Interestingly, the IDS signal peptide
achieved substantially higher levels of plasma and tissue a-Gal A activ-
ities compared to the native GLA signal peptide (Figures 2B and 2C).
The superior performance of the IDSsp-hGLA donor was not due to
increased transduction efficiency (Figure 2E). In fact, Fabry mice that
were co-administered the IDSsp-hGLA donor and ZFN vectors, even
at lower doses, had near-complete Gb3 and Lyso-Gb3 clearance in all
-Gal A activities and effective substrate clearance in Fabry mice

. Three of the constructs contained the hGLA signal peptide (GLAsp) at the 50 end of

peptide (T2A), while the fourth contained the human iduronate 2-sulfatase signal

ected to result in mature a-Gal A enzyme (amino acids 32–429) with no additional N-

a-Gal A activities following intravenous administration of ZFN vectors (1.5E+11 vg/

use) into male Fabry mice. The dotted line indicates mean a-Gal A activity in age-

osp-hGLA donor and ZFN vectors are shown for comparison. For all mouse groups

e to wild type at 7 days post-injection and all time points thereafter. (C and D) Tissue

ulation buffer-treated (untreated) male Fabry mice at 2 months post-injection (D) are

rison. In (C) and (D), *p < 0.05 and **p < 0.005 versus untreated Fabry mice. For (D),

E) Vector genome copies of the ZFN (ZFNs) and donor vectors (donor) quantitated in

per mg of genomic DNA (gDNA). Note that the primers used to evaluate ZFN vector

sented are means ± SDs (n R 3).
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Figure 3. Liver-expressed a-Gal A enzyme is appropriately glycosylated

Livers isolated from three different male Fabry mice treated with ZFN vectors

(1.5E+11 vg/mouse each) and the GLAsp-hGLA or T2A-GLAsp-hGLA donor

(1.2E+12 vg/mouse) at 2 months post-injection were digested with Endo H or

PNGase F, and the deglycosylated a-Gal A proteins were detected by western blot.

An antibody raised specifically against human a-Gal A was used to avoid back-

ground signal from endogenous mouse a-Gal A in wild-type controls. Endo H

cleaves the chitobiose core of high-mannose and some hybrid oligosaccharides

from a-Gal A, resulting in a slightly smaller-sized protein. PNGase F cleaves the

innermost N-acetylglucosamine and asparagine residues of high-mannose, hybrid,

and complex oligosaccharides, thus removing nearly all N-linked oligosaccharides

from the protein, leading to a much smaller protein. Representative images are

shown for each treatment group. Wild-type mouse liver and Chinese hamster ovary

(CHO)-cell-expressed recombinant human a-Gal A (rec hGLA), both undigested

and glycosidase digested, were included as controls.
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tissues examined, including heart and kidney (Figures 4D and 4E), with
<10% of the hepatocytes expressing the Alb-GLA fusion mRNA (Fig-
ure 5B, right panel). The liver-expressed a-Gal A enzyme was appro-
priately glycosylated (Figure 3). Taken together, these results suggest
that the liver-expressed enzyme was efficiently secreted into plasma
and taken up by extra-hepatic tissues via M6P receptors.

It was notable that Fabrymice treated with IDSsp-hGLA donor only (at
the equivalent dose of the high-dose group), in the absence of ZFN vec-
tors, showed plasma a-Gal A activities comparable to those of wild-
type mice (Figure 4A) and tissue activities that were considerably
increased over baseline levels (Figure 4B). A similar phenomenon
was observed in a mouse hepatocyte cell line, but not in a human he-
patocyte cell line (data not shown), and was also reported in preclinical
studies for in vivo genome editing in theMPS IImice.30 Since there was
no evidence of donor integration in these mice (Figure 5A, right panel),
the modest activity from a promoter-less AAV construct was presum-
ably due to inverted terminal repeat (ITR)-mediated transcription acti-
vation, as has been demonstrated by others.44,45 Importantly, this
seems to not occur in human cells, which rules out a therapeutic appli-
cation. In addition, the level of plasma activity seen in the hGLA donor
only group was >200-fold lower than mice treated with the equivalent
donor dose in combination with ZFN vectors, highlighting the superior
potency of integrating a transgene into the Alb locus via nucleases.

The frequency of HDR-mediated donor integration versus NHEJ-
mediated integration was assessed in the treated Fabry mice. The ma-
jority of mature hepatocytes are in the G0 phase of the cell cycle,

46 and
therefore NHEJ is expected to be the predominant mechanism of dou-
ble-stranded DNA repair.47 Indeed, evidence from next-generation
sequencing of genomic DNA and in situ hybridization of mRNA
from liver of treated Fabry mice (Figures 5A, right panel and 5B, right
panel) indicated that NHEJ-mediated integrations were �5- to 6-fold
more frequent than HDR-mediated integrations. The added SA site 50
3236 Molecular Therapy Vol. 29 No 11 November 2021
of the hGLA cDNA should lead to expression of the Alb-GLA hybrid
mRNA regardless of the whether the hGLA donor sequence was inte-
grated via HDR or NHEJ, as long as the NHEJ-mediated insertion of
the donor occurred in the correct orientation. On the contrary, integra-
tion of the donor in the opposite orientation results in the entire donor
sequence being removed during mRNA splicing.

One concern regarding NHEJ-mediated integration events is the po-
tential for the partial or full-length ITR sequence to be inserted along
with the donor transgene. The AAV ITRs have the potential to activate
transcription, as has been observed in our studies and by others.44,45

Insertion of ITRs from recombinant AAV has been implicated in
clonal expansion of hepatocytes in a dog model of hemophilia48 and
linked to the development of hepatocarcinoma in mice,49–51 but not
in non-human primates.52 To date, no evidence of clonal expansion
or hepatocarcinoma has been detected in patients treated with recom-
binant AAV vectors, suggesting that the risk of recombinant AAV-vec-
tor-integration-derived oncogenesis in liver is very low in humans.

A major advantage of in vivo genome editing over ERT—the current
standard of care treatment for Fabry disease—is that it offers the poten-
tial for a one-time treatment as opposed to lifelong biweekly 2- to 4-h
infusions. The fact that it delivers a constant supply of therapeutic
enzyme rather than the peak-and-trough levels of recombinant a-Gal
A activity provided by ERT may also be advantageous, as the
genome-editing therapy cleared the accumulated substrates from the
targeted tissues, particularly from the kidney, more effectively than
did eight recombinant a-Gal A infusions (administered every other
day) into the Fabry mice.29 Unlike chaperone therapy, which is not
effective for all GLA mutations,20–22 the in vivo genome editing
approach is applicable to patients with type 1 or type 2 disease. While
the efficacy of AAV-mediated liver-directed gene therapy approaches
has been previously demonstrated in the Fabry mice by us and
others,53–56 the genome-editing strategy described here leads to the per-
manent integration of the hGLA transgene and therefore permits treat-
ment of children and/or adolescentswith Fabry diseasewhose liver cells
are still dividing as the liver grows. This is of significant importance, as it
is well established that treatments for Fabry disease aremore effective if
initiated early, particularly before irreversible organ damage oc-
curs.2,13,15–17Newborn screening for Fabry disease, which is already im-
plemented in Taiwan and several states in the United States, will facil-
itate early diagnosis and therapeutic intervention in the future.

In summary, ZFN-mediated in vivo genome editing in Fabry mouse
liver led to continuous supraphysiologic levels of plasma and tissue
a-Gal A activities, resulting in complete or near-complete clearance
of the accumulated glycolipid substrates in key sites of organ pathology
and dysfunction. These studies provide further preclinical evidence for
this ZFN-mediated in vivo genome editing approach. Clinical trials for
other lysosomal storage disorders using this approach produced evi-
dence of genome editing with transiently increased enzyme activ-
ity,57,58 despite achieving stable therapeutic levels of circulating enzyme
in mouse models,30,31 underlining the translational challenges associ-
ated with in vivo genome editing. Recent efforts have been directed



(legend on next page)
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Table 2. Liver transaminase and albumin levels are essentially normal in

high-dose-treated Fabry mice

WT Fabry untreated Fabry high-dose treated

AST (U/L) 98.7 ± 73.1 64.7 ± 28.5 89.3 ± 25.8

ALT (U/L) 13.3 ± 2.5 12.3 ± 3.1 32.7 ± 7.6

Albumin (g/dL) 2.2 ± 0.3 2.7 ± 0.2 2.4 ± 0.3

Plasma samples were assessed for liver transaminase and albumin concentrations in
wild-type male mice (WT), untreated Fabry mice, and Fabry mice administered a single
high dose of the IDSsp-hGLA donor (1.2E+12 vg/mouse) and the ZFN vectors (5E+10
vg/mouse per vector), 2 months post-treatment. Values shown are means ± SDs (n = 3).
AST, aspartate transaminase; ALT, alanine transaminase.
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to developing an improved ZFN platform for efficacious, high-preci-
sion genome editing and have resulted in several new strategies that
significantly increased the degree of precision, efficacy, and specificity
of the therapeutic ZFNs.39,42 These strategies are currently undergoing
further preclinical evaluation. An AAV-mediated liver-directed gene
therapy approach for treating Fabry disease was developed in tandem
with the ZFN genome-editing strategy and was able to achieve even
higher levels of plasma and tissue a-Gal A activity in mice.54 This
gene therapy approach is currently being evaluated in a phase I/II clin-
ical trial (see https://clinicaltrials.gov/ct2/show/NCT04046224) to
address the urgent need for new, long-lasting therapies for Fabry
disease.
MATERIALS AND METHODS
Generation and packaging of ZFNs and hGLA donor constructs

into AAV2/8

Heterodimeric ZFNs targeting intron 1 of the murine or human (i.e.,
for HepG2 cell studies) albumin locus were generated as previously
described,32,35 with the obligate heterodimer ELD/KKR mutations
in the FokI domain.40 To improve transgene expression, driven by
the human alpha 1-antitrypsin promoter, a woodchuck hepatitis virus
post-transcriptional regulatory element (WPRE) sequence was added
to the 30 untranslated region of the ZFNs.59 The hGLA donor
construct contained a codon-optimized hGLA cDNA encoding
amino acids 32–429 of the mature enzyme, preceded by the endoge-
nous hGLA signal peptide (amino acids 1–31), the IDS signal peptide,
or no signal peptide. All hGLA donor constructs contained a human
factor IX SA sequence and arms of homology to the mouse or human
albumin target site (Figure 1A). Recombinant AAV2/8 vectors,
comprising AAV2 ITRs and the AAV8 capsid, were produced by tri-
ple transfection of human embryonic kidney (HEK) 293 cells in 10-
Figure 4. The IDSsp-hGLA donor effectively and rapidly clears substrates, eve

Male Fabrymice were administered a high (1.2E+12 vg/mouse) or low dose (4.0E+11 vg/

per vector, respectively). (A and B) Plasma (A) and tissue (B) a-Gal A activities, determine

line shows mean activity in untreated age-matched wild-type male mice. In (A), p < 0.0

points after, whereas for (B), *p < 0.05 and **p < 0.005 versus untreated Fabry mice. (C–E

liver (C) and the percentage of residual Gb3 (D) and Lyso-Gb3 (E) compared to formula

presented as means ± SDs (nR 3, with the exception of the low-dose D28 and D56 gro

(1.2E+12 vg/mouse) without the ZFN vectors (donor only), as well as wild-type (WT) ma

lower limit of quantitation. In (D) and (E), *p < 0.05 and **p < 0.01 versus untreated Fab
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chamber Corning CELLSTACK culture chambers (Corning, NY,
USA) and purified by cesium chloride density gradient centrifugation
and dialysis. AAV vectors were titered as previously described.60,61

In vitro transduction of HepG2 cells and single-cell subcloning

by limiting dilution

HepG2/C3A cells (ATCC, Manassas, VA, USA; CRL-10741) were
maintained in Minimum Essential Medium (MEM; Corning) with
10% fetal bovine serum (FBS; Life Technologies, Carlsbad, CA,
USA) and 1� penicillin-streptomycin-glutamine (Life Technologies)
and incubated at 37�C with 5% CO2. For transduction, cells were
rinsed and trypsinized with 0.25% trypsin/2.2 mM ethylenediamine-
tetraacetic acid (EDTA) (Corning) and re-suspended in growth me-
dia. A small aliquot was mixed 1:1 with trypan blue solution 0.4%
(w/v) in phosphate-buffered saline (PBS; Corning), and cells were
counted on the TC20 Automated Cell Counter (Bio-Rad, Hercules,
CA, USA). Cells were seeded into Corning 24-well plates (1.0E+05
viable cells in 0.5 mL media per well) and recombinant AAV2/8 par-
ticles containing the hGLA donor and heterodimeric ZFNs, diluted in
growth medium, were added. The multiplicity of infection (MOI) was
3.0E+05 vg/cell for each ZFN and 6.0+05 vg/cell for the hGLA donor,
representing a ZFN1:ZFN2:donor ratio of 1:1:2, which was previously
determined to be optimal for in vitro transductions.44

On day 7 post-transduction, cells were washed, trypsinized, and re-
suspended in growth media at densities of 10, 30, and 50 cells/mL
and then plated into Corning 96-well culture plates at 100 mL per
well. After 2 weeks, the wells containing single colonies were trypsi-
nized and re-seeded into 24-well plates. Two days later, the growth
media supernatants were harvested, flash-frozen on dry ice, and as-
sessed for a-Gal A activities, as described below. Clones secreting
high levels of a-Gal A were plated into 6-well plates and incubated
with 0, 2, or 20 mM of DGJ (Sigma Aldrich, St. Louis, MO, USA)
for 24 h. Cells were harvested, lysed in lysosomal buffer (0.1 M cit-
rate/0.2 M phosphate buffer [pH 4.6] containing 1% Triton X-100),
and intracellular a-Gal A activities were determined. Clonality was
verified via next-generation sequencing.

Preclinical studies in the Fabry mouse model

Fabry mice were previously generated via homologous recombination
in 129/Sv embryonic stem cells.29,62 Once colonies were established,
the mice were backcrossed onto the C57BL/6J background and main-
tained in a barrier facility at the Icahn School of Medicine at Mount
Sinai (ISMMS). All animal procedures were reviewed and approved
n at lower vector doses

mouse) of the IDSsp-hGLA donor and the ZFN vectors (1.5E+11 or 5E+10 vg/mouse

d at the indicated days post-injection, are presented asmeans ± SDs (nR 3). Dotted

01 for low- and high-dosed mice versus untreated Fabry mice on day 7 and all time

) ZFN or donor-vector genome copy numbers per mg of genomic DNA (gDNA) in the

tion buffer-treated (untreated) male Fabry mice at days 28 and 56 post-injection are

ups, for which n = 2). Data of male Fabry mice administered the IDSsp-hGLA donor

les, are also shown. Circles indicate that substrate concentrations were below the

ry mice.

https://clinicaltrials.gov/ct2/show/NCT04046224


Figure 5. Stable integration of hGLA cDNA in less than 10% of hepatocytes essentially normalizes substrates in Fabry mice

(A) Left panel, the wild-type (WT) murine albumin (mAlb) locus is depicted with the left and right homology arms shown in gray and pink boxes, respectively. Exon 1 (Ex 1),

which contains the albumin secretory signal peptide, is shown in red. Next-generation sequencing primer P1 was designed to recognize a sequence within the left homology

arm, while primer P2 recognized a sequence immediately outside of the right homology arm. The IDSsp-hGLA donor contained a P1 binding site, followed by a unique 50-

nucleotide targeted integration (TI) sequence, to simultaneously detect indels and HDR-meditated integration events following PCR amplification. Right panel, quantification

of the percentage of liver cells containing indels and TI sequences in male Fabry mice treated with the low (4E+11 vg/mouse) or high (1.2E+12 vg/mouse) doses of the IDSsp-

hGLA donor and ZFN vectors (1.5E+10 or 5.0E+10 vg/mouse per vector, respectively), relative to those treated with only the high-dose donor vector (donor only) or untreated

controls. Individual mice are represented by a blue column, showing indels, overlaid with a red circle, displaying HDR integration events. Statistical analyses comparing TI

integrations for the low- versus high-dose groups showed p = 0.002. (B) Left panel, an RNA probe (pAlb-GLA probe) that specifically recognizes the mAlb-hGLA fusion

junction site was used to quantitate the percentage of hepatocytes expressing the mAlb-hGLA fusion transcript by in situ hybridization, as shown in the right panel. Each

square, circle, and triangle represents data of an individual mouse, whereas bold horizontal lines indicatemean values and non-bold lines represent SDs (n = 2, 2, and 3 for the

donor-only control, low dose, and high dose, respectively). (C) Representative in situ hybridization images of livers isolated from male Fabry mice treated with high-dose

IDSsp-hGLA donor only (left panel) and low and high doses of the ZFN and donor vectors (middle and right panels, respectively). Positive hybridization signals are identified as

red, punctate dots when visualized under bright-field microscopy. Samples were counterstained with Gill’s hematoxylin and are shown at 40� magnification.
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by the ISMMS Internal Animal Care and Use Committee (IACUC).
Only male mice were used for these studies. AAV2/8 vectors formu-
lated in 200 mL of PBS and 0.001% Pluronic F68 were injected into the
tail veins of 8- to 12-week-old Fabry males, at the indicated doses
(ZFN1:ZFN2:donor ratio of 1:1:8). Mice were immunosuppressed
once every 2 weeks with intraperitoneal injections of cyclophospha-
mide (50 mg/kg) starting the day before vector administration. DGJ
(3 mg/kg/day) was administered daily by oral gavage. Blood samples
were collected in EDTA K2-coated tubes from facial veins, and
plasma was isolated by centrifugation at 2,500 � g for 10 min. Mice
were sacrificed at the indicated time points by perfusion with PBS
via the left ventricle under ketamine/xylazine anesthesia, and tissues
were snap-frozen in liquid nitrogen and stored at �80�C until use.

a-Gal A enzymatic activity assays

Tissue samples were homogenized in chilled reporter lysis buffer
(Promega,Madison,WI, USA), and protein concentrations were deter-
mined using the Bio-Rad Bradford Protein Assay. a-Gal A activity was
determined using a fluorometric assay, as previously described.63

Briefly, 10 mL of HepG2 cell lysate or murine plasma or tissue lysate
was incubatedwith an equal volume (10 mL) of 10mM4-methylumbel-
liferyl-a-D-galactopyranoside (Sigma-Aldrich), dissolved in assay
buffer (0.2 M citrate, 0.4 M phosphate buffer [pH 4.4]), and 0.1 M N-
acetylgalactosamine (Amersham Pharmacia Biotech, Little Chalfont,
UK), the latter to inhibit a-galactosidase B activity.64 Following incuba-
tion for 30 min at 37�C, reactions were terminated by the addition of
0.1M ethylenediamine (pH 10.3, 480 mL). The amount of 4-methylum-
belliferone (4-MU) produced was determined by measuring fluores-
cence using a Modulus fluorometer (Turner Biosystems, Sunnyvale,
CA, USA). Plasma a-Gal A activities were expressed as nanomoles of
4-MU produced per hour per mL (nmol/h/mL), while tissue or
HepG2 intracellular a-Gal A activity was expressed as nmol of 4-MU
produced per hour per mg of total protein (nmol/h/mg).

DNA purification and vector genome quantitation

Total DNA was isolated from liver, and ZFN and hGLA donor vector
copy numbers were determined using previously described
methods.54 ZFN vector copy numbers were detected using forward
primer 50-GTGGAGGAGCTGCTGATCG-30, reverse primer 50-GA
AGTTGATCTCGCCGTTGTTGA-30 and probe 50- ATGATCAAAG
CCGGCACCCTGACA-30. These primers were designed to anneal to
a sequence present in both the left and right ZFNs. hGLA donor copy
numbers were detected using forward primer 50-GCGGAGTTCC
AATTGTACTGT-30, reverse primer 50-TCCTAAGTGCACCCACT
GAT-30 and probe 50-AACGCTAGCGTGCCGACCTG-30. Data
were processed using QuantStudio Design and Analysis software
and expressed as vg copies per mg gDNA.

Gb3 and Lyso-Gb3 analyses in plasma and tissue samples

Gb3 and Lyso-Gb3 concentrations were determined in tissues and
plasma using liquid chromatography-mass spectrometry (LC-MS)
at Brains-Online (Charles River Laboratories, Wilmington, MA,
USA), as previously described.54 LLOQs were as follows: Lyso-
Gb3 = 1 nM for plasma, 0.05 nmol/g for heart and liver, and
3240 Molecular Therapy Vol. 29 No 11 November 2021
0.1 nmol/g for kidney; Gb3 = 60 nM for plasma, 3 nmol/g for heart
and liver, and 6 nmol/g for kidney.

Simultaneous indel and TI detection by next-generation

sequencing

Genomic DNA was isolated from livers, and a DNA fragment flanking
the Alb intron 1 ZFN target site was amplified by polymerase chain re-
action (PCR) using P1 and P2 primers (Figure 5A, left panel; P1 = for-
ward primer, 50-ACACGACGCTCTTCCGATCTNNNNTTGAGTT
TGAATGCACAGAT-30; P2 = reverse primer, 50-GACGTGTGCTC
TTCCGATCTNNNNGAAACAGGGAGAGAAAAACC-30). Paired-
end deep sequencing was performed on the MiSeq system (Illumina,
San Diego, CA, USA), and SeqPrep software (https://github.com/
jstjohn/SeqPrep) was used to trim adapters and merge the paired reads.
The Needleman-Wunsch algorithm was used to align merged reads to
the wild-type sequence and map the insertions and deletions and to
distinguish the TI sequence incorporated into the IDSsp-hGLA donor.
The TI sequence consists of a 50 bp segment of murine albumin intron
1 that has been randomly scrambled to produce a unique amplicon for
the detection of alleles in which the IDSsp-hGLA donor was integrated.
The TI sequence is immediately preceded by a P1 primer binding site
(Figure 5A, left panel) to ensure that wild-type and TI integration-
derived amplicons are the same length. ZFN activity is reported as % in-
dels, the fraction of sequenced amplicons that differ fromwild-type due
to insertions or deletions.

In situ hybridization assay to detect the Alb-hGLA fusion

transcript

Formalin-fixed paraffin-embedded (FFPE) liver tissues were sliced into
5 mm sections. RNA in situ hybridization was performed manually us-
ing the BaseScope Red Reagent Kit (Advanced Cell Diagnostics, New-
ark, CA, USA), according to the manufacturer’s instructions and an
RNA probe (pAlb-GLA; Figure 5B, left panel) that specifically detects
the fusion junction of the Alb-hGLA transcript. Briefly, FFPE liver sec-
tions were pretreated with heat and protease and hybridized sequen-
tially with pre-preamplifier, preamplifier, amplifier, and then the alka-
line phosphatase (AP)-labeled target oligo, followed by chromogenic
precipitate development. Each sample was quality controlled for
RNA integrity using a BaseScope probe specific to peptidyl-prolyl
cis-trans isomerase B (Ppib) RNA, while a probe specific to bacterial
dihydrodipicolinate reductase (dapB) RNA confirmed low off-target
signal levels. Specific RNA-staining signals were identified as red,
punctate dots. Samples were counterstained with Gill’s hematoxylin,
and bright-field images were acquired using an AperioAT2 digital slide
scanner equipped with a 40� objective. The percentage of hepatocytes
positive for the pAlb-GLA probe was determined using the HALO
quantification software (Indica Labs, Albuquerque, NM, USA).

Western blot analysis to assess glycosylation profile of liver-

expressed a-Gal A

Frozen liver tissue (�50 mg) was processed, digested with Endo H or
PNGase F (both from New England Biolabs, Ipswich, MA, USA), and
analyzed by western blot as previously described54 to assess the glyco-
sylation pattern of the liver-expressed a-Gal A enzyme.

https://github.com/jstjohn/SeqPrep
https://github.com/jstjohn/SeqPrep
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Statistical analyses

Statistical analyses were performed using unpaired one-tailed Stu-
dent’s t test. Differences of p <0.05 were considered statistically
significant.
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