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Friedreich’s ataxia (FRDA) is an autosomal recessive neuro-
logical disease caused by expansions of guanine-adenine-
adenine (GAA) repeats in intron 1 of the frataxin (FXN)
gene. The expansion results in significantly decreased
frataxin expression. We report that human FRDA cells
can be corrected by zinc finger nuclease-mediated exci-
sion of the expanded GAA repeats. Editing of a single
expanded GAA allele created heterozygous, FRDA carrier-
like cells and significantly increased frataxin expression.
This correction persisted during reprogramming of zinc
finger nuclease-edited fibroblasts to induced pluripotent
stem cells and subsequent differentiation into neurons.
The expression of FRDA biomarkers was normalized in
corrected patient cells and disease-associated pheno-
types, such as decreases in aconitase activity and intra-
cellular ATP levels, were reversed in zinc finger nuclease
corrected neuronal cells. Genetically and phenotypically
corrected patient cells represent not only a preferred dis-
ease-relevant model system to study pathogenic mecha-
nisms, but also a critical step towards development of
cell replacement therapy.
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INTRODUCTION

Friedreich’s ataxia (FRDA, OMIM229300) is the most common
autosomal recessive ataxia, occurring in ~1-2/50,000 individuals,
with a carrier frequency ranging from 1 : 50 to 1 : 100 individu-
als."? Characteristic symptoms of FRDA include discoordination,
slurred speech, peripheral neuropathy, and cardiomyopathy.® At
this time there is no effective treatment for FRDA. The disease is
caused by hyperexpansion of the guanine-adenine-adenine (GAA)
repeats located in the first intron of the FXN gene.? The GAA repeat
tract is polymorphic, with normal alleles not exceeding 30 repeats,
and disease-causing alleles expanding up to 2,000 GAA repeats.
FRDA patients homozygous for GAA expansion have low frataxin
mRNA and protein levels when compared with heterozygous carri-
ers and healthy controls. Importantly, heterozygous carriers of one

expanded GAA allele are asymptomatic, indicating that correction
of one allele is potentially curative. In various model systems and
in patients’ autopsy samples, the expanded GAA repeats induce
chromatin changes leading to the epigenetic silencing of the FXN
gene.*® This heterochromatinization of the FXN locus induced by
repeat expansion can be recapitulated in model systems by insert-
ing long GAA tracts outside of their natural sequence context into
reporter genes.>>'° Although silencing triggers and the exact molec-
ular mechanism of FXN silencing remain unknown,* it is very likely
that excision of the expanded GAA from FXN intron 1 would lead
to the reactivation of frataxin expression.

GAA repeat-induced transcriptional inhibition is a major tar-
get for therapy (reviewed in refs. ''-*). The success of the strate-
gies aimed to reactivate FXN expression depends predominately
on the efficacy of potential inducers and their toxicity. Treatment
with compounds stimulating FXN expression will require lifetime
administration of an appropriate drug and could potentially be
associated with developing resistance to the treatment. In addi-
tion, in the later stages of the disease, after cell death becomes
apparent and damage irreversible, cell replacement therapy may
provide the only potential therapeutic avenue. Therefore, it is
essential to develop and test approaches for cellular therapy and
regenerative medicine aimed to eliminate the source of transcrip-
tional inhibition, the expanded GAA tract. The ability to derive
induced pluripotent stem cells (iPSCs) from terminally differenti-
ated patient cells allows us to obtain genetically matched cell types
from different tissues. Correcting harmful mutations, such as
repeat expansions, could allow for generation of patient-specific
genetically corrected cells to be used for cell-specific disease
models, regenerative medicine, tailored therapeutics, modeling
of physiological developmental processes, and drug discovery.'*

Concepts of induced, targeted repeat contractions were
explored for myotonic dystrophy type 1 and fragile X syndrome
using compounds with the potential to interfere with DNA con-
formations and/or with DNA repair pathways.”® However, the
lack of specificity of these approaches may result in significant
changes in cellular metabolism and consequently lead to a broad
spectrum of side effects. Repeat-specific DNA cleavage was also
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demonstrated to induce repeat contractions.”* Another pos-
sible approach is gene targeting by homologous recombination to
replace expanded repeats with a shorter tract. This approach was
recently used to correct Huntington’s disease iPSCs'®; however, its
application to hyperexpanded repeat sequences spanning several
thousands of base pairs has not been demonstrated.

Recent advances in genome editing technologies, especially
the development of engineered nucleases, including zinc finger
nucleases (ZFNs), transcription activator-like effector nucleases,
and clustered regularly interspaced short palindromic repeats-
associated Cas9 nucleases, enable precise targeting of genome
defects including deletions, insertions, and even individual point
mutations.” The combined binding specificity and cleavage accu-
racy make these engineered nucleases highly effective molecular
tools that can be used to correct a plethora of genetic defects.
In this study, we took a ZFN-mediated approach to excise the
expanded GAA repeat region from the FXN gene in FRDA patient
cells and restored expression of frataxin. The expanded tandem
repeat sequences were edited via simultaneous cleavage by two
ZFNs separated by several thousands of base pairs. Excision of the
expanded GAAs from FXN resulted in a significant increase of
frataxin expression in FRDA patient-derived lymphoblasts, fibro-
blasts, and iPSCs, along with a correction of the FRDA phenotype
in iPSC-derived neuronal cells.

© The American Society of Gene & Cell Therapy

RESULTS

Design of ZFNs that target sequences flanking the
GAA tract

Intron 1 of the FXN gene spans ~10.4 kbp with the GAA repeats
located proximal to exon 1, 1339bp from the exon 1/intron 1
junction (Figure 1a). A very high abundance of interspersed
repeat elements’ upstream and downstream of the repeats* pre-
cluded the design of specific ZFNs in the sequences immediately
flanking the GAAs. Therefore, the ZFN cleavage site upstream of
the GAA tract (UP-ZEN) is located 334 bp from the first GAA
repeat and the ZFN cleavage sequence downstream of the repeats
(DN-ZEN) is located 896bp from the end of the GAA tract
(Figure 1a and Supplementary Figure S1). To determine the
feasibility of our approach, we conducted proof-of-principle ZFN
analyses in K562 cells, a cell line amenable to genome editing.”
In vitro transcribed RNAs encoding the ZFNs (ZFN mRNA) were
transfected into K562 cells, and the cleavage efficiency, as mea-
sured using the CEL I assay,” was determined to be 4.3-11.7%
for UP-ZFN and 20.6-26.8% for DN-ZFN (Supplementary
Figure S2). Simultaneous double cleavage by UP-ZEN and
DN-ZEN resulted in the excision of 1,230bp + 31 bp (n desig-
nates number of repeats). After transfection of K562 cells harbor-
ing a nonexpanded GAA tract, both ZFN-edited (shorter) and
non-GAA edited (longer) alleles were readily detected by PCR
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Figure 1 ZFN targeting of intronic GAA repeats in the FXN gene. (a) Diagram of the FXN gene ZFN editing strategy. Exact location of the UP- and
DN-ZFNs is shown relative to the proximal and distal end of the GAA repeat region. Approximate locations of the PCR primers (UP-F/R and DN-F/R)
used to amplify ZFN targeted region are indicated. Exact locations and sequences of the primers and ZFNs are shown in Supplementary Figure
$1. (b) Simultaneous cleavage by UP- and DN-ZFNs. K562 cells were cotransfected with UP/DN-ZFN mRNAs. In K562 cells harboring the short GAA
tract, editing of intron 1 of the FXN gene leads to the release of ~1.2 kbp fragment. Deletion can be detected by PCR using UP-F and DN-R primers.
Amplification of the non-GAA edited allele results in a 1.6-kbp fragment (lane C) while amplification of ZFN-edited DNA results in a 0.4-kbp fragment
(lane UP-ZFN, DN-ZFN). L—Hyperladder | (BioLine). (c) Schematic illustrating ZFN-mediated editing of the FXN locus.
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in the total population as early as 48 hours post-transfection
(Figure 1b,c). The term “non-GAA edited” designates cells that
were transfected by ZFNs; however, no sequence editing of the
GAA region was detected DNA sequencing analyses of the UP-
and DN-ZFN cleavage sites. Localization of UP- and DN-ZFN
recognition sites as well as PCR primers used in the cleavage
analyses are depicted in Supplementary Figure S1.

Nucleases were transfected as in vitro transcribed RNAs in
order to decrease the possibility of off-target effects by reducing
the level and persistence of ZFN expression in cells. In addition,
the CompZr ZFNs (Sigma-Aldrich, St Louis, MO) used in our
study contain Fokl cleavage domains (termed ELD and KKR)
that act as obligate heterodimers (Supplementary Figure S2).
This approach has been shown to significantly reduce off-target
cleavage.”’” To further determine potential toxic effects of the UP/
DN-ZEN pairs, we gauged the functional toxicity of UP- and
DN-ZEN transfection and expression in FRDA fibroblasts using
YH2AX immunostaining as a marker of DNA damage. The num-
ber of YH2AX foci was assessed in untransfected cells, mock
transfected fibroblasts, cells treated with hydrogen peroxide, as
well as cells transfected with GFP encoding plasmid, and GFP
mRNA. A plasmid expressing the DFFB nuclease, which induces
DNA fragmentation during apoptosis,”® was also used as a posi-
tive control. Transfection of the UP/DN-ZFN mRNAs did not
lead to widespread double-strand DNA break formation typical
for nonspecific DNA damage inducers. Instead, expression of
the ZFN mRNAs resulted in an increased number of cells con-
taining fewer than 5 YH2AX foci per nucleus (Supplementary
Figure $3). Similarly, transfection with UP/DN-ZFN mRNAs
did not result in significant toxicity as demonstrated by an
XTT viability assay when compared with untransfected or
mock-transfected fibroblasts (Supplementary Figure S3).

We also sought to determine specific off-target changes
induced by the ZFNs. The initial, stringent CompZr ZFN design
requires a minimum difference of two mismatches between
the intended target site and any other locus in the genome per
each arm of the nuclease (four mismatches per ZFN). In addi-
tion, we conducted in silico analyses of potential off-targets using
three different computer algorithms: the ZFN-Site,” Prognos,*
and Sigma-Aldrich algorithm (Supplementary Materials and
Methods). No potential off-targets with less than six mismatches
per ZFN were identified using any of the algorithms. The Sigma-
Aldrich algorithm identified 22 potential off-target cleavage sites
harboring six mismatches. Only 10 of the 22 loci were located in
the vicinity of a gene or an annotated transcript (Supplementary
Figure S4). We analyzed these 10 potential off-target locations in
fibroblast cells using the CEL I assay (Supplementary Figure S5;
Supplementary Materials and Methods). No bona fide oft-tar-
gets of the UP/DN-ZFNs were identified among the 10 in silico
predicted sites (Supplementary Figure S5).

Intronic sequences surrounding the GAA repeat

tract do not affect expression of the FXN gene

in K562 cells

To determine whether excision of the short, nonpathogenic
GAA repeats together with 1230bp of flanking sequences of
intron 1 affect expression of the FXN gene, we established 128
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single-cell derived clonal lines from K562 cells transfected with
UP/DN-ZFNs. K562 cells can be efficiently edited by ZFNs and
were previously used to define regulatory elements of FXN expres-
sion.”! Six representative clones were genotyped using PCR and
amplification of the 1.6 kbp band indicated the presence of the
non-GAA edited allele (Figure 2a, lanes 1, 2, 3, 4, and 6), whereas
the presence of a ~400 bp band demonstrated excision of the short
GAA tract together with flanking sequences (Figure 2a, lanes
3-6). Among 128 clones analyzed, eight clones (6.3%) were found
to be heterozygous for the corrected allele (Figure 2a clones 3, 4,
and 6). In two cases (1.6%), we detected simultaneous editing of
both FXN alleles (Figure 2a, clone 5).

Next, we evaluated whether excision of the short GAA tract
changed the steady state levels of FXN mRNA and frataxin.
Quantitative RT-PCR of the mature FXN mRNA (primers located
in exons 3 and 4) and western blot analyses of cell lines hetero-
zygous or homozygous for editing of the FXN locus revealed no
differences in FXN gene expression compared to control cell lines
(Figure 2b,c). K562 cells transfected with UP/DN-ZFNs but non-
GAA edited, as determined by DNA sequencing of ZFNs target
sites, served as control. These results demonstrate that the short
GAA repeats and their flanking sequences, including the previ-
ously identified E-box,” can be removed from intron 1 without
unintended effects on FXN expression in K562 cells. Importantly,
all other currently known cis regulatory elements of FXN tran-
scription are located outside of the ZFN cleavage region.*"*

In a control experiment, we induced a deletion of ~3 kbp span-
ningalarge fragment of intron 1 and exon 1 of the FXN gene together
with a fragment of the 5’UTR and all transcription start sites, and
we detected a near 50% decrease in FXN mRNA and protein pro-
duction in K562 cells (data not shown). This result demonstrated
that in the event of ZFN editing of the GAA repeat region, removal
of critical expression regulators would be manifested by decreased
FXN expression and not compensated by the second allele.

Double-strand DNA breaks induced by ZFN cleavage are
predominantly repaired by nonhomologous end joining. This
mutation-prone pathway frequently involves a resection of the
DNA ends at the site of the break resulting in removal of addi-
tional DNA sequence beyond the ZFN cleavage site. To determine
the exact DNA sequence of the ZFN-edited alleles, we cloned the
targeted FXN region from four independent lines. Sequencing
revealed deletions extending up to 94 bp beyond the ZFN-induced
breaks (Supplementary Figure S6a).

Heterochromatin surrounding the expanded GAA
repeats does not interfere with ZFN cleavage
Numerous studies have demonstrated formation of a heterochro-
matin-like environment in the vicinity of expanded GAAs.*5%
Furthermore, it has been shown that accessibility of chromatin
may decrease efficiency or even inhibit ZFN cleavage.* In order to
determine ZFN cleavage efficiency in FRDA cells, we transfected the
UP-ZFN (located closer to the GAAs than DN-ZFN) into GM 15850
FRDA lymphoblasts (Coriell Institute for Medical Research,
Camden, NJ), which contain 630/860 GAA repeats and a well-char-
acterized heterochromatin signature at the FXN locus.** In parallel,
we transfected the UP-ZFN into GM15851 control cells containing
short GAA tracts and determined the efficiency of ZFN cleavage in
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Figure 2 ZFN-mediated excision of the GAA repeat region in K562 cells does not affect frataxin expression. (a) Analysis of six representative
clones derived from K562 cells cotransfected with UP/DN-ZFN mRNAs; N/N designates non-GAA edited clone (~1.6 kbp PCR product), N/E designates
heterozygous clones with one edited and one non-GAA edited allele (~1.6 and 0.4 kbp PCR products), and E/E indicates clones with both alleles edited
by ZFNs (0.4 kbp PCR product). (b) Results of qRT-PCR analysis of FXN expression. Heterozygous (samples 3, 4, and 6) or homozygous (sample 5) exci-
sion of the 1.2-kbp fragment of intron 1 of the FXN gene does not affect expression of FXN mRNA when compared with non-GAA edited cells (samples
1 and 2) or untransfected parental K562 cells (data not shown). Term “non-GAA edited” indicates cells that were nucleofected with UP- and DN-ZFN
mRNAs and clonally expanded, but no sequence editing of the GAA region occurred as determined by DNA sequencing analyses of ZFN cleavage
regions. Unless otherwise indicated, the non-GAA edited cells were used as controls in all experiments. (c) Editing of the FXN gene does not affect
frataxin protein levels in K562 cells as determined by western blot. The asterisk denotes the precursor form of frataxin. Quantitation of the western
blot (mature frataxin) is shown below. The results are reported as mean * SD of three or more experiments. See also Supplementary Figure S6a.

both cell lines using the CEL I assay. The heterochromatin environ-
ment had no significant effect on UP-ZFN cleavage (Figure 3a).
These data indicated that regardless of heterochromatin-like changes
in the region upstream of the expanded GAA repeats, the flanking
sequences are accessible to the ZFN and can be efficiently cleaved.

Excision of the expanded GAAs in FRDA lymphoblasts
and fibroblasts

To excise the expanded GAA tract and establish corrected FRDA
cell lines, we cotransfected UP-ZFN and DN-ZFN mRNAs into
FRDA cell lines GM15850 lymphoblasts and FRDA68 fibroblasts
(560/1400 GAA repeats). A fraction of transfected cells was seeded
on 96-well plates at an average density of ~0.5 cells per well 48-72
hours postnucleofection, and DNA from the remaining cells was
analyzed by PCR with UP-F and DN-R primers to detect the ZFN-
mediated excision. A 0.4-kbp product corresponding to the cor-
rected allele was identified in the population of transfected cells
(Figure 3b) as well as in single-cell derived clones (Figure 3c),
indicating successful editing of the expanded GAAs.

Thirty (7 in GM15850 line and 23 in FRDA68 line) success-
fully edited, single-cell derived clones were identified among
649 analyzed (305 from GM15850 and 344 FRDAG68). The large
difference between the editing efficiency of lymphoblasts when
compared with fibroblasts (2.3 versus 6.7%) is likely to be a conse-
quence of approximately threefold lower efficiency of transfection
of lymphoblasts when compared with fibroblasts.

In order to distinguish between homozygous and heterozy-
gous editing events, we conducted PCR with primers specifically
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designed to amplify pathologically expanded GAA tracts. Analysis
of the GAA repeat region was conducted using two PCR primer
sets which amplify products that differ in the length of the
sequences flanking the GAA repeats. PCR amplification using
primers located outside of the UP-ZFN and DN-ZFN target sites
(ZFN-External-F/R primers; Supplementary Figure S1) yields
products that represent both the non-GAA edited allele (~3-5
kbp depending on number of GAAs) and ZFN-edited allele (~0.2
kbp) (Figure 3d,e). Because of the inherent difficulties in ampli-
fying extremely long tracts of GAAs, the short 0.2-kbp product
can outcompete the long GAA repeat-containing fragment dur-
ing PCR (lane E2, Figure 3d). Therefore, a second set of nested
primers (ZFN-Internal-F/R primers; Supplementary Figure S1),
which hybridize inside the DNA region excised by ZFNs, was
used to selectively amplify only the non-GAA edited allele
(Figure 3d,e, lanes indicated by apostrophe). Amplification using
primers spanning the longer flanking region revealed a short 0.2-
kbp product specific for the edited alleles (indicated by arrow-
head in Figure 3d,e) and a second, GAA repeat containing allele.
Unlike in the K562 cells, only heterozygous ZFN corrections were
identified. In some cases, clonal selection of the edited cells was
incomplete and the DNA band from the corrected allele can be
detected on the gel together with both expanded alleles (Figure
3e, lane E1), indicating that the population consists of edited cells
and non-GAA edited, parental cells.

Removal of the expanded GAA repeats together with pre-
dicted flanking sequences was confirmed by DNA sequencing of
selected clones. Resection of the DNA ends spanning up to 55bp

www.moleculartherapy.org vol. 23 no. 6 jun. 2015
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Figure 3 Genetic correction of expanded GAA repeats in FRDA lymphoblasts and fibroblasts. (a) CEL | analysis to determine the efficiency
of UP-ZFN cleavage in the heterochromatin region in cells harboring expanded GAAs; FRDA lymphoblasts (GM15850), control lymphoblasts
(GM15851); arrowheads indicate expected cleavage products. Quantitative analysis of UP-ZFN activity in FRDA and control lymphoblasts is shown
below. WL designates Wide Range DNA marker (Sigma), L—Hyperladder I. (b) Detection of the ZFN-edited alleles in the population of FRDA68
fibroblasts 48 hours post-transfection with UP- and DN-ZFNs (ZFN lane). K562 clone 5 (Figure 2a) was used as a positive control (lane +), whereas a
PCR reaction with no template served as a negative control (lane -). (c) Detection of ZFN-edited clones from FRDA lymphoblasts by PCR with UP-F/R
primers. Asterisks indicate positive, ZFN-edited clones; C+ positive control (K562 clone 5, Figure 2a), C-negative PCR control. (d) Analysis of the GAA
repeat region in two ZFN-edited (E1 and E2) and non-GAA edited clone (P) derived from FRDA lymphoblasts using two PCR primer sets: ZFN-Ext F/R
(lanes E1, E2, P) and ZFN-Int (lanes E1’, E2, and P") which produce amplicons that differ in the length of the sequences flanking the GAA repeats. The
location of all primers relative to the GAA repeats and ZFN cleavage sites is depicted in Supplementary Figure S1. (e) Analysis of the GAA repeat
region in identified ZFN-edited and non-GAA edited clones derived from FRDA68 fibroblasts. Clones P, E1, E2, E3, and E4 were analyzed using ZFN-
Ext primers; clones P’, E17, E2, E3’, and E4” were amplified with ZFN-Int primers. The short, ~0.2 kbp DNA fragment resulting from ZFN-mediated
genetic correction of one of the alleles is indicated by an arrowhead. In some cases, because of the inherent difficulties of amplifying extremely long
tracts of GAAs, a long exposure of the gel is required to visualize GAA amplification products (lane E1’). See also Supplementary Figure S6b,c.

as a result of nonhomologous end joining repair of double-strand
DNA breaks was also observed (Supplementary Figure S6b,c).

Correction of FRDA cells alleviates the molecular
consequences of GAA expansion

To assess whether heterozygous correction of the FRDA cells affects
FXN expression, we measured levels of FXN mRNA and protein in
the ZFN-edited cells lines. Importantly, excision of the expanded

Molecular Therapy vol. 23 no. 6 jun. 2015

GAA repeats in both GM15850 lymphoblasts and FRDA68 fibro-
blasts increased expression of FXN mRNA (Figure 4a,b) and
protein (Figure 4d,e) ~2.5-4.5-fold when compared with the non-
GAA edited parental cells. GM15850 and FRDA68 cells transfected
with UP/DN-ZFNs, but non-GAA edited, served as controls.

To determine the potential role of the E-box motif on FXN
expression in FRDA fibroblasts, we generated a FRDA68 fibroblast
cellline that retained the E-box motif but lacked one of the expanded

1059



. . . . . © The American Society of Gene & Cell Thera
Correction of Expanded GAAs in Friedreich’s Ataxia Y w

a FRDA lymphoblasts b FRDA fibroblasts c FRDA fibroblasts
6.0 6.0 0.12 *
5.0 ] 1 ** N
.0 5.0 - |
. T g ofo
. I -] g. -
T _ 40 © 4.0 5 0.08 +
> — N o .
g3 T 8% " 2
Z s 5 T o T
TS 30 5 30 b < 0.06
e} Eo el
2L 1 z8 . e i
n g 3
2.0 2.0 T 0.04
3
_ _ M _
2
1.0 1.0 0.02 +
P U E1 E2 P U E1 E2 E3 E4 P E2
d FRDA lymphoblasts
P E1 E2 P U 5.0
- *%k
i —17kD S 404
/ 25 i
[OaNe)]
S M s O-frataxin —— — §' S 3.0 *
OS] -
<
, %8 297
ge ]
w -
S — — -GAPDH D D 10
P u E1  E2
e FRDA fibroblasts f FRDA lymphoblasts
P E1 E2 E3 E4 1
— 17 kD
T A e -
S s — — G O-frataxin
- e e weme wsse 0-GAPDH
5.0 4 xx

Relative mRNA expression (fold change)

Frataxin expression
(fold change)
1

Kk *k
*
2.0
1.0 1
P E1 E2 E3 E4

Figure 4 Excision of the GAA tract increases frataxin expression and corrects the molecular phenotype of FRDA cells. (a) Determination of FXN
mMRNA expression using qRT-PCR in the ZFN-edited FRDA lymphoblast clones (E1 and E2) relative to the non-GAA edited control (P) and untrans-
fected control (U). (b) Determination of FXN mRNA expression using qRT-PCR in the ZFN-edited FRDA fibroblast clones (E1-E4) relative to the non-
GAA edited control (P) and untransfected control (U). (¢) Chromatin immunoprecipitation with an antibody specific to acetylated lysines 9 and 14
on histone H3 (H3K9K14ac) in ZFN-corrected FRDA fibroblast clone E4 and non-GAA edited FRDA fibroblasts (P). (d) Analysis of frataxin expression
in ZFN-edited FRDA lymphoblast clones E1 and E2 as determined by western blot. P designates non-GAA edited FRDA lymphoblasts; U designates
untransfected FRDA lymphoblasts. Quantitative analysis of frataxin expression is shown in the graph. (e) Analysis of frataxin expression by western
blot in the ZFN-corrected FRDA fibroblast clones (E1-E4) relative to the non-GAA edited control (P). Quantitation of the western blot is shown below.
(f) The effect of ZFN correction on the FRDA signature of lymphoblast cells. A set of FRDA expression biomarkers®” was analyzed by qRT-PCR. The
expression of the selected MRNAs was normalized to the non-GAA edited FRDA lymphoblasts. The mRNAs known to be underexpressed in FRDA lym-
phocytes are indicated as black bars while the overexpressed are shown as red bars.?” Editing of the expanded FXN allele reverses the changes related
to frataxin deficiency in six biomarkers (blue bars), does not affect the expression of three mRNAs (gray bars), and has an inverse effect on expression
of a single mRNA (white bar). The designations * and ** indicate statistically significant differences with P-values <0.05 and <0.01, respectively. The
error bars represent SD of three or more experiments.
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GAAs. Importantly, expression analyses demonstrated similar FXN Although consistently increased in each of the edited clones,
mRNA levels in cell lines lacking the expanded GAA tractirrespec-  we detected variability in the level of FXN expression between
tive of the presence of the E-box motif (data not shown). the corrected clones (Figure 4a,b,d,e). A strong correlation exists
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Figure 5 Genetic correction of the GAA expansion ameliorates phenotypic defects in iPSC-derived neuronal cells. (a) Schematic illustrating
the protocol used to obtain neurons from FRDA fibroblast cells. The arrowheads designate neural rosettes. (b) Analysis of the size of the GAA repeat
tract in iPSC-derived neuronal cells using GAA-Int and GAA-Ext PCR primers as described in the legend to Figure 3. The multiple bands visible on
the agarose gel result from instability of the GAA repeats during the processes of iPSC reprogramming and differentiation to neuronal cells.®*3 Pn1
and Pn2 represent neuronal cells obtained from non-GAA edited iPSCs; En1 and En2 represent neuronal cells obtained from ZFN-edited iPSCs. The
~0.2 kbp DNA fragment resulting from ZFN-mediated genetic correction is indicated by an arrowhead. (¢) FXN mRNA expression was determined
using gRT-PCR in the corrected neurons (En1 and En2) and noncorrected neurons (Pn1 and Pn2). The data was normalized to the expression of Pn1.
(d) Western blot analysis of frataxin levels in Pn1, Pn2, En1, and En2 neurons. (e) Analysis of the aconitase activity in the Pn1, Pn2, En1, and En2
neurons. (f) Intracellular levels of ATP were measured in En1 and En2 neurons and Pn1 and Pn2 neurons. The error bars represent SD of three or more
experiments. See also Supplementary Figures S7 and $8.
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between the GAA repeat number and FXN expression®; there-
fore, the magnitude of increase of FXN expression depends on the
number of GAAs in the remaining noncorrected allele. Hence,
editing the shorter repeat expansion (e.g., 560 GAAs in FRDA68
fibroblasts) resulted in a smaller increase of FXN expression when
compared with the excision of the longer GAA tract (e.g., 1400
GAAs in FRDAG68; compare lanes E2 and E3 with E4 in Figure 3e
with quantitation in Figure 4b,e).

As the expansion of the GAA repeats in FRDA is associ-
ated with epigenetic silencing, predominantly with changes in
H3K9ac/me in the vicinity of the GAA repeats,*”* the removal
of expanded repeats even from a single allele should result in par-
tial correction of this epigenetic alteration. To test this, we used
chromatin immunoprecipitation to assess histone modifications
in the region upstream of the UP-ZFN cleavage site. A significant
increase of H3K9ac and Kl4ac was detected in corrected fibro-
blast cells (clone E4), which express the highest levels of frataxin,
relative to the non-GAA edited controls (Figure 4c), indicating
rescue of the epigenetic defect induced by expanded GAAs.

Next, we tested whether higher frataxin expression in the
corrected lymphoblasts influenced the recently identified lym-
phocyte-specific FRDA biomarker signature.” Using two edited
clones, we determined that expression of 6 out of the 10 gene
expression biomarkers was rescued by removal of the GAA
expansion (Figure 4f). No significant changes in mRNA expres-
sion were observed for three biomarkers while the expression of
only one biomarker was inversely affected by FXN correction.
Overall, ZFN-mediated editing of the GAA repeat region had a
similar effect on expression of FRDA biomarkers to the treatment
of FRDA lymphocytes by histone deacetylase inhibitor 106, which
transiently increases FXN expression.”” Thus, correction of the
GAA expansion not only increased frataxin expression in FRDA
cells, but also improved the molecular phenotype of the disease.

Generation and characterization of ZFN-corrected
FRDA iPSCs and neuronal cells

Both the ZFN-edited FRDA fibroblasts and lymphoblasts demon-
strated a correction of the molecular FRDA phenotype as shown
by increased FXN expression and rescue of several FRDA bio-
markers. In order to determine whether excision of the expanded
GAA tract and increased FXN expression will translate to an
improved physiological phenotype in cells directly relevant to the
pathogenesis of FRDA, we reprogrammed ZFN-corrected and
non-GAA edited fibroblast lines to iPSCs and subsequently dif-
ferentiated them to neuronal cells (Figure 5a).

We employed retroviral transduction of Oct3/4, Sox2, Klf4,
and c-Myc transcription factors to derive four iPSC lines: two
ZFN-corrected (iPS_Fil, iPS_Ei2) and two parental lines
(iPS_Pil, iPS_Pi2). All lines were characterized in detail for
the expression of pluripotency markers and karyotype status
(Supplementary Figure S7a-d). In addition, the pluripotency
status of all iPSC lines was evaluated using a qRT-PCR ScoreCard
panel of 93 markers of pluripotency, mesodermal, ectoder-
mal, and endodermal differentiation (Supplementary Figure
S7e). Finally, the capacity of the iPSC cell lines to differenti-
ate into all three germ layers was assessed by immunostaining
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embryoid bodies with Tuj1, Sox17, and ASMA specific antibod-
ies (Supplementary Figure S8a).

Next, we differentiated the non-GAA edited, parental, and
edited iPSC lines into neuronal cells (Figure 5b, Pnl, Pn2 and
Enl, En2, respectively). Tujl-positive cells exhibited neuro-
nal morphology and expressed high levels of several markers of
mature neuronal cells (Supplementary Figure S8b). Importantly,
GAA-corrected neurons expressed approximately threefold
higher level of frataxin mRNA and protein when compared with
non-GAA edited neurons (Figure 5c,d). As expected, based on
the results of previous studies,**® no overt phenotypic differences
in proliferation or morphology were observed between parental
and ZFN-corrected iPSCs or neuronal cells.

Correction of GAA expansion increases aconitase
activity and ATP levels in neuronal cells

FRDA patient tissues and cell lines exhibit impaired activities of
several Fe-S containing enzymes, such as aconitase and mito-
chondrial respiratory chain complexes,”* as well as lower ATP
levels that can be rescued by increased expression of frataxin.*!
To determine whether the increase of frataxin expression in the
edited cells affects these pathophysiological hallmarks of FRDA
cells, we measured aconitase activity and the level of ATP in the
corrected and non-GAA edited neurons.

Neuronal cells demonstrated ~30% increase in aconitase
activity in two corrected lines when compared with the parental,
non-GAA edited neurons (Figure 5e). Similarly, the total cellu-
lar ATP content of the ZFN-corrected neurons was ~25% higher
than in the non-GAA edited neurons, indicating improved
cell viability of the cells expressing a higher level of frataxin
(Figure 5f). Overall, these data demonstrate that excision of one
copy of the expanded GAAs in FRDA cells and subsequent gen-
eration of neuronal cells results in correction of the molecular
phenotype of FRDA.

DISCUSSION

Recent advances in reprogramming of somatic cells into pluripo-
tent cells, their differentiation to various cell types, and especially
the progress made in genome editing using sequence specific
nucleases have introduced opportunities to develop new disease
models and to test novel approaches of regenerative therapy. FRDA
is an ideal target for such therapeutic strategies for the follow-
ing reasons: (i) GAA repeat expansion is the most predominant
genetic defect leading to FRDA, (ii) all patients carry expanded
repeats on at least one allele, and (iii) the repeats are located in the
first intron of the gene, the FXN coding sequence is unchanged
and can be translated into functional frataxin. Furthermore, data
from asymptomatic carriers indicate that correction of a single
allele in patients’ cells would be curative.?

In this study, we demonstrated that simultaneous cleavage
using two ZFNs, with recognition sites located upstream and
downstream of the expanded GAA repeat tract, corrects the
genetic defect of FRDA cells. Editing of the intronic sequence
has no effect on expression of the FXN gene in K562 cells harbor-
ing short repeats, but significantly increases frataxin mRNA and
protein expression in FRDA patient cells. Furthermore, creating
cell lines heterozygous for the GAA expansion (an equivalent of
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asymptomatic carrier cells) via correction of one expanded allele
reverses the FRDA molecular signature in FRDA lymphoblast cells
and epigenetic defects in FRDA fibroblasts. Most significantly, this
targeted editing strategy results in increased aconitase activity and
ATP levels in the corrected FRDA iPSC-derived neurons when
compared with their non-GAA edited counterparts.

Here, we demonstrated that in spite of heterochromatin forma-
tion in the direct vicinity of the expanded GAA tracts, sequences
surrounding the repeats could be efficiently cleaved by our ZFNs.
Perhaps chromatin remodeling associated with cell-cycle and rep-
lication renders repeat-proximal sequences temporarily accessible
to the ZFNs. In addition, as much as 20-30% of FXN mRNA can
be detected in patient cells relative to unaffected control cells,*
rather indicating a partially repressive chromatin status within the
FXN locus.

Given that intronic sequences harbor regulatory elements con-
trolling gene expression, a potential caveat of this work was the
excision of a significant portion of FXN intron 1 (1.2 kbp). The vast
majority of identified cis elements controlling FXN expression were
discovered using plasmid reporters carrying sequences in the vicin-
ity of exon 1, more than 1 kbp upstream of the UP-ZFN cleavage
site.’*? However, analyses conducted using a luciferase reporter in
mouse C2C12 cells indicated ~50% drop in transcriptional activity
after deletion of an E-box motiflocated between the GAA tract and
the UP-ZEN cleavage site.” Our data showed that excision of this
previously identified E-box motif did not influence FXN expres-
sion in K562 cells harboring short GAAs. Cell-type specificity as
well as the endogenous chromatin environment, as opposed to epi-
somal reporters, may contribute to the observed differences in the
putative regulatory role of the E-box motif and further emphasizes
the importance of retaining the natural chromosomal context in
studies defining transcription control elements.

In cases of diseases caused by insufficient expression of a
particular gene, the most logical intervention strategy is the sup-
plementation of the deficient protein. This approach has been suc-
cessfully employed to correct the cardiac phenotype in an FRDA
mouse model (Mck-Cre-Fxn¥"), which lacks frataxin expression
in cardiac and skeletal muscle.** However, sustained expression of
exogenous frataxin may potentially induce toxic effects, especially
if the protein is expressed at higher than physiological levels. In
addition, molecular consequences of the GAA repeat expansion
that are not directly linked to frataxin deficiency, but rather to the
expanded repeats themselves, have been reported.* These phe-
notypic changes would not be remedied by ectopic expression of
the FXN gene. Moreover, chemical reactivation of transcription of
the FXN gene with HDAC inhibitors or other chromatin targeting
drugs can partially rescue frataxin deficiency; however, the long-
term consequences of elevated levels of transcripts containing
expanded GAAs are unknown. Increased expression of the FXN
pre-mRNA could potentially lead to the accumulation of toxic
RNAs or synthesis of toxic proteins via a repeat-associated non-
ATG translation mechanism.* Increased transcription through
the expanded GAAs could also result in augmented somatic
expansions of the repeat sequence.® All of these potential side
effects can be circumvented by excision of the pathologic repeat
sequences using the specific genome editing approach presented
in this work.
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Neurons derived from FRDA iPSCs do not demonstrate a
strong phenotype. Decreased mitochondrial membrane potential
and changes in spontaneous and evoked action potentials were
recently reported in iPSC-derived FRDA neurons when compared
with unaffected controls.*® However, the small number of samples
studied as well as inherent variability between patient and con-
trol cells can additionally obscure the relatively mild phenotype
of the FRDA neurons. The establishment of non-GAA edited
FRDA patient cells and their ZFN-corrected heterozygous coun-
terparts allowed us to detect not only a significant increase in FXN
expression and correction of the FRDA biomarker signature, but
also increased aconitase activity and ATP levels. Up to a 40% dif-
ference in aconitase activity has been reported between neuro-
nal cells derived from a FRDA transgenic and control mouse.*
Considering that ZFN-edited neuronal cells are equivalent to
the heterozygous FRDA mutation carriers, a ~30% increase is in
agreement with a partial rescue of frataxin deficiency. It is likely
that correction of the GAA expansion of both alleles would be
necessary for a complete reversal of the mitochondrial pheno-
type. As FRDA affects a specific subset of neuronal cells, primarily
large sensory and dentate nuclei neurons,’ efficient differentiation
of patient-derived iPSCs into these cell types may be required to
uncover the robust functional phenotype of the disease. Moreover,
FRDA is a slowly progressing disease; thus extended culturing
conditions or an additional stimulus may be required to accentu-
ate the phenotype.

FRDA is a multisystem disorder and frataxin deficiency affects
several organs.! Besides the nervous system, silencing of FXN
expression leads to dysfunction of pancreatic beta cells resulting
in glucose intolerance and frequently diabetes." More importantly,
frataxin deficiency results in cardiomyopathy, the major cause of
death in FRDA patients.”” Therefore, correction of iPSCs opens
the possibility of a regenerative intervention that may counter-
act the debilitating consequences of frataxin insufficiency in tis-
sues other than the nervous system. Severity and progression
of FRDA correlate with the number of GAA repeats and FXN
expression,* indicating that even a small increase of frataxin lev-
els will have a beneficial effect. It is also likely that partial replace-
ment of the mutated cells with corrected cells will be sufficient to
improve functions of affected organ/tissues and postpone disease
progression.

Frataxin expression is variable among FRDA patients and
among unaffected individuals, with mRNA levels spanning a four-
fold range or twofold range, respectively (Li et al., unpublished
data). Considering these differences in frataxin expression, the
impact of an allelic correction in FRDA cells will vary and may
depend on which allele is edited. For example, the extent of pheno-
type improvement will likely be different when correcting an allele
containing long GAAs in FRDA cells expressing relatively high lev-
els of frataxin when compared with the correction of the shorter
of the two expanded alleles in FRDA cells with very low frataxin
expression.

Furthermore, at least 12 other human diseases are caused by
expansion of repeat sequences located in noncoding regions of the
particular causal genes, including fragile X syndrome, myotonic
dystrophies type 1 and 2, and amyotrophic lateral sclerosis.*® Results
of our work provide a proof-of-principle for similar therapeutic
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strategies aimed towards other expansion disorders. In addition,
an important aspect of our study was creating new, disease-specific
in vitro models. ZFN-corrected and non-GAA edited FRDA cell
lines may serve as closely matched pairs resembling control-patient
counterparts in studies of disease mechanism or as a platform for
drug screening and discovery.'® Although the use of ZFNs requires
challenging analysis of the individual clones, recent improvements
in the development of more robust editing strategies supported by
rigorous safety studies may allow for much more efficient correc-
tion of repeat expansions, and perhaps even in vivo use of the edit-
ing nucleases without a need for ex vivo culturing, expansion, and
reprogramming of patient cells.”” This emphasizes the importance
of proof-of-concept in vitro studies to develop tools and standards
that can subsequently translate to in vivo therapeutic approaches.
The development and validation of highly specific engineered
nucleases may also advance other approaches aimed to reactivate
FXN expression, such us precise, locus specific delivery of gene
expression activators, and DNA or chromatin modifying enzymes.*

MATERIALS AND METHODS

Excision of the GAA repeat region using custom ZFNs. Editing of intron
1 of the FXN gene was conducted in K562, GM15850, and FRDA68 cells
using custom UP-ZFN and DN-ZFN ZFNs as described in the Results sec-
tion. Cell line specific nucleofection protocols were used to deliver ZFN
mRNAs into the cells. The detailed ZFN editing protocol including deter-
mination of ZFN off-targets and toxicity are described in Supplementary
Materials and Methods section.

Reprogramming of fibroblasts to iPS cells. Human iPS cells were
obtained from non-GAA edited and ZFN-edited fibroblasts using retrovi-
ral transduction of Oct3/4, Sox2, Klf-4, and c-Myc transcription factors as
described earlier.*”' Characterization of the iPSC lines is described in the
Supplementary Materials and Methods section.

Neuronal differentiation of iPSCs. Neuronal differentiation was conducted
using AggreWell 800 plates (Stem Cell Technologies, Vancouver, British
Columbia; cat. 27865) according to the manufacturer’s protocol. The iPSCs
were cultured for ~5 days followed by accutase treatment to obtain single
cell suspensions. Approximately 3 x 10° cells were plated per each well of the
AggreWell plate in STEMdiff medium supplemented with 10 yumol/l ROCK
inhibitor Y27632. After 24 hours, two-thirds of the medium was replaced
with fresh STEMdiff medium without Y27632. Aggregates were cultured for
5 days with daily media changes, then harvested, and plated onto poly-L-
ornithine (Sigma, cat. P4957) and laminin-coated plates (Life Technologies,
Carlsbad, CA; cat. 23017-015). After 5-7 days, distinct neural rosettes were
separated from progenitor cells using STEMdiff Neural Rosette Selection
Reagent (Stem Cell Technologies, cat. 05832), transferred to low attachment
plates, and cultured in Neurobasal A medium (Invitrogen, Carlsbad, CA; cat.
10888-022) supplemented with N-2 Supplement (Invitrogen, cat. 17502048),
B27 Supplement (Invitrogen, cat. 17504), insulin-transferin-selenium-A
supplement (Invitrogen, cat. 51300), 20 ng/ml of basic fibroblast growth fac-
tor (bFGF) and 20 ng/ml of epidermal growth factor (EGF) (R&D Systems,
Minneapolis, MN; cat. 236-EG). Neurospheres were cultured as described in
ref. *> and terminal neuronal differentiation was conducted as described in
ref. 38. In brief, neurospheres were treated with accutase to obtain a single-
cell suspension and plated on poly-D-lysine (Sigma, cat. P0899) and lam-
inin-coated plates in Neurobasal A media without bFGF and EGF. To induce
neuronal differentiation, 100 ng/ml of recombinant human neurotrophin 3
(Peprotech, Rocky Hill, NJ; cat. 450-03) and 100 ng/ml recombinant human
brain-derived neurotrophic factor (Peprotech, cat. 450-02) were added to the
medium. Unless otherwise indicated, cells were cultured for 2-4 weeks and
half of the media volume was replaced with a fresh media every 2-3 days.
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Determination of cellular ATP levels and aconitase activity. Neuronal
cells were plated on poly-D-lysine and laminin-coated white 96-well
plates at a density of 1-5x 10* cells per well and cultured for 3-4 weeks in
neurobasal A medium supplemented with N-2, B27, and ITS as described
earlier. Cells were counted prior to the analyses and the total intracellular
level of ATP was measured using a Luminescence ATP Detection Assay
Kit (Abcam, Cambridge, MA; cat. 113849) and Synergy2 plate reader
(BioTek, Winooski, VT).

Aconitase activity was determined in neuronal cell lysates as described
in* using the Aconitase Assay Kit (Cayman Chemical Company, Ann
Arbor, MI; cat. 705502). Reactions were incubated at 37°C for 15 minutes,
followed by absorbance measurements every minute for 25 minutes at
340nm to determine the reaction rate and to calculate aconitase activity.
Ten micrograms of neuronal cell extract was used to normalize the
aconitase activity to citrate synthase activity using a Citrate Synthase Assay
Kit (Sigma, cat. CS0720) according to the manufacturer’s instructions.

Statistical analyses. Statistical analyses were conducted using GraphPad
Prism 6. Statistical significance was determined by performing paired two-
tailed Student’s ¢-test and P < 0.05 was considered significant.

SUPPLEMENTARY MATERIAL

Figure S1. Sequence of an FXN intron 1 fragment based on NCBI
reference sequence: NG_008845.2.

Figure S2. Characterization of UP-and DN-ZFNs.

Figure $3. Toxicity of UP- and DN-ZFNs.

Figure $4. In silico analysis of the potential off-target sites for UP- and
DN-ZFNs using Sigma-Aldrich algorithm.

Figure S5. CEL | analysis of in silico identified potential off-target sites.
Figure $6. DNA sequence analyses of the cell lines edited by UP-ZFN
and DN-ZFN.

Figure S7. Characterization of FRDA patient-derived iPS cells (clones
Pi1 and Pi2) and ZFN-edited FRDA patient-derived iPS cells (clones Eil
and Ei2).

Figure $8. Differentiation potential of the ZFN-edited and non-GAA
edited iPSC lines.

Supplementary Materials and Methods
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