Defining Transcription Regulatory Elements in the Human Frataxin
Gene: Implications for Gene Therapy
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Friedreich’s ataxia (FRDA) is the most common inherited form of ataxia in humans. It is caused by severe downregulation
of frataxin (FXN) expression instigated by hyperexpansion of the GAA repeats located in intron 1 of the FXN gene.
Despite numerous studies focused on identifying compounds capable of stimulating FXN expression, current knowledge
regarding cis-regulatory elements involved in FXN gene expression is lacking. Using a combination of episomal and
genome-integrated constructs, we defined a minimal endogenous promoter sequence required to efficiently drive FXN
expression in human cells. We generated 19 constructs varying in length of the DNA sequences upstream and downstream
of the ATG start codon. Using transient transfection, we evaluated the capability of these constructs to drive FXN
expression. These analyses allowed us to identify a region of the gene indispensable for FXN expression. Subsequently,
selected constructs containing the FXN expression control regions of varying lengths were site specifically integrated into
the genome of HEK293T and human-induced pluripotent stem cells (iPSCs). FXN expression was detected in iPSCs and
persisted after differentiation to neuronal and cardiac cells, indicating lineage independent function of defined regulatory
DNA sequences. Finally, based on these results, we generated AAV encoding miniFXN genes and demonstrated in vivo
FXN expression in mice. Results of these studies identified FXN sequences necessary to express FXN in human and mouse
cells and provided rationale for potential use of endogenous FXN sequence in gene therapy strategies for FRDA.

Keywords: Friedreich’s ataxia, transcription control, frataxin expression, gene therapy, endogenous promoter, induced
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INTRODUCTION

FrIEDREICH’S ATAXIA (FRDA, OMIM no. 229300; OR-
PHA:95) 1s an autosomal recessive inherited disease that
causes impairment to several systems and organs, including
but not limited to the peripheral and central nervous systems,
heart, and pancreas. 173 In the initial phases, FRDA manifests
in areflexia, poor coordination, gait disturbance followed by
speech impairment, skeletal abnormalities, frequently car-
diomyopathy, and diabetes. The disease is progressive,
leading to restricted mobility and significantly shortened life
expectancy. FRDA incidence is ~ 1:20,000-1:50,000 in the
population of Indo European and North African descendent,
with a carrier frequency of 1:60-1:100.*

The FXN gene, mutations of which are responsible for
this disease, was identified in 1996, along with expansion
of the trinucleotide repeat GAA representing the most
common mutation type leading to FRDA." Encompassing
typically hundreds of copies, these large expansions of the

GAA repeats cause severe transcriptional downregulation
of FXN expression.”® Importantly, the aberrantly ex-
panded GAA trinucleotide repeats are located in the first
intron of the gene, and thus, the coding sequence of fra-
taxin, protein product of the FXN gene, is unaffected by
the mutation. Because FRDA is a recessive disorder, both
FXN alleles carry a mutation. In ~96% of cases, it is a
homozygous GAA expansion. In the remaining 4% of
patients, a single allele containing the expanded GAAs is
accompanied by a second allele bearing a point muta-
tion,>"8

The FXN gene is located on chromosome 9q21.11 in
relative proximity to the centromere region and spans
~43 kbp. The pathogenic GAA repeats, likely evolved
from an ancient Alu element, are located ~ 1,500 bp from
the ATG translation start codon.”' Although numerous
studies point toward transcriptional initiation and/or
elongation being affected by the expanded triplets, current
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knowledge regarding transcription control of the FXN
locus in nonmutated alleles is limited.>''™'> All studies
reported thus far utilized episomal vectors containing the
luciferase gene under the control of putative FXN pro-
moter regions.lo’16 The “‘strength’ of the promoter and
importance of certain regions were defined relative to the
luciferase expression in constructs containing non-
modified fragments of the FXN gene. Therefore, the actual
activity of these exogenous constructs in relation to the
endogenous frataxin expression levels could not be de-
termined. The initial reporter studies indicated that critical
regions for FXN expression are located within a 1,255 bp
region upstream of the start codon.'® Subsequent studies,
also conducted using transfected episomal constructs, in-
dicated that a fragment of intron 1, including a putative
E-box motif located in the proximity of the GAA repeats,
was necessary for expression.'® In addition, roles for p53,
NRF2, SRF, and TFAP2 transcription factors on the ex-
pression of FXN gene were also demonstrated.' ' Taken
together, the results of these studies conducted with lu-
ciferase reporters indicated that the region required for
efficient FXN transcription may encompass a relatively
large fragment of the gene extending hundreds of base
pairs upstream and downstream of the ATG start codon.
However, the exact minimal promoter driving expression
of FXN in its genomic context has not been elucidated.
Frataxin is a small, evolutionary conserved protein pro-
duced as a 210 amino acid precursor and cleaved into the
mature 130 amino acid form upon import to the mito-
chondria.** Ubiquitously expressed FXN participates in the
biosynthesis of iron/sulfur clusters in the mitochondrial
matrix, and its complete knockout is early embryonic le-
thal.>> Downregulation of FXN expression in FRDA cells
results in progressive deterioration of intracellular homeo-
stasis, metabolic changes, and oxidative damage conse-
quently leading to cellular degeneration.>*** Rescue of
frataxin levels, via increase of transcription, protein stabi-
lization, or exogenous gene or protein supplementation,
represents a leading therapeutic strategy in FRDA.'>*
However, a growing number of reports indicate that an
uncontrolled increase of frataxin levels significantly
above physiological levels may lead to oxidative damage
and cell death, which are changes similar to FXN
downregulation.?®=° This suggests that a certain cellular
tolerance exists for fluctuations in FXN levels, but moving
out of a tolerable range (in any direction) may have detri-
mental consequences. Thus, defining the endogenous pro-
moter may facilitate proper regulation of FXN expression,
especially in light of current gene therapy efforts. In addition,
excision of the intronic expanded GAAs has been demon-
strated in proof-of-concept studies to be an efficient, perma-
nent correction of the genetic defect underlying FRDA.*'~?
Uncovering a potential regulatory element within intron 1
is of critical importance for judicial selection of cleavage
sites for designer nucleases targeting the expanded GAAs.

Herein, we conducted a systematic study of the FXN
promoter region via direct measurements of intracellular
frataxin levels. We focused on defining a minimal en-
dogenous FXN sequence capable of producing endoge-
nous or near-endogenous levels of the protein. We
conducted initial analyses using episomal vectors, fol-
lowed by testing functionality of the FXN promoter in the
genome of HEK293T cells, human-induced pluripotent
stem cells (iPSCs), and neuronal and cardiac cells derived
from iPSCs. Finally, we established a set of minimal fra-
taxin constructs that contain an essential upstream ATG
regulatory region with reduced intron 1 and remaining
FXN sequences that can be easily packaged into AAV
particles, suitable for evaluation as a gene therapy ap-
proach. We validated new AAV-packaged miniFXN
genes by intracerebroventricular (ICV) delivery to mice
and determined frataxin expression in tissues.

MATERIALS AND METHODS
Design and cloning of miniFXN
containing plasmids

All miniFXN constructs were derived from the longest
miniFXN 1 gene (Supplementary Fig. S1) and cloned into
the pCR4 vector (Invitrogen 45-0030). Progressive trun-
cation of intron 1 was achieved by Nsil/Kpnl (miniFXN
2), Nsil/PmlIl (miniFXN 3), Nsil/Agel (miniFXN 4), and
Nsil/BssHIT (miniFXN 5) digestion of the miniFXN 1
gene. A miniFXN 6 gene (lacking intron 1) was con-
structed by replacing the Clal/BspEl fragment of
miniFXN 1 (encompassing FXN exon l-exon 5) with a
fragment of the FXN cDNA lacking intronic sequence.

Plasmids miniFXN 7 and miniFXN 10 were obtained by
EcoRI/Pacl digestion of miniFXN 3 to generate constructs
with shorter 5” untranslated region (5'UTR) sequences.
Plasmids miniFXN 8 and miniFXN 11 were obtained
by EcoRI/Pacl digestion of the miniFXN 4, construct
miniFXN 12 was derived from miniFXN 5 by EcoRI/Pacl
digestion, and plasmid miniFXN 9 was obtained from
miniFXN 6 by EcoRI/Pacl digestion. Construct miniFXN
13 (lacking 5’"UTR) was obtained by cloning of the poly-
merase chain reaction (PCR) product generated with
primers Exonl_end_F (5 AGCAGCATGTGGACTCTC)
and Flagxho_R (5" GCTCTCGAGTCACTTATCGTCGT-
CATCCTTGTAATC), complementary to the 5’end of exon
1 and Flag tag sequence. Construct miniFXN 8 was used as
a PCR template. Plasmids miniFXN 14 and miniFXN 15
are derived from minFXN 7 and miniFXN 8 to introduce
Mlul (at the 5" end) and Xhol (at the 3" end) for subsequent
cloning into pAAV-minCMV-mCherry (Addgene no.
27970) for AAV generation. MiniFXN 16 was derived from
miniFXN 15 by Agel/BssHII digestion. Further shortening
of the 5’'UTR sequence in miniFXN 17, 18, and 19 was
achieved by fragment replacement mutagenesis. In all
constructs, sequences of frataxin and all regulatory ele-
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ments were verified by Sanger sequencing at Genewiz or
the UAB Heflin Center for Genomic Sciences.

HEK293T transfection and Western blot

HEK?293T cells were cultured in DMEM high-glucose
medium (Life Technologies 11965) supplemented with 10%
FBS (HyClone SH30396.03) at 37°C, 5% CO,. A day before
transfection, 1x 10e6 cells were seeded per well of six-well
plate. Up to 2.5 ug of plasmid DNA adjusted for the same
copy number of plasmids depending on total length of the
constructs was combined with 5 uL. of Lipofectamine 2000
(Invitrogen 2066194) in 200 pL of Opti-MEM (Life Tech-
nologies 31985-070) and added to the cells. After 48 h, cells
were harvested and proteins isolated and electrophoresed on
sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis, as described in Li et al.>*" Frataxin was detected using
an FXN-specific antibody (GeneTex, GTX 54036; 1:2,000)
and a secondary anti-rabbit peroxidase-linked antibody (GE
Healthcare; LNA934; 1:10,000).

Integration of miniFXN constructs
into AAVS1 safe harbor locus

Selected miniFXN genes 7, 8, 9, and 11 were cloned into
the EcoRV site of pZDonor-AAVS1 puromycin vector
(Sigma, PZD0020) in two opposite orientations relative to the
left and right homology arms (i.e., PPP12RIC transcription
direction; Fig. 3A). The miniFXN containing inserts were
excised by Zral/PshAl digestion. HEK293T cells were
transfected using Lipofectamine 2000 with 2 ug of pX330-
U6-Chimeric_BB-CBh-hSpCas9 (Addgene no. 42230)
encoding SpCas9 and expressing gRNA and 2ug of
pZDonor-AAVS1 puromycin containing miniFXN con-
structs. Two days after transfection, cells were split into fresh
wells of a 6-well plate and subjected to selection by 2 ug/mL
puromycin for 1 week. After subsequent passage, cells were
analyzed for proper integration using PCR (primers
AAVS1_Forward/Puro_Reverse; 5% CGGAACTCTGCCC
TCTAACG and 5 TGAGGAAGAGTTCTTGCAGCT) and
Western blot to determine frataxin expression.

The same vectors were used to integrate miniFXN 7
into the AAVSI locus in the FRDA iPSC line 4676. The
miniFXN 7 was integrated in the -cis orientation relative to
PPPI2RIC transcription. Transfection of iPSCs (3 x 10e5
cells) was performed using 4 ul. of the Lipofectamine
Stem Transfection Reagent (Thermo Fisher Scientific
STEMO00008), 4 ug of pX330-U6-Chimeric_BB-CBh-
hSpCas9, and 4 ug of pZDonor-AAVS1 puromycin vector
according to the manufacturer’s recommendations.

The transfection of vectors for integration delivers a
limited number of DNA molecules to each cell. Con-
sidering the relatively low efficiency of Cas9 cleavage,
single-integration events per cell are significantly more
likely than double, homozygous integration events. Prior
studies also indicated that homozygous AAVSI1 integra-
tion is rarely observed.**

Culturing iPSCs, neuronal and cardiac
differentiation

The iPSCs were cultured using mTeSR-1 (StemCell
Technologies) as we described.*” Cells were differentiated
into cardiomyocytes using the Gibco® PSC Cardiomyo-
cyte Differentiation Kit (Gibco, A2921201) according to
the manufacturer’s recommendations. Neuronal cells were
obtained via Ngn2 overexpression-mediated differentiation
according to Ref.* Plasmids FUW-TetO-Ng2-P2A-T2A-
puromycin and FUW-1tTA were obtained from Dr. Thomas
Sudhof’s laboratory.

AAYV packaging and HEK293T transduction

A triple-plasmid transfection protocol was used to pro-
duce recombinant AAV vectors. Briefly, the transfected
plasmids include a capsid-specific pXR helper plasmid (i.e.,
pXR9), the adenoviral helper plasmid pXX680, and either
AAV-miniFXN 8 or AAV-miniFXN 7 plasmid (encoding a
frataxin minigene driven by different endogenous promot-
ers), flanked by inverted terminal repeats (TRs) derived from
the AAV?2 genome. Vectors were purified from media su-
pernatant by PEG precipitation followed by iodixanol den-
sity gradient ultracentrifugation. Recombinant vectors were
subsequently subjected to buffer exchange, desalting using
ZebaSpin® columns (40,000 MWCO, Thermo Scientific,
catalog no. 87770), and concentrated using Pierce Protein
PES centrifugation columns (100,000 MWCO, Thermo
Scientific, catalog no. 88524). Following purification, vector
genome titers were determined via quantitative PCR using a
Roche LightCycler 480 (Roche Applied Sciences). Primers
were designed to specifically recognize the AAV?2 inverted
terminal repeats (forward, 5-AACATGCTACGCAGAG
AGGGAGTGG-3"; reverse, 5-CATGAGACAAGGAAC
CCCTAGTGATGGAG-3’). Transduction of HEK293T
cells was performed using 100,000 viral genomes (vg) per
cell in a six-well plate. Seventy-two h after transduction,
cells were harvested for Western blot analyses of frataxin
expression.

ICV injection of miniFXN-AAV into mice

All animal procedures were approved by the University
of Alabama at Birmingham Animal Care and Use Com-
mittee (protocol 21279) and in accordance with the NIH
Guide for Care and Use of Laboratory Animals. Bilateral
ICV injections were performed as previously described®
in C57BL/6 mouse pups on postnatal day O or 1. Briefly,
newborn C57BL/6 mice were cryoanesthetized and sub-
sequently placed on a cold plate. A Hamilton Neuros
Model 1701 RN 10 uL syringe with 33-gauge needle was
used to pierce the skull ~0.8—1 mm lateral from the sag-
ittal suture, halfway between the lambda and bregma to a
depth of ~3 mm. Three microliters of PBS or miniFXN
AAVO (at 2.6e9 vg/uL-2e10 vg/uL) was injected into each
cerebral ventricle. Neonatal mice were kept with their
mothers until sacrificed at day 14 postinjection. The brain,



842 LI ET AL.

spinal cord, heart, and liver were isolated, snap-frozen in
liquid nitrogen, and stored at —80°C for protein expression
analyses.

RESULTS

Location of putative regulatory elements
in the FXN promoter region

FXN belongs to the group of genes with CpG promoters
lacking typical TATA box and containing a CpG island in
the vicinity of the transcription start site (TSS, Fig. )37
Although the major TSS has been annotated 220 bp (—220)
upstream of the ATG, alternative TSSs were reported.’ "
Exon 1 contains 165 bp and encodes 55 amino acids (aa) of
the N-terminal fragment of precursor frataxin. Intron 1
contains 10,419 bp, excluding the polymorphic GAAs, and
the repeat tract begins 1,339 bp downstream of the exonl/
intron 1 junction (Fig. 1). Analyses of the TSS region using
data sets available from the Encode project demonstrate
accumulation of RNA polymerase II (RNAPII) and pres-
ence of a DNAse I hypersensitive region in the vicinity of
the putative TSSs. In addition, acetylation of histone at
lysine 27 (H3K27ac) and methylation of histone H3 at
lysine 4 (H3K4mel,2,3) chromatin marks typically pres-
ent in regulatory/enhancer regions are enriched down-
stream of the TSS, encompass exon 1, and extend into the
proximal region of intron 1 (Fig. 1). These data gathered
from various cell types (all non-FRDA samples), together
with prior studies, demonstrate that both exon 1 and se-
quences in intron 1 (adjacent to exon 1) may play a role in
the initiation of the FXN transcription.1

Minimal intron 1 sequence is required
for FXN expression

To conduct a systematic analysis of the endogenous
sequences required for efficient expression of frataxin, we
generated 19 vectors containing different lengths of the
putative promoter region for the FXN gene (Fig. 2A, 1-
19). Importantly, no reporter gene was fused to these
constructs; instead, the entire FXN gene sequence was
transcribed, and levels of frataxin were used as a quanti-
tative readout of the promoter strength. Episomal vectors
were constructed on the pCR4 backbone and included an
additional termination/polyadenylation signal (pA) up-
stream of the 5" end of the mini-FXN genes to insulate
from any unlikely transcription initiated from the vector
sequences. The longest miniFXN gene (miniFXN 1)
construct was prepared by assembling different PCR
products of the normal human FXN gene promoter region.
It contained a fragment from 1,513bp upstream to
2,500 bp downstream of FXN start codon, linked to 95 bp
of intron 1 sequences upstream of exon 2 (for efficient
splicing). The remaining exons 2-5 were cloned as a
continuous cDNA sequence without respective intronic
sequences followed by an in-frame C-terminal Flag epi-

tope tag, allowing for distinction between endogenous and
mini-FXN gene encoded proteins (Fig. 2). The total length
of the miniFXN 1 construct, including the Flag tag and
excluding the PA signal, is 4,634 bp. This version of the
minFXN gene expressed frataxin at high levels (Fig. 2B,
lanes 1 and C). Subsequently, we conducted a series of
deletions that included both regions upstream of the ATG
start codon, intron 1 at the exon 1/intronl junction and
intron 1 at the intronl/exon 2 junction (miniFXN 1-13).
The lengths of the minFXN genes varied from 1,032 to
4,634 bp. All constructs are depicted in Fig. 2A, and the
sequence of miniFXN 1 is included in Supplementary
Fig. S1.

Prior studies conducted using luciferase-conjugated
reporters indicated that intron 1 of FXN is necessary for
expression of this gene. Two out of 13 episomal constructs
(miniFXN 6 and 9, Fig. 2A) screened initially in the
HEK?293T cells did not contain any intronic sequences. In
agreement with prior work, these constructs expressed
frataxin at low but detectable levels, irrespective of the
length of the sequences upstream of the ATG codon
(Fig. 2B, lanes 6 and 9), indicating that in fact intron 1 is
necessary for FXN expression. Overall, quantitative ana-
lyses of Western blot data revealed that miniFXN 6, 9, and
13 express lower levels of frataxin compared with the
longest miniFXN 1 gene (analysis of variance [ANOVA],
p<0.01).

The entire intron 1 of the FXN gene exceeds 10 kbp, and
currently cannot be included in AAV-based gene therapy
vectors. To determine the minimal size of the intron nec-
essary for efficient FXN expression, we conducted a series
of sequential restriction endonuclease digestions reducing
the size of intron 1 from the initial 2,336 bp in miniFXN 1
to 2,063, 1,108, 297, and finally 110bp (Fig. 2A, mini
FXN 2-5). Importantly, we systematically decreased the
intron 1 sequence directionally from the 3’ to 5" end (to-
ward exon l—intron 1 junction) leaving a short fragment
(95 bp miniFXN 1 or 57 bp miniFXN 2-5) at the 5" end
exon 2 splice acceptor site to assure appropriate splicing of
the modified, shortened intron. The results of the trans-
fection experiment indicate that shortening the intron up to
110bp has no significant effect of frataxin levels when
expressed from the episomal vector (Fig. 2B).

Minimal length of the FXN 5’UTR required
for efficient frataxin expression

Next, to define the DNA sequence upstream of the ATG
codon required for efficient FXN expression, we shortened
the 5’UTR (defined here as any sequence upstream of the
ATG start codon) from the initial 1,513 bp (construct
miniFXN 3) to 429 bp (miniFXN 7) and 246 bp (miniFXN
10). All three vectors contained a constant 1,108 bp of the
intron 1 sequence (Fig. 2A). Again, transfection of these
vectors into HEK293T cells demonstrated an equally ef-
ficient expression irrespective of the length of the 5UTR
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Figure 2. Transient expression of miniFXN constructs in HEK293T cells. (A) Schematic representation of all 19 constructs generated and tested in this work.
All constructs are depicted to scale (shown above top line). Location of GAA repeats is indicated as a vertical red line. Positions of T1 and T2 TSSs are
indicated. The 5’UTR sequence upstream of the ATG start codon is shown in green, intron 1 (including splice acceptor sequence, SA) in gray. All FXN exons
(E1, E2-E5) are depicted in orange. Flag tag (F) is indicated in blue and polyadenylation signals (pA) in black. (B) All 19 minFXN genes were transfected to
HEK293T cells in equimolar amounts and cell lysates were prepared 48 h after transfection. Western blot with FXN-specific antibodies detects both endog-
enous (en) and exogenous (ex) frataxin, migrating slower due to the presence of C-terminal Flag tag. Numbers above the gel lanes correspond to the miniFXN
constructs depicted in (A). C represents untransfected HEK293T cells used as a control. M indicates molecular-weight protein marker (SeeBlue™ Plus2 Pre-
stained Protein Standard). Representative images of three independent experiments are shown. miniFXN, frataxin minigene; 5’UTR, 5" untranslated region.

(Fig. 2B, lanes 3, 7, 10). We verified these results by
comparing miniFXN genes 4, 8, and 11 harboring the same
three variants of the 5'UTR, but containing a shorter
(297bp) intron 1 fragment. No significant differences in
FXN levels were observed upon transfection of these
vectors (Fig. 2B); however, complete removal of the entire
5'UTR upstream of the ATG completely abolished fra-
taxin expression (miniFXN gene 13). To further narrow
down the 5'UTR required for FXN expression, we de-
creased the length of the sequence upstream of the ATG
from 429bp (miniFXN 16) to 115, 74, and 36bp
(miniFXN 17, 18, and 19; Fig. 2A). Western blot analyses
of the transfected constructs demonstrated that while
115 bp fragment upstream of the ATG codon is sufficient
to efficiently drive frataxin expression, deletion of the
neighboring 41 bp reduced FXN expression to background
levels. Similarly, frataxin was not detected upon trans-
fection of the construct harboring only 36-bp-long 5’UTR

(Fig. 2B, lane 19). In summary, considering episomal
expression of frataxin, a construct containing only 912 bp
of the endogenous FXN locus (miniFXN 17; excluding
Flag tag and pA sequences) is capable of efficiently ex-
pressing the entire frataxin.

Genome-integrated miniFXN transgenes
in HEK293T cells express frataxin

Transfection of plasmid DNA into the cells results in
hundreds of copies of a vector available for transcription.
In addition, plasmid DNA does not form a proper chro-
matin structure, and therefore, direct translation of the
results obtained using exogenous vectors to the genome-
integrated expression systems may not be straightforward.
To test whether our miniFXN genes can in fact drive ex-
pression of frataxin from a single genomic location, we
targeted these constructs into the AAVS1 safe harbor lo-
cus. Selected miniFXN genes were recloned into the
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Figure 3. MiniFXN genes are expressed efficiently after integration into the genome. (A) Schematic of CompoZr pZdonor-AAVS1 vector harboring miniFXN
gene in two opposite orientations (termed syn- and anti-) relative to the transcription of the endogenous PPP1R12C gene. LH and RH are left and right homology
arms allowing for recombination with the genomic AAVS1 site. The miniFXN genes are flanked by SV40 polyadenylation signals (pA, black bars); (B) junction
PCR and DNA sequencing confirming proper integration of the miniFXN genes into the AAVS1 site. Location of the gRNA used for integration of the miniFXN
constructs is indicated. MiniFXN genes 7, 8, 9, and 11 (as shown in Figure 2) were separately integrated into the AAVS1 site. M—DNA molecular-weight marker
(HyperLadder™ 1kb). (C) FXN expression from miniFXN genes 7, 8, 9, and 11 integrated into the AAVS1 site in syn- and antiorientations relative to endogenous
PPP1R12C transcription. C—untransfected control HEK293T cells. M—molecular-weight protein marker. Quantitation of FXN expression driven from miniFXN
genes integrated into the AAVS1 locus (FXN [AAVS1]) determined relative to the amount of endogenous FXN expression (FXN [en]); red dashed line indicates
expression of FXN from the AAVS1 locus at a level of 50% of endogenous FXN. Quantitative data shown as an average of three independent Western blot
analyses were compared by one-way ANOVA, and levels of miniFXN genes 8 and 11 were statistically different than miniFXN gene 7, *p<0.05. ANOVA,

analysis of variance; PCR, polymerase chain reaction.

CompoZr pZdonor-AAVS1 puromycin vector in two dif-
ferent orientations relative to the integration site (Fig. 3A).
We selected three miniFXN genes, 7, 8, and 11, harboring
various lengths of the 5'UTR and intron 1 (Fig. 2A). A
construct lacking intron 1 (miniFXN 9) was used as a
negative control. Integration in both orientations, relative
to transcription of the endogenous PPPIRI2C gene, which
hosts the AAVSI1 locus, was conducted to minimize po-
tential read-through effects of endogenous transcription of
PPPIRI2C. In addition to two different orientations, the
integrated transgenes contained two pA signals upstream
and downstream of the minFXN genes to further minimize
potential for transcription read through (Fig. 3A).
Integration of constructs was facilitated by Cas9
cleavage (Fig. 3A) and, after puromycin selection, inte-
gration was verified by PCR and sequencing (Fig. 3B).
Frataxin levels produced from all constructs were mea-

sured by Western blot and quantified relatively to the
expression of endogenous FXN. All three constructs
containing intron 1 (7, 8, and 11) expressed frataxin effi-
ciently in both orientations, while miniFXN 9 (lacking
intron 1) did not (Fig. 3C). Quantitative analysis revealed
that the longest construct (miniFXN 7) expressed FXN at
the highest level (~40% of the endogenous level) com-
pared with the two shorter variants (both ~20% irrespec-
tively of the orientation; Fig. 3C, p <0.05). Considering that
endogenous frataxin is expressed from two FXN alleles and
AAVSI integration occurred preferentially into a single safe
harbor site, the amount of FXN expressed from the
miniFXN 7 gene is near endogenous levels typical for
HEK293T cells. In summary, we demonstrated that
miniFXN constructs containing as little as 246bp of the
5’UTR and 297 bp of intron 1 can efficiently express FXN
following integration into the genome.
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Figure 4. MiniFXN gene expression in FRDA iPSCs, neurons, and cardiomyocytes differentiated from the iPSCs. (A) MiniFXN 7 (Figure 2A) was integrated into
the AAVS1 locus in FRDA iPSCs (iPSC). Cells were selected with puromycin and differentiated into beating cardiomyocytes (iCM cells) and neurons (iNeu cells).
Images of iPSCs and iCMs were taken at 40 x and iNeu at 400 x magnification. (B) FXN expression was analyzed by Western blot with anti-frataxin antibodies in
iPSC, iCM, and iNeu (after 4 weeks of differentiation). FXN [en] designates endogenous frataxin, and FXN [AAVS1] indicates frataxin expressed from the
AAVS1-integrated miniFXN 7. C represents nonintegrated iPSCs used as a control. FRDA, Friedreich’s ataxia; iPSCs, induced pluripotent stem cells.

MiniFXN gene is expressed in pluripotent
and terminally differentiated cells

Expression of a transgene using a novel promoter se-
quence requires testing its capability to sustain activity in
different cell types. As partial or complete silencing of a
promoter can occur in different cell types, we tested
whether a miniFXN gene is expressed in iPSCs as well as
induced neurons (iNeu) and induced cardiomyocytes
(AICM) differentiated from FRDA iPSCs (Fig. 4A). Based
on results obtained in HEK293T cells, we selected the
miniFXN 7 gene, demonstrating the highest frataxin ex-
pression after genome integration (Fig. 3C). After inte-
gration into the AAVSI site, the miniFXN 7 gene
expressed ~100% of the endogenous FXN levels in
iPSCs. A decrease of expression (~35% of endogenous
FXN levels) was maintained after differentiation to iCMs,
while miniFXN 7 expressed FXN at near endogenous
levels in iNeu cells (Fig. 4C), thus indicating that the
regulatory elements driving miniFXN expression are
likely to be universal and functioning in different cell
types.

In summary, miniFXN genes containing frataxin-
specific regulatory sequences are capable of efficient
expression even when integrated into the genome. A
correlation between the length of the regulatory (5"UTR
and intron 1) sequences and frataxin levels was observed,
however, all miniFXN constructs harboring a 5'UTR
sequence longer than 115bp and an intron 1 fragment
longer than 110bp expressed substantial amounts of
FXN.

MiniFXN genes express frataxin
after AAV-mediated transduction in mice

Next, to demonstrate that miniFXN genes can be con-
sidered alternatives to ubiquitous or tissue-specific strong
promoters in gene therapy vectors for FRDA as a way to
avoid potential toxic effects of frataxin overexpression, we
constructed pAAV-cherry vectors (Addgene 27970)
(Fig. 5A). The total lengths of the miniFXN genes cloned
into the AAV vector were 2,810bp and 1,999bp for
miniFXN 7 and 8, respectively. Direct transfection of the
constructs into HEK293T cells verified efficient FXN ex-
pression (Fig. 5B). Based on previous preclinical gene
therapy efforts in FRDA, AAV9 vectors packaging differ-
ent transgene constructs were prepared.“o’41 Transduction
of HEK293T cells at ~10e5 viral genomes (vg) per cell
resulted in low but measurable expression of exogenous
frataxin compared with endogenous FXN (Fig. 5C). Con-
sidering the low transduction efficiency of AAV in vitro and
high endogenous FXN expression in HEK293T cells, the
amount of frataxin produced from the miniFXN genes
should significantly increase levels of frataxin in FRDA
cells. Similar to results obtained using genome-integrated
minFXN constructs, we observed that expression from the
larger AAV-miniFXN 7 tends to be higher than from the
shorter AAV-miniFXN 8 variant, however, quantitative
analyses did not reach statistical significance (Fig. 5C).

Finally, to determine whether miniFXN genes can ex-
press frataxin in vivo, we delivered ~ lel1 vg directly into
the cerebrospinal fluid of neonatal animals via ICV in-
jection (Fig. 6A). Animals were sacrificed 2 weeks after
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Figure 5. Expression of miniFXN constructs using AAV vectors in human
cells. (A) Constructs miniFXN 7 and 8 were cloned into a pAAV vector
(Addgene 27970) in two formats: with and without Flag tag (-F). Importantly,
pAAV constructs harbor polyA (pA) signals. (B) All four constructs were
transfected to HEK293T cells to verify FXN expression. Western blots were
performed with a frataxin-specific antibody; FXN [en] indicates migration of
the endogenous frataxin; C—control, untransfected cells, M—molecular-
weight protein marker. No statistically significant difference in FXN ex-
pression between these constructs was observed. (C) AAV9 vectors were
prepared using constructs miniFXN 7 and 8 containing the Flag tag and
transduced to HEK293T cells at 10e5 viral genomes (vg)/cell. Expression of
frataxin was analyzed by Western blot. FXN [AAV] indicates AAV-
expressed FXN. C—control, untransduced cells. M—molecular-weight
protein marker.

AAV9 delivery and whole-cell extracts from the cere-
brum, spinal cord, heart, and liver were analyzed to
evaluate the expression level of exogenous frataxin. Both
miniFXN 7 and 8 AAV were highly expressed in the brain
and liver, and also detectable in the spinal cord and heart
(Fig. 6B). Normalization to endogenous mouse Fxn levels
revealed an ~ 1.5-2-fold overexpression of AAV FXN in
the cerebral cortex, irrespective of the encoded minFXN
gene. In the liver, miniFXN 7 was expressed at ~20% of
the endogenous, while miniFXN 8 was expressed at levels
~two-fold greater than endogenous Fxn. AAV-delivered
FXN was detectable in the heart and spinal cord, but at
levels not exceeding 10% of endogenous Fxn (Fig. 6B).
These relative levels of exogenous versus endogenous
frataxin do not directly reflect the transcriptional activity
of the miniFXN gene; however, these data clearly dem-

onstrate that miniFXN constructs are capable of frataxin
expression in vivo. Importantly, for potential future ap-
plications, the sequence lengths of both constructs are well
within the packaging capacity of AAV vectors, allowing
for future development of a miniFXN variant capable of
delivering potentially therapeutically relevant levels of
FXN.

DISCUSSION

The goals of this work were two-fold: (1) to define a
minimal regulatory region that will allow for efficient
expression of FXN in human cells using endogenous se-
quences of this gene; and (2) to determine the extent of
DNA sequence that can be removed from intron 1 of FXN
without affecting the expression of this gene. The studies
were conducted first using episomes, and then by analyses
of the transcription control regions after site-specific in-
tegration of miniFXN constructs into the human genome.
Furthermore, we determined whether frataxin expression
driven by a minimal endogenous promoter is sustained in
proliferating (human iPSCs, HEK293T) or terminally
differentiated cells of distinct lineages (iCM, iNeu). Fi-
nally, we constructed AAV vectors encoding the FXN
cDNA under the control of endogenous promoter se-
quences and demonstrated that they can express FXN
in vitro (in cells) as well as in vivo (in mice). The outcome
of this work is of high significance for both gene therapy
and genome editing efforts in FRDA.

Gene therapy approaches frequently rely on strong,
ubiquitously expressing promoters, and thus typically lack
gene-/tissue-specific regulation of expression character-
istic for a delivered therapeutic gene.** These promoters
may also be subjected to progressive silencing in certain
cell types.*>** In addition, uncontrolled expression may
be of particular importance in the case of FRDA and other
diseases where overexpression of the gene may lead to
toxic side effects, potentially reducing the therapeutic
benefit of the therapy.26’28’30 Prior studies in Drosophila
as well as more recent work in human cell models dem-
onstrated that overexpression of frataxin affects cellular
metabolism, increases oxidative stress and labile iron pool
levels.?*2*3% Considering that similar phenotypic effects
are observed upon frataxin depletion, it reaffirms the no-
tion that fine-tuning of frataxin levels is important for
cellular fitness. On the contrary, initial proof-of-concept
gene therapy studies demonstrated that significant over-
expression of human FXN delivered by AAV in condi-
tional mouse models of FRDA rescues severe phenotypes
associated with complete loss of frataxin.***! Additional
studies in different model systems will be required to de-
termine whether a toxic limit of FXN overexpression ex-
ists in various human cells, preferably disease relevant,
and if long-term overexpression results in any adverse
changes. Thus, developing therapeutic approaches that
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Figure 6. Expression of AAV-miniFXN gene products in mouse tissues upon ICV delivery. (A) Schematic of the experimental design. AAV9-miniFXN
constructs 7 and 8 (at ~1x10e11 vg/animal) were delivered to WT B6 neonatal (d0—1) mice via ICV injection. After 14 days, animals were sacrificed and
tissues analyzed for FXN expression. (B) Expression of AAV-encoded frataxin (FXN [AAV]) in the brain, liver, heart, and spinal cord. Endogenous Fxn is
indicated as Fxn [en]. M—molecular-weight protein marker. Quantitation of FXN expression relative to endogenous mouse Fxn in the cerebellar cortex and
liver is shown on the right. Data based on analyses of at least four animals per group. ICV, intracerebroventricular.

rely on expression of frataxin using endogenous FXN
control regions may represent a safer, alternative strategy
for gene therapy vector design, especially considering that
therapeutic effects should be achieved by restoring the
frataxin level to ~50% of levels detected in unaffected
individuals (i.e., FXN level in asymptomatic carriers).*” In
fact, HSV-1-mediated delivery of the entire 135 kbp FXN
locus into brains of FXN knockdown mice rescued be-
havioral phenotypes in these animals.*® The results pre-
sented herein demonstrate that a minimal FXN promoter
sequence is capable of efficiently expressing frataxin.
The pathogenic GAAs are located in intron 1, within an
ancient Alu element. Recent studies demonstrated that
excision of the tract, together with flanking sequences,

using editing nucleases, increases FXN expression to near
unaffected control levels.>' > This strongly suggests that
no critical regulatory elements exist in the direct vicinity
of the GAAs. However, intron 1 of the FXN gene encodes
numerous interspersed repeat elements making genome
editing of this region a challenging task. Thus, identifying
and defining FXN gene expression control sequences al-
low for judicial selection of regions amenable to genome
editing to minimize possible off-target, or undesirable,
effects. Our studies demonstrated that at least a fragment
of intron 1 is absolutely necessary for FXN expression.
Surprisingly, the size of intron 1 can be reduced to only
110 bp without a pronounced effect on FXN expression. In
addition, the minimal 5'UTR necessary for FXN expres-
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sion contains 115 bp upstream of the ATG. Shortening this
fragment by 41bp completely abolishes expression of
FXN. In silico analyses by TRANSFAC (Supplementary
Fig. S2) demonstrated that this critical sequence may be a
binding region for the TFAP2 transcription factor. Inter-
estingly, prior studies on FXN regulation indicated that
TFAP2 is important for transcription of this gene and
siRNA-mediated TFAP2 knockdown reduces frataxin
expression.'” Our data confirmed those results and im-
plicate TFAP2 as a transcription factor critical for FXN
transcription.

Defining endogenous expression control regions is a
laborious process requiring numerous constructs designed
typically by a systematic mutagenesis approach. In addi-
tion, conducting these studies in episomal vectors dis-
counts the potential effect of genomic/epigenetic context
and includes a variable factor of uncontrolled transfection
efficiency, making any comparisons between experiments
difficult. Also, including reporter fusions (e.g., luciferase)
allows for precise measurements of specific but only rel-
ative changes in DNA sequence. Moreover, it eliminates
the possibility of direct assessment of the role of putative
regulatory elements on the expression of the endoge-
nous gene of interest. To overcome some of the above-
mentioned issues, we integrated selected miniFXN genes
into the genome to determine whether their activity would
be sustained in a chromatin context and if their expression
would be detectable with a minimal number of site spe-
cifically integrated copies. The iPSCs and iPS-derived
cells present unique systems to determine whether
miniFXN expression would persist in a pluripotent state
and in different lineages of human cells. Expanding this
approach to various cell types from all lineages will allow
us to ascertain whether certain transgenes driven by an
endogenous promoter will be active ubiquitously or in a
cell-specific manner. Although miniFXN constructs de-
scribed in this work express frataxin at levels comparable
with the endogenous locus in different lineages, we cannot
rule out a possibility that certain sequences excluded from
the miniFXN-genes participate in fine-tuning of frataxin
expression. This is especially relevant to potential long-
range enhancers that may be located thousands of base
pairs away from the core promoter region.

Finally, we performed in vivo analyses to determine
whether regulatory sequences of the miniFXN genes can
drive protein expression in different tissues and potentially
be utilized in gene therapy applications. We demonstrated
that both selected miniFXN constructs can be packaged
into AAV capsids and delivered to human cells and mouse
tissues. Human FXN was expressed in all four different
mouse tissues tested following ICV injection, thus con-
firming that endogenous FXN sequences can be consid-

ered potential exogenous promoters driving FXN
expression from AAV vectors. Recent progress and suc-
cesses in gene therapy approaches have instigated research
projects aimed at improving delivery methods, vectors,
and targeting the virus-specific immune response.47 Ad-
ditional studies will be necessary to identify and charac-
terize novel promoters, especially focusing on endogenous
sequences that can drive the expression where the target
gene is controlled in a precise, tissue-specific manner. This
is especially important in cases where toxicity of the
overexpressed protein should be considered, as in FRDA.
Further work is needed to precisely define regulatory el-
ements, especially tissue-specific control regions. Assur-
ing that these sequences can be introduced into AAV
vectors and persistently expressed in different human tis-
sues represents a great challenge that, when overcome,
will bring us to a successful gene therapy strategy for
FRDA.
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