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A Potential New Therapeutic Approach for Friedreich
Ataxia: Induction of Frataxin Expression With TALE
Proteins

Pierre Chapdelaine'?, Zoé Coulombe'2, Amina Chikh"? Catherine Gérard'2 and Jacques P Tremblay'?

TALEs targeting a promoter sequence and fused with a transcription activation domain (TAD) may be used to specifically induce
the expression of a gene as a potential treatment for haploinsufficiency. This potential therapeutic approach was applied to
increase the expression of frataxin in fibroblasts of Friedreich ataxia (FRDA) patients. FRDA fibroblast cells were nucleofected
with a pCR3.1 expression vector coding for TALE__ .. fused with VP64. A twofold increase of the frataxin mRNA (detected by
quantitative reverse transcription-PCR (qRT-PCR)) associated with a similar increase of the mature form of the frataxin protein
was observed. The frataxin mRNA and protein were also increased by this TALE in the fibroblasts of the YG8R mouse model.
The addition of 5-aza-2’-deoxycytidine (5-Aza-dC) or of valproic acid (VPA) to the TALE treatment did not produce significant

improvement. Other TADs (i.e., p65, TFAP2a., SRF, SP1, and MyoD) fused with the TALE

increase in the frataxin protein. Thus the TALE__ .

rraig 9€N€ did not produce a significant

-VP64 recombinant protein targeting the frataxin promoter could eventually

be used to increase the frataxin expression and alleviate the FRDA symptoms.
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Introduction

TALE proteins may be produced to target any nucleotide
sequence starting with a thymidine.'* These TALE proteins
can be fused with a transcription activation domain (TAD)
to induce the expression of a gene located near the DNA
attachment site.>” This could permit to specifically induce
the expression of a gene to treat some hereditary and non-
hereditary diseases, particularly haploinsufficiency diseases.

As an example of this new therapeutic approach, we
have applied this strategy to Friedreich ataxia (FRDA), an
autosomal recessive neurodegenerative and cardiac dis-
ease, caused by a trinucleotide (GAA) repeat expansion in
the first intron of the frataxin gene located on chromosome
9.8 The mutation in the intron of the frataxin gene leads
to a reduced expression without changing the protein. The
mechanism of this pathology has been reviewed by Pan-
dolfo et al.®'® Neurons and cardiomyocytes are particularly
sensitive to the reduction of frataxin.""='®* Thus neurologi-
cal and cardiac symptoms appear during or before the
second decade of life."*'® There are also some systemic
involvements, such as diabetes mellitus and scoliosis.
Cardiomyopathy and associated arrhythmias lead to early
death.'®1?

Therefore, a potential treatment of FRDA is to increase
the expression of frataxin in the patient cells using TALE pro-
teins coupled with a TAD, e.g., four VP16 sequences (VP64),
and specifically targeting the human frataxin promoter. Our
research group has previously constructed 12 plasmids
coding for various TALE proteins, which bind to various 12
nucleotide sequences in the promoter of the human frataxin
gene.?’ These TALE genes were under the control of a

EF-1a promoter and fused with a nuclear localization signal
and a TAD. These initial experiments used the VP64 TAD,
which is made by four short VP16 sequences (Figure 1).
These various TALE__-VP64 were tested for their capacity
to induce the expression of a mCherry reporter gene placed
downstream to the sequence of the proximal region of the
frataxin promoter and under the control of a minimal non-
functional cytomegalovirus promoter. TALE__ ..-VP64 was
among the three TALEs, which induced more strongly the
expression of the reporter gene and was thus used for the
present series of experiments.

In the present article, we have introduced TALE__..-VP64
into an expression vector (pCR3.1) and the recombinant
plasmid (Figure 1a,c) effectively increased the expression of
the frataxin mRNA and protein in FRDA and in YG8R fibro-
blasts despite the presence of long GAA repeats in intron 1
of the frataxin gene. We are thus proposing that such a TALE
coupled with a TAD could eventually be a therapeutic avenue
to treat FRDA.

Results

The plasmid pCR3.1-TALE_ ..—VP64 construct

Our previous article reported that several plasmids coding for
various TALE_ -VP64 targeting the frataxin promoter were
able to increase the expression of the frataxin mRNA in the
293FT cell line, which contained a normal frataxin gene.? To
verify whether one of the best TALEs, ie., TALE__,.-VP64,
could also increase the expression of frataxin in FRDA cells,
which have an expansion of the GAA trinucleotide repeat,
we have modified the original lentiviral plasmid to produce a
pCR3.1 expression vector (Figure 1a).
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Figure 1 Schematic representation of pCR3.1-TALE_ . (a) The
TALE targeting the frataxin promoter is placed under the control of
the cytomegalovirus (CMV) promoter in the pCR3.1-TALE__—VP64
plasmid. The TALE gene is fused with a nuclear localization signal
(NLS) and the VP64 transcription activation domain (TAD). (b) A Stul
restriction site was introduced in the pCR3.1-TALE__—p65 plasmid
before the TAD and an Xbal site after the TAD. (c) The amino acid
(aa) sequence of the TALE_ .-VP64 protein is presented. The
repeat variable di-residues are over-lighted in gray. The VP64
sequence is included in a box.

Increased level of the frataxin pre-mRNA following the
nucleofection of the plasmid pCR3.1-TALE__ .—VP64 in
FRDA fibroblasts

The long GAA repeat in the FRDA frataxin gene has been
reported to prevent the elongation of the pre-mRNA.%
Therefore, we verified whether the pCR3.1-TALE__..—VP64
plasmid permitted the elongation of the frataxin pre-mRNA
to pass the GAA repeats and was able to increase the
expression of frataxin pre-mRNA in FRDA cells. The plasmid
pCR3.1-TALE_,.,~VP64 was thus nucleofected in FRDA
fibroblasts. Control FRDA cells were either not nucleofected
or nucleofected with a plasmid coding for green fluorescent
protein (GFP). Five segments of the frataxin pre-mRNA
(primary transcript) (Figure 2a) were quantified by quan-
titative reverse transcription-PCR (qRT-PCR) (Table 1
for primers). The results are presented as the number of
frataxin pre-mRNA copies per pg of RNA (Figure 2b).
The TALE_.,-VP64 had little influence on the expression
of segment A (i.e., 5’-untranslated region and exon 1) of
the frataxin pre-mRNA. In all FRDA cells (not nucleofected
or nucleofected with GFP or with the TALE plasmid), there
were marked decreases in the number of copies of the seg-
ment B (intron 1 upstream of the GAA repeats), segment C
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(intron 1 downstream of the GAA repeat), segment D (junc-
tion of intron 1 and exon 2), and segment E (junction of
intron 2 and exon 3) relative to segment A. However, the
TALE_ ,,-VP64 significantly increased (by about twofold)
the segments B, C, D, and E as compared with the control
FRDA cells not nucleofected or nucleofected with the GFP
plasmid. Therefore, the TALE__ ..-VP64 improved the elon-
gation of the frataxin pre-mRNA.

A second experiment was done with the FRDA fibroblasts
to verify whether the coadministration of a histone deacety-
lase inhibitor (i.e., valproic acid (VPA)) or of a DNA methyl-
transferase inhibitor (i.e., 5-aza-2’-deoxycytidine (5-Aza-dC))
could improve the elongation of the frataxin pre-mRNA
induced by TALE_.,-VP64. In that experiment, the number of
copies of the segment C (about 600 copies) was lower than
that of the segment B (over 2,500 copies) (Figure 2c). How-
ever, the TALE__..-VP64 increased by the number of copies
of the segment B of the frataxin pre-mRNA located upstream
of the GAA repeats by 2.4-fold and the segment C located
downstream by 4.6-fold. This indicates that the TALE__..-
VP64 permits the elongation of the frataxin pre-mRNA to
pass the GAA repeats.

The addition of VPA, 5-Aza-dC or a combination of both
the drugs did not substantially increase the effect of the
TALE_ . -VP64 on the elongation of the frataxin pre-mRNA

Frat#8

(Figure 2c).

Increased levels of the mature frataxin mRNA by the
nucleofection of the plasmid pCR3.1-TALE__ . .—VP64 in
FRDA fibroblasts

The number of mature frataxin mMRNA copies was also mea-
sured by gRT-PCR. A segment (F) of mature mRNA cor-
responding to the junction of exons 3 and 4 was analyzed
(Figure 3a). A significant increase (1.6-fold) in the number of
copies of the mature mRNA was also observed in the pres-
ence of the TALE__.-VP64 in the FRDA cells (Figure 3b).
As previously observed for primary transcripts (Figure 2c),
no significant influence on the number of frataxin mRNA
copies was observed by adding epigenetic modifiers to the
TALE,,,-VP64 (Figure 3b).

Correspondence between the relative increase of the
frataxin mRNA and protein expression induced by the
plasmid pCR3.1-TALE__..—VP64 in FRDA fibroblasts
The plasmid pCR3.1-TALE_..—VP64 has no reporter gene
to track the efficiency of the nucleofection within FRDA
cells. The GFP plasmid was thus used as a reporter gene
to evaluate the efficiency of the nucleofection process in
FRDA cells (Figure 4a). A high level of GFP-positive FRDA
cells (over 70%) was observed 24 hours after the nucleo-
fection. In that experimental condition, the results of the
mRNA presented in Figure 3b (exon 3/4) was normalized
relative to three housekeeping RNAs (hypoxanthine phos-
phoribosyltransferase 1 (HPRT1), glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), and 18S ribosomal RNA
(rRNA)) (Figure 4b). Increased expression of the mature
frataxin mRNA produced by the plasmid pCR3.1-TALE ..~
VP64 alone was also observed with all the three normaliza-
tion RNAs. These increases were variable depending on
the housekeeping gene used for normalization (Figure 4b)
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Figure 2 TALE__-VP64 permits the elongation of the frataxin pre-mRNA in Friedreich ataxia (FRDA) fibroblasts. Fibroblasts from a FRDA
patient were nucleofected with pCR3.1-TALE__ ..—VP64. Control cells were either not nucleofected (CONT) or nucleofected with the pCR3.1-
GFP plasmid (GFP). (a) Five different segments of the frataxin pre-mRNA were amplified by quantitative reverse transcription-PCR: segment A =
5" UTR/exon 1; segment B = intron 1 before the GAA repeat INT1(UP); segment C = intron 1 after the GAA repeat INT1(DOWN); segment D =
a junction of intron 1 and exon 2 (INT1/EX2), segment E = a junction of intron 2 and exon 3 (INT2/EX3) were quantified by quantitative reverse
transcription-PCR. (b,c) The results are expressed as the number of copies of frataxin primary transcript per ug of RNA. The TALE_ ..-VP64
significantly increased the elongation of the immature mRNA as indicated by the increased detection of fragments B to D. In ¢, the results are
from a different experiment than in b, the pCR3.1-TALE__..—VP64 increased the expression of segments B (INT1(UP)) and C (INT1(DOWN)).
The addition of 5-Aza (A) or valproic acid (V) to the TALE treatment did not further increase the expression of the frataxin pre-mRNA. All results
are based on duplicates and representative of at least two different experiments. GFP, green fluorescent protein; UTR, untranslated region.

Table 1 Primers list used for qRT-PCR and genomic PCR in the present study

Gene symbol Description GenBank  PCR product (bp) T annealing (°C) Primers: 5’3’ (forward/reverse)
FXN_5"UTR- Homo sapiens frataxin (FXN), NM_000144 186 (A) 64 ggcggagegggeggeagac/ggggegtgcaggtegeateg
exon 1 nuclear gene encoding
mitochondrial protein
FXN_In1_Up Kim, E (2011)?' 115 (B) 60 atggctgtggggatgaggaagat/tgcccagacggttcectecte
FXN_In1_Down Kim, E (2011)' 124 (C) 60 gcatctctggaaaaataggcaagtgt/caggggtggaagece
aatacg
In1Ex2 Kim, E (2011)*' NG_008845 200 (D) 57 AGCACTCGGTTACAGGCACT/GCCCAAAGTTCC
AGATTTCC
In2Ex3 Kim, E (2011)*' NG_008845 140 (E) 57 GGTAATCATGTTTTGGGTTTTGTC/AGTCCTCAAAC
GTGTATGGCTTGTC
FXN Homo sapiens FXN, nuclear NM_000144 106 (F) 57 aagccatacacgtttgaggacta/ttggcgtctgcttgttgatca
(Exon 3/4) gene encoding mitochondrial
protein
Hs Hprt1 Homo sapiens hypoxanthine NM_000194 157 57 AGTTCTGTGGCCATCTGCTTAGTAG/AAACAA
phosphoribosyltransferase 1 CAATCCGCCCAAAGG
Hs GAPDH Homo sapiens glyceraldehyde- NM_002046 194 57 ggctctccagaacatcatccct/acgectgcettcaccaccttctt
3-phosphate dehydrogenase
Hs 18S Homo sapiens 18S ribosomal NR_003278 119 57 tggataccgcagcetaggaataatg/tcacctctagcggegcaatac
RNA (Rn18s), ribosomal RNA
Mm Hprt1 Mus musculus NM_013556 106 57 CAGGACTGAAAGACTTGCTCGAGAT/CAGCAGG
hypoxanthine guanine TCAGCAAAGAACTTATAGC
phosphoribosyltransferase 1
Mm GAPDH Mus musculus glyceraldehyde- NM_008084 123 57 acgggaagctcactggcatgg/atgcctgcttcaccaccttcttg
3-phosphate dehydrogenase
Mm 18S Mus musculus 18S ribosomal NR_003278 119 57 tggataccgcagctaggaataatg/tcacctctagcggegcaatac

RNA (Rn18s), ribosomal RNA
gRT-PCR, quantitative reverse-transcription PCR; UTR, untranslated region.

www.moleculartherapy.org/mtna
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Figures 3 TALE_ -VP64 increases the mature frataxin mRNA
in Friedreich ataxia (FRDA) fibroblasts. Fibroblasts from a FRDA
patient were nucleofected with pCR3.1-TALE__ ..—VP64. Control
cells were either not nucleofected (CONT) or nucleofected with the
pCR3.1-GFP plasmid. (a) A segment F of the frataxin mature mRNA
corresponding to the junction of exons 3 and 4 (EX3 and EX4) was
quantified by quantitative reverse transcription-PCR. (b) The results
were expressed in number of mMRNA copies per pug of RNA. The
TALE consistently increased the mature mRNA segment by 1.6-fold.
The addition of 5-Aza (A) or valproic acid (V) to the TALE treatment
did not further improve the mRNA expression. All results are based
on duplicates and representative of three different experiments. GFP,
green fluorescent protein; UTR, untranslated region.
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showing respective increases of 1.8-, 2.9-, and 2.4-fold for
HPRT1, GAPDH, and 18S rRNA. However, the addition of
VPA or 5-Aza-dC alone or in combination did not improve
the effect of the TALE_,,-VP64 plasmid, with the exception
that the presence of 5-Aza-dC alone further increased the
expression of frataxin mMRNA (exon 3/4) but only when the
results were normalized relative to the GAPDH and 18S
rBRNA. In summary, no important change of the frataxin
mRNA expression was observed by the presence of the
epigenetic modifiers to the FRDA cells in different experi-
mental conditions.

Finally, we have analyzed the frataxin protein isolated
from the same samples by western blot previously analyzed
for mRNA. Of note, a significant increase (1.6- to 1.8-fold)
of the mature frataxin protein (about 17 kDa) was observed
when the results were internal standard protein (i.e., -actin)
(Figure 4c). The addition of VPA or 5-Aza-dC alone or in
combination did not further increase the expression of
the frataxin protein induced by the TALE__..-VP64 plas-
mid (Figure 4c). Therefore, there was a clear correlation
between the expression of the frataxin mMRNA and frataxin
protein confirming that the presence of the epigenetic modi-
fiers did not have a great effect on the expression level of
the frataxin gene.

Effects of nucleofection of various pCR3.1-TALE__,.—
TADs in FRDA cells on the expression of the frataxin
protein

To induce the expression of the frataxin gene, the TALE__,..
targeting the frataxin promoter was fused with a TAD. The

C
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Figure 4 TALE__-VP64 increases the frataxin mRNA and the frataxin protein in Friedreich ataxia (FRDA) fibroblasts. The plasmid
PCR3.1-TALE,_,.—VP64 was nucleofected in FRDA fibroblasts. (a) Control cells were either not nucleofected (CONT) or nucleofected with a
pCR3.1 plasmid coding for GFP. (b) The expression of the mature frataxin mRNA (i.e., the junction of exon 3 and exon 4) was quantified by
reverse transcription-PCR. The results were normalized relative to three housekeeping genes (HPRT1, 18S rRNA, and GAPDH). The plasmid
coding for the TALE__..-VP64 increased the expression of frataxin more than the control plasmid coding for GFP. Valproic acid (V; 620 pmol/l),
5-aza-2’-deoxycytidine (A; 10 nmol/l) or a combination of both the drugs was added to the TALE treatment. Only 5-Aza further increased the
frataxin expression but only when the results were normalized with the GAPDH mRNA. All results are based on duplicates. (c) The frataxin
proteins from the same pool of cells as in b were quantified by western blot. The TALE__ ..-VP64 alone increased the frataxin protein by 1.75-
fold. However, the presence of valproic acid (+V) or 5-Aza (+A) alone or in combination did not result in an additional increase. All quantitative
reverse transcription-PCR results are based on the three different experiments in duplicates. The western blot results are representative
of two different experiments in duplicates. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFP, green fluorescent protein; HPRT1,

hypoxanthine phosphoribosyltransferase 1; rRNA, ribosomal RNA.
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VP64 TAD, i.e., four successive VP16 TADs, was used in
all the previous experiments because it has been frequently
used for various artificial transcription factors.?-2” We have
made several constructs to replace the VP64 TAD (Figure
1b) by other well-known TADs such as p65, TFAP2a, SRF,
SP1, and MyoD (Tables 2 and 3. Several of these TADs
(TFAP20, SRF, and SP1) were derived from transcription fac-
tors acting on the frataxin promoter. However, 50 hours after
nucleofection with these different pCR3.1-TALE_ ., TADs in
the FRDA cells, western blot analysis showed that only the
pCR3.1-TALE_, ,—VP64 was able to increase (1.6- to 1.9-
fold) the frataxin protein expression (Figure 5a,b).

Testing of pCR3.1-TALE__..—VP64 in YG8R fibroblasts

Our ultimate aim is to test the TALE__,., in an animal model
of FRDA. The most appropriate model for this type of experi-
ments is the YG8R mouse, which contains two KO mouse
frataxin genes and a human transgene obtained from a
FRDA patient. Therefore, this human gene contains a long

Table 2 Primers list used for cDNA and recombinant fusion TALE-TAD
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GAA trinucleotide repeat and moreover, it is under the control
of the human frataxin promoter.?#-*° Therefore, the TALE__,.-
VP64 should attach to the frataxin promoter of the human
transgene. Initial experiments were done in a YG8R fibroblast
cell line. The pCR3.1-TALE__,..~VP64 was nucleofected in
these cells. Control cells were nucleofected with a GFP plas-
mid showing a lower efficiency (40-50%) of the nucleofection
than in human FRDA cells (Figure 6a). The RNA and the pro-
teins were extracted in parallel from each sample. The frataxin
gRT-PCR for exons 3/4 results were normalized with the three
housekeeping genes (HPRT1, GAPDH, and 18S rRNA). The
frataxin mRNA was increased by 1.5-, 1.4-, and 1.9-fold,
respectively (Figure 6b). The frataxin protein was quanti-
fied by western blot and normalized with the B-actin protein.
The TALE, ,,,-VP64 plasmid increased the expression of the
frataxin protein in the Y8GR cells by 1.4-fold (Figure 6¢). The
lower increase of the frataxin protein expression may be due
to the lower nucleofection efficiency in these mouse cells than
in the FRDA human fibroblasts.

TAD Description GenBank PCR product (pb)

Primers: 5’ 3’ (forward/reverse)

TFAP20.  Transcription factor AP-20 Gene ID: 7020 325

SRF Serum response factor Gene ID: 6722 230

SP1 Sp1 transcription factor Gene ID: 6667 1395

MyoD Myogenic differentiation 1 Gene ID: 4654 165

P65 Transcription factor p65 Gene ID: 5970

ggacggcacggttgggaggcctcccccagetgggeactgtaggtcaatetee/gaggatccag
gcccgacagtctagactggtgaggcagecceeggtgegtgtge
ggacggcacggttgggaggcctcggtggecacatgatgtaccctage/ggtggagetgaactget
gttctagaaacagggatctgcactgtcccagatg
acagtctctggtgggggaggcctecagtatgttgtggetgeegeteccaac/agecccttecttcact
gtctctagatttacagtaggggeaggtgcatgctic

gaattcgccaccatgggaggcctectgtcgccacegcetcegegacgta/gtgeteticgggtttca
tctagacaggagcgcegeccacgtgcatcagg

TA = tattcagaaaagatcaagcccaaagtgaggtcgacagtcgcgcageatcacgaag

P1 = gaagtccatgtccgcaatggaggagaagtcttcatctcctgaaaggaggectccggaace
gctggectecacctttc

P2 = ttcactacgacactagtctctagagctgatctgactcagcagggetgagaagtccatgtce
gcaatggaggag

The underlined nucleotide sequences correspond to Stul and Xbal restriction enzyme sites.

TAD, transcription activation domain.

Table 3 Recombinant fusion TALE-TAD

TALE-TAD TAD sequence

TALE, ,,-VP64, 891 aa, Note 1

DQTRASASPKKKRKVEASGSGRADALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLINSR

Frat#8

DQTRASASPKKKRKVEASGSGGLLSGDEDFSSIADMDFSALLSQISSR—

TALE, ,,-P65, 891 aa
TALE, ,,-TFAP2, 954 aa

Frat#8

DQTRASASPKKKRKVEASGSGGLPQLGTVGQSPYTSAPPLSHTPNADFQPPYFPPPYQPIYPQSQDPYSHVNDPYSLNPL

Frat#8

HAQPQPQHPGWPGQRQSQESGLLHTHRGLPHQSR—

TALE

Frat#8

-SRF, 932 aa

DQTRASASPKKKRKVEASGSGGLGGHMMYPSPHAVMYAPTSGLGDGSLTVLNAFSQAPSTMQVSHSQVQEPGGVPQV

FLTASSGTVQIPVSR—-

TALE, ,.-SP1, 1330 aa

Frat#8

DQTRASASPKKKRKVEASGSGGGQYVVAAAPNLQNQQVLTGLPGVMPNIQYQVIPQFQTVDGQQLQFAATGAQVQQDGS

GQIQIIPGANQQIITNRGSGGNIAAMPNLLQQAVPLQGLANNVLSGQTQYVTNVPVALNGNITLLPVNSVSAATLTPSSQAV

TISSSGSQESGSQPVTSGTTISSASLVSSQASSSSFFTNANSYSTTTTTSNMGIMNETTSGSSGTNSQGQTPQRVSGL

GSDALNIQQNQTSGGSLQAGQQKEGEQN

T ILIQPQLVQGGQALQALQAAPLSG

QTFTTQAISQETLQNLQLQAVPNSGPIIIRTPTVGPNGQVSWQTLQLQNLQVQANPQAQTITLAPMQGVSLGQTSSSNTTLTPIA
SAASIPAGTVTVNAAQLSSMPGLQTINLSALGTSGIQVHPIQGLPLAIANAPGDHGAQLGLHGAGGDGIHDDTAGGEEGENS

PDAQPQAGRRTRRE
ACTCPYCKSR- -

TALE

DQTRASASPKKKRKVEASGSGGLLSPPLRDVDLTAPDGSLCSFATTDDFYDDPCFDSPDLRFFEDLDPRLMHVGALLSR-

-MyoD, 918 aa

Frat#8

The amino acids (aa) coding for each TAD underlined were deduced respectively from data of the http://www.uniprot.org web site: for SP1 (pos AA 146-610, uni-
prot/P08047), p65 (pos AA 526-551 including 9 AA, SIADMDFSA), SRF (pos AA 406-470, uniprot/P11831), TFAP2a. (pos AA 29-117, uniprot/29-117), and MyoD
(pos AA 3-57, uniprot/P15172) and finally VP64, an artificial tetrameric repeat of VP16’s minimal activation domain (pos AA 438-448 DALDDFDLDML, uniprot/

Q69113). Note 1: original vector of Zhang and others 2011b.

MyoD, myogenic differentiation 1; SP1, Sp1 transcription factor; SRF, serum response factor; TAD, transcription activation domain; TFAP2q., transcription factor

AP-20..
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Figure 5 Effects of various transcription activation domains
(TADs) on the increase of frataxin protein by pCR3.1-TALE_ ..~
VP64. Different TADs were fused with the TALE__ .. gene. These
plasmids were nucleofected in Friedreich ataxia fibroblasts. The
frataxin protein was detected by western blot and the results were
normalized with the B-actin protein. Only the VP64 TAD increased
the expression of frataxin protein by 1.6- and 1.9-fold (two separate
experiments). The other TADs (p65, TFAP2, SRF, SP1, and MyoD)
did not increase the frataxin protein above the control level. All
results are based on duplicates. MyoD, myogenic differentiation 1;
SP1, Sp1 transcription factor; SRF, serum response factor.

Discussion

The expansion of a trinucleotide (GAA) repeat in intron 1 of
the frataxin gene is responsible for a reduction of the expres-
sion of that gene, which leads to the development of the
symptoms in FRDA patients.® Frataxin plays an important
role in the mitochondrial metabolism of iron. The frataxin
reduction thus in turn leads to a mitochondrial mis-function,
characterized by accumulation of iron in the mitochondria
and oxidative stress. This oxidative stress induces cell death,
including that of neurons and cardiomyocytes. This progres-
sive cell death results in several neurological and cardiac
symptoms. Therefore, all FRDA symptoms are due to the
reduction of frataxin protein.

Qur present results open the door to a development of a
new potential therapy to increase the expression of the frataxin
gene, i.e., to engineer TALE genes, that are not only coding for
proteins targeting specific sequences in the frataxin promoter
but which are also coupled with a TAD.*>*'-3% Most of our experi-
ments have been done with a TAD, called VP64, which is made
of four VP16 TAD from the HIV. Our previous results clearly
demonstrated that several different TALE_ -VP64 effectively
increased the expression of a mCherry reporter gene placed
under the control of the human frataxin promoter. Moreover, one
of these TALEs, i.e., TALE__.,-VP64, increased the expression
of the frataxin mRNA by two- to threefold in human 293FT cells.
However, these experiments were done in a cell line, which
contained a normal frataxin gene, i.e., a gene with no elonga-
tion of the trinucleotide repeat. These results left unanswered
the question of whether this TALE__..-VP64 protein would be
able to increase the expression of the frataxin protein in FRDA
patient cells, with an elongated GAA trinucleotide repeat.
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Figure 6 pCR3 1-TALE_ .—VP64 increases the frataxin mRNA
and protein in YG8R fibroblasts. The plasmid pCR3.1-TALE_ ..~
VP64 was nucleofected in the YG8R fibroblasts. (a) Control cells
were nucleofected with an eGFP plasmid to confirm the efficacy
of the nucleofection. The RNA and the proteins were extracted in
parallel from each sample. (b) The frataxin quantitative reverse
transcription-PCR (i.e., the junction of exon 3 and exon 4) results
were normalized with the three housekeeping genes (HPRT1,
GAPDH, and 18S rRNA). The frataxin mRNA was increased
respectively by 1.5-, 1.4-, and 1.9-fold. (c) The frataxin proteins
were quantified by western blot and normalized with the B-actin
protein. The TALE__..-VP64 plasmid increased the expression of the
frataxin protein in the YG8R cells by 1.4-fold. All results are based
on duplicates. eGFP, enhanced green fluorescent protein; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; HPRT1, hypoxanthine
phosphoribosyltransferase 1; rRNA, ribosomal RNA.

Our present results clearly demonstrated that the TALE .-
VP64 can increase the expression of frataxin even when there
is an elongation of the GAA repeats. Indeed, the expression
of the TALE, .-VP64 protein in FRDA and YG8R fibroblasts
led to increases of not only the segments of the frataxin pre-
mRNA, which proceeds the GAA repeat in intron 1, but also
of the segments located after the GAA repeat in intron 1. It
has been previously hypothesized that the reduction of the
frataxin expression in FRDA cells was due to a problem of
elongation of the frataxin pre-mRNA.?" This elongation prob-
lem would be due to the epigenetic changes induced by the
presence of the GAA repeats (for review, see Sandi et al.®).
Our results indicate that the TALE__, -VP64 protein permits
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to overcome this elongation problem. However, the epigen-
etic modifiers (5-Aza-dC and VPA) did not synergize with the
TALE suggesting that the TALE protein itself modifies the
chromatin around the GAA. Our results also demonstrated
that it is not only the frataxin pre-mRNA and mature mRNA,
which are increased by the TALE expression, but also and
more importantly the frataxin protein. It is important to note
that the mature form of the frataxin protein was increased,
indicating that the immature frataxin protein produced by the
mRNA can not only enter in the mitochondria but can also
be processed, i.e., truncated to produce the shorter mature
form.

The FRDA carriers express only 50% of the normal level
of frataxin and yet are asymptomatic.’® However, the FRDA
patients, who have both the alleles mutated, are produc-
ing frataxin levels, which are about 5-35% of the levels in
healthy individuals.®> The lower the expression level, the
more severe are the symptoms and the earlier are their
developments. Therefore, the two- to threefold increases in
the expression of the frataxin that we have observed could
reduce or even completely prevent the symptoms in most of
the FRDA patients. However, for a therapeutic application,
the TALE__-VP64 will have to be expressed in most of the
FRDA patient cells, especially the neurons and the cardio-
myocytes to prevent the development of nervous system
and cardiac symptoms. A potential solution is to couple the
TALE_ -VP64 protein with a cell penetrating peptide such as
Tat and Pep-1.363° These fusion proteins could be delivered
systemically; they would enter the cells and hopefully drive
the expression of frataxin. The fusion proteins would however
have to be readministered on a regular basis. Unfortunately,
the TALE protein will also be immunogenic and thus sus-
tained immunosuppression would have to be used or devel-
opment of specific immunological tolerance to this protein
would have to be developed.

The therapeutic approach that we are proposing with TALE
proteins fused with a TAD for FRDA could also be used to
treat other haploinsufficiency diseases in which the increased
expression of a gene would produce beneficial effects.

Materials and methods

Culture of FRDA and YGS8R fibroblasts. Fibroblasts
(GM04078) were obtained from the Coriell Cell Repository
(Camden, NJ) and originated from a symptomatic FRDA
patient. This patient was homozygous for GAA expansion in
the frataxin gene with alleles of 541 and 420 repeats. YG8R
fibroblasts were derived from the YG8R mouse, which has
both mouse frataxin genes KO but contain a human frataxin
gene from a FRDA patient.?® The YG8R fibroblasts contain
190 + 90 GAA repeats. The human and mouse fibroblasts
were both cultured at 37 °C in DMEM High glucose (Wisent,
St-Bruno, Quebec, Canada), 10% FBS, 1X Pen/Strep, and
1X minimum essential amino acids medium.

Construction of PCR3.1-TALE ,,,.—VP64. We have previously
engineered TALE_ _-VP64 genes® in the original vector used
by Zhang et al.® VP64 is an artificial tetrameric repeat of four

VP16 minimal TAD, amino acids 438-448 (DALDDFDLDML)
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uniprot/Q69113. To reduce the size of the original vector, a
DNA fragment coding for one of these TALEs, i.e., TALE_ .-
VP64, was cloned in the pCR3.1 vector (Invitrogen, Burling-
ton, Ontario, Canada) digested Kpnl/Apal. Briefly, a 2.7kb
fragment was amplified by PCR with the Phusion enzyme
(New England Biolabs, Ipswich, MA) with the following
long primers: forward 5’-ggatccggtaccaccatgtcgcggacccg-
gcteecttc-3” containing BamHI/Kpnl sites (underlined) and
reverse 5’-gggcccttattatctagagtt aatcagcatgtccaggt-3” con-
taining an Apal site (underlined). The amplification program
was as follows: 98 °C for 90 seconds; 98 °C for 10 seconds,
55 °C for 20 seconds, 72 °C for 90 seconds for five cycles;
98 °C for 10 seconds, 60 °C for 20 seconds, 72 °C for 90
seconds for 30 cycles. At the end of the PCR reaction, a final
step was done at 72 °C for 10 minutes with the addition of
TAq DNA polymerase. The PCR reaction medium was elec-
trophoresed on 1.2% agarose gel and a PCR DNA fragment
of 2.7kb was isolated from the gel and cloned in a TA cloning
vector named pDrive (Qiagen, Valencia, CA). Finally, follow-
ing the sequencing of the pDrive containing the TALE__ .-
VP64, a 2.7kb DNA fragment digested with BamHI/Apalwas
cloned in the pCR3.1 expression vector (Invitrogen) digested
by the same restriction enzymes. The resulting construct
referred as pCR3.1-TALE__ ..~VP64 (Figure 1a) was used in
the present study. Figure 1c gives the amino acid sequence
of the resulting protein.

Fusion of TALE, . with various TADs. To construct different
TALE_ ., TADs, we have initially made pCR3.1-TALE__ ..~
p65 (Figure 1b) by two consecutive PCR amplifications.
First, using a template pCR3.1-TALE__..—VP64, we amplified
a fragment of 2.4 kb using the Phusion enzyme with p65 prim-
ers TA (Sall) and P1 (Stul) (primers are described in Table 2).
A second PCR fragment was amplified from the purified p65
PCR fragment with primers TA (Sall) and P2 (Xbal) (Table 2).
The resulting p65 PCR fragment (~2.5kb) was cloned in the
pCR3.1-TALE_..~VP64 digested Sall/Xbal replacing VP64
by p65. The resulting plasmid contained two Stul restriction
sites, the first site was already present in the pCR3.1vector
and the second site was introduced by the primer P1 and was
located before the TAD sequence. The first Stul restriction
site was removed by site-directed mutagenesis using the Pfu
Turbo DNA polymerase (Stratagene, Wilmington, DE). The
remaining Stul site was present between the nuclear local-
ization signal and the p65 nucleotide sequences described
earlier (Figure 1b). Different nucleotide sequences coding
for various TADs were cloned separately in the pCR3.1-
TALE_ .,—p65 digested with Stul and Xbal, a region located
just before the stop codon (Figure 1b). Different TADs cDNA
were generated by RT-PCR using RNA extracted from human
endometrial cells.** The PCR amplification products of the
RT-PCR were purified, digested with Stul/Xbal, and cloned
directly in the TALE__.-p65 also digested by Stul/Xbal to
substitute p65 by different TADs (amino acid sequences
listed in Table 3).

Nucleofection of the various pCR3.1-TALE_,..~TADs in
FRDA and in YG8R fibroblasts. Ten microgram of each of
the various plasmids pCR3.1-TALE__, —TADs were nucleo-
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six well plates at around 80% confluence. The nucleofection
solution (normal human dermal fibroblasts-adult) was used
with the Amaxa nucleofector (Amaxa Nucleofector System;
Lonza Walkersville,Walkersville, MD) using the program
P-022. The cells were treated with trypsin-EDTA and pelleted
by centrifugation in the conical tube. After centrifugation,
the supernatant was discarded, the cell pellet was washed
once with 1X Hank’s balanced salt solution, centrifuged
again, resuspended in 100 pl of the nucleofection solution
and then nucleofected. The cells were then resuspended in
3ml of complete growth culture medium and grown for 50
hours with several medium changes. The frataxin mRNA level
was determined in these cells by gRT-PCR and the protein
level by western blot. To evaluate the efficiency of the nucleo-
fection in the human and mouse fibroblasts, a control GFP
plasmid (provided in the Lonza nucleofection kit) was used
at 5 pg/nucleofection for 500,000-750,000 cells. The fluo-
rescence was visualized using a Zeiss Axiovert 100-Inverted
microscope (Zeiss, Oberkochen, Germany). Images were
captured and integrated using the Northern Exposure pro-
gram (Empix Imaging, Mississauga, Ontario, Canada).

Treatment with epigenetic inhibitors of FRDA fibroblasts nucleo-
fected with pCR3.1-TALE_ . .—VP64. Eighteen hours after the
nucleofection with pCR3.1-TALE__..—VP64, the FRDA fibro-
blasts were treated during 48 hours either with the histone
deacetylase inhibitor (VPA) (Sigma-Aldrich, Oakville, Ontario,
Canada) at 620 pmol/l, with the DNA methyltransferase inhibi-
tor (5-Aza-dC) (Sigma-Aldrich) at 10 nmol/l or with a combina-
tion of VPA 310 pmol/l and 5-Aza-dC at 5 nmol/l. The stock
solutions of VPA at 250 mmol/l and 5-Aza-dC at 30 mmol/l in
phosphate-buffered saline (PBS) 1X were prepared as previ-
ously described.*' The final drug concentrations used were
those proven effective on HEK 293T cells by that group. The
culture medium containing these drugs was replaced at every
12 hours. Cells not exposed to these drugs were also used
as control. All cells were harvested for analysis of the frataxin
mRNA by gRT-PCR or of the frataxin protein by western blot.

gRT-PCR for the frataxin mRNA. RT-PCR were done using
a technique previously described by Luu-The et al.*? Briefly,
the total RNA was extracted from one well of six well plates
using RNeasy Mini kit (Qiagen, Valencia, CA). RNA qual-
ity was assessed with an Agilent 2100 Bioanalyzer (Agilent
Technologies, Mississauga, Ontario, Canada). First-strand
cDNA synthesis was obtained using 5 pg of isolated RNA.
The frataxin mRNA was amplified with primers designed
from GenBank sequence NM_000144 (Table 1). Quantifica-
tion of the frataxin primary transcripts (Figure 2) and mRNA
(Figure 3) of the frataxin gene was done by the determina-
tion of the Cp using the second derivative method described
by Luu-The (2005)* and the results were expressed as num-
ber of copies per ug of total RNA. The PCR results for exons
3-4 (Figures 4b and 6b) were also normalized with three
housekeeping genes which are HPRT1, GAPDH, and 18S
rRNA. This was done by calculating the ratio of the number of
frataxin copies per pg of total relative to the number of copies
of these three housekeeping genes per pg total RNA. The
results were finally expressed as fold increase relative to the
non-nucleofected cells.
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Protein extraction and frataxin analysis by western blot.
FRDA and YGB8R fibroblasts nucleofected in six well
plates were directly lysed to extract proteins as previously
described.*® Briefly, the cells attached at the bottom of a
well were rinsed twice with PBS and lysed with 200 pl of
extraction buffer (50 mmol/l Tris-HCI pH 7.5, 1 mmol/| EDTA,
1 mmol/l dithiothreitol, 1 mmol/l PMSF, 1% sodium dodecyl
sulfate). The plate was placed on a rocking surface to per-
mit complete cell lysis. About 200 pl of this viscous lysis
solution was transferred in a 1.5 ml microtube. The proteins
were precipitated by adding a mixture of methanol (600 pl),
chloroform (200 pl), and water (500 pl), followed by vig-
orous vortexing (15 seconds). This suspension was finally
centrifuged for 3 minutes at full speed (14,000 RPM). The
pellet at the interface was recuperated by discarding the
aqueous phase. Methanol (800 pl) was added and mixed
by inversion. The suspension was again centrifuged at full
speed for 3 minutes. The supernatant was discarded and
the pellet was dried by lyophilization during a few minutes.
The pellet was then dissolved in protein sodium dodecyl
sulfate-polyacrylamide gel loading buffer 1X and heated for
5 minutes in boiling water. The proteins were quantified as
previously described.*® For western blot analysis, about 5
pg of protein were loaded in each well and electrophoresed
on a 12% sodium dodecyl sulfate-polyacrylamide gel. The
proteins were then electrotransferred onto a 0.45 mm nitro-
cellulose membrane (Bio-Rad, Hercules, CA). This mem-
brane was cut into two sections: the upper part (proteins
range over 30kDa) for the detection of the B-actin (45kDa)
and the lower part for the detection of mature frataxin
(~15-17kDa).

Membrane sections were blocked with 5% (wt/vol) non-
fat dry milk (bovine lacto transfer technique optimizer
(BLOTTO)) dissolved in PBS containing 0.05% Tween-20
and then incubated for 1 hour. A mouse monoclonal anti-
body against B-actin (Sigma-Aldrich) diluted at 1/5,000 was
added to the upper section. A mouse monoclonal antibody
against frataxin (MitoSciences, Eugene, OR) diluted at 3 pg/
ml was added to the lower section. After 1 hour incubation
with the primary antibody, the membranes were washed
three times for 10 minutes in PBS-Tween and incubated for
1 hour with a goat anti-mouse antibody coupled with per-
oxidase (Jackson Laboratory, Bar Harbor, ME) diluted in
BLOTTO at 1/10,000. This was followed by three washes
(10 minutes each) with PBS-Tween. The membranes were
then treated for 1 minute with Renaissance reagent (NEN
Life Science Products, PerkinElmer, Boston, MA). The sig-
nal intensity of the immunoreaction was quantified by den-
sitometry using a Multimage Light Cabinet equipped with
Alphalmager 2000 software (Cell Biosciences, Santa Clara,
CA). The ratios of frataxin to B-actin were used to esti-
mate the increase of the frataxin in different experimental
conditions.
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