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PREFACE

Facioscapulohumeral muscular dystrophy, a detwiganheritable disorder, is one of
the most common muscular dystrophies worldwideh@ugh the genetic defect associated
with FSHD, a reduction in the D4Z4 repeat copy namihas been mapped to chromosome
4q (region 49g35) almost 20 years ago, the precisehanism leading to the disease is still
poorly understood and no treatment is availableviBusly, an enhancer within the D4Z4
repeat has been discovered in our laboratory areamodel of gene regulation in the region
4935 has been proposed (Petrov et al. 2006, Petralv 2008). My PhD work initially aimed
at further developing this model by characterizimg D4Z4 enhancer and providing a method
of neutralization of this enhancer that could bedusor a prospective anti-FSHD therapy

approach.

This work started from the search for a transmipfactor that could directly bind the
D4Z4 enhancer and relay its activity to the neighigpp 4935 genes. Pursuing this direction
resulted in the identification of KLF15, a trangtion factor not previously associated with
FSHD or other myopathies, which was found to bind D4Z4 enhancer and control its
activity. We then found that KLF15 was overexpresseFSHD and that its overexpression
led to an activation of the 4935 genes FRG2 and &¢t)Xroviding a plausible mechanism to
explain the upregulation of these genes in FSHDuAexpected finding was that KLF15 is
also upregulated during normal myogenic differegmia Accordingly, the same mechanism
could be responsible for FRG2 and DUX4c upreguhatiuring normal myogenesis
(Dmitriev et al. 2011). this part of work is presashin the PAPER1 chapter .

Linking the transcription factor KLF15 to FSHD ael yet another unexpected
perspective. While our publication about the ral&KaF15 in FSHD (Dmitriev et al. 2011)
was underway, it was reported by others that KLEi®rexpression induced muscular
atrophy in mice (Shimizu et al. 2011). The discgvef this novel function of KLF15
changed our perception of FSHD. Initially discowklbss Duchenne in 1864 as a "descending
variety" of the Progressive Muscular Atrophy of Idhbod and later described in detail by
Landouzy and Déjérine, FSHD was initially considees a subtype of myopathies with a
specific distribution of affected muscles. Almostentury passed until Walton and Nattrass
succeeded in defining FSHD as a separate clinititygWalton 1954). It took another 40



years to identify the genetic defect in FSHD anitsithen, the scientific community has
been obsessed with finding specific features & disease and constructing multiple original
models explaining the disease onset. The abundahqgaroposed explanations did not
improve disease treatment. Rather, confusion enanddthe common view on FSHD was

that it is a poorly understood and incurable disord

The discovery that the KFL15 factor which speaillig binds to the D4Z4 enhancer
has a pro-atrophic activity allows one to revik# 150 years-old concept of FHSD as a mere
subtype of muscular dystrophy that shares commarhamesms of pathogenesis with other
myopathies. This could be good news for FSHD ptgieas it opens the way to novel
therapeutic approaches that can also benefit frepereence accumulated in the treatment
and management of other myopathies. Details ohigtery of FSHD, its various models and

concept evolution are discussed hereafter in tHRIDUCTION part of the manuscript.

Linking KLF15, a factor that is overexpressed dgri normal myogenic
differentiation, to FSHD raises this apparentlygolmxical question: "How a myogenesis-
induced factor can be upregulated in a diseaseenaiattefect in myogenic differentiation
program is a well-known fact"? To resolve this piarg we performed mRNA and miRNA
transcriptome profiling of FSHD cells and foundtti#sHD cells overexpressed myogenic
MiRNAs. Overexpression of these miRNAs induce myagelifferentiation in normal, but
not in FSHD, myoblasts. We propose that these miRldfe unable to downregulate all of
their physiological target genes in FSHD. Genetsdlaape control by these miRNAs have a
role in the cell cycle and in DNA damage responpessibly preventing normal
differentiation of FSHD myoblasts. This allows wesput forward a new concept to account
for the deficiency in the myogenic differentiatigmogram observed in FSHD. This is
discussed in the MANUSCRIPT n°2 chapter while tkeédt in myogenic differentiation in
FSHD is further illustrated in our paper "FSHD miasts fail to downregulate intermediate

filament protein vimentin during myogenic differetion” presented in the ANNEXE 1.
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1 INTRODUCTION

1.1 Facioscapulohumeral muscular dystrophy (FSHD)

1.1.1 Clinical presentation of FSHD

Muscular dystrophies are a large group of inhel&alisorders characterized by progressive
muscle wasting and degeneration. The three mostoonforms of muscular dystrophies include X
chromosome-linked Duchenne muscular dystrophy (DMDWyotonic dystrophy and
Facioscapulohumeral dystrophy (FSHB)gure 1) (for review see (Emery 2002)).

With worldwide estimates of prevalence varyingnir®.2 to 6.7 per 100000 individuals,
FSHD is generally considered to be the third mosairmon dystrophy (Emery 1991). It could be an
underestimation since the latest Orphanet repaiges the average prevalence of FSHD as 7 in
100000 individuals and places it as the most pemtahuscular dystrophy (Orphanet 2011). FSHD is
genetically linked to a specific rearrangementha tong arm of chromosome 4q (Richards et al.
2011).

g

2 Muscles Muscles
5 affected unaffected
g orbicularis oculi __ )
= zygomatic -x\\\‘:::ﬁ __— temporalis
u . . . — « A

E orbicularis ori——_ ) masseter
Ei ) _— pharyngeal
= trapezius

3 deltoid(proximal) —

d . .-

2 biceps brachii

By

- diaphragm

triceps brachii — muscles

abdominal —
muscles

vastus lateralis —

posterior

tibialis anterior - leg muscles

Secapuloperoneal presentation

Figure 1. Facioscapulohumeral and scapuloperoneal presamtaéind groups of muscles affected in the
Facioscapulohumeral dystrophy (FSHD) (picture wiitdification from (Emery 1998)



The clinical diagnosis of FSHD is established fribva distinctive pattern of muscles affected,
the autosomal-dominant type of inheritance andh&rrtonfirmed by genetic testing. While FSHD is
usually not lethal, it can considerably reducedhbality of life of patients, confining some of them

a wheelchair from their early teens (Klinge et28l06).

The unique feature that distinguishes FSHD frolreotypes of muscular dystrophy is the
implication of a particular set of facial musclescluding periorbital and perioral muscles
(extraocular muscles are spared). In the majofitgases, the disease is diagnosed after the age of
twenty and is usually gradually descending. Famakcles are usually affected first, often in an
asymmetric manner, followed by the muscles of theukler girdle including upper arm muscles.
The involvement of above mentioned groups of musscldetermine the so-called
"facioscapulohumeral” presentation manifested kg Weakness of eye closure, the inability to
whistle, a scapular winging and an inability teseaarms (Tawil 2008).

In most patients, the disease further spreadsutik tmuscles followed by muscles of the
pelvic girdle and lower extremities. Weakening bé ttrunk muscles manifests as lordosis while
wasting of anterior tibial and peroneal musclesegia "steppage” gait to FSHD patients (for review
see (Lunt and Harper 1991), (van der Maarel €CG07), (Richards et al. 2011)).

In general, the age of onset of FSHD varies widme patients diagnosed as early as in
childhood and others diagnosed for the first timdade as in their sixties (Lunt et al. 1989). This
disease also presents with heterogeneous symptmsnsxemplified by a relatively rare FSHD
presentation as "scapuloperoneal” syndrome whagialfarunk and pelvic girdle muscles seem
spared, while peroneal muscles are early and dgveftected. This heterogeneity of clinical
manifestations which was initially interpreted a&negtic heterogeneity by some authors (Kazakov et
al. 1974), severely complicates the diagnosis (@acet al. 2011) and sometimes provokes an

erroneous diagnosis (Ramos and Thaisetthawatkul)201

The clinical picture of FSHD is further complicdt&y non-muscular manifestations that
include retinal telangiectasia and hearing los60# and 75% of patients, respectively (Padberg et
al. 1995). Much less frequent are cognitive impamm (Saito et al. 2007), cardiac muscle
involvement (Tsuji et al. 2009) and respiratoryuiffisiency (D'Angelo et al. 2011). Finally, several
cases have been described where FSHD was assowifttedther diseases: familial polyposis coli
(Blake et al. 1988), (Blake et al. 1988) or thocacimour (Kazakov et al. 2009a).

Page - 10 -



1.1.2 History of FSHD

It is widely accepted that FSHD was first desatibe 1885 by Landouzy and Déjerine
(Landouzy and Dejerine 1885). It should be notexlydver, that the most common form of FSHD
was first described in 1861 by Duchenne who recoghthis disease as a “descending variety" of the
Progressive Muscular Atrophy of Childhood (PMACHhokvn today as "Duchenne muscular
dystrophy" (Duchenne 1868). Independently from Rumte, a German neurologist Erb described a
minor form of FSHD that he called "juvenile formf' muscular dystrophy (Erb 1884). This form of
dystrophy affected the shoulder girdle with an yeanlolvement of peroneal muscles, was very
similar to what is now called "facioscapuloperofigakesentation of FSHD. However, Erb did not
include in his description an involvement of faagialiscles. This allowed Landouzy and Déjérine to
gain the priority over Erb, later including the atwvement of facial muscles that according to the
authors could sometimes be detectable only at istelbgical level, in the description of FSHD

(Landouzy and Dejerine 1885), (Landouzy and Degeli@86).

Therefore, in 1885 Landouzy and Déjérine formdigcribed a new disease by merging the
two existing entities described by others: the gedlg descending form of FSHD described initially
by Duchenne, and a facioscapuloperoneal presemt#tiat was partially described by Erb. This
ambiguity has undoubtedly created a conflict betweb, Landouzy and Déjérine (for review see
(Kazakov 2001). An echo of this old dispute cah & heard as some authors persist in considering

facioscapuloperoneal presentation as a separatedibFSHD (Kazakov et al. 2009b).

1.1.3 Mapping the FSHD locus

The FSHD locus was mapped using a positional stpapproach. There are 5 features that
facilitate a positional cloning approach (for reviesee (Collins 1992)): (i) the diagnosis of the
disease should be reliable; (ii) the patient numbleould be significant; (iii) gross genomic
rearrangements should accompany the disease; h@v)pénetrance should be complete; (v) the

disease should be recessive.

In the case of FSHD, the first two demands welfdlad (Flanigan et al. 2001), (Fowler et al.
1995). However, the remaining three were more grohtic. There are no large visible genomic
rearrangements in FSHD patients, the penetrané&sbiD is not complete and we now know that
there is a number of asymptomatic mutation carrfab®rtive cases) (Tonini et al. 2004). Finally,

FSHD is an autosomal dominant disease.

Several attempts were made to overcome theseudifés. Firstly, the association of FSHD
with a number of non-muscular symptoms was exploifédhe cases of FSHD patients with familial
polyposis coli were checked for the associatiorthef APC locus with FSHD (without success)
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(Wijmenga et al. 1990b). Despite the failure okthnd other approaches, by 1989, the efforts of an
international consortium led to the exclusion of@80f the human genome from association with
FSHD (Sarfarazi et al. 1989).

The final step towards identification of the disedocus was made only after the introduction
of genetic mapping in the laboratory practice. Witle high degree of polymorphic variability,
microsatellite markers were ideally suited for magpautosomal dominant diseases via positional
cloning. Indeed, the mapping of the FSHD locus tiesr first success. In 1990, George Padberg's
laboratory linked the FSHD locus to the microsételimarker D4S171 on chromosome 4q
(Wijmenga et al. 1990a). Within two months, Petarp¢r's laboratory published the association of
FSHD with a closer marker D4S139 (Upadhyaya €1%290). D4S139 was at the time the most distal
marker known on chromosome 4q. Consequently, furtiepping of the FSHD locus required new

approaches.

1.1.4 Discovery and structure of D4Z4 repeat

Further progress in the mapping of the FSHD looesalme possible using the cosmid E13
provided by the laboratory of Robert Williamson.ig'bosmid, isolated as a result of the search for
new homeobox genes, mapped to a region more distahromosome 4q than the marker D4S139.
Using a single-copy fragment of this cosmid (calBE-11) as a probe for Southern blotting,
George Padberg's laboratory found a new EcoRlicgstr fragment length polymorphism (RFLP)
that was associated with FSHD (Wijmenga et al. 198@icating that the FSHD gene was either
within this restriction fragment or close to it. i$hwork also drew attention to the presence of
repetitive 3.3-kb fragments, later designated D4P4 states for DNA, 4 corresponds to the
chromosome number and Z designates repetitive ejatioat were present in the cosmid E13. In our
days The pl3E-11 probe then used for the detedfothe EcoRI polymorphism via Southern
blotting is now used to diagnose FSHD. The physmap of the FSHD locus was completed with
the isolation of the y25C2E yeast artificial chraeome (YAC) that contained the polymorphic
EcoRI fragment, a complete array of D4Z4 repeatstae D4S139 marker, thus linking the FSHD
locus to the known genetic marker (Wright et aR3p It was then demonstrated that the shortening
of the EcoRI restriction fragments specifically ebh&ed in FSHD patients was due to the deletion of

an integral number of D4Z4 repeats (van Deutekoal. €i993).

Sequencing of the y25C2E YAC subclones demonstrttat previously known LSau and
Hhspm3 repeats are a constitutive part of the Dgpéat (Hewitt et al. 1994). It was found that the
pattern of localization of sequences homologoub4@4 in human genome (1912, 13pl12, 14p12,
15p12, 21pl12, 22p12, 10g26) strongly resemble thalseSau and Hhspm3 (Meneverri 1993)
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suggesting that these repeats do not exist asadepantities but rather coexist within a repeaa of
new type. It was suggested to call this new typthefrepeats "3.3-kb repeats” after the lengthisof i
prototype - the D4Z4 repeat (Lyle et al. 1995).

Probably the most important result of the D4Z4esdsequencing was the identification of an
intronless open reading frame (ORF) harboring tagians with homology to homeoboxes (Hewitt
et al. 1994). Although intronless genes are gelyecainsidered pseudogenes, the first hint that the
ORF within the D4Z4 repeat might be a functionahgeame from the laboratory of Alexandra
Belayew. This laboratory discovered that the G@-tmw copy repeat Hhspm3 directly bound the
transcription factor HTLF (helicase-like transcrpt factor) that was driving the expression of an
ORFs homologous to that within the D4Z4 repeat. SEh®RFs also contained two homeobox
homology regions and were named DUX1, DUX2 and DUYRBuble homeobox 1, 2 and 3) (Ding
et al. 1998).

Further analysis of the D4Z4 repeat sequence stemehat it might contain a divergent
TATA-box (CATAA) containing promoter homologous those in DUX1-3 genes. Indeed, the
promoter within the D4Z4 repeat was proven funalcend the double homeobox gene within the
D4Z4 repeat was named DUX4 (Gabriels et al. 198@gides DUX4, other functional elements
were soon discovered within the D4Z4 repeat, inolgd transcriptional activator (for review see
(Dmitriev et al. 2009)Kigure 2).

Nucleolin
KLF15 ) CTCF HMGB2
Kpnl " e YL Kpnl
[ | [

D4Z4 Insulator DBE DUXA

I L Il |
1 382 814 1600 1729 1797 3063 3296

Figure 2. Schematic representation of conserved functioslements within the D474 repeat

(nucleotides 1-3296): Enhancer (nt 1-329) (Petitoal.e2007) containing KLF15 sites (Dmitriev et al.
2011); Insulator (nt 382-814) containing CTCF sif@taviani et al. 2009); Promoter (nt 1600-1729)
containing a divergent TATA-box (CATAA) (Gabriels&. 1999), a D4Z4 binding element (DBE) that
includes Nucleolin, HMGB2 and YY1 sites (Gabellgtial. 2002)DUX4 open reading frame (nt 1797-

3063) (Gabriels et al. 1999); Fragments "329" (829) (Petrov et al. 2007).

1.1.5 The structure of the FSHD locus

The members of the 3.3-kb repeat family with thghlbst homology to the chromosome 4g-
specific D4Z4 repeats were found on chromosome¥9Yand 10. Although the copy number of 3.3
kb repeats is variable within the arrays on chramnuss 4g and 10q, only contraction of chromosome
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4-specific 3.3-kb repeat array (D4Z4) is associatdti FSHD (Deidda et al. 1995), (Bakker et al.
1995) Taking into account that the sequence of D4Z4atpen chromosome 4q and 10q is almost
identical, this observation suggested that the mbsome 4qg-specific elements outside the D474
array could play an important role in the diseasset The uniformity of this view could be,
however, challenged by a report of a single casgbeoSHD patient with a short 3.3-kb repeat array

on chromosome 10 and not chromosome 4 (Lemmeits2QX0b).

FSHD was the second genetic disease after Huntilsgtdisease to be mapped to a
subtelomeric region. This immediately placed FSHiDthe context of telomere-related boom and
made this disease an attractive model to studyniie position effects in humans. However, the
subtelomeric localization of the FSHD locus wasuese rather than a blessing but due to numerous
sequence polymorphisms. Moreover, although seveagments of the locus were cloned and
sequenced before completion of human genome progrmar001, the complete sequence of
chromosome 4q still remains to be completed.

The FSHD locus can be divided into three parts:a(iproximal region containing FRG1
(FSHD region gene 1), FRG2 (FSHD region gene 1)TANnd DUX4c; (ii) the EcoRI RFLP region
and (iii) a gene-free distal region. The EcoRI RHRidgion contains an SSLP (Simple Sequence
Length Polymorphism) (Lemmers et al. 2007), (Lensretral. 2010a), the array of D4Z4 repeats and
the distal polymorphic region containing 4gA, 4qi&f Geel et al. 2002) or 49gC (Lemmers et al.
2010a) sequence variants. The distal region is lmyoas to the short arm of the chromosome 4p

but its precise sequence remains unknown.

Within the EcoRIl RFLP region, our group identifiadnuclear matrix attachment region
(Petrov et al. 2006) that functions as an enhambecking element (Petrov et al. 2008). The
attachment of this region to the nuclear matribess efficient in FSHD cells, affecting the chromat
loop structure of the region (Petrov et al. 2006)agreement with this hypothesis, it has been show
recently that D4Z4 repeats physically interact viitb promoter regions ¢fRG1, FRG2 andDUX4c
at 4935 (Pirozhkova et al. 2008 , Bodega et al920flggesting that the D4Z4 enhancer can regulate
the expression of these genEgy(re 3).
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Analysis of a large number of patients and heafthlyjects showed that specific variants of
the SSLP are associated with FSHD (Lemmers etO@I72(Lemmers et al. 2010a). It remains to be
tested, however, whether the presence of the FS#4Deamted sequence variants in the matrix

attachment region weakens the efficiency of iterattion with the nuclear matrix.

Finally, it has been demonstrated by the laboyabdrSilvére van der Maarel that an FSHD-
associated SSLP, a short D474 array and the 4gfantarconstitute the FSHD predisposition
haplotype (predisposition, as FSHD in not a fulynetrant disease) (Lemmers et al. 2007) (Lemmers
et al. 2010a)Kigure 4). Analysis of a larger cohort of patients by theng laboratory demonstrating
that only the number of D4Z4 repeats plus a spe8NP (Single Nucleotide Polymorphism) inside
the 4gA sequence, but not the SSLP plays a prirabrdie in FSHD predisposition provided the
unifying genetic model for FSHD and raised the oordrsy at the same time (Lemmers et al.
2010b).
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Figure 4. A specific combination of polymorphisms of thegimn 4q35 constitute the FSHD

predisposition haplotype.
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1.1.6 Article n°1: Pearls in the junk

Although FSHD was one of the first muscular dyghies to be described, and despite the
detailed register of various polymorphisms in th®HP locus, FHSD inducer gene(s) remain

formally unknown.

At the first glance the identification of the FSHiRlucer gene could seem to be a very simple
task. As mentioned before, the involvement of teaqgobital muscles is a distinguishing feature of
FSHD. Periorbital and perioral muscles affected=8HD are known to originate from the second
branchial arch that suggest a defect in a geneembed with embryonic development (Fitzsimons
2011). Another muscle dystrophy with facial invatvent, Oculopharyngeal muscular dystrophy,
differs in the embryonic origin of the affected roles (extraocular muscles). Therefore it would be
sufficient to understand the human embryology veslbugh to deduce the FSHD inducer gene.
However, contemporary advances in embryology argelg insufficient for such a deductive

analysis.

Other reasons why the gene inducer of the FSHIDeshains unknown are described in our

review "Pearls in the junk”.
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Despite the discovery of the deletion on the long arm of the chromosome 4 specific for facioscapulohu-
meral muscular dystrophy (FSHD), the identity of the gene responsible for the disease still remains a mys-
tery. In this review we focus on two genes, DUX4 and DUX4c, encoded by the D4Z4 repeats present in the
4q35 locus, which is affected in the disease.

© 2008 Elsevier B.V. All rights reserved.

The history of science is littered with many examples where ini-
tial hypotheses or concepts were discarded and superseded by new
ones. Conversely, the inverse is often true where old hypotheses
are revised and rehabilitated. DNA, the principal biological mole-
cule of the 20th century, initially was considered as a monotonous
polymer devoid of any coding function, serving as a mechanical
support for “true” genetic information carriers, i.e. proteins. Only
thanks to the works of Chargaff [1], Avery [2], Hershey and Chase
[3], were these views strongly shaken and the role of DNA as the
true carrier of genetic information put forward. The last doubts fi-
nally disappearing only after the resolution of the crystal structure
of DNA [4].

The history of science is full of irony. Soon after the cracking of
the genetic code, the scientific community was puzzled by the fact
that in complex organisms, a major part of the genome is repre-
sented by non-coding repetitive DNA that lacks any obvious func-
tion [5,6]. In 1972, this seemingly useless DNA was baptized “junk
DNA” [7] and was largely disregarded by the scientific community.
Subsequently, several classes of useless DNA such as introns were
discovered and joined the junk DNA in the scientific boondocks re-
inforcing the early view of DNA as a non-coding molecule. How-
ever, again these views were soon to be revised.

The first hint that at least some types of junk DNA were labeled
so prematurely, surfaced with the discovery of self-splicing introns
[8]. Soon the status as junk was being reassessed for many other
regions of DNA. Non-expressed intergenic regions were found to

* Corresponding author. Tel.: +33 142116283; fax: +33 142115494.
E-mail address: vassetzky@gmail.com (Y.S. Vassetzky).

0960-8966/$ - see front matter @ 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.nmd.2008.09.004

serve as attachment sites to the nuclear matrix [9,10]; satellite
DNA was shown to provide binding sites for certain centromeric
proteins [11] and in 1990, shortening of human telomeric DNA
was shown to correlate with cellular ageing [12]. The development
of high-throughput sequencing methods led to the discovery of
conserved features in other representatives of junk DNA: transpos-
able and interspersed repeats, microsatellites and intergenic re-
gions. In 2003 one more piece of junk DNA was rehabilitated
when some pseudogenes were shown to play an important role
in development [13]. The assignment of functions for the rest of
“meaningless” sequences became a matter of time.

In 2007, yet another piece of junk DNA was assigned a function:
two pseudogenes in the human 4q35 locus known to be involved
in Facioscapulohumeral muscular dystrophy (FSHD). One of the
most frequent myopathies, FSHD was first described in 1874 by
Landouzy and Dejerine [14] with specific clinical features including
asymmetric weakness of the facial and shoulder girdle in its early
stages. While FSHD is usually not lethal, it can considerably reduce
the quality of life of patients in the most severe cases confining
them to a wheelchair in their early teens [15] due to the progres-
sive failure of skeletal muscles spreading to the pelvic girdle and
lower extremities [16]. Several pathological features of cultured
FSHD myaoblasts were recently described [17].

The importance of the locus 4q35 was demonstrated in 1992
when Wijmenga and collaborators who showed that a restriction
fragment length polymorphism (RFLP) in the locus is associated
with FSHD. The fragment of DNA lost in pathological condition
was shown to hybridize to a homeobox-specific probe and the re-
port suggested that “the cloning of the FSHD gene should be immi-
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nent” [18]. Later, it was shown that the pathological deletion re-
duced the copy number in a series of 3.3 kb repetitive units [19].
Sequencing of the 4q35 region revealed that each of the 4q35-spe-
cific 3.3 kb repeats (coined D4Z4) contains an open reading frame
(ORF) encoding a putative transcription factor with two homeo-
boxes [20.21]. This could be the prospective “FSHD-gene”. How-
ever, although the D474 ORFs lay downstream of a functional
promoter [22,23], the lack of introns and polyadenylation signals
strongly suggested that this putative “double homeobox 4~
(DUX4) gene was not functional. As expected for a pseudogene,
expression of DUX4 could not be detected despite the efforts of sev-
eral groups using various methods including screening of cDNA li-
braries [21,24] RT-PCR [24], microarray [25,26] and RNA-
polymerase I ChIP [27]. Thus, the initial hypothesis was modified
by assigning a regulatory role to the D4Z4 repeats. Being enhanc-
ers, repressors, or insulators, D474 repeats could affect expression
of some other “true” FSHD-gene located in the proximity of the
shortened array of D4Z4 repeats.

The identity of an “FSHD-gene” was also challenged by tran-
scriptome and proteome approaches. Analysis of FSHD myoblasts
and skeletal muscle biopsies revealed that a large number of genes
were deregulated. It was demonstrated that affected muscles have
some apoptotic features [28], are susceptible to oxidative stress
[25.29] and have defects in the mitochondrial respiratory chain
[30] as well as in the muscle differentiation program [25,31,32].
Not unexpectedly changes in the expression of the 4q35 genes
(Fig. 1) FRG1 (FSHD Region Gene 1) [33,34], FRG2 (FSHD Region
Gene 2) [33,35] and ANT1 (Adenine Nucleotide Translocator 1)
[36] were observed. Aberrant expression of FRGI, which may en-
code an RNA splicing regulator [34,37], could explain simultaneous
changes in expression of many genes. [n addition, overexpression
of FRG1 in skeletal muscles of transgenic mice caused a severe
myopathy, supporting an important role for balanced FRG1 expres-
sion in muscle homeostasis [34]. ANT1 is another attractive candi-
date as it is known to been important regulator of the oxidative
phosphorylation system, as well as a constituent of the mitochon-
drial permeability transition pore (PTP) involved in the early stages
of apoptosis. ANT1 facilitates transport of ATP and ADP across the
inner mitochondrial membrane [38]. Deregulation of ANTI gene
could explain several pathological features of FSHD muscles, i.e.
mitochondrial involvement [30] and increased apoptosis [28].

Nevertheless, conclusive evidence that either of these factors
can cause FSHD is absent with some reports even arguing against
their upregulation in FSHD muscles [25,26,32,39,40]. Thus, for
the moment neither proteomic nor transcriptome approaches have
been able to reliably identify a single FSHD-gene suggesting that
FSHD is a multifactorial disease (reviewed in [16]).

Surprisingly, further analysis of the 4q35 locus revitalized the
original hypothesis that the ‘FHSD-gene' is located in the region de-
leted in affected myoblasts. The first indication that D4Z4 ORF
(DUX4) is not junk was provided by Jane Hewitt's group who dem-
onstrated synteny between human and mouse as well as ele-
phants, suggesting its fundamental role in development. This
group also demonstrated the expression of mouse DUX4 genes
[41].

Subsequently, the groups of Alberto L. Rosa, Alexandra Belayew
and Yi-Wen Chen demonstrated that the DUX4 ORF present in the
human D4Z4 are transcribed and produce a functional protein
[40,42]. Additionally, the sequence immediately distal to the
D474 repeat array, that is known to be specific but not sufficient
for the disease (haplotype 4gA; [43]), was shown to provide an in-
tron and a polyadenylation signal for the DUX4 mRNA transcribed
from the last D474 element in the array [40], explaining the appar-
ent lack of polyadenylation signals in D4Z4 elements.

Interestingly, the array of D4Z4 repeats is not the only source of
expression of double homeobox transcription factors at 4q35. An-

other ORF, DUX4c (Double homeobox 4 centromeric), is present
42 kb proximal to the D4Z4 repeat array [44]. The DUX4c protein
is identical to DUX4 over the double homeobox region but diverges
in the carboxyl-terminal region known to be involved in transcrip-
tional activation [45] (Fig. 1). Recently DUX4c was also shown to be
expressed in vivo, moreover, its expression was increased at the
mRNA and protein levels in FSHD versus control muscle biopsies
[46]. DUX4 and DUX4c have been shown to directly upregulate
the transcription factor Pitx1 which is involved in the control of
development. A specific 10-25-fold upregulation of PITX1 RNAs
was found in non-affected as well as affected muscles of patients
with FSHD as compared to 11 other neuromuscular disorders
[40]. In addition, DUX4c overexpression was shown to correlate
with upregulation of the Myf5 transcription factor, a known inhib-
itor of myoblast differentiation [46,47]. This effect could contribute
to the previously observed defects of differentiation in FSHD myo-
blasts. Finally, overexpression of D4Z4-encoded DUX4 was shown
to induce apoptosis [42]. The hallmarks of apoptosis were also
found previously in the affected muscles.

Are DUX4 and DUX4c the “true” FSHD-genes? Nobody has the
answer to this question yet. Moreover, the role of DUX4c is ques-
tioned by the existence of some cases of FSHD where the region
proximal to D4Z4 that includes DUX4c gene is deleted [48-50].
What is the mechanism of DUX4 and DUX4c upregulation? The an-
swer to this question lies in further analysis of the 4q35 region.
One of the tempting possibilities is that changes in the chromatin
structure of 4935 region following partial deletion of the D4Z4 re-
peat array can explain the activation of the DUX4 gene(s) in the
residual D4Z4 element(s) and of the DUX4c gene.

Several groups have found strong evidence that the D4Z4 re-
peats are equipped with different sorts of regulatory elements
and might play the role of an LCR (Locus Control Region) (Fig. 1).
While a region inside D474 was shown to bind a repressor complex
[33], the whole D4Z4 was shown to be a potent enhancer [35,51]
(one report showed a very slight positive impact on promoter
activity [24]). The enhancer region inside D4Z4 was recently
mapped [52]. A nuclear scaffold/matrix attachment region (S/
MAR) that can function as an enhancer blocking insulator was dis-
covered close to the D4Z4 array [53,54]. Analysis of the chromatin
loop structure of the 4q35 region showed that the D4Z4 repeat ar-
ray formed a distinct loop that probably precludes D4Z4 enhancers
or repressors from acting on the other genes of the 4g35 locus.
Interestingly, this chromatin structure was altered in FSHD myo-
blasts where the D4Z4 S/MAR was weakened, bringing the D4Z4
enhancers into the same loop as the FRGI, FRG2 and DUX4c genes
suggesting that in this case the D4Z4 enhancers can activate the
target genes in the locus 4q35 [53]. Why this S/MAR is less efficient
in FSHD cells is unclear, it may be that the decrease in D4Z4 copy
number that changes the length of the loop introduces mechanical
constraints. Alternatively the presence of a newly discovered SSLP
(Simple Sequence Length Polymorphism) overlapping the S/MAR
region may affect the efficiency of nuclear matrix attachment
[55]. Another interesting possibility is that changes occur in the
methylation status of the D4Z4: the 4q35 deletions were shown
to be linked to hypomethylation of the D4Z4 array [56,57] while
the methylation status of adjacent sequences may also change.
This is the subject of the ongoing research. Changes in methylation
status in the proximal region (if any) may provide an unexpected
explanation for the mechanism of non-4q35 linked cases FSHD that
are known to decrease the methylation of D4Z4 repeats [57,58]. It
is known that some proteins that mediate specific association of
DNA with the nuclear matrix, e.g. MECP2, only interact with meth-
ylated DNA [59,60]. Thus, their interaction with the hypomethylat-
ed S/MAR may be lost in FSHD patients.

Within the frame of this model, it is possible that D4Z4 repeats
not only could emit activation/repression signals but could them-
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Fig. 1. Detailed structure of 4935 region, located at the long arm of chromosome 4. The most frequent pathological haplotype 4qA 161 is shown [55]. The locus comprises
several polymorphic regions: SSLP-161 (Simple Sequence Length Polymorphism) [55], D424 repeat copy number polymorphism (n< 11 in FSHD and 11 <n < 100 in healthy
cells), and 4qA[4gB polymorphism represented in FHSD cell almost exclusively by 4qA allele [43]. The known regulatory elements present in D424 include. E: an enhancer
[52], R: a repressor [33], P: a promoter [23] similar to the promoter of DUX4c [46]. H1 and H2 denote two homeoboxes present in DUX4 and DUX4c ORFs. D4Z4~: an
incomplete inverted truncated copy of D4Z4-repeat. S{MAR: the site of attachment to the nuclear matrix [54]. Other genes and pseudogenes located in the 4¢g35 region and

their putative functions are also shown.

selves be the targets of enhancers present in the neighboring loops.
For example, the region close to the FRG1 gene contains several
putative conserved enhancers (unpublished observations of our
group) that could act upon the DUX4 promoter. Changes in the
chromatin loop structure caused by the loss of D4Z4 repeats might
provide a necessary context for such interactions.

These hypotheses as well as the involvement of DUX4 and
DUX4c in FSHD certainly remain to be tested and confirmed. But
one thing is clear: whether DUX4 and DUX4c are FSHD-genes or
not, they are anything but junk. Symbolically, the rescue of
DUX4/4c pseudogenes from the junk status coincided with the gen-
eral rehabilitation of junk DNA. In the official press release of Na-
tional Human Genome Research Institute (NIH) (13 June 2007;
http://genome.gov/25521554) it was suggested that the term
“junk DNA" be removed from scientific publications and no longer
recognized as a scientific term.

While this paper was under revision another paper that rehabil-
itated one more piece of the junk DNA was published. The group of
authors identified the loss of the HBII-85 cluster of snoRNA in the
intronic sequence of the SNRPN gene as the cause of Prader-Willi
syndrome [60].
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1.1.8 A unifying model of FSHD: DUX4 is not enough?

Now that there is no doubt that DUX4 is a gene,anpseudogene, and that its overexpression
in myoblasts recapitulates some features of FSHBsIBkovski et al. 2008b), it is nevertheless

impossible to clarify the issue of the FSHD indugene. This is due to several reasons.

Firstly, DUX4 can not be formally recognized as EsiHducer gene unless an animal FSHD
model is created. Alternative and yet absent pcoafd be the restoration of the normal phenotype of
FSHD cells after inhibition of the DUX4 expression.

Secondly, the heterogeneity of the disease maatfess, variability of the age of onset
coupled to frequent association of the disease witin-muscular manifestations including
sensorineural deafness and retinal vasculopattsgodrage the assignment of all pathological

functions to a single gene, rather suggestingRB#tD is a complex multigenic syndrome.

The clinical heterogeneity of FSHD is mirrored tbgnscriptome and proteome analyses of
FSHD myoblasts and skeletal muscle biopsies thaé mavealed a large number of genes been
deregulated. It was demonstrated that affectecciesidiave some apoptotic features (Sandri et al.
2001), are susceptible to oxidative stress (Winaiual. 2003b) (Macaione et al. 2007) and have
defects in the mitochondrial respiratory chain {8z et al. 1991) as well as in the muscle
differentiation program (Winokur et al. 2003b, Byl al. 2006) (Celegato et al. 2006).

An important result of these gene expression ssudi&SHD samples was the demonstration
that the expression of the 4935 gertedRG1 (FSHD Region Gene 1) (Gabellini et al. 2002, Glatiel
et al. 2005),FRG2 (FSHD Region Gene 2) (Rijkers et al. 200ANT1 (Adenine Nucleotide
Translocator 1) (Laoudj-Chenivesse et al. 2005) RbiK4c (Ansseau et al. 2009) (Dmitriev et al.
2011) is increased in FSHD, although some repogisesagainst their upregulation in FSHD muscles
(Winokur et al. 2003b, Osborne et al. 2007) (Jiah@l. 2003) (Celegato et al. 2006) (Dixit et al.
2007) (Klooster et al. 2009a).

Indeed, detailed studies of the functions of thgemees have demonstrated that each of them
can be responsible for part of the FSHD phenot@pecifically, an aberrant expressionFRG1,
which may encode an RNA splicing regulator (Gahelét al. 2005, van Koningsbruggen et al.
2007), could explain simultaneous changes in esprf many genes. In addition, overexpression
of FRGL1 in skeletal muscles of transgenic mice causeds@reanyopathy, supporting an important
role for balancedRG1 expression in muscle homeostasis (Gabellini e2@05). Furthermore,
FRG1 was shown to be critical for muscle developn(idianel et al. 2009), angiogenesis (Wuebbles
et al. 2009a) and could be, at least in part, resipte for vascular symptoms in FSHD (Wuebbles et
al. 2009b).ANT1 is another attractive candidate as it is knowt@oan important regulator of the
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oxidative phosphorylation system, as well as a tment of the mitochondrial permeability
transition pore (PTP) involved in the early stagkapoptosis. ANT1 facilitates the transport of AT
and ADP across the inner mitochondrial membranan@h2005). Deregulation of thENT1 gene
could explain several pathological features of FSHiDscles, e.g. mitochondrial involvement
(Slipetz et al. 1991) and increased apoptosis ($a&bel. 2001). DUX4c was also shown to inhibit
the myogenic differentiation program (Bosnakovskiae 2008a). The only exception is FRG2, a

gene without a known function.

In addition, we have demonstrated that FSHD myaiblaultivatedin vitro overexpress
several myogenic microRNAs including miR-1 and nli&3a/b and that DUX4c is responsible for
their overexpression in FSHD (See below chaptdrgrafore, FSHD phenotypes as we see it, can be

summarized by a simple equation FSHD=DUX4+4q35 gene

While the mechanism of DUX4 upregulation in FSHDswacently described (Lemmers et
al. 2010b), the mechanism of upregulation of otfenes in the 4935 region still remains to be
determined (for review see (van der Maarel et @lL1}). According to our hypothesis, the central
role in controlling the expression of the 4g35 gesleould be attributed to a transcriptional enhance

in the D4Z4 repeat previously identified in ourdastory (Petrov et al. 2008).

In normal cells, D4Z4 repeats adopt heterochronsdtincture (Zeng et al. 2009). According
to our model, this should implicate a lower activdf the D4Z4 enhancer. In normal cells, the
FSHD-related matrix attachment region (FR-MAR) itaehed to the nuclear matrix (Petrov et al.
2006) and therefore, prevents interaction of theaaner with the promoters of the FSHD genes. In
FSHD myoblasts, the chromatin structure of the D#efgeats is similar to euchromatin (Zeng et al.
2009). According to our model, euchromatinzatiobdZ4 repeat allows the binding of a "factor X"
that would bind to the D4Z4 enhancer. In FSHD ¢élie association of FR-MAR with the nuclear
matrix is lost, therefore the activity of the D4&dhancer can be conveyed to the 4935 genes leading

to an upregulation of their expressidhgure 5).

The function of the putative factor X cannot berdmsr to DUX4 as the overexpression of
the DUX4 gene does not activate the expressiongd54genes (our unpublished observation).
Moreover, the expression of the DUX4 gene is ol 1 out of 1000 FSHD myoblasts (for
review see (Richards et al. 2011)) while the D4@deiat chromatin structure and overexpression of
4935 genes are observed in the majority of thes c€herefore, factor X should act in parallel woth

act upstream of DUX4.

Therefore, a unifying FSHD model would not be pokesivithout a factor X to be identified
that would complement the effect of DUX4 and cohéxpression of the 4935 genes. My doctoral
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work was dedicated to the search for this factorReésults obtained by me and my colleagues
indicate that this factor X is likely to be the kpel-like factor 15.

Normal FSHD
/"// ‘h\\
/ "
/' Factor X
4(|B / &=
= I T 2 i 4gA
o M LTI .,
g 1 Py )
435 MAR ; B _|--|> W Na,
s D4Z4 11-110  no DUX4 transcription 4a35 MAR AN
genes — DUX4 mRNA
ZENES D474 1-10 A TR

Figure 5. The model explaining the upregulation of 4q35egeim FSHD
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1.2 REGULATION OF MYOGENESIS

Three types of contractile tissues exist in then& body: smooth, cardiac, and skeletal
muscles. The expression of myogenic program in edcthe three types of muscular tissue is
controlled by a specific set of transcription fastoHowever, some factors, e.g. MEF2 (Myocyte

Enhancer Factor 2) and SRF (Serum Response Factocpmmon to all three types of human tissue.

MADS-box containing transcription factor MEF2 ifhet most ancient of myogenic
transcription factors and a central component obgeyic transcription factor network. MEF2 in
cooperation with more specific myogenic transcoptifactors directly activates the majority of
muscle genes in all types of muscle myogenic tssAaother MADS-box containing transcription
factor SRF recognizes a consensus sequence C@EGTknown as CArG-box. According to an
estimation (Sun et al. 2006) SRF is a direct trapsonal regulator of over 160 target genes. The
majority of the target genes are involved in myagedifferentiation, cell growth, migration,
cytoskeleton organization (Sun et al. 2006). SomMeGzbox containing genes are expressed in a
single muscle cell type (smooth, skeletal or caidiathers - in many. Why this is the case is still
unresolved (Pipes et al. 2006). SRF serves as termpiater of cell identity by interacting with

different partners (for review see (Pipes et a0&)

1.2.1 SKkeletal muscle myogenesis

Skeletal muscle originates from paraxial mesodia gives rise to the somites. The somites
become compartmentalized into myotome, sclerotongedrmatome (for review see (Buckingham
2006) (Venuti and Cserjesi 1996). The majority ofogenic cells of the trunk and limb muscles
derive from myotomal cells of the somites, althosghlreral body wall muscles developsitu from
local mesenchyme. Head muscles originate from theaxpl head mesoderm and prechordal
mesodermKigure 6). More specifically, extraocular muscles derivenfr occipital somites, tongue
and laryngeal muscles derive from cranial paraxiaboderm, and branchial arches - from splanchnic
mesoderm and prechordal mesodeFigire 7) (for review see (Duprez 2011) (Braun and Gautel
2011)).
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All skeletal muscles express a core set of tr@pison factors that include MYF5 (Myogenic
factorb5), MRF4 (muscle-specific regulatory factgr MIYOD (Myoblast determination protein) and
Myogenin (MYOG) (for review see (Pipes et al. 2006)

MYF5 and MYOD are generally thought to act as ngmg determination genes. MyoD, that
harbors both DNA recognition and transactivatorctions in the same polypeptide, autoregulates its
own expression by a feed-forward mechanism thailstes the skeletal muscle phenotype (Lassar et
al. 1989). Myogenin is essential for terminal diffietiation of committed myoblasts. MRF4, which is
expressed in both undifferentiated proliferatingjscand in mature post mitotic cells, plays a dual

role in myogenesigHjgure 8).

 Ee——
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Myogenic cells ¢ ¥

MyoD Myf5  Myoblast Myogenin Myotubes Maturing

¢ ‘ . muscle

— — 0l —2 —> =
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Figure 8 The role of the core myogenic factors in skeletaiscle differentiation (Hettmer and
Wagers 2010).
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The ability of MyoD to maintain its own expressigia feed-forward mechanism explains the
irreversibility of the induction of skeletal myogesis program. As a result, the phenotype of sKkeleta
muscles is more stable than that of smooth musiciesintrast to smooth muscle cells, differentiated
skeletal muscle cells (myotubes) cannot canceirthegenic differentiation program and reenter the

cell cycle (Pipes et al. 2006).

Despite the fact that the skeletal muscles derfvenh different anatomical locations during
embryogenesis express the same 4 core myogenizdatiiey are not identical. In trunk muscles the
expression of the core myogenic transcription fiacts induced by Pax3 (Paired box protein 3). In
limb muscles - by Pax3, SIX (sine oculis homeoboxblogue) and EYA (eyes absent) . In all
muscles of the head the expression of the core emyodgactors is induced by PitX2 (Pituitary
homeobox 2). A particular situation is observedthe case of branchial arches where PitX2 is
accompanied by the transcription factor TBXIglre 7) (reviewed in (Braun and Gautel 2011)).

It is conceivable that differences in the develepimof skeletal muscles of different
anatomical locations explain the phenotypic diffees in different types of muscular dystrophy. For
example, branchial arches muscles are affecteHCF while the extraocular muscles are affected
in oculopharyngeal dystrophy but spared in FSHDis Buggests that the specific developmental

program of branchial arch muscles may be pertunb&$HD (Fitzsimons 2011).

Skeletal muscles are capable to regenerate afteyibut their regenerative capacity may be
limited in the case of some types of muscular dydty or with age. Adult muscle progenitors are
called satellite cells. They are found along muddbers underneath the basement membrane.
Satellite cells ensure the regeneration of damagestles in adults. The hallmark of satellite cills

the expression of the Pax7 transcription fadtgifre 9).
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ES5 E14.5 E185 PO 2-3 weeks
embiryonic pernnalal
embryonic salellite
progenitors celis
1T |
- . - ! WSOl
- - - R ateiiito co
Pax3 Pax7 Pax7 ; - Pax7+
PaxT+ &5 & '
MRF+
myoblasts @ - - setivated
MRFs MRFs MRFs R 8 ) satellite cel
!” te ¢ PaxT+
PaxT+
. N - - - -
MUSCIC — = - - - & e =
fibers  o—— w -- : - = - - - -

Figure 9 Embryonic, fetal, and adult myogenesis in the reqduprez 2011).
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1.2.2 Cardiac myogenesis

The heart is the first organ formed during develept. Cardiomyocytes develop from the
splanchnic mesoderm located around the endothed@it tube. The heart development is governed
by a set of core transcription factors including R2: NK2 homeobox proteins, GATA family of
zinc-fingers transcription factors, T-box familyamscription factor Tbx and Hand family of bHLH
transcription factors. These factors are necesiarycardiac cell fate determination, contractile
proteins expression and morphogenesis of cardiactstes (for review see (Olson 2006)). As in the

case of skeletal myogenesis, these core factoosegutiate their own expression.

In addition to core cardiomyogenic factors, otfastors play an important role in cardiac
myogenesis: SRF, MEF2 and Myocardin family of taipgional coactivators (for review see (Olson
2006). Myocardin (Myocd) was discovered through iainformatic screening for genes whose
expression is limited to the heart (Wang et al. Q0@ has been shown later that Myocd is also
expressed in vascular smooth muscles (Li et al3R0dyocd does not bind DNA directly, instead it
forms a complex with SRF and thus activates theesgion of the genes controlled by CArG-box
containing enhancers. Myocardin expression is iosth to cardiovascular system (Wang et al.
2001).

Similarly to skeletal myogenesis, upstream regufatthat induce the core transcription
factors vary depending on anatomical location witthie developing heart. The primary heart field
that gives rise to the left ventricle and portioois the atria is controlled by Isll and Foxhl
transcription factors, while the secondary heatdfthat gives rise to the right ventricle, porsoof
the atria and the outflow tract is controlled byx8i5 and GATA4 transcriptional factors (for review
see (Olson 2006 gure 10).

:
signals signals
heart field (IsH, Foxh1) (NKkx2-5, GATA4) heart field
—_— Growth and

Four-chambered heart (Olson 2006)

Core regulatory network
(NK2-MEF2-GATA-Thx-Hand)

Figure 10 The network of the core cardiomyogenic factors
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1.2.3 Smooth muscle myogenesis

Smooth muscle fibers develop from mesodermal ¢kiisughout the body, but the greatest
proportion of smooth muscle fibers is derived frtme splanchnic mesoderm surrounding the gut
tube. SRF and Myocardin are essential factors inosinmuscle cell (SMC) differentiation (for
review see (Miano 2003) (Wang et al. 2004).

How embryonic mesodermal cells become specialipedxpress the smooth muscle cell
(SMC) myogenic program is not fully understoodslknown, however, that the transcription of the
majority of SMC markers is dependent on SRF (feraw see (Miano 2003) (Majesky 2007). SRF is
a relatively weak transcriptional activator, therefin order to efficiently activate the transaopt it
requires a partnership with co-factors. The ubapsty expressed myocardin-related coactivators
MRTF-A and MRTF-B (Myocardin-related transcriptidactor A and B) bind to SRF and provide
the transactivation activity necessary for actmatof the SMC myogenic program (for review see
(Pipes et al. 2006). Association between MRTF aRF $ mediated by a short basic peptide
sequence (Wang et al. 2001). They can activate #mmoascle gene expression if overexpressed in
fibroblasts (Wang et al. 2002).

The role of another SRF co-factor, Myocardin, isrencomplex (for review see (Wang et al.
2004)). As mentioned before, Myocardin is requii@dexpression of the cardiac myogenic program
in the heart (Wang et al. 2001). However, in mibe, Myocd knockout is lethal due to the loss of
smooth musculature (Li et al. 2003), an observatt@a underscores an important role of Myocd in
smooth muscle myogenesis. The crucial role of Mylmcdsmooth muscle myogenesis is reinforced
by the observation that the expression of Myocaidirfibroblasts is sufficient to activate the
expression of all smooth muscle genes, but onlybaet of cardiac genes (Wang et al. 2003). Myocd
inhibits the MyoG promoter and, therefore, is aaie@ regulator of skeletal muscle differentiation.
Myocd acts as a bifunctional switch for smooth kslatal muscle differentiation: skeletal myoblasts
overexpressing Myocd are incapable to differentaatd acquire a SMC-like phenotype (Long et al.
2007).

One of the distinctive features of smooth musdethe plasticity of their phenotype. SMCs
can switch between proliferating and differentiafgeenotypes depending on extracellular signals.
This phenotypic plasticity is achieved due to tlepagation of DNA binding and transcriptional
activation functions in transcription factors catfling the expression of smooth muscle genes. By
interacting with its partners, Myocardin and Etstéas, in a mutually exclusive way (Wang et al.
2004), SRF can dynamically change the smooth musgleblast fate by switching it from

myogenic differentiation to proliferation programdaback (for review see (Pipes et al. 2006)).

Page - 28 -



The phenotypic plasticity of smooth muscle cellgp@ses the stability of myogenic
differentiation phenotype of skeletal muscles. émtcast to MyoD, Myocardin does not activate its
own promoter, therefore, the SMC differentiatioogmam is reversible. SRF however, does activate
its own expression, but as its transactivationitgbis low, this is probably not sufficient to

irreversibly induce SMC differentiation program ger and Misra 1999).

Page - 29 -



1.3 microRNA

1.3.1 The discovery of microRNA

MiRNAs are 19 to 25nt-long RNAs. They were unirti@mally discovered in 1993 in the
laboratory of Victor Ambros. Members of his reséateam were searching for a protein encoded by
the lin-4 gene known to repress lin-14, a regulatbtarvae developmentin i€.elegans. Lin-4
protein has never been found, instead, it turnédhaai the lin-4 gene codes for a 66nt-long RNA tha
serves as a precursor for a shorter 22nt-long RiNA tloes not code for any peptide (Lee et al.
1993). It was then shown that the 22nt-long miRNAcomplementary to a region in the lin-14
3'UTR that is essential for the lin-4-dependentrespion of lin-14 expression (Lee et al. 1993).
Discovery of other microRNAs followed soon after:a similar way miRNA let-7 is complementary
to a region in the 3'UTR of the lin-41 gene andbith its expression il€.elegans (Reinhart et al.
2000). Lin-4 founded a whole new class of non-cgdRNAs initially called "small temporal RNA"
because they were controlled in a timely fashiothencourse of development. Nowdays this class of
RNA is referred to as miRNAs (for review see (Dsudand Ribet 2004) (Huntzinger and Izaurralde
2011)).

1.3.2 Biogenesis of microRNA

Approximately 50% of microRNAs are encoded insidigones of mMRNA genes, although
microRNA coding sequences can be also found ingetec regions outside mRNA coding genes -
(Lee and Ambros 2001) (Griffiths-Jones et al. 20@pression of the intronic microRNAs can be
dependent on the expression of the host gene,uglththis is not always the case. For example,
RNAPol 1l and RNAPol Ill-dependent promoters can foeind inside introns and drive the
expression of miRNAs independently from the promaié a host gene (Ozsolak et al. 2008,
Monteys et al. 2010). Although microRNAs can bens@ibed as polycystronic RNAs, the majority
of microRNAs follow the rule "one transcript - omecroRNA" (Lim et al. 2003a, Lim et al. 2003b)
(Figure 11).
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Our understanding of the mechanisms of microRNdgénesis started from an observation
that the band on a northern blot corresponding 2@-at long mature microRNA was accompanied
by a band corresponding to a 70-nt long RNA sugggshat mature microRNAs are generated as a
result of a complex processing (Lee et al. 1998Jeéd, the processing of microRNAs is a multistep
process. Firstly, the microRNA genes are transdriae primary microRNAs or pri-miRNAs of
variable length, folded in complex stem-loop stmuet(Lau et al. 2001). Pri-miRNAs are then
cleaved to 70-nt-long pre-microRNAs by the RNAse Drosha within the 650KDa
"Microprocessor". Then microRNAs are exported byé&iin 5 in the presence of Ran-GTP (Lund
et al. 2004). The subsequent step of microRNA @siog is performed by Dicer, a conserved
multidomain protein that contains helicase, doudttanded RNA binding domain and RNAse |li
domain (Lee et al. 2003).

Besides this canonical pathway, alternative mit¥8Rorocessing does not utilize Drosha.
This is the case of "Mirtrons" that are presernthim introns that are cut out in the course of spdic
Some other microRNAs can be also produced withbet pgarticipation of Dicer (reviewed in
(Miyoshi et al. 2010).

1.3.3 Mechanism of protein inhibition by miRNA

In almost all cases, microRNAs inhibit expressibiheir target mMRNAS. This repression can
take place at the protein or mRNA level. One of tive strands of the mature miRNA, generally
with less homology at the 5'-end, associates \aighprrotein Argonaut 2 (Ago2) whereby forming the
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core of the protein complex miRISC (miRNA-InducetlieScing Complex). The second strand is
degraded in most cases (for review see (Huntziager Izaurralde 2011)). Residues 2-8 of the
mature miRNAs (the "seed") determine the specyfiat miRNA towards its target mRNA (for
review see (Bartel 2009)) and are used in bioin&ditn searches where miIRNA-mRNA

complementarity is the most important criterionyliet al. 2003).

In the case of a strong complementarity between thRNA and its target mRNA, the
cleavage by the Ago protein occurs inside the mR&tget at the position paired with bases 10-11 of
the miRNA. The PIWI domain of the Argonaut protesnresponsible for this cleavage step (for
review see (Bartel 2004). This situation is, howewsot typical in mammals where miRNA
sequences are rarely perfectly complementary tortR&IA. In cases of imperfect complementarity,

gene expression is rather repressed at the levedrmdlation (for review see (Bartel 2004)).

1.3.3.1 miRNA action at the level of translation

The mechanism of miRNA-dependent inhibition ofngeription is not fully understood,
results from different studies being often contcamly. Some studies have demonstrated an
association of miRNA with polysomes suggesting tiia translation is inhibited after initiation.
Other studies have pointed at the association dD2@rotein with the mRNA cap. This association
interferes with the elF4F recruitment to mMRNA tlsahecessary for translation initiation. The latte
model suggesting that the miRNA interferes withngtation initiation is reinforced by the
observation that miRNAs cannot inhibit the transkatof cap less mMRNA or mRNA with internal
ribosome entry sites (IRES) (for review see (Hurder and Izaurralde 2011 )igure 12).
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1.3.3.2 miRNA action at the level of mRNA degradation

Multiple observationshow that miRNss induce mRNA degradatiomiRNA overexpressio
leads to adecrease of the quantity of its target mRMonversely inhibiting factors necessary for
mMiRNA action leads to amcrease irthe quantity of target mMRNA. The degradation step tglase
in P bodies whereiRNA and mRNA are colocaliz. One of the possible mechanisms woulcan
association of th®ISC complex with PABP (PolyA bindirprotein)followed by deadenylation and
degradationof mRNA (for review see(Huntzinger and lzaurralde 2011Jhese two modes of
mMiRNA action can coexist. M¥RA can be degraded followil inhibition of translatiol, alternatively,

a decapped mRNA is no longesubstrate fctranslation Figure 12).

1.3.4 MicroRNA nomenclature

All microRNAs discovered are assembled in the nase databaseEach microRNA is
designated by a number thagflects theirorder of discovery. Itwo or moremicroRNAs have
identical sequencesut are derived from different genomic regions,ytlage distinguished by the

numerical suffix, e.g. miR@-miR¢€-2. If mIRNA sequences differ at 1 or 2 bases,ti@iesuffix is

added, e.g. miR81a and miR18..
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In some cases, microRNAs are produced from thestnands of the same precursor. If the
predominance is unknown, the two microRNAs are l&bdy suffixes -3p or -5p to indicate their
origin from 3'- or 5'-end of the stem. If the predoant form is known, the minor form is marked by

an asterisk. A prefix of 3-4 letters designatessihecies, e.g. "hsa" for homo sapiens.

The size of the letter R in the word "miR" plats fiole to: the notation "mir-16" corresponds

to the 70-nt-long miRNA precursor and "miR-16" th@ mature 22-nt-long miRNA.

1.3.4.1 microRNA in normal skeletal myogenesis and muscular dystrophy

Many miRNAs are expressed in skeletal and camdiascles. Some of them are exclusively
expressed or highly enriched in these tissues stiggethat they might play a specific role in
myogenesis (for review see (Braun and Gautel 20@&)and Chen 2011) (Callis et al. 2008) (Guller
and Russell 2010)).

In vertebrates miR-1/206 and miR-133a/b familiesmo€roRNA originate from bicistronic
transcripts on three different chromosomes. Thestmaption of miR1-1/133a-2 and miR-1-2 and
miR-133a-1 common to cardiac and skeletal musalesntrolled by two separate enhancers (one
upstream and one intronic) bound by SRF, MyoD arieFRItranscription factors (Liu et al. 2007),
(Rao et al. 2006), (Zhao et al. 200B)gure 13). The skeletal muscle-specific cluster of microRNA
encoding miR-206 and miR-133b (Chen et al. 200@xidusively controlled by a MyoD-dependent
enhancer (Rao et al. 2006jigure 13). During myogenic differentiation, miR-1, miR-2@#&d miR-
133a/b are strongly overexpressed following theegplation of myogenic factors MyoD and MyoG
(Chen et al. 2006) (Rao et al. 2006). In agreemattt this, signaling cascades such as FGF-ERK-
MAPK inhibiting the expression and/or activity myagc factors also inhibit miR-1, -206 and -
133a/b expression (Sweetman et al. 2008).

MyoD Expression
SRF MEF2 MEF2 SRF
Cardiac and
skeletal muscle
e L o] Figure 13. Three bicistronic clusters of muscle-specific
SRF  MyoD MEF2 MyoD miRNAs Three bicistronic gene clusters each engpdin
Cardiac and two miRNAs are shown. miR-1-1, -1-2 and -206 ararlye
skeletal muscle . o .
[ e identical in sequence, as are miR-133a-2, -133%adl-
MyoD Ll TME-1 35501 133b. Cis-regulatory elements that direct musctstis
1 g 8 Skeletal muscle expression of each locus are indicated by blacle$cand
[ the transcription factors that act through thesenehts are
miR-206 miR-133b

shown (Williams et al. 2009).

In skeletal muscles, miR-1 plays a dual role. thirst represses the negative regulator of
myogenic differentiation HDAC4 (Chen et al. 2008gcondly, it controls cell cycle exit (Zhao et al.
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2007). In a similar way, miR-206 induces myogenftedentiation by repressing FSTL1 (follistatin),
UTRN (urotropin) (Rosenberg et al. 2006), gap jiorcprotein connexin 43 (Cx43) (Anderson et al.
2006), and inhibits cell cycle progression by repnmeg the expression of the DNA polymerase alpha
p180 subunit gene (Kim et al. 2006). While miR--d aniR-206 clearly act as pro-differentiation
factors in myogenesis by induction of myoblastatiéitiation and inhibiting their proliferation, the
role of miR-133 in myogenesis is more ambiguousogether with miR-1, miR-133 promotes
activation of the myogenic program in myoblastsityibiting the expression of Pax3 and Pax7
transcription factors (Chen et al. 2010). HoweweiRR-133 also promotes myoblast proliferation by
repressing SRF (Chen et al. 200BigQres 14, 15.

Besides their role in controlling muscle cell jleriation and differentiation, miR-1 and miR-
133 regulate cell apoptosis in an opposite wayatrcardiomyocytes miR-1linhibited the expression
of HSP60 and HSP90 thus stimulating apoptosis winilR-133 inhibited apoptosis by repressing
Caspase 9 (Xu et al. 2007). It is interesting ttertbat miR-1 and miR-133 derive from the same

mMiRNA polycistronic pri-miRNA but demonstrate oppagsimpacts on myogenesisigure 13).

Other miRNAs upregulated during myogenesis include

- miRNA-181a/b that promotes myogenesis by repmgsthe HoxAll genes, a repressor of
MyoD (Naguibneva et al. 2006);

- miR-27b and miR-486 induce myoblast differembiatby inhibiting the expressionof Pax3
and Pax7 genes respectively (Dey et al. 2011)s{@ti al. 2009). The expression of miR-486 is
activated by MRTF-A, SRF and MyoD (Small et al. @)1

- miR-24 promotes skeletal muscle differentiatipmobably by inhibiting TGH pathway
(Sun et al. 2008);

- miR-208b/499 are expressed both in skeletalcandiac muscle and regulate myofiber type
specification. These microRNAs are encoded withtrons of their myosin-coding host genes (beta-
MHC in case of miR-208b and Myh7b in case of mi¥4&an Rooij et al. 2009);

- miR-214 and miR-26a promote myogenesis by itiigpithe Polycomb group protein Ezh2
(Juan et al. 2009) (Wong and Tellam 2008);

- miR-29b/c was shown to promote myogenic difféiegion by inhibiting YY1 transcription
factor (Wang et al. 2008);

- miR-322/424 and miR-503 promote myogenic diffei@ion by inhibiting Cdc25A
expression (Sarkar et al. 2010); The phosphatases232d activates cell cycle progression by

removing the inhibitory phosphorylation from Cyeclilependent kinase Cdk2.

Fewer microRNAs have been shown previously to endegulated during myogenesis:
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- miR-221/222 repress the expression of the Cyadipendent kinase inhibitor gene
(Cdknlb/Kipl, also known as p27) (le Sage et ab.720The expression of miR-221/222 is activated
by the Ras-MAPK pathway known for its inhibitorypact on myogenic differentiation (Cardinali et
al. 2009).

- miR-125b is an inhibitor of myogenic differeritan and muscle regeneration targeting the
expression of pro-myogenic factor IGF-II. The exgsien of miR-125b (Polesskaya et al. 2007) (Ge
et al. 2011) is negatively controlled by mTOR sigma(for review see (Ge and Chen 2011)).

Neuromuscular
synapse function

f MYOD
@D |
miR-1, miR-27,
miR-206 and miR-486
5 B Myobl ——— | Myotub
B o —(of] D |
SRF Polal PAX3 and PAX7 4]—
Connexin 43
it
4
Figure 14. miRNA-transcription factor circuits involved inkeletal Figure 15. microRNA promote myogenic
muscle development MEF2 and MyoD control expressibrmiR-1, differentiation by repressing Pax3 and Pax7
miR-133 and miR-206 in skeletal muscle. Targets repression by genes (Braun and Gautel 2011)

these miRNAs, and the processes they regulate glskeletal muscle
development, are shown (Williams et al. 2009).

Several microRNAs shown to be involved in muscdlgstrophy. miR-206 is overexpressed in
the diaphragm (McCarthy et al. 2007) and skeletascte (Yuasa et al. 2008) of mdx mice (a model
of Duchenne muscular dystrophy). miR-221 and miR-22ere shown to be upregulated in
Duchenne muscular dystrophy and other types of laisdystrophy (Eisenberg et al. 2009). miR-29
that suppresses fibrosis by repressing the colla@@@L1Al) and Elastin (ELN) genes is
downregulated in Duchenne muscular dystrophy. & s@ggested that miR-29 may be responsible,
at least in part, for the muscular fibrosis obsdrireDuchenne muscular dystrophy (Cacchiarelli et
al. 2010).

Some microRNAs that were not previously associatgth myogenesis are specifically
overexpressed in different types of muscular dystyo For example miR-299-5p, -487b, -362 are
specifically overexpressed in Duchenne musculatrdgby, while miR-100, -103 and -107 are
specifically overexpressed in LGMD and miR-517*H8HD (Eisenberg et al. 2007), for review see
(Eisenberg et al. 2009).

1.3.4.2 microRNA in cardiomyogenesis and smooth muscle myogenesis

miR-1, miR-133 and miR-206 are also critical fastof cardiac muscle development. miR-1 is

the most strongly expressed microRNA in both huirah mouse heart where it accounts for 45% of
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all microRNAs (Lee and Ambros 2001) (Lagos-Quintataal. 2002), for review see (Townley-
Tilson et al. 2009).

The overexpression of miR-1 inhibits cardiomyogyteliferation, an effect that is attributed to
the miR-1-dependent repression of Handll (ZhaoleR@05). miR-133a inhibits proliferation by
repressing Cyclin D2 expression in cardiomyocytés €t al. 2008). miR-133a also plays a role of a
guardian of the cardyomyogenic differentiation bpnessing SRF and preventing it from activation
of the smooth muscle-specific genes (Liu et al.8(Bigure 16).

The cardiomyocyte-specific miR-208a is encoded witan intron of thea-MHC (alpha
myosin heavy chain) gene and regulates myofibecitpation. Both miR-208 and-MHC are heart-

specific and controlled by common regulatory eletséwan Rooij et al. 2007).

Smooth muscle

gene expression
~ > @ RhoA
Cdc42

HDAC4

WHSC2
\ | | / Figure 16 miRNA-transcription

C;:g:omyoﬁ:e <~ HAND2}—[miR-1| [miR-133]—] Cyclin D2 cﬁﬂf@ﬁ#’ factor circuits involved in cardiac

growth and development Expression
/ J- J- of miR-1 and miR-133 in cardiac
i} IRXs i muscle is controlled by MEFZ and_ ]
Connexin43  HCN2 SRF. Targets for repression by miR-1
KCNJ2 .
_ HCN2/HCN4 and miR-133, and the processes they
regulate during cardiac growth and

development, are shown. (Williams et

Several microRNAs including miR-133a, miR-24, andRr29 were shown to be differentially
expressed in hypertrophic heart. While the expoessf miR-133a was found to be downregulated
(Care et al. 2007), miR-24 was shown to be uprégdlduring heart hypertrophy (van Rooij et al.
2006). miR-24 was shown to induce hypertrophic ghoifr overexpressed in cardiomyocytes (van
Rooij et al. 2006). miR-29 targeting the collag€lO(L1A1) and Elastin (ELN) genes expression in

cardiomyocytes was shown to play a role in carti@osis (van Rooij et al. 2008).

Fewer microRNAs are known to be specifically expegsin smooth muscles. miR-143 and
miR-145 are enriched in cells and promote diffdeditin of vascular smooth muscles, miR-221 and
miR-22 are also implicated in vascular smooth nausell (VSMC) differentiation and are essential

for smooth muscle cell proliferation (for reviewesgong and Li 2010).
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1.4 KLF15 in normal development and disease

1.4.1 KLF15 and other Kruppel-like transcription factors

Kruppel-like transcription factors constitute agarfamily of important regulators of growth
and development (for review see (Bieker 2001, Kaskiet al. 2003). To date, 17 members of the

KLF family are known in mammals. They are desigdd&€éF1 to KLF17.

. H . H H
e Jlo J@)
. \.._c

TGERP GERP

Figure 17 the general structure of a transcription factoithia
Kruppel-like family (Pearson et al. 2008).

Kruppel-like factors inherited their names from tKaippel transcription factor, a pattern
regulator in Drosophila embryos (Licht et al. 199®&ruppel-like factors share three highly
homologous Cys2/His2 zinc fingers located at th&eei@iinus of the protein that ensure binding to
specific DNA sequences called GC and CACCC bokegi(e 17). The fingers are connected by the
highly conserved TGEKP(Y/F)X linker called Kripdeik. Due to high homology of their DNA
binding domains, KLF factors recognize quite similthough not identical, DNA sequences (for
review see (Pearson et al. 2008)). However, tieeligle homology between various KLF outside the
zinc fingers, in accordance with the functionalsatility of the various family members.

KLF15 was identified in a one-hybrid screen fortéas repressing the kidney-specific
chloride channel CLC-K1 (Uchida et al. 2000). La&&i~15 was rediscovered in another work (Mori
et al. 2005) but the credit for its discovery shibabviously be attributed to Uchida et al. Although
KLF15 was initially isolated from a kidney cDNA li#xy, the expression of KLF15 is relatively
widespread and not limited to kidneys. The highegiression levels of KLF15 were detected in
kidney, liver, pancreas, white and brown adiposjt@ardiac and skeletal muscles (Gray et al. 2002).
KLF15 is expressed in all muscle lineages and, iwithe blood vessel wall, localizes principally to
SMCs (Gray et al. 2002).

Despite its expression in a wide variety of tissu€sF15 is not a housekeeping gene. Its
expression is upregulated during cardiomyogenésssti et al. 2007) and adipogenesis (Mori et al.
2005) suggesting that KLF15 might be an importastetbpmental regulator in several types of
tissues. Interestingly, KLF15 which was initiallisdovered as a transcriptional repressor, was later
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shown to function as an activator of transcripti@teson et al. 2004, Mori et al. 2005). Since then
increasing evidence has accumulated of importandedeversity of KLF15, a crucial regulator at the
crossroad between metabolism, the development aed)e expenditure. Below, we will consider
the implication of KLF15 in various cellular proses including normal and pathological

myogenesis.

1.4.1.1 KLF15 and gluconeogenesis

Glucose is the principal source of energy in maitianaells. The increase in glucose level in
the blood immediately after feeding induces ins@acretion by hepatocytes and activation of the
glycolysis and glucose storage mechanisms. As @atragucose is partly converted to glycogen
which is stored in muscles and liver. Another parconverted into fat and stored in fat tissue
(Figure 18).

Plasma glucagon

Relative change

Blood glucose
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S . . . .
0 10-04 Figure 18 The dynamics of insulin, glucagon and glucose

levels in the blud during starvation (figure frorarper's

Hours of starvation . .
biochemistry lllustrated)

When hepatic glycogen stores are depleted, formpla after overnight fasting,
gluconeogenesis is turned on in order to prevemoglycemia Figure 18). Gluconeogenesis
depends on the presence of precursors that carsdek far glucose synthesis. A major source of
precursors is provided through the catabolism o$cteuproteins to amino acids. The breakdown of
leucine, isoleucine and valine, (the so called tinad chain amino acids or BCAAs) down to alanine
takes place in skeletal muscle (Felig et al. 19T@gn alanine is transported by the blood flowhi® t

liver where it is converted to glucose via glucogemesis Figure 19).

As many as 6% of the genes expressed in skelatatles are upregulated during fasting.

These genes include those involved in protein lateak (ubiquitin proteasome pathway) and fatty
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acid oxydation (for review see (Yamamoto et al. £400These changes represent an adaptive
response of the organism to liberate glucose, betrechanism underlying the transcriptional
control of this process is unknown. KLF15 has bskown to be upregulated 28-fold in mouse
skeletal muscles after 48h fasting (Yamamoto.e2@04). The promoter of KLF15 is controlled by
the glucocorticoid receptor (GR) (Shimizu et al12pDand KLF15 expression can be induced by
dexamethasone (Teshigawara et al. 2005) (Yoshikatwal. 2009). Thus, activation of KLF15
expression during fasting is due to the increagbarconcentration of glucocorticoids.

KLF15 cooperates with FoxoO1 to activate the ERyitin ligase enzymes Atrogin-1 and
MuRF1 (Shimizu et al. 2011) and thus controls thigal step in protein breakdown (for review see
(Sandri 2008)). KLF15 also activates the expressibigenes involved in amino acid catabolism
including BCAT2 (mitochondrial Branched Chain Aminmansferase 2), BCAT2 is a mitochondrial
enzyme that catalyzes the first step in the caisimobf BCAAs and accelerates BCAA degradation

and alanine production in skeletal muscle (Gragl.€2007).

A role of KLF15 as an activator of amino acid ¢tetiism genes was demonstrated in KLF15
knockout mice where amino acid catabolism genesepeessed in skeletal muscles. As a result,
KLF15-deficient mice suffer from severe hypoglycamafter overnight fasting as they cannot

activate the protein catabolism pathway (Gray €2@0D7).

Alanine produced in skeletal muscles is broughth®y bloodstream to the liver where it is
converted to pyruvate and then used for gluconesgsr(Felig et al. 1970). Alanine catabolism in
the liver involves a one-step conversion of alaiméhe gluconeogenic substrate pyruvate by ALT1
(alanine aminotransferase 1). A key enzyme for niegt steps of gluconeogenesis is PEPCK

(phosphoenolpyruvate carboxykinase).

A microarray analysis revealed KLF15 overexpresgethe liver following a 24h fasting
(Teshigawara et al. 2005). KLF15 activates the esgion of ALT1 (Gray et al. 2007) and PEPCK
(Teshigawara et al. 2005), suggesting that KLF1&trots both the initial alanine breakdown step

and subsequent gluconeogenesis steps in the liver.
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1.4.2 KLF15 and the metabolism of lipids in the muscle

In the fed state, the organism activates the ggmhof fatty acids and triglycerides aim to
store fatty acids. When glucose is missing in tkeletal muscle, e.g. as a result of starving,
alternative energy production mechanisms, includiveggcitric acid cycle, are activated. Fatty acids
hydrolysis and production of Acetyl-CoA by beta-dayion and its conversion into G@nd HO
with energy production is one such mechanisms. A€&0bA is therefore a key intermediate in fatty

acid biosynthesis and catabolism.

Acetyl-CoA synthetase (AceCS) catalyzes the prodocof Acetyl-CoA from acetate and
coenzyme A. There are two AceCS enzymes in mammasCS1 and AceCS2. Cytoplasmic
AceCS1 provides Acetyl-CoA for the synthesis oftyfadcids and cholesterol. The expression of
AceCS1 is controlled by SREBPs (sterol regulatdeynent binding proteins) (lkeda et al. 2001), for
review see (Horton 2002Figure 20).

AceCS2 is localized in the mitochondrial matrixdais required for fatty acid catabolism
resulting in the production of Acetyl-CoA later aiged in the mitochondrial matrix to produce ATP
and CO2 through the citric acid cycle. The reguolatof the AceCS2 gene, highly expressed in
skeletal muscles and the heart, is totally diffefemm AceCS1. AceCS2 transcripts are induced in
case of prolonged fasting and diabetes (calledgegiic conditions) (Yamamoto et al. 2004). Fasting-
induced transcriptional activation of AceCS2 is sml by a single transcription factor, KLF15
(Yamamoto et al. 2004), indicating its key roldatty acid catabolism in the skeletal muscéteg(ire
20).
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1.4.3 The role of KLF15 in myogenesis

1.4.3.1 KLF15 and the control of skeletal muscle mass

KLF15 knockout mice develop normal muscles (Fistlal. 2007) suggesting that KLF15 is
dispensable for myogenic differentiation of skeletauscle precursors during embryogenesis.
However, emerging evidence suggest an implicatfidiLé-15 in controlling muscle mass in adults.
Maintenance of the skeletal muscle mass dependsqoiibrium between anabolic and catabolic
processes. In general, the fed state is anabolite wihe fasting state is catabolic. Muscles that
contribute 40% of the body mass serve as an importatrient storage and supply facility. As
mentioned before, catabolism of amino acids amdeprs during fasting is required for glucose

production via gluconeogenesis.

The expression of genes essential for catabolsmontrolled by glucocorticoids which
prevents life-threatening hypoglycemia during fagti However, prolonged exposure to
glucocorticoids is deleterious and induces atrophynuscles, for review see (Munck et al. 1984).
Many pathological conditions, including sepsis arathexia, are associated with an increase in
circulating glucocorticoid levels (for review sedlgnconi et al. 2007). It has been recently
demonstrated that glucocorticoid receptor (GR)vatdis the expression of KLF15 (Shimizu et al.

2011). Therefore, KLF15 is implicated in the gluedoid-dependent muscle wasting.

There exists a second mechanism whereby KLF15asrthe skeletal muscle mass. Plasma
amino acids are known to promote the synthesis, iahihit the degradation of muscle proteins
(Fulks et al. 1975). Amino acids, and especiallyABO(Branched chain amico acids) such as Val,

Leu and lle, are known to activate mTOR (mammalgget of Rapamycin), a crucial component of
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the anabolic machinery and a crucial regulatorrofgin synthesis (Bentzinger et al. 2008). KLF15
diminishes the concentration of BCAA by convertittem to alanine during the process of
gluconeogenesis (see above). Therefore, KLF15 eotly inhibits mTOR and thus negatively

modulates myofiber size and the muscle mass (Shigtial. 2011).

In agreement with both models described above,njeetion in mice of KLF15-encoding

adenovirus caused atrophy in the tibialis antamiascle (Shimizu et al. 2011).

1.4.3.2 KLF15 plays a role in cardiac muscle remodeling

KLF15 is expressed at very low levels during cacdievelopment in mice. The expression of
KLF15 gradually increases in the heart after brghching the adult level at day 20 (Gray et al.
2002). The KLF15 knockout mouse is viable, fersitel has a normal lifespan, although it is prone to
cardiac hypertrophy (Fisch et al. 2007). This sstgéhat although KLF15 is apparently dispensable
for cardiac development during embryogenesis, ghtnprotect the heart from hypertrophy in adults.

Cardiac hypertrophy is a consequence of the reanoging of cardiac gene expression in
favor of "fetal" cardiac genes which code for cantile and metabolism-controlling proteins. The
same program is used by the cell during normal Idpweent of the heart. Both processes share the
same transcription factors: MEF2, GATA4, SRF asdci-activator Myocardin (Myocd) (Frey and
Olson 2003). Myocd mRNA expression levels are uplagd in failing heart (Torrado et al. 2003)

which is a natural response of cells to hypertroplgnals or stress.

KLF15 directly interacts with Myocd and preveniading of Myocd to SRF. Inhibition of
Myocd by KLF15 leads to repression of "fetal" caaligenes including ANF and alpha-SKA
(Leenders et al. 2010). In addition, KLF15 actsaagpressor for GATA4 and MEF2 (Fisch et al.
2007).

Therefore, in order to be able to activate théglagical mechanism of hypertrophic growth,
cardiomyocytes first need to neutralize the hypgty inhibitor KLF15. It has been demonstrated
that KLF15 expression is indeed repressed in failiearts of patients with cardiomyopathy and
patients with aortic stenosis (Gray et al. 2002dgiaet al. 2010, Leenders et al. 2010). At theesam
time, KLF15 levels are not changed during exeraisieiced heart hypertrophy (Leenders et al.
2011). The KLF15 repression is controlled by a Tié&fa-p38-MAPK signaling cascade activated in
stress conditions (for review see (Leenders ét(Hll)).

1.4.3.3 KLF15 in vascular smooth muscle remodeling
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In arterial and venous beds KLF15 expression stricted to VSMCs (vascular smooth
muscle cells) (Lu et al. 2010). The pathologicahoeeling of the vessel wall that takes place during
atherosclerosis and restenosis requires a switoh the differentiated (contractile) phenotype of
smooth muscle cells (SMC) to the proliferating ¢hgtic) phenotype. Again, as in the case of heart

muscle remodeling, KLF15 is an inhibitor of theatipological remodeling.

Testing aorta aneurism samples has shown that Kfekpression levels are almost 10-fold
lower as compared to controls (Haldar et al. 20T0@g aorta of KLF15 knockout mice is prone to
aneurisms and intramural hematomas formation acaorma@ by reduced aorta wall thickness and

increased apoptosis (Haldar et al. 2010).

The protective function of KLF15 against the pédlgecal remodeling includes inhibition of
SMC cells migration and proliferation (Lu et al.1®) and inhibition of apoptosis (Haldar et al.
2010). KLF15 has been shown to suppress cell gropmsumably by inhibiting the Cyclin A2
promoter (Fernandez-Zapico et al. 2011). The gmip#otic function of KLF15 depends on p53
(Haldar et al. 2010). The p300 acetyltransferageeddent acetylation of p53 at multiple lysin
residues is essential for p53 transcriptional #gtiand protein stability (Tang et al. 2008, Krussd
Gu 2009). KLF15 overexpression inhibits p300-dependp53 acetylation, thereby inhibiting its
transcriptional activity (Haldar et al. 2010).

The exact mechanism of the p300-dependentn pS8laien via KLF15 remains unknown,
although it probably involves the inhibition of @maction between p300 and p53 (Haldar et al. 2010).
One of the Kruppel-like family members, EKLF (Ermaid Krippel-like factor), interacts with p300
via its transactivation domain (TAD) (Mas et all12]. It has been shown that the TAD of KLF15 is
homologous to that in EKLF and p53 (Mas et al. 2011

It is thus tempting to speculate that KLF15 camb&itute” for p300 in the complex with
p53, thereby inhibiting the p53 dependent p300ydetsdn.
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2 RESULTS

2.1 Article n°2: The role of Kruppel-like factor 15 in FSHD

Facioscapulohumeral muscular dystrophy (FSHD),omidant hereditary disease with a
prevalence of 7 per 100,000 individuals, is assediavith a partial deletion in the subtelomeric
D4Z4 repeat array on chromosome 4q. The D4Z4 repma@hains a strong transcriptional enhancer

that activates promoters of several FSHD-relateckge

We here report that the enhancer within the D4&geat binds the Krippel-like factor
KLF15. KLF15 was found to be upregulated during myogenic cffiéiation induced by serum
starvation or by overexpression of the myogenited#ntiation factoMYOD. When overexpressed,
KLF15 activated the D4Z4 enhancer and led to oyaession ofDUX4c (Double homeobox 4,
centromeric) andFRG2 (FSHD region gene 2) genes, whereas its silencing caused inactivation of the
D474 enhancer. In immortalized human myoblasts R4 enhancer was activated by the
myogenic factor MYOD, an effect that was abolishguwbn KLF15 silencing or when the KLF15
binding sites within the D4Z4 enhancer were mutatedicating that the myogenesis-related
activation of the D4Z4 enhancer was mediated by 3. KLF15 and several myogenesis-related
factors were found to be expressed at higher lematsyoblasts, myotubes and muscle biopsies from

FSHD patients than in healthy controls.

We propose that KLF15 serves as a molecular letlvben myogenic factors and the activity
of the D4Z4 enhancer, and thus contributes to trerexpression of th®UX4c and FRG2 genes

during normal myogenic differentiation and in FSHD.
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enhancer.

Significance: KLF15 contributes to the
overexpression of DUX4c and FRG2 genes in
FSHD.
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SUMMARY

Facioscapulohumeral muscular dystrophy
(FSHD), a dominant hereditary disease with
a prevalence of 7 per 100,000 individuals, is
associated with a partial deletion in the
subtelomeric D474 repeat array on
chromosome 4q. The D4Z4 repeat contains
a strong transcriptional enhancer that
activates promoters of several FSHD-
related genes. We here report that the
enhancer within the D4Z4 repeat binds the
Kriippel-like factor KLF15. KLFI5 was
found to be upregulated during myogenic
differentiation induced by serum starvation
or by overexpression of the myogenic
differentiation factor MYOD. When
overexpressed, KLF15 activated the D474
enhancer and led to overexpression of
DUX4c (Double homeobox 4, centromeric)
and FRG2 (FSHD region gene 2) genes,
whereas its silencing caused inactivation of
the D474 enhancer. In immortalized human
myoblasts the D4Z4 enhancer was activated
by the myogenic factor MYOD, an effect
that was abolished upon KLF15 silencing or
when the KLF15 binding sites within the
D474 enhancer were mutated, indicating
that the myogenesis-related activation of the
D474 enhancer was mediated by KLFI15.
KLFI5 and several myogenesis-related
factors were found to be expressed at higher
levels in myoblasts, myotubes and muscle
biopsies from FSHD patients than in
healthy controls. We propose that KLF15
serves as a molecular link between
myogenic factors and the activity of the
D4Z4 enhancer, and thus contributes to the
overexpression of the DUX4c¢ and FRG2

genes during normal
differentiation and in FSHD.

myogenic

INTRODUCTION

Facioscapulohumeral muscular dystrophy
(FSHD) is an  autosomal dominant
neuromuscular disease with a prevalence of 7
in 100,000 (1). FSHD is characterized by
progressive weakness and atrophy of the facial
muscles and the shoulder girdle. The disorder
is associated with a deletion of an integral
number of 3.3 kb tandem repeats (D4Z4)
(Figure 1A) present within the subtelomeric
regions of the long arms of chromosomes 4
(4935) and 10 (10g26) (Figure S1A). The
D474 repeat copy number varies from 11 to
~100 in healthy individuals, but is consistently
less than 11 on at least one chromosome 4 in
patients with FSHD (2). Together, a shorter
D4Z4 array, a specific simple sequence length
polymorphism (SSLP-161) and the presence of
the 4qA allele have been specifically
associated with FSHD (3).

The transcriptional profiling of FSHD cells
grown in vitro and of muscle biopsies has
characterized FSHD as a multigenic disorder.
Thus, anomalies in the expression of genes
involved in the response to oxidative stress (4),
vascular smooth muscle- and endothelial cell-
specific genes (5,6) as well as myogenic
differentiation program (7-9) have been
reported. At the same time, the connection
between the myogenic factors and FSHD has
never been elucidated.

Gene studies within the 4g35 chromosomal
region have shown that FRGI, FRG2, ANTI,
DUX4 and DUX4c¢ can be up-regulated in
FSHD cells (4,10-13) (for review see (14,15)).
The overexpression of FRGI in skeletal
muscles of transgenic mice or that of DUX4
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and DUX4¢, two proteins encoded by repeated
elements at 4q35, in C2C12 myoblasts,
recapitulate some of the FSHD features (16-
18), but the overall mechanism of their
upregulation in FSHD cells largely remains to
be deciphered. The expression of DUX4 in
FSHD muscle cells has recently been linked to
a unique polymorphism (4qA161) associated
with the presence of a previously identified
polyadenylation signal in the flanking pLAM
region (13) that increases DUX4 transcript
stability (19). The mechanism of upregulation
of other genes including FRG2 and DUX4c
remains unknown.

The D474 repeats and neighboring
segments within the 4q35 region are rich in
regulatory elements (for review see (14))
whose activity may be perturbed in FSHD. We
have recently mapped a potent enhancer within
the D4Z4 repeat unit (D4Z4 enhancer) (20,21).
Interestingly, the region homologous to the
D474 enhancer that is located proximally to
the DUX4c and FRG2 genes (proximal
enhancer) (22), is severely mutated (Figure
S1B). Analysis of the three-dimensional
structure of the chromatin in this region has
indicated that the D4Z4 enhancer directly
contacts the FRGZ2 and DUX4c promoters
(23,24). D4Z4 enhancer is also capable to
activate these promoters in vitro ((11) and this
study). These observations suggest that the
D4Z4 enhancer within the D4Z4 array could
control the expression of 42 Kb-distant DUX4c
and FRG2 genes. DUX4¢, which is
upregulated in FSHD (25), has been shown to
inhibit differentiation of mouse myoblasts
(17). FRG2 is overexpressed in myoblasts
from FSHD patients after induction of
myogenic differentiation but its function is not
known yet (11).

In this study, we identified the Kriippel-like
factor KLF15 that directly interacts with the
D4Z4 enhancer thereby up-regulating its
activity. We also found that KLF15 induces
expression of FRG2 and DUX4c. KLF15 is
upregulated during myogenic differentiation,
suggesting that the activity of the D474
enhancer may also increase during myogenic
differentiation. We also observed that the
D474  enhancer activation by MYOD
depended on the KLF15 expression suggesting
that KLF15 serves as a molecular link between
the myogenic factors and the activity of the
D474 enhancer during normal myogenic
differentiation. Finally, the KLFI5 gene was
found to be strongly expressed in myoblasts,
myotubes and biopsies from FSHD patients
potentially linking aberrant expression of
myogenic factors that we observed in these
cells to the increase activity of the D474
enhancer. Taken together, our observations
indicate that the KLFI15-controlled D4Z4
enhancer could contribute to the upregulation
of FRG2 and DUX4c genes observed during
normal myogenic differentiation and in FSHD.

RESULTS

Characterization of the D4Z4 minimal
enhancer

We have recently shown that the D4Z4
repeat contained a strong transcriptional
enhancer and this activity was mapped to
fragment "170" (nucleotides 1-170) of the
D474 repeat (Figure 1A) (20,21). To better
characterize this fragment, we performed
electrophoretic mobility shift assays (EMSA)
and found that fragment 170 formed two major
specific complexes (I and 1I) with proteins in
HeLaS3 nuclear extracts (Figure 1B). The
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shorter fragment "A" (nt. 120-170 in Fig. 1A)
exhibited a similar capacity to interact with
proteins in nuclear extracts from HeLaS3 and
C2C12 cells as fragment 170 (Figure S2A
and B). We then compared the enhancer
activity fragments 170 and A in HeLa, C2C12
and human immortalized myoblasts (iMyo)
using reporter constructs where luciferase
expression was under the control of the SV40
promoter either alone (p-Pro, negative control)
or downstream of fragment 170 (pE170-Pro)
or fragment A (pEA-Pro) (Figure 1C).
Quantification of luciferase  expression
indicated that the enhancer activity of
fragment A was similar to that of fragment 170
in all cell lines tested (Figure 1C). We thus
focused on fragment A for further analysis.

KLF15 interacts with the minimal D474
enhancer in vitro and in vivo

Analysis of transcription factor binding
sites within the D474 enhancer identified SP1
as a potential binding factor. To identify
additional transcription factors potentially
interacting with the minimal D4Z4 enhancer
(fragment A) in muscle cells, we set up a yeast
one-hybrid assay (26) and screened a human
skeletal muscle cDNA library using fragment
A fused to the HIS3 reporter gene.

We analyzed a total of 22 independent
clones isolated from this initial screen. After
additional verification by transformation of the
isolated plasmids into the control and
screening strains, 8 plasmids were further
analyzed. Five plasmids were considered as
true positives: two coding for KLF15, two for
EGRI and one for ZNF444. The other three
plasmids coded for CKM, Actin and
Sphingomyelinase and were considered as
false positives. SP1 was not present among the

identified factors possibly because it is
downregulated during myogenesis (27).

We next tested whether factors identified in
the one-hybrid screen could form specific
complexes with the D4Z4 enhancer. Fragment
A contains two SP1 sites that partially overlap
with two KLF15 sites, one EGR1 site and one
ZNF444 site (Figure 2B, left). To test whether
the identified factors could form specific
complexes with the D4Z4 enhancer, we
mutated the recognition sites of EGRI1, SP1,
ZNF444 and KLF15 in fragment A and carried
out EMSA assays using the mutant
oligonucleotides as competitors. Fragment A
with mutations in EGR1 and ZNF444 sites (A
mut-E/Z) retained its ability to bind proteins
from nuclear extracts as it still competed
efficiently with wild-type (wt) fragment A for
the formation of complexes I and I (Figure
S2C). In contrast, disruption of both KLF15
and SP1 sites (A mut-all) led to an almost
complete loss of the competing ability of
fragment A (Figure S2C), suggesting that
these complexes are formed with KLF15 and
SP1. We then performed EMSA assays using
oligonucleotide duplexes that have been
shown by others to specifically bind to either
KLF15 or SP1 (28-31) (Figure 1D). KLF15-
specific duplexes more efficiently competed
with fragment A for formation of complex I.
Conversely, SP1-specific duplexes were more
efficient in the competition for formation of
complex II, suggesting that complex I includes
KLF15 and complex II - SP1 (Figure 1D).

We then used
immunoprecipitation (ChIP) to test whether
KLFI15 interacted with the D4Z4 enhancer in
vivo. Formaldehyde-crosslinked chromatin

chromatin

from TE-671 cells was enzymatically
fragmented and immunoprecipitated using
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anti-KLF15 or control antibodies. The
precipitated DNA was PCR-amplified with
primers specific for the D4Z4 enhancer or
centromeric satellite Il DNA (Sat2). As shown
in Figure 1E, the D4Z4 enhancer but not Sat2
DNA was specifically immunoprecipitated
with the anti-KLF15 antibodies. In order to
confirm that KLF15 interacted with the D474
repeat on chromosome 4, we have repeated
KLF15 ChIP in chromatin in the hamster cell
line GM10115 that harbours chromosome 4 as
a single human chromosome and have shown
that the D4Z4 enhancer was enriched
approximately 5-fold in KLF15
immunoprecipitate as compared to the control
(Figure 1E). We thus conclude that KLF15
interacts specifically with the D4Z4 enhancer.

KLF15 is the activator of the D474
enhancer

Depending on the context, KLF15 can
function as an activator (32,33) or a repressor
(34-36). To better analyze its role, as well as
that of SP1 vis-a-vis the D474 enhancer, we
first tested whether ectopically expressed
KLFI5 and SPI could activate the D474
enhancer. We overexpressed KLF/5, SPI or
GFP (control) in HelLa cells and analyzed the
activity of the D4Z4 enhancer using the
luciferase reporter constructs pEA-Pro and
pE170-Pro (Figure 2A). When overexpressed,
KLF15 stimulated luciferase expression
approximately three-fold while overexpressing
SP1 or EGRI slightly inhibited its expression
(Figure 2A). Similar effects of KLF15 on the
D474 enhancer activity were also observed in
Hela cells and in immortalized human
myoblasts (Figure S3A). To test whether this
enhancing effect of KLF15 depends on KLF15
and/or SP1 binding, we introduced mutations
that distupted KLF15 or SP1 binding sites in

fragment A (Figure 2B) and cloned these
mutated sequences into the luciferase reporter
vector. Disrupting of only one of the two
KLF15 sites (mut-a and -b) considerably
reduced the enhancer activity, suggesting that
the presence of both KLF15 sites is essential
for the activity of the D4Z4 enhancer.
Conversely, the effect of SP1 on the D474
enhancer was not significantly modified by
mutations in the SP1 sites indicating that SP1
doesn't directly regulate the D474 enhancer
activity (Figure 2B).

To confirm that KLF15 was required for the
D474 enhancer activity in human myoblasts,
we next silenced KLFI5 using an RNAIi
approach. In iMyo cells transfected with
siRNA against KLF15 the endogenous KLF15
expression levels were 2 to 3-fold lower than
in the cells transfected by scrambled siRNA
(Figure 2C). We then tested the D474
enhancer activity in iMyo cells cotransfected
with siRNA against KLFI5 and pEA-Pro
luciferase reporter construct (Figure 2C, right
panel). The activity of the pEA-Pro reporter
was significantly lower in the siKLFI15
transfected than in control cells suggesting that
KLF15 is required to activate the D4Z4
enhancer in proliferating myoblasts (Figure
2C right panel). Similar results were obtained
in HeLa cells (data not shown). From these
results we conclude that the D474 enhancer
activity requires the presence of KLF/5, and
that KLF15 can stimulate the D474 enhancer
in various cells including human myoblasts.

KLF15 controls the expression of DUX4c
and FRG?2 genes

The D4Z4 repeat is known to activate the
promoters of the FRG2 and FRGI genes
(11,21). We and others have previously
demonstrated that the D474 repeats directly

LL0Z ‘gl 48gooQ uo ‘Assnol asesnb ymnsul je Bio oglMmmm Lol pepeojumog

Page - 50 -



interact with the promoter regions of DUX4c,
FRGI and FRG?2 (23) (24). We thus reasoned
that the KLF15-regulated D4Z4 enhancer
could be a natural activator of these genes. In
order to test this hypothesis, FRG/, FRG2 and
ANTI mRNA expression was measured in
HeLa overexpressing KLFI15. FRGI and ANT1
expression remained virtually unchanged,
strikingly contrasting with the overexpression
FRG2 whose expression exhibited a 15-fold
increase in KLF']5-vs empty vector-transfected
HeLa cells (Figure 3A, left and S3C).

That KLF15 is a specific activator of FRG2
was confirmed by a KLF15 knock-down assay.
Human primary myoblasts were transfected
with a siRNA against KLFI/5 or with a
scrambled sequence control. As shown in Fig
3A, right panel, the expression of FRG2 was
decreased 5-fold in proliferating myoblasts,
while MYHI expression remained unchanged.
These observations suggest that the regulation
of FRG2 expression by KLF15 is direct rather
than through the action of myogenic factors.
We also tested FRG2 and KLF15 expression
in serum starvation-induced differentiated
myotubes where FRG2, KLF15 and MYHI
expression is higher. In these differentiated
myotubes, KLF15 knockdown led to FRG2
repression without affecting MYH]1 expression
(Fig 3A, right panel), indicating that KLF15
controls FRG2 expression without affecting
myogenic differentiation.

Having demonstrated that KLF15 controls
the expression of FRGZ2, we then asked
whether it also controls the expression of two
double homeobox genes, DUX4c and DUX4,
also located within the 4q35 chromosomal
region. Although the DUX4c gene maps
within a truncated D4Z4-like element
(D4Z4%*), its enhancer region is mutated and

lacks any KLF15-binding site (Figure S1B).
The DUX4c and DUX4 promoters and the
D4Z4 enhancer were cloned in the luciferase
reporter plasmid pPro to produce p-
ProDUX4/4c (DUX4 or DUX4c promoter
alone) and pE170-ProDUX4/4¢ (including the
D474 enhancer upstrcam of the DUX4 or
DUX4c¢ promoter). Human immortalized
myoblasts were co-transfected with these
constructs and with a KLF15 plasmid. As seen
in Figure 3B, KLF15 overexpression induced
3-4-fold DUX4 and DUX4c promoters coupled
to the D4Z4 enhancer. In the absence of the
D474 enhancer DUX4 and DUX4c¢ promoters
were almost insensitive to the KLFI5
overexpression indicating that in natural
context KLF15 could control the expression of
these genes indirectly via the D4Z4 enhancer
and not by directly regulating their promoters
(Figure 3B).

It was shown recently that the DUX4 gene
is surrounded by CTCF-dependent enhancer
blocking elements (37). This observation
prompted us to test whether the D4Z4
enhancer is capable to activate the expression
of DUX4 and DUX4c in vivo. As seen both at
the mRNA (Figure 3C left panel) and protein
(Figure 3C right panel) levels,
overexpressing KLF15 in human immortalized
myoblasts (iMyo) and HeLa cells resulted in
an enhanced expression of DUX4c.
Conversely, we did not observe any effect of
KLF15 on the DUX4 expression (data not
shown) suggesting that the KLF15-controlled
D474 enhancer can't activate the DUX4
expression in vivo.

KLF15 is a molecular link between
myogenic factors and activation of the D474
enhancer.

Otteson et al. (31) have shown that KLF15

Page - 51 -

L10Z ‘gl 48qojo0 U ‘Assnodt aaesnb inyisul je Bio og mmm wioly pepeojumog



is upregulated during differentiation of
cardiomyocytes and adipocytes. Indeed,
recognition sites for myogenic and adipogenic
factors are present in the KLF/5 promoter
(data not shown). qRT-PCR was used here to
quantify KLFI3 expression in human
myoblasts prior to and following myogenic
differentiation induced by serum deprivation.
The expression of KLF15 was found to be
approximately 25-fold higher in differentiated
myotubes (Diff) as compared to proliferating
myoblasts (Prolif) (Figure 4A left panel). The
level of myogenic differentiation was followed
by measuring Troponin T and Myogenin
mRNA  expression. Upregulation during
myogenic differentiation is not a general
feature of KLF factors, since the expression of
KLF13 was not higher in myotubes compared
to myoblasts. The differentiation-dependent
induction of KLF15 expression was confirmed
by Western blot analysis in both normal and
FSHD myoblasts (Figure 4A middle panel).
KLF15 was further found to be overexpressed
in human immortalized myoblasts transfected
by MYOD thus confirming that KLFI5
expression is indeed controlled by myogenic
factors (Figure 4A, right panel).

We next tested whether the activity of the
D474 enhancer could be induced by an
overexpression of MYOD. For this purpose,
human immortalized myoblasts were co-
transfected with the MYOD plasmid, pPro,
pEA-Pro (wt and mutant) luciferase reporters
(Figure 4B). The D4Z4 enhancer activity was
found to be approximately 2.5- to 3-fold
upregulated. The enhancing effect of MYOD
overexpression was completely abolished by
mutations disrupting the KLF15/SP1 sites.
Again, disrupting a single KLF15 site was
sufficient to make the D474 enhancer

completely unresponsive to MYOD
overexpression (Figure 4B). To test whether
KLF15 was required for this MYOD-
dependent activation of the D4Z4 enhancer,
we then co-transfected human immortalized
myoblasts with pEA-Pro, MYOD and siRNAs
against either SPI, KLFI5 or a scrambled
control (Figure 4C). Only KLFI5 silencing
led to a complete loss of MYOD-dependent
activation of the D4Z4 enhancer (Figure 4C).
Taken together, these data suggest that upon
myogenic differentiation, the upregulation of
KLF15 leads to the activation of the D474
enhancer.

KLF15 is overexpressed in FSHD

Having demonstrated a possible role of
KLF15 in D4Z4 enhancer activation during
myogenic differentiation, we then assessed its
expression in various samples. As reported in
Figure SA, KLF15 but not KLF13 expression
was found to be considerably higher in
myoblasts, myotubes and muscle biopsies
from FSHD patients as compared to healthy
controls (Figure 5A). In line with KLFI15
upregulation we found that the expression of
Peroxisome proliferator-activated receptor
gamma (PPARG), one of the known gene
targets of KLF15 (38), was also upregulated in
all FSHD samples. This pattern was similar to
that observed for the FRG2 gene (Figure SA),
a known molecular feature of FSHD (39). The
expression of DUX4c has been reported
previously to be higher in differentiated
myotubes and biopsies from FSHD patients
(12) than in controls. Here DUX4c was further
shown to be expressed to a higher level in
FSHD myoblasts, thus mimicking KLFI35
expression (Figure 5A and 5B). Conversely,
neither FRGI nor ANTI exhibited any
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significant changes in their expression patterns
when comparing FSHD and control samples
confirming a previously published report (39)
(data not shown).

We then asked whether the increased
KLFI5 expression found in FSHD patients
could bc cxplained by an incrcased level of
myogenic differentiation. We analyzed the
expression of the myogenic factors MYOD,
MYOG and that of the Myosin heavy chain 1
gene (MYHI) known to be upregulated during
myogenic differentiation, in proliferating
myoblasts, myotubes and biopsies from FSHD
patients and normal individuals. In
proliferating myoblasts and differentiated
myotubes, the expression of either MYOG or
MYOD but not MYHI was found statistically
higher in patients as compared to controls,
similar to the enhanced expression of KLF15.
In biopsies, the expression of MYOG, but not
MYOD or MYHI, was significantly higher in
patients (Figure 5A). From these results, we
conclude that the KLFI/5 gene s
overexpressed in FSHD, similar to its target
genes PPARG, DUX4c¢ and FRG2.

DISCUSSION

A reduction in the number of macrosatellite
D474 repeats on the long arm of chromosome
4 was one of the first genetic variations found
in FSHD patients (40). Functional analyses
have demonstrated that D4Z4 repeats can
function as silencers (10), insulators (37) or
transcriptional enhancers (11,21). Our group
has previously identified and mapped a strong
transcriptional enhancer present within each of
the D4Z4 repeats (21). In the present study, we
have identified the transcription factor KLF15
as binding to the D4Z4 enhancer and inducing
its activity.

KLF15, a member of the Kriippel-like
transcription factors, was first identified as a
repressor of kidney-specific chloride channel
CLC-K1 (41), but in other works it was
demonstrated that KLF15 can also act as an
activator of transcription (34,38). The
expression levels of KLF15 are the highest in
kidney, liver, pancreas, cardiac and skeletal
muscle (41). It was shown that KLF15
expression is upregulated during
cardiomyogenesis (35) and adipogenesis (38).
KLF15 regulates cardiac gene expression by
interfering with Myocardin and MEF2 activity
(35,42). Although it was shown that KLF15
regulates glucose metabolism in  skeletal
muscle (32,43), KLF15 knockout mice
develop normal skeletal muscles (35)
indicating that KLF15 is dispensable for
myogenic differentiation of skeletal muscles.

We observed that the expression of KLF15
was upregulated during differentiation of
human skeletal myoblasts and was induced by
MYOD ectopic overexpression. Moreover, the
activity of the D4Z4 enhancer was also
induced by MYOD. This induction was
abolished when KLF15 sites were mutated or
when KLF15 was inhibited via siRNA. These
results suggested that KLF15 links the activity
of myogenic factors to the activity of the D4Z4
enhancer.

From overexpression and RNAi knockdown
experiments, KLF15 was shown here to
activate the expression of DUX4¢ and FRG2,
but not FRGI or ANTI, all four genes located
within the 4¢35 chromosomal region. Previous
studies had demonstrated that the D474
enhancer could activate the FRG2 promoter
(11,21) and that it physically interacts with the
promoter region of FRG2 as well as that of
DUX4¢ (23,24). Our present findings indicate
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that the D474 enhancer is an efficient activator
of the DUX4c¢ promoter. We suggest that the
D4Z4 enhancer and not the proximal enhancer
lacking KLF15 sites within the D4Z4* element
contributes to the KLF15-dependent induction
of the DUX4¢ and FRG2 genes providing a
possible mechanism for up-regulation of
DUX4¢ and FRG2 during normal myogenic
differentiation and in FSHD (schematized in
Figure 6). Our observations that KLFI5
expression is higher in proliferating myoblasts,
myotubes and biopsies from FSHD patients
than from healthy controls suggest that the
activity of the D4Z4 enhancer is higher in
these cells. According to this model, the higher
activity of the KLFI15-dependent D474
enhancer would lead to a higher expression of
FRG2 and DUX4c in the patients (Figure 6).
Indeed, FRG2 and DUX4c were found
upregulated not only during the normal
myoblast differentiation process but also in
FSHD myoblasts and myotubes. DUX4c levels
were higher in proliferating FSHD myoblasts
(this study), as previously shown for
differentiated myocytes and biopsies from
FSHD patients (25). FRG2 which was known
to be overexpressed in differentiated myotubes
and biopsies (11,39) was found overexpressed
as well in proliferating myoblasts from FSHD
patients (this study).

The role of FRG2 and DUX4c, the two
genes regulated by KLF15, in the FSHD
dystrophic phenotype is currently under
investigation. Originally described as a
pseudogene, DUX4c has been shown to inhibit
myogenic differentiation suggesting that it
might contribute to the FSHD phenotype
(14,17,25). The function of FRGZ2 remains
hitherto unknown (11). Both FRG2 and

DUX4c¢ are upregulated during myogenic
differentiation (11,13,24,25).

Intriguingly, all the 4q35 genes which have
been postulated to be involved in the
pathogenesis of FSHD, including FRG! (24),
FRG2(11), DUX4c (12) and DUX4(13) are
also upregulated during normal myogenic
differentiation, suggesting that in FSHD
myoblasts, the myogenic differentiation
program is partly activated. It was conceivable
that the upregulation of KLFI5 in FSHD cells
be caused by an increased expression of
myogenic factors as compared to normal cells.
Indeed, we have found that several myogenic
factors were abnormally expressed in
myoblasts, myotubes and biopsies from FSHD
patients.  Proliferating FSHD myoblasts
expressed abnormally high levels of MYOG
while  differentiated @ FSHD  myotubes
expressed more MYQD than normal myotubes.
Inappropriate  upregulation  of  several
myogenic factors could reflect a defect in the
overall myogenic differentiation process.
Indeed, a defect in the MYOD pathway has
been reported previously in FSHD muscles
(9). In agreement with this hypothesis we
speculate that induction of KLF15 expression
in FSHD is a consequence of abnormally high
expression of myogenic factors in these cells.

The premature expression of some
myogenic differentiation markers observed in
FSHD myoblasts could be attributed to the
oxidative stress, a known molecular feature of
FSHD myoblasts (44). Although it is generally
considered as a myogenic differentiation
blocking factor, moderate oxidative stress was
shown to stimulate expression of MYOG and
other myogenic factors (45). Interestingly,
overexpression of DUX4 was recently shown
to inhibit the oxidative stress response thus
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making cells vulnerable to oxidative stress
suggesting that DUX4 might be the cause of
the abnormal expression of myogenic factors
in FSHD.

We have also addressed the question
whether KLF15-dependent D474 enhancer
regulated the expression of DUX4. The D474
enhancer which is located in the immediate
proximity of the DUX4 promoter is likely to
function as a transcriptional activator. Using
luciferase reporters, we have shown that the
KLF15-stimulated D4Z4 enhancer can activate
the DUX4 promoter. However, we did not find
any evidence of KLF15-dependent induction
of the DUX4 promoter in vitro (luciferase
assay) or when tested in its genomic context.
This could be due to the presence of enhancer-
blocking elements on both sides of the gene
(37) (Figure 6). Thus, in contrast to FRG2 and
DUX4c, DUX4 is not controlled by KLF15.
Instead, DUX4 expression secems to be
KLF15-independent
mechanism linked to 4qA polyadenylation
signal stabilizing the DUX#4 transcript (19).
Our model places DUX4 overexpression
upstream of DUX4c¢ and FRG2 overexpression
in FSHD.

An alternative hypothesis would directly

controlled by a

attribute the overexpression of KLFI5 to an
oxidative stress. It has been previously
demonstrated that in FSHD myoblasts,
oxidative  stress  resistance  genes  arc
downregulated  suggesting that FSHD
myoblasts could wrongly activate an oxidative
stress signaling in normal conditions. In
oxidative stress conditions, the transcription
factor HIF-1 (Hypoxia-inducible Factor 1) is
activated (46). Interestingly, we have noted
that HIF-1 recognition sites are present within
the promoter region of KLF15 suggesting that

the upregulation of KLF15 in FSHD cells may
be mediated, at least in part, by HIF-I.
Whichever the process that leads to KLFI3
upregulation in FSHD cells, we suggest that
KLF15 serves as a direct activator of the D474
enhancer, which in turn activates the
expression of FRG2 and DUX4c genes.

Other factors besides KLFI5 may
additionally contribute to the overexpression
of FRG2 and DUX4c in FSHD cells. We have
reported previously that DUX4c and the D474
enhancer are separated by a matrix attachment
region (MAR) that can function as an enhancer
blocking element (21,47). In FSHD cells the
interaction of this MAR with the nuclear
matrix is less efficient (21) and the chromatin
loop structure is modified as compared to
healthy cells. We hypothesize that the D474
enhancer could contact the DUX4¢ promoter
more readily, contributing to the increased
DUX4c expression observed in FSHD cells.

In conclusion, we propose a new role for
the KLF15 transcription factor which would
function as a positive regulator of the
expression of FRG2 and DUX4c genes during
normal myogenic differentiation by conveying
the activity of myogenic factors through D474
enhancer to their promoters. In a similar way,
KLF15 links the activity of abnormally
expressed myogenic factors to FRG2 and
DUXA4c overexpression in FSHD.

MATERIALS AND METHODS

Cell lines, culture conditions and
transfections. HelLa and HeLaS3 cells (from
American Type Culture Collection) and the
thabdomyosarcoma cell lines RD and TE671
(a kind gift of Dr. S. Leibowitz) were grown as
described (21). Mouse C2C12 cells, human
immortalized myoblasts (iMyo) (kind gift of
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Dr. V. Mouly) and human primary myoblasts
(pMyo) were grown and differentiated as
described in  (48),(49),(50) respectively.
GM10115 hybrid hamster cell line containing
human chromosome 4 from Coriell Institute
was grown at 34°C in 8% CO; on DMEM
medium supplemented with 10% foetal calf
serum and 0.2mM proline. Transient
transfection of human immortalized myoblasts
with KLF15- SP1- or scrambled siRNA was
performed in 6-well plate format using
Lipofectamine 2000 according to
manufacturer's  instructions with  minor
modification: 600.000 cells were added to the
transfection mixture prepared directly in the
cell culture plate. For luciferase reporter gene
assays 2.5 x10° HeLa and 1.25x10° RD cells
were transfected with 0,1 pg of luciferase
reporter plasmids either alone or together with
0.1 pg of KLF15, SP1, EGRI or GFP
expressing plasmids using JetPEI (Polyplus) in
96-well plate format. 2x10 * iMyo cells were
transfected with 0.1 pg of luciferase reporter
plasmids either alone or together with 0.1 pg
of KLF15, MYOD or shRNA plasmid or
20uM  siRNA using Lipofectamine 2000
(Invitrogen) in 96-well plate format.

Biopsies. Muscle biopsies were obtained in
accordance with the French national
regulations. The origin of biopsies is listed in
Table S1.

Reporter gene assays. Luciferase activity
was determined 48h after transfection with
luciferase reporter plasmid using the Dual
Luciferase Assay System (Promega) and
normalized  to protein concentration
(determined by BCA assay, Sigma) and to the
activity of the phRL-TK reporter (Promega).

All transfections were performed in triplicates

and repeated in 3 to 4 independent
experiments. To calculate the relative
luciferase activity the normalized [uciferase
activity was divided to normalized luciferase
activity of the control reporter pPro
(Promega). Figures show the average result of
three independent experiments.

Western blotting. Whole cell lysates were
prepared using RIPA buffer as described (51),
separated wusing 10% SDS-PAGE  gel,
transferred to Hybond-C extra nitrocellulose
membrane (Amersham), incubated with
primary antibodies against KLFI15 (sc-
34827X, 1:1000, Santa Cruz Biotechnology),
Spl (sc-14027X, 1:1000), DUX4c (1:2000)
(13), tubulin (sc-8035, 1:5000), actin
(MAB1501,1:10000, Millipore) and HRP-
conjugated secondary anti-mouse (sc-2005,
1:2000) anti-goat (sc-2768, 1:2000) or anti-
rabbit (sc-2313, 1:2000) antibodies according
to the standard protocol from Santa Cruz
Biotechnology
(http://www.scbt.com/protocol_western_immu
no_blotting.html) and developed using the
ECL+ kit (Amersham). Antibodies against
DUX4c were described previously (12).
Briefly, a 16-residue peptide specific of the
DUX4c carboxyl-terminal domain was chosen
by  accessibility  prediction  programs,
synthesized, coupled to KLH and injected into
rabbits. The resulting anti-sera were purified
by  affinity = chromatography on  the
immobilized peptide (Eurogentec). To detect
DUX4c¢ we used the following conditions.
Whole cell extracts of primary cultures of
myoblasts were obtained by lysis on ice in 100
pl of 50 mM Tris pH 7. 5, 500 mM NaCl,
0.1% Nonidet P40, 1 mM DTT and protease
inhibitors cocktail (Sigma). 20 to 30 pg of
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whole extracts were separated on 4-12 % Bis-
Tris gels (Nupage, Invitrogen) in MOPS buffer
and electrotransferred onto a nitrocellulose
membrane (Amersham
Membranes were incubated with the rabbit
anti-DUX4c¢ serum (1:1000) or the mouse anti-
GAPDH (1:4000) monoclonal antibody
(Ambion) followed by a secondary antibody

(goat serum against rabbit immunoglobulins or

Biosciences).

sheep serum against mouse immunoglobulins)
coupled to horseradish peroxidase (HRP) and
revealed with the SuperSignal West Femto
(Pierce) or Lumi-Light Western blotting
substrate (Roche) .

Plasmids and siRNAs. To obtain the pEA-
Pro plasmid oligonucleotides (Invitrogen) 5°-
aattcaatggatccccgcecccctcccecaccceccaccceecace
cccggaaaacgegtcgteeeca -3’ and 5-
gatctggggacgacgegitticegggggtggggegtoggoeg

tggggagogooacggggatecattg-3>  coding  for
nucleotides 120-170 of the D474 repeat

(fragment A) were annealed in 10mM Tris-
HCI pH7.4, digested with BamHI and cloned
into the Bglll-digested p-Pro vector containing
SV40 promoter. pEAmut Pro luciferase
reporters with mutated fragment A were
cloned in the same way using mutated
oligonucleotides. DUX4c was cloned as
described (25). A 170 bp Mlul-digested
fragment containing the D4Z4 enhancer was
cloned upstream of the DUX4c promoter in
the p-ProDUX4c plasmid resulting in pE170-
ProDUX4c. The  pE170-Pro  plasmid
containing the SV40 promoter and the
enhancer 170 was described before (52). The
CMV-SP1 plasmid (Dr. Robert Tjian)
pcDNA3-Egrl (Yu et al, Mol Cell 2004
15:83) were purchased from Addgene
(#12097" and #11729 respectively). The

hKLF15-pcDNA plasmid (34) was a kind gift
of Dr. Deborah Otteson. The pcDNA3-MYOD
plasmid was a kind gift of Anna Polesskaya.
siRNAs against KLF15 (sc-45567) and a
scrambled control (sc-37007) were purchased
from SantaCruz.

One-hybrid screen. Plasmids and strains
required for the one-hybrid screen were Kindly
provided by Pieter Ouwerkerk and the
screening was performed as described (26).
Oligonucleotides OPD196 and 197
(Invitrogen) coding for the fragment A of the
D474 repeat were annealed and directly
cloned into Bglll/EcoRI-digested pHIS3HX
vector (26). The resulting pHIS3HX-1xA
plasmid was digested with BamHI/EcoRI and
ligated with the OPD196/197 duplex to obtain
the pHIS3HX-2xA plasmid. The last step was
repeated another time to obtain the pHIS3HX-
3xA plasmid that was then digested by Xbal/
Notl and cloned into Xbal/Notl-digested
integrative vector pINT (26) to obtain the
plasmid pINT-HIS-3xA. This was linearized
with Ncol/Sacl and transformed into the Y187
yeast strain, which contains the control beta
galactosidase reporter gene (26) to obtain the
reporter strain Y187-A. As a control, we used
the Y187 strain transformed with pINT-HIS
(Y187-C). Y187-A was used to screen the
ProQuest cDNA library from human skeletal
muscle (PL10001-02, Invitrogen). White his+
colonies where selected to isolate plasmids
coding for cDNA-candidates. Y187-C did not
produce hist+ colonies after transformation
with positive plasmids. c¢cDNA inserts of
positive plasmids were sequenced (Milligen)
and identified using BLAST (NCBI).
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Nuclear extracts and EMSA. Nuclear
extracts were prepared from HeLaS3 cells
grown to 2 x10° cells/ml as described (53)
with the following modification: after
extraction with high-salt buffer, extracts were
centrifuged twice at 77.000 g for 30 min and
1h and kept frozen at -80°C in small aliquots.
The concentration of the nuclear extracts was
7 ng/ul (Bradford assay, BioRad). Probe “A

7

wt was prepared by

oligonucleotides 5-

annealing

CCECCCCCCCCCacceeeeaccececcacceccggaaaacge
gtegtecee-3’ and 5°-
ggggacgacgceglitlecggggglgggeogloggegglagg
gaggggoceg-3’ in 10mM Tris-HClI pH7.4.
Each oligo was synthesised with a 5'-ctag
overhang end to allow P labelling. To
prepare probe “1707, the pE170-ProDUX4c
plasmid was digested by Mlul and the 170-nt
fragment was  gel-purified using the
Nucleospin Extract II kit (Macherey Nagel).
As  cold
oligonucleotide duplexes were used (only one

competitors  the  following
strand is shown 5' to 3', 5'-ctag overhang not
shown): KLF15b,
attatgaacacccccaatctcccagatge (31); KLF15a,
agceggggagggggaggggagagtettg  (30); Spla,
gacgeggggegegggggegggecgeg  (28);  Splb,
cacccecteectctcagggagg (29); Amut-all
ccgecgectecgeaccgecgaccgeegaccgecggaaaacg
cgtegtecce; Amut-EGR/ZNF
ccgaaacctccecaccecccacceeccacecccggaaaacge
gtegtccee. The 2.5 pmol of probes were
labelled with 26 pmol (80 mCi) of (9)) dCTP
(Amersham) and Klenow fragment in a final
extracted  with
phenol/chloroform, precipitated with two

volume of 20 pl,

volumes of ethanol and resuspended in 20 pl
of 10 mM Tris-HCl pH7.4 to obtain a
35fmol/ul solution of labelled probe. For each

reaction 3.5 fmol of labelled probe was
incubated for 20 min at room temperature in
Ix RBM 0.2 buffer (12mM HEPES-KOH
pH7.9, 60mM KCl, 0.2mM EDTA, 1mM
DTT, 12% glycerin) with 0.43 pmol (600ng)
of poly(dI-dC) (P4929, Sigma) and excess of
cold compctitors and 3.5 pg of nuclear extract
for 20 min. Then the mix was loaded on 5%
0.75mm PAAG minigels, subjected to
electrophoresis in 0.6x TBE at 92 V. Gels
were dried at 80°C under vacuum and
analyzed with a Phosphorimager (Fuji).

Bioinformatics. As a description of the
conserved patterns in SP1 and KLF15 binding
sites we used the frequency matrix M00032
from IMD (Information Matrix Database) (54)
and the frequency matrix from (31)
respectively. To search for SP1 and KLF15
binding sites in EMSA probes and competitors
we used the Matrix Search program (54) that
assigns a score to each putative transcription
factor site and then calculates a match ratio
that represents the similarity of each putative
Spl or KLF15 site to the conserved site (5°-
GCCCCGCCC-3" and 5’-CGCCCCTCC-3’
respectively). Binding sites for Spl and
KLF15 were visualized using the EnoLOGOS
program (55) available at
http://www.benoslab.pitt.edu/cgi-
bin/enologos/enologos.cgi

Statistical analysis. The Student’s z-test
and Mann-Whitney test were performed as
described (56).

Reverse transcription and qPCR. For

KLF15 KLFI3, PPARG, FRGI, FRG2, ANTI,
TNNTI, MYHI, MYOG and MYOD expression
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analysis total RNA was isolated from 2x10°
proliferating myoblasts, differentiated
myotubes or 100 mg of biopsies using Trizol
(Invitrogen) and reverse transcribed using the
High Capacity cDNA Archive kit (Applied
Biosystems, AB)
manufacturer protocol. cDNA was mixed with
2x Tagman PCR mix (AB) and amplified
using TLDA (Tagman Low Density Array)
(AB) an Abiprism 7900HT apparatus (AB).
Expression was analyzed using the AACt
method (57). The following TagMan
inventoried Gene Expression Assays (AB)
were used: KLF15, Hs00362736 _m! (does not
discriminate between endogenous and ectopic
expression of KLF15); KLF13,
Hs00740949 s1; PPARG, Hs00234592 ml;
FRG2, Hs03025250 gH; GAPDH,
Hs99999905 ml1; TNNTI, Hs00162848 ml;
FRGI, Hs02387002 gl; ANTI,
Hs00154037 ml; MYOG, Hs01072232 ml;
MYOD, MYODI1-Hs00159528 ml. To detect
the expression of the endogenous KLF15 and
MYHI1 using FastStart Universal SYBR Green
Master Mix (Rox) (#04913850001, Roche) the
following primers were used: KLF15-F4 5'-
GCTTGAGTTAAATGTGCAGGG-3',
KLF15-R4 5'-
TTCTAAATCAGGGTTGGGAGG-3',
MYHI1-F2 5-GCACACCCAGAACACCAG-
3, MYHI1-R2 5'-
GCTTCTTCCCACCCTTCAG-3'. Primers and
conditions for DUX4c and DUX4 RT-PCR
were described previously (12).

according to  the

Chromatin inmmunoprecipitation was
performed using the ChIP-IT Express kit
(Active Motif, Carlsbad, USA). 3x10"6 cells
were crosslinked using 1% formaldehyde and
chromatin was isolated and enzymatically

fragmented according to manufacturer's
protocol. Then 5 pg of chromatin
(corresponding to ~300.000 cells) was used in
immunoprecipitation reaction performed using
either mouse anti-KLF15 monoclonal antibody
2G8 (#ab81604, Abcam) or negative control
mouse IgG from ChIP-It Control kit human
(#53010, Active Motif). Immunoprecipitated
DNA was PCR-amplified using the following
primers: D474 F1 (5-
AACTGCCATTCTTTCCTGGG-3"),
D474 R1  (5’-TGGTGGAGAGGCAGGAG-
3%, Sat2 F1 5-AGGAGTCATCATCTA-
ATGGAATTG-3’, Sat2 R1 5'-
GATGATTCCATTCCATTCCATTTG-3’and
FastStart Universal SYBR Green Master Mix
(Rox)  (#04913850001, Roche). PCR
amplification and real-time fluorescence
measurements were carried out using
StepONE plus (Applied
Biosystems), PCR program: 94°C, 15 min
followed by 40 cycles of 94°C, 15 sec; 60°C, 1
min.

apparatus
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2.1.2 TABLES

Table S1Biopsies and Myoblasts

BIO: muscle biopsies; MB: Myoblasts; MT:

MyotubeND: non-determined number of D4Z4

repeals
Sample | Type Patient Tissue Age Sex D4Z4 Reference
repeats
Na BIO NO1220 paravertebral 16 M ND This study
Nb BIO NO44 quadriceps 29 M ND this study
N¢ BIO #C1 quadriceps 39 M ND [1
Nd BIO #C3 quadriceps 24 M ND (1]
Ne BIO #C4 quadriceps 35 M ND [1]
Fa BIO DLapFSHD biceps 53 M 9 this study
Fb BIO FSHD10 trapezius 31 M 5 this study
F¢ BIO FSHD 5734 trapezius 31 M 5 this study
Fd BIO FSHD 22646 scmil-spinalis 31 F 3 this study
cervics
Fe BIO #F1 quadriceps 43 F 8 1]
Ff BIO #F2 quadriceps 21 F 8 1]
Fg BIO #F3 quadriceps 38 M 7 [1]
Fh BIO #F4 quadriceps 39 F 7 1]
Fi BIO #F8 quadriceps 51 F 5 [1
Fj BIO #F9 quadriceps 51 M 5 [1]
Fk BIO #F10 quadriceps 33 F 517 1]
N1 MB, MT NO46 quadriceps 3 M ND this study
N2 MB, MT NO44 quadriceps 29 M ND this study
N3 MB. MT NO40 quadriceps 46 M ND this study
N4 MB. MT NO47 quadriceps 43 M ND this study
N3 MB, MT NO42 quadriceps 24 F ND this study
No MT #C3 quadriceps 24 M ND [1]
N7 MT #C4 quadriceps 35 M ND [1]
Fl MB, MT FSHD10 trapezius 31 M 5 this study
F2 MB, MT MO44 pyramidal 54 F 517 this study
F3 MB. MT MO47 quadriceps 38 F 7 this study
F4 MB. MT MO34 quadriceps 25 M 4 this study
F5 MB MO43 infra-spinatus 41 M FSHD-like | this study
F6 MB MO51 quadriceps 32 F 7 this study
E7 MB MO37 quadriceps 42 F 8 this study
F8 MT #F1 quadriceps 43 F 8 [1]
F9 MT #F3 quadriceps 38 M 7 [1]
F10 MT #F2 quadriceps 21 F 8 (1]
Fl11 MT #F7 trapezius 31 M 3 1]
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2.1.3 FIGURES
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Figure 1. KLF15 interacts with the D4Z4 repeaf. Schematic representation of conserved
functional elements within the D4Z4 repeat (nuatbed 1-3296): Enhancer (nt 1-329) (Petrov et al.
2007) containing KLF15 sites (this study); Insutgiat 382-814) containing CTCF sites (Ottaviani et
al. 2009); Promoter (nt 1600-1729) containing aedjent TATA-box (CATAA) (Gabriels et al.
1999) a D4Z4 binding element (DBE) that includescialin, HMGB2 and YY1 sites (Gabellini et
al. 2002);DUX4 open reading frame (nt 1797-3063) (Gabriels efi@99); Fragments "329" (nt 1-
329) (Petrov et al. 2007), "170" (nt 1-170) and "@&it 120-170) used in this study are shown.
Nucleotide numeration starts from the first nudd®tof the Kpnl site that separates individual
repeats in the D4Z4 array. Arrows indicate possgiarf forward and reverse primers used to PCR
amplify fragment "A". B. Fragment "170" forms two complexes (I and Il)iwgroteins in HeLaS3
nuclear extracts. EMSA analysis of a nuclear ekfimcubated with*’P-labeled fragment "170” in
the presence of 3-, 10-, 30-, 100- , 300- or Hodd excess of cold specific competitor; “-e”: no
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extract control.C. The D4Z4 enhancer is activia different cell types. Luciferase activity was
measured in HeLa cells, C2C12 myoblasts or humamoirtalized myoblasts (iMyo) transfected with
reporter constructs that contain the luciferaseegamder the control of the SV40 promoter alone
(pPro) or downstream of fragments "170" (pE170-Prc)A" (pEA-Pro). Error bars represent S.E.M
of three independent experimeris Identification of complexes | and Il. EMSA analysif HelaS3
nuclear extracts incubated witfiP-labeled fragment A in the presence of 10-, 30-1@0-fold
excess of cold competitors specific for SP1 (SRtafLF15 (KLF15a and b)E. KLF15 interacts
with the D4Z4 repeain vivo. DNA was immunoprecipitated from TE-671 rhabdonayosma cells
or GM10115 hamster cells harbouring human chromesémsing anti-KLF15 or control antibodies

and quantified by gPCR using D4Z4-enhancer spegifibers shown ifrigure 1A or Sat2-specific

primers.
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Figure 2. A. Overexpression of th€LF15 gene activates the D4Z4 enhancer. Luciferaseigctixas
measured in HelLa cells co-transfected with pEA-BropE170-Pro reporters along with plasmids
expressingSP1, EGR1, KLF15 or GFP (control). Stars indicate p-value <0.01 (Studemtisst). B.
Mutations in the KLF15 recognition sites aboliste tKLF15-dependent activation of the D4z4
enhancer. Wild-type fragment A containing KLF15,1SENF44 and EGR1 recognition sites and its
mutant versions (mut-a, b and c) were cloned uastref the SV40 promoter into the luciferase reporte
vector. Nucleotides 1 to 35 in the 50bp-long wigd and mutant versions of fragment A are shown
(corresponding to nucleotides 120-155 within theZBD4epeat). K and S refer to the presence of intact
KLF15 or SP1 sites, respectivelyuciferase activity was measured in rhabdomyosaec¢RD) cells
co-transfected with the indicated reporters alonth whe KLF15 or SP1 plasmids. *p-value <0.01
(Student’st-test). C. KLF15 silencing inhibits the activity of the D4Z4 enhand_eft panel. Human
immortallized myoblasts (iMyoyvere transiently transfected with SIRNA agaik&f~15 or scrambled
control. KLF15 expression was revealed by Western blottiRgght panel: KLF15 expression was
measured by gRT-PCR in iMyo transiently transfeetéti SIRNA againsKLF15 or scrambled siRNA.
Luciferase activity was measured in iMyo cells siantly co-transfected with reporter pEA-Pro and
SiRNA againsKLF15 or scrambled siRNA. *p-value <0.02 (Studertttest).
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Figure 3. KLF15 activates DUX4c and FRG2 Left panel. FRG1, FRG2, ANT andKLF15 expression
was measured using RT-PCR in RD cells transiendlysfected with th&LF15 plasmid.*p-value <0.01
(Student’st-test).Right panel. The expression of FRG2 is controlled by KLFkK®.F15 (endogenous and
ectopic) FRG2, and MYH1 expression was measured by gqRT-PCR in proliferatind differentiated
primary human myoblasts from a normal subject teanily transfected with a siRNA againstF15 or
scrambled control siRNA. *p-value <0.01 (Studenttest). B. KLF15 activatesDUX4c. The D4z4
enhancer activates tli#JX4c promoter in &KLF15-dependent manner. Luciferase activity was measured
in iIMyo cells co-transfected witlkKLF15 plasmid or an empty vector control and reportenstacts
containing the luciferase gene under the contrahef SV40 (p-Pro) or the DUX4c promoter, alone (p-
ProDUX4c) or downstream of fragment "170" (pE170PWX4c). ** p-value <0.1; * p-value <0.05

(Student'st-test). The same experiment was repeated usinfetase reporter constructs including the
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DUX4 promoter.C. Left panel. DUX4c expression was analyzed using semi-quantitativePRR in
proliferating iMyo cells transiently transfectedtiwithe KLF15 plasmid or an empty vector control. Full
scan of the gel along with necessary controls laogvs is supplementary figure S3Right panel. KLF15,
DUX4c and actin expression was analyzed by Wedtoh of HelLa cells transfected with the KLF15

plasmid or an empty vector (e.v.).
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Figure 4. A. KLF15 is upregulated during myogenic differentiatidreft panel. Expression of
KLF15, Troponin T1 (TNNT1) and Myogenin (MYOG) was measured using qRT-PCR in primary
proliferating human myoblasts (Prolif) and diffetiated myotubes (Diff) from a healthy subject (N5
in Table S1).Middle panel. KLF15 protein was revealed by Western blotting imliferating
myoblasts (Prolif) and differentiated myotubes {Pffom a healthy control and an FSHD patient
(N5 and F1 in Table S1)Right panel. KLF15 expression was measured using gRT-PCR in
immortalized human myoblasts transiently transféctath empty (e.v.) orMYOD expressing
plasmid.B Mutations is KLF15-binding sites abolish tM¥OD-dependent activation of the D424
enhancer. Luciferase activity was measured in iMgts co-transfected witMYOD plasmid and
reporters p-Pro or pEA-Pro containing either wifgdd or mutant versions of fragment A. Luciferase
activity of the reporter co-transfected with a GpiIRsmid was considered as background. *p-value
<0.01 (Student’st-test). C. KLF15 is essential forMYOD-dependent activation of the D4zZ4

enhancer. Luciferase activity was measured in iMlls co-transfected with siRNAs against
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KLF15, SP1 or scrambled control along withYOD or GFP plasmids and pEA-Pro reporter vector.
*p-value <0.01 (Student’stest).
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Figure 5. KLF15, DUX4c and FRG2 are overexpressed in FSHD cdlls.Expression ofKLF15,
FRG2,MYOG and MYH1, KLF13, MYOD and PPARG was measured by gqRT-PCR in proliferating
myoblasts (Prolif), differentiated myotubes (Difijom four healthy subjects (Norm) and four FSHD
patients (N1 to N4 and F1 to F4 in Table S1) andgcteubiopsies from two healthy subjects (Norm) and
four FSHD patients (Na, Nb and Fa to Fd in Tablg 8tean results and S.E.M are shown for each group.
DUX4c expression was measured at the protein levetoliferating myoblasts (quantification of Weste
blots in panel B), differentiated myotubes and niftopsies (quantification of Western blots prensly
published in (Ansseau et al. 2009)). *p-value<O(®mnn-Whitney test)B. Western blot analysis of
DUX4c and KLF15 expression in proliferating myol$agrom healthy subjects (N1, N2, N5), FSHD
patients (F1, F3, F6). Two exposures are showKIdil5.
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Figure 6. Putative model foKLF15-dependent activation ddUX4c and FRG2 expression. In myoblasts

from healthy subject three factors could interferth FRG2 and DUX4c expression: (i) low expression of

KLF15 keeps the activity of the D4Z4 enhancer low; MAR is bound to the nuclear matrix separating the
DUX4c and FRG2 genes from the D4Z4 repeats; (iii) the heteroctatimstructure of the D4Z4 repeats

prevents binding of any activating transcriptiorctéas. During normal myogenic differentiation amd i

FSHD the expression and activity of myogenic faxtacreases (in case of FSHD this upregulation beay

due to moderate oxidative stres8)YOD activates the expression KEF15; the structure of D4Z4 repeats

is changed to euchromatin facilitating binding dffL5 to the D4Z4 enhancer; MAR becomes less efficie

and allows interaction between the D4Z4 enhanceértla@DUX4c andFRG2 promoters. Th®UX4 gene, a

potential inducer of moderate oxidative stresssegarated from the KLF15-controlled D4Z4 enhanger b
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enhancer blocking elements thus preventing the Ddaancer to activate it. The mechanismDafX4
upregulation in FSHD is linked to the specific polyrphism (1614qA) stabilizing its MRNA and seems to
be KLF15-independent. MAR: Matrix attachment regiDdZ4*: truncated D4Z4 repeat.
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Figure S1.Organization of the chromosomal regions 4935 argqR@0A. D4Z4 repeats, MAR (Matrix
attachment region), truncated D4Z4-repeat (D4Z41) aearby genes at 4q35RG2, DUX4c, TUBB4Q,
FRG1, ANT1) and 10926 QYCEL) are shown. Nucleotide numeration starts fromfitisé nucleotide of the
FRG2 mRNA according to the human genome assembly GRGYH3Y (February 2009B. Schematic
alignment of two full-length 3.3 Kb D4Z4 repeatdahe truncated D4Z4* repeat on chromosome 4 and
the corresponding region at 10926; % identity isvain regions of homology "0-7" correspond to those
Supplementary alignment. Nucleotide numerationtstaom the first nucleotide in tHeRG2 mRNA for

chromosome 4 andRG2B for chromosome 10.
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Figure S2. Enhancer 170 forms two different complexes withtg@res in nuclear extracA. EMSA
analysis of the HeLaS3 nuclear extract incubatetl thie*’P-labeled fragment A in the presence of 3-, 10-
, 30-, 100- or 300-fold excess of cold specific patitor; “-e”: no extract controB. EMSA analysis of the
differentiated C2C12 myoblasrs nuclear extract frated with theé?P-labeled fragment A in the presence
of 10-, 30- or 100-fold excess of cold wild-typeroutated fragment A (Amut-all with mutations in EGR
ZNF444, SP1 and KLF15 sites}. EMSA analysis of HeLa S3 nuclear extract incutbatéth the >*P-
labeled fragment A in the presence of 10-, 30-@-fbld excess of cold wild-type or mutant fragmént
(Amut-all and Amut-E/Z with mutations in EGR1 antlZ44 sites) and SP1-specific competitor (SP1b).
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Figure S3. A KLF15 activates the D4Z4 enhancer in various loadls. Luciferase activity was measured
in HeLa and iMyo cells co-transfected with the meps pPro, pEA-Pro, pE170-Pro and the KLF15
plasmid.B. Consensus sequence of KLF15 and Spl binding iteBRG1, FRG2, ANT and KLF15

(endogenous and ectopic, see Materials and Metioodietails) expression was measured using gRT-PCR

in RD cells transiently transfected either with KleF15 plasmid (upper panel) or siRNA against KLF15

(lower panel).*p-value <0.01 (Studentgest); NS, not significantD. DUX4c expression was analyzed

using semi-quantitative RT-PCR in proliferating iMgells transiently transfected with tkeéF15 plasmid

or an empty vector control. Controls with no reeeiranscriptase (RT) are shown in lanes 2, 4, 60&nd

12. As a positive control fddUX4c expression, RT-PCR was performed using total RM#nfiMyo cells
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transfected with a plasmid expressidyX4c under the control of its own promoter (tracks @ da®) or

directly from a DUX4c plasmid (lane 12) using wadsra negative control (lane 11).
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Figure S4 KLF15, DUX4c and FRG2 are overexpressed in FSHRLF15, KLF13, FRG2,PPARG,
MYOG andMYH1 expression was measured by qRT-PCR in prolifegatigoblasts (Prolif), differentiated
myotubes (Diff) and muscle biopsies taken from thgasubjects (Norm) and FSHD patients (refer tdetab
S1 for description). Genexpressiorwas normalized with respect @APDH and the expression of normal
proliferating myoblasts from healthy subject N1 wassidered as 1. DUX4c expression was measured by

densitometric analysis of Western blot.
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Supplementary alignment. Alignment of the full-length 3.3 Kb D4Z4 repeatsdatmuncated D4z4*
repeat on chromosome 4 and the corresponding reqi@0qg26. Nucleotide numbers start from the first
nucleotide in th&pnl site in the chromosome 4-specific 3.3 Kb D4Z4 e¢p€&he regions of homology "0-

7" correspond to those shown in Figure S1B

D4Z4-D4Z4*-10q26aﬁgnmgntDmnﬂe$ﬁtaL

30 40 50 60 70
wamew | v s e [ wamms | swos | omon o [ o] ssmns |woes o Lo ow | womas Jum s PmasslwavsJoass]
D4z4 4935 1 GTACCAGCAGATIEEGCCGCCTACT GCGCAGGCECGGETITTIGCGGGUAGE -[CGCCTGGGCT GTIGGGERGT
D4z4* 4q35 1 [CCGTGTCATCCTATCCCTGACCTCCCCACAGCCCACAGCTCTTGTCATAGTGCGGGAATAGTGTTCTATC
10426 1 CGTGTCATCCTATCCCTGACCTCCCCACAGCCCACAGCTCTTGTCATAGTGCGGGAATAGTGTTCTATC
Enh. "329", reg. "0"
80 90 100 110 120 130 140
e o (S |
D4Z4 4935 68 GCCICEGGCAG-AGCTICTCCTGCC TCT CCACOAGCCCACCCCGCCGCCTGACCGCCCCATCCCCRCCICC]
D4Z4* 4q35 71 CTACAGGAAATGGGGCCAATTCAATGGTAATACACAGATATGAAT TGGAGATACAGAGATTTTATTCTC
104926 70 CTACAGGAAATGGGGCCAATTCAATGGTAATATACAGATATGAAT TGGAGATACAGAGATTTTATTCTC
Fragm. "A"
150 160 170 180 190 200 210

o s || o e s | aomiwnn | moscnene | s omm o | som e | monny | s o | s s s | onmns | men w o | wome sl oesns e
D4z4 4935 137 ACCCCCCACCCC-CGGAAARCGCGTCGTCCCCTGEGECTGGGTGGAGACCCCCGTCCCGCGARACAL
D4Z4* 4q35 141 FAGCACTGCAGTATAAAAGAATCACAGTAACGCGAGTCACACAATTTTTGGGTTGACFCTGCTTAT
C
|

s
CGGG

GAG
GAG

10926 140 [GAGCACTGCAGTATAARAGAATCACAGTAACGCGAGTCACACAATTTTTGGGTTGACCCTGCTTAT
Fragm. "A"
220 230 240 250 260 270 280

smompm oo owmalowwnlowmael smen)omenlomaslomoslmemeslces] wosel ool qnaaid
D4Z4 4g35 206 CCCCGCGCAGCGTCCGE-GCCTGRCACCGCTICCGGCGGCTCGCCTCCTCTGCGCICCCCGCECCACCETCG
D4Z4* 4q35 210 [TTATGCTTACACTCTGCTGTAGAATAACGCTGAAATAAATTATGTCTATTAARACAAATGCACATACATA
10426 209 |TTATGCTTACACTCTGCTGTAGAATAACGCTGAAATAAATCATGTCTATTAAACAAATGCACATACATA.

290 300 310 320 330 340 350

gl iemelssmalaznalinarnlengsionanlamyalcs sssllpaielmanslmusalazapll

D4Z4 4935 275 CCCGCCCGCCLGGGCOCCTGCAGCCGCCCAGGTGCCAGHRACGGRAGCGCCTEGCGGCGGA E@CAQACQ?
AC

D4z4* 435 280 ﬁTAATGTGTCTAAATN ﬁCAATGTACATAATG' \AAATGAATTTTATTGCTAAAAAATGTTAAC

10926 279 BTAATGTGTCTAAATA CAATGTACATAATG - AAAGTGAATTTTATTGCTARAARRATGTTARCAC
Enh. "329"
360 370 380 390 400 410 420

sammlesmslesmalssnelesmmelveselomaslsweslpmee lmsvslwasslwasellmwessllimoes )
D4Z4 4935 344 CAGGCCCGGCGCACACCGGGGACGCTGAGCGTTCCNGGCGGGAG  — ~GGARGGCGGGCAGAGATGGAGAG
D4Z4* 4q35 344 £CAGAT IRCACACAATGGGATCATATAATGTTGAAAAATAGAGATGGGGAGAGGAACAGAGACAGAGAG

10g26 344 |ACAGAT ~ACACACAATGGGATCATATAATGTTGAARAATAGAGATGGGGAGAGGAACAGAGACAGAGAG
Insulator

430 440 450 460 470 480 490

s v s amn | sams s o] smm s Jameas]amas oo mewee|mowes|wsse|mavaslwmern]

D4Z4 4q35 411 [AGGAACGGGAGACCTAGAGGGGCGGAAG GATGGGCGGAGGGACGT TAGCRAGGGAGGCAG- - GGAGG
D4Z4* 4q35 412 GGGAGGAATGGAGCGAGAAAAGGACGGATGGATAGAGGGACATTGGARAGGAGAAAGTGGGGAG
10926 412 GGGAGGRATGGAGCGAGAAARGGACGGATGGATAGAGGGACATTGGARAGGAGAARGTGGEGAG
reg. "0—> |éreg- " CTCFsite 1~

500 510 520 530 540 550 560

| | [ sfaweelaweslowwslmwos]wees Jowealwesslwoss lweaal
CGAGéGACHGAGEEAEFQ@QGGACE@QGGGC@GGCGGGAG GGAG%

D4Z4 4q35 475 C@GGGAGGCAGGGAGG@%CGF G ic
GAAGGAG-GAGGGAGGGAGGGAAGGACAGAGGGAGAAAGGGAGCAAGAG.

D4Z4* 4q35 479 (CGGGGAGGGAGGGAGGGAG

10926 479 |CGGGGAGGGAGGGAGGGA AﬁGGGAGGGAAQGACAGAGGGAGAAAGGGAGCAAGAG
CTCF site 2
570 580 590 600 610 620 630

T R e L T e e R L T P TR LrTry |
D4Z4 4935 543 [CGGGEGACGGACGGGGGGAGGAAGGCAGGGAGGAARAGCGGTCCTCGGCCTCCGGGAGTAGCGGGACTICCC
D4Z4* 4q35 548 CAGAGAGGAAAGCAGAGAGGRAAGCAGAGAGGAAA GCGGICTICCGCCTCCAGGGCCAGCGGGACCTC

10q26 533 |CAGAGAGGAAAGCAGAGAGGAAAGCAGAGAGGAAA! GCGGTCTTCCGCCTCCAGGGCCAGCGGGACCTC
640 650 660 670 680 690 700

O T ([ A e R [ [ (| [P [ | I | R |

D4Z4 4935 613 [GCCCTCCGGGAARACGGTCAGCGIICCGGCGCGGGOTIGAGGGCTGGGCCCACAGCCGE [Welee
D4z4* 4q35 616 [GCACTCCGGGRARRACGTGGGGTGCCCGGTGCAGGCCGAGAGCTCGGCCCACAGCCGCGTCTGCTTGCGGG
10q26 601 |GCACTCCGGGAARAACGTGGGGTGCCCGGTGCAGGCCGAGAGCTCGGCCCACAGCCGCGTCTGCTTGCGGE
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D4Z4 4935
D4Z4* 435
10926

D4Z4 4q35
D4Z4* 4935
10q26

D4z4 4935
D4Z4* 4q35
10q26

D4Z4 4q35
D4Z4* 4q35
10q26

D4Z4 4q35
D4z4* 4q35
10q26

D4Z4 4q35
D4Z4* 4q35
1026

D4Z4 4935
D4Z4* 4qg35
10926

D4Z4 4935
D4z4* 4935
10q26

D474 4q35
D4z4* 4q35
10926

D4Z4 4935
D4Z4* 4g35
10g26

674
686
671

731
756
741

789
826
811

859
891
876

9249
961
945

999
1027
1011

1069
1087
1081

1129
1167
1151

1209
1236
1221

1279
1284
1269

710 720 730 740

o e [ v mn [ s | s [ v o F o s w | wows o Qoo o n [ v s |oms v o P v oo s aflow u s s
CCGGCCGGCEEGECACCACCCATICG- - -|CCCCGGTTIACGE GGCCCRGGGAG -~ TGGGCGGT
GCGCCCACCAGCTCACCAGCCCTCCGGATCGCCGGCCCGGGTCACTTCATCCCGGAGCAATTCGGACGA
GCGCCCACCAGCTCACCAGCCCTCCGGATCGCCGGCCCGGGTCACTTCATCCCGGAGCAATTCGGACGA

750 760 770

780 790 800 810 820 830
s 5 o | v [ 0 e w | s 6 s & | e e | o m | s ] s s wwin mx oo | ww ] s

TTCCTCC- - - -~ ~GGGACAARAGACCGGGACTCGGGTIGCCGTCEGGETCTTCACCCECGCGGTT
TTCCGCCTCCCAAGGAATGAGAGCAATGAGCCGAGACGCGGGTGATTGTCCGTTTTCCATCCACGTGGTT
TTCCGCCTCCCAAGGAATGAGAGCAATGAGCCGAGACGCGGGTGATTGTCCGTTTTCCATCCACGTGGTT

-;E>1<§E—reg."2“

reg. "1*"
910

900

840

850 860 870 890
o on e | wow o | s mme | mawn | sme o | semms | smes | wwes | wmmos |wmwss lmose |wessllawens |wesa

CACAGACCCICACATCCCCAGGUTGAGCCCTGCARCGCGGCGCGAGGTCGACAGACCCGGCCACGGAGGAG
CACAGACGACACGGCCCCGCGTTGAG CAACAGAGCGCGAGGCGGACAGGCCCGTCCACACGGGAG
CACAGACGACACGGCCCCGCGTTGAG CARCAGAGCGCGAGGCGGACAGGCCCGTCCACACGGGAG

Insulatorﬂ

920 930 940 950 960 970 980
F T e T T L T B L ATl I B I A
CCACACGCAGGACGACGGAGGCGTGATTITGG T TCCGCGIGECTTIGCCCTCCGCARGGCGGCCTGTTG
TCACACTCGGGCCGAGTGAACCGTGATTCCGGGTTCCACGCTCCTTCGCCCTCTGCARAGGGGACCTGT TG
TCACACTCGGGCCGAGTGAACCGTGATTCCGGETTCCACGCTCCTTCGCCCTCTGCARGGGS CCTGTTG

880

990 1000 1010 1020 1030 1040 1050
s lismelasmelsamalssmelsnesliosmeslomuslamoslasislmasslmesnlwosaliasss
CTCRCGTICTCTCCGGCCCCCGAAAGGCTGECCATG CE@CTGTTTGCTCCC@GAGCTCTGCGGGEACCE%

=

CTCGCGTGTCTCCCGCCCCCGARAGCGCGACCACGTTGGCTGTTT CCCGAGCTCTGCGGGGACAC
CTCGCGTGTCTCCCGCCCCCGARAGCGCGACCACGTTGGCTGTTT CCCGAGCTCTGCGGGGACAC

1060 1070 1080 1090 1110
ol s [ % [ s [ swasle " [ . slmagal 15

GARACATGCAGGGAAGGGTGCARGCCICGGCATIGGTGCCT TCGCTCTCCTTGCCAGGTTCCARACCGGLC

1100 1120

GAAACCTCCAGCGAAGCGTGGARAAGCAGCATCGTGACTTCGCTCTCCTTTCCGGTTTCCAGACCGGCT
hAAACCTCCAGCGAAGCGTGGAAAAGCAGCATCGTGACTTCGCTCTCCTTTCCGGTTTCCAGACCGGCC

1130 1140 1150 1160 1170 1180 1130
v o m v semn | snme [owmasomwa]nmos]omeos | wwae e o [wesslwmassJasea
CACTGCAGACTCCCCACGTTGCCGCACGOEGGAATCCATCGTCAGGCCATICACGCCGGGGAGGCATCTCC
CAGTGGAGACTCCCCTTGTTGCAGGARACAGGAATCCGTGGTCAGGCCGTGATGCACCCGACGTTTCTTT
CAGTGGAGACTCCCCTTGTTGCAGGAARCAGGAATCCGTGGTCAGGCCGTGATGCACCCGACGTTTCTTT

1200 1210 1230 1250
I I R T T e T T T R s
TCTCTGGGGTCTCGCTCTGGTCTTCTACGTGGARATGAACGAGAGCCACACGCCTGCGTGTGCGAGACCG
TCTCTGCAGTTTCGCTCTCGTTTTCTACATGAARACGAACGAGATCCACACCCCTGCGTGTGTGAACT
TCTCTGCAGTTTCGCTCTCGTTTTCTACATGAAAACGAACGAGATCCACACCCCEGCGTGTGTGAGACgﬁ

1220 1240 1260

1270 1280 1290 1300 1310 1320 1330

R R R I B B I I IR IR IR I IR SRR
TCECGGCAACGGCGAC@@CCACAGGCATTGCCTCCTTCACGGAGAGAGGGCCTGGQEEACTCAAGACTCC
TCACGGCAACGGCGACACCCACAGAGG-GCCT GGAAAACTCAAGACCGT]
TCACGGCAACGGCGACACCCACAGAGG |GCCT GGAAAACTCAAGACCGT
1390

reg. "2" | reg. "3"

1340 1350 1360
Y Iy PP PR Pewery PRy JRRIN et PReppy pepiy PRI PR PP P
CACGGAGETTCAGTTCCACACTCCCCTCCACCCTC@CAGGCHGGTTTCTCCCTGCTGCEG@CGCGTGGGm
CACGGAAGCTCAGTTCCACA CTCCACCCTTC-GGGGTGGTTTCTGCCTGARAACT G
CACGGAAGCTCAGTTCCACA CTCCACCCTTC AGGGTGGTTICT

HHSPM ,
DUX4¢c Pro Chr. 10/4 breakpoint

1370 1380 1400
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1410 1420 1430 1440 1450 1460 1470
Juin s mesnlmars]

D4Z4 4935 1349 C GAGCGGCTTCCCGT C GCGGGA CTGGAG GGTCAG GAGCC GCCCQC AAACGCGC
D4Z4* 4g35 1340 CAGCGGCTTCCAGTTTCCATAG TACTGGAG CCTCAGAGAGCCAGCCCCGG AH GC

10926

1480 1490 1500 1510 1520 1530 1540
. . . ol e ol -

A
D4zZ4 4935 1419 CCCCF@CCCCCCTCCCCCW cTece CCTT(*TCTTF F ‘ACCG CCCCNCCACCﬂECACCGCCACCAC
cce

D4Z4* 4g35 1406 CCCTCTTTCCCCTCCAATC TGCACCCACCC CARGGCCC TGETCCCTGTGETITTTC
10926

1550 1560 1570 1580 1590 1600 1610

(P IO clee el

D4Z4 4q35 1489 FCCT CCCCACC cc ccc ccc CCACC cc CCACCFCGC GGtCGGCCCCAG dCTc dG
D4Z4* 4q35 1473 GGCTTCGGAGGGCG T CCCCGGGACOTTGGGCCCUGAGCTCATGC TGhTCATAALGCGG GG AG
1ba2d CATAA box

1620 1630 1640 1650 1660 1670 1680

B (S A PSS (VNS PR BRI PSR IR BRI IR IR IR
D4Z4 4gq35 1559 CCCTG GGTCCCTTCCG@GGTGGGGCGGGCTGTCCCAGGGGGGCTCACCGCCATTCATGAAGGGGTGGAGd
D4Z4* 4g35 1542 TGGT, GGTCTTTCT

10926 reg. "3"%|éreg 4" |éPro DUX4 DBE

1690 1700 1710 1720 1730 1740 1750
siamlismelssmaisasmalsnmelsmsslsmaslomenlomeslssislmasclimesulmesalsass
D4Z4 4935 1629 KTGCCTGCCTGTGGGCCTTTACAAGGGCGGCTGGCTGGCTGGCTGGCTGTCCGGGCAGGCCTCCTGGCTj

D4Z4* 4g35 1559 GCCTCCTGGCT
- DBE TACAA box E-box
1760 1770 1780 1790 1800 1810 1820

K e e e e e e B R O
D4Z4 4935 1699 FACCTGCCGCAGTGCACAGFFCGGCTGAGGTGCACGGGAGCCCGCCGGCCTCTCTCTGCCCGCGTCCGT%

D4Z4* 4g35 1572 CACCTGCCGCAGTGCACAGGCCGGCTGAGCTGCACGGGAGCCCGLCCGGCCTCTCTCTGCCCGCGTCCGTC
10926
& E-hoK Pro DUX4
Pro DUX4c
1830 1840 1850 1860 1870 1880 1830

s | v e | woesma [ oonsse [awmn o mws ] awmoe[nwane e K B swssemasa|wasal]
D4Z4 4935 1769 CGTGAAATTCCGGCCGGGGCTCACCGCGATGGCCCTCCCGACACC@TCGGRCAGCACCCTCCCCGCGG
D4Z4* 4g35 1642 CGTGAAATTCCGGCCGGGGCTCACCGCGATGGCCCTCCCGRCACCkTCGGACAGCACCCTCCCCGCGG

10926 >I DUX4 ORF
HrASF DUX4c ORF
13800 15810 1520 1330 1940 1250 1360

caww | sswe|vawelssweliwewo]sweclavssfowve]wwvslwers [wesslwsea]woes lwees]
D4Z4 49q35 1839 [GCCCGGGGACGAGGACGGCGACGGAGACTCGTTTGGACCCCGAGCCAAAGCGAGGCCCTGCGAGCCTGLET]
D4Z4* 4g35 1712|GCCCGGGGACGAGGACGGCGACGGAGACTCGTTTGGACCCCGAGCCAAAGCGAGGCCCTGCGAGCCTGCT
10926

1970 1980 1990 2000 2010 2020 2030
B A A e e B e B N BRI TR BRI RPN
D4Z4 4935 1909 [TTGAGCGGAACCCGTACCCGGGCATCGCCACCAGAGAACGGCTGGCCCAGGCCATCGGCATTCCGGAGCC
D4Z4* 435 1782 TTGAGCGGAACCCGTACCCGGGCATCGCCACCAGAGAACGGCTGGCCCAGGCCATCGGCATTCCGGAGCC
10926

2040 2050 2060 2070 2080 2090 2100
AR [V (PR BN PR IR IR SRR SRR (PRPEPN EVRPEPRP EVRPEUR EPRPRPE EPRPR
D4Z4 4935 1979 CAGGGTCCAGATTTGGTTTCAGAATGAGAGGTCACGCCAGCTGAGGCAGCACCGGCGGGAATCTCGGCCC
D4Z4* 4g35 1852 CAGGGTCCAGATTTGGTTTCAGAATGAGAGGTCACGCCAGCTGAGGCAGCACCGGCGGGAATCTCGGCCC
10926
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D4z4 4935
D4z4* 4935
10q26

D4Z4 4935
D4z4* 4q35
10g26

D4z4 4935
D4Z4* 4q35
10q26

D4Z4 4q35
D4Z4* 4q35
10q26

D4Z4 4q35
D4z4* 4q35
10q26

D4Z4 4q35
D4Z4* 4q35
1026

D4Z4 4935
D4Z4* 4qg35
10926

D4Z4 4935
D4z4* 4935
10q26

D4Z4 4935
D4z4* 435
10g26

D4Z4 4935
D4Z4* 4g35
10g26

2049
1822

2119
1992

2189
2062

22549
2132

2329
2202

2388
2272

2469
2342

2589
2412

2609
2482

2679
2552

2110 2120 2130 2140 2150 2160 2170
¢ | v s s s s s [w wonrs [ o Jn e s fows s |wwos [ swmon | mwas |wmas]wass[mosslwass
TGGCCCGGGAGACGCGGCCCGCCAGAAGGCCGGCGARAGCGGACCGCCGTCACCGGATCCCAGACCGCCC
TGGCCCGGGAGACGCGGCCCGCCAGAAGGCCGGCGAAAGCGGACCGECCGTCACCGGATCCCAGACCGCCC

2180 2190 2200 2210 2220 Z230 2240
S e ([ A [
FGCTCCTCCGAGCCTTTGAGAAGGATCGCTTTCCAGGCATCGCCGCCCGGGAGGAGCTGGCCAGAGAGA‘

TGCTCCTCCGAGCCTTTGAGAAGGATCGCTTTCCAGGCATCGCCGCCCGGGAGGAGCTGGCCAGAGAGAC

2250 2260 2270 2280 2290 2300 2310
o v | w o | s | m | s w | s n | | s s [ mmos |wmss |mess |wessllwens o
GGGCCTCCCGGAGTCCAGGATTCAGATCTGGTTTCAGAATCGAAGGGCCAGGCACCCGGGACAGGGTGGC
GGGCCTCCCGGAGTCCAGGATTCAGATCTGGTTTCAGAATCGAAGGGCCAGGCACCCGGGACAGGGTGGC

2320 2330 2340 2350 2360 2370 2380
F e T T T e e L I B T ATl B T A B
GGGCGCCCGCGCAGGCAGGCGGCCTGTGCAGCGCGGCCCCCGGCGGGGGTCACCCTGCTCCCTCGTGGGE
GGGCGCCCGCGCAGGCAGGCGGCCTGTGCAGCGCGGCCCCHGGCGGGGGTCACCCTGCTCCCTCGTGGG

2390 2400 2410 2420 2430 2440 2450
saalsimelssmelsnmalainmelsmisslomaslonssiomoslncisimassimesulmesnlsess
TCGCCTTCGCCCACACCGGCGCGTGGGGAACGGGGCTTCCCGCACCCCACGTGCCCTGCGCGLCCTGGEGGC
TCGCCTTCGCCCACACCGGCGCGTGGGGAACGGGGCTTCCCGCACCCCACGTGCCCTGCGCGCCTGGGGC

2460 2470 2480 2490 2500 2510 2520
summ [ samelssmelssmelsamma lsmue lswas lomwes | nweos [mmes Iwass lwase|wesslmess
FCTCCCACAGGGGGCTTTCGTGAGCCAGGCAGCGAGGGCCGCCCCCGCGCTGCAGCCCAGCCAGGCCGC@

TCTCCCACAGGGGGCTTTCGTGAGCCAGGCAGCGAGGGCCGCCCCCGCGCTGCAGCCCAGCCAGGCCGLSG

2530 2540 2550 2560 2570 2580 2590
v e [ v | w e | s e [wwmon [ swms [ames ] nwos | wwoas [wwas aess [ wore |mass]wasa
CCGGCAGAGGGGGTCTCCCAACCTGCCCCGGCGCGCGGGGATTTCGCCTACGCCGCCCCGGCTCCTCCGG
CCGGCAGAGGGGGTCTCCCAACCTGCCCCGGCGCGCGGEGEGATTTCGCCTACGCCGCCCCGEGCTCCTCCGE

2600 2610 2620 2630 2640 2650 2660
R T e e B B B H I I AR IR U RPN EPIPIPIT
CGGGGCGCTCTCCCACCCTCAGGCTCCTCGGTGGCCTCCGCACCCGGGCAAAAGCCGGGAGGACCGGE
CGGGGCGCTCTCCCACCCTCAGGCTCCTCGGTGGCCTCCGCACCCGGGCAAAAGCCGGGAGGACCGGG.

2670 2680 2690 2700 2710 2720 2730
R R R I I R I I R I IR I IR I
CCCGCAGCGCGACGGCCTGCCGGGCCCCTGCGCGGTGGCACAGCCTGGGCCCGCTCAAGCGGGGCCGCAG
CGCGCAGCGCGACGGCCTGCCGGGCCCCTGCGCGGTGGCACAGCCTGGGCCCGCTCAAGCGGGGLCGCAG

2740 2750 2760 2770 2780 2790 2800
B e TR B e L e B S B TR IR I R
GGCCAAGGGGTGCTTGCGCCACCCACGTCCCAGGGGAGTCCGTGGTGGGGCTGGGGCCGGGEGTCCCCAGG
GGCCAAGGGGTGCTTGCGCCACCCACGTCCCAGGGGAGTCCGTGETGEGEGLTGGGEGCCGGGETCCCCAGS
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D4Z4 4935
D4Z4* 4935
10926

D4Z4 4935
D4z4* 4g35
10926

D4Z4 4935
D4z4* 4q35
10926

D4Z4 4q35
D4Z4* 4q35
10q26

D4Z4 4q35
D4z4* 4935
10g26

D4Z4 4q35
D4ZA4* 4g35
10926

D4Z4 4935
D4z4* 4q35
10926

D474 4q35
DAZA* 4g35
10q26

DAZ4 4q35
D4z4* 4q35
10q26

D4Z4 4q35
D4Z4* 4q35
10926

2749
2622

2819
2691

2889
2753

2959
2820

3029
2890

3099
2954

3169
3018

3239
3073

3309
3143

3379
3233

2810 2820 2830 2840 2850 2860 2870
i v wew [wwma | swve [ onmnafomsalsme e |womes | mones | s wmwes]wnes]mens|wass]
TCGCCGGGGCGGCGTGGGAACCCCAAGCCGGGGCAGCTCCACCTCCCCAGLCLCCGLGLCCCCGGACGLLTC

TCGCCGGGGCGGCGTGGGAACCCCARAGCCGGGGCAGCTCCACCTCCCCAGCCCGCGCCCCCGGACGLLTC

reg."4"—-€§>l

2880 2890 2900 2910 2920 2930 2940
ol SRR R REERS RERES FRESY RERES REEs RRErs
tGCCTCCGCGCGGCAGH jCAGATGC%AGGCATCﬂAGGCGCCCTCCCAFGCGCTCCAGGAGCCGGCGCEE
GCGC

CGCGGCAA CAGATGCCAGCCATCC GGCGCC[TCCCAQCCGCTCCAGGAGCCGG
reg. "b"
2950 2960 2970 2980 2990 3000 3010

GGTCTGCAC CC Gt GCCTGCT@CTGGATGAGCTCCTGGC@AGCC G@AGTTTCTGCRG GG
TICGTCTACAGT CC GCCTGTJAT ATGAGCTCCTGTA ACACCAGAGTTTCAGCARAAGGC
DUX4c ORF—> |

3020 3030 3040 3050 3060 3070 3080
<. <. el ]

NACCTCTCCTAG ACGG GbC GGGGGAGCTGG GGK TCGGAAGAGGCCGCCTCGCTGGAAG ACC
GACCTTTCCTAGATCCGGC TGGGGGAGCT GGACGTIGGAAGAGCCCGCTCTGCTGGAACCACT

3090 3100 3110 3120 3130 3140 3150
iaenlzime lesmelepmelismalsmselsmesdonsslamailsnislmaselmenslimasalls
CCTCAGCFAGGAAGAQ FCCGGGCTCTGCTGGAGGAGC@TTAG@%CGCGGGGTTGG@ACGGGGTF GGTg

C Gl

CCTCAGCCAGGAAG ACCGGGCTCTGCTGGAGGAGC@GGTTGGAGCGGGGTTGG CGGGGTG-
DUX4 ORF
3160 3170 3180 3190 3700 3?10 3220

B B 2TLE
GTTCGGGGCAG GGF GCCTCTCTTTCGCGGGGAAC CCTG TGTC CGGAGGGGCGTG TICCGC
EGGGCAGGATGG@GdCCTCTCTTTCGCGGTGAAC CTCTGACTICGGTATGGAG GGCGT@C ‘

3230 3240 3250 3260 3270 3280 3290
Leonnls M R RS R RS EREE R e Ens R R Rars
tcCGCCCCCTCCACCGGGCTGACCGGCC T/GGGATTICCTGCCTTCTAGGTCCAGGCCCGGTGAGAGACTCC
correcy) GCTGACCTQ‘ GGATCCCTG @gﬂTCCAGGTCCGGTGAGAGACTCC

3300 3310 3320 3330 3340 3350 3360
. s wlasweforows Jomwaos|mwesfowsalwase]wons

CA GAG CFATTCTTTCCTG GCATCCCGGGGATCCCAG GCCGGCCCAGGTACC GC GG
CAC GAGGA T@ATTCTTTCCTG GCATCCCGGGGATCCCAGGGCCCGCCCAGGTACCGGGAGG

Enh. "329"
reg."5"-{5§>

reg Il6||
3370 3380 3390 3400 3410 3420 3430
ceee | I |- |- \ el
TGGGECGCCTACTGCGCAOGCGCGGGTTTGCGCGCAGC GCCTG GTGG GCAGCCCGGGC GAGC
TGG&CTGTCTACTGCGCAﬂGCGC%GGTTTGCAGGCAGC GCCT TTTICC CCAGCCCAGGC GAGC

3440 3450 3460 3470 3480 3490 3500
el u ik o [ (PR [ [ [ [y e | I |
TCTCC CTCEACCAGCCCACCCCGCCGCCTGACCGCCCCATCCCCACCCCCACCCCCCACCCCCGG
TETE TT

TITTT TCCCCA|

Fragm. "A"

Page - 80 -



D4Z4 4935
D4Z4%* 4q35
10926

D4Z4 4935
D4Z4* 435
10426

D4Z4 4q35
D4Z4* 4q35
10926

D4Z4 4q35
D4Z4* 4g35
10926

D4Z4 4935
D4Z4* 4935
10926

D4Z4 4q35
D4Z4* 435
10926

D4Z4 4q35
D4z4* 4435
10926

D4Z4 4q35
D4Z4* 4g35
10926

D4Z4 4q35
D4Z4* 4g35
10926

D4Z4 4q35
D4z4* 4q35
10926

3449
3231

3519
3295

3589
3364

3659
3434

3729
3502

3783
3572

3853
3642

3912
=

3980
3181

4047
3851

3510

ACGCG CGTC cc GjGC G
GCGTTCTTC TITG

3520 3530 3540 3550

I < Sl Sl I I -

.
GTGGAGACCC?JGTCCCGCGAAAﬂAchGGCCC[quCAG% ccG
cca

GGAGACCTC GTCCTGCGAAG GCTGGGCCG - GGGCAGAA

3560 3570

Fragm. "A"

3580 3590 3600 3610 3620

-l <. S L

GCCTGACAC GGCTCGCtTCCTCTGCGCWCCCGC@CCACCGQCGCCCGCCCG CC
GGCCAGTTCTC GGCTCG CTCCTCTGCCTCTTCGC CACCAHCAJTTGCCAA CCCC

3630 3640

3650 3660 3670 3680 3690 3700 3710
| - 5 |
CTGCAGCCGCCC FTGCC \GGAGCGCCTGGCEGCF AC@@AGACCCCAGGCCCG CGCAC ccb
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2.2 Manuscript n°1: KLF15 target gene DUX4c activates myogenic miRs in
FSHD

Facioscapulohumeral muscular dystrophy (FSHD) ns aatosomal dominant hereditary
neuromuscular disorder linked to a chromosomalraegement within the subtelomeric region of
chromosome 4q (4g35). This rearrangement is dulketaleletion of integral numbers of the 3.3 Kb
macrosatellite repeats (D4Z4). Recent studies hdemtified a defect in muscle differentiation in
FSHD myoblasts.

The involvement of miRNA in myogenic differentiati is well-established. Some miRNAs
have been recently shown to be differentially egpeel in FSHD. At the same time, the contribution
of these miRNA to the disease phenotype and FSHHP gene expression profile remains
unknown.

Here we identified a set of microRNAs (miR-1, miR3a, miR-133b, miR-107, miR-139,
miR-152 and miR-331) that are differentially exm@s$ during myogenic differentiation of normal
and FSHD primary myoblasts. We propose to call éhescroRNAs FR-miRs (FSHD-related
microRNAS).

Moreover, it is shown that DUX4c, a gene encodethe 4935 region and overexpressed in
FSHD myoblasts is a direct activator of miR-1 antR+h33 expression. We propose a model

whereby overexpressing DUX4c in FSHD induces ovenession of FR-miRs.
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2.2.1 Abstract

Facioscapulohumeral muscular dystrophy (FSHD)ans autosomal dominant hereditary
neuromuscular disorder linked to a chromosomalraegement within the subtelomeric region of
chromosome 4q (4g35). This rearrangement is dulketaleletion of integral numbers of the 3.3 Kb
macrosatellite repeats (D4Z4). Recent studies ldemtified a defect in muscle differentiation in
FSHD myoblasts.

The involvement of miRNA in myogenic differentiati is a well-established fact. Some
mMiRNAs have been recently shown to be differentiakpressed in FSHD, but the contribution of
these miRNA to the disease phenotype and FSHD{spgene expression profile remains unknown.

We have identified a set of microRNAs (miR-1, nfiB3a, miR-133b, miR-107, miR-139,
miR-152 and miR-331) that are differentially exg@s$ during myogenic differentiation of normal
and FSHD primary myoblasts. We have shown that Dt)X4gene encoded in the 4935 region and
differentially overexpressed in FSHD myoblasts,aisdirect activator of miR-1 and miR-133a
expression. We propose a model where overexpres$ibtuX4c in FSHD induced overexpression
of a fraction of FR-miRs.

2.2.2 INTRODUCTION

Facioscapulohumeral muscular dystrophy (FSHD) de®minant neuromuscular disease with
a prevalence of 1 in 20 000. FSHD is charactertzgaveakness and atrophy of specific groups of
muscles that include muscles of face, shouldetegadd lower extremities (Tawil 2008). The FSHD

locus has been mapped to the subtelomeric regiBh #wat contains an array of macrosatellite 3.3-
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kb repeats (D4Z4) (Wijmenga et al. 1992). The lbngjft this array, currently used to confirm the
genetic diagnosis of FSHD, varies from 35 to 300rkbealthy subjects but consistently shorter
than 35 kb in FSHD patients (van Deutekom et al. 1993).

Each D4Z4 repeat contains a functional promoter @mapen reading frame for a double
homeobox gene DUX4 (Gabriels et al. 1999, van G&eeall. 1999) and a number of regulatory
elements (reviewed in (Dmitriev et al. 2008)). DUKAnormally expressed during embryogenesis
but downregulated in normal but not in FSHD différated muscular tissues (Snider et al. 2010)
(Lemmers et al. 2010b). Besides DUX4, other genehe region 4935 including DUX4c (double
homeobox 4, centromeric), FRG1, FRG2 (FSHD regiemeg 1 and 2) and ANT1 (adenine
nucleotide translocator) were shown to be upregdlah FSHD, although the overexpression of
some of them in FSHD is a matter of debate (foren@\see (Dmitriev et al. 2008)).

The cause of the 4935 genes overexpression in F8&\Dbe attributed, at least partially, to
a three-dimensional structure of the FHSD locust thnsures the direct contact of regulatory
elements of D4Z4 repeats with the promoters ofij@s genes (Pirozhkova et al. 2008) (Bodega et
al. 2009), a process influenced by matrix-attachtnnegion located proximally to the D4Z4 array
(Petrov et al. 2006). In support of this model, e shown recently that D4Z4 repeats contain a
potent transcriptional enhancer (Petrov et al. 26@2rov et al. 2008) that interacted with a Krippe
like transcription factor 15 (KLF15) which in tuacttivated the DUX4c and FRG2 genes (Dmitriev
et al. 2011).

Transcriptional profiling of FSHD cells demonstihte defect in myogenic differentiation
program (Bakay et al. 2006), (Celegato et al. 200&n Overveld et al. 2003), (Winokur et al.
2003b), deregulation of genes related to oxidattvess (Laoudj-Chenivesse et al. 2005), (Tsumagari
et al. 2011), (Winokur et al. 2003a) deregulatidrvascular smooth muscle and endothelial cells-
specific genes (Osborne et al. 2007), as well heyde related genes (Cheli et al. 2011).

Ectopic expression of several 435 genes in moisseies and immortalized myoblasts
culturedin vitro recapitulated some features of FSHD, suggestiaf sbveral 4935 genes may
contribute to FSHD transcriptome and eventuallyh FSHD phenotype. Specifically, DUX4c and
DUX4 were shown to inhibit myogenic differentiatiddUX4 was shown to induce oxydative stress
(Bosnakovski et al. 2008a, Bosnakovski et al. 2008t atrophy of myoblasts culturéad vitro
(Vanderplanck et al. 2011). Finally, FRG1 overegpren in mouse muscles was shown to induce
muscle atrophy (Gabellini et al. 2006).

Recently the transcriptome analysis of FSHD cellas wextended by microRNAs
transcriptome profiling. It has been shown that HiR*, miR-186, miR-15, miR-23b were
deregulated in FSHD tissues and myoblasts growitro (Eisenberg et al. 2007, Cheli et al. 2011).
However, no myogenesis-related microRNA were fotmde differentially expressed in FSHD in

these studies.
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We have analyzed the expression of miRNAs in tisarmaples and primary myoblasts from
healthy subjects and FSHD patients, and foundssa@n microRNAs (miR-1, miR-133a, miR-133Db,
miR-107, miR-139, miR-152 and miR-331) were upraged. miR-1 and miR-133a/b are well
known myogenesis-related miRNAs. We have showallfirthat the overexpression of miR-1 and
miR-133a is directly activated by DUX4c, a geneaked at 4935 and shown previously to be
specifically upregulated in FSHD (Ansseau et al.020Dmitriev et al. 2011). Untimely
overexpression of myogenic microRNAs demonstratetis work might contribute to pathological

phenotype of FSHD.

2.2.3 RESULTS

2.2.3.1 Identification of miRNA differentially expressed in FSHD (FR-miRs)

We have used a high-throughput TagMan gRT-PCRoagprto compare miRNA expression
profiles in total RNA extracted from four FSHD afadir normal primary myoblast cell line$gble
1). Out of 240 microRNAs tested, seven were foundoéooverexpressed in FSHD vs normal
myoblasts Figure 1). We will here designate these miRNAs as FR-miBs FSHD-related
microRNAs. Among them, and found that several myageicroRNAs (myoMiRs), including miR-
1 and miR-133a/b, are significantly upregulated8HD. We have also found that miR-139, miR-
152, miR-107 and miR-331 were also upregulated 3B myoblasts Kigure 1). We will here
designate these mMIRNAs as FR-miRs for FSHD-relat@droRNAs. miR-1 and miR-133a/b
exhibited 2 to 15-fold higher expression in FSHDcampared to normal myoblasts. These miRNAs
have been reported previously as overexpressedgdmyogenic differentiation (for review see (Ge
and Chen 2011)). The expression of these myogeriiNAs in FSHD cells was confirmed using
Ambion miRNA arrays (data not shown). Similarly,Rr107, miR-139, miR-152, and miR-331 that
were also found to be expressed at a higher levélSHD vs normal myoblast$igure 1), are
overexpressed during myogenic differentiation ofnlan normal myoblasts (data not shown). Thus,
all seven miRNAs that were found overexpressedSH B myoblasts are also upregulated during
normal myogenic differentiation suggesting the &xise of a molecular link between them.

2.2.3.2 DUX4c activates myogenic miRNAs

Recent studies have indicated that DUX4 and DUiXdascription factors are overexpressed
in FSHD and may play an important role in the orfethis disease (Bosnakovski et al. 2008a),
(Bosnakovski et al. 2008b) (Vanderplanck et al.130To test whether DUX4 and DUX4c may be
responsible for the upregulation of FR-miRs in FSHE2 have overexpressed these transcription
factors in immortalized human myoblasts. Firstlye Wwave confirmed that these myoblasts can
upregulate myogenic microRNAs in responseetdopic MYOD expression or serum-starvation

induced myogenic differentiatiom vitro (data not shown). We found that DUX4c activated th
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expression of myogenic microRNAs miR-1 and miR-1B3gpproximately 3-foldKigure 2A). We
have also found that DUX4c activates the expressfomiR-107, but not other FR-miRs (data not
shown). In contrast to DUX4c, DUX4 inhibited thepegssion of myogenic microRNAs miR-1 and
miR-206, but did not affected the expression oEotFR-miRs Figure 2A and data not shown)

We then confirmed these results by the miRNA #@gtiassay using miR-sensor plasmids
containing a luciferase reporter gene fused toXREgTRs of the WHSC2 gene containing miR-
133a/b recognition sites (Care et al. 2007) orHhadll gene containing miR-1/206 recognition sites
(Zhao et al. 2005). DUX4c overexpression inhibitieel expression of luciferase of both miR-133a/b
and miR-1/206 sensors but not their mutant versindgating that DUX4c overexpression indeed
induced the expression of miR-1 and miR-133a/b tnede microRNAs were functionally active
(Figure 2B). The impact of DUX4 overexpression on miR-senseas not statistically significant.
We conclude that DUX4c activates the expressiomii®-1, miR-133a/b, and miR-107 and these
microRNA are functionally active as indicated bgithability to repress miR-sensors. Although we
did not detect an effect of DUX4c nor DUX4 on thepeession of miR-139, -152 and -331 we cannot
exclude that these microRNAs are indirectly comgibby DUX4 or DUXA4c.

2.2.3.3 DUX4c and DUX4 bind to microRNA promoters in vivo

To test whether DUX4 and DUX4c directly controlleétie promoters of myogenic
microRNAs we immunoprecipitated chromatin assodiatgth DUX4 and DUX4c using specific
antibodies. We found that DUX4c protein was 2 tfol8 enriched on miR1-1 and miR133a-1
promoters compared to an unrelated sequence (Akatg DUX4 was enriched approximately 10-
fold on the miR-1-1 promoter~{gure 3). There results suggest that DUX4c directly cdnthe
expression of miR-1 and miR-133a, while DUX4 dihgttinds to the miR-1-1 promoter and inhibits

its activity.

2.2.3.4 DUX4c activates miR1, and 133 in FSHD myoblasts

After having found that DUX4c specifically binds miR-1 and miR-133a promoters and
activates the expression of these miRNAs we hastedevhether DUX4c is responsible for the miR-
1 and miR-133 overexpression in FSHD myoblasts. haee transfected the normal and FSHD
myoblasts with siRNAs against DUX4c and testedetkigression of microRNAs miR-1 and miR-133
in the myoblasts with DUX4c knockdown. We foundttiva DUX4c-transfected myoblasts from
FSHD patients, the expression level of miR-1 anB+183 is similar to that in the control cells from
normal individuals Figure 4). We conclude that DUX4c overexpression in FSHDindeed

responsible for the observed upregulation of mi&d miR-133 in FSHD myoblasts.

2.2.3.5 A subset of FR-miR target genes is downregulated in FSHD
MIiRNAs regulate gene expression either by inducilegadenylation and degradation of
MRNA or inhibiting translation of their target gen@artel 2004). If a gene is controlled at theelev
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of transcript stability by a given miRNA, it willeorepressed in samples where that microRNA is
overexpressed, in other words, the expression deskla miRNA and its target gene should be
inversely correlated with the expression of itgétrgene. To test whether the differential expogssi
of miRNAs between FSHD and normal myoblasts hadnatfonal significance, we thus decided to
look at the expression level of their potentiab&rgenes.

The majority of validated microRNA target geneatthre currently available from public
databases miRTar Base (http://mirtarbase.mbc.miuve) and MiRWalk (http://www.ma.uni-
heidelberg.de/apps/zmf/mirwalk/mirnatargetpub.htrale regulated at the level of translation.
However, the number of genes regulated by miRNAhatlevel of transcript stability outnumbers
those controlled at the level of translation (Litrake 2005) (Guo et al. 2010).

We thus selected target genes that are potentialiulated by FR-miR at the level of
transcript stability. For this purpose we adopted following strategy. First, we used the RNA22
algorithm to predict target genes for each FR-nlMRrgnda et al. 2006). Then we measured the
expression level of RNA22-predicted target genesaimples with high and low expression levels of
FR-miRs (normal myotubes and myoblasts respeciv€mly those target genes with expression
levels inversely correlated with FR-miR expressievels were considered as "confirmed FR-miR
targets” Table S1 file available onling. Some of the targets found in this study havenl#lished
before. For example, we could confirm the CAND1 &@ND1 genes as miR-1 targets and the
CENPA and TAF9B genes as miR-139 targets (Lim.e2@0D5) (Ohlsson Teague et al. 200Baljle
S1, excel file available onling

We then analyzed the expression of validated FRNA target genes in FSHD as compared
to normal myoblasts. We found that in FSHD myolsasgith FR-miRNAs overexpressed, most but
not all of the confirmed target genes were downlagd. Thus, CAND1, one miR-1 target gene, was
downregulated while another, CCND1, was rfeig(re 5). Similarly, only a fraction of miR-139
targets were downregulated when miR-139 was oveesspd Figure 5). Overall in FSHD
myoblasts overexpressing miR-1 and miR-139, 57.6% @0% of the corresponding confirmed
target genes were downregulated respectively. A®rted in Table 2, higher percentages of
downregulated genes were found in case of othemi®&s, ranging from 68.4% for miR-133b to
75.6% for miR-152Table 2).

We therefore conclude that FR-miRs fail to downtatgua fraction of their target genes in
FSHD myoblasts suggesting that this regulatory raeidm of gene expression is, at least partially,
perturbed in FSHD.

2.2.3.6 Several functionally important target genes escape the control by FR-miR in FSHD
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The fact that only a subset of FR-miR controlladyét genes is downregulated in FSHD
suggested that the functions of FR-miR are pertutheFHSD myoblasts. Functional classification
of the confirmed FR-miR target genes indicated ttie#se microRNAs control cell cycle and
myogenesis-related genes, as was demonstratedpsgvby others, and suggested an implication of
these microRNAs in the regulation of kinase agfivitat was not known previouslyigure 6,
Tables 2 and S2 Within every functional class only a fraction tdrget genes was actually
downregulated in FSHD myoblast. We found that whdene FR-miR functions stay virtually intact,
some others might be severely compromised.

For example the 4 main functions of miR-107 targemes are protein transport, cell cycle
regulation, DNA damage response and apoptosis. 80fly of miR-107 target genes implicated in
cell cycle regulation are still downregulated inHES myoblasts suggesting that the ability of miR-
107 to repress cell-cycle related genes might bepcomised in FSHDKigure 6 and Table3.
Interestingly, cell cycle regulation and DNA damagsponse are present within top-four functional
classes of genes targeted by miR-1, miR-133a/bnaii139 but only a minor fraction of these
genes is still downregulated in FSHD. Other miRN&dtions that might be compromised in FSHD
include ubiquitination/proteolysis, chromatin orgaion and modification and cytoskeleton
organization Figure 6).

Taken together these results suggest that sonaidonof FR-miR may be specifically
affected in FSHD.

2.2.4 DISCUSSION

Significant progress in understanding of the platnp of FSHD was made possible by
numerous genomic (Lemmers et al. 2007) (Lemmersalet2010a) (Lemmers et al. 2010b),
transcriptomic (Winokur et al. 2003b) (Bakay et 2006) (Celegato et al. 2006) (Tsumagari et al.
2011) (Cheli et al. 2011) and proteomic studieso(idp-Chenivesse et al. 2005) (Celegato et al.
2006). Here we profiled miRNA expression and exadirthe role of these important post-
transcriptional regulators in FSHD to gain insigitb specific regulation of gene expression in this
disease. We have found that 7 microRNAs (miR-1,418Ra, miR-133b, miR-107, miR-139, miR-
152 and miR-331) that we named FR-miRs (FSHD-rdlatecroRNAsS) are overexpressed in
proliferating FSHD myoblastsF{gure 1). Interestingly, some of these miRNAs were presipu
found overexpressed in other muscular dystroplegs,miR-1 and miR-133 in Duchenne muscular
dystrophy and miR-107 in LGMD (Cacchiarelli et 2011) (Eisenberg et al. 2007). We could not
confirm the overexpression of miR517* in FSHD myasis and biopsies, as demonstrated by others
(Eisenberg et al. 2007) (data not shown).

All FR-miRs identified in this study are upreg@dtduring normal myogenesis. miRNA-1
and miRNA-133 are expressed in cardiac and sketetaicle and their transcription is activated by
the myogenic differentiation factors MyoD, Mef2,da®BRF (Rao et al. 2006). Overexpression of
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mMiRNA-1 in mouse cardiac progenitors has a negagifect on proliferation, where it targets the

transcription factor Hand2, involved in myocyte arpion (Zhao et al. 2005). Overexpression of
MIiRNA-1 and miR-206 in skeletal myoblasts is suéfit to induces their myogenic differentiation.

Other FR-miRs, miR-107, miR-139, miR-152 and miR-38ere not previously associated with

myogenesis and their role in this process remaungkhown. However, we showed that these
mMiRNAs are also upregulated during myogenic difiéegion (data not shown).

We here show that DUX4c was bound to the promaiemiR-1 and miR-133 genes and its
overexpression induced the expression of miR-1 mif@-133. DUX4 was bound also to miR-1
promoter, but its overexpression repressed miR-&.Have also found that DUX4 overexpression
repressed the miR-206 expression, but we couldiet@ict DUX4 on the miR-206 promot&figures
2, 3. We have shown previously that DUX4c is overegpesl in proliferating FSHD myoblasts and
differentiated myotubes (Dmitriev et al. 2011) (&eau et al. 2009). Therefore, the upregulation of
the DUX4c expression level in FSHD may explain gwerexpression of miR-1, miR-133a/b and
miR-107. We have partly confirmed this hypothesys demonstrating that knocking down the
DUXA4c expression in FSHD myoblasts leads to thenadization of miR-1 and miR-133 expression
levels Figure 4). However, DUX4c overexpression in FSHD is notfisidnt to explain the
overexpression of miR-139, -152 and -331 in FSHD®bhysts that might implicate the participation
of another factor.

Overexpression of FR-miRs in FSHD myoblasts is fimmally relevant since we observed a
decrease in expression levels of the majority efrttarget genes in FSHD samples as compared to
controls. However, several FR-miRs target genestéaibe downregulated in FSHD myoblasts
suggesting that the functionality of these microRNAay be compromised in these cefigy(res 5,

6). Similar effect was observed previously in mdxus® where the simultaneous upregulation of
miR-206 and its target gene Utrn (Urotropin) hasrbdemonstrated in diaphragm muscle indicate
that miRNA-dependent repression may be comproniisddsease too (McCarthy et al. 2007).

Functional classification of FR-miR target genedi¢ated that the genes specifically related
to cell cycle control and DNA damage response extapiRNA-dependent repression in FSHD
myoblasts , while other functions, including cytelgdton organization, regulation of kinase activity,
and ubiquitination/proteolysis were virtually undgad EFigure 6). The reason why cell cycle
control and DNA damage response escape the cdntrBR-miR remains unknown. There are two
explanations possible. First, miRNA-dependent repom pathway may be impaired in FSHD,
second, some other factors may take over the dootrthe promoters and overrule the miRNA-
dependent repression of these genes in FSHD. e flag second model because our transcriptome
analysis of FSHD myoblasts did not reveal significehanges in the expression of miRNA
processing-related genes (data not shown).

Specific escape of cell cycle and DNA damage nmespoelated genes from the FR-miR

control indicates that FSHD myoblasts simultanepesipress two competing biological programs:
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() myogenic program, as witnessed by overexpressib myogenesis-related microRNAs and
concomitant repression of the majority of theilgetrgenes; (ii) proliferative program manifested as
overexpression of cell cycle and DNA damage relajedes. Successful completion of myogenic
differentiation requires the arrest of the cell leycTherefore, a simultaneous expression of two
incompatible biological programs explains why FSHipoblasts do not prematurely enter myogenic
differentiation but demonstrate a defect in myogetifferentiation previously observed by others
(Winokur et al. 2003b, Laoudj-Chenivesse et al.2@nkay et al. 2006, Celegato et al. 2006).

This study raises several questions. Firstly, weahe origin of this functional dualism in
proliferating FSHD myoblasts? Is DUX4c an esserftiator for miR-1 and miR-133 upregulation in
normal myogenesis? Does the overexpression of nmyogamicroRNAs in proliferating FSHD
myoblasts affects later stages of myogenesis? Reply all these questions will help to understand

better not only the FSHD pathology but also thecpss of normal myogenic differentiation.

2.2.5 MATERIALS AND METHODS

Cell culture conditions and siRNA transfection.The rhabdomyosarcoma cell line RD (a kind gift
of Dr. S. Leibowitz) was grown as described (Peteb\al. 2008). Primary human myoblasts were
isolated from skeletal muscles of healthy subjestslescribed in (Barro et al. 2010), for detaiks se
Table 1), purified with an immuno-magnetic sortisgstem (MiltenyiBiotec, USA) using an anti-
CD56/NCAM antibody according to the manufacturesigecifications. CD56-positive myoblasts
were seeded in collagen-coated Petri dishes (Rilraltured in DMEM, 10% FCS, 1% Ultroser G,
at 37°C with 5% CQAIl experiments were carried out between P1 andoR®void cell senescence.
Myoblast purity was determined by staining for DesnProliferating primary human myoblasts
were transfected as described (Vanderplanck &04dl1), RNA was prepared 24h after transfection.
Human Immortalized myoblasts (a kind gift of Dr. Mouly) were cultivated as described previously
(Zhu et al. 2007).

Biopsies.The biopsies have been obtained in accordancethétii-rench national regulations. The

origin of biopsies is listed in Table S1 (excetfdvailable online).

Reporter gene assayslx10fHeLa or 5x16 RD cells were plated onto 24-well plates and a2t
were cotransfected with 0.pg of pGL3-based miR-1/206 or miR-133a/b reporteasplids
containing luciferase gene fused to 3'-UTR of Ha(@lzao et al. 2005) or Whsc2 gene (Care et al.
2007) respectively and 0.ng of pClneo-DUX4c, pCineo-DUX4 or GFP-coding plagm
(Stratagene) using JetPEI (Polyplus). Luciferaseiicwas determined 48h after transfection using
the Luciferase Assay System (Promega) and nornaaki@aeprotein concentration (determined by
BCA assay, Sigma) or Dual Luciferase Assay Systacthraormalized to the activity of the reporter
phRL-TK (Promega).
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gRT-PCR. 400 ng of total RNA purified via Trizol (Invitrogg¢mwas converted into cDNA using 8
independent pools of primers (#4384791, AppliedsBatems, AB) and TagMan microRNA Reverse
transcription kit (#4366596, AB). cDNA was quarediusing via qPCR using TagMan 2x Universal
PCR Master Mix, No AmpErase UNG (#4324018, AB) dnaonan microRNA panel version 1.0
TLDA (TagMan Low Density Array, AB), data were adggd on AB7900HT Real-Time PCR
machine. The following probes were used for the NAR in this study: miR-1 #4373161; miR-133a
#4373142; miR-133b #4373172; miR-107 #4373154; aBR-#4373176; miR-152 #4373126 and
miR-331 #4373046.

Chromatin immunoprecipitation. 20x1076 rhabdomyosarcoma TE-671 cells were tratesdewith

3 mkg of using pClneo-DUX4c, pClneo-DUX4 (Vandernah et al. 2011) or GFP-coding plasmid
(Stratagene) mixed in 1:3 ratio JetPEI (Polypl@)h after transfection, chromatin was prepared,
sonication-sheared and 5mkg were used for immuegptation with 1mkg of specific antibodies:
rabbit anti-DUX4c (Ansseau et al. 2009), mouse-BitX4 9A12 (Dixit et al. 2007) or pre-immune
rabbit or mouse IgGs (Abcam) using ChiP-IT ExpreégqActive Motif). Immunoprecipitated DNA

was then amplified using specific primers (5' tp f8r promoters of microRNA genes (miR-1-1,

Forward: ACATATCGATACAATTAAGTATTCCAAAGTGCT, Reverse
GTGCTCACCAGCTCCTAATGA, Probe: 6FAM-CCACTCGCTAAGTTT® miR-133a-1,
Forward: CCTGATGTGATATATGTTGTTTTTAGGTTGGT, Reverse:

TGTGTCTTTGTGGGAATTAGTAAGCAA, Probe: 6FAM-AACGCCTGTBAATTA; Alu,
Forward: GCGGGCGCCTGTAGT, Reverse: CCGGGTTCACGCCET] Probe: 6FAM-
CAGCCTCCCAAGTAGC) and TagMan 2x Gene Expression tegladMix (#4369016, AB) on
Custom TLDA array (AB), PCR-amplification and datcquisition were performed using
AB7900HT Real-Time PCR machine (AB). The resultseveormalized to control antibodies and

expressed as % of input.

Transcriptome profiling. Human primary myoblasts were sacrificed directly mates at 30%
confluency using Trizol, RNA was prepared usingamig extraction and ethanol precipitation as
described (Chomczynski and Sacchi 2006) followedstiiga column cleanup on silica columns
(Nucleospin RNA Extraction kit, Macherey Nagel). RMxtracted from individual myoblast lines
was Cy3-labeled, mixed with with a pool of RNA sdesplabeled with Cy5 and hybridized to Gene
Expression microarrays (4x44k #G4112F, Agilent) andnned as instructed by the manufacturer.
Scanned images were then analysed using the Féattreetion software (Agilent) and the treatment

of the gene expression data was performed usingdABebconductor.
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2.2.7 TABLES
Sample| Type Patient Tissue Age Sex | D4z4 Reference
repeats

N1 MB, MT NO42 quadriceps 24 F ND this study
N2 MB, MT NO44 quadriceps 29 M ND this study
N3 MB, MT NO46 quadriceps 31 M ND this study
N4 MB, MT NO47 quadriceps 43 M ND this study
F1 MB, MT MO44 pyramidal 54 F 5/7 this study
F2 MB, MT MO47 quadriceps 38 F 7 this study
F3 MB, MT MO54 quadriceps 25 M 4 this study
F4 MB, MT FSHD10 trapezius 31 M 5 this study

Table 1. BIO: muscle biopsies; MB: Myoblasts; MT: Myotubdd$D: non-determined number of
D474 repeats.
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Downregualted in Downregualted in
2 2
5 @ T o
£9 2 £9 2
g g ? % S g ? %
miR-1 miR-107
All targets 99 57 57,6 All targets 515 378 73,4
Classified 22 14 63,6 Classified 107 78 72,9
Functional classes (downregulated): Functional classes (downregulated):
transcritpion, negative reg, 8 5 62,1 transport/localization 26 19 73,1
cell cycle regulation 7| 4 57,1 | cell cycle regulation 22 11
apoptosis 6 5 83,3 DNA damage response 19 12 63,2
DNA damage response 5 1 20,0 apoptosis 18 15 83,3
ubiquitination/proteolysis 4 2 50,0 reg, of kinase activity 18 15 83,3
chromatin organization/modification 4 1 25,0 transcritpion, negative reg, 17 12 70,6
cytoskeleton organization 4 3 75,( ubiquitination/proteolysis 14 11 78,6
cell motility 3 3 100,0 protein complex assembly 13 6 46,2 |
protein modification 3 1 33,3 cytoskeleton organization 13 6 46,2 |
Other 3 2 66,7 phosphorylation 11 8 72,7
Other 13 13 100,d
miR-133a miR-133b
All targets 151| 107 70,9 All targets 117 80 68,4
Classified 19 15 78,9 Classified 16 10 62,5
Functional classes (downregulated): Functional classes (downregulated):
transport/localization 9 8 88,9 transport/localization 6 6 100,p
DNA damage response 3 1 cell cycle regulation 3 1
phosphorylation 3 2 66,7 DNA damage response 3 0
RNA splicing 3 3 100,0| cytoskeleton organization 3 2
ubiquitination/proteolysis 3 1 33,3 phosphorylation 2 0
cell cycle regulation 2 1 50,0 RNA splicing 2 2
transcritpion, negative reg, 2 2 100 ubiquitination/proteolysis 2 0
apoptosis 2 2 100, transcritpion, negative reg, 2 2 100,0
Other 2 2 100,0 Other 2 2 100,0
miR-139 miR-152
All targets 160| 96 60,0 All targets 160 121 75,6
Classified 42 28 66,7 Classified 54 40 74,1
Functional classes (downregulated): Functional classes (downregulated):
apoptosis 13 10 76,9 transport/localization 14 11 78,6
transport/localization 11 8 72,7, cell cycle regulation 13 7 53,8
reg, of kinase activity 11 8 72,7 reg, of kinase activity 13 10 76,9
cell cycle regulation 10| 2 phosphorylation 11 9 81,8
DNA damage response 9 6 66, apoptosis 11 10 90,9
phosphorylation 8 7 87,5 cytoskeleton organization 10 7 70,
transcritpion, negative reg, 8 5 62,1 DNA damage response 9 4 44.4
cell motility 7 7 100,0 protein modification 8 6 75,0
cytoskeleton organization 7 6 85,1 cell motility 7 6 85,7
chromatin organization/modification 6] 1 RNA splicing 7 6 85,7
NF-kB 5 5 100,0 Other 4 3 75,0
Other 4 4 100,0
miR-331
All targets 76 57 75,0
Classified 22 19 86,4
Functional classes (downregulated):
transport/localization 6 5 83,3
ubiquitination/proteolysis 5 5 100,
apoptosis 4 4 100,
angiogenesis 3 3 100,
protein modification 3 3 100,
phosphorylation 3 3 100,
RNA splicing 3 3 100,0|
cell motility 2 2 100,0
transcritpion, negative reg, 2 2 100
chromatin organization/modification 2 2 100
Other 4 2 50,0

Table 2

Table S1 is available online
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Table S2

Functinal classes {downregulated):

- j-T+3 -
: g g Z
2 = ;—-Jlr 3 £ Target gene description
z HE E
= = =| &
= El=|a
= o | 3
S il
S|z 2=
E|lE| & E|S
a Fls 4 3| F]| A
] X ARP3 actin-related protein 3 homolog {veast) {ACTRI), mRNA
] X Bho guanine nucleotide cxchange factor (GEF) 3 {ARHGEF3), mRNA
! X BCL2-azssociated athanogene 4 {BAGY), mRNA
I X M aullin-associated and neddylation-dissociated | {CANDL), mRNA
1 X X X grelin DT {CCNDI), mRNA
] X |epatomer protein complex, subunit alpha (COPA)L mRNA
| X X ol ENA {eytosin \-methylransierase [{DNMTT), mRNA
| XXX X ELA hinding protein p300 {EP3H), mRNA
I XXX X wots erythroblasiosis virus E26 oncogene homalag | (avian) (ETS1), mRNA
! X X helicase-like transeription factor (HLTF), transcript vanant 1, mRNA
] X X jub, ajuba homolog { Xenopus laeviz) (JUB), transcrip variant 1, mRNA
I X X Ko channel interacting protein 3, calsenilin {KCNIPI), transcript vanant [, mANA
! X reural precursor cell expressed, developmentally down-regulated 9 (NEDD®), transcript vadant [, mENA
1 X |mxclear transport factar 2-like export fictor 2 {NXT2), mRNA
1 x arigin recognition complex, subunit & like {yeast) (ORCEL), mRNA
] X | phosphoinositide-3-kina 55 1, alpha polypeptide {PIK3C2A), mRNA
| N X RADI & homolog {S. eer {RADIR), mRNA
RADS4BR | X X RADS4 homolog B (8. cerevisiae) (RADS4B) mRNA
EYEP X x RING! ard Y'Y | binding protein {RYBEP), mENA
SMC4 X sructum| mainterance of chromosomes 4 {SMC4), transcript variant |, mRNA
TFE3 X Tiptio tor binding to KGH {TFE3), mRNA
TGFB1I1 X fransibrming fctar beta |induced transcript | {TGFBIIL), transcript variant 1, mRNA
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Functional classes (downregulated):
S| w| =] 2
£ 2 & AR EEREEEEE
2 i £ |£|E5] |E|E|2] 4|2 .
2 > s §|8 g 3 éu B E" = Gene description
B = =) B ol 2125|212
g = ) HEENHEEEREE
= HEEHEEIEHEER
2221 2|=[5|5) 5121 E] <
ZIZIZE 2|22 2] 2|2
P EEEEEEE
Elo|Al=|2]|E|S| 2] DfE]O
Total: 167 e R A A A R EE
ACP2 1 -2.02 X acid phosphatase 2, lysosomal (ACP2), mRNA
ACTGI | -13,40 X actin, gamma | (ACTGI), mRNA
ADAMI9 | X ADAM metallopeptidase domain 19 (meltrin beta) (ADAMI19), transcript variant |, mRNA
AKAPT 1 X| | | 1 | A kinase (PRKA) anchor protein 7 (AKAP7), transcript variant gamma, mRNA
ANTXRI1 1 | | | X | anthrax toxin receptor 1 (ANTXRI1), wanseript variant 1, mRNA
AP2B1 1 X 1 _- -_ | adaptor-related protein complex 2, beta 1 subunit (AP2B1), transcript variant 1, mRNA
AP3S1 | X| | X[ | | adaptor-related protein complex 3 sigma | subunit (AP3S1), transcript variant 2, 2 . MRNA
APIS 1 X || | apoptosis inhibitor 5 (AP15), mRNA
AQP2 1 X aquaporin 2 (collecting duct) (AQP2), mRNA
ARFGAP3 1 X ADP-ribosylauon factor GTPase activating protein 3 (ARFGAP3), mRNA
ARHGAP26 2 X Rho GTPase activating protein 26 (ARHGAP26), mRNA
ASFIB 1 X ASFI anti-silencing function 1 homolog B (8. cerevisiae) (ASFIB), mRNA
ATPIIC 1 X | ATPase. Class VI, type | 1C (ATP110C), transcript variant 2, mRNA
ATP6VIA 1 11 _X ATPase, H+ transporting, lysesomal 70kDa, V1 subunit A (ATP6VIA), mRNA
BAG4 1 || X 1| | BCL2-associated athanogene 4 (BAG4), mRNA )
BIRCS 1 XX X X 1| | baculoviral [AP repeat- conlammg & (suwwm) (BIRCS), transcript variant 3, mRNA
CJGALTI 1 || | [ X]eore | synlh@q glycoprotein-N-acetylgalactosamine 3-beta-galactosyltransfirase, | (ClGALTl)a mRNA
C3m f38 I | X | | | chromosome 3 open reading frame 38 (C3o0rf3R), mRNA
CASC3 1 X | | X I cancer susceptibility candidate 3 (CASC3), mRNA
CAV2 1 X X X X X X caveolin 2 (CAV2), transcript variant 1, mRNA
CCNDI 3 X x| [x X | |eyelin D1 (COND1), mRNA
CDC25A 2 X X X X cell division eyele 25 homolog A (S. cerevisiag) (CDC25A), transeript variant 1, mRNA
CDCAS 1 X X cell division cyele associated 5 (CDCAS), mRNA
CDKSR1 1 X X X X cyclin-dependent kinase 5, regulatory subunit | (p35) (CDK5R1), mRNA
CENPA 1 X X X X centromere protein A (CENPA), transcript variant 1, mRNA
CEP53 1 x] | [centrosomal protein 55kDa (CEPSS), mRNA
CIT 1 .X | L X citron (rho-interacting, serine/threonine kinase 21) (CIT), mRNA
CLOCK 1 _X _VX 7_ | clock homolog (mouse) (CLOCK), mRNA
COL3A1 1 .X X || | collagen, type 111, alpha 1 (Ehlers-Danlos syndrome type 1V, autosomal dominant) (COL3A1), mRNA
CPA4 1 X carboxypeptidase A4 (CPA4), mRNA
CPLX2 1 X complexin 2 (CPLX?2), transcript variant 1, mRNA
CPSF6 1 X |cleavage and polyadenylation specific factor 6, 68kDa (CPSF6), mRNA
CREBL2 2 X ¢AMP responsive element binding protein-like 2 (CREBL2), mRNA
DAAM2 1 X dishevelled ciated activator of morphe is 2 (DAAM2), mRNA
DCBLD2 1 [T [ T [T [ [ | [x]discoidin. CUB and LCCL domain containing 2 (DCBLD2), mRNA
DCTN2 1 X | | X | dynaclin 2 (p50) (DCTN2), mRNA
DLG4 | X X ] ] r&e'hun"m]'u&, 4 (Drosophila) (DLG4), mRNA
DN AJCS 1 X (Hsp40) homolog, sub ly C, member 8 (DNAJC8), mRNA
EIF4H 1 X euk:urynuc translation initiation factor 4[! (EIF 1), transcript variant 1, mRNA
EXT2 1 X |exostoses (multiple) 2 (EXT’) franseript var 1, mRNA
FBXO7 1 X F-box protein 7 (FBXO7), transcript variant 1, mRNA
FSD1 1 X fibronectin type TIT and SPRY domain containing 1 (FSD1), mRNA
GADD45G I XXX X X growth arrest and DNA-damage-inducible, gamma (GADD45G), mRNA
GAS2L1 1 X growth arrest-specific 2 like 1 (GAS2L1), transcript variant 2, mRNA
G\v’lFB 1 | X ha malutalmn factor, beta (GMFE) mRNA
HS[-EB 2 | 11 X | HJ Insl.one fdmll 3B (H3.3. (H]]-:B), mRNA
H.LV[KI 1 X I I HemK mﬂhylens('etaw: f.amlly member | (HEMKl) mRNA
HIPI i 1 X | xXX[ | X | huntingtin interacting protein 1 (HTP1), mRNA
HIST1H2AG 1 X | histone cluster 1. H2ag (HISTIH2AG), mRNA
HLTF 2 X X heli like transcription factor (HLTF), transcript variant 1, mRNA
HMGBI 2 X X X X high-mobility group box 1 (HMGBI1), mRNA
IGFBP1 1 X insulin-like growth factor binding protein | (IGFBPI), transcript variant 1. mRNA
TLF3 1 |X X interleukin enhancer binding factor 3, 90kDa (TLF3), transcript variant 2. mRNA
IRS1 1 X X insulin receptor substrate | (IRS1), mRNA
KIAA0391 1 L 11 | X |K1IAA0391 (KIAA0391), mRNA
KIF23 1 X | 11 X i kinesin family member 23 (KIF23), transeript variant 1, mRNA
MCFD2 1 X |1 _7 7_ | multiple coagulation factor deficiency 2 (MCFD2), mRNA
MECP2 1 X1 | methyl CpGrbmding protein 2 (Reu syndrome) (MECP2), mRNA
MMD 1 X 1| | monocyte to macrophage difterentiation-associated (MMD), mRNA
MMP19 1 X matrix metallopeptidase 19 (MMP19), wanscript variant 1, mRNA
MOVI10 2 [x Mov10, Moloney leukemia virus 10, homolog (mouse) (MOV10), mRNA
MTDH 1 X |X metadherin (MTDH), mRNA
MX1 I X myxovirus (influenza virus) resistance |, interferon-inducible protein p78 (mouse) (MX1), mRNA
MXD4 1 X MAX dimerization protein 4 (MXD4), mRNA
NDE1 1 X .X | 11 X | nudE nuclear distribution gene E homol og 1 (A nidulans) (\IDEI} mRNA
NUDT21 1 || | | | X |nudix (nucleoside diphosphate linked mo:ety X) -type motif 21 [NUDTZI), mRNA
OBFC2A | X X | | | oligonucleotide/oligosaccharide-binding fold containing 2A (OBFC2A), mRNA
O1PS 1 X | || | Opa interacting protein : 5 (OTPS), mRNA )
PEPD ] 1 peptidase D (PEPD). mRNA
PKNO)&I 1 | PBX/knotted 1 homeobox 1 (PKNOX1), mRNA
POLQ 1 X polymerase (DNA directed), theta (POLQ), mRNA
POMI21 1 X POMI21 membrane glycoprotein (rat) (POM121), mRNA
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PPAPZB i X |phasphatidic acid phosphatase type 2B (PPAPIB), transcript vanant |, mRNA
PRECA I XX (X [X XX prodein kinase C, slpha (PRECA), mRNA
PRE D3 2 X X protein kinase D3 (FREDI), mRNA
PSME3 I pd XXX X proteaseme (prosome, macropain) activator sebunit 3 (PAZR gamma: Ki) (PSME3), transeript variam |, mR?
BXDN i X peroxidasin log (Drosophila) (PXON), mRNA
RABM I X RARI0, 1 ber RAS oncogene
BABRE ! X
RADSIAP! 1 X
HaN I : XXX X nember RAS oncogen {RAN), mRNA
RRM2 I -206,34 X X ribonucleatide o 5o M2 palypeptide (RRMI), mRNA
RYHBP 2 -5.09 X X RING! and Y'Y hinding protein (RYBP), mRNA
SECAIB | 422 X X Sec6i] beta suburit (SECSGIB), mRNA
SHE 2 -808 X n conining adaptor protein B (SHB), mRNA
SLC23aA2 i =233 X cleohase tramsporters), member 2 (SLC23AT), ranseript variant 2, mRNA
SMCS I =209 X 3 (SMC3), mANA
SMCo 2 -2.83 X structural main s 6 (SMEE), mANA
SNEPAL 1 -5.28 X [small nuclear ribonueleoprot NEPAL) mRNA
S8R2 I -581 X signal sequence receptor, bew (manslocon-associated protein beta) (SSR2), mANA
STXA ! X syntaxin 6 {STXE), mRNA
SR03 I X twe 3 homalog 3 (5. cereviziaz) (SUMOI), mRNA
TaCCl X L -coil contgining protein | (TACCL), mRNA
I XX |X X TAFPE RNA polymerase [T, TATA box binding protein { TP lassociated factor, 31kDa { TAFSR), mRNA
i XX ransducin (betaHike | X-linked (TBLIX), mRNA
! X trans hrane emp24-like mafficking protein yeast) (TMEDID), mRENA
1 X |ransmembrane protein TRMEM D1, mRN A
2 % er-2 alpha (TR |, mBANA
I XX X associzted factor 7 (TRAFT), transcriptvanant 1, mRENA
3 X mripamniie ¥ ontaining 4 { TRIM4), manscript varian alpha, mRNA
1 X X mipla nal de TPRF imemcting) (TRIO), mRANA
1 X uhiguitin specific pepti 18 (USPLE), mRNA
I X uhiguitin specific pepti 33 ranscript variant |, mRNA
! X XX WAS/WASL inwracting pro mber | {WIPFI), wanseript variant 2, mRNA
I X X X-ray repair complementing repair in Chinge hamster cells 6 (Ku smeantizen, 70kDa) (XRCCE), 1
! X XXX X axygenase activation protein, beta polypept "WHAR), trai
YWHAQ 2 X X 00Xy Eenase activation prot theta polypeptide { YWHAQ), mi
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arpel pene name

mRNA siles

Fold chanpe

et LR R

[Functinnal classes {downregn tted):

Gene deseription

v [transerilpion, negative reg,

| Bl =
=3 z
= = w 5
= | B = w
=l = =2 |
o= - == I¥1
= |Z = g [E
Ea 2 =all Ko
Towl % AIE 2 HIE

e IR A damape ne

BT ({POZ) domain containing |2 (BTBDI2), mRNA

[

@ncersusceptibility candi (CASC3), mRENA

ghi chain {Lea) (CLTA), transeript variant 2, mRNA

AT{EPHAZ], mRNA

huntingtin i ting proszin | (HIP1), mRNA

LIM and SH3 prodein | {LASPL), mRNA

LINTC

lin-7 homolag C {C. elegans} (LINTC), mRNA

MDCI

X

mediator of DNA demage checkpoint | (MDC1), mRNA

PRPFIEA

utaining A (PRPFIEA), ranseript variant |, mRNA

PRP3E pre-mRNA processing factor 38 (yeast) domain

PTENILE

s | | =] -

&) {PTPNMIE), mANA

poicin tymosine phosphaiase, non-racepior rype |8 (brain-de

RBM 5B

X

BMA binding matif protein 13B (RBMI3B), mENA

RPAL

B

eplication protein Al, ThkDa (RPAL) mENA

SCLTI

sodium channel and clathrin licker | (SCLTI1), mRNA

ENXB

sorting nexin & (SNX8), transcript varant 1, mRNA

SON

SON DNA binding protein {S0ON), manseript varant b, mRNA

S8RZ

signal segquen ccepitor, beta {ranslocon-associawd prowin beta) (SS5R2), mANA

SYNPO

synaptopodin (Y NPO), mRNA

SYTL3

snaptotagmin-like 3 {(SYTL3), mRNA

WREZ 221 X vaccinia related kinase 3 (WRK3), transcript vanant 1, mRNA
mm133 Functional clusses {downreglated):

u = =

g £ :

c = =% d =

: | 2| 3 R .

2 i (i =) z Gene description

= = i B "

E = z 5 z

= kel eyele repulation

e A damage response

v phosphary lation

b [lran = T, neElve rep,

HHEEHE
£ <& =
z|£|2|5|E]|=
Tenmi 4 i 2 2 2
BTBDI2 X X BTB (POZ) domain contzining 12 {BTEDI2), mRNA

CLTA

variant 2, mRANA

clathrin, light chain (Lea) (CLTA), transcript

EPHAZ

EPH moceptor A2 (EPHAZ), mRNA

LASPI

LIM and SH3 prowein | {LASPL), mRNA

MDCI

mediator of DNA damage checkpoint | (MDC1), mRNA

MTEN

rophin {MTPN), mRNA

NEDD®

newral precursorcell expressed, developmenially down-regulated & {WEDDS), manscript varniant 1, mBNA

PRPEIRA

PRP3E pre-mRNA processi tor 38 {yeast) domain containing A (PRPF3EA), transeript vanant |, mENA

REMISE

ENA hinding motif prowzin |38 (REM15B), mRNA

RPAL

replication procin Al, T0kDa (RPAL), mENA

ENX6

orting nexin N X6, transcript varant |, mRNA

SON

SON DA binding protein {SON), manscrip varian b, mRNA

S8R2

signal seque ceptor, beta {manslocon-assaciated protein hetz) (SSR2), mRNA

SYTL3

TLNZ

WHRES
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miR139 Functional ¢lasses {downregulated):
g %
=
% ,;7 Ciene description
E g
=|=
HE
B2
L L 3
WX actin, garmma | (ACTGLL, mENA
XXX X i
[ X
1 X
! XX ADP-ribosylation fac
| XX artin related prot omplex, subunit 5, 16kDa (ARPCS), mANA
2 b X X bt aaxin 7 {ATXNT), WA
X riptvariant |, mRANA
X X X 4
XX
X
X
X|deavage and polya
X X X|X v-is eryikroblastosis vins E26 or
XX
w0
X
X |inegrato
| XXX X X X v-Ki-ras? Kirsten mat saroma viral oncogens homolog (KEAS), transcript varani a, mRNA
2 XX lin-2 hamaleg (C. elegans) {LINS), mRNA
Xx X XX
XXX X {MALTL), transeript variant |, mENA
X 0 nRNA
X ADK), mBENA
NCAPD2 X X wsin | complex, subumit 2 (NCAPD2), mENA
NOTCHI X X X ww-associated { Drosophila) (NOTCHI), mRNA
PRECA X b XM |XX
PREDA X X
PTPNI2 X X -receptor type |2 {PFTEN12), mANA
RBMI5B 2 X X RNA binding motif protein {REMI3RB), mRNA
RHOBTE3 I X Rho-relsted BTH domain congining 3 {RHOBTB3), mRNA
SARMI 2 X X alpha and TIR m paining | (SARMIL), mRNA
SIRTI I kY ke 5 b tinn regulation 2 hamalag) | {S. cerevisiac) (SIETL), mENA
STK3S X mRENA
THES! NNIN XXX XX X
TMED?T X 1 napan domain containing 7 (TMEDT), mENA
TMEMEO2 X X {TMEM 102 RMA
TPX2 b4 alg opus laevis) (TPXZ), mENA
TWaG! X {Drosophila) (TWSGL), mRNA
VAV2 x X X
YWHAZ XX
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Total: 54 salosasfrrfur|mlolsl7]7]4
ACTGI 1 -13,40 X X actin, gamma 1 (ACTG1), mRNA
ADORAL 1 -22.73 X X X [X X adenosine Al receptor (ADORAN), wanseript variant |, mRNA
ARCNI 2 -2,02 X archain | (ARCNI), mRNA
CCNDI 1 -120,05 X X X X X eyelin D1 (CCNDI1), mRNA
CCNG2 1 -1.65 Ix | |x cyelin G2 (CONG2), mRNA
CECR1 1 -2,00 T | X [cat cye syndrome chromosome region, candidate 1 (CECR1), anscript variant 1, mRNA
EIF4H 1 2,44 X[ | eukaryotic translation initiation factor 4H (EIF4H), transcript variant 1, mRNA
ELAVLI 1 -3,07 1| | | _X ELAV (embryonic lethal, abnormal vision. Drosophila)-like 1 (Hu anii_g_;u R) (ELAVLI), mRNA
ETSI 1 -8,26 X X X v-ets clythmblastt;sis virus E26 oncogene humolng 1 (avian) (ETS1), nRNA
FOXM1 1 X forkhead box M1 (FOXMI1), transeript variant 1, mRNA
GALNT3 1 X |UDP-N-acetyl-alpha-D-gala :polypeptide N-acetylgalactosaminylransferase 3 (GalNAe-T3) (GAL!
GMCLLI 1 X |germ cell-less homolog | (Drosophila) (GMCL1), mRNA
HSPI0AAL 1 X 0N heat shock protein 90kDa alpha (cytosolic), class A member 1 (HSP9OAAL), transcript variant 2, mRNA
ING3 1 X| | inhibitor of growth family. member 3 (ING3), transcript variant 1, mRNA
INTS6 1 | X integrator complex subunit 6 (INTS6), wanscript variant 1, mRNA
JUB 1 | I . | jub, ajuba hor»nnlogr‘(‘)(:nqgusrlae i (J'E.B), transeript variant 1, mRNA
KRAS 1 X | XX X \}:I’{J-‘m_a:‘Z Kirsten rdl sarcun].a viral pr_\cu_genc__hqrpolqg__( K_R;‘\_S)..qun_sc:.r_ip_l variant a, mRNA
}'BN 1 | nibrin (NleL transcript variant 2, mMRNA
\FZ 1 | X ._ neurofibromin 2 (bilateral acoustic neuroma) (NF2), transcript variant 13, mRNA
NXT2 1 X nuclear transport factor 2-like export tactor 2 (NXT2), mRNA
OSBPL5 1 X oxysterol binding protein-like 5 (OSBPLS5), wanscript variant 1, mRNA
PEX26 1 X Peroxisome assembly protein 26 (Peroxin-26).
PFAS 1 X |phosphoribosylformylglycinamidine synthase (FGAR amidotransferase) (PFAS), mRNA
PGF 1 X placental growth factor, vascular endothelial growth factor-related protein (PGF), mRNA
PHKG2 1 X phosphorylase kinase, gamma 2 (testis) (PHKG2), mRNA
PIK3C2A 1 [ Ix phosphoinositide-3-kinase, class 2, alpha polypeptide (PIK3C2A), mRNA
PIK3R3 1 X | phosphoinositide-3-kinase. regulatory subunit 3 (p55, gamma) (PTK3R3), mRNA
PMS2L2 [ 1 [ 1 PMS2LL6 mRNA, partial cds. ) '
PPAP2B 1 | X | phosphatidic acid phosphatasc type 2B (PPAP2B), transcript variant 1. mRNA
PPMIF 1 X |X protein phosphatase 1F (PP2C domain containing) (PPM1F), mRNA
PRKAAI 1 X X X protein kinase, AMP-activated, alpha 1 catalytic subunit (PRKAAL1), transeript variant 2, mRNA
PRKCA 1 XX XXX XX protein kinase C, alpha (PRKCA), mRNA
PTTGITP 1 j. & piwitary wmor-transforming | i protein (PTTGIIP), mRNA
QKI 1 X X X quaking homolog, KH domain RNA binding {mouse) (QKI), transcript variant [, mRNA
RACGAP1 1 X | X | | Rac GTPase activating protein 1 (RACGAPI), nRNA
RIPK1 1 XX X[ XX receptor (ﬂ'ﬂ\'FRSE)Liﬁteracling serine-threonine kinase 1 (RIPK1), mRNA
RMII 1 X | RMTI, RccQ_mcdi‘a‘lcd genome instability 1, homolog (S_..ézerevisi-a:) (RMII), mRNA
RNGTT 1 | X X RNA guanylyltransfera, ’ V:andrf'-ghnsp ¢ (RNGTT), mR\iA )
SCRNI 1 X | secemin 1 (SCRN1), mRNA
SNAP23 1 X synaptosomal-associated protein, 23kDa (SNAP23), transcript variant 1, mRNA
SSH3 1 X slingshot homolag 3 (Drosophila) (S8H3), mRNA
SUV39H2 1 X suppressor of variegation 3-9 homolog 2 (Drosophila) (SUV39H2), mRNA
SYTL3 1 X synaptotagmin-like 3 (SYTL3), mRNA
TACCI 1 X wansforming, acidic coiled-coil containing protein 1 (TACC1), mRNA
TACC} 1 X X | X | | | transforming, acidic coiled-coil containing protein 3 (TACC3), mRNA
ok |1 X | IR KX X || (K[| [TAO ks 3 (TACKS), et vt 1, mRA
TARDBP 2 IX | X | X TAR DNA binding protein (TARDBP), mRNA
TIP2 | X | tight junction protein 2 (zona occludens 2) (TIP2), transcript variant [, mRNA
TMEMI123 1 x| | transmembrane protein 123 (TMEM123), mRNA
TRMTI11 1 X tRNA methyltransferase 11 homolog (S. cerevisiae) (TRMTI1 1), mRNA
TRMT3 1 X TRMS5 (RNA methyluansferase S homolog (S. cerevisiae) (TRMTS), mRNA
TTLL3 1 X tubulin tyrosine ligase-like family, member 3 (TTLL3), transcript variant 2, mRNA
UBAS2 1 X |X X X X [X ubiquitin A-52 residue ribosomal protein fusion product | (UBAS2), transcript variant 1, mRNA
UHRF1 1 -65,73 X X ubiquitin-like, containing PHD and RING finger domains, 1 (UHRF1), transcript variant 2, mRNA
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active BCR-related gene (ABR), transcript variant |, mRNA

adenosing Al receptor { ADORALY transeript variant |, mRNA

Cial beta-1,3-N-acerdglucosaminyltransferase 5 (B3GNTS), mRNA
t 1, rsubcomponent-like (CLRL ), mRNA

ptibility candidaie 3 (CASC3), mRNA

vpe 'V, alpha | (COLSAL), mRNA

X Fiel homolog | (E. coli) (FTS11), transeript variant |, mRNA
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PYCRL I 424 e-5-c
RABER I -3403 Y RABEH, member RAS oncogene &
SELT | X selenoprotein T {SELT), mENA
SGOLY | shugoshin-like | (S, pombe) (SGOLLY, transeript varant Al, mENA

S5R | X signal seguence reeepior, alpha (manslocon-associzied prodein alpha) (SSRL), mRANA
TMEM 01 | brane protein 101 (TMEM10L), mRNA

UBE2L& | njugsing enzyme EXL 6 (UBE2LS), transoript variam 2, mRNA

LIBP1 I stein | (LBP-1a) (UBPT), mBENA
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Figure 1. FR-miR are overexpressed in FSHD myoblasts. Theesgpn of miRNA was measured
using gRT-PCR TagMan in proliferating myoblastsf{@in four healthy subjects (N) and four FSHD
patients (F), the expression of RNU44 was used esn&rol. Mean values are shown, error bars

represent S.E.M. of 4 independent experiments.aiper<0.05 (Student’s t-test).
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Figure 2. A. DUX4c upregulates expression of miR1 and miR1BBe expression of miR1,
miR133a/b and miR206 was measured using gRT-PGRortalized human myoblasts transiently
transfected with DUX4, DUX4c plasmid or empty vectontrol. The expression of RNU44 was
used as a controB. Immortalized human myoblasts were transiently emdfected with either
DUX4, DUX4c plasmid or empty vector control and ifacase microRNA sensor plasmid. The
plasmid coding for luciferase reporter gene coupiedthe HWSC2 gene 3'UTR was used as
miR133a/b sensor (HWSC2 L), the plasmid with a romain HWSC2 gene 3'UTR destroying
miR133a/b recognition site was used as a contrtWg€2 mut). A similar plasmid coding for the
luciferase reporter coupled to the Handll gene BRUvas used as miR1/206 sensor (HandlIl). The
same plasmid with a mutation in Handll gene 3'UTéstdoying miR1/206 recognition site was used

as a control (Handllmut). Luciferase activity wasayed 24h post-transfection normalized to Renilla
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luciferase activity. Mean values are shown, erarslyepresent S.E.M. of 4 independent experiments.
*p-value <0.05 (Student’s t-test).
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Figure 3. DUX4 and DUX4c interact with miR1 and miR133 praers. Chromatin was
immunoprecipitated using DUX4, DUX4c antibodiespoe-immunization IgG, and PCR-amplified
using primers specific to miR1, miR133 promotersAtu-repeat (control). Quantification of PCR
products was performed using gqPCR TagMan. Mean Gbiwth subtracted signal originating from
pre-immunization 1gG is shown. Error bars represei M. of 3 independent experiments. *p-value
<0.05 (Student’s t-test).
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Figure 4. DUX4c knockdown in FSHD myoblasts restores noregdression levels of myogenic
microRNAs. Normal and FSHD myoblasts were trartsfécwith SiRNA against DUX4c or
scrambled siRNA and the expression of miR1 and B3#i was measured using gRT-PCR. The
expression of RNU44 was used as a control. Meamegadre shown, error bars represent S.E.M. of 4

independent experiments. *p-value <0.05 (Studesiest).
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Figure 5. A subset of FR-miR target genes are downregulaiétSHD. The expression of miR1 and
miR139 target genes was analyzed using gRT-PCRrimal (N) and FSHD (F) primary myoblasts
and normalized to GAPDH. Mean values are showmyr dyars represent S.E.M. of 4 independent

experiments. *p-value <0.05 (Student’s t-test).
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Figure 6. Functional classification of FR-miR target gené€sinctional classes of target genes
inversely correlated with FR-miR during normal mgog differentiation are shown. Piechart

sections were left blank in cases where 50% ordésarget genes are inversely correlated with FR-

miR in FSHD indicating that functions of these mRNAs may be compromised in FSHD.
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3 Discussion and conclusions. An update for the unifying model
of FSHD

My PhD work has aimed at deciphering the mechara$ronset of facioscapulohumeral
muscular dystrophy (FSHD), a severe disease witlresiment available. Over 20 years after the
mapping of FSHD to chromosome 4q (Wijmenga et 8B2), one of the rare characteristics of
FSHD, that do not raise controversy is the involgamof the D4Z4 repeats in the disease. D474
repeats harbor a gene coding for a double homethaoscription factor, DUX4. The reduction in
copy number of chromosome 4-specific macrosatdld@4 repeats and/or their demethylation are
hallmarks of FSHD (for review see (Richards ef@ll1)). Once proven that DUX4 was expressed in
FSHD cells (Dixit et al. 2007) (Snider et al. 2018)unifying genetic model explaining the specific
DUX4 overexpression in FSHD was put forward (Lensnet al. 2010b). A single nucleotide
polymorphism (SNP) in the 4gA region located digttd the array of the D4Z4 repeats, and a short
array of D4Z4 repeats together are specificallidoh to the occurence of FSHD. The role of the
FSHD-specific SNP is to provide a polyadenylatiggnal stabilizing the DUX4 mRNA transcribed
from the telomere-most D4Z4 repeat in the arrayr(ireers et al. 2010b). This finding, together with
the results of others showing that D4Z4 repeatkiwia short D4Z4 array are demethylated and their
decompacted chromatin structure compatible withatttesation of the DUX4 promoter (Zeng et al.
2009), provides an explanation of how DUX4 mightexelusively expressed in myogenic cells of
FSHD patients.

Pathological features of FSHD Model

Sensitivity to oxidative stress (Winokur et al. 38)| DUX4 sensitizes cells to oxydative stress (Bosnakbet al.
(Barro et al. 2010)Macaione et al. 2007) 2008b)

DUX4 inhibits myogenic differentiation (Bosnakovskt al.
2008b) (Bosnakovski et al. 2009) (Wallace et all®(
(Vanderplanck et al. 2011)

DUX4c inhibits myogenic differentiation (Bosnakovak al.
2008a)

FRG1 overexpression leads to impairment of myoggnic
differentiation (Wuebbles et al. 2010) (Gabellihaé 2006)

Loss of myogenic differentiation (Winokur et al.
2003b) (Celegato et al. 2006)

Apoptosis(Sandri et al. 2001) DUX4 induces apoptosis (Kowaljow et al. 2007, Bdsveski
et al. 2008b) (Bosnakovski et al. 2009) (Wallacale2010)

Mitochondrial respiratory chain (Slipetz et al. 199 | ANT1 is overexpressed in FSHD (Laoudj-Chenivessal.
2005)

Vasculopathy/angiogenesis (Oshorne et al. 2007) FFRGcrucial for angiogenesis (Wuebbles et al. 2009
(Wuebbles et al. 2009b)

Impaired splicing (Gabellini et al. 2006) (Sniderak | FRG1 is involved in pre-mRNA processing (van
2010) Koningsbruggen et al. 2007) (Rappsilber et al. 2002

Table 1 Contribution of the 4935 genes in the understapdirthe FSHD pathology.

However, this cannot explain why other genes argion 4q35 are also overexpressed in
this disease. Emerging evidence suggests that We4Dgene plays a central role in the disease
onset. Indeed, it has been shown that DUX4 is wealin the processes that constitute the core of



FSHD pathogenesis: it sensitizes myoblasts to tixglatress, inhibits myogenic differentiation, and
induces apoptosisTéble 1). However, DUX4 alone does not account for theirenESHD

phenotype. For example, it cannot explain the ddatign of the mitochondrial respiratory chain or
of the angiogenesis-related genes, nor the upriegulaf 4935 genes in FSHD. DUX4 doe snot
provide any explanation for a phenomenon of miRafl iR-133a/b overexpression in FSHD
(Manuscript 1). Furthermore, the heterogeneity istase manifestations, variability in the age of
onset, frequent non-muscular manifestations of FS#HErourage the assignment of all pathological

functions to a single gene. We rather consider Fasla complex multigenic syndrome.

These limitations underscore the fact that we khoat forget about the regulatory function
of the D4Z4 repeats (reviewed in (Dmitriev et &08)) and their possible impact on the expression
of 4935 genes. Although 435 genes have been siposuiously as highly relevant to the FSHD
pathology. FRG1, an inhibitor of myoblast prolifeoa (Chen et al. 2011) and myogenic
differentiation (Wuebbles et al. 2010) is localizeml sarcomere and thus linked to the muscle
contractile machinery (Hanel et al. 2011). Upretiata of ADP/ATP carrier and an important
regulator of the oxidative phosphorylation syst&N,T1, may be associated with the involvement of
mitochondria (Laoudj-Chenivesse et al. 2005) ad a®lapoptosis (Sandri et al. 2001) in FSHD.
DUX4c has been shown to inhibit the myogenic ddfgration program (Bosnakovski et al. 2008a)
(Ansseau et al. 2009). FRG2 is the only gene inrélggon 4g35 without a known function but its
overexpression in FSHD has been clearly demondt(&tigkers et al. 2004) (Klooster et al. 2009b).
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Figure 21 An modified unifying model of FSHD. In myoblasts from healthy subjects, three
factors could interfere with FRG2 and DUX4c expression: (i) low expression of KLF15 keeps the
activity of the D4Z4 enhancer low; (ii) The MAR (Matrix Attachment Region) is bound to the
nuclear matrix, separating the DUX4c and FRG2 genes from the D4Z4 repeats; (iii) the
heterochromatin structure of the D4Z4 repeats prevents binding of any activating transcription
factors. During normal myogenic differentiation and in FSHD, the expression and activity of
myogenic factors increases (in the case of FSHD this upregulation may be due to moderate
oxidative stress), MYOD activates the expression of KLF15; the structure of the D4Z4 repeats is
changed to euchromatin facilitating binding of KLF15 to the D4Z4 enhancer; The MAR becomes
less efficient and allows interaction between the D4Z4 enhancer and the DUX4c and FRG2 gene
promoters. The DUX4 gene, a potential inducer of moderate oxidative stress, is separated from
the KLF15-controlled D4Z4 enhancer by enhancer blocking elements thus preventing the D4Z4
enhancer to activate it. The mechanism of DUX4 upregulation in FSHD is linked to a specific
polymorphism (1614qA) that allows stabilization of its mRNA and seems to be KLF15-
independent. MAR.

The present work started from the hypothesistti@bverexpression of 4935 genes in FSHD
was controlled by the D4Z4 enhancer (Petrov et2@D8). According to this model, the D474
enhancer contacts the promoters of the 4935 génesforming a chromatin loop (Pirozhkova et al.
2008) (Bodega et al. 2009); this contact is logtanmal cells due to a more efficient nuclear nxatri
attachment (Petrov et al. 2006). The role of tl@adcriptional activator of the D4Z4 enhancer was
ascribed to a factor X, and the identification luktfactor was the first challenge of this projéidte
principal results obtained along this work indic#tat KLF15, a krippel-like transcription factor
(KLF15) might be the factor X. They can be summedias follows Figure 21):

Conclusions |

- The transcription factor KLF15 was identified as transcription factor binding to

D474 repeats and controlling the activity of thé424 enhancer;

- The KLF15-controlled D4Z4 enhancer was shown atdivate the DUX4c (Double
Homeobox 4, centromeric) andFRG2 (FSHD region 2) genes in the region 4g35;

- KLF15 was found to be overexpressed in tissuelscells of FSHD patients, providing tl
basis forDUX4c andFRG2 overexpression in FSHD.

—

e

An unexpected finding was that KLF15 is also uptatgd during normal myogenic
differentiation. This suggested that the KLF15-colied D4Z4 enhancer might play a role in the
normal myogenic differentiation process. It hasnbekown previously by others that 4935 genes,
including FRG1, DUX4c and FRG2, are also upregdlataring normal myogenic differentiation
(Bodega et al. 2009) (Ansseau et al. 2009) (Rijkeerd. 2004). The results | obtained along with my

colleagues provide a mechanism for this phenomenas. can be summarized as follows:
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Conclusions I
- KLF15 is upregulated during normal myogenic elifintiation;
- The expression of KLF15 is activated by the ngrug factor MyoD;
- The D4Z4 enhancer activity is induced by MyoniKLF15-dependent manner;

- The upregulation of DUX4c and FRG2 gene expogssiuring myogenic differentiatio
depends on KLF15.

>

The discovery that KLF15 is upregulated duringnmalr myogenesis unexpectedly provided
an explanation for the phenomenon of KLF15 upreguian FSHD. miRNA expression profiling of
FSHD myoblasts provided an evidence that severaraRiINAs, including myogenesis-related
MiRNAs miR-1, miR-133a, miR-133b are overexpresged-SHD suggesting that part of the
myogenesis program is prematurely activated in F®toblasts. Therefore, KLF15 upregulation in

FSHD may be explained by a partial activation ef tiiyogenesis program in FSHD.

A partial activation of the myogenic program in HES was further examined using a
transcriptomic approach. It was revealed that sgvarget genes of myogenic miRNAs failed to be
downregulated in FSHD myoblasts, suggesting thatftimctionality of these microRNAs may be
compromised in these cells. A functional classtfaraof target genes indicated that genes implitate
in cell cycle control and DNA damage response estapiRNA-dependent repression in FSHD
myoblasts. It is well-known that a successful caetiph of the myogenic differentiation program
requires an arrest in the cell cycle. Therefore, itmability of myogenic miRNAs to fulfill their
biological function in FSHD cells, e.g. represd cgtle-related genes, might contribute to a deifect
the myogenic differentiation program, a phenomepigviously observed in FSHD cells by others.
Taken together, the results of this part of thekngan be summarized as follows:

Conclusions llI:

[}

- Several microRNAs including myogenic microRNAsiRil and miR-133a ar

overexpressed in FSHD myoblasts;

- The expression of miR-1 and miR-133a was diyeetttivated by the transcriptign
factor DUX4c;

- In FSHD miR-1 and miR-133a fail downregulateitmatural target gene set.
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These results ascribe the partial activation ef iinyogenic differentiation program to the
activity of the DUX4c transcription factor which agtivated by KLF15. As a premature activation of
the myogenic program in FSHD cells presumably ldadfie upregulation of KLF15 expression in
these cells, our results suggest the existencepafsdive feedback loop linking KLF15, the D4Z4
enhancer, DUX4c, myogenic microRNAs and the myagé&ainscription factor MyoDHigure 22).

There exist a complementary explanation for aiglagctivation of myogenic factors in
FSHD. It has been shown that DUX4 could be an iado€ oxidative stress in FSHD (Bosnhakovski
et al. 2008b). Oxidative stress activates the esgpoa of myogenic factors via a mechanism that
implicates FAK (Focal adhesion kinase)-dependesg of MBD2/HDAC1/2-dependent inhibition of
myogenin. Here FAK plays a role of oxidative stresnsor: in oxydative stress conditions it
delocalizes to the nucleus where it interacts WitBD2, thus destroying the MBD2/HDAC1/2
repressor complex on the myogenin promoter (Lual.e2009). Thus, this alternative model would
place DUX4 as an "ignition" factor that initiatégetpathological mechanism in FSHEqure 22).

The results obtained here that both DUX4-relatetl-anrelated events can play an important
role in FSHD, contribute to a better understandihthe mechanisms leading to FSHD. Altogether,
our findings may be applied in perspective for thewvelopment of a novel therapeutic strategy
targeting FSHD.

> MyomiRs T
(Luo 2009)

DUX4c¢ MyoD <— oxydative stress

M K
[ activation

N .-'{' \

4q35 genZS 1111

/DL G-

—_——NT
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N\ KLF15

(Bosnakovski 2008)

Figure 22 Feed forward mechanism of the FSHD pathology.

Page - 112 -



3.1 KLF15, a potential target for a novel FSHD therapy?

Several clinical trials have already been condlgéte FSHD patients with apparently no
successful results (for review see (Tawil 2008))e Tirst clinical trials in FSHD have targeted
inflammation. The presence of inflammatory cellghivi muscle fibers is a common feature in
FHSD, as in inflammatory myopathies such as dermgtsitis, polymyositis or early phases of
Duchenne muscular dystrophy. Approximately 60% hd patients suffer from inflammation in
pelvic girdle and lower extremity muscles (Frisuibal. 2010). While early reports indicated that
FSHD patients with severe inflammation improvectiatreatment with prednisone (Munsat et al.
1972) (Bates et al. 1973), subsequent reports ghaiat prednisone treatment only cause a
temporary improvement in serum creatine kinaseldefrelatively common marker of myopathy) in
some patients with no impact on muscle performagmoe disease progression in the long-term
(Munsat and Bradley 1977, Wulff et al. 1982). A 8mth long prednisone pilot trial based on these
case reports failed to show an improvement in gtrear muscle mass (Tawil et al. 1997). As a long-
term improvement has never been demonstrated iticasteroid-treated FSHD patients, this
therapeutic strategy was abandoned. However, mifdimimatory drugs are still  prescribed

occasionally to FSHD patients with severe inflamorain muscular tissues.

Other FSHD therapies have targeted wasting aoplagrof skeletal muscle, a common
feature in all muscular dystrophies. These therapapproaches were based on the activation of
pro-hypertrophic or inhibiting pro-atrophic sigmajicascades in the muscles of FSHD patients. The
well-known pathways controlling the muscle growthttcan be targeted by drugs are represented by
Myostatin-, IGF-1- an@2 adrenergic receptors. TR2 agonists, such as clenbuterol, salbutamol and
albuterol, have exhibited several positive effectsnuscle function and metabolism including
stimulation of satellite cell proliferation, incigain muscle protein synthesis and an inhibition of

proteolysis.

The albuterol clinical trial conducted as a 1 yglacebo-controlled trial in 90 patients
indicated that the muscle mass increased in pattbat were taking albuterol, but this positiveeeff
did not lead to a improvement in the strength dfiBSatients (Kissel et al. 1998). A myostatin
inhibition trial did not lead to a functional imprement in FSHD patients either (Wagner et al.
2008). The activation of the IGF1 pathway was rotsidered as a prospective approach for FSHD

treatment due to multiple adverse effects of systé@F1 administration.

A common view on the reasons the failure of theggeroaches is that they do not target the
cause but the consequences of the disease. Thatfempt to target the cause of the problem in
FSHD was an attempt to induce methylation of theZ4epeats in FSHD patients via food
supplements. It has been shown that folic acicssemtial for the synthesis of methionine which, in

turn, is required for the maintenance of DNA meditigh (van der Kooi et al. 2006). However, the
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attempt to restore a normal methylation patterthefD4Z4 repeats in FSHD patients by folic acid
and methionin administration proved unsuccessfah(der Kooi et al. 2006). Another recently
proposed prospective therapeutic approach inclu¢Ai-mediated inhibition of DUX4
(Vanderplanck et al. 2011) and FRGL1 (Bortolanzal.€2011).

Our results suggest that the D4Z4 repeat-bindiagstription factor KLF15 plays a role in
FHSD by inducing the expression of several genetheé 4q35 region. This provides a scientific
rationale for a novel prospective FSHD therapeagiproach targeting KLF15 in skeletal muscles of
FSHD patients.

KLF15 inhibition in dystrophic FSHD muscles coyddssibly neutralize the pathological
activation of 4935 gene expression. Moreover, #selts of others showing that KFL15 is a potential
inducer of muscle atrophy, suggest that inhibititig-15 expression could prove beneficial not only
in FSHD, but also in other muscle wasting diseaseh as cancer cachexia, myositis and various

inheritable muscular dystrophies.

Possible ways for KLF15-based therapeutic strategiclude retrovirus-delivered shRNA to
inhibit expression of KLF15, or small molecules &hle of specifically blocking KLF15 DNA
binding or transactivation activity. Alternativel\KLF15 expression could be modulated by
interfering with its natural regulation pathwaysrFexample, it has been shown that injection of
branched chain amino acids (BCAA) represses KLE4&eassion (Shimizu et al. 2011). Moreover,
the abundance of natural mechanisms that infludmeexpression level of KLF15, including various
hormones and cytokines, gives an advantage over BiNAi-based therapeutic methods that require

a still poorly developed technique of siRNA deliy@nto patient's cells.

Certain precautions have to be taken, howevél_K15-based therapy is to be considered as
a valid therapeutic approach. It has been shownKh&15 is involved in a number of important
processes in skeletal muscles, liver and heart.elkample KLF15 inhibition in the cardiovascular
system may cause heart failure and aortic aneufi$aidar et al. 2010). Inhibition of KLF15 in
skeletal muscles may also cause a life threatelmypgglycemia (Shimizu et al. 2011). Therefore,

particular care will be mandatory should a systemtbition of KLF15 be envisioned.
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4 ANNEXES

4.1 Article n°3

Introduction of new antibiotic resistance genethm plasmids of interest is a frequent task in
molecular cloning practice. Classical approache&sluing digestion with restriction endonucleases
and ligation are time-consuming. We have creatsdtaof insertion vectors (pINS) carrying genes
that provide resistance to various antibiotics gpuycin, blasticidin and G418) and containing a loxP
site. Each vector (pINS-Puro, pINS-Blast or pINSsNeontains either a chloramphenicol or a
kanamycin resistance gene and is unable to replinanostE.coli strains as it contains a conditional
R6Ky replication origin. Introduction of the antibiotiesistance genes into the vector of interest is
achieved by Cre-mediated recombination between rddication-incompetent pINS and a
replication-competent target vector. The recomimmaimix is then transformed int&.coli and
selected by the resistance marker (kanamycin aramphenicol) present in pINS, which allows to
recover the recombinant plasmids with 100% efficierHere we propose a simple strategy that
allows to introduce various antibiotic-resistancangs into any plasmid containing a replication

origin, an ampicillin resistance gene and a Iox&. si
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Abstract

Background: Introduction of new antibiotic resistance genes in the plasmids of interest is a
frequent task in molecular cloning practice. Classical approaches involving digestion with restriction
endonucleases and ligation are time-consuming.

Findings: We have created a set of insertion vectors (pINS) carrying genes that provide resistance
to various antibiotics (puromycin, blasticidin and G418) and containing a loxP site. Each vector
(pINS-Puro, pINS-Blast or pINS-Neo) contains either a chloramphenicol or a kanamycin resistance
gene and is unable to replicate in most E. coli strains as it contains a conditional R6Ky replication
origin. Introduction of the antibiotic resistance genes into the vector of interest is achieved by Cre-
mediated recombination between the replication-incompetent pINS and a replication-competent
target vector. The recombination mix is then transformed into E. coli and selected by the resistance
marker (kanamycin or chloramphenicol) present in pINS, which allows to recover the recombinant
plasmids with 100% efficiency.

Conclusion: Here we propose a simple strategy that allows to introduce various antibiotic-
resistance genes into any plasmid containing a replication origin, an ampicillin resistance gene and
a loxP site.

Background

Antibiotics blasticidin S, puromycin and G418 are fre-
quently used for selection of stably transfected mamma-
lian cell lines [1]. For this purpose plasmid expressing a
gene of interest may be cotransfected with a plasmid con-
taining a convenient antibiotic resistance gene [2,3]. Alter-
natively the antibiotic resistance gene and the gene of
interest can be combined in one plasmid [4].

Unfortunately, the choice of several antibiotic resistance
markers is available only for few types of expression vec-
tors (for example, pcDNA3.1 vector series, Invitrogen) [5].

That is why usually researchers have to introduce new
antibiotic resistance genes into the original vector. In this
case, the cloning strategy may be complicated by the
absence of the unique and convenient restriction sites in
the plasmids containing long inserts.

Here we propose to introduce the antibiotic resistance
genes using recombination (Fig. 1). We have created sev-
eral insertion vectors (pINS-Puro, pINS-Neo, pINS-Blast)
containing the pac (puromycin-N-acetyl transferase)
[6,7], aph (aminoglycoside phosphotransferase) [8,9]
and bsd (blasticidin § deaminase) [10] genes that provide
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General outline of the antibiotic genes introduction via recombination. pINS plasmids (pINS-Blast, pINS-Puro and
pINS-Neo) produced in the pir+ E. coli strains can be integrated via Cre-mediated recombination into any of the target vectors
(phrGFP, pT-FLAG, pT-TK and pT-BS) produced in the pir- E. coli strains. The recombination mix is transformed into the pir- E.
coli strain and the recombinant plasmid is selected by Kan or Cam markers provided by pINS vector.

resistance to puromycin, G418 (G418 is an aminoglyco-
side, similar in structure to neomycin) and blasticidin §
respectively (Fig 2). pINS vectors can be introduced via
Cre-recombination [11] into several commercially availa-
ble target vectors containing the LoxP sites, for example
phrGFP vector (Stratagene). In addition we created several
new target vectors: pT-FLAG, pT-BS and pT-TK (Fig. 2).

Construction of the insertion vectors pINS

We have used the backbone of the pUNI-10 plasmid
[12,13] (Fig 1, 2) for construction of the insertion vectors
PINS-Puro, pINS-Neo and pINS-Blast. pUNI-10 contains
the R6Ky origin of replication [14,15] and the LoxP site
[11] recognized by Cre recombinase [16]. R6Ky origin is
active only in E. coli strains expressing the m-protein
encoded by the pir gene. Cloning and production of the
pINS plasmids was performed in the pir+ E. coli strain

BW23474 expressing the mutant form of the n-protein
(pir-116) that allows to maintain a plasmid with the R6Ky
origin at a high copy number [17,13].

Thus the pINS vectors contain four principal elements:
-R6Ky origin of replication;

-LoxP site required for Cre-mediated recombination with
target vector;

-Genes coding for either chloramphenicol acetyl trans-
ferase [18] or aminophosphotransferase [19] providing
the resistance to the antibiotics chloramphenicol (Cam)
or kanamycin (Kan), respectively. These genes are
required for the selection of the recombinant constructs in
E. colj;
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vectors. pUNI-10 vector used as a backbone for cloning of the antibiotic resistance genes (Blast, Puro and Neo) is also shown.
Only relevant restriction sites are shown. Detailed maps are available upon request.
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- Genes coding for either pac (puromycin-N-acetyl trans-
ferase), aph (aminoglycoside phosphotransferase) or bsd
(blasticidin S deaminase) controlled by the SV40 pro-
moter. These genes provide mammalian cells with the
resistance to puromycin, G418, or blasticidin S.

Conventional E. coli strains (XL-1 Blue, DH50, JM-109
etc.) are pir- and cannot maintain the pINS plasmid. In
contrast, the products of in vitro recombination between
the pINS plasmid and the target vector can successfully
replicate in the pir- strains due to the presence of the active
origin of replication provided by the target vector. The
selection of the recombinant plasmids is achieved by the
markers Kan or Cam provided by pINS plasmid. This
selection procedure allows to achieve 100% yield of
recombinant plasmids (Fig. 1).

Construction of the target vectors
Target vectors compatible with our pINS plasmids must
contain only three necessary elements (Fig. 1):

- the LoxP site;

- An origin of replication active in the pir- E. coli strain, for
example, pUC-origin [20];

- An appropriate antibiotic resistance gene, for example
beta-lactamase (bla) [21] providing resistance to ampicil-
lin (Amp).

We have modified several commercially available plas-
mids (phRL-TK (Promega) and pBluescriptll (Stratagene)
by introduction of the LoxP sites resulting in the target
vectors pI-TK and pT-BS respectively (Fig 2).

PT-TK vector contains the Renilla luciferase gene under
control of the herpes simplex virus thymidine kinase pro-
moter (TK) [22]. pT-TK vector can be used for the expres-
sion of a gene of interest at the levels that are 10-20 times
lower than produced by the CMV promoter at least in
some types of mammalian cells (HeLa, NIH 3T3 [23] and
MEF [23]). For this purpose, the luciferase gene has to be
cut out by Nhel and Xbal and replaced by the gene of
interest. Alternatively, any other vector can be used as a
target vector in our system if upgraded by insertion of the
LoxP sites as described [12].

pT-BS vector contains the convenient pBluescriptll
polylinker [24] suitable for cloning of the expression
modules containing a gene of interest under the control of
appropriate promoter.

We have also used the commercially available target vec-
tor phrGFP (Stratagene) already containing the LoxP site.

http://www.biomedcentral.com/1756-0500/1/135

We have also created a pT-FLAG vector by replacing the
GFP via FLAG-tag in the phrGFP vector (Fig 2).

PT-FLAG vector is coding for the FLAG-tag (DYKDDDDK)
[25] and the cytomegalovirus promoter (CMV) [26]. It is
suitable for cloning and expression of proteins with the N-
terminal FLAG-tag.

All target vectors were cloned and produced in the XI.-1
Blue strain (pir-).

Introduction of an antibiotic resistance gene in the target
vectors by in vitro recombination

We have performed in vitro recombination between the
PINS and the target vectors using Cre-recombinase. We
have transformed the pir- and pir+ E. coli strains (XL-1 Blue
and BW23474 respectively) with the reaction mixture in
order to test the efficiency of the reaction and selected the
transformants using either kanamycin, chloramphenicol
or ampicillin.

Recombination mix contains the product of recombina-
tion (pINS x target vector) as well as the initial pINS and
target vectors that did not take part in the reaction (Fig. 3).
Recombination mix produced ampicillin-resistant colo-
nies in cases of pir- and pir+ strains due to the presence of
the initial target vector (Amp). The pir+ strain transformed
by the recombination mix also produced kanamycin or
chloramphenicol-resistant colonies due to the presence of
the initial pINS vector (Can or Kan). In contrast, we have
observed much fewer kanamycin- or chloramphenicol-
resistant colonies in the pir- strain transformed by the
recombination mix. These colonies only appear if the cells
receive replication-competent product of recombination
containing the kanamycin/chloramphenicol resistance
gene (pINS x target vector). Alternatively, these colonies
could appear from the contaminants of the initial plas-
mids.

In order to test the purity of our plasmid preparations, we
have also transformed the pINS vectors and the target vec-
tors into both pir- and pir+ strains and selected the trans-
formants using either kanamycin/chloramphenicol or
ampicillin (Fig. 3 and data not shown). As expected, the
PINS vectors did not transform the pir- strain. In contrast,
the pir+ strain transformed by the pINS vector can grow on
either kanamycin or chloramphenicol, but not on ampi-
cillin. The target vector transformed both XL1-Blue (pir-)
and BW23474 (pir+) strains since the activity of the puC
origin of replication did not depend on the presence of
the pir gene and produced the ampicillin-resistant, but
neither kanamycin- nor chloramphenicol-resistant colo-
nies. This confirmed the purity of the initial plasmids.
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Figure 3

Upper part. Schematic representation of the Cre-mediated recombination between Insertion vector pINS-

Neo and Target vector phrGFP. Lower part. XL| Blue (pir+) and BW23474 (pir-) E. coli strains were transformed by the
pINS-Puro, phrGFP vectors (50 ng each) and the recombination mix (Neo * GFP). 1/10% of the transformed cells was selected
on the LB plates containing either ampicillin or kanamycin. Insertion vector pINS-Neo containing R6Ky can transform pir+ but
not pir- strain and produces kanamycin-resistant colonies. Target vector phrGFP containing pUC-origin can transform pir+ as
well as pir- strain and produces ampicillin-resistant colonies. Recombination mix contains initial vectors as well as the product
of recombination and thus can transform both pir- and pir+ strains and produce ampicillin and kanamycin-resistant colonies.

Only the recombination product containing both pUC-origin and Kan-marker can produce kanamycin-resistant colonies of the

pir- strain.

We calculated the yield of recombination (0.02%) by
counting the kanamycin-resistant colonies of the pir-
strain transformed by the recombination mix and taking
into account the transformation efficiency (2.2 x 10/8
colonies/mkg DNA) (Fig. 3, and data not shown).

In order to test the integrity of the recombination product,
we have picked either kanamycin- or chloramphenicol-
resistant colonies, isolated plasmid DNA and digested it
with an appropriate restriction enzyme. We used EcoRl in
case of recombination between pINS-Puro and phrGFP.
All colonies gave the restriction pattern expected for the
product of recombination, thus efficiency of the resistance
marker introduction is close to 100% (Fig 4 and data not

shown). Moreover, due to the directional nature of the
LoxP sites, integration occurs in only one orientation
depending on the orientation of the LoxP sites. This fea-
ture makes the population of recombinant vectors highly
homogenous (Fig. 4 and data not shown).

Next we have verified whether the function of Puro-, Blast-
or G418-resistance genes from the pINS-plasmids and the
gene of interest from the target vector is preserved in the
product of recombination. For this purpose we have per-
formed the recombination between each of the three
insertion vectors (pINS-Neo, pINS-Puro and pINS-Blast)
and the target vector phrGFP. Then we have transformed
the recombination mix into the pir- strain and selected the
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pINS plasmids are introduced always in the same orientation. Upper part. Schematic representation of the Cre-
mediated recombination between Insertion vector pINS-Puro and Target vector phrGFP. Recombination intermediate and the
sizes of the plasmids are shown. Lower part. Orientation of the pINS-Puro insert in the product of recombination (Puro x
GFP) was analyzed by EcoRI. The sizes of the digestion products were analyzed on the agarose gel. We observed the fragments
specific to only one orientation of the pINS-Puro in the product of recombination. This orientation is determined by the orien-

tation of loxP sites.

cells containing the product of recombination by growing
them on the kanamycin- or chloramphenicol-containing
plates. Then we transfected the initial plasmids and the
product of recombination (Neo x GFP, Puro x GFP and
Blast x GFP) into Hela cells and analyzed their resistance
to either puromycin, blasticidin S or G418. As expected,
only pINS vectors and the products of recombination pro-
vided the Hel a cells with the resistance against blasticidin
S, puromycin and G418 (Fig 5).

Then HelLa cells resistant to the antibiotics were inspected
under the microscope for the expression of GFP. Only
cells transfected by the recombination products were GFP-
positive. Moreover, the proportion of the GFP-positive
cells was considerably higher than in the case of transient
transfection by the phrGFP plasmid (Fig 6). We conclude
that our recombination procedure can "safely" merge the
antibiotic resistance gene and the gene of interest in one
plasmid.

Discussion

Researchers working with the vectors suitable for expres-
sion in mammalian cells often meet with the puzzle of
how to quickly introduce or switch the antibiotic resist-
ance gene in the vector of interest. In this paper we
describe the pINS vectors suitable for introduction of anti-
biotic resistance genes in any plasmid of interest contain-
ing the LoxP site by Cre-mediated recombination. We
cloned the genes providing resistance to three frequently
used antibiotics (puromycin, blasticidin S and G418) in
the pUNI-10 plasmid [12]. The plasmid pUNI-10 con-
tains the R6Ky origin of replication which is inactive in
majority of E. coli strains routinely used for cloning (they
are pir-). The plasmid resulting from recombination
between the pINS and a target vectors acquires a gene of
interest (provided by the target vector) and resistance to
an antibiotic (puromycin, blasticidin S or G418) (pro-
vided by pINS vector). The principle of selection in based
on the acquisition of the functional origin of replication
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Figure 5

Functionality of Blast, Puro and G418-resistance genes from pINS plasmids is preserved in the products of
recombination. Left part. Colony forming assay. Hela cells transfected by | mkg of indicated plasmids were selected by
either blasticidin S, puromycin or G418. After completion of selection the cells were stained by methylene blue. Insertion vec-
tors pINS-Blast, pINS-Neo and pINS-Puro and the products of their recombination with Target vector phrGFP (Blast x GFP,
Neo x GFP and Puro x GFP) provide Hela cells with the resistance to blasticidin S, G418 or puromycin respectively. Right
part. Schematic representation of the Cre-mediated recombination between Insertion vectors pINS-Blast, pINS-Neo and

pINS-Puro and Target vector phrGFP.

(provided by the target vector) as well as the marker pro-
viding resistance to kanamycin or chloramphenicol (pro-
vided by the pINS vector). Combination of these features
makes it possible to select the recombinant plasmids by
transforming the recombination mix into a pir- E. coli
strain and selecting the kanamycin- or chloramphenicol-
positive colonies (Fig. 1). These two features are necessary
and sufficient for selection of the recombinant plasmids.
Utilization of two antibiotics (chloraphenicol/kanamy-
cin+ampicillin) does not provide any further enhance-
ment to the procedure.

Our method is similar to the procedure used in the exist-
ing pExchanger system (Stratagene). pExchanger system
relies on integration of the linear fragments coding for the
antibiotic resistance genes and selection marker (Kan or
Cam) into the target vector using Cre-recombination. Lin-
ear fragments can't replicate by themselves and thus can't
efficiently transform E. coli. Presumably only the colonies
containing the recombinant plasmids can be selected by
the markers encoded in the linear fragments. In contrast
to pExchanger system, we propose to use the replication-
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deficient circular pINS plasmids that can be easily pro-
duced in the user laboratory and thus allow the user to cut
the cost of the cloning.

The Insertion vectors pINS-Puro, pINS-Neo and pINS-
Blast are compatible with the numerous target vectors
already present on the market (for example, pExchange
core or phrGFP vector families, Stratagene). Tn addition,
virtually any vector of interest can be converted into a tar-
get vector by simple introduction of the LoxP site.

Methods

PINS plasmids

In order to obtain the pINS-Blast vector, the pcDNA6/TR
vector (Invitrogen, Carlsbad, CA, USA) was digested by
Xmnl and Sall and the fragment containing blasticidin S
resistance gene was ligated with the pUNI-10 vector
(kindly provided by Dr. Stephen Elledge) digested by
EcoRV and Sall (these and other restriction enzymes were
purchased from Fermentas, Vilnius, Lithuania) using T4
ligase (Fermentas). The product of ligation was trans-
formed by electroporation into the strain BW23474 (Alac-
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Neo x GFP Puro x GFP

G418
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Puro
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Functionality of GFP gene from phRGFP plasmid is preserved in the products of recombination with pINS-

Puro, pINS-Neo or pINS-Blast plasmids. Hela cells transfected by | mkg of either Target vector phrGFP or the products
of recombination (Blast X GFP, Neo * GFP and Puro x GFP). Cells transfected by the recombination products were selected

by either blasticidin S, G418 or puromycin and stained by DAPI. Expression of the GFP was analyzed under the microscope. In
case of transient transfection by phrGFP vector we usually observed 25% GFP positive cells. In contrast we observed that 80—
100% of the cells transfected by the products of recombination and selected by the corresponding antibiotics are GFP positive.

Scale bar: 20 pum.

169 rpoS(Am) robA1 creC510 hsdR514 endA recAl uidA
(AMlul)::pir-116) that was kindly provided by Dr.
Stephen Elledge, and selected using kanamycin. The
resulting plasmid was named pINS-Blast.

In order to obtain the pINS-Puro vector, the pPur plasmid
(Clontech, Terra Bella, CA, USA) was digested by Ndel,
blunt-ended using Klenow fragment (Fermentas), then
digested by BamHI and ligated with the fragment of
PACYC-184 plasmid [27] containing Cam resistance gene
(PACYC-184 was purchased from Fermentas). In order to
obtain this fragment we first digested pACYC-184 by Bdll,
treated it with Klenow fragment, then digested with
BamHI. The product of ligation was named pACYC-Puro.
PACYC-Puro was digested by Bst11071, BamHI, then

blunt-ended with Klenow fragment. The fragment con-
taining chloramphenicol and puromycin resistance genes
was ligated with pUNI-10 vector digested EcoRI and Bglll
and blunt-ended with Klenow fragment. The product of
ligation was transformed via electroporation in BW23474
strain and selected via chloramphenicol. The resulting
plasmid was named pINS-Puro.

In order to obtain the pINS-Neo vector, pCINeo plasmid
(Promega, Madison, WI, USA) was digested by BamHI
and the fragment containing pUC-origin, ampicillin and
neomycin resistance genes was ligated to BamHI-linear-
ized pUNI-10 resulting in the plasmid "3490". Plasmid
"3490" was digested by Xbal and self-ligated in order to
remove ampicillin resistance gene and pUC-origin of rep-
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lication. The product of ligation was transformed into the
BW23474 strain via electroporation and selected using
kanamycin. The resulting plasmid was named pINS-Neo.

Target vectors

In order to prepare the pT-FLAG vector, we digested
phrGFP vector (Stratagene) by Nhel and EcoRI and
replaced the GFP ORF by the oligonucleotide duplex
encoding the FLAG-tag (oligol: 5'-CTAGCCCATGGATTA-
CAAAGACGATGACGATAAACCTAGCTTCG; oligo2: 5'-
AATTCGAAGCTAGGTTTATCGTCATCGTCTTTGTAATC-
CATGGG) (Sigma, St. Louis, MO, USA). Then LoxP-site
coupled to ampicillin resistance gene was isolated from
pT-FLAG plasmid by BspHI digestion and cloned into
phRL-TK (Promega, Madison, WI, USA) or pBlueScriptll
(Stratagene) digested by BspHI. The resulting plasmids
were named pT-TK and pT-BS respectively.

In vitro Cre recombination

500 ng of pINS vector was mixed with 500 ng of target vec-
tor, 5 units of Cre recombinase (Stratagene, La Jolla, CA,
USA), and a buffer recommended by manufacturer in 10
mkl reaction volume. The reaction was incubated for 30
min at 37°C, then Cre recombinase was heat-inactivated
at 65°C for 20 min. The recombination mix was trans-
formed by electroporation into XL1-Blue E. coli strain
(recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F
proAB laclqZAM15 Tn10 (Tetr)]) purchased from Strata-
gene and selected using either 34 mkg/ml chlorampheni-
col (Euromedex) or 50 mkg/ml kanamycin (Euromedex,
Mundolsheim, France).

Testing the performance of the constructs in HelLa
Dulbecco's modified Eagle's medium (DMEM #31885
Gibco, Carlsbad, CA, USA) supplemented with 10% heat-
inactivated Millerium Fetal Bovine Serum (#BWSTS1810
VWR International, Fontenay-sous-Bois, France), 100
units/ml penicillin G and 100 mkg/ml streptomycin sul-
fate (Gibco) and 500 ng/ml Fungizone (Invitrogen) in the
presence of 5% CO,. Cells were transfected by 1 mkg of
plasmid DNA using JetPEl (Polyplus-transfection Inc.,
New York, NY, USA) according to the protocol provided
by supplier. 24 hours after transfection media was
replaced and the cells were either grown for another 24
hours (transient transfection) or selected with either 3
mg/ml puromycin (Sigma #P8833) for 3 days, 5 mg/ml
blasticidin S (Sigma #15205) for 5 days or 1 mg/ml G418
(Sigma #G8168) for 10 days until the complete death of
mock-transfected cells. Transfected cells were either
stained by 1% methylene blue (EFuromedex #A514) in
50% methanol or mounted on the slides, stained by 100
ng/ml DAPI (Sigma #D9542) and inspected under the flu-
orescent microscope Olympus AX70.

http://www.biomedcentral.com/1756-0500/1/135
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expression of vimentin was elevated at the praaash mRNA levels in FSHD myotubes as compared
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FSHD myoblasts fail to downregulate intermediate
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Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant hereditary neuromuscular di-
sorder. The clinical features of FSHD include weakness of the facial and shoulder girdle muscles followed by
wasting of skeletal muscles of the pelvic girdle and lower extremities. Although FSHD myoblasts grown in vitro
can be induced to differentiate into myotubes by serum starvation, the resulting FSHD myotubes have been
shown previously to be morphologically abnormal. Aim. In order to find the cause of morphological anomalies
of FSHD myotubes we compared in vitro myogenic differentiation of normal and FSHD myoblasts at the protein
level. Methods. We induced myogenic differentiation of normal and FSHD myoblasts by serum starvation. We
then compared protein extracts from proliferating myoblasts and differentiated myotubes using SDS-PAGE
Jfollowed by mass spectrometry identification of differentially expressed proteins. Results. We demonstrated that
the expression of vimentin was elevated at the protein and mRNA levels in FSHD myotubes as compared to nor-
mal myotubes. Conclusions. We demonstrate for the first time that in contrast to normal myoblasts, FSHD myo-
blasts fail to downregulate vimentin after induction of in vitro myogenic differentiation. We suggest that vi-
mentin could be an easily detectable marker of FSHD myotubes.

Keywords: FSHD, vimentin, myogenic differentiation, proteomics.

Introduction. FSHD is a dominant neuromuscular di-
sease linked to chromosomal rearrangement within the
subtelomeric region of chromosome 4q (4q35) with a
prevalence of 7 in 100 000 characterized by weakness
and wasting of the facial muscles, the shoulder and pel-
vic girdle muscles and the muscles of lower extremities
(for review see [1]). The disorder is genetically linked
to a deletion of an integral number of tandemly arrayed
DA4Z4 repeat units [2]. The D4Z4 repeats and neigh-
bouring regions of the 4g35 locus are enriched in vari-
ous regulatory elements [3—5]. Transcriptional profi-
ling of muscle biopsies of FSHD patients and in vitro

© Institute of Molecular Biology and Genetics, NAS of Ukraine, 2011

cultured FSHD myoblasts revealed a defect in myoge-
nic differentiation program [6, 7] and deregulation of
genes related to oxidative stress [8, 9]. Deregulation of
proteins involved in oxidative stress and mitochondrial
metabolism was also demonstrated in muscle biopsies
of FSHD patients by a proteomic approach [6, 8].

It is of note, that transcriptome and proteome profi-
ling of muscle biopsies or crude, non-purified myoblast
cultures can be biased by the presence of contaminating
non-muscle cells. This problem is especially pronoun-
ced in case of muscular dystrophies where infiltration
of muscle tissue by inflammatory, fat or connective tis-
sue cells is a well-known phenomenon [10]. However,
up to now proteomic analysis has not been done on pu-
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re FSHD myoblasts sorted using an appropriate surface
marker e. g. CD56 (NCAM) that is expressed in myo-
blasts but not in adipocytes or fibroblasts.

Here we report the first proteomics analysis of
CD56+ FSHD myoblasts. We found that in contrast to
myoblasts isolated from normal individuals, FSHD
myoblasts fail to downregulate vimentin after induc-
tion of in vitro myogenic differentiation. The increa-
sed expression of intermediate filament protein vimen-
tin might contribute to abnormal morphology of FSHD
myotubes observed previously [11].

Materials and methods. Cell culture. Primary
CD56+ myoblasts were isolated from normal subjects
and FSHD patients as described [11]. Proliferating myo-
blasts were cultivated in proliferating medium (DMEM
# D6546 («Sigmaw, USA), Glutamine 4 mM, Genta-
myecin 50 pg/ml, 10 % FCS) at 40-50 % confluency. To
induce myogenic differentiation via serum starvation,
proliferating myoblasts were placed for 3 days in diffe-
rentiation medium (DMEM # D6546 («Sigma»), Glu-
tamine 4 mM, Gentamycin 50 pg/ml, 2 % FCS) at con-
fluency 70-80 %.

Protein extraction and gel-electrophoresis. Cells
were washed by 1 x PBS then lyzed directly on plates
using RIPA buffer [12]. Protein extracts were separated
on 10 % SDS-PAGE (10 pg per lane) which was then
stained by Coomassie Blue.

Mass-spectrometry analysis. A band of interest was
excised from Coomassie stained gel and processed as
described [13]. The peptide mixtures obtained from
tryptic digestion of the band were analyzed with a nano-
HPLC (Agilent Technologies 1200) directly coupled to
an ion-trap mass spectrometer (Bruker 6300 series)
equipped with a nano-electrospray source. The separa-
tion gradient from 3 % to 50 % acetonitrile was applied
for 30 min, the fragmentation voltage was 1.3 V. The pro-
tein identification was performed with Spectrum Mill
software package. For the confirmation and quantifica-
tion of vimentin-specific peptides with m/z ratios 544.7
(QDVDNASLAR); 635.8 (LGDLYEEEMR); and 662
(EEAENTLQSEFR) the ion trap was set in a MRM mode
as described [13]. The analysis of the MRM data was
performed with the DataAnalysis for the 6300 Series lon
Trap LC/MS Version 3.4 software package.

gRT-PCR. Cells were lysed directly on plates using
Trizol («Invitrogen», USA) followed by RNA isolation

according to manufacturer’s protocol. 400 ng of total
RNA was reverse-transcribed using high-capacity cDNA
Archive kit («Applied Biosystems» (AB) # 4322171).
c¢DNA equivalent to 200 ng of total RNA was mixed
with 2 x TagMan Gene Expression master mix (AB #
4369016) and 100 pl of amplification mixture were in-
jected per port into Custom TLDA (TagMan Low Den-
sity Array, AB). PCR amplification and fluorescence
reads were performed on ABI Prism 7900HT.

Results and discussion. Total protein extracts pre-
pared from proliferating myoblasts and differentiated
myotubes originating from two healthy subjects and
two FSHD patients were separated on SDS-PAGE. Coo-
massic Blue staining revealed that the band «, but not
the band b used as a control, was less intense in normal
differentiated myotubes compared to proliferating myo-
blasts, but had the same intensity in myoblasts and myo-
tubes from FSHD patients (Figure, 4). We then used
mass spectrometry to identify proteins that might con-
stitute the band of interest and found that the most li-
kely candidate is vimentin (42 peptides identified
covering 72 % of amino acid sequence of vimentin).
We then measured the quantity of several vimentin-
specific tryptic peptides and found that they were less
abundant in normal myotubes compared to myoblasts
(Figure, B). However, the amount of vimentin-specific
peptides was not reduced in FSHD myotubes compared
to myoblasts. We then confirmed this result by measu-
ring the level of vimentin mRNA using qRT-PCR (Fi-
gure, C). We conclude that FSHD myoblasts are unable
to repress vimentin production during in vitro myoge-
nic differentiation.

Three filamentous networks constitute the cytoske-
leton in higher eukaryotes: microtubules, actin micro-
filaments and intermediate filaments (for review see
[14]). Intermediate filament protein vimentin is expres-
sed during muscle development or regeneration but not
in mature myofibers, where desmin becomes the major
intermediate filament protein [15, 16].

Normal human myoblasts cultured in vitro express
both vimentin and desmin. Serum starvation-induced
myogenic differentiation leads to vimentin repression
and desmin induction [17]. To rule out the possibility
that the failure of FSHD myoblasts to downregulate
vimentin is simply due to their inability to differentiate,
we examined the expression of several myogenic mar-



FSHD MYOBLASTS FAIL TO DOWNREGULATE INTERMEDIATE FILAMENT PROTEIN VIMENTIN

Norm #1 Norm #2 FSHD #1 FSHD #2

Prolif Diff Prolif Diff Prolif Diff Prolif Diff
e
d — -——
Band a A “ i

Band b ’ | m— e - ——— - —

1 2 3 4 5 6 7 8
Coomassie Blue staining
B
C
4,35
3 -
4
£ 254 3,5
g, =
£ 5 ] 3
e S 25
= =
15 1 E 5.
1 A 15 A
J =
0.5 1 05
0 T T T 0 T
#I Norm  #2 Norm  #I FSHD #2 FSHD Narm #050
Vimentin
D Vimentin
0.5 0,35
X 0,3 015
2 04 s &
5 g o025 5
S | g Z
E 0.3 T Uoo02 - g 074
= & S B
0.2 § 0,15 g
- T 0,1 - 0,05
0.1 -
- 0,05
0 | = T ]
Norm FSHD Norm ESHD Norm FSHD
Myogenin MEF2C Myostatin

A — Coomassic Blue stained SDS-PAGE was used to analyze total protein extracts from normal and FSHD proliferating myoblasts (Prolif)
and differentiated myotubes (Diff). Vimentin was identified via mass spectrometry as the protein constituting the band of interest (band a);
B — the quantity of 3 vimentin-specific peptides was measured in the band @ using mass spectrometry. The quantity of each peptide in lanes
2-8 was normalized to its quantity in the lane /. The average of three vimentin-specific peptides is shown; C— the level of vimentin mRNA
was measured using qRT-PCR (TagMan) in 5 normal and FSHD myoblasts and myotubes. Vimentin mRNA level was normalized to
GAPDH mRNA; D — the expression of myogenesis markers MYOG, MEF2C and MSTN was measured using qRT-PCR in 5 normal and
FSHD myoblasts and myotubes. Expression levels were normalized to GAPDH mRNA. Error bars represent S. E. M., *p — value < 0.05;
**p — value < 0.01 (Student’s /-test)

kers in differentiated FSHD myotubes. We found that  (Figure, D) indicating that serum starvation induces
in both normal and FSHD myotubes the expression of myogenic differentiation program in FSHD myoblasts.
myogenesis-related transcription factors MEF2C and The elevated level of vimentin in FSHD myotubes
Myogenin (MYOG) was upregulated, while the gene of  might be explained by incomplete repression of vimen-
myogenesis inhibitor Myostatin (MSTN) was repressed  tin gene promoter in these cells. The promoter of hu-
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man vimentin gene contains binding sites for NF-«B,
ZBP-89 and other transcription factors [18]. ZBP-89
represses while NF-kB and other factors activate vimen-
tin promoter [19, 20]. Normal and FSHD myotubes ex-
pressed ZBP-89 at similar level (data not shown). The-
refore, vimentin overexpression in FSHD myotubes is
not caused by insufficient expression of its repressor
ZBP-89.

Conversely, vimentin gene overexpression in FSHD
myotubes might be linked to NF-«B activity. As NF-«B
activity was shown to be higher in FSHD [21], we spe-
culate that vimentin overexpression in FSHD myotu-
bes might be due to constitutive activation of NF-kB path-
way in FSHD.

The defect in cytoskeleton organization of FSHD
myotubes was observed previously. In contrast to nor-
mal myotubes that form regular myofiber structure,
FSHD myotubes form either abnormally thin myofi-
bers or chaotically connected myofibers (atrophic or
disorganized phenotype respectively) [11]. Vimentin is
dispensable for myotube morphology of chicken myo-
blasts in vitro [22], anomalies in skeletal muscles have
not been noted in transgenic mice with disrupted vimen-
tin intermediate filaments [23] and vimentin gene over-
expressing transgenic mice [24].

Therefore, it is unlikely that vimentin gene expres-
sion could cause myotube disorganization in FSHD.
However, vimentin overexpression is an indicator of
damaged and regenerating muscle [16]. Vimentin stai-
ning was suggested as a useful marker for regenerating
fibers in muscle biopsies from patients with neuromus-
cular disorders [25]. We suggest that the overproduction
of vimentin, a very abundant intermediatc filament
protein, could be used as a marker of FSHD myotubes in
vitro.
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MiobnacTel xgopux Ha MiogucTpodito Jlanmysi-/lexepina ve
CHOPOMOJKHI pernpecyBaTl reH BIMEHTHHY 3a nepebiry

M’M30BOro IU(hepeHLilOBAHHS

Pestome

ITreuo-nonamrogo-nuyesa M '1308a oucmpogis (mioducmpohis Jlan-
dyzi-Heswceping) € aymocomnum QoMinanmmo-ycnaoKosyeaHuM Heupo-
M A308UM 3aX60pI0GAHNAM. JI0 KATHIUHUX 03HAK 0020 MURY M 230601
oucmpoii narez’cams cradxime [ ampogisn auiesux v a3ie nievoeo-
20 nosicd, 00 AKUX HA RISHIUINX CMAOIAX 3AXEOPI0GANIA 000AIOMbCs
Mszu nosca Husicnix kinyieox. Heseasicaiouu na me, wjo mio6racmu,
gudiiens iz xgopux na mioducmpodhito Jlandysi-J{escepina, 30amui 60
Juepepenyiroeanns in Vitro, MIOMpPYOKY, SKI GUHUKAN 3 HUX, MAIOINb HU3-
Ky Mopghonoeiunux anomanit. Mema. Mema oanoi po6omu nonszac &
ROWLYKY RPUYUHL MOPPOTI02IUHUX aHOMALil Miompybok nayicnmia 3
miooucmpoieo Jlanoyzi-Hencepina. Memoou. I3 suxopucmanism
POCIO6020 Cepedosiiia 3 HUILKUM BMICTNOM CUPOBAMKY MU IHOYKY6d-
U M A308€ Ouhepenyiiosan i HOpMaibHUX Miobracmie | Miobaacmis
nayienmis 3 Miooucmpodicio Jandyzi-Hearcepina ma npoananizysaii
Binkosuil ckaad Miompy6ox, axi eunukau 3 iux, memooom CLC-ITTAAT
3 HACTYRHOI0 [0enmudixayicro GLIKIe Memodom MaAcc-cneKkmpoment-
pii. Pesynsmamu. B npedcmagienii pobomi enepuie noXazano, wo 8
miompybrax nayicwmia 3 miooucmpodicio Jlandyszi-Iesicepina niosu-
wena excnpecia cena gimenmuny. Bucnosku. Bimenmun momxcna 3a-
CINOCOGYBANI AK 2CH — MAPKEP MIOMPYBOK X60PUX HA MIOOUCIPOdito
Handyzi-Iexncepina.

Kuowoegi caosa: mioducmpodghia Jlandysi-Iexcepina, eimenmun,
M 'H306€ OUhepeiiosanits, npomeomiKa.

IT. B. Imumpues, A. JI. Bapam, E. Kout, B. B. Ozpuisxo,
A Jayxc-Llenusec, M. Jlununcxui, E. C. Bacceyxuti

Muobiactel GonpHbIx MuoucTpoduei Jlanpysu-Jexepuna
He CITOCOOHRI K PEMPECCHi TeHa BHMCHTHHA B XOJIE

MBILIEYHOH auddhepeHIHPOBKH
Pestome

Jluye-nonamouno-6edpennas Mvutiennas oucmpodus (Muoducmpo-
dua Jlandysu-/lesicepuna) aeiaemea aymocoMHbIM QOMUHAHIMHO-HA-
credyeMulm HelpoMblited b 3aoonesanuen. Knunuveckas xapmuna
QanHE20 MURG MLIUEUHON OUCMPopuu erIovaem craboecms U ampo-
U0 nuYesbIxX MblitY U MbIlY RACHERO20 NOACA, K KONOPLIM Ha Dolee
RO3OHUX CIAOUsX 3a600e6aH s O0BACTAION ¢ MLIUYLL NOAC HUICHUX
xoneunocme. Hecvmompsa na mo, umo MUOBRACMbL, 8bLOETCHHbIE U3
Boavrpix muoducmpodueti Jlandysu-esxrcepuna, cnocobnsl k ougdre-
PEHYUPOSKE N VilIo, GOSHUKAIOWUE U3 HUX MUOMPYOKY umeon pso
mopghorocuveckux anomanuil. Hens. Leavio dannon pabomer sersiem-
CA ROUCK MPUYUHBL MOPPOTOSULECKUX GHOMATUT MUOMPYDOK nayueH-
mos ¢ muoducmpoguent Jlanoysu-descepuna. Memoov. Henoavsys
[J()L‘”’l(}ﬂ’yh’) Lper)y C HU3KUM C()(){‘PJ’C(]HHE}H L'bl{m‘"p()mk'll, bl HH())"l-lUl}’Jﬂ—
SaU MBIUSUHYIO OUPPEPEHYUPOBKY HOPMATLHBIX MUOBIACMOS U Mil-
obracmoes nayuenmog ¢ muoducmpoguent JJanoyzu-Lescepuna u npo-
ANATUIUPOBATU BETKOBLIT COCMAS GOIHUKUIUX U3 HUX MUOMPYDOK Me-
modom CHC-ITAAT ¢ nocredyrowen uoenmugurayueii H6e1xkos Memo-
dom macc-cnexkmpomempuu. Pespnsmamul. B dannou pabome gnep-
@ble NOKA3QHO, YMO 6 MUOMPYOKAX HAUUEHIOE ¢ MUDOUCIPOPUEil
Jandyzu-lledicepuna ygentuyena sxcnpeccus 2ena eumenmuna. Burgo-
Obl. Bumernmun Moscem Gulms UCNOIb308AH 8 KAYECNIBE 2€Hd — MAPKe-
pa muompyGox Gonsnbix Muoducmpogue Jandysu-Hexncepuna.

Page - 130 -



FSHD MYOBLASTS FAIL TO DOWNREGULATE INTERMEDIATE FILAMENT PROTEIN VIMENTIN

Kuoueswie crosa: muooucmpogus Jlandysu-Hexcepuna, eualen-
MUH, MbliieHaa udghepenyuposka, Rpomeomiura.
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