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Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal
dominant disorder linked to contractions of the D4Z4 repeat array in
the subtelomeric region of chromosome 4q. By comparing genome-
wide gene expression data from muscle biopsies of patients with
FSHD to those of 11 other neuromuscular disorders, paired-like
homeodomain transcription factor 1 (PITX1) was found specifically
up-regulated in patients with FSHD. In addition, we showed that the
double homeobox 4 gene (DUX4) that maps within the D4Z4 repeat
unit was up-regulated in patient myoblasts at both mRNA and protein
level. We further showed that the DUX4 protein could activate
transient expression of a luciferase reporter gene fused to the Pitx1
promoter as well as the endogenous Pitx1 gene in transfected C2C12
cells. In EMSAs, DUX4 specifically interacted with a 30-bp sequence
5�-CGGATGCTGTCTTCTAATTAGTTTGGACCC-3� in the Pitx1 promoter.
Mutations of the TAAT core affected Pitx1-LUC activation in C2C12
cells and DUX4 binding in vitro. Our results suggest that up-regulation
of both DUX4 and PITX1 in FSHD muscles may play critical roles in the
molecular mechanisms of the disease.

D4Z4 � expression profiling � homeodomain � atrophy

Facioscapulohumeral muscular dystrophy (FSHD) is the third
most common inherited muscular dystrophy. Patients show

progressive weakness and atrophy of the muscles in the face, upper
arms, and shoulder girdle to lower limbs, and a right/left asymmetry
of onset is common (1, 2). The disease is autosomal dominant and
is associated with shortening of the D4Z4 repeat array from 11–100
to 1–10 copies in the 4q35 subtelomeric region (1, 3, 4). Several
molecular mechanisms have been proposed to explain how the
deletion might activate transcription of genes in the region (5–8,
13). Candidate genes that might contribute to the FSHD phenotype
were reported in several studies. FSHD region gene 1 (FRG1),
FSHD region gene 2 (FRG2), and adenine nucleotide translocator
1 (ANT1) were reported up-regulated in FSHD muscles (6),
although other studies showed controversial results (7, 9, 10).
Transgenic animals with Frg1 overexpression show a muscular
dystrophy phenotype (11). However, it is not clear whether the
mouse is a FSHD model, and it is generally considered that other
genes in the region contribute to the disease (1).

Although there is consensus that FSHD is a disorder of tran-
scription regulation, the molecular pathways leading to muscular
dystrophy and other unique clinical features of the disease are far
from clear, including the asymmetric distribution of muscle weak-
ness. Each D4Z4 repeat unit contains an ORF with a double
homeobox putatively encoding the DUX4 protein (12, 40). Al-
though initially considered as ‘‘junk’’ DNA, the DUX4 ORF was
recently shown to be conserved in evolution for �100 million years
(14). Because there are hundreds of homologous 3.3-kb elements
with highly similar DUX genes dispersed in the human genome (15),

it has been very difficult to specifically amplify DUX4 mRNA
against the background of other DUX mRNAs unlinked to FSHD
(16). Therefore, it is not known whether DUX4 is expressed and
activated by the array contraction, and whether it is involved in
FSHD.

In this study, we tested the hypothesis that genes which show
disease-specific changes in patients with FSHD are more likely to
be involved in the early stages of disease progression. By comparing
the genome-wide expression profiles of FSHD to those of 11 other
neuromuscular disorders, we identified that paired-like homeodo-
main transcription factor 1 (PITX1) and four other genes were
specifically up-regulated in muscle biopsies of FSHD patients. We
further established the regulatory relationship between the DUX4
gene within the D4Z4 repeat unit and the PITX1 gene.

Results
PITX1 Is Specifically Up-Regulated in Muscles of Patients with FSHD.
In this study, we hypothesized that genes involved in the early steps
of FSHD were likely to be disease-specific. By comparing expres-
sion profiles of FSHD to those of 11 other neuromuscular diseases,
we can filter out expression changes reflecting secondary patho-
logical processes, such as degeneration, regeneration, inflamma-
tion, and fibrosis formation. After expression profiling both clini-
cally affected and less-affected muscles of patients with FSHD, we
first identified genes differentially expressed in the FSHD muscles
comparing with the normal controls (P � 0.05). We then compared
the FSHD profiles vs. the other 11 neuromuscular disorders as a
group and identified five genes specifically changed in FSHD
[supporting information (SI) Table 1].

Among the five genes specifically changed in FSHD, PITX1
showed the most dramatic up-regulation in both the unaffected
(17-fold, P � 2 � 10�4) and affected (12-fold, P � 7.7 � 10�6)
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muscles of patients with FSHD (Fig. 1). We validated this result by
real-time quantitative RT-PCR in FSHD muscle biopsies. This
analysis showed PITX1 was 11-fold up-regulated in FSHD unaf-
fected muscles (P � 2 � 10�5) and 24-fold in affected muscles (P �
2 � 10�3) compared with muscles from healthy volunteers.

To determine whether the genes at the 4q35 region were
differentially expressed in muscles of patients with FSHD, we
examined the expression data of genes with probe sets designed on
the U133A microarrays. The profile data showed that the mRNA
expression levels of DUX4, FRG1, tubulin, � polypeptide 4, member
Q (TUBB4Q), and ANT1 were not different among clinically
affected FSHD, clinically unaffected FSHD, and control samples at
the mRNA level. No expression of DUX4 and TUBB4Q was
detected by the microarrays, whereas the expression of FRG1 and
ANT1 was detected (Affymetrix present calls). It is important to
note that because of the existence of numerous homologues in the
human genome, the design of probe sets specifically targeting the
DUX4 and FRG1 genes on chromosome 4q35 is unlikely. To verify
the specificity of the Affymetrix probe sets representing DUX4 and
FRG1 genes, we BLAST searched the Affymetrix target sequences
and individual probe sequences against the nonredundant (nr)
database at National Center for Biotechnology Information (www.
ncbi.nlm.nih.gov/BLAST) and confirmed that the probe sets were
not specific to 4q35. The target sequence of DUX4 aligned with
homologues at chromosomes 2, 4, 10, 18, 22, and Y, whereas the
target sequence of FRG1 aligned with homologues on chromo-
somes 4, 9, 20, and 22. A BLAST search of individual probe
sequences gave similar results.

DUX4 Is a Transcription Activator of PITX1. PITX1 is a member of the
paired family of homeodomain transcription factors (17). That the
PITX1 gene is located on chromosome 5q31, not 4q35, suggested

that the change of PITX1 and other genes with FSHD-specific
changes may occur downstream of one or few genes adjacent to the
D4Z4 arrays, namely FRG1, FRG2, and DUX4. Homeobox-
containing genes are often part of regulatory networks involved in
embryonic development and express transcription factors that can
regulate other homeobox genes in the network (18). Because both
PITX1 and DUX4 are homeodomain transcription factors, we
hypothesized that DUX4 was an upstream regulator of PITX1. To
test this hypothesis, we first searched the PITX1 promoter region
and looked for putative DUX4-binding site. Three guidelines were
used: (i) the site might have a core motif (TAAT) often found in
homeodomain-binding site, (ii) the sequence would be in an
evolutionary conserved region, and (iii) the sequence might share
similarity with the homologous DUX1-binding site (19). We iden-
tified a putative binding site �500 bp upstream from the transcrip-
tion start site (SI Fig. 6). The ‘‘Vertebrate Multiz Alignment and
Conservation’’ function of the University of California, Santa Cruz,
genome browser (http://genome.ucsc.edu) was used to determine
that the region was highly conserved among six species (mouse, dog,
rabbit, rat, human, and opossum). In addition to the TAAT core
motif, the site shares an adjacent 2 bp of exact match with the
DUX1-binding sequence (SI Fig. 6).

To test whether the putative DUX4-binding site was func-
tional, we first amplified a 369-bp mouse Pitx1 promoter frag-
ment containing the site and cloned it into the pGL3-basic
luciferase reporter vector. Cotransfection of C2C12 cells with
the pGL3-Pitx1 promoter construct (Pitx1-LUC) and a pCIneo-
DUX4 expression vector resulted in 7.4-fold increase in lucif-
erase activity at 24 h (Fig. 2a) compared with samples cotrans-
fected with the insertless pCIneo vector (n � 4, P � 1.6 � 10�21).
Cotransfection of Pitx1-LUC and pClneo-DUX4c expressing a
4q35 homologue of DUX4 led to a 4.3-fold (P � 0.002) up-
regulation of the luciferase activity, but no significant change was
observed with pCIneo-DUX1 that expressed a non4q35
homologue.

To determine the specificity of the interaction between DUX4
and the putative binding site, we mutated the TAAT sequence to
TACC in the Pitx1-LUC. Cotransfection of this mutated vector with
pClneo-DUX4 reduced luciferase activity 4-fold (P � 1.7 � 10�17).
Cotransfection with pClneo-DUX4c also led to an �2-fold decrease
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Fig. 1. PITX1 is specifically up-regulated in FSHD compared with 11 other
neuromuscular diseases. The expression level of the gene with arbitrary unit
was determined by either dCHIP or Affymetrix MAS5.0. The sample size of
each disease was normal healthy muscle (NHM), n � 15; juvenile dermatomy-
ositis (JDM), n � 25; human spastic paraplegia (HSP), n � 4; FSHD, unaffected,
n � 5, affected, n � 9; fukutin-related protein deficiency (FKRD), n � 7;
Emery–Dreifuss muscular dystrophy, lamin A/C deficiency) (ED-L), n � 4;
Emery–Dreifuss muscular dystrophy, emerin deficiency (ED-E), n � 4; dysfer-
linopathy (DYSF), n � 10; Duchenne muscular dystrophy (DMD), n � 10;
Calpain-3 deficiency (CALP), n � 10; Becker muscular dystrophy (BMD), n � 5;
acute quadriplegic myopathy (AQM), n � 5; and amyotrophic lateral sclerosis
(ALS), n � 9.
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Fig. 2. DUX4 activates the Pitx1 promoter in transient expression and
specifically interacts with a cis element in the Pitx1 promoter region. (a) C2C12
cells were cotransfected with the pCIneo expression vector encoding DUX4,
DUX4c, or DUX1, as indicated, and a Pitx1-LUC reporter vector where the Pitx1
promoter is either wild type (WT) or mutated (M; TAAT to TACC in the putative
homeodomain-binding site). Luciferase activity was assayed on cells lysed 24 h
after transfection. Data are provided as fold induction compared with lucif-
erase activities obtained in cotransfection of the Pitx1-LUC vectors with the
insertless pCIneo vector. (b) EMSA was performed with nuclear extract pre-
pared from C2C12 cells at 16 h after transfection. Wild-type probe (lanes 1–3,
5, 6, 8, and 9) and mutated probes (lanes 4, 7, and 10) were end-labeled and
incubated with nuclear extracts from cells transfected with pCIneo-DUX4
(lane 2–4), -DUX4c (lanes 5–7), or -DUX1 (lanes 8–10). Supershifts were deter-
mined by incubating probe and protein complexes with mAb 9A12 that
recognizes DUX4 and DUX4c (lanes 3, 6, and 9). Small arrows in lanes 2 and 6
and arrowheads in lanes 3 and 6 indicate shifts and supershifts, respectively.
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in luciferase activity (P � 0.047), whereas DUX1 showed no effect
as expected.

To evaluate direct and specific binding between the DUX4
protein and its putative binding site in the Pitx1 promoter region, a
30-bp oligonucleotide probe 5�-CGGATGCTGTCTTCTAATT-
AGTTTGGACCC-3� containing the putative binding site was
tested in EMSA. When the probe was incubated with nuclear
extracts of C2C12 cells transfected with pClneo-DUX4 or DUX4c,
complexes were formed (Fig. 2b). Addition of the 9A12 mAb
directed against DUX4 and DUX4c caused further retardation of
the complexes and confirmed the presence of either protein. A
probe with the two mismatches could still form the specific com-
plexes (data not shown). However, a probe with six mutated base
pairs abolished the binding of both DUX4 and DUX4c. No binding
or supershift was observed with extracts containing DUX1.

Many homeodomain proteins bind to the TAAT core motif in
vitro with similar affinities, whereas their specificity is regulated
in vivo through interaction with different protein partners that
help discriminate TAAT sites in different sequence contexts
(20–24). To show that DUX4 and DUX4c did not interact with
just any TAAT motif, we used another 30-bp oligonucleotide
probe containing the other TAAT site in the same evolutionary
conserved region (SI Fig. 6) and indeed observed no complex
formation with DUX4, DUX4c, or DUX1 (data not shown).

To evaluate whether DUX4 could also activate the endogenous
Pitx1 gene, we transfected C2C12 cells with pClneo-DUX4 and
performed a coimmunofluorescence staining of DUX4 and Pitx1.
Both proteins were detected in the same nuclei 24 h after trans-
fection, whereas only background signals were observed in cells
transfected with insertless pClneo (Fig. 3). These experiments were
performed in the presence of a proteasome inhibitor, because we
found that Pitx1 contained a PEST motif, which is a sequence
enriched in proline (P), glutamic acid (E), serine (S), and threonine
(T). Such a motif targets proteins for rapid degradation by the
proteasome (25). Indeed, in the absence of a proteasome inhibitor,
Pitx1 was detected at a later time (36 h) (data not shown).

Characterization of the DUX4 Gene. To characterize the 5� end of the
transcript, we performed 5�-RACE by using nested PCR with
primers nos. 68 and 73 (Fig. 4a; SI Table 2), which yielded a 400-bp
fragment from both control and FSHD samples. After cloning the
amplicons into the pCR4 vector, 9 FSHD and 17 control inserts
were sequenced and found to be identical to the DUX4 but not the
DUX4c genomic sequence. All 5�-RACE products corresponded to
a single start site mapped 48 bp downstream from the TACAA box
(position 10,732 in GenBank no. AF117653) within a typical

initiator sequence (GCACCTG) overlapping with a putative E box
upstream of the ORF start codon (Fig. 4a). This site was previously
detected in C2C12 cells transfected with a genomic fragment
containing one D4Z4 unit (26).

To characterize the 3� end of the DUX4 mRNA, we first set up
3�-RACE conditions on total RNA extracted from C2C12 cells
transfected with pGEM42 that contains the 13.5-kb genomic frag-
ment of a patient with two D4Z4 repeats (12). This approach
avoided the transcription background of hundreds of human DUX
genes not linked to FSHD. We used an oligo dT containing primer
for the RT step and obtained two 3�-RACE products of �490 and
350 bp that were cloned in pCR4. Their sequences demonstrated
alternative splicing of a 136-bp intron between the stop codon and
the end of the D4Z4 unit (Fig. 4b). In addition, all of the products
had spliced out a 345-bp intron located in the pLAM region that
flanks the telomeric side of the D4Z4 array. Both splicing variants
have heterogeneous 3� ends between positions 12873 and 12883 (in
GenBank accession no. AF117653), that most likely resulted from
the use of a polyadenylation signal in the pLAM sequence
(ATTAAA, 12852–12858 in GenBank accession no. AF117653).
This signal was predicted by the FGENESH gene-finding program
(27). By using the 3�-RACE, both transcripts were then detected in
total RNAs extracted from FSHD myoblast primary cultures but
not controls.

In conclusion, the DUX4 gene showed alternatively spliced
introns in its 3� untranslated region. Its heterogeneous mRNA 3�
ends mapped downstream of the ORF, outside of the D4Z4 unit,
in the pLAM region that contributed an additional intron to the
DUX4 gene in the most distal D4Z4 unit. In addition, our data
suggest the DUX4 gene in the most distal D4Z4 element is likely to
be the only one that could be transcribed into a polyadenylated
RNA in vivo and yield a protein product.

Expression of DUX4 mRNAs in Primary Myoblasts of Patients with
FSHD. To evaluate expression of full-length DUX4 mRNA, total
RNA was extracted from FSHD (5 and 7 D4Z4 units) and control
myoblast cultures, reverse-transcribed with a primer (no. 407)
located in pLAM, 3� of both introns, and amplified by PCR with an
additional primer (no. 222; SI Table 2) located upstream of the
ORF start codon (Fig. 5a). A strong band of 2,000 and a weaker one
of 1,700 bp were observed in cells transfected with pGEM42 (Fig.
5b). No fragment was obtained either upon omission of reverse
transcriptase or in RNA extracted from cells transfected with the

Fig. 3. DUX4 induces expression of endogenous Pitx1 gene in C2C12 cells.
C2C12 cells were transfected with the pCIneo-DUX4 expression vector (Left),
the insertless pCIneo as a negative control (Center), or a Pitx1 expression
vector as a positive control (Right). Double immunofluorescence was per-
formed 24 h after transfection with mAb 9A12 and a secondary antibody
coupled to FITC for DUX4 (green, Upper) and with a rabbit serum raised
against a Pitx1-specific peptide and secondary antibodies coupled to Texas red
(Lower). Arrows point to three nuclei coexpressing DUX4 and Pitx1. (Scale bar,
20 �m.)
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Fig. 4. Determination of the DUX4 mRNA 5� and 3�ends. (a) Schematic
representation of the DUX4 promoter with the putative CATT, GC, TACAA,
and E boxes, the ATG translation start codon, and the primers used in 5�-RACE
(arrows, nos. 68 and 73). The two 5� ends found previously in total RNAs of
C2C12 cells transfected with pGEM42 are indicated. One of these is identical
to the single transcription start site determined here on total RNAs of FSHD
and control primary myoblasts (*). (b Upper) Scheme of the EcoRI genomic
fragment end as cloned in pGEM42 with the stop codon of the DUX4 ORF and
the pLAM region. The KpnI and EcoRI restriction sites, the polyA addition
signal (ATTAAA), and the primers used in 3�-RACE (arrows, nos. 94 and 95) are
indicated. (Lower) Mapping of the ends obtained by 3�-RACE, with introns A
and B.
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insertless vector. The 1,700-bp fragment and a weak signal at �2 kb
were observed in differentiating FSHD myoblasts but not controls.
The products were cloned in pCR4, and only the sequences corre-
sponding to the 1,700-bp fragment were found to be identical to
DUX4; they had all spliced out the intron located in the pLAM
region. Identical sequences were also obtained on clones derived
from two additional FSHD myoblast lines. No sequence identical to
DUX4 was found in any control myoblast sample. The observed
intron splicing clearly showed our amplified products derived from
bona fide mRNAs and not from contaminating DNA.

Expression of the DUX4 Protein in Primary Myoblasts of Patients with
FSHD. Conceptual translation of the DUX4 ORF (GenBank acces-
sion no. AF117653) provided a 424-residue protein, a size larger
than initially reported following correction of sequencing errors in
very GC-rich D4Z4 (12). We raised a mAb (9A12 mAb) against the
253 last residues of DUX4 expressed as a recombinant protein in
E. coli and found that it cross reacted with DUX4c but no other
DUX protein.

The antibody specificity was shown on extracts of human rhab-
domyosarcoma TE671 cells transfected with pCIneo-DUX4 or
-DUX4c (SI Fig. 7a). The 52-kDa DUX4 and 47-kDa DUX4c bands
disappeared upon competition with a 10-fold excess of the recom-
binant protein. A band with the same apparent molecular weight as
DUX4 but not DUX4c could be observed in the FSHD but not in
the control sample (SI Fig. 7b). To evaluate mAb 9A12 sensitivity,
we performed a similar Western blot with decreasing amounts of
FSHD myoblast extract (SI Fig. 7c Top). DUX4 was noticed in all
lanes but not in 30-�g control myoblast extract. The blot was
stripped and incubated with a rabbit serum raised against a DUX4-
specific peptide. As found in a previous study, this serum detected
DUX4 only in extracts of cells transfected with pCIneo-DUX4 but
not in myoblasts (SI Fig. 7c Middle) (26). We performed additional
Western blots with mAb 9A12 and again detected DUX4 in 40-�g
extracts of four FSHD but not one additional control myoblast lines
(SI Fig. 7d). We detected DUX4 protein expression in four
additional FSHD lines but not in two other control myoblast lines

(data not shown). Densitometric quantitation of DUX4 expression
levels failed to show a correlation with D4Z4 copy number in these
samples.

Discussion
FSHD is believed to be a disorder of gene regulation. Although the
genetic defect linked to the disease has been known for 15 years, the
molecular pathways leading to muscular dystrophy and other
unique clinical features are far from clear (3). By comparing with
other muscular dystrophies, one may filter out shared secondary
molecular pathways such as degeneration/regeneration, inflamma-
tory infiltration, and fibrosis. Therefore, the genes that show
disease-specific changes in patients with FSHD are more likely to
be involved in the early stages of the disease progression. Indeed,
we identified PITX1 specifically up-regulated in the patients with
FSHD. PITX1 is a member of a paired family of homeoproteins and
is involved in specification of hind limb identity. Pitx1-deleted mice
exhibit striking abnormalities in morphogenesis and growth of the
hind limb, resulting in structural changes in both muscle and bone
to more closely resemble the corresponding forelimb structures (28,
29). The gene shows a similar expression pattern in chick, and the
targeted ectopic expression of chick Pitx1 in the developing wing
bud causes several morphological changes that affect the appear-
ance, digital patterning, and muscle organization in a way that more
resembles the hind limb (30). In addition to affecting anterior/
posterior limb development, Pitx1 has also been shown to affect
left–right symmetry (28, 31–33). FSHD differs from all other types
of muscular dystrophy in both the pattern of muscle involvement
(head and shoulder girdle) and the marked right/left asymmetry
seen in many patients. Our finding of aberrant regulation of the
PITX1 gene provides a potential molecular basis for the enigmatic
presentation and progression of FSHD. Recent studies reporting
that Pitx1 regulates expression of the IFN� gene in inflammatory
cells and is a suppressor of RAS and tumorigenicity suggest the
gene could be contributing to other clinical aspects of FSHD
(34–36), including the involvement of atypical inflammatory re-
sponses and defects in myoblasts reported previously (37–39).

This study reports introns in the DUX4 gene and identifies a
direct transcription target of the DUX4 protein. Detection of DUX4
expression has been unsuccessful in the past (10, 15, 40–43). SI
Table 3 presents a step-by-step comparison of the unsuccessful
protocols with ours. In our study, a single initiation site at the 5� end
of the gene and alternative spliced isoforms of DUX4 transcripts
were identified in FSHD myoblasts. These transcripts likely use a
polyadenylation site in the pLAM region. Although we detected the
5� end of DUX4 mRNAs in both FSHD and control myoblasts, the
3� end sequence specific to the most distal unit of DUX4 was
detected only in patients’ samples. This observation suggested that,
whereas other DUX4 copies might be transcribed, only the gene in
the most distal D4Z4 unit could extend to a polyadenylation signal
present in the flanking pLAM region. Therefore, these polyA�
DUX4 mRNAs are likely to be the only ones with an extended half
life to be translated into a protein product in vivo. This could explain
why at least one or part of a D4Z4 unit with one full copy of the
DUX4 gene is required on the FSHD allele to cause the disease.
Interestingly, some of the differences between the 4qA and 4qB
alleles are found in the region just distal to the D4Z4 array, which
may affect both the splicing and polyadenylation signals (44, 45).
Contractions of the D4Z4 repeat array are associated with the
FSHD phenotype only when they occur on the 4qA allele (45, 46).
It will be interesting to investigate whether the distal D4Z4 unit on
a contracted 4qB allele is able to produce a protein product. The
10q26 region presents high sequence similarity to 4q35, including a
D4Z4-like repeat array with DUX10 genes encoding a protein
identical to DUX4 (47). Contractions of this repeat array are not
associated with FSHD (44). Interestingly, none of our 3� RACE or
RT-PCR products contained the BlnI restriction site characteristic

Fig. 5. Detection of the DUX4 mRNAs in FSHD primary myoblasts. (a)
Schematic representation of the DUX4 RNAs with alternative 3� ends and the
primers used for RT (no. 407) and PCR (nos. 222 and 407). (b) For controls,
RT-PCR was performed on 3–4 �g of total RNA extracted from C2C12 cells
transfected with the pGEM7Z vector containing either no insert (lanes 2 and
3) or the 13.5-kb genomic fragment of a patient with 2 D4Z4 units (pGEM42,
lanes 4 and 5). RT-PCR was similarly performed on total RNA of control (N036,
9719, and C20) and FSHD primary myoblasts (F22, 5 D4Z4 units; M038, 7 units)
either in proliferation (lanes 6–9) or in differentiation (diff) (lanes 10–13).
RNA samples were incubated (�) or not (�) with DNase I and RT, as indicated.
As a positive control (lane 14), PCR was performed on the pGEM42 vector
present in a control sample (as in lanes 4 and 5) not treated with DNase I.
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of the D4Z4-like array in 10q26, suggesting no stable DUX tran-
script could derive from chromosome 10.

We showed by transient cotransfection with a Pitx1-LUC reporter
and DUX expression vectors that DUX4 could activate transcrip-
tion about twice as much as DUX4c, although both proteins could
similarly bind to the Pitx1 promoter element in EMSA. Similar
DNA binding is expected, because these proteins are identical over
their first 342 residues, including the double homeodomain. How-
ever, in contrast to DUX4c, DUX4 presented a strong transcrip-
tional activity in the yeast one-hybrid system that was mediated by
its unique C-terminal (tail) region (ref. 47 and unpublished data).
This difference in transcriptional activity was much stronger in the
yeast system than was observed here in mammalian muscle cells and
probably reflects the nature of cofactors within the transcriptional
complex (20–24). Low expression of a transcription factor is an
event frequently occurring as an initial trigger leading to differen-
tiation during embryonic development. Similarly, low levels of a
potent trans-factor such as DUX4 could activate expression of a
gene encoding another trans-factor such as PITX1 that would be
produced at higher levels and could itself activate other genes. Such
transcription factor cascades are well known for homeoproteins and
could contribute to the mechanism of FSHD.

The lack of Pitx1-LUC activation by DUX1 is correlated with its
lack of interaction with the Pitx1 promoter site as confirmed by
EMSA. DUX1 is a transcription factor with unknown function that
binds to a palindromic TAAT/ATTA site instead of a single
TAATTA as found here for DUX4/DUX4c. This difference in
binding specificity could be explained by sequence divergence in
their DNA-binding domains. The first and second homeodomains
present 11 and 2 mismatches in DUX4/DUX4c vs. DUX1,
respectively.

In summary, we identified PITX1 as showing aberrant transcrip-
tional regulation in FSHD compared with 11 other neuromuscular
disorders. We further showed that the DUX4 protein encoded by
a gene mapped within the D4Z4 repeat, interacted in vitro with a
cis-element in the Pitx1 promoter region and activated transient
expression of both a Pitx1-LUC vector and the endogenous Pitx1
gene in C2C12 cells. Our characterization of the DUX4 gene
structure suggested that polyadenylated DUX4 mRNAs could be
produced only from the most distal D4Z4 unit at the FSHD locus.
Our data provide a direct link between the genetic defect in 4q35
and the specific up-regulation of a gene in FSHD muscles. More-
over the transcription factor properties of both DUX4 and PITX1
would explain the large transcriptome dysregulation observed in
FSHD myoblasts and muscles and the unique clinical characteristics
in patients (9, 10, 48). In conclusion, our data identified a candidate
mechanism involving interplay between DUX4 and PITX1, which
may help to explain the long-elusive biology of FSHD.

Materials and Methods
Muscle Biopsies and Expression Profiling. The muscle biopsies of nine
patients with FSHD described in a previous study were used here
for expression profiling and quantitative RT-PCR (10). Nine af-
fected muscles from patients with FSHD and five clinically unaf-
fected muscles from five of those patients were expression-profiled
by using the Affymetrix Human Genome U133A microarrays.
Normal sex- and age-matched adult controls were obtained from six
healthy adult volunteers. Expression profiles of 11 neuromuscular
disorders were used as disease controls, as described (49). The
procedures and quality control were done as described in our
previous publications (50–52). For details, see SI Text.

Primary Myoblasts. Muscle biopsies were performed according to a
procedure approved either by the University of Rochester Research
Subjects Review Board or by current ethical and legislative rules of
France, as described (53). Primary myoblast cultures were derived
from biopsies as described (39). Myoblasts were grown in DMEM
with 10% FCS and 1% Ultroser (Cyphergen). Differentiation to

myotubes was induced by changing confluent myoblasts to DMEM
containing 2% horse serum (differentiation medium). Cells were
harvested either during the exponential proliferation phase or 4–6
days after differentiation was induced.

Luciferase Reporter Assay. C2C12 cells were cotransfected with the
Pitx1-LUC wild-type or mutant promoter construct and either
pCIneo vector by using FuGENE 6 (Roche Applied Sciences) and
0.5 �g of each plasmid (for details, see SI Text). Quadruplicates
were performed. After 24 h, transfected cells were lysed directly in
the dish with 100 �l of reporter lysis buffer, and luciferase activity
was evaluated by using Luciferase Assay System (Promega) in
Centro LB 960 Luminometer (Berthold Technologies).

EMSA. EMSA was performed with a 30-bp oligonucleotide con-
taining the putative DUX4-binding site as a probe (for details, see
SI Text). Nuclear protein extract was prepared from C2C12 cells
16 h posttransfected with pCIneo-DUX4, DUX4c, and DUX1 ex-
pression vectors by using Cell Lytic NuCLEAR Extraction Kit
(Sigma). To obtain supershift of protein–DNA complexes, 1 �g of
the anti-DUX4/DUX4c mAb was added to the mixtures. DNA–
protein complexes were resolved on a 6% Novex DNA retardation
polyacrylamide gel (Invitrogen), then transferred onto positively
charged nylon membranes by electroblotting. For signal detection,
the chemiluminescent substrate CSPD (10 mg/ml) was used in 1:100
dilutions, and the emitted light was recorded on an x-ray film.

5�- and 3�-RACE. Primary myoblast total RNA was extracted with the
Aurum Total RNA Mini kit (Bio-Rad) or NucleoSpin RNAII
(Macherey-Nagel). DNase-treated total RNA were submitted to 5�-
and 3�-RACE by using the RLM-RACE kit (Ambion). The
products were cloned and sequenced (for details, see SI Text.)

RT-PCR. RT was done on 2–4 �g of DNase-treated RNA with primer
no. 407 and 200 units of SuperScript III reverse transcriptase in a
20-�l final volume (Invitrogen; see SI Table 3). Eight or 12 �l of
cDNA was used for PCR in a 50-�l final volume containing 2.5 units
of platinum Pfx, 3� PCRX enhancer solution (Invitrogen), and 15
pmol of each primer (nos. 222 and 407). A step-by-step procedure
is provided in SI Text.

Immunofluorescence. Cells were transfected with 1 �g of plasmid
DNA. The proteasome inhibitor MG132 (25 mM; Sigma) was
added 24 or 36 h after transfection, and immunostaining was
performed by standard procedures (SI Text) 5 h later by using the
9A12 mAb and the anti-Pitx1 rabbit serum (1:50). The pCMV-Pitx1
expression vector (MGC-13954) was purchased from American
Type Culture Collection containing full-length Pitx1 cDNA.

Western Blotting. Transfected control TE671 cells or myoblast
primary cultures were lysed on ice in 150 �l of 10 mM Tris�HCl, pH
7.4/150 mM NaCl/0.1% Triton X-100, with protease inhibitors.

Proteins were separated by electrophoresis (10% SDS/PAGE)
and transferred onto a PVDF membrane (Amersham Bio-
sciences). After blocking, the Western blot was incubated with
the 9A12 mAb (dilution 1:1,000 in PBS/0.2% Tween/2% BSA)
followed by secondary antibodies coupled to HRP (Amersham
Biosciences). We also used a rabbit serum raised against a
DUX4-specific peptide (26). HRP was detected either with
LiteAblot (Euroclone) or Super Signal West Femto Maximum
Sensitivity Substrate (Pierce). Chemiluminescence was detected
on ECL films (Amersham Biosciences). Detection of loading
controls �-tubulin (mAb, Sigma–Aldrich) or actin (rabbit poly-
clonal; Sigma–Aldrich) was similarly performed after membrane
stripping (SI Text).
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