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Abstract: The genetic lesion leading to facioscapulohumeral muscular dystrophy (FSHD) is a dominant deletion at the
435 locus. The generally accepted disease model involves an epigenetic dysregulation in the region resulting in the
upregulation of one or more proximal genes whose overexpression specifically affects skeletal muscle. However, mul-
tiple FSHD candidate genes have been proposed without clear consensus. Using Xenopus laevis as a model for verte-
brate development our lab has studied the effects of overexpression of the FSHD candidate gene ortholog, frgl
(FSHD region gene 1), showing that increased levels of frg1 systemically led specifically to an abnormal musculature
and increased angiogenesis, the two most prominent clinical features of FSHD. Here we studied the overexpression
effects of three other promising FSHD candidate genes, DUX4, DUX4c, and PITX1 using the same model system and
methods for direct comparison. Expression of even very low levels of either DUX4 or pitx1 early in development led to
massive cellular loss and severely abnormal development. These abnormalities were not muscle specific. In contrast,
elevated levels of DUX4c resulted in no detectable adverse affects on muscle and DUX4c levels did not alter the ex-
pression of myogenic regulators. This data supports a model for DUX4 and PITX1 in FSHD only as pro-apoptotic fac-
tors if their expression in FSHD is confined to cells within the myogenic pathway; neither could account for the vascu-
lar pathology prevalent in FSHD. Taken together, increased frgl expression alone leads to a phenotype that most
closely resembles the pathophysiology observed in FSHD patients.
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Introduction

FSHD is now recognized as one of the most
prevalent forms of muscular dystrophy in adults
(http://www.orpha.net). Prominent features of
this myopathy are the progressive weakening of
the skeletal muscles in the face, shoulder gir-
dle, and the upper arms, and these muscular
aspects are often combined (>50% of patients)
with retinal vasculopathy [1, 2]. The genetic
lesion leading to the most prominent form of
FSHD (FSHD21A), accounting for ~98% of FSHD
patients, is an autosomal dominant contraction
of the D4Z4 repeat array at chromosome 4q35
below 11 copies [3, 4]. This contraction leads to
hypomethylation of the D4Z4 repeats, which
has been proposed to lead downstream to the

misregulation of one or more of the 4935 local-
ized genes including FRG1, ANT1, FRG2, DUX4,
and DUX4c [5]. However, none of these candi-
date genes has consistently been shown to ex-
hibit significantly altered RNA expression levels
in affected FSHD muscle biopsies compared to
unaffected controls [6-13]. Multiple issues com-
plicate these expression analyses including
large differences within an affected muscle and
potentially at the site of biopsy, the bias focus-
ing on FSHD gene misexpression exclusively in
the skeletal muscle lineage, and the potential
that FSHD gene misexpression occurs during
cell differentiation [10, 14-16]. Thus, without
knowing when and where in human muscle de-
velopment gene misexpression leading to FSHD
occurs, the cause of the FSHD pathophysiology
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has remained controversial.

To circumvent the ambiguity of RNA expression
analyses, we have taken a developmental ap-
proach to the problem by first addressing the
normal function of an FSHD candidate gene
during development and then assaying the ef-
fect of overexpression of an FSHD candidate
gene on vertebrate development. The system
for these studies is the early development of
Xenopus laevis. Our initial analysis focused on
understanding the function and expression of
one candidate gene, frgl [17, 18]. FRG1 is a
highly conserved gene of unknown function that
is overexpressed in FSHD patient derived
myoblasts undergoing myogenic differentiation
[15]. These studies found that frgl is required
for the normal development of the vertebrate
musculature and vasculature [17, 18]. Consis-
tent with a role in FSHD pathology, systemically
elevated levels of frgl led to phenotypes specifi-
cally in the vertebrate musculature and vascula-
ture which strongly correlated to the two most
common symptoms of FSHD, dystrophic muscle
and increased angiogenesis [17, 18]. Thus, de-
velopmentally, FRG1 overexpression fits the
criteria for being causal for FSHD pathology.

We have continued our analysis with three addi-
tional FSHD candidate genes, DUX4, DUX4c,
and PITX1 [6, 19, 20]. DUX4 and DUX4c are
encoded within open reading frames (ORFs) of
different 4935 D4Z4 repeat units within or near
the FSHD deletion [21, 22]. Although D4Z4 re-
peat arrays exist in multiple loci in the genome
[23], RNAs originating specifically from the
4935 localized D4Z4/DUX4 and D4Z4/DUX4c
loci are increased in certain FSHD patient-
derived muscle cells [6, 19, 20]. A normal cellu-
lar or developmental role for the 4q35 DUX4
protein, if any, has not been described; how-
ever, expression of the currently accepted 4935
derived DUX4 protein is highly toxic to all cells
leading to a rapid onset of apoptosis [19, 24].
This apoptotic effect of DUX4 expression is pos-
tulated to be from direct competition with the
regulatory targets of PAX3/PAX7 and is inhibited
by elevated expression of PAX3 or PAX7 [24].
Interestingly, in a cell culture system, DUX4 has
been shown to bind the promoter and activate
expression of PITX1, a non-4935 localized FSHD
candidate gene whose expression has been
found to be upregulated in FSHD muscle, pro-
viding an alternative mechanism for DUX4-
mediated pathology [6]. DUX4c, located within a
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partial D4Z4 unit 42 kb proximal to the FSHD-
associated D4Z4 array, is identical to DUX4
through their N-terminal double homeobox do-
mains however they have differing C-terminal
amino acid sequences [22]. DUX4c expression
has been detected in muscle cells where it is
proposed to act as a myogenic regulator and
inhibitor of myoblast differentiation [20, 25].

In this study, we assayed the effects of expres-
sion of human DUX4 and DUX4c, as well as the
X. laevis ortholog of PITX1 on early vertebrate
development, with particular attention to mus-
cle growth and differentiation. We show that
DUX4 expression and pitx1 overexpression both
lead to massive cellular loss that is hot muscle
specific. With DUX4 in particular the cellular
loss occurred at extremely low expression levels
and was cell-type independent indicating that
this protein is highly toxic to all vertebrate cells
and this toxic effect was not specific to muscle.
DUX4c expression did not lead to any observ-
able change in muscle development or differen-
tiation or changes in the expression of the myo-
genic regulators myf5 or myoD in Xenopus. Con-
tradictory to what has been reported in cell cul-
ture, we found that both DUX4 and DUX4c sig-
nificantly reduced expression levels of pitx1
transcripts in our animal model. Together with
our previous studies on frgl, this presents the
first analysis for direct comparison of the effects
of expression of the main FSHD candidate
genes in a developing vertebrate system.

Materials and methods
Frog husbandry

Adult X. laevis were purchased from Xenopus
Express. All procedures were carried out in ac-
cordance with established UIUC IACUC approved
protocols for animal welfare.

Plasmid constructs and RNA production

The vectors pClneo DUX4 and pClneo DUX4c
were generously provided by Dr. Alexandra Be-
layew [20, 21]. The plasmids for EGFP, myoD,
pax3, and myf5 RNA have been previously de-
scribed [17]. The pitx1 cDNA was produced by
RT-PCR using primers 5 GTGATTGACATGGATT
CCTTTAAAGG 3’ AND 5’ TCAACTGTTATATTGGCA
AGCATTGAG 3’, cloned into pGEM T-Easy
(Promega) and sequenced. The cDNA was sub-
cloned into the EcoRl and Xbal sites of
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pcDNA3.1 (Invitrogen). Production of EGFP
mRNA was performed as previously described
[17]. For DUX4, DUX4c and pitx1 mRNA, con-
structs were linearized and capped mRNA was
generated using T7 RNA polymerase and the
mMessage mMachine kit (Ambion, Inc).

Xenopus embryo injections

In vitro fertilized embryos were generated as
described [17]. Embryos were microinjected
after completion of the two cell stage, as indi-
cated by the beginning of the second cleavage,
in 1X MMR with 3% Ficoll and incubated at 19°
C. Between 3-6 hours after injection, embryos
were transferred to 0.1X MMR with 3% Ficoll.
After 24-36 hours embryos were either peeled
and fixed for stage 18-22 embryos or cultured
in 0.1X MMR until the desired stage. After neu-
ral tube closure all injected embryos were
sorted based on left, right or bilateral fluores-
cence. DUX4 mRNA was injected at 500 pg,
250 pg, 100 pg, 10 pg, 1 pg, and 0.5 pg along
with 500 pg EGFP mRNA. DUX4c mRNA was
injected at 1 ng along with 500 pg EGFP. pitx1
was injected at 150 pg and 50 pg along with
500 pg EGFP. Control EGFP mRNA injections
were performed at 500 pg.

TUNEL assay

TUNEL staining of whole-mount Xenopus em-
bryos was carried out using a protocol adapted
from Hensey and Gautier [26]. All procedures
were carried out at room temperature unless
noted otherwise. Embryos were fixed for 1 hr. in
MEMFA, (100 mM MOPS (pH 7.4), 2 mM EGTA,
1 mM MgS04, 4% formaldehyde). Embryos were
washed in methanol 2 x 30 min. and stored in
methanol at -20°C. For rehydration, half of
methanol was replaced with PBS and washed 5
x bmin. The embryos were washed with PBT
(0.2% Tween-20 in PBS), 2 x 15 min., followed
by 2 x 15 min. washes in PBS. Embryo pigment
was removed by treatment for 1-2 hours in 1%
H202, 5% Formamide, and 0.5X SSC under
bright light, and washed 3 x 15 min. in PBS.
Embryos were transferred to terminal deoxynu-
cleotidyl transferase, (TdT), buffer (Invitrogen)
and washed for 30 min. End labeling was car-
ried out overnight in TdT buffer containing 0.5
mM digoxygenin-dUTP (Roche Diagnostics), and
150 U/ml TdT (Invitrogen). Embryos were then
washed 2 x 1 hr. in PBS/1 mM EDTA, at 65°C,
followed by 4 x 1 hr. in PBS. Detection and chro-
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mogenic reaction was carried out as previously
described [27]. Embryos were viewed and
stored following rehydration in 1X PBS.

In situ hybridizations

Embryos were staged according to Nieuwkoop
and Faber [28], fixed 1-2 hrs in MEMFA, washed
2 x 30 min in 100% methanol and stored in
100% methanol at -20°C until use. The EGFP,
Xenopus myoD, pax3, and myf5 antisense
probes generated as previously described [17].
The pitx1 probe was generated by linearizing
pGEM pitx1 with Sall and using T7 RNA poly-
merase transcription to generate digoxigenin
(DIG) -11-UTP (Roche Diagnostics) antisense
RNA probes. In situ hybridizations were per-
formed according to standard methods [27] and
detected with alkaline phosphatase (AP) linked
anti-DIG antibody (Roche Diagnostics) and the
chromogenic substrates BCIP (5-Bromo-4-chloro
-3-indolyl phosphate, toluidine salt) and NBT
(Nitro blue tetrazolium chloride) (Roche Diag-
nostics). Embryos were refixed overnight in
Bouin’s fixative, followed by washing in 70%
ethanol/30% PBS-Tween 0.1%, and pigment
was removed by treatment for 1-2 hours in 1%
H202, 5% Formamide, and 0.5X SSC under
bright light. Embryos were then washed in
methanol 10 minutes and transferred to 1mM
EDTA in PBS or glycerol for analysis and photog-
raphy.

Immunohistochemistry

Embryos were staged and fixed as above, rehy-
drated in PBS-DT (1% DMSO, 1% Tween-20) and
washed for 15 min in PBS-DT. Samples were
blocked in 0.1M glycine, 2% milk, 1% BSA, 1%
Tween-20 and 1% DMSO for 4 hours at room
temperature or overnight at 4°C. Primary anti-
bodies were diluted in blocking solution as fol-
lows: Skeletal muscle marker (12/101) diluted
1:3 or NCAM (4d) diluted 1:20 were incubated
with embryos overnight at 4°C and detected
using a HRP secondary (GE Healthcare) with a
DAB staining kit from (Roche Diagnostics). For
paraffin sectioning, tadpoles immunostained for
12/101 or NCAM were dehydrated through an
EtOH series, placed in 50/50 EtOH/Xylene for
10 minutes, washed twice with 100% Xylene,
embedded in paraffin, positioned, and sec-
tioned using a microtome. The 12/101 mono-
clonal antibody, developed by J.P. Brockes, and
the NCAM 4d monoclonal antibody, developed
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by U. Rutishauser, were obtained from the De-
velopmental Studies Hybridoma Bank devel-
oped under the auspices of the NICHD and
maintained at The University of lowa, Depart-
ment of Biological Sciences, lowa City, IA
52242,

qRT-PCR

For each sample, total RNA was purified from
10 pooled embryos using Trizol reagent
(Invitrogen) per manufacture’s protocol. RNA
was then treated with 1U RQ1 DNase (Promega)
per 1ug RNA for 30 min. at 37 °C. cDNA synthe-
sis was preformed using 1ug of total RNA, 50ng
of random hexamer, and Superscript |l
(Invitrogen) per manufacture’'s suggested
method. Relative transcript levels were deter-
mined using 1ul of (1:20 diluted) cDNA (in tripli-
cate), iQ SYBR Supermix, and gene specific
primers (myoD: 5 TGCCAAGAGTCCAGATTTCC
3’, 5’ CAGGTCTTCAAAGAAACTCATGTC 3’; myfb:
5" GCTTATCTAGTATTGTGGATCGG 3’, 5’ CTGGTT
TGTTGGGTGTAAGG 3’; pitxd: 5 CATGAGCA-
GAAGTGATTGAC 3’, 5’ GTAAAGTGAGTCCTTTGTC
TCC 3’; gapdh: 5 GGTGAAGGTTGGAATTAACGG
3’, 5" GATCAGCTTGCCATTCTCAG 3’) on a Bio-
Rad iCycler 1Q machine. Experiments were pre-
formed at least 3 times. Data analyses were
preformed using the comparative Ct method
and error bars are + standard error of the mean.
Changes were determined using the two tailed
student’s t-test and considered significantly
different at a P-value <0.05.

Results

Expression of DUX4 and pitx1 lead to cellular
loss while DUX4c expression has minimal effect
on development

The early development of X. laevis was used as
a model system to determine the effects of
FSHD candidate genes DUX4, DUX4c, and pitx1
expression levels on vertebrate development. In
normal human tissues, DUX4 and DUX4c ex-
pression is undetectable and the proteins are
neither required for nor involved in any known
normal cellular function. The human 4q35
DUX4 and DUX4c genes are not conserved out-
side of their double homeobox domains and
Xenopus do not possess any orthologs. There-
fore, we assayed the effects of the presence of
DUX4 or DUX4c during muscle development
compared to a background of no expression.
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Conversely, the pitx1 transcription factor, as
was the case with frgl, is highly conserved be-
tween mammals and Xenopus in protein se-
quence, function, and developmental expres-
sion [29]. For this gene, we assayed the effect
of increasing its expression during development
as well as expression outside its normal devel-
opmental profile.

To determine the effects of DUX4 and DUX4c
expression, and elevated levels of pitx1 during
development, one side of early four cell-stage X.
laevis embryos were injected with the corre-
sponding mMRNAs as well as mRNA encoding the
EGFP marker mRNA. The developing embryos
resulted in animals overexpressing the desired
proteins on the injected side (confirmed by fluo-
rescence) while co-developing a control, unin-
jected side. To study any tissue-specific effects
on muscle, titration experiments with DUX4,
pitx1, and DUX4c mRNA were performed and
the numbers of abnormally developing embryos
were observed. Abnormal development was
scored as any abnormality observed during de-
velopment, regardless of severity. Similar to
previous data from cultured myoblasts, we
found that our initial injection level of 100 pg
DUX4 mRNA was highly toxic to the embryos
(Figure 1A & 1K). Embryos were arrested by
stage 9 with an overall apoptotic appearance
throughout the entire embryo. This severe phe-
notype occurred in all embryos injected with
100 ng (n = 13), 50 pg (n = 26), and 25 pg (n =
19) examined, although developmental arrest
occurred slightly later with less DUX4 mRNA
(Figure 1A & 1K). This severe apoptotic pheno-
type resulting in early developmental arrest was
never observed in EGFP injected (n = 119) or
uninjected (n = 600) controls (Figure 1J & 1K).
Unlike 100 pg, injection of 10 pg DUX4 mRNA (n
= 426) resulted in toxicity generally restricted to
the injected side 72 hours post-injection (Figure
1B). The heavy cellular loss in the injected side
led to a small embryo and eventual arrest, likely
due to gastrulation or neurulation defects
caused by DUX4 expression. Further reducing
the level to 1 pg DUX4 mRNA (n = 166) resulted
in a low percentage of animals which were able
to progress through and complete closure of
their neural tubes (Figure 1C); however, all 1 pg
DUX4 injected embryos tested showed massive
apoptosis by TUNEL staining (Figure 1D). A fur-
ther 2-fold reduction to 0.5 pg DUX4 mRNA (n =
213) resulted in a significant increase of normal
developing embryos, suggesting the effect of
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Figure 1. DUX4 and pitx1 induce developmental abnormalities. A) Injection of 100 pg DUX4 mRNA leads to early de-
velopmental arrest (stage 9) and apoptosis compared to control embryos (arrow). B and C) Injection of10 pg and 1 pg
of DUX4 mRNA lead to developmental abnormalities on only the injected side of embryos (white arrowhead). D)
TUNEL assay on 1 pg DUX4 mRNA injection shows apoptosis in embryos (blue staining) compared to control injec-
tions (white arrow). E) Injection of 0.5 pg DUX4 mRNA allows some normal development (blue arrow) compared with
abnormal developing animals (white arrowhead). F) Normally developing 0.5 pg DUX4 mRNA injected embryo is indi-
cated by expression of co-injected EGFP (top) compared with the uninjected, non-fluorescing side (bottom, shown as
a bright field image). G) Injection of 150 pg pitx1 mRNA results in developmental abnormalities on the injected side
(white arrow head). H) Embryos injected with 50 pg pitx1 mRNA are developmentally normal (compared with G). | and
J) The effect of 1ng DUX4c mRNA injection (I) is similar to EGFP controls (J). K) Summary of percent abnormal em-
bryos observed in mRNA injection experiments with number of animals analyzed for each set.
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DUX4 is either cellular toxicity or nothing (Figure
1E). Even in these embryos, the fluorescence of
the EGFP appeared patchy (Figure 1F), suggest-
ing that though they appeared to have pro-
gressed through development normally, DUX4
had still led to cellular loss. Therefore, consis-
tent with other systems, DUX4 expression is
extremely cytotoxic in developing Xenopus [19,
24].

DUX4 is capable of inducing PITX1 expression in
mouse C2C12 cell culture suggesting PITX1
misexpression as a possible mechanism for
DUX4-mediated pathology [6]. To determine the
effect of aberrantly induced pitx1 expression,
we bypassed DUX4 expression and microin-
jected mRNA encoding Xenopus pitx1 into em-
bryos as above. Similar to injections of DUX4
mRNA, we found that both 500 pg (n = 272)
and 300pg (n = 122) of pitx1 mRNA led to early
embryo arrest while injection of 150 pg pitx1 (n
= 254) led cellular loss specifically on the in-
jected side leading to a curled phenotype and
gastrulation or neurulation defects (Figure 1G &
1K). Injections of 50 pg pitxI mRNA (n = 122)
had no obvious effects on development (Figure
1H & 1K). Thus, while pitx1l overexpression is
cytotoxic, developing embryos are much more
tolerant of pitx1 overexpression than DUX4 ex-
pression suggesting that DUX4 cytotoxicity is not
mediated through the activation of pitx1.

The analysis of the third FSHD candidate gene,
DUX4c, produced results that were a stark con-
trast to the effects of DUX4 and pitx1. Microin-
jections of as much as 1ng of DUX4c mRNA
(n=477) only lead to a modest increase over
uninjected background levels of developmental
abnormalities, yet still far fewer and less in se-
verity than seen with a 2000-fold lower amount
of DUX4 mRNA (Figure 11 & 1K). Because
DUX4c shares an identical double homeobox
domain with DUX4, the fact that a 2000-fold
increase in MRNA produced only minor develop-
mental problems indicates that a strictly com-
petitive interaction with Pax3 and Pax7 for DNA
regulatory targets is not responsible for the
DUX4 phenotype.

Cytotoxicity mediated by DUX4 and pitx1 is not
muscle specific

The symptoms associated with FSHD are pri-

marily muscular and often combined with a less
prominent vascular component. Taking into ac-
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count the generally accepted model whereby
the FSHD1A deletion leads to an epigenetic
upregulation of gene expression, one would
expect the effect of a viable candidate gene’s
systemic expression to be primarily seen in tis-
sues affected in FSHD as is the case with frg1.
In order to determine if muscle was specifically
affected by DUX4, pitx1, or DUX4c expression,
injected embryos were analyzed for differenti-
ated muscle and neurologic tissue by immu-
nostaining with the 12/101 or NCAM antibod-
ies, respectively (Figure 2 & 3). Due to the se-
vere loss of tissue in the 1 pg DUX4 and 150 pg
pitx1 injected animals, the figures depict some
of the best developing and staining animals, as
most failed to form a complete neural tube clo-
sure and were consequently too curled to cap-
ture the staining pattern in photographs.

Immunostained animals were qualitatively de-
termined to exhibit normal, depleted, or absent
levels of immunostaining on the mRNA injected
side (Figure 2). Embryos scored as depleted
included those exhibiting highly dispersed but
significant staining, missing somites and somite
disruptions, and a significantly thinner somite
area.

DUX4 injected embryos were first analyzed for
affects on the developing muscle. Qualitative
inspection of 1 pg DUX4 injected embryos
stained with 12/101 (n = 45, missing n = 22,
depleted n = 23) indicate a severe loss of mus-
cle tissue by the lack of 12/101 immunostain-
ing specifically on the injected side of the em-
bryo (Figure 2A’ and 2B’ compared to Figure 2A
and 2B). However, transverse paraffin section-
ing revealed these animals had a weak appear-
ance of staining due to a build up of cellular
debris between the 12/101 stained muscle
near the notochord/neural tube and the lateral
edge of the injected side (Figure 2B and 2F).
The area of the myotome on the injected side
was significantly decreased due to cellular loss.
We find a large increase in the number of em-
bryos with normal 12/101 staining when we
inject 0.5 pg DUX4 mRNA (n = 87, missing n =
27, depleted n = 31) and this increase in nor-
mally stained embryos corresponded well to the
number of normally developing embryos (Figure
2I’ compared to 2I, 2J, Figure 3).

Muscle is the primary affected tissue in FSHD.

To determine if DUX4 was similarly cytotoxic to
tissues unaffected in FSHD, neurons were as-

Int J Clin Exp Pathol 2010;3(4):386-400
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Figure 2. Expression of DUX4 and pitx1 but not DUX4c affect muscle and neural tissue development. A-H) DUX4 (1
pg) injected embryos show depletion of 12/101 (A, B, E, and F) and NCAM (C, D, G, and H) immunostaining and cellu-
lar loss specifically on the mRNA injected side (*) in wholemount (A, A’, D, E, E’, and H) and transverse sections (B, C,
F, and G). Wholemount (I, L) and transverse sectioned (J, K) DUX4 (0.5 pg) injected embryos have normal 12/101 (I,
J) and NCAM (K, L) staining and myotome development on the injected side (*). Wholemount (M, P) and transverse
sectioned (N, O) DUX4c (1 ng) injected embryos have normal 12/101 (M, N) and NCAM (O, P) staining and myotome
development on the injected side (*). Wholemount (Q, T) and transverse sectioned (R, S) pitx1 (150 pg) injected em-
bryos show depletion of 12/101 (Q, R) and NCAM (S, T) immunostaining, abnormal myotome development and cellu-
lar loss specifically on the injected side (*). Wholemount (U, X) and transverse sectioned (V, W) U-X) pitx1 (50 pg)
injected embryos show no depletion of 12/101 (U, V) and NCAM (W, X) immunostaining and exhibit normal myotome
development with no cellular loss on the injected side (*). Wholemount (Y) 1 ng EGFP (1 ng) injected embryos have
normal 12/101 staining when compared to the uninjected side.

We conclude that the cellular loss mediated by
DUX4 is not restricted to muscle.

sayed in 1 pg DUX4 injected embryos (n = 24).
Immunostaining for NCAM, which at stage 34 of
Xenopus development is confined to neural tis-

sue, resulted in levels of missing (n = 13) and Embryos injected with pitx] mRNA were simi-

depleted (n = 11) NCAM staining similar to that
of 12/101 (Figure 3). In several animals the
NCAM staining was specifically depleted in the
area of the eye (Figure 2D & 2H) and transverse
sections revealed that often the neural tube
staining was depleted as well (Figure 2C & 2H).
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larly analyzed for muscle and neuronal defects.
The injection of pitx1 led to developmental ab-
normalities similar to those seen with DUX4
albeit at a much higher concentration of mRNA.
As with the DUX4 injections, 150 pg pitx1 mRNA
injections (n = 64) led to depletion (n = 32) and

Int J Clin Exp Pathol 2010;3(4):386-400
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Figure 3. Summary of DUX4, DUX4c, and pitx1 mediated affects. Graphic summary of results from Figure 2, showing
percent of animals with missing, depleted, or normal 12/101 and NCAM immunostaining.

loss (n = 31) of 12/101 immunostaining from
the injected side (Figure 2Q’ compared to 2Q,
2R). This effect was dose dependent, with 50 pg
pitx]I mRNA (n = 71) causing almost no loss of
12/101 immunostaining (missing n = 2, de-
pleted n = 11) (Figure 2U’ compared to 2U, 2V).
Similarly, the 150 pg pitx1 injection (n = 8) led
to depleted (n = 6) or missing (n = 2) NCAM im-
munostaining (Figure 2S & 2T), while 50 pg
pitx1 injection (n = 19) did not (Figure 2W &2X).

Despite the lack of any significant gross devel-
opmental defects (Figure 1l), DUX4c injected
embryos were assayed for muscular and neu-
ronal alterations. Differences were expected in
the myotome based on previous findings of
DUX4c mediated inhibition of myoblast differen-
tiation [20, 25]. However, when stained with
12/101, 1 ng DUX4c mRNA injected embryos (n
= 89) still displayed normal immunostaining
(Figure 2M’ compared to 2M, 2N) with abnor-
malities (missing n = O, depleted n = 10) com-
parable to EGFP mRNA injected controls (n =
41, missing n = 0, depleted n = 3) (Figure 2Y,
2Y’, Figure 3). Similarly, the NCAM staining of
DUX4c injected embryos (Figure 20 & 2P) had
abnormalities (n = 14, missing n = 0, depleted n
= 1) similar to NCAM stained EGFP mRNA
injected controls (n = 15, missing n = O, de-
pleted n = 1) (Figure 3). We conclude that
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DUX4c levels have no effect on the developing
musculature or neurons.

DUX4 eliminates myoD, myf5, and pax3
expression profiles

DUX4 expression led to the loss of 12/101 im-
munostaining indicating differentiated muscle
was degraded or missing. To determine if DUX4
expression leads to a loss of muscle cell precur-
sors, in situ hybridizations with probes against
myoD, myf5, or pax3 were performed (Figure 4).
In stage 34 embryos from the 1 pg DUX4 mRNA
injections, the expression of all three of these
markers was missing in a large majority (myoD
n = 60/62; myf5 n = 12/20; pax3 n = 23/28)
(Figure 4A’, 4B’, & 4C’ compared to 4A, 4B, &
4C). Assaying earlier in development, stage 20
DUX4 injected embryos were missing expres-
sion of pax3 (n = 11/20) (Figure 4G). Although
the markers myf5 and pax3 were depleted, the
entire tissue, including neural tissue was af-
fected. When taken into consideration with our
previous findings that the DUX4-meidated de-
fects began at gastrulation (Figure 1A) and we
conclude that the DUX4-mediated cellular loss
occurs prior to stage 20 and therefore is clearly
not muscle specific.

Unlike DUX4, DUX4c had little to no observable
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Figure 4. Effects of DUX4 and DUX4c on myoD, myf5, and pax3 mRNA expression patterns. A-F) Stage 32-34 embryos
were assessed for observable defects produced by DUX4 (A-C) and DUX4c (D-F) by in-situ hybridization for myogenic
regulators. Injection of DUX4 (1 pg) mRNA into developing embryos decreased myoD (A, A’), myf5 (B, B”), and pax3
(C, C’) staining specifically on the injected side due to cellular loss. Injection of DUX4c¢ (1 ng) mRNA into embryos pro-
duces no observable changes in myoD (D, D’), myf5 (E, E’), or pax3 (F, F’) staining intensities when compared to the
uninjected side. G) Stage 20 embryos injected with DUX4 (1 pg) mRNA show depletion of pax3 staining before skele-
tal muscle development. H) Stage 20 embryos injected with DUX4c (1 ng) mRNA does not affect pax3 staining. I)
Summary graph showing the percentage of observed in situ probe depleted embryos injected with DUX4 and DUX4c.

fect on the expression of myoD, myf5, and pax3
(myoD n =5/31; myf5 n =0/8; pax3 n = 0/30)
(Figure 4D’, 4E’, & 4F’ compared to 4D, 4E, &
4F, respectively). Similarly, no change was ob-
served in pax3 staining at stage 20 in embryos
injected with 1 ng DUX4c mRNA (n = 0/12)
(Figure 4H). Quantitative reverse transcription
PCR (qRT-PCR) was used to determine the tran-
script levels of the myogenic regulators myoD or
myf5 when injected with 1 ng DUX4c mRNA.
Neither stage 20 embryos (n = 30) nor stage 34
embryos (n = 20) have statistically significant
differences in myoD or myf5 transcript levels
when compared to EGFP mRNA injected con-
trols normalized to gapdh (Figure 5). Thus,
DUX4c has no effect on muscle precursors or
myogenic regulators. Moreover, we found no
significant changes of myogenic regulators by
gRT-PCR on remaining intact tissue from 1 pg
DUX4 stage 34 injected embryos, further sug-
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gesting DUX4 has a strictly apoptotic role
(Figure 5).

DUX4 and DUX4c expression reduce
endogenous pitx1 expression

FSHD affected muscle has elevated levels of
PITX1 transcript and in cell culture assays DUX4
activates transcription of PITX1 [6]. Endogenous
pitx1 expression was examined by in situ hy-
bridization in 1 pg DUX4 and 1 ng DUX4c in-
jected stage 34 X. laevis embryos. During early
X. laevis development (prior to hind-limb devel-
opment), observable pitx1 expression is con-
fined to the cement and pituitary glands, and
this expression pattern is not altered by expres-
sion of either DUX4 (Figure 6A’ and 6A; n = 23)
or DUX4c (Figure 6B’and 6B; n = 27). Although
there is no statistically significant change in
stage 20 embryos, surprisingly, analysis of
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Figure 5. Global levels of myoD and myf5 mRNA in DUX4 and DUX4c injected embryos. Levels of mRNA were quanti-
fied by qRT-PCR for myoD and myf5 in DUX4c (1 ng) or DUX4 (1 pg) injected embryos. Fold change is normalized to
gapdh levels and compared to EGFP mRNA at a relative level of 1; error bars are + standard error of the mean.
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Figure 6. Neither DUX4 nor DUX4c can induce pitx1 expression. A-B) In situ hybridizations for pitx1 indicate that nei-
ther embryos injected with DUX4 nor DUX4c mRNA upregulate pitx1. C) Graphic summary showing none of the em-
bryos tested by in situ hybridization had obvious upregulation of pitx1, as illustrated by percent embryos without in-
creased probe, with numbers of animals assayed. D) Quantification of pitx1 mRNA in DUX4c (1 ng) or DUX4 injected
embryos as determined by qRT-PCR. Fold change is normalized to gapdh and compared to EGFP at a relative level of
1; error bars are tstandard error of the mean. Significance (p-value < 0.05) is indicated by (*).
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stage 34 transcript levels by gRT-PCR showed
that pitx1 expression was actually reduced by
DUX4c and DUX4 when compared to EGFP con-
trols (p-value < 0.05) (Figure 6D). We conclude
that neither DUX4 nor DUX4c expression acti-
vates pitx1 expression in vivo.

Discussion

Multiple candidate genes have been proposed
as causal of FSHD pathophysiology based on
selective upregulation in FSHD patient-derived
tissues or cell lines [6, 8, 10, 13, 30]. However
inconsistent results, likely due in part to varia-
tions within and between FSHD patient biopsies
as well as culturing conditions, have made it
unclear which gene(s) are misexpressed. Previ-
ously we used X. laevis as a developing verte-
brate model to analyze the effects of altering
the expression levels of frgl. In the current
study, we have used this same system to simi-
larly analyze the effects of three additional
FSHD candidate genes, DUX4, DUX4c and pitx1,
on vertebrate muscle development.

X. laevis is a well-defined model system for mus-
cle development with many advantages includ-
ing external development, cells grow and differ-
entiate under normal growth and environmental
conditions giving rise to all tissues, and gene
expression is easily manipulated through micro-
injection or transgenesis. In addition, Xenopus
and humans share high levels of conservation
of tissue organization, developmental proc-
esses, genes, and proteins. For example, the
conservation of some muscle and FSHD associ-
ated proteins between human and Xenopus are
as follows: FRG1 (80% identity, 88% similar),
PITX1 (77% identity, 84% similar), PAX3 (91%
identity, 96% similar) including 100% conserva-
tion of the homeodomain (aa 220-277), PAX7
(88% identity, 94% similar) including 100% con-
servation of the homeodomain (aa 217-274),
MYOD1 (65% identity, 75% similar), and MYF5
(69% identity, 84% similar), as determined by
alignments using NCBI BLAST Alignp. In con-
trast, DUX4 and DUX4c belong to the DUX family
of double homeobox domain proteins but do not
have Xenopus orthologs. In fact, when consider-
ing the entire protein sequence, including that
residing outside their homeodomains, they both
completely lack evolutionary conservation and
appear to be unique to humans. Even the most
closely related DUX4 ORFs in mice [31-34] show
levels of sequence similarity (31% amino acid
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identity for the Duxbl protein aligned to DUX4
using the ClustalW function of BioEdit Sequence
Alignment Editor software) far below what is
expected for mouse to human conservation.
Without any clear ortholog available, the human
sequences for DUX4 and DUX4c were used for
these studies.

We have confirmed the toxic effect of DUX4 ex-
pression in the context of normal vertebrate
development during stages of active myogene-
sis. By differential staining of neuronal and mus-
cle tissues in DUX4 injected Xenopus embryos,
we observe massive cellular loss of both tissue
types and thus toxicity to not be muscle specific.
Moreover, DUX4 injected X. laevis embryos
show heavy TUNEL staining, indicating the func-
tion of DUX4 to induce apoptosis is conserved in
Xenopus. Interestingly we have identified an
extremely low threshold level of DUX4 mRNA
(0.5 pg) required for developmental abnormali-
ties in Xenopus, at which point embryos appear
to be either apoptotic or normal on the injected
side. Although “non-toxic levels” of DUX4 in
myoblast cell culture has been shown to impair
differentiation [24], we observed no change in
myotome development unless it was accompa-
nied with generalized tissue apoptosis. This ob-
servation suggests that DUX4 has an “all or
nothing” effect in Xenopus; we observe either
severe developmental consequences or no ef-
fect on normal development of the organism.

The toxic effects of DUX4 are proposed to be
due to the similarity of the homeodomains with
those of myogenic regulators involved in devel-
opment and regeneration such that DUX4 com-
petes for their binding to regulatory sites [24].
The DUX4 homeodomain sequences are similar
to ortodenticle (otx) and paired (prd) classes of
proteins [35-37]. Otx and Pax proteins repre-
sent two families containing otx and prd ho-
meodomains, respectively. Otx1 and Otx2 func-
tion in the nervous system [38], while the Pax3
and Pax7 proteins have known functions in the
development of skeletal muscle and Pax7 in the
maintenance of muscle satellite cells [39]. In
support of the DUX4 competition model, MyoD,
a well characterized target of Pax3 activation
during development and Pax7 in adult myogene-
sis [40-42], was shown to be rapidly down regu-
lated by DUX4 in a inducible C2C12 myoblast
cell line system [24]. Considering Xenopus pax3
and pax7 homeodomains are 100% conserved
with human PAX3 and PAX7, if DUX4 is function-
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ing as a competitor of both PAX3 and PAX7 tar-
get genes, and consequently an antipodal regu-
lator of myogenic genes in myoblasts, we would
expect this competition to also be conserved in
our study. In phenotypic DUX4 injected em-
bryos, we observed a reduced level of myoD and
myf5 staining by in situ hybridization when com-
pared to EGFP controls. Furthermore, DUX4 in-
jected embryos showed that pax3 transcripts,
the upstream regulator of myoD, was absent by
stage 20 of Xenopus development indicating
DUX4 toxicity precedes muscle development.
These data lead us to conclude that the DUX4
injected Xenopus phenotype is likely due to
massive apoptosis on the injected side of the
individuals and not resulting from muscle cell
specific competition for pax3/7 targets. Taking
into account that an aberrant increase in apop-
tosis is not generally considered to be part of
the muscle pathology in FSHD [43, 44], this
data could be consistent with DUX4 having a
role in FSHD muscle pathology provided DUX4 is
either only expressed at very low levels if at all
under normal conditions and is only overex-
pressed in the muscle cell precursors of FSHD
patients and not any other cells.

DUX4c, located within a truncated and inverted
D4Z4 repeat located just centromeric from the
FSH1A locus, has been shown to be up-
regulated in FSHD [20, 22]. The gene encodes
an ORF identical to DUX4 except for differing in
the last 82 amino acids which are substituted
with 32 unrelated amino acids. Interestingly, the
C-terminal substitution leaves DUX4c with the
exact homeodomains found in DUX4. This, in
theory, would enable DUX4c to interact with all
of the same genetic targets of DUX4. Therefore,
considering 100% conservation of pax3/7 ho-
meodomains from human to Xenopus, expres-
sion of DUX4c should also compete with the
pax3 and pax7 for myogenic target genes and
thus lead to myogenic abnormalities in
Xenopus. Interestingly, 1ng DUX4c mRNA injec-
tions (2000 fold over DUX4 threshold levels)
produce only a slight increase in abnormal
Xenopus development, further indicating the
DUX homeodomains do not compete with pax3
or pax?7 for myogenic target genes. In two previ-
ous studies, DUX4c has been shown to inhibit
myoblast differentiation and down-regulate
MyoD [20, 25]. Oddly, both studies investigate
effects of DUX4c on Myf5 expression in identical
myoblast cell lines and find opposite results;
one finding Myf5 is down-regulated [25], while
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the other shows an up regulation of Myf5 [20].
Interestingly, differences between FSHD and
control DUX4c levels were only observed in myo-
tubes, after the effects on myoblast differentia-
tion would have passed [20]. We observed no
obvious changes in staining patterns for myoD
or myf5 in DUX4c injected Xenopus embryos by
in-situ hybridization and mRNA levels are not
significantly different from that of EGFP injected
controls by qRT-PCR. This study on the effects
of DUX4c on myogenic regulators in a vertebrate
going through muscle development leads us to
conclude that DUX4c expression has no overt
effects on muscle development and is not con-
sistent with DUX4c expression having a role in
FSHD pathology.

The FSHD candidate PITX1 is a member of the
paired family of homeodomain transcription
factors [45]. Multiple studies focused on PITX1
shows it is involved in specification of hind limb
identity, as well as left-right symmetry [46-51]. It
was recently shown that DUX4 could activate
transient expression of a reporter gene fused to
the PITX1 promoter as well as the endogenous
PITX1 gene in transfected C2C12 cells [6]. Al-
though the sequence of the pitx1 promoter is
unknown in X. laevis, the fact that DUX4 main-
tains its characteristic ability to induce apop-
tosis suggests it is interacting with its conserved
targets. Taking into consideration that DUX4
and DUX4c contain identical homeodomains we
tested their potential to regulate pitx1. At stage
34 pitx1 is characteristically expressed at high
levels in the cement gland [29, 52, 53]. We
found no obvious increase of pitx1 in DUX4 or
DUX4c injected embryos. Interestingly, we did
see a statistically significant (p-value <0.05)
decrease in pitx1 mRNA in DUX4c or DUX4 in-
jected stage 34 tadpoles assayed by qRT-PCR.
We conclude that neither DUX4 nor DUX4c in-
duce pitx1 in Xenopus and DUX4-mediated
apoptosis is not mediated through activation of
pitx1. To directly test the effects of overexpres-
sion of pitx1, we circumvented the issues re-
lated to DUX4 expression by directly increasing
pitx1 through microinjection and determine the
effects on Xenopus development. As with DUX4,
we observed severe, general (not muscle cell
specific) developmental abnormalities when
pitxl was overexpressed in Xenopus, agreeing
with previous reports [53]. Like DUX4, these
abnormalities likely arise from the induction of
apoptosis, as increased pitx1l expression has
been shown to directly lead to increased p53

Int J Clin Exp Pathol 2010;3(4):386-400



FSHD candidate genes and muscle development

expression and cellular loss [54]. This result is
consistent with PITX1 playing a role in FSHD
assuming it is only overexpressed in muscle
lineages of FSHD patients.

At this point, the mechanism of FSHD patho-
physiology remains unknown. In total we tested
the effects of systemic overexpression of four
FSHD candidate genes on vertebrate develop-
ment in our Xenopus system. We have found
systemic overexpression of DUX4c has little ef-
fect while DUX4 and pitx1 produce a general
cytotoxicity to all cell types in developing em-
bryos. FSHD is likely an epigenetic disorder but
it is not known if the cause of FSHD is a mis-
regulation of a gene specifically restricted to
skeletal muscle and its precursors or if there is
a global misregulation of a gene with skeletal
muscle myogenesis being specifically suscepti-
ble. Only if it is the former, and DUX4 and PITX1
were exclusively overexpressed in skeletal mus-
cle precursors, could they have a role in FSHD
pathology. We know no mechanism whereby
DUX4 or PITX1 cytotoxicity could produce the
vasculature phenotype strongly associated with
FSHD. In respect to DUX4c we conclude it likely
has no role in FSHD pathology, however, it is
possible multiple candidates including DUX4c
could function together to produce a synergistic
effect ultimately resulting in FSHD-like pathol-
ogy. This compares poorly to FRG1 from our
previous studies where systemic overexpression
of frgl could recapitulate both major symptoms
of FSHD in Xenopus, dystrophic muscle and
increased angiogenesis [17, 18]. Taken to-
gether, the functional and phenotypic data point
to FRG1 as the most likely candidate whose
misexpression, either systemically or specifically
during myogenesis, leads to FSHD pathology.
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