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Evolutionary Conservation of a Coding Function for D474, the
Tandem DNA Repeat Mutated in Facioscapulohumeral Muscular

Dystrophy

Jannine Clapp, Laura M. Mitchell, Daniel J. Bolland, Judy Fantes, Anne E. Corcoran,
Paul J. Scotting, John A. L. Armour, and Jane E. Hewitt

Facioscapulohumeral muscular dystrophy (FSHD) is caused by deletions within the polymorphic DNA tandem array
D474. Each D4Z4 repeat unit has an open reading frame (ORF), termed “DUX4,” containing two homeobox sequences.
Because there has been no evidence of a transcript from the array, these deletions are thought to cause FSHD by a position
effect on other genes. Here, we identify D4Z4 homologues in the genomes of rodents, Afrotheria (superorder of elephants
and related species), and other species and show that the DUX4 ORF is conserved. Phylogenetic analysis suggests that
primate and Afrotherian D474 arrays are orthologous and originated from a retrotransposed copy of an intron-containing
DUX gene, DUXC. Reverse-transcriptase polymerase chain reaction and RNA fluorescence and tissue in situ hybridization
data indicate transcription of the mouse array. Together with the conservation of the DUX4 ORF for >100 million years,
this strongly supports a coding function for D4Z4 and necessitates re-examination of current models of the FSHD disease

mechanism.

Facioscapulohumeral muscular dystrophy (FSHD [MIM
158900]) is the third most common muscular dystrophy
in whites, with an autosomal dominant pattern of inher-
itance and an incidence of ~1 in 20,000.! The disease is
caused by a unique and enigmatic mechanism; almost all
cases of FSHD are associated with contractions within a
DNA tandem array (D4Z4) that is located in the subtelo-
meric region of chromosome 4q35.>* The number of 3.3-
kb repeat units within this array is highly polymorphic,
varying between 11 and 100 in unaffected individuals. In
patients with FSHD, one allele has <10 repeats.* However,
loss of a complete D4Z4 array on one allele does not result
in the disease, suggesting that the repeats themselves play
a role in FSHD. A similar tandem array is located on chro-
mosome 10g26 and has 98% nucleotide identity to
D474.>° Although this chromosome 10q locus is also poly-
morphic, short arrays are not associated with FSHD.* The
4q telomere has two variants, termed “4qA” and “4gB.”°
However, D474 deletions result in FSHD only when they
occur on a 4qA chromosome.’

The underlying mechanism whereby these deletions
cause FSHD is still unclear.* D474 repeats contain two
dispersed repeat elements (LSau and hhspm3) that are
characteristic of heterochromatic regions of the human
genome.*’ One widely held view is that D4Z4 has a non-
coding, regulatory function and plays a role in the for-
mation or maintenance of heterochromatin at the 4q
telomere, repressing the expression of genes within chro-
mosome 4q35. In this epigenetic model, contractions of

the array below a threshold number of repeats alters the
local chromatin organization, resulting in loss of repres-
sion of one or more nearby genes.* Because the D474
repeat unit contains a substantial ORF (DUX4) with the
potential to encode a homeodomain protein,®® an alter-
native mechanism has been proposed in which the FSHD
deletions perturb the expression of this putative homeo-
box gene.'” However, no transcript from the array has been
identified; consequently, D474 is generally considered to
represent an accumulation of pseudogenes and to have
only a noncoding function.

Although there is some experimental evidence to sup-
port the chromatin hypothesis for FSHD, it remains un-
proven. This region of 4q is not decorated by histone mod-
ifications that are characteristic of heterochromatin.'
Although chromosome 4q35 is spatially associated with
two heterochromatic domains within the nucleus, the nu-
clear envelope, and the nucleolar region, there is no dif-
ference in 4qter nuclear localization between FSHD cells
and controls.'*"* D4Z4 has a high GC content (71%) and
is highly methylated.® Partial hypomethylation of the
D474 array has been reported in patients with FSHD,'**
but patients with immunodeficiency, centromeric insta-
bility, and facial anomalies (ICF) syndrome (who have mu-
tations in the DNA methyltransferase gene DNMT3B)
show extensive hypomethylation of D4Z4 but no mus-
cular dystrophy symptoms,'® arguing against a causal role
for the methylation status of the repeat in FSHD.

Gabellini et al."” identified a repressor protein complex
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The figure is available in its entirety in the online
edition of The American Journal of Human Genetics.

Figure 1. ClustalW alignment of ape D4Z4 repeats. The legend
is available in its entirety in the online edition of The American
Journal of Human Genetics.

bound to D474 and postulated a cis-acting model in which
loss of repeats from D4Z4 results in a decrease in the
amount of repressor complex that is bound and a con-
comitant loss of transcriptional repression of chromosome
4q35 genes. RT-PCR data in that study showed increased
expression of three chromosome 4q35 genes (FRG1, FRG2,
and ANT1) in FSHD muscle samples.'” However, this gene-
expression data has not been reproduced by other studies
using microarray and quantitative and allelic RT-PCR ap-
proaches.'®*' Although transgenic mice expressing very
high levels of human FRGI in skeletal muscle do develop
a muscular-dystrophy phenotype, the lack of robust data
supporting up-regulation of this gene in patients means
that the relationship between FRG1 and FSHD is unclear.

Little is known about D4Z4 sequences in other organ-
isms. In original comparative studies, D4Z4 homologues
were identified only in higher primates, and the DNA se-
quences of these loci were not determined.”>** Physical-
mapping data showed that genomes of great apes (chim-
panzee, gorilla, and orangutan) all have D4Z4-related
arrays at orthologous chromosomal locations.?** In ad-
dition, these species also contain many related, dispersed
3.3-kb repeats; as in humans, these are found primarily
at heterochromatic locations, such as on acrocentric
chromosomes.?*?* Old and New World monkeys also con-
tain two D4Z4-like arrays, equivalent to the human 4qter
and 10qter loci, but appear to lack significant numbers of
the dispersed repeats.>*

Here, we have taken advantage of the extensive DNA
sequence data from whole-genome projects to re-examine
the extent of D4Z4 evolutionary conservation. We have
identified D4Z4 homologues in several mammalian spe-
cies, allowing us to infer the evolutionary history of this
locus and to identify a protein-coding function for the
repeat.

Material and Methods
Identification and Analysis of Genomic Sequence

To identify sequences with similarity to D474, the human repeat
sequence was used to search the National Center for Biotech-
nology Information Trace Archive by use of discontinuous me-
gablast (BLAST). Trace files for each species were downloaded and
then were assembled and manually edited using Sequencher (Ge-
necodes). Reiterative rounds of searching were then used to iden-
tifty all matching traces within the appropriate archive. Inter-
spersed DNA repeat elements were identified using RepeatMasker.
Species for which sequence data were assembled were chimpanzee
(Pan troglodytes), orangutan (Pongo pygmaeus pygmaeus), rhesus

The figure is available in its entirety in the online
edition of The American Journal of Human Genetics.

Figure 2. Clustal alignments of primate D4Z4 sequences. The
legend is available in its entirety in the online edition of The
American Journal of Human Genetics.

macaque (Macaca mulatta), white tufted-ear marmoset (Callithrix
jacchus), tree shrew (Tupaia belangeri), mouse (Mus musculus), rat
(Rattus norvegicus), tenrec (Echinops telfairi), hyrax (Procavia ca-
pensis), and African elephant (Loxodonta africana). Apes have two
D4Z4-related arrays, corresponding to the human 4q35 and
10926 loci.”' In our sequence assemblies, lack of linkage infor-
mation meant that it was not possible to assign individual se-
quences to a specific paralogue; hence, the consensus sequences
are presumably derived from a mixture of the two loci. A search
of several Laurasiatherian (dog, cat, and cow) or nonmammalian
(zebrafish and chicken) genome sequences failed to identify D474
homologues in these species. Intron-containing DUX homo-
logues were identified by blastx (BLAST) searches of genome as-
semblies in the Ensembl database. Because homeodomains are
generally highly conserved, sequences were assigned as DUX
genes only if they met at least one of the following criteria: con-
servation of synteny with the human genes, a putative mRNA
encoding two DUX-like homeodomains, or exon organization
matching known DUX genes.

Statistical and Phylogenetic Analysis

Assembled nucleotide sequences from primate D4Z4 repeats were
aligned using ClustalW.”® These alignments are shown in figures
1 and 2. Pairwise divergence between aligned ORF and non-ORF
sequences from human, chimpanzee, and orangutan was assessed
with a 2 x 2 x? test for heterogeneity. Neutrality of aligned ORF
sequences from human, chimpanzee, orangutan, macaque, and
marmoset was tested using the codeml option in PAML, version
3.15,% by comparing the likelihoods of model O (single « value)
versus model 1 (nearly neutral: two w values) and model 2 (pos-
itive selection: three w values, allowing one to be >1).

For phylogenetic analysis, the DUX homeodomain amino acid
sequences were aligned using ClustalX.”” Phylogenetic trees were
computed with the maximum-likelihood method by use of
PROML in the PHYLIP package®® (version 3.6), with the Jones-
Taylor-Thornton model of amino acid substitution. Output trees
were drawn using Phylodendron. To evaluate the confidence of
the maximume-likelihood tree, PROML analysis (jumble = 10) was
performed using a bootstrap set of 100 pseudoalignments gen-
erated by SEQBOOT, and the consensus tree was computed with
CONSENSE. Bootstrap values for equivalent nodes were placed
onto a representative maximum-likelihood tree in figure 3.

Metaphase FISH

Probe labeling, DNA hybridization, and antibody detection were
performed as described elsewhere.”” Chromosome preparations
were made from C5BL/6] mouse spleens by use of standard meth-
ods. A cosmid (cosmid 6) and a plasmid insert (Dux_4) were
mapped to metaphase spreads, by use of inverted 4',6-diamidino-
2-phenylindole (DAPI) staining, to obtain a G-banded pattern for
chromosome identification. The localization was confirmed by
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Phylogenetic relationships of DUX proteins. The unrooted maximum-Likelihood tree was generated from the aligned, con-

catenated homeodomain amino acid sequences by use of the PHYLIP package. Branches are scaled according to evolutionary distance.
Numbers at nodes represent bootstrap values. The asterisk (*) indicates the location of the rodent Dux node. For both DUXA and DUX4,
the chimpanzee and human proteins are identical across the homeodomains; therefore, only the human orthologues are included in
the tree. Similar tree topologies were generated using UPGMA and neighbor-joining methods (data not shown).

dual hybridization with a biotin-labeled mouse chromosome 10—
specific paint (Cambio).

Physical Mapping

DNA preparation, digestion, electrophoresis, transfer, and hy-
bridization were performed using standard protocols.* For South-
ern analysis, genomic DNA (10 pg) was digested with the restric-
tion enzyme indicated. For pulsed-field gel electrophoresis
(PFGE), high-molecular-weight DNA from C57BL/6] or CD1 mice
embedded in agarose blocks was digested with EcoRV, and frag-
ments were separated by electrophoresis by use of CHEF DRII
(BioRad).

RT-PCR

DNase treatment was performed using TURBO DNA-free (Am-
bion), in accordance with the manufacturer’s instructions, by use
of 10 ug RNA and 2 U or 4 U DNase. A OneStep reaction (Qiagen)
was performed in a total volume of 50 pl, containing 1 pg of
DNase-treated RNA. After amplification, 15 pl of reaction mix was
analyzed on a 2% agarose gel. For a “no reverse transcriptase”
control, RNA was added to the reaction mix only after the heating
to 95°C had inactivated the reverse-transcriptase enzyme. The
exact annealing temperatures and extension times depended on
the primers used and the size of the expected product. Primer
sequences and reaction details are provided in table 1.

RNA FISH

Appropriate PCR products were cloned into pGEM-T Easy (Pro-
mega), for probe generation. For mouse Dux, this was 2,078-3,179
bp of EMBL accession number AM398151 (Dux_6). For Gec2, the
probe corresponded to 993-2,593 bp of GenBank accession num-
ber NM_027375. Probe generation and RNA FISH of mouse sple-
nocytes was performed as described elsewhere.*’ Images of the
DAPI stain and the fluorescein isocyanate (FITC) and Texas Red
signals of the same region were taken using a black and white
camera and were saved as JPEG files before being opened in Adobe
Photoshop, where color was added. For FITC (green), the color
settings were hue 120, saturation 100, and light —50; for Texas
Red (red), the color settings were hue 360, saturation 100, and
light —50; and, for DAPI (blue), the color settings were hue 240,
saturation 100, and light —50. The files were then layered on top
of each other to produce a composite image.

In Situ Hybridization of Tissue Sections

In situ hybridization was performed on frozen and wax sections
as described by Rex and Scotting,* by use of the same mouse Dux
probe (Dux_6) as in the RNA-FISH studies. Digoxigenin (DIG)-
labeled probes were produced using a T7/Sp6 labeling kit (Roche).

Generation of Epitope-Tagged Proteins

The full-length mouse Dux ORF (2,025 bp) was cloned in-frame
into the pEGFPN1 vector (Clontech) to give the construct Dux-

266 The American Journal of Human Genetics Volume 81

August 2007 www.ajhg.org



Table 1.

Primers Used in the Mouse Dux RT-PCR Analysis

Primer Sequence

‘ (5-3) Annealing ProFiuct
Primer Temperature Size
Name Forward Reverse (°C) (bp)
Dux_2 GCACTCAAGCAGACAGCACA  GTGTCCATTTGCTCCCATGT 57 400
Dux_5 CAGCACATGCAGGAAGATGA  TCAGACCCCCTTCCTTGACT 57 720
Dux_7 ACTTCTAGCCCCAGCGACTC CCATGCTGCCAGGATTTCTA 57 212
Dux_10 GCCCACAGCTCAAGATCAAG  ATCAAGGAGGGGTTCCAGAG 59 210
Dux_13 CCAACCTTCTGCAGAGAATCC ~ CACTTGGGAAGGCTTGGACT 57 309
Dux_3 GAATGGGGGTCTCAGATTGC ~ TGCCTGTACTTCCTGCTTCTTC 57 489
Dux_ATG1  TTTAAGGGGCAGTGGTCACA  CCAGCTCCTTCCTCTCCTTG 59 310
Dux_ATG2  AGTCGATTCTCCCAAGGTGA GGAGCCTCTGATGGACCTCT 57 273
Dux_TGA1  AACTGCTGACCGAAGTCCAA  CATTTCGGGAAGTCACTGGA 57 278
Dux_TGA2  AACTGCTGACCGAAGTCCAA  CACAGCTCTGCATGAAGCAT 57 626

EGFP. An amino-terminal enhanced green flourescence protein
(EGFP)-tagged construct (EGFP-Dux) was made by cloning the
ORF in-frame into the pEGFPC3 vector (Clontech). Constructs
were also made that encoded either the N-terminus and the dou-
ble homeodomain region or just the C-terminus. For the N-ter-
minus and homeodomain regions, 1-566 bp of the Dux ORF were
cloned in-frame into either pEGFPN1, to give the construct
DuxHD-EGFP, or into pEGFPC3, to give the construct EGFP-
DuxHD. For the C-terminal region, 580-2,025 bp of the ORF were
cloned in-frame into pEGFPC1, to give the construct EGFP-
CtermDux.

Cell Culture and Transfection

C2C12 myoblasts were grown and maintained in Dulbecco’s
modified Fagle medium supplemented with 10% fetal calf serum
and were transfected using Effectene transfection reagent (Qia-
gen). To examine EGFP expression, cells were seeded onto glass
coverslips. Forty-eight hours after transfection, cells expressing
EGFP constructs were washed in PBS, were fixed with 4% para-
formaldehyde in PBS, and were washed in PBS before being
mounted in VectaShield mounting medium with DAPI.

Results
Codon-Based Analysis of Primate Sequences

We used megablast (BLAST) to identify DUX4 homologous
sequences in shotgun-trace databases for four primates:
chimpanzee (P. troglodytes), orangutan (P. pygmaeus pys-
maeus), rthesus macaque (M. mulatta), and white tufted-
ear marmoset (C. jacchus). Although draft genome assem-
blies are available for several of these species, we chose to
search the raw shotgun data directly because of the in-
herent problems in correctly assembling tandem arrays.
For each species, the locations and orientation of mate
pairs, the high density of clones, and the identification of
nucleotide variants (none of which disrupt the DUX4 ORF)
indicate that the D474 sequences are arranged as tandem
arrays. This is consistent with previous genomic mapping
data.” The consensus sequences have been deposited in
EMBL, and a schematic diagram of each repeat unit is
shown in figure 4.

D474 orthologues were identified in all these primates,
but only the DUX4 homeobox ORF is conserved in all the
species. Although the chimpanzee and orangutan repeats

could be aligned to human D4Z4 along the whole 3.3-kb
unit (fig. 1), alignment of the Old and New World monkey
consensus sequences with those of apes was possible only
over three regions: the ORF, a short stretch of DNA im-
mediately upstream of the ORF, and the LSau repeat (fig.
2).

Statistical comparison of these primate nucleotide se-
quences suggests significant conservation of the DUX4
ORE. There is significantly less substitutional divergence
between aligned human and chimpanzee sequences in the
ORF (1.8%) than in non-ORF positions (3.1%; P~ .022).
Significantly less ORF divergence is also seen between
aligned human and orangutan sequences (P~ 4 x 107%).
The 3.1% human-chimpanzee non-ORF divergence at
D474 is significantly higher than the genome average of
1.23%* but is not higher than the 3.5% reported at the
Xp/Yp subtelomeric region,* which is consistent with the
observed high divergence seen in subtelomeric regions.**
A codon-based analysis of aligned primate DUX4 ORFs
rejected a null hypothesis of neutrality (P~ 1.3 x 107"
in a likelihood-ratio test against a maximum-likelihood
model in which ~40% of sites are conserved by selection.
Therefore, we conclude that DUX4 has not been preserved
by chance but has been conserved by selection.

Conservation of DUX4 ORF in Nonprimate Mammals

We next identified D4Z4 homologues in several other
mammalian species: the tree shrew (T. belangeri), mouse,
rat, tenrec (E. telfairi), hyrax (P. capensis), and African el-
ephant (L. africana). The presence of D4Z4-related arrays
in hyrax, tenrec, and elephant indicates an ancient origin
for this repeat, since all these species are members of the
Afrotheria, a deeply rooted mammalian order that di-
verged from other eutherian mammals >100 million years
ago.*®

Comparison of the organization of all these mammalian
loci identifies two very striking properties of these D474-
related sequences (fig. 4). First, there is maintenance of
the DUX4 OREF in all the species. In contrast, apart from
the ape sequences, there is little nucleotide similarity out-
side this ORF, even between relatively closely related spe-
cies such as humans and Old or New World monkeys.
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Figure 4. Schematic diagram of mammalian D4Z4-related repeat units. Repeats and sequence elements are drawn to scale. DNA repeat
elements were identified using RepeatMasker. Sequence elements are shaded according to the key and are defined in the EMBL database
entries. The macaque D4Z4 repeat has an insertion of 4.4 kb of mtDNA sequence that has not interrupted the DUX4 ORF. Such nuclear
DNA sequences of mitochondrial origin (NUMTs) are found in many eukaryotes.”® Human sequence is from EMBL accession number
AF117653, and rat sequence is from BAC clone CH230-14H6 (EMBL accession number AC135091). Other sequences are for chimpanzee
(P. troglodytes [EMBL accession number BNO00980]), orangutan (P. pygmaeus [BN000981]), rhesus macaque (M. mulatta [BN000983]),
white tufted-ear marmoset (C. jacchus [BN000982]), tree shrew (T. belangeri [BNO00984]), mouse (M. musculus [AM398147]), tenrec

(E. telfairi [BNO00990]), hyrax (P. capensis [BNO00988]), and African elephant (L. africana [BN000989]).

Second, all the homologues are organized as multiple
copies in a head-to-tail arrangement, where the repeat
units in an array are almost identical within a species but
differ between species. Examination of genome scaffold
assemblies and physical-mapping data* indicates that
these mammalian arrays typically contain at least 10 re-
peat units.

Thus, D474 arrays exist in distantly related mammalian
species and are not confined to primates, as suggested else-
where.** The DUX4 ORF is conserved in all these arrays,
indicative of a protein-coding function. The high level of
nucleotide divergence between the human and mouse
homeodomain sequences presumably accounts for the
failure of previous DNA-hybridization approaches to iden-

tify this locus. We did not identify any homologues out-
side the taxon Eutheria, so D4Z4 sequences may be con-
fined to placental mammals.

Evolutionary Relationships of D4Z4 Arrays and Mammalian
Intron-Containing DUX Genes

Recently, two human intron-containing DUX genes
(DUXA and DUXB) were reported by Booth and Holland,*”
who proposed that D474 may have originated from a ret-
rotransposed copy of DUXA. We examined the relation-
ship of the intronless DUX4 ORFs in the D4Z4-related
sequences with DUXA and DUXB. First, mammalian in-
tron-containing DUX genes were identified by database
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searching, and we then used synteny information (when
available), gene organization, and phylogenetic analysis
to assign these genes into four paralogous groups: DUXA,
DUXB, DUXC, and DUXB-like (Duxbl) (table 2). No intron-
containing DUX genes were identified in nonmammalian
organisms.

Orthologues of both DUXA and DUXB are present in a
wide range of mammalian species, including members of
the superorders Laurasiatheria, Euarchontoglires, and Af-
rotheria. The dog genome contains a third intron-con-
taining DUX gene (DUXC) in addition to DUXA and
DUXB; potential DUXC orthologues were also found in
cow and armadillo. Mouse and rat appear to lack ortho-
logues of DUXA, DUXB, and DUXC. However, an intron-
containing DUX gene was identified, and, on the basis of
genomic location and phylogenetic analysis, we have as-
signed this gene as Duxbl (table 2).

In phylogenetic trees of >200 homeodomains, all the
intron-containing and intronless DUX sequences clus-
tered together, indicating that they represent a distinct
class of homeodomain proteins (data not shown). We
next performed more-extensive phylogenetic analysis of
the DUX-type homeodomains. The predicted amino acid
sequences of the homeodomains were aligned using
ClustalX (fig. 5a); only those proteins for which both hom-
eodomains were identified with certainty were included
in this alignment. For each protein, the two homeodo-
mains were then concatenated and aligned; this align-
ment was then used to generate phylogenetic trees. Figure
3 shows an unrooted maximume-likelihood tree, with the
branch lengths scaled to indicate relative evolutionary
distances. From the genomic data and this phylogenetic
analysis, we infer that there has been a complex pattern
of DUX gene duplication and loss during mammalian
evolution.

The DUXA proteins form a distinct cluster within the
tree, with a bootstrap value of 100%. The bootstrap sup-
port for the grouping of the mammalian DUXB proteins
is also strong (69%), although the primate order is poorly
resolved in this branch. Together with the synteny data,
this indicates that both DUXA and DUXB genes existed in
the common ancestor of all mammals. Because we could
not identify either DUXA or DUXB in mouse or rat ge-
nomes, even though these have been sequenced to great
depth, it is likely that both genes have been lost in the
murine lineage. Although the relationship of the Duxbl
genes to the other DUX loci is less clear, the murine Duxbl
branch roots to the base of the DUXB tree with good boot-
strap support (69%), indicating that this gene probably
arose from duplication of an intron-containing DUX gene
in a common mammalian ancestor but has subsequently
been lost except in the rodent lineages.

Implications for the Evolutionary Origins of D4Z4

Our data have allowed us, for the first time, to postulate
the evolutionary history of D4Z4. The primate and Af-

Table 2. Mammalian Intron-Containing
DUX Genes

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.

rotherian DUX4 and DUXC homeodomains cluster to-
gether in the maximum-likelihood tree (fig. 3). Apart from
tree shrew, the topology of the DUX4 tree reflects that of
mammalian phylogeny, indicating that the primate and
Afrotherian DUX4 sequences are orthologues that arose
from amplification of a retrotransposed copy of DUXC. In
addition to the homeodomain regions, there is a short
stretch of C-terminal residues that is conserved only in
DUXC, DUX4, and the murine Dux proteins (fig. 5b), sup-
porting a common ancestral relationship between these
genes. We found no evidence of the existence of intron-
containing DUXC genes in primates or Afrotheria, nor
could we identify any DUX4 arrays in Laurasiatheria. Thus,
we infer that the ancestral DUX4 array and DUXC were
both present in the common ancestor of all mammalian
orders ~105 million years ago, with DUX4 giving rise to
the human D474 array. The DUX4 array has been lost from
Laurasiatheria, and DUXC is lost in both the Afrotherian
and primate lineages. Thus, D474 represents a tandem
array of homeodomain ORFs that has been conserved for
>100 million years of evolution.

The location of the rodent Dux node (indicated by an
asterisk in fig. 3) outside this DUX4/DUXC group indicates
that, despite the conserved C-terminal region, the mouse
and rat Dux arrays probably originated from an indepen-
dent amplification of a retrotransposed DUX-type gene
before mammalian radiation. Therefore, we have desig-
nated the rodent array sequences as Dux, rather than
DUX4, to indicate that their relationship is likely to be
paralogous, rather than orthologous. This model implies
that, within the genomes examined in this study, this Dux
array was retained only in rodent lineages. The long
branch lengths indicate that the murine Dux sequences
are evolving rapidly. Thus, whatever their evolutionary
origin, these mouse and rat loci are the only DUX arrays
in these species, they are the most closely related rodent
sequences to human DUX4, and they share a conserved
C-terminal region with DUX4 proteins.

There are no naturally occurring animal models of
FSHD, and this has severely limited mechanistic studies
of the disease. The identification of a potential homologue
of D474 in the mouse raises the possibility of engineering
a mutation that might mimic the FSHD deletions. There-
fore, we examined the organization of this locus in more
detail and examined whether the mouse Dux array is
transcribed.

Physical Mapping of the Mouse Dux Array

We identified several cosmid and BAC clones containing
mouse Dux sequences, and mapping of these clones con-
firmed the tandem-array organization. Five independent
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Homeodomain 1

a Human DUXA 15:H TKFTEE[LKI LEINTE ARHGFQK: 74
Chimp DUXA 15:H TKFTEE[LKI I\LEENTE ARHGFQK: 74
Macaque DUXA 15:H TKFTED@ELKI JIN\LEENTE ARQRFQK: 74
Dog DUXA 15:H TKFTEDPMLKI HQCQK: 74
Mouse Dux 18:R SGEEG: 77
Rat Dux 17:8 TGEVR: 76
Cow DUXC 18:8 R RSKQS: 79
Treeshrew DUX4 15: ARRR RARQA: 74
Dog DUXC 15: PRRR QLRQS: 74
Human DUX4 19:G R QLRQH: 78
Chimp DUX4 19: GRRR QLRQH: 78
Orangutan DUX4 19:GRRER QLRQH: 78
Macagque DUX4 19:G R QLRQH: 78
Marmoset DUX4 19 : GRRK RLRQH: 78
Hyrax DUX4 15:G Q RIHASRSRKS: 74
Elephant DUX4 15:G E RIJAGLLRKS: 74
Tenrec DUX4 15: DRRK : 74
Armadillo DUXC 15:ARRK CLREG: 74
Mouse Duxbl 14:A R LEOKHIHKIRKQAE: 73
Rat Duxbl 14:A R LEQKHIJKIRKQVE: 73
Human DUXB 14:FWRN KNYJVKQRKLD: 73
Chimp DUXB 14 : FWRN YIIVKQRKLD: 73
Macagque DUXB 15: FWRN YIIVKQRKLD: 74
Dog DUXB 17:TWQG K A KNHIJAKQRRLE: 76
Hedgehog DUXB 5:AWQG| ; 1 HIdSKQRQLG: 64
Elephant DUXB 5:KVQK : Q QiIKKQRQLR: 64
Homeodomain 2
Human DUXA 101:A C E LLLQR:160
Chimp DUXA 101:ARRC E LLLQR:160
Macaque DUXA 101:ARRC E 1160
Dog DUXA 100 :D| C Q) :1589
Mouse Dux 110 : GRRP E :169
Rat Dux 108:SKRP Q QARAP:167
Cow DUXC 123:A K E QRS :182
Treeshrew DUX4 104 :GRERK R GRS:163
Dog DUXC 102 : GRRK s GQS:161
Human DUX4 91 : GRRK| E GQG:151
Chimp DUX4 91: GRRK E GQG:151
Orangutan DUX4 91: K E GQG:151
Macaque DUX4 91: GRRK E GQG:151
Marmoset DUX4 91: GRRK E GRA:151
Hyrax DUX4 147 : ARRK AQS:206
Elephant DUX4 103:A K VQs:162
Tenrec DUX4 100 : DRRK RPI:159
Armadillo DUXC 96 :ARRK GKT:155
Mouse Duxbl 94 :ARRS DPG:153
Rat Duxbl 94 :AGRS DPK:153
Human DUXB 101:ARQKQ p M SLYLKKS:160
Chimp DUXB 101:ARQKQ M SLYLKKS:160
Macague DUXB 102: E (M ENC:161
Dog DUXB 104: GQS:163
Hedgehog DUXB 92 :VKQDQ GQS:153
Elephant DUXB 92 :ABSNQ MSIFONOERQHLGHS : 153
h
b Chimp DUX4 369 : LA FLQQAQAFRETEAPGELEASEEAASHEAR - BSEEEYRARNEER- - - - - - - - 1421
Human DUX4 371 :LEM FLQQAQPLEETEAPGELEASEEAASLEAP - LEEEEYRALLEEL - - - - - - - - :423
Orangutan DUX4 370: FLOQRAQPFEETEAPGELEASEEAASEEPE - BSEEEVRABEEER- - - - - - - - 1422
Macaque DUX4 369: FLQQGQPLEETEAPTELQDVGEPALEBEPLLESDEEYRANNEER- - ---- - - 1422
Marmoset DUX4 371: FQQQARPFRETEPLGELKEVEELASEREPE - LEEEEYRALDLEE - - - - - - - - - 1422
Elephant DUX4 382: LQGKSQSFENADPQ-QEDPPQ----BOLS-BGDLDFRABEDABQD- - - - - - 1431
Hyrax DUX4 421: DADPE-EAGPPQPAPE QDSPAPEV:480
Dog DUXC 386: DEPPGP- - - QDSLWPQA:442
Cow DUXC 449: AATAIQDTPWSSPGSPAG-EEGVEAT-- - T PGSPGPG-:504
Treeshrew DUX4 419: IQEEASPDMQDKARAFH-SPGA-QEEDPLP - - - PELE - BEEEEF QANEDME - - - - - - - - 1466
Armadillo DUXC 374: CQETASLNEDSYEQ-DSTPAEP----- - QNSLKASL:427
Tenrec DUX4 438: IQQDAQPLVTQQES-GLVPEPP- - QFR-ISEELMEEYBRDF-------- 1486
Rat Dux 342: MEVRVETLSPGPVHLEGAVQQMDATP----ELE-EBSQOEENESAREDIER- - - - - - - - 1390
Mouse Dux 626: TEVQLEEQGPAPVNVEETW.QMATTP————DL -BTSEENOTFRDMR- ------- 1674

Figure 5. Clustal alignments of mammalian DUX proteins. a, Alignment of the two homeodomain regions. The alignment shows several
invariant or highly conserved amino acids; comparison with a homeodomain consensus sequence® indicates that the majority of these
either are hydrophobic residues associated with protein packing or are involved in DNA binding. The number of amino acid residues in
the linker region between the two homeodomains varies between both paralogues and orthologues; indeed, the hyrax DUX4 protein
has a repeated GQ motif that varies in copy number between D4Z4 repeats. An asterisk (*) indicates amino acid residues predicted to
be involved in DNA binding, and “h” indicates residues that are involved in packing of the structure and are usually hydrophobic in
homeodomains. b, Alignment of the C-terminal regions of DUXC, DUX4, and the mouse and rat Dux proteins. Residues that are invariant
in all species are highlighted in black. Residues that are conserved in at least 60% of sequences are highlighted in dark gray, with
conservative substitutions highlighted in light gray. Numbering relates to the sequence deposited in the EMBL database or transcript
information from Ensembl (table 2).



repeats from one cosmid clone (cosmid 6) were subcloned
and sequenced (EMBL accession numbers AM398147-
AM398151). Each mouse Dux repeat unit is 5 kb and con-
tains an ORF of 2 kb (fig. 6a). On Southern-blot analysis
of genomic DNA, Dux probes produce strongly hybridiz-
ing bands of the expected sizes, with only a few minor
bands, indicating that the majority of the Dux repeats
match the consensus sequence (fig. 6b). To confirm that
there is a single Dux locus in mice, we used FISH on met-
aphase chromosomes with either cosmid 6 (which con-
tains at least five repeat units) or a plasmid probe to part
of the repeat unit (Dux_4). Both probes produced a single
hybridization signal on chromosome 10 (fig. 6¢). There-
fore, unlike human and higher primate genomes, the
mouse genome does not contain significant numbers of
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Figure 6.

divergent, dispersed Dux sequences. There is no synteny
homology between this region of mouse chromosome 10
and the FSHD region on human chromosome 4q35; the
mouse Frgl gene maps to chromosome 8.*

To examine the long-range organization of the Dux ar-
ray, a probe to the repeat was hybridized to mouse ge-
nomic DNA digested with EcoRV, which does not cut
within the repeat unit. Surprisingly, in C57BL/6] mice, this
identified two strongly hybridizing bands of 50 kb and
90 kb and a much fainter band of 19 kb (fig. 6d). Whereas
several inbred strains of mice gave an identical hybridi-
zation pattern (data not shown), outbred CD1 mice
showed a more complex pattern, with additional bands
of ~70 kb and ~170 kb, suggestive of polymorphisms in
the Dux array size and/or number.

cD1
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Physical mapping of the mouse Dux locus. a, Schematic diagram of a mouse Dux repeat, indicating key restriction-enzyme

sites and the locations of probes used in this study. E = EcoRI; B = BamHI; H = HindIIIl. The ORF is shown as a shaded box, with
the homeoboxes in black. b, Southern blot of genomic DNA from C57BL/6J or CD1 mice probed with **P-labeled Dux_3. The filter was
washed under high-stringency conditions and was exposed for 4 h. ¢, FISH analysis of mouse chromosomes. For both the cosmid 6 and
the plasmid Dux_4 probes, a single signal was seen on mouse chromosome 10, identified by the chromosome paint in the cosmid 6
panel. d, PFGE analysis of EcoRV-digested genomic DNA. The filter was hybridized with **P-labeled Dux_5, was washed under high-
stringency conditions, and was exposed for 6 h. e, Map of the Dux array region, indicating the locations of BAC and cosmid clones.
Dux sequences are shown as red arrowheads. CEN = centromere; TEL = telomere; EV = EcoRV. There are three separate Dux clusters
that are not joined in the current mouse genome assembly. The dotted line indicates the unsequenced region. The mouse Dux locus
maps to an evolutionary chromosomal break point; genes that lie telomeric to the arrays have orthologues on human chromosome 2
(blue); genes that lie centromeric have orthologues on human chromosome 6 (green). We could not find any DUX-like sequences in
either of these human regions. f, Schematic map of the rat and mouse Dux loci (not to scale), following the Ensembl assembly (release
42). The rat genome sequence is incomplete for this locus. In the current assembly, the rat Dux sequences are located in two arrays,
with an intervening region of ~1 Mb. Comparison of gene order between mouse and rat indicates that there has probably been at least
one inversion and additional rearrangements in this region during recent murine evolution. Color coding of genes is as in panel e.
MMU10 = mouse chromosome 10; RNO20 = rat chromosome 20.
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Because the Ensembl Genome Browser showed that this
region of chromosome 10 contains a large gap within the
assembly, we produced a map of this locus, using sequence
information from shotgun assembly contigs combined
with physical mapping of our BAC and cosmid clones.
From these data, the mouse locus appears to contain three
separate but tightly linked Dux arrays. One array of two
complete and four partial units is present within BAC
clone RP24-142C15; this cluster corresponds to the 19-kb
EcoRV band seen by PFGE (fig. 6d). The 50-kb and 90-kb
fragments presumably represent two arrays of 10-18 re-
peats, only one of which could be anchored within our
genomic map. The intervening region contains several
EcoRV sites, accounting for the two fragments seen by
PFGE. Southern-blot analysis by use of rare-cutter restric-
tion enzymes is in agreement with this map (data not
shown). The gap in the assembly is likely to be the result
of inherent problems in the cloning and assembly of tan-
dem repeat sequences. Closure of this gap will require
identification and sequencing of additional BACs. There-
fore, we have identified a mouse homologue of D474 that,
like the human locus, is organized as a large tandem array,
with each repeat containing a Dux ORE

Expression of Mouse Dux Array and Bidirectional
Transcription

Although the human D4Z4 array has long been known to
have the potential to encode a homeodomain protein,®
no transcript from this locus has been demonstrated.
There are hundreds of dispersed copies of D4Z4-like se-
quences in the human genome, some of which are ap-
parently transcribed,®'****' although many of these are
clearly pseudogenes.®**° This background of highly related
sequences has complicated human RT-PCR analysis. The
apparent lack of significant numbers of dispersed copies
of the mouse Dux repeat suggested that expression studies
would be more straightforward for this species. There-
fore, we investigated whether the mouse Dux locus is
transcribed.

By RT-PCR, although we were unable to successfully am-
plify across the entire ORF, we used overlapping sets of
PCR primers to confirm that the whole ORF is transcribed
(fig. 7). Dux transcripts were amplified from a range of
tissues and in a range of embryonic stages (fig. 8a). Al-
though this PCR was not quantitative, the most robust
expression was detected in the CNS. In both muscle tissue
and in the C2C12 myoblast cell line (in both myoblasts
and differentiated myotubes), amplification was weak but
consistent. Because the Dux transcription unit lacks in-
trons, all RNA samples were treated rigorously with DNase
before amplification, and control reactions without re-
verse transcriptase were always performed.

We also used the independent method of RNA FISH to
test whether the array is transcribed. We used mouse sple-
nocytes because they are readily amenable to this proce-
dure and because we had shown that they express mouse

Dux by RT-PCR. An antisense probe for the nearby Gcc2
gene was used as a control (fig. 8b), and a sense Gcc2 probe
gave no signal (data not shown). A small but significant
number of cells showed colocalization of signals from Gcc2
and Dux (fig. 8¢), indicating generation of primary RNA
transcripts from the Dux array. Surprisingly, a sense Dux
probe also gave signals that colocalized with Gcc2, indi-
cating that antisense Dux transcripts were also being pro-
duced (fig. 8¢). The existence of this Dux antisense mRNA
was confirmed by RT-PCR (fig. 8d).

Since RT-PCR showed that the adult brain was a major
site of Dux transcription, we analyzed this in more detail
by in situ hybridization (fig. 8e¢). Signals were predomi-
nantly restricted to three areas: the inner granule layer of
the cerebellum, the dentate gyrus of the hippocampus,
and the olfactory bulb. Weak expression was also seen in
the cornu ammonis (CA) regions of the hippocampus (in-
dicated by arrows in fig. 8e). Since all these major sites of
expression are the regions where granule neurons are
found, we examined earlier stages of development, to de-
termine whether expression was restricted to this neu-
ronal subgroup. This verified that Dux transcripts were
present in immature precursors of granule cells in the ex-
ternal granule layer of the cerebellum (see expression in
postnatal day 8 [P8] cerebellum in fig. 8¢) and in the im-
mature dentate gyrus and olfactory bulb (data not shown).
In addition, in younger brains, we saw broader expression
in the cortex, the region around the lateral ventricles, and
scattered cells in other regions. Thus, the mouse Dux array
is transcribed in a broad range of immature cell types in
the brain, but strong CNS expression is maintained only
in granule cell populations in the adult. In all these
regions, the staining was strong and was indistinguishable
between sense and antisense probes, confirming the ob-
servations by RT-PCR and RNA-FISH that transcription is
approximately equal from both strands wherever this gene
is expressed.

Localization of Epitope-Tagged Mouse Dux Protein
to the Nucleus

If a homeodomain protein were produced from the mouse
Dux array, it would be expected to localize to the nucleus,
as shown elsewhere for epitope-tagged proteins corre-
sponding to the hypothetical translation product of a hu-
man DUX4 mRNA.** Therefore, we examined the location
of exogenously expressed epitope-tagged mouse Dux pro-
tein. Both N- and C-terminal EGFP-tagged Dux proteins
were restricted to the nuclei of transfected cells (fig. 9),
and V5-tagged constructs showed the same localization
pattern (data not shown). Constructs encoding only the
homeodomain regions also produced nuclear localization,
although the EGFP-tagged C-terminal domain localized
throughout the cytoplasm and nucleus (fig. 9). Therefore,
as for the human protein, the nuclear-localization signals
for the mouse Dux protein have been conserved and reside
within the homeodomain regions.
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Figure 7. RT-PCR analysis of the mouse Dux repeat. Representative agarose gels of RT-PCR and genomic PCR products. M = molecular-weight ladder; -ve = no template; -RT =
genomic DNA template. The ORF is indicated by the gray rectangle,

RNA added after inactivation of reverse transcriptase; +RT =

RNA present throughout the OneStep reaction; G =

and the homeobox sequences by the black boxes. The putative polyA addition site is indicated by the black triangle. Primer sequences and reaction conditions are provided in

table 1.
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Figure 8. Evidence of transcription from the mouse Dux locus. a, RT-PCR of mouse tissues by use of primers Dux_2f and Dux_2r, which
should give a product of 400 bp (table 1). RT indicates a control reaction, where RNA was added after inactivation of the reverse
transcriptase. dpc = days post coitum; C2C12 = mouse myoblast cell line. Dux transcripts were amplified from a range of tissues and
embryonic stages. Detection of amplification was robust in the brain. In muscle cells (both in vivo and in vitro), amplification was
weak but consistent. Sequencing of the products confirmed that they originated from the array. -ve = no template; -RT = control
reaction where RNA was added after inactivation of the reverse transcriptase. +RT = RNA present throughout the OneStep reaction.
b, Schematic representation of the mouse Dux and Gce2 loci, indicating the direction of transcription and the positions of the probes
used in RNA FISH experiments; both probes are 1.6 kb. Dux probes (Dux_6 in fig. 6a) were labeled with DIG, and Gcc2 probes with
dinitrophenol. ¢, Representative mouse splenocyte nuclei from RNA FISH experiments. Hybridized probes were detected with secondary
antibodies conjugated to FITC (for detection of DIG-labeled Dux probes) or Texas Red (for detection of DNP-labeled Gcc2 probes). In
both cases, an antisense probe was used to identify sense Gcc2 transcripts, and a sense Gcc2 probe gave no signal (data not shown).
However, for Dux, both antisense and sense probes gave signals that colocalized with Gcc2 signal, indicating that both sense and
antisense transcripts are generated from the array. d, RT-PCRs were performed, as for panel a, by use of 1 ug of DNase-treated 7-dpc
RNA, except that only one primer (as indicated) was included in the reverse-transcriptase step; the second primer was added after the
reverse-transcriptase enzyme had been inactivated. M = molecular-weight ladder; -ve = no RNA added; + = RNA present through
the OneStep reaction; — = RNA added after inactivation of reverse transcriptase; -F = control reaction in which the forward primer
was not included; -R = control reaction in which the reverse primer was not included; G = genomic DNA positive control. e,
Nonradioactive in situ hybridization analysis of mouse adult brain by use of the probe Dux_6. All sections are from adult mouse brain,
except for that from P8 cerebellum. In the hippocampus, the black arrow indicates the weakly stained CA region; a red arrow indicates
the dentate gyrus. EGL = external granule layer; IGL = inner granule layer. Scale bar = 100 um, except for hippocampus, for which
scale bar = 200 pm.
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Figure 9.

Localization of epitope-tagged mouse Dux protein to the nucleus. Fluorescence images are of EGFP-tagged Dux protein

constructs transfected into C2C12 myoblast cells. Nuclei are counterstained with DAPI. Both the full-length protein and the homeodomain
regions show nuclear localization. The tagged C-terminal region alone is distributed throughout the cell. Scale bar = 20 pm.

Discussion
Conservation of the D474 Array and Coding Function

Until now, the possibility that D474 is a gene has been
largely discounted, primarily because of the lack of evi-
dence of an mRNA.*'*** However, we present here data
that strongly indicate a protein-coding function for the
array. The DUX4 ORF has been conserved for >100 million
years, and analysis of primate sequences by use of a codon
model indicates selection for maintenance of a protein-
coding capacity. Importantly, in no species did we identify
any DUX4 homologues that contained stop codons. Al-
though the absence of stop codons from 420-aa DUX4
ORFs in 11 species across a total of >480 million years of
evolution is significantly different from expectation under
neutrality (P~ 2.4 x 107%), a selective constraint at the
RNA level (such as antisense function) could reduce the
ORF mutation rate to below the rate for neutral sequences
and thereby produce fewer stop codons than expected.
We therefore examined the observed mutation rate across
the whole DUX4 tree in 120 aligned homeobox codons.
Under the null hypothesis that there is no coding function
requiring an ORF, more than eight mutations creating stop
codons are expected in the entire tree, and the complete
absence of stop codons from the alignment is significant
(Poisson P~ 1.47 x 10°*). Overall, we conclude that DUX4
has not been preserved by chance but has been conserved
by selection and that the most likely explanation for this
selection is a protein-coding function.

In agreement with the proposed coding function, we
have demonstrated transcription from the mouse Dux ar-
ray and show that, like human DUX4,* exogenous ex-
pression of mouse Dux protein results in a nuclear-
localization pattern that is consistent with its expected
function as a transcription factor. Thus, contrary to the
long-held assumption that D474 is simply a heterochro-
matic DNA repeat, our data indicate a coding function for
this locus.

There are several explanations that might account for

the failure thus far to identify human D474 transcripts.
For example, the mRNA may be rare, expression might be
spatially or developmentally restricted (only a limited
number of human tissues and cell lines have been tested),
or the mRNA may be refractory to RT-PCR amplification
and/or cloning. Indeed, even though our in situ data
clearly demonstrate mouse Dux transcription, RT-PCR
analysis of this locus was not straightforward, since we
were unable to amplify the full-length mRNA. The evo-
lutionary selection at the codon level to maintain the
DUX4 ORF indicates that a D4Z4 protein is expressed.
Therefore, the case for a more thorough and meticulous
search for human D474 transcripts by use of a range of
approaches and tissues is now indisputable.

The tandem-repeat organization of D474 is unusual for
a gene but is not without precedent. Although tandemly
arrayed protein-encoding genes are rare in humans, two
verified examples are TSPY (an intron-containing, pla-
centa-specific, protein-encoding gene that is contained
within the 20-kb unit of the DYZ5 tandem array on the
Y chromosome**) and the deubiquitinating enzyme,
USP17, encoded by the RS447 tandem repeats on chro-
mosomes 4p and 8p.* Indeed, USP17 has several prop-
erties in common with DUX4; the RS447 repeat unit is a
similar size (4.7 kb), the copy number is polymorphic
(range 34-94), and the transcription unit is intronless. In
addition, like the mouse Dux array, both sense and anti-
sense RS447 transcripts have been reported. Antisense
transcription of RS447 is thought to provide a regulatory
mechanism for USP17%; thus, we speculate that antisense
Dux transcripts might have a similar function.

Although it was not unexpected to find homologues of
DUX4 in other mammals, it was surprising to find evo-
lutionary conservation of the tandem-array organization
and high repeat copy number. Such striking conservation
implies a functional requirement for a minimum copy
number of DUX4 units, and this might be relevant to
FSHD, in which a reduction in D4Z4 repeats below the
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threshold of 11 results in the disease. The tandem-array
organization of TSPY is conserved in other species and,
here, the high repeat copy may be a mechanism to protect
this Y-chromosome gene from deleterious mutations
and to maintain a critical dose of TSPY during human
spermatogenesis.*>*” Although the cytogenetic locations
of the Afrotherian arrays are unknown, all the primate
D474 repeats are found at telomeric locations.*** Human
subtelomeres are dynamic regions that are prone to DNA
rearrangements, making them potentially hazardous lo-
cations for genes to reside.*®*’ Therefore, it is possible
that the array structure of the DUX4 loci is also a mech-
anism for protection against mutation. However, the
mouse and rat Dux arrays are not located at telomeres, so
this appears to be an unlikely explanation for the rodent
gene organization.

Evolutionary Origins of D4Z4

The intronless DUX4 arrays presumably originated from
amplification of a retrotransposed pseudogene. The in-
tron-containing DUX genes, which also encode double-
homeodomain proteins, are the most likely candidates for
a progenitor gene.*” Our phylogenetic and synteny data
indicate that all four intron-containing DUX paralogues
existed before the mammalian radiation, with subsequent
loss of some paralogues in different lineages. Because the
sequence cover of most mammalian genomes is low and
because we used stringent criteria to assign putative DUX
genes, it is likely that we have underestimated the com-
plement of these genes for some species. As additional
genome sequences become available, it should be possible
to infer the complex evolutionary history of this mam-
malian gene family with more certainty.

The phylogenetic grouping and the conserved C-ter-
minal domain indicate that DUX4 most likely originated
from a retrotransposed copy of a DUXC gene, rather than
from DUXA as suggested elsewhere.*” Recent phylogenetic
analysis strongly supports the placement of Afrotheria at
the base of the Placentalia,* indicating that DUX4 was
present in the common ancestor of all mammals. The ar-
ray appears to have been lost in Laurasiatheria and Xe-
narthra but retained in Afrotheria and in primates, where
it gave rise to D4Z4. Alternatively, DUX4 may have
evolved twice, although the topology of the DUX4 branch
resembles that of the mammalian phylogenetic tree, ar-
guing against this. The rodent DUX arrays do appear to
have originated from a separate retrotransposon amplifi-
cation event. However, since the rodent Dux proteins
share a conserved C-terminal domain with DUX4 and
DUXC that is not present in other DUX proteins, we spec-
ulate that the progenitor for the rodent array might also
have been a DUXC gene.

Implications for the FSHD Disease Mechanism

Although first identified as potential homeobox gene,*®
D474 has long been regarded to be a pseudogene, and

current epigenetic models of the FSHD mechanism do not
take into account any possibility of a coding function for
D4Z4.* Since our data do indicate a coding function for
D474, the possibility that DUX4 is directly involved in the
disease must now be reconsidered. A disease model in
which DUX4 is overexpressed would explain the domi-
nant inheritance pattern and the requirement that at least
one copy of D4Z4 be present at 4qter for development of
the disease (complete loss of one 4q D4Z4 array does not
result in FSHD*). We note that cellular toxicity of over-
expressed exogenous human DUX4 has been reported,*
and we have also observed reduced cell viability in cells
expressing epitope-tagged mouse Dux protein (data not
shown), suggesting that cells are likely to be sensitive to
DUX protein levels. Evidence of a role for DUX4 in tran-
scriptional regulation comes from a study that identified
DUX4 fusions in two individuals with Ewing-like sarcoma
carrying the recurrent translocation t(4;19)(q35;q13).*° In
each case, the C-terminal region of DUX4 was fused to
the HMG box protein CIC, the human homologue of the
Drosophila transcriptional repressor Capicua,®* such that
the fusion protein—and, indeed, the C-terminal region
of DUX4 alone—now had the ability to activate CIC tar-
get genes.*® These data show that the DUX4 coding se-
quence has retained the ability to encode a transcriptional
activator.

Identification of a mouse homologue of D474 also raises
the possibility of development of a mouse model of the
FSHD mutation. Although it is uncertain whether the
mouse Dux array and human D4Z4 have equivalent func-
tions, we are now in a position to design strategies to test
this hypothesis. Currently, however, we can only speculate
how our mouse Dux data might relate to the FSHD disease
mechanism. The lack of evidence of D474 transcription
suggests that, if the human repeat is expressed, it is at very
low levels. In contrast, by RT-PCR, the mouse Dux gene is
widely expressed, with high levels in the CNS. FSHD typ-
ically has no CNS symptoms, except in a few very severe
cases.”> However, given that the FSHD mechanism is still
unclear, it is difficult to make predictions about tissue-
specific consequences of the D474 deletions. For example,
if DUX4 were overexpressed in FSHD, only some tissues
(perhaps those that normally express little or no protein)
might be affected.

Epigenetic models of FSHD propose that D4Z4 dele-
tions perturb chromatin structure and affect expression of
chromosome 4q genes.* Proposed mechanisms include
changes in nuclear localization and in DNA methylation.
There is evidence that the shortened D474 arrays in FSHD
are partially hypomethylated.'*'* However, rather than a
model of changes altering the expression of distant genes
(which have proved difficult to identify), our data support
a model in which such changes might lead to misexpres-
sion of DUX4.

D474 deletions must also occur within the correct ge-
nomic context to cause FSHD. Deletions within the chro-
mosome 10q array do not result in the disease.* Further-
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more, only deletions that occur on a chromosome bearing
a 4gqA-type telomere are pathogenic.” A model in which
FSHD is a result of misregulation of DUX4 does not im-
mediately explain these findings but, like the proposed
epigenetic mechanisms, implies that functionally impor-
tant sequences must reside outside the array. In our model,
such sequences would play a role in regulating DUX4
transcription.

In conclusion, this study has added significantly to our
understanding of the evolution of the D474 tandem array
and highlights the possibility that it plays a more direct
role in the FSHD disease mechanism than was previously
believed. For example, the simple prediction that FSHD is
caused by inappropriate expression of DUX4 itself rather
than that of unrelated, linked genes needs to be disproved
before a mechanistic role for the coding function of D474
in the disease can be disregarded.
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