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Facioscapulohumeral dystrophy (FSHD) is caused by decreased epigenetic repression of the D4Z4 macrosatel-
lite array and recent studies have shown that this results in the expression of low levels of the DUX4 mRNA in
skeletal muscle. Several other mechanisms have been suggested for FSHD pathophysiology and it remains un-
known whether DUX4 expression can account for most of the molecular changes seen in FSHD. Since DUX4 is a
transcription factor, we used RNA-seq to measure gene expression in muscle cells transduced with DUX4, and in
muscle cells and biopsies from control and FSHD individuals. We show that DUX4 target gene expression is the
major molecular signature in FSHD muscle together with a gene expression signature consistent with an
immune cell infiltration. In addition, one unaffected individual without a known FSHD-causing mutation
showed the expression of DUX4 target genes. This individual has a sibling with FSHD and also without a
known FSHD-causing mutation, suggesting the presence of an unidentified modifier locus for DUX4 expression
and FSHD. These findings demonstrate that the expression of DUX4 accounts for the majority of the gene expres-

sion changes in FSHD skeletal muscle together with an immune cell infiltration.

INTRODUCTION

Facioscapulohumeral dystrophy (FSHD) is a human muscular
dystrophy that initially affects the muscles of the face and
upper extremities, but can progress to affect most skeletal
muscles (1). The most common genetic cause of FSHD (FSHD1)
is the deletion of a subset of D474 macrosatellite repeats in the
subtelomeric region of chromosome 4; whereas the less com-
mon form of FSHD (FSHD?2) is caused, in the majority of
cases, by a mutation in the SMCHDI gene on chromosome 18
(2,3). The mutations for FSHD1 and FSHD2 both result in
decreased epigenetic repression of the D4Z4 repeat in somatic
tissue and mis-expression of a retrogene, DUX4, contained
within each D474 repeat on chromosome 4, as well as within
nearly identical D4Z4 repeats in the subtelomeric region of
chromosome 10 (4). Genetics strongly implicates the expression
of DUX4 as necessary for FSHD because decreased D4Z4 epi-
genetic repression, either due to contraction of the repeats or to
a mutation in SMCHDI, results in FSHD only in individuals

with a specific FSHD-permissive haplotype that contains a poly-
adenylation site for the DUX4 mRNA in the region adjacent to
the D4Z4 repeat (3).

Despite the overwhelming genetic evidence that DUX4
mRNA expression is necessary for FSHD, its primary role has
been questioned because of the extremely low abundance of
the DUX4 mRNA in affected FSHD muscle cells and biopsies.
However, the low mRNA abundance represents a variegated ex-
pression pattern with relatively high expression of DUX4 in a
small number of nuclei at a single time point, possibly being
expressed in short bursts in different muscle nuclei over time (5).

DUX4 isnormally expressed in the male testis. Antibody detec-
tion and in situ hybridization indicate that cells in the seminiferous
tubules are expressing DUX4, most likely the spermatogonia and
primary spermatocytes, although additional studies using dual de-
tection of lineage markers remain to be performed (5).

DUX4 is a double-homeobox transcription factor. When mis-
expressed in primary human muscle cells in culture, DUX4 binds
toadouble-homeodomain motifand activates the expression ofa
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broad set of genes, many involved in stem and germ cell biology
(6). Some of the DUX4 targets have been previously identified as
Cancer Testis Antigens, genes whose expression is normally
restricted to the immune-privileged germline that induce an
immune response when mis-expressed in cancer cells. Initial
studies showed that a selected set of six DUX4 targets were
detected by RT—PCR in FSHD muscle cultures and biopsies,
but not in control muscle, demonstrating that the low levels of
DUX4 mRNA expression in FSHD muscle was sufficient to ac-
tivate its downstream program of gene expression (6).

In contrast, expression array studies of skeletal muscle biopsies
did not identify DUX4 target genes as specifically mis-expressed
in FSHD (7). However, because of the low and variegated ex-
pression of DUX4 in FSHD muscle, it is perhaps understandable
that the targets of DUX4, also expressed at low levels, might not
be easily detected in discovery-oriented studies using expression
arrays. To determine whether a broader set of DUX4-regulated
genes could be identified as mis-expressed in FSHD muscle,
and whether other gene signatures that were not related to
DUX4 could be identified in FSHD, we performed RNA-seq
on both cultured muscle and muscle biopsies from control,
FSHDI1 and FSHD2 individuals. Our results identify DUX4-
regulated genes as the major difference between control and
FSHD, both muscle cells and biopsies, and that many of the
genes not regulated by DUX4 that are associated with FSHD bi-
opsies appear to be related to immune cell infiltration. These
results suggest that DUX4 is the major determinant of abnormal
gene expression in FSHD, together with an immune cell infil-
trate. In addition, similar to other studies, we found that some
individuals in FSHD families can express DUX4 and DUX4
target genes without the clinical manifestation of FSHD.

RESULTS

DUXA4 robustly induces a core set of genes in skeletal
muscle cells

Toidentify genes regulated by DUX4 in skeletal muscle cells, we
transduced a muscle biopsy-derived primary myoblast cell
culture (MB135) from a control individual and an immortalized
myoblast cell line (MB541) (6,8), both with a D4Z4 repeat in the
unaffected range, with a lentiviral vector expressing DUX4 or
GFP as a control. These control muscle cells do not express en-
dogenous DUX4 and the lenti-viral transduction achieved
DUX4 expression in most of the cells at a level roughly similar
to that detected in the rare DUX4-expressing cell in FSHD cul-
tures, based on immunodetection. Because the expression of
DUX4 induces apoptosis after 48 h, RNA was harvested at
24h (MBI135) and 48 h (MB541). RNA-seq identified 507
DUX4-up-regulated genes in MB135 and 643 in MB541 with
416 genes shared by the two cell types using stringent statistical
criteria (FDR <0.05, moderated log-fold-change > 1 [approxi-
mate linear fold change >2.71 see Materials and Methods)]. The
fold-change of DUX4-regulated genes in the two cell types was
highly concordant (Fig. 1A), including most genes that did not
meet the statistical threshold in both populations, indicating
that up-regulated genes specific to an individual cell type are
mostly marginal cases near the cut-off for statistical significance
rather than cell-type-specific targets of DUX4. The most robust
DUX4 targets, defined as the 213 up-regulated genes with a
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moderated log-fold-change >5 (linear fold-change greater
than 75) (Fig. 1A, purple data points and Supplementary Mater-
ial, Table S1), were generally not expressed in the absence of
DUX4 and were robustly induced by DUX4 in both muscle
cell cultures (Fig. 1B and C).

In contrast to DUX4 up-regulated genes, there were very few
genes down-regulated by DUX4. Compared with the lenti-GFP
control, 28 down-regulated genes were common to both cell
types. However, only one gene (CSF3) was also down-regulated
relative to a no-virus control. Most of remaining 27 genes were
involved in the innate immune response, consistent with our
prior demonstration that DUX4 represses the innate immune re-
sponse induced by lenti-viral transduction (6,9), a process partly
mediated by up-regulation of DEFB103, a defensin peptide
previously shown to block the innate immune response (9).

DUX4-regulated genes are mis-expressed in
FSHD muscle cells

To determine whether DUX4 targets, or other genes, are mis-
expressed in FSHD muscle cells, we compared gene expression
in primary muscle cultures from five FSHD individuals (three
FSHD?2 and two FSHD1) and three unaffected control indivi-
duals. In undifferentiated myoblasts, 90 genes showed increased
expression in FSHD cells compared with controls and over
one-half of these (51 genes) were among the subset of 213
robust DUX4-regulated genes identified in the transduction
experiments. In differentiated myotube cultures, 348 genes were
differentially up-regulated in FSHD cells compared with con-
trols, 158 of which were among the 213 most robust DUX4-
regulated genes (Fig. 1D, purple dots) and an additional 118
were induced 2.71-fold or more by DUX4 transduction in myo-
blasts but did not meet the more rigorous criteria for a DUX4
target (Fig. 1D, blue dots); whereas only 72 (~20%) differential-
ly expressed genes were not identified as regulated by DUX4
(Fig. 1D, olive dots and Supplementary Material, Table S2),
and only 18 of these met the statistical threshold in both FSHD
myoblasts and myotubes. Therefore, the majority of gene ex-
pression changes in cultured FSHD muscle cells can be attribu-
ted to the expression of DUX4 and genes regulated by DUX4.
The increase in the number of DUX4 target genes detected in dif-
ferentiated muscle compared with myoblasts likely represents
the increase in DUX4 mRNA and protein that occurs during
FSHD muscle differentiation (8,10), which was also reflected
in increased RNA-seq reads for DUX4 in differentiated FSHD
muscle cells (data not shown).

DUX4 target genes are expressed in FSHD biopsy samples

To determine whether DUX4-regulated genes distinguish con-
trol from FSHD muscle biopsies, we performed RNA-Seq on
24 quadriceps needle biopsy samples (nine controls, nine FSHD1
and six FSHD2) (see Materials and Methods and Table 1 for
the complete sample list and associated clinical data). Only 38
genes were consistently up-regulated across all FSHD samples
compared with all of the control samples [P-value <0.05,
moderated log-fold-change >1 and Wilcoxon-rank sum
P-value <0.05 (see Materials and Methods)], and 28 of these
(74%) were among the robust 213 DUX4-regulated genes iden-
tified in the transduction experiments, indicating that the most of


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu251/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu251/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu251/-/DC1

5344 Human Molecular Genetics, 2014, Vol. 23, No. 20

A B

15 "o =

10

135Dux4_gfp logFC
1
135¢gfp

0 -
T T T
0 5 10
C | 541Dux4_gfp logFC . D
15 -
10 - N .- n g
& b s E.
) k=)
- i
;
A
5 - . B >
T T T T — T T

0 5 10 15 0 5 10
54-1Dux4 FSHDtube logFC

Figure 1. Dux4 induced genes mis-expressed in FSHD muscle cells. (A) log-fold change of DUX4 up-regulated genes in MB135 (y-axis) and MB541 (x-axis) cultured
myoblast cells transduced with lentiviral DUX4 compared with a control lenti-GFP (purple, genes upregulated by DUX4 > 5 log-fold change in both MB135 and
MB541; orange, up-regulated by DUX4 in both cell types but <5 log-fold; red, DUX4 up-regulated only in MB135 cells; green, DUX4 up-regulated only in
MB541cells). (B and C) Pairwise comparison of gene expression in DUX4-transduced (x-axes) and the control GFP-transduced (y-axes) MB541 (B) and
MBI135(C) cells. Gene counts were transformed as described in Materials and Methods. Genes are colored as in (A). (D) Comparison of the log-fold change of
genes up-regulated by DUX4 in MB541 cells (y-axis) to the log-fold change of genes up-regulated in FSHD myotubes compared to control myotubes (x-axis)
(dark purple, genes increased in FSHD compared with control cells that were up-regulated by DUX4 >5 log-fold in MB541; blue, increased in FSHD cells and
up-regulated by DUX4 in MB51 with log-FC between one and five; olive, increased in FSHD cells and not called increased by DUX4 in MB541 (log-FC <1);
light purple, not increased in FSHD cells compared with controls but up-regulated by DUX4 in MB541 cells).

the FSHD-specific gene expression in muscle biopsies was DUX4-regulated genes that met a threshold of average expres-
determined by DUX4. sion across all samples (transformed expression level >0.5,

We then examined the expression of the DUX4-regulated see Materials and Methods), i.e. excluding the genes identified
genes across all biopsy samples (Fig. 2A), using 114 of the 213 in the transduction experiments that were not detected as
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Table 1. Sample list and associated clinical information
NMD#  Gender Age MuscleBx’d  CSS®  Corr.CSS®  Path.Score®  D4Z4: Kb® NMD#  Gender  Age  Muscle Bx’d
FSHD1 Control
F1 M 47 L QUAD 0/10 0 2 26 Cl1 M 37 L QUAD
F2 F 45 L QUAD 5/10 111 NHS! 18 C2 M 44 L QUAD
F3 F 55 R QUAD 6/10 109 4 15 C3 M 62 L QUAD
F4 M 33 R QUAD 6/10 122 5 24 Cc4 M 48 L QUAD
F5 M 52 R QUAD 6/10 151 NHS 22 C5 M 58 L QUAD
F6 F 30 L QUAD 3/10 100 3 23 C6 F 69 R ANT TIB
F7 F 61 R QUAD 6/10 99 6 16 C7 F 41 L QUAD
F8 F 26 R QUAD 7/10 269 5 15 C8 F 53 L QUAD
F9 M 48 L QUAD 3/10 63 4 17 C9 F 32 R QUAD
NMD # Gender Age Muscle Bx’d CSS Corr.CSS*® Path.Score SMCHD1 mutation Fsel %!
Blood Blasts
FSHD2
F10 M 42 R QUAD 5/10 119 2 YES 12 o
F11 M 34 L QUAD 6/10 176 3 YES 16 2
F12 M 26 R QUAD 6/10 231 4 YES 7
F13 M 50 L QUAD 5/10 100 5 NO 13 o
F14 F 56 R QUAD 7/10 125 3 YES 25 7
F15 M 59 L QUAD 2/10 34 2 NO 15 0

2All refer to the size of the FSHD-permissive 4qA161 allele.
°CSS: clinical severity score: 0 asymptomatic-10 wheelchairbound.

“Path score: 0 = no pathology — 12 = severe pathology (none had inflammation).

INHS, no histologic sample collected.
°Age corrected CSS = (CSS/age at examination) x 1000.

Fsel %: percentage CpG methylaion of D4Z4 as measured by the Fsel restriction endonuclease.

**Blast Fsel same as blood.

expressed in the biopsy samples. Nine of the fifteen FSHD
samples had elevated expression levels of DUX4 targets com-
pared with controls, whereas the other six FSHD biopsy
samples had comparable expression of DUX4 targets as the con-
trols. We also noted that control sample C5 had low but detectable
expression of DUX4 targets and this control clustered with the
FSHD biopsy samples that also expressed DUX4 targets.

The segregation of FSHD samples into DUX4-target-positive
and DUX4-target-negative samples likely reflects the biopsy ofa
muscle that is affected late in FSHD (the quadriceps) and a
limited amount of sampled tissue with a small needle biopsy
(see Discussion). The control sample C5 is a member of a com-
plex FSHD family (Supplementary Material, Fig. S1). He is a
clinically unaffected individual with 13 D4Z4 repeats on an
FSHD-permissive haplotype, which is more than the standard
threshold of 10 repeats for FSHD and would not be expected to
express DUX4. His FSHD2-affected sibling (F15, also included
in this study) has the same 13 repeat FSHD-permissive allele and
shows the typical CpG hypomethylation at D4Z4 but without an
identified pathological mutation in SMCHD1, suggesting that an
as yet unknown modifier locus is segregating in this family and
might be present in C5 (see Discussion).

To determine the most robust FSHD-DUX4 candidate biomark-
er genes in the biopsy samples, we removed C5 from subsequent
analyses based on the assumption that C5 might representa DUX4-
expressing unaffected individual in a family with an unknown
FSHD-causing mutation, and restricted our comparison with the
remaining control samples. Ofthe 118 genes expressed significant-
ly higher in DUX4-target-positive FSHD-versus-control samples,
67 were among the tissue-culture identified 213 robust DUX4-
regulated genes identified in the cell transduction experiments

(Supplementary Material, Table S3) and an additional 13 were
boundary cases of DUX4-regulated genes that did not make the
strict cut-off for the robust DUX4 targets. Therefore ~69% of
the genes associated with FSHD are regulated by DUX4. The 67
robust DUX4 target genes were among the most up-regulated
genes in DUX4-target-positive FSHD biopsy samples, FSHD
myotubes and DUX4-transduced cells (Fig. 2B—D, green dots)
relative to their respective controls, and the expression of all
these genes increased during myogenesis in cultured FSHD
muscle cells but not in control cells (Supplementary Material,
Fig. S2A and B). Most of these genes were not expressed in the cor-
responding control samples, making them good candidates for
FSHD biomarkers.

We also compared gene expression between the DUX4-
target-negative FSHD samples and the controls (excluding
sample C5) and did not find any differentially expressed genes
using similar statistical thresholds. Therefore, the DUX4-target-
positive FSHD samples show gene expression differences com-
pared with the controls, whereas the DUX4-target-negative
FSHD samples have similar gene expression to controls, again
indicating that the DUX4 target genes are the main discriminator
between FSHD and control samples.

DUX4 target genes and candidate biomarkers

To determine whether these candidate FSHD biomarkers might
be direct targets of DUX4, we examined the presence of DUX4-
binding sites adjacent to the transcription start site as determined
by the analysis of the RNA-seq from the DUX4-transduced myo-
blasts. Many of the biomarker candidate genes belong to highly
related gene families and repetitive regions and their TSSs are
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Figure 2. Expression of Dux4 targets in FSHD biopsy samples. (A) Heatmap of the expression of the most robust 114 DUX4 targets across all control and FSHD
skeletal muscle biopsy samples. The 114 genes were selected as the subset of 213 robust DUX4-regulated genes that met a threshold of average expression across
all of the samples (transformed expression level >0.5, see Materials and Methods). The expression levels were transformed and centered by subtracting the
median for each gene and the color coding indicates the log-fold-change relative to the median. The columns are colored coded as: red, control; light blue,
FSHD1; dark blue, FSHD2. (B—D) Pairwise comparisons of gene expression levels in (B) FSHD and control biopsy samples, (C) FSHD and control cultured myotubes
and (D) MB541 transduced with DUX4 or GFP as a control. Colors indicate: green, DUX4 targets called up-regulated in FSHD biopsy samples; purple, DUX4 targets
not called up-regulated in FSHD biopsy samples; orange, up-regulated in FSHD biopsies but not DUX4 targets; red, up-regulated in control biopsy samples. (E)
DUX4-binding sites within + 4 kb of TSSs of a set of candidate biomarker genes. The red vertical bar corresponds to the presence of a consensus motif for the
DUX4 binding site, and height of the bar indicate the strength of the motif based on the PWM score. The black line indicates the DUX4 ChIP-Seq coverage in DUX4-
transduced muscle cells. The blue gradient along the x-axis indicates the sequence uniqueness based on the ENCODE CRG Align 40 track. Gene names colored in red
have annotated starting exons, those colored in green have internal exons activated by DUX4 as starting exons, and those colored in blue have novel starting exons
activated by DUX4 in intergenic or intronic regions. The zero position on the y-axis represents the predicted TSS based on the RNA-seq. (F) The PRAMEF locus. The
gene names in bold type correspond to members of the 67 candidate biomarker genes expressed in FSHD biopsies. The uniqueness tracks and RNA-seq tracks for one
FSHD and one control myotube sample are also shown.



not well annotated. In addition, we observed novel (unannotated
based on GENCODE v19) TSSs at some candidate biomarker
loci. Therefore, to identify the functional TSS for the analysis
of DUX4 binding at DUX4-regulated genes, we developed a
method to predict the TSS based on RNA-seq reads (see Materi-
als and Methods for details) and screened the 67 candidate
biomarker genes with this method to identify the functional
TSS using a very stringent cut-off. We identified 41 TSSs for
the 67 biomarker genes (Fig. 2E and Supplementary Material,
Table S4), which included 22 annotated and 19 novel, TSSs, includ-
ing three TSSs initiating from annotated middle exons (TRIM49C,
ZSCAN4, and RFPL2). For the analysis of DUX4 ChIP-Seq data,
we included reads that mapped to multiple locations to identify
DUX4 binding sites within the repetitive regions. Out of the 41
TSSs, 32 had at least one DUX4 ChIP-seq peak within + 500 bp
window, most of which clustered within 200 bp upstream of TSS.
All except one of the nearest peaks for these 32 sites contained at
least one DUX4-binding-site motif, and 21 contained at least two
motifs. Therefore, ~75% of these candidate biomarkers have
DUX4 binding near their TSS and are likely to be directly regulated
by DUX4. Some TSSs from repetitive gene families, such as
PRAMEF10, TRIMS1EP, did not have DUX4 ChIP-seq peaks
near their TSS and it is possible that the RNA-Seq reads
mapped to these genes are from other homologous regions.
Other genes, such as TPRXI, ZNF280A and CCNA1 are likely
to be regulated by distal enhancers, or indirectly by DUX4.

It was striking that most biomarker candidates are members of
highly homologous gene families that are clustered spatially on
the chromosomes, including PRAMEF (preferentially expressed
in melanoma), TRIM (tripartite motif-containing), MBDL
(methyl-CpG binding protein-like), ZSCAN (zinc finger and
SCAN domain containing) and RFPL (ret-finger protein-like)
families (Supplementary Material, Fig. S3). The most dramatic
example is the PRAMEF locus (Fig. 2F), which spans an approxi-
mately one megabase region and includes 28 candidate biomarker
candidates grouped into several different RNA-Seq clusters.

From this pool of candidate biomarkers, we identified four
genes as a core set of candidate biomarkers (the genome structure
and RNA-seq reads for these genes are shown in Supplementary
Material, Fig. S4). The candidate with the strongest statistical
support is LEUTX, (leucine 20 homeobox). DUX4 activates a
novel TSS of LEUTX that is spliced into the second annotated
exon that contains the beginning of the open reading frame. In
the PRAMEF locus, PRAMEF?2 has the strongest statistical
support with almost no expression in the control samples
(except C5). TRIM43 is the strongest candidate among TRIM
family members. KHDCIL, an isoform of KHDCI, and a
nearby but non-overlapping pseudo gene KHDCIPI, are also
good candidate biomarkers with DUX4 binding sites within
their promoters, whereas the overlapping KHDC1 is not discrim-
inative (see Supplementary Material, Table S4 for first exon
sequences).

Association of DUX4-target gene expression with
clinical severity

To associate expression of the candidate biomarkers with clinic-
al data, we took the total number of reads that mapped to any of
the 67 candidate biomarker genes in each sample (scaled and
transformed by the square-root) and plotted this measure of
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biomarker gene expression with representation of the pathology
score and the corrected clinical severity score (CSS) (11-13).
Individuals with high pathology and CSS scores generally had
higher biomarker expression (Fig. 3A). The discrimination
between FSHD and control was slightly improved using only
reads over the four selected biomarkers (LEUTX, PRAMEF?2,
TRIM43 and KHDCIL) (Fig. 3B).

We assessed whether the discrimination of FSHD samples
from controls might be improved by the addition of additional
biomarker candidate genes to the four selected candidate bio-
markers (see Supplementary Material, Fig. S5). None of the
other candidate biomarker genes improved the discrimination
of FSHD and control samples and the four FSHD samples with
very low expression of DUX4 targets (F1, F12, F15, F2)
remained boundary cases that were not clearly separable from
the control samples.

Immune genes expressed in FSHD biopsies

Although 80 of the 118 genes associated with the DUX4-target-
positive FSHD samples were DUX4-regulated genes (67 robust
and 13 boundary cases), 38 genes were not identified as DUX4
regulated. The expression of these 38 genes across all samples
was plotted in a clustered heat map (Fig. 3C). As anticipated,
the DUX4-target-positive FSHD samples cluster together,
however, the control C5 sample thathad DUX4 target expression
does not show a higher elevation of the 38 non-DUX4-target
genes and no longer clusters with the FSHD samples. Sixteen
ofthese FSHD-associated non-DUX4-target genes are expressed
in cells of the immune system (based on Gene Ontology annota-
tion of ‘immune system process’ and HUGO definitions of
immunoglobulins gene family), including members of immuno-
globulin clusters /GHA, IGHD, IGLC and IGLV, and plotting
their distribution in DUX4-target-positive FSHD biopsies
showed that the C5 sample from the asymptomatic family mem-
ber had lower expression of immune-associated genes compared
with the FSHD-affected samples (Fig. 3D). Therefore, a major
component of the non-DUX4-target gene changes likely repre-
sents the presence of immune cells in FSHD muscle biopsies,
and the asymptomatic control individual C5 that expresses
some DUX4 target genes does not demonstrate expression changes
indicating an immune infiltration. In addition, the FSHD biopsy
samples with absent or low expression of DUX4 target genes also
showed lower expression of the sixteen immune-associated
genes (Supplementary Material, Fig. S6), indicating that the
immune genes were mostly associated with muscle biopsies
expressing DUX4 target genes.

FSHD1 and FSHD2 have similar gene expression profiles

Comparing gene expression between the FSHD1 and FSHD2
biopsy samples, we detected only three genes expressed more
highly in FSHD1 than FSHD2, and six genes expressed more
highly in FSHD2 than FSHD1 (Supplementary Material,
Table S5); however, small sample sizes limited statistical
power. Interestingly, five of the six FSHD2-specific genes
were members of homologous gene clusters in repeat arrays.
PCDHB? is a member of the protocadherin cluster and several
other members (PCDHA2, PCDHA3 and PCDHAS) were also
preferentially expressed in FSHD2 patients, although they did
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Figure 3. (A and B) Association of DUX4-target gene expression with clinical severity. (A) The y-axis is the total number of reads that mapped to any of the 67 can-
didate biomarker genes in each sample (scaled and square-root transformed). The biopsy samples are color coded as: red, control; light blue, FSHD1; dark blue,
FSHD?2. The size of the circle corresponds to the corrected clinical severity score (CSS) and the numbers within the circles correspond to the pathology score,
with larger size indicating a higher severity. The samples with missing numbers did not have pathology scores. (B) Similar to A but using the total reads mapped
to the selected four biomarkers: LEUTX, PRAMEF2, TRIM43 and KHDCIL. (C and D) Genes expressed at higher levels in FSHD samples that are not DUX4
targets. (C) Heatmap of genes expressed more highly in FSHD samples but that are not induced (logFC < 1) by DUX4-transduction of human muscle cells with pres-
entationand coding as described in Figure 2A. (D) Boxplot of the expression distribution for the genes in (C) based on RNA-seq reads from the FSHD samples that were
DUX4-target-positive, stratified as immune and non-immune genes. The red dots correspond to the expression of each gene in control sample C5. Note that some loci
have copy number variation in the human population, such as GSTT/ that is not present in some individuals. Boxplot: vertical bounds of rectangle represent the 25th and
75th percentiles, the whisker extends to the extreme value (minimum or maximum) bounded by 1.5 times the IQR (25th and 75th inter-quartile range), and the filled
circles are the median and the open circles are the outliers.



not meet the statistical stringency. TP537G3C is a member of
TP53TG3 gene family that has two adjacent copies and two
more copies within 600 kb. Similarly, RP//-3N2.13 and
RP11-3N2.1 are adjacent and homologous non-coding genes,
while RP11-760D2.5 is nearby.

We also compared FSHD1 and FSHD?2 differentiated muscle
cells in tissue culture, although this analysis had even less power
because of the sample size. The largest category of differentially
expressed genes were genes that are increased during control
muscle differentiation, suggesting that the FSHD2 cultures had
better muscle differentiation compared to FSHD1 cultures (datanot
shown). We then examined if the genes differentially expressed
between FSHD1 and FSHD?2 biopsy samples showed similar
changes between cultured FSHD1 and FSHD2 myotubes.
FSHD1 biopsy-specific genes did not show higher expression
in FSHDI cultured myotubes, while FSHD2 biopsy-specific
genes tended to be expressed at higher levels in cultured FSHD2
myotubes (Supplementary Material, Table S5), suggesting thata
set of genes enriched in gene clusters or repetitive regions might
be up-regulated in FSHD2 but not in FSHDI.

DISCUSSION

Our results indicate that the majority of gene expression changes
associated with FSHD, either in cultured muscle cells or in
muscle biopsy material, can be attributed to DUX4 expression.
Of the 118 genes identified as significantly up-regulated in
FSHD biopsy samples, 80 (68%) were regulated by DUX4. An
additional sixteen of the 118 genes were consistent with an
immune infiltration in the FSHD muscle biopsies. Taken to-
gether, over 80% of the genes dysregulated in FSHD muscle bi-
opsies could be attributed to DUX4 targets and an immune
infiltration. Therefore, DUX4-regulated genes and an associated
immune cell infiltration accounts for the majority of the gene ex-
pression changes associated with FSHD muscle in this study. If
there are other genes critical for FSHD that act independently of
DUXH4, such as has been suggested for FRG1, ANT1, FATI and
others (14—16), these genes have a relatively minor transcrip-
tional impact in FSHD skeletal muscle.

Although we have reliably detected DUX4 expression and
DUX4-target expression in muscle cultures derived from
FSHD quadriceps muscle biopsies, and other reports have reli-
ably demonstrated DUX4 expression in muscle cultures
derived from FSHD deltoid and biceps muscles (17), six of the
fifteen FSHD muscle biopsies did not show significantly ele-
vated expression of the set of the 213 most robust DUX4-
regulated genes, and four did not show a higher expression of
the selected set of four DUX4 candidate biomarkers (see Fig. 3B).
Based on our current understanding of FSHD pathophysiology,
there are two reasonable explanations for the lack of a perfect as-
sociation between DUX4 target gene expression and FSHD.
First, a hallmark of FSHD is the asymmetric and regional pro-
gression of the disease and recent MRI studies have documented
disease-associated change restricted to specific muscle groups
(18—-20). The quadriceps muscle that was biopsied for this
study is usually affected later in the disease and it is possible
that this muscle was not yet affected in the FSHD individuals
without DUX4 target gene expression. Future studies using
MRI characteristics of muscle involvement in FSHD should

Human Molecular Genetics, 2014, Vol. 23, No. 20 5349

determine whether the expression of DUX4 and DUX4-target
gene expression is correlated with MRI documentation of
disease activity. Second, the needle biopsy samples a very
small region of the muscle. Although very little is known regard-
ing DUX4 expression in skeletal muscle of FSHD individuals,
the tissue culture studies demonstrate a variegated expression
pattern with very few nuclei expressing DUX4 (5,17). Therefore,
sampling a small amount of tissue might also result in a set of
samples without DUX4 or DUX4 target gene expression. Sup-
porting this interpretation, cultured muscle cells derived from
the F12 muscle biopsy showed a strong expression of DUX4
target genes (see Supplementary Material, Fig. S2A), whereas
the RNA-seq directly on the F12 biopsy sample did not identify
the expression of DUX4-target genes (see Fig. 1A). Whatever
the reason for some of the FSHD biopsies not showing the ex-
pression of DUX4 target genes, it is important to note that they
did not show any significant gene expression differences com-
pared with the control biopsies. Therefore, there was little evi-
dence of a non-DUX4 process in these samples.

A prior study reported the expression of the full-length DUX4
mRNA in muscle biopsies from a small number of genetically
unaffected relatives of FSHD individuals (17), although general-
ly at lower levels compared with the FSHD individuals. The
subject C5 in this study appears to be a similar finding. This in-
dividual has 13 D4Z4 repeats on an FSHD-permissive allele,
which is more than the 10 repeats generally considered the
upper limit for FSHD1. However, the family shows evidence for
the independent segregation of a modifier locus, since one brother
has FSHD1 with six D4Z4 repeats on an FSHD-permissive allele
and one brother has FSHD2 with 13 repeats and low levels
of D4Z4 methylation but without a pathological mutation in
SMCHDI identified by exome sequencing and the father also
showed hypomethylation but without an FSHD-permissive
allele and without FSHD (2) (see Supplementary Material,
Fig. S1). Individual C5 has higher D4Z4 methylation than the
brother that is mildly affected by FSHD2 and both carry the
same 13 repeat FSHD-permissive allele. Because the mutation
causing FSHD2 has not been identified in this family, it is pos-
sible that the same modifier locus is present in both brothers
and slightly more penetrant in the affected individual, or that
more than one modifier locus might be segregating in this
family, each with a partial reduction in D4Z4 repression.

Itisalso interesting that C5 showed DUX4-target gene expres-
sion in the skeletal muscle biopsy without FSHD symptomology,
further indicating that the expression of DUX4 and its down-
stream gene network are not sufficient for disease. This could
simply be due to lower levels of expression that do not reach a
threshold for the pathophysiological mechanisms, or represent
an unknown biological or stochastic protection. The relative
absence of immune cell gene expression in the biopsy from
this individual is intriguing in this regard, as it would be consist-
ent with an immune-mediated mechanism of disease. However,
it could also represent the absence of a secondary immune re-
sponse in the absence of muscle disease from another mechan-
ism and further studies remain necessary.

The DUX4 target genes expressed in FSHD muscle cells and
biopsies were the genes most highly induced by DUX4-
transduced cultured muscle cells. We have previously shown
that the extremely low levels of the DUX4 mRNA in FSHD
muscle cultures represents relatively high expression in a


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu251/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu251/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu251/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu251/-/DC1

5350 Human Molecular Genetics, 2014, Vol. 23, No. 20

small number of cells at any time point (5), suggesting that a
subset of cells loses repression of DUX4 and that results in a
burst of DUX4 expression in a limited subpopulation of nuclei.
The observation that only the most highly expressed DUX4
genes are reliably detected across FSHD muscle biopsies is con-
sistent with a ‘tip-of-the-iceberg’ problem because the more
moderately expressed targets are obscured by the background
noise from the larger number of non-expressing nuclei. We iden-
tified a core set of four DUX4-regulated genes based on gene-
family representation, and the fold and significance of induction.
These four candidate biomarkers (LEUTX, PRAMEF2, TRIM43
and KHDCIL) show slightly improved discrimination between
control and FSHD biopsies (see Fig. 3) and it will be interesting
to test them in a larger clinical series.

Itis interesting that previous expression array studies compar-
ing FSHD to control muscle biopsies did not identify the same
discrete group of DUX4-regulated genes (7,21-23). For
example, none of the 15 candidate biomarker genes identified
in the most extensive and recent study of FSHD muscle biopsies
is one of the robust DUX4 target genes (7). One of the reasons for
this might be that the DUX4 target genes are not well represented
on expression arrays. For example, LEUTX is a primate-specific
homeobox gene that has not been studied or included in most
arrays and KHDCIL is a transcript embedded in the KHDC1
gene, which itself is not a good biomarker for FSHD. Others
are members of larger highly related gene families (see Supple-
mentary Material, Fig. S3) that might obscure gene-specific
signals through cross-hybridization of similar sequences to the
tiled probes on an array. Finally, the low levels of expression
and the fact that not all biopsied FSHD muscles showed DUX4
target gene expression decreases the power to identify these
genes in a purely discovery-based approach using array technol-
ogy. Nonetheless, a set of FSHD muscle biopsies cluster together
based on the expression of the DUX4 target genes identified in
tissue culture (see Fig. 2A), whereas the FSHD biopsy samples
in our study do not cluster together based on the expression
level of the 15 candidate biomarkers for the prior array-based
study (7) (Supplementary Material, Fig. S7). Although future
validation studies are necessary, these results suggest that
these DUX4 target genes will be useful as biomarkers for FSHD.

The comparison of FSHD1 and FSHD2 samples did not show
any reliable FSHD1-specific changes, but did show a small
number of genes specific to FSHD2. These tended to be genes
that were in multiple copies or clustered in highly related fam-
ilies, such as the protocadherin clusters (24,25). Four of the six
FSHD?2 individuals biopsied for this study have a mutation in
SMCHDI1 (see Table 1), and SMCHDI has a role in repeat-
mediated epigenetic repression as well as in the regulation of
protocadherin clusters. Therefore, the dysregulation of this set
of genes in FSHD2 samples is consistent with loss of SMCHD1
activity.

In summary, we have shown that DUX4 target gene expres-
sion is the major molecular signature in FSHD muscle. Although
the expression of DUX4 target genes is the major molecular
characteristic of FSHD, some FSHD biopsies did not show ex-
pression of these genes, possibly reflecting the involvement of
subsets of muscles in FSHD individuals and the limited sample
size of a needle biopsy. In addition, an unaffected family
member with an FSHD-permissive allele in the short-normal
range expressed DUX4 target genes, indicating that expressing

DUX4 target genes is not sufficient to guarantee disease pene-
trance. The facts that this individual appeared to lack an
immune cell infiltration, based on low expression of immune
cell genes, and had both an FSHDI sibling and an FSHD2
sibling without an SMCHDI mutation, suggests a possible
role of the immune response and other modifier loci beyond
SMCHDI.

MATERIALS AND METHODS
Transduction of muscle cells cultures with DUX4

The transduction of the 54-1 and MB135 human myoblast lines
was previously described (6). RN A was harvested after transduc-
tion by lenti-pgk-DUX4 or lenti-pgk-GFP and non-transduced
cells as controls after 48 h (54-1) or 24 h (MB135).

Muscle cell cultures

Muscle cells derived from two FSHD1 and three FSHD2 were
cultured and RNA was harvested from both myoblasts and myo-
tubes. These cultures were described previously (26). As previ-
ously described, primary myoblast cell lines were received from
the University of Rochester biorepository (http://www.urme.
rochester.edu/fields-center) and were cultured in DMEM/F-10
media (Gibco) in the presence of 20% heat-inactivated fetal
bovine serum (Gibco), 1% penicillin/streptomycin (Gibco).
Media was supplemented with 10 ng/ml thFGF (Promega) and
1 wM dexamethasone (SIGMA). Myoblasts were fused at 80%
confluence in DMEM/F-12 Glutamax media containing 2%
KnockOut serum replacement formulation (Gibco) for 36 h.

Muscle biopsy

All muscle biopsies were obtained at the University of Rochester
Medical Center under an IRB-approved protocol from clinically
and genetically confirmed FSHD individuals and controls that
included family members without clinical or genetic diagnostic
features associated with FSHD or other muscular dystrophies.
Muscle biopsy samples were obtained under local anesthesia
by the needle biopsy technique utilizing the modified Bergstrom
needle as previously described (27,28). A muscle sample, adja-
cent to the sample used for RNA extraction, was oriented and
mounted and then frozen in isopentane cooled in liquid nitrogen
for histologic evaluation. A twelve point scale (0 = normal
muscle and 12 = end-stage muscle) was used for histopatho-
logical grading of the sample based on: degree of muscle fiber
variability, extent of central nucleation, presence of muscle
fiber necrosis/regeneration and extent of interstitial fibrosis.
(http://www.urmc.rochester.edu/fields-center/protocols/Pathologic
SeverityScoring.cfim)

RNA-seq library preparation and sequencing

Library preparation and sequencing was carried out by the
FHCRC Genomics Shared Resource. Sequencing libraries
were prepared from total RNA using the TruSeq RNA Sample
Prep Kit (Il1lumina) according to the manufacturer’s instructions,
poly(A) selected, and subjected to Illumina sequencing using
standard protocols to generate 100 bp single-end reads.
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Library size distributions were validated using an Agilent 2100
Bioanalyzer. Additional library quality control, blending of
pooled indexed libraries and cluster optimization were
performed using the QPCR NGS Library Quantization Kit
(Agilent Technologies). Sequencing occurred on an Illumina
HiSeq 2000 using a single-read, 100 base read length (SR100)
sequencing strategy. RNA-seq datasets have been submitted to
GEO (accession number, GSE56787).

RNA-seq data processing and analysis

Image analysis and base calling were performed with the [1lumi-
na’s Real Time Analysis v1.17.20 software. Files were demulti-
plexed of indexed reads and generated in FASTQ format using
the Illumina’s CASAVA v1.8.2 software. Reads were removed
that did not pass Illumina’s base call quality threshold. Reads
were aligned to human genome ensemble assembly GRCh37,
using TopHat 2.0.8 (Trapnell et al., 2009). We collected read
counts for all genes using Bioconductor Rsamtools package.
To include reads that mapped to multiple homologs in the
genome, each hit of aread with multiple hits received a fractional
count equal to one over the number of hits. Differential expressed
genes were detected using Bioconductor package DESeq 1.14.
Based on recommendation of DESeq package, to compare two
groups of samples with fewer than six replicates for each condi-
tion, we used ‘estimateDispersions’ function using the ‘fit-only’
sharing mode, so that dispersions were estimated based on local
regression against mean values. For comparison of groups in-
volving more than six replicates for each condition, we used
‘maximum’ sharing mode, which were the maximum of fitted
values and per-gene estimates. To visualize gene expression
clustering and to compute fold change differences, we applied
to asinh transformation to gene counts of each sample scaled
by the corresponding size-factor. The adjusted log-fold-change
is computed as the difference of the average transformed
values under the two conditions in comparison. The log-fold-
change computed this way has more regulated behavior at
values close to or at zero, and approximates log-fold-change
for larger values. This approach is very similar to the variance-
stabilization transformation method recommended by the most
recent version of DESEQ. To make sure that differentially
expressed genes were not driven by few extreme outliers, we
applied the non-parametric Wilcoxon-rank sum test to samples
in comparison as another filter. The P-value thresholds were
selected based on the number of tested samples.

Novel exon prediction

We developed a new method for detecting novel exons using
RNA-seq datasets. The method exploits un-annotated splicing
junctions derived from RNA-Seq reads to infer the boundaries
of novel exons. The region bounded by two novel junctions at
both ends with the same strand and decent coverage between
them, or the region with a novel junction only at one end, and
tails off to background is determined as a novel exon. The
strands of predicted splicing junctions are determined by match-
ing the sequences at both ends to the motif derived from the spli-
cing donors/acceptors of known introns. The strands of predicted
exons are determined by the strands of the connecting splicing
junctions. We also examine whether the annotated exons are
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supported by RNA-Seq reads, i.e. whether the exons have corre-
sponding splicing junctions, and if the entire exons have decent
read coverage without internal splicing junctions that truncate
the exons. Finally, we use splicing junctions to assemble the pre-
dicted novel exons into genes, and determined whether they are
exons of known genes or not.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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