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SUMMARY

Advances in cancer immunotherapies make it critical
to identify genes that modulate antigen presentation
and tumor-immune interactions. We report that
DUX4, an early embryonic transcription factor that is
normally silenced in somatic tissues, is re-expressed
in diverse solid cancers. Both cis-acting inherited
genetic variation and somatically acquired mutations
in trans-acting repressors contribute to DUX4 re-
expression in cancer. Although many DUX4 target
genes encode self-antigens, DUX4-expressing can-
cers were paradoxically characterized by reduced
markers of anti-tumor cytolytic activity and lower
major histocompatibility complex (MHC) class I gene
expression. We demonstrate that DUX4 expression
blocks interferon-g-mediated induction of MHC
class I, implicating suppressed antigen presentation
in DUX4-mediated immune evasion. Clinical data in
metastatic melanoma confirmed that DUX4 expres-
sion was associated with significantly reduced pro-
gression-free and overall survival in response to
anti-CTLA-4. Our results demonstrate that cancers
can escape immune surveillance by reactivating a
normal developmental pathway and identify a thera-
peutically relevant mechanism of cell-intrinsic im-
mune evasion.

INTRODUCTION

Immune checkpoint blockade therapies, which act on T cell inhib-

itory receptors including CTLA-4 and PD-1, induce durable re-

sponses across diverse cancers. However, a majority of patients

do not respond to these therapies, and initially responsive can-

cers may relapse (Ribas and Wolchok, 2018; Sharma et al.,
Deve
2017; Topalian et al., 2015). Identifying molecular mechanisms

that influence therapeutic response and relapse is critical in order

to realize the full therapeutic potential of checkpoint blockade.

The efficacy of checkpoint blockade relies upon cytotoxic

T cell recognition of antigens presented by MHC class I on ma-

lignant cells. As a consequence, genetic lesions that suppress

antigen presentation or blunt tumor-immune interactions can

permit malignant cells to evade cytotoxic T cells. For example,

loss-of-function mutations in B2M, JAK1, and JAK2, resulting

in loss of major histocompatibility complex (MHC) class I expres-

sion (B2M) or response to interferon-g (JAK1 and JAK2), have

been identified in patients who relapsed following an initial

response to checkpoint blockade (Sade-Feldman et al., 2017;

Zaretsky et al., 2016). Copy number alterations affecting MHC

class I and interferon-g-response genes are likewise enriched

in cancers that never respond to these therapies (Gao et al.,

2016; Sade-Feldman et al., 2017). Tumors can also evade im-

mune recognition by activating specific gene expression pro-

grams. For example, activation of b-catenin signaling promotes

T cell exclusion from themelanomamicroenvironment (Spranger

et al., 2015), while depletion of LSD1 promotes anti-tumor im-

mune activity (Sheng et al., 2018). Othermodulators of tumor-im-

mune interactions continue to be revealed by genetic screens

and other methods (Manguso et al., 2017; Pan et al., 2018; Patel

et al., 2017).

We performed a pan-cancer analysis of tumor transcriptomes

in order to identify potential regulators of tumor-immune interac-

tions. We sought to identify genes whose expression was

restricted to cancers or immune-privileged sites such as the

testes and early embryo. While such approaches have been

historically used to identify cancer-testis (CT) antigens—proteins

whose expression is normally restricted to the embryo and/or

germ cells but which can become re-expressed and antigenic

in cancer (Caballero and Chen, 2009)—we hypothesized that

such a search might also reveal regulators of antigen presen-

tation and immune modulation. We therefore undertook an

unbiased search for such genes using the transcriptomes of

9,759 samples from 33 distinct cancer types, 704 associated
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Figure 1. Identification of Genes with Cancer-Specific Expression

(A) Overview of data sources and our strategy for identifying cancer-specific gene expression. We compared the expression of each gene in cancer samples

(TCGA) to its corresponding expression in peritumoral samples (TCGA) and normal tissue from healthy individuals (Illumina BodyMap 2.0, Human ProteomeMap,

and Genotype-Tissue Expression Project, GTEx). We defined the cancer specificity score for each gene as the logarithm of the fractions of cancer samples and

types in which the gene was expressed divided by the fractions of peritumoral samples and normal tissues in which the gene was expressed.

(B) Ranked plot of cancer specificity scores of coding genes, restricted to genes that are not expressed in all tissue types. The double homeobox genes DUX4,

DUXA, and DUXB are highlighted.

(C) Expression of cancer-specific genes across cancer types and samples. Each point corresponds to a gene highlighted in red in (B). y axis, number of cancer

types (TCGA primary site) with at least one DUX4+ sample; x axis, total number of DUX4+ samples, irrespective of cancer type.

(D) DUX4 mRNA levels in DUX4+ cancer samples and during early embryogenesis (Hendrickson et al., 2017). TPM, transcripts per million.

See also Figure S1.
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peritumoral normal samples, and 34 tissues from healthy individ-

uals. Our analysis revealed that DUX4, an early embryonic tran-

scription factor that is normally silenced in somatic tissues, is

re-expressed in many solid cancer types. DUX4 re-expression

in cancer results in suppression of MHC class I-dependent anti-

gen presentation, immune evasion, and resistance to immune

checkpoint blockade.

RESULTS

Large-Scale Identification of Genes with Cancer-
Specific Expression Patterns
We sought to identify genes that were expressed in multiple can-

cer types but not in corresponding peritumoral normal tissues or

other somatic tissues isolated from healthy individuals. We

compared the transcriptomes of 9,759 cancer samples from 33

distinct cancers (The Cancer Genome Atlas, TCGA) to the tran-

scriptomes of 34 normal tissues, including peritumoral normal tis-

sues (TCGA) and somatic tissues of healthy individuals (Illumina

Human Body Map 2.0, GTEx, and Human Proteome Map) (Kim

et al., 2014; Kosti et al., 2016). We computed a quantitative mea-

sure of cancer-specific expression for each gene that was pro-
2 Developmental Cell 50, 1–14, September 9, 2019
portional to the numbers of cancer samples and types in which

the gene was expressed and inversely proportional to the

numbers of peritumoral normal samples and other healthy so-

matic tissues exhibiting detectable expression of the gene

(Figure 1A).

Our quantitative cancer-specific expression score allowed us

to rank each gene according to its relative level of expression in

malignant versus normal somatic tissue (Figures 1B and S1A;

Table S1). Our analysis highlightedmany genes with known roles

in tumorigenesis, including OCT4 pseudogenes (Hayashi et al.,

2015) and genes that are recurrently translocated in cancer,

such as TLX3 and members of the SSX gene family (Smith and

McNeel, 2010). Many genes that exhibited the most cancer-spe-

cific expression patterns encode known CT antigens, including

members of the GAGE, MAGE, PAGE, PRAME, and SPANX

gene families.

Given that CT antigens were strongly enriched among the

most cancer-specific genes, we tested whether other classes

of genes were preferentially expressed in cancers. We per-

formed a Gene Ontology (GO)-based comparison of the 500

highest-scoring genes against a background set of non-ubiqui-

tously expressed genes. We used non-ubiquitously expressed
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genes as a background set in order to avoid confounding our

analysis with housekeeping genes. Genes involved in spermato-

genesis comprised �5% of the most cancer-specific genes

(false discovery rate [FDR] < 10�3), consistent with our identifica-

tion of many CT antigens. Unexpectedly, the most enriched bio-

logical pathway was transcriptional regulation (FDR < 10�5),

which encompassed 19% of the highest-ranked genes. 28 of

the 500 highest ranked genes encode sequence-specific tran-

scription factors, many of which are normally expressed only in

germ cells or the embryo. Each of these factors could potentially

influence tumor-immune interactions by modulating CT antigen

expression, antigen presentation, or interferon signaling.

DUX4 Is Re-expressed in Diverse Cancers
Three genes (CGB5, SMC1B, and DUX4) exhibited the strongest

pan-cancer signals. Expressed in testes but not in any queried

somatic tissues, they were each also expressed in solid cancers

arising from 26 distinct tissue types (Figures 1B, 1C, and S1B).

SMC1B encodes a meiosis-specific subunit of cohesin (Reven-

kova et al., 2001); CGB5 encodes a subunit of chorionic gonad-

otropin; DUX4 encodes an early embryonic transcription factor

(De Iaco et al., 2017; Hendrickson et al., 2017; Snider et al.,

2010; Whiddon et al., 2017). Chorionic gonadotropin promotes

maternal immunotolerance and is a biomarker of cancer (Kayisli

et al., 2003; Stenman et al., 2004), suggesting that our ranking of

cancer-specific genes enriched for potential mediators of tumor-

immune interactions.

DUX4 was a particularly intriguing candidate for modulating

tumor-immune interactions. DUX4 encodes a double homeobox

transcription factor that acts as a pioneer factor demarcating the

two-cell ‘‘cleavage’’ stage of early embryogenesis, after which it

is epigenetically repressed (De Iaco et al., 2017; Hendrickson

et al., 2017; Snider et al., 2010; Whiddon et al., 2017). DUX4 is

expressed at low levels in the immune-privileged sites of the

testis and thymus but otherwise silenced in somatic tissues

(Das and Chadwick, 2016; Snider et al., 2010). Several genes

that are direct transcriptional targets of DUX4, such as PRAME

genes, encode CT antigens that were first identified based on

their cancer-specific expression and immunogenic potential

(Chang et al., 2011; Ikeda et al., 1997). DUX4was commonly ex-

pressed in cancers of the bladder, breast, cervix, endometrium,

esophagus, lung, ovary, kidney, soft tissue, and stomach, and

particularly frequently expressed in testicular germ cell cancers

and thymomas (Figure 1D).

DUX4 Is Expressed at Physiological Levels as a Full-
Length mRNA
Since DUX4 is normally silenced in somatic cells, we first tested

whether DUX4was expressed at potentially physiologically rele-

vant levels. We compared DUX4 mRNA levels in DUX4-express-

ing (DUX4+) cancer samples to DUX4 mRNA levels during early

embryogenesis, including the cleavage stage, whose transcrip-

tional program is driven by DUX4.DUX4was typically expressed

at levels ranging from �2–10 transcripts per million (TPM) in

DUX4+ cancer samples, comparable to its endogenous expres-

sion during embryogenesis (Figure 1D).

We next confirmed that cancers expressed a full-length tran-

script encoding the complete DUX4 transcription factor. Testing

for full-length DUX4 mRNA expression was important for three
reasons. First, alternative splicing generates multiple DUX4 iso-

forms, of which only the longest isoform includes the DUX4

C-terminal transcription activation domain (Geng et al., 2012;

Snider et al., 2010). Second, DUX4 is recurrently translocated

in round-cell sarcoma and B cell acute lymphoblastic leukemia

(B-ALL) to the CIC and IGH loci, generating fusion proteins con-

taining N- and C-terminal truncations of DUX4, respectively (Ka-

wamura-Saito et al., 2006; Lilljebjörn et al., 2016; Liu et al., 2016;

Yasuda et al., 2016; Zhang et al., 2016). Because DUX4 requires

both its N-terminal DNA-binding domains and its C-terminal acti-

vation domain to activate its target genes (Choi et al., 2016),

neither fusion protein preserves endogenous DUX4 function.

Third, DUX4 exhibits high sequence homology to its paralog

DUX4C, such that errors in short-read alignment could poten-

tially confound estimates of DUX4 versus DUX4C mRNA levels.

We assessed DUX4 alternative splicing by testing whether

the long or short isoform of DUX4 was preferentially expressed

in cancers. We identified spliced reads that unambiguously

distinguished between the two isoforms in approximately one-

third of DUX4+ samples. Only four DUX4+ samples exhibited

any evidence of short isoform expression, and in each case,

we observed only one or two reads supporting the short isoform

(data not shown). The vast majority of expressed DUX4 mRNA

arose from the long isoform containing the complete open

reading frame.

We next tested whether DUX4was expressed in solid cancers

as a full-length DUX4 mRNA, or instead as a truncated DUX4

mRNA consisting of the 50 end of the DUX4 mRNA fused to

another gene product (as occurs in B-ALL). We aligned reads

from each DUX4+ solid cancer, preimplantation embryos, and

B-ALL with DUX4 translocations to the full-length DUX4 mRNA

sequence. Read coverage extended across the full-length

DUX4 mRNA in preimplantation embryos, as expected, as well

as in all DUX4+ solid cancers (Figures 2A–2C). In contrast, reads

aligned only to the 50-most half of the DUX4 mRNA in B-ALL,

consistent with the known presence of DUX4 translocations in

these leukemias (Figure 2D). We did not observe read coverage

patterns consistent with expression of a fusion gene encoding an

N- or C-terminally truncated fragment of DUX4 in any DUX4+

solid cancer (Figures S2A and S2B).

Finally, we tested whether mis-alignment of reads fromDUX4C

to DUX4 was a confounding factor in our analysis. The DUX4C

andDUX4 open reading frames are highly similar, with the excep-

tion of 32 residues at DUX4C’s C terminus. Identifying reads that

mapped uniquely to the distinguishing regions of DUX4C and

DUX4 revealed that while a few DUX4+ samples also exhibited

detectable DUX4C expression, the vast majority of mapping

reads aligned uniquely to DUX4 (Figure S2C). Together with our

analyses of DUX4 splicing and read coverage patterns, these

data indicate that DUX4+ solid cancers express full-length

DUX4 mRNA.

Genetic Variation and Somatic Mutations Contribute to
DUX4 Expression in Cancer
Normally silenced in somatic cells, DUX4 becomes inappro-

priately re-expressed in the skeletal muscle of individuals with fa-

cioscapulohumeral muscular dystrophy (FSHD) due to cis- and/

or trans-acting genetic variation that disrupts normal epigenetic

repression of the DUX4 locus (Lemmers et al., 2012, 2010). We
Developmental Cell 50, 1–14, September 9, 2019 3
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Figure 2. DUX4 Is Expressed as a Full-Length mRNA in Diverse Solid Cancers

(A) Schematic of DUX4 isoform that encodes the full-length transcription factor. Red, sequence encoding the DNA-binding homeodomains (HB1 and HB2);

yellow, sequence encoding the C-terminal activation domain.

(B) Read coverage of the DUX4 isoform illustrated in (A) in embryos (Hendrickson et al., 2017). Gray shaded box, open reading frame. Plot based on image

from IGV.

(C) As (B), but for representative DUX4+ solid cancers.

(D) As (B), but for B-ALL with DUX4-IGH translocations.

(E) Numbers of RNA-seq reads aligning to the polyadenylation signal in DUX4’s third exon (Exon 3 PAS). Each point is a single DUX4+ sample, whose genotype

was inferred by mapping reads to diagnostic polymorphisms corresonding to the ‘‘permissive’’ 4qA161 or a ‘‘non-permissive’’ (10qA or 4qB) alleles in DUX4’s

second exon. The analyzed data are from poly(A)-selected libraries. ***p < 0.001 by the one-sided Mann-Whitney U test.

(F) DUX4mRNA levels (TPM) in samples from testicular germ cell tumors, segregated byDPPA2 andDPPA4 expression. <25th and >75th indicate the bottom and

top quartiles. ***p < 0.001; ****p < 0.0001 by the one-sidedMann-WhitneyU test. Error bars, standard deviations estimated by bootstrapping. TPM, transcripts per

million.

(G) Association between predicted loss-of-functionmutations affecting known or likely repressors ofDUX4 expression with increased DUX4mRNA levels. Colors

indicate p-values computed with a one-sided Mann-Whitney U test. See also Figure S2D.

(H) qRT-PCR measurement of PRPF8, DUX4, ZSCAN4, and TRIM43 mRNA levels following transfection of a pool of four PRPF8-targeting siRNAs or a control

non-targeting siRNA into myoblasts isolated from a healthy (MB2401) or FSHD (MB073) individual. The FSHD myoblasts have a permissive genetic background

that potentiates DUX4 expression. Error bars, standard deviation across biological replicates.

See also Figure S2.
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hypothesized that similar mechanisms might contribute to DUX4

expression in cancers. We first used readsmapping to the 30 end
of the DUX4 mRNA to assess whether the DUX4 mRNA was ex-

pressed from a ‘‘permissive’’ 4qA161 allele or a ‘‘non-permis-

sive’’ (10qA or 4qB) allele, which respectively do or do not

contain consensus polyadenylation sites that permit stable

DUX4 mRNA expression (Lemmers et al., 2010, 2007). We

observed significantly more reads arising from permissive alleles

(Figure 2E; p < 0.001), indicating that inherited genetic variation

contributes to DUX4 expression in cancer as well as FSHD.

We next identified trans-acting regulators of DUX4 expression

in cancer. Two recent studies reported that DPPA2 and DPPA4

activate expression of Dux, a murine double homeobox gene

that is expressed during early embryogenesis like DUX4 (De

Iaco et al., 2019; Eckersley-Maslin et al., 2019). Although mice
4 Developmental Cell 50, 1–14, September 9, 2019
lack DUX4 and the relationship between human DPPA2 and

DPPA4 and DUX4 has not been tested, we wondered whether

the same occurred in cancers. High DPPA2 and DPPA4 expres-

sion was strongly associated with DUX4 expression in testicular

germ cell tumors but no other cancer types, suggesting that

human DPPA2 and DPPA4 may activate DUX4 expression in

some cell types (Figure 2F). We next testedwhether somatic mu-

tations affecting known repressors of the DUX4 locus were

associated with DUX4 expression. We identified all cancer sam-

ples with or without predicted loss-of-function mutations in 23

genes encoding validated or likely repressors of DUX4, including

proteins encoded by Modifier of murine metastable epiallele

(Momme) genes (Daxinger et al., 2013), components of the

nucleosome remodeling deacetylase and chromatin assembly

factor 1 complexes (Campbell et al., 2018), and other epigenetic
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factors (Haynes et al., 2018; Huichalaf et al., 2014; Ottaviani

et al., 2009; Zeng et al., 2009) (Table S2). We tested whether

samples with loss-of-function mutations in each gene exhibited

elevatedDUX4 expression relative to wild-type samples for each

cancer type. Mutations in 12 tested genes were significantly

associated with increased DUX4 expression in one or more

cancer types (Figures 2G and S2D), suggesting that loss of

epigenetic repressors of the DUX4 locus contributes to DUX4

re-expression in cancer.

One of the strongest signals in our mutational analysis arose

from PRPF8, which encodes a core spliceosomal protein.

Although PRPF8 is not a known repressor of DUX4, we included

PRPF8 in our analysis because we previously found that PRPF8

physically associates with the DUX4 locus (Campbell et al.,

2018). We therefore experimentally tested whether PRPF8 inhibi-

tion inducedDUX4 expression.We knocked down (KD) PRPF8 in

myoblasts isolated from a healthy individual and an individual

whose FSHD was caused by cis-acting genetic variation that

potentiatedDUX4de-repression.PRPF8KDresulted in increased

DUX4 expression and upregulation of the DUX4 targets ZSCAN4

and TRIM43, confirming the presence of transcriptionally active

DUX4 protein following PRPF8 KD (Figure 2H). The extent of

upregulation was much higher in FSHD cells, as expected. In

addition to identifying PRPF8 as a repressor ofDUX4 expression,

our results demonstrate that both cis-acting genetic variation and

somatic mutations in trans-acting repressors contribute to DUX4

expression in cancer.

DUX4 Drives an Early Embryonic Gene Expression
Program in Cancer
We next tested whether DUX4 mRNA was likely translated into a

functional transcription factor in DUX4+ cancers. As a pioneer

transcription factor, DUX4 induces a stereotyped cleavage-

stage gene expression program, even when it is aberrantly ex-

pressed in somatic cells outside of its normal embryonic context

(Figure 3A). DUX4 also binds to and transcriptionally activates

specific repetitive elements (Geng et al., 2012; Young et al.,

2013), many of which characterize the cleavage-stage gene

expression program (Hendrickson et al., 2017). We computed

a high-confidence set of DUX4-induced target genes by inter-

secting the sets of genes associated with endogenous DUX4

expression during preimplantation embryogenesis as well as

ectopic DUX4 expression in induced pluripotent stem cells

(iPSCs) and myoblasts (Feng et al., 2015; Hendrickson et al.,

2017). We additionally defined a compact set of DUX4-respon-

sive repetitive elements that were induced irrespective of the

cell type (Table S3). We measured expression levels of each of

these DUX4-induced genes and repetitive elements across

each cancer cohort and compared their average expression in

DUX4+ versus DUX4� cancers.

DUX4 expression was strongly associated with increased

expression of DUX4 targets, including coding genes, non-coding

genes, and repetitive elements (Figure 3B). Several trends were

notable. First, while DUX4+ cancers exhibited increased expres-

sion of many DUX4-induced genes irrespective of cancer type,

one or more specific target genes were particularly highly ex-

pressed in each cancer type. For example, almost all DUX4+

thymomas expressed high levels of the DUX4 target CCNA1,

while few bladder or breast cancers did. Second, the quantitative
level of DUX4 target induction was highly variable across DUX4+

cancer samples and was only modestly correlated with DUX4

expression levels. Third, most DUX4 targets were strongly

induced in almost all DUX4+ testicular germ cell cancers. Testic-

ular germ cell cancers might constitute unusually permissive en-

vironments for DUX4 activity, perhaps because DUX4 is endog-

enously expressed in luminal cells in the testis, most likely in the

germline (Snider et al., 2010). We conclude that DUX4 drives an

early embryonic transcriptional program in diverse solid cancers.

DUXB IsNot Essential for theCoreDUX4Transcriptional
Program in Cancer
A recent study reported that Duxbl was recurrently amplified in a

murinemodel of rhabdomyosarcomaand that its humanortholog

DUXB was expressed in many human cancers (Preussner et al.,

2018). Although we also observed frequent DUXB expression in

cancers,DUXB did not rank highly on our cancer specificity index

because it is expressed in many healthy tissues (Figure 1B).

Nonetheless, asDUXB expression is promoted byDUX4 (Figures

3A and 3B), we wondered whether DUXBmight contribute to the

DUX4-induced gene expression program. We established a

myoblast cell line with a doxycycline-inducible DUXB transgene

and performed RNA-seq on cells with or without doxycycline

treatment. Although DUXB lacks DUX4’s C-terminal transcrip-

tional activation domain, DUXB induction resulted in statistically

significant upregulation of a small set of genes. However, DUXB

had no effects on our high-confidence set of DUX4 targets (Fig-

ures S3B and S3C; Table S4), suggesting that it is not essential

for the DUX4-driven embryonic expression program in cancer.

DUX4 Is Associated with Reduced Anti-tumor Immune
Activity
As many DUX4 targets encode CT antigens (Chang et al., 2011;

Ikeda et al., 1997), we wondered whether DUX4 re-expression

might promote anti-tumor immune activity. We therefore tested

whether DUX4-expressing cancers exhibited gene expression

signatures of high immune infiltration. To our surprise, multiple

lines of evidence indicated that DUX4 expression was associ-

ated with decreased, rather than increased, anti-tumor immune

activity. First, we identified genes that were consistently differen-

tially expressed in multiple cancer types in DUX4+ versus

DUX4� samples and performed a GO-based analysis of en-

riched functional categories (Figure S3A). Almost all enriched

GO terms belonged to immune-related categories. However,

contrary to our hypothesis that DUX4 expression might trigger

immune surveillance, the immune-related GO terms were uni-

formly associated with decreased gene expression in DUX4+

versus DUX4� cancers (Figure 4A). Second, we noticed that

many immune-cell-specific genes were down-regulated in

DUX4+ cancers, suggesting that reduced immune cell infiltration

might underlie this GO enrichment signature (Table S5). We

therefore estimated infiltration of different immune cell types in

DUX4+ and DUX4� cancers with the TIMER algorithm (Li

et al., 2017).DUX4 expression was associated with reduced infil-

tration of diverse immune cells, most notably cytotoxic CD8+

T cells, inmany cancers (Figures 4B, S4A, and S4B). Natural killer

(NK)cell-specific markers exhibited similarly reduced expression

in many DUX4+ cancer types (Figure S4C). Third, we estimated

anti-tumor immune activity by measuring the expression of
Developmental Cell 50, 1–14, September 9, 2019 5
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Figure 3. DUX4 Drives an Embryonic Gene Expression Program in Cancer

(A) Differential gene expression induced by endogenous or ectopic DUX4. Each point represents mRNA levels for a single gene in samples with (y axis) or without

(x axis)DUX4 expression. Plots illustrate comparisons between cleavage-stage embryos and zygotes, which have high and lowDUX4 expression (left panel), iPSCs

with or without DUX4 induction (center panel), and myoblasts with or without DUX4 induction (right panel) (Feng et al., 2015; Hendrickson et al., 2017). Red, high-

confidence list of DUX4-induced genes identified by intersecting the sets of upregulated genes in all three illustrated comparisons. TPM, transcripts per million.

(B) Expression of high-confidence DUX4 targets in DUX4+ cancers. Heat map illustrates the expression of each DUX4 target (rows) in each individual DUX4+

sample (columns) relative to the median expression across all DUX4� samples from that cancer type. The LSAU repetitive element corresponds to the beta

satellite repeat, which is a multicopy genomic element like DUX4. Approximately 55% of LSAU’s 2,759-nt consensus sequence overlaps with part of DUX4’s

consensus sequence, so its expression is invariably higher in DUX4+ samples when expression is quantified via short-read sequencing.

See also Figure S3.
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GZMA and PRF1, which encode two key cytolytic factors ex-

pressed by cytotoxic T cells and NK cells (Rooney et al., 2015),

to find that cytolytic activity was markedly lower in most

DUX4+ versus DUX4� cancers (Figures 4C and S4D).
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As immunosuppressive regulatory T cells (Tregs) play impor-

tant roles in tolerance of self-antigens (Sakaguchi et al., 2008),

we wondered whether DUX4 might create an immunosuppres-

sive environment by altering Treg recruitment. The Treg marker
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Figure 4. DUX4 Is Associated with Cancer Immune Evasion

(A) Gene Ontology (GO) terms that were enriched for genes that were differentially expressed in DUX4+ versus DUX4� samples acrossmultiple cancer types. Plot

is restricted to the child-most GO terms with a false discovery rate (FDR) % 0.01 after Benjamini-Hochberg correction. Circle areas are proportional

to �log10 (FDR).

(B) Estimated CD8+ T cell infiltration in DUX4� and DUX4+ cancers, where infiltration was estimated with the TIMER method (Li et al., 2017). *p < 0.05; **p < 0.01

by the one-sided Mann-Whitney U test.

(C) Mean estimated cytolytic activity in DUX4� and DUX4+ cancers. Cytolytic activity was estimated as the geometric mean ofGZMA and PRF1 gene expression

(Rooney et al., 2015). Error bars, standard deviations estimated by bootstrapping.

(D) Mean expression of canonical MHC class I genes, where the mean was computed over all DUX4� and DUX4+ cancers for each type. Error bars, standard

deviations estimated by bootstrapping. TPM, transcripts per million.

(E) As (D), but for the illustrated datasets. Feng et al. (2015) introduced DUX4 via lentivirus into 54–1 andMB135myoblasts (Feng et al., 2015), Rickard et al. (2015)

sorted DUX4� and DUX4+myoblasts following induction of differentiation for myoblasts that spontaneously expressDUX4 (Rickard et al., 2015), and Eidahl et al.

(2016) transfected DUX4-expressing plasmids into WS236 myoblasts (Eidahl et al., 2016). n, number of replicates.

See also Figure S4.
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gene FOXP3 was significantly down-regulated in DUX4+ sam-

ples in a few, although not most, cancer types (Figure S4E).

However, this association did not persist when we estimated

Treg infiltration with the more sophisticated CIBERSORT algo-

rithm (Newman et al., 2015; Thorsson et al., 2018) (Figure S4F),

suggesting that DUX4-mediated immunosuppression is likely

not explained by Treg recruitment.

DUX4 Suppresses MHC Class I Expression
AsDUX4promotesCTantigenexpression yet DUX4+cancers ex-

hibited low anti-tumor immune activity, wewonderedwhether an-

tigen presentation might be suppressed in DUX4-expressing

cells. Reduced expression or loss of the Human Leukocyte Anti-

gen (HLA) or B2M (b2 microglobulin) genes, which encode MHC

class I molecules that display peptides for immune recognition,

isacommonmechanismbywhichcancersevade immunesurveil-
lance (Shukla et al., 2015).We therefore compared the expression

levels of MHC class I genes in DUX4+ and DUX4� cancers to find

thatDUX4 expressionwas associatedwith reducedexpression of

B2M,HLA-A,HLA-B, andHLA-C inmostcancer types (Figure4D).

Decreased expression of MHC class I genes could be a direct

consequence ofDUX4 expression or alternatively might be an in-

dependent event that enhances the survival ofDUX4-expressing

cancers. For example, cancers that evade immune surveillance

might be under reduced immune selection, enabling them to

subsequently express DUX4 and its antigenic targets without

deleterious consequences. To distinguish between those possi-

bilities, we studied acute DUX4 expression in cell culture.

We re-analyzed two RNA-seq datasets in which DUX4 was

ectopically expressed in DUX4� cells (Eidahl et al., 2016; Feng

et al., 2015) and one dataset in which differentiating myoblasts

that spontaneously expressed DUX4 were flow-sorted into
Developmental Cell 50, 1–14, September 9, 2019 7
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Figure 5. DUX4 Blocks Interferon-g-Mediated Upregulation of MHC Class I-Dependent Antigen Presentation

(A) Mean expression of genes encoding the illustrated components of the interferon-g signaling pathway, where the mean was computed over all DUX4� and

DUX4+ cancers for each type. Error bars, standard deviations estimated by bootstrapping. TPM, transcripts per million.

(B) As (A), but for the illustrated datasets.

(C) As (A), but illustrating gene expression during preimplantation embryonic development.

(D) Immunoblots probing MHC class I, DUX4, and GAPDH protein following treatment of MB135 cells that were engineered to contain a doxycycline-inducible

DUX4 expression construct with interferon-g (IFN-g) and/or doxycycline (Dox) to induce DUX4. a-MHC I, pan-MHC class I probe.

(E) As (D), but for MCF-7 cells.

(F) As (D), but for HeLa cells.

(G) As (D), but for Mel375 and Mel526 cells.

(H) As (D), but for A204 cells.

(I) As (D), but for SuSa cells.

(J) Levels of MHC class I on the cell surface following treatment of MB135iDUX4 cells with interferon-g (IFN-g) and/or doxycycline (Dox) to induce DUX4. Cell

surface levels of MHC class I were probed with a pan-MHC class I antibody.

(K) As (J), but for HeLaiDUX4 cells.

See also Figure S5.
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DUX4+ and DUX4� pools (Rickard et al., 2015). We found that

DUX4-expressing cells exhibited reduced levels of MHC class I

genes relative to DUX4� control cells in all three datasets (Fig-

ure 4E). As immunoediting is not a potential confounding factor

in these cell culture experiments, we conclude that DUX4 is a

cell-intrinsic suppressor of MHC class I.

DUX4 Suppresses Interferon-g-Mediated Induction of
MHC Class I-Dependent Antigen Presentation
Tumor-infiltrating immune cells induce antigen presentation on

malignant cells by secreting interferon-g, resulting in the upregu-

lation of MHC class I genes via JAK1-, JAK2-, and STAT1-
8 Developmental Cell 50, 1–14, September 9, 2019
dependent signal transduction (Friedman et al., 1984; Schroder

et al., 2004). We noted that DUX4 expression was associated

with reduced expression of JAK1, JAK2, and/or STAT1 in

many cancer types (Figure 5A). JAK1, JAK2, and STAT1 ex-

hibited similarly reduced expression following acute DUX4

expression in cultured myoblasts (Figure 5B) as well as after

the onset of endogenous DUX4 expression in preimplantation

embryos (Figure 5C). Finally, we noted that JAK1, JAK2, and

STAT1 each exhibited multiple peaks of DUX4 binding in our

published chromatin immunoprecipitation sequencing (ChIP-

seq) dataset of acute DUX4 expression in cultured myoblasts

(Figure S5A) (Geng et al., 2012).
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Figure 6. DUX4 Expression Is Associated

with Resistance to Immune Checkpoint

Blockade

(A) Fractions of DUX4 target genes (Table S3) that

are expressed in pretreatment biopsies taken from

metastatic melanoma patients who received anti-

CTLA-4 (Van Allen et al., 2015) or anti-PD-1 (Hugo

et al., 2016) therapy. Clinical responses were clas-

sified in the original studies according to RECIST

(anti-CTLA-4) (Eisenhauer et al., 2009) or irRECIST

(anti-PD-1) (Wolchok et al., 2009). p-value

computed with the Wilcoxon rank-sum test.

(B) Progression-free survival for patients treatedwith

anti-CTLA-4 whose pretreatment biopsies fell within

the top or bottom terciles of DUX4 target gene

expression. p-value computedwith the log-rank test.

(C) As (B), but for overall survival.

(D) As (B), but for the cohort of patients treated with

anti-PD-1.
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We therefore tested whether DUX4 could block interferon-

g-mediated induction of MHC class I. We initially used

MB135iDUX4 cells, which permit doxycycline-inducible DUX4

expression in a myoblast cell line. MB135iDUX4 cells are a

validated model of the biological consequences of DUX4

expression that recapitulate the cleavage-stage transcriptional

program (Hendrickson et al., 2017; Jagannathan et al., 2016;

Whiddon et al., 2017). Treatment with interferon-g resulted in

robust upregulation of MHC class I protein, as expected, while

inducing DUX4 by adding doxycycline effectively blocked

this upregulation of MHC class I (Figure 5D). DUX4 induction

drove expression of the DUX4-activated embryonic gene

ZSCAN4 independent of interferon-g treatment while sup-

pressing interferon-g-mediated upregulation of B2M, HLA-A,

HLA-B, and HLA-C mRNA (Figures S5B and S5C). Adding

doxycycline in the absence of the inducible DUX4 construct

had no effect on interferon-g-mediated induction of MHC

class I (Figure S5D).

We next tested whether DUX4 blocked interferon-g-mediated

induction ofMHC class I protein in cancer cells.We introduced a

doxycycline-inducible DUX4 construct into six cell lines derived

from five cancer types: breast adenocarcinoma (MCF-7), cervi-

cal cancer (HeLa), melanoma (Mel375 and Mel526), rhabdoid

cancer (A204), and testicular teratocarcinoma (SuSa). Treat-

ment with interferon-g induced higher levels of MHC class I pro-

tein in all tested cell lines, and DUX4 suppressed this induction

(Figures 5E–5I). Treating the parental cell lines with doxycycline
Develo
had no effect on interferon-g-mediated in-

duction of MHC class I (Figure S5D).

Finally, we confirmed that DUX4 blocked

interferon-g-mediated induction of MHC

class I-dependent antigen presentation.

As peptide binding is required for MHC

class I stability and cell surface localization

(Townsend et al., 1989), we used flow cy-

tometry to measure how DUX4 affected

levels of MHC class I on the cell surfaces

of representative untransformed (MB135)

and cancer (HeLa) cell lines. Interferon-g
treatment drove robust upregulation of MHC class I on the cell

surface, as expected, while DUX4 abrogated this induction in

both cell types (Figures 5J, 5K, S5E, and S5F). DUX4-mediated

suppression of MHC class I was particularly notable in HeLa

cells, where DUX4 suppressed cell surface levels of MHC class

I beyond the basal state even in the presence of interferon-g.

Together, these data demonstrate that DUX4 blocks interferon-

g-mediated induction of MHC class I and antigen presentation

in untransformed and cancer cells.

DUX4 Promotes Resistance to Immune Checkpoint
Blockade
As immune checkpoint blockade relies upon antigen presenta-

tion, resistance to these therapies is strongly associated with

loss of antigen presentation as well as loss of interferon-g signal

transduction (Gao et al., 2016; Sade-Feldman et al., 2017; Zar-

etsky et al., 2016). We therefore hypothesized that DUX4-medi-

ated suppression of antigen presentation might promote resis-

tance to checkpoint blockade. We analyzed RNA-seq data

from pretreatment biopsies across two cohorts in which

patients with metastatic melanoma were treated with anti-

CTLA-4 (Van Allen et al., 2015) or anti-PD-1 (Hugo et al.,

2016). Biopsies from patients whose disease was clinically clas-

sified as non-responsive to anti-CTLA-4 exhibited significantly

higher levels of DUX4 transcriptional activity relative to biopsies

from responsive patients (Figure 6A). Stratifying patients ac-

cording to DUX4 transcriptional activity revealed dramatic and
pmental Cell 50, 1–14, September 9, 2019 9
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statistically significant differences in both progression-free and

overall survival following anti-CTLA-4 therapy (Figures 6B and

6C). Increased DUX4 transcriptional activity was similarly asso-

ciated with failure to respond to anti-PD-1 therapy (Figure 6A)

and decreased overall survival following anti-PD-1 treatment

(Figure 6D), although the differences were not statistically signif-

icant, perhaps because of the smaller size of the anti-PD-1

cohort (27 versus 41 patients) or a more predictive role for

MHC class I expression in response to anti-CTLA-4 than anti-

PD-1 therapy (Rodig et al., 2018). We conclude that DUX4-

mediated suppression of MHC class I-dependent antigen

presentation is a clinically relevant biomarker for response to

immune checkpoint blockade.

DISCUSSION

Our finding of DUX4 expression in diverse solid cancers was

notable for several reasons. First, as DUX4 acts as a pioneer

transcription factor that contributes to zygotic genome activa-

tion, DUX4 re-expression in cancer provides a functional link be-

tween early embryogenesis and cancer (De Iaco et al., 2017;

Hendrickson et al., 2017; Whiddon et al., 2017). Second, prior

to the recent discovery of DUX4’s embryonic role, DUX4 was

best known for causing FSHD when aberrantly expressed in

skeletal muscle due to genetic variation that causes loss of its

normal epigenetic repression in somatic tissues (Lemmers

et al., 2010, 2012). Third, while DUX4’s normal transcription

factor activity has not been previously reported to play a role in

cancer, the presence of recurrent translocations involving the

DUX4 locus in round-cell sarcoma and B-ALL strongly suggests

that DUX4 has pro-oncogenic capacity, at least when expressed

as part of the CIC-DUX4 or DUX4-IGH fusion proteins (Kawa-

mura-Saito et al., 2006; Lilljebjörn et al., 2016; Liu et al., 2016;

Yasuda et al., 2016; Zhang et al., 2016). Finally, our observation

that DUX4 activity is significantly associated with failure to

respond to immune checkpoint blockade (Figure 6) provides a

clinical motivation for determining when, where, and how

DUX4 becomes re-expressed in cancers. Future prospective

studies of larger cohorts are essential to confirm our results

and test the clinical utility of using DUX4 activity as a predictive

biomarker of response to checkpoint blockade.

DUX4 is aberrantly expressed in both FSHD muscle and can-

cers, but the physiological consequences of DUX4 expression

in these two disease states are quite different. Sustained expres-

sion of DUX4 in skeletal muscle causes apoptosis (Eidahl et al.,

2016; Kowaljow et al., 2007), in contrast to DUX4’s importance

during early embryogenesis and apparent compatibility with

many malignancies. Determining why early embryos and cancer

cells can tolerate DUX4 expression, while muscle cells cannot,

may give insight into possible mechanisms for treating FSHD.

Another notable difference is the frequent presence of inflamma-

tion and lymphocytic infiltration in FSHD muscle (Arahata et al.,

1995) versus reduced immune infiltration in DUX4+ cancers. As

DUX4 suppresses MHC class I in both untransformed muscle

cells and cancer cells (Figures 5D–5I and S5B–S5D), further

work is required to determinewhyDUX4 expression results in im-

mune attack in FSHD muscle but immune evasion in cancers.

Our finding of full-length DUX4 expression and transcriptional

activity in diverse solid cancers is mechanistically distinct from
10 Developmental Cell 50, 1–14, September 9, 2019
the prior identification of DUX4 translocations in other cancer

types. All DUX4-IGH fusion proteins lack DUX4’s C-terminal acti-

vation domain and do not activate DUX4 target gene expression

(Lilljebjörn et al., 2016; Liu et al., 2016; Tanaka et al., 2018; Ya-

suda et al., 2016; Zhang et al., 2016). The CIC-DUX4 fusion pro-

tein combines CIC’s high mobility group-box DNA-binding

domain with the transcriptional activation domain of DUX4 and

so dysregulates CIC target genes but should not activate

DUX4 target gene expression (Specht et al., 2014). While the

DUX4-IGH and CIC-DUX4 fusion proteins likely possess onco-

genic capacities, neither activates the gene expression program

that is characteristic of totipotent embryonic cells expressing

full-length DUX4.

Since DUX4 re-expression is common in many cancers, why

has it not been previously detected? First, DUX4 is a multicopy

gene that lies within the D4Z4 macrosatellite repeat array in the

subtelomeric region of chromosome 4q (Gabri€els et al., 1999;

Lee et al., 1995). The repetitive nature of DUX4’s genomic locus

and its highly variable copy number in the human population (Wij-

menga et al., 1993) render it difficult to study, possibly hindering

its prior identification as a cancer-specific gene. The continued

development of experimental and computational techniques

for querying repetitive genomic loci may facilitate the identifica-

tion of additional genes like DUX4 that play unexpected roles in

cancer. Second, the DUX4 mRNA is rapidly turned over by

nonsense-mediated decay (Feng et al., 2015) and is present at

relatively low abundance in its normal developmental context

as well as in cancers. Third, because the cleavage-stage

embryonic transcriptome that DUX4 activates was only recently

characterized (De Iaco et al., 2017; Hendrickson et al., 2017;

Whiddon et al., 2017), it would not have been revealed by

GO-like enrichment analyses of cancer-expressed genes. For

all of these reasons, quantifying expression of the genes that

we identified as robust DUX4 targets in both embryos and can-

cers (Table S3) may prove to be an efficient method for identi-

fying DUX4-expressing cancers.

Our data implicate DUX4 in MHC class I-dependent antigen

presentation but do not exclude the possibility that DUX4

regulates tumor-immune interactions via other mechanisms

as well. For example, DUX4 could influence T cell exclusion

from the tumor microenvironment. We noted that many

DUX4+ cancers exhibited reduced levels of the chemoattrac-

tants CXCL9 and CXCL10 (Figure S5G), which promote

lymphocyte recruitment to tumors (Homey et al., 2002). We

experimentally confirmed that DUX4 prevented interferon-g-

stimulated increases in CXCL9 and CXCL10 mRNA in myo-

blasts (Figure S5H), suggesting that DUX4 may influence che-

mokine signaling in addition to altering antigen presentation.

Further work is required to confirm that DUX4 influences

CXCL9 and CXCL10 levels in cancer cells and identify all of

the potentially diverse means by which DUX4 contributes to

immune evasion.

In addition to facilitating immune evasion, DUX4 might pro-

mote tumorigenesis through additional mechanisms that regu-

late normal early embryonic development. For example, the

DUX4 target ZSCAN4 is required for telomere maintenance

and extension in embryonic stem cells (Zalzman et al., 2010).

ZSCAN4 is activated in most DUX4+ solid cancers, where it

may similarly contribute to the replicative potential of these
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cancers. Another example is the DUX4 target CCNA1, which

encodes an A-type cyclin that is essential for male meiosis

(Liu et al., 1998) and aberrantly expressed in many myeloid

malignancies (Kr€amer et al., 1998). Ectopic expression of

CCNA1 in the murine hematopoietic lineage caused abnormal

myelopoiesis and sporadic progression to acute myeloid leu-

kemia (Liao et al., 2001). These are just two examples illus-

trating how DUX4 targets’ normal roles in the totipotent

cleavage-stage embryo and germ cells may contribute to

tumorigenesis. While the functional roles of many DUX4 target

genes (Table S3) are undefined, we hypothesize that other

DUX4 targets may directly contribute to cancer initiation and

progression.

Asothers have longnoted, preimplantation embryosbearmany

qualitative similarities to malignant cells, including de- or re-pro-

grammingofcell state, infinite replicativepotential, and thecapac-

ity to effectively invade other tissues (Ben-Porath et al., 2008;

Hanahan and Weinberg, 2000; Monk and Holding, 2001; Pierce,

1983). As DUX4 activates the transcriptional program defining

the cleavage stage of early embryogenesis, DUX4 targets and

downstream factors presumably enable preimplantation embryos

to acquire these cancer-like characteristics. DUX4’s ability to

suppress MHC class I-dependent antigen presentation provides

a mechanistic connection between preimplantation development

and immune evasion, which is now widely recognized as a hall-

mark of cancer (Hanahan and Weinberg, 2011). Our discovery

that diverse cancers express transcriptionally active DUX4

suggests a model whereby re-expression of an embryonic tran-

scription factor activatesanearlydevelopmental programcharac-

teristic of totipotentcells, resulting in the transformationof somatic

cells into malignancies that can evade immune destruction.
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GraphPad Prism v7.0 N/A www.graphpad.com; RRID: SCR_002798
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for reagents and resourcesmay be directed to andwill be fulfilled by the LeadContact, Dr. Robert K.

Bradley, at Fred Hutchinson Cancer Research Center (rbradley@fredhutch.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
A204 cells were purchased from ATCC (Cat# HTB-82) and have been cultured in the Tapscott laboratory since 2012. HeLa cells were

purchased fromATCC (Cat# CCL-2) and have been cultured long-term in the Tapscott laboratory. All myoblast lineswere obtained as

de-identified primary cells from the Fields Center for FSHD and Neuromuscular Research at the University of Rochester Medical

Center (https://www.urmc.rochester.edu/neurology/fields-center.aspx) and immortalized by retroviral transduction of CDK4 and

hTERT (Stadler et al., 2011) in the Tapscott laboratory. MB135iDUX4 cells have also been described previously (Jagannathan

et al., 2016). MCF-7 cells were purchased from ATCC (Cat# HTB-22) and have been cultured in the Tapscott laboratory since

2017. Mel375 and Mel526 cells were generously provided by Dr. Seth Pollack (Pollack et al., 2012). SuSa cells were purchased

from DSMZ (Cat# ACC 747) and have been cultured in the Tapscott laboratory since 2014.

Cell Culture
A204 and A204iDUX4 cells were maintained in RPMI 1640Medium (Gibco) supplemented with 10%HyClone Fetal Bovine Serum (GE

Healthcare Life Sciences), 100 U/100 mg penicillin/streptomycin (Gibco), and, for A204iDUX4, 1.5 mg/ml puromycin (Sigma-Aldrich).

HeLa and HeLaiDUX4 cells were maintained in Dulbecco’s Modified Eagle Medium (Gibco) supplemented with 10% HyClone Fetal

Bovine Serum, 100 U/100 mg penicillin/streptomycin, and, for HeLaiDUX4, 1.5 mg/ml puromycin. MB2401, MB073, MB135,

MB135iDUX4, and MB135iDUXB myoblasts were maintained in Ham’s F-10 Nutrient Mix (Gibco) supplemented with 20% HyClone

Fetal Bovine Serum, 100 U/100 mg penicillin/streptomycin (Gibco), 10 ng/ml recombinant human basic fibroblast growth factor

(Promega Corporation), 1 mM dexamethasone (Sigma-Aldrich), and, for MB135iDUX4 and MB135iDUXB, 3 mg/ml or 2 mg/ml

puromycin (Sigma-Aldrich), respectively. MCF-7 and MCF-7iDUX4 cells were maintained in Eagle’s Minimal Essential Medium

(Quality Biological) supplemented with 10% HyClone Fetal Bovine Serum, 100 U/100 mg penicillin/streptomycin, 10 mg/ml insulin

(Sigma-Aldrich), and, for MCF7iDUX4, 1.5 mg/ml puromycin. Mel375, Mel375iDUX4, Mel526, and Mel526iDUX4 cells were

maintained in RPMI 1640 Medium containing HEPES (Gibco) supplemented with 10% HyClone Fetal Bovine Serum, 100 U/100 mg

penicillin/streptomycin, 2 mM L-Glutamine (Gibco), 1% MEM Non-Essential Amino Acids Solution (Gibco), 1 mM Sodium Pyruvate

(Gibco), and, for Mel375iDUX4 and Mel526iDUX4, 2 mg/ml or 1 mg/ml puromycin, respectively. SuSa and SuSaiDUX4 cells were

maintained in RPMI 1640 Medium supplemented with 10% HyClone Fetal Bovine Serum, 100 U/100 mg penicillin/streptomycin,

and, for SuSaiDUX4, 1 mg/ml puromycin. A204iDUX4, HeLaiDUX4, MCF-7iDUX4, Mel375iDUX4, Mel526iDUX4, SuSaiDUX4, and

MB135iDUXB cell lines were generated as previously described for MB135iDUX4 cells (Jagannathan et al., 2016).

METHOD DETAILS

Data Sources
RNA-seq reads were downloaded from CGHub (TCGA), the Gene Expression Omnibus (accession numbers GSE85632, GSE85935,

GSE78220) (Eidahl et al., 2016;Hendrickson et al., 2017;Hugo et al., 2016), theNCBI sequence read archive (SRA) database (accession

number SRP058319) (Rickard et al., 2015), dbGaP (accession number phs000452.v2.p1) (Van Allen et al., 2015), the Japanese
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Genotype-Phenotype Archive (accession number JGAS00000000047) (Yasuda et al., 2016), and the European Genome-phenome

Archive (accession number EGAD00001002112) (Lilljebjörn et al., 2016). Sample annotations and gene expression data were

downloaded from the GTEx portal (www.gtexportal.org). ChIP-seq reads were downloaded from the Gene Expression Omnibus

(accession number GSE33838) (Geng et al., 2012).

RNA-seq Library Preparation
Total RNA integrity was checked using a 4200 TapeStation System (Agilent Technologies) and quantified using a Trinean DropSense

96 UV-Vis spectrophotometer (Caliper Life Sciences). The RNA-seq libraries were prepared from total RNA using the TruSeq RNA

Sample Prep Kit v2 (Illumina). Library size distribution was validated using a 4200 TapeStation System. Additional library quality

control, blending of pooled indexed libraries, and cluster optimization was performed using a Qubit 2.0 Fluorometer (Life Technol-

ogies-Invitrogen). RNA-seq libraries were pooled (16-plex) and clustered onto 2 flow cell lanes. Sequencing was performed using

an Illumina HiSeq 2500 in high-output mode employing a single-end, 100 base read length sequencing strategy. All work was carried

out by the Fred Hutch Genomics Shared Resource.

Genome annotation, RNA-seq and ChIP-seq Read Mapping, and Gene Expression Estimation
A genome annotation was created by merging the UCSC knownGene (Meyer et al., 2013), Ensembl 71 (Flicek et al., 2013), and

MISO v2.0 (Katz et al., 2010) annotations. RNA-seq reads were mapped to this annotation as previously described (Dvinge

et al., 2014). In brief, RSEM v1.2.4 (Li and Dewey, 2011) was modified to call Bowtie v1.0.0 (Langmead et al., 2009) with the option

’-v 20 and then used to map all reads to the merged genome annotation. Remaining unaligned reads were then mapped to the

genome (GRCh37/hg19 assembly) and a database of potential splice junctions with TopHat v2.0.8b (Trapnell et al., 2009). All

gene expression estimates were normalized using the trimmed mean of M values (TMM) method (Robinson and Oshlack, 2010).

For GTEx data, per-tissue gene expression estimates were obtained by computing the median expression over all samples for a

given tissue following TMM normalization. Read alignments to the full-length DUX4 cDNA were performed with Kallisto v0.43.0’s

pseudoalignment function (Bray et al., 2016). Subsequent visualization of the resulting read coverage was performed with IGV

(Thorvaldsdottir et al., 2013). ChIP-seq reads were mapped to the genome with Bowtie v1.0.0 (Langmead et al., 2009) with the

arguments ’-v 2 -k 1 -m 1 –best –strata’. ChIP-seq peaks were called with MACS v 2.1.1.20160309 (Zhang et al., 2008) with the

arguments ’callpeak -g hs’.

Cancer-Specific Expression Score
The cancer-specific expression score of each gene was defined as the logarithm of the fractions of cancer samples and types in

which the gene was expressed divided by the fractions of peritumoral samples and normal tissues in which the gene was expressed.

We used the following thresholds to define a gene as expressed or not expression in a given sample. Following TMM normalization,

each gene within each sample was classified as expressed (>1.5 TPM), not expressed (<0.5 TPM in normal tissue), or uncertain

(<1.5 TPM, but >0.5 TPM). For peritumoral samples, we relaxed the threshold for defining genes as not expressed to <1.0 TPM in

order to allow for potential cancer field effects, sample contamination, or other confounding factors. We defined DUX4+ and

DUX4- cancer samples as those with DUX4 expression >1.5 TPM or <0.5 TPM.

DUX4 Polyadenylation Site Usage
The alleles from which DUX4 mRNAs were expressed in a sample were determined from diagnostic polymorphisms in exon 2 of

DUX4 (Snider et al., 2010). This information was inferred from the nucleotide sequences at genomic positions chrUn_

gl000228:114,025-114,056 in mapped RNA-seq reads, corresponding to the sequences shown in Table 4 of Snider et al. (2010).

Mapped RNA-seq reads containing the DUX4 exon 3 polyadenylation sites were defined as reads that overlapped the

ATATATTAAA sequence at chrUn_gl000228:114,642-114,651 with no mismatches.

Somatic Mutation Analysis
TCGA somatic mutation calls from the Mutect pipeline (Cibulskis et al., 2013), together with their phenotypic impact as predicted by

PolyPhen (Adzhubei et al., 2010) were obtained using the GDCquery_Maf function from TCGAbiolinks (Colaprico et al., 2016).

Mutations were segregated as deleterious (frameshift, nonsense, and predicted deleterious mutations), low impact (silent and

predicted tolerated) or other. In each cancer cohort, for each gene tested, samples with deleterious mutations were compared to

samples with low impact or no mutations.

DUX4 and DUX4C Comparison
RNA-seq reads thatmapped uniquely to full-length DUX4mRNAor DUX4CmRNAwere extracted using samtools view (Li et al., 2009)

with the following coordinates in the GRCh37/hg19 assembly: DUX4, chrUn_gl000228:113631-113879; DUX4C, chr4:190942696-

190942795 and chrUn_gl000228:26525-26624 (those two loci have identical genomic sequences). The density of reads was calcu-

lated as the total number of reads mapping to the region, normalized by the lengths of the regions queried.
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DUX4 and DUX4-s Isoform Comparison
Uniquely identifying splice junctions for the long and short isoforms of DUX4 mRNA were identified by their 50 splice sites at

chrUn_gl000228:113,887 and chrUn_gl000228:113,081, respectively.

DUXB Differential Gene Expression Analysis
DUXB target genes were defined as those genes that were expressed at >5 TPM following DUXB induction, exhibited a fold-

change >2 relative to uninduced samples, and had an associated Bayes factor of >10 as computed with Wagenmakers’s framework

(Wagenmakers et al., 2010) in both experimental replicates.

DUX4 Differential Gene Expression Analysis
A high-confidence set of DUX4 target genes were defined as expressed at >5 TPM in DUX4+ samples, with a greater than 4-fold

change over DUX4- samples, and with a Bayes factor of >10 as computed with Wagenmakers’s framework (Wagenmakers et al.,

2010) in all experimental replicates, across samples from pre-implantation embryos (Hendrickson et al., 2017), myoblasts (Feng

et al., 2015) and iPSCs (Hendrickson et al., 2017).

Differential Gene Expression and Gene Ontology Analyses
Genes that were differentially expressed in DUX4+ versus DUX4- cancer samples were determined with a two-sided Mann-Whitney

test, as implemented in wilcox.test in R, with a p value threshold of 0.01 and a fold-change threshold of 2.0. Gene Ontology (GO)

terms that were enriched amongst genes that exhibited increased or decreased expression in DUX4+ versus DUX4- samples

were identified with the GOseq method (Young et al., 2010), with a false-discovery rate threshold of 0.01. The intersection between

the resulting significant GO terms that were identified for each cancer type was then computed, and only the child-most terms of the

resulting intersection were analyzed further and reported.

Quantification of Immune Cell Infiltration
Estimates of immune cell infiltration of TCGA primary tumors were downloaded from the TIMER web server (Li et al., 2017) and

cross-referenced to our classification of each sample as DUX4+ or DUX4-. A one-sided Mann-Whitney U test was used to test for

a statistically significant difference in immune cell infiltration between DUX4- and DUX4+ cancer samples.

Cloning
The DUXB gene was codon altered, synthesized by IDT custom gene synthesis, and subcloned by restriction enzyme digest into the

NheI and SalI sites of the pCW57.1 vector, a gift from David Root (Addgene plasmid #41393).

siRNA Transfection
FlexiTube GeneSolution siRNAs targeting PRPF8 (Cat. no. GS10594) and a non-targeting Negative Control siRNA (Cat. no. 1022076)

were obtained from Qiagen. Transfection of siRNAs into myoblasts was carried out as previously described (Campbell et al., 2018).

MHC Class I Immunoblotting and Induction by Interferon-g
Cells were treated with 1 mg/ml doxycycline hyclate (Sigma-Aldrich) for 4 h and then stimulated with 100-200 ng/ml interferon-g (R&D

Systems) for 14-17 h. Whole-cell protein extracts were obtained by lysing cells directly in 4X SDS sample buffer (500mM Tris-HCl pH

6.8, 8% SDS, 20% 2-mercaptoethanol, 0.004% bromophenol blue, 30% glycerol) or RIPA buffer (150 mM NaCl, 1% Nonidet P-40,

0.5% sodium deoxycholate, 0.1% SDS, 25 mM Tris-HCl pH 7.4), followed by sonication. Protein extracts were run on NuPAGE

4-12% precast polyacrylamide gels (Invitrogen) and transferred to nitrocellulose membrane (Invitrogen). Membranes were blocked

in PBS containing 0.1% Tween-20 and 5% non-fat dry milk before overnight incubation at 4 �C with primary antibodies. Membranes

were then incubated with horseradish peroxidase-conjugated secondary antibodies in block solution for 1 h at room temperature

and chemiluminescent substrate (Thermo Fisher Scientific) was used for detection on film or with a ChemiDox MP Imaging System

(Bio-Rad). Membranes were stripped with Restore Western Blot Stripping Buffer (Pierce) before being re-probed.

Real-Time qPCR
Total RNA was extracted from whole cells using the NucleoSpin RNA kit (Machery-Nagel) according to the manufacturer’s instruc-

tions. Isolated RNA was treated with DNase I (Thermo Fisher Scientific), heat inactivated, and reverse transcribed into cDNA using

SuperScript III (Thermo Fisher Scientific) and oligo(dT) primers (Invitrogen) following the manufacturer’s protocol. Quantitative PCR

was carried out on a QuantStudio 7 Flex (Applied Biosystems) using primers specific for eachmRNA and iTaq SYBRGreen Supermix

(Bio-Rad Laboratories). The relative expression levels of target genes were normalized to that of reference housekeeping genes by

using the delta-delta-Ct method (Livak and Schmittgen, 2001) after confirming equivalent amplification efficiencies of reference and

target molecules.

Flow Cytometry
Cells were treated with 1 ug/ml doxycycline hyclate (Sigma-Aldrich) for 4 h and then stimulated with 200 ng/ml interferon-g (R&D

Systems) for 16 h. Cells were harvested using trypsin, washed with FACS Buffer (1X DPBS, 2% FBS), and then stained with a
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1:50 dilution of FITC-conjugated MHC class I antibody (Biolegend) for 30 min at 4�C. Following staining, cells were washed again

and resuspended in FACS buffer for analysis by flow cytometry using BD LSRFortessa X-50 with BD FACSDiva software (BD

Biosciences). Data were analyzed using FlowJo v10.5.3.

Antibodies
The following antibodies were used: GAPDH (6C5) (GeneTex GTX28245; Lot #23184, Lot #821705388, or Lot #821803139), MHC

class I (F-3) (Santa Cruz Biotechnology sc-55582; Lot #C0817 or Lot #L1118), FITC anti-human HLA-A,B,C (W6/32) (BioLegend

311404; Lot #B223038), ZSCAN4 (Invitrogen PA5-32106; Lot #SK2479411A), Peroxidase AffiniPure Goat Anti-Mouse IgG (H+L)

(Jackson ImmunoResearch 115-035-146), and Peroxidase AffiniPure Goat Anti-Rabbit (H+L) (Jackson ImmunoResearch 111-

035-144), and a previously described rabbit monoclonal antibody against DUX4 (E14-3) that was produced in collaboration with

Epitomics (Geng et al., 2011).

Primers
The following primers were used:

B2M F: ACTGAATTCACCCCCACTGA (Zhang et al., 2005)

B2M R: CCTCCATGATGCTGCTTACA

CXCL9 F: TCTTTTCCTCTTGGGCATCA (Zeisel et al., 2013)

CXCL9 R: TAGTCCCTTGGTTGGTGCTG

CXCL10 F: GTGGCATTCAAGGAGTACCTC (Wang et al., 2012)

CXCL10 R: TGATGGCCTTCGATTCTGGATT

DUX4 F: CGGAGAACTGCCATTCTTTC (Shadle et al., 2017)

DUX4 R: CAGCCAGAATTTCACGGAAG

HLA-A F: CGACGCCGCGAGCCAGA (Kruse et al., 2015)

HLA-A R: GCGATGTAATCCTTGCCGTCGTAG

HLA-B F: CTACCCTGCGGAGATCA (Meissner et al., 2010)

HLA-B R: ACAGCCAGGCCAGCAACA

HLA-C F: GGAGACACAGAAGTACAAGCG (Kruse et al., 2015)

HLA-C R: CGTCGTAGGCGTACTGGTCATA

PRPF8 F: ACCCAATCTCCCATAGGCAC (Zeisel et al., 2013)

PRPF8 R: AGGAAGGGCTCCACAAACTC

RPL13A F: AACCTCCTCCTTTTCCAAGC (Geng et al., 2012)

RPL13A R: GCAGTACCTGTTTAGCCACGA

RPL27 F: GCAAGAAGAAGATCGCCAAG (Shadle et al., 2017)

RPL27 R: TCCAAGGGGATATCCACAGA

TRIM43 F: ACCCATCACTGGACTGGTGT (Geng et al., 2012)

TRIM43 R: CACATCCTCAAAGAGCCTGA

ZSCAN4 F: TGGAAATCAAGTGGCAAAAA (Geng et al., 2012)

ZSCAN4 R: CTGCATGTGGACGTGGAC

siRNAs
The following siRNAs were used:

siCTRL: AATTCTCCGAACGTGTCACGT

siPRPF8-1: ACGGGCATGTATCGATACAAA

siPRPF8-2: ATGGCTTGTCATCCTGAATAA

siPRPF8-3: CAACGTCGTCATCAACTATAA

siPRPF8-4: CTCATCGTGGACCACAACATA

Survival analyses
Survival analyses and corresponding statistical tests were performed with the Kaplan-Meier estimator and log-rank test as

implemented in the R package survival (Therneau and Grambsch, 2000).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data Analysis and Visualization
Data analysis was performed in the R programming environment and relied on Bioconductor (Huber et al., 2015), CRAN: dplyr (Wick-

ham et al., 2018), and CRAN: ggplot2 (Wickham, 2016). The RT-qPCR panels were generated using GraphPad Prism Software

(version 7.0, www.graphpad.com). Flow cytometry data were analyzedwith FloJo (version 10.5.3, www.flowjo.com/solutions/flowjo).
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DATA AND CODE AVAILABILITY

Experimental Data and Plasmids
Relevant plasmids are available through Addgene (https://www.addgene.org/Stephen_Tapscott/).

Accession Codes
The accession number for the FASTQ files from the DUXB RNA-seq experiment reported in this paper is GSE128917.
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