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ABSTRACT OF THE DISSERTATION

Understanding the role of DUX4 in FSHD pathology and its connection to early human
development

by
Nam Viét Nguyén
Doctor of Philosophy in Biomedical Science

University of California, Irvine, 2022

Professor Kyoko Yokomori, Chair

Facioscapulohumeral muscular dystrophy (FSHD) is a rare genetic disease and is
considered one of the most prominent muscular dystrophies in human. The disease
typically begins with weakening of muscles starting from the upper body (face, shoulders,
arms) that eventually spread to the lower body (legs). FSHD patients’ symptoms generally
appear at around adolescent and continue to worsen overtime. Currently there is no cure
for FSHD; however, clinical management is available to slow down the progression of
muscle loss. With the recent advancement in genetic research technology, major mutations
that cause the disease were discovered. Most FSHD patients (95%) have a contraction of
the D474 repeat macrosatellite at the subtelomeric region of chromosome 4q with a
specific haplotype (4qA). These patients are designated as FSHD1. Around 5% of FSHD
cases acquire other mutations that disrupt the heterochromatic establishment of D474

repeats such as DNA methylation (termed FSHD2). Their mutations so far were found in

Xi



the epigenetic modifier genes (SMCHD1, LRIF1, DNMT3B) which might be involved in D4Z4

heterochromatin.

DUX4, a transcription factor, is encoded in the D4Z4 repeats. It was found to be re-
activated from the last D474 repeat in FSHD patients and has been linked to the
development of the disease. During my time in the Yokomori lab, I have characterized
FSHD mutant myocytes which were generated by Dr. Xiangduo Kong by CRISPR-Cas9 from
a healthy permissive myoblast line. The mutants carry either deletion of D4Z4 repeats or
SMCHD1 homozygous mutations or both. [ discovered that the mutant cells shared
significant characteristics with FSHD patient cells by having a de-repression/reactivation
of DUX4. DUX4 was undetected in my RNA-seq analysis but still sufficient to activate FSHD
signature genes in FSHD mutants while the parental wildtype cell line had minimal to zero

expression of such genes.

DUX4 is a double homeobox protein and is involved in embryonic genome activation
(EGA). Homeobox family transcription factors are considered to be central in governing
early mammalian development. [ further characterized DUX4 major downstream targets
such as H3.X/Y, LEUTX, and DUXA and demonstrated that they enhance the DUX4 network
through positive feedback loop. I also identified a set of embryonic genes that were induced
by LEUTX overexpression in FSHD mutant myocytes. Particularly, some of these genes
(DPRX, DPPA3) were previously found to be upregulated at 8-cell stage of embryonic
development corresponding to LEUTX timing of expression from 4-cell to 8-cell stage.
Altogether, these findings suggested that misexpression of LEUTX in FSHD muscles could

disrupt muscle differentiation by activation of embryonic genes.
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Chapter 1: INTRODUCTION

The complex epigenetic regulation of DUX4 and its role in human development
and diseases

1.1 Abstract:

DUX4 is a retro-transcription factor that is involved in embryonic genome activation
(EGA) in early embryos, whose misexpression in adult skeletal muscle is linked to
Facioscapulohumeral Dystrophy (FSHD). FSHD is a third common muscular dystrophy.
Studies have shown that DUX4 misexpression occurs in adult muscle due to the disruption
of epigenetic regulations that control the heterochromatin structure at D4Z4 macrosatellite
repeat array, in which the DUX4 gene is embedded. Consequently, DUX4 misexpression
leads to activation of downstream target genes and pathways that gradually results in
progressive loss of muscles though the detailed mechanism has not been defined. Many
DUX4 target genes have been identified yet many of their functions are not well-defined.
The function of DUX4 outside of FSHD context also is not completely determined. We
discuss here the discovery of DUX4 as well as its evolution from the DUX gene family and
how the recent findings have led to a broader understanding of early human development.
We also discuss the multifaceted epigenetic regulation of DUX4 and its target genes along
with their known functions in maintenance and amplification of DUX4 gene network. This
review serves to speculate the interesting case of lowly expressed (often undetectable in
bulk RNA-seq) DUX4 and its incredible long-term impact on adult skeletal muscle. The
understanding of DUX4 and its associated genes in human diseases and development might

provide a deeper perspective on the complexity of human gene network.



1.2 Introduction

Overview of FSHD and DUX4

FSHD (Facioscapulohumeral dystrophy) is present in around 1 out of 20000 people
globally. The cause of FSHD is not clearly understood but it is generally accepted that
misexpression of DUX4 in skeletal muscle myocytes is associated with the disease. Many
studies have collectively revealed that the heterochromatin of D474 repeat array is
disrupted and the last repeat has a complete ORF for DUX4 (1-4). Heterochromatic
disruption and relaxation of D474 repeats allow for de-repression of DUX4, resulting in
progressive muscle wasting in adult overtime. FSHD patients are divided into two classes:
the D474 contraction (FSHD1) in which the repeat array is shortened to less than 10
copies; and the non-contraction (FSHD2) which is mostly linked to the heterozygous
mutation of SMCHD1 (structural maintenance of chromosomes hinge domain 1). FSHD2
patients also obtain a low-moderate number of D474 repeats (8-20 copies). The D474

contraction (FSHD1) makes up 95% of the total cases.

DUX4 is located at the sub-telomeric region of the chromosome 4 and only the 4qA
but not 4gB allele has the ability to encode for translatable DUX4 because of the polyA
signal downstream of the last D474 repeat. Expression of DUX4 is time-specific in early
human development where DUX4 is activated at the 2-cell stage to instruct embryonic
genome activation (EGA) (5, 6). In adults, DUX4 is found to be expressed in testis and
thymus; and it appears to be subsequently silenced in adult tissues (7-9). Heterochromatic

factors must be recruited to silent DUX4 in later development while mutations related to



FSHD appear to inhibit this process. The disruption of heterochromatic D474 repeats in
FSHD patients can include H3K9me3, H3K27me3, DNA methylation and other complexes(2,
3,10, 11). The re-activation of DUX4 arises from ineffective silencing of DUX4 in FSHD adult
muscle. Though DUX4 is lowly expressed, its influence is substantial, going beyond
immediate downstream gene network. Many DUX4 targets have been identified and
characterized to understand the disease pathology (ZSCAN4, LEUTX, DUXA, DUXB, H3.X/Y,
MBD3L family). The discovery of DUX4 has opened up another area of study as DUX4 was
initially considered a pseudogene without any function. However, the current
understanding of DUX4 targets is limited and there are still more mysteries of DUX4 yet to

unfold.

Physiological role of DUX4 in embryonic development:

Following fertilization, embryo undergoes cleavages and cell divisions without
significant overall growth. Due to the lack of gene transcription, the initial cleavage stage of
an embryo is assisted by maternal RNAs. As the embryo develops, maternal materials are
being degraded and embryonic genome activation (EGA) starts to take place, turning on the
first wave of embryonic transcription program. DUX4 is activated at 2-cell stage and peaks
at 4-cell stage. At 8-cell stage, DUX4 is being strongly downregulated at RNA and protein
level(6, 12, 13). Cleavage-specific genes such as ZSCAN4, KDM4E, and PRAMEF family were
revealed to be activated by DUX4 (Figure 1.1) (13). Zscan4 genes are expressed in 2-cell
stage in mice and act as transcriptional repressors at heterochromatic regions(14). KDM4E

(H3K9me demethylase) belongs to KDM4 family and has been characterized so far to be an



epigenetic regulator for embryonic development in bovine(15, 16). This evidence indicates
that DUX4 induces chromatin regulators which might be critical for instruction of broader
program of gene activation/inhibition during embryonic development. However, PRAMEF
family is currently uncharacterized and unknown of biological mechanism. DUX4 also was
found to activate endogenous retroelements such as HERVL during cleavage. Furthermore,
Dux, a homolog of DUX4 in mice was discovered to serve a similar role (12). The findings
reveal the key conserved functions of the double homeobox genes (Dux and DUX4) in
regulating early embryonic program. During this critical period, embryonic genome
becomes activated, allowing the embryo to achieve totipotency. Because of their conserved
functions, family of genes regulated by Dux and DUX4 are likely to represent the core
ancestral network, possibly setting the momentum for subsequent development

processes(13).

Expression of DUX4 in other tissues

In human adult, DUX4 is expressed in testis but suppressed in most somatic
tissues(8). RT-qPCR analysis of FSHD and unaffected skeletal muscles and unaffected testes
revealed that DUX4 targets (PRAMEF1, TRIM43, ZSCAN4, MBD3L2) were activated in FSHD
skeletal muscle and testis(17). These genes whose expression might be toxic in skeletal
muscle are not well-understood in testis. It is also not understood whether DUX4 targets
have similar biological functions in both FSHD skeletal muscle and testis. In addition,
DUX4-bound repetitive elements such as MaLR and ERV were shown to be active

promoters for retrotransposon transcription that could have some crucial role in testis(8).



Fascinatingly, DUX4 is also involved in cancer cells and immune evasion(18). Aberrant
expression of DUX4 suppressed MHC class I and prompted cancer cells to fail immune
checkpoint blockade. This finding suggests that DUX4 can also instruct certain immune
activity. Intriguingly, DUX4 is also expressed in thymus though whether DUX4 targets are
upregulated in this organ is largely unknown(7). It was implied that DUX4 might be
responsible for some immunological activity in both testis and thymus. Testis is
immunologically privileged while thymus is a site for the production and maturation of
immune cells. DUX4 might partially share a similar role in both thymus and testis. Further
studies needed to address the biological functions of DUX4-activated genes in the somatic

tissues.

Functional conservation of DUX4 and DUX family

Since DUX4 is specific to primates, its functions probably diverge from other
mammalian species. In addition, both Dux and DUX4 evolved separately from parental
DUXC more than 100 million years ago through retrotranposition(19). However, DUXC was
lost in both mouse and primate lineages during evolution (Figure 1.2). Interestingly, DUXC
was found to be retained in Laurasiatheria (dog, cow, dolphin, and bat) and contains an
intron while DUX4 is intronless(20). In canines, DUXC was also revealed to activate
cleavage program and retroelements similar to DUX4(21). Expression of DUXC was also
detected in testis and thymus. DUX4 split from other lineages might have provided
profound evidence for primate evolution. Two other human DUX genes, DUXA and DUXB,

are DUX4 targets but contain introns(22). DUXA and DUXB were recently found to be



expressed in early embryo development(23). It is possible that both DUXA and DUXB share
some functions with DUX4 to orchestrate the embryonic cleavage program. DUX4 does not
seem to act alone but could partner with its target (DUXA and DUXB) to regulate gene
network. However, detailed gene network of DUX family has not been studied extensively.
Mechanism of how DUX4 induces a diversity of genes is not well-characterized but past
studies altogether have suggested that DUX4 is associated with numerous biological
pathways(8, 13, 17, 24-26). Many more biological roles of DUX4 are still currently under

investigation.

1.3 Epigenetic regulation of DUX4

DUX4 transcription is located at D4Z4 repeats

4q D474 repeats are polymorphic and a genomic site for DUX4 expression. Because
DUX4 is a strong transcription factor that can activate many genes and biological pathways
(EGA, retroelements, immune responses, germline, etc.), it is undoubted that transcription
of DUX4 should be tightly controlled. Moreover, DUX4-fl transcript (a full-length isoform
that causes FSHD) is extremely difficult to detect as DUX4 protein is estimated to be
present in < 0.1% of patient muscle cells(27). Only one study was able to capture DUX4-fl
transcript in patient muscle using single-nucleus RNA-seq but at a very low level(28).
Therefore, DUX4-fl transcript abundancy is not required to achieve its biological functions.
The organization of D474 repeat array is unusual but very crucial for DUX4 transcription
since contraction/disturbance of heterochromatic D474 repeats is likely to cause FSHD.

Additionally, for most FSHD patients, disease-causing mutation is not located on the gene



sequence. This evidence indicates that disruption of DUX4 regulatory region is sufficient to
make a physiological impact. In fact, artificial contraction of D474 repeats using CRISPR-
Cas9 is sufficient to cause FSHD phenotype (29). The epigenetic regulation of DUX4 by
D474 repeats is unique and very complex; and little is known how D4Z4 evolved to control
DUX4 expression. However, it is suggested that D4Z4 array originated from amplification of
aretrotransposed copy of a DUXC (19). Interestingly, besides the well-studied subtelomeric
regions of D474 at 4q and 10q, there are other D4Z4 homologs located elsewhere on
human genome, mostly at centromere (chromosomes 3, 13, 14, 15, 21, 22, and Y)(4). It is
not clear why other D4Z4 homologs exist as they are largely uncharacterized and do not
have a complete DUX4 ORF. Fascinatingly, D4Z4 homologs of 4q and 10q were indicated to
undergo mitotic rearrangements(30, 31). D4Z4 repeats duplication was also demonstrated
in some FSHD patients with an extra shortened D4Z4 array in 4q which contributes to
FSHD pathology(32). Indeed, sub-telomeric region is prone to chromosomal rearrangement
more than any other genomic regions. It is not surprising that there could be some form of
connection between the D474 homologs. Furthermore, 4qA was implied to be the original
form in human before duplication events happened that gave rise to other D474
variants/haplotypes(33). Perhaps, more unique D4Z4 arrangements and 4q/10q
haplotypes in human population and whether they have any effect on DUX4 expression

remain to be found.

Epigenetic regulation of DUX4



As discussed earlier, DUX4 is immediately silenced following EGA and only was
found to be expressed in testis and thymus of somatic tissues and also cancer cells so far.
Silencing of DUX4 is achieved by the heterochromatic D474 repeat array. In general, DNA
methylation and histone modification are essential for genome reprogramming during
embryogenesis(34). D4Z4 heterochromatic mechanism to silence DUX4 mainly consists of
DNA methylation, H3K9 trimethylation (H3K9me3) and sometimes H3K27 trimethylation
(H3K27me3) (1, 2, 11). Contraction of D4Z4 repeats to less than 10 units (FSHD1) enables
de-repression/relaxation of D474, allowing for aberrant active DUX4 expression in adult
muscle. Heterochromatic D4Z4 can also be disrupted by having a mutation for a specific
gene modifier without a contraction (FSHD2). Such mutations were discovered so far to be
SMCHD1 (structural maintenance of chromosomes hinge domain 1), LRIF1 (Ligand
Dependent Nuclear Receptor Interacting Factor 1), and DNMT3B (DNA methyltransferase 3
beta)(35-37). Each of these mutations is involved in either DNA methylation or H3K9me
trimethylation of D4Z4 repeats. Each D474 repeat has high frequency of CpGs, allowing
D474 array to be hypermethylated in healthy individuals (10-100 units). Shortening of
D474 repeats (1-8 units) reduces instances of CpGs and results in hypomethylation of D4Z4
in FSHD1 patients. In fact, size of D474 repeats array inversely correlates with the severity
of FSHD as a low number of D4Z4 (1-3 units) could trigger an earlier disease onset(38-40).
However, some evidence suggested that level of DNA methylation varies in patients and
insufficient to predict the disease severity(41). Therefore, DNA methylation alone cannot

be the determinant feature for disease diagnosis.

Indeed, together with DNA methylation, H3K9me3 significantly solidifies the
heterochromatin of D4Z4. Moreover, H3K9me3 which is established by SUV39H1 was lost

8



in both FSHD1 and FSHD2 patients at D4Z4(2). Surprisingly, DNA methylation loss does not
lead to H3K9me3 loss at D4Z4, implying that these two processes are independent of each
other. H3K9me3 reduction not only occurs on the contracted disease allele but also on
other non-contracted 4q and 10q D4Z4 alleles. As discussed previously above, there is
some form of communication among the D474 homologs. It is possible that 4q and 10q
chromatin interact with each other in 3D space, disrupting heterochromatin of one could
affect the other D4Z4. Furthermore, spreading of H3K9me3 is likely to occur as more
H3K9me3 being recruited to nearby genomic region. It is not surprising that higher
number of D474 repeats (> 20 units) enhances this process to silence DUX4 effectively as
longer D474 repeat array is able to recruit more H3K9me3. H3K9me3 expansion allows
more recruitment of downstream silencing factors to stabilize heterochromatin domains
on the body of the silenced gene in a cell-type specific manner. Such silencing factors
include HP1y and cohesin which are also recruited to D4Z4. In fact, the binding of HP1y and
cohesin to D474 was found to be reduced in FSHD patients(2). Importantly, the binding of
HP1y and cohesin to D474 is cell type-specific, suggesting that their binding is involved in
cell type-specific chromatin organization. The other repressive histone mark H3K27me3
was also found in D4Z4 heterochromatin but not observed to be reduced in FSHD(2).
However, H3K27me3 was found to be reduced specifically in DUX4-expressing cells,
suggesting the stochastic nature of DUX4 epigenetic regulation by histone marks(11).
Nonetheless, H3K9me3 seems to play a more critical role in maintenance of the D474
heterochromatin as chromatin interaction of other D4Z4 homologs altogether spread

H3K9me3, recruiting more silencing factors to repress DUX4.



Other gene modifiers of DUX4

SMCHD1 is classically known to be involved in X-chromosome inactivation
specifically through DNA methylation(42, 43). SMCHD1 belongs to a non-SMC family
protein and consists of SMC hinge domain and an N-terminal ATPase domain. Generally,
SMCHD1 homozygous mutation is lethal but a heterozygous mutation is haploinsufficient
to cause D4Z4 hypomethylation in FSHD2 patients(10). Specifically, SMCHD1 mutation
causes hypomethylation in both 4q and 10q; and SMCHD1 binding was also found to be
reduced at D474 in FSHD2 patients(36) .The likelihood of developing disease phenotype
with SMCHD1 mutation is associated with low-moderate number of D4Z4 copies (typically
8-20 copies)(40). SMCHD1 might be involved in de-novo DNA methylation in early
development as knocking down the gene in adult cells did not seem to have any effect on
D474 DNA methylation(44). It is unclear which mechanism of SMCHD1 plays a role in
silencing DUX4 during early development but reduced activity of SMCHD1 due to
heterozygous mutation triggers an incomplete repression of DUX4 in adult. It was also
discovered that reduced H3K9me3 also reduces SMCHD1 binding at D4Z4 in FSHD1
patients(4). Another study further confirmed that SMCHD1 homozygous deletion in adult
myoblast also reduces H3K9me3 at D4Z4 but not DNA methylation (29). Perhaps in adult
tissues, SMCHD1 is not required for establishment nor maintenance of DNA methylation. In
contrast, there is an interconnection between SMCHD1 and H3K9me3 in adult tissues as
binding of SMCHD1 potentially recruits binding of H3K9me3 and vice versa. It is not clear
whether SMCHD1 or H3K9me3 is the upstream effector. Interestingly, SMCHD1 is also
known to be involved in another unrelated developmental disease called BAM (Bosma
arhinia and micropthalmia)(45, 46). SMCHD1 mutations that cause each disease tend to be

10



mutually exclusive though not entirely confirmed. Further studies still required to
understand mechanisms of both disease etiology relating to SMCHD1 mutations.
Homozygous mutation for LRIF1, another gene modifier, is also present in FSHD2
population. Similar to SCMHD1, LRIF1 is involved in X-inactivation and is indicated to
employ H3K9me3 to D474 repeat array. When completely lost, LRIF1 could cause de-
represssion of DUX4 in skeletal muscle(37). Particularly, the de-repression of DUX4 by
LRIF1 homozygous mutation is H3K9me3-depedent. This finding further emphasized the
critical role of H3K9me3 in the silencing of DUX4. Additionally, DNMT3B (DNA
methyltransferase) heterozygous mutation was found in a rare population of FSHD2
patients(35). Unlike LRIF1, DNMT3B is involved in DNA methylation, particularly in the de
novo methylation of embryo and germline development(47). Interestingly, D474
hypomethylation caused by DNMT3B mutation was first discovered in ICF1
(immunodeficiency, centromeric instability and facial abnormalities type 1), another
unrelated disease(35). However, DNMT3B mutations are dominant mutations
(heterozygous) in FSHD while recessive mutations (homozygous) in ICF1. FSHD phenotype
is typically not observed in ICF1 patients due to their shorter life span before FSHD could
develop at adolescence. At the current knowledge, there is no report of ICF1 carriers
(DNM3TB heterozygous mutation) that develop FSHD because neither did the studied
carriers inherit the permissive 4gA nor low-to-moderate D4Z4 units. It is also not fully
confirmed if FSHD patients could have multiple inherited diseases. Nonetheless, all these
mutations seem to be involved at the critical period of early development during which de

novo epigenetic silencing of DUX4 was disrupted, causing catastrophic disturbance in the
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developing muscle tissues downstream in later adult life. Major epigenetic regulation of

D474 repeats is summarized in Figure 1.3.

There are still more players of D4Z4 gene modifiers being discovered. For instance,
a study which developed a sophisticated technique termed enChIP-MS identified and
characterized NuRD and CAF-1 complex as D4Z4-associated proteins. The NuRD and CAF-1
complex represses DUX4 expression which can be reversed by MBD3L protein family(48-
50). MBD3L family inhibits binding of MBD3 in the NuRD complex, releasing repression of
DUX4. Meanwhile, a long non-coding RNA, DBE-T, which is located upstream of D474
repeat was revealed to recruit ASH1L to de-repress DUX4 in FSHD patients(51). Taken
together, we propose that DUX4 expression is very complex and highly regulated at many
different levels, having one or more mutations for DUX4 gene modifiers is likely to trigger
de-repression of DUX4. This implication might explain why there are many distinct FSHD
mutations that are associated with FSHD, highlighting the importance of each of the players

that silences DUX4.

1.4 DUX4 gene network and the Homeobox family

DUX4 target genes

With the recent advance in DNA sequencing technologies in the past decades, huge
effort was made to characterize FSHD transcriptome by multiple researchers. Several
studies have uncovered DUX4-induced genes (DUX4 targets) using FSHD samples or
ectopic expression of DUX4 in normal tissues(24, 25, 52, 53). Because DUX4 protein is

present at a very low level in patients (< 0.1% myocytes), induced expression of DUX4 is
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necessary to identify and confirm DUX4 targets(27, 52). Furthermore, DUX4 targets are
more reliable and informative as biomarkers of DUX4 due to the difficulty to detect DUX4
in patient myocyte population(17, 24, 52). However, the majority of DUX4 gene signature is
poorly characterized and some are unknown of functions. Some targets were confirmed to
be involved in EGA and/or germline development (ZSCAN4, KDM4E, PRAMEF family,
MBD3L, retroelements, etc.). Single-cell and single-nuclei RNA-seq studies in patient
samples also identified and confirmed expression of DUX4 targets that overlapped across
multiple FSHD studies(28, 54). The single-cell and single-nuclei RNA-seq studies also
identified distinct population of FSHD cells expressing higher DUX4 gene signature,
implying the stochasticity and heterogeneity of DUX4 activation. Particularly, DUX4 target
expression increases significantly as myoblasts differentiate into fused myotubes. RNA
FISH study also suggested that DUX4-fl transcript can spread to other DUX4-negative nuclei
of the same myotube to encode DUX4 protein that could be far away from the transcript
source(55). DUX4-fl transcript also tent to localize inside nuclei while DUX4 target genes
were much more wide-spread. Together, these findings further validated that DUX4
activation is stronger in differentiated myocytes as the effect of DUX4-fI transcript is global
in fused myotube. It is unclear if DUX4 was designed to conserve this behavior in any other
multinucleated cells but the nature of myotube fusion seems to boost DUX4 activation that
possibly affect muscle more than other tissues. It is still possible that a small population of
patient muscle cells might be free of DUX4 effect initially. However, FSHD clinical
phenotype requires years to advance, indicating that DUX4 impact eventually affects the

majority of myocyte population.
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Due to genetic variation and difficulty to extract muscle biopsies in FSHD patients,
and also because exogenous overexpression of DUX4 tends to be cytotoxic to cells, FSHD
mutants were generated by using CRISPR-Cas9 to identify FSHD-specific gene signature
(29). The mutant study was able to confirm DUX4 target expression from the artificial
contraction of D4Z4 in the permissive myoblast of a healthy individual. Besides the DUX4
direct targets which were also confirmed by ChIP-seq, the study also found indirect DUX4
target genes and their related pathways (extracellular matrix, apoptosis, immune
responses, embryonic development) upregulated in D4Z4-contracted mutants (17). Some
of these pathways were also observed in FSHD patient studies(17, 53). Furthermore, these
genes were decreased in lesser extent than the DUX4 direct target genes by DUX4 shRNA
depletion. It is unclear how indirect target genes are regulated by DUX4 and whether their
misexpression have any effect on myogenesis. Indeed, myogenesis pathway was revealed
to be inhibited by DUX4 activation(17, 26, 56). Taken altogether, these findings collectively
suggested that low level of sporadic DUX4 is sufficient to cause a significant impact on
further downstream genes/pathways in muscle cell population. This potentially explains
why DUX4 could effectively disturb muscle differentiation program in FSHD patients as
incompatible programs are being activated in muscle cells. It is not well-defined on how
these DUX4-induced programs can affect myocyte differentiation though they might be
partially associated with DUX4 biological functions in early embryonic development (EGA)
or in germline. Future studies needed to examine the effect of DUX4-induced
program/pathways in muscle development and to pinpoint the mechanism leading to

DUX4 pathology.
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DUX4 belongs to PRD-like class of homeobox family

The homeobox family is a very diverse group of genes that are commonly
characterized by a homeodomain. The protein homeodomains are variable but most of
them have 60 amino acids in length(57). Past studies have proposed to divide homeobox
genes into 11 classes with over 100 gene families in animal(57, 58). Homeobox genes are
highly conserved throughout evolution and essential for early human development. A
major example of homeobox gene class is the HOX gene family(59). The HOX gene family is
well-known for its critical role in pattern formation along the anterior-posterior body axis.
The double homeobox family including DUX4 was proposed to belong to the PAIRED
(PRD)-like class of the homeobox family(58). Interestingly, some of DUX4 targets such as
DUXA, DUXB and LEUTX are also double homeobox and belong to PRD-like class.
Furthermore, a recent single-cell study of early human development also found that DUXA,
DUXB and LEUTX are indeed involved in EGA (60). Their expression is peak at 8-cell stage
coincidentally after DUX4 peak at 4-cell stage. This evidence indicates another link between
DUX4 and its immediate downstream effectors which are also PRD-like proteins.
Additionally, DUXA, DUXB and LEUTX are also restricted to early human embryonic
development(23). However, their function is not known completely because of their low
expression which might challenge future studies to identify their binding sites.
Interestingly, the double homeobox genes including DUX4, DUXA and DUXB is closely
related to sDUX (a single-homeobox gene) from a common mammal ancestor(20). [t was
hypothesized that the evolutionary precursor of the DUX4 family was a single
homeodomain protein(21). Primate-specific DUX family has probably evolved many times
through duplication and retrotransposition as copies of DUX homologs have dispersed as
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pseudogenes and have been uncovered in human genome by recent findings. It is not clear
if these double homeobox pseudogenes are just remnants of evolution or they still have any
biological functions in human. For example, ten DUXA pseudogenes (DUXAP1-10) were
identified and particularly DUXAP8 as long-noncoding RNA was found to be involved in
multiple cancers and also proposed as a cancer biomarker(22, 61). Interestingly, DUXAP8
was also found to be upregulated in FSHD mutants (29). LEUTX was also proposed to
evolve in human through tandem duplication and divergence from Otx family(58). An
analysis of three separates single-cell studies of LEUTX also revealed that LEUTX target
genes are involved in 8-cell embryo stage(62). Interestingly, NANOG is among the list of
LEUTX upregulated targets. This implication might suggest for a connection between DUX4
network and the NANOG homeobox family(62). Nonetheless, with our current knowledge,
we propose that the double homeobox DUX4, DUXA, DUXB and LEUTX cooperate by some
undefined mechanism and play a critical role in early development. Future FSHD studies
also should explore how active double homeobox genes in myocytes affects muscle

development in adult.

Remarkably, PAX3/PAX7 also belongs to PRD-like class. PAX3/PAX?7 is involved in
embryonic myogenesis and muscle regeneration in satellite cells(63, 64). PAX3/PAX7 was
found to compete with DUX4 for genomic binding sites and could reduce DUX4 toxicity(65).
DUX4 additionally was found to be at MYOD binding sites which might interfere with the
function of PAX7, hence inhibiting MYOD targets and impairing muscle program. There is
still a debate whether PAX7 or DUX4 plays a major role in FSHD pathology and whether
PAX7 or DUX4-related pathway is a more accurate model for FSHD signature(66). The
homeodomains of PAX7 and DUX4 contain similar sequences, this evidence potentially
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explains their shared binding sites in human genome and the repression of PAX7 targets in
FSHD due to DUX4 activity(56). Despite their antagonistic relationship, it is still possible
that both DUX4 and PAX7 orchestrate as PRD-like factors to regulate early muscle
development. Nevertheless, our current knowledge of the homeobox genes is still limited.
We do not fully understand their interconnectedness and how they regulate each other in
network. More studies needed to map their relationships particularly in early development

where their function is essential.

DUX4 gene network

Many recent FSHD studies have characterized the DUX4 and its relationship with
the DUX4 targets to understand DUX4 gene network and FSHD pathology(8, 17, 24, 2