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Abstract

Facioscapulohumeral dystrophy type 1 (FSHD-1) is the most common autosomal dominant form of muscular dystrophy with

a prevalence of ∼1 in 8000 individuals. It is considered a late-onset form of muscular dystrophy and leads to asymmetric

muscle weakness in the facial, scapular, trunk and lower extremities. The prevalent hypothesis on disease pathogenesis is

explained by misexpression of a germ line, primate-speci�c transcription factor DUX4-� (double homeobox 4, full-length

isoform) linked to the chromosome 4q35. In vitro and in vivo studies have demonstrated that very low levels of DUX4-�

expression are suf�cient to induce an apoptotic and/or lethal phenotype, and therefore modeling of the disease has proved

challenging. In this study, we expand upon our previously established injection model of DUX4 misexpression in zebra�sh

and describe a DUX4-inducible transgenic zebra�sh model that better recapitulates the expression pattern and late onset

phenotype characteristic of FSHD patients. We show that an induced burst of DUX4 expression during early development

results in the onset of FSHD-like phenotypes in adulthood, even when DUX4 is no longer detectable. We also utilize our

injection model to study long-term consequences of DUX4 expression in those that fail to show a developmental phenotype.

Herein, we introduce a hypothesis that DUX4 expression during developmental stages is suf�cient to induce FSHD-like

phenotypes in later adulthood. Our �ndings point to a developmental role of DUX4 misexpression in the pathogenesis of

FSHD and should be factored into the design of future therapies.

Introduction

Facioscapulohumeral muscular dystrophy type 1 (FSHD-1) is

one of the most common form of myopathy, affecting ∼1 in

8000 individuals (1). FSHD is characterized by an asymmetrical

skeletalmusclewasting andweakness in the facial, scapular and

humeral region, with progression to the lower limbs. FSHD-1 is

http://www.oxfordjournals.org/
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inherited in an autosomal dominant pattern and results from

deletion of the D4Z4 tandem repeats on chromosome 4q35, lead-

ing to chromatin hypomethylation (2). The resulting chromatin

contraction leads to epigenetic de-repression of transcription

factor double homeobox 4 (DUX4), a germ line-speci�c protein

found in the thymus and testis that becomes uniquely acti-

vated in skeletal muscle cells of patients with FSHD (3,4). High

expression of DUX4 in muscle cells inevitably leads to cell death

while low-expression levels inhibit muscle cell differentiation

and fusion by repressing myogenic regulators MyoD and PAX7

and their targets (5–7).

FSHD poses many unique clinical and molecular features

that together make the disease dif�cult to model in animals.

These challenges include the spectrum of clinical variability,

stochastic-nature of DUX4 expression and the toxicity of DUX4

misexpression resulting in widespread lethality (8). An addi-

tional complexity is posed by the fact that the DUX4 retrotrans-

poson is speci�c to primates and thus raises the possibility

that non-primate models may not harbor the same molecular

players needed to recapitulate the disease. Nevertheless, several

attempts to model FSHD using DUX4 and non-DUX4 means

have been published that recapitulate various aspects of disease

pathology.

Invertebrate FSHD models in fruit �ies (Drosophila melano-

gaster) include DUX4 and FRG1 transgenic models, while verte-

brate models of FSHD have been attempted in frogs (Xenopus

laevis; FRG1 injection model), zebra�sh (Danio rerio; DUX4

injection model) and mice (DUX4, FRG1, FAT1, PITX1, patient

xenograft model) (9). DUX4 expression models in mice include

AAV6-DUX4 overexpression (10), transgenic insertion of

2.5 copies of permissive D4Z4 units (D4Z4-2.5) (11) and two

variations of doxycycline-inducible DUX4 on theX-chromosome,

iDUX4(2.7) (12) and iDUX4pA (7). Another model, iDUX4pA, has

come closest to recapitulating both the clinical and molecular

aspects of FSHD, that is, the low and infrequent expression

of DUX4 leading to a progressive myopathy with signs of

in�ammation, �brosis, loss of muscle regeneration and hearing

(7). The latter, FLExDUX4 mouse (conditional �oxed DUX4-�),

is becoming the most widely used inducible transgenic mouse

model. This model is easily manipulated to produce controllable

levels of DUX4 and produces phenotypic changes representative

of disease in muscle (13).

Each of the models mentioned above have their associated

pros and cons, andno singlemodel has entirely recapitulated the

human disease. Existing models to date are too mild or severe,

fail to mimic the late-onset associated with human FSHD and/or

do not result in the same muscle and non-muscle phenotypes

observed in patients. However, what each of these models has

taught us so far is the importance of considering dosage, timing

and localization of DUX4 expression to best achieve a progressive

muscle-wasting phenotype while minimizing lethality and/or

toxicity.

In our previous studies, we presented an injected DUX4 mes-

senger RNA (mRNA) zebra�sh model that successfully recapit-

ulated several key FSHD-1 phenotypes including asymmetric

abnormalities such as reduced pigmentation of the eyes, altered

morphology of hearing structures, developmental abnormal-

ity of �n muscle, disorganization of facial musculature and

degeneration of trunk muscle later in development (9). In this

manuscript, we investigated the late-onset disease pathology

in a zebra�sh model that is more representative of the human

disease. We show that within a cohort of DUX4-injected larvae,

a subgroup exhibited a severe muscle phenotype as early as

4 days post-fertilization (dpf) (DUX4i L) but that the remain-

Table 1. Nomenclatures for injection and transgenic zebra�sh
models

Injection zebra�sh model (DUX4i) Nomenclature

Larvae DUX4i L

Adult with no phenotype at 5 dpf DUX4i A

Transgenic zebra�sh model (DUX4t)

Larvae DUX4t L

Adult DUX4t A

ing subgroup that was initially considered unaffected larvae

began to show signs of skeletal muscle abnormalities between 8

and 12 weeks (DUX4i A). To complement these injection model

studies, we generated a skeletal muscle-speci�c DUX4-inducible

transgenic model larvae (DUX4t L) and adult (DUX4t A) (see

nomenclature in Table 1). This model allowed us to investigate

the consequences of DUX4 expression during development and

the unexpected adult onset and muscle pathology that devel-

oped after DUX4 expression was no longer detected.

The utility of both models has led us to formulate a novel

hypothesis that FSHD is a developmental disease and that bursts

of DUX4 expression at early stages of embryonic development

are suf�cient to induce FSHD-like phenotypes in adult stages.

Our �ndings highlight the importance of monitoring long-term

effects evoked by low levels of embryonic DUX4 expression on

muscle development and provide a more accurate model of

FSHD for future drug screens and therapeutic discovery.

Results

Generation and characterization of transgenic DUX4
zebra�sh model (DUX4t)

To enable control of DUX4-� expression timing and dosage,

we generated a DUX4-�-inducible transgenic line driven by a

myosin light chain 2 promoter and crossed this with a transgenic

line expressing ubiquitous 4-hydroxytamoxifen-controlled Cre

recombinase from the ubi:CreERt2 transgene (Fig. 1A and B)

(14,15). Addition of (Z)-4-hydroxytamoxifen induces CreERt2-

mediated loxP excision and subsequent activation of the DUX4-

mCherry fusion transgene. In the absence of tamoxifen and

CreERt2-driven recombination, myo�bers are EGFP-positive but

become EGFP-negative upon loxP excision. CreERt2-mediated

loxP system turns on DUX4 but it is not designed to turn

off DUX4 expression. This dose-dependent CreERt2-mediated

activity enables us to titer levels of DUX4-� expression for

viability in the context of developmental and aging studies as

well as planning for future drug screens.

DUX4-� expression declined over time becoming unde-

tectable in the majority of the �sh at 8 weeks old and

undetectable in all �sh at 16 weeks old (Fig. 1C and D). Our

results suggest that developmental activation of DUX4-� results

in consequences that lead to manifestation of FSHD-like

phenotypes in later adulthood.

Abnormalities in the skeletal muscle structure in
DUX4t L

To activate DUX4-� expression, embryoswere treatedwith 20 µM

tamoxifen at 1 dpf, for 24 h. Control embryos were treated with

the same dosage of tamoxifen. Tamoxifen dosage was optimized

for both the survival of embryos as well as the expression of
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Figure 1. (A) Scheme of tamoxifen-inducible Cre–LoxP construct of transgenic zebra�sh. The loxP-EGFP-loxP stop cassette and DUX4-� coding sequence are placed

downstream of fastmuscle-speci�cmylz2 promoter. The transgenewas inserted into zebra�sh genome by Tol2 transposon-mediated transgenesis. Expression of DUX4-

�-mCherry fusion protein (mCherry is fused to the C-terminus of DUX4-�) occurs when tamoxifen-inducible CreERt2 recombinase cuts off LoxP sites. (B) Timeline of

the experiments from 0 dpf to 40 weeks. (C) Top panel shows a low-magni�cation image of a control (left) and tamoxifen-treated �sh (right) at 3 dpf. DUX4 distribution

is scattered and expressed asymmetrically along the length of the �sh. Bottom panel shows a high-magni�cation image of a control (left) and tamoxifen-treated �sh

(right). DUX4 positive nuclei are shown in red while all nuclei are denoted by DAPI staining in blue. Tamoxifen treatment results in mosaic expression of DUX4 across

myo�bers and also varying levels of DUX4 expression as observed by degrees of ‘redness’. (D) EGFP (green; myosin light chain 2 promoter), Hoechst (blue; nuclear stain),

mCherry (Red; DUX4 stain) at 2 and 4 dpf in DUX4t L and DUX4t A at 4 and 8 weeks; 20 µm scale.

the DUX4-� mutation. Upon activation of DUX4-�, expression

pattern (appearance of mCherry) was visualized and evaluated

by the use of confocal microscopy. After 24 h, embryos were

washed with water to remove tamoxifen and allowed to

incubate in normal conditions prior to observation of the

effect of DUX4 expression. Interestingly, DUX4 activation was

not homogenous across all myo�bers and demonstrated a

mosaic expression. In these embryos, DUX4 activation was

observed in multiple nuclei in ∼70% of �bers. This muscle-

speci�c mosaic expression pattern mimics the expression

pattern of DUX4 in patient muscle cells. To further characterize

the effect of DUX4 expression in DUX4t L muscle, embryos

were evaluated for muscle structure (birefringence, hatching

time), locomotor function (automated movement tracking,

DanioVisionTM, ThermoFisher Scienti�c, Walthman, MA, USA)

and DUX4-�-mCherry intensity (ArraycanTM, ThermoFisher

Scienti�c, Walthman, MA, USA). The exact timeline of the

consecutive experiments is presented in Figure 1. A marked

drop in embryos survival was observed when tamoxifen dosage

exceeded 20 µm; therefore, we selected 20 µm as the most

optimal dosage. All �sh subjected for either short or long-term

experiments were treated only once with 20 µm tamoxifen.

DUX4t L zebra�sh survival was tracked for 2 weeks following

the treatment with tamoxifen and activation of DUX4-�

transgene. No signi�cant differences in lifespan were observed

in the DUX4t L zebra�sh in comparison to control zebra�sh

(Fig. 2A). To investigate the effect of DUX4 expression on muscle

structure, birefringence (3–4 dpf) assay was used. About 30%

of DUX4t L displayed abnormal, patchy birefringence as early

as at 3 dpf whereas control �sh showed normal birefringence

(Fig. 2B). Fish exhibiting abnormalities by birefringence assay

were subjected for functional mobility test (DanioVisionTM) to

assess their swimming behavior (Fig. 2C). Moreover, to explore

the relationship between the amount of DUX4 expression and

swimming behavior of larval �sh, DUX4-�-mCherry intensity

assessment (ArrayscanTM) was performed. We observed that

the group of �sh exhibiting patchy birefringence at 4 dpf

displayed higher level of DUX4-� (measured on ArrayscanTM)

and swam a signi�cantly shorter distance when compared

to the control group (Fig. 2D and E). To examine the skeletal

muscle histology, we performed hematoxylin and eosin

(H&E) staining on cryosectioned DUX4t L zebra�sh. Interest-

ingly, we noticed an accumulation of centrally located nuclei

as early as 7–9 dpf in DUX4t L indicating that expression
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Figure 2. (A) Survival curve of the DUX4t L and control zebra�sh from 5 to 18 dpf. (B) Birefringence images of DUX4t L and control zebra�sh at 3 dpf. (C) DaniovisionTM

activity test of DUX4t Lwith abnormal birefringence and control zebra�sh at 4 dpf. (D) Muscle �ber tetanic forcemeasurement per CSA in DUX4t L and control zebra�sh

at day 6 and 7; data collected in triplicates for day 6 and 7; P < 0.05. (E) DUX4t L intensity measurements (2.5× objective) by ArrayscanTM at 4 dpf. (F) Images (GFP,

mCherry, BF) of DUX4t L and control zebra�sh, ArrayscanTM; P < 0.001.

of DUX4 during embryonic development leads to skeletal

muscle abnormalities during early developmental stages in

zebra�sh (Supplementary Material, S1).

Muscle contractility in DUX4t L

Twitch and tetanic force were measured in axial muscle of

control and DUX4t L �sh. Four different clutches of �sh, each

consisting of three controls and three to �ve DUX4t L,were stud-

ied. Fish were 6 dpf except for one clutch where they were 7 dpf.

Data were analyzed using a two-way analysis of variance with

main effects of clutch number and genotype. For both twitch and

tetanic force, therewere signi�cant clutch number (P< 0.0001 for

twitch and tetanic force) and genotype effects (P = 0.0168 and

0.0018 for twitch and tetanic force, respectively) but no interac-

tion. The differences in muscle �ber tetanic force measurement

per cross-section area (CSA) in DUX4t L and control zebra�sh at

day 6 and 7were signi�cant; however, themeanwas consistently

lower for DUX4t L �sh. Thus,while force pooled across genotype

varied across clutches, preparations from DUX4-expressing �sh

consistently showed lower twitch and tetanic force (Fig. 2F).

Abnormalities in the skeletal muscle structure in adult
transgenic (DUX4t A) zebra�sh

To further characterize the effect of DUX4misexpression in adult

skeletal muscle, DUX4t A zebra�sh were analyzed at 12 months

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy348#supplementary-data
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Figure 3. Electron micrographs of longitudinal sections at 4 dpf (DUX4t L) and

1 year (DUX4t A) transgenic zebra�sh (n = 2 for each group). Control samples are

tamoxifen-treated DUX4-inducible �sh without Cre transgene, which effectively

do not express DUX4. DUX4 samples are tamoxifen-treated DUX4-inducible

�sh with a Cre transgene to enable DUX4 transgene expression. Low- and

high-magni�cation images of control and DUX4t L �sh at 4 dpf show normal

sarcomeric striations and with discernable differences. However, low- and high-

magni�cation images of 1-year aged samples show DUX4t A have swollen

endoplasmic reticulum (ER) compared to control. Presence of lipid droplets was

also observed in DUX4i A zebra�sh.

post tamoxifen induction of DUX4-� expression. Zebra�sh were

analyzed by electron microscopy and by H&E, trichrome (col-

lagen), neutral lipid and �uorescent staining to evaluate mus-

cle structure disorganization and DUX4-� expression in adult

muscles. To evaluate the ultrastructure of DUX4t A zebra�sh,

electron microscopy was performed on 12-month-old �sh. Con-

trol and DUX4t A zebra�sh skeletal muscle showed no signi�-

cant differences in sarcomeric organization at the larval stage

(4 dpf). Interestingly, aged �sh (12 months old) exhibited swollen

sarcoplasmic reticulum and occasional accumulation of lipid

bodies as observed in human FSHD patients (Fig. 3). DUX4t A

zebra�sh (14 dpf to 48 weeks of age) exhibited a varying level

of mild in�ammation as well as muscle �ber replacement by

fat and/or collagen (Fig. 4A and B). This observed difference in

the severity of the phenotype closely correlates to the observed

heterogeneity of FSHD-1. Collagen accumulation was also sig-

ni�cantly higher in DUX4t A (8–12 weeks old) compared to the

controls with a tendency for increased accumulation over time.

Moreover, we observed a trend of left to right asymmetry in

collagen deposition in 8 weeks old DUX4t A versus age-matched

control zebra�sh (Fig. 4C and D). More collagen accumulation

was observed in the left myotome in these �sh in comparison

to the right myotomal area. Additionally, the disease phenotype

is more pronounced in skeletal muscles located in proximity to

the caudal �ns. Interestingly, asymmetry of the caudal �n and

muscles abnormalities close to that region were only observed

in �sh ranging from 8 weeks to 10 months old, but not at earlier

stages (Fig. 4E).

Asymmetrical fat accumulationwas detected in 4-month-old

DUX4t A (Fig. 5).

Abnormalities in the skeletal muscle function in
DUX4t A zebra�sh

In order to assess the impact of DUX4 overexpression on

adult �sh, we measured maximal swimming speed (Umax) of

DUX4t A �sh at 32 weeks of age. Transgenic expression of DUX4

had no effect on body length and mass as these variables were

similar for DUX4t A and control �sh. There was a tendency

(P = 0.089) for Umax speed to be reduced in the DUX4t A �sh as

Umax of the adult control �sh averaged 15.1 ± 0.3 body lengths

(BL)/s (n= 9) compared to 13.3± 0.9 BL/s (n= 9) for transgenic �sh

(Fig. 6, left). However, there was considerably more variability in

Umax of transgenic �sh compared to control �sh. The range of

Umax for the transgenic �sh was twice that of control �sh with

over half of the transgenic �sh showing a slower Umax than the

slowest control �sh (16).

Abnormalities in the skeletal muscle function in
DUX4i A zebra�sh

To evaluate the effect of DUX4 misexpression during develop-

ment on swimming performance as adults, Umax was evaluated

in DUX4i A �sh. There was no difference in the Umax of control

�sh receiving no injection as embryos (14.5 ± 0.7 BL/s; n = 4) and

those receiving an injection of vehicle (14.3 ± 0.4 BL/s; n = 3) so

these two groups were combined for comparison to the DUX4i

adults.DUX4-injected �sh reached exhaustion at an average �ow

velocity of 14.4 ± 0.5 BL/s (n = 7) that was similar to that of

the control �sh (Fig. 6, right). However, while most of the DUX4-

injected �sh had Umax values within the range of the control

�sh, a cluster of three injected �sh had velocities that placed

them at the very low-end of normal Umax values (16). This

variability, we think, presumably depends on the stage of the

ongoing muscle degeneration and regeneration process that is

visually distinguishable for DUX4i A and control animals. Here,

we emphasize that for that activity test we selected DUX4i A

that did not display a strongly affected muscle phenotype close

to the caudal �ns, which we assessed by eye at 8 weeks old.

We assumed that zebra�sh with such abnormalities were too

severely affected to undergo the Umax evaluation.

Abnormalities in the skeletal muscle structure in
DUX4i L and DUX4i A zebra�sh

To support our hypothesis that DUX4-� expressed at early stages

is suf�cient to induce FSHD-like phenotypes later in life,we used

our previously published DUX4-�-injected zebra�sh model (9)

and utilized a subset for aging and downstream experiments as

described in Figure 7A. Brie�y, we injected 0.2 pg DUX4-� mRNA

(∼1–2 × 105 copies) into one-cell stage embryos and monitored

the onset of abnormal phenotypes (9). We noticed a shorter
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Figure 4. (A)H&E staining of control and adult DUX4 transgenic zebra�sh (DUX4t A) cryosections of muscles close to caudal �n, at 2 and 8 weeks; 20× objective; 500 µm

scale. (B) Trichrome staining (collagen in blue, cytoplasm in red) of control and DUX4t A cryosections of adult zebra�sh muscles close to the caudal �n at 8 weeks;

abnormal collagen accumulation seen for DUX4t A; 20× objective; 500 um scale. (C) Collagen quanti�cations for DUX4t A (n = 10) and tamoxifen treated controls

(n = 7); P < 0.05. (D) Trend in right (DUX4t R) to left (DUX4t L) side asymmetry in collagen accumulation in DUX4t A zebra�sh; P > 0.05. (E) Asymmetry of the muscle

structure and caudal �n in 1 year, DUX4t A versus control zebra�sh.

Figure 5. H&E staining of control and adult DUX4 transgenic (DUX4t A) zebra�sh

muscles located close to the caudal �n, at 16 weeks; abnormal, asymmetrical fat

accumulation is seen between myo�bers in DUX4t A only; 500 µm scale.

lifespan as well as delayed hatching in DUX4i L compared

to controls (Fig. 7B and C). Both lifespan and hatching rates

appear to be more affected in the DUX4i L than in DUX4t L

zebra�sh. The DUX4i L resulted in ∼30% of �sh that displayed

a spectrum of abnormal phenotypes (body shape abnormalities,

abnormal �n development and altered eye pigmentation) at

3–5 dpfwhereas the remaining 70%of DUX4i L had either died or

showed no observable abnormalities upon hatching. The subset

of DUX4i L showing no gross developmental abnormalities were

aged for 12 weeks in order to monitor their long-term fate and

a potential delay in phenotypic onset. Our aging experiments

indeed revealed muscle disorganization within proximity to

the caudal �n, as well as muscle regeneration in proximity to

the dorsal �n via H&E staining (Fig. 8A). Additionally, abnormal

collagen and fat deposition in these 12-week-old DUX4i A-

injected �sh were also detected (Fig. 8B, C and D).

Discussion

FSHD has proven to be a dif�cult disease to model in vertebrate

animals due to the primate-speci�c origins of DUX4 and the

complex epigenetic components of the disease.Although several

animal models of the disease exist, none of those fully recapitu-

late the phenotypic spectrum of human FSHD. The heterogene-

ity associated with FSHD including variable age of onset, disease

severity and progression as well as the unique non-muscle phe-

notypes (hearing and vision loss) adds to the dif�culties in mod-

eling the disease in the laboratory (17). Another puzzling feature

of the disease is the lack of correlation between the temporal and

spatial consequences of DUX4 expression, with disease onset

and affectedmuscle groups, respectively (18). In thismanuscript,

we have explored several methods of inducing DUX4 expression

in zebra�sh and as a result report a more accurate model of

FSHD, particularly in relation to DUX4 expression causing a



326 Human Molecular Genetics, 2019, Vol. 28, No. 2

Figure 6. Umax DUX4 transgenic adult zebra�sh (DUX4t A) at 32 weeks (P < 0.05; left) and on DUX4-injected adult zebra�sh (DUX4i A) at 16 weeks (P > 0.05; right).

Figure 7. (A) Phenotype characterization of DUX4-injected larvae (DUX4i L); BF and birefringence at 4 dpf; 120 µm scale. (B) Timeline of the experiments from 0 dpf to

3–4 weeks. (C) Survival curve (%) for DUX4(FL) 0.2 pg injected and uninjected controls (left); % of unhatched embryos in DUX4i L and uninjected embryos (right).

delayed onset of asymmetric muscle phenotypes. Zebra�sh are

a powerful laboratory tool to study muscle development and

modeling of muscle diseases.

They are advantageous over other species during their devel-

opmental stage (embryo and larval) where they are transparent

and allow for muscle phenotypes to be easily observed. During

this developmental window, zebra�sh also permit uptake of

small molecule compounds from surrounding water and thus

prove optimal for administration of pharmacological agents for

drug testing or activation of gene expression. The limitation,

however, might be the fact that some embryos absorb drugs

irregularly which might lead to variations in the DUX4 expres-

sion levels in our transgenic model as shown in Figure 2D.

In our laboratory, we have exploited this property to observe

DUX4-inducible expression through administration of tamox-

ifen in �sh water during the developmental window. Addition

of tamoxifen induces irreversible excision and recombination

events that activate muscle-speci�c DUX4 expression in a

mosaic manner. This mosaic nature of DUX4-positive nuclei

in our model is more representative of DUX4 expression in

human FSHDmuscle, where DUX4 expression occurs in random

‘bursts’ (19,20).We believe thismosaic expression of DUX4 in our

model allows the survival and phenotypic characterization into

adulthood, instead of premature embryonic lethality typically

associated with DUX4 overexpression models. Characterization

of this model has led us to conclude that it represents a mild

form of FSHD, where collagen and fat deposition exist but are

not as prominent as in more severe forms of FSHD, such as that

represented in the advanced stages of our adult DUX4 injection

model (Supplementary Material, S2). Characterization of our

transgenic model revealed variable histological phenotypes

associated with fat and collagen accumulation as well as

rather rarely seenmuscle in�ammation. Interestingly, functional

testing performed using this model delivered uniform results

and, regardless, may serve as a valuable outcome measurement

for prospective drug screenings.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy348#supplementary-data
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Figure 8. (A) Zebra�shwere injectedwith DUX4 at 0 dpf, phenotypewas assessed at 5 dpf for both control and DUX4 injected �sh; 120 µm scale. At 8 weeks, abnormal tail

�ns were observed in �sh that did not display phenotype at day 5; 1 cm scale. H&E staining for 8 week control and adult DUX4-injected zebra�sh (DUX4i A) presents

regenerated nuclei only in DUX4i A 8 weeks versus control zebra�sh; 500 µm scale. (B) Trichrome staining of control and DUX4i A, red for cytoplasm and blue for

collagen; 20× objective. (C) Quanti�cations of collagen accumulation in control, DUX4 transgenic and injection model at 12 weeks. (D) Neutral lipid stain of control and

DUX4i A, red for lipid stain and blue for DAPI; 500 µm scale.

In this manuscript, we have also reported further character-

ization of our previously published DUX4 injection model (9),

where injected larvae that appear phenotypically indistinguish-

able from controls are selected for further aging (DUX4i A). The

subset of injected larvae exhibiting phenotype early at devel-

opment represents a ‘severe form of FSHD’ and resembles rare

infantile form of FSHD (21). The adult DUX4 injection model,

however, is more representative of the typical adult onset FSHD

and is a more severe model relative to our transgenic inducible

model. The FSHD-like phenotype we observe in adult DUX4-

injected zebra�sh is more uniform and severe histologically,

where we observed that collagen and fat accumulate at a higher

percentage compared to the transgenic model (Supplementary

Material, S2). However, in contrast to our transgenic inducible

model, functional evaluation of adult DUX4-injected zebra�sh

varies and presumably depends on the stage of muscle regen-

eration and degeneration close to the caudal �n that occurs

usually between 8 and 12 weeks. We noticed that some of

DUX4i A (Fig. 4D) form abnormal caudal �ns that consist of

caudal �n musculature, skeleton, musculature (12 muscles that

are arranged in a super�cial and a deep muscle layer), vascula-

ture, fat, nerves and rays (principal and percurrent). We need to

performmore studies to understandwhich of these components

are primarily linked to the phenotype we observe. Caudal �n for-

mation is divided into �ve stages related to the number of �n rays

forming over time. Stage 5 is the last one (when 18–24 �n rays

are developed) and has been characterized for adult zebra�sh

(90 days). It is assumed that muscle formation as well as caudal

�n formation is completed when �sh became 3 months old.

Since our �sh were collected at 8 weeks old (which was the ear-

liest timepoint we found abnormal tail �n formation), we think

that caudal �n might still have been undergoing the natural

developmental process which could have been disturbed by

DUX4 expression.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy348#supplementary-data
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Table 2. A comparison of DUX4t L, DUX4t A, DUX4i L and DUX4i A zebra�sh models

DUX4 injection model (DUX4i) Dux4 transgenic model (DUX4t)

Timing of DUX4 expression One-cell stage embryo Twenty-six somite to prime six

Dosage and location of DUX4 expression 0.2 pg DUX4-� mRNA (∼1 – 2 × 105

copies); whole body

Muscle-speci�c DUX4 activation, ∼70%

�bers positive for DUX4

Early phenotype (3–5 dpf) DUX4i L: abnormal eye and ear

formation, �n asymmetry, abnormal

birefringence, late hatching

DUX4t L: occasionally curved bodies,

abnormal birefringence in ∼30% �sh, late

hatching

Muscle function and mechanistic

(3–5 dpf)

DUX4i L: muscle activity and

mechanistic not tested

DUX4t L: swim with less distance, lower

twitch and tetanic force

Late phenotype (adult) DUX4i A: neutral lipid and collagen

accumulation, in�ammation, �n and

muscle regeneration

DUX4t L: asymmetrical fat deposition,

collagen accumulation, occasionally

in�ammation

Muscle function (adult) DUX4i A: not measured in severely

affected, normal in mildly affected

DUX4t L: fully abnormal

Disease severity DUX4i L: mild–severe

DUX4i A: mild–severe

DUX4t L: mild

DUX4t A: mild

Moreover, our unpublished yet gene ontology analysis from

chromatin Immunoprecipitation (CHIP) sequencing of DUX4-

injected embryos at 12 h (6 somite stage) revealed a group

of genes being involved in the �n regeneration process that

indicates that DUX4 expression might disturb �n formation

early in development. To fully understand the role of DUX4 in

abnormal �n formation in zebra�sh, more studies have to be

conducted (22).

In concordance with our observations, activation of DUX4

misexpression during embryonic development results in a mild

form of FSHD in adulthood using our transgenic model and a

more severe form of FSHD using our adult DUX4-injectedmodel.

This difference can be attributed to several factors—�rstly, the

global expression of DUX4 in the injectedmodel compared to the

muscle-speci�c expression in the transgenic model; secondly,

differences in DUX4 dosage per cell (tamoxifen-inducible Cre

versus human DUX4 mRNA); thirdly, difference in time window

of DUX4 expression (1-cell stage for injected model and 26-

somite to prim-6 stage for transgenic inducible model). Never-

theless, bothmodels successfully recapitulate late-onset muscle

degenerative phenotype and asymmetry associated with FSHD

and are suitable for future candidate drug screens to ameliorate

disease-associated phenotypes.

Interestingly, embryonic DUX4 activation resulted in differ-

ences in phenotypic onset between the transgenic inducible

(4 weeks to 10 months, although in some �sh even earlier–

7 to 14 days) and adult DUX4-injected models (5 days). The

transgenic model demonstrates a consistent decline in DUX4

expression over time and the subsequent development of

abnormal muscle phenotypes in the form of unilateral collagen

deposition, muscle �ber replacement with fat and mild in�am-

mation. Together, our �ndings highlight that DUX4 expression

during early muscle development is important to induce FSHD

pathology in later life. Both models characterized in our study

point to a potential developmental role in FSHD pathogenesis,

where early DUX4 expression may not necessarily manifest in

detectable symptoms until adulthood. The comparison of two

zebra�shmodels is summarized in Table 2. These �ndings,when

translated to human FSHD, suggest that although FSHD clinical

symptoms are detected in early adulthood, patientmuscleswere

‘primed’ for degeneration as a result of DUX4 misexpression

during their early life. This is the �rst time that a developmental

role for DUX4 in FSHD such has been proposed and was only

achieved through our continued attempt to model this disease

in zebra�sh. Our results also raise the potential concern for

use of DUX4-target therapies in adulthood that may not be as

ef�cacious as expected if themolecular signals underlying FSHD

pathogenesis has commenced in early life.

Materials and Methods

Fish strains and maintenance

Zebra�sh wild-type AB strain used for controls and DUX4-�

injections as well as our DUX4-� transgenic lines were main-

tained in the Boston Children’s Hospital Zebra�sh facility under

approved protocols. Zebra�sh embryos were raised at 28.5◦C and

cared for as described previously (23).

Generation of DUX4 transgenic line

Zebra�sh myosin light chain 2 (mylz2) promoter sequence

was PCR (Polymerase Chain Reaction) ampli�ed from zebra�sh

AB line genomic deoxyribonucleic acid (DNA) with primers

5′-ACCGCTCGAGATTCGCCACAGAGGAATGAGCC-3′ and 5′-TCAA

GCTTGTCGAGACGGTATGTGTGAAGTC-3′ and cloned into pENTR

5′-TOPO vector (Invitrogen). The mylz2 promoter sequence was

digestedwithXhoI andHindIII and subcloned into pENTR5′ ubi:lo

xP-EGFP loxP (14) to obtain P5′E: Mylz:loxP EGFP loxP. The DUX4

transgenic line was generated using Tol2-mediated transgenesis

(Tol2-transposable element of Oryzias latipes, number 2) (24,25).

Transgenesis vectors (P5′E: Mylz:loxP EGFP loxP, P3′E: mCherry-

pA, pME: DUX4-FL, pDestTol2A2) were assembled by MultiSite

Gateway system using LR Clonase II Plus (Invitrogen) (26). The

resulting DNA construct, pDestTol2A2 mylz2:loxP-EGFP-loxP-

DUX4-�-mCherry,was injectedwith Tol2 transposasemRNA into

one-cell-stage zebra�sh eggs obtained from AB wild-type

crosses. Injected �sh were grown to adulthood and F0 parent

generation (�lial 0) founders were outcrossed. Positive �rst

�lial generation (�lial 1) individuals were screened for their

transgenesis marker (mylz2:EGFP) using UV (ultraviolet) �lter
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glasses. The resulting transgenic line was crossed with the

ubi:CreERt2 line (gift from Zon laboratory) to enable DUX4

induction via tamoxifen treatment.

Tamoxifen treatment for CreERt2 induction

4-Hydroxytamoxifen (tamoxifen, Sigma) was dissolved in 100%

ethanol to achieve a �nal concentration of 10 mM and stored in

−20 C aliquots. To induce Cre-recombinase activity in DUX4-Cre

lines, 1 dpf embryos (20–30) were placed in 6 well culture plates

and tamoxifen was added to �sh water at a �nal concentration

of 20 µm.

Muscle birefringence and motor function of DUXt L
zebra�sh larvae

Muscle structurewas analyzed by birefringence at 3–4 dpf as pre-

viously described (23). Brie�y, we placed anesthetized zebra�sh

on a glass-polarizing �lter then subsequently covered them

with a second polarizing �lter that enabled detection of nor-

mal or abnormal birefringence. Images were taken on a Nikon

SMZ1500 stereomicroscope with Openlab Software version 3.1.5

(Improvision, Nikon, Melville, NY, USA). Automated activity test

was performed by an automated infrared movement detector

DanioVisionTM (Noldus, Sturbrige, MA, USA), designed for the

high-throughput testing of zebra�sh larvae in multi-well plates.

Fluorescence imaging of DUX4t L

DUX4t L zebra�sh were snap frozen, stored at −80 C and sec-

tioned in 10 µm increments on a Leica cryostat (from tail to

head). Immunostaining was performed on zebra�sh cryosec-

tions (10 µm) for nuclear visualization with Hoechst (1:5000).

EGFP (green) andmCherry (red) labelingDUX4 integrated into the

construct and did not require any additional antibodies for visu-

alization. To visualize DUX4 expression, images of �uorescence

slides were captured on a Zeiss LSM 700 laser scanning confocal

microscope [located in Cellular Imaging Core (BCH)].

DUX4-�-mCherry intensity quanti�cations in DUX4t L

For in vitro quanti�cations of DUX4-�-mCherry intensities

in DUX4t L, an image-based high-content analysis (HCA)

platform—Thermo Fisher Arrayscan XTi—was used to monitor

expression in zebra�sh larvae. Both DUX4-� and control

zebra�sh were anesthetized at 4 dpf and submerged in 2%

gelatin in a well of a 384 well plate. Plates were scanned by use

of the 2.5× objective for EGFP, mCherry, as well as bright �eld

(BF) signals. Intensities were calculated by use of the adjusted

algorithms determined by HCA software.

Injection model

DUX4-injected zebra�sh model has been recently established in

our laboratory by Mitsuhashi, H. et al. (9). Brie�y, human DUX4

mRNA (0.2 pg; ∼1–2 × 105 copies) was introduced into one-

cell stage fertilized zebra�sh eggs. As shown previously, ∼30%

of injected �sh displayed abnormal spectrum of phenotypes

whereas the rest did not manifest any clear abnormalities. The

�rst group of �sh with clear phenotype was directly subjected

for structural and functional tests. The second group of �sh

with no distinct phenotype was selected for further studies and

monitored for their long-term effects of DUX4 exposure.

Histology: H&E, collagen and neutral lipid staining

Zebra�sh cryosections of 10 µm were obtained and stored at

−80 C as described above. Sections were taken for nuclear

(hematoxylin) and cytoplasmic (eosin) staining. Sections were

brie�y washed with 1× PBS (phosphate-buffered saline),

incubated for 3 min in hematoxylin solution (VWR, Radnor, PA,

USA; no. 95057-844), washed 3× in water, incubated for 3 min in

eosin (VWR, Radnor, PA, USA; no. 95057-848) and dehydrated in

70, 80, 90 and 100% ethanol solutions for 30 s. Next, cryosections

were incubated in xylenes (Sigma-Aldrich, USA, no. 534056) for

10min to remove any traces of ethanol andmounted in a xylene-

based mounting medium (CytosealTM 60, Thermo-scienti�c,

Runcorn, UK; Ref 8310-16).

Fat staining was performed on 10 µm cryosections with the

HCS LipidTOXTM Red Neutral Lipid Stain (Invitrogen, H34476)

with minor modi�cations to standard protocols. Cryosections

were air dried for 1 h, �xed in 4% PFA (paraformaldehyde) for 1 h

and incubated for 2 h in neutral lipid solution (1:200). Sections

were then mounted using mounting medium containing DAPI

(Vector Laboratories, Vectashield Mounting Medium with DAPI

H-1200).

For collagen visualization, cryosections (10 µm) were

stained with Sigma Masson’s Trichrome (no. HT15-1KT, Sigma-

Aldrich) with slight modi�cations. Brie�y, sections were �xed

overnight in Bouin’s solution, immediately stained with

Biebrich acid staining and destained with phosphotungstic–

phosphomolybdic acid solution. Next, sections were submerged

in aniline blue and were not differentiated in 1% acetic acid

at the completion of the staining. Nuclei were not stained so

that images could be quanti�ed by densitometry of red:blue

pixels. Slides were cover-slipped with cytosealTM60 Thermo-

scienti�c, Runcorn, UK; Ref 8310-16 and allowed to dry prior to

imaging. The quanti�cation method comprises deconvolution

of image channels by grouping pixels with a similar color with

FIJI (ImageJ). The area of each image is calculated by normalizing

the number of pixels of each channel to 100% and subtracting

the relative background and non-stained areas as described by

Ruifrok et al. (27). Calculationswere then performed to determine

the percentage of red pixels (myo�bers) to the percentage of blue

pixels (collagen).All images (H&E, fat and collagen staining) were

taken with Nikon Ti Eclipse Inverted Microscope (BCH).

Muscle mechanics of DUX4t L zebra�sh

Larvae (6–7 dpf) were anesthetized with tricaine. The head was

removed and body was submerged in a �sh bicarbonate buffer

that was maintained at 25 C and equilibrated with 95% O2 and

5% CO2 as Widrick et al. (28). One end of the preparation, aligned

with the gastrointestinal opening, was attached to a titanium

wire extending from an isometric force transducer using 10-0

mono�lament suture. The other end, aligned several myotomes

proximal from the tip of the tail, was attached in a similar

manner to the arm of a position motor. Supramaximal pulses

(200 µs in duration) were generated by a constant currentmuscle

stimulator and delivered to platinum electrodes �anking the

preparation. Brief tetni (30 ms at 300 Hz), separated by ≥60 s to

minimize fatigue, was used to establish the optimal length for

tension (Lo). Once Lo had been established, twitch and tetanic

forces were recorded for analysis. The CSA of the preparation

was calculated as an ellipse by measuring maximal preparation

width at its attachment to the force transducer, carefully rotating

the preparation 90◦ and measuring preparation depth. Active

twitch and tetanic force were normalized to CSA as described

previously (28).



330 Human Molecular Genetics, 2019, Vol. 28, No. 2

Measurement of Umax in DUX4t A zebra�sh

Adult zebra�sh were studied in a �ume designed speci�cally

for zebra�sh. Individual �sh were evaluated in a 15 cm long

cylindrical polycarbonate swimming section with an interior

CSA of 5.07 cm2.Water passed through an array of plastic straws

to ensure that �ow was laminar in the swimming section. All

water exiting the swimming section passed through �owmeters.

Data from the meters were processed by an open-source micro-

controller (Arduino model 101) to yield an observed �ow rate

(averaged every 5 s). The protocol �ow rate was controlled by

themicrocontrollerwhichwas pre-programmed tomodulate the

output of two spherical impeller pumps that drewwater through

the �ume. Umax was determined at a water temperature of 25◦C

using a modi�cation of the protocol described by Gilbert et al.

(29). Fish were given a 20–30 min acclimatization period at a

�ow of ≈2.5 cm/s. Flow was then increased to 10 cm/s followed

by 2.5 cm/s increments every 30 s. Exhaustion occurred when

the �sh could no longer maintain its position in the swimming

section, was swept back against the downstream screen and

would not resume swimming despite several sharp taps to the

side of the swimming section. Umax was calculated as the

average of the three �ow measurements immediately preceding

exhaustion. After 5 min of recovery (at ≈2.5 cm/s), the �sh was

removed from the �ume and lightly anesthetized with tricaine.

Standard length (the distance from the tip of the snout to the

caudal peduncle) and body mass were recorded. The �sh was

then returned to its aquarium for recovery (30).

Electron microscopy

Zebra�sh embryos (DUX4t L at 4 dpf) were �xed in formalde-

hyde–glutaraldehyde–picric acid in cacodylate buffer overnight

at 48◦C followed by osmication and uranyl acetate staining.

Subsequently, embryos were dehydrated in a series of ethanol

washes and �nally embedded in Taab epon (Marivac Ltd, Nova

Scotia, Canada). Ninety-�ve nanometer sections were cut with

a Leica ultracut microtome, picked up on 100 m formvar-coated

Cu grids and stainedwith 0.2% lead citrate. Sectionswere viewed

and imaged under the Philips Tecnai BioTwin Spirit Electron

Microscope (Electron Microscopy Core, Harvard Medical School).

Statistical analysis

All statistical analysis and graphs were performed on Graphpad

PrismVersion 7.All �gureswere prepared in Adobe Illustrator CC

2017.

Supplementary Material

Supplementary Material is available at HMG online.
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