of Clinical and Translational Neurology

Open Access

RESEARCH ARTICLE

Expression of FSHD-related DUX4-FL alters proteostasis and
induces TDP-43 aggregation

Sachiko Homma', Mary Lou Beermann’, Frederick M. Boyce? & Jeffrey Boone Miller’

"Neuromuscular Biology & Disease Group, Departments of Neurology and Physiology & Biophysics, Boston University School of Medicine, Boston,

Massachusetts, 02118

’Department of Neurology, Massachusetts General Hospital, Boston, Massachusetts, 02114

Correspondence

Dr. Jeffrey Boone Miller, Neuromuscular
Biology & Disease Group, Boston University
School of Medicine, 715 Albany Street,
W408G, Boston, MA 02118. Tel: 617-638-
5355; Fax: 617-638-5354; E-mail:
millerjp@bu.edu

Funding Information

This work was supported by grants to J. B.
M. from the National Institutes of Health
(ROTAR060328), the Muscular Dystrophy
Association (216422), the FSH Society, the
Association Francaise contre les Myopathies,
and the Boston University Clinical and
Translational Science Institute which is
supported by the National Institutes of Health
(UL1-TRO00157); by a subcontract to J. B. M.
on an award from the National Institutes of
Health to Dr. Peter L. Jones (ROTAR062578);
by a grant to S. H. from the Thoracic
Foundation (Boston MA); and by a grant
from the National Institutes of Health that
supported the Senator Paul D. Wellstone
Muscular Dystrophy Cooperative Research
Center for FSHD Research (U54HD060848).

Received: 16 October 2014; Revised: 17
November 2014; Accepted: 18 November
2014

Annals of Clinical and Translational
Neurology 2015; 2(2): 151-166

doi: 10.1002/acn3.158

Introduction

Abstract

Objective: Pathogenesis in facioscapulohumeral muscular dystrophy (FSHD)
appears to be due to aberrant expression, particularly in skeletal muscle nuclei,
of the full-length isoform of DUX4 (DUX4-FL). Expression of DUX4-FL is
known to alter gene expression and to be cytotoxic, but cell responses to
DUX4-FL are not fully understood. Our study was designed to identify cellular
mechanisms of pathogenesis caused by DUX4-FL expression. Methods: We
used human myogenic cell cultures to analyze the effects of DUX4-FL when it
was expressed either from its endogenous promoter in FSHD cells or by exoge-
nous expression using BacMam vectors. We focused on determining the effects
of DUX4-FL on protein ubiquitination and turnover and on aggregation of
TDP-43. Results: Human FSHD myotubes with endogenous DUX4-FL expres-
sion showed both altered nuclear and cytoplasmic distributions of ubiquitinated
proteins and aggregation of TDP-43 in DUX4-FL-expressing nuclei. Similar
changes were found upon exogenous expression of DUX4-FL, but were not seen
upon expression of the non-toxic short isoform DUX4-S. DUX4-FL expression
also inhibited protein turnover in a model system and increased the amounts
of insoluble ubiquitinated proteins and insoluble TDP-43. Finally, inhibition of
the ubiquitin—proteasome system with MG132 produced TDP-43 aggregation
similar to DUX4-FL expression. Interpretations: Our results identify DUX4-FL-
induced inhibition of protein turnover and aggregation of TDP-43, which are
pathological changes also found in diseases such as amyotrophic lateral sclerosis
and inclusion body myopathy, as potential pathological mechanisms in FSHD.

disease with a variable age of onset, though often in
adolescence and young adulthood, that usually presents

In this study, we examined pathological consequences of
DUX4-FL expression in human myogenic cells in vitro.
Aberrant expression of the cytotoxic DUX4-FL protein in
skeletal muscles is proposed to cause facioscapulohumeral
muscular dystrophy (FSHD)."> With a prevalence of ~1
in 20,000, FSHD is a progressive, autosomal dominant

with weakness in the face, arms, and shoulder girdle.* In
FSHD1, which accounts for ~95% of FSHD cases, the
disease is genetically linked to 4g35 near the telomere, a
region which contains an array of 3.3 kb D4Z4 repeats.™
In FSHDI1 patients, the D4Z4 repeat number ranges from
one to ten. In contrast, unaffected individuals with normal
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muscle function typically have unshortened arrays with >10
D4Z4 repeats, though individuals with contracted D474
arrays but without FSHD clinical symptoms are found.”
The rarer FSHD2 form of the disease is due to mutations in
SMCHDI in which patients have normal length D474
arrays with >10 repeats.® Both FSHD1 and FSHD2, how-
ever, are associated with DNA hypomethylation in the
D474 region suggesting an epigenetic component to FSHD
pathogenesis.” '

The unifying model of FSHD"? proposes that patho-
genesis is due to aberrant expression of DUX4-FL, a long
isoform of the double homeobox protein DUX4. Though
a DUX4 open reading frame is found in each of the
3.3 kb repeats of the 4q35 D4Z4 array, a stable poly-ade-
nylated mRNA for DUX4-FL is produced only from the
most telomeric repeat and only when that repeat is adja-
cent to a 4qA telomeric allele which allows poly-adenyla-
tion of the transcript. The resulting DUX4-FL protein has
a C-terminal transcription activating domain and is typi-
cally highly cytotoxic when overexpressed in many cell
types.'”> "> A shorter DUX4-S isoform that lacks the C-
terminal domain can be produced from an alternatively
spliced DUX4 mRNA, but DUX4-S is typically non-toxic
and may act as a dominant-negative inhibitor of DUX4-
FL.'® DUX4-FL is endogenous
promoter in a very small fraction, typically <0.5%, of the

expressed from its

nuclei in cultures of human myogenic cells.>'” Expression
of DUX4-FL can lead to induction of cell death, activa-
tion of caspase-3, and aberrant expression of DUX4-FL
target genes.'”'>'®'® The DUX4-FL model for FSHD
pathogenesis is consistent with a considerable body of
experimental work, including the finding, based on analy-
sis of a large library of myogenic cells and biopsies, that

Table 1. Characteristics of cell donors'”:??
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DUX4-fl mRNA and DUX4-FL protein are expressed at a
much higher level in FSHD1 than in healthy controls."”

In this study, we extended analyses of how myogenic
cells respond to DUX4-FL expression. We found that
DUX4-FL expression, either from its endogenous promoter
or exogenously, led both to altered localization of ubiquiti-
nated proteins and to aggregation of TDP-43 in nuclei.
TDP-43 aggregation in the nucleus and/or the cytoplasm
has previously been associated with multiple neuromuscu-
lar diseases, including amyotrophic lateral sclerosis (ALS),
frontotemporal lobar degeneration with ubiquitin positive
inclusion (FTLD-U), and inclusion body myopathy.'**!
Our further experiments showed that exogenous DUX4-FL
expression impaired protein turnover in a model system
and that inhibition of the ubiquitin—proteasome system
(UPS) by MG132 produced changes similar to DUX4-FL
expression. Our study thus identifies DUX4-FL-induced
inhibition of protein turnover and nuclear aggregation of
TDP-43 as potential mechanisms of pathogenesis in FSHD
and raises that possibility that therapies targeted at these
abnormalities could prove useful in multiple diseases
including FSHD.

Materials and Methods

Cells and culture

The primary myogenic cells used in these studies were
prepared from biceps biopsies of FSHD and unaffected
donors as described previously'”* and summarized in
Table 1. All human cells were obtained from the Well-
stone FSHD biobank at the University of Massachusetts,
School of Medicine and cells were anonymized prior to

and levels of DUX4-FL expression.

Disease
Cells"  status?

Gender, age, family
relation

EcoRI/BInl sizes (telomere allele)

#DUX4-FL+ve nuclei per 1000 nuclei in myosin+ve
cells
Ave + SE (n)

09Abic  FSHD F, 31 years, proband
(49A)
09Ubic  Unaffected F, 57 years, mother of
09A
17Abic  FSHD M, 23 years, proband
(49A)
17Ubic  Unaffected M, 21 years, brother of

17A

25 kb (49A, paternal), >112 kb
47 kb (40B), >112 kb (4qA)
19 kb (49A, maternal), 87 kb

97 kb (4gB), >112 kb (4gA)

0.79 + 0.21 (14)°
0.12 + 0.08 (14)°
3.71 + 0.63 (14)°

0.021 + 0.015 (12)°

FSHD, facioscapulohumeral muscular dystrophy.

"Cell designations include cohort (family) number (09 or 17) followed by A for the FSHD affected subjects or U for the unaffected first degree
relative and ending with bic indicating that the biopsy site was in the biceps muscle.

2FSHD was confirmed by presence of both clinically apparent muscle weakness and a shortened 4q D4Z4 repeat array identified by an EcoRI/BInl
restriction fragment of <35 kb coupled with a 4gA telomere allele.’”®® Shortened repeat arrays with 4gA telomere alleles are shown in bold.

3P < 0.01 by t-test for FSHD versus unaffected within the indicated family.
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receipt with no personal identifying information available
to us. The cells had been produced prior to our study
from muscle biopsies collected under protocols approved
by the appropriate institution that included informed
donor consent and approval to publish results in accor-
dance with standards of the Helsinki Declaration. Because
our studies were of human cells that were obtained from
a cell bank and for which personal identification data
were not obtainable by us, the studies were classified as
exempt from Human Studies review by the Boston Uni-
versity Institutional Review Board in accordance with
U.S.A. Department of Health and Human Services policy.

Myogenic cells from each donor were FACS-purified
based on CD56 expression and the resulting myogenic cell
populations were >90% desmin-positive. As previ-
ously,'”** (1) DUX4-FL expression was detectable by im-
munostaining in only a small fraction of nuclei (<0.5%),
(2) was found in a much higher proportion of nuclei in
FSHD than unaffected cells and (3) was found only in
differentiated, myosin-expressing myocytes (Table 1). The
human primary myogenic cells were grown on gelatin-
coated dishes in high-serum medium for proliferation
and switched when near confluence to low-serum med-
ium for differentiation as described.'”** For some experi-
ments as indicated, we used HEK293 cells which were
obtained from the ATCC (Manassas, VA). HEK293 cells
were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum,
4 mmol/L r-glutamine, and 1% penicillin-streptomycin
(Life Technologies, Grand Island, NY). As indicated, pro-
teasome function was inhibited with MG132 (EMD Milli-
pore, Billerica, MA) used at a final concentration of
10 umol/L and added 5 h before cell harvest.

Immunostaining

Myogenic cells were grown on gelatin-coated 4-well cham-
ber slides (Thermo Fisher Scientific, Waltham, MA) until
>90% confluent, then switched to differentiation medium
for 4-6 days. Differentiated cultures were washed twice
with PBS, fixed with ice-cold 100% methanol or 2% Paraf-
ormaldehyde (PFA) for 10 min, washed three times with
PBS, permeabilized with 0.5% Triton X-100 for 10 min at
room temperature for PFA-fixed specimens and incubated
for 60 min at room temperature in a blocking solution
consisting of 4% horse serum, 4% goat serum (Life Tech-
nologies, Thermo Fisher Scientific), and 4% BSA (EMD
Millipore, Billerica, MA) in PBS + 0.1% Triton X-100.
Fixed cultures were incubated overnight at 4°C with a pri-
mary antibody diluted in blocking solution. The following
day cells were rinsed three times with PBS and incubated
for 1 h with the appropriate secondary antibody diluted
1:500 in blocking solution. For double immunostaining,

FSHD: DUX4-FL, Protein Turnover, and TDP-43

cultures were subsequently incubated as above with the
appropriate second primary antibody, followed by washing,
and incubation with the second secondary antibody.

Antibodies

DUX4-FL was detected with rabbit anti-DUX4-FL mAb
E55%* used at 1:200 dilution (Epitomics, Burlingame,
CA). Myosin heavy chain (MyHC) isoforms were detected
with mouse mAbs F59 or MF20 (Developmental Studies
Hybridoma Bank, Iowa City, IA) used at 1:10 dilution of
hybridoma supernatant. Activated caspase-3 was detected
with a rabbit pAb (Cell Signaling Technologies, Beverly,
MA) used at 1:100. TDP-43 was detected with either rab-
bit anti-TARDBP pAb (cat. 10782-2-AP; Proteintech, Chi-
cago, IL) or mouse anti-TDP-43 mAb (cat. 60019-2;
Proteintech). Ubiquitinated proteins were detected with
mouse mAb FK2 (MBL, Woburn, MA) which reacts with
K29-, K48-, and K63 mono- and poly-ubiquitinated pro-
teins, but not free ubiquitin. V5 epitope tag was detected
using either mouse anti-V5 mAb (Life Technologies,
Grand Island, NY) or a rabbit pAb (EMD Millipore).
GFP was detected with a rabbit pAb (Santa Cruz Biotech-
nology, Dallas, TX). Primary antibody binding was visual-
ized with  appropriate  species-specific ~ secondary
antibodies (Life Technologies) conjugated to either Alexa
Fluor 488 or Alexa Fluor 594 and used at 1:500. Nuclei
were stained with bisbenzimide.

Microscopy

Immunostaining was analyzed by manually scanning the
entire culture area (e.g. to identify DUX4-FL-positive nuclei
or MyHC-positive cells), followed by imaging and manual
quantitation. Standard microscope images were acquired
using a Nikon E800 microscope with Spot camera and soft-
ware version 4.6 (Diagnostic Instruments Inc., Sterling
Heights, MI). Confocal images were acquired using a Leica
SP5 instrument (Leica Microsystems, Buffalo Grove, IL).

Immunoblotting

Human primary myogenic cells or HEK293 cells were
homogenized in RIPA buffer (50 mmol/L Tris-HCl pH
7.4, 150 mmol/L NaCl, 1% NP-40, 0.5% sodium deoxy-
cholic acid, and 0.1% SDS) with protease inhibitors
(Calbiochem Protease Inhibitor Cocktail III; EMD Milli-
pore), sonicated, and then centrifuged at 15,000¢ for
15 min. The RIPA-soluble protein in the resulting
supernatant was quantified with a Bradford assay (Bio-
Rad, Hercules, CA), and the supernatant was mixed
with an equal volume of 2x SDS-PAGE sample buffer
and boiled for 5min. 25 ug protein was subjected to
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SDS-PAGE (Mini-protean TGX gels, Bio-Rad) under
reducing conditions and transferred to Polyvinylidene
difluoride (PVDF) membranes for immunoblotting
(Bio-Rad). The pellets resulting from centrifugation
after homogenization in RIPA buffer were resuspended
in urea buffer (7 mol/L urea, 2 mol/L thiourea, 4%
CHAPS), sonicated, and centrifuged. The supernatant,
which contained RIPA-insoluble/urea-soluble protein,
was subjected to SDS-PAGE and transferred to PVDEF
membranes. Blots were blocked with Odyssey blocking
buffer (LI-COR Biosciences, Lincoln, NE) and then
incubated with primary antibodies. Signals were
detected with Alexa-680 (Life Technologies) or IRDye
800 (LI-COR Biosciences)-conjugated secondary anti-
bodies with appropriate species specificity. Immuno-
blots were visualized by the Image Studio software
version 2.1.10 (LI-COR Biosciences) that accompa-
nies the LI-COR Odyssey infrared system (LI-COR
Biosciences).

Caspase

Caspase enzymatic activity was measured using the lumi-
nescence-based Caspase-Glo 3/7 Assay System (Promega,
Madison, WI) according to the manufacturer’s instruc-
tions and with signal detection on an Infinite M1000 mi-
croplate reader (Tecan, Morrisville, NC).

Plasmids and transfection

Plasmids used for expression of V5-tagged DUX4-FL and
DUX4-S, which we termed pCMV-DUX4-fl-V5 and
pCMV-DUX4-5-V5, were described previously.'> The sim-
ian CMV IE4 promoter in these plasmids was derived
from pCS2+. The plasmid for expression of full-length
TDP-43 fused with GFP under control of a CMV pro-
moter derived from pcDNA3 was described previously.*
These plasmids were transfected into human myoblasts
cells using the X-tremeGene HP DNA transfection reagent
(Roche Diagnostic Corporation, Indianapolis, IN) follow-
ing the manufacturer’s instructions.

EGFP-CL1 degron assay

The assay was described previously.”® In brief, the nucleo-
tide sequence encoding the CLI1 degron peptide (AC-
KNWEFSSLSHFVIHL) was inserted into the Xhol/EcoRI
site of plasmid of pEGFP-C3.?® The resulting plasmid was
designated pEGFP-CL1 and was used to express the GFP-
CL1 degron fusion protein. DUX4-FL and pEGFP-CL1
vectors were co-transfected into HEK293 cells using Poly-
ethylenimine “Max” (Polysciences Inc., Warrington, PA)
and cells were collected 48 h after transfection.

S. Homma et al.

BacMam vectors

Though plasmid transfection of myoblasts followed by
switch to differentiation medium can be used to over-
come the poor transfection efficiency of myotubes, the
high toxicity of DUX4-FL expressed from the CMV
promoter fragment made it impossible to use this strategy
as myoblasts were killed before myotube formation was
sufficiently extensive. Though lentivirus vectors can
directly infect myotubes, we were unable to generate suffi-
cient titers of lentivirus vectors carrying the simian CMV
IE4 promoter-DUX4-fl construct due to DUX4-FL-
induced death of the packaging cell lines. These obstacles
were overcome by use of baculovirus-derived BacMam
vectors.”” BacMam vectors were derived from pCMV-
DUX4-fl-V5 and pCMV-DUX4-s-V5 by EcoRI/Xbal
restriction digest and cloning of the corresponding DUX4
inserts into pENTRIA (Life Technologies) which was pre-
pared by digestion with EcoRI and Xbal. The resulting
entry clones were recombined into the BacMam destina-
tion vector pJiF2 using LR Clonasell (Life Technologies)
and recombinant baculovirus generated using the Tn7
transposition system.”® In the BacMam vectors, expression
was driven by a human CMV-IEl promoter. P1 viral su-
pernatants were used in all experiments without further
purification and expression was analyzed at 24-48 h after
addition as noted.

Results

To identify potential pathological consequences of DUX4-
FL expression in human myogenic cells, we identified and
compared potentially pathological changes induced by
exogenous and endogenous expression of DUX4-FL. In
myoblasts, we used both plasmid transfection and Bac-
Mam vectors, as indicated, to express DUX4-FL or, as a
control, DUX4-S, whereas in myotubes we used BacMam
vectors for all studies of exogenous DUX4-FL expression.
Expression was driven from constitutively active CMV
promoters in both plasmids and BacMam vectors.

Exogenous DUX4-FL expression in myoblasts

Previous studies had shown that exogenous expression of
transfected DUX4-FL is accompanied by increased cas-
pase-3 activation, a marker for incipient cell death, in
many different types of cells including Hep2, mouse
C,Cy,, fibroblasts, and human primary myogenic
cells.">'>1%1% We first confirmed that exogenous DUX4-
FL overexpression increased caspase-3 activation in pri-
mary human myoblasts. We used plasmid transfection in
cultures of proliferating human healthy control and
FSHD myoblasts to induce DUX4-FL expression and
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found that ~10-20% of the cells in transfected cultures
were positive for DUX4-FL immunostaining at 2448 h
after transfection. In these cultures, the primary human
myoblasts did not express MyHC and thus had not differ-
entiated. At 32-48 h after transfection, immunostaining
for activated caspase-3 was detectable in a fraction of the
cells with DUXA4-FL-positive nuclei, whereas DUX4-FL-
negative nuclei in the same or parallel cultures showed no
increase in caspase-3 immunostaining (Fig. 1A-D). Exog-
enous DUX4-FL expression-induced caspase-3 immuno-

Exogenous
DUX4-FL
C

Nuclei

Caspase-3
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Figure 1. Exogenous DUX4-FL increased caspase activation. (A-H)
DUX4-FL (red) was expressed in proliferating human myoblasts (A-D)
at 24 h after plasmid transfection and in differentiated myotubes (E-
H) at 48 h after BacMam vector addition. Cultures were established
with myoblasts from a healthy donor. Immunostaining for activated
caspase-3 (green) was found in a fraction of myoblasts and myotubes
that expressed exogenous DUX4-FL (arrows). Yellow arrowhead in (A—
D) indicates a DUX4-FL-positive myoblast without caspase-3 staining.
(I) Caspase 3/7 enzymatic activity was increased by BacMam-mediated
expression of DUX4-FL, but not DUX4-S, in both proliferating
(myoblast) and differentiated (myotube) cultures of human myogenic
cells. Error bars = SE, n = 4. *P < 0.05; **P < 0.01.
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staining similarly in both healthy control and FSHD
myoblasts. To confirm the immunostaining results, we
also measured caspase-3 enzymatic activity after Bac-
Mam-mediated expression in myoblasts, which resulted in
>90% of the nuclei-expressing DUX4-FL or, as a control,
DUX4-S at 32-48 h after BacMam addition. We found
that caspase-3 enzymatic activity was increased signifi-
cantly in myoblasts upon exogenous DUX4-FL expression
(Fig. 11, proliferating). Activation was specific to DUX4-
FL, as caspase-3 was not activated upon BacMam-medi-
ated expression of the short DUX4-S isoform that lacks
the C-terminal region of DUX4-FL (Fig. 1I). Our results
with human primary myoblasts were thus consistent with
the previous studies noted above that showed caspase-3
activation by exogenous DUX4-FL in multiple cell types.

We next found that exogenous expression of DUX4-FL
altered the intracellular distribution of ubiquitin-conju-
gated proteins in human myoblasts. We chose to examine
ubiquitinated proteins (Ub-proteins) for several reasons.
First, impaired functioning of protein turnover systems
that process ubiquitinated proteins is often associated
with increased cell death, including in myogenic cells®’;
and ubiquitinated cytoplasmic inclusions are found in at
least two myopathies, inclusion body myositis and oculo-
pharyngeal muscular dystrophy.”®*' Second, DUX4-FL
expression had been linked previously to altered expres-
sion of ubiquitin handling proteins, including increases in
ubiquitin ligases.'®** Finally, impaired protein turnover
often leads to protein aggregation,” and we (this
study) and others>**, have observed that DUX4-FL im-
munostaining is sometimes punctate, suggesting that per-
haps DUX-FL itself can form aggregates within the
nucleus.

We used immunostaining with the mouse mAb FK2,
which reacts with mono- and poly-ubiquitinated proteins
(Ub proteins) but not free ubiquitin, to show that the
distribution of Ub-proteins in human myoblasts was
altered by exogenous DUX4-FL expression (Fig. 2). In the
absence of detectable DUX4-FL expression, the most
common pattern of Ub-protein immunostaining in
human myoblasts included moderate levels of mostly uni-
formly distributed signal in both nuclei and cytosol
(Fig. 2A—C). Myoblasts that expressed exogenous DUX4-
FL, however, had decreased immunostaining in nuclei
(arrows, Fig. 2A—C). A subset of both DUX4-FL-negative
and DUX4-FL-positive cells also showed regions of punc-
tate staining in the cytoplasm and/or nucleus. To more
quantitatively analyze Ub-protein distribution in response
to DUX4-FL expression, we examined mAb FK2 immu-
nostaining in DUX4-FL-positive and -negative myoblasts
and separately classified nuclear and cytoplasmic staining
in each cell as “low,” “mid,” or “high” (examples are
given in Fig. 2A). This analysis confirmed that the
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Figure 2. Exogenous DUX4-FL  altered  ubquitinated  protein
distribution in myoblasts. (A-C) After plasmid transfection, DUX4-FL
(red) was expressed in a subset of myoblasts; and confocal images of
immunostaining for ubiquitinated proteins (Ub-protein, green) showed
decreased staining in the nuclei of DUX4-FL-positive (arrows)
compared to DUX4-FL-negative (arrowheads) myoblasts. Numbered
cells give examples of the classifications of Ub-protein staining
patterns that are graphed in (D); with the (DUX4-FL-positive) myoblast
labeled “1" classified as low nuclear and low cytoplasmic; and the
(DUX4-FL-negative) myoblast labeled “2" classified as mid nuclear and
mid cytoplasmic. Additional classification examples are in Figure 4. (D)
Nuclear and cytoplasmic Ub-protein staining patterns were
independently classified as low, mid, or high, as described under (A)
and in the text, and the number of myoblasts with each pattern was
counted. The predominant effect of exogenous DUX4-FL expression
on Ub-protein distribution in myoblasts was to decrease nuclear
staining with little effect on cytoplasmic staining.

predominant effect of exogenous expression of DUX4-FL
in human myoblasts was to decrease nuclear immuno-
staining for Ub-proteins (Fig. 2D).

We next found that exogenous expression of DUX4-FL
in human myoblasts also altered the intracellular distribu-
tion of TDP-43 (transactive response DNA-binding pro-
tein 43 kDa, encoded by the TARDBP gene). We
examined TDP-43 because TDP-43 aggregates have been
reported in inclusion body myositis, where ubiquitin
aggregates are also found.””’®*>® In addition, TDP-43
functions in alternative mRNA splicing’”%; and proper
splicing is required for normal skeletal muscle function,”

S. Homma et al.

Endogenous
TDP-43

Exogenous
DUX4-FL

1
positive

Exogenous

DUX4-FL DUX4-FL

-
Figure 3. Exogenous DUX4-FL induced aggregation of TDP-43 in
myonuclei. (A-C) DUX4-FL (red) was expressed in proliferating human
myoblasts using plasmid transfection. Arrows indicate DUX4-FL-
positive myoblasts and arrowheads indicate DUX4-FL-negative
myoblasts. (D-H) DUX4-FL was expressed in differentiated myotubes
using a BacMam vector. Cultures were established with myoblasts
from a healthy donor and examined at 32-48 h after addition of
plasmids or BacMam vector. TDP-43 immunostaining (green) in DUX4-
FL-negative myoblasts (A-C) and myotubes (I and J) was diffusely
distributed in nuclei and absent from the cytoplasm, whereas DUX4-
FL-positive myoblasts (A-C) and myotubes (D-H) showed a different,
punctate pattern of TDP-43 staining indicative of aggregation. (K and

L) TDP-43 immunostaining also showed a punctate pattern after a
short heat shock (1 h at 42°C).

Endogenous TDP-43

Heat
Shock | negative

may regulate DUX4-fl mRNA production,” and may be
aberrant in myopathies including FSHD.*

As is common in many cell types, human myoblasts
that did not express DUX4-FL showed immunostaining
for endogenous TDP-43 that was distributed throughout
the nuclei and was typically undetectable in the cytoplasm
(Fig. 3A-C). In contrast, upon exogenous expression of
DUX4-FL, TDP-43 immunostaining in myoblasts was no
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longer uniformly distributed as in DUX4-negative nuclei,
but rather appeared to include highly fluorescent puncta
suggesting aggregation (Fig. 3A—C). This punctate pattern
was found in most, but not all, nuclei that expressed
exogenous DUX4-FL. In one experiment, for example, we
found one or more regions of punctate TDP-43 immuno-
staining in 22 of 28 (78%) of DUX4-FL-positive nuclei,
whereas this punctate pattern was found in only one 51
(2%) of nearby DUX4-FL-negative nuclei in the same cul-
tures (P < 0.01 by Fisher’s exact test for observed versus
expected number of nuclei with punctate pattern). As
found previously in HeLa cells,”® we found that a short
1 h heat shock at 42°C also induced a punctate pattern of
TDP-43 immunostaining (Fig. 3K and L), indicating
aggregation, in the nuclei of human myogenic cells,
though the puncta induced after a short (1 h) heat shock
were typically smaller than the puncta found after the
much longer term (32-48 h) expression of DUX4-FL.

Exogenous DUX4-FL expression in
differentiated myotubes

We next tested whether exogenous expression of DUX4-FL
in differentiated, multinucleate myotubes induced changes
similar to those we found in myoblasts. Our previous work
showed that, under our culture conditions, DUX4-FL was
expressed from its endogenous promoter only in differenti-
ated (MyHC-expressing) myogenic cells,” so it was impor-
tant to determine if differentiated cells responded
differently to DUX4-FL than myoblasts. To express DUX4-
FL or, as a control, DUX4-S in human myotubes under
control of a constitutively active CMV promoter fragment
as in our plasmid transfections of myoblasts, we used the
baculovirus-based BacMam vector system.”” At 32-48 h
after transduction of differentiated cultures with the Bac-
Mam vectors, >90% of the myotube nuclei showed immu-
nostaining for DUX4-FL or DUX4-S. Though found in
almost all nuclei, the BacMam-mediated DUX4-FL immu-
nostaining was of highly variable intensity and often of
non-uniform punctate distribution, whereas the DUX4-S
immunostaining was typically of uniform intensity and dis-
tribution within all nuclei in the culture (Fig. 1J-M).

In myotubes, exogenous, BacMam-mediated expression
of DUX4-FL was accompanied both by increased
immunostaining for active caspase-3 (Fig. 1E-H) and by
a severalfold increase in caspase 3/7 enzymatic activity
(Fig. 1I). In contrast, parallel cultures with BacMam
DUX4-S did not show a significant increase in caspase 3/
7 enzymatic activity when compared to controls with
BacMam GFP (Fig. 1I). Thus, exogenous expression from
a constitutive CMV promoter of DUX4-FL, but not
DUX4-S, increased caspase activation in both myoblasts
and myotubes.

FSHD: DUX4-FL, Protein Turnover, and TDP-43

Exogenous
DUX4-FL

Ub-protein

Merge

Endogenous
DUX4-FL

F

Endogenous
DUX4-FL in
myotubes

¥ Low Mid  High

% Low Mid  High
 Nucleus Fluorescence  Nucleus Fluorescence

DUX4-FL-negative DUX4-FL-positive
(n=112) (n=99)

Figure 4. Exogenous and endogenous DUX4-FL altered ubiquitinated
protein distribution in myotubes. (A—C) A BacMam vector was used to
express exogenous DUX4-FL (red) in myotubes. When compared to the
low cytoplasmic and uniform nuclear staining for Ub-proteins in DUX4-
FL-negative cells (e.g. Fig. 2A and arrowhead in D), DUX4-FL-positive
myotubes show increased immunostaining for Ub-proteins (green) in the
cytoplasm and variable staining, often with aggregates, in nuclei. (D-F)
Expression of DUX4-FL from its endogenous promoter in myotubes
formed from FSHD myoblasts (17Abic) also led to increased cytoplasmic
staining and variable, often punctate, staining for Ub-proteins. Arrows in
all panels indicate cells with DUX4-FL-positive nuclei and the arrowheads
in (D-F) indicate a cell with a DUX4-FL-negative nucleus. Additional
examples of Ub-protein staining in DUX4-FL-negative cells are shown in
Figure 7E and F. Numbered cells give examples of the classifications of
Ub-protein staining patterns graphed in (G); with the (DUX4-FL-positive)
myotube labeled “1” in (A) classified as mid nuclear and high
cytoplasmic; the (DUX4-FL-negative) myocyte labeled “2” in (D)
classified as mid nuclear and low cytoplasmic; and the (DUX4-FL-
positive) myotube labeled “3" in (D) classified as high nuclear and mid
cytoplasmic. Note that mid and high-nuclear staining can be punctate,
rather than uniform across the nuclei. Additional examples are in
Figure 2. (G) Nuclear and cytoplasmic Ub-protein staining patterns were
independently classified as low, mid, or high, and the number of cells
with each pattern was counted. The results showed that endogenous
DUX4-FL expression in myotubes increased cytoplasmic staining and
produced variable changes in nuclear staining for Ub-proteins.

© 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 157



FSHD: DUX4-FL, Protein Turnover, and TDP-43

In myotubes, BacMam-mediated DUX4-FL expression
also altered the patterns of Ub-protein immunostaining.
Double immunostained images showed an increased
cytoplasmic immunostaining for Ub-proteins in DUX4-
FL-expressing cells compared to DUX4-FL-negative cells
in the same cultures (Fig. 4A-C). In addition, many of
the nuclei in DUX4-FL-positive myotubes showed rela-
tively large aggregates of Ub-proteins (Fig. 4A—C). Such
large Ub-protein aggregates were seldom seen in DUX4-
FL-negative myotube nuclei.

As in myoblasts, exogenous DUX4-FL also altered the
pattern of TDP-43 immunostaining in myotubes. In
DUX4-negative myotubes there was a relatively uniform
distribution of TDP-43 immunostaining in nuclei with
the exception of nucleoli that were unstained (Fig. 31 and
J). In contrast, there was a distinctly punctate pattern of
TDP-43 staining in the nuclei of DUX4-FL-positive myo-
tubes (Fig. 3D-H). Thus, in both myoblasts (Fig. 3A—C)
and myotubes (Fig. 3D-H), exogenous expression of
DUX4-FL from a constitutive CMV promoter-induced
aggregation of TDP-43.

Endogenous DUX4-FL expression

We next examined whether DUX4-FL expression from its
endogenous promoter in differentiated cells caused the
same changes as exogenous expression. Unlike exoge-
nously expressed DUX4-FL, which was detectable in most
nuclei when expressed from the BacMam vector, endoge-
nous expression of DUX4-FL was detectable by immuno-
staining in only a very small fraction, <0.5%, of the
nuclei in differentiated, myosin-expressing cells (Table 1),
much as seen in previous studies.”'”*»** Because the
downstream effects of DUX4-FL depend on expression
level,’ it was important to determine which of the
changes induced by exogenous DUX4-FL from the strong
CMV promoter were also induced by DUX4-FL expres-
sion from its endogenous promoter.

showed that endogenous DUX4-FL
expression was accompanied by altered Ub-protein
localization and TDP-43 aggregation, but not caspase-3
activation. In particular, caspase-3 activation, which was
detected by immunostaining upon exogenous expression
of DUX4-FL in myotubes (Fig. 1IE-H), was not
detected in myotubes that expressed DUX4-FL from the
endogenous promoter. The morphology of the endoge-
nous DUX4-FL-positive nuclei also appeared to be nor-
mal. Thus, in contrast to the caspase activation that
was detectable by immunostaining upon exogenous
expression of DUX4-FL in myoblasts or myotubes
(Fig. 1), there was no detectable activation of caspase-3
upon expression of DUX4-FL from its endogenous pro-
moter.

Qur results
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Endogenous expression of DUX4-FL was, however,
accompanied by altered patterns of immunostaining for
both Ub-proteins and TDP-43, and these alterations were
similar to those seen upon exogenous DUX4-FL expres-
sion in myotubes. For Ub-proteins, double immunostain-
ing suggested that endogenous expression of DUX4-FL in
myotubes was often accompanied by increased cytoplas-
mic staining and increased numbers of nuclear aggregates
when compared to DUX4-FL-negative cells in the same
differentiated cultures (Fig. 4). To more quantitatively
analyze the Ub-protein staining patterns, we classified
nuclear and cytoplasmic Ub-protein staining intensity in
with and without endogenous DUX4-FL
expression as “low,” “mid,” or “high,” as we did for exog-
enous expression in myoblasts (see examples in Figure 4A
and D). This classification assay showed that one consis-
tent effect of endogenous DUX4-FL in human myotubes
was to increase cytoplasmic staining intensity for Ub-pro-
teins (Fig. 4G). This increased cytoplasmic staining was
also seen upon exogenous expression of DUX4-FL in
myotubes (Fig. 4A—C), but not myoblasts (Fig. 2).

In addition to the increased cytoplasmic stain, most

myotubes

myotube nuclei with endogenous DUX4-FL expression
showed altered Ub-protein staining compared to DUX4-
FL-negative nuclei in the same culture. Though the Ub-
protein and DUX4-FL staining patterns in myotube nuclei
were often both punctate (Fig. 4) or both uniform, we
also found examples of myotube nuclei with uniform
DUX4-FL and punctate Ub-protein staining and vice
versa. In addition, though some DUX4-FL-positive myo-
tube nuclei appeared to have decreased immunostaining
for Ub-proteins, whereas others showing increased, often
punctate, staining; the myotube nuclei with the most
intense staining for endogenous DUX4-FL did not neces-
sarily have the most intense stain for Ub-protein (Fig. 4).
The results of the quantitative assay (Fig. 4G) suggested
that Ub-protein staining patterns were sufficiently distinct
in DUX4-FL-positive compared to DUX4-FL-negative
cells to allow identification of about two-thirds of the
DUX4-FL cells based on Ub-protein staining alone.

To further assess this result, we carried out a blind test
to confirm that the Ub-protein staining in endogenous
DUX4-FL-positive and -negative nuclei were distinctive.
For this test, an observer was provided with 25 unlabeled
pairs of images that had been individually stained for Ub-
proteins and for nuclei. Each image contained many cells
(range 13-60, ave = 28.3, total = 708), and the observer
was asked to identify any cells that appeared to have a
Ub-protein staining pattern that was distinct from the
pattern in the majority of cells. After the observer identi-
fied candidate cells, the Ub-protein and nuclear images
were compared to companion images that had been
immunostained for DUX4-FL but withheld from the
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observer. In total, the observer correctly identified 18 of
the 25 (72%) DUX4-FL-positive cells in the blind image
set, whereas only one or two would have been expected
to be correctly identified by chance (P < 0.001 by Fisher’s
exact test, observed vs. expected). Only 16 of 683 DUX4-
FL-negative cells were identified as having an unusual
ubiquitin pattern. These results implied that the Ub-pro-
tein staining pattern in endogenous DUX4-FL-expressing
cells was sufficiently different from the pattern in DUX4-
FL-negative cells to be accurately identified in a majority
(~70%) of the cases, whereas only a very small percentage
(<3%) of DUX4-FL-negative cells had a similar pattern.
This finding is similar to the results from our classifica-
tion assay (Fig. 4G), in which about two-thirds of the
DUX4-FL-positive cells appeared to have a distinct Ub-
protein staining pattern. Thus, as with exogenous expres-
sion, expression of DUX4-FL in myotubes from its
endogenous promoter altered the intracellular localization
of ubiquitinated proteins.

Endogenous expression of DUX4-FL also altered the
TDP-43 immunostaining pattern. Most nuclei with
endogenous expression of DUX4-FL showed a distinctly
more punctate pattern of TDP-43 immunostaining than
was observed in DUX4-FL-negative nuclei (Fig. 5). As
above, we carried out a blind test to assess the extent of
altered TDP-43 staining upon expression of endogenous
DUX4-FL. For this assessment, the observer was provided
with 65 pairs of images that had been stained for TDP-43
and for nuclei and was asked to identify cells with atypi-
cal patterns of TDP-43 staining. Of the 425 cells in the
image collection, the observer identified 31 of the 45
(69%) endogenous DUX4-FL-positive cells as having an
atypical TDP-43 staining pattern (P < 0.001 by Fisher’s
exact test, observed vs. expected by chance). In contrast,
only 11 of the 380 (2.9%) DUX4-FL-negative cells were
identified by the observer as having an altered TDP-43
staining pattern. Thus, approximately two-thirds of the
endogenous DUX4-FL-positive cells had a TDP-43 immu-
nostaining pattern that was sufficiently distinct for identi-
fication when compared to DUX4-FL-negative cells.

UPS inhibition

Based on our findings that exogenous and endogenous
DUX4-FL expression in human myoblasts and myotubes
led to altered intracellular distribution of ubiquitinated
proteins and apparent aggregation of TDP-43, we hypoth-
esized that DUX4-FL expression was accompanied by
impaired protein turnover. As one test of this possibility,
we used a co-transfection assay to determine if DUX4-FL
would inhibit turnover of a modified GFP protein that
was made unstable by addition of the 16 amino acid CL-
1 degron sequence.”**"** In this assay, conditions that
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Figure 5. Endogenous DUX4-FL-induced aggregation of TDP-43 in
myotube nuclei. Double immunostaining of differentiated cultures for
expression of endogenous DUX4-FL (red) and TDP-43 (green) showed
that TDP-43 staining was punctate, indicative of aggregation, in
nuclei that expressed endogenous DUX4-FL (arrows), whereas nearby
nuclei that did not express DUX4-FL (arrowheads) showed a more
uniform distribution of TDP-43 immunostaining. Each row shows a
different set of nuclei. In the nuclei shown here, DUX4-FL staining
was also punctate, however, merged confocal images showed little or
no overlap of the distinctly punctate areas of staining for DUX4-FL
and Ub-proteins (e.g. H).

impair protein turnover lead to an increased level of the
GFP-degron protein. Indeed, by immunoblotting, we
found more GFP in HEK293 cell cultures that expressed
both the GFP-degron and DUX4-FL than in cultures that
expressed only the GFP-degron and not DUX4-FL
(Fig. 6A), a result that we replicated in three similar
experiments. As a positive control, treatment with
MG132, an inhibitor of protein turnover through the
UPS, also increased the amount of GFP-degron on immu-
noblots compared to untreated cultures (Fig. 6A). In
myoblasts, a fluorescent signal from the stabilized GFP-
degron was detectable upon plasmid co-transfection and
co-expression with DUX4-FL (Fig. 6B). These results sug-
gested that exogenous expression of DUX4-FL impairs
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Figure 6. Exogenous DUX4-FL slowed protein turnover. (A) GFP
protein made unstable by addition of the 16 amino acid CL1 degron
sequence (GFP-degron) was expressed by plasmid transfection in
HEK293 cells with or without co-expression of exogenous DUX4-FL
and with or without MG132 treatment to inhibit protein turnover
through the ubiquitin—proteasome system. Immunoblots showed that
more of the GFP-degron protein accumulated in cultures that co-
expressed DUX4-FL (compare GFP in lanes 1 and 3) indicating that
DUX4-FL expression led to stabilization and slowed turnover of the
GFP-degron protein. As a positive control, MG132 treatment also led
to accumulation of GFP-degron protein (lanes 2 and 4). GAPDH was
used a loading control. (B-D) When co-expressed by plasmid
transfection in human myoblasts, GFP-degron protein (green)
accumulated when co-expressed with DUX4-FL (red).

protein turnover as measured by stabilization of the GFP-
degron reporter.

To further examine a possible role for UPS inhibition
in DUX4-FL-mediated pathology, we next determined if
treatment with MG132 would lead to changes in Ub-pro-
tein distribution or TDP-43 aggregation similar to those
we found in cells that expressed DUX4-FL. After a 5 h
treatment with 10 pmol/L MG132, MG132-treated myo-
blasts and myotubes showed increased cytoplasmic and
decreased nuclear staining for Ub-proteins; and these
changes did not appear to be additionally altered by exog-
enous DUX4-FL expression (Fig. 7). The MG132-induced
changes in Ub-protein staining were in some respects
similar to the changes induced by exogenous or endoge-
nous DUX4-FL expression, though the similarities
between MG132-induced and DUX4-FL-induced changes
were different for myoblasts and myotubes. Myoblasts
that expressed exogenous DUX4-FL from a plasmid
showed a decrease in nuclear Ub-protein staining similar
to that induced by MGI132 treatment, but did not show
the increase in cytoplasmic staining (Fig. 2). In contrast,
myotubes that expressed exogenous or endogenous
DUX4-FL did show an increase in cytoplasmic Ub-pro-
tein staining, but did not show the relatively uniform
reduction in nuclear Ub-protein stain seen upon MG132
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Figure 7. MG132  treatment changed the distributions of
ubiquitinated proteins and TDP-43 in human myoblasts and
myotubes. (A-D) In untreated myoblasts, staining for Ub-proteins was
diffuse in nuclei and low in the cytoplasm (A), whereas, after MG132
treatment, cytoplasmic staining was high and partially punctate in the
cytoplasm and nuclear staining was very low (B). Expression of
exogenous DUX4-FL by plasmid did not further change the Ub-
staining pattern in myoblasts (C and D). (E-H) Staining for Ub-proteins
was uniformly diffuse in nuclei and low in the cytoplasm of untreated
myotubes (E and F), whereas MG132 treatment led to decreased
nuclear staining and increased, often punctate, cytoplasmic staining
(G and H). (I-L) Staining for TDP-43 was uniformly diffuse in nuclei
and low in the cytoplasm of untreated myotubes (I and J), whereas
MG132 treatment led to a punctate, aggregated pattern of TDP-43
staining in nuclei (arrowheads; K and L).

treatment (Fig. 4). Rather, DUX4-FL-expressing nuclei
often had a punctate Ub-staining pattern (Fig. 4). Fur-
thermore, we found that MGI132 treatment induced the
accumulation of punctate TDP-43 staining in the nuclei,
but not in the cytoplasmic regions, of myotubes (Fig. 71—
L); and this MGI132-induced change in TDP-43 distribu-
tion within nuclei was similar to that induced by exoge-
nous or endogenous DUX4-FL expression (cf. Figs. 3, 5).

DUX4-FL and protein aggregation

Because DUX4-FL-expressing nuclei often showed punc-
tate patterns of immunostaining for ubiquitinated pro-
teins (e.g. Fig. 4D), TDP-43 (e.g. Fig. 3D) and DUX4-FL
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Figure 8. The punctate immunostaining patterns for ubiquitinated
proteins, TDP-43, and DUX4-FL in nuclei showed little co-localization.
(A-C) Confocal microscope images for ubiquitinated proteins (green,
A) and DUX4-FL (red, C) were merged in (B) to show the relatively
small regions of overlap (yellow). (B) Includes blue DNA stain for the
nucleus. (D-F) Standard microscope images for ubiquitinated proteins
(green, D) and TDP-43 (red, F) were merged in (E) and showed little
overlap of the punctate areas of immunostaining in the nucleus. (G-)
Standard microscope images for TDP-43 (green, G) and DUX4-FL (red,
1) were merged in (H) and showed little overlap of the punctate areas
immunostaining seen in the lower DUX4-FL-positive nucleus.
Additional examples are in Figure 5. The upper DUX4-FL-negative
nucleus in (G-) shows the nearly uniform nuclear immunostaining for
TDP-43 that is seen in the absence of DUX4-FL.

itself (e.g. Fig. 4F), we next used double immunostaining
to determine if the punctate staining patterns were over-
lapping or distinct (Fig. 8). First, in the subset of nuclei
in which we observed punctate staining for both DUX4-
FL and Ub-proteins, we found that the DUX4-FL and
Ub-protein immunostaining patterns were largely distinct,
though with some overlap (Fig. 8A—C). There was also
little or no overlap of nuclear punctate immunostaining
for Ub-proteins and TDP-43 (Fig. 8D-F). These results
indicate that the DUX4-FL and TDP-43 proteins which
generated the punctate immunostaining in these DUX4-
FL-positive nuclei were unlikely to be extensively ubiqui-
tinated. Finally, in those nuclei where both the DUX4-FL
and TDP-43 showed punctate staining, there was also lit-
tle or no overlap of staining (Fig. 8G-I). Taken together,
these results indicate that the Ub-proteins, TDP-43, and
DUX4-FL that generated the punctate staining patterns
likely did so spatially  separated
domains.

Finally, because punctate immunostaining patterns
suggested that proteins might be forming insoluble

independently in
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Figure 9. Exogenous expression of DUX4-FL, but not DUX4-S, was
followed by increased amounts of insoluble ubiquitinated proteins,
TDP-43, and DUX4-FL itself. BacMam DUX4-FL or DUX4-S vectors
were added to myogenic cell cultures that had been in differentiation
medium for 4 days, and 48 h later the cultures were harvested and
separated into a RIPA-soluble fraction and a RIPA-insoluble/urea
soluble fraction. Fractions were separated by SDS-PAGE and
immunoblotted to identify, as indicated, ubiquitinated proteins (Ub
proteins); TDP-43; DUX4-FL and DUX4-S (by V5 epitope tag); and
GAPDH (as a marker for the RIPA-soluble fraction). The amounts of
ubiquitinated proteins and TDP-43 in the RIPA-soluble fraction was
not affected by expression of either DUX4-FL or DUX4-S. In contrast,
the RIPA-insoluble/urea soluble fraction had increased amounts of
both ubiquitinated proteins and TDP-43 (both the 43 kDa form and
the ~35 kDa form) upon expression of DUX4-FL, but DUX4-S. In
addition, much of the DUX4-FL, but little of the DUX4-S, was found
in the RIPA-insoluble/urea soluble fraction. All samples were analyzed
on the same immunoblot with some lanes re-arranged for
presentation as denoted by the vertical dotted lines. The experiment
was repeated twice with similar results.

aggregates, we determined if the amounts of insoluble
proteins were affected by exogenous expression of DUX4-
FL or, as a control, DUX4-S (Fig. 9). BacMam DUX4-FL
or DUX4-S vectors were added to myogenic cell cultures
after 4 days of differentiation, and 48 h later each culture
was harvested and separated into a RIPA-soluble fraction
and a RIPA-insoluble/urea soluble fraction. In the RIPA-
soluble fraction, the amounts of ubiquitinated proteins
and TDP-43 were not affected by expression of either
DUX4-FL or DUX4-S. In contrast, the RIPA-insoluble/
urea soluble fraction had increased amounts of both ubiq-
uitinated proteins and TDP-43 (including both the
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43 kDa full-length form and an ~35 kDa form) upon
expression of DUX4-FL, but DUX4-S. Consistent with
previous observations of non-muscle cells,* ™ we found
some TDP-43 in the insoluble fraction of control cells,
however, we also found that the amount of insoluble
TDP-43 was consistently increased upon DUX4-FL
expression. Furthermore, a large amount of the exogenous
DUX4-FL, but little of the DUX4-S, was found in the
RIPA-insoluble/urea soluble fraction indicating that a
proportion of the DUX4-FL itself became RIPA insoluble.

Discussion

In this study, we found that expression of DUX4-FL in
human myogenic cells, either from its endogenous pro-
moter or exogenously, was accompanied both by altered
intracellular distribution and accumulation of ubiquitinat-
ed proteins and by formation of TDP-43 aggregates in
nuclei. In addition, inhibition of the UPS by MG132 led
both to increased cytoplasmic accumulation of ubiquiti-
nated proteins and to nuclear TDP-43 aggregates similar
to those seen upon DUX4-FL expression. Exogenous
DUX4-FL expression also slowed turnover of destabilized
GFP in a model system and increased the amounts of
insoluble ubiquitinated proteins, TDP-43, and DUX4-FL
itself. Because aberrant DUX4-FL expression, particularly
in skeletal muscle, appears to be causative in FSHD, our
results suggest that DUX4-FL-induced inhibition of the
normal pathways of protein turnover and nuclear aggre-
gation of TDP-43 may contribute to FSHD pathogenesis.

A current view of pathogenesis in FSHD is that the
combination of D4Z4 array contraction and epigenetic
changes including DNA hypomethylation leads to a
relaxed chromatin state which, in the presence of a func-
tional poly-adenylation locus, allows aberrant transcrip-
tion in skeletal muscle of a stable DUX4-fl mRNA.>®*
The resulting DUX4-FL protein can act as a transcription
factor and has been found to alter transcription of many
genes and to be cytotoxic when overexpressed in several
systems both in vitro and in vivo.'*'>!'®***" Eurther-
more, genetic and/or epigenetic changes in FSHD may
also lead to dysregulated transcription of non-coding
RNAs, such as the long non-coding RNA from the D4Z4
region that is preferentially produced in FSHD*® or the
multiple miRNAs that appear to be differentially
expressed in FSHD.*>*°

In our study, we found that DUX4-FL, when expressed
from its endogenous promoter in myotubes, produced
both an alteration in ubiquitinated protein distribution
and nuclear aggregation of TDP-43 in the absence of sig-
nificant caspase-3 activation or overt cytotoxicity. In con-
trast, when DUX4-FL was exogenously expressed in
myotubes with a BacMam vector, we did find caspase-3
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activation and cytotoxicity. It is likely that this difference
in cytotoxicity arose because more DUX4-FL was pro-
duced by exogenous expression under the CMV promoter
than by expression from the endogenous promoter. This
possibility is consistent with a previous study, using the
mouse C,Cj, myogenic cell line, which showed that low
levels of DUX4-FL can interfere with muscle gene regula-
tion in the absence of cytotoxicity, whereas high levels of
DUX4-FL are cytotoxic."> Recently, it was found that
endogenous DUX4-FL expression could lead to caspase
activation and cytotoxicity under culture conditions
which both differed from ours and produced multinucle-
ate cells with aggregations of large numbers of nuclei in
close proximity to each other.'® The myotubes formed
under our culture conditions, however, contained moder-
ate numbers of nuclei arranged in single file as found in
newly forming myotubes in vivo.”' Endogenous DUX4-fl
mRNA usually appears to be produced by only one of the
nuclei within a myotube,'® whereas the DUX4-FL protein
is able to move to and accumulate in multiple nearby
nuclei.’? It may be, therefore, that the number and prox-
imity of nearby nuclei, as well as the level of expression,
determine whether endogenous DUX4-FL reaches a cyto-
toxic threshold. It is clear, however, that sub-cytotoxic
levels of DUX4-FL are sufficient to induce potentially
pathological changes in the host myotube (13, this work).

Additional work is needed to identify the molecular
mechanism(s) linking DUX4-FL expression to abnormal
protein turnover. Overexpression of DUX4-FL causes
abnormal expression of genes in several pathways, includ-
ing apoptosis, immune mediators, protein turnover, stress
response, ubiquitin, and unfolded protein response, as
well as alteration in expression of additional transcription
factors such as PITX1.'*'%%753 Thys, inhibition of protein
processing could be due to DUX4-FL-induced gene
expression changes that alter the composition or level of
protein processing systems. Such gene expression changes
could be due either to DUX4-FL directly or secondarily
through DUX4-FL-dependent induction of additional
transcription factors, particularly PITX1 which can itself
induce myopathy when ectopically expressed.'*>* An
additional possible linkage between DUX4-FL and
impaired protein turnover could be through oxidative
stress. FSHD muscles can show signs of mitochondrial
dysfunction and increased oxidative stress, for example, as
measured by lipofuscin accumulation.’® Furthermore,
ectopic DUX4-FL expression has recently been linked to
pathology through possibly increased oxidative stress>;
and increased oxidative stress through multiple mecha-
nisms, including mitochondrial dysfunction, is known to
lead to impaired protein turnover.’”®

Dysregulation of protein homeostasis and TDP-43
aggregation have now been linked to multiple nerve
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and muscle diseases.””””®" For example, nuclear, cyto-
plasmic, and neuritic inclusions that contain TDP-43
are found in neurons and glia in Frontotemporal
Lobar Degeneration with ubiquitin-positive inclusions
(FTLD-U) and amyotrophic lateral sclerosis (ALS),
though TDP-43 is ubiquitinated only in cytoplasmic
and not in nuclear .alggregates.61 TDP-43 aggregates are
also usually not ubiquitinated in multiple protein aggre-
gate myopathies.®” Similarly, TDP-43 also does not
appear to be ubiquitinated when in nuclear aggregates
induced by heat shock® or upon DUXA4-FL expression
or MG132 treatment (this work). Consistent with previ-
ous studies, we did not find cytoplasmic accumulation
of endogenous TDP-43 after a short treatment (5 h)
with MG132, though, based on work in non-muscle
cells, cytoplasmic aggregates of TDP-43 would be
expected after longer treatment (e.g. >24 h).*> In our
studies, we found that both exogenous and endogenous
DUX4-FL induced only nuclear aggregates of the
endogenously expressed TDP-43 protein. Because endog-
enous DUX4-FL expression did not induce detectable
activation of caspase-3, it appears that this nuclear
aggregation of TDP-43 was not dependent on caspase-
3-mediated cleavage of TDP-43 itself.”” Nuclear aggrega-
tion of TDP-43 may be a downstream result of DUX4-
FL-induced impairment in proteasome function, because
MG132 treatment also produced nuclear TDP-43 aggre-
gates. The nuclear ubiquitin—proteasome system® might
be particularly sensitive to DUX4-FL expression. The
extent of DUX4-FL-induced nuclear TDP-43 aggrega-
tion, as well as balance in formation of nuclear and
cytoplasmic aggregates, is likely to evolve over time and
to be determined by a combination of DUX4-FL and
TDP-43 levels, ubiquitination, interactions with binding
partners, and extent of impairment of the ubiquitin—
proteasome system.

Our study adds a new facet to the potential patholog-
ical consequences of aberrant DUX4-FL expression in
FSHD, but much remains to be learned. In particular, it
will be important to examine FSHD muscle biopsies for
signs of proteasome dysfunction, changes in ubiquitinat-
ed protein distribution, and nuclear aggregates of TDP-
43 and, if found, to determine if such changes corre-
spond to sites of concurrent DUX4-FL expression or are
more widespread. It will also be informative to identify
any additional proteins that may co-aggregate with
TDP-43 in muscle cells, such as, for example, alpha-syn-
uclein or stress granule components,®*® to identify if a
specific subset of proteins is abnormally ubiquitinated
and mis-localized in DUX4-FL-expressing myogenic
cells, and to determine if the TDP-43 in DUX4-FL-
induced aggregates is phosphorylated or
cleaved.®® Because TDP-43 normally regulates multiple

nuclear
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aspects of mRNA and non-coding RNA, studies are also
needed to determine if DUX4-FL expression leads to
loss of TDP-43 function, thereby possibly contributing
to pathology through a loss-of-function mechanism.®’”
Multiple diseases show proteasome and TDP-43 pathol-
ogies and therapies that target these types of pathologies
are under rapid development. For development of FSHD
therapies, one promising focus has been to develop
techniques to inhibit the expression or function of
DUX4-FL.°*®® Inhibition of DUX4-FL expression or
function, if successful in patients, might also be
expected to normalize proteasome function and TDP-43
aggregation.
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