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ABSTRACT

Abnormal DUX4 expression in skeletal muscles plays
a key role in facioscapulohumeral muscular dys-
trophy (FSHD) pathogenesis, although the molecu-
lar mechanisms regulating DUX4 expression are not
fully defined. Using bioinformatic analysis of the ge-
nomic DUX4 locus, we have identified a number of
putative G-quadruplexes (GQs) forming sequences.
Their presence was confirmed in synthetic oligonu-
cleotiode sequences derived from the enhancer, pro-
moter and transcript of DUX4 through circular dichro-
ism and nuclear magnetic resonance analysis. We
further examined the binding affinity of a naturally
occurring GQ stabilizing compound, berberine, to
these non-canonical genetic structures using UV–
Vis and fluorescence spectroscopy. Subsequent in
vitro study in FSHD patient myoblasts indicated that
berberine treatment reduced DUX4 expression and
also expression of genes normally switched on by
DUX4. Further investigation in a mouse model over-
expressing exogenous DUX4 confirmed the thera-
peutic effects of berberine in downregulating DUX4
protein expression, inhibiting muscle fibrosis, and
consequently rescuing muscle function. Our data
demonstrate for the first time that GQs are present
in the DUX4 locus and that the GQ interactive ligand
reduces DUX4 expression suggesting potential role
of GQs in FSHD pathogenesis. Our work provides the
basis of a novel therapeutic strategy for the treatment
of FSHD.

INTRODUCTION

Facioscapulohumeral dystrophy (FSHD) is one of the most
prevalent muscular dystrophies (1:20 000) characterized by
progressive weakness and destruction of the facial, shoulder

and upper arm skeletal muscles (1–3). The molecular hall-
mark of the disease is the loss of epigenetic features from
the D4Z4 macrosatellite repeat array positioned in the sub-
telomeric end of chromosome 4 resulting in chromatin re-
laxation (4). The most common form of the disease, FSHD
type 1 (FSHD1), is caused by a deletion of a large region
of the D4Z4 repeat array (5, 6). In rare cases, mutations in
Structural Maintenance of Chromosomes Hinge Domain
Containing 1 gene (SMCHD1) that methylates the D4Z4
region leads to FSHD type 2 (FSHD2) (7,8). In both forms
of the disease, the partial relaxation of the D4Z4 chromatin
structure results in failure to repress expression of DUX4
gene within the D4Z4 unit on the permissive chromosome
4qA that encodes for a homeobox transcription factor (9).
Overexpression of DUX4 de-regulates a number of cellular
pathways causing skeletal muscle toxicity and this is recog-
nized a major factor in the FSHD pathophysiology (3,10–
12).

Despite recent advancements in our understanding of the
genetic and epigenetic factors contributing to the develop-
ment of FSHD, several questions remain unanswered re-
garding molecular mechanisms regulating DUX4 expres-
sion (13). Since the D4Z4 repeat arrays are very GC-rich
(i.e. 73%), it has been suggested that these may contain bi-
ologically relevant epigenetic features (14). Indeed, it has
been demonstrated that D4Z4 units adopt repressed chro-
matin structures in somatic cells through high levels of CpG
methylation in association with repressive histone modi-
fications (15, 16). Interestingly, the increased susceptibil-
ity to D4Z4 hypomethylation linked to a shorter D4Z4 re-
peat in FSHD1 and/or the SMCHD1 mutation in FSHD2
highly impacts the disease severity, indicating that the ge-
netic and the epigenetic imbalances can influence develop-
ment of FSHD (13,17). Another epigenetic modifier that
has been identified within the D4Z4 array are secondary nu-
cleic acid structures known as G-quadruplexes (GQs) (18–
20). However, their role on DUX4 expression regulation has
not been investigated.

*To whom correspondence should be addressed. Tel: +44 1784 443980; Email: Linda.Popplewell@rhul.ac.uk

C© The Author(s) 2020. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

http://orcid.org/0000-0002-2131-8240


4180 Nucleic Acids Research, 2020, Vol. 48, No. 8

GQs are formed within guanine-rich DNA and RNA se-
quences and consist of guanine-quartets held together by
Hoogsten hydrogen bonding in a planar orientation (21),
forming stacks of typically three or four quartets. Increas-
ing in vitro and in vivo evidence has uncovered the pres-
ence of GQs in important regulatory regions (e.g., promot-
ers (22–26), enhancers (27, 28), telomeres (29, 30), tran-
scripts (31–33) and non-coding RNAs (34–36)). The data
suggest an important role of these non-canonical structures
in regulating key cellular functions linked to both DNA pro-
cesses (e.g. telomere homeostasis, transcription and recom-
bination) (37) and RNA post-transcriptional mechanisms
(e.g. pre-mRNA processing and translation) (38). GQs have
been found to be an important factor involved in regulat-
ing molecular mechanisms behind several human diseases,
including cancer (39–41) and neurodegenerative disorders
(42). As a result, a number of small-molecule ligands have
been developed to target, modulate and/or visualize GQ
structures (43–45).

In this study, we demonstrated the presence of novel
GQ motifs within the enhancer, promoter and transcript
of DUX4 by using bioinformatic and biophysical tools. We
identified that berberine, a GQ stabilizing compound, could
bind these DNA and RNA GQ structures with high affin-
ity. Treatment of FSHD patient muscle cells and mice, in-
jected with adeno-associated viral vectors (AAVs) overex-
pressing DUX4, with berberine resulted in downregulation
of DUX4 expression and amelioration of DUX4-mediated
pathological changes. These promising results indicate that
GQ stabilizers offer a novel therapeutic strategy for target-
ing DUX4-related genetic elements as a potential treatment
for FSHD.

MATERIALS AND METHODS

Reagents

Berberine chloride and calf thymus (CT) DNA were pur-
chased from Sigma, UK. Berberine was dissolved in Milli-
Q water and then further diluted to appropriate concentra-
tions in either KP buffer (10 mM K2HPO4/KH2PO2, 100
mM KCl, pH 7.0) for circular dichroism (CD) and nuclear
magnetic resonance (NMR) analyses, or in Tris buffer (10
mM Tris–HCl, 100 mM KCl, pH 7.0) for UV–Vis and flu-
orescence spectroscopy experiments. For the in vivo work,
berberine was dissolved in DMSO at 50 mg/ml and fur-
ther diluted in injectable saline prior to use. Ampicillin and
PhenDC3 were purchased from Sigma, UK and dissolved
in DMSO. DNA and RNA oligonucleotides listed in Table
2 were synthesized and HPLC purified by Integrated DNA
Technologies (Belgium). All of the oligonucleotides and CT
DNA were dissolved in KP buffer for CD and NMR anal-
yses, or in Tris buffer for UV–Vis and fluorescence spec-
troscopy assessment.

Circular dichroism and nuclear magnetic resonance

For the CD and NMR analyses, annealed oligonucleotides
in KP buffer were used at 2–4 �M. CD spectra were ac-
quired using a Chirascan qCD spectrophotometer (Applied
Photophysics Ltd, UK), equipped with a LTD6G circu-
lating water bath (Grant Instruments, UK) and thermo-

electric temperature controller (Melcor, USA). Oligonu-
cleotides were annealed by heating to 95◦C for 10 min
and then cooled to room temperature for at least 4 h (i.e.
∼0.3◦C/min). The samples were stored at –20◦C. CD spec-
tra were recorded over a wavelength range of 215–340 nm
using a 1-cm path length strain-free quartz cuvette at room
temperature. Data points were recorded at 1-nm intervals.
A bandwidth of 3 nm was used, and 5000 counts acquired
at each point with adaptive sampling enabled. Each trace
is shown as the mean of three scans (± SD). NMR spectra
(1H) were collected at 800 MHz using a Bruker Avance III
spectrometer (US) with a triple resonance cryoprobe. Each
sample contained 10% D2O. Standard Bruker acquisition
parameters were used.

UV–visible and fluorescence spectroscopy

Annealed oligonucleotides were titrated in 0–10 �M range
in both UV/Vis and fluorescent spectrometry readouts. The
berberine concentration was kept constant at 10 and 5 �M
in UV–Vis and fluorescent spectroscopic analyses, respec-
tively. Tris buffer was used as a blank. The UV–Vis spec-
trophotometer was set to record spectra from 300 to 550
nm. Both types of spectra were recorded at room tem-
perature. Fluorescent spectra were measured at �ex/�em =
355/530 nm. To measure the binding constant (Ka), data
was plotted into hyperbolic function using KaleidaGraph
(Synergy Software, USA) following the equation below:
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) {(
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where:
�F = F – F0 and �Fmax = Fmax – F0.
F 0 and F: initial and subsequent fluorescent intensities
[L]0: berberine concentration
[Q]: oligonucleotide concentration
K a: binding constant
This is a quadratic velocity equation for tight-binding

substrates and was previously used to determine the affinity
binding between berberine and human telomeric GQ (46).

DUX4 expressing AAV plasmid constructs

DUX4 expression was mediated through the use of adeno-
associated viral vectors (AAVs). The AAV plasmid con-
taining a D4Z4 construct driven by CMV or tMCK pro-
moter as previously described (47) was kindly provided
by Prof Scott Harper, Ohio State University School of
Medicine, USA. To enhance muscle specificity, the Spc512
muscle-specific promoter was introduced into the plasmid
to drive the gene expression. We also replace the down-
stream of the pLAM1 polyadenylation sequence (due to
a lack in the cleavage site) which was subcloned from the
eGFP.C1.�SV40.3′UTR DUX4 lentiviral vector plasmid
that was kindly gifted by Dr Julie Dumonceaux, UCL, UK
by Gibson assembly (NEB, UK). We named the newly gen-
erated plasmid as AAV.Spc512.DUX4.3′UTR. All plasmids
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were verified by restriction enzyme digestion confirmed by
DNA sequencing (MWG, Germany).

Cell culture

Immortalized FSHD patient clones were kindly provided
by Dr Vincent Mouly, Institute of Myology, Paris. Clone
FSHD-A5 having three D4Z4 units was considered as be-
ing contracted whilst clone FSHD-6 having 13 D4Z4 units
was considered as being non-contracted and used as a posi-
tive control. Cells were proliferated in culture medium com-
posed of 4:1 (v/v) DMEM (Gibco, UK) to 199 medium
(Gibco, UK), 20% (v/v) fetal bovine serum (FBS) (Gibco,
UK), 50 �g/ml gentamycin, 5 �g/ml insulin, 0.2 �g/ml
dexamethasone, 0.5 ng/ml �-FGF, 5 ng/ml hEGF and 25
�g/ml fetuin; reagents were purchased from Sigma, UK un-
less stated otherwise. Differentiation of the patient cells was
induced by replacing the proliferation medium with high
glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with GlutaMAX (Gibco, UK) and 10 �g/ml
insulin. On the second day of differentiation, cells were
treated with berberine. RNA extraction (described below)
was performed on the fourth day of cell differentiation.

Rhabdomyosarcoma (RD) TE671 cells (ATCC, UK)
were cultivated in high glucose DMEM supplemented with
GlutaMAX and 10% (v/v) FBS. The cells were treated
with 0–120 �M of berberine dissolved in Milli-Q water and
transfected with 1 �g of plasmid DNA using Lipofectamine
3000 (Fisher Scientific, UK) at the same time according
to the manufacturer’s instructions. Twenty-four hours after
the transfection and treatment, RD TE671 cells were har-
vested for RNA extraction.

RT-PCR/qPCR quantification for DUX4 and its target
genes

RNA from cultured human cells was extracted using
RNeasy kit (QIAgen, UK). RNA from mouse tibialis an-
terior (TA) muscle (as described in the animal study below)
was extracted using RNeasy Fibrous Tissue kit (QIAgen,
UK) following tissue homogenization in lysis buffer at 25
Hz for 2–4 min on a TissueLyser II (QIAgen, UK). Puri-
fied total RNA was eluted in RNase-free water andquan-
tification using a ND-1000 NanoDrop spectrophotometer
(Thermo Scientific, UK). The cDNA was reversed tran-
scribed using GoScript reverse transcription kit (Promega,
UK), in a reaction containing 600 ng of total RNA and 500
ng of oligo(dT) primers (Fisher Scientific, UK). The PCR
for all DUX4 mRNA isoforms and housekeeping gene B2M
was performed using 100 ng of the cDNA and the Platinium
Green Hot Start PCR 2× Master Mix kit (Fisher Scientific,
UK). The PCR programme included a single denaturation
step for 2 min at 92◦C, followed by 30 cycles of amplifica-
tion (denaturation for 1 min at 94◦C, annealing for 1 min
at 55◦C, and extension for 45 se at 72◦C), and one final cy-
cle of extension for 5 min at 72◦C. PCR products were ver-
ified on 2% (w/v) agarose TAE (40 mM Tris–acetate and
1 mM EDTA at pH 8.3) gel, run against HyperLadder IV
(Bioline, UK) as a size marker. GeneTools Image Analy-
sis software 4.02 (Syngene, UK) was used in densitometric
analysis of gel images. Semi-quantitative analysis of DUX4

mRNA levels was subsequently calculated as the ratio of
DUX4 PCR products to B2M PCR products. In qPCR,
cDNA products were diluted at 1:20 in qPCR water (Roche,
UK). Four-microlitre of diluted cDNA were then amplified
using LightCycler480 SYBR Green Master I kit (Roche,
UK). Reactions were run on LightCycler480 System, ini-
tialized at 95◦C for 5 min, followed by 45 cycles at 95◦C for
15 s, 60◦C for 15 s, 72◦C for 15 s. Relative quantification for
DUX4 or its target genes (MBD3L2, TRIM43, ZSCAN4,
Wfdc3) was performed against housekeeping genes,B2M or
GAPDH. Primers used in RT-PCR and qPCR were pur-
chased from Integrated DNA Technologies (Belgium) and
are detailed in Table 1.

Immunocytochemistry for quantifying cell fusion index

FSHD immortalized myoblast cells were seeded and prolif-
erated on six-well plates precoated with extracellular matrix
gel from Engelbreth-Holm-Swarm murine sarcoma (Sigma,
UK). The cell culture was immunostained on the fourth
day of differentiation. The mouse anti-myosin heavy chain
(MF20) primary antibody (DSHB, US) was used at 1:100
dilution. The goat anti-mouse AlexaFluor488 secondary
antibody (Life Biotechnologies, UK) was diluted at1:200.
Nuclei were stained with 1 �g/ml of 4′,6-diamidino-2-
phenylindole (DAPI) (Sigma, UK). Cell images were visu-
alized on an inverted fluorescence Axio Observer D1 micro-
scope (Zeiss, UK) and were captured at 10× magnification
by an AxioCam MR3 combined with ZEN image software
(Zeiss, UK). The cell fusion index was then calculated by
counting the number of nuclei in MF20-positive myotubes
containing three or more nuclei and expressed as the per-
centage of the total number of nuclei present in three ran-
dom fields per image.

Animals and experimental design

Animal procedures were performed in accordance with
the UK Animals (Scientific Procedures) Act, 1986.
JAX™ C57BL/6J males were purchased from Charles River,
UK. Mice were maintained in a standard 12-h light/dark
cycle with free access to food and water. Eight-week old
mice were randomized into three groups (n = 6 per group).
Two groups were injected with AAV.Spc512.DUX4.3′UTR
vectors into both TA muscles at 3e+10 vg/TA and 1 group
received volume-matched saline into the same muscle
type. Three days afterwards, mice in the AAV groups were
injected intraperitoneally with either 10 mg/kg berberine (n
= 6) or volume-matched saline (n = 6). Berberine or saline
was reinjected every 3–4 days for a total of six injections.
Three weeks after AAV administration, mice were put un-
der terminal anaesthesia for in situ TA force measurement
prior to collection of the muscle for subsequent analyses.

In situ muscle force measurement and tissue collection

Mice were anesthetized by intraperitoneal injection with
a mixture of hypnorm (VetaPharma, UK) and hypnovel
(Roche, UK). The distal tendon of TA muscle was dissected
and attached to an isometric transducer, Dual-mode mus-
cle lever (Aurora Scientific, Canada), through a loop made
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Table 1. Primers list

Target gene Accession no. Primer Sequence (5′-3′) Product size

PCR primers DUX4 ENSG00000260596 Forward CCCAGGTACCAGCAGACC 164 bp
Reverse TCCAGGAGATGTAACTCTAATCCA

B2M NM 004048.2 Forward CTCTCTTTCTGGCCTGGAGG 67 bp
Reverse TGCTGGATGACGTGAGTAAACC

qPCR primers DUX4 ENSG00000260596 Forward CTCTGTGCCCTTGTTCTTC 98 bp
Reverse TCCAGGAGATGTAACTCTAATCCA

Wfdc3 ENSMUSG00000076434 Forward CTTCCATGTCAGGAGCTGTG 134 bp
Reverse ACCAGGATTCTGGGACATTG

Gapdh ENSMUSG00000057666 Forward TCCATGACAACTTTGGCATTG 103 bp
Reverse TCACGCCACAGCTTTCCA

MBD3L2 NM 144614.3 Forward CGTTCACCTCTTTTCCAAGC 142 bp
Reverse AGTCTCATGGGGAGAGCAGA

TRIM43 NM 138800.1 Forward ACCCATCACTGGACTGGTGT 100 bp
Reverse CACATCCTCAAAGAGCCTGA

ZSCAN4 NM 152677.2 Forward CTGGAGCAGTTTATGATTGG 162 bp
Reverse AGCTTCCTGTCCCTGCATGT

of braided silk suture (Harvard Apparatus, UK). The sciatic
nerve was isolated and distally stimulated by a bipolar silver
electrode using supramaximal square wave pulses at 0.1 ms
duration. Data provided by the isometric transducer were
recorded and analysed using Dynamic Muscle Control and
Analysis Software (Aurora Scientific, Canada). All isomet-
ric measurements were obtained at an initial length at which
a maximal tension was recorded during the tetanus. Re-
sponses to tetanic stimulations at increased pulse frequen-
cies from 10 to 180 Hz were recorded and the maximal force
was determined. The specific force was subsequently calcu-
lated based on a ratio of the maximal force and the muscle
cross-sectional area, and was expressed as g force/cm2. All
analyses were performed in a blind manner. Following con-
tractile measurement, TA muscle from one side of the body
was frozen immediately in liquid N2 for RNA extraction
whilst muscle from the other side was embedded in opti-
mal cutting temperature medium (VWR, UK) and subse-
quently frozen in liquid N2-cooled isopentane (Sigma, UK)
for cryosectioning. All samples were kept at −80◦C until
use.

Muscle sectioning and immunostaining

Frozen TA muscle was cryosectioned on an OTF 5000 cryo-
stat (Bright, UK) at 10 �m thickness for 12 serial levels
through the muscle length. At each level, one transverse
section was collected on a SuperFrost slide (VWR, UK)
whilst 20 interval sections between the levels were collected
into liquid N2-cooled 1.5 ml tubes and stored at −80◦C for
protein or DNA extraction. Serial section-containing slides
were fixed in ice-cold acetone for 10 min and blocked in
1% (w/v) BSA, 1% (v/v) goat serum, 0.1% (v/v) Triton X-
100, 1× PBS for 1 h. Subsequent incubation with rat anti-
laminin (1:1000) and rabbit anti-collagen VI (1:300, Abcam,
UK) antibodies was carried out at 4◦C, overnight. Slides
were washed three times in 1× PBS, 0.05% (v/v) Tween-20
prior to 1 h incubation with goat anti-rat AlexaFluor568
and goat anti-rabbit AlexaFluor488 (1:1000, Life Biotech-
nologies, UK). An additional incubation for 15 min with 1
�g/ml DAPI was performed before slides were mounted in
Mowiol 4–88. Reagents were purchased from Sigma, UK
unless stated otherwise. Mosaic images from each of mid-

belly muscle sections were captured on Axio Observer D1
fluorescence microscope and generated by ZEN software
(Zeiss, UK).

Histological analyses

Laminin immunostaining was used for identifying fibre
perimeter. The minimal Ferret’s diameter of an average of
3500 fibres per TA was semi-automatically measured by
ZEN imaging analysis software (Zeiss, UK). Automatic
analysis of the frequency distribution of the minimal Fer-
ret’s diameter was subsequently carried out using Prism5
software (GraphPad, USA). The mean intensity of colla-
gen VI was also scored by ZEN image analysis software
and shown as the percentage of the values of saline-injected
group obtained in the same way. The number of fibres hav-
ing internal nuclei was counted manually using ImageJ soft-
ware (National Institutes of Health, Maryland, USA) and
displayed as per mm2 of the muscle section.

Protein extraction and western blot quantification of DUX4
expression

Frozen TA sections collected from cryosectioning were ho-
mogenized in lysis buffer (0.15 M NaCl, 0.05 M HEPES,
1% (v/v) NP-40, 0.5% (w/v) sodium deoxycholate, 0.1%
(w/v) SDS, 0.01 M EDTA; (reagents were purchased from
Sigma, UK) containing 1× protease inhibitors (Roche, UK)
at 25 Hz for 1–2 min on a TissueLyser II (QIAgen, UK).
Following centrifugation at 14 000 × g, 10 min, 4◦C, the su-
pernatant was transferred to fresh pre-chilled 1.5 ml tubes.
The total protein was quantified by DC Protein Assay (Bio-
Rad, UK). Fifty micrograms protein samples were resolved
on 10% Bis–Tris NuPage gels (Life Technologies, UK).
Novex Sharp pre-stained protein ladder (Life Technologies,
UK) was used as a size standard. The gel was run at 150
V for 1.5 h, subsequently transferred to HyBond nitrocellu-
lose membrane (GE Healthcare, UK) at 30 V for another
1.5 h. The membrane was quickly stained with Ponceau
S to check transfer efficiency then horizontally cut at the
80-kDa position of the protein ladder. Two segments were
incubated with blocking buffer (5% (w/v) skimmed milk,
1× PBS, 0.2% (v/v) Tween-20) for 1 h. The top segment
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was then incubated with mouse anti-vinculin antibody (1:10
000, Sigma, UK) whilst the bottom segment was incubated
with mouse anti-V5 tag SV5-Pk1 antibody (1:1000, Abcam,
UK) at 4◦C overnight. Subsequent incubation with goat
anti-mouse IRDye800CW (1:10 000, LI-COR Biosciences,
UK) was carried out for 1 h at room temperature. The
blots were visualized on an Odyssey Infrared Imaging Sys-
tem (LI-COR Biosciences, UK). Densitometric analysis of
vinculin- and DUX4.V5 tag-positive bands was performed
using Image Studio software (LI-COR Biosciences, UK).
The values of DUX.V5 tag intensity were normalized to the
values of corresponding vinculin intensity and expressed as
percentage of the values of saline-injected group obtained
in the same way.

AAV genome qPCR assay

DNA from TA transverse muscle sections were extracted
using DNeasy Blood and Tissue kit (QIAgen, UK) follow-
ing tissue homogenization at 25 Hz, for 1–2 min, on a Tis-
sueLyser II (QIAgen, UK). Extracted DNA samples were
diluted 1:20 and the AAV.Spc512.DUX4.3′UTR plasmid
was used for making the qPCR standard curve. The number
of AAV copies was calculated based on the standard curve
and expressed as AAV copies per ng of total DNA.

Statistical analysis

Data were analysed using Prism5 software (GraphPad,
USA) and is shown as the means ± S.E.M. ‘N’ refers to the
number of independent treatments or number of mice per
group. Comparisons of statistical significance were assessed
by one- or two-way ANOVA followed by Bonferroni’s post-
hoc test. Significant levels were set at *P < 0.05, **P < 0.01,
***P < 0.001.

RESULTS

Novel GQ motifs are predicted to form in the enhancer, pro-
moter and transcript of DUX4

DUX4 enhancers, promoter and transcript-coding DNA re-
gions have been previously described (14,48,49). The GQ
predicting software, QGRS Mapper (50) was used to anal-
yse for the presence of the putative motifs within these se-
quences. The analysed sequences with G-scores of ≥30 were
considered to be strong candidates for GQ formation. Two
myogenic enhancers are known to drive the DUX4 expres-
sion in skeletal muscle, namely DME1 and DME2 (48) (Fig-
ure 1A). However, a single putative GQ motif was predicted
within the DME1 only (Figure 1B). In the promoter re-
gion, a single potential GQ motif was found 195 bp up-
stream of the DUX4 start codon (Figure 1A, B). The DUX4
transcript-coding sequence has been predicted to be par-
ticularly enriched in putative GQs. (Figure 1A, B). These
mapped to the exon1 splice site of a DUX4 short isoform,
to the exon1/intron1 boundary and to the 3′UTR of the
DUX4 full length transcript (Figure 1C).

Formation of DUX4 GQs

In order to establish whether the in silico predicted GQ-
forming oligonucleotide sequences within the enhancer,

promoter and transcript of DUX4 would form in solution,
nuclear magnetic resonance (NMR) and circular dichro-
ism (CD) spectroscopy were performed. The proton NMR
spectrum demonstrated that the DNA oligonucleotides se-
lected from the enhancer (DME1 GQ) and promoter (D4P
GQ) show signals between 10 and 12 ppm, indicating the
presence of Hoogsten hydrogen bonds that are character-
istic of GQ structures (Figure 2A). The RNA oligonu-
cleotides derived from the 5′-end of the exon 1 (E1 GQ) and
exon 1/intron 1 boundary (SS1 GQ) also produced a broad
GQ-specific signal within the 10–12 ppm range in the 1H
NMR spectrum (Figure 2A). However, the RNA oligonu-
cleotide sequences predicted to form a stable GQ structure
within the cryptic splice site (CSS GQ) region of the DUX4
short isoform produced a clear set of signals >12 ppm, char-
acteristic of the presence of Watson–Crick hydrogen bond-
ing within the secondary structure (e.g. hairpin) of the an-
nealed sequence indicating that the CSS-GQ was not a GQ
motif (Figure 2A).

Further CD spectroscopy analysis confirmed the NMR
results. Except for the CSS GQ, all of the analysed oligonu-
cleotide sequences showed a characteristic absorbance pat-
tern for a parallel GQ structure with ellipticity maximum
and minimum at 265 and 240 nm, respectively (51) (Fig-
ure 2B). In contrast, the CD measured absorbance of the
CSS GQ RNA oligonucleotide had ellipticity maximum
and minimum at 260 nm and 210 nm, respectively (Figure
2B), characteristic of a duplex structure.

Binding of DUX4 GQs by berberine

Berberine has been widely studied for its photochemi-
cal binding properties to different types of nucleic acid
secondary structures, including: double stranded DNA,
tRNA, triple helical nucleic acids and GQs (46, 52–54). The
characteristic absorbance maxima for berberine have been
reported to be 340 and 420 nm using UV–Vis spectroscopy
(46, 55). In addition, berberine can act as a fluorophore
when bound to GQs and emits light at 525 nm when ex-
cited with a wavelength of 355 nm (46, 55). Upon addition
of nucleic acids to the berberine solution, the characteris-
tic absorbance pattern changes and fluorescence increases
(46). This can be utilized to gain an important insight into
interaction between the ligand and DUX4 GQs. All of the
analysed DNA and RNA GQ oligonucleotides investigated
for binding interactions with berberine using UV-Vis and
fluorescence spectroscopy were K+ stabilized.

UV–Vis analysis of the berberine solution demonstrated
that addition of increasing amounts of DME1 GQ and D4P
GQ DNA oligonucleotide resulted in �max hypochromicity
of 26% and 24%, respectively (Figure 2C). The E1 GQ and
the SS1 GQ RNA oligonucleotides had comparable �max
hypochromicity of 28% and 30%, respectively (Figure 2D).
Furthermore, a notable red shift of 6 and 8 nm for the two
peaks at 340 and 420 nm was recorded for the DME1 GQ
and D4P GQ, respectively. The E1 GQ shows a red shift
of 6 nm at 340 nm peak only, whereas addition of the SS1
GQ resulted in 4 and 12 nm red shift at both 340 and 420
nm peaks, respectively (Figure 2D). The characteristic red
shift of absorbance is typically associated with �–� interac-
tion between the ligand and DNA/RNA bases, indicative
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Figure 1. Schematics of GQ motifs prediction scores. (A) Location of the genomic elements of DUX4 relative to the start codon (ATG) was mapped based
on the data acquired from GenBank (accession number: AF117653) and previous publications: (48, 49). (B) Score prediction of the putative GQ structures
was performed using QGRS Mapper software, aligned with the biologically relevant genetic signal elements of DUX4 genomic locus. (C) DUX4 transcript
sequences were derived from Ensembl (ENSG00000260596). Abbreviations: DME1 and 2, DUX4 myogenic enhancers 1 and 2; DUX4-fl, DUX4 full
length; DUX4-s, DUX4 short; Ex, exon; In, intron; CDS, coding DNA sequence; UTR, untranslated region; GQ, G-quadruplex.

of ends stacking (in case of GQ DNA/RNA) or intercala-
tive (in case of double stranded DNA) binding mode (55).
The CT DNA was used as a negative control and its addi-
tion to the berberine solution produced a considerable �max
hypochromicity of 14%, but no red shift was recorded at any
of the peaks (Figure 2C). This suggests that berberine is a
not a good duplex DNA intercalator, but rather a groove
binder, as previously reported (46).

In order to study the binding event, fluorescence emis-
sion spectra for berberine were recorded in the absence and
presence of increasing amounts of the DNA/RNA oligonu-
cleotides (Figure 2E). Berberine alone in Tris buffer was
non-fluorescent. Increasing concentration of the DME1
GQ and D4P GQ DNA oligonucleotide resulted in up to
7- and 2.5-fold increase of fluorescence intensity of berber-
ine, respectively (Supplementary Figure S1). Addition of
the E1 GQ and SS1 GQ RNA oligonucleotides increased
the fluorescence emission of berberine by 3- and 4-fold, re-
spectively (Supplementary Figure S1). The CT duplex DNA
titration resulted in marginal increase of the fluoresce inten-
sity of ∼0.5-fold (Supplementary Figure S1). The change in
fluorescence emission of berberine at 525 nm recorded for
each of the analysed oligonucleotides was used to produce
the binding isotherm (Figure 2E). Analysis of the isotherm
demonstrated that berberine has the highest binding affinity
at 1.9 ± 0.1 × 106 M−1 towards the DME1 GQ (Figure 2F),
which is similar to the previously reported binding affinity
(i.e. 1.2 ± 0.2 × 106 M−1) of berberine to human telomeric
quadruplex (46). Furthermore, binding affinity of berberine
to D4P GQ DNA and E1 GQ oligonucleotides was mea-

sured at 4.0 ± 0.2 × 105 and 4.2 ± 0.2 × 105 M−1, respec-
tively (Figure 2F). Lower binding affinity was recorded for
the SS1 GQ RNA oligonucleotide at 2.2 ± 0.7 × 105 M−1

(Figure 2F). Binding to CT DNA showed the lowest affinity
at 0.8 ± 0.2 × 105 M−1, indicating that berberine is a weak
binder of the duplex DNA, as shown previously (56).

Berberine downregulates expression of DUX4 mRNA and its
downstream genes in FSHD cells

To investigate the effects of berberine on DUX4 expres-
sion, FSHD immortalized myoblast cells were treated with
berberine, one day after induction of cell differentiation.
RNA was extracted three days later and RT-PCR quantifi-
cation performed. Gel electrophoresis verification of PCR
products from patient cells (FSHD-A5) and control cells
(FSHD-6) is shown in Figure 3A, B. Subsequent semi-
quantitative analysis of the DUX4 PCR products (Figure
3C) demonstrated downregulation of the DUX4 mRNA
level in a dose-dependent manner with berberine treat-
ment. At the lowest tested dose (i.e. 5 �M), the recorded
DUX4 mRNA expression was not statistically significant
(P > 0.05). A significant downregulation of the DUX4 was
reached at the 10 �M dose of berberine (P < 0.01). At the
highest berberine concentration tested (i.e. 25 �M), there
was the most significant downregulation of the DUX4 PCR
product at 78 ± 8% (P < 0.0001). No DUX4 expression was
detected in the control cell line.

DUX4 is a transcription factor that affects expression
of several downstream genes, including ZSCAN4, TRIM43
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Figure 2. Biophysical characterization of DNA and RNA secondary structures and berberine binding of the predicted GQs in the DUX4 myogenic en-
hancer 1 (DME1), promoter (D4P) and transcript sequences. (A) 1H NMR spectrum of the oligonucleotides (4 �M) recorded at 800 MHz and 298 K
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and MBD3L2 (57, 58). Since DUX4 expression levels in
FSHD patient muscle tissue are very low and difficult to
detect, the signature expression of these downstream genes
can serve as a useful DUX4 biomarker (59). Hence, we
performed additional RT-qPCR analysis of these genes to
determine the effects of berberine on their expression. As
shown in Figure 3D, mRNA levels of all of the analysed
genes were significantly downregulated by berberine, in a
dose-dependent manner compared to untreated samples.
No detectable levels of expression in any of the analysed
downstream genes was seen in the control cell line (data not
shown).

Berberine increases fusion index of FSHD myoblast cells

One of the mechanisms by which a rare protein such
as DUX4 can cause myopathy is its ability to diffuse
across the cytoplasm of myotubes to the neighbouring nu-
clei and lead to aberrant activation of many downstream
genes (57).Therefore, in order to ensure that the berberine
downregulation of the measured DUX4 downstream genes
(i.e. ZSCAN4, TRIM43 and MBD3L2) was not a result of
an indirect effect on myotube formation, the fusion index
of the FSHD myotubes (clones A5 and 6) was assessed.
Cells were immunostained with an antibody specific for the
myosin heavy chain (MF20), and the nuclei were stained
with DAPI (Figure 4A, B). The nuclei present in the MF20
positive myotubes were counted and divided by the total
number of nuclei present in all cells in each image field.
Quantification of the fusion index, expressed as the percent-
age of myotube-related nuclei versus total number of nuclei,
is shown in Figure 4B, D. A statistically significant increase
in the index of fusion was observed in FSHD-A5 cells at
all tested concentrations of berberine (Figure 4B), suggest-
ing that downregulation of DUX4 downstream genes was
not caused by the impairment of the myotube formation.
This idea was further supported by the fact that the con-
trol FSHD-6 cells did not show any statistically significant
change (P > 0.05) in the fusion index with berberine treat-
ment (Figure 4B, C).

GQ ligands downregulate transiently expressed DUX4

RD cells, derived from human embryonal rhabdomyosar-
coma, have been extensively used for studying muscle regu-
latory pathways and molecular responses to ectopic expres-
sion of DUX4 (49,58,60,61).

The levels of DUX4 driven by the tMCK promoter in the
transfected RD cells were significantly downregulated by

treatment with berberine as detected by the RT-qPCR (Fig-
ure 5A). To strengthen the idea that the berberine-mediated
downregulation of DUX4 is mediated through targeting of
DUX4-related GQs, another DNA/RNA GQ-specific lig-
and, PhenDC3 (60,61), was tested. As a result, the trans-
fected cells expressing DUX4 driven by the tMCK pro-
moter, showed significant downregulation of DUX4 expres-
sion when treated with PhenDC3 (Figure 5B). In contrast,
the expression levels of DUX4 were not affected by the
presence of ampicillin, a control molecule with no known
GQ- binding properties (Figure 5B). These findings sug-
gest that the downregulatory effect of the GQ ligands on
DUX4 mRNA expression is in part related to targeting of
the GQ motifs present in the coding (sense) strand of the
genomic DNA sequence, and/or in the RNA transcript
sequences.

Berberine treatment improves muscle function and suppresses
muscle fibrosis

Following promising results from cell culture work, we in-
vestigated the downregulatory effect of berberine in mice
overexpressing DUX4. The body weight was scored weekly,
showing a similar increase in weight among animal groups
(P = 0.9995) (Figure 6A). However, in comparison to
saline-injected group (considered as positive control), the
TA mass normalized to the final body weight (Figure 6B)
in mice injected with AAV.Spc512.DUX4.3′UTR and then
treated with berberine (AAV+BBR) reduced 15.2 ± 1.4%
(P = 0.0016), while mice injected with the AAVs and then
saline (AAV+saline) showed 4.0 ± 2.1% TA mass reduc-
tion (P = 0.2429). Despite this, the muscle specific force of
mice in AAV+BBR group was significantly stronger than
the force of AAV+saline-treated muscle and was normal-
ized towards the property of the positive control (Figure
6C). For instance, at the force frequency of 180 Hz, 26.7
± 6.1% force drop was calculated in AAV+saline group as
compared to positive control (P = 0.0015) whereas with
berberine treatment the force was significantly improved (P
= 0.0418) and remained at 89.5 ± 3.4% of the level of the
positive control (P = 0.1129).

To further investigate the effect of AAV-mediated DUX4
overexpression and the potential therapeutic effect of
berberine treatment on muscle histopathology, we per-
formed co-immunostaining for laminin and collagen VI on
TA transverse muscle sections. Laminin staining facilitated
the identification of the myofibre sarcolemma for subse-
quent analysis of the minimal Ferret’s diameter of myofibres
and the frequency distribution of the fibre size (Figure 6D,
E). Both AAV-injected groups displayed ∼10% reduction

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
showing groups of resonances characteristic for Watson-Crick (solid line box 12–14 ppm highlighting non-quadruplex structure signals) and Hoogsten
H-bonded bases (dashed line box 10–12 ppm highlighting quadruplex structure). All of the analysed sequences produced signals characteristic of quadru-
plex conformations, except for the CSS GQ sequence which gave sharp signals (12–14 ppm) for a double stranded structure. (B) All of the analysed
oligonucleotide sequences (except for the CSS GQ) at 4 �M using far-UV circular dichroism spectroscopy at 25◦C reveal ellipticity maxima at 265 nm and
ellipticity minima at 240 nm indicative of a parallel GQ structure formation by the oligonucleotides. Recorded ellipticity maximum and minimum for the
CSS GQ oligonucleotide sequence was 260 nm and 210 nm, respectively, which is characteristic for A-form RNA secondary structure. UV–Vis absorbance
spectra of 10 �M berberine in the presence of (C) DNA and (D) RNA oligonucleotides at a range of concentrations of 0–10 �M. The GQ-forming DNA
oligonucleotide sequences, including: DME1 GQ and D4P GQ; E1 GQ and SS1 GQ were the RNA GQ-forming oligonucleotide sequences used in the
analysis. The negative control used was CT DNA. (E) Plot of �F emission at 525 nm of (0.5 �M) berberine versus 0–10 �M DNA or RNA oligonucleotide
concentrations was used to calculate binding constant (Ka) (F) of berberine to each of the oligonucleotide. Abbreviations: CT, calf thymus; DME1, DUX4
myogenic enhancer 1; D4P, DUX4 promoter; E1, exon 1; SS1, splice site 1; CSS, cryptic splice site, GQ, G-quadruplex.
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Figure 3. Expression of DUX4 and downstream genes in the presence of
berberine. (A) Immortalized FSHD-A5 (DUX4 positive) and (B) FSHD-
6 (DUX4 negative) myoblast cell cultures were treated with berberine in
a dose-dependent manner on the second day of cell differentiation induc-
tion and incubated for an additional 48 h before harvesting the total RNA.
Representative gel electrophoresis results display RT-PCR analysis using
the primers detecting all DUX4 full-length isoforms. B2M was used as the
housekeeping gene. (C) Semi-quantitative analysis of the DUX4 mRNA
expression as a ratio of DUX4 band intensities normalized to their cor-
responding housekeeping band intensities shows a significant decrease of
DUX4 mRNA level in a dose-dependent manner with berberine. Data
are expressed as percentage of the level of control cells having no berber-
ine added, N = 6 per concentration. (D) Expression levels of ZSCAN4,
TRIM43 and MBD3L2 were measured by RT-qPCR in FSHD-A5 cell cul-
ture. Cells were treated with berberine on the second day of cell differen-
tiation and RNA was harvested on the fourth day of differentiation. B2M
was used as a housekeeping gene. Independent treatment at each concen-
tration was performed, N = 6. Statistical analyses in (C, D) were by one-
way ANOVA, *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001. Error
bars represent S.E.M.

in the mean of the Ferret’s diameter compared to the size
of the positive control, P = 0.0109 for AAV+saline or P =
0.0236 for AAV+BBR. Staining for collagen VI was used to
examine the level of excessive muscle fibrosis. DUX4 trans-
genic expression led to 21.7 ± 2.3% increase in the intensity
of collagen VI as compared with the level of positive con-
trol (P = 0.0005). However, berberine treatment substan-
tially prevented fibrosis deposition, with the level quanti-
fied at 99.7 ± 3.5% of the positive control, P = 0.9574 (Fig-
ure 6G). Muscle necrosis following DUX4 expression could
be compensated for by innate muscle regeneration. Hence,
in combination with DAPI staining for nuclei, we further
counted the number of centrally nucleated fibres, which is
an important hallmark of the muscle undergoing repeated
degeneration-regeneration cycles (62). As presented in Fig-
ure 6H, we observed 47.3 ± 5.4% and 48.1 ± 7.2% my-
ofibers having central nuclei in AAV-saline- and AAV-BBR-
injected muscle groups, respectively, with no difference be-
tween the groups despite berberine treatment (P = 0.9361).
Representative immunostained images are shown in Figure
6F.

Expression of DUX4 and its target gene is reduced following
berberine treatment

To explain the encouraging effects of berberine on mus-
cle function and muscle histopathology, we carried out RT-
qPCR quantification for DUX4 and one of its target genes,
Wfdc3. As predicted, the mRNA levels of DUX4 and Wfdc3
in both AAV-injected groups were high, almost 2e+05-fold
of the levels of saline group (Figure 7A, B). Berberine ad-
ministration downregulated by 18.1 ± 3.4% the mRNA
level of Wfdc3 seen in AAV+saline group (P = 0.0198).
Although berberine had no effect on the DUX4 mRNA
level (P = 0.2250), the treatment greatly reduced the level
of DUX4 protein overexpressed in AAV+saline muscle by
74.9 ± 6.6% (P = 0.0019) (Figure 7D). Illustrative western
blot analysis shown in Figure 7E confirms this. To assess
the number of AAV copies remained, we performed addi-
tional qPCR quantification for DUX4 in DNA extracted
from TA muscle. As shown in Figure 7C, the copies of AAVs
in berberine-treated muscle was 2.1 ± 0.5-fold higher than
in the other AAV-injected group (P = 0.0440).

Taken together, systemic treatment with berberine, al-
though was insufficient in downregulating DUX4 mRNA
level, decreased AAV-mediated expression of DUX4 protein
and its target gene Wfdc3. The effect consequently inhibited
muscle fibrosis deposition and rescued muscle function in
the treated mice.

DISCUSSION

The current consensus states that the postnatal expression
of DUX4 is a key factor behind the pathophysiology of
FSHD (63). Here, we describe the presence of novel GQ mo-
tifs within the enhancer, promoter and transcript of DUX4.
Furthermore, we demonstrate that by using berberine, a GQ
stabilizer, we could downregulate the expression of DUX4
and its target genes at the mRNA level in FSHD immortal-
ized patient cells, without inhibition of myotube formation
by the treated cells. The inhibitory effect of berberine on
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Figure 4. Fusion index of immortalized FSHD myotubes in the presence of berberine. Immortalized FSHD myotubes (A). FSHD-A5 or (C). FSHD-
6 were treated with berberine at the second day of differentiation. Myosin heavy chain and nuclei were stained at the fourth day of differentiation with
MF20 antibody and DAPI, respectively. Scale bar: 100 �m. Quantifying cell fusion index results for (B) FSHD-A5 and (D) FSHD-6, with nuclei counted
in myotubes containing more than two nuclei and expressed as a percentage of the total nuclei present. Independent treatment at each concentration was
performed, N = 6, *P < 0.05; **P < 0.01; ***P < 0.001, one -way ANOVA. Error bars represent S.E.M.

DUX4 expression was additionally demonstrated in mice
overexpressing DUX4, with animals systemically treated
with berberine displaying reduction in DUX4 protein ex-
pression and rescue of muscle function. Our data demon-
strate for the first time that putative GQ forming sequences
are present in the DUX4 locus. Targeting these structures,
including those present within the DUX4 transcript, with a
stabilizer such as berberine could potentially lead to down-
regulation of DUX4 expression and disease-related patho-

logical changes, providing a novel therapeutic strategy for
the treatment of FSHD.

The commonly set upper limit for GQ central loop length
used in bioinformatic studies is seven nucleotides. How-
ever, in our study we found that all of the selected GQ-
forming sequences within the enhancer, promoter and tran-
script (except for the SS1 GQ) exceeded that limit (Table 2).
A body of accumulating experimental evidence has shown
that extensive loop sizes did not prevent formation and sta-
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Figure 5. Expression levels of DUX4 transcript in RD TE671 cells
treated with GQ ligands. RD TE671 cells were transfected with of DUX4-
expressing plasmid and simultaneously treated with GQ ligands: berber-
ine (A) and PhendDC3 (B). Ampicillin was used as control (B). Total
RNA was harvested 24 hours after transfection and treatment. Expres-
sion levels of mRNA were measured using RT-qPCR, with GAPDH used
as a housekeeping gene. Increasing concentrations of (A) berberine and
(B) PhenDC3 downregulated DUX4 expression driven by the tMCK pro-
moter. (B) Ampicillin control treatment had no effect on DUX4 expression
driven by the tMCK promoter. Treatments were performed independently
with N = 3, **P < 0.01; ****P < 0.0001, one-way ANOVA. Error bars
represent S.E.M.

bility of GQs. For example, a nine-nucleotide propeller loop
was found within the stable GQ structure of the human
CEB25 mini-satellite locus as determined by NMR stud-
ies (64). Furthermore, a very long 26-nucleotide loop, sta-
bilized with a GC-based hairpin has been found to form
within a promoter sequence of hTERT gene (65); or the
human BCL-2 gene contained GQ-forming sequences con-
taining a 13-nucleotide central loop (66). This may explain
why in the study of Tsumagari et al. (18), when the GQ
search algorithm was limited to GQ containing loops not
exceeding seven nucleotides in length, no putative GQ struc-
tures were identified within the transcript of DUX4. In ad-
dition, we find that the presence of the C-tract within the
loops of RNA GQ sequences has a strong inhibitory effect
on the structure formation compared to the DNA counter-
parts. The CSS GQ RNA oligonucleotide despite a high G-
score in QGRS Mapper analysis, was shown to form a sta-
ble hairpin structure in solution due to the presence of a
run of C residues within its sequence. On the other hand,
presence of the C-tract within the D4P GQ DNA sequence
has not interfered with the GQ motif formation in solution.

Together, our bioinformatic analysis support the idea that
the consensus of GQ loops composed of maximum 7 bases
should be revaluated, as has been previously suggested (67),
and the scoring system, particularly in identifying the RNA
GQs, should account for the presence of C-tracts present
within the loop or flanking sequences of the motif (68).

Since RNA GQs are implicated in mRNA transcription
and processing (38), it is possible that the berberine treat-
ment mediates downregulation of DUX4 mRNA by inter-
ference with these processes. For example, during transcrip-
tion, the newly produced pre-mRNA strand can fold into
an intermolecular GQ structure with the coding (sense)
DNA strand (69). The RNA transcript and the coding
DNA strand require as little as two tandem G-tracks to
form a stable GQ structure (70). Formation of such a hy-
brid RNA/DNA GQs has been predicted and confirmed
in vitro using T7 RNA polymerase transcription, site spe-
cific mutagenesis and reporter-based transient transcription
assays (71, 72). These studies conclude that formation of
RNA/DNA hybrid GQ structures act as in-cis elements me-
diating transcription inhibition, providing a potential ex-
planation behind the berberine-mediated DUX4 downreg-
ulation at the mRNA level.

RNA GQ motifs found in open reading frames have also
been found to act as ‘roadblocks’, inhibiting progression of
ribosomes along the mRNA, leading to significant decrease
in protein synthesis efficiency (73). The RNA GQs down-
stream of the start codon have been found to be particu-
larly effective in blocking translation, as demonstrated in
the context of KMT2A and MLL proto-oncogenes, where
the in-line probing combined with the G-A mutagenesis and
the luciferase assay showed over 75% reduction in protein
synthesis to be RNA GQ structure related (74). Presence
of stable RNA GQ structures within the coding sequence
of DUX4 could perhaps also negatively affect its transla-
tion, providing a potential explanation for the low levels of
DUX4 protein present in the patient cells.

Berberine treatment has been demonstrated to lead to
DUX4 mRNA downregulation in FSHD immortalized pa-
tient cells and in RD TE671 cells transiently expressing
DUX4. Interestingly, two phenotypes of FSHD primary
myotubes were previously reported: the atrophic and dis-
organized (75, 76). The atrophic phenotype was character-
iszed by a narrow elongated myotubes with neatly aligned
nuclei, whereas the disorganized myotubes were described
as giant structures containing large clusters of nuclei. An
antisense-mediated downregulation of DUX4 in FSHD pri-
mary cell culture has been demonstrated to lead to the pre-
vention of the atrophic, but not the phenotype of disorga-
nized myotube formation (76). We also show that berber-
ine treatment leads to phenotypic switch from atrophic to
disorganized state in FHSD immortalized myotubes. The
clustering of nuclei in the berberine treated FSHD nega-
tive control cells was not as apparent, suggesting that the
phenotypic switch could be DUX4 related (76). However,
since berberine has been found to have a range of pharma-
cological activities, including anti-inflammatory, antimicro-
bial and anti-tumour effects, it is important to consider non-
DUX4 specific effects (77). This is also further supported by
the fact that berberine, apart from the DUX4 transcript, has
a high affinity binding towards the GQ-forming sequences
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Figure 6. Effects of berberine treatment in skeletal muscles injected with AAVs overexpressing DUX4. (A) Weekly-recorded body weight of experimental
mice. (B) Normalized mass of tibialis anterior (TA) muscle to the final body weight. (C) In situ TA specific muscle force calculated as a ratio of the maximal
force at each pulse frequency ranging from 10 to 180 Hz and the muscle cross-sectional area. (D) Frequency distribution of the minimal Feret’s diameter of
TA fibres is shown as percentage of the total fibre numbers. (E) Mean of the minimal Ferret’s diameter of TA fibres. (F) Representative images of TA muscles
following immunostaining for laminin (red), collagen VI (green), and nuclei staining with DAPI (blue); scale bar = 100 �m. (G) Evaluation of fibrosis in
TA muscle, expressed as percentage of the intensity of collagen VI of saline-injected group. (H) Quantification of the number of centrally nucleated fibers
per mm2 of TA muscle sections. All data are shown as means ± S.E.M.; error bars represent the S.E.M; N = 6 per group. Statistical comparison was by
one-way ANOVA (in B, E, G, H) or two-way ANOVA (in C) followed by Bonferroni’s post-hoc test; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 7. Effects of berberine treatment on DUX4 and its target gene. RT-qPCR results showing mRNA relative quantification of (A) DUX4 or (B) Wfdc3,
against Gapdh. (C) qPCR assessment for AAV copies, expressed as the number of copies per ng of genomic DNA. (D) Western blot quantification for
DUX4 protein levels, expressed as percentage of the value of saline-injected group. (E) Representative Western blot analysis showing AAV-mediated DUX4
expression. Each lane displays a sample from an individual muscle. Proteins from saline-injected muscle were loaded as controls. Vinculin was used as
loading control for Western blot. Data are shown as means ± S.E.M.; error bars represent the S.E.M.; N = 6 per group. Statistical comparison was by
one-way ANOVA followed by Bonferroni’s post-hoc test; *P < 0.05, **P < 0.01, ***P < 0.001.

Table 2. Oligonucleotides used in secondary structure and berberine binding analysis

Nucleic acid type Construct name Construct sequence Structure

DNA DME1 GQ CAGGGGATGGTGGGGCTGGGGTTGAGTGATGGGC G-quadruplex
D4P GQ CGGGGTGGGGCGGGCTGTCCCAGGGGGGCT G-quadruplex

RNA CSS GQ AGGGCCAGGCACCCGGGACAGGGUGGCAGGGC Double stranded
E1 GQ AGGGGAGUCCGUGGUGGGGCUGGGGCCGGGGU G-quadruplex
SS1 GQ CGGGGUUGGGACGGGGUCGGGU G-quadruplex

within the DUX4 enhancer and promoter regions. Although
there is currently no feasible method to target specific GQs
within the genome, new small molecule chemistries have be-
gun to emerge that have high binding selectivity to GQs over
duplex DNA or in some cases can even discriminate be-
tween RNA and DNA GQ structures. Two small-molecule
ligands, carboxy pyridostatin and RGB1, have been re-
cently developed to specifically target RNA GQs (78, 79).
Since the DUX4 RNA GQs are demonstrated to be a likely
target of berberine that leads to its mRNA downregula-
tion, it would be interesting to evaluate these RNA GQ
specific-ligands and their ability to suppress expression of
the toxic transcription factor. The RBG1 is especially inter-
esting candidate molecule, due to its ability to specifically
bind RNA GQ not only over the DNA counterparts, but
also other RNA secondary structures.

A previously developed AAV-overexpressing mouse
model (80) was used to study the potentially therapeutic
effects of berberine on DUX4 expression. Although over-
expression of DUX4 through a single intramuscular AAV
delivery does not truly genocopy FSHD aspects or re-
flect physiological levels of DUX4, DUX4-induced mus-
cle degeneration/regeneration, accompanied by abundant
small myofibres with centrally located nuclei, inflammatory
invasion, and fibrosis deposition has been reported (81).
However, the reduction in muscle strength observed two
weeks after AAV administration is resolved a week later
by innate muscle regeneration. This clearly points out the
complexity and the main drawback of AAV-overexpressing
models. Once DUX4 is expressed, it causes damage to
the muscle. Muscle deterioration, in turn, removes AAV
particles, and as a result reduces the toxicity of DUX4.
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Since AAV-mediated expression is transient, regenerated fi-
bres are not transduced with AAVs. Thereby, the repeated
muscle degeneration-regeneration cycles eventually abolish
AAV-based DUX4 and return the muscle to its ‘normal’
state. The presence of centrally nucleated fibres is an indi-
cator of muscle regeneration, although after time the nu-
clei relocate to the myofibre periphery (82). As predicted, in
the AAV-injected TA muscle at the end of the 4-week study,
we observed normalization of the muscle mass to wild-type
level, reduction in the fibre diameter, elevation in the per-
centage of fibres having centralized nuclei, and increase in
muscle fibrosis. With berberine treatment, the specific mus-
cle strength was significantly improved and normalized to
the wild-type property and collagen VI deposition was com-
pletely prevented. In coherence with the reduction in DUX4
protein and downstream gene levels, these results clearly
demonstrate the therapeutic effect of berberine in the mouse
model used.

Despite these promising results, the muscle mass in
berberine-treated TA surprisingly remained lower than the
level in the wild-type or in the muscle receiving only AAVs.
In FSHD, fatty infiltration, fibrosis, and atrophy of the mus-
cle are proposed as the causes of reduction in the muscle
cross-sectional area and contractile muscle function, con-
tributing to muscle weakness (83). Although muscle regen-
eration can compensate for muscle loss, regenerative myofi-
bres at the early stage of myogenesis (before nuclei reposi-
tioning to periphery) are not fully functional, hence, ham-
pering normal muscle contraction. Given that the specific
strength in berberine-treated muscle was comparable to the
wild-type level, decrease in the muscle mass in association
with higher percentage of small-diameter fibres (<30 �m),
as compared to AAV-injected muscle, suggests a delay in
muscle degeneration and regeneration. This consequently
indicates suspension in DUX4 toxicity-mediated muscle
damage. As mentioned above, muscle turnover dilutes AAV
genome, ameliorating DUX4 pathogenesis. Therefore, my-
ofibres rescued by berberine continue carrying the AAVs
but may be destroyed over the time because the protective
effect of berberine is not complete. Hence berberine treat-
ment might potentially slow down DUX4-related damage
to the muscle. This hypothesis is ascertained by the fact
that the number of AAV copies remaining in the muscle of
berberine-treated mice was higher than the level in animals
without receiving berberine.

In summary, identification of GQ structures as potential
regulators of DUX4 expression, provides a new platform
for advancing our understanding of the molecular mech-
anisms underlining the FSHD pathogenesis. Furthermore,
these structures serve as novel drug targets for development
of future therapeutic strategies against the disease.
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