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Comprehensive expression analysis of FSHD
candidate genes at the mRNA and protein level
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In facioscapulohumeral muscular dystrophy (FSHD) the majority of patients carry a D4Z4 macrosatellite
repeat contraction in the subtelomere of chromosome 4q. Several disease mechanisms have been
proposed to explain how repeat contraction causes muscular dystrophy. All proposed mechanisms foresee
a change from a closed to a more open chromatin structure followed by loss of control over expression of
genes in or proximal to D4Z4. Initially, a distance and residual repeat size-dependent upregulation of the
candidate genes FRG2, FRG1 and ANT1 was observed, but most successive expression studies failed to
support transcriptional upregulation of 4qter genes. Moreover, chromatin studies do not provide evidence
for a cis-spreading mechanism operating at 4qter in FSHD. In part, this inconsistency may be explained by
differences in the techniques used, and the use of RNA samples obtained from different muscle groups.
The aim of this study is to comprehensively and uniformly study the expression of the FSHD candidate
genes FRG1, FRG2, CRYM, ANT1, ALP, PITX1 and LRP2BP at the RNA and protein level in identically processed
primary myoblasts, myotubes and quadriceps muscle. Expression was compared between samples
obtained from FSHD patients and normal controls with samples from myotonic dystrophy type 1 patients
as disease controls. No consistent changes in RNA or protein expression levels were observed between the
samples. The one exception was a selective increase in FRG2 mRNA expression in FSHD myotubes. This
study provides further evidence that there is no demonstrable consistent, large magnitude, overexpression
of any of the FSHD candidate genes.
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Introduction
Facioscapulohumeral muscular dystrophy (FSHD) was

the first genetic disease to be mapped by microsatellite

markers,1 –5 and although its genetic mutation was dis-

covered soon after,6,7 the exact pathogenic mechanism

remains elusive. To a large extent this uncertainty is

because of the unusual genetic mutation, a macrosatellite

repeat contraction, but also genetic heterogeneity of the

disease.8 Clinically, FSHD is characterized by progressive

weakness and wasting starting in the facial, shoulder and

upper armmuscles. The disease manifestations also include

non-muscular features such as sensorineural deafness

and retinal vasculopathy.9–11 More than 50% of patients

present with asymmetric muscle weakness. Typically,

noticeable muscle weakness starts in the second decade

of life, although early onset cases have also been reported.

Significant inter- and intrafamilial variability in disease

onset, progression and presentation is common with 20%

of gene carriers remaining asymptomatic and an equal

proportion of patients eventually becoming wheelchair-

dependent.12–14 A macrosatellite repeat contraction in the
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subtelomere of chromosome 4q is causal to the disease in

497% of patients.6,7 This polymorphic D4Z4 macrosatel-

lite repeat consists of 11–100 units, each 3.3 kb in size, in

the control population whereas patients with FSHD have

one array of 1–10 units. There is no linear relationship

between residual repeat size and disease severity, although

patients with the smallest number of repeat units

(1–3 units) are generally more severely affected.12–14

Contraction of D4Z4 is necessary but not sufficient

to cause FSHD.15 At least 9 different haplotypes of 4qter

have been identified based on small sequence variations

proximal and distal to the repeat. Contractions

in only one of these haplotypes (4qA161) have been

associated with FSHD.16 The cause for this association is

not known but it is speculated that 4qA161 contains a

combination of sequence polymorphisms that are essential

for disease development. Genetic heterogeneity is also

reported for FSHD. Some patients have a partial deletion of

the D4Z4 repeat that extends into proximal non-repeated

sequences.17,18 These so-called proximal deletion patients

are clinically indistinguishable from FSHD. Moreover,

some patients with phenotypic FSHD do not show a

contraction of D4Z4 but share epigenetic changes at the

FSHD locus with patients with a contraction suggesting

that this disease mechanism is also mediated through

D4Z4.19,20 Several disease mechanisms have been proposed

to explain how a repeat contraction causes muscular

dystrophy.20–24 Most mechanisms predict a chromatin

change from a closed to a more open chromatin structure

followed by loss of control over gene expression of genes in

or proximal to the repeat. Several studies support this

model including the observation of partial loss of DNA

methylation at D4Z4 in FSHD.20 Loss of control is proposed

to occur through cis-looping or cis-spreading mechanisms

but the evidence for these models is controversial.

Initially a distance- and residual repeat size-dependent

upregulation of the candidate genes FRG2, FRG1 and ANT1

was observed,22 but subsequent studies have both

disputed23,25,26 as well as supported27,28 the transcriptional

dysregulation of 4qter genes. In addition, chromatin

studies have failed to provide evidence for a cis-spreading

mechanism operating at 4qter in FSHD.23 In part, this

discrepancy may be explained by differences in techniques

used and differences in the muscle groups studied. The

conflicting or unconfirmed data have generated a number

of divergent disease mechanisms that are being actively

pursued in FSHD.

The aim of this study is to try to address in a systematic,

uniform and comprehensive manner, the status of expres-

sion of proposed FSHD candidate genes. To this end, we

analyzed gene expression of the candidate 4qter genes

FRG1, FRG2, ANT1, ALP (PDLIM3) and LRP2BP, as well as

the recently published FSHD candidate genes PITX1 and

CRYM,29,30 at both the mRNA and protein level in primary

myoblast and myotube cultures as well as quadriceps

muscle. A study of transcripts emanating from D4Z4,

including DUX4, in the same set of biomaterial are

extensively described elsewhere.31 We compared expres-

sion between samples derived from FSHD patients and

normal controls with samples from myotonic dystrophy

type 1 (DM1) patients as disease controls. All RNA and

protein sources were identically processed and examined to

minimize technical variation.

Materials and methods
Most protocols described in this paper and other protocols

used by researchers of the Fields Center for FSHD and

Neuromuscular Research are described in detail at the

Fields Center website (http://www.urmc.rochester.edu/

fields-center/).

Study subjects

All subjects with FSHD satisfied research criteria for the

clinical diagnosis for FSHD and were genetically con-

firmed. Similarly, DM1 samples originated from genetically

confirmed patients. Normal control samples originated

from healthy individuals recruited for this study, with a

normal neuromuscular examination and no family history

of neuromuscular diseases. The study protocol was

approved by the respective institutional research subjects

review board.

Muscle biopsies

Biopsy material was obtained from the Vastus Lateralis

muscle by the needle muscle biopsy method from which

three types of samples were obtained, one for RNA and

protein extraction, one for myoblast isolation and one

for histological analysis (for a detailed description see

Supplementary information S1 or the Fields Center

website). Trichrome and hematoxylin and eosin stained

sections were used for pathological grading of FSHDmuscle

biopsy samples. Pathological grading criteria are outlined

in the legend of Table 2.

RNA and protein isolation from primary myoblast and
myotubes

Myoblasts were isolated from the muscle biopsy samples by

preplating and the quality of these cultures was determined

by desmin staining (for a detailed description see Supple-

mentary information S2 and S3 or the Fields Center

website). For RNA and protein isolation, proliferating

myoblasts of four control, four FSHD and three DM1

patients were grown in 9 cm diameter Petri dishes till

40–50% confluency to minimize spontaneous differentia-

tion. Myotubes were obtained by growing the myoblasts

till 70% confluency, followed by induction of differentia-

tion by growing them on differentiation media (DMEM
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(þ glucose, þ L-glutamin, þpyruvate), 2% horse serum)

for 6 days.

Total RNA was isolated from myoblast and myotube

cultures using the nucleospin RNA II kit (Macherey Nagel,

Düren, Germany) according to the instructions of the

manufacturer. The RNA concentration of the samples was

determined on the ND-1000 spectrophotometer (Thermo

Scientific, Wilmington, DE, USA) and the quality was

analyzed with a RNA 6000 nanochip on an Agilent 2100

BioAnalyzer (Agilent Technologies Netherlands BV,

Amstelveen, The Netherlands). A total protein extract was

obtained by first washing the cells with 10ml PBS. There-

after, myoblast and myotubes were incubated for 5min on

ice in respectively 250 and 500 ml RIPA buffer (20mM

triethanolamine; 140mM NaCl; 0.1% DOC (w/v); 0.1%

SDS (w/v); 0.1% Triton X-100 (v/v); protease inhibitors

Complete (Roche, Mannheim, Germany)). Cells were

scraped and the lysate was pulled through a 29G U-100

insulin needle five times. Non-soluble material was spun

down (20000 g/10min/41C) and the protein content of the

supernatant was determined with a BCA protein quantifi-

cation assay (Pierce, Rockford, USA).

RNA isolation from biopsy material

Ten to 50mg of frozen muscle biopsy was homogenized in

1ml of trizol reagent (Life technologies, Gaithersburg, MD,

USA) and incubated for 5min at room temperature.

Thereafter, 100 ml 1-bromo, 3-chloro propane was added,

vortexed for 10 s and incubated at room temperature for

10min. Next, the mixture was centrifuged at 13000 g for

15min at 41C. The upper aqueous phase was transferred to

a clean reaction vial, vortexed shortly with 0.5ml iso-

propanol, and incubated for 10min at room temperature.

The precipitated RNA was centrifuged at 13000 g for 8min

at 41C.

The pellet was washed with 1ml 75% ethanol.

Thereafter, the pellet was air-dried, dissolved in 20 ml water

and incubated for 10min at 601C. A quantity of 1.5 mg RNA

per sample was DNAse I treated according to the instruc-

tions of the manufacturer (Applied Biosystems, Foster City,

CA, USA).

Quantitative RNA expression analysis

For the myoblast cultures cDNA was made from 2mg
purified total RNA using the Revert Aid H Minus first

strand cDNA synthesis kit using random hexamer primers

(Fermentas, St Leon-Rot, Germany) according to the

instructions of the manufacturer. The cDNA was subse-

quently treated with 0.5U RNase H for 20min at 371C,

purified with the Nucleospin Extract II kit (Macherey

Nagel) and the cDNA concentration was determined on

the ND-1000 spectrophotometer (Thermo Scientific). Five

or 20ng cDNA was used in a real time RT-PCR experiment

using SYBR green master mix on a MyiQ (Biorad Labora-

tories, Veenendaal, The Netherlands) running an initial

denaturation step at 951C for 3min, followed by 35 cycles

of 10 s at 951C and 45 s at 601C. All samples were run in

duplo. The melting curve of the PCR product was obtained

by running an initial denaturation step at 951C, followed

by a 1min incubation at 651C and thereafter 0.51C increase

of the temperature every 10 s till 951C. All primer sets

(Table 1) were designed using Primer3 and spanned at least

one intron. PCR products were analyzed for specificity by

melting curve analysis and on a 2% agarose gel, which

showed respectively a single peak and a single band

running at the expected size for all PCR products.

Furthermore, PCR products were sequence verified. The

Table 1 Quantitative RT-PCR primers that were used to study RNA expression in samples obtained from FSHD patients and
controls

Primer Sequence Efficiency (%) Correlation coefficient Product size (bp) cDNA input (ng)

Fw_ANT1 50-TGCCTACTTCGGAGTCTATGATACTG-30 99 0.992 84 5
Rev_ANT1 50-GCAATCATCCAGCTCACAAAAA-30

Fw_FRG2 50-GGGAAAACTGCAGGAAAA-30 107 0.985 69 20
Rev_FRG2 50-CTGGACAGTTCCCTGCTGTGT-30

Fw2_LRP2BP 50-GGGCTGGGGACCACTCTA-30 104 0.939 78 20
rev2_LRP2BP 50-TGCTTTGGGACATGGAGAAT-30

Fw1_ALP 50-CTCAGGGGGCATAGACTTCA-30 101 0.998 91 5
rev1_ALP 50-ATCTCCAGGACACAGGTTGG-30

PITX1 forw 50-ACATGAGCATGAGGGAGGAG-30 89 0.999 107 5
PITX1 rev 50-GTTACGCTCGCGCTTACG-30

FRG1(4)taqF 50-GGCGGGTTCTACAGAGACG-30 111 0.981 103 5
FRG1(4)taqR 50-TTCTGGACGAGTATGTGAGTCG-30

humCRYM forw 50-GCTGGGAGAAGTGATTAAGG-30 97 0.98 104 20
humCRYM rev 50-TGAGTTTGGCTGCAACTGTG-30

hGAPDHFw 50-AGCACATCGCTCAGACAC-30 97 0.999 65 5/20
hGAPDHRev 50-GCCCAATACGACCAAATCC-30

All primer sets spanned at least one intron. Efficiency of each primer pair, the correlation coefficient as well as the expected product size are indicated.
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results of the real time RT-PCR were analyzed and

quantified using iQ5 optical system software version

2.0 (Biorad Laboratories, Veenendaal, The Netherlands).

All expression levels were calculated using GAPDH

as constitutively expressed standard for cDNA input,

and the relative steady-state RNA levels of the target

gene were calculated by the method of Pfaffl.32

Expression analysis of FRG1 was also performed by

using an internal standard. This analysis was performed

as described earlier.33

Western blot analysis

For protein expression analysis in biopsy muscle samples,

homogenates of the muscle biopsy samples were made

with an ultratorax using RIPA buffer. Insoluble material was

boiled for 10min in 4xSB. Equivalent amounts of both

fractions were pooled before analysis on western blot.

For protein expression analysis of the biopsy material

as well as the primary myoblasts and myotubes, equal

amounts of each sample was run on a 12% poly-acrylamide

gel. Separated proteins were transferred to a PVDF

membrane (Millipore, Amsterdam, The Netherlands). The

membranes were stained with ponceau red (0.1% (w/v)

ponceau red; 0.5% (v/v) HAc) to verify equal transfer of

protein and thereafter, blocked with 3% mPBS for 1h.

Next, membranes were incubated for 1h with primary

antibody diluted in blockbuffer and subsequently washed

five times with PBST. Primary antibodies that were used in

this study are a goat anti-ALP antibody (Abcam), a rabbit

anti-LRP2BP antibody (Abcam), a rabbit anti-histone 2B

antibody (Abcam), a rabbit anti-FRG1 antibody,34 a mouse

anti-myosin MF20 antibody (University Iowa), a mouse

anti-ANT1 antibody (Calbiochem, Santa cruz biotechno-

logy), a mouse anti-CRYM antibody (Abnova), a mouse

anti-PITX1 antibody (Abnova) and a mouse anti-tubulin

antibody (Sigma). Bound antibodies were detected by

incubation for 1h with IRDye 800CW conjugated second-

ary antibody diluted 1:5000 in blockbuffer. Next, the

membranes were washed four times with PBST and twice

with PBS and signals were detected on the Odyssey (LI-COR

Biosciences GmbH, Bad Homburg, Germany).

Results
Genetic analysis and quality assessment of the
primary myoblast cultures

Before expression analysis of the target genes, the quality

of the primary myoblast and myotube cultures was

assessed. First, the D4Z4 repeat length of the primary cells

was determined with pulsed field gel electrophoresis using

DNA marker p13E-11.2,6 These studies confirmed the

presence of a contracted repeat on the disease allele in

FSHD myoblasts, whereas FSHD was excluded in the

control and DM1 myoblasts (Table 2). Second, the purity

of the myoblast isolations was assessed by IF staining of

desmin and by morphological appearance. The desmin

staining showed that all cultures contained 85–99% cells

that expressed desmin (data not shown). We did not

observe morphological differences between the myoblasts

and myotubes of controls and FSHD patients (Supplemental

information S4). However, the DM1 myoblasts did not

appear to have a morphology that resembled control

myoblasts. Furthermore, the proliferation rate of these

cells was very low and they did not appear to differentiate

efficiently into multi-nucleated myotubes.

RNA and protein expression analysis of the FSHD
candidate genes in primary myoblasts

The relative steady-state levels of the candidate genes

FRG1, PITX1, CRYM, FRG2, ALP, LRP2BP and ANT1 was

determined with quantitative RT-PCR using primers that

spanned at least one intron (Table 1). For FRG1, 4q-specific

primers were used that annealed in the 50 UTR of FRG1.

Of these genes, we could not reliably quantify CRYM

expression in our samples. The Ct values were either very

high or could not be determined at all. For the genes

FRG1 (Figure 1a), ALP, LRP2BP and ANT1 (Supplementary

information S5) we could not detect a significant difference

in the relative steady-state RNA levels in both the proli-

ferating myoblast as well as the differentiated myotubes.

However, there seemed to be a trend, although not signi-

ficant, towards upregulation of PITX1 in the myotubes,

while no difference was observed in the proliferating

myoblasts (Figure 1b). Interestingly, we could confirm the

deregulated expression of FRG2 in differentiated myotubes

of FSHD patients (Figure 1c). No reliable expression of this

gene could be observed in the proliferating myoblasts of all

patient groups, whereas expression could be observed in

the FSHD samples of the differentiated myotubes only.

Sequencing of the PCR products revealed both chromo-

some 4 and 10 copies of FRG2.

In addition, we analyzed the protein expression levels

of FRG1, PITX1, CRYM, ALP, LRP2BP and ANT1 in the

primary myoblast and myotube cultures. FRG2 expression

levels could not be analyzed, as we could not obtain a

FRG2-specific antibody. Equal protein amounts of each

lysate were blotted on PVDF membrane. The blots were

first probed with an anti-tubulin antibody as loading

control and an anti-myosin antibody to determine the

differentiation status of the cells at the time of lysis. Both

FSHD and control myoblasts as well as one DM1 cell line

did reveal a clear upregulation of myosin upon differentia-

tion (Figure 2). For two out of three DM1 cell lines, the

protein yield was too low to give a decisive answer. In both

the myoblast as the myotube samples, we could not

reliably detect CRYM, ANT1 and PITX1 protein levels.

Either, we could not detect a band (CRYM, PITX1) or

multiple bands were visible (ANT1). For FRG1, ALP and

LRP2BP no clear differences in protein expression levels

were observed between the FSHD and control groups
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(Figure 2). In general, FRG1 expression levels compared

with histone 2B and tubulin levels seemed to decrease

upon differentiation, whereas ALP and LRP2BP showed an

upregulation during differentiation.

RNA and protein expression analysis of the FSHD
candidate genes in muscle biopsies

Expression analysis of the FSHD candidate genes was

also performed on quadriceps muscle of 10 FSHD and 10

control individuals. All FSHD muscle samples used showed

pathological changes. With quantitative RT-PCR, no

significant difference in relative steady-state expression of

the genes FRG1, ANT1, ALP, PITX1 or LRP2BP could be

detected between the two groups. There seemed to be a

trend toward downregulation of PITX1, although there was

a high degree of variability in expression within the control

and FSHD group (Figure 3). For FRG1, we also performed a

competitive quantitative RT-PCR.33 This confirmed that

there was no difference in FRG1 expression between FSHD

samples and controls (Figure 3). For CRYM, a gene that has

been proposed to be upregulated in FSHD on the protein

level, very low expression levels were detected, except for

three control samples (Controls 2, 3 and 5) that showed a

very high expression level compared with all other samples

(Figure 3). This result was confirmed by using an additional

primer set for CRYM (Supplementary information S6) and

by direct sequencing of the RT-PCR products. The only

transcript that could not be detected in the biopsy samples

was FRG2.

On the protein level we could detect FRG1, LRP2BP, ALP

and CRYM, but not ANT1 or PITX1. For FRG1, ALP and

LRP2BP no clear differences were observed between or

within the two groups (Figure 4), although some samples

showed expression level differences that did not appear to

be FSHD related. For CRYM, however, clear differences

Table 2 Clinical data are shown of the FSHD patients and controls from whom the primary myoblasts and biopsy material
were isolated, such as gender, age and repeat size

Sample Gender Age (years) Pathological grade Repeat size (kb)

Myoblast/myotube cultures:
Control A F 27 � 158
Control B M 35 � 87
Control C F 56 � ND
Control D F 42 � 65
FSHD A M 41 + 18
FSHD B F 45 + 25
FSHD C M 40 +++ 31
FSHD D M 57 + 26
DM1 A F � � 75
DM1 B F � � 85
DM1 C F � � 130

Muscle biopsy material
Control 1 M 30 � ND
Control 2 F 62 � ND
Control 3 M 44 � ND
Control 4 M 34 � ND
Control 5 F 47 � ND
Control 6 F 34 � ND
Control 7 M 53 � ND
Control 8 M 37 � ND
Control 9 M 65 � ND
Control 10 F 59 � ND
FSHD 1 F 61 + 18
FSHD 2 M 60 + 26
FSHD 3 M 33 ++ 16
FSHD 4 F 57 + 27
FSHD 5 M 35 ++ 15
FSHD 6 F 55 ++ 27
FSHD 7 M 43 + 28
FSHD 8 M 54 + 36
FSHD 9 M 37 + 33
FSHD 10 F 45 + 27

The pathological grade of each biopsy was determined histologically based on examination of fiber size variability, extent of central nucleation,
presence of necrosis/ regeneration and the presence of interstitial fibrosis. For each of the four features a score of 0–3 was given, 0 being normal and
3 being severely affected, for a cumulative score of 0–12. To simplify the tabulated scores the numerical score was converted +, mildly affected
(score 1–4), ++, moderately affected (score 5–8) and +++, severely affected (score 9–12). For one sample a histological sample was unavailable and
pathological scoring was not done (ND).

Expression analysis of FSHD candidate genes
R Klooster et al

1619

European Journal of Human Genetics



could be observed that matched the results of the RNA

steady-state expression analysis. Three control samples

(Controls 2, 3 and 5) showed relatively high expression

levels compared with all other control and FSHD samples

(Figure 4). This, together with the quantitative RT-PCR

data, indicates a very high degree of variability in CRYM

expression, which is not FSHD related.

Discussion
A number of candidate genes have been proposed in FSHD

based on selective upregulation in FSHD-derived tissue or

cell lines.22,27–30 Yet many of these findings have been

difficult to confirm resulting in divergent hypotheses

regarding the underlying pathophysiology of FSHD. In

this study, utilizing a uniform and systematic approach,

FRG1/GAPDH
Myoblasts

Control FSHD DM1
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

R
el

. q
u

an
ti

ty
FRG1/GAPDH

Myotubes

Control FSHD DM1
0.0

0.5

1.0

1.5

2.0

2.5

R
el

. q
u

an
ti

ty

PITX1/GAPDH
Myoblasts

Control FSHD DM1
0

1

2

3

4

5

6

7

8

R
el

. q
u

an
ti

ty

PITX1/GAPDH
Myotubes

Control FSHD DM1
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5

R
el

. q
u

an
ti

ty

FRG2/GAPDH
Myotubes

Control FSHD DM1

0.0

0.5

1.0

1.5

2.0

2.5

R
el

. q
u

an
ti

ty

Figure 1 RNA expression analysis in primary myoblasts and myotubes of four healthy controls (Control A–D), four FSHD patients (FSHD A–D) and
three DM1 patients (DM1 A–C) as disease controls. The relative abundance compared with the average expression level of the control cultures are
depicted for FRG1 (a) and PITX1 (b). FRG2 RNA expression (c) could only be detected in myotube cultures of FSHD patients and not in controls.
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the expression levels of the FSHD candidate genes FRG1,

PITX1, CRYM, FRG2, ALP, LRP2BP and ANT1 were deter-

mined in primary myoblasts and myotubes as well as in

biopsy material of affected quadriceps muscle. We did not

observe consistent and significant deregulation of the

FSHD candidate genes we examined in all samples tested,

either at the RNA, or at the protein level. Only FRG2

showed increased expression levels in FSHD samples

and then only in myotubes at the RNA level. Although

the FRG2 expression level was very low in both myoblasts

and muscle biopsy samples, expression was consistently

observed in myotubes from FSHD patients and not in

controls. This observation corroborates an earlier report

showing the transcriptional upregulation of chromosome 4

and 10 copies of FRG2 in FSHD myotubes only.28 Whether

FRG2 is involved in FSHD pathogenesis remains doubtful,

as muscle-specific overexpression of FRG2 in mice does

not result in a muscular dystrophy phenotype.27 Moreover,

individuals with proximal deletion encompassing FRG2

have phenotypically typical FSHD.17

For all other genes tested, we did not observe expression

level differences, which is in line with23,25,26 but also in

contrast to22,27,29,30 data described before. Most of these

studies were performed with limited sample size and

sometimes included samples isolated from different muscle

groups. Perhaps the gene of greatest relevance given the

conflicting data is FRG1 as it is still considered one of

the leading candidate genes in FSHD as muscle-specific

overexpression, at high levels, in mice causes a muscular

dystrophy phenotype.27 In our studies, no difference in

FRG1 expression was observed between FSHD and controls

either at the RNA or protein level. Moreover, for RNA

expression studies in muscle we confirmed our results by

testing expression using two separate experiments with

different reference methods, utilizing the same samples.

In addition, there was no relationship between expression

levels and deletion size or between expression levels and

the pathological grading of the muscle in FSHD-derived

samples as for all other genes tested. As FRG1 is a nuclear

protein, it is important to emphasize that for the protein

studies the FRG1 expression levels were compared with

both total protein levels using tubulin or ponceau staining

as well as nuclear protein levels using histone 2B. In

addition, we found no clear upregulation of PITX1, a gene

that has recently been reported to undergo DUX4-depen-

dent upregulation.29 Only in the myotubes a trend toward

upregulation was observed. It should be noted, however,

that the reported deregulation of PITX1 was found in

muscle samples of the biceps and deltoid muscle, whereas

quadriceps muscle was used in our study.

The quadriceps muscle was chosen in this study because

it is easily accessible for needle biopsy and because it is

relatively spared early in FSHD. Nevertheless, quantitative

muscle strength testing35 shows more involvement of this

muscle group than is suspected by bedside examination.

Indeed, all the FSHD biopsy samples in our study showed

mild-to-moderate pathological changes (Table 2). Therefore,

possible observed changes in this muscle are more

likely to be early changes in FSHD pathophysiology

and not secondary changes caused by muscle wasting or

damage, which could explain some of the conflicting

data regarding myoblast phenotypes from affected and

unaffected muscle.25,36,37

The importance of sample size in verifying selective

deregulation of FSHD candidate genes is illustrated by

the high inter sample variability in RNA and protein

expression for several target genes. Expression level

differences determined with a limited number of samples

can result in unreliable results. In biopsy material this can

be caused by variability in the presence of non-muscle cells

(eg, blood cells, endothelial cells and so on). Of note is that

CRYM showed high RNA and protein expression level
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differences in the muscle biopsy samples, which did not

seem to be disease related. Recently, Reed et al30 reported

that CRYM protein levels are upregulated in FSHD deltoid

muscle. In this study, three FSHD samples were compared

with two controls. In our study, we cannot confirm a

FSHD-specific upregulation of CRYM in FSHD quadriceps

muscle biopsies (n¼ 10). In contrast, some control samples

showed high CRYM RNA and protein expression levels,

while most had barely detectable expression levels. These

results clearly show the heterogeneity of biological samples

in studying RNA and protein expression levels and

emphasize the need to examine large sample sizes and

especially the need for adequate normal control samples to

understand the intrinsic variability in expression of a

particular gene in normal tissue.

This study clearly shows that none of the FSHD candidate

genes, except for FRG2, are upregulated at the levels described

earlier in some studies.22,27–30 We cannot exclude low levels

of deregulation that is beyond the sensitivity of our methods

or exclude the possibility that one or more of the candidate

genes show a transient spatiotemporal deregulation under

conditions we have not tested. Our study emphasizes the

need for large collections of identically processed samples

to investigate FSHD-specific transcriptional changes to over-

come sample heterogeneity. As humans are genetically and

phenotypically heterogeneous in nature, a more promising

approach to investigate the role of the established candidate

genes for FSHD might be to elucidate their cellular function

and relate that function to FSHD pathology.

A paper by Masny and et al,38 utilizing a different

approach to study a potential cis effect in FSHD reached a

similar conclusion. The authors studied native transcripts

emanating from chromosome 4 by RNA–DNA FISH to

quantitatively establish the expression level of the nascent

transcript from each allele. Masny and co-workers found

no difference in expression level between the normal and

contracted allele, providing further evidence against a cis

effect of transcriptional deregulation of 4qter genes in FSHD.

Recent evidence offers an alternative hypothesis to

pathophysiology of FSHD. As all patients with FSHD

share a change in the chromatin structure of D4Z4 on

chromosome 4qA161,16,19,20 it might well be that a

shift in balance of the complex transcriptional activity

recently discovered to emanate from the repeat29,31 is

causally related to the pathology.
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