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Abstract.
Background: Posited pathological mechanisms in Facioscapulohumeral Muscular Dystrophy (FSHD) include activation in
somatic tissue of normally silenced genes, increased susceptibility to oxidative stress, and induction of apoptosis.
Objective: To determine the histopathological changes in FSHD muscle biopsies and compare to possible pathological mechanisms of disease.
Methods: We performed a cross-sectional study on quadriceps muscle biopsies from 32 genetically confirmed FSHD participants,
compared to healthy volunteers and myotonic dystrophy type 1 as disease controls. Biopsies were divided into groups to evaluate
apoptosis rates, capillary density, myonuclear and satellite cell counts.
Results: Apoptosis rates were increased in FSHD (n = 10, 0.74%) compared to myotonic dystrophy type 1 (n = 10, 0.14%,
P = 0.003) and healthy volunteers (n = 14, 0.13%, P = 0.002). Apoptosis was higher in FSHD patients with the smallest residual
D4Z4 fragments. Capillary density was decreased in FSHD1 (n = 10, 316 capillaries/mm2 ) compared to healthy volunteers
(n = 15, 448 capillaries/mm2 , P = 0.001). No differences were seen in myonuclear or satellite cell counts.
Conclusions: Preliminary evidence for increased apoptosis rates and reduced capillary density may reflect histopathological
correlates of disease activity in FSHD. The molecular-pathological correlates to these changes warrants further investigation.
Keywords: Facioscapulohumeral muscular dystrophy, satellite cell counts, apoptosis rates, capillary density, myonuclear density
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INTRODUCTION

Participants

Facioscapulohumeral Muscular Dystrophy (FSHD)
is one of the most common progressive muscular dystrophies (prevalence 1:15000) [1, 2]. Recent studies
have suggested that both Facioscapulohumeral muscular dystrophy (FSHD) types 1 and 2 operate
through a common downstream genetic mechanism
of de-repression of a retrogene DUX4, not normally
expressed in somatic muscle tissue [3, 4]. Gene
expression profiling from FSHD muscle has shown
altered regulation of large number of genes associated
with myogenesis, increased susceptibility to oxidative stress, angiogenensis, vascular smooth muscle
or endothelial cells, muscle isoenzymes, cholesterol
metabolism, and the actin cytoskeleton [5–8]. Expression of DUX4 in vitro inhibits myogenesis, increases
oxidative stress in myogenic precursors, and induces
apoptosis [9–11]. DUX4 is a transcription factor normally expressed in the luminal cells of the testis,
which activates genes involved in the germline and
early stem cell development [12]. One line of thinking
posits induction of a mitotic program in a post-mitotic
cell results in apoptosis. Another line of thinking
proposes DUX4 may affect satellite cell renewal.
The muscle immunohistochemical correlates to these
posited pathological mechanisms are unknown. A better understanding of the muscle pathology in FSHD can
be important in two ways: 1) providing insights into the
patho-mechanism in FSHD, and 2) providing potential
biomarkers for proof of concept or early phase clinical
studies.
Here we perform a retrospective cross-sectional
histopathological study in genetically confirmed
FSHD muscle biopsies. We quantify the apoptotic
rates, satellite cell counts, and nuclear and capillary
density and compare to healthy volunteers (CON)
and myotonic dystrophy type 1 (DM1) as a disease
control.

FSHD participants were between 18 and 75 years
of age and had genetic confirmation per previously
published protocols [13, 14]. The residual D4Z4 fragment size on chromosome 4q35 was determined by
Southern blot after double digestion with EcoRI/BlnI
restriction enzymes. Participants were ineligible if they
had muscle wasting making a needle biopsy impracticable. DM1 disease controls were obtained from
the Myotonic Dystrophy Natural History Study being
performed at URMC. All patients had genetic confirmation of DM1. Healthy volunteers were drawn from
URMC or from spouses of affected FSHD participants.
Disease controls were not obtained for nuclear density or satellite cell counts as no differences were seen
between FSHD and the healthy volunteers.

MATERIALS AND METHODS
We performed a cross-sectional observational study
of prospectively collected muscle biopsies from
genetically confirmed FSHD participants seen at the
University of Rochester Medical Center (URMC)
between 2002 to 2013. The study was approved by
institutional review board and written and informed
consent was obtained from all participants.

Clinical severity
We used an age-adjusted 10-grade clinical severity
scale (CSS), which takes into account the extent of
weakness in various body regions and descending
spread of symptoms from face and shoulders to pelvic
and leg muscles typical of FSHD [15]. Higher scores
are assigned to patients with involvement of pelvic and
proximal lower limb muscles. The scale was adjusted
for the patient’s age at examination as previously
described: Age-corrected CSS = ((CSS x 2) / age at
examination) × 1000 [16].
Immunohistochemistry techniques
Needle muscle biopsies were obtained from the vastus lateralis of all participants. The vastus lateralis
was chosen to reduce the variability due to sampling from different muscles. Details of the procedure
are available at: http://www.urmc.rochester.edu/fieldscenter/protocols/needle-muscle-biopsy.cfm. The histopathologic samples were graded for the severity
of their pathologic changes based on 10  m sections stained with Hematoxylin & Eosin, Trichrome,
NAHD and myosin ATPase. A pathologic severity was
determined using a 12-point scale giving a 0–3 score
(normal, mild, moderate, severe) to each of four major
histologic features: variability in fiber size, centrally
located nuclei, interstitial fibrosis, and muscle fiber
necrosis/regeneration.
For immunohistochemistry all samples were air
dried for 20 minutes, then fixed in 2% paraformaldehyde (PFA) for 10 minutes (except capillary density,
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and apoptosis [4% PFA]). Slides were mounted
with Vectashield (Vector Laboratories) containing 4,6diamidino-2-phenylindole (DAPI) in all experiments
except capillary density measurements. Images were
taken with a fluorescent microscope (Nikon Eclipse
E600, Japan) equipped with a digital camera and analyzed with Metaview software (version 6.1, Molecular
Devices, Sunnyvale, CA).
The following antibodies were utilized: PAX7
serum (Developmental studies Hybridoma Bank)
dilution 1:2 in bovine serum albumin (BSA); rabbit
polyclonal anti-Laminin alpha-2 (Gene Tex) dilution
1:200 (dilution 1:100 for nuclear density) in BSA;
fluorescein-conjugated TUNEL reaction mixture prepared as per manufacturer’s instructions (product #
11684795910, Roche Applied Science, Indianapolis);
mouse Anti Caveolin-3 (from BD transduction Laboratories) dilution 1:000 in phosphate buffered saline
(PBS); Ulex Europaeus Agglutinin 1 Fluorescein conjugated(Vector Laboratories, Burlingame CA) dilution
1:250 in PBS; mouse Myosin heavy chain-slow or
MHC-s (Novacastra) dilution 1:20 in PBS; anti mouse
Alexa fluor 350 (Invitrogen) dilution 1:400 in PBS;
anti mouse Alexa Fluor 488 (Invitrogen) dilution 1:500
(dilution 1:400 for nuclear density) in BSA; and
anti-rabbit alexa fluor 568 (Invitrogen) dilution 1:500
(dilution 1:400 for capillary density) in BSA.
For capillary density, sections were triple-stained
with Caveolin-3, MHC-s and Ulex to measure
fiber cross-sectional area, fiber type proportions
and capillaries, respectively. Capillary densities were
determined from digitized images from microscopic
sections per previously described protocols and defined
as the number of capillaries divided by the cross sectional area [17–19]. Individual average fiber cross
sectional area was defined as the total area/number
of fibers. Nuclear density was defined as the total
number of DAPI-positive myonuclei per total number of myofibers as delineated by laminin staining.
Double staining with PAX7 and laminin was used to
define satellite cells as PAX7/DAPI positive nuclei
below the basal lamina. Satellite cell counts were calculated as the number of PAX7 positive myonuclei per
total myofibers [20, 21]. For measurement of apoptosis all sections were double-stained with laminin
and TUNEL antibodies. Apoptotic rates were defined
as the number of TUNEL-positive nuclei per total
number of myofibers [22, 23]. Sections were also
triple-stained with TUNEL, laminin, and PAX7 to
determine if TUNEL positive cells corresponded to
satellite cells.
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Statistical considerations
Standard statistical methods were used to describe
all groups (FSHD1, healthy volunteers, and DM1),
including the calculation of the median and the first
and third quartiles (i.e., interquartile range, IQR).
The test for differences in distribution in apoptotic
rates, capillary density, nuclear and satellite counts
between FSHD1 and CON or DM1 employed the
Kruskal-Wallis test for factors that were either continuous data, or ordered data with more than 7 levels
(e.g. pathology grade 0–12). As age and gender were
not completely matched between groups, effects of
age and gender on histopathological outcomes were
evaluated using a mixed effects model; however no
group affects due to differences in age or gender were
detected. We used a linear mixed effects model to
evaluate the associations of apoptotic rates or capillary density (dependent variables) to pathology grade,
residual D4Z4 residual fragment size, age, and gender (independent variables). Adjusted values are from
the least means squares estimates with associated 95%
confidence limits. Correlations between histopathological findings and measures of disease severity
used Pearson correlation. All P-values presented are
two-tailed. Descriptive analysis and statistical tests
were conducted using SAS version 9.3 (SAS Institute
Inc., Cary, NC), and STATA version 11.2 (StataCorp,
College Station, TX).

RESULTS
A total of 32 FSHD participants were recruited,
43.8 % male, with a median age of 47.0 years (IQR
40.8–55.3, Table 1). As not enough muscle tissue was
collected to perform all procedures on each participant,
they were divided into groups for analysis (Table 2).
Attempts were made to match all controls by age and
gender. Overall FSHD participants were older for capillary density and satellite cell counts, and younger for
apoptotic rates. As mentioned in the methods interactions between age and gender and apoptotic rates,
capillary density, nuclear density and satellite cell
counts were investigated using a mixed effects model.
As no significant interaction was found all values presented here are unadjusted.
Apoptotic rates were determined by double staining with laminin alpha-2 and TUNEL to identify
nuclear fragmentation (TUNEL positive nuclei, Fig. 1)
in nuclei below the basal lamina. This is to distinguish
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Table 1
Individual FSHD participant demographics
Participant
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Age
(Years)

Gender

D4Z4 (kb)

CSS

Pathology
score

59
47
53
47
43
51
58
50
31
28
24
43
67
53
45
56
41
56
50
46
47
30
26
55
29
59
47
59
48
60
40
29

F
M
F
M
M
F
F
M
F
M
M
F
F
F
M
F
M
M
M
F
F
F
F
F
F
F
F
M
M
F
M
M

31
25
31
26
27
27
28
13
25
13
16
34
34
26
18
24
31
26
30
15
35
23
15
15
12
10
19
26
17
26
29
35

3
3
6
0
8
8
6
6
5
8
5
6
2
5
6
6
6
4
5
1
1
3
7
6
9
7
1
5
3
3
2
2

2
2
3
2
4
5
2
4
6
5
4
4
1
6
4
5
3
3
3
2
7
3
5
4
3
3
2
1
4
2
2
2

Procedures
C, N
C
C, N
C
A
A
A, N, S
A
A
A
A
C
C
C
C
C
C
C
A
N
S
A
S
S
N
N
S
S
N, S
N, S
N, S
A

CSS = clinical severity score; A = apoptosis, C = capillary density, N = nuclear density, S = satellite cell count.

Table 2
Demographics by group
Demographics
Apoptotic Rates
n
Male (%)
Median Age (Q1, Q3)
Capillary Density
n
Male (%)
Median Age (Q1, Q3)
Satellite Cell Counts
n
Male (%)
Median Age (Q1, Q3)
Nuclear Density
n
Male (%)
Median Age (Q1, Q3)

FSHD∗

DM1∗

Healthy volunteers∗

10
60.0
37.5 (29.3, 50.0)

10
20.0
38.5 (29.8, 47.3)

10
40.0
54.0 (46.0, 56.0)

11
45.5
53.0 (46.0, 56.0)

17
52.9
36.0 (31.5, 52.0)

15
60.0
28.0 (22.0, 37.0)

10
30.0
50.5 (47.0, 58.8)

–
–
–

10
40.0
39.0 (35.0, 49.0)

10
30.0
50.5 (42.3, 58.8)

–
–
–

10
50.0
45.5 (33.3, 53.3)

∗ FSHD total n = 32; DM1 total n = 17; Healthy Volunteers total n = 30. FSHD = facioscapulohumeral muscular dystrophy;

DM1 = myotonic dystrophy type 1; n = number; Q1 = first quartile; Q3 = third quartile.
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Fig. 1. Apoptosis. A) DAPI stains nuclei blue. B) TUNEL stained degenerating nuclei green. C) Overlay stained with DAPI and TUNEL
shows degenerating myonuclei. Laminin alpha-2 shows outline of myofiber in red. DAPI = 4,6-diamidino-2-phenylindole; TUNEL = terminal
deoxynucleotidyl transferase dUTP nick end labeling.

Table 3
Histopathological findings in FSHD quadriceps biopsies
P-Value
Item
n
Median %Tunel + nuclei/
myofiber (Q1, Q3)
n
Median Capillary/area
(mm2 ) (Q1, Q3)
n
Median Myonuclei/
myofiber (Q1, Q3)
N
Median Satellite cells/
myofiber (Q1, Q3)

Healthy
volunteers

DM1

FSHD

FSHD v Healthy
Volunteers

FSHD v DM1

DM1 v Healthy
Volunteers

14#
0.13 (0.069, 0.34)

10
0.14 (0.058, 0.44)

10
0.74 (0.38, 1.27)

0.002

0.003

0.95

15
448 (391, 469)

17
362 (314, 435)

11
316 (233, 400)

0.001

0.36

0.02

10
1.21 (1.01, 1.40)

–
–

10
1.17 (0.82, 1.35)

0.62

–

–

10#
0.19 (0.17, 0.20)

–
–

10
0.20 (0.17, 0.23)

0.36

–

–

∗ Significance level taken from kruskal-wallis test. Bold significant after Bonferroni correction for multiple testing. Differences between
groups due to age and gender were evaluated using a linear mixed effects model, but did not affect histopathological outcomes. # Familial
controls. DM1 = myotonic dystrophy type 1; FSHD = Facioscapulohumeral muscular dystrophy; Q1 = first quartile; Q3 = third quartile;
v = versus.

apoptosis in myonuclei from other cell types, like
inflammatory cells. The number of TUNEL positive
nuclei was divided into the total number of myofibers
evaluated per individual (median number of myofibers
per individual: FSHD 835 [IQR 556–1101]; DM1 1164
[IQR 456–1625]; and CON 877.5 [IQR 387–1453]).
Participants with FSHD had increased apoptotic rates
compared to CON and participants with DM1 (FSHD1
0.74%, IQR 0.38–1.27 compared to CON 0.13%, IQR
0.069–0.34, P = 0.002; or compared to DM1 0.14%,
IQR 0.058–0.44, P = 0.003, Table 3). We looked to
see the frequency of apoptotic nuclei which co-stained
with PAX7, a satellite cell marker, and found no
difference between FSHD and CON (5.26% versus
10.53%, P = 0.45). This would suggest most of the
apoptotic nuclei within the sarcolemma were mature
myonuclei, not satellite cells. Although it is possible

a decaying satellite cell nuclei may stop producing
PAX7.
As previously reported for apoptotic rates in FSHD
patients we see no association between apoptosis
and pathology grade in the biopsied muscle (r = 0.30,
P = 0.40), even after adjusting for age and gender [22]. We saw a trend towards an association
between apoptosis and D4Z4 residual fragment size
(r = −0.57, P = 0.08). Adjusting residual D4Z4 fragment size for age and gender revealed significantly
higher apoptotic rates in participants with the smallest residual D4Z4 fragments (≤18 kb n = 3:1.53%,
95% CI 0.84, 2.22; compared to >18 kb n = 7:0.61%,
95% CI 0.23, 0.99, P = 0.03, Fig. 2A). This corresponded with a trend towards an association with an
age-adjusted clinical severity score (r = 0.39, P = 0.26,
Fig. 2B).
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Fig. 2. Relationships of histopathology findings. A) Relationship of apoptosis rate to genetic mutation (≤18kb [n = 3]; 19–27 kb [n = 4];
and >27 kb [n = 3]); B) Relationship of apoptosis rate to age adjusted clinical severity score; and C) Relationship of capillary density measurement
to the fiber type ratio.

We calculated capillary density as the total number of capillaries per total myofiber cross sectional
area (Median myofibers analyzed per individual
per group: FSHD 430 [IQR 379–606]; DM1 424
[IQR 361–610]; and CON 311 [IQR 248–380].
Median fiber cross sectional area per individual per
group: FSHD 3977 m2 [IQR 3037, 5435]; DM1
3748 m2 [IQR 3047, 5138]; and CON 3615 m2
[IQR 2959, 3968]). We found capillary density was
reduced in FSHD compared to CON (FSHD1 316
capillaries/mm2 , IQR 233–400, compared to CON 448
capillaries/mm2 , IQR 391–469, P = 0.001, Table 3),
but not DM1. Capillary density was directly related
to the type 1 fiber proportion for FSHD (rho = 0.77,
P = 0.006, Fig. 2C). There was a trend towards
lower capillary density and higher muscle pathology grade (r = −0.62, P = 0.14). No relationship was
seen between the capillary density and residual
D4Z4 fragment size or age adjusted clinical severity
scores.

We found no differences in nuclear density or satellite cell counts between FSHD and CON (Table 2).

DISCUSSION
This study presents preliminary evidence that FSHD
participants had increased apoptosis in muscle biopsies
compared to CON and DM1, and decreased capillary
density compared to CON.
DUX4 encodes a double homeobox protein, a transcription factor normally expressed abundantly in
human testis [12, 24]. Additionally, DUX4 is a doublehomeobox protein that shares homology with other
PRD class single homeobox transcription factors,
including PAX3 and PAX7, and Otx1/2, which are
important in the development of skeletal muscle and
brain [9, 10, 25, 26]. DUX4 is toxic to mouse skeletal
muscle and muscle fibers in cell culture, a process believed to occur through a p53 mediated pathway [27].

J.M. Statland et al. / Histopathology in FSHD

Forced expression of DUX4 in transfected cells leads
to a redistribution of emerin, increased caspase 3/7
activity, fragmented chromatin, and cell death [10].
Our study demonstrated an increase in apoptosis by
TUNEL staining in FSHD muscle tissue compared
to both CON and DM1. Prior studies have shown
increased apoptosis in Duchenne muscular dystrophy
which corresponded to overall muscle pathology [22].
In the same study, increased apoptosis in FSHD was
seen only in selected individuals, but they found a
high degree of variability between participants not
explained by differences in muscle pathology. Here we
also do not see a relationship between apoptosis and
muscle pathology grade, but we see a trend toward an
association with the residual D4Z4 fragment size, and
significantly higher apoptotic rates in participants with
residual fragments ≤18 kb (1–4 repeats), suggesting
the size of the D4Z4 contraction may explain the
variability in FSHD apoptotic rates seen between participants. The apoptotic nuclei were most likely mature
myonuclei versus satellite cells, possibly reflecting the
stochastic burst-like expression of DUX4 described
previously [24]. Further studies will be required to
determine the exact relationship of TUNEL positive
nuclei to DUX expression, or activation of downstream
targets.
The association between DUX4 mediated toxicity
and anomalies of microvascular development remains
unclear. Patients with FSHD are clearly at risk for
an exudative retinopathy due to bilateral retinal
telangiectasias [28]. Gene expression profiles in
FSHD patients identified a subset of genes involved
in angiogenesis and endothelial growth upregulated
in FSHD [6]. In our study, we found a decrease in
capillary density in FSHD muscle. Inflammation has
been observed in the eyes of patients with exudative
retinopathy, although it is uncertain if it is a cause
for the pathology or a consequence of extensive lipid
deposits [29]. Inflammation has been reported in up
to 1/3 of skeletal muscle biopsies from patients with
FSHD – and unlike other dystrophies inflammation
in FSHD tends to be perivascular [30, 31]. Whether
the decreased capillary density seen here represents a
fundamental defect in FSHD muscle, or a downstream
effect related to an inflammatory milieu remains to be
determined.
Skeletal muscle myogenesis occurs post-natally
in precursor cells known as satellite cells [32].
DUX4 regulated genes are expressed in FSHD muscle and downstream targets of DUX4 include genes
involved in myogenesis [12]. It has been proposed
the mechanism for this may involve DUX4 interacting
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competitively with Pax7 to affect satellite cell renewal
[25]. However, our current study does not support
this hypothesis: we see no difference in satellite cell
number seen between FSHD patient biopsies and
CON.
Limitations to the current study include the small
sample size. The histopathological studies are currently work-intensive which will limit their use to
smaller studies, or early phase clinical trials. The conclusions from any such analysis are limited by the
degree to which a small sample from a single muscle can be said to represent the overall progression of
disease in a given participant.
In summary, we found increased apoptosis in
FSHD muscle without influencing overall satellite
cell counts or myonuclear density. FSHD muscle
also shows reduced capillary fiber density reminiscent
of the simplification of the retinal microvasculature. These histopathological changes may prove to
be an important mechanistic marker of disease in
FSHD patient muscle biopsies. Whether there is a
connection between apoptosis and reduced capillary
density, and the exact relationship to underlying DUX4
expression will be an important question for future
studies.
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