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Study highlights:

* We identified six cytokines (IL15, LTA, CCL7, CCL8, CCL25, CCL27) with lower
expression levels in skeletal muscles of symptomatic patients with OPMD, but
unchanged in pre-symptomatic expPABPN1 carriers.

* Five of six OPMD-dysregulated cytokine genes clustered tightly in controls. This
clustering was found to be disrupted in OPMD.

®* Down-regulated cytokine genes in OPMD patients were up-regulated in a mouse
model of OPMD. In humans, the expression of these cytokines correlates with
disease severity rather than age. In OPMD mice, their expression correlated also
with age.

* The findings suggest that the cytokines with altered expression in OPMD patients

are putative biomarkers for muscle weakness in OPMD.



Abstract

Cytokines are circulating immunogenic molecules, and their potential as biomarkers has
been exploited in the last decade. Cytokines are expressed in many tissues, including
muscles, but their application to monitoring muscle pathology in neuromuscular disorders is
sparse. Oculopharyngeal muscular dystrophy (OPMD) is a dominantly inherited, late-onset
myopathy, caused by an alanine-expansion mutation in the gene encoding for Poly(A) RNA
binding protein 1 (expPABPN1). Biomarkers for OPMD disease severity and progression are
not available. We identified candidate cytokines with altered expression levels in OPMD
mice carrying PABPN1 mutations. Down-regulation of six cytokines, IL15, LTA, CCL7, CCLS,
CC25 and CCL27, was found in vastus lateralis muscle from OPMD patients, but not in
expPABPN1 carriers at a pre-symptomatic stage. In contrast, these cytokines were up-
regulated in the mouse model of OPMD. These six cytokines formed a distinguished cluster,
which was dispersed in OPMD. Our findings indicate that this cytokine network is a potential

biomarker for muscle weakness in OPMD.



Introduction

Ideal molecular biomarkers can quantitatively and accurately detect changes in medical
conditions. Quantitative biomarkers can provide accurate clinical assessment of pathological
conditions, moreover a patient’s response to therapy. The advantage of molecular
biomarkers is high sensitivity that can detect early stages of a disease, and efficacy of
therapy (1, 2). Secreted molecules, such as cytokines and miRNA, have been explored as
biomarkers, particularly when these molecules are believed to be secreted from the
primarily affected tissue into the blood plasma. The advantages of cytokines levels are
modulated by different pathological conditions and can by robustly monitored using
multiplex quantitative assays, which further can be used in different prediction models like
risk assessment and toxicity (3). Changes in cytokines networks in blood have been found in
a wide range of disorders that are associated with the immune system, such as different
cancers, rheumatoid arthritis, neuroinflammatory CNS disorders, and Systemic Lupus
Erythematosus (1, 4-7). Cytokines as potential biomarkers were also reported in diverse
conditions like stroke, heart faliure, mood disorders (8, 9) (9) (10), and in some muscular
dystrophies like Duchenne muscular dystrophy (DMD) (11). In DMD, elevation in circulating
cytokines is probably due to an increase in inflammation (11). Changes in cytokines levels
were also found after change in muscle exercise (12-14) and in elderly (15, 16). These
studies suggest that cytokines levels can monitor changes in muscle function in conditions
without inflammation. So far, biomarkers for rare neuromuscular disorders, such as
oculopharyngeal muscular dystrophy (OPMD), have not been identified.

OPMD is a dominantly inherited myopathy, characterized by weakness of ocular and
pharyngeal muscles typically starting from the fifth decade (17). OPMD is caused by an
alanine-expansion mutation in the gene encoding for PABPN1 (18). OPMD pathophysiology
has been studied with the A17.1 mouse model, which was generated by stable
overexpression of the expanded PABPN1 under a muscle-specific promoter (19). The
hallmark of OPMD is formation of PABPN1 aggregates in myonuclei (20), and is considered
as the histocytological mark for the disease. Indeed, animal models for OPMD were assessed
for aggregates formation and muscle weakness in those models were correlated with
aggregate formation and muscle pathology (19, 21, 22). Moreover, aggregates were used to
assess the efficiency of small molecules as potential therapies for OPMD (19, 21, 23).
Recently, we reported that in heterozygous carriers of expanded PABPN1, aggregates are

found prior to muscle symptoms, aggregates abundance in vastus lateralis muscle was



similar to that in symptomatic OPMD patients (24). This calls for accurate biomarkers in
OPMD that could assess pre-clinical signs of disease.

PABPN1 is a regulator of mRNA processing and changes in PABPN1 levels cause genome-
wide changes in mRNA expression profiles (25), which we have previously reported in mRNA
levels of OPMD muscles (26, 27). Amongst the dysregulated functional groups, we identified
the cytokine activity group to be significantly affected in OPMD and mice models (27). We
then hypothesized that changes in cytokine levels in affected OPMD muscles could mark the

symptomatic state.



Results and discussion

MRNA expression profiles of the OPMD mouse model, A17.1, included up-regulation of the
cytokine activity functional group (28). We reported that up-regulation in this mouse model
is caused by alternative polyadenylation site usage in the 3'-UTR, and in this study we
identified cytokines-related genes to be significantly affected (29). We studies cytokines
levels in the vastus lateralis muscle as limb girdle muscles weakness is often amongst the
initial muscle symptoms in our patients (24). mRNA expression levels of 15 cytokines-related
genes were quantified using RT-gPCR, initially in a subset of 7 OPMD patients and 9 age-
matched controls (Supplementary Fig. 1). A significant lower expression level in OPMD vs.
controls was found for four genes (CCL7, CCL8, CCL25, CCI27; p-value < 0.05), and for three
genes (IL-15, IRF1, LTA) fold changes were in the same direction without statistical
significance (p-value = 0.06) (Supplementary Fig. 1). These seven genes were further
analyzed in control N=15 and OPMD N=16 (Supplementary Table 1). Lower expression of
CCL7, CCLS8, CCL25, CCL27, IL15 and LTA was found in OPMD, while the expression of IRF1
did not differ between control and OPMD (Fig. 1A).

We then investigated whether a change in cytokines levels is associated with symptoms in
expPABPN1 carriers. Uniquely to our OPMD dataset, we previously collected VL muscle
biopsies from younger OPMD family members without muscle symptoms. The expPABPN1
carriers were identified using a genetic test, and defined as pre-symptomatic or OPMD
patients based on symptoms (24, 26). Muscles from pre-symptomatics showed a normal
muscle histology, however nuclear aggregates were found to the same extent as in
symptomatic patients (24). In contrast to OPMD muscles, the expression levels of the six
cytokines in the expPABPN1 carriers did not differ significantly from age-matched controls
(Fig. 1B). We then assessed whether cytokines levels are affected by age. None of the six
cytokines were found to be age-associated (Supplementary Table 2). Together, this indicates
that expression of these six cytokines is primarily associated with symptoms in expPABPN1
carriers.

In the A17.1 mouse model for OPMD, the expPABPN1 gene is constitutively expressed under
a muscle specific promoter and changes in mRNA expression profiles are found in 6-week
old mice (28). Muscle weakness and muscle pathology in this mouse model is found at
week 18 and onwards, predominantly in fast muscles, such as TA (28). A change in the six
OPMD-dysregulated cytokines was indeed found in A17.1 TA muscles from 6 week-old mice

(Fig. 1C). However, in contrast to OPMD, a positive fold change was found in the A17.1 TA



muscle (Fig. 1C). We found that in the A17.1 18 weeks old mice, only 1117, Ccl7 and Lta
remained significantly elevated (Fig. 1D). We then distinguished between the contribution of
age and genetics to cytokine expression levels using linear regression models stratified for
genetics. We found that the expression of 1115, Lta, Ccl25 and Ccl27 was significantly reduced
with age in A17.1 mice (Supplementary Table 2). The expression of 1115 and Lta was also
reduced with age in the control mice (Supplementary Table 2). This suggests that reduced
expression with age of Ccl25 and Ccl27 is predominantly affected by expPABPN1 whereas
that of 1115 and Lta is less affected by expPABPN1.

Next, we assessed whether patterns of co-expression could be identified, as indicators of
gene network. Co-expression between every two genes was assessed by Pearson
correlations (Supplementary Table 3), and clustering of the expression profiles was
determined. Two separate groups were identified, using all 15 cytokine-related genes in
control (Fig. 2A). A strong correlation cluster encompassed LTA, CCL7, CCL8, CCL25, CCL27,
and PPBP, and a weaker cluster included IRF1, IRL1, CMTM4, SPP1 and IRL2 (Fig. 3A and
Supplementary Table 3A). The expression of the control gene, GUSB, did not have significant
correlations with any of the cytokine genes (Fig. 2A). Remarkably, in the most highly
correlated cluster, five out of the six genes were identified as having a lower expression in
OPMD. In contrast to the pattern of association between genes in control, clustering was
disrupted in OPMD (Fig. 3A). We then further assessed clustering of the OPMD dysregulated
cytokines in the extended dataset. In control, the LTA, CCL7, CCL8, CCL25, and CCL27 cluster
remained distinguished, but in OPMD correlations between those genes were weaker (Fig.
2B and Supplementary Table 3B). This analysis reveals that these cytokines co-expressed in
muscles from controls creating an expression network, but this network is disrupted in
OPMD.

We also assessed co-expressions in the A17.1 mouse model. In contrast to the results in
humans, in control FVB mouse Lta, Ccl7, Ccl8, Ccl25, and Ccl27 did not form a cluster (Fig.
3C). The co-expression correlation pattern differed between FVB and A17.1, but a
recognized cluster was not formed, instead a small cluster including Lta, Ccl25 and Ccl27 was
found in A17.1 (Fig. 3C). This indicates that the pattern of cytokines co-expression differs
between OPMD patients and the OPMD mouse model.

To investigate whether these six cytokines could potentially be robust predictive biomarkers
for OPMD, we applied a multivariable linear regression model adjusting for gender, age and
batch effects. In humans, as expected, all six cytokines were found to be significantly

associated with diagnosis, and CCL25 and CCL7 were found to have the strongest effect



(Table 1). This indicates that a decrease in these six cytokines levels in OPMD is robust and
overcomes age and gender differences among patients. In mice, five cytokine genetics were
found to associate with expression level, but the direction of the effect was opposite to that
found in OPMD patients. Additionally, in mice, Ccl25, 1115, Lta and Ccl27 were found to
associate with age (Table 1).

From these six cytokines, IL15 constitutive expression in muscles was previously shown, and
elevated IL15 levels were found in conditions with increased muscle mass (30). Additionally,
reduced IL15 levels were implicated in muscle wasting. Reduced 1115 were found to be
causing muscle atrophy and muscle wasting in mice under stress conditions (31, 32) and was
therefore proposed as a potential therapeutic target for muscle wasting (31). The expression
of CCL genes in muscles correlates with muscle wasting, for examples due to chronic binge
alcohol or Adeno virus administration (33, 34). Network analysis of chemokine expression in
blood reveals consistent co-expression in control, but it was gradually lost with cancer

disease progression (35).

Several studies demonstrated that circulating cytokines levels change after muscle exercise
and in changing muscle physiology conditions (12-14). It was suggested that oxidative stress
markers are secreted from muscles to blood after anaerobic exercise (36), and thus could be
used as measurers for muscle fatigue and pathology. Here we found that the expression
profile of six cytokines is specifically changed in affected OPMD muscles. We show that their
MRNA levels in muscles are associated with the disease. Future studies should investigate
levels of these cytokines in blood from OPMD. Additionally, future studies should examine
whether cytokine levels can predict disease severity and progression. Biomarkers are
employed to predict disease condition and to accurately report the efficacy of therapies (3).
For pre-clinical assessment of therapies the same set of biomarkers should be employed in
patients and in animal models. Our results here reveal that the expression of the OPMD-
dysregulated cytokines in humans affected by OPMD is opposite to that found in the mouse
model of OPMD. Moreover, we found that an age-associated cytokine profile differ between
mouse and human. The basis of this distinct cytokine profile remains to be resolved, but may
relate to pathological differences in disease progression (atrophic stage, fibrosis,
inflammation, ect), or to differences between human VL and mouse TA muscles, or to
differences in muscle aging biology between the two organisms. This study reveals
molecular differences between OPMD muscles from heterozygous patients and the A17.1

mouse, and encourages the development of alternative models for OPMD, such as the one



recently reported(37). Since subsets of muscles are predominantly affected in OPMD and
during aging(38), future studies should investigate the cluster of cytokines in different
muscles and correlate with circulating cytokine profiles.

In conclusion, we identified six cytokines whose mRNA expression profile altered in OPMD
muscles and is associated with OPMD symptoms. We found that changes in these six
cytokines are opposite to that found in a mouse model of OPMD, however their age-
associated changes where similar. We show that expression of these genes form a
distinguished cluster in human. This cytokines cluster is significantly weakened in OPMD and
the expression of these genes can predict the disease. We suggest that mRNA expression
levels of these six cytokines can potentially be specific biomarkers for OPMD disease severity

and progression.



Methods

OPMD patients, pre-symptomatic carriers, controls and clinical features

Fifteen genetically confirmed OPMD patients and nine expPABPN1 carriers at a pre-
symptomatic stage were included in this study. Subjects’ characteristics (age, gender and
diagnosis) are listed in Supplementary Table 1. Age distribution between expPABPN1 carriers
and controls did not differ (Supplementary Figure 1). Cytokines levels were determined in
vastus lateralis, as in the Dutch and Danish patients Initial muscle symptoms also include the
limb griddle muscles (24, 39, 40). A subset of the subjects (control N=9; OPMD N=7) was
first analysed for 15 cytokines. Additional subjects (control N=7; OPMD N=8) were included
for analysis of a subset of 7 differentially expressed cytokines. Results are presented for the
combined data, and in models correction for possible technical variations between the two
groups (batch effect) is included in the multivariate models. The pre-symptomatic subjects
were identified amongst the OPMD family members. Control biopsies were collected from
knee operations from subjects without OPMD. All subjects were described in previous
studies (24, 26). Muscle biopsies collection and RNA isolation were carried out as described
in (26). The study was approved by the local Radboud, Nijmegen Ethical Committee (CMO
nr. 2005/189) and written informed consent for RNA investigation was obtained from all

patients and controls.

cDNA synthesis and quantitative RT-PCR

RNA samples from A17.1 and FVB control at 6 and 18 weeks old animals were described in
(28). 1 pg total RNA was converted to cDNA using RevertAid RT Reverse Transcription Kit
(Thermo Fisher Scientific, MA USA). Quantitative RT-PCR was performed using Syber-Green
master mixture (Bio-RAD Laboratories, USA) on LightCycler® 480 (Roche Diagnostics, Basel,
Switzerland). mRNA expression levels were determined after normalizing to HPRT
housekeeping gene using the dCT calculation; fold changes were calculated after

normalization to the average of control using the ddCT calculation.

Statistical analysis

Statistical significance of fold change was assessed in human samples with the non-

parametric Mann-Whitney t-test. Analysis was carried out in Graphpad Prism 6.



Further analyses of data from the human OPMD patients and age-matched controls were
carried out after transformation to the natural logarithm due to skewness of the expression
data. Multivariable linear regression models were used to assess age effects on the
expression levels (as a dependent variable). For the human samples, models included
diagnosis (0: control; 1: OPMD), age, gender (0: female; 1:male) and batch (1, 2) as
independent variables. For the mouse samples (all are male and all isolations were
performed in one batch), included genetics (0: FVB; 1: A17.1) and age (0: 6 weeks; 1: 18
weeks). Pearson correlation tests were employed to assess correlations in expression levels
between genes. Statistical analyses were performed with IBM SPSS Statistics (version 20)
and. P-values <0.05 were considered as statistically significant. Correlation heatmaps were
generated in RStudio (version 0.99.484) using the ‘corrgram’ package (version 1.8) with
Pearson correlations. Genes were ordered with PCA-based re-ordering on the control

condition. All other charts were generated in Graphpad Prism 6.
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Table 1: Age-association of differentially expressed cytokines in human and mouse.

Human Mouse

Diagnosis Age Genetics Age

B (SE) p-value B (SE) p-value B (SE) p-value B (SE) p-value
CCL25 | -1.62(0.39) <0.0001 | -0.02(0.02) 0.392 0.73 (0.15) | <0.0001 -0.48 (0.15) | 0.004
CCL7 -1.71(0.53) 0.004 -0.03 (0.03) 0.217 0.55 (0.24) | 0.038 0.09 (0.24) 0.723
IL15 -0.40 (0.17) 0.028 0.001 (0.01) 0.926 0.96 (0.10) <0.0001 0.58 (0.1) <0.0001
LTA -0.64 (0.29) 0.035 0.02 (0.01) 0.116 1.14 (0.17) <0.0001 -0.57 (0.17) | 0.003
CCL8 -0.75 (0.34) 0.035 -0.004 (0.02) 0.796 0.74 (0.38) 0.067 -0.92(0.38) | 0.026
CCL27 | -0.41(0.19) 0.047 -0.01 (0.01) 0.253 0.49 (0.13) 0.001 -0.45(0.13) | 0.002

Betas (B) and standard errors (SE) of effects of diagnosis and age on cytokine expression

levels are provided. Multivariable linear regression models were employed. For human

samples models included diagnosis (0: controls, 1: OPMD), age (in years), gender (0: female,

1: male) and PCR experiment as independent variables. For mouse samples models included

genetics (0: FVB, 1: A17.1) and age (0: 6 weeks, 1: 18 weeks) as independent variables. P-

values <0.05 were considered statistically significant and are marked in bold.

Fig.1: Differential expression of cytokines in OPMD patients and controls and mouse

model
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Fig.2: Co-expression clustering of differentially expressed genes in control and OPMD.

A  Control B Control

co NNNNZZ
cellEN %
SN | | L e

B | &
o
Pror VAT

CCL2

A
'““l-ﬂﬂnﬂ

nY
| e
m IL18
ccL2

NNE
.-mm.GUSB IL15

SPP1
ILR1

S Phcvwm
% % N BN
H “ u PPBP

e “ “ Wl

Correlation heatmaps of Pearson correlations show correlations between expression levels

show patterns of gene clustering in human (A-B) or mouse (C). In (A) 15 cytokines related
genes were included in the analysis, and in (B) and (C) only the OPMD dysregulated
cytokines are included. Dataset in (A): control N=10, OPMD N=9; dataset in (B): control
N=16; OPMD N=15. Positive Pearson correlation values are depicted in blue and in red
negative values, according to the values scale. Genes are ordered using a PCA-based re-
ordering in the control conditions. Significant correlations are depicted with filled boxes,
while non-significant correlations are striped. The Pearson correlation values are found in

Supplementary Table 3.



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Sethi S, Ali S, Philip PA, and Sarkar FH. Clinical advances in molecular
biomarkers for cancer diagnosis and therapy. Int ] Mol Sci.
2013;14(7):14771-84.

Strimbu K, and Tavel JA. What are Biomarkers? Current opinion in HIV and
AIDS. 2010;5(6):463-6.

Tarrant JM. Blood cytokines as biomarkers of in vivo toxicity in preclinical
safety assessment: considerations for their use. Toxicol Sci.
2010;117(1):4-16.

Brzustewicz E, and Bryl E. The role of cytokines in the pathogenesis of
rheumatoid arthritis--Practical and potential application of cytokines as
biomarkers and targets of personalized therapy. Cytokine.
2015;76(2):527-36.

Kothur K, Wienholt L, Brilot F, and Dale RC. CSF cytokines/chemokines as
biomarkers in neuroinflammatory CNS disorders: A systematic review.
Cytokine. 2016;77(227-37.

Apostolidis SA, Lieberman LA, Kis-Toth K, Crispin JC, and Tsokos GC. The
Dysregulation of Cytokine Networks in Systemic Lupus Erythematosus.
Journal of Interferon & Cytokine Research. 2011;31(10):769-79.

West NR, McCuaig S, Franchini F, and Powrie F. Emerging cytokine
networks in colorectal cancer. Nat Rev Immunol. 2015;15(10):615-29.
Doll DN, Barr TL, and Simpkins JW. Cytokines: their role in stroke and
potential use as biomarkers and therapeutic targets. Aging Dis.
2014;5(5):294-306.

Martin C, Tansey KE, Schalkwyk LC, and Powell TR. The inflammatory
cytokines: molecular biomarkers for major depressive disorder? Biomark
Med. 2015;9(2):169-80.

Ueland T, Gullestad L, Nymo SH, Yndestad A, Aukrust P, and Askevold ET.
Inflammatory cytokines as biomarkers in heart failure. Clin Chim Acta.
2015;443(71-7.

De Paepe B, and De Bleecker JL. Cytokines and chemokines as regulators
of skeletal muscle inflammation: presenting the case of Duchenne
muscular dystrophy. Mediators Inflamm. 2013;2013(540370.
Balakrishnan SD, and Anuradha CV. Exercise, depletion of antioxidants
and antioxidant manipulation. Cell Biochem Funct. 1998;16(

Deminice R, Sicchieri T, Payao PO, and Jordao AA. Blood and salivary
oxidative stress biomarkers following an acute session of resistence
exercise in humans. Int ] Sports Med. 2010;31(

Finsterer J. Biomarkers of peripheral muscle fatigue during exercise. BMC
Musculoskeletal Disorders. 2012;13(1):1-13.

Bautmans [, Njemini R, Predom H, Lemper ]JC, and Mets T. Muscle
endurance in elderly nursing home residents is related to fatigue
perception, mobility, and circulating tumor necrosis factor-, interleukin-6,
and heat shock protein 70. ] Am Geriatr Soc. 2008;56(

De Fanis U, Wang GC, Fedarko NS, Walston ]D, Casolaro V, and Leng SX. T-
lymphocytes expressing CC chemokine receptor-5 are increased in frail
older adults. ] Am Geriatr Soc. 2008;56(

Schréder JM, Krabbe B, and Weis ]. Oculopharyngeal muscular dystrophy:
clinical and morphological follow-up study reveals mitochondrial



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

alterations and unique nuclear inclusions in a severe autosomal recessive
type. Neuropathol Appl Neurobiol. 1995;21(1):68-73.

Brais B, Bouchard JP, Xie YG, Rochefort DL, Chretien N, Tome FM,
Lafreniere RG, Rommens JM, Uyama E, Nohira O, et al. Short GCG
expansions in the PABP2 gene cause oculopharyngeal muscular
dystrophy. Nature genetics. 1998;18(2):164-7.

Davies JE, Wang L, Garcia-Oroz L, Cook L], Vacher C, O'Donovan DG, and
Rubinsztein DC. Doxycycline attenuates and delays toxicity of the
oculopharyngeal muscular dystrophy mutation in transgenic mice. Nature
medicine. 2005;11(6):672-7.

Tome FM, and Fardeau M. Nuclear inclusions in oculopharyngeal
dystrophy. Acta neuropathologica. 1980;49(1):85-7.

Catoire H, Pasco MY, Abu-Baker A, Holbert S, Tourette C, Brais B, Rouleau
GA, Parker JA, and Neri C. Sirtuin inhibition protects from the polyalanine
muscular dystrophy protein PABPN1. Human molecular genetics.
2008;17(14):2108-17.

Chartier A, Benoit B, and Simonelig M. A Drosophila model of
oculopharyngeal muscular dystrophy reveals intrinsic toxicity of PABPN1.
The EMBO journal 2006;25(10):2253-62.

Chartier A, and Simonelig M. Animal models in therapeutic drug discovery
for oculopharyngeal muscular dystrophy. Drug discovery today
Technologies. 2013;10(1):e103-8.

van der Sluijs BM, Raz V, Lammens M, van den Heuvel LPf, Voermans NC,
and van Engelen BGM. Intranuclear Aggregates Precede Clinical Onset in
Oculopharyngeal Muscular Dystrophy Journal of neuromuscular diseases.
2016;3(1):101-9.

Jenal M, Elkon R, Loayza-Puch F, van Haaften G, Kuhn U, Menzies FM,
Oude Vrielink JA, Bos A], Drost ], Rooijers K, et al. The poly(A)-binding
protein nuclear 1 suppresses alternative cleavage and polyadenylation
sites. Cell. 2012;149(3):538-53.

Anvar SY, Raz Y, Verway N, van der Sluijs B, Venema A, Goeman JJ, Vissing
], van der Maarel SM, t Hoen PA, van Engelen BG, et al. A decline in
PABPN1 induces progressive muscle weakness in oculopharyngeal
muscle dystrophy and in muscle aging. Aging (Albany NY). 2013;5(6):412-
26.

Anvar SY, t Hoen PA, Venema A, van der Sluijs B, van Engelen B, Snoeck M,
Vissing ], Trollet C, Dickson G, Chartier A, et al. Deregulation of the
ubiquitin-proteasome system is the predominant molecular pathology in
OPMD animal models and patients. Skelet Muscle. 2011;1(1):15.

Trollet C, Anvar SY, Venema A, Hargreaves IP, Foster K, Vignaud A, Ferry
A, Negroni E, Hourde C, Baraibar MA, et al. Molecular and phenotypic
characterization of a mouse model of oculopharyngeal muscular
dystrophy reveals severe muscular atrophy restricted to fast glycolytic
fibres. Human molecular genetics. 2010;19(11):2191-207.

de Klerk E, Venema A, Anvar SY, Goeman JJ, Hu O, Trollet C, Dickson G, den
Dunnen JT, van der Maarel SM, Raz V, et al. Poly(A) binding protein
nuclear 1 levels affect alternative polyadenylation. Nucleic acids research.
2012;40(18):9089-101.



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Quinn LS, Haugk KL, and Grabstein KH. Interleukin-15: a novel anabolic
cytokine for skeletal muscle. Endocrinology. 1995;136(8):3669-72.

Kim HC, Cho H-Y, and Hah Y-S. Role of IL-15 in Sepsis-Induced Skeletal
Muscle Atrophy and Proteolysis. Tuberculosis and Respiratory Diseases.
2012;73(6):312-9.

Pistilli EE, Siu PM, and Alway SE. Interleukin-15 responses to aging and
unloading-induced skeletal muscle atrophy. Am J Physiol Cell Physiol.
2007;292(4):C1298-304.

Riaz M, Raz Y, Moloney EB, van Putten M, Krom YD, van der Maarel SM,
Verhaagen ], and Raz V. Differential myofiber-type transduction
preference of adeno-associated virus serotypes 6 and 9. Skelet Muscle.
2015;5(37.

Dodd T, Simon L, LeCapitaine NJ, Zabaleta ], Mussell ], Berner P, Ford S,
Dufour ], Bagby GJ, Nelson S, et al. Chronic binge alcohol administration
accentuates expression of pro-fibrotic and inflammatory genes in the
skeletal muscle of simian immunodeficiency virus-infected macaques.
Alcoholism, clinical and experimental research. 2014;38(11):2697-706.
Yang D, Zhou ], Zeng T, Yang Z, Wang X, Hu ], Song Y, Chen L, Peer D, Wang
X, et al. Serum chemokine network correlates with chemotherapy in non-
small cell lung cancer. Cancer letters. 2015;365(1):57-67.

Bloomer R], Goldfarb AH, Wideman L, McKenzie M], and Consitt LA.
Effects of acute aerobic and unaerobic exercise on blood markers of
oxidative stress. | Strength Cond Res. 2005;19(

Riaz M, Raz Y, van Putten M, Paniagua-Soriano G, Krom YD, Florea BI, and
Raz V. PABPN1-Dependent mRNA Processing Induces Muscle Wasting.
PLoS Genet. 2016;12(5):e1006031.

Raz Y, and Raz V. Oculopharyngeal muscular dystrophy as a paradigm for
muscle aging. Front Aging Neurosci. 2014;6(317.

Van Der Sluijs BM, Hoefsloot LH, Padberg GW, Van Der Maarel SM, and
Van Engelen BG. Oculopharyngeal muscular dystrophy with limb girdle
weakness as major complaint. / Neurol. 2003;250(11):1307-12.

Witting N, Mensah A, Kober L, Bundgaard H, Petri H, Duno M, Milea D, and
Vissing J. Ocular, bulbar, limb, and cardiopulmonary involvement in
oculopharyngeal muscular dystrophy. Acta neurologica Scandinavica.
2014;130(2):125-30.



Supplementary material

Supplementry Table 1: Subject characteristics

Controls expPABPN1 carriers
Age Gender Age Gender
Mean(SD) Females:
50.0% 31-39
37.9 (2.8) 77.8%
34 F NA F
35 F NA M
a 35 F NA F
=1 =
o 36 F - NA F
oo £
3 38 F S NA M
< o
g 39 M g NA F
& 39 M o NA F
oo a
< 40 M NA F
41 M NA F
42 M
Mean(SD) Females: Mean(SD) Females:
59.8 (10.7) 62.5% 56.1 (8.1) 86.7%
43 F 45 F
43 M 47
45 F 47 F
52 F 49 F
53 M 51 F
o 54 F 54 F
o 58 F o 54 F
o0 ®
b5 60 F £ 55 F
5 S
s 60 M e 57 F
£ £
< 67 F a 57 M
oo
< 67 F 60 F
67 F 60 F
68 M 63 F
70 F 68 F
73 M 74 M
77 M

Supplementry Figure 1: Age-distribution of subjects in this study.
NA=not aviable. The age of presymptomatic carriers is not attributed, and therefore
only the age-range is indicated.



70

Age (years)
&

]

> e
*

o

«Controls ¢expPABPN1 carriers

y
5

10

20

**

30

Subject nr.

Scatter plot shows the distribution of subject across age in controls (gray) and
expPABPN1 carriers (red). Significant age-distribution between the two groups was

not found.

Supplementry to Figure 1: Expression levels of 15 cytokine related genes in control
and OPMD muscles.

Expression levels
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Expression levels are calculated by the dCT after normalization to HPRT levels. HPRT
levels were consistent across samples. Control N=10; OPMD N=9. Significant change

was assessed with unpaired nonparametric T-test.

Supplementry Table 2: Age or diagnosis association in human and mouse.

Human Mouse
Control OPMD FVB Al17.1

B (SE) pvalue B (SE) pvalue B (SE) pvalue B (SE) pvalue

IL15 0.02 (0.01) 0.123 -0.03 (0.01) 0.087 -0.60 (0.08) <0.001 -0.56 (0.20) 0.02

LTA 0.02 (0.01) 0.147 -0.13(0.03) 0.677 -0.43(0.12) 0.006 -0.70(0.32) 0.05
CCL25 -0.03 (0.02) 0.140 0.00 (0.04) 0.961 -0.11 (0.09) 0.22 -0.84 (0.24) 0.006
CCL27 -0.01(0.01) 0.786 -0.02 (0.15) 0.184 -0.20(0.11) 0.100 -0.70(0.21) 0.007
CCL7 -0.04 (0.02) 0.131 -0.02 (0.06) 0.764 -0.14 (0.18) 0.43 0.32 (0.45) 0.50
CCL8 -0.02 (0.01) 0.281 0.03 (0.04) 0.380 -0.53(0.37) 0.18 -1.32 (0.67) 0.08




Multivariable linear regression models on In-transformed expression levels stratified for
diagnosis (human) or genetics (mouse) were used to assess age effects on the expression
levels (as a dependent variable). Independent variables in the human dataset included age,
gender (0: female; 1:male) and batch (1, 2). Independent variables in the mouse dataset
included age. Betas for age (standard errors) are provided. Models for the human samples
are adjusted for possible gender and batch effects. In human OPMD and age-matched group
are included (Supplementary Table 1, age is a contentious variable. In mouse, age is an
ordinal covariate (0=6 weeks; 1=18 weeks).

Supplementry Table 3: Pearson correlations in controls and OPMD.

A. Correlations in human control and OPMD amongst 15 cytokines-related genes.
Figures/pearson correlation.xlsx

B. Correlations amongst the six OPMD-significant cytokines in human.
Figures/pearson correlation.xlsx

C. Correlations amongst the six OPMD-significant cytokines in mouse.
Figures/pearson correlation.xlsx
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