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CHAPTER THREE

Decline in PABPN1 expression level marks skeletal muscle

aging
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Silvere M. van der Maarel’, Peter A.C. 't Hoen'and Vered Raz"*

ging-associated disorders can be accompanied by in-

creased tissue degeneration and may provide insight

into key regulators of aging. Oculopharyngeal mus-
cular dystrophy (OPMD) is caused by alanine-expansion
mutations in PABPNI, and is characterized by progressive
skeletal muscle weakness that is manifested after midlife. We
compared expression profiles from Vastus lateralis of controls
and OPMD. Similar to PABPN1 expression, between 40-45
years a transcriptional switch was identified in both OPMD
and muscle aging while trends in OPMD were accelerated.
Among these genes, we identified a significant and progres-
sive decline in PABPNI expression from the fifth decade in
aging muscles. In concurrence with the more severe muscle
weakness, this decline was accelerated in muscles primarily
affected in OPMD. The aging-associated decline of PABPN1
was not detected in other tissues or in blood from OPMD
patients. We show that down-regulation of PABPNI induced
progressive cell senescence in myoblast cultures. We suggest
that a decline in PABPN1 expression marks muscle aging and
reduced levels of the protein causes age-associated muscle de-
generation.
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CHAPTER THREE

INTRODUCTION

Aging is marked by a progressive decline of cellular activities and its rate differs between tis-
sues (Kirkwood and Austad, 2000). A decrease in skeletal muscle performance, as measured by
strength, highly correlates with biological aging. Age-associated muscle weakness in healthy co-
horts starts around the fifth decade and linearly progresses with age (Beenakker et al., 2010). A
decline in muscle strength is suggested to predict functional disability and mortality in elderly
(Liu and Latham, 2011; Ling et al., 2010; Roth et al., 2002). The degenerative loss of muscle func-
tion during aging is regulated by numerous genetic and environmental factors. Consequently, the
onset and progression of aging-associated decline in muscle performance vary greatly between
individuals. Aging is a complex process and the molecular mechanisms that control the onset
and progression of muscle aging, as well as key regulators, are not fully understood. The high
complexity of aging-associated molecular mechanisms is demonstrated by genome-wide changes
in mRNA expression affecting a broad range of biological processes. Genome-wide transcrip-
tional changes can be derived by changes in mRNA stability. Thus, it is expected that regulators of
mRNA processing would regulate aging-associated transcriptional changes.

Aging associated changes can sometimes be exacerbated in patients with late onset degenerative
disorders (Kirkwood and Austad, 2000). Studies of late onset disorders can thereby expose key
regulators of aging that are otherwise difficult to identify. Oculopharyngeal muscular dystrophy
(OPMD) is a late onset autosomal dominant muscle disorder. OPMD is characterized by progres-
sive ptosis, dysphagia, and proximal limb muscle weakness that typically appear from the fifth
decade (Brais et al., 1995; Taylor, 1915; van der Sluijs et al., 2003). OPMD is caused by a trinucleo-
tide repeat expansion mutation in the gene encoding for Poly(A) Binding Protein Nuclear 1 (PAB-
PN1) causing a poly-alanine expansion in the N-terminus of PABPN1 (expPABPN1) (Brais et al.,
1998). PABPN1 binds to mRNA and regulates poly(A) elongation (Benoit et al., 2005). The length
of poly(A) depends on PABPN1 concentration (Kuhn et al., 2009), and knockdown of PABPN1
causes shortening of poly(A) tail mRNA (Apponi et al., 2010). PABPN1 knockdown in mouse
myotubes leads to myogenic defects and reduced cell fusion (Apponi et al., 2010). Reduced cell
fusion was also reported in OPMD myoblast cultures (Perie et al., 2006). Overexpression of mu-
tant PABPNI1 also leads to muscle cell defects in a mouse model (Davies et al., 2005; Trollet et al.,
2010). Mutant PABPN1 is prone to aggregation and accumulates in insoluble nuclear inclusions
(Tome and Fardeau, 1980). Although prevention of protein aggregation in animal models with
high overexpression of expPABPNI1 are effective in delay of muscle weakness (Davies et al., 2005;
Chartier et al., 2009; Catoire et al., 2008), aggregation of wild-type PABPN1 were also reported in
aging rat neuron cells (Berciano et al., 2004). In contrast to aggregates of expAPBPN1, those of
the wild type protein are not disease-associated. In cell models both wild type and expPABPN1
form aggregates, while expPABPN1 is more prone to aggregation (Raz et al., 2011a; Raz et al,,
2011b). Differences in aggregation can be, in part, explained in differences in poly-ubiquitination
(Raz et al., 2011b). Inhibition of the proteasome enhances the aggregation of expPABPNI1 in cell
models (Abu-Baker et al., 2003; Raz et al., 2011b). In OPMD the ubiquitin-proteasome system
(UPS) is significantly deregulated (Anvar et al., 2011; Raz et al., 2011b). Dysfunctional UPS stim-
ulates the formation of many protein aggregates (Balch et al., 2008; Morimoto, 2008; Sherman
and Goldberg, 2001).

It is unclear how a ubiquitously expressed protein, like PABPBN1, predominantly affects only a
subset of skeletal muscles and causes symptoms that are not apparent until midlife. We hypoth-
esized that aging contributes to the initiation and progressiveness of muscle weakness in OPMD.
We investigated the hypothesis that aging factors contribute to OPMD. We identified signifi-
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cant similarities between OPMD-deregulated and aging-regulated expression profiles. In con-
currence with muscle symptoms in OPMD, transcriptional changes were accelerated in OPMD
compared with normal aging. We show that a decline in PABPN1 expression is highly correlated
with age-associated changes in muscle strength in both OPMD and in muscle aging. We show
that down regulation of PABPN1 induces cell senescence. Since PABPN1 regulates mRNA sta-
bility, we suggest that changes in PABPN1 expression levels in muscle cells would lead to broad
transcriptional changes and hence muscle weakness.

RESULTS

Molecular signatures of aging are found in the OPMD mouse model at young age
Symptoms in OPMD do not become apparent until midlife. Therefore, we hypothesised that mo-
lecular processes that control muscle aging are involved in OPMD pathogenesis. We investigated
whether aging-regulated genes are deregulated in a mouse model for OPMD. In the A17.1 mouse
expPABPNI1 is overexpressed in muscles leading to muscle weakness (Davies et al., 2005). In this
mouse model, muscle atrophy initiates after 12 weeks (Trollet et al., 2010). A17.1-deregulated
genes were identified from age-matched wild type controls (Trollet et al., 2010). In a literature-
aided association study (LAS), we observed a large subset of A17.1-deregulated genes, in 6 week-
old A17.1 mice, that were strongly associated with the term ‘Aging’ (Figure 1A). Moreover, the
fold-change of these genes was remarkably high (Figure 1A). This suggests that in this mouse
model aging-associated transcriptional changes are induced already at 6 weeks. In an unsu-
pervised meta-analysis, 104 microarray studies, which are related to muscle development and
muscle disorders, were compared with that of A17.1. Three major clusters of similar transcrip-
tional changes were identified (Figure 1B). The transcriptome of the 6 week-old A17.1 mouse
was clustered together with those related to skeletal muscle aging (Welle et al., 2004; Giresi et al.,
2005), but not with datasets from other muscular dystrophies or myopathies (Figure 1B). These
analyses further indicate that transcriptional changes in OPMD are highly associated with those
of muscle aging.

Common molecular signatures in muscle aging and OPMD

To investigate genome-wide transcriptional changes in OPMD and during aging in humans,
three microarray datasets were generated from Vastus Lateralis muscles. For muscle aging a con-
tinuous cross sectional dataset was generated from controls aged 17-89. Datasets from OPMD
and expPABPNI carries at pre-symptomatic stage were generated after comparing to age-match-
ing control groups (Supplementary Table 1). Major sources of transcriptional variation were
assessed using unsupervised principal component analysis (PCA). In the control dataset age-
associated variations were identified using the first three principal components, covering 49% of
transcriptional variation. Based on the PCA analysis, samples were clustered into two age groups
of 17-42 and 43-89 years (Figure 2A). This suggests a genome-wide transcriptional switch at the
first half of the fifth decade. To verify this, we analysed the expression trends of probes whose
expression changed with age (named here as aging-regulated; P<0.05). We identified a major
switch-point around the age of 4245 years (Figure 2A). An absolute correlation distance measure
of k-means clustering revealed that the up-regulated and down-regulated trends of 70% of the
age-regulated probes are crossed at 42+5 years (Figure 2B). This indicates that a major expres-
sion switch in skeletal muscles occurs during the first half of the fifth decade. This observation
is in agreement with physiological studies in continuous cross-sectional cohorts showing that
aging-related changes in muscle strength start between 40 to 50 years (Kirkwood, 2005; Lexell et
al., 1988; Lindle et al., 1997; Sahin and Depinho, 2010). The aging-regulated genes were mapped
to a wide spectrum of Kyoto Encyclopaedia of Genes and Genomes (KEGG) functional pathways.
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Figure 1 -The A17.1 mouse transcriptome is strongly associated with aging. A) Volcano plot shows the
distribution of significantly deregulated genes (P = 0.05; indicated with a dashed line) in 6 week-old A17.1
mice against fold change. Genes are weighted based on their association with the Aging concept. The
normalized association-weight is presented with a circle on a scale between 0.05 and 1, where 1 equals
the highest association. B) Hierarchical clustering arrangements of 104 datasets in a literature-aided meta-
analysis. Shades of blue indicate degree of similarities: from weak (white) to strong (dark blue). Three skel-
etal muscle aging-related datasets are clustered with OPMD dataset of 6 week-old mice (highlighted in red).
The clusters associated with muscular dystrophies and other myopathies are highlighted in green and blue,
respectively.

These aging-regulated KEGG pathways were highly similar to those that were identified from
independent microarray study of skeletal muscles from two-age group (Welle et al., 2004; Welle
et al.,, 2003; Supplementary Table 2).

Around midlife, muscle weakness symptoms are found in OPMD but not in age-matching con-
trols (van der Sluijs et al., 2003) or in expPABPNI1 carriers at a pre-symptomatic stage (Supple-
mentary Table 2). OPMD-deregulated or pre-symptomatic-deregulated genes were identified
from age-matching controls. Despite the limited number of samples in OPMD, OPMD-de-
regulated genes were highly similar to those identified in OPMD animal models (Anvar et al.,
2011; Raz et al,, 2011b). In OPMD large transcriptional changes were identified, but only minor
transcriptional changes was identified at the pre-symtomatic stage (Figure 2C). Only 9% of the
OPMD-deregulated genes were also deregulated in the pre-symptomatic (Figure 2C). 30 KEGG
pathways were enriched in OPMD-deregulated genes (Supplementary Table 2), whereas no con-
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Figure 2 - High similarities between transcriptomes of muscle aging and OPMD. A) Principal component
analysis (PCA) plots of skeletal muscle datasets from healthy controls (age is indicated with a colour scale).
An age-associated variation is found with the first three principal components. Plots show sample distribution
in the first and second (left) or first and third (right) components. The percentage of variations is indicated
between brackets. The colour scale reflecting the age of the patient samples is given on top of the figure.
Dashed lines separate samples into two age groups. B) Plot shows expression trends for the major cluster
of 6448 probes whose expression are significantly changed with age (P<0.05). 4494 probes whose expres-
sion significantly change with age (p<0.05) were used for k-mean clustering analysis. Similar trends with
up- and or down-regulation were combined using absolute correlation, revealing a switching point at 42+5
years. Up- or down- regulated expression trends (red and blue, respectively) are indicated with dashed
lines, and continuous lines show the 95% boundaries. The middle line indicates the centroid with the age of
individual samples. C) Venn diagram shows the overlap of between genes associated with aging (>42) and
differentially expressed genes between OPMD- or expPABPN1 carriers and age-matched controls. Differen-
tially expressed genes (P<0.05) in OPMD and pre-symptomatic carriers were identified from age matching
control groups. P-values for overlap in differentially expressed genes were calculated with Fisher’s exact test.

sistently deregulated KEGG pathways were found at the pre-symptomatic stage. This indicates
that major transcriptional changes are associated with symptoms and age but not with the expres-
sion of expPABPNI per se.

The transcriptional changes in OPMD were significantly similar to aging-regulated genes (P =
1.1x10; Figure 2C), and high similarity was also found between OPMD-deregulated and ag-
ing-regulated KEGG pathways from two independent studies (Supplementary Table 2). These
analyses suggest that in both OPMD and muscle aging the major age-associated transcriptional
changes occur during the fifth decade. These transcriptional changes are significantly similar.
However, muscle weakness is found in OPMD and not in age-matching controls. This suggests
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Figure 3 — Analysis of differentially expressed genes in aging and in OPMD reveals that the UPS is the
most prominently associated biological process. A) 2D plots of selected biological processes, which are
affected in both OPMD (x-axis) and muscle aging (y-axis). Significantly affected genes have P-value<0.05
(indicated with red lines). Gene association with ‘muscle contraction’, ‘oxidative phosphorylation’, ‘insulin
signalling pathway’, ‘TGFp signalling pathway’, and ‘ubiquitin-proteasome system’ terms is presented by a
circle size. Normalized association weights < 0.1 are discarded. B) Cumulative distribution function (CDF)
plots show the distribution of normalized association weights for overlapping deregulated genes between
OPMD and muscle aging (>42 years) for each of the terms in A. Arrowheads indicate the maximum associa-
tion weights.

that progression and or amplitude of those transcriptional changes may underlie differences in
between OPMD and controls.

The UPS is the most affected pathway in OPMD and muscle aging

Next, we investigated the similarities of molecular changes in OPMD and aging-associated bio-
logical pathways using a literature-association study (LAS). In this study, we assessed the associa-
tion weights of overlapping genes between muscle aging and OPMD with the five most robust
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aging and OPMD-related pathways: oxidative phosphorylation, insulin signaling, tumor growth
factor (TGFp) signaling, the ubiquitin proteasome system (UPS) and muscle contraction (Sup-
plementary Table 2). In the muscle contraction group, the overlapping genes between OPMD
and muscle aging had high association weights (Figure 3A). This suggests that similar molecular
signatures of muscle contraction are found in OPMD and muscle aging. The overlapping genes
between OPMD and muscle aging were strongly associated with oxidative phosphorylation and
the UPS (Figure 3A), while little similarity was found for highly influenced genes in the insulin
or TGFp signaling pathways (Figure 3A). This suggests that different key components in insulin
or TGFp signaling pathways are deregulated in OPMD and muscle aging.

The association weights of the overlapping genes in OPMD-deregulated and aging-regulated
with five functional groups were ranked in Cumulative Distribution Function (CDF) plots and
compared against a theoretical random distribution. The associations of the genes with UPS,
oxidative phosphorylation and muscle contraction were much stronger than expected by chance
(Figure 3B; Kolmogorov-Smirnov test: P = 4.3x10%, 8.1x10% and 2.4x107%, respectively). In
contrast, the distribution of association weights for genes in the insulin and TGEp pathways were
insignificant and did not differ from a theoretical random distribution. The low P value is, in part,
due to the limited number of overlapping genes between OPMD and aging muscle in the latter
pathways. The UPS ranked the highest suggesting that key components of the UPS contribute to
both muscle aging and OPMD.

Age- related transcriptional changes are accelerated in OPMD

Clinical muscle weakness in quadriceps is found in OPMD patients but not in age-matching
controls (Supplementary Table 2). Muscle weakness in quadriceps among healthy subjects is
significant in the elderly (Hairi et al., 2010). Therefore, we investigated whether age-dependent
expression changes are accelerated in OPMD compared to healthy individuals. Age-dependent
expression trends of the probes that differentially expressed in both OPMD and aging were clus-
tered using k-means clustering. One cluster of up- and one cluster of down-regulated probes in
aging show earlier and accelerated changes in OPMD carriers (Figure 4A). Examples of rep-
rehensive expression trends of individual genes from each cluster are presented in Figure 4B.
Among those we identified the cell cycle regulator, CDKNIA (p21), and LMODI and CHRNA1
that are associated with muscle contraction. Among the genes with accelerated expression trends
in OPMD, for some the expression is changed at the pre-symptomatic stage. This analysis suggests
that expression trends in OPMD change faster compared with controls, and therefore changes in
expression profiles are accelerated in OPMD.

Next we evaluated similarities in expression profiles between OPMD and elderly (>80 years).
Significant overlap was identified between OPMD-deregulated and elderly-regulated genes (P
= 1.6x10°'*5; Figure 5A). From those, 74% showed a similar direction of deregulation. Examples
of genes with similar direction of deregulation in both datasets are shown in Figure 5B. All
genes were identified as aging-regulated in independent studies (Welle et al., 2004; Lu et al., 2004;
Rodwell et al., 2004). Since muscle weakness and atrophy is evident in elderly, this analysis sug-
gests that similar molecular changes are associated with muscle weakness in OPMD and elderly.

We also investigated the pool of overlapping genes between OPMD and elderly. The relevance of
this gene pool to aging was assessed with the literature concept ‘Aging’ The association-weight of
these genes to ‘Aging’ was very strong (Figure 5C). This confirms that this procedure can robustly
and quantitatively identify gene association to literature concepts. Similar to the pool of overlap-
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Figure 4 — Aging-associated expression trends are accel-
erated in OPMD. A) Expression trends of aging (>42)-regu-
lated and OPMD-deregulated probes show progressive
transcriptional changes in aging healthy controls (grey lines)
and accelerated changes in OPMD (red lines). Upper plots
show a summary trend (centroids) of all genes in each clus-
ter, and lower plots show individual genes. B) Examples of
expression trends of 10 genes from clusters in A, in healthy
controls (grey lines) and in exPABPN1 carriers at pre-symp-
tomatic and symptomatic stages (red lines). Standard devia-
tions are indicated. Left and right columns show down- or
up- regulated expression trends, respectively.
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ping genes between aging and OPMD, in
the OPMD-elderly pool, strong associa-
tion was found with oxidative phosphor-
ylation, the UPS and muscle contraction.
The association with insulin and TGEB
signalling pathways was less strong (Fig-
ure 5C).

Protein homeostasis is mainly regulated
by the autophagy-lysozyme system and
the UPS. Since the UPS ranks the highest
in both OPMD-aging and OPMD-elder-
ly pool of genes, we next compared the
association-weights of genes associated
with lysozyme, autophagy and the UPS
in the pool of OPMD-elderly overlap-
ping genes. In contrast to the UPS, the
association strength for autophagy and
lysosome was very low (Figure 5C).
The UPS was identified as the most sig-
nificantly and consistently deregulated
pathway in OPMD and models (Anvar
etal., 2011). In that study deregulation of
genes in autophagy and lysozyme ranked
much lower and was not consistently
significant in all OPMD model systems.
This suggest that deregulation of genes
in the UPS has the highest contribution
to muscle weakness in both aging and
OPMD.

PABPN1 expression progressively
declines with aging and the decline is
accelerated in OPMD

OPMD is caused by expression of exp-
PABPNI1. In the mouse model for OPMD
severity of muscle weakness is associated
with an increase in aggregates (Davies et
al., 2005; Trollet et al., 2010). In models
for OPMD aggregation depends on ex-
pression level. To our surprise, among
the OPMD-deregulated genes in our
microarray study we noticed PABPNI.
To validate the microarray observation
PABPNI1 expression levels were deter-
mined with RT-qPCR of RNA from Vas-
tus lateralis. Expression levels in OPMD
patients or expPABPN1 carriers at the
pre-symptomatic stage were compared
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Figure 5 — Similar changes in expression between elderly and OPMD. A) Venn diagram shows the over-
lap of differentially expressed genes in OPMD- and in elderly (>80 year). From the 1140 overlapping genes,
77% show changes in a similar direction. The P-value for the overlap was calculated with Fisher’s exact test.
B) Histogram show change in expression levels of genes with significantly changed expression in the elderly
(80 vs. 60 years) and in OPMD patients (vs. age-matched controls). All genes are reported in the literature as
aging-deregulated (* P <0.05, ** P <0.005, *** P <0.0005, and **** P <0.00005). C) Cumulative distribution
function (CDF) plots show the distribution of normalized association weights for overlapping deregulated
genes between OPMD and elderly (>80 years) for each of the terms indicated in the figure. Arrowheads
indicate the maximum association weights.

with age-matching control groups. A significant decline in expression was found in OPMD com-
pared with age-matching controls (Figure 6A). At the pre-symptomatic stage a slight but insig-
nificant reduction was found (Figure 6A). Since OPMD samples are significantly older compared
with pre-symptomatic, we next analysed whether a change in PABPN1 expression level is associ-
ated with age. RT-qPCR was performed on Vastus lateralis from 78 healthy controls aged 17-89.
A significant decline in PABPNI expression was identified from 43 years onwards (Figure 6B).
A quadratic model or two linear models describes most accurately the change in PABPN1 ex-
pression during age (Figure 6B). A significant shift in expression was identified around 43 years
(Table 1). This age-associated change in PABPNI expression shows a similar trend as decline in
skeletal muscle strength during aging (Kent-Braun et al., 2002; Roth et al., 2002), which is initi-
ated around midlife and progressively declines onwards. This suggests that changes in PABPN1
expression marks muscle aging. Moreover, symptoms in OPMD, but not the expression of exp-
PABPNI1 per se, are associated with a decline in PABPN1 expression.
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spectively. A quadratic fit is shown with a red line (age 17-89), gender-corrected P-value for the quadratic
fit is indicated in red. Blue dashed lines show linear fits for the age groups: 17 - 42 and 43 - 89 years. C)
PABPN1 protein expression in primary myoblasts from young (37y) and old (65y) donors. i) Immunofluores-
cence of PABPN1 (red) and Desmin (green) in myotube cultures of 37 or 65 year-old donors. Scale bar is 10
mm. ii) Histogram shows integrated fluorescence intensity of PABPN1 in myonuclei of 37y and 65y cultures,
Ns7y = 103 and Nesy = 87 myonuclei. P value was calculated with the student’s T-test, significant difference
(p<0.05) is indicated with an asterisk. D) Box plot shows PABPN1 LOG2 expression in blood of OPMD pa-
tients (Norvp = 16) and age-matched controls (Nage-matched control group = 12). Expression values were normalized
to GAPDH and HRPT genes.

To validate the decline in PABPN1 mRNA expression, PABPN1 protein accumulation was deter-
mined in primary muscle cell cultures from 37 or 65 year-old individuals (Figure 6C). Protein
analysis was performed on cultures that were in vitro propagated for a single passage. A nuclear
staining of PABPN1 was found in these myoblasts. A decline in PABPN1 protein accumulation
was observed in Myo-65y compared with Myo-37y, whereas the intensity of Desmin staining was
unchanged (Figure 6Ci). Quantification of nuclear PABPNI1 fluorescence intensity in myonuclei
of fused myotubes revealed a significant decrease in Myo-65y compared with Myo-37y (Figure
6Cii).

PABPN1 is expressed in every cell whilst symptoms in OPMD are predominantly exhibited in a
subset of skeletal muscles. To investigate whether the decline in PABPN1 expression is tissue spe-
cific, the expression of PABPN1 was determined in blood samples of OPMD patients. RT-qPCR
analysis revealed that PABPNI expression levels were unchanged between OPMD patients and
age-matching controls (Figure 6D). This suggests that a decline in PABPN1 expression in OPMD
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Table 1 — Changes in PABPN1 expression depends on chronological age are muscle specific.

Tissue Age (years) Beta P-value
Vastus lateralis 17 - 42 (N = 41) -0.006 (0.009) 0.37
43 - 89 (N = 34) —0.029 (0 006) <0.0001
Frontal Brain Cortex 26 — 69 (N=17) 0.002 (0.007) 0.73
70 95 (N = ) —0.018 (0 008) 0.04
Blood 42 - 102 (N = 150) 0.001 (O 003) 0.69
Kldney Cortex 27 92 (N=72) —0.001 (0.002) 0.76
-0.001 (0.002) 0.42
—0.003 (O 002) 0.15
Kidney Medulla 29-92 (N =61) —0.003 (0.002) 0.11
0.001 (0.002) 0.76
-0.004 (O 002) 0.06
Rectus Abdominis 24 -83 (N =81) -0.000 (0.003) 0.94 Betas (standard errors of the mean)
of a linear model are provided per
0.010 (0.007) 0.13 probes. Values for three indepen-
dent PABPN1 probes are shown for
e, 0001 (0:003) 084 | gatasets from Kidney cortex, Kidney
- _ medulla, Rectus Abdominis and Par-
Parotid glands 19-71(N=13) O'OOO (0.003) 0.93 totid glands. P-values are adjusted for
0.003 (0.005) 0.64 gender. Significant changes are high-
lighted in bold. N indicates number of
-0.001 (0.005) 0.86 samples. Age is indicates in years (y).

is muscle-specific. Next we investigated PABPN1 expression in several aging-related microarray
studies from different tissues. A change in PABPN1 expression was not found in Blood, Parotid
glands, kidney cortex or kidney medulla (Table 1). In postmortal frontal brain cortex we identi-
fied a small decline in PABPNI1 expression in elderly (Table 1). Compared with PABPN1 decline
in Vastus lateralis, the decline in the brain cortex was smaller and delayed (Table 1). Also in Mus-
culus rectus abdominis PABPN1 expression was not changed with age (Table 1). Rectus Abdominis
is a typical posture skeletal muscle, while the Vastus lateralis is involved in muscle movement.
Moreover, muscle weakness is more pronounced in the Vastus lateralis compared with Rectus
Abdominis (Marzani et al., 2005). Together, this analysis suggests that the age-associated decline
in PABPN1 expression marks physiological aging in a subset of skeletal muscles.

PABPN1 down-regulation in human muscle cell culture induces cellular senescence and
myogenic defects

To investigate the effect of PABPN1 down-regulation in muscle cells, three PABPN1 shRNA
clones were selected for functional studies in immortalized human myoblast cultures using the
lentivirus expression system. Compared with controls (H1 empty vector and non-transduced
cells), the three PABPN1 shRNA clones, 121, 122 and 123, led to a 70%, 40% and 20% decrease
in PABPNI expression (Figure 6A). These clones were selected as they represent a physiological
decline in PABPN1. The sh121 clone led to down-regulation that is comparable to the decline in
OPMD patients, while the sh122 clone led to a decline as in healthy controls around 60-70 years.
The small decline in the sh123-transduced cells was comparable to the expression level in 40-50
year-old controls. Western blot analysis of protein extracts from fused cells confirmed substantial
PABPN1 down-regulation in the sh121-transduced cell cultures, and about 40% reduction in
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Figure 7 — PABPN1 down-regulation in myotubes shows myogenic defects and cell senescence. Hu-
man myotubes were transduced with shRNA specific to PABPN1 (121, 122, and 123) or H1 empty vector.
Non-transduced (NT) cells were used as controls. A) Histograms show PABPN1 expression in myoblasts
two weeks after transduction. Fold change was normalized to GAPDH gene and to non-transduced cells.
Averages are of 6 biological replicates. Western blot analysis of PABPN1, MHC1 and MSA in 121-, 122- or
H1- transduced myotubes two weeks after transduction. B) Immunofluorescence of PABPN1 (labelled with
Alexa-594) and myosin (labelled with Alexa-488) in 121- or H1-transduced fused myoblast cultures. Scale
bars are 20 mm. A magnification of a single nucleus is shown in the boxed image. C) Cell growth analysis
of 121-, 122- and H1- transduced myoblasts 3 or 10 weeks in culture. 50,000 cells were plated and were
counted after 2 days in culture. Plots show normalized cell number to un-transduced controls. Averages are
of 3 biological replicates. D) Left: Immunofluorescence of myotube cell cultures of desmin, PABPN1 and

94



DECLINE IN PABPN1 EXPRESSION LEVEL MARKS SKELETAL MUSCLE AGING

MHC1. Cells were cultured for 10 weeks before fusion. Nuclei were counter stained with DAPI. Scale bars
are 15 mm (Desmin) or 5 (PABPN1 and MHC1) mm. E) Images of fused myoblast H1- or 121- transduced
cultures. Preceding fusion cells were maintained for 4 or 10 weeks after transduction. Scale bar is 30 mm.
F) Left histogram shows RNA expression of MYH1, DMD, and CAV3in 121-, 122-, 123-, and H1-transduced
fused myoblast cultures. Cells were cultured for 3 weeks before fusion. Fold change was normalized to
GAPDH and to non-transduced cells. Averages are of 3 biological replicates. Significant down-regulation
(P<0.05) is indicated with asterisks. Right histogram shows Fold change in the microarray study in aging.

sh122-transduced cells (Figure 7A). A decrease in the accumulation of nuclear PABPN1 was
also verified by immunofluorescence in the sh121-transduced cells. A reduced PABPNI signal
was found in sh121 cells compared with control cells (Figure 6B). Nuclear PABPN1 is localized
to speckles (Tavanez et al., 2005). In myonuclei of sh121 the speckle localization of PABPN1 was
disrupted (Figure 7B, box). Together, this demonstrates that shRNAs for PABPN1 induced a
decline in mRNA and protein accumulation.

Next we investigated cellular effects of PABPN1 down-regulation. Cell growth was not signifi-
cantly affected in all myoblast cultures two or three passages after transduction (Figure 7C).
However, after a longer culturing period, a 60% decline in cell growth was found in the sh121-
transduced cells, whereas changes were not found in sh122, sh123-transduced cells or in con-
trols (Figure 7C). Senescent cells are marked by heterochromatic foci (HF) (Spector and Gasser,
2003). We observed HF in the sh121-transduced cells but not in controls (Figure 7D). PABPN1
expression was undetectable in nuclei with HF (Figure 7D). In vivo, the majority of muscle cells
are post-mitotic; therefore we compared the abundance of HF nuclei between myoblast and myo-
tube cultures. 24% of myonuclei in 121-fused cultures contained HF whereas in 121-myoblasts
only 9% of the cells were with HE This suggests that the effect of PABPN1 down-regulation on
cellular senescence is more pronounced in post-mitotic cells. Senescent muscle cells exhibit re-
duced fusion (Bigot et al., 2008). The fusion index in control cells was around 70% in transduced
cells and controls, and was not significantly affected during in vitro propagation (Figure 7E).
However, during in vitro propagation of the sh121-transduced cells cell fusion was reduced to
30% (Figure 7E). In concordance with cell growth, no significant reduced cell fusion was found
in sh122- or sh123- transduced cells. Fusion defects can be associated with reduced expression
of sarcomere encoding genes. RT-qPCR of MYHI, DMD and CAV3 revealed a significant re-
duction in fused cultures of sh121-transduced cells (Figure 7F). For these genes a significant
decline in expression was found in our microarray study (Figure 7). The decline in MHYI on
mRNA level was consistent with a reduced protein accumulation in myotubes (Figure 7A). In the
sh122- and sh123- transduced cells a gradual decrease in the expression of MYH]I was observed,
which corresponds to the decline in PABPNI expression (Figure 7F). The expression of DMD
was significantly affected in the sh122- but not in the sh123- transduced cells. The expression of
CAV3 reduced only in the sh121-transduced cells. Our experiments in this cell model suggest a
regulatory role for PABPN1 expression level in induction of cell senescence in muscle cells, which
is associated with a gradual change in expression of sarcomeric genes.

DISCUSSION

PABPNI regulates poly(A) tail length and mRNA stability (Lemay et al., 2010; Kuhn et al., 2009),
and thus plays an indispensable role in cell homeostasis by affecting genome-wide mRNA accu-
mulation. Previous studies demonstrated that a complete knockdown of PABPN1 causes shorting
of poly(A) tail, which is associated with myogenic defects, including reduction in cell growth and
fusion (Apponi et al., 2010; Chartier et al., 2006; Davies et al., 2006; Trollet et al., 2010). Here, for
the first time, a significant decline of PABPN1 expression in affected muscles of OPMD patients is

95



CHAPTER THREE

Aging-regulated  Muscle Contraction reported. Since a decline in PABPNI1 ex-
UPS genes Mitochondria pression was not found at the pre-symp-
\4 tomatic stage it suggests that the decline
in PABPN1 expression is not caused by
the expression of expPABPNI, per se. We
\ show that a down-regulation of PABPN1
expression, to levels that are found in

vivo (OPMD and aging), in muscle cell

» culture leads to cellular defects, including

Young Ading imhiation Elderly el senescence and myogenic defects. In
810 ?45 Years) accordance with disease progression, the

decline in cell growth and fusion corre-
Figure 8 — Schematic presentation of decline in PABPN1 [4tes with levels of PABPN1 down-regu-
expression in association with protein aggregation dur- lati Pri blast cult f
ing aging. Upper panel represents age-associated changes aton. rlrn.ary myoblas c.u'ures rom
in PABPN1 expression manifested during midlife, with ac- OPMD patients also exhibit reduced
celeration in OPMD (in red). Lower panel illustrates the de- cell growth and fusion defects (Perie et

cline in the level of soluble PABPN1 during aging of skeletal al, 2006) Overexpression of PABPN1
muscle, regulated by the UPS. 2 ’

Muscle Function &
PABPN1 Expression

also leads to muscle cell defects and at-
rophy, which is associated with genome-
wide transcriptional chances (Trollet et al., 2010). Mild overexpression of either expPABPNI1 or
the wild type allele in fused muscle cell culture also leads to transcriptional changes (Raz et al.,
2011b). These changes, however, are significantly smaller compared with high overexpression
situations (Raz et al., 2011b). Since PABPN1 regulates poly(A) length and hence mRNA stability,
these studies together suggest that manipulations of PABPN1 expression levels below or above a
narrow threshold leads to widespread transcriptional changes in muscle cells.

PABPNI1 is ubiquitously expressed but symptoms in OPMD are predominately exhibited in a
subset of skeletal muscles. Here we found that in OPMD PABPNI1 expression declines in skeletal
muscles but not in blood. During normal muscle aging, PABPNI1 level also decreases. However,
this decline is slower and smaller than in OPMD. The decline in PABPN1 expression was not
found in other tissues like kidney, Parotid glands, blood or Rectus Abdominis muscles, which is
less affected during aging. A smaller and delayed decline in PABPN1 was identified in brain cor-
tex. This suggests that a decline in PABPN1 expression is more prominent in skeletal muscles. The
decline was progressive from the age 43+ years, and perfectly fit to the decline in muscle weakness
during aging (Beenakker et al., 2010). Previous studies demonstrated significant muscle weak-
ness in quadriceps of elderly (Kent-Braun et al., 2002; Roth et al., 2002). A major switch in expres-
sion profiles in both OPMD and aging was identified during the first half of the fifth decade. This
suggests that similar mechanisms initiate muscle weakness in aging and OPMD. Transcriptional
similarities between OPMD and elderly suggest differences in progression of aging-regulated
muscle weakness between OPMD and normal aging (Figure 8).

Protein aggregation is the hallmark of OPMD. Both wild type and mutant PABPNI are prone to
aggregation. However, aggregation potency of expPABPNI1 is higher than that of the wild type
protein (Raz et al., 2011b). In contrast to the aggregation process of wild type PABPN1, that of
expPABPNI1 is irreversible and encompasses stable pre-aggregated forms or oligomers (Raz et al.,
2011a). Aggregates of both wild type and expPABPNI1 entrap a broad rage of nuclear proteins,
including components of the UPS (Calado et al., 2000; Anvar et al., 2011). The rate of protein
entrapment differs between aggregation process of wild type and mutant PABPN1 (Raz et al.,
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2011a). Protein entrapment can be associated with transcriptional changes of nuclear proteins
and UPS encoding genes (Corbeil-Girard et al., 2005; Anvar et al., 2011). Since proteostasis of
nuclear proteins is predominantly regulated by the UPS, changes in expression of UPS encod-
ing genes would affect the ratio of soluble to aggregated proteins. PABPN1 aggregation reduces
the levels of soluble PABPN1 (Raz et al., 2011b), and therefore could lead to a similar effect as
down-regulation. Aggregation of PABPNI1 is regulated by the UPS (Raz et al., 2011b). Moreover,
transcriptional changes of the UPS were identified in OPMD and aging. In elderly and OPMD
the UPS ranked with a highest association. Functional decline of the UPS is associated with an
accumulation and aggregation of misfolded proteins (Balch et al., 2008; Morimoto, 2008; Sher-
man and Goldberg, 2001). In C. elegance, aging is associated with widespread accumulation of
aggregated proteins (David et al., 2010). Changes in proteasome activity in skeletal muscles were
observed in muscle aging (Ferrington et al., 2005). We suggest that age-associated changes in UPS
expression play a role in OPMD onset (Figure 8).

Altogether, our data reveals a strong association between PABPN1 expression in OPMD and in
muscle aging. A decline in PABPNI expression marks muscle aging and we suggest that PABPN1
plays an indispensable role in muscle homeostasis. From this study new regulators of aging cells
could be identified in future studies.
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MATERIALS AND METHODS

Human materials, RNA extraction and RT-qPCR

Datasets: Human and mouse samples that were used in the microarray studies have been previ-
ously published (Anvar et al., 2011; Trollet et al., 2010). A summary of human samples is listed in
Supplementary Table 1.

All human muscle biopsies presented in this study were collected at Radboud Hospital, Nijme-
gen, Canisius-Wilhelmina Hospital, Nijmegen, The Netherlands, and Rigshospitalet, Denmark,
after an approval of the medical ethical committee Arnhem-Nijmegen (CMO nr. 2005/189) and
of the local ethical committee, from The NL and Denmark, respectively. OPMD patients and
pre-symptomatic were genetically confirmed and underwent clinical investigation including
MRC score prior to sampling of muscle biopsy. All quadriceps biopsies were collected using the
Bergstrom needle procedure. The biopsies froze immediately in liquid nitrogen and stored at -80
before RNA extraction.

RNA extraction and RT-qPCR were performed as described in (Trollet et al., 2010). Expression
levels were calculated according to the AACT method, and were first normalized to GAPDH
housekeeping gene and then to controls (17 - 25 years) in the aging studies, or to the age-matching
controls in the studies of expPABPNI1 carriers. The statistical significance was determined with
the Student’s t-test. The list of primers used in this study is provided in Supplementary Table 3.

Microarray and Statistical Analyses

The human and mouse microarray datasets are publicly available at GEO repository under the ac-
cession numbers GSE26605 and GSE26604, respectively. In all datasets genome-wide expression
profiles of skeletal muscles from OPMD were compared to controls. PABPN1 expression in non-
muscle tissues was identified from previously published microarrays, all are publically available:
frontal cortex: (GEO-GD707, GEO-GSE1572; Lu et al., 2004), Rectus abdominis (GEO-GSE5086;
Zahn et al., 2006), blood (GEO-GSE16717; Passtoors et al., 2012), kidney (Rodwell et al., 2004)
and Parotid glands (GEO-GSE8764; Srivastava et al., 2008).

Data Processing: Quantile normalization was applied on the microarray raw dataset and data
quality was assessed by the principal component analysis. Differentially expressed genes between
two age-groups were identified by applying hierarchical linear model using limma package in R
(Smyth, 2004) at a cut-off of 0.05. Furthermore, a list of aging-deregulated genes was filtered for
those that could not be confirmed after integration with additional set of control individuals in
an independent dataset. The OPMD-deregulated genes in the OPMD mouse model and patients
were identified as previously described (Anvar et al., 2011; Trollet et al., 2010). Probe annotation
was carried out using illuminaHumanv3BeadID (human) and illuminaMousevlBeadID (mouse)
R packages. Statistical significance of gene overlap was carried out with the Fisher’s exact test in R.

The principal component analysis (PCA) was applied on the human dataset to identify outliers
and to investigate age-associated variations. PCA analysis was performed in Matlab and in R.

For the literature-aided study (LAS) the association weights between genes and each biological
process were mined using Anni 2.1 (Jelier et al., 2008b). The association weights were normalized
to the scale between 0 and 1, relative to the maximum association weight. Threshold of 0.1 was
applied to remove genes with weak association (based on the level of evidential support in litera-
ture). In addition, genes with P >0.05 (-log, >1.3) in muscle aging and OPMD were excluded.
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Cumulative Distribution Function (CDF) plots were used to examine the association distribution
for deregulated genes in OPMD and muscle aging. The CDF of Gene, is defined as the proportion
of genes with association weight less than or equal to that of Gene, The Kolmogorov-Smirnov
(KS) test was used to identify distributions that significantly differ from a theoretical distribution,
threshold of P <107. Statistical tests were performed in Matlab.

The k-means clustering was used to identify similar expression trends. The procedure was made
with probes. For the control samples an absolute correlation was applied to cluster probes with
reciprocal (up or down) trends. However, in order to optimize the clustering arrangements, aver-
age Silhouette (S, ) values are calculated for each cluster in Matlab. Clustering arrangement of
partitions with S <0.6 were reiterated until the criteria has met. Maximum number of clusters
was set to 20 to avoid overly complex clustering arrangement due to the size of the set. The cluster
centroids were used to provide summarized age-dependent expression patterns for each cluster.

Statistical analyses of linear and quadratic models were carried out with the SPSS software (IMB)
and Matlab, and plots were generated in Matlab.

Pathway Analyses: Genes were mapped to KEGG pathways (Kyoto Encyclopedia of Genes and
Genomes) for assessment of significant transcriptional deregulation in aging (>42 years) or in
OPMD using global test (Goeman et al., 2004; Jelier et al., 2011). DAVID, a functional annotation
clustering tool (Dennis, Jr. et al., 2003; Huang et al., 2009), was used for integration and remov-
ing redundancy. The previously published datasets of Welle et al. (Welle et al., 2004) were used
for replication and independent confirmation of pathway analysis. Subcellular localization was
carried out with Gene Ontology. A recent annotation of genes encoding for aggregation-prone
proteins (David et al., 2010) was used to map the human homologues genes using HomoloGene
(http://ncbi.nlm.nih.gov/homologene) and Inparanoid (http://inparanoid.sbc.su.se) online data-
bases. The meta-analysis was carried out on 104 microarray datasets from various organisms as
described in Jelier et al. (Jelier et al., 2008a).

Cell culture and Lentivirus transduction

The human 7304 immortalized myoblasts were a kind gift from Francesco Muntoni (University
College London, UK) and were prepared by Gillian Butler-Browne and Vincent Mouly (Zhu et
al., 2007). The 7304 cells were propagated in a medium containing DMEM+20% Fetal Calf Serum
supplemented with an equal volume Skeletal Muscle Cell Media (PromoCell, Heidelberg, Ger-
many) at 37 °C under 5% CO,. Cell fusion was carried out in a medium containing DMEM+5%
Horse Serum. Human skeletal primary myoblasts from a 37-year-old (37y) and a 65-year-old
(65y) donor (Tebu-bio, Le Perray en Yvelines, France) are described in (Righolt et al., 2011). Cells
were propagated for only one or two passages and subsequently were seeded on collagen-coated
glass plates for imaging.

The shRNA in lentivirus expression vectors 121 (TRCN0000000121), 122 (TRCN0000000122)
and (TRCN0000000123) 123 were obtained from Sigma-Aldrich. An empty vector, H1, was used
as a negative control. Lentivirus particles were produced as described in (Raz et al., 2006). Virus
transduction was performed with 2mg/ml polybrene. Cells were cultured with viruses (MOI ~25)
overnight, followed by medium refreshing. Transduced cells were maintained in the presence
of 5mg/ml puromycin. PABPNI down-regulation was determined 3 days, 4 weeks and 8 weeks
after transduction using RT-qPCR. Down regulation did not change during culturing. In total, 4
independent transduction experiments were performed. Cell fusion and cell growth experiments
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were carried out in the absence of puromycin. For cell growth analysis 50,000 cells were seeded
in triplicates in a 24 well plate and the number of living cells was counted after two days with
TC10™ Automated Cell Counter (BioRad Hercules, CA, USA). Cell growth experiments were
carried out 3 and 10 weeks after transduction. Cell fusion was carried out 10 weeks after trans-
duction in triplicates and cell fusion index was determined by dividing the number of nuclei in
myotubes to the total number of myotubes.

Immunofluorescence and western blot analyses

The analysis of fused cells was carried out on cells seeded on plastics or on collagen-coated glass
plates. Immunofluorescence was carried out as described in (Raz et al., 2006). Images were re-
corded as described in (Raz et al,, 2011b). Primary antibodies used were: anti-Myosin MF20
(Sigma-Aldrich, MO, USA); anti-Desmin (1:500; Cell Signalling Technology, MS, USA) and the
anti-PABPN1, 3F5 llama single chain antibody (1:1000; Verheesen et al., 2006), recognised with
rabbit-anti-VHH (1:2000). The Alexa 488-, Alexa 430- or Alexa 594- conjugated secondary anti-
bodies against primary antibodies were obtained from Molecular Probes (Invitrogen, CA, USA)
and used (1:2000). DAPI (Sigma-Aldrich, MO, USA) was used for DNA counterstaining.

Western blot analysis of total proteins that were extracted from fused cells was carried out as
described in (Raz et al, 2011b). Primary antibodies were mouse monoclonal anti-muscle ac-
tin (MSA) (1:2000) (Novocastra, Newcastle upon Tyne, UK), 3F5 llama single chain antibody
(1:1000) recognised with rabbit-anti-VHH (1:2000) and anti-Myosin MF20 (1:500) (Sigma-Al-
drich). Detection of the first antibodies was conducted with the Odyssey Infrared Imaging Sys-
tem (LI-COR Biosciences, NE, USA) and suitable secondary antibodies.
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APPENDIX

Supplementary Table 1 — A list of muscle biopsies of OPMD patients and controls. All expPABPN1 car-
riers were confirmed by sequence analysis.

expPABPNT1 carriers

Controls
Pre-symptomatic Symptomatic

Sex Age Sex Age Sex Age Sex Age MRC  Sex Age MRC
Female 17 Male 36 Male 55 Female 37 5 Female 49 4
Male 17 Female 36 Female 56 Female 37 5 Female 54 5
Female 19 Male 36 Female 56 Male 38 5 Female 57 4
Female 19 Female 37 Male 56 Female 39 5 Male 59 5
Male 20 Female 38 Male 58 Female 39 5 Female 60 4
Female 20 Male 39 Female 58 Female 41 5 Female 60 45
Male 22 Female 39 Female 60 Male 66 4.5
Male 23 Male 39 Female 60 Male 68 35
Female 25 Male 40 Female 60 Female 69 45
Female 27 Male 40 Male 60
Male 27 Male 40 Male 61
Female 27 Female 40 Male 66
Male 28 Male 41 Female 67
Male 28 Male 42 Male 67
Male 29 Male 42 Female 67
Male 29 Male 42 Female 67
Female 31 Male 42 Male 68
Female 31 Male 43 Female 70
Male 32 Male 43 Male 70
Female 32 Female 43 Male 73
Female 32 Female 43 Male 77
Female 34 Female 44 Female 85
Female 34 Male 44 Female 87
Male 34 Male 45 Female 89
Female 35 Female 48
Female 35 Male 49
Female 35 Female 49

MRC score is a non-linear clinical measure for muscle weakness. MRC in left and right quadri-
ceps was determined at the same day when biopsies were sampled. Values show an average
of both sides. MRC in age-matching controls and in pre-symptomatic is 5. 5=normal muscle
strength; <5 indicates muscle weakness.
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Supplementary Table 3 — A primer list for RT-qPCR.

DECLINE IN PABPN1 EXPRESSION LEVEL MARKS SKELETAL MUSCLE AGING

Gene FW Primer RV Primer

GUSB 5 CTCATTTGGAATTTTGCCGATT 5" CCGAGTGAAGATCCCCTTTTTA
GapDH 5 CAACGAATTTGGCTACAGCA 5 AGGGGTCTACATGGCAACTG
PABPN1 5 ATGCCCGTTCCATCTATGTTG 5 GCCTGGTCTGTTGGTTCGTT
MYH1 5" TGGACAAACTGCAAGCAAAG 5" GACCTGGGACTCAGCAATGT
CAV3 5" CTGTTGCCTGAGCACAAAAA 5" GTTAGCCAAAGGGGAGGTTC
DMD 5 TGAGAGCTTTATTGCTGCATTTT 5 CATGCCATGTGATGTTTATGC
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