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CHAPTER TWO

Deregulation of the ubiquitin-proteasome system is the

predominant molecular pathology
models and patients

in OPMD animal
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culopharyngeal muscular dystrophy (OPMD) is a

late-onset progressive muscle disorder caused by a

poly-alanine expansion mutation in PABPNI. The
molecular mechanisms that regulate disease onset and pro-
gression are largely unknown. In order to identify molecu-
lar pathways that are consistently associated with OPMD,
we performed an integrated high-throughput transcriptome
study in affected muscles of OPMD animal models and pa-
tients. The ubiquitin-proteasome system (UPS) was found as
the most consistently and significantly deregulated pathway
across species. We could correlate the association of the UPS
deregulated genes with stages of disease progression. The ex-
pression trend of a subset of these genes is age-associated and
therefore marks the late onset of the disease, and a second
group with expression trends relating to disease-progression.
We demonstrate a correlation between expression trends and
entrapment in PABPNI1 insoluble aggregates of deregulated
E3 ligases. We also show that manipulations of proteasome
and immunoproteasome activity specifically affect the accu-
mulation and aggregation of mutant PABPN1. We suggest
that the natural decrease in proteasome expression and its
activity during muscle aging contributes to the onset of the
disease.
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CHAPTER TWO

BACKGROUND

Oculopharyngeal muscular dystrophy (OPMD) is a late-onset progressive muscle disorder for
which the underlying molecular mechanisms are largely unknown. This autosomal dominant
muscular dystrophy has an estimated prevalence of 1 in 100,000 worldwide (Fan and Rouleau,
2003). A higher prevalence has been reported in the Jewish Caucasian and French-Canadian
populations (1 in 600 and 1 in 1000, respectively) (Blumen et al., 2009; Brais et al., 1995). OPMD
is caused by expansion of a homopolymeric alanine (Ala) stretch at the N-terminus of the Poly(A)
Binding Protein Nuclear 1 (PABPN1) by 2-7 additional Ala residues (Brais et al., 1998). Although
PABPNI1 is ubiquitously expressed, the clinical and pathological features of OPMD are restricted
to a subset of skeletal muscles, causing progressive ptosis, dysphagia, and limb muscle weakness.
In affected muscles, the expanded PABPN1 (expPABPN1) accumulates in intranuclear inclusions
(INT) (Tome and Fardeau, 1980). Animal models for OPMD were generated in Drosophila, mouse
and C. elegans with a muscle-specific expression of expPABPNI1 (Chartier et al., 2006; Davies et
al., 2005; Catoire et al., 2008). These models recapitulate INI formation and progressive muscle
weakness in OPMD, and a correlation between INI formation and muscle weakness has been
reported (Chartier et al., 2006; Davies et al., 2005; Catoire et al., 2008). In these OPMD models
protein disaggregation approaches attenuate muscle symptoms (Davies et al., 2006; Catoire et al.,
2008; Chartier et al., 2009). So far, however, the molecular mechanisms that are associated with
OPMD onset and progression are not known. Previously, we preformed transcriptome analysis
on skeletal muscles from a mouse model of OPMD and found massive gene deregulation, which
was reflected by a broad spectrum of altered cellular pathways (Trollet et al., 2010). We found an
association of transcriptional changes with muscle atrophy (Trollet et al., 2010). Muscle atrophy
was recently reported in homozygous OPMD patients (Blumen et al., 2009). However, the vast
majority of OPMD patients are heterozygous and muscle atrophy is not common pathological
characteristic of the disease in its early stages. Importantly, a mouse model with low and constitu-
tive expPABPNI expression exhibits minor muscle defects without muscle atrophy (Hino et al.,
2004). Hino et al. (2004) suggested that the extent of muscle symptoms caused by expPABPN1
depends on the expression level. Therefore, it is not known whether the massive transcriptional
changes in affected muscles of the A17.1 OPMD model (Trollet et al., 2010) are due to the high
over-expression of expPABPNI1 or that they are common with transcriptional changes in OPMD
patients.

We have generated microarrays of OPMD carriers at pre-symptomatic and symptomatic stages.
Since OPMD is categorized as a rare disorder in Western countries, limited patient material is an
obstacle in reaching conclusive results. Therefore, we performed a cross-species transcriptome
study by integrating transcriptome data from Drosophila and mouse models and heterozygous
OPMD patients. We hypothesized that OPMD-associated molecular mechanisms would be con-
sistently deregulated across species. As bioinformatics analyses of gene expression are biased by
the computational approaches (Ioannidis et al., 2009), here we integrated three computational
methods to obtain a higher degree of confidence and reproducibility. The ubiquitin-proteasome
system (UPS) was identified as the most significant and consistent OPMD-deregulated pathway
across species.

RESULTS

Genome-wide expression profiles from the Drosophila and mouse OPMD models (Chartier et
al.,, 2006; Trollet et al., 2010) were integrated with the expression profiles of heterozygous OPMD
carriers (datasets are described in Table S1 and Table S2). Genes that are differentially expressed
between OPMD and controls (OPMD-deregulated) were identified using limma model in R
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DEREGULATION OF THE UPS IS THE PREDOMINANT MOLECULAR PATHOLOGY IN OPMD

Table 1 - Deregulation of ubiquitin-proteasome system (UPS) in OPMD in Drosophila, human and mouse. For
Drosophila and mouse P-values are derived from the combined analysis of the three time points using global
test, where age was included as a confounder in the model.

Drosophila Mouse Human

Literature Analysis

Ubiquitination #2 #1 #1
GO Categories

Ubiquitin-dependent Protein Catabolic Process 2.81E-04 2.27E-07 1.22E-03

Protein Ubiquitination 7.57E-03 1.88E-05 9.24E-04

Proteasomal Protein Catabolic Process 6.51E-03 2.23E-07 1.86E-03
KEGG Pathways

Ubiquitin Mediated Proteolysis 2.03E-03 8.25E-08 1.52E-03

Proteasome 2.15E-04 1.37E-07 9.27E-03

(Smyth, 2004). To identify the most prominent and consistent feature across all species, com-
parative pathway analysis was performed using three computational methods (Figure S1). In
literature-aided analyses (Jelier et al., 2008), the term ‘ubiquitination’ was found to be the most
strongly associated biomedical concept with OPMD-deregulated genes (Table 1 and Table S3).
A regression-based analysis using global test (GT) (Goeman et al., 2004), and an enrichment
method using DAVID (Dennis, Jr. et al., 2003; Huang et al., 2009) revealed highly significant
deregulation of ubiquitin-proteasome system (UPS)-related GO (Gene Ontology) categories and
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways across species (Table 1).

To evaluate the level of concordance between the animal models and OPMD patients, gene over-
lap between the OPMD-deregulated UPS genes was determined. Homologous genes were an-
notated using the HomoloGene and Inparanoid databases (see Methods). In total, 16%, 32%
and 25% of the genes annotated to the UPS were identified as OPMD-deregulated in Drosophila,
mouse and human, respectively (Figure 1A). More than half of the OPMD-deregulated genes in
Drosophila (59%) overlapped with their mouse or human homologous genes, and close to half
(45% and 51%) overlapped between mouse and human genes, respectively (Figure 1A). The sim-
ilarity of deregulation direction across species was demonstrated for 14 genes, for which probes
were found in all organisms (Figure 1B). Similar transcriptional changes were found for 13 ho-
mologous genes in mouse and human datasets. Among those, 8 genes showed similar changes in
Drosophila. These results show the consistent UPS deregulation in OPMD.

To validate the microarray analyses, quantitative RT-PCR (Q-PCR) was performed on 19 OP-
MD-deregulated UPS genes from mouse. Genes were selected based on P-value and >1.3 fold
change criteria. For 17/19 genes (89%), Q-PCR results confirmed the results of the microarray
analyses (Figure S2). This demonstrates the reproducibility and validity of the microarray statis-
tical analyses.

In the A17.1 mouse model, muscle atrophy is more prominent in fast glycolytic fibers (quadri-

ceps) as compared with slow oxidative fibers (soleus) (Trollet et al., 2010). Since muscle atrophy is
regulated by the UPS (Cao et al., 2005; Bodine et al., 2001; Sandri, 2008), we analyzed the muscle-
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Figure 1 - Cross species deregulation of ubiquitin-proteasome in OPMD. A) Venn-diagram displaying the
overlap in OPMD-deregulated genes in UPS across species. In mouse and Drosophila, OPMD-deregulated
genes should be consistently deregulated in at least two time points. The total number of genes in UPS is in-
dicated in italics. The list of OPMD-deregulated UPS genes is in Additional File 1. B) Transcriptional changes
of selected genes in UPS in different organisms. Histograms display the log2(ratio) of the measured expres-
sion values in Drosophila (white bars), mouse (gray bars), and human (black bars). Significant changes with
the adjusted P < 0.05 are indicated by *. C) RT Q-PCR validation of selected deregulated genes in UPS was
carried out on quadriceps (i) and soleus (ii) muscles of 6 week-old mice. Histograms show the measured
expression values for A17.1 and FVB mice using Q-PCR. Significant changes of measured expression val-
ues of A17.1 mice as compared to FVB with the P < 0.05 are indicated by *.

type specific expression of 10 OPMD-deregulated UPS genes in order to identify a correlation
with muscle atrophy. Q-PCR was performed on RNA isolated from quadriceps and soleus of 6
week-old A17.1 and control (FVB) mice. The majority (8 out of 10) of genes showed no fiber-type
specificity (Figure 1C). Only the deregulation of Trim63 (Trollet et al., 2010) and Ube3b were
specific to fast glycolytic fibers (Figure 1C). This suggests that the majority of OPMD-deregulat-
ed UPS genes are not associated with muscle atrophy in the A17.1 mouse.

The UPS involves an enzymatic cascade of ubiquitination and degradation steps. The ubiquitina-
tion steps start with ubiquitin activation, which requires the ubiquitin-activating enzyme (E1)
and ubiquitin (Ub). This process results in the binding of Ub to the E2-conjugating enzyme.
In a subsequent step the target protein is ubiquitinated with Ub-E2 and E3-ligase complexes,
which ensures target specificity. Poly-ubiquitinated proteins are subjected to degradation. This
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DEREGULATION OF THE UPS IS THE PREDOMINANT MOLECULAR PATHOLOGY IN OPMD
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Figure 2 - Pie charts show the relative distribution of the UPS units (light colors) and OPMD-deregulat-
ed genes (dark colors) per organism. Numbers indicate the percentage of OPMD-deregulation.

step is employed by the deubiquitinating enzymes (DUBs) and the proteasome (Reyes-Turcu
et al,, 2009; Finley, 2009). Deregulation of genes involved in the ubiquitin activation step was
not found to be consistent between OPMD and the models (Figure 2 and Table 2). Ubiquitin
up-regulation was previously reported in a non-muscle cell model for OPMD (Abu-Baker et
al., 2003). Our study identified only one ubiquitin-encoding gene to be up regulated in mouse
and human genomes, but these deregulated genes were not consistent across species. The E2-
conjugating enzymes were significantly deregulated in Drosophila and mouse genomes, whereas
in humans, the P-value for these enzymes was not significant. This suggests a weak association
of E2 deregulation with OPMD (Figure 2 and Table 2). In contrast, consistent deregulation was
found for E3-ligases, DUBs, and proteasome (Figure 2 and Table 2). The significance of this
strong association was further evaluated by gene-overlap of homologous genes in human and
mouse (Table 2). The gene overlap between mouse and human was found to be significant for all
these three UPS components (P-values are 6.64E-08 for E3-ligases, 1.37E-02 for DUBs and 1.70E-
02 for the proteasome). Overall, this analysis demonstrates consistent deregulation of E3-ligases,
DUBs and proteasome across species.

OPMD is characterized by a late onset and a slow progression of muscle weaknesses (VICTOR
et al.,, 1962; Brais et al., 1998). Progressive muscle weakness has also been reported in the mouse
model (Davies et al., 2005). In 6 week-old mice symptoms were not detected, while muscle weak-
ness was present in 18 week-old mice and was more pronounced by 26 weeks (Davies et al., 2005).
If changes in expression levels are associated with disease onset and progression, a correlation
between age and expression levels should be expected. A linear regression model was applied to
the mouse UPS genes at three time points in order to identify genes that their expression trends
are progressively changed. 80% of the OPMD-deregulated UPS genes show a progressive trend,
which is age-associated (N=171/217, Figure S3A, examples for progressive expression trends are
shown in Figure 3Ai). To identify genes with expression trends that are specific to the disease
a regression model that combines age and disease features was applied. In 30% of the age-asso-
ciated OPMD-deregulated UPS genes (N=50, Figure S3B) the progression trends significantly
(P-value<0.05) differed between A17.1 and the wild-type (WT) controls (examples for progres-
sive expression trends are shown in Figure 3Bi). The genes with disease-specific progression can
be used to mark disease progression and could contribute to disease onset and progression. The
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Table 2 - The distribution of OPMD-deregulated genes in UPS functional units and protein degradation
categories. The number of annotated genes per unit, the percentage of OPMD-deregulated (D.E.) genes
and P-values are indicated per organism. For Drosophila and mouse statistics is generated in combined
datasets from three time points. The overlap in OPMD-deregulated genes between human and mouse and
the percentage of deregulated genes in human D.E. genes are indicated. Protein degradation machineries
are depicted by ¥.

Overlap

Drosophil M Human
osophila ouse uma mouse vs. human

% D.E. P-Value % D.E. P-Value % D.E. P-Value #D.E. % D.E.

Genes (FDR) Genes (FDR) Genes (FDR) Genes Genes
Ubiquitin 50.00  4.18E-05 11.11 1.28E-01 33.33 1.19E-01 0 00.00
E1 Ubiquitin Activation 16.67 1.24E-01 04.76  7.29E-02 1429  7.94E-02 0 00.00
E2 Ubiquitin Conjugation 13.64  9.19E-06  44.42 151E-08 2353  7.31E-02 3 37.50
E3 Ubiquitin Ligase 13.99 1.92E-04  29.58 1.64E-08 2474  4.35E-03 69 47.59
Deubiquitination (DUB) 20.00 1.63E-05  45.83 1.48E-08 2400  3.15E-02 13 72.22
¥  Proteasome 29.79 2.15E-04 36.94 1.37E-07 51.35 9.27E-03 " 57.90

¥AUtOphagy PO 2500 107503 . 3077 813508 . 1875 137502 1 1667

¥ Lysosome 5.00 1.64E-02 2533 6.06E-03  24.68 1.54E-02 6 33.33

group of genes whose expression changes with age independent from the disease, however, may
contribute to the late onset of the disease.

The vast majority of OPMD-deregulated UPS genes, which exhibit progressive expression pro-
files encode for E3-ligases (Figure S3). Expression trends for selected E3-ligases are presented
in Figure 3. Confirmation of the analysis in mouse was carried out on the human homologues
(Figure 3). The age-associated expression trends were similar between A17.1 and WT in mouse
and between controls and expPABPN1 carriers at pre-symptomatic and symptomatic stages in
human (Figure 3A). The progression trends did not significantly differ between genotypes (P-
value > 0.05). In contrast, for those genes with expression trends associated with age and disease
the expression trends of controls significantly differed from those of OPMD subjects (Figure 3B,
P-value <0.05). Validation of progression analysis was performed by Q-PCR analysis of RNA
from 6 and 26 week-old mice (Figure 3C). The Q-PCR results demonstrate the reproducibility
and validity of the microarray progression analysis.

In the progression analysis some differences between human and mouse were noted. The pro-
gression of Trim63 is mouse-specific, whereas the expression of the human TRIM63 is not age-
associated or OPMD-deregulated (Figure 3B). Asb11 is down regulated in mouse while it is up
regulated in human (Figure 3A). The expression trend of Socs4 in mouse is negative while in
human it is positive (Figure 3B). These discrepancies could reflect differences between the two
organisms or between the heterozygous and the high over-expression situation.

Expression of expPABPNI leads to INI formation in affected muscles (Davies et al., 2005; Trollet
et al., 2010). Previous studies have demonstrated that ubiquitin and proteasome proteins co-
localize with INI in affected muscles (Calado et al., 2000) and in non-muscle cells (Abu-Baker et
al., 2003; Tavanez et al., 2005). Since INI formation is a hallmark of OPMD, we studied whether
the expression profiles of OPMD-deregulated E3-ligases correlate with their entrapment with
expPABPNI1 in INI. Co-localization was analyzed with an immunofluorescence procedure in
C2C12 myotubes expressing expPABPNI1 fused to yellow fluorescent protein (YFP). From the
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Figure 3 - Progressive changes in UPS gene expression. Progression trends for selected genes in mouse
(i) and human (ii). Expression values were normalized to 6 weeks-old WT in mouse, and to young healthy
controls (19 years-old in average) in human. P-values demonstrate the significance of differences in expres-
sion trends between controls and OPMD samples. A) The age-associated progression trend is indicated by
P-value >0.05. B) The genotype-specific progression trend is indicated by P-values <0.05. SD represents
variations in mouse (6 weeks N=5 and 26 weeks N=6) and in human (expPABPN1 carriers N=4 and controls
N=5). C) RT Q-PCR validation of selected deregulated genes in UPS was carried out on skeletal muscles of
6 week-old and 26 week-old mice. Histograms show the log2(ratio) of the measured expression values using
microarray and Q-PCR. Significant changes with the P < 0.05 are indicated by *.
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E3-ligases encoding genes that showed A
an association with disease onset or pro-
gression (Figure 3), five were selected
for co-localization studies using specific
antibodies recognizing single proteins
at the appropriate molecular weights.
All 5 proteins showed nuclear localiza-
tion in myotubes and co-localized with
expPABPNI1 in INI (Figures 4). Arihl,
Asbll and Ddbl co-localized with all
sizes of INI structures (Figure 4A) while
the co-localization of Trim63 and Fbxo32
proteins were only evident for larger INI
structures (Figure 4B, highlighted in
boxes). This suggests a correlation be-
tween changes in expression trends and
temporal entrapment in INI.

YFP-PABPN1 + DAPI

IF
Asb11

Figure 4 - Co-localization of selected E3 ligases with INI

B YFP-PABPN1 + DAPI

The proteasome is composed of core and
regulatory subunits. Genes encoding for
the proteasome core subunit were promi-
nently down regulated in mouse and hu-
man (66% and 75%, respectively), while
no preference in deregulation direction
was found for the regulatory subunit

(Figure 5A and Table S5). Down-reg-
ulation of the proteasome could affect
protein degradation and, hence, protein
accumulation. In C2C12 myoblasts that
were treated with low concentrations (5

in C2C12 myotubes expressing YFP-Ala16PABPN1. Im-
munostaining of E3-ligases was visualized with Alexa-594
secondary antibodies. Co-localization with expPABPN1
in myotubes is demonstrated in the merge image. A 2.5X
magnification of nuclei containing expPABPN1 aggregates
is highlighted in a box. A) Arih1, Asb11 and Ddb1 E3 ligases

show consistent co-localization with aggregated YFP-Ala16-
PABPN1. B) Trim63 and Fbxo32 E3 ligases show progres-
sively more co-localization with YFP-Ala16-PABPN1 as INI
size increases. Scale bar is 10um.

1M) of the proteasome inhibitor MG132,
the accumulation of expPABPN1 was
significantly higher as compared with
mock-treated cells (Figure 5B). Simi-
larly, treatment with the DUB inhibitor, PR619, also caused expPABPN1 accumulation (Figure
5B). High nuclear accumulation of expPABPN1, which accompanies INI formation, was consis-
tently measured in MG132 treated cells using a cell-based intensity fluorescence quantification
assay (Figure 5C). Thus, reduced proteasome and DUB activities in muscle cells promoted exp-
PABPNI1 accumulation and INT formation in muscle cells. However, expPABPN1 accumulation
stimulated by proteasome inhibition is not specific to muscle cells (Abu-Baker et al., 2003).

In addition to the proteasome, the lysosome and the autophagy machineries can also facilitate
protein catabolism. To evaluate whether one of these machineries could also regulate expPAB-
PN1 protein accumulation the significance of deregulation in OPMD was analyzed. Overall, de-
regulation of lysosome and autophagy were not consistent across species. The lysosome KEGG
pathway was evaluated as significantly deregulated in OPMD across species by GT but not by
DAVID analysis (Table 2). However, in the literature-aided analysis, only a low level of asso-
ciation was found between OPMD-deregulated genes and lysosome in Drosophila and human
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Figure 5 - The effect of altered proteasome activity on expPABPN1 accumulation and aggregation.
A) Substantial deregulation of proteasome and immunoproteasome encoding genes in mouse and human.
Down-regulation (green) is more pronounced in the core subunit of the proteasome. Immunoproteasome
shows consistent up-regulation (red) in both organisms. B) Western blot analysis of YFP-Ala16-PABPN1
transfected C2C12 cells that were treated with 5uM MG132 or 5nM PR619. Control cells were treated with
DMSO. C) Images show YFP-Ala16-PABPN1 localization in C2C12 after mock-treatment (DMSO), 5 uM
MG 132 or 5U/ml IFNy. Scale bar equals 10 um. Histograms show the integrated intensity of YFP-Ala16-PAB-
PN1 (i) or Histone4-CFP (control) (ii), and the percentage of cells with INI in YFP-Ala16-PABPN1 expressing
cells (iii). Averages represent 509, 773 and 476 cells for DMSO, MG132 and IFNy, respectively. Significant
difference between treatments is reflected by P-values.

(ranked at positions 196 and 789, respectively), while no association was found in mice. Similarly,
the autophagy KEGG pathway was significant across species based on GT but not on DAVID
analysis (Table 2). In the literature-aided analysis, autophagy was ranked 12 in mice, but a lower
priority (ranked 136 and 154) was found in Drosophila and humans, respectively. Furthermore,
the OPMD-deregulated gene overlap between mouse and human were not significant for either
lysosome or autophagy pathways (P-values: 5.37E-01 and 3.70E-01, respectively). This is in sharp
contrast to the consistent proteasome deregulation found across species. This indicates that, from
the protein degradation pathways, only proteasome deregulation is consistently associated with
OPMD across species. From this analysis we cannot exclude lysosome or autophagy deregulation
in OPMD, but the lack of consistency across species and in three bioinformatics analyses suggests
a smaller contribution as compared with the proteasome.
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In contrast to the down regulation of genes in the core-subunit, the expression of genes encoding
for the immunoproteasome subunit (the cytokine-induced proteasome) was consistently elevat-
ed in OPMD (Figure 5A). The immunoproteasome was initially identified in cells of the immune
system after cytokine induction, which is involved in MHC-class-I antigen presentation (Kloetzel
and Ossendorp, 2004). However, the accumulation of cytokine-induced proteasome proteins was
also found in aging skeletal muscle cells (Ferrington et al., 2005). Treatment of C2C12 myoblasts
with IFNy, an inducer of immunoproteasome activity (Osna et al., 2003), led to a significant re-
duction in nuclear expPABPN1 accumulation (Figure 5C and 5Ci) and INI formation (Figure
5Ciii). In contrast to expPABPN1, accumulation of Histone4, which is also a nuclear protein,
was not significantly affected by manipulation of proteasome activity (Figure 5Cii). This suggests
that the accumulation of expPABPN1, but not of Histone4, is receptive to the level of proteasome
and immunoproteasome activity. Together, our results demonstrate that the UPS degradation
machinery regulates expPABPN1 accumulation.

DISCUSSION

UPS is a cellular regulator of homeostasis and is involved in a wide spectrum of human diseases
including cancer, neurodegenerative disorders and diabetes (Hoeller and Dikic, 2009; Liu et al.,
2000; Combaret et al., 2009; Taillandier et al., 2004; Ciechanover and Brundin, 2003). Deregula-
tion of UPS has been reported for myotonic dystrophy type 1 (Vignaud et al., 2010) and muscle
atrophy in mice (Cao et al., 2005; Bodine et al., 2001; Sandri, 2008). In addition, altered UPS
activity has been associated with muscle ageing (Combaret et al., 2009; Lee et al., 1999). Together
these studies suggest that muscle cell function is tightly regulated by the UPS. In this study, we
identified the UPS as the most consistently and significantly deregulated cellular machinery in
OPMD animal models and patients. Transcriptome studies in non-muscle cells expressing exp-
PABPNI1 did not reveal substantial and predominant deregulation of UPS genes (Corbeil-Girard
etal,, 2005). This indicates that the effect of expPABPN1 on UPS deregulation is specific to muscle
cells. Since PABPNI is ubiquitously expressed in every cell but the phenotype is limited to muscle
cells this suggests that UPS deregulation confers the muscle-specific pathogenesis of OPMD.

From six UPS components, only E3-ligases, DUBs and the proteasome were found to be con-
sistently and prominently deregulated in OPMD across species. Relevant to OPMD proteasome
activity is reduced during muscle aging (Combaret et al., 2009; Lee et al., 1999; Ferrington et al.,
2005), and is associated with transcriptional deregulation of proteasomal genes (Lee et al., 1999).
In the analysis of expression trends the expression of 89% of the OPMD-deregulated proteasome
genes were found to be age-associated. This suggests that the natural decrease in proteasome ex-
pression during muscle aging can contribute to the late onset of the disease. Our analysis revealed
that the core subunit of the proteasome is the only UPS subunit that was consistently down regu-
lated which can cause reduced activity of the proteasome machinery. In a recent study, we found
that expression of expPABPN1 in myotubes leads to down-regulation of proteasome-encoding
genes, and causing the accumulation of expPABPNI1 protein (unpublished data). However, pro-
teasome regulation of expPABPN1 accumulation and INI formation is not specific to muscle cells
(Abu-Baker et al., 2003). Since in patients INT are formed only in muscle cells this suggests that
proteasome down-regulation during muscle aging triggers expPABPN1 accumulation. In turn,
accumulation of expPABPNI leads to extensive proteasome down-regulation in OPMD (Figure
6). This feed forward model could justify the muscle-specific INI formation and the late onset in
OPMD.

Hypothesizing that changes in expression levels could reflect pathological changes in disease sta-
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Figure 6 - A model for the involvement of UPS in OPMD disease pathology. In muscle, age-associated
proteasome down regulation affects expPABPN1 protein accumulation. Elevated expPABPN1 accumulation
affects proteasome deregulation during disease onset. Expression profiles of E3-ligases can be sued to
separate disease onset from progression.

tus we have studied the correlation between transcriptional changes of OPMD-deregulated UPS
genes and age. Noticeably, the expression of the vast majority of the OPMD-deregulated UPS
genes is progressed during normal muscle aging. This suggests that transcriptional changes of
these genes are associated with disease onset. The expression trends of a subset of these genes
showed disease-specific progression. Among those, Trim63 and Fbxo32 exhibited disease pro-
gression in mouse. Both genes are known for regulating muscle atrophy in mice (Cao et al., 2005;
Bodine et al., 2001; Sandri, 2008). In the OPMD mouse model, muscle atrophy in exhibited only
in fast muscle glycolytic fibres and Trim63 expression correlates with muscle atrophy in A17.1
(Trollet et al., 2010). However, the majority of the OPMD-deregulated UPS genes did not show
fibre-type specific expression. This could suggest that UPS deregulation in OPMD has a broader
pathological effect than muscle atrophy. Indeed, in affected muscles of OPMD patients, atrophy
may be evident only at a later stage of disease progression. Although a high degree of consistency
between expression trends in mice and human was found for the majority of the genes analyzed
in this study. Trim63 deregulation and progression is probably mouse-specific, as OPMD-de-
regulation or progression was not found in human. Fbxo32, however, was consistently deregu-
lated in both organisms and, therefore, can be a candidate for regulating disease progression and
muscle atrophy in human. After mining the NCBI dataset for tissue-specific expression (Unigene
Hs.352183, Build No. 228 released 2010), Asb11 was noted for its specific expression in skeletal
muscles. Since Asbl11 is consistently OPMD-deregulated in human and mouse, and its expres-
sion trend is associated with disease onset it could represent a relevant candidate for functional
genomic studies. This shows that cross-species transcriptome and progression analyses can be
used to identify target molecules for future studies.

OPMD is characterized by INI formation. The role of INIs in disease pathogenesis is unknown.
Previous studies have shown that many genes whose expression is deregulated by expPABPN1
are found to be co-localized in INT (Corbeil-Girard et al., 2005). Components of the proteasome,
which is OPMD-deregulated, also co-localize in INI (Abu-Baker et al., 2003; Tavanez et al., 2005).
We also found that many of the OPMD deregulated E3-ligases are entrapped in INI. Moreover,
we demonstrate a correlation between temporal changes in expression levels and sequential en-
trapment in INI. Together these studies suggest that entrapment in INI could lead to transcrip-
tional deregulation. It is possible that protein entrapment in INI affects gene expression through
a compensatory mechanism resulting in altered transcriptional profiles.

69



CHAPTER TWO

CONCLUSIONS

In this study, we combined expression datasets from three organisms and disease models with
different bioinformatics analyses in a single study. This allowed us to identify with high confi-
dence the UPS as the most predominantly deregulated cellular pathway in OPMD. This approach
differs from most microarray studies where results are derived from a single computational anal-
ysis performed on a single organism. We show that with this combined bioinformatics approach
the list of deregulated pathways can be prioritized with high confidence. This approach can facili-
tate studies with complex biological situations and massive gene deregulation such as late onset
disorders and rare-diseases.

The most significant and novel finding in this study is the substantial and cross-species consis-
tent deregulation of the ubiquitin-proteasome system (UPS) in OPMD. We propose that protein
entrapment in PABPN1 aggregates is associated with a substantial transcriptional deregulation of
the UPS that, in turn leads to disruption of homeostasis in skeletal muscles. By taking advantage
of the detailed analysis of gene expression trends and muscle- expression, we predict that candi-
date genes can be selected for functional genomic studies which ultimately lead to the identifica-
tion of OPMD pathogenesis.

METHODS

Generation of microarray datasets

Drosophila and mouse microarray datasets have previously been published (Chartier et al., 2009;
Trollet et al., 2010). Human quadriceps muscle samples were collected with the needle or by an
open surgical procedure from OPMD patients and family members as well as from anonymous
age-matching healthy individuals that gave informed consent. The presence of expansion muta-
tion in PABPN1 in OPMD patients and pre-symptomatic was determined with sequencing. Berg-
strom needle biopsies from the (pre)symptomatic patients were approved by the ethical commit-
tee. Total RNA was extracted from skeletal muscles using RNA Bee (Amsbio) according to the
manufacturer’s instructions. RNA integration number (RIN) was determined with RNA 6000
Nano (Agilent Technologies). RNA with RIN >7 were used for subsequent steps. RNA labeling
was performed with the Illumina” TotalPrep RNA Amplification kit (Ambion) according to the
manufacturer’s protocol, and subsequently was hybridized to Illumina Human v3 Bead arrays.
The generated microarray datasets are deposited and publicly available at GEO repository. GEO
accession numbers for mouse and human microarray datasets are GSE26604 and GSE26605,
respectively.

Data processing and statistical analysis

Microarray measurements were normalized using the quantile method (Smyth and Speed, 2003).
Each organism and time point was normalized separately. The quality of the data was assessed by
principal component analysis.

For Drosophila and mouse, genes differentially expressed between OPMD and control subjects
were identified at each time point by applying a hierarchical linear model using the limma pack-
age inR (Smyth, 2004). Human subjects were grouped into healthy, pre-symptomatic and symp-
tomatic subjects. P-value cut-offs of 0.05 after multiple-testing correction using the method of
Benjamini and Hochberg (False Discovery Rate (FDR) were applied to the Drosophila and mouse
samples and, due to higher inter-individual variation, a nominal P-value cut-oft of 0.05 was used
for human samples) were used. This resulted in lists of OPMD-deregulated genes for each time
point and organism. Probe annotation was done using the indac (Drosophila), illuminaMousev-
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1BeadID (mouse), and illuminaHumanv3BeadID (human) R packages. The OPMD significantly
deregulated genes in the UPS from human and mouse datasets are listed in Additional File 1.

Pathway analyses

Global test (GT) (Goeman et al., 2004) was used to identify significant associations between
GO categories or KEGG pathways and OPMD, while including age as a confounder (Drosophila
and mouse only). Gene sets with multiple testing adjusted (Holm’s method) P-value < 0.05 were
selected as significant. DAVID, a functional annotation clustering tool (Dennis, Jr. et al., 2003;
Huang et al., 2009), was applied on a list of OPMD-deregulated genes and pathway redundancy
was removed by clustering similar GO categories and pathways. In addition, biomedical concepts
that are associated with OPMD-deregulated genes were identified using literature-aided mapping
tool, Anni 2.0 (Jelier et al., 2008). The procedure was performed for each organism separately.
Cross-species analyses were carried out on a group of homologous genes. Drosophila homologues
of mouse and human genes were annotated using HomoloGene (http://www.ncbi.nlm.nih.gov/
homologene) and Inparanoid (http://inparanoid.sbc.su.se) online databases. Integration of three
time-points in Drosophila and mouse (Table S1) were used to identify OPMD-deregulated path-
ways across species (Figure 1). A recent annotation of E3 ligases (Li et al., 2008) was used to
identify OPMD-deregulated E3 ligases. The annotation for all other UPS components is extracted
from KEGG. Since the annotation for genes encoding for lysosome is not available in R pack-
ages, we have extracted the annotation from KEGG website and integrated it into our pathway
analyses.

Progression studies

For testing the significance of the association of expression trends of OPMD-deregulated genes
with age, using limma model in R (Smyth, 2004), a linear regression model (expression ~ «OPMD
+ BAGE + 8(OPMD x AGE) + ¢) was applied on combined datasets from 6 and 26 weeks old
mice. Age-associated changes were identified as those with B significantly different from zero.
OPMD- and age-associated changes were defined as those with & significantly different from
zero. To determine whether the expression profiles of individual genes significantly differ be-
tween controls and OPMD P-values are FDR-corrected with the cut-off threshold of 0.05.

Quantitative RT-PCR analysis

Primers for Q-PCR validation were designed in the sequence surrounding the Illumina probe
location using Primer 3 plus program. RT-QPCR was performed according to the procedure in
Trollet et al. (2010). The list of primers is provided in Table 3.

Cell culture and transfection

C2C12 cells were used for transient transfection experiments. C2C12 cells were cultured in
DMEM containing 20% fetal calf serum. Prior to transfection, cells were seeded on glass. Trans-
fection was carried out in 80% cell confluence with Lipofectamine™ 2000 (Invitrogen) according
to the manufacturer’s protocol. Plasmids used for transfection are YFP-Alal16-PABPN1 and His-
tone4-CFP. For the proteasome modification treatments, cells were treated 16 hours after trans-
fection with DMSO (1:1000), 5 uM MG132 (Sigma-Aldrich), or 5U/ml IFNy (HyCult Biotech)
for 20 hours.

Protein detection and Imaging

For immunocytochemistry, 16 hours post-transfection with YFP-Ala16-PABPN1, C2C12 cells
were incubated with fusion medium (DMEM supplemented with 2.5% Horse serum) for 2 days,
and immunocytochemistry was performed after a short fixation (Raz et al., 2006) followed by a
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15 min incubation with 1% Triton X100, during which PABPNI1 aggregates remain intact. Fol-
lowing antibody incubations, preparations were mounted in Citifluor (Agar Scientific) contain-
ing 400 pg/ml of DAPI (Sigma-Aldrich). Immunofluorescent specimens were examined with a
fluorescence microscope (Leica DM RXA), 63X and 100X lens NA 1.4 plan Apo objective. Inte-
grated intensity was measured with Image] (http://rsbweb.nih.gov/ij/), and intensity values were
corrected for background.

Antibodies used in this study are: Goat anti-Asb-11 (K16) (1:1000) Santa Cruz Biotechnology;
Rabbit anti-atrogin-1 (1:1000) ECM Biosciences; Rabbit anti-Murfl (1:1000) ECM Biosciences;
Goat anti-DDBI1 (1:1000) Abcam; mouse anti-Flag (1:2000) Sigma —Aldrich; Rabbit anti-Des-
min MP Biomedicals. Alexa-Fluor 594 conjugated secondary (Invitrogen) or IRDye 680LT and
800CW conjugated secondaries (Licor Biosciences) were used to detection of first antibody.

Table 3 - The list of primers used for quantitative RT_PCR analysis.

Genes Probe FW Primer Sequence RV Primer Sequence

Arih1 6900025 GAGAAGGATGGCGGTTGTAA ATCTCTTGCTGCCTTTGCAT
Arih2 2810025 AGCCTAACTCCCCCTTGGTA ACCACTGAGGGTGCAAAAAC
Atel 6940722 CAAAGTGATTCTACTGTGGCTGA ACGAAAATCTCCAATGCAGTC
Cul7 3360114 CGGGACTATGCGGTGATACT GTGGGTTCGTCTGTGGTCTT
Psme3 2810537 GCGAAGGTCAAACCCATAGA GAAAGTGATGCATCCCAGGT
Rbx1 2340047 TTGAGGCCAGCCTACAGAGT AGGAAAACTCCCCTGAAGGA
Skpia 2450102 TGCAGCTGGGCTCTCTTAAT GTTTCTCCACCTGGGAACAA
Uchli 1230066 CCTGTCCCTTCAGTTCCTCA GATTAACCCCGAGATGCTGA
Huwe1 106840041 GCTGCATTGAGACTTGAAACC TCCACAACACAGATGCCAAT
Tbl1x 6400524 ATTTTCCCCCTCCCCTAATC GAGCCTGTTCTGGATGGAAA
Ube4b 3610154 GCTGGAGTGGATCAGGACTC TGGTAAGGTCAAACCCCAAA
Ube2o 2190040 CGGTGAGCACATTACAGCTC GCATCATGCTTTGGCTTTTT
Usp4a7 100940601 GAATGCTTGTAAAGTCCCGTTT CTAGCACGCTCTGCAATGAA
Ppp2cb 5570593 ACTGCTACCGTTGTGGGAAC AGGTCCTGGGGAGGAATTTA
Ube3b 6380458 GCCTGCACAGGTAACACAGA ACCAGGAGCTGCTGAGATGT
Fbxo32 110037 GGGAGGCAATGTCTGTGTTT AAGAGGTGCAGGGACTGAGA
Trim63 1740164 CGACCGAGTGCAGACGATCATCTC GTGTCAAACTTCTGACTCAGC
Ubrb 1780605 GCTGCCTTTGTGGAAAGTGT TTGCAGCCAACCACAAATAA
Asb11 2060487 TTGTGCTGAACAAGCTCCTG GAGGGTCCTGAATCATCCAA
mHPRT - CGTCGTGATTAGCGATGATG TTTTCCAAATCCTCGGCATA
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APPENDIX

Supplementary Table 1A - Overview of genome-wide transcriptome microarray datasets of Drosophila
and mouse OPMD models and muscle biopsies of OPMD patients.

Biological Systems  Tissue Number of Samples Age MA Platform
1da
Adult . y 15K INDAC
Drosophila thoracic 3 pools of 50 flies 6 days spotted
per genotype oligonucleotide
muscles
11 days array
6 weeks )
replicates per lllumnina 48K
Mouse Quadriceps 6 18 weeks Mouse v.1 bead
P genotype array
26 weeks
9  Pre-symptomatic 17 — 22 years control
13 Symptomatic 31 - 40 years Pre-Symptomatic )
lllumina 48K
Human Quadriceps 39  Controls 38 — 42 years control Human v.3 bead
array

49 — 60 years symptomatic

58 — 67 years control

Supplementary Table 1B - Overview of muscle biopsies of OPMD patients and controls. All patients are
heterozygous expPABPN1 carriers as indicated by sequence analysis.

Sex Age GCG Mutation Muscle Histology

Female 39 12/6 Sporadic atrophic fibre

Female 37 10/6 Moderate dystrophic alterations
Pre-Symptomatic

Female 37 12/6 Normal

Female 31 9/6 Slight dystrophic alteration

Female 60 9/6 Moderate dystrophic alterations

Female 49 10/6 Moderate dystrophic alterations
Symptomatic

Male 59 10/6 Moderate dystrophic alterations

Female 57 11/6 Severe dystrophic alterations
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Supplementary Table 2 - Literature-aided analysis of the association of biomedical concepts with

OPMD-deregulated genes.

Drosophila Mouse Human

1 ribosomal protein activity 1 Ubiquitination 1 ubiquitin activity

2 ubiquitin activity 2 Ubiquitins 2 RNABinding

3 RNABiInding 3 Ubiquitin 3 Ubiquitination

4 Ubiquitination 4 Ligase 4 RNA Splicing

5 Polyethylene glycol 5  SNAP receptor 5 GTP Binding
monostearate

6 Ligase 6 Internal Ribosome Entry Site 6  protein transport

7  POLR2F 7 Phosphotransferases 7 Alternative Splicing

8 GTP Binding 8  Cullin Proteins 8  Transcription, Genetic

9 ggssgrgli biogenesis and 9  Muscle Proteins 9 intracellular protein transport

10 Ribosome Subunits 19 Mitogen-Activated Protein 10 GTP-binding

Kinases

M Microarray [ QPCR
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Supplementary Figure 2 - Validation of expression level of selected genes from the pool of UPS OPMD-
deregulated genes on the skeletal muscle of 6 weeks-old OPMD mice, normalized to WT. Histograms
indicate the log2(ratio) of the measured expression values using RT Q-PCR (grey bars) and microarray
(black bars) for 4 WT and 6 OPMC mice (* P <0.05).
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DEREGULATION OF THE UPS IS THE PREDOMINANT MOLECULAR PATHOLOGY IN OPMD

Supplementary Table 4 - Direction of OPMD-deregulation over the functional components of UPS that

are significantly deregulated in all organisms.

Mouse Human
E2 Ubiquitin Conjugation 33 44.42 50.00 50.00 34 23.53 50.00 50.00
E3 Ubiquitin Ligase 526 29.58 51.44 48.56 586 24.74 50.00 50.00
Deubiquitination (DUB) 72 45.83 42.00 58.00 75 24.00 41.18 58.82
Proteasome 37 36.94 59.38 40.62 37 51.35 42.86 57.14
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Supplementary Figure 3: Temporal changes in UPS gene expression. A linear regression was applied to
identify temporal changes in expression levels of OPMD-deregulated genes in A17.1. A) Histogram shows
the percentage of age associated OPMD-deregulated genes for each of the UPS functional components and
E3-ligase subclasses. B) OPMD-deregulated genes showing age and OPMD associated progression. Histo-
gram shows the percentage of genes with age and OPMD associated expression for each of the functional
components. The number of genes in each bar is indicated.
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Title: A list of deregulated UPS genes in mouse and hu-

Additional files
man datasets.

Description: This additional file contains t-statistics

(fold change and P value) for genes within the ubiqui-

tin-proteasome pathway, in human and mouse datasets.

The t-statistics represent the association of the gene ex-

pression profiles to OPMD.

http://www.skeletalmusclejournal.com/content/
supplementary/2044-5040-1-15-s2.xlsx

Link:
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