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ABSTRACT OF THE THESIS
The Role of Cullin-RING Ligases During Myogenesis

by

Paige Shapiro
Master of Science in Biology
University of California, San Diego, 2016

Professor Stephan Lange, Chair

Cullin-RING ligases (CRLs) are one of the main families of E3 ligases in the
Ubiquitin-Proteasome degradation system, which is responsible for the degradation of
~80% of muscle proteins. CRL substrate adaptors have been established as players in
muscle atrophy and nemaline myopathies. This led to us to investigate whether CRLs are
important for muscle development. C2C12 muscle cells were treated with MLN4924, an
inhibitor of CRL activation. Treatment at the start of myoblast differentiation showed a
defect in myotube formation due to an absence of cell commitment to the differentiation
program, indicating that CRLs are important for early myogenesis. We obtained similar
results for satellite cells isolated from mouse skeletal muscles, confirming the absolute

necessity of CRL activity for normal myogenesis. The inhibition of CRL activity also led

vii



to a defect in acetylcholine receptor aggregation. Similarly, a receptor defect has also
been observed in CRL-linked nemaline myopathies, again indicating a possible role for
these E3-ligases in the disease etiology. Currently, MLN4924 is used as a cancer drug
that is undergoing clinical trials. However, cancer patients typically experience cachexia,
or muscle wasting, which would likely be further exacerbated by the use of MLN4924.
We observed a rescue of the MLLN4924 induced differentiation-blockage several days
after removal of the inhibitor. We also found that treatment with 5°Aza’dC, a drug that
stimulates Myogenin expression, alleviates the phenotype. Our data indicate significant
roles for CRLs during muscle differentiation as well as negative side effects for the use of

MLN4924 in patients.
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INTRODUCTION

Muscle formation

Skeletal muscles are essential components of our body and represent 30-40% of
the body weight (Janssen et al, 2000). They are required for both voluntary and
involuntary movements such as walking and breathing (McComas, 1996). In order to
form mature skeletal muscles, muscle stem cells (also called satellite cells) differentiate
into myoblasts (mononucleated muscle cells) that subsequently fuse together to form
multinucleated myotubes or myofibers (Constanzo, 2002). This whole process is
regulated by the sequential activation of transcription factors CD34, Pax7, Myf5, MyoD,
and Myogenin (Figure 1; Buckingham, 2001). Myotubes then start to express sarcomere-
associated proteins, like cross-striated muscle specific actin and myosin that are required
for the formation of sarcomeres, which then organize into myofibrils (Constanzo, 2002).
In parallel to myogenesis, synaptogenesis takes place, where myofibers are stimulated by
neural agrin, a proteoglycan secreted by motor neurons that stimulates acetylcholine
receptor (AChR) clustering (Figure 1; Sanes and Lichtman, 1999). Skeletal muscles are
in a constant state of equilibrium between hypertrophy (growth) and atrophy (wasting
away), reflecting the balance between protein synthesis and degradation at the molecular
level (Hoffman and Nader, 2004). Protein synthesis is required for the growth of muscle,
or hypertrophy (Lecker et al., 1999). Because muscles are constantly damaged, for
example in exercise, protein degradation is important for the removal of damaged
proteins resulting in muscle atrophy (Lecker et al., 1999). Defects in protein degradation

can lead to accumulation of misfolded proteins or premature degradation of necessary



proteins, leading to muscle diseases such as congenital myopathies (Schiaffino et al.,
2013). Protein degradation systems are known to be important for homeostasis and are
increasingly studied in the context of muscle formation, maintenance, and function

(Stewart et al, 1999).

Protein Degradation Systems

Muscle cells contain two major systems for protein degradation: the autophagy-
lysosome and the ubiquitin-proteasome systems (UPS), of which the UPS is responsible
for the degradation of ~80% of muscle proteins (Attaix and Taillandier, 1998; Sandri,
2013). The UPS consists of 26S Proteasomes that recognize proteins tagged with K48-
linked poly-ubiquitin chains resulting in their degradation. The tagging of protein
substrates by ubiquitin occurs via a three-step enzymatic cascade, E1-E3 (Figure 2;
Lecker et al, 1999). First, the E1-Ubiquitin Activating Enzyme (Ubal) forms a thio-ester
bond with ubiquitin through an ATP-dependent reaction, which also activates the
ubiquitin. Once activated, ubiquitin is transferred to the E2-Ubiquitin Conjugating
Enzymes, of which there are about 40, who then carry the ubiquitin to the cellular E3-
Ubquitin ligase enzymes. In the last step, one of the hundreds of E3-Ubiquitin ligase
enzymes both recruits a specific substrate, and transfers the ubiquitin from the E2 enzyme
to the substrate. Once poly-ubiquitinated, the substrate is targeted to the proteasome for
degradation (Lecker et al, 1999). Each E3-ligase has typically one or more specific

protein substrates, most of which remain unknown (Bonaldo and Sandri, 2013).



Cullin Proteins

Cullin-RING (Really Interesting New Gene) ligases (CRLs) are one of the largest
E3-Ubiquitin families (Bosu and Kipreos, 2008). Zhou and colleagues described that the
Cullin protein family, which consists of 7 independent and ubiquitously expressed
members (Cullinl, 2, 3, 4a, 4b, 5 and 7), provides the structural backbone or scaffold for
the functioning E3-ligase complex (Zhou et al, 2013; Sarikas et al, 2011). In addition to
Cullin, the fully functional CRL also includes an adaptor protein that recruits substrates
and a ligating enzyme (Rbx) that attaches to the E2 Conjugating enzymes. CRLs are also
modified by NeddS, a ubiquitin-like modifier, which is important for the activation of the

complex.

The activation of Nedd8 itself is analogous to the UPS pathway. NeddsS is first
adenylated by ATP and the Nedd8 Activating Enzyme (NAE). Nedd8 is then transferred
to a cysteine on NAE to form a NAE-Nedd8 thio-ester. NeddS is transthiolated to Ubc12,
which acts as an E2 enzyme, before it is ultimately conjugated to the Cullin protein of the
then functional CRL (Soucy et al, 2010). The small molecule inhibitor MLN4924 was
discovered to bind to Nedd8 and block the activation by NAE (Brownell et al, 2010;
Hakenjos et al, 2011). This subsequently inhibits activation of CRLs and provides a
method for their study. This along with the finding that substrates of CRLs play a role in
cell cycle progression (Soucy et al, 2009), and that Cyclin E is a CRL3 substrate that is
required for the passage from the G; phase to the S phase of the cell cycle (Singer et al.,
1999), has led to the intensive study of the role of Cullin E3-ligases in the context of

cancer. In fact, MLN4924 is currently in clinical trials as a potential cancer treatment



(Bhatia et al, 2016). However, in the last decade, there has been an emerging role for

CRLs in muscles.

Substrate adaptors and Muscle Disease

The role of CRLs in muscle is beginning to be defined by the discovery that
CRLI1 mediates muscle atrophy via its substrate adaptor MAFbx/Atrogin-1 (Bodine,
2001; Gomes et al, 2001). Despite these advancements in Cullin-RING Ligase
characterization, little is known about their role in muscle development. While Cullin
proteins are ubiquitously expressed, their substrate adaptor proteins that link CRLs to
specific substrates are expressed in a tissue specific manner (Zhou et al, 2013). Especially
for skeletal muscles it emerged recently that several putative substrate adaptors of Cullin-
3 have been implicated in the development of myopathies (Cirak et al, 2010; Sambuughin
et al, 2010). One such family of CRL substrate adaptors are the BTB/Kelch protein
families (e.g. KLHL, KBTB, or KLHDC) that are characterized by their BTB/POZ-
domain (Bric-a-brac, Tramtrac, and Broad complex; Poxvirus and Zinc finger) that
specifically interact with the Cullin-3 E3-ubiquitin ligase (Geyer et al, 2003; Gupta and
Beggs, 2014). However, we cannot say that all Kelch proteins are Cullin-3 interactors,
since some proteins with these domains have been shown not to interact with Cullin-3 (Ji

et al, 2015).

Neuromuscular Junction
Clustering of acetylcholine receptors (AChRs) is an important part of muscle

development as they allow the myofiber to receive signals from motor neurons via the



neuromuscular junction (NMJ) (Vrbova, 1978). During myogenesis, agrin released from
motor neurons binds to the receptor tyrosine kinase MuSK (Muscle Specific Kinase) on
the membrane of the muscle cell, stimulating its phosphorylation. This signals rapsyn to
stimulate clustering of AChRs into a midline also called the motor endplate (Sanes and
Lichtman, 1999). C2C12 myotubes treated with agrin mimic the formation and clustering
of AChRs, allowing in vitro investigations (Wallace, 1991). In the fully formed myofiber
acetylcholine binds to AChRs on the muscle cell membrane to stimulate contraction

(Constanzo, 2002).

Nemaline myopathy is a neuromuscular disease affecting skeletal muscles, in
which symptoms include muscle atrophy and muscle weakness, which is also commonly
seen in other muscle diseases (Ryan, 2001). One characteristic of this disease is that
young patients are particularly susceptible to respiratory failure, implicating skeletal
muscles that directly affect breathing: the diaphragm and intercostal muscles (Ryan,
2001). Interestingly, mutations in several putative substrate adaptors for Cullin-3, such as
KLHL40, KLHL41, and KBTB13 were associated with nemaline myopathy (Ravenscroft
et al, 2013; Gupta and Beggs, 2014). Importantly, the striking beneficial effect of the
acetylcholinesterase inhibitor treatment in a patient affected by KLHL40-related
nemaline myopathy, suggests that Cullin targeted protein turnover could be important for

NMJ function (Benito et al, 2015).



Summary

In this thesis, we investigated the role of CRL activity on early phases of
myogenesis by treating differentiating C2C12 myoblasts with MLLN4924, an NAE
inhibitor, which leads to a subsequent abrogation of CRL activity. We treated C2C12
cells at different stages of differentiation, and with various concentrations of MLN4924
to understand how CRL activity is important for muscle differentiation. These data were
verified using primary cultures of mouse skeletal muscle stem cells. We also tested the
effect of MLN4924 on the formation of acetylcholine receptors in C2C12 cells, as
neuromuscular junction formation is an important component for muscle differentiation
and contraction. Finally, we attempted to rescue defects in muscle differentiation upon
MLN4924 treatment, in order to gain insight into the molecular mechanisms that could be
disrupted by the loss of CRL activity during myogenesis. Ultimately, our data will
provide insights into the important roles that CRLs play for myogenesis and muscle cell

development.



MATERIALS AND METHODS

Cell Culture

Cell culture and reagents C2C12 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Corning Life Sciences, Tewksburry, MA) containing 4.5g/1
glucose, supplemented with 15% fetal bovine serum (FBS, Gemini Bio-Products,
Sacramento, CA) and penicillin/streptomycin (Cellgro). Cells were maintained at 37°C in
a saturated humidity atmosphere containing 5% CO2. Differentiation of C2C12
myoblasts was triggered when cells reached 70% of confluency, by replacing FBS with
2% horse serum (Lonza BioWhittaker, Basel, Switzerland). The fusion index was
calculated as the mean number of nuclei per myotube at day 5 of differentiation.
Myotubes were defined as sarcomeric myosin-heavy chain or a-actinin positive cells

containing at least 2 nuclei.

Mouse primary myoblasts were obtained by dissection of hindlimb muscles from
1 month-old mice. Muscles were digested in Collagenase B-Dispase II (Roche, USA)
solution for 30 minutes at 37°C. Cell suspension was filtered through a 75um cell
strainer, resuspended in Ham’s complete medium (Ham’s F-10 media, (Corning Life
Sciences, Tewksburry, MA), 20% FBS, 2% penicillin-streptomycin (Cellgro) and bFGF
(5ng/mL; Invitrogen, Carlsbad, CA) and pre-plated on uncoated dish for 2 hours at 37°C
with 5% CO2. Supernatant was collected and plated on 0.2% gelatin (Sigma, Saint-Louis,

MO)-coated dish and cells were incubated at 37°C with 5% CO2. Ham’s complete



medium was refreshed every 2 days. Differentiation of cells was achieved with 2% horse

serum (Lonza BioWhittaker, Bazel, Switzerland).

MLN4924 compound was purchased from Millenium (Cambridge, MA),
redissolved in DMSO and stock solution was stored at a concentration of ImM at -20°C.
5-aza-dC (Aza) was purchased form Fisher Scientific and redissolved in DMSO.
Working solutions were prepared by dilution of stock solution into DMSO culture media.
Media with MLN4924 inhibitors was refreshed every 48 hours. Control cells were treated

with a corresponding concentration of DMSO.

90KDa recombinant rat agrin compound was purchased from R&D Systems
(Minneapolis, MN), reconstituted in sterile PBS containing 0,1% BSA. AChR clustering

was induced by overnight incubation with Sng/mL recombinant rat agrin.

Extraction of total RNA, RT-PCR and RT-qPCR analysis

Cells were washed with PBS, then lyzed using TRIzol reagent (Thermo Fisher).
RNA was extracted through the phenol-chloroform technique according to the
manufacturers instructions. Purity of RNAs was assessed by a ratio of absorbance at
260nm and 230nm >1.7. 200ng of RNA was used for reverse transcriptase reaction using
the Maxima First Strand cDNA Synthesis kit (Fermentas). cDNA were amplified using

Syber green (Quanta Biosciences).



Immunofluorescence and brightfield microscopy

Cells were rinsed one time with PBS, fixed for 15 minutes with 4%
paraformaldehyde/PBS and rinsed 3 times with PBS. Cells were then permeabilized for
10 minutes in 1xPBS supplemented with -0.21% Triton X-100 (Sigma), washed 3 times
with PBS and incubated with PBS-5% BSA (Sigma) in blocking solution (Gold Buffer
[GB, 150mM NacCl, 20mM Tris pH7.4] supplemented with 1% BSA) for 1 hour at room
temperature before incubation with primary antibodies. Primary against sarcomeric anti-
sarcomeric Myosin heavy chain (clone 1025, DSHB, 1:400), a-actinin (clone EA-53,
VWR), anti-Desmin (Santa Cruz Biotechnology, 1:500), diluted in blocking solution.
Fluorescently labeled bungarotoxin (1/200) was either incubated for 2 hours at room
temperature, or overnight at 4°C. Following incubation, cells were washed three times for
5 minutes with PBS, and incubated with secondary antibodies diluted into blocking
solution for 1 hour at room temperature. Secondary antibody mixtures also contained
DAPI (4°, 6’diamidino-2-phenylindol) and/or fluorescently linked a-bungarotoxin
(BGTX; Molecular Probes) when appropriate. After washing three times with PBS for 5
minutes, cells and revealed using secondary Alexa488-linked donkey anti-rabbit (1:200)
and Cy3-linked donkey anti-mouse (2:200) antibodies. Slides were mounted using
fluorescent mounting medium (Dako). Confocal microscopy was performed using an
Olympus FV1000 confocal microscope equipped with a 20x air, and a 40x and 63x oil
immersion objectives, and zoom rates between 1 and 3, and in sequential scanning mode

(Waltham, MA).
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For brightfield microscopy, fixed or unfixed cells were imaged using an Olympus 1X70
inverted microscope, equipped with a digital camera and SPOT imaging software

(Diagnostic Instruments, Inc, Sterling Heights, MI).

Staining and Quantification of AChR in C2C12 myotubes

After 5 days of differentiation, myotubes were treated with MLN4924 compound
or DMSO for one day then incubated with recombinant rat agrin overnight at 37°C in 5%
CO2. Treated cells with recombinant rat agrin were fixed in PFA 4% for 10 minutes.
Quantification of AChR expressed at the myotubes surface was determined by incubating
fixed cells with FITC-conjugated bungarotoxin for one hour at room temperature.
Confocal microscopy was performed as described before. Area, number and size of

AChR were assessed using ImageJ (1.48v) software.

Western blot analysis

Cells were washed in PBS and put in lysis buffer (150mM NaCl, 50mM Tris-HCI
pHS, 0,1% Triton-100, 1x Complete EDTA-free protease inhibitor (Roche), 1x PhosStop
phosphatase inhibitor (Roche)) for 20 minutes on ice. Lysates were sonicated and spun
for 10 minutes at 10000g. After quantification of protein concentration using Pierce BCA
Protein Assay Kit (ThermoFisher Scientific, Whaltham, MA), 5 to 15ug of clarified
lysates were separated by SDS-PAGE. Transfer was performed on nitrocellulose
membranes (BioRad). Membranes were incubated with blocking solution (TBS-Tween
containing 5% BSA) for 1 hour at room temperature, then incubated with antibodies

against Cullinl (Sigma Aldrich), Cullin3 (Sigma Aldrich, or gift from J. Singer), Nedd8
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(Cell Signaling), Myosin heavy chain (clone 1025, DSHB), Myogenin (clone F5D,
DSHB), or anti-GAPDH (Santa Cruz Biotechnologies) overnight at 4°C. After washing,
anti-mouse or anti-rabbit secondary HRP-linked antibodies (DAKO or Cell Signaling)
were applied for 1 hour at room temperature. After washing, antibody-bound proteins
were visualized on X-ray films using Supersignal West Pico Chemiluminescent kit
(Thermo Scientific) on X-ray films (Genesee). Quantification was performed using

Imagel software.

Statistical analysis
Significance was assessed using the two- tailed student’s t-test in Excel. Data are
expressed as mean + standard error of the mean, and differences were considered

statistically significant when P-value < 0.05.



RESULTS

We set out to investigate the role that Cullin-RING ligases (CRLs) play for
muscle differentiation. In our immunoblot analyses of differentiating C2C12 muscle cells
we observed a surprising increase in Nedd8 at 80kDa that corresponds to the molecular
weight of neddylated Cullin-1 and Cullin-3 proteins, suggesting a potential role for CRLs
during early myogenesis (Figure 3). To investigate the role of CRLs during muscle
differentiation further, we utilized MLLN4924, an inhibitor of the Nedd8 Activating
Enzyme (NAE) that leads to subsequent CRL inaction. C2C12 cells treated with
MLN4924 showed decreased myotube formation compared to controls (Figure 4A). We
verified that Nedd8 (CRL activator) and CRL activity was decreased in cells treated
MLN4924 by looking at the neddylation state of several Cullin proteins relevant for
muscle biology, such as Cullin-1 and Cullin-3 (Figure 4E). Immunoblot analysis with a
Nedd8 antibody revealed a decrease in a band corresponding to the molecular size of
neddylated Cullin-1 and Cullin-3 proteins, confirming the efficacy of the inhibitor on
Nedd8 activation. Also, Nedd8 mRNA levels decreased in treated cells as shown by RT-
PCR (Figure 4F). Differentiating C2C12 cells showed decreased myotube formation
when MLN4924 was added at earlier time points (day 1, compared to day 2 and day 3) of
the differentiation program (Figure 4B). We quantified this defect by counting the
number of nuclei per myotube (also called fusion index) (Figure 4C). Cells treated with
MLN4924 showed a 75% decrease in the fusion index. We also looked at the distribution
of myotubes with a set number of nuclei (Figure 4D). Treated cells showed an increase in

the number of myotubes that contained very few nuclei per myotube (2-3 nuclei per

12
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myotube). Generally, cells treated at later time points showed a slight alleviation in the
effect of MLN4924 on differentiation: e.g. an increase in fusion index compared to those

treated at the onset of differentiation (Figure 4B-4D).

In order to confirm the relevance of our data obtained in the C2C12 cell line for
muscle development, we isolated satellite cells from 3 month-old mice. Satellite cells
were then treated with MLLN4924. Similar to C2C12 cells, treated primary cultures of
satellite cells also showed almost no myotube formation compared to vehicle treated
controls (Figure 5SA). Immunoblot analysis shows that neddylation (upper band) of CRL1
is diminished in MLLN4924 treated cells, which corresponds to markedly reduced

expression levels of sarcomeric myosin heavy chain (MyHC; Figure 5B).

In order to verify a dose-dependent effect of the inhibitor, and to try and find a
threshold for the effects observed with MLLN4924, we performed a dose-response
analysis. C2C12 cells were treated with 30nM, 130nM, 230nM or 330nM MLN4924 at
the onset of differentiation. We observed an inverse correlation of decreased myotube
formation in brightfield (Figure 6A) and immunofluorescence (Figure 6D) images of
differentiated C2C12 cells with higher concentrations of MLN4924. Our data were
quantified through fusion index analysis (Figure 6B). Analysis of Nedd8 and sarcomeric
Myosin Heavy Chain (MyHC) protein expression levels decreased as the concentration of
MLN4924 increased (Figure 6C), suggesting that decreased differentiation is attributed to

decreases in CRL activity.
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Defects in myotube formation can be attributed to deficiencies in multiple
processes during myogenesis. An early issue could be an abnormal commitment of the
cells into the muscle cell differentiation program. In order to test if cells entered normally
into the myogenic program, we tested the expression of early expressed myogenic
transcription factors, such as Myogenin, as well as mature myotube markers such as
sarcomeric myosin heavy chain (MyHC) or a-actinin in the presence of MLN4924. Cells
treated with 330nM MLN4924 showed decreased amounts of cells expressing MyHC and
a-actinin in immunofluorescence (Figure 7A and 7B). There was also a decrease in
MyHC at the mRNA level as seen by RT-PCR analysis (Figure 7E). Cells treated with
MLN4924 also showed decreased amounts of the muscle specific transcription factor

Myogenin at both protein and mRNA levels (Fig 7C and 7D).

Next, we tested the effect of MLLN4924 on acetylcholine receptor formation and
clustering. In order not to interfere with myogenesis, we treated myotubes with the
inhibitor 5 days after the onset of differentiation. Upon treatment with agrin in
conjunction with MLN4924 at day 5 of differentiation, myotubes showed a decrease in
number and length of acetylcholine receptors per mm” (Figure 8A, 8E, 8F). However,
cells did not show a decrease in the number of receptor clusters per myotube (Figure 8D).
Both treated and control cells had about the same myotube length (Figure 8B) and

number of nuclei per myotube (Figure 8C).
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We wondered if the effects of MLN4924 treatment on differentiating C2C12
muscle cells were irreversible, or whether myoblasts exposed to the inhibitor regain their
ability to differentiate after removal of the compound. In order to test the ‘reversibility’
of the defects observed during myogenesis, we removed the inhibitor 5 days after start of
differentiation, and continued to culture C2C12 cells without MLN4924. ‘Rescued’ cells
resumed their differentiation and formation of myotubes (Figure 9A). ‘Rescued’” C2C12
cells showed similar numbers of myotubes as controls at Day 5 of differentiation, and
about half as many as controls at Day 10 (Figure 9B). Cells allowed to resume
differentiation had an increase in MyHC and neddylation compared to cells at 5 days of
MLN4924 treatment (Figure 9C). The MyHC expression levels were quantified to show
relative percentage of MyHC. Cells that resumed growth without MLN4924 had about

80% expression levels compared to untreated controls (Figure 9D).

Expression of the muscle specific transcription factor Myogenin was found to be
severely affected by the loss of CRL activity in our previous data (Figure 7C). We were
interested to understand if the absence of Myogenin was partially responsible for the
observed phenotype. Treatment of C2C12 cells with Azacitidine (5°Aza’dC), a DNA
methyltransferase inhibitor, was shown to induce Myogenin expression in this myoblast
cell line (Oikawa et al, 2011; Heidt et al, 2007). Hence, in order to attempt to rescue the
phenotype of the cells treated with MLN4924, we administered 5’ Aza’dC in parallel.
C2C12 cells treated with 5’Aza’dC along with MLLN4924 at the onset of differentiation
showed a modest but significant increase in myotube formation compared to those treated

with MLN4924 alone (Figure 10A). We quantified these data, revealing that cells treated
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with 5’Aza’dC and MLN4924 showed a slight but significant increase in the measured
fusion index (Figure 10B). We also analyzed the distribution of myotubes with a set
number of nuclei in cells treated with 5’ Aza’dC and MLLN4924, and found a distribution
between that of controls and cells treated only with MLN4924 (Figure 10C). Treatment
of cells with 5°Aza’dC led to increased expression of MyHC without increasing the

neddylation state of 80kDa proteins as expected (Fig 10D).



DISCUSSION

We found that Cullin-Ring E3-Ubquitin Ligase (CRL) activity is required for the
differentiation of myoblasts. C2C12 skeletal muscle cells and primary cultures of mouse
satellite cells with deficient CRL activity were unable to form myotubes. We verified that
the effects were caused by MLN4924 by showing that the extent of myotube formation
was dose-dependent. Treated C2C12 cells also showed a decrease in myogenic
transcription factor Myogenin and markers of mature muscles like sarcomeric Myosin
Heavy Chain (MyHC), and a-actinin, as well as defects in acetylcholine receptor (AChR)
clustering. Furthermore, we showed that effects of MLN4924 can be reversed with

removal of the inhibitor, or partially rescued by global DNA demethylation.

One of our key findings was that C2C12 cells treated with MLLN4924 at early time
points during differentiation showed less myotube formation than those treated at later
time points. Moreover we noticed a strong decrease in the expression of myogenic factors
like Myogenin. These data suggest that CRL activity is required for the commitment of
cells into the myogenic program. Because MLLN4924 inhibits all CRL activity, our data
do not allow us to determine which Cullin-based complexes play a major role in early
myogenesis. However, CRL1 and CRL3 were shown to be implicated in muscle health
and formation via their substrate adaptors. CRLI is the best characterized in muscles for
its role in muscle atrophy mainly through its substrate adaptor MAFbx/Atrogin-1, though
little is known about its role in myogenesis (Bodine, 2001; Gomes et al, 2001). Although

little is known about the role of CRL3 for muscles, the Cullin-3 protein is highly

17
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expressed in muscle tissues and putative substrate adaptors have been linked to muscle
disease (Blondelle and Lange, 2015). The emerging role of several putative substrate
adaptors for Cullin-3 in muscles lead us to hypothesize that the strong defect we observed
may be partially due to loss of CRL3 activity, and guided our investigation of the link

between CRL activity and adaptor proteins

The Kelch and BTB family of proteins are thought to be substrate adaptors of
Cullin-3 and a few like KLHL11 and KCTD6 have been confirmed, but one instance has
shown that this is not always the case (Ji et al, 2015). Even so, what is known about some
of the Kelch proteins seems to mirror our findings that CRL activity is necessary for
muscle development and function. For example, KLHL40 (KBTBDS), KLHL41,
KLHDCI1, and KLHDC?2 have been shown to modulate differentiation of myoblasts
(Gupta and Beggs, 2014), though none of these caused such a dramatic and early defects
in muscle cells as we see with overall loss of CRL activity. Indeed overexpression or
down-regulation of these proteins interferes with myogenesis, but it is not known what
substrates may be affected, and if loss or gain in substrate selectivity is responsible for
the phenotype. Here we show that it is the complete loss of CRL activity that leads to the
blockage of differentiation and not only varying expression in substrate adaptor proteins

as shown previously.

Further defects in the KLHL40 gene are also tied to the hereditary and congenital
neuromuscular disease nemaline myopathy, whose symptoms include muscle weakness

and hypoventilation (Ravenscroft et al, 2013; Ryan, 2001). Recently, there was a report
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of an improvement of the clinical conditions of a patient affected by a KLHL40-related
nemaline myopathy by treatment with an acetylcholinesterase inhibitor, which blocks the
degradation of acetylcholine (Benito et al, 2015). This suggests an involvement of
neuromuscular junctions (NMJs) in the pathogenesis. When we tested acetylcholine
receptor (AChR) clustering in C2C12 cells treated with MLLN4924 and agrin, which
recapitulates one important aspect of NMJ formation, we noticed subtle but significant
defects in cluster length and density (cluster/mm?). However, there were no significant
changes in myotube length or number of clusters per myotube. This indicates that
MLN4924 treatment at this stage of differentiation results in defects in AChR cluster
formation, but not in AChR expression, as we observed similar quantities of clusters per
myotube. For example, receptors in control myotubes had increased
aggregation/clustering of receptors in a row, whereas MLN4924 treated cells had
receptors spaced all over the myotube. Because we see this clustering defect of receptors
after only one day of treatment, this suggests that loss of CRL activity due to MLN4924
is swift and pronounced. These changes may be aggravated in vivo, where additional
processes like AChR linkage to motor neuron endplates, or alignment of AChR along the
myofibers contribute to the successful formation of functional NMlJs (Sanes and

Lichtman, 1999).

Despite advances in CRL research in muscle, CRLs have been mainly studied in
the context of cell cycle progression and cancer (Soucy et al, 2009; Soucy et al, 2010)
Recently, MLN4924 was used in clinical trials for the treatment of cancer in order to

arrest the cell cycle (Bhatia et al, 2016). However, our data revealed a striking effect of
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this very same inhibitor on muscle development. Of note, most cancer patients
experience cachexia, or muscle wasting (Tan and Fearon, 2008), This cachexia has been
linked to defects in muscle regeneration (Ametller, 2011), suggesting deficiencies in
myogenesis in cancer patients. Because our use of MLN4924 leads to a strong defect in
myotube formation, it is likely that muscle wasting in patients taking this drug would be
further exacerbated. This led us to investigate whether this phenotype could be remedied.
After treating C2C12 cells with MLLN4924 for 5 days at the start of differentiation and
then removing MLLN4924 for another 5 days, we saw that myotubes began to reform.
MLN4924 seemed to cause a state of ‘hibernation’, as myotube formation was consistent
with control cells allowed to differentiate for 5 days. This indicates that MLN4924 does
not kill the muscle stem cells, and that CRL activity may not be important for cell
survival, while also suggesting that potential muscle side effects of patients using

MLN4924 may be reversible.

We also noticed that MLLN4924 treatment of differentiating C2C12 cells caused a
dramatic reduction in Myogenin expression. This muscle-specific basic-helix-loop-helix
transcription factor is characterized as one of the key myogenic factors, responsible for
the expression of Adamts5, Alcam, CD24a, Hdacl1, Itga4, Ptgis, Sema3D, Socs3,
Ckmt2, Itgb1bp3, Mef2c, Sppl (Meadows et al, 2008). The Myogenin promoter is
sensitive to methylation, and increased methylation leads to decreased expression of
Myogenin (Faralli and Dilworth, 2012). We reasoned that differentiation of myoblasts
would be enhanced by adding 5’Aza’dC, a global DNA demethylator that would also

affect the methylation status of the Myogenin promoter. A demethylated Myogenin
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promoter would stimulate transcription of the Myogenin gene, and increase Myogenin
protein levels. Myotube formation in cells treated with MLN4924 and 5’ Aza’dC was
slightly but significantly increased. This suggest that at least a part of the phenotype
observed in absence of CRL activity may be directly due to the absence of Myogenin
gene induction. While it further indicates that MLLN4924 effects in muscle may be
remedied in vitro, this is not an accurate estimate for use in in vivo models, as 5’Aza’dC

would disrupt other cell processes via demethlyation and not just in myoblasts.

Although these data provide the earliest and strongest instances at which CRL
inactivity leads to defects in myogenesis, there is still much to discern about the role of
CRLs in muscle formation. More studies should be done looking at the roles of individual
CRLs for muscle formation and function. Verifying substrate adaptors of CRLs and
finding their specific substrates will also provide more characterization of CRL activity in
muscle. We also suggest that patients using MLN4924 should be closely monitored, since

cachexia has been linked to death in cancer patients (Evans et al, 2008).

Our own data and observations in the literature indicate that Cullin-3 and its
adaptors play important roles in myogenesis and muscle maintenance. Further studies in
our lab will investigate in vivo models for the loss of Cullin-3 in skeletal muscles, and

identify substrates and substrate adaptors for Cullin-3.
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The data in this thesis is currently being prepared for submission for publication.
Blondelle, Jordan; Shapiro, Paige; Lange, Stephan. The thesis author was the secondary

investigator and author of this material.
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Figure 1. Myogenesis of Mammalian Muscle. Adapted from Zammet et al, 2006 and

Sanes and Lichtman, 1999.
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Figure 3. Nedd8 levels increase during differentiation of C2C12 cells.

Immunoblot analyses of Nedd8 expression levels of C2C12 cells in proliferation (Pro),
after 1 day in differentiation medium (D1), 2 days in differentiation medium (D2), 3 days
in differentiation medium (D3), 4 days in differentiation medium (D4), or 5 days in

differentiation medium (D5). GAPDH and Ponceau were used as loading controls.
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Figure 4. Cullin-RING ligase activity is required for myotube formation in C2C12
cells.
A & B) Brightfield images of C2C12 cells after 5 days in differentiation medium. Cells

were treated with vehicle control (DMSO) or 330nM Nedd8 Activating Enzyme inhibitor
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(MLN4924) from the onset of differentiation (A), or one, two or three days after start of
differentiation (B). Scale bar = 40um. C) Quantification of fusion index for C2C12 cells
exposed after one, two or three days at start of differentiation with 330nM MLN4924, or
vehicle control (DMSO). D) Percentage of myotubes with 2-3 nuclei, 4-6 nuclei, 7-10
nuclei, or more than 11 nuclei per myotube, from cultures exposed to 330nM MLN4924
after one, two or three days of differentiation, or vehicle control (DMSO). E) Immunoblot
analyses of CRL-1 (Cullin-1), CRL-3 (Cullin-3), and Nedd8 expression levels of C2C12
cells in proliferation (Pro), or after 5 days in differentiation (Diff) medium with 300nM
MLN4924 (+) or vehicle control (DMSO, -). Activated CRL complex is indicated by the
upper band while inactive CRL is the lower band. GAPDH was used as loading control.
F) RT-PCR of Nedd8 in MLN4924 treated C2C12 cells five days after differentiation
compared to controls (CTL). P-values are indicated in figure. Sample size is three

separate samples.



28

Diff.
MLN4924:

.
Cullin-1 - 80

MyHC [= ——] - 250
GAPDH [epeme] - 35
Ponceau l:l

Figure 5. Cullin-RING Ligase activity is required for myotube formation of mouse
muscle stem cells.

A) Immunofluorescence analysis of primary cultures of mouse muscle stem cells after 5
days of differentiation. Cells were differentiated in presence of 330nM MLN4924 or
vehicle control (DMSO), and stained with antibodies against desmin and sarcomeric
myosin heavy chain (MyHC). DAPI was used as counterstain. Scale bar = 100um. B)
Immunoblot analysis of cullin-1 and sarcomeric myosinheavy chain (MyHC) protein
levels in total lysates of differentiated primary mouse muscle stem cell cultures, treated
with 330nM MLN4924 (+) or vehicle control (DMSO, -). GAPDH and ponceau stained

actin band were used as loading controls.
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Figure 6. Dose-response curve of C2C12 fusion index with increasing MLLN4924
concentrations.

A) Representative brightfield images of C2C12 cells five days after differentiation in
presence of 30nM, 13065nM, 250nM 230nM or 330nM MLN4924, or vehicle control
(DMSO). Scale bar = 40um. B) Quantification of fusion index in response to increasing
MLN4924 concentrations. Shown are average fusion indices, standard errors and p-
values (indicated in figure). Grey line indicates fitted curve to determine IC50 value. C)

Immunoblot analysis of Nedd8 and sarcomeric myosin heavy chain (MyHC) protein
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levels in total protein samples of C2C12 cells differentiated for 5 days in presence of
30nM, 130nM, 230nM or 330nM MLN4924, or vehicle control (OnM MLN4924;
DMSO). GAPDH was used as loading control. D) Immunofluorescence analysis of
C2C12 cells differentiated for 5 days in presence of 30nM, 130nM, 230nM or 330nM
MLN4924, or vehicle control (DMSO), with an antibody against sarcomeric myosin

heavy chain (MyHC). DAPI was used as counterstain. Scale bar = 100um.
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Figure 7. MLLN4924 inhibits entry into the myogenic program.

A & B) Immunofluorescence analysis of C2C12 cells differentiated for 5 days in
presence or absence of 330nM MLN4924, stained with antibodies against sarcomeric
myosin heavy chain (MyHC) and desmin (A), or a-actinin (B). DAPI was used as
counterstain in A and B. Scale bar = 50um. C) Immunoblot analysis of sarcomeric
myosin heavy chain (MyHC) and myogenin expression in whole cell lysates of C2C12
cells either in proliferation (Pro), or after 5 days in differentiation (Diff) medium with

300nM MLN4924 (+) or vehicle control (DMSO, -). GAPDH was used as loading
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control. D-E). RT-PCR analysis of mRNA levels of Myogenin (D) and sarcomeric
myosin heavy chain (MyHC, E) in MLN4924 (MLN) treated C2C12 cells five days after
differentiation compared to controls (CTL). Three independent samples were run per

group; p-values are indicated in the figure.
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Figure 8. Effect of Cullin-RING Ligase inhibition on agrin-induced acetylcholine
receptor clustering in C2C12 cells.
A) Immunofluorescence analysis of agrin treated C2C12 cells 5 days after differentiation

in presence of 330nM MLN4924 or vehicle control (DMSO). Cells were stained with
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antibodies against sarcomeric myosin heavy chain (MyHC), and alexa488-labeled a-
bungarotoxin to visualize acetylcholine receptors. DAPI was used as counterstain. Scale
bar = 50um. B-F) Quantitative analysis of myotube length (B), fusion index
(nuclei/myotube; C), number of acetylcholine receptor clusters per myotube (D),
acetylcholine receptor cluster number per mm” (E) and cluster length per mm? (F).
Shown are averages and standard errors. Sample size and p-values are indicated in the

figure.
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Figure 9. Effect of Cullin-RING Ligase inhibition on muscle differentiation are
partially reversible.

A) Immunofluorescence analysis of C2C12 cells after ten days of differentiation in
vehicle (10d DMSO) supplemented differentiation medium, compared to cells cultured

for five days in differentiation medium supplemented with 300nM MLN4924 followed
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by five days in differentiation medium (5d MLN / 5d diff.). Cells were stained with
antibodies against sarcomeric myosin heavy chain (MyHC) and desmin. DAPI was used
as counterstain. Scale bar =100um. B) Quantitative analysis of fusion index of
differentiated C2C12 cells as in (A), compared to average fusion index of differentiated
C2C12 cells after five days in culture (5d DMSO-CTL). Shown are averages and
standard errors. Sample sizes and p-values are indicated in the figure. C) Immunoblot
analysis of whole cell lysates of C2C12 cells differentiated for 5 days with MLN4924,
followed by 5 days differentiation medium (5d/5d), compared to MLN4924 treated
(MLN) as well as vehicle treated control (CTL, DMSO) cells differentiated for 10 days.
Shown are representative immunoblots stained with antibodies against sarcomeric
myosin heavy chain (MyHC) and nedd8. GAPDH was used as loading control. D)

Quantitative analysis of myosin heavy chain protein levels (as in C).
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Figure 10. 5-aza-dC (Aza) partially alleviates the inhibitory effects of MLLN4924 on
C2C12 differentiation.

A) Immunofluorescence of C2C12 cells five days after differentiation in presence of
330nM MLN4924 alone, in combination with 10uM 5-aza-dC (Aza), or vehicle control
(DMSO). Cells were stained with an antibody against a-actinin (green in overlay). DAPI
(blue in overlay) was used as counterstain. Scale bar = 100pum. B, C) Fusion index (B)
and cluster analysis of nuclei/myotube (C) of 330nM MLN4924 (MLN) treated, or
330nM MLN4924 and 10uM Aza treated C2C12 five days after differentiation,
compared to vehicle control (CTL/DMSO). Sample size and p-values (in B) are indicated
in the figure. D) Immunoblot analysis of sarcomeric myosin heavy chain (MyHC) and

Nedd8 protein levels in differentiated C2C12 cells after five days in culture. Samples are



total protein lysates of cells treated with 330nM MLN4924 (MLN) alone, or in

combination with 10uM Aza.
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