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Abstract

Statin treatment of hypercholesterolemia can lead to chronic myotoxicity which is, in most
cases, alleviated by drug withdrawal. Cellular and molecular mechanisms of this adverse
effect have been elusive, in particular because of the lack of in vitro models suitable for long-
term exposures. We have taken advantage of the properties of human pluripotent stem cell-
derived mesodermal precursors, that can be maintained unaltered in vitro for a long period of
time, to develop a model of repeated exposures to simvastatin during more than two weeks.
This approach unveiled major differences, both in functional and molecular terms, in response
to single versus repeated-dose exposures to simvastatin. The main functional effect of the in
vitro simvastatin-induced long-term toxicity was a loss of proliferative capacity in the absence
of concomitant cell death, revealing that cytostatic effect could be a major contributor to
statin-induced myotoxicity. Comparative analysis of molecular modifications induced by
simvastatin short-term versus prolonged exposures demonstrated powerful adaptive cell
responses, as illustrated by the dramatic decrease in the number of differentially expressed
genes, distinct biological pathway enrichments, and distinct patterns of nutrient transporters
expressed at the cell surface. This study underlines the potential of derivatives of human
pluripotent stem cells for developing new approaches in toxicology, in particular for chronic

toxicity testing.



Introduction

The precise mechanisms of statin-induced myotoxicity, a common adverse effect of chronic
treatment with those worldwide prescribed anti-cholesterol drugs, have remained elusive. For
two decades, statins have been prescribed for preventing cardiovascular diseases through
lowering elevated plasmatic concentrations of low-density lipoprotein cholesterol (LDL-C)
[1]. These drugs target the enzyme HMG-CoA reductase (HMGCR), thus inhibiting the
production of mevalonate, a critical intermediary in the cholesterol biosynthesis pathway [2].
Although statins are well tolerated by most patients, their use has been associated with
myotoxicity that translates into myalgia in up to 5% of the patients, and in rare occasions into
more serious cases of rhabdomyolysis [3]. As a consequence, cerivastatin was withdrawn
from the market in 2001 after being associated with 52 fatal cases of rhabdomyolysis [4].
More recently, the US Food and Drug Administration has also restricted the use of
simvastatin because of an association of the highest approved dose with an elevated risk of

muscle injury (http://www.fda.gov/Drugs/DrugSafety/ucm256581.htm).

Despite a wealth of studies, the precise mechanisms of those statin-associated muscle injuries
remain controversial. While at the molecular level the depletion of several intermediates of
the HMGCR pathway downstream of mevalonate has been incriminated [5], the precise
functional consequences are still debated. Primary cultures originating from human biopsies
[6-8], mouse [9, 10] or rat [11, 12] muscle tissues, as well as myotubes derived from
immortalized myoblast cell lines [9, 13-15] have been used to study statin-induced
myotoxicity in vitro. These experiments have pointed to cell death, either of post-mitotic
differentiated myotubes and myofibers following vacuolization [7, 9, 11, 12, 14], or of
proliferating myoblasts, possibly through apoptosis [13], or of both cell types [6, 16].

One particular drawback of the current in vitro cell models is the difficulty in maintaining the

cells unaltered for long periods of time, while the statin-induced myotoxicity is essentially a
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consequence of chronic exposure. Most in vitro studies have, thus, focused on single dose
exposures, with short-term follow up for 48 h to 72 h. To our knowledge, no in vitro study
beyond 5 days of treatment has been reported so far [9, 12, 16]. It is therefore paradoxical that
only acute exposures to statins have been used to evaluate mechanisms for long-term effects
on muscle cells.

In this study, we have exploited the advantages of human embryonic stem cell (hES)-derived
mesodermal precursors, upstream of the myogenic lineage [17], that can be maintained
unaltered in vitro for a long period of time, to explore simvastatin toxicity in an experimental
setup allowing a more protracted follow up. We report major differences, both in functional
and molecular terms, in response to single versus repeated-dose exposures to simvastatin,
pointing to a cytostatic effect, with suggestion of a phenotypic change and metabolic

reprogramming, as a primary mechanism for chronic myotoxicity.



Material and Methods

hES cell culture. The hES cell line SA01 (Cellartis) was grown on a layer of mouse
embryonic fibroblasts (Globalstem) mitotically inactivated with 10 pg/ml mitomycin C.
Cultures were carried in Knock-Out (KO)-DMEM supplemented with 20% KO Serum
Replacement (KSR), 2 mM glutamax, 1% non essential aminoacids, 50 pM f-
mercaptoethanol and 10 ng/mL recombinant human fibroblast growth factor 2 (FGF2) (all
from Life technologies). Medium was changed daily and hES cells were manually passaged

every 5-7 days.

Differentiation of hES cells into MPCs. Mesodermal precursor cells (MPCs) were obtained
by differentiation of SAO01 hES cells using an adaptation of a previously described protocol
[18]. Briefly, differentiation was induced by plating 4 - 6 hES colonies/cm? on 0.1% gelatin-
coated dishes in the presence of KO-DMEM supplemented with 20% fetal bovine serum
(FBS) (Hyclone), 2 mM glutamax, 1% nonessential aminoacids, 50 uM p-mercaptoethanol,
10 ng/mL recombinant human FGF2 (all from Life technologies) and 1 mM L-Ascorbic acid
2-phosphate (Aa2-P) (Sigma-Aldrich). Medium was changed every other day and cells were
passaged with TrypLE Express (Life technologies) to new gelatin-coated dishes when they
reached confluence. MPCs were frozen after approximately 15 days of differentiation
(passage 3). For all subsequent experiments, MPCs were thawed from the same differentiated
population and cultured on 0.1% gelatin-coated dishes in a medium similar to that used for

differentiation from hES but without FGF2 and Aa2-P.

Production of RBD soluble ligands



lgG-Fc tagged RBD fusion proteins were produced as described previously [19].
HERVW.RBD.mFc and PERVB.RBD.mFc ligands were derived from the sequences
encoding the first 121 and 238 amino acids of the HERVW and PERVB Env respectively.
The corresponding RBD-encoding sequence was fused to the mouse 1gG1-Fc fragment (mFc).
Samples were aliquoted and stored at -80°C. Each preparation was verified for integrity by

western blotting. Details on produced RBDs are summarized in Table S3.

Dose response experiments of the toxicity of statins. Statins were purchased from Tocris
with the exception of cerivastatin, which was purchased from Santa Cruz Biotechnology.
Primary myoblasts, hES-derived MPCs and hES-derived NSCs were seeded in black/clear
bottom 384-well plates at a density of 1,500 cells/well for myoblasts and MPCs and 3000
cells/well for NSCs. Myotubes in 384-well plates were obtained and characterized as
described in Supplementary Methods. 24 h after seeding or 6 days after beginning
differentiation for myotubes, cells were treated with statins at concentrations ranging from
0.0025 puM to 16.7 uM during 48 h. Vehicle DMSO was used as a control treatment. For
MPCs, experiment was performed in parallel with or without the addition of 200 puM
mevalonate. Each treatment was done in quadruplicate in the plates. Seeding and treatments
were performed on an automated liquid handling platform (Bravo, Agilent). After 48 h of
treatment, dead cells and debris were eliminated by washing cells with PBS, remaining cells
were fixed with 4% paraformaldehyde in PBS and nuclei were stained with Hoechst (Life
technologies). Cell nuclei were automatically quantified using the LEAP platform (Cyntellect)
or the Arrayscan high content imaging reader (Cellomics). Dose response curves, EC50 and
Emax Values were calculated using the variable slope model for nonlinear regression from the

Prism (Graphpad software).



Repeated dose treatments with simvastatin. MPCs were seeded in 0.1% gelatin-coated
tissue culture flasks at a low density of 3,125 cells/cm? and treated with 0.4 uM, 1 pM or 2.5
MM simvastatin or with DMSO adjusted to a final concentration equivalent to the 1 uM
simvastatin dose. Media and treatments were renewed every other day during 16 days. MPCs
were passaged with TrypLE Express (Life technologies) and counted on an automated cell
counter (Countess®, Life technologies) every 7 days (when they reached 90% confluence).
When passaged, treated MPCs were plated back to 3,125 cells/cm?. The dilution was taken
into account for the calculation of cumulated cell number. Only cells treated with the 2.5 pM
dose were not passaged and were counted on day 3 and 7. Mortality and proliferation of
MPCs were quantified by flow cytometry 2 days post-passage, i.e. at day 2, day 9 and day 16.

For this purpose, MPCs were plated at a density of 8,000 cells/cm?.

Flow cytometry analyses. Mortality. MPCs were labeled with FITC AnnexinV and
propidium iodide (PI) from the FITC AnnexinV Apoptosis Detection Kit | (BD Pharmingen)
following the manufacturer’s instructions. Assay and gating have been set up with non-
labeled MPCs and non-treated labeled MPCs as negative controls, and MPCs treated 12 h
with staurosporine as AnnexinV+/PI- early apoptotic positive control. Cells were analyzed on
the MACSQuant flow cytometer (Miltenyi Biotec). 30,000 events were recorded for each
sample analyzed. Dead cells were quantified as AnnexinV+/Pl+ and early apoptotic cells
were quantified as Annexin V+/Pl- using FlowJo software (Tree Star Inc.). Proliferation.
Proliferation rate was measured using the Click-iT EdU Alexa Fluor 647 Flow Cytometry
Assay Kit (Life technologies) according to the manufacturer’s protocol except that fixation
was performed using 70% ethanol in PBS. 10 uM Edu was added to the culture medium
during 2 h before harvesting and fixing the cells. After the Click-iT reaction, Pl (Sigma-

Aldrich) was used to stain DNA and fluorescence signals were recorded on the MACSQuant
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flow cytometer (Miltenyi Biotec). 30,000 events were recorded for each sample analyzed. Edu
content, i.e. cells in S phase of the cell cycle, was quantified using FlowJo software (Tree Star
Inc.) by plotting Edu fluorescence against DNA content fluorescence in the proliferating sub-
population, characterized by a small size and by Edu incorporation. RBD Binding to Nutrient
Transporters. MPCs were detached using TrypLE Express (Life technologies) for 5 minutes
at 37°C and transferred into a 96-well V-shape microplate with 3.10* cells used for each
binding set. RBD were premixed pairwise (one mouse Fc-fused and one rabbit Fc-fused
RBD) in culture medium containing 0.1% sodium azide and 1mM EDTA. RBD were added to
MPCs and incubated at 37°C for 20 min. Cells were washed once with PBS/2% FCS and then
incubated with Alexa Fluor 647 goat anti-rabbit 1gG (Life technologies, 1:400) and R-PE goat
anti-mouse IgG1 (Life technologies, 1:200) antibodies in binding buffer (PBS/2% FCS/0.1%
sodium azide/ImM EDTA), containing 0.3 pg/mL DAPI to restrict the analysis to live cells.
After 30 min of incubation at 4°C, cells were washed and resuspended in binding buffer
before flow cytometry analysis. Fluorescent signals were acquired on a FACSVerse flow
cytometer (BD Biosciences) with 405, 488 and 640 nm excitation, and data analysis was
performed using Flowjo software (Tree Star Inc.). Dead cells were excluded from the
analysis. “Fluorescence minus one” (FMO) controls were used to establish background levels
in RBD channels (R-PE and AF647). Signals were converted into molecules of equivalent
soluble fluorochrome (MESF) values using calibration beads (R-PE and AF647 MESF
Quantum Beads; Bangs Laboratories) according to the manufacturer’s instructions.

Hierarchical clustering of RBD binding data was performed with dChip software (Harvard).

Whole genome transcriptomic analyses. Whole-genome transcriptomic analyses of MPCs

treated for 2 days or 17 days with simvastatin 1 pM and of the corresponding DMSO-treated



controls were performed in triplicate. Total RNA was isolated using the RNeasy Mini kit
(Qiagen) with DNAse | digestion. RNA concentration and quality were measured using the
NanoDrop ND-1000A spectrophotometer. RNA integrity was evaluated on Agilent
Bioanalyzer 2100. Using 200 ng of RNA as input material, sense strand cDNA was generated
with Ambion WT expression kit (PN 900671). The Affymetrix GeneChip WT Labeling Kit
(PN 900671) was then used to fragment and biotin label sense target for hybridization onto
Affymetrix Human Gene 1.1 ST array plates containing 36,079 RefSeq transcripts.
Hybridization Cocktail was prepared according to Affymetrix standard protocol for Gene 1.1
STArray plates. The Gene Titan Instrument system was used for hybridization, washing,
staining and scanning. Gene array processing was performed at the Bioinformatics and
Expression Analysis (BEA) core facility, Karolinska Institutet (Stockholm). Gene expression
data and experimental information is available at EBI  ArrayExpress

(https://www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-2753. Data analysis

of the Affymetrix array plates results was performed with Affymetrix Expression Console
(EC, version 1.1) using the following methods: (i) summarization: PLIER, (ii) background
correction: PM-GCBG and (iii) normalization: Global Median. Expression levels in the
treatment groups were compared to the control groups using Student’s t-test (2-sided,
unpaired) analysis. For each time point, a list of differentially expressed (DE) genes was
generated, using 2 and 0.05 as fold change and p-value cut-off values, respectively. The
Database for Annotation, Visualization and Integrated Discovery (DAVID) was used for
biological processes enrichment analysis. Ingenuity Pathway Analysis v.9 (IPA) (Ingenuity
Systems, Redwood, CA, USA) was used as a complement to identify Physiological System

Development and Function terms modulated by the simvastatin exposure.
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Quantitative RT-PCR. Total RNA was isolated using the RNeasy Mini kit (Qiagen) with
DNAse | digestion. The RNA samples were quantified and assessed for integrity using the
NanoDrop ND-1000A spectrophotometer or the Agilent Bioanalyzer 2100 with the RNA
6000 Nano kit (Agilent Technologies). Reverse transcription was performed with SuperScript
Il reverse transcriptase and random primers (Life Technologies). Gene expression was
determined by quantitative PCR performed with SYBR Green PCR Master Mix or TagMan®
Probe-Based Gene Expression Analysis (Life Technologies) on the 7900HT Fast Real-Time
PCR System (Life Technologies). Primer sequences and TagMan® assays information are
presented in Table S4. Quantification of gene expression was based on the deltaCt method

and normalized to beta-tubulin expression.

Statistical analysis. Statistical analysis were performed using either one way analysis of
variance (ANOVA) followed by a Dunnett’s multiple comparison test or using one sample t
test when relative data normalized to DMSO treated samples are presented. P-values < 0.05

were considered significant.
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Results

Dose-response curves of statin-induced acute toxicity on MPCs.

hES-derived mesodermal precursor cells (MPCs) were obtained as an homogeneous
population after 16 days of differentiation and maintained a normal karyotype in culture (Fig.
S1A-B). They expressed homogeneously the mesenchymal surface markers CD29, CD166,
CD105, CD73 and CD44 and were negative for the pluripotent marker Tra-1-81 (Fig. S1C).
At least 50% of MPCs expressed alpha-smooth muscle actin (a-SMA) (Fig. S1D).

The sensitivity of MPCs to statin toxicity was evaluated by a single dose exposure of 48 h to
increasing concentrations of 6 statins and the quantification of residual cell numbers (Fig.
1A). Cerivastatin was by far the most toxic compound tested with an efficient concentration
for a 50% reduction of the cell number (EC50) of 0.07 uM (Table 1). At the other end of the
spectrum, pravastatin was not toxic at any concentration tested, as previously described in
other in vitro systems and associated to its hydrophilic properties that may prevent passive
entry into cells [11, 16, 20]. All other statins displayed similar dose-response curves, with
EC50s in the micromolar range. Complete rescue of the toxic effects by addition of
mevalonate showed that statin-induced toxicity was specifically due to HMGCR inhibition in
MPCs (Fig. 1B).

Dose-response curves for statin toxicity were established with three additional cell types for
comparison purposes. First, statins were tested on primary human muscle cells at two stages
of differentiation, namely as proliferative mononucleated myoblasts and as post-mitotic
multinucleated myotubes following cell fusion. The dose-response curves obtained for
myoblasts were strikingly similar to those shown above for MPCs (Fig. 1C), whereas those
for myotubes were quite different in that, despite similar EC50s (Table 1), maximum effects
were much less severe (Fig. 1D and Table S1). About 70% of the cells in myotube cultures

survived the highest toxic doses versus approximately 20% in myoblast cultures. The
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percentage of unaffected myotubes may even be underestimated because myotube cultures
comprised up to 50% of nuclei belonging to non-fused cells (Fig. S2), which may still be
proliferating myoblasts. Statin toxicity was also evaluated on neural stem cells (NSCs), which
are hES-derived precursors with no relevance to the myogenic lineage. NSCs displayed a very
distinct pattern of statin-induced toxicity from that of MPCs, with only limited effects and
much higher extrapolated EC50s (Fig. 1E and Table 1).

Simvastatin, one of the four statins that exhibited intermediate acute toxicity profile on MPCs
and myoblasts, was chosen for subsequent exploration of long-term toxicity using repeated-

dose exposure.

Development of a simvastatin repeated-dose exposure model on MPCs.

In order to set-up an experimental model of repeated-dose exposure, MPCs were exposed to
simvastatin, renewed every other day in the culture medium, for 17 days (Fig. 2 and Fig. S3).
Three different doses of simvastatin were chosen based on the results of the dose-response
curve: the highest dose that did not affect cell numbers (0.4 uM), the lowest dose that induced
a cell loss at plateau level (2.5 uM) and an intermediate dose (1 pM) (Fig. 2). Toxicity was
appreciated on cumulated cell numbers as compared to controls that only received vehicle
DMSO. The 2.5 uM dose induced a rapid drop in cell numbers, leaving almost no surviving
cells after 7 days (Fig. 2A). The 0.4 uM dose had no statistically significant effect on
cumulated cell number over time although apparent doubling times slightly higher than
controls were observed (Fig. 2A-B). In contrast, the 1uM dose resulted in a partial and
sustained decrease in cumulated cell number as compared to controls (Fig. 2A), with apparent
doubling times significantly higher during the whole experiment (Fig. 2B), therefore
unveiling a continued long-term effect of the drug. The 1 UM concentration was, therefore,

used as an inducer of long-term adverse effects of simvastatin in subsequent experiments.
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The cellular mechanisms leading to the sustained reduction of cumulated MPC number under
the 1 pM simvastatin treatment were explored by analyzing in parallel cell death and cell
proliferation at different time points following repeated-dose exposure (Fig. S3). Once
adjusted to the level of basal cell death occurring in control conditions, there was very little, if
any, additional cell death under the 1 uM treatment (Fig. 2C). This clearly differed from the
results obtained after 2 days of exposure with the 2.5 uM concentration, which showed a 2.5
fold increase in cell death, signing a direct cytotoxic effect. In contrast to the absence of direct
induction of cell lethality, cell proliferation was significantly affected by simvastatin 1 uM at
all time-points studied (Fig. 2D). Quantification of cells undergoing proliferation using flow
cytometry showed a significant dose-dependent decrease in the proportion of proliferating
cells after 2 days of exposure to the drug. Repeated exposures to simvastatin 1 uM caused a
continued cytostatic effect, as monitored after 9 and 16 days of treatment (Fig. 2D).

In order to check the cell-specificity of those simvastatin effects, NSCs were also exposed to
the same doses of simvastatin (Fig. S4). Prolonged exposure of NSCs to the 2.5 uM highest
dose induced a small increase of apparent doubling time during the first week (Fig. S4A), as
well as a slight decrease of cell proliferation after 9 days of exposure (Figure S4B). The two
lower doses had no significant effect on NSCs.

The cytostatic effect of simvastatin 1 uM on MPCs was reversible when the drug was
withdrawn from the culture medium after 8 days of exposure (Fig. S5). One day after
withdrawal, the MPCs began to proliferate again actively (Fig. S5C). The proportion of
replicating cells was even higher than in untreated control cells during the first few days after

drug withdrawal, before reaching back control level (Fig. S5C).
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Molecular changes induced by simvastatin repeated-dose exposure in MPCs.

In order to monitor molecular correlates of the response to simvastatin repeated-dose
exposure, we used a set of soluble ligands derived from the receptor-binding domains of
retroviral envelope glycoproteins (RBDs), previously described to detect metabolic
reprogramming [21-26]. RBDs bind cell surface receptors that belong to the solute carrier
(SLC) family, thus allowing quantification of nutrient transporters present at the cell surface.
Binding of a set of 9 RBDs was quantified by flow cytometry in MPCs at different time
points of the repeated-dose exposure to simvastatin (Fig. S3). RBD flow cytometry data
revealed a characteristic nutrient transporter pattern that distinguished prolonged exposures
from short-term exposures (Fig. 3A). A trend towards increased RBD binding was measured
for most nutrient transporters after 1 day of treatment (D1), except for the glucose transporter
Glutl and inorganic phosphate importer PiT2 (Fig. 3A). Those two transporters were
decreased from the beginning of the exposure and were grouped separately from the other
nutrient transporters when applying hierarchical clustering. A general decrease of RBD
binding to all nutrient transporters as compared to DMSO-treated controls characterized
prolonged treatments (D3, D10 and D17). Quantitative RT-PCR analysis of the corresponding
SLC genes showed that decrease of RBD binding to PiT2 could be due, at least partly, to
transcriptional mechanisms (Fig. 3B). This effect was fully rescued by simultaneous
mevalonate treatment (Fig. S6). In contrast, gene expression for PiT1, another inorganic
phosphate transporter, and for XPR1, a newly described inorganic phosphate exporter [27],
did not correlate with changes in RBD binding, suggesting post-translational modulations

(Fig. 3C-D).

In order to further explore the differences at the molecular level between single and repeated-

dose exposures to simvastatin, a whole genome transcriptomic analysis was performed on
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MPCs treated with simvastatin 1 pM either for 48 hours with a single dose exposure or with
repeated-dose exposure for 17 days (Fig. S3). A massive perturbation in gene expression
followed the acute single dose exposure, with a total of 3,740 differentially expressed genes
when compared to DMSO treated controls (| FC | > 2, p < 0.05) (Fig. 4A-B). However, the
prolonged drug exposure dramatically decreased the number of differentially expressed genes
to 139 after 17 days of treatment (Fig. 4A-B). Of those 139 genes, 54 were already altered
after short-term exposure and 85 were specifically modulated after prolonged exposure (Fig.

4B).

After single dose drug exposure, a massive up-regulation was observed in particular for genes
implicated in lipid and glycoprotein biosynthesis and/or metabolic processes (Table 2), as
well as in lysosomal activity (KEGG enriched process; P-value 3.30E-06, 54 genes). Down-
regulated genes were mostly related to mitosis and cell cycle (Table 2). These pathways were
not significantly altered after 17 days of exposure to the drug (Table 2). Quantitative RT-PCR
of representative genes for cholesterol biosynthesis and lipid metabolism (HMGCR, LDLR
and the transcription factor SREBPF2 regulating their expression) confirmed an acute up-
regulation followed by a complete adaptation over time in the repeated-dose exposure set-up
(Fig. S7). After the repeated-dose exposure of 17 days, gene expression changes were mainly
related to tissue morphogenesis, tissue development, and regulation of cell differentiation
(Table 2). More specifically, negative regulation of muscle development was one of the
enriched terms. To refine this pathway enrichment analysis, “Physiological System
Development and Function” terms significantly associated with differentially expressed genes
were identified using IPA software (Table S2). Repeated-dose exposure of 17 days induced
changes in skeletal and muscular system development and function, among which

proliferation and migration processes were affected. On the other hand, the acute treatment of
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2 days did not induce any significant change in any of those terms. The expressions of a few
genes differentially expressed after repeated-dose exposure and involved in those pathways

were validated by RT-gPCR (Table 2 and Fig. S8).

The evolution of FBXO32, which encodes the protein atrogin-1, an E3 ubiquitin ligase
involved in skeletal muscle atrophy [28], was also checked by quantitative RT-PCR (Fig. 5A).
Atrogin-1 mRNA level increased significantly in response to simvastatin 2.5 uM, while it was
not altered as compared to controls in the acute phase following exposure to simvastatin 1
MM. In contrast, repeated-dose exposure to simvastatin 1 uM resulted in a 50% decrease in
atrogin-1 gene expression following 10 or 17 days of treatment. This decrease of atrogin-1
expression was dependent of HMGCR inhibition as it was fully rescued by simultaneous

mevalonate treatment.

To evaluate a possible functional link between this down-regulation of atrogin-1 and the
decreased proliferation of MPCs observed after prolonged exposure to simvastatin, the
expression of atrogin-1 was down-regulated by the use of 2 distinct siRNAs in MPCs and
primary myoblasts. Cell numbers were subsequently quantified by Hoechst labeling, and
proliferation by Edu incorporation, both measured using high content imaging (Fig. S9). 48
hours after siIRNA transfection, knock-down of atrogin-1 (Fig. S9A) resulted in a decrease in
the proportion of Edu positive cells in both cell types (Fig. S9B). This down-regulation of
proliferation resulted in a significant decrease in cell number 72 h after siRNA transfection

for both siRNAs in myoblasts and at least for one siRNA in MPCs (Fig. S9C).

Cerivastatin repeated-dose exposure of MPCs recapitulates simvastatin repeated-dose
effects.
To discriminate between possible specific effects of simvastatin and more general features of

statin exposure, repeated-dose exposure of MPCs to another statin was explored. Cerivastatin,
17



which displayed the most distinct toxic profile from simvastatin after short-term exposure
(Fig. 1A and Table 1), was used for that control. To be able to compare extended exposures,
equivalent concentrations to the 3 simvastatin ones were calculated for cerivastatin, using the
equations of the 48 h dose-response curves. The effects of those 3 cerivastatin concentrations-
16 nM, 55 nM and 180 nM respectively- on MPC cumulated cell numbers and apparent
doubling times were very similar to those of simvastatin (Fig. SLOA-B). The highest dose was
significantly cytotoxic after 2 days of exposure whereas, after 9 days, the 2 lower doses,
allowing extended exposure, did not induce significant cell death (Fig. S10C). Similarly to
simvastatin, a clear cytostatic effect was measured after 2 days of exposure for the 2 higher
doses (Fig. S10D). Despite some adaptation, a significant cytostatic effect was still measured
after 9 days of exposure to the intermediate dose of 55 nM (Fig. S10D).

At the molecular level, cerivastatin induced deregulations of expression of atrogin-1
(FBX032), KLF4, BMP4 and ACAN, which were very similar to those observed after

simvastatin treatment, for both short-term and long-term exposures (Fig S10E).
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Discussion

The main result of this study is the demonstration that repeated-dose exposure to simvastatin
may elicit an adverse cytostatic effect on cells of the myogenic lineage in the absence of cell
death. This long-term effect was associated with molecular changes that strongly differed
from those induced by acute exposure of cells to the same dose of the drug, thus revealing
powerful adaptive mechanisms. Cerivastatin treatment provoked similar changes, suggesting
that these observations are not specific to simvastatin but may correspond more broadly to
statin effects. These results were obtained using derivatives of human pluripotent stem cells,
thus demonstrating their value as human cellular resources for implementing in vitro

repeated-dose toxicity studies.

Repeated-dose exposure to simvastatin may induce myotoxicity through a cytostatic
effect in the absence of cell death.

The present results demonstrate that extended treatment with statins may have profound
deleterious functional effects in the absence of cell death, by inhibiting cell proliferation. This
mechanism had been suggested by van Vliet et al. [20] on the basis of the analysis of human
myoblast cultures, but the use of a single drug exposure paradigm did not allow the authors to
draw a firm conclusion. Instead, most studies have subsequently emphasized the existence of
massive cell death of muscle cells following in vitro treatment [6, 7, 9, 11-14]. Massive and
rapid cell death were also observed here, when the dosage of simvastatin was increased from
1 to 2.5 pM, indicating the existence of a dose-dependent sequence of deleterious effects of
the drug, the inhibition of cell proliferation occurring independently of cell death at a lower
dosage. Extrapolation of drug dosages from the in vitro to the clinical situation is difficult, in
particular because only plasma titers of the drug are available in patients, and tissue

concentrations may strongly differ. Drug doses used in in vitro studies reporting cell death
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were often far higher than the usual therapeutic dosages, ranging for simvastatin between 60
and 1000 times the peak plasmatic titer recorded in patients [6-8, 11, 13, 29, 30]. Despite still
being above therapeutic doses, the 1 UM intermediate dose used here to induce the long-term
cytostatic effect ranges approximately between 10 and 40 times the peak plasma titer in
patients [31], overall lower than the doses previously shown to induce cell death and/or
apoptosis.

The possibility that inhibition of proliferation may contribute to myotoxicity is consistent with
well-known mechanisms of muscle regeneration. Muscle injury normally activates a muscle
repair process that involves satellite cells activation, proliferation, differentiation and fusion to
the damaged myofibers [32]. If muscle progenitors are not able to proliferate properly because
of the effects of statins, neither muscle repair nor regeneration of a pool of satellite cells
would occur normally. Intense physical exercise is known to induce muscle injury requiring
active regeneration and this has been repeatedly underlined as a major cause for susceptibility
to statin myotoxicity [33, 34]. Some treated patients experimented muscular symptoms after
an intense physical exercise [35-37]. Strikingly, only 20% of a cohort of top athletes needing
statin medication tolerated the treatment without muscular side effects, a much higher
proportion than in the general population [38].

This hypothesis of a muscle repair process impaired by a defective proliferation is
strengthened by studies that describe, in addition, an inhibition of the fusion of myoblasts into
myotubes by simvastatin 1 uM in vitro and in vivo [10] and by other statins in vitro [39].
Interestingly, simvastatin repeated-dose treatment resulted in our model in an up-regulation of
genes involved in tissue morphogenesis, tissue development, cell differentiation, and more
specifically, in negative regulation of muscle development (Table 2), suggesting phenotypic
changes that might also impact muscle repair. Blockade of proliferation as a main cause of

statin-induced myotoxicity rather than- or in addition to- muscle cell death would also fit well
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with the clinical observation of the very rapid curative effect of drug withdrawal [38, 40, 41].
Accordingly, the cytostatic effect of simvastatin 1 UM was immediately reversible upon
withdrawal of the drug in the present study. The hypothesis that statins may have anti-
proliferative effects on muscle cells is also strengthened indirectly by data that concern other
cell types. Such an effect has in particular been observed on vascular smooth muscle cells at
doses close to therapeutic ones [42, 43], an effect which has been deemed to contribute to

their therapeutic action on the cardiovascular system.

Adaptive mechanisms contribute to cell responses to repeated-dose toxicity.

The comparative analyses of molecular changes induced by simvastatin 1 uM treatment after
single and repeated-dose exposures revealed major differences. Among them, it is interesting
to mention that single drug exposure resulted in up-regulation of sterol and lipid metabolic
pathways, while there was no alteration registered anymore after 17 days of exposure. In
response to intracellular cholesterol depletion, expression of enzymes of the cholesterol
biogenesis pathway are up-regulated in part via the activation of the transcription factor
SREBPF2 [44, 45], which is also able to activate its own transcription [46]. Intracellular
cholesterol depletion induced in vitro by statin treatment results in transcriptional up-
regulation of HMGCR and/or of low density lipoprotein receptor (LDLR) [47-50]. SREBPF2,
HMGCR and LDLR were indeed up-regulated in the present study. Since the experiments
were performed with culture medium not depleted from cholesterol, transient up-regulation of
LDLR may have been sufficient to allow exogenous cholesterol to enter the cells and restore
normal levels of the enzymes of the cholesterol pathway despite ongoing simvastatin
treatment. Interestingly, despite a cholesterol metabolism pathway returning back to normal,

the expression of several molecular markers —some of which indicative of phenotypic
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changes, such as ACAN, BMP4 or KLF4 (Fig. S7)- remained or were specifically induced by

the repeated-dose exposure to simvastatin.

The gene encoding atrogin-1 attracted our attention because of its implication in skeletal
muscle atrophy [28]. Changes in expression of this E3 ubiquitin ligase have been observed in
atrophic muscle following spinal cord injury, being up-regulated in the acute phase [51] and
down-regulated during the chronic stage [52]. Results obtained in the present study bear some
resemblance to this dual response. Indeed, atrogin-1 transcript was significantly up-regulated
after single exposure to the cytotoxic 2.5 uM dose, as in previous studies of statin effects [9,
53]. In sharp contrast, atrogin-1 was significantly down-regulated following repeated-dose
exposure. Our results thus suggest a specific sequence of atrogin-1 expression changes
associated to acute versus chronic myotoxicity. Besides, SiRNAs targeting atrogin-1
expression induced a decrease in the proliferation rate of MPCs and primary myoblasts.
Although a comprehensive analysis of molecular changes that may impact proliferation after
prolonged simvastatin treatment was beyond the scope of this study, down-regulation of

atrogin-1 may thus contribute to the cytostatic effect measured in our model.

The metabolism of MPCs was also differentially impacted by single versus repeated
simvastatin treatment, as revealed by the distinct nutrient transporter expression patterns
observed in MPCs following short-term or prolonged exposures. Nutrient transporters are key
players of cell homeostasis and play a pivotal role in metabolic adaptation to environmental
changes [24, 26, 54]. Differences in their expression have already been described under
perturbed conditions [19, 21, 22]. In the present study, all nutrient transporters indeed
demonstrated altered expression at one point or another of the repeated-dose treatment. Most
—with the exception of Glutl and PiT2- were actually specifically down-regulated after

prolonged exposure to the drug as compared to the short-term exposure (day 1). This result
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further emphasizes the differences between immediate and protracted responses of MPCs to

simvastatin treatment.

Altogether, the results of all the molecular analyses performed here point to major
mechanistic differences between cell responses to short-term versus prolonged statin
exposures and indicate the triggering of adaptive mechanisms that are accompanying the
development of long-term toxicity.

Derivatives of human pluripotent stem cells show unique advantages for the in vitro
evaluation of repeated-dose drug toxicity.

The present model was based on derivatives of human pluripotent stem cells. Implementation
of in vitro repeated-dose exposure models has faced the challenge of maintaining cells
exposed to treatment for extended periods of time [55]. The majority of available human cell-
based models rely on the use of either primary cells isolated from human tissues or
immortalized cell lines, both presenting several limitations for the development of repeated-
dose exposure models. Maintaining primary cell cultures for extended periods of time is
especially difficult because of their limited lifespan. Besides, human tissue material needed to
establish primary cultures is a biological resource of limited access. Immortalized cell lines
provide an alternative to address both issues. However, they have been genetically modified
to express a tumor-related or viral gene to gain their “immortal” status, thus often deviating

phenotypically, genetically and functionally from their original counterparts.

Contrary to human primary or immortalized cells, human pluripotent stem cells can be
expanded indefinitely in culture while keeping normal karyotypes [56, 57]. Under appropriate
culture conditions, they can be differentiated theoretically into any cell type of the organism,

thus providing the opportunity to develop cell-based models to study acute and repeated-dose
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exposure toxicities on different tissues of interest, including those difficult to access through

primary cells [58].

However, the relevance of MPCs derived from hES cells for studying the effects of statins on
adult muscles can be questioned. MPCs are not fully differentiated myogenic cells, even if a
sub-population has been shown by some authors to fuse to form myotubes in vitro, and with
muscle fibers in vivo following transplantation [17]. It was encouraging that hES-derived
MPCs displayed very similar statin-induced acute toxicity patterns as compared to primary
human myoblasts, and that these effects were specific to the myogenic lineage since hES-
derived NSCs did not exhibit a similar response. The use of MPCs allowed to demonstrate
that cellular responses to short-term or prolonged statin treatment were quantitatively and

qualitatively different and to draw new mechanistic hypotheses.
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Summary

In this study, human embryonic stem cell-derived mesodermal precursors of the myogenic
lineage were used to implement and characterize simvastatin repeated-dose exposure effects
in vitro. Prolonged exposures to simvastatin resulted in very distinct responses as compared to
short-term exposure, both at the functional and molecular levels. Comparative analysis of
molecular modifications induced by simvastatin short-term versus prolonged exposures
demonstrated a major adaptive cell response characterized by phenotypic changes and
metabolic reprogramming. At the functional level, simvastatin extended exposure resulted
mainly in a loss of cell proliferative capacity in the absence of concomitant cell death. We
propose a new mechanistic hypothesis regarding statin-induced myotoxicity, pointing to
inhibition of the proliferation of muscle precursor cells -that would prevent proper muscle
regeneration- as a major contributor to chronic myotoxicity. This study demonstrates the need
for more models based on long-term drug exposures to study chronic toxicities. Derivatives of

human pluripotent stem cells appear as a nicely suited human cell resource for such studies.
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Figure Legends

Figure 1. Dose-response curves of the toxicity of statins following single-dose exposure.

hES-derived MPCs in absence (A) or presence (B) of 200 uM mevalonate, primary myoblasts
(C), myotubes differentiated from primary myoblasts (D), and hES-derived NSCs (E), were
treated in 384-well plates with the indicated statins for 48 h. Cell nuclei were quantified by
high content imaging using Hoechst staining. Results of residual nuclei number are expressed
as means = SD in statin-treated cells normalized to DMSO treated cells (n = 4 for myotubes, n

= 3 for other cell types).

Figure 2. Characterization of simvastatin-induced acute and repeated-dose exposure
responses in MPCs

(A) Cumulated cell numbers of MPCs treated with repeated doses of the indicated
concentrations of simvastatin or vehicle DMSO during 14 days. Data are presented as means
+ SD (n = 4). (B) Average apparent doubling times during the first and second weeks of
treatments calculated according to the cell counts (means = SD, n = 4). **p<0.01, ***p<0.001
determined by ANOVA followed by Dunnett’s comparison to DMSO condition. (C) Cell
mortality analysis of MPCs treated with simvastatin. MPCs were labeled with Annexin V-
FITC and propidium iodide and analyzed by flow cytometry. The total of early apoptotic and
dead cells was quantified as Annexin-V+ cells (red gates). Left panel shows representative
data obtained on day 2 of treatment. Right panel shows mortality quantifications obtained on
the indicated days of repeated-dose exposure. (D) Proliferation rate analysis of MPCs treated
with simvastatin and evaluated by Edu incorporation quantification by flow cytometry. Left
panel shows representative data obtained on day 2 of treatment and Edu positive gating. Right

panel shows Edu quantifications obtained on the indicated days of repeated-dose exposure.
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(C, D) Results have been normalized to DMSO treated cells and are expressed as means £ SD
(n = 4). fnot determined because of cell death; *p<0.05, **p<0.01, ***p<0.001 determined

by one sample t test.

Figure 3. Expression profiling of nutrient transporters at the surface of MPCs in
response to simvastatin repeated-dose exposure

(A) Unsupervised hierarchical clustering of quantifications of nutrient transporters at the cell
surface of MPCs treated with repeated doses of simvastatin. Nutrient transporters were
quantified by flow cytometry using RBDs after 1, 3, 10 or 17 days of treatment (D1, D3, D10
and D17) except for the 2.5 pM dose, which could be analyzed only after one day (D1) of
treatment. Experiments were performed in duplicates (indicated as #1 and #2) and data in the
cluster are presented as the results of a single experiment normalized to DMSO. (B, C, D)
Relative cell surface expression using RBD technology (left panels) and mRNA levels
quantified by gRT-PCR (right panels) of the transporters PiT2 (B), PiT1 (C), and XPR1 (D)
in MPCs treated with repeated doses of simvastatin or vehicle DMSO. Cell surface expression
results are expressed as means + SD (n = 3) of the expression in simvastatin-treated cells
normalized to the expression in DMSO-treated cells. Relative mRNA levels are expressed as
means £ SD (n = 3) of transcript expression in treated cells (DMSO or simvastatin)
normalized to the expression in non treated cells. *p<0.05, **p<0.01, ***p<0.001 determined
by one sample t test (B, C, D, left panels) or ANOVA followed by Dunnett’s comparison test

to DMSO (B, C, D, right panels).

Figure 4. Differentially expressed genes in MPCs in response to simvastatin 1 yuM

repeated-dose exposure.
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(A) Number of differentially expressed genes following treatment with simvastatin 1 uM as
compared to DMSO (|FC| > 2; p < 0.05). (B) Venn diagram comparing number and
distribution of differentially expressed genes following treatment with simvastatin 1 pM
during 2 and 17 days respectively. (B) Heatmap representing color-coded hierarchical
clustering of FC expression values from microarray analysis, after 2 days or 17 days of
simvastatin 1 uM treatment, for the list of genes significantly modulated by the repeated-dose
exposure of 17 days (Unpaired 2-sided student’s t-test analysis of microarray data, | FC | >2,

p < 0.05, n=3). In red, genes validated by gRT-PCR analysis (Figure S7).

Figure 5. Atrogin-1 expression in response to simvastatin repeated-dose treatment.

Atrogin-1 relative mRNA levels quantified by gRT-PCR at different time points in MPCs
treated up to 17 days with repeated doses of the indicated concentrations of simvastatin or
vehicle DMSO without (A) or with (B) rescuing mevalonate (200 pM). Results are expressed
as means + SD (n = 3) of the expression in treated cells (DMSO or simvastatin) normalized to
the expression in non treated cells. *p<0.05, **p<0.01, ***p<0.001 determined by ANOVA

followed by Dunnett’s comparison test to DMSO.
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