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ARTICLE INFO ABSTRACT

Background: Statins are potent inhibitors of cholesterol biosynthesis and are clinically beneficial in preventing

cardiovascular diseases, however, the therapeutic utility of these drugs is limited by myotoxicity. Here, we

explored the mechanism of statin-mediated activation of ERK5 in the human endothelium with the goal of

identifying compounds that confer endothelial protection but are nontoxic to muscle.

Methods: An ERK5-one hybrid luciferase reporter transfected into COS-7 cells with pharmacological and molec-
ular manipulations dissected the signaling pathway leading to statin activation of ERK5. qRT-PCR of HUVEC cells
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Pitavastatin documented the transcriptional activation of endothelial-protective genes. Lastly, morphological and cellular ATP

ERK5 analysis, and induction of atrogin-1 in C2C12 myotubes were used to assess statin-induced myopathy.
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GGTI-298 Results: Statin activation of ERK5 is dependent on the cellular reduction of GGPPs. Furthermore, we found that
FTI-277 the combination of FTI-277 (inhibitor of farnesyl transferase) and GGTI-298 (inhibitor of geranylgeranyl transfer-
Myopathy ase [) mimicked the statin-mediated activation of ERK5. FTI-277 and GGTI-298 together recapitulated the

Endothelial protection beneficial effects of statins by transcriptionally upregulating anti-inflammatory mediators such as eNOS, THBD,

and KLF2. Finally, C2C12 skeletal myotubes treated with both FTI-277 and GGTI-298 evoked less morphological
and cellular changes recognized as biomarkers of statin-associated myopathy.
Conclusions: Statin-induced endothelial protection and myopathy are mediated by distinct metabolic intermedi-
ates and co-inhibition of farnesyl transferase and geranylgeranyl transferase I confer endothelial protection
without myopathy.
General significance: The combinatorial FTI-277 and GGTI-298 drug regimen provides a promising alternative
avenue for endothelial protection without myopathy.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase
inhibitors, or statins, can substantially reduce cardiovascular morbidity
and mortality [1-4]. Statins mechanistically reduce low-density lipo-
protein (LDL) by inhibiting the conversion of HMG-CoA to mevalonate,
the rate-limiting step in the biosynthesis of cholesterol [5]. Although
originally prescribed to reduce LDL, it has been suggested that the ther-
apeutic efficacy of statins in preventing cardiovascular disorders may be

Abbreviations: CoQ10, coenzyme Q10; eNOS, endothelial nitric oxide synthase; ERK5,
extracellular regulated kinase 5; FT, farnesyl transferase; GGPP, geranylgeranyl pyrophos-
phate; GGT, geranylgeranyl transferase; HMG-CoA, 3-hydroxy-3-methylglutaryl-
coenzyme A; HUVEC, human umbilical vein endothelial cell; KLF, Kruppel-like factor; L DL,
low-density lipoprotein; MEF2, myocyte enhancing factor 2; MEK5, mitogen activated
protein kinase kinase 5; PPAR, peroxisome proliferator activated receptor; THBD,
thrombomodulin

* Corresponding author at: Department of Anesthesiology, University of Wisconsin
School of Medicine and Public Health, 1300 University Avenue, Madison, Wisconsin
53706, USA. Tel.: +1 608 265 6710; fax: +1 608 265 3542.

E-mail address: jyang75@wisc.edu (J. Yang).

! Equally contributing authors.

http://dx.doi.org/10.1016/j.bbagen.2015.03.011
0304-4165/© 2015 Elsevier B.V. All rights reserved.

unrelated to the decrease in cholesterol levels [6,7]. While a number of
different signaling pathways have been shown to contribute to these
pleiotropic effects of statins [8], one line of evidence suggests that acti-
vation of the mitogen-activated protein kinase (MAPK) ERK5 and its
downstream targets may be responsible for the endothelial protective
effects of these drugs [9].

Analogous to the related ERK1/2 MAPKs, ERK5 activation requires a
dual phosphorylation of a TEY consensus motif by an upstream
mitogen-activated protein kinase kinase (MAPKK), MEK5 [10]. MEK5
phosphorylates ERK5, which translocates to the nucleus and stimulates
transcription through direct phosphorylation of transcription factors
such as Myocyte Enhancing Factor (MEF) 2C and Kruppel-Like Factor
(KLF) 2 [11]. Additionally, ERK5 can directly influence transcriptional
activity (transactivation) through a poorly defined mechanism that
requires a unique C-terminal domain [12]. Knockout studies have dem-
onstrated an indispensable role of the ERK5 gene in the development of
the cardiovascular system and the maintenance of vascular integrity in
mature blood vessels [13,14]. In mature animals the MEK5/ERKS5 path-
way mediates shear stress-dependent repression of inflammatory
responses via interaction with PPARy1 [15] and additionally regulates
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flow-mediated expression of KLF2, thus controlling anti-thrombotic and
anti-inflammatory responses to laminar flow [16-19].

Statins have been shown to activate the phosphorylation of ERK5 [9].
This activation of ERK5 leads to the de novo synthesis of both KLF2 and
KLF4 [9,19]. Statin-mediated induction of KLF2 through ERK5 has been
demonstrated to drive the expression of endothelial nitric oxide
synthase (eNOS) and thrombomodulin (THBD), important enzymes
influencing the properties of the endothelium [9,19,20].

A common adverse effect of statin therapy is the muscle myalgia as-
sociated with long-term use [21]. Multiple lines of evidence suggest that
the depletion of isoprenoid precursors is implicated in the etiology of
this adverse drug response [21,22]. Furthermore, the myotoxic effects
of statins on muscle fibers have recently been attributed to the
prenylation of protein substrates targeted by geranylgeranyl transferase
11[23].

In light of these latest results, we sought to determine the signaling
responsible for statin-mediated myotoxicity in C2C12 myofibers—an
established cellular model of muscle myopathy. First, we found that
co-administration of inhibitors of farnesyl transferase I (e.g., FTI-277)
and geranylgeranyl transferase I (e.g., GGTI-298) activated ERK5 and
its downstream anti-inflammatory targets, such as eNOS, THBD, and
KLF2. Second, in C2C12 myofibers, these compounds were nontoxic in
comparison to pitavastatin, as measured by the lack of cellular ATP
depletion and atrogin-1 transcriptional activation. Together, these re-
sults demonstrated that co-administration of FTI-277 and GGTI-298
provided an alternative pharmacological strategy for activating ERK5
that may be effective as a therapeutic tool for the treatment of vascular
diseases but devoid of myotoxicity.

2. Materials and methods
2.1. Reagents

Statins were obtained from various sources: atorvastatin (Sigma-
Aldrich, St. Louis, MO, Cat. No. PZ0001), cerivastatin (American
Radiolabeled Chemicals, Inc., St. Louis, MO, Cat. No. ARCD 0403),
fluvastatin (American Radiolabeled Chemicals, Inc., St. Louis, MO, Cat.
No. ARCD 0405), lovastatin (American Radiolabeled Chemicals, Inc., St.
Louis, MO, Cat. No. ARCD 0242), mevastatin (Sigma-Aldrich, St. Louis,
MO, Cat. No. M2537), pitavastatin (kindly provided by Kowa Pharma-
ceutical, Inc., Japan), pravastatin (Sigma-Aldrich, St. Louis, MO, Cat. No.
P4498), rosuvastatin (Selleck Chemicals, Houston, TX, Cat. No. S2169),
simvastatin (Sigma-Aldrich, St. Louis, MO, Cat. No. S6196). Intermedi-
ates in the mevalonate pathway were purchased from Sigma-Aldrich:
(R)-Mevalonic acid sodium salt (Cat. No. 41288), farnesyl pyrophos-
phate (FPP) (Cat. No. F6892), and geranylgeranyl pyrophosphate
(GGPP) (Cat. No. G6025). Cholesteryl hemi-succinate (CHEMS) was
purchased from MP Biomedical (Cat. No. ICN10137905). Inhibitors of
farnesyl transferase (FTI-277) (Cat. No. F9803) and geranylgeranyl
transferase [ (GGTI-298) (Cat. No. G5169) were also purchased from
Sigma-Aldrich. An inhibitor of geranylgeranyl transferase II (2-(3-
pyridinyl)-1-hydroxyethylidene-1,1-phosphonocarboxylic acid or 3-
PEHPC) was donated by the laboratory of Dr. Kirill Alexandrov from
the University of Queensland, St. Lucia, Australia. The MEK5 inhibitor
BIX 02189 (Cat. No. S1531) was obtained from Selleck Chemicals,
Houston, TX.

2.2. ERK5 expression plasmids

Mus musculus ERK5 cDNA (NM_011841) cloned into a pBIND vector
(Promega, Madison, WI, Cat. No. E2440) between the BamH I and Not I
sites with a 22 amino acid linker separating the Gal4 DNA Binding
Domain and the ERK5 start methionine (pBIND-ERK5) was provided
by Dr. Junichi Abe (University of Rochester, New York). The ERK5
catalytically dead mutant (KM mutant) was created by replacing lysine
84 with methionine as reported previously [24] and the non-

phosphorylatable mutant of ERK5 was created by mutating the TEY
motif to AEF—both by site-directed mutagenesis accomplished by the
two-step PCR method. The pBIND vector co-expresses Renilla luciferase
that can be used for normalization of transfection efficiency. Constitu-
tively active (CA) -MEK5 and dominant negative (DN) -MEK5 subcloned
into the pCl/neo (Promega, Madison, WI, Cat No. E1841) eukaryotic
expression vector were reported previously by Cameron et al. [25].

2.3. Cell culture

Clonally selected COS-7 cells stably expressing pG5luc Vector
(Promega, Madison, WI, Cat. No. E2440) were maintained in Dulbecco's
modified Eagle medium (DMEM) supplemented with 10% (v/v) fetal
bovine serum and 100 U/mL penicillin/100 pg/mL streptomycin (Life
Technologies Inc., Carlsbad, CA) (i.e. growth media) with the addition
of 250 pg/mL hygromycin. Mouse C2C12 myoblast cells were obtained
from ATCC (ATCC, Manassas, VA, Cat. No. CRL-1772) and maintained
in a similar growth medium, except without hygromycin. Human
umbilical vein endothelial cells (HUVEC) (Promocell, Heidelberg,
Germany, Cat. No. C-12200) were grown in Endothelial Cell Growth
Medium (Promocell, Heidelberg, Germany, Cat. No. C-22110) with the
addition of 1% antibiotic/antimycotic (Life Technologies Inc., Carlsbad,
CA, Cat. No. 15240-096). Experiments requiring transfection of plasmids
were done using COS-7 cells while endogenous signaling was studied in
the more physiologically relevant HUVEC or C2C12 cells. All cells were
kept in a humidified incubator at 5% CO, and 37 °C.

2.4. Transient transfection

All endotoxin-free plasmids used for transfection were prepared
with PureYield™ Plasmid Midiprep System (Promega, Madison, WI,
Cat. No. A2492). COS-7 cells were seeded at 2.0 x 10° cells per well in
a 6-well plate 24 h prior to transfection. All transfections of COS-7
cells were performed using Lipofectamine 2000 (Life Technologies
Inc., Carlsbad, CA, Cat. No. 11668019) with 1 ug DNA following the
manufacturer's recommendation. The ratio of Lipofectamine reagents
to DNA concentration was fixed at 3.3 pL to 1 pg DNA. Twenty-four
hours after transfection media were switched to DMEM containing
100 U/mL penicillin and 100 pg/mL streptomycin (i.e., serum-free
media) with the indicated drug treatment regimen. Transfection of
siRNA against ERK5 was performed similarly using Lipofectamine
RNAi/Max Reagent (Life Technologies Inc., Carlsbad, CA, Cat. No.
13778030) using the manufacturer's recommendation. 48 h post-
transfection cells were stimulated with drug treatments and harvested
6 h post-drug treatment for qPCR analyses.

2.5. Luciferase assays

COS-7 cells stably expressing the pGL4.31 Vector (luc2P containing
the protein degradation PEST sequence resulting in a destabilized
reporter protein with reduced half-life) were transfected with pBIND-
ERKS5 as described above. Twenty-four hours after transfection, cells
were trypsinized, counted and seeded into 96-well plates (at
~5000 cells/well density) containing the indicated concentrations of
drug or combination of drugs. Each drug treatment condition was per-
formed in triplicate. Twenty-four hours after drug treatments, luciferase
assays were carried out using the Dual-Glo® Luciferase Assay System
(Promega, Madison, WI, Cat. No. E2920). Briefly, Dual-Glo® Luciferase
Substrate (100 pL) was added to each well and incubated at RT for
10 min before luminescence measurements were taken using the
BioTek Synergy2 Microplate Reader. Subsequently, Stop & GLO®
Substrate/Buffer (100 pL) was added to each well and the luminescence
was measured after 10 min incubation at RT. The firefly/Renilla lucifer-
ase ratio was calculated individually from each replicate well and aver-
aged. The data are expressed as the fold induction relative to the
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equivalent DMSO only control. Concentrations of metabolites used for
these experiments follow those used by others [23].

The saturation curve for pitavastatin was determined by first normal-
izing the fold luciferase induction against 0.1% DMSO as negative control
and the highest concentration (100 uM) of pitavastatin as 100%. The
EC50 value for pitavastatin was calculated by taking the half max of
the sigmoidal dose response determined from GraphPad Prism (San
Diego, CA). Saturation curves for FTI-277 and GGTI-298 were plotted
similarly, except the dose response curves for each were determined in
the presence of a fixed concentration (10 M) of the opposite compound.

2.6. Western blot analyses

HUVEC subjected to a drug treatment regimen were lysed with RIPA
(10 mM Tris-Cl pH 7.5, 50 mM NaCl, 1 mM sodium orthovanadate,
30 mM sodium pyrophosphate, 50 mM NaF, 1% NP40, 0.1% SDS, 1 mM
PMSF, 1% Triton X-100, and 0.5% sodium deoxycholate) and sonicated
for 5 s on 10% power (Fisher Scientific microtip sonicator, model 150I)
to obtain total cell lysates. Cell lysates were cleared by centrifugation
at a maximum speed on a bench top centrifuge (10 min at 4 °C). Protein
concentrations of the cleared supernatant were determined by micro
BCA Assay (Thermo Fisher, Waltham, MA, Cat. No. 23223) and 15-
20 pg of each sample were separated on a 10% SDS polyacrylamide gel
at 150 V. Proteins were transferred to a nitrocellulose membrane at a
constant amperage of 0.5 for 2 h at 4 °C and subsequently blocked
with 5% nonfat dry milk for 1 h at RT. The membrane was probed with
1:1000 dilution of rabbit anti-ERK5 antibody (EMD Millipore, Billerica,
MA, Cat. No. 07-039) in 1% nonfat dry milk/Tris Buffered Saline contain-
ing 0.2% Tween-20 (TBST) overnight at 4 °C (approximately18 h). The
following morning, the membrane was washed for 15 min x 3 in TBST
followed by incubation with HRP-conjugated secondary antibody in
1% milk/TBST at RT for 1 h. After rinsing 3 times with TBST, each for
15 min, proteins were detected by the enhanced chemiluminescence
method (Western Lightning chemiluminescence reagent plus,
PerkinElmer, Waltham, MA, Cat. No. NEL105001EA) and imaged with
the Bio-Rad ChemiDoc XRS + (Bio-Rad, Hercules, CA). Quantitation of
western results were performed using NIH Image ] and the data are
expressed as percent of p-ERKS5 relative to total ERK5 proteins.

2.7. Quantitative real-time reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNA was isolated from either HUVEC or C2C12 myotubes using
the IBI Scientific Total RNA Mini Kit (IBI Scientific, Peosta, IA, Cat. No.
[B47321) according to the manufacturer's instructions. cDNA was
reverse transcribed from 1 to 5 pg of total RNA using the Applied
Biosystems cDNA Synthesis Kit (Life Technologies Inc., Carlsbad, CA,
Cat. No. 4368814 ). Templates were amplified in a 25 pL reaction mixture
containing 10 pL of Eva Green qPCR Mastermix (MIDSCI, Valley Park,
MO, Cat. No. BEQPCR-LR), 0.2 uM of a mixture of forward and reverse
primers, and 1 pL of cDNA reaction solution. Real-time polymerase
chain reaction analyses were performed using the Stratagene
MX3000P instrument with the following amplification conditions:
95 °C for 10 min, 40 cycles of 15 s at 95 °C and 60 s at 60 °C. PCR speci-
ficity was confirmed by melting curve analysis after the amplification.
Relative expression was quantified using the AAC, method, in
which GAPDH was used as the internal standard. Validated qPCR
primers were obtained from Qiagen SABiosciences (Valencia, CA):
human GAPDH (PPHO0150F), human KLF2 (PPH02566A), human
NOS3 (PPHO1298F), human THBD (PPH02576A), mouse GAPDH
(PPM02946E) and mouse KLF4 (PPM25088B).

2.8. C2C12 myotubes differentiation conditions

C2C12 cultures were expanded in DMEM supplemented with
10% (v/v) fetal bovine serum (Invitrogen) and 100 U/mL penicillin/

100 pg/mL streptomycin at 5% CO, and 37 °C. For C2C12 differentia-
tion, 5 x 10* cells were seeded in 6-well plates and cultured in
growth media until reaching 70-80% confluence. Cell media were
then replaced with DMEM supplemented with 2% (v/v) horse
serum (Life Technologies, Inc.) containing 100 U/mL penicillin and
100 pg/mL streptomycin (differentiation medium) [26]. Cells were
fed with fresh differentiation medium every 24 h, and the myocyte
fusion into myotubes was monitored daily using an inverted micro-
scope. On day five 10 pM drugs in differentiation medium were ad-
ministered for 36 h and assayed.

2.9. Immunocytochemistry

36 h after drug treatment cells were washed in PBS and fixed in 4%
paraformaldehyde for 40 min and immuno-stained with anti-myosin
heavy chain (MHC) antibody (1:50, Clone MF20, #MAB4470 R&D
Systems, Minneapolis, MN) in PBST (PBS with 0.2% Triton-100) for 2 h
followed by an Alexa-488-conjugated secondary antibody for 1 h, both
at room temperature. Nuclear staining was performed using
100 pg/mL Hoechst in PBST for 10 min, and a final wash in PBS.

2.10. Quantitation of myotubes diameters

Fluorescence microscopic images (20x objective lens) were
captured at the indicated time-points and analyzed offline. For quantifi-
cation of myotube diameter, 10 cross-sectional measurements per
myotube were manually obtained using NIH Image ] and approximately
10 myotubes per image were collected. For each drug condition, an av-
erage of 30 images totaling 300 myotubes were quantified by an exper-
imentally blinded observer. *P value < 0.05, one-way ANOVA followed
by Dunnett's multiple comparisons test, n = 3. Representative images
for each drug condition were taken and are shown in Fig. 5A.

2.11. Cell-based assay for measuring ATP levels

C2C12 cells were seeded at 5000-10,000 cells/well in 96-well plates.
Differentiation occurred over 4-6 days as described earlier. Myotubes
were treated with 10 pM drugs (pitavastatin, FTI-277, GGTI-298 or
FTI-277 in combination with GGTI-298, or 0.2% DMSO as a control).
After incubation for the indicated times, Cell Titer-Glo reagent
(100 pL) was added to each well without removing the cell-culture
medium. Luminescence was measured after 10 min incubation using
the BioTek Synergy2 Microplate Reader.

2.12. Statistics

Data were obtained from the luciferase/Renilla signal reporter assay
for ERK5 activation and qRT-PCR quantitation of mRNA levels were
assayed in triplicate from at least three biological experiments. Initial
ANOVA demonstrated the triplicate assays to be a significant source of
variation. Therefore, the grand mean was determined as the overall
mean including all data from the triplicates and biological replicates,
and the standard error of the means was calculated from the average
of the three means. Statistical significance of the means was evaluated
by the student t-test corrected for multiple comparisons (Bonferroni ad-
justment) where appropriate and P < 0.05 was considered significant.

3. Results
3.1. Statin activation of ERK5

Previously, it was reported that pitavastatin activates ERK5 and
reduces endothelial dysfunction [27]. As an extension of this work, we
screened a series of commercially available statins using a reporter
assay system with a Gal4 DNA binding domain fused to M. musculus
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Fig. 1. Statin-mediated activation of ERK5. A. A schematic representation of the reporter assay. The Gal4 DNA binding domain — ERK5 fusion was transfected into COS-7 cells and used to
drive the expression of firefly luciferase as a measure of ERK5 activation. B. Activation of ERKS5 by a series of statins at different concentrations (1 pM, 10 uM, and 100 pM). Data are first
normalized to protein expression by dividing firefly luciferase signals over Renilla and the data are plotted as fold induction relative to control (0.1% DMSO) as 1. Data are representative of
at least 3 experiments, each performed in triplicate. *P value < 0.05, t-test. # indicates statistically significant reduction in the reporter activity at 100 uM compared to 10 pM, P value < 0.05,
t-test, n = 3. C. A representative dose response curve of pitavastatin-mediated activation of ERK5. Values are plotted as percent specific and EC50 was calculated as the half max + SEM.
EC50 from three separate experiments for pitavastatin dose response is 1.3 + 0.15 uM. D. Time course of pitavastatin-mediated phosphorylation of endogenous ERK5 in HUVEC as detected
by the pan-ERK5 antibody. The mobility-shifted slower migrating band is considered the p-ERK5 while the lower faster migrating band is the non-phosphorylated ERK5. E. The level of
ERK5 phosphorylation was quantitated by dividing the p-ERK5 band over total protein (p-ERK5 band + ERK5) and expressed as percentage of total ERK5 protein. The summary bar
diagram shows the mean 4+ SEM of densitometric quantitation from 3 independent experiments. *P value < 0.05, t-test.

ERKS5 (Fig. 1A). At 1 uM, cerivastatin was the most effective of the tested
compounds (with a 4.2 4+ 0.7 fold induction), while fluvastatin, lova-
statin, pitavastatin, and simvastatin showed a statistically significant
but less dramatic ERK5 activation (Fig. 1B), which may be explained
by their respective affinities at HMG-CoA reductase [5]. At 10 uM,
cerivastatin, fluvastatin, lovastatin, mevastatin, pitavastatin, and simva-
statin induced ERK5 activation by at least two-fold (Fig. 1B), while
atorvastatin, pravastatin, and rosuvastatin did not. At 100 pM, only ator-
vastatin induction of the GAL-4 reporter was greater than the lower
concentration of 10 puM. In fact, 100 uM cerivastatin, fluvastatin, and
simvastatin were toxic to the cells (Supplementary Fig. 1) providing
an explanation on why the reporter induction was reduced (denoted
by # in Fig. 1B) at the higher concentration. Pravastatin and rosuvastatin
with known low cell permeability failed to induce the activation of ERK5
even at 100 uM which may be due to its requirement of membrane
transporters for its cellular uptake [28]. We found that the EC50 of
pitavastatin activation of ERK5 was 1.3 + 0.2 uM (Fig. 1C). We chose

pitavastatin, a statin recently approved for clinical use in the United
States, at a concentration of 10 uM as the drug and concentration to
elucidate the signaling of statin-mediated ERK5 activation.

3.2. Role of MEKS5 in statin activation of ERK5

We next determined the phosphorylation status of endogenous
ERKS5 in the presence of pitavastatin in HUVEC cells. We found that
pitavastatin induced transient ERK5 phosphorylation over the course
of 24 h and maximized at approximately 4 h (Fig. 1D and E) in agree-
ment with the previously reported statin-induced phosphorylation of
ERKS5 [9]. The increase in phosphorylation of ERK5 is apparent by the
presence of a higher molecular weight mobility-shifted band on west-
ern blots (Fig. 1D and E). According to the canonical signaling scheme
MEKS5 an upstream member of the MAPKK family, phosphorylates
ERKS5 on the TEY motif, leading to N-terminal kinase activation and
autophosphorylation of its C-terminal domain [11]. Hence, ERK5 TEY
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phosphorylation is synonymous with both functional N-terminal kinase appear smeared with no single dominant mobility-shifted species. Phar-
activity and transactivation of the C-terminal tail. It should be noted that macological inhibition of MEK5 with BIX02189 (10 uM) reduced the
the mobility shift of ERK5 due to multiple sites of phosphorylation often phosphorylation of ERK5 induced by pitavastatin (Fig. 2A and B),
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Fig. 2. Statin-mediated activation of ERK5 in COS-7 cells requires MEK5. A. A representative western blot of mobility-shifted ERK5 after drug treatments. Pitavastatin (10 uM) -mediated
phosphorylation of ERK5 is inhibited by the co-treatment with a MEKS5 specific inhibitor, BIX02189 (10 uM). B. Relative levels of p-ERK5 compare to control after drug treatments. The level
of ERKS5 phosphorylation was quantitated by dividing the p-ERK5 band over total protein (p-ERK5 band + ERK5) and expressed as percentage of total ERK5 protein. The summary bar
diagram shows the mean 4 SEM of densitometric quantitation from 3 independent experiments. C. Activation of ERK5 by pitavastatin, as assessed by the wt ERK5-pBIND luciferase
reporter assay, was inhibited by the co-treatment with BIX02189 (10 uM). Data are normalized by dividing firefly luciferase over Renilla activity and presented as fold induction relative
to the control untreated condition. D. An ERK5.YFP plasmid encoding a fusion protein was transfected and the cells treated with DMSO (top two rows) or pitavastatin (10 uM) (middle two
rows) without or with BIX02189 (10 uM). Fluorescent images were captured to localize the ERK5.YFP and overlaid with the nucleus stained with the Hoechst stain. The lower two rows is a
parallel experiment in cells co-transfected with the CA-MEKS5 plasmid to serve as a positive control for ERK5 activation. Calibration bar = 15 pm. E. Pitavastatin failed to activate the kinase
dead KM-ERKS5 (i.e., pBIND reporter with the KM-ERK5 instead of wt ERK5). The co-expression of DN-MEK5 with wt ERK5-pBIND reporter also prevented the pitavastatin-mediated
increase in the reporter activity. For panels B, C, and E, error bars were obtained from an average of 3 separate experiments performed in triplicate. *P value < 0.05, t-test.
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however, residual statin-induced pERK5 not blocked by BIX02189
remained. Pitavastatin in the presence of BIX02189 (10 pM) reduced
the pitavastatin-mediated transactivation of the ERK5 reporter
(Fig. 2C). Cells transfected with the EYFP-ERK5 plasmid demonstrat-
ed pitavastatin-induced nuclear translocation blocked by BIX02189
(Fig. 2D). Next we used functionally inactive mutants of the ERK5 to
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confirm the pharmacological results observed with the small molecule
MEKS5 inhibitor. As shown in Fig. 2E, while pitavastatin was able
to activate wild-type ERKS5, it failed to activate the kinase-dead
KM-mutant [29]. Expression of the DN-MEKS5 also reduced the
pitavastatin-induced ERKS5 transactivation reporter readout. Together,
these data demonstrate that the pitavastatin-mediated activation of
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Fig. 3. Statin-mediated signaling leading to ERK5 activation in COS-7 cells. A. A schematic diagram depicting metabolic pathways downstream of HMG-CoA leading to the synthesis of cho-
lesterol, CoQ10 and isoprenoids (FPP and GGPP) based on a scheme from [23]. Chemical inhibitors of steps of the pathway experimentally manipulated are denoted in red. Farnesyl-PP,
farnesyl pyrophosphate; geranylgeranyl-PP, geranylgeranyl pyrophosphate; FT, farnesyl transferase; GGT-I, geranylgeranyl transferase I; GGT-II, geranylgeranyl transferase II; GGTI-298,
GGT-I inhibitor; 3-PEHPC, GGT-II inhibitor. B. Statin-mediated activation of ERK5 was inhibited by mevalonate and partly by GGPP but not FPP, CoQ10, and CHEMS. C. The suppression of
ERKS5 activation by GGPP can be reversed by a co-treatment with an inhibitor of GGT-I (GGTI-298) but not by an inhibitor of GGT-II (3-PEHP). D. Activation of ERK5 can be recapitulated by
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reporter by GGTI-298 alone. Data are representative of at least 3 experiments, each experiment performed in triplicate. For B, C, and D, *P value < 0.05, t-test; n.s., non-significant E. A rep-
resentative dose response curve of GGTI-298-induced ERK5 activation in the presence of FTI-277. Shown is the EC50 of GGTI-298 from the representative dose response curve; the EC50
from three separate experiments, each experiment performed in triplicate, is 8.6 4 0.15 uM. F. As in E but with a representative dose response curve of FTI-277 in the presence of GGTI-298.
Shown is the EC50 of FTI-277 from the representative dose response curve; the EC50 from three separate experiments, each experiment performed in triplicate, is 16.0 4= 0.2 uM.
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ERKS5 is dependent on ERK5 kinase activity with a likely role of the up-
stream MEKS5.

3.3. ERK5 activation by statin is caused by depletion of geranylgeranyl
pyrophosphate

We next explored the upstream mechanism of statin-mediated acti-
vation of ERKS. Statins inhibit the metabolic conversion of HMIG-CoA to
mevalonic acid, a precursor to the biosynthesis of cholesterol, squalene,
Coenzyme Q10 (CoQ10), and isoprenoids such as FPP and GGPP
(Wagner et al., 2011) (Fig. 3A). Since the inhibition of HMG-CoA reduc-
tase leads to a drastic reduction of cholesterol, CoQ10, and isoprenoids,
the pitavastatin-mediated activation of ERK5 may be an indirect conse-
quence of the dampening of signaling networks that require physiolog-
ical levels of these metabolic intermediates. For example, a depletion of
isoprenoids leads to a reduction in post-translational modifications and
trafficking of small GTPases including the Ras, Rac/Rho and Rab families
of GTPases (for a review, refer to Buhaescu and Izzedine [30]), all of
which have important signaling functions. To determine whether the
reduction of mevalonic acid by pitavastatin is responsible for the activa-
tion of ERK5, COS-7 cells stably expressing pGL5-luc reporter vector and
transfected with Gal4-ERK5 were treated with pitavastatin and various
intermediates in the HMG-CoA pathway. As shown in Fig. 3B, both
mevalonate and GGPP, at 100 pM and 10 puM respectively, were able to
reverse the pitavastatin-mediated transactivation of ERK5. On the con-
trary, FPP, CHEMS (an amphipathic ester derivative of cholesterol with
physicochemical properties that allow it to incorporate into cellular
membranes [31]), and CoQ10, all at 10 uM, failed to reverse the
pitavastatin-mediated activation of ERK5. The inability of FPP, by itself,
to reverse the effects of pitavastatin on ERK5 activation may be due to
its faster conversion to cholesterol and CoQ10 [32,33]. However, the re-
versal of pitavastatin-mediated ERK5 activation by GGPP points to the
prenylation of either the Rac/Rho or Rab family of GTPases as possible
downstream signaling molecule(s) that affect the activity of ERK5.

3.4. Inhibition of farnesyl transferase by FTI-277 and geranylgeranyl
transferase I by GGTI-298 mimic the activation of ERK5 by pitavastatin

Geranylgeranylation by geranylgeranyl transferase I has been dem-
onstrated for the Rac/Rho family of GTPases, while the Rab family of
GTPases requires geranylgeranyl transferase Il [34]. To determine
whether one or both pathways are important for ERK5 activation,
we treated the ERK5-activation reporter COS-7 cells with 10 pM
pitavastatin and 10 M GGPP, a condition which reversed ERK5 activa-
tion. Simultaneously, we added specific small-molecule inhibitors of
either GGT-I or GGT-II; the inability to transfer geranylgeranyl groups
to the relevant protein(s) should therefore abolish GGPP's reversal of
statin-induced ERKS5 activation. We found that inhibition of GGT-II by
3-PEHPC had no effect on the reporter readout, whereas inhibition of
GGT-I by GGTI-298 abolished the effect of GGPP, re-establishing ERK5
activation similar to pitavastatin treatment alone (Fig. 3C). These results
suggest that blockage of a Rac/Rho/Cdc42 prenylation by pitavastatin
plays a role in the activation of ERK5. While we could isolate the GGT-
I pathway as partly responsible for the statin-mediated activation of
ERKS5 in the presence of pitavastatin, application of Rho and Rac inhibi-
tors by themselves in the absence of pitavastatin, however, did not seem
to have any effect on ERK5 activation (data not shown) as was
previously reported [35].

As expected, the inhibition of GGT- I with GGTI-298 was necessary
but not sufficient for ERK5 activation (Fig. 3D) as GGTI-298 by itself
did not lead to full ERK5 activation. In order to determine whether
prenylation by farnesyl transferase and geranylgeranyl transferase to-
gether leads to the pitavastatin-mediated maximal activation of ERKS5,
we inhibited both farnesyl transferase and geranylgeranyl transferase
with their specific pharmacological inhibitors. The combined inhibition
of both FT and GGT-I with FTI-277 and GGTI-298, respectively, led to

ERK5 activation as measured by the induction of firefly luciferase
(Fig. 3D). Since the presence of one compound was insufficient to acti-
vate ERK5 (Fig. 3D), we determined the EC50 values for each of the com-
pounds while holding the concentration of the other drug constant. As
shown in Fig. 3E, the average EC50 values for GGTI-298 in the presence
of a fixed concentration of FTI-277 (10 uM) was 8.6 & 0.2 pM. Similarly,
the average EC50 of FTI-277 in the presence of GGTI-298 (10 uM) was
16.0 + 0.2 uM (Fig. 3F). Both of the EC50 values for FTI-277 and GGTI-
298 are within the effective biologically-relevant concentrations deter-
mined in other systems (4 uM for GGTI-298 and 10 uM for FTI-277) [36].
The activation of endogenous ERK5 by FTI-277 and GGTI-298 was con-
firmed by the time-dependent increase in the mobility-shifted ERK5
in HUVEC as shown by Western analyses with the pan-ERK5 antibody
(Fig. 4A and B).

3.5. Activation of ERK5 by FT-277 and GGTI-298 lead to increase in eNOS,
THBD, and KLF2

Multiple lines of evidence suggested that the pleiotropic beneficial
effects of statins are attributable to their upregulation of anti-
inflammatory and anti-atherogenic mediators in the endothelium (for
a review, refer to Jain and Ridker [37]). As outlined in Fig. 4C, ERK5
activation leads to the upregulation of members of the KLF family of
transcription factors (KLF2 and KLF4), eNOS and THBD [9]. We showed
here that similar to pitavastatin (Supplemental Fig. 2), FTI-277 and
GGTI-298 in combination were able to increase the mRNA expression
of KLF2, eNOS, and THBD in HUVEC over the course of 24 h (Fig. 4D)
and siRNA knockdown of ERK5 reduced the induction of KLF2
(Fig 4E). However, BIX 02189 only minimally inhibited KLF2 induction
by the dual drug treatment (Fig. 4F) hinting of a possible ERK5-
dependent but MEK-5-independent signaling underlying the gene
induction.

3.6. FTI-277 and GGTI-298 are not toxic in a C2C12 cell model of muscle
myopathy

While statins provide beneficial effects to the endothelium, one of
the major concerns with their use is their myotoxic effect. To determine
whether the combination of FTI-277 and GGTI-298 exhibited similar
muscle toxicity comparable to the statins, we employed the C2C12
murine myoblasts as an in vitro cellular model to measure the potential
myotoxic effects of these compounds [38]. Differentiated C2C12
myotubes were treated with the drug combination for 36 h before mea-
suring their fiber diameter size by a blinded observer. As shown in
Fig. 5A and B pitavastatin treatment resulted in a marked decrease in
the mean myotube diameter while FTI-277 and GGTI-298 in combina-
tion showed attenuated effects. Since phase contrast microscopy does
not allow an unambiguous identification of myotubes from myocytes,
we employed immuno-staining for MHC that selectively identifies
myotubes. The results indicated less morphological evidence of
myotoxicity upon treatment with the FTI-277 and GGTI-298 drug com-
bination compared to pitavastatin.

Previously, Wagner et al. [39] demonstrated that statins drastically
reduce the cellular level of ATP in C2C12 myotubes, and this correlated
with the myopathic phenotypes observed in the zebrafish embryo. We
employed the same assay to determine whether the combination of
FTI-277 and GGTI-298 affects the cellular ATP level of C2C12 myotubes.
As shown in Fig. 5C, despite the extended applications of FTI-277 and
GGTI-298 up to 48 h, cellular ATP levels remained intact as compared
to pitavastatin treatment alone. The FTI-277 and GGTI-298 co-
administration did not affect the cellular ATP level over time in contrast
to pitavastatin treatment (Fig. 5D). Lastly, we compared the effects of
the pitavastatin and FTI-277/GGTI-298 drug regimen on the upregula-
tion of a biomarker for myopathy. Previously, Hanai et al. [40] showed
that the muscle toxicity associated with statins is partly due to an upreg-
ulation of an E3 ubiquitin ligase, atrogin-1, in C2C12 myotubes. Here, we
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Fig. 4. Activation of ERK5 and its downstream targets in the presence of both FTI-277 and GGTI-298 in HUVEC. A. FTI-277 and GGTI-298 (at 10 pM each) in combination increases the levels
of p-ERK5 and maximizes at 4 h as detected by the pan-ERK5 antibody. B. The level of ERK5 phosphorylation was quantitated by dividing the p-ERK5 band over total protein (p-ERK5
band + ERKS5) and expressed as the percentage of total ERK5 protein. The summary bar diagram shows the mean 4+ SEM of densitometric quantitation from 3 independent experiments.
*P value < 0.05, t-test. C. Diagram of the ERK5 signaling pathway. FTI-277 and GGTI-298 could activate the MEKK upstream of MEK5 or directly activate MEK5. Alternatively drug combi-
nation could result in alternative direct ERK phosphorylation independent from canonical MAPK signaling (see Discussion). Once activated, ERK5 transcriptionally upregulates eNOS, KLF2,
and THBD. D. FTI-277 and GGTI-298 together induced the transcriptional upregulation of known ERK5 targets, including KLF2, eNOS, and THBD, in a time dependent manner. E. siRNA
knock down of ERK5 reduces FTI-2777 and GGTI-298 dual drug-induction of KLF2. Cells were transfected with 10 nM scramble or ERK5 siRNA and after 48 h treated with drugs or
DMSO for an additional 6 h. KLF2 mRNA level was assessed by qRT-PCR. Mean 4 SEM, n.s., non-significant; *P < 0.05; ***P < 0.0005, t-test, n = 3. The inset shows a Western blot confirming
ERK5 protein knockdown (average of 55% knockdown by densitometry from n = 3 experiments). F. Same as in E but with and without BIX02189 (10 uM). Mean 4 SEM, n.s., non-signif-
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Fig. 5. FTI-277 and GGTI-298 in combination did not produce a myopathic phenotype in C2C12 myotubes. A. Bright field and anti-MHC stained images of C2C12 myotubes after treatment
with indicated compound or combination of compounds for 36 h: control (0.2% DMSO), pitavastatin (10 uM), FTI-277 (10 uM), GGTI-298 (10 puM). Scale bars represent 100 um. B. Myotube
diameters were determined from the measurements of 300 myotubes per condition and statistical analyses were performed by one-way analysis of variance followed by Dunnett's mul-
tiple comparison test. Myotube diameters are expressed as percent relative to control where the mean myotube diameter, 21.9 4 0.6 um, was set as 100%. *P < 0.05. C. Pitavastatin caused a
marked decrease in cellular ATP levels while FTI-277 and GGTI-298 combinations were comparable to controls. Data are expressed as percent of control; bar graphs were obtained from the
average of 3 separate experiments, each performed in triplicate. *P < 0.05, t-test. D. Time-dependent decrease in cellular ATP levels measured in the presence of FTI-277 and GGTI-298
combination as compared to pitavastatin. E. Pitavastatin produced a marked increase in the levels of atrogin-1 mRNA, a cellular biomarker of statin-associated myopathy while FTI-277
and GGTI-298 together failed to induce a significant increase in atrogin-1. qRT-PCR results were obtained from the average of 3 separate experiments, each performed in duplicate. All
values are mean + S.E.M. *P value < 0.05, t-test.
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showed that at 24 h post drug treatment, while pitavastatin caused a
twofold induction of atrogin-1 mRNA levels, FTI-277 and GGTI-298
alone or together had no effect on the transcriptional regulation of
atrogin-1 in C2C12 myotubes (Fig. 5E). Together with the ATP depletion
assay and the myotube diameter measurements, we concluded that the
drug combinations are nontoxic to skeletal muscle cells.

4. Discussion

The HMG-CoA inhibitors, statins, are highly effective in preventing
the development of cardiovascular diseases independent of their
cholesterol-lowering effects. However, 5-15% of patients undergoing
statin therapy develop muscle myalgia. Although the beneficial effects
of statins on the cardiovascular system are multifactorial, multiple
lines of evidence suggest that its effects may be partly mediated via
the activation of the ERK5 pathway in the endothelium [9,41]. In order
to examine the feasibility of capitalizing on the beneficial effects of
statins and at the same time averting the myotoxicity associated with
this class of drug, we first determined the signaling molecules responsi-
ble for statin-mediated ERK5 activation with the goal of identifying
small molecule activators of the ERK5 pathway that have minimal
toxicity on muscle cells. We showed that the primary mechanism of
statin-mediated activation of ERK5 involves the reduction of
substrates metabolized by farnesyl transferase and geranylgeranyl
transferase 1. Co-application of FTI-277 (to inhibit farnesyl transferase)
and GGTI-298 (to inhibit geranylgeranyl transferase 1) mimicked
statin-mediated activation of ERK5 and functionally upregulated previ-
ously identified anti-inflammatory and anti-thrombogenic ERK5 targets
including KLF2, eNOS, and THBD while exhibiting minimal toxicity on
myotubes.

The mechanism of ERK5 activation and downstream gene induction
by FTI-277/GGTI-298 treatment parallels that of statins since FTI-277/
GGTI-298 increased pERKS5 in a time-dependent manner and siRNA in-
hibition of ERK5 reduced the gene induction by either treatments.
BIX02189, an alleged MEKS5 specific inhibitor, abrogated ERK5 phos-
phorylation but did not affect the KLF2 gene induction. Although
BIX02189 is regarded as a selective MEKS5 inhibitor, this small molecule
also directly inhibits the N-terminal kinase activity of ERK5 (IC50 1.5
and 59 nM, for MEK5 and ERK5, respectively [42]). Therefore pharmaco-
logical experiments alone cannot untangle the role of MEK5 vs. ERK5 in
statin-induced downstream gene induction. However siRNA knock-
down of ERK5 reduced KLF2 induction by both pitavastatin and the
dual drug treatment confirming the role of ERKS5 itself.

According to the canonical signaling scheme, MEK5 specifically
activates ERK5 by phosphorylation of the ERK5 TEY motif. However,
ERKS5 can be phosphorylated in the C-terminal domain through non-
canonical signaling involving the cyclin-dependent kinase independent
of MEKS5 [43,44], and the signaling pathways upstream of MEKS5 are
poorly defined. Statin and dual-drug activation of ERK5 likely involves
complex upstream crosstalk between isoprenylation of multiple
GTPases. Our observation that GGTI-298 by itself trends towards ERK5
activation but requires a combination treatment with FT-277 for full
statin-like effect (Fig. 3D) alludes to such a complex regulation. Mecha-
nistic elucidation of the mediators of ERK5 activation by FTI-277 and
GGTI-298 together is beyond the scope of the present work, and future
studies will be necessary to explore the finer details of this drug-
combination-induced signaling that ultimately leads to ERK5 activation
and endothelial-protective phenotype. An in vitro kinase assay de-
scribed in a paper published by Takei et al. [45] while the present man-
uscript was under review suggests that statin induction of ERKS5 is
through a direct effect of statin on ERK5 not involving MEK5 or other
kinases.

The regulation of the ERK5 pathway and its downstream targets ap-
pear to be cell type dependent. For example, in C2C12 mouse myoblast,
ERKS5 activation of KLF4 was shown to be essential for the cell fusion into
myotubes with little effect on the differentiation program [46]. In

HUVEC, statin upregulation of both KLF2 and KLF4 were implicated as
the mechanism of endothelial protection afforded by these drugs.
Importantly, Sen-Barnerjee et al. [35] demonstrated that MEF2 binds
to the promoter region of KLF2 (from —114 to —221) and regulates
the expression of KLF2 in a statin-dependent manner. siRNA knock-
down of KLF2 reduced the statin-mediated induction of eNOS and
THBD [35], indicating that the transcription factor KLF2 regulates the
levels of eNOS and THBD in endothelial cells. MEF2 factors (—A, —B,
—C, —D) belong to a superfamily of transcription factors that regulate
genes important in a number of cellular processes, notably muscle de-
velopment [47] and stress response during cardiac hypertrophy [48].
MEF2C and MEEF2D have been shown to directly interact and can be
phosphorylated by ERK5 in vitro [49]. Thus, it is mechanistically possible
that statin- and FTI-277/GGTI-298-mediated activation of ERK5, leading
to the phosphorylation of MEF2, transcriptionally activates KLF2 and its
downstream targets such as eNOS and THBD.

A major impediment to the widespread therapeutic use of statins for
hypercholesterolemia is the undesirable statin-associated myopathy
seen in some patients. The extent of the statin-associated myopathy
ranges from patient-reported muscle weakness and cramps to life-
threatening rhabdomyolysis which occurs in 0.1% to 0.5% of patients
[50]. Vigorous exercise is a risk factor for these side effects [21]. The
hypotheses on the mechanism of statin-associated myopathy have
changed over time; while cholesterol and CoQ10 were previously iden-
tified as the main determinants of statin-associated myalgia, emerging
evidence suggests that depletion of isoprenoids may be the main
cause for the toxicity associated with HMG-CoA reductase inhibitors.
In fact, multiple lines of evidence demonstrated that supplementation
with GGPP in the presence of statin can rescue the cellular markers
associated with statin toxicity. Specifically, Wagner et al. [23,39] dem-
onstrated that statin toxicity is associated with alteration in mitochon-
drial function that was the result of the inhibition of geranylgeranyl
transferase II. In another study, an E3 ubiquitin ligase, atrogin-1, was
shown to be upregulated under chronic statin treatment but abrogated
by co-supplementation with GGPP [40,51]. Furthermore, atrogin-1
knockdown C2C12 cells appeared to be unaffected by statin when
myofiber diameters were compared [40].

5. Conclusion

The observation that FTI-277 and GGTI-298 in combination mim-
icked the beneficial effects of statins but were nontoxic to C2C12
myotubes may provide the foundation for novel strategies in the
treatment of vascular diseases. Several farnesyl transferase and
geranylgeranyl transferase I inhibitors, some highly selective and others
inhibiting both, have been explored as cancer therapeutics with many
showing acceptable toxicity profiles in human clinical trials [52]. Future
directions of this work include characterization of FTI-277/GGTI-298
combination drug treatment in whole animal models of atherosclerosis
and myotoxicity, and screening of small molecule libraries to identify
other novel drugs capable of inducing ERK5 activation to provide endo-
thelial protection while exhibiting little myotoxicity.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2015.03.011.
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