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An image-based small-molecule screen identifies
vimentin as a pharmacologically relevant target of
simvastatin in cancer cells
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ABSTRACT: Vimentin is a cytoskeletal intermediate filament protein that is expressed in mesenchymal cells and
cancer cells during the epithelial-mesenchymal transition. The goal of this study was to identify vimentin-targeting
small molecules by using the Tocriscreen library of 1120 biochemically active compounds. We monitored vimentin
filament reorganization and bundling in adrenal carcinoma SW13 vimentin-positive (SW13-vim®) cells via indirect
immunofluorescence. The screen identified 18 pharmacologically diverse hits that included 2 statins—simvastatin
and mevastatin. Simvastatin induced vimentin reorganization within 15-30 min and significant perinuclear bun-
dling within 60 min (ICso = 6.7 nM). Early filament reorganization coincided with increased vimentin solubility.
Mevastatin produced similar effects at >1 pM, whereas the structurally related pravastatin and lovastatin did not
affect vimentin. In vitro vimentin filament assembly assays revealed a direct targeting mechanism, as determined
biochemically and by electron microscopy. In SW13-vim™ cells, simvastatin, but not pravastatin, reduced total cell
numbers (IC5; = 48.1 nM) and promoted apoptosis after 24 h. In contrast, SW13-vim ™ cell viability was unaffected by
simvastatin, unless vimentin was ectopically expressed. Simvastatin similarly targeted vimentin filaments and
induced cell death in MDA-MB-231 (vim™*), but lacked effect in MCF7 (vim ™) breast cancer cells. In conclusion, this
study identified vimentin as a direct molecular target that mediates simvastatin-induced cell death in 2 different
cancer cell lines.—Trogden, K. P., Battaglia, R. A., Kabiraj, P., Madden, V.]., Herrmann, H., Snider, N. T. An image-
based small-molecule screen identifies vimentin as a pharmacologically relevant target of simvastatin in cancer cells.
FASEB ]J. 32, 2841-2854 (2018). www.fasebj.org
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The cytoskeleton, a critical structural element of all cells, is
composed of intermediate filaments (IFs), actin filaments,
and microtubules as its major components. Human IFs are
encoded by 73 genes and grouped into 6 major types:
types I-1V are cytoplasmic and include the epithelial and
hair keratins, myocyte desmin, neurofilaments, and glial
fibrillary acidic protein, among others; type V IFs are the
nuclear lamins; and type VI are IFs expressed in the lens
(1). Whereas pharmacologic agents that target actin fila-
ments and microtubules are available and widely used in
research, there are presently no known chemical probes
that target IFs selectively. The importance of developing
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IF-targeting chemical probes is clear in light of what actin-
and tubulin-targeting drugs have done for our funda-
mental understanding of cell biology and for patients with
cancer. There are more than 70,000 PubMed studies that
refer to the use of these agents, and microtubule drugs are
a major class of chemotherapeutic agents (2, 3).

The complexity of IF assembly mechanisms and the
limited structural data on individual IFs have hindered the
development of pharmacologic tools for their targeting.
All IF proteins share a common domain structure, a con-
served coiled-coil rod domain that is flanked by globular
head and tail domains (4). Stable IFs are assembled from
tetramers, the basic IF subunits, into 10-nm-thick mature
filaments that are critical for mechanical protection, stress
sensing, and the regulation of transcription and cell
growth. Presently, it is not known if and how the IF cy-
toskeleton mediates desired or untoward effects of clini-
cally used drugs, despite the well-known functions of IFs
in cellular homeostasis and disease.

Vimentin, the major IF protein of mesenchymal cells,
has been used as a prototype for elucidating IF structure,
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assembly, and dynamics (5). As such, vimentin can serve
as a model IF protein to study pharmacologically relevant
interactions between IFs and small-molecule compounds.
Withaferin A, a naturally occurring steroidal lactone, has
been used as a vimentin inhibitor on the basis of findings
that it promotes aggregation of vimentin (6); however,
withaferin A affects numerous cellular targets, including
other cytoskeletal components (7, 8), and, therefore, it is
not selective for vimentin or IFs in general. On the other
hand, examining functional associations between IF pro-
teins and compounds with well-defined biochemical ac-
tivities may illuminate signaling networks controlling IF
dynamics and set the stage for future development of
novel first-in-class IF-selective chemical probes.

In the present study, we hypothesized that a pharma-
cologic screen using a library of compounds with known
biochemical activities can provide us with new tools with
which to manipulate IF structures, uncover signaling
pathways that regulate IF dynamics, and potentially im-
plicate IFs as biologically significant targets of widely used
research compounds and clinical agents. We used Toc-
riscreen, a set of 1120 research compounds and clinical
drugs, to screen for effects on vimentin filaments in a cell-
based assay. This led to the identification of several hits
that included compounds that target GPCRs, protein-
protein interactions, and various classes of enzymes. We
subsequently characterized a functional direct interaction
between one of the hits, simvastatin, and vimentin. Sim-
vastatin and other statins target the rate-limiting step in
cholesterol synthesis and are among the most commonly
used drugs in the world (9). In addition to lowering
cholesterol, clinical use of statins is associated with re-
duced cancer mortality (10) and adverse muscle-related
effects (11) through largely unknown mechanisms. Our
identification of vimentin as a direct target of simvas-
tatin provides a novel potential mechanism of action
that extends beyond lowering cholesterol.

MATERIALS AND METHODS
Abs, plasmids, and chemicals

Abs used were rabbit anti-vimentin (total), pSer39, pSer56 and
pSer83, total poly(ADP-ribose) polymerase (PARP) and
cleaved PARP (Cell Signaling Technology, Danvers, MA,
USA), mouse anti-vimentin V9, and tubulin DM1la (Sigma-
Aldrich, St. Louis, MO, USA). Phalloidin (Molecular Probes,
Eugene, OR, USA) was used to stain filamentous actin. Con-
trol, mEmerald-C1, and mEmerald-Vimentin-C-18 vectors
were obtained from the Michael Davidson fluorescent protein
collection (Addgene, Cambridge, MA). All chemicals used
were purchased from Tocris (Bristol, United Kingdom), in-
cluding the Tocriscreen screening set (a list of compounds is
provided in Supplemental Table 1), in addition to individual
lots of lovastatin, mevastatin, pravastatin, and simvastatin.

Cell cultures, immunofluorescence staining,
imaging, and viability assay

Celllines used in the study, SW13-vim*, SW13-vim ™, MCF7, and
MDA-MB-231, were cultured in DMEM with 10% fetal bovine
serum, and 1% penicillin-streptomycin. For the small-molecule
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screen, cells were treated as described in the next section, then
fixed with methanol and stained as previously described (12).
Cells were imaged on the EVOS-FL auto cell imaging system
(Thermo Fisher Scientific, Waltham, MA, USA) using a X20 (0.75
NA) objective. For triple staining of actin, vimentin, and tubulin,
cells were fixed in 4% paraformaldehyde for 10 min at room
temperature, washed 3X in PBS, permeabilized in 0.1% Triton X-
100 (Tx) for 5 min, washed 3X in PBS, and incubated in blocking
solution (PBS/2.5% wt/vol bovine serum albumin). Primary Abs
for vimentin (rabbit) and tubulin (mouse) were added overnight
in 4°C. The next day, slides were washed 3X in PBS and in-
cubated with Alexa Fluor-conjugated secondary Abs and phal-
loidin for 1 h at room temperature. After overnight mounting in
ProLong Diamond (Thermo Fisher Scientific) that contained
DAP], cells were imaged on Zeiss 880 confocal laser scanning
microscope using a X63 (1.4 NA) oil immersion objective (Zeiss,
Jena, Germany). Live/dead assays were performed by using
the Ready Probes Cell Viability Imaging Kit (Molecular
Probes). One drop of NucBlue (stains all cell nuclei) and
NucGreen (stains dead cell nuclei) (both from Thermo Fisher
Scientific) were added to the cells in 500 p.l of culture medium
15 min before imaging. Cells were imaged in 24-well plates by
using the EVOS-FL auto system with a X 10 (0.3 NA) objective.
Quantification of nuclei from all cells (blue) and dead cells
(green) was performed using the EVOS-FL autorecognition
counting software. MTT (methylthiazolyldiphenyl-tetrazolium
bromide) assay to determine cell viability on the basis of mito-
chondrial function was performed by using a commercial kit
(Vybrant MTT; Thermo Fisher Scientific) according to the manu-
facturer’s protocol.

Small-molecule screen, imaging, and quantification
of vimentin filament changes

SW13-vim™ cells were plated on 96-well glass-bottom plates and
treated the following day (14 plates, 80 compounds per plate;
10 pM final drug added in serum-free DMEM). Each plate in the
screen included 8 untreated and 8 vehicle (0.1% DMSO)-treated
wells in serum-free DMEM as control. After 1 h of treatment,
medium was aspirated and cells were fixed, stained, and
imaged on the same day. Fixation and staining were per-
formed as described in Snider et al. (12), and images were
acquired on EVOS-FL auto using a X20 objective (0.75 NA).
Approximately 5% of the compounds caused cell liftoff, and
they were not considered for additional analysis. The
remaining wells were analyzed and scored manually for the
appearance of the vimentin filament network (diffuse/
nonfilamentous, peripheral redistribution, bundling, or ag-
gregation). Compounds that produced one or more of these
effects were considered positive hits, and all other com-
pounds were considered negative hits in this screen. Quan-
tification of vimentin-positive areas was performed by using
Image]J (National Institutes of Health, Bethesda, MD, USA).
Vimentin-positive areas were calculated by using the ana-
lyze objects program with a size exclusion of <10 pixels®.
Raw images were converted to 8-bit images and the thresh-
old was applied to remove background signal. Average
vimentin area is defined as the total signal area of all objects
divided by the number of objects in each image. The settings
allowed the recognition of images >10 pixels® and the re-
moval of nonspecific signal and signal from the edges.

Preparation of cell lysates and biochemical analysis
of vimentin

Total cell lysates, Tx-soluble, and Tx-insoluble pellets or high-salt
extracts (HSEs) were prepared as previously described (13).
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Two-dimensional gel electrophoresis samples were prepared
in ReadyPrep buffer, which contained: 8M urea, 2% CHAPS, 50
mM DTT, 0.2% Bio-Lyte 3 /10 ampholyte, 0.001% Bromophenol
Blue (BioRad, Hercules, CA, USA) and subjected to isoelectric
focusing: 250 V for 15min, 8000 V for 2 h, 72,000 V hours, and 500 V
hold. Cell lysates were resolved on 4-20% SDS-PAGE gels, then
transferred to PVDF membranes. Membranes were blocked
by using 5% milk in 0.1% Tween 20/PBS and incubated
with the designated Abs in milk, with the exception of
phospho-specific Abs, which were incubated in 3% bovine
serum albumin in 0.1% Tween 20/PBS.

Electron microscopy

Recombinant human vimentin was generated as previously
described (14), and vimentin filaments were assembled from

Tocriscreen™

tetramer buffer (5 mM Tris-HCL, pH 8.5, 1 mM EDTA, 1 mM
DTT) using an established protocol (15) with an added 5-min
preincubation step in the presence of vehicle or simvastatin.
Vimentin filaments were negatively stained with 2% aqueous
uranyl acetate (pH 4.5). A small droplet (2.5 pl) of protein
suspension was applied to a glow-discharged formvar/
carbon-coated 400 mesh copper grid and allowed to adsorb
for 1-2 min. The grid was briefly floated on a droplet of
deionized water to remove buffer salts and transferred to a
droplet of 2% aqueous uranyl acetate for 30 s. Excess stain was
removed by blotting with filter paper, and the grid was air
dried. Grids were observed on a LEO EM 910 transmission
electron microscope at 80 kV (Zeiss). Digital images were
acquired by using a Gatan Orius SC1000 digital camera with
Digital Micrograph software (v.2.3.1; Gatan, Pleasanton, CA,
USA).

Figure 1. Image-based screen of 1120 biologically active small-molecule compounds for effects on vimentin filaments. SW13-vim*
cells, plated on glass-bottom 96-well plates, were treated with 1 of 1120 different small-molecule compounds from the Tocriscreen
library for 1 h, as described in Materials and Methods. Vimentin filaments were visualized in fixed cells by indirect
immunofluorescence. Shown are untreated (UNT) cells and 18 positive hits. Positive hits are defined as those compounds that
caused significant vimentin bundling, aggregation, and/or peripheral or cytoplasmic redistribution. Palmitoyl-carnitine chloride
(A); cantharidin (B); CGP 52411 (C); m-3M3FBS (D); nocodazole (E); D-64131 (F); KF 38789 (G); diphenylene-iodonium
chloride (H); LY 2183240 (I); carvedilol (J); SB 225002 (K); Ch 55 (L); INCA-6 (M); JK 184 (N); ivermectin (0); PNU 74654
(P); simvastatin (Q); and mevastatin (R). The compounds affect multiple targets and pathways, including: kinases, phosphatases,
and lipases (A-D); microtubules and adhesion molecules (/~G); GPCRs and GPCR signaling (H-K); protein-protein
interactions and multisubunit complexes (L-P); and cholesterol biosynthesis (Q, R). Note that some hits are expected (e.g.,
nocodazole), whereas most hits are novel and unexpected, including simvastatin and mevastatin.
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RESULTS

Image-based small-molecule screen identifies
vimentin-targeting compounds

We selected the Tocriscreen library because it consists of a
collection of highly pure small molecules that are known to
be biochemically active and that affect more than 300
pharmacologic targets, including GPCRs, kinases, ion
channels, nuclear receptors, transporters, structural mole-
cules, and protein complexes (a full compound list and
known targets are included in Supplemental Table 1). We
conducted the screen in SW13 adrenal carcinoma cells be-
cause these cells are commonly used in IF research and
because of the availability of a vimentin-positive (SW13-
vim") and a vimentin-negative (SW13-vim ) clone, the
latter lacking all cytoplasmic IFs (16). The pharmacologic
screen—conducted as outlined in Materials and
Methods—identified 18 positive hits that produced signifi-
cant changes in vimentin filament morphology within 1 h of
treatment (Fig. 1 and Table 1). As a validation of the
screening strategy, some of the positive hits we identified
were expected on the basis of previous work, including ki-
nase and phosphatase inhibitors and microtubule-targeting
compounds. Among these, the PKC inhibitor, palmitoyl-
carnitine chloride (Fig. 1A), the PP1/PP2A inhibitor, can-
tharidin (Fig. 1B), and the microtubule depolymerizer,
nocodazole (Fig. 1E), induced bundling and redistribution

TABLE 1. Positive hits and their corresponding primary targets

of vimentin filaments. We also identified several un-
expected novel hits, such as diphenylene iodonium chloride
(Fig. 1H) and LY 2183240 (Fig. 11), which, among other ac-
tivities, are known to target GPCR signaling related to
cannabinoid actions and endocannabinoid signaling (17).
Some of the most prominent and diverse effects on vimentin
were observed when cells were treated with compounds
that target protein-protein interactions and multisubunit
complexes (Fig. 1L-P), which is relevant given the well-
known scaffolding functions of vimentin and other IF pro-
teins (18). We also observed striking vimentin bundling in
the presence of simvastatin (Fig. 1Q) and mevastatin (Fig.
1R), 2 fungal metabolites that inhibit HMG-CoA, the rate-
limiting enzyme in the cholesterol biosynthesis pathway
(19). Mevastatin is not used in the clinic, whereas simvas-
tatin and 2 related fungal-derived compounds, lovastatin
and pravastatin (both included in the screening library), are
commonly used for lowering cholesterol in patients (19). To
validate and further explore mechanisms of the hits from the
primary screen, we focused on statins because of their
pharmacologic and clinical importance.

Simvastatin and mevastatin, but not
lovastatin and pravastatin, cause dose-
dependent bundling of vimentin IFs

The effects on vimentin filaments that were observed
as part of the primary screen were confirmed by confocal

Label Compound Primary target (compound activity) Known functions of primary target
A (*)-Palmitoylcarinitine PKC (inhibitor); membrane disruption Context-dependent cell signaling functions
chloride
B Cantharidin PP1 and PP2A (inhibitor) Context-dependent cell signaling functions
C CGP 52411 EGFR (inhibitor) Receptor tyrosine kinase regulating
multiple signaling cascades
D m-3M3FBS PLC (activator) Numerous cell signaling functions,
including cytoskeletal dynamics
E Nocodazole Microtubule depolymerizer (inhibitor) Cell division, movement, transport
F D-64131 Microtubule depolymerizer (inhibitor) Cell division, movement, transport
G KF 38789 P-selectin mediated adhesion Cell adhesion molecule of endothelial
(inhibitor) cells and platelets
H Diphenylene-iodonium GPR3 (agonist) Orphan GPCR involved in aging,
chloride metabolism, and thermogenesis
I LY 2183240 FAAH and anandamide uptake Endocannabinoid signaling
(inhibitor)
J Carvedilol B-Adrenergic receptor (antagonist) GPCR targeted by catecholamines
K SB 225002 CXCR2 chemokine receptor GPCR targeted by IL-8 and CXCL1
(antagonist)
L Ch 55 RAR (agonist) Regulation of gene expression
M INCA-6 Calcineurin-NFAT interaction Gene regulation in response to
(inhibitor) environmental signals
N JK 184 Hedgehog signaling (inhibitor) Cell survival, differentiation, cancer
O Ivermectin a7-Nicotinic receptor (activator) Ligand-gated calcium ion channel
P PNU 74654 B-Catenin-TCF4 interaction (inhibitor) Transcriptional regulation of cell adhesion
and epithelial-mesenchymal transition
Q Simvastatin HMG-CoA reductase (inhibitor) Cholesterol and nonsterol isoprenoid
biosynthesis
R Mevastatin HMG-CoA reductase (inhibitor) Cholesterol and nonsterol isoprenoid

biosynthesis

CXCLI1, C-X-C motif chemokine 1; CXCR2, C-X-C chemokine receptor type 2; EGFR, epidermal growth factor receptor; FAAH, fatty acid amide
hydrolase; GPR3, G-protein coupled receptor 3; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; NFAT, nuclear factor of activated T cells; RAR,
retinoic acid receptor; TCF4, transcription factor 4.
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Figure 2. Quantification of
drug-induced changes in vimen-
tin filaments. A) Representative
images of vimentin filaments
(red) in untreated (UNT) and
simvastatin  (SIMVA)-treated
SWI13vim" cells. Nuclei are
stained with DAPI (blue). Vimen-
tin filaments are marked by
arrows and perinuclear vimentin
bundles are marked by arrow-
heads. B) Quantification of the
vimentin-positive area in the
absence (UNT) and presence
of drug; simvastatin is shown
as a representative example.
Shown is a raw image of vimen-
tin staining, threshold of the
raw images with black repre-
senting signal, and outlines of

rawimage threshold outline rawimage threshold outline all objects recognized in the
*” T o =2 threshold image by the analyze
:‘ | . = particles program in Image].

: .! "” R The settings allowed for the

o wnt .o recognltlon of images >10 pix-

o8y :.. L1 v, % els® to remove nonspeaﬁc sig-

Pl P T nal (purple arrow), fill in holes

UNT SIMVA (red arrow), and remove signal

imaging. Representative images in Fig. 2A show that sim-
vastatin treatment caused the reorganization and bundling
of vimentin filaments to one side of the nucleus in most cells
(marked by arrowheads). Whereas some cells in the un-
treated group also exhibited a compact perinuclear ball-
like vimentin structure, in the majority of untreated cells,
vimentin filaments surrounded and extended away from
the nucleus (Fig. 2A, arrows). To quantify the kinetics of

Simvastatin  Mevastatin Pravastatin  Lovastatin

from the edges (green arrow).

vimentin bundling, we used Image] software to calculate
the ratio of the total vimentin-positive area to the total
number of objects (i.e., cells), as described in Materials and
Methods and shown in the representative images in Fig. 2B.
We used this analysis tool to quantify the effects of 4 dif-
ferent statins on vimentin filaments. Simvastatin, mevas-
tatin, pravastatin, and lovastatin were tested at
concentrations of 1 nM-10 puM and 1 h of treatment. As
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Figure 3. Dose-response effects of statins on vimentin filaments. A) Simvastatin, mevastatin, pravastatin, and lovastatin were applied for
1 h at concentrations that ranged from 0.001 to 10 M. Note the dose-dependent decrease in the vimentin-positive area in response to
simvastatin and mevastatin, but not pravastatin and lovastatin. Shown are representative images of 3 concentrations (0.001, 0.1, and
10 M) from at least 3 independent experiments. B) Quantification of the total vimentin-positive area in cells that were treated with

DMSO vehicle and the 4 statins (depicted structurally on the botto
described in Materials and Methods and Fig. 2B. *P < 0.05, **#+pP
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Figure 4. Time-dependent ef-
fects of simvastatin on vimentin

>

in SW13 cells. A) Bar graph Bl VVeh
depicting time-dependent effects Simva
of simvastatin (gray bars) on the 125

vimentin area relative to vehicle 100

control (black bars). Both condi- s =

tions are expressed as the per-
cent of untreated control (n =3
for each condition). B) Immuno-
fluorescence images of vimentin
(red) and DAPI (blue) at differ-
ent time points after the addition
of simvastatin (10 wM) or vehicle
control. Vimentin filaments re-
organize and shift to one side of
the nucleus (arrowheads) after
15 min, followed by incorpora-
tion into balllike perinuclear
bundles at 30 and 60 min (ar-
rows). At 120 min, many cells
displayed diffuse nonfilamentous
vimentin staining around the
nuclei (asterisks). *P < 0.05,
kP < 0.001, *#EEP < 0.0001
(multiple Student’s ¢ tests).
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shown Fig. 3A, total vimentin area decreased signifi-
cantly and dose dependently in response to simvastatin
and mevastatin, but not lovastatin or pravastatin. Fur-
thermore, whereas simvastatin was active at concentra-
tions that ranged from 10 nM to 10 uM, mevastatin was
less potent and affected vimentin only at concentrations
=1 pM (Fig. 3B); therefore, we designed the next ex-
periments to examine specifically the interaction be-
tween simvastatin and vimentin.

Actin + DAPI + DAPI

Veh 60°

Simva 60’

whh ak

=\ /ch

Simvastatin induces time-dependent
vimentin bundling independently of changes
on actin filaments and microtubules

We next assessed the vimentin bundling effects of simvas-
tatin at several time points between 15 and 120 min. As
shown in the bar graph in Fig. 44, the vimentin-positive area
was reduced to 80, 67, and 50% of untreated control after 15,
30, and 60 min of simvastatin treatment, respectively. The

Vimentin + DAPI Merged

Figure 5. Comparison of simvastatin effects on actin filaments, microtubules, and vimentin filaments. Quadruple staining for
actin (green) tubulin (orange), vimentin (red), and DNA (blue) in fixed SW13-vim" cells that were treated with vehicle (0.1%
DMSO) or simvastatin (10 uM) for 60 min. Note the simvastatin-induced perinuclear vimentin bundling (arrow) and no changes
in actin or tubulin. Shown are representative images of at least 3 independent experiments for each condition.
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maximal effect appeared after 60 min and was similar to the
120-min treatment. Representative confocal images in Fig.
4B indicate that, after 15 min, vimentin filaments reorganize
and shift to one side of the nucleus (arrowheads), followed
by the appearance of compact ball-like perinuclear vimentin
bundles at 30 and 60 min (Fig. 4B, arrows). The rounded
perinuclear bundles were also present in some cells after 120
min, although, at this time point, many cells displayed dif-
fuse nonfilamentous vimentin staining surrounding the
nucleus (Fig. 4B, asterisks). It has long been known that the
inhibition of microtubule depolymerization causes vimentin
to collapse to the perinuclear region of cells (20), a phe-
nomenon we observed in our screen with 2 microtubule
depolymerizing compounds—nocodazole and D-64131
(Fig. 1E, F). Microtubules act as tracks for the bidirectional
transport of vimentin filaments to allow for a proper array
(21). This link between microtubules and vimentin promp-
ted us to explore whether simvastatin affected another cy-
toskeletal network, thereby indirectly changing vimentin
organization. To answer this question, we simultaneously
stained for actin, tubulin, and vimentin in cells that were
treated with DMSO vehicle or simvastatin for 60 min (Fig. 5).
At this time point, we did not observe significant changes to
actin or tubulin, whereas perinuclear vimentin bundling
(arrow) was as prominent as we had observed previously.
These data indicate that simvastatin exhibits pharmacologic
selectivity for vimentin over actin and tubulin.

Simvastatin causes time-dependent changes
in vimentin solubility

We next examined how simvastatin affects the biochemical
properties of vimentin. To study changes in solubility, we

analyzed the presence of vimentin in the Tx-soluble fraction
by immunoblot (Fig. 6A), which revealed a 4-fold increase
in Tx-soluble vimentin at 15-30 min after simvastatin
treatment that returned to control levels at 60 min, as
quantified in Fig. 6B. A corresponding 10-20% decrease of
Tx-insoluble vimentin was observed after 15 and 30 min of
treatment, with no significant difference at 60 min (Fig. 6B).
The relative change in the Tx-insoluble pellet fraction was
not as robust as the Tx-soluble fraction, as the bulk of
vimentin is contained within the insoluble fraction (22).
Because phosphorylation regulates vimentin dynamics
(23), we examined whether simvastatin treatment altered
vimentin phosphorylation at 3 common phosphorylation
sites in the vimentin head domain (Ser39/-56/-83). As
shown in Fig. 6C, we did not detect significant changes in
site-specific phosphorylation either in the Tx-soluble
fraction or in the insoluble high-salt extract; however,
2-dimensional gel analysis revealed an increase in the
abundance of a negatively charged isoform of vimentin
after 60 min of simvastatin treatment (Fig. 6D, arrow).
This suggests that changes in vimentin phosphorylation
at sites other than Ser39/-56/-83 or another post-
translational modification accompany the morpho-
logic changes in vimentin after 60 min of simvastatin
treatment.

Simvastatin promotes vimentin bundling
in vitro

We next examined the possibility that vimentin is a direct
target of simvastatin. To test this possibility, we pre-
incubated purified vimentin in tetramer buffer for

Figure 6. Biochemical charac-
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5minin the presence of DMSO vehicle or simvastatin,
initiated vimentin filament assembly, and allowed
the reactions to proceed for 15, 30, or 60 min.
Upon termination of the reactions, samples were
pelleted at 100,000 g, and pellet fractions were ana-
lyzed by vimentin immunoblot, which revealed high-
molecular-mass vimentin complexes (>250 kDa) in
the presence of simvastatin (Fig. 7A). Negative stain
transmission electron microscopy analysis revealed
bundling of vimentin filament precursors in the
presence of simvastatin as early as 1 min after the
initiation of assembly (Fig. 7B). The effect was more
apparent on mature vimentin filaments (Fig. 7C).
After 30 min of assembly, we observed the typical
~10-nm vimentin filaments, as well as ~20-nm-thick
filaments in the presence of simvastatin, whereas
after 60 min, we observed thick vimentin filament
bundles that may correspond to the high-molecular-
mass vimentin species that was detected biochemi-
cally upon simvastatin treatment in Fig. 7A. Of note,
DMSO vebhicle treatment itself promoted some bun-
dling after 60 min, but this effect was relatively minor
compared with the effect of simvastatin. Our in vitro
studies indicate that vimentin is a direct target of
simvastatin and suggest that this mechanism most

A
Invitro  15min  30min  60min
assembly time:
HMM g
. 3
Vimentin
bad .
2501
1507
1007
Vi ti 7 - e A
imentin
monomer 50'l.
vV S v 8§ V S8
B

Vehicle (0.1% DMSO)
=y g

1min assembly

likely accounts for the rapid simvastatin-induced re-
organization and bundling of vimentin filaments that
we observed in SW13-vim* cells.

Simvastatin, but not pravastatin, promotes
vimentin-dependent cell death

To probe the functional significance of the simvastatin-
vimentin interaction, we assessed whether simvastatin
exerts different effects in SW13-vim™ vs. SW13-vim ™ cells.
After 24 h of simvastatin treatment, SW13-vim* cells be-
came rounded with a corresponding drop off in cell
number to <30% of control (Fig. 84, B). In contrast, sim-
vastatin treatment did not affect the morphology or
number of SW13-vim™ cells (Fig. 84, B). Pravastatin,
which did not affect vimentin filaments (Fig. 3), also did
not alter cell morphology or cell numbers in SW13-vim*
cells (Fig. 8C, D). To probe this effect further, we assessed
the dose dependency of simvastatin-induced cytotoxicity
in SW13-vim™ cells after 24 h of treatment. As shown in
Fig. 9A, simvastatin reduced the total number of SW13-
vim* cells at submicromolar concentrations, with a corre-
sponding ICsy of 48 nM (Fig. 9C). Furthermore, at low
micromolar concentrations, simvastatin promoted signif-
icant induction of SW13-vim" cell death (Fig. 9B, D). We

Vehicle (0.1% DMSO) Simvastatin (10uM)

Alquiasse uiwgg

Alquiasse uiwgg

Figure 7. Effects of simvastatin on in vitro-assembled purified vimentin. A) Effect of 5-min, 10-pM simvastatin preincubation on
purified vimentin after 15, 30, and 60 min in assembly reaction buffer. Note the time-dependent increase in high-molecular-mass
(HMM) vimentin (>250 kDa) in the presence of simvastatin (S) compared with vehicle (V). B) Negative stain transmission
electron microscopy (TEM) images of vimentin filament precursors after 1 min of reaction time showing simvastatin-induced
vimentin bundling. C) TEM images of vimentin filaments after 30 and 60 min of assembly in the presence of DMSO or
simvastatin. Note the presence of ~20-nm-thick vimentin filaments at 30 min and large vimentin bundles after 60 min.
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observed the 89-kDa caspase-3/-7 cleavage product of
PARP in the simvastatin-treated SW13-vim* cells (Fig. 9E,
F), which indicated that the cells were dying by apoptosis
(24). Taken together, these results suggest that simvastatin
targeting of vimentin may promote apoptotic cell death.

Ectopic vimentin overexpression sensitizes
SW13-vim™ cells to simvastatin

To determine conclusively whether simvastatin sensitivity
of SW13-vim" cells is directly dependent on vimentin ex-
pression, we examined the response to simvastatin upon
transient transfection of mEmerald-vimentin or mEmerald
vector in SW13-vim ™ cells. Vimentin overexpression sen-
sitized cells to simvastatin treatment, which resulted in a
50% drop off in cell number when vimentin was tran-
siently overexpressed compared with vector alone (Fig.
10A). Similar effects were observed upon stable vimentin
overexpression, in which case simvastatin treatment
caused a significant increase in the number of cells that
contained rounded perinuclear vimentin bundles or ag-
gregates (Fig. 10B, C). These effects mirror what we ob-
served on endogenous vimentin in SW13-vim" cells and
demonstrate that vimentin is a functionally relevant direct
target of simvastatin that is critical for simvastatin-
induced death in SW13 adrenal carcinoma cells.

A Vehicle

Simvastatin

Vehicle

Simvastatin targets vimentin filaments and
causes cell death in MDA-MB-231 breast
cancer cells

To determine whether our findings in SW13 cells extended
to other cell types in which vimentin expression is known
toregulate cellular properties, we tested 2 breast cancer cell
lines: MCF7, which are vimentin deficient, and MDA-MB-
231, which are vimentin expressing (Fig. 11B). It has pre-
viously been shown that vimentin regulates properties
that are related to the epithelial-mesenchymal transition in
these cell lines (25). Similar to SW13 cells, vimentin fila-
ments in MDA-MB-231 cells reorganized into perinuclear
bundles in response to simvastatin (Fig. 11A). Furthermore,
we observed significant cell death when MDA-MB-231 cells
were treated with simvastatin, but not pravastatin (Fig.
11C). These data are also consistent with a published study
that demonstrated that simvastatin induces cell death in
MDA-MB-231 cells (ICsp =9 uM), whereas pravastatin does
not (26). We also quantified cell viability on the basis of the
mitochondrial MTT assay, which revealed a ~40% de-
crease in viability in MDA-MB-231 cells (Fig. 11D). In con-
trast, vimentin-deficient MCF7 cells were not sensitive to
either drug (Fig. 11C, D). Taken together, these results
demonstrate that the findings in SW13 adrenal carcinoma
cells translate to breast cancer cells in which vimentin is
known to be functionally important.
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Figure 8. Simvastatin significantly inhibits the growth of SW13-vim" cells, but not SW13-vim™ cells. A) Phase-contrast images (top)
and nuclear stain (bottom) of SW13-vim™ cells (left 4 panels) and SW13-vim" cells (right 4 panels). Note the decrease in the
number of SW13-vim" cells in response to 24 h of simvastatin treatment (10 wM), appearing smaller and more rounded
compared with vehicle-treated cells. B) Quantification of SW13 cell number after exposure to DMSO vehicle or 10 pM
simvastatin for 24 h. Double immunoblot of actin and vimentin confirms vimentin presence and/or absence in cells. Data are
representative of at least 3 independent experiments. C) Phase-contrast images and nuclear stain of SW13 vim" cells in response
to 24 h of pravastatin treatment (10 uM), which does not affect cell morphology or viability. D) Quantification of SW13 cell
number after exposure to DMSO vehicle or 10 uM pravastatin for 24 h. **P < 0.01, ***P < 0.001 (2-way ANOVA).
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DISCUSSION
Intermediate filaments as novel drug targets

In the present study, we conducted a medium-throughput
small-molecule screen that identified vimentin as a target
for several known biochemically active small-molecule
compounds. By using an image-based screen of the 1120-
compound Tocriscreen library, we analyzed the effects on
vimentin filaments after a relatively short exposure of 1 h
to each test compound to minimize effects that may be
secondary to other major cellular changes (e.g., apoptosis
or transcriptional reprogramming). With a small com-
pound library, such as that used in this study, qualitative
scoring for major reorganization of vimentin filaments
was possible; however, future studies that involve larger

A

compound libraries will necessitate the development of
computational image analysis tools to monitor and
quantify small changes in the IF network architecture that
may be functionally relevant. A recent study that exam-
ined the interactions between vimentin filaments and mi-
crotubules is one example (27).

Vimentin as a pharmacologically relevant
target of statins

Most of the novel hits we identified through the screen
remain to be explored in detail, including the regulation of
vimentin filaments by compounds that modulate GPCR
signaling, protein-protein interactions, and enzymes that
regulate post-translational modifications. An important
future aspect of this work will be the subsequent
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Figure 9. Simvastatin inhibits cell growth and induces dose-dependent apoptotic cell death in SW13-vim" cells. A) Simvastatin
induces dose-dependent reduction in the total number of SW13-vim" cells at pharmacologically relevant concentrations
(10 nM-10 pM). Blue stain marks the cell nuclei. Cell nuclei were circled (in green) and counted by using the EVOS-FL auto-
count function. B) Simvastatin induces dose-dependent cell death in SW13-vim" cells. Green stain marks the nuclei of dead cells.
All green nuclei were circled and counted by using the EVOS-FL auto-count function. C) Log dose-response curve for the total
number of cells per field as a function of simvastatin dose, demonstrating inhibitory effects at low nanomolar concentrations
(ICs50 = 48.1 nM). D) Quantification of SW13-vim" cell death in the presence of different concentrations of simvastatin
(micromolar). *#P < 0.01, ¥***P < 0.0001 compared with vehicle control; 1-way ANOVA. E) Western blot for full-length (~116
kDa) and cleaved (~89 kDa) PARP showing the presence of cleaved PARP after 24 h of simvastatin treatment. F) Quantification
of cleaved PARP band from multiple immunoblots (n = 5). **P < 0.001 (unpaired Student’s ¢ test).
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validation studies that involve dose-response and time-
course experiments to discern which of the hits are
pharmacologically relevant. On the basis of the novelty
and potential clinical relevance, we focused here on the
interaction between statins and vimentin. We demonstrate
that simvastatin promotes vimentin filament bundling in
the low nanomolar range, which is pharmacologically
relevant as serum levels in patients who take statins are
around 15 nM, with tissue exposure likely being higher
(28). Our data suggest that the mechanism of action
involves direct simvastatin-induced reorganization of
vimentin filaments early on, followed by changes in
vimentin post-translational modifications, and bundling
at later time points, culminating in cell death (Fig. 12).

Simvastatin targeting of vimentin

Statins are taken by millions of people worldwide, and new
treatment guidelines may significantly increase the num-
ber of patients who take them (9). The statins we tested are
fungal metabolites that are related to the original statin
(mevastatin), containing a hexahydronaphtalane ring (19).
Simvastatin differs from lovastatin and pravastatin at the
dimethylbutyrate ester side chain, which suggests that this
functional group may be important for the activity on
vimentin. Crystallographic data reveal that the presence of
the additional methyl group on simvastatin affects the
binding of simvastatin to Aspergillus terreus acyltransferase
LovD (29, 30). Sequence alignment of LovD with human
vimentin reveals 58% identify between the simvastatin-
binding LovD peptide sequence, ».,FGGQGVFSGPGS,7s,
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mEmerald-Vimentin

DAPI

and vimentin non—a-helical amino terminal (head) domain
peptide, 1sFGGPGTASRPSS,,. This suggests that the
vimentin head domain may potentially mediate binding to
simvastatin, although structural and mutagenesis studies
will be required to elucidate the binding mechanism. Al-
ternatively, the pharmacologic effects may be mediated via
lipophilic interactions, as vimentin exhibits hydrophobic
amino acid clusters and has previously been shown to have
a high affinity for lipids (31).

Vimentin as a potential determinant of the
sensitivity of cancer cells to simvastatin

Numerous prior studies have reported antiproliferative and
proapoptotic effects of statins in cancer cells (32). Further-
more, previous observations across different cancer cell
lines have demonstrated that sensitivity to statin-induced
cell death correlates with high levels of vimentin expression
(33). This bears significance as vimentin is a critical com-
ponent of the epithelial-mesenchymal transition and regu-
lates cell migration (34). Our dose-response studies reveal
that simvastatin inhibits SW13 cell proliferation with an
ICsp of 48 nM in vimentin-expressing, but not vimentin-
lacking, cells. This demonstrates that the effects we ob-
served at the cellular level occur at pharmacologically
relevant concentrations and warrant additional investiga-
tion using in vivo models. It would also be of interest to
analyze the effects of synthetic statins, such as fluvastatin,
atorvastatin, and cerivastatin, on vimentin filament re-
organization and vimentin-dependent cancer cell death.
Our findings show that pravastatin differs from

Figure 10. Ectopic expression of
vimentin sensitizes SW13-vim
cells to simvastatin treatment.
A) Transient overexpression of
vimentin (24 h), followed by
simvastatin treatment (10 pM,
24 h), promotes simvastatin-
dependent cell death in SW13-
vim™ cells. B) Stable overexpression
of mEmerald-vimentin sensitizes
SW13vim  cells to simvastatin
treatment, which is accompanied
by bundling and aggregation of
mEmerald-vimentin. C) Quanti-
fication of the number of cells
that contained vimentin bundles
in the presence of vehicle or
simvastatin. **P < 0.01 (unpaired
Student’s ¢ test), ***P < 0.001
relative to all other groups (2-way
ANOVA).
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Figure 11. Simvastatin induces
vimentin bundling and cell
death in the vimentin-positive
breast cancer cell line, MDA-MB-
231. A) Morphology of vimentin
filaments (green) in MDA-MB-
231 cells treated with DMSO
vehicle (top) or 10 wM simvasta-
tin for 30 min (middle) or 60 min
(bottom). Note the time-depen-
dent perinuclear bundling of
vimentin. Nuclei are stained with
DAPI. Scale bar, 50 pm. B)
Immunoblot of vimentin in
MCF7 and MDA-MB-231 hu-
man breast cancer cells dem-
onstrating the lack of vimentin in
MCF?7 cells. C) Live/dead staining
showing the nuclei of all cells
(blue) and dead cells (green).
Note the increase in dead cells in
the presence of simvastatin, but
not pravastatin (10 wM; 24 h), in
vimentin-expressing MDA-MB-231
cells. There is no increase in cell
death in the vimentin-negative
MCF7 in response to simvastatin
or pravastatin. Scale bar, 200 pm.
D) MTT assay (absorbance mea-
surement at 570 nm) of MCF7
and MDA-MB-231 cells that were
treated for 48 h in the presence of
DMSO vehicle or 10 pM simvas-
tatin (n = 16). ****P < 0.0001
(1-way ANOVA).

simvastatin in terms of its lack of effect on vimentin fil-
aments and cell death in the lines tested. In a recent large,
population-based cohort study, patients who received
simvastatin had a 20% reduction in cancer-specific mor-
tality, whereas use of pravastatin offered no protective
benefit (35). The LUNGSTAR study, a multicenter phase
III trial of pravastatin added to standard chemotherapy in
small-cell lung cancer, concluded that there was no benefit
of pravastatin (36). Furthermore, simvastatin has the most
favorable profile on breast cancer prognosis, whereas
preclinical and clinical studies have not supported a
similar protective role of pravastatin (37).

Vimentin as a potential player in
statin-associated muscle symptoms

Although desmin is the major IF in mature muscle fibers,
vimentin is expressed during myogenesis and is in-
creased during muscle injury (38, 39). Our results may
also provide a potential mechanism for statin intolerance,
a common clinical problem that limits the use of statins in
a significant proportion of patients (40, 41). The molecular
mechanisms of statin intolerance are poorly understood,
and cytoskeletal and other structural or scaffolding pro-
teins have not been implicated thus far (42); however, a
previous study found a significant decrease in skeletal
muscle mitochondrial DNA in patients who received
simvastatin therapy (43). IFs, including vimentin, are
critical regulators of intracellular organelles, including
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mitochondria (44, 45). Vimentin filaments specifically are
known to regulate structural and functional aspects of
mitochondria (46, 47), and the binding of mitochondria to
vimentin is regulated by the small GTPase Racl (48). Be-
cause Racl is a known target of simvastatin in multiple
cell types, including myoblasts, endothelial cells, and
cancer cells (49, 50), it is plausible that vimentin may be an
upstream mediator of the simvastatin effects on this
pathway. The prevalence of muscle effects varies
depending on the type of statin and correlates more
strongly with simvastatin. In the Prediction of Muscular
Risk in Observational conditions study, 18.2% of 1027
patients who received high-dose simvastatin therapy
presented with muscular symptoms compared with
10.9% of 1901 patients who received high-dose prava-
statin therapy (51). Our finding that simvastatin, but not
pravastatin, targets vimentin IFs raises the possibility
that the simvastatin-vimentin interaction bears potential
significance to simvastatin action in muscle. Given the
high degree of similarity between vimentin and desmin,
it would be of particular interest to examine the effects of
different statins on desmin IFs in future studies.

The need for pharmacologic tools to probe
the function of vimentin and other
intermediate filaments

Whereas many aspects of basic IF protein function and
regulation were elucidated over the past 40 yr, much
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Figure 12. Proposed model for the mechanisms and consequences of vimentin targeting by simvastatin. Simvastatin promotes the
reorganization of vimentn filaments to one side of the nucleus within 15 min of drug addition in SW13-vim" adrenal carcinoma
cells. This timing is consistent with the known kinetics of simvastatin uptake in cells (52). Combined with the in vitro results that
demonstrated that simvastatin directly affects vimentin filament assembly, this leads us to hypothesize that the early reorganization
of vimentin filaments is a direct effect of simvastatin binding. Direct binding of simvastatin changes the biochemical properties of
vimentin, which leads to increased solubility in Tx detergent buffer. At later time points after simvastatin addition (30-60 min),
vimentin is organized into compact perinuclear bundles. This effect is observed in both SW13-vim* and MDA-MB-231 cells, and
correlates with the sensitivity of these cells to simvastatin-induced apoptosis at later time points of 24-48 h. Cytotoxic effects are
directly related to the combination of vimentin expression and simvastatin presence, as vimentin-lacking cells are not affected by
simvastatin, and statins that do not affect vimentin (e.g., pravastatin) fail to induce cell death in vimentin-expressing cells.

remains to be discovered. For example, mechanisms
that underlie the crosstalk between IFs and other cyto-
skeletal systems, the identity and function of most IF-
regulatory proteins, and the signaling pathways that
mediate IF associations with the various cellular organ-
elles are areas that lack in-depth understanding. Efforts to
develop novel tool compounds to target IF proteins will
accelerate our functional understanding of the IF cyto-
skeleton, which will open up new avenues for its phar-
macologic manipulation in the clinic. To this end, the
techniques and approaches used in the present study may
be generally applicable to future small-molecule screens
that aim to identify novel IF-selective compounds.
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