
Survivin Is a Therapeutic Target in Merkel Cell Carcinoma

Reety Arora1, Masahiro Shuda1, Anna Guastafierro1, Huichen Feng1, Tuna Toptan1, Yanis
Tolstov1, Daniel Normolle2, Laura L. Vollmer3, Andreas Vogt3,4, Alexander Dömling5,

Jeffrey L. Brodsky6, Yuan Chang1,*,†, and Patrick S. Moore1,*,†

1Cancer Virology Program, University of Pittsburgh Cancer Institute, Pittsburgh, PA 15232, USA

2Biostatistics Facility, University of Pittsburgh Cancer Institute, Pittsburgh, PA 15213, USA

3University of Pittsburgh Drug Discovery Institute, Pittsburgh, PA 15260, USA

4Department of Computational and Systems Biology, University of Pittsburgh, Pittsburgh, PA

15260, USA

5Departments of Pharmaceutical Sciences and Chemistry, University of Pittsburgh, Pittsburgh,

PA 15260, USA

6Department of Biological Sciences, University of Pittsburgh, Pittsburgh, PA 15260, USA

Abstract

Merkel cell polyomavirus (MCV) causes ~80% of primary and metastatic Merkel cell carcinomas

(MCCs). By comparing digital transcriptome subtraction deep-sequencing profiles, we found that

transcripts of the cellular survivin oncoprotein [BIRC5a (baculoviral inhibitor of apoptosis repeat-

containing 5)] were up-regulated sevenfold in virus-positive compared to virus-negative MCC

tumors. Knockdown of MCV large T antigen in MCV-positive MCC cell lines decreased survivin

mRNA and protein expression. Exogenously expressed MCV large T antigen increased survivin

protein expression in non-MCC primary cells. This required an intact retinoblastoma protein–

targeting domain that activated survivin gene transcription as well as expression of other G1-S–

phase proteins including E2F1 and cyclin E. Survivin expression is critical to the survival of

MCV-positive MCC cells. A small-molecule survivin inhibitor, YM155, potently and selectively

initiates irreversible, nonapoptotic, programmed MCV-positive MCC cell death. Of 1360 other

chemotherapeutic and pharmacologically active compounds screened in vitro, only bortezomib

(Velcade) was found to be similarly potent, but was not selective in killing MCV-positive MCC

cells. YM155 halted the growth of MCV-positive MCC xenograft tumors and was nontoxic in

mice, whereas bortezomib was not active in vivo and mice displayed serious morbidity. Xenograft

tumors resumed growth once YM155 treatment was stopped, suggesting that YM155 may be

cytostatic rather than cytotoxic in vivo. Identifying the cellular pathways, such as those involving
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survivin, that are targeted by tumor viruses can lead to rapid and rational identification of drug

candidates for treating virus-induced cancers.

INTRODUCTION

Merkel cell carcinoma (MCC) is an aggressive cutaneous neoplasm treated by surgical

excision with or without adjuvant radiation therapy (1, 2). No defined chemotherapeutic

regimen has proven effective, and those drug combinations in use are frequently based on

MCC’s histological similarity to small-cell lung carcinoma (3, 4). Data from the

Surveillance, Epidemiology, and End Results Program (SEER) of the National Cancer

Institute (NCI) indicate that MCC incidence has tripled from 0.15 per 100,000 in 1986 to 0.6

per 100,000 in 2006, resulting in ~1500 new cases per year in the United States alone (5–7).

MCC is a cancer of elderly (>65 years of age) and immunosuppressed populations that may

be triggered by ultraviolet or ionizing radiation exposure (1, 5, 6, 8). Given that these

populations are increasing in number, it is likely that MCC incidence will also show an

increase.

Merkel cell polyomavirus (MCV) was discovered in 2008 using digital transcriptome

subtraction during a directed search for the viral cause of MCC (9). Although seven new

human polyomaviruses have been described since 2007 using genomic technologies, MCV

is currently the only polyomavirus established to be a cause of human cancer (10–12).

Digital transcriptome subtraction is a deep-sequencing method based on generation of high-

fidelity (Hi-Fi) sequence data sets from tumor and control sample complementary DNAs

(cDNAs) (13). Known human cellular transcript sequences are “subtracted” from the tumor

Hi-Fi data set, leaving candidate sequences that might belong to a new viral cDNA. Digital

transcriptome subtraction can also be used to quantitate relative cellular gene expression.

MCV, similar to other polyomaviruses, is a double-stranded DNA virus that normally

replicates as an episomal viral infection (12, 14). MCV-positive MCC tumors are

characterized by two distinctive viral mutations: MCV genome integration into the human

Merkel cell genome and a mutation that causes C-terminal truncation of the MCV large

tumor (T) antigen. These tumor signature mutations eliminate virus replication but leave the

tumor suppressor–targeting domains of the virus intact (9, 15, 16). An additional important

risk factor for MCC is loss of host immune surveillance due to immunosuppression caused

by AIDS, transplantation, or aging (7, 8), such that virus-positive tumor cells are not cleared

by the host immune response (17–19). MCV is a common infection of human skin, and

MCV-positive MCC represents an intriguing example where mutations to a commensal viral

genome, rather than the host genome, are central to the initiation of an aggressive cancer

(20).

As with other polyomaviruses, differentially spliced MCV large T and small T antigen

oncoproteins are expressed from the T antigen early locus. MCV large T antigen binds to

members of the transcriptional repressor retinoblastoma protein (RB1) family through an N-

terminal LXCXE motif that is not affected by MCV tumor-specific mutations (16). For

simian virus 40 (SV40) polyomavirus, binding of large T antigen to RB1, with subsequent

release of active E2F transcription factors, promotes synthesis of genes required for entry

into S phase of the cell cycle (21, 22). Cyclin E and E2F1 are positively regulated by E2F

signaling and promote intracellular conditions for active DNA synthesis and centrosome

replication (23). SV40 large T antigen also binds to and inhibits the proapoptotic tumor

suppressor protein p53 (24, 25), but there is currently no evidence that MCV large T antigen

directly targets p53 in tumors because the corresponding region of MCV large T antigen is

deleted by tumor-specific mutations. Other prosurvival pathways that might be targeted by

MCV, such as the survivin oncoprotein, which is also regulated by RB1 signaling (26, 27),
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have not been investigated. MCV small T antigen, which is unaffected by tumor-specific

mutations, transforms cells and activates cap-dependent translation by targeting the

translation regulator 4E-BP1 (28). When small T antigen alone is knocked down, MCV-

positive cells undergo cell cycle arrest (28), whereas knockdown of both small T and large T

antigens together causes necroptotic cell death (29). Thus, both large T and small T antigen

MCV oncoproteins are likely to contribute to the transformed phenotype of MCC.

We show here that discovery of a new cancer virus can be leveraged to rapidly identify

rational anticancer therapies. We find that MCV up-regulates survivin oncoprotein

transcription in MCC through its RB1-sequestering large T antigen domain and that a

survivin inhibitor selectively targets MCV-positive tumor cells. In contrast, a screen of 1360

pharmacologically active compounds failed to identify any candidates with selective activity

against MCV-positive MCC, and only a few compounds (bortezomib and topoisomerase I

and II inhibitors) show pharmacologically relevant activity against MCC cell lines. YM155,

a transcriptional inhibitor of survivin (30, 31), however, is highly potent at inducing the cell

death of MCV-positive MCC. It is cytostatic to MCC xenografts and well tolerated in mice.

These findings show that basic genome investigations into cancer causation can lead to

potential new therapies for often intractable human cancers.

RESULTS

Survivin expression in MCV-positive MCC

To identify pathways perturbed by MCV infection in MCC, we analyzed digital

transcriptome subtraction data sets to identify cellular genes differentially regulated between

MCV-positive and MCV-negative MCC (9). We compared 400,000 cellular transcripts from

MCV-positive and MCV-negative MCC tumors and found 1096 of 11,531 (9.5%) genes

elevated more than threefold for the MCV-positive compared to the MCV-negative library.

We next identified 64 genes using Gene Ontology (GO) gene definitions (32) directly

involved in programmed cell death or cell cycle regulation (Fig. 1A). BIRC5a (baculoviral

inhibitor of apoptosis repeat-containing 5) mRNA encoding the survivin oncoprotein was

increased sevenfold (P = 2.90 × 10−10) for virus-positive compared to virus-negative MCC

tumors (Fig. 1A and table S1). Other genes regulating programmed cell death, including

TP53, cIAP2, XIAP, BAX, BCL-2, and caspase 3/6 transcripts, were not differentially

expressed (Fig. 1A and table S1). Notably, transcripts from some genes including TRAF2

and NFKB1 were markedly reduced in virus-positive compared to virus-negative MCC

tumor libraries.

MCV large T antigen induces survivin expression

To determine whether MCV T antigen increases survivin expression in MCC, we used a

short hairpin RNA (shRNA) lentivirus (panT1) to perform RNA interference (RNAi)

targeting of the MCV T antigen exon 1 sequence that selectively knocks down all MCV T

antigen isoforms in MCC cells (29). MCV-positive MCC cells infected with this lentivirus

undergo nonapoptotic cell death (necroptosis) when MCV oncoprotein expression is

inhibited (29). MCV T antigen reduction correlated with survivin reduction in all MCV-

positive MCC cell lines, but not in any of the MCV-negative cell lines (Fig. 1B). The

decrease in survivin with T antigen knockdown ranged from modest in MS-1 to near

complete in WaGa cell lines (Fig. 1B). This effect is at the level of transcription rather than

translation because BIRC5a mRNA is markedly reduced by T antigen knockdown (Fig. 1C).

Use of a shRNA lentivirus that selectively targets only the small T antigen isoform (28),

however, did not affect survivin expression (fig. S1), indicating that increased survivin

transcription was dependent on MCV large T antigen but not small T antigen (knockdown of
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large T antigen alone is difficult due to the overlapping structure of the T antigen cistron). In

contrast to survivin, no consistent changes in protein expression for p53, XIAP, BCL-xL,

MCL-1, BAD, BIK, BMF, BIM, PUMA, BCL-2, or BAX proteins (Fig. 1B) (29) or for

cleaved poly(adenosine diphosphate–ribose) polymerase (PARP), cleaved caspase 3, or

cleaved caspase 9 proteins (fig. S2) were seen after panT1 knockdown in MCV-positive

cells. These results are consistent with our digital transcriptome subtraction findings,

suggesting that MCV T antigen selectively activates BIRC5a transcription. We next sought

to determine the importance of survivin expression to survival of MCV-positive and MCV-

negative MCC cells. Although only partial suppression of survivin expression was achieved

by shRNA BIRC5a targeting, MCV-positive MKL-1 cells, but not MCV-negative UISO

cells, underwent apoptosis (Fig. 1D).

To confirm that large T antigen is the MCV T antigen isoform responsible for survivin

activation, we cloned and transduced a tumor-derived large T antigen (LT339) cDNA into

nontransformed, primary human BJ fibroblasts. Survivin protein levels increased threefold

when large T antigen was expressed compared to the empty vector control (as measured by

quantitative LI-COR, an immunoblotting technique that uses antibodies tagged with near-

infrared dyes) (Fig. 2, A and B). Also consistent with our knockdown experiments (Fig. 1C),

large T antigen directly activates BIRC5a promoter transcription in BJ cells (Fig. 2C). This

is mediated by a specific domain (LXCXE) in large T antigen responsible for sequestration

of RB1. Both cyclin E and E2F1, required for entry into S phase of the cell cycle (23), are

repressed by active RB1 and are used as markers for RB-regulated gene expression. MCV

LT339 activates expression of both cyclin E and E2F1 proteins in BJ cells, whereas LT339

having a point mutation that prevents RB1 binding (changing LFCDE to LFCDK) (16)

abolishes induction of cyclin E, E2F1, and survivin (Fig. 2A). MCV small T antigen

expressed alone in BJ cells did not increase survivin oncoprotein expression (fig. S3). In

contrast to primary BJ fibroblasts, we did not find that MCV large T antigen markedly

increased survivin expression in cell lines that had already been transformed, including

U2OS cells (fig. S4).

Survivin as a target for MCC chemotherapy

Given the apparent importance of MCV-induced survivin expression to MCC cell survival,

we examined YM155, an imidazolium small-molecule inhibitor of the survivin promoter

that is currently undergoing phase 2 trials for prostate cancer (30, 31, 33). YM155 is both

highly active and selective for inhibiting MCV-positive MCC cell growth in vitro as

measured by CellTiter-Glo assays [median effective concentration (EC50), 1.34 to 12.2 nM]

(Fig. 3A). MCV-negative MCC cell line growth is also inhibited by YM155, but this occurs

at concentrations one to two orders of magnitude higher than for MCV-positive MCC cells.

YM155 treatment for 48 hours at 10 to 100 nM preferentially killed MCV-positive MKL-1

cells compared to MCV-negative UISO cells as measured by trypan blue staining (Fig. 3B).

Survivin protein was reduced in MKL-1 cells after YM155 treatment, consistent with

YM155’s proposed mechanism of action of inhibiting the BIRC5a promoter (Fig. 3C).

We next examined mechanisms of cell killing by YM155 in MCV-positive MCC cells (Fig.

4). Survivin plays a role in mitotic progression, and loss of survivin can lead to cell death

through mitotic catastrophe in some tumor cells (34, 35). MCV-positive MCCs, however,

are slowly cycling cells (doubling time of 3 days) (29) and do not undergo G1 arrest or G2-

M pileup as would occur with mitotic checkpoint activation in rapidly cycling cells (Fig. 4A,

top panels). Instead, bromodeoxyuridine (BrdU) incorporation into DNA reveals profound

early inhibition of DNA synthesis by YM155. Figure 4A (bottom panel, left) shows the

normal inverted U pattern for BrdU incorporation during S-phase DNA synthesis in MKL-1

cells. When MKL-1 cells are treated with the topoisomerase I inhibitor camptothecin or with

5-Gy γ-irradiation (Fig. 4A, bottom panel, right), S-phase BrdU is reduced and BrdU-
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positive cells accumulate in G1 and G2-M as expected for cell cycle checkpoint activation.

YM155 treatment, in contrast, markedly inhibits all BrdU incorporation, consistent with

disruption of DNA synthesis but not with mitotic catastrophe.

YM155 treatment also results in early commitment of MCV-positive MCC cells to

nonapoptotic programmed cell death. No evidence of apoptosis was present, as measured by

caspase 3 and PARP cleavage (Fig. 4B), when MKL-1 cells were treated with 100 nM

YM155 for 48 hours. However, YM155 did initiate LC3-II accumulation, a marker for cell

autophagy (36). This is not due to complete loss of apoptosis pathway signaling in MKL-1

cells because treatment with the proteasome inhibitor bortezomib (Velcade) activated PARP

and caspase cleavage (Fig. 4B and fig. S5). Commitment to YM155-dependent cell death

occurs relatively quickly and irreversibly: When MKL-1 cells were treated with 100 nM

YM155 for 3, 6, or 12 hours, followed by washout with complete cell culture medium, only

51, 3, and 1.8% of cells, respectively, remained viable at 48 hours, as measured by trypan

blue dye exclusion. This was confirmed using a cell viability assay with propidium iodide

(dead) and carboxyfluorescein di-acetate (CFDA, alive) costaining (Fig. 4C). Twelve to 24

hours of 100 nM YM155 treatment causes MKL-1 cells to lose membrane integrity, such

that they become positive for propidium iodide and negative for CFDA staining.

To search for other MCC chemotherapeutics, we performed a two-stage cytotoxicity library

screen on 1360 pharmacologically active compounds (see table S2 and fig. S6, A and B),

including 1280 drugs from the Library of Pharmacologically Active Compounds (LOPAC)

(Sigma-Aldrich), 89 drugs from the NCI’s Approved Oncology Drug Set II (19 compounds

in common with LOPAC1280), 6 compounds targeting SV40 large T antigen adenosine

triphosphatase (ATPase) activity (37, 38), and 4 compounds targeting MDM2, a negative

regulator of p53 (39, 40). These compounds were screened at 10−5 M for >90% inhibition of

MKL-1 cell growth in a CellTiter-Glo assay (Promega). Notably, mammalian target of

rapamycin (mTOR) inhibitors (everolimus, rapamycin, etc.), antiviral compounds (ribavirin,

acyclovir), and MDM2 inhibitors active in other viral cancers (for example, nutlin-3) (41,

42) were not active in our screen. This is consistent with previous findings that MCV loses

replication activity (16) and activates cap-dependent translation downstream of mTOR (28)

in MCC tumor cells.

Eighteen (1.3%) of these 1360 drugs met our initial screening criterion for anti-MCC

activity and were selected for secondary dose-dependent screening on MCV-positive and

MCV-negative cell lines (Table 1). Only the proteasome inhibitor bortezomib (43) was

active in vitro at low doses (EC50, 1.3 to 13.2 nM; figs. S5 and S6C). This activity, however,

was not selective for MCV-positive cells (fig. S5). Other agents, particularly topoisomerase

I and II inhibitors, also inhibited MCC cell growth but were generally far less potent or had

variable activity among different MCC cell lines (Table 1 and fig. S6, A and B).

Effect of YM155 on human MCC xenografts in mice

We developed an MKL-1 xenograft mouse model to test the in vivo efficacy of YM155 and

bortezomib on human MCC tumor cells transplanted into nonobese diabetic–severe

combined immunodeficient γ (NOD-SCIDγ) (NSG) mice. Subcutaneous injection of

MKL-1 cells generates tumors that are positive for MCV large T antigen and the MCC

diagnostic marker CK20 (Fig. 5A) and progress to endpoint (2-cm tumor diameter) within 2

to 4 weeks after tumors are first detected. We treated these mice with bortezomib, YM155,

or saline for 3 weeks once tumors became palpable. Bortezomib was administered at levels

effective on multiple myeloma xenografts (44) (1 mg/kg, twice weekly subcutaneous

injections). This did not significantly affect MCC tumor progression or volume compared to

treatment with saline alone (P = 0.53, log-rank test). Bortezomib administration at this level

Arora et al. Page 5

Sci Transl Med. Author manuscript; available in PMC 2013 July 29.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



was associated with mouse lethargy and weight loss, requiring temporary use of heat

blankets and hydrogel to prevent death of animals during initial treatment.

In contrast to bortezomib, YM155 [2 mg/kg, subcutaneous, five times weekly (30, 45)]

markedly delayed MKL-1 xenograft growth and significantly prolonged survival compared

to either saline or bortezomib (P < 0.0001, log-rank test; Fig. 5, B and C). This YM155

treatment regimen was chosen because it is the standard dosing for mouse xenograft

experiments based on pharmacokinetic and treatment response studies of Nakahara et al. on

six different human cancer xenografts (prostate, bladder, melanoma, breast, and lung cancer)

in mice and >100 human tumor cell lines (45, 46). Whereas 66.7 to 74.2% of the bortezomib

or saline-treated mice reached the euthanasia endpoint during the 3-week treatment period,

none of the YM155-treated mice reached this endpoint during treatment. Partial tumor

regression occurred among some YM155-treated mice, but all tumors resumed growth once

YM155 was stopped, indicating that a single 3-week treatment course was insufficient for

tumor eradication (Fig. 5B). For most of the mice, MKL-1 tumor volumes were unchanged

or showed delayed growth during YM155 treatment, suggesting that this drug may be

cytostatic rather than cytocidal for MKL-1 xenografts (Fig. 5C and appendix S1). YM155

was well tolerated, and no adverse effects or acute toxicities were noted. In smaller cohorts

of mice bearing MS-1 (MCV-positive) and UISO (MCV-negative) tumor cell xenografts,

final tumor volumes for YM155-treated mice were 43 to 55% (median) of saline-treated

control mice at the end of the 3-week treatment period (Fig. 5D).

DISCUSSION

The discovery of a virus as the molecular cause for most MCCs has led to the description of

a rationally targeted therapeutic in less than 4 years. MCV was discovered in 2008, followed

by identification of the viral oncogenes 1 year later. This enabled us to apply a rational drug

screen, resulting in the identification of a survivin inhibitor that may have activity against

MCC. Our library screen of 1360 drugs, including the entire NCI Approved Oncology Drug

Set II, identified only one drug (bortezomib) that was highly active in vitro, and confirmed

that MCC is very chemoresistant. Bortezomib, however, was not active in vivo against MCC

xenografts in mice. Digital transcriptome subtraction, a quantitative cDNA deep sequencing

method, not only identified MCV as a new human polyomavirus in MCC but also helped to

uncover cell signaling pathways that are potential targets for MCV-positive MCC treatment.

Survivin, a member of the inhibitor of apoptosis protein family (47), contributes to

chemoresistance of melanoma (48) and is overexpressed in many cancers including MCC

(49). Its expression increases during nonneoplastic JC polyomavirus infection (47, 50, 51)

and through an E2F-regulated mechanism in response to SV40 large T antigen expression

(26, 27). Our MCV T antigen knockdown and expression experiments confirm survivin to

be activated in response to sequestration of RB family transcription repressors by MCV

large T antigen. Survivin has pleiotropic activities in both preventing apoptosis and

activating cell cycle entry (50). These findings are consistent with RB or other pocket

proteins repressing survivin expression in primary Merkel cells (26), which is relieved when

MCV large T antigen is expressed. MCV large T antigen expression did not increase

survivin levels in transformed cells (U2OS cells) that already have dysregulated RB

signaling. MCV activation of survivin through RB targeting may typically serve to promote

virus replication but is aberrantly activated during MCV tumorigenesis (10).

YM155 is highly cytotoxic in vitro to MCV-positive MCC cells, causing these cells to

undergo necroptotic cell death. Unexpectedly, YM155 leads to rapid loss of new DNA

synthesis and breakdown of membrane integrity in MCC cells but not apoptosis. In other

forms of cancer, survivin knockdown causes mitotic catastrophe (35); however, we did not
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find this to significantly contribute to MCC tumor cell death. There was no distinct G1- or

G2-M–phase accumulation of cells during YM155 treatment, and irreversible commitment

to cell death occurs too quickly for most MCC cells to have an opportunity to transit the cell

cycle. YM155 does increase expression of the autophagy marker LC3-II, but this may reflect

a consequence rather than a cause of cell death (52). Intriguingly, a similar cell death

phenotype occurs when T antigens are knocked down in MCV-positive MCC cells (29),

whereas targeted knockdown of survivin alone by RNAi causes apoptosis rather than

necroptosis. We therefore cannot exclude the possibility that YM155 targets other molecules

in addition to survivin (fig. S7), or that differing levels of survivin inhibition result in

different forms of programmed cell death.

There are several important caveats to our current study. Although YM155 was highly

active in vitro, it was only cytostatic—not cytotoxic—in most mouse xenografts during

short-term treatment. Once YM155 treatment was stopped, tumors reemerged in all of the

treated mice. Either prolonged YM155 treatment or combined use with other drugs (for

example, bortezomib and topoisomerase inhibitors) may more effectively control MCC.

YM155 was relatively nontoxic in our study, making it potentially more suitable for

prolonged or combined therapy. Practical limitations prevented us from extensively

measuring YM155 activity on a variety of different MCC cell line xenografts so we cannot

exclude the possibility of drug resistance among other MCCs. But it is encouraging that

YM155 reduced tumor masses in two additional MCC xenografts (MS-1 and UISO),

including one from an MCV-negative tumor. Finally, MCV small T antigen is also

expressed in MCC cells and increases cap-dependent protein translation (28), which could

contribute to YM155 resistance by transcription-independent induction of survivin protein

(53).

Digital transcriptome subtraction (13) is a useful method to discover (9) or exclude (13)

viruses present in human cancers. Here, we show that digital transcriptome subtraction is

also useful in measuring cellular gene expression by demonstrating that BIRC5 transcription

is activated in MCV-positive MCC. If carefully performed and rigorously analyzed, digital

transcriptome subtraction data yield useful information even when no cancer viruses are

discovered (13). Before discovery of MCV, few clues were available about the molecular

causes for MCC (4). Now that MCV has been shown to be central to the formation of most

MCCs, rational targeting of survivin and other cellular pathways perturbed by MCV may

lead to discovery of additional treatments that may be more effective and less toxic than

current therapies.

MATERIALS AND METHODS

Cell culture

Seven MCC cell lines [MKL-1, MKL-2, MS-1, UISO, MCC13, MCC26, and WaGa (gift of

J. Becker) (29, 54, 55)], NCI-H69 small-cell lung cancer cell line [American Type Culture

Collection (ATCC)], 293 human embryonic kidney cells (ATCC), U2OS osteosarcoma cell

line (gift of O. Gjoerup), BJhTERT immortalized foreskin fibroblast cell line (gift of O.

Gjoerup), and BJ primary foreskin fibroblasts (ATCC) were used to screen and evaluate the

small molecules examined in this study (29, 54, 55). The Merkel cell lines and NCI-H69

were grown in RPMI 1640 supplemented with 10% fetal calf serum, penicillin, and

streptomycin at 37°C in humidified air containing 5% CO2. The remaining cell lines were

grown in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum.
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Compounds

A total of 1360 compounds were used in the screening survey and are listed in table S1:

1280 compounds from LOPAC1280 library (Sigma-Aldrich, accessed through University of

Pittsburgh Drug Discovery Institute), 89 compounds from NCI’s Approved Oncology Drug

Set II [from the NCI/Developmental Therapeutics Program (DTP) Open Chemical

Repository, http://dtp.cancer.gov], 6 SV40 large T antigen ATPase inhibitors [MAL2-11B,

MAL3-101, MAL2-51, DMT3084, bithionol, and hexachlorophene (37, 38)], and 4

compounds that target and inhibit p53 and MDM2 binding [nutlin-3, YH264A, Y2H265A,

and KK_NW_16A (39, 40)]. Nineteen compounds that were in common between the

LOPAC1280 and the NCI Approved Oncology Drug Set II library were screened twice with

comparable results. NCI Approved Oncology Drug Set II, SV40 large T antigen ATPase

inhibitors, and MDM2 inhibitors were reconstituted as recommended by the supplier.

YM155 (4,9-dihydro-1-(2-methoxyethyl)-2-methyl-4,9-dioxo-3-(2-pyrazinylmethyl)-1H-

naphth[2,3-d]imidazolium bromide) was purchased from Active Biochemicals Co. Ltd.

Reconstituted compounds were diluted in cell culture medium to obtain a 100× stock

concentration before addition to cells. Doxorubicin (positive control) was obtained from

Sigma-Aldrich, and dimethyl sulfoxide (DMSO) (negative control) was obtained from

Fisher Bioreagents.

For EC50 measurements, dose-response curves were established for 17 drugs initially

identified by library screening, and then each compound was obtained individually from

specific suppliers. Iodoacetamide, sanguinarine chloride, NSC95397, chelerythrine chloride,

calmidazolium chloride, tetraethylthiuram disulfide, Bay 11-7085, quinacrine

dihydrochloride, ellipticine, amsacrine hydrochloride, and nutlin-3 were purchased from

Sigma-Aldrich. Mitoxantrone, daunorubicin HCl, valrubicin, topotecan HCl, teniposide, and

bortezomib were provided by the NCI/DTP Open Chemical Repository (http://

dtp.cancer.gov).

MKL-1 cytotoxicity screen

MKL-1 cells were seeded at a density of 6000 cells in 50 μl of medium per well (120 cells/

μl) in opaque polypropylene 384-well microplates (Greiner Bio-One). Cells were incubated

at 37°C in humidified air containing 5% CO2 for 24 hours. Thereafter, 25 μl of medium

containing 3× drug per well was added to the plates, which were incubated for an additional

48 hours. Cell viability was measured with CellTiter-Glo (Promega) following the

manufacturer’s instructions. The validity of CellTiter-Glo results in measuring cell viability

was confirmed by trypan blue exclusion staining and WST-1 assays (Roche) in pilot studies.

The LOPAC1280 library was screened at a final concentration of 10 μM for each

compound, and the NCI library was screened at a final concentration of 1 μM for each

compound. MAP-C (Titertek Instruments Inc.) and Janus MDT (PerkinElmer Inc.) were

used for automated resuspension and the addition of LOPAC library drugs to assay plates.

NCI library compounds were added to wells by manual pipetting.

CellTiter-Glo assays were performed in duplicate with 384-well plates, each containing 24

wells with 1% DMSO (negative control) and 32 wells with 200 μM doxorubicin (positive

control). Screening results were evaluated on the basis of percentage cell survival

normalized to the DMSO control (100%). Positive candidates were identified with a cutoff

value of <10% cell survival. The average Z factor was 0.61 (range, 0.34 to 0.74) for the

LOPAC library screen and 0.82 for the NCI library screen (range, 0.75 to 0.91).
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Dose-response studies

Compounds that met the selection criteria <10% cell survival were purchased or obtained in

bulk from NCI/National Institutes of Health (NIH) DTP. Serial drug dilutions from 10−4 to

10−9 M were used on MCC and non-MCC cell lines. Cells were seeded into 384-well plates

at 6000 cells in 50 μl of medium per well. After 24 hours, 25 μl of 3× drugs was added at

increasing concentration to each well. Cell viability was then measured with CellTiter-Glo

(Promega) kit following the manufacturer’s instructions as described previously. Each drug

concentration was tested in triplicate for each cell line, and experiments were repeated twice.

EC50 doses for the drugs were calculated with a four-parameter logistic equation (GraphPad

Prism).

Trypan blue dye exclusion assay

Cells were equally seeded and treated with YM155 for 48 hours. To quantitate cell death, we

treated the cells with Accutase (Millipore), collected them, resuspended them in phosphate-

buffered saline (PBS), mixed them with equal volume of trypan blue (Lonza, 0.4%), and

counted them with a hemocytometer under the microscope. Counting was performed three

times, in triplicate.

Expression and shRNA lentivirus construction

To express codon-optimized full-length MCV large T antigen, we synthesized the gene

(DNA2.0) from the MCV-HF strain large T antigen sequence template (56) (GenBank ID:

JF813003) and cloned it into the lentiviral pLVX EF puro vector (28). Truncated tumor

LT339 (representing the MCV339 strain, amino acids 1 to 455) and LT339. LFCDK were

cloned by site-directed mutagenesis from the codon-optimized full-length large T antigen

into pSMPUW-hygro vector (Cell Biolabs Inc.) (28). MCV small T codon-optimized was

also cloned into the lentivirus vector. Cells were infected with lentiviruses in the presence of

polybrene (1 to 4 μg/ml) for 24 hours, followed by medium change. Stable selection with

either puromycin (1 μg/ml) or hygromycin (200 μg/ml) was initiated 48 hours after

infection.

shRNA for MCV T antigen knockdown was generated and used as previously described (29,

57), and we renamed shT1 in Houben et al. to panT1 in this study. To knock down survivin

gene expression, we cloned the shRNA sequence [shsur1, 5′-
ccggCCGCATCTCTACATTCAAGAACTCGAGTTCTTGAATGTAGAGATGCGGtttttg-

3′; shsur2, 5′-
ccggCCTTTCTGTCAAGAAGCAGTTCTCGAGAACTGCTTCTTGACAGAAAGGtttttg-

3′ (lower-cased nucleotides indicate linker sequences used for cloning)] into a pLKO.1puro

lentiviral vector. shCntrl is a nontargeting shRNA negative control (29). Cells were infected

with lentiviruses, washed after 24 hours, and then harvested for immunoblotting 6 days after

infection.

Immunoblotting

Cells were lysed in buffer [radioimmunoprecipitation assay or 10 mM tris-HCl (pH 8.0),

0.6% SDS] containing protease inhibitor cocktail (Roche). Lysates were electrophoresed in

10% SDS–polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane

(Amersham), and reacted with specific antibodies CM2B4 (1:5000 dilution) (15), CM8E6

(1:500 dilution), cleaved PARP, cleaved caspase 3, survivin, XIAP, p53, BCL-2, BAX

(1:1000 dilution, Cell Signaling Technology), E2F1, cyclin E (1:1000 dilution, Santa Cruz

Biotechnology), LC3 (1:1000 dilution, Novus Biologicals), or α-tubulin (1:5000 dilution,

Sigma) overnight at 4°C, followed by anti-mouse (1:5000 dilution, Amersham) or anti-

rabbit immunoglobulin G (IgG)–horseradish peroxidase conjugates (1:3000 dilution, Cell
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Signaling Technology) for 1 hour at room temperature. Peroxidase activity was detected

with Western Lightning Plus ECL reagent (PerkinElmer). For quantitative immunoblotting,

Odyssey Infrared Imaging System (LI-COR) was used with IRDye 800–conjugated

secondary antibodies (1:5000 dilution, Rockland Immunochemicals).

Quantitative reverse transcription–polymerase chain reaction

RNA was extracted from cell lysates with TRIzol reagent (Invitrogen), and cDNA was

synthesized with SuperScript III First-Strand Synthesis (Invitrogen). Quantitative real-time

polymerase chain reaction (PCR) for survivin was performed on cDNA with the SYBR

Green method (based on the manufacturer’s protocol, Applied Biosystems). Primers used

were 5′-CTGCCTGGCAGCCCTTT-3′ (forward) and 5′-
CCTCCAAGAAGGGCCAGTTC-3′ (reverse) for survivin (30) and 5′-
CACTGGCTCGTGTGACAAGG-3′ and 5′-CAGACCTACTGTGCGCCTACTTAA-3′ for

β-actin. The relative change in expression was calculated with the Pffal method (58).

Experiments for MCC cell lines were repeated six times (two biological repeats done in

triplicate). Experiments for BJ cell lines were repeated six times (three biological repeats

done in duplicate). Mean and SEM were calculated and plotted as column graphs for

comparison.

Cell cycle analysis

MKL-1 cells were treated with Accutase (Millipore) to break clumps and then resuspended

in fresh medium containing drug and treated for 12 hours. BrdU (10 μM concentration) was

added 3 hours before harvesting. Cells were then harvested and fixed in chilled 70% ethanol

overnight. The cells were then washed, resuspended in 200 μl of 2 M HCl/Triton X (1%),

and incubated for 30 min at room temperature. Cells were centrifuged at 2000 rpm for 10

min and neutralized in 200 μl of 0.1 M sodium tetraborate (pH 8.5). Cells were then washed,

suspended in 20 μl of PBS containing 0.5% Tween 20, 1% donkey serum, and 2 μl of anti-

BrdU antibody (1:10 dilution, BD Biosciences), and incubated overnight at 4°C. Cells were

washed and incubated with secondary anti-mouse IgG Alexa Fluor 488 (1:1000) for 1 hour

at room temperature. Cells were washed, suspended in PBS containing ribonuclease A (100

μg/ml), propidium iodide (50 μg/ml), and 0.05% Triton X, incubated for 30 min at 37°C in

the dark, and then analyzed with an Accuri C6 flow cytometer.

Cell death evaluation by CFDA and propidium iodide staining

After harvesting, cells were resuspended in 2 ml of PBS containing propidium iodide (4 μg/

ml) (Sigma) and 10 μl of CFDA (Invitrogen) at room temperature for 10 min. Cells were

then rinsed in 1× PBS and examined under the microscope. Quantitation was performed

with ImageJ software.

Mouse xenograft studies

Compounds—For in vivo experiments, clinical-grade bortezomib (Velcade) was

purchased from the University of Pittsburgh Cancer Institute (UPCI) Pharmacy and YM155

was purchased from Active Biochemicals Ltd. Compounds were dissolved in sterile 0.9%

saline solution for administration to animals.

Animals—Six-week-old female triple immunodeficient NOD-SCIDγ mice (Jackson

Laboratory) were maintained in a specific pathogen-free environment at the Hillman Cancer

Center Mouse Facility, University of Pittsburgh. All animal studies were conducted

according to protocols approved by the Animal Ethics Committee of the University of

Pittsburgh (Institutional Animal Care and Use Committee Protocol 1102226).
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Xenograft drug treatments

MCC cells were checked for viability >90% by trypan blue staining, resuspended in PBS (2

× 107 cells in 100 μl), and inoculated subcutaneously into the right flank of mice. Once

tumors were palpable (2 to 4 weeks after injection), mice were assigned sequentially into

receiving either bortezomib, YM155, or saline treatment arms.

All treatments were delivered for 3 consecutive weeks. Bortezomib treatment was delivered

subcutaneously twice weekly at 1 mg/kg per mouse. To avoid previously observed side

effects, we gave mice hydrogel (ClearH2O) and kept them at 30°C (using a heating blanket

to heat up half of the cage) during bortezomib treatment. YM155 (2 mg/kg) was given

intraperitoneally on 5 consecutive days, followed by a 2-day treatment-free interval. The

control group received saline alone (21 mice on the same dosing schedule as bortezomib and

10 mice on the same dosing schedule as YM155). Day 19 was the last day of drug delivery

for both schedules and hence the end of treatment. Caliper measurements of the longest

perpendicular tumor diameters were performed every other day, and tumor volumes were

calculated with the following formula: (width)2 × (length/2). Animals were killed when

tumors reached 2 cm in any dimension, >20% weight loss, or when they became moribund.

Survival was defined as the time from the first day of treatment until death/killing.

Statistical analysis

Two-tailed paired Student’s t test was used to analyze statistical differences in quantitative

reverse transcription–PCR (qRT-PCR) results. Mouse survival curves were estimated with

the Kaplan-Meier product-limit method and were compared with the log-rank test

(GraphPad Software). A piecewise linear hierarchical Bayesian model (59) was used to

characterize differences in tumor volumes and growth between treatments.

Immunohistochemistry

Immunohistochemical staining of mouse tumor tissues was performed as previously

described (15).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Survivin oncoprotein mRNA expression is increased in MCV-positive MCC. (A) Digital

transcriptome subtraction comparison of 64 genes involved in programmed cell death and

cell cycle regulation showed that survivin (BIRC5) mRNA transcripts (highlighted) were

sevenfold higher in an MCV-positive compared with an MCV-negative MCC cDNA library.

The relative expression of genes was normalized to total sequence reads for each MCC

library (also see table S1). (B) MCV T antigen is required for survivin expression. Lentiviral

MCV T antigen exon 1 knockdown (panT1) decreased survivin protein expression (left) but

did not alter XIAP, BCL-2, BAX, or p53 protein levels (right) in four MCV-positive MCC

cell lines: MKL-1, MKL-2, MS-1, and WaGa. UISO, MCV-negative cell line; shCntrl,

scrambled shRNA control lentivirus; LT, large T antigen. (C) MCV T antigen is required for

survivin transcription. Survivin mRNA levels were reduced in the MKL-1 but not the UISO

cell line after T antigen knockdown, indicating that T antigen activates survivin

transcription. Survivin mRNA was measured by qRT-PCR and normalized to β-actin

mRNA. The experiments were performed in triplicate and repeated twice (mean ± SEM,

two-tailed t test). (D) Survivin expression is required for MCV-positive MCC tumor cell

survival. Survivin was targeted for knockdown using two shRNA lentiviral vectors, shsur1

and shsur2, in MKL-1 and UISO cells. MKL-1 cells initiate apoptosis after survivin

knockdown, with increased expression of cleaved PARP (cPARP) and caspase 3 (cCasp3),

whereas UISO cells are resistant to survivin knockdown-induced apoptosis. α-Tubulin is

used as a loading control.
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Fig. 2.
MCV large T antigen isoform induces survivin oncoprotein expression in human BJ cells by

targeting RB. (A) BJ cells were transduced with either empty vector, a tumor-derived large

T antigen cDNA (LT.339), or a large T antigen cDNA with an inactive RB binding domain

(LT.339LFCDK). Immunoblotting reveals that MCV LT.339 induces survivin expression

but LT.339LFCDK does not. A similar pattern is seen for other S-phase cell cycle proteins

such as E2F1 and cyclin E that are also transcriptionally repressed by RB. (B) LI-COR

quantitative immunoblotting for survivin in (A), normalized to α-tubulin (arbitrary units).

(C) Survivin mRNA levels increased in BJ cells expressing LT.339 protein but not in cells

expressing the RB1 binding mutant LT.339LFCDK. BJ cells expressing either empty vector,

LT.339, or LT.339LFCDK were serum-starved for 48 hours and then harvested for RNA.

Survivin mRNA was measured by qRT-PCR and normalized to β-actin mRNA. The

experiments were performed three times in duplicate (mean ± SEM, two-tailed t test).
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Fig. 3.
The survivin promoter inhibitor YM155 inhibits MCV-positive MCC cell line growth. (A)

Dose-dependent growth curves at 48 hours for YM155-treated cell lines. MCV-negative

MCC13, BJ, and BJhTERT cells showed relative resistance to YM155 treatment, whereas

all MCV-positive cell lines (MKL-1, MKL-2, MS-1, and WaGa) were sensitive to YM155.

MCV-negative UISO and MCC26 cell lines had intermediate sensitivity to YM155. (B)

Trypan blue vital dye exclusion assay showed dose-dependent cell killing at 48 hours for

MKL-1 cells (blue bars), whereas UISO cells (red bars) are relatively less sensitive and BJ

cells (green bars) are resistant to YM155. (C) Dose-dependent decrease in MKL-1 cell

survivin protein expression after 12 hours of YM155 treatment.
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Fig. 4.
Cell death phenotype of YM155-treated MCV-positive MCC. (A) Cell cycle analysis

reveals that YM155-treated cells do not undergo mitotic catastrophe. MKL-1 cells were

treated with DMSO, YM155 (100 nM), camptothecin (CPT, 1 μM), or 5-Gy γ-irradiation

(IR). They were stained for propidium iodide (PI) and BrdU and harvested 12 hours later.

Upper panel shows cell cycle profiles, in which no evidence of G2-M pileup is seen (a

marker for mitotic catastrophe) after YM155 treatment. Bottom panel shows the

corresponding propidium iodide versus BrdU uptake for these same cells showing new DNA

synthesis for cells in G1, S, and G2-M. Mock-treated cells have an inverted U-shaped curve

showing BrdU incorporation during S-phase DNA synthesis. Both camptothecin and γ-

irradiation primarily reduce S-phase BrdU incorporation, consistent with checkpoint

activation. In contrast, YM155 reduces all early DNA synthesis as measured by BrdU

incorporation. (B) YM155 induces nonapoptotic cell death associated with autophagy in

MKL-1 cells. MKL-1 cells were treated with DMSO, YM155 (100 nM), or bortezomib (100

nM) and immunoblotted for cleaved PARP (cPARP), cleaved caspase 3 (cCasp3), LC3-II,

and α-tubulin. In contrast to YM155, the proteasome inhibitor bortezomib activates MKL-1

cell apoptosis (also see fig. S2). (C) YM155 treatment initiates programmed cell death

within 12 to 24 hours after treatment. MKL-1 cells were costained with CFDA (green, live)

and propidium iodide (red, dead). Column graphs (right panel) represent mean and range of

percent CFDA-positive (green) and percent propidium iodide–positive cells (red).
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Fig. 5.
YM155 inhibits growth of human MKL-1 MCC xenografts in NOD-SCIDγ mice. (A)

MKL-1 xenograft tumors were stained with hematoxylin and eosin (H&E), and for MCV

large T antigen and cytokeratin 20 (CK20) expression (magnification, ×40). (B) MKL-1

xenograft survival curves after drug treatment. Mice were subcutaneously injected with 20

million MKL-1 cells and assigned to a 3-week drug treatment after tumors became palpable.

No significant difference was found between saline and bortezomib treatment. Tumor

progression was significantly delayed by YM155, with none of the YM155-treated mice

dying during treatment (up to day 19) compared to 23 of 31 (74%) saline-treated and 14 of

21 (67%) bortezomib-treated mice (P < 0.0001, log-rank test). Tumor progression recurred

for all YM155-treated mice once treatment was stopped. (C) Piecewise linear hierarchical

Bayesian model for tumor volumes in treated mice (59) (see the Supplementary Materials

for details). Colored lines show estimated central population tumor volumes, with shaded

regions representing 95% credible intervals. Actual tumor volumes (gray lines) for each

mouse are shown for comparison. YM155 treatment retards tumor growth compared to

saline or bortezomib treatment. (D) Table showing day of termination and tumor volumes

for MS-1 and UISO xenograft mice treated with YM155 or saline.
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