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Abstract
Background—Merkel cell polyomavirus (MCPyV) is present in approximately 80% of human
Merkel cell carcinomas (MCCs). A previous in silico prediction suggested MCPyV encodes a
microRNA (miRNA) that may regulate cellular and viral genes.

Objectives—To determine the presence and prevalence of a putative MCPyV-encoded miRNA
in human MCC tumors.

Study Design—Over 30 million small RNAs from 7 cryopreserved MCC tumors and 1
perilesional sample were sequenced. 45 additional MCC tumors were examined for expression of
an MCPyV-encoded mature miRNA by reverse transcription real-time PCR.

Results—An MCPyV-encoded mature miRNA, “MCV-miR-M1-5p”, was detected by direct
sequencing in 2 of 3 MCPyV-positive MCC tumors. Although a precursor miRNA, MCV-miR-
M1, had been predicted in silico and studied in vitro by Seo et al., no MCPyV-encoded miRNAs
have been directly detected in human tissues. Importantly, the mature sequence of MCV-miR-M1
found in vivo was identical in all 79 reads obtained but differed from the in silico predicted mature
miRNA by a 2-nucleotide shift, resulting in a distinct seed region and a different set of predicted
target genes. This mature miRNA was detected by real-time PCR in 50% of MCPyV-positive
MCCs (n=38) and in 0% of MCPyV-negative MCCs (n=13).
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Conclusions—MCV-miR-M1-5p is expressed at low levels in 50% of MCPyV-positive MCCs.
This virus-encoded miRNA is predicted to target genes that may play a role in promoting immune
evasion and regulating viral DNA replication.
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Background
Merkel cell carcinoma (MCC) is an aggressive neuroendocrine skin cancer. In 2008, the
Merkel cell polyomavirus (MCPyV) was identified in MCC tumors and appears to
contribute to the causation of most MCCs through persistent expression of an oncoprotein
formed from truncated viral large T-antigen1–3. Other polyomaviruses, including JC virus,
BK virus, and Simian virus 40, encode microRNAs (miRNAs) that are thought to be
important for their pathogenesis4–8. These are expressed late in infection and suppress viral
T-antigen expression, presumably to help the virus escape immune surveillance9.

Recently, Seo et al. took an in silico and in vitro approach to study miRNAs encoded by
MCPyV, and identified a probable miRNA based on in silico predictions9. This miRNA was
shown to decrease MCPyV large T-antigen (LT) in vitro. In this study, we used high-
throughput sequencing to directly quantify expression of small RNAs in seven MCC tumors,
and subsequently validated the expression of an MCPyV-encoded miRNA.

Objectives
To determine whether the MCPyV encodes a miRNA that is expressed in MCC tumors.

Study Design
Small RNA sequencing and MCPyV genome alignment

All materials were acquired and used in conformity with the Institutional Review Board-
approved protocols at the University of Washington and the Fred Hutchison Cancer
Research Center. Total RNA was extracted from 7 cryopreserved MCC tumors and 1
perilesional skin sample using mirVana miRNA Isolation Kit (Ambion). Total RNA
quantity and quality were evaluated using a Nanodrop ND-1000 (Thermo Scientific). Using
methods reported by Murchison et al.,10 isolated cloned small RNAs from each sample were
sequenced separately using Illumina sequencers. 28.3 million acquired sequences from 5
tumors and 1 perilesional skin specimen were initially available; these were compared with
the MCPyV genome [EU375803](1, 13) by the software MAQ11 with up to 2 bp
mismatches allowed. A single sequence matched; this was then tested with folding criteria
as described by Bar M, et al.12 Next, approximately 10 million sequences from 2 additional
tumors were interrogated for presence of the miRNA of interest. TargetScanHuman 5.1
Custom was used to predict target genes on 12/02/1013.

PCR determination of virus status
Patients with available MCC tumor DNA (n=52) were tested for viral load using real-time
PCR according to published protocols14. Number of copies of MCPyV was calculated by the
ΔΔCT method15. The lower limit of detection was approximately 1 copy per 1000 cells.
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Reverse transcription real-time PCR (qrtRT-PCR) validation of MCV-miR-M1-5p expression
A custom TaqMan® miRNA assay with a proprietary stem-loop primer design (Applied
Biosystems) was utilized to detect levels of the mature MCV-miR-M1-5p sequence (5′-
UCUGGAAGAAUUUCUAGGUACA-3′) in total RNA extracted from FFPE (formalin
fixed paraffin embedded) and fresh MCC tumors. Assays were performed following the
manufacturer’s recommended protocol for Taqman qrtRT-PCR assay. This assay was
successfully validated by quantitative detection of a synthetic RNA oligo of the same
sequence and length as the mature miRNA (data not shown).

Expression of MCV-miR-M1-5p in 6 of 7 sequenced and 45 additional MCC tumors were
validated. One sequenced tumor (MCCL17) was omitted due to insufficient miRNA.
RNU6B, a small, non-coding RNA (Applied Biosystems, product number 4373381), was
used as an RNA loading control and was found to be positive in all samples except water.
Cycle 34 was used as a cutoff for detection of expression since non-specific products were
detected at 36 cycles or greater among tumors known by DNA and protein studies to be
virus-negative.

Results
Direct sequencing of small RNAs was used to profile the entire MCC microRNA-ome (miR-
ome) of 7 MCC tumor samples and 1 perilesional skin sample (Fig. 1). Alignment of MCC
miR-ome sequences against the published MCPyV genome identified a 22-nucleotide
sequence (5′-UC UGG AAG AAU UUC UAG GUA CA-3′) with perfect homology to the
MCPyV large T-antigen nucleotides 1217–1238 (Fig. 2a). This sequence has no match
within the human genome (best MAQ homology: 17/22 nucleotides in human genome build
36). Furthermore, folding of the flanking viral sequences using an established computer
algorithm produced a hairpin structure consistent with a pre-miRNA (free energy 31.10,
shape probability 0.99890, base pairing 77%, and p-value 0.001)12 (Fig. 2b).

Among 7 sequenced tumors, 3 were positive for MCPyV DNA and 4 had undetectable
MCPyV DNA. The sequenced mature miRNA was detected at low levels in 2 of 3 MCPyV
DNA-positive tumors. In tumor MCCw160, 78 reads of the mature miRNA among 5.6
million total reads were detected (3.1 million of these reads corresponded to known human
miRNAs). In tumor MCCw200, only 1 read of the mature miRNA was detected. In contrast,
MCV-miR-M1-5p was not detected in any of the 4 MCPyV-negative tumors or in the
perilesional skin sample. All 79 sequences had an identical 5′ end. No sequences were
detected corresponding to MCV-miR-M1 star strand.

MCV-miR-M1-5p expression levels were validated by qrtRT-PCR in 6 of 7 sequenced
tumors with sufficient miRNA availability. Confirming our sequencing results, MCCw160
and MCCw200 tumors had evidence of very low-level expression of MCV-miR-M1-5p
(PCR amplification observed between cycles 30 and 32). 45 additional MCC tumors were
tested—10 DNA virus-negative and 35 virus-positive detected by PCR—giving a total of 51
MCC tumor samples (Fig. 2c). Most tumors express very low levels of MCV-miR-M1-5p
(PCR amplification observed after cycle 30). Overall, 19 of 38 MCC tumors with detectable
MCPyV DNA had MCV-miR-M1-5p expression (50%). As expected, 0 of 13 MCC tumors
without detectable MCPyV had MCV-miR-M1-5p. The amount of viral DNA positively
correlated with copies of MCV-miR-M1-5p—samples having more viral DNA express more
copies of MCV-miR-M1-5p.

Direct sequencing results confirmed previously published pre-miRNA hairpin structure9, but
revealed a distinct mature sequence and seed region that is shifted by 2 nucleotides from the
prior report (5′-GGAAGA-3′ – in silico vs. 5′-CUGGAA-3′ – in vivo). Analysis of this
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distinct seed region in TargetScanHuman 5.1 Custom13 resulted in a list of predicted human
target genes of the experimentally observed mature MCV-miR-M1 (Table 1).

Discussion
We found evidence that MCPyV encodes a miRNA, MCV-miR-M1-5p, with the same pre-
miRNA hairpin as previously reported in silico but with a different 22-nt mature sequence9.
It is possible that a different mature sequence is made by MCPyV depending on cellular
context and that the previously reported sequence is indeed also present in vivo in certain
settings. This miRNA is one of the few currently known virus-encoded miRNAs expressed
in human cancers16, 17.

Consistent with prior reports9, we find that MCV-miR-M1-5p is in a different viral genomic
location than the known miRNAs encoded by BK and JC viruses. This further supports
distinct evolutionary pathways between these viruses1.

MCV-miR-M1 likely regulates both viral and cellular genes. Due to the perfect reverse
complementarity/homology to the viral large T-antigen, it is likely that MCV-miR-M1
autoregulates expression of the large T-antigen to potentially evade immune surveillance9.
However, in MCC tumors, expression levels of the viral miRNA were low (.005% of total
miRNAs). Indeed, low expression of MCV-miR-M1-5p is not surprising given that T-
antigen expression is required for MCC growth, and the miRNA would thus suppress a
required oncoprotein3.

MCV-miR-M1 has several potentially relevant predicted cellular targets, as revealed by in
silico analysis (Table 1)13, 18–21. Two genes, PIK3CD and PSME3, are especially interesting
because they are potentially involved in mediating the host immune response against
MCPyV. Inactivation of PIK3CD in mice impaired antigen receptor signaling in B and T
cells22. PSME3, a subunit of the immunoproteasome, promotes presentation of murine
cytomegalovirus peptides to cytotoxic T cells23. Immune evasion could thus occur via
downregulation of PSME3-dependent antigen presentation by the host cell. MCV-miR-M1
may also regulate viral proliferation through another of its predicted cellular targets,
RUNX1, that is involved in polyomavirus replication24. By downregulating RUNX1, MCV-
miR-M1 would aid the viral life cycle transition from early to late. Functional studies will be
required to investigate the biological relevance of this viral miRNA to MCC and to the viral
life cycle in non-cancer host cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
We thank Stacia Wyman and Muneesh Tewari for their assistance in testing miRNA sequences against folding
criteria for a novel miRNA. This study was supported by ACS grant RSG-08-115-01-CCE and NIH grants
RC2CA147820 and K24-CA139052-1 (P. Nghiem); NIH grants T32-CA80416-10 and F30ES017385 (K. G.
Paulson); The David & Rosalind Bloom and Poncin Foundations and the MCC Patients Gift Fund at the University
of Washington.

Abbreviations

miR, miRNA, miRNAs, miR-ome, MCV-miR-M1, MCPyV, MCV, MCC, MCCs,
PCR, qrtRT-PCR

 

Lee et al. Page 4

J Clin Virol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



References
1. Feng H, Shuda M, Chang Y, Moore PS. Clonal integration of a polyomavirus in human Merkel cell

carcinoma. Science. Feb 22; 2008 319(5866):1096–1100. [PubMed: 18202256]
2. Shuda M, Feng H, Kwun HJ, et al. T antigen mutations are a human tumor-specific signature for

Merkel cell polyomavirus. Proc Natl Acad Sci USA. Oct 21; 2008 105(42):16272–16277. [PubMed:
18812503]

3. Houben R, Shuda M, Weinkam R, et al. Merkel cell polyomavirus-infected Merkel cell carcinoma
cells require expression of viral T antigens. J Virol. Jul 1; 2010 84(14):7064–7072. [PubMed:
20444890]

4. Jun SM, Hong YS, Seo JS, Ko YH, Yang CW, Lee SK. Viral microRNA profile in Epstein-Barr
virus-associated peripheral T cell lymphoma. Br J Haematol. Jun 1; 2008 142(2):320–323.
[PubMed: 18503588]

5. Seo GJ, Fink LHL, O’Hara B, Atwood WJ, Sullivan CS. Evolutionarily conserved function of a
viral microRNA. J Virol. Oct 1; 2008 82(20):9823–9828. [PubMed: 18684810]

6. Sullivan CS. New roles for large and small viral RNAs in evading host defences. Nat Rev Genet. Jul
1; 2008 9(7):503–507. [PubMed: 18490927]

7. Sullivan CS, Grundhoff AT, Tevethia S, Pipas JM, Ganem D. SV40-encoded microRNAs regulate
viral gene expression and reduce susceptibility to cytotoxic T cells. Nature. Jun 2; 2005 435(7042):
682–686. [PubMed: 15931223]

8. Sullivan CS, Sung CK, Pack CD, et al. Murine Polyomavirus encodes a microRNA that cleaves
early RNA transcripts but is not essential for experimental infection. Virology. Apr 25; 2009
387(1):157–167. [PubMed: 19272626]

9. Seo GJ, Chen CJ, Sullivan CS. Merkel cell polyomavirus encodes a microRNA with the ability to
autoregulate viral gene expression. Virology. Jan 20; 2009 383(2):183–187. [PubMed: 19046593]

10. Murchison EP, Kheradpour P, Sachidanandam R, et al. Conservation of small RNA pathways in
platypus. Genome Research. Jun 1; 2008 18(6):995–1004. [PubMed: 18463306]

11. Li H, Ruan J, Durbin R. Mapping short DNA sequencing reads and calling variants using mapping
quality scores. Genome Research. Nov 1; 2008 18(11):1851–1858. [PubMed: 18714091]

12. Bar M, Wyman SK, Fritz BR, et al. MicroRNA discovery and profiling in human embryonic stem
cells by deep sequencing of small RNA libraries. Stem Cells. Oct; 2008 26(10):2496–2505.
[PubMed: 18583537]

13. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by adenosines, indicates
that thousands of human genes are microRNA targets. Cell. Jan 14; 2005 120(1):15–20. [PubMed:
15652477]

14. Garneski KM, Warcola AH, Feng Q, Kiviat NB, Leonard JH, Nghiem P. Merkel cell polyomavirus
is more frequently present in North American than Australian Merkel cell carcinoma tumors. J
Invest Dermatol. Jan; 2009 129(1):246–248. [PubMed: 18650846]

15. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative
PCR and the 2(−Delta Delta C(T)) Method. Methods. Dec 1; 2001 25(4):402–408. [PubMed:
11846609]

16. Scaria V, Jadhav V. microRNAs in viral oncogenesis. Retrovirology. Jan 1.2007 4:82. [PubMed:
18036240]

17. Choy EY, Siu KL, Kok KH, et al. An Epstein-Barr virus-encoded microRNA targets PUMA to
promote host cell survival. J Exp Med. Oct 27; 2008 205(11):2551–2560. [PubMed: 18838543]

18. Lewis JD, Meehan RR, Henzel WJ, et al. Purification, sequence, and cellular localization of a
novel chromosomal protein that binds to methylated DNA. Cell. Jun 12; 1992 69(6):905–914.
[PubMed: 1606614]

19. Kudo S. Methyl-CpG-binding protein MeCP2 represses Sp1-activated transcription of the human
leukosialin gene when the promoter is methylated. Mol Cell Biol. Sep 1; 1998 18(9):5492–5499.
[PubMed: 9710633]

20. Yeo GW, Coufal NG, Liang TY, Peng GE, Fu X-D, Gage FH. An RNA code for the FOX2
splicing regulator revealed by mapping RNA-protein interactions in stem cells. Nat Struct Mol
Biol. Feb 1; 2009 16(2):130–137. [PubMed: 19136955]

Lee et al. Page 5

J Clin Virol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



21. Fimia GM, Stoykova A, Romagnoli A, et al. Ambra1 regulates autophagy and development of the
nervous system. Nature. Jun 28; 2007 447(7148):1121–1125. [PubMed: 17589504]

22. Okkenhaug K, Bilancio A, Farjot G, et al. Impaired B and T cell antigen receptor signaling in
p110delta PI 3-kinase mutant mice. Science. Aug 9; 2002 297(5583):1031–1034. [PubMed:
12130661]

23. Groettrup M, Soza A, Eggers M, et al. A role for the proteasome regulator PA28alpha in antigen
presentation. Nature. May 9; 1996 381(6578):166–168. [PubMed: 8610016]

24. Murakami Y, Chen L-F, Sanechika N, Kohzaki H, Ito Y. Transcription factor Runx1 recruits the
polyomavirus replication origin to replication factories. J Cell Biochem. Apr 1; 2007 100(5):1313–
1323. [PubMed: 17063494]

Lee et al. Page 6

J Clin Virol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Overview of high-throughput sequencing of small human RNAs in Merkel cell carcinoma
and data analysis pipeline.
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Figure 2. Merkel cell polyomavirus encodes a microRNA expressed in Merkel cell carcinoma
tumors
A. MCV-miR-M1 binding site. The 22-nt sequence is complementary to a portion of the
large T antigen transcript (nt 1217–1238) that is upstream of the reported deletions and
truncations in MCCs15.
B. MCV-miR-M1 hairpin structure. The pre-miRNA structure is shown, with the mature
sequence, MCV-miR-M1-5p, bolded and seed region (nt 2–7) underlined. Mature sequence
was determined by sequencing of 22-nt RNAs from MCC tumors.
C. MCV-miR-M1 mature miRNA expression in MCC tumors with different levels of
detectable MCPyV DNA. No MCV-miR-M1 was detected in tumors without detectable
MCPyV DNA. MCV-miR-M1 was detected in 28.6% of weakly MCPyV positive tumors
(4/14). MCV-miR-M1 was detected in 57.9% of moderately MCPyV positive tumors
(11/19). MCV-miR-M1 was detected in 80% of strongly MCPyV positive tumors (4/5). A
significant positive trend was observed (total n=51, including 6 sequenced tumors with 45
additional tumors).
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