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A novel recombinant papillomavirus genome
enabling in vivo RNA interference reveals that YB-1,
which interacts with the viral regulatory protein E2, is
required for CRPV-induced tumor formation in vivo
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Abstract: YB-1 is considered a negative prognostic marker for different types of cancer. Increased YB-1 protein
levels in tumor cells indicate a worse prognosis. In a preceding study comparing the transcripts of CRPV-induced
benign papillomas to mRNA levels of malignant epithelial tumors, we identified YB-1 as a gene that is up-regulated
in papillomavirus-associated carcinomas and which causes an invasive phenotype in CRPV-positive cells in vitro.
Here we demonstrate that YB-1 is a previously unknown factor required for papillomavirus-induced tumor develop-
ment in the rabbit animal model system. By infecting the animals with a novel recombinant shRNA-expressing CRPV
genome, we show that knock-down of YB-1 dramatically reduces papillomavirus-dependent tumor formation in vivo.
Consistent with previous reports showing a nuclear distribution of YB-1 proteins as a hallmark of malignancy, we
demonstrate a predominantly nuclear localization of YB-1 in CRPV-immortalized cells. Furthermore we give evidence
of YB-1 regulating the CRPV URR and thereby viral gene expression and we identified YB-1 as a novel interactor of
the CRPV regulatory protein E2. Taken together we hypothesize that YB-1 is essential for papillomavirus-induced
tumor formation probably by regulating viral gene expression including expression of the oncogenes E6 and E7.
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Introduction

Cervical cancer is the fourth most common
cancer among women worldwide [1]. The caus-
ative agents for cervical cancer are high-risk
human papillomaviruses such as HPV16 or
HPV18, which are recognized as class | carcino-
gens by the WHO [2]. Apart from cervical can-
cer, human papillomaviruses have also been
implicated in other anogenital cancers and a
subset of head and neck carcinomas [2-4].

In its natural host (Sylvilagus sp.), infection with
Cottontail Rabbit Papillomavirus (CRPV) leads
to benign tumors that spontaneously regress in
the majority of the cases. However, CRPV infec-
tion of Oryctolagus sp. (New Zealand White rab-
bit) causes epithelial tumors which in 80% of
the cases progress to carcinomas within 6 to
14 months post-infection (p.i.) without addition-
al co-carcinogens. This model is the only in-vivo

infection system to study high-risk papillomavi-
rus-induced tumor progression [5-7].

In our previous gene profiling studies we identi-
fied YB-1 as a gene, which is up-regulated in
CPRV-induced carcinomas as compared to
benign papillomas in rabbits [8]. In humans,
YB-1 has been found to be dramatically induced
in a variety of cancers including cervical cancer
as well as lung, colorectal, breast and ovary
cancers where its expression significantly cor-
relates with tumor stage and patient prognosis
constituting a prognostic biomarker for tumor
progression [9-14]. YB-1 is a member of the
nucleic acid-binding protein family of Y-box pro-
teins, which are highly conserved in prokary-
otes and eukaryotes [15]. The common struc-
tural characteristic of these proteins is a
conserved central nucleic acid binding domain
known as the cold shock domain. This domain
is thought to bind to inverted CCAT boxes within
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promoter regions, called Y-boxes [16]. YB-1 is
involved in a wide variety of biological functions
including DNA repair, transcription, RNA splic-
ing and translation [17-19]. It translocates to
the nucleus for its nuclear activities while the
majority of YB-1 localizes to the cytoplasm [17].
Once in the nucleus, YB-1 regulates the tran-
scription of numerous genes via direct interac-
tion with Y-boxes, by associating with various
other transcription factors or by binding to sin-
gle stranded DNA, which is present in transcrip-
tionally active promoters [20-22]. More recent
reports argue against the association of YB-1 to
promoter regions in vivo by showing that it pref-
erably interacts with GC-rich regions in introns
containing sites resembling Kozak sequences
[23, 24]. The majority of the YB-1-regulated
genes are involved in cell proliferation stimulat-
ing both cell cycle progression and DNA replica-
tion. These include EGFR, cyclin A, cyclin B1
and DNA polymerase o [25-27]. Other tumor
promoting genes regulated by YB-1 include
MMP-2 and collagen o-1, which are involved in
cell adhesion, motility and tumor invasion [28,
29]. YB-1 is also involved in the development of
chemoresistance in certain cancers by up-reg-
ulating the multi-drug resistance-1 gene
(MDR1) [20]. Alteration of YB-1-dependent tran-
scription influences a wide range of cellular
functions. Not surprisingly these diverse func-
tions of YB-1 are also exploited by a number of
different viruses including adenovirus, dengue
virus, hepatitis C virus, human immunodeficien-
cy virus 1 (HIV-1), human T-cell lymphotropic
virus type 1 (HTLV-1), influenza virus, JC poly-
omavirus (JCV) and Murine leukemia virus [30-
41]. In HIV-1 replication, YB-1 enhances tran-
scription of the long terminal repeat region
after being recruited to the trans-activation
response (TAR) element via direct association
with the viral transcription factor Tat [42]. Also
JCV transcription is regulated by the interaction
of YB-1 with the viral proteins large T-antigen
and agnoprotein [32, 37]. Similar to JCV large T
antigen, the papillomavirus E2-protein is
involved in DNA replication and transcription
[43, 44]. CRPV E2 is a sequence specific DNA-
binding protein, which associates with its palin-
dromic recognition sequence ACCN_GGT pres-
ent in multiple copies within the viral genome.
E2 consists of a conserved N-terminal transac-
tivation domain and a C-terminal DNA-binding/
dimerization domain separated by a variable
hinge region [43]. Mutations within the
N-terminal domain of the E2-protein lead to a
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loss of tumor induction in vivo concluding that
CRPV E2 is required for tumor formation in rab-
bits [5].

By employing a novel recombinant CRPV
genome constructed to express shRNA target-
ing the host protein YB-1, we demonstrate that
it is essential for CRPV-induced tumor develop-
ment in vivo. As YB-1 has previously been
shown to regulate transcription of viruses by
binding to viral transcription factors, we investi-
gated its role in CRPV gene expression and
demonstrated that YB-1 is required for the acti-
vation of the viral regulatory region and showed
that it binds to the viral transcription regulator
CRPV E2.

Materials and methods
Cell culture

All rabbit keratinocyte cell lines (AVS, RK1-
16E7/ras and RK-CRPVEG/E7) were cultured in
supplemented keratinocyte serum-free medi-
um (K-SFM; Invitrogen, Karlsruhe, Germany)
without antibiotics as previously described [8].
Hela cells were cultivated in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (life technologies,
Darmstadt, Germany) containing 10% fetal
bovine serum.

Vectors and plasmids

The prokaryotic expression vector pMal-c2x
was purchased from New England Biolabs. The
constructs pMal-CRPVE2 and pMal-CRPVE7
were generated by PCR using the primers
5-ATGGAGGCTCTCAGCCAG-3’ pMAL/XmnICRP-
VE2 and 5-GGCCGCCAAGCTTCTAAAGCCCAT-
AAA-3" pMAL/HindIICRPVE2 for CRPV E2,
5-ATGATAGGCAGAACTCCTAAG-3’ pMal/XmnIC-
RPVE7 and 5-TCCATTCTGCAGTCAGTTACAAC-
ACTCCGGG-3’ pMal-PstICRPVE7 for CRPVE7
and the plasmid pLA2-CRPV [5] as a template.
The plasmids pMal-CRPVSE6 and pMal-CRPV-
LEG6 were described previously [45]. The lucifer-
ase reporter plasmid pL1-pE7(CRPV)-pGL3
(pGL3-PL-P1-P2-P3-luc) and the luciferase
reporter constructs MPM/2xSP1-BS and
MPM/2xSP1-BS/4xE2BS have been described
previously [46, 47].

Generation of shRNA containing recombinant
CRPV plasmids

We used the recombinant CRPV genomes
CRPV-pLAlldelXbal or CRPV-Xbal-mcs in which
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Forward Primer

GATCCCC —Sense

BgIII ~loop™

shRNA expression cassette

Xbal 4665

nucleotides 4665 to 5775 (Xbal fragment)
were deleted by Xbal digestion (Figure 1).
CRPV-Xbal-mcs contains an additional multi-
ple cloning site consisting of SnaB1, Sacll, Not1
and Xhol [48]. To generate the shRNA cas-
sette, which was inserted into the recombinant
CRPV genome, shYB-1-1, shYB-1-2 and shLucif-
erase were inserted into the shRNA expression
vector pSuper [49], which was linearized by the
restriction enzymes Bglll and Sall and subse-
quently annealed by synthetic double stranded
oligonucleotides coding for the respective shR-
NAs. The oligonucleotide sequences were as
followed: 5-GATCCCCgaaggtcatcgcaacgaagttc-
aagagacttcgttgegatgaccttcTTTTTG-3’ for shYB-
1-1; 5-GATCCCCagaagaaatgaatatgaaattcaaga-
gatttcatattcatttcttctTTTTTG-3’ for shYB-1-2 and
5-GATCCCCcttacgctgagtacttcgattcaagagatcg-
aagtactcagegtaagl TTTTG-3’ for shLuciferase.

To generate the vectors CRPVshLuc-pLAIl and
CRPVshYB-1-1-pLAIl the recombinant CRPV
genome CRPV-pLAlldelXbal and the pSuper
vectors containing shlLuciferase and shYB-1-1
were digested using Ecl136lI/Hincll or Notl/
Xhol. Each obtained shRNA-containing frag-
ment was ligated with the linearized plasmid.
To generate the vector CRPVshYB-1-2-pLAll, the
plasmid CRPV-Xbal-mcs and the shYB-1-2 con-
taining pSuper vector were digested with Xb-
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termination
signal each other. The con-

__Antisense
ttcaagaga IRRRRLcclV .V shYB-1

» CEIETeEY  deleted Xbal fragment

al/Xhol and ligated with

shLuc/  girycts were validated

by DNA sequencing.
HindIII

Western blot analysis

To obtain whole-cell ex-
tracts, cells were lysed
in 2x SB buffer (4% (w/v)
SDS, 12% (v/v) glycerin,
0.2 M DTT, 0.1% bromo-

Figure 1. lllustration of the re-
combinant CRPV-based shRNA phenol blue, 125 mM

expression vector. A novel
shRNA-containing recombinant  teins were targeted us-
CRPV genome was constructed ing primary antibodies
to express shRNAs directed directed against YB-1
against YB-1 or firefly luciferase.
A large portion of the L2 gene g :
was replaced by the shRNA ex- O &-Tubulin  (Calbio-
pression cassettes originating chem, CPQOG). Secon-
from the plasmid pSuper.

Tris/HCI (pH 6.8)). Pro-

(Santa Cruz, sc101198)

dary antibodies conju-
gated to horseradish
peroxidase (Dako) were
detected using Super-
Signal West substrates
(Thermo Scientific) and Fluor-S Max Multilmager
(Bio-Rad).

For the subcellular fractionation assay blots
were also probed with a TRIM 28 (BD, 610680)
primary antibody and the MBP protein conju-
gates were detected using anti-MBP antibodies
conjugated to horseradish peroxidase (HRP)
(NEB, E8038).

Animal infection and monitoring

All experimental procedures were reviewed and
approved (Permit Number: H1/08) by the
responsible authority (Regierungsprasidium
Tabingen, Baden-Wurttemberg, Germany)
according to the German Animal Welfare Act
(TierSchG 88 Abs. 1) and were performed
according to institutional guidelines. Rabbits
were maintained under specific-pathogen-free
conditions in the animal facility of the University
of Tibingen, Germany. Infection and monitoring
of rabbits was conducted as described previ-
ously. The backs of New Zealand White rabbits,
purchased from Charles River, Kisslegg,
Germany, were infected as previously described
[48, 50, 51]. 14 weeks later, the number and
size of tumors was documented. Statistical
analysis (Fisher’s exact test) was performed by
using the http://graphpad.com/QuickCalcs/
website.
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Figure 2. Knock-down of YB-1 leads to reduced tumor formation in vivo. A. Western blot analysis of YB-1 protein
levels in AVS cells transiently transfected with siRNAs targeting YB-1 or a scrambled control siRNA. B. Photographs
of tumor development on the back of one representative rabbit infected with CRPV either containing shRNA target-
ing YB-1 (CRPVshYB-1-1-pLAll or CRPVshYB1-2-pLAll) or expressing a non-specific control shRNA (CRPVshluc-pLAll);
5 to 14 weeks post infection. C. WST cell viability assay of immortalized rabbit keratinocytes stably transfected with

pSuper-shYB-1-1 versus the empty vector control cells.

Subcellular fractionation assay

Cytosolic extracts and nuclear extracts were
obtained as follows. AVS cells were washed
with PBS and incubated in hypotonic buffer (10
mM HEPES/KOH (pH 7.9), 1.5 mM MgCl,, 10
mM KCI, 0.5 mM DTT, complete protease inhibi-
tor) on ice for 10 min. Subsequently, cells were
vortexed for 10 sec and the nuclei were pel-
leted at maximum speed for 10 sec. The super-
natant constitutes the cytosol fraction. The
nuclear pellet was lysed in high salt buffer (20
mM HEPES/KOH (pH 7.9), 1.5 mM MgCl,, 420
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mM NaCl, 25% (v/v) glycerin, 0.2 mM EDTA, 0.5
mM DTT, complete protease inhibitor). Lysates
were centrifuged for 2 min at full speed.
Cytoplasmic and nuclear extracts were subject-
ed to western blot analysis.

Immunofluorescence

AVS cells were grown on cover slips. Fixed cells
were stained with YB-1 antibody (sc-101198;
Santa Cruz Biotechnology) which was detected
by Alexa fluor 488-conjugated anti-mouse IgG
antibody. Nuclei were DAPI-stained. Fluore-

Am J Cancer Res 2014;4(3):222-233



YB-1 is required for CRPV-induced tumor formation in vivo

scence signhals were visualized using the Zeiss
Axiovert 200M microscope (Carl Zeiss
Microlmaging GmbH).

WST-1 viability assay

The cell viability was assessed using the cell
proliferation reagent WST-1 assay (Roche
Applied Science, Mannheim, Germany) accord-
ing to the manufacturer’s instructions. Briefly,
5x10% rabbit keratinocytes were seeded per
well of a 96-well microtitre plate; 24 h, 48 h and
72 h later WST-1 reagent was added to the cells
and incubated for 2 hours at 37°C. Sub-
sequently, the optical density (OD) was mea-
sured at 450 nm and 650 nm as the reference
wavelength using a plate reader (DiaSorin/ETI-
System Fast Reader S800).

Quantitative real-time PCR

RNA was isolated using the RNeasy kit (Qiagen),
and cDNA was synthesized from 1 ug of total
RNA by the QuantiTect Reverse Transcription
Kit (Qiagen). PCR reactions were carried out
using 20 pl reaction mixtures consisting of 10
pl of LightCycler 480 SYBR Green | Master
(Roche), 50 ng of cDNA, and 3 ymol/I forward
and reverse primers. Relative transcript levels
were calculated using GAPDH transcripts as a
reference [52]. Sequences for the primers used
are GAPDH for 5-TGCACCACCAACTGCTTAGC-3’,
GAPDH rev 5-GGCATGGACTGTGGTCATGAG-3,,
CRPVE2 for 5-CGCCTTAAAAGCAAGCACTC-3
and CRPVE2 rev 5’-AGAAACTTATCGCGCTGCTC-
3.

Transient luciferase expression assay

3.5x10* AVS cells were seeded into 24-well
dishes the day before transfection. Cells were
transfected with 50 ng of the respective lucifer-
ase-reporter plasmid and FugeneHD transfec-
tion reagent (Promega, Madison, WI), 48 h later
luciferase activity was measured as previously
described [53].

When cells were transfected with a luciferase-
reporter plasmid and siRNA, cells were first
transfected with 75 ng of YB-1 siRNA [8] or a
scrambled control siRNA (Allstars negative con-
trol Alexa488 siRNA; Qiagen no0.1027284) in
Hiperfect transfection reagent (Qiagen, Hilden,
Germany) and OptiMEM (Invitrogen). 24 hours
later cells were additionally transfected with 50
ng of the luciferase reporter and FugeneHD
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transfection reagent. Luciferase assays were
carried out 48 hours post-transfection of the
reporter plasmid. Statistical analysis (t-test)
was performed using GraphPad Prism 5.

Maltose-binding protein pull-down assay

Maltose-binding protein (MBP) pull-down
assays of MBP, CRPV E2, SE6, LEG and E7 were
performed as described previously [54]. Briefly,
affinity purified MBP, MBP-CRPVE2, MBP-
CRPVSEG, MBP-CRPVLE6 and MBP-CRPVE7
proteins were incubated with whole cell extracts
derived from 12x10° Hela cells each and lysed
in 50 mM NaCl, 50 mM Tris (pH 8.0), 0.1% (v/V)
B-mercaptoethanol, 0.1% (v/v) Igepal® CA-630
and complete protease inhibitor (Roche). After
extensive washing, the retained proteins were
eluted with 20 mM Tris (pH 7.5), 12.5 mM
MgCl,, 0.1% (v/v) Igepal CA-630, 0.1% (v/V)
B-mercaptoethanol, 20 mM maltose, and pro-
tease inhibitors and analyzed by immuno-
blotting.

Results

Construction of a recombinant CRPV genome
expressing shRNA targeting YB-1

We have previously observed, that malignant
progression of CRPV-induced tumors is accom-
panied by an up-regulation of YB-1 [8]. We
therefore investigated whether down regulation
of YB-1 has an effect on tumor formation in vivo
by constructing a recombinant CRPV genome
containing an shRNA cassette (Figure 1). The
CRPV backbone is based on the vector CRPV-
Xbal-mcs which was previously described [48].
This vector lacks a functional copy of L2, but
still efficiently induces papillomas [48]. A frag-
ment containing the H1-promoter and the
shRNA cassette originating from the shRNA
expression vector pSuper were cloned into this
vector. Two different shRNAs based on func-
tional siRNA sequences were used to create
the plasmids CRPVshYB-1-1-pLAlIl and CR-
PVshYB-1-2-pLAll, respectively. Preparatory, we
designed siRNAs targeting YB-1, which were
analyzed for their knock-down capacity via tran-
sient transfection of AVS cells. A strong
decrease of YB-1 protein levels was observed
for both siYB1-1 and siYB-1-2 (Figure 2A).
Specificity of shYB-1-1 was determined in previ-
ous work [55]. As a control a vector containing
shRNA sequences targeting the non-rabbit con-
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Table 1. Summary of tumor induction in all rabbits 14 weeks post
infection. The number of rabbits, infected sites and the percentage
of papilloma induction (sites with visible papillomas compared to

the total number of infected sites) are shown

at sites treated with shYB-1
compared to shLuc treated
sites was observed (p<0.0001
for shYB-1-1 and p=0.0003 for

Number of Number of
rabbits injected sites

Recombinant CRPV genome

% papilloma shYB1-2; Figure 2B). In detail,
induction only 4% of the sites injected

CRPVshluc-pLAll 4 36
CRPVshYB-1-1-pLAll 4 96
CRPVshYB-1-2-pLAll 2 12

94 with CRPVshYB-1-1-pLAll and
4 41.6% of sites injected with
42 CRPVshYB-1-2-pLAll  showed

A CE NE B

TRIM28

YB-1
YB-1 -_—

Tubulin ==

DAPI

Figure 3. YB-1 localizes to the
nucleus of AVS cells. A. Cell
fractionation assay of AVS cells.
Immunoblotting was conducted
detecting the nuclear marker
TRIM28, the cytosolic marker
o-Tubulin and YB-1. B. Immu-
nofluorescence of AVS cells at
630x magnification. Cells were
fixed and stained with DAPI and
anti-YB-1 antibody.

merge

trol gene firefly luciferase was included (Figure
1).

YB-1 is necessary for tumor formation in vivo

In order to determine whether the knock-down
of YB-1 has an impact on tumor formation in
vivo, New Zealand White rabbits were treated
with the recombinant shRNA cassette-contain-
ing CRPV genome constructs. Four rabbits
received injections of CRPVshYB-1-1-pLAll DNA
into a total of 96 sites, two rabbits were inject-
ed with CRPVshYB-1-2-pLAll DNA at a total of
12 sites and another four rabbits were treated
with CRPVshluc-pLAIl DNA at 36 sites. After
5-14 weeks a strongly diminished tumor growth
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tumor growth. In contrast, the
control CRPV genome encod-

AVS ing a firefly luciferase-specific

shRNA, which induces tumor
formation as potently as the
wildtype CRPV genome (data
not shown), showed tumor
development in 94% of injec-
tion sites (Table 1).

In order to evaluate, whether
the reduced tumor growth is
due to cytotoxic effects of the
shYB-1, cell proliferation ass-
ays where conducted using
rabbit keratinocytes immortal-
ized by HPV16 E6/ras (RK1-
16E7/ras) or by CRPV E6 and
E7 (RK-CRPVEG/E7) stably
transduced with either pSu-
per-YB-1-1 or the empty vector
control. No differences in cell
viability between shYB-1- and
the empty vector control-con-
taining cells were observed
(Figure 2C) thereby excluding
a cytotoxic effect of the YB-1-
specific shRNA.

YB-1 is localized within the
nucleus in AVS cells

Because the majority of YB-1 localizes to the
cytoplasm, it is required to translocate to the
nucleus for its transcriptional activities [56].
AVS cells are rabbit primary keratinocytes,
which have been immortalized by the integra-
tion of full length CRPV into the genome [8]. To
examine YB-1's subcellular localization within
the AVS cell line, cell fractionation assays were
performed comparing cytosolic to nuclear
extracts. Immunoblot assays were then con-
ducted detecting a-tubulin as a control for cyto-
solic localization, TRIM28, which localizes to
the nuclear fraction [57] and the candidate pro-
tein YB-1. The majority of YB-1 was detected
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Figure 4. Transient knock down of YB-1 reduces ac-
tivity of the CRPV URR in E2-expressing AVS cells.
A. Luciferase assays were performed using AVS
cells transfected with the luciferase-reporter con-
structs MPM/2xSP1-BS or MPM/4xE2BS/2xSP1-
BS. Luciferase activity is shown in relative light units
(RLU) relative to the control (MPM/2xSp-1-BS). B.
Luciferase assays were performed using AVS cells
transfected with siYB-1-1 or an siRNA control. The
transfection with the luciferase-reporter construct
pL1-pE7(CRPV)-pGL3 was performed 24 h later. Lu-
ciferase activities were measured in relative light
units relative to the siRNA control. Results shown
are from three and four independent experiments,
respectively, each run in triplicates. The standard
deviations are indicated by error bars and asterisks
illustrate significance: *p<0.05, ***p<0.001.

within the nuclear extract evidencing a predom-
inantly nuclear localization of YB-1 in AVS cells
(Figure 3A) allowing it to act as a transcriptional
regulator. Immunofluorescence studies con-
firmed its nuclear distribution (Figure 3B).

YB-1 is necessary for transcription of CRPV
genes

Previous studies showed, that YB-1 has an
impact on viral transcription [30, 31, 58].
Accordingly, we investigated a possible role of
YB-1 in the regulation of CRPV transcription.
Therefore, the influence of an YB-1 knock-down
on the activity of the luciferase reporter plas-
mid pL1-pE7 (CRPV)-pGL3 containing the CRPV
URR was analyzed. For the reporter assays we
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YB-1
MBP

Figure 5. YB-1 interacts with the viral transcriptional
regulator CRPV E2. MBP fusion proteins of CRPV E2,
E7, SE6, LE6 and MBP were tested for YB-1 binding
by MBP pull-down assay. Prokaryotic-expressed re-
combinant fusion proteins were incubated with HelLa
cell extracts and eluted using maltose. YB-1 and
MBP were analyzed by immunoblotting.

used AVS cells, which are rabbit keratinocytes
immortalized by CRPV, thus, expressing viral
transcripts including E6 and E7 [54] as well as
CRPV E2 which is essential for viral
transcription.

To confirm that E2 is present in AVS cells, quan-
titative real-time PCR analysis of these cells
was performed revealing high levels of CRPV
E2 transcripts in AVS cells as compared to pri-
mary rabbit keratinocytes (data not shown). To
test the functionality of CRPV E2, luciferase
reporter assays using constructs with
(MPM/2xSP1-BS/4xE2BS) or without E2 bind-
ing sites (E2BS; MPM/2xSP1-BS) were con-
ducted. A significantly higher luciferase activity
(p=0.033) in cells containing the E2BS reporter
construct was observed confirming that CRPV
E2 is indeed active and functional in AVS cells
(Figure 4A).

To analyze the effect a reduction of the YB-1
protein levels has on CRPV transcription, we
compared the activity of the CRPV URR linked
to a luciferase gene in the presence of siYB-1-1
or a scrambled siRNA control. We observed a
strong decrease (87.5%) in luciferase activity in
the siYB-1-1-containing cells as compared to
the control (p=0.0001), demonstrating that
YB-1 is essential for CRPV transcription (Figure
4B).

YB-1 binds the viral transcription factor CRPV
E2

It has previously been shown that YB-1 inter-
acts with JCV and HIV-1 proteins in order to
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regulate viral transcription [32, 42]. Since YB-1
is necessary for CRPV transcription and E2 is
the essential viral transcription factor for papil-
lomaviruses, we analyzed the possibility of a
physical interaction between YB-1 and CRPV
E2. We used other CRPV proteins in addition to
E2 to control for the specificity of the in vitro
binding assay. The viral genes E2, SE6, LE6 and
E7 were expressed as maltose binding protein
fusion proteins (MBP) in E. coli, affinity-purified
and subsequently incubated with whole cell
extracts derived from Hela cells, which express
the YB-1 protein. Immunoblotting revealed that
CRPV E2 specifically pulled-down YB-1. No
other viral protein associated with YB-1 con-
firming the specificity of the E2-YB-1 interaction
(Figure 5).

In summary our data demonstrate that YB-1 is
required for CRPV-associated tumor formation.
In addition we showed that YB-1 regulates the
viral URR and that it physically associates with
the viral transcription regulator E2.

Discussion

We previously demonstrated that the Y-box pro-
tein YB-1 is up-regulated in CRPV-associated
tumors in rabbits [8]. In the present study we
investigated the role of YB-1 in papillomavirus-
induced tumor formation in vivo. We infected
rabbits with a specifically designed novel
shRNA-containing CRPV genome construct
encoding shRNA directed against YB-1 or the
non-specific control gene firefly luciferase. A
strong reduction of tumor formation was
observed at sites infected with the CRPV
genome encoding shYB-1-2 and no tumor for-
mation occurred at sites injected with the shYB-
1-1-expressing CRPV construct. In contrast, vir-
tually 100% of the sites infected with the
control shRNA genome CRPV-shLuc developed
tumors similar to wild type CRPV. We confirmed
that the reduced tumor induction is not due to
cytotoxic effects as proliferation assays in cells
stably transfected with shYB-1-1 showed no dif-
ferences in viability as compared to control
cells. These results therefore implicate a spe-
cific role of YB-1 in CRPV-induced tumor devel-
opment and carcinogenesis. In addition, our
results demonstrate the applicability of a novel
and unique CRPV vector system which allows
the analysis of the role of cellular genes in
tumor development within the same cells that
contain the tumor inducing virus.
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Our results are also supported by data showing
a primarily nuclear expression of YB-1 in cells
infected with CRPV as previous reports linked a
nuclear expression pattern of YB-1 to a poor
prognosis of various cancer types [12, 59-61].
In addition to its prognostic biomarker potential
for carcinogenesis, YB-1 is reportedly involved
in the transcription of different viruses such as
HIV-1, HTLV-1, adenovirus and JCV [30, 32, 35,
42]. We therefore hypothesized a potential par-
ticipation of YB-1 in CRPV transcription as the
possible mechanism underlying the require-
ment of YB-1 for papillomavirus-based tumor
development. To investigate the role of YB-1 in
viral gene expression, we examined the effect
YB-1 silencing has on the activity of a construct
containing the luciferase expression cassette
under the control of the CRPV URR. We
observed a strong decrease in luciferase activ-
ity upon reduced YB-1 protein levels, suggest-
ing that YB-1 might be necessary for viral gene
expression.

Direct interactions of YB-1 with viral proteins of
HIV-1 and JCV have previously been reported
[32, 37, 42]. These interactions involve viral
proteins known to regulate viral transcription. It
is thought that YB-1 is recruited by these pro-
teins in order to usurp its functions as a tran-
scription enhancer. We here demonstrate that
YB-1 physically associates with the CRPV tran-
scription factor E2 substantiating our hypothe-
sis that YB-1 contributes to the transcriptional
regulation of the CRPV early promoter. However,
further investigation is necessary in order to
map the CRPV E2-YB-1 binding domains and to
establish the functional consequences of their
interaction. Furthermore, it is currently not
known whether the association of YB-1 and
CRPV E2 is DNA or RNA-dependent. CRPV E2
binds sites within the viral promoter [43],
whereas YB-1 recognizes sites within DNA and
RNA sequences [16, 23, 24]. Importantly, YB-1
has previously been found to bind to a specific
site within the HPV18 URR enhancer sequence
[62]. We therefore speculate that the concert-
ed binding of YB-1 and E2 to the long control
region could result in the activation of viral
oncogene (EG6/E7) expression. In addition to
YB-1, CRPV E2 interacts with the transcription
co-activator Brd4 [63], which is an enhancer of
the general RNA polymerase IlI-dependent tran-
scription machinery through binding to core
factors of the positive transcription elongation
factor b (P-TEFb) [64, 65]. Whether YB-1, CRPV

Am J Cancer Res 2014;4(3):222-233



YB-1 is required for CRPV-induced tumor formation in vivo

E2 and Brd4 act as a transactivation complex
for early viral gene expression is currently
unknown. Brd4 has been shown to be involved
in @ number of E2 functions, including tran-
scriptional gene expression regulation as well
as viral genome maintenance and partitioning
(summarized by [66]). Regarding other viruses,
e.g. HIV-1, Brd4 has been shown to compete
with Tat for the P-TEFb binding site [67] and
therefore appears to function as a dose-depen-
dent negative regulator of HIV-1 transcription.
In contrast, YB-1 positively regulates HIV-1
gene expression via direct association with Tat
and TAR [41], which contradicts the hypothesis
of a common transactivation complex and rath-
er points towards virus-specific mechanisms.

YB-1 has been shown to interact with p300 - a
facilitator of chromatin remodeling and assem-
bly of transcription complexes [68]. P300 is
known to weakly associate with E2 [69, 70].
This interaction is enhanced by direct binding
of Gps2 to p300 causing a higher histone acet-
ylation activity which leads to an enhanced
transactivation of viral transcription [69]. A
mechanism by which YB-1 associates with
p300 and E2 with Gps2 stabilizing this transac-
tivation complex may be another possibility to
explain our findings of YB-1 playing an essential
role in CRPV oncogene transcription. However,
this hypothesis awaits full elucidation. In addi-
tion, literature links YB-1 to a wealth of different
cellular processes, which complicates the
examination of the underlying mechanism lead-
ing to the phenotype demonstrated in this
study. Among others YB-1 has been shown to
be involved in transcription, pre-mRNA splicing,
mRNA translation and DNA repair [71]; and
YB-1 deficiency might disrupt any of these pro-
cesses leading to the observed lack of tumor
development following CRPV infection.

In summary, we have demonstrated for the first
time that a shRNA-expressing CRPV genome is
functional in vivo and that it is a valuable tool
for confirming the involvement of selected
genes in papillomavirus-associated tumorigen-
esis. Finally, we demonstrate that the multi-
functional cellular protein YB-1 is required for
CRPV-induced tumor formation in rabbits in
vivo. As YB-1 interacts with the viral transcrip-
tion factor CRPV E2 and activates the URR, it
appears to be a novel co-factor recruited by E2
in order to enhance viral gene expression.
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Therefore interference with YB-1 expression
might constitute a novel therapeutic approach
against HPV-associated cancers.
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