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Human papillomaviruses (HPVs) are highly prevalent giving rise to both benign and malignant lesions
why they are classified as high- and low-risk viruses. In this study we selected one low-risk (HPV 11)
and two high-risk (HPV 16 and -45) types for genomewide miRNA analysis to investigate possible com-
mon and distinct features in the expression profiles. For this purpose we developed a cell culture model

Keywords: system in HaCaT cells for expression of the viral genomes under standardized conditions. We identified
miRNA 25 miRNAs which were differentially regulated in two or three HPV types where 13 miRNAs were in com-
:g\\; }é mon for all three types. Among the miRNAs identified, miR-125a-5p, miR-129-3p, miR-363, and miR-145
HPV 45 are related to human cancers. Noteworthy, miR-145 is found upregulated in the miRNA profiles of both
Microarray high-risk HPV types. For selected differentially expressed miRNAs in HPV 16 predicted miRNA target

transcript involved in signal transduction, RNA splicing and tumor invasive growth were validated by
qRT-PCR. In addition, our results imply that the early 3’ untranslated region (3'UTR) of the three HPV gen-

omes were not a target for miRNA regulation.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The last decades have shown that human papillomaviruses
(HPVs) are involved in several malignant and benign diseases. They
cause highly proliferative infections and are dependent on the dif-
ferentiation of their host cells where the virus infects the basal cell
layer in cutaneous and mucosal epithelium. Dependent on their
degree of oncogenecity they are divided into high-risk and low-risk
types [6,16]. The high-risk types, such as HPV 16, -18, -45, and -33
belong to the genus a-papillomavirus species 7 and 9 and infec-
tions with these viruses can cause malignant transformation of
the host cell. HPV 16 and -18 are the most frequently detected
HPV types in anogenital cancers, especially in the cervix [20] and
in head and neck cancers [8,10]. The low-risk types, such as HPV
6 and -11 cause benign condylomas and papillomas which can
be highly distressing for the infected individuals [4]. The oncogene-
city of the high-risk types is dependent on the constitutive expres-
sion of the oncogenes E6 and E7 and their following inactivation of
p53 and pRB respectively [15,32]. Due to low binding affinity, E6
and E7 do not induce degradation of p53 and pRB, in low-risk
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HPV types [22]. HPV dependent malignancy is believed to depend
on integration of the viral genome into the host cell chromosomes.
This leads to disruption of the viral E2 gene, encoding a transcrip-
tion factor able to regulate the expression of the viral oncoproteins
E6 and E7. The upstream regulatory region (URR) has four binding
sites for E2 and the transcription factor can up-regulate or inhibit
transcription of the early HPV mRNAs [21,29,30].

MicroRNAs (miRNAs) interact with important cellular processes
such as signal transduction, apoptosis and cell cycle progression.
MiRNAs influence target mRNAs by binding to the 3'UTR and here-
by regulating gene expression [3]. The regulatory effects of miRNAs
are likely to be involved in both regulation of viral growth and can-
cer progression [33]. Several human cancers, e.g. breast cancer (for
review see [12]), colorectal cancer [1], and head and neck cancer
[9,23], show changes in the expression profiles of miRNAs. In vitro
studies have shown certain miRNAs to be differentially expressed
in HPV infected cells and cell lines [33]. Interestingly, several stud-
ies have demonstrated differential expression of miRNAs in inva-
sive HPV positive squamous cell carcinomas and HPV positive
cell lines compared to control tissue [13,14].

We have recently developed a model system in HaCaT cells in
order to analyze the HPV mediated changes in cellular pathways
and miRNA expression profiles in optimized growth conditions
[7]. In the present study we examined the differentially expressed
miRNAs in three selected HPV types; the low-risk HPV 11 and the
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high-risk HPV 16 and -45. We found common characteristics in the
miRNA expression profiles as well as distinctly expressed miRNAs
among the three examined HPV types. Moreover, specific HPV reg-
ulated miRNAs were analyzed for regulatory function on target
transcripts. Finally, a functional luciferase experiment was carried
out to explore possible effects of selected miRNAs on the 3'UTR of
the viruses.

2. Materials and methods
2.1. Cell culture and transfections

The human keratinocyte cell line HaCaT was chosen for the
present study. The cells were grown at 37 °C and 5% CO,. For cell
cultivation Dulbecco’s Modified Eagle Medium (DMEM 1965, Invit-
rogen) supplemented with 10% Fetal Calf Serum, 1% Penicillin/
Streptomycin, 1% Glutamate and 1% 0.1 M sodium pyruvate was
used. Transfections were done using jetPEI™ transfection reagent
(Polyplus transfections). For stable transfection the circularized
genome (6 p1g) was transfected together with the pSV2-neo selec-
tion vector (2 pg) into HaCaT cells seeded 2 x 10° cell per 10 cm
plate. As control, cells were transfected with the selection vector
alone. The cells were grown under standard conditions using the
same passage number and maintained under selection with G418
sulfate (Invitrogen) in a concentration of 500 g per ml.

2.2. RNA and microarray analysis

The transfected cells grown under selection for 3 weeks were
harvested for total RNA using the TriZOL reagent (Invitrogen)
according to the manufacturer’s protocol. RNA was analyzed by
the Affymetrix and Exiqon_V.11.0 miRNA platforms. Details
regarding labeling, hybridization, scanning procedures, and data
pre-processing were carried out as described previously [7]. A
heatmap was generated based on analysis of variance (ANOVA),
for variance filtering (q = 0.2).

2.3. Statistical analysis

Differentially expressed miRNAs between each HPV type versus
control were identified by means of empirical Bayes moderated t-
statistics as implemented in LIMMA [26]. p-Values were adjusted
for multiple testing by Benjamini and Hochberg False Discovery
Rate method and p-values <0.05 were considered significant.

2.4. Cloning HPV and control 3'UTRs into the luciferase vector

The pCDNA3.1puro-dsLuc2cp Firefly and corresponding
PCDNA3.1puro-hRluc-cp Renilla vector were kindly supplied by
Christopher S. Sullivan, University of Texas at Austin. The 3'UTRs
of HPV 11 (nt. 4370-4640), HPV 16 (nt. 4100-4310) and HPV 45
(nt. 3875-4323) were PCR-amplified from plasmids given as a kind
gift from Prof. Harald zur Hausen, DKFZ, Heidelberg. The primer se-
quences used for PCR amplification were as follows (restrictions
sites for Xhol and Xbal are underlined).

HPV 11 FW, 5-GCATGGACCTCGAGGAGTAAACCTTITTTATA-
CAG-3' and RV, 5'-GCATGGACTCTAGACTTCCCAAGGGTATATACC-3/;

HPV 16 FW, 5-GCATGGACCTCGAGTGTATATGTACATAATG-3'
and RV, 5'-GCATGGACTCTAGACCTGCCTGTTTGCATGTTTTAT-3/;

HPV 45 FW, 5-GCATGGACCTCGAGAATCTGTATATTGTATAC-3'
and RV, 5-GCATGGACTCTAGACAGGGGGGCACGTACC-3’ (Eurofins
MWG Operon).

After cloning all constructs were sequenced (Eurofins MWG
Operon).

2.5. Target gene analysis using qRT-PCR

Primers for the genes IKKa, IKKB, ASF/SF2 and MTSS1 were de-
signed and validated. Primers used were as follows.

IKKo FW, 5'-CGAAAGCTGCTCAACAAAC-3' and RV, 5'-CCACCAA-
CATCCTGAAGAAC-3';

IKKB FW, 5'-AAACCAGCATCCAGATTGAC-3’
AGCCATCATCCGTTCTACC-3';

ASF/SF2 FW, 5'-TCCAGACATGCGAACCAAGGAC-3' and RV, 5'-
TCGAACTCAACGAAGGCGAAG-3';

MTSS1 FW, 5-GAAATAACCCACCTTCAGACC-3' and RV, 5-
CCTTTCAAGTCCAGAATCACC-3'.

gRT-PCR was done with 90 ng of RNA extracted from HPV 16
transfected HaCaT cells selected for three weeks. qRT-PCR was
done using the QuantiTect SYBR Green RT-PCR Kit (Qiagen). Rela-
tive quantification of the miRNA expression was calculated with
the 2724“M method [25].

and RV, 5'-

2.6. Target analysis using Luciferase assay

HaCaT cells were seeded in 24-well plates at 1 x 10° cells per
well 24 h prior transfection. For transfection 1 ng of pCDNA3.1-
puro-dsLuc2cp with or without HPV 3’UTR insert, 1 ng pCDNA3.1-
puro-hRluc-cp vector and 1 pg pBLUESCRIPT II SK (+) vector were
mixed and co-transfected with 30 nM specific pre-miRNA (Ambi-
on) or negative control#1 (scrambled miR) (Ambion) using jet-
PEI™ transfection reagent following the manufacturer’s protocol
(Polyplus Transfection). Luciferase activity was measured 24 h post
transfection using the Dual-Luciferase® Reporter Assay System
(Promega).

3. Results
3.1. Comparison of differentially expressed miRNAs

HaCaT cells were transfected with circularized HPV 11,-16, or
-45 genomes as previously described [7]. Same batch and passage
of transfected HaCaT cells were used for all studies. RNA obtained
from each HPV type was analyzed on Affymetrix and Exiqon micro-
array platforms. Only miRNAs expressed with a fold change (FC)
>1.5 and p <0.05 were considered significant. For comparative
studies we mainly focused on results based on the Affymetrix plat-
form as this provided the most consistent expression values. The
recently published HPV 11 miRNA expression profile (Affymetrix
platform) is used for comparison of profiles between HPV 16 and
-45 [7]. Our microarray experiment resulted in 50, 22, and 47 dif-
ferentially expressed miRNAs in HPV 11, -16, and -45, respectively.
Among these, only 13 miRNAs are shared between all three HPV
types. Of the shared miRNAs, miR-181a, -125a-5p, -502-3p, -923,
-92a-1%, and -500* are upregulated and miR-558, -576-3p, -606,
-886-3p, -888, -1255a, and 1274b are downregulated. HPV 16
and -45 have three upregulated miRNAs in common; miR-145,
-29b-1%, and -1246. HPV 16 and -11 share three downregulated
miRNAs; miR-454* -363, and -129* Lastly, HPV 11 and -45 share
five upregulated miRNAs; miR-455-3p, -331-3p, 15b, -1231, and
-1180 and one; miR-129-3p is downregulated. Results of shared
differentially expressed miRNAs are depicted in Fig. 1 and Table 1.
The complete lists of differentially expressed miRNAs, including re-
sults from the Exiqon microarray platform are listed in Supplemen-
tary Tables S1A and S1B. The numbers of miRNAs identified by
both platforms show some similarities. However, different array
systems are based on different probe design and intensity of fea-
tures will vary between platforms. The ANOVA analysis (g =0.2)
show 65 miRNAs representing the largest variance among the
three HPV types and the HPV negative controls, as illustrated in
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Fig. 1. Venn diagram showing the number of significantly changed miRNAs
(p<0.05) in HPV 11, -16 and -45. For the complete list of differentially expressed
miRNAs see Supplementary Table S1A. The overlap between the individual types is
seen and annotated miRNAs are listed in Table 1.

Fig. 2. It clearly shows several miRNA clusters unique for the vari-
ous examined HPV-types. In particular it is noticeable that there
are more clusters in common between HPV 16 and -45, reflecting
the oncogenic potential of these two high-risk viruses opposed to
the benign HPV 11.

3.2. Biological function of differentially expressed miRNA

As HPV 16 is the most prevalent type in premalignant and
malignant diseases we searched for biological targets among dif-
ferentially expressed miRNAs. By using computationally predicted
mRNA targets in the TargetScan database (www.targetscan.org).
Genes involved mainly in signal transduction, RNA splicing, post-
transcriptional modifications and tumor metastasis. The chosen
miRNA target genes, the miRNAs and their respective Fold Change
are listed in Table 2. The expected inverse expression of the miRNA
target genes was confirmed by qRT-PCR for all transcripts (IKKa,
IKKB, ASF/SF2 and MTSS1).

Table 1

To study the possible effect of differentially expressed miRNAs
on the 3'UTR of the selected HPV genomes, bioinformatic analysis
of potential miRNA seed sequences (6-mer target sites) in HPV 11,
-16 and -45 was done by Prof. Anders Lund’s Research group. This
analysis resulted in identification of a high number of potential
binding sites for miRNAs. Only binding sites matching the differen-
tially expressed miRNAs obtained by the array analysis were con-
sidered for further studies. After insertion of the 3'UTR sequences
from each HPV type downstream of the luciferase reporter gene
(U-LUC) we analyzed the putative miRNA regulation on HPV gene
expression. Interestingly, none of the examined miRNAs showed
any regulatory function. The results obtained for HPV 11 which
was potentially targeted by miR-331-3p, -637, -874, -1274b, and
-1275 are shown in Supplementary Fig. S1 (similar experiments
were done for HPV 16 and -45, data not shown).

4. Discussion

Several studies have focused at the analysis of miRNA profiles in
cultured HPV positive and negative cells as well as in clinical speci-
mens from cervical cancer [24,33,34], nasopharyngeal cancer and
oral cancer [2,9]. One study has reported that HPV modulates
miRNA in a differentiation dependent process in order to maintain
the viral replication capacity [ 14]. The mechanisms behind HPV med-
iated deregulation of the host cells are not completely understood
and we therefore developed a reference cell culture model system.

The miRNA profiling of HPV 11, -16 and -45 transfected cells
identified differentially expressed miRNAs. Interestingly, there
were just 13 miRNAs regulated in common by all three types. How-
ever, among the most upregulated miRNAs, miR-125a-5p is known
to be regulated in several cancers such as head and neck and gas-
tric cancer. In gastric cancer a high level of the miRNA is related to
a better prognosis for survival and can therefore be used as a prog-
nostic factor [18].

Among the commonly downregulated miRNAs miR-886-3p is
intriguing as this non-coding RNA molecule has recently been
reclassified into a vault RNA even though it is still debated whether

Significantly changed miRNAs shared between two or three HPV-types. Listed fold changes and expression levels derive from the Affymetrix platform.

miRNA ID Fold change Average expression
HPV11 HPV16 HPV45

HPV16/45/11 hsa-miR-181a 1.8 1.7 2.1 8.5
hsa-miR-125a-5p 33 2.6 3.8 8.4
hsa-miR-502-3p 1.7 1.8 2 6.6
hsa-miR-923 22 2.3 2.7 9.2
hsa-miR-92a-1* 1.7 21 2.8 5.4
hsa-miR-500* 2 2 2.2 6.5
hsa-miR-558 -1.7 -1.9 -1.6 3.9
hsa-miR-576-3p -3 -34 -32 5.4
hsa-miR-606 -19 -2 -1.7 49
hsa-miR-886-3p -10.3 -34 -4.4 7.2
hsa-miR-888 -1.9 -23 -1.8 4
hsa-miR-1255a -19 -2.1 -22 43
hsa-miR-1274b -2.3 -2 -2.1 5.7

HPV16/45 hsa-miR-145 2.2 23 7.1
hsa-miR-29b-1* 1.8 1.8 6
hsa-miR-1246 2 2.7 8

HPV16/11 hsa-miR-454* -29 -2.5
hsa-miR-363 -1.7 -1.6
hsa-miR-129* -1.8 -1.9

HPV11/45 hsa-miR-455-3p 2.1 1.7 7.5
hsa-miR-331-3p 1.6 1.6 5.3
hsa-miR-15b 2.1 2.6 9.8
hsa-miR-1231 3.8 1.6 5.8
hsa-miR-1180 1.8 2.1 5.7
hsa-miR-129-3p -1.7 -2 49
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Fig. 2. Heatmap showing the result of the ANOVA analysis (q = 0.2). The 65 miRNAs correspond to the miRNAs with the largest variance between HPV 11, -16, -45, and
control. Relatively low expression levels are represented as blue and relatively high expression levels are represented in yellow.

it is a true vault RNA as it behaves differently from other vault
RNAs [11]. This non-coding RNA molecule is also regulated by
other viruses such as Herpes viruses. Epstein-Barr-Virus infected
cells increases, whereas Cytomegalovirus decreases the expression
level of the molecule (“miR-886-3p”) [17]. Moreover, suppressed
expression of “miR-886-3p” is often seen in human cancer [11].
It will be interesting to learn more about the biological function

of vault RNAs which could unveil why the three HPV types down-
regulate the “miR-886-3p” up to 10-fold.

In the high-risk HPV 16 and -45 a twofold upregulation was
shown for miR-145. Previous studies on HPV 16 positive cell lines
showed no significant expression of miR-145 but when examined
in raft cultures this miRNA was upregulated and therefore miR-
145 may well correlate to cell differentiation [33]. In a recent study
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Table 2
qRT-PCR validation of predicted miRNA target transcripts for four selected genes. Fold
changes (FC) for miRNAs originate from the Exiqon microarray platform results.

Target mRNA miRNA ID FC miRNA FC target mRNA
IKKo miR-23a 1.5 -1.7
IKKB miR-16 14 -1.3
miR-198 1.7
ASF/SF2 miR-27b -1.6 14
miR-542-3p -1.7
MTSS1 miR-23a 1.5 -1.5

on head and neck cancers miR-145 was downregulated which
might reflect dedifferentiation of tissue [10]. In line with these
observations, previous studies revealed miR-145 as a common
oncomiR in human cancers [1].

Among the downregulated miRNAs shared between HPV 11 and
-16, miR-363 is downregulated 1.7-fold whereas studies in HPV
positive pharyngeal squamous cancers show minor upregulation
of miR-363 [10]. These opposing results could reflect the differ-
ences between cell culture models and ex-vivo cancer specimens.
As a final point, miR-129-3p is differentially expressed in both
HPV 11 and -45 and a recent study show miR-129-3p to be si-
lenced by methylation as the DNA sequences contains CpG-islands
upstream of the miR-locus in gastric cancer tissue [31].

To understand the biological function of changes in miRNA pro-
files, it is important to identify relevant target genes involved in
regulation of either the virus life cycle or malignant progression
of the host cell. In this study we selected genes involved in signal
transduction, RNA splicing and tumor invasive growth. The gene
ASF/SF2 has previously been shown to be of importance for expres-
sion of the late HPV 16 mRNAs [27] which is in line with the ob-
served inverse correlation to the levels of miRs-27b and -542-3p
in our model. The MTSS1 gene encodes a metastasis suppressor,
and it is interesting that this gene is downregulated by miR-23a
in the present study. Although it has not been discussed in HPV
carcinogenesis it correlates to previous observations in bladder
cancer [19]. Target analysis of miR-23a, -16 and -198 predicted
the two IKK subunits to be target genes and our analysis confirmed
the inverse mRNA expression of IKKa and IKKB. The IKK complex is
known to be modified by protein binding of HPV16 E7 oncoprotein
[17,28]. The E7 protein binding to the IKK subunits reduces the NF-
kB activity which is involved in cell proliferation [28]. It will be of
interest to study the interplay of specific miRNAs and E7 for the
regulation of the IKK subunits. The miRNA might confer a default
regulatory pathway for fine tuning of the IKK level. Moreover, de-
creased NF-kB activity leads to tumor progression in skin cells,
shown in a mouse model [5] and this finding could relate to our
present HaCaT cell model as these cells originate from human skin.
In summary, the present miRNA profiling provides a basis for fur-
ther analysis of unknown biological pathways regulated by HPV. In
this way new knowledge on common and individual features of the
high- and low-risk HPV types may be discovered by analyzing the
biological function of the distinct miRNAs found in this study. Fi-
nally, we found no indications that the 3'UTR of examined HPVs
are targeted by miRNAs.
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