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Abstract: For more than a decade, global gene expression profiling has been extensively used to elucidate the biology of
human papillomaviruses (HPV) and their role in cervical- and head-and-neck cancers. Since 2008, the expression
profiling of miRNAs has been reported in multiple HPV studies. Two major strategies have been employed in the gene
and miRNA profiling studies: In the first approach, HPV positive tumors were compared to normal tissues or to HPV
negative tumors. The second strategy relied on analysis of cell cultures transfected with single HPV oncogenes or with
HPV genomes compared to untransfected cells considered as models for the development of premalignant and malignant
transformations.

In this review, we summarize what we have learned from a decade of global expression profiling studies. We performed
comprehensive analysis of the overlap of the lists of differentially expressed genes and microRNAs, in both tissue
samples and cell culture based studies. The review focuses mainly on HPV16, however reports from other HPV species
are used as references. We discuss the low degree of consensus among different studies and the limitation of differential
expression analysis as well as the fragmented miRNA-mRNA target correlation evidence. Furthermore, we propose an
approach for future research to include more comprehensive miRNA-mRNA target correlation analysis and to apply
systems biology/gene networks methodology.

Keywords: Cervical cancer, head-and-neck cancer, HPV, messenger RNA profiling, miRNA.

INTRODUCTION with HPV 18, in approximately 70 percent of genital cancers
[2]. The number of HPV-positive head-and-neck cancers
varies between 12 and 50 percent in different study
populations and in tonsil cancers up to 90 percent are HPV-
positive, as recently reviewed by Lajer and von Buchwald
[4], Syrjanen et al. [16] and Shaw et al. [8]. The importance
of HPV in non-melanoma skin cancer is still under debate
and the HPV types involved are different from the malignant
HPV types found in squamous carcinomas [5, 17, 18]

Human papillomaviruses (HPV) were first hypothesized
to have oncogenic potential by Harald zur Hausen in 1977
[1] and have subsequently been proven to cause cervical and
other genital cancers in both women and men [2]. The
importance of HPV in head-and-neck cancers as well as in
skin cancers is still a subject of intense debate and as a
consequence remains a focus of current research [3-11].
HPV are small viruses with a double-stranded circular DNA
genome that encodes seven to eight proteins. Both the
structure and function of the virus genomes and viral
proteins have been extensively reviewed [12-15].

The transformation of normal cells by malignant HPV
types has been extensively studied and a general concept that
HPV oncoproteins E6 and E7 inactivate the guardians of the
cell cycle p53 and pRB, creating chromosomal instability
has been proposed [19-21]. However, the mechanism of
transformation is likely to be more complex. The
oncoproteins interact with many more cellular partners than
first anticipated and influence a number of cellular pathways
[21-25]. Multiple perturbations and accumulation of

Among more than 120 sequenced HPV types,
approximately 25 types have been demonstrated to be
malignant. The prototype HPV16 occurs at the highest
prevalence in cervical malignancies and is present, together
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sequential imprints on cellular function eventually lead to
malignant transformation.

Genome-wide technologies have provided the means to
study and compare the complex cellular modifications and
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analysis of transcriptomes and proteosomes in normal and
transformed cells and tissue. This has paved the way for a
better understanding of the complex interactive changes,
which occur in a cell during the transformation process. As
part of the transcriptome, the small non-coding RNA species
(microRNAs, abbreviated miRNAs) have attracted much
attention due to both their peculiar processing and their
ability to regulate gene expression as reflected in differential
expression of certain mRNAs [26]. The present review
focuses on mRNA and miRNA profiling data obtained from
mainly HPV16-positive cultured cells and HPV-positive
cancer specimens. We highlight the possibility of employing
global mRNA and miRNA profiling to elucidate the
molecular changes during HPV-induced cancer progression.

mRNA PROFILING
HPV-Positive Cell Lines

Global profiling of mRNA extracted from cell lines
either transfected with HPV16 or isolated from HPV-
positive lesions has been valuable for the identification of
differentially expressed genes in response to viral gene
expression. The questions posed in different studies vary.
Profiling has been conducted on primary keratinocytes
mainly immortalized with HPV16 - either with E6, E7, ES or
full genomes - or on HPV16-positive cell lines originally
established from biopsy specimens. One of the earliest
studies showed that differential expression of several cellular
transcripts varied dependent on the expression of E7 alone or
of E6 plus E7. It also identified several transcripts that were
regulated in an opposing manner by E7 alone and E6 plus
E7, e.g. vimentin, p2/, damage-specific DNA binding
protein p48 subunit, Nag-/ and /GFBP6. Other transcripts
were potentiated by E6/E7 expression such as Cox-1 [27]. In
a more recent study, E7 expression modified /FI44, IFI44L
and TP53INP2 - transcripts, which were also found to be
downregulated in HPV16-positive HaCaT cells [28, 29]. The
annotation of all genes discussed in the manuscript is
included as Supplementary Table 1. The annotation includes
gene description, function, involvement in biological
processes and cellular localization.

Several studies have used cells transfected with the full
HPV16 genome, thus allowing analysis of cellular changes
related to the gene expression of more viral proteins. As
expected, large numbers of transcripts were found to be
differentially regulated by the expression of more viral
genes. One study focused on the identification of hTERT
responsive genes following chromosome 6 fusion into
HPV16-immortalized  keratinocytes. =~ This  led to
identification of a different set of differentially expressed
genes compared to the E7- and E6/E7-mediated
modifications [30]. The study identified 32 candidate genes
differentially regulated in response to the expression of
hTERT, amongst which a large number of genes involved in
signal transduction and cell proliferation. Among the
upregulated genes were /GF2BPI and regulators of G-
protein signalling (RGS5) and the WNT pathway (WISP2),
whereas the downregulated transcripts included HCCA2 and
the DNA damage repair protein XRCC].

One study explored the effect of TNF-alpha on HPV-
immortalized cells and identified KCNK6, PRSSI1! and
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ANKRDI1 as being differentially regulated in HPV16-
positive cells [1, 31]. The most recent study where the
HPV16 genome was transfected into HaCaT cells identified
338 differentially expressed genes (fold change between -3.8
and 3.5). The most upregulated genes were ANKRD1, PSGs
and HSPBS and among the most downregulated genes were
MMPs, SERPINB3 and SERPINBA [2,29] (Fig. 1).

Several cell lines have been established from patient
biopsy material. The HPV16-positive cell lines W12, CaSki
and SiHa were originally isolated from a low-grade cervical
squamous intraepithelial lesion and cervical cancer. W12
cells carry approximately 100 episomal HPV16 genomes [3-
11, 32]. SiHa cells have only two genome copies and CaSki
cells carry up to 600 genome copies [12-15, 33].The W12
cell line has been analysed for differentially regulated
transcripts following integration of the HPV genome in late
passages and the analysis unveiled 85 differentially
expressed genes [2, 34]. The investigators found that the
interferon-stimulated transcripts from the genes /FI44, MX1
and MX2 were upregulated and several serine proteases as
well as HSP70 transcripts were downregulated (Fig. 1). The
profiling of SiHa and CaSki RNA identified, among others,
differentially regulated transcripts from cell cycle regulatory
genes such as MCMs, p16, CDCs, CYCLINs and TOPO2a
[4, 35]. To better understand the global changes caused by
HPV in tissue culture cell models, profiling data from cells
transfected with malignant or benign virus genomes have
been compared [16, 29, 36, 37]. Interestingly, the model in
HaCaT cells revealed upregulation of a series of PSGs and
ANKRDI independent of the HPV type - genes that have not
previously been discussed in relation to the life cycle of HPV

(Fig. 1).

Other studies have focused on the analysis of
differentially regulated transcripts in cell lines grown both as
monolayers and as organotypic cultures. The organotypic
cultures were found to mimic the cancers better than the
monolayer cells [8, 38, 39].

Not surprisingly, the global profiles obtained in the
different studies vary not only because of different
experimental models and growth conditions, but also
because of the different technologies employed. Although
different studies have identified similar differentially
expressed genes (IF144, MXI and CYR61), it has not been
possible to reach any consensus based on the model systems
described in the present section (see also Fig. 1).

HPV-Positive Tumour Tissues
Cervical Tissue

The purpose of cervix cancer (SCC) profiling studies has
been to explore genes altered in the progression from benign
to malignant growth in order to identify useful biomarkers,
important for early diagnosis or prognosis. Furthermore, the
identification of affected pathways could give rise to targeted
therapy. Messenger RNA profiling studies on cervical
cancers have often been conducted with few cases and
corresponding control tissues - specimens not always typed
for HPV. In studies where the specimens were typed for
HPV, the tissues were mainly positive for HPV16 or -18.
However, in the majority of studies, microarray data were
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Fig. (1). Graphical representation of the genes that were differentially expressed in at least two cell culture studies. In five of these studies, in
vitro cell cultures were transfected with genomes of different HPV types: Thomas_HPV11 [37], normal human keratinocytes transfected
with HPV11; Kaczkowski HPV11, Kaczkowski HPV16 and Kaczkowski HPV45 [29], HaCaT cells transfected with HPV11, HPV16 and
HPV45, respectively; Chang_ HPV31 [53], normal human keratinocytes from foreskin tissue transfected with wild type HPV31 genome.
W12 was obtained from a low-grade cervical lesion and was naturally infected with HPV16 [34].The upregulated genes are depicted in
orange, downregulated in green, and not differentially expressed in white. Interestingly, oncogene ABL2 was found upregulated in high-risk
types HPV16, HPV31 and HPV45. The annotations of the genes are included as Supplementary Table 1.
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pooled without taking the specific HPV type into
consideration. In the current section, we only review the data
from HPV16-positive cancers or from studies where the
material did not undergo typing. We have illustrated the
common differentially expressed transcripts among various
studies (Figs. 2, 3). In the studies where the type has not
been reported, the cervical specimens are assumed to be
mostly positive for HPV16 which - according to the
literature - is most prevalent (50-60%) [2, 5, 17, 18]. The
first HPV study to employ microarray technology was
published in 2002 [19-21, 40]. In an attempt to identify
markers for the transition from normal or LSIL (low-grade
squamous intraepithelial lesion) to HSIL (high-grade
squamous intraepithelial lesion) or SCC, a series of 34
cancers was collected, nine of which were SCCs. Profiling of
the upregulated transcripts identified 62 genes where /TGB6,
CLDNI, BST2 and LAMC2 - all surface markers - were
characteristic of the pre-malignant to malignant transition
[21-25, 41]. However, HPV typing was not performed and
the authors excluded immune response genes from the
analysis, as the aim of the study was to identify tumour
progression biomarkers. In two similar studies where 26 and
10 cancer specimens were analysed, the most differentially
expressed genes in the cancers belonged to the cytoskeleton,
DNA damage, transcription factors and the Ras oncogene
family. Worth noting is the upregulation of casein kinase II
(CKII) subunit beta in cancer specimens, as HPV16 E7 can
be phosphorylated by CKII [26, 41, 42]. When the focus
changed to differentially expressed genes which differed
between SCC and CIN3 (HSIL), Sopov et al. [27, 43]
identified 92 prominently altered transcripts. Transcripts
from 10 cancers and 20 CIN3 specimens revealed genes
associated with DNA synthesis (e.g. TOP2), cell adhesion
(e.g. DPs), cytokines (e.g. [FN-y) as well as metabolic
pathways (e.g. ACYI). It is still an open question whether
these markers can be used for diagnosis and/or prognosis. In
a study where the HPV16 E7 mRNA was measured, only
three of the eight cancer samples analysed were positive for
E7 mRNA [28, 29, 44]. Among the most upregulated
transcripts were the keratin mRNAs (e.g. KRTI4 and 16),
AURKB, EIF4A1 and SPINT2. 1t is worth noting that this
study found differences in the levels of the transcripts among
clinical specimens, most likely reflecting the heterogeneity
among patients.

A study conducted by Santin et al. [30, 45] described the
differentially expressed transcripts obtained from six
HPV16-positive SCC specimens and four control samples.
The controls were normal cervical tissue specimens from
patients with benign genital disease. Primary cell lines were
established from all the biopsies and the RNA for mRNA
profiling was extracted from these cell cultures grown for a
maximum of 15 passages. A large number of differentially
regulated genes was identified in the cancer cells and the
authors highlighted genes involved in DNA replication, cell
cycle progression (e.g. CDKN2A/pl16) and the innate
immune response to the virus (PTGES) [45]. Downregulated
genes belonged to the TNF family of genes, to the inhibitors
of serine proteases (SERPINs) and to the keratins - genes
repeatedly found to be differentially regulated in HPV-
positive tissue culture models too. In another study, Rosty et
al. [46] obtained data from 16 primary HPV16-positive
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SCCs, five controls and primary cell lines established from
invasive SCCs. In this study, a cluster of 163 differentially
expressed genes was identified, with the majority involved in
cell cycle control, DNA synthesis (e.g. MCMs and POLs),
chromosome structure (e.g. SMCs, H2AFX and H2AFZ) and
molecular trafficking (e.g. KIFs). The so-called ‘Rosty
cluster’ is interesting for two reasons. First, 31 of the genes
in the cluster were found to have predictive value for the
outcome of breast cancer. Secondly, four of the genes in the
cluster (7K1, MYBL2, MCMC4 and TOP2A) were also
identified in the study by Chen ef al. [41].

A study designed to demonstrate how well cancer cell
lines grown in organotropic cultures mimic cancer was
conducted by Carlson et al. [38]. The analysis of cancer
specimens was performed with nine SCCs and 140
differentially —expressed transcripts were identified.
Interestingly, the authors compared their findings with
pooled data from the literature and found 19 identical
transcripts (e.g. TFGBR3, SERPINGI, SERPINFI, DSP,
AURKB). The authors also compared the data set of 140
transcripts with the differentially regulated transcripts
published by Santin ef al. [45]. In this comparison, 11
identical transcripts were found, of which only two
(SLC2A41, SERPINFI) were shared by all three of the
compared data sets.

Oral and Pharyngeal Tissue

The results from cervical cancer specimens were
regarded as not entirely consistent and to some extent
discouraging. However, the increasing interest in HPV as a
causal agent in head-and-neck tumours prompted researchers
to launch several mRNA profiling studies of head-and-neck
cancer specimens. In line with the cervical cancer studies,
the aim was to identify biomarkers for cancer development.
The prevalence of HPV in tumours from the head-and-neck
region is much more variable than in cervical cancer. We
therefore focus mainly on studies where the HPV type 16
was identified in the cancer specimens. We have illustrated
the transcripts in common among several studies (Figs. 2, 4).
One study has reported mRNA profiling of eight HPV16-
positive  head-and-neck  squamous cell carcinomas
(HNSCCs) (seven isolated from the oropharynx and one
from the larynx) and 28 HPV-negative tumours where half
the specimens were collected from the oral cavity [47].
Ninety-one differentially expressed transcripts were
identified and all but two were upregulated and were
considered as markers for HPV-positive tumours. The
authors identified a cluster of differentially expressed genes
located on the chromosomal 3q24-ter region. Examples of
genes identified within this chromosomal locus were found
to be involved in replication (RFC4), E2F transcription
(TFDP2), chromatin structure (SMARCA3) and apoptosis
(PDCD10). A similar set-up was employed in another study
where three HPV16-positive HNSCCs, four HPV-negative
HNSCCs and four normal tissue specimens were analysed,
leading to the identification of 397 differentially expressed
mRNAs in HPV-positive cancers [48]. Among the
upregulated genes in the HPV-positive specimens were
CDKN2A and MCMs and a differentiation-related gene
SFRP4. The downregulated genes included /GFBP6. The
comparison of the mRNA profiles for HPV-positive and
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Fig. (2). Graphical representation of the differentially expressed genes from 14 comparisons reported in 12 studies. Genes differentially
expressed in at least three comparisons are shown. The comparisons represent genes differentially expressed in benign and malignant growth
caused by HPV infection. The signatures represent the differentially expressed genes as follows: Santegoets Condylomata and
Santegoets VIN [51], condylomata and vulval intraepithelial neoplasia (VIN) versus normal tissue; Rosty HPV16 E7 Cervix [46], genes
correlated to HPV16 E7 expression in cervical cancer; Santin_Cervix [45] and Carlson_Cervix [38], cervical cancer versus normal cervical
keratinocytes; Schlecht HNSC [49] and Slebos HNSC [47], HPV-positive versus HPV-negative head-and-neck squamous cell carcinoma;
Martinez_oropharyngeal [48], HPV-positive versus HPV-negative oropharyngeal squamous cell carcinoma; Pyeon HPV positive cancers
[50], HPV-positive head-and-neck cancer (HNC) and cervical cancer versus HPV-negative HNC; DeVoti Papillomas [52], respiratory
papillomas versus adjacent tissue; Thomas HPV11 [37], normal human keratinocytes transfected with HPV11; Kaczkowski HPV11,
Kaczkowski HPV16 and Kaczkowski HPV45 [29], HaCaT cells transfected with HPV11, HPV16 and HPV45, respectively;
Alazawi W12 HPV16 [34], signature from cell line generated from a low-grade cervical lesion naturally infected with HPV16;
Chang HPV31 [38, 53], normal human keratinocytes from foreskin tissue transfected with wild type HPV31 genome. The upregulated genes
are depicted in orange, downregulated in green, and not differentially expressed in white. The annotations of the genes are included as
Supplementary Table 1.
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Fig. (3). Depiction of the genes that were differentially expressed in at least two studies based on samples from genital lesions.
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signatures represent the differentially expressed genes as follows: Santegoets VIN [51], vulval intraepithelial neoplasia (VIN) versus normal
tissue; Rosty HPV16_E7_Cervix [46], genes correlated to HPV16 E7 expression in cervical cancer; Santin_Cervix [45] and Carlson_Cervix
[38], cervical cancer versus normal cervical keratinocytes. The upregulated genes are depicted in orange, downregulated in green, and not
differentially expressed in white. The annotations of the genes are included as Supplementary Table 1.
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HPV-negative  cancers also identified interesting
differentially expressed transcripts, e.g. BIRCI and 3, BCL2
and HLA-DQAI/A2 which were upregulated, whereas
SERPINB4 was downregulated (Fig. 2). The mRNA
profiling study by Schlecht ef al. analysed 12 tumours and
30 controls [49]. The biopsies were collected from different
sites, with the majority isolated from the oropharynx and the
larynx. This study revealed 149 differentially expressed
transcripts, of which 123 also belonged to the HPV signature
of non-smokers. Among the most upregulated transcripts
were SYCP2 and CDKN2C. Among the downregulated
transcripts, [FI44L should be noted. An even larger study
analysed 42 HNSCC specimens, of which only 13 were
HPV16-positive [50]. The authors also included eight
HPV16-positive cervical SCC specimens. To obtain the HPV
signature, they compared the HPV-positive tumours with the
HPV-negative tumours. It should be noted that several of the
cancer specimens were positive for other HPV types. Since
HNSCC and cervical cancer were merged in the analysis, the
results provide less information on transcripts specific for
HNSCCs. The genes upregulated by HPV were cell cycle
genes such as MCMs, CCNB, CDK2, SYCP2 and TCAM1. 1t
should be noted that the CDKN2 and SYCP2 genes were
upregulated in all the HNSCCs (Fig. 4).

Comparison of mRNA Profiles from HPV16-Positive
Tissues

The mRNA profiles published in one study on vulval
intraepithelial neoplasia (VIN), three studies on cervical
SCCs, four studies on HNSCCs and six studies on cell lines
were combined and the profiling ‘landscape’ is shown in Fig.
(2). Interestingly, there are areas of strong similarity among
the signatures from the cervical and vulval lesions, while
profiles from HNSCCs show patches of overlap but to a
much lesser extent.

Among the cervical and vulval specimens analysed by
Rosty et al. [46], Santin ef al. [45] and Santegoets et al. [51], the
regulated genes are rather consistent. However, the
differentially expressed genes published by Carlson et al. [38]
show only minor areas of overlap and some of the up- and
downregulated genes match mostly genes regulated in the VIN
specimens (e.g. upregulated CDC254, AURKB and CDCs;
downregulated ANK2, TIMP?2 and TGFBR3) (Figs. 2, 3, 5A).

The comparison between the HPV6-positive condyloma
specimens collected by Santegoets et al. [S1] and the
HPV6/11-positive laryngeal papillomas studied by DeVoti et
al. [52] shows an overlap of 41 transcripts, whereas there is
negligible overlap between the results from the HPV11 cell
model of Thomas ef al. [37] and the two tissue studies (Fig.
5B). This observation emphasizes the difficulties of
comparing results obtained from tissue samples and cell
culture models.

Assessing the overlap of aberrantly expressed genes in
the HNSCC studies, there is a reasonable agreement between
the findings of Slebos et al. [47] and Pyeon et al. [50].
Schlecht et al. [49] also observed the upregulation of CDC7,
SYCP2 and CDKN2C. Among the downregulated genes,
KLKI0 and KLK8 should be noted. (The genes are listed in
Fig. (4). See also Fig. (5C) for overlap between the results
from the studies by Schlecht et al. [49], Slebos et al. [47]
and Martinez ef al. [48].
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Fig. (4). Graphical representation of the genes that were
differentially expressed in at least two studies reporting the
differential expression between HPV-positive versus HPV-negative
head-and-neck cancers. The signatures represent the differentially
expressed genes as follows: Schlecht HNSC [49] and
Slebos HNSC [47], HPV-positive versus HPV-negative head-and-
neck squamous cell carcinoma; Martinez oropharyngeal [48],
HPV-positive versus HPV-negative oropharyngeal squamous cell
carcinoma; Pyeon HPV positive cancers [50], HPV-positive head-
and-neck cancer (HNC) and cervical cancer versus HPV-negative
HNC. The upregulated genes are depicted in orange, downregulated
in green, and not differentially expressed in white. The annotations
of the genes are included as Supplementary Table 1.

Comparison of mRNA Profiles from HPV-Positive
Cultured Cells

Cultured HPV-positive cells carrying full genomes of
HPV11, HPV16 or HPV31 were compared (Fig. 2). Both
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Fig. (5). Venn diagrams illustrating the overlap in differentially expressed genes reported in: A) studies based on cervical cancer tissues. The
signatures reported by Rosty et al. [46] and Santin et al. [45, 47] show significant overlap. This is in contrast to the list of genes published by
Carlson et al. [38] that shows only negligible overlap with the other studies. The genes present in all three studies are RFC2, TOP2A,
PTTG1, UBE2C (upregulated) and SERPINFI (downregulated) (also seen in Fig. 3). B) Studies of low-risk HPV. Santegoets et al. [51] and
DeVoti et al. [52] reported the differentially expressed genes from condyloma and papilloma samples, respectively. Thomas et al. [37]
reported the differential expression based on a cell culture model in which normal human keratinocytes were transfected with the HPV11
genome. The Venn diagram demonstrates a notable overlap between the tissue-based studies, especially concerning downregulated genes.
However, little overlap can be seen between the tissue-based studies and the HPV11 cell culture model (Thomas HPV11). C) Studies
reporting the differential expression between HPV-positive versus HPV-negative head-and-neck cancers. These studies show very little
overlap of the signatures. The two genes upregulated in all the studies are SYCP2 and CDKN2C (also seen in Fig. 4).
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upregulated (SLPI, [FI27, SATI) and downregulated
(SLC7A45, FLNA, VARS, MCM2, INCENP) genes show
consistency in the two studies of cell cultures transfected
with the circular genome of HPVI11, even though
Kaczkowski ef al. used HaCaT cells [29] and Thomas ef al.
used human foreskin keratinocytes [37]. The HPV16 and
HPV11 cell cultures show overlapping genes to some extent,
but also unique HPV type-related transcripts. It should be
noted that /[FI44 and DDX60 are inversely regulated by the
malignant and benign HPV. The [FI44 and PI3 genes are
also inversely regulated by the HPV16-positive HaCaT cells
and HPVI16-positive W12 cells. Furthermore, these two
genes are the only genes in common between the two
HPV16 gene profiles (Fig. 1). This might be due to the
integration of the virus genome in W12 cells, which were
isolated from cancer tissue (Fig. 1). There are very few
regulated genes in common between the cell lines carrying
the related HPV types 16 and 31. Only the oncogene ABL?2 is
upregulated in both cell cultures [29, 37, 53] (Fig. 1). The
observed differences in cellular gene profiles revealed by the
comparison of different studies are most likely caused by the
use of different host cells. The study by Kaczkowski et al.
[29] were, as mentioned above, conducted with immortalized
skin epithelial cells (HaCaT), whereas the other studies on
HPV16-, HPV31- and HPV11-positive cells were performed
using human cervical or foreskin epithelial cells. As
discussed in a previous section of this review, a series of
PSGs as well as ANKRD1 were upregulated in HaCaT cells
positive for benign HPV11 or malignant HPV types. Why
this is only observed in HaCaT cells could be a topic for
further investigation.

Concensus Among Studies

Matching of the lists of differentially expressed genes
was performed using the official HUGO gene symbols. The
matching poses a challenge due to updates and ambiguity of
gene names listed in the literature. Additionally, the
microarray platforms used in the studies were often based
and mapped to older versions of the human genome, and due
to a growing body of information concerning the genome,
the lists of differentially expressed genes sometimes use
outdated gene names. Furthermore, the ID of some probe
sets can map to several genes, and since the mapping can be
done differently in different studies, the match will not be
found by exact matching of gene names. On the other hand,
non-exact matching is almost impossible to automate, as it
can be very difficult to decide if different gene variants or
members of the same gene family represent the same up- or
downregulated entity. Therefore, the matching used in this
review is very strict. Related genes or gene variants are not
presented as a match. This can lead to the bias that results
presented by different studies look less coherent than they
actually are.

In addition, the statistical analysis of differentially
expressed genes is optimized to reduce the number of false
positives. This results in strict significance thresholds that
many differentially expressed genes do not meet, especially
when the number of replicates in the experiment is low.
Therefore, only genes showing the strongest differential
expression may be detected by multiple or all studies.
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The approach that different studies fill the gaps in
differential expression analysis can provide a way to balance
the number of false positive and false negative genes. For
example, we believe that genes reported to be differentially
expressed by two independent studies can be safely assumed
to be affected in HPV infection or HPV-caused cancers.
Therefore, the differential expression in all studies of similar
scope should not be considered as a requirement. However,
those genes are, of course, of interest due to their very strong
signal of differential expression (Fig. 2).

GLOBAL miRNA ANALYSIS

MicroRNAs are non-coding, endogenous post-
transcriptional regulators of gene expression. They are
approximately 22 nucleotides in length and are found in a
wide range of eukaryotes. Presently, 1, 048 miRNAs have
been identified in humans (http://www.mirbase.org) [54].
Several studies have shown that HPV infections result in
changes in cellular miRNA profiles. These studies analysed
cell lines established from pre-malignant lesions - such as
SiHa, CaSki and cells from head-and-neck tissue - or model
systems. There is also a large amount of information on
miRNA profiling of tissue in the literature. The following
sections highlight the most interesting recent findings.

HPV-Positive Cell Lines

For the analysis of miRNA profiles in HPV16-positive
cultured cells, the cell lines SiHa and CaSki have often been
employed. We focus on studies where the profiling results
are available and related to expression of the HPV
oncogenes, with the exclusion of studies designed to analyse
the mRNA targets in depth for individual miRNAs as well as
studies where the HPV status of the cell lines was not
specified.

Martinez et al. conducted a global profiling of miRNAs
in cervical cancer-derived SiHa and CaSki cells and showed
that human miR-203 and miR-34a were upregulated and
miR-218 was downregulated [55]. However, the regulation
of miR-34a has been shown to be inversely regulated in
other studies - it was downregulated as a result of the
expression of the high-risk E6 oncoprotein and the
degradation of p53, a known regulator of miR-34a
transcription [56-58]. In addition, miR-21 was upregulated,
as demonstrated in several HPV16-transformed cell lines,
whereas miR-143 and miR-145 were downregulated [55, 59,
60] (Table 1).

MicroRNA profiles have also been analysed in HPV16
E5-positive keratinocytes, where miR-146a was found to be
upregulated and miR-203 downregulated [61]. The authors
of the study proposed suppressor of cytokine signalling-3
(SOCS-3) as the target of miR-203 and its involvement in
attenuation of the inflammatory response [61, 62].
Furthermore, miR-324-5p was constantly repressed in ES5-
expressing cells, whereas its putative target, E-cadherin, was
increased at the protein level. These data are interesting as
the function of E5 in cell transformation is still not fully
understood [63], and one additional mechanism by which
HPV16 E5 might contribute to the carcinogenic process in
cervical epithelial cells could be controlled by miR-324-5p
[61].
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Table 1. The Most Differentially Expressed or Promoted hsa-miRNAs in Cervical and Head-and-Neck Cancer from Cell Cultures

Cervical Cancer Cells

Martinez et al. 2008 [55] | Wang et al. 2008 [60] Lui et al. 2007 [59] Greco et al. 2011 [61] Dreher et al. 2011 [64]
miR-200c up
miR-203 * up down
miR-193b up
miR-34a * up
miR-31 up
miR-210 up
miR-27a up
miR-503 up
miR-27b up
miR-218 * down
miR-143 * down down
miR-145 * down up
miR-21"* up up
miR-24 up
miR-27a up
miR-205 up
miR-146a * up
miR-324-5p * down
miR-125a-5p * up
miR-181c up
miR-486-5p up
miR-576-3p * down
miR-1293 down

Head-and-Neck Cancer Cells
Wald et al. 2011 [66]

miR-363 * up
miR-497* up
miR-33 * up
miR-155 * down
miR-181a" down
miR-181b down
miR-29a down
miR-218 down
miR-222 down
miR-221 down
miR-142-5p down

MicroRNAs are presented in the review.
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In a recent study, a model for examining the HPV-
mediated changes in cellular miRNA profiles was
established in HaCaT cells. Cells positive for HPV were
analysed and differentially expressed miRNAs shared among
the different virus-positive cells were ascertained [64]. In
cells positive for HPV16, only three miRNAs unique for
HPV16 were regulated — miR-181c and miR-486-5p were
upregulated and miR-1293 was downregulated (Table 1). For
the present review, it is also of interest to mention that 16
miRNAs were shared with the benign HPV11. Among these,
miR-125a-5p was the most upregulated and miR-576-3p was
the most downregulated [64, 65]. Cell lines established from
HPV-positive and -negative head-and-neck cancer tissue
were also analysed for changes in the miRNA profile [66]. It
was found that 11 miRNAs were differentially regulated in
HPV-positive HNSCC cells when compared to the profiles
obtained from HPV-negative HNSCC cells or normal oral
keratinocytes. Three miRNAs were upregulated (miR-363,
miR-33 and miR-497) and eight were downregulated, with
the two most downregulated being miR-155 and miR-181a
(Table 1). The authors of this study did not find miR-21 to
be differentially expressed in HPV-positive cell lines,
although it was abundant in the cells. The upregulation of
miR-363 is interesting because it belongs to the cluster of
oncogenic miRNAs, the miR-17-92 family, which might
have evolved through a series of mutations [67]. It is
therefore likely that miR-363 is involved in dysfunction of
the cell cycle, analogous to the function of miR-25 which is
also a member of the miR-17-92 family [68]. It is worth
noting that miR-155 as well as miR-181a were upregulated
in other studies on head-and-neck cells, but the cell lines
were not analysed for the presence of HPV [69-71]. The
inconsistency among the different studies most likely reflects
different HPV status and different origin of the cell cultures.

The profiles of differentially expressed miRNAs
observed in raft cultures established from HPV16-positive
cells were analysed in a few studies. Raft cultures allow
differentiation of the epithelial cells. It was shown that miR-
34a and miR-203 were both downregulated [72, 73]. How-
ever, miR-203 is normally upregulated by differentiation of
normal human keratinocytes [72]. Supporting results were
reported in raft cultures of HPV18 and HPV31 [72, 73].

HPV-Positive Tumour Tissues

Many studies have focused on the miRNA profiling of
tumour tissues with the purpose of identifying unique
diagnostic markers for specific cancer types. The hope has
also been to find new pathways and mechanisms involved in
the progression to cancer and to identify possible drug
targets. In cancers related to infection with high-risk HPV,
several changes in the miRNA profiles have been observed
and the specific findings in cervical tissue and in oral-
pharyngeal tissue are discussed separately.

Cervical Tissue

In cervical tissue, miR-21 was most often upregulated,
whereas miR-143 and miR-145 were downregulated [26, 60,
74]. (Table 2a), demonstrating that miR-21 could be
considered as an oncogene and miR-143 and miR-145 as
tumour suppressors. These miRNAs have been reported to
be similarly regulated in a wide range of tumours, e.g.
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glioblastomas [75], B-cell lymphomas [76] and colorectal
cancers [77].

Although miR-146a was not differentially expressed in
cervical cancer-derived cell lines such as SiHa and CaSki or
in HPV-induced pre-neoplastic lesions, it was upregulated in
cervical cancer tissues [60]. Among HPV16-derived cancers,
miR-146a expression is apparently a specific marker for
cervical cancer [60]. Interestingly, other tumour viruses such
as Epstein-Barr virus also upregulates miR-146a, perhaps in
a NF-kappaB-dependent reaction [78-80]. In contrast to
these findings, differential downregulation of miR-146a has
been reported in virus-independent cancers, e.g. hormone-
refractory prostate cancer [81] and papillary thyroid
carcinoma [82].

Other miRNA markers for cervical cancer were reported
in a recent study where 102 cervical biopsies were used for
predicting and validating the effect of miR-200a and miR-9
for cancer development [83]. The study predicted gene
targets for miR-200a to regulate mainly cell migration and
metastasis and target genes for miR-9 to regulate mainly cell
metabolism. The two miRNAs were also found to have
prognostic value for prediction of patient survival. The
authors of the study also reported that miR-21 was
upregulated and that miR-218 and miR-203 were
downregulated. These findings have been reproduced in
subsequent studies [84, 85].

Oral and Pharyngeal Tissue

MicroRNA profiling of oral-pharyngeal cancer tissue has
been studied in a large number of both HPV-positive and
HPV-negative tumours. The involvement of miRNAs in
head-and-neck tumours has been reviewed by other groups
in 2009 and 2010 [86-88]. However, the studies discussed by
the authors of these reviews did not consider the influence of
HPV. Recent studies conducted in collaboration with our
group revealed the differential regulation of 114 miRNAs in
OSCC (oral squamous cell carcinoma) and 38 differentially
expressed miRNAs in PSCC (pharyngeal squamous cell
carcinoma) [89]. In these studies, the cancer material was
carefully sorted in relation to anatomic site and analysed for
HPV-positive and -negative tumours. The studies
demonstrated that miRNA profiling is characteristic for each
tumour category and that the HPV-positive tumours group as
a specific disease. The most differentially upregulated
miRNA in OSCC was miR-31 and the most downregulated
was miR-375, in line with the findings of Li et al. [84]. In
HPV-positive PSCC, the most upregulated miRNA was
miR-363, in accordance with the observations of Wald et al.
in cultured head-and-neck cells [66], and the most
downregulated was miR-127-3p (Table 2b). Interestingly,
both miR-143 and miR-145 were two-fold downregulated,
similar to the findings reported for cervical cancer specimens
[60]. Analysis of laser-captured tissue from HPV-positive
versus -negative TSCC (tonsil squamous cell carcinoma)
identified a set of 36 differentially expressed miRNAs. It is
worth noting the absence of miR-143 and miR-145 from this
set, which corresponds to the findings discussed in the
previous section regarding the consistent downregulation of
these two miRNAs in a wide range of tumours. The most
differentially expressed miRNAs in the TSCC specimens
were miR-363, miR-21 (upregulated) and miR-193b*
(downregulated) [90] (Table 2b). This study also addressed a
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Table 2a. The Most Differentially Expressed or Promoted hsa-miRNAs in Cervical Cancer from Tissues

Wang [60]

Hu et al. 2010 [83]

Li et al. 2011 [84] Rao et al. 2011 [85]

miR-126 down

miR-143 * down

miR-145 * down

miR-424 down

down

miR-15b down

up

miR-16 up

miR-146a * up

miR-21* up

up

miR-155 up

miR-223 up

miR-200a *

up

miR-9 *

up

miR-203 *

down

miR-218 *

down

down down

miR-20b

up

miR-224

up

miR-106a

up

miR-17

up

miR-375

down

miR-29¢

down

miR-100

down

miR-29a

down

miR-7

up

miR-429

up

miR-141

up

miR-142-5p

up

miR-31

up

miR-127

down

miR-376a

down

miR-214

down

MicroRNAs are presented in the review.

comparison of miRNA profiling in HNSCC and in cervical
squamous cell carcinoma (CSCC) specimens, where a core
set of 14 miRNAs was shared among HPV-positive HNSCC
and CSCC samples. Interestingly, miR-145 was a member of
this core set.

PERSPECTIVES
mRNA and miRNA Correlations

Extensive expression profiling studies have been
performed for both mRNAs and miRNAs. However, little is
known concerning the regulatory dependencies between
miRNAs and their mRNA targets in HPV infections and
HPV-caused cancers. Unveiling of the regulation is

hampered by the fact that a single miRNA can target
multiple mRNAs and a single mRNA can be targeted by
multiple miRNAs. Additionally, miRNAs function as fine-
tuners or modulators rather than binary switches of gene
expression.

In the cited studies of this review, there is a large number
of changes in mRNA expression that are not due to miRNA
regulation, e.g. the activity of viral proteins on cellular
transcription factors and signalling pathways. In addition,
multiple miRNAs are affected during HPV infection, many
of them having multiple mRNA targets. Finally, the causality
is difficult to establish. First, miRNAs can be induced by
viral activity. Secondly, there can be a cellular response to
the changes caused by the virus.
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Table 2b. The Most Differentially Expressed or Promoted hsa-miRNAs in Head-and-Neck Cancer from Tissues

Lajer et al. 2011, OSCC [89] Lajer et al. 2011, PSCC [89] Lajer et al. 2012, TSCC [90]
miR-21"* up up
miR-31* up
miR-375 * down
miR-1224-5p down
miR-617 down
miR-127-3p * down
miR-379 down
miR-125a-5p down
miR-143 * down
miR-145 * down
miR-195-star up
miR-363 * up up
miR-150 up
miR-146b-5p up
miR-15a up
miR-20b up
miR-146a up
miR-193b-star * down
miR-31 down
miR-1180 down

MicroRNAs are presented in the review.

The array studies published to date for HPV have
addressed the regulation between miRNAs and mRNAs on a
one-to-one basis only [56, 75, 91]. In order to elucidate the
regulatory dependencies in these complex settings, one needs
a substantial number of paired expression profiles of
miRNAs and mRNAs and an extensive computational
analysis. Such an analysis has been reported for hepatitis C
virus [92]. However, no studies of this type have presently
been employed in relation to HPV infections. Such studies
could further add to the understanding of the importance of
miRNA targeting as a regulatory tool used by the virus to
modulate the host cell gene expression to the benefit of the
virus.

Network Approach

The variation observed in different studies appearing to
use similar experimental or clinical conditions should be
considered with caution. First, single genes have multiple
functions and can be involved in many pathways and cellular
processes. If one finds that a HPV type leads to differentially
expressed genes which turn out to be similar to those found
in another study, this does not guarantee that the same
pathway or cellular process is affected by the HPV type in
both studies.

Secondly, different HPV types in different biological
conditions can affect the same pathway, but by affecting

different genes in the cascade of genes involved. Therefore,
different genes observed to be differentially expressed might
influence the same pathway.

We believe that future comparisons of the outcomes of
different studies should be carried out on the level of
affected pathways and cellular processes rather than by
comparing lists of differentially expressed genes. Standard
differential expression analysis does not provide the answers
to which pathways and cellular processes are affected.
Additionally, long lists of genes are very difficult for the
reader to comprehend.

Often, arbitrary sets of genes are randomly selected from
a long list of data and interpreted as the biological findings
while the remainder of the genes on the list are ignored.
Hence, in our opinion, more advanced bioinformatic analysis
is required to overcome the limitations of such an approach.
In our recent study, we integrated available knowledge of
protein-protein interactions, molecular signatures, cellular
pathways and transcription factor binding sites [29]. The
outcomes of such analyses add more information to which
pathways and networks of genes are affected by the virus.
The results are therefore more informative to the reader and
make the comparison of different studies easier. We believe
that such an approach can facilitate significant biological
findings and an understanding of the biology behind the
observed differential expression.
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