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High-risk human papillomaviruses (e. g., HPV16, HPV18) are closely associated with the development of
head and neck cancers including oral/oropharyngeal squamous cell carcinoma (OSCC). We previously
demonstrated immortalization of normal human oral keratinocytes by introducing high-risk HPV whole
genome, suggesting that HPV infection plays an important role in the early stage of oral carcinogenesis.
Although HPV infection may occur in different stages of cancer development, roles of HPV in exacer-
bating malignant phenotypes in already-transformed cells in the context of cancer stemness are not
clearly defined. In this study, we investigated the role of HPV16 in promoting the virulence of HPV-
negative OSCC. Introducing HPV16 whole genome in HPV-negative OSCC increased malignant growth
and self-renewal capacity, a key characteristic of cancer stem cells (CSCs). HPV16 also enhanced other
CSC properties, including aldehyde dehydrogenase 1 (ALDH1) activity, migration/invasion, and CSC-
related factor expression. Mechanistically, we found that HPV16 inhibited the expression of miR-181a
and miR-181d (miR-181a/d) at the transcriptional level. Ectopic expression of miR-181a/d decreased
anchorage independent growth and CSC phenotype of HPV16-transfected OSCC. Furthermore, silencing
of miR-181a/d target genes, i. e., K-ras and ALDH1, abrogated the effects of HPV16 in HPV16-transfected
OSCC, supporting the functional importance of HPV16/miR-181a/d axis in HPV-mediated oral carcino-
genesis. Our study suggests that high-risk HPV infection further promotes malignancy in HPV-negative
OSCC by enhancing cancer stemness via miR-181a/d regulation. Consequently, miR-181a/d may represent
a novel therapeutic agent for the treatment of HPV-positive OSCC.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

OSCC is the sixth most common cancer and an important public
health concern worldwide [1]. Risk factors for OSCC development
in the elderly are typically associated with a life-long history of
cigarette smoking and heavy alcohol consumption [2,3]. Recent
studieshaveshown that there is anincreasing incidence of oral
cancer among young adults [4,5] and that a significant percentage
of OSCC cases in young adults were non-habitués [6]. Indeed, 34%
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of the cases in young adults did not show any tobacco/alcohol
related habits [7], but rather, changes in sexual behaviors was one
of the contributing factors for this increasing incidence of oral
cancer in young adults.

HPV is a DNA virus that is typically transmitted through sexual
contacts. Many studies revealed that high-risk HPV (e. g., HPV16,
HPV18) is an additional independent risk factor for oral cancer
[8,9]. HPV infection is closely linked to benign and malignant oral
lesions [10] and up to 30–40% of oral cancer biopsies contain the
viral DNA [11]. Despite the saturated understanding of HPV-
inducing immortalization mechanisms in normal human epithelial
cells, not much is known about the possible role and the under-
lying mechanisms of HPV in promoting the virulence of already
transformed cells, such as HPV-negative OSCC.

Recent studies have unveiled and validated the pathophysiologic
role of CSCs (alternatively cancer initiating cells) in long-term sus-
tenance of cancers [12]. CSCs are small subpopulations of tumor cells
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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with self-renewal capacity and share many molecular similarities to
embryonic and normal adult stem cells. CSCs have been isolated from
various primary tumors and established cancer cell lines, including
OSCC [13,14]. They are also potentially responsible for drug resis-
tance, metastasis, and recurrence of cancers. Therefore, CSCs drive
the perpetuity of the disease while producing cellular heterogeneity
of cancer tissues, making them strategically plausible targets for
cancer therapies. The phenotypes of CSC have been reported to be
maintained by several endogenous signaling pathways, such as
Notch, Hedgehog, and Wnt [15,16], which are frequently activated in
human cancers [16–18]. In addition, increasing numbers of publica-
tions reported that CSCs can be epigenetically regulated by micro-
RNAs (miRNAs) [19,20].

miRNAs are one of major epigeneticregulators of eukaryotic gene
expression [21]. miRNAs are 21–25 nucleotide non-coding RNAs that
bind to the target mRNAs at their 3′ untranslated region (UTR) and
suppress the gene expression. They are estimated to regulate at least
one-third of all human genes and play key roles in many cellular
processes, including cancer development and stemness maintenance
[22,23]. Many studies identified various miRNAs affecting CSC phe-
notype [20,24]. For instance, miR-34a suppresses CSCs by repressing
CD44 [25], and miR-200 inhibits CSC self-renewal and properties by
suppressing diverse target genes [26,27]. Interestingly, various studies
showed that miRNA expression pattern is affected by HPV status in
human SCC [28,29]. These observations suggest the potential role of
HPV/miRNA axis in oral cancer progression in the context of epigenetic
regulation of CSCs.

In the present study, we provide evidence that high-risk HPV16
enhances malignant growth and CSC phenotype of HPV-negative
Fig. 1. HPV16 increases tumor growth of HPV-negative OSCC both in vitro and in vivo. Fou
with pMHPV-16d containing a head-to-tail dimer of HPV-16 whole genome or with pd
culture medium containing 200 mg/ml of G418, then subcultured and used for experimen
determined by soft agar assay. Data are means7SD of triplicate experiments. nPo0.00
HPV16-transfected OSCC cell lines (SCC105/HPV16 and UM6/HPV16) and their empty
magnification of 40� . (C) Organotypic raft cultures were established with HPV16-transf
UM10b). Brackets indicate epithelial thickness, while arrows indicate infiltrating island
igenicity of HPV-negative OSCC was determined by xenograft tumor assay. UM6 and UM6
5, and tumors were surgically removed from all animals, weighted, and photographed.
OSCC cells by suppressing tumor suppressive miRNAs, miR-181a
and miR-181d. Our study suggests that HPV infection in pre-
cancerous and cancerous lesions may potentiate malignant phe-
notypes by affecting CSC-enriched populations through miRNA-
mediated epigenetic regulation and it can ultimately dictate the
cancer progression.
2. Materials and methods

2.1. Cells and cell culture

Four HPV-negative OSCC cell lines (SCC66, SCC105, UM6,
UM10b [30]) were cultured in DMEM/Ham's F12 (Invitrogen)
supplemented with 10% FBS (Gemini Bioproducts) and 0.4 mg/ml
hydrocortisone (Sigma-Aldrich).
2.2. Transfection with HPV16 whole genome

Approximately 70% of confluent OSCC cells grown in 60 mm
Petri dishes were transfected with pMHPV-16d, a head-to-tail
dimer of HPV-16 DNA inserted into the plasmid pdMMTneo or
pdMMTneo by using the Lipofectin reagent [31]. To select cells
transfected with the pMHPV-16d or pdMMTneo plasmid, the cells
were incubated in a culture medium containing 200 mg/ml of G418
(GIBCO, Grand Island, NY) and G418-resistant cells were isolated,
subcultured and used for experiments.
r HPV-negative OSCC cell lines (SCC66, SCC105, UM6, and UM10b) were transfected
MMTneo, an empty vector as the control. Stable transfected cells were selected in
ts. (A) Effect of HPV16 on anchorage independent growth of HPV-negative OSCC was
1 by two-tailed Student's t test. (B) Representative images of colonies formed by
vector-transfected controls (SCC105 and UM6). The photographs were taken at a
ected OSCC cell lines (UM6/HPV16 and UM10b/HPV16) and their controls (UM6 and
s of cells through the basement membrane. (D) Effect of HPV16 on in vivo tumor-
/HPV16 were injected subcutaneously into five nude mice. Mice were killed at week
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2.3. Anchorage-independent growth

To determine colony-forming efficiency in semi-solid medium,
1�104 cells were plated in culture medium containing 0.3%
agarose over a base layer of serum-free medium containing 0.5%
agarose. Two weeks after incubation, the colonies were counted.
The experiment was performed in triplicates with 60-mm dishes.
2.4. Organotypic raft cultures

One million cells were seeded on the submucosal equivalents
consisting of type I collagen and normal human oral fibroblasts.
The cells were grown to confluence, submerged in the culture
medium, and then exposed to the liquid–air interface by lowering
the medium level. The cultures were maintained in this “rafting”
fashion for 14 days and were harvested by fixing in 10% buffered
formalin. Subsequently, hematoxylin–eosin (H&E) staining was
performed on thick (6 μm) sagittal sections of each reconstructs to
reveal the histological features. Sample processing, paraffin-
embedding, sectioning, and H&E staining were performed at
UCLA’s Translational Pathology Core Laboratory (TPCL).
2.5. In vivo xenograft tumor assay

Four million cells were subcutaneously injected into the flank of
immunocompromised mice (strain nu/nu, Charles River Laboratories).
The animal study was performed according to the protocol approved
by UCLA Animal Research Committee. The kinetics of tumor growth
was determined by measuring the volume in three perpendicular
axes of the nodules using micro-scaled calipers.
Fig. 2. HPV16 promotes self-renewal capacity of HPV-negative OSCC. (A) Effect of HPV1
formation assay. Data are means7SD of triplicate experiments. nPo0.001, nnPo0.01,
spheres formed by HPV16-transfected OSCC cell lines (SCC66/HPV16 and SCC105/HPV16)
at a magnification of 40� . (C) Effect of HPV16 on stemness transcription factor express
were normalized with the level of GAPDH. Their levels in HPV16-transfected OSCC cell
2.6. Tumor sphere formation assay

Three thousand cells were grown in 3 ml of serum-free DMEM/
F12 media supplemented with 1:50 B27 (Invitrogen), 20 ng/ mL
EGF, 20 ng/ mL, 10 μg/ mL insulin, penicillin, streptomycin, and
amphotericin B in Ultra-Low Attachment 6-well Plates (Corning)
for 6–10 days. The assay was performed in triplicate and the
number of tumor spheres that formed were observed and counted
under a microscope.

2.7. Quantitative real-time PCR (qPCR)

cDNAwas synthesized from 5 μg of total RNA using SuperScript
first-strand synthesis system (Invitrogen). We used 1 μl cDNA for
qPCR amplification with SYBR Green I Master mix (Roche) and
LightCycler 480 II (Roche). The primer sequences were obtained
from the Universal Probe Library (Roche), which are available upon
request. Second derivative Cq value determination method was
used to compare fold-differences according to the manufacturer’s
instructions.

2.8. ALDH1 assay

We used Aldehyde Dehydrogenase-Based Cell Detction Kit
(STEMCELL) to determine ALDH1 enzymatic activity. A total of
1�106 cells were re-suspended in 1 mL of ALDEFLUOR Assay
Buffer. Fluorescent nontoxic ALDEFLUOR Reagent BODIPYTM

(1.25 ml) was added as a substrate to measure ALDH1 enzymatic
activity in intact cells. Immediately after adding the substrate
reagent, 0.5 ml of the cell suspension was transferred into the
control tube which contained a specific inhibitor for ALDH1, die-
thylaminobenzaldehyde (DEAB) for calculating background
6 on self-renewal capacity of HPV-negative OSCC was determined by tumor sphere
and nnnPo0.05 by two-tailed Student's t test. (B) Representative images of tumor
and their corresponding controls (SCC66 and SCC105). The photographs were taken
ion in HPV-negative OSCC was determined by real-time qPCR. Levels of the factors
lines were plotted as fold induction against those in their corresponding controls.
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fluorescence. Then, the cells were incubated at 35 °C for 30 min
and fluorescence data acquisition was made by using a BD FACScan
flow cytometer (BD Biosciences).
2.9. Migration and invasion assay

Cell migration was measured using transwell chambers with
polycarbonate membranes (Corning) as described in our previous
publication [32]. Cell invasion was measured using Matrigel
Basement Membrane Matrix (BD Biosciences) according to the
method as described in manufacture protocol.
2.10. Overexpression of miR-181

10μM of pre-miR-181a and 181d (Ambion) was used indivi-
dually or combined together with Lipofectamin 2000 (Invitrogen).
Initially 8x105 cells were seeded on 60 mm dish for 6 h prior to
transfection. Transfecting solution was prepared by mixing the
10 μl of Lipofectamin 2000 with 20 μl of siRNA and 470 μl of
culture medium. After 5 min of incubation at room temperature,
the transfecting solution was added to the cell for overnight
Fig. 3. HPV16 promotes CSC properties of HPV-negative OSCC. (A) Effect of HPV16 on AL
labeled with Aldefluor combined with or without the ALDH1 inhibitor DEAB and analyz
DEAB control (þDEAB) and shows the brightly fluorescent ALDH1 population versus th
number shown in each panel reflects the percentage of ALDH1þ cells in each cell type. (B
in HPV16-transfected OSCC cell lines were plotted as fold induction against those in their
on migration ability in HPV-negative OSCC was determined by transwell migration assay
mean7SD for 3 randomly selected fields. nPo0.05, nnPo0.01, and nnnPo0.001 by two-t
above the graph. (D) Effect of HPV16 on invasion ability of HPV-negative OSCC was dete
invaded cells per field with the data as mean7SD for 3 randomly selected fields. nnPo0.
invasion assay are shown above the graph.
incubation at 37 °C. For the negative control, we used 5nM of
negative control #1 pre-miR (Ambion).

2.11. qPCR analysis of miR-181

Total RNA was extracted from cell cultures using Trizol Reagent
(Invitrogen). A cDNA pool of miRNAs was synthesized by Quanti-
Mir cDNA Kit (System Biosciences) according to the manufacturer's
protocol. Next, miRNAs were amplified using the SYBR Green I
Master PCR Mix (Roche) with the LightCycler 480 II real time PCR
system (Roche). For miR-181a amplification, one primer is mature
miR-181a specific (5′-aacattcaacgctgtcggtgagt-3′) and the other is
the company-provided universal primer. U6 small nuclear RNA
(snRNA) level was used as an internal control for the starting
amount of cDNA.

2.12. Luciferase report assays

The pGL3-615 plasmid containing a minimal regulatory region
of miR-181a’s promoter (�615 to þ1) was used in this study [33].
Transfection and luciferase assay were carried out as described in
previous publications. For normalization of transfection efficiency,
DH1 activity in HPV-negative OSCC was determined by Aldefluor assay. Cells were
ed by flow cytometry. The gate for ALDH1 þ cells is determined in relation to the
e side scatter, a population that is absent/decreased in the presence of DEAB. The
) Effect of HPV16 on ALDH1 mRNAwas determined by real-time qPCR. ALDH1 levels
corresponding controls. nPo0.001 by two-tailed Student’s t test. (C) Effect of HPV16
. Migration ability was described as number of migrated cells per field with data as
ailed Student's t test. Representative images of transwell migration assay are shown
rmined by Matrigel invasion assay. Invasion ability was described as the number of
01 and nnnPo0.001 by two-tailed Student’s t test. Representative images of Matrigel
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the cells were also co-transfected with pRL-SV40 (Promega) con-
taining the renilla luciferase gene under SV40 promoter.

2.13. Knockdown of K-ras and ALDH1 using siRNA

K-ras and ALDH1 were knocked down with duplex siRNA tar-
geting K-ras (Santa Cruz Biotech) and ALDH1 (Santa Cruz Biotech),
respectively. The cells were also transfected with scrambled siRNA
(Santa Cruz Biotech) as the control. Transfection was carried out
using Lipofectamine RNAiMAX (Invitrogen). OSCC cells (2�105)
were plated in 60-mm dishes and transfected with 15 μg siRNA.
Finally, the cultures were harvested after two days post-transfec-
tion for expression and functional analyses.

2.14. Western blotting

Western blotting was performed as previously described [32].
We used the following primary antibodies for this study: K-ras (C-
19; Santa Cruz Biotech) and GAPDH (Santa Cruz Biotech).
3. Results

3.1. HPV16 enhances tumor growth of HPV-negative OSCC cells both
in vitro and in vivo

To investigate whether high-risk HPV can further promote the
malignant phenotype of HPV-negative OSCC, we first transfected
four HPV-negative OSCC cell lines (SCC66, SCC105, UM6, UM10b)
with HPV16 whole genome. All of the HPV16-transfected OSCC cell
lines expressed HPV16 E6 and E7 (data not shown). Then, we
examined the effect of HPV16 on the anchorage independent
growth ability of HPV-negative OSCC by performing soft agar
Fig. 4. HPV16 downregulates the expression of miR-181a and miR-181d by inhibiting mi
181b, miR-181c, and miR-181d) in the HPV16-transfected cell lines and their controls we
miR-181a promoter activity was determined by luciferase promoter assay. Cells were tr
miR-181a promoter region (-615 to þ1). The cells were also cotransfected with pRL-SV4
Student’s t test.
assays. All HPV16-transfected OSCC cell lines showed robust
induction of anchorage independent growth compared to their
empty vector-transfected controls (Fig. 1A and B). We also
employed an in vivo-like 3-demensional organotypic cell culture
system where we could reconstitute squamous epithelium in vitro
[32,33]. Organotypic cultures of the HPV16-transfected cells
showed malignant histomorphology with invasive characteristics
into the subepithelial layer and formed thicker squamous epithe-
lium than those of their control cells (Fig. 1C). To extend these
observations, we investigated the effect of HPV16 on in vivo
tumorigenicity of HPV-negative OSCC cells by performing xeno-
graft tumor assay in nude mice. The HPV16-transfected cells
(UM6/HPV16) exhibited robust increase in xenograft tumor
growth and tumor forming ability compared to their control cells
(UM6) (Fig. 1D). These findings collectively indicate that high-risk
HPV16 further enhances tumorigenicity of HPV-negative OSCC.

3.2. HPV16 promotes self-renewal capacity and CSC properties of
HPV-negative OSCC cells

A key feature of CSCs is self-renewal capacity, which appears to
be a driving force for the initiation and maintenance of tumor-
igenicity [12]. CSCs have been previously isolated from HPV-
positive SCC [34]. To determine the effect of high-risk HPV on self-
renewal capacity of HPV-negative OSCC, we employed tumor
sphere formation assay in which CSCs can be enriched in non-
adherent tumor spheres [32]. Abundance and the growth kinetics
of tumor spheres are indicative of CSC content and self-renewal
capacity in a given culture of heterogeneous cancer cells. All
HPV16-transfected OSCC cell lines displayed robust increase in
tumor sphere-forming ability compared to their empty vector-
transfected controls (Fig. 2A and B). The effect of HPV16 on self-
renewal was further confirmed by evaluating the expression of
R-181 promoter activity. (A) The levels of miR-181 family members (miR-181a, miR-
re measured by real-time qPCR and normalized to U6 snRNA. (B) Effect of HPV16 on
ansfected with pGL3-Basic (promoter-less) or pGL3 vectors containing the minimal
0 to monitor the transfection efficiency. nnP o 0.01 and nnnP o 0.001 by two-tailed
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stemness transcription factors (Fig. 2C). All HPV16-transfected
OSCC cell lines consistently exhibited higher gene expression
levels of Oct4, Nanog, KLF4, c-Myc, and Bmi1 than the empty
vector controls. Our findings indicate that HPV16 promotes self-
renewal capacity of HPV-negative OSCC.

Next, we further investigated the effect of HPV16 on CSC
properties in HPV-negative OSCC. Aldehyde dehydrogenase 1
(ALDH1) activity is an important CSC marker and is enriched in
CSCs of head and neck cancer [34]. The flow cytometric analysis
revealed a significant increase in ALDH1þ (or ALDH1 high) cell
population in the HPV16-transfected cells compared to their cor-
responding controls (48.13% versus 11.62% and 21.9% versus 7.72%;
Fig. 3A). We also observed robust induction of ALDH1 mRNA in the
HPV16-transfected cells (Fig. 3B). Because another well-known
property of CSCs is their metastatic potential [12], we examined
the effect of HPV16 on migration and invasion of HPV-negative
OSCC in vitro. As demonstrated by a transwell migration assay
(Fig. 3C), all HPV16-transfected OSCC cell lines migrated sig-
nificantly faster than their corresponding controls. We also found a
significant increase in invasion in all HPV16-transfected OSCC cell
lines as shown by Matrigel invasion assay (Fig. 3D). Overall, our
data indicate that high-risk HPV16 enriches CSC population and
properties in HPV-negative OSCC.
Fig. 5. Ectopic expression of miR-181a/d suppresses anchorage independent growth and
overexpression of miR-181a and miR-181d in UM6/HPV16 transfected with pre-miR-mi
gonucleotides (SCR) were used as a control transfection. Levels of miRNAs were meas
independent growth assay. nSignificantly different (Po0.01, Student's t test) from the
transfected with miR-181a/d and SCR are shown on the right side. (C) Tumor sphere for
the SCR-transfected cells. (D) Transwell migration assay. nSignificantly different (Po0.0
migration assay from UM6/HPV16 transfected with miR-181a/d and SCR are shown on th
and CSC-related genes in UM6/HPV16 were examined by real-time qPCR.
3.3. HPV16 increases anchorage independent growth and CSC phe-
notype of HPV-negative OSCC cells by suppressing miR-181a and miR-
181d

Recent studies clearly demonstrated that HPV status affect the
miRNA expression pattern in human SCC [28,29]. To understand the
role of miRNAs that are specific for high-risk HPV16, we compared
global miRNA expression profiles of HPV16-transfected OSCC cells
(SCC105/HPV16 and UM10b/HPV16) with their empty vector con-
trols (SCC105 and UM10b) using miRCURY LNATM miRNA Array
(Exiqon). We identified 34 miRNAs that were altered greater than
2-fold, po0.05 by HPV16 in both cell lines (data not shown).
Among them, 15 miRNAs were downregulated and 19 miRNAs were
upregulated by HPV16. We then compared the expression of these
34 miRNAs in the four HPV16-transfected cell lines versus their
corresponding controls (data not shown). Two miR-181 family
members, miR-181a and miR-181d, were consistently down-
regulated in all of the HPV16-transfected cell lines (Fig. 4A). How-
ever other miR-181 members, miR-181b and miR-181c, were not
consistently altered by HPV16 (Fig. 4A). To further understand the
mechanism of miR-181 downregulation by HPV16, we utilized the
miR-181a promoter construct, whose luciferase activity is driven by
the 615-bp minimal promoter sequence of miR-181a [33]. When
transfected with the miR-181a promoter constructs, the HPV16-
CSC phenotype in HPV16-transfected OSCC. (A) Real-time qPCR analysis of ectopic
R-181a (miR-181a), pre-miR-181d (miR-181d), or both (miR-181a/d). Scramble oli-
ured 3 day posttransfection and normalized to that of U6 snRNA. (B) Anchorage
SCR-transfected cells. Representative images of colonies formed by UM6/HPV16

mation assay. Significantly different (nPo0.05 and nnPo0.01, Student's t test) from
1, Student's t test) from other transfected cells. Representative images of transwell
e right side. (E) Effects of miR-181a and miR-181d on stemness transcription factors
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positive cells showed markedly lower luciferase activity compared
to their corresponding control cells, indicating that miR-181a is
transcriptionally repressed by HPV16 (Fig. 4B).

Having determined that miR-181a and miR-181d are tran-
scriptional targets of HPV16, we next sought to demonstrate the
HPV16’s enhancing capacity of tumor growth and CSC phenotype
by repressing miR-181. We overexpressed miR-181a and miR-181d
in the HPV16-transfected cells (UM6/HPV16) by transfecting with
pre-miR-181a, pre-miR-181d or both (Fig. 5A). These transfected
pre-miRNAs do not contain their natural promoters; therefore,
these miRNAs were expected to reconstitute their expressions in
the presence of HPV. Consistent with our previous finding [33],
overexpression of miR-181a and miR-181d suppressed anchorage
independent growth ability of the HPV16-transfected cells
(Fig. 5B). miR-181a and miR-181d also decreased the tumor
sphere-forming ability of UM6/HPV16 (Fig. 5C). Interestingly, the
combination of miR-181a and miR-181d (miR-181a/d) showed the
most potent inhibitory effect on anchorage independent growth
and self-renewal capacity of the cells. We also found the strongest
inhibitory effect of miR-181a/d on the migratory ability of UM6/
HPV16 (Fig. 5D). The inhibitory effect of miR-181a/d on CSC phe-
notype was further validated by qPCR analysis of stemness tran-
scription factors and CSC-related genes (Fig. 5E). We observed that
miR181a/d suppressed stemness transcription factors (i. e., Oct4,
Nanog, KLF4, Lin28) and CSC-related genes (i.e., ALDH1, Hes1,
Hey1, Gli1, FGF4) in UM6/HPV16. However, miR-18a/d did not alter
viral gene expression such as E6 and E7 (data not shown). Our
findings indicate that HPV16 enhances tumor growth and CSC
phenotype of HPV-negative OSCC cells by transcriptionally sup-
pressing miR-181a/d.
Fig. 6. Silencing of K-ras, a miR-181a/d target, inhibits anchorage independent growth
K-ras in HPV16-tranfected OSCC cell lines was determined by Western blot analysis. GA
181a/d decreased K-ras in UM6/HPV16 as determined by Western blot analysis. (C) End
siRNA). The cells transfected with control siRNA (CTLi) were included for comparison. (D
determined by soft agar assay. nPo0.05 by two-tailed Student’s t test. (E) Effect of K-
migration assay. nPo0.05 by two-tailed Student’s t test. Representative images of trans
shown on the right side. (F) Effect of K-ras knockdown on self-renewal capacity of UM6
3.4. Silencing of miR-181a/d target genes abrogates the effect of
HPV16 in HPV16-transfected OSCC cells

Previously, we reported that miR-181a elicits tumor suppres-
sive activity against OSCC by downregulating K-ras [33]. miR-181a
inhibits K-ras translation by regulating the 3′-UTR of K-ras gene
[33]. miR-181d also acts as tumor suppressor by targeting K-ras
[35]. To investigate whether HPV16/miR-181a/d axis enhances
tumor growth and CSC phenotype by regulating target gene(s) of
miR-181a/d, we first examined the role of K-ras. We confirmed
that K-ras was increased in the HPV16-transfected OSCC cell lines
(Fig. 6A) and then tested to see if increased K-ras is attributable to
the downregulation of miR-181a and miR-181d in the HPV16-
transfected cells. Overexpression of miR-181a and miR-181d
notably decreased the level of K-ras expression in UM6/HPV16,
indicating that K-ras was indeed increased by HPV16 via the
downregulation of miR-181a and miR-181d (Fig. 6B). Furthermore,
we examined if knockdown of K-ras would abrogate the effects of
HPV16 on UM6/HPV16. We successfully knocked down K-ras in
UM6/HPV16 using siRNA (Fig. 6C). K-ras siRNA significantly
inhibited anchorage independent growth and migration ability of
UM6/HPV16 (Fig. 6D and E). However, knockdown of K-ras mar-
ginally suppressed tumor sphere-forming ability of the cells
(Fig. 6F), suggesting that multiple targets of miR-181a/d may be
responsible for the HPV16-induced CSC phenotype in OSCC cells.

To test this possibility, we sought to identify other target(s) of
miR-181a/d involved in the HPV16-induced CSC phenotype.
Increased ALDH1 by HPV16 (Fig. 3A and B) and decreased ALDH1
by miR-181a/d in the HPV16-transfected cells (Fig. 5E) suggest a
possible role of ALDH1 in the CSC regulation by the HPV16/miR-
and migration ability in HPV16-transfected OSCC cells. (A) Decreased expression of
PDH was used as controls. (B) Ectopic expression of miR-181a, miR-181d, and miR-
ogenous K-ras in UM6/HPV16 was knocked down using siRNA against K-ras (K-ras
) Effect of K-ras knockdown on anchorage independent growth in UM6/HPV16 was
ras knockdown on migration ability of UM6/HPV16 was determined by transwell
well migration assay from UM6/HPV16 transfected with CTLi and K-ras siRNA are
/HPV16 was determined by tumor sphere formation assay.
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181 axis. Indeed, we demonstrated that miR-181a/d suppressed
both ALDH1 mRNA (Fig. 7A) and ALDH1þ cell population (Fig. 7B)
in UM6/HPV16 cells, indicating that ALDH1 is a downstream target
of HPV16/miR181a/d axis. To investigate the functional role of
ALDH1 in the CSC regulation by the HPV16/miR-181 axis, we
knocked down ALDH1 in UM6/HPV16 cells using siRNA (Fig. 7C
and D). ALDH1 siRNA significantly suppressed self-renewal capa-
city, as demonstrated by tumor sphere formation assay (Fig. 7E).
Knockdown of ALDH1 also inhibited anchorage independent
growth ability of UM6/HPV16 (Fig. 7F). These findings signify the
importance of ALDH1 in the CSC phenotype increased by the
HPV16/miR-181 axis. Taken together, our findings indicate the
functional role of miR-181a/d target genes under the HPV16/miR-
181a/d axis in further malignant progression of HPV-negative
OSCC by high-risk HPV16.
4. Discussion

Here, we demonstrated for the first time that high-risk HPV16
enhances tumor growth and cancer stemness of HPV-negative
OSCC via miR-181a/d regulation. HPV16 represses miR-181 by
Fig. 7. ALDH1 is a downstream target of miR-181a/d, and its knockdown inhibits self-ren
of miR-181a/d on ALDH1 mRNA in UM6/HPV16 was determined by miR-18a/d transfecti
HPV16 was determined by Aldefluor assay. The number shown in each panel reflects t
HPV16 was knocked down using siRNA against ALDH1 (ALDH1 siRNA). Decreased ALD
determined by Aldefluor assay. Relative ALDH1 activity was obtained from ALDH1þ c
(E) Effect of ALDH1 knockdown on self-renewal capacity of UM6/HPV16 was determined
of tumor spheres formed by UM6/HPV16 transfected with CTLi and ALDH1 siRNA were s
growth of UM6/HPV16 was determined by soft agar assay. nPo0.05, Student's t test. (G)
miR-181a/d targets and promotion of malignant growth and CSC phenotype in HPV-ne
inhibiting its promoter activity. We also provide the evidence that
miR-181a/d regulate tumor growth and CSC phenotype by reg-
ulating their multiple target genes in HPV16-positive OSCC cells,
indicating the importance of miR-181/miR-181 targets axis in
HPV-mediated oral carcinogenesis (Fig. 7G). Thus, our study
highlights the important role of high-risk HPV in malignant pro-
gression of HPV-negative OSCC by enriching cancer stemness via
epigenetic regulators, miRNAs.

Previously, we have studied the role of HPV in oral carcino-
genesis, particularly focusing on the mechanisms of the trans-
forming capacity of high-risk HPVs (i.e., HPV16 and HPV18) in
normal human oral keratinocytes (NHOKs). We reported success-
ful immortalization of NHOK by transfection with high-risk HPV
whole genome, but failed to yield neoplastic conversion of the
normal cells [31,36]. This suggested that HPV infection plays an
important role in the early stage of oral carcinogenesis. However,
the possible role of HPV in malignant progression of already
transformed cells, i.e., HPV-negative OSCC has not been well
documented. Our study clearly demonstrated that high-risk HPV16
further promotes malignant growth of HPV-negative OSCC cells
in vivo and in vitro. This finding is consistent with the results of a
previous study reporting that HPV16 induced significant increases
ewal and anchorage independent growth of HPV16-transfected OSCC cells. (A) Effect
on followed by real-time qPCR. (B) Effect of miR-181a/d on ALDH1 activity in UM6/
he percentage of ALDH1þ cells in each cell type. (C) Endogenous ALDH1 in UM6/
H1 mRNA was determined by real-time qPCR. (D) Decreased ALDH1 activity was
ell population. Percentage of ALDH1þ cells in the CTLi-transfected cells is 100%.
by tumor sphere formation assay. nPo0.05, Student's t test. Representative images
hown on the right side. (F) Effect of ALDH1 knockdown on anchorage independent
Schema depicting HPV16-induced suppression of miR-181a/d, thereby induction of
gative OSCC.
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in proliferation of an HPV-negative OSCC line in vitro [37]. Sur-
prisingly, we found that HPV16 led to robust increase in self-
renewal capacity and stemness transcription factors in multiple
HPV-negative OSCC cell lines. Our findings suggest that HPV16
further promotes malignant progression of HPV-negative OSCC by
increasing self-renewal capacity, a key feature of CSCs.

Furthermore, we demonstrate that HPV16 promotes other CSC
properties, ALDH1 activity and in vitro metastatic potential. HPV16
markedly increases ALDH1þ cell population in multiple HPV-
negative OSCC cell lines. ALDH1 has been found to be a marker for
CSCs in different types of cancer, including OSCC [38,39]. ALDH1þ
cancer cells displayed high self-renewal, migration, and in vivo
tumor-forming capacity compared to ALDH1- cells [38,39]. HPV16
also increases motility and invasion ability of HPV-negative OSCC
cells. Our findings are consistent with previous observations that
high-risk HPV oncoprotein promoted migration of cervical cancer
cells [38–40]. However, the underlying mechanism by which HPV16
regulates OSCC migration is not understood, warranting further
investigations on the effects of HPV16 on epithelial-to-mesenchy-
mal transition (EMT) and metastasis-related gene expression
[41,42]. Thus, we hypothesize that high-risk HPV infection further
promotes malignant progression of HPV-negative OSCC by enrich-
ing CSC phenotype. Our study further suggests that HPV infection
plays a pivotal role during any stage of cancer development, sup-
porting the potential benefit of HPV vaccination inolder adults.

miRNAs are epigenetic regulators of gene expression and their
deregulation is closely linked to cancer initiation and progression.
Recent studies clearly demonstrated that HPV status affect the
miRNA expression pattern in human SCC [29,31,43]. A number of
cellular miRNAs have been found to be modulated by HPV proteins
and to play important roles in HPV-mediated carcinogenesis [39]. A
recent study reported that miR-181 family members are the most
downregulated miRNAs in HPV16-positive compared to HPV-nega-
tive HNSCC cell line [29]. Consistently, our study showed that HPV16
suppresses miR-181 expression by inhibiting its promoter activity,
indicating for the first time that miR-181a and miR-181d are novel
transcription targets of HPV16. Several biomarkers have been iden-
tified and used for diagnosing HPV-associated cancers, such as
p16INK4a, TOP2A, and surviving [44]. Among these putative bio-
markers, p16INK4a is shown to be a reliable surrogate marker for the
presence of HPV [45]. Although p16INK4a is a known tumor sup-
pressor, its expression is believed to be high in HPV-associated can-
cers due to E7-mediated inactivation of Rb, a negative regulator of
p16INK4a [45]. However, its sensitivity is still questionable because
HPV-negative cancer patients have been shown to express high level
of p16INK4a [46]. Therefore, miR-181a and miR-181d could be used as
potential diagnostic biomarkers, either alone or together, for HPV-
associated oral cancer. It is important to note that high-risk HPV E6
inactivates p53 tumor suppressor, which is known to function as a
transcription factor in regulating miRNAs [47]. However, we are able
to rule out the possible involvement of p53 in the regulation of miR-
181a/d because HPV16 suppresses the expressions of miR-181a/d in
oral keratinocytes containing wild-type p53 (data not shown) and
the OSCC cell lines containing defective p53 gene [30].

Previously, we reported that miR-181a elicits tumor suppressive
activity against OSCC by downregulating K-ras [33]. miR-181d also
acts as tumor suppressor by targeting K-ras [35], indicating that K-ras
is a common target of miR-181a and miR-181d. Activation of K-ras is
implicated in the pathogenesis of oral cancer [48] and CSC in
mammalian cancer [49,50]. These results suggest that miR-181a/d
could be important epigenetic regulators for CSC phenotype via their
target gene(s). In our study, overexpression (restoration) of miR-
181a/d suppressed various CSC properties increased by HPV16,
indicating their CSC-suppressive role in HPV16-positive OSCC. Fur-
thermore, K-ras knockdown resulted in suppression of migration and
anchorage independent growth, but not self-renewal capacity of
HPV16-positive OSCC. Because of the redundant function of miRNA
and multiple targets of miR-181a/d, it is plausible that multiple tar-
gets of miR-181a/d in the HPV16/miR-181 axis may cooperatively
contribute to CSC phenotype. Indeed, we found that ALDH1 is a novel
downstream target of miR-181a/d; it was suppressed by miR-181a/d
in HPV16-positive OSCC. Moreover, knockdown of ALDH1 in HPV16-
positive OSCC suppressed self-renewal and anchorage independent
growth ability, supporting the functional role of ALDH1 in HPV-
mediated oral carcinogenesis. We hypothesize that the HPV16/miR-
181 axis regulates tumor growth and CSC phenotype via multiple
targets of miR-181. Our data also suggest that miR-181a/d may be
novel CSC inhibitors and targeting miR-181a/d may represent a novel
therapeutic approach to suppress CSCs of OSCC.

In conclusion, high-risk HPV directs malignant progression of
OSCC by enhancing stemness properties of OSCC. The HPV-
induced phenotypes are epigenetically mediated by miRNAs. Our
results identified novel HPV-regulated miRNAs, i.e., miR-181a/d,
whose expression and promoter activity are suppressed by HPV16.
Furthermore, we showed that K-ras and ALDH1, targets of miR-
181a/d, are important players in driving cancer stemness in HPV-
positive OSCC. Thus, our study supports the role of HPV in oral
cancer progression in the context of epigenetic regulation of CSCs.
Moreover, our finding suggests that HPV may have multiple roles
in various stages of oral carcinogenesis; inducing immortalization
of normal oral epithelial cells and promoting malignant progres-
sion of existing OSCC through enriching cancer stemness via the
miR-181/miR181 targets axis. Future studies should investigate the
correlation between HPV status and miR-181a/d expression, and
the biological outcome of low miR-181a/d expression in vivo.
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