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Abstract
Binding of p53 to miR-34a promoter activates the expression of tumor suppressive miR-34a.
Oncogenic HPV infection downregulates miR-34a expression through viral E6 degradation of
p53. In this report, we found that miR-34a specifically targets p18Ink4c, a CDK4 and CDK6
inhibitor induced by E2F transactivation. HPV18+ HeLa cells with ectopic miR-34a expression or
by E6 siRNA knockdown-induced expression of endogenous miR-34a exhibited a substantial
reduction of p18Ink4c in a dose-dependent manner, but had no effect on p16Ink4a, another
member of CDK4/6 inhibitor family. In contrast, de novo infection by oncogenic HPVs of human
keratinocyte-derived raft tissues increased p18Ink4c expression. Suppression of endogenous
miR-34a in cell lines with a miR-34a inhibitor also increased p18Ink4c. We found that miR-34a
suppresses the expression of p18Ink4c by binding to a specific seed match in the 5' UTR of
p18Ink4c. Further investigation found remarkable increase of p18Ink4c in cervical precancer
lesions and cervical cancer. Immunohistochemical staining of cervical tissue arrays showed
increased expression of p18Ink4c in 68% of cervical cancer, 8.3% of chronic cervical
inflammation, and 4.8% of normal cervix. Although p18Ink4c inhibits cell proliferation in general
and regulates E2F1 expression in HCT116 cells, it appears not to function as a tumor suppressor in
cervical cancer cells lacking an intact G1 checkpoint due to viral E7 degradation of pRB. In
summary, this study demonstrates an intimate connection among oncogenic HPV E6, p53,
miR-34a, and p18Ink4c and identifies p18Ink4c as a possible biomarker for cervical cancer.
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Introduction
Cervical cancer induced by persistent infection of oncogenic human papillomaviruses
(HPV)1 is the second most common cancer in women worldwide.2 Among 15 oncogenic
(also called high-risk) HPV types identified, HPV16 and HPV18 are the two most common
types associated with ~70% of all cervical cancer cases.3 Two viral oncoproteins, E6 and
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E7, of HPV16 and HPV18 are responsible for viral oncogenesis, respectively by
destabilizing two major cellular tumor suppressors, p53 and pRB, that are essential for cell
cycle control.4

MicroRNAs (miRNAs) are a class of noncoding regulatory RNAs in size of 21–25
nucleotides and regulate gene expression by base-pairing with complementary nucleotide
sequences (seed matches or binding sites) in the 5' and 3' untranslated regions (UTRs) of
target mRNAs. 5–7 Several hundred genes in human genome have been shown to encode
miRNAs.7 Tumor suppressive miR-34a in proliferating cells is a direct transcriptional target
of p53 and its expression is transactivated by the binding of p53 to a consensus p53 binding
site in the miR-34a promoter region.8–10 However, p53-independent upregulation of
miR-34a can be triggered in cells undergoing terminal differentiation 11 or senescence.12 In
contrast, cancer cells may inactivate miR-34a expression by aberrant CpG methylation.13 It
has been documented that miR-34a exercises remarkable posttranscriptional effects on gene
expression of cell cycle regulators, including cyclin E2, cyclin D1, CDK4, CDK6, E2F1,
E2F3, E2F5, Bcl-2, and SIRT1.8–10,14–17 By affecting the expression of cell cycle
regulators, miR-34a regulates cell cycle progression, cellular senescence, and apoptosis.

Cervical cancer, like many other cancers,18 displays aberrant expression of oncogenic and
tumor suppressive miRNAs. 19,20 We found that cervical cancer and their derived cell lines
express much reduced levels of miR-34a as a result from viral E6 destabilization of p53.11

Given the evidence that infection by oncogenic HPVs is a necessary factor for the
development of cervical cancers,1 we further investigated the consequence of E6-mediated
reduction of miR-34a and searched for miR-34a targets that may contribute to cervical
carcinogenesis associated with oncogenic HPV infection. In this report, we provide the first
compelling evidence that p18Ink4c, a CDK4 and CDK6 inhibitor of INK4 family,21 is a
prominent target of miR-34a. Importantly, an increased expression of p18Ink4c in cervical
precancer lesions and cervical cancer could serve as a possible biomarker of cervical
precancer/cancer as well as oncogenic HPV infections.

Materials and Methods
Cell lines and human tissues

HPV16+ CaSki cells and HPV18+ HeLa cells were grown in Dulbecco's modified Eagle's
medium (DMEM) with 10% FBS at 37°C and 5% CO2. HCT116 cells derived from colon
cancer were grown in McCoy' 5A medium with 10% FBS at 37°C and 5% CO2. Cervical
cancer and normal cervical tissue lysates in RIPA buffer were purchased from Protein
Biotechnologies (Ramona, CA).

Human primary keratinocytes and organotypic cultures
HPV16 and HPV18 infected human foreskin keratinocytes (HFKs) and human vaginal
keratinocytes (HVKs) were grown in monolayer and raft cultures as described.22 The
stratified and differentiated raft culture epidermal tissues were collected free from collagen
(no fibroblasts) and frozen on dry ice for total cell RNA preparation or were formalin-fixed
and paraffin-embedded for tissue sectioning.

Western blotting
Protein samples in 2X SDS sample buffer containing 5% 2-mercaptoethanol were denatured
by heating at 95°C for 5 min and separated in a NuPAGE 4–12% Bis-Tris gel (Invitrogen.
Carlsbad, CA) in 1X NuPAGE MES SDS running buffer (Invitrogen). After transfer, the
nitrocellulose membrane was blocked with 5% nonfat milk in Tris-buffered saline (TBS) for
1 h at room temperature. After rinsing with TBS, the membrane was incubated overnight at
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4°C with a primary antibody and then washed 3 times with TTBS [TBS with the addition of
Tween 20 at a final concentration of 0.1% (vol/vol)]. Horseradish peroxidase-labeled
secondary antibody (Sigma) at 1:10,000 dilution in TTBS was incubated for 1 h at room
temperature. After thorough washing 3 times with TTBS, the immunoreactive proteins were
detected with an enhanced chemiluminescence substrate (Pierce, Rockford, IL). The signal
was captured on X-ray film. Before reprobing with another primary antibody, the membrane
was stripped with Restore Western blot stripping buffer (Pierce) according to the
manufacturer's instructions and blocked with 5% nonfat milk in TBS. The primary
antibodies used were: monoclonal anti-p53 (Calbiochem, San Diego, CA; Ab-6, 1:100),
anti-p18Ink4c (Affinity BioReagents, Golden, CO; DCS118, 1:500), anti-p16Ink4a (BD
PharMingen, San Jose, CA; G175-405, 1:500), anti-CDK4 (Cell Signaling Technology,
Danvers, MA; DCS156, 1:2000), and anti-β-tubulin (Sigma, Tub 2.1, 1:3000), and
polyclonal anti-cyclin E2 (Cell Signaling Technology, 1:1000), anti-E2F1 (Cell Signaling
Technology, 1:1000) and anti-Cyclin A (Santa Cruz Biotechnology, H-432, 1:1000). A
relative protein level in each sample shown in each bar graph was calculated based on its
protein band density on Western blot after normalized to β-tubulin for sample loading.

Immunohistochemical (IHC) staining
IHC staining of HFK and HVK raft tissues or human cervical tissues with high-grade
cervical intraepithelial neoplasia (CIN II) or cervical cancer 23 were carried out with
formalin-fixed, paraffin-embedded tissue sections using Vectastain ABC kit (Vector
Laboratories, Burlingame, CA). For human tissue array analysis, combined array panels
were purchased from Cybrdi (Gaithersburg, MD). Each panel contains formalin-fixed
tissues from 63 individual patients with cervical carcinomas in combination of normal
cervical tissues with or without chronic inflammations. Each dot on the slide represents a
diseased or normal tissue spot from one specimen that was pathologically confirmed. The
slides were treated with 1X Antigen Retrieval Citra Plus Buffer accordance to
manufacturer’s instruction (BioGenex, San Ramon, CA) and then treated with 3% H2O2 in
Dulbecco’s PBS (DPBS) for 15 min, washed and blocked with normal horse serum in
DPBST [DPBS with the addition of Tween 20 at a final concentration of 0.1% (vol/vol)].
Sections were incubated with anti-p18Ink4c antibody (Santa Cruz Biotechnology, clone
118.2) or anti-p16Ink4a antibody (BD PharMingen G175-405) overnight at 4°C, followed
by secondary antibody for 1 h incubation at room temperature, ABC reagent was then added
and the specific signal was developed with DAB substrate kit (Vector Laboratories,
Burlingame, CA). The relative level of p18Ink4c staining in cervical tissues was measured
by signal intensity of a line crossing over the staining cervical area by using an ImageJ
software (http://rsb.info.nih.gov/ij/).24

RT-PCR
Total RNA from HeLa cells and HPV18-infected primary HFKs in monolayer cultures or in
stratified and differentiated raft tissues were used for RT-PCR with the following primers:
oXHW103, 5'-GGGACCTAGAGCAACTTACTAG-3' (forward), and oXHW104, 5'
CAAATCACAGGCGGTGTCC-3' (reverse), for p18Ink4c RNA; oZMZ252, 5'-
ATCCAACACGGCGACCCTAC-3' (forward), and oZMZ253, 5'-
GACCTTCGAGCATTCCAG-3' (reverse), for HPV18 E6E7 RNA; oXHW37, 5'-
ACGAGCCGAACCACAACG-3' (forward), and oXHW38, 5'-
TTCCAGCACCGTGTCCGT-3' (reverse), for HPV18 E4 RNA; oZMZ269, 5'-
GTCATCAATGGAAATCCCATCACC-3' (forward), and oZMZ270, 5'-
TGAGTCCTTCCACGATACCAAA-3' (reverse), for GAPDH RNA as a sample loading
control.
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Northern blotting
Northern blot of miR-34a detection from total cell RNA was performed as described in a
previous report.11 For p18Ink4c mRNA detection, HeLa and HCT116 cells were transfected
with 30 nM miR-34a or a control miRNA twice at an interval of 48 h. Total RNAs harvested
from cells at 96 h were analyzed by Northern blot using a 32P-labeled p18Ink4c cDNA
probe prepared from HeLa cell RNA with the primer pair of oXHW103 and oXHW104.

RNAi
Synthetic double-stranded siRNA219 which targets the HPV18 E6 coding region or
siRNA209 which targets the HPV16 E6 coding region 25,26 was used for transfection of
HeLa cells or CaSki cells as described.11 Synthetic double-stranded p18Ink4c siGenome
SMART pool (Dharmacon) was transfected into HeLa or HCT116 cells by using siPORT
NeoFX Transfection Agent (Ambion) according to the manufacturer's instructions. After 48
h, the cells were counted, split and transfected again with the same dose of the siRNA. After
an additional 48 h, the cells were counted and protein samples were prepared by direct lysis
of the cells in 2X SDS protein sample buffer containing 5% of 2-mercaptoethanol.

miRNAs and miRNA inhibitors
A miR-34a precursor and a negative nonspecific control miRNA precursor were purchased
from Ambion for transfection of HeLa cells and CaSki cells as described.11 PNAs miR-34a
inhibitor and a miRNA inhibitor negative control were purchased from PANAGENE
(www.panagene.com, Daejeon, Korea) and transfected into HeLa and CaSki cells based on
the protocol of the manufacturer. These inhibitors are peptide nucleic acids (PNAs)-based
miRNA inhibitors with high specificity and stability inside cells and not toxic to cells and
require no tranfection reagents. Cells were seeded into a 6-well plate one day before
transfection in complete growth medium without antibiotics. 200 nM of PNAs miR-34a
inhibitor and negative control inhibitor were diluted separately in 150 µl of Opti-MEM I
medium, incubated 15 min at room temperature, and then added into the corresponding
wells containing cells and medium. The cells were incubated at 37°C in 5% CO2 for 48 h.

Plasmids, plasmid construction and transfection
Eukaryotic p18Ink4c expression vector corresponding to GenBank AF041248 (p18Ink4c
clone 40) used in this study was a gift from Alexandre Blais.27,28 pMIR-REPORT-
Luciferase vector (Ambion) was used to construct all reporter plasmids by insertion of a
putative miR-34a binding site from the p18Ink4c 3' or 5' UTRs or by insertion of the entire
p18Ink4c 3' UTR at the Spe1/HindIII sites. The resulting plasmids pXHW5 and pXHW6
contain a putative wt (pXHW5) and mt (pXHW6) miR-34a binding site from the p18Ink4c
3'UTR, respectively. pXHW23 has an insertion of the entire p18Ink4c 3'UTR (nt 1721–2086
according to GenBank accession number, AF041248) amplified from HeLa cell total RNA.
pXHW26 and pXHW27 have an insertion of four repeats of wt (pXHW26) or mt
(pXHW27) putative miR-34a binding site from the p18Ink4c 5' UTR, respectively. All
insertions were confirmed by sequencing.

HeLa cells and HCT116 cells (6 × 105/well) in 6-well plates were transfected with 2 µg of a
p18Ink4c-expressing plasmid clone C40 or 2µg of p3XFLAG as a control. The cells at 48 h
after transfection were counted, split and transfected again with the plasmids described
above and counted again 24 h after the second transfection.

Dual-luciferase assay
The assay was conducted with HeLa cells at 4.5 × 104 cells per well in a 24-well plate,
transfected with 30 nM of miR-34a precursor or a negative control miRNA precursor
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(Ambion) by using siPORT NeoFX Transfection Agent (Ambion) according to the
manufacturer's instructions. 24 h later, the cells were cotransfected for another 24 h with 200
ng of the testing firefly luciferase reporter plasmid together with 20 ng of a Renilla
luciferase plasmid pRL-TS 29 by using Lipofectamine 2000 (Invitrogen). The supernatant of
the cell lysate was examined for dual luciferase activities using Dual-Luciferase Reporter
Assay System (Promega). Relative luciferase activity was calculated by dividing the light
unit readings obtained from a firefly luciferase reporter construct by the light unit readings
obtained from the Renilla luciferase reporter.

Statistical analysis
Chi square (x2) test was used in Figure 4d left panel and Table 1. Student t-test was used in
Figure 2b right panel, Figure 4d right panel and Fig. 5b–c.

Results
miR-34a regulates p18Ink4c expression in oncogenic HPV infections

Given the fact that HPV16 and HPV18 infection inhibits the expression of tumor
suppressive miR-34a by E6 destabilization of p53,11 we wish to understand mechanistically
the role of this inhibition in development of cervical cancer. To search for miR-34a targets
in oncogenic HPV infections, we first knocked down the expression of HPV18 E6 by an E6-
specific siRNA 25 in HeLa cells. We hypothesized that knockdown of E6 expression would
stabilize p53 and increase miR-34a expression, consequently, down-regulating the
expression of miR-34a targets. As shown in Fig. 1a and Fig. S1a, the E6 knockdown
stabilized p53 and decreased the expression of cyclin E2 and to lesser extent CDK4 and
E2F1, three known miR-34a targets.8,17 Four other putative miR-34a targets predicted by
TargetScan and Pictar, DLL1, Notch 1, JAG1, and ROCK1, remained unchanged (data not
shown). RAD51AP1, DcR3 (TNFRSF6B, TR6), and CDKN2C (p18Ink4c) that have been
reported to have altered RNA levels by a miR-34a-expressing retrovirus with RAD51AP
and CDKN2C showing an increase and DcR3 showing a decrease. 9 Our examination of
RAD51AP1 and DcR3 found no change at the protein level. In the E6 knockdown cells,
however, we observed a substantial, dose-dependent reduction of p18Ink4c (Fig. 1a, Fig.
S1a), a CDK4 and CDK6 inhibitor. This reduction was much greater than other known
miR-34a targets. The level of p16Ink4a, another member of CDK4 and CDK6 inhibitors,21

was not affected, indicating the specificity. The reduction of p18Ink4c expression was
further verified by E6 knockdown in an HPV16+ CaSki cell line (Fig. 1b). Together, these
results suggest that p18Ink4c is a more prominent target for miR-34a downregulation.

As the stabilized p53 in E6 knockdown cells has pleiotropic effects, we investigated whether
p18Ink4c is a downstream target of miR-34a or p53. HPV18+ HeLa cells with ectopic
expression of miR-34a were examined for the expression of p18Ink4c and other known
miR-34a targets. A dose-dependent reduction of p18Ink4c protein was observed by ectopic
expression of miR-34a (Fig. 1c and Fig. S1b), but a high dose (30 nM) of ectopic miR-34a
showed no effect on p18Ink4c RNA as measured by RT-PCR (Fig. 1d, left panel) and by
Northern blot (Fig. 1d, right panel), suggesting that the reduced expression of p18Ink4c
protein was at the posttranscriptional level. Ectopic miR-34a in HeLa cells exhibited only a
moderate suppression on the expression of two known miR-34a targets, cyclin E2 and
CDK4,8 and no effect on E2F117 and p16Ink4a (Fig. 1c and Fig. S1b). Ectopic expression of
miR-34a also had no effect on DLL1, Notch 1, JAG1, ROCK1, RAD51AP1, and DcR3
(data not shown). As positive feedback, ectopic miR-34a increased p53 expression 14,17

(Fig. 1c and Fig. S1b). Based on these observations, we conclude that miR-34a targets
p18Ink4c for translational suppression.
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p18Ink4c mRNA contains a miR-34a binding site in its 5' UTR
To confirm that miR-34a directly targets p18Ink4c mRNA and contributes to translational
suppression of p18Ink4c, we searched p18Ink4c mRNA (GenBank accession number,
AF041248) for potential miR-34a seed matches and predicted two putative miR-34a binding
sites, one each in the 5' UTR and 3' UTR of p18Ink4c mRNA (Fig. S2). As the putative
miR-34a seed match in the p18Ink4c 3' UTR has one nucleotide mismatch, subsequent
insertion of this seed match or the entire p18Ink4c 3' UTR into the firefly luciferase
reporter’s 3' UTR was found no effect on luciferase activity in the presence of ectopic
miR-34a (data not shown). We then examined in the reporter plasmid the putative miR-34a
binding site in the 5' UTR of p18Ink4c which has a better seed match (Fig. 2a). As shown in
Figure 2b, a reduced luciferase activity was found in response to the overexpressed
miR-34a, but introduction of point mutations into the seed match prevented this response,
demonstrating that the miR-34a seed match in the 5' UTR of p18Ink4c is a functional
binding site.

Anti-miR-34 inhibitor was further used to investigate p18Ink4c as a direct target of
endogenous miR-34a in vivo. As expected, suppression of endogenous miR-34a in HeLa
cells and CaSki cells with a miR-34a inhibitor increased p18Ink4c expression, whereas
introduction of a miRNA inhibitor negative control into the cells had no effect (Fig. 2c).

De novo infections by oncogenic HPVs of human keratinocyte-derived raft tissues
increase p18Ink4c expression

Our previous study demonstrated that miR-34a expression is decreased in oncogenic HPV
infection.11 To determine whether productive infection of oncogenic HPVs increases
p18Ink4c expression, we examined HPV18-infected raft tissues (Fig. 3a) derived from
HFKs for the expression of virus early gene E6 and viral late gene E4 by RT-PCR.
Consistent with our previous report,11 reduced miR-34a expression was observed in the raft
tissues with HPV18 infection when compared to the uninfected primary rafts (Fig. 3b). As
expected, a significant increase of p18Ink4c expression was found in HFK18, HVK16, and
HVK18 rafts by IHC staining (Fig. 3c–d). The uninfected primary HFK and HVK rafts
expressing high levels of miR-34a exhibited no or only minimal amount of p18Ink4c (Fig.
3b–d). The characteristic nuclear staining of p18Ink4c in the keratinocytes with oncogenic
HPV infections indicates that the increased p18Ink4c was primarily in the nucleus. The cells
with nuclear p18Ink4c staining in the raft tissues were found mostly in basal and superbasal
layers and much less in granular and cornified layers. Together, our data indicate that de
novo infections of oncogenic HPVs reduce miR-34a expression, thus leading to increase
p18Ink4c expression.

Increased expression of p18Ink4c in high-grade cervical intraepithelial neoplasia and
cervical cancer tissues

Finding of the increased p18Ink4c expression in productive infection of oncogenic HPVs led
us to further analyze the expression of p18Ink4c in cervical tissues obtained from patients
with high-grade CIN or cervical cancer. As shown in Figure 4a, increased p18Ink4c
expression was also found in HPV16+ CIN II lesions and cervical cancer by IHC staining.
High-risk HPV E7-mediated increase of p16Ink4a 30 was used as a positive control. The
increased p18Ink4c expression in cervical cancer along with high-risk HPV E7-mediated
increase of p16Ink4a 30 and cyclin E2, 31,32 a CDK2 partner protein for G1/S phase
transition, was further verified by Western blotting using cell lysates from paired normal and
cervical cancer tissues (Fig. 4b). As all cases of cervical cancer (99.9%) are virtually
attributable to oncogenic HPV infection,1,3 the increased p18Ink4c expression in cervical
cancer could be interpreted as a result from oncogenic HPV infection.
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We further examined the possibility of using p18Ink4c as a biomarker for cervical cancer by
IHC staining of additional cervical tissue sections. A total of 123 pathologically confirmed
tissue samples in cervical tissue arrays, including 78 cancer tissues, 24 inflammation tissues,
and 21 normal tissues were stained for p18Ink4c expression (Fig. 4c). We defined a sample
positive for p18Ink4c staining based on its staining signal intensity above a mean signal
value of all 45 non-cancer tissues plus two standard derivations, measured by using an
Image J software. By using this cut-off value, positive p18Ink4c staining was found in 53
(68%) cervical cancer tissues, 2 (8.3%) cervical samples with chronic inflammation, and 1
(4.8%) normal cervical tissue (Table 1). There were no obvious differences among cervical
cancer grades. The positive p18Ink4c detection rate in cervical cancer group was
significantly higher (P<0.0001) than that in the normal cervical tissue group plus cervical
tissues with chronic inflammation (Fig. 4d, left bar graph). In addition, the averaged signal
intensity of p18Ink4c-positive staining samples was also significantly higher (P<0.0001) in
cervical cancer tissues than that in the cancer-free normal tissues (Fig. 4d, right bar graph).

p18Ink4c in cervical cancer cells does not function as a cell cycle inhibitor
p18Ink4c has been shown to inhibit CDK4 and CDK6 function 21 and many types of human
cancer have reduced expression of p18Ink4c.33–39 An increased expression of p18Ink4c in
cervical cancer due to viral E6-mediated decrease of p53 and miR-34a would be expected to
prevent cancer cell growth and inhibit the development of cervical cancer. We proposed that
viral E7 inactivates pRB 4,40 inducing disassociation of E2F from pRB and this results in
disruption of normal G1 checkpoint 40. Therefore, the defect of p18Ink4c function in
cervical cancer cells may be attributable to viral E7 expression. To test this hypothesis, we
knocked down p18Ink4c expression by siRNA in HPV18+ HeLa cells and in HPV−

HCT116 cells, a colon cancer cell line that contains wt pRB 41 and retains an intact G1
checkpoint, and examined the effect of p18Ink4c knockdown on the expression of E2F1 and
cyclin A, two downstream pRB targets. As shown in Fig. 5a and Fig. S3, E2F1 expression
was repressed upon p18Ink4c knockdown in HCT116 cells, but not in HeLa cells. Cyclin A
only showed a small increase at 48 h of p18Ink4c knockdown in HCT116 cells. As
expected, knocking down p18Ink4c expression promoted the growth of HPV− HCT116
cells, but had no effect on HPV18+ HeLa cells expressing viral E7 25 (Fig. 5b). Consistent
with this, overexpression of p18Ink4c inhibited the growth of HCT116 cells, but not HeLa
cells (Fig. 5c). Based on these results, we conclude that increased expression of p18Ink4c
could not lead to tumor suppression when cancer cells lack a G1 checkpoint, but does so
when the G1 checkpoint is intact (Fig. 5c).

Discussion
In this report, we identified p18Ink4c as a possible biomarker for cervical precancer lesions
and cervical cancer, which is upregulated by oncogenic HPV E6 via p53-miR-34a pathway.
p18Ink4c is an important member of the mammalian INK4 family of CDK4 and CDK6
inhibitors and functions as a tumor suppressor preventing cell cycle progression from G1 to
S phase. 42,43 Loss or reduced expression of p18Ink4c has been found in many human
cancers 36,38 and was proven experimentally to promote the development of various
malignancies.35,43 Regulation of p18Ink4c expression has been described at the
transcriptional level. Several cellular transcription factors, E2F, EKLF1, and GATA3, are
involved in the positive or negative transactivation of p18Ink4c expression.28,35,44 In this
report, we demonstrated that regulation of p18Ink4c expression also takes place at the
posttranscriptional level by the cellular miRNA, miR-34a. We found that ectopic miR-34a
expression or stabilization of p53 to induce endogenous expression of miR-34a in HPV18+

HeLa cells led to reduction of p18Ink4c. In contrast, suppression of miR-34a activity by an
anti-miR-34a inhibitor enhanced p18Ink4c expression.
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However, our observation conflicts with a recent report in which miR-34a appeared to
increase CDKN2C (p18Ink4c) RNA level in HCT116 cells transduced by a miR-34a-
expressing retrovirus.9 HCT116 cell line is an HPV− colon cancer cell line that expresses wt
p53 and an increased level of wt pRB.41 To determine that the discrepancy was not a result
of using different cell lines, we analyzed HCT116 cells (Fig. S4a–b) along side HeLa cells
(Fig. 1c–d) for p18Ink4c expression subsequent to miR-34a transfection. A similar reduction
of p18Ink4c protein was observed in HCT116 cells without alteration in p18Ink4c RNA
levels as determined by RT-PCR (Fig. S4a–b). These results reaffirm the ability of miR-34a
to repress p18Ink4c expression at the posttranscriptional level in both HPV+ and HPV−

cells.

Despite the increased expression in cervical cancer and in HPV-containing head and neck
cancer,45,46 p18Ink4c exerts no suppressive roles in cancer cell growth and tumor
development. We demonstrated that the suppressive activity of p18Ink4c relies on a
functional G1 checkpoint in cells with normal expression of wt pRB (Fig. 5d). Oncogenic
HPV infection results in viral E7 destabilization of pRB essential for cyclin D and CDK4 or
CDK6 to function 40 and thereby creating a dysfunctional G1 checkpoint. In this
environment, p18Ink4c has no inhibitory effect on cyclin D/CDK4 or CDK6 activities in
HPV-induced cancers. This was supported by the observation that HPV18+ HeLa cells
continued proliferating in the presence of high levels of p18Ink4c, but HCT116, a cell line
expressing wt pRB, did not. We confirmed that HeLa cells even express naturally a much
higher level of p18Ink4c when compared with HCT116 cells (Fig. S4c). In addition,
overexpression of p18Ink4c in HCT116 cells suppressed the cell growth. Consistent with
this, ectopic expression of p18Ink4c was found to inhibit the cell growth of U2OS cells
expressing wt pRB, but not Saos-2 cells lacking pRB due to a deletion in exon 21–27 of the
RB1 gene.42 Thus, our findings in this report support the concept that cancer cells with
destabilized pRB can continue to proliferate with p18Ink4c overexpression, similar to the
upregulation of p16Ink4a by the high-risk E7.30,47 It is worth noting that the expression of
both p18Ink4c and p16Ink4a is transactivated by E2F transcription factors.28,48 Viral
oncoprotein E7 destabilizes pRB leading to dissociate E2F from pRB in the pRB/E2F
complex and thereby enhances transcription of both p18Ink4c and p16Ink4a. We showed in
this report that translation of p18Ink4c, but not p16Ink4a, further depends on viral E6
destabilization of p53 to reduce miR-34a expression. Thus, our data provides the compelling
evidence distinguishing p18Ink4c from p16Ink4a in its expression by both E6 and E7
regulation.

We have demonstrated that p18Ink4c knockdown had no effect on E2F1 expression in
HPV18+ HeLa cells with a disrupted pRB pathway by viral E7, but led to a remarkable
reduction of E2F1 in HPV− HCT116 cells with a wt pRB (Fig. 5a). Ectopic expression of
miR-34a in HeLa cells also had no effect on E2F1 expression (Fig. 1c). Together, these data
provide evidence that E2F1 expression appears pRB-independent in HeLa cells and pRB-
dependent in HCT116 cells. Because p18Ink4c knockdown increases CDK4/6 activities, this
leads to promote pRB phosphorylation and thereby dissociate pRB with E2F1 in HCT116
cells. Despite that E2F1 transactivates the genes for DNA synthesis in S phase and also
functions as a tumor suppressor to prevent cell proliferation, the dissociated E2F1 subjects
to cell cycle regulation. E2F1 decreases at the late S phase and is proteolytically degraded in
G2/M phase. 49 Although not fully understood, this is perhaps one of the mechanisms by
which p18Ink4c knockdown lead to E2F1 reduction in HCT116 cells. In this regard, cyclin
A expression appears less sensitive than E2F1 to p18Ink4c knockdown. We observed only a
minimal effect on cyclin A expression in HCT116 cells with p18Ink4c knockdown.

The ability of HPV16 and HPV18 infection to suppress miR-34a 11 and to increase
p18Ink4c was verified in raft cultures with productive virus infection. Increased expression
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of p18Ink4c was also observed in about 70% of cervical cancer. As persistent oncogenic
HPV infection is a leading cause of cervical cancer, a positive p18Ink4c staining in cancer-
free cervical tissues might suggest a transient or early HPV infection. However, the negative
p18Ink4c staining in some of cervical cancer in our study remains to be understood and
might relate to tissue sample preparation or low levels of high-risk E6 and E7 expression 50.
Nevertheless, the finding that p18Ink4c is overexpressed in cervical cancer suggests that
p18Ink4c may serve as a possible biomarker, in addition to p16Ink4a, for cervical precancer
lesion diagnosis and cervical cancer early detection.

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

Abbreviations

HPV human papillomaviruses

CDK cyclin-dependent kinase

miRNA microRNAs

UTRs untranslated regions

DMEM Dulbecco’s modified Eagle’s medium

RIPA buffer radioimmunoprecipitation assay buffer

INK4 inhibitor of cyclin-dependent kinase 4

HFKs human foreskin keratinocytes

HVK human vaginal keratinocytes

TBS Tris-buffered saline

SDS sodium dodecyl sulfate

IHC staining immunohistochemical staining

CIN cervical intraepithelial neoplasia
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Figure 1.
miR-34a regulates p18Ink4c expression. (a) Suppression of E6 expression in HeLa cells by
an HPV18 E6-specific siRNA prevents p18Ink4c expression. HPV18+ HeLa cells 48 h after
transfection with indicated doses of an HPV18 E6-specific siRNA or a control (Ctrl) siRNA
were examined by Western blot for expression of indicated proteins. A relative level of each
protein was quantified from each sample after being normalized to β-tubulin and is shown in
Supporting Figure S1a. (b) Suppression of E6 expression in CaSki cells by an HPV16 E6-
specific siRNA prevents p18Ink4c expression. HPV16+ CaSki cells 48 h after transfection
with 40 nM of an HPV16-specific siRNA or a control siRNA were analyzed by Western blot
for the expression of p53 and p18Ink4c. β-tubulin served as a loading control. (c), Ectopic
miR-34a suppresses the expression of p18Ink4c protein. HeLa cells transfected twice with
15 or 30 nM of miR-34a or a non-specific control (Ctrl) miRNA at an interval of 48 h were
examined by Western blot for the expression of indicated proteins 96 h after the first
transfection. A relative level of each protein was quantified from each sample after being
normalized to β-tubulin and is shown in Supporting Figure S1b. (d) Ectopic miR-34a does
not affect p18Ink4c RNA level. Total RNA from HeLa cells 96 h after transfection as
described in (c) with 30 nM of miR-34a or a control (Ctrl) miRNA was analyzed by RT-
PCR (left) and by Northern blot (right) for p18Ink4c RNA expression. GAPDH RNA
detection in RT-PCR served as a loading control. Ribosomal RNA (rRNA) in the agarose
gel before blotting were stained with ethidium bromide and served as a loading control for
Northern blot (right). An RNA kb marker was used as a size marker of Northern blot.
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Figure 2.
p18Ink4c is a direct downstream target of miR-34a. (a) Schematic depiction of a miR-34a
seed match in the 5' UTR of p18Ink4c mRNA and its point mutations (Italics). (b) Response
of a luciferase reporter containing a wt or mt miR-34 seed match in its 3' UTR to ectopic
miR-34a suppression. The left panel shows diagrams of reporter plasmid 3' UTRs with
inserted 4 repeats of wt (boxes) or mt (boxes with an × cross) miR-34a seed match from the
p18Ink4c 5' UTR. HeLa cells were cotransfected with 30 nM of miR-34a or control (Ctrl)
miRNA in combination with either one of the miR-34a reporter plasmids (200 ng) plus an
Renilla luciferase expression plasmid (20 ng). Cell lysates 48 h after transfection were
analyzed for dual luciferase assays. Relative luciferase activity was calculated as described
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in Materials and Methods and is summarized as a mean ± SD for each construct on the right
panel. One representative of two separate experiments, each in triplicate, is shown. P<0.05
by one-tailed t-test. (c) Increase of p18Ink4c expression by a miR-34a inhibitor. HPV18+

HeLa cells and HPV16+ CaSki cells 48 h after transfection with 200 nM of a miR-34a
specific inhibitor or an inhibitor negative control (Ctrl) were analyzed by Western blot for
p18Ink4c expression. β-tubulin served as a loading control.
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Figure 3.
Oncogenic HPV infection reduces miR-34a expression leading to increase p18Ink4c
expression. (a) HPV18 infection and gene expression in monolayer and raft cultures derived
from HFKs (HFK18). Total RNA from each culture was analyzed by RT-PCR for
expression of HPV18 oncogene E6 and late gene E4. Total RNA from HeLa cells served as
a positive control of HPV18 E6. HPV18 DNA (18 DNA) served as a size marker for
unspliced E6 RNA. (b) Downregulation of miR-34a expression in HFK rafts with HPV18
infection (HFK18). Total RNA from the raft cultures harvested on day 10 was examined by
Northern blot for miR-34a expression. U6 snRNA served as a loading control. Bar graph
shows relative miR-34a levels in the corresponding sample in the Northern blot after being
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normalized to U6 snRNA for sample loading. (c) Increased p18Ink4c expression in HFK18
raft cultures as measured by IHC staining. (d) Increased p18Ink4c expression in raft cultures
derived from HVKs infected with HPV16 (HVK16) or HPV18 (HVK18) as measured by
IHC staining. Tissue sections in (c) and (d) are in 20 × magnification.
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Figure 4.
p18Ink4c is highly expressed in cervical CIN lesions and cervical cancer tissues. (a) IHC
staining of p18Ink4c in normal cervical tissues and cervical tissues with HPV16+ high-grade
CIN or cervical cancer. p16Ink4c staining served as a positive control. Tissue sections with
p18Ink4c or p16Ink4a staining are 10× magnification and CIN-II with p18Ink4c staining is
20× magnification. (b) Expression of p18Ink4c, p16Ink4a, and cyclin E2 in paired normal
and cervical cancer tissues as measured by Western blot. β-tubulin served as a loading
control. (c) p18Ink4c expression in paired normal and cervical cancer tissue arrays by IHC
staining. (d) Cervical cancer samples in cervical tissue arrays are frequently positive for
p18Ink4c staining (left panel) and express more p18Ink4c proteins (right panel).
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Figure 5.
p18Ink4c does not function as a cell cycle inhibitor at G1 phase in HPV18+ HeLa cells. (a–
b) siRNA knockdown of p18Ink4c expression in HPV− HCT116 cells represses E2F1
expression and promotes cell proliferation, but reduction of p18Ink4c in HeLa cells does
not. Both HeLa cells and HCT116 cells were transfected with 50 nM of p18Ink4c-specific
siRNA or non-specific (NS) control siRNA. Protein samples were collected at indicated time
points from the transfected cells and were analyzed for the expression of p18Ink4c, E2F1
and cyclin A by Western blot (a). β-tubulin served as a loading control. Arrows in (b) mark
transfection time points. Cell numbers at indicated time points after RNAi transfection were
counted for each cell line in triplicates and data were averaged from two separate
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experiments. Only HCT116 cells treated with p18Ink4c siRNA grew faster (P<0.01 at 96 h)
than the cells treated with a nonpecific control siRNA (b). (c) Overexpression of p18Ink4c
suppresses cell growth of HCT116 cells, but not HeLa cells. See other details in (b).
HCT116 cells with overexpressed p18Ink4c by transient transfection of a p18Ink4c
expression vector grew slower (P<0.05 at 72 h) than the cells transfected with an empty
vector (Flag). (d) A working model for increased p18Ink4c expression in cancers with or
without a functional G1 checkpoint.
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Table 1

Frequency of increased p18Ink4c expression in normal and diseased cervical tissues

aTissue types Sample size (n) bNo. of p18+ % P value

Cervical cancer 78 53 68 0.0001c

     Grade I 5 2 40

     Grade II 39 30 76.9

     Grade III 34 21 61.8

Chronic cervicitis 24 2   8.3

Normal cervix 21 1   4.8

a
Grade I and II were well and moderately differentiated cancers and Grade III poorly differentiated cancer.

b
A sample was tested as p18Ink4c positive when its staining intensity was above the non-tumor tissue mean value plus two standard deviations.

c
Compared with chronic cervicitis or normal cervix alone or both in x2 test.
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