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Human papillomaviruses (HPV) link their life cycles to epithelial differentiation and induce productive
replication of viral DNA in suprabasal cells. Viral-DNA amplification requires cells to remain active in the cell
cycle upon differentiation. This is in contrast to normal cells, which lose proliferative capability upon differ-
entiation. One factor that negatively regulates proliferative capability upon differentiation is microRNA 203
(miR-203), which is expressed primarily in suprabasal epithelial cells. Although HPVs do not encode their own
microRNAs (miRNAs), they modulate expression of cellular miRNAs to regulate the activities of cellular
proteins. We show that the HPV E7 protein downregulates miR-203 expression upon differentiation, which may
occur through the mitogen-activated protein (MAP) kinase/protein kinase C (PKC) pathway. One target of
miR-203 is the p63 family of transcription factors, and we demonstrate that HPV-positive cells maintain
significantly higher levels of these factors upon differentiation than do normal keratinocytes. Several down-
stream targets of p63, CARM-1, p21, and Bax, were also increased in E7-expressing cells, and their levels were
inversely correlated with amounts of miR-203. Introduction of expression vectors for miR-203 into keratino-
cytes that stably maintain HPV episomes resulted in short-term elevation of HPV genome copy numbers, but
these were rapidly lost upon subsequent passage. When HPV-positive cells expressing high levels of miR-203
were induced to differentiate in methylcellulose, impaired genome amplification was observed. We conclude
that high levels of miR-203 are inhibitory to HPV amplification and that HPV proteins act to suppress
expression of this microRNA to allow productive replication in differentiating cells.

Human papillomaviruses (HPV) infect stratified epithelia
and link their productive life cycles to the differentiation state
of the host cell (13, 15, 23, 42, 59). Following infection of basal
epithelial cells, HPV genomes are established as multicopy
episomes that replicate in synchrony with chromosomal DNA
(9, 31, 37, 59). In normal epithelia, as cells leave the basal
layer, they exit the cell cycle, stratify, and undergo differenti-
ation in suprabasal layers. When HPV-positive cells leave the
basal layer, they also stratify and differentiate but remain active
in the cell cycle (25, 26, 31). In highly differentiated suprabasal
layers, HPV-positive cells reenter S phase and use cellular
replication proteins to amplify their genomes. This is coinci-
dent with expression of late viral genes and the assembly of
virions (40, 42). The HPV E6 and E7 oncoproteins are the
primary factors responsible for blocking cell cycle exit during
differentiation (4, 12), while the E1 and E2 proteins mediate
origin recognition and recruitment of cellular replication fac-
tors (6, 52). The E5 and E1̂ E4 fusion proteins contribute to
activation of late viral functions, but their mechanisms of ac-
tion are not fully understood (8, 16, 22). Given the linkage
between HPV amplification and differentiation, it appears that
viral proteins target cellular factors to control the proliferative
ability of cells during differentiation.

MicroRNAs (miRNAs) are small noncoding RNAs that play
key roles in differentiation and development by posttranscrip-
tionally downregulating the functions of cellular genes (3, 34).

Over 700 cellular miRNAs have been identified, and they bind
to sequences in the 3� untranslated regions (UTRs) of tran-
scribed messages to inhibit translation, as well as to induce the
degradation of mRNAs. miRNAs are 22 to 23 nucleotides in
length and are generated by sequential processing of long
mRNAs by two RNase II enzymes, Drosha and Dicer (28). The
inactivation of Dicer in mouse skin results in inhibition of
normal epithelial proliferation and differentiation, indicating
the importance of miRNAs to epithelial development (19).
miRNA 203 (miR-203) is expressed specifically in suprabasal
layers of stratified epithelia, as well as in psoriatic plaques,
implicating it as a regulator of epithelial maturation (45, 46,
57). The primary role of miR-203 is to suppress the prolifer-
ative capacity of epithelial cells upon differentiation (57). In
mouse keratinocytes, the p63 family of transcription factors
was identified as a primary target of miR-203 action (29). The
p63 family, which is related to the p53 tumor suppressor group
of transactivators, consists of six members, but the primary
member expressed in epithelia is �Np63. The �Np63 isoform
is generated by alternative splicing of the p63 gene and lacks
the N-terminal transactivation domain. Despite deletion of a
portion of the N-terminal transactivation domain, �Np63 re-
tains the ability to transactivate a set of target genes, including
several p53-responsive genes (39, 56). �Np63 is expressed at
high levels in proliferating undifferentiated basal keratinocytes,
and its expression is downregulated in normal differentiated
nonproliferating cells. This downregulation of �Np63 has been
proposed to regulate the balance between epithelial prolifer-
ation and differentiation (50).

A number of DNA viruses express their own miRNAs in
infected cells and use them to regulate viral and cellular activ-
ities. Adenoviruses, simian virus 40 (SV40), and herpesviruses
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(cytomegalovirus [CMV], Kaposi’s sarcoma-associated herpes-
virus [KSHV], murine gammaherpesvirus 68 [MHV68], and
Epstein-Barr virus [EBV]) have all been shown to express their
own miRNAs (48, 51). In contrast, papillomaviruses do not
express miRNAs but do alter the expression of cellular
miRNAs (2, 33, 41, 53, 54). Since the HPV life cycle is
linked to cellular differentiation and requires retention of
the proliferative capability of suprabasal epithelial cells, we
investigated if HPV proteins modulate expression of human
miR-203 and its downstream target, �Np63. We demonstrate
that high-risk HPV proteins downregulate miR-203 expression
upon differentiation and that this correlates with increased
levels of �Np63. Moreover, we show that the HPV oncopro-
tein E7 is sufficient for blocking upregulation of miR-203 ex-
pression and that this likely occurs by modulation of the mi-
togen-activated protein kinase (MAPK) pathway signaling.

MATERIALS AND METHODS

Cell types. Normal human foreskin keratinocytes (NHKs) were isolated from
neonatal human foreskin epithelium as previously described (17) and were cul-
tured in keratinocyte basal medium supplemented with bovine pituitary extract,
insulin, hydrocortisone, and epidermal growth factor (Lonza). To create cell lines
stably expressing HPV E6, E7, and E6/E7, NHKs were transduced with retroviral
particles from PT67 packaging lines for 6 h in the presence of 8 �g/ml Polybrene
(Sigma-Aldrich, St. Louis, MO). To generate cells containing HPV episomes, we
transfected NHKs with HPV type 31 (HPV-31) genomes released from the
pBRmin-HPV31 wild-type plasmid backbone using the restriction enzyme
HindIII. To isolate HPV-positive cells, transfected cells were selected using
antibiotics, as described previously (20). The isolated HPV-positive cells were
then cultured with mitomycin C-treated NIH 3T3 J2 fibroblast feeders in E
medium supplemented with mouse epidermal growth factor (5 ng/ml; Collabo-
rative Biomedical Products, Bedford, MA) (20). The creation of retroviral con-
structs has been described previously (18, 36). In addition to stably transfected
cell lines, we used CIN612 cells that contained HPV-31 episomes. CIN612 cells
were grown in E medium as described above.

Reagents. MiR-203 inhibitor (Applied Biosystems) was used to transfect
NHKs and CIN612 cells using FuGene6 transfection reagent (Roche) following
the manufacturer’s protocols. Phorbol 12-myristate 13-acetate (PMA) (Sigma-
Aldrich, St. Louis, MO) was used to treat the cells at 100 ng/ml for 3, 6, and 9 h.

Differentiation of keratinocytes in semisolid media. Keratinocyte differentia-
tion was induced through suspension in 1.5% methylcellulose (Sigma, St. Louis,
MO) as previously described (55). The methylcellulose solution was prepared by
combining dry autoclaved methylcellulose with E medium. Keratinocytes were
harvested and then suspended in a 10-cm-diameter petri dish with 25 ml of
methylcellulose for either 24 or 48 h at 37°C. Following incubation, the cells were
washed four times with phosphate-buffered saline (PBS) at 4°C. Total DNA,
RNA, and protein were then extracted from the cell pellets as previously de-
scribed (55).

qRT-PCR. Total RNA was isolated using RNA Stat-60 reagent (Tel-Lab)
according to the manufacturer’s specifications. To assay for miRNAs, poly(A)
tails were added to short RNAs with the QuantiMir reverse transcription kit
from System Biosciences, using the manufacturer’s protocol. Real-time quanti-
tative PCR (qRT-PCR) was performed using SYBER green (Clonetech) with
primers specific to the microRNAs of interest. The 5� primers were single-
stranded DNA (ssDNA) sequences of mature miRNAs, and unique 3� primers
were specific to the poly(A) tails described above. Each qRT-PCR assay was
conducted in triplicate using cDNA derived from 50 ng total RNA from HPV-
positive or -negative cell lines. The expression of miRNAs in HPV-positive cells
relative to that in HPV-negative cells was calculated using the threshold cycle
(CT) method (30). Samples were normalized using U6 RNA as an endogenous
control. The ratios of miRNA amounts were compared among samples.

Northern blot analysis. Northern analysis of miR-203 was performed on total
RNA isolated using RNA Stat-60 as previously described (38). Briefly, 15 �g of
total RNA was separated on a small 17% SDS gel containing 7 M urea for 2 h
at 180 V in 0.5� Tris-borate-EDTA (TBE) buffer. The gels were stained with
ethidium bromide after separation to confirm equal loading. The RNAs were
then transferred onto a Gene Screen nylon membrane (Bio-Rad) and UV cross-
linked. The nylon membranes were then placed in a prehybridization/hybridiza-

tion solution (5� SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 20
mM Na2HPO4, 7% SDS, 2� Denhardt’s solution) for 30 min at 50°C. The cDNA
sequence of mature miR-203 (CTAGTGGTCCTAAACATTTCAC) was used as
a probe and radioactively labeled with [32P]ATP using T4 PNK-kinase (Invitro-
gen). Purified labeled probes were denatured, added to prehybridized nylon
membranes in the fresh hybridization solution described above, and incubated at
50°C overnight. After hybridization, the nylon membranes were washed three
times with 2� SSC-0.2% SDS for 20 min at 50°C and rinsed once with 3� SSC.
RNA was visualized by autoradiography after �80°C exposure for 72 h, and
quantitative analysis was performed with Image J software (NIH).

Luciferase assay. A wild-type 60-bp fragment from the p63 3� UTR containing an
miR-203 consensus binding site (5�-GAGUCCUUGUGAUUUCAAAG-3�) (57)
was synthesized (IDT DNA Technologies) and cloned, using PCR-created HindIII
and SpeI sites, into the pMIR-REPORT miRNA Expression Reporter Vector
System from Applied Biosystems. A pMIR-REPORT miRNA expression reporter
vector carrying a mutated miR-203 binding site in the p63 3�-UTR fragment (5�-G
AGUCCUUGUGCUCUCGAAAG-3�) was created using a QuikChange Site-Di-
rected Mutagenesis Kit from Stratagene (La Jolla, CA). NHKs were plated in
six-well plates the day prior to transfection and cotransfected with 1 �g of wild-type,
mutant, or empty pMIR-REPORT miRNA expression reporter vector with 200 ng
of the Renilla control vector pRL-TK (Promega) with or without miR-203 pre-miR
miRNA precursor molecule (Applied Biosystems) and using FuGene6 transfection
reagent (Roche Diagnostics) according to the manufacturer’s instructions. After 48 h
of incubation, cells were harvested for luciferase assay using the Dual Luciferase kit
(Promega) according to the manufacturer’s protocol. Transfection efficiencies were
normalized for Renilla luciferase activity, and luciferase signals were normalized to
the respective controls without the miR-203 pre-miR miRNA precursor molecule
(set to 100%).

Western blot analysis. Total cell protein extracts were obtained using RIPA
lysis buffer supplemented with a cocktail of protease inhibitors (Roche). Prior to
the harvesting of cells for Western analyses, J2 fibroblast feeders were removed
via treatment with 0.5 mM EDTA in PBS. The protein concentration was mea-
sured by a Bradford protein assay (Bio-Rad). Protein samples (25 mg) were
separated by electrophoresis on 12% sodium dodecyl sulfate-polyacrylamide
gels. The separated proteins were then transferred from the SDS gels to poly-
vinylidene difluoride membranes (Immobolin-P; Millipore), followed by mem-
brane blocking in a 5% nonfat milk solution (0.1% Tween 20 in PBS). The
membranes were then incubated with one of the following primary antibodies:
anti-p53 (Abcam), anti-p63, anti-p63a, anti-p73, anti-CARM-1 (Santa Cruz),
anti-p21 (BD Pharmingen), anti-Bax (Cell Signaling), anti-involucrin, and anti-
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (Abcam). Enhanced
chemiluminescence was used to visualize the proteins (Amersham Pharmacia).

Southern blot analysis. Prior to harvesting cells for DNA isolation, J2 fibro-
blasts were removed by EDTA treatment. The cells were lysed in lysis buffer (400
mM NaCl, 10 mM Tris-HCl, and 10 mM EDTA), and extracts were then incu-
bated with 50 �g/ml RNase A and proteinase K sequentially to remove residual
RNA and proteins, followed by phenol-chloroform extraction. Ten micrograms
of total DNA was digested with the restriction enzyme HindIII, and samples
were run in a 0.8% agarose gel at 70 V overnight. DNA was transferred to Gene
Screen nylon membranes (Bio-Rad) using vacuum transfer according to the
manufacturer’s protocols. The probe consisted of the full HPV-31 genome iso-
lated from the pBRmin-HPV31 wild-type plasmid by restriction digestion with
HindIII. The probe was labeled with [32P]dCTP using Ready-To-Go DNA-
labeling beads (Amersham Biosciences) and column purified. The nylon mem-
branes were placed in prehybridization/hybridization solution (4� SSC, 5� Den-
hardt’s solution, 10% dextran sulfate, 1% SDS, 50% formamide, and 0.1 mg/ml
denatured salmon sperm DNA) for 1 h at 42°C and hybridized to the labeled
probe in the same buffer at 42°C overnight. After hybridization, the membranes
were washed twice for 15 min each time in 2� SSC-0.1% SDS, 0.5� SSC-0.1%
SDS, and 0.1� SSC-1% SDS and once for 30 min at 50°C in 0.1� SSC-1% SDS.
The bands were visualized by autoradiography, and quantitative analysis was
performed with Image J software (NIH).

RESULTS

HPV proteins block high-level induction of miR-203 upon
epithelial differentiation. Studies in mouse, as well as human,
cells have shown that miR-203 is expressed primarily in kera-
tinocytes and that the levels of miR-203 increase significantly
in suprabasal cells following differentiation (1, 29, 46, 57).
Since HPVs link their life cycles to the differentiation state of
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the epithelial host, we investigated if HPV proteins altered
miR-203 expression in either undifferentiated or differentiated
keratinocytes. For these studies, we used primary NHKs de-
rived from foreskin circumcisions and stable cell lines gener-
ated by transfection of keratinocytes from the same donor with
recircularized cloned HPV-31 genomes (NHK-31). Both sets
of cells were screened for miR-203 expression by Northern
analysis using undifferentiated monolayer cultures, as well as
following differentiation by suspension in methylcellulose. As
shown in Fig. 1A, undifferentiated NHKs were found to ex-
press low levels of miR-203, and this increased 4- to 6-fold
following differentiation in methylcellulose for 24 or 48 h. The
level of miR-203 in undifferentiated NHK-31 cells was similar
to that of NHKs. In contrast, upon differentiation, the level of
miR-203 was reduced approximately 5-fold in HPV-positive
cells from that seen in similarly differentiated NHKs. Identical
results were seen in multiple independently derived NHK-31
cell lines and controls. We conclude that HPV proteins down-
regulate the levels of miR-203 expression upon differentiation.

Next, it was important to identify the viral protein respon-
sible for downregulating miR-203 expression upon differenti-
ation. We reasoned that one or both of the viral oncoproteins
E6 and E7 were good candidates, as they have been shown to

control the proliferative capacity of differentiating cells (4, 12).
For these studies, we used cell lines that had been generated by
infecting NHKs with retroviruses expressing individual HPV-
31 E6 (NHK-E6) and E7 (NHK-E7) oncoproteins or the com-
bination of E6 and E7. Cell lines transduced with these retro-
viruses express comparable levels of E6 or E7, as seen in cells
with viral episomes (J. Bodily and L. Laimins, unpublished
data). As shown in Fig. 1B, cell lines expressing both E6 and
E7 or E7 alone had significantly reduced levels of miR-203
following differentiation in methylcellulose compared to the
corresponding NHKs. In contrast, cells expressing E6 alone
exhibited levels of miR-203 similar to those seen in NHKs (Fig.
1C). This also demonstrated that the process of transduction
itself had no effect on miR-203 expression. Similar results were
seen with cell lines expressing E6 and E7 oncoproteins from
another high-risk HPV type, HPV-16 (data not shown), imply-
ing that this effect is common to other high-risk HPV types. We
conclude that the E7 protein is the primary viral factor respon-
sible for blocking upregulation of miR-203 expression follow-
ing differentiation.

HPV proteins interfere with downregulation of p63 expres-
sion upon differentiation. One target of miR-203 is the p63
transcription factor family, and we next examined if the pres-
ence of HPV proteins had any effect on the levels of these
factors. We first compared the levels of total p63 proteins in
NHK and NHK-31 cells using an antibody that detected all
family members. Similar levels of total p63 proteins were de-
tected in undifferentiated NHK and NHK-31 cells (Fig. 2A).
Upon differentiation in methylcellulose, the levels of p63 de-
creased in both NHK and NHK-31 cells; however, significantly
higher levels were retained in NHK-31 cells. In NHKs, the
levels of p63 rapidly declined to low levels following suspension
in methylcellulose for 48 h, while in NHK-31 cells, approxi-
mately 5-fold-higher levels of total p63 proteins were retained
following differentiation. Identical effects were seen in cells
expressing both HPV-31 E6 and E7 or E7 alone using anti-
bodies specific for the most dominant isoform, �Np63 (Fig.
2B). Similarly, cells expressing HPV-16 E6 and E7 in combi-
nation or HPV-16 E7 alone retained high levels of p63, while
cells expressing E6 alone exhibited reductions similar to those
seen in NHKs (Fig. 2C). These results indicated that the HPV
effect on p63 levels was common to several high-risk HPV
types and that E7 mediates this activity. Consistent with pub-
lished reports, the basal levels of p53 were reduced in cells
expressing E6 and E7 but were increased in cells expressing E7
alone (Fig. 2C). In four independent experiments using differ-
ent primary isolates and matched HPV-positive cells, we ob-
served consistent upregulation of miR-203 expression and a
corresponding decrease in p63 levels in differentiated cells. A
graph showing the average quantitative changes in miR-203
and p63 levels upon differentiation of HPV-positive and -neg-
ative cells is shown in Fig. 2D. The inverse correlation of
miR-203 with p63 levels indicates that miR-203 was negatively
targeting p63 upon differentiation. Studies using mouse cells
indicated that miR-203 regulates proliferative capacity upon
cellular differentiation, but not expression of markers of dif-
ferentiation (5, 57). Consistent with this, we observed a mini-
mal effect of high-level expression of miR-203 on the levels of
the differentiation marker involucrin (Fig. 2B). This indicates
that differentiation is not delayed in miR-203-overexpressing

FIG. 1. miR-203 levels increase upon differentiation of normal kera-
tinocytes but are downregulated in HPV-positive cells. Northern blot
analysis of miR-203 levels in HPV-positive and normal keratinocytes
differentiated in 1.5% methylcellulose for 24 and 48 h. (A) NHKs and
keratinocytes stably expressing HPV-31 episomes (NHK-31). (B) NHKs
and keratinocytes stably expressing HPV-31 E6/E7 and E7. (C) NHKs
and keratinocytes expressing HPV-31 E6. 28S rRNA was a loading con-
trol. nt, nucleotides.
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cells. The multiple forms of involucrin seen in the Western blot
are typically seen in analyses of this protein (5, 57). Similar
effects were seen in E7-expressing cells or cells with complete
HPV genomes (not shown), in agreement with the role of E7
in regulating miR-203 expression.

p63 is a target of miR-203 in human keratinocytes. We next
investigated if miR-203 directly regulates p63 protein levels in
human keratinocytes. Using a luciferase reporter system, we
tested if miR-203 targets sequences located in the 3� UTR of
the mature human p63 mRNA message and blocks p63 trans-
lation. A 60-bp DNA fragment containing the putative miR-
203 consensus recognition site from the 3� UTR of the human
p63 gene (5�-GAGUCCUUGUGAUUUCAAAG-3�) (57) was
synthesized and cloned into the 3�-UTR region of a firefly
luciferase reporter gene. This reporter plasmid was cotrans-
fected, along with a vector expressing miR-203 precursor mol-
ecule or an empty control vector, into NHKs. Luciferase ex-
pression was monitored after 48 h (Fig. 3A). In NHKs
cotransfected with the miR-203 overexpression construct and
the p63 UTR-luciferase construct, luciferase levels were ap-
proximately two-thirds lower than in cells cotransfected with
empty vector and the p63 UTR-luciferase construct. This result
implied that the presence of a miR-203 recognition sequence
from p63 mRNA within the luciferase 3� UTR rendered lucif-

erase sensitive to high levels of miR-203 (Fig. 3A). In contrast,
expression of a luciferase reporter containing a mutated miR-
203 consensus recognition site was unchanged by the presence
or absence of overexpressed miR-203 (Fig. 3A). These obser-
vations confirmed effects seen in mouse cells and indicated that
human miR-203 targets the p63 3� UTR and negatively regu-
lates p63 levels in the human keratinocytes used in our study.

We next investigated if the protein levels of p63 increased
when the activity of miR-203 was blocked through the use of an
antisense miR-203 RNA fragment as an inhibitor. Transfection
of the antisense miR-203 for 24, 48, and 72 h in NHKs dras-
tically reduced miR-203 levels but had a minimal effect on p63
mRNA (Fig. 3B). This is consistent with the mechanism of
microRNA action, which is mediated at the posttranscriptional
level (44). To investigate the effect of miR-203 inhibition on
p63 protein levels, we transfected NHKs with antisense miR-
203, induced cells to differentiate in methylcellulose, and
screened for the levels of �Np63 by Western blot analysis.
Consistent with our previous experiments, the levels of �Np63
declined rapidly following differentiation of NHKs. However,
the levels of �Np63 remained unchanged upon differentiation
of NHKs transfected with antisense miR-203 RNAs (Fig. 3C),
again indicating that miR-203 has a negative effect on �Np63
protein levels.

FIG. 2. p63 protein levels are inversely correlated with miR-203 levels upon keratinocyte differentiation. (A) Total p63 protein levels in NHKs
and NHK-31 cells upon differentiation. (B) Western blot analysis for total p63, �Np63�, p53, and involucrin in NHKs and keratinocytes stably
expressing HPV-31 E6/E7 and E7. Levels in the undifferentiated state and following differentiation in methylcellulose for 48 h are shown. (C) Total
p63 and p53 protein levels in undifferentiated and 48-h-differentiated NHKs and keratinocytes stably expressing HPV-16 E6/E7, E7, and E6.
(D) Relative changes in miR-203 RNA and p63 protein levels in HPV-positive and -negative keratinocytes upon differentiation in methylcellulose
for 48 h. miR-203 levels were normalized to NHK-E7 cell levels (set to 1) and p63 levels to those seen in NHKs. The results are from 4 independent
experiments � standard errors of the mean.
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To investigate how the function of �Np63 was altered in the
presence of inhibitors of miR-203, we examined the levels of
�Np63 downstream targets by Western blot analysis. Although
the �Np63 isoform lacks the N-terminal transactivation do-
main, it retains the ability to activate several cellular genes,
including the methyltransferase CARM-1 gene, and some p53
target genes, such as those encoding p21 and Bax (5, 58).
CARM-1 is a suggested target of the �Np63 transcription
factor and contains p63 binding sites in its promoter region
(49). We observed little to no expression of CARM-1 in either
undifferentiated or differentiated NHKs. In contrast, in cells in
which miR-203 was inhibited using antisense miR-203, we de-
tected increasing levels of CARM-1 upon differentiation (Fig.
3C). Consistent with E7’s ability to block upregulation of miR-
203, we observed induction of CARM-1 upon differentiation of
E7-expressing keratinocytes (data not shown). Interestingly,
we did not see CARM-1 expressed in undifferentiated cells
despite high levels of �Np63, indicating that additional factors
besides �Np63 contribute to CARM-1 activation upon cellular
differentiation.

The levels of two additional �Np63 targets, p21 and Bax,
were found to decrease following differentiation of NHKs (Fig.
3D). In contrast, in NHKs transfected with miR-203 antisense
inhibitors, the levels of p21 and Bax remained high, which
correlated with elevated �Np63 levels upon differentiation
(Fig. 3D). These elevated levels of p21 and Bax, however, did
not lead to increased apoptosis (data not shown). Interestingly,
we also observed that inhibition of miR-203 resulted in reten-
tion of high levels of p53 following differentiation (Fig. 3D).
We conclude that several �Np63 and p53 target genes, such as
those encoding p21 and Bax, are regulated by miR-203 upon
differentiation.

Consistent with E7’s role in regulating miR-203 levels, we
found that NHKs stably expressing HPV type 31 E7 oncopro-
teins exhibited the same p21 and Bax profile as NHKs with
inhibited miR-203. The levels of p21 and Bax in NHK-E7 cells
remained high upon differentiation, in contrast to the levels in
HPV-negative NHKs (Fig. 3E). In normal keratinocytes, p53
levels declined upon differentiation, while in NHKs that ex-
pressed miR-203 inhibitors, no such decrease was seen (Fig.

FIG. 3. miR-203 targets p63 mRNA in human keratinocytes. (A) NHKs were cotransfected with a luciferase reporter containing a wild-type
or mutated p63 3�-UTR fragment, along with an expression vector for the pre-miR-203 precursor, and analyzed after 48 h. The luciferase construct
lacking the p63 3�-UTR fragment, as well as mutated 3� UTR, served as negative controls. Relative luciferase levels were calculated by comparison
to transfections without the pre-miR-203 precursor. Transfection efficiency was normalized using Renilla luciferase. The error bars indicate
standard errors. (B) qRT-PCR analysis of miR-203 and �Np63� mRNA levels following transfection of NHKs with anti-miR-203 inhibitors after
24, 48, and 72 h. Levels were normalized to U6 mRNA. (C) NHKs were transfected with antisense miR-203 RNA for 24 and 48 h and analyzed
for �Np63� and CARM-1 protein levels. NHKs transfected with nonspecific RNA served as negative controls. (D) NHKs were transfected with
antisense miR-203 RNA, and the levels of �Np63�, p53, p21, and Bax were determined by Western blot analysis. Negative-control cells were
transfected with nonspecific RNA. (E) Western blot analysis of NHKs and NHK-E6 and NHK-E7 cells for levels of �Np63�, p21, and Bax
following differentiation in methylcellulose for 24 and 48 h.
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3D). Similarly, in E7-expressing cells, a minimal decrease in
p53 levels was detected upon differentiation (Fig. 2B and C). It
is thus possible that the increase in p21 and Bax levels in
E7-expressing cells is due to the actions of both p53 and
�Np63.

E7 blocks the MAPK/PKC pathway-dependent activation of
miR-203 expression. Our studies indicated that the HPV E7
protein interferes with the normal upregulation of miR-203
expression upon differentiation, and we sought to determine
the pathways targeted by E7 to mediate these effects. Our
analysis of the promoter region on miR-203 (500 bp upstream
from the miR-203 start codon) identified 9 strong and 13 weak
AP-2� binding sites, along with approximately 20 Sp-1 binding
sites, two NF-�B binding sites, and two NFAT binding sites.
Interestingly, the MAPK pathways induce all these transcrip-
tion factors. Since the MAPK/protein kinase C (PKC) pathway
is also implicated in regulating keratinocyte differentiation (35,
43), we investigated if miR-203 levels were affected by the
MAPK/PKC pathway signaling and if HPV E7 interfered with
the activation of this pathway.

To induce the MAPK/PKC pathway, we treated NHKs and
NHK-E7 cells with PMA, which initiates the MAPK pathway
by activating PKC (7, 24). We treated both types of cells with
100 ng/ml PMA for 3, 6, and 9 h and then examined miR-203
levels using Northern blot analysis. In NHKs, the PMA treat-
ment resulted in upregulation of a miR-203 precursor mole-
cule, pre-miR-203, within 3 h and upregulation of mature miR-
203 within 6 and 9 h (Fig. 4A). Since our experiments indicated
an increase in the miR-203 precursor levels upon PMA treat-
ment, we conclude that PMA most likely induces increased
transcription of miR-203. In contrast to NHKs, PMA-treated
NHK-E7 cells failed to upregulate pre-miR-203 or miR-203 to
the same degree, suggesting that E7 acts to block the PMA-
induced miR-203 upregulation. Moreover, the PMA treatment
of NHK-31 cells, which stably maintain HPV type 31 episomes,
induced a pattern of miR-203 expression similar to that ob-
served in NHK-E7 cells (data not shown). We also observed
that MAPK/PKC signaling had opposing effects on miR-203
and p63 protein levels. Figure 4B demonstrates that p63 pro-
tein levels decrease in NHKs treated with PMA. This PMA-
induced p63 decrease was less prominent in NHK-E7 cells
(Fig. 4B), suggesting that E7 has the ability to slow down the
kinetics of MAPK/PKC pathway activation. This is evident
from the lack of an increase in phospho-ERK (extracellular
signal-regulated kinase), a marker of MAPK/PKC pathway
activation, in NHK-E7 cells 3 h after PMA treatment that is
observable in NHKs. This E7-mediated interference in the
MAPK pathway signaling may contribute to blocking miR-203
transcription activation.

miR-203 overexpression modulates HPV gene expression
and genome copy number. We next investigated what effect
high-level expression of miR-203 had on the replication of
HPV-31 genomes in undifferentiated and differentiated cells.
For these studies, we created stable HPV-positive cell lines
that expressed high levels of miR-203 from a heterologous
promoter. We first generated recombinant retroviruses that
expressed the miR-203 precursor along with a drug-selectable
marker and used these to infect CIN612 cells. We used CIN612
cells for this analysis because they stably maintain HPV-31
genomes and do not express any drug resistance markers, as

they were derived from a biopsy specimen. Following miR-203
retroviral infection, CIN612 lines stably expressing high levels
of miR-203 (CIN612 miR-203 cells) were selected and ex-
panded, and the miR-203 levels in undifferentiated cells were
assessed by Northern blot analysis (Fig. 5A). We then used
Southern blot analysis to measure HPV-31 DNA genome lev-
els in CIN612 miR-203 cells. Interestingly, we observed that
CIN612 miR-203 cells contained on average 2.6-fold-higher
HPV genome levels than wild-type CIN612 cells (P 	 0.005)
(Fig. 5A). Both RNA and DNA were collected from CIN612
miR-203 cells passaged twice after drug selection was com-
pleted. Northern blot analysis of HPV mRNA transcripts dem-
onstrated increased expression of E1- and E2-encoding mes-
sages in the CIN612 miR-203 cells, suggesting that miR-203
may directly or indirectly enhance HPV transcription. No
change was observed in the levels of E6/E7 transcripts (Fig.
5A), indicating that the effect of miR-203 was specific for
E1/E2 messages and not a general effect on all viral transcripts.
CIN612 miR-203 cells also had reduced basal levels of p63, and
these decreased more rapidly upon differentiation than p63 in
wild-type CIN612 cells (Fig. 5B). The CIN612 miR-203 cells
also exhibited delayed CARM-1 induction upon differentiation
(Fig. 5B), consistent with our previous observations.

Next, it was important to investigate the effects of miR-203
overexpression on genome amplification. Analysis of data from
four independent experiments demonstrated that HPV-31 ge-
nome levels in wild-type CIN612 cells increased 2-fold on av-

FIG. 4. The MAP kinase pathway regulates miR-203 and p63 ex-
pression. (A) Northern blot analysis for pre-miR-203 in NHKs and
NHK-E7 cells treated with 100 ng/ml PMA for 0, 3, 6, and 9 h. Shown
is quantitation of the average fold increase of pre-miR-203 relative to
0 h in NHKs (1.0, 1.8, 3.1, and 3.7) and in NHK-E7 cells (1.0, 1.0,1.3,
and 1.6). (B) Western blot analysis of p63, phospho-ERK-1/2, and total
ERK-1/2 in NHKs and NHK-E7 cells following treatment with 100
ng/ml PMA for 0, 3, 6, and 9 h.
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erage upon 48 h of differentiation in methylcellulose (P 	
0.005). Importantly, when CIN612 miR-203 cells were induced
to differentiate by suspension in methylcellulose, they failed to
amplify HPV genomes in these four experiments (Fig. 5C).
This indicates that high-level expression of miR-203 may in-
terfere with genome amplification and that its expression
needs to be abrogated upon differentiation.

Upon further passaging of CIN612 miR-203 cells in mono-
layer culture (9 passages after transfection), we observed a loss
of episomal HPV genomes in both undifferentiated and differ-
entiated cells (Fig. 5C). This suggests that long-term overex-
pression of miR-203 is incompatible with stable maintenance
of HPV episomes. No loss of episomes was observed in control
CIN612 cells infected with control retroviruses. Identical ef-
fects were observed in several experiments using two indepen-
dent miR-203 overexpression lines. We conclude that high-
level expression of miR-203 interferes with HPV genome
amplification upon differentiation and long-term stable main-
tenance of HPV genomes.

DISCUSSION

In HPV-infected epithelia, cells remain active in the cell
cycle upon differentiation to allow productive HPV genome
replication in suprabasal cells (31). This process is regulated in
part by miR-203, which reduces the proliferative capacity of
differentiating epithelial cells (46, 57). Our studies demon-
strated that miR-203 is downregulated by high-risk HPV pro-
teins upon keratinocyte differentiation. This HPV-mediated
miR-203 downregulation is important, as high levels of miR-
203 interfere with genome amplification, as well as long-term
HPV genome maintenance.

miR-203 is a critical molecule for regulating the transition of
keratinocytes from a proliferative state in undifferentiated
basal cells to a nonproliferative status in differentiated supra-
basal cells. It has even been suggested to promote epithelial
maturation by suppressing the “stemness” potential (57). Re-
ducing the expression of miR-203 thus appears to be important
in facilitating the productive phase of the HPV life cycle in
differentiating epithelia. In mouse and cell culture models,
expression of miR-203 has a minimal effect on the synthesis of
differentiation markers (5, 57). This is consistent with our ob-
servations that the levels of the differentiation marker involu-
crin did not significantly differ in HPV-positive and HPV-
negative cells. Previous studies indicated that differentiation
and proliferative capacity are separable activities, and our find-
ings are consistent with this idea (25).

One major target of miR-203 is the p63 family of transcrip-
tion factors that regulates the balance between epithelial pro-
liferation and differentiation (29). p63 knockout mice are viable
but exhibit abnormalities in ectodermal development and stem
cell regeneration (27). In contrast to the frequent mutations de-
tected in the p53 gene, p63 is rarely mutated in cancers; however,
overexpression of the most dominant isoform, �Np63, is often
observed in squamous cell carcinomas of the head and neck, skin,
cervix, and lung (39). In our studies, the levels of p63 and �Np63
were inversely correlated with the amount of miR-203 expressed.
In normal epithelia, miR-203 expression increases upon differen-
tiation, while E7 blocks this increase in HPV-positive cells, result-
ing in retention of high levels of p63 proteins. We observed that
in normal keratinocytes treated with antisense inhibitors of miR-
203, high levels of p63 proteins were retained following differen-
tiation. Since p63 promotes cellular proliferation, reduced levels

FIG. 5. High levels of miR-203 induce increased HPV genomes and transcripts but block amplification. (A) Northern blot analysis of miR-203
levels in CIN612 cells expressing constitutive high levels of miR-203, Southern blot analysis of linearized HPV-31 genomes in CIN612 control cells
and CIN612-miR-203 cells, and Northern blot analysis of HPV-31 transcripts in CIN612 cells and CIN612 cells expressing high levels of miR-203
(CIN612-miR-203). Loading controls indicated equal loading in each lane (not shown). E1^E4 is a viral fusion protein expressed from a spliced
transcript. (B) Western blot analysis of �Np63� and CARM-1 lysates from the CIN612 cell line and CIN612 cells stably transfected with miR-203
overexpression vector. (C) Representative Southern blots showing levels of linearized HPV-31 DNA genomes in methylcellulose-differentiated
CIN612 cells and CIN612 miR-203 cells three passages (p3) and nine passages (p9) after transfection.
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of p63 are important for normal epithelial differentiation in which
cells exit the cell cycle. We believe that one consequence of HPV
E7 action on miR-203 in differentiating cells is the retention of
high levels of p63 proteins and that this effect is potentially im-
portant for keeping cells active in the cell cycle.

�Np63 is the most abundantly expressed p63 isoform in
epithelial cells. �Np63 lacks the N-terminal transactivation
domain but still retains the ability to activate expression of a
number of genes, some of which are also p53 responsive (56).
Our studies demonstrated that abrogating miR-203 function
with miR-203 antisense oligonucleotides resulted in elevated
levels of �Np63 and a corresponding increase in expression of
two �Np63 downstream targets, p21 and Bax. Consistent with
E7’s role in blocking increased expression of miR-203, high
levels of p21 and Bax were observed in HPV E7 cells following
differentiation in methylcellulose, while only low levels were
seen in NHKs or cells expressing E6 alone. Our studies dem-
onstrated an inverse correlation between miR-203 expression
and that of the downstream targets of �Np63, p21 and Bax, in
HPV-positive cells. Interestingly, E7 has been shown to block
p21-mediated inhibition of Cdk2 function in differentiating
cells, which also contributes to retaining proliferative capabil-
ity (25). Inhibition of miR-203 also results in increased levels of
p53, and it is possible that p53 also contributes to maintenance
of high levels of p21 and Bax; however, p53-independent meth-
ods of activation have also been reported (5, 14). Importantly,
no miR-203 consensus binding sites are present in the p53
mRNA, indicating that miR-203 acts indirectly to increase p53
protein levels. We also believe that miR-203 does not act
directly on p21 or Bax messages. It is likely that, in addition to
the p63 family, miR-203 targets additional as-yet-unidentified
cellular genes whose activities are linked to regulating cell
cycle progression in differentiating cells.

In our studies, the primary viral factor responsible for down-
regulation of miR-203 expression upon keratinocyte differen-
tiation was E7, while the E6 oncoprotein had a minimal effect.
E7 had been shown in previous studies to be responsible for

keeping cells active in the cell cycle during differentiation, and
we believe that targeting miR-203 may be critical to this pro-
cess (4, 12). Additional targets of E7 are the retinoblastoma
(Rb) family members, along with the histone deacetyltrans-
ferases (HDACs) (32). It is possible that association with these
factors may contribute to E7’s role in downregulating expres-
sion of miR-203. Alternatively, E7 binding to Rb and HDACs
may function independently to complement the activities of
miR-203 in maintaining the proliferative capacity of epithelial
cells upon differentiation.

Further insights into how E7 acts to downregulate miR-203
expression upon differentiation are provided by our experi-
ments, indicating that the MAPK/PKC pathway is linked to
miR-203 expression. Treatment of NHKs with a known PKC
activator, PMA, induced miR-203 expression to high levels,
while no significant activation was seen in cells expressing E7.
In NHKs, we observed increased phosphorylation of ERK, a
downstream target of PKC, while no such activity was observed
in E7-expressing cells. Since we observed an increase in the
levels of pre-miR-203 in NHKs following PMA treatment, this
activation most likely occurs at the level of transcription. We
suspect that activation of the AP-1, AP-2, and Sp-1 transcrip-
tion factor families by PMA is central to the mechanism by
which miR-203 expression is increased, as the promoter region
contains numerous AP-2 and Sp-1 sites. PMA is also an acti-
vator of differentiation, and this may also contribute to miR-
203 activation. As our observations were being prepared for
publication, another study was published that also demon-
strated that miR-203 expression can be activated by phorbol
esters like PMA, which is consistent with our observations (47).
In our studies, we observed a decrease in the levels of down-
stream targets of miR-203, such as p63, upon PMA treatment,
and this was correlated with an increase in the levels of miR-
203. In E7-expressing cells, no significant decrease in p63 levels
was observed upon PMA treatment, indicating that E7 inter-
feres with downregulation of p63. The mechanism by which E7
specifically acts to block PMA induction is not clear and is an

FIG. 6. Model for the regulation of miR-203 expression in differentiating normal and HPV-positive epithelia. miR-203 expression is increased
upon differentiation of normal keratinocytes, leading to suppression of p63 translation in suprabasal cells. In HPV-infected epithelia, E7 blocks
miR-203 upregulation through the MAP kinase pathway, leading to increased levels of p63, cells remaining active in the cell cycle, and HPV
genome amplification. EGF, epidermal growth factor.
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area for future study, including the potential relationship be-
tween Rb function, MAPK pathway signaling, and miR-203
(21).

Our findings indicate that high-level expression of miR-203
interferes with HPV genome amplification upon keratinocyte dif-
ferentiation, as well as with long-term maintenance of HPV epi-
somes. Immediately after infection of HPV-positive CIN612 cells
with retroviruses overexpressing miR-203, we detected increased
levels of HPV DNA episomes and HPV RNA transcripts that
encoded E1 and E2, the major regulators of HPV genome rep-
lication. We suspect this may be due directly or indirectly to the
action of �Np63. While no miR-203 or �Np63 binding sites are
present in high-risk HPV types 31 and 16, �Np63 has been shown
to bind to sequences in the upstream regulatory region of the
cutaneous, low-risk HPV type 20 (10, 11). In HPV type 20, �Np63
binding resulted in transcriptional activation, but it is possible that
in other HPV types, p63 may act as a negative regulator. More-
over, HPV genomes in CIN612 miR-203 cells also failed to am-
plify HPV genomes upon differentiation. Upon further passaging
of the CIN612 miR-203-overexpressing cells, we consistently de-
tected only integrated HPV genomes, in contrast to control
CIN612 cells. We therefore conclude that high-level miR-203
expression is not compatible with HPV genome amplification and
long-term HPV genome maintenance. This effect on HPV is most
likely mediated by miR-203 and/or p63 altering the balance be-
tween cellular proliferation and differentiation. A model summa-
rizing our findings is shown in Fig. 6.

HPV modulates the expression of numerous cellular micro-
RNAs that likely contribute to viral pathogenesis. Our study
identified one microRNA target, miR-203, which is responsible
for downregulating proliferative capacity upon differentiation.
MicroRNAs have many cellular targets, and we have identified
human p63 as one target of miR-203. Further elucidation of
the roles of other miR-203 targets and other p63 isoforms in
the HPV life cycle will be the focus of future analyses.
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