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Human Papillomaviruses Modulate MicroRNA 145 Expression To
Directly Control Genome Amplification
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Human papillomaviruses (HPVs) modulate expression of host microRNAs. Our deep-sequencing analysis of organotypic raft
cultures identified microRNA 145 (miR-145) as a differentiation-dependent microRNA that has functionally active target se-
quences in the HPV-31 E1 and E2 open reading frames. Overexpression of miR-145 in HPV-positive cells resulted in reduced
genome amplification and late gene expression, along with decreased levels of cellular transcription factor KLF-4. Our studies
show that HPV modulates miR-145 expression to control its own life cycle.

High—risk human papillomaviruses (HPVs) are the causative
agents of cervical and most other anogenital malignancies.
Infection by HPVs occurs in the basal layers of stratified epithelia
that become exposed due to microabrasions. Following entry, vi-
ral genomes are established as low-copy nuclear episomes at ap-
proximately 10 to 100 copies per cell (1, 2). In differentiated su-
prabasal layers, high levels of late gene expression are induced
along with genome amplification and virion assembly (3). Two
major viral promoters, designated early and late, control tran-
scription during differentiation, but additional regulation also oc-
curs through alternative splicing and other posttranscriptional
mechanisms (1, 2, 4). One important mechanism of posttran-
scriptional control is mediated by small RNAs that are 22 nucleo-
tides in size, referred to as microRNAs (miRNAs).

miRNAs bind to partially complementary target sites in mRNA
that are often located in the 3"UTR (untranslated regions) but can
also be found in coding sequences and the 5'UTR (5). Binding by
miRNAs to target sequences results in either the degradation of
the target mRNAs or translational repression of the encoded pro-
tein (6). A single miRNA can repress the expression of over 100
genes, and a single gene can be repressed by multiple miRNAs.
miRNAs often target multiple genes in a pathway and can act
cooperatively with other miRNAs (7). Many miRNAs target de-
velopmental (8—10) and differentiation pathways (11-14), as well
as cell proliferation and transformation pathways (15-17).
Herpesviruses and other small DNA viruses encode their own
miRNAs (18); however, this is not the case for HPVs (19). Instead,
HPVs modulate expression of host miRNAs to control various
aspects of their viral life cycle (20, 21).

Several miRNAs have been shown to be modulated by HPV
proteins and to play key roles in the viral life cycle. miRNA 203
(miR-203) is a key regulator of epithelial differentiation and is
downregulated in HPV-positive cells upon differentiation. This
repression allows for the maintenance of high levels of p63, which
is normally repressed by miR-203 in differentiating, infected su-
prabasal cells and is important for maintaining cells in an active
state in the cell cycle (21). Additional studies demonstrated miR-
218 to be downregulated by HPV E6, which correlates with in-
creased levels of LAMB3, a translational target of this miRNA (22).
A number of reports have documented changes in levels of cellular
microRNAs in HPV-positive cells using microarray analyses, but
only a limited number of studies has examined the significance of
these changes in the viral life cycle (23-25).
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Since HPVs modulate the expression of cellular microRNAs to
regulate aspects of their differentiation-dependent life cycle, we
sought to identify cellular miRNAs that were altered by HPV pro-
teins in a more physiological context than that reflected in mono-
layer cultures alone. For this analysis, we performed deep se-
quencing using organotypic raft cultures of a matched set of
normal (viv) and HPV-31-transfected human foreskin keratino-
cytes isolated from the same donor (4). The HPV31 viv line (viv-
31gen) contains episomal copies of HPV-31 at approximately 10
to 20 copies per cell and activates late viral functions, such as
genome amplification, as well as late gene expression upon differ-
entiation. Small RNAs of less than 50 nucleotides in size were
isolated from viv and viv-31gen raft cultures, and libraries were
made using the Illumina small RNA library kit. Solexa deep se-
quencing of the libraries was performed, and the reads were
matched to human and HPV genomes. No HPV-related se-
quences were present in the viv-31gen raft library, consistent with
previous reports showing that the HPV-31 genome does not en-
code miRNAs (19). Our studies further demonstrated that HPVs
do not express noncoding small RNAs that are larger than
microRNAs (i.e., 22 nucleotides) but less than 50 nucleotides in
size. A total of 862 cellular miRNAs were found to be differentially
expressed between the two sets of libraries. We further refined the
list by using a threshold of at least 100 reads and a fold difference
of at least 2. Setting a read threshold eliminated any miRNAs that
were expressed at low levels and unlikely to be significant regula-
tors of HPV activities. This analysis resulted in the identification
of 93 miRNAs that had the potential to be regulators of the HPV
differentiation-dependent life cycle. Of this group, 55 miRNAs
were repressed and 38 were expressed at higher levels in viv-31gen
rafts than in viv keratinocytes. The 10 top-ranked miRNAs acti-
vated and repressed by HPVs are shown in Table 1. The complete
list of 93 miRNAs we found to be significantly altered in HPV-
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TABLE 1 Ten cellular miRNAs most activated/repressed by HPV-31 in
organotypic raft cultures”

Fold High in Fold
Rank  High in viv difference  viv-31gen difference
1 hsa-miR-582-3p 9.185 hsa-miR-1246 31.693
2 hsa-miR-199a-5p  8.668 hsa-miR-335* 10.612
3 hsa-miR-214 8.432 hsa-miR-1260b 8.691
4 hsa-miR-143 7.278 hsa-miR-3613-5p  5.855
5 hsa-miR-145 7.096 hsa-miR-1260 4.6
6 hsa-miR-145* 6.894 hsa-miR-1285 4.111
7 hsa-miR-369-3p 6.522 hsa-miR-576-5p 4.015
8 hsa-miR-655 6.377 hsa-miR-615-5p 3.921
9 hsa-miR-493 6.211 hsa-miR-92b 3.692
10 hsa-miR-493* 5.318 hsa-miR-25* 3.316

@ A small RNA population was isolated using a Roche small RNA isolation kit, and
small RNA libraries were made using the Illumina small RNA library kit. Solexa deep
sequencing of the libraries was performed. The resulting miRNAs were refined by using
a threshold of at least 100 reads and a fold difference of at least 2. High in viv, having
increased levels in viv normal keratinocytes compared to HPV-31-positive cells; high in
viv-31gen, having increased levels in HPV-31-positive cells compared to viv normal
keratinocytes.

positive organotypic rafts is shown in Fig. S1 in the supplemental
material.

We screened the seed sequences of the differentially expressed
miRNAs for ones that could potentially directly target HPV
mRNAs. The 8-mer seed sequences for miRNA 145 (miR-145) are
present in the coding regions of HPV-31 E1 (nucleotides 2623 to
2630) and E2 (nucleotides 3089 to 3096). Similar miR-145 seed
sequences are present in most HPV types, as shown in the Table 2,
suggesting that they are functionally significant. Our deep-se-
quencing analysis showed that miR-145 was suppressed 7-fold in
HPV-31 rafts compared to the normal rafts. For further valida-
tion, we performed quantitative PCR (qPCR) analysis of three
independently grown sets of raft cultures and demonstrated that
miR-145 was suppressed 10-fold, on average, in viv-31gen rafts
(Fig. 1A), which is comparable to deep-sequencing data. We also
demonstrated the suppression of miR-145 in raft cultures from
three sets of HPV-31-positive and normal keratinocytes isolated
from a different donor background and found similar results
(data not shown).

It was important to determine if the miR-145 seed sequences in
HPV-31 actually functioned as target sequences for this miRNA. A
commonly used method to screen for functional, reactive se-
quences makes use of a luciferase reporter in which potential
miRNA target sequences are cloned into the 3"UTR. The luciferase
reporter is then cotransfected along with expression vectors for
the miRNA and assayed for luciferase expression. The miR-145
seed sequence containing E1 and E2 regions of HPV-31 were in-
dividually cloned into psiCheck-2 luciferase vector. These clones
were transfected into HEK293T cells along with increasing con-
centrations of an miR-145 expression plasmid. The results of three
independent experiments, expressed as Renilla luciferase activity
relative to that of control firefly luceriferase, are shown in Fig. 1.
The miR-145 site in the E1 region showed a pronounced decrease
in luciferase activity in a dose-dependent manner with cotransfec-
tion of miR-145 (Fig. 1B). In contrast, the E2 region displayed a
statistically significant but only moderate decrease in relative lu-
ciferase activity (Fig. 1C). Single-nucleotide mutations made in
the E1 seed region abolished responsiveness to miR-145 (Fig. 1D).
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TABLE 2 Target sites of miR-145 across HPV subtypes

Target HPV subtype for coding region”:

El E2 E4 L1 L2

7 87 97 119
31 108 123 126
52 128 148
11 80 134

13 86

16 87

27 108

30 112

W N

34(2)
35
39

56
57

59

60

62

68 (2)
70 (2)
73

77

81

82

83

88

90

91

92

121 (2)
128 (2)
131
149

“ Numbers in parentheses indicate the number of target sites within the coding region.

We conclude that the seed sequence in the E1 open reading frame
is a bona fide miR-145 reactive element, while the sequence in E2 is
only modestly responsive. Since our studies indicated that
HPV-31 suppresses the expression of miR-145, we investigated if
either of the two major oncoproteins, E6 and E7, contributes to
this effect. We used retroviruses expressing either E6 or E7 alone
to infect primary keratinocytes and then selected for stable cell
lines. Expression of E6 alone did not alter miR-145 levels signifi-
cantly, whereas E7 was able to suppress miR-145 to lower levels,
comparable to those seen in viv-31gen rafts (Fig. 2A).

To determine if miR-145 played any role in the viral life cycle,
we first investigated if expression of miR-145 in HPV-positive
cells varied with differentiation. For this analysis, we grew viv-
31gen cells and viv normal keratinocytes in high calcium medium,
which induces differentiation and late viral functions. We ob-
served that the levels of miR-145 were maintained at similar levels
in normal keratinocytes throughout the time course of high cal-
cium treatment (Fig. 2B). We do not believe that the small varia-
tions in miR-145 levels in viv cells seen at 48 and 72 h are signifi-
cant. In contrast, the levels of miR-145 were found to be high in
undifferentiated monolayer cultures of viv-31gen cells and de-
creased by approximately 80% upon differentiation in high cal-
cium. Undifferentiated viv-31gen cells exhibited a 1.5-fold, statis-
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FIG 1 Levels of miR-145 are repressed in HPV-31-positive organotypic rafts. (A) qPCR analysis of miR-145 levels in 13-day-old organotypic raft cultures of
matched normal keratinocytes (viv) and HPV-positive cells that stably maintain episomes (viv-31gen). The data are normalized to a commonly used control, U6
small RNA levels, and are represented as fold changes with respect to miR-145 levels in viv raft cultures, which were set to 1.0. U6 RNA is commonly used as a
normalization control for miRNA studies. (B and C) Luciferase reporter assays measuring responsiveness to miR-145 of sequences in HPV-31 E1 and E2. The two
miR-145 target regions were individually cloned into a 3"UTR-luciferase reporter (psiCheck-2; Promega), and the relative luciferase activity (Renilla/firefly
luciferase) of each region in the presence of increasing concentrations of miR-145 expression plasmid was assayed in transient assays. The miR-145 sequence in
E1 showed a significant reduction (80%) in luciferase activity with increasing levels of miR-145 (B), whereas the E2 region showed a slight reduction in luciferase
activity (C). The data are from three independent experiments, and standard errors are shown. (D) Mutation of miR-145 seed sequence in the E1 region (AAC
TGG AAA converted to AAT TGG AAA) resulted in loss of responsiveness to miR-145. The data shown are averages with standard errors from three independent
experiments. (E) Schematic representation of HPV-31 genome with miR-145 target sequences indicated. The early and late promoters, designated p97 and p742,
are indicated along with various open reading frames, which are shown as open boxes. The two solid triangles represent the miR-145 seed sequences, and the
nucleotide positions are indicated.

tically significant decrease in miR-145 levels compared to levelsin  points (Fig. 2C). This differentiation-dependent reduction in miR-
viv cells, and the most prominent differences were seen upon dif- 145, seen specifically in HPV-positive cells, suggests that modulation
ferentiation. The reduction was observed as early as 24 h of cal-  of the levels of this microRNA could contribute to regulating viral
cium treatment, and the levels were further reduced at later time  activities during the various stages of differentiation.

May 2013 Volume 87 Number 10 jviasm.org 6039


http://jvi.asm.org

Gunasekharan and Laimins

A s
1.4
3
= 1.2
2
[}
£ 48
© -
Z ose
o
L g4
o -
o
viv viv-31gen viv-31E6 viv-31E7
B =
1.8
8 1.6
2 14
g 1.2
= 1
S os
=
[} 0.6
L 0.4
0.2
o
Ohr ca 24hr ca 48hr ca 72hr ca 96hr ca
VIV
(OF
1.8
8 1.6
o 1.4
g 1.2
= 1
=l
=
o 0.6
[N
0.4
= .
o
Ohr ca 24hr ca 48hr ca 72hr ca 96hr ca
VIV-31gen

FIG 2 Levels of miR-145 decrease upon differentiation of HPV-31-positive
cells. (A) E7 protein mediates repression of miR-145. Shown is the gPCR
analysis of miR-145 levels in monolayer cultures of viv, viv-31gen, viv-31E6,
and viv-31E7 cells. The data are normalized to U6 levels and are represented as
fold difference from miR-145 levels in normal keratinocytes (viv), which were
setto 1.0. (B) qPCR analysis of miR-145 levels in normal keratinocytes induced
to differentiate in high calcium media. The data are normalized to U6 levels
and are represented as fold change relative to miR-145 levels in undifferenti-
ated cultures (set to 1.0). (C) qPCR analysis of miR-145 levels in cells stably
maintaining HPV-31 episome (viv-31gen) monolayer cultures upon differen-
tiation in high calcium. The data are normalized to U6 levels and are repre-
sented as fold change from levels seen in undifferentiated cells. Results are
averages from three independent experiments, and standard errors are shown.
ca, calcium-induced differentiation.

We next sought to determine the effect of forced expression of
miR-145 on early or late viral events. For this analysis, we used
lentiviruses expressing miR-145 to infect HPV-31-positive CIN-
612 cells and used drug selection to isolate cells stably expressing
this miRNA (CIN-612 miR-145). CIN-612 cells are HPV-31-pos-
itive cells derived from a patient biopsy specimen and do not ex-
press any drug resistance markers, in contrast to cell lines such as
viv-31gen. CIN-612 miR-145 cells were first grown in monolayers,
and the overexpression of miR-145 was confirmed by qPCR. The
cells were then grown either in normal growth medium or high
calcium medium to induce differentiation. HPV-positive cells
amplify episomal DNA upon differentiation in high calcium me-
dia within 48 h (26, 27). Expression of miR-145 from a heterolo-
gous promoter resulted in reduced episomal viral DNA in the
undifferentiated cells. In addition, we observed reduced amplifi-
cation in CIN-612 miR-145 cells upon differentiation (Fig. 3A).
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Similar results were seen in three independent experiments, and
the results are shown in the bar diagram (Fig. 3A, inset). The
reduced levels of episomes in undifferentiated cells may contrib-
ute to the impaired amplification seen upon differentiation.

MicroRNA-146a is another miRNA that we found to be sup-
pressed in viv-31gen rafts, but in contrast to miR-145, it lacked
any identifiable seed sequences in the HPV-31 genome. We sought
to determine if overexpression of this microRNA had similar ef-
fects on HPV maintenance and amplification. CIN-612 cells were
transfected with a plasmid expressing miR-146a, and stable drug-
resistant cell lines were expanded. In contrast to our observations
with CIN 612 miR-145 cells, there was no significant change in the
levels of viral DNA in the CIN-612 miR-146a cells compared to
the mock and vector control cells (Fig. 3B). The miR-146a studies
provide a control for nonspecific effects that could be the result of
high-level miRNA expression. We conclude that miR-145 has a
specific effect on HPV genome maintenance and amplification.

Late gene expression is a second late viral event that is associ-
ated with differentiation status (4, 28). Activation of the HPV-31
late promoter induces expression of transcripts encoding E1"E4,
El, E2, and E5 and can occur independently of amplification,
which acts primarily to increase total transcript levels (28). To
determine if miR-145 had an effect on the levels of viral tran-
scripts, total RNA was isolated from CIN-612 and CIN-612 miR-
145 cells and examined by Northern blotting for viral transcripts.
Heterologous expression of miR-145 significantly decreased ex-
pression of late transcripts (Fig. 3C). Since miR-145 was shown
here to target El, it likely affects either the stability of messages
encoding full-length E1 or the translation of E1, E6, or E7. Since
no antibodies are available for these HPV-31 proteins, we were
unable to determine which ones are the primary targets of this
microRNA.

One previously identified cellular target of miR-145 is the p63-
regulated transcription factor KLF-4 (29), and we investigated if
its levels are altered in HPV-positive cells. KLF-4 is one of four
transcription factors, along with Oct-4, SOX-2, and c-Myc, that
act together to induce stem cell pluripotency (30). We first inves-
tigated if KLF-4 protein levels were altered in HPV-positive rafts.
When total proteins were isolated from viv-31gen and viv rafts, we
found KLF-4 levels to be significantly increased in viv-31gen rafts.
Examination of CIN-612 miR-145 cells grown in a monolayer
culture showed decreased levels of KLF-4 compared to those of
control CIN-612 cells. In CIN-612 and CIN-612 miR-145 cells
grown in monolayer cultures, we observed a nonspecific cross-
reacting band of slightly lower mobility whose levels were not
altered by miR-145 expression (Fig. 3D). Our identification of the
KLF-4 band has been confirmed with knockdowns (unpublished
data). These results suggest that KLF-4 is a cellular target of miR-
145 and contributes to the control of viral life cycle during differ-
entiation. Oct-4 has also been reported to be regulated by miR-145
(30), and, consistent with previous reports, we observed a modest
reduction of Oct-4 levels in CIN-612 miR-145 cells.

In this study, we identified miR-145 as a regulator of the HPV
life cycle. Our analyses identified two sites in HPV-31 that match
to miR-145 seed sequences, and these sites are conserved in many
other HPV subtypes, suggesting miR-145 is an important regula-
tor. The miR-145 site in E1 was highly responsive to repression by
miR-145, while the site in E2 was only modestly reactive. Impor-
tantly, heterologous expression of miR-145 significantly reduced
stable viral copy numbers and blocked differentiation-dependent
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FIG 3 High-level expression of miR-145 from heterologous expression vectors blocks HPV genome amplification, late gene expression, and induction of KLF-4.
(A) Southern blot analysis of supercoiled episomal viral DNA levels upon differentiation (Diff) of CIN-612 cells with forced expression of miR-145. CIN-612
miR-145 cells and control mock-transfected cells were induced to differentiate in high calcium, and DNA was harvested after 48 h. Quantification of band
intensities was done using Image J, and averages from three independent experiments with standard errors are shown in the bar graph. UD, undifferentiated. (B)
Southern blot analysis of supercoiled episomal viral DNA levels following differentiation of CIN-612 cells expressing high levels of miR-146a (CIN-612 miR-146a
cells), vector control, and mock-transfected cells. Quantification of the band intensities is shown in the bar graph. No effect of miR-146a on amplification is seen.
(C) Northern blot analysis of early and late viral transcripts during differentiation of CIN-612 miR-145 cells and mock-infected control cells. Arrows indicate
early transcripts encoding E6*, E7, E1, E2, E5, E6*, E7, and E1E4, as well as late transcripts encoding E1E4 and E5. The late transcript bands were quantified using
Image J, and results from three independent experiments with standard errors are shown. (D) Western blot analysis showing levels of KLF-4 and Oct-4 in cell
extracts from raft cultures of viv, viv-31gen, and CIN-612 control cells, as well as CIN-612 miR-145 cells. A nonspecific band (at 60 kDa) was detected in CIN-612
cultures which was not seen in the viv or viv-31gen rafts. The individual KLF-4 and Oct-4 bands were quantified by Image J and normalized against glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) levels, and they are represented as fold differences under each band.
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viral genome amplification. This indicates that HPVs downregu-
late miR-145 expression to allow for persistent viral infections.

The question arises as to why HPVs retain microRNA-respon-
sive sequences in their genomes if viral proteins act to downregu-
late expression of certain microRNAs. We observed that in normal
keratinocytes, miR-145 levels remain high and relatively constant
throughout differentiation. In contrast, in HPV-positive cells,
miR-145 levels are high in undifferentiated cells and decrease
upon differentiation. This suggests a mechanism whereby higher
levels of miR-145 contribute to controlling low-copy mainte-
nance in undifferentiated cells. Upon differentiation, the levels of
miR-145 decrease, resulting in a loss of suppression of replication
proteins and facilitating viral genome amplification. Our studies
indicate that differential expression of miR-145 is important for
the virus life cycle.

As discussed above, miR-145 targets sequences in HPV-31 E1
and E2 to control either the stability of messages encoding E6, E7,
El, and E2 or the translatability of the corresponding viral pro-
teins. Since HPV messages are all polycistronic, it is possible that
either E6, E7, or E2 is the target of miR-145 action, and all of them
may play roles in viral replication. The most likely candidate is E1,
but there are no effective antibodies to detect HPV-31 E1 proteins
in cells that stably maintain episomes. miRNA target sequences do
not necessarily have to be located in 3'UTR, as they can also be
located in 5"UTR or in the middle of coding regions (5). While it
is unclear which specific viral proteins are targeted by miR-145,
high levels of miR-145 can inhibit viral amplification upon differ-
entiation and reduce viral copy numbers in undifferentiated cells.
This is consistent with our model that high levels of miR-145 in
undifferentiated cells help control the stable replication of epi-
somes to keep the viral copy number low, while upon differentia-
tion, levels of miR-145 decrease to permit robust viral replication.
The miR-145 and miR-143 loci are located on chromosome 5q32,
and these two miRNAs are expressed as bicistronic transcripts,
often acting synergistically (31-33). Our studies show reductions
in miR-143 levels in viv-31gen raft cultures similar to those seen
with miR-145. In contrast to miR-145, no sequences reactive to
miR-143 are present in HPV genomes. Future studies will inves-
tigate the effects of mutating each of the miR-145 reactive se-
quences in HPV-31 genomes on the differentiation-dependent life
cycle.

The reduction in miR-145 levels by HPV-31 appears to be me-
diated by the oncoprotein E7. E7 can suppress the activity of sev-
eral key cellular tumor suppressors, such as pRb (34), NF-«B (35,
36), and p300 (37). An examination of the promoter of miR-145
revealed that p65 (Rel A), part of the NF-«B transcriptional ma-
chinery, has two binding regions. E7 reduces NF-«kB activity in
HPV-positive cells (35, 36), and this may contribute to repression
of miR-145 expression.

miR-145 has been reported to act as a tumor suppressor, since
its expression is repressed in a number of tumors and overexpres-
sion can inhibit tumor growth (38—40). However, in our studies,
we did not see any effect of miR-145 overexpression on the growth
properties of HPV-positive cells. miR-145 also targets the pluri-
potency factors KLF-4, SOX-2, and Oct-4, and it functions to
regulate the proliferative capacity of embryonic stem cells (30).
The effect of miR-145 on Oct-4 has been reported to be modest,
and we observed similar minimal reductions in our studies. In
contrast, KLF-4 is highly responsive to miR-145, as confirmed in
our analyses. KLF-4 is a downstream mediator of p63 action (29),
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and our previous studies indicate that p63 is necessary for activa-
tion of late viral events upon differentiation (28). Future studies
will investigate the effects of knocking down KLF-4 and other
pluripotency factors on the viral life cycle. We show here that
repression of miR-145 regulates viral replication as well as KLF-4
protein levels, and we believe that both activities are important to
allow for genome amplification upon differentiation. Overall, our
studies identify miR-145 as an important regulator of the HPV life
cycle both by directly targeting viral sequences and by acting on
cellular factors, such as KLF-4.
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