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A functional interaction of E7 with B-Myb-MuvB complex
promotes acute cooperative transcriptional activation of both

S- and M-phase genes

CL Pang'?, SY Toh', P He', S Teissier’, Y Ben Khalifa®, Y Xue' and F Thierry’

High-risk human papillomaviruses are causative agents of cervical cancer. Viral protein E7 is required to establish and maintain the
pro-oncogenic phenotype in infected cells, but the molecular mechanisms by which E7 promotes carcinogenesis are only partially
understood. Our transcriptome analyses in primary human fibroblasts transduced with the viral protein revealed that E7 activates
a group of mitotic genes via the activator B-Myb-MuvB complex. We show that E7 interacts with the B-Myb, FoxM1 and LIN9
components of this activator complex, leading to cooperative transcriptional activation of mitotic genes in primary cells and E7
recruitment to the corresponding promoters. E7 interaction with LIN9 and FoxM1 depended on the LXCXE motif, which is also
required for pocket protein interaction and degradation. Using E7 mutants for the degradation of pocket proteins but intact for the
LXCXE motif, we demonstrate that E7 functional interaction with the B-Myb-MuvB complex and pocket protein degradation are two
discrete functions of the viral protein that cooperate to promote acute transcriptional activation of mitotic genes. Transcriptional
level of E7 in patient’s cervical lesions at different stages of progression was shown to correlate with those of B-Myb and FoxM1 as
well as other mitotic gene transcripts, thereby linking E7 with cellular proliferation and progression in cervical cancer in vivo. E7 thus

can directly activate the transcriptional levels of cell cycle genes independently of pocket protein stability.
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INTRODUCTION

The high-risk human papillomavirus (HPV) E7 protein is multi-
functional and influences cellular fitness, metabolic processes,
cytokine signalling and mitotic activity in infected cells." Efficient
modulation of the cell cycle by HPV E7 is likely to be a critical
pro-oncogenic event in virus-infected cells. Expression of E6
and E7 in cervical carcinoma cells is both necessary and sufficient
to maintain the transformed phenotype, which is subsequently
lost upon suppression of E6/E7 transcription.>™® E7 directly
interacts with and promotes the degradation of pocket proteins
(negative regulators of the cell cycle) to allow E2F activators to
stimulate S-phase gene transcription and drive host cell mitotic
entry.! Accordingly, suppression of E6 and E7 transcription in
cervical carcinoma cells leads to a corresponding transcriptional
suppression of S-phase and mitotic genes.*”’

Two prominent transcriptional activators of mitotic genes,
B-Myb and FoxM1, are E2F target genes that are substantially
modulated by suppression of E6/E7 transcription in Hela cells.” The
HPV16 E7 protein had previously been shown to specifically
activate B-Myb transcription® and to interact with and activate
FoxM1.° Mammalian B-Myb is a product of the MYBL2 gene that
is expressed in all dividing cells, such that loss of function
mutations in this gene causes early embryonic lethality."
Orthologous MYBL2 in both drosophila’’™"® and zebra fish'* is
similarly essential for the regulation of mitotic progression. The

mammalian MuvB core acts in conjunction with B-Myb to activate a
range of mitotic genes'>™'® and B-Myb has been shown to be
activated in cancers, reviewed in.?® The MuvB core itself contains five
distinct subunits, among which LIN9 is known to be essential for
embryonic development. In contrast, FoxM1 has long been
implicated in the execution of the mitotic program in mammalian
cells?* but the interplay between this transcription factor and B-
Myb-MuvB complex was only very recently identified.*** FoxM1
influences a plethora of different cellular activities, including
regulation of oxidative stress, repair of DNA damage and even
tumour metastasis.”>*° Accordingly, overactive FOXM1 has a major
role in many cancers, including breast, lung, colorectal and cervical
carcinomas.”’3! There are two distinct forms of DREAM complexes
reported to date in the literature, the B-Myb-MuvB activator of mitotic
genes as described above and a repressor complex that will be called
DREAM/p130 as it is associated with the p130 pocket protein. The
DREAM/p130 complex is involved in repression of S-phase genes in
the GO phase of the cell cycle via interaction with the pocket proteins
p130 and p107 and the E2F5 or E2F4 repressors.'®*? It has recently
been shown that E7, by degrading p130, induces activation of
S-phase genes through inactivation of the DREAM/p130 repressor
complex** In contrast to the DREAM/p130 repressor, the B-Myb-
MuvB activator does not interact with pocket proteins but rather with
transcriptional activators B-Myb and FoxM1. In the present report, we
hypothesized that HPV protein E7 can activate mitotic genes in host
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cells by directly influencing the activity of this B-Myb-MuvB activator
complex, independent of pocket proteins. We report that E7 interacts
with the main component of the MuvB core, LIN9, and with
transcription factors B-Myb and FoxM1 to promote mitosis in infected
cells. E7 was recruited to promoters of mitotic genes in vivo in a
B-Myb dependent manner. Interaction with LIN9 and FoxM1
depended on the LXCXE motif of E7, whereas E7 interaction with
B-Myb did not. However, this novel trans-activating property of E7
was not sufficient to achieve full mitotic activation in primary human
cells, unless coupled with depletion of pocket proteins. Our data
reveal a novel role for E7 in promoting mitotic genes activation both

complementing the degradation of pocket proteins to enhance
host cell proliferation in cervical cancer.

RESULTS

Acute HPV16 E7 expression activates mitotic gene transcript levels
in primary human fibroblasts (PHFs)

We sought to compare modulation of cell cycle genes occurring in
Caski cells, a cervical carcinoma cell line associated with HPV16,
with gene modulation occurring in HPV16 E7 expressing cells.
A total of 360 genes were suppressed in Caski cells expressing the

in vitro and in patient’s clinical samples, thereby functionally transcriptional repressor E2C, which represses endogenous
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Figure 1. HPV16 E7 mutants that are unable to degrade pocket proteins failed to activate cell cycle genes transcript levels. (a) Microarray
analyses were performed to measure gene expression after transcriptional repression of HPV16 E6 and E7 (16E6 and 16E7) by the E2C
repressor in Caski cells. A total of 360 genes were down-modulated (>2-fold) by 16E6/E7 repression compared with control cells, see
Supplementary Table S1 for the complete list of genes suppressed in E2C-infected Caski cells. Microarray analyses of PHFs at 72h post
transduction with 16E7 were compared with control cells and showed that a total of 975 genes were activated > 2-fold by E7 on four replica
at P<0.01. Venn diagram of genome-wide expression profiles of 16E7-depleted Caski cells and 16E7-transduced PHFs showing an overlap of
213 genes, among which 126 are cell cycle genes and 106 are mitotic genes analysed by Ingenuity Pathway studio. See also Supplementary
Table S2 for list of common S-phase and mitotic genes. (b) Wild-type HPV16 E7 and mutant D6 — 10 interact with endogenous pRB, but not
mutant D21 — 24. 293 cells were transfected with expression vectors of Flag-tagged wt 16E7, mutant D6 — 10 or mutant D21 — 24. ColP was
performed using an anti-Flag antibody, although the western blots were revealed with an anti-pRB antibody. Flag-RFP was used as a negative
control. (c) The Cy values of HPV16 E7 in Caski cells or in PHFs expressing empty vector (control), wt 16E7, mutant D6 — 10 or mutant D21 — 24
were assessed by gPCR. (d) Cells were collected for real-time analyses of a panel of mitotic genes (upper panel) and S-phase genes (lower
panel) selected from the microarrays, after 72 h transduction with empty vector, wt16E7 or mutant D6 — 10 or D21 — 24. Data shown are
derived from three independent experiments and are presented as the mean values of relative mRNA expression * s.e.m. (e) Western blot
measurement of protein levels of wild type HPV16 E7 (16E7) and E7 mutants D6 — 10 and D21 — 24 in transduced fibroblasts alongside protein
levels of the corresponding endogenous mitotic gene CDC25C and S-phase genes FOXM1, MYBL2, LIN9.
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transcription of the HPV16 E6 and E7 oncogenes as previously
shown in the HPV18-associated Hela cells,”™ including 134 mitotic
genes (Supplementary Table S1). We used the lllumina platform to
conduct transcriptome analyses of PHFs after 72h of viral
transduction with HPV16 E7 (in condition of acute E7 expression
in most cells). A total of 213 modulated genes were shared
between E2C-expressing Caski cells (repressed genes) and E7-
expressing fibroblasts (activated genes), including 106 mitotic
genes, thus further indicating that E7 is a potent pro-mitotic factor
in cervical carcinoma cells and when overexpressed in primary cells
(Figure 1a and Supplementary Table S2).

We then studied transcription of a subset of these genes found
modulated in microarrays by inducing the expression of HPV16 E7
wild type and E7 variants in primary human skin fibroblasts. The
E7 variants were mutant E7 D21 — 24 that lacks the LXCXE motif
and thus cannot interact and degrade pocket proteins, or mutant
E7 D6 — 10 that can interact with 3’pocket proteins but cannot
degrade them as previously shown®® and in Figures 1b and e.
Efficient E7 expression was verified by RT-PCR analyses of
transcript levels in infected cells, and the expression conditions

a Control
16E7 ¥
B-Myb —
FoxM1

p130 —- B b

e

HPV E7 activates mitosis by interaction with B-Myb-MuvB
CL Pang et al

were optimized to mimic endogenous levels of expression
observed in HPV16-associated cervical carcinoma cell lines Caski
and SiHa cells (where E7 transcripts are expressed at ~14-16
cycles thresholds, C;) (Figure 1c). Levels of the E7 proteins were
more difficult to compare due to deficient epitope recognition of
the deleted proteins by the antibodies as noted earlier®®
(Figure 1e). We were, however, confident that the mutants and
wild type E7 were similarly expressed as their flagged counterparts
appeared expressed at comparable levels (Figure 1b). Over-
expression of wild type E7 induced 8 — 20-fold upregulation of the
transcript levels of six endogenous mitotic genes, whereas neither
E7 mutant was able to elicit detectable gene activation (Figure 1d,
upper panel). These findings were confirmed by western blots
analyses demonstrating that only wild type E7 was capable of
increasing the expression of the mitotic protein cdc25C
(Figure 1e). When the effect of E7 expression on endogenous
proteins in PHFs was examined by western blot, clear increase of
B-Myb, FoxM1 and LIN9 endogenous expression could be seen, as
well as degradation of pRB in the cells expressing wild-type E7
only (Figure Te). Wild type E7 also upregulated the transcript levels
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Coexpression of HPV16E7 with B-Myb induces cooperative activation of mitotic genes transcript levels in PHFs. (a) Western blot

analyses showing expression of 16E7, B-Myb and FoxM1 and concomitant degradation of endogenous p130 and pRB in wild type E7
transduced skin PHFs. (b) PHFs were transduced with B-Myb and wild type 16E7 (c) same as (b) but with E7 mutant D6 — 10. After 72h,
fibroblasts were collected and subjected to qPCR analyses using specific primers for mitotic genes: CDC25C, PLK4 and SPC25. (d) Same as
(b) but the gPCR analyses were done with primers for the S-phase genes: CCNE2, POLA2 and TK1 as indicated. (e) Same as (c) for the S-phase
genes. Results shown are representative of three or more independent experiments.
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of three of four representative S-phase genes by ~5 — 10-fold, microarrays data (Supplementary Data Table S1) (CDC25C, PLK4
and CCNE2 gene activity was increased ~70-fold (Figure 1d and SPC25) and coexpression of both E7 and B-Myb induced
lower panel), whereas neither E7 mutant was able to activate further increase (Figure 2b) that was less obvious for the S-phase
S-phase genes efficiently. We, therefore, concluded that E7 can genes (CCN2, POLA2 and TK1) (Figure 2d). We next examined the
comparably stimulate M- and S-phase gene transcript levels in effect of B-Myb coexpression with mutant E7 proteins. Although
PHFs, whereas the E7 mutants cannot, supporting previously E7 D6 — 10 did not activate transcription of the mitotic genes as
published data on the functional role of degradation of pocket shown previously (Figure 1d), coexpression with B-Myb induced a

proteins.’ strong cooperative increase in transcript levels (3 —5-fold

compared with B-Myb alone) of the three mitotic genes
HPV16 E7 cooperates with B-Myb or FoxM1 to increase mitotic (Figure 2c) as well as of three representative S-phase
gene transcript levels in PHFs genes (Figure 2e). Increase in the transcript levels of the selected
We next investigated whether E7 was capable of activating mitotic and S-phase genes was also observed in cells that
M-phase genes via effects on the B-Myb-MuvB activating complex. expressed FoxM1, and coexpression of both FoxM1 and E7

Wild type E7 or mutant E7 proteins were coexpressed with the D6 — 10 induced a cooperative increase of M-phase gene
B-Myb and FoxM1 transcriptional activators of the B-Myb-MuvB transcript levels (Supplementary Figure STA). Functional coopera-
complex and the protein levels were assessed by western blot in tion between B-Myb or FoxM1 and E7 D6 — 10, leads to levels of
transduced fibroblasts (Figure 2a). As noted earlier, their function mitotic genes transcription that reach the wild type E7
can only be studied using overexpression as primary fibroblasts cooperative levels, thus strongly suggesting that this functional
express very low endogenous levels of both B-Myb and FoxM1 cooperation is indeed independent of degradation of pocket
(Figures 1e and 2a). We noted that overexpression of B-Myb proteins. Interestingly, when the same experiments were done
decreased pocket protein p130 but we have no explanation for with the E7 LXCXE mutant, less cooperativity was seen indicating
this phenomenon at the moment. Transduction of MYBL2 or E7 that the LXCXE motif may have a role in E7 cooperation with
alone into PHFs increased transcription of a representative panel B-Myb and FoxM1 and the B-Myb-MuvB complex (Supplementary
of three endogenous mitotic genes that were chosen from the Figure STA and S1B).
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Figure 3. HPV16 E7 interacts with B-Myb and FoxM1 and binds to mitotic gene promoters. (a) Protein extracts from 293T cells expressing Flag-
tagged 16E7, D21 — 24 or D6 — 10 and B-Myb proteins were immunoprecipitated with Flag antibodies and then analysed by western blot
using the B-Myb antibody. Input controls comprised 2% of the lysates used for immunoprecipitation. B-Myb can associate with wild-type 16E7
as well as with mutants D21 — 24 and D6 — 10. (b) Same experiment as in (a) but with coexpression of 16E7 and FoxM1, which interacts with
wt 16E7 and D6 — 10 but less markedly with D21 — 24. Flag-tagged RFP was used as a negative control. (c) ChIP assays were performed using
anti-Flag antibody with extracts from Hela cells ectopically expressing Flag-tagged-16E7. 16E7 was found to occupy the promoters of several
mitotic genes: AURKB, CDC25B, ESPL1 and SPC25. Relative occupancy values were calculated by determining the levels of immunoprecipitated
DNA compared with that of the input samples and were normalized to that of GAPDH. Histogram depicts fold enrichment of promoter
sequences in immunoprecipitates with anti-flag antibodies compared with IgG pull-down samples. Data depicted represent the mean
enrichment values + s.d. P-values were calculated using Student’s paired t-test: *P<0.05. (d) E7-LIN54 sequential ChIP assays were performed
on human fibroblasts cells transduced with Flag-tagged 16E7 alone or together with B-Myb. Complexes eluted from primary ChIP using anti-
Flag antibodies were incubated overnight with anti-LIN54 antibodies. Values reported in the graph are fold enrichment of promoter
sequences after normalization with samples pull-down with I1gG followed by anti-LIN54 antibody.
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HPV16 E7 interacts with B-MyB and FoxM1 and is recruited to coimmunoprecipitation experiments, performed in cells where
mitotic promoters pocket proteins were silenced by use of small hairpin (sh)RNAs as
The synergistic increase of mitotic genes transcript levels by described,*® gave rise to levels of interaction comparable as in
HPV16 E7 and B-Myb or FoxM1 strongly suggested that E7 directly untreated cells (Supplementary Figure S2). This experiment thus
interacts with B-Myb or FoxM1, as demonstrated previously for ~ firmly establishes that E7 interacts with the B-Myb and
FoxM1 only,” and could perhaps form transcriptional complexes FoxM1 independently of the pocket proteins interaction and/or
with these proteins. We, therefore, looked for E7:B-Myb interaction degradation despite the partial requirement for the LXCXE motif.
by performing immunoprecipitation in extracts of 293T cells that ~ To further clarify the mechanism by which E7 regulates mitotic
overexpressed E7 and B-Myb and were indeed able to detect an genes, we performed chromatin immunoprecipitation experi-
interaction between these two proteins (Figure 3a). The E7:B-Myb ments that focused on the regulatory regions of mitotic genes
interaction was largely preserved when these assays were  (AURKB, CDC25B, ESPLT and SPC25) in cells that overexpressed a
repeated using the E7 LXCXE mutant (D21 -—24), and were tagged HPV16 E7 protein. These assays confirmed that E7 is
completely preserved in analyses of the D6—10 mutant, actively recruited to the promoters of mitotic genes in Hela cells,
indicating that binding of B-Myb to E7 is independent of  although the level of recruitment was weak (Figure 3c).
the LXCXE motif (Figure 3a). Wild type E7 and the D6 — 10 mutant ~ As transcription factors, B-Myb and FoxM1, were capable of
both interacted strongly with FoxM1, but unlike E7: binding to specific sequences in mitotic gene promoters and
B-Myb interaction, deletion of the LXCXE motif substantially could thus potentially mediate E7 interactions with chromatin, we
reduced E7 interaction with FoxM1 (Figure 3b). As p130, has been performed sequential chromatin IP in PHFs expressing E7 alone or
shown to interact with both the DREAM/p130 repressor complex ~ E7 coexpressed with B-Myb. Recruitment of E7 to mitotic
and E7, we wanted to make certain that interaction of E7 with promoters was detected only in the presence of coexpressed
B-Myb-MuvB did not occur via pocket proteins. The same B-Myb in a complex containing LIN54, one of the element of
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Figure 4. HPV16 E7, B-Myb and FoxM1 interact with the LIN9 component of the MuvB core and E7-dependent increase of cell cycle gene
transcripts is dependent on B-Myb. (a) Coimmunoprecipitation assays were conducted in 293T cells co-transfected with GFP-LIN9 and Flag-
tagged FoxM1 or Flag-tagged B-Myb (positive control) or Flag-tagged RFP (negative control). (b) Same assays as in (a) but conducted in cells
co-transfected with 16E7, D21 — 24 or D6 — 10, showing that both E7 wild type and mutant D6 — 10 interact with LIN9, whereas this
interaction is reduced for the mutant D21 — 24. (c) Proteins were extracted from 293T cells co-transfected with Flag-tagged B-Myb and FoxM1
before being subjected to immunoprecipitation using anti-Flag antibodies. (d) Efficiency of the B-Myb knock down by siRNA transduction in
PHFs (left graph) and cell cycle gene transcript levels in control and E7 transduced fibroblasts in the presence of the B-Myb shRNA (right
graphs). PHFs were simultaneously transduced by viruses carrying 16E7 or empty vector and siRNA against B-Myb for 3 days before collecting
for gPCR analysis.
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MuvB core, therefore unambiguously demonstrating that E7 to clarify whether E7 activation of cell cycle genes observed
is actively recruited to mitotic genes promoters through the in fibroblasts was indeed dependent on B-Myb-MuvB and
B-Myb-MuvB complex (Figure 3d). In addition, these experiments could demonstrate that B-Myb knockdown decreased
show that an elevated B-Myb expression is required for E7 to E7-dependent activation of cell cycle genes transcript levels
be recruited to promoters as recruitment of E7 alone could only (Figure 4d).
be seen in Hela cells and not in fibroblasts where endogenous
B-Myb is very low.
E7 interaction with the B-Myb-MuvB complex is complemented by
pocket protein degradation to fully enhance cell cycle genes
HPV16 E7, B-Myb and FoxM1 interact with the LIN9 component of  transcription
the MuvB core We transduced shRNAs targeting pocket proteins pRb, p130 or
B-Myb has previously been shown to activate the transcription p107 into primary human skin fibroblasts and evaluated the
of mitotic genes by interacting with the LINO member of the  depletion of the corresponding proteins (Figure 5a).3%%7 If the
mammalian MuvB core.'”™"® Accordingly, we were able to confirm pocket proteins were silenced separately, none of these depletion
that B-Myb interacts with LIN9 when coexpressed in human alone could induce detectable increase in cell cycle genes
fibroblasts as well as an interaction of LIN9 with expression (Supplementary Figure S3A (—) lanes). When coex-

FoxM1 (Figure 4a). In immunoprecipitation experiments, we pressed with wt E7, depletion of the pocket proteins had only very
could also detect an interaction between E7 and LIN9, although little effect on the wt E7 gene activation. In contrast, pRB depletion
this interaction was markedly reduced if E7 lacked the LXCXE gave rise to a detectable increase in cell cycle genes transcript
motif (Figure 4b). In contrast, the D6 — 10 region of E7 was levels when coexpressed with E7 D6 — 10 and at a much lower
dispensable for interaction with LIN9. Further analyses also levels than wt E7 for the mitotic genes (Supplementary Figure

revealed a lower — strength interaction between FoxM1 and S3A), although it was more sustained for the S-phase genes
B-Myb (Figure 4c). These data and the above ChIP experiments (Supplementary Figure S3B). We thus decided to deplete the three
strongly suggested that B-Myb, FoxM1 and HPV16 E7 are pocket proteins together and cotransduced the three shRNA to
part of the B-Myb-MuvB transcriptional activator complex that achieve ~80% silencing of pRb and p130 alongside the previously
drives mitotic gene transcription. At that point we wanted noted lower efficiency silencing of p107 in cosilencing
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Figure 5. Pocket protein degradation complements E7:B-Myb-MuvB interaction in E7-induced increase of cell cycle genes transcription.
(@) Western blots showing knock down efficiency of individual pocket protein silencing in fibroblasts transduced with the corresponding
shRNAs against pRB (shpRB), p107 (shp107) and p130 (shp130) (b) Knockdown efficiency of pocket protein transcription in PHFs transduced
with the three pocket proteins shRNAs together were determined by qPCR. (c) PHFs were transduced with either E7 wild type or mutants
D6 — 10 or D21 — 24 as indicated at the bottom of the graphs, (—) indicating cells transduced with the empty pCDH vector, together with
gene silencing of pocket proteins by lentiviral delivery of shRNAs. These cells were assayed for expression of three M-phase genes using qPCR
after 72 h coinfection. (d) Same experiments as in (c) but assayed with three S-phase genes. Data shown are derived from three independent
experiments and are presented as the mean mRNA values + s.e.m.
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experiments probably owing, at least in part, to p107 being
activated to compensate for loss of pRB*’ (Figure 5b). Further
increase in transcript levels of cell cycle genes was observed after
silencing of the two pocket proteins p130 and pRB; mitotic genes
were upregulated 1—2-fold, whereas S-phase genes were
upregulated ~5 — 20-fold (control columns (—) in Figures 5c
and d). Wild type or mutant E7 proteins expression alongside
silencing of p130 and pRB led to a slight increase in mitotic genes
transcription by wild type E7, although it remarkably restored the
lack of activity of the D6 — 10 mutant to levels 50 to 80% of wild
type E7 (Figure 5¢). In stark contrast, the pro-mitotic activity of the
D21 — 24 mutant was not rescued by partial depletion of pocket
proteins (Figure 5c), thus confirming that another function of E7
LXCXE motif is involved here such as interaction with LIN9 or
FoxM1 of the B-Myb-MuvB activator complex, as demonstrated
earlier (Figure 3b and 4b). A similar cooperative activation
between E7 D6 — 10 and silencing of pocket proteins was seen
for S-phase genes activation with almost full recovery of the wild
type E7 activity (Figure 5d).

HPV E7 activates mitosis by interaction with B-Myb-MuvB
CL Pang et al

The complementary functions of E7 in primary human
keratinocytes

As the natural host for HPV infection and E7 cellular trans-
formation is the human keratinocyte, we validated our fibroblast
data by conducting an additional series of experiments in primary
human keratinocytes. Transduction of shRNAs against pocket
proteins into human keratinocytes efficiently suppressed the
transcription of pRb and p130, and weakly suppressed p107
(Figure 6a), but activation of endogenous M-phase genes was not
detected in this condition (Figures 6b and c¢). In contrast,
transduction of wild type E7 into primary human keratinocytes
induced substantial activation of mitotic genes (Figure 6b) and
S-phase genes (Figure 6¢). Western blot analyses confirmed that
expression of wild type E7 increased the protein expression of cell
cycle genes CDC25C, MAD2 and CCNET, although partial silencing
of pocket proteins was unable to activate them (Figure 6d). A
model of enhanced activation of mitotic genes by E7 is shown,
where E7 can activate the cell cycle genes by two cooperating
pathways and a strong feed forward loop (Figure 6e).
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Acute expression of HPV16 E7 activates cell cycle genes transcriptional levels in primary human keratinocytes (PHKs) more efficiently

than pocket proteins silencing. (a) Real-time PCR analyses were performed to verify gene silencing efficiency of lentiviral shRNA targeting of
PRB, p107 and p130 together in PHKs. (b) PHKs transduced with shRNAs against pocket proteins (pRB, p107 and p130) and with HPV16E7 were
collected for real-time PCR analyses of six M-phase genes. (c) Same experiment as in (b) but analysing transcription levels of five S-phase
genes. Results shown are representative of two independent experiments conducted on two different batches of PHKs. (d) Western blot
analyses of 16E7, CDC25C, MAD2 and CCNET expression in PHKs after gene silencing of pocket proteins for comparison with over-expression of
16E7. *indicates a non-specific band. (e) Model of mitotic genes activation in the presence or absence of E7.
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Figure 7. Transcriptional activation of MYBL2, FOXM1 and mitotic genes correlates with increase of HPV16 E7 transcripts in human biopsy
samples and cervical carcinoma cells. Human biopsy RNA samples including three normal cervix (black), eight cervical intraepithelial neoplasia
(Blue) and four squamous cell carcinoma (red) associated with HPV16 were subjected to transcriptome analysis using the NanoString
technology. In parallel, cervical carcinoma cell lines SiHa, Caski and IC3 (brown) and Caski cells expressing exogenous E2 (yellow) were
analysed using the same approach. Levels of HPV16 E7 expression were compared with levels of mitotic gene transcripts, as indicated on the
panels of the Figure. Expression of each of the mitotic genes analysed was significantly correlated with E7 expression. Transcription levels of
both E7 and mitotic genes increased substantially with increasing lesion severity.
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Correlation between E7 and mitotic genes transcriptional
modulation in HPV16-associated patients cervical dysplasia

We next investigated transcript levels of E7 and cell cycle genes in
patient clinical samples, by using NanoString technology.®®3°
Transcript levels of six M- and two S-phase genes were analysed in
cervical biopsy extracts from three healthy controls, eight patients
with grade 2—3 cervical intraepithelial neoplasia and four
patients with squamous cell carcinoma. For comparison, we
performed parallel analyses of three cervical carcinoma cell lines
previously shown to be associated with HPV16: Caski, SiHa and
IC3, this last cell line being described in.*° E7 transcript levels were
compared with the transcript levels of a series of mitotic genes
identified by the microarrays described above (Supplementary
Table S1). HPV16 E7 expression levels in biopsy extracts were
correlated with MYBL2 and FOXM1 genes and with mitotic genes
CCNB1, AURKB, PLK1, CDC20, CDC25C and CENPA (r>0.84;
Figure 7), thus confirming a relationship between E7 expression
and mitotic gene activation in human lesions. In validation of our
in vitro systems, E7 expression was also shown to correlate with
cellular mitotic genes in the cervical carcinoma cell lines Caski,
SiHa and 1C3 and E7 transcription levels were comparably
decreased in Caski cells expressing the HPV18 E2C repressor
(Figure 7). We concluded, therefore, that E7 transcript levels in
cervical biopsy samples correlate with transcript levels of mitotic
genes, which supports a direct role for HPV E7 in modulating these
genes in HPV-infected cells in vivo. Activation of mitotic genes was
detected from low-grade cervical intraepithelial neoplasia 2 lesion
indicating that E7 is able to activate mitotic genes at the early
stages of transformation, but that transcription of the viral gene
increases correlatively with activation of the host mitotic genes
and grade of the clinical lesions.

DISCUSSION

We demonstrate here that incorporation of E7 into the activating
B-Myb-MuvB complex promotes increase in mitotic gene tran-
script levels, but is not sufficient in primary cells as this process
must be complemented by silencing of pocket proteins to achieve
full effect. We also demonstrate that pocket proteins depletion
does not recapitulate E7 expression to activate cell cycle genes in
primary cells. Importantly, our experiments were done
in acute condition where E7 is expressed transiently in ~100%
transduced cells, and genes were analysed in a short time frame of
2 —3 days. In similar transduction experiments, pocket proteins
shRNAs were also delivered to ~100% of the cells and the
reduction in pRb and p130 expression was ~80%. The lack of
strong cell cycle genes activation through pocket protein silencing
in our system, both in fibroblasts and keratinocytes in monolayers,
indicates that more time is needed for the genes to be activated
because that activation occurs after a cascade of events. RB
depletion is comparable with E7 expression in inducing cell
proliferation only in long term experiments involving either raft
cultures or mouse models.*'™3 In contrast, E7 activation of
the genes is rapid due to direct interaction with the trans-
criptional activator B-Myb-MuvB and immediate increase in its
function. This is amplified by a feed forward loop where E7
activates the B-Myb and FoxM1 transcription factors as well
as the MuvB core constitutive element LIN9, as depicted in the
model in Figure 6e. There is, therefore, a difference in phenotypes
of long term and short term Rb depletion, which has already
been noted by others*? In any case the same authors noted
that even though Rb depletion could recapitulate E7 expression
in inducing cell proliferation in mice skin, E7 effect is more
rapid than Rb depletion. In addition, they reported that
expression of E7 together with Rb depletion gave a more
pronounced phenotype indicating that E7 exhibits additional
functions to Rb degradation. Taken together, all these data

© 2014 Macmillan Publishers Limited

led us to the hypothesis that E7 activation of B-Myb-MuvB is
used to accelerate the cellular proliferation and to initiate and
stimulate a powerful feed forward loop of cell cycle gene
activation including S-phase genes, through a transcriptional
cooperation between B-Myb-MuvB and E2F. Interestingly, we
found that the interaction with the B-Myb-MuvB complex
is partially conserved with the low risk HPV6 and 11 E7
proteins, thus pointing to common pro-proliferative mechanisms
in the high and low risk models (Toh et al. manuscript in
preparation).

The B-Myb-MuvB complex is shown here to be an important
new target of oncogenic transformation in human cells, as is also
indicated by the overexpression of B-Myb and FoxM1 observed in
many cancers. Our data further indicate that the entire B-Myb-
MuvB complex (including LIN9) is activated in HPV16-infected
lesions and cervical cancer. Consistent with our findings, a recent
report from Lambert laboratory demonstrated that E7-mediated
degradation of pocket proteins alone is not sufficient to induce
tumorigenesis in a mouse model of cervical carcinoma.’ It was
also shown that E7 proteins from various HPV types stimulate
proliferation independently of their association to pRB.** We,
therefore, propose that B-Myb-MuvB activation is also required for
carcinogenic progression. In addition to confirming E7 as a major
oncogene in a HPV model, the current study identifies a novel role
for E7 in inducing the transcriptional activation of mitotic genes
and in accelerating the cell cycle in HPV-infected cells by direct
protein — protein interaction with a transcriptional activator
complex. As this interaction is probably required for
carcinogenic progression in human patients, then therapeutic
blockade of this activity could provide new treatment strategies in
cervical carcinoma.

MATERIALS AND METHODS
Microarray hybridization and analysis

The Human Gene 1.0 ST array from Affymetrix (Santa Clara, CA, USA),
(including 28 869 well-annotated genes with 764 885 distinct probes) was
used to analyse E2C-infected Caski cells (Figure 1a). In each experiment, a
total of 200ng RNA was amplified, terminally labelled and used for
hybridization according to the manufacturer’s instructions. Data were
analysed and tested for statistical significance using Partek Genomics Suite
software (St Louis, MO, USA). lllumina Human HT-12 V4 expression
BeadChip (Singapore) was employed for genome-wide expression profiling
of E7-transduced fibroblasts. Microarrays were performed by the micro-
array facility at Biopolis Shared Facilities (A-star, Singapore). Genes were
analysed by the Ingenuity Pathway Studio (Redwood city, CA, USA).

Cell culture

Hela, Caski, 293T cells and primary human skin fibroblasts were grown in
Dulbecco’s Modified Eagle Medium (Invitrogen, Singapore) supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin. Primary
human neonatal foreskin keratinocytes were purchased from CELLNTEC
(Scarborough, ON, Canada) and cultured in PCT epidermal keratinocyte
medium (CnT-57, CELLNTEC) at 37 °C, in a humidified 5% CO, incubator.

Expression vectors

Vectors expressing B-Myb or FoxM1B were constructed by amplifying the
corresponding DNA fragments from pBABE-B-Myb and pSIN-CMV-FoxM1B,
respectively.?” The full-length, wild-type HPV16 E7 and HPV16 E7 mutants
D6—10 and D21 —24 were subcloned from pLXSN-16E7, pLXSN-
16E7D6 — 10 and pLXSN-16E7D21 —24* into mammalian expression
vector pXJ-Flag, whereas the GFP-tagged human LIN9 used in the
coimmunoprecipitation experiments was described in.'®

Transfection and viral transduction

Microarrays in Caski cells were performed after 48h of infection with
recombinant adenoviruses expressing either GFP-HPV18 E2C or GFP in
conditions described previously.® For transient gene expression or gene
knockdown experiments, 293T cells were transfected with Fugene HD
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(Roche, Singapore, 168730) using the respective plasmid constructs
according to the manufacturer's recommendations. PHFs and keratino-
cytes were transduced with viral vector carrying B-Myb or FoxM1B and
with wt, D6 — 10 or D21 — 24 mutants of HPV16 E7 (or empty vector), and
were collected 72h post-infection for real-time PCR to confirm gene
expression. For silencing of pocket proteins, infections were done in PHFs
and keratinocytes using viruses expressing shRNA against pRB, p107
and p130.3° Small-interfering-RNA duplex was designed for B-Myb:
forward 5'-GAUCUGGAUGAGCUGCACUTT-3' reverse 5'-AGUGCAGCUCAU
CCAGAUCTT-3'.

Real-time PCR

RNA was extracted using RNeasy Mini Kit (Qiagen, Singapore) according to
the manufacturer’s instructions. Reverse transcription was performed as
previously described.® Each quantitative PCR was performed in duplicate
for each primer set. Relative transcript amounts were calculated by the
ACT method using GAPDH as a reference gene and sequences of the
primers are given in Supplementary Data Table S3.

Immunoprecipitation, immunoblotting and chromatin
immunoprecipitation

293T cells were lysed using ML buffer (300 mm NaCl, 0.5% NP-40, 20 mm
Tris-HCI (pH 8.0), 1 mm EDTA) supplemented with one tablet of complete
EDTA-free protease inhibitor cocktail (Roche) per 50ml lysis buffer.
Supernatants were collected after centrifugation at 13000r.p.m for
20 min. Protein concentrations were determined by the BCA method
(Pierce, Thermo Scientific, Tech Park, Singapore). Samples containing
500 g protein were mixed with 30 ul Protein A/G Agarose beads (Santa
Cruz Biotechnology. Inc., Santa Cruz, CA, USA) and 2.5ug anti-Flag M2
antibody (Sigma-Aldrich, St Louis, MO, USA) and incubated for 5h at 4 °C
under constant rotation. Immune complexes were washed three times in
ML buffer and subjected to SDS — PAGE and immunoblot analysis. Blots
were probed sequentially with primary and secondary antibodies at the
following dilutions: anti-HPV16 E7 at 1:200 (8C9, Zymed, Invitrogen,
Singapore) and sc-6981, (Santa Cruz), anti-Flag at 1:2000 (F7425, Sigma-
Aldrich), anti-B-Myb at 1:500 (sc-724, Santa Cruz), anti-FoxM1 at 1:1000 (sc-
502, Santa Cruz), anti-pRB at 1:1000 (#9309, Cell Signaling Technology. Inc.,
Danvers, MA, USA), anti-p130 at 1:500 (sc-317, Santa Cruz), anti-Cyclin ET at
1:500 (NCC-CyclinE, Leica Biosystems, Singapore), anti-cdc25C at 1:1000
(5H9, Cell Signaling), anti-Mad2 at 1:1000 (sc-47747, Santa Cruz) anti-GFP at
1:5000 (TP401, Torrey Pines, Biolabs, Secaucus, NJ, USA), HRP-conjugated
anti-Myc at 1:500 (sc-40 HRP, Santa Cruz), anti-mouse and anti-rabbit at
1:10 000 (GE Healthcare, Chalfont St Giles, UK). Proteins were detected by
incubation with ECL substrate (Amersham Bioscience, Piscataway, NJ, USA)
for 5min and chemiluminescence was visualized by STORM imaging
system (Amersham, Pleasanton, CA, USA). Chromatin immunoprecipitation
were performed as previously described.*® For sequential ChIP, complexes
from primary ChIP using anti-Flag antibodies (to bind Flagged-16E7) were
eluted twice using 10 mm DTT for 20 min at 37 °C, diluted 10 times with re-
ChlIP buffer (20 mm Tris-HCl pH 8.1, 0.1% Triton X-100, 2mm EDTA, 150 mm
NaCl) followed by incubation with anti-LIN54 antibodies overnight, and
then again subjected to the ChIP procedure. RNA Pol Il antibody (39097,
Active Motif, Carlsbad, CA, USA) was included as a positive control for
efficient transcription of genes in every ChIP assay reported here. Promoter
primers: GAPDH F5'-GTCTGCCCTAATTATCAGGTCCAG-3/, R5'-AGGTCACGAT
GTCCTGCAGC -3'; AURKB F5'-GCAACGAAAGGTCTATTGGTG G-3/, R5'-TCTAA
CTTCTCTGCCCGATGGAG-3'; CDC25B F5'-AAG AGC CCA TCAGTTCCGCTT
G-3/, R5'-CCCATTTTACAGACCTGGACG C-3'; ESPL1 F5'-GACTAAGCGACAGGT
AGCTGAGAAA-3/, R 5'-TTGCTGCTCTGCGCGTTA-3'; SPC25 F5'-AAAGAACTAC
GAATCCCAGAATGC-3/, R 5/-TCTCCTTGACAGGATTGGTTGA-3'; CTGF F5'-CG
AGGAATGTCCCTGTTTGTGT, R 5'- GGCCCGAGGCTTTTATACG.

Clinical samples and NanoString nCounter analysis

Fifteen formalin-fixed and paraffin-embedded cervical specimens were
selected from the archives of the department of Pathology; National
University Hospital affiliated to National University of Singapore. The study
was approved by the Institutional Review Board of the National University
of Singapore (continuing review of NUS-IRB 09-218).

Total RNA was extracted from the formalin-fixed and paraffin-embedded
samples using Qiagen’s RNeasy formalin-fixed and paraffin-embedded kit.
Gene expression was profiled by the NanoString nCounter Analysis System,
Life sciences (Seattle, WA, USA) according to the manufacturer's
instructions and as described previously.>® The color-coded probe sets
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were designed and synthesized by NanoString Technologies. Color-coded
barcodes on the reporter probes were read and quantified by the
nCounter Digital Analyser. Nanostring probes sequences are given in
Supplementary Table S4.

Accession numbers

FOXM1: 602341, MYBL2: 601415, LIN9: 609375, MAD2L1: 601467, CDC25C:
157680, PLK4: 605031, SPC25: 609395, AURKB: 604970, ESPL1: 604143, pRB:
614041, p107: 116957, p130: 180203, CCNB1: 123836, CCNE1: 123837,
CCNE2: 603775, MCM6: 601806, POLA2: 23649, TK1: 188300, CENPA:
117139, CDC20: 603618, GAPDH: 138400.
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