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Abstract

Background: Head and Neck cancer (HNC) is a fatal malignancy with poor prognosis. Human Papillomavirus (HPV)
infection is becoming the prominent cause of HNC in the western world, and studying the molecular mechanisms
underlying its action in cancers is key towards targeted therapy. To replicate, HPV regulates the host DNA damage
repair (DDR) pathway. SMAD4 is also involved in the regulation of the DDR machinery and likely plays important role
in maintaining cell viability upon genotoxic stress. In this study, we investigated the role of HPV in the upregulation of
SMAD4 to control the DDR response and facilitate its lifecycle.

Methods: SMAD4, Rad51 and CHK1 expression was assessed in HPV-positive and HPV-negative HNC using TCGA
data, a panel of 14 HNC cell lines and 8 fresh tumour tissue samples from HNC patients. HPV16 expression was
modulated by E6/E7 siRNA knock-down or transduction in HPV-positive HNC cell lines and Human Primary keratino-
cytes respectively. SMAD4 half-life was assessed by cycloheximide treatment in HNC cell lines, together with BTRCP1-
dependent SMAD4 ubiquitination. SMAD4 siRNA knock-down was used to determine its role in HPV-mediated regula-
tion of DDR machinery and to assess cisplatin sensitivity in HPV-positive HNC cell lines.

Results: We found that HPV increases SMAD4 expression is both HPV-positive HNC tumours and cell lines, impairing
its degradation which is mediated by the E3 ubiquitin ligase TRCP1. SMAD4 expression highly correlates with the
expression of two main players of the DDR pathway, CHK1 and Rad51, which expression is also upregulated by the
presence of HPV. In particular, we demonstrate that HPV stabilizes SMAD4 to increase CHK1 and Rad51 expression. In
addition, SMAD4-deficient HPV-positive cells have increased sensitivity to cisplatin treatment.

Conclusions: Our results give a clear molecular mechanism at the basis of HPV regulation of the DDR pathway. In
particular, we show how HPV stabilizes SMAD4 to promote DDR protein expression, which may be used to facilitate
viral replication and HNC onset. Moreover, we found that SMAD4 silencing in HPV-positive HNC cell lines increases
sensitivity to cisplatin treatment, suggesting that HPV-positive HNC with low SMAD4 expression may be preferentially
susceptible to similar treatments.
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signalling by forming complexes with receptor-activated
SMADs (SMAD-2 and -3). The SMAD complexes then
translocate to the nucleus and regulate the expression of
genes involved in many cancer-related processes such as
proliferation, apoptosis and inflammation [1].

Reduced SMAD4 expression is common in tumours
and occurs through a combination of mutations, copy
loss and transcriptional downregulation [2, 3]. Reduced
SMAD4 immunostaining has been associated with
reduced survival in lung and pancreatic cancer [4, 5].
SMAD4 loss in animal models initiates tumour forma-
tion [3, 6], promotes the progression of oncogene-ini-
tiated lesions [7, 8], and stimulates the development of
metastases [4, 9].

The loss of SMAD4 plays a crucial role in the response
to DNA damage leading to increased genomic instability.
This is very prominent in squamous cell carcinoma of the
skin and of the Head and Neck cancer (HNSCC or HNC)
and suggests a distinct role of SMAD4 in the progression
of various types of tumours [6, 10].

HNC is the sixth most common cancer worldwide [11]
with a 5-year survival of 50-60%. The use of tobacco and
the excessive alcohol consumption are the most impor-
tant risk factors so far identified and they also seem to
have a synergistic effect. A subgroup of HNC, particu-
larly those of the oropharynx, is caused by infection
with high-risk types of human papillomavirus (HPV).
In the western world, despite the incidence of HNC has
been slowly declining in the past decade, probably due
to a decrease in the prevalence of smoking, oropharyn-
geal cancers are becoming more prevalent. This may
be related to an increase in oropharyngeal HPV infec-
tions and recent studies revealed that HPV-16 is mostly
involved in these tumours. HPV-positive tumours form
a distinct group within HNC with different aetiological
factors.

The tumours are different at the molecular level
impacting on the clinical outcome: in general, HPV-
related HNC has a more favourable prognosis [12]. Loss
of heterozygosity (LOH) at the SMAD4 locus has been
reported in approximately 50% of human HNC [13]. The
higher frequency of SMAD4 loss at the mRNA and pro-
tein levels compared to the percentage of LOH suggests
that other epigenetic, posttranscriptional or posttrans-
lational modifications contribute to reduced SMAD4
expression in HNC. In particular, published TCGA data
analysis [14] showed decreased expression of SMAD4
mRNA expression in HPV-negative compared to HPV-
positive HNC tumours.

The productive life cycle of high-risk HPVs is depend-
ent on epithelial differentiation and on activation of host
DNA repair pathways that also play critical roles in the
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development of many cancers. Many oncogenic viruses
express proteins that affect the cell cycle and DNA dam-
age repair regulatory pathways. Several studies have
shown that during genome amplification, HPV pro-
teins interact with different components of the cellular
DNA repair machinery to activate or downregulate the
expression or activity of factors of the ATM (ataxia-tel-
angiectasia mutated) and ATR (ATM- and Rad3-Related)
pathways. Importantly, many proteins from ATM and
ATR pathways colocalize with HPV replication sites, fur-
ther supporting the role of these factors in the HPV life
cycle [15, 16].

Here, we report that HPV-positive HNC cell lines and
tumours show increased expression of SMAD4 compared
to the HPV-negative ones. This increased expression
seems to be due to deficiency in SMAD4 degradation in
HPV-positive cell lines, due to impaired ubiquitination
by the PTRCP1 E3 ligase. Moreover, we demonstrate how
HPV-mediated activation of the DNA damage regulatory
pathway is dependent on SMAD4 expression and affects
DNA-damaging drug sensitivity.

Materials and methods

Cell culture

HNC cell lines, acquired from different sources [17],
were accurately described and cited in our previous stud-
ies [18, 19]. Cells were grown in Dulbecco’s modified
Eagle’s medium (Euroclone) supplemented with anti-
biotics, 2mM L-glutamine, 10% FBS (Fisher Scientific)
and non-essential amino-acids (NEAA). Every 6 months
all cell lines were authenticated by short tandem repeat
profiling and tested for mycoplasma contamination. Skin
biopsies were collected via standardized operative pro-
cedures approved by European Institute of Oncology
Ethical Board. Informed consent was obtained from all
patients. Adult human epidermal keratinocytes (HKs)
were prepared and maintained as previously described
[20, 21]. Primary cultures of the isolated cells were then
maintained in Keratinocyte Serum-Free Medium (KSFM;
Gibco) containing bovine pituitary extract (BPE, 30 ug/
mL; Gibco) and epidermal growth factor (EGF, 0.2ng/
mL; Gibco). Cells from passages 2—5 were used for the
experiments. All cells were cultured at 37°C in a 5% CO2
buffered incubator. MG132 and cycloheximide were pur-
chased from Sigma.

Tissue samples

Fresh tumours and adjacent normal tissue samples from
HNC patients were separately collected upon surgery
under IEO Biobank approval and preserved at -80C
degrees. Samples were then snap-frozen in liquid nitro-
gen and processed for RNA and protein extraction using
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AllPrep DNA/RNA /protein kit (Quiagen) following man-
ufacturers’ instruction. Samples were collected from 5
HPV-negative and 3-HPV-positive HNC patients, were
all derived from primary tumours except for one relapse,
and from male patients except for one female patient.
Samples were collected mainly from the oral cavity and
the tongue, except for one that was collected from the
pharynx.

PCR amplification and PCR product directly sequencing

All encoding exons and flanking intronic sequences
of SMAD4 were analysed by Sanger sequencing.
Genomic DNAs (40ng per reaction) from each cell line
(UMSCC10A, UMSCC23 and UMSCC28) were ampli-
fied with primers designed for amplification of all encod-
ing exons and around 50 base pairs of flanking intronic
sequences of SMAD4. Amplified genomic DNA frag-
ments were directly sequenced utilizing the same forward
or reverse primers used in the original PCR amplification.
All sequencing was performed on the Applied Biosys-
tems TM 3500 Dx Genetic Analyzer capillary automated
sequencers at the Cogenthech facility (Milan).

Transduction, transfection and plasmids

pLXSN HPV16 E6/E7, pLXSN HPV11 E6/E7 and empty
vector were previously described [21], pSuper Retro shp53
was a gift from M. Tommasino (International Agency for
Research on Cancer). For retroviral transduction, plas-
mids were transfected into Phoenix Ampho cells by cal-
cium-phosphate method. The following day, HKs or HNC
cell lines were transduced with retroviral supernatants
for 6h at 37°C for 2 days and selected with G-418 Sulfate
(Gibco) or Puromycin for respectively 1week or 3days.
HNC cell lines were transfected with Lipofectamine 2000
(Thermo Fisher Scientific), following manufacturers’
instruction for both siRNA oligos: siLuciferase (siLUC),
E6/E7 siRNAs [21], SMAD4 (5-GGUGAUGUUUGG
GUCAGGUGCCUUATT-3), ANp63a (5-ACAAUG
CCCAGACUCAAUUATT-3’) and BTRCP1 (5-GAUAAU
ACCAGAGAAGAAUATT-3’), and plasmids: pcDNA3-
BTRCP1-Flag [22] and pCMYV p53 [23]. SMAD4 or Lucif-
erase siRNA were transfected into HKs using RNAIMAX
reagent (Thermo Fisher Scientific), following manufactur-
ers’ instruction.

Cell lysis and Western blotting

Cells were lysed in either a sodium dodecyl sulfate (SDS)
lysis buffer: a 1:3 mixture of buffer I (5% SDS, 0.15M
Tris-HCI1 [pH6.8], 30% glycerol) and buffer II (25mM
Tris-HCI [pH 8.3], 50mM NaCl, 0.5% NP-40, 0.1% SDS,
1mM EDTA) or Urea 8M, containing 0.5mM N-eth-
ylmaleimide (NEM), 0.5mM NaF and 2mM sodium
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Na;VO, and protease inhibitors (Sigma). After lysis,
an equal amount of protein for each sample was resus-
pended in denaturing sample loading buffer, separated
on SDS-PAGE gel and immunoblotted with the indi-
cated antibodies. The following antibodies were used:
SMAD4, CHK1, p-CHK1 and BTRCP1 (Cell Signaling
Technology), p63, pH2Ax, Flag and GAPDH (Abcam),
HPV16 E7, p53, H3 and Rad51 (Santa Cruz Biotech-
nology), and Vinculin (Merck Millipore). Membranes
were then incubated with the appropriate horseradish
peroxidase (HRP) secondary antibodies and the signal
was acquired with Chemidoc (Bio-Rad). Densitometric
analysis of the intensity of the protein bands were pre-
formed using Image] software (Rasband W.S., Image], U.
S. National Institutes of Health), and standardized to the
housekeeper levels.

Statistical analysis of TCGA data

RSEM normalized expression data was extracted from
the TCGA PanCancer Atlas on the cBioPortal [24, 25].
Patient samples with known HPV status were grouped
as HPV+ and HPV-. This resulted in 72 HPV+ and
415 HPV-samples with data available for the HNC gene
expression analysis. Boxplot comparisons of gene expres-
sion and statistical analysis was performed using Graph-
Pad Prism v9.0 (Graphpad Software, Inc., San Diego,
California, USA).

RT-qPCR

RNA was extracted from cells with the Quick-RNA Mini-
Prep kit (Zymo research). cDNA was generated by reverse
transcription-PCR with Reverse Transcriptase (Promega).
Relative levels of specific mRNAs were determined with
the Fast SYBR Green detection chemistry system (Applied
Biosystem). All PCR reactions were performed with a
QuantStudio 6 Fast Real-Time PCR system (Thermo
Fisher Scientific). Ribosomal Phosphoprotein (RpP0) was
used as a house-keeper gene for normalization.

Immunoprecipitation

HNC cell lines were lysed in E1A lysis buffer (50mM
HEPES pH7, 250 mM NaCl, 0.1% NP-40, proteases inhib-
itors, 0.5mM NEM, 0.5mM NaF and 2mM Na;VO,)
for co-immunoprecipitation and in SDS buffer to detect
SMAD4 ubiquitination. Immunoprecipitation was per-
formed in E1A buffer (50mM HEPES pH7, 250mM
NaCl, 0.1% NP-40, proteases inhibitors, 0.5 mM NEM,
0.5mM NaF and 2mM NazVO,) using protein extracts
incubated with the indicated antibodies o/n at 4°C. SDS
Samples were loaded on SDS-PAGE gel and immunoblot-
ted with the indicated antibodies. Total extracts (input)
were loaded as control.
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Fig. 1 Analysis of SMAD4 expression in HPV-positive HNC cell lines and tumours. A Total RNAs from HNC cell lines were isolated for RT-gPCR.
SMAD4 expression was normalized to RpP0 and shown as means + SD of at least three independent experiments. B Box plot showing means +
SD and individual values of results shown in (A). C Total RNAs from frozen tissue samples of 5 HPV-negative and 3 HPV-positive HNC patients were
isolated for RT-gPCR. SMAD4 expression was normalized to RpPO and shown as Box plot of the means = SD and individual values. D HNC cell
lines were lysed and analysed by immunoblotting with the indicated antibodies. E Box plot showing means % SD and individual values of Optical
density analysis of the expression of SMAD4 normalised to loading control (vinculin) from at least three independent western blot experiments in
HNC cell lines. **, P<0.01 (unpaired t test). F Box plot showing means £ SD and individual values of Optical density analysis from immunoblotting
of SMAD4 expression from frozen tissue samples of 4 HPV-negative and 3 HPV-positive HNC patients

Confocal microscopy

Cells were seeded on coverslips and fixed with 4%
PFA. Anti-Rad51 Rabbit and anti-pH2Ax mouse
were incubated o/n at 4°C. Goat anti-rabbit Alexa
488 was used as secondary antibody and nuclei were
stained with DAPI. Coverslips were then mounted and
images were taken using a Leica SP8 AOBS confocal
microscopy.

Cell viability assay

UDSCC2 cell line was transfected with specific siRNA
against SMAD4 or Luciferase as control. 24h after trans-
fection, cells were seeded into 96well plates (7000 cells/
well) and 24h later were treated with 10uM Cisplatin
for 24h. Cell viability was then assessed using CellTiter-
Glo Luminescent Cell Viability Assay and luminescence
was measured using a Glomax Discover plates reader
(Promega).

Statistical analysis

Statistical differences were evaluated using Tukey’s mul-
ticomparison analysis after one-way ANOVA analysis to
compare multiple samples or unpaired t test to compare

only two samples using GraphPad Prism v9.0 (Graphpad
Software, Inc., San Diego, California, USA).

Results

SMADA4 expression is higher in HPV-positive HNC cell lines
compared to HPV-negative HNC cell lines and tumours
Previous analysis of TGCA data [14], which we also con-
firmed (Fig. SA), showed that SMAD4 mRNA levels are
higher in HPV-positive HNC compared to HPV-negative.
We used a panel of 14 HNC cell lines 7 of which derived
from HPV-positive and 7 from HPV-negative HNC and
confirmed the greater expression of SMAD4 mRNA in
HPV-positive HNC cell lines compared to the HPV-neg-
ative (Fig. 1A, B). Moreover, using tissue samples derived
from HNC patients (5 HPV-negative and 3 HPV-posi-
tive) we substantiated that HPV-positive HNC showed
greater expression of SMAD4 mRNA level compared to
HPV-negative HNC (Fig. 1C). Interestingly, also SMAD4
protein is considerably more expressed in HPV-positive
compared to HPV-negative HNC cell lines (Fig. 1D and E)
and tumour samples (Fig. 1F and SB), even with a greater
difference compared to SMAD4 mRNA level. All these
data suggest that HPV might regulate SMAD4 expression.
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Fig. 2 HPV16 regulation of SMAD4 expression. A, B HPV-positive HNC cell lines were transfected for 72 h with specific siRNA against HPV16 E6/E7
or Luciferase as control. After transfection cells were lysed and analysed by immunoblotting with the indicated antibodies (A) or total RNAs were
isolated for RT-gqPCR and reported as means £SD of fold changes of at least three independent experiments (B). C, D HKs were transduced with
empty or HPV16 E6/E7 or HPV11 E6/E7 recombinant retroviral vectors. After selection with G418 cells were harvested. C Lysates were collected and
analysed by immunoblotting with the indicated antibodies. D Total RNAs were isolated for RT-gPCR. SMAD4 expression was normalized to RpPO.
Results from at least three independent experiments are expressed as means £SD. E HPV-positive cell lines were transfected with specific SiRNA
against ANp63a or Luciferase as control. 72 h after transfection cells were lysed and analysed by immunoblotting with the indicated antibodies.

F, G HPV-positive HNC cell lines were transfected with either specific siRNA against p53 (F) or pCMV expressing p53 (G). Cells were the lysed and

analysed by immunoblotting with the indicated antibodies

HPV16 regulates SMAD4 protein level

Thus, we hypothesised a direct regulation of SMAD4
by HPV16 E6/E7 oncoproteins. By modulation of E6/
E7 expression upon knock-down in HNC cell lines or
HPV16 E6/E7 retroviral transduction in primary human
keratinocytes (HKs), we demonstrated a direct effect of
high risk HPV16, but not low risk HPV11 on the expres-
sion of SMAD4 protein level (Fig. 2A and C respec-
tively). The expression of HPV11 E6/E7 was verified

by RT-qPCR (Fig. SC). Interestingly, the expression of
SMAD4 mRNA was not affected by the modulation of
E6/E7 expression (Fig. 2B and D), suggesting that high
risk HPV modulates SMAD4 at post-transcriptional
level. Even though SMAD4 mutation is not frequent
in HNC, we verified whether the cell lines used were
SMAD4 wt, using published data [26] and performing
Sanger sequencing of SMAD4 exons for cell lines not
yet tested (UMSCC10A, UMSCC23 and UMSCC28).
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As shown in Fig. 1A and D, only one HPV-positive cell
line has low levels of SMAD4 mRNA and protein, the
UMSCC47. This cell line does not expresses full-length
p63, a member of the p53 family, due to the multiple
integration of HPV16 at the TP63 locus, leading to the
expression of a truncated 25-kDa protein at the carboxyl
terminus of p63 [27]. ANp63a, the most expressed iso-
form in HNC, is known to regulate SMAD4 expression
in HPV-negative cell lines [28]. As shown in Fig. 2E, also
in HPV-positive HNC cell lines ANp63a knock-down
strongly reduces SMAD4 expression, suggesting that
UMSCC47 has lower levels of SMAD4 compared to the
other HPV-positive HNC cell lines due to the lack of
ANp63a, whose expression is also regulated by HPV16
[19]. Since p53 silencing has been shown to increase
SMAD4 expression in breast cancer cell lines [29], we
hypothesise a possible role of p53, which is downregu-
lated in the presence of E6, in the regulation of SMAD4.
As Fig. 2F and G show, modulation of p53 by knock-
down or overexpression did not change the expression
of SMAD4, excluding a possible role of p53 in the regu-
lation of SMAD4 expression.

HPV stabilizes SMADA4 protein, interfering with its
degradation

We then assessed the stability of SMAD4 protein by
cycloheximide (CHX) treatment. As shown in Fig. 3A,
SMAD#4 half-life is longer in HPV-positive HNC cell lines
compared to the HPV-negative. Thus, HPV seems to sta-
bilize SMAD4 protein and this result was confirmed in
UPCISCC154 cells by the use of the proteasome inhibi-
tor MG132 which completely reverted the reduction of
SMAD/4 protein induced by the lack of E6/E7 (Fig. 3B). The
degradation of SMAD4 seems to be mediated by different
ubiquitin E3 ligases; in particular PTRCP1 was shown to
induce the degradation of SMAD4 upon a phosphoryla-
tion cascade [30]. We thus assessed whether this ligase was
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involved in the degradation of SMAD4 in our system. By
knocking down BPTRCP1, we observed increased levels of
SMAD#4 protein only in HPV-negative and not in HPV-
positive HNC cell lines (Fig. 3C), suggesting that PFTRCP1
promotes SMAD4 ubiquitination preferentially in HPV-
negative HNC cell lines. Notably, HPV seems to be directly
involved in the regulation of PTRCP1 expression since E6/
E7 knock-down or HPV16 E6/E7 retroviral transduction
modulated the expression of this ligase (Fig. 3E/F and 3G
respectively). All these data suggest that lower expression
of PTRCP1, due to the presence of HPV, might be involved
in the increased stability of SMAD4.

BTRCP1 is less expressed in HPV-positive HNC and is less
efficient in ubiquitinating SMAD4

We then analysed PTRCP1 expression in HNC cell lines
and human tumours. As Fig. 4A and B show, in both
HNC cell lines and tumours PTRCP1 mRNA is greatly
expressed in HPV-negative compared to HPV-positive
samples, results also confirmed at protein level in HNC
cell lines (Fig. 4C, D). All these data suggest that the
lower expression of PTRCP1 in HPV-positive HNC cell
lines might explain the higher expression of SMAD4. We
then showed by co-immunoprecipitation, that fTRCP1
had lower affinity in binding SMAD4 in HPV-positive
compared to HPV-negative cell lines (Fig. 4E), and that
lack of BTRCP1 reduced SMAD4 ubiquitination only in
HPV-negative and not in HPV-positive cell lines (Fig. 4F
compare lane 1 and 2). These data confirm that fTRCP1
preferentially binds and ubiquitinates SMAD4 in HPV-
negative compared to HPV-positive HNC cell lines.

The expression of the DDR protein CHK1 and Rad51

highly correlates with SMAD4 expression in HNC cell lines
and is modulated by HPV16

HPYV is known to modulate the DDR response to pro-
mote its life-cycle [31]. SMAD4 mRNA levels correlate

(See figure on next page.)

P<0.0001 (unpaired t test)

Fig. 3 HPV16 regulation of SMAD4 degradation. A HPV-negative (UMSCC4, UMSCC6, UMSCC10A and UMSCC18) and HPV-positive (UMSCC47,
UMSCC104, UPCISCC154, UDSCC2 and 93VU147T) HNC cell lines were treated with 10 uM Cycloheximide (CHX) for 16 h, lysed and analysed by
immunoblotting. Results are represented as Box plot showing percentage of remaining protein & SD after CHX treatment, calculated from Optical
density analysis of the expression of SMAD4 normalized to loading control. ¥, P<0.05 (unpaired t test). B UPCISCC154 were transfected with specific
SIRNA against HPV16 E6/E7 or Luciferase as control for 72 h and treated with two concentrations (3 or 5 uM) of MG132. Cells were then lysed and
analysed by immunoblotting with the indicated antibodies. C HPV-positive (UPCISCC154 and 93VU147T) and HPV-negative (UMSCC10A and
UMSCC18) HNC cell lines were transfected with specific siRNA against BTRCP1 or Luciferase. 72 h after transfection cells were lysed and analysed by
immunoblotting with the indicated antibodies. D Graph shows the Optical density (O.D.) analysis of the expression of SMAD4 normalised to loading
control (vinculin) and expressed as means £SD of fold changes. *, P<0.05 (Two-way Anova Multicomparison test) (E) HNC HPV-positive cell lines
were transfected with specific siRNA against HPV16 E6/E7 or Luciferase as control. 72 h after transfection total RNAs were isolated for RT-gPCR and
reported as means +SD of fold changes. *, P<0.05 (unpaired t test) (F) UMSCC104 cell line was transfected with specific siRNA against HPV16 E6/
E7 or Luciferase as control. 72 h after transfection cells were lysed and analysed by immunoblotting with the indicated antibodies. G HKs were
transduced with empty or HPV16 E6/E7 recombinant retroviral vectors. After selection with G418 cells total RNAs were isolated for RT-gPCR. BTRCP1
expression was normalized to RpPO0. Results from at least three independent experiments are expressed as means £SD of fold changes. ****,
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Fig. 3 (See legend on previous page.)

with the expression of some DDR genes [6, 32], point-
ing to a possible signature role for SMAD4 similar to
BRCAL1 in breast cancer. Figure 5A and B clearly showed
that two of the main proteins involved in the homologous

recombination (HR) response, Checkpoint kinase 1
(CHK1) and Rad51 recombinase, were greatly expressed
in HPV-positive compared to HPV-negative HNC cell
lines, and that SMAD4 expression highly correlates
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with the expression of these two genes in HNC cell lines
(Fig. 5C). These data were confirmed also upon analysing
the TCGA dataset (Fig. SD) and assessing the expression
of these proteins in HNC tissue samples. Indeed, CHK1
and Rad51 expression was greater in HPV-positive com-
pared to HPV-negative HNC tissue samples (Figs. SB, SE
and SF). These results confirm the importance of SMAD4
in maintaining genomic stability in HNC.

Moreover, upon modulating E6/E7 expression either
through knock-down in HNC cell lines (Fig. 5D and E)
or HPV16E6/E7 retroviral transduction in HKs (Fig. 5F
and G), the expression of SMAD4, Rad51 and CHK]1, as
well as of other genes involved in the DDR response, was
modified (Fig. SG, SH). Interestingly, differently from
SMADY4, also Rad51 and CHK1 mRNA was affected by
HPV modulation (Fig. 5E and G), suggesting a different
mechanism of regulation of these two genes with respect
to SMADA4. Also in this case, as for SMAD4, p53 was not
involved in the regulation of the expression of these DDR
genes (Fig. 5H). Interestingly, HPV16-dependent upregu-
lation of Rad51 was linked to and increased recruitment
of this protein to the chromatin. Indeed, upon HPV16
transduction in HKs, there was an increased number
and colocalization of both Rad51 and pH2Ax foci in the
nucleus (Fig. 5I). All these data suggest that HPV16 con-
trol the DNA damage response upregulating the expres-
sion of genes involved in the repair pathway.

SMADA4 regulates DDR gene expression and is responsible
for the HPV-dependent regulation of the DD response
SMAD4 was shown to regulate DDR genes [6] and lack
of SMAD4 reduces DDR gene expression and induces
genomic instability. As Fig. 6A and B show, SMAD4
knock-down led to the reduction of Rad51 and CHK1
at both protein and mRNA level, suggesting a transcrip-
tional regulation mediated by SMAD4. Thus, since HPV
activates DDR and upregulates SMAD4 expression, we
wondered whether SMAD4 was acting downstream of
HPV16 in the regulation of DNA damage response. To
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prove this hypothesis, we transduced HKs with HPV16
E6/E7 retroviral vector and subsequently, we knocked-
down SMADA4. As Fig. 6C and D show, the upregulation
of Rad51 and CHK1 mediated by HPV was abolished
upon SMAD4 knock-down. These results were also vali-
dated by knocking-down both SMAD4 and E6/E7 alone
or in combination in the HPV-positive HNC cell line
UDSCC2. Figure 6E and F show that by single knock-
down of both SMAD4 and HPV in UDSCC2 cell line,
the reduction of Rad51 and CHK1 was similar, and did
not increase in the double knock-down, suggesting that
HPV and SMAD4-dependent regulation of these DDR
genes are on the same pathway. Finally, in UDSCC2 cells
cisplatin treatment upon SMADA4 silencing (Fig. 6G)
increased CHK1 phosphorylation and partially H2Ax
phosphorylation, suggesting an activation of the HR
machinery. Moreover, the lack of SMAD4 induced a
greater accumulation of pH2Ax, implying a defect in
repairing the damage, which might be due to the lack of
expression of the DDR genes promoted by the absence of
SMADA4. Finally, lack of SMAD4 significantly decreased
the viability of UDSCC2 cells upon cisplatin treatment
(Fig. 6H), suggesting that SMAD4 protein levels might
affect the activation of the DD response and as a conse-
quence be responsible of the treatment efficacy.

Discussion

TGEP is well-known for its anti-proliferative activity
and malignant progression is typically associated with
the loss of responsiveness to TGFB-induced cell growth
inhibition. The cell-cycle machinery of proliferating cells
is necessary for HPV replication. TGEP profoundly sup-
presses epithelial cell proliferation. Studies in cervical
cancer show that HPV-encoded proteins bind to TGEB
receptors and signal transducers, resulting in their deg-
radation and promoting the proliferation of infected cells
[33]. Interestingly, we have previously shown [18] that in
both HPV-positive and negative HNC cell lines the TGE
pathway is regularly activated and promotes transcription

(See figure on next page.)

Fig. 4 Analysis of BTRCP1-dependent SMAD4 degradation in HPV-negative and HPV-positive HNC cell lines. A Total RNAs from HNC cell lines were
isolated for RT-gPCR. BTRCP1 expression was normalized to RpP0 and shown as Box plot of means = SD and individual values of at least three
independent experiments. *, P<0.05 (unpaired t test). B Normalized RNA-seq data were extracted from TCGA database and divided in HPV+ and
HPV- HNC cohorts. Numbers in brackets refer to the number of samples included in each analysis. **** P<0.0001 (unpaired t test). C HNC cell
lines were lysed and analysed by immunoblotting with the indicated antibodies. D Box plot showing means =+ SD and individual values of Optical
density analysis of the expression of BTRCP1 normalised to loading control (GAPDH) from three independent western blot experiments in HNC
cell lines. E pcDNA3-BTRCP1-flag plasmid was transfected into HPV-positive (UPCISCC154) and HPV-negative (UMSCC18) HNC cell lines. One day
after transfection cell were treated with 5 uM MG132 overnight. Two days after transfection cells were harvested and whole cells extracts were
subjected to anti-Flag immunoprecipitation (IP). Immunoblotting with the indicated antibodies was then performed and whole cell extracts were
used as input controls. Graph shows Optical density analysis of SMAD4 co-immunoprecipitated normalised to BTRCP1-flag immunoprecipitated.
F HPV-positive (UPCISCC154) and HPV-negative (UMSCC18) HNC cell lines were transfected with specific siRNA against 3TRCP1 or Luciferase. Two
days after transfection cell were treated with 5 uM MG132 overnight. 72 h after transfection cells were harvested and whole cells extracts were
subjected to anti-SMAD4 immunoprecipitation (IP). Immunoblotting with the indicated antibodies was then performed and whole cell extracts
were used as input controls
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of mesenchymal genes. In particular, one of the main
player of the TGEP pathway SMAD4, whose expression
is usually decreased in many tumours such as HNC, has
been previously shown to be upregulated in HPV-positive

HNC tumours compared to HPV-negative [14]. Moreo-
ver, genetic alterations at the SMAD4 locus such as
deletions or mutations, are much rare in HPV-positive
compared to HPV-negative HNC [14, 26]. In contrast,
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despite HPV-positive HNC and cervical carcinomas are
both driven by HPV infection, cervical cancer samples
showed a high frequency (41%) of LOH at SMAD4 gene
locus [34] and similar data were also reported in cervical
cancer cell lines [35]. In this study, although in a limited
number of HNC samples, we confirmed the upregulation
of SMAD4 mRNA in HPV-positive HNC tumours com-
pared to HNC-negative and we show that also at protein
level the expression of SMAD4 is higher in HPV-positive
HNC. All these data were completely reproduced in a
panel of HNC cell lines, showing how the use of these
cell lines perfectly recapitulates the characteristic of
the tumours. Moreover, we found that HPV16-encoded
oncoproteins regulate SMAD4 expression at protein
but not at mRNA level, without involving the action of
p53. Nevertheless, another component of the p53 fam-
ily, p63, is involved in the regulation of SMAD4 expres-
sion in HPV-positive HNC cell lines, explaining the
lower SMAD4 level in one of the HPV-positive HNC
cell lines used, the UMSCC47, which does not express
the full-length ANp63a isoform, due to multiple inte-
gration of HPV16 at the TP63 locus [27]. Interestingly,
HPV16 affects the stability of SMAD4 protein by reduc-
ing its degradation. Many viruses and pathogens, and in
particular the papillomaviruses, have been implicated
in the regulation of posttranscriptional pathways such
ubiquitination and SUMOylation, affecting the expres-
sion of the enzymes involved in these pathways [36, 37].
In particular, Listeria monocytogenes impairs the SUMO
pathway, thus decreasing the stability of SMAD4 [38],
which is stabilized by SUMOylation [39]. Here we show
how HPV16 is responsible for the downregulation of the
expression of one E3 ubiquitin ligase, the fTRCP1, which
has been previously shown to induce SMAD4 ubiquitina-
tion and degradation. PTRCP1 leads to SMAD4 degrada-
tion upon sequential phosphorylation mediated by GSK3
and mitogen-activated protein kinase (MAPK) [30]. Here
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we show how BTRCP1 preferentially degrades SMAD4 in
HPV-negative and not in HPV-positive HNC cell lines,
where SMAD4 is less ubiquitinated and has lower affin-
ity to binding fTRCP1. One of the explanations of the
different affinity of fTRCP1 to bind SMAD4, which dif-
ferentiates HPV-negative and HPV-positive HNC cell
lines, might be due to a different activation of the phos-
phorylation events that affects the binding of PTRCP1 to
SMAD4 and its subsequent degradation. SMAD4 deg-
radative defects in HPV-positive cell lines might be also
explained by the fact that HPV downregulates fTRCP1
expression, leading to a lower expression of this ligase
in HPV-positive HNC cell lines and tumours compared
to HPV-negative. The ubiquitin pathway is not the only
pathway influenced by viruses; the DNA repair pathway
is a target of many viruses since DDR proteins play a
role in the cellular response to viral infection, as well as
in the lifecycle of many viruses. HPV both inhibits and
activates different elements of the DDR pathway. This
double behaviour has led to discrepancy in the interpre-
tation of data studying the effect of HPV infection on the
DDR machinery, which seems to be linked to a higher
radiosensitivity of HPV-dependent tumours. In par-
ticular, the homologous recombination has been shown
to be both inhibited [40, 41] and activated by HPV16
oncoproteins [42]. CHK1 is one of the key downstream
molecules of DDR signalling. In response to DNA dam-
age, CHK1 is phosphorylated primarily by ATR kinase
[43], leading to cell cycle arrest in S and at G2/M phases
and promoting DNA repair before cell division. CHK1
phosphorylates many substrate proteins including the
recombinase RAD51, the central molecule in HR path-
way, that binds single-strand DNA at the sites of damage
and forms filaments that are observed microscopically as
nuclear foci. Here we show how HPV16, is able to upreg-
ulate the expression of both CHK1 and Rad51, together
with the expression of other genes involved in the DDR

(See figure on next page.)

Fig. 6 Analysis of HPV modulation of DD response upon SMAD4 silencing. A, B HPV-positive (UMSCC104) and HPV-negative (UMSCC18) HNC
cell lines were transfected with specific siRNA against SMAD4 or Luciferase as control. 72 h after transfection cells were lysed and analysed by

immunoblotting with the indicated antibodies (A) or total RNAs were isolated for RT-gPCR and reported as means +SD of fold changes of at least
three independent experiments. *, P < 0.05; **, P <0.01; **** P <0.0001 (unpaired t test) (B). C, D HKs were transduced with empty or HPV16 E6/
E7 recombinant retroviral vectors. After selection with G418 cells were transfected with specific siRNA against SMAD4 or Luciferase as control. 72 h
after transfection cells were lysed and analysed by immunoblotting with the indicated antibodies (C) or total RNAs were isolated for RT-qgPCR and
reported as means £5D of fold changes of three independent experiments. *, P <0.05; **, P <0.01; ***, P <0.001 (One-way Anova Multicomparison
test) (D). E, F UDSCC2 cell line was transfected with specific siRNA against SMAD4 and HPV16 E6/E7 alone or in combination, or Luciferase as
control. 72 h after transfection cells were lysed and analysed by immunoblotting with the indicated antibodies (E) or total RNAs were isolated

for RT-gPCR and reported as means £SD of fold changes over siLUC. *, P <0.05, ns, not significant (One-way Anova Multicomparison test) (F). G
UDSCC2 cell line was transfected with specific siRNA against SMAD4 or Luciferase as control. 48 h after transfection cells were treated for 24 h with
10 uM Cisplatin and subsequently lysed and analysed by immunoblotting with the indicated antibodies. H UDSCC2 cell line was transfected with
specific siRNA against SMAD4 or Luciferase as control. 24 h after transfection cells were seeded into 96well plates (7000 cells/well) and 24 h later
were treated with 10uM Cisplatin for 24 h. Cell viability was then assessed using CellTiter-Glo® Luminescent Cell Viability Assay and expressed as
viability relative to untreated cells (means £5D of fold changes) of two independent experiments. *, P <0.05; (One-way Anova Multicomparison
test)
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signalling. This HPV-dependent upregulation leads to
the increased expression of these proteins in both HNC
tumours and cell lines and we also demonstrated that
these two enzymes are still active in the presence of the
virus. Indeed, upon cisplatin treatment in UDSCC2 cells,
CHK1 is regularly phosphorylated and, in HKs trans-
duced with HPV16 E6/E7, Rad51 foci increase compared
to empty control cells and colocalize with pH2AXx, sug-
gesting that Rad51 activity is maintained.

SMAD4 expression is deeply linked to the expression
of genes involved in the DNA damage response [6] and
regulates the response to genotoxic [6] and DNA repair
inhibitors [32]. In particular, here we highlight how both
HNC cell lines and tumours recapitulate what shown
upon interrogating the TCGA dataset [32]. SMAD4
expression truly correlates with the expression of some
genes involved in the ATR activation of the HR response,
such as Rad51 and CHK]1, and this is due to a transcrip-
tional regulation mediated by SMAD4. Even more inter-
estingly, we found that HPV-mediated upregulation of
the DDR genes is dependent on the presence of SMAD4.
Thus, as previously suggested in cervical cancer model
[44], HPV oncogenes promote initiation of the HR path-
way but somehow impede the complete repair of the
damage. This leads to an increased number of pH2Ax
foci and might explain the greater sensitivity to radio-
therapy of HPV-positive HNC tumours compared to
the HPV-negative ones. Since HPV needs HR proteins
to promote its replication, we hypothesize that the virus
increases SMAD4 expression to upregulate HR and facil-
itate its replication. Finally, we show that in HPV-positive
cell lines SMADA4-loss sensitizes cells to DNA-damaging
agents, such as cisplatin, suggesting that SMAD4-defi-
cient HPV tumours may be preferentially susceptible to
similar treatments.

Conclusions

Our data provide a rationale for the establishment of
a new signature associated to SMAD4 expression in
HNC, and in particular in HPV-positive HNC. Detec-
tion of SMAD4 levels can be used as a predictive marker
to select patients that would benefit from new targeted
therapies, based on DNA repair checkpoint inhibitors
alone or in combination with DNA-damaging agent, to
increase therapy efficacy, de-escalate cisplatin treatment
and reduce the incidence of treatment resistant tumours.
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