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RESEARCH PAPER

HPV sensitizes OPSCC cells to cisplatin-induced apoptosis by inhibiting autophagy 
through E7-mediated degradation of AMBRA1
Manuela Antonioli a§, Benedetta Pagnia,b§, Tiziana Vescovoa, Rob Ellisc,d, Benjamin Coswayc, Francesca Rolloe, 
Veronica Bordonia, Chiara Agratia, Marie Labus c,d, Renato Covelloe, Maria Benevoloe, Giuseppe Ippolitoa, 
Max Robinson f, Mauro Piacentini a,g#, Penny Lovatc,d#, and Gian Maria Fimia a,h#
aDepartment of Epidemiology, Preclinical Research and Advanced Diagnostics, National Institute for Infectious Diseases IRCCS “L. Spallanzani”, 
Rome, Italy; bDepartment of Biology, University of Rome “Tor Vergata”, Rome, Italy; cTranslational and Clinical Research Institute and Newcastle 
University Centre for Cancer, Newcastle-upon-Tyne, UK; dAMLo Biosciences Ltd, the Medical School, Framlington Place, Newcastle upon Tyne, UK; 
ePathology Department, Regina Elena National Cancer Institute IRCCS, Rome, Italy; fCentre for Oral Health Research, Newcastle University and 
Cellular Pathology, Royal Victoria Infirmary, Newcastle upon Tyne, UK; gLaboratory of Molecular Medicine, Institute of Cytology of the Russian 
Academy of Sciences, Saint Petersburg, Russia; hDepartment of Molecular Medicine, University of Rome “Sapienza”, Rome, Italy

ABSTRACT
Oropharyngeal squamous cell carcinoma (OPSCC) is an increasing world health problem with a more favorable 
prognosis for patients with human papillomavirus (HPV)-positive tumors compared to those with HPV-negative 
OPSCC. How HPV confers a less aggressive phenotype, however, remains undefined. We demonstrated that HPV- 
positive OPSCC cells display reduced macroautophagy/autophagy activity, mediated by the ability of HPV-E7 to 
interact with AMBRA1, to compete with its binding to BECN1 and to trigger its calpain-dependent degradation. 
Moreover, we have shown that AMBRA1 downregulation and pharmacological inhibition of autophagy sensitized 
HPV-negative OPSCC cells to the cytotoxic effects of cisplatin. Importantly, semi-quantitative immunohistochemical 
analysis in primary OPSCCs confirmed that AMBRA1 expression is reduced in HPV-positive compared to HPV- 
negative tumors. Collectively, these data identify AMBRA1 as a key target of HPV to impair autophagy and propose 
the targeting of autophagy as a viable therapeutic strategy to improve treatment response of HPV-negative OPSCC.

Abbreviations: AMBRA1: autophagy and beclin 1 regulator 1; CDDP: cisplatin (CDDP); FFPE: formalin-fixed 
paraffin-embedded (FFPE); HNC: head and neck cancers (HNC); HPV: human papillomavirus (HPV); hrHPV: 
high risk human papillomavirus (hrHPV); OCSCC: oral cavity squamous carcinomas (OCSSC); OPSCC: 
oropharyngeal squamous cell carcinoma (OPSCC); OS: overall survival (OS); qPCR: quantitative polymerase 
chain reaction; RB1: RB transcriptional corepressor 1; ROC: receiver operating characteristic curve (ROC).
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Introduction

OPSCC represents one quarter of total head and neck cancers 
(HNC) causing around 97,000 deaths/year worldwide [1]. The 
high risk human papillomavirus (hrHPV) represents the etiological 
agent of a subset of OPSCC [2]. In particular, hrHPV proteins E6 
and E7 play a major role in tumorigenesis through their ability to 
modulate stability or activity of cellular proteins for viral benefit [3]. 
E6 promotes the degradation of both tumor suppressors and proto- 
oncogenes (TP53/p53 and MYC/c-Myc) through E3-ligase 
UBE3A/E6-AP-mediated ubiquitination thus ensuring prolifera-
tion and apoptosis inhibition required for viral replication [4]. 
HPV protein E7 promotes the degradation of the tumor suppressor 
RB1/Rb (RB transcriptional corepressor 1) through both calpain- 
dependent cleavage and proteasomal degradation triggered by 
CUL2 (cullin 2)-mediated ubiquitination [5]. In addition, HPV 
E7 stimulates growth factor signaling pathways by binding and 
inhibiting PPP2/PP2A, a negative regulator of AKT/PKB [6].

Although HPV promotes tumorigenesis, patients with HPV- 
positive OPSCC have a more favorable prognosis and treat-
ment response compared to their HPV-negative counterparts 
[7,8], stimulating recent debate over treatment de-escalation for 
HPV-positive OPSCC.

Randomized controlled trials of chemo-radiation (standard 
of care: cisplatin and radiotherapy) versus cetuximab and radio-
therapy for patients with HPV-related OPSCC were conceived 
on the premise that biologic therapy would be less toxic than 
cisplatin, while maintaining survivorship. However, these stu-
dies recently reported no reduced toxicity and inferior survival 
[7,8], likely due to the heterogeneity within this molecularly 
defined group of tumors, and emphasizing the unmet need for 
credible biomarkers to identify genuinely low risk HPV-positive 
tumor subsets to support de-escalated treatment regimens.

Autophagy is the principle catabolic mechanism for the 
lysosomal-mediated degradation and recycling of intracellular 
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components to sustain cellular energy and homeostasis. 
Activated by nutrient or oxidative stress, autophagy impair-
ment or blockade drives tumorigenesis, whereas it plays a pro- 
tumoral role in advanced solid tumors by guaranteeing their 
survival 9. In this context, a key role for autophagy in distin-
guishing between HPV-positive and -negative OPSCCs has 
been recently proposed, as highlighted in a bioinformatics 
study identifying autophagy as a principle pathway altered 
in HPV positive OPSCC [9]. Moreover, increased expression 
of the autophagy markers SQSTM1/p62 and LC3-II are asso-
ciated with reduced overall and disease specific survival in 
oral cavity squamous carcinomas (OCSSC), a HNC with dis-
tinct anatomic localization [10]. The mechanisms by which 
HPV oncoviral proteins mediate autophagy down regulation 
and the impact on tumor survival or chemo sensitivity, how-
ever, remain undefined. Studies of autophagy modulation 
in vitro have also shown that the concomitant treatment of 
chemo-resistant OCSSC cell lines with cisplatin and chloro-
quine results in increased apoptosis, suggesting that autop-
hagy inhibition may be a useful adjuvant therapy [10]. 
Nevertheless, the potential for autophagy biomarkers to dis-
tinguish between high and low risk HPV-positive OPSCC 
tumor subsets or how the modulation of autophagy may be 
harnessed for the therapeutic benefit of OPSCC remains 
unexplored.

AMBRA1 is a key regulator of both autophagy and cell 
proliferation, positively regulating autophagy through 
interaction and activation of ULK1 and BECN1-PIK3C3 
/VPS34 complexes via non-degradative ubiquitination 
[11]. Tightly regulated at the post-translational level, 
AMBRA1 has been reported to be inhibited by i) MTOR- 
mediated phosphorylation, ii) interaction with the dynein 
motor complex, iii) degradative ubiquitination by the E3- 
ubiquitin ligase CUL4 (cullin 4) and RNF2 or iv) calpain 
mediated cleavage upon apoptosis induction [12]. In addi-
tion, AMBRA1 acts as a negative regulator of cell prolifera-
tion as well as a tumor suppressor, a feature reported to 
depend on its ability to bind and inhibit MYC/c-Myc 
through the recruitment of its negative regulator PPP2/ 
PP2A [13]. Accordingly, ambra1 KO mice die during 
embryonic development through uncontrolled proliferation 
of neural progenitors [14] whereas Ambra1 heterozygous 
mice are susceptible to tumorigenesis, primarily affecting 
liver and lungs [13]. Studies in a cutaneous environment 
and more specifically in the epidermis overlying primary 
melanomas show loss of AMBRA1 expression is associated 
with loss of epidermal differentiation/integrity, increased 
keratinocyte proliferation and tumor ulceration [15]; an 
additional effect of AMBRA1 independent of its role in 
autophagy. Conversely the retention and even increased 
expression of AMBRA1 in advanced prostate cancer reflect 
pro-survival autophagy [16], highlighting a more complex 
relationship between AMBRA1 expression levels between 
differing cancer types.

The aim of the present study was to define the role of 
AMBRA1 in OPSCC, how HPV influences its expression and 
function and to explore the potential for autophagy modula-
tion as a therapeutic strategy for OPSCC.

Results

Lower autophagy levels in HPV-positive compared to 
HPV-negative OPSCC cell lines

We analyzed basal and nutrient starvation-induced autophagy 
in two human HPV-positive (SCC90 and SCC154) and two 
HPV-negative OPSCC cell lines (SCC89 and SCC25) by mea-
suring lipidated LC3 (LC3-II) and SQSTM1/p62 expression by 
western blotting (Figure 1A and S1A). HPV-positive cells 
displayed lower LC3-II and higher SQSTM1/p62 levels com-
pared to HPV-negative cells, suggesting that autophagy is 
inhibited. LC3 and SQSTM1/p62 mRNA expression was mea-
sured by real-time PCR to assess transcription does not 
account for different protein expression levels (Fig. S1B). To 
evaluate if these differences corresponded to alterations in 
autophagy activity/flux, LC3-II and SQSTM1/p62 levels were 
compared following treatment with bafilomycin A1 to inhibit 
lysosomal activity. As shown in Figure 1B and S1C, HPV- 
negative cells have increased autophagy induction compared 
to HPV-positive OPSCC cells. To confirm that autophagy is 
differentially regulated in HPV-negative and positive cells, the 
amount of autolysosomes was evaluated by analyzing the co- 
localization between LC3 and the lysosomal marker LAMP1 
by confocal microscopy. As shown in Figure 1C and D, HPV- 
negative SCC89 cells triplicate the number of autolysosomes 
following starvation, with the addition of the lysosomal inhi-
bitor bafilomycin A1 further increasing LC3-LAMP1 coloca-
lization. In contrast, HPV-positive SCC90 cells show a very 
limited accumulation of autolysosome following starvation, 
confirming the impairment of autophagy.

HPV-positive primary OPSCCs have lower levels of 
AMBRA1 compared to HPV-negative OPSCCs

In order to investigate the molecular players responsible for the 
differential autophagy activity between these cells, we monitored 
the expression level of a panel of autophagy proteins. Interestingly, 
the pro-autophagic protein AMBRA1 was the only autophagic 
protein tested to be expressed at lower levels in HPV16-positive 
OPSCC cells (Figure 2A and S2A), paralleling studies reporting the 
reduced expression of RB1/Rb, a protein known to be targeted by 
HPV16 E7 for proteasomal and calpain-dependent degradation 
[5]. Our initial observations of reduced AMBRA1 expression in 
HPV-positive OPSCC cells prompted us to analyze AMBRA1 
expression in a cohort of 83 primary OPSCC cases derived from 
a sub cohort of the UK HPV prevalence study [17]. Consistent 
with current literature, a correlation of HPV status with overall 
survival (OS) revealed a significant reduction in OS for patients 
with HPV-negative OPSCC to just 32% compared to 63% for 
patients with HPV-positive OPSCC (Kaplan Meier, Log rank 
test, P = 0.0012 HR 2.87 (95% CI 1.54–5.35, Figure 2B). Using 
a clinically validated recombinant antibody to AMBRA1, we per-
formed semi quantitative automated immunohistochemical 
expression analysis in triplicate 1 mm tissue microarrays (Figure 
2C and D). Results revealed significantly reduced expression of 
AMBRA1 in HPV-positive OPSCC compared to HPV-negative 
cases. An inverse correlation between AMBRA1 levels and HPV 
positivity was also observed in tissue sections from a cohort of 40 
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Figure 1. Autophagy is impaired in HPV-positive OPSCC. (A) LC3 and SQSTM1/p62 western blotting analysis of HPV-negative (SCC89 and SCC25) and HPV-positive 
(SCC90 and SCC154) starved cells. (B) Analysis of the autophagic flux (LC3 and SQSTM1/p62 blot) of HPV-negative and -positive cells deprived of nutrients without 
bafilomycin A1 for 1 h at 5 nM (n = 4, mean ± SEM. ANOVA 2-way test, *P < 0.05, **P < 0.005, ****P < 0.0005). (C) Analysis of LC3 and LAMP1 colocalization 
expressed as the number of dots per cell. HPV-negative SCC89 and HPV-positive SCC90 cells were subjected to nutrient deprivation for 2 h (starvation) and treated or 
not with the lysosomal inhibitor bafilomycin A1 (bafA1). Numbers under the x-axis represent the fold of change compared to control of each cell line (n = 30 cells, 
mean ± SEM. ANOVA 2-way test, *P < 0.05, **P < 0.005). Statistical analysis are limited to untreated/bafA1-treated paired samples as an indication of autophagy flux 
modulation.
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Figure 2. Relationship between HPV status and AMBRA1 expression in OPSCC. (A) Western blotting analysis of several autophagic proteins comparing HPV-negative SCC89 and 
HPV-positive SCC90 starved cells. Lower graph: densitometric analysis of AMBRA1 protein levels (n = 3, mean ± SEM. ANOVA 2-way test, ****P < 0.00005). (B) Overall survival rates 
of Newcastle OPSCC cohort (83) determined by Kaplan-Meier analysis and compared by Log-Rank test in HPV positive versus HPV negative OPSCC samples (OS = 63% versus 
32.7%; P = 0.0012 HR 2.87 (95% CI 1.54–5.35). (C) Representative photomicrographs of AMBRA1 expression in a cohort of 83 Newcastle OPSCC TMA i. AMBRA1 H-Score = 300 ii. 
H-score = 180 iii. H-Score = 120 iv. H-score = 20. Scale bars = 300 µm. (D) Median tumoral expression of AMBRA1 in the Newcastle cohort of 45 HPV negative or 38 HPV positive 
OPSCCs revealing significantly greater levels of expression (h score) in HPV negative OPSCC (H-score = 150 (IQR 100)) compared to HPV positive OPSCC (H-score = 100 (IQR 
117.75). Mann-Whitney P = 0.049).
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OPSCC patients (Regina Elena National Cancer Institute, Rome, 
Italy) analyzed by immunohistochemistry using a different com-
mercial AMBRA1 antibody (Fig. S2B, Table 1 and S1). Collectively 
these findings confirmed the association of reduced AMBRA1 in 
HPV-positive OPSCC.

HPV16 E7 promotes AMBRA1 protein degradation 
through calpains

To understand how AMBRA1 protein levels are decreased in 
HPV-positive OPSCC cells, we first analyzed the expression 
levels of AMBRA1 mRNA by qPCR (Figure 3A), and observed 
that changes in transcript levels do not parallel those observed at 
the protein level. We then investigated whether AMBRA1 pro-
tein stability was compromised in HPV-positive cells. To this 
aim, we treated HPV-negative and positive OPSCC cells with the 
proteasomal inhibitor MG132, the CAPN1 (calpain 1)-CAPN2 
(calpain 2) inhibitor ALLN or the lysosomal inhibitor bafilomy-
cin A1. Interestingly, we found a significant increase in AMBRA1 
protein levels in HPV-positive OPSCC cells when calpain activ-
ity was inhibited (Figure 3B and FigureS1C). The known ability 
of HPV16 E7 to trigger calpain-mediated degradation of RB1/Rb 
[5], prompted us to further test whether HPV16 E7 also affects 
AMBRA1 stability. To this aim, we expressed increasing 
amounts of HPV16 E7 in 293 T cells and observed an HPV16 
E7 dose dependent-downregulation of AMBRA1 protein levels 
(Figure 3C). Remarkably, the reduction of AMBRA1 induced by 
HPV16 E7 expression was reverted by the addition of the calpain 
inhibitor ALLN (Figure 3D), indicating that HPV16 E7 mediates 
the degradation of AMBRA1 in a calpain-dependent manner.

To confirm that HPV16 E7 acts directly on AMBRA1, we 
tested whether the two proteins interact with each other. As 
reported in Figure 4A, HPV16 E7 binds AMBRA1, while no 
interaction was observed with BECN1, a component of the 
pro-autophagic PIK3C3/VPS34 complex that interacts with 
AMBRA1 [14]. The interaction of HPV16 E7 with RB1/Rb 
was also included as a positive control. Immunoprecipitation 
of endogenous HPV16 E7 was also performed in HPV- 
positive OPSCC cells, showing that E7 binds AMBRA1 in 
a physiological HPV system (Figure 4B). To map the protein 
domains of AMBRA1 that mediate the interaction with 
HPV16 E7, we expressed different MYC-tagged AMBRA1 
deletion mutants and HPV16 E7 in an OPSCC-unrelated 
cell system. The immunoprecipitation of AMBRA1 fragments 
showed that the central part of the protein is essential for the 
interaction with E7 (Figure 4C and D). Considering that the 
central region of AMBRA1 is involved in the binding to 
BECN1 [14], we tested whether HPV16 E7 also binds to 
BECN1 and whether HPV16 E7 interferes with the BECN1- 
AMBRA1 interaction. The immunoprecipitation of BECN1 
revealed that, despite the association with high levels of 
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Figure 3. HPV16 E7 promotes a calpain-mediated degradation of AMBRA1. 
(A) Quantitative PCR of AMBRA1 mRNA comparing HPV-negative SCC89 and 
HPV-positive SCC90 cells. (B) Western blot analysis of AMBRA1 protein levels 
in HPV-negative SCC89 and HPV-positive SCC90 cells, where proteasomal, 
calpains or lysosomal activities were blocked using MG132 at 5 mM, ALLN at 
10 mM and bafilomycin A1 at 5 nM for 5 h, respectively. Lower panel shows 
the densitometric analysis of 3 independent experiment reported as the fold 
of changes compared the each untreated cell line (mean ± SEM, ANOVA 
2-way test, *P < 0.05, **P < 0.005, ***P < 0.005). (C) AMBRA1 protein levels 
following the expression of HA/FLAG-tagged HPV16 E7 in 293 T cells (n = 3), 
(D) in presence or absence of ALLN at 10 mM for 5 h (n = 3).

Table 1. Expression of AMBRA1 in 40 OPSCCs tumors from the Italian cohort.

Total 
n (%)

HPV/p16 negative 
n (%)

HPV/p16 positive 
n (%) p

AMBRA1
Negative 22 (55.0) 10 (41.7) 12 (75.0) p = 0.04
Positive 18 (45.0) 14 (58.3) 4 (25.0)
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AMBRA1 expressed in 293 T cells revealed with anti-CAPN2 antibody. (H) Immunoprecipitation FLAG-tagged AMBRA1 expressing 293 T in presence or not of HA- 
tagged HPV16 E7, CAPN2 interaction was detected by western blot. The right panel represents the amount of CAPN2 co-eluted and normalized on immunopre-
cipitated AMBRA1 (n = 4, mean ± SEM. Two-tailed Student’s t-test, *P < 0.05).
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AMBRA1, no binding with HPV16 E7 was observed; suggest-
ing the pool of AMBRA1 binding BECN1 differs from the one 
associating with HPV16 E7 (Figure 4E). We next compared 
the levels of BECN1 bound to AMBRA1 in the presence or 
absence of HPV16 E7. As shown in Figure 4F, HPV16 E7 
overexpression reduced the interaction of AMBRA1 with 
BECN1, suggesting HPV16 E7 and BECN1 compete for the 
same binding region on the AMBRA1 protein.

We then attempted to identify which calpain is responsible for 
AMBRA1 degradation. To this aim, we took advantage of data 
obtained in our previous study where, combining tandem affinity 
purification and LC-MS using SILAC approach [11,18], we found 
CAPN2 as an AMBRA1 binding partner (data not shown). 
Interestingly, CAPN2 was previously shown to negatively impact 
on autophagy by degrading two essential proteins, ATG3 and 
ATG7 [12]. We validated the interaction of AMBRA1 with 
CAPN2 (Figure 4G), and then test whether HPV16 E7 modulates 
the interaction between AMBRA1 and CAPN2 (Figure 4H). 
Western blot analysis of the AMBRA1 co-immunoprecipitated 
proteins confirmed CAPN2 as an AMBRA1 interactor. Moreover, 
HPV16 E7 expression increased AMBRA1-CAPN2 interaction, 

suggesting that AMBRA1 degradation is triggered through 
CAPN2.

Autophagy confers resistance of HPV-negative OPSCC 
cells to cytotoxic cell death

Since AMBRA1 expression was retained and basal autophagy was 
increased in HPV-negative OPSCC cells, we hypothesized, as in 
cutaneous squamous cell carcinoma [19,20] that autophagy con-
tributes to the chemo-resistance of HPV-negative OPSCC. To 
question this possibility both HPV-negative and positive OPSCC 
cells were exposed to increasing concentrations of cisplatin 
(CDDP), within a clinically achievable dose range for 48 h. 
Apoptosis was analyzed by western blotting for cleaved PARP1 
and flow cytometry for ANXA5/annexin V staining. Results 
revealed significant dose dependent CDDP-induced PARP1 clea-
vage in HPV-positive cells (by up to a 17 fold increase) compared 
to that observed in HPV-negative OPSCC cells (Figure 5A and B). 
We then verified whether the increase in cleaved PARP1 observed 
in HPV-positive OPSCC cells was prevented by reducing E7 
triggered AMBRA1 degradation using the calpain inhibitor 
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ALLN. As shown in Figure 5C, CDDP-induced PARP1 cleavage 
was decreased by ALLN in HPV-positive cells to a similar extent 
observed in HPV-negative cells, which correlated with increased 
AMBRA1 and LC3-II levels, while no major changes were detected 
in other upstream autophagy proteins, such as BECN1.

Prompted by these results, we next tested whether AMBRA1- 
dependent autophagy contributes to the chemo-resistance of 
HPV-negative OPSCC cells. To this aim, AMBRA1 expression 
was downregulated using both shRNA and CRISPR-Cas9 
approaches prior to assessing the effect on CCDP-induced 
PARP1 cleavage or apoptosis (as assessed by PI ANXA5 stain-
ing). Remarkably, AMBRA1 downregulation (both by shRNA, 
Figure 6A and C, and using CRISPR-Cas9, Figure 6B) resulted in 
the significantly enhanced sensitivity of HPV-negative OPSCC 
cells to CDDP-induced apoptosis. Similarly, CCDP-induced 
PARP1 cleavage was also increased in HPV-negative OPSCC 
cells following shRNA-mediated downregulation of BECN1 (a 
main component of the PIK3C3/VPS34 complex to which 
AMBRA1 associates to promote autophagy, Figure 6D). In addi-
tion, we evaluated the effect of pharmacological inhibition of 
autophagy in HPV-negative OPSCC cells using 3-methyladenine 
(3-MA), a pan inhibitor of phosphoinositide 3-kinases (PI3Ks), 
and PIK-III, a specific inhibitor for PIK3C3/VPS34 [21]. To note, 
these treatments result in a block of autophagy flux rather than 
a reduction autophagy initiation in OPSCC cells (Fig. S2D). 
Results clearly showed that both 3-MA (Figure 6E) and PIK-III 
(Figure 6F and G) significantly enhanced CDDP-induced PARP1 
cleavage, confirming that targeting the autophagy initiation com-
plex leads to enhanced apoptotic response of HPV-negative 
OPSCC cells to CDDP.

Discussion

OPSCCs are divided in two major sub-types with distinct 
clinical features based on HPV status, with HPV-positive 
tumors displaying a better prognosis and treatment response 
compared to patients with HPV negative OPSCC [22]. 
Understanding how HPV influences the response of OPSCC 
to chemotherapy can provide crucial information to establish 
more efficient precision based treatment strategies.

Here, we show that autophagy activity and expression of the 
pro-autophagy protein AMBRA1 are low in two independent 
HPV-positive OPSCC cell lines. Although we cannot rule out 
that the observed autophagy differences are due to the different 
genetic background of OPSCC cell lines, this finding was mirrored 
by expression analysis of AMBRA1 in primary HPV-positive 
OPSCC. Characterization of the molecular mechanism responsi-
ble for AMBRA1 downregulation in HPV-positive OPSCC cells 
revealed that AMBRA1 protein is degraded by calpains. We have 
previously reported the regulation of AMBRA1 protein stability 
by either the ubiquitin/proteasome system through the CUL4- 
DDB1 E3-ligase upon nutrient starvation [23] or by both caspases 
and calpains following apoptotic induction [24]. Since HPV16 E7 
is known to promote the degradation of cellular RB1/Rb by 
calpains [5]; we questioned this possibility in HPV-positive 
OPSCC cells, demonstrating the interaction of HPV16 E7 with 
AMBRA1 and the competition with BECLIN1 for the same bind-
ing region. In addition, we demonstrated that HPV16 E7 favors 
the association of AMBRA1 with CAPN2 and is sufficient to 

promote AMBRA1 degradation also when expressed alone. 
Proteasome and caspase-mediated degradation of AMBRA1 
does not appear to be further stimulated by HPV in OPSCC 
cells (Figure 3B and data not shown). However, the observation 
that the proteasome inhibitor has also a reduced but significant 
effect on AMBRA1 levels suggests the presence of a residual pool 
of AMBRA1 protein that escapes from E7-mediated calpain 
degradation, possibly preserving specific AMBRA1 activities in 
HPV positive OPSCC cells. Importantly, the in vivo relevance of 
these findings was confirmed by analyzing AMBRA1 expression 
in two independent tissue cohorts of OPSCC, revealing an asso-
ciation of low AMBRA1 levels in HPV-positive cases.

Autophagy is induced as a primary antiviral response by 
infected cells, while many viruses attempt to block autophagy to 
avoid degradation or exploit it for viral replication [25]. It is 
therefore conceivable that HPV has evolved multiple strategies to 
alter the autophagy process. For example, it has been observed that 
in keratinocytes the functional interaction of HPV16 pseudovir-
ions with EGFR (epidermal growth factor receptor) during viral 
entry leads to a rapid activation of PIK3CA/PI3K-AKT-MTOR 
axis and consequent autophagy inhibition, which favors HPV 
infection [26]. On the other hand, ectopic expression of HPV11 
E6 in keratinocyte cell lines has been reported to induce autophagy 
by inhibiting AKT-MTOR and MAPK/ERK-MTOR pathways 
[27]. In apparent contrast to our results, HPV16 E7 overexpression 
has been shown to increase the amount of autophagosomes 
in normal keratinocytes, which is, however, associated to 
enhanced cell death susceptibility upon serum deprivation [28]. 
A proautophagic role of HPV16 E6 and E7 has been also proposed 
in cervical cancer cells, where E7 was found to associate with 
ATG9B and to promote expression of ATG9B and LAMP1 [29]. 
Further studies are required to elucidate whether and how E7 have 
pro- and anti-autophagic roles depending on the type of epithelial 
cells infected by HPV. Interestingly, among several proteins ana-
lyzed AMBRA1 appears to be the only autophagy factor targeted 
for degradation in HPV positive OPSCC tumors. Previous reports 
indicate AMBRA1 not only positively regulates autophagy, but 
also acts as anti-oncogene affecting cell proliferation [13,14]. 
AMBRA1 degradation may therefore confers a double benefit 
for HPV by blocking autophagy-mediated viral degradation and 
promoting cell proliferation to favor viral replication, both events 
contributing to tumor development. Evidence that autophagy is 
altered in HPV-positive tumors comes from studies of uterine 
cervical carcinoma, where BECN1 levels inversely correlated to 
the tumor differentiation state [30]. The precise contribution of 
autophagy to HNC development and progression however, 
remains largely undefined, although recent studies in oral and 
OPSCC report a correlation between elevated LC3B levels and 
poor prognosis in HPV-negative patients [31], supporting the 
known association of increased autophagy activity with chemo 
and radiotherapy resistance. Alternatively, the observed reduced 
autophagy in HPV-positive OPSCC cells may also partially explain 
their increased chemo-sensitivity.

Further investigating the role of AMBRA1 in the response to 
chemotherapy, we found both genetic downregulation of 
AMBRA1 and pharmacological inhibition of the BECN1- 
PIK3C3/VPS34 complex sensitized HPV-negative OPSCC cells 
to the cytotoxic effects of cisplatin as well as the pharmacological 
inhibition of the BECN1/VPS34 complex. In this regard, it 
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Figure 6. Autophagy is responsible for cisplatin-resistance of HPV-negative OPSCC cells. (A) Lentiviral infected HPV-negative OPSCC cells for shRNA of AMBRA1 using 
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should be noted that the two PI3K inhibitors we have tested 
result in an accumulation of LC3-II rather than a decrease (Fig. 
S2D), which is not further increased upon bafilomycin A1 treat-
ment, suggesting that, in these cell lines, they mainly affect 
PIK3C3/VPS34 complex II, resulting in a block of autophago-
some maturation. An effect of these inhibitors at the late step of 
the autophagy process has been also reported in other cell lines 
[21,32]. Collectively these data suggest autophagy modulation as 
viable therapeutic strategy to improve the clinical outcome of 
HPV-negative OPSCC.

The de-escalation of treatment for HPV-positive OPSCC is 
hot topic in cancer medicine with efforts focussed on strategies 
to maintain therapeutic efficacy, while reducing toxicity and 
improving the quality of life of these patients. Nevertheless, as 
a heterogeneous group of tumors, treatment de-escalation of 
HPV positive OPSCC is a contentious issue in the absence of 
biomarkers able to identify genuinely high-risk subsets. Our 
observation that AMBRA1 levels are directly regulated by HPV 
in OPSCCs paves the way to test AMBRA1 as a prognostic 
biomarker enabling the identification of high risk tumor- 
subsets as well as appropriately stratifying patients for treatment 
de-escalation.

Materials and Methods

Cell culture

UPCI-SCC-089 (cell line derived from HPV-negative AJCC 
stage IVa OPSCC), UPCI-SCC-090 (cell line derived from 
HPV16-positive AJCC stage II OPSCC) [33] and 293 T cells 
(ATCC, CRL-3216) were cultured in DMEM (Sigma-Aldrich, 
D6546) supplemented with 10% or 20% (UPCI-SCCs) FBS 
(Gibco, 10,270), 2 mM L-glutamine (Sigma-Aldrich, G7513), 
and 1% penicillin-streptomycin solution (Sigma-Aldrich, 
P0781) at 37°C under 5% CO2. HPV-negative SCC25 cells 
[34] (ATCC, CRL1628) were cultured using DMEM-F12 
(Sigma-Aldrich, D8437) supplemented with 10% FBS; HPV- 
positive UPCI:SCC154 [33] (ATCC, CRL3241) were cultured 
using EMEM (Sigma-Aldrich, M2279) supplemented with 
heat-inactivated FBS to a final concentration of 10%. 
Reached 80% confluence, cells were washed twice with PBS 
(Sigma-Aldrich, D8537) and split using trypsin (Sigma- 
Aldrich, T3924). Periodically, cells were screened to exclude 
mycoplasma contamination (ABMGood, G238).

Cell Treatments

To evaluate autophagy, UPCI-SCCs cells were deprived of 
nutrients in EBSS medium (Sigma-Aldrich, E2888) and trea-
ted with 5 nM bafilomycin A1 (Sigma-Aldrich, B1793), for the 
indicated time. ALLN (Santa Cruz Biotechnology, sc-29,119) 
was added at final concentration of 10μM for 5 h and protea-
some activity was inhibited by MG132 (Calbiochem, 474,790) 
at the concentration of 5μM for 5 h. To inhibit autophagy 
3-methyladenine (3-MA; Sigma-Aldrich, M9281) was used at 
2.5 mM and PIK-III at 2.5 μM (APExBio, B6160) for 24 h, 
where indicated. Cell death was induced by cisplatin (Santa 
Cruz Biotechnology, sc-200896A) at 4 or 8 μM for 48 h with 
an equal volume of DMSO (Sigma-Aldrich, D2650) or PBS 

used as vehicle negative controls. The calcium phosphate 
method was used to transfect 293 T cells with expression 
vectors. Lentiviral production was performed using 293 T as 
previously described [35], and UPCI-SCC-089 cells infected 
using 20 μL of viral suspension in a medium supplemented 
with 4 μg/ml polybrene (Sigma-Aldrich, TR-1003) for 8 h.

Plasmids

CMV Flag/HA 16 E7 plasmid was purchased from Addgene 
(13,734; deposited by Karl Munger); retroviral pLPCX vector 
(Clontech, 63,151) was modified to encode FLAG-, MYC- 
AMBRA1 full-length and MYC-AMBRA1 deletion mutants 
(aa 1–532, 533–751, 761–1269, 533–617,610-751) and 
BECN1 were previously described [14,35]. CRISPR-Cas9 All- 
in-one lentiviral vector specific for human AMBRA1 
(HsAMBRA1 sgRNA, K0079606, K0079608) and control 
sgRNA (Scramble sgRNA, K010) were purchased from 
ABMGood.

Antibodies

The primary antibodies for western blotting experiments 
were: rabbit anti-LC3 (Cell Signaling Technology, 27,755), 
rabbit anti-SQSTM1/p62 (MBL, P045), mouse anti- 
SQSTM1/p62 (Santa Cruz Biotechnology, sc-28,359), rabbit 
anti-AMBRA1 (Millipore, ABC131), mouse anti-RB1/Rb 
(Santa Cruz Biotechnology, sc-74,562), rabbit anti-BECN1 
H-300 (Santa Cruz Biotechnology, sc-11,427), mouse anti- 
BECN1 E-8 (Santa Cruz Biotechnology, sc-48,341), rabbit 
anti-ATG4B (Sigma-Aldrich, A2981), rabbit anti-ATG5 
(Santa Cruz Biotechnology, sc-33,210), goat anti-ATG7 
(Santa Cruz Biotechnology, sc-8668), mouse anti-HPV16 
E7 NM2 (Santa Cruz Biotechnology, sc-65,711), mouse 
anti-CAPN2 (Santa Cruz Biotechnology, sc-373,967), rabbit 
anti-PARP1 (Cell Signaling Technology, #9542), rabbit anti- 
PARP1 cleaved Asp214 (Cell Signaling Technology, #9541), 
mouse anti-MYC 9E10 (Santa Cruz Biotechnology, sc-40), 
rat anti-FLAG (Novus Biologicals, NBP1-06712), mouse 
anti-HSP90A-HSP90B/Hsp90 03B1α/β Santa Cruz 
Biotechnology, sc-13,119), mouse anti-TUBA/alpha tubulin 
(Santa Cruz Biotechnology, sc-32,293). HRP – conjugated 
secondary antibodies used were purchased from Jackson 
immune research: anti-rabbit (JI 711–036-152), anti-mouse 
(JI 715–036-150), anti-goat (JI 705–036-147), anti-rat (JI 
712–036-150). Antibodies for Immunofluorescence: Cy3- 
conjugated anti-mouse secondary antibodies (Jackson 
ImmunoResearch, 715–166-150), anti-rabbit Alexa Fluor 
488-conjugated (Thermo Fischer, A21206), rabbit anti- 
LC3B (Sigma-Aldrich, L7543), mouse anti-LAMP1 
(Abcam, 25,630).

Immunofluorescence analysis

HPV-negative SCC89 or HPV-positive SCC90 cells were fixed 
with 4% paraformaldehyde (Sigma-Aldrich, P6148) in PBS for 
15 min at room temperature and then permeabilized with 
0.5% Triton X-100 (Sigma-Aldrich, T9284) in PBS for 
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10 min at room temperature. After washings, cells were incu-
bated with anti-LC3B (Sigma-Aldrich, L7543) and with anti- 
LAMP1 (Abcam, 25,630) primary antibodies for 1 h, washed 
and, then incubated with anti-rabbit Alexa Fluor 488- 
conjugated (Thermo Fischer, A21206) and anti-mouse Cy3 
(Jackson ImmunoResearch, 715–166-150) for an additional 
45 min at 37°C. Immunofluorescences were examined with 
a LSM 900, Airyscan SR Zeiss confocal microscopy. The 
number of LC3 and LAMP1 colocalizing dots was measured 
using ZEN 3.0 Blue edition software. A minimum of 30 cells/ 
sample was analyzed and the statistical analysis was per-
formed using ANOVA 2-way test for repeated samples by 
using Graphpad Prism, p values of less than 0.05 were con-
sidered significant.

Immunoprecipitation assays

Coimmunoprecipitation was performed by lysing cells in Tris buffer 
(10 mM Tris Base pH 8.0 [Merk Millipore, 648,611], 150 mM NaCl 
[Sigma-Aldrich, S7653], 10% glycerol [Sigma-Aldrich, 67,757], 0.5% 
NP-40/IGEPAL [Sigma-Aldrich, 56,741-F]) complemented with 
protease and phosphatase inhibitors (Protease inhibitor cocktail 
plus [Sigma-Aldrich, P8340], 5 mM sodium fluoride [Sigma- 
Aldrich, S-7920], 0.5 mM sodium orthovanadate [Sigma-Aldrich, 
S6508], 1 mM sodium molibdate [Sigma-Aldrich, S-6646], 50 mM 
2-chloroacetamide [Sigma-Aldrich, C0267], 2 mM 1,10- 
phenanthroline monohydrate [Sigma-Aldrich, 320,056], 0.5 mM 
PMSF [Sigma-Aldrich, P7626]). For endogenous immunoprecipita-
tion, 2 mg protein extracts were incubated overnight with 2 μg of 
antibody and immunocomplexes recovered using 25 μl protein G or 
recombinant protein A Sepharose (GE Healthcare, 17–0618-01 and 
17–1279-01, respectively). For immunoprecipitation of expressed 
protein, 1 mg of protein extracts were incubated with 25 μl anti- 
FLAG or anti-MYC antibodies conjugated to agarose beads (Sigma- 
Aldrich, A2220 and E6654, respectively) for 2 h. Immunocomplexes 
were solved on NuPAGE Bis-Tris gels (Life Technologies, 3 to 8%, 
Tris-Acetate [EA03785BOX], 4 to 12% Bis-Tris [NW04120BOX]) 
and blotted on nitrocellulose (Whatman Amersham, 10,600,041) or 
PVDF (Millipore, IPVH20200) membranes. HRP-secondary anti-
bodies (Jackson ImmunoResearch Laboratories: anti-rabbit [JI 
711–036-152], anti-mouse [JI 715–036-150], anti-goat [JI 705–036- 
147], anti-rat [JI 712–036-150]) and ECL (Millipore, WBLUC0500 
or WBLUR0500) were used to detect the conjugation with the 
primary antibody using the ChemiDoc Imaging Touch System (Bio- 
Rad).

Real Time PCR

Trizol (Invitrogen, 15,596–018) was used to extract RNA and 
cDNA synthesis was obtained using a RT-kit from Promega, as 
recommended. qPCR were performed with the Rotor-Gene 6000 
(Corbett Research Ltd) thermocycler, as previously described [36]. 
Primers: human LC3B forward (5ʹ-AAAGACCCTGGAGAAAG 
AGTGGCA-3ʹ) and reverse (5ʹ-ACTGGTACACTGCTGC TTT 
CCGTA-3ʹ); human SQSTM1 forward (5ʹ-ACAGATGCCAGA 
ATCCGAAG-3ʹ) and reverse (5ʹ-TGGGAGAGGGACTCAATC 
A-3ʹ), human AMBRA1 forward (5ʹ- AACCCTCCACTGCGAG 
TTGA-3ʹ) and reverse (5ʹ- TCTACCTGTTCCGTGGTTCTCC- 

3ʹ) and hL34 forward (5ʹ- GTCCCGAACCCCTGGTAATAGA- 
3ʹ) and reverse (5ʹ- GGCCCTGCTGACATGTTTCTT-3ʹ), RPL34 
mRNA level was used as an internal control.

Flow cytometry

ANXA5/annexin V-FITC and PE-A propidium iodide stain-
ing were performed using Abcam apoptosis detection kit 
(ab14085). Stained UPCI-SCC-089 or 090 cells were analyzed 
using BD Canto I cytometer, and the occurrence of cell death 
was recorded as the percentage of both early and late apopto-
tic cells on the entire population; graphs report fold of 
increase respect to the control (NS), defined as 1.00.

OPSCC patient cohorts and immunohistochemical 
analysis of AMBRA1

UK COHORT: Retrospective OPSCC patient samples were identi-
fied between August 2002 and December 2008 as part of the UK 
HPV Prevalence Study [37]. 170 cases of oro-pharyngeal squamous 
cell carcinomas were identified at Newcastle Hospital NHS 
Foundation Trust and tissue microarrays (TMA) were constructed 
from formalin-fixed paraffin embedded tissue blocks. Three 1 mm 
cores per case were transferred to the TMA recipient block. The 
HPV status of the samples was determined by p16 immunohisto-
chemistry, high-risk HPV DNA in situ hybridization and HPV 
PCR as previously described [37]. Overall survival data (time from 
diagnosis to last follow up appointment or death) were available for 
91 patients and 84 samples provided sufficient tissue for AMBRA1 
immunohistochemistry. AMBRA1 was stained on a Benchmark 
XT autostainer (Ventana Medical Systems Ltd) using a clinically 
validated primary recombinant peptide antibody to human 
AMBRA1 (AMLo Biosciences Ltd), and images scanned for ana-
lysis using an Aperio AT2 slide scanner and e slide manager soft-
ware (Leica Biosystems Ltd). Staining was scored by a pathologist 
(MR) and independent investigator (RE) blinded to HPV status 
using an H score [38].

ITALY COHORT: A retrospective cohort of 40 formalin-fixed 
paraffin-embedded (FFPE) primary OPSCCs was derived from the 
archives of the Pathology Department of the Regina Elena National 
Cancer Institute of Rome, Italy. All FFPE samples had been routi-
nely characterized for HPV DNA presence by using INNO-LiPA 
HPV Genotyping Extra II kit (Fujirebio) and p16 expression by 
using CINtec® Histology Kit (Roche Diagnostics) as previously 
described [39,40]. Inclusion criteria were: 1. concordant results 
for HPV DNA and p16 immunostaining (either both positive or 
negative); 2. for the HPV DNA positive cases presence of HPV16 
genotype; 3. sufficient tissue material to perform immunohisto-
chemical analysis. The study was approved by the Ethics 
Committee of the Regina Elena National Cancer Institute (N. 
1118/18). Sections of 2–3 μm were processed for automated immu-
nohistochemical evaluation of AMBRA1 expression and a third 
section stained with hematoxylin-eosin for confirmation of the 
histological diagnosis and presence of sufficient tumor cells by 
a certified pathologist. Antigen retrieval was carried out using 
a citrate buffer (Bond™ Epitope Retrieval Solution 1, Leica 
Biosystems). Automated immunohistochemical analysis for 
AMBRA1 was performed on an automated autostainer (BOND- 
III; Leica, Milan, Italy) using a primary rabbit polyclonal anti- 
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AMBRA1 (Novus Biologicals, NBP1-07124), and The Bond™ 
Polymer Refine Detection (Leica Biosystems) was used to reveal 
primary antibody binding. Staining was reported by visual analysis 
of the proportion of positive tumor cells and staining intensity 
(scored as none, weak, moderate and strong), with the assessment 
of biomarkers blinded to HPV status. AMBRA1 expression was 
considered positive when immunostaining was apparent in ≥ 50% 
of the cancer cells with moderate or strong staining intensity.

Statistical analysis

Statistical analysis of western blotting, PCR and FACs data were 
performed using unpaired, two-tailed Student’s t-test. Values are 
shown as mean ± SEM of at least 3 independent experiments. 
P-values (P) <0.05 were marked by *, <0.005 by **, <0.0005 by ***, 
<0.00005 by ****). Densitometric analysis of western blotting was 
performed using the Image Lab 5.2.1 from Biorad. The control 
ratio was arbitrarily defined as 1.00. All statistical analysis were 
undertaken using GraphPad Prism 8 software. For western blot-
ting analysis, ANOVA 2-way test for repeated samples was used 
with multiple comparisons within the same group. For immuno-
histochemical expression analysis of AMBRA1 in primary OPSCC 
samples derived from the UK COHORT, a receiver operating 
characteristic curve (ROC) was built using the continuous classi-
fication of AMBRA1 H-score as the discrimination variable for 
overall survival [38]. The optimum cut-point was identified at an 
H-score of 140 with a sensitivity of 55% (95% CI 39.83% – 69.29%), 
specificity of 62.79% (95% CI 47.86% – 75.62%) and a likelihood 
ratio of 1.48. Binary scores of 0 for low-risk (H-score <140) and 1 
for high-risk (H-score > or = to 140) were applied for further 
Kaplan-Meier survival curve analysis15 Other variables assessed 
included age, sex, HPV status and AMBRA1 tumor positivity.

For the analysis of samples from the ITALY COHORT, 
Chi-square test was used to evaluate the statistical significance 
of differences in positivity rate of biomarkers between HPV 
related and unrelated OPSCC. Differences were considered 
significant when p < 0.05. The MedCalc Statistical Software 
(version 18.9; MedCalc Software bvba, Ostend, Belgium; 
http://www.medcalc.org; 2018) was used.
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