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Human papillomavirus (HPV)-induced cancers still represent a major health issue for worldwide population and
lack specific therapeutic regimens. Despite substantial advancements in anti-HPV vaccination, the incidence of
HPV-related cancers remains high, thus there is an urgent need for specific anti-HPV drugs. The HPV E7
oncoprotein is a major driver of carcinogenesis that acts by inducing the degradation of several host factors. A
target is represented by the cellular phosphatase PTPN14 and its E7-mediated degradation was shown to be
crucial in HPV oncogenesis. Here, by exploiting the crystal structure of E7 bound to PTPN14, we performed an in
silico screening of small-molecule compounds targeting the C-terminal CR3 domain of E7 involved in the
interaction with PTPN14. We discovered a compound able to inhibit the E7/PTPN14 interaction in vitro and to
rescue PTPN14 levels in cells, leading to a reduction in viability, proliferation, migration, and cancer-stem cell
potential of HPV-positive cervical cancer cells. Mechanistically, as a consequence of PTPN14 rescue, treatment of
cancer cells with this compound altered the Yes-associated protein (YAP) nuclear-cytoplasmic shuttling and
downstream signaling. Notably, this compound was active against cervical cancer cells transformed by different
high-risk (HR)-HPV genotypes indicating a potential broad-spectrum activity. Overall, our study reports the first-
in-class inhibitor of E7/PTPN14 interaction and provides the proof-of-principle that pharmacological inhibition
of this interaction by small-molecule compounds could be a feasible therapeutic strategy for the development of
novel antitumoral drugs specific for HPV-associated cancers.

numerous subjects who cannot be vaccinated, and the growing distrust
for vaccines, the number of cancer cases caused by HPV infection is

1. Introduction

Human papillomaviruses (HPVs) are small double-stranded DNA
viruses with epithelial tropism and are highly prevalent human patho-
gens in worldwide population. Low-risk HPV genotypes mainly cause
cutaneous flat warts, while high-risk HPVs (HR-HPV), such as HPV16
and HPV18, are responsible for virtually all cases (~99%) of cervical
carcinoma and several other types of tumors, including anogenital and
head-and-neck cancers [1,2].

Although vaccination reduced the burden of HR-HPV infections [3],
cervical cancer is still the most common female malignancy in 23
countries worldwide [4]. On the other hand, no specific anti-HPV drugs
exist yet in the clinics. Considering the multitude of people already
infected by HR-HPV strains and at risk of developing cancer, the

expected to increase in the next years [5]. Therefore, there is an urgent
need for specific treatments for HPV-associated tumors.

The carcinogenic potential of HR-HPVs is linked to the major viral
oncoproteins E6 and E7 [6]. E7 is a small protein without enzymatic
activity that exerts its functions solely through protein-protein in-
teractions (PPIs) with several cellular partners. These PPIs are driven by
the LxCxE motif in the N-terminal domain of E7, which is intrinsically
disordered, and by two surface patches with strict sequence conserva-
tion located in the C-terminal CR3 domain, the only structured region of
the protein [7-9]. The binding of E7 to host factors results in the
degradation of key proteins involved in cellular homeostasis, such as
pRb and p21, thus promoting carcinogenesis [10-12]. Moreover, E7 can
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modulate the activity of cellular kinases, e.g., AKT and PKM2, contrib-
uting to the malignant phenotype [13,14]. Recently, the importance of
the interaction between E7 and PTPN14 and the consequent proteaso-
mal degradation of PTPN14 were described [15]. PTPN14 is a large
non-transmembrane protein tyrosine phosphatase (PTP) which pos-
sesses two central proline-rich domains (PPxY) involved in interactions
with proteins containing a double-tryptophan (WW) motif [16]. One of
these proteins is the transcriptional co-activator Yes-associated protein
(YAP), a downstream effector of the Hippo pathway and a strong
oncogenic determinant in solid tumors [17,18]. PTPN14 can interact
with YAP and induce its cytoplasmic retention, thereby inhibiting its
transcriptional activity [19]. Thus, since YAP nuclear accumulation and
downstream signaling activation are a common feature of several types
of cancers, PTPN14 likely behaves as an oncosuppressor [20,21]. The E7
proteins of several HPV genotypes are able to interact with the catalytic
PTP domain of PTPN14 (hereafter called PTPN14-PTP) via the CR3
domain [15,22,23]. As a consequence of this interaction, high-risk E7
variants can trigger the proteasomal degradation of PTPN14 through the
ubiquitin ligase UBR4/p600 [15,22,23] and abrogate PTPN14 onco-
suppressive activity.

Recently, the crystal structure of the CR3 domain of HPV18 E7 bound
to PTPN14 was solved [24]. By exploiting this structure, we performed
an in silico screening of small-molecule libraries to search for compounds
able to disrupt the E7/PTPN14 interaction and hence restore the
endogenous levels of PTPN14 in cervical cancer cells. Here, we report
the discovery and characterization of the first-in-class inhibitor of this
PPI, capable of relieving PTPN14 from E7-mediated degradation and
endowed with antitumoral properties. PTPN14 rescue, in turn, resulted
in the modulation of YAP shuttling and signaling. We also show that this
compound possesses activity against cervical cancer cells harboring
different HR-HPV genotypes. Thus, we provide the proof-of-concept that
the E7/PTPN14 interaction can be successfully blocked by a
small-molecule compound, paving the way for the development of novel
and specific anti-HPV therapies.

2. Materials and methods
2.1. Structure-based virtual screening

A multistage Structure-Based Virtual Screening (SBVS) derived from
the experience in the D3R Grand Challenge 2 [25], was performed to
identify potential binders of the CR3 domain of HPV18 E7 protein. A
library of around 2 million commercially available compounds gathered
from several vendors was screened taking advantage of the structural
information encoded in the crystal complex (PDB ID: 6IWD) between the
CR3 domain of HPV18 E7 and the PTP domain of PTPN14. The
docking-based virtual screening was carried out on the HPV18 E7
interface of the protein-protein interaction through the PLANTS soft-
ware [26]. The resulting docking poses were filtered based on a series of
descriptors implemented in MOE 2019.01 and refined through short
molecular dynamics simulations. The final compounds selection was
based on pose stability, visual inspection, and chemical diversity. A full
description of each screening step is available in Supplementary Data.

2.2. Compounds and peptides

Hit compounds were purchased from Enamine (compounds 1-19,
44-46), Life Chemicals (20-37), Asinex (38-39), and Otava Chemicals
(40-43). Compound Cpd12 targeting HPV E6 oncoprotein [27,28] was
purchased from SPECS. The anti-influenza compound 54 was previously
described [29]. All compounds were dissolved in DMSO and stock so-
lutions were stored at —20 °C. The E7 al-peptide was purchased from
ProteoGenix (France) and dissolved in DMSO. The PB1;_ ;5 peptide
(corresponding to residues 1-15 of the PB1 subunit of influenza virus
RNA polymerase) was previously reported [30].
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2.3. Expression and purification of recombinant proteins

The 6His-PTPN14-PTP (residues 857-1187), 6His-HPV16 E6y (resi-
dues 1-80), and HPV16 E7 (full-length) proteins were expressed in
E. coli and purified by different protocols that are described in detail in
the Supplementary Data.

2.4. ELISA-based E7/PTPN14 interaction assay

To detect the E7/PTPN14 interaction in vitro, 96-well microtiter
plates (Nuova Aptaca) were coated with 6His-PTPN14-PTP and incu-
bated overnight with increasing amounts of untagged HPV16 E7, or
6His-E6y as a negative control. Interactions were detected using either
an anti-HPV16 E7 antibody (NM2, Santa Cruz) or an anti-HPV16 E6
antibody (N-17, Santa Cruz) followed by the incubation with a horse-
radish peroxidase (HRP)-conjugated secondary antibody and the chro-
mogenic  3,3,5,5° tetramethylbenzidine (TMB) substrate for
spectrophotometric measurements. Absorbance was read at 450 nm
onto a microplate reader (MultiSkan FC, Thermo Scientific). For inhi-
bition assays (in the presence of test compounds), microtiter plates
coated with 6His-PTPN14-PTP were incubated overnight with HPV16
E7 in the presence of increasing concentrations of test compounds, or E7
al-peptide or DMSO as controls. Binding of E7 was detected as described
above.

2.5. Cell lines

HPV-positive HeLa (HPV18), CaSki (HPV16), MS751 (HPV45),
ME180 (HPV68), HPV-negative C33A cervical carcinoma cells, and
human foreskin fibroblasts (HFF) were purchased from American Type
Culture Collection (ATCC). HaCaT (non-tumoral immortalized human
skin keratinocytes) were purchased from NeoBiotech (France). All cell
lines, except for CaSki and HaCaT cells, were maintained in Dulbecco
modified Eagle’s medium (DMEM; Life Technologies) supplemented
with 10% fetal bovine serum (FBS; Life Technologies), 100 U/ml peni-
cillin, and 100 mg/ml streptomycin sulfate (P/S; Life Technologies).
CaSki were cultured in RPMI medium (Life Technologies) supplemented
with 10% FBS and P/S. HaCaT were cultured in MEM medium (Gibco)
supplemented with 15% FBS and P/S. Cells were kept in culture for no
more than 4 weeks and were regularly tested for mycoplasma
contamination.

2.6. Cell viability assay

Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) method as previously
described [27,28].

2.7. Immunofluorescence and western blotting

Immunofluorescence studies were performed as previously described
[31] with minor modifications, see Supplementary Data for details. For
Western blot analyses, whole cell extracts were prepared as previously
described [27,32]. For full description of Western blotting procedure
and a complete list of the antibodies used in this study see Supplemen-
tary Data and Table S1.

2.8. Quantitative Real-Time PCR (qPCR)

Total RNA was purified with RNA Purification Plus kit (Norgen
Biotek) from HeLa cells treated for 48 h with test compounds. cDNA was
generated from RNA (1.5 pg) using random primers (Applied Bio-
systems) and MultiScribe reverse transcriptase (Applied Biosystems).
gPCR was performed with SYBR green (Applied Biosystems) on a
QuantStudio 3 Real-Time PCR System (Applied Biosystems). A complete
list of primer sequences can be found in Table S2.
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2.9. Cell proliferation and clonogenic assays

For cell proliferation assays, HeLa, C33A, and HaCaT cells were
seeded in a 96-well plate at a density of 1000 cells/well in complete
medium. Twenty-four hours after seeding (day 0), cells were treated
with test compounds at different concentrations for 1-4 more days. Cell
proliferation was evaluated by MTT assay as described above. Clono-
genic assays were performed as previously described [27]. See Supple-
mentary Data for a more detailed method description.

2.10. Cell migration and invasion assays

Wound healing and transwell migration assays with HeLa cells were
performed as previously described [28]. For transwell invasion assays,
HeLa cells were treated with test compounds for 24 h and then reseeded
into the upper chamber of transwell inserts (8 pm pore size; Corning) in
serum- and compound-free medium. A thin layer of Matrigel (Corning)
diluted 1:50 in serum-free medium was added to the membrane matrix
prior to seeding. Coated inserts were placed onto a 24-well plate con-
taining 600 pL of medium with 20% FBS as a chemoattractant. After 24
h, cells were fixed and stained and representative images of migrated
cells were taken under phase-contrast microscopy. A detailed method
description can be found in Supplementary Data.
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2.11. Cervosphere formation assay

To evaluate the effect of the compounds on spheroid formation, HeLa
cells were seeded on 24-well Nunclon Sphera plates (Thermo Fisher
Scientific) at a density of 1000 cells/well, in the presence of DMSO or
increasing concentrations of test compounds. Cells were cultured in
Keratinocyte-SFM (Gibco) supplemented with 10 ng/ml b-FGF (Gibco),
10 ng/ml EGF (Gibco) and B27 (Gibco). Culture medium was changed
every day to provide fresh compounds and tumor spheres growth was
monitored daily for 10 days.

2.12. Ligand-based homology modeling

The binding mode of compound 20 on E7 protein from different HPV
subtypes was modeled through the “ligand-based homology modeling”
approach [33], as implemented in MOE 2019.01, using the docking pose
of compound 20 on HPV18 E7 (PDB ID: 6IWD) as a template. See Sup-
plementary Data for details.

2.13. Statistical analysis

Data were analyzed using GraphPad Prism 8 (GraphPad Software
Inc.).

Fig. 1. Structural features of the CR3 domain of
HPV18 E7 interacting with PTPN14 and virtual
screening pipeline to search for E7/PTPN14
interaction inhibitors.

(A) Representation of the complex between the CR3
domain of HPV18 E7 (violet) and the PTP domain of
cellular PTPN14 (orange), deposited in the Protein
Data Bank with accession code 6IWD. (B) The CR3
domain of HPV18 E7 protein is represented as violet
ribbon and key interacting residues with PTPN14 are
shown as sticks. (C) HPV18 E7 CR3 domain is repre-
sented as a Connolly surface, with residues colored
according to their electrostatic properties. Red in-
dicates a negatively charged region, blue a positively
charged one and white a neutral/uncharged one. (D)
Schematic representation of the workflow adopted for
the in silico structure-based screening of compound
libraries.
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3. Results

3.1. Identification of candidate inhibitors of E7/PTPN14 interaction by in
silico screening

With the aim of identifying small-molecule compounds targeting the
interaction of E7 with PTPN14, we performed a multistage structure-
based virtual screening of ~2 million compounds belonging to
different commercial libraries using the structure published by Yun and
colleagues [24], in which the CR3 domain of HPV18 E7 is bound to the
PTPN14-PTP domain (Fig. 1A).

Compounds were docked to the binding groove corresponding to the
E7 side of the protein-protein interaction complex (Fig. 1B and C) using
the PLANTS docking software: for each ligand, ten different poses were
generated (Fig. 1D). Only the conformations having both a negative
(therefore attractive) van der Waals and electrostatic energy were
retained (6.5 M). Afterwards, 1,250 non-redundant ligand poses were
selected to undergo Molecular Dynamics (MD) post-docking refinement.
These included the best 250 poses according to the PLP scoring function,
the best 250 according to MOE dockPki scoring function, the best 250
according to the strength of hydrogen bonds, the best 250 according to a
score accounting for the hydrophobic contacts and, the best 250 ac-
cording to electrostatic interaction (Fig. 1D). Finally, the poses’ stability
was comparatively assessed through short (3 ns) molecular dynamics
simulations. Eventually, 48 virtual hit compounds were selected for
biological evaluation based on pose stability, visual inspection, and
chemical diversity, and 46 were purchased based on commercial avail-
ability (Tables S3 and S4).

3.2. Ability of hit compounds to block the E7/PTPN14 interaction

To test the ability of the selected hits to interfere with the physical
E7/PTPN14 interaction, full-length HPV16 E7 and PTPN14-PTP (aa
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857-1187) were expressed in E. coli, purified, and used to set up an
ELISA-based assay to detect E7/PTPN14 interaction in vitro. Microtiter
plates were coated with PTPN14-PTP and then incubated with either E7
or a truncated form of HPV16 E6 oncoprotein consisting of its N-ter-
minal zinc-finger domain (E6y) as a control. Successively, an anti-E7 or
an anti-E6 antibody was added, respectively. A dose-dependent increase
in absorbance was detected upon addition of increasing amounts of E7
(Fig. 2A). As expected, since no interaction between PTPN14 and E6 has
been reported, no binding was observed upon E6y addition (Fig. 2A).

To test whether the assay could also detect specific inhibition of the
E7/PTPN14 interaction, wells coated with PTPN14-PTP were incubated
with a fixed amount of E7 and increasing amounts of PTPN14-PTP or a
synthetic peptide corresponding to residues 81-93 of HPV16 E7 (E7 ol-
peptide), which forms an a-helix shown to interact with PTPN14 [24].
Both PTPN14-PTP (Fig. 2B) and the E7 al-peptide (Fig. 2C) inhibited the
E7/PTPN14 interaction in a dose-dependent manner. In contrast, an
unrelated o-helical peptide (PB1;.15), previously reported to inhibit
another PPI (i.e., the interaction between the PA and PB1 subunits of
influenza virus RNA polymerase) [30], showed no effects on E7/PTPN14
binding (Fig. 2C).

Next, we used this assay to test the effects of the hits emerged from
the screening on E7/PTPN14 interaction. In dose-response analyses,
three hit compounds, i.e., 20, 23, and 28, resulted to be active in
blocking the binding of E7 to PTPN14 with inhibitory concentration at
half-maximal response (ICso) values in the low micromolar range and
similar to the ICsg of E7 al-peptide (Fig. 2D and S1). Other hit com-
pounds, i.e., 19, 22, 27, and 42, showed a dose-dependent inhibition of
E7/PTPN14 binding but with higher ICs¢s (Fig. 2D). The remaining
compounds did not significantly affect the E7/PTPN14 interaction up to
a concentration of 100 pM (Fig. 2D). To test the specificity of hits’ ac-
tivity, we also tested all the compounds in a similar ELISA-based inter-
action assay that can detect the inhibition of influenza virus PA/PB1
interaction [30]. None of the anti-E7/PTPN14 hits inhibited the PA/PB1

Fig. 2. Effects of hit compounds on PTPN14/E7
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interaction up to a concentration of 100 pM (data not shown). As a
further specificity control, we tested against E7/PTPN14 interaction two
compounds previously reported to inhibit other PPIs, i.e., Cpd12, which
blocks the interaction between HPV E6 and the cellular oncosuppressor
p53 [27,28], and compound 54, which interferes with influenza virus
PA-PB1 interactions [29,34]. Both Cpd12 and 54 did not exhibit any
inhibitory activity on E7/PTPN14 binding (Fig. 2D and S1).

Thus, these results indicated that some hit compounds selected from
the virtual screening can inhibit specifically and in a dose-dependent
manner the interaction between E7 and PTPN14-PTP. The low hit rate
most likely is due to the difficulties in targeting PTPN14/E7 interface,
which consists of a flat surface. It should be considered that the fraction
of the accessible surface area (% rSASA) of compound 20 exposed to the
solvent is around 44%, which is an extremely high value if compared to
those of other ligands complexed in the already solved ligand-protein
structures also among other PPI inhibitors [35].

3.3. Cytotoxic activity of hit compounds against HPV-positive cervical
cancer cells

In parallel to the ELISA experiments, we also tested the cytotoxic
activity of all hit compounds by MTT assays in two HPV-positive cervical
cancer cell lines, i.e., HeLa (HPV18) and CaSki (HPV16), and for com-
parison in HPV-negative C33A cervical cancer cells and non-tumoral
keratinocytes and fibroblasts, i.e., HaCaT and HFF cells. Several of the
compounds showed no cytotoxic activity against any of the tested cell
lines, including some of the molecules that showed inhibitory activity on
the E7/PTPN14 interaction, i.e. compounds 19 and 42 (Table 1 and
Fig. 2D). On the other hand, treatment with some hits (i.e., compounds
4,11,15,17, 22, 27, 29, 30, 31, 32, 35, 39, 41, 44, and 46) affected the
viability of HeLa and/or CaSki cells, but also resulted in non-specific
cytotoxic activity against HPV-negative C33A cells (Table 1). Impor-
tantly, the most active E7/PTPN14 inhibitors — compounds 20, 23, and
28 - remarkably affected the viability of both HPV-positive cancer cell
lines (with ICs0s 15.2 4 5.8 pM, 14.0 + 3.5 pM, and 1.40 + 0.02 pM in
HelLa cells, respectively; 6.6 + 0.7 uM, 9.0 + 1.9 pM and 5.5 + 0.4 pM in
CaSki cells, respectively), without showing toxicity (ICso > 250 pM)
against either HPV-negative C33A cancer cells or non-tumoral cells
(Table 1). Thus, three small molecules that block the E7/PTPN14
interaction also selectively affect the viability of HPV-positive cervical
cancer cells.

3.4. Compound 20 increases PTPN14 levels and induces the cytoplasmic
relocalization and transcriptional inactivation of YAP in HPV-positive cells

Since the physical interaction between E7 and PTPN14 results in E7-
mediated proteasomal degradation of the cellular phosphatase, we next
investigated whether the treatment with the most active hit compounds
(i.e., 20, 23, and 28) was able to increase PTPN14 levels in HPV-positive
cells. In these experiments, a siRNA targeting E6/E7 expression and an
inactive hit (compound 33) were used as a positive and a negative
control, respectively. As expected, E6/E7 silencing led to a very high
increase of PTPN14 levels due to the simultaneous downregulation of
both oncogenes and thus to the inhibition of both E7-mediated degra-
dation of PTPN14 and E6-mediated degradation of p53. In fact, E6
oncoprotein is known to degrade p53 [36], which also drives PTPN14
gene transcription [37]. In HeLa cells compound 20 showed the ability
to restore PTPN14 levels in a concentration-dependent manner, as
detected by both immunofluorescence and Western blot (Fig. 3A, B, S2A,
and S2B). In contrast, treatment with compounds 23 and 28, as well as
with the inactive compound 33, did not increase PTPN14 levels (Fig. 3A
and B). A possible explanation for the latter result could be that differ-
ently from the ELISA (where only E7 and PTPN14 proteins are present),
in the cellular context other, known or yet unknown, E7 cellular binding
partners which like PTPN14, bind within or in proximity of the CR3
region of E7 might be involved, thus interfering with PTPN14 rescue by
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Table 1
Effects of hit compounds on the viability of HPV-positive and HPV-negative
cells.

Compound Cytotoxic activity, ICso (uM)

HelLa CaSki C33A HaCaT HFF
1 >250 >250 >250 n.d. n.d.
2 >250 >250 >250 n.d. n.d.
3 >250 >250 >250 n.d. n.d.
4 215+7 203 +18 205 + 14 n.d. n.d.
5 >250 >250 >250 n.d. n.d.
6 >250 >250 >250 n.d. n.d.
7 >250 >250 >250 n.d. n.d.
8 190 + 12 >250 >250 n.d. n.d.
9 230 +£15 >250 >250 n.d. n.d.
10 >250 >250 250 n.d. n.d.
11 92 + 20 125+ 9 43+ 4 n.d. n.d.
12 >250 >250 >250 n.d. n.d.
13 >250 >250 >250 n.d. n.d.
14 >250 >250 >250 n.d. n.d.
15 106 + 27 >250 45+ 11 n.d. n.d.
16 >250 >250 >250 n.d. n.d.
17 128 + 4 248 +£1 108 £ 11 n.d. n.d.
18 >250 >250 >250 n.d. n.d.
19 >250 >250 >250 n.d. n.d.
20 15.2 + 5.8 6.6 + 0.7 > 250 > 250 > 250
21 >250 >250 >250 n.d. n.d.
22 57 +5 102 + 10 69+ 6 n.d. n.d.
23 14.0 + 3.5 9.0+1.9 > 250 > 250 > 250
24 >250 >250 >250 n.d. n.d.
25 >250 >250 >250 n.d. n.d.
26 >250 >250 >250 n.d. n.d.
27 209 +£12 >250 189 +1 n.d. n.d.
28 1.40 + 0.02 5.5+ 0.4 > 250 > 250 > 250
29 220 + 14 235+19 208 +11 n.d. n.d.
30 81+6 185 + 35 19+5 n.d. n.d.
31 183 + 24 >250 31+1 n.d. n.d.
32 8+2 125 +12 95+8 n.d. n.d.
33 >250 >250 >250 n.d. n.d.
34 >250 >250 >250 n.d. n.d.
35 105 + 13 112+ 7 105+ 8 n.d. n.d.
36 >250 >250 >250 n.d. n.d.
37 >250 >250 >250 n.d. n.d.
38 >250 >250 >250 n.d. n.d.
39 174 + 28 236 +1 174+ 6 n.d. n.d.
40 >250 >250 >250 n.d. n.d.
41 >250 >250 58+ 7 n.d. n.d.
42 >250 >250 >250 n.d. n.d.
43 >250 >250 >250 n.d. n.d.
44 >250 >250 230 + 28 n.d. n.d.
45 127 £2 >250 >250 n.d. n.d.
46 209 +£15 244 +5 86 +13 n.d. n.d.

Cell viability of compound-treated HeLa (HPV18) and CaSki (HPV16) cells was
assessed by MTT assay at 48 h post-treatment. HPV-negative C33A cervical
cancer cells and non-tumoral cells (HaCaT and HFF) were used as specificity
controls. The ICsy values (compound concentration that inhibits 50% cell
viability) are reported. Data represent the mean + SD of three independent
experiments in duplicate.

compounds 23 and 28. In line with this hypothesis, when we analyzed
possible effects of compounds 20, 23, and 28 on both p53 and pRb levels,
we found that while none of the three compounds affected p53 levels,
the treatment with compound 28 - but not with compounds 20 and 23 -
appeared to increase the pRB levels (data not shown), suggesting that in
the cellular context compound 28 might interfere with the E7/pRb
interaction rather than the E7/PTPN14 binding. This might be explained
by previous observations that in addition to the LxCxE motif of
Conserved Region 2 (CR2) of E7, also the CR3 domain is involved in the
interaction with pRB [11,38]. Although the activity of compound 28,
and possibly also 23, warrants future investigations, they were discarded
for the scope of this study.

Next, since it is known that PTPN14, by interacting with YAP, retains
it in the cytoplasm, we investigated whether the rescue of the cellular
phosphatase observed upon treatment with compound 20 was coupled
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Fig. 3. Effects of selected compounds on PTPN14 levels and YAP localization and signaling.

(A) Compound 20 rescues endogenous PTPN14 protein levels. HPV18-positive HeLa cells were treated with compounds 20, 23, 28, and 33 (25 pM) for 48 h. DMSO-
treated cells were included as a negative control. Cells were analyzed by immunofluorescence using a specific anti-PTPN14 primary antibody (left panels). Nuclei
were stained with DRAQ5. Arrows indicate cytoplasmic PTPN14 rescue following treatment with compound 20. See Supplementary Data, Fig. S2A for scatter dot plot
analysis and quantification of PTPN14 levels. (B) Compound 20 rescues PTPN14 protein levels in a concentration-dependent manner. HPV18-positive HeLa cells were
treated with increasing concentrations of compounds 20, 23, 28, and 33. DMSO-treated cells were included as a negative control, along with cells in which E6/E7
oncogenes were silenced as a positive control (siRNA E6/E7). At 72 h post-treatment, cells were harvested, lysed, and cellular lysates were analyzed by Western
blotting using specific anti-PTPN14 and anti-E7 primary antibodies. p-Actin or p-tubulin were used as a loading control. Final images included in this work are
representative of multiple experimental replicates. See Supplementary Data, Fig. S2B for the quantification of PTPN14 protein bands in compound 20-treated samples
versus vehicle-treated samples. (C) Quantitative analysis of YAP intracellular localization upon compound 20 treatment. The cytoplasmic/nuclear fluorescence (Fc/n)
ratio was calculated for HeLa cells treated for 48 h with compound 20 or DMSO as a control. Data are presented as scatter-dot-plots of npyso = 167 cells and nepazo =
173 cells. Data were analyzed by one-way ANOVA followed by Dunnett’s multiple-comparisons test. ****p < 0.0001 compared to control (DMSO-treated cells). Right
panels show representative examples of the images used for quantitative analysis. (D) The effects of test compounds (compounds 20, 33, and the positive control
Verteporfin, VP) on the transcription of YAP target genes CYR61 and CTGF were assessed in HeLa cells treated for 48 h by qPCR. Bar graphs represent gene
transcription downregulation upon compound treatment, expressed as fold change. Data represent the mean + SD of three independent experiments. Data were
analyzed by a two-way ANOVA followed by Tukey’s multiple comparison test. **p < 0.01; ***p < 0.001 compared to control (DMSO-treated cells).

to the relocalization of YAP in the cell cytoplasm. We thus performed YAP/TEAD interaction [39,40], was used as a positive control. In

quantitative single-cell immunofluorescence analysis of YAP localiza- contrast, treatment with compound 33 had no effect (Fig. 3D).

tion in HeLa cells treated with the small molecule. Strikingly, we Altogether, these results indicated that in HPV-positive cervical

observed that the average nuclear accumulation of YAP in treated cells cancer cells, compound 20, by inhibiting the E7/PTPN14 interaction

was significantly lower than that in untreated control cells (Fig. 3C), and hence preventing the E7-mediated proteasomal degradation of

indicating that compound 20-mediated PTPN14 rescue could induce PTPN14, could rescue PTPN14 levels. This event, in turn, was able to

YAP shuttling towards the cytoplasmic compartment. modulate YAP intracellular localization, promoting its shuttling toward
Therefore, we investigated the effect of compound treatment on the the cytoplasm and leading to the downregulation of YAP target genes.

transcription of genes related to YAP signaling cascade. Consistently
with the above data, compound 20 was able to downregulate endoge-
nous mRNA levels of CYR61 and CTGF, two bona fide YAP target genes
[17], in HeLa cells (Fig. 3D). Verteporfin, a known inhibitor of the
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3.5. Compound 20 affects the proliferation, clonogenicity, migration/
invasion capacity, and stem-cell survival of HPV-positive cancer cells

The inhibition of the interaction between E7 and PTPN14 was shown
to cause a decrease in the proliferation capacity of HPV-positive cancer
cells as a consequence of YAP-related signaling modulation [24].
Therefore, we tested the effects of compound 20 on the proliferation of
HPV-positive (HeLa), or HPV-negative (C33A) and non-tumoral cells
(HaCaT) for comparison. Cells were treated for 4 days with compound
20 or the inactive hit compound 33 as a negative control, and their
growth compared to that of DMSO-treated cells. As shown in Fig. 4A, in
short-term proliferation assays, compound 20 selectively reduced the
proliferation of HeLa cells in a concentration-dependent manner, but not
that of C33A and HaCaT cells, while compound 33 had no significant
effect as compared to vehicle-treated cells. In a long-term clonogenic
assay, the number of HeLa colonies was decreased upon treatment with
compound 20 compared to those in control vehicle- or compound
33-treated cells (Fig. 4B and S3A). In contrast, no difference in colony
formation was observed between untreated and compound-treated
HPV-negative C33A cells (Fig. 4B and S3A).

Subsequently, we examined the effects of compound 20 on the
migration and invasion capacity of HPV-transformed cells, as previous
studies showed that expression in HeLa cells of mutant E7 and PTPN14
proteins defective in binding to each other led to a considerable sup-
pression of cell motility and invasiveness [24]. We thus performed
wound healing and transwell migration/invasion assays with HeLa cells
treated with compound 20 or compound 33 and DMSO as controls. In
wound healing assays, compound 20 significantly reduced the migration
rate of HeLa cells, whereas this effect was not observed in DMSO- and
compound 33-treated cells (Fig. 4C and S3B). Consistently, also in
transwell assays we could observe a remarkable suppression of migra-
tion and invasion of cells treated with compound 20, but not upon
treatment with DMSO or compound 33 (Fig. 4D, E, and S3C).

Finally, considering the critical role of YAP in determining stem-like
potential in solid tumors [41,42], we wished to investigate whether
compound 20 could also affect the survival and growth of the stem cell
population of HPV-positive cervical cancer cells. Importantly, cancer
stem cells represent the niche of cancer cells that drive drug resistance
and are responsible for tumor relapses after drug treatment [43]. To
assess this, we cultured HeLa cells in low-adhesion conditions and
monitored for 10 days the growth of 3D cervospheres from single-cell
suspensions in the presence of compound 20 or compound 33 and
DMSO as controls. Compound 20 remarkably reduced the generation of
HeLa-derived tumor spheroids as compared to compound 33-treated and
DMSO-treated cells, affecting the sphere-forming efficiency (SFE) in a
concentration-dependent manner (Fig. 4F and S3D). Thus, compound 20
also proved able to block the growth of 3D spheroids from cancer stem
cells.

Overall, our results demonstrated that treatment with compound 20
affects the proliferation, migration capacity, and invasiveness of HPV-
positive cervical cancer cells. Moreover, treatment with compound 20
reduced the stemness potential of HPV-positive cells.

3.6. Compound 20 is active against different high-risk HPV genotypes

By aligning the canonical sequences corresponding to the CR3
domain of E7 of the most prevalent mucosal HR-HPV genotypes, we
noticed that the residues reported to be involved in E7/PTPN14 binding
[22,24] are highly conserved among these strains (Fig. 5A). Thus, one
might speculate that a dissociative inhibitor targeting these amino acids
could likely have a broad-spectrum activity. Prompted by these obser-
vations, we tested compound 20 also in other commercially available
HPV-positive cervical cancer cell lines, i.e., MS751 and ME180, which
harbor HPV45 and HPV68, respectively. We first investigated the effects
of compound 20 on the viability of these cancer cells by MTT assays. As
shown in Fig. 5B, compound 20 retained its activity also in MS751 and
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ME180 cells (ICsos 14.3 + 4.6 pM and 15.5 + 3.6 pM, respectively).
Next, we tested whether compound 20 was also able to restore PTPN14
levels in a panel of cervical cancer cells other than HeLa. Remarkably,
we observed the rescue of PTPN14 levels in CaSki (HPV16), MS751
(HPV45), and ME180 (HPV68) cells (Fig. 5C). These results indicated
that compound 20 is active against cervical cancer cells harboring
different HR-HPV genotypes, thus exhibiting a potential broad-spectrum
activity.

To confirm these observations at a molecular level, first the docking
pose of compound 20 was deeply investigated by MD simulation to
monitor the role of the key interactions established with the CR3 domain
of HPV18 E7. The complex conformation obtained from the docking-
based VS was used as starting point for three classical MD simulations
of 100 ns each. Interestingly, the network of hydrogen bonds anchoring
compound 20 to HPV18 E7 with the backbone of Thr60, Leu62, and the
side chain of GIn87 resulted stable along the trajectory (Fig. S4). The
hydrophobic contacts established by compound 20 with His59, Met61,
Leu83, and Phe90 also played a fundamental role in stabilizing the
interaction (Fig. 5D). We also repeated the MMGBSA calculation on the
extended trajectories confirming the scoring obtained in the VS pipeline.
In particular, the MMGBSA averaged value (AGayg) in the three repli-
cates of 100 ns each was —34.53 kcal/mol, while during the three rep-
licates of 3 ns length achieved a AGayg of —32.8 kcal/mol.

To simulate the interaction of compound 20 with E7 of other HR-
HPV genotypes, we investigated the intermolecular interactions be-
tween compound 20 and CR3 domain of the E7 proteins of HPV16,
HPV45, and HPV68. Starting from the binding mode of compound 20 on
HPV18 E7, a binding hypothesis for compound 20 on each other E7
genotypic variant was obtained by ligand-based homology modeling
(Fig. 5D). Interestingly, the only amino acid side chain predicted to form
a direct H-bond interaction with compound 20 was GIn87 of HPV18 E7.
This residue is conserved in all genotypic variants, except for HPV16 in
which a Glutamic acid is present (Fig. 5A). However, the presence of a
flexible arginine (Arg77) in its proximity restores the formation of the H-
bond within the same ligand portion (Fig. 5D). The conservation of the
defined fold of the E7 CR3 domain among different HR-HPV genotypes
suggests that the predicted binding mode of compound 20 would not be
perturbed by the other changes in the side chain of pocket residues in the
different genotypes, confirming the results obtained in the different
tested HPV-positive cell lines and heralding the prospect of a potential
broad-spectrum anti-HPV activity of this compound.

4. Discussion

In this study, we explored the targeting of the interaction between
the oncoprotein E7 of HR-HPV strains with the cellular phosphatase
PTPN14 as a novel strategy for the development of anticancer drugs. We
indeed provide the proof-of-principle that blocking the E7/PTPN14
interaction by means of small-molecule compounds is feasible and
report the discovery of the first-in-class inhibitor capable of preventing
E7 binding to PTPN14 and consequently E7-mediated PTPN14 degra-
dation. Since HPV infections are still remarkably impacting on the
burden of epithelial cancers worldwide [4], targeted anti-HPV therapies
are highly needed [44].

HR-HPV E7 is known to possess strong oncogenic potential as a
consequence of host factor deregulation required to promote viral
replication, among which pRb targeting is the most well characterized
event [11,12]. Indeed, E7 has been shown to be essential for cancer
onset [45,46], and in settings of high transgenic expression it can be
sufficient to induce malignant tumors in mice [47-49]. However,
despite the importance in HPV-induced oncogenesis, anti-E7 drug dis-
covery campaigns are almost missing. This might be explained by the
poor “druggability” of the protein, being devoid of enzymatic activity,
and by the intrinsically disordered nature of the N-terminal region of E7
through which the viral protein binds pRb, p21, and likely other factors
required for transformation [7,50]. The latter feature hampers the
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Fig. 4. Effects of compound 20 on proliferation, clonogenicity, migration/invasion capacity and stem-cell survival of HPV-positive cancer cells.

(A) Short-term proliferation assay. Growth curves of HeLa, C33A, and HaCaT cells treated with increasing concentrations of compound 20 (10, 25, and 50 pM),
compound 33 as a negative control (50 pM), or DMSO were compared from day O to day 4. (B) Clonogenic assay with HeLa and C33A cells treated with compound 20
(10 and 50 pM), compound 33 (50 pM), or DMSO and grown for 14 days. Representative images after staining with crystal violet are shown. (C) Wound healing assay.
Confluent monolayers of HeLa cells were scraped and then treated with increasing concentrations of compound 20 (10, 25, and 50 pM), compound 33 (50 pM), or
DMSO in low-serum medium. Wound closure was monitored before treatment and after 24 and 48 h, and representative images were taken using a bright-field
inverted microscope (100 x magnification). (D) Transwell migration assay. HeLa cells were treated with different concentrations of compound 20 (25 and 50
pM), compound 33 (50 pM), or DMSO for 24 h. Cell migration was evaluated by transwell assays after an incubation of other 24 h in compound-free medium.
Migrated cells were fixed and stained with crystal violet and representative images were taken using a bright-field inverted microscope (100 x magnification). (E)
Transwell invasion assay. HeLa cells were treated as described for panel D. Transwell inserts were coated with a thin layer of Matrigel prior to cell seeding. Cell
invasion was evaluated by transwell assay after an incubation of other 24 h in compound-free medium. (F) Cervospheres formation assay. The effects of test
compounds on the formation of 3D tumor spheroids were evaluated by culturing HeLa cells from single-cell suspensions and monitoring the growth of cervospheres.
Representative images were taken at 10 days post-seeding using a bright-field inverted microscope (100 x magnification). Compound 33 and DMSO were employed
as negative controls.
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Fig. 5. Compound 20 is active against different HR-HPV genotypes.

(A) Alignment of the C-terminal amino acids of high-risk HPV E7 protein sequences. Red arrows indicate conserved E7 residues crucial for the binding to PTPN14.

Top numbering refers to HPV18 E7 sequence. The symbols indicate the residue conservation according to the color-coded structural similarity of the amino acids.
, strong conservation; "*", full conservation. Alignment generated with ClustalX. (B) The effects of compound 20 on the viability of HPV-positive
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.

MS751 (HPV45) and ME180 (HPV68) cells were tested by MTT assay after 48 h of treatment. Data on HeLa (HPV18), CaSki (HPV16), and C33A (HPV-negative) are
also shown for comparison. ICsos represent the concentrations causing a decrease of 50% in cell viability. Data are the means + SD derived from at least three
independent experiments in duplicate. (C) Western blot analysis of PTPN14 levels in HPV-positive CaSki (HPV16), MS751 (HPV45), and ME180 (HPV68) cells upon
treatment with different concentrations of compound 20. -tubulin was used as a loading control. (D) Predicted binding mode of compound 20 with the CR3 domain
of E7 from different HR-HPV genotypes: upper-left, docking pose of compound 20 on HPV18 E7 (PDB ID: 6IWD); upper-right, ligand-based homology model of
compound 20 on HPV16 E7; lower-left, ligand-based homology model of compound 20 on HPV45 E7; lower-right, ligand-based homology model of compound 20 on
HPV68 E7. Hydrogen bonds are depicted as dashed lines. Protein electrostatic properties are represented in either red (negatively charged) or blue (posi-

tively charged).

possibility to perform structure-based virtual screenings or to model
molecules directed against that interacting module of E7.

Recent studies highlighted the importance of the interaction of E7
with PTPN14, which involves the folded CR3 domain of E7, for the
pathogenesis of HPV [22,23,51]. Here, we show that disruption of this
protein-protein interaction with a small-molecule inhibitor, i.e., com-
pound 20, resulted in a rescue of cellular PTPN14 levels (Fig. 3A and B)
and could counteract the malignant behavior of cervical cancer cells. In
fact, compound 20-mediated rescue of PTPN14 affected YAP shuttling
and downstream signaling in HPV-transformed cells (Fig. 3C and D),
leading to inhibition of proliferation and migratory capacities, as well as
of stemness potential (Fig. 4), which are all well-established biological
phenomena activated by YAP in solid tumors [52-54]. Accordingly,

treatment with compound 20 caused the downregulation of CYR61 and
CTGF gene expression, two canonical YAP-target genes (Fig. 3D), in
agreement with previous reports showing their downregulation in the
presence of a mutated form of PTPN14 resistant to the E7-mediated
degradation [24].

An important aspect is also that E7/PTPN14 binding involves resi-
dues on the CR3 domain of E7 that are highly conserved among mucosal
high-risk genotypes, indicating that a dissociative inhibitor targeting
this PPI might have a broad-spectrum potential. Indeed, we employed
four different cervical cancer cell lines transformed by different HR-HPV
genotypes (namely 16, 18, 45, and 68) and observed PTPN14 rescue
upon treatment with compound 20 in all cell lines (Fig. 5). Therefore,
targeting the E7/PTPN14 PPI emerges as a feasible therapeutic approach
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for the development of anticancer drugs directed against a broad range
of HPV-induced cancers.

The identification of compound 20 not only represents the discovery
of the first-in-class E7/PTPN14 dissociative inhibitor, but also of the first
small-molecule compound directly targeting the oncoprotein E7. To
date, only a few studies regarding the identification of anti-E7 small
molecules were reported [55,56]. Fera and colleagues targeted the
E7/pRb interaction but, although they could identify a series of
anti-E7/pRb inhibitors [55], those compounds were shown to bind the B
domain of pRb rather than the viral protein, implying possible
side-effects on pRb-mediated cellular pathways. Conversely, the strategy
employed here for the identification of anti-E7/PTPN14 inhibitors was
focused on searching small molecules binding directly the CR3 domain
of E7, thus reducing the risk of compound-mediated effects on PTPN14
that may alter the cellular homeostasis of uninfected, non-tumoral cells.
To note, Aarthy and Singh described a computational approach for the
identification of anti-E7/PTPN14 inhibitors through molecular
modeling predictions [56]. However, despite an extensive in silico
characterization, none of the identified hits were tested for their bio-
logical activity in vitro or cell-based assays and no antitumoral effect of
the candidate inhibitors was reported [56]. In contrast, here we provide
evidence that compound 20 can dissociate the E7/PTPN14 protein
complex and shows specific activity against HPV-transformed cells.

Overall, our study provides a significant advance in the development
of much awaited targeted anti-HPV therapies. In fact, compound 20
represents a new chemical scaffold that could be used for hit-to-lead
optimization and hence could be a starting point for the development
of novel and specific anti-HPV drugs. The identification of another
dissociative small molecule that is able to function as anticancer agent
by inhibiting a PPI relevant in tumorigenesis further confirms that this
therapeutic approach deserves further investigation and could provide
new candidate drugs for “undruggable” targets, as in the case of Ven-
etoclax, the first PPI inhibitor approved to treat some forms of aggressive
leukemias [57]. In addition, our compound 20 could also be the starting
point for potent E7 inhibitors exploiting the emerging PROteolytic
TArgeting Chimeras (PROTACs) technology [58-60] and acting by
inducing E7 degradation besides its inhibition, thus blocking all
E7-related functions.
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