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HPV18 E7 inhibits LATS1 kinase and activates YAP1 by 
degrading PTPN14
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ABSTRACT High-risk human papillomavirus (HPV) oncoproteins inactivate cellular 
tumor suppressors to reprogram host cell signaling pathways. HPV E7 proteins bind 
and degrade the tumor suppressor PTPN14, thereby promoting the nuclear localization 
of the YAP1 oncoprotein and inhibiting keratinocyte differentiation. YAP1 is a transcrip­
tional coactivator that drives epithelial cell stemness and self-renewal. YAP1 activity 
is inhibited by the highly conserved Hippo pathway, which is frequently inactivated 
in human cancers. MST1/2 and LATS1/2 kinases form the core of the Hippo kinase 
cascade. Active LATS1 kinase is phosphorylated on threonine 1079 and inhibits YAP1 
by phosphorylating it on amino acids including serine 127. Here, we tested the effect 
of high-risk (carcinogenic) HPV18 E7 on Hippo pathway activity. We found that either 
PTPN14 knockout or PTPN14 degradation by HPV18 E7 decreased the phosphorylation 
of LATS1 T1079 and YAP1 S127 in human keratinocytes and inhibited keratinocyte 
differentiation. Conversely, PTPN14-dependent differentiation required LATS kinases 
and certain PPxY motifs in PTPN14. Neither MST1/2 kinases nor the putative PTPN14 
phosphatase active sites were required for PTPN14 to promote differentiation. Together, 
these data support that PTPN14 inactivation or degradation of PTPN14 by HPV18 E7 
reduce LATS1 activity, promoting active YAP1 and inhibiting keratinocyte differentiation.

IMPORTANCE The Hippo kinase cascade inhibits YAP1, an oncoprotein and driver 
of cell stemness and self-renewal. There is mounting evidence that the Hippo path­
way is targeted by tumor viruses including human papillomavirus. The high-risk HPV 
E7 oncoprotein promotes YAP1 nuclear localization and the carcinogenic activity of 
high-risk HPV E7 requires YAP1 activity. Blocking HPV E7-dependent YAP1 activation 
could inhibit HPV-mediated carcinogenesis, but the mechanism by which HPV E7 
activates YAP1 has not been elucidated. Here we report that by degrading the tumor 
suppressor PTPN14, HPV18 E7 inhibits LATS1 kinase, reducing inhibitory phosphorylation 
on YAP1. These data support that an HPV oncoprotein can inhibit Hippo signaling to 
activate YAP1 and strengthen the link between PTPN14 and Hippo signaling in human 
epithelial cells.

KEYWORDS human papillomavirus, differentiation, tumor suppressor, keratinocyte, 
YAP1, Hippo, PTPN14

H uman papillomaviruses are double-stranded DNA viruses with a tropism for 
keratinocytes in stratified squamous epithelia (1). The human papillomavirus (HPV) 

E6 and E7 proteins target host cellular proteins to reprogram cell signaling pathways, 
thereby enabling HPV replication and persistence. A subset of HPVs are the “high-risk” 
genotypes that cause many anogenital and oropharyngeal cancers (2). High-risk HPV 
E6 and E7 proteins have biological activities that are not shared among the E6 and E7 
proteins encoded by other HPVs, and high-risk HPV E6 and E7 expression can drive the 
immortalization and oncogenic transformation of human keratinocytes (1, 3).

October 2024  Volume 15  Issue 10 10.1128/mbio.01811-24 1

Editor Alan N. Engelman, Dana-Farber Cancer 
Institute, Boston, Massachusetts, USA

Address correspondence to Elizabeth A. White, 
eawhite@pennmedicine.upenn.edu.

The authors declare no conflict of interest.

See the funding table on p. 17.

Received 25 June 2024
Accepted 9 August 2024
Published 9 September 2024

Copyright © 2024 Blakely et al. This is an open-access 
article distributed under the terms of the Creative 
Commons Attribution 4.0 International license.

https://crossmark.crossref.org/dialog/?doi=10.1128/mbio.01811-24&domain=pdf&date_stamp=2024-09-09
https://doi.org/10.1128/mbio.01811-24
https://creativecommons.org/licenses/by/4.0/


One well-documented activity of many high-risk and low-risk (non-oncogenic) HPV 
E7 proteins is to bind and inactivate the retinoblastoma tumor suppressor (RB1) (4). 
RB1 inactivation drives the transcription of E2F target genes, thereby promoting the cell 
cycle progression that is required for HPV DNA replication (5, 6). In addition to binding 
RB1, high-risk HPV E7 proteins also target it for proteasome-mediated degradation (7). 
However, evidence from keratinocyte immortalization assays, other cell-based assays of 
HPV E7 transforming activity, and studies of HPV E7 activity in transgenic mouse models 
supports that RB1 inactivation is necessary, but insufficient for the carcinogenic activity 
of high-risk HPV E7 (8–17).

We and others have determined that many HPV E7 proteins also target a second 
tumor suppressor, Protein Tyrosine Phosphatase Non-receptor Type 14 (PTPN14) (18–20). 
Several amino acids, including a highly conserved arginine in the HPV E7 C-terminus, 
enable E7 to bind directly to PTPN14 (21, 22). A conserved acidic amino acid in the 
HPV E7 N-terminus binds to the ubiquitin ligase UBR4, which is required for PTPN14 
degradation and the transforming activity of high-risk HPV E7 (13, 18). PTPN14 degra­
dation by high-risk HPV E7 inhibits keratinocyte differentiation and extends primary 
epithelial cell lifespan, contributing to the immortalization of keratinocytes in culture (18, 
21).

PTPN14 is mutated or its expression is reduced in several cancer types, and data from 
human cancer studies and cell-based assays provide evidence for the tumor suppressive 
activity of PTPN14 (23–34). The phosphatase domain of PTPN14 likely lacks enzymatic 
function, and the putative catalytic site does not appear important for tumor suppressive 
activity (29, 30, 35). The best-characterized mechanism by which PTPN14 acts as a tumor 
suppressor is by inactivating the YAP1 oncoprotein, a potent driver of cell stemness and 
self-renewal (29, 31–34, 36). YAP1 is a transcriptional coregulator that is active when 
localized to the nucleus and bound to transcription factors including Transcriptional 
Enhanced Associate Domain (TEAD) proteins (37).

YAP1 and its paralog TAZ are normally repressed by the Hippo signaling pathway, 
and Hippo pathway components are frequently mutated in human cancers (36, 38). The 
MST1/2 and LATS1/2 kinases form the core of the conserved Hippo kinase cascade (39, 
40). MST1/2 activates LATS kinases at sites including threonine 1079 on LATS1 (41). Active 
LATS1/2 then phosphorylate YAP1 at serine 127 (42–45). LATS-dependent phosphoryla­
tion causes YAP1 to interact with 14-3-3 proteins and be retained in the cytoplasm 
where it is transcriptionally inactive and targeted for degradation (36, 38, 40, 45). Many 
additional protein-protein interactions regulate Hippo kinase activity and influence the 
assembly of Hippo components at the plasma membrane (36, 39). SAV1 promotes MST1 
binding to LATS1 and MOB1A/B promotes LATS1 binding to YAP1 (41, 46–49).

Other proteins including NF2 and WWC1/2/3 likely participate in and influence Hippo 
protein interactions (50, 51). The NF2 protein localizes to the plasma membrane in 
proximity to cytoskeletal scaffold elements and interacts with LATS1/2 (52–54). NF2 
recruits LATS to the plasma membrane and promotes LATS kinase activity and Hippo 
signaling, but without affecting the MST kinase activity (51). WWC1 (KIBRA) and its 
paralogs WWC2 and WWC3 have been proposed to bind and regulate LATS kinase 
activity, perhaps by helping recruit LATS1/2 to the MST1/2-containing complex (55–57). 
Other data support that WWC proteins interact with NF2 (58–61). Of the three WWC 
paralogs, WWC1 has been studied most extensively (57).

Many of the interactions between Hippo components are mediated by the binding 
of PPxY motifs in one protein to WW domains in another. Initial overexpression studies 
suggested that PPxY motifs in PTPN14 bound to WW domains in YAP1 (29, 31, 32). 
However, later biochemical experiments revealed that a separate set of PPxY motifs 
in PTPN14 make an exceptionally high-affinity interaction with WW motifs in WWC1, 
suggesting that the primary effect of PTPN14 does not occur through direct binding to 
YAP1 (62). The tumor suppressive activity of WWC1 requires PTPN14 (63).

Several observations highlight the potential role of YAP1, PTPN14, and the Hippo 
pathway in HPV carcinogenesis. We previously found that high-risk HPV E7 proteins 
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promote the nuclear localization of YAP1 in the basal layer of stratified epithelial cell 
cultures, dependent on the ability of E7 to degrade PTPN14 (64). We also found that 
YAP1/TEAD-dependent transcriptional activity was required for high-risk HPV E7 proteins 
to extend the lifespan of primary human keratinocytes (64). Somatic mutation data in 
human cancers also argue for the influence of an HPV oncoprotein on Hippo signaling 
and YAP1. The three mitogenic pathways most differentially altered with high mutation 
rates in HPV-negative and low mutation rates in HPV-positive head and neck squamous 
cell carcinoma (HNSCC) are p53 (targeted by E6), cell cycle/RB1 (targeted by E7), and 
Hippo/YAP1 (64, 65).

Our findings support that RB1 inactivation and PTPN14 degradation are independ­
ent activities of high-risk HPV E7 that are each required for E7 transforming activity. 
The primary transcriptional readout in keratinocytes downstream of HPV E7-mediated 
PTPN14 degradation and YAP1 activation is repression of epithelial differentiation. 
However, it was not known whether or how E7 and PTPN14 act on the Hippo pathway 
to regulate YAP1. Here we report that HPV18 E7 degrades PTPN14 to inhibit LATS1 kinase 
and activate YAP1, thereby inhibiting the commitment to keratinocyte differentiation. 
PTPN14 requires NF2 and its PY1/2 motif, which binds WWC1, to promote differentiation.

RESULTS

PTPN14 knockout reduces phosphorylation on YAP1 S127 and LATS1 T1079 
in human keratinocytes

HPVs infect human keratinocytes, and PTPN14 knockout or HPV E7-mediated PTPN14 
degradation promotes YAP1 nuclear localization in the basal layer of stratified epithelia 
(64). However, the role of PTPN14 in Hippo signaling has not been tested in human 
keratinocytes, nor has the mechanism by which PTPN14 controls YAP1 been established. 
To test the hypothesis that PTPN14 degradation by E7 inhibits Hippo signaling, we 
monitored Hippo pathway activity in the presence and absence of PTPN14. First, we 
directly manipulated PTPN14. We transduced hTERT immortalized human keratinocytes 
(N/Tert-1) with lentiviral vectors to deliver Cas9 and one of two different sgRNAs 
targeting PTPN14, or non-targeting control sgRNAs. Disruption of the actin cytoskeleton 
activates Hippo kinases and we treated cells with the actin polymerization inhibitor 
cytochalasin D to induce Hippo signaling. YAP1 S127 phosphorylation (YAP1 pS127), 
which reflects decreased YAP1 activity, increased relative to total YAP1 during 90 minutes 
of cytochalasin D treatment in each nontargeting control cell line (Fig. 1A). By contrast, 
YAP1 pS127 levels were lower in PTPN14 knockout cell lines treated with cytochalasin 
D. After 90 minutes of cytochalasin D treatment, there was a statistically significant 
decrease in the ratio of YAP1 pS127/total YAP1 in PTPN14 knockout cells compared to 
control cells (Fig. 1B; Table S1).

Having observed that YAP1 pS127 was inhibited in PTPN14 knockout keratinocytes, 
we sought to determine whether PTPN14 knockout reduced phosphorylation on LATS, 
which is well established as a marker of LATS kinase activity. To complement the 
cytochalasin D treatment experiments, we induced Hippo kinase activity by detachment 
of cells from their growth substrate (66–68). Two independent sets of nontargeting 
control or PTPN14 knockout N/Tert-1 cells were cultured at low density, then detached 
by trypsinization, and incubated in suspension for 10 minutes. YAP1 pS127 levels 
increased upon suspension in control cells, but the increase in YAP1 pS127 was low or 
negligible in PTPN14 knockout cells (Fig. 2A and B). Similarly, phosphorylation on LATS1 
T1079 (LATS1 pT1079) showed a greater increase upon detachment in nontargeting 
control cells than in PTPN14 knockout cells. There was a statistically significant decrease 
in the ratio of YAP1 pS127/total YAP1 and the ratio of LATS1 pT1079/total LATS1 in each 
PTPN14 knockout cell line compared to its matched control cell line (Fig. 2C). LATS2 
protein could not be detected by Western blot in N/Tert-1 cells.

NF2 binds to LATS kinases and tethers them to the plasma membrane (53, 54, 57, 
69). Phosphorylation on NF2 S518 is reduced when Hippo signaling is active (70, 71). 
Dephosphorylated S518 indicates active NF2 and active Hippo signaling. Culturing cells 
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in suspension decreased NF2 pS518 levels in both control and PTPN14 knockout N/Tert-1 
cells (Fig. 2), indicating that PTPN14 knockout alters phosphorylation on LATS1 and YAP1, 
but not NF2.

HPV18 E7-mediated PTPN14 degradation reduced YAP1 S127 and LATS1 
T1079 phosphorylation in human keratinocytes

To test whether PTPN14 degradation by a high-risk HPV E7 oncoprotein also reduces 
YAP1 and LATS1 phosphorylation, we used N/Tert-1 cells that express HPV18 E7, HPV18 
E7 R84S, or vector control. HPV18 E7 R84S cannot bind or degrade PTPN14 but can 
destabilize RB1 (21). Again, cytochalasin D treatment or culture in suspension was 
used to stimulate Hippo activity. YAP1 pS127 increased relative to total YAP1 over 
time in cytochalasin D-treated vector control cells, but not in wild-type HPV18 E7 cells 
(Fig. 3A and B). Both PTPN14 protein levels and the induction of YAP1 pS127 upon 
cytochalasin D treatment were partially restored in HPV18 E7 R84S cells. Stimulating 
Hippo kinase activity using cell detachment had a similar effect. YAP1 pS127 and LATS1 
pT1079 increased after cell detachment in vector control and HPV18 E7 R84S cells, but 
the detachment-dependent increase was smaller in the wild-type HPV18 E7 cells (Fig. 
3C and D). Overall, these data support that HPV18 E7 can inhibit Hippo-dependent 

FIG 1 Phosphorylation on YAP1 S127 is reduced in PTPN14 knockout keratinocytes. N/Tert-1 keratinocytes were transduced with LentiCRISPRv2 vectors 

encoding spCas9 and a sgRNA sequence targeting PTPN14 or a nontargeting control sequence. sgRNA sequences were chosen from the Broad Institute Brunello 

Library. Four cell lines were generated using two different non-targeting control (sgNT-1 and sgNT-2) and two different PTPN14 (sgPTPN14-1 and sgPTPN14-3) 

sgRNAs. Cells were treated with cytochalasin D for up to 90 minutes and whole-cell lysates were harvested at 30-minute intervals. (A) Whole-cell protein lysates 

were separated by SDS-PAGE and proteins were detected by immunoblotting for YAP1, YAP1 pS127, PTPN14, and actin. (B) Western blot band intensity for three 

independent experiments was measured using ImageJ. The graph displays the ratio of YAP1 pS127/total YAP1 band intensity from three biological replicate 

experiments, plotted as mean ± standard deviation. Significance was determined by a two-way ANOVA with Holm-Šidak’s multiple comparisons test (*P < 0.05).
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phosphorylation on LATS1 T1079 and YAP1 S127, dependent on its ability to bind and 
degrade PTPN14.

PTPN14 promotes differentiation and Hippo pathway activity

PTPN14 knockout reduces the expression of epithelial differentiation genes and inhibits 
the expression of differentiation genes induced by cell detachment (18, 21). To test 
whether the effects of PTPN14 on differentiation correlate with its effects on YAP1 
phosphorylation, we first tested the effect of PTPN14 knockout on differentiation in N/
Tert-1 cells. Calcium treatment induces differentiation gene expression in keratinocytes 
and we confirmed that transcript levels for the differentiation marker genes Keratin 
10 (KRT10) and involucrin (IVL) were reduced in calcium-treated PTPN14 knockout cells 
compared to matched controls (Fig. 4).

FIG 2 Phosphorylation on LATS1 T1079 is reduced in PTPN14 knockout keratinocytes. Control and PTPN14 knockout N/Tert-1 cells generated using Lenti­

CRISPRv2 vectors were trypsinized and kept in suspension for 10 minutes. Whole-cell protein lysates were separated by SDS-PAGE and proteins were detected 

by immunoblotting for YAP1, YAP1 pS127, LATS1, LATS1 pT1079, NF2, NF2 pS518, PTPN14, and actin. Panels (A and B) show replicate experiments using the 

same four distinct cell lines as in Fig. 1. (C) Western blot band intensity for three independent experiments was measured using ImageJ. The graph displays the 

ratio of YAP1 pS127/total YAP1, LATS1 pT1079/total LATS1, or NF2 pS518/total NF2 band intensity from three biological replicate experiments, plotted as mean ± 

standard deviation. Significance was determined by a two-way ANOVA with Holm-Šidak’s multiple comparisons test (*P < 0.05; **P < 0.01; ***P < 0.001).
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The observation that PTPN14 limits the expression of differentiation genes promp­
ted us to test whether the converse was also true: that elevated PTPN14 levels could 
increase differentiation gene expression. N/Tert-1 keratinocytes were transduced with 
a lentivirus encoding HA-tagged doxycycline-inducible PTPN14 (pLIX-PTPN14). IVL and 
KRT10 transcript levels increased in doxycycline-treated N/Tert-pLIX-PTPN14 cells (Fig. 
5A), a finding consistent with our previous report that PTPN14 overexpression increased 
the expression of differentiation marker genes KRT1 and IVL in primary human foreskin 
keratinocytes (HFKs) (64). Having established that increased PTPN14 could promote 
differentiation in N/tert-1 cells, we tested whether it altered phosphorylation on Hippo 
proteins. Doxycycline treatment induced PTPN14, increased YAP1 pS127 and LATS1 
pT1079, and modestly decreased NF2 pS518 (Fig. 5B). Overall, PTPN14 overexpression 
increased phosphorylation on YAP1 pS127 and LATS1 pT1079 and promoted differentia-
tion gene expression. Conversely, PTPN14 knockout inhibited YAP1 pS127 and LATS1 
pT1079 and reduced differentiation gene expression.

FIG 3 HPV18 E7-mediated PTPN14 degradation reduces phosphorylation on YAP1 S127 and LATS1 T1079. N/Tert-1 keratinocytes that stably express HA-tagged 

HPV18 E7 or HA-tagged HPV18 E7 R84S, which is unable to bind or degrade PTPN14, were used in assays of Hippo pathway activity. Cells transduced with 

empty vectors were included as a control. (A) Cells were treated with cytochalasin D for up to 90 minutes and whole-cell lysates were harvested at 30-minute 

intervals. Whole-cell protein lysates were separated by SDS-PAGE and proteins were detected by immunoblotting for YAP1, YAP1 pS127, PTPN14, RB1, HA, and 

actin. (B) Western blot band intensity for three independent experiments was measured using ImageJ. The graph displays the ratio of YAP1 pS127/total YAP1 

band intensity from three biological replicate cytochalasin D experiments, plotted as mean ± standard deviation. Significance was determined by a two-way 

ANOVA with Holm-Šidak’s multiple comparisons test (*P < 0.05). (C) Cells were trypsinized and kept in suspension for 10 minutes. Whole-cell protein lysates were 

separated by SDS-PAGE and proteins were detected by immunoblotting for YAP1, YAP1 pS127, LATS1, LATS1 pT1079, HA, PTPN14, and actin. (D) Western blot 

band intensity for three independent experiments was measured using ImageJ. The graph displays the ratio of YAP1 pS127/total YAP1 or LATS1 pT1079/total 

LATS1 band intensity from three biological replicate detachment experiments, plotted as mean ± standard deviation. Significance was determined by a two-way 

ANOVA with Holm-Šidak’s multiple comparisons test (*P < 0.05; **P < 0.01).
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The PTPN14 PY1/2 motifs are required to induce keratinocyte differentiation

Next, we used PTPN14 overexpression to determine which region(s) of PTPN14 
upregulate differentiation. Several protein components of the Hippo pathway interact 
with one another via complementary WW domains and PPxY (PY) motifs (62, 72). 
PTPN14 contains two sets of PY motifs and has a C-terminal protein tyrosine phospha­
tase domain. However, the amino acid sequence of the PTPN14 phosphatase domain 
diverges from the consensus sequence in active protein tyrosine phosphatases and 
it is likely to have little or no catalytic activity (35). We designed two mutants, each 
lacking a PY motif pair, and a third containing a serine point mutant C1121S at the 
conserved reactive cysteine of the putative phosphatase active site (Fig. 6A) (73, 74). We 
transduced HFKs with lentiviruses encoding wild type (WT) and mutant PTPN14, then 
measured KRT1 differentiation marker transcript levels (Fig. 6B). KRT1 levels increased in 
WT PTPN14, PTPN14 ∆PY3/4, and PTPN14 C1121S cells, but not in PTPN14 ∆PY1/2 cells. 
The PTPN14 PY1/2 motifs bind with high affinity to the WW domain region of WWC1 
(KIBRA) (62). We, therefore, tested whether WT or PY mutant forms of PTPN14 bound 
to WWC1 in human keratinocytes. N/Tert-Cas9 cells were transfected with a PTPN14 
sgRNA to eliminate endogenous PTPN14, then transduced with pLIX vectors encoding 
WT or mutant HA-tagged PTPN14. Although the steady-state level of PTPN14 ∆PY1/2 was 
lower than that of WT PTPN14 or PTPN14 ∆PY3/4, some PTPN14 ∆PY1/2 was expressed 
and immunoprecipitated in the experiment. PTPN14 and KRT10 protein levels increased 
upon induction of WT PTPN14 (Fig. S1). Cells were treated with doxycycline and lysates 
subjected to anti-HA immunoprecipitation. Wild-type PTPN14 and PTPN14 ∆PY3/4 
co-immunoprecipitated comparable amounts of WWC1 (Fig. 6C). Even accounting for 
the lower expression of the PTPN14 ∆PY1/2 mutant, a negligible amount of WWC1 was 
co-immunoprecipitated by PTPN14 ∆PY1/2 compared to WT PTPN14 or PTPN14 ∆PY3/4. 
We conclude that the ability of PTPN14 to induce keratinocyte differentiation requires 
the PY motifs that bind to WWC1, but not the PTPN14 C1121 residue.

LATS kinases are required for PTPN14 to induce keratinocyte differentiation

We previously used siRNA knockdown combined with PTPN14 overexpression to 
demonstrate that YAP1 is required for PTPN14 to promote differentiation gene expres­
sion (64). The finding was based on the observation that although the knockdown of 
YAP1 and its paralog TAZ increased differentiation gene expression, PTPN14 overexpres­
sion could not further increase the levels of differentiation genes in YAP1/TAZ-depleted 
cells. Our data further supported that the predominant effect of PTPN14 on differentia-

FIG 4 PTPN14 knockout impairs keratinocyte differentiation. (A) N/Tert-1 cells stably expressing Cas9 were transfected with sgRNA targeting PTPN14 (Synthego) 

or mock transfected and PTPN14 knockout was validated by immunoblot. (B) Mock transfected and PTPN14 knockout N/Tert-1 cells were cultured in media 

containing 1.5 mM calcium and harvested for RNA analysis at indicated times. KRT10 and IVL RNA levels were analyzed by qRT-PCR and normalized to G6PD. 

Graphs show values for technical duplicate experiments. Error bars display mean ± range.
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FIG 5 PTPN14 promotes keratinocyte differentiation and Hippo pathway activity. N/Tert-1 keratinocytes 

that express endogenous PTPN14 were transduced with a lentiviral vector encoding doxycycline-induci­

ble PTPN14 (pLIX-PTPN14). Cells were treated with 1 µg/mL doxycycline for 24 hours or left untreated. 

(A) KRT10 and IVL RNA levels were measured by qRT-PCR and normalized to GAPDH. Graphs show data 

points for two technical replicate experiments. Error bars display mean ± range. (B) Whole-cell protein 

lysates were separated by SDS-PAGE and proteins analyzed by immunoblotting for YAP1, YAP1 pS127, 

LATS1, LATS1 pT1079, NF2, NF2 pS518, PTPN14, and actin. Bands for YAP1, YAP1 pS127, LATS1, LATS1 

pT1079, NF2, and NF2 pS518 were quantified by densitometry. Values reflect the ratio of phosphopro­

tein/total protein band density.
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FIG 6 PTPN14 PY1/2 motifs are required to induce differentiation. (A) Schematic of PTPN14 domains and location of PPxY motifs. (B) HFK were transfected with 

lentiviral constructs encoding GFP, WT PTPN14, or PTPN14 mutants as indicated. Total cellular RNA was collected and KRT1 transcript levels were analyzed by 

qRT-PCR and normalized to GAPDH. Graph shows individual data points for three independent experiments. Data are plotted as mean ± standard deviation. 

Significance was determined by ANOVA with Holm-Šidak’s multiple comparisons test (ns, not significant; ****P < 0.0001). (C) N/Tert-1 immortalized keratinocytes 

transduced with pLIX-PTPN14 were treated with 1 µg/mL doxycycline for 48 hours to induce HA-tagged PTPN14 expression. Whole-cell protein lysates were 

collected and PTPN14 immunoprecipitated with anti-HA agarose beads. Protein lysates from input and elution fractions were separated by SDS-PAGE and 

proteins were analyzed by immunoblotting for WWC1, PTPN14, and actin. Bands for WWC1 and PTPN14 in the IP fraction were quantified by densitometry. 

Values reflect the ratio of WWC1/PTPN14 band intensity.
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tion is mediated by YAP1, not TAZ. We also observed that the knockdown of either LATS1 
or LATS2 in HFK reduced basal levels of differentiation gene expression (64).

Here we used the same knockdown plus overexpression strategy to determine which 
of several additional components of the Hippo pathway are required for PTPN14 to 
induce keratinocyte differentiation. We transfected HFKs with siRNA targeting YAP1 
and TAZ, LATS1 and LATS2, or a non-targeting control. Twenty-four hours post-transfec­
tion, cells were transduced with lentiviruses encoding PTPN14 or GFP, and then total 
cellular RNA was harvested 72 hours post-transfection. In siControl-treated cells, PTPN14 
expression increased the levels of KRT10, KRT1, and IVL (Fig. 7; Fig. S2). Consistent 
with our previous finding, YAP1 and TAZ knockdown in HFK increased the expression 
of differentiation genes, but PTPN14 could not further increase differentiation in cells 
depleted of YAP1/TAZ compared to those transfected with siControl. Although PTPN14 
retained some ability to increase KRT10, KRT1, and IVL RNA in cells treated with two 
different sets of siRNAs targeting LATS1 and LATS2 (Fig. 7A; Fig. S2), levels of all three 
differentiation marker genes remained low in LATS knockdown cells throughout the 
experiment. In the absence of LATS kinases, PTPN14 did not increase the levels of KRT10, 
KRT1, or IVL beyond the amount observed in untreated control cells. Knockdowns and 
PTPN14 overexpression were validated by qRT-PCR (Fig. S3).

Next, we tested whether PTPN14 required MST1 and MST2, NF2, or WWC1 and its 
paralogs WWC2 and WWC3 to induce differentiation. We transfected HFK with siRNA 
targeting MST1 and MST2, NF2, or all three WWC genes, transduced the cells with 
lentiviruses encoding GFP or PTPN14, and measured KRT10 transcript levels. Depletion of 
MST1 and 2 did not interfere with the ability of PTPN14 to induce KRT10 (Fig. 7B). Similar 
to the knockdown of LATS1 and LATS2, knockdown of NF2 limited, although did not 
completely eliminate, the ability of PTPN14 to induce KRT10 (Fig. 7C). Depletion of WWC 
genes had an intermediate effect, but PTPN14 was still able to induce KRT10 several folds 
in the absence of WWC1/2/3. The magnitude of reduction in PTPN14-induced differentia-
tion correlated with the magnitude of depletion of WWC1 (Fig. 7D; Fig. S3). These data 
support that LATS kinases and NF2 are required for full induction of differentiation by 
PTPN14.

PTPN14 knockout promotes anchorage-independent growth and reduces 
YAP1 pS127 in HEK TER cells

Finally, we tested the effect of PTPN14 knockout in a human cell transformation assay. 
HEK TER cells are human embryonic kidney (HEK) cells that express the catalytic subunit 
of human telomerase (hTERT), Simian Virus 40 (SV40) Large T antigen (LT), and an 
oncogenic allele of ras (H-ras V12) (75, 76). The cells are immortalized but do not 
grow without attachment to a substrate. HEK TER cells acquire the capacity for anchor­
age-independent growth upon expression of SV40 Small T (ST) antigen. ST activates 
YAP1 and transforms HEK TER cells by interacting with a PP2A subunit of the STRIPAK 
complex upstream of the Hippo pathway (77). We previously reported that HPV16 E7 
could promote the anchorage-independent growth of HEK TER cells (11). The HPV16 
E7 transforming activity in HEK TER cells mapped broadly to the regions required to 
degrade PTPN14 (13, 19).

To test whether PTPN14 knockout promotes the anchorage-independent growth of 
HEK TER cells, we generated CRISPR/Cas9 edited HEK TER cells that do not express 
PTPN14. LATS1/2 knockout HEK TER cells were included to verify that Hippo pathway 
inhibition promoted HEK TER growth and HEK TER cells stably expressing SV40 ST (11) 
were included as a positive control. HEK TER cells depleted of PTPN14, LATS1/2, or that 
expressed SV40 ST readily formed colonies in soft agar assays (Fig. 8A), whereas HEK 
TER cells transfected with non-targeting sgRNA exhibited minimal anchorage-independ­
ent growth. Consistent with our findings in human keratinocytes and with the previ­
ous report that SV40 ST reduces YAP1 phosphorylation (77), cytochalasin D treatment 
induced YAP1 pS127 more strongly in HEK TER sgNT cells than in cells depleted of 
PTPN14, LATS1 and LATS2, or that expressed SV40 ST (Fig. 8B and C). Using a second set 
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of sgRNAs directed against PTPN14 and LATS1 and LATS2 resulted in a similar trend in 
colony formation (Fig. S4).

DISCUSSION

YAP1 is a transcriptional coactivator that promotes epithelial cell stemness and self-
renewal, limiting differentiation (42, 50, 78–85). We previously reported that oncogenic 
high-risk HPV E7 proteins bind and target PTPN14 for proteasome-mediated degradation 

FIG 7 LATS kinases and NF2 are required for PTPN14 to induce KRT10 expression. HFK were transfected with siRNA and then transduced with lentiviruses 

encoding GFP or PTPN14 at 24 hours post-transfection. Total cellular RNA was collected 72 hours post-knockdown and 48 hours post-transduction. RNA 

transcripts for KRT10 were measured by qRT-PCR and normalized to GAPDH. Six individual experiments were conducted, each in technical duplicate. Each 

experiment included a siControl condition, a YAP1 and TAZ siRNA-treated condition, and siRNAs targeting additional component(s) of the Hippo pathway. Each 

component of the Hippo pathway was targeted with two different siRNAs per gene, denoted as A and B. Panels display data from knockdowns as follows: 

(A) LATS1 and LATS2, (B) MST1 and MST2, (C) NF2, or (D) WWC1, WWC2, and WWC3. Data are graphed as mean ± standard deviation of combined replicate data. 

PTPN14/GFP denotes the ratio of KRT10 level in PTPN14 transduced cells vs GFP transduced cells in each siRNA-treated condition. Since Experiment 3 included 

several siRNAs (Control, YAP1/TAZ, MST1/2, NF2, WWC1/2/3), the same siControl and siYAP1/TAZ data from experiment 3 is included in panels B, C, and D.
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(19, 86). The HPV18 E7-mediated degradation of PTPN14 results in increased nuclear 
YAP1 localization and the maintenance of basal epithelial identity in three-dimensional 
models of stratified epithelial tissue (64). However, we had not tested whether or how 
HPV E7-mediated degradation of PTPN14 alters Hippo pathway activity, which controls 
YAP1, in keratinocytes.

Several reports indicate that PTPN14 can inhibit YAP1 activity, although the 
mechanistic basis of such inhibition is incompletely understood (24, 29–34, 55, 64). Initial 
studies suggested that PTPN14 bound directly to YAP1 via the second set of PTPN14 
PY motifs (PY3/4 in this paper), but more recent analysis of PY-WW interactions among 
Hippo components determined that the PTPN14 PY1/2 tandem motif has a nanomolar 
affinity for WW domains in Hippo components including WWC1 (31–33, 62). These and 
other data support that PTPN14, WWC1, and LATS1/2 work together to inhibit YAP1 (24, 
55, 56), but not by binding YAP1 directly. Certain assays of tumor suppression show a 
mutual requirement for PTPN14 and WWC1 (KIBRA) (55, 62, 63, 87, 88), but potential 
contributions of WWC2 and WWC3 in the same assays have not been thoroughly tested 
(59). Other data indicate that PTPN14 and/or WWC proteins act through NF2, which 
interacts with LATS1/2 and recruits LATS1/2 to a plasma membrane-associated complex 
that also contains MST1/2 and its cofactor SAV1 (51, 60, 61, 70, 89–91).

Our data strengthen the model that PTPN14 regulates LATS kinases in a manner 
that also requires NF2 and the PTPN14 PY1/2 motif, which binds WWC1. In support 
of this model, we found that either PTPN14 knockout or HPV18 E7-mediated PTPN14 
degradation reduced the levels of LATS1 pT1079 and YAP1 pS127, indicating that PTPN14 

FIG 8 PTPN14 knockout promotes anchorage-independent growth and reduces YAP1 phosphorylation in HEK TER cells. (A) HEK TER cells expressing spCas9 

were transfected with sgRNA targeting PTPN14 or LATS1 and LATS2. HEK TER cells expressing SV40 ST were used as a positive control for colony formation. 

Cells were plated in soft agar in technical triplicate and incubated at 37°C for 18 days, then photographed. Colonies were counted and quantified using ImageJ 

software. Graphs show individual data points for each plate and indicate mean ± standard deviation. Statistical significance of the nontargeting control condition 

compared to experimental conditions was determined by ANOVA with Dunnett’s multiple comparisons test (*P < 0.05; ***P < 0.001). (B) Cells were treated with 

cytochalasin D for up to 90 minutes and whole-cell lysates were harvested at 30-minute intervals. Whole-cell protein lysates were separated by SDS-PAGE and 

proteins were detected by immunoblotting for YAP1, YAP1 pS127, PTPN14, LATS1, and actin. (C) Band intensity for blots of two independent experiments was 

measured by ImageJ. The graph displays the ratio of YAP1 pS127/total YAP1 band intensity from two biological replicate cytochalasin D experiments as mean ± 

range. The blots shown in panel B are from experiment 1.

Research Article mBio

October 2024  Volume 15  Issue 10 10.1128/mbio.01811-2412

https://doi.org/10.1128/mbio.01811-24


degradation reduces Hippo activity and activates YAP1 (Fig. 1 to 3). The effect of HPV18 
E7 on YAP1 was independent of its ability to degrade RB1 (Fig. 3). Conversely, PTPN14 
overexpression increased phosphorylation on LATS1 T1079 and YAP1 S127 (Fig. 5).

We established the connection between PTPN14, YAP1 activity, and keratinocyte 
differentiation [Fig. 4 and 5 (18)] and used keratinocyte differentiation as a readout 
to probe the effect of PTPN14 on Hippo signaling. We found that the induction of 
differentiation by PTPN14 required its PY1/2 motifs, which bind WWC1, but not the 
catalytic cysteine of the putative active site (Fig. 6). PTPN14 required LATS1/2 kinases 
and NF2 to promote differentiation (Fig. 7), further supporting that PTPN14 acts on 
LATS kinases only in the presence of NF2. Our finding that PTPN14 could still induce 
differentiation in cells transfected with MST1/2 siRNAs is consistent with the finding that 
MST1/2 is not required for PTPN14 overexpression to induce LATS1 phosphorylation (55). 
It is possible that one of several other kinases can phosphorylate LATS in the absence of 
MST1/2 (59, 92–96). There are at least two separate branches of the Hippo pathway that 
can activate LATS1/2, one converging on MST1/2 kinases and the other converging on 
MAP4K4 (95–98). MST1/2 kinases are not active in stratified epithelial cells (99, 100), and 
further experiments will be required to determine whether PTPN14 degradation alters 
the activity of the MAP4K4 branch of the Hippo pathway.

PTPN14 could still promote differentiation in cells treated with WWC1/2/3 siRNA, even 
though the WWC1 binding motif was required for PTPN14 to promote differentiation 
(Fig. 6B and 7). It is possible that incomplete siRNA-based depletion of WWC1/2/3 
resulted in a weaker phenotype than that observed with the PTPN14 ∆PY1/2 deletion 
mutant. It is also possible that WWC1/2/3 and NF2 act synergistically to regulate YAP1 in 
a way that is not reflected in our experiments so far. In 293A cells, YAP1 phosphorylation 
in response to serum stimulation was partially inhibited by NF2 knockout and minimally 
inhibited by WWC1/2/3 triple knockout but was strongly inhibited by the combined 
knockout of NF2 and WWC1/2/3 (59). WWC1/2/3 may act together with NF2 to regulate 
YAP1 phosphorylation. Finally, our finding that in anchorage-independent growth assays 
PTPN14 knockout promoted colony formation and reduced the levels of phosphoryla­
tion on YAP1 S127 (Fig. 8) further strengthens the connection between YAP1, PTPN14, 
and oncogenic transformation.

Consistent with the central role of YAP1 in epithelial homeostasis and the epithelial 
tropic nature of HPV infection, there are additional links between HPV biology and YAP1/
Hippo signaling. Cutaneous HPV8 E6 can bind TEAD and activate YAP1/TEAD-dependent 
transcription (101), and HPV8 E6 can also reduce LATS phosphorylation during failed 
cytokinesis (102). HPV E6/E7 expression in cancer cell lines downregulates MST1 by 
increasing miR-18A levels (103). Both high- and low-risk mucosal HPV E6 proteins have 
some ability to promote YAP1 nuclear localization in basal epithelial cells (64, 104). 
There is growing recognition that YAP1 and Hippo signaling are affected by other DNA 
tumor viruses. SV40 ST antigen promotes the interaction between STRIPAK and MAP4K4, 
thereby decreasing MAP4K4 activity and activating YAP1 (77). The Epstein-Barr virus 
(EBV) protein LMP1 reduces phosphorylation on YAP1 S127, and the analogous TAZ 
S89 site, by increasing Src kinase activity (105). One of our important future goals is to 
determine how E7 proteins from other HPV genotypes, not just HPV18, influence YAP1 
activity. We previously reported that HPV E7 proteins from many virus genotypes can 
bind and reduce the steady-state levels of PTPN14 (19, 86), and we, therefore, predict 
that these E7 proteins can also activate YAP1. However, it will be critical to test that 
hypothesis and to determine whether the effect of diverse HPV E7 proteins on YAP1 is 
correlated with the ability of E7 to bind PTPN14, degrade PTPN14, or both.

Our findings provide the first evidence of a viral protein, HPV18 E7, targeting a 
Hippo pathway component to suppress LATS kinase activity, the central regulatory step 
immediately upstream of YAP1. PTPN14 is expressed specifically in the basal layer of 
stratified epithelia (64, 106), and so our finding that PTPN14 can control YAP1, and 
LATS phosphorylation in human keratinocytes supports that PTPN14 is a basal keratino­
cyte-specific regulator of YAP1 and the Hippo pathway. Our previous work supports 
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that PTPN14 degradation and YAP1/TEAD transcriptional activity are required for the 
transforming activity of high-risk HPV E7 (21, 64). Other direct interactions between 
HPV oncoproteins and cellular targets, such as E7/RB1 and E6/p53, are essential for HPV 
carcinogenesis but so far have not been tractable targets for therapeutic intervention. 
Understanding the mechanism by which E7 degrades PTPN14 to activate YAP1 has the 
potential both to provide a new therapeutic opportunity in HPV disease and to elucidate 
details of how HPV E7 proteins promote basal epithelial identity. Our future studies will 
also use E7 and PTPN14 as tools to better understand the complex interactions that 
control Hippo signaling and YAP1 activity in human epithelial cells.

MATERIALS AND METHODS

Plasmids and cloning

MSCV-puro C-terminal FlagHA retroviral expression vectors encoding HPV18 E7, HPV18 
E7 R84S, or empty vector controls were previously described (21, 86). Sequences 
for sgRNA selected from the Broad Institute Brunello library (107) were ligated into 
LentiCRISPRv2 vectors following standard cloning protocols. A lentiviral vector (pHAGE) 
was used for PTPN14 overexpression in HFK as previously described (64). A doxycy­
cline-inducible, HA-tagged PTPN14 overexpression vector was developed by cloning the 
wild-type PTPN14 coding sequence into a lentiviral vector pLIX_402, a gift from David 
Root (Addgene #41394), using Gateway recombination. More information for all plasmids 
is listed in Table S2. Mutant versions of PHAGE-PTPN14 and pLIX-PTPN14 were generated 
by site-directed mutagenesis and Gateway recombination.

Cell culture

Discarded, deidentified primary HFKs) were obtained from the Skin Biology and Diseases 
Resource-based Center (SBDRC) at the University of Pennsylvania. N/Tert-1 keratinocytes 
were the gift of James Rheinwald (108). All keratinocytes were cultured as previously 
described (64). N/Tert-1 cell lines were established by previously described methods for 
lentiviral or retroviral vector expression (18, 86). Gene knockouts in N/Tert-1 cells were 
accomplished by one of two methods. In Fig. 1 and 2, N/Tert-1 LentiCRISPR knockout cell 
lines were established by lentiviral transduction of LentiCRISPRv2 constructs encoding 
spCas9 and a sgRNA sequence selected from the Broad Institute Brunello Library for 
targeting PTPN14 or a nontargeting control, then selecting with G418. In Fig. 4 and 6C, 
N/Tert-1 Cas9 knockout cells were generated by transduction with a spCas9 lentiviral 
expression vector (Addgene # 52962) and selected with blasticidin, after which cells were 
transiently transfected with sgRNA targeting PTPN14, a non-targeting sgRNA (Synthego), 
or mock transfected (18).

Doxycycline inducible PTPN14 expressing N/Tert-1 keratinocytes (Fig. 5) were 
generated by transducing N/Tert-1 cells with the lentiviral expression vector pLIX-
PTPN14 and selecting with puromycin. In Fig. 5, the inducible PTPN14 cells were 
established using parental N/Tert-1 cells. In Fig. 6C, the inducible PTPN14 cells were 
established using N/Tert-1 Cas9:sgPTPN14 knockout cells as the starting material. 
N/Tert-1 Cas9:sgPTPN14 knockout cells were transduced with pLIX-PTPN14 lentiviral 
constructs containing the wild-type PTPN14 gene or PTPN14 ∆PY1/2, ∆PY3/4, or C1121S 
mutants and selected with puromycin.

Keratinocytes expressing HPV18 E7 were generated by transducing N/Tert-1 cells with 
MSCV-Puro retroviral vectors encoding either wild-type HPV18 E7, HPV18 E7 R84S, or 
empty control, then selecting with puromycin (Fig. 3).

HEK TER cells were described previously and cultured in Minimum Essential Media 
(MEM, Gibco) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 
and penicillin-streptomycin (76). HEK TER cells expressing spCas9 were generated by 
transduction with a Cas9 lentiviral vector followed by blasticidin selection. HEK TER Cas9 
cells were transfected with sgRNA targeting PTPN14, LATS1 and LATS2, or nontargeting 
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control (Synthego) (18). HEK TER cells stably expressing SV40 ST were described 
previously (11, 76).

Immunoblots

Immunoblots were performed using Mini-PROTEAN or Criterion (Bio-Rad) Tris/Glycine 
4-20% polyacrylamide gradient SDS-PAGE gels. Proteins were transferred to polyviny­
lidene difluoride (PVDF) membranes as previously described (19). Membranes were 
blocked in 5% nonfat dried milk (NFDM) in Tris-buffered saline, pH 7.4, with 0.05% 
Tween 20 (TBS-T) unless otherwise specified. Blots were then incubated in 5% NFDM/
TBS-T with primary antibodies listed in Table S3. Blots were incubated with anti-mouse 
or anti-rabbit secondary antibody conjugated to horseradish peroxidase, washed with 
TBS-T, and proteins detected by chemiluminescent substrate. Blots were imaged using 
a Chemidoc MP imaging system (BioRad). Membranes probed for YAP1 or with one of 
several phospho-specific antibodies (YAP1 pS127, LATS1 pT1079, and NF2 pS518) were 
blocked with TBS-based Intercept Blocking Buffer (LI-COR) and incubated with antibod­
ies diluted in TBS-based Intercept Antibody Diluent (LI-COR). Blots probed for LATS1 
pT1079, YAP1 pS127, YAP1, and beta-actin were incubated with secondary antibody-
fluorophore conjugates anti-mouse IRDye 680LT (LI-COR) or anti-rabbit IRDye 800CW 
(LI-COR) diluted in Intercept Antibody Diluent (LI-COR). Blots were washed with TBS-T 
and fluorescence was detected using a LI-COR imager. Blots probed for NF2 pS518 were 
incubated with anti-rabbit secondary antibody conjugated to horseradish peroxidase, 
diluted in Intercept Antibody Diluent (LI-COR), then washed with TBS-T and detected by 
chemiluminescent substrate using a Chemidoc MP imaging system (BioRad). Individual 
Western blot bands were quantified by densitometry analysis. The mean gray pixel value 
of each band was determined by measuring the gray pixel value of the area containing 
the band of interest, and then subtracting the gray pixel value from a region of the same 
blot that did not contain a band. The same-sized area was measured for each band on 
a blot and for the background area on that blot. Values were measured with ImageJ 
software (109) (Table S1).

Immunoprecipitation

Immunoprecipitation with anti-HA-conjugated agarose beads was described previously 
(19). Whole-cell protein lysates were incubated with anti-HA agarose beads and washed 
with lysis buffer. Immunoprecipitates were eluted by boiling in a protein sample buffer. 
Elution and input samples were analyzed by SDS-PAGE and immunoblot.

Hippo activation assays

For cytochalasin D treatment, 2.5 × 105 cells were plated in 6 cm dishes and grown 
overnight before treatment with 5 µM cytochalasin D in appropriate media (MEM for HEK 
TER cells, K-SFM for keratinocytes). Plates were harvested every 30 minutes starting at 
T0 by washing once with TBS and scraping into radioimmunoprecipitation assay (RIPA) 
lysis buffer containing protease and phosphatase inhibitors. For suspension assays, 5 × 
105 cells were plated in 10 cm dishes and grown for 24 hours before treatment with 
0.05% Trypsin/EDTA for 10 minutes, then quenched with DMEM/F12 containing 10% FBS. 
Suspended cells were pelleted and washed with TBS before being pelleted again and 
resuspended in RIPA lysis buffer containing protease and phosphatase inhibitors. Control 
cells were washed once with TBS in plates and scraped into RIPA with protease and 
phosphatase inhibitors. All cell lysates were incubated on ice for at least 30 minutes to 
complete lysis and then protein concentrations were normalized by Bradford assay.

Differentiation induction with calcium

N/Tert-1 mock or sgPTPN14 cells were seeded in six-well plates at a density of 10,000 
cells per well and cultured for 4 days. Cells were then maintained in K-SFM (untreated) 
or switched to culture in Keratinocyte Basal Medium (KBM, Lonza) with CaCl2 added to 
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a final concentration of 1.5 mM. Treated and untreated cells were harvested for RNA 
analysis and qRT-PCR at times indicated.

Differentiation induction with PTPN14 mutants

HFK were seeded in 12-well plates with 5.0 × 104 cells per well and transduced with 
pHAGE lentiviral constructs encoding GFP, wild-type PTPN14, PTPN14 ∆PY1/2, PTPN14 
∆PY3/4, or PTPN14 C1121S. Total RNA was collected 48 hours post-transduction and 
analyzed by qRT-PCR for KRT1 transcripts normalized to GAPDH.

qRT-PCR

Total RNA from cell lysates was isolated with a NucleoSpin RNA purification kit 
(Macherey-Nagel). Purified whole-cell RNA was converted to cDNA using the high-
capacity cDNA reverse transcription kit (Applied Biosystems). Specific genes were 
quantified by qRT-PCR with Fast SYBR green master mix (Applied Biosystems) using a 
Quant-Studio 3 system (ThermoFisher Scientific). KiCqStart qRT-PCR primers (Millipore­
Sigma) were used to quantify the following transcripts: KRT1, KRT10, IVL, PTPN14, YAP1, 
LATS1, STK3 (MST2), STK4 (MST1), NF2, WWC1, WWC2, WWC3, and GAPDH.

PTPN14 overexpression and siRNA knockdown assay

Primary HFK were reverse transfected with 40 nM siRNAs (Dharmacon) using Dharmafect 
1 transfection reagent. Transfected HFKs were transduced at 24 hours post-transfection 
with pHAGE-PTPN14 lentivirus. At 48 hours post-transfection, media was exchanged for 
1:1 DF-K/K-SFM (86). Cells were lysed and total RNA was collected 72 hours post-trans­
fection for qRT-PCR analysis. The siRNAs used were as follows: nontargeting siControl 
#1, siYAP1-06, siWWTR-06, siLATS1-05, siLATS1-08, siLATS2-09, siLATS2-10, siSTK3-06, 
siSTK3-08, siSTK4-06, siSTK4-08, siNF2-05, siNF2-07, siWWC1-09, siWWC1-10, siWWC2-17, 
siWWC2-20, siWWC3-17, and siWWC3-18.

Anchorage independent growth assay

HEK TER cell lines were suspended in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) 
and mixed with 0.4% Noble agar, then seeded onto 6 cm plates coated with DMEM/0.6% 
Noble agar, allowed to solidify at room temperature, then incubated at 37°C/5% CO2 (11). 
DMEM was supplemented with 10% FBS and antibiotic-antimycotic. Cells were seeded 
in triplicate plates (5.0 × 104 cells/plate) for each condition and colonies were allowed to 
form for 18 days, then photographed with a GelDoc XR+ imager (BioRad). Colonies were 
counted using ImageJ software.

ACKNOWLEDGMENTS

We are grateful to Drs. Karl Munger and Molly Patterson for helpful comments on 
the manuscript and Dr. Pushkal Ramesh for help with primer validation. We thank the 
members of our laboratory for helpful discussions.

This work was supported by American Cancer Society grant 131661-RSG-18–
048-01-MPC, NIH/NIAID R01 AI148431, and NIH/NIAID R21 AI176035 to EAW. W.J.B. was 
supported by NIH/NCI T32 CA115299 and NIH/NIDCR F32 DE032573. J.H. was supported 
by NIH/NIAID T32 AI007324 and NIH/NIDCR F31 DE030365. The University of Pennsylva­
nia SBDRC was funded by NIH/NIAMS P30 AR069589.

Conception and design: W.J.B., J.H., and E.A.W. Acquisition of data: W.J.B., J.H., and 
E.A.W. Analysis and interpretation of data: W.J.B., J.H., and E.A.W. Drafting or revising the 
article: W.J.B., J.H., and E.A.W.

AUTHOR AFFILIATION

1Department of Otorhinolaryngology: Head and Neck Surgery, University of Pennsylvania 
Perelman School of Medicine, Philadelphia, Pennsylvania, USA

Research Article mBio

October 2024  Volume 15  Issue 10 10.1128/mbio.01811-2416

https://doi.org/10.1128/mbio.01811-24


PRESENT ADDRESS

Joshua Hatterschide, Department of Integrative Immunobiology, Duke University School 
of Medicine, Durham, North Carolina, USA

AUTHOR ORCIDs

Elizabeth A. White  http://orcid.org/0000-0001-7378-7690

FUNDING

Funder Grant(s) Author(s)

American Cancer Society (ACS) 131661-
RSG-18-048-01-MPC

Elizabeth A. White

HHS | NIH | National Institute of Allergy 
and Infectious Diseases (NIAID)

R01 AI148431 Elizabeth A. White

HHS | NIH | National Institute of Allergy 
and Infectious Diseases (NIAID)

R21 AI176035 Elizabeth A. White

HHS | NIH | National Cancer Institute (NCI) T32 CA115299 William J. Blakely

HHS | NIH | National Institute of Dental 
and Craniofacial Research (NIDCR)

F32 DE032573 William J. Blakely

HHS | NIH | National Institute of Allergy 
and Infectious Diseases (NIAID)

T32 AI007324 Joshua Hatterschide

HHS | NIH | National Institute of Dental 
and Craniofacial Research (NIDCR)

F31 DE030365 Joshua Hatterschide

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Figure S1 (mBio01811-24-s0001.eps). PTPN14 increases KRT10 protein levels.
Figure S2 (mBio01811-24-s0002.eps). PTPN14 increases KRT1 and IVL transcript levels.
Figure S3 (mBio01811-24-s0003.eps). Validation of siRNA knockdowns.
Figure S4 (mBio01811-24-s0004.eps). PTPN14 knockout promotes anchorage 
independent growth and suppresses YAP1 phosphorylation in HEK TER cells.
Table S1 (mBio01811-24-s0005.xlsx). Densitometry analysis of western blots in Fig. 1, 2, 
3, and 8.
Table S2 (mBio01811-24-s0006.xlsx). List of plasmids used in the study.
Table S3 (mBio01811-24-s0007.xlsx). List of antibodies used in the study.

REFERENCES

1. McBride AA. 2022. Human papillomaviruses: diversity, infection and 
host interactions. Nat Rev Microbiol 20:95–108. https://doi.org/10.
1038/s41579-021-00617-5

2. de Martel C, Plummer M, Vignat J, Franceschi S. 2017. Worldwide 
burden of cancer attributable to HPV by site, country and HPV type. Int 
J Cancer 141:664–670. https://doi.org/10.1002/ijc.30716

3. Moody CA, Laimins LA. 2010. Human papillomavirus oncoproteins: 
pathways to transformation. Nat Rev Cancer 10:550–560. https://doi.
org/10.1038/nrc2886

4. Dyson N, Howley PM, Münger K, Harlow E. 1989. The human papilloma 
virus-16 E7 oncoprotein is able to bind to the retinoblastoma gene 
product. Science 243:934–937. https://doi.org/10.1126/science.
2537532

5. DeGregori J, Johnson DG. 2006. Distinct and overlapping roles for E2F 
family members in transcription, proliferation and apoptosis. Curr Mol 
Med 6:739–748. https://doi.org/10.2174/1566524010606070739

6. Dyson N. 1998. The regulation of E2F by pRB-family proteins. Genes 
Dev 12:2245–2262. https://doi.org/10.1101/gad.12.15.2245

7. Boyer SN, Wazer DE, Band V. 1996. E7 protein of human papilloma 
virus-16 induces degradation of retinoblastoma protein through the 
ubiquitin-proteasome pathway. Cancer Res 56:4620–4624.

8. Ciccolini F, Di Pasquale G, Carlotti F, Crawford L, Tommasino M. 1994. 
Functional studies of E7 proteins from different HPV types. Oncogene 
9:2633–2638.

9. Ibaraki T, Satake M, Kurai N, Ichijo M, Ito Y. 1993. Transacting activities 
of the E7 genes of several types of human papillomavirus. Virus Genes 
7:187–196. https://doi.org/10.1007/BF01702398

10. Jewers RJ, Hildebrandt P, Ludlow JW, Kell B, McCance DJ. 1992. Regions 
of human papillomavirus type 16 E7 oncoprotein required for 
immortalization of human keratinocytes. J Virol 66:1329–1335. https://
doi.org/10.1128/JVI.66.3.1329-1335.1992

11. White EA, Kramer RE, Hwang JH, Pores Fernando AT, Naetar N, Hahn 
WC, Roberts TM, Schaffhausen BS, Livingston DM, Howley PM. 2015. 

Research Article mBio

October 2024  Volume 15  Issue 10 10.1128/mbio.01811-2417

https://doi.org/10.1128/mbio.01811-24
https://doi.org/10.1038/s41579-021-00617-5
https://doi.org/10.1002/ijc.30716
https://doi.org/10.1038/nrc2886
https://doi.org/10.1126/science.2537532
https://doi.org/10.2174/1566524010606070739
https://doi.org/10.1101/gad.12.15.2245
https://doi.org/10.1007/BF01702398
https://doi.org/10.1128/JVI.66.3.1329-1335.1992
https://doi.org/10.1128/mbio.01811-24


Papillomavirus E7 oncoproteins share functions with polyomavirus 
small T antigens. J Virol 89:2857–2865. https://doi.org/10.1128/JVI.
03282-14

12. Banks L, Edmonds C, Vousden KH. 1990. Ability of the HPV16 E7 protein 
to bind RB and induce DNA synthesis is not sufficient for efficient 
transforming activity in NIH3T3 cells. Oncogene 5:1383–1389.

13. Huh K-W, DeMasi J, Ogawa H, Nakatani Y, Howley PM, Münger K. 2005. 
Association of the human papillomavirus type 16 E7 oncoprotein with 
the 600-kDa retinoblastoma protein-associated factor, p600. Proc Natl 
Acad Sci U S A 102:11492–11497. https://doi.org/10.1073/pnas.
0505337102

14. Helt AM, Galloway DA. 2001. Destabilization of the retinoblastoma 
tumor suppressor by human papillomavirus type 16 E7 is not sufficient 
to overcome cell cycle arrest in human keratinocytes. J Virol 75:6737–
6747. https://doi.org/10.1128/JVI.75.15.6737-6747.2001

15. Strati K, Lambert PF. 2007. Role of Rb-dependent and Rb-independent 
functions of papillomavirus E7 oncogene in head and neck cancer. 
Cancer Res 67:11585–11593. https://doi.org/10.1158/0008-5472.CAN-
07-3007

16. Balsitis S., Dick F, Dyson N, Lambert PF. 2006. Critical roles for non-pRb 
targets of human papillomavirus type 16 E7 in cervical carcinogenesis. 
Cancer Res 66:9393–9400. https://doi.org/10.1158/0008-5472.CAN-06-
0984

17. Balsitis S, Dick F, Lee D, Farrell L, Hyde RK, Griep AE, Dyson N, Lambert 
PF. 2005. Examination of the pRb-dependent and pRb-independent 
functions of E7 in vivo. J Virol 79:11392–11402. https://doi.org/10.1128/
JVI.79.17.11392-11402.2005

18. Hatterschide J, Bohidar AE, Grace M, Nulton TJ, Kim HW, Windle B, 
Morgan IM, Munger K, White EA. 2019. PTPN14 degradation by high-
risk human papillomavirus E7 limits keratinocyte differentiation and 
contributes to HPV-mediated oncogenesis. Proc Natl Acad Sci U S A 
116:7033–7042. https://doi.org/10.1073/pnas.1819534116

19. White EA, Münger K, Howley PM. 2016. High-risk human papillomavirus 
E7 proteins target PTPN14 for degradation. mBio 7:e01530-16. https://
doi.org/10.1128/mBio.01530-16

20. Szalmás A, Tomaić V, Basukala O, Massimi P, Mittal S, Kónya J, Banks L. 
2017. The PTPN14 tumor suppressor is a degradation target of human 
papillomavirus E7. J Virol 91:e00057-17. https://doi.org/10.1128/JVI.
00057-17

21. Hatterschide J, Brantly AC, Grace M, Munger K, White EA. 2020. A 
conserved amino acid in the C terminus of human papillomavirus E7 
mediates binding to PTPN14 and repression of epithelial differentia-
tion. J Virol 94:e01024-20. https://doi.org/10.1128/JVI.01024-20

22. Yun H-Y, Kim MW, Lee HS, Kim W, Shin JH, Kim H, Shin H-C, Park H, Oh B-
H, Kim WK, Bae K-H, Lee SC, Lee E-W, Ku B, Kim SJ. 2019. Structural basis 
for recognition of the tumor suppressor protein PTPN14 by the 
oncoprotein E7 of human papillomavirus. PLoS Biol 17:e3000367. https:
//doi.org/10.1371/journal.pbio.3000367

23. Wang Z, Shen D, Parsons DW, Bardelli A, Sager J, Szabo S, Ptak J, 
Silliman N, Peters BA, van der Heijden MS, Parmigiani G, Yan H, Wang T-
L, Riggins G, Powell SM, Willson JKV, Markowitz S, Kinzler KW, 
Vogelstein B, Velculescu VE. 2004. Mutational analysis of the tyrosine 
phosphatome in colorectal cancers. Science 304:1164–1166. https://
doi.org/10.1126/science.1096096

24. Wang R, Du Y, Shang J, Dang X, Niu G. 2020. PTPN14 acts as a candidate 
tumor suppressor in prostate cancer and inhibits cell proliferation and 
invasion through modulating LATS1/YAP signaling. Mol Cell Probes 
53:101642. https://doi.org/10.1016/j.mcp.2020.101642

25. Mehra R, Vats P, Cieslik M, Cao X, Su F, Shukla S, Udager AM, Wang R, 
Pan J, Kasaian K, Lonigro R, Siddiqui J, Premkumar K, Palapattu G, 
Weizer A, Hafez KS, Wolf JS, Sangoi AR, Trpkov K, Osunkoya AO, Zhou M, 
Giannico G, McKenney JK, Dhanasekaran SM, Chinnaiyan AM. 2016. 
Biallelic alteration and dysregulation of the Hippo pathway in 
mucinous tubular and spindle cell carcinoma of the kidney. Cancer 
Discov 6:1258–1266. https://doi.org/10.1158/2159-8290.CD-16-0267

26. Bonilla X, Parmentier L, King B, Bezrukov F, Kaya G, Zoete V, Seplyarskiy 
VB, Sharpe HJ, McKee T, Letourneau A, et al. 2016. Genomic analysis 
identifies new drivers and progression pathways in skin basal cell 
carcinoma. Nat Genet 48:398–406. https://doi.org/10.1038/ng.3525

27. Schramm A, Köster J, Assenov Y, Althoff K, Peifer M, Mahlow E, Odersky 
A, Beisser D, Ernst C, Henssen AG, et al. 2015. Mutational dynamics 

between primary and relapse neuroblastomas. Nat Genet 47:872–877. 
https://doi.org/10.1038/ng.3349

28. Olafsdottir T, Stacey SN, Sveinbjornsson G, Thorleifsson G, Norland K, 
Sigurgeirsson B, Thorisdottir K, Kristjansson AK, Tryggvadottir L, Sarin 
KY, et al. 2021. Loss-of-function variants in the tumor-suppressor gene 
PTPN14 confer increased cancer risk. Cancer Res 81:1954–1964. https://
doi.org/10.1158/0008-5472.CAN-20-3065

29. Wang W, Huang J, Wang X, Yuan J, Li X, Feng L, Park J-I, Chen J. 2012. 
PTPN14 is required for the density-dependent control of YAP1. Genes 
Dev 26:1959–1971. https://doi.org/10.1101/gad.192955.112

30. Mello SS, Valente LJ, Raj N, Seoane JA, Flowers BM, McClendon J, 
Bieging-Rolett KT, Lee J, Ivanochko D, Kozak MM, Chang DT, Longacre 
TA, Koong AC, Arrowsmith CH, Kim SK, Vogel H, Wood LD, Hruban RH, 
Curtis C, Attardi LD. 2017. A p53 super-tumor suppressor reveals a 
tumor suppressive p53-Ptpn14-Yap axis in pancreatic cancer. Cancer 
Cell 32:460–473. https://doi.org/10.1016/j.ccell.2017.09.007

31. Liu X, Yang N, Figel SA, Wilson KE, Morrison CD, Gelman IH, Zhang J. 
2013. PTPN14 interacts with and negatively regulates the oncogenic 
function of YAP. Oncogene 32:1266–1273. https://doi.org/10.1038/onc.
2012.147

32. Huang J-M, Nagatomo I, Suzuki E, Mizuno T, Kumagai T, Berezov A, 
Zhang H, Karlan B, Greene MI, Wang Q. 2013. YAP modifies cancer cell 
sensitivity to EGFR and survivin inhibitors and is negatively regulated 
by the non-receptor type protein tyrosine phosphatase 14. Oncogene 
32:2220–2229. https://doi.org/10.1038/onc.2012.231

33. Michaloglou C, Lehmann W, Martin T, Delaunay C, Hueber A, Barys L, 
Niu H, Billy E, Wartmann M, Ito M, Wilson CJ, Digan ME, Bauer A, Voshol 
H, Christofori G, Sellers WR, Hofmann F, Schmelzle T. 2013. The tyrosine 
phosphatase PTPN14 is a negative regulator of YAP activity. PLoS One 
8:e61916. https://doi.org/10.1371/journal.pone.0061916

34. Han X, Sun T, Hong J, Wei R, Dong Y, Huang D, Chen J, Ren X, Zhou H, 
Tian W, Jia Y. 2019. Nonreceptor tyrosine phosphatase 14 promotes 
proliferation and migration through regulating phosphorylation of YAP 
of Hippo signaling pathway in gastric cancer cells. J Cell Biochem 
120:17723–17730. https://doi.org/10.1002/jcb.29038

35. Reiterer V, Pawłowski K, Desrochers G, Pause A, Sharpe HJ, Farhan H. 
2020. The dead phosphatases society: a review of the emerging roles of 
pseudophosphatases. FEBS J 287:4198–4220. https://doi.org/10.1111/
febs.15431

36. Harvey KF, Zhang X, Thomas DM. 2013. The Hippo pathway and human 
cancer. Nat Rev Cancer 13:246–257. https://doi.org/10.1038/nrc3458

37. Zhao B, Ye X, Yu J, Li L, Li W, Li S, Yu J, Lin JD, Wang C-Y, Chinnaiyan AM, 
Lai Z-C, Guan K-L. 2008. TEAD mediates YAP-dependent gene induction 
and growth control. Genes Dev 22:1962–1971. https://doi.org/10.1101/
gad.1664408

38. Calses PC, Crawford JJ, Lill JR, Dey A. 2019. Hippo pathway in cancer: 
aberrant regulation and therapeutic opportunities. Trends Cancer 
5:297–307. https://doi.org/10.1016/j.trecan.2019.04.001

39. Ma S, Meng Z, Chen R, Guan KL. 2019. The Hippo pathway: biology and 
pathophysiology. Annu Rev Biochem 88:577–604. https://doi.org/10.
1146/annurev-biochem-013118-111829

40. Edgar BA. 2006. From cell structure to transcription: Hippo forges a new 
path. Cell 124:267–273. https://doi.org/10.1016/j.cell.2006.01.005

41. Chan EHY, Nousiainen M, Chalamalasetty RB, Schäfer A, Nigg EA, Silljé 
HHW. 2005. The Ste20-like kinase Mst2 activates the human large 
tumor suppressor kinase Lats1. Oncogene 24:2076–2086. https://doi.
org/10.1038/sj.onc.1208445

42. Zhao Bin, Wei X, Li W, Udan RS, Yang Q, Kim J, Xie J, Ikenoue T, Yu J, Li L, 
Zheng P, Ye K, Chinnaiyan A, Halder G, Lai Z-C, Guan K-L. 2007. 
Inactivation of YAP oncoprotein by the Hippo pathway is involved in 
cell contact inhibition and tissue growth control. Genes Dev 21:2747–
2761. https://doi.org/10.1101/gad.1602907

43. Oka T, Mazack V, Sudol M. 2008. Mst2 and Lats kinases regulate 
apoptotic function of Yes kinase-associated protein (YAP). J Biol Chem 
283:27534–27546. https://doi.org/10.1074/jbc.M804380200

44. Hao Y, Chun A, Cheung K, Rashidi B, Yang X. 2008. Tumor suppressor 
LATS1 is a negative regulator of oncogene YAP. J Biol Chem 283:5496–
5509. https://doi.org/10.1074/jbc.M709037200

45. Zhao B, Li L, Tumaneng K, Wang CY, Guan KL. 2010. A coordinated 
phosphorylation by Lats and CK1 regulates YAP stability through 

Research Article mBio

October 2024  Volume 15  Issue 10 10.1128/mbio.01811-2418

https://doi.org/10.1128/JVI.03282-14
https://doi.org/10.1073/pnas.0505337102
https://doi.org/10.1128/JVI.75.15.6737-6747.2001
https://doi.org/10.1158/0008-5472.CAN-07-3007
https://doi.org/10.1158/0008-5472.CAN-06-0984
https://doi.org/10.1128/JVI.79.17.11392-11402.2005
https://doi.org/10.1073/pnas.1819534116
https://doi.org/10.1128/mBio.01530-16
https://doi.org/10.1128/JVI.00057-17
https://doi.org/10.1128/JVI.01024-20
https://doi.org/10.1371/journal.pbio.3000367
https://doi.org/10.1126/science.1096096
https://doi.org/10.1016/j.mcp.2020.101642
https://doi.org/10.1158/2159-8290.CD-16-0267
https://doi.org/10.1038/ng.3525
https://doi.org/10.1038/ng.3349
https://doi.org/10.1158/0008-5472.CAN-20-3065
https://doi.org/10.1101/gad.192955.112
https://doi.org/10.1016/j.ccell.2017.09.007
https://doi.org/10.1038/onc.2012.147
https://doi.org/10.1038/onc.2012.231
https://doi.org/10.1371/journal.pone.0061916
https://doi.org/10.1002/jcb.29038
https://doi.org/10.1111/febs.15431
https://doi.org/10.1038/nrc3458
https://doi.org/10.1101/gad.1664408
https://doi.org/10.1016/j.trecan.2019.04.001
https://doi.org/10.1146/annurev-biochem-013118-111829
https://doi.org/10.1016/j.cell.2006.01.005
https://doi.org/10.1038/sj.onc.1208445
https://doi.org/10.1101/gad.1602907
https://doi.org/10.1074/jbc.M804380200
https://doi.org/10.1074/jbc.M709037200
https://doi.org/10.1128/mbio.01811-24


SCF(beta-TRCP). Genes Dev 24:72–85. 
https://doi.org/10.1101/gad.1843810

46. Praskova M, Khoklatchev A, Ortiz-Vega S, Avruch J. 2004. Regulation of 
the MST1 kinase by autophosphorylation, by the growth inhibitory 
proteins, RASSF1 and NORE1, and by Ras. Biochem J 381:453–462. 
https://doi.org/10.1042/BJ20040025

47. Callus BA, Verhagen AM, Vaux DL. 2006. Association of mammalian 
sterile twenty kinases, Mst1 and Mst2, with hSalvador via C-terminal 
coiled-coil domains, leads to its stabilization and phosphorylation. FEBS 
J 273:4264–4276. https://doi.org/10.1111/j.1742-4658.2006.05427.x

48. Lin Z, Xie R, Guan K, Zhang M. 2020. A WW tandem-mediated 
dimerization mode of SAV1 essential for Hippo signaling. Cell Rep 
32:108118. https://doi.org/10.1016/j.celrep.2020.108118

49. Bothos J, Tuttle RL, Ottey M, Luca FC, Halazonetis TD. 2005. Human 
LATS1 is a mitotic exit network kinase. Cancer Res 65:6568–6575. https:/
/doi.org/10.1158/0008-5472.CAN-05-0862

50. Meng Z, Moroishi T, Guan KL. 2016. Mechanisms of Hippo pathway 
regulation. Genes Dev 30:1–17. https://doi.org/10.1101/gad.274027.
115

51. Yin F, Yu J, Zheng Y, Chen Q, Zhang N, Pan D. 2013. Spatial organization 
of Hippo signaling at the plasma membrane mediated by the tumor 
suppressor Merlin/NF2. Cell 154:1342–1355. https://doi.org/10.1016/j.
cell.2013.08.025

52. Han H, Qi R, Zhou JJ, Ta AP, Yang B, Nakaoka HJ, Seo G, Guan K-L, Luo R, 
Wang W. 2018. Regulation of the Hippo pathway by phosphatidic acid-
mediated lipid-protein interaction. Mol Cell 72:328–340. https://doi.
org/10.1016/j.molcel.2018.08.038

53. McClatchey AI, Giovannini M. 2005. Membrane organization and 
tumorigenesis—the NF2 tumor suppressor, Merlin. Genes Dev 
19:2265–2277. https://doi.org/10.1101/gad.1335605

54. Lallemand D, Curto M, Saotome I, Giovannini M, McClatchey AI. 2003. 
NF2 deficiency promotes tumorigenesis and metastasis by destabiliz­
ing adherens junctions. Genes Dev 17:1090–1100. https://doi.org/10.
1101/gad.1054603

55. Wilson KE, Li Y-W, Yang N, Shen H, Orillion AR, Zhang J. 2014. PTPN14 
forms a complex with Kibra and LATS1 proteins and negatively 
regulates the YAP oncogenic function. J Biol Chem 289:23693–23700. 
https://doi.org/10.1074/jbc.M113.534701

56. Uliana F, Ciuffa R, Mishra R, Fossati A, Frommelt F, Keller S, Mehnert M, 
Birkeland ES, van Drogen F, Srejic N, Peter M, Tapon N, Aebersold R, 
Gstaiger M. 2023. Phosphorylation-linked complex profiling identifies 
assemblies required for Hippo signal integration. Mol Syst Biol 
19:e11024. https://doi.org/10.15252/msb.202211024

57. Wennmann DO, Schmitz J, Wehr MC, Krahn MP, Koschmal N, Gromnitza 
S, Schulze U, Weide T, Chekuri A, Skryabin BV, Gerke V, Pavenstädt H, 
Duning K, Kremerskothen J. 2014. Evolutionary and molecular facts link 
the WWC protein family to Hippo signaling. Mol Biol Evol 31:1710–
1723. https://doi.org/10.1093/molbev/msu115

58. Qi S, Zhu Y, Liu X, Li P, Wang Y, Zeng Y, Yu A, Wang Y, Sha Z, Zhong Z, 
Zhu R, Yuan H, Ye D, Huang S, Ling C, Xu Y, Zhou D, Zhang L, Yu F-X. 
2022. WWC proteins mediate LATS1/2 activation by Hippo kinases and 
imply a tumor suppression strategy. Mol Cell 82:1850–1864. https://doi.
org/10.1016/j.molcel.2022.03.027

59. Chen R, Xie R, Meng Z, Ma S, Guan KL. 2019. STRIPAK integrates 
upstream signals to initiate the Hippo kinase cascade. Nat Cell Biol 
21:1565–1577. https://doi.org/10.1038/s41556-019-0426-y

60. Poernbacher I, Baumgartner R, Marada SK, Edwards K, Stocker H. 2012. 
Drosophila Pez acts in Hippo signaling to restrict intestinal stem cell 
proliferation. Curr Biol 22:389–396. https://doi.org/10.1016/j.cub.2012.
01.019

61. Elbediwy A, Vincent-Mistiaen ZI, Spencer-Dene B, Stone RK, Boeing S, 
Wculek SK, Cordero J, Tan EH, Ridgway R, Brunton VG, Sahai E, Gerhardt 
H, Behrens A, Malanchi I, Sansom OJ, Thompson BJ. 2016. Integrin 
signalling regulates YAP and TAZ to control skin homeostasis. 
Development 143:1674–1687. https://doi.org/10.1242/dev.133728

62. Lin Z, Yang Z, Xie R, Ji Z, Guan K, Zhang M. 2019. Decoding WW domain 
tandem-mediated target recognitions in tissue growth and cell polarity. 
Elife 8:e49439. https://doi.org/10.7554/eLife.49439

63. Knight JF, Sung VYC, Kuzmin E, Couzens AL, de Verteuil DA, Ratcliffe 
CDH, Coelho PP, Johnson RM, Samavarchi-Tehrani P, Gruosso T, Smith 
HW, Lee W, Saleh SM, Zuo D, Zhao H, Guiot M-C, Davis RR, Gregg JP, 

Moraes C, Gingras A-C, Park M. 2018. KIBRA (WWC1) is a metastasis 
suppressor gene affected by chromosome 5q loss in triple-negative 
breast cancer. Cell Rep 22:3191–3205. https://doi.org/10.1016/j.celrep.
2018.02.095

64. Hatterschide J, Castagnino P, Kim HW, Sperry SM, Montone KT, Basu D, 
White EA. 2022. YAP1 activation by human papillomavirus E7 promotes 
basal cell identity in squamous epithelia. Elife 11:e75466. https://doi.
org/10.7554/eLife.75466

65. Sanchez-Vega F, Mina M, Armenia J, Chatila WK, Luna A, La KC, 
Dimitriadoy S, Liu DL, Kantheti HS, Saghafinia S, et al. 2018. Oncogenic 
signaling pathways in the cancer genome Atlas. Cell 173:321–337. 
https://doi.org/10.1016/j.cell.2018.03.035

66. Zhao B, Li L, Wang L, Wang C-Y, Yu J, Guan K-L. 2012. Cell detachment 
activates the Hippo pathway via cytoskeleton reorganization to induce 
anoikis. Genes Dev 26:54–68. https://doi.org/10.1101/gad.173435.111

67. Si Y, Ji X, Cao X, Dai X, Xu L, Zhao H, Guo X, Yan H, Zhang H, Zhu C, Zhou 
Q, Tang M, Xia Z, Li L, Cong Y-S, Ye S, Liang T, Feng X-H, Zhao B. 2017. 
Src inhibits the Hippo tumor suppressor pathway through tyrosine 
phosphorylation of Lats1. Cancer Res 77:4868–4880. https://doi.org/10.
1158/0008-5472.CAN-17-0391

68. Barzegari A, Gueguen V, Omidi Y, Ostadrahimi A, Nouri M, Pavon-Djavid 
G. 2020. The role of Hippo signaling pathway and mechanotransduc­
tion in tuning embryoid body formation and differentiation. J Cell 
Physiol 235:5072–5083. https://doi.org/10.1002/jcp.29455

69. Hennigan RF, Fletcher JS, Guard S, Ratner N. 2019. Proximity biotinyla­
tion identifies a set of conformation-specific interactions between 
Merlin and cell junction proteins. Sci Signal 12:eaau8749. https://doi.
org/10.1126/scisignal.aau8749

70. Primi MC, Rangarajan ES, Patil DN, Izard T. 2021. Conformational 
flexibility determines the Nf2/merlin tumor suppressor functions. Matr 
Biol Plus 12:100074. https://doi.org/10.1016/j.mbplus.2021.100074

71. Surace EI, Haipek CA, Gutmann DH. 2004. Effect of merlin phosphoryla­
tion on neurofibromatosis 2 (NF2) gene function. Oncogene 23:580–
587. https://doi.org/10.1038/sj.onc.1207142

72. Salah Z, Alian A, Aqeilan RI. 2012. WW domain-containing proteins: 
retrospectives and the future. Front Biosci (Landmark Ed) 17:331–348. 
https://doi.org/10.2741/3930

73. Barr AJ, Debreczeni JE, Eswaran J, Knapp S. 2006. Crystal structure of 
human protein tyrosine phosphatase 14 (PTPN14) at 1.65-A resolution. 
Proteins 63:1132–1136. https://doi.org/10.1002/prot.20958

74. Chen K-E, Li M-Y, Chou C-C, Ho M-R, Chen G-C, Meng T-C, Wang A-J. 
2015. Substrate specificity and plasticity of FERM-containing protein 
tyrosine phosphatases. Structure 23:653–664. https://doi.org/10.1016/j.
str.2015.01.017

75. Hahn WC, Counter CM, Lundberg AS, Beijersbergen RL, Brooks MW, 
Weinberg RA. 1999. Creation of human tumour cells with defined 
genetic elements. Nature New Biol 400:464–468. https://doi.org/10.
1038/22780

76. Hahn WC, Dessain SK, Brooks MW, King JE, Elenbaas B, Sabatini DM, 
DeCaprio JA, Weinberg RA. 2002. Enumeration of the simian virus 40 
early region elements necessary for human cell transformation. Mol Cell 
Biol 22:2111–2123. https://doi.org/10.1128/MCB.22.7.2111-2123.2002

77. Kim JW, Berrios C, Kim M, Schade AE, Adelmant G, Yeerna H, Damato E, 
Iniguez AB, Florens L, Washburn MP, Stegmaier K, Gray NS, Tamayo P, 
Gjoerup O, Marto JA, DeCaprio J, Hahn WC. 2020. STRIPAK directs PP2A 
activity toward MAP4K4 to promote oncogenic transformation of 
human cells. Elife 9:e53003. https://doi.org/10.7554/eLife.53003

78. Huang J, Wu S, Barrera J, Matthews K, Pan D. 2005. The Hippo signaling 
pathway coordinately regulates cell proliferation and apoptosis by 
inactivating Yorkie, the Drosophila Homolog of YAP. Cell 122:421–434. 
https://doi.org/10.1016/j.cell.2005.06.007

79. Pocaterra A, Romani P, Dupont S. 2020. YAP/TAZ functions and their 
regulation at a glance. J Cell Sci 133:jcs230425. https://doi.org/10.1242/
jcs.230425

80. Beverdam A, Claxton C, Zhang X, James G, Harvey KF, Key B. 2013. Yap 
controls stem/progenitor cell proliferation in the mouse postnatal 
epidermis. J Invest Dermatol 133:1497–1505. https://doi.org/10.1038/
jid.2012.430

81. Heng BC, Zhang X, Aubel D, Bai Y, Li X, Wei Y, Fussenegger M, Deng X. 
2020. Role of YAP/TAZ in cell lineage fate determination and related 

Research Article mBio

October 2024  Volume 15  Issue 10 10.1128/mbio.01811-2419

https://doi.org/10.1101/gad.1843810
https://doi.org/10.1042/BJ20040025
https://doi.org/10.1111/j.1742-4658.2006.05427.x
https://doi.org/10.1016/j.celrep.2020.108118
https://doi.org/10.1158/0008-5472.CAN-05-0862
https://doi.org/10.1101/gad.274027.115
https://doi.org/10.1016/j.cell.2013.08.025
https://doi.org/10.1016/j.molcel.2018.08.038
https://doi.org/10.1101/gad.1335605
https://doi.org/10.1101/gad.1054603
https://doi.org/10.1074/jbc.M113.534701
https://doi.org/10.15252/msb.202211024
https://doi.org/10.1093/molbev/msu115
https://doi.org/10.1016/j.molcel.2022.03.027
https://doi.org/10.1038/s41556-019-0426-y
https://doi.org/10.1016/j.cub.2012.01.019
https://doi.org/10.1242/dev.133728
https://doi.org/10.7554/eLife.49439
https://doi.org/10.1016/j.celrep.2018.02.095
https://doi.org/10.7554/eLife.75466
https://doi.org/10.1016/j.cell.2018.03.035
https://doi.org/10.1101/gad.173435.111
https://doi.org/10.1158/0008-5472.CAN-17-0391
https://doi.org/10.1002/jcp.29455
https://doi.org/10.1126/scisignal.aau8749
https://doi.org/10.1016/j.mbplus.2021.100074
https://doi.org/10.1038/sj.onc.1207142
https://doi.org/10.2741/3930
https://doi.org/10.1002/prot.20958
https://doi.org/10.1016/j.str.2015.01.017
https://doi.org/10.1038/22780
https://doi.org/10.1128/MCB.22.7.2111-2123.2002
https://doi.org/10.7554/eLife.53003
https://doi.org/10.1016/j.cell.2005.06.007
https://doi.org/10.1242/jcs.230425
https://doi.org/10.1038/jid.2012.430
https://doi.org/10.1128/mbio.01811-24


signaling pathways. Front Cell Dev Biol 8:735. 
https://doi.org/10.3389/fcell.2020.00735

82. Szymaniak AD, Mahoney JE, Cardoso WV, Varelas X. 2015. Crumbs3-
mediated polarity directs airway epithelial cell fate through the Hippo 
pathway effector Yap. Dev Cell 34:283–296. https://doi.org/10.1016/j.
devcel.2015.06.020

83. Hicks-Berthet J, Ning B, Federico A, Tilston-Lunel A, Matschulat A, Ai X, 
Lenburg ME, Beane J, Monti S, Varelas X. 2021. Yap/Taz inhibit goblet 
cell fate to maintain lung epithelial homeostasis. Cell Rep 36:109347. 
https://doi.org/10.1016/j.celrep.2021.109347

84. Yimlamai D, Christodoulou C, Galli GG, Yanger K, Pepe-Mooney B, 
Gurung B, Shrestha K, Cahan P, Stanger BZ, Camargo FD. 2014. Hippo 
pathway activity influences liver cell fate. Cell 157:1324–1338. https://
doi.org/10.1016/j.cell.2014.03.060

85. Zhao R, Fallon TR, Saladi SV, Pardo-Saganta A, Villoria J, Mou H, Vinarsky 
V, Gonzalez-Celeiro M, Nunna N, Hariri LP, Camargo F, Ellisen LW, 
Rajagopal J. 2014. Yap tunes airway epithelial size and architecture by 
regulating the identity, maintenance, and self-renewal of stem cells. 
Dev Cell 30:151–165. https://doi.org/10.1016/j.devcel.2014.06.004

86. White EA, Sowa ME, Tan MJA, Jeudy S, Hayes SD, Santha S, Münger K, 
Harper JW, Howley PM. 2012. Systematic identification of interactions 
between host cell proteins and E7 oncoproteins from diverse human 
papillomaviruses. Proc Natl Acad Sci U S A 109:E260–E267. https://doi.
org/10.1073/pnas.1116776109

87. Wilson KE, Yang N, Mussell AL, Zhang J. 2016. The regulatory role of 
KIBRA and PTPN14 in Hippo signaling and beyond. Genes (Basel) 7:23. 
https://doi.org/10.3390/genes7060023

88. Singh G, Mishra S, Chander H. 2020. KIBRA team up with partners to 
promote breast cancer metastasis. Pathol Oncol Res 26:627–634. https:/
/doi.org/10.1007/s12253-019-00660-x

89. Hennigan RF, Thomson CS, Stachowski K, Nassar N, Ratner N. 2023. 
Merlin tumor suppressor function is regulated by PIP2-mediated 
dimerization. PLoS One 18:e0281876. https://doi.org/10.1371/journal.
pone.0281876

90. Hong AW, Meng Z, Plouffe SW, Lin Z, Zhang M, Guan K-L. 2020. Critical 
roles of phosphoinositides and NF2 in Hippo pathway regulation. 
Genes Dev 34:511–525. https://doi.org/10.1101/gad.333435.119

91. Anzalone AV, Randolph PB, Davis JR, Sousa AA, Koblan LW, Levy JM, 
Chen PJ, Wilson C, Newby GA, Raguram A, Liu DR. 2019. Search-and-
replace genome editing without double-strand breaks or donor DNA. 
Nature New Biol 576:149–157. https://doi.org/10.1038/s41586-019-
1711-4

92. Seo G, Han H, Vargas RE, Yang B, Li X, Wang W. 2020. MAP4K interac­
tome reveals STRN4 as a key STRIPAK complex component in Hippo 
pathway regulation. Cell Rep 32:107860. https://doi.org/10.1016/j.
celrep.2020.107860

93. Tang Y, Chen M, Zhou L, Ma J, Li Y, Zhang H, Shi Z, Xu Q, Zhang X, Gao 
Z, Zhao Y, Cheng Y, Jiao S, Zhou Z. 2019. Architecture, substructures, 
and dynamic assembly of STRIPAK complexes in Hippo signaling. Cell 
Discov 5:3. https://doi.org/10.1038/s41421-018-0077-3

94. Kim M, Kim M, Lee S, Kuninaka S, Saya H, Lee H, Lee S, Lim D-S. 2013. 
cAMP/PKA signalling reinforces the LATS-YAP pathway to fully suppress 
YAP in response to actin cytoskeletal changes. EMBO J 32:1543–1555. 
https://doi.org/10.1038/emboj.2013.102

95. Meng Z, Moroishi T, Mottier-Pavie V, Plouffe SW, Hansen CG, Hong AW, 
Park HW, Mo J-S, Lu W, Lu S, Flores F, Yu F-X, Halder G, Guan K-L. 2015. 
MAP4K family kinases act in parallel to MST1/2 to activate LATS1/2 in 
the Hippo pathway. Nat Commun 6:8357. https://doi.org/10.1038/
ncomms9357

96. Zheng Y, Wang W, Liu B, Deng H, Uster E, Pan D. 2015. Identification of 
Happyhour/MAP4K as alternative Hpo/Mst-like kinases in the Hippo 

kinase cascade. Dev Cell 34:642–655. https://doi.org/10.1016/j.devcel.
2015.08.014

97. Qi S, Zhong Z, Zhu Y, Wang Y, Ma M, Wang Y, Liu X, Jin R, Jiao Z, Zhu R, 
Sha Z, Dang K, Liu Y, Lim D-S, Mao J, Zhang L, Yu F-X. 2023. Two Hippo 
signaling modules orchestrate liver size and tumorigenesis. EMBO J 
42:e112126. https://doi.org/10.15252/embj.2022112126

98. Plouffe SW, Meng Z, Lin KC, Lin B, Hong AW, Chun JV, Guan K-L. 2016. 
Characterization of Hippo pathway components by gene inactivation. 
Mol Cell 64:993–1008. https://doi.org/10.1016/j.molcel.2016.10.034

99. Schlegelmilch K, Mohseni M, Kirak O, Pruszak J, Rodriguez JR, Zhou D, 
Kreger BT, Vasioukhin V, Avruch J, Brummelkamp TR, Camargo FD. 
2011. Yap1 acts downstream of α-catenin to control epidermal 
proliferation. Cell 144:782–795. https://doi.org/10.1016/j.cell.2011.02.
031

100. Nishio M, Hamada K, Kawahara K, Sasaki M, Noguchi F, Chiba S, Mizuno 
K, Suzuki SO, Dong Y, Tokuda M, Morikawa T, Hikasa H, Eggenschwiler J, 
Yabuta N, Nojima H, Nakagawa K, Hata Y, Nishina H, Mimori K, Mori M, 
Sasaki T, Mak TW, Nakano T, Itami S, Suzuki A. 2012. Cancer susceptibil­
ity and embryonic lethality in Mob1a/1b double-mutant mice. J Clin 
Invest 122:4505–4518. https://doi.org/10.1172/JCI63735

101. Wu SC, Grace M, Munger K. 2023. The HPV8 E6 protein targets the 
Hippo and Wnt signaling pathways as part of its arsenal to restrain 
keratinocyte differentiation. mBio 14:e0155623. https://doi.org/10.
1128/mbio.01556-23

102. Dacus D, Cotton C, McCallister TX, Wallace NA. 2020. Beta human 
papillomavirus 8E6 attenuates LATS phosphorylation after failed 
cytokinesis. J Virol 94:e02184-19. https://doi.org/10.1128/JVI.02184-19

103. Morgan EL, Patterson MR, Ryder EL, Lee SY, Wasson CW, Harper KL, Li Y, 
Griffin S, Blair GE, Whitehouse A, Macdonald A. 2020. MicroRNA-18a 
targeting of the STK4/MST1 tumour suppressor is necessary for 
transformation in HPV positive cervical cancer. PLoS Pathog 
16:e1008624. https://doi.org/10.1371/journal.ppat.1008624

104. Yin W, Egawa N, Zheng K, Griffin H, Tian P, Aiyenuro A, Bornstein J, 
Doorbar J. 2023. HPV E6 inhibits E6AP to regulate epithelial homeosta­
sis by modulating keratinocyte differentiation commitment and YAP1 
activation. PLoS Pathog 19:e1011464. https://doi.org/10.1371/journal.
ppat.1011464

105. Singh DR, Nelson SE, Pawelski AS, Kansra AS, Fogarty SA, Bristol JA, 
Ohashi M, Johannsen EC, Kenney SC. 2023. Epstein-Barr virus LMP1 
protein promotes proliferation and inhibits differentiation of epithelial 
cells via activation of YAP and TAZ. Proc Natl Acad Sci U S A 
120:e2219755120. https://doi.org/10.1073/pnas.2219755120

106. Wang S, Drummond ML, Guerrero-Juarez CF, Tarapore E, MacLean AL, 
Stabell AR, Wu SC, Gutierrez G, That BT, Benavente CA, Nie Q, Atwood 
SX. 2020. Single cell transcriptomics of human epidermis identifies 
basal stem cell transition states. Nat Commun 11:4239. https://doi.org/
10.1038/s41467-020-18075-7

107. Doench JG, Fusi N, Sullender M, Hegde M, Vaimberg EW, Donovan KF, 
Smith I, Tothova Z, Wilen C, Orchard R, Virgin HW, Listgarten J, Root DE. 
2016. Optimized sgRNA design to maximize activity and minimize off-
target effects of CRISPR-Cas9. Nat Biotechnol 34:184–191. https://doi.
org/10.1038/nbt.3437

108. Dickson MA, Hahn WC, Ino Y, Ronfard V, Wu JY, Weinberg RA, Louis DN, 
Li FP, Rheinwald JG. 2000. Human keratinocytes that express hTERT and 
also bypass a p16(INK4a)-enforced mechanism that limits life span 
become immortal yet retain normal growth and differentiation 
characteristics. Mol Cell Biol 20:1436–1447. https://doi.org/10.1128/
MCB.20.4.1436-1447.2000

109. Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to ImageJ: 25 
years of image analysis. Nat Methods 9:671–675. https://doi.org/10.
1038/nmeth.2089

Research Article mBio

October 2024  Volume 15  Issue 10 10.1128/mbio.01811-2420

https://doi.org/10.3389/fcell.2020.00735
https://doi.org/10.1016/j.devcel.2015.06.020
https://doi.org/10.1016/j.celrep.2021.109347
https://doi.org/10.1016/j.cell.2014.03.060
https://doi.org/10.1016/j.devcel.2014.06.004
https://doi.org/10.1073/pnas.1116776109
https://doi.org/10.3390/genes7060023
https://doi.org/10.1007/s12253-019-00660-x
https://doi.org/10.1371/journal.pone.0281876
https://doi.org/10.1101/gad.333435.119
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1016/j.celrep.2020.107860
https://doi.org/10.1038/s41421-018-0077-3
https://doi.org/10.1038/emboj.2013.102
https://doi.org/10.1038/ncomms9357
https://doi.org/10.1016/j.devcel.2015.08.014
https://doi.org/10.15252/embj.2022112126
https://doi.org/10.1016/j.molcel.2016.10.034
https://doi.org/10.1016/j.cell.2011.02.031
https://doi.org/10.1172/JCI63735
https://doi.org/10.1128/mbio.01556-23
https://doi.org/10.1128/JVI.02184-19
https://doi.org/10.1371/journal.ppat.1008624
https://doi.org/10.1371/journal.ppat.1011464
https://doi.org/10.1073/pnas.2219755120
https://doi.org/10.1038/s41467-020-18075-7
https://doi.org/10.1038/nbt.3437
https://doi.org/10.1128/MCB.20.4.1436-1447.2000
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1128/mbio.01811-24

	HPV18 E7 inhibits LATS1 kinase and activates YAP1 by degrading PTPN14
	RESULTS
	PTPN14 knockout reduces phosphorylation on YAP1 S127 and LATS1 T1079 in human keratinocytes
	HPV18 E7-mediated PTPN14 degradation reduced YAP1 S127 and LATS1 T1079 phosphorylation in human keratinocytes
	PTPN14 promotes differentiation and Hippo pathway activity
	The PTPN14 PY1/2 motifs are required to induce keratinocyte differentiation
	LATS kinases are required for PTPN14 to induce keratinocyte differentiation
	PTPN14 knockout promotes anchorage-independent growth and reduces YAP1 pS127 in HEK TER cells

	DISCUSSION
	MATERIALS AND METHODS
	Plasmids and cloning
	Cell culture
	Immunoblots
	Immunoprecipitation
	Hippo activation assays
	Differentiation induction with calcium
	Differentiation induction with PTPN14 mutants
	qRT-PCR
	PTPN14 overexpression and siRNA knockdown assay
	Anchorage independent growth assay



