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Verteporfin reverses progestin resistance through YAP/TAZ-
PI3K-Akt pathway in endometrial carcinoma
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Progestin resistance is a problem for patients with endometrial carcinoma (EC) who require conservative treatment with progestin,
and its underlying mechanisms remain unclear. YAP and TAZ (YAP/TAZ), downstream transcription coactivators of Hippo pathway,
promote viability, metastasis and also drug resistance of malignant tumors. According to our microarray analysis, YAP/TAZ were
upregulated in progestin resistant IshikawaPR cell versus progestin sensitive Ishikawa cell, which implied that YAP/TAZ may be a
vital promotor of resistance to progestin. We found YAP/TAZ had higher expression levels among the resistant tissues than sensitive
tissues. In addition, knocking down YAP/TAZ decreased cell viability, inhibited cell migration and invasion and increased the
sensitivity of IshikawaPR cell to progestin. On the contrary, overexpression of YAP/TAZ increased cell proliferation, metastasis and
promoted progestin resistance. We also confirmed YAP/TAZ were involved in progestin resistant process by regulating PI3K-Akt
pathway. Furthermore, Verteporfin as an inhibitor of YAP/TAZ could increase sensitivity of IshikawaPR cells to progestin in vivo and
in vitro. Our study for the first time indicated that YAP/TAZ play an important role in progestin resistance by regulating PI3K-Akt
pathway in EC, which may provide ideas for clinical targeted therapy of progestin resistance.
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INTRODUCTION
Endometrial carcinoma (EC) is rising in incidence and mortality
worldwide and the age of onset tends to be younger [1]. Although
surgery is the standard and basic treatment for most EC patients,
continuous progestin-based treatment, including oral medroxy-
progesterone acetate (MPA), is the common option for the women
of childbearing age who want to preserve reproductive function
[2–5]. However, clinical studies [3, 5, 6] reported that 48.2% to 55%
of the patients with stage IA, grade 1 endometrioid adenocarci-
noma completely respond to conservative treatment including
MPA, however, the recurrence rate in these patients is up to
33.8%. There are other studies [7, 8] showed that more than 30%
of EC patients initially fail to respond to progestin and develop
progestin resistance during the course of progestin treatment.
Therefore, progestin resistance is a huge obstacle to undergoing
medical treatment and its potential mechanisms remain unclear.
YAP/TAZ are transcriptional coactivators and commonly known as

the downstream effectors of Hippo pathway which was originally
discovered in Drosophila [9]. In a variety of tumors such as breast,
lung, colorectal, and intestinal cancers, YAP and TAZ play distinct and
overlapping functions as they are regulated by multiple factors [10].
In breast cancer, for example, both YAP and TAZ are highly
expressed in a variety of breast tumor subtypes; however, YAP can
function as oncogene or proto-oncogene due to the different breast
cancer subtypes and the influence of environmental and experi-
mental conditions. In invasive lobular breast cancer, YAP plays a

carcinogenic role and high YAP expression and nuclear localization
are associated with tumor metastatic ability [11]. The high
transcription and stable protein properties of TAZ in breast cancer
are effective markers of tumor aggressiveness and poor prognosis
[12, 13]. Meanwhile, it has also been shown that YAP and TAZ play
similar and necessary roles in regulating tumor growth, and in some
cases activation of YAP or TAZ alone is not sufficient to drive
tumorigenesis; therefore, therapeutic targeting of both YAP and TAZ
can sometimes suppress tumor properties [10, 14–16]. Studies
[17–19] have also shown that elevated expression of YAP/TAZ in the
nucleus is relevant to malignancy degrees and poor prognosis. YAP/
TAZ are regulated by a canonical kinase cascade of Hippo pathway
whose upstream regulators include MST1/2 and LATS1/2 [20]. When
Hippo pathway is on, cascade phosphorylation of MST1/2 and
LATS1/2 results in phosphorylating YAP/TAZ, inducing cytosolic
retention and subsequent degradation of YAP/TAZ. Conversely,
when Hippo pathway is off, dephosphorylation of MST1/2 and
LATS1/2 leads to a decrease in phosphorylated YAP and activated
YAP/TAZ will transfer into the nucleus to perform biological functions
[21, 22]. Additionally, the activity of YAP/TAZ is regulated directly or
indirectly by mechanotransduction, metabolic pathways and other
pathways [19, 23, 24]. As regulated by various pathways, YAP/TAZ
have been also explored to explain the mechanisms in resistance to
cancer therapies including targeted therapies, radiation and
chemotherapy [24]. In breast cancer [25], especially, knocking down
YAP and TAZ increases sensitivity to tamoxifen in MCF7 cells, which
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suggests that there might be a correlation between YAP/TAZ and
hormone receptor signaling. Hormone therapy including progestin
therapy is also one of the treatment options for EC. Evidence
suggests that YAP/TAZ are critical for tumorigenesis, tumor growth
and metastasis in EC [26–28]. However, the role of YAP/TAZ in
progestin resistance of EC is not understood.

Verteporfin is a small molecular photosensitizer which is used to
treat neovascular macular degeneration [29]. It has been reported
to inhibit proliferation of endometrioid adenocarcinoma cell lines
by suppressing YAP/TAZ levels [28]. There are few studies showed
that Verteporfin could be used clinically to reverse progestin
resistance by targeting YAP/TAZ in EC.
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In this study, we hypothesized that YAP/TAZ as coactivators are
involved in progestin resistance of EC. We performed experiments
in vivo and in vitro to explore the functions and the underlying
mechanisms of YAP/TAZ in progestin resistance of EC. It may
provide a new therapeutic strategy for progestin resistant
therapeutics of endometrial carcinoma.

RESULTS
YAP/TAZ are upregulated and activated in IshikawaPR cells
Microarray analysis was performed on progestin sensitive Ishikawa
cell and progestin resistant IshikawaPR cell. Based on the raw data
from GEO database (GSE121367), we carried out KEGG enrichment
analysis and showed top eight signaling pathways including
Hippo pathway (Fig. 1A). We detected the expression levels of key
molecules and their phosphorylated forms in the Hippo pathway
by western blotting assay. Results showed that in IshikawaPR cells,
the phosphorylation of MST1(p-MST1), the phosphorylation of
LATS1(p-LATS1) and the phosphorylation of YAP(p-YAP) decreased
while YAP and TAZ were upregulated, which means Hippo
pathway was off and YAP/TAZ were activated (Fig. 1B, Original
Data Fig. 1B). We also performed a western blotting experiment in
the nucleus and cytosol fractions of the two cell lines. Results
indicated that in IshikawaPR cells the expression of YAP and TAZ
was both higher in the nucleus (Supplementary Fig. 1A, Original
Data Supplementary Fig. 1A). In IshikawaPR cells the target genes
of YAP/TAZ, CTGF, CYR61, and ANKRD1 [30] had higher transcrip-
tion levels than in Ishikawa cells (Supplementary Fig. 1B). The
violin plots revealed that mean YAP mRNA expression was
quantified at 9.19 in IshikawaPR cells which was slightly higher
than that of Ishikawa cells and TAZ mRNA expressed at higher
levels in IshikawaPR cells with P < 0.05 (Fig. 1C).

YAP/TAZ are highly expressed in progestin resistant tissues
The collected tissues of patients who had regularly received
progestin therapy were divided into complete response group (CR),
partial response group (PR), progressive disease/stable disease
group (PD/SD). Immunohistochemistry (IHC) showed that the
expression levels of YAP and TAZ were obviously lower in CR and
PR patients than that in PD/SD patients after regular progestin
treatment (Fig. 1D, E). Additionally, YAP and TAZ were highly
upregulated after treatment compared with before treatment in
PD/SD patients (Fig. 1F, G). Progestin receptor (PGR) is a
prerequisite for progestin treatment and progestin inhibits cell
growth and invasiveness probably mainly through PGR [31]. So, we
also detected PGR in clinical tissues by IHC and analyzed the
relationship between PGR expression and nuclear YAP and TAZ. We
found that the expression of nuclear YAP and TAZ was negatively
related to PGR (Fig. 2A–D), which was consistent with results
obtained by western blotting assay (Fig. 2E, Original Data Fig. 2E).

The influence of progestin on YAP/TAZ in IshikawaPR cells
Ishikawa cells and IshikawaPR cells were cultured with different
concentrations of MPA for 48 h and proliferation was detected by
MTT assay. As the curve shown, the inhibition of MPA on cell
viability was more and more obvious with the increase of MPA

concentrations. The IC50 values were respectively 32.70 μM of
Ishikawa cells and 111.61 μM of IshikawaPR cells (Fig. 2F). Above
results indicated that progestin resistant cell was reliable. To
investigate the change of YAP, p-YAP and TAZ in response to MPA,
western blotting assay was performed. Results showed that high
dose MPA treatment caused an increase in YAP and TAZ in
IshikawaPR cells. With prolongation of time, YAP and TAZ also
increased in IshikawaPR cells. The expression of p-YAP tended to
decline in dose-dependent or time-dependent way in IshikawaPR
cells (Fig. 2G, H, Original Data Fig. 2G, H). TAZ activity is primarily
regulated by protein abundance while YAP activity is by the
nuclear-cytoplasmic shuttle [10]. So we analyzed the nuclear and
cytoplasmic localization of YAP in the same experimental
conditions, and results revealed that with MPA treatment in dose
and time dependent ways, YAP might play a role in promoting
progestin resistance mainly in the nucleus (Supplementary Fig. 1C,
D, Original Data Supplementary Fig. 1C, D). Taken the above
results together, we preliminarily made a conclusion that YAP and
TAZ were associated with progestin resistance in EC.

Knocking down YAP/TAZ increases the sensitivity of
IshikawaPR cells to MPA
We knocked down YAP and TAZ alone and together by
transfecting small interfering RNA into IshikawaPR cells and the
efficiency was confirmed by western blotting and RT-PCR (Fig.
3A–C, Supplementary Fig. 2A, Original Data Fig. 3A, Original Data
Supplementary Fig. 2A). IshPR-siYAP and IshPR-siTAZ individually
decreased the cell proliferation ability and induced cell apoptosis,
whereas knocking down YAP and TAZ (IshPR-siYAP/TAZ) had more
remarkable effects especially at the presence of MPA (Supple-
mentary Fig. 2B–D). Therefore, we regarded YAP and TAZ as a
critical complex for subsequent experiments. MTT assay displayed
that interference of YAP/TAZ decreased proliferation ability of
IshikawaPR cells especially at 3–5 days with 0 or 30 μM MPA (Fig.
3D). It also showed that with elevated concentrations of MPA, DNA
synthesis of IshPR-siYAP/TAZ cells sharply reduced comparing
with IshPR-siNC cells (Fig. 3E, Supplementary Fig. 2E). Furthermore,
flow cytometry showed that the percentage of total apoptosis of
IshPR-siYAP/TAZ cells was significantly higher than IshPR-siNC cells
with MPA administration (Fig. 3F, Supplementary Fig. 2F). Mean-
while, the expression of proliferation and apoptosis proteins was
detected after MPA treatment by western blotting. Cleaved
caspase 3, cleaved caspase 7, cleaved caspase 9, bax and cleaved
parp were higher expressed in IshPR-siYAP/TAZ cells than in IshPR-
siNC especially at the presence of MPA, while CyclinD1 was less in
IshPR-siYAP/TAZ cells, which was in accord with the results of flow
cytometry (Fig. 3G, H, Original Data Fig. 3G). Besides, we also
found that silencing YAP/TAZ in IshikawaPR cells more signifi-
cantly impaired the ability of migration and invasion by Transwell
and wound healing assays at different concentrations of MPA
(Fig. 3I, J).

Overexpression of YAP/TAZ decreases the sensitivity of
Ishikawa cells to MPA
We established stably Ish-PCMV-YAP/TAZ, Ish-PCMV-YAP, and Ish-
PCMV-TAZ cells by transfected lentivirus into Ishikawa cells and

Fig. 1 YAP/TAZ are higher expressed in IshikawaPR cells and progestin resistant tissues. A The top pathways of KEGG enrichment analysis
between Ishikawa cell and IshikawaPR cell. B The expression of key molecules of Hippo pathway in IshikawaPR cell and Ishikawa cell
confirmed by western blotting assay. C The violin plots showing the expression distributions of YAP and TAZ between Ishikawa cell and
IshikawaPR cell. D Representative images of IHC staining of YAP and TAZ in endometrial tissues after progestin treatment in CR, PR, PD/SD
groups. E Mean density of YAP and TAZ in endometrium after progestin treatment in CR and PR, PD/SD groups analyzed by Image-Pro Plus
6.0. F Representative images of IHC staining of YAP and TAZ in endometrial tissues of each patient before and after progestin treatment in PD/
SD group. G Mean density of YAP and TAZ in endometrium of each patient before and after progestin treatment in PD/SD group analyzed by
Image-Pro Plus 6.0. CR complete response group, PR partial response group, PD/SD progressive disease/stable disease group. *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001. Statistical analysis of IHC was performed using Mann–Whitney test and Student’s t test.
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Fig. 2 Negative correlations between YAP/TAZ and PGR and the influence of MPA on YAP/TAZ in progestin resistant cells.
A Representative images of IHC staining of PGR in endometrial tissues after progestin treatment in CR, PR, PD/SD groups. B The correlation
between the expression of nuclear YAP and the expression of PGR in patient tissues that received progestin treatment. C The correlation
between the expression of nuclear TAZ and the expression of PGR in patient tissues that received progestin treatment. DMean density of PGR
in endometrium after progestin treatment in CR and PR, PD/SD groups analyzed by Image-Pro Plus 6.0. E The expression of PGR-A and PGR-B
in Ishikawa cell and IshikawaPR cell confirmed by western blotting. F The growth curves and IC50 of Ishikawa cell and IshikawaPR cell with
different concentrations of MPA. G The expression of YAP, p-YAP, and TAZ in IshikawaPR cell with different concentrations of MPA by western
blotting. H The expression of YAP, p-YAP, and TAZ in IshikawaPR cell at different time points with fixed concentration of MPA by western
blotting. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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investigated transfection efficiency by western blotting and RT-
PCR (Fig. 4A–C, Supplementary Fig. 3A, Original Data Fig. 4A,
Original Data Supplementary Fig. 3A). Cells that overexpressed
both YAP and TAZ were more likely to proliferate and resist
apoptosis than cells that overexpressed YAP or TAZ alone,

especially in the presence of MPA (Fig. 4D, Supplementary Fig.
3B–D). These results indicated that YAP and TAZ, as a key complex,
could better increase the resistance of cells to MPA. We also
observed that with elevated concentrations of MPA, DNA
synthesis ability was stronger in Ish-PCMV-YAP/TAZ cells than

L. Wei et al.
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Ish-PCMV-Ctrl cells (Fig. 4E, Supplementary Fig. 3E). By flow
cytometry, compared 0 μM and 15 μM or 30 μM MPA treatments,
the proportions of apoptosis in Ish-PCMV-Ctrl cells changed more
significantly than those in Ish-PCMV-YAP/TAZ cells (Fig. 4F,
Supplementary Fig. 3F). The same trend could be observed by
detection of proliferation and apoptosis proteins through western
blotting assay. We also observed that after MPA treatment the
expression of both YAP and TAZ tended to increase in Ish-PCMV-
YAP/TAZ and Ish-PCMV-Ctrl cells but the change of YAP and TAZ
expression in Ish-PCMV-Ctrl cells was mild (Fig. 4G, H, Original
Data Fig. 4G). To discriminate between endogenous and over-
expressed YAP and TAZ, we performed western blotting assay to
detect flag expression. Results showed that there is little change of
overexpressed YAP and TAZ after progestin treatment as the
change of flag expression was not obvious. (Supplementary Fig.
3G, Original Data Supplementary Fig. 3G). Besides, Transwell and
wound healing assays revealed that overexpression of YAP/TAZ
also could increase the ability of invasion and migration in
Ishikawa cells and the metastasis ability of Ish-PCMV-Ctrl cells was
more significantly inhibited by MPA than that of Ish-PCMV-YAP/
TAZ cells (Fig. 4I, J).
Taken above results together, suppression of YAP/TAZ in

IshikawaPR cells increased sensitivity to MPA while overexpression
of YAP/TAZ in Ishikawa cells increased tolerance to MPA and
induced progestin resistance. It is reasonable that YAP/TAZ play a
crucial part in proliferation, apoptosis, metastasis and MPA
resistance of EC cell lines.

YAP/TAZ are involved in progestin resistance of EC through
PI3K-Akt pathway
To explore the further mechanisms that YAP/TAZ involved in MPA
resistance, we conducted next-generation sequencing (NGS) to
contrast the differential expression genes between established
IshPR-siYAP/TAZ and IshPR-siNC (n= 3). Volcano plot showed that
there were 463 up-regulated genes and 489 downregulated genes
by silencing YAP/TAZ (Fig. 5A). KEGG enrichment analysis and
GSEA analysis revealed that knocking down YAP/TAZ inhibited
PI3K-Akt pathway which was testified by western blotting (Fig.
5B–D, Original Data Fig. 5D). Furthermore, overexpression of YAP/
TAZ also increased the expression level of p-Akt while that of Akt
had little change (Fig. 5E, Original Data Fig. 5E). We also found that
both YAP and TAZ were positively correlated with Akt in uterine
corpus endometrial carcinoma according to GEPIA database (Fig.
5F, G). According to the above results, it is speculated that YAP/
TAZ regulated the response of EC cells to MPA through PI3K-Akt
pathway. Then we knocked out Akt in Ish-PCMV-YAP/TAZ cells and
overexpressed it in IshikawaPR cells to carry out rescue experi-
ments. Firstly, we transfected siAkt and siNC into Ish-PCMV-YAP/
TAZ and Ish-PCMV-Ctrl cells respectively for 24 h and the knockout
efficiency was detected by western blotting (Fig. 5H, Original Data
Fig. 5H). We treated cells with 0 and 15 μM MPA for 1–5 days to
visualize cell viability by MTT assay. Survival curves showed that
silencing Akt could inhibit the growth of Ish-PCMV-YAP/TAZ cells
with or without MPA treatment (Fig. 5I). Next, we found that
deficiency of Akt increased the apoptosis proportions of Ish-

PCMV-YAP/TAZ cells especially under MPA administration by flow
cytometry assay (Fig. 5J). The above results indicated that
silencing Akt in Ish-PCMV-YAP/TAZ cells could increase sensitivity
to MPA and reverse MPA resistance induced by overexpression of
YAP/TAZ. We also performed rescue experiments in IshikawaPR
cells treated with verteporfin and overexpressing Akt. Results
showed that IshPR-PCMV-Akt cells grew faster than control cells
especially with the treatment of Verteporfin and MPA. Flow
cytometry assay indicated that with both Verteporfin and MPA
administration, overexpression of Akt could rescue the apoptosis
proportions of IshikawaPR cells (Supplementary Fig. 4B–D, Original
Data Supplementary Fig. 4B). Therefore, we made a conclusion
that YAP/TAZ promoted progestin resistance through regulating
PI3K-Akt pathway in EC.

Verteporfin enhances sensitivity of IshikawaPR cells to
progestin by reducing the expression of YAP/TAZ in vivo and
vitro
Consistent with previous findings, western blotting revealed
Verteporfin inhibited the expression of YAP/TAZ in dose-
dependent and time-dependent manner in IshikawaPR cells (Fig.
6A, B, Original Data Fig. 6A, B). Combination of Verteporfin and
MPA could inhibit the proliferation of IshikawaPR cells more
obviously than Verteporfin or MPA alone (Fig. 6C). There was the
same tendency showed by colony formation assay in the long-
term effects (Fig. 6D). We calculated the combination index (CI) of
combination MPA and Verteporfin as shown in Supplementary
Table 1. The value indicated a slight to moderate synergism
between MPA and Verteporfin. What’s more, flow cytometry
revealed combination of Verteporfin and MPA increased cell
apoptosis significantly (Fig. 6E). Subsequently, we established
xenograft models in nude mice using IshikawaPR cells. Results
showed that with the prolongation of administration time, the
volumes of tumors in Verteporfin plus MPA group were the
smallest in four groups, indicating that compared with Verteporfin
or MPA alone, combined treatment significantly prevented tumor
from growing (Fig. 6F). Meanwhile, YAP, TAZ, Ki67, cleaved
caspase 3, and p-Akt of tumors were stained by IHC. Results
showed that the expression levels of YAP, TAZ, Ki67 were lowest
and cleaved caspase 3 was highest in the combined group
comparing with other groups. The expression levels of p-Akt in the
four groups indicated that the inhibition of YAP/TAZ by
Verteporfin could suppress the activation of Akt (Fig. 6G). To
sum up, Verteporfin can mimic the effects of siYAP/TAZ and
combination of Verteporfin and MPA increases the lethal effect on
EC in vivo and vitro.

DISCUSSION
Increasing morbidity and mortality of endometrial carcinoma have
been troubling patients and doctors around the world. For young
women with EC, it is urgent to find a conservative treatment that
preserves fertility. According to latest NCCN guidelines(ver-
sion1.2022), there are a limited group of women able to choose
fertility-sparing therapy which is based on continuous progestin

Fig. 3 Knocking down YAP/TAZ increases the sensitivity of IshikawaPR cells to MPA. A The protein levels of YAP/TAZ in IshPR-siYAP/TAZ
and IshPR-siNC cells by western blotting. B Statistical graph of expression levels of YAP/TAZ in IshPR-siYAP/TAZ and IshPR-siNC cells in (A).
C The mRNA levels of YAP/TAZ in IshPR-siYAP/TAZ and IshPR-siNC cells by RT-PCR. D The growth curves of IshPR-siYAP/TAZ and IshPR-siNC
cells at 0, 30 μM MPA examined by MTT assay at 1–5 days. ****P < 0.0001 IshPR-siYAP/TAZ cells without MPA vs IshPR-siNC cells without MPA at
the same day. ####P < 0.0001 IshPR-siYAP/TAZ cells with MPA vs IshPR-siNC cells with MPA at the same day. E EDU incorporation assay after
treatment with 0, 45, 90 μM MPA separately for 48 h. F The apoptosis of IshPR-siYAP/TAZ and IshPR-siNC cells after treatment with 0, 45, 90 μM
MPA separately for 48 h showed by flow cytometry assay. G The expression of apoptosis and proliferation protein markers in IshPR-siYAP/TAZ
and IshPR-siNC cells after treatment with 0, 45 μM MPA separately. H Statistical graph of (G). I The effects of knocking down YAP/TAZ on
migration and invasion capacity of IshikawaPR cells with different concentrations of MPA showed by Transwell assay. J The effects of knocking
down YAP/TAZ on migration capacity of IshikawaPR cells with different concentrations of MPA showed by wound healing assay. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001 and ####P < 0.0001.
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administration. Moreover, a part of the patients will fail to
response to hormonal therapy or become recurrent because of
progestin resistance [1, 3, 5]. Recent years many researchers have
tried to find out mechanisms involved in progestin resistance.
According to previous studies, PI3K-Akt pathway, fas/fasl pathway

and EMT pathway as well as some molecules like DACH1, SREBP1,
and miR-92a are certified to induce resistant process [8, 32–34].
In order to find out the underlying mechanisms of MPA

resistance, we performed microarray analysis as well as DEGs and
KEGG enrichment analysis between Ishikawa cells and IshikawaPR
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cells. It showed that Hippo pathway significantly changed in
IshikawaPR cells. YAP/TAZ are widely regarded as core down-
stream transcription coactivators of Hippo pathway. When Hippo
pathway are off, YAP/TAZ will dephosphorylate shuttling from
cytoplasm to nucleus. In the nucleus, they can bind the
transcription factors and promote the expression of their target
genes so as to regulate proliferation, survival, inflammation,
metabolism and oncogene activity [19, 24, 35, 36]. It has been
reported that YAP/TAZ play a key role in progression of various
cancers and YAP or TAZ solely may not be sufficient enough to
initiate cancers [37]. In EC, previous studies showed that silencing
YAP/TAZ inhibited cell growth, migration and invasion and
induced cell death more dramatically than siYAP or siTAZ
separately [28]. Additionally, a growing number of research
indicates that activation of YAP/TAZ mediates resistance to cancer
therapy [19]. Our research found that the expression levels of YAP/
TAZ were upregulated in the progestin resistant cells and tissues.
Progestin can inhibit cancer cell proliferation through binding to
PGR and a reduction in the number or decreased availability of
PGR leads to progestin resistance [38]. So, we analyzed the
correlation between YAP/TAZ and PGR in progestin resistant
tissues and found that there were negative correlations between
nuclear YAP/TAZ and PGR. Our results also revealed that PGR
decreased in IshikawaPR cells. Based on the results, we made a
preliminary conclusion that YAP/TAZ may play a key role in
progestin resistance of EC.
There are many studies indicating that YAP and TAZ as a whole

are involved in the drug resistance process and targeting YAP and
TAZ could overcome drug resistance of tumors [10, 24, 25]. In
order to verify how YAP/TAZ function in progestin resistance of
EC, we performed a series of experiments in vitro. Our preliminary
studies proved that silencing YAP/TAZ together could increase
sensitivity of IshikawaPR cells to progestin more significantly
compared with silencing YAP or TAZ alone while overexpression
of both YAP and TAZ could better increase the resistance of cells
to MPA than overexpression of YAP and TAZ respectively. So, we
speculated that YAP and TAZ as a key complex could play a vital
role in progestin resistance of EC. Next, our results revealed that
with elevated MPA concentration treatment, cells knocking down
YAP and TAZ were more sensitive to MPA and cells overexpressing
YAP and TAZ were more resistant to MPA than control cells, which
is consistent with our previous speculation. Similar results can be
found in hepatocellular carcinoma and tamoxifen-resistant MCF7
breast cancer [25, 39]. Taken together, YAP/TAZ, as a promoter of
tumors, is essential in the process of drug resistance.
PI3K-Akt pathway is activated in many tumors and takes part in

cell survival, metastasis and metabolism. Studies [10, 40] have shown
that PI3K-Akt plays a key link in multidrug resistance, but in some
cases activation of PI3K-Akt pathway alone is not sufficient to lead to
the development of tumor chemoresistance. PI3K-Akt signaling
pathway is influenced by a large number of different inputs that are
involved in chemotherapy resistance. It was reported that the PI3K-
Akt signaling pathway promotes progestin resistance in endometrial
cancer [8, 34], which is consistent with our KEGG enrichment analysis
(showed in Fig. 1A) and our experimental results (showed in
Supplementary Fig. 4A, Original Data Supplementary Fig. 4A). The

KEGG enrichment analysis also reported that in IshikawaPR cells
PI3K-Akt pathway was much more affected than other pathways. A
previous study showed that Nrf2 plays an important role in the
development of progestin resistance while Nrf2 could lead to the
progression of cell cycle by activating Akt pathway [41]. It was also
reported that chlorpromazine reverses progestin resistance by
inhibiting PI3K-Akt pathway [42]. So PI3K-Akt pathway may be a
key link in regulating progestin resistance of EC. Research had also
suggested that YAP/TAZ participate in cellular activity by regulating
PI3K-Akt pathway through different ways [28]. Based on the next-
generation sequencing (NGS) results and these studies, we
speculated that YAP/TAZ promote progestin resistance by regulating
PI3K-Akt pathway in EC. Consistent with our analysis, we found that
deletion or overexpression of YAP/TAZ would result in corresponding
changes of p-Akt. The further rescue experiments indicated that
suppression of Akt in Ishikawa cell and overexpression of Akt in
IshikawaPR cells could rescue the corresponding phenotypes. Based
on the above results, we concluded that YAP/TAZ induce progestin
resistance of EC by regulating PI3K-Akt pathway. It is also reasonable
to assume that in the process of progestin resistance PI3K-Akt
pathway may be affected by Hippo pathway as well as a number of
other synergistic pathways, which need to be further explored.
Finally, we used YAP/TAZ specific inhibitor Verteporfin to further

confirm the role of YAP/TAZ involving in progestin resistance of
EC. Verteporfin has been reported to inhibit cell proliferation by
targeting YAP/TAZ in tumors like EC and pancreatic ductal
adenocarcinoma [28, 43]. However, there are few studies about
the effects of Verteporfin on progestin resistance of EC. Our study
confirmed that Verteporfin, mimicking knocking down YAP/TAZ,
decreased cell viability and reversed resistance to progestin in EC
by in vivo and vitro experiments. And we also found combination
of Verteporfin and MPA could suppress the growth of tumors
more obviously, which implied that Verteporfin could be used
clinically to improve progestin resistance of EC patients.
In summary, YAP/TAZ can promote progestin resistance

through PI3K-Akt pathway in endometrial carcinoma. Verteporfin,
an inhibitor of YAP/TAZ, is also confirmed to mimic the action of
knocking YAP and TAZ down and is able to enhance the sensitivity
of endometrial carcinoma cells to progestin treatment. Progestin
in combination with Verteporfin may be an alternative conserva-
tive treatment for endometrial carcinoma.

MATERIALS AND METHODS
Patients and tissue samples
The patients who had ever undergone conservative treatment with
progestin were collected from Qilu hospital, Shandong University. The
tissue samples were obtained from the Pathology Department of Qilu
hospital, which were diagnosed according to the latest National
Comprehensive Cancer Network (NCCN) guidelines. The patients had
regularly received medroxyprogesterone acetate (MPA) for at least 2
cycles, more than 6 months, who were divided into complete response
group (CR, n= 3); partial response group (PR, n= 9); progressive disease/
stable disease group (PD/SD, n= 29). CR group means the residual lesions
of hyperplasia or cancer were less than 5% of the tissues; PR means less
than 50% while PD/SD means the lesions were not diminished or even
larger than those before treatment.

Fig. 4 Overexpression of YAP/TAZ decreases the sensitivity of Ishikawa cells to MPA. A The efficiency of overexpression of YAP/TAZ in
Ishikawa cells detected by western blotting. B Statistical graph of overexpression efficiency of YAP/TAZ in Ishikawa cells in (A). C The efficiency
of overexpression of YAP/TAZ in Ishikawa cells detected by RT-PCR. D The growth curves of Ish-PCMV-YAP/TAZ and Ish-PCMV-Ctrl cells at 0,
15 μM MPA examined by MTT assay at 1–5 days. ****P < 0.0001 Ish-PCMV-YAP/TAZ cells without MPA vs Ish-PCMV-Ctrl cells without MPA at the
same day. ####P < 0.0001 Ish-PCMV-YAP/TAZ cells with MPA vs Ish-PCMV-Ctrl cells with MPA at the same day. E EDU incorporation assay
treated with 0, 15, 30 μM MPA separately for 48 h. F The apoptosis of Ish-PCMV-YAP/TAZ and Ish-PCMV-Ctrl cells treated with 0, 15, 30 μM MPA
separately for 48 h showed by flow cytometry assay. G The expression of apoptosis and proliferation protein markers in Ish-PCMV-YAP/TAZ
and Ish-PCMV-Ctrl cells treated with 0, 15 μMMPA separately. H Statistical graph of (G). I The migration and invasion capacity of Ish-PCMV-YAP/
TAZ and Ish-PCMV-Ctrl cells at 0, 15 μMMPA showed by Transwell assay. J The migration capacity of Ish-PCMV-YAP/TAZ and Ish-PCMV-Ctrl cells
at 0, 15 μM MPA showed by wound healing assay. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 and ####P < 0.0001.
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Antibodies and agents
Antibodies for YAP1(ab76252), PGR(ab23085), and TBP (ab818) were
purchased from Abcam (Cambridge, UK); TAZ (#83669), β-actin(#4970),
MST1(#3682), parp(#2772), cleaved caspase 3(#9664), cleaved caspase
7(#8438), cleaved caspase 9(#20750), bax(#2772), and CyclinD1(#2978),

Akt(#4691), p-Akt(#13038), anti-flag(#14793), anti-rabbit IgG(#7074), anti-
mouse IgG(#7076) were from Cell Signaling Technology (Danvers, MA,USA).
Antibody for LATS1(#sc-398560) was from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Antibodies for p-MST1(AP0906), p-LATS1(AP0904), p-
YAP(AP0489) were from ABcolonal (Wuhan, China). Medroxyprogesterone
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acetate, abbreviated to MPA (#ab142633) was purchased from Abcam and
Verteporfin (CL318952) was purchased from MedChem Express (Mon-
mouth Junction, NJ, USA).

Cell lines and cell culture
We purchased Ishikawa cells from Shanghai Zhong Qiao Xin Zhou
Biotechnology Co., Ltd. MPA resistant cells, also named IshikawaPR cells,
were obtained by exposed in MPA with increasing concentrations [44].
Ishikawa cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) and IshikawaPR cells were cultured in RPMI 1640 medium at 37 °C
in a 5% CO2 humidified incubator. Both medium contained 10% fetal
bovine serum (FBS) and 1% 100 U/ml penicillin.

MTT assay
MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide, was
applied to analyze cell viability and 50% inhibitory concentrations (IC50).
Totally, 0.2 × 104 cells per well were seeded into 96-well plate and
overnight the cells were incubated with different concentrations of MPA (0,
15, 30, 45, 60, 90, and 120 μM) for 48 h. Then 10 μL MTT (5 mg/mL in PBS)
was added into each well at 37 °C and 4–6 h later, formazan crystals were
dissolved in 100 μL dimethylsulfoxide (Sigma‐Aldrich, St Louis, MO, USA).
The absorbance was measured at 550 nm wavelength.

EDU incorporation assay
EDU, 5-ethynyl-20-deoxyuridine, incorporation assay kit (Ribobio, Guangz-
hou, China) was used to detect the proliferation of cells. Totally, 1 × 104

cells were seeded into each well of 96-well plate and incubated overnight.
Then the medium was replaced by fresh one containing 0, 45, 90 μM or 0,
15, 30 μM MPA for 48 h. According to manufacturer’s instructions, 50 μM
EDU was added to fix, permeate, stain the cells and finally 1× Hoechst was
used to stain the cell nucleus for 30min before detecting by fluorescence
microscopy. The data were obtained from at least five captured views.

Western blotting
Cells was lysed by RIPA lysis buffer (Beyotin, Beijing, China), 1%PMSF and
1% NaF for 30min at 4 °C. After separating by 10% SDS-PAGE, transferring
to PVDF-membranes (Merck Millipore, Burlington, MA, USA) and blocking
by blocking buffer, the membranes were put into specific primary
antibodies for over 12 h at 4 °C. Then, membranes were incubated for
1.5 h in secondary antibodies at room temperature and finally protein
bands were visualized by Image Quant LAS4000 (General Electric
Company, Boston, MA, USA) and quantified by ImageJ software. β-actin
and TBP were used as endogenous controls.

Flow cytometry assay
After treated with 0, 45, 90 μM or 0, 15, 30 μM MPA for 48 h, cells were
digested with trypsin without EDTA and suspended by 100 μL 1× binding
buffer. 5 μL Annexin-V/APC and 5 μL 7-AAD (Annexin V APC apoptosis kit
from BioGems, 62700-80, USA) were added into each tube. Fifteen minutes
later cells were detected and the apoptosis data was analyzed by CytoFLEX
flow cytometry (Beckman Coulter, USA) and CytExpert Software.

RT-PCR
RNA of cells was extracted using Trizol reagent (Invitrogen, Carlsbad, CA,
USA). Concentration and purity were measured by spectrophotometer
(Thermo Fisher Scientific Inc., MA, USA). Totally, 500 ng RNA was reverse
transcribed into cDNA by M-MLV system (Cat no. C28025-011; Invitrogen,
China). PCR reactions were performed by the 7900HT Fast Real-Time PCR
System (Applied Biosystems, Waltham, MA, USA) with SYBR-green

(TAKARA, Japan) in a 10 μl reaction mixture. The primers are shown in
additional information (Supplementary Table 2).

Wound healing assay
Totally, 5 × 104 cells were seeded in 12-well plate and incubated overnight.
Medium was replaced by fresh one with 0, 45, 90 μM or 0, 15 or 30 μMMPA
and 48 h later 100-μL pipette tips were used to scratch wounds. At 0 h,
24 h, 48 h, 72 h wounds were photographed and open wound areas were
measured by ImageJ software.

Transwell assay
After dealt with different concentrations of MPA for 48 h, 12 × 104 cells
were suspended by serum-free medium and added into the upper
Transwell chamber (Corning Life Sciences, Corning, NY, USA). The lower
chambers were filled with 700 μl medium with 15% FBS. Cells penetrating
through the membrane were fixed by methanol for 30min after incubated
18 h at 37 °C and stained by 1% crystal violet (Beyotime, Beijing, China) for
30min. Invasion is similar to migration, but the cells’ number seeded was
up to 15 × 104 and 60 μL mixture of Matrigel (BD Biosciences, USA) and
medium was put onto the membrane. The penetrating time for invasion
was prolonged to 32 h. Images were captured by fluorescence microscopy.

Colony formation assay
One thousands cells were seeded into six-well plate. After incubated for
7 days, cells were treated by different concentrations drugs for another
7 days. Colony formations were collected by fixing cells with methanol for
30min and staining them with crystal violet for 30min.

RNA interference (RNAi) and Lentivirus packaging and
infection
Specific siRNA and negative control siRNA were purchased from
GenePharma (Shanghai, China). At a 20–30% of cell density, siRNAs were
transfected into cells with Lipofectamine 3000 reagent (11668-019;
Invitrogen, China) for 24 h and the silencing efficiency was detected by
western blotting and RT-PCR. The information of targeting sequences of
RNAi is shown in Supplementary Table 3.
The lentivirus of YAP/TAZ overexpression were obtained from Gene-

Pharma. Full-length DNA of human YAP (NM_001130145) and TAZ
(NM_015472) was cloned into the vector GV358 and GV492, respectively.
The vector constructs are shown in Supplementary Table 4. Ishikawa cell
lines were transfected simultaneously with lentivirus of YAP and TAZ
according to manufacturer’s protocols. The infected stable cells were
selected by 5 μg/ml puromycin (Solarbio, Beijing, China) for 5 days.

Immunohistochemistry (IHC)
Paraffin sections were baked for 2 h at 65 °C and dewaxed in xylene and
dehydrated in a series of graded ethanol solutions starting with 100% to
50% ethanol. Then antigen retrievals were performed by immersing the
slides in IHC citrate buffer. Endogenous peroxidase activity and non-
specific antigens were blocked with H2O2 and serum respectively. The
tissues were incubated with specific antibodies to YAP1(1:400), TAZ (1:50),
PGR (1:50), cleaved caspase 3 (1:400), Ki-67(1:500), p-Akt (1:500) overnight
and then exposed with secondary antibody. After that visualization was
performed with chromagen 3,3’-diaminobenzidine (DAB) for 2–10min.
Finally, it is counterstained with hematoxylin, dehydrated by alcohol, and
cleaned with xylene before installation. Image-Pro Plus 6.0 was used to
quantify the mean intensities of IHC staining.
The intensity of nuclear YAP and TAZ was graded as follows: week: 1;

moderate: 2; strong: 3. The score= (percentage of weak intensity × 1)+

Fig. 5 YAP/TAZ are involved in progestin resistance of EC through PI3K-Akt pathway. A Volcano plot of RNA-seq from microarray data in
IshPR-siYAP/TAZ and IshPR-siNC cells. The green and red dots represent the downregulated and upregulated genes, respectively. B, C KEGG
enrichment analysis and GSEA analysis showing that suppression of YAP/TAZ affected PI3K-Akt pathway. D The expression of Akt, p-Akt when
knocking down YAP/TAZ in IshikawaPR cells. E The expression of Akt, p-Akt with MPA treatment in Ish-PCMV-YAP/TAZ and Ish-PCMV-Ctrl cells.
F, G The correlation of YAP/TAZ and Akt according to GEPIA database. H The efficiency of siAkt in Ish-PCMV-YAP/TAZ and Ish-PCMV-Ctrl cells
detected by western blotting. I The growth curves of Ish-PCMV-YAP/TAZ and Ish-PCMV-Ctrl cells after transfected with siAkt and siNC and
treated with 0, 15 μM MPA at 1–5 days showed by MTT assay. *P < 0.05, **P < 0.01 Ish-PCMV-YAP/TAZ-siAkt vs Ish-PCMV-YAP/TAZ-siNC.
#P < 0.05, ##P < 0.01 Ish-PCMV-Ctrl-siAkt vs Ish-PCMV-Ctrl-siNC. J The apoptosis of Ish-PCMV-YAP/TAZ and Ish-PCMV-Ctrl cells after transfected
with siAkt and siNC and treated with 0, 30 μM MPA for 48 h by flow cytometry assay. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 6 Combination of Verteporfin and MPA increases the lethal effects on EC in vivo and vitro. A, B The inhibition of YAP/TAZ by
Verteporfin in dose-dependent and time-dependent manners by western blotting assay. C The growth curves of IshikawaPR cells after treated
with medium, MPA, Verteporfin, or MPA plus Verteporfin. **P < 0.01 IshikawaPR cells treated with medium vs IshikawaPR cells treated with MPA
plus Verteporfin. D The colony formation ability of IshikawaPR cells with treatment of medium, MPA, Verteporfin, and MPA plus Verteporfin.
E The apoptosis of IshikawaPR cells with treatment of medium, MPA, Verteporfin or MPA plus Verteporfin detected by flow cytometry assay.
F The effects of Verteporfin, MPA, and MPA plus Verteporfin on tumors growth in vivo. G Representative images of IHC staining of YAP, TAZ,
Ki67, cleaved caspase 3, and p-Akt in tumor tissues. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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(percentage of moderate intensity × 2)+ (percentage of strong
intensity × 3).

Xenograft model in nude mice
Tumor xenograft experiments had been approved by Laboratory Animal
Ethical and Welfare Committee of Shandong University Cheeloo College of
Medicine. The BALB/c nude mice (female, aged 4 weeks, 14.3 ± 1.48 g),
were purchased from Beijing Vital River Laboratory Animal Technology Co.,
Ltd., and fed in SPF breeding units. Totally, 1 × 107 cells were suspended in
100 μL PBS and subcutaneously injected into each mouse through the left
armpits. When the diameters of xenograft tumors reached approximately
5 mm, mice were divided in a randomized block design into four groups to
receive respectively normal saline, MPA (100mg/kg/day),
Verteporfin(40mg/kg/day) or MPA plus Verteporfin every other day. The
weight of mice and volume of tumors were measured every 2 days.
Volume calculation formula is: tumor volume=width2 × length/2.

Calculation of combination index
Combination index (CI) value can be used to determine the degree of drug
interaction. CI < 1 means synergistic effect; CI= 1 means additive effect;
CI > 1 means antagonistic effect. CalcuSyn Version 2.0 was used to analyze
CI value according to Chou–Talalay theory.

Statistical analysis
All experiments were performed independently at least three times and
data in the studies was analyzed for normality and lognormality by
Graphpad Prism 8.0 Version and expressed as mean ± SD. Statistical
significance was defined as P < 0.05 using Student’s t tests, one‐way
ANOVA, two‐way ANOVA and Mann–Whitney test.

DATA AVAILABILITY
The datasets used and analyzed during the current study are available from the
corresponding author on reasonable request.
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