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Abstract

Our previous work demonstrated that Piwil2 reactivated by the human papillomavirus oncoproteins E6 and E7 may reprogram somatic
cells into tumor-initiating cells (TICs), which contribute to cervical neoplasia lesions. Maintaining the stemness of TICs is critical
for the progression of cervical lesions. Here, we determined that canonical Wnt signaling was aberrantly activated in HaCaT cells
transfected with lentivirus expressing Piwil2 and in cervical lesion specimens of low-grade squamous intraepithelial lesion, high-grade
squamous intraepithelial lesion, and invasive carcinoma. Blocking the 8-catenin and CREB binding protein interaction with ICG-001
significantly downregulated the reprogramming factors c-Myc, Nanog, Oct4, Sox2, and Kif4, thus leading to cell differentiation and
preventing tumorigenicity in Piwil2-overexpressing HaCaT cells. Similarly, Piwil2 also critically regulated the canonical Wnt signaling
pathway in cervical cancer. We further demonstrated that ICG-001 increased cisplatin sensitivity and significantly suppressed tumor
growth of cervical cancer alone or in combination with cisplatin both in vitro and in vive. The B-catenin/ CREB binding protein-
mediated transcription activated by Piwil2 is essential for the maintenance of TICs, therefore contributing to the progression of
cervical oncogenesis.

Neoplasia (2021) 23, 1-11

Keywords: Cervical cancer, Piwil2, Wnt signaling, Tumor initiating cell, CBP

Introduction

Abbreviations: CBP, CREB binding protein; CSC, cancer stem cell; DICD, differentiation-
induced cell death; FIGO, the international federation of gynecology and obstetrics; GSEA,

Wnt signaling is an evolutionarily conserved pathway that plays
essential roles during embryo development and in the maintenance of adult

gene set enrichment analysis; HPV, human papillomavirus; HSIL, high-grade squamous
intraepithelial lesion; IHC, immunohistochemical; IPP, image-pro plus; LSIL, low-grade
squamous  intraepithelial lesion; pCSC, precancerous stem cell; PVDE polyvinylidene
fluoride; SCC, squamous carcinoma of the cervix; TCE T-cell factor; TFs, transcription
factors; TIC, tumor initiating cell.
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tissue homeostasis [1-6]. Accumulating evidence also shows that the Wnt/g-
catenin pathway regulates many key aspects of cancer development, including
maintaining cancer stem cells and promoting metastasis, cell survival, and
chemoresistance [1,7-13]. Furthermore, the level of Wnt signaling correlates
with tumor-initiating capacity in xenotransplantation assays [14—16]. Some
studies show that differential coactivator usage in Wnt/B-catenin signaling
appears to be a critical regulator of the maintenance of the stem state
and the initiation of differentiation [11,17-20]. It has been demonstrated
that the p300/B-catenin interaction drives the differentiation of adult
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stem/progenitor cells, while CREB binding protein (CBP)/B-catenin
promotes progenitor maintenance/self-renewal [18,21].

Cervical cancer is intimately associated with high-risk human
papillomavirus infection and progresses from its precursor stages of
low-grade squamous intraepithelial lesion (LSIL) and high-grade squamous
intraepithelial lesion (HSIL) to invasive carcinoma [22-26]. It is well known
that the oncoproteins E6 and E7 of high-risk human papillomavirus are
the primary viral factors responsible for the initiation and progression of
cervical cancer [27-31]. A number of extensive studies have shown that
some somatic cell reprogramming factors, such as c-Myc, Nanog, Oct4,
Sox2, and Kif4, are abnormally modulated and functionally alter signaling
pathways during cervical carcinogenesis [32-35]. Our recent study further
demonstrated that Piwil2, reactivated by E6 and E7, induces upregulation
of these factors and subsequently initiates cell reprogramming, eventually
leading to transformation of cervical epithelial cells into tumor initiating
cells (TICs) [28]. However, the precise regulation of the maintenance of
TIC stemness, which promotes cervical intraepithelial neoplasia to invasive
cancer, and the treatment targeting these TIC:s is yet to be determined.

Here, we demonstrate that Piwil2, which initiated cell reprogramming,
also synchronously activated Wnt3a signaling to enhance reprogramming and
further maintain the stemness of TICs via the CBP/f-catenin interaction.
Blocking the CBP/B-catenin interaction with ICG-001 can significantly
downregulate the expression of cell reprogramming factors, thus inducing
carly cell differentiation and, to some extent, increasing cisplatin sensitivity
in cervical cancer cells. Therefore, inhibiting the CBP/f-catenin interaction
may be a potent therapeutic strategy for cervical precancerous lesions and
cervical cancer when combined with cisplatin.

Materials and methods
Clinical samples

All specimens consisting of 8 normal cervixes, 10 LSIL, 8 HSIL, and 9
squamous carcinoma of the cervix (SCC) were collected at the Department of
Pathology of China-Japan Friendship Hospital during the period of 2012 to
2018. The inclusion criteria included normal cervical tissues obtained from
patients who underwent a hysterectomy for reasons other than neoplasia
of the cervix and had no history of cervical lesions, and cervical neoplasm
specimens obtained from patients diagnosed with LSIL, HSIL, or SCC
and underwent surgery or cervical biopsy. The exclusion criteria were the
patients who had received any tumor-specific therapy before the specimens
were collected. The histological classifications and clinical staging were
carried out in accordance with the International Federation of Gynecology
and Obstetrics classification system published in 2018. The present
study was approved by the Ethics Committee of China-Japan Friendship
Hospital. All patients provided informed consent prior to specimen
collection.

Immunobistochemistry

Cervical tissues from patients were fixed in 4% paraformaldehyde and
subsequently embedded in paraffin. These paraffin blocks of specimens were
cut into 5-pm slices. Then, the slices were deparaffinized, rehydrated, and
antigen retrieval was performed using standard techniques. The slices were
incubated overnight at 4 °C with primary antibodies used as follows: 1:500
for anti-Wnt3a (ab28472, Abcam, USA), 1:500 for anti-B-catenin (ab32572,
Abcam), 1:1000 for anti-CBP (ab50702, Abcam), 1:1000 for anti-SOX2
(ab92494, Abcam), and 1:1000 for anti-involucrin (ab53112, Abcam).
The binding of the primary antibodies was visualized using the ChemMate
Detection Kit (Boster, China). The slices were lightly counterstained with
Mayer’s hematoxylin for 30 s.

Immunoreactivity ~ was  semiquantitatively ~ evaluated.  The
immunoreactivity score was evaluated as the intensity score X proportion
score. The intensity score was defined as follows: 0, negative; 1, weak; 2,
moderate; or 3, strong. The proportion score was defined as follows: 0,
negative; 1, <10%; 2, 11% to 50%; 3, 51% to 80%; or 4, >80% positive
cells. The total score ranged from 0 to 12. Two different pathologists
evaluated all the specimens in a blinded manner.

Cell culture, transfection, and treatment

Cervical cancer cell lines (HeLa, SiHa) and HaCaT cells were purchased
from the American Type Culture Collection and cultured according to their
specifications at 37 °C in a humidified 5% CO, incubator.

HeLa, SiHa and HaCaT cells were cultured in 96-well cell culture dishes
and transfected with the lentiviral vector pLenti-CMV-Piwil2-SV40-EGFP
for Piwil2 overexpression. To knock down Piwil2 expression, HeLa and SiHa
cells were transfected with the lentiviral vector pLenti-shPiwil2-Ub-EGFP-
IRES-puro (Table S1). Cells stably expressing the shRNA were selected with
puromycin (9620, Sigma-Aldrich, USA) for 2 wk. Cells transfected with
lentiviral empty vector were used as the control.

ICG-001 (20 pM, S2662, Selleckchem, USA), a specific inhibitor of the
B-catenin/CBP interaction, IQ-1 (20 pM, S8248, Selleckchem), indirectly
blocking the p300/B-catenin interaction by binding to the PR72/130 subunit
of the serine/threonine phosphatase PP2A, or Dimethyl Sulfoxide (DMSO)
(vehicle control) was added to media from the time of cell plating through
completion of the experiment. Cervical cancer cell lines were treated with
cisplatin (3, 5, 10, 15 pg/mL, P4394, Sigma-Aldrich) alone or in combination
with ICG-001 or IQ-1. The control cells were treated with vehicle alone.

Cell viability and colony formation

Cells were seeded in 96-well plates at a concentration of 1 x 103 cells/well
and treated as described above. Cell viability was evaluated using the WST-
8 Cell Counting kit (CCK-8, Dojindo, Japan) per the manufacturer’s
instructions at 24, 48, 72, and 96 h. The LD50 values were calculated by
nonlinear regression analysis using GraphPad Prism software (San Diego,
USA). All experiments were performed independently in triplicate. To test
colony formation, 2 x 10° cells were harvested and cultured in 6-well plates
after treatment with ICG-001 or IQ-1 for 48 h. The medium was changed
every 3 d. Approximately 2 wk later, the clones were imaged and quantified
with Image-Pro Plus 6.0 (IPP6.0, Media Cybernetics, Inc.) after staining
with 0.05% crystal violet.

Real-time RT-PCR

Total RNA was isolated and reverse transcribed by using Superscript
III reverse transcriptase (2680, TaKaRa, Japan). Real-time RT-PCR was
performed using the iQ SYBR Green Supermix kit (170-8880, Bio-Rad,
USA) on a CFX96 Touch real-time polymerase chain reaction (PCR)
instrument (Bio-Rad). The primer sets are presented in Table S2.

Immunoblotting

Antibodies specific to Piwil2 (ab85084, 1:1000), Wnt3a (ab28472,
1:1000), PB-catenin (ab32572, 1:5000), T-cell factor (TCF; ab76151,
1:2000), P300 (ab14984, 1:500), CBP (ab50702, 1:100), c-Myc (ab32072,
1:500), Nanog (ab80892, 1:500), Oct4 (ab181557, 1:1000), Sox2
(ab137385, 1:500), Klf4 (ab72543, 1:1000), loricrin (ab137533, 1:500), and
involucrin (ab53112, 1:500) were obtained from Abcam. Antibody specific to
histone H3 (AH433, 1:1000) was purchased from Beyotime Biotechnology.
Antibody specific to GAPDH (#2118, 1:2000) was purchased from Cell
Signaling Technology. Protein was prepared from the cells and tissues
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Figure 1. Wnt/B-catenin signaling activation in Piwil2 reprograming HaCaT cell and in cervical lesions. (A) GSEA plot showing a significant enrichment of
the stemness gene set and heat map showing the gene lists related to cell reprogramming in HaCaT cells overexpressing Piwil2. (B) GSEA demonstrating that
Piwil2 expression positively correlated with Wnt/S-catenin signaling pathway activation. (C) Real-time PCR analysis of Wntl, Wnt2, and Wnt3a mRNA
expression in HaCaT and HaCaT-Piwil2 cells. (D and E) Immunoblotting of Wnt3a, TCE and B-catenin in the cytoplasm and nucleus. (F) Representative
sections showing immunohistochemical staining of Wnt3a, B-catenin, and CBP in normal cervix, LSIL, HSIL, and cervical cancer specimens. (G) The

&

immunoreactivity score for Wnt3a, B-catenin, and CBP. The data are presented as the mean+SD. *P < 0.05 and **P < 0.01 by Student’s ¢ test.

according to the kit manual (89900, Thermo, USA) except for the addition
of an acid extraction step for histones. After electrophoresis, the proteins
were transferred to polyvinylidene fluoride (IPFL00010, Merck Millipore,
Germany) membranes and probed with the indicated primary antibodies.
Incubation with species-specific secondary antibodies (Cell Signaling) was
performed at room temperature for 1 h. The blots were developed with
chemiluminescent substrate (34080, Thermo), and autoradiography was

performed with X-OMAT film (Kodak, Rochester, NY, USA).
Coimmunoprecipitation

For coimmunoprecipitation of S-catenin with CBP or p300, HaCaT-
Piwil2 cells were treated with 20 pM ICG-001 or 20 pM IQ-1 for 24 h,
after which they were washed and lysed. The nuclear fraction was isolated
and precleared with an antibody against B-catenin (ab32572, 1:50). The
immunoprecipitated proteins were then subjected to Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and detected by
using an antibody against CBP (ab50702, 1:100) or p300 (ab14984, 1:500).

Flow cytometry analysis

An Annexin V-633/PI Apoptosis Detection Kit (AD11, Dojindo) was
used to evaluate cell apoptosis. After treatment with 20 pM ICG-001
or 20 pM IQ-1 for 24h, the cells were collected and labeled with 5 pL
Annexin V-633 and 5 pl PI for 15 min in the dark at room temperature.
For analysis of the expression of stem cell markers, the cells were labeled
with ant-ALDHIA1 (ab52492, 1:20) and subsequently stained with the
following cocktail of antibodies: anti-rabbit IgG-Alexa Fluor Plus 647,
anti-CD49f-eFluor 450, anti-338-PE, and anti-Oct4-eFluor 660 (A32733,
48-0495-82, 12-8888-42, 50-5841-82, Invitrogen, USA). Cells were then

washed, resuspended in 1 x PBS with 2% FBS, and analyzed by flow

cytometry (FACSCalibur, BD).

Immunofluorescence staining

by using an Olympus IX-71 microscope.

Microarray and gene set enrichment analysis

Three

HaCaT-Lenti

cells and

three

Cells were cultured on adhesive slides and treated with 20 pM ICG-001,
20 uM IQ-1, or vehicle alone for 24 h, fixed with prechilled methanol at
—20 °C for 5 min and subsequently permeabilized with 0.2% Triton X-100
in 1 x PBS for 10 min. Immunostaining was carried out by using standard
protocols. Primary antibodies were used at the following dilutions: anti-CK
17 (ab53707, 1:500) and anti-CK14 (sc-53253, Santa Cruz Biotechnology,
1:100). The secondary antibody was TRITC goat anti-mouse IgG (H+L)
(ZF-0313, ZSGB-Bio, 1:100). After costaining with DAPI, cells were imaged

HaCaT-Piwil2
used for the microarrays. Genome-wide mRNA microarray analysis
was performed as described previously [28]. Gene expression data
were analyzed with Gene Set Enrichment Analysis (GSEA) software

(http://software.Broadinstitute.org/gsea/index.jsp) [36].

Animal studies

In vivo experiments were performed in accordance with the institutional
guidelines for the use of laboratory animals. Four-wk-old female nu/nu
nude mice (Beijing Vital River Laboratory Animal Technology Co., Ltd,
China) were fed in a pathogen-free animal facility for at least 1 wk before
use. Cells (5 x 10°) in the exponential growth phase were harvested and

cells
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Figure 2. Blocking the S-catenin/CBP interaction induces HaCaT-Piwil2 cell differentiation. (A) HaCaT cells were transfected with lentivirus containing
Piwil2 and treated with ICG-001 or IQ-1, and cell viability was evaluated daily. (B and C) Colony formation numbers were measured in HaCaT-Piwil2
cells after treatment with 20 pM ICG-001 or IQ-1. (D) Cell apoptosis in HaCaT-Piwil2 cells after treatment with 20 M ICG-001 or IQ-1. (E and F) The
expression of the markers of epidermal differentiation loricrin and involucrin was determined by real-time PCR and immunoblotting in HaCaT-Piwil2 cells
treated with 20 pM ICG-001 or IQ-1 for 24 h. The data are presented as the mean & SD. *P < 0.05 and **P < 0.01 by Student’s ¢ test.

injected subcutaneously into the dorsum of each mouse. Once palpable
tumors were established, to observe tumor-suppressing effects, the mice were
randomly assigned into six groups based on the treatment received: ICG-001
(300 mg/kg), 1Q-1 (300 mg/kg), and DDP (2 mg/kg) treatment alone;
ICG-001 and DDP in combination; and IQ-1 and DDP in combination.
Moreover, to evaluate the tumorigenesis of HaCaT-Piwil2 cells, the mice were
administered ICG-001 (300 mg/kg) or IQ-1 (300 mg/kg). The mice received
intraperitoneal injections twice weekly. The control group received the vehicle
alone following the same schedule. Tumors were measured with calipers
twice weekly, and the volume was calculated as V=(length x width?)/2. At
the end of the experiment, the mice were sacrificed, and the tumors were
collected and weighed.

Statistical analyses

The data are presented as the mean & SD. To assess the statistical
significance of the differences, one-way analysis of variance or unpaired
Student’s ¢ test (SPSS software, version 19.0, SPSS Inc., USA) was performed.
A Pvalue < 0.05 was considered significant.

Results

Piwil2 initiates the gene expression signatures of stem cells and activates

Wnt3a/B-catenin signaling

Microarray assay and gene set enrichment analysis (GSEA) performed
on HaCaT cells with or without Piwil2 overexpression revealed a positive

enrichment of gene signatures related to stem cells (MSigDB v5.0, C2) in
HaCaT-Piwil2 cells (Figure 1A and Table S3). In particular, the essential
genes Lin28B, Kif4, Myc, Sox2, Pou5fl1 (Oct4), and Nanog were differentially
upregulated in HaCaT-Piwil2 vs HaCaT-Lenti cells (Figure 1A). Moreover,
the level of the gene set for the Wnt signaling pathway (MSigDB v5.0, C2)
was also elevated in HaCaT-Piwil2 cells (Figure 1B and Table S3), which may
play a key role in maintaining cancer stem cells and oncogenesis. We further
confirmed that Piwil2 overexpression induced a significant upregulation of
Wnt3a and activated Wnt/fB-catenin signaling (Figure 1C-E). As shown in
Figure 1E, B-catenin accumulated in the cytoplasm, and nuclear and TCFs
were also upregulated in HaCaT-Piwil2 cells, which is the main hallmark
of Wnt activation [37]. Together, these observations indicated that Piwil2
led to the transformation of somatic cells to TICs and the accompanying
activation of the canonical Wnt signaling pathway, subsequently eliciting
Wt target gene expression via TCE

Further we explored the histological patterns of the Wnt signal
transduction cascade throughout cervical cancer development. We measured
Wnt3a and B-catenin expression by immunohistochemical (THC) analysis of
specimens derived from cervical lesions (Figure 1F and G). The IHC showed
that in the normal cervix, the reserve cells in the basal layer, a potential
stem cell population of the uterine cervix, were consistently positive for
Wnt3a, B-catenin and CBP. In preneoplastic lesions, LSIL showed 25% to
50% of positive cells in the intermediate compartment, while HSIL showed
immunostaining with a greater percentage of 75% to 100%. In cervical
cancer, the Wnt pathway components were all positively stained with strong
immunoreactivity intensity. In addition, the expression pattern of Sox2
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Figure 3. ICG-001 suppresses tumorigenesis of HaCaT-Piwil2 cells in vivo. A total of 5 x 10° HaCaT-Piwil2 or HaCaT-Lenti cells were injected
subcutaneously into nude mice. After the tumors were palpable, the mice received an intraperitoneal injection of 300 mg/kg of ICG-001 or IQ-1 twice
weekly for 4 wk. Five mice per group were used. (A) Representative image of mice carrying tumors and excised tumors after 4 wk of treatment. (B) Tumor
volume was monitored by caliper measurements twice a week. (C) Tumor weight was measured after sacrifice at the end of the experiment. (D) The body
weight of the mice was measured twice a week. The data are presented as the mean + SD. *P < 0.05 and **P < 0.01 by Student’s ¢ test.

was similar to that of its upstream Wnt/S-catenin in cervical lesions, while
involucrin, an early differentiation marker of the epidermis, was negatively
correlated with the degree of cervical lesion (Figure S1).

Inhibition of the B-catenin/CBP interaction induces HaCaT-Piwil2 cell
differentiation

Differential recruitment of CBP and p300 accounts for the dichotomous
behavior of Wnt/B-catenin-dependent signaling in controlling stem cell
function [18]. Blocking the B-catenin/CBP interaction with 20 pM ICG-001
led to a significant inhibition of cell proliferation and a remarkable decrease
in colony formation in HaCaT-Piwil2 cells (Figure 2A-C). IQ-1, which also
specifically inhibits the 8-catenin/p300 interaction, also caused an evident
decrease in both cell proliferation and colony formation, but the efficiency
was inferior to that of ICG-001 (Figure 2A—C). Cell apoptosis was detected
after HaCaT-Piwil2 cells were exposed to 20 pM ICG-001 or IQ-1 for 24 h.
The data showed that both treatments caused no significant increase in cell
apoptosis (Figure 2D). As shown in Figure 2E and E Piwil2 overexpression
significantly downregulated the expression of markers of epidermal
differentiation loricrin and involucrin. However, ICG-001 treatment for 24 h

led to a remarkable increase in loricrin and involucrin, while 24-h exposure
to IQ-1, caused a decrease in these markers to some extent (Figure 2E and F).
These findings suggest that B-catenin/CBP-mediated transcription is critical
for maintaining the stemness phenotype and proliferation, whereas blocking
the B-catenin/p300 interaction can prevent cell differentiation.

1CG-001 suppresses tumorigenesis of HaCaT-Piwil2 cells in vivo

To assess the tumorigenicity of HaCaT cells reprogrammed by Piwil2,
5 x 10° HaCaT-Piwil2 cells subcutaneously transplanted into nude mice
formed tumors with a mean volume of 1243.97 £ 469.43 mm’ at the
end of 4 wk, whereas no tumor formation was observed in the mice with
subcutaneous transplantation of HaCaT-Lenti cells (Figure 3A and B).
To further identify the effect of ICG-001 and IQ-1 on tumor xenograft
growth, the mice received intraperitoneal injections of 300 mg/kg ICG-001
or IQ-1 twice weekly for 4 wk as the tumors were established. After 4
wk of treatment, the tumors were significantly suppressed by ICG-001
(89.04 £ 51.68 mm?) but to a lesser extent suppressed by [Q-1 (986.19 +
175.67 mm?; Figure 3A and B). Consistent with the tumor volume data,
the mean tumor weight of the control group was 2.28 & 0.32 g, while the
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Figure 4. CBP/B-catenin promotes the maintenance of stem cell reprogramming by Piwil2. (A) GSEA plot showing significant enrichment of the Wnt/S-
catenin signaling activation modules in HaCaT-Piwil2 cells. (B) Immunoblotting of B-catenin translocated into the nucleus in HaCaT-Piwil2 cells after
treatment with 20 pM ICG-001 or IQ-1 for 24 h. (C) Nuclear lysates from HaCaT-Piwil2 cells treated with 20 pM ICG-001, 20 pM 1Q-1, or DMSO were
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c-Myc, Nanog, Oct4, Sox2, and Klf4 was determined by real-time PCR and immunoblotting in HaCaT-Piwil2 cells treated with 20 pM ICG-001, 20 pM 1Q-1,
or DMSO for 24 h. (F) The proportion of CD49f-, CD338-, OCT4-, and ALDHA1-positive cells, determined by flow cytometry in HaCaT-Piwil2 cells
treated with 20 pM ICG-001, 20 pM 1Q-1, or DMSO for 24 h. The data are presented as the mean £ SD. *P < 0.05 and **P < 0.01 by Student’s # test.

tumor weights of the ICG-001 and IQ-1 groups were 0.12 £ 0.08 g and
1.32 & 0.34 g, respectively (Figure 3C). Both ICG-001 and IQ-1 showed

no overt toxicity in mice, as no weight loss was observed after treatment
(Figure 3D).

CBP/B-catenin promotes the maintenance of stem cell reprogramming
by Piwil2

We analyzed the biological role of Piwil2 in the activation of canonical
Wt signaling in HaCaT-Piwil2 cells by GSEA. The GSEA results showed
that overexpression of Piwil2 was positively associated with Wnt/S-catenin
signaling pathway activation and translocation of B-catenin into the nucleus
(Figure 4A and Table S3). We determined that significant accumulation of
B-catenin in the cytoplasm coincided with more translocation of 8-catenin
into the nucleus and clear upregulation of TCF in HaCaT-Piwil2 cells
compared to HaCaT-Lenti cells, while both ICG-001 and IQ-1 showed
no inhibition of it (Figures 1D and 4B). We further demonstrated that
B-catenin in the nucleus interacted with the coactivators CBP and p300,
and the balance could be interrupted if the interaction was inhibited with
specific inhibitors. The results of coimmunoprecipitation showed that
ICG-001 caused a dramatic increase in the relative amount of p300, while
IQ-1 led to an evident increase in CBP (Figure 4C). We further investigated
B-catenin/CBP- and B-catenin/p300-mediated gene expression. As our
previous report described, overexpression of Piwil2 induced a significant
upregulation of ¢c-Myc, Nanog, Oct4, Sox2, and Kif4, and these pluripotency
transcription factors (TFs) are closely related to cell reprogramming
and stemness maintenance [28,32,33,35]. Blocking the B-catenin/CBP
interaction with ICG-001 led to a significant decrease in these TFs, while
IQ-1 inhibition of the B-catenin/p300 interaction enhanced the expression

of these TFs compared with ICG-001 treatment (Figure 4D and E).
Moreover, IQ-1 treatment also upregulated Piwil2 expression significantly
while ICG-001, to some extent, led to downregulation of Piwil2 (Figure 4D
and E). Therefore, ICG-001 induced cellular differentiation, and IQ-1
contributed to the maintenance of stemness dependent on S-catenin/p300
switching to B-catenin/CBP (Figure 4F and Figure S2).

Blocking the B-catenin/CBP interaction reduces cell viability, drug
resistance, and pluripotency transcription factors in cervical cancer cells

To further confirm that Piwil2 activates the canonical Wnt pathway,
we evaluated the expression of Wnt3a and B-catenin in cervical cancer
cell lines as Piwil2 was overexpressed or silenced. Our data showed that
the overexpression of Piwil2 caused significant upregulation of Wnt3a and
accumulation of B-catenin in the nucleus, while Piwil2 knockdown led to
the opposite results (Figure 5A and B). Thus, to some extent, treatment with
20 pM ICG-001 or IQ-1 inhibited the growth of HeLa-Lenti and SiHa-Lenti
cells and resulted in a significantly higher inhibition rate in combination with
5 pg/mL cisplatin. However, IQ-1 was less effective than ICG-001 when used
alone in Hela and SiHa cells overexpressing Piwil2. The combination of
ICG-001 and cisplatin exerted a more significant effect on growth inhibition
than either ICG-001, IQ-1 or cisplatin alone or IQ-1 in combination with
cisplatin (Figure 5C and D). Moreover, ICG-001 treatment led to significant
downregulation of c-Myc, Nanog, Ocr4, and Sox2 but inconspicuous
downregulation of KIf4 (Figure 5G), which was accompanied by a significant
LD50 decrease in cisplatin in HeLa and SiHa cells with or without Piwil2
overexpression (Figure 5E and F). There was no notable effect of IQ-1 on
modulating the sensitivity to cisplatin even though IQ-1 treatment caused a
significant upregulation of c-Myc, Nanog, Oct4, Sox2, and Kif4 (Figure 5G).
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Figure 5. Blocking the B-catenin/CBP interaction reduces cell viability, drug resistance, and the expression of pluripotency transcription factors in cervical
cancer cells. (A) The expression of Wnt3a and B-catenin was measured by real-time PCR in cervical cancer cell lines with Piwil2 overexpression or knockdown.
(B) Immunoblotting for Wnt3a and B-catenin in the cytoplasm and nucleus, respectively, in cervical cancer cell lines with Piwil2 overexpression or knockdown.
(C and D) Cervical cancer cell lines with or without Piwil2 overexpression were treated with 20 ptM ICG-001, 20 pM IQ-1, or 5 pg/mL cisplatin alone, 20 pM
ICG-001 and 5 pg/mL cisplatin in combination, or 20 ptM IQ-1 and 5 pg/mL cisplatin in combination, and cell viability was evaluated daily. (E and F) The
LD50 dose of cisplatin in the presence of ICG-001 or IQ-1 in cervical cancer cell lines with or without Piwil2 overexpression. G The expression of pluripotency
transcription factors c-Myc, Nanog, Oct4, Sox2, and Kif4 was determined by real-time PCR in SiHa cells treated with 20 pM ICG-001 or 20 pM IQ-1 for 24 h.
The data are presented as the mean & SD. *P < 0.05 and **P < 0.01 by Student’s ¢ test.

Blocking Wnt/B-catenin confers tumor-suppressing effects in cervical
cancer xenografts

Experiments testing the therapeutic efficacy of ICG-001 and I1Q-1 were
extended to an 77 vivo model of cervical cancer. As shown in Figure 6, ICG-
001 was more effective in suppressing tumor xenograft growth than IQ-1
but inferior to cisplatin. Notably, cotreatment with ICG-001 and cisplatin
strongly inhibited tumor growth. In addition, chronic administration of
ICG-001 and cisplatin, at the indicated dose and schedule, was well tolerated
with no significant weight loss observed in the animals, while treatment
with the combination of IQ-1 and cisplatin led to obvious weight loss
from 3 wk after administration (Figure 6C). Together, these data highlight
the therapeutic efficacy of ICG-001 and cisplatin in inhibiting tumor
progression.

Discussion

We have demonstrated that Piwil2, which is reactivated by oncoproteins
E6 and E7 in high-risk HPV-infected cervical epithelium, reprogrammed
somatic cells into TICs, thereby leading to oncogenesis of the cervix
[28]. Maintaining the stem cell potential of TICs will constantly promote
the transition of cervical neoplasia into invasive cancer, while inducing
the differentiation of TICs and differentiation-induced cell death may
lead to spontanecous regression of cervical lesions [38-40]. It is now

widely accepted that Wnt/B-catenin signaling may preferentially influence
progenitor cell expansion in development and in cancer [7,41-43], and
aberrant Wnt signaling is essential for the tumorigenesis and maintenance
of cancer stem cells in many types of cancer [1,44-47]. In the present
study, gene set enrichment analysis revealed significant upregulation of
the canonical_Wnt_signaling and pB-catenin_nuc_pathway gene sets in
HaCaT-Piwil2 cells, which was further verified by Q-PCR and Western blot
analysis. Wnt3a notably increased, and more B-catenin translocated into the
nucleus, accompanied by upregulation of TCF (Figure 1). In the specimens
of cervical lesions, the IHC results also showed that Wnt3a and SB-catenin
were positive in LSIL, HSIL, and cervical cancer and well correlated with
pathological grading (Figure 1F and Figure S1). These data indicate that
Wnt/B-catenin signaling plays an essential role in maintaining the stemness
of TICs reprogrammed by Piwil2, which inevitably contributes to cervical
neoplasia progression.

In the canonical Wnt signaling cascade, B-catenin partners with members
of the TCF/LEF family of transcription factors and recruits coactivator CBP
or p300 to transcribe Wnt target genes [10,21,48]. Thus, Wnt/B-catenin
signaling may play a dichotomous role in stem cell biology in terms of
self-renewal, cell proliferation and differentiation [10,18,49]. Consistent
with previous studies [19,49], blocking the CBP/S-catenin interaction with
20 uM ICG-001 significantly promoted cell differentiation in HaCaT-Piwil2
cells, while blocking the p300/B-catenin interaction with 20 uM IQ-1
inhibited cell differentiation and maintained the undifferentiated state of
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Figure 6. Blocking Wnt/g-catenin suppressed the xenograft growth of cervical cancer i vivo. Female nude mice were subcutaneously injected with 5 x 10°
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0.01 by Student’s # test.

HaCaT-Piwil2 cells by upregulating the TFs c-Myc, Nanog, Oct4, Sox2,
and Kif4 (Figure 4). Thus, diminishing the B-catenin/p300 interaction and
promoting B-catenin coactivator switching from p300 to CBP is critical for
maintenance of TICs reprogrammed by Piwil2. Our data showed that Piwil2
expression also be affected by these two coactivators, supposedly maybe
attribute to the stemness of TICs. However, the exact mechanism merit
further investigation. As IQ-1 was not the direct specific p300/8-catenin
antagonist, IQ-1 also inhibited cell growth and colony formation in vitro
and suppressed tumorigenesis 7z vivo, even though ICG-001 had superior
efficacy to IQ-1 (Figures 2 and 3). This likely implies that IQ-1 may have
other effects independent of blocking the p300/8-catenin interaction via
binding to the PR72/130, which need to be further investigated in TICs.
Piwil2 is thought to play an important role in tumor initiation because
it is predominantly expressed in precancerous stem cells and cancer stem
cells [38,50-52]. Here, we verified that Wnt3a can be induced by Piwil2
in HaCaT cells and was positively correlated with the pathological grading
of cervical lesions. Knocking down Piwil2 led to significant downregulation
of Wnt3a in cervical cancer cell lines (Figure 5). Furthermore, blocking the
CBP/B-catenin interaction with ICG-001 remarkably increased cisplatin
sensitivity and thereafter ameliorated toxicity when combined with cisplatin
in the treatment of cervical cancer both 7z vitro and in vivo (Figures 5 and

6). All of these findings indicate that the Wnt/B-catenin pathway regulates
many key aspects of cervical neoplasia development, such as maintaining
TICs, cancer cell survival, and chemoresistance.

Some reports suggest that Wnt signaling is also involved in stem cell
maintenance by modulating the levels of intrinsic pluripotency factors, such
as Oct4, Nanog, and Sox2 [21,32,33,49]. Moreover, Wnt/f-catenin signaling
has also been highlighted to stimulate nuclear reprogramming [49,53,54].
It has been reported that Wnt signaling turned on a “reprogramming’
factor in the nuclei of pluripotent cells, which allowed more effective
conversion of differentiated cell nuclei to a pluripotent program [55-57]. We
previously verified that Piwil2 may initiate cell reprogramming via evident
upregulation of the “reprogramming’ factors ¢-Myc, Nanog, Oct4, Sox2,
and KIf4, subsequently leading to tumorigenesis [28]. Blocking the CBP/g-
catenin interaction significantly downregulated these “reprogramming”
factors, thus leading to cell differentiation, whereas IQ-1 treatment resulted
in diminished p300/B-catenin interaction and a concomitant increase in
these “reprogramming” factors (Figure 4), which was likely attributed to
IQ-1 preventing B-catenin from switching coactivator usage from CBP
to p300 [19]. Therefore, it is worth noting that IQ-1 may enhance cell
reprogramming and the sequential progression of neoplasia even though it,
to some extent, prohibits differentiated cell growth. This indicates that
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Figure 7. The proposed model of Wnt/S-catenin signaling for the maintenance of TICs reprogrammed by Piwil2 in cervical oncogenesis. Piwil2 reprogrammed
cervical epithelium into TICs by upregulation of “reprogramming” factors and, at the same time, activated Wnt/B-catenin signaling. The -catenin/CBP-
mediated transcription of the “reprogramming” factors was critical for the maintenance of TICs and chemoresistance and promoted cervical oncogenesis.

B-catenin mainly recruits and partners with coactivator CBP and
some of these “reprogramming” factors work together to maintain the
undifferentiated state of TICs in cervical neoplasia lesions (Figure 7).

In summary, the current study demonstrated that Wnt/B-catenin
signaling was activated by Piwil2 in cervical neoplasia lesions. The B-
catenin/CBP-mediated transcription of ¢-Myc, Nanog, Oct4, Sox2, and Kif%
was critical for the maintenance of TICs reprogrammed by Piwil2 and for
chemoresistance, which contributed to the progression of preneoplastic
lesions to invasive cervical cancer (Figure 7). Therefore, it is likely that
targeting the B-catenin/CBP interaction in the Wnt pathway could make a
great difference to cure cervical neoplasia and invasive cancer.
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