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Human papillomavirus type 18 (HPV1S8) has high carcinogenic power in
invasive cervical cancer (ICC) development. However, the underlying
mechanism remains elusive. The carcinogenic properties of HPV18 require
the PDZ-binding motif of its E6 oncoprotein (HPV18 E6) to degrade its
target PSD95/DIg/Z0-1 (PDZ) proteins. In this study, we demonstrated
that the PDZ protein membrane-associated guanylate kinase, WW and
PDZ domain containing 3 (MAGI3) inhibited the Wnt/B-catenin pathway,
and subsequently cervical cancer (CC) cell migration and invasion, via
decreasing B-catenin levels. By reducing MAGI3 protein levels, HPV18 E6
promoted CC cell migration and invasion through activation of Wnt/f-
catenin signaling. Furthermore, HPV18 rather than HPV16 was preferen-
tially associated with the downregulation of MAGI3 and activation of the
Wnt/B-catenin pathway in CC. These findings shed light on the mechanism
that gives HPV18 its high carcinogenic potential in CC progression.

Cervical cancer (CC) is the fourth most prominent
type of cancer in women [1]. Infection with high-risk
types of human papillomaviruses (HR-HPVs) is the
main cause for the transformation of normal cervical

Abbreviations

epithelium to cervical intraepithelial neoplasia (CIN)
and progression to invasive cervical cancer (ICC) [2,3].
The 5-year overall survival for early-stage patients
(stage I) of CC reaches 88%, and this percentage

CC, cervical cancer; CIN, cervical intraepithelial neoplasia; CIS, carcinoma in situ; FDR, false discovery rate; GSEA, gene set enrichment
analysis; HG-CIN, high-grade cervical intraepithelial neoplasia; HPV16, human papillomavirus type 16; HPV18, human papillomavirus type 18;
HR-HPVs, high-risk types of human papillomaviruses; ICC, invasive cervical cancer; IHC, immunohistochemistry; MAGI3, membrane-
associated guanylate kinase, WW and PDZ domain containing 3; NHERF1, Na*/H* exchanger regulatory factor 1; PBM, PDZ-binding motif;
PDZ, PSD95/DIg/Z0-1; TCGA, The Cancer Genome Atlas.
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drops to 40% for patients with more advanced disease
(stages III-IVA) [4]. The prevention including early
screening and prophylactic vaccination can signifi-
cantly reduce the risk of CC [5]; however, due to lack
of the early prevention in some areas, especially in
many developing countries, the death rate of CC is 18
times higher than that in developed countries. Vaccines
have been reported to protect people from HPV infec-
tion. However, the data from the clinical trials have
demonstrated that the vaccines cannot protect females
already infected with HPVs against CC [6,7]. It is esti-
mated that there are 530,000 new cases and 270,000
deaths will occur annually worldwide [8], and the 5-
year overall survival for late-stage CC is much lower
(~40%) [9]. Therefore, it is imperative to further
explore the molecular mechanisms underlying the
development and progression of ICC to provide new
therapeutic options for treatment with ICC patients.

Persistent infection of high-risk HPVs (HR-HPVs)
has been convinced to cause early carcinoma in situ
(CIS) progression to ICC. Among HR-HPVs, human
papillomavirus type 16 (HPV16) and human papillo-
mavirus type 18 (HPV18) are the two of the most
common HPYV types and cause more than 70% of ICC
cases [10]. HPV16 was the most prevalent type associ-
ated with both high-grade cervical intraepithelial neo-
plasia (HG-CIN) and ICC; however, the prevalence of
HPV18 was 3.5 times higher in ICC than in HG-CIN,
whereas HPV16 was only 1.1 times, indicating that
HPVI16 predominates in both HG-CIN and ICC,
whereas HPV18 predominates in ICC. This suggested
that HPV18 rather than HPV16 promotes the progres-
sion of CINs to ICC [11]. When analyzing the age
interval between HG-CIN and ICC diagnosis, HPV18
(9 years) was significantly shorter than HPVI6
(15 years) [11]. These studies suggest that HPV18 may
have higher carcinogenic potential than HPV16 in CC;
however, the underlying molecular mechanisms are far
from clear.

So far, the viral oncoproteins E6 and E7 from HR-
HPVs have been identified as the main cancer-causing
factors of CC [12]. E7 mainly promotes the develop-
ment of CC at early stages, whereas E6 plays a crucial
role in the progression from in situ CC to the develop-
ment of ICC [13]. Notably, the tumor suppressors of
p53 and pRb are proved to be degraded or inactivated
by HPV E6 and E7, respectively. The inactivation of
p53 and pRb has been convinced to be mainly associ-
ated with the development of CC at early stages via
promoting cell proliferation [14]. Currently, the lines
of studies have shown that HPV provides the initial
hit, and the activation of Wnt/B-catenin signaling may
serve as the second hit to induce malignant
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transformation of CC [15,16]. Meanwhile, the PDZ-
binding motif (PBM) of E6 in HR-HPVs is particu-
larly important for transformation and tumorigenesis
in hyperplasia and carcinogenesis in E6 transgenic
mice, and transformation of primary human ker-
atinocytes and cultured cells [17]. Minor variations in
the PBM can have a dramatic effect on the interaction
of PSD95/Dlg/Z0-1 (PDZ) protein with the HPV E6
oncoproteins [18,19], and subtle variations in the PBM
region between HPV16 E6 (SSRTRRETQL) and
HPVI18 E6 (ERLQRRRETQYV) resulted in a signifi-
cant change in their binding profiles [20,21]. Thus, it
raised a possibility that HPV18 may exhibit higher car-
cinogenic potential through its E6-mediated degrada-
tion of some specific PDZ proteins.

Membrane-associated guanylate kinase, WW and
PDZ domain containing 3 (MAGI3) belonging to the
PDZ family of protein was more efficiently degraded
by HPV18 E6 rather than HPV16 E6 [22,23]. We pre-
viously reported that MAGI3 inhibited malignant
glioma by negatively regulating the Wnt/B-catenin sig-
naling pathway [24]. Reports have shown that the CC
progression induced by HPVI18 mainly depends on
activation of Wnt/B-catenin pathway [25], whereas
whether MAGI3 involved in HPV18-associated CC is
far from clear. In this study, we demonstrated that
infection with HPV18 was associated with a signifi-
cantly lower level of MAGI3 than paracancerous tis-
sues; MAGI3 inhibited CC cell migration and invasion
via attenuation of B-catenin protein level and Wnt sig-
naling. HPVI18 could activate Wnt/B-catenin signaling
and promote the malignant progression of CC by
reducing the amount of MAGI3 protein. Furthermore,
HPVI18 rather than HPV16 was preferentially associ-
ated with downregulated MAGI3 protein, and acti-
vated Wnt/B-catenin signaling in CC. These findings
shed light on the mechanism of the high carcinogenic
potential of HPV18 in CC progression.

Materials and methods

Cell culture, reagents, and plasmids

C-33A and HeLa cell lines were obtained from the
National Infrastructure of Cell Line Resource (Beijing,
China). C-33A and HelLa cells were cultured in MEM
(Corning, #10-010-CVR, New York, NY, USA) and
DMEM (Gibco, #C11995500BT, Carlsbad, CA, USA),
respectively, with 10% fetal bovine serum (FBS, Gibco) at
37 °C in an atmosphere containing 5% CO,. CHIR-99021,
a Wnt/B-catenin activator, was purchased from TargetMol
(Boston, MA, USA); IWR-1-endo, a Wnt/B-catenin inhibi-
tor, was purchased from Selleck (Houston, TX, USA).
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pcDNA3-V5/His-MAGI3 and GFP/GFP-MAGI3 plas-
mids were kindly provided by R. Hall (Emory University,
GA). Flag-tagged B-catenin vector was kindly provided by
W. Wu (Tsinghua University, Beijing, China). HA/Flag-
HPV18-E6 (HA/Flag-18E6) plasmid was kindly provided
by Karl Munger (Addgene, Cambridge, MA, USA).

Transfections and RNA interference

Cells were transfected with Lipofectamine 3000 (Invitrogen,
L3000015, Carlsbad, CA, USA). The stably transfected
HeLa cells were obtained as previously described [21].

The knockdown cell lines were transiently transfected
with two different siRNA, which target MAGI3 and
HPVI18E6, and the sequences obtained as described previ-
ously [21,24] were synthesized by Sangon Biotech (Shang-
hai, China) Co., Ltd. The siRNA targeting B-catenin was
purchased from Santa Cruz (sc-29209), and the siRNA
sequences obtained were as follows: B-catenin siRNA#I: 5'-
GAUAAAGGCUACUGUUGGAUU-3; B-catenin siRNA#2:
5-CCACUAAUGUCCAGCGUUUUU-3.

Western blotting and antibodies

The western blotting assay was performed as previously
described [21]. The primary antibodies used in this study
were as follows: anti-MAGI3 (Santa, sc-136471), anti-
HPVI8EG6 (Santa, sc-365089), anti-B-catenin (CST, #9581),
and anti-TCF1 (CST, #2206).

Transwell migration assay and invasion assay

HeLa (5 x 10% or C-33A (5 x 10°) cells were suspended in
100 pL medium with 0.5% FBS and plated into Transwell
chamber (Corning, #3422) that was precoated with fibro-
nectin (Corning, #354008, 1 : 20 dilution) on the lower sur-
face, with (migration assay) or without (invasion assay)
Matrigel (Becton Dickinson Labware, #356234, 1 : 50 dilu-
tion, Bedford, MA, USA), and to the lower chamber was
added 600 pL medium with 10% FBS. After culturing at
37 °C for 24 h, the cells were fixed and stained with methyl
alcohol and 0.5% crystal violet, respectively. Cells were
counted in 5 random fields of view per well by ImageJ, and
the results were expressed as mean + SD.

Ethics approval

The procedures performed in this study were approved (ap-
proval no. YB M-05-02V.1.0) by the Ethics Committee of
the Shanghai Outdo Biotech Company, and the member of
the National Human Genetic Resources Sharing Service
Platform (Shanghai, China, Grant no.: 2005DKA21300).
The present study was performed in accordance with the
ethical of the and National

standards Institutional
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Research Committee and with the Declaration of Helsinki.
Written informed consent was acquired from all patients.

Immunohistochemistry

The human tissue microarrays containing CC and adjacent
normal tissues from patients (HUteS154Su01, purchased
from Shanghai Outdo Biotech Co., LTD) were analyzed by
immunohistochemistry (IHC), which was performed as
described previously [21]. The date of cancer grade and
HPV type related to the microarray were provided by the
manufacturer. Nine clinical specimens of CC with HPV18
infection were analyzed for expression of MAGI3. The tis-
sue samples were immunostained with anti-MAGI3 (Santa,
sc-136471). The expression score of protein was quantified
by multiplying the score of staining percentage of tumor
tissue (0, none; 1, 1%-25%; 2, 26%-50%; 3, 51%—75%;
and 4, > 75%) and the score of staining intensity (0, no
staining; 1, weak staining; 2, moderate staining; 3, strong
staining; and 4, very strong staining).

Gene set enrichment analysis

RNA-seq data of CC samples were downloaded from The
Cancer Genome Atlas (TCGA). Gene set enrichment analy-
sis (GSEA) was performed as described (http://www.broad.
mit.edu/gsea/). Predefined gene sets were obtained from the
Molecular Signatures Database, MSigDB (http://software.
broadinstitute.org/gsea/msigdb).  False discovery rate
(FDR) < 0.25 was considered statistically significant.

Results

HPV18 rather than HPV16 preferentially
downregulates MAGI3 expression in CC
specimens

To explore and compare the correlation of HPVI18 or
HPV16 infection with MAGI3 protein level in clinical
CC specimens, MAGI3 was detected by THC in a tis-
sue microarray of CC. In HPV18-positive CC tissues,
MAGI3 level was significantly reduced when compar-
ing to that in the adjacent noncancerous tissues or
HPV16-positive ones (Fig. 1). These findings reminded
that MAGI3 might be preferentially degraded and
reduced by HPV18 rather than by HPV16 in CC.

MAGI3 inhibits migration and invasion of CC
cells

Enhancement of cell migration and invasion capacity is
associated with malignant progression and poor prog-
nosis of CC [26]. To evaluate the effects of MAGI3 on
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Fig. 1. MAGI3 protein is preferentially downregulated by HPV18 rather than HPV16. (A) The expression levels of MAGI3 in microarray of
adjacent cervix tissues (top panel), CC tissues of HPV18+ (middle panel), and HPV16+ (bottom panel) from clinical patients were detected
by IHC staining. Scale bar, 100 um. (B) The scatter plots of MAGI3 protein level in paracancerous vs. HPV18+ vs. HPV16+ CC tissues

(nonparametric test, Mann-Whitney test, *P < 0.05, **P < 0.01, error bars represent mean + SD).

migration and invasion of CC cells, MAGI3 was ectopi-
cally expressed in HeLa (HPV18 positive) and C-33A
(HPV18 negative) CC cells (Fig. 2A), the results show
that overexpression of MAGI3 significantly inhibited
cell migration and invasion (Fig. 2C). To verify these
effects, MAGI3 was knocked down in HeLa and C-33A
cells (Fig. 2B); as anticipated, MAGI3 knockdown
notably accelerated cell migration and invasion
(Fig. 2D). All these data indicated that MAGI3 could
inhibit the migration and invasion of CC cells.

MAGI3 downregulates B-catenin protein level and
retards Wnt signaling in CC cells

Dysregulated high level of B-catenin protein plays
a crucial role in CC invasion and metastasis [15,27—

29]. We previously reported the interaction between
MAGI3 and p-catenin in glioma cells [24]. Whether
and how MAGI3 can regulate B-catenin-mediated sig-
naling in CC is still an open question. When MAGI3
overexpressed in HeLa cells, B-catenin and its down-
stream target gene TCFI1 expression levels were re-
duced compared with control groups (Fig. 3A, lanes 1
and 2). While cells was treated with Wnt/B-catenin
activator CHIR-99021, the inhibitive effects of overex-
pression of MAGI3 on -catenin signaling pathway
were antagonized (Fig. 3A, lanes 3 and 4). When
MAGI3 was knocked down, the expression levels of B-
catenin and TCF1 were significantly increased com-
pared with the control group (Fig. 3B, lanes 1 and 2),
but the increase in B-catenin and TCF1 was reversed
by Wnt/B-catenin inhibitor IWR-1-endo treatment,

Fig. 2. MAGI3 inhibits migration and invasion of CC cells. (A) Overexpression of MAGI3 was verified by immunoblotting. HelLa cells were
stably transfected with GFP-MAGI3 or control vector. C-33A cells were transiently transfected with GFP-MAGI3 or control vector. (B)
MAGI3 knockdown by transient transfection with siRNAs was confirmed by immunoblotting in HeLa and C-33A cells, respectively; GAPDH
was used as a loading control. (C) MAGI3 overexpression inhibited migration and invasion of HelLa or C-33A cells. (D) MAGI3 knockdown
promoted cell migration and invasion in HelLa and C-33A cells, respectively. Transwell migration or invasion assays were employed to test
cell migration and invasion. Scale bar, 100 um. Three independent experiments of migrating or invasive cells are represented as mean + SD
(t-test; *P < 0.05, **P < 0.01, and ***P < 0.001, n = 3). All data were representatives of three independent experiments (n = 3).
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Fig. 3. MAGI3 downregulates B-catenin protein level and inhibits Wnt/B-catenin-mediated signaling in CC cells. (A) MAGI3 overexpression
retarded Wnt signaling activation via reducing B-catenin protein level. HeLa-MAGI3 cells were treated in the presence (lanes 3 and 4) or
absence (lanes 1 and 2) of Wnt/B-catenin activator CHIR-99021 (0.2 umol-L™") for 4 h. The expression levels of p-catenin and TCF1 were
analyzed by western blotting. (B) MAGI3 knockdown promoted Wnt signaling activation via increasing B-catenin level. C-33A cells were
transfected with MAGI3 siRNAs or scrambles for 24 h and then treated with \Wnt/p-catenin inhibitor IWR-1-endo (100 pmol-L~"; lanes 3 and
4) for 24h, and cell lysates were analyzed by western blotting. The gray value of protein bands of western blots has been guantified by

Imaced. All experiments were repeated three times (n = 3).

which downregulated the level of B-catenin and TCF1
(Fig. 3B, lanes 3 and 4). Taken together, these data
suggested that MAGI3 could inhibit -catenin-
mediated signaling in CC cells.

MAGI3 retards CC cell migration and invasion
through downregulation of p-catenin

Wnt/B-catenin signaling has been demonstrated to
play an important role in regulating the migration
and invasion of CC cells [30,31],s0 we next investi-
gated whether MAGI3 inhibits migration and inva-
sion of CC cells through regulating B-catenin
expression. Overexpression of MAGI3 reduced the
protein level of B-catenin (Fig. 4A, lanes 1 and 2),
and inhibited migration and invasion of HeLa cells
(Fig. 4B, panels 1 and 2). When B-catenin was res-
cued by ectopic overexpression (Fig. 4A, lanes 3 and
4), the inhibitive effects of MAGI3 overexpression
on cell migration and invasion were reversed by the
enhancement of B-catenin protein (Fig. 4B, panels 3
and 4). Similarly, knockdown of MAGI3 increased
the protein level of B-catenin (Fig. 4C, lanes 1 and
2) and promoted migration and invasion of C-33A
cells (Fig. 4D, panels 1 and 2). MAGI3 knockdown
increased B-catenin expression (Fig. 4C, lanes 3 and
4) and enhanced cell migration and invasion; once
B-catenin expression was knocked down, the effects
of MAGI3 knockdown on cell migration and inva-
sion were reversed (Fig. 4D, panels 3 and 4). Taken
together, these results indicate that MAGI3 sup-
pressed CC cell migration and invasion through its
inhibition of B-catenin expression.

3056

HPV18 E6 rather than HPV16 E6 downregulates
MAGI3 protein in CC cells, then leads to the
activation of Wnt/p-catenin signaling and
enhancement of cell migration and invasion

MAGI3 protein level in HPV18+ cancerous tissues is
significantly lower than that in normal tissues (Fig 1),
whereas MAGI3 mRNAs levels are similar between
them in clinical specimens (Fig. S1). It has been
reported that MAGI3 protein can be degraded by
HPVI18 E6 [22,23,32], and HPV18 E6 induced CC pro-
gression by activating Wnt/B-catenin signaling, so we
asked whether HPV18 E6 can activate Wnt/B-catenin
signaling to promote CC cell migration and invasion
through degrading MAGI3 protein. While endogenous
HPV18 E6 was knocked down in HeLa cells (HPV18
positive), an increased protein level of MAGI3 and
decreased protein expression of [B-catenin were
observed (Fig. 5A, lanes 1 and 2); meanwhile, an obvi-
ous suppression of cell migration and invasion was
observed upon depletion of HPV18 E6 (Fig. 5B, pan-
els 1 and 2). While MAGI3 was knocked down, the
elevated B-catenin level was observed whether in the
presence or absence of HPV18 E6 expression (Fig. SA,
panels 3 and 4), and the CC cell migration and inva-
sion were enhanced (Fig. 5B, panels 3 and 4). Once B-
catenin level was reduced by knockdown with sif3-
catenin, the CC cell migration and invasion were also
inhibited, either with knockdown of MAGI3 or in
combination with depletion of MAGI3 and HPV18 E6
(Fig. 5B, panels 5 and 6). Consistently, upon ectopic
expression of HPV18 E6 in C-33A (HPVI18-negative)
to simulate CC cell infected by HPV18, downregulated
MAGI3 protein expression and elevated B-catenin level
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Fig. 4. MAGI3 retards cell migration and invasion through downregulation of B-catenin level in CC cells. (A, B) Overexpression of MAGI3
retarded cell migration and invasion via reducing B-catenin level. The inhibition of MAGI3 on cell migration and invasion was reversed by
overexpression of B-catenin. 24 h after HeLa-MAGI3 cells transfected with B-catenin or vector control, the protein levels, and cell migration and
invasion were analyzed as below. Scale bar, 100 um. (C, D) Knockdown of MAGI3 in C-33A cells significantly increased cell migration and
invasion via upregulation of the protein level of B-catenin. The cell migration and invasion were inhibited by depletion of B-catenin in the
presence or absence of MAGI3 knockdown. After being transfected with MAGI3 siRNAs with or without in combination with B-catenin siRNAs
for 24 h in C-33A cells, cell lysates were analyzed by western blotting with indicated antibodies, and the migration and invasion were detected
by Transwell assays, scale bar, 100 um (t-test; *P < 0.05, **P < 0.01, and ***P < 0.001, values represent mean + SD, n = 3). The gray value
of protein bands of western blots has been quantified by Imaced. All data were representatives of three independent experiments (n = 3).

(Fig. 5C, lanes 1 and 2), and an enhanced cell migra-
tion and invasion (Fig. 5D, panel 1&2) were observed.
When MAGI3 was ectopically overexpressed to reverse
the downregulation of MAGI3 by HPVI8 E6, B-
catenin protein level was reduced (Fig. 5C, lanes 3 and
4), and HPVI18 E6 overexpression-induced enhance-
ment of cell migration and invasion was reversed
(Fig. 5D, panels 3 and 4). Furthermore, when C-33A
cells were treated with Wnt/B-catenin activator CHIR-
99021 to upregulate B-catenin expression in similar
levels (Fig. 5C, lanes 5 and 6), the cell migration and
invasion of C-33A cells were also similar in the pres-
ence or absence of MAGI3 / HPVIS8 E6 overexpres-
sion (Fig. 5D, panels 5 and 6). Taken together, these
data indicated that HPVI18 E6 promotes CC cell
migration and invasion through inhibiting MAGI3
expression and then activating B-catenin signaling.

In order to compare the roles of HPVI§ E6 and
HPV16 E6 on MAGI3 levels, Wnt/B-catenin signaling,
and cell migration and invasion, HPV18 E6 and
HPV16 E6 were overexpressed in C-33A cells. As
expected, HPV18 E6 significantly reduced MAGI3
expression level and increased B-catenin, while HPV16

E6 overexpression had no obvious reduction of
MAGI3 level, but a slight increase in P-catenin was
found (data not shown). Consequently, both HPV18§
E6 and HPV16 E6 promoted cell migration and inva-
sion of C-33A cells (Fig. 5E, panels 3 and 5). When
treated with Wnt/B-catenin inhibitor IWR-1-endo, the
cell migration and invasion of C-33A cells were
robustly inhibited in HPVI18 E6- but not in HPV16
E6-overexpressed cells (Fig. S5E, panels 4 and 6), sug-
gesting HPV16 E6-induced cell migration and invasion
of C-33A cells were not mainly through activation of
Wnt/B-catenin signaling. Take together; these results
indicate HPV18 E6 rather than HPV16 E6 promoted
CC cell migration and invasion through reducing
MAGI3 level and activating Wnt/B-catenin signaling.

Infection with HPV18 rather than HPV16 is
significantly associated with the activation of
Wnt/p-catenin signaling in CC specimens

We have demonstrated that MAGI3 was significantly
downregulated in HPVI8-positive specimen when
comparing to the adjacent noncancerous tissues or

FEBS Open Bio 11 (2021) 3051-3062 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of 3057

Federation of European Biochemical Societies.



HPV18E6 promotes cervical cancer by reducing MAGI3 Z. Yang et al.

Hela C-33A
(A) (€)
- + - + - * siHPV18E6 - + - + - + 18E6
— — + + + + siMAGI3 - - + + + + MAGI3
- = - e + + siB-catenin - - i = + + CHIR
16 koa.l e - - - | HPV 18E6 16 kDa-| P— — e | 18E6
140 kDa-l - - | MAGI3 140 kDa-l - - - - - | MAGI3
1.0 1.4 0.7 0.5 0.6 0.7 1.0 0.6 1.7 18 14 1.6
92 kDa'l — i — — | B-catenin 92 kDa-| e a— e -| B-catenin
1.0 0.6 1.7 1.6 0.3 0.3 1.0 1.7 0.8 0.6 2.0 2.0
37 KDa-| #is S e S S — | GAPDH 37 kDa- | SEEEEES S S S — | GAPDH
(B) Hela (D) C-33A
SI18E6+ 18E6+
Si18E6+ siMAGI3+  siMAGI3+ 18E6+ MAGI3+ MAGI3+

siMAGI3

control

siB-catenin

siB-catenin MAGI3 CHIR

Y

LRI

&2

v

Invasion Migration
e~
n

Invasion Migration

2 2
= =
o g
e 4
I3 @
2 o
E E
2 5
< c
3 3
o o + (S
Migration Invasion Invasion
=3 control 3 siMAGI3 £33 siMAGI3+siB-catenin = control =3 MAGI 31 MAGI3+CHIR
W Si18E6 I3 Si18E6+sIMAGIS  BEN si18E6+sIMAGI3+sip-cat . 18E6 CH 18E6+MAGI3 KN 18E6+MAGI3+CHIR
C-33A

2
control ®
c [
] [4
® o
S 2
= E]
c c
2 = h
» ) u;
© o " " n
z2 Migration Invasion
=3 Control = 16E6 =3 18E6
- IWR B 16E6+IWR o 18E6+WR

Fig. 5. Downregulation of MAGI3 by HPV18 E6 rather than HPV16 E6 enhances cell migration and invasion via activation of B-catenin
signaling. (A, B) knockdown of HPV18 E6 inhibited the migration and invasion of Hela cells via increasing MAGI3 and reducing B-catenin
level. HPV18 E6 was knocked down by HPV18 E6 siRNAs, or codepleted with MAGI3 siRNAs in the presence or absence of B-catenin
knockdown in Hela cells. (C, D) Overexpression of HPV18 E6 promoted the migration and invasion of C-33A cells via reducing MAGI3 and
increasing B-catenin level. HPV18 E6 was overexpressed alone or co-overexpressed with MAGI3 in the presence or absence of Wnt/B-
catenin activator CHIR-99021 in C-33A cells. (E) HPV18 E6 rather than HPV16 E6 promoted CC cell migration and invasion through activating
Whnt/B-catenin signaling. HPV18 E6 and HPV16 E6 were overexpressed in C-33A cells, or co-treated with Wnt/B-catenin inhibitor IWR-1-endo
or vehicle. Cell lysates, migration and invasion were conducted as described in Fig. 4. The expression level of protein was quantitatively
expressed by relative gray value, all experiments were repeated three times (ttest; *P < 0.05, **P < 0.01, and ***P < 0.001, values
represent mean + SD, n = 3). Scale bar, 100 um.

the HPV16-positive ones (Fig. 1). To further analyze
the correlation between HPV18 infection and Wnt/p-
catenin signaling activation in clinical specimen, the
CC samples from TCGA database were analyzed by
GSEA, as shown in Fig. 6A, and the gene signatures
of Wnt/B-catenin signaling activation were enriched
in the groups of patients with HPVI18 infection.
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These results remind that low level of MAGI3 by
HPV18 infection and degradation activated Wnt/pB-
catenin signaling and promoted CC progression
(Fig. 6C).

GSEA by using CC data from TCGA database
showed that the gene signatures of Wnt/B-catenin sig-
naling activation was enriched in the HPVIS
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Fig. 6. HPV18 rather than HPV16 is significantly associated with activation of Wnt/B-catenin signaling in CC specimens. (A) Wnt/p-catenin
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were enriched in the groups of patients with HPV18 infection. The CC samples of HPV18 positive and HPV18 negative were collected from
TCGA database, and Wnt pathway activation was analyzed by GSEA. (B) The gene signatures of Wnt/B-catenin signaling activation were
enriched in the HPV18 E6+ group than that in the HPV16 E6+ group; the CC data (< 43.5 years old, median age) from TCGA database were
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and activation of Wnt/B-catenin signaling.

E6-positive group than that in the HPV16 E6-positive
group (Fig. 6B), suggesting that HPVI§ may play
more important roles to activate Wnt/B-catenin signal-
ing in CC development than HPV16.

Discussion

High-risk HPV infection is the main cause of invasion
for CC. One of the most important mechanisms is that
HR-HPV E6 oncoprotein can specifically bind and
degrade its target PDZ proteins through the interac-
tion mediated by PBM at the c terminus of HR-HPVs
E6; mutation of this PBM in E6 significantly impairs
its transforming activity and its ability to induce the
development of CC [20]. In this study, we found that
HPV18 E6 could reduce MAGI3 expression at protein
level, and the loss of MAGI3 protein promotes the
migration and invasion of CC cells by enhancing f-
catenin protein level and activation of Wnt signaling.
MAGI3 characterized by a prominent structural fea-
ture contains five PDZ domains. It can bind its target
proteins via PBM to form macromolecular complexes
to regulate the function of its target proteins and their
related signal pathways [33,34]. We previously showed
that MAGI3 inhibited malignant phenotypes of glioma
through negatively regulating Wnt pathway by inhibit-
ing P-catenin transcriptional activity [24]. However,
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the mechanism by how MAGI3 regulates Wnt/B-
catenin signaling and the role of MAGI3 in CC are
largely unknown. In the present study, we provided
evidences that MAGI3 decreased p-catenin protein
expression and retarded Wnt/B-catenin signaling path-
way to suppress migration and invasion of CC cells.
This conclusion was drawn on either overexpression or
knockdown of MAGI3 to inhibit or enhance the inva-
sion ability of CC cells (Fig. 2), whereas the effects of
overexpression or knockdown of MAGI3 were dimin-
ished when B-catenin protein expression was rescued
by ectopic expression or depletion of [-catenin
(Fig. 4). All the findings demonstrated that MAGI3
inhibits CC cell migration and invasion by reducing B-
catenin protein level, however, the precise molecular
mechanism by how MAGI3 decreases B-catenin pro-
tein level still needs further investigation.

HPV18 E6 was found to induce Wnt/B-catenin path-
way activation and promote CC progression [35];
HPV18 E6 was also found to target MAGI3 for its
degradation [32]. In this study, we proved that MAGI3
plays a crucial role in inhibiting Wnt/B-catenin signal-
ing activation by reducing B-catenin protein level in
CC cells (Fig. 2), and HPV18 E6 reduces MAGI3 level
leading to activation of Wnt signaling and enhance-
ment of migration and invasion in CC cells (Fig. 5).
Therefore, it is possible that low level of MAGI3
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reduced by HPVI8 E6 contributes to activation of
Wnt/B-catenin signaling pathway, which consequently
results in the development of ICC. As expected, in
clinical specimens, we observed the positive correla-
tion of HPVI8 infection with the downregulated
MAGI3 protein level and the activation of Wnt/pB-
catenin signaling (Fig. 6). Taken together, these
results indicate that loss of MAGI3 was closely asso-
ciated with the CC development; and HPV18 infec-
tion could cause development of CC via reduced
MAGTI3 protein level.

HPVI18 has shown a higher carcinogenic potential
than HPV16 in development of ICC [11,36,37]. The
poorly differentiated CC was more frequent in HPV18
than that in HPV16-infected cases [38]. In our previous
study, HPV16 but not HPV18 was found to promote
CC progression via downregulation of PDZ protein
Na'/H" exchanger regulatory factor 1 (NHERFI),
which attenuated o-actinin-4 expression [27] since the
expression level of NHERFI was dramatically
decreased by HPV16 E6 rather than by HPVI18 E6
[21]. Here, we proved that reduced MAGI3 protein
level by HPV18 E6 but not by HPV16 E6 contributes
to Wnt/B-catenin signaling activation (Fig. 6) and CC
malignant progression (Fig. S5E).

Altogether, our results provide a mechanism by
which HPV18 E6 promotes malignant progression of
CC through reducing MAGI3 protein level, leading to
Wnt/B-catenin signaling activation. It provides promis-
ing clinical strategies for treatment with HPVI18-
positive patients of CIN and ICC through the applica-
tion of Wnt/B-catenin signaling pathway inhibitors,
which has been applied to phase II clinical trial
[29,39], or in combination with proteasome inhibitors
for blocking HPV18-mediated MAGI3 degradation.
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