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1 | INTRODUCTION

Abstract

KCTD11 has been reported to be a potential tumour suppressor in several tumour
types. However, the expression of KCTD11 and its role has not been reported in
human non-small cell lung cancer (NSCLC). Whether its potential molecular mech-
anism is related to its BTB domain is also unknown. The expression of KCTD11 in
139 NSCLC tissue samples was detected by immunohistochemistry, and its correla-
tion with clinicopathological factors was analysed. The effect of KCTD11 on the bio-
logical behaviour of lung cancer cells was verified in vitro and in vivo. Its effect on the
epithelial-mesenchymal transition(EMT)process and the Wnt/p-catenin and Hippo/
YAP pathways were observed by Western blot, dual-luciferase assay, RT-gPCR, im-
munofluorescence and immunoprecipitation. KCTD11 is under-expressed in lung
cancer tissues and cells and was negatively correlated with the degree of differentia-
tion, tumour-node-metastasis (TNM) stage and lymph node metastasis. Low KCTD11
expression was associated with poor prognosis. KCTD11 overexpression inhibited
the proliferation and migration of lung cancer cells. Further studies indicated that
KCTD11 inhibited the Wnt pathway, activated the Hippo pathway and inhibited EMT
processes by inhibiting the nuclear translocation of p-catenin and YAP. KCTD11 lost
its stimulatory effect on the Hippo pathway after knock down of B-catenin. These
findings confirm that KCTD11 inhibits p-catenin and YAP nuclear translocation as well
as the malignant phenotype of lung cancer cells by interacting with p-catenin. This
provides an important experimental basis for the interaction between KCTD11, -

catenin and YAP, further revealing the link between the Wnt and Hippo pathways.
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as the size of tissues and organs.z*3 Abnormalities in this pathway

were highly related to the occurrence and metastasis of various can-
cers.* When the Hippo pathway is inactivated, YAP and TAZ are de-

phosphorylated, allowing them to translocate into the nucleus and

The highly conserved Hippo pathway, first identified in Drosophila,®

is involved in regulating the biological behaviour of cells as well
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2021 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

J Cell Mol Med. 2021;25:9411-9426. wileyonlinelibrary.com/journal/jcmm 9411


www.wileyonlinelibrary.com/journal/jcmm
mailto:﻿
https://orcid.org/0000-0001-6714-0639
http://creativecommons.org/licenses/by/4.0/
mailto:linxuyong@hotmail.com

YANG ET AL.

9412
—LWI LEY

interact with transcription factors (such as TEADs) to enhance the
transcriptional activity of downstream effector molecules and pro-
mote cell proIiferation.S'7 Wht signalling pathway is also involved in
many biological processes, including tissue and organ growth, cell

proliferation, apoptosis and stem cell maintenance.®*°

B-catenin
acts as a transcriptional activator of the canonical Wnt signalling
pathway. When the canonical Wnt pathway is stimulated by Wnt
signalling, B-catenin cannot be degraded by a complex composed of
GSK-3p, Axin and APC; thus, its nuclear translocation is increased,
allowing it to interact with the transcription factor TCF/LEF to pro-
mote the transcriptional activity of downstream target genes.1%*2

Recent studies have shown that there is a complex crosstalk
between the Hippo / YAP and Wnt/B-catenin signalling pathways.
Specifically, YAP/TAZ combined with p-catenin to block p-catenin nu-
clear localization is the core mechanism of how the Hippo pathway
inhibits the Wnt pathway. *>'* Park et al. found that YAP/TAZ, as a
downstream effector of the Wnt signalling pathway, can be induced
and activated by Wnt5a/b and Wnt3a, which enhance TEAD-mediated
transcription activities.!> Azzolin et al. found that APC directly regu-
lated the degradation of YAP/TAZ through the B-catenin degradation
complex.16 Studies by Konsavage et al. showed that knockdown of -
catenin reduces YAP mRNA and protein levels.® Elucidating the mech-
anisms of mutual regulation of these two pathways may reveal new
directions for the development of tumour-targeted drugs.

KCTD11 is a member of the potassium channel tetramerization
domain (KCTD) family. Studies have shown that the highly conserved
BTB domain (Bric-a-brac/Tramtrack/Broad complex) is involved in
complex intracellular signalling. ***® Cullin 3 (Cul3), a scaffold pro-
tein involved in the degradation of a variety of intracellular proteins,
is a major regulator of the cell cycle and developmental processes.
1920 The N-terminal BTB domains of some KCTD proteins can be used
as bridges connecting Cul3 and substrates and play the role of Cul3
ubiquitin ligase. They have multiple biological functions and are closely
related to protein ubiquitination.21'22 However, whether KCTD11 can
promote the degradation of Hippo/YAP and Wnt/p-catenin and the
mechanism by which it may exert tumour inhibition is unknown. In this
study, we first verified the level of KCTD11 expression in lung cancer
tissues and cells. We also investigated the effects of KCTD11 on the
proliferation and invasion of lung cancer cells. We demonstrated that
KCTD11 inhibits p-catenin expression and directly binds to f-catenin.
Therefore, we aimed to investigate whether KCTD11 can regulate the
Wt pathway by binding to -catenin via the BTB domain, thereby reg-
ulating the Hippo pathway, as well as clarify the role of this complex in

crosstalk between the Hippo and Wnt signalling pathways.

2 | MATERIALS AND METHODS

2.1 | Patients and specimens

After obtaining informed consent from the local medical examina-
tion committee of China Medical University, tissue samples from 139
patients with a diagnosis of non-small cell lung cancer (78 males and

61 females) were obtained from those who underwent surgical resec-
tion at the First Affiliated Hospital of China Medical University from
2014 to 2017. The average age of the patients was 60 years. None of
the patients underwent either radiotherapy or chemotherapy before
surgical resection and received standard chemotherapy after surgery.
According to the 2015 World Health Organization classification guide-

2 immunohistochemical staining was used to

lines for lung tumours,
assess histological type and degree of differentiation. The sample com-
prised 68 cases of squamous cell carcinoma and 71 cases of adeno-
carcinoma, of which 79 cases were classified as highly differentiated
and 60 cases were classified as moderately or poorly differentiated.
According to the pathological tumour lymph node metastasis (TNM)
staging of the International Union against Cancer (seventh edition)
(Detterbeck et al., 2017), specimens can be classified into stages |-l
(n=73) and lll (n = 66). Lymph node metastases occurred in 62 of 139
patients. In addition, a total of 20 newly isolated specimens (includ-
ing tumours and normal tissues) were collected from surgical resection
and immediately stored at 80°C to extract tissue proteins.

2.2 | Immunohistochemistry (IHC)

The analysis was performed as previously described.?* Briefly, tis-
sue sections were cultured with KCTD11 rabbit polyclonal antibody
(1:100 dilution; Sigma-Aldrich). Two independently blinded investiga-
tors examined all tumour sections by taking five random fields from
each section, with 100 cells in the field of view observed and magni-
fied 400 times for scoring. Due to differences in the lesions, the pro-
portion of positive cells and staining intensity were considered. The
KCTD11 staining positive cell rate was assigned as follows: 1 (1%-
25%), 2 (26%-50%), 3 (51%-75%) and 4 (76%-100%). The staining in-
tensity was divided into O (no staining), 1 (weak staining, light yellow
staining), 2 (medium staining, yellow staining) or 3 (strong staining,
brown staining). The two scores for each tumour sample were multi-
plied to give a final score of 0-12, with a tumour sample score 24 de-
fined as positive expression, scores of 1-4 defined as low expression
and a score of O defined as negative expression. Phosphate buffer

(MaiXin) and goat serum (MaiXin) were used as negative controls.

2.3 | Cellculture

The HBE(human bronchial epithelioid cells)cell line was obtained
from the American Type Culture Collection (ATCC); (Manassas, VA,
USA). The LK2 cell line was a gift from H. Kijima (Department of
Pathology and Bioscience, Hirosaki University Graduate School
of Medicine, Japan). Other NSCLC cell lines, including A549, SPC,
H1299, H292, H460 and H661, were purchased from the Shanghai
Cell Bank (Shanghai, China). Under conditions of high humidity
(37°Cand 5% CO,), all cells were cultured in RPMI 1640 (Invitrogen,
Carlsbad, CA) supplemented with 10% foetal bovine serum (Gibco),
100 U/ml penicillin and 100 pg/ml streptomycin (Sigma-Aldrich). All
cell lines were identified using short tandem repeat DNA analysis.
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2.4 | Plasmid construction and transfection

Plasmids pCMV6-Myc-DDK (empty vector, EV) and pCMVé6-Myc-
DDK-tagged-KCTD11 were purchased from Origene. Small inter-
fering RNAs for KCTD11 (siKCTD11; sc-93577) and non-targeting
siRNAs (control siRNA, NC; sc-36869) were purchased from Santa
Cruz Biotechnology Inc. siRNAs for CTNNBIP1 (si-p-catenin)
and non-targeting siRNAs (siNC) were purchased from General
Biosystems Inc. The MYC-KCTD11-ABTB plasmid was constructed
by RiboBio (Guangzhou, China). Transfection was performed using
Lipofectamine 3000 (Thermo Fisher Scientific), according to the
manufacturer's instructions. Stable clonal cell lines were con-
structed using G418.

2.5 | Western blot analysis and co-
immunoprecipitation

Total protein samples were extracted quantitatively from the lysis
buffer (Pierce, Rockford, IL). The reagent or bound protein was
eluted from protein G PLUS-agarose (Santa Cruz Biotechnology),
separated by SDS-PAGE, transferred onto polyvinylidene fluo-
ride membranes (PVDF; Millipore, Billerica, MA, USA), incubated
with antibodies overnight at 4°C, followed by addition of oxidase-
conjugated anti-mouse or anti-rabbit IgG (Santa Cruz Biotechnology)
at 37°C for washing and incubation for 2 h. Target protein expression
levels were detected using an ECL kit (Thermo Fisher Scientific) and
a bioimaging system (Bio-Rad). WB analysis and IP were performed
with the following antibodies: Myc-tag, LATS1, YAP, P-YAP, CTGF,
B-catenin, C-myc, CyclinD1, MMP7, ZO-1, N-cadherin, E-cadherin,
vimentin, Snail, Slug, active p-catenin, P-B-catenin (Cell Signaling
Technology Inc. 1 pg/IP, 1:1000/WB); GAPDH (Sigma, 1:1000/WB);
KCTD11 (Sigma, 1 pg/IP,1:1000/WB); LaminB1 (Abcam, 1:1,000/
WB); and Tubulin (Abcam,1:1,000/WB).

2.6 | Colony formation, Transwell and MTT assays

After 24 h of transfection with plasmids or siRNA, the cells were
seeded in a 6 cm cell culture dish (1000 cells per dish) and incubated
for 10 days. When the number of single colony cells reached approx-
imately 50, cells were washed with PBS, fixed with 4% paraformal-
dehyde and stained with crystal violet, and the number of colonies

was statistically analysed.

2.6.1 | Transwell migration assay

A cell migration assay was performed using a 24-well Transwell cham-
ber with an 8-pore size (Costar). After 24 h of transfection, the cells
were counted by trypsinization, 100 pl of serum-free medium con-
taining 3 x 10° cells was evenly spread to the upper chamber while
a medium containing 10% FBS as a chemical attractant was added to

the lower chamber, after which the samples were cultured for 16 h. In
the 4% paraformaldehyde-fixed cells, after clearing the non-migrating
cells in the upper chamber using a cotton swab, crystal violet staining
was performed. The number of migrated cells was counted under a
microscope, and ten high-power fields were randomly selected.

2.6.2 | MTT assays

Cell counts were measured 24 h after transfection, and cells were
plated in 96-well plates in media containing 10% FBS at approxi-
mately 3,000 cells/well. Cell viability was determined after five con-
secutive days. Briefly, 20 pl of 5 mg/ml MTS solution was added to
each well in the dark and cultured for 2 h, and the results were spec-

trophotometrically determined using a test wavelength of 490 nm.

2.7 | Immunofluorescence staining

The cells were fixed with 4% polyoxymethylene, permeabilized with
Triton X-100, blocked with normal goat serum at 37°C for 1 h and
incubated with primary antibody (KCTD11: 1:100, Sigma, -catenin,
YAP: 1:100, CST) overnight at 4°C. Next, they were incubated with
fluorescein isothiocyanate-conjugated (FITC) or tetramethylrhoda-
mine isothiocyanate-conjugated (TRITC) secondary antibody at 37°C
for 2 h. Cell nuclei were stained with 4,6-diamidino-2-phenylindole
(DAPI). Cell images were acquired and analysed using an inverted
Nikon TE300 microscope (Nikon Co., Ltd.) or a radiant 2,000 laser
scanning confocal microscope (Oberkosen Carl Zeiss).

2.8 | Dual-luciferase assay

Luciferase activity in cell extracts was determined using a dual-
luciferase reporter assay kit (Promega). The reporter activity was
normalized to co-express p-galactosidase activity. All luciferase
plasmids were purchased from Addgene. The transcriptional activ-
ity of YAP/TEAD in the Hippo pathway was determined using the
pGL3b_8xGTIIC-luciferase plasmid (plasmid #34615). The tran-
scriptional activity of p-catenin/HTCF-4 in the Wnt pathway was
detected using the luciferase plasmid M50 Super8x TOPFlash lo-
cated upstream of the minimal c-fos promoter driving luciferase
expression. Recombinant human Wnt3a (#5036-WN; R&D Systems,
Minneapolis, MN, USA) was added to PBS containing 0.1% bovine
serum albumin at a concentration of 10 pg/ml and used in experi-

ments at 50 ng/ml.

2.9 | RNA extraction and real-time RT-PCR
(RT-qPCR)

Twenty-four hours after cell transfection, RNA was extracted and
subjected to RT-gPCR analysis as described previously (Imajo et al.,
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2012). The relative transcription levels of the genes were normalized
to GAPDH mRNA levels. The relative level of gene expression was
expressed as ACt = Ct gene-Ct reference, and the 2-AACt method
was used to calculate the fold change in gene expression. Primer
sequences were as follows (Sangon Biotech, Shanghai, China):
CYR61: 5'-CTCGCCTTAGTCGTCACCC-3' (forward).
5'-CGCCGAAGTTGCATTCCAG-3' (reverse).
CTGF: 5-AACTGCAACCTCTCGCACTG-3' (forward).
5'-GCTCGGGCTCCTTGTAATTCT-3’ (reverse).
Cyclin E:5'-AGCCAGCCTTGGGACAATAAT-3' (forward).
5'-GAGCCTCTGGATGGTGCAAT-3' (reverse).
MMP7:5'-GTTGTATGGGGAACTGCTGAC-3' (forward).
5'-GTCCAGCGTTCATCCTCAATC-3' (reverse).
Axin2:5-TGACGGACAGCAGTGTAGATG-3' (forward).
5'-GGTTCTCGGGAAATGAGGTAG-3' (reverse).
Cyclin D1:5'-CCAATAGCAGTGCGGAGTCT-3' (forward).
5'-TCAAGCTGAGGGGTGGAGTT-3' (reverse).
GAPDH: 5'-GGAGCGAGATCCCTCCAAAAT-3' (forward).
5'-GGCTGTTGTCATACTTCTCATGG-3' (reverse).

2.10 | Transplantation of tumour cells into
nude mice

After approval by the Animal Research Committee of China Medical
University and in order to comply with experimental animal ethics
guidelines issued by China Medical University, nude mice were used
in this study. Four large female BALB/c nude mice were purchased
from Charles River. Tumour cells were suspended in 0.2 ml of ster-
ile phosphate-buffered saline (PBS), and each mouse was inocu-
lated subcutaneously with 5 x 10° tumour cells or subcutaneously
inoculated with 2 x 10° tumour cells (KCTD11 transfected A549).
Six weeks after inoculation, the mice were sacrificed and an autopsy
was performed to examine the growth and spread of the tumour.
The excised tumour tissue was fixed in 4% formaldehyde (Sigma) and
embedded in paraffin. After H&E staining, tumour clusters in the

lung tissue were analysed under a microscope.

2.11 | Statistical analysis
Statistical analysis was performed using the statistical software SPSS
22.0, which was used to assess the correlation between KCTD11 ex-

pression and clinicopathological factors. Prognostic value was tested

using a Cox regression model. All clinical pathology parameters were
included in the Cox regression model and were tested by univariate
analysis using the enter method and by multivariate analysis using a
forward stepwise logistic regression method. Image J was used for
image analysis of the Western blot results. Differences between test
groups were compared using a paired t test using GraphPad Prism
software. Differences were considered statistically significant at
p < 0.05.

3 | RESULTS

3.1 | KCTD11 was downregulated in NSCLC tissues
and cells

We examined the expression of KCTD11 in NSCLC tissues and
cells. Western blotting showed that the expression of KCTD11
was significantly higher in 20 cases of normal tissues than in paired
NSCLC tissues (Figure 1A, B). Immunohistochemical staining also
showed that KCTD11 was negatively expressed in 54.7% of NSCLC
tissues (76/139, Table 1). KCTD11 was weakly expressed in the
nuclei and cytoplasm or negatively expressed in NSCLC tissues, in
contrast to its strong expression in normal tissues (Figure 1C). The
protein expression of KCTD11 was also higher in HBE cells than
in NSCLC cell lines (H1299, LK2, A549, H661, H1299 and H292)
(Figure 1D).

3.2 | Expression of KCTD11 correlated with
clinical factors

We investigated the relationship between KCTD11 expression
and clinicopathological factors in patients with NSCLC. The low
KCTD11 expression was significantly correlated with the degree
of differentiation (p = 0.033), advanced pathological TNM (pTNM)
stage (p = 0.044) and positive lymph node metastasis (p = 0.015),
but not with age, sex and histological type (Table 1). Moreover,
Kaplan-Meier survival analysis showed that the overall survival
rate of the KCTD11-positive group was significantly higher than
that of the KCTD11-negative group (p < 0.001, log-rank test), sug-
gesting an association between KCTD11 expression and prognosis
(Figure 1E). Univariate analysis showed that KCTD11, high TNM
classification and positive lymph node metastasis were significant

prognostic factors for NSCLC (low KCTD11 expression: hazard ratio

FIGURE 1 Low expression of KCTD11 in lung cancer is associated with poor prognosis. (A, B) The expression levels of KCTD11 are
downregulated in 20 cases of NSCLC tissues compared to normal tissues, as assessed by Western blot (A) and analysed with GraphPad
prism (B). (C) Immunohistochemical staining of KCTD11 in the surrounding normal tissues and the representative carcinoma (n = 139).
KCTD11 is expressed in the nuclei and cytoplasm and show strong positive expression in normal alveolar cells (a) and bronchial epithelial
cells (b); positive expression of KCTD11 in highly differentiated adenocarcinoma (c) and squamous cell carcinoma (e); negative expression
of KCTD11 in poorly differentiated adenocarcinoma (d) and squamous cell carcinoma (f) is observed (Magnification:x200). (D) Western
blot is used to detect the protein level of KCTD11 in eight lung cell lines. (E) The data from Kaplan-Meier database show that the survival
time of KCTD11-positive patients is significantly longer than that of KCTD11-negative patients (p < 0.05). GAPDH and p-Actin serve as

the loading control
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0.368, p < 0.01; positive lymph node metastasis: hazard ratio 2.611,
p < 0.001; and high TNM classification: hazard ratio 2.172, p = 0.01).
Multivariate analysis using a Cox regression model also indicated

that low KCTD11 expression and positive lymph node metasta-
sis were independent prognostic factors in patients with NSCLC
(Table 2).
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3.3 | KCTD11 inhibited proliferation and
invasion of HBE and NSCLC cells in vitro and in vivo

We transfected exogenous expression vectors to overex-
press KCTD11 in A549 and H460 cells, and used RNA interfer-
ence to deplete endogenous KCTD11 in H1299 cells and HBE

cells. Transfection of KCTD11 significantly reduced colony for-
mation in A549 cells (KCTD11 vs. control: 162.0 + 7.000 vs.
72.33 + 4.978, p < 0.001) and H460 cells (KCTD11 vs. control:
166.0 + 21.59 vs. 99.67 + 8.253, p < 0.05). Conversely, depleting
endogenous KCTD11 significantly promoted colony formation in
H1299 cells (negative siRNA vs. siRNA-KCTD11: 90.00 + 11.59,

TABLE 1 The relationship

Clinicopathological factors N Positive Negative X2 p value between KCTD11expression with
Age(years) clinicopathological factors in 139 cases of
<60 65 29 36 0025 0875 NSCLC
260 74 34 40
Gender
Male 78 37 41 0.320 0.572
Female 61 26 35
Histological type
Squamous cell carcinoma 68 26 42 2.699 0.100
Adenocarcinoma 71 37 34
Differentiation
Well 79 42 37 4.540 0.033
Moderate and Poor 60 21 39
TNM
1+l 73 39 34 4.071 0.044
1 66 24 42
Lymph node metastasis
Positive 62 21 41 5.924 0.015
Negative 77 42 35
Clinicopathological characteristics Hazard ratio (95% Cl) p value TA B L E. 2 Univar.iaFe analysis and
multivariate analysis in 139 cases of
Univariate analysis NSCLC
Age older than 60 1.182 (0.758-1.844) 0.460
Gender: male 0.761 (0.485-1.192) 0.232
Histological type:Adenocarcinoma 0.861 (0.554-1.340) 0.508
Moderate and Poor differentiation 1.515 (0.974-2.356) 0.065
High TNM classification 2.172 (1.376-3.428) 0.001
Positive lymph node metastasis 2.611 (1.636-4.168) <0.001
Low KCTD11 expression 0.368 (0.226-0.599) <0.001
Mulivariate analysis
Positive lymph node metastasis 2.059 (1.098-3.861) 0.024
Low KCTD11 expression 0.401 (0.239 -0.673) 0.001

FIGURE 2 KCTD11 inhibits proliferation and invasion of NSCLC. (A-C) In KCTD11-overexpressing A549 cells, a colony formation
assay, Transwell assay and MTT assay show that the proliferation and invasion of cells are reduced, (D-F) whereas the proliferation and
invasion of cells are increased in KCTD11-depleted H1299 cells. (G-1) KCTD11 overexpression inhibits tumour formation and metastases
in nude mice. Subcutaneous injection of KCTD11-overexpressing A549 cells (G418 screening) into nude mice (n = 3) and the control group
(n = 3). The mice are sacrificed, and an autopsy performed to examine the growth and spread of the tumour after six weeks. Compared
with the control group, the tumour formation is reduced. (J) Mice injected with KCTD11-overexpressing A549 cells through tail vein have
decreased pulmonary metastases than those in the control group, *p < 0.05. (K-L) The transfection efficiency is shown by Western blot
after overexpressing or interfering KCTD11. All the experiments are repeated three times independently, and the results are the mean.

Abbreviations: EV, Empty vector; NC, Negative control
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vs. 212.7 + 14.45, p < 0.05) and HBE cells (negative siRNA vs. KCTD11-overexpressing cells was significantly reduced compared
siRNA-KCTD11: 41.67 + 4.842 vs. 88.00 + 5.775) (Figure 2A and with that of the control group in A549 cells (KCTD11 vs. control:
D; Figure S1A and D). In the Transwell assay, the invasive ability of 406.3 + 11.05 vs. 203.3 + 21.06, p < 0.05) and H460 cells (KCTD11
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vs. control: 433.3 + 57.00 vs. 203.7 + 49.36, p < 0.05). In contrast,
depleting endogenous KCTD11 significantly reduced the invasive
ability of H1299 cells (negative siRNA vs. si-KCTD11: 139.0 + 29.54
vs. 263.3 + 25.91, p < 0.001) and HBE cells (negative siRNA vs.
si-KCTD11: 93.67 + 2.186 vs. 200.0 + 11,15, p < 0.05) (Figure 2B
and E; Figure S1B and E). The MTT assay showed that the prolif-
eration rate of the A549 and H460 cell lines after overexpression
of KCTD11 was significantly lower than that of the control group
(b < 0.05). Consistently, the proliferation rate was significantly re-
duced in KCTD11-depleted H1299 cells and HBE cells (p < 0.05).
(Figure 2C and F; Figure S1C and F).

We then examined the effects of KCTD11 on the growth and
metastasis of NSCLC cells in vivo using a nude mouse xenograft
NSCLC model. A549 cells stably expressing KCTD11 were sub-
cutaneously injected into nude mice. Six weeks later, KCTD11-
overexpressing A549 cells showed less progressive tumour growth
in the nude mice thanin the control group (KCTD11 vs. control group:
0.5836 + 0.05839 vs. 0.2707 + 0.03628, p < 0.05, n = 3) (Figure 2G,
H and I; Figure S1G), whereas KCTD11-overexpressing A549 cells
showed less metastasis in the nude mice than in the control group
(Figure 2J and Figure S1H). The KCTD11 protein levels are shown
in Figure 2K and L. Collectively, these results indicate that KCTD11
regulates the proliferation and invasion of NSCLC cells in vivo.

3.4 | KCTD11 activated the Hippo pathway by
upregulating the phosphorylation level of YAP

The dual-luciferase assay showed that transfection of KCTD11
upregulated the activity of the Hippo signalling pathway, and that
depletion of KCTD11 inhibited the activity of the Hippo signalling
pathway (Figure 3A, B). We then found that CTGF, CYR61 and cy-
clin E mRNA, which are related to the Hippo signalling pathway,
were downregulated in KCTD11-overexpressing A549 cells and
upregulated in KCTD11-depleted H1299 cells (Figure 3C, D), sug-
gesting that KCTD11 is involved in the Hippo signalling pathway.
Therefore, we investigated whether KCTD11 is involved in YAP/P-
YAP during Hippo signal transduction. No significant changes in
YAP and LATS1 were found in A549 and H460 cell lines overex-
pressing KCTD11, as well as in H1299 and HBE cell lines lacking en-
dogenous KCTD11. However, we found that P-YAP was upregulated

by KCTD11 overexpression. When endogenous KCTD11 was de-
pleted, P-YAP was consistently downregulated in H1299 and HBE
cells. Cyclin E and CTGF, which are related to proliferation, were
downregulated when KCTD11 was overexpressed and upregulated
in the absence of endogenous KCTD11 expression (Figure 3E, F).
We also found that nuclear translocation of YAP was inhibited in
A549 cell lines after transfection with KCTD11, which can be dem-
onstrated by nucleus-cytoplasm isolation and immunofluorescence
(Figure 3G and ). These results were reversed in the H1299 cell
line, with depletion of KCTD11 promoting the nuclear transloca-
tion of YAP (Figure 3H and J). Therefore, these results indicate that
KCTD11 activates the Hippo signalling pathway by promoting the
phosphorylation of YAP.

3.5 | KCTD11 inhibits Wnt pathway and nuclear
translocation of p-catenin

According to previous reports, crosstalk exists between the Wnt and
Hippo pathways. Therefore, to further explore the molecular mech-
anism through which KCTD11 affects the malignant phenotype of
lung cancer, we focused on the effects of KCTD11 on the Wnt path-
way. To readily observe the differences in Wnt pathway activity by
luciferase reporter assays, we stimulated the Wnt signalling path-
way with Wnt-3A and found that the luciferase activity of p-catenin/
TCF-4 was significantly downregulated in KCTD11-overexpressing
A549 cells but significantly upregulated in KCTD11-depleted H1299
cells (Figure 4A, B). At the same time, we found that MMP7, cyclin
D1 and Axin2 mRNA, which are related to the Wnt signalling path-
way, were downregulated in KCTD11-overexpressing A549 cells and
upregulated in KCTD11-depleted H1299 cells (Figure 4C, D). WB
also showed that the levels of p-catenin, c-myc, MMP7 and cyclin
D1 were downregulated in KCTD11-overexpressing A549 and H460
cells but upregulated in KCTD11-depleted H1299 cells and HBE
cells. (Figure 4E, F). In A549 cell lines, transfection with KCTD11
inhibited the nuclear translocation of p-catenin, as demonstrated
by nucleus-cytoplasm isolation and immunofluorescence (Figure 4G
and 1). In H1299 cells, depletion of KCTD11 promoted the nuclear
translocation of p-catenin (Figure 4H and J). These results indicate
that KCTD11 negatively regulates the Wnt signalling pathway by in-
hibiting the nuclear translocation of p-catenin.

FIGURE 3 KCTD11 activates the Hippo pathway by upregulating the phosphorylation level of YAP in NSCLC cells. (A, B) KCTD11
overexpression inhibits the transcriptional activity of TEAD. By Hippo pGTII luciferase reporter, transfection of KCTD11 in A549 cells
upregulates the activity of Hippo signalling pathway, and depleted KCTD11 in H1299 cells inhibits the activity of Hippo signalling pathway.
The experiment is treated with control or wnt3a conditioned medium for 6 h. (C, D) The target mRNA expression levels of the Hippo
pathway, CTGF, CYR61 and CyclinE are downregulated in KCTD11-overexpressing A549 cells and are upregulated in KCTD11-depleted
H1299 cells. (E, F) Western blot shows that the phosphorylation of YAP is increased, and expression levels of target genes of the Hippo
pathway, CTGF and CyclinE are downregulated in KCTD11-overexpressing A549 cells and H460 cells. In KCTD11-depleted H1299 cells and
HBE cells, the phosphorylation of YAP decreases, and expression levels of CTGF and CyclinE are upregulated. GAPDH is used as a loading
control. The grey value is analysed by using Image J software. (G-1) Nucleus-cytoplasm isolation and immunofluorescence demonstrate
that the nuclear translocation of YAP is inhibited in A549 cell lines after transfection of KCTD11 and silencing of KCTD11 in H1299 cells
leads to an increase in the nuclear translocation of YAP. (I, J, magnification 400x; Bars: 20 um). Results are shown from three independent

experiments
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3.6 | KCTD11 inhibits the EMT process in non-
small cell lung cancer

The EMT process is usually accompanied by a decrease in E-cadherin,
Z0-1 and occludin, with an accompanying increase in the mesenchy-
mal marker N-cadherin. Snail and Slug are transcription factors con-
sidered as key regulators of EMT. Western blot analysis confirmed
that levels of E-cadherin and ZO-1 were upregulated in KCTD11-
overexpressing A549 cells and H460 cells but downregulated in
KCTD11-depleted H1299 cells and HBE cells, and that N-cadherin,
Snail and Slug were downregulated in KCTD11-overexpressing A549
and H460 cells but upregulated in KCTD11-depleted H1299 cells
and HBE cells (Figure 5A, B). At the same time, A549 cells trans-
fected with KCTD11 retained a cobblestone-like appearance with
tight cell-cell junctions, while the control group showed a spindle-
like morphology with a scattered distribution as an EMT feature. In
contrast, depletion of endogenous KCTD11 in H1299 cells displayed
a spindle-like morphology (Figure 5C, D). Therefore, these results
indicate that KCTD11 levels are associated with EMT and negatively

regulates the transcription factors Snail and Slug.

3.7 | KCTD11 binds to p-catenin via the
BTB domain

Recent studies have shown that the BTB domain of the KCTD
family is a highly versatile scaffold that acts as a bridge to sub-
strates involved in the ubiquitination of multiple proteins (Wang
et al., 2016). The relationship between KCTD1 and B-catenin has
been demonstrated previously (Li et al., 2014). We speculated that
the BTB domain of KCTD11 might interact with B-catenin. We
performed immunohistochemical staining of serial sections and
statistical analysis to show that KCTD11 expression was corre-
lated with B-catenin membranous expression (p = 0.035) (Table 3,
Figure 6A). Immunofluorescence staining also revealed that the
two proteins were co-localized in the NSCLC cell lines (Figure 6B).
Co-immunoprecipitation was performed to detect the interac-
tion between endogenous KCTD11 and B-catenin in H1299 cells
(Figure 6C). The interaction between exogenous KCTD11 and
B-catenin was also detected by transfection with Myc-tagged
KCTD11 plasmids in A549 cells (Figure 6D). We constructed a
KCTD11 mutant plasmid (MYC-KCTD11-ABTB) and found that

MYC-KCTD11-ABTB could not bind to f-catenin in A549 cells
(Figure 6E, F). Based on the above results, we concluded that

KCTD11 interacts with p-catenin via its own BTB domain.

3.8 | KCTD11 regulates Hippo pathway activity by
f-catenin

Our experiments showed that KCTD11 negatively regulates the
transmission of the Wnt signalling pathway and suppresses the ex-
pression of B-catenin. Further investigation revealed that the lev-
els of active p-catenin were downregulated, and that P-p-catenin
was upregulated in KCTD11-overexpressing A549 and H460 cells,
whereas the results were reversed in KCTD11-depleted H1299 cells
and HBE cells (Figure 7A, B). It has been reported that YAP is a direct
target gene of Wnt /B-catenin, and that the deletion of p-catenin
inhibits the expression of YAP [14]. Interestingly, we co-transfected
KCTD11 plasmid and sip-catenin in the A549 cell line, but P-YAP was
not upregulated (Figure 7C), indicating that the stimulatory effect on
YAP of KCTD11 was dependent on p-catenin.

To further investigate whether the tumour-suppressive effect
of KCTD11 is mediated by the BTB domain, we transfected a WT
KCTD11 plasmid and its mutant MYC-KCTD11-ABTB in A549 cells.
Western blot analysis and dual-luciferase assay confirmed that the
BTB domainis a KCTD11 functional region, which affects the role of
KCTD11 in tumour suppression (Figure 7D-F).

4 | DISCUSSION

Lung cancer, which is one of the leading causes of cancer-related
deaths worldwide, is still on the rise.?> Non-small cell lung cancer
accounts for approximately 80% of all lung cancer cases. Although
treatment techniques (surgical resection, chemotherapy and radio-
therapy) are improving, overall long-term survival is poor.2%?” Thus,
finding more effective biomarkers and therapeutic targets for the
disease remains essential.

Current research data indicate that KCTD family proteins are
involved in different physiological processes of cells and are sig-
nificantly associated with a variety of diseases.?®%% However, the
expression of KCTD11 in lung cancer and its possible biological
effects have not been reported. In this study, we first detected

FIGURE 4 KCTD11 inhibits the Wnt pathway and nuclear translocation of B-catenin. (A, B) By Wnt TOPflash reporter, transfection of
KCTD11 in A549 cells downregulates the activity of Wnt signalling pathway, and depleted KCTD11 in H1299 cells upregulates the activity
of Whnt signalling pathway. The experiment is treated with control or wnt3a conditioned medium for 6 h. (C, D) The target genes mRNA
expression levels of the Wnt pathway, MMP7, CyclinD1 and Axin2 are downregulated in KCTD11-overexpressing A549 cells and are
upregulated in KCTD11-depleted H1299 cells. (E, F) Western blot shows that the levels of B-catenin and the transcriptional activity of Wnt
pathway downstream target genes, C-myc, cyclin D1 and MMP7, are downregulated in KCTD11-overexpressing A549 cells and H460 cells
but upregulated in KCTD11-depleted H1299 cells and HBE cell. GAPDH is used as a loading control. The grey value is analysed by using
Image J software. (G-1) Nucleus-cytoplasm isolation and immunofluorescence demonstrate that the nuclear translocation of f-catenin

is decreased in A549 cell lines after transfection of KCTD11 and silencing of KCTD11 in H1299 cells leads to an addition in the nuclear
translocation of B-catenin. (I, J, magnification 400x; Bars: 20 um). Results are shown from three independent experiments
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FIGURE 5 KCTD11 inhibits the process of EMT. (A, B) A549 cells and H460 cells are transfected with KCTD11, the cells are lysed 48 h
later, and the level of proteins are detected by Western blot. E-cadherin and ZO-1 are upregulated while N-cadherin, vimentin, Snail and Slug
are downregulated in KCTD11-overexpressing A549 cells and H460 cells, while the results are reversed in KCTD11-depleted H1299 cells
and HBE cells. GAPDH is used as a loading control. (C, D) KCTD11 induces a morphology change and representative phase-contrast images
of cells growing in monolayer cultures. KCTD11 transfection preserves the cobblestone-like appearance of tight intercellular junctions in
A549 cells, while depleting endogenous KCTD11 in H1299 cells show the opposite effect, with the cells exhibiting a spindle-like morphology

(magnification, 200x;Bars: 50 um)

KCTD11
Positive Negative %2
B-catenin
Positive 31 52 4.459
Negative 32 24

that the expression of KCTD11 in lung cancer specimens was
decreased by immunohistochemical methods. The expression of
KCTD11 was negatively correlated with the degree of tumour
differentiation, high TNM stage and lymph node metastasis in
patients with NSCLC. The Kaplan-Meier database also showed
that KCTD11-positive patients survived significantly longer than
KCTD11-negative patients, suggesting that KCTD11 expression

TABLE 3 The relationship between
KCTD11expression with p-catenin
membranous expression in 139 cases of
NSCLC

p-value(two sided)

0.035

can be considered as a prognostic factor in lung cancer. In vivo
and in vitro experiments demonstrated that the overexpression
of KCTD11 in lung cancer cell lines significantly inhibited the pro-
liferation and migration of lung cancer cells, with the opposite re-
sults seen after knockdown. However, the reason for low KCTD11
expression in non-small cell lung cancer remains unclear. The pos-

sibility of hypermethylation, mutation or enhanced metabolism of
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FIGURE 6 KCTD11 binds to B-catenin via the BTB domain. (A) Immunohistochemical staining of serial sections and statistical analysis
to show that KCTD11 is negatively correlated with p-catenin expression (p = 0.035). (B) Immunofluorescence reveals that endogenous
KCTD11 and B-catenin had co-localization in NSCLC cell lines. (C) Interaction between endogenous KCTD11 and B-catenin is detected

by co-immunoprecipitation in A549 cells. Cell lysates are immunoprecipitated with anti-KCTD11 antibody or anti-p-catenin, and then,

the expression level of KCTD11 and B-catenin by immunoblotting is examined. The IgG serves as negative control. (D) The interaction
between exogenous KCTD11 and B-catenin is also detected by immunoprecipitation with transfection of Myc-tagged KCTD11 plasmids
into A549 cells. (E) Different locations within the structure of wild KCTD11 plasmid and Mutant MYC-KCTD11-ABTB (mut-ABTB) plasmid.
(F) KCTD11interacts with B-catenin via its BTB domain. A549 cells are transfected with KCTD11 and mut-ABTB plasmid, and the resultant
cell lysates are immunoprecipitated with anti-p-catenin antibody. Deletion of BTB domain preventing KCTD11 from binding to p-catenin is

confirmed by the absence of Myc-tag. (magnification, 200x;Bars: 50 um)
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the KCTD11 gene in lung cancer cells requires further experimen-
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tal research and verification.

At present, the research on multiple pathways that regulate tis-
sue growth and tumorigenesis is relatively immature; thus, there is
a need to urgently find a target that has a wide range of effects on

multiple pathways. In terms of the interaction between the Hippo
and Wnt signalling pathways, Hippo pathway inhibition and Wnt
pathway activation promote tumorigenesis. Therefore, in order to
study the molecular mechanism by which KCTD11 affects the ma-
lignant phenotype of lung cancer, we explored the effect of KCTD11
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FIGURE 7 KCTD11 regulates Hippo pathway activity by p-catenin. (A) Transfection of KCTD11 in A549 and H460 cell lines, Western
blot showing that the expression level of active p-catenin is downregulated and P-B-catenin is upregulated. (B) The expression level of active
B-catenin is upregulated, and P-p-catenin is downregulated after silencing of KCTD11 in H1299 and HBE cells. (C) KCTD11 inhibits YAP
through p-catenin. A549 cells are transfected with KCTD11 and EV, and si-catenin and siNC. Western blot showing that after knocking out
B-catenin, the expression levels of YAP and P-YAP are reduced and that overexpression of KCTD11 could not reverse this change, with the
level of YAP and P-YAP still being inhibited. (D, E) KCTD11 acts as a tumour suppressor through the BTB domain. A549 cells are transfected
with EV, KCTD11 and mut-ABTB plasmid and the level of proteins are detected by Western blot. Overexpression of mut-ABTB does not
affect the expression of Hippo and wnt pathway-related proteins and EMT-related proteins. (F) The Wnt TOPflash reporter and Hippo pGTII
luciferase reporter are used to detect the transcriptional activity of YAP / TEAD and B-catenin / TCF-4 after transfection of mut-ABTB.

Abbreviations: EV, empty vector; siNC, negative control siRNAs

on the expression level of Hippo pathway and Wnt pathway-related
proteins. The results of the dual-luciferase assay, Western blot and
immunofluorescence revealed that KCTD11 significantly enhanced
the phosphorylation levels of YAP; inhibited the nuclear transloca-
tion of YAP and the transcriptional activity of target genes in the
Hippo pathway; significantly reduced f-catenin expression levels
and enhanced f-catenin phosphorylation levels; inhibited the entry
of p-catenin into the nucleus; and inhibited Wnt pathway activity.
Protein-protein interactions play a vital role in biological functions.
The final outcome is that the retention of YAP and f-catenin in the
cytoplasm of the Hippo and Wnt signalling pathways is recognized by
E3 ubiquitin ligase B-trcp, which then leads to their ubiquitination and
degradation‘gi’32 The protein KCTD11 contains a BTB domain that
can bind to Cullin3 and participate in ubiquitin degradation; never-
theless, the relationship among the three still needs further study.®®
By co-immunoprecipitation and immunofluorescence, we found that
KCTD11 can bind to B-catenin and co-localize in lung cancer tissues
and cells. When KCTD11 was transfected and interfered with -
catenin concurrently, we found that YAP and P-YAP protein levels de-
creased with reduced f-catenin protein levels compared with single
KCTD11 transfection. Overall, the present study found that KCTD11
binds to p-catenin and inhibits p-catenin nuclear translocation which
further inhibits the Hippo pathway, thus leading to decreased pro-
liferation and metastasis of lung cancer cells. In further studies, we
directly knocked out the BTB domain and found that KCTD11 cannot
bind to p-catenin, thus losing its role as a tumour suppressor.

5 | CONCLUSION

The results of this study indicate that the human potassium chan-
nel tetramer protein KCTD11 can bind to p-catenin through its BTB
domain in NSCLC cells, inhibit the Wnt pathway, increase Hippo
pathway activity, and inhibit the proliferation and migration of lung
cancer cells. Therefore, KCTD11 constitutes the link between the
Wnt and Hippo pathways, and may be a potential target for lung
cancer drug development.
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