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Background: Colorectal cancer (CRC) is one of the most common aggressive malignancies.

KLHL22 functions as a tumor suppressor, and previous findings have demonstrated that

KLHL22 can regulate the development of breast cancer and CRC. However, few studies

have investigated the role of KLHL22 in CRC cell epithelial-to-mesenchymal transition

(EMT) and proliferation. The current study aimed to detect the role of KLHL22 in CRC cell

proliferation and EMT and to elucidate the probable molecular mechanisms through which

KLHL22 is involved with these processes.

Materials and Methods: Transwell invasion, MTT, immunohistochemistry and Western

blotting assays were performed to evaluate the migration, invasion and proliferation abilities

of CRC cells, and the levels of active molecules involved in the Wnt/β-catenin signaling

pathway were examined through Western blotting analysis. In addition, the in vivo function

of KLHL22 was assessed using a tumor xenograft model.

Results: KLHL22 expression was weaker in CRC tissues than in nonmalignant tissues and

could inhibit cell invasion, migration, and proliferation in vitro. Furthermore, the regulatory

effects of KLHL22 on EMTwere partially attributed to the Wnt/β-catenin signaling pathway.

The in vivo results also showed that KLHL22 modulated CRC tumorigenesis.

Conclusion: KLHL22 can regulate the activity of GSK-3β to influence the level of PI3K,

and this regulation promotes EMT inhibition partially through the Wnt/β-catenin signaling

pathway.
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Introduction
Colorectal cancer (CRC), the third most common type of malignant tumor worldwide,

has resulted in a steady increase in cancer-related mortality in recent decades .1 Even

after undergoing surgical R0 resection, many patients suffer from metastasis and

postoperative recurrence after several years, and recurrence develops in metastatic

niches in the liver, lungs, brain, bones and other tissues through lymphatic and

hematogenous vessels and becomes the leading cause of death due to CRC.2 The

targets of distal metastasis can influence the mortality rate of the patient, so in depth

investigations about the molecular mechanisms that underlie CRC development are

urgently needed.

Kelch-like family member 22 (KLHL22) plays a significant role in regulating the

activation of mTORC1 and the downstream events in mammals and nematodes.3

Although few studies have examined the function of KLHL22 in cancer, the
Correspondence: Shengxun Mao
Email maoshengxun@126.com

Cancer Management and Research Dovepress
open access to scientific and medical research

Open Access Full Text Article

submit your manuscript | www.dovepress.com Cancer Management and Research 2020:12 3981–3993 3981

http://doi.org/10.2147/CMAR.S252232

DovePress © 2020 Song et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

C
an

ce
r 

M
an

ag
em

en
t a

nd
 R

es
ea

rc
h 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php


relationship between KLHL22 expression and tumorigenesis

has been revealed in breast cancer, and a study conducted by

Chen demonstrated that KLHL22 could promote tumorigen-

esis and aging through amino acid-dependent mTORC1 sig-

naling in breast cancer cells.3 It has been reported that

KLHL22 could regulate the ubiquitylation of PLK1 with

Cullin 3 (CUL3) to influence the regulator of mitosis and

control chromosome alignment.4 In addition, it could bind to

or regulate some other kinases, such as Nek2 and CDK1, that

influence kinetochore-microtubule attachment and other

mitotic processes at multiple levels, which means that

KLHL22 may regulate cancer cell progression.5 However,

little is known regarding the function of KLHL22 in control-

ling CRC progression. Recently, we found that the levels of

the protein encoded by KLHL22 are lower in clinical patho-

logical tissue specimens from patients than in normal tissues.

Therefore, we aimed to characterize the role of KLHL22 in

CRC and the mechanisms by which KLHL22 influences

tumors.

Epithelial-to-mesenchymal transition (EMT) is a physio-

logical process that is a crucial event in numerous develop-

mental processes, but it could trigger cancer cell metastasis

and invasion by causing cells to lose their epithelial character-

istics and adhesive contacts with their neighboring cells.6–8

The most prominent characteristics of an EMT event are

decreasing expression of epithelial markers, such as

E-cadherin and tight junction proteins, and the acquisition of

mesenchymal markers, such as N-cadherin and vimentin.

EMT can be mediated by a network of EMT-inducing tran-

scriptional factors, such as Snail1/2, Twist1 and ZEB1/2.9,10

Some studies have indicated that EMT and invasive cancer

formation can be regulated through signaling pathways, such

as Notch, Wnt/β-catenin, TGF-β and NF-kB.11 The canonical
Wnt signaling pathway, a critical mediator of tissue home-

ostasis and repair, is a key signaling cascade in the regulation

of both carcinogenesis and EMT.12 Cytoplasmic β-catenin can
be transported from the cytoplasm to the nucleus and can

regulate the transcription of target genes linked to the induc-

tion of EMT, which depends on the accumulation of the

extracellular Wnt ligand and the function of the “APC/Axin-

2/GSK-3β complex”.13–15 Moreover, nuclear β-catenin can

induce the transcription of cyclin D1 and C-myc, which are

involved in proliferation.16

In the present study, we examined the efficacy of

KLHL22-induced inhibition of CRC cell EMTand prolifera-

tion in vitro. We further assessed the tumor migration and

invasion mechanisms of KLHL22 by decreasing the activity

of the Wnt/β-catenin signaling pathway in CRC. The results

of these experiments should provide novel insights into the

effects of the KLHL22 and Wnt/β-catenin signaling path-

ways on CRC therapy.

Materials and Methods
RNA Sequencing Data and Bioinformatics

Analysis
Gene expression data with clinical information from the colon

adenocarcinoma (COAD) projects (490 cases, workflow type:

HTSeq-Counts) were collected from TCGA. The exclusion

criteria were normal COAD samples and an overall survival

of <30 days. Then, level 3 HTSeq-Counts data were trans-

formed into transcripts per million reads (TPM) for the fol-

lowing analyses. The TPM data for 430 patients with COAD

were used for further analyses. Unavailable or unknown clin-

ical features in 362 patients were regarded as missing values,

and the data contained 321 colorectal cancer tissue samples

and 41 normal tissue samples. Because the data were down-

loaded freely from the TCGA database, approval of the ethics

committee of Nanchang University was not needed.

Gene Set Enrichment Analysis (GSEA)
GSEA (http://www.broadinstitute.org/gsea/index.jsp) was

used to investigate the mechanisms related to KLHL22

expression in CRC patients. The 362 colorectal cancer sam-

ples from TCGA-COAD were divided into low and high

expression groups by the median expression of KLHL22.

One thousand permutations for gene sampling were utilized

to verify statistical significance and to ensure the accuracy of

the results. The significantly different inclusion was normal-

ized with a P<0.05 and a false discovery rate (FDR) <25%.

GSEAwas conducted based on two groups, and significantly

enriched pathways related to malignant cancer development

were chosen according to the normalized enrichment score

(NES). Correlative biological processes, cellular components

and molecular functions were determined.

Human Tissue Samples and Cell Lines
In our study, we collected tissue samples from 80 colorectal

cancer patients (40 males and 40 females over 65 years old)

who came from the Second Affiliated Hospital of Nanchang

University (Nanchang, China). Before starting this study, we

have informed all patients about the use of human specimens

in the study and obtained consent from each patient. All the

patients comprehend it and signed paper informed consent.In

addition, the ethics committee of the Second Affiliated

Hospital of Nanchang University also provided consent for
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the study. Cell lines were obtained and authenticated from

Shanghai Cell Biology (Shanghai, China). All cell lines were

tested and were negative for mycoplasma contamination.

HCT116, SW480 and LOVO cells were cultured in RPMI

1640 containing 10% fetal bovine serum (FBS) (Solarbio,

Beijing, China) and maintained at 37 °C in a humidified

atmosphere with 5% CO2. In this experiment, we used

TRIzol Reagent (Thermo Fisher, New York, USA) to extract

the total RNA from tissue samples and cultured cells and

utilized the PrimeScript RT kit (Vazyme, Nanjing, China)

and SYBR Premix Ex Taq (China, Chengdu Atomic Energy)

to perform quantitative RT-PCR. The following primer

sequences were used: KLHL22 Forward) 5ʹ-AAGGGAT
CTTGTGGCTGT-3ʹand(reverse) 5ʹ-TGTTGTTCACGCAG

TGTGG-3ʹ.

Immunohistochemistry (IHC)
Formalin-fixed, paraffin-embedded patient-derived tumor

specimens were collected, and specimens were deparaffi-

nized and stained with an antibody against KLHL22. An

anti-KLHL22 rabbit polyclonal antibody (1:150, Thermo

Fisher, USA) was coated onto the prepared sections and

placed at 4 °C overnight; then, the samples were washed

three times with phosphate-buffered saline (PBS) and placed

in the corresponding primary secondary antibody for 1 hour.

Next, the peroxidase reaction was performed by incubating

the samples with 3,3ʹ-diaminobenzidine (DAB) (DAKO,

Shanghai, China), and the tissue sections were stained with

hematoxylin. The IHC intensity was scored as 0 (no stain-

ing), 1 (weak staining), 2 (moderate staining), or 3 (strong

staining).

Western Blot Analysis
The collected tissues and cultured cells were lysed with RIPA

lysis buffer (CWBIO, Beijing, China), and the supernatant

was collected by centrifugation and stored at −20 °C until use.

Protein concentrations were determined by a BCA Protein

AssayKit. Proteins were separated by SDS-PAGE, transferred

to nitrocellulose membranes, and blotted with antibodies

recognizing KLHL22 (1:1000, Thermo Fisher, US), Twist1

(1:1000), Snail1 (1:1000), LEF (1:1000) (Santa Cruz

Biotechnology, Santa Cruz, CA, USA), GSK-3β (1:1000), β-
catenin (1:1000), vimentin (1:1000), E-cadherin (1:1000) and

N-cadherin (1:1000) (Proteintech, Hubei, China). An antibody

against GAPDH (1:5000) was used as a loading control.

Following primary antibody incubation, membranes were

washed three times with TBST, and the appropriate horse-

radish peroxidase-conjugated secondary antibody was added

for a 2-hour incubation at room temperature.Membranes were

developed using an ECL Western blotting detection reagent

(Proteintech, Hubei, China) and were exposed to radio-

graphic film.

Gene Knockdown and Overexpression

Assays
We purchased all lentiviruses containing short hairpin RNA

(shRNA) specific for KLHL22 or GSK-3β and lentiviruses

overexpressing KLHL22 and GSK-3βRNA fromGeneChem,

Inc. (Shanghai, China). All cells were maintained in RPMI-

1640 (Sigma), supplementedwith 10% (v/v) fetal calve serum,

100 U/mL penicillin and 100 mg/mL streptomycin in

a humidified atmosphere of 5% CO2 at 37°C° Preliminary

transfected cells were repeatedly screened with G418 to obtain

stable transfected homologous cell lines. HCT116 and SW480

cells were infected with lentivirus to produce stable KLHL22-

silenced cell lines, while LOVO cells were infected with

lentivirus to construct stable KLHL22-enhanced cell lines.

Transfection reagent was used for all virus production, and

infection was carried out with polybrene. Target KLHL22

shRNA sequences: forward primer, 5ʹ-TGTAAGGGATCT

TGTGGCTGT-3ʹ and reverse primer, 5ʹ-GTGTTGTTCACG

CAGTGTGG-3ʹ. Target GSK-3β shRNA sequences: forward

primer, 5ʹ-ACCCATTTCTGCCCTCCAAG-3ʹ and reverse

primer: 5ʹ-AGCGAGCGATGTATTTCTCCTT3ʹ.

Invasion and Migration Assay
Invasion and migration assays were performed using trans-

well plates (8 µm; Corning, Inc.). In brief, the cells were

suspended in serum-free medium and incubated in the

upper transwell chambers coated with or without Matrigel

basement membrane matrix (BD, Biosciences, USA), and

medium containing 10% FBS was placed as a chemical

attractant in the bottom of the chamber. After incubation

for 24 hours, the remaining cells were fixed with 4%methyl

alcohol for 20 minutes, stained with 0.1% crystal violet and

observed via optical microscopy.

Cell Scratch Assays
Cells were cultured in 6-cm Petri dishes at a concentration

of 1 x 106 cells per well and incubated for 12 hours to

ensure 100% confluence. The next day, a scratch was made

in each well using a needle, and then, the cells were

washed twice with PBS and incubated in serum-free med-

ium. Typical images were obtained via light microscopy

immediately after the scratches were made (0 hour), and
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the scratches were subsequently imaged every 12 hours

thereafter.

Immunofluorescence
We detected the expression of the E-cadherin and Twist1

proteins in scramble and lentivirus-infected cells by immu-

nofluorescence. First, the cells were grown on cell creep-

ing slides to 50–60% saturation for 24 hours. Afterwards,

the cells were fixed with 4% paraformaldehyde, permea-

bilized with 0.2% Triton X-100 (Beyotime, Zhenjiang,

Jiangsu, China) and blocked with 10% goat serum at

room temperature for 30 minutes. One of the following

antibodies was added and incubated at 4 °C overnight:

anti-E-cadherin (1:200) and anti-Twist1 (1:200) (China

Hubei Protein Technology Co, Ltd.). After the primary

antibody incubation, cell creeping slides were incubated

with a secondary antibody (DyLight 488-conjugated

mouse anti-rabbit IgG; 1:200) at room temperature for 2

hours. Finally, cell nuclei were counterstained with DAPI,

and we obtained images using a fluorescence microscope

(Olympus Corporation, Tokyo, Japan).

In vivo Tumorigenesis
All animal experiments were performed according to proto-

cols supported by the Second Affiliated Hospital of

Nanchang University and obeyed the National Institutes of

Health guidelines for the use of experimental animals.

(Approval No.): 2019060715.In our study, eight-week-old

male athymic BALB/c nude mice were raised. HCT116 and

SW480 cells transduced with KLHL22 shRNA or normal

HCT116 and SW480 cells (1 x 10^6 cells per mouse) were

subcutaneously inoculated into nude mice. Another group of

nude mice was infected with treated LOVO cells with

KLHL22 overexpression or normal LOVO cells in the

same way. After 8 weeks, the mice were humanely eutha-

nized and the subcutaneous tumor tissues were extracted.

Tumor volume was measured every week using the formula:

volume =2 ×b/2, where a is the major diameter and b is the

minor diameter vertical to a.

Statistical Analysis
The data are expressed as the mean ± standard deviation of at

least three independent experiments that were performed in

triplicate. The data were analyzed using a Mann–Whitney

U-test with Prism 5.0 software (GraphPad Software, Inc., La

Jolla, CA, USA). We also used SPSS 17.0 software (SPSS,

Inc., Cary, NC, USA) for data analyses. Significant differ-

ences were considered at p < 0.05 (*).

Results
Unlike Matched Adjacent Normal Tissues,

Colorectal Cancer Tissues Negatively

Regulate KLHL22 (Figure 1A–E)
The level of the KLHL22 protein in a multitude of CRC

tissues was assessed by IHC, as shown by the figure:

KLHL22 showed weak staining in tumor tissues and exhib-

ited strong staining in matched adjacent noncancerous tis-

sues. As a result, the expression of KLHL22 in CRC tumor

tissues was significantly decreased compared with that in

nontumor tissues (1A). In addition to measuring the protein

levels in tumor tissues and their corresponding normal tis-

sues, we used Western blotting, and the results were similar

to those of IHC (Figure 1B). To further investigate the role of

KLHL22 in colorectal tumors and subsequent experiments,

we selected three CRC cell lines (LOVO, SW480, and

HCT116) to examine the expression of KLHL22 in each

cell line and found that the LOVO cell line exhibited weak

KLHL22 expression, whereas the SW480 and HCT116 cell

lines exhibited high KLHL22 expression (Figure 1C). To

investigate the role of KLHL22 in CRC progression, we

first evaluated the mRNA expression level of KLHL22 in

TCGA, and the results showed that KLHL22 expression was

significantly lower in CRC than in normal tissues (p< 0.05)

(*) (Figure 1D). Besides, the expression of KLHL22 in 160

CRC tissues and matched adjacent normal tissues was

detected by qRT-PCR, as is shown that KLHL22 expression

level in CRC tissues was lower than that of adjacent normal

tissues, of which showed statistically significant difference.

(Figure 1E)

Therefore, we silenced KLHL22 expression in the

HCT116 and SW480 cell lines by transfecting the cells with

shRNA constructs. In addition, lentiviral vectors were con-

structed to enhance the expression of KLHL22 in the LOVO

cell line. Therefore, we established the stable KLHL22 knock-

down cell lines (HCT116-shRNA and SW480-shRNA) and

stable KLHL22 overexpression (LOVO-KLHL22) cell line

for use in the following experiments.

GSEA in Two Independent Groups with

Different KLHL22 Levels. (Figure 2)
To further explore the function of KLHL22 in affecting the

prognosis of colorectal cancer patients, GSEAwas performed

in TCGA-COAD samples. These samples in the high

KLHL22 expression group were enriched in the cell cycle.
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KLHL22 Knockdown Encourages CRC

Invasion in vitro, Whereas KLHL22

Overexpression Inhibits CRC Invasion

(Figure 3)

To determine whether KLHL22 expression restrains cell pro-

liferation capacity,we examined the proliferation of transduced

and nontransduced cells using cell migration and invasion. The

results revealed that themigratory and invasion capacitieswere

enhanced in cells when KLHL22 expression was suppressed

(Figure 3A and B). And that KLHL22 overexpression

decreased cell migratory and invasion (Figure 3C) (p < 0.05).

We also performed wound scratch assays, and the results

showed that the KLHL22 knockdown cell lines exhibited

Figure 1 KLHL22 expression in CRC tissues and three CRC cell lines (LOVO, HCT116, and SW480). (A) Immunohistochemical staining of KLHL22 in CRC tissues.

Original magnification, ×200, ×400; bar = 100 um. KLHL22 protein is lower expression in tumor tissue than in adjacent normal tissue. (B) KLHL22 protein expression in

representative samples of CRC tissues and paired adjacent non-cancerous tissues. KLHL22 is significantly decreased in cancerous tissues than to adjacent non-cancer tissues.

(C) KLHL22 protein expression in three CRC cell lines. In the LOVO cell lines, KLHL22 protein expression was lower than in the HCT116 and SW480 cell lines. (D) Gene

set enrichment analysis for high KLHL22 expression group and low KLHL22 expression group. (E) KLHL22 mRNA expression levels in 160 CRC tissues and paired non-

cancerous tissues, calculated using the 2—ΔΔct method. **p < 0.01, Mann–Whitney U-test. In the CRC tissues, KLHL22 mRNA expression levels were lower than in the

corresponding normal tissues.
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enhanced migration (Figure 3D and E) and KLHL22-

overexpressing cells exhibited decreased migration

(Figure 3F). Representative fields of the wound-healing pro-

cess were monitored at 0 and 12 hours (p < 0.01).In general,

alterations in the cell migration and invasion capacity indicate

that EMT is induced in response to the downregulated expres-

sion of KLHL22 in CRC cells.

Increased KLHL22 Expression

Contributes to the Inhibition of EMT in

CRC Cells (Figure 4+Figure 5)
The transwell assay suggested that KLHL22 deregulates cell

migration and invasion in CRC cells, indicating a link between

KLHL22 expression and EMT. Herein, we further detected

the levels of EMT markers, including the epithelial marker

E-cadherin and the mesenchymal markers N-cadherin, vimen-

tin, Twist1 and Snail1. We measured the levels in all trans-

duced and nontransduced cells byWestern blotting. As shown

in the Figure 4, KLHL22 knockdown resulted in a dramatic

decrease in the E-cadherin level while contributing to

a statistically significant increase in the vimentin,

N-cadherin, Twist1 and Snail1 level (Figure 4A and B). In

contrast, in cells in which KLHL22 expression was upregu-

lated, the expression levels of vimentin, N-cadherin, Twist1

and Snail1 were decreased, and the expression level of

E-cadherin was increased (Figure 4C). (p < 0.05). From

these results, we can conclude that the upregulation of

KLHL22 could inhibit EMT in CRC, while in contrast, the

downregulation of KLHL22 promotes EMT. Through these

Figure 2 The relative mRNA expression of KLHL22 in TCGA cohort (normal=41, CRC=321).
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experimental results, we initially linked the expression of

KLHL22 to the EMT process.

To reinforce our hypothesis, we examined the expres-

sion of E-cadherin and Twist1 in treated or untreated cell

lines via immunofluorescence. The results are shown in

Figure 5. Downregulation of KLHL22 expression in the

HCT116 and SW480 cell lines resulted in a decrease in

E-cadherin and an increase in Twist1 expression (Figure

5A and B). Inversely, KLHL22 overexpression in the

LOVO cell line inhibited Twist1 expression and elevated

E-cadherin expression (Figure 5C). Therefore, we further

confirmed that KLHL22 is required for the physiological

process of EMT and that KLHL22 plays a significant role

in CRC EMT.

The Regulatory Effects of KLHL22,

Which Promotes EMT, are Attributable

to the Wnt/β-Catenin Signaling Pathway

(Figure 6)
It is known from previous literature reports that the Wnt/β-

catenin signaling pathway is a classical signaling pathway

that induces EMT and cancer metastasis. Combined with the

experimental results obtained from the previous experiments,

we considered that KLHL22 could restrain tumor cell growth

and migration through the Wnt/β-catenin pathway and could

play a crucial role in the EMT process of CRC cells. To

verify this possibility, we examined the expression of β-

catenin in three cell lines using Western blotting. The results

Figure 3 KLHL22 acts as a tumor inhibitor affecting CRC migration and invasion. Migration and invasion were demonstrated in three CRC cell lines that were transduced as

the following pictures. (A, B) The results revealed that the migratory and invasion capacities were enhanced in cells when KLHL22 expression was suppressed. (C) And that

KLHL22 overexpression decreased cell migratory and invasion. (p < 0.05). (D, E) Migration was measured using a cell scratch assay. HCT116 and SW480 cells transduced

with KLHLL22-shRNA migrated more faster than scramble control cells. (F) LOVO cells with +RHBDF1 migrated more slowly than normal cells or scramble control cells.

(*p<0.05,**p < 0.01 by Student’s t-test.).
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showed that downregulation of KLHL22 increased β-catenin

expression in constructed cells (Figure 6A and B). In con-

trast, β-catenin protein levels were downregulated in cell

lines treated with upregulated KLHL22 (Figure 6C). It is

widely acknowledged that GSK-3β and LEF play an impor-

tant role in Wnt/β-catenin signaling. In general, β-catenin

was maintained at a relatively low level in cells with sturdy

KLHL22 expression. Subsequently, we examined the activ-

ities of GSK-3β and LEF by Western blotting. As we

hypothesized, the β-catenin and LEF levels were signifi-

cantly increased in cells with downregulated KLHL22

expression. Moreover, in cells with upregulated KLHL22

expression, β-catenin and LEF expression was inhibited;

interestingly, GSK-3β expression was increased (P<0.05).

Figure 4 Cells after transduction with KLHL22 shRNA or +KLHL22 lentivirus to regulate the expression of EMT markers. We performed a Western blotting assessment of

E-cadherin, N-cadherin, vimentin, Twist1 and Snail1 protein expression. (A, B) The results showed that the expression levels of N-cadherin, vimentin, Twist1 and Snail1 were

increased and that E-cadherin expression was reduce when HCT116 and SW480 cells KLHL22 gene silenced by Lentivirus. (C) However, when KLHL22 protein was

overexpressed in LOVO cells, the expression levels of N-cadherin, vimentin Twist1 and Snail1 decreased, and the expression levels of E-cadherin increased. GAPDH was

used as the loading controls. (**p < 0.01 by Student’s t-test).

Figure 5 Immunofluorescence staining was performed to detect E-cadherin and Twist1 expression in cells after transduction with KLHL22 shRNA or +KLHL22 lentivirus,

and images were compared with those of normal cells. (A, B) In the HCT116 and SW480 cells, there by enhance EMT, KLHL22 knockdown suppressed E-cadherin

expression and increased Twist1 expression. (C) In the LOVO cells, KLHL22 overexpression increased E-cadherin expression and suppressed Twist1, through the same

method.
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Therefore, we concluded that the regulatory effects of

KLHL22, which inhibit EMT, are attributable to the Wnt/β-
catenin signaling pathway.

In vitro Effects of GSK-3β
Overexpression or Silencing in Cell Lines

with KLHL22 Upregulation or

Knockdown (Figure 7)
Through the above experiments, we have identified the tumor

suppression function of KLHL22, further investigation is

needed to address the mechanism by which KLHL22 influ-

ences tumor angiogenesis through theWnt/β-catenin signaling
pathway. It is known from previous reports that β-catenin is

degraded by a complex consisting of APC, GSK-3β andAxin-
2 and that GSK-3β is an important component of the β-catenin
degradation complex. Therefore, we selected GSK-3β to test

the underlying mechanism of KLHL22. As shown in the

figure, KLHL22-shRNA HCT116 and SW480 cells led to

enhanced GSK-3β expression, which promoted the degrada-

tion of β-catenin and thus inhibited the Wnt/β-catenin signal-

ing pathway. Thus, GSK-3β was blocked or overexpressed in
the stable KLHL22-expressing and KLHL22-knockdown cell

lines, respectively, and affected the expression of proteins

containing β-catenin, Twist1, LEF, Snail1, and E-cadherin.

When KLHL22 was knocked down and GSK-3β was upre-

gulated, the expression levels of β-catenin, Twist1, LEF and

Snail1 marginally decreased, and the expression levels of

E-cadherin increased; however, as GSK-3β was knocked

down, the relative expression of β-catenin, Twist1, LEF, and
Snail1 increased and that of E-cadherin significantly

decreased (Figure 7). Moreover, the results revealed that the

expression levels of downstream genes, namely, β-catenin,
Twist1, LEF, and Snail1, were increased and that of

E-cadherin was decreased following GSK-3β knockdown in

the KLHL22-overexpressing LOVO cells (Figure 7C). In

contrast, after upregulation of GSK-3β expression, down-

stream gene expression was reduced in KLHL22-silenced

HCT116 and SW480 cells (Figure 7A and B). Based on the

results of these experiments, we believe that KLHL22 silence,

which promotes GSK-3β degradation, led to influence the

level of β-catenin, Twist1, LEF and Snail1. In conclusion,

we demonstrated that KLHL22 may regulate the level of

GSK-3β in vitro.

KLHL22 Inhibits Tumorigenesis in vivo

(Figure 8)
To further investigate whether KLHL22 inhibits tumor

growth in vivo, we established a CRC xenograft mouse

model by subcutaneously injecting HCT116-shRNA and

SW480-shRNA cells or LOVO cells with stable KLHL22

expression into the right subcutaneous flank of nude mice.

We measured the size of the growing tumors every week

Figure 6 KLHL22 regulates the expression of GSK-3β markers. Through Western blotting, we assessed GSK-3β, β-catenin and LEF expression. (A, B) We show that the

GSK-3β expression levels were reduced and that the β-catenin and LEF protein expression levels increased when the gene of KLHL22 knockdown in the HCT116 and

SW480 cells. (C) The GSK-3β expression levels increased, but the β-catenin and LEF expression levels were reduced when the gene of KLHL22 overexpression in the

LOVO cells. GAPDH was used as the loading controls. (**p < 0.01 by Student’s t-test.).
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Figure 7 Effects of GSK-3β re-expression or silencing in stable KLHL22-expressing or KLHL22-silenced cell lines in vitro and vivo. We evaluated the expression of β-
catenin, LEF, Twist1, Snail1 and E-cadherin via Western blotting. (A, B) The expression levels of β-catenin, LEF, Twist1, and Snail1 were reduced and that of E-cadherin was

increased when GSK-3β and Axin-2 was overexpressed in KLHL22-silenced HCT116 and SW480 cells. (C) But the levels of these proteins showed the opposite trend when

GSK-3β and Axin-2 was knocked down in KLHL22-overexpressing LOVO cells. GAPDH (cell marker) was used as a loading control. (**p < 0.01 by Student’s t-test.).

Figure 8 Influence of KLHL22 overexpression or silencing on tumor formation in vivo. (A) Photographs of tumors excised from mice injected with normal HCT116 and

SW480 cells or KLHL22 shRNA-transfected HCT116 and SW480 cells. Pictures showed that mice were injected with normal LOVO cells or +KLHL22 LOVO cells (n =

5 per group). After 56 days, Nude mice were treated, and the weight of their tumors was weighed. *P<0.05 by Student’s t-test. (B) Tumor growth curves showed that the

mice were injected with normal HCT116 and SW480 cells or KLHL22 shRNA-transfected HCT116 and SW480 cells. Tumor growth curves for mice injected with normal

LOVO cells or +KLHL22 LOVO cells. (**p < 0.01 by Student’s t-test.).
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with a caliper. After 8 weeks of growth in nude mice,

tumors of uneven size formed, and the size and weight

of the tumors are shown in Figure 8. As shown in the

tumor growth curve, all colorectal cancer cell lines suc-

cessfully formed tumor xenografts, and the KLHL22-

overexpressing cell line group exhibited a smaller tumor

volume than the corresponding control group. In contrast,

KLHL22-knockdown HCT116 and SW480 cells had

a larger tumor volume than the corresponding control

group (Figure 8A). Moreover, the average tumor volume

of the group with increased KLHL22 expression was gen-

erally less than that of the group with decreased KLHL22

expression throughout the growth process (Figure 8B), and

the above results were consistent with the in vitro results.

Thus, KLHL22 inhibits the progression of colorectal

tumors both in vitro and in vivo.

Discussion
CRC, a common human malignancy, is affecting a substantial

number of people worldwide, and further study on its mole-

cular mechanisms is urgently needed.17,18 There has been

accumulating evidence showing that the difference in

KLHL22 expression is closely related to cancer. However,

no information is currently available on the specific role or

molecular mechanism of KLHL22 in CRC patients. In this

study, we aimed to test the function of the KLHL22 gene in

CRC development and to identify the associated signaling

mechanisms. The results of KLHL22 expression in CRC

and nonmalignant tissues show that KLHL22 is downregu-

lated in CRC and may inhibit cancer development.

EMT is a physiological process and a crucial event that

triggers cancer cell metastasis, invasion and development in

numerous cancers.19 In addition, it refers to the loss of original

epithelial cell polarity and adhesion and the addition of

a mesenchymal cell phenotype.20 During this process, the

expression of E-cadherin and cytokeratin 19 (CK19) is down-

regulated, and cytoplasmic markers, such as vimentin,

N-cadherin and S100A4, are upregulated. Many studies have

shown that abnormal expression of E-cadherin andN-cadherin

is significantly associated with lymph node metastasis and

survival prognosis.21 Twist1, a significant mediation factor

downstream of β-catenin, is involved in promoting EMT.22

Additionally, Twist1 induces a decrease in E-cadherin-

mediated cell-cell adhesion to promote EMT.23–25 Our results

show that decreasing KLHL22 expression was associated with

gradually increasing amounts of vimentin and N-cadherin and

decreasing levels of E-cadherin, indicating that KLHL22 may

inhibit invasion and migration by stimulating EMT in CRC.

Many signaling pathways are involved in the development

of EMT; canonical Wnt/β-catenin signaling is the core protein
and is conserved in various organisms ranging from worms to

mammals, and β-catenin represents the key downstream factor

in this pathway.26 In the cytoplasm, nascent β-catenin in the

cytoplasm becomes phosphorylated and ubiquitinated when it

is sequestered within a complex that consists of APC, GSK-3β
and Axin-2, and GSK-3β-dependent β-catenin phosphoryla-

tion induces its proteasomal degradation. When secreted Wnt

ligands bind to the Fzd and LRP coreceptors, the Dishevelled

(Dvl) protein in the Wnt/β-catenin pathway is activated and

phosphorylated by GSK-3β.27–29 GSK3β could phosphorylate
S33/S37/T41 sites on β-catenin at centrosomes, resulting in

the stabilization of β-catenin at centrosomes; stabilization is

the opposite effect of the well-characterized role of GSK3β
phosphorylation, which destabilizes β-catenin by targeting it

for degradation.30 After stabilization, β-catenin enters the

nucleus and could bind to the T-cell factor (Tcf)/lymphoid

enhancer factor (Lef) family of transcription factors, thereby

leading to the transcriptional activation of multiple target

genes.31 From a previous study, KLHL22 could bind to sev-

eral kinases with known mitotic functions, including Cdk1,

casein kinases, and Nek2, to influence kinetochore-

microtubule attachment and other mitotic processes at multi-

ple levels.32 The levels of PLK1 and GUL3 influenced by

KLHL22 are critical regulators ofmitosis, cell division control

and are also central players in maintaining genome stability

during DNA replication and modulating the DNA damage

response.33 In addition, some results have shown that over-

expression of these factors contributes to apoptosis resistance

and proliferation in cancer cells in vitro through the NF-kB

and STAT signaling pathways.34 In this study, we highlighted

the function of KLHL22 in CRC with overexpression and

silencing of KLHL22, and the corresponding results show that

KLHL22 may increase the expression of members of the

complex (APC, GSK-3β and Axin-2) with subsequent down-
regulation of both T-β-catenin and N-β-catenin. Additionally,
these changes to the cellular localization of β-catenin are

consistent with the changes detected in these cells via immu-

nofluorescence. Overall, KLHL22 may inhibit EMT and cell

proliferation by decreasing Wnt/β-catenin pathway activity

in CRC.

To further determine whether the effects of KLHL22 on

PLK1 and EMT regulation and proliferation are partially

attributable to the Wnt/β-catenin signaling pathway, we eval-

uated the effects of re-expressing or blocking GSK-3β in

stable KLHL22-expressing or KLHL22-silenced cell lines

in vitro. Furthermore, we examined the expression of relevant
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proteins viaWestern blotting and assessed the condition of the

cells. The results suggest that re-expression of the upstream

Wnt/β-catenin signaling gene GSK-3β promotes the cancer

suppression function of mutant KLHL22 in CRC cells. Thus,

we further demonstrated that the regulatory effects of

KLHL22 on EMT are partially attributable to the Wnt/β-
catenin signaling pathway.

In summary, our data reveal that KLHL22 is a tumor

suppressor in CRC. Moreover, silencing KLHL22 induces

CRC cell proliferation and stimulates invasion, migration

and EMT, whereas overexpression of KLHL22 yields the

opposite results. Additionally, an increase in KLHL22

leads to a reduction in xenograft tumor growth in vivo,

whereas the opposite outcome occurs when KLHL22 is

knocked down. Therefore, we conclude that KLHL22 reg-

ulates the activity of GSK-3β to inhibit EMT partially

through the Wnt/β-catenin signaling pathways. We antici-

pate that this study will provide a basis for new strategic

approaches to develop effective CRC therapies.
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