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Background. WNK lysine deficient protein kinase 1 (WNK1) has been shown to be highly expressed in hepatocellular carcinoma
(HCC) samples and related to poor prognosis of HCC patients based on bioinformatics analysis. However, the specific function of
WNK1 in HCC has not been analyzed. This study is aimed at exploring the function of WNK1 in HCC progression as well as its
related molecular mechanism. Methods. After knockdown of WNK1 by small interference RNA, cell counting kit-8, colony
formation, western blot, Transwell, and wound healing assays were employed to evaluate the biological behaviors of HCC cells.
Immunofluorescent staining was applied to detect the effect of WNK1 on LC3 II. GSK690693 or si-AMPK was applied to block
AMPK pathway. The expression of autophagy and AMPK pathway related molecules was examined by western blot assay. Results.
WNK1 was highly expressed in HCC cell lines and loss of WNK1 inhibited HCC cell proliferation, cell cycle, migration, and
invasion. Additionally, we demonstrated that loss of WNK1 promoted the autophagy and activated AMPK pathway in HCC cells.
While, GSK690693 treatment or si-AMPK transfection suppressed the autophagy and promoted HCC cells proliferation. However,
WNK1 knockdown counteracted the effect of GSK690693 or si-AMPK in regulating HCC cell proliferation. Finally, we
demonstrated that WNK1 regulated the malignant behaviors of HCC cells by modulating autophagy and AMPK pathway.
Conclusions. The above results indicated that WNK1 may be a worthwhile target to be considered for therapy of HCC.

1. Introduction

Hepatocellular carcinoma (HCC) is a malignant tumor gen-
erating from liver cells, which is very common in Asia
including China, accounting for approximately 80% of all
liver cancer types [1, 2]. At present, a growing number of
studies have suggested that the occurrence and progression

of HCC were associated with the abnormal expression of
many oncogenes and the inactivation of cancer suppressor
genes, which were increasingly used in the early diagnosis
and treatment of HCC [3, 4]. Therefore, it is of great value
to explore the target molecules and molecular mechanisms
of HCC for the development of more effective diagnosis
and treatment strategies.
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WNK lysine deficient protein kinase (WNK), as a typical
of protein kinases, binds its conserved lysine residues to ATP
at different locations in the kinase domain. Among the four
mammalian WNK subtypes, WNK1 is the longest and
widely expressed [5]. WNK1 knockdown can block migra-
tion and angiogenesis in experiments with cultured primary
human endothelial cells [6]. In addition to its great value in
vascular biology, WNK1 has been presented to promote
migration of cells involved in multiple cancer types [7].
For example, in vitro and in vivo experiments jointly demon-
strated that loss of WNK1 significantly reduced migration,
invasion, and metastasis in multiple breast cancer models
[7]. Moreover, WNK1 could stimulate angiogenesis to accel-
erate tumor growth and metastasis in colorectal cancer [8].
Additionally, WNK1 can promote renal tumor development
by activating TRPC6-NFAT pathway [9]. In vivo analysis
using mouse and zebrafish models indicated that WNK1
accelerated cancer metastasis in HCC and prostate cancer
and performed great values in angiogenesis [10–14]. How-
ever, the underlying molecular mechanisms of WNK1
involved in the rapid development and high mortality of
HCC remain unclear.

A growing number of evidence suggested that autophagy
is significantly activated in tumor cells including HCC, and
inducible autophagy generates a strong prosurvival mecha-
nism for cancer cells [15]. A previous study revealed that
WNK1 is an inhibitor of autophagy [5]. However, the rela-
tionship between WNK1 and autophagy in HCC has not
been revealed.

The aim of the study is to explore the expression level of
WNK1 in HCC cell lines and the effect of WNK1 depletion
in malignant behaviors of HCC cell lines. Moreover, we also
detected the function of WNK1 on autophagy and AMPK
signaling pathway in HCC cell lines.

2. Materials and Methods

Gene expression profiling interactive analysis (GEPIA) is a
web-based tool to afford differential expression analysis, pro-
filing plotting, correlation analysis, patients survival analysis
based on TCGA, and GTEx data.

2.1. Cell Lines and Stimulation. Human HCC cell lines
(Huh7, Hep3B, HepG2, and BEL-7402) and normal human
hepatocytes L-02 were received from the Chinese Academy
of Sciences (Shanghai, China) and cultured in DEME includ-
ing 10% fetal bovine serum (FBS, Gibco, China) at 37°C in
an incubator of 5% CO2.

To knockdown WNK1 expression, small interference
RNA (siRNA, si-WNK1-1, or si-WNK1-2) against WNK1
was transfected into Huh7 or Hep3B cells, and a scramble
siRNA was regarded as a control. GSK690693 (50nM) or
si-AMPK was used to block AMPK signaling pathway.

2.2. qPCR. Gene expression of WNK1 was detected in Huh7
and Hep3B cells by qPCR. The whole RNA was extracted
using the TRIzol reagent (Invitrogen, USA). The Trans-
Script® One-Step gDNA Removal and cDNA Synthesis
SuperMix Complimentary Kit (Applied Biosystems, USA)

were applied to generate the cDNA. PCR amplification was
carried out on the ABI Prism 7500 Detection System
(Applied Biosystems) and fluorescence was monitored in
real-time. All the data were normalized to the GAPDH and
analyzed using the 2−ΔΔCt method.

2.3. Western Blot. Cell protein was prepared with the support
of lysis buffer, and protein concentration was detected using
the BCA kit. Then, 30μg protein was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then
transferred to polyvinylidene fluoride membranes. Next, the
membranes were sealed with 5% skimmed milk at ambient
temperature for 1h and then blotted with the following pri-
mary antibodies overnight at 4°C: WNK1 (ab137687, 1 : 2000,
Abcam), LC3 I/II (ab128025, 1 : 1000, Abcam), Beclin 1
(ab210498, 1 : 1000, Abcam), P62 (ab91526, 1 : 1000, Abcam),
AMPK (ab207442, 1 : 1000, Abcam), p-AMPK (ab23875,
1 : 1000, Abcam), and GAPDH (ab181602, 1 : 8000, Abcam).
The membranes were blotted with the secondary antibodies
for 1h at ambient temperature. Protein bands were developed
with enhanced chemiluminesence and then analysed using
Image J software.

2.4. Cell Counting Kit-8 Assay. Based on the supplier’s direc-
tion, cell survival was detected with the help of cell counting
kit-8 (Beyotime, China). Huh7 and Hep3B cells were cultured
in a 96-well plate with a density of 5 × 103/well. Then, the cells
were cultured with 15μL kit solution, and incubated for 1.5 h,
and their absorbance was detected at 450 wave length.

2.5. Colony Formation Assay. Cells were sowed into 60mm
dishes and cultured in the medium. The dishes were placed
in 37°C incubator for 14 days, and formed colonies were
fixed with ethanol and stained with 0.1% crystal violet. The
colonies were observed and counted.

2.6. Cell Invasion Assay. Cell invasion was evaluated by using
Transwell chambers (24-well inserts). In brief, cells (1 × 105)
were cultured on the upper chamber in DMEM medium
excluding FBS. Then, 600μL complete culture medium
including 12% FBS was put into the lower chamber. After
24 h, the noninvaded cells on the upper surface of the Trans-
well membrane were removed by using a wet cotton swab.
Next, the invaded cells were stained with 0.1% crystal violet
and observed under a microscope.

2.7. Wound Healing Assay. Cells were sowed into 6-well plates
at a density of 1 × 105 cells/well. When the cells were reached
80% confluence, a 100μL pipette tip was applied to generate
a scratch. Subsequently, the widths of the scratch wound were
detected at 0h and 24h to evaluate cell migration ability.

2.8. Immunofluorescent Staining. Huh7 and Hep3B cells,
grown on slides, were fixed in methanol, blocked with 10%
bovine serum albumin for 10min, and blotted with the pri-
mary antibody against LC3-II at ambient temperature for
1 h. Then, cells were incubated with the secondary antibody
at ambient temperature for 1 h. Finally, cells were stained
with DAPI for 10min.
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Figure 1: Continued.
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Figure 1: Continued.
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2.9. Statistical Analysis. All experimental data were expressed
as themean ± standard deviation of three independent exper-
iments. One-way ANOVA identified significant difference
with Bonferroni’s post hoc test for three or more groups com-
parison with GraphPad Prism 8.0. p value less than 0.05 was
used to represent a statistically significant difference.

3. Results

3.1. A Significant Increase of WNK1 Was Occurred in HCC
Cell Lines and Loss of WNK1 Limited the Proliferative
Ability of HCC Cells. We firstly detected WNK1 expression

patterns in HCC cell lines, which showed that WNK1
expression was prominently increased in HCC cells includ-
ing Huh7, HepG2, Hep3B, and BEL-7402 cells compared
with the normal cell L-02 (Figures 1(a) and 1(b)). With
higher expression level, Huh7 and Hep3B cells were applied
for the subsequent experiments. In view of this, siRNA tech-
nology was applied to reduce the expression of WNK1 to
evaluate the effect of WNK1 depletion on the biological
behaviors of HCC cells (Figures 1(c) and 1(d)). Information
from GEPIA website suggested that WNK1 expression was
positively related to PCNA, insinuating the important func-
tion of WNK1 on HCC cells growth (Figure 1(e)). Therefore,
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Figure 1: WNK1 was highly expressed in HCC cell lines and promoted cell growth. (a, b) WNK1 expression was significantly increased in
HCC cell lines. (c, d) The treatment of si-WNK1 or si-WNK2 obviously reduced WNK1 expression. (e) The relationship between WNK1
and PCNA was analysed by GEPIA website. (f, g) Loss of WNK1 significantly reduced the OD values of Huh7 and Hep3B cells. (h–j) Loss of
WNK1 reduced the number of clones in Huh7 and Hep3B cells. ∗∗p < 0:01 vs. si-con.
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Figure 2: Continued.
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CCK-8 and colony formation assays were carried out to
detect the function of WNK1 on HCC cells proliferation.
We observed that the treatment of si-WNK1-1 or si-

WNK1-2 could prominently reduce the OD values of
Huh7 and Hep3B cells (Figures 1(f) and 1(g)). Moreover,
the number of cell clones was significantly decreased in
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Figure 2: Loss of WNK1 reduced cell cycle, invasion, and migration in HCC cells. (a, b) Data from GEPIA website showed the relationship
between WNK1 and CDK1/CDK2. (c, d) Loss of WNK1 reduced the protein patterns of CDK1 and CDK2 in Huh7 and Hep3B cells. (e)
Loss of WNK1 decreased the invasion number of Huh7 and Hep3B cells. (f) Loss of WNK1 diminished the migratory area of Huh7 and
Hep3B cells. ∗∗p < 0:01 vs. si-con.
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Figure 3: Continued.
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Huh7 and Hep3B cells after si-WNK1-1 or si-WNK1-2
treatment (Figures 1(h)–1(j)).

3.2. Loss of WNK1 Restricted the Cell Cycle, Invasion, and
Migration Abilities in HCC Cells. Afterwards, information
from GEPIA website showed that WNK1 expression was
positively related to CDK1 and CDK2 expression in HCC
(Figures 2(a) and 2(b)). Next, western blot was applied to
investigate the function of WNK1 on the expression of
CDK1 and CDK2 in Huh7 and Hep3B cells. The data from
Figures 2(c) and 2(d) showed that loss of WNK1 reduced
the expression patterns of CDK1 and CDK2 in Huh7 and

Hep3B cells. Additionally, data from Transwell and wound
healing assays showed that loss of WNK1 reduced the num-
ber of invading cells and the migratory area in Huh7 and
Hep3B cells (Figures 2(e) and 2(f)).

3.3. Loss of WNK1 Motivated the Autophagy of HCC Cells
and Regulated AMPK Pathway. Data from western blot
assay showed that loss of WNK1 obviously increased the
pattern of Beclin 1 and the ratio of LC3 II/I, as well as
decreased the pattern of P62 in Huh7 and Hep3B cells
(Figures 3(a) and 3(b)). Similarly, immunofluorescent stain-
ing further confirmed that loss of WNK1 obviously
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Figure 3: Loss of WNK1 promoted autophagy and AMPK pathway. (a, b) Loss of WNK1 increased the protein patterns of Beclin 1 and LC3
II, and reduced P62 level. (c, d) Immunofluorescence staining was used to detect LC3 II immunoreactivity. (e, f) Loss of WNK1 increased
the protein patterns of p-AMPK in Huh7 and Hep3B cells. ∗∗p < 0:01 vs. si-con.
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Figure 4: Continued.
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increased the expression of LC3 II compared with that of the
control group in Huh7 and Hep3B cells (Figures 3(c) and
3(d)). Considering the importance of AMPK in autophagy
process, western blot was applied to detect the function of
WNK1 on AMPK pathway. The data showed that loss of
WNK1 significantly increased the expression pattern of p-
AMPK in Huh7 and Hep3B cells (Figures 3(e) and 3(f)).

3.4. Inhibition of AMPK Suppressed the Autophagy and
Promoted Cell Growth in HCC Cells. To further analyse the

function of AMPK in the regulation of WNK1 on autoph-
agy, GSK690693 (AMPK inhibitor) was applied. Data from
Figures 4(a) and 4(b) showed that GSK690693 treatment sig-
nificantly reduced the expression patterns of p-AMPK,
Beclin 1, LC3 II/I, and increased the level of P62. However,
loss of WNK1 counteracted the effect of GSK690693 treat-
ment on p-AMPK, Beclin 1, LC3 II/I, and P62 levels. Subse-
quently, data from CCK-8 and colony formation assays
showed that GSK690693 treatment significantly increased
the OD values and the number of colonies in Huh7 and
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Figure 4: Loss of WNK1 restricted the malignant behaviors of HCC cells by suppressing autophagy and inactivating AMPK pathway. (a, b)
GSK690693 treatment reduced the expression patterns of p-AMPK, Beclin 1, LC3 II/I, and increased P62 level, and the above results were
reversed after si-WNK1 treatment. (c, d) GSK690693 treatment increased the OD values of Huh7 and Hep3B cells, while si-WNK1
treatment counteracted the effect of GSK690693 on the OD values of Huh7 and Hep3B cells. (e–g) GSK690693 treatment increased the
clone number of Huh7 and Hep3B cells, while si-WNK1 treatment counteracted the effect of GSK690693 on the clone number of Huh7
and Hep3B cells. ∗p < 0:05, ∗∗p < 0:01 vs. control, ##p < 0:01 vs. si-WNK1, &p < 0:05, &&p < 0:01 vs. GSK690693.
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Figure 5: Continued.
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Hep3B cells (Figures 4(c)–4(g)). However, loss of WNK1
antagonised the effect of GSK690693 treatment on HCC
cells growth. The above results showed that loss of WNK1
restricted the malignant behaviors of HCC cells by promot-
ing autophagy and activating AMPK pathway.

To further avoid off target effects of AMPK inhibitors,
si-AMPK was applied. Data from Figures 5(a) and 5(b)
showed that si-AMPK transfection significantly reduced
the expression patterns of AMPK, Beclin 1, LC3 II/I, and
increased the level of P62. However, loss of WNK1 counter-

acted the effect of si-AMPK transfection on AMPK, Beclin
1, LC3 II/I, and P62 levels. Subsequently, data from CCK-
8 and colony formation assays showed that si-AMPK trans-
fection significantly increased the OD values and the num-
ber of colonies in Huh7 and Hep3B cells (Figures 5(c)–
5(g)). However, loss of WNK1 antagonised the effect of si-
AMPK transfection on HCC cells growth. The above results
showed that loss of WNK1 restricted the malignant behav-
iors of HCC cells by promoting autophagy and activating
AMPK pathway.
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Figure 5: Knockdown of WNK1 suppressed the malignant behaviors of HCC cells by suppressing autophagy and inactivating AMPK
pathway. (a, b) si-AMPK transfection reduced the expression patterns of AMPK, Beclin 1, LC3 II/I, and increased P62 level, and the
above results were reversed after si-WNK1 treatment. (c, d) si-AMPK transfection increased the OD values of Huh7 and Hep3B cells,
while si-WNK1 treatment counteracted the effect of si-AMPK transfection on the OD values of Huh7 and Hep3B cells. (e–g) si-AMPK
transfection increased the clone number of Huh7 and Hep3B cells, while si-WNK1 treatment counteracted the effect of si-AMPK
transfection on the clone number of Huh7 and Hep3B cells. ∗p < 0:05, ∗∗p < 0:01 vs. control, ##p < 0:01 vs. si-WNK1, &p < 0:05,
&&p < 0:01 vs. si-AMPK.
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4. Discussion

Previous studies have illustrated that WNK1 may also be a
key kinase implicated in various types of cancer [16]. How-
ever, the important function of WNK1 in HCC has not been
revealed. This problem motivated our research to explore
the function of WNK1 in HCC cells. Our study revealed that
WNK1 was highly expressed in HCC cell lines, and loss of
WNK1 suppressed the malignant behaviors of HCC cells
by activating autophagy and AMPK signaling pathway.

Autophagy is an important biological phenomenon con-
served from yeast to mammals. Autophagy-related abnormal-
ities are thought to be associated with a variety of human
pathologies, from neurodegenerative diseases to cancers,
including HCC [17]. Autophagy performs a dual function in
cancer, including tumor development and suppression, insin-
uating that autophagy functioned as a double-edged sword in
cancer cells [18]. In HCC, autophagy could promote the can-
cer development, for example, CCND1 silencing inhibited
liver cancer stem cell differentiation by suppressing autophagy
[19]. On the other hand, autophagy could block the occur-
rence of liver-related disease, for example, blocking autophagy
and autophagic lysosomal degradation in mice led to hepatos-
teatosis and hepatomegaly [20], autophagy-deficient mice
could develop multiple liver tumors [21], and homeobox con-
taining 1 suppressed liver cancer development by promoting
autophagy [22]. The above published reports suggested that
autophagy may prevent the development of HCC. A previous
study suggested that WNK1 has a universal effect on autoph-
agy and could inhibit the occurrence of autophagy [5]. During
autophagy, Beclin 1 takes part in the nucleation of the autop-
hagosomal membrane, and LC3 II is implicated in double-
membrane vesicle formation, P62 acts as a substrate to be
degraded in the autophagy-lysosome system by binding to
ubiquitinated proteins, which are regarded as the biomarkers
for autophagy initiation [23, 24]. In our study, we discovered
that loss of WNK1 increased the expression of Beclin 1 and
LC3 II, as well as reduced P62 expression, suggesting that
WNK1 could suppress the autophagy in HCC cells.

AMPK, a serine/threonine protein kinase, functioned as
a primary metabolic sensor implicated in cell energy homeo-
stasis [25]. Beyond the energy sensor, the function of AMPK
in cancer is still controversial. For example, AMPK was
obviously expressed from the occurrence of early hyperpla-
sia to the emergence of large gliomas [26]. Besides that,
decreased AMPK signaling in breast cancer patients is com-
pared with strong AMPK signaling in normal breast epithe-
lial cells [27]. Activated AMPK is closely associated with
tumor growth, migration, and invasion of cancer cells [28].
AMPK loss could cooperate with oncogenic divers to accel-
erate tumorigenesis in a tissue-specific manner [28]. Acti-
vated AMPK modulated a variety of metabolic processes,
including autophagy [29, 30]. Under energy-deprived condi-
tions, AMPK is activated triggering autophagy [31]. In our
study, we discovered that loss of WNK1 increased the pro-
tein patterns of p-AMPK. However, GSK690693 treatment
significantly reduced the levels of p-AMPK, Beclin 1, LC3
II/I, and increased the level of P62. However, loss of
WNK1 counteracted the effect of GSK690693 treatment on

p-AMPK, Beclin 1, LC3 II/I, and P62 levels. Moreover,
GSK690693 treatment significantly increased the OD values
and the number of colonies in Huh7 and Hep3B cells, which
were inversely after WNK1 depletion.

Some deficiencies should be pointed out. First, the func-
tion of WNK1/AMPK was merely confirmed in vitro. Ani-
mal experiments for further study will be performed in the
further. Second, the upstream regulator of WNK1 and the
downstream target of AMPK have not been solved, which
should be detected in the future. Third, the LC3II level was
measured only in the absence of a lysosomal fusion inhibi-
tor, LC3II/I ratio need to be compared in the presence or
absence of lysosome fusion inhibitor. Fourth, other path-
ways that may be involved in the effect of WNK1 on autoph-
agy have not been elucidated.

5. Conclusions

In summary, our data illustrated that WNK1 was highly
expressed in HCC cell lines and loss of WNK1 suppressed
the proliferation, cell cycle, invasion, and migration of
HCC cells. Additionally, we also discovered that loss of
WNK1 motivated the autophagy and activated the AMPK
pathway. However, GSK690693 treatment or si-AMPK
transfection counteracted the activation of autophagy and
AMPK pathway by WNK1 depletion.

Data Availability

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

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

Our study was supported by National Natural Science Foun-
dation of China (no. 81801163), Doctor Fund of Shandong
Natural Science Foundation (no. ZR201807060846), and
China Postdoctoral Science Foundation (no. 2018M640636).

References

[1] L. Li, Y. Cao, Y. R. Fan, and R. Li, “Gene signature to predict
prognostic survival of hepatocellular carcinoma,” Open Medi-
cine, vol. 17, no. 1, pp. 135–150, 2022.

[2] A. Forner, M. Reig, and J. Bruix, “Hepatocellular carcinoma,”
Lancet, vol. 391, no. 10127, pp. 1301–1314, 2018.

[3] T. Xing, T. Yan, and Q. Zhou, “Identification of key candidate
genes and pathways in hepatocellular carcinoma by integrated
bioinformatical analysis,” Experimental and Therapeutic Med-
icine, vol. 15, no. 6, pp. 4932–4942, 2018.

[4] L. Zhou, Y. du, L. Kong, X. Zhang, and Q. Chen, “Identifica-
tion of molecular target genes and key pathways in hepatocel-
lular carcinoma by bioinformatics analysis,” Oncotargets and
Therapy, vol. Volume 11, pp. 1861–1869, 2018.

15Disease Markers



[5] S. Gallolu Kankanamalage, A. Y. Lee, C. Wichaidit et al.,
“WNK1 is an unexpected autophagy inhibitor,” Autophagy,
vol. 13, no. 5, pp. 969-970, 2017.

[6] H. A. Dbouk, L. M. Weil, G. K. S. Perera et al., “Actions of the
protein kinase WNK1 on endothelial cells are differentially
mediated by its substrate kinases OSR1 and SPAK,” Proceed-
ings of the National Academy of Sciences of the United States
of America, vol. 111, no. 45, pp. 15999–16004, 2014.

[7] A. B. Jaykumar and J. U. Jung, “WNK1 enhances migration
and invasion in breast cancer models,”Molecular Cancer Ther-
apeutics, vol. 20, no. 10, pp. 1800–1808, 2021.

[8] Z. L. Sie, R. Y. Li, B. P. Sampurna et al., “WNK1 kinase stimu-
lates angiogenesis to promote tumor growth and metastasis,”
Cancers, vol. 12, no. 3, p. 575, 2020.

[9] J. H. Kim, K. H. Hwang, M. Eom et al., “WNK1 promotes renal
tumor progression by activating TRPC6-NFAT pathway,” The
FASEB Journal, vol. 33, no. 7, pp. 8588–8599, 2019.

[10] L. Fulford, D. Milewski, V. Ustiyan et al., “The transcription
factor FOXF1 promotes prostate cancer by stimulating the
mitogen-activated protein kinase ERK5,” Science Signaling,
vol. 9, no. 427, p. ra48, 2016.

[11] S. Shyamasundar, J. P. Lim, and B. H. Bay, “miR-93 inhibits
the invasive potential of triple-negative breast cancer cells
in vitro via protein kinase WNK1,” International Journal of
Oncology, vol. 49, no. 6, pp. 2629–2636, 2016.

[12] M. Tsuboi, K. Taniuchi, M. Furihata et al., “Vav3 is linked to
poor prognosis of pancreatic cancers and promotes the motil-
ity and invasiveness of pancreatic cancer cells,” Pancreatology,
vol. 16, no. 5, pp. 905–916, 2016.

[13] H. Y. Ruan, C. Yang, X. M. Tao et al., “Downregulation of
ACSM3 promotes metastasis and predicts poor prognosis in
hepatocellular carcinoma,” American Journal of Cancer
Research, vol. 7, no. 3, pp. 543–553, 2017.

[14] J. G. Lai, S. M. Tsai, H. C. Tu et al., “Zebrafish WNK lysine
deficient protein kinase 1 (wnk1) affects angiogenesis associ-
ated with VEGF signaling,” PLoS One, vol. 9, no. 8, article
e106129, 2014.

[15] X. Li, S. He, and B. Ma, “Autophagy and autophagy-related
proteins in cancer,” Molecular Cancer, vol. 19, no. 1, p. 12,
2020.

[16] S. Moniz and P. Jordan, “Emerging roles for WNK kinases in
cancer,” Cellular and Molecular Life Sciences, vol. 67, no. 8,
pp. 1265–1276, 2010.

[17] B. Levine and G. Kroemer, “Autophagy in the pathogenesis of
disease,” Cell, vol. 132, no. 1, pp. 27–42, 2008.

[18] F. Huang, B. R. Wang, and Y. G. Wang, “Role of autophagy in
tumorigenesis, metastasis, targeted therapy and drug resis-
tance of hepatocellular carcinoma,” World Journal of Gastro-
enterology, vol. 24, no. 41, pp. 4643–4651, 2018.

[19] H. Zhang, “CCND1 silencing suppresses liver cancer stem cell
differentiation through inhibiting autophagy,” Human Cell,
vol. 33, no. 1, pp. 140–147, 2020.

[20] T. Yorimitsu and D. J. Klionsky, “Autophagy: molecular
machinery for self-eating,” Cell Death and Differentiation,
vol. 12, no. S2, pp. 1542–1552, 2005.

[21] A. Takamura, M. Komatsu, T. Hara et al., “Autophagy-defi-
cient mice develop multiple liver tumors,” Genes & Develop-
ment, vol. 25, no. 8, pp. 795–800, 2011.

[22] H. Zhao, H. Jia, Q. Han, and J. Zhang, “Homeobox containing
1 inhibits liver cancer progression by promoting autophagy as

well as inhibiting stemness and immune escape,” Oncology
Reports, vol. 40, no. 3, pp. 1657–1665, 2018.

[23] N. Mizushima and B. Levine, “Autophagy in human diseases,”
The New England Journal of Medicine, vol. 383, no. 16,
pp. 1564–1576, 2020.

[24] D. Fracchiolla, J. Sawa-Makarska, and S. Martens, “Beyond
Atg8 binding: the role of AIM/LIR motifs in autophagy,”
Autophagy, vol. 13, no. 5, pp. 978-979, 2017.

[25] B. Chaube and M. K. Bhat, “AMPK, a key regulator of meta-
bolic/energy homeostasis and mitochondrial biogenesis in
cancer cells,” Cell Death & Disease, vol. 7, no. 1, article
e2044, 2016.

[26] T. Jang, J. M. Calaoagan, E. Kwon, S. Samuelsson, L. Recht, and
K. R. Laderoute, “5′-AMP-activated protein kinase activity is
elevated early during primary brain tumor development in
the rat,” International Journal of Cancer, vol. 128, no. 9,
pp. 2230–2239, 2011.

[27] S. M. Hadad, L. Baker, P. R. Quinlan et al., “Histological eval-
uation of AMPK signalling in primary breast cancer,” BMC
Cancer, vol. 9, no. 1, p. 307, 2009.

[28] G. Zadra, J. L. Batista, andM. Loda, “Dissecting the dual role of
AMPK in cancer: from experimental to human studies,”
Molecular Cancer Research, vol. 13, no. 7, pp. 1059–1072,
2015.

[29] Y. Li and Y. Chen, “AMPK and autophagy,” Advances in
Experimental Medicine and Biology, vol. 1206, pp. 85–108,
2019.

[30] R. Chen, S. Gao, H. Guan et al., “Naringin protects human
nucleus pulposus cells against TNF-α-induced inflammation,
oxidative stress, and loss of cellular homeostasis by enhancing
autophagic flux via AMPK/SIRT1 activation,” Oxidative Med-
icine and Cellular Longevity, vol. 2022, Article ID 7655142,
2022.

[31] R. Saikia and J. Joseph, “AMPK: a key regulator of energy stress
and calcium-induced autophagy,” Journal of Molecular Medi-
cine, vol. 99, no. 11, pp. 1539–1551, 2021.

16 Disease Markers


	Loss of WNK1 Suppressed the Malignant Behaviors of Hepatocellular Carcinoma Cells by Promoting Autophagy and Activating AMPK Pathway
	1. Introduction
	2. Materials and Methods
	2.1. Cell Lines and Stimulation
	2.2. qPCR
	2.3. Western Blot
	2.4. Cell Counting Kit-8 Assay
	2.5. Colony Formation Assay
	2.6. Cell Invasion Assay
	2.7. Wound Healing Assay
	2.8. Immunofluorescent Staining
	2.9. Statistical Analysis

	3. Results
	3.1. A Significant Increase of WNK1 Was Occurred in HCC Cell Lines and Loss of WNK1 Limited the Proliferative Ability of HCC Cells
	3.2. Loss of WNK1 Restricted the Cell Cycle, Invasion, and Migration Abilities in HCC Cells
	3.3. Loss of WNK1 Motivated the Autophagy of HCC Cells and Regulated AMPK Pathway
	3.4. Inhibition of AMPK Suppressed the Autophagy and Promoted Cell Growth in HCC Cells

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments



