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Dickkopf-1 (Dkk1) is an inhibitor of Wnt signaling involved in cancer cell

proliferation, apoptosis, and migration and angiogenesis. It was previously

reported that B cell-specific Moloney mouse leukemia virus integration site

1 (Bmi1) activates the Wnt pathway by inhibiting the expression of DKK1

in breast cancer cell lines and 293T cells. Bmi1 and DKK1 are highly

expressed in liver samples taken by biopsy from patients with hepatitis B

virus-related hepatocellular carcinoma (HCC), but the effect of both Bmi1

and DKK1 on the carcinogenesis of adult hepatic stem cells (oval cells) has

not previously been reported. In this study, we used WB-F344 cells to

explore the function and regulation of Dkk1 upon Bmi1 treatment. Overex-

pression of Dkk1 repressed differentiation, proliferation, and migration

induced by Bmi1 but promoted the apoptosis of hepatic WB-F344 oval

cells. In addition, Dkk1 reduced the enhancement of b-catenin levels

induced by Bmi1. Finally, we used transcriptome sequencing to perform a

comprehensive evaluation of the transcriptome-related changes in WB-

F344 oval cells induced by Dkk1 and Bmi1. These results may provide

evidence for future studies of the pathogenesis of HCC and the design of

possible therapies.

Dickkopf-1 (DKK1) was identified as a secreted pro-

tein in Xenopus laevis, and it acts as an inhibitor of

Wnt signaling [1]. The subcellular location of the

DKK1 protein is mainly the cytoplasm, and it is

expressed at the highest level in the kidneys, followed

by the liver and brain during the embryonic period

and often in the prostate after birth [2]. Wnt signaling

can be regulated by the negative feedback of DKK1

[3]. As an important regulator of Wnt signaling,

DKK1 is involved in cancer cell proliferation, apop-

tosis, and migration and in angiogenesis [4]. Zhang

et al. found that DKK1 plays an oncogenic role in

hepatocellular carcinoma (HCC) by activating the

Wnt/b-catenin signaling pathway, which mediates the

proliferation and tumorigenicity of HepG2 and HUH-

7 cells [5]. During mouse heart development, both

DKK1 and DKK2 negligibly inhibit Wnt signaling in

the regulation of early cardiomyocyte proliferation [6].

In addition, DKK1 is regarded as a novel marker for

hepatoblastomas and intrahepatic cholangiocarcinoma

[7,8]. Furthermore, DKK1 may be a negative prognos-

tic biomarker of HCC [9,10]. Currently, DKK1 expres-

sion is abnormal in many kinds of tumors, and there

is a significant correlation between DKK1 expression

and cancer prognosis. DKK1 expression increases dur-

ing the early onset of prostate cancer, and its high

expression is further associated with overall shorter

patient survival [11]. The increased serum DKK1 level

is related to poorer recurrence-free survival and overall

survival in colorectal cancer liver oligometastases [12].
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However, the expression of DKK1 and soluble friz-

zled-related proteins decreased in one kind of tumor.

For example, screening from the GSE15417,

GSE16515, and GSE28735 pancreatic ductal adenocar-

cinoma and normal pancreatic tissue microarray data-

sets revealed that DKK1 was downregulated in

pancreatic ductal adenocarcinoma compared with nor-

mal tissues. DKK1 was associated with pancreatic

ductal adenocarcinoma prognosis in a Kaplan–Meier

survival analysis with log-rank test [13].

Although DKK1 is classified as a Wnt inhibitor,

its role in cancer remains controversial. In some can-

cers, it plays a role as a tumor suppressor, while in

others, such as liver cancer, breast cancer, ovarian

cancer, lung cancer, and kidney cancer, it has been

reported to promote tumors [14]. B cell-specific

Moloney mouse leukemia virus integration site 1

(Bmi1) is one of the members of the Polycomb fam-

ily and plays an important role in the cell cycle, cell

immortality, and senescence. Bmi1 was reported to

regulate the proliferation of different kinds of cells,

such as normal cells, stem cells, and progenitor cells

[15]. It has been reported that the overexpression of

Bmi1 in the WB-F344 and OC3 cell lines promoted

cell proliferation, colony formation, and invasion

in vitro [16]. Cho et al. [17] found that Bmi1 acti-

vated the Wnt pathway by inhibiting the expression

of DKK1 in breast cancer cell lines and 293T cells,

which led to the upregulation of c-myc, which in

turn further upregulated Bmi1 through the E-box.

Bmi1 and DKK1 were highly expressed in liver sam-

ples taken by biopsy from patients with hepatitis B

virus (HBV)-related HCC, but they were not

expressed in HCC samples without HBV infection

[18]. There has been no report on the effect of both

Bmi1 and DKK1 on the carcinogenesis of adult hep-

atic stem cells (oval cells).

Hepatic oval cells are immature progenitor cells in

the bile duct in the liver with the capacity for self-re-

newal and unrestricted proliferation. When liver dam-

age is chronic or when the proliferation of hepatocytes

is inhibited, hepatic oval cells differentiate into hepato-

cytes and cholangiocytes for cell replacement and

organ repair in response to severe liver injury and/or

compromised hepatocyte function [19]. WB-F344 oval

cells are derived from a single clone of epithelial cells

isolated from rat liver and can be used as a culture

analog of liver precursor cells. They have certain phe-

notypic and functional characteristics similar to those

of hepatocytes and bile duct cells [20]. When implanted

into the rat liver, WB-F344 oval cells acquired the

morphological and functional characteristics of hepa-

tocytes. When transplanted into the liver of rats with

chemical transformation, WB-F344 oval cells devel-

oped into HCC in vivo [21,22].

Herein, we report the use of rat liver oval-like pro-

genitor cells (WB-F344) to investigate the function and

regulation of DKK1 and Bmi1 on their cellular pheno-

type. The results of this study provide new insight into

DKK1 and Bmi1 functions and new perspectives for

designing novel therapeutic strategies for HCC.

Materials and methods

Cell culture and transfection

Rat hepatic oval cell line WB-F344 was used in this study.

In brief, the WB-F344 cell line was maintained in Dul-

becco’s Modified Eagle Medium high glucose medium

(Invitrogen, Carlsbad, CA, USA) supplemented with 10%

FBS, 1% penicillin/streptomycin (10 ng�mL�1 penicillin

and 10 U�mL�1 streptomycin) at 37 °C in a humidified 5%

CO2 incubator. Control plasmid and plasmids pcDNA3.1

carry rat DKK1 and Bmi1 ORF which were procured from

Origene (Rockville, MD, USA) were transfected with a

lipofectamine 3000 transfection reagent (Invitrogen,

Eugene, OR, USA) when the cell density was up to 60–
70%.

Reverse transcription and quantitative real-time

PCR

Reverse transcription was performed according to the man-

ual of manufacturers (Invitrogen, Eugene). In brief, 500 ng

of RNA was used for each reverse transcription reaction.

Quantitative real-time PCR was carried out with SYBR

Green master mixed in Applied Biosystems 7300 Real-time

systems. Relative gene expression was calculated using 2-

DDCt method. The expression of genes of interest was nor-

malized to GAPDH. Each experiment was performed in

triplicate to enhance the significance of results. Real-time

PCR analysis was carried out with the following primers:

DKK1, forward: TGGAACTCCCCTGTGATTGC, reverse:

CTTGCGTTCTGCACCCTAGA; Bmi1, forward: GGCTG

GATGCCAAGTGGTCTT, reverse: TGAAGTACCCTCC

ACACAGGA; GST-pi, forward: TTTCGCCGCCGCAGT

CT, reverse: TCCACGGTCACCACCTCCTC; TNF-a, for-

ward: CAACAAGGAGGAGAAGTTCC, reverse: GAAGA

GAACCTGGGAGTAGATAAG; GGT, forward: CATCG

TGGATAAGGACGGCA, reverse: GAAGTCGGGTGTG

ACCTCTG; GAPDH, forward: CCATCAACGACCCCTT

CATT, reverse: CACGACATACTCAGCACCAGC.

Immunoblotting and immunofluorescence

For immunofluorescence, cells were seeded on cover-

slips in a 24-well plate with a density of 8 9 104 cells/
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well. After corresponding treatment, cells were washed

with pre-warmed PBS and fixed with 4% paraformalde-

hyde. The cells were permeabilized with 0.1% Triton

X-100 (Sigma Aldrich, St. Louis, MO, USA) and

blocked with 5% goat serum (Sigma Aldrich), then

incubated overnight with primary antibodies, including

albumin (ALB) and AFP, and then, the cells were

washed and incubated with Alexa 488-conjugated sec-

ondary antibodies. Afterward, the coverslips were

mounted with DAPI (Sigma Aldrich). The pictures

were taken by LSM 710 (Zeiss, Germany) confocal

microscope with 409 objective lens.

For apoptotic bodies—Hoechst staining, use Hoechst

dyes at 1 µg�mL�1 and add the dye to complete culture

medium. Remove culture medium from the cells and

replace with medium containing dye. Incubate cells at room

temperature or 37 °C for 5–15 min and then image with

confocal microscope with 209 objective lens.

For immunoblotting analysis, cells in different groups

were harvested after 48 h of transfection and lysed in lysis

buffer (Sigma Aldrich) with 19 cocktail inhibitor (Merck,

Darmstadt, Germany). Cellular protein resolved by SDS/

PAGE was immunoblotted as previously described. All the

primary antibodies and secondary antibodies used for

tested proteins are listed in Table 1.

Cell proliferation and migration assay

For proliferation assay, cells were seeded in 96-well plate

(2000 cells per well). Hundred microliter CCK8 (Dojindo,

Komamoto, Japan) reagent was added to cell culture after

the plasmids were transfected for 48 h and absorbance at

450 nm was measured after 1 h of incubation. For migra-

tion assay, cells in serum-free medium were seed in the

upper chamber of Transwell insert (Corning, Corning, NY,

USA) in 24-well plate (1 9 105 cells per well), with medium

containing 10% FBS in the bottom chamber. After 24 h of

incubation, migrated cells at the bottom side of the insert

membrane were stained with crystal violet. The same proce-

dure was used for invasion assay except that medium in the

upper chamber was coated with Matrigel (BD Bioscience,

Franklin Lakes, NJ, USA). At least, five random fields

were photographed and counted using a phase-contrast

inverted microscope.

mRNA extraction and RNA sequence analysis

Total RNA was extracted from the two biological repeats

in each group by using TRIzol reagent (Invitrogen, Carls-

bad) according to the manufacturer’s instructions. The con-

centration and purity of RNA samples were detected by

using Qubit 2.0. The integrity of total RNA was analyzed

by using Bioanalyzer 2100 (Agilent, Santa Clara, CA,

USA). The mRNA library was constructed according to

instructions from the NEBNext� UltraTM RNA Library

Prep Kit for Illumina� (New England Biolabs, Inc., Ips-

wich, MA, USA). At last, PCR products were purified

(AMPure XP system), and library quality was assessed on

the Agilent Bioanalyzer 2100 system. The library prepara-

tions were sequenced on an Illumina Hiseq platform and

150 bp paired-end reads were generated.

RNA-seq data processing

Sequencing reads were aligned to the Rat RefSeq-RNA

rn6 reference using Hisat2 v2.0.5. Differential expression

analysis of two conditions/groups (two biological repli-

cates per condition) was performed using the DESeq2 R

package (1.16.1). DESeq2 provided statistical routines

for determining differential expression in digital gene

expression data using a model based on the negative

binomial distribution. The resulting P-values were

adjusted using the Benjamini and Hochberg’s approach

for controlling the false discovery rate. Genes with an

adjusted P-value < 0.05 and absolute fold change of 2

found by DESeq2 were assigned as differentially

expressed.

Statistical analysis

All samples are performed for three independent measure-

ments. Statistical analysis was presented with Student’s t-

test to compare the different groups using GRAPHPAD PRISM

5.0 (GraphPad Software, La Jolla, CA, USA). Fisher’s

exact test was employed to filter the significant GOs and

KEGG pathways using EDGER 3.3.1. P values were used to

test the reliability of the analysis. The rich factor was the

value of ratio between the number of differential genes

enriched in the pathway and the number of annotation

genes. A probability value of < 0.05 considered to be statis-

tically significant. The level of significance was set as

*P < 0.05, **P < 0.01, ***P < 0.001.

Table 1. The information of all the primary antibodies and

secondary antibodies.

Name Host Company ID

ALB Rabbit Abclonal A0353

AFP Rabbit Abclonal A0200

b-Catenin Rabbit Cell Signaling

Technology

8480

Cleaved-caspase-3 Rabbit Abclonal A19654

Bcl-2 Rabbit Abclonal A19693

GAPDH Rabbit Cell Signaling

Technology

5174

HRP-conjugated anti-rabbit

IgG antibody

Goat Cell Signaling

Technology

7074S

Alexa Flour 488-conjugated

anti-rabbit IgG antibody

Goat Abcam ab150077
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Results

Effects of the overexpression of Dkk1 and Bmi1

on WB-F344 hepatic differentiation

To determine the effects of the overexpression of

Dkk1 and Bmi1 on WB-F344 oval cells, the cells were

treated with a control plasmid, Dkk1 plasmid, and

Bmi1 plasmid, as well as a plasmid harboring both

Dkk1 and Bmi1. The transfection efficiency was exam-

ined with qRT-PCR and Western blot analysis

(Fig. 1A–C). To determine whether the overexpression

of Dkk1 and Bmi1 altered liver progenitor cell WB-

F344 hepatic differentiation, hepatocyte-specific mark-

ers (ALB and AFP) were detected by immunofluores-

cence and Western blot analysis. As shown in

Fig. 1D–I, the protein levels of AFP and ALB were

decreased in the Dkk1 overexpression group but

increased in the Bmi1 overexpression group. The pro-

tein levels of AFP and ALB were decreased in the

group overexpressing both Dkk1 and Bmi1 (Fig. 1D–
I). These results indicated that Dkk1 may repress WB-

F344 hepatic differentiation.

Dkk-1 overexpression repressed the

carcinogenesis progression of WB-F344 oval cells

induced by the oncogene Bmi1 by affecting cell

proliferation, migration, and apoptosis

This study further investigated the mRNA levels of

glutathione S-transferase pi (GST pi), transforming

growth factor (TGF), and c-Glutamyl transferase

(GGT) in WB-F344 oval cells. Significantly decreased

mRNA levels of GST pi, TGF, and GGT were

detected in the Dkk1 overexpression group compared

with the WB-F344 oval cells and the control plasmid

group. The mRNA levels of GST pi, TGF, and GGT

increased dramatically in the Bmi1 overexpression

group compared with the control group. In addition,

the expression of GST pi, TGF, and GGT was

decreased in the group overexpressing both Dkk1 and

Bmi1, suggesting that the overexpression of Dkk1 may

reverse the carcinogenesis of WB-F344 cells induced

by Bmi1 overexpression (Fig. 2A). Subsequently,

CCK-8 and Transwell assays were applied to assess

WB-F344 cell viability, proliferation, and migration

ability respectively. Cell viability, cell proliferation,

and migration were significantly inhibited by Dkk1

overexpression. In addition, the overexpression of

Bmi1 significantly induced cell proliferation and migra-

tion. However, cell proliferation and migration were

inhibited by the overexpression of both Dkk1 and

Bmi1 (Fig. 2B–E). Acting as a key component in the

canonical Wnt signaling pathway, b-catenin has been

shown to regulate cell apoptosis. Western blot analysis

was performed to measure b-catenin and cell apopto-

sis-related proteins. The experimental results suggested

that cell apoptosis was positively affected by Dkk1

transfection (Fig. 3). Considering all these findings, we

can conclude that the overexpression of Dkk1

repressed the progression of carcinogenic WB-F344

oval cells induced by the oncogene Bmi1 by affecting

cell proliferation, migration, and apoptosis.

Transcriptome profiling of Dkk1 and Bmi1

overexpression separately and combined in WB-

F344 oval cells

Transcriptome profiling was utilized to explore the

molecular mechanisms of WB-F344 oval cells in

response to overexpressed Dkk1 and Bmi1. Sixty-nine

significantly differentially expressed genes were

enriched in the overexpressed Dkk1 group and the

control group (at least a 2-fold change at P < 0.05). In

addition, 63 differentially expressed genes were

enriched in the Bmi1 overexpression group, while 81

differentially expressed genes were enriched in the

group overexpressing both Dkk1 and Bmi1. A total of

three genes were common among the three experimen-

tal groups, indicating a similarity between the WB-

F344-enriched groups (Fig. 4).

GO and KEGG pathway enrichment analysis of

differentially expressed (DE) mRNAs

Gene ontology (GO) analysis predicted the top five

most significant GO terms for the significantly differ-

entially expressed genes between the different isolated

populations (Fig. 5). The analysis clearly demonstrated

that some important functions were activated by both

Dkk1 and Bmi1 protein overexpression. For example,

receptor-related activities include receptor inhibitor

activity (Adh7, Dkk1, and Lynx1), receptor regulator

activity (Adh7, Cxcl13, Dkk1, Il15, Il23a, Lynx1,

Lypd6b, and Sema6d), and receptor antagonist activity

(Adh7 and Dkk1). The term cellular component in the

extracellular region was enriched with the most differ-

entially expressed genes, including those in the ‘plasma

membrane part’ (Acvrl1, Bmx, Car2, Cd6, Clca2, Clst-

n3, Dll1, Fcgr3a, Klrk1, Krt19, LRRTM1, Prokr2,

Prss8, Rab11fip4, Rgs9, Rtn4rl2, Sema6d, Slc16a14,

Slc6a15, and Vom2r9). Importantly, according to the

GO database, we found that the enrichment terms for

the group overexpressing Bmi1 compared to the group

overexpressing both Dkk1 and Bmi1 revealed that the

differences mainly involve the regulation of leukocyte
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chemotaxis (biological process), nuclear envelope

lumen (cellular component), lactate transmembrane

transporter activity (molecular function). The GO

analysis also revealed that the biological process of the

extracellular region is a very prominent feature among

the 20 differentially expressed genes, such as Bche,

Car2, Ccn5, Il23a, Mmp28, Ntn5, and Wnt5b) in the

group overexpressing DKK1 compared to the group

overexpressing both Dkk1 and Bmi1. Furthermore,

organic hydroxy compound transport (biological pro-

cess) and adenylate cyclase activity (molecular func-

tion) were all regulated.

Moreover, this study showed that the genes in the

different groups were enriched in 20 potential KEGG

pathways (Fig. 6). Among these pathways, ‘Rap1 sig-

naling pathway’ (Angpt1, Mapk11, and Adora2b),

‘cellular senescence’ (Hipk4, Mapk11, and RT1-M6-2),

and ‘calcium signaling pathway’ (Pde1c, Nos2, and

Adora2b) were the three significantly represented for

the overexpressed Dkk1 group compared to the con-

trol group. The KEGG ‘RIG-I-like receptor signaling

pathway’ (Mapk11, Rnf125, and Mapk10) and ‘TNF

signaling pathway’ (Nod2, Mapk11, and Mapk10)

showed enrichment with genes in the overexpressed

Bmi1 group compared to the control group. In addi-

tion, genes in both the overexpressed Dkk1 and Bmi1

groups, compared with those in the control group,

were significantly enriched in important subclasses,

including ‘cytokine-cytokine receptor interaction’

(Il23a, Cxcl13, Il15, and Acvrl1), ‘rheumatoid arthritis’

(Ctsk, Angpt1, Il23a, and Il15), ‘renin secretion’

(Clca2, Pde1c, and Ptger4), and ‘nitrogen metabolism’

(Car2 and Ca14). The pathway analysis of the group

overexpressing Bmi1 compared with the group overex-

pressing both Dkk1 and Bmi1 showed that the differ-

ences are mainly in pathways involving alanine,

Fig. 1. The overexpression of Dkk1

inhibited hepatic differentiation in WB-

F344 oval cells. A-C. Dkk1, Bmi1, both

Dkk1 and Bmi1 were respectively

overexpressed in WB-F344 oval cells by

their plasmids. The transfection efficiency

was examined with the qRT-PCR

examination. D-I. The effect of Dkk1,

Bmi1, both Dkk1 and Bmi1plasmids on the

expression of hepatocyte markers in WB-

F344 oval cells were determined by

immunofluorescence and immunoblotting.

Data represent the mean � SEM from at

least three experiments. Student’s t-test

was performed by using GraphPad Prism

5.0. *P<0.05, **P<0.01, ***P<0.001 and

****P<0.0001. Scale bar = 50 lm.WB-

F344 oval cells control group; OE Dkk1,

the Dkk1 overexpression group; OE Bmi1,

t the Bmi1 overexpression group; OE

Dkk1+ Bmi1, the group overexpressing

both Dkk1 and Bmi1.
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aspartate, and glutamate metabolism and gap junc-

tions, chemokine signaling pathways, and melanogene-

sis. These results imply that the genes involved in these

pathways may play crucial roles in WB-F344 cells in

response to overexpressed Dkk1 and Bmi1.

Discussion

The cause of HCC is a complex multistage process

involving the expression of a large number of differen-

tial genes and resulting in the interruption of many

signaling pathways. In this study, we showed that

Dkk1 had a significant influence on both WB-F344

control cells and WB-F344 cells overexpressing Bmi1.

These data may provide references to elucidate the

importance of Dkk1 in HCC from a biological view-

point. Alpha-fetoprotein (AFP) is a hepatocyte-specific

marker [23], and ALB is the major plasma protein

produced in the adult liver [24]. In our results, com-

pared with their levels in the WB-F344 cell control

group and the Bmi1-overexpressing group, the expres-

sion of AFP and ALB was decreased in the WB-F344

oval cells overexpressing Dkk1, indicating that Dkk1

inhibited Bmi1-induced differentiation of hepatic oval

cells into hepatocytes. Glutathione S-transferase pi

(GST pi) is expressed in HCC and other chronic liver

diseases [25]. TGF a is an important member of the

epidermal growth factor (EGF) family. The level of

TGF a has been found to increase in serum commen-

surate with the degree of liver cell injury, which may

explain the role of hepatitis and cirrhosis in HCC [26].

Many studies have shown that the level of serum

GGT plays an important role in the prognosis and

clinicopathology of HCC [27]. In this study, the

mRNA expression of GST pi and TGF a, as well as

GGT, was increased with Bmi1 overexpression but

decreased with Dkk1 overexpression. These results

suggest that Dkk1 can reverse the malignant transfor-

mation of WB-F344 cells induced by the overexpres-

sion of Bmi-1. The following results of the CCK-8

Fig. 2. The overexpression of Dkk-1 repressed the carcinogenesis progression of WB-F344 oval cells induced oncogene Bmi1. A.

Quantitative PCR analyses of GST pi, TGF, and GGT in WB-F344 oval cells transfected with the plasmids of Dkk1, Bmi1, both Dkk1 and

Bmi1 respectively. B-C. Determining the cell viability and proliferation of WB-F344 oval cells in all groups using the CCK-8 assay. All the data

were normalized by the untreated control that was set as 100%. D-E. Cell migration was tested by transwell assays in three independent

experiments. Scale bar = 100 lm. Data represent the mean � SEM from at least three experiments, each performed with three replicates.

Student’s t-test was performed by using GraphPad Prism 5.0. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. Control, WB-F344 oval

cells control group; OE Dkk1, the Dkk1 overexpression group; OE Bmi1, the Bmi1 overexpression group; OE Dkk1+ Bmi1, the group

overexpressing both Dkk1 and Bmi1.
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experiment and cell migration experiment also support

this conclusion. In this study, the proliferation and

migration activities of WB-F344 oval cells were signifi-

cantly inhibited by Dkk1 overexpression. Several stud-

ies have reported that Dkk1 is overexpressed in human

HCC cell lines and elevated in HCC tissues, especially

in invasive vascular tissues [28,29]. Overexpressed

Dkk1 did not influence the proliferation rate or colony

formation of HepG2 cells [29]. It has been found that

the high expression of Dkk1 and the accumulation of

b-catenin in the cytoplasm/nucleus of HCC are associ-

ated with poor prognosis [30]. Some experimental

results have shown that Dkk1 exerts its function by

promoting b-catenin signaling [29]. In our study, the

overexpression of Dkk1 promoted the apoptosis of

WB-F344 cells by reducing the expression of intracel-

lular b-catenin. Dkk1 plays an important role in

promoting the apoptosis of tumor cells [31,32]. Even

in the absence of b-catenin expression, Dkk1 overex-

pression can promote the apoptosis of H28 cells, and

the apoptotic level was similar to that of H450 cells

with normal b-catenin expression [33]. Therefore, the

pathogenesis of HCC may be related to the loss of the

apoptosis-promoting function of Dkk1.

Therefore, it is necessary to explore the potential

molecular pathways and mechanisms of the response

of WB-F344 to overexpressed Dkk1 and Bmi1. In this

study, transcriptome profiling revealed that the ‘Rap1

signaling pathway’ was regulated by the overexpres-

sion of Dkk1. Rap is one of the members of the Ras

family of small GTPases. Liver pathophysiology can

be regulated by rap proteins. Rap2b promotes the

growth of HCC, while Rap1 may play dual roles [34].

On the one hand, the activation of the cAMP/Epac/

Fig. 3. The overexpression of Dkk1 repressed the expression of b-catenin and promoted the apoptosis in WBF344 oval cells and the role of

Bmi1 contrary. A-B. DKK1 verexpression significantly reduced the protein level of b-catenin in in WB-F344 oval cells. C-F. The protein

expression and quantification of apoptosis-related markers in every group. G. DKK1 overexpression induced apoptosis in WB-F344 oval cells.

Magnification, 200X; Scale bar=50 lm. Apoptosis was assessed using a Hoechst dyes assay and confocal laser scanning microscopy was

used to detect the apoptotic body. Data represent the mean � SEM from at least three experiments. Student’s t-test was performed by

using GraphPad Prism 5.0. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. Control, WB-F344 oval cells control group; OE Dkk1, the

Dkk1 overexpression group; OE Bmi1, the Bmi1 overexpression group; OE Dkk1+ Bmi1, the group overexpressing both Dkk1 and Bmi1.
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Fig. 4. Expression profiles of mRNAs in WB-F344 oval cells with overexpressed Dkk1, Bmi1, both Dkk1 and Bmi1, respectively. (A) Heat maps

showing the differentially expressed genes in the group of overexpressed Dkk1 versus the group of control. (B) Heat maps showing the

differentially expressed genes in the group of overexpressed Bmi1 versus the group of control. (C) Heat maps showing the differentially expressed

genes in the group of overexpressed both Dkk1 and Bmi1 versus the group of control. The right column shows the genes. The red-colored pixels

correspond to an increased abundance of the gene in the indicated sample, whereas the green pixels indicate decreased levels (at least 2.0-fold

changes and P = 0.05). (D) Overview of the amount of significantly enriched genes in the different isolated groups versus the control group.

1861FEBS Open Bio 11 (2021) 1854–1866 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

J. Ye et al. Dkk1 inhibits oncogenicity induced by Bmi1 via b-catenin



Rap1/PI3K/Akt pathway was suggested to confer a

survival effect against the apoptosis induced by Fas/-

bile acid. On the other hand, the cAMP/Epac/Rap1

cascade defends against TNF-a-induced apoptosis via

a PI3K-independent pathway [35]. Rap GEF and

Epac1 activate Rap through cAMP-binding and regu-

late metabolism, survival, and liver regeneration. A

liver-specific Epac2 isoform lacking the cAMP-binding

domain activates Rap1, promoting fibrosis in alcoholic

liver disease. In addition, a variety of liver cell injuries

can cause cell senescence, which leads to irreversible

cell cycle arrest but does not affect the metabolic activ-

ity in all species. Cell senescence can prevent not only

the occurrence of tumors by inhibiting the prolifera-

tion of damaged cells but can also affect the surround-

ing cells through the aging-related senescence-

associated secretory phenotype [36]. Our results indi-

cate that Dkk1 can change the cell senescence pathway

in WB-F344 oval cells. In hepatocytes, the calcium sig-

naling pathway provides coordinates the function of

the lobular metabolic region through the movement of

hepatic lobules, thus supporting liver function; the

Fig. 5. GO terms enriched by the differentially expressed genes in WB-F344 oval cells with overexpressed Dkk1, Bmi1, both Dkk1 and

Bmi1, respectively. (A) The top five most significant GO terms enriched by the differentially expressed genes in WB-F344 oval cells with the

overexpressed Dkk1. (B) The top five most significant GO terms enriched by the differentially expressed genes in WB-F344 oval cells with

the overexpressed Bmi1. (C) The top five most significant GO terms enriched by the differentially expressed genes in WB-F344 oval cells

with the overexpressed both Dkk1 and Bmi1. (D) The top five most significant GO terms enriched by the differentially expressed genes in

the group overexpressing Bmi1 compared with the group overexpressing both Dkk1 and Bmi1. (E) The top five most significant GO terms

enriched by the differentially expressed genes in the group overexpressing DKK1 compared with the group overexpressing both Dkk1 and

Bmi1. The top five most significant GO terms were selected according to P value (P < 0.001).
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Fig. 6. KEGG pathways enriched by the differentially expressed genes in Dkk1, Bmi1, both Dkk1- and Bmi1-induced WB-F344 oval cells,

respectively. (A) Heat map of top 20 KEGG pathways enriched by Dkk1 induced genes. (B) Heat map of top 20 KEGG pathways enriched by

Bmi1-induced genes. (C) Heat map of top 20 KEGG pathways enriched by both Dkk1- and Bmi1-induced genes. (D) Heat map of top 20

KEGG pathways enriched by the group overexpressing Bmi1 compared with the group overexpressing both Dkk1- and Bmi1-induced genes.

(E) Heat map of top 20 KEGG pathways enriched by the group overexpressing DKK1 compared with the group overexpressing both Dkk1-

and Bmi1-induced genes.
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transient increase in cytosolic free calcium was induced

by hormones related to the formation of the second

messenger inositol 1,4,5-trisphosphate (InsP3), and its

frequency increased with increasing agonist concentra-

tion. These oscillatory Ca2+ signals are thought to

transmit the information encoded in the extracellular

stimulus to downstream Ca2+-sensitive metabolic pro-

cesses [37]. A certain amount of Ca2+ supplementation

can reverse Dkk1-mediated Wnt/b-catenin/canonical
pathway-related genes and proteins in primary cul-

tured mouse osteoblasts [38].

As an oncogene, Bmi1 changed some signaling path-

ways related to cancer in WB-F344 oval cells and pro-

moted the proliferation and invasion of WB-F344 oval

cells in vitro [16]. The overexpression of both Dkk1 and

Bmi1 was found to be related to cytokine-cytokine

receptor interactions, rheumatoid arthritis, renin secre-

tion, and nitrogen metabolism in our study. Cytokines

are broad and unbound small-molecule proteins that

are produced and released by different liver cells, and

they include chemokines, interferons, interleukins, lym-

phokines, and tumor necrosis factor (TNF). Cytokines

play important roles in inflammation and tumor pro-

gression [39]. Rheumatoid arthritis is an important out-

come of the innate immune response of cells and is

associated with liver injury [40]. It has been reported

that the level of renin is elevated in liver cirrhosis, HCC,

and hepatoblastoma [41,42]. Moreover, this kind of

increase is harmful to patients, and appropriate medical

intervention measures are often used to address this

increase. For many types of cancer, the nitrogen meta-

bolism of patients is altered with detectable changes in

bodily fluids, contributing to the formation of new

mutations in cancer cells. The discovery of these mecha-

nisms may promote the early diagnosis of cancer and

predict the effectiveness of immunotherapy [43].

In conclusion, this study showed the functions of

Dkk1 in hepatic WB-F344 oval cell differentiation, pro-

liferation, migration, and apoptosis. Our findings demon-

strated that Dkk1 inhibited WB-F344 oval cell migration

and apoptosis induced by Bmi1 via the downregulation

of the b-catenin signaling axis. Moreover, we performed

a comprehensive evaluation of the transcriptome-related

changes in WB-F344 oval cells with the effects of overex-

pressed Dkk1 and Bmi1. These insights can provide cer-

tain references for the pathogenesis of liver cancer and

the design of new and more reasonable therapies.

Acknowledgements

This work was supported by Medical Scientific

Research Foundation of Guangdong Province, China

(A2019307).

Conflict of interest

The authors declare no conflict of interest.

Data Accessibility

The data that support the findings of this study are

available from the corresponding author

(yanyukuang65@163.com) upon reasonable request.

Author contributions

YY conceived and designed the project, JY acquired

the data and wrote the article, LX and JL analyzed

and interpreted the data, and TT and XB revised the

language of the article and gave valuable opinions on

the article.

References

1 Grotewold L, Theil T and Ruther U (1999) Expression

pattern of Dkk-1 during mouse limb development.

Mech Dev 89, 151–153.
2 Glinka A, Wu W, Delius H, Monaghan AP,

Blumenstock C and Niehrs C (1998) Dickkopf-1 is a

member of a new family of secreted proteins and

functions in head induction. Nature 391, 357–362.
3 Wang K, Zhang Y, Li X, Chen L, Wang H, Wu J,

Zheng J and Wu D (2008) Characterization of the

Kremen-binding site on Dkk1 and elucidation of the

role of Kremen in Dkk-mediated Wnt antagonism. J

Biol Chem 283, 23371–23375.
4 Li J, Gong W, Li X, Wan R, Mo F, Zhang Z, Huang

P, Hu Z, Lai Z, Lu X et al. (2018) Recent progress of

Wnt pathway inhibitor Dickkopf-1 in liver cancer. J

Nanosci Nanotechnol 18, 5192–5206.
5 Zhang R, Lin HM, Broering R, Shi XD, Yu XH, Xu

LB, Wu WR and Liu C (2019) Dickkopf-1 contributes

to hepatocellular carcinoma tumorigenesis by activating

the Wnt/beta-catenin signaling pathway. Signal

Transduct Target Ther 4, 54.

6 Phillips MD, Mukhopadhyay M, Poscablo C and

Westphal H (2011) Dkk1 and Dkk2 regulate epicardial

specification during mouse heart development. Int J

Cardiol 150, 186–192.
7 Shi RY, Yang XR, Shen QJ, Yang LX, Xu Y, Qiu SJ,

Sun YF, Zhang X, Wang Z, Zhu K et al. (2013) High

expression of Dickkopf-related protein 1 is related to

lymphatic metastasis and indicates poor prognosis in

intrahepatic cholangiocarcinoma patients after surgery.

Cancer 119, 993–1003.
8 Wirths O, Waha A, Weggen S, Schirmacher P, Kuhne

T, Goodyer CG, Albrecht S, Von Schweinitz D and

Pietsch T (2003) Overexpression of human Dickkopf-1,

1864 FEBS Open Bio 11 (2021) 1854–1866 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Dkk1 inhibits oncogenicity induced by Bmi1 via b-catenin J. Ye et al.

mailto:yanyukuang65@163.com


an antagonist of wingless/WNT signaling, in human

hepatoblastomas and Wilms’ tumors. Lab Invest 83,

429–434.
9 Giakoustidis A, Giakoustidis D, Mudan S, Sklavos A

and Williams R (2015) Molecular signalling in

hepatocellular carcinoma: role of and crosstalk among

WNT/ss-catenin, Sonic Hedgehog, Notch and

Dickkopf-1. Can J Gastroenterol Hepatol 29, 209–217.
10 Grinchuk OV, Yenamandra SP, Iyer R, Singh M, Lee

HK, Lim KH, Chow PK and Kuznetsov VA (2018)

Tumor-adjacent tissue co-expression profile analysis

reveals pro-oncogenic ribosomal gene signature for

prognosis of resectable hepatocellular carcinoma. Mol

Oncol 12, 89–113.
11 Hall CL, Daignault SD, Shah RB, Pienta KJ and

Keller ET (2008) Dickkopf-1 expression increases early

in prostate cancer development and decreases during

progression from primary tumor to metastasis. Prostate

68, 1396–1404.
12 Sui Q, Zheng J, Liu D, Peng J, Ou Q, Tang J, Li Y,

Kong L, Jiang W, Xiao B et al. (2019) Dickkopf-

related protein 1, a new biomarker for local immune

status and poor prognosis among patients with

colorectal liver Oligometastases: a retrospective study.

BMC Cancer 19, 1210.

13 Chang X, Yang MF, Fan W, Wang LS, Yao J, Li ZS

and Li DF (2020) Bioinformatic analysis suggests that

three hub genes may be a vital prognostic biomarker in

pancreatic ductal adenocarcinoma. J Comput Biol 27,

1595–1609.
14 Fatima S, Luk JM, Poon RT and Lee NP (2014)

Dysregulated expression of Dickkopfs for potential

detection of hepatocellular carcinoma. Expert Rev Mol

Diagn 14, 535–548.
15 Siddique HR and Saleem M (2012) Role of BMI1, a

stem cell factor, in cancer recurrence and

chemoresistance: preclinical and clinical evidences. Stem

Cells 30, 372–378.
16 Zhang R, Wu WR, Shi XD, Xu LB, Zhu MS, Zeng H

and Liu C (2016) Dysregulation of Bmi1 promotes

malignant transformation of hepatic progenitor cells.

Oncogenesis 5, e203.

17 Cho JH, Dimri M and Dimri GP (2013) A positive

feedback loop regulates the expression of polycomb

group protein BMI1 via WNT signaling pathway. J

Biol Chem 288, 3406–3418.
18 Zhang R, Real CI, Liu C, Baba HA, Gerken G, Lu M

and Broering R (2017) Hepatic expression of oncogenes

Bmi1 and Dkk1 is up-regulated in hepatitis B virus

surface antigen-transgenic mice and can be induced by

treatment with HBV particles or lipopolysaccharides

in vitro. Int J Cancer 141, 354–363.
19 Bria A, Marda J, Zhou J, Sun X, Cao Q, Petersen BE

and Pi L (2017) Hepatic progenitor cell activation in

liver repair. Liver Res 1, 81–87.

20 Xie BS, He XX, Ai ZL and Yao SK (2014)

Involvement of beta-catenin in matrine-induced

autophagy and apoptosis in WB-F344 cells. Mol Med

Rep 9, 2547–2553.
21 Coleman WB, Smith GJ and Grisham JW (1994)

Development of dexamethasone-inducible tyrosine

aminotransferase activity in WB-F344 rat liver epithelial

stemlike cells cultured in the presence of sodium

butyrate. J Cell Physiol 161, 463–469.
22 Tsao MS and Grisham JW (1987) Hepatocarcinomas,

cholangiocarcinomas, and hepatoblastomas produced

by chemically transformed cultured rat liver epithelial

cells. A light- and electron-microscopic analysis. Am J

Pathol 127, 168–181.
23 Zheng Y, Zhou J, Li X, Xu G, Jin M, Shen R, Su R,

Zhan S, Ding B, Jia M et al. (2018) Mir-382 promotes

differentiation of rat liver progenitor cell WB-F344 by

targeting Ezh2. Cell Physiol Biochem 48, 2389–2398.
24 Duncan SA (2003) Mechanisms controlling early

development of the liver. Mech Dev 120, 19–33.
25 Yusof YA, Yan KL and Hussain SN (2003)

Immunohistochemical expression of pi class glutathione

S-transferase and alpha-fetoprotein in hepatocellular

carcinoma and chronic liver disease. Anal Quant Cytol

Histol 25, 332–338.
26 Harada K, Shiota G and Kawasaki H (1999)

Transforming growth factor-alpha and epidermal

growth factor receptor in chronic liver disease and

hepatocellular carcinoma. Liver 19, 318–325.
27 Sun P, Li Y, Chang L and Tian X (2019) Prognostic

and clinicopathological significance of Gamma-

Glutamyltransferase in patients with hepatocellular

carcinoma: a PRISMA-compliant meta-analysis.

Medicine 98, e15603.

28 Tao YM, Liu Z and Liu HL (2013) Dickkopf-1

(DKK1) promotes invasion and metastasis of

hepatocellular carcinoma. Dig Liver Dis 45, 251–257.
29 Chen L, Li M, Li Q, Wang CJ and Xie SQ (2013)

DKK1 promotes hepatocellular carcinoma cell

migration and invasion through beta-catenin/MMP7

signaling pathway. Mol Cancer 12, 157.

30 Yu B, Yang X, Xu Y, Yao G, Shu H, Lin B, Hood L,

Wang H, Yang S, Gu J et al. (2009) Elevated

expression of DKK1 is associated with cytoplasmic/

nuclear beta-catenin accumulation and poor prognosis

in hepatocellular carcinomas. J Hepatol 50, 948–957.
31 Shou J, Ali-Osman F, Multani AS, Pathak S, Fedi P

and Srivenugopal KS (2002) Human Dkk-1, a gene

encoding a Wnt antagonist, responds to DNA damage

and its overexpression sensitizes brain tumor cells to

apoptosis following alkylation damage of DNA.

Oncogene 21, 878–889.
32 Wang J, Shou J and Chen X (2000) Dickkopf-1, an

inhibitor of the Wnt signaling pathway, is induced by

p53. Oncogene 19, 1843–1848.

1865FEBS Open Bio 11 (2021) 1854–1866 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

J. Ye et al. Dkk1 inhibits oncogenicity induced by Bmi1 via b-catenin



33 You L, He B, Uematsu K, Xu Z, Mazieres J, Lee A,

McCormick F and Jablons DM (2004) Inhibition of

Wnt-1 signaling induces apoptosis in beta-catenin-

deficient mesothelioma cells. Cancer Res 64, 3474–
3478.

34 Sequera C, Manzano S, Guerrero C and Porras A

(2018) How Rap and its GEFs control liver physiology

and cancer development. C3G alterations in human

hepatocarcinoma. Hepat Oncol 5, HEP05.

35 Cullen KA, McCool J, Anwer MS and Webster CR

(2004) Activation of cAMP-guanine exchange factor

confers PKA-independent protection from hepatocyte

apoptosis. Am J Physiol Gastrointest Liver Physiol 287,

G334–G343.

36 Guo M (2017) Cellular senescence and liver disease:

mechanisms and therapeutic strategies. Biomed

Pharmacother 96, 1527–1537.
37 Gaspers LD and Thomas AP (2005) Calcium signaling

in liver. Cell Calcium 38, 329–342.
38 Wang J, Yang J, Cheng X, Yin F, Zhao Y, Zhu Y,

Yan Z, Khodaei F, Ommati MM, Manthari RK et al.

(2019) Influence of calcium supplementation against

fluoride-mediated osteoblast impairment in vitro:

involvement of the canonical Wnt/beta-catenin signaling

pathway. J Agric Food Chem 67, 10285–10295.
39 Qi F, Wang L, Huang P, Zhao Z, Yang B and Xia J

(2020) Time-series clustering of cytokine expression

after transarterial chemoembolization in patients with

hepatocellular carcinoma. Oncol Lett 19, 1175–1186.
40 Radovanovic-Dinic B, Tesic-Rajkovic S, Zivkovic V

and Grgov S (2018) Clinical connection between

rheumatoid arthritis and liver damage. Rheumatol Int

38, 715–724.
41 Lotfy M, El-Kenawy Ael M, Abdel-Aziz MM, El-Kady

I and Talaat A (2010) Elevated renin levels in patients

with liver cirrhosis and hepatocellular carcinoma. Asian

Pac J Cancer Prev 11, 1263–1266.
42 Moritake H, Taketomi A, Kamimura S, Ikuno Y, Seo

Y, Fukuda T, Iguchi H and Okamura J (2000) Renin-

producing hepatoblastoma. J Pediatr Hematol Oncol

22, 78–80.
43 Lee JS, Adler L, Karathia H, Carmel N, Rabinovich S,

Auslander N, Keshet R, Stettner N, Silberman A,

Agemy L et al. (2018) Urea cycle dysregulation

generates clinically relevant genomic and biochemical

signatures. Cell 174, 1559–1570.e22.

1866 FEBS Open Bio 11 (2021) 1854–1866 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Dkk1 inhibits oncogenicity induced by Bmi1 via b-catenin J. Ye et al.


	Outline placeholder
	feb413132-aff-0001

	 Mate�ri�als and meth�ods
	 Cell cul�ture and trans�fec�tion
	 Rev�erse tran�scrip�tion and quan�ti�ta�tive real-time PCR
	 Immunoblot�ting and immunoflu�o�res�cence
	 Cell pro�lif�er�a�tion and migra�tion assay
	 mRNA extrac�tion and RNA sequence anal�y�sis
	 RNA-seq data pro�cess�ing
	 Sta�tis�ti�cal anal�y�sis
	feb413132-tbl-0001

	 Results
	 Effects of the over�ex�pres�sion of Dkk1 and Bmi1 on WB-F344 hep�atic dif�fer�en�ti�a�tion
	 Dkk-1 over�ex�pres�sion repressed the car�cino�gen�e�sis pro�gres�sion of WB-F344 oval cells induced by the onco�gene Bmi1 by affect�ing cell pro�lif�er�a�tion, migra�tion, and apop�to�sis
	 Tran�scrip�tome pro�fil�ing of Dkk1 and Bmi1 over�ex�pres�sion sep�a�rately and com�bined in WB-F344 oval cells
	 GO and KEGG path�way enrich�ment anal�y�sis of dif�fer�en�tially expressed (DE) mRNAs
	feb413132-fig-0001

	 Dis�cus�sion
	feb413132-fig-0002
	feb413132-fig-0003
	feb413132-fig-0004
	feb413132-fig-0005
	feb413132-fig-0006

	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Data Acces�si�bil�ity

	 Author con�tri�bu�tions
	feb413132-bib-0001
	feb413132-bib-0002
	feb413132-bib-0003
	feb413132-bib-0004
	feb413132-bib-0005
	feb413132-bib-0006
	feb413132-bib-0007
	feb413132-bib-0008
	feb413132-bib-0009
	feb413132-bib-0010
	feb413132-bib-0011
	feb413132-bib-0012
	feb413132-bib-0013
	feb413132-bib-0014
	feb413132-bib-0015
	feb413132-bib-0016
	feb413132-bib-0017
	feb413132-bib-0018
	feb413132-bib-0019
	feb413132-bib-0020
	feb413132-bib-0021
	feb413132-bib-0022
	feb413132-bib-0023
	feb413132-bib-0024
	feb413132-bib-0025
	feb413132-bib-0026
	feb413132-bib-0027
	feb413132-bib-0028
	feb413132-bib-0029
	feb413132-bib-0030
	feb413132-bib-0031
	feb413132-bib-0032
	feb413132-bib-0033
	feb413132-bib-0034
	feb413132-bib-0035
	feb413132-bib-0036
	feb413132-bib-0037
	feb413132-bib-0038
	feb413132-bib-0039
	feb413132-bib-0040
	feb413132-bib-0041
	feb413132-bib-0042
	feb413132-bib-0043


