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Simple Summary: Dickkopf-related protein 1 (DKK1) plays different roles in different cancers, and
its aberrant expression is associated with tumor progression and poor prognosis. However, the
role of DKK1 in gastric cancer is not well studied or understood, especially regarding its function
in gastric cancer chemoresistance. Chemotherapy is a fundamental treatment method for gastric
cancer. Resistance to chemotherapy limits chemotherapeutic agents in clinical applications, and
the mechanism of drug resistance needs to be elucidated. In this study, we found that DKK1 was
highly expressed in gastric cancer patients and cisplatin (CDDP)-resistant cell lines. DKK1 was able
to activate the PI3K/AKT pathway and affect epithelial-to-mesenchymal transition (EMT), further
contributing to CDDP resistance. DKK1 inhibition recovered CDDP sensitivity both in vitro and
in vivo. Therefore, our study highlights the potential targeted inhibition of DKK1 to reverse CDDP
resistance and alleviate metastatic properties in gastric cancer.

Abstract: Chemotherapy is a classical method of cancer treatment. Cisplatin-based chemotherapy is a
traditional and essential therapeutic approach in gastric cancer treatment. However, the development
of drug resistance during treatment is a major obstacle that limits their further application, and
molecular changes have occurred in the development of drug resistance. Here, we found that
Dickkopf-related protein 1 (DKK1) is highly expressed in gastric cancer and related to poor prognosis
in gastric cancer patients through public database mining. Next, we also identified that DKK1 is
highly expressed in CDDP-resistant gastric cancer cell lines, supporting the notion that DKK1 is a
necessary regulator of CDDP resistance. In terms of mechanistic research, our data reveal that DKK1
was able to activate the PI3K/AKT pathway and affect epithelial-to-mesenchymal transition, further
contributing to CDDP resistance. Genetic knockdown and pharmacological inhibition of DKK1
recovered CDDP sensitivity both in vitro and in vivo. Therefore, our study highlights the potential
of targeted inhibition of DKK1 to reverse CDDP resistance and alleviate metastatic properties in
gastric cancer.

Keywords: Dickkopf-related protein 1; gastric cancer; cancer therapeutic resistance; epithelial-to-
mesenchymal transition

1. Introduction

Gastric cancer (GC) is a common malignancy and a major cause of cancer-related
deaths worldwide. It was estimated that there were 1.03 million new cases and 769,000 eaths
from gastric cancer in 2020 [1]. The incidence and mortality rates of gastric cancer vary
greatly by geographic region, with the highest rates reported in Eastern Asia. Endoscopic
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therapy is the first choice for early-stage gastric cancer. The treatment for advanced gastric
cancer usually centers around chemotherapy and targeted therapy [2]. Cisplatin (CDDP)-
based combination chemotherapy regimens are the first-choice treatment for advanced
gastric cancer patients recommended by the Chinese Society of Clinical Oncology (CSCO)
gastric cancer diagnosis and treatment guidelines [3]. The mechanism of CDDP is that
CDDP inhibits DNA replication and transcription via Pt/DNA complexes, further leading
to cell death [4]. However, many patients are sensitive to CDDP in the initial stages of
chemotherapy and gradually develop CDDP resistance [5,6]. Once the drug resistance
develops, treatment options become limited, making the treatment of advanced gastric
cancer challenging. CDDP resistance is a multigenic, multifactorial process that includes
reduced drug entry into cells and increased efflux, increased chelation and detoxifica-
tion of tumor cells, enhanced platinum-induced DNA damage repair and tolerance, key
pathway activation, metabolic reprogramming, and changes in the tumor microenviron-
ment [7]. As a result, exploring new targets to overcome CDDP resistance and improve
treatment outcomes for gastric cancer patients remains an ongoing challenge and an area
of active research.

Dickkopf-related protein 1 (DKK-1) is a member of the DKK gene family, consisting
of a signal peptide sequence and two regions rich in cysteine. DKK1 was first identified
as a head inducer during embryonic development and later found to act as an antagonist
of the Wnt signaling pathway [8]. Accumulating evidence shows that dysregulation of
DKK1 is involved in tumor development and progression [9–12]. For instance, Tao et al.
found that DKK1 was highly expressed in human non-small cell lung cancer (NSCLC)
samples and closely associated with vasculogenic mimicry, which contributed to greater
invasiveness of cancer cells [10]. Elevated DKK1 expression was also observed in prostate
cancer, and it could be an indicator of poor survival in prostate cancer patients [13]. In
contrast, DKK1 was downregulated in colorectal cancer (CRC) and participated in the
suppression of CRC tumorigenesis and angiogenesis [14], acting as a cancer suppressor
gene. In addition, DKK1 activation in melanoma gives rise to apoptosis in vivo, and DKK1
also plays a suppressor role in melanoma [15]. In terms of drug resistance, the serum level
of DKK1 in the malignant group was higher than that in the benign group and healthy
control group. Interestingly, the serum DKK1 level in the drug-resistant group was higher
than that in the sensitive group, suggesting that DKK1 can be used as a marker for lung
cancer screening, diagnosis, and chemotherapy efficacy evaluation [16]. Moreover, DKK1
is also highly expressed in CDDP-resistant cells in non-small cell lung cancer and ovarian
cancer. DKK1 plays a role in driving the CDDP-resistant phenotype, and knocking down
DKK1 can make NSCLC cells and ovarian cancer cells sensitive to CDDP [17]. However,
the role of DKK1 in GC development and CDDP resistance remains unclear.

Epithelial–mesenchymal transition (EMT) is a cellular process characterized by the
transformation of epithelial cells into mesenchymal cells. In this process, epithelial cells gain
migration and motor capacity while losing cell polarity under the stimulation of various
extracellular factors [18]. Tumor cells are more likely to undergo EMT, which is manifested
by the upregulation of mesenchymal markers, including N-cadherin [19] and vimentin,
and the downregulation of epithelial markers, including E-cadherin [20]. Hence, EMT is an
underlying mechanism that enables tumor cells to obtain metastatic features. In addition,
EMT is also involved in tumor cell drug resistance. Research from Korea reported that
through large-scale cancer cell transcriptome and related drug response dataset mining, the
authors found that EMT is a common cause of chemotherapy resistance [21]. In addition, a
recent study published in Nature revealed that EMT cancer cells are highly insensitive to
anticancer approaches both in vitro and in vivo [22]. Therefore, EMT plays an important
role in tumor metastasis and drug resistance.

In this study, we first found that DKK1 was highly expressed in GC tissue and that
its expression was related to poor survival. Second, through western blotting, we found
that DKK1 was upregulated in CDDP-resistant GC cells. We aimed to explore the role and
molecular mechanism of the DKK1-PI3K/AKT-EMT axis in sensitizing GC cells to CDDP
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and evaluate the efficacy of targeting DKK1. Third, to provide an experimental foundation
for a solution to overcome GC drug resistance, we combined the anti-DKK1 Ab (mDKK1)
with CDDP as a potential therapy method to reverse drug resistance in vitro and in vivo.

2. Materials and Methods
2.1. Drugs and Reagents

Cisplatin (cat. no. HY-17394) and PI3K/AKT inhibitor (cat. no. HY-10108) were
purchased from MedChemExpress. The antibodies used for western blot and immunohis-
tochemistry were as follows: anti-DKK1 antibody (cat. no. ab307367), anti-Phospho-PI3K
antibody (cat. no. 4228) were purchased from Abcam (Cambridge, UK) and Cell Signaling
Technology (Danvers, MA, USA); anti-Ki67 antibody (cat. no. ab15580) was purchased
from Abcam; anti-vimentin antibody (cat. no. 60330-1-lg), anti-N-cadherin antibody (cat.
no. 22018-1-AP), anti-E-cadherin antibody (cat. no. 60335-1-lg), anti-GAPDH antibody
(cat. no. 60004-1-Ig), anti-PI3K antibody (cat. no. 60225-1-Ig), anti-AKT antibody (cat. no.
60203-2-Ig), anti-Phospho-AKT (cat. no. 28731-1-AP) were purchased from Proteintech
Group (Rosemont, IL, USA). HRP-linked secondary antibody anti-rabbit lgG (cat. no. 7074)
and anti-mouse lgG (cat. no. 7076) were obtained from Cell Signaling Technology.

2.2. Cell lines and Cell Culture

The human gastric cancer cell lines GES-1, SGC7901, MGC803, HGC27, HGC27/DDP,
and SGC7901/DDP were obtained from the Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences Cell Bank (Shanghai, China) and cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin
in a humidified atmosphere containing 5% CO2 at 37 ◦C. HGC27/DDP and SGC7901/DDP
cells were cultured in RPMI-1640 medium supplemented with 2–4 µM CDDP, 10% fetal
bovine serum (FBS), and 1% penicillin–streptomycin in a humidified atmosphere containing
5% CO2 at 37 ◦C. Cells were passaged every 2–3 days using trypsin-EDTA (0.25%) and then
subcultured at a 1:3 ratio.

2.3. Western Blot

Western blotting was performed to detect the expression levels of proteins. Briefly,
cells were lysed with RIPA buffer (Beyotime, Shanghai, China) containing a protease
inhibitor cocktail (Cell Signaling Technology). The protein concentration was measured
using a BCA protein assay kit (Beyotime, Shanghai, China). Equal amounts of protein
were separated by SDS-PAGE and transferred to a nitrocellulose membrane (Millipore,
Bedford, MA, USA). After blocking with 5% nonfat milk, the membrane was incubated
with primary antibodies against the target proteins overnight at 4 ◦C, followed by HRP-
conjugated secondary antibodies for 2 h at room temperature. The bands were visualized
using an enhanced chemiluminescence detection system (Bio-Rad, Hercules, CA, USA)
and analyzed with ImageJ software version 1.54f (NIH, Bethesda, MD, USA). GAPDH
was used as an internal control. ImageJ software version 1.54f was used to analyze the
relative levels of protein expression. The original western blot figures could be found in
the Supplementary Materials.

2.4. Vector Construction and Transfection

The plasmid vector used in this study was constructed as follows. The target DKK1
gene was amplified by PCR from a cDNA template, Flag (3× Flag)-tagged DKK1 was
cloned and inserted into the pLVX plasmid, and three shRNAs synthesized by Hanbio Tech
(Shanghai, China) were cloned and inserted into the pLVX plasmid. HEK293T cells were
used in this study for lentivirus packaging. pLVX-DKK1 or pLVX-DKK1-shRNAs were
then cotransfected with lentivirus packaging plasmids psPAX2 (Addgene plasmid, 12260)
and pMD2. G (Addgene plasmid, 12259) via Lipofectamine® 2000 (Invitrogen, Waltham,
MA, USA). For transfection, cells were seeded into 6-well plates and allowed to reach
80–90% confluence. Viruses were then harvested at 48 h and 72 h after transfection. To
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establish stable cell lines, transfected cells, and negative control viruses were selected with
puromycin (2 µg/mL, Solarbio, Beijing, China) until resistant colonies were visible. These
colonies were then expanded and screened for the expression of DKK1 by western blotting.

2.5. Colony Formation Assay

Cells were seeded into 6-well plates at a density of 500 cells per well and cultured for
10–14 days until visible colonies formed. The colonies were then fixed with 4% paraformalde-
hyde and stained with crystal violet. The number of colonies containing at least 50 cells
was counted under a microscope. Each experiment was repeated three times to ensure
reproducibility of the results.

2.6. CCK-8 Assay

Cells were digested with trypsin and then diluted to a density of 5 × 104 cells/mL.
Then, 100 µL of the cell suspension was cultured in each well of a 96-well culture plate,
and 3 replicate wells were set up. The cell density for each well was 5 × 103 cells/well,
and 100 µL culture medium was added as a blank control. Different drug concentrations
were added to the indicated cell groups. After treatment for 48 h, mix Cell Counting Kit-8
(CCK-8) and serum-free essential medium were mixed at a volume ratio of 1:10. Then,
110 µL of the mixture was added to each well and incubated at 37 ◦C and 5% CO2 for 3–4 h.
A microplate reader was used to measure the absorbance at 450 nm. The percentages of
viable cells were calculated, and dose-response curves were plotted.

2.7. Flow Cytometry

Flow cytometry was used to detect apoptotic cells. Briefly, cells were collected, washed
with PBS after different treatments, and then resuspended in binding buffer at a concen-
tration of 1 × 106/mL. Then, 5 µL Annexin V-FITC and 5 µL propidium iodide (PI) were
added to the cell suspension and incubated for 15 min at room temperature. After washing,
the cells were analyzed on a flow cytometer (BD Biosciences, San Jose, CA, USA). The re-
sults were analyzed using FlowJo software version 10.9 (Tree Star, Ashland, OR, USA). The
percentage of apoptotic cells was determined by measuring the Annexin V-FITC-positive
and PI-negative cells.

2.8. Wound Scratch and Transwell Assays

Wound scratch and transwell assays were performed to evaluate cell migration and
invasion, respectively. For the wound scratch assay, cells were seeded in a 6-well culture
plate and allowed to grow to confluence. The cell monolayer was scratched with a sterile
pipette tip and washed with PBS to remove the debris. The cells were then incubated in
serum-free medium for 24 h, and wound closure was observed and photographed under an
inverted microscope (Olympus, Tokyo, Japan). For the transwell assay, cells were seeded in
the upper chamber of a transwell insert (Corning Inc., Corning, NY, USA) with or without
Matrigel (BD Biosciences, San Jose, CA, USA) coating. The lower chamber was filled with
medium containing 10% FBS as a chemoattractant. After 24 h of incubation, the cells that
migrated or invaded through the membrane were fixed with 4% paraformaldehyde and
stained with crystal violet. The cells were then observed and photographed under an
inverted microscope (Olympus, Tokyo, Japan).

2.9. Xenograft Tumors in Nude Mice

The xenograft tumor model was established by subcutaneously injecting 5 × 106

SGC7901/DDP tumor cells in 100 µL of PBS into the right flank of 6-week-old female
nude mice (BALB/c). The mice were randomly divided into different treatment groups
(n = 6/group) when the tumors reached a volume of approximately 100 mm3. The treatment
groups received intraperitoneal injections of the drug or vehicle control once a day for
21 consecutive days. Tumor volume was measured every 3 days using a caliper, and
tumor volume was calculated as (length × width2)/2. The mice were euthanized by CO2



Cancers 2023, 15, 4756 5 of 21

inhalation at the end of the experiment, and tumors were excised and weighed. The
tumor growth inhibition rate was calculated as (1 − average tumor weight in the treatment
group/average tumor weight in the control group) × 100%.

2.10. Immunohistochemistry

Immunohistochemistry (IHC) assays were performed to detect the protein expression
of target molecules in tumor tissues. Briefly, paraffin-embedded tissue sections were
deparaffinized, rehydrated, and subjected to antigen retrieval using citrate buffer (pH 6.0)
in a microwave oven. Endogenous peroxidase activity was blocked with 3% H2O2, and
nonspecific binding was blocked with 5% goat serum. The sections were incubated with
primary antibodies against the target molecules overnight at 4 ◦C and then with HRP-
conjugated secondary antibodies for 1 h at room temperature. The sections were stained
with 3,3’-diaminobenzidine (DAB) and counterstained with hematoxylin. The images were
observed and photographed under an optical microscope (Olympus, Tokyo, Japan). The
staining intensity and percentage of positive cells were evaluated by two independent
pathologists who were blinded to the clinical information.

2.11. Bioinformatical Analysis

The DKK1 expression profile data for different cancers were obtained from TIMER
(http://timer.comp-genomics.org/timer/ (accessed on 3 March 2022)), and survival data
were obtained from GEPIA (Gene Expression Profiling Interactive Analysis; http://gepia.
cancer-pku.cn/ (accessed on 3 March 2022)). TIMER is a comprehensive resource for
systematic analysis of different cancers. The entire database incorporates 1065 gastric
carcinoma samples and corresponding gene expression data. A gene differential expression
module was used to study the differential expression between tumor and adjacent normal
tissues for DKK1. The statistical significance was computed by the Wilcoxon test. Low and
high DKK1 expression in the RNA-seq data was defined as p adjust < 0.05, |Log2FC| ≥ 1.
The overall survival data and disease-free survival data in our study were from GEPIA.
We selected the median as the expression threshold for splitting the high-expression and
low-expression cohorts. The hazard ratio was calculated based on the Cox PH model.
Cutoff-High (50%, default setting by median): samples with expression levels higher
than this threshold are considered as the high-expression cohort. Cutoff-Low (50%, default
setting by median): samples with expression levels lower than this threshold are considered
the low-expression cohort.

2.12. Immunofluorescence (IF)

Cells were grown on glass coverslips and fixed in 4% paraformaldehyde for 20 min
at room temperature. After washing with PBS, the cells were permeabilized with 0.1%
Triton-X for 5 min and then blocked with 5% BSA for 1 h. Primary antibody against Ki67
(1:500) was added and incubated overnight at 4 ◦C. Cells were then washed and incubated
with secondary antibodies conjugated to Alexa Fluor 488 or 594 (1:500) for 1 h at room
temperature. Finally, the cells were stained with DAPI and mounted on glass slides. Images
were obtained under a confocal microscope (Leica Microsystems, Milton Keynes, UK).

2.13. Short Hairpin RNA (shRNA) Transfection

Gastric cancer cells were transfected with shRNA constructs targeting the expression of
the gene of interest using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Briefly, cells were seeded in 6-well plates at a density of 1 × 105 cells per well
and allowed to attach overnight. The shRNA plasmids were mixed with Lipofectamine
2000 reagent in Opti-MEM medium and incubated for 20 min at room temperature. The
mixture was then added to the cells and incubated for 24 h at 37 ◦C in a CO2 incubator. Cells
were then selected with puromycin (2 µg/mL) for 48 h to obtain stable knockdown cell lines.
The efficiency of shRNA knockdown was evaluated by qRT-PCR and Western blotting.

The shRNA sequences used in this study were as follows:

http://timer.comp-genomics.org/timer/
http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
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• shRNA1: 5′-CCTGTCCTGAAAGAAGGTCAA-3′

• shRNA2: 5′-CCAGAAGAACCACCTTGTCTT-3′

• shRNA3: 5′-CCTGTCCTGAAAGAAGGTCAA-3′

A non-targeting shRNA construct was used as a negative control. The sequences of
the non-targeting shRNA were as follows:

• shRNA-NC: 5′-TTCTCCGAACGTGTCACGTAA-3′

2.14. RNA-Sequencing

Total RNA was extracted from shNC and shDKK1 GC cells using the Qiagen RNeasy
Kit. RNA quality and quantity were assessed using an Agilent 2100 Bioanalyzer. RNA
libraries were constructed using the Illumina TruSeq RNA Library Prep Kit, following the
manufacturer’s protocol. Sequencing was performed on the Illumina Novaseq 6000 to
generate 150 bp paired-end reads. Gene set enrichment analysis (GSEA) was performed
using GSEA software (version 4.3.2). The significance of enrichment for each pathway
was evaluated based on a hypergeometric test, with an adjusted p-value < 0.05 deemed
significant. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis was visualized via Cytoscape software (version 3.7.2).

2.15. Statistical Analysis

Statistical analysis was performed using SPSS software (version 22.0, IBM Corp.,
Armonk, NY, USA). The data are presented as the mean ± standard deviation (SD) from
at least three independent experiments. The statistical significance of differences was
determined by Student’s t-test or one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test. p values < 0.05 were considered statistically significant.

3. Results
3.1. DKK1 Is Highly Expressed in GC Tissues and Associated with Poor Prognosis in GC Patients

To characterize the DKK1 expression level in tumor tissue and adjacent nontumor
tissue. A public database was used to analyze DKK1 expression levels in different cancers,
as shown in Figure 1A. Compared to the corresponding nontumor tissues, DKK1 was
significantly highly expressed in bladder urothelial carcinoma (BLCA), cholangiocarcinoma
(CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), head and neck
squamous cell carcinoma (HNSC), kidney chromophobe (KICH), kidney renal papillary cell
carcinoma (KIRP), liver hepatocellular carcinoma (LIHC), lung squamous cell carcinoma
(LUSC), prostate adenocarcinoma (PRAD), stomach adenocarcinoma (STAD) and thyroid
carcinoma (THCA) (** p < 0.01, *** p < 0.001). Moreover, high DKK1 mRNA transcripts
were closely related to poor overall survival (OS) and disease-free survival (DFS) in gastric
cancer, p = 0.0072 and p = 0.00042 (Figure 1B).

To further identify DKK1 expression in GC tissues, we evaluated DKK1 protein levels
via a human GC tissue microarray (STC1601) from SUPERBIOTEK (Shanghai, China).
Compared with adjacent nontumor tissue, DKK1 was highly expressed in GC tissue
(Figure 1C,D). Consistent with the data from the database, the Kaplan–Meier survival
curve was drawn from the GC tissue microarray, and it was also revealed that DKK1 could
serve as an indicator of worse prognosis and advanced stages in GC patients, p < 0.05
(Figure 1E,F). Through multivariate Cox analysis, we found that tumor size and TNM stage
were associated with the survival of GC patients (Table 1). In univariate COX regression
analysis, our data showed that T stage, N stage, TNM stage, and tumor size were the
significant risk factors affecting GC patient survival (p < 0.05) (Table 2). In summary, the
above results showed that DKK1 was highly expressed in GC cancer and was related to
higher tumor stage and poor prognosis.
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Figure 1. DKK1 is highly expressed in GC tissues and associated with poor prognosis in GC patients.
(A) DKK1 transcription profiles of different cancers in the GEPIA dataset. Compared to normal
tissue, the DKK1 transcriptional level was significantly higher in GC tissues. Distributions of DKK1
transcriptional levels in tumor and normal tissues are displayed using box plots. Red: DKK1
expression in tumor tissue, blue: DKK1 expression in normal tissue. The statistical significance was
computed by the Wilcoxon test. * p < 0.05, ** p < 0.01, *** p < 0.001. (B) High DKK1 expression
was associated with poor OS (p = 0.0072) and DFS (p = 0.00042) in GC. (C,D) Tissue microarray
showed that DKK1 was significantly highly expressed in GC tissue samples compared with adjacent
normal tissues. Scale bar: 50 µm. A violin plot was used to show DKK1 protein expression levels by
immunohistochemical staining in 66 pairs of clinical GC samples. ** p < 0.01 using a 2−tailed paired
Student’s t-test. (E) Survival data from the tissue microarray revealed that high DKK1 expression was
associated with poor survival and may become a biomarker in GC patients. p is based on a log-rank
test, p = 0.0189. (F) DKK1 expression status in early (TNM I + II) and advanced (TNM III + IV) stage
GC. p is based on a log-rank test. * p < 0.05.
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Table 1. Correlations between DKK1 expression and clinicopathologic features of GC patients.

Clinical Parameters Cases
DKK1 Expression

χ2 p Value
Low High

Sex
Male 45 30 15 0.615 0.433
Female 21 16 5

Age ≤60 40 27 13 0.232 0.630
>60 26 19 7

Tumor size
≤3 cm 27 15 12 4.326 0.038
>3 cm 39 31 8

Pathologic_T T1–2 19 16 3 2.661 0.103
T3–4 47 30 17

Pathologic_N N0 21 18 3 3.741 0.053
N1–3 45 28 17

Pathologic_M M0 62 43 19 0.000 1.000
M1 4 3 1

TNM stage I–II 29 24 5 4.179 0.041
III–IV 37 22 15

Differentiation
I–II/II 16 12 4 0.167 0.683
II–III/III 36 25 11

Table 2. Results of univariate analysis for overall survival in GC tissue microarray.

Variable
Univariate Analysis

p-Value HR(95% CI)

Sex (male vs. female) 0.421 1.345 (0.653–2.771)
Age (≤60 vs. >60) 0.300 1.403 (0.739–2.661)
Pathologic_T (T1/T2 vs. T3/T4) 0.005 3.864 (1.501–9.943)
Pathologic_N (N0 vs. N1–3) 0.002 4.618 (1.795–11.884)
Pathologic_M (M0 vs. M1) 0.069 2.704 (0.926–7.892)
TNM (I/II vs. III/IV) 0.003 3.061 (1.478–6.341)
Tumor_size (≤3 cm vs. 3 cm) 0.050 2.017 (0.999–4.074)
Differentiation (I–II/II vs. II–II/III) 0.793 0.899 (0.406–1.989)

3.2. Characterization of Cisplatin Resistant Gastric Cancer Cell Lines

Given that CDDP resistance is one major reason for poor GC prognosis and one factor
that leads to treatment failure, we aimed to investigate whether DKK1 participates in CDDP
resistance development. First, we used two GC cell lines with acquired resistance to CDDP:
HGC27/DDP and SGC7901/DDP, and their corresponding sensitive cell lines, HGC27 and
SGC7901. The two acquired CDDP-resistant cell lines exhibited higher proliferative ability
than the parental cell lines, as revealed by cell proliferation and Ki67 staining (Figure 2A,B).
In addition, under the CDDP treatment, CDDP-sensitive cells had a higher apoptosis
rate than CDDP-resistant cells, **** p < 0.0001 (Figure 2C). Notably, the cell viability as-
say with CDDP treatment demonstrated that the CDDP-resistant cells HGC27/DDP and
SGC7901/DDP had higher half-maximal inhibitory concentrations (IC50) of 12.470 µM
and 8.274 µM than HGC27 (3.287 µM) and SGC7901 (2.071 µM) (Figure 2D). The above
data reveal that CDDP-resistant GC cells have an increased IC50, proliferation ability, and
anti-apoptosis.
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protein expression levels in CDDP-sensitive and CDDP-resistant GC cells were measured by 

Figure 2. Characterization of CDDP sensitive and resistant GC cell lines. (A) Comparison of cell
proliferation via CKK8 assay in CDDP-sensitive and CDDP-resistant cell lines over 144 h. Data were
from independent experiments. Two-way ANOVA was used. (B) Immunofluorescence staining
of Ki67 in HGC27, SGC7901, HGC27/DDP and SGC7901/DDP cells. Representative images were
obtained by microscopy. Scale bar: 100 µm. (C) Flow cytometry assay of apoptotic cells in CDDP-
resistant and corresponding CDDP-sensitive cells under the CDDP treatment. (D) Cell viability assay
of HGC27, HGC27/DDP, SGC7901 and SGC7901/DDP under the CDDP treatment. (E) DKK1 protein
expression levels in different GC cell lines. Tubulin served as an internal control. (F) DKK1 protein
expression levels in CDDP-sensitive and CDDP-resistant GC cells were measured by western blotting.
GAPDH served as an internal control. ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: non-significance.
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3.3. High DKK1 Expression Promotes Migration, Invasion and Proliferation in GC Cells

To investigate the role of DKK1 in CDDP-resistant and CDDP-sensitive GC cells,
we first performed western blotting to identify the expression differences in both cell
lines. Interestingly, compared with that in CDDP-sensitive cells HGC27 and SGC7901 cells,
DKK1 was highly expressed in CDDP-resistant cells HGC27/DDP and SGC7901/DDP
cells (Figure 2E,F). Next, we constructed GC cell lines with high DKK1 expression in
CDDP-sensitive cells and low DKK1 expression in CDDP-resistant cells via genetic or
pharmacological approaches. DKK1 was successfully inhibited via shRNA (Figure 3A,B)
and mDKK1 (Figure 3E,F) in HGC27/DDP and SGC7901/DDP cells and overexpressed
in HGC27 and SGC7901 cells (Figure 3C,D). Scratch assays of proliferation and migration
demonstrated that DKK1 upregulation significantly reduced the wound healing area.
However, DKK1 inhibition in SGC7901/DDP and HGC27/DDP cells significantly increased
the wound healing area when compared to shRNA controls (all p < 0.05, Figure 3G). Cell
invasion experiments showed that DKK1 silencing decreased the number of invaded
SGC7901/DDP and HGC27/DDP cells, while DKK1 overexpression increased the number
of invaded SGC7901 and HGC27 cells (all p < 0.05, Figure 3H). Similar results were observed
in GC cell proliferation (Figure S1). Collectively, these results showed that DKK1 enhances
migration, invasion and proliferation in GC cell lines.

3.4. DKK1 Promotes Metastasis in GC Cell Lines and Is Associated with the EMT Phenotype

The above data show that compared to CDDP-sensitive HGC27 and SGC7901 cells,
DKK1 was upregulated in CDDP-resistant HGC27/DDP and SGC7901/DDP cells. This
result suggests that DKK1 may play an important role in GC metastasis. We next exam-
ined whether DKK1 expression could affect the IC50 in different cell groups treated with
CDDP. As shown in Figure 3I, DKK1 gain of function in HGC27 and SGC7901 significantly
increased IC50 values after CDDP treatment, thus leading to CDDP resistance. In con-
trast, DKK1 knockdown via a genetic method in CDDP-resistant cells (SGC7901/DDP
or HGC27/DDP) regained the sensitivity to CDDP treatment, and the IC50 was down-
regulated accordingly in both cell lines. These results were further confirmed through
anti-DKK1 antibody treatment, which served as a DKK1 inhibitor. The anti-DKK1 antibody
combined with different CDDP concentrations led to CDDP IC50 values in resistant cell
lines similar to those in sensitive cells (Figure 3I).

In cancer biology, EMT is a significant process that tumor cells undergo and is closely
related to tumor development and metastasis [23,24]. Many researchers have centered
around the role of EMT in chemoresistance and found that EMT could be one of the
mechanisms contributing to chemotherapy and radiotherapy resistance [22]. Does DKK1
promote CDDP resistance in an EMT-dependent manner? To test our hypothesis, sig-
naling pathways regulated by DKK1 were analyzed via RNA-seq. According to KEGG
enrichment analysis, we found the top 20 related pathways expressed in HGC27/DDP
and SGC7901/DDP cells with or without DKK1 knockdown, indicating that PI3K/AKT
signaling pathway may participate in CDDP resistance (Figure 4A). In addition, GSEA
analysis found that the DKK1 expression level was positively correlated with metastasis
(Figure 4B). As described above, CDDP-sensitive cells showed a significant increase in
protein levels when transfected with the DKK1 expression plasmid, and DKK1 expression
was significantly reduced when shRNA or mDKK1 was used in CDDP-resistant cells. We
then measured the expression of EMT markers (N-cadherin, E-cadherin, and vimentin)
when DKK1 expression was changed by shRNA or mDKK1 in human GC cell lines.
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Figure 3. High DKK1 expression promotes cell migration, invasion, and CDDP resistance in GC 
cells. (A,B) CDDP-resistant cells HGC27/DDP and SGC7901/DDP cells were transfected with DKK1 
shRNAs, and DKK1 expression levels were confirmed by Western blot analysis. GAPDH served as 
an internal control. Corresponding quantitative data for DKK1 knockdown are shown. Data are 
from three independent experiments. (C,D) CDDP-sensitive cells HGC27 and SGC7901 cells were 
transfected with DKK1 empty and expressing vectors, and then DKK1 expression levels were con-
firmed by Western blot analysis. GAPDH served as an internal control. Corresponding quantitative 
data for DKK1 knockdown are shown. Data are from three independent experiments. (E,F) CDDP-
resistant HGC27/DDP and SGC7901/DDP cells were treated with mDKK1, then DKK1 expression 
levels were confirmed by Western blot analysis. GAPDH served as an internal control. Correspond-
ing quantitative data for DKK1 knockdown are shown. Data are from three independent experi-
ments. (G,H) Wound scratch (scale bar: 50 µm) and transwell assays (scale bar: 50 µm) were per-
formed to measure cell migration and invasion in both CDDP-sensitive and CDDP-resistant cells. 
Data are from three independent experiments. p values were determined using a two-tailed un-
paired Student’s t-test. (I) CCK8 assay in sensitive cells and DKK1 knockdown resistant cell lines 
under different concentrations of CDDP for 48 h. Data are from three independent experiments. p 
values were determined using two-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

Figure 3. High DKK1 expression promotes cell migration, invasion, and CDDP resistance in GC cells.
(A,B) CDDP-resistant cells HGC27/DDP and SGC7901/DDP cells were transfected with DKK1 shRNAs,
and DKK1 expression levels were confirmed by Western blot analysis. GAPDH served as an internal
control. Corresponding quantitative data for DKK1 knockdown are shown. Data are from three indepen-
dent experiments. (C,D) CDDP-sensitive cells HGC27 and SGC7901 cells were transfected with DKK1
empty and expressing vectors, and then DKK1 expression levels were confirmed by Western blot analysis.
GAPDH served as an internal control. Corresponding quantitative data for DKK1 knockdown are shown.
Data are from three independent experiments. (E,F) CDDP-resistant HGC27/DDP and SGC7901/DDP
cells were treated with mDKK1, then DKK1 expression levels were confirmed by Western blot analysis.
GAPDH served as an internal control. Corresponding quantitative data for DKK1 knockdown are shown.
Data are from three independent experiments. (G,H) Wound scratch (scale bar: 50µm) and transwell
assays (scale bar: 50µm) were performed to measure cell migration and invasion in both CDDP-sensitive
and CDDP-resistant cells. Data are from three independent experiments. p values were determined using
a two-tailed unpaired Student’s t-test. (I) CCK8 assay in sensitive cells and DKK1 knockdown resistant
cell lines under different concentrations of CDDP for 48 h. Data are from three independent experiments.
p values were determined using two-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 4. DKK1 promotes metastasis in GC cell lines and is associated with the EMT phenotype. (A) 
KEGG pathway enrichment analysis of the differentially expressed genes, top 20 related pathways 
expressed in HGC27/DDP and SGC7901/DDP cells with or without DKK1 knockdown were shown. 
(B) Transcriptome data were analyzed using the GSEA, and the DKK1 expression level was posi-
tively correlated with metastasis and the PI3K−AKT signaling pathway. (C,D) CDDP−resistant gas-
tric cancer cells were transfected with DKK1 shRNA and the corresponding control shRNA for 48 
h, and the expression levels of different EMT proteins (N-cadherin, E-cadherin and vimentin) were 
measured by western blotting. GAPDH served as an internal control. Data are from three independ-
ent experiments. Corresponding quantitative data for N-cadherin, E-cadherin and vimentin are 
shown. (E,F) CDDP-sensitive gastric cancer cells were transfected with empty vector and DKK1 for 
48 h, and related EMT proteins (N-cadherin, E-cadherin and vimentin) were measured by western 

Figure 4. DKK1 promotes metastasis in GC cell lines and is associated with the EMT phenotype.
(A) KEGG pathway enrichment analysis of the differentially expressed genes, top 20 related pathways
expressed in HGC27/DDP and SGC7901/DDP cells with or without DKK1 knockdown were shown.
(B) Transcriptome data were analyzed using the GSEA, and the DKK1 expression level was positively
correlated with metastasis and the PI3K−AKT signaling pathway. (C,D) CDDP−resistant gastric
cancer cells were transfected with DKK1 shRNA and the corresponding control shRNA for 48 h,
and the expression levels of different EMT proteins (N-cadherin, E-cadherin and vimentin) were
measured by western blotting. GAPDH served as an internal control. Data are from three independent
experiments. Corresponding quantitative data for N-cadherin, E-cadherin and vimentin are shown.
(E,F) CDDP-sensitive gastric cancer cells were transfected with empty vector and DKK1 for 48 h, and
related EMT proteins (N-cadherin, E-cadherin and vimentin) were measured by western blotting. GAPDH
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served as an internal control. Data are from three independent experiments. Corresponding quantita-
tive data for N-cadherin, E-cadherin and vimentin are shown. (G,H) CDDP-resistant gastric cancer
cells were treated with mDKK1 for 48 h, and related EMT proteins (N-cadherin, E-cadherin and
vimentin) were measured by western blotting. Data are from three independent experiments. Corre-
sponding quantitative data for N-cadherin, E-cadherin and vimentin are shown. * p < 0.05, ** p < 0.01,
*** p < 0.001.

Therefore, western blotting was used to assess the change in EMT markers in both
CDDP-sensitive and CDDP-resistant cells. DKK1 knockdown in CDDP-resistant cell lines
caused an increase in the protein level of E-cadherin and a reduction in the expression of
N-cadherin and vimentin (Figure 4C,D). In contrast, DKK1 overexpression led to increased
expression of N-cadherin and vimentin and loss of N-cadherin (Figure 4E,F). We then tested
how DKK1 inhibition via an anti-DKK1 antibody affects EMT. As shown in Figure 4G,H,
when CDDP-resistant cell lines were treated with mDKK1 for 48 h, similar results were
observed in the shRNA group, suggesting that DKK1 inhibition via mDKK1 could alleviate
the EMT process. The results indicate that increased DKK1 expression may promote
EMT, which further enhances GC cell migration and metastatic ability, contributing to
CDDP resistance.

3.5. DKK1 Promotes EMT and Proliferation by Activating the PI3K/AKT Pathway in GC Cells

Next, we further explored the molecular changes participating in DKK1-mediated
EMT in GC cells. The GSEA results indicated that the DKK1 expression level was posi-
tively correlated with the PI3K-AKT pathway, and we therefore tested pathway proteins
involved in the PI3K/AKT pathway. We found that DKK1 knockdown or mDKK1 treat-
ment decreased the phosphorylation levels of PI3K and AKT (Figure 5A,B). In contrast,
the elevated phosphorylation levels of PI3K and AKT were observed in DKK1 overex-
pressing cells (Figure 5C). To confirm whether PI3K/AKT activation played an important
role in DKK1-induced EMT, the pathway inhibitor LY294002 was applied in this study
to reveal the relationship between the PI3K pathway and DKK1-induced EMT. Our data
demonstrated that LY294002 treatment significantly decreased the p-PI3K, p-AKT, and EMT
marker levels in DKK1-overexpressing GC cells (HGC27, SGC7901) (Figure 5D). LY294002
treatment also significantly reversed the protein expression of N-cadherin, E-cadherin, and
vimentin, which was induced by DKK1 (Figure 5E). Moreover, when the PI3K pathway
was inhibited by LY294002 in DKK1-overexpressing GC cells, the cell invasion, migration
ability and proliferation was weakened, as evidenced by Transwell assays (Figure 5F,G)
and CCK8 assays (Figure S2). Together, the above data indicate that DKK1 promotes EMT
and proliferation by activating the PI3K/AKT pathway.

3.6. DKK1 Inhibition Overcomes Cisplatin Resistance In Vitro and In Vivo

Finally, we examined the therapeutic effect of CDDP plus DKK1 inhibition treatment
both in vitro and in vivo. Compared to the SGC7901/DDP or HGC27/DDP cell control
group, CDDP treatment inhibited the colony formation ability of CDDP-resistant GC
cells. More importantly, CDDP treatment plus DKK1 inhibition via shRNA or mDKK1
further decreased the colony number of CDDP-resistant GC cells (Figure 6A). Cell inva-
sion and migration experiments indicated that CDDP treatment could inhibit metastatic
abilities; however, DKK1 inhibition via shRNA or mDKK1 under the CDDP treatment
enhanced the tendency of SGC7901/DDP and HGC27/DDP cells to lose metastatic abilities
(Figure 6B,C). Furthermore, flow cytometric analysis revealed that CDDP plus shDKK1 or
mDKK1 treatment achieved the highest apoptosis rate when compared to CDDP treatment
alone (Figure 6D).
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shown. ** p < 0.01, *** p < 0.001. (D,E) HGC27 and SGC7901 cells were transfected with empty vector 
or DKK1, and then treated with the PI3K inhibitor LY294002 for 48 h. The expression levels of PI3K, 
p-PI3K, AKT, p-AKT and EMT-related protein markers were detected via western blotting. (F,G) 
Transwell assays were performed in SGC7901 and HGC27 cells transduced with vector or DKK1 to 
detect the effect of DKK1 or the PI3K inhibitor LY294002 on cell invasion and migration (scale bar: 
50 µm). Corresponding results are shown as the number of invasive cells per field. * p < 0.05, ** p < 
0.01, *** p < 0.001. 

Figure 5. DKK1 promotes EMT by activating the PI3K/AKT pathway in GC cells. (A,B) Effects of
DKK1 inhibition via shRNA or mDKK1 on the PI3K/AKT pathway in CDDP-resistant GC cells. PI3K,
p-PI3K, AKT and p-AKT were detected by western blotting. GAPDH served as an internal control.
Corresponding quantitative data for PI3K, p-PI3K, AKT and p-AKT are shown. *** p < 0.001. (C) HGC27
and SGC7901 cells were transfected with empty vector or DKK1, and PI3K/AKT pathway changes caused
by DKK1 overexpression were measured by western blotting. GAPDH served as an internal control.
Corresponding quantitative data for PI3K, p-PI3K, AKT and p-AKT are shown. ** p < 0.01, *** p < 0.001.
(D,E) HGC27 and SGC7901 cells were transfected with empty vector or DKK1, and then treated with the
PI3K inhibitor LY294002 for 48 h. The expression levels of PI3K, p-PI3K, AKT, p-AKT and EMT-related
protein markers were detected via western blotting. (F,G) Transwell assays were performed in SGC7901
and HGC27 cells transduced with vector or DKK1 to detect the effect of DKK1 or the PI3K inhibitor
LY294002 on cell invasion and migration (scale bar: 50µm). Corresponding results are shown as the
number of invasive cells per field. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 6. DKK1 inhibition enhances CDDP sensitivity in CDDP-resistant GC cells in vitro. (A) The 
colony formation assay (Scale bar: 50 µm) in SGC7901/DDP and HGC27/DDP cells demonstrated 
that DKK1 inhibition via shRNA or mDKK1 significantly suppressed cell proliferation. (B,C) Scratch 
migration and transwell invasion analyses were performed in HGC27/DDP and SGC7901/DDP cells 
(scale bar: 50 µm). The results indicated that DKK1 inhibition via shRNA or mDKK1 significantly 
inhibited cell migration and invasion. (D) Flow cytometric analysis of Annexin-V and 7-AAD stain-
ing after treatment with or without CDDP. A representative flow profile and summary of the per-
centage of Annexin V-positive cells are presented. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

Figure 6. DKK1 inhibition enhances CDDP sensitivity in CDDP-resistant GC cells in vitro. (A) The
colony formation assay (Scale bar: 50µm) in SGC7901/DDP and HGC27/DDP cells demonstrated
that DKK1 inhibition via shRNA or mDKK1 significantly suppressed cell proliferation. (B,C) Scratch
migration and transwell invasion analyses were performed in HGC27/DDP and SGC7901/DDP cells
(scale bar: 50µm). The results indicated that DKK1 inhibition via shRNA or mDKK1 significantly
inhibited cell migration and invasion. (D) Flow cytometric analysis of Annexin-V and 7-AAD staining
after treatment with or without CDDP. A representative flow profile and summary of the percentage
of Annexin V-positive cells are presented. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Next, the animal experimental model was constructed according to the flowchart, as
shown in Figure 7A. shDKK1 and shNC cells were subcutaneously inoculated into BALB/c
mouse after 1 week of adaption. Each mouse was then injected intraperitoneally with either
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mDKK1 (20 mg/kg, twice a week, 3 weeks) or CDDP (5 mg/kg, every 3 days, 3 weeks).
As shown in Figure 7B–D, the tumor sizes and weights in the CDDP treatment group
were smaller than those in the corresponding nontreatment group. However, regardless of
the treatment with CDDP, DKK1 knockdown further contributed to higher inhibition of
tumor growth. More importantly, similar results were also observed in the group treated
with mDKK1 plus CDDP. In addition, HE and Ki67 staining in tumor tissue were used to
measure the tumor cell proliferation. DKK1 knockdown via shRNA or mDKK1 with CDDP
treatment significantly reduced cell proliferation (Figure 7E,F) and phosphorylation levels
of PI3K and AKT (Figure 7G). Hence, our in vitro and in vivo results revealed that DKK1
inhibition increases the efficacy of CDDP and could be a potential approach to reverse
CDDP resistance.
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on Day 32. (C) Tumor volume was measured every 3 days in different treatment groups (n = 6 per
group). The p values were based on two-way ANOVA. *** p < 0.001. (D) Tumor weight was quantified
in different treatment groups (n = 6 per group). ** p < 0.01, *** p < 0.001. (E) DKK1 inhibition was
markedly associated with decreased expression of Ki67. Representative images of different tumors
are shown. Scale bar: 25µm. (F) Positive rate of Ki67 (*** p < 0.001, control vs. CDDP alone;
*** p < 0.001, CDDP alone vs. CDDP plus DKK1 shRNA; *** p < 0.001, CDDP alone vs. CDDP plus
mDKK1). (G) Protein levels of DKK1, PI3K, p-PI3K, AKT, p-AKT and EMT markers in tumor tissues
were detected by western blotting. Corresponding quantitative data were shown. The p values were
based on two-way ANOVA. *** p < 0.001.

4. Discussion

Due to the development of diagnosis and treatment methods in GC, the incidence and
mortality rates of GC have declined in recent years. However, the occurrence of metastasis
and resistance to chemotherapy remains a challenge for cancer treatment. Therefore, many
researchers are focused on exploring the molecular changes in chemotherapy resistance
models and the underlying mechanisms. In our study, we found that DKK1 was upregu-
lated in CDDP-resistant cells HGC27/DDP and SGC7901/DDP cells compared with the
corresponding CDDP-sensitive cells HGC27 and SGC7901. DKK1 belongs to the Dickkopf
family, which consists of four members in vertebrates, including DKK1,2,3 and 4. Each
vertebrate participates in protein–protein interactions [25]. Several studies have shown
that DKK1 is an oncogene in cancers, and its aberrant expression is associated with tumor
progression and poor prognosis [26,27]. DKK1 could act as a tumor suppressor or driver,
depending on the tumor origin. DKK1 is a tumor suppressor in tumors arising from the
ectoderm and endoderm and a promoter in mesodermal tumors. Survival data indicated
that high DKK1 expression is an indicator of poor prognosis [28]. Compared with the
gastric benign group and healthy group, higher serum DKK1 protein levels were observed
in GC patients. Increased DKK1 levels in serum were positively correlated with TNM
staging, microvascular invasion, differentiation degree, and infiltration depth [29]. Another
study also analyzed the relationship between clinical parameters and DKK1 levels both
in serum and tissue in GC patients [30]. Both studies revealed that serum or tissue DKK1
may serve as a potential diagnostic or prognostic marker and perhaps even a therapeutic
target in GC. In addition, DKK1 also played a significant role in the tumor microenviron-
ment (TME). DKK1 can affect different kinds of cell populations in the GC TME, including
tumor-associated macrophages and T cells [31]. Inhibitors or antibodies against DKK1 may
help to enhance the antitumor activity of immune cells, thus providing a novel strategy for
cancer treatment.

More importantly, previous reports have demonstrated that DKK1 plays an important
role in drug resistance. For instance, DKK1 was overexpressed in NSCLC cells and patients.
Knockdown of DKK1 via a genetic approach sensitized NSCLC cells to CDDP [17]. Never-
theless, DKK1 was also upregulated in multiple myeloma (MM) bortezomib-resistant cells
and was identified as a potential marker of a bortezomib-refractory phenotype. DKK1 could
serve as a novel therapeutic target to improve the bortezomib response of MM cells [32].
However, the role of DKK1 in GC is not well studied or understood, especially its function
in GC chemoresistance. Our data demonstrated that DKK1 was highly expressed in GC
samples compared with adjacent normal tissues and in CDDP-resistant GC cells compared
with CDDP-sensitive GC cells. In line with the prognosis data from the tissue chip, data
from the GEPIA database indicated that high DKK1 expression was closely related to
poor overall survival (OS) and disease-free survival (DFS) in GC. In addition, high DKK1
expression promotes cell migration, invasion, and CDDP resistance in GC cell lines. DKK1
inhibition via shRNA or mDKK1 increased the CDDP sensitivity of HGC27/DDP and
SGC7901/DDP cells, while DKK1 upregulation induced CDDP resistance in HGC27 and
SGC7901 cells. These data further confirmed the role of DKK1 in CDDP resistance in GC.
The results from our in vivo experiment showed that DKK1 is an oncogene and effective
therapeutic target in the GC treatment. Downregulation of DKK1 via shRNA or mDKK1
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combined with CDDP treatment significantly inhibited tumor growth when compared with
that in the group treated with CDDP alone. Our animal experiments also provide convinc-
ing evidence that DKK1 inhibition plus CDDP treatment could be a potential method to
reverse CDDP resistance.

Chemotherapy is a fundamental treatment method in GC. Resistance to chemother-
apy limits chemotherapeutic agents in clinical applications, and the mechanism of drug
resistance requires further research. The underlying molecular and cellular mechanisms
involved in CDDP resistance include increased drug efflux, increased DNA damage repair,
and upregulation of anti-apoptotic factors [33,34]. EMT, an important cell process during
the acquisition of tumor metastasis and drug resistance, has been widely explored in the
field of cancer treatment in recent years [23,24]. According to a study recently published in
Nature, the authors found that skin squamous cell carcinoma was more likely to undergo
EMT during tumorigenesis and further contribute to chemotherapy resistance. The results
from cell and animal experiments demonstrated that EMT cancer cells are insensitive to
various anticancer therapies [22]. EMT has also been proven to be a key regulator in
colorectal cancer metastasis and chemoresistance, and its inhibition could enable cancer
cells to become sensitive to chemotherapy again [35]. Whether DKK1 can regulate EMT-
mediated chemotherapy resistance in GC is unknown. In this study, we demonstrated
that DKK1 contributes to CDDP resistance by regulating EMT in GC cells. Transwell and
scratch assays of proliferation and migration revealed that DKK1 overexpression in CDDP-
sensitive cell lines could promote cell migration and invasion, while DKK1 knockdown in
CDDP-resistant GC cells could reverse the above tendency. Previous research reported that
drug-resistant cancer cells were more likely to undergo EMT [36,37]. Similarly, we found
that enhanced mesenchymal properties tend to occur in CDDP-resistant GC cells (high
DKK1 expression) when compared to CDDP-sensitive GC cells (low DKK1 expression),
as evidenced by the downregulation of E-cadherin, and the upregulation of N-cadherin
and vimentin. DKK1 overexpression in CDDP-sensitive cells enhanced EMT, and DKK1
knockdown in CDDP-resistant cells significantly inhibited EMT, which was proven by the
changes in EMT-related markers. Our data indicate that DKK1 plays an important role in
the metastasis and EMT of CDDP-resistant cells.

The PI3K/AKT signaling pathway is commonly deregulated in various cancers [38].
It can regulate cell survival, proliferation, and metastasis and is an important pathway in
transferring signals from extracellular to intracellular [39,40]. More importantly, previous
reports confirmed that the PI3K/AKT signaling pathway is closely related to the CDDP
resistance, and inhibition of AKT expression can effectively reverse the CDDP resistance in
cancer cells [41–43]. Thus, we first analyzed our transcriptome data using the GSEA and
KEGG enrichment and found that the DKK1 expression level was positively correlated
with metastasis and the PI3K-AKT pathway. We also investigated whether the PI3K/AKT
pathway was involved in DKK1-mediated CDDP resistance in GC cells. Our results
demonstrated that DKK1 knockdown through shRNA or anti-DKK1 antibody caused
decreased expression of p-PI3K and p-AKT in CDDP-resistant GC cells. In contrast, DKK1
overexpression increased the expression level of p-PI3K and p-AKT. Accordingly, the
above signaling pathway tendency was reversed when treating DKK1 overexpression cells
(HGC27/DKK1, SGC7901/DKK1) with LY294002. Therefore, DKK1 promotes EMT and
CDDP resistance via activation of the PI3K/AKT pathway.

The interaction between DKK1 and cytoskeleton-associated protein 4 (CKAP4) offers
a window into a deeper understanding of tumor biology and the development of new
therapeutic strategies. CKAP4 was initially believed to be a protein related to the cellular
cytoskeleton and associated with cellular morphology and movement [44]. However,
with further research, it was found that CKAP4 plays a crucial role in many biological
processes, especially in the initiation, progression, and metastasis of tumors. CKAP4
has been identified as a type II transmembrane protein capable of binding with various
ligands, including DKK1 [45]. The binding DKK1 and CKAP4 can trigger downstream
signaling pathways, including PI3K/AKT and MAPK1/3, thereby influencing cellular
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functions and promoting the proliferation, migration, and invasion of tumor cells [46].
There have been several studies on the DKK1/CKAP4 axis in gastrointestinal tumors.
For instance, in esophageal squamous cell carcinoma (ESCC), the DKK1 and CKAP4
interaction is considered one of the key mechanisms driving ESCC cell proliferation and
tumor formation [47]. Moreover, the co-expression of DKK1 and CKAP4 is associated with
hepatocellular carcinoma (HCC) invasion and poor prognosis. The expression of DKK1
and CKAP4 is essential for tumor formation in vivo, suggesting that CKAP4 is a potential
molecular target for HCC therapy. A strong inhibitory effect on HCC cell proliferation
was observed when anti-CKAP4 Ab and lenvatinib were combined. This research further
emphasized the therapeutic potential of the DKK1/CKAP4 axis [48]. H. pylori infection is a
well-known factor that contributes to the genesis and development of GC. Recent evidence
has shown that DKK1 transcription could be induced by H. pylori infection and further lead
to gastric tumorigenesis via activation of the CKAP4/PI3K/AKT/mTOR pathway [49].
Herein, identifying small molecule drugs or antibodies blocking the DKK1/CKAP4 axis
could be an important aspect of GC treatment.

In the current study, we provided another perspective that DKK1 plays a critical
role in GC chemoresistance and that the downstream PI3K/AKT signaling pathway is
activated by DKK1 in CDDP-resistant GC cell lines. Genetic inhibition via shRNA or
pharmacological inhibition via mDKK1 mitigates the EMT process and restores CDDP
sensitivity both in vivo and in vitro. However, does the DKK1/CKAP4 axis participate
in GC chemoresistance? Serum DKK1 level differences in CDDP-sensitive and CDDP-
resistant GC patients remain to be elucidated. These are limitations in this study and will
be priorities in our future research.

5. Conclusions

In conclusion, the current study revealed that DKK1 was highly expressed in the GC
CDDP-resistant GC cells and GC tissues, and its increased expression was associated with
poor prognosis in GC patients. DKK1 could activate the PI3K/AKT pathway and affect
EMT, further contributing to CDDP resistance. Genetic knockdown and pharmacological
inhibition of DKK1 recovered CDDP sensitivity both in vitro and in vivo. Therefore, our
study highlights the potential of targeted inhibition of DKK1 to reverse CDDP resistance
and alleviate metastatic properties in GC.
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