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Gallbladder cancer (GBC) is a common malignancy of biliary tract cancers and its
incidence has been rising rapidly worldwide. The prognosis for this disease is dismal
as most of the symptoms are non-specific leading to a definitive diagnosis only at a late
stage. Loss of DKK3 gene is associated with a possible tumor suppressor role in human
cancers. The role and regulation of DKK3 in GBC have not been studied. We found
that DKK3 expression levels were low in GBC patients and cell lines. Treatment of GBC
cell lines with demethylating agent 5-Aza- 2’-deoxycytidine enhances its expression,
establishing impact of methylation on DKK3 expression. We observed low expression
of DKKS in gallbladder adenocarcinoma tumors and highly invasive GBC cell lines. We
showed that overexpression of DKK3 can decrease cell invasion, proliferation, and colony
forming ability of GBC cells. Our data thus demonstrated the DKK3 gene is a potential
tumor suppressor gene in GBC and aberrant promoter methylation could be involved
in its downregulation, which may play a role in the tumorigenesis and aggressiveness
of GBC.

Keywords: gallbladder adenocarcinoma, dickkopf family, biomarker, methylation, tumorigenesis

INTRODUCTION

Gallbladder cancer (GBC) is the most common, aggressive malignancy of the biliary tract and its
incidence has been rising rapidly in recent decades. Both genetic and epigenetic modifications
are known to contribute in the tumorigenesis process (1, 2). CpG hypermethylation in the
promoter regions of tumor suppressor genes is commonly observed in various cancers. The
increasing number of genes inactivated by CpG island hypermethylation is important step in cancer
development. Identification and characterization of new gene function would provide a better
potential target for diagnosis and treatment of cancers.

Wnt signaling pathway is a hallmark in multiple cancers and its downstream effector regulators
are important for cancer progression, including tumor initiation, tumor growth, cell death, and
metastasis (3). Aberrant activation of the Wnt pathway either by mutations of intracellular
regulators (3) or by altered expression of Wnt proteins or endogenous inhibitors of Wnt signaling
has been implicated in a variety of diseases (4). Amongst the protein affected by Wnt signaling,
Dickkopf proteins (DKK1,2,4) are known to play a key role (5). DKK1, DKK2, and DKK4 are
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antagonists of Wnt signaling and interact with Wnt co-
receptors, LDL receptor-related protein 5/6 (LRP5/6) and
kremen proteins (6, 7).

DKK3 is the only family member, which has the property of
unambiguous tumor suppressor and is well-linked with f-catenin
pathways and tumor suppression (8, 9). DKK3 expression is
ubiquitously detected in mouse and normal human tissues,
however it is significantly depleted in various cancer cell types
(10). DKK3 silencing because of epigenetic alterations is also
reported in multiple cancers (11-13). DKK3 is known to
potentiate (14) as well as inhibit (15) Wnt signaling. In a
recent study from our group identified a new intracellular gene
product originating from the DKK3 locus and was involved in
regulating f-catenin signaling and cellular proliferation (16).
Molecularly, GBC involves multiple genetic alterations. Various
studies have reported hypermethylation in promoter region of
APC, CDKN2A, CDH1, FHIT, DAPK1, DLC1, MGMT, CDH13,
TIMP3, GSTPI, and RAR-b2, which could potentially act as
tumor suppressors for GBC (17, 18). However, the role of
DKK3 in GBC has not been examined. In the present study,
we investigated the role of DKK3 as a tumor suppressor in
GBC using in vitro model. We used GBC cell lines to perform
functional assays to demonstrate the tumor suppressor property
of DKK3. Our analysis suggests that DKK3 expression is reduced
in GBC tumors as well as cell lines and its overexpression
significantly reduce malignant properties in GBC cell lines.

MATERIALS AND METHODS
Cell Culture

Six gallbladder cancer cell lines were used for this study.
TGBC2TKB, TGBC24TKB, and G-415 were purchased from
RIKEN Bio Resource Center, Ibaraki, Japan. OCUG-1 and NOZ
were obtained from Health Science Research Resources Bank,
Osaka, Japan. SNU-308 was obtained from Korean Cell Line
Bank, Seoul, Korea. TGBC2TKB, SNU-308, TGBC24TKB, G-
415, OCUG-1 were cultured in DMEM high glucose, 10% FBS,
1% penicillin/streptomycin. For NOZ DMEM high glucose and
DMEM low glucose was used in 1:1 ratio along with 10% FBS, 1%
penicillin/streptomycin. Cell lines were maintained in humidified
incubator with 5% CO, at 37°C.

Reverse Transcriptase PCR

Six GBC cell lines upon 70-80% confluency were harvested
in Qiazol Lysis Reagent (cat.no. 79306, Qiagen) and RNeasy
isolation kit (cat.no. 74104, Qiagen) was used to isolate total
RNA from GBC cell lines according to the manufacturer’s
instructions. ¢cDNA synthesis was carried out with 1 pg of
total RNA using Superscript IV First Strand ¢cDNA synthesis
Kit (cat.no. 18091050, Invitrogen). PCR was carried out using
1 pL of cDNA, 10 wM of each forward and reverse primers,
50 mM MgCl2, 10 mM dNTP mix, 0.5 Units of Taq polymerase,
and PCR buffer in 20 pL reaction volume. Thermal cycling
conditions performed to amplify the target sequence are as
follows: initial denaturation cycle of 94°C for 2 min, 30 cycles
of amplification at with 94°C for 45 s, primer-specific annealing
temperature was 57°C and extension temperature at 72°C for 20 s

proceeded with final extension of 2 min. RT-PCR was performed
using the Rotor-Gene Q (Qiagen). GAPDH gene was used as a
loading control. Following DKK3 forward and reverse primers
were used for validation 5-TATGTGTGCAAGCCGACCTT-
3’ and 5-AAAGCACACACCTGGGGAAA-3'Arespectively. A
non-template control was run for all reactions. We could not
detect any amplification in either of the control reactions.
Amplicon sizes were confirmed by running equal volumes of
reaction on 2% agarose gel along with 100 bp DNA ladder.

Western Blotting

The expression of DKK3 across GBC cell lines at protein level
was assessed by western blotting. Primary anti DKK3 antibody
(cat.no. 126080) was obtained from Abcam. Briefly, protein lysate
from 6 GBC cell lines was subjected on 10% SDS-PAGE followed
by transferring the proteins on nitrocellulose membrane at cold
temperature. Blocking was performed in 5% non-fat dry milk
for 40 min followed by overnight primary antibody incubation
at 4°C. Next day blots were incubated in anti-rabbit IgG
HRP antibody and developed using electrochemiluminescence
substrate reagent.

Transient Transfection of pCS2-hDKK3-flag
Three GBC cell lines, OCUG-1, NOZ, and G-415 with relative
lower expression of DKK3 were used to determine the optimum
concentration of pCS2-hDKK3-flag (Addgene cat.no. 15496)
along with empty vector pCS2 as control and X-tremeGENE
HP DNA transfection reagent (Roche cat.no. 06366244001).
DNA was diluted in opti-MEM to a final concentration of 1
pg plasmid DNA /100 pL medium (0.01 pg/pL) and mixed
gently. X-tremeGENE HP DNA transfection reagent was added
in 1:2 (DNA:reagent) ratio directly into the medium containing
the diluted DNA without coming into contact with the walls
of the tube. The complex was mixed gently and incubated for
15min and added to the cell lines with swirling the wells to
ensure even distribution over the entire plate surface. Following
transfection, cells were incubated for 72 h and protein expression
was measured by western blotting.

Cell Proliferation Assay

Three GBC Cell lines OCUG-1, NOZ, and G-415 were seeded at
a density of 3*10° per well in a 96-well plate and were cultured as
described above. Cells were then transfected with pCS2-hDKK3-
flag and then MTT assay was performed for 0, 24, 48, 72, and
96h. MTT reagent (3-{4,5-dimethylthiazol-2-yl}-2,5-diphenyl-
tetrazolium bromide, 5 mg/mL dissolved in DMEM) was added
to each well and incubated at 37°C for 4h. The reaction was
stopped by the addition of 70 pL solubilization reagent (50%
DMSO + 50% Ethanol) followed by mixing thoroughly to
solubilize the crystals. Absorbance values were then measured
at 570 and 650 nm as background. All experiments were done
in triplicates.

Cell Invasion Assay

Cell invasion assays were performed in a transwell system
using cell culture inserts for 24-well plates with translucent
polyethylene terephthalate membrane containing 8pm

Frontiers in Oncology | www.frontiersin.org

October 2019 | Volume 9 | Article 1121


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Gondkar et al.

DKK3 Is a Novel Tumor Suppressor in GBC

pores (BD Biosciences) as described earlier (19). The upper
compartment of the culture insert was coated with Matrigel (BD
Biosciences). Three GBC cell lines OCUG-1, NOZ, and G-415
after 24 h transfection with pCS2-hDKK3-flag were seeded into
the transwell chambers in presence of serum-free medium at a
density of 2*10* along with control set. Complete media was
added to the lower compartment and the cells were incubated at
37°C in 5% CO, incubator for 48 h. Post-incubation, the upper
surface of the membrane was wiped with a cotton-tip applicator
to remove non-migratory cells. Cells that migrated to the lower
side of membrane were fixed and stained using 4% methylene
blue (Sigma). The number of invaded cells was counted using a
light microscope. All experiments were done in triplicates.

Colony Formation Assay

OCUG-1, NOZ, and G-415 cell lines were seeded in six-
well plates at the density of 1.5%10% cells/well. Upon small
colony formations, cells were transfected with pCS2-hDKK3-flag
plasmid in 1:2 ratio. Cells were allowed to grow until visible
colonies were formed. Re-transfection was done with 1/3rd
plasmid concentration at 96 h and colonies were allowed to grow
for 7 days. The colonies were fixed with methanol and stained
with 4% methylene blue (Sigma). The number of colonies per
dish was counted with and without transfection. All experiments
were performed in triplicate.

5-Aza-2’-deoxcytidine (5-AzaC) Treatment
The OCUG-1, NOZ, G-415 cells were seeded at a density of
1¥10° cells in a six-well culture plates and treated with 5-aza-2’-
deoxycytidine (Sigma) at concentrations of 5 and 10 pM daily for
5 and 7 days, respectively. Cell lysates were further subjected to
western blotting.

Immunohistochemical Staining of TMAs
Tissue microarrays (TMAs) were constructed using the paraffin
blocks of gallbladder adenocarcinoma (n = 71) and cholecystitis
(n = 19) cases obtained from Cancer Hospital and Research
Institute, Gwalior, India with the approval from Institutional
Human Ethics Committee and informed consent of the patients.
For this, two cores of 2 mm size were taken from each paraffin
block and embedded to a recipient paraffin block.

IHC was carried out on both cholecystitis and gallbladder
adenocarcinoma cases as reported earlier (20). 1:200 dilution of
DKK3 antibody was used across all sections. IHC slides were
then observed under the microscope. The immunohistochemical
scoring was done by pathologist. The intensity of staining was
scored on a grading scale ranging from 0 to 3+, where 0 to 2
represented weak staining, 24 to 3+ represented moderate, and
3+ represented strong staining.

Statistical Analysis

To evaluate the difference between control and DKK3
overexpressed groups statistical analysis were performed
using Graphpad Prism software (version 6.0) (2-tailed,
un-paired t-test) and data with p < 0.05 were considered
statistically significant.

Expression of DKK3
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FIGURE 1 | RNA Seq expression profile of DKK3 in gallbladder cancer
patients: Downregulation of DKK3 in gallbladder tumors compared to paired

normal.

RESULTS

Expression of DKK3 Is Downregulated in
GBC Tissue and Cell Lines

In order to assess the role of DKK3 in GBC tissues, we used
our unpublished RNA seq data (21). The sequencing was done
on tumors and paired normal. Expression of DKK3 gene was
quantified in FPKM unit and boxplot was generated using non-
parametric unpaired two-tailed t-test using Graphpad Prism.
Our results suggest that expression of DKK3 is significantly
reduced in tumor samples compared to adjacent normal patient
samples (Figure 1). To further validate the expression levels of
DKK3, we performed RT-PCR and western blot across 6 GBC
cell lines. These six cell lines are well-characterized based on
their invasiveness ability from non-invasive to highly invasive
by Subbannayya et al. (22). TGBC24TKB is non-invasive, SNU-
308 and TGBC2TKB are less invasive, OCUG-1 and NOZ
been moderately invasive and G-415 characterized as highly
invasive cell lines. We observed low to negligible level of DKK3
expression in all the cell lines at the transcript level in all
the cell lines (Figure 2A). Further, we checked the expression
of DKK3 at protein level. Our western blot analysis suggests
prominent expression of DKK3 in TGBC24TKB, SNU-308 and
OCUG-1 with highest in SNU-308 cell line (Figure2B). We
also observe a slight expression of DKK3 in TGBC2TKB and
NOZ. However, G-415 cell line showed a negligible expression
of DKK3. Our results indicate that the expression of DKK3
is significantly down regulated in highly invasive GBC cell
line G-415 in comparison to non-invasive or less invasive
cell lines.

DKK3 Overexpression Reduces

Proliferation of Gallbladder Cancer Cells
We further studied the effects of DKK3 overexpression with
regard to cellular proliferation in GBC cell lines. To characterize
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FIGURE 2 | Relative expression of DKK3 in gallbladder cancer cell lines using RT-PCR. (A) RT-PCR analysis showed low expression of DKK3 mRNA in GBC cells. (B)
Western blot analysis depicted relative downregulation of DKK3 from least invasive to highly invasive GBC cell lines.
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Proliferation of GBC cells is reduced upon DKK3 overexpression.

FIGURE 3 | DKK3 overexpression affects proliferation in GBC cells. (A) Transient transfection of DKK3 in OCUG-1, NOZ and G-415 shows the overexpression. (B)

the tumor suppressor function of DKK3, we chose 3 cell lines,
which showed reduced DKK3 expression and were invasive in
nature. Two moderately invasive and one highly invasive GBC
cell lines OCUG-1, NOZ, and G-415 were optimized for transient
transfection of DKK3 (Figure 3A). Upon overexpression of
DKK3 in these cell lines, we analyzed the change in metabolic
activity of these cells. The reduction of yellow tetrazolium salt
MTT, to purple colored compound only occurs in metabolically
active cells. Based on spectrophotometric analysis, we observed a
decrease in metabolic ability in all the three cell lines (Figure 3B)
compared to control cells. Upon DKK3 overexpression, we were
able to see the decrease in cell growth from day 2 onwards for
OCUG-1 and G-415 cells and day 3 for NOZ cells. Our results

showed that DKK3 overexpression decreases cell proliferation in
all the 3 GBC cell lines.

DKKS3 Overexpression Reduces

Invasiveness of Gallbladder Cancer Cells

We further sought to study the potential role of DKK3
overexpression in regulating invasive ability across moderately
invasive and highly invasive cell lines. Proliferating cells
attempt to evade from the primary tumor site, to reach to
distant organ the process involves local invasion of cells
by degrading extracellular matrix proteins and crossing the
basement membrane. We used matrigel assisted boyden
chamber invasion assay to understand the effect of DKK3
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on invasive ability of cells. Matrigel acts as an attachment,
which resembles to extracellular matrix environment.
Upon overexpression of DKK3, we observed a significant
decrease in the invasive ability of highly invasive G-415 cell
line (p < 0.0001) and moderately invasive OCUG-1 (p =
0.0007) while NOZ showed decreased invasiveness with less
significance (p = 0.0371) (Figure4A). These results suggest
that DKK3 significantly reduces the invasiveness in GBC
cell lines.

Colony Forming Ability of GBC Cells Were

Decreased Upon DKK3 Overexpression

To understand if DKK3 has an effect on the ability of a single
cancerous cell to proliferate and differentiate, we checked the
colony forming ability of cells upon DKK3 overexpression. The
potential of cells to proliferate and differentiate in isolated
environment can be assessed by clonogenic assay or colony
formation assay. Upon DKK3 overexpression in 3 GBC cell lines,
OCUG-1, NOZ, G-415, we observed the ability of these cell
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FIGURE 4 | Overexpression of DKK3 reduces cell invasion and colony forming ability in vitro. (A) DKK3 overexpression shows reduced invasiveness as assessed by
Matrigel chamber assay. Invaded cells were counted after methylene blue staining. Graph depicting number of invaded cells per field with and without DKK3
overexpression (B) DKK3 overexpression decreases the colony forming ability of GBC cells. Colonies were fixed and stained with methylene blue. Graph depicting
number of colonies per field with and without DKK3 overexpression.
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lines to form colonies was decreased significantly (p < 0.0001)
(Figure 4B), suggesting DKK3 inhibits the capacity of single
cells to proliferate and could act as potential tumor suppressor
in GBC.

DKKS3 Expression Is Variable Across
Cholecystitis and Gallbladder

Adenocarcinoma Tissues

We further evaluated DKK3 expression by
immunohistochemistry. Tissue microarray-based validation
was carried out on 71 GBC and 19 cholecystitis tissue sections.
DKK3 was found to be predominantly localized in cytoplasm.
The tumor tissues belong from grade 1 (n = 7), grade 2 (n = 34),
and grade 3 (n = 30) gallbladder adenocarcinoma cases. We

TABLE 1 | Immunohistochemical scores of DKK3 in gallbladder tissue.

Staining intensity  Grade 1 Grade 2 Grade 3 Cholecystitis
(%) (%) (%) (%)

A

Weak 100 76.5 63.3 68.4

Moderate 0 8.8 16.7 0.0

Strong 0 14.7 20.0 31.6

Staining intensity Tumor (%) Cholecystitis (%)

B

Weak 74.6 68.4

Moderate 11.3 0.0

Strong 141 31.6

(A) Grade wise distribution of DKK3 expression in GBC (B) Summary of DKK3 expression
in GBC.

observed a variable staining pattern of DKK3 across GBC.
In cholecystitis, 68.4% cases showed weak staining intensity
while 31% showed strong intensity. Grade wise, we observed
100, 76.5, and 63.3% showed negative to weak staining in
grade 1, grade 2, and grade 3 cases, respectively while 14.7
and 20% showed strong staining in grade 2 and grade 3 cases,
respectively. The results of immunohistochemical staining are
provided in Table 1A. Representative staining patterns for
each staining intensity of GBC and cholecystitis are shown
in Figure 5.

5-Aza- 2’-deoxycytidine Restores DKK3

Expression

We observed that DKK3 expression was negligible in invasive
gallbladder cancer cell lines OCUG-1, NOZ, and G415. We
further assessed the role of promoter hypermethylation of DKK3
gene. We treated GBC cell lines with potent demethylating agent
5-Aza- 2’-deoxycytidine at 5 and 10 WM concentrations for 5
days and 7 days, respectively. Our results indicate that upon
treating the cells with 5-Aza- 2’-deoxycytidine, the expression
of DKK3 is restored. This suggests promoter hypermethylation
may play a key role in silencing of DKK3 expression in GBC cell
lines (Figure 6).

DISCUSSION

GBC is a rare neoplasia with limited understanding of cellular
changes associated with disease. Inflammation of gallbladder also
known as cholecystitis, and formation of gallstones are major risk
factors associated with formation of gallbladder malignancies
(23). Various high throughput studies have reported complex
interplay of genomic, epigenomics, transcriptomics, and

Gallbladder
adenocarcinoma

Cholecystitis

staining.

B C D
F G H
FIGURE 5 | Representative IHC images depicting low expression of DKK3 in gallbladder cancer compared to high expression in cholecystitis sections (A) represent

GBC grade 3, weak staining (B) represent GBC grade 3, weak staining (C) represent GBC grade 2, weak staining (D) represent GBC grade 2, weak staining (E)
represent cholecystitis strong staining (F) represent cholecystitis moderate staining (G) represent cholecystitis moderate staining (H) represent cholecystitis moderate
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5-Aza-2’
-deoxycytidine

Untreated
5uM
10uM
Untreated

DKK3

GAPDH

Ratio DKK3/GAPDH 0.011 0.616 0.417

DKK3

GAPDH

Ratio DKK3/GAPDH 0.043 0.184 0.246

0.035 0.186 0.192

0.002 0.054 0.107

=
3
S
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and G-415 cells at 5 and 7 days.

FIGURE 6 | Effect of 5-Aza- 2’-deoxycytidine, an DNMT inhibitor on DKK3 expression. DKK3 expression is restored upon treatment with 5AzaC in OCUG-1, NOZ,

proteomic profile in gallbladder carcinoma. However, few
studies have investigated molecular mechanisms associated
with gallbladder carcinogenesis. DKK3 belongs to DKK
family comprising of DKK1, DKK2, and DKK4, which are
known as a potent antagonist of Wnt/B-catenin signaling
pathway (24). Unlike other members of DKK family, role of
DKK3 in Wnt signaling is still elusive however it is reported
to have both oncogenic and tumor suppressive property
(25-34) (Supplementary Table 1). DKK3 is reported as
overexpressed in esophageal adenocarcinoma (35), head and
neck squamous cell carcinoma (36), and hepatoblastoma
(37); whereas studies have reported its downregulated in
pancreatic cancer (38), clear cell renal cell carcinoma (39),
gastric cancer (40), basal subtype of breast cancer (41), and
melanoma (42). We also observed statistically significant
reduced expression of DKK3 in unpublished RNA-Seq
datasets of GBC cell lines and patients. To validate potential
tumor suppressor property of DKK3, we further assessed
expression of DKK3 on mRNA and protein level in 6 GBC
cell lines using RT-PCR and western blot, respectively.
Despite of miniscule mRNA expression of DKK3 in 5
cell lines except highly invasive G-415 cell line; protein
expression was notably observed in TGBC24TKB, SNU-308,
and OCUG-1, reduced expression in TGBC2TKB and NOZ and
negligible expression in G-415. Here we demonstrate possible
association of reduced expression of DKK3 with high-grade
gallbladder carcinoma.

We further investigated functional implications of DKK3
downregulation using two moderately invasive characterized GBC
celllines NOZ and OCUG-1 and one highly invasive GBC cell line
G-415. We demonstrate that transient overexpression of DKK3
evidently minimized cell proliferation and colony formation rate
in all the three cell lines. Upon transient DKK3 overexpression, we

observed moderate decrease in invasiveness of NOZ cells, however
significant decrease in invasiveness was observed in OCUG-
1 and G-415 cells. Equivalent tumor suppressive property on
DKK3 downregulation is exhibited in hepatocellular carcinoma,
cervical cancer (43), gastric cancer (44), and non-small-cell lung
carcinomas cells (45). In coherence with retrospective observation
from different cancers, we further confirm functionally repressed
DKKS3 in gallbladder carcinoma cells.

Gene promoter hypermethylation of DKK3 is reported in
malignant biliary stricture (11), gastrointestinal cancer (46),
prostate cancer (47), and acute lymphoblastic leukemia (48)
leading to a speculation that epigenetic alteration of DKK3
gene promoter region may be major regulatory mechanism
commonly associated with tumorigenesis. However, the exact
mechanism for downregulation of DKK3 in GBC remains
to be studied. Methylation of DKK3 gene family have been
correlated with carcinogenesis of several human malignancies
(9, 26, 49). Dkk3 is also reported to be expressed in
normal human tissues (50, 51). However, the role of DKK3
gene and its epigenetic regulation has not been studied
in GBC.

In accordance with our study, we examined the relationship
between the expression and methylation of DKK3. DKK3
expression levels were restored after treating the cells with
5-Aza- 2’-deoxycytidine in all 3 GBC cell lines, suggesting that
promoter hypermethylation could be one of the regulatory
mechanisms for DKK3 inactivation in GBC cells. We compared
5-Aza- 2’-deoxycytidine alone to two different concentrations.
Thus, hypermethylation may be involved in silencing DKK3
expression in GBC. In the future, the mechanisms of DKK3
regulation requires further study on tissue samples as well.
We further correlate the expression of DKK3 in GBC by
IHC validation on total 90 patient samples. We observed
about 74.6% of gallbladder adenocarcinoma cases showed
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weak staining intensity, 11.3% showed moderate intensity,
and 14.1% showed strong intensity (Table 1B). Gallbladder
adenocarcinoma and cholecystitis cases exhibited weak ITHC
staining suggesting intertumor heterogeneity. We do not observe
decrease in expression of DKK3 with increase in grade
of tumors.

In summary, we identified DKK3 as a novel functional tumor
suppressor gene in GBC. DKK3 contributes to the suppression
of tumorigenesis by decreasing cell proliferation, invasion and
colony formation. Expression and methylation levels can be
further harnessed as potential biomarkers diagnostic marker and
may have a prognostic importance in the risk stratification in
the patients of GBC. However, validation in larger patient cohort
is warranted.
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