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Abstract: Dickkopf-1 (DKK1) has been reported as a key regulator in the progression of esophageal carcinoma (EC).
Aldehyde dehydrogenase 1A1 (ALDH1A1) possesses stem-like properties and predicts patient outcome in several
cancers. However, whether DKK1 regulates cancer stem-like properties of EC cells through modulating ALDH1A1
activity remains unclear. In this study, we found that DKK1 knockdown significantly reduced cell proliferation, colony
formation and CK18 expression. Additionally, knockdown of DKK1 also decreased the expression of ALDH1A1
involved in a c-Jun-dependent manner through a pathway consisting of p38/JNK/c-Jun pathway. Furthermore, the
downregulation of ALDH1A1 gene expression in Ecal109 resulted in decreased expression of cancer stem cell-asso-
ciated markers SOX2, Bmil and vimentin. Therefore, our results demonstrated that DKK1 maintained cancer stem-
like properties of EC cells via ALDH1A1/SOX2 axis. DKK1 may act as a therapeutic target for the treatment of EC.
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Introduction

Esophageal carcinoma (EC) is one of the most
lethal malignancies of the digestive tract, and
at the time of diagnosis, most of the patients
are at advanced stages [1]. In spite of the use
of modern surgical techniques combined with
various treatment modalities, such as radio-
therapy and chemotherapy, the overall 5-year
survival rate of EC still remains at 40% to 60%
[2]. Tumor proliferation is the main characteris-
tic features in the patients of EC [3-5], so a
novel molecular target for therapeutic appro-
aches preventing tumor proliferation is high-
lighted for EC patients.

DKK1 encodes a secreted glycoprotein, which
is known as a negative regulator of the Wnt sig-
naling pathway in tumor cells [6-8]. Importantly,
someone have shown DKK1 was a novel sero-
logic and prognostic biomarker for esophageal
carcinomas [9]. In spite of these studies,
whether DKK1 regulating cancer stem-like
properties of esophageal cancer cells and its
mechanism needs to be further studied.

Aldehyde dehydrogenase 1A1 (ALDH1A1) is a
cytosolic enzyme, which is the main subtypes
of Aldol dehydrogenase (ALDH), can catalyze
intracellular oxidation of acetaldehyde to acetic
acid. ALDH1A1 is a cancer stem-like cell-asso-
ciated protein in various malignant tumors and
its level correlates with the patient outcome
[10-12]. Therefore, we speculate that whether
there is a possibility that DKK1 maintained can-
cer stem-like properties of esophageal carcino-
ma cells via modulating ALDH1A1 expression.

In this study, we found that knockdown of DKK1
inhibited the proliferation, colony formation and
CK18 expression in Ecal109 cells. Moreover, we
discovered that DKK1 promoted the expression
of ALDH1A1, SOX2, Bmil, and vimentin through
p38 and JNK signal pathway.

Materials and methods
Cell culture

Esophageal carcinoma cell line Ecal09 was
purchased from Shanghai Institute of Cell
Biology, Chinese Academy of Sciences. The



DKK1 maintained stem-like properties of EC

cells were cultured in RPMI-1640 (GIBCO, USA)
medium containing 10% fetal bovine serum
(GIBCO, USA), 100 IU/ml penicillin and 100 mg/
ml streptomycin maintained at 37°C in humidi-
fied air containing 5% CO.,,.

DKK1 RNA interference

Firstly, the experiment was divided into two
groups: (1) Scramble group: transfected with
negative control scramble; (2) siDKK1 group:
transfected with siRNA-DKK1. DKK1 siRNA
sequence: AUAGCGUUGGAAUUGAGAACCGAGU
(Shanghai GenePharma, China). Esophageal
carcinoma cell line Ecal09 were seeded at a
density of 2 x 10° per well in a 6-well culture
plate containing complete medium 24 h prior to
transfection. When transfected with siDKK1
cells, 10 pul of siDKK1, 5 ul of Lipofectamine
2000 (Invitrogen, USA), 500 ul of Opti-MEMI
and 1500 ul of DMEM/F-12 were added to
each well. Negative control cells were transfect-
ed with siDKK1 at the same dose as the nega-
tive control scramble and Lipofectamine 2000.
The efficacy of DKK1 knockdown was assessed
by Western blot using an anti-human DKK1 rab-
bit polyclonal antibody (sc-25516, Santa Cruz,
USA).

Western blotting

Cells were lysed in RIPA lysis buffer at 4°C for
30 min and centrifuged at 12,000 rpm for 15
min. The protein concentrations were quanti-
fied using the BCA protein assay (Pierce,
Rockford). Equal quantities of protein were
loaded and electrophoresed in a 10% SDS-
PAGE gel, which was then transferred to PVDF
membrane. The membrane was incubated for
60 min in 5% skimmed milk to block. This was
followed by an incubation at 4°C with anti-
human DKK1 antibody (sc-25516, Santa Cruz),
p38 antibody (8203S, CST), p-P38 antibody
(9913S, CST), JNK antibody (9252S, CST),
p-JNK antibody (9251S, CST), c-Jun antibody
(9165S, CST), p-c-Jun antibody (9164S, CST),
ALDH1A1 antibody (12035S, CST), Sox2 anti-
body (9092S, CST), vimentin antibody (57418S,
CST), B-actin antibody (12262S, CST). The
membranes were washed three times for 10
min 0.1% Tween-20 and then incubated for 1 h
with  HRP-conjugated secondary antibody
(Boster Biological Technology, China) at room
temperature. The membranes were then
detected using ECL substrate following manu-
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facturer’'s recommendation. B-actin was used
as an endogenous protein for normalization.

RT-PCR

Total RNA was extracted from cell lines by using
of Trizol reagent (Invitrogen, USA) according to
the manufacture’s instruction. Real-time PCR
was performed using an instrument of ABI
7000 PCR (Applied Biosystems, USA). The
ALDH1A1 primers sequence: Forward 5-GCA-
CGCCAGACTTACCTGTC-3’, Reverse 5-CCTCC-
TCAGTTGCAGGATTAAAG-3’; The Sox2 primers
sequence: Forward 5-CTCGTGCAGTTCTACTC-
GTCG-3’, Reverse 5-AGCTCTCGGTCAGGTCCT-
TT-3; The Bmil primers sequence: Forward
5-GCTGCCAATGGCTCTAATGAA-3’, Reverse 5-
TGCTGGGCATCGTAAGTATCTT-3’; the B-actin
primers sequence: Forward 5-GGGAAATCGT-
GCGTGACA-3’, Reverse 5-TCAGGAGGAGCAAT-
GATC-3'. The relative amount of mRNA was cal-
culated using 2%¢ method. Gene expression
was normalized by B-actin. All data were
obtained from three individual experiments.

Cell proliferation assay

Cell proliferation was performed with Cell
Counting Kit-8 (CCK-8) (Dojindo, Tokyo, Japan).
According to the instructions. Cell Counting
Kit-8 reagent was added at 0, 24, 48,and 72 h
respectively after seeding 4 x 103 cells per well
in into 96-well plates and transfected with mim-
ics or control, and incubated at 37°C for 2 h.
The OD (optical density) 450 nm value was
detected by using a microplate reader (Bio-
Rad, USA).

Colony formation assay

Cells were seeded in 6-well culture plates con-
taining 2 x 10° cells/well and transfected with
siDKK1 and negative control scramble. After
24 hours of incubation, cells were washed
twice with PBS and stained with Giemsa solu-
tion (Biyuntian, China). The number of colonies
was counted under a microscope. The colony
formation efficiency was calculated as: efficien-
cy = (number of colonies/number of cells inocu-
lated) x 100%. Each experiment was performed
in triplicates.

Immunocytochemical analysis

The expression of stem cell marker CK18 in
cells was examined by immunofluorescence.
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Statistical analysis

* Data are presented as me-
ans * SD of three indepen-
dent experiments. Differe-
nces between groups were
analysed by GraphPad Prism

—+- Scramble 5 software (GraphPad Soft-

L
24h

A B 2.0-
Scramble siDKK1
1.5-
DKK1 S e £
— § 1.0
-actin (=]
EC109
0.0 r
oOh
C\': D
g 100-
> 804 Scramble
c
o
£ 604 .
5 &
2 401 N
g o
S 201
>
e
2 =
S Scramble  siDKK1

Figure 1. Knockdown of DKK1 inhibited the proliferation, colony formation,
and CK18 expression in Ecal09 EC cells. A: Western blotting was used to
analyze DKK1 expression after transfection with DKK1-siRNA and control for
24 hours in Ecal09 cells. B: CCK-8 assay was used to evaluated proliferation
changes after the treatment of DKK1-siRNA and control for 24, 48, and 72
hours in Eca109 cells. C: Colony formation efficiency was obviously decreased
after knockdown of DKK1 for 24 hours. D: Immunohistochemistry was per-
formed on Ecal09 cells stained with antibody directed against CK18 (green)
and DAPI (blue). Statistically significant differences are indicated: P < 0.05;
Student’s t test. The experiment was repeated at least three times.

Cells on slides were fixed in 4% paraformalde-
hyde and washed three times with PBS, then
incubated with PBS containing 0.1% Triton
X-100 and 1% normal serum for 30 min at room
temperature. The primary and secondary anti-
bodies were diluted as follows: rabbit anti-
CK18 (1:500), FITC-conjugated goat anti-rabbit
IgG (1:400). Nuclear DNA was dyed with DAPI.
For all immunochemistry experiments, negative
staining controls were carried out by omitting
the primary antibody.

Nude mice model

For subcutaneous xenografts, well-cultured
Ecal09 cells (1 x 10% in 100 ul PBS were
injected subcutaneously into the left flank of
5-week-old male nude mice (CLEA Japan). All
animal experiments were performed under the
approval of the Animal Research Committee of
Nanjing University.
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—= siDKK1 ware, CA, USA) with Student’s
48h 79h t-test. Differences were con-
sidered statistically signifi-
cant at P < 0.05.
siDKK1

Results

Knockdown of DKK1 inhib-
ited proliferation, colony
formation, and CK18 expres-
sion in EC cells

The Ecal09 cells were trans-
fected with siRNA-DKK1 and
negative control. The levels
of DKK1 protein was signifi-
cantly decreased in DKK1
siRNA treated cells com-
pared with scramble-treated
cells (Figure 1A). In addition,
the proliferation and colony
formation of Ecal09 cells
were obviously inhibited fol-
lowing the treatment with
DKK1 siRNA (Figure 1B and
1C). For further characterization, the immuno-
cytochemical staining against CK18, which is
known as the cancer stem-like biomarkers, was
applied on Ecal09 cells. Knockdown of DKK1
significantly decreased CK18 expression com-
pared with scramble group (Figure 1D). Taken
together, our findings verified that Knockdown
of DKK1 inhibited proliferation, colony forma-
tion, and CK18 expression in EC cells.

Ablation of DKK1 decreased ALDH1A1 expres-
sion through inactivation of P38/JNK/c-Jun
signal pathway

RT-PCR and Western-Blot analysis showed that
the levels of ALDH1A1 mRNA and protein were
remarkably decreased in DKK1 siRNA treated
cells compared with scramble-treated cells
(Figure 2A-C). Due to ALDH1A1 expression
modulated by AP-1 complexes on the ALDH1A1
promoter [13], we detected whether DKK1
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Figure 2. Knockdown of DKK1 resulted in decreased ALDH1A1 expression by inactivating p38/JNK/c-Jun signal
pathway. A: Knockdown of DKK1 resulted in downregulation of ALDH1A1 mRNA levels. B-D: Representative immu-
noblots and densitometry analysis of ALDH1A1, phosphorylated p38 (p-p38), p-JNK and p-c-Jun. All samples were
collected from Ecal09 cells after 24 hours of transfection with DKK1-siRNA and control. Statistically significant dif-
ferences are indicated: “P < 0.05; Student’s t test. The experiment was repeated at least three times.

siRNA influenced the activation of c-Jun through
MAPK pathway. We found that p-p38 and p-JNK
levels were downregulated by the treatment
with DKK1 siRNA. In addition, the level of p-c-
Jun was also decreased due to the inactivation
of p38 and JNK (Figure 2B and 2D), thus result-
ed in inhibiting the expression of ALDH1A1.

Knockdown of DKK1 inhibited cancer stem
cell-associated genes expression of EC cells

To further determine whether knockdown of
DKK1 might affect cancer stem-like properties
in EC cells, the expression levels of some stem
cell-associated genes were evaluated in DKK1
siRNA treated cells. Real-time PCR analysis
indicated that the expression levels of Sox2,
Bmil and vimentin mRNA in DKK1 siRNA treat-
ed cells were significantly lower than scramble-
treated cells (Figure 3A). Western blotting and
densitometry analysis also revealed that the
expression levels of Sox2 and vimentin were
down-regulated in DKK1 siRNA treated cells
than scramble-treated cells (Figure 3B). Toge-
ther, these data indicated that DKK1 acted as
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a promoter of cancer stem-like properties via
modulating ALDH1A1 expression involved in a
c-Jun-dependent manner through a pathway
consisting of p38 and JNK (Figure 3C).

Pivotal effect of DKK1 on tumor-initiating
capacity of EC cells

Having demonstrated the role of the DKK1 in
the control of the cancer stem-like properties of
EC cells, we next wished to ask whether DKK1
also plays a role in the control of tumor-initiat-
ing capacity of EC cells as well as of their self-
renew. As the results showed that knockdown
of DKK1 with siRNA compared with scramble
significantly extended survival of mice in the
subcutaneous xenograft model (Figure 4).
Thus, the results suggest that DKK1-dependent
activation of ALDH1A1 is essential for the gain
of tumor-initiating capacity in EC cells.

Discussion

Previous studies have shown that DKK1 over-
expressed in many malignant cancers including

Int J Clin Exp Pathol 2017;10(9):9489-9495
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Figure 4. Pivotal effect of DKK1 on tumor-initiating
capacity of EC cells. Ecal09 cells were tranfected
with scramble or DKK1 siRNA as indicated in the
figure for 48 h, and the cells (1 x 10%) were then
implanted subcutaneously into nude mice. Kaplan-
Meier survival curves of the mice (5 mice per group)
are shown. *P < 0.05.
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Figure 3. Involvement of the ALDH1A1 down-
stream pathway. A: mRNA levels of Sox2, Bmil
and vimentin were downregulated in Ecal109
cells when measured by RT-PCR after knock-
down of DKK1 for 24 hours. B: The levels of
Sox2 and vimentin proteins were also down-
regulated by representative immunoblots and
densitometry analysis in Ecal09 EC cells. C:
The signal pathway suggesting that ALDH1A1
is activated by p38 and JNK-mediated modula-
tion of c-Jun. Statistically significant differences

Stem-like cell are indicated: "P < 0.05; Student’s t test. The

experiment was repeated at least three times.

breast cancer [14], hepatocellular carcinoma
[15], lung cancer and esophageal carcinoma [9,
16], indicating a potential oncogenic function
of DKK1. Herein, we explored the effects and
mechanism of DKK1 on the cancer stem-like
properties of EC cell line Ecal09. Our results
showed that knockdown of DKK1 inhibited the
proliferation, colony formation, and CK18
expression in Ecal09 cells. However, extra
work is required to explore the role of DKK1 in
EC stem-like properties.

ALDH1A1 defines cancer stem-like cells and
predicts poor prognosis in patients with pros-
tate cancer, esophageal squamous cell carci-
noma, head and neck squamous cell carcino-
ma, ovarian cancer, liver cancer, breast cancer
[17-22]. DKK1 prevent osteolytic bone prolifer-
ation by activation of JNK and transcriptional

Int J Clin Exp Pathol 2017;10(9):9489-9495
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activation of ALDH1 through c-Jun-responsive
promoter elements [23]. Moreover, ALDH1A1Me"
cancer stem-like cells contribute to the inva-
sion, metastasis and poor outcome of human
esophageal carcinoma [18]. ALDH1A1 might be
used to predicting poor prognosis in patients
with EC. Besides, DKK1 regulated ALDH1A1
expression involved in detoxification of chemo-
therapeutic agents. Our observations are simi-
lar in that we confirm that ablation of DKK1
resulted in the decrease of p-p38, p-JNK and
p-c-Jun phosphorylation, which in turn caused
transcriptional inactivation of ALDH1A1.

Sox2 is a transcription factor with a high-mobil-
ity group DNA-binding domain that functions as
a master regulator during embryogenesis and
organogenesis [24]. Additionally, Sox2 is an
amplified lineage-survival oncogene in esopha-
geal squamous cell carcinomas [25]. The onco-
protein and stem cell renewal factor Bmil asso-
ciates with poor clinical outcome in oesophageal
cancer [26]. Furthermore, we found that knock-
down of DKK1 inhibited the expression of stem
cell-associated genes Sox2, Bmil and vimen-
tin. Moreover, DKK1-dependent activation of
ALDH1A1 is essential for the gain of tumor-initi-
ating capacity in EC cells. These findings sug-
gested that DKK1 maintained cancer stem-like
properties of EC cells via ALDH1A1/S0OX2 axis.
DKK1 may act as a therapeutic target for the
treatment of EC.
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