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ABSTRACT

Naked cuticle homolog 2 (NKD2) has been reported to antagonize Wnt signaling
in zebrafish, mouse and mammals. The aim of this study is to investigate the
epigenetic changes and mechanisms of NKD2 in human breast cancer development.
Six breast cancer cell lines (MCF-7, ZR75-1, MDA-MB-468, MDA-MB-231, T47D and
BT474) and 68 cases of primary human breast cancer were studied using methylation
specific PCR, immunohistochemistry, western blot, flow cytometry techniques and a
xenograft mouse model. The expression of NKD1 and NKD2 was regulated by promoter
region methylation in breast cancer cells. No NKD1 methylation was found in primary
human breast cancer. NKD2 was methylated in 51.4% (35/68) of human primary
breast cancer samples. NKD2 methylation was significantly associated with reduction
of NKD2 expression, and tumor stage (p < 0.05). NKD2 suppressed breast cancer
cell proliferation both in vitro and in vivo. NKD2 induced G1/S arrest and inhibited
Whnt signaling in breast cancer cells. In conclusion, NKD2 is frequently methylated in
human breast cancer, and the expression of NKD2 is regulated by promoter region
methylation. NKD2 suppresses breast cancer proliferation by inhibiting Wnt signaling.

development and breast tumorigenesis [4]. Genetic
mutations in APC and CTNNBI (B-catenin encoding
gene) are major contributors to colorectal carcinogenesis.
However, genetic mutations in these genes are not key
contributors to breast cancer development [5, 6]. It has

INTRODUCTION

Breast cancer is the most common malignancy in
women worldwide, and it is the second leading cause of
cancer-related death among women [1]. The incidence

of breast cancer is much lower in China than in Western
countries [2]. The geographical variation indicates that
environmental factors may play a significant role in the
risk of breast cancer development. Epigenetic changes
are strongly influenced by environmental factors.
Aberrant epigenetic changes have been frequently
reported in human breast cancer [3]. Wnt signaling has
been reported to play important roles in mammary gland

been demonstrated that only 6% of breast cancers harbor
mutations in the APC gene, and no mutations in CTNNB/
have been identified in breast cancer [7, 8]. Therefore,
epigenetics may play an important role in breast cancer
development.

The naked cuticle (NKD) family includes
Drosophila naked cuticle and its two vertebrate orthologs,
naked cuticle homolog 1 (NKD1) and 2 (NKD2). NKD1
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is located in chromosomel6q12.1, and NKD?2 is located
in chromosome 5p15.3. Loss of heterozygosity has been
frequently found in these regions in different types of
tumors, including breast cancer [9—13]. Both NKDI
and NKD2 have been reported to antagonize canonical
Wnt signaling by interacting with Dishevelled through
their EF-hand-like motifs [14]. In addition, NKD2 has
been demonstrated to bind to Dishevelled through its
TGFa binding region [15]. Human NKD1 and 2 are only
40% identical to each other and they are approximately
70% identical to their respective orthologs in mouse.
The C-terminus of NKD2 is highly disordered, while
the N-terminal region of NKD2 contains most of the
functional domain, which includes myristoylation, an
EF-hand motif, a Dishevelled binding region, and a vesicle
recognition and membrane targeting motif [15-17]. NKD2
may function as a switch protein through its several
functional motifs [14]. The promoter region of NKD2 is
hypermethylated in glioblastoma cells [18]. In this study,
we studied the epigenetic regulation and function of
NKD?2 in breast cancer.

RESULTS

NKD1 and NKD2 expression are regulated by
promoter region methylation in breast cancer
cell lines

To explore the regulation mechanisms of the NKD
gene family in breast cancer, the expression levels of
NKDI1 and NKD2 were examined by semi-quantitative
reverse transcription PCR (RT-PCR). Low level
expression of NKD1 was detected in MDA-MB-468.
Expression of NKD1 was observed in MCF7, ZR75-1,
MDA-MB-231, BT474 and T47D cells. Low level
expression of NKD2 was found in MCF7, ZR75-1, BT474
and T47D cells. Loss of NKD2 expression was observed
in MDA-MB-231 and MDA-MB-468 cells (Fig. 1A).
The promoter region methylation was examined by
methylation specific PCR (MSP). NKD1 was partially
methylated in MDA-MB-468 and it was unmethylated
in MCF7, ZR75-1, MDA-MB-231, BT474 and T47D
cells. NKD2 was found to be completely methylated in
MDA-MB-231 and MDA-MB-468 cells, and partially
methylated in MCF7, ZR75-1, T47D and BT474 cells
(Fig. 1B). The above results demonstrate that loss or
reduction of NKD1 and NKD2 expression is correlated
with promoter region hypermethylation in human breast
cancer cells. Representative bisulfite sequencing results
of NKD2 were shown in Fig. 1C. NKD2 was densely
methylated in MDA-MB-231 and MDA-MB-468 cells,
and partially methylated in BT474, MCF7, ZR75-1 and
T47D cells. These results further validated the efficiency
of the MSP primers and the density of promoter region
methylation (Fig. 1C). To determine whether NKD1 and
NKD2 expression were directly regulated by promoter

region methylation, MCF7, ZR75-1, MDA-MB-468,
MDA-MB-231, BT474 and T47D cells were treated with
the demethylating agent 5-aza-2'-deoxycytidine (5-AZA).
Increased expression of NKD1 was observed in MDA-
MB-468. No NKDI expression changes were found in
MCF7, ZR75-1, MDA-MB-231, BT474 and T47D cells.
Increased expression of NKD2 was observed in MCF7,
ZR75-1, BT474 and T47D cells. Re-expression of NKD2
was induced in MDA-MB-468 and MDA-MB-231
(Fig. 1A). These results suggest that the expression
of NKD1 and NKD2 is regulated by promoter region
methylation in breast cancer cells.

NKD?2 is frequently methylated in primary
human breast cancer

To further explore the methylation status of NKD1
and NKD?2 in primary human breast cancer, 68 cases of
primary breast cancer tissues were detected by MSP. Six
cases of normal breast tissues from non-cancerous patients
were analyzed to rule out tissue specific methylation.
NKDI1 was unmethylated in 6 normal breast tissue
samples and 68 cases of human primary breast cancer
samples. The results demonstrate that NKD1 may not play
an important role in breast cancer and progression. NKD2
was methylated in 51.4% (35/68) of primary breast cancer
samples, and no methylation of NKD2 was detected in
normal breast tissue samples (Fig. 2A). The associations
between NKD2 methylation and the clinical factors
of breast cancer patients are shown in Table 1. NKD2
methylation was significantly associated with tumor stage
(p <0.05), but no association was found between NKD2
methylation and age, tumor grade, tumor size, Lymph
node metastasis, and the expression of ER, PR, HER2, p53
or Ki-67 (all p > 0.05).

As NKDI1 methylation did not appear to be
a major event in human breast cancer, we mainly
focused on the mechanisms of NKD2 in breast
carcinogenesis. The expression of NKD2 was evaluated
by immunohistochemistry (IHC) in 30 cases of available
matched breast cancer and adjacent tissue samples. NKD2
staining was observed in the cytoplasm of the adjacent
tissue samples and its expression was significantly reduced
in primary breast cancer samples (Fig. 2B and 2C). The
reduction in NKD2 expression was associated with its
promoter region hypermethylation (p < 0.05; Fig. 2D).
These results suggest that NKD2 expression may be
regulated by promoter region methylation in primary
breast cancer.

The cell invasion and migration were no affected
by NKD?2 in breast cancer cells

The transwell assay was employed to evaluate the
effect of NKD2 on cell invasion in MDA-MB-468 and
MDA-MB-231 cells. The number of invasive cells for
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Figure 1: The expression and methylation status of NKD1 and NKD2 in breast cancer cells. A. NKD1 and NKD2 expression
were detected by semi-quantitative RT-PCR. MCF-7, ZR-75—-1, MDA-MB-468, MDA-MB-231, BT474, and T47D are breast cancer cell
lines. GAPDH: internal control. (—): no 5-AZA treatment; (+): 5-AZA treated. B. Methylation status of NKD1 and NKD?2 in breast cancer
cell lines. IVD: in vitro methylated DNA, used as methylated control; NL: normal lymphocyte DNA, used as unmethylated control; U:
unmethylated alleles; M: methylated alleles. C. Bisulfite sequencing of NKD2 in breast cancer cell lines. Double-headed arrow: MSP PCR
product spanning 120126 bp. Filled circles: methylated CpG sites; open circles: unmethylated CpG sites. TSS: transcriptional start site.
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Figure 2: Representative results of NKD1 and NKD2 methylation and expression in primary breast
cancer. A. Representative MSP results of NKD1 and NKD2 in human normal breast tissue samples (N1-N6) and primary breast cancer
tissues (BC1-BCS8). B. Immunohistochemistry (IHC) shows representative NKD2 protein staining in breast cancer and adjacent tissue
samples (upper boxes, X200; lower boxes, X400). C. NKD2 expression scores are shown as box plots. Horizontal lines represent the
median score; the bottom and top of the boxes represent the 25th and 75th percentiles, respectively; vertical bars represent the range
of expression. NKD2 expression is significantly different in 30 cases of matched tumor and adjacent tissue samples. *p < 0.05. D. The
association of NKD2 expression and promoter region hypermethylation was analyzed in 30 cases of matched primary breast cancer and
adjacent tissue samples. *p < 0.05.
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Table 1: Clinic-pathological features and NKD2 methylation status in breast cancer patients

Clinical

parameter Number (n = 68) Methylation status p value

Unmethylated Methylated
N=33(48.6%) N =35(51.4%)

Age
<50 31 16 15 0.641
>50 37 17 20
Tumor grade
11 30 12 18
T-I11 4 3 1 0.209
I 22 9 13
unknown 12 9 3
Tumor stage
-1 58 32 26 0.021*
1 10 1 9
Tumor size
<5cm 60 32 28 0.072
> S5cm 8 1 7
Lymph node
metastasis
no 35 19 16 0.328
yes 33 14 19
ER status
Positive 51 22 29
Negative 15 9 6 0.173
unknown 2 2 0
PR status
Positive 45 23 22
Negative 22 9 13 0.429
unknown 1 1 0
HER?2 status
Positive 64 30 34
Negative 2 1 1 0.334
unknown 2 2 0
Ki-67
<25% 22 10 12
>25% 44 21 23 0.330
unknown 2 2 0
(Continued)
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Clinical

parameter Number (n = 68) Methylation status p value
Unmethylated Methylated
N=33(48.6%) N=35(51.4%)
P53
Positive 44 20 24
Negative 19 10 9 0.756
unknown 5 3 2
each high power field under the microscope was 503 + 1.9% (Fig. 3C). The percentage of cells in S phase was
22.5 vs. 481 £+ 14.7 in MDA-MB-468 cells and 436.3 + significantly reduced (p < 0.05) after NKD2 re-expression,
11.5 vs. 429 + 14.7 cells before and after restoration of and the percentage of cells in GO/1 phase was significantly
NKD2 expression. The cell number was not significantly increased (p < 0.05) after NKD2 re-expression. These
different before and after re-expression of NKD2 in results suggest that NKD2 induced G1/S arrest.
MDA-MB-468 and MDA-MB-231 cells (all P > 0.05,
Supplementary Figure 1A). NKD2 inhibits Wnt/p-catenin signaling in
Next, the transwell assay in the absence of ECM gel breast cancer
(extracellular matrix gel) coating was employed to explore
the effect of NKD2 on cell migration in MDA-MB-468 During activation of Wnt signaling, B-catenin
and MDA-MB-231 cells. The number of migrated cells for accumulates in the cytoplasm and is then translocated into
each high power field under the microscope was 880 + 20 the nucleus where it activates the transcription of Wnt
vs. 863.3 £ 15.3 in MDA-MB-468 cells and 816 + 31.7 target genes, such as cyclin D1 and c-myc [19-21]. NKD2
vs. 794.7 £ 14.0 in MDA-MB-231 cells before and after has been reported to negatively regulate canonical Wnt
restoration of NKD2 expression. The cell number was not signaling by binding to Dishevelled (Dvl) in HEK293 cells
significantly different before and after re-expression of [22]. To determine whether the canonical Wnt signaling
NKD2 (all P> 0.05, Supplementary Figure 1B). pathway is regulated by NKD2 in human breast cancer, a
dual-luciferase reporter assay was employed. The activity
Restoration of NKD2 expression suppresses of TCF/LEF was significantly inhibited by co-transfection
cell proliferation and induces G1/S arrest in of wild-type f-catenin and NKD2. The activity of TCF/
breast cancer LEF was increased by co-transfecting DvI2 and wild-
type B-catenin, but it was decreased after co-transfecting
To evaluate the effect of NKD2 on breast cancer NKD2, DvI2, and wild-type B-catenin (Fig. 4A). Western
carcinogenesis, cell viability and colony formation assays blotting indicated that the level of B-catenin was reduced
were performed in cell lines with no NKD2 expression and the level of phospho-f-catenin increased. Expression
and stably transfected cell lines in which NKD2 was of the c-myc and cyclin D1 target genes was reduced after
re-expressed. Re-expression of NKD2 reduced cell re-expression of NKD2 in MDA-MB-468 and MDA-
proliferation (p < 0.05, Fig. 3A) and colony formation MB-231 cells (Fig. 4B). To further validate the effect of
(p <0.01, Fig. 3B) in MDA-MB-468 and MDA-MB-231 NKD2 on Wnt signaling, siRNA knockdown technique
cells. These results indicate that NKD?2 inhibits breast cancer was employed. After knockdown of NKD2 in BT474
cell proliferation. To further understand the mechanism of cells, the expression of B-catenin, c-myc and cyclin D1
NKD?2 in breast cancer development, cell cycle analysis increased, and the level of phospho-p-catenin was reduced
was performed by flow cytometry. In MDA-MB-468 cells, (Fig. 4C). These results suggest that NKD2 represses
the cell phase distributions before and after re-expression canonical Wnt signaling in human breast cancer cells.
of NKD2 were as follows: GO/1 phase: 43.08 + 3.64%
vs. 52.35 £ 0.51%, S phase: 43.26 + 3.61% vs. 32.32 + NKD?2 suppresses breast cancer growth in
0.56%, and G2/M phase: 13.66 = 2.2% vs. 15.32 £ 0.53%. xenograft mice
In MDA-MB-231, the cell phase distributions before and
after re-expression of NKD2 were as follows: G0/1 phase: To further explore the effects of NKD2 on breast
38.81 £ 3.48% vs. 46.37 + 0.94%, S phase: 45.89 £ 3.9% cancer cell growth, we employed a MDA-MB-231
vs. 36.82 = 2.2%, and G2/M phase: 15.3 +1.2% vs. 16.81 + xenograft mouse model in which NKD2 was either
www.impactjournals.com/oncotarget 22131 Oncotarget
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Figure 3: NKD2 suppresses breast cancer cell proliferation. A. Growth curves represent the effect of NKD2 on cell proliferation
in NKD2 re-expressed and unexpressed MDA-MB-468 and MDA-MB-231 cell lines. *p < 0.05. B. Representative results of colony
formation in NKD2 re-expressed and unexpressed MDA-MB-468 and MDA-MB-231 cell lines. **p < 0.01. C. Flow cytometry results
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Figure 4: NKD2 inhibits canonical Wnt signaling in human breast cancer cells. A. Results of TCF/LEF luciferase reporter
assay. Wild type B-catenin expression vector was co-transfected with TCF/LEF Topflash or Fopflash reporter in MDA-MB-468 and MDA-
MB-231 cells. The graphs show the luciferase activity in MDA-MB-468 and MDA-MB-231 co-transfected with Topflash + -wt, Topflash
+ B-wt + NKD2, Topflash + f-wt + DVL2 and Topflash + f-wt + DVL2 + NKD2.*p < 0.05. B. NKD2 regulates the downstream genes of
Whnt signaling. The expression levels of B-catenin, cyclin D1 and c-myc decreased and the level of phosphorylated -catenin (p-p-catenin)
increased after re-expression of NKD2 in MDA-MB-468 and MDA-MB-231 cells. C. NKD2 knockdown induces activation of Wnt
signaling. The level of p-f-catenin decreased and the expression of B-catenin, c-myc and cyclin D1 increased after knockdown of NKD2
in BT474 cells.
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stably expressed or unexpressed. The tumor volume
was smaller in NKD2 expressed MDA-MB-231 cell
xenograft mice compared to the NKD2 unexpressed
group (140.89 + 18.41 mm? vs. 334.77 + 49.88 mm?,
p < 0.05). The tumor weight was less in the NKD2
expressed group compared to the unexpressed group
(101.75 £ 34.20 mg vs. 213.13 £ 51.15 mg, p < 0.01, Fig.
5A-5C). IHC staining demonstrated increased levels of
NKD2 and phospho-B-catenin and reduced staining of
cyclin D1 in NKD2 re-expressed xenografts (Fig. 5D).
These results further suggest that NKD2 suppresses
breast cancer growth by inhibiting Wnt signaling.
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DISCUSSION

Accumulation of aberrant genetic and epigenetic
changes is regarded to play an important role in many
types of human cancers, including breast cancer
[23-25]. Many chromosome changes were found in
breast cancer, including 1p, 1q, 4p, 4q, Sp12-14, 6q,
8p, 8q, 9p, 9q, 11q13-14, 13q, 16p, 16q, 17p, 17q12,
17q22-24, 18p, 19p, 19q, 20q13, 21q and Xq [26]. In
breast cancer, 5-10% is caused by germ-line mutations
in well identified breast cancer susceptibility genes. The
high-risk breast cancer susceptibility genes including
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Figure 5: NKD2 suppresses tumor growth in xenograft mice. A. Representative results of xenograft tumors in nude mice for
NKD2 expressed and unexpressed MDA-MB-231 cells. B. Subcutaneous tumor growth curves for xenograft mice in NKD2 unexpressed
and re-expressed groups at different times. *p < 0.05. C. Tumor weight in nude mice was measured at the 21 days after injection of NKD2
unexpressed and re-expressed MDA-MB-231 cells. **p <0.01. D. Representative photographs of immunohistochemistry (IHC) analysis of
NKD2, p-B-catenin and cyclin D1 in xenografts. Staining of NKD2 and p-B-catenin was found in NKD2 re-expressed MDA-MB-231 cell
xenografts and the staining of cyclin D1 was reduced. Magnification: 400 x.
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BRCA1, BRCA2, PTEN, TP53, LKB1/SYKI11 and
CDHI1, with relative lifetime risks higher than 4. The
CHEK?2, TGFB1, CASP8 and ATM genes belong to
the ‘low to moderate-risk’ breast cancer susceptibility
genes [27]. In sporadic breast cancers, germline BRCA1
mutations are not detected, but somatic inactivation of
the BRCAT1 gene by DNA hypermethylation has been
reported to occur as an epigenetic event [26]. NKD2
has been reported to be frequently methylated in human
gliomas [18]. Recent study suggested that NKD2 is
a tumor suppressor in osteosarcoma [28]. Our study
demonstrated that NKD2 was frequently methylated in
human breast cancer and its expression was regulated by
promoter region methylation. These results suggest that
aberrant methylation of NKD2 may involve in breast
cancer carcinogenesis and progression. Methylation of
NKD2 was associated with tumor stage. It indicates
that NKD2 methylation may serve as a breast cancer
prognostic marker. In previous report, Feng et al. found
NKD2 is methylated in about 10% of breast cancer [29].
Our study found NKD2 is methylated in 51.4% of breast
cancer. This discrepancy was generated by different
detection method. MSP is very specific, sensitive and
reproductive. The result of bisulfite pyrosequencing is
depending on the cut off value. Re-expression of NKD2
suppressed cell proliferation and induced G1/S arrest
in MDA-MB-468 and MDA-MB-231 cells. The results
suggest that NKD2 is a tumor suppressor in human
breast cancer. NKDs have been shown to negatively
regulate canonical Wnt signaling through binding to
Dvl [17, 16, 30]. The phosphoprotein Dishevelled is
a multifunctional protein harboring docking sites for
more than 20 suspected binding partners. Prominent
domains found in Dishevelled, such as DIX, PDZ and
DEP, are highly conserved from the single fly Dsh to
the mammalian Dvll, Dv12 and Dvl3. The expression
of DvI2 accounts for more than 95% of the total pool
of Dvls, whereas Dvll and Dvl3 each account for less
than 2% in both mouse and mammalian cells [31]. In our
dual-luciferase reporter assay, the activity of TCF/LEF
was inhibited by NKD2. TCF/LEF activity increased
when co-transfecting DvI2 and wild-type B-catenin, and
the activity decreased by co-transfecting NKD2 with
Dv12 and wild-type B-catenin. These results suggest that
NKD2 inhibits Wnt signaling by interacting with DvI2
in human breast cancer cells. The specific interaction
between NKD2 and Dvll or DvI3 remains to be
determined. Through our in vitro and in vivo studies, it
was validated that NKD2 suppresses breast cancer cell
growth by inhibiting Wnt signaling.

In conclusion, NKD2 is frequently methylated in
human breast cancer and its expression is regulated by
promoter region methylation. Methylation of NKD2 is
associated with tumor stage. NKD2 methylation may
serve as a breast cancer diagnostic and prognostic marker.

NKD2 suppresses breast cancer cell growth by inhibiting
Wnt signaling both in vitro and in vivo.

MATERIALS AND METHODS

Human breast cancer tissues and cell lines

A total of 68 cases of primary breast cancer were
collected at the Chinese PLA General Hospital from 2012
to 2014, and tumor staging was determined according
to the American Joint Committee on Cancer (AJCC)
Cancer Staging Manual, 2010 (7th edition). Thirty cases
of paraffin blocks were available with matched adjacent
tissue samples. The clinic-pathological factors are
shown in table 1. Six cases of normal breast tissues were
collected from non-cancerous patients in the Chinese PLA
General Hospital and stored as fresh frozen samples. All
samples were collected under the approved guidelines of
the Chinese PLA General Hospital’s institutional review
board. Six breast cancer cell lines (MCF-7, ZR75-1,
MDA-MB-468, MDA-MB-231, T47D and BT474)
were previously established from primary breast cancer
and maintained in RPMI-1640 (Intrivogen, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum
(Hyclone, Logan, UT) and 1% penicillin and streptomycin
in a 5% CO, incubator at 37°C.

5-aza-2'-deoxycytidine treatments, RNA
Isolation and RT-PCR

Breast cancer cell lines were split to a low density
(30% confluence) 12 hours before treatment. Cells were
treated with 5-AZA (Sigma, St. Louis, MO, USA) at
a concentration of 2 pM, and the growth medium was
changed every 24 hours for a total of 96 hours of treatment.
Total RNA was extracted by using Trizol reagent
(Invitrogen, Carlsbad, CA). The cDNA synthesis and
semi-quantitative RT-PCR were performed as described
previously [32]. GAPDH was used as an internal control.

Bisulfite modification, MSP and bisulfite
sequencing

Genomic DNA from breast cancer cell lines
and breast cancer tissue samples were prepared by the
proteinase-K method. MSP and bisulfite sequencing were
performed as described previously [33, 34]. MSP primers
were designed according to genomic sequences around
the transcription start site in the CpG island of NKD1 and
NKD?2 genes to detect unmethylated (U) and methylated
(M) alleles. The primers were oligo-synthesized (BGI,
Beijing, China). The size of the unmethylated PCR
product is 126bp and the methylated PCR product is
120bp. All primers are listed in Table S1.
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Immunohistochemistry staining

Immunohistochemistry (IHC) was performed in
primary cancer and paired adjacent tissue samples. The
procedure was performed as described previously [32].
NKD2 antibody (Novus Biology, CO, USA) was used at a
1/500 dilution overnight at 4°C. Anti- phospho--catenin
(Bioworld Technology, MN, USA) and anti-cyclin D1
(Bioworld Technology, MN, USA) at a 1/150 dilution
were incubated overnight at 4°C. The staining intensity
and extent of the staining area were scored using the
German semi-quantitative scoring system as previously
described [32].

Plasmid construction

Human full-length NKD2 CDS was amplified
from normal human gastric mucosa and then
subcloned into the pLenti6-GFP lentivirus expression
vector. The primers were 5-GAGGATCCGCCA
CCATGGGGAAACTGCAGTCGAAG-3' (F) and
5'-GATCTCGAGCTAGGACGGGTGGAAGTGGT-3'(R).
NKD?2 expressing lentiviral or empty vectors were packaged
using the ViraPower™ lentiviral expression system
(Invitrogen, San Diego, CA, USA). Lentivirus was added to
the growing medium of MDA-MB-468 and MDA-MB-231
cells, and NKD2 stably expressed cells were selected by
blasticidin (2.5 pg/ml, Invitrogen).

Cell viability assay

NKD?2 unexpressed and stably expressed cells were
seeded into 96-well plates (2 x 10° cells/well), and the cell
viability was measured daily for 96 hours using the MTT
(3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide) Kit (KeyGEN Biotech, Nanjing, China)
according to the manufacturer’s instructions. The data
were plotted as means + SD.

Colony formation assay

NKD2 unexpressed and stably expressed cells were
seeded at 500 cells per well in 6-well culture plates in
triplicate. The complete growth medium conditioned with
blasticidin at 2.5ug/ml was exchanged every 72 hours.
After 2 weeks, cells were fixed with 75% ethanol for
30 min and stained with 0.2% crystal violet (Beyotime,
Nanjing, China) for visualization and counting.

Flow cytometry analysis

For cell cycle analysis, NKD2 unexpressed
and stably expressed cells were starved 12 hours for
synchronization, and the cells were re-stimulated with
10% FBS for 24 hours. Cells were fixed with 70%
ethanol and treated by Cell Cycle Detection Kit (KeyGen
Biotech, Nanjing, China) according to the manufacturer’s

instructions. The cells were then sorted by a FACS Caliber
flow cytometer (BD Biosciences, Mansfield, CA). The cell
phase distribution was analyzed by the Modfit software.

Dual-Luciferase reporter assay

MDA-MB-468 and MDA-MB-231 cells were
seeded at 7 x 10° cells per well in 96-well culture plates
24 hours before transfection. Cells were transiently
transfected using Lipofectamine 2000 (Invitrogen,
San Diego, CA) with an appropriate combination of
the reporter, expression plasmids and control vector,
including 30 ng/well TOPflash reporter vector (TCF/
LEF-responsive reporter), 3ng/well pRL-TK as an internal
control reporter, and 50ng/well pCI-neo-B-catenin, which
expressed wild-type B-catenin and was used to activate
the reporter gene. As a negative control, another group of
MDA-MB-231and MDA-MB-468 cells were transfected
with 30ng/well Fopflash reporter vector, 3ng/well pRL-TK
control vector and wild-type B-catenin vector (50 ng/well).
Increasing amounts of 60 ng/well NKD2 vector and 50 ng/
well DvI2 vector were then transfected into cells with the
Topflash reporter vector, pRL-TK control vector and pCI-
neo-B-catenin to evaluate the regulatory function of NKD2
in the Wnt signaling. Forty-eight hours after transfection,
relative luciferase activities were measured with the Dual
Luciferase Reporter Assay system (Promega, Shanghai,
China) according to the manufacturer’s protocol. For each
experiment, the luciferase reporter assay was performed
three times.

siRNA knockdown

Two selected siRNAs targeting NKD2 and a
RNAI Negative Control Duplex were used in this study.
The sequences were as follows: siRNA duplex 1 (sense
5'-CACGCUCUAUGACUUUGACTT-3" and antisense
5-GUCAAAGUCAUAGAGCGUGTT-3'); siRNA duplex
2 (sense 5-GGGAUUGAGAACUACACGUTT-3' and
antisense 5-ACGUGUAGUUCUCAAUCCCTT-3");
RNAi Negative Control Duplex (sense 5'-
UUCUCCGAACGUGUCACGUTT-3" and antisense
5'-ACGUGACACGUUCGGAGAATT-3'). The RNAi
oligonucleotide or RNAi negative control duplex
(Gene Pharma Co, Shanghai, China) were transfected
into BT474 cells using Lipofectamine RNAIMAX
Reagent (Invitrogen, San Diego, CA) according to the
manufacturer’s instructions. The siRNA duplex 2 was
more effective at knocking down NKD2 than the siRNA
duplex 1.

Protein preparation and western blotting

Protein preparation and western blotting were
performed as described previously [32]. The antibodies
for immune blot analysis were as follows: rabbit anti-
NKD2 (Cell Signaling Technology, Danvers, MA), rabbit
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cyclin D1 (Bioworld Technology, MN, USA), rabbit c-myc
(Bioworld Technology, MN, USA), phospho-B-catenin
(Bioworld Technology, MN, USA), B-actin (Bioworld
Technology, MN, USA) and p-catenin (Epitomics,
Burlingame, CA). The data were normalized to B-actin.

In vivo tumorigenicity

NKD2 stably expressed and unexpressed
MDA-MB-231 cells (4 x 10° cells in 0.2 ml phosphate-
buffered saline) were subcutaneously injected into the
dorsal flank of 5-week-old female BALB/c nude mice.
The tumor size was measured every 5 days for 4 weeks
beginning 5 days after implantation. The tumor volume
was calculated according to the following formula:
V=L x W2, where V, volume (mm?®); L, biggest diameter
(mm); W, smallest diameter (mm). All procedures were
approved by the Animal Ethics Committee of the Chinese
PLA General Hospital.

Transwell assay

NKD2 unexpressed and re-expressed MDA-
MB-468 and MDA-MB-231 cells were suspended in
serum-free medium. Cells (5 x 10*) were placed into the
upper chamber of an 8 um pore size Transwell apparatus
(Corning, NY, USA) and incubated for 12 hours. Cells
that migrated to the lower surface of the membrane
were stained with crystal violet and counted in three
independent high-power fields (x200). For invasion
analysis, NKD2 unexpressed and re-expressed MDA-
MB-468 and MDA-MB-231 cells (1 x 10%) were seeded
into the upper chamber of a transwell apparatus coated
with Matrigel (BD Biosciences, San Jose, CA) and
incubated for 24 hours. Cells that invaded into the lower
membrane surface were stained with crystal violet and
counted in three independent high-power fields (x200).

Statistical analysis

SPSS 17.0 software was used for data analysis. All
data were presented as means + standard deviation (SD)
of at least three independent experiments and analyzed
using the Student’s ¢ test. The Chi-squared test was used to
analyze the association of NKD2 methylation status with
clinic-pathologic factors and the association of NKD2
expression with methylation status. The value of p < 0.05
was considered to be statistically significant.
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