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Nemo-like kinase (NLK), a mediator of the Wnt signaling pathway, binds directly to c-Myb, leading to its phosphorylation,
ubiquitination and proteasome-dependent degradation. NLK was significantly downregulated in the breast cancer tissues
compared to corresponding normal tissues. NLK expression was negatively correlated with c-Myb expression. NLK
suppressed proliferation, induced apoptosis and mediated c-Myb degradation in MCF-7 cells via a mechanism that seems to
involve c-myc and Bcl2. These findings might provide a novel target for therapeutic intervention in patients with breast
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Introduction

Breast cancer is one of the most debilitating human carcinomas
and has the second highest mortality rate after lung cancer in
women [1]. Although there is a very large body of information on
the development and progression of breast cancer, all key factors
have not yet been elucidated.

Wnt proteins belong to a large family of secreted signaling
molecules that direct cell growth and fate [2]. Several lines of
recent evidence show that the Wnt pathway is critical for the
development of a normal mammary gland, whereas aberrant Wnt
signaling is observed in cancer [1]. The Nemo-like kinase (NLK) of
the Wnt signaling pathway is a member of the extracellular-signal
regulated kinase/microtubule-associated protein kinase (Erk/
MAPK) and cyclin-dependent kinase (Cdk) families [3]. NLK
functions downstream of transforming growth factor B-activated
kinasel (TAKI), which is a member of the mitogen-activated
protein kinase kinase kinase (MAPKKK or MAP3K) family [4].
NLK is a multifaceted cell signaling regulator [5]. NLK has been
shown to be homologous to the Drosophila nemo gene [6], which
is important for head [7] and wing development in Drosophila, as
well as cell division in C. elegans [8,9]. NLK induces apoptosis and
inhibits AR-mediated transcriptional activity in prostate cancer
cells [10]; however, it also contributes to tumor cell growth
through the activation of the cell cycle transition in human
hepatocellular carcinoma [3]. NLK induces apoptosis in glioma
cells via activation of caspases [11]. Thus, NLK has been shown to
be a critical regulator of cell growth, development and death in a
variety of organisms.

c-Myb is a DNA-binding transcription factor that regulates the
expression of specific genes during cell development and
differentiation in various cell types [12,13]. c-Myb has been
involved in the regulation of hematopoietic [14-16], colon,
mammary and endothelial [17-21] cell proliferation. MYB
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expression correlates with poor clinical prognosis in colon tumors
[22], and an important transcriptional regulatory region of MYB is
frequently mutated in this disease [23,24]. Furthermore, MYB is
required for colon carcinoma cell proliferation and is downreg-
ulated during the differentiation of these cells [25,26,23]. Most
importantly, MYB suppresses the differentiation and apoptosis of
human breast cancer cells [27].

Recent studies have indicated that c-Myb is phosphorylated and
degraded via the Wnt-1 signaling pathway involving TGF-f-
activated kinasel (TAKI1), homeodomain-interacting protein
kinase 2 (HIPKs) and NLK [28]. NLK binds directly to c-Myb,
leading to its phosphorylation, ubiquitination and proteasome-
dependent degradation [29]. Wnt signaling was reported to have
an important role in the growth regulation of mammary epithelial
cells [30,31]. Therefore, Wnt-dependent downregulation of c-Myb
activity may play a critical role in controlling the proliferation and
differentiation of mammary epithelial cells [28].

In this study, we used immunohistochemical analysis to
determine whether there is a strong negative association between
NLK and cytoplasmic c-Myb in breast carcinoma specimens, and
we compared those findings with clinical outcomes. We transfect-
ed MCYF-7 cells with an NLK expression vector and found that c-
Myb levels were substantially reduced. These results link NLK to
c-Myb and outline a regulatory pathway that is likely to affect the
proliferation and apoptosis of breast cancer cells. The role of this
regulatory pathway in breast cancer therapy was assessed.

Materials and Methods

Tissue Samples

Breast cancer specimens (n=62) were obtained from patients
who underwent surgery between 2005 and 2009 at the Depart-
ment of General Surgery, Affiliated Hospital of Nantong
University. The samples were formalin-fixed and paraffin-embed-
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ded for histopathologic diagnosis and immunohistochemical
analysis. Fresh samples were frozen in liquid nitrogen immediately
after surgical removal and maintained at —80°C until used for
Western blotting. All human tissue samples were collected using
protocols approved by the Ethics Committee of Affiliated Cancer
Hospital of Nantong University. All the patients provided their
written informed consent to participate in this study. It is approved
by the ethics committees of Affiliated Cancer Hospital of Nantong
University. The clinical features of the patients, including age,
histologic grade, tumor size, metastasis, histology, as well as ER,
PR and Her?2 status, are shown in Table 1. The median age of the
patients was 47 years (range: 27-79 years). Histologic grades were
defined as well (grade I; n = 16), moderately differentiated (grade
II; n=23), and poorly differentiated (grade III; n=23). The
majority of tumors (n=48, 77.4%) were infiltrating ductal
carcinomas, and the remaining 14 cases were of other types.
Details are shown in Table 1.

Table 1. NLK c-Myb expression and clinicopathological
parameters in 62 breast cancer specimens.
Parameters total NLK P c-Myb P
<0.19 >0.19 <3 >3
Age(years)
=47 40 26 14 0.533 12 28 0.058
>47 22 16 6 12 10
Histological grade
Well 16 2 14 <0.001* 10 6 0.064
Mod 23 19 4 8 15
Poor 23 21 2 6 17
Metastasis
Positive 35 22 13 0.349 15 20 0.445
Negative 27 20 7 9 18
Tumor size (cm)
=5 43 30 13 0.608 15 28 0.882
>5 19 12 7 7 12
Histology
Ductal 48 33 15 0.753 18 30 0.717
Others 14 9 5 6 8
ER
4 34 26 8 0.105 14 20 0.66
- 28 16 12 10 18
PR
+ 34 26 8 0.105 14 20 0.66
= 28 16 12 10 18
Her2
4 37 29 8 0.029* 16 21 0.373
- 25 13 12 8 17
Ki67
=0.60 29 11 18 <0.001* 18 11 <0.001*
>0.60 33 31 2 6 27
Statistical analyses were performed by the Pearson 2 test.
*P<0.05 is considered significant.
doi:10.1371/journal.pone.0069148.t001
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Immunohistochemical Methods

Sections were deparaffinized using a graded ethanol series, and
endogenous peroxidase activity was blocked with 0.3% hydrogen
peroxide. Subsequently, the sections were processed in 10 mmol/
L citrate buffer (pH 6.0) and heated to 121°C in an autoclave
machine for 20 minutes to retrieve the antigen. After rinsing with
PBS (pH 7.2), the sections were blocked with 10% goat serum for
1 hour at room temperature. The sections were then incubated
overnight at 4°C with rabbit anti-human NLK polyclonal
antibody (diluted 1:100; Santa Cruz Biotechnology), rabbit anti-
human c-Myb polyclonal antibody (diluted 1:100; Santa Cruz
Biotechnology) and mouse anti-Ki-67 monoclonal antibody
(diluted 1:100; clone 7B11; Zymed Laboratories, San Francisco,
Calif.,, USA). Negative control slides were processed in parallel
using a nonspecific immunoglobulin IgG (Sigma Chemical Co., St.
Louis, MO) at the same concentration as the primary antibody. All
the slides were processed using the peroxidase-antiperoxidase
method (Dako, Hamburg, Germany). After rinsing the sections
with PBS, the peroxidase reaction product was visualized by
incubating the sections with diaminobenzidine tetrahydrochloride
in 0.05 mol/L Tris buffer (pH 7.6) containing 0.03% H20O2. The
sections were then rinsed with water, counterstained with
hematoxylin, dehydrated, and mounted. All the immunostained
sections were evaluated by observers blinded to the clinical and
pathological parameters of the patients.

Evaluation of Immunohistochemical Staining

Two pathologists independently scored the tissue microarray. In
the event of disagreement, they reached a consensus via joint re-
evaluation of the tissue microarray using a multihead microscope.
At least ten high-power fields were randomly chosen, and at least
500 cells/field were counted in each section. NLK and Ki-67
indices were determined as the percentage of all immunostained
cells. The percentage of NLK-positive tumor cells ranged from
1.85% to 81.18%. The mean percentage of positive cells was
19.36%. The samples were considered NLK-positive when the
percentage of positive cells was >19.36% and negative when the
percentage was =19.36%. The immunostaining intensity was
graded using three categories: strong (3), moderate (2), weak (1), or
negative (0); a semiquantitative score was assigned using the
following scale: less than 5% of NLK-positive cells (0), 5%—25% of
positive cells (1), 26%—-50% of positive cells (2), 50%—75% of
positive cells (3), and greater than 75% of positive cells (4). Finally,
all these scores were combined. If less than 5% of cells were
immunostained, the case was considered negative. Using this
procedure, the c-Myb immunohistochemical scores ranged from 0
to 12. Samples were considered positive for c-Myb expression if
the score was >3 and negative if the score was =3. The scores of
core tumor tissue replicates were combined and used as one case.
Immunohistochemical evaluation for estrogen receptor (ER),
progesterone receptor (PR) and HER-2 was performed by the
Department of Pathology, Nantong University Cancer Hospital.

Cells and Reagents

One commercial normal human breast epithelial cell line (HBL-
100) and two human breast cancer cell lines (MDAMB-231 (ER-)
and MCF-7 (ER+), purchased from Cancer Hospital of Fudan
University, were used in this study. All cell lines were maintained
in RPMI 1640 (GibCo BRL, Grand Island, NY, USA) supple-
mented with 10% heat-inactivated fetal calf serum, 2 mM L-
glutamine, and 100 U/mL penicillin-streptomycin  mixture

(GibCo BRL, Grand Island, NY, USA) at 37°C and 5% CO2.
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Figure 1. Expression of NLK and c-Myb in human breast cancer. Paraffin-embedded tissue sections were stained with antibodies for NLK, c-
Myb and Ki-67 and then counterstained with hematoxylin. Fig. A-C, E-G High NLK expression was observed in benign breast disease and breast
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carcinoma specimens (grade 1), whereas c-Myb and Ki67 levels were low in the same specimens (SP x400). Fig. I-K High levels of c-Myb and Ki67 were
observed in grade Ill tumor cells. In contrast, NLK expression was low. Fig. 1D, H, and L show negative controls for the benign breast disease and the
breast carcinoma specimens. Experimental details are described in the Materials and Methods section. (M) Expression of NLK and c-Myb in eight
representative paired samples of breast carcinomas and adjacent normal tissues. (N) Western blot analysis of endogenous NLK and c-Myb in a normal
human breast epithelial cell line (HBL-100) and two human breast cancer cell lines (MDA-MB-231 (ER-) and MCF-7 (ER+)). B-actin was used as a
loading control. The experiment was repeated at least three times. (O) Quantification indicated that MDA-MB-231 cells displayed the highest levels of
NLK and the lowest levels of c-Myb among the two tumor cell lines. In contrast, the lowest NLK and highest c-Myb expression were observed in MCF-

7 cells.
doi:10.1371/journal.pone.0069148.g001

MTT Assay and Apoptosis Analysis

Ninety-six-well plates were seeded with 3x10° cells per well.
Following overnight incubation, the cells were transfected with
pcDNA3.1-EGFP-NLK and pcDNA3.1-EGFP and incubated for
2 days. Then, the medium was removed, and the cells were
washed once with PBS. Cell numbers were measured colorimet-
rically using the Cell Counting Kit (Dojindo, Kumamoto, Japan)
by ImmunoMini NJ-2300 (NJ InterMed, Tokyo, Japan) at a test
wavelength of 490 nm. Apoptosis was quantified by dual-color
flow cytometry analysis after cells were stained with Annexin V-
FITC and propidium iodide following the manufacturer’s
instructions (Santa Cruz Biotechnology, Santa Cruz, CA). Analysis
was performed on a FACScan flow cytometer (BD Biosciences,
San Jose, Calif) equipped with CellQuest software. For each
sample, 10000 events were collected.

Western Blot Analysis

Prior to immunoblotting, the cells were washed three times with
ice-cold PBS and resuspended in 2x lysis buffer (50 mM Tris—
HCI, 120 mM NaCl, 0.5% Nonidet P-40, 100 mM NaF, 200 uM

1.004

0.804

0.604

Ki67

0.40+

0.204

0.004

Na3VO4, and protease inhibitor mixture); the frozen tissues were
then homogenized in lysis buffer (1% NP-40, 50 mmol/L Tris,
pH 7.5, 5 mmol/L EDTA, 1% SDS, 1% sodium deoxycholate,
1% Triton X-100, 1 mmol/L PMSF, 10 mg/mL aprotinin, and
1 mg/mL leupeptin) and incubated for 20 min at 4°C with
rocking. The lysates were cleared by centrifugation (10 min,
12,000 rpm, 4°C). Fifty micrograms of total protein was resolved
by SDS-PAGE and transferred onto polyvinylidene difluoride
membranes (Immbilon, Millipore). The membranes were first
blocked with 5% nonfat dry milk and then incubated with anti-
NLK (1:500; sc-28884 Santa Cruz Biotechnology), anti-f-actin
(1:1000; Sigma), anti-c-Myb (1:500; Santa Cruz Biotechnology),
anti-PCNA (1:1000, Santa Cruz Biotechnology), anti-active
caspase3 (1:1000, Santa Cruz Biotechnology), anti-c-myc
(1:1000, Santa Cruz Biotechnology), and anti-bcl-2 (1:1000, Santa
Cruz Biotechnology). After three washes, the filters were incubated
with horseradish peroxidase-conjugated secondary human anti-
mouse or anti-rabbit antibodies (1:1,000; Pierce) for 1 hour at
room temperature according to the manufacturer’s instructions.
The proteins of interest were detected with an enhanced

r’=0.743
p<0.001

NLK

1.00

Figure 2. Graphic representation of the relationship between NLK and Ki-67 expression in breast carcinoma. Scatterplot of NLK versus
Ki-67 levels with a regression line showing the correlation between the two levels using the Spearman’s correlation coefficient (P<0.05).

doi:10.1371/journal.pone.0069148.g002

PLOS ONE | www.plosone.org

July 2013 | Volume 8 | Issue 7 | e69148



Proliferation and Apoptosis in Breast Cancer

| R6h | GG 6089 { Ri | ooz L | na GOG157.09%
o S1351% H ! GMA7.10% ] S%2961%
3 G5 5% { Y GUM12.70%
H 1
{
% i

. =
S48h R2h R6h R12h R24h g (=]
NLK ’3 10 . B . .
g i
c-M b T Y S— ——— § 6
’ g - =
B-actin a [
" sasn R2h R6h R12h  R24n
P é\”b E control EGFP EGFP-NLK
‘O Q Q:
o& C’Q c"Q PCNA «== wm——
(9 < < . ki :
s EGFP-NLK B-actln “.-{
£ 10
T .
EGFP-NLK g .
e
o 10
kS e
= .
EGFP § : I‘EI
3‘ 00

control EGFP EGFP-NLK
F 2o

18 —&— control
—o— EGFP
16 —v— EGFP-NLK

MTT(OD490nm)
o

5 o [
13 'iz— :
H 2 2 3
2 5 ¢
- . b 5
¢ “ Channals (FL2-8) - y “ Craneats FL2A) -
control EGFP EGFP-NLK

PLOS ONE | www.plosone.org 5 July 2013 | Volume 8 | Issue 7 | e69148



Proliferation and Apoptosis in Breast Cancer

Figure 3. NLK plays an antiproliferative role in breast cancer cells. (A) Flow cytometry analysis of cell cycle progression in MCF-7 cells. Cells
that were synchronized at G1 progressed into the cell cycle 0, 2, 6, 12, and 24 hours after serum stimulation. Finally, most of the cells entered S phase.
(B) MCF-7 cells were serum starved for 48 hours (S48h); upon serum stimulation, cell lysates were prepared and analyzed by Western blotting using
antibodies against NLK, c-Myb and B-actin. B-actin was used as a control for loading and protein integrity. (C) The bar graph demonstrates the ratio of
NLK and c-Myb proteins to B-actin at each time point, as determined by densitometry. The data are represented as the mean = SEM (n=3, *, #,
P<0.01, compared with control: S48h). S: serum starvation; R: serum stimulation. (D). Light microscopy showing that pcDNA3.1-EGFP and pcDNA3.1-
EGFP-NLK were expressed in MCF-7 cells. Whole cell extracts were prepared 2 days after the transfection. Proteins were analyzed by immunoblotting
using an anti-EGFP antibody. (E). MCF-7 cells were transfected with pcDNA3.1-EGFP-NLK or nothing (control). Western blotting was performed using
anti-PCNA and anti-B-actin antibodies. The data are presented as the mean=standard error of three experiments. (F). MCF-7 cells were transfected
with pcDNA3.1-EGFP, pcDNA3.1-EGFP-NLK or nothing (control). Cell growth of the transfected cells was assessed by the MTT cell viability assay. Four
hours after transfection, cells were maintained in complete media, and cell growth was determined by MTT assay at each indicated time point. The
data are presented as the mean=standard error of three experiments. (G). Cell cycle analysis was performed by staining NLK overexpressing MCF-7
cells with PI. MCF-7 cells were transfected with pcDNA3.1-EGFP, pcDNA3.1-EGFP-NLK, or nothing (control). Forty-eight hours after transfection, cells
were trypsinized, fixed in 70% alcohol, and incubated for 30 minutes in PBS containing 10 mg/ml of RNase A at 37°C. After the incubation, cells were

stained with 5 mg/ml PI.
doi:10.1371/journal.pone.0069148.9003

chemiluminescence system (NEN Life Science Products, Boston,

MA).

Expression Plasmid and Transient Transfection

The ¢cDNA for full-length NLK was a kind gift from Professor
Keke Huo (Fudan University). The accession number of NLK is
BC064663, and the human NLK-specific primers used were as
follows: 5'-CCAGTGACTTTGAGCCTGTC-3' for the 5" end
and 5'-GATGGCTGAGCAACAGTGG-3' for the 3" end. The
PCR fragment was cloned into the pcDNAS3.1-EGFP expression
vector using the EcoRI and Xhol restriction sites. Proper insertion
of the clone was confirmed by DNA sequencing, and the plasmid
for transfection was prepared using an EndoFree Plasmid Maxi
Kit (Qiagen, Tokyo, Japan). Transfection was performed using the
Lipofectamine "™ 2000 transfection reagent (Invitrogen) according
to the manufacturer’s protocol with minor modifications. MCF-7
cells were seeded at a density of 2x10° cells/ml in a 6-well plate 12
hours before transfection. Next, 500 pl of the transfection mixture
containing 8 pg of DNA and 20 ul of Lipofectamine 2000 in
450 ul of Opti-MEM (Invitrogen) was added to each well. The
cells were harvested 48 hours after transfection and used for the
experiment, which was repeated at least three times.

Proteasome Inhibition Assays

MCF-7 cells were transfected with pcDNA3.1-EGFP-NLK as
described above. Thirty-two hours after infection, MG132
(20 uM/L) and DMSO (control) were added to the medium for
16 hours. Forty-eight hours after transfection, whole cell lysates
were prepared, and the proteins were analyzed by immunoblot-
ting.

Statistical Analysis

Statistical significance of the means was determined using
Student’s t test. The nonparametric Spearman’s rank correlation
coefficient was used to determine the statistical dependence
between the expression of NLK, ¢-Myb and Ki-67. The ¥ and
Fisher’s exact tests were used to compare the expression of all
proteins as groups (positive vs. negative) with various clinicopath-
ological parameters. A P value <0.05 was required for statistical
significance. All computations were performed using the SPSS
15.0 software.

Results

NLK Expression is Inversely Correlated with c-Myb
Expression in Breast Cancer

To determine whether there was a physiological or pathological
relationship between the expression of NLK, c-Myb and the

PLOS ONE | www.plosone.org

proliferation index Ki-67 in breast carcinoma specimens, we
examined the levels of NLK, c-Myb and Ki-67 using immuno-
histochemical staining. Representative examples of NLK, c-Myb
and Ki-67 staining are shown in Fig. IA-I. In most specimens, the
proportion of NLK-positive tumor cells was negatively correlated
with the proportion of c-Myb-positive and Ki-67-positive tumor
cells (Figure 2). The results of these experiments indicated that
mammary epithelial and myoepithelial cells from benign breast
disease samples showed strong immunoreactivity for NLK in the
nucleus (Fig. 1A), with weak to no c-Myb staining (Fig. 1B). Then,
we investigated whether there was a correlation between NLK and
c-MYB expression and found that high NLK levels (Fig. 1E) were
correlated with low c-Myb levels (Fig. 1F) in the same breast
carcinoma specimen (grade I); furthermore, low NLK levels
(Fig. 1I) were correlated with high c-Myb levels (Fig. 1J) in the
same breast carcinoma specimen (grade III). NLK was mainly
expressed in the nuclei, while c-Myb was expressed both in the
cytoplasm and nuclei of breast cancer cells. The percentage of
NLK-positive tumor cells ranged from 1.85% to 81.18%. The
mean percentage of positive cells was 19.36%. NLK expression
was considered positive when the percentage of positive cells was
>19.36% and negative when it was =19.36%. NLK immunore-
activity was observed in 42 (67.7%) of the breast cancer cases,
whereas there was no detectable NLK immunoreactivity in 20
cases (32.3%). c-Myb expression was considered positive when the
score was >3 and negative when it was =3. c-Myb immunore-
activity was observed in 58 (93.5%) of the breast cancer cases,
whereas there was no detectable c-Myb immunoreactivity in 4
cases (6.5%). The immunohistochemical results of the 62 breast
carcinoma specimens are summarized in Table 1. NLK expression
was significantly correlated with histological grade and Her2 and
Ki67 expression (P<<0.05; Table 1). To investigate the cellular
proliferation rates of malignant breast tumors, we assessed Ki-67
protein expression in all cases. The results are shown in Fig. 1C,
G, and K. Ki-67 expression was lower in benign tumors than in
malignant ones (P<<0.05). In malignant tumors, the staining
intensity was higher in TNM stage III than in stage I (P<<0.05). In
Fig. 1D, H, and L, negative controls for the benign breast disease
and the breast carcinoma specimens are shown. Furthermore, we
investigated the abundance of NLK and c-Myb in eight tumors
relative to the adjacent normal tissues (Fig. 1M) and found that
NLK expression was dramatically decreased in seven of the eight
tumors compared to the adjacent normal tissues. However, the
same tumor samples had higher expression levels of c-Myb than
the paracancerous tissues. To explore the relationship between the
two molecules in human breast carcinoma progression and further
characterize the relationship between NLK and c-Myb, we
investigated their abundance in breast cancer cells by Western
blot analysis. First, we examined the basal abundance of NLK and
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Figure 4. Effect of NLK overexpression on apoptosis of MCF-7 cells. (A). MCF-7 cells were transfected with pcDNA3.1-EGFP, pcDNA3.1-EGFP-
NLK or nothing (control). Western blotting was performed using anti-active-caspase-3 and anti-p-actin antibodies. The data are presented as the
meanzstandard error of three experiments. (B). The effect of NLK overexpression on apoptosis was assessed by Annexin V and PI staining; cells that
were double stained with Annexin V and Pl were considered to be apoptotic (lower right). Flow cytometry confirmed the induction of apoptosis in
MCEF-7 cells, for which overexpression of NLK caused an increase in apoptosis. (C). MCF-7 cells were transfected with pcDNA3.1-EGFP, pcDNA3.1-EGFP-
NLK or nothing (control). Forty-eight hours after transfection, DAPI-stained nuclei were visualized by fluorescence microscopy, and images were
taken. The bar chart shows the ratio of necrotic to transfected cells. The data are represented as the mean = SEM (n=3, ¥, #, P<<0.01, compared with
control).

doi:10.1371/journal.pone.0069148.9004

c-Myb in one normal human breast epithelial cell line (HBL-100) mversely correlated in the normal human breast epithelial and the
and two human breast cancer cell lines (MDA-MB-231 (ER-) and two cancer cell lines. MCF-7 cell lines displayed the lowest
MCF-7 (ER+)). Different expression levels of NLK and c-Myb abundance of NLK and the highest expression level of c-Myb
were observed in all of the cell lines (Fig. 1N, O). As we expected, among the three cell lines.

the relative abundances of NLK and c-Myb appeared to be
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posttransfection, whole cell lysates were prepared, and proteins were analyzed by immunoblotting. The data were representative of three
experiments. (B). pcDNA3.1-Myc-NLK or empty vector was transfected into MCF-7 cells using Lipofectamine 2000. Western blotting was performed
using antibodies against c-myc, Bcl-2 and B-actin. The bar chart demonstrates the ratio of c-myc and Bcl-2 proteins to B-actin as determined by
densitometry. The data are represented as the mean = SEM (n=3, ¥, #, P<<0.01, compared with control).

doi:10.1371/journal.pone.0069148.g005

The Clinical Relevance of NLK and c-Myb in Breast
Carcinoma

The frequencies of NLK and c-Myb immunostaining in relation
to different clinicopathological parameters are shown in Table 1.
For statistical analysis of NLK and c-Myb expression, the
carcinoma specimens were divided into two groups (high
expressers and low expressers), according to the staining intensity
and the percentages of NLK- and c-Myb-positive cells. NLK
expression was significantly correlated with histological grade
(P<<0.001) and Her2 (P=0.029) and Ki67 (P<<0.001) positivity;
however, there was no correlation with other prognostic factors,
such as age, tumor metastasis, tumor size, histology, and ER or PR
status. c-Myb expression was significantly correlated with Ki67
positivity (P<<0.001), but no significant correlation was found with
other clinicopathologic variables (Table 1). NLK expression was
negatively correlated with Ki-67 expression (Spearman’s
r=—0.743, P<0.001; Fig. 2) in all of the analyzed breast cancer

cases.

NLK and c-Myb Expression is Cell Cycle-dependent in the
MCF-7 Breast Cancer Cell Line

To investigate the kinetics of NLK expression during the cell
cycle, we analyzed cell cycle progression after serum starvation
and re-feeding with serum. MCF-7 cells were arrested in the Gl
phase by serum deprivation for 48 hours (Fig. 3A). After serum
addition, the cells were released from the G1 phase, and the
percentage of cells in the S phase increased from 9.39% to
29.61%. In MCF-7 cells, NLK expression increased after serum
deprivation for 48 hours and began to decrease 2 hours after
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serum stimulation, whereas c-Myb expression decreased after
serum deprivation for 48 hours and began to increase 2 hours after
serum stimulation (Fig. 3B, C). NLK levels were high when there
was a greater percentage of cells in G1, whereas c-Myb levels
decreased in the GO and early G1 phases and increased in the S
phase. These results provide insights into the kinetics of NLK and
c-Myb expression during cell cycle progression.

NLK Inhibits Proliferation in Breast Cancer Cell Lines
NLK contributes to tumor cell growth through activation of the
cell cycle transition in human hepatocellular carcinomas [3];
however, whether this protein kinase has a function in breast
cancer cell proliferation remains unclear. Protein expression from
the pcDNAS3.1-EGFP and pcDNAS3.1-EGFP-NLK vectors in
MCF-7 cells was confirmed by light microscopy. Whole cell
extracts were prepared 2 days after transfection. Protein expres-
sion was analyzed by immunoblotting using an anti-EGIFP
antibody (Fig. 3D), and an anti-PCNA antibody was used to
determine proliferative activity. We investigated the effects of
NLK on PCNA (a cell proliferation marker) protein levels in
MCEF-7 cells by Western blotting. As shown in Figure 3E,
pcDNAS3.1-EGFP had no effect on PCNA expression, while
pcDNA3.1-EGFP-NLK significantly reduced PCINA protein levels
(p<<0.01). To determine the biological effects of NLK overexpres-
sion, the growth rate of MCF-7 cells was determined using the
MTT assay. As shown in Figure 3F, NLK overexpression
significantly decreased the cell growth rate compared to the
vector control. Flow cytometric analysis suggested that the
expression of pcDNA3.1-EGFP-NLK but not pcDNA3.1-EGFP
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decreased the percentage of cells in S phase (Fig. 3G). These
results suggest that NLK exerts an antiproliferative effect on MCF-
7 breast cancer cells.

NLK Promotes Apoptosis in Breast Cancer Cell Lines
NLK has been shown to play a role in the induction of apoptosis
in prostate cancer cells [10]; however, whether this protein kinase
has a function in breast cancer cell apoptosis remains unclear.
Using Western blotting, we examined the expression of active
caspase-3, which is a known marker of apoptosis. As shown in
Figure 4A, pcDNA3.1-EGFP had no effect on active caspase-3
expression, whereas pcDNA3.1-EGFP-NLK significantly upregu-
lated the levels of active caspase-3 protein (p<<0.01). To assess
cellular apoptosis, transfected cells were stained with Annexin V
and analyzed by flow cytometry. As shown in Figure 4B, flow
cytometry analysis following PI and Annexin V staining indicated
that cellular apoptosis (upper right quadrant in the dot plot graphs)
was affected by NLK overexpression. Nuclear condensation and
fragmentation, typical characteristics of apoptotic cells, were
observed in numerous floating cells stained with DAPI after 2
days of wild-type NLK expression in MCF-7 cells (Fig. 4C). These
results suggest that NLK induces apoptosis in MCF-7 cells.

NLK Downregulated c-myc and bcl-2 by Degrading c-
Myb in Human Breast Carcinoma

Chie Kanei-Ishii found that c-Myb protein is phosphorylated
and degraded by the Wnt-1 signaling pathway involving TAKI,
HIPK2, and NLK [2]. HIPK2 and NLK directly bind to c-Myb,
and NLK phosphorylates c-Myb at multiple sites, resulting in its
ubiquitination and proteasome-dependent degradation [32]. To
mvestigate whether NLK overexpression would downregulate c-
Myb levels in breast carcinoma cells, we transfected MCF-7 cells
with pcDNA3.1-EGFP-NLK or an empty vector and measured
NLK and c-Myb levels 48 hours after transfection. As shown in
Fig. 5A, NLK overexpression led to a significant decrease in c-
Myb levels compared to the vector control. Furthermore, the
downregulation of c-Myb by NLK overexpression could be
inhibited in cells that had been treated with the 26S proteasome
inhibitor MG132 but not in those treated with DMSO (Fig. 5A).
This finding indicated that NLK promoted c-Myb degradation
through proteolysis and that this process was sensitive to 26S
proteasome inhibitors. These data provide direct evidence for a
functional relationship between NLK and c-Myb in breast
carcinoma cells. It is already known that c-Myb regulates the
levels of Bcl-2 and c-mye, which are modulators of apoptosis and
cell cycle arrest, respectively [33,34]. We examined the levels of
Bcl-2 and c-myc by Western blotting and found that ectopic
expression of NLK downregulated c-myc, which is a target gene of
c-Myb (Fig. 5B).

Discussion

It is known that most breast carcinomas occur as a result of
alterations in oncogenes and tumor suppressor genes, which
regulate the signal transduction pathways involved in cell
proliferation, differentiation and apoptosis. In the past decade, a
number of transcription factors and cofactors have been demon-
strated to be phosphorylated and regulated by NLK [35].
Aberrant expression of NLK was correlated with proliferation
and apoptosis in hepatocellular carcinoma [3], prostate cancer
[10] and colon cancer [36]. The overexpression of c-Myb has been
associated with oncogenic activity and poor prognosis in several
human cancers, including T cell leukemia, acute myelogenous
leukemia, colorectal tumors, and, most recently, adenoid cystic
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carcinomas [22,37]. ¢-Myb is a potential tumor suppressor in
luminal breast cancer [38].

In this study, we used immunohistochemical analysis to assess
NLK expression in breast carcinoma cases. We found an inverse
correlation between the expression of NLK and that of Ki-67,
which is a marker of cell proliferation that is specifically expressed
in the nuclei of cells in late Gl to S phase. These findings
suggested that alterations in NLK protein expression could affect
tumor development. Reduced NLK expression was closely
associated with the breast cancer malignancy. Malignant trans-
formation is a complex process that may be regulated, at least in
part, by reduced expression of NLK. We found a statistically
significant correlation between the expression of NLK and c-Myb.
Furthermore, we observed an inverse correlation between NLK
and c-Myb expression in breast carcinomas, with low NLK
expression being a poor prognostic factor. The negative correla-
tion between NLK and c-Myb expression was also observed in
normal human breast epithelial and breast cancer cell lines,
regardless of estrogen receptor expression status. Taken together,
our observations supported the hypothesis that NLK might
contribute to the progression of breast carcinoma as a regulator
of c-Myb.

In our study, the cause of growth suppression in the breast cells
by wild-type NLK could be either cell cycle arrest, increased
apoptosis rate or both. The overexpression of NLK resulted in
suppressed cell growth (Fig. 3F) and an arrest in the cell cycle
transition (Fig. 3G). These findings suggest that overexpression of
NLK might act as an inhibitor of breast cancer cell proliferation
by blocking cell growth. Previous studies have suggested that NLK
overexpression induced apoptosis in human colon cancer cells.
Our flow cytometry data, as well as the nuclear condensation and
fragmentation phenotype observed using microscopy, indicated
that NLK expression increased the number of apoptotic cells. The
present study showed that induction of wild-type NLK in the
human breast carcinoma cell line MCF-7 caused cell growth
suppression and apoptosis induction.

c-myc is a target of c-Myb, and activation of the c-myc gene is
required for Myb-mediated transformation [33]. Bcl-2 is a direct
target gene of the protooncogene c-Myb [34]. Several studies have
shown that c-Myb regulates bcl-2 gene expression in hematopoi-
etic cells [39,40]. Bcl-2 expression is reduced and apoptosis is
increased in the colonic epithelium of embryos with a disrupted c-
myb gene [41]. In our study, c-Myb expression was induced from
late G1 to S phase, whereas NLK was decreased simultaneously
with the accumulation of c-Myb (Fig. 3B,C). We also found that c-
Myb expression was significantly decreased by NLK overexpres-
sion, resulting in lower levels of c-myc and bcl-2 in MCF-7 cells
(Fig. 5A). We hypothesize that NLK might be involved in the
degradation of c-Myb and that its target genes c-myc and bcl-2
might be potential prognostic factors for breast carcinoma. The
underlying mechanism by which NLK regulates c-Myb expression
remains to be elucidated; however, NLK’s role in human breast
cancer development and progression by attenuating c-Myb activity
makes it an attractive target for cancer therapy.

Other than the NLK/c-Myb pathway, additional mitogenic
cascades have been found to be associated with NLK function in
cancer. Jun Yasuda proposed that NLK might function as a tumor
suppressor in colon cancer by inhibiting the Wnt/B-catenin
pathway, which suppresses the transcriptional activity of the B-
catenin/T-cell factor (TCF) complex by phosphorylating TCF.
More studies are needed to address the possibility of other
pathways regulating NLK function in breast cancer cells, which
has been reported previously for other cell lines.
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This study demonstrates the consequences of NLK dysregula-
tion in human breast carcinoma. The overexpression of NLK
suppressed tumor cell proliferation and transforming potential via
the transcriptional inhibition of c-Myb. This is the first study
showing that NLK is dysregulated in human breast carcinoma and
suggesting that NLK might contribute to tumor cell growth and
apoptosis. The data suggest that NLK might be associated with the
development of aggressiveness in breast carcinoma. We hypoth-
esize that the functional interaction between NLK and c-Myb has
a critical role in breast carcinoma progression. Agents that stabilize
NLK or enhance the NLK/c-Myb interaction may be of great
value in the treatment of breast carcinoma. Further studies will
focus on the molecular mechanisms of NLK-induced tumor
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development, as well as on developing strategies to upregulate the
protein or modulate its function for potential therapeutic
applications. This study’s aim was to further our understanding
of NLK’s role in breast cancer. In conclusion, NLK plays an
antineoplastic role in breast cancer via regulating its target gene c-
Myb.
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