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Abstract: The mechanisms of how Never in Mitosis (NIMA) Related Kinase 2 (NEK2) coordinates altered signal-
ing to malignant gastric cancer (GC) transformation remain unclear. Overexpression of NEK2 and KDM5B were
observed in GC cell lines with high sensitivity to NEK2 inhibitors. Here we investigated the biological behaviors
of NEK2 and the possible mechanisms of regulative effects of NEK2 on KDM5B in GC cell lines both in vitro and
in vivo. The results showed that NEK2 and KDM5B were highly expressed in most of the 10 GC cell lines. NEK2
knockdown in MGC-803 cells led to suppression of cell proliferation and migration in vitro and tumor growth in vivo,
while NEK2 overexpression in BGC-823 cells exhibited the reverse biological effect. When NEK2 was inhibited by
NEK2 inhibitors or shNEK2, cellular KDM5B level decreased and H3K4me3 level increased, while overexpression of
NEK2 resulted in enhanced KDM5B expression and decreased H3K4me3 level. Though direct interaction between
NEK2 and KDM5B was excluded, NEK2 could regulate KDM5B/H3K4me3 expression through B-catenin/Myc both
in vitro and in vivo, which was double confirmed by c-myc and KDM5B inhibitor experiments. Taken together, our
study showed that NEK2 was highly expressed in GC cell lines and related to promoting cell proliferation, migration
and tumor growth. A NEK2/B-catenin/Myc/KDM5B/H3K4me3 signaling pathway may contribute to the important
carcinogenic role of NEK2-mediated malignant behaviors in GC.
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Introduction NEK2 had been found in various human malig-
nant cancers, including breast cancer, prostate

GC is the fifth most common cancer and ranks cancer, ovarian cancer [7, 8], as well as GC [9,

asthe third leading cause of cancer-related dea-
th worldwide, along with an increasing rate in
recent years [1, 2]. Surgery, radiation therapy,
and chemotherapy are the main therapies for
GC and can improve patient survival, but the
5-year survival rate of GC patients is still less
than 30% [3]. Exploring the mechanisms of
malignant proliferation of GC cells is important
for the treatment and improvement of patient
survival.

Never in Mitosis (NIMA) Related Kinase 2 (NE-
K2) is a serine/threonine kinase localizes to
the centrosome/centriole and helps to estab-
lish a bipolar spindle by initiating the sepa-
ration of centrosome [4-6]. Overexpression of

10]. NEK2 has been implicated in various as-
pects of malignant transformation, including tu-
morigenesis, drug resistance and tumor pro-
gression. The close relationship between NEK2
and cancer has made it an attractive target for
anticancer therapeutic development [11]. Our
previous studies had shown that NEK2 inhi-
bitors effectively inhibited the proliferation of
cancer cells by inducing cell cycle arrest and
apoptosis and significantly suppressed tumor
growth in vivo [12, 13]. In a panel of 19 cancer
cell lines including gastric, leukemia, colorectal,
prostate, breast and hepatoma cancer cells, GC
cell lines were relatively more sensitive to NE-
K2 inhibitor MBM-5 than other cancer cell lines
[13]. These results suggested that NEK2 plays
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critical roles in the development of GC and GC
cancer cells might be specifically useful in clari-
fying the pro-tumor mechanisms of NEK2. Ex-
ploration of mechanisms of NEK2 in promoting
malignant GC may shed light on the cancer
therapeutics of GC patients and development
of NEK2 inhibitors.

KDM5B (also known as JARIDAB or PLU1) is a
histone demethylase and belongs to the family
of JmjC domain-containing proteins that regu-
late chromatin structure or gene expression by
specifically removing methyl residues from tri-,
di, and monomethylated lysine 4 on histone H3
lysine 4 (H3K4) [14-16]. Histone methylation is
a kind of posttranslational modification that
affects biochemical processes such as chro-
matin formation and translational regulation
while broad H3K4me3 at tumor suppressor
genes leads to tumor suppression [17, 18]. Ac-
cordingly, decreased H3K4me3 was observed
in esophageal squamous cell carcinoma tumor
growth [19] and increased level of H3K4me3
was inversely associated with lymph node and
liver metastasis and predicted an improved
prognosis in colorectal cancer [20]. Elevated
expression levels of KDM5B has been observed
in various primary cancers including GC [21],
breast cancer [22], cervical cancer [23], ovari-
an cancer [24], NSCLC [25] and promotes
tumor initiation, invasion and metastasis [26].
Overexpression of KDM5B in GC cells could
promote cell growth and metastasis in vitro
and xenograft formation, growth and metasta-
sis in vivo [21]. Bao et al. showed that miR-194
inhibited GC cell proliferation and tumorigene-
sis by targeting KDM5B [27]. Our preliminary
study results showed that cancer cell lines sen-
sitive to treatment of NEK2 inhibitors exhibited
high expression levels of both NEK2 and
KDM5B. When NEK2 was inhibited by NEK2
inhibitors, cellular KDM5B level would decrease
which then caused increase in H3K4me3. Des-
pite the relationship between NEK2 and cancer
has been frequently reported, the detailed
mechanisms of how NEK2 coordinates altered
signaling to malignant transformation remain
unclear [11]. Our results suggested possible
relationship between NEK2 and KDM5B, which
have never been reported and might be one
of the mechanisms of pro-tumor activities of
NEK2.

Hence, this study commits to observe the influ-
ence of NEK2 knockdown or overexpression on
the cell proliferation and migration of GC cells
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in vitro and tumor growth in vivo to confirm the
role of NEK2 in malignant GC. Furthermore, we
tried to investigate the new relationship bet-
ween NEK2 and KDM5B, the possible mecha-
nisms of regulative effects of NEK2 on KDM5B
expression in GC cells both in vitro and in vivo.
Now, the experimental procedures and findings
are reported as follows.

Materials and methods
Cell lines, cell culture and reagents

Human GC cell lines used in this study included
AGS (F-12K), MKN-45 (RPMI-1640), MGC-803
(RPMI-1640), BGC-823 (RPMI-1640), SNU-1
(RPMI-1640), Hs736t (DMEM), IM95M (DMEM),
SGC-7901 (RPMI-1640), NCI-N87 (RPMI-1640),
KATOIIl (IMDM), normal gastric cell GES-1 (RP-
MI-1640), and 293T (DMEM) were from Cell
Bank of China Science Academy (Shanghai,
China). All cells were cultured in medium sup-
plemented with 10% FBS and 1% Penicillin-
Streptomycin. pLKO-Tet-on vector and NEK2
shRNA were from ADDGENE (Watertown, MA,
USA). The NEK2 shRNA sequences were as fol-
lows: CCGGCGTTACTCTGATGAATTGAATCTCGA-
GATTCAATTCATCAGAGTAACGTTTTT (sense), AA-
TTAAAACGTTACTCTGATGAATTGAATCTCGAGA-
TTCAATTCATCAGAGTAACG (anti-sense). pLVX-
Tight-Puro vector and pLVX-Tet-off Advanced
vector were from Clontech (Mountain View, CA,
USA). Primer sequences were designed by Sig-
ma-Aldrich (St. Louis, MO, USA) based on the
published NEK2 gene sequence (Accession No.
NMO002497) and synthesized chemically. Do-
xycycline (Dox) was from Rainbio (Shanghai,
China). CPI-455 and 10058-F4 were from
Selleck Chemicals (Houston, TX, USA).

Transfection to establish stable MGC-803-
NEK2-KD and BGC-823-NEK2-0OE cell lines

NEK2 shRNA coding sequence was cloned into
pLKO-Tet-On vector, and the recombinant sh-
NEK2 plasmid was transfected into 293T cells
along with A8.9 and VSV-G via GENE 9 to gener-
ate lentiviral supernatants containing NEK2
shRNA coding sequence. The lentivirus was
used to transduce MGC-803 cells and puromy-
cin (2 ng/ml) was used to select for a stable
Tet-regulated NEK2 shRNA expression cells
named MGC-803-NEK2-KD stable cell line. Dox
(100 ng/ml) was administrated to knock down
the NEK2 expression of MGC-803-NEK2-KD
cells.
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Gene of NEK2 oligonucleotides were cloned
into pLVX-Tight-Puro vector, and the recombi-
nant pLVX-Tight-Puro plasmid containing gene
of NEK2 was transfected into 293T cells along
with VSV-G to generate lentiviral supernatants.
pLVX-Tet-off Advanced vector was transfected
into 293T cells in the same way to generate len-
tivirus. On this basis, these two kinds of lentivi-
ruses were simultaneously co-transduced into
BGC-823 and puromycin (3 ng/ml) or G418
(500 ng/ml) was used to select for a stable Tet-
regulated NEK2 over-expression cells named
BGC-823-NEK2-OE stable cell line. The stable
cells were continuously administrated with Dox
(100 ng/ml) to inhibit the expression of NEK2.
The efficacy of transfection was identified by
western blot analysis.

Cell proliferation assay

Proliferation of cells was checked using CCK8
assay. Briefly, MGC-803 and MGC-803-NEK2-
KD cells (1000 cells/well) or BGC-823 and
BGC-823-NEK2-OE cells (500 cells/well) were
plated in 96-well plates and CCK8 reagent was
added to wells after 2, 4, 6, or 8 days of culture.
After incubation for 1 h, the absorbance at 450
nm was measured.

Colony formation assay

Cells were plated into 12-well plates at a den-
sity of 500 cells/well and cultured for 8 days.
Cells were fixed in methanol for 15 min and
then stained with crystal violet (0.1%, w/v) for
15 min. The colonies were observed under in-
verted microscope.

Wound healing assay

Cells were plated into 12-well plates at a den-
sity of 1 x 10° cells/well and then allowed to
grow until confluent. Cells was made a straight
scratch to stimulate a wound and the culture
medium was changed from essential RPMI-
1640 medium to RPMI-1640 medium with 1%
FBS after PBS washes. At time points of O, 24
and 48 h, the wound was observed under in-
verted microscope.

Migration assay

Cell migration was examined with 24-well tran-
swell chambers with 8 ym pores. The 5 x 10
cells/well were suspended in RPMI-1640 medi-
um with 1% FBS and seeded into upper cham-
bers, and RPMI-1640 medium containing 10%
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FBS was added into the lower chamber. After
cultured for 24 h, cells migrated to the reverse
side of the transwell membrane were fixed in
methanol for 15 min and stained with crystal
violet for 15 min. After PBS washes, migrated
cells were counted under inverted microscope
for image acquisition as well.

Cell cycle analysis

Cells were fixed with 70% ethanol overnight and
incubated with RNase A (10 mg/mL) and prop-
idium iodide (50 mg/mL), step by step. The cel-
lular DNA content was analyzed on a flow
cytometer and Flowjo V10 software was used
to measure the percentage of cells at each cell
cycle phase.

Xenograft animal models

Female BALB/c nu/nu mice (5-6 weeks, 16-18
g) were obtained from Shanghai SLAC Labo-
ratory Animal, Co., Ltd. (Shanghai, China). Can-
cer cells (6 x 10° cells/mouse for MGC-803-
NEK2-KD and 5 x 10° cells/mouse for BGC-
823-NEK2-0E) were inoculated subcutaneous-
ly in the right flank of each mouse. Tumors were
allowed to reach 80-120 mm? in size before
randomly divided into two groups based on
tumor volumes. For MGC-803-NEK2-KD tumor
model (n = 6), NEK2-KD (off) control group was
orally administrated water daily while NEK2-KD
(on) group was orally administrated 1 mg/ml
Dox water daily. For BGC-823NEK2-OE tumor
model (n = 8), NEK2-OE (off) control group was
orally administrated 1 mg/ml Dox water daily
while NEK2-OE (on) group was orally adminis-
trated water daily. Body weight and tumor size
of mice were measured every other day from
inoculation to completion of the study. Tumor
volume was calculated using the formula length
x width? x 0.5 (mm3). At the end of experiments
the mice were euthanized by CO, inhalation and
the tumors were harvested and stored for fur-
ther analysis.

Western blot analysis

Cells were homogenized in RIPA buffer conta-
ining phosphatase protease inhibitor cocktail
(Thermo scientific) on the ice and tumor tissue
were homogenized by a tissue lyser (QIAGEN) in
RIPA buffer. The lysates were prepared and 20
ug of proteins was subjected to Western blot
analysis in 8% or 12% SDS-PAGE gels electro-
phoresis under denaturing and reducing con-
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Figure 1. NEK2 and KDM5B overexpression occurred in multiple GC cells.
The expression levels of NEK2 and KDM5B in normal gastric mucosa GES-
1 cell line and 10 kinds of GC cell lines detected by western blot analysis.

ditions. Primary antibodies for NEK2, KDM5B,
H3, H3K4me3, c-Myc, and B-catenin were pur-
chased from Cell Signaling Technology and an-
tibody against GAPDH-HRP was from Santa
Cruz Biotechnology.

Co-immunoprecipitation (Co-IP) analysis

Co-IP analysis was performed as described pre-
viously [28] with some modifications. Briefly,
total protein from BGC-823-NEK2-OE cells was
extracted in RIPA buffer on the ice. Protein A/G
agarose beads and the total protein were gen-
tly mixed at low speed at 4°C for 1 h to remove
un-specific binding proteins and centrifuged at
1000 rpm for 3 min. The supernatant was then
incubated with anti-NEK2 antibody at 4°C over-
night (rabbit 1gG used as negative control).
Then protein A/G agarose beads were added
and the antigen-antibody mixture was shaken
slowly at 4°C for 1 h. After washing three times
with PBST buffer, precipitates were analyzed by
western blot using the indicated antibodies.

Statistical analysis

Statistical analyses were performed with Gra-
phPad Prism software and reported data re-
sults were expressed as means + SEM. Expe-
riments were repeated three times indepen-
dently. Student’s t-test was used to compare
paired samples while one-way ANOVA was used
for comparisons among more than two groups.
P < 0.05 (*), P < 0.01 (**), or P < 0.001 (**%*)
was considered significant.

Results

High expression level of NEK2 and KDM5B
was observed in GC

Western blot analysis results of NEK2 and
KDM5B expression levels in 10 kinds of GC cell
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N\

c;d\ A« lines and one normal gastr-
x \;\f‘b«o\\ ic cell GES-1 were shown in
& Figure 1. In general, GC cells

showed higher expression of
NEK2 and KDM5B compared
with GES-1 cells. Among these
10 kinds of GC cells, 8 kinds of
GC cells showed higher expres-
sion of NEK2 and 7 kinds of GC
cells showed higher KDM5B
expression. MGC-803 cells ex-
hibit higher level of NEK2 and
KDM5B expression while BGC-
823 cells exhibit lower level of NEK2 and
KDM5B expression. Therefore, MGC-803 cells
were used to check influence of NEK2 knock-
down on cell characteristics while BGC-823
cells were used to check influence of NEK2
overexpression on cell characteristics.

NEK2 knockdown leads to suppression of
proliferation, migration and cell cycle arrest in
MGC-803 cells in vitro

As shown in Figure 2A, MGC-803-NEK2-KD ce-
lls with tet-on was successfully established. Af-
ter addition of Dox, NEK2 expression level was
significantly decreased in MGC-803-NEK2-KD
(on) cells. Compared with MGC-803-NEK2-KD
(off) cells without Dox, proliferation inhibition
(Figure 2B), colony formation inhibition (Figure
2C, 2D) and cell cycle arrest at G2/M phase
(Figure 2E, 2F) were observed in MGC-803-
NEK2-KD (on) cells with 200 ng/ml Dox. NEK2
knockdown also caused decrease in migration
capacity of cells as shown in transwell assay
(Figure 2G, 2H) as well as wound healing assay
(Figure 21, 2)).

NEK2 overexpression promotes cancer cell
proliferation and migration in BGC-823 cells in
vitro

As shown in Figure 3A, BGC-823-NEK2-OE ce-
lIs with tet-off was successfully established. Af-
ter removal of Dox pressing, NEK2 expression
level was significantly increased in BGC-823-
NEK2-OE (on) cells. Compared with BGC-823-
NEK2-OE (off) cells under Dox (100 ng/ml)
pressing, increase in proliferation (Figure 3B)
and colony formation capability (Figure 3C, 3D)
were observed in BGC-823-NEK2-0OE (on) cells
without Dox. There was no significant differ-
ence in cell cycle distribution between BGC-
823-NEK2-0E (off) and BGC-823-NEK2-OE (on)
cells (Figure 3E, 3F). NEK2 overexpression also
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Figure 2. NEK2 knockdown led to suppression of cell proliferation, migration and cell cycle arrest in MGC-803 cells.
(A) Silencing of NEK2 expression in MGC-803-NEK2-KD cells after addition of 100 ng/ml Dox confirmed by western
blot assay. (B) Cell proliferation of MGC-803 cells and MGC-803-NEK2-KD cells with or without 100 ng/ml Dox
treatment. (C) Colony formation ability of MGC-803 cells and MGC-803-NEK2-KD cells with or without 100 ng/ml
Dox treatment for 8 days. (D) Quantitative analysis results of (C). (E) DNA histograms of cells treated with or without
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100 ng/ml Dox were obtained by flow cytometry analysis. Accumulation in G2/M phase was observed in MGC-
803-NEK2-KD with 100 ng/ml Dox treatment. (F) Quantitative analysis results of (E). (G) Transwell migration assay
results of cells treated with or without 100 ng/ml Dox for 24 h. (H) Quantitative analysis results of (G). (I) Wound
healing assay results of cells treated with or without 100 ng/ml Dox. (J) Quantitative analysis results of (I). Data are
expressed as means + SEM of three independent experiments. Statistical significance was analyzed using one-way
ANOVA, **P < 0.01, ***P < 0.001 versus MGC-803-NEK2-KD (without Dox, off) cells.
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Figure 3. NEK2 overexpression led to enhanced cell proliferation, migration and cell cycle arrest in BGC-823 cells.
(A) Overexpression of NEK2 in BGC-823-NEK2-0OE cells after removing 100 ng/ml Dox confirmed by western blot
assay. (B) Cell proliferation of BGC-823 cells and BGC-823-NEK2-0OE cells with or without 100 ng/ml Dox treatment.
(C) Colony formation ability of BGC-823 cells and BGC-823-NEK2-OE cells with or without 100 ng/ml Dox treatment
for 8 days. (D) Quantitative analysis results of (C). (E) DNA histograms of cells treated with or without 100 ng/ml Dox
were obtained by flow cytometry analysis. No significant change was observed between BGC-823NEK2-OE cells with
or without 100 ng/ml Dox treatment. (F) Quantitative analysis results of (E). (G) Transwell migration assay results of
cells treated with or without 100 ng/ml Dox for 24 h. (H) Quantitative analysis results of (G). (I) Wound healing assay
results of cells treated with or without 100 ng/ml Dox. (J) Quantitative analysis results of (). Data are expressed as
means + SEM of three independent experiments. Statistical significance was analyzed using one-way ANOVA, **P

< 0.01, ***P < 0.001 versus BGC-823-NEK2-OE (with Dox, off) cells.
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Figure 4. Possible relationship between NEK2 and KDM5B/H3K4me3 in
GC. (A) Treatment of NEK2 inhibitors on the levels of KDM5B and H3K-
4me3. (B, C) The results of the regulatory effects of NEK2 on KDM5B in
MGC-803-NEK2-KD cells (B) and BGC-823-NEK2-OE cells (C) treated with
or without 100 ng/ml Dox for 48 h. (D) Results of co-IP experiment showed
no direct interaction between NEK2 and KDM5B. Immunoprecipitation in
BGC-823-NEK2-OE cells was performed with anti-NEK2 antibody, and the
precipitates were subjected to western blot probed with anti-KDM5B and
anti-NEK2 antibody. Mouse IgG was used as an antibody control for immu-

cells (Figure 4A). These resul-
ts suggested possible relation-
ship between NEK2 and KDM-
5B. So, we tried to confirm the
regulative effects of NEK2 on
KDM5B using MGC-803-NEK2-
KD cells and BGC-823-NEK2-
OE cells. As shown in Figure
4B, when NEK2 was knocked
downinMGC-803-NEK2-KD ce-
lls, decrease in expression le-
vel of KDM5B and increase
in expression level of H3K4-
me3 were observed. Accor-
dingly, when NEK2 was overex-
pressed in BGC-823-NEK2-OE
cells, expression level of KD-
M5B increased and H3K4me3
level decreased (Figure 4C).
Then we used co-IP assay to
check whether there was a
direct interaction between NE-
K2 and KDM5B. As shown in
Figure 4D, results of Co-IP as-
say revealed that there was no
direct interaction between NE-
K2 and KDM5B. The regulative
effects of NEK2 on KDM5B

noprecipitation.

caused increase in migration capacity of cells
as shown in transwell assay (Figure 3G, 3H) as
well as in wound healing assay (Figure 3l, 3J).

Possible relationship between NEK2 and
KDM5B/H3K4me3 in GC

MBM-55 and MBM-17 were novel selective NE-
K2 inhibitors which showed selective NEK2
inhibitory activity and in vitro and in vivo anti-
cancer activities in our previous study [12].
Interestingly, MBM-55 and MBM-17 also indu-
ced down-regulation of KDM5B expression and
up-regulation of H3K4me3 level in MGC-803

2370

expression might be indirectly.

NEK2 might regulate KDM5B/H3K4me3 ex-
pression through B-catenin/Myc

The possible involvement of B-catenin or c-Myc
in the regulation effects of NEK2 on KDM5B
was checked. As shown in Figure 5A, when
NEK2 was knockdown in MGC-803-NEK2-KD
cells, decrease in expression levels of 3-catenin
and c-Myc was also observed besides of the
decrease in KDM5B and increase in H3K4me3.
Accordingly, when NEK2 was overexpressed in
BGC-823-NEK2-OE cells, expression levels of
B-catenin and c-Myc increased besides of the
increase in KDM5B and decrease in H3K4me3

Am J Cancer Res 2019;9(11):2364-2378
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inhibitor CPI-455 (10 uM) on cell proliferation of BGC-823 and BGC-823-NEK2-OE cells. (E) Influence of c-Myc in-
hibitor 10058-F4 (10 uM) or KDM5B inhibitor CPI-455(10 uM) on cell migation capacity of BGC-823 cells in wound
healing assay. (F) Quantitative analysis results of (E). (G) Influence of c-Myc inhibitor 10058-F4 (10 uM) or KDM5B
inhibitor CPI-455 (10 uM) on cell migation capacity of BGC-823-NEK2-OE cells in wound healing assay. (H) Quan-
titative analysis results of (G). Data are expressed as means + SEM of three independent experiments. Statistical
significance was analyzed using one-way ANOVA, ***P < 0.001 versus BGC-823 cells or BGC-823-NEK2-OE cells.

(Figure 5B). These results suggested that -ca-
tenin and c-Myc might be involved in the regula-
tive effects of NEK2 on KDM5B/H3K4me3 ex-
pression. Then, the selected c-Myc inhibitor
10058-F4 [29-31] and selected KDM5B inhibi-
tor CPI-455 [32-36], at a non-cytotoxic dose of
10 mM, were used to treat BGC-823 and BGC-
823-NEK2-OE cells, respectively. As shown in
Figure 5C, c-Myc inhibitor 10058-F4 induced
decrease in c-Myc and KDM5B and increase in
H3K4me3 levels but did not cause significant
change in B-catenin level in BGC-823-NEK2-0OE
cells. As to KDMB5B inhibitor CPI-455, it could
increase H3K4me3 level but did not cause sig-
nificant change in c-Myc or B-catenin levels in
both BGC-823 cells and BGC-823-NEK2-OE
cells. These results suggested there might be a
NEK2/B-catenin/Myc/KDM5B pathway. Intere-
stingly, both KDM5B inhibitor and c-Myc inhibi-
tor caused decrease in NEK2 level in BGC-823-
NEK2-OE cells (Figure 5C). The results indicat-
ed that a feedback system might also work in
the control of NEK2 expression.

As shown in Figure 5D, both KDM5B inhibitor
and c-Myc inhibitor dramatically inhibited prolif-
eration capability of BGC-823-NEK2-OE cells,
while exhibited no inhibitory effects on BGC-
823 cells. The migration capability of BGC-823-
NEK2-OE cells was significantly inhibited by
KDMB5B inhibitor and c-Myc inhibitor (Figure 5E,
5F). The migration capability of BGC-823 cells
was slightly inhibited by c-Myc inhibitor (Figure
5G, 5H).

Role of NEK2/B-catenin/Myc/KDM5B/
H3K4me3 pathway in in vivo tumor growth

To study the effect of NEK2 on tumor growth of
GC cells in vivo, the tumor growth of GC cells
with knockdown or overexpression of NEK2
were observed. The nude mice inoculated with
MGC-803-NEK2-KD cells were divided into two
groups. The mice of MGC-803-NEK2-KD (off)
group were treated with water and the mice of
MGC-803-NEK2-KD (on) group were treated
with 1.0 mg/kg Dox to induce knockdown of
NEK2 expression. Tumor growth was inhibited
in MGC-803-NEK2-KD (on) group compared
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with that of MGC-803-NEK2-KD (off) group
(Figure 6A) while there was no difference in the
body weight of the two groups of mice (Figure
6B). The photo of tumor tissues (Figure 6C) and
results of tumor weight (Figure 6D) also con-
firmed that knockdown of NEK2 suppressed
tumor growth.

The nude mice inoculated with BGC-823-NEK2-
OE cells were divided into two groups. The mice
of BGC-823-NEK2-OE (off) group were treated
with 1.0 mg/kg Dox and the mice of BGC-823-
NEK2-OE (on) group were treated with water to
induce overexpression of NEK2 expression. Tu-
mor growth was increased in BGC-823-NEK2-
OE (on) group compared with that of BGC-823-
NEK2-OE (off) group (Figure 6E) while there
was no difference in the body weight of the two
groups of mice (Figure 6F). The photo of tumor
tissues (Figure 6G) and results of tumor weight
(Figure 6H) also confirmed that overexpression
of NEK2 increased tumor growth.

Tovalidate the role of NEK2/B3-catenin/Myc/KD-
M5B/H3K4me3 pathway in vivo, the expres-
sion levels of the signal proteins in tumor tis-
sues were checked. Results of western blot
analysis of MGC-803-NEK2-KD (on) tumor tis-
sues showed that NEK2 down-regulation led to
suppression of -catenin, inhibition of KDM5B
and enhanced H3K4me3 (Figure 6l). Accor-
dingly, NEK2 overexpression in BGC-823-NE-
K2-OE (on) tumor tissues led to activation of
B-catenin, enhanced KDM5B expression and
inhibition of H3K4me3 (Figure 6J). These re-
sults suggested that NEK2 might mediate in
vivo tumor growth by regulating (3-catenin/Myc/
KDM5B/H3K4me3 pathway.

Discussion

NEK2 has been reported to be involved in caner
development and NEK2 inhibitors were desi-
gned and developed as candidates for anti-
cancer therapy [12, 13, 37-39]. In the present
study, we focused on studying the roles of
NEK2 in the malignant behaviors of GC and the
possible mechanisms of regulative effects of
NEK2 on KDM5B expression in GC cell lines

Am J Cancer Res 2019;9(11):2364-2378
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Figure 6. Involvement of NEK2/B-catenin/Myc/KDM5B/H3K4me3 pathway in in vivo tumor growth. A. Tumor growth
of MGC-803-NEK2-KD cells in nude mice treated with 1.0 mg/kg Dox to induce NEK2 knockdown. B. Body weight
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Body weight of nude mice inoculated with BGC-823-NEK2-OE cells with or without 1.0 mg/kg. G. Photo of tumor
tissues isolated from nude mice inoculated with BGC-823-NEK2-OE cells with or without 1.0 mg/kg Dox. H. Weight
of tumor tissues isolated from nude mice inoculated with BGC-823-NEK2-OE cells with or without 1.0 mg/kg Dox. .
Levels of NEK2, B-catenin, c-Myc, KDM5B and H3K4me3 in tumor tissues isolated from nude mice inoculated with
MGC-803-NEK2-KD cells with or without 1.0 mg/kg Dox. J. Levels of NEK2, B-catenin, c-Myc, KDM5B and H3K4me3
in tumor tissues isolated from nude mice inoculated with BGC-823-NEK2-OE cells with or without 1.0 mg/kg Dox.
Data are expressed as means + SEM. Statistical significance was analyzed using Student’s t-test, *P < 0.05, **P <
0.01 versus MGC-803-NEK2-KD water (off) group or BGC-823-NEK2-OE Dox (off) group.

both in vitro and in vivo. Our results showed
that, knockdown of NEK2 in MGC-803 cells
inhibited cell proliferation and migration while
overexpression of NEK2 in BGC-823 cells re-
sulted in enhanced cell proliferation and migra-
tion in vitro. At the same time, in in vivo study,
knockdown of NEK2 in MGC-803 cells inhibited
tumor growth while overexpression of NEK2 in
BGC-823 cells resulted in enhanced tumor
growth. Results of the present study suggested
that NEK2 did play an important role in malig-
nant GC, both in vitro and in vivo.

Furthermore, a NEK2/B-catenin/Myc/KDM5B
pathway which might be a new mechanism of
NEK2 in GC was found in our study. High levels
of NEK2 and KDM5B were both correlated with
GC in clinic [9, 10, 21]. In our study, we found
that NEK2 high expressed cancer cells were
accompanied by high expression level of KD-
M5B. NEK2 inhibitors could induce decrease in
level of KDM5B and increase in level of H3-
K4me3. Knockdown of NEK2 in MGC-803 cells
also led to KDM5B inhibition while overexpres-
sion of NEK2 in BGC-823 cell lines resulted in
enhanced KDM5B expression. These results
suggested a possible relationship between
NEK2 and KDM5B which has never been re-
ported before. Results of co-IP assay excluded
direct interaction between NEK2 and KDM5B,
which suggested that other signal proteins
might be involved in the regulative effects of
NEK2 on the expression of KDM5B.

It was reported that NEK2 could bind and par-
ticipate phosphorylation of B-catenin, stabilize
and recruit B-catenin to regulate centrosome
disjunction/splitting [40-42]. Overexpression of
NEK2 in multiple myeloma ARP1 cells and lung
cancer H1299 cells resulted in nuclear accu-
mulation of B-catenin, while NEK2 knockdown
decreased the level of nuclear B-catenin [43].
Moreover, overexpression of NEK2 in resected
colorectal cancer tissues was associated with
lower tumor membranous (3-catenin expression
and higher cytoplasmic and nuclear -catenin
accumulation [40]. B-catenin could translocate
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into the nucleus and form a complex with T-cell
factor (TCF)/lymphocyte enhancer factor (LEF)
to activate transcription of target genes such
as c-Myc [44].

NEK2 depletion in hepatocellular carcinoma
HepG2 cells reduced B-catenin expression and
diminished expression of c-Myc as well [45,
46]. At the same time, c-Myc and KDM5B could
interact each other and form complex in regu-
lating the level of H3K4me3 at the endogeno-
us promoter and expression of CDKN1A [47].
Therefore, we predicted that there might be a
NEK2/B-catenin/Myc/KDM5B/H3K4me3 path-
way in GC cells.

Results of our further studies showed that,
NEK2 knockdown led to down-regulation of 3-
catenin and c-Myc, accompanied with decrease
in KDM5B and increase in H3K4me3 level. On
the other hand, when NEK2 was overexpressed,
-catenin and c-Myc were enhanced, accompa-
nied with KDM5B up-regulation and H3K4me3
depletion. These findings confirmed that the
involvement of the B-catenin/Myc pathway in
the regulative effects of NEK2 on KDM5B/
H3K4me3 expression. To further confirm the
results, the selected c-Myc inhibitor (10058-
F4) and KDM5B inhibitor (CPI-455) were used
to verify the upstream and downstream rela-
tionship of NEK2/KDM5B and [-catenin/Myc
pathways. 10058-F4 could disrupt the associa-
tion between c-Myc and Max [29] and dramati-
cally inhibited the transcriptional activity of c-
Myc, and thus resulted in down-regulated ex-
pression of downstream targets of c-Myc [30,
31]. CPI-455, a specific KDM5 inhibitor, could
inhibit the demethylase activity of KDM5A and
increased global levels of H3K4 trimethylation
(H3K4me3) in multiple cancer cell lines [32,
36]. Our results showed that, c-Myc inhibitor
(10058-F4) induced decrease in ¢-Myc and
KDM5B and increase in H3K4me3 levels but
did not cause significant change in [-catenin
level in BGC-823-NEK2-0OE cells. As to KDM5B
inhibitor CPI-455, it only decreased KDM5B
level and increased H3K4me3 level, but did not

Am J Cancer Res 2019;9(11):2364-2378



NEK2 and KDM5B in gastric cancer

§ E-catenin

1
I

c-Myc
-catenin inhibilor
‘ 1

Nucleus

ipti transcriptio]
TCFILEF I——"a"sc"mmn c—Myct l—‘E 1

zreeees I

origenis

Figure 7. lllustration of the NEK2/B-catenin/Myc/KDM5B/H3K4me3 path-
way. NEK2 binds to and stabilized B-catenin [40-42], promotes [B-catenin
translocation into nucleus [40, 43]. B-catenin forms a complex with TCF/
LEF to activate the transcription of c-Myc gene [44]. As a transcriptional
factor, c-Myc may transcriptionally regulate the expression of NEK2 and KD-
M5B. KDM5B demethylates H3K4me3 to a transcriptionally inactive state
and decreases the transcription of tumor suppressor genes, then promotes
cancer cell proliferation, metastasis and tumorigenesis.

cause significant change in c-Myc or B-catenin
levels in BGC-823-NEK2-OE cells. Both KDM5B
inhibitor and c-Myc inhibitor dramatically inhib-
ited proliferation and migration capability of
BGC-823-NEK2-OE cells. These results con-
firmed the finding of NEK2/3-catenin/Myc/KD-
M5B/H3K4me3 pathway. While, c-Myc and KD-
M5B inhibition were also accompanied with
down-regulation of NEK2. The results suggest-
ed possible feedback system in control of NEK2
expression which was in accordance with the
previous report that NEK2 was transcriptionally
regulated by c-Myc in myeloma cells. NEK2
expression was significantly decreased at both
transcription and protein levels following inhi-
bition of c-Myc [48]. The pathway of NEK2/[3-
catenin/Myc/KDM5B/H3K4me3 was also con-
firmed in in vivo study. In mice inoculated with
GC cells, NEK2 down-regulation led to suppres-
sion of tumor growth, inhibition of B-catenin,
KDMB5B and enhanced H3K4me3. And, NEK2
overexpression led to increased tumor growth,
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activation of 3-catenin, KDM5B
and inhibition of H3K4me3.

In summary, our results indi-
cate that NEK2 plays an impor-
tant role in the proliferation,
migration and tumor growth in
GC. Also, based on our find-
ings, we predicted the signal
cascades related to the path-
way of NEK2/B-catenin/Myc/

KDM5B/H3K4me3 (Figure 7).
i NEK2 binds to and stabilized
B-catenin [40-42], promotes 3-

< catenin translocation into nu-

cleus [40, 43]. B-catenin forms
a complex with TCF/LEF to acti-
vate the transcription of c-Myc
gene [44]. As a transcription-
al factor, c-Myc may transcrip-
tionally regulate NEK2 and KD-
M5B expression. KDM5B de-
methylates H3K4me3 to a tr-
anscriptionally inactive state
and decreases the transcrip-
tion of tumor suppressor ge-
nes, then promotes cancer cell
proliferation, metastasis and
tumorigenesis.

Ka masvlv

Our study demonstrates that
NEK2 was highly expressed in
GC cell lines and related to
enhance cell proliferation, migration and tumor
growth. NEK2 could regulate KDM5B/H3K4-
me3 expression through B-catenin/Myc both in
vitro and in vivo. There might be a NEK2/B-
catenin/Myc/KDM5B/H3K4me3 signaling pa-
thway which could contribute to the important
carcinogenic role of NEK2-mediated malignant
behaviors in GC. This finding reveals a new
mechanism of NEK2 causing the malignant
transformation of GC and can help drive the
design of more effective therapies in NEK2-
targeted treatment of GC.
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