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Abstract

Background: Colorectal cancer (CRC) is one of the most
common causes of cancer-related death in the world. The
expression of N-myc downstream-regulated gene 2 (NDRG?2) is
down-regulated in CRC. The aim of this study was to investigate
the effect of NDRG2 overexpression on cell proliferation and
invasive potential of SW48 cells.

Methods: SW48 cells were transfected with a plasmid
overexpressing NDRG?2. After stable transfection, the effect
of NDRG2 overexpression on cell proliferation was evaluated
by MTT assay. The effects of NDRG2 overexpression
on cell migration, invasion and cell motility and matrix
metalloproteinase 9 (MMPY) activities were also investigated
using matrigel transwell assay, wound healing assay and gelatin
zymography, respectively.

Results: MTT assay showed that overexpression of NDRG2
caused attenuation of SW48 cell proliferation. Transwell and
wound healing assay revealed that NDRG2 overexpression led
to inhibition of migration, invasion, and motility of SW48 cells.
The overexpression of NDRG2 also reduced the activity of
secreted MMP-9.

Conclusions: The results of this study suggest that NDRG2
overexpression inhibits proliferation and invasive potential of
SW48 cells, which likely occurs via suppression of MMP-9
activity.
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Introduction

Colorectal cancer (CRC) is one of the major causes of
cancer-related death in the world." Currently, chemotherapy,
radiotherapy, and surgical removal of primary tumors are
available treatments for CRC. Despite improvements in the
treatment modalities, side effects of chemotherapeutic agents,?
and metastasis of CRC tumors? still remain challenges of CRC
treatments. Metastasis is a complex and multistep process,
which includes the degradation of extracellular matrix, migration
of tumor cells into the blood or lymph circulation and invasion of
other tissues. Understanding the role of genes or molecules that
involve in the CRC metastasis is very crucial because may lead
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to the development of new and more effective
therapeutic strategies.

N-myc downstream-regulated gene 2
(NDRG2, Protein Accession No: Q9UN36) is a
41 kDa cytoplasmic protein of NDRG family, which
encodes by human NDRG2 gene (GenBank
Accession No. AF159092). It is normally
expressed in several tissues and involved
in multiple biological processes, including
cell growth, differentiation, and apoptosis.*
Increasing evidence suggests that NDRG2
may act as a tumor suppressor gene in several
tumors. Decreased expression of NDRG2 has
been reported in several malignancies, including
breast cancer,® colon cancer,® glioblastomas,’
meningiomas,® and liver cancer.® In addition,
it has been indicated that overexpression of
NDRG2 inhibited proliferation of several tumor
cell lines such as bladder' and liver."

The association of NDRG2 with CRC has
been shown in recent studies. The suppression
of NDRG2 expression in CRC tumors and its
association with the stage, recurrence and
outcome of tumors,” upregulation of cell-
cell adhesion protein such as E-cadherin®
and down-regulation of T-cell factor/B-catenin
signaling by NDRG2'* have been discussed in
the aforementioned studies. CRC tumor cells
are invasive cells and their metastasis to liver,
lung, peritoneum, and lymph nodes has been
well indicated. The ability of CRC tumor cells to
invade surrounding tissues is highly dependent
on the synthesis and release of matrix
metalloproteinase (MMPs). MMPs are released
from tumor cells and permit the migration of
cancer cells by degradation of extracellular
matrix.”® MMP-9 is an important member of
MMPs family, which is considered to be involved
in the metastasis of gastro-intestinal tumors
including CRC. Overexpression of MMP-9
and its association with the poor prognosis of
CRC patients has been reported in several
studies.”® To the best of our knowledge, the
effect of NDRG2 on invasion and migration of
CRC tumor cells has not been investigated yet.
Thus, in the current study, we sought to study
the effects of NDRG2 gene overexpression on
proliferation, invasion, migration, and motility of
SW48 colorectal cancer cells. Furthermore, the
effect of NDRG2 overexpression on the activity
of matrix MMP9 was also evaluated.

The reason to choose the SW48 for this study
was the high invasive and proliferative abilities of
this cell line. In a study conducted by Roh et al.,"”
the invasiveness and the expression of invasion-
associated-genes were compared between 12
commonly used colorectal cancer cell lines. The
results indicated that among the cells studied,
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SW48 cells showed the highest expression of
invasion-mediated genes, specially MMP2, MMP9
as well as angiogenic factors such as the vascular
endothelial growth factor (VEGF). Furthermore,
this cell line exhibited highest invasion and
migration activities on a transwell migration and
invasion assay, thus it appeared that it was a
suitable cellular model for our in vitro study.

Materials and Methods

Cell Culture and Reagents

The human colorectal cancer cell line SW48
was purchased from the cell bank of the Pasteur
institute of Iran (ATCC number: CCL-231). The
cells were cultured in RPMI medium (Gibco/
Invitrogen, Carlsbad, CA) supplemented with
10% heat-inactivated fetal bovine serum and
100 units/ml penicillin-streptomycin (Gibco) at
37°C in a humidified 5% CO2 incubator.

Plasmid Amplification and Purification
pCMV6-AC-GFP plasmid encoding
C-terminal green fluorescent protein (GFP)-
tagged NDRG2 (NDRG2 plasmid) and negative
control pCMV6-AC-GFP  plasmid  without
NDRG2 (Mock plasmid) were purchased from
Origene (Origene Technologies Inc., USA). The
competent Escherichia coli strains DH5a were
used for the proliferation of plasmid constructs.
For each transformation, 100 ng of DNA was
added to 25 ul of competent cells, and incubated
on ice for 30 minutes, followed by heat shock
at 42°C for 2 minutes and incubation on ice for
2 minutes. The cells were allowed to recover in
1 ml Luria-Bertani (LB) broth and then incubated
for 60 minutes at 37°C with shaking. The cells
were plated on LB-agar plate containing 100
pg/ml ampicillin (plasmids encoded ampicillin
resistance) and incubated at 37°C overnight to
select the transformants. After overnight culture,
one colony of each plasmid was transferred to
3 ml of LB broth supplemented with ampicillin
(50 pg/ml) for 5 hours of pre-culture at 37°C
before transfer to 500 ml LB broth for a further
overnight of incubation in a rotating incubator.
The overnight culture was centrifuged at 5000 g
for 10 minutes, and the resulting pellet was used
to extract plasmid DNA using PureLink™ HiPure
plasmidfilter purification kit (Invitrogen, UK) as per
manufacturer’s instructions. The concentration
of the extracted DNA was measured using the
NanoDrop ND-100 Spectrophotometer.

Stable Overexpression of the NDRG2 Gene in
SW48 Colorectal Cancer Cells

SW48 cells were transfected with NDRG2
plasmid or mock plasmid using Lipofectamine
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2000andplusreagents (Invitrogen, Carlsbad, CA)
according to the manufacture’s instruction. The
transfection efficiency was tested using counting
of GFP expression cells under fluorescence
microscope with filter sets designed for GFP. For
the selection of stable transfected SW48 cells,
medium containing 300 ug/ml of G418 (Gibco)
was applied 48 hours after transfection. After
2 weeks, the colonized cells were selected
and then cultured for further selection. The
established cell lines were maintained with
normal growth medium containing 300 pg/ml of
G418.18

Cell Proliferation Assay

The effect of NDRG2 overexpression on
SW48 cell proliferation was evaluated by
MTT assay. The normal non-transfected (WT
group), pCMV6-AC-GFP (mock group), and
pCMV6-AC-GFP-NDRG2 transfected cells
(5%10° cells/ml) were cultured into 96 well
plates for different durations (1, 2, 3, 4, 5, 6 and
7 days after stable transfection) and then MTT
assay was performed. Briefly, MTT reagent
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide, 5 mg/ml dissolved in PBS)
was added to each well and incubated at 37°c
for 4 hours. The reaction was stopped by the
addition of 150 pl dimethyl sulfoxide (DMSO)
followed by shaking for 10 minutes. Absorbance
values were then measured at 570 nm."°

Migration and Invasion Assays

Invasion and migration assay were performed
using a 24 well transwell insert (8 um pore filters,
BD Bioscience, Bedford, MA) with and without
matrigel-coated membrane, respectively.
Briefly, for migration assays, after filling the
lower part of the transwell with RPMI plus 10%
FBS, A549 cells (5%x10°%) suspended in serum-
free RPMI were added to the upper part of the
transwell, and incubated for 6 hours at 37°C.
The cells were allowed to migrate to the bottom
of the well through a porous membrane. After
incubation, the cells migrating to the lower surface
of the membrane were fixed with methanol
for 5 minutes and stained with 0.1% crystal
violet. For the invasion assays, the membrane
was coated with 100 ul (1 mg/ml) matrigel (BD
Bioscience, Bedford, MA). SW48 cells (5%10%)
were plated onto the upper part of the matrigel-
coated transwell chamber and incubated for
24 hours. The invaded cells were then fixed with
methanol, stained and counted.?

Wound Healing Assay

SW48 cells were cultured at a density of
1.0x1068 cells/well in 6 well plates. After the cells
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had grown to a full confluent monolayer, the cell
monolayer was carefully scraped using a sterile
tip to create a wound (scratch) and washed twice
with fresh medium to remove any debris. The
cells were incubated for 24 hours. Photographs
of the wound were taken immediately (O hour)
and 24 hours after scraping and the area, the
scratch was measured using Image software.?'

Determination of MMP-9 Activity by Gelatin
Zymography

The enzymatic activity of MMP-9 was analyzed
by gelatin zymography. Serum-free culture
supernatant fractions were collected and mixed
at a 1:1 ratio with non-reducing sample buffer
(2% sodium dodecyl! sulphate, 50 mM Tris-HCI
(pH 6.8), 10% glycerol, 0.001% bromophenol
blue) for preparing samples. The samples were
electrophoresed on a 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) containing 0.1% gelatin. The gels were
washed twice with washing buffer (50 mM Tris
HCL, PH7.5, 100 mM Nacl, 2.5% triton x100) and
then treated with incubation buffer (50 mM Tris-
HCL, PH7.5, 150 mM Nacl,10 mM Cacl 2, 0.02%
NaN3) at 37°C for 24-48 hours. After incubation,
the gels were stained (0.05% coomassie blue,
10% isopropanol, 10% acetic acid) and then
destained (20% methanol, 10% acetic acid).
MMPs were detected as a clear zone on the
blue background. The gels were scanned using
a densitometer (Bio-Rad GS-800) and the
density of bands were measured using Image J
software (National Institutes of Health, Bethesda,
MD, USA).%2

Statistical Analysis

All statistical analysis was performed using
SPSS software. Comparisons of the experimental
results between the groups were made using a
one-way ANOVA analysis, followed by Tukey post-
hoc for multiple comparisons. A two-way repeated
measures ANOVA, followed by the Bonferroni
post-hoc test, varying treatment [between-subjects
factor (3 levels)]xtime[within-subjects repeated
measure (7 levels)] was performed on the MTT
assay data to test the effects of different treatments
at different time points on cell viability. All data are
represented by the meanzstandard deviation of
at least three independent experiments. P values
<0.05 were considered as significant difference
between groups.

Stable Expression of NDRG2 in SW48 Cells
For stable overexpression of NDRG2 in
SW48 cells, the cells were transfected with
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a plasmid encoding C-terminal GFP-tagged
NDRG2. The expression of GFP-tagged
NDRG2 was confirmed by fluorescence
microscopy (Figure 1). NDRG2 was localized in
the cytoplasm and nucleus of the SW48 cells.
Efficiency of transfection was more than 98%
after stable transfection using G418 (Figure 1).

NDRGZ2 Overexpression Inhibits Viability of
SW48 Cells

MTT assay was used toinvestigate the effect of
NDRG2 overexpression on SW48 cells viability.
Two-way repeated measures ANOVA analysis on
MTT data showed a significant effect of treatment
[F(2)=619.99, P<0.001], time [F(4,330)=2799.8,
P<0.001] and “timextreatment” interaction
[F(8,97)=163.69; P<0.001].The cell viability
increased over time in all the three experimental
groups. However, Bonferroni post-hoc test
indicated that this increase occurred more
gradually in the NDRG2 group compared with
wild type or mock-transfected cells (Figure 2).
The cell viability of NDRG2-overexpressed cells
were lowered compared to both wild type and
mock-transfected cells at days 4, 5, 6 and 7
(P<0.001, two-way repeated-measures ANOVA
and Tukey tests). The same statistical analysis
showed no significant difference between the
cell viability of control and mock group at all the
time tested (P=0.231).

NDRG2 Gene Transfer Inhibits the Migration
and Invasion of SW48 Colorectal Cancer Cells

To explore the effect of NDRG2
overexpression on metastatic activity of
SW48 cells, in vitro transwell migration
assay/invasion assay was performed. The
representative micrographs in Figures 3A and
4A reveal the migrated and invaded SW48 cells
at the lower surface of the transwell filter,
respectively. As shown in the micrographs,
overexpression of NDRG2 in SW48 cells
(NDRG2 group) significantly suppressed their
migration and invasion through the transwell
compared to mock and WT group. The number
of migrated cells (Figure 3B) (P<0.001) and
invaded cells (Figure 4B) (P<0.001) were
significantly lower in NDRG2 group compared
to mock group and WT group. No significant
differences were observed between mock group
and the WT group with respect to the number
of migrated cells (P=0.60) and invaded cells
(P=0.20).

The Effects of NDRG2 Overexpression on Cell
Motility of SW48 Cells

The effect of NDRG2 overexpression on
SW48 cell motility was measured at 24 hours
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Figure 1: GFP-tagged NDRG2 overexpressed in the SW48
cells. Green fluorescence represented the successful

transfection and overexpression of GFP-tagged NDRG2.
The exogenously introduced NDRG2 was localized in the
cytoplasm of the SW438 cells.
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Figure 2: NDRG2 overexpression reduced SW48 cell
viability. Cell viability was determined by MTT assay.
Compared with the control and mock group, overexpression
of NDRG2 significantly inhibited the proliferation of SW48

cells at 4 to 7 days after stable transfection. The results are
the meanzSD of at least three independent experiments
(*P<0.001 compare to WT group, by two-way repeated
measures ANOVA).

after stable transfection, using wound healing
assay. NDRG2 expressing cells spread along
the wound edges significantly moved slower to
area of scratch than vector-transfect cells (mock
group) indicating NDRG2 inhibit cell motility
(Figure 5).

NDRGZ2 Overexpression Decreases Activity of
MMP-9 of SW48 Cells

Gelatin zymography technique was used to
examine the effect of NDRG2 on the secretion
of MMP9 from the cells into the surrounding
medium. The activity of MMP-9 is appeared
as clear band at 82 kd. As shown in Figure 6,
NDRG2 caused a significant decrease in the
activity of secreted MMP-9 in the surrounding
medium of NDRG2 group compared to WT and
mock group (*P<0.001).
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WT group Mock group NDRG2 group
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Figure 3: NDRG2 overexpression reduced migration of SW48 cell. Cell migration was determined by transwell assay. Compared
with the control and mock group, overexpression of NDRG2 significantly decreased the number of migrated SW48 cells. The
results are the meanzSD of at least three independent experiments (*P<0.001 compare to WT group).

WT group Mock group NDRG2 group

B3 WT (non infected cells)
@D mock (pPCMV-AC-GFP)

Number of invaded cells/field

Group

23 NDRG2 (pCMV-AC-GFP-NDRG2)

Figure 4: NDRG2 overexpression reduced invasion of SW48 cell. Cell invasion was determined by matrigel-transwell assay.

Compared with the control and mock group, overexpression of NDRG2 significantly decreased the number of invaded SW48

cells. The results are the meantSD of at least three independent experiments (*P<0.001 compare to WT group).

Tumor suppressor genes inhibit the proliferation
and invasion of cancer cells. A growing body
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of evidence has suggested the role of human
NDRG2 as a tumor suppressor gene. In order
to investigate the effects of NDRG2 on the
proliferation and invasion of CRC cells, we
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Figure 5: NDRG2 overexpression reduced SW48 cells cell motility. The cell motility of stably transfected pCMV6-AC-GFP-
NDRG2 cells (NDRG2 group) and pCMV6-AC-GFP transfected cells (mock group) was determined by wound migration assay.
A: Representative photographs taken at 0 h and 24 h after scratch creating (40x). B: Percent of wound closure was measured at

0 h and 24 h after scratch creating using image J software. The experiments were performed in triplicate (*P<0.01).

-

B2 WT (non infected cells)
OO mock (pCMV-AC-GFP)
B3 NDRG2 (pCMV-AC-GFP-NDRG2)

-

Gelatinase activity percent of WTgroup

Figure 6: Gelatinase activity of MMP-9 in non-infected cells
(WT group, Lane 1, 4), pCMV-Ac-GFP (mock group, Lane
2, 5), and pCMV-Ac-GFP-NDRG2 (NDRG2 group, Lane 3,
6) was measured. Active MMP-9 (82 Kd) degraded gelatin

in gelatin-containing SDS-PAGE and left a band that was
not stained by Coomassie Blue (A). NDRG2 expression
reduced MMP-9 activity compared to the other groups (B).
The experiment was performed in triplicate. (*P<0.001).

established an invasive CRC cell line, SW48-
NDRG2 cell, which stably expressed human
NDRG2. Our findings demonstrated that
the stable expression of NDRG2 attenuated the
proliferation, invasion, and cell motility of the
SW48-NDRG2 cells. The results also revealed
reduction of MMP9 activity upon expression of
NDRG2. These findings suggested that NDRG2
may function as an anti-proliferative and anti-
metastasis factor in the CRC cells.

The first finding of our study was the inhibitory
effects of NDRG2 on the proliferation of SW48-
NDRG2 cells. The results of MTT assay
demonstrated that the proliferative capacity
of SW48-NDRG2 cells was continuously
reduced in the days after overexpression of
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NDRG2 protein, suggesting a role of NDRG2 in
inhibiting SW48 cell proliferation. Similar results
have been shown in normal and tumor cells.
Yang et al. has reported that overexpression of
NDRG2 inhibited proliferation of normal liver cell
through p53- and p21-mediated suppression of
cell cycle.?® In a study conducted by Kim et al.,?*
they have shown that the stable expression
of NDRG2 arrested the SW620 cells in the
G1/S phase of the cell cycle through inhibiting
cyclin D and increasing p21 expression. The
other possible mechanism for anti-proliferative
effects of NDRG2 may be induction of cell
apoptosis. It has been demonstrated that
NDRG2 reduced proliferation of prostate?® and
breast cancer cells® through stimulation of cell
apoptosis. Furthermore, it has been recently
shown that NDRG2 inhibited the proliferation
of renal tumor cells upon expression in the
mitochondria. Thus, inhibiting ATP synthesis
through interfering in the enzymatic activity
of ATP synthase or through the inhibiting
respiratory chain in the inner membrane of
mitochondria is another possible explanation for
the anti-proliferative effects of NDRG2.#"
Another finding of the present study was the
inhibition of SW48 cells migration and invasion by
NDRG2. Our results revealed that the numbers
of migrated and invaded cells were significantly
fewer in SWA48-NDRG2 cells compared to
control cells. These results also confirmed by
the findings of wound healing motility assay,
which showed a lower migration rate of SW48-
NDRG2 cells compared to the control cells.
Similar results have been reported in prostate,?
breast,?® and hepatocarcinoma cancer® cell
lines. Taken together, these data implied the
role of NDRG2 as general anti-metastatic
factor in these tumors. The exact molecular
mechanisms that are behind the NDRG2 effects
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in SW48 cell remain unknown at present. Down-
regulation of cyclin D,?* up-regulation of P53,"
induction of bone morphogenetic protein-4,%
attenuation of TCF/catenin signaling pathway'®
are among the mechanisms that previously
suggested for the effects of NDRG2 on other cell
line. Further investigations are needed to explore
the role of these pathways in the mechanism of
NDRG2 effects in SW48 cells.

MMP9 (gelatinase B) is known to play
important roles in tumor invasion via degradation
of extracellular matrix proteins and activation
of latent transforming growth factor beta
(TGF-B).*2 The role of MMP-9 in the invasion
and metastasis of CRC has been implicated.®?
In a recent study, it has been demonstrated
that overexpression of MMP-9 increased
metastasis of CRC tumors to the lung.** In the
patients with CRC, high levels of serum MMP-9
and its positive correlation with the stage of
the tumor have been shown.?® Furthermore,
it has been indicated that the inhibitory effects
of several natural substances®?®” or drugs®®
against invasion of CRC cells is mediated by
inhibition of MMP9 activity. SW48 cell is among
highly invasive and proliferative CRC cell lines,
which display a high expression of invasion-
associated genes, including MMP9." In this
study, we used a well-known technique of gelatin
zymography to investigate the effects of NDRG2
overexpression on secreted MMP-9 activity. This
technique is based on the degradation of gelatin
by MMP-9, a repeatable and sensitive method
that can detect picogram levels of MMP-9.
Furthermore, it can discriminate between MMP-2
and MMP-9 and their respective pro-enzymes
(pro-MMP-2 and pro-MMP-9). Consistent
with the findings of a previous study, our data
showed a high level of MMP-9 activity in the
medium of SW48 cells.”” The results of gelatin
zymography also demonstrated a reduction of
MMP9 activity in NDRG2 overexpressing cells
compared to control and to mock cells. These
findings suggest that NDRG2 overexpression,
probably affects cell invasion via inhibition
of MMP-9. Similar results have been shown
in other tumor cells, including breast cancer
cells,® bladder cancer cell line,"® and prostate
cancer cells.?® The activities of MMP9 can be
influenced by several factors, including the rate
of its expression. We did not evaluate the effect
of NDRG2 on MMP9 gene expression. It is a
limitation of our study, thus our results need to
be reconfirmed in studies employing real time
PCR in order to define the effect of NDRG2 on
MMP9 gene expression. However, even with
this limitation, our results indicated that NDRG2
inhibited invasion and reduced MMP 9 activity.
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Our findings demonstrated the expression of
NDRG?2 in the cytoplasm and nucleus of stably
transfected SW48-NDRG2 cells. A similar result
has been reported in astrocytes.* The presence
of nuclear localization signal (NLS) sequence
is required for translocation of many proteins
to the nucleus of the cells. However, NLS
sequence has not been shown in the primary
structure of NDRG2. Hwang et al.*® showed
that a part of NDRG2 structure between 101 to
178 amino acid sequences of NDRG2 protein is
responsible for translocation of NDRG2 to the
nucleus. It has been demonstrated that under
basal condition when the expression of NDRG2
is low, it is mainly localized in the cytoplasm
of the cells. When the cells are activated by
stimulation factors, such as ischemia or hypoxia,
NDRG2 is overexpressed and translocated to
the nucleus.®® Thus, it appears that nucleolar
localization of NDRG2, which seen in our study,
may be related to the overexpression of NDRG2.
Further studies using confocal microscopic
studies are necessary to confirm these findings.

Conclusions

In conclusion, the present data support the
view that overexpression of NDRG2 inhibits
proliferation, migration, invasion, and cell motility
of SW48 cells. Although further studies are
needed to explore the potential mechanisms by
which NDRG2 modulates viability and invasive
characteristics of SW48 cells, our data suggests
that inhibition of MMP9 activity could be a
molecular mechanism for anti-metastatic effects
of NDRG2. Confirmation of these in vitro data by
further in vivo studies may provide a basis for
use of NDRG2 as a molecular target in inhibition
of metastasis of colorectal cancer.
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