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ABSTRACT

Inactivation of tumor suppressor genes is a key factor in cancer regulation. N-myc downstream regulated gene 1
(NDRGT1) is a tumor suppressor gene well known to be involved in carcinogenesis of numerous cancer types. The pre-
sent study was designed to investigate the role of NDRG1 in human ovarian cancer, using SKOV-3 and SW626 (mod-
erately and well differentiated cancer cells, respectively). Our results revealed that over-expressed NDRGI1 significantly
up-regulated the differentiation marker p21, in the ovarian cancer cell lines. This regulation led to decrease in cell vi-
ability and DNA synthesis rates in SW626 cells (83% and 89.5%, respectively). However, no effect on viability or on
DNA synthesis was observed in SKOV-3 NDRGI-transfected cells. These findings prove that NDRGI is indubitably
functional in human ovarian cancer cells, as it up-regulated p21 expression. Nevertheless, this regulation showed dif-
ferential effect on cell viability and DNA formation thus promoting the perception that downstream regulation of p21
could be inefficient in some cancer cells, a concept that needs to be further explored in order to understand its disability
to play as regulator of cell cycle progression.
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1. Introduction Furthermore, NDRG]1 is directly involved in endoplas-
mic reticulum stress response and nuclear transcription
factor activation, consequently modulating the expres-
sion of multiple genes[11]. The role of NDRGI expres-
sion in normal and cancer tissue remains controversial.
Studies have shown down-regulation of NDRGI in tu-
mors of colon[12], breast[13] and prostate [4,9]. In con-
trast, NDRG1 up-regulation has been reported in hepa-
tocellular carcinoma [14], renal cell carcinoma [15,16],
and endometrial cancer [17]. NDRG1’s function and
regulation in cancerous human ovary is not clear. We
undertook this task and investigated two distinctly dif-
ferentiated human ovarian cancer cell lines: SKOV-3
(moderately differentiated) and SW626 (well differenti-
ated). It is shown that NDRGI is expressed and is func-
tional in these cells, as it was able to induce p21 expres-
sion. However, unlike in SW626 cells, NDRG1 failed to
reduce cell viability and DNA synthesis in SKOV-3 cells.

N-myc downstream regulated gene-1 (NDRG1) has been
identified in several independent in vitro studies of hu-
man cell lines and is known by various names such as
Drg-1 [1], RTP [2], Cap43 [3], rit42 [4], and PROXY-1
[5]. The gene is known to be involved in cellular differ-
entiation [6,7], proliferation and growth arrest[6], heavy
metal response [3,8], DNA damage [4], hypoxia response
[8], tumor progression and metastasis[9,10]. The role of
NDRGI! in tumor progression, invasion and metastasis
remains somewhat enigmatic and controversial. Based on
the analytic interactome of NDRGI performed on an
androgen-responsive prostatic cell line, LNCaP, it can be
argued that NDRG] is functionally linked to the forma-
tion of the E-cadherin-f-catenin complex, a key player in
cell adhesion, cytoskeleton and metastatic spreading [11].
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The present study sheds new light on NDRG1’s equivo-
cal function in human ovarian cancer cells.

JCT



Equivocal Differential Effect of NDRG1 in Human Ovarian Cancer Cells 9

2. Methods
2.1. Chemical and Biological Reagents

Cell culture media and reagents were purchased from
Biological Industries (Beit Haemek, Israel). The expres-
sion vector pcDNA3.1(+) was obtained from Invitrogen
(San Diego, CA) and TransIT®-LT1 transfection reagent
was purchased from Mirus Bio (Madison, WI). Anti-
NDRGI1 and anti-Actin goat polyclonal antibody were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA) and secondary antibody peroxidase-conjugated rab-
bit anti-goat IgG was obtained from Jackson Immu-
noResearch (West Grove, PA). Additional chemicals
were purchased from Sigma (St. Louis, MO).

2.2. Cell Culture

The human ovary cancer cell lines; SKOV-3 and SW626
were purchased from American Tissue Culture Collec-
tion (ATCC, Bethesda, MD). Cells were cultured at 37°C
in a humidified 5% CO, atmosphere in McCoy’s 5A me-
dium (SKOV-3) or in Leibowitz L-15 medium (SW626),
supplemented with 100 U/ml penicillin, 100 mg/ml
streptomycin and 10% fetal calf serum. As the Leibowitz
L-15 medium used for the SW626 cell line was devised
for use in a free gas with atmospheric air, flasks contain-
ing this cell line were kept closed in order to prevent a
mixture of CO, and air, which would be detrimental to
the cells.

2.3. Cloning of NDRG1

To create mammalian expression plasmid, total mRNA
was isolated from normal human placenta tissue using
RNAqueous”-4PCR Kit (Ambion, Austin, TX) according
to manufacturer’s instructions. Briefly, tissue was me-
chanically disrupted and lysed with lysis buffer and lys-
ate was applied to silica filter that selectively binds
mRNA. Bound RNA was washed and eluted in nuclease-
free water. Extracted RNA was reverse transcribed for
cDNA preparation. cDNA of NDRG1 was amplified by
PCR reaction using forward primer
(5’-TTAGGCAGGTACCAGCAGGGACATG-3’), which
harbored a Kpnl restriction site, and reverse primer (5’-
GAGGAGGGGGCCACTCGAGAGATCAGAGTC-3%),
that included an Xhol restriction site. The PCR amplifi-
cation was conducted with initial denaturation at 95°C
for 2 min, followed by 40 cycles of: 95°C for 30 sec,
58°C for 1 min and 72°C for 3 min, and ended with a
final synthesis step at 72°C for 10 min. The cDNA of
NDRGI1 was cloned into eukaryotic expression vector
pcDNA3.1(+) which contains the CMV promoter. Using
Kpnl and Xhol sites, the NDRG1 insert was fully se-
quenced to ensure that no mutation existed in the the
cloned gene.

Copyright © 2013 SciRes.

2.4. NDRGI1 Transfection

The NDRG1 expression plasmid or the empty vector
were transfected into human ovarian cancer cell lines
using TransIT"-LT1 Transfection Reagent (Mirus Bio,
Madison, WI) according to the manufacturer’s protocol.
The expression of NDRGI in transfected cells was tested
72 h following transfection by reverse transcription-PCR
(RT-PCR), in order to confirm the presence of NDRG1
mRNA.

2.5. RT-PCR Analysis

Total RNA from transfected cells was extracted using
RNAgqueous”-4PCR Kit (Ambion, Austin, TX) according
to manufacturer’s instructions. The quality of extracted
RNA was examined by electrophoresis on a denaturing
1% agarose gel. Extracted RNA was subjected to a two-
step RT-PCR protocol. For the creation of first strand,
cDNA EZ-first Strand cDNA Isolation Kit (Biological
Industries, Beit Haemek, Israel) was used. The cDNA
products were then amplified by PCR. In brief, PCR am-
plification mixture contained cDNA, Taq Polymerase
and PCR Buffer x10 (Sigma, St. Louis, MO), dNTP’s
(Promega, Madison, WI), ddH,O and primer pairs. The
primers were obtained from Invitrogen (San Diego, CA).
The thermal cycling procedure was identical to that de-
scribed before: denaturation at 95°C for 2 min, followed
by 40 cycles of: 95°C for 30 sec, 58°C for 1 min, 72°C
for 1 min and an end-up synthesis step at 72°C for 10
min.

2.6. Western Blot

Samples were resolved by SDS-PAGE on a 10% poly-
acrylamide gel, and blotted onto nitrocellulose membrane
(Biological Industries, Beit Haemek, Israel). The mem-
brane was blocked with 5% non-fat dry milk in TBST for
1 h at RT, followed by overnight incubation with primary
antibody solution, diluted 1:2000 with 5% BSA in TBST.
The membrane was washed three times in TBST and
incubated for 1 h at RT with horseradish peroxidase-
conjugated secondary antibody solution, diluted 1:10,000
with 1% non-fat dry milk in TBST. Following three con-
secutive washes in TBST, the antigen antibody complex
was detected by the ECL procedure (Biological Indus-
tries, Beit Haemek, Israel) according to manufacturer’s
instructions. The proteins were visualized using the
ChemiDoc™ XRS Gel Documentation System (BioRad,
Hercules, CA).

2.7. Cell Viability

Transfected cells were seeded on 96-well plates at a cell
density of 10,000 cells per well, when assayed 72 h and
96 h after transfection, and at a cell density of 4000 cells
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per well, when performed 120 h after transfection. Cell
viability was determined using Cell Proliferation Assay
kit (XTT) (Biological Industries, Beit Haemek, Israel).
The absorbance of each sample was measured using an
ELISA reader (Tecan, Spectra) at a wavelength of 450
nm with a reference absorbance of 620 nm.

2.8. DNA Synthesis

DNA synthesis was examined using the 5-Bromo-2’-
deoxy-uridine Labeling and Detection Kit III (Roche,
Manheim, Germany) which is based on the incorporation
of BrdU into proliferating cells. Cells were seeded onto
96-well plates as described in the previous section. Cells
were incubated with 10 pM BrdU for 4 h and fixed with
0.5 M ethanol/HCI, followed by incubation with nucle-
ases to partially digest the DNA. Incorporated BrdU was
detected with peroxidase labeled anti-BrdU-POD, fol-
lowed by the addition of peroxidase substrate ABTS
which produces a colored reaction product. The absorb-
ance of each sample was measured using an ELISA
reader at a wavelength of 405 nm with a reference ab-
sorbance of 492 nm.

2.9. Statistical Analysis

Each experiment was performed at least three times
unless otherwise stated, and results are represented as
means + SD. Statistical analysis of data presented were
performed using SPSS software. For the protein expres-
sion, cell viability and DNA synthesis analysis, two-
tailed student ¢-test was used in which significance was
determined at p < 0.05.

3. Results

3.1. NDRGI1 Exhibit Basal Expression Levels in
SKOV-3 and SW626 Cells

Untreated cells revealed basal levels of NDRGI1 expres-
sion at the mRNA level of both cell lines tested by
RT-PCR (Figure 1). However, basal protein levels of
NDRG! were not detected in these cells, indicating a
translation inhibition control that prevented protein for-
mation (Figure 2). Over-expression of NDRGI, using
the constructed plasmid pcDNA3.1/NDRGI, resulted in
significantly increased levels of NDRG1’s mRNA and
protein in the two cell lines. SKOV-3 cells showed six
times fold of increase in mRNA, which was mirrored in
protein expression, and SW626 cells exhibited 2.9 fold of
increase in the mRNA level that comparably led to pro-
tein expression in these cells (Figures 1 and 2).

3.2. NDRG1 Up-Regulates p21 Expression in the
Ovarian Cancer Cells

As NDRGI is considered to be a differentiating factor in

Copyright © 2013 SciRes.
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Figure 1. mRNA levels of NDRG1 in transfected ovarian
cancer cells. pcDNA3.1+/NDRG1 were transfected into the
SKOV-3 and SW626 cells and mRNA expression levels of
the gene were detected by RT-PCR and quantified by den-
sitometer analysis. Cells which transfected with pcDNA/
NDRG1 marked with (+) and control cells that were trans-
fected with empty pcDNA3.1 marked with (—). Results are
presented as average of three independent experiments
(mean = SD) and statistical significance was determined by
two-tailed student’s z-test. Significance was determined as
“p <0.05.
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Figure 2. NDRGI1 protein expression in transfected ovarian
cell lines. Protein samples (80 pg) were separated on
SDS-PAGE. Western blots were probed with anti-NDRG1
antibody or anti-f-actin antibody. Figure shown is repre-
sentative of three experiments. For protein amount equali-
zation, mouse anti-human f-actin monoclonal antibody was
used. Bands detected were subtracted from background
noise and density values calculated as percentage of f-actin
serving as control. Statistical significance determined by a
two-tailed student’s z-test. Significance was determined as
“p <0.05.

numerous cancer cell types, it was logical to explore the
regulation of other differentiation factors in ovarian can-
cer cell lines. p21 and cytokeratine 8/18, both playing
key elements in cell cycle progression, alteration and cell
differentiation, were selected to be further analyzed fol-
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lowing NDRGI transfection. The mRNA expression lev-
els of these two markers were examined 72 h post-trans-
fection. Interestingly, SW626 cells, well-differentiated
cancer cells by definition, were able to show basal levels
of p21 expression (Figure 3), whereas SKOV-3 cells
failed to demonstrate any basal expression of p21. While
mRNA levels of p21 were found to be increased by
NDRGI1 over-expression in the cell, no differences were
observed in mRNA levels of the ¢8/18 in pcDNA3.1/
NDRGTI transfected cells as compared to mock-transfec-
tion (data not shown), in both tested cell lines. It is worth
noting that the fold of increase in p21 mRNA of the
SKOV-3 cells was high and reached almost 700% fold of
increase, whilst in SW626, which already showed high
levels of p21 expression, the fold of increase was set on
approximately 35% (Figure 3).

3.3. Effect of NDRGI1 on Cell Viability and DNA
Synthesis

Cell viability was measured using the XTT method at
three time intervals post transfection (72, 96, 120 h).
SKOV-3 cells, which showed increased levels of NDRG1
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Figure 3. Effect of NDRG1 on the expression levels of p21.
mRNA expression levels of the p21 gene following NDRG1
transfection were detected by RT-PCR and further quanti-
fied by densitometer analysis. Cells which transfected with
pcDNA/NDRG1 marked with (+) and control cells that were
transfected with empty pcDNA3.1 marked with (-). Results
presented as average of three independent experiments
(mean + SD) and statistical significance determined by a
two-tailed student’s z-test. Significance was determined as
"p <0.05.
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expression alongside high increase in p21 expression,
failed to demonstrate significant decrease neither in cell
proliferation (Figure 4) nor in DNA synthesis (Figure 5).
Alternatively, over-expressed NDRG1 in SW626 cells,
with slight increase in p21 expression, was accompanied
with significant reduction in cell proliferation and DNA
synthesis levels, 96 h post transfection, (83% and 89.5%,
respectively).

4. Discussion

In the present study, new basic aspects are enlightened
concerning NDRGT1 expression and function in two di-
versely differentiated human ovarian cancer cell lines.
Basal amounts of NDRG1 mRNA exist in both the mod-
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Figure 4. Cell viability following over-expression of NDRG1
in SKOV-3 and SW626 cells. Cell viability detected using
the XTT method. Data presented are average of three ex-
periments, conducted in four replicates (mean + SD) and
are expressed as percentages of the respective control. Sta-
tistical significance was determined by a two-tailed stu-
dent’s 7-test (*p < 0.05).
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Figure 5. Effect of NDRG1 over-expression on DNA syn-
thesis. DNA synthesis was detected by BrdU method. Data
presented are averages of three independent experiments
each conducted in four replicates (mean = SD), and are
expressed as percentages of respective control. Statistical
significance was determined by a two-tailed student’s #-test
('p <0.05).
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erately and well differentiated cells (SKOV-3 and SW626,
respectively). However, no basal protein was detected in
the control cells. Following transfection, protein bands of
NDRGI at the expected molecular weight of 43 kDa
were observed in both cell lines tested. Furthermore, the
NDRGTI protein was proven to be functional in the trans-
fected cells, as evidenced by p2l induction following
over-expression of NDRGI. In contrast to the significant
increase in NDRG1 mRNA expression following trans-
fection, the surge in protein expression was much less
than expected. The discrepancy between transcription
and translation of the NDRG1 gene was reported earlier
in normal ovarian human tissue[18]. It is proposed that
there is a probability of an inhibitory effect existing on
the translational pathway of NDRGI, which inhibits
NDRGI protein translation in ovarian cancer cells. This
result might explain the failure of NDRGI to operate as
tumor suppressor gene along with ovarian cancer pro-
gression.

In addition, our findings illustrate that over-expression
of NDRG1 induced p21 expression in transfected cells
without affecting cell differentiation in SKOV-3, while
causing only small amount of cell viability reduction in
SW626 cells. A parallel phenomenon was shown in hu-
man ovarian cancer biopsies in which in 40% of the
cases, p21 was expressed at a higher level than in normal
ovarian epithelial cells, without any association to cellu-
lar proliferation inhibition [19]. Several reports also in-
dicated that down-regulated p21 was related to cancero-
genesis and survival rates of ovarian cancer [20,21]. For
this reason, down-regulated or nonfunctional p21, as seen
in the present study, would probably drive towards the
same consequences. The loss of activity of p21 in ovar-
ian cancer cells could be explained in several ways: 1)
High mRNA levels of p21 might not be necessarily ac-
companied by p21 protein translation, since a mechanism
of gene silencing such as miRNA may be involved; 2)
The p21 mRNA levels might not be high enough for the
p21 functionality, as it was proven earlier that p21°s cell
cycle activity is dose dependent. While lower levels of
p21 promote CDK/cyclin complex assembly, higher lev-
els have an inhibitory effect[19]. On the other hand, as
suggested by Barboule et al. [19], over-expressed cdk2
and cyclinA observed in ovarian IGROV1 cells allow the
cells to escape p21 inhibitory activity; 3) p21 mutations
might explain the loss of activity although this is quite
unlikely, since mutations in p21 are rare and no such
mutations were depicted in human ovarian adenocarci-
noma [22]; 4) Various mechanisms are involved in the
inactivation of p21, in which the inhibitory effect of p21
may be overcome by activated oncogenes or mutations in
tumor suppressor genes in those cells; 5) An epigenetic
phenomena such as DNA methylation and covalent
modification of histones that alter the expression of p21,

Copyright © 2013 SciRes.

could be considered, since hyper-methylation of the CpG
islands, hypoacetylated and hypermethylated histons and
silencing of several promoters of tumor suppressor genes
(p33ING1b, ARHI , PEG3, BRCA1, p16, RASSF1A), all
were described earlier in human ovarian cancer progres-
sion [23-26]; 6) Finally, mutations in PTEN and £ catenin,
which were reported earlier [27-29], may influence p21
activity.

Most recently, a new relation between p21 and stem
cell biology was unraveled [30,31]; p21 protects stem
cells from acute genotoxic stress by preventing inappro-
priate cycling of acutely damaged cells. Moreover, on-
cogene expression induces DNA damage, which leads to
reversible cell-cycle arrest and DNA repair in a p21-de-
pendent cellular response. This defense mechanism is not
operative in ovarian cancer cell lines, as first demon-
strated in the present study.

5. Conclusions

The results of this study reveal that NDRG1 is functional
in human ovarian cancer cell lines; however, it has an
ambivalent effect on cell growth progression, making the
pathway downstream NDRGI occasionally non-func-
tional. Further studies are needed in order to clarify the
role of NDRGI in human ovarian cancer as well as the
molecular pathway of NDRG1 function.

With regard to p21 role, epigenetic and gene silencing
mechanisms should be examined in order to reveal pos-
sible effects on p21 function. Elucidation of the func-
tional molecular cascade operating downstream NDRGI,
especially below the p21 block, can stimulate develop-
ment of new diagnostic and therapeutic strategies in the
fight against human ovarian cancer.
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