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Oncogenic but non-essential role of N-myc
downstream regulated gene 1 in the progression
of esophageal squamous cell carcinoma
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N-myc downstream regulated gene 1 (NDRG1/Cap43/Drg-1) has previously been shown to be dysregulated in esophageal
squamous cell carcinoma (ESCC). In this study, we investigated the role of NDRGT in the neoplastic progression of ESCC
using ectopic gain-of-function and loss-of-function approaches. Stable transfectants of the KYSE30 ESCC cell line
with altered NDRG1 levels were generated by lentiviral transduction. Although no measurable effects on in vitro cell
proliferation were observed with altered NDRG1 expression, the ectopic overexpression of NDRG1 was positively linked
to recognized markers of metastasis, angiogenesis and apoptotic evasion. Accordingly, in the nude mouse xenograft
model system, NDRG1 overexpression promoted the in vivo growth of KYSE30 derived xenografts, which could be
attributed to the reduced apoptotic and enhanced angiogenic activities associated with this gene. These processes were
mediated in part by increased NFkB activity in NDRG1 overexpressing cells. Nevertheless, no significant phenotypic
changes were observed in response to NDRG1 knock-down, suggesting that this gene might not be essential for the
neoplastic progression of ESCC. Taken together, our results suggest that NDRG1 may play positive but dispensable roles
in the progression of esophageal squamous cell carcinoma.

Introduction

Esophageal squamous cell carcinoma (ESCC) ranks as one of the
deadliest tumors with a high incidence in developing countries
including parts of Southern Africa, the Middle East and the Far
East.! Indeed, its unfavorable prognosis is further complicated
by the lack of knowledge about the molecular biology of this
disease. Recently, an immunohistochemical (IHC) study of
Japanese ESCC patients showed that overexpression of N-myc
downstream regulated gene 1 (NDRGI1) was associated with
advanced tumor stages as an independent marker of unfavorable
prognosis,? suggesting a role for NDRGI in esophageal
tumorigenesis.

Despite evidence linking NDRGI to cellular differentiation
and tissue maturation during fetal and postnatal development,?
the functions of NDRGI in cancer remain poorly understood.
The expression of NDRGL is strongly induced by various stress
signals and stimuli related to carcinogenesis, including DNA
damage, hypoxia, DNA methylation and histone deacetylation
targeting drugs, carcinogens, as well as differentiation inducers.?
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Various oncogenes and tumor suppressor genes participate in
the regulation of NDRGI expression including, p53,* HIF-1a,>¢
AP-1/ Egr-1* and PTEN,’” N-myc, c-myc'®" and VHL."? These
observations are consistent with reports that NDRGI expres-
sion is frequently altered during neoplastic processes. However,
observations regarding the functional roles of NDRGI in tumor
progression are highly contradictory, from both immunohisto-
chemical analysis of clinical samples to functional studies using
ectopic NDRGI overexpression or knock-down.

Previous studies suggested NDRGI to be a tumor suppressor,
as ectopic NDRGI overexpression showed inhibitory effects on
proliferation, metastasis and angiogenesis in colon,*'* breast,”
prostate”? e
and lung cancer cells that NDRGI1 was necessary to sensitize cells

and pancreatic cancers.'® It was also reported in colon
to doxorubicin induced apoptosis.* In addition, immunohisto-
chemistry observations in breast, colon, prostate and pancreatic
cancers reported reduced NDRGI expression in tumor tissue,
especially when the tumor became metastatic.”'3'¢

On the other hand, many other investigations support the

role of NDRGI as an oncogene. Besides ESCC? it was shown
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Figure 1. Ectopic alteration of NDRG1 expression level in KYSE30 cells and its effect on cell proliferation. “NDRG1+" refers to transfectants ectopically
overexpressing NDRG1, here and elsewhere. (A) Western blot analysis for NDRG1, p27¢P and p21®. (B) Anchorage dependent proliferation of wild
type KYSE30 cells and transfectants with altered NDRG1. The MTS proliferation assay was measured at 490 nm. Each point represents the mean of four

readings in one experiment. Bars, + SD.

that NDRGI is upregulated during human and mouse skin
carcinogenesis.””'® Elevated NDRGI levels in cancerous tissue
was also observed in human oral squamous cell carcinoma,”
cervical adenocarcinoma,?” renal, colon?? and liver cancers.?>*
In these cases, increased NDRGI1 was associated with at least one
of the following parameters: advanced tumor grade, metastasis,
vascular invasion and poor prognosis. Moreover, ubiquitous
upregulation of NDRGI in tumor tissue compared with normal
tissue was observed in multiple human cancer types including
brain, breast, lung, colon, kidney, liver and prostate cancers.’ In
functional studies, NDRGI knock-down by RNA interference
was shown to reduce cell proliferation and invasion, and induce
apoptosis in hepatocellular carcinoma cell lines.”” NDRGI could
also mediate resistance to genotoxicity-mediated apoptosis in
cultured colon cancer cells, in colon xenografts and even in colon
cancer patients (clinical trial of irinotecan).’®” Consistently,
the anti-apoptotic role of NDRGI in the context of hypoxia
was also observed in human trophoblasts, with a normal genetic
background.?® Considering these contradictory observations one
could hypothesize that the function of NDRGI in cancer may be
tissue or even cell type specific.?

Therefore, further exploration through ectopic gain- and loss-
of-function of NDRGI was performed in ESCC cell lines, since
the conflicting data in the literature do not clarify the role of
NDRGI in esophageal cancer.

Results

Altering NDRGI expression has no substantial effect on in
vitro cell growth in KYSE30 cells. To determine the potential
role of NDRGI in esophageal squamous cell cancer (ESCC),
stable transfectants with altered NDRGI levels were established
using KYSE30 cells. A lentiviral vector system containing a GFP
reporter gene to monitor transduction efficiency was used, and
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altered NDRGI expression level was verified using western blot
analysis (Fig. 1A). Flow cytometry analysis of the GFP protein
in the transfectant “pool” showed an up to 85% GFP positive
rate even 6 weeks (> 20 passages) after lentiviral transduc-
tion, indicating the cells were effectively and stably transduced
(Fig. S1A).

We next compared the growth rates of wild type KYSE30 and
derivative transfectants in culture by MTS assay. No significant
difference in growth rates was observed in both adherent and
non-adherent model systems (Fig. 1B; Fig. S2). This was con-
firmed by the similar DNA content profiles revealed by FACS
analysis of propidium iodide stained cells (Fig. S1B) as well as
the similar expression levels of several cell cycle regulators such as
p21©*t and p27%#! (Fig. 1A).

In summary, our results suggest that NDRGI protein levels
might not directly impact on cell proliferation in cultured
KYSE30 cells.

NDRGI1 is positively related to surrogate markers of
metastasis. Next, the effects of NDRGI on surrogate markers
of metastasis in KYSE30 cells were investigated using several
approaches. First, significantly enhanced motility of NDRGI-
overexpressing KYSE30 cells was observed in scratch/wound-
healing assays performed on Matrigel coated surfaces (Fig. 2A).
Consistent results were also obtained on measuring cell migration/
invasion under chemotaxis in transwell filters. Compared with
wild type KYSE30 and vector control transfectants, markedly
increased migration and invasion was observed in ectopic
NDRGI-overexpressing transfectants (Fig. 2B). Besides motility,
the invasiveness of cells was also determined by the ability of cells
to degrade extracellular matrix components. Consistent with
the evidence observed in the Matrigel invasion assay (Fig. 2B),
our zymography results indicated elevated MMP-2 activity in
response to NDRGI overexpression, with the MMP-9 activity
remaining relatively similar (Fig. 2C). Comparable observations
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Figure 2. The effect of NDRG1 on cell migration, invasion and expression of angiogenic cytokines. (A) Representative images (100x magnification) of
the scratch/wound-healing assay. The scratched “gaps” are highlighted with black lines. (B)Transwell migration and invasion assay. Cells that migrated
through plain (migration) or Matrigel coated (invasion) porous membranes were quantified 48 h after seeding. (C) Gelatin zymography to detect gela-
tinases MMP-2 and MMP-9 activity. An aliquot of concentrated culture media representative of the same number of KYSE30 wild type cells and trans-
fectants was subjected to the zymography assay. One of the three independent experiments is shown. (D) Quantitative real-time RT-PCR to determine
the effect of NDRG1 on the mRNA levels of MMP-2 and MMP-9. The expression has been normalized to B-actin mRNA. (E and F) The mRNA levels of
VEGF-A, VEGF-C, Angiopiotein-1 (Ang-1), PDGF-A, PDGF-B, GRO-a/CXCL1, GRO-B/CXCL-2, IL-6/INF-B and IL-8/CXCL-8 were determined by quantitative
real-time RT-PCR. Expression has been normalized to B-actin mRNA. Columns, mean of the normalized data from three independent experiments;
Bars, + SD; *p < 0.05 vs. wild type control.

were also shown in quantitative real-time RT-PCR assays,
showing that elevated MMP-2 but not MMP-9 mRNA levels
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may be a downstream effector of NDRGI in modulating cellular

Volume 14 Issue 2



Angiogenesis and lymphangiogenesis  play A DMSO 2 uM Doxo_ 4 uM Doxo _ 24h
important roles in solid tumor growth and metas- 5 5 5
tasis. Besides facilitating access to oxygen and - g = - <ZT: = - ‘ZT: =
nutrients for the maintenance of tumor growth, 3 x § * z « § + z = § &
angiogenesis and lymphangiogenesis also provide DY esuUumusuUunLsey
access routes for the metastasis of cancer cells. E 9 E e 2 2 § e 2 = § =
In previous studies, angiogenic cytokines such as
VEGE-A, VEGE-C, PDGE-B and angiopoictin-1 e T T T T (cleaved)
were all positively related to ESCC progression ]
and malignancy.?***% Using quantitative real-time T e e s e s e > e et > = | B-tubullin
RT-PCR, elevated mRNA levels of VEGF-A and untreated 1 mM NiSO, _1 mM CoCl, 24h
VEGF—C but not PDGF.—A, PDGEF-B and angio- — > o Sl o o o e e e e e | PARP
poietin-1 were detected in NDRGI overexpress- e — ——— PARP (cleaved)
ing cells (Fig. 2E). Furthermore, an increase in B-tubulin

VEGF-A protein secreted into the media, as deter-

mined by ELISA, was also observed with 300.7 +
48.1,311.6 + 51.4,293.3 + 82.1 and 567.9 + 49.1 pg
VEGF-A/10° cells detected in wild type, NDRG1
RNAI (p = 0.660), vector control (p = 0.771) and
NDRGI overexpressing KYSE30 cells (p = 0.021),
respectively.

Recently, pro-inflammatory chemokines have
been implicated as effective angiogenic promoters
in several cancers, including ESCC.*" Besides
directly mediating angiogenesis in endothelial
cells, chemokines may also enhance the infiltration
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of macrophages/monocytes and neutrophils as
additional potent manufacturers of angiogenic
cytokines and chemokines. Interestingly, the
mRNA levels of several pro-inflammatory
chemokines such as GRO-a/CXCLI1, GRO-B/
CXCL-2 and IL-8/CXCL-8 were found
significantly elevated in response to ectopic
NDRGI overexpression, suggesting the pleiotropic
supportive role of NDRGI on angiogenesis in
KYSE30 cells (Fig. 2F). In addition, we also
observed NDRGI may enhance the mRNA level
of IL-6/INF-B, an apoptotic suppressor and
metastatic promoter previously shown to be related
to ESCC progression.*
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In contrast, no significant phenotypic response

of NDRGI knock-down was observed in the above Figure 3. The effect of NDRG1 on apoptosis. (A) Subconfluent cells were challenged
assays. Taken together, in KYSE30 cells, we pro- with indicated reagents for 24 h. Total cell lysate (including the floaters) was subjected
pose NDRGI as a positive modulator of metastasis to western blot analysis to detect the intact (p116) and cleaved (p85) forms of PARP. (B)
Caspase3/7 activities were determined after 24 h treatment of indicated reagents, and
. were plotted as fold induction against untreated cells. Abbreviations for treatments:
nance of Fhe metastatic phenoty[.)e. X Doxo, 2 pM doxorubicin; Cis, 5 pg/mL cisplatin; Ni, T mM NiSO,; Co, 1 mM CoCl..

Ectopic NDRG1 overexpression has protective Columns, mean of the normalized data from three independent experiments; Bars, +
effect against apoptosis. Apoptosis is another | SD;*p < 0.05 vs.wild type control.

but this gene may not be necessary for the mainte-

crucial regulator of carcinogenesis, especially
in vivo, where cancer cells are continuously
challenged by various stresses (e.g., DNA damage and hypoxic
response). Considering that the expression of NDRGI can
be modulated by various stress conditions,® we next checked
whether NDRGI1 was able to modulate the cellular response to
apoptotic stimuli. After 24 h treatment with DNA damaging
agents (2 wM doxorubicin or 5 pwg/mL cisplatin) or hypoxia

mimics (I mM Ni** or Co*), KYSE30 cells underwent
apoptosis, which was observed by cleavage of PARP protein
(Fig. 3A) and elevated caspase 3/7 activity (Fig. 3B). Compared
with wild type KYSE30 cells, reduced apoptosis (measured by
both PARP cleavage and caspase 3/7 activity) was observed in
transfectants with ectopic NDRGI overexpression, while similar
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levels of apoptosis were found in both NDRGI knock-down and
vector control transfectants. Our results suggest a protective role
for NDRGI against apoptosis initiated by cellular stresses such
as genotoxicity and hypoxia.

NDRGI1-mediated NFkB-
dependent. Considering the role of NFk B in regulating chemokine

chemokine expression is
expression, we next examined whether this transcription factor
participates in NDRGI1-mediated chemokine upregulation. In
KYSE30 cells overexpressing NDRGI, a significantly higher
level of nuclear p65/RelA (a subunit of the NFkB complex)
was demonstrated by western blot analysis on subcellular
fractions (Fig. 4A), suggesting that NDRGI overexpression was
associated with elevated levels of nuclear p65 (NFkB). Likewise,
immunofluorescence confocal microscopy images (taken through
the plane of the nucleus) showed elevated levels (2- to 3-fold)
of p65/RelA in the nucleus of NDRGI overexpressing KYSE30
cells (KYSE30 NDRGI"), relative to control cells (Fig. 4B).
Furthermore, treatment of KYSE30 NDRGI* cells with cisplatin
led to a substantial accumulation of p65/RelA in the nucleus of
these cells, 2- to 3-fold higher than that observed in wild type
cells treated with cisplatin or untreated KYSE30 NDRG1* cells
(Fig. 4B). In addition, a chromatin immunoprecipitation (ChIP)
assay detected elevated binding of p65/RelA on the promoter
of GRO-B/CXCL-2 (Fig. 4C) in KYSE30 NDRGI"* cells,
indicating that increased levels of p65/RelA in the nucleus of
cells was associated with increased binding of NFkB to its target
genes.

Ectopic overexpression of NDRGI promotes the progression
of KYSE30 derived xenografts in nude mice. Xenograft studies
were performed to check the validity of our in vitro observations
in vivo. Six nude mice were randomly divided to each group and
xenografts were generated by dorsal flank injection of 5 x 10°
wild type KYSE30 cells as well as transfectants. Primary tumors
developed in all nude mice and became palpable within one week
after inoculation. However, due to the unexpected widespread,
massive necrosis which liquefied the xenograft tissues and pre-
vented accurate measurement, all the mice in the NDRG1 RNAi
and vector control groups were euthanized in week 3 for ethi-
cal reasons and were excluded from this study. Consequently,
the wild type KYSE30 cells were used as control. As shown in
Figure 5A, significant bigger and more vascularized xenografts
were generated from NDRGI overexpressing cells.

Immunohistochemical analysis was next performed on the
xenograft sections (Fig. 5B). As expected, significantly higher
NDRGI levels were observed in xenografts derived from
NDRGI overexpressing cells, indicating that overexpression
occurred and was maintained throughout the study period
(data not shown). Although the K-67 proliferation index was
higher in NDRGI overexpressing xenografts (36.2 + 5.1%)
compared with wild type xenografts (29.8 = 7.5%) (p = 0.021),
the small difference in absolute value lies within the same range
and might not fully explain the large increase in xenograft
tumor volume (Fig. 5A). This is consistent with our in vitro
data, where NDRGI had no measurable effect on cell prolif-
eration. Besides, NDRGI overexpressing xenografts demon-
strated enhanced angiogenic activity, which was visualized by
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CD31 immunohistochemical staining of murine endothelial
cells. In xenografts with NDRGI overexpression, the vascular-
ized area filled with typical clusters of endothelia (an indication
of well-developed microvessel network) occupied an average of
26.2% of the total area of the section (Fig. 5B). In contrast, a
microvessel network could seldom be seen in xenografts derived
from wild type cells (vascularization < 2% of the total area).
Consistent with the in vitro observation shown in Figure 2,
NDRGTI significantly correlates with increased angiogenesis in
xenografts (p = 0.006), which provides the oxygen and nutri-
ents to ensure rapid tumor growth. Furthermore, markedly
decreased apoptotic activity was observed in the NDRGI over-
expressing xenografts through in situ TUNEL assay (p < 0.001)
(Fig. 5B), which accordingly reflects the anti-apoptotic effect
of NDRGI observed in the cell culture system, although the
decreased apoptosis could also be attributed to the elevated
angiogenesis as a crucial stress alleviator of tumor cell growth
in vivo. These observations suggest the participation of NDRG1
in the cellular adaptive responses against the in vivo growing
environment. Angiogenesis may lead to a more favorable envi-
ronment for cell growth, while apoptotic evasion protects cells
from existing insults. Considering that NDRGI has no effect
on cell proliferation in culture, the significant effect of NDRGI
overexpression on the K-67 index may also be a reflection of
enhanced adaptation driven by NDRGI.

Taken together, data from the nude mice studies are com-
pletely consistent with our results obtained from the in vitro
experiments. For KYSE30 cells, we propose an oncogenic role
for NDRGI, functioning as a stress alleviator in the development

of ESCC.
Discussion

Although the biological function of NDRGI has been explored
in several types of cancer, very little is known about its role in
esophageal squamous cell carcinoma (ESCC). Here, we pro-
vide the first evidence, through both in vitro and in vivo gain-
of-function (ectopic overexpression) studies, that NDRGI may
have an oncogenic action in the progression of ESCC by promot-
ing metastasis, angiogenesis and apoptotic evasion. In addition,
although NDRGI has been shown to be irrelevant to the prolif-
eration of KYSE30 cells in culture, its positive effects on angio-
genesis and apoptotic evasion may promote tumor growth in vivo
as demonstrated in the xenograft study. Considering the mutual
relationship between these neoplastic processes, it is conceivable
that NDRGI1 may mediate a series of programmatic changes,
either directly or indirectly, and eventually facilitates progression
of the tumor cell to a more malignant phenotype.

Nevertheless, no significant phenotypic alteration was
observed through loss-of-function studies, although an effec-
tive knock-down efficiency (> 80%) was elicited in the trans-
fectants investigated. It is possible that the remaining NDRGI
activity was sufficient to promote tumorigenesis. Despite the
lack of direct evidence in the field of ESCC, we noticed that the
role of NDRGI may also be dispensable in normal physiologi-
cal processes. NDRGI has been implicated in the development
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and maintenance of murine brain and kidney due to its active
regulation and abundant expression in these organs. However, no
apparent abnormalities were observed in the brain and kidney of
NDRGI double knockout mice, morphologically or even func-
tionally.*** Although functional studies have demonstrated that
NDRGI participates in trophoblast differentiation, a prerequisite
event for the implantation of the embryo into the endometrium,*
NDRGI deficient mice are fertile,* suggesting NDRG1 may not
be necessary for functional trophoblasts. Hence, we propose the
existence of compensatory processes for NDRGI function in
both physiological and neoplastic backgrounds, clearly requiring
further exploration.

Interestingly, the function of NDRGI revealed in this study is
consistent with the expression profile of this protein, as observed
by other authors, suggesting that the findings in the ectopic func-
tional studies were notan artifact. In a previous large-scale analysis
of ESCC tissue samples from 124 patients, NDRGI upregula-
tion was shown strongly correlated with cancer progression (by
TNM clinical classification), while the Kaplan-Meier analysis
indicated NDRGI expression was independently associated with
an increased risk and poor prognosis.? Moreover, multivariate
analysis in the same study showed significant positive correla-
tion between NDRGI expression and several clinico-pathologic
characteristics reflecting invasion, metastasis and angiogenesis.
In line with other studies,” NDRGI was upregulated by hypoxia
mimicking agents nickel and cobalt in KYSE30 and several other
ESCC cell lines (data not shown), indicating NDRGI as a poten-
tial hypoxia responsive gene in ESCC. Hypoxia, is a common
phenomenon in solid tumors, including ESCC.* As shown in
our study, NDRGI facilitates the adaptive responses to hypoxia
such as angiogenesis and apoptosis evasion, which eventually

contribute to the malignant phenotype.

Furthermore, the pro-
metastatic property of NDRGI can also be viewed as a reflection
of the outcome from hypoxia adaptation.

Until recently, the molecular mechanism of how NDRGI
exerts its function in ESCC still remains largely unclear. In
our study, NDRGI was observed to be capable of modulating
the mRNA levels of many other genes, suggesting the ability
of NDRGI to influence the cellular transcriptome. Our results
certainly implicate NFkB in mediating at least part of the phe-
notype in NDRGI overexpressing cells, given our compartment
fractionation and ChIP data. In fact, the candidacy of NF«B
as an effector mediating NDRGTI'’s biological function is further
supported by the solid evidence that NFkB signaling promotes
tumor growth, metastasis, angiogenesis and apoptosis evasion in
ESCC.? In addition, as shown in Figure 4B, NFkB is activated
in response to cisplatin in KYSE30 cells, while NDRGI1 overex-
pression further enhances this process. Interestingly, a study in
patients with esophageal adenocarcinoma revealed similar NFkB
activation after platinum-based therapy and linked the acquired
NFkB activation with poor overall patient survival.®® Therefore,
it may be hypothesized that NFkB may confer NDRGI-induced
chemo-resistance (Fig. 3) and evasion of apoptosis (Fig. 5B).

In conclusion, our study suggests a pro-oncogenic but dis-
pensable role of NDRGI in ESCC as a modulator of metastasis,
angiogenesis and apoptotic evasion.
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Material and Methods

Cell line and reagents. Human ESCC cell line KYSE30, gifted
from Dr Shimada,” was grown as described using RPMI1640
plus 10% fetal bovine serum (FBS). Materials for cell culture
were all from Gibco (Invitrogen).

Antibodies were purchased as follows: NDRGI from
Kinasource; NFkB p65, PARP, p21#!, p27%®! o~ and B-tubulin
from Santa Cruz Biotechnology; K.-67 from Zymed; CD31 from
Research Diagnostics, Inc. All the chemicals, unless specified,
were purchased from Sigma-Aldrich.

Establishment of transfectants with altered NDRGI expres-
sion. The bicistroniclentiviral vectors, pWPI and pLVTHM,*
packaging plasmid psPAX2 and envelope plasmid pMD2.G,
were purchased from Addgene (www.addgene.org). pWPI, with
a human EF1 promoter and a green fluorescent protein (GFP)
reporter, was used to express NDRGI1. Within the pLVTHM
vector, an additional H1 RNA polymerase III promoter permits
the expression of a short hairpin RNA (shRNA) for RNA inter-
ference (RNAI). The sense sequences for NDRGI RNAi and
scrambled control were 5-GGA GTC CTT CAA CGA TTT
G-3' and 5-GGG TCT TAG AAC TAG TTC C-3' respec-
tively.®® Due to the similarity of pWPI and pLVTHM vectors,
the scrambled RNAI control vector was used as vector control for
both NDRGI overexpression and knock-down experiments. All
constructs were confirmed by sequencing.

Lentiviral particles were produced using 293FT cells
(Invitrogen) cultured in Dulbecco’s modified Eagle’s medium
(DMEM) plus 10% FBS. Subconfluent cultures, in 75 cm?
flasks, were co-transfected with 8.5 g of lentiviral vector, 3.9 pg
of psPAX2, 1.3 pg of pMD2G and 33.5 pL FuGENE HD trans-
fection reagent (Roche Diagnostics). The medium was changed
12 h later for virus containing medium, which had been collected
36 h post-transfection, filtered through a 0.45 wm PVDF filter
(Millipore) and stored at -80°C.

Before transduction, virus containing medium was titrated
using a serial dilution method.” At subconfluence, KYSE30
cells were incubated with lentiviral particles, at a multiplicity of
infection of 2-3 and 8 pg/mL hexadimethrine bromide for 16 h,
before the medium was changed. The transduction efficiency
and stability of the transfectants were monitored by GFP FACS
analysis.

Quantitative real-time RT-PCR. Total RNA was extracted
from cells using Trizol LS Reagent (Invitrogen). For first-strand
cDNA synthesis, 1 pg of total RNA was reverse transcribed
using ImProm-II Reverse Transcriptase system (Promega).
Quantitative real-time RT-PCR was subsequently performed
using the KAPA SYBR qPCR Master mix (KAPABiosystems)
containing one of the primer pairs listed in Table 1. The compar-
ative threshold cycle (C,) method* was used for the calculation
of expression fold change between samples, standardized using
the B-actin housekeeping gene. Primers for VEGF-A, VEGEF-C
and PDGEF-B were designed to detect all the transcript variants.

Western immunoblotting. Total or compartmental (cyto-
plasmic and nuclear) protein lysate from subconfluent cells were
prepared and subjected to western blot analysis as described
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assay, as described in the Methods section.

Figure 5. Nude mice xenograft model to explore the in situ growth of KYSE30 wild type cells (KYSE30 wt) and transfectants with constitutive NDRG1
overexpression (NDRG1*) (n = 6 in each group). (A) 5 X 10° cells were inoculated subcutaneously into the dorsal flank. Photographs of the dissected
xenografts with the same magnification scale are shown on the right. Dots, mean of the xenograft volume of all the six mice in the group; bars, + SD;
significant difference in tumor volume was observed from week 2, *p < 0.05. (B) Analysis of proliferative activity, apoptosis and vascularization in
histological sections of the xenografts derived from KYSE30 wt and NDRG1+ cells, with the quantitative results shown on the left and representative
images (100x) shown on the right. Columns, mean data of the sections from the six mice in the group; Bars, + SD; (*) p < 0.05. (B)(a) Proliferative activ-
ity was assessed by K-67 staining; (B)(b) vascularization was determined by staining for CD31 and (B)(c) apoptosis was measured by terminal TUNEL

elsewhere.”” Antibody detection was performed using the horse-
radish peroxidase-conjugated secondary antibodies and chemi-
luminescence reagents from SuperSignal West Dura kit (Pierce).

In vitro cell growth assay. Cell growth was measured by MTS
assay (Promega). Cells were seeded in 96-well plates at a density

www.landesbioscience.com
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1,500 or 15,000 per well to determine anchorage-dependent or
-independent cell growth, respectively. For anchorage-indepen-
dent cell growth, cells were seeded into poly-2-hydroxyethyl
methacrylate coated plates and cultured in medium containing
1.5% methylcellulose.*
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Table 1. Primer sequence, product length and product annealing temperature for quantitative real-time PCR study

Transcript Primer sequence Length (bp) Annealing temperature

VEGF-A For 5'-CCT CCG AAA CCATGA ACT TT-3' 236 60°C
Rev 5-TTC TTT GGT CTG CAT TCA CAT T-3'

VEGF-C For 5'-GCC AAC CTC AAC TCA AGG AG-3' 200 60°C
Rev 5'-CCC ACA TCT GTA GAC GGA CA-3'

Angiopoietin-1 For 5-TTCCTTTCCTTT GCT TTC CTC-3' 184 53°C
Rev 5'-CTG CAG AGC GTT TGT GTT GT-3'

PDGF-B For 5'-TTA TGA GAT GCT GAG TGA CCA C-3' 156 55°C

Rev 5'-CCT TCT TCC ACG AGC CAA G-3'
MMP-2 For 5'-TGG CGA TGG ATA CCCCTT T-3' 17 57.5°C
Rev 5'-TTC TCC CAA GGT CCA TAG CTC AT-3'
MMP-9 For 5'-CCT GGG CAG ATT CCA AAC CT-3' 88 53°C
Rev 5'-GCA AGT CTT CCG AGT AGT TTT GGA T-3'

GRO-a For 5'-CCC CAA GAA CAT CCA AAG TG-3' 122 60°C
Rev 5'-TAA CTA TGG GGG ATG CAG GA-3'

GRO-B For 5'-CTC AAG AAT GGG CAG AAA GC-3' 132 60°C
Rev 5'-TCA GGA ACA GCC ACC AAT AA-3'

IL-6 For 5'-TCT CCA CAA GCG CCT TCG-3' 193 60°C

Rev 5'-CTC AGG GCT GAG ATG CCG-3'
IL-8 For 5'TGC CAA GGA GTG CTA AAG-3' 197 60°C
Rev 5'-CTC CAC AAC CCT CTG CAC-3'
B-actin For 5'-ATC GTG CGT GAC ATT AAG GA-3' 178 53-60°C

Rev 5'-AGG AAG GAA GGC TGG AAG AG-3'

Scratch/wound-healing assay. Cell mobility was studied
using scratch assays as described previously.” Briefly, cells were
plated in Matrigel (100 pg/mL) coated dishes to reach ~90—
100% confluence. A sterilized P200 tip was used to scratch lines
in the cell monolayer. One hour before scratching, the medium
was replaced with medium containing 0.1% FBS to minimize the
cell proliferation. Photos of the same region were taken with the
same magnification at 0, 8 and 24 h post-wounding.

Migration and invasion assay. For invasion assays transwell
filters (Costar), with an 8 pm pore size, coated with Matrigel (BD
Biosciences) were used. Cells (4.0 x 10%) in RPMI medium with
0.1% FBS were plated in the top chambers over chemo-attractant
(20% FBS and 200 ng/mL EGF) in the bottom chambers. After
48 h incubation, non-migrated cells as well as Matrigel in the
upper surface of the filters were removed with a cotton swab.
Migrated cells, on the lower side of the membrane, were fixed in
methanol, stained with crystal violet (0.2% w/v in 2% metha-
nol) and counted (averaged from six randomly chosen fields of
view for each trans-well). Migration assays were performed in the
same way, omitting Matrigel coating from filters. Experiments
were normalized using a parallel MTS assay and performed in
triplicate to confirm reproducibility.

Gelatin zymography. To prepare conditioned medium, sub-
confluent cultures were incubated in RPMI-1640 medium with
0.1% FBS for 24 h. Immediately after collecting conditioned
media for lyophilization, cells in dishes were trypsinized and
counted for normalization. Sample equivalent to 1 x 10° cells
was loaded directly on a 10% polyacrylamide gel containing
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0.1% SDS and 0.4 mg/ml gelatin. After non-reducing electro-
phoresis, the gel was washed with 50 mM TRIS-HCI (pH 7.5)
containing 2.5% Triton X-100 and zymography buffer (50 mM
TRIS-HCI (pH 7.5), 0.002% Brij-35, 10 mM CaCl, and 5 uM
ZnCl,) for 20 min, and then incubated in zymography buffer
at room temperature for 16 h. Proteolytic regions indicating
gelatinolytic activity were displayed by Coomassie brilliant blue
R-250 staining.

Determination of VEGF-A by ELISA. The concentration
of VEGEF-A secreted into the medium was measured by DuoSet
ELISA Development kit (R&D Systems). Conditioned media
(with 1% FBS) was prepared as for gelatin zymography and
directly assayed without lyophilization. Results were normalized
with the number of cells at the time of harvest and reported as
picograms per 10° cells.

Immunocytochemistry and confocal microscopy. Cells
were grown on gelatin-coated glass coverslips, and where indi-
cated, treated with 5 pwg/ml cisplatin for 24 h. Cells were fixed
in 4% paraformaldehyde for 15 min, permeabilized with 0.1%
Triton X-100 for 10 min and then saturated with 5% BSA for
30 min. Cells were incubated with mouse anti-NFkB p65 [sc-
8008] (Santa Cruz Biotech) for 1h followed by an incubation
with goat anti-mouse Alexa 488 (Molecular Probes, Invitrogen)
for 1h; both diluted in 1% BSA-PBS. The cells were then incu-
bated with Draq 5 diluted 1/1000 in 1% BSA-PBS for 1h. Cells
were mounted with mowiol polymerizing solution, and observed
under a confocal microscope (Leica TCS-SP1). Data for differ-
ent cell types and/or conditions was acquired at the same PMT
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to facilitate quantification of the expression and localization of
NFkB. The z-stacks were acquired at 0.25 wm over 7-10 pwm.

Chromatin immunoprecipitation assay. Cells were seeded
at 1 x 107 cells per 150 mm tissue culture dish and left over-
night. Chromatin immunoprecipitation (ChIP) was performed
as described elsewhere.’* Chromatin was immunoprecipitated
using 3 pg of antibody against p65/Rel-A (NFkB) [sc-8008]
(Santa Cruz) or no antibody as a control. DNA was purified with
the WizardR SV Gel and PCR Clean-Up System (Promega) as
per the manufacturer’s instructions. Purified DNA was ampli-
fied by real-time PCR using primers (forward: 5ATC TGA CCC
ACG ACG CAC TG3), reverse: 5' GGA GGA GAG CTG GCA
AGG AG3') designed to span the NFkB binding site within the
GRO-B promoter. Real-time PCR cycling conditions were 95°C
for 3 min, followed by 40 cycles of 95°C for 1 sec and 56°C for
20 sec.

Caspase-3/7 assay. Caspase-3/7 activity was determined
using the Caspase-Glo 3/7 activity assay (Promega), according
to the manufacturer’s instructions. Briefly, 8,000 cells/well were
seeded into a 96-well plate in triplicate overnight before apop-
tosis induction for 24 h. Caspase 3/7 activities were determined
by relative luminescence units quantified using a Luminoskan
Ascent Luminometer (Thermo LabSystems). The fold induction
of caspase 3/7 normalized against that of untreated cells.

Nude mice xenograft model. Six achymic nude mice (BALB/c,
aged 4-5 weeks) were randomly divided into two groups and
5 x 10° cells in PBS were injected s.c. into the dorsal flank. Tumor
dimensions were measured by caliper every week and the tumor
volume was calculated using the following formula: V= 0.5 xL x
W2 (L = larger diameter and W = smaller diameter). Growth
curves were plotted using average tumor volume. Mice were
sacrificed 5 weeks after tumor cell inoculation. All xenografts
were fixed in 4% paraformaldehyde, embedded in paraffin and
cut into 4 pm sections for further pathological examination and
immunohistochemical analysis.

Immunohistochemical analysis on nude mice xenograft
sections. TUNEL assays were performed to assess the in situ
apoptotic activity, using the DeadEnd Colorimetric TUNEL
System (Promega), following the manufacturer’s instructions.
Immunohistochemical staining for NDRGI1 and K-67 was
performed by the S-P (peroxidase labeled streptavidin) method
using the UltraSensitive SP Staining kit from Maixin_Bio and
processed as described before.”” Antigen retrieval for CD31 (an
endothelial surface marker) was performed with proteinase K
(Dako) solution. Sections were then incubated with a 1:50 dilu-
tion of rat anti-mouse CD31 primary antibody in 1% BSA in
PBS. The CD31 primary antibody was detected with a biotin-
streptavidin-horse radish peroxidase system (Histomark) using

3,3',5,5-tetramethylbenzidine as chromogen. Sections were
counterstained with a 0.25% neutral red solution before mount-
ing. For each stain, appropriate negative controls were per-
formed. No interfering background staining was observed (data
not shown).

Images were obtained using a Nikon 90i light microscope.
K.-67 labeling index (proliferation marker) was determined as
the percentage of immunoreactive nuclei to the total number of
nuclei in three random 200x fields. An average of 4,000 nuclei
was counted in each section. Apoptosis activity was calculated
as the average number of TUNEL positive nuclei in three inde-
pendent microscopic fields with most intensive staining at 200x
magnification (~4,000 cells). The angiogenic activity was deter-
mined by the percentage of vascularized area showing endothelial
cell clusters vs. the total area of the section. Images of a complete
cross-section were acquired at 32x magnification. All of the ensu-
ing analysis was performed with Visiopharm Integrated Systems
(Visiopharm A/S). All counts and scoring were performed by a
pathologist blind to the study. Average number and SD were cal-
culated from all the sections for each group.

Statistical analysis. For imaging data, a representative
image from one of the three independent experiments is shown.
Quantitative data was obtained from three independent experi-
ments; statistical significance was determined by Student’s t-test
in comparison with samples from the wild type control. For in
vivo studies the non-parametric Mann-Witney test was used.
SPSS 17.0 statistical package (SPSS Inc.) was used for statistical
analysis and a p value of less than 0.05 was considered statistically
significant.
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