Vimentin Overexpression in Gastric Cancer

Development of distant metastases is the final stage of
solid cancer progression and is responsible for the majority
of cancer-related deaths. Distant metastatic spread has been
considered to be a late process in malignant progression,
but a recent study suggests that dissemination of primary
cancer cells to distant sites might actually be an early
event.”! Disseminated tumor cells can be detected at early
stages of tumor progression in lymph nodes, peripheral
blood, and in bone marrow (BM) of cancer patients.”>*
BM may be an important reservoir of tumor cells, from
which they recirculate into distant organs such as liver or
lungs. Furthermore, recent studies in vivo by Kaplan et al.
and Gal et al. revealed that BM-derived cells are required
for metastasis.>*** Indeed, in a large scale study of gastric
cancer cases, we found that the simultaneous expression of
epithelial markers (CEA, CK-7, and CK-19) and high levels
of VEGFR-1 expression in BM were significantly associ-
ated with hematogeneous metastases.®

The present study was designed to examine the clinical
magnitude of VIM expression in BM and its relation to the
progression of gastric cancer. The clinical findings suggest
that VIM overexpression originates in epithelial cancer
cells after the mesenchymal transition. Therefore, we first
examined and determined the clinical significance of VIM
mRNA expression in BM from gastric cancer patients,
assessing both isolated tumor cells as well as adjacent host
progenitor cells. Second, to provide explanations for clin-
ical findings, we asked whether VIM expression was
induced in gastric cancer cells by transforming growth
factor-f1 (TGF-p1) or hypoxic treatments, both of which
are recognized as important inducers of EMT.'*?’ Finally,
to determine whether VIM expression provides cancer cells
the ability to invade tumor vessels and to metastasize to
BM, we examined the expression of VIM protein immu-
nohistochemically in poorly differentiated stomach
adenocarcinomas including 2 cases of gastric cancer with
rhabdoid features.

MATERIALS AND METHODS
Patients

Physicians (T.F. and M.S.) collected BM samples from
437 Japanese gastric cancer patients who underwent sur-
gery from 2001 to 2004 at the Central Hospital, National
Cancer Center, Tokyo, Japan. Documented informed con-
sent was obtained from all patients, and the study protocol
was approved by the local ethics committee. The average
age of the 293 male and 144 female patients was
61.9 years, with a range of 27-86 years (Table 1). Based
on the Treaty for Japanese Gastric Cancer Association, 122
cases were classified as stage I, 109 as stage II, 101 as stage
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TABLE 1 VIM mRNA exp and clini thol factors
Factors Positive Negative P value
(n=178) (n = 259)
No. %  No. %
Age (mean + SD) 61.2 + 11.7 624 £+ 11.6 31
Sex
Male 111 624 182 703 .08
Female 67 376 77 29.7
Histological grade . 29
Well, moderately 67 37.6 108 417
Poorly, others 111 624 151 583
Size 0.15
<50 mm (small) 68 382 117 452
>51 mm (large) 110 61.8 142 54.8
Depth of tumor invasion <.0001
m, sm 33 185 104 40.2
mp, ss, se, si 145 71.5 155 59.8
Lymph node metastasis <.0001
Absent 38 214 117 452
Present 140 78.6 142 54.8
Lymphatic invasion .001
Absent 59 332 126 48.7
Present 119 66.8 133 513
Venous invasion 12
Absent 124 69.7 198 76.5
Present 54 303 61 235
Liver metastasis 37
Absent 173 97.2 255 98.5
Present 5 28 4 15
Peritoneal dissemination 92
Absent 161 90.5 235 90.7
Present 17 95 24 93
Distant metastasis 19
Absent 168 94.4 251 96.9
Present 10 56 8 3.1
Recurrence .87
Absent 173 972 251 96.9
Present 5 28 8 31
Stage .01
I-II 81 455 150 579
m-1v 97 545 109 42.1

m tumor invasion of mucosa, sm submucosa, mp muscularis propria,
ss subserosa, se penetration of serosa, si invasion of adjacent
structures

101, and 105 as stage IV.*® Normal negative controls con-
sisted of BM samples collected from 20 patients, with no
malignancies (e.g., gallstone and hernia cases), between
April 2000 to March 2003.
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BM Collection

Aspiration of BM was conducted under general anes-
thesia immediately before surgery as previously
described.?® The BM aspirate was obtained from the ster-
num using a BM aspiration needle. The first 1.0 ml of BM
was discarded to avoid contamination by the skin. The
second 1.0 ml of BM was added to 4.0 ml of Isogen-LS
(Nippon Gene, Toyama, Japan), which was shaken vigor-
ously and stored at —80°C until RNA extraction.

Total RNA Extraction and First-Strand cDNA Synthesis

Samples transferred from Tokyo to Beppu remained
frozen while in transit. Total RNA was extracted from BM
according to the manufacturer’s protocol as described
elsewhere.?® The reverse transcriptase reaction (RT) was
performed as previously described.*® The first cDNA
strand was synthesized from 2.7 pg of total RNA in 30 pl
reaction mixtures containing 5 pl 5x RT buffer (Gibco
BRL, Gaithersburg, MD), 200 pM dNTPs, 100 pM of a
random hexadeoxynucleotide mixture, 50 units of RNasin
(Promega, Madison, WI), 2 pl of 0.1 M dithiothreitol, and
100 units of Maloney leukemia virus RT (BRL). The
mixture was incubated at 37°C for 60 min, heated to 95°C
for 10 min, and then chilled on ice.

Cell Culture and Oxygen Deprivation

The human gastric cancer cell line NUGC3 was
obtained from the Japanese Cancer Research Bank, Tokyo,
Japan. The cell line was maintained in RPMI 1640
(Invitrogen Corp., Carlsbad, CA) supplemented with 10%
fetal bovine serum (Equitec-Bio, Ingram, TX) and
100 units/ml penicillin G and streptomycin (Invitrogen).
The cells were incubated in 5% CO, at 37°C and passaged
every 3 days. Oxygen deprivation was carried out in an
incubator with 1% O,, 5% CO,, and 94% N, at 37°C for
5 days.

Induction of EMT by TGF-f1

EMT induction by TGF-p1 was performed using a
modification of methods described by Rees et al.>' Cells
were seeded into 6-well plates at 70% confluency and
incubated in standard medium for 48 h. The cells were then
incubated in serum-free medium supplemented with 5 pg/
ml transferrin, 5 pg/ml insulin, 5 x 10~® mol/l hydrocor-
tisone, and 10 ng/ml endothelial growth factor (EGF) at
37°C in 5% CO, for 120 h with 0, 0.05, 0.5, or 5 ng/ml
human TGF-B1 (R&D Systems, Inc., Minneapolis, MN).
The culture medium was replaced daily.

Quantitative RT-PCR

The primer sequences used to amplify VIM, E-cadherin,
slug, ZEB1, SIP1, twist, snail, N-cadherin, and FNI mRNA
are shown in Supplemental Table 1. Glyceraldehyde-3-
phosphate-dehydrogenase (GAPDH) was used as an inter-
nal control (Supplemental Table 1). Real-time monitoring
of PCR reactions was performed using the LightCycler
System (Roche Applied Science, Indianapolis, IN) and
SYBR-Green I dye (Roche Diagnostics, Tokyo, Japan).
Monitoring was performed according to the manufacturer’s
instructions, as previously described.*? In brief, reactions
were prepared on ice, containing 1 pl of cDNA, 1x DNA
Master SYBR-Green I, 50 ng of primers, and 3 mM
MgCl,. The final volume was adjusted to 20 pl with water.
After the reaction mixture was loaded into glass capillary
tubes, quantitative RT-PCR was performed with the fol-
lowing cycling conditions: initial denaturation at 95°C for
10 min, followed by 40 cycles of 95°C for 10 s, annealing
at 62°C for 10 s, and extension at 72°C for 10 s. After
amplification, the amplicons were subjected to a tempera-
ture gradient from 67 to 95°C at 0.2°C/s, under continuous
fluorescence monitoring, to produce a melting curve of the
products.

Data Analysis for RT-PCR

After proportional bascline adjustment, the fit point
method was employed to determine the cycle in which the
log-linear signal was first distinguishable from the baseli
This cycle number was used as the crossing point value. A
standard curve was produced by measuring the crossing
point of each standard value and plotting it against the
logarithmic value concentration. Concentrations of
unknown samples were calculated by plotting their cross-
ing points against the standard curve and dividing by
GAPDH content.

Immunohistochemistry

Immunohistochemical studies for VIM and E-cadherin
were performed on formalin-fixed, paraf bedded
surgical sections obtained from gastric cancer patients.
Tissue sections were deparaffinized, soaked in 0.01 M
sodium citrate buffer, and boiled in a microwave for 5 min
at 500 W to retrieve cell antigens. The primary mouse
monoclonal antibodies against VIM (sc-6260 Santa Cruz
Biotechnology) and E-cadherin (BD Biosciences) were
used at a dilution of 1:50 and 1:100, respectively. Tissue
sections were stained using an avidin-biotin-peroxidase
protocol (LSAB+ system-HRP; DAKO, Kyoto, Japan) and
counterstained with hematoxylin.
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Immunocytochemistry

Cells were plated in poly-p-lysine coated 2-well culture
slides (BD BioCoat Poly-p-Lysine 2-well culture slide, BD
Biosciences) at a density of 1 x 10° cells/well. The cells
were incubated in serum-free medium supplemented
with 5 pg/ml transferrin, 5 pg/ml insulin, 5 x 10~8 mol/l
hydrocortisone, and 10 ng/ml endothelial growth factor
(EGF) at 37°C in 5% CO, for 120 h with 0, 0.05, or 5 ng/ml
human TGF-p1. Culture medium was replaced daily. After
treatment with TéF—Bl, the cells were fixed in —20°C
methanol for 10 min and stained with mouse monoclonal
antibody against VIM (sc-6260 Santa Cruz Biotechnology)
and E-cadherin (BD Biosciences). All sections were coun-
terstained with hematoxylin.

Statistical Analysis

For continuous variables, data were expressed as the
mean =+ standard deviation. The relationship between VIM
mRNA expression and clinicopathological factors was
analyzed using a chi-square test and ¢ test. Findings were
considered significant when the P value was < .05. All
tests were performed using JMP software (SAS Institute
Inc., Cary, NC).

RESULTS

Clinicopathological Significance of VIM mRNA in BM
of Gastric Cancer Patients

The mean expression level of VIM mRNA gradually
increased concordantly with advanced clinical staging.
Taking into consideration the clinical application of the
current study, the 95% confidence interval was used to

FIG. 1 Expression of VIM and
E-cadherin proteins evaluated by
immunohistochemistry of
primary lesions in gastric cancer.
a, b Cancer cells in the primary
lesion did not express VIM.

¢, d Cells invading intratumoral
vessels strongly expressed VIM.
e, f VIM-positive cells in the
intratumoral vessels were
negative for E-cadherin.
Conversely, VIM-negative cells
were positive for E-cadherin

define the limits for the normal case cutoff values,
according to the reference intervals of the Clinical and
Laboratory Standards Institute.>> Levels that were higher
or lower than the cutoff values were defined as “positive”
or “negative,” respectively. The association between
clinicopathological features and VIM mRNA expression is
summarized in Table 1. In the VIM-positive group, the
depth of tumor invasion, lymph node metastasis, and
lymphatic invasion were significantly higher than in the
VIM-negative group (P <’.0001, P <.0001, and P = .001,
respectively). In addition, the VIM-positive group had more
advanced stage cases than the negative group (P = .01).

Immunohistochemistry of VIM and E-Cadherin
Expression in Intratumoral Vessels of Gastric Cancer
Patients

Expression of VIM protein in the primary lesions of
resected gastric cancers was evaluated using immunohis-
tochemistry. Cancer cells in the primary lesions did not
stain with VIM antibody (Fig. 1a, b). However, some of the
cells invading the intratumoral vessels were strongly
positive for VIM (Fig. Ic, d), but were negative for
E-cadherin. In contrast, the VIM-negative cells stained
positively for E-cadherin (Fig. le, f).

TGF-p1 Alters Expression of VIM in Gastric Cancer
Cells

We examined how TGF-f1 induction of EMT altered
VIM expression in a gastric cancer cell line. NUGC3 cells
were selected for EMT induction because of their low
expression levels of VIM mRNA and VIM protein. VIM
expression and morphological changes were evaluated
using immunocytochemistry. Figure 2a, b show that cell
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shape changed from round to fibroblastlike as VIM
expression increased with the concentration of TGF-f1. In
contrast, Fig. 2c, d shows that expression of E-cadherin
was decreased by the addition of TGF-p1. The expression
of VIM mRNA increased 5-fold after the addition of 5 ng/
ml TGF-$1 (Fig. 2e). Levels of fibronectin and N-cadherin
mRNA (mesenchymal markers) (data not shown) and slug
mRNA (transcriptional repressor of E-cadherin) also rose
as the concentration of TGF-f1 increased. Other tran-
scriptional repressors of E-cadherin, such as snail, twist,
SIP1, and 1 mRNA, were not altered by TGF-f1 (data
not shown). In contrast, the expression of E-cadherin
mRNA decreased with increasing concentrations of TGF-
Bl (Fig. 2e).
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FIG. 2 Alteration of VIM expression in NUGC3 cells following
addition of TGF-f1. a, b The shape of cells changed from round to

last-like with i ing VIM expression after the addition of
TGF-p1. ¢, d The expression of E-cadherin decreased after the
addition of TGF-$1. e VIM and slug mRNA expression increased as
the concentration of TGF-f1 increased, conversely, E-cadherin
ds d. Data are exp d as the fold-ch relative to the
untreated control (TGF-$1: 0 ng/ml), * P < .05

Alteration of VIM Expression in Gastric Cancer Cells
Under Hypoxic Conditions

After verifying VIM protein expression in NUGC3 cells
under hypoxic conditions, VIM expression and morpho-
logical changes were 1 d by i ytochemical
analysis. Hypoxia stimulated an increase in VIM protein
levels in NUGCS3 cells and a change in shape from round to
fibroblast-like (Fig. 3a, b). The loss of E-cadherin protein
expression was observed with the alteration of cellular
morphology (Fig. 3c, d). The expression of VIM mRNA
under hypoxic conditions was significantly higher than that
observed under normoxia, while E-cadherin mRNA
decreased (Fig. 3e). Furthermore, slug mRNA also
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FIG. 3 Alteration of VIM expression in NUGC3 cells induced by
hypoxia. a, b VIM expression in NUGC3 cells increased under
hypoxic conditions with a change in shape from round to fibroblast-
like. ¢, d E-cadheri ion d d with an alteration of
cellular morphology. e VIM and slug mRNA expression under
hypoxic conditions was higher than under normoxia, conversely, E-
cadherin decreased. Data are expressed as the fold-change relative to
the untreated control (under normal conditions), * P < .05
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FIG. 4 Two cases of gastric
cancer with rhabdoid features. In
both cases (a, b, ¢ Case 1; d,
e, f Case 2), HE stained sections
showed VIM-positive polygonal
tumor cells had vesicular nuclei
and abundant eosinophilic
cytoplasm in an alveolar
arrangement. VIM-positive
tumor cells were negative for E-
cadherin (a, ¢ HE; b, e VIM;
¢, f E-cadherin: x200)

b

HE (X200)

increased under hypoxia as well as after addition of
TGF-f1 (Fig. 3e).

Two Cases of Gastric Cancer with Rhabdoid Features

We examined the expression of VIM protein immuno-
histochemically in 30 poorly differentiated stomach
adenocarcinomas. Two of these cases contained VIM-
positive primary lesions. In both cases, hemotoxylin-eosin
(HE) stained sections showed that the VIM-positive
polygonal tumor cells had vesicular nuclei and abund:
eosinophilic cytoplasm in an alveolar arrangement, as seen
in malignant rhabdoid kidney tumors (Fig. 4a, b, d, e).>*
The VIM-positive tumor cells were E-cadherin-negative
(Fig. 4c, f).

DISCUSSION

In advanced clinical cases of gastric cancer with
invading tumor, lymph node metastasis, and lymphatic
permeation, we found that the average expression level of
VIM mRNA in BM was significantly higher than in the
VIM negative group (Table 1). The current findings indi-
cate that the abundant expression of VIM in BM primarily
originates from cancer cells that have undergone mesen-
chymal transition in gastric cancer. Recent studies have
shown that EMT plays a critical role in cancer progression
and is in epithelial mali ies other than gastric
cancer.” VIM overexpression in cancer cells has become a
focus of research efforts because it is a well-recognized
representative mesenchymal marker.*>=’ In experimental
models, EMT can be induced by TGF-$1 and hypoxia,
which can produce metastatic phenotypes. However, there
have been few studies of the induction of EMT by TGF-1
and hypoxia in gastric cancer cells.””*' Our data show that

vimentin (X 200)

E-cadherin ( X 200)
Ly

the upregulation of VIM is induced by TGF-f1 and
hypoxia with a concomitant alteration of cellular mor-
phology (Figs. 2, 3). Importantly, among transcriptional
repressors of E-cadherin, such as snail, twist, SIP1, and
ZEB 1, we showed that in gastric cancer cells only slug
mRNA rose along with the increasing concentration of
TGF-B1 under hypoxic conditions. This finding may be
supported by the previous report by Castro Alves et al.*®
that slug upregulation is associated with E-cadherin down-
regulation in diffuse and intestinal-type carcinoma.

With regard to the development of metastasis in solid
cancer, isolated tumor cells detached from the primary
site are able to survive against the hypoxic condition
with the abundant expression of TGF-B1 in the circu-
lating and disseminating systems, such as peripheral
blood and bone marrow, by avoiding anoikis. Circulating
gastric cancer cells in circulating system can overcome
the deadly circumstance by the acquisition of a dynamic
morphologic change, named EMT. In vitro, pancreatic
cancer cells continuously exposed to TGF-f1 resist pro-
liferation arrest and apoptosis following transfection of
hypoxia inducible factor 1o (HIF-1a).** In breast can-
cer, Mehes et al.*® reported that almost all breast cancer
cells in the peripheral circulation were apoptotic. There-
fore, our current findings imply that VIM-positive tumor
cells can survive in the peripheral circulation and in BM
and that VIM-positive cancer cells that invade intratu-
moral vessels must have undergone mesenchymal
transition (Fig. 1).

To better understand the impact of the acquired mesen-
chymal phenotype on the progression of gastric cancer cases,
we analyzed 2 well-defined cases. Carcinomas with rhabdoid
features, which are extremely rare in gastrointestinal tract
neoplasms and are highly malignant, are characterized by an
aggressive clinical course.*' Interestingly, 2 primary cases in
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this study were VIM positive (Fig. 4). Therefore, aggressive
VIM-positive rhabdoid gastric tumors have, like more typi-
cal gastric cancer that has dto BM, hymal
features.

As for the origin of VIM-positive cells in BM, these are
likely disseminated tumor cells. Inmunochemistry showed
that the cancer cells that invaded the intratumoral vessels
were positive for VIM (Fig. 1). This finding in clinical

(New Energy and IndustnalT hnol. Devel O ization)
1 D for Ch Analysis.
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Yuichiro Doki', and Masaki Mori'

Abstract

Purpose: This study aimed to identify novel hypoxia-inducible and prognostic markers in vivo from
hypoxic tumor cells.

Experimental Design: Using carbonic anhydrase 9 and CD34 as a guide for hypoxic tumor cells, laser
capture microdissection was used to isolate colorectal cancer (CRC) liver metastases. The samples were
analyzed by microarray analysis, in parallel with five CRC cell lines cultured under hypoxic conditions. To
evaluate the prognostic impact of the expression of certain genes, samples from a total of 356 CRC pa-
tients were analyzed by microarray or quantitative reverse transcription-PCR. In vitro mechanistic studies
and in vivo therapeutic experiments were also done about a histone H3 Lys® demethylase, Jumoniji do-
main containing 1A (JMJD1A).

Results: Several candidate genes were identified by microarray analysis of liver metastases and cultur-
ing of CRC cells under hypoxic conditions. Among them, we found that JMJD1A was a novel independent
prognostic factor for CRC (P = 0.013). In vitro assays revealed that loss of JMJD1A by small interfering
RNA treatment was associated with a reduction of proliferative activity and decrease in invasion of CRC
cell lines. Furthermore, treatment with an adenovirus system for antisense JMJD1A construct displayed
prominent therapeutic effects when injected into established tumor xenografts of the CRC cell lines
HCT116 and DLD1.

Conclusions: JMJD1A is a useful biomarker for hypoxic tumor cells and a prognostic marker that could
be a promising therapeutic target against CRC. Clin Cancer Res; 16(18); 4636-46. ©2010 AACR.

Hypoxia is a characteristic of many solid tumors. Intratu-
moral hypoxia affects every major aspect of cancer biology,
including cell invasion, metastasis, and determination of
cell death (1). Intratumoral hypoxia and/or expression of
the hypoxia-related endogenous proteins, vascular endo-

cer (2), head and neck tumors (3), non-small cell lung can-
cer (4), cervical cancer (5), and colorectal cancer (CRC; ref.
6). Thereis also evidence that a hypoxia-related gene expres-
sion profile is associated with poor prognosis in human
cancers (7). Taken together, these findings indicate that

thelial growth factor (VEGF), carbonic anhydrase 9 (CA9),
hypoxia-inducible factor-1 (HIF-1), and glucose transporter
1 (GLUT1), are predictive of a poor prognosis in breast can-
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hypoxic conditions contribute to aggressive tumor behavior
and to a more malignant phenotype.

Many molecules in the hypoxia-response pathway are
good candidates for therapeutic targeting (8-10). The
anti-VEGF antibody bevacizumab is used clinically for
treatment of several human cancers (11), supporting that
hypoxia-induced genes are clinically relevant therapeutic
targets. Therefore, the identification of novel hypoxia-
inducible genes holds great potential for the development
of additional cancer therapies.

We aimed to identify, using microarray analysis, a novel
prognostic factor and potential therapeutic target in vivo
using hypoxic tumor cells from hepatic metastases of
CRC. We found that Jumonji domain containing 1A
(JMJD1A), a histone H3 Lys® demethylase, was a useful
biomarker for hypoxic tumor cells and a poor prognosis
of CRC. JMJD1A functions as a modulator of transcrip-
tional activation of downstream target genes (12-14).
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Translational Relevance

Hypoxia is a characteristic feature of many solid tu-
mors. Intratumoral hypoxia affects every major aspect
of cancer biology. However, it is not easy to detect
truly important hypoxia-inducible genes that are relat-
ed to clinical cancer biology in vitro because cancer
cells usually exist in chronically hypoxic conditions
in vivo with 5omple: interactions with several path-
ways. In this study, we showed that liver metastasis
of colorectal cancer is a useful in vivo material to iden-
tify novel hypoxia-inducible and prognostic markers.
This finding has great potential for extending our
knowledge of hypoxia-related cancer biology and
may provide guidance for developing novel cancer
therapies. Furthermore, we have shown that a histone
H3 Lys® demethyl ji domain containi
(JMJD1A), is a useful prognostic marker that can be a
therapeutic target in colorectal cancer using the ther-
apeutic xenograft model.

Because hypoxic tumor cells are likely to be resistant to
cancer therapy, the present findings may provide clues
for the development of a novel anticancer therapy.

Materials and Methods

Cell culture

HEK293 cells and human colon cancer cell lines
HCT116, LoVo, DLD1, and HT29 were obtained from
the American Type Culture Collection. The human colon
cancer cell line KM12SM was a kind gift from Prof. T. Min-
amoto (Cancer Research Institute, Kanazawa, Japan). Cells
were grown in DMEM supplemented with 10% fetal
bovine serum, 100 units/mL penicillin, and 100 pg/mL
streptomycin at 37°C in a humidified incubator with
5% CO,. For culture under hypoxic conditions, cells were
grown for up to 72 hours at 37°C in a continuously mon-
itored atmosphere with a 1% O,, 5% CO,, and 94% N,
gas mixture using a multigas incubator (model 9200, Wa-
kenyaku Co.). Cells were cultured in normoxic conditions
(21% Oy) as a control/reference.

Clinical samples

Hepatic metastases from CRC patients (n = 15) were
consecutively collected exclusively during partial liver re-
section at Osaka University Hospital between 2000 and
2005. The samples of liver metastasis were embedded in
OCT compound and frozen in liquid nitrogen within 10
to 15 minutes of resection. The samples were stored at
-80°C until RNA extraction. For microarray analysis, we
prospectively collected 214 primary CRC samples from
consecutive patients who had curative operations in
2003 to 2006 from Osaka University Hospital and its

nine associated hospitals. For quantitative reverse tran-
scription-PCR (qRT-PCR), tumor samples were consecu-
tively collected from a total of 142 CRC patients who
had curative surgery from 1998 to 2002 at the Depart-
ment of Surgery, Medical Institute of Bioregulation, Kyu-
syu University, and at its three associated institutes. The
mean follow-up times were 44.0 + 14.4 and 43.7 + 33.5
months, respectively. The clinicopathologic features of
patients from each institute, including gender, tumor lo-
cation, extent of wall invasion, lymph node metastasis,
histologic grade, clinical stage, and invasion to vein or
lymphatic duct, are shown in Supplementary Table
S1A and B.

In this study, none of the patients had preoperative
chemotherapy or irradiation. After surgery, patients with
stage III/IV tumors were basically treated with 5-fluoro-
uracil-based chemotherapy. The surgical specimens were
preserved in paraffin block and used for immunostaining
of CD34 and JMJD1A. A piece of each primary CRC tis-
sue sample was collected from the fresh specimens with-
in 30 minutes after resection and stored in RNA
Stabilization Reagent (RNAlater, Ambion, Inc.) at -80°C
until RNA extraction. The RNA samples were kept at
-80°C. For long-time storage, cDNA was routinely syn-
thesized from RNA samples within 4 to 6 weeks after
the operation and stored at -20°C. The Human Ethics
Review Committee of Osaka University and Kyusyu Uni-
versity approved the use of the resected samples. RE-
MARK criteria for tumor marker studies was used for
the preparation of this article (15).

Immunohistochemistry and vessel count

Immunohistochemical analysis was done as described
previously (16). Frozen sections (8 pm) were fixed in
4% paraformaldehyde for 5 minutes. The anti-CD34
mouse monoclonal antibody (1:500; Novocastra), anti-
human CA9 goat polyclonal antibody (1:200; Santa Cruz
Biotechnology), and anti-JMJD1A rabbit polyclonal anti-
body (1:100; Proteintech Group, Inc.) were incubated on
the slides for 1 hour at room temperature. For negative
controls, nonimmunized immunoglobulin G (Vector Lab-
oratories) was used as a substitute for the primary anti-
body. Double staining of CD34 and CA9 was carried out
as described previously (17). CA9 expression was scored as
follows: 0, no staining; 1, weak staining; 2, moderate stain-
ing; and 3, strong staining. CD34" blood vessels were
counted under a microscope at x100 magnification. Ten
visual fields were selected randomly in each portion of
the metastatic CRC lesion, and the mean vessel counts
per visual field were calculated. Vessel count was scored
as follows: 0, no vessel staining; 1, 1 to 3 vessels; 2, 4 to
10 vessels; and 3, >10 vessels.

Western blot analysis

Western blot analysis was done as described previously
(18). The membrane was incubated with the primary
antibodies at the appropriate concentrations (1:800 for
JMJD1A and 1:1,000 for actin) for 1 hour.
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Laser capture microdissection and microarray analysis

Laser capture microdissection (LCM) was done using
the LM200 LCM system (Arcturus Engineering) as de-
scribed previously (17). The quality check of total RNA
and microarray analysis were carried out as described pre-
viously (19) using an oligonucleotide microarray covering
30,000 human probes (AceGene; DNA Chip Research, Inc.
and Hitachi Software Engineering Co. Ltd.).

gRT-PCR

After reverse transcription, real-time monitoring of PCRs
was done using the LightCycler system (Roche Applied
Science) for quantification of mRNA expression (18). A
housekeeping gene, porphobilinogen deaminase (PBGD),
was used as an internal control (20). The PCR primers
used in this study are listed in Supplementary Table S2.

Transfection of small interfering RNA

For small interfering RNA (siRNA) inhibition, double-
stranded RNA duplexes targeting human JMJD1A (5'-
AGAAGAAUUCAAGAGAUUCCGGAGG-3'/5’-CCUCCG-
GAAUCUCUUGAAUUCUUCU-3") and negative control

siRNA were purchased in a Stealth RNAi kit (Invitrogen).
CRC cell lines were transfected with siRNA using
Lipofectamine RNAIMAX (Invitrogen) according to the
manufacturer's protocols.

Invasion assay

The invasion assay was done using Transwell cell cul-
ture chambers (BD Biosciences) as described previously
(21). Briefly, 5 x 10° cells were seeded in triplicate on
the Matrigel-coated membrane. After 48 hours, cells that
had invaded the undersurface of the membrane were
fixed with 100% methanol and stained with 1% toluidine
blue. Four microscopic fields were randomly selected for
cell counting.

P "
to JMJD1A

The entire coding sequence of human JMJD1A was
amplified by RT-PCR with primers 5-GGTACCGCCAC-
CATGGTGCTCACGCTCGGAG-3’ and 5’-CTCGAGT-
TAAGGTTTGCCAAAACTGGATTCAC-3’ using mRNA
prepared from KM12 cells. Adenoviral vectors containing
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Fig. 1. Immunohistochemistry of CD34 and CA9 in liver metastasis. A, liver metastasis was double stained for CD34 as a vascular endothelial cell marker
and CA9 as a hypoxic tumor cell marker. Tumor vessels (CD34; pink) decreased from the periphery to the central region. Conversely, CA9 expression
in tumor cells (brown) increased from the periphery to the central region. Black arrows indicate that the intensity of CA9 staining was enhanced 80 pm from
the tumor vessel. Magnification, x400. B, scoring CD34 and CA9 staining. The CD34 score decreased significantly from the periphery to the central
region (P < 0.01); conversely, the CA9 score increased significantly (P < 0.01). The details of each score are described in Materials and Methods. We then
did LCM of CD347CA9* tumor cells around the central region and CD34*CA9™ tumor cells around the periphery of CRC liver metastasis.
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antisense JMJD1A were constructed using the AdEasy
Adenoviral Vector System (Stratagene; ref. 21). Adenovi-
ral recombination and preparation of infectious particles
in HEK293 cells were described previously (22).

PRTIRY

Tr of
construct to JMJD1A

Subcutaneous xenografts of the CRC cells DLD1 and
HCT116 were established in nude mice (n = 5) by injec-
tion of 5 x 10° cells. After 1 week, when the tumor size
reached 100 to 200 mm?, Ad-Mock, adenoviral antisense
(Ad-AS) construct to JMJD1A (1.0 x 10° plaque-forming
units per injection), and NaCl solution were injected into
tumors on days 7, 9, 11, and 13.

d tumor
of an adi i

fis by

o

Statistical analysis

Statistical analysis was done using the StatView 5.0 pro-
gram (Abacus Concepts, Inc.). The Kaplan-Meier method
was used to examine disease-free survival, and the log-
rank test was used to determine statistical significance. A
Cox proportional hazard model was used to assess the risk
ratio with simultaneous contributions from several covari-
ates. Statistical analysis was done using the Student's ¢ test
or Fisher's exact test for categorical data and the Mann-
Whitney U test for nonparametric data. Correlation signif-
icance was assessed using Pearson's correlation coefficient
test. Values of P < 0.05 denoted a statistically significant
difference.

Results

Immunohistochemistry of CD34 and CA9 in
liver metastasis

To identify in vivo hypoxic tumor cells, we first did
double staining of CD34 and CA9 using 15 hepatic me-
tastases of CRC (Fig. 1A). The CD34" vascular endothe-
lial cells (stained pink) significantly decreased from the
periphery to the intermediate region to the central region
of the metastasis. In contrast, CA9 expression in the tu-
mor cells (stained brown) increased from the periphery
to the central region (Fig. 1B). It was noteworthy that the
intensity of CA9 staining became strong 80 pm from a tu-
mor vessel in the intermediate region (Fig. 1A, middle),
suggesting that CA9 is a sensitive marker for hypoxic tumor
cells in hepatic metastasis of CRC.

LCM and microarray analysis

Using CA9 and CD34 as markers, CD34*CA9~ tumor
cells in the periphery (Fig. 1A, left) and CD34"CA9* tumor
cells in the central region (Fig. 1A, right) were collected by
LCM. After confirmation that high-quality RNA was de-
rived from the tumor cells, 12 paired samples were sub-
jected to microarray analysis.

The mean value of the fold induction in the central re-
gion relative to the periphery was calculated. Thirty genes
with the greatest fold inductions are shown in Table 1,

with the fold induction level ranging from 3.00 to 1.65.
These 30 genes included well-known hypoxia-inducible
genes, namely, egg-laying-defective nine homologue 3
(EGLN3), VEGF, endothelin-1 (EDN1), adrenomedullin
(ADM), and peroxisome proliferator-activated receptor y
(PPARG). In addition, we found only a few reports that
were related to hypoxia for prolyl-4-hydroxylase 1
(P4HA1), trefoil factor 3 (TFF3), endoplasmic reticulum
oxidoreductin1-like (ERO1L), fatty acid binding protein
(FABP1), and JMJD1A.

To investigate whether there were other novel hypoxia-
inducible gene candidates, five colon cancer cell lines were
subjected to microarray analysis after exposure to either
hypoxic or normoxic conditions for 72 hours. We found
that RNA levels were upregulated under hypoxic condi-
tions in the genes that ranked 7th, 10th, 11th, 13th,
14th, 22nd, 23rd, 24th, and 29th in Table 1. The maxi-
mum induction of these genes was above 2.5-fold, which
is comparable with the fold induction of known hypoxia-
inducible genes (range, 1.2- to 8.3-fold).

Selection of novel biomarkers for malignant
primary CRC

The well-known hypoxia-inducible genes VEGF, EDN1,
EGLN3, TFF3, ADM, FABP1, and PPARG, listed in Table 1,
were reported as poor prognostic factors for human malig-
nancies (12, 23-32). To identify other genes that could
serve as novel prognostic factors, we prospectively ana-
lyzed 214 CRC tissue samples using the same microarray
chip; clinical data on disease recurrence were known for
these samples. Our analysis indicated that JMJD1A (rank
9) and ADM (rank 21) were both significant prognostic
markers for CRC. Although ADM was reported as a prog-
nostic factor for ovarian cancer (30), JMJD1A has not
been reported as a biomarker for human malignancies.
Therefore, we subsequently focused on JMJD1A. A signif-
icant linear correlation of JMJD1A mRNA levels between
microarray and qRT-PCR was observed (P = 0.0004; Sup-
plementary Fig. S1A). Disease-free survival curves also
showed that a high level of JMJD1A mRNA was a signif-
icant predictor of a shorter disease recurrence rate (P =
0.0054; Supplementary Fig. S1B). Supplementary Table
$3 summarizes univariate and multivariate analyses for
disease-free recurrence in the 214 CRC patients.

JMJD1A expression determined by gRT-PCR and
immunohistochemistry

qRT-PCR analysis indicated that induced JMJD1A ex-
pression was 2.52-fold higher in the central region of liver
metastasis compared with the periphery (P = 0.0094; Fig.
2A). Immunohistochemistry revealed that JMJD1A expres-
sion in the tumor cells (stained brown) increased from the
periphery to the central region (Fig. 2B). Notably, the in-
tensity of JMJD1A staining became strong 80 um from a
tumor vessel; this was also the case with CA9 staining.
An approximately 3- to 6-fold induction of JMJD1A RNA
was measured by qRT-PCR in the majority of CRC cell
lines examined (Fig. 2C).
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Table 1. Microarray analysis of metastatic lesions in liver

Microarray data of liver Repi gene symbol* Gene ID Accession
Rank Mean fold SD Mann-Whitney P
1 3 5.430236 0.41892 REG3A 5068 M84337
2 29 2.369342 0.02295 Unknown genes BQ959777
3 268 1.069202 0.0003 EGLN3 112399 DQ975379
4 2.06 2.49874 0.45292 ' OLFM4 10562 NM_006418
5 2.04 1.009858 0.00042 VEGF 7422 AL136131
6 1.96 1.268504 0.00745 P4HA1 5033 NM_000917
7 1.91 1.447802 0.00324 RPGR 6103 NM_001034853
8 19 0.608637 0.01792 TFF3 7033 NM_003226
9 1.87 0.820366 0.00221 JMJDIA 55818 NM_018433
10 1.86 1.412287 0.15513 ACVR1 90 NM_001111067
11 1.84 1.227838 0.19141 RHOU 58480 NM_021205
12 1.81 1.428676 0.07419 EDN1 1906 NM_001955
13 1.79 1.173002 0.03123 OBSL1 23363 NM_015311
14 1.79 1.222501 0.0675 RGNEF 64283 NM_022448
15 1.78 0.78898 0.04157 HMBOX1 79618 NM_024567
16 1.78 1.274998 0.13091 FLJ21062 79846 NM_001039706
17 1.76 0.666219 0.00022 VEGF 7422 XM_052673
18 1.75 0.797286 0.14891 PSPH 5723 XM_028728
19 1.75 0.816036 0.02277 Unknown genes AF189585
20 1.74 2.031618 0.62558 REG3A 5068 NM_002580
21 1.74 0.770142 0.00791 ADM 133 NM_001124
22 1.69 0.984528 0.00876 TARDBP 23435 NM_007375
23 1.68 0.965191 0.07556 SLCO1C1 53919 NM_017435
24 1.68 1.798507 0.84936 Unknown genes AC009141
25 1.66 1.70151 0.18091 Unknown genes AC005961
26 1.66 1.094456 0.52537 FABP1 2168 NM_001443
27 1.65 0.880628 0.1842 ERO1L 30001 NM_014584
28 1.65 0.885692 0.13719 SULF1 23213 NM_015170
29 1.65 0.618633 0.02434 ATP1B1 481 NM_001677
30 1.65 0.488769 0.00268 PPARG 5468 NM_015869

(Continued on the following page)

Survival survey

qRT-PCR was done using 142 independent CRC sam-
ples obtained from other institutes. High expression of
JMJD1A RNA (n = 71, cutoff: median value; Supplemen-
tary Table S1B) was a significant prognostic factor with
regard to cancer-related survival (P = 0.0108; Table 2).
When analyzed with several clinicopathologic parameters
that were statistically significant by univariate analysis,
such as lymph node metastasis (P < 0.0001), lymphatic
invasion (P < 0.0001), venous invasion (P = 0.0013),
and depth of tumor invasion (P = 0.0008; Table 2), mul-
tivariate Cox regression analysis revealed that JMJD1A
expression remained an independent prognostic factor
(P = 0.0139; Table 2). As for the relationship between
JMJD1A expression and each clinicopathologic charac-
teristic, no significant difference was noted for age,
gender, tumor location, and other factors (Supplementary
Table S1B).

Effects of JMJD1A expression on growth and invasion
of CRC cells

To assess the potential relevance of JMJD1A as a thera-
peutic target, in vitro knockdown experiments were done.
Western blot analysis showed a significant reduction in the
JMJD1A protein after siRNA treatment (Fig. 3A). A signif-
icant growth inhibition was observed in siRNA-treated
HCT116 and DLD1 cell lines (P < 0.05 for each; Fig.
3B). Furthermore, invasion assays indicated that siRNA
treatment significantly decreased the number of invaded
cells of the two CRC cell lines when compared with con-
trol treatments (P < 0.05 for each; Fig. 3C).
Ti of blished tumor fts with an
adenoviral construct of antisense JMJD1A

Similar to siRNA treatment, Ad-AS JMJD1A significant-
ly decreased in vitro cell growth of the two CRC cells at
a multiplicity of infection (MOI) of 100 (P < 0.05 for
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Table 1. Microarray analysis of metastatic lesions in liver (Cont'd)
Rank Reported to be Reported as prognostic Microarray data of five CRC cell lines
hypoxia-inducible genes factor in cancers (induction level under hypoxic condition)

Well-known™  Limited number of reports Median fold (range)

1 1.1 (0.86-1.82)

2 1.17 (0.4-1.91)

3 Yes Yes 1.21 (0.95-5.44)

4 ¢ 0.7 (1.08-1.22)

5 Yes Yes 2.17 (0.85-4.04)

6 Yes 3.17 (2-7.42)

7 - 1.42 (0.4-2.95)

8 Yes Yes 0.83 (0.69-3.5)

9 Yes 1.82 (1.02-8.33)

10 0.82 (0.41-2.9)

11 1.51 (0.16-3.25)

12 Yes Yes 0.74 (0.28-1.22)

13 0.91 (0.7-3.93)

14 1.16 (0.34-2.74)

15 1.39 (0.62-1.86)

16 1.39 (1.02-2.26)

17 Yes Yes 1.75 (1.25-2.39)

18 0.67 (0.62-1.28)

19 1.1 (0.49-1.45)

20 0.96 (0.72-1.32)

21 Yes Yes* 1.59 (0.75-1.9)

22 1.37 (0.8-2.6)

23 0.56 (0.17-2.7)

24 0.81 (0.44-6.3)

25 1.41 (0.98-1.54)

26 Yes Yes 1.01 (0.87-1.18)

27 Yes 2.76 (1.69-8.15)

28 0.5 (0.33-1.03)

29 1.76 (1.55-5.05)

30 Yes Yes 1.29 (1.02-1.92)

*Unknown genes contain genes such as ESTs and hypothetical proteins, whose function is unclear.

*Already well known as hypoxia-inducible gene; >50 publications related to hypoxia appear in the database of the National Library

of Medicine (PubMed).

*There is one reported as a prognostic factor in human cancer (ovarian cancer: n = 60, only in univariate analysis; ref. 35).

each; Fig. 4A). Similar results were obtained at MOI of
50 and 25 in both cells (data not shown). Treatment of
established tumor xenografts, derived from the two cell
lines, with intratumoral injection (four times) of Ad-AS
JMJD1A significantly inhibited in vivo tumor growth
when compared with the control groups (P < 0.05 for
each; Fig. 4B).

Discussion
JMJD1A was initially identified in a testis cDNA library

in 1991 (33), but its biological function has not yet been
clarified. Studies gradually uncovered the roles of JMJD1A.

JMJD1A is a histone H3 Lys® demethylase that causes tran-
scriptional activation of certain downstream target genes
(12-14), and it plays a role in embryonic stem cell differ-
entiation (34) and spermatogenesis (13). Here, we report
for the first time that JMJD1A could be an important prog-
nostic factor for patients with CRC.

In a chronically hypoxic microenvironment, cancer cells
undergo genetic and adaptive changes that allow them to
become more clinically aggressive and to develop resis-
tance to irradiation and chemotherapy (8, 9, 35). An effi-
cient therapeutic strategy against those cell types is
essential to overcome cancer, and we aimed to determine
a novel molecular target that is induced under in vivo hyp-
oxic conditions.
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Fig. 2. Expression of JMJD1A in liver metastatic lesions. A, RT-PCR analysis indicated that JMJD1A expression had a 2.52-fold higher induction in

the central region (n = 12; P = 0.0094). B, JMJD1A expression in tumor cells (orown) increased from the periphery to the central region. Black arrows indicate
the tumor vessels. The intensity of JMJUD1A staining was enhanced 80 um from the tumor vessel. Magnification, x200. C, quantitative analysis of
JMJD1A gene expression in CRC cell lines under hypoxic conditions. In the majority of CRC cell lines, JMJD1A mRNA expression increased progressively
under hypoxic conditions, with the maximum 3- to 6-fold induction at approximately 48 to 72 h. *, P < 0.05.

Table 2. Survival analysis of JMUD1A
Variable Univariate analysis Multivariate analysis
P Relative risk (95% CI) P

Lymph node metastasis (+/-) <0.0001 6.282 (2.345-16.826) 0.003
Lymphatic invasion (yes/no) <0.0001 3.535 (1.542-8.10) 0.0029
Duke's classification (CD/AB) <0.0001
Depth of invasion (ss~/~mp) 0.0008 1.522 (0.404-5.73) 0.5345
Venous invasion (yes/no) 0.0013 2.25 (1.041-4.86) 0.0392
JMJD1A (high/low) 0.0108 2.891 (1.235-6.43) 0.0139
Tumor site (rectum/colon) 0.264
Gender (male/female) 0.2762
Tumor dedifferentiation 0.5574

(moderate/poor/mucinous/well)
Age, y (>68/<68) 0.9504
Abbreviations: mp, muscularis propria; ss, subserosa.
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To find in vivo hypoxia-inducible genes, we studied liver
metastases from CRC patients. The CD34"* vascular archi-
tecture displayed a unique graded decline from the periph-
ery to the central region (Fig. 1B); thus, it was easy to
distinguish the region where hypoxic cells were present.
‘We used CA9, which regulates cellular pH and allows cells
to survive under hypoxic conditions, as a guide for hypox-
ic response. The distance from a vessel to the CA9 expres-
sion in cancer cells was 80 pm in head and neck tumors,
leading to a tissue pO, of 1% (36)s We also found that
CA9 expression was strongly induced in tumor cells posi-
tioned approximately 60 to 100 pm from tumor vessels
(Fig. 1A, middle), indicating that CA9 was a reliable bio-
marker for hypoxia in liver metastasis of CRC. In addition,
the metastatic cells are thought to originate from a single
proliferating cell (37, 38). The homogeneous cell popula-
tion may be better suited for doing a reliable comparative
gene expression study between cells supplied with an
abundant flow of blood and those without. By contrast,

primary cancer tissue consists of highly heterogeneous
cells (39) and oxygen levels are typically heterogeneous
within individual tumors (9).

To find novel hypoxia-inducible genes, the method
of collecting liver metastasis samples is of particular
importance. To avoid surgery-related hypoxia, we consec-
utively collected only patients who had partial liver resec-
tion, but not hepatic lobectomy or segmentectomy; the
latter surgery usually requires ligation of the Glissonian
branch to reveal a clear ischemic demarcation line on
the surface of the liver. Moreover, we stored the liver tis-
sue samples in OCT compound as soon as possible after
removal by surgery, usually within 10 to 15 minutes. To
assure that our collection method was effective enough to
reduce surgery-associated hypoxia to a minimum, we did
qRT-PCR before microarray analysis and examined
whether well-known hypoxia-associated genes were upre-
gulated in the central region of hepatic metastasis com-
pared with the periphery region. We confirmed that the
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e - Bl —
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WT Si NC WT Si NC
ot DLD1 . HCT116

Fig. 3. In vitro assessment of JMJD1A 12 x10
expression after knockdown. A, cells 80
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in six-well dishes in triplicate and =O=JMJD1A siRNA
counted 24, 48, and 72 h later using a < 80 60 —m—nNC
hemocytometer. A significant reduction g ——WT
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angiogenesis-related genes, such as angiopoietin2 hypoxia-related genes should exert rather malignant
(ANG2), VEGF, epidermal growth factor receptor (EGFR), properties. Because hypoxic stress is involved in cell
fibroblast growth factor 2 (FGF2), and inducible nitric death and survival, energy preservation, angiogenesis,
oxide synthase (iNOS), and the metabolism-related pH regulation, and glucose metabolism, our data may
genes, such as GLUT1, GLUT3, lactate dehydrogenase A shed some light on many aspects of cancer biology. After
(LDHA), and phosphoglycerate kinase 1 (PGK1; refs. 1, screening the top 30 genes based on a prospective clinical
10, 40), showed 1.4- to 3.3-fold higher RNA in 12 paired follow-up study in which the primary CRC tissues were
samples (data not shown; primer sequences are shown in analyzed with the same DNA chip, we focused on
Supplementary Table S2). Microarray analysis successfully JMJD1A and concluded by qRT-PCR that JMJD1A is a
identified genes highly induced by hypoxia in vivo. VEGF novel independent prognostic factornfor CRC (Table 2).
ranked 5th among 30,000 human genes; 10 genes among To assess the prognostic value of JMJD14, it is impor-
the top 30 were well-known or relatively newly identified tant to see its relation to chemotherapy. When we ana-
hypoxia-inducible genes (Table 1). We further identified lyzed disease-free survival between a group receiving
several novel hypoxia-inducible gene candidates. The chemotherapy and one that did not in a prospective series
presence of many known hypoxia-related genes and prog- of 214 CRC patients (Supplementary Table S1A), we
nostic factors in the list of the top 30 candidate genes is found that although a tendency was noted (P = 0.059),
in good compliance with our initial concept that, in vivo, no statistical difference was observed between the two
. HCT116 DLD1
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IMIDIA e W a0 { MM ::: K
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Fig. 4. Effects of Ad-AS JMJD1A on the growth of CRC cells. A, Ad-AS JMJD1A at MOI of 100 significantly inhibited tumor cell growth when compared
with the Mock control in DLD1 and HCT116 (P < 0.05 for both). Western blot showed that Ad-AS JMJD1A at 100 MOI decreased JMJD1A protein
expression at 48 h in DLD1 and HCT116. Actin bands served as loading controls. B, treatment of i tumor with i

injection of Ad-AS JMJD1A. Subcutaneous xenografts of CRC cells (HCT116 and DLD1) were established in nude mice (n = 5 for each group) by injection
of 5 x 10° cells. After day 7, Ad-Mock, Ad-AS JMJD1A (1.0 x 10° plague-forming units per injection), and NaCl solution were injected into tumors and
three more injections per tumor were applied on days 9, 11, and 13. Tumor size on day 30 was significantly smaller in the AS group when compared with the
Mock control group in both cell types (P < 0.05 for both).
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groups (Supplementary Table S3). However, it was of in-
terest that high expression of JMJD1A was significantly
predictive of a poor prognosis in the group receiving che-
motherapy (P = 0.013), but not in the group that did not
receive chemotherapy (data not shown). The findings sug-
gest that JMJD 1A may lessen the efficacy of chemotherapy,
which is consistent with the concept that hypoxia often
makes tumor cells resistant to chemotherapy (8, 9, 35).

Recently, JMJD1A was shown for the first time to be
upregulated by hypoxia via HIF-1 (41). Although Well-
man et al. observed JMJD1A induction by hypoxia up
to 24 hours, our data showed that the JMJD1A expres-
sion level continued to increase after 24 hours, reaching
a maximum level of induction (3- to 6-fold) at 48 to 72
hours in CRC cell lines. In this regard, our gene list, gen-
erated from constitutive in vivo expression analysis, may
reflect the chronic cellular responses to hypoxia. We also
showed by immunohistochemistry that JMJD1A was a
sensitive biomarker for in situ hypoxic cells (Fig. 2).
The expression pattern was consistent with the report that
hypoxic tumor cells are generally >100 pm away from
functional blood vessels (42).

In vitro mechanistic studies showed that knockdown of
JMJD1A reduced tumor cell growth and invasion. We al-
so found that decreased growth effects from JMJD1A in-
hibition could be observed, irrespective of the VEGF
level, in the colon cancer cells through treatment with
siRNA against VEGF.* Furthermore, the therapeutic in vivo
models using an adenovirus-mediated antisense strategy
against JMJD1A showed that JMJD1A could be a prom-
ising therapeutic target in CRC. Epigenetic modifications
can affect various characteristics of cancer cells, such as
apoptosis, invasion, angiogenesis, and immune recogni-
tion (43); therefore, it is possible that JMJD1A has pleio-
tropic effects in CRC by restoring defective expression of

# Unpublished observation.
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Loss of FBXW?7, a cell cycle regulating gene, in colorectal
cancer: clinical significance
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This study focused on a cell cycle regulatory gene, FBXW7, which ubiquitinates c-Myc and cyclin E and promotes exit from the
cell cycle. We determined the expression level of FBXW?7 in colorectal cancer (CRC) cases, correlated those values with
clinicopathologic features, and characterized the molecular mechanism of reduced expression of FBXW?7 in CRC cells in vitro.
FBXW7 mRNA and protein expression were evaluated in 93 CRC cases. Using CGH array, the copy number aberrations of the
flanking region of FBXW7 were evaluated in another 130 CRC specimens. /n vitro analysis of FBXW7 gene silencing in CRC
cells was conducted. FBXW7 mRNA expression was significantly lower in tumor tissues than the corresponding normal tissues.
The low FBXW?7 expression group showed a significantly poorer prognosis than patients in the high expression group. A
concordant relationship was ob db the incidence of FBXW?7 repression and the genetic alteration. The incidence of
genetic alteration was associated with the stage of disease progression. In vitro, FBXW7-specific sSiRNA enhanced expression
of ¢-MYC and cyclin E proteins and up-regulated cell proliferation. Genetic alterations in tumors led to the loss of FBXW7
expression and increased cell proli ion. FBXW7 exp provides a p ic factor for patients with CRC.

Normal cell growth and differentiation require appropriate degradation of many proteins involved in the control of cell
regulation of the cell cycle. Deregulated cell cycle control is a  differentiation and growth." Skp2 and FBXW?7, F-box pro-
fundamental aspect of cancer, resulting from mutation, dele- teins containing components of the Skipl-Cull-F-box (SCF)
tion and transcriptional repression of genes such as pRB, and  ubiquitin ligase complexes, have been well characterized and
p53. Ubiquitin-mediated proteolysis is known to regulate the ~shown to play important roles in degradation of proteins reg-

ulating cell cycle progression. Therefore, the altered expres-

sion of FBXW?7 is recognized to be one of the major causes
Key words: FBXW?, colorectal cancer, c-Myc, cyclin E, CGH array  of carcinogenesis or cancer development.”™ We have been
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Additional Supporting Information may be found in the online focusing on expression of these cell cycle regulating genes in
version of this article. breast and gastric cancer.” In the current study, we examined
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