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ABSTRACT The purpose of this study was to identify
genes of interest for a subsequent functional and clinical
cohort study using complementary (c)DNA microarrays.
cDNA microarray hybridization was performed to identify
differentially expressed genes between tumor and nontumor specimens in 30 gastric cancer patients. Subsequent
functional studies of the selected gene were carried out,
including cell cycle analysis, cell migration analysis,
analyses of vascular endothelial growth factor (VEGF) and
placenta growth factor (PlGF), and oligo-microarray studies using two pairs of stable cell lines of the selected gene.
Another independent cohort study of 79 gastric cancer
patients was conducted to evaluate the clinical significance
of the selected gene in human gastric cancer. Calreticulin
(CRT) was selected for further investigation. Two pairs of
stable cell lines of CRT overexpression and CRT knockdown were constructed to perform functional studies. CRT
enhanced gastric cancer cell proliferation and migration.
Overexpressed CRT upregulated the expression and
secretion of PlGF and VEGF. CRT had a reciprocal effect
on connective tissue growth factor (CTGF) expression.
Positive immunohistochemical staining of calreticulin was
significantly correlated with high microvessel density
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(MVD) (p = 0.014), positive serosal invasion (p = 0.013),
lymph node metastasis (p = 0.002), perineural invasion
(p = 0.008), and poor patient survival (p = 0.0014).
Multivariate survival analysis showed that CRT, MVD, and
serosal invasion were independent prognosticators. We
conclude that CRT overexpression enhances angiogenesis,
and facilitates proliferation and migration of gastric cancer
cells, which is in line with the association of CRT with
MVD, tumor invasion, lymph node metastasis, and survival
in gastric cancer patients.

Calreticulin overexpression enhances angiogenesis, and
facilitates proliferation and migration of gastric cancer
cells, and is associated with microvessel density, tumor
invasion, lymph node metastasis, and survival in gastric
cancer patients.
For the past 50 years, gastric cancer has been one of the
ten most frequent cancers and the second leading cause of
cancer-related death in the world. In Taiwan, it is the fifth
most common cause of cancer-related deaths, accounting
for 6.3% of all cancer deaths. Patients whose gastric cancer
is detected early have a good prognosis, and those with
advanced disease show a poor and unpredictable prognosis
after curative resection.1,2 Therefore, much attention has
been given to endogenous factors of these tumors, which
appear to be responsible for tumor cell growth, progression,
and invasion. Identifying such endogenous factors should
lead not only to a better understanding of the processes of
tumor cell progression and metastasis, but may also provide new strategies for developing agents that specifically
suppress this process.

Calreticulin in Gastric Adenocarcinoma

Recent excellent advances in the DNA microarray have
systematically enabled us to visualize gene expression
profiles in human tumors.3–5 This technique may provide
another possibility to evaluate genes differentially expressed between normal and tumor tissues, and select hotspot
genes for further clinical study.
In this study, an in-house nylon membrane complementary (c)DNA microarray, which included 328 genes
known as angiogenesis-related genes, was constructed to
select molecules of interest for gastric cancer for further
functional and clinical study.
MATERIALS AND METHODS
Summary of Methodologies
The study was initiated by using microarray to select the
most commonly overexpressed genes. Calreticulin was
selected and was confirmed using a semiquantitative
reverse-transcription polymerase chain reaction (RT-PCR)
and immunohistochemical staining. Two pairs of stable cell
lines of CRT overexpression and knockdown were constructed to investigate the effects of CRT on cancer cell
migration, proliferation, and expression of vascular endothelial growth factor (VEGF) and placenta growth factor
(PlGF), the two angiogenic factors closely related to gastric
cancer.6 Subsequent oligo-microarray studies were also
performed to select CRT-regulated genes using two pairs
of stable cell lines. Finally, another 79 patients were
enrolled to evaluate the association of CRT expression with
MVD and patient survival.
Gene Selection Patients and Samples for cDNA
Microarray
The 30 pairs of tumor and nontumor specimens were
obtained from 30 patients with gastric cancer who underwent
a curative intent gastrectomy with D2 lymphadenectomy at
the National Taiwan University Hospital. Studies using
human tissues were approved by and conducted in accordance with the policies of the institutional review board.
RNAs of these 30 pairs of the specimens were extracted and
were used to perform microarray experiments using a cDNA
microarray made of nylon membrane spotted on 328 known
angiogenesis-related genes; the details have been described
previously.7,8 The gene expression ratio of tumor to normal
tissue in 30 pairs of microarrays was calculated.
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streptavidin–biotin after antigen retrieval. Experimental
procedures were performed as described previously.6
Microvessels in the area with the highest number of discrete
microvessels were counted in a 4009 field. Three separate
intense neovascularized areas were assessed, and the mean
was calculated as the MVD of each tumor evaluated.
Immunohistochemical Staining of CRT
The paraffinized sections of gastric cancer were stained
for CRT with an anti-CRT monoclonal antibody (Santa
Cruz Biotechnology) at a dilution of 1:40 using the same
methods as microvessel staining described above. The
positive staining of a cancer cell implies that brownish
granular staining was present primarily in the cytoplasm
and perinuclear area of the cell. More than 10% cells
positively stained was graded as positive.
Association of CRT Expression and Clinical Outcome
Seventy-nine patients with gastric cancer, who had
undergone curative-intent gastrectomy with D2 lymphadenectomy at our institution from July 1995 to March 1999,
were included in this study. Subtotal and total gastrectomy
was performed in 50 and 29 patients, respectively. They
were staged according to the tumor–node–metastasis
(TNM) system: 8 patients were stage Ia, 7 were stage Ib, 7
were stage II, 31 were stage IIIa, and 26 were stage IIIb.
No patient had received chemotherapy and radiotherapy
before surgery. Clinicopathologic factors including age,
gender, gross types of tumors (Borrmann classification),
histologic types of tumors (Lauren classification), depth of
tumor invasion, status of lymph node metastasis documented with histologic findings, and MVD were reviewed.
Patient survival was followed up for 3–133 months after
surgery. Three patients who died of surgical complications
were excluded from the survival statistics. The association
between CRT expression and the aforementioned clinical
outcomes was evaluated.
Construction of Stable Clones
The AGS human gastric cancer cell line was purchased
from BCRC (Hsinchu, Taiwan) to construct two pairs of
stable cell lines of CRT overexpression (pEGFP-c1 and
CRT-pEGFP-c1 stable clones) and knockdown (shRNAcontrol and CRT-shRNA stable clones). Details are shown
in the Supplemental Material.

Evaluation of Microvessel Density

Cell Cycle Analysis

Paraffinized sections of gastric cancer tissues were
stained for the endothelial cell antigen CD34 using labeled

Cells were trypsinized and resuspended in 1 ml phosphate
buffered saline (PBS). Propidium iodide (PI) was added to
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b FIG. 1 Cell cycle analysis and cell migration study in of calreticulin

(CRT)-overexpressing and CRT-knockdown stable cell lines. a CRTpEGFP-c1 cells showed proportionally fewer cells in the G1 phase
and more cells in the S and G2/M phases compared with pEGFP-c1
cells. b CRT-shRNA cells showed proportionally more cells in the G1
phase and fewer cells in the S and G2/M phases compared with
shRNA-control cells. c CRT-overexpressing cells had a higher
migration rate while CRT-knockdown cells had a lower migration
rate compared with the control. These results were confirmed by at
least three independent experiments. Each bar of the histogram
represents quantified results as the mean value ± standard deviation
(SD) (* p \ 0.05, ** p \ 0.01, *** p \ 0.001)

the suspensions and then incubated in a 37°C water bath for
20 min in the dark. PI-stained cells were analyzed by flow
cytometry, and the percentages of different phases were
automatically analyzed by Partec FloMax software.
Cell Migration Assay
Migration rates of different cell lines were assayed in a
modified Boyden’s chamber (Neuro Probe, Gaithersburg,
MD, USA). Cell suspensions at 50 ll (2 9 104/well) were
loaded in the upper chamber. Migrating cells were fixed
and quantified by a colorimetric measurement using crystal
violet staining with TotalLab v2.01 software.
Oligo-Microarray Experiments for Selecting
CRT-Regulated Genes
RNA isolated from CRT-pEGFP-c1 and CRT-shRNA
stable clones was labeled with Cy5, and RNA from
pEGFP-c1 and shRNA-control stable clones was labeled
with Cy3. Total RNA (0.5 lg) was amplified, Cy-labeled,
and fragmented. Correspondingly fragmented labeled
cRNA was then pooled and hybridized to the Agilent
human 1A v2 oligo-microarray (Agilent Technologies,
Santa Clara, CA, USA). The microarrays were scanned
with an Agilent microarray scanner (Agilent Technologies, Santa Clara, CA, USA). Scanned images were
analyzed by Feature extraction 9.1 software (Agilent
Technologies, Santa Clara, CA, USA). The data were
subsequently normalized by rank consistency filtering
with the LOWESS method.
Real-Time PCR Quantification of VEGF, PlGF,
and Connective Tissue Growth Factor (CTGF) mRNAs
of Stable Cell Lines
cDNAs were synthesized with 2 lg total RNA and an
oligo-dT primer using ReverTra Ace reverse transcriptase. Quantitative (q)PCR was carried out using the
iCycler iQ Real-Time detection system (Bio-Rad, Hercules, CA, USA) with the DNA double-stranded specific

527

SYBR Green I dye for detection. qPCR was performed
using primers specific for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (forward; 50 -GGT GGT CTC
CTC TGA CTT CAA C and reverse: 50 -TCT CTC TTC
CTC TTG TGT TCT TG), CRT (forward: 50 -GTC GAT
GTT CTG CTC ATG TTT C and reverse: 50 -AAG TTC
TAC GGT GAC GAG GAG), CTGF (forward: 50 -GCC
TCT TCT GTG ACT TCG and reverse: 50 -TCG TCT
GGA AGG ACT CTC), and PlGF (forward: 50 -AAT
GCC TCG CTC CCT TCA AGA C and reverse: 50 -GGT
CTG TGG CTG GCT TCT CTC). For quantification, the
target gene was normalized to the internal standard gene,
GAPDH.
Western Blotting for VEGF and CTGF Protein
Expression in Stable Cell Lines
Equal amounts of samples (30 lg) were subjected to
Western blotting by incubation with rabbit anti-CRT antibody (1: 5000 dilution), actin, or CTGF for 2 h.
Membranes were washed, then incubated with horseradish
peroxidase-conjugated polyclonal goat anti-rabbit or rabbit
anti-goat secondary antibodies (1:5,000 dilution) for 1 h.
Immunoreactive bands were quantified with TotalLab
V2.01 software.
Enzyme-Linked Immunosorbent Assay (ELISA) for
VEGF and PlGF Proteins in the Supernatant of Stable
Cell Lines
Cells were plated at 5 9 105/well in six-well plates.
Conditioned media were collected and immediately analyzed using an ELISA kit specific for human VEGF
(Biosource, Camarillo, CA, USA) and PlGF (R&D Systems, Minneapolis, MN, USA) following the
manufacturer’s protocol. VEGF and PlGF concentrations
were normalized to the cell number.
Statistical Analysis
Experimental data were statistically analyzed using
Student’s t-test. Each result was obtained from at least
three independent experiments, and a value of p \ 0.05
was considered statistically significant. Fisher’s exact
probability test and chi-squared test were used for the
statistical analysis of the expression of CRT with traditional clinical outcome. Survival was calculated using
Kaplan–Meier method, and differences were analyzed by
the log-rank test. A multivariate survival analysis was
performed using the Cox proportional hazards model to
investigate the independent prognostic factors. Statistical
significance was defined as p \ 0.05.
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FIG. 2 Vascular endothelial growth factor (VEGF) and placenta
growth factor (PlGF) mRNAs were upregulated in a calreticulin
(CRT)-overexpressing cell line, and there was significantly more
protein secretion in the supernatant, but CRT could barely be detected
in the supernatant. a PlGF mRNA was upregulated in CRT-pEGFP-c1
cells by threefold (*** p \ 0.001). b CRT knockdown had no effects
on the PlGF mRNA level. c PlGF secretion was upregulated in
conditioned media of CRT-overexpressing cells (** p \ 0.01), while

PlGF secretion levels of the other three cell lines were under the
detection limit (7 pg/ml). d VEGF mRNA was upregulated in CRTpEGFP-c1 cells by 1.3-fold (* p \ 0.05). (E) CRT knockdown had no
effects on the VEGF mRNA level. f VEGF secretion was upregulated
in conditioned media of CRT-overexpressing cells (* p \ 0.05),
while VEGF secretion levels of the other three cell lines did not
significantly differ. g CRT could barely be detected in conditioned
media
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FIG. 3 Calreticulin protein expression is increased in gastric tumor
tissue. In normal gastric epithelial cells, immunostaining was positive
for calreticulin (a). Lymphocytes (b) and endothelial cells (c) were
positively stained in some gastric tissues. Weak (d) and strong (e)

immunostaining for calreticulin was demonstrated in diffuse-type
gastric cancer. Strong immunostaining for calreticulin was noted in
intestinal-type gastric cancer (f)

RESULTS

significantly correlated with MVD (Pearson correlation
coefficient r = 0.495, p = 0.005).

Calreticulin was the Most Commonly Overexpressed
Gene
A gene was defined as being overexpressed if the ratio
of the detected spot intensity of the tumor to the corresponding nontumor tissue was [1. CRT was overexpressed
in 20 (67%) patients among 30 gastric cancer patients, and
was the most commonly overexpressed gene in this
microarray study. CRT expression was confirmed by RTPCR in 12 patients who had enough RNA left among 30
patients. Calreticulin expression levels detected in the
microarray were consistent with those measured by RTPCR in nine patients (75%) (Supplemental Fig. S1).
Immunohistochemical staining demonstrated CRT was
positive in cancer cells of gastric cancer tissues. The CRT
expression ratio obtained from the microarrays was

Construction and Confirmation of CRT Expression in
CRT-Overexpressing and CRT-Knockdown Stable Cell
Lines
Stable cell lines of CRT overexpression (CRT-pEGFP-c1
versus pEGFP-c1 cells) and knockdown (CRT-shRNA versus
shRNA-control cells) were generated and confirmed by using
qPCR and Western blot analysis (Supplemental Fig. S2).
CRT Overexpression Enhanced Gastric Cancer Cell
Proliferation and Migration
Of pEGFP-c1 cells, 51.31% were in the G1 phase,
whereas only 43.82% of CRT-pEGFP-c1 cells were in the
G1 phase (Fig. 1a). In other words, the percentage of CRT
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TABLE 1 Correlations between clinicopathologic factors and calreticulin expression
Variable

Calreticulin expression
Low
(n = 26)

High
(n = 53)

20

34

6

19

Gender (no. of patients)
Male
Female
Age (years) (mean)

62.5

64.3

I

2

1

II

3

5

III

33

25

IV

4

6

Intestinal

12

21

Diffuse

14

32

Borrmann type

0.4

CRT Upregulated VEGF and PlGF in Gastric Cancer
Cells

0.013

We next determined whether CRT expression would
affect VEGF and PlGF expression in gastric tumor cells.
VEGF mRNA and VEGF protein secretion were upregulated in CRT-pEGFP-c1 cells. PlGF mRNA and PlGF
protein secretion were also upregulated in CRT-pEGFP-c1
cells. However, CRT knockdown had no effects on VEGF
and PlGF mRNA level. CRT was barely detected in conditioned media (Fig. 2).
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CTGF was found to be reciprocally modulated by CRT
using the oligo-microarray comparing overexpressing and
knockdown cell lines, and was further confirmed using
qPCR and Western blot analysis (Supplemental Fig. S3).

P-value

0.567
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Positive
Negative
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Expression

0.008

Stage

0.007

overexpressing cells in the S and G2/M phases increased
from 48.69% to 56.18%. Moreover, the percentage of
CRT-knockdown cells in the G1 phase was elevated from
51.71% to 61.71% (Fig. 1b). These results indicate that
CRT enhances gastric cancer cell proliferation. In addition,
the cell migration rate of CRT-pEGFP-c1 cells was threefold higher than that of pEGFP-c1 cells, while the rate of
CRT-shRNA cells was 40% lower than that of shRNAcontrol cells (Fig. 1c).

CRT could be expressed in normal gastric epithelial
cells (Fig. 3a), lymphocytes (Fig. 3b), and endothelial cells
(Fig. 3c). CRT was positively stained in 67% (53/79) of
patients (Fig. 3d–f). The MVD of all 79 patients ranged
from 5 to 68 with a mean of 32.4. We classified them into
two subgroups at a cutoff point of 32 into a group with
MVD [ 32 and a group with MVD B32 for further statistical analysis. Correlations between the expression of
CRT and the clinicopathologic factors are shown in
Table 1. A significant correlation was found for CRT
expression with serosal invasion, lymph node metastasis,
perineural invasion, and MVD. Overall survival rate
(76.6%) of CRT-negative patients was significantly higher
than
that
(29.6%)
of
CRT-positive
patients
(p \ 0.0004284) (Fig. 4a). In subgroup analysis, CRT was
significantly associated with patient survival in the group
with low MVD (\32) (Fig. 4b). There was no significant
survival association in patients with high MVD ([32)
(Fig. 4c). Using multivariate analysis, the following were
shown to be independent prognostic factors: CRT, MVD,
and serosal invasion (Table 2).

DISCUSSION
CRT is now recognized to be a multifunctional protein
not only in the cytoplasm but also at the cellular surface
and in the extracellular environment, as it exerts a number
of physiological and pathological effects.9 It is principally
considered to be localized in endoplasmic reticula where it
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FIG. 4 a Survival curve of patients with positive and negative
calreticulin expression. b Survival curve of positive and negative
calreticulin expression in patients with low microvessel density

(MVD) (\32). c Survival curve of positive and negative calreticulin
expression in patients with high MVD ([32)

serves as a calcium-binding protein and a chaperone, and it
regulates a variety of cell functions.10 In various cancers,
CRT is upregulated in tumor tissues compared with in
normal tissues. Increased CRT expression in hepatocellular
carcinoma and colon adenocarcinoma was recently reported.11,12 It has also been reported that CRT was increased
in urinary cancer tissue, and urinary calreticulin is a
potential biomarker for bladder cancer.13
We observed that CRT was overexpressed in most
gastric cancer tissue, and demonstrated for the first time
that CRT overexpression increases cell proliferation and
migration, and upregulates the expression and secretion of

the well-known proangiogenic factors VEGF and PlGF in
gastric cancer cells. Meanwhile, it also regulates the cancer
progression-related gene, CTGF.
It was reported that exogenous CRT, and the CRT
fragment vasostatin, are inhibitors of angiogenesis that
directly target endothelial cells, inhibit angiogenesis, and
suppress tumor growth.14–16 Vasostatin gene therapy has
proven to inhibit endothelial cell proliferation in vitro and
suppress tumor growth and angiogenesis with treatment in
vivo.17–19 However, that was not the case with gastric
cancer. Endogenous CRT overexpression of gastric cancer
cells increased the mRNA expression and protein secretion
of the well-known proangiogenic factors VEGF and PlGF.
On the contrary, CRT-overexpressing cancer cells barely
secreted CRT to exert their antiangiogenic effect in this
study. These findings could explain why high CRT
expression with gastric cancer was significantly correlated
with high MVD. It was also reported that vasostatintransfected neuroendocrine cells become more malignant
when injected into nude mice.20 Therefore, the effect of
CRT on angiogenesis may depend on cell types and
intracellular or extracellular location.
CRT is essential for regulating cell adhesion via interaction with a subunits of integrins, which are related to
endothelial and cancer cell migration, and suppression of
CRT expression in rhabdomyosarcoma cells resulted in
suppressed activation of matrix metalloproteinase–2 that
enhances endothelial cell migration in the angiogenesis
process.21–24 Cell surface CRT is a putative mannoside
lectin which triggers the spread of mouse melanoma cells.
Anti-CRT antibodies confirmed this identity and block cell
spreading.25 Composite reports implied that cancer cells
with high CRT expression may be more invasive and
angiogenic.

TABLE 2 Clinicopathologic factors affecting survival rate by multivariate analysis
Variable

B

SE

Sig

exp(B)

Serosal invasion
Negative versus positive
Lymph node metastasis

1.349

0.625

0.031

3.853

Negative versus positive

0.977

0.640

1.130

2.656

0.445

0.661

0.500

1.561

0.387

0.406

0.340

1.473

-0.354

0.422

0.400

0.702

1.060

0.506

0.036

2.886

0.915

0.386

0.018

2.497

Borrmann type
I, II, III, IV
Lauren classification
Intestinal versus diffuse
Perineural invasion
Negative versus positive
Calreticulin
Negative versus positive
Microvessel density
\32 versus [32

B b regression coefficient; SE standard error; Sig significance; exp(B)
exponent b
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CTGF is a secretory protein belonging to the CCN
family (one among the three originally discovered members: cysteine-rich61, CTGF, and nephroblastomaoverexpressed gene). It is a multifunctional growth factor
involved in wound healing, inflammation, cell adhesion,
chemotaxis, apoptosis, tumor growth, and fibrosis.26 Elevated CTGF expression has been detected in various
tumors.27–30 Additionally, CTGF can promote angiogenesis by regulating endothelial cell growth, migration,
adhesion, and survival.31 However, recent studies showed
that overexpression of CTGF in human oral squamous cell
carcinoma reduces cell growth and tumorigenicity.32,33
Similar tumor growth inhibitory effects were observed in
lung cancer cells in which CTGF overexpression was less
angiogenic and metastatic due to blocking of the VEGF A
signaling pathway.34,35 CTGF was also reported to be a key
regulator of colorectal cancer invasion and metastasis, and
it appears to be a better prognostic factor.36 These controversial studies suggest that CTGF may modulate diverse
functions in different types of cancers, and our results
showed that CRT overexpression was more angiogenic and
a worse prognostic factor, and reciprocally regulated CTGF
expression; theoretically, the effects of the overexpression
of CTGF may be opposite to those of CRT, which is less
angiogenic and a better prognostic factor in gastric cancer
patients.
CRT upregulated VEGF and PlGF expressions,
enhanced angiogenesis, and also increased gastric cancer
cell proliferation and migration. These characters are
consistent with serosal invasion, lymph node metastasis,
and increased MVD, and it makes sense that CRT is an
independent prognosticator, especially in patients with low
MVD. Therefore, one of the potential benefits of this study
may be an improved ability to identify patients at high risk
for early cancer-related death. This may eventually result
in the use of CRT to stratify these patients for moreaggressive adjuvant therapy, thus sparing low-risk patients
from unnecessary and potentially toxic therapy. CRT,
which increases tumor proliferation, progression, and
angiogenesis, is a potential molecular target for anticancer
therapy, and deserves further investigation.
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