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a b s t r a c t

Pancreatic cancer typically has an unfavourable prognosis due to late diagnosis and a lack of therapeutic
options. Thus, it is important to better understand its pathological mechanism and to develop more effec-
tive treatments for the disease. Human chromosome 20q13 has long been suspected to harbour onco-
genes involved in pancreatic cancer and other tumours. In this study, we found that eEF1A2, a gene
located in 20q13, was significantly upregulated in pancreatic cancer. Little or no expression of eEF1A2
was detected in normal human pancreatic and chronic pancreatitis tissues, whereas increased eEF1A2
expression occurred in 83% of the pancreatic cancers we studied. Furthermore, using in vitro and
in vivo model systems, we found that overexpression of eEF1A2 promoted cell growth, survival, and inva-
sion in pancreatic cancer. Our data thus suggest that eEF1A2 might play an important role in pancreatic
carcinogenesis, possibly by acting as a tumour oncogene.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Pancreatic cancer is one of the most aggressive malignancies,
with 5-year survival rates averaging less than 5% [1,2]. Despite
great advances in the characterization of molecular alterations
commonly present in pancreatic cancer, improved understanding
of its molecular basis is required to identify new markers for early
diagnosis and provide potential targets for therapeutic interven-
tion. Alteration of the expression of genes involved in cell prolifer-
ation or apoptosis can cause abnormal cell growth and malignant
transformation. Although most studies have focused on the tran-
scriptional regulation of gene expression, recent studies have sug-
gested that dysfunctional protein translation may also contribute
to cancer development. In particular, the protein elongation factor
eEF1A2 has been identified as an important player in many differ-
ent human tumours [3–7]. However, little is known about the role
of eEF1A2 in pancreatic cancer.

eEF1A2 is a housekeeping gene and one of the two isoforms of
protein elongation factor eEF1A. In contrast to eEF1A1, which is ex-
pressed ubiquitously, eEF1A2 is normally present only in the heart,
brain and muscle tissues [8–10]. The classical role for these pro-
teins involves regulation of ribosomal polypeptide elongation by
binding of amino-acylated tRNA and facilitation of its recruitment
to the ribosome [11]. In addition to its central role in protein trans-
lation, eEF1A2 also has some non-canonical functions such as cyto-
skeleton modification [12–14] and targeting of proteins for
degradation [15], as well as involvement in the heat shock re-
sponse [16], apoptosis [17] and phophatidylinositol signalling [18].
ll rights reserved.
Recent studies have shown that eEF1A2 is upregulated in a sub-
set of ovarian, lung, breast and hepatocellular tumours, suggesting
an important role for this molecule in oncogenesis [3–7]. Expres-
sion of wild-type eEF1A2 was found to transform rodent fibroblasts
and increase their tumourigenicity in nude mice [3]. In lung cancer,
overexpression of eEF1A2 was correlated with increased Ki-67
expression and poor prognosis [4]. These observations implicate
eEF1A2 in oncogenesis, and led us to hypothesize that eEF1A2 is
also involved in pancreatic cancer.

In the present study, we investigated the expression of eEF1A2
in normal and pathological pancreatic tissues, as well as in pancre-
atic cancer cells, and examined the effect of eEF1A2 expression on
pancreatic cancer cell growth, proliferation and motility using
in vitro and in vivo assays.
Materials and methods

Tumour samples and cell lines. All investigations described in this
study were performed after informed consent was obtained,
according to the guidelines of the Institutional Review Board and
the ethical committee of Rui Jin Hospital. Cells were cultured in
DMEM supplemented with 10% fetal bovine serum (FBS) and pen-
icillin/streptomycin.

Immunohistochemistry. Formalin-fixed, paraffin-embedded tis-
sues were de-waxed in xylene and rehydrated in graded alcohols.
After antigen retrieval and blocking of non-specific reactions, sec-
tions were incubated with eEF1A2 (1:200, a gift from Helen New-
bery, Edinburgh), PCNA (1:2000, Cell Signalling Technology,
Danvers, MA) or CD31 antibodies (1:100, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) at 4 �C overnight.
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Reverse transcription-polymerase chain reaction (RT-PCR) analysis.
Total RNA from cultured cells or human pancreatic tissue samples
was isolated using the RNeasy RNA isolation kit (Qiagen, Valencia,
CA) following the manufacturer’s protocol. RNA was quantitated
spectrophotometrically and 2 lg of RNA were used to make cDNA
using Thermoscript RT-PCR Reaction System (Invitrogen,Carls-
bad,CA) per manufacturer’s protocol. Each PCR reaction was carried
out in 25 ll mixture. The amplification products were electropho-
resed on 1.2% agarose gels. Primers used for RT-PCR are as follows:
eEF1A2 primers forwards 50-tcgaatctccctctggaagtt-30, reversed 50-
cttgaaccacggcatgttg-30; eEF1A1 primers forwards 50-
aacattdtcgtcattggaca-30 reversed 50-acttgctggtctcaaatttc-30.

Western blot analysis. Anti-EF1a antibody was purchased from
Upstate Biotechnology (Charlottesville,VA) and anti-ß-actin anti-
body was acquired from Sigma (St. Louis, MO). Protein samples
(20 lg) were subjected to SDS gel electrophoresis and transferred
to polyvinylidene fluoride (PVDF) membranes using a Bio-Rad
wet transfer system. Immunoreactive bands were detected using
an enhanced chemiluminescence detection system (ECL, Amer-
sham Pharmacia Biotech, Piscataway, NJ, USA), according to the
manufacturer’s instructions.

Construction and transfection of expression plasmids. EEF1A2 full
length cDNA was cloned into a pDC316 carrier plasmid to generate
pDC316-EEF1A2. The plasmid pDC316-EEF1A2 and the skeleton
plasmid pBHG-fiber5/35 were co-transfected into HEK293 cells
using Polyfect (Qiagen, Hilden, Germany). The co-transfection
yielded the recombinant Ad5/F35-EEF1A2 plasmid. Successful
recombination was confirmed by observation of cytotoxicity as
well as by PCR. The control recombinant plasmid Ad5/F35-GFP
(green fluorescent protein) was obtained by the same method.
SW1990 cells, which express relatively low levels of endogenous
Fig. 1. eEF1A2 is overexpressed in pancreatic cancer. (A) Immunohistochemical analysis
and b), chronic pancreatitis (c and d), and pancreatic ductal carcinoma (e and f) tissues
(�200). (B) RT-PCR and western blotting were performed on human pancreatic tissu
pancreatic cancer (PC,20). (C) eEF1A1 and eEF1A2 mRNA levels and protein expression w
normal human liver tissues served as a negative control.
eEF1A2, were transfected with Ad5/F35-EEF1A2 or with the control
Ad5/F35-GFP plasmid.

Cell viability assessment. Cell viability was assessed using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
dye according to the standard protocol. The absorbance of the sam-
ples was measured using a microplate reader at 570 nm. Addition-
ally, cell proliferation was determined by counting cells with a
Coulter Counter.

Colony formation assay. A soft agar colony formation assay was
used to assess the anchorage-independent growth ability of cells.
For each well in a six-well plate, 1.0 � 103 cells were mixed with
1 mL DMEM medium containing 10% fetal bovine serum and 0.3%
agar and then plated on a 0.6% agar base. Colonies with diameters
larger than 50 lm were counted at 15 days after plating.

Cell cycle analysis by fluorescence activated cell sorting (FACS).
Cells seeded in six well plates were harvested and washed with
cold PBS, centrifuged at 1200 rpm and stored overnight in 70% eth-
anol at 4 �C. The following day, cells were washed with cold PBS
and resuspended in 200 ll 1.12% sodium citrate containing RNase
A (250 lg/ml) for 30 min at room temperature. Thereafter, cells
were stained with 50 lg/ml propidium iodide in 1.12% sodium cit-
rate solution. The stained cells were analyzed for DNA content at
448 nm by flow cytometry in a FACScan device equipped with a
15-mW argon ion laser.

Cell migration and invasion assay. Cell migration and invasion as-
says were performed using transwell chambers with 8 lm pores
(Chemicon). The lower chambers of the transwell plates were filled
with 500 ll medium containing 10% fetal bovine serum as a che-
moattractant. The cell suspension (300 ll) was then added to the
upper chamber, and plates were incubated at 37 �C for 24 and
48 h. Cells that migrated to the lower surface of the polycarbonate
of eEF1A2 expression in two representative samples of normal human pancreas (a
using low-power image (�100) and representative high-power microscopy images
es including those from normal pancreas (N,10), chronic pancreatitis (CP,6) and
as analyzed in pancreatic cancer cells. MCF-7 cells served as a positive control and
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membrane were stained with haematoxylin. The cells that mi-
grated to the lower surface were quantified by counting 10 ran-
domly selected microscope fields at �400 magnification.

In vitro wound healing assay. Wounds were mechanically gener-
ated by scratching with a sterile pipette tip. Cells were washed
with PBS, then cultured in complete culture medium. Photographs
were taken at 0, 12 and 24 h after wound generation. Cells that mi-
grated into the wounded area were counted and the distance of
migration from the cellular monolayer to the wounded area during
this time period was also subsequently measured.

Cell adhesion assay. The cell adhesion assay (Chemicon) was per-
formed according to the manufacturer’s protocol. Ninety-six well
plates were coated with type I collagen, type II collagen, type IV
collagen, fibronectin, laminin, tenascin or vitronectin, as well as
bovine serum albumin as a control. The attached cells were stained
with cresyl violet, rinsed with distilled water, solubilized in acetic
acid, and quantified using a microtiter plate reader at 570 nm.

Nude mouse subcutaneous xenograft model. Balb/c nude mice
were maintained under specific pathogen-free conditions in the
Shanghai Experimental Animals Centre of Chinese Academy of Sci-
ences, and their care was in accordance with institutional guide-
lines. To determine the effect of eEF1A2 gene overexpression on
in vivo growth, 1 � 106 SW1990 cells were implanted subcutane-
ously in nude mice. Two weeks after tumour cell inoculation, mice
were divided randomly into 3 groups (5 mice/group). Each animal
in the three groups was injected with 1 � 108 PFU (plaque-forming
units) of Ad5/F35-GFP, Ad5/F35-EEF1A2 or control PBS every three
days for 24 days. Tumour dimensions and body weights were re-
corded every three days. Tumour volume (V) was estimated from
tumour length (l) and width (w) using the formula V = lw2p/6.
PCNA staining was used to evaluate cell proliferation, and posi-
tively stained cells were expressed as the percentage of total
Fig. 2. eEF1A2 promoted growth, proliferation and S-phase entry in SW1990 cells. (A) Gr
The cell growth curve was obtained by counting cell numbers per well on each day for a w
adenovirus for 48 h. (D) Ad5/F35-EEF1A2 transduction increased the S-phase population
tumour cells in the five higher magnification fields (�200). A
CD31 polyclonal antibody was used to assess micro-vessel density
(MVD) in tumours according to the procedure previously described
by Weidner et al. [19].

Statistical analysis. Each experiment was repeated at least three
times. Differences in mean values were evaluated using ANOVA
tests. All statistical analyses were performed using SPSS 11.0 soft-
ware (Chicago, IL, USA). p < 0.05 was considered to be statistically
significant.

Results

eEF1A2 was upregulated in pancreatic cancer

eEF1A2 expression was analyzed by immunohistochemistry in
thirteen normal pancreatic tissues, eight chronic pancreatitis tissue
samples and thirty-five pancreatic cancer tissues. The staining pat-
tern indicated strong expression of eEF1A2 in 29/35 (83%) of pan-
creatic cancer tissues (Fig. 1A). In contrast, normal pancreatic ducts
and chronic pancreatitis samples were both negative for eEF1A2
staining in most biopsies (Fig. 1A). When eEF1A2 was expressed,
the staining was specific and granular in the cytoplasm. No expres-
sion of eEF1A2 was demonstrated in islets.

To further assess the potential role of eEF1A2 in pancreatic can-
cer, its expression was examined by RT-PCR and western blot anal-
ysis in ten samples of normal pancreas, six with chronic
pancreatitis and twenty samples of pancreatic adenocarcinoma
as well as three pancreatic caner cell lines. eEF1A2 mRNA and pro-
tein expression was increased in pancreatic cancers, but reduced or
not present in normal pancreatic and chronic pancreatitis samples
(Fig. 1B). In addition, eEF1A2 was also overexpressed in BxPC-3 and
PaTu8988 cell lines, while little or no expression was detected in
owth of SW1990 cells transduced with adenovirus was measured by MTT assay. (B)
eek. (C) Colony formation assay was performed using SW1990 cells transduced with
in SW1990 cells after 48 h. *p < 0.05.
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SW1990 cell lines (Fig. 1C). There was no difference of eEF1A1
expression between normal control and pancreatic cancer in either
cell line or tissue samples.

eEF1A2 overexpression enhanced cell growth and proliferation

To address the function of eEF1A2 in pancreatic cancer develop-
ment, we successfully constructed the recombinant adenovirus
plasmid Ad5/F35-EEF1A2. SW1990 cells expressing relatively low
levels of endogenous eEF1A2 were transfected with full-length
eEF1A2 cDNA. After transfection of eEF1A2 cDNA, we verified its
overexpression in SW1990 cells by RT-PCR and western blotting
and compared the expression levels to those of cells transfected
with control vectors (Supplementary Fig. 1). The results also dem-
onstrated that the eEF1A1 expression level was not influenced in
the cells infected with Ad5/F35-EEF1A2 (Supplementary Fig. 1).
When compared to mock-transfected cells, eEF1A2 overexpression
significantly enhanced the proliferation of SW1990 cells as deter-
mined by both MTT assay (Fig. 2A) and cell counting (Fig. 2B). As
shown in Fig. 2C, overexpression of eEF1A2 also led to increased
colony formation in a soft agar assay. These results suggest that
EEF1A2 plays an important role in the regulation of pancreatic cell
proliferation.

To further determine whether the cell cycle distribution was
changed by overexpression of eEF1A2 in SW1990 cells, we used
Fig. 3. Effect of eEF1A2 on cell migration, invasion and adhesion. (A) Invasive potenti
performed using transwell chambers. (C) In vitro wound healing assay. Representative
wound closure (lower) was assessed by measuring the distance between the wound edge
to ECM-coated substrates. *p < 0.001 **p < 0.05.
flow cytometry to analyze the populations of cells entering differ-
ent phases of the cell cycle at 48 h after virus infection. Transfec-
tion of eEF1A2 resulted in an increased number of cells entering
the S phase, with a corresponding decrease in the number of cells
in the G1 growth phase (Fig. 2D).

eEF1A2 promoted cell motility, invasion and adhesion

Increased cell motility, invasion and adhesion are key character-
istics of tumour progression. To determine whether eEF1A2 plays a
role in cell metastasis, we performed matrigel invasion, transwell
migration and wound healing assays. Cell invasion was increased
for eEF1A2-transfected cells when compared to parental or GFP-
transfected cells (Fig. 3A). Using the transwell assay, we further ob-
served that eEF1A2-transfected cells migrated faster than parental
cells, and this difference particularly striking between 24 h and
48 h after transfection (Fig. 3B). Cell migration was also detected
using the wound healing assay with similar results. Quantification
of the track area revealed a 50% increase in cell motility for cells
transfected with eEF1A2 as compared to control cells (Fig. 3C).
These results show that eEF1A2 expression increased cell migra-
tion and invasion in pancreatic cancer cells in vitro.

Furthermore, to assess the levels of cell adhesion with various
extracellular matrices, we performed an adhesion assay using an
array of ECM proteins. Cells transfected with eEF1A2 showed high-
al of cells across Matrigel-coated transwell chambers. (B) Cell motility assay was
photographs (�100) at 0, 12, and 24 h after wound initiation are shown. Percent
s. (D) SW1990 cells with or without eEF1A2 transfection were assayed for adhesion



Fig. 4. The effect of eEF1A2 expression on tumour growth in vivo. (A) Tumour sizes every two days in each group (n = 5). (B) Weights of dissectable tumours in each group
(n = 5). (C) Representative H&E staining and histological staining of anti-PCNA and anti-CD31 antibodies (�200) *p < 0.05.
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er adherence than parental cells in wells coated with collagen I
(Fig. 3D). There was no significant difference in adherence between
cells transfected with GFP and eEF1A2 on surfaces coated with
laminin or vitronectin, whereas there were weak differences in cell
adhesion for other collagens, fibronectin and tenascin (Fig. 3D).
Overall, these data suggest that eEF1A2 expression partially en-
hanced cellular adhesion to extracellular matrices.

eEF1A2 promoted pancreatic cancer growth in a nude mouse model
with subcutaneous xenografting

We further analyzed the role of eEF1A2 on tumour growth in vivo
using an immunodeficient nude mouse model. There was a dra-
matic increase in tumour volume in Ad5/F35-EEF1A2 groups, as
compared to the control groups (Fig. 4A). As shown in Fig. 4B, tu-
mour weight was also significantly increased in Ad5/F35-EEF1A2
groups. These results suggest that overexpression of eEF1A2 pro-
moted pancreatic cancer progression. Furthermore, immunohisto-
chemical analysis of the harvested tumours suggested that
eEF1A2 overexpression was associated with increased tumour cell
proliferation (PCNA reactivity) and angiogenesis (micro-vessel den-
sity, MVD). As shown in Fig. 4C, the percentage of PCNA-positive
cells in the Ad5/F35-EEF1A2 group was 87.9%, while the percent-
ages of PCNA-positive cells in the Ad5/F35-GFP and PBS groups were
60.32% and 55.26%, respectively (p < 0.05). Immunostaining with
the endothelial cell marker CD31 revealed a significant increase in
vascularization in the Ad5/F35-EEF1A2 group (20.32 ± 5.21) as com-
pared to the Ad5/F35-GFP (6.05 ± 1.25) or PBS (5.78 ± 1.81) groups
(p < 0.05).
Discussion

eEF1A2 is a protein elongation factor that recruits amino-acyl-
ated tRNA to the ribosome during the elongation phase of transla-
tion [20]. In the present study, we examined the expression of
eEF1A2 in pancreatic cancer tissues as well as in normal pancreas
and chronic pancreatitis tissues. eEF1A2 was upregulated in a high
proportion of pancreatic cancer tissues and pancreatic cancer cell
lines, while there was little expression in normal pancreas or
chronic pancreatitis tissues. Immunohistochemical staining
showed cytoplasmic localization of eEF1A2 in human pancreatic
cancer ductal epithelium cells. All the evidence we got from our
experiments demonstrated that it is eEF1A2 instead of eEF1A1 that
plays a important role in pancreatic cancer. There may be two pos-
sibilities to explain the difference between our results and Dr.
Ohnami’s [21]. First, the elevation of eEF1A2 and eEF1A1 maybe re-
lated to the specific subtype of pancreatic cancer. Second, the dif-
ferent ethnic background may cause the elevation of different
isoform of eEF1A. However, the mechanisms of eEF1A2 overex-
pression require further investigation. Anand et al. and Grassi
et al. have reported that overexpression of eEF1A2 does not com-
pletely depend on the genomic status of this locus [3,7], suggesting
the existence of alternative mechanisms.

Other investigators have suggested at least two possible mech-
anisms: (1) eEF1A2 specifically up-regulates proteins that activate
cell growth, or (2) that increased eEF1A2 expression causes an
overall increase in protein translation resulting in increased cell
proliferation. The effect of eEF1A2 on apoptosis remains controver-
sial. It has previously been shown that eEF1A2 may protect against
apoptosis or induce apoptosis upon serum deprivation [22–25].
The ability of eEF1A2 to shorten microtubules and bind to F-actin
[4] has raised the possibility that eEF1A2-derived cytoskeletal
alterations may facilitate tumourigenesis. eEF1A2 has also been re-
ported to activate tyrosine phosphorylation [26] and phosphotidyl-
inositol-4-kinase, [27] indicating a role in the control of phospha-
tidylinositol signalling, actin remodelling, cell motility and ubiqui-
tination [28].

We previously established the clinical relevance of eEF1A2 in pa-
tients with pancreatic cancer. Our findings suggest that eEF1A2 pro-
motes pancreatic tumorigenesis by enhancing cell growth,
proliferation and motility in vitro and in vivo. This tumourigenic
function of eEF1A2 was also shown in hepatocellular and ovarian tu-
mours by Anand et al. and Grassi et al. [3,7]. These data are consistent
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with the results of Amiri et al. [18], who reported that eEF1A2
expression made cells more motile and invasive in vitro. This finding
in nude mice was further strengthened by the transformation of
fibroblasts by ectopic expression of wild-type EEF1A2 and the tumo-
urigenic growth of these cells when xenografted into mice [3]. In
addition, our data also suggest that overexpression of eEF1A2 is
associated with neo-angiogenesis. Angiogenesis has been proposed
as a prognostic factor for tumours that require it for growth.

In summary, our results suggest that eEF1A2 protein is upregu-
lated in pancreatic cancers, and that this overexpression could
facilitate cell growth, invasion, and adhesion by increasing PCNA
expression and promoting angiogenesis. eEF1A2 may, therefore,
potentially serve as a tumour oncogene in the pathogenesis of pan-
creatic cancers.
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