
Abstract. Background/Aim: In pancreatic cancer, where the
microenvironment is extremely hypoxic, analyzing signal
transduction under hypoxia is thought to be significantly
important. By investigating microarray analysis of pancreatic
cancer cells cultured under both normoxia and hypoxia, we
found that the expression of leukocyte common antigen-related
(LAR)-interacting protein (liprin)-α4 was extremely increased
under hypoxia compared to under normoxia. Materials and
Methods : In the present study, the biological significance of
liprin-α4 in pancreatic cancer was investigated and whether
liprin-α4 has potential as a therapeutic target for pancreatic
cancer was estimated.  Results: Suppression of liprin-α4
reduced proliferation of pancreatic cancer cells both in vitro
and in vivo. Inhibition of liprin-α4 also reduced invasiveness
through the suppression of endothelial–mesenchymal transition.
Stimulation by liprin-α4 was through phosphoinositide 3-kinase
and mitogen-activated protein kinase signaling pathways.
Conclusion: Liprin-α4 plays a pivotal role in inducing
malignant phenotypes such as increased proliferation and
invasion in pancreatic cancer, and that liprin-α4 could be a new
effective therapeutic target for pancreatic cancer. 

Pancreatic cancer remains one of the deadliest types of cancer,
associated with an overall survival rate of <5% (1). One reason
for this may be that few patients can undergo curative operations
because the disease has already advanced at the time of
diagnosis. In addition, there are still few effective chemotherapy
agents for the treatment of refractory pancreatic cancer. The
development of novel therapeutic strategies is urgently required.

The microenvironment of pancreatic cancer is extremely
hypoxic (2). The contributions of particular signaling
pathways or molecules, which are activated under hypoxia but
not under normoxia, can be considered a cause of pancreatic
cancer intractability. Therefore, analysis of the molecules and
signaling network activated under hypoxic conditions is
required to develop a new effective therapeutic strategy for
pancreatic cancer. Many researchers have shown that hypoxia-
inducible factor (HIF)-1α is an important transcriptional factor
in cancer under hypoxia (3, 4). However, it is reported that
many other signaling pathways are also activated under
hypoxia, independently of HIF-1α. For example, we reported
that Hedgehog (Hh) signaling, recombination signal-binding
protein for immunoglobulin-kappa-J region (RBPJ), and
mastermind-like 3 (MAML3) are activated under hypoxia
independently of HIF-1α and they are involved in the
induction of malignant phenotypes of cancer (5, 6). 

Recently, it was shown that leukocyte common antigen-
related (LAR)-interacting protein (liprin)-α4 is up-regulated
under hypoxic conditions and that it is directly regulated by
HIF-1α in renal cell carcinoma (7). Liprin-α belongs to the
LAR family of receptor protein tyrosine phosphatase (8, 9).
Of liprin-α families, liprin-α1 is well researched and has been
shown to be required for the congregation of neuronal
synapses (10) and cell migration (11). Liprin-α1 also
contributes to invasiveness of cancer cells (12, 13). However,
the biological significance of liprin-α4 in pancreatic ductal
adenocarcinoma (PDAC) cells under hypoxia remains unclear. 

In the present study, in order to develop an effective
therapeutic strategy for refractory pancreatic cancer, we
investigated whether liprin-α4 has potential as a new
therapeutic target molecule for pancreatic cancer. 

Materials and Methods
Cell culture and reagents. Three human PDAC cell lines (ASPC-1,
SUIT-2 and Panc-1: American Type Culture Collection, Mannassas,
VA, USA) were maintained in RPMI-1640 medium (Nacalai
Tesque, Kyoto, Japan) supplemented with 10% fetal calf serum
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(FCS; Life Technologies Grand Island, NY, USA) and antibiotics
(100 units/ml of penicillin and 100 μg/ml of streptomycin). For
normoxic conditions, cells were cultured in 5% CO2 and 95% air.
For hypoxic conditions, cells were cultured in 1% O2, 5% CO2, and
94% N2 using a multigas incubator (Sanyo, Tokyo, Japan). Cell
numbers were counted under light microscopy. 

Microarray analysis. Methodology of DNA microarray we used was
described previously (15). According to the manufacturer’s protocol,
the cDNA was amplified and labeled using Low Input Quick Amp
Labeling (Agilent Technologies, Santa Clara, CA, USA), and
hybridized using SurePrint G3 Human Gene Expression Microarray
8×60k v2 (Agilent). All hybridized microarray slides were scanned
using an Agilent scanner. Relative hybridization intensities and
background hybridization values were calculated using Agilent
Feature Extraction Software (ver. 9.5.1.1). Intensity based Z-scores
and ratios (nonlog-scale fold-change) were calculated from the
normalized signal intensities of each probe for comparison between
cells (ASPC-1 and SUIT-2) cultured under normoxia, and cells
cultured under hypoxia. 

RNA interference. siRNA for liprin-α4 (ON-TARGETplus SMART
pool, L-190474) and negative control siRNA (ON-TARGETplus si
CONTROL non-targeting pool, D-001810) were purchased from
Dharmacon RNA Technologies (Chicago, IL, USA). Cells (2×105
cells/well) seeded in 6-well plates were transfected with 100 nM
siRNA using Lipofectamine RNAiMAX Reagent (Thermo Fisher
Scientific, Waltham, MA USA) according to the manufacturer’s
instructions. Cells were assayed at 2 days after transfection. 

Matrigel invasion assay. The invasiveness of pancreatic cancer cells
was assessed based on the invasion of cells through Matrigel-coated
transwell inserts as described previously (14). In brief, the upper
surface of a filter (pore size, 8.0 μm; BD Biosciences, Heidelberg,
Germany) was coated with basement membrane Matrigel (BD
Biosciences). Cells were suspended in RPMI-1640 with 10% FCS
then 8×104 cells were added to the upper chamber and incubated
for 16 h. After incubation, the filter was fixed and stained with Diff-
Quick reagent (International Reagents, Kobe, Japan). All cells that
had migrated from the upper to the lower side of the filter were
counted under a light microscope (BX50; Olympus, Tokyo, Japan)
at a magnification of ×100. Tumor cell invasiveness testing was
carried out in triplicate wells. 

Western blotting. Whole cell extraction was performed with M-PER
Reagents (Pierce Biotechnology, Rockford, IL, USA) according to
the manufacturer’s instructions. Protein samples (50 μg) were
separated by electrophoresis on an sodium dodecyl sulfate -
polyacrylamide gel and transferred to Protran nitrocellulose
membranes (Whatman GmbH, Dassel, Germany). The protein-
transferred membranes were incubated overnight at 4˚C with
primary antibodies for matrix metalloproteinase (MMP) 2 (1:200,
sc-10736; Santa Cruz Biotechnology, Dallas, TX, USA), MMP9
(1:200, sc-6840; Santa Cruz Biotechnology), E-cadherin (1:200, sc-
7870; Santa Cruz Biotechnology), vimentin (1:200, sc-6260; Santa
Cruz Biotechnology), SNAI2 (SLUG) (1:200, sc-15391; Santa Cruz
Biotechnology), SNAI1 (SNAIL 1)(1:200, sc-10433, Santa Cruz
Biotechnology), TWIST (1:200, sc-15393; Santa Cruz
Biotechnology), p- extracellular signal-regulated kinase (ERK)1/2
(1:200; Cell Signaling Technology, Danvers, MA, USA), ERK1/2

(1:200; Cell signaling Technology), p-AKT1/2/3 (1:200, sc-101629;
Santa Cruz Biotechnology), or AKT1/2/3 (1:200, sc-8312; Santa
Cruz Biotechnology). Peroxidase-linked secondary antibodies
(Amersham Biosciences, Piscataway, NJ, USA) were subsequently
added and the membranes were further incubated for 1 h at room
temperature. The antibody for α-tubulin (1:1,000; Sigma-Aldich, St.
Louis, MO, USA) was used as protein loading control.

Mouse xenograft model. Five-week-old female athymic nude mice
(BALB/c nu/nu) were purchased from Charles River Laboratories
Japan (Kanagawa, Japan) and acclimated for one week. All
experimental procedures were approved by the Animal Care and
Use Committee of Kyushu University (permit number: A27-324-0).
All mice were housed and maintained in a specific pathogen-free
animal facility at Kyushu University, and all efforts were made to
minimize the number of animals used and their suffering. All
experiments were performed in strict accordance with the
Guidelines for Proper Conduct of Animal Experiments (Science
Council of Japan). SUIT-2 cells transfected with liprin-α4 siRNA
or control siRNA were subcutaneously implanted into the flank of
nude mice (1×106 cells in Matrigel per mouse; n=3 in each
treatment group). Tumor size was measured twice a week until 5
weeks, volume was calculated as follows: A × B2 × 0.5, where A is
the longest diameter and B is the smaller of the two perpendicular
diameters of the tumor, and then mice were sacrificed. 

Fluorescent immunohistochemistry. Slides from tumors formed in
mice were deparaffinized with xylene, and rehydrated with alcohol;
antigen retrieval was achieved by microwaving in Target Retrieval
Solution (pH 6.0, DAKO, Japan) for 10 min. The sections were rinsed
with phosphate-buffered saline and blocked using Blocking One Histo
(Nacalai Tesque) for 10 min at room temperature. The sections were
incubated with anti-Ki67 (sc-15402; Santa Cruz Biotechnology), anti-
vascular endothelial growth factor (VEGF) (sc-152; Santa Cruz
Biotechnology), anti-pAKT (sc-101629; Santa Cruz Biotechnology)
and anti-pERK1/2 (Cell Signaling Technology), antibodies overnight
at 4˚C. Primary antibodies were then visualized by incubating slides
with Alexa Fluor 594-conjugated goat anti-rabbit (1:1,000;
Invitrogen) for 1 h at 37˚C, respectively. After incubation with
secondary antibodies, sections were rinsed with phosphate-buffered
saline three times. Slides were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI; Sigma Aldrich, St. Louis, MI, USA) and then
mounted by VectaShield (Vector Laboratories, Burlingame, CA,
USA). The samples were qualitatively examined under fluorescence
microscopy (Carl Zeiss, Tokyo, Japan).
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Table I. Expression of liprin-α4 in pancreatic ductal adenocarcinoma
cells under hypoxia compared with that under normoxia in microarray
analysis. 

                                                                     Cell line

                                           ASPC-1                                   SUIT-2

                              Z-score              Ratio             Z-score             Ratio

Liprin-α4              9.205912         311.4109         6.740904         117.9236



Statistical analysis. The data are presented as the means±standard
deviation (SD). Student’s t-tests were used to compare continuous
variables between two groups. Differences with p-values of less
than 0.05 were considered as statistically significant.

Results

Liprin-α4 contributes to proliferation and invasiveness of
PDAC cells under hypoxia. Firstly, we analyzed the genes
up-regulated under hypoxia in two PDAC cell lines in a
microarray experiment. Because the increase of liprin-α4
gene was the highest, we selected liprin-α4 as a candidate
gene for further study (Table I). We confirmed that liprin-α4
expression was increased at the protein level under hypoxia
compared with normoxia (Figure 1A). 

In order to ascertain the biological roles of liprin-α4, liprin-
α4 expression was knocked down using liprin-α4 siRNA. The
number of proliferating cells in liprin-α4 siRNA-transfected
PDAC cells were significantly lower than those in the control
in all three PDAC cell lines under hypoxia (Figure 1B).
Invasiveness of liprin-α4 siRNA-transfected PDAC cells was
also significantly lower compared with the control in the three
PDAC cell lines under hypoxia (Figure 1C). These results

suggest that liprin-α4 is involved in proliferation and
invasiveness of PDAC cells under hypoxic conditions. 

Phosphoinositide 3-kinase (PI3K) and mitogen-activated
protein kinase (MAPK) signaling pathways may contribute to
liprin-α4-induced activation in PDAC cells. PI3K and MAPK
pathways are thought to play a pivotal role in cell proliferation.
Thus, we investigated whether PI3K and MAPK pathways
contribute to liprin-α4-induced activation under hypoxia.
Phospho AKT and phospho ERK decreased when liprin-α4
was inhibited in ASPC-1 cells and SUIT-2 cells, while there
was no significant difference in Panc-1 cells (Figure 2). These
results suggest that PI3K and MAPK pathways may play a role
in liprin-α4-induced activation under hypoxia. 

Endothelial–mesenchymal transition (EMT) is involved in liprin-
α4-induced invasiveness. EMT and MMP are thought to be
important mechanisms in invasiveness. Of the MMP family,
MMP2 and MMP9 are reported to play pivotal roles in
invasiveness under hypoxia (5, 6). Therefore, the expressions of
EMT-related molecules and MMP2/MMP9 were investigated.
The expression of E-cadherin was increased and the expressions
of vimentin, SNAIL, and TWIST were reduced in liprin-α4
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Figure 1. Hypoxia-induced liprin-α4 contributes to proliferation and invasiveness in pancreatic ductal adenocarcinoma (PDAC). A: Expression of
liprin-α4 in PDAC cells under normoxia and hypoxia was estimated by western blot. B: Cell proliferation was analyzed. Cell numbers at the
indicated days in PDAC cells transfected with liprin-α4 siRNA were counted under light microscopy. C: Cell invasiveness was estimated by matrigel
invasion assay. All cells that had migrated from the upper to the lower side of the filter were counted. Data are presented as means±SD.
*Significantly different at p<0.05. Ctrl: Transfected with control siRNA.



siRNA-transfected PDAC cells (Figure 3). Meanwhile, liprin-α4
knockdown did not affect the expression of MMP2 and MMP9.
These results suggest that liprin-α4 induces invasiveness under
hypoxia in PDAC cells through EMT.

Liprin-α4 contributes to tumor progression in vivo. To
evaluate the results of proliferation observed in vitro,
BALB/c nude mice (n=3) were subcutaneously implanted
with SUIT-2 cells transfected with liprin-α4-targeting siRNA
or non-targeting control siRNA. Tumor volumes in mice
implanted with liprin-α4-transfected SUIT-2 cells were
significantly lower than those in control mice (Figure 4A).
However, tumors were formed in all mice in both groups,
suggesting that there was no significant difference in
tumorigenesis between the two groups. Next, in order to
analyze this mechanism of reduced growth, we performed
Ki67 and VEGF staining of tumors from mice, which showed
that tumors from mice injected with SUIT-2 cells transfected
with liprin-α4-siRNA had lower Ki67 and VEGF expressions
than tumors from cells transfected with control siRNA
(Figure 4B). Expressions of pAKT and pERK1/2 in liprin-α4-
siRNA-transfected tumors were also lower than those in the
control tumors (Figure 4B). These results suggest that liprin-
α4 contributes to tumor progression and proliferation in vivo. 

Discussion

Previously, we have demonstrated many important molecules
or pathways that are activated under hypoxia and that
contribute to the induction of a malignant phenotype in
PDAC cells. For example, Hh signaling is activated under

hypoxia through the up-regulation of MAML3 and RBPJ,
and they play pivotal roles in hypoxia-induced proliferation,
invasiveness, and tumorigenesis of pancreatic cancer (5, 6).
In the present study, to detect a new molecule targeting
pancreatic cancer under hypoxic conditions, we explored the
results of microarray analysis in pancreatic cancer cells
cultured under normoxia and hypoxia. We selected liprin-α4
and analyzed whether it contributes to the hypoxia-induced
malignant phenotype in pancreatic cancer. Firstly, we
expected that liprin-α4 would be related to Hh signaling
activation under hypoxia. However, unexpectedly, liprin-α4
did not affect the expressions of GLI family zinc finger 1
(GLI1), which is a target gene of Hh signaling (data not
shown). As shown in Figure 2, liprin-α4-induced
proliferation may be induced through PI3K or MAPK
signaling pathways under hypoxia. Liprin-α4-induced
invasion may occur through EMT. However, Panc-1 cells
showed different kinetics of PI3K and MAPK signaling. This
may be because tumors have many mutations in signal
transduction, which may cause refractory pancreatic cancer. 
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Figure 2. Phosphoinositide 3-kinase (PI3K) and mitogen-activated
protein kinase (MAPK) pathways contribute to liprin-α4-induced
activation in pancreatic ductal adenocarcinoma (PDAC) cells.
Expressions of pAKT, AKT, phospho-extracellular signal-regulated
kinase (pERK) 1/2 and ERK1/2 under hypoxia in PDAC cells
transfected with liprin-α4 siRNA were analyzed by western blot. Ctrl:
Transfected with control siRNA.

Figure 3. Endothelial–mesenchymal transition (EMT) is involved in
liprin-α4-induced invasiveness of pancreatic ductal adenocarcinoma
(PDAC) cells. Expressions of EMT-related molecules and matrix
metalloproteinase (MMP) 2 and MMP9 under hypoxia in PDAC cells
transfected with liprin-α4 siRNA were estimated by western blot. Ctrl:
Transfected with control siRNA.



With respect to the extent of the decrease, liprin-α4 was
likely to contribute to invasion more than proliferation. In
fact, many research articles suggest that liprin is related to
the invasive ability of cancer cells (12, 13). From our
results, a relationship between liprin-α4 and E-cadherin is
suggested. However, our results showing that the
suppression of liprin-α4 leads to an increase in E-cadherin
are opposite to those of Mattauch et al. (7). The difference
in cancer types; renal cell carcinoma and PDAC may have
caused this discrepancy. MMP2 and MMP9 were found to
be unlikely to contribute to liprin-α4-induced invasion
under hypoxia, while we have shown that they were
involved in Hh signaling-induced invasiveness under
hypoxia (5, 6). Taken together, our results demonstrate
novel mechanisms of proliferation and invasion of
pancreatic cancer cells under hypoxia, suggesting that liprin-
α4 may be a potential therapeutic target molecule.

There are still only a limited number of reports about the
biological significance of liprin-α4 in cancer cells. Figure 5
depicts our hypothesis that liprin-α4 is involved with
proliferation and invasion through PI3K and MAPK pathways
in pancreatic cancer under hypoxic conditions. Because 
liprin-α4 is expressed more under hypoxia compared with
normoxia, it is difficult to focus on liprin-α4 from the point of
view of experiments performed under ordinary normoxic
conditions. We believe that liprin-α4 could be a good therapeutic
target for pancreatic cancer, whose microenvironment is
extremely hypoxic. The cancer microenvironment now receives
much attention. Therefore, we believe that our research focusing
on the microenvironment of one cancer type under hypoxia is
significantly important as an approach from an unusual point
of view. Research into liprin expression induced under
hypoxia may be useful for the development of a new effective
therapeutic strategy against refractory pancreatic cancer. 
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Figure 4. Liprin-α4 contributes to tumor progression in vivo. A: SUIT-2 cells transfected with liprin-α4-targeting siRNA or non-targeting control
siRNA (Ctrl) were subcutaneously implanted into flank regions (1.0×106 cells in matrigel) of BALB/c nude mice (n=3). The tumor size was
determined on the indicated days. Data are presented as means±SD. *Significantly different at p<0.05. Representative photographs of mice (5 weeks
after tumor injection) are shown. B: Immunofluorescence staining of Ki67, vascular endothelial growth factor (VEGF), pAKT and phospho-
extracellular signal-regulated kinase (pERK) 1/2 were performed using tumors from mice. Original magnification is ×400.
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Figure 5. Model of our findings in this study. Liprin-α4 is involved in
proliferation and invasion through phosphoinositide 3-kinase (PI3K)
and mitogen-activated protein kinase (MAPK) pathways in pancreatic
cancer under hypoxic conditions. 


