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Abstract. Pancreatic ductal adenocarcinoma (PDAC) is a 
highly aggressive malignancy due to its broad resistance to 
chemotherapy. Gemcitabine is used as a standard chemothera-
peutic drug for PDAC treatment, either alone or in combination 
with other chemotherapeutics. However, in patients with 
advanced disease, survival is rarely improved. This study 
aimed to investigate the therapeutic efficacy of N1‑guanyl‑1, 
7-diaminoheptane (GC7) combined with gemcitabine in 
PDAC therapy. We measured eukaryotic translation initiation 
factor 5A2 (eIF5A2) expression and gemcitabine sensitivity in 
different PDAC cell lines (Panc-1, BxPC-3, and T3-M4). The 
synergistic cytotoxic effects of gemcitabine combined with 
GC7 were measured using Cell Counting Kit-8 assays. Western 
blots were performed to measure eIF5A2 and multi-drug resis-
tance 1 (MDR1) protein expression in PDAC cells. The present 
findings demonstrated that combined treatment with GC7 and 
gemcitabine significantly inhibited PDAC cell line viability 
(P<0.05). EdU incorporation assays also indicated that GC7 
co-treatment remarkably enhanced gemcitabine sensitivity in 
PDAC cells. Furthermore, downregulation of eIF5A2 dimin-
ished the regulatory role of GC7 in gemcitabine cytotoxicity. 
Western blotting data indicated that GC7 downregulated 
the expression of MDR1 while gemcitabine induced MDR1 
upregulation. These findings showed that GC7 combination 

therapy may enhance the therapeutic efficacy of gemcitabine 
in PDAC by downregulating MDR1 expression.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is considered 
the fourth leading cause of cancer-associated mortality 
and is considered to be a malignancy with particularly high 
morbidity and mortality rates (1). Indeed, the 5-year survival 
rate of <5% is due to the high probability of PDAC recurrence, 
despite the availability of multimodal treatments (2-4). It is 
projected that pancreatic cancer-related mortality rates will 
increase and surpass those of breast, prostate, and colorectal 
cancer by 2030 (5). As a standard chemotherapy, gemcitabine 
alone or in combination with other chemotherapeutics has 
demonstrated improvement in overall survival (6). However, 
disease control rates and survival remain far from satisfactory. 
Therefore, it is imperative that drug resistance mechanisms to 
gemcitabine are identified, which may help to generate more 
effective therapies for PDAC.

Eukaryotic translation initiation factor 5A2 (eIF5A2) 
from chromosome 3q26 in ovarian carcinoma, is one of the 
two isoforms from the eIF5A2 family, and has been reported 
to possess anti-tumor potential in various types of human 
cancer (7). Numerous studies have indicated that eIF5A2 is 
overexpressed in human cancer, including pancreatic ductal 
adenocarcinoma (8,9), ovarian cancer (10), hepatocellular 
carcinoma (11,12), non-small cell lung cancer (13), esophageal 
squamous cell carcinoma (14), gastric cancer (15), colorectal 
cancer (16), and melanoma (17). Furthermore, eIF5A2 has 
been demonstrated to be useful as a biomarker for predicting 
the prognosis of certain types of cancer (18). Furthermore, 
inhibition of eIF5A2 by N1-guanyl-1, 7-diaminoheptane 
(GC7), an inhibitor of deoxyhypusine synthase, has been 
shown to enhance anti-proliferative and anti-tumor effects in 
human cancer cells (7,19). However, the relationship between 
eIF5A2 and GC7 on PDAC drug resistance has never been 
investigated. Therefore, the present study aimed to investigate 
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the therapeutic effect of GC7 combined with gemcitabine in 
PDAC cell therapy.

The present study aimed to investigate the relationship 
between the expression of eIF5A2 and drug resistance, the 
cell viability of gemcitabine treatment alone or combined with 
GC7 and the correlation of GC7 and multi-drug resistance 1 
(MDR1) expression in human PDAC cell lines.

Materials and methods

Cell culture and reagents. Human PDAC cell lines (Panc-1, 
BxPC-3 and T3-M4) were obtained from American Type 
Culture Collection (Manassas, VA, USA). Panc-1, BxPC3 and 
T3-M4 cells were maintained in RPMI-1640 containing 10% 
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) and 1% penicillin/streptomycin 
(Sigma‑Aldrich; Merck KGaA, Darmstadt Germany). All 
cells were cultured in 5% CO2 at 37˚C in a humidified 
incubator. GC7 was purchased from Merck & Co., Inc., 
(Darmstadt, Germany). Gemcitabine was obtained from Eli 
Lilly and Co., (Indianapolis, IN, USA). eIF5A2 siRNA and 
negative siRNA materials were purchased from Santa Cruz 
Biotechnology, Inc., (Santa Cruz, CA, USA). Anti-eIF5A2 
antibody was obtained from Abcam (Cambridge, MA, USA; 
ab150439).

siRNA transfection. Pancreatic cancer cells were seeded 
onto 6-well plates at a density of 2x105 cells/well. When 
cells reached 60‑70% confluence, cells were transfected with 
eIF5A2 siRNA or negative siRNA using Lipofectamine 2000 
according to the manufacturer's protocol (Thermo Fisher 
Scientific, Inc.). Opti‑MEM transfection medium (Gibco; 
Thermo Fisher Scientific, Inc.) was replaced with complete 
medium 6 h after transfection and the cells were incubated 
for 24 h. The effect of eIF5A2 transfection was subsequently 
measured by western blotting.

Cell viability assays. Pancreatic cancer cells were seeded onto 
96-well plates at a density of 4x103 cells/well. All cells were 
maintained in RPMI-1640 supplemented with 10% FBS and 
1% penicillin/streptomycin. After cells had attached to the 
flask, the medium was replaced with the corresponding 1% 
FBS medium for 24 h to allow synchronization of the cell 
cycle. The medium was then replaced with complete medium 
containing various drugs concentrations (0, 2, 4, 8, 16, 32 and 
64 µM of GC7 was used; for Panc‑1 and T3‑M4, concentra-
tions of 0, 2, 4, 8, 16, 32 and 64 µg/ml gemcitabine were used 
whereas for BxPC-3, concentrations of 0, 0.5, 1, 2, 4, 8 and 
16 µg/ml were used) for 48 h. Following this, 10 µl/well CCK-8 
solution (Dojindo Molecular Technologies, Inc., Kumamoto, 
Japan) was added and incubated with the plates for 3 h at 
37˚C, and the optical density (OD) was determined at 450 nm 
with an MRX II microplate reader (Dynex Technologies, Inc., 
Chantilly, VA, USA). Furthermore, the half maximal inhibi-
tory concentration (IC50) was calculated.

Western blot analysis. Cells were harvested and lysed in cell 
lysis buffer containing protease inhibitors in an ice bath. 
Protein concentration was determined by a BCA Protein 
Assay Kit (Sigma‑Aldrich; Merck KGaA). Samples of ~20 µg 

protein were separated by 10% SDS-PAGE and transferred 
to polyvinylidene difloride membranes (EMD Millipore, 
Billerica, MA, USA). Membranes were then blocked with 
Tris-buffered saline and 0.1% Tween 20 (TBST) containing 
5% bovine serum albumin (Sigma‑Aldrich; Merck KGaA, 
Darmstadt Germany) before incubation with anti-eIF5A2 
primary antibody (diluted 1:1,000 in TBST) overnight at 4˚C. 
Following washing three times with TBST, the membranes 
were incubated with a horseradish peroxidase-labeled 
secondary antibody (diluted 1:2,000; Abcam, Cambridge, 
MA, USA; ab97051) for 2 h at 37˚C. Membranes were 
detected by chemiluminescence and protein bands were 
visualized by autoradiography (Kodak Corp., Rochester, 
NY, USA). GAPDH (diluted 1:5,000 in TBST; Cell Signaling 
Technology, Inc., Danvers, MA, USA; 5174S) was used as an 
internal control.

RNA extraction and reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR) analysis. Human 
pancreatic cancer cell lines were extracted using TRIzol 
reagent (Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. Reverse transcription into cDNA 
using Prime Script reagent RT Kit (Takara Biotechnology 
Co., Ltd., Dalian, China) was performed and the following 
thermocycling conditions were used: 15 min at 37˚C and 5 sec 
at 85˚C. According to the manufacturer's instructions, SYBR 
Premix Ex Taq (Tli RNaseH Plus; Takara Biotechnology Co., 
Ltd., Dalian, China; RR420A) qPCR was performed at 50˚C 
for 2 min and 95˚C for 30 sec, followed by 40 cycles of denatur-
ation at 95˚C for 15 sec, and annealing at 60˚C for 30 sec. All 
reactions were performed in triplicate. Expression of eIF5A2 
mRNA was normalized to GAPDH (housekeeping control) 
(both Takara Biotechnology Co., Ltd.). Primer sequences were 
as follows: eIF5A2 forward 5'-TAT GCA GTG CTC GGC CTT 
G-3' and reverse 5'-TTG GAA CAT CCA TGT TGT GAG TAG 
A‑3'; and GAP DH forward 5'‑CGG AGT CAA CGG ATT TGG 
TCG TAT-3' and reverse 5'-AGC CTT CTC CAT GGT GGT GAA 
GAC‑3'. The average Cq value (amplified power curve inflec-
tion point) was read. Calculation of the relative expression of 
the target gene wasperformed using the 2-ΔΔCq method (20).

Statistical analysis. Experimental results were expressed 
as the mean ± standard deviation. Statistical analysis 
was performed using Prism 5 (GraphPad Software, Inc.,  
San Diego, CA, USA). Statistical differences between two 
groups were examined with the Student's t-test and multiple 
groups were compared using one-way analysis of variance. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Gemcitabine sensitivities in PDAC cell lines. To evaluate the 
effect of gemcitabine in pancreatic cancer cells, a CCK-8 assay 
was used to assess the sensitivity of three types of pancreatic 
cancer cells (Panc-1, BxPC-3 and T3-M4) to gemcitabine 
(Fig. 1A). The results showed that BxPC-3 was the most 
sensitive among the PDAC cells. Furthermore, we detected 
eIF5A2 protein and mRNA expression levels by western blot 
and RT-qPCR analyses, respectively. We observed the highest 
protein and mRNA expression levels of eIF5A2 in Panc-1 
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and the lowest expression levels in BxPC-3 (Fig. 1B and C), 
indicating that eIF5A2 may be involved in chemoresis tance to 
gemcitabine.

Effect of gemcitabine combined with GC7 on the sensi‑
tivity of PDAC cells. To investigate the synergistic effects 
of gemcitabine combined with GC7, we initially measured 
the effect of GC7 on PDAC cell viability. A series of GC7 
concentrations ranging from 0-64 (µM) were used for 
PDAC cell incubation. High concentrations of GC7 (64 µM) 
significantly suppressed the viability of PDAC cells (P<0.05; 

Fig. 2A-C). Therefore, we hypothesized that 32 µM GC7 
was a suitable concentration for further combination with 
gemcitabine. We used CCK-8 assays to examine cell viability 
treated with gemcitabine alone or co-administered with GC7. 
Results indicated that GC7 significantly enhanced the sensi-
tivity of gemcitabine in PDAC cell lines (P<0.05; Fig. 2D‑F; 
Table I).

GC7 enhances gemcitabine sensitivity via theinhibition 
of eIF5A2 in PDAC cells. We hypothesized that the expres-
sion of eIF5A2 is associated with gemcitabine sensitivity. 
In order to confirm this, we transfected eIF5A2 siRNA into 
PDAC cells. siRNA knockdown efficiency was examined by 
western blot analysis. The results indicated that GC7 was 
involved in gemcitabine sensitivity. Relative protein expres-
sion was quantified by band density with GAPDH serving as 
an internal control (Fig. 3A). CCK-8 viability assay was used 
to measure the viability of PDAC cells (Fig. 3B-D). The results 
indicated that siRNA-mediated silencing of eIF5A2 enhanced 
gemcitabine sensitivity of PDAC cells compared with nega-
tive siRNA. These transfected cells were subsequently treated 
with gemcitabine alone or gemcitabine plus GC7, prior to 
conducting CCK-8 assays. The results indicated that there was 
no significant difference in gemcitabine sensitivity between 
the two groups (Fig. 3E-G).

GC7 reverses gemcitabine‑induced MDR1 in PDAC cells. 
MDR1 is an important mediator of drug resistance in many 
types of cancer (21). To elucidate the mechanism by which 
GC7 enhanced gemcitabine sensitivity, we investigated 
whether MDR1 is involved in gemcitabine resistance in PDAC 
cells. We assessed MDR1 expression levels using western blot 
analysis. The results indicated that MDR1 was upregulated by 
treatment with gemcitabine but gemcitabine-induced MDR1 
upregulation was downregulated by GC7 (Fig. 4A); eIF5A2 
exhibited the same trend (Fig. 4B). These data suggested that 
MDR1 mediated the resistance to gemcitabine in PDAC cells 
and that GC7 enhanced the therapeutic efficacy of gemcitabine 
by downregulating MDR1 expression. 

Discussion

PDAC is one of the most lethal malignancies with a particularly 
poor patient prognosis (22) as chemotherapeutic treatment for 

Figure 1. Different concentration of gemcitabine sensitivity in pancreatic 
cancer cell lines. (A) Cell Counting Kit-8 viability assay was used to examine 
sensitivity of different concentration of gemcitabine in pancreatic cancer 
cells. (B) Western blotting was used to detect the expression of eIF5a2 in 
pancreatic cancer cells treated with gemcitabine, with GAPDH as a loading 
control. (C) Expression levels of eIF-5A2 mRNA in PDAC cells were deter-
mined by reverse transcription-quantitative polymerase chain reaction. 
*P<0.05 vs. Panc‑1; #P<0.05 vs. T3-M4.

Table I. IC50 values for gemcitabine in PDAC cell lines with or 
without GC7 (16 µM) treatment.

 IC50 (µg/ml)
 ----------------------------------------------------------------------
PDAC cell line Gemcitabine Gemcitabine+GC7

Panc-1 45.95±1.54 23.46±0.59a

BxPC-3 5.47±0.18 2.74±0.14a

T3-M4 11.66±0.33 6.60±0.40a

aP<0.05 vs. gemcitabine alone. PDAC, pancreatic ductal adenocarci-
noma; IC50, half maximal inhibitory concentration.
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this type of cancer typically leads to drug resistance, which 
is a major obstacle in chemotherapy success. As a standard 
chemotherapeutic drug for the treatment of PDAC cells, 
gemcitabine alone or in combination with other compounds 
rarely improves survival in patients in the advanced stages of 
this cancer (23). Therefore, the identification of novel markers 
to predict gemcitabine resistance related to chemoresistance 
is high research priority for PDAC treatment. In this study, 
we found that gemcitabine combined with GC7 significantly 
increased the therapeutic efficacy of gemcitabine in PDAC, 
suggesting the potential clinical application of GC7 in patients 
who have acquired resistance to gemcitabine.

eIF5A2, which is an essential component of translation 
elongation, has an important role in cell proliferation, metas-
tasis, and apoptosis, and it has recently been considered as 
a novel oncogene (13). GC7, an inhibitor of eIF5A2 activa-
tion, exhibits obvious anti-tumor effects in human cancer, 
including hepatocellular carcinoma and glioblastoma (12,24). 
In this study, we measured the expression levels of eIF5A2 in 
three PDAC cell lines and showed cell line variation at the 
protein levels. Furthermore, we found that higher expression 
levels correlated with a decreased sensitivity to gemcitabine, 
whereas exposure to gemcitabine increased eIF5A2 expres-
sion. Consequently, we postulated that overexpression of 

Figure 2. Effect of gemcitabine combined with GC7 on the sensitivity of pancreatic cancer cell lines. (A-C) Pancreatic cancer cell lines (Panc-1, BxPc3 and 
T3-M4) were incubated with different concentrations of GC7 over a period of 48 h. Cell Counting Kit-8 values of the treated pancreatic cancer cells were 
normalized to the control group with the absence of GC7. *P<0.05 vs. 0 µM GC7. (B) Western blot analysis was performed to determine eIF5A2 expression in 
pancreatic cancer cells treated with GC7. Relative protein expression was quantified by band density with GAPDH serving as an internal control. (D‑F) Cell 
viability of pancreatic cancer cells after treatment with gemcitabine or gemcitabine combined with GC7. Cell viability was determined using the Cell Counting 
Kit-8 assay method. #P<0.05 vs. Gemcitabine.
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eIF5A2 was associated with drug resistance and that overex-
pression of eIF5A2 was a trait of various cancers that are likely 

to become drug resistant. To test this hypothesis, we investi-
gated whether GC7 suppressed eIF5A2, thereby promoting 

Figure 3. GC7 enhances gemcitabine sensitivity through inhibition of eIF5A2 in PDAC cells. (A) Western blot analysis for the expression of eIF5A2 in eIF5A2 
siRNA-transfected cells. GAPDH was used as an internal control. (B-D) Cell Counting Kit-8 viability assay showing knockdown of eIF5A2 increasing 
gemcitabine sensitivity of pancreatic cancer cells. (E-G) Following knockdown of eIF5A2 using siRNA, Cell Counting Kit-8 cell viability assays were used to 
determine the sensitivity of gemcitabine or gemcitabine plus GC7 in pancreatic cancer cells treated with eIF5A2 siRNA.
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the therapeutic efficacy of gemcitabine against PDAC cells. 
The results indicated that treatment of GC7 plus gemcitabine 
in PDAC cells significantly inhibited cell viability. eIF5A2 
siRNA was also transfected into PDAC cells to knockdown 
the expression of eIF5A2. The results showed that there was 
no significant difference in gemcitabine sensitivity between 
cells treated with gemcitabine alone or with gemcitabine plus 
GC7. A recent study demonstrated that combined treatment 
with GC7 enhanced the therapeutic efficacy of doxorubicin 
by inhibiting epithelial-mesenchymal transition in hepatocel-
lular carcinoma cells and bladder cancer cells (25,26) whereas 
enhancing cetuximab sensitivity by inhibiting eIF5A2 has 
been demonstrated in non-small cell lung cancer (NSCLC) 
cells (27). In addition, cisplatin sensitivity was enhanced 
in NSCLC cells after incubation with GC7 (28). Therefore, 
data from the current study showed that co-treatment with 
gemcitabine and GC7 may be a potent therapeutic strategy 
against PDAC cells.

Furthermore, we investigated the molecular mechanism 
underlying GC7 enhancement of sensitivity to gemcitabine in 
PDAC cells. Previous studies have revealed that overexpres-
sion of the MDR gene may be responsible for resistance to 

chemotherapy (29,30). Our study showed that GC7 down-
regulated MDR1 expression where gemcitabine had induced 
the expression of MDR1. Furthermore, a decrease in MDR1 
enhanced the inhibitory effect of gemcitabine on cell viability. 
These observations suggest that MDR1 is an important 
mediator of drug resistance in various types of cancer such as 
breast cancer, colon cancer and leukemia cells (21). Therefore, 
we postulated that MDR1 mediated gemcitabine-induced drug 
resistance and influenced its therapeutic effect in PDAC cells. 
MDR1 maybe a target for PDAC therapy through a combina-
tion of gemcitabine with GC7. In this study, GC7 enhanced 
the sensitivity of PDAC cells to gemcitabine by suppressing 
MDR1 expression, suggesting that MDR1 may be a target for 
PDAC therapy.

In conclusion, the findings of the present study demon-
strated that combined gemcitabine treatment with GC7 
significantly enhanced the cytotoxicity of gemcitabine in 
PDAC cells via the inhibition of eIF5A2, thereby preventing 
gemcitabine-induced MDR1. Therefore, it is possible that 
combination therapy with GC7 may contribute to improved 
clinical outcomes in gemcitabine-based chemotherapy for 
PDAC patients.

Figure 4. GC7 reverses gemcitabine-induced MDR1 in PDAC cells. (A) Western blot analysis was used to detect eIF5A2 expression in pancreatic cancer 
cells treated with gemcitabine, or gemcitabine in combination with GC7. Relative protein expression levels in PDAC cells were quantified by band density 
with GAPDH serving as a loading control. (B) Western blotting was used to detect eIF5A2 expression in pancreatic cancer cells treated with gemcitabine or 
gemcitabine in combination with siRNAs for eIF5A2. *P<0.05 vs. control; #P<0.05 vs. gemcitabine.
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