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A B S T R A C T

Gemcitabine is the first-line chemotherapeutic agent for pancreatic cancer. However, gemcitabine-resistance
frequently leads to poor prognosis. Exploring new chemotherapeutic agents is important for patients with
gemcitabine-resistant pancreatic cancer. In this study, we established a new acquired gemcitabine-resistant
pancreatic cancer cell line BxPC-GEM-20 from parental BxPC-3. We found that pralatrexate significantly inhibi-
ted the growth of BxPC-GEM-20. The half-maximal inhibitory concentration of pralatrexate on BxPC-GEM-20 cell
was about 3.43 � 0.25 nM. Pralatrexate was found to effectively inhibit the clonal growth of BxPC-GEM-20 cell.
Additionally, pralatrexate at 20 mg/kg had an excellent tumor inhibitory effect with an inhibitory rate of 76.92%
in vivo. This pralatrexate therapy showed good safety profile that with little to no additional influence on the
hepatic, renal function as well as body weight changes in nude mice. Pralatrexate was confirmed to prevent cells
from entering the G2/M phase, leading to the promotion of apoptosis and autophagy. Further analysis demon-
strated that the reduced phosphorylation of mTOR played a significant role in the tumor cell damage caused by
pralatrexate. Pralatrexate effectively inhibited the mTOR/4E-BP1 pathway. Activation of mTOR pathway can
further obstruct the repressive effect of pralatrexate on gemcitabine-resistant pancreatic cancer. In summary,
pralatrexate induces effective inhibition of gemcitabine-resistant pancreatic cancer. This may lead to the
expansion of pralatrexate's application and offer benefit to gemcitabine-resistant pancreatic cancer patients in the
future.
1. Introduction

Pancreatic cancer (PC), also known as pancreatic ductal adenocarci-
noma (PDAC), is currently the seventh leading cause of cancer-related
deaths in the western world [1], and is expected to overtake colorectal
cancer as the second leading cause of cancer-related death in the United
States by 2030 [2]. PC has traits like high degree of malignancy, early
metastasis, and late diagnosis, among others [3, 4]. Unfortunately, some
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patients have lost the surgery opportunity at the time of diagnosis.
Chemotherapy is the preferred option for those kinds of pancreatic
cancer treatment [3, 5]. Clinic trials have demonstrated that gemcita-
bine, a cytidine analogue, is more efficient than 5-fluorouracil (5-FU), a
common and basic chemotherapeutic agent for PC [3, 4, 5, 6, 7]. Patients
with advanced pancreatic cancer had a median overall survival of 5–6.5
months and a 1-year survival rate of approximately 11–25% when
gemcitabine monotherapy had been used [8]. For more than 20 years,
iang).
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gemcitabine has been used extensively as a frontline chemotherapy agent
for PC patients and has been regarded as the gold standard treatment [5]
(see Table 1).

However, gemcitabine as monotherapy has been less effective in
improving outcomes due to the intrinsic and acquired gemcitabine-
resistance [8, 9, 10]. The acquired gemcitabine-resistance in PC often
result in poor clinical outcomes [9]. Thus, there have been numerous
attempts in gemcitabine combination therapy for advanced PC patients.
Currently, combination agents such as gemcitabine/nab-paclitaxel (AG),
5-FU/leucovorin with irinotecan and oxaliplatin regime (FOLFIRINOX)
are considered first-line regimen in PC patients [3, 11]. However, besides
limited efficiency, these combination agents lead to increased toxicity
[11, 12]. Other chemotherapeutic drugs, including cisplatin, epirubicin,
fluorouracil and gemcitabine (PEFG), capecitabine with oxaliplatin
(CapeOx), gemcitabine, docetaxel, and capecitabine (GTX), etc. might be
an alternative option for patients with gemcitabine-resistant pancreatic
cancer [9]. Unfortunately, the gemcitabine combination provides a
modest improvement of survival, but is associated with more adverse
events (AEs) compared with gemcitabine monotherapy [13, 14]. Due to
these serious limitations to gemcitabine treatment, two options could be
provided in parallel which could potentially offer improvement in the
gemcitabine combination regimen or administrating new effective
agents.

Antifolate agent which inhibits folate metabolism is one of the anti-
tumor drugs. But it is rarely used in the treatment of pancreatic cancer
[15]. Although pre-clinical application of pemetrexed (Alimta) has
shown synergistic effects in combination with gemcitabine in vitro.
However, it provides no significant differences in survival rate compared
with gemcitabine monotherapy [16]. Pralatrexate is an IV antifolate
agent with high affinity for the one carbon-reduced folate carrier and
Table 1. English abbreviation.

Abbreviation Full Name

4E-BP1 eIF4E-binding protein 1

5-FU 5-fluorouracil

AEs adverse events

AG gemcitabine/nab-paclitaxel chemotherapy

ALT alanine aminotransferase

AST aspartate aminotransferase

BSA bovine serum albumin

CapeOx capecitabine with oxaliplatin chemotherapy

CD31/PECAM-1 platelet/endothelial cell adhesion molecule-1

Cr creatinine

CV Crystal Violet

DHFR enzyme dihydrofolate reductase

FBS fetal bovine serum

FH4 tetrahydrofolic acid

FITC fluorescein isothiocyanate

FOLFIRINOX 5-FU/leucovorin with irinotecan and oxaliplatin chemotherapy

GEM-RPC Gemcitabine-resistant pancreatic cancer

GTX gemcitabine, docetaxel, and capecitabine chemotherapy

IC50 half maximal inhibitory concentration

IR inhibition rate

mTOR mechanistic target of rapamycin

MTX methotrexate

PARP poly ADP-ribose polymerase

PBS phosphate-buffered saline

PC pancreatic cancer

PDAC Pancreatic ductal adenocarcinoma

PEFG cisplatin, epirubicin, fluorouracil and gemcitabine chemotherapy

PI propidium iodide

PTCL peripheral T-cell lymphoma

RT room temperature

2

thereby inhibits the enzyme dihydrofolate reductase (DHFR) [17, 18,
19]. Pralatrexate can inhibit the biosynthesis of tetrahydrofolic acid
(FH4) and thus theoretically disrupts DNA synthesis contributing to the
death of tumor cells [20]. At present, the use of pralatrexate is limited to
patients with complex peripheral T-cell lymphoma (PTCL) who have
failed other treatments [17, 20]. There is limited data with application of
pralatrexate in PC, especially gemcitabine-resistant PC.

Using the Gemcitabine-resistant Pancreatic Cancer (GEM-RPC) cell
line BxPC-GEM-20 as a model, we conducted a thorough screening of
compounds with possible antitumor action. This allowed us to conclude
that pralatrexate had a favorable inhibitory effect on tumor growth. Our
investigation proved that pralatrexate had an excellent antitumor effect
on gemcitabine-resistant PC cell lines. Pralatrexate can effectively pre-
vent cancer cells from entering the G2/M phase, enhance apoptosis in a
manner dependent on dose, and provide acceptable safety profile in vivo.
Exploring these features can provide a novel treatment perspective for
patients with gemcitabine-resistant pancreatic cancer.

2. Materials and methods

2.1. Cell culture maintenance and mice

HPNE, CFPAC-1, AsPC-1, BxPC-3 and PANC-1 cell line were obtained
fromNational Collection of Authenticated Cell Cultures (Shanghai, China).
BxPC-3 and AsPC-1 cells were maintained in RPMI 1640 medium with
additional 10% fetal bovine serum (FBS), CFPAC-1 was maintained in
IMDM medium (BasalMedia, Shanghai, China) supplemented with 10%
FBS. PANC-1 and HPNE cells were cultured in DMEM medium with addi-
tional 10% FBS. All cells were cultured in a 37 �C humidified incubator.

Male athymic nude (BALB/C Nude) mice aged 5 weeks were obtained
from the Zhejiang University Animal Facility. Animal experiments and
care were in accordance with the Guidelines of the Zhejiang University
Animal Care Committee. The Ethics Committee of the First Affiliated
Hospital of ZhejiangUniversity's School ofMedicine also gave its approval
to all animal tests. All mice were fed in specific pathogen-free vivarium.

2.2. Establishment of acquired GEM-RPC cell line

A new acquired GEM-RPC cell line BxPC-GEM-20 was established
from BxPC-3. The BxPC-3 cells were initially exposed to a stepwise rise of
gemcitabine concentrations from 0.5 nM to 20 nM. The acquired
gemcitabine-resistant cell line BxPC-GEM-20, which proliferated prop-
erly in a 20 nM gemcitabine concentration, was maintained in RPMI
1640 with additional 20 nM gemcitabine and 10% FBS.

2.3. Drug screening and cell treatments

The kinase inhibitor library (L1200, Selleck, USA) included nearly
2000 small-molecule compounds was used to screen which one had a
desirable inhibitory effect on BxPC-GEM-20 cells. Cells were seeded in 96
well plates and exposed to various compounds at 50nM. After 72 h in-
cubation, the morphology and growth feature of BxPC-GEM-20 cells were
examined by inverted microscope. The compound that could completely
kill BxPC-GEM-20 cells at 50nM was further studied.

Pralatrexate (50mg, #MB4343-2, Meilunbio, China) and Gemcitabine
HCL (1g, #MB1113, Meilunbio, China) were dissolved in DMSO and
water, respectively. MHY1485 (10 mM/1 mL in DMSO, #HY-B0795,
MCE, China).

The cells were uniformly seeded in the corresponding medium for 24
h in 37 �C humidified incubator. Then they were given different doses of
agents according to the research design.

2.4. CCK8 assay and colony-forming assay of pralatrexate's effect

Various cells were uniformly divided and seeded in the 96 well cul-
ture plates. Different drug treatments strategies were applied to the
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specified columns after 24 h incubation. And after 72 h culture, 100 μL of
CCK-8 reagent (CCK8: medium ¼ 1:9) was added to each well and then
cultured for another 1 h. The absorbance of each well was then measured
at 450nm using a microplate reader (Bio-Rad, USA).

Various cells were maintained for 10–14 days with different drug
regimens in 6-cm culture dish with a total of 8*103–1*104 cells. The
plates were washed twice with phosphate buffer solution (PBS), and the
separated cells were then fixed for 10 min in methanol and then stained
for another 10 min with Crystal Violet (CV). Then pictures of tumor cell
colonies were photographed after plates were washed with water.

2.5. Assay of cell cycle in pralatrexate's effect

After 72 h of exposure to the drug in 37 �C humidified incubator, cells
were gathered and washed two times with PBS, then fixed with 70%
ethanol diluted in PBS. Before being analyzed, cells underwent a 0.5-hour
incubation period in PBS containing 40 μg/L of propidium iodide (PI) and
100 μg/mL of RNase-A at room temperature. A Coulter Epics V equipment
(Beckman Coulter, USA)was used to determine DNA content and cell cycle
distribution. And to analyze the distribution of the cell cycle, the Modifit
LT 5.0 software (Verity Software House, USA) was applied.

2.6. Assay of apoptosis in pralatrexate's effect

Cell apoptosis was detected using Annexin V/PI apoptosis detection
Kit (Vazyme, China) according to the manufacturer's instructions. The
Figure 1. Pralatrexate inhibits the growth of gemcitabine-resistant pancreatic cance
(�100) (B–C) BxPC-3 and BxPC-GEM-20 were exposed to a series of concentration
treatment; Data are represented as the mean � SD (n ¼ 3 per group) (D) The structura
pralatrexate for 72 h, the IC50 of pralatrexate was determined after 72 h treatment, D
BxPC-3, BxPC-GEM-20 and HPNE with various pralatrexate dose treatments. Relativ
group). CTL, control.
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cells were collected and washed twice after 36–48 h of treatment.
Thereafter they were suspended in 400 μL of binding buffer, 10 μL of PI
solution and 5 μL of Annexin V antibody conjugated with fluorescein
isothiocyanate (FITC). After 15 min at 4 �C in a dark environment of
incubation in the mixture, apoptosis rate was measured by flow cytom-
etry. Apoptosis was quantified using FlowJo-V10 software (BD Bio-
sciences, San Jose, CA, USA).
2.7. Western blot analysis and antibodies source

The antibodies used in west blot were listed as follows: CDK6
(#db807, Diagbio, China); PARP (#9542), Cyclin D1 (#55506), Cyclin
B1 (#12231), Cleaved-PARP (#5625), CDK2 (#18048), mTOR
(#2983), p-mTOR (#5536), p-4E-BP1 (#2855), 4E-BP1 (#9644),
Caspase-3 (#9668), phospho-Histone H3 (pHH3) (#53348), Histone
H2A (γH2A.x) (#12349), Cleaved Caspase-3 (#9664), GAPDH (#5174)
were purchased from Cell Signaling Technology (USA); SQSTM1/p62
(#A19700) and LC3I/LC3II (#A5618) were obtained from ABclonal
Technology (Wuhan, China); goat anti-mouse and goat anti-rabbit IgG
peroxidase conjugated secondary antibodies (#31460 and #31430,
Thermo-Pierce, USA). The protein samples were added to 4–20%
SurePAGE gels (15 wells) (GenScript, China) and transferred to PVDF
membranes after protein separation. Incubate the membrane with the
primary antibodies mentioned above. After washing with TBST (0.1%
(v/v) Tween 20 in TBS), the membranes were incubated with secondary
antibodies and then stained with enhanced chemiluminescence.
r cells in vitro (A) Morphological images of BxPC-3 and BxPC-GEM-20 cell lines
s of gemcitabine for 72 h, the IC50 of gemcitabine was determined after 72 h
l formula of pralatrexate (E–F) BxPC-3, BxPC-GEM-20 and HPNE were exposed to
ata are represented as the mean � SD (n ¼ 3 per group) (G) Colony formation of
e quantification is shown. Data are represented as the mean � SD (n ¼ 3 per



Figure 2. Pralatrexate inhibits BxPC-GEM-20 xenograft growth. Nude mice bearing BxPC-GEM-20 tumors were treated with or without pralatrexate (A) The process of
tumor volume change in the two groups. Data are represented as the mean � SD (n ¼ 5 per group) (B) Tumor volume of the two groups at the end of experiments. Data
are represented as the mean � SD (n ¼ 5 per group) (C) Tumor mass of the two groups with different treatments (D) Tumor weight of the two groups after mice
sacrificed. The IR in pralatrexate was calculated compared with the control group. Data are represented as the mean � SD (n ¼ 5 per group) (E–F) The Ki-67 and CD31
immunohistochemical staining (the graph up: �100; the graph below, �400) of the tumor (G)The area ratio of Ki67 and CD31. Relative quantification is shown. Data
are represented as the mean � SD (n ¼ 3 per group) *P < 0.05; **P < 0.01; CTL, control; IR, inhibition rate.
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2.8. Immunofluorescent staining

The GEM-RPC cells from vehicle and pralatrexate monotherapy
treatment groups in 6-well plates were washed three times. The cells
were then fixed with 4% paraformaldehyde (PFA) for 20 min, followed
by 20min of incubationwith 0.5% TritonX-100 in PBS. Subsequently, the
cells were incubated with blocking buffer (4% bovine serum albumin
(BSA) (Absin, Shanghai, China) in PBS) for 1h at room temperature. All
cells were washed with PBS three times after permeabilization and
blocking. Primary antibodies were diluted at the suggested ratios and
incubated at 4 �C overnight. Then, all cells were washed with PBST at
room temperature three times. Appropriate secondary antibodies
(#AS007) (ABclonal, Wuhan, China) were added and incubated for 1 h at
room temperature in dark environment. Finally, the cells were treated
with DAPI (MCE, China) for 5 min in a dark environment and washed
with PBST at room temperature. The confocal microscope (OLYMPUS
IX83-FV3000-OSR, Tokyo, Japan) were used to photograph pictures.

2.9. Immunohistochemistry

First, the tumor specimen after vehicle or pralatrexate treatment were
fixed in formalin and then placed in paraffin. Paraffin-embedded samples
were cut into slices, separated and rehydrated. The activity of endoge-
nous peroxidase was deactivated with 3%H2O2 in methanol. The antigen
was retrieved at 100 �C using citrate buffer (Beyotime, Shanghai, China),
then cooled and exposed to the designated primary antibody (Ki67, #
ab16667, Abcam, UK; CD31, # ab182981, Abcam, UK) at 4 �C overnight.
On the next day, the samples were washed with PBS three times and
incubated for 1 h at 37 �C with a secondary antibody conjugated with a
horseradish peroxidase (HRP) (OriGene Technologies, Rockville, MD,
USA) for 1 h, and then DAB (Zsbio, Beijing, China) was used for micro-
scopic observation.
4

2.10. Evaluation of the pralatrexate's therapeutic efficacy in vivo

BxPC-GEM-20 cells were harvested and implanted into the homozy-
gous nude athymic mice left side of flanks (100μL containing 8�106 cells
in saline). 11 days after implantation, the mice were randomly divided
into two groups, each of which had 5 mice, and were given different
treatments: (i) vehicle; (ii) Pralatrexate at 20 mg/kg, i. v. Pralatrexate
was dissolved in saline. Pralatrexate and vehicle group were injected
with pralatrexate or saline twice a week for totally 3 weeks. After the
mice were sacrificed, the length(L) and width(W) of the tumor and the
weight of the mice were measured, and the mice tumor volume(V) was
calculated by the following formula (π � 3.14):

V ¼ (π*L*W2)/6

The tumor tissues were removed and weighed after the animals were
sacrificed. Liver, kidney and blood samples were also harvested. A
Hitachi 7600 automated analyzer (Hitachi, Japan) was used to measure
serum alanine aminotransferase (ALT), aspartate transferase (AST),
creatinine (Cr) and blood glucose levels. And the formula for calcutating
inhibition rate (IR) was as follow:

IR¼ (mean tumor weight of the vehicle group - mean tumor weight
of the pralatrexate group)/mean tumor weight of the vehicle group
*100%

2.11. Statistical analysis

All quantitative results were presented as means � standard errors. P
< 0.05 (*), P < 0.01 (**), P < 0.001 (***) or P < 0.0001 (****) was
considered as the statistical significance. The data of the two groups were
compared using the student t test, and the multi-treatment group was
compared using the one-way analysis of variance (ANOVA). SPSS 22.0
(IBM, USA) was used for statistical analysis of the data.



Figure 3. Pralatrexate brings few additional adverse effects in vivo (A) Body weight of mice during the treatment process. Data are represented as the mean � SD (n ¼
5 per group) (B) Body weight of mice after mice sacrificed. Data are represented as the mean � SD (n ¼ 5 per group) (C–F) Serum ALT, AST, Cr and blood glucose
measured in two groups after mice sacrificed. Data are represented as the mean � SD (n ¼ 5 per group) (G) The liver and kidney tissue with HE staining (�100). N.S. P
> 0.05; CTL, control.
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3. Results

3.1. Pralatrexate effectively inhibits the growth of GEM-RPC cells in vitro

In this research, we established a novel GEM-RPC cell line BxPC-GEM-
20 from parental BxPC-3 cells. The STR sequencing confirmed BxPC-3 as
the parent cell line of BxPC-GEM-20 (Supplementary Material 1). BxPC-
GEM-20 cells had looser intercellular connections compared with BxPC-3
(Figure 1A). The half-maximal inhibitory concentration (IC50) of gem-
citabine on BxPC-3 and BxPC-GEM-20 were 6.38 � 1.09 nM, 61.14 �
6.15 nM, respectively (Figure 1B–C, P ¼ 0.0014). BxPC-GEM-20 showed
more tolerance to gemcitabine.

The structural formula of pralatrexate was seen in Figure 1D.
Pralatrexate-induced cytotoxicity was determined in BxPC-3, BxPC-GEM-
20 and the human pancreatic ductal cell HPNE, with measured IC50 at
2.38 � 0.15, 3.43 � 0.25 and 5.46 � 1.48 nM, respectively (Figure 1E-F,
P ¼ 0.0447). Concurrently, colony-forming assay was used to investigate
the inhibitory effect of pralatrexate on all three pancreatic cells. As
demonstrated in Figure 1. G, the colony-forming assay showed significant
dose-dependent reduction in the number and size of cells in the prala-
trexate monotherapy groups. These results confirmed the efficacy of the
inhibitory effect of pralatrexate monotherapy on gemcitabine-resistant
pancreatic cancer cells’ growth at a nanomolar level.

Pralatrexate inhibits BxPC-GEM-20 xenograft tumor in vivo.
Previous experiments have revealed the effectiveness of pralatrexate

in killing pancreatic cancer cell lines in vitro. Hence, the clinical concern
regarding the replication of this phenomenon in vivo. Animal experiments
were subsequently performed. As depicted in Figure 2A-D, pralatrexate
effectively inhibits BxPC-GEM-20 xenograft tumors’ growth, with a final
tumor volume of 188.1 � 25.76mm [3] in the vehicle and 50.65 �
5

19.02mm [3] in the pralatrexate groups (Figure 2B, P ¼ 0.0026). As
shown in Figure 2D, the final tumor weight was 0.13 � 0.04 g in the
vehicle group and 0.03 � 0.02 g in the pralatrexate groups (P ¼ 0.0029).
Compared to the vehicle group, 20 mg/kg pralatrexate therapy markedly
suppressed tumor growth with an IR of 76.92%. Furthermore, the ex-
pressions of Ki-67 in resected GEM-20 xenograft tumors were analyzed
(Figure 2E). The proportion of Ki-67 positive cells was notably reduced,
suggesting less proliferation in tumors in the pralatrexate group. Plate-
let/endothelial cell adhesion molecule-1 (PECAM-1, CD31), a marker of
angiopoiesis and junction between adjacent cells [21, 22], was also
remarkably reduced in the pralatrexate group. This illustrated the
decreased angiogenesis caused by pralatrexate (Figure 2F). These results
suggest that pralatrexate has a strong inhibitory effect on tumor growth
and vascularization in vivo.

Pralatrexate at therapeutic dose causes acceptable adverse effects in
vivo.

Next, we evaluated the toxicity of pralatrexate in vivo. The body
weights as well as serum ALT, AST, Cr and blood glucose concentrations
of the mice were used to evaluate toxicity. We found that pralatrexate at
therapeutic dose did not exert any significant nephrotoxic or hepatotoxic
effects in mice. The results are shown in Figure 3A-B. The use of prala-
trexate at 20 mg/kg did not significantly inhibit body weight in mice. In
addition, the serum ALT level of the two groups were 114.38 � 92.13 U/
L, 94.82� 19.38 U/L (P¼ 0.5476). AST levels were 340.70� 74.69 U/L,
263.00 � 47.83 U/L, respectively (P ¼ 0.1178). Creatinine levels were
8.63 � 1.12 mg/dL, 9.94 � 2.68 mg/dL (P ¼ 0.3937) and blood glucose
concentrations were 43.26 � 4.18 mmol/L, 39.74 � 0.95 mmol/L,
respectively (P ¼ 0.4206) (Figure 3C–F). Moreover, serological de-
tections showed that the adverse effects on the liver and kidney function
after the injection of pralatrexate were within acceptable range. Hepatic



Figure 4. Pralatrexate prevents cancer cells from entering G2/M phase (A–D) Cell cycle analysis of BxPC-3 and BxPC-GEM-20 cells and different cell cycle phase
histogram. Data are represented as the mean � SD (n ¼ 3 per group) (E–F) the γH2A.x and pHH3 immunofluorescence assay (�200) in BxPC-GEM-20 cell after
different treatments for 48 h (G) The expression ratio of γH2A.x and pHH3. Data are represented as the mean � SD (n ¼ 3 per group). **P < 0.01; CTL, control.
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and renal HE staining also showed that pralatrexate had no significant
effect on liver and kidney morphology (Figure 3G). Our results confirmed
that pralatrexate inhibits tumor growth in BxPC-GEM-20 xenografts
without severe adverse effects.

Pralatrexate prevents cancer cells from entering G2/M phase.
As depicted in Figure 4A-D, 5 nM pralatrexate remarkably prevented

a significant number of cells from entering G2/M phase in a dose-
dependent pattern, from 19.04% to 4.11% (BxPC-3) and 10.01%–0%
(BxPC-GEM-20). Interestingly, the rate of BxPC-GEM-20 G2/M phase in
the 5nM pralatrexate group was 0% consistently in our three indepen-
dent repeat assays. Histone H2AX (γH2A.x), was used as a marker for
DNA damage [23]. Over-expression of γH2A.x in pralatrexate treated
group suggested its ability to cause significant damage to DNA
(Figure 4E). In addition, histone H3 phosphorylation (pHH3) [24] was
detected to evaluate the effect on cell cycle arrest. The decrease of pHH3
expression in the therapy group proved that pralatrexate could lead to
abnormal mitosis in a dose-dependent manner (Figure 4F). The decrease
in CDK2, CDK6, Cyclin D1, and Cyclin B1 levels also suggest the
obstruction of cell entering G2/M phase [25, 26]. Consequently,
increased pralatrexate concentration led to significantly down-regulated
expression of these cycle proteins (Figure 5E). This result confirmed the
role of pralatrexate preventing cells from entering G2/M phase in
gemcitabine-resistant PC.
6

3.2. Pralatrexate promotes apoptosis and autophagy

As shown in Figure 5A-D, results from the flow cytometric analysis
indicated that 5nM pralatrexate significantly increased the ratio of
apoptotic BxPC-3 and BxPC-GEM-20 cells compared to the vehicle group
(39.57%–5.84%, BxPC-3, p < 0.0001) and (44.16%–6.72%, BxPC-GEM-
20, p ¼ 0.0043). Subsequently, the expression level of several regulato-
ry proteins related to apoptosis of BxPC-GEM-20 cells was analyzed
(Figure 5F). The increased level of poly ADP-ribose polymerase (C-PARP/
PARP-1) and cleavage of caspase-3 (C-Caspase-3/active Caspase-3) cor-
respondedwith cell apoptosis [27, 28]. The levels of cleavage PARP-1 and
active Caspase-3 were significantly increased in the pralatrexate mono-
therapy group. In summary, pralatrexate administration mediates tumor
cell apoptosis. Further analysis showed that pralatrexate promotes the
activationof LC3-I to LC3-II anddownregulates p62 inBxPC-GEM-20cells,
further confirming that pralatrexate promotes autophagy (Figure 5G).

Suppression of mTOR plays a crucial role in the antitumor effect of
pralatrexate.

We further explored whether pralatrexate affects the mTOR signaling
pathway as mTOR plays a vital role in autophagy [29]. Our results show
that pralatrexate can effectively reduce the total amount and inhibit the
phosphorylation of mTOR (Figure 6A). As a downstream molecule of
mTOR, the expression and phosphorylation of eIF4E-binding protein 1



Figure 5. Pralatrexate induces tumor cell apoptosis and autophagy (A–D) Apoptosis assay of BxPC-3 and BxPC-GEM-20 cell and the cell apoptosis rate histogram. Data
are represented as the mean � SD (n ¼ 3 per group) (E) Western blot analysis of Cyclin B1, Cyclin D1, CDK2 and CDK6 in BxPC-GEM-20 cell after different treatments
for 72 h. Relative quantification is shown. Data are represented as the mean � SD (n ¼ 3 per group), Uncropped west blot images in supplement 2 (F) Western blot
analysis of PARP, cleaved-PARP, caspase3 and cleaved-caspase3 in BxPC-GEM-20 cell after different treatments for 72 h. Relative quantification is shown. Data are
represented as the mean � SD (n ¼ 3 per group), Uncropped west blot images in supplement 2 (G) Western blot analysis of p62 and LC3 I/II in BxPC-GEM-20 cell after
different treatments for 72 h. Relative quantification is shown. Data are represented as the mean � SD (n ¼ 3 per group), Uncropped west blot images in supplement 2.
*P < 0.05; **P < 0.01; CTL, control.
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(4E-BP1) was also reduced (Figure 6A). MHY1485 (MHY), a mTOR acti-
vator [30], had no obvious inhibitory effect on BxPC-GEM-20 cell growth
at 5 μM but had a strong effect in promoting mTOR and 4E-BP1 synthesis
7

and phosphorylation (Figure 6B–C). To determine whether the mTOR
signaling pathway contributes to the anti-tumor effect of pralatrexate, we
used MHY in combination with pralatrexate for BxPC-GEM-20 cell. In the



Figure 6. Inhibition of mTOR plays a significant role in the antitumor effect of pralatrexate (A–B) Western blot analysis of mTOR pathway-related proteins, mTOR,
phosphorylation mTOR, 4E-BP1 and phosphorylation 4E-BP1 in BxPC-GEM-20 cell after different treatments for 72 h. Relative quantification is shown. Data are
represented as the mean � SD (n ¼ 3 per group), Uncropped west blot images in supplement 2 (C) BxPC-GEM-20 was exposed to MHY for 72 h, the cytotoxicity of
MHY was determined after 72 h treatment (D) BxPC-GEM-20 was exposed to pralatrexate with or without 5 μMMHY1485 for 72 h, the cell viabilities were determined
(E) Colony formation of BxPC-GEM-20 with different treatments. Data are represented as the mean � SD (n ¼ 3 per group) (F) Western blot analysis of mTOR pathway-
related proteins, mTOR, phosphorylation mTOR, 4E-BP1 and phosphorylation 4E-BP1, and autophagy-related proteins, p62, in BxPC-GEM-20 cell after different
treatments for 72 h, Uncropped west blot images in supplement 2 (G–H) the γH2A.x and pHH3 immunofluorescence assay (�200) in BxPC-GEM-20 cell after different
treatments for 48 h (I) The expression ratio of γH2A.x and pHH3. Relative quantification is shown. Data are represented as the mean � SD (n ¼ 3 per group). *P <

0.05; **P < 0.01; ***P < 0.001; CTL, control.
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presence ofMHY, the tolerance of BxPC-GEM-20 cells to pralatrexatewere
greatly enhanced (Figure 6D-E). Further assay confirmed that the mTOR
inhibition of pralatrexate could be obstructed by MHY (Figure 6F). The
alteration of p-mTOR/mTOR ratio means change of kinase activity. The
alteration ratios of p-mTOR/total mTORwere 0.05� 0.01, 1.33� 0.27 in
pralatrexate monotherapy and co-treatment groups, respectively (P ¼
0.0025). In the presence of MHY, pralatrexate-induced overexpression of
γH2A.x was reduced (Figure 6G). However, the expression of pHH3 was
recovered in the co-treatment group (Figure 6H). These results demon-
strated that the inhibition ofmTOR signal pathway played a critical role in
the antitumor effect of pralatrexate.

Pralatrexate's influence on primary gemcitabine-resistant pancreatic
cancer.

CFPAC-1 showed a desirable tolerance to gemcitabine compared with
BxPC-3, AsPC-1, PANC-1 and BxPC-GEM-20 cells (Figure 7A). CFPAC-1
cells were hence considered as intrinsic gemcitabine-resistant pancre-
atic cancer cells to explore pralatrexate's antitumor effect. Interestingly,
we found that pralatrexate also had a robust inhibitory effect on CFPAC-1
(Figure 7B). Pralatrexate also inhibited the mTOR pathway in CFPAC-1
(Figure 7C). And no obvious inhibitory effect on CFPAC-1 cell growth
was observed with 2 μM of MHY (Figure 7D). Subsequently, we proved
that CFPAC-1 cell greatly enhances its tolerance to pralatrexate in the
presence of 2 μM MHY (Figure 7E). This further established that
pralatrexate-induced cytotoxicity could also be obstructed by MHY. Our
8

results proved that pralatrexate had a strong inhibitory effect on GEM-
RPC cell lines. In a nutshell, mTOR/4E-BP1 signal pathway can be
inhibited by pralatrexate, promoting its anti-tumor effect (Figure 7F).

4. Discussion

Our investigation confirmed that pralatrexate provides an acceptable
safety profile at therapeutic dose in experimental nude mice. Pralatrexate
could prevent gemcitabine-resistant PC cells from entering G2/M phase
and promote the apoptosis of tumor cells effectively. Subsequent studies
have shown that the inhibition of mTOR runs a significant role in the
anti-tumor effect of pralatrexate in PC cells. Our study is the first to prove
that pralatrexate can be used as a potential chemotherapy agent in
gemcitabine-resistant PC.

As described previously, the emerging gemcitabine resistance is one
of the major challenges in the current treatment of pancreatic cancer. It is
therefore necessary to explore new chemotherapeutic agents for the
treatment of gemcitabine-resistant PC. Our study demonstrates that
pralatrexate has a favorable inhibitory effect on acquired/primary
gemcitabine-resistant pancreatic cancer cell lines. The therapeutic
effectiveness and security in vivo are the most momentous point in clin-
ical research. The various AEs associated with pralatrexate include sto-
matitis, mucositis, bone marrow suppression (neutropenia, anemia and
thrombocytopenia), nausea, constipation, edema, cough, epistaxis,



Figure 7. Pralatrexate represses intrinsic gemcitabine-resistant pancreatic cancer and its' antitumor mechanisms (A) the IC50 of gemcitabine in CFPAC-1, AsPC-1,
PANC-1 BxPC-3 and BxPC-GEM-20 were determined after gemcitabine treatment for 72 h. Data are represented as the mean � SD (n ¼ 3 per group) (B) Colony
formation of CFPAC-1 with different treatments. Data are represented as the mean � SD (n ¼ 3 per group) (C) Western blot analysis of mTOR pathway-related
proteins, mTOR, phosphorylation mTOR, 4E-BP1, phosphorylation 4E-BP1 and SQSTM1/p62 in CFPAC-1 cell after different treatments for 72 h. Relative quantifi-
cation is shown. Data are represented as the mean � SD (n ¼ 3 per group), Uncropped west blot images in supplement 2 (D) CFPAC-1 was exposed to MHY for 72 h, the
cytotoxicity of MHY was determined after 72 h treatment. Data are represented as the mean � SD (n ¼ 3 per group) (E) CFPAC-1 was exposed to pralatrexate with or
without 2 μM MHY1485 for 72 h, the cell viabilities were determined. Data are represented as the mean � SD (n ¼ 3 per group) (F) Pralatrexate's antitumor
mechanisms by inhibiting mTOR function and phosphorylation. **P < 0.01; ****P < 0.0001; CTL, control.
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vomiting, diarrhea, etc [17, 31, 32]. We found acceptable biochemical
results with pralatrexate as monotherapy in xenograft tumor models
compared with the vehicle group. The body weight as well as serum liver
and kidney function indexes of the nude mice were within normal range.
These outcomes validate pralatrexate monotherapy as appropriate and
safe for gemcitabine-resistant pancreatic cancer patients. Consequently,
pralatrexate might be an effective agent for treatment of GEM-RPC cells
in vivo with minimal toxicity. Pralatrexate monotherapyPralatrexate mon-
otherapy regimen may also lay a foundation for expanding the clinical
application of pralatrexate in gemcitabine-resistant pancreatic cancer
patient in the future. This study offers a novel perspective into the clinical
application of pralatrexate in anticancer treatment.

The mTOR pathway is one of the significant signaling pathways in
tumorigenesis in the majority of human cancers [29, 33]. And mTOR
participates in the phosphorylation of 4E-BP1 at multiple sites thus
mediating autophagy [34]. It has been reported that the mTOR pathway
can mediate drug resistance by enhancing autophagy [35]. and plays a
significant role in the tumorigenesis of pancreatic carcinoma [36]. It is
abnormally activated in pancreatic cancer and is related to tumor
glycolysis (Warburg effect) and other glucose metabolism process [37].
In addition, the mTOR signaling pathway also promotes gemcitabine
resistance in PC. Shingo Kagawa and colleagues confirmed the
involvement of the mTOR pathway in gemcitabine resistance induced
by Annexin II in pancreatic cancer cells [38]. Our study demonstrates
the feasibility of pralatrexate as a chemotherapeutic agent to inhibit the
phosphorylation of mTOR in GEM-RPC cells, and activating mTOR can
antagonize the antitumor effect of pralatrexate. Moreover, pralatrexate
could induce autophagy by promoting the expression of LC3 and
reducing the expression of p62. It has been suggested that promoting
autophagy contributes to the pralatrexate induced effective killing of
GEM-RPC cells. As an antifolate agent, pralatrexate can inhibit the
biosynthesis of FH4 by inhibiting DHFR and thus disrupts DNA syn-
thesis. Elena Silva and colleagues found that the deficiency and inhi-
bition of folic acid can lead to the inhibition of mTOR in the fetus [39].
9

Likewise, our outcomes also demonstrated that pralatrexate can inhibit
the mTOR/4E-BP1 pathway. There is a potential influence relationship
between folic acid synthesis and the mTOR signaling pathway. How-
ever, the specific mechanism of the two pathways in cancer cells is still
unclear and deserves further investigation. From our perspective,
further studies are needed to reveal the effect of pralatrexate on mTOR
phosphorylation, related signaling pathway and folic acid metabolism
in the future.

In short, this study suggests that pralatrexate is an effective treatment
strategy for gemcitabine-resistant pancreatic cancer which might expand
the clinic application of pralatrexate and offer benefits to gemcitabine-
resistant pancreatic cancer patients.
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