
Biochemistry and Biophysics Reports 35 (2023) 101544

2405-5808/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

PAK4 inhibition significantly potentiates Gemcitabine activity in PDAC 
cells via inhibition of Wnt/β-catenin, p-ERK/MAPK and p-AKT/ 
PI3K pathways 

Charudatt Samant a,*, Ramesh Kale a, Anand Bokare a, Mahip Verma a, 
K. Sreedhara Ranganath Pai b, Mandar Bhonde a 

a Department of Pharmacology, Novel Drug Discovery and Development (NDDD), Lupin Limited, Survey No. 46A/47A, Village Nande, Taluka Mulshi, Pune, 412115, 
Maharashtra, India 
b Department of Pharmacology, Manipal College of Pharmaceutical Sciences, Manipal Academy of Higher Education (MAHE), Manipal, Karnataka, 576104, India   

A R T I C L E  I N F O   

Keywords: 
PAK4 
Pancreatic ductal adenocarcinoma 
Gemcitabine 
β-catenin 
p-AKT 
p-ERK 

A B S T R A C T   

Pancreatic Ductal Adenocarcinoma (PDAC) remains one of the most difficult to treat cancers. Gemcitabine is still 
the standard of care treatment for PDAC but with modest survival benefit and well reported resistance. Here we 
explored potential of inhibiting p21 activated kinase 4 (PAK4), a downstream protein of KRAS oncogenic 
pathway, in combination with Gemcitabine in PDAC cells. PAK4 inhibition by KPT-9274 led to significant 
potentiation of Gemcitabine activity in PDAC cells, with an increase in apoptosis, DNA damage and cell cycle 
arrest. At molecular level, PAK4 inhibition dose dependently inhibited Gemcitabine-induced β-catenin, c-JUN 
and Ribonucleotide Reductase subunit 2 (RRM2) levels. PAK4 inhibition further inhibited levels of phosphory-
lated ERK (p-ERK); Gemcitabine-induced phosphorylated AKT (p-AKT), phosphorylated and total c-Myc. These 
results suggest possible role of β-catenin, p-ERK and p-AKT, key effector proteins of Wnt/β-catenin, MAPK and 
PI3K pathways respectively, in sensitisation of Gemcitabine activity with PAK4 inhibition. Our data unravel 
probable molecular mechanisms behind combination of PAK4 inhibition with Gemcitabine to counter PDAC, 
which may be unequivocally proved further with knock down of PAK4. Our findings provide a strong rationale to 
exploit the combination therapy of Gemcitabine and PAK4 inhibitor for PDAC at pre-clinical and clinical levels.   

1. Introduction 

Pancreatic Ductal Adenocarcinoma (PDAC) is one of the leading 
causes of cancer-related deaths in humans with a five-year survival rate 
of 9%, lowest among all types of cancers [1]. PDAC is usually detected 
only at the later stages when the tumour has already metastasized to 
distant organs [2]. Gemcitabine is still used as a standard chemotherapy 
agent for PDAC. Although used widely as a monotherapy or in combi-
nation with other chemotherapeutic agents, the survival benefit ob-
tained with Gemcitabine remains modest for PDAC. Patients also 
develop resistance over the course of treatment [3]. In spite of the fact 
that clinical pieces of evidence of Gemcitabine resistance are docu-
mented, the underlying mechanism of resistance is still not well 
understood. 

KRAS oncogenic pathway remains pivotal in PDAC progression as 
more than 90% of all PDACs express mutant KRAS [4]. PAK4 

(p21-activated Kinase-4) lies in the signalling cascade of KRAS and is 
activated by small GTPases like Rac and Cdc42. PAK4 belongs to the 
family of p21-activated kinases, which consists of six isoforms [5]. 
PAK4, being at the nexus of many oncogenic pathways of PDAC, acti-
vates downstream targets such as Raf-1, β-catenin and NFkB. These 
substrates have a crucial role in controlling cancer hallmarks like pro-
liferation, apoptosis, invasion and metastasis, suggesting key role of 
PAK4 in PDAC [6]. 

PAK4 is minimally expressed in normal pancreas but overexpressed 
in PDAC cell lines and patient samples with higher kinase activity [7,8]. 
PAK4 has been explored as a biomarker of Gemcitabine resistance as 
knocking down PAK4 increased sensitivity of PDAC cells to Gemcitabine 
[9]. Pharmacological inhibition of PAK4 with PF-3758309 increased the 
sensitivity of Gemcitabine and also maximally inhibited tumor growth 
of patient-derived cell line [10,11]. Similarly, another PAK4 inhibitor 
KPT-9274 inhibited the proliferation of multiple PDAC cell lines and 
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exhibited synergistic activity with Gemcitabine [12,13]. Recently a 
novel PAK4 inhibitor, Pakib, has also been shown to increase gemcita-
bine sensitivity in PDAC cells [14]. So PAK4 is a potential therapeutic 
target in PDAC, especially in combination with Gemcitabine. However, a 
significant research gap still exists in understanding the molecular 
mechanisms behind PAK4 inhibition-mediated potentiation of Gemci-
tabine activity. The contribution of PAK4 downstream pathways such as 
PI3K/AKT, MAPK and Wnt/β-catenin, in PAK4 inhibitor-mediated 
sensitisation of Gemcitabine, also remains unexplored. A recent report 
suggests that MAPK and Wnt/β-catenin pathways have a pivotal role as 
simultaneous inhibition of both led to suppression of invasion and 
metastatic capacity of Gemcitabine-resistant PDAC cells [15]. Similarly, 
AKT inhibitor MK-2206 enhanced cytotoxicity of Gemcitabine indi-
cating a role of PI3K/AKT pathway [16]. β-catenin, RAF and AKT, being 
direct targets of PAK4, suggest their possible role in the potentiation of 
Gemcitabine activity through PAK4 inhibition. However, it warrants a 
deeper analysis to elucidate the therapeutic benefit of this combination 
regimen. In this study, we discovered a novel mechanism by which PAK4 
inhibition leads to the improvement of Gemcitabine sensitivity. Our 
findings strongly indicate a role of Wnt/β-catenin, p-ERK/MAPK and 
PI3K/p-AKT pathways in this phenomenon. Additionally, our findings 
also have a translational implication in identifying patients that might 
benefit from such a combination based on Gemcitabine-induced changes 
in key cellular biomarkers. 

2. Materials and methods 

2.1. Cell lines, culture conditions and research reagents 

SW-1990, PSN-1, BxPC3 and PANC-1 cell lines were purchased from 
ATCC. MIA PaCa-2 and KP4 were purchased from Sigma-Aldrich and 
Accegen, respectively. MIA PaCa-2, PANC-1, SW-1990 were cultured in 
DMEM (Sigma-Aldrich) whereas PSN-1, BxPC3 and KP4 were cultured 
in RPMI1640 (Sigma-Aldrich). Both the Medias were supplemented with 
10% Fetal Bovine Serum (Gibco) and 5% Penicillin-Streptomycin 
(Sigma-Aldrich). Cell lines were maintained at 37 ◦C with 5% CO2 in 
a cell culture incubator. Gemcitabine Hydrochloride was procured from 
Sigma Aldrich (catalogue number: G6423). PAK4 inhibitors (KPT-9274, 
catalogue number: S8444 and PF-3758309, catalogue number: S7094) 
were procured from Selleckchem. 

2.2. Colony formation assay 

MIA PaCa-2, PSN-1 and KP4 were seeded at a cell density of 5 × 102 

cells/well and treated with Gemcitabine/KPT-9274, alone or in combi-
nation (final DMSO concentration: 0.1%). After 7 days of treatment, 
colonies were stained with crystal violet (0.5% crystal violet, 1% 
methanol and 1% formaldehyde in water) and de-stained with 10% 
acetic acid. Absorbance was read at 592 nm using Synergy Neo™ reader 
(Agilent, CA, USA). Average optical density of vehicle control was 
considered as 100% growth and percent inhibition was determined. 

2.3. Anti-proliferation assay 

MIA PaCa-2, PSN-1 and KP4 were seeded at a cell density of 1 × 103 

cells/well. Treatment was carried out for 7 days in cell culture incu-
bator. Assay was terminated with CellTiterGlo® (Promega) and lumi-
nescence was then read using Synergy Neo2™ reader. Cell viability is 
directly proportional to the amount of ATP. Average Relative Light units 
(RLUs) of vehicle control were considered as 100% growth, and percent 
inhibition was determined. 

2.4. Cell cycle analysis 

MIA PaCa-2 cells were seeded at a cell density of 1 × 105 cells/well 
and treatment was carried out for 48 h in cell culture incubator. Cells 

were harvested by trypsinisation, washed with PBS and fixed using 70% 
ethanol solution. Cells were stained in 50 μg/ml Propidium Iodide 
(Sigma-Aldrich) solution, containing 1% Triton X-100 (Sigma-Aldrich) 
and 0.1 mg/ml RNAse (Roche). Stained cells were washed with PBS and 
acquired using BD FACS Canto-II Flow Cytometer (BD Biosciences, 
USA). Analysis was done with BD FACSDIVA™ software, BD Bio-
sciences. In brief, cells were acquired in area against width (PE) plot to 
get rid of aggregates. DNA content (PE stained) was plotted on a linear 
scale against cell count from gated cell population to obtain histograms. 
Demarcation of different stages of cell cycle was then carried out and % 
of cells in G0/G1 phase was considered for cell cycle arrest calculations. 

2.5. Western blot and antibodies 

MIA PaCa-2 and PSN-1 cells were seeded at a cell density of 1 × 105/ 
well. After 48 h of treatment, cells were harvested by trypsinisation and 
lysed in 1× cell lysis buffer (Cell Signalling Technology) containing 1×
protease and phosphatase inhibitor cocktails (Sigma-Aldrich). For pro-
teasome inhibition, cells were treated with 10 μM of MG-132 (Sigma- 
Aldrich) for 4 h prior to harvesting (24/48 h post-treatment). Protein 
estimation was done with bicinchoninic acid method and 40 μg of pro-
tein was loaded. SDS-PAGE was carried out and protein was transferred 
on nitrocellulose membrane by wet transfer at 100 V for 1 h. The 
membrane was blocked in blocking buffer (5% BSA in TRIS Buffer Saline 
with 0.1% Tween-20). Incubation in primary antibody (overnight) and 
secondary antibody (2 h) solution was carried out with washing of 
membrane in between. The membrane was then developed with 
SuperSignal™ West Femto (Thermo Scientific) substrate using Bio-Rad 
Chemidoc™. Primary antibodies (phospho-PAK4 cat. no. 3241, PAK4 
cat. no. 62690, cyclin E1 cat. no. 20808, CDK2 cat. no. 2546, CDK4 cat. 
no. 12790, cleaved PARP1 cat. no. 5625, cleaved caspase-3 cat. no. 
9661, cleaved caspase-7 cat. no. 8438, Bax cat. no. 2772, Bcl-xl cat. no. 
2764, p-H2AX cat. no. 2577, phospho-cdc2 cat. no. 9111, cdc2 cat. no. 
77055, E2f-1 cat. no. 3742, cyclin A2 cat. no. 91500, β-catenin cat. no. 
8480, phospho-β-catenin cat. no. 4176, c-JUN cat. no. 9165, RRM2 cat. 
no. 65939, phospho-GSK-3β cat. no. 9336, GSK-3β cat. no. 9315, 
phospho-ERK cat. no. 9101, ERK cat. no. 9102, phospho-S6 cat. no. 
2211, S6 cat. no. 2217, phospho-AKT cat. no.4060, AKT cat. no.9272, 
phospho-c-Myc serine 62 cat. no. 13748, phospho-c-Myc Threonine 58 
cat. no. 46650 and c-Myc cat. no. 5605) procured from Cell Signalling 
Technology and (cyclin D1 cat. no. 134175) from Abcam, were used at 
1:1000 dilutions. β-Actin antibody (cat. no. A1978, Sigma-Aldrich) was 
used at 1:5000 dilution. Secondary antibodies (Anti-Rabbit IgG, HRP- 
linked cat. no. 7074 and Anti-Mouse IgG, HRP-linked cat. no. 7076) 
procured from Cell Signalling Technology were used at 1:5000 dilutions. 

2.6. Densitometry analysis for Western blot 

Densitometry analysis was done with ImageJ software. Ratio of total 
protein to β-actin for each sample was calculated for estimation of fold 
change with respect to vehicle control. 

2.7. Synergy score calculation 

Bliss and Highest Single Agent (HSA) synergy scores were calculated 
with Synergy Finder software (https://synergyfinder.org). 

2.8. Statistical Analysis 

IC50 values were generated utilizing non-linear regression analysis 
(Four Parameter Logistic curve fit) with the Graph Pad Prism software 
version 9.0 (Graph Pad Software, Inc., La Jolla, CA 92037, U.S.A.). IC50 
values were represented as Mean ± S.E.M (Standard Error of Mean). 
Statistical analysis (One-way ANOVA post hoc test) was performed with 
the Graph Pad Prism. P < 0.05 was considered statistically significant. 
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3. Results 

3.1. PDAC cell lines express phospho-PAK4 and total PAK4 

PAK4, which belongs to class II of the PAK family, is constitutively 
phosphorylated at Serine 474, however, remains in an inactive state. 
Binding to upstream GTPases activates PAK4 [17]. We first assessed 
expression of phospho-PAK4 (Serine 474) and PAK4 on a panel of PDAC 
cell lines by Western blot. We observed that all the PDAC cell lines show 
expression of both phospho-PAK4 and PAK4 [Supplementary Fig. S1]. 

3.2. PAK4 inhibitor KPT-9274 in combination with Gemcitabine 
synergistically inhibits clonogenicity and proliferation of PDAC cells 

We evaluated the combination effect of KPT-9274 with Gemcitabine 
in colony formation assay (CFA). In MIA PaCa-2, PSN-1 and KP4 cell 
lines, KPT-9274 showed robust combination effect with 2–3 fold shift in 
Gemcitabine IC50 (nM), suggesting potentiation of Gemcitabine’s ac-
tivity [Fig. 1A and B]. The combination hints towards synergism as 
suggested by Bliss and HSA synergy scores [Fig. 1B and Supplementary 
Fig. S2]. In anti-proliferation assay also, KPT-9274 significantly 
increased Gemcitabine sensitivity in all 3 tested PDAC cell lines 
[Fig. 1C]. 

3.3. KPT-9274 in combination with Gemcitabine enhances apoptosis and 
DNA damage in PDAC cells 

We assessed the effect of combination on apoptosis and DNA damage 
markers in MIA PaCa-2 and PSN-1 cells by Western blot. Gemcitabine 
alone exhibited a moderate increase in apoptosis markers (cleaved 
PARP1, cleaved caspase 3 and 7). However, combination with KPT-9274 
significantly enhanced their expression, indicating an increase in 
apoptosis [Fig. 2A]. The combination regimen enhanced pro-apoptotic 
marker Bax and reduced anti-apoptotic marker Bcl-xl [Fig. 2A]. 
Further, KPT-9274 also enhanced DNA damage induced by 

Gemcitabine, as evident by the expression of p-H2AX [Fig. 2A]. Notably, 
KPT-9274 alone did not show an appreciable effect on apoptosis and 
DNA damage markers, underlining the role of PAK4 in combination. 

3.4. KPT-9274 significantly increases Gemcitabine induced G0/G1 phase 
cell cycle arrest in PDAC cells 

We investigated the effect of combination on cell cycle in MIA PaCa- 
2 cells by flow cytometry. Gemcitabine alone induced G0/G1 phase cell 
cycle arrest, evident by an increase in G0/G1 population (P < 0.0001). 
When combined with 10 μM of KPT-9274, the % of cells in G0/G1 phase 
significantly increased further (P < 0.001). As the proportion of cells in 
the G0/G1 phase increased, a subsequent decrease in G2/M phase was 
observed. This indicates accumulation of cells at G0/G1 phase, sug-
gesting enhanced G0/G1 phase arrest in combination [Fig. 2B and C]. To 
further confirm this effect, we evaluated markers of cell cycle arrest by 
Western blot. Expression of cyclin D1 with its binding partner CDK4 was 
significantly reduced in the combination regimen. Correspondingly, 
expression of cyclin E1 and CDK2 was also inhibited [Fig. 2D]. KPT- 
9274 also modulated levels of other markers like E2f1, phospho-cdc2 
and cyclin A2 when combined with Gemcitabine, further confirming 
the findings [Supplementary Fig. S3]. 

3.5. KPT-9274 in combination with Gemcitabine significantly inhibits 
Gemcitabine induced β-catenin and RRM2 in PDAC cells 

Earlier reports suggest a possible link between Wnt/β-catenin 
pathway and Gemcitabine resistance in PDAC [18]. PAK4 intervenes in 
Wnt/β-catenin pathway, phosphorylating β-catenin at serine 675 and 
affecting its stability [19]. RRM2 acts as a primary regulator of RR 
enzyme complex activity. RRM2 is a Gemcitabine resistance marker and 
inhibition of RRM2 significantly modulates Gemcitabine sensitivity in 
PDAC cells [20,21]. c-JUN, a target gene of β-catenin, also acts as a 
transcription factor of RRM2, by binding to its promoter region [22]. So 
to understand the possible role of Wnt/β-catenin pathway in 

Fig. 1. Combination effect of Gemcitabine and PAK4 inhibitor on clonogenicity and proliferation of PDAC cells. KPT-9274 synergistically potentiates Gemcitabine activity. 
[A]: Concentration-response of Gemcitabine alone and combination regimen in CFA. KPT-9274 potentiates Gemcitabine activity in all 3 PDAC cells as observed by 
leftward shift of Dose Response Curve (DRC), all data is n = 3. [B]: Mean IC50 ± S.E.M (nM) and Bliss, HSA synergy scores for CFA combination. Combination scores 
suggest synergism, > 10: synergistic [C]: In anti-proliferation assay, combination showed significant improvement of Gemcitabine activity (**P < 0.01, ***P < 0.001 
vs. Gemcitabine treated, One-way ANOVA post hoc test), all data is n = 3. 
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potentiation of Gemcitabine, we estimated the levels of β-catenin, c-JUN 
and RRM2 in the combination regimen. 

Gemcitabine alone led to a concentration-dependent increase in the 
expression of β-catenin and c-JUN in MIA PaCa-2 and PSN-1 cells. 
RRM2, which had minimal basal expression in both the cell lines, was 

also elevated by Gemcitabine. Elevated levels of p-H2AX confirmed the 
DNA damage induced by Gemcitabine in these cells [Supplementary 
Fig. S4]. KPT-9274, alone as well as in combination inhibited levels of 
phospho-PAK4 and PAK4, confirming target engagement. Expression of 
phospho-β-catenin (serine 675) was also reduced [Fig. 3A]. These results 

Fig. 2. Combination effect of Gemcitabine and PAK4 inhibitor on apoptosis, DNA damage and cell cycle arrest in PDAC cells. KPT-9274 significantly increases Gemcitabine- 
induced apoptosis, DNA damage and cell cycle arrest in MIA PaCa-2 and PSN-1 cells. [A]: Western blot analysis showed enhanced apoptosis (cleaved caspase 3, 7, 
cleaved PARP1, Bax and Bcl-xl) and DNA damage (p-H2AX) by combination of Gemcitabine and KPT-9274 [B, C, D]: Combination significantly augmented Gem-
citabine induced G0/G1 cell cycle arrest (*P < 0.05, ***P < 0.001 vs. Gemcitabine treated, One-way ANOVA post hoc test) as observed with flow cytometry analysis 
of PI staining and Western blot for cyclin D1, CDK4, cyclin E1 and CDK2. C: P2: G0/G1, P3: S, P4: G2/M, P5: Sub-G1 cell population. 

Fig. 3. Combination effect of Gemcitabine and PAK4 inhibitor KPT-9274 on Wnt/β-catenin pathway in PDAC cells. KPT-9274 inhibits Gemcitabine-induced β-catenin, c- 
JUN and RRM2 levels. [A]: KPT-9274 inhibited p-PAK4, PAK4 and p-β-catenin in MIA PaCa-2 and PSN-1 cells. Gemcitabine (3 and 1 μM) enhanced β-catenin and c- 
JUN expression. KPT-9274 in combination with Gemcitabine reduced both the proteins dose-dependently. Combination also inhibited p-GSK3β. [B]: Densitometry 
analysis of β-catenin, c-JUN and RRM2 levels in MIA PaCa-2 cells [C]: MG-132 treatment rescued β-catenin and RRM2 levels (Gemcitabine: 3 μM, KPT-9274: 1 μM). 
[D]: Gemcitabine alone enhanced while combination with KPT-9274 reduced RRM2 expression in MIA PaCa-2 cells. 

C. Samant et al.                                                                                                                                                                                                                                 



Biochemistry and Biophysics Reports 35 (2023) 101544

5

confirmed the inhibition of PAK4 activity by KPT-9274. Interestingly, 
KPT-9274 treatment led to significant inhibition of Gemcitabine- 
induced β-catenin. Remarkably the reduction of β-catenin observed 
with combination was lesser than basal expression [Fig. 3A and B]. 
Gemcitabine-induced c-JUN expression was also inhibited in combina-
tion regimen [Fig. 3A and B]. To further elucidate this phenomenon, we 
co-treated proteasomal inhibitor MG-132 in MIA PaCa-2 cells. MG-132 
treatment rescued β-catenin levels in both KPT-9274 alone and combi-
nation controls. This effect was sustained at both 48 h [Fig. 3C] and 24 h 
treatment sets [Supplementary Fig. S5], confirming PAK4 inhibitor 
(PAK4i)-mediated degradation of β-catenin. Interestingly, Gemcitabine- 
induced RRM2 levels were significantly inhibited with combination of 
KPT-9274 and MG-132 treatment partially impaired RRM2 inhibition 
[Fig. 3B, C, 3D, Supplementary Fig. S5]. Combination treatment also 
reduced phospho-GSK3β (Serine 9) suggesting inhibition of Wnt/β-cat-
enin pathway (Fig. 3A). Thus, our results indicate a significant role of 
Wnt/β-catenin pathway in sensitisation of PDAC cells to gemcitabine 
with PAK4i. 

3.6. KPT-9274 in combination with Gemcitabine inhibits p-ERK and 
Gemcitabine-induced p-AKT in PDAC cells 

Previous reports suggest the involvement of MAPK pathway in 
Gemcitabine resistance of PDAC cells. Inhibition of the MAPK pathway 
has been shown to improve Gemcitabine sensitivity of PDAC through 
inhibition of p-ERK [23,24]. PAK4 has a significant role to play in MAPK 
pathway as it phosphorylates both cRAF and MEK, and knockdown of 
PAK4 is shown to reduce p-ERK levels in PDAC cells [6,7]. Given the 
direct intervention of PAK4 in MAPK pathway, we wanted to understand 
the possible role of p-ERK/MAPK pathway in the potentiation of Gem-
citabine sensitivity in PDAC cells with PAK4i. We assessed this hy-
pothesis by evaluating levels of p-ERK and its downstream protein 
phosphorylated S6 (Serine 235/236) in combination regimen. Gemci-
tabine alone did not show an appreciable effect on p-ERK [Supplemen-
tary Fig. S6]. KPT-9274 in combination with Gemcitabine significantly 
and maximally inhibited p-ERK in both the PDAC cell lines [Fig. 4A]. 

The effect on p-ERK was further corroborated by the inhibition of p-S6 
(Serine 235/236) in combination regimen [Fig. 4A]. 

PI3K/AKT pathway also remains crucial in PDAC progression and 
has been a focus of research in drug discovery [25]. Activated AKT 
(p-AKT) is known to promote chemo-resistance of PDAC and AKT in-
hibitors have shown promise for combination therapy with Gemcitabine 
[16,26]. PAK4 directly interacts with p85 alpha subunit of PI3K and 
depletion of PAK4 inhibits p-AKT (Serine 473) levels in PDAC cells [27]. 
PAK4 knockdown also led to inhibition of p-AKT further confirming the 
role of PAK4 in PI3K/AKT pathway [7]. So we assessed the effect of 
PAK4 inhibition on p-AKT levels, especially in combination with Gem-
citabine. We observed that Gemcitabine dose-dependently increased 
AKT activation in PDAC cells, as evident by p-AKT (Serine 473) levels 
[Supplementary Fig. S7]. Combination with KPT-9274 significantly 
reduced Gemcitabine induced p-AKT levels [Fig. 4B]. The combination 
also inhibited phospho-GSK3β (Serine 9), a substrate of AKT, further 
confirming the inhibition of AKT activity [Fig. 3A]. Our results thus 
indicate a potential role of both MAPK and AKT pathways (via inhibition 
of p-ERK and p-AKT respectively) in PAK4i-mediated potentiation of 
Gemcitabine activity in PDAC cells. 

3.7. KPT-9274 in combination with Gemcitabine inhibits c-Myc levels 
PDAC cells 

p-ERK and p-AKT (via GSK3β) are known to modulate c-Myc levels in 
cancer cells. p-ERK phosphorylates c-Myc at serine 62, leading to c-Myc 
stability. The second phosphorylation event on c-Myc at Threonine 58 is 
carried out by GSK3β, a target of p-AKT. Both phosphorylation sites are 
vital in Myc being subjected to proteasomal degradation [28]. Since we 
observed inhibition of both p-ERK and p-AKT-p-GSK3β, we assessed its 
implications on levels of phosphorylated c-Myc and total c-Myc. The 
combination showed significant inhibition of both p-c-Myc (Serine 62) 
and total c-Myc in PDAC cells [Fig. 4A and C]. We also observed inhi-
bition of p-c-Myc (Threonine 58) levels [Supplementary Fig. S8]. 
MG-132 rescued levels of c-Myc, confirming degradation of c-Myc with 
combination of Gemcitabine and KPT-9274 [Fig. 4D, Supplementary 

Fig. 4. Combination effect of Gemcitabine and PAK4 inhibitor on p-ERK/MAPK and PI3K/p-AKT pathway in PDAC cells. KPT-9274 inhibits p-ERK and Gemcitabine- 
induced p-AKT levels. [A]: Combination regimen exhibited robust inhibition of p-ERK, p-S6, p-c-Myc (serine 62) and c-Myc [B]: KPT-9274 dose-dependently 
decreased Gemcitabine-induced p-AKT levels. [C]: Densitometry analysis of c-Myc levels in MIA PaCa-2 cells [D]: MG-132 treatment rescued c-Myc levels in MIA 
PaCa-2 cells (Gemcitabine: 3 μM, KPT-9274: 1 μM). 
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Fig. S9]. 

3.8. Inhibitory effects on β-catenin, RRM2 and c-Myc were sustained with 
combination of PF-3758309 and Gemcitabine in PDAC cells 

So far, our results indicate a possible role of Wnt/β-catenin, p-ERK/ 
MAPK and PI3K/p-AKT pathways in the potentiation of Gemcitabine 
activity by PAK4i. However, KPT-9274 along with PAK4 also inhibits 
enzyme Nicotinamide Phosphoribosyl Transferase (NAMPT) [29]. Thus 
we wanted to confirm the specific role of PAK4 in mediating the Gem-
citabine sensitivity in PDAC cells. We evaluated another PAK4 inhibitor 
PF-3758309 for its effect on β-catenin, RRM2 and c-Myc levels. Levels of 
phospho-PAK4 were inhibited in presence of PF-3758309 in both the 
PDAC cells [Fig. 5A]. As observed with KPT-9274, PF-3758309 also 
inhibited Gemcitabine-induced β-catenin (and p-β-catenin), c-JUN levels 
[Fig. 5A]. Gemcitabine-induced RRM2 levels were also inhibited 
[Fig. 5A]. Further, combination regimen showed robust inhibition of 
both p-c-Myc (Serine 62) and c-Myc levels [Fig. 5B]. These findings 
corroborate the results produced with KPT-9274, further confirming the 
role of PAK4 in potentiation of Gemcitabine activity. 

4. Discussion 

Gemcitabine remains the first line of treatment for PDAC including 
advanced pancreatic cancers [3]. However, intrinsic as well as acquired 
resistance against Gemcitabine significantly limits its effectiveness [20, 
30]. Thus, identification of molecular markers to predict gemcitabine 
resistance is of utmost importance and is a subject of extensive research. 
RRM2 has been shown to be one of the important markers for Gemci-
tabine sensitivity as patients which showed poor prognosis had higher 
levels of RRM2 [20,31]. Similarly, PAK4 was evaluated as a predictive 
marker for gemcitabine sensitivity in PDAC cells and its 
down-regulation enhanced human Equilibrative Nucleoside Transporter 
1 (hENT1) expression [9]. This inverse correlation between PAK4 and 
hENT1 makes PAK4 a potential target for co-treatment with Gemcita-
bine. Our work has first time revealed a correlation between PAK4 and 
RRM2. Most importantly we observed inhibition of Gemcitabine 
induced RRM2 with PAK4 inhibition. 

PAK4 lies downstream of KRAS oncogenic signalling pathway and 
has serious repercussions on mutant KRAS-mediated cancer cell growth 

[32]. KRAS remains a crucial driver of cancer proliferation, especially of 
PDAC, and several attempts have been made to target inhibitors against 
effector molecules in this pathway, including the RAC1 Small GTPases 
effector like PAK4 [33]. All this has culminated in PAK4 being explored 
as a therapeutic target for PDAC management. Remarkably PF-3758309, 
KPT-9274 and pakib showed promise as a combination partner with 
Gemcitabine [10–14]. So PAK4 inhibitor can be utilised as a combina-
tion therapy partner with Gemcitabine for PDAC management. How-
ever, molecular insights are needed to further exploit this phenomenon 
in order to come up with potential PDAC therapy. Our research pri-
marily focussed on this aspect of the combination treatment of Gemci-
tabine and PAK4i. Here we tried to unravel the molecular mechanisms of 
combination effect in PDAC cells. 

PAK4 remains at the core of many molecular pathways involved in 
multiple cellular processes like Wnt/β-catenin, MAPK and PI3K/AKT 
[34]. We hypothesised the involvement of these PAK4 downstream 
pathways in PAK4i-mediated potentiation of gemcitabine activity in 
PDAC cells. We observed a dose-dependent increase in β-catenin and 
c-JUN levels with Gemcitabine in PDAC cells. Wnt/β-catenin is one of 
the crucial pathways in pancreatic carcinogenesis, involved in survival 
and imparting drug resistance [35]. So increased β-catenin expression 
possibly indicates a survival mechanism initiated by PDAC cells to 
counter genomic stress of Gemcitabine. Not only did Gemcitabine in-
crease β-catenin expression but it also causes PDAC cells to 
dose-dependently induce expression of RRM2. It is possible that induced 
RRM2 by Gemcitabine is a result of transcriptional activity of induced 
c-JUN as described earlier [22]. In fact, RRM2 levels are induced with 
Gemcitabine in PDAC cells and highly up-regulated in case of Gemci-
tabine resistant PDAC cells [36]. 

In our studies, when KPT-9274 was evaluated in combination with 
Gemcitabine, it directly affected the survival of PDAC cells as indicated 
by enhanced anti-proliferation and anti-clonogenicity. The combination 
significantly elevated apoptosis and G0/G1 cell cycle arrest induced by 
Gemcitabine. When we tried to elucidate the molecular mechanisms 
behind this potentiation, we observed a marked decrease in 
Gemcitabine-induced β-catenin and RRM2 levels in combination with 
KPT-9274. Similar effects were seen with other PAK4i (PF-3758309), 
showing that the effect was specific to the inhibition of PAK4 activity. 
Further experiments in PDAC cells with PAK4 knockdown can validate 
this phenomenon. However, this is still a significant finding and 

Fig. 5. Combination effect of PAK4 inhibitor with Gemcitabine was sustained with PF-3758309. PF-3758309 (0.1 μM) also in combination with Gemcitabine (3 μM) 
inhibits PAK4 downstream pathways in MIA PaCa-2 cells. [A]: Combination regimen showed significant inhibition of p-PAK4, p-β-catenin and Gemcitabine-induced 
β-catenin, c-JUN, RRM2 levels. [B]: Robust inhibition of p-c-Myc (serine 62) and c-Myc was observed in combination treatment. 
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highlights the strong combination potential of PAK4i and Gemcitabine. 
As RRM2 remains a crucial clinical marker, especially in case of 
Gemcitabine-resistant PDAC, this result bolsters confidence in 
combining PAK4 inhibitor with Gemcitabine. RRM2 expression can be 
regulated at gene, protein as well as by post-translational modification 
[37]. We observed moderate rescue of RRM2 levels with proteasome 
inhibitor co-treatment, hinting towards RRM2 degradation in combi-
nation treatment. However, the effect on RRM2 gene expression via 
c-JUN inhibition cannot be ruled out. 

Besides the Wnt/β-catenin pathway, our research also unravelled the 
involvement of two other crucial pathways in PAK4i-mediated Gemci-
tabine sensitisation of PDAC cells. ERK has been manifested as a crucial 
culprit of PDAC progression and inhibition of ERK reversed the acquired 
resistance to Gemcitabine [23]. Similarly, p-AKT has been investigated 
as a prognostic biomarker for Gemcitabine resistance and AKT inhibitors 
exhibited potential for co-treatment with gemcitabine [16,38]. 
KPT-9274 was able to inhibit p-ERK levels in PDAC cells. Combination 
with Gemcitabine strikingly reduced p-ERK and p-S6 levels further. 
Surprisingly, KPT-9274 and Gemcitabine co-treatment had a marked 
effect on p-S6 levels as compared to either of them alone. Combination 
was also able to inhibit Gemcitabine induced p-AKT levels in PDAC cells. 
Simultaneous inhibition of p-ERK and p-AKT pathways with PAK4i (in 
combination with Gemcitabine) highlights the potential of our findings; 
however additional investigation needs to be carried out with PAK4 
knockout to corroborate. Our data lays path forward to further investi-
gate this mechanism in order to come up with better targeting strategies. 

When we assessed this further, we observed significant inhibition of 
c-Myc levels in combination regimen. This is a pivotal finding of our 
research as c-Myc is involved in multiple pro-tumorogenic pathways, 
including drug resistance [39]. We detected a pronounced reduction of 
both p-c-Myc and c-Myc in combination treatment. Reduced p-ERK-c--
Myc levels have been shown to cause detrimental effects on 
Gemcitabine-treated PDAC cells [40]. Since c-Myc is controlled by both 
p-ERK/MAPK and PI3K/AKT pathways, we propose this modulation of 
c-Myc is a result of inhibition of both p-ERK and p-AKT. Proteasomal 
inhibitor rescued c-Myc levels further crediting our hypothesis that 
concomitant treatment of PAK4i and Gemcitabine induced c-Myc 
degradation. Our results indicate that inhibition p-ERK-p-AKT-c-Myc 
axis is leading to the potentiation of Gemcitabine sensitivity of PDAC 
cells with PAK4 inhibition. 

5. Conclusion 

In summary, our research highlights the potential involvement of 
Wnt/β-catenin, p-ERK/MAPK and p-AKT/PI3K in PAK4i-mediated 
potentiation of Gemcitabine activity. Based on our findings, the 
enhanced anticancer activity of Gemcitabine in combination with PAK4 
inhibitor can be attributed to the simultaneous inhibition of these key 
signalling cascades. These findings highlight further need to investigate 
the involved molecular pathways in-depth for better understanding of 
cellular and molecular changes. It also warrants evaluation in xenograft 
studies to come up with an effective combination regimen in countering 
Gemcitabine resistance of PDAC. Our findings can be a stepping stone 
towards further pre-clinical and clinical studies to emerge with suc-
cessful combination treatment strategies. 

Funding 

This work was fully supported by Lupin Limited. This research did 
not receive any specific grant from funding agencies in the public, 
commercial, or not-for-profit sectors. 

Research data/raw data 

Experimental Raw Data is available with the corresponding author. 
Data will be made available on request. 

Credit author statement 

Charudatt Samant: Conceptualization, Data curation, Formal anal-
ysis, Methodology, Validation, Roles/Writing - original draft, Writing - 
review & editing. Ramesh Kale: Conceptualization, Data curation, 
Methodology. Anand Bokare: Formal analysis, Supervision and Writing - 
review & editing. Mahip Verma: Formal analysis, Statistical Analysis, 
Supervision and Writing - review & editing. K. Sreedhara Rangnath Pai: 
Conceptualization, Data curation, Formal analysis, Methodology, Proj-
ect administration, Supervision, Writing - review & editing. Mandar 
Bhonde: Conceptualization, Data curation, Formal analysis, Methodol-
ogy, Project administration, Supervision, Writing - review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

Authors acknowledge technical support from Lupin IPMG 
department. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbrep.2023.101544. 

References 

[1] R.L. Siegel, K.D. Miller, A. Jemal, Cancer statistics, 2020, CA A Cancer J. Clin. 70 
(2020) 7–30. 

[2] S.E. Kern, C. Shi, R.H. Hruban, The complexity of pancreatic ductal cancers and 
multidimensional strategies for therapeutic targeting, J. Pathol. 223 (2) (2011) 
295–306. 

[3] D.R. Principe, P.W. Underwood, M. Korc, et al., The current treatment paradigm for 
pancreatic ductal adenocarcinoma and barriers to therapeutic efficacy, Front. 
Oncol. 11 (2021) July. 

[4] Z. Fan, K. Fan, C. Yang, et al., Critical role of KRAS mutation in pancreatic ductal 
adenocarcinoma, Transl. Cancer Res. 7 (6) (2018) 1728–1736. 

[5] L.E. Arias-Romero, J. Chernoff, A tale of two Paks, Biol. Cell. 100 (2) (2008) 
97–108. 

[6] W. Kai, G.S. Baldwin, M. Nikfarjam, et al., p21-activated kinase signalling in 
pancreatic cancer: new insights into tumour biology and immune modulation, 
World J. Gastroenterol. 24 (33) (2018) 3709–3723. 

[7] N. Tyagi, A. Bhardwaj, A.P. Singh, et al., p-21 activated kinase 4 promotes 
proliferation and survival of pancreatic cancer cells through AKT- and ERK- 
dependent activation of NF-κB pathway, Oncotarget 5 (18) (2014) 8778–8789. 

[8] S. Chen, T. Auletta, O. Dovirak, et al., Copy number alterations in pancreatic cancer 
identify recurrent PAK4 amplification, Cancer Biol. Ther. 7 (11) (2008) 
1793–1802. 

[9] S.U. Moon, J.W. Kim, J.H. Sung, et al., p21-Activated kinase 4 (PAK4) as a 
predictive marker of gemcitabine sensitivity in pancreatic cancer cell lines, Cancer 
Res. Treat. 47 (3) (2015) 501–508. 

[10] K. Wang, N. Huynh, X. Wang, et al., Inhibition of p21 activated kinase enhances 
tumour immune response and sensitizes pancreatic cancer to gemcitabine, Int. J. 
Oncol. 52 (2018) 261–269. 

[11] K. Wang, N. Huynh, X. Wang, et al., PAK inhibition by PF-3758309 enhanced the 
sensitivity of multiple chemotherapeutic reagents in patient-derived pancreatic 
cancer cell lines, Am. J. Transl. Res. 11 (6) (2019) 3353–3364. 

[12] A. Aboukameel, I. Muqbil, W. Senapedis, et al., Novel p21-activated kinase 4 
(PAK4) allosteric modulators overcome drug resistance and stemness in Pancreatic 
ductal adenocarcinoma, Mol. Cancer Therapeut. 16 (1) (2017) 76–87. 

[13] R.M. Mohammad, Y. Li, I. Muqbil, et al., Targeting Rho GTPase effector p21 
activated kinase 4 (PAK4) suppresses p-Bad-microRNA drug resistance axis leading 
to inhibition of pancreatic ductal adenocarcinoma proliferation, Small GTPases 10 
(5) (2019) 367–377. 

[14] H. He, C. Dumesny, C.S. Ang, et al., A novel PAK4 inhibitor suppresses pancreatic 
cancer growth and enhances the inhibitory effect of gemcitabine, Transl. Oncol. 16 
(2022), 101329. 

C. Samant et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.bbrep.2023.101544
https://doi.org/10.1016/j.bbrep.2023.101544
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref1
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref1
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref2
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref2
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref2
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref3
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref3
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref3
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref4
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref4
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref5
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref5
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref6
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref6
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref6
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref7
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref7
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref7
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref8
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref8
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref8
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref9
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref9
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref9
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref10
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref10
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref10
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref11
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref11
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref11
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref12
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref12
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref12
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref13
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref13
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref13
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref13
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref14
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref14
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref14


Biochemistry and Biophysics Reports 35 (2023) 101544

8

[15] W.J. Ryu, G. Han, S.H. Lee, et al., Suppression of Wnt/β-catenin and RAS/ERK 
pathways provides a therapeutic strategy for gemcitabine-resistant pancreatic 
cancer, Biochem. Biophys. Res. Commun. 549 (2021) 40–46. 

[16] Z. Wang, G. Luo, Z. Qiu, Akt inhibitor MK-2206 reduces pancreatic cancer cell 
viability and increases the efficacy of gemcitabine, Oncol. Lett. 19 (2020) 
1999–2004. 

[17] Y. Baskaran, Y.W. Ng, W. Selamat, et al., Group I and II mammalian PAKs have 
different modes of activation by Cdc42, EMBO Rep. 13 (7) (2012) 653–659. 

[18] Y. Jia, J. Xie, Promising molecular mechanisms responsible for gemcitabine 
resistance in cancer, Genes Dis 2 (2015) 299–306. 

[19] Y. Li, Y. Shao, Y. Tong, et al., Nucleo-cytoplasmic shuttling of PAK4 modulates 
β-catenin intracellular translocation and signalling, Biochim. Biophys. Acta 1823 
(2012) 465–475. 

[20] Y. Nakano, S. Tanno, K. Koizumi, et al., Gemcitabine chemoresistance and 
molecular markers associated with gemcitabine transport and metabolism in 
human pancreatic cancer cells, Br. J. Cancer 96 (2007) 457–463. 

[21] G. Xia, H. Wang, Z. Song, et al., Gambogic acid sensitizes gemcitabine efficacy in 
pancreatic cancer by reducing the expression of ribonucleotide reductase subunit- 
M2 (RRM2), J. Exp. Clin. Cancer Res. 36 (107) (2017). 

[22] M. Tu, H. Li, N. Lv, et al., Vasohibin 2 reduces chemosensitivity to gemcitabine in 
pancreatic cancer cells via Jun proto-oncogene dependent transactivation of 
ribonucleotide reductase regulatory subunit M2, Mol. Cancer 16 (66) (2017). 

[23] R.A. Fryer, B. Barlett, C. Galustian, et al., Mechanisms underlying gemcitabine 
resistance in pancreatic cancer and sensitisation by the iMiD™ lenalidomide, 
Anticancer Res. 31 (2011) 3747–3756. 

[24] K. Kawaguchi, K. Igarashi, K. Miyake, et al., MEK inhibitor trametinib in 
combination with gemcitabine regresses a patient-derived orthotopic xenograft 
(PDOX) pancreatic cancer nude mouse model, Tissue Cell 52 (2018) 124–128. 

[25] S. Mehra, N. Deshpande, N. Nagathihalli, Targeting PI3K pathway in pancreatic 
ductal adenocarcinoma: rationale and progress, Cancers 13 (2021) 4434. 

[26] W. Li, Y. Zhu, K. Zhang, et al., PROM2 promotes gemcitabine chemoresistance via 
activating the Akt signaling pathway in pancreatic cancer, Exp. Mol. Med. 52 
(2020) 409–422. 

[27] H. King, K. Thillai, A. Whale, et al., PAK4 interacts with p85 alpha: implications for 
pancreatic cancer cell migration, Sci. Rep. 7 (2017), 42575. 

[28] R. Sears, F. Nuckolls, E. Haura, et al., Multiple Ras-dependent phosphorylation 
pathways regulate Myc protein stability, Genes Dev. 14 (2000) 2501–2514. 

[29] G.B. Mpilla, MdH. Uddin, M.N. Al-Hallak, et al., PAK4-NAMPT dual inhibition 
sensitizes pancreatic neuroendocrine tumors to everolimus, Mol. Cancer 
Therapeut. 20 (2021) 1836–1845. 

[30] M. Amrutkar, I.P. Gladhaug, Pancreatic cancer chemoresistance to gemcitabine, 
Cancers 9 (157) (2017). 

[31] T. Itoi, A. Sofuni, N. Fukushima, et al., Ribonucleotide reductase subunit M2 mRNA 
expression in pretreatment biopsies obtained from unresectable pancreatic 
carcinomas, J. Gastroenterol. 42 (5) (2007) 389–394. 

[32] H. Tabusa, T. Brooks, A.J. Massey, Knockdown of PAK4 or PAK1 inhibits the 
proliferation of mutant KRAS colon cancer cells independently of RAF/MEK/ERK 
and PI3K/AKT signaling, Mol. Cancer Res. 11 (2) (2012) 109–121. 

[33] A.M. Waters, C.J. Der, KRAS: the critical driver and therapeutic target for 
pancreatic cancer, Cold Spring Harb. Perspect. Med. 8 (2018) a031435. 

[34] M. Radu, G. Semenova, R. Kosoff, et al., PAK signalling during the development 
and progression of cancer, Nat. Rev. Cancer 14 (2014) 13–25. 

[35] M.R. Makena, H. Gatla, D. Verlekar, et al., Wnt/β-catenin signaling: the culprit in 
pancreatic carcinogenesis and therapeutic resistance, Int. J. Mol. Sci. 20 (2019) 
4242. 

[36] H. Lu, S. Lu, D. Yang, et al., MiR-20a-5p regulates gemcitabine chemosensitivity by 
targeting RRM2 in pancreatic cancer cells and serves as a predictor for 
gemcitabine-based chemotherapy, Biosci. Rep. 39 (2019). 

[37] Y. Zhan, L. Jiang, X. Jin, et al., Inhibiting RRM2 to enhance the anticancer activity 
of chemotherapy, Biomed. Pharmacother. 133 (2021), 110996. 

[38] D. Massihnia, A. Avan, N. Funel, et al., Phospho-Akt overexpression is prognostic 
and can be used to tailor the synergistic interaction of Akt inhibitors with 
gemcitabine in pancreatic cancer, J. Hematol. Oncol. 10 (9) (2017). 

[39] M. Ala, Target c-Myc to treat pancreatic cancer, Cancer Biol. Ther. 23 (1) (2022) 
34–50. 

[40] N. Kim, M.J. Kang, S.H. Lee, et al., Fisetin enhances the cytotoxicity of gemcitabine 
by down-regulating ERK-MYC in MiaPaca-2 human pancreatic cancer cells, 
Anticancer Res. 38 (2018) 3527–3533. 

C. Samant et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S2405-5808(23)00125-5/sref15
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref15
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref15
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref16
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref16
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref16
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref17
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref17
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref18
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref18
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref19
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref19
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref19
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref20
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref20
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref20
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref21
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref21
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref21
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref22
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref22
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref22
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref23
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref23
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref23
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref24
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref24
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref24
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref25
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref25
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref26
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref26
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref26
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref27
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref27
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref28
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref28
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref29
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref29
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref29
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref30
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref30
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref31
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref31
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref31
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref32
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref32
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref32
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref33
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref33
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref34
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref34
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref35
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref35
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref35
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref36
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref36
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref36
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref37
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref37
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref38
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref38
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref38
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref39
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref39
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref40
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref40
http://refhub.elsevier.com/S2405-5808(23)00125-5/sref40

	PAK4 inhibition significantly potentiates Gemcitabine activity in PDAC cells via inhibition of Wnt/β-catenin, p-ERK/MAPK an ...
	1 Introduction
	2 Materials and methods
	2.1 Cell lines, culture conditions and research reagents
	2.2 Colony formation assay
	2.3 Anti-proliferation assay
	2.4 Cell cycle analysis
	2.5 Western blot and antibodies
	2.6 Densitometry analysis for Western blot
	2.7 Synergy score calculation
	2.8 Statistical Analysis

	3 Results
	3.1 PDAC cell lines express phospho-PAK4 and total PAK4
	3.2 PAK4 inhibitor KPT-9274 in combination with Gemcitabine synergistically inhibits clonogenicity and proliferation of PDA ...
	3.3 KPT-9274 in combination with Gemcitabine enhances apoptosis and DNA damage in PDAC cells
	3.4 KPT-9274 significantly increases Gemcitabine induced G0/G1 phase cell cycle arrest in PDAC cells
	3.5 KPT-9274 in combination with Gemcitabine significantly inhibits Gemcitabine induced β-catenin and RRM2 in PDAC cells
	3.6 KPT-9274 in combination with Gemcitabine inhibits p-ERK and Gemcitabine-induced p-AKT in PDAC cells
	3.7 KPT-9274 in combination with Gemcitabine inhibits c-Myc levels PDAC cells
	3.8 Inhibitory effects on β-catenin, RRM2 and c-Myc were sustained with combination of PF-3758309 and Gemcitabine in PDAC cells

	4 Discussion
	5 Conclusion
	Funding
	Research data/raw data
	Credit author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


