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ARTICLE INFO ABSTRACT

Keywords: Background: Previously, our investigations have underscored the potential of hyperthermia to
Pancreatic cancer improve the therapeutic efficacy of gemcitabine (GEM) in pancreatic cancer (PC). Nonetheless,
Gemcitabine

the precise underlying mechanisms remain elusive.

?g{;erthermia Methods: We engineered two GEM-resistant PC cell lines (BxPC-3/GEM and PANC-1/GEM) and
EFNA4 treated them with GEM alongside hyperthermia. The impact of hyperthermia on the therapeutic

potency of GEM was ascertained through MTT assay, assessment of the concentration of its active
metabolite dFACTP, and evaluation of deoxycytidine kinase (dCK) activity. Lentivirus-mediated
dCK silencing was further employed to validate its involvement in mediating the GEM-
sensitizing effect of hyperthermia. The mechanism underlying hyperthermia-mediated dCK
activation was explored using bioinformatics analyses. The interplay between hyperthermia and
the ephrin A4 (EFNA4)/p-catenin/dCK axis was investigated, and their roles in GEM resistance
was further explored via the establishment of xenograft tumor models in nude mice.

Results: Hyperthermia restored dCK expression in GEM-resistant cell lines, concurrently
enhancing GEM sensitivity and fostering DNA damage and cell death. These observed effects were
negated by dCK silencing. Regarding the mechanism, hyperthermia activated dCK by down-
regulating EFNA4 expression and mitigating p-catenin activation. Overexpression of EFNA4
activated the B-catenin while suppressing dCK, thus diminishing cellular GEM sensitivity—a
phenomenon remediated by the p-catenin antagonist MSAB. Consistently, in vivo, hyperthermia
augmented the therapeutic efficacy of GEM on xenograft tumors through modulation of the
ephrin A4/p-catenin/dCK axis.

Conclusion: This study delineates the role of hyperthermia in enhancing GEM sensitivity of PC
cells, primarily mediated through the suppression of the EFNA4/p-catenin axis and activation of
dCK.
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1. Introduction

According to Global Cancer Statistics, in 2020, pancreatic cancer (PC) afflicted 495,773 individuals worldwide, with 466,003
succumbing to the disease worldwide [1], highlighting its alarming mortality rates. The most prevalent (>80%) and deadly form of PC
is pancreatic adenocarcinoma (PAAD) [2]. Despite advancements leading to bolstered survival rates across various cancers, PC remains
a formidable challenge, characterized by its frequent diagnosis at an advanced stage, resulting in a dismal 5-year survival rate of under
5% [3]. The terrible treatment outcome can largely be attributive to the belated diagnosis, depriving patients of the opportunity for
curative interventions [4].

Gemcitabine (GEM; 2',2-difluoro-2'-deoxycytidine), a pyrimidine nucleoside analogue renowned for its capacity to induce DNA
damage, apoptosis, and cell cycle perturbation, has long held the mantle as the first-line chemotherapy agent for locally advanced and
metastatic PC [5-7]. However, the efficacy of GEM is compromised by the inherent propensity of PC cells to develop resistance, a
phenomenon exacerbated by the inadequate penetration and delivery of drugs through the dense and poorly vascularized tumor
stroma [8]. This acquisition of GEM resistance stands as a significant barrier to improving patient outcomes in clinical practice, thereby
accentuating the urgent need to surmount this hurdle.

Hyperthermia, a form of thermotherapy elevating the temperature of targeted body region or the entire body to 41-45 °C, holds
promise in selectively targeting cancer cells while preserving the integrity of surrounding healthy tissues. Moreover, it has been
recognized for its capacity to potentiate the efficacy of chemotherapy and radiotherapy [9]. Our research team has previously
demonstrated the effectiveness of hyperthermia (41°C-43 °C) in augmenting production of 2',2'-difluorodeoxycytidine triphosphate
(dFACTP), the main active metabolite of GEM [10]. Furthermore, we have found hyperthermia’s capacity of enhancing GEM-mediated
apoptosis induction, disrupting cell cycle [11], and curbing the metastatic potential of PC cells [12]. The enzymatic conversion of GEM
into dFACTP, pivotal for impeding DNA synthesis and halting cell cycle progression at early S phase, necessitates phosphorylation by
deoxycytidine kinase (dCK) [13,14]. Nonetheless, the question of whether hyperthermia can potentiate GEM sensitivity in PC cells
warrants further validation. Additionally, exploring the potential modulation of dCK activity by hyperthermia, along with the intricate
molecular mechanisms underlying this regulatory process, presents an intriguing avenue for future investigation. Such endeavors
promise to enrich our comprehension of the underlying mechanisms governing the therapeutic efficacy of hyperthermia, thereby
advancing our strategies for combating PC.

Through transcriptome analysis utilizing hyperthermia-related datasets sourced from the GEO system (https://www.ncbi.nlm.nih.
gov/gds/), our investigation pinpointed ephrin A4 (EFNA4) as a prominent factor significantly influenced by hyperthermia in the
context of cancer treatment. EFNA4, an important member of the ephrins family, has been intricately associated with both devel-
opmental processess and tumorigenesis [15]. Notably, previous research has implicated EFNA4 in the activation of the renown
oncogenic protein p-catenin, thereby potentiating the malignant characteristics of hepatocellular carcinoma cells [16]. Importantly,
the p-catenin signaling has been implicated in conferring heightened resistance to GEM in PC cells [7,17]. Hence, we were compelled to
explore whether the EFNA4/f-catenin axis might exert an influence on dCK activity and GEM resistance in PC. Given these insights, our
study was designed to investigate the interplay between hyperthermia, the EFNA4/f-catenin axis, and dCK activity in the context of
GEM resistance. To this end, we established two GEM-resistant PC cell lines to examine the multifaceted dynamics underlying this
intricate relationship.

2. Materials and methods
2.1. Establishment of GEM-resistant PC cell lines

Two PC cell lines BxPC-3 (Cat. No. TCHu 12, RRID: CVCL_0186) and PANC-1 (Cat. No. SCSP-535, RRID:RRID: CVCL_0480) were
procured from National Collection of Authenticated Cell Cultures (Shanghai, China). Both cell lines were authenticated using short
tandem repeat profiling and were free of mycoplasma contamination. These cell lines were cultured in Dulbecco’s modified Eagle
medium supplemented with 10% fetal bovine saline and 1% antibiotics, and maintained in a humidified incubator at 37 °C and 5%
COa. To establish stable GEM-resistant cell lines, the parental cells underwent a regimen of escalating GEM exposure. Initially, cells
were subjected to continuous treatment with 5 pg/mL of GEM for a duration of 6 d. Subsequently, the cells were continuously exposed
to incrementally higher concentrations of GEM (10, 15, 20 pg/mL) for 6 d each. Following this gradient concentration induction
protocol, the harvested cells were deemed resistant to GEM and designated as BxPC-3/GEM and PANC-1/GEM cell lines. These GEM-
resistant cell lines were further cultured in the medium supplemented with 10 pg/mL of GEM to perpetuate and sustain their drug
resistance phenotype.

2.2. Cell treatment

To induce hyperthermia, BxPC-3/GEM and PANC-1/GEM cells were subjected to incubation in a 43 °C water bath for 1 h. Lentiviral
vectors were obtained from Genomeditech (Shanghai) Co., Ltd. (Shanghai, China), including the gene-suppressive lentivirus of pLV
[shRNA]-dCK1, 2, 3#, gene-overexpressing lentivirus pLV[Exp]-EFNA4, pLV[Exp]-dCK, as well as their corresponding negative
control (NC) lentivirus. The lentiviral infection dose for cell transduction was 7.19 x 108 IU/mL, and stably infected cells were selected
using puromycin. The specific shRNA sequences, with a loop sequence of CTCGAG, inserted into the lentiviral vectors are detailed in
Table 1. For the suppression of p-catenin suppression, cells were treated with the B-catenin-specific antagonist MSAB (Cat. No.
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53581ES08, Yeasen Biotechnology Co., Ltd., Shanghai, China).

2.3. Detection of dFACTP by reverse phase high-performance liquid chromatography (RP-HPLC)

The detection of active metabolite of GEM, difluorodeoxycytidine triphosphate (dFdCTP), within cells was detected using a Shi-
madzu 20AT HPLC System and a Zhida N2000 Chromatography Workstation. Detailed procedures for this analysis were meticulously
followed as outlined in our previous publication [10].

2.4. 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay

To assess the concentration-dependent cytotoxicity of GEM, BxPC-3/GEM and PANC-1/GEM cells were seeded in 96-well culture
plates at a density of 5000 cells per well. Subsequently, 100 pL of medium containing varying concentrations of GEM (0, 5, 10, 15, 20,
25 pg/mL) was added to each well. When applicable, cells were subjected to hyperthermia at 43 °C before being cultured for an
additional 2 h. Following this, MTT solution (5 mg/mL, Beyotime Biotechnology Co., Ltd., Shanghai, China) was added to all wells,
followed by a further 4-h incubation. The formed formazan crystals were dissolved by adding dimethyl sulfoxide solution and shaken
at low speed for 10 min to ensure complete dissolution. The relative viability of cells was determined by measuring the absorbance at
490 nm using a Molecular Devices microplate reader.

To evaluate alterations in cell proliferation activity, BxPC-3/GEM and PANC-1/GEM cells, with or without GEM treatment at a
concentration of 14 pg/mL, were seeded in 96-well plates at a density of 2000 cells per well. After 48 h of incubation, MTT solution (5
mg/mL, Beyotime Biotechnology Co., Ltd., Shanghai, China) was added to all wells to assess cell proliferation. Subsequent steps were
performed following the procedures described in the cytotoxicity tests aforementioned.

2.5. Reverse transcription quantitative polymerase chain reaction (RT-gPCR)

Total cellular RNA was extracted using the TRIzol reagent (Invitrogen, Thermo Fisher Scientific, Rockford, IL, USA), and cDNA
synthesis was carried out using the PrimeScript RT Reagent Kit (Takara Holdings Inc., Kyoto, Japan). Subsequently, real-time qPCR
analysis was performed employing the Premix Ex Taq master mix (Takara), following the manufacturer’s instructions. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) served as the internal loading control, and the relative expression of EFNA4 and dCK mRNAs
was determined utilizing the 2722 method. Primer sequences utilized for amplification are provided in Table 2.

2.6. Western blot (WB) analysis

The BxPC-3/GEM and PANC-1/GEM cells were lysed in RIPA Lysis Buffer (Beyotime), and the lysates were centrifuged at 10,000 g
for 5 min to collect the supernatant. Protein concentration was determined utilizing the Pierce™ BCA Detection Kit (Thermo Fisher
Scientific). Equal amounts of protein sample (20 pg) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto the polyvinylidene fluoride membranes. Following transfer, the membranes were blocked by 5% bovine serum al-
bumin and subsequently incubated overnight at 4 °C with primary antibody solutions, appropriately diluted. This was succeeded by
incubation with the secondary antibody at room temperature for 1 h. Protein signals were visualized using the Super ECL Detection
Reagent (Yeasen Biotechnology), with the GAPDH protein band serving as the internal loading for normalization. The primary an-
tibodies employed were against dCK (CSB-PA283493, CUSABIO Biotech Co., Ltd., Wuhan, Hubei, China), EFNA4 (#500-11154,
Thermo Fisher Scientific), f-catenin (CSB-PA00174A0Rb, CUSABIO Biotech) and GAPDH (AF1186, Beyotime). Horseradish peroxi-
dase (HRP)-conjugated goat anti-rabbit IgG (H + L) (A0208, Beyotime) served as the secondary antibody.

2.7. Immunofluorescence staining

Cells were seeded in 24-well plates at 1 x 10° cells per well and subjected to treatment with GEM (14 pg/mL) in conjunction with
hyperthermia (43 °C). Following treatment, the cells were fixed with 4% paraformaldehyde for 10 min, penetrated with 0.1% Triton X-
100 for 5 min, and subsequently incubated with the Alexa Fluor® 647 fluorescence-conjugated y-H2AX (1: 50, ab195189, Abcam) at 4
°C overnight. Nuclear DNA was stained by 4, 6-diamidino-2-phenylindole (DAPI). Subsequently, the y-H2AX-positive cells were
observed under the fluorescence microscopy.

Table 1
shRNA sequences of dCK.
Sequence
pLV[shRNA]-dCK 1# GCAGAGAAACCTGTATTATTTCTCGAGAAATAATACAGGTTTCTCTGC
pLV[shRNA]-dCK 2# GAGACATGCTTACATAGAATACTCGAGTATTCTATGTAAGCATGTCTC
pLV[shRNA]-dCK 3# GCAGCCTGCTATAAAGTTAAACTCGAGTTTAACTTTATAGCAGGCTGC

Note: shRNA, short hairpin RNA; dCK, deoxycytidine kinase.
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Table 2
Primer sequences for qPCR analysis.
Forward primer (5'-3") Forward primer (5'-3")
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
EFNA4 TTGAGGCTCCAGGTGTCTGTCT CAATGCTCCATCTTGTCGGTCTG
dCK AGTGGTTCCTGAACCTGTGCC GACCATCGTTCAGGTTTCTCTAC

Note: qPCR, quantitative polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; EFNA4, ephrin
A4; dCK, deoxycytidine kinase.

2.8. Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL)

Apoptosis of cells was assessed utilizing the One-Step TUNEL In-Situ Cell Apoptosis Detection Kit (Procell Life Science & Tech-
nology Co., Ltd., Wuhan, Hubei, China). Briefly, cells were fixed with 4% paraformaldehyde, penetrated with 0.1% Triton X-100, and
subsequently reacted with 100 pL of TdT Equilibration Buffer at 37 °C for 30 min. This was followed by incubation in the dark with 50
uL of Working Solution in wet box at 37 °C for 60 min. Nuclear staining was accomplished by incubating the cells with DAPI in the dark
for 5 min. Following this, the cell slides were sealed and subjected to observation under a fluorescence microscope.

2.9. Colony formation assay

Cells were seeded in six-well plates at a density of 500 cells per well and subjected to treatment with GEM (14 pg/mL) in
conjunction with hyperthermia (43 °C). Following a two-week incubation period, the cells were fixed for 30 min and stained with 0.1%
crystal violet for 15 min. The number of formed colonies was calculated under a microscope.

2.10. TOP Flash/FOP flash luciferase reporter assay

To assess the p-catenin-mediated transcriptional activity of TCF/LEF, the TOP Flash reporter vector (D2501, Beyotime) was uti-
lized, with the FOP Flash reporter vector containing mutant TCF/LEF binding sequences (D2503, Beyotime) serving as the NC. These
reporter vectors were transfected into the cells using Lipofectamine 2000 (Thermo Fisher Scientific). After 24 h, luciferase activity
within cells was examined utilizing the Firefly Luciferase Reporter Gene Detection Kit (Beyotime). The relative activity of the B-catenin
signaling was evaluated by analyzing the ratio of TOP Flash/FOP Flash activity.

2.11. Tumor xenograft models

Forty-eight female BALB/c nude mice, aged 6 weeks, were obtained from SJA Laboratory Animal Co., Ltd. (Hunan, China). The
animal study protocol was approved by the Animal Ethics Committee of Affiliated Hangzhou First People’s Hospital, School of
Medicine, Westlake University (Approval No. 2022-1013), and all procedures adhered strictly to the guidelines outlined in the Care
and Use of Laboratory Animals (NIH, Bethesda, MD, USA). To minimize animal sacrifice, only the PANC-1/GEM cell line was used for
animal the trials. In brief, approximately 5 x 106 PANC-1/GEM cells were subcutaneously injected into the nude mice. The length (L)
and width (W) of the palpable tumor were measured using a caliper, and tumor volume (V) was calculated by the formula: V = (L x
Wz)/2. Tumor volume was monitored.

2.12. Assessment of the hyperthermia-mediated GEM treatment efficacy

When the tumor volume reached approximately 100 mm3, the mice were intraperitoneally injected with GEM (20 mg/kg) once a
week [18]. Concurrently, mice designated for MSAB treatment received intraperitoneal injections of MSAB at a dose of 10 mg/kg [19].
Subsequently, 4 h following GEM treatment, the tumor-bearing mice underwent local exposure to a 13.56 MHz radiofrequency wave
utilizing a radiofrequency hyperthermal equipment specifically designed for rodents, administered at an energy dose of 2 W for 1 min
[20]. The weekly alterations in tumor volume were diligently monitored. After four weeks of GEM treatment, the mice were sacrificed
by intraperitoneal injection of an overdose of pentobarbital sodium, and the xenograft tumors were collected for further analysis. The
tumor inhibition rate was calculated based on tumor weight, using the following formula: rate (%) = (1 - T/C) x 100, where C
(Control) represents the tumor weight of the pLV[Exp]-NC group, and the other groups are considered as T (Experimental groups).

2.13. Immunohistochemistry (IHC)

The harvested xenograft tumor tissues were processed into paraffin-embedded sections (4 pm). These sections underwent dew-
axing, rehydration, and heat-mediated antigen retrieval. Subsequently, they were treated with 3% H,0, to block endogenous
peroxidase activity, followed by blocking with 5% normal goat serum to reduce non-specific binding. The sections were then incubated
overnight at 4 °C with diluted antibodies of dCK (CSB-PA283493, CUSABIO Biotech), EFNA4 (#500-11154, Thermo Fisher Scientific),
and f-catenin (CSB-PA00174A0Rb, CUSABIO Biotech). Following this, the sections were incubated with the HRP-conjugated goat anti-
rabbit IgG (H + L) (A0208, Beyotime) at room temperature for 1 h. Subsequently, color development was achieved using 3,3-
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diaminobenzidine for 5 min, and the tissue slides were counter-stained with hematoxylin before microscopic observation. The positive
staining area, identifiable by its brown coloration under microscopy, was quantified using Image J software.

2.14. Statistics

All experimental data were derived from a minimum of three independent experiments and are presented as the mean =+ standard
deviation. Statistical analyses were conducted using Prism 8.0.2 (GraphPad, La Jolla, CA, USA). The dose-dependent cytotoxicity of
GEM was assessed by Nonlinear fit analysis. Differences among multiple groups were evaluated using either one- or two-way analysis
of variance (ANOVA), followed by the Sidak’s or Tukey’s multiple comparison tests. A p-value less than 0.05 was considered statis-
tically significant.

3. Results
3.1. Hyperthermia enhances dCK activity in GEM-resistant PC cells

Two GEM-resistant PC cell lines BxPC-3/GEM and PANC-1/GEM were established through exposure of parental cells to escalating
doses of GEM. As anticipated, compared to the parental cells, the GEM-resistant counterparts exhibited a substantial increase in the

half maximal inhibitory concentration (IC50) of GEM (fold change of IC50: 1.78 in BxPC-3/GEM; 1.73 in PANC-1/GEM) as determined
by the MTT assay (Fig. 1A). To induce moderate damage, a GEM concentration of 14 pg/mL was employed in subsequent experiments.

A B Cc
BxPC-3 . PANC-1 ) = Parental = Parental
1504 - Parental IC50 = 11.84 X150 -e- Parental IC50 = 14.11 ?E» 5 GEM-resistant _§ 15 GEM-resistant
= GEM-resistant IC50 =21.04 >, GEM-resistant IC50 = 24.40 = * 8
£ = c 4 1 — 5 —t— *
51004 81004 = v 10 !
© 8 T 3 o X
s > £ <3
= 3 P = - &%
8 50 O 50 & D € 05
Q ==
g \'\. 02) \'\. : 1 g -
2 & 5 8
v O T T 1 @ O T T 1 Q0 T T g 00 T T
x 0 10 20 3/E o 10 20 30 & BxPC-3 PANC-1 BxPC-3 PANC-1
GEM concentration (ug/mL) GEM concentration (ug/mL)
D E
£ 5 = = Parental BxPC-3/GEM PANC-1/GEM
] B o GEM-resistant
- 7] - 7] o
= g £ £ Zo6q —t—  §£150 Control IC50 = 21.32 £ 150 Control IC50 = 24.17
2 b g Z = = -| Hyperthermia IC50 = 16.18 1 Hyperthermia IC50 = 17.54
a O [N [CR = =
o =2 =
[} T 8
x o
.g 02 _ .g 50 o .g B0 ecsscesscsancsnsesscsnscs_sessraassennsisciionsnssas
g 3 £
£ [5) [5)
BxPC-3 PANC-1 ; 0.0 . I X 0 . : 0 : T .
] BxPC-3 PANC-1 0 10 20 30 0 10 20 30
hel .
GEM concentration (ug/mL) GEM concentration (ug/mL)
F G H
Control « Control © «© . == Control
= Hyperthermia Q Hyperthermia % % 3 Hyperthermia
£ k] £ £ o
34 . < 3 . . § ‘é g 10 .
= @ — = =
.| ™2 — 2 I z z c 08 T "
] T T 2y L S —
% T % % ue N
52 = < = -
e Z.] - = 5044 T maal
15} 4 GAPDH
o 1 I3 £
o o £ 02
5 2 BxPC-3/GEM PANC-1/GEM g_
B 0+ T T &0~ T T ™ 0.0+ T T
5 BxPC-3/GEM PANC-1/GEM & BxPC-3/GEM PANC-1/GEM Q BxPC-3/GEM PANC-1/GEM

Fig. 1. Hyperthermia enhances dCK activity in GEM-resistant PC cells. A, sensitivity of parental and GEM-resistant cells to GEM examined by the
MTT assay; B, dFACTP concentration in parental and GEM-resistant cells examined by RP-HPLC detection; C-D, mRNA (C) and protein (D) levels of
dCK in parental and GEM-resistant cells determined by RT-qPCR and WB assays (uncropped images of gels and blots are provided as Supplementary
material), respectively; E, GEM sensitivity of the GEM-resistant cells after 43 °C hyperthermia determined by MTT assay; F, dFdCTP concentration in
GEM-resistant cells after 43 °C hyperthermia examined by RP-HPLC detection; G-H, mRNA (G) and protein (H) levels of dCK in GEM-resistant cells
after 43 °C hyperthermia determined by RT-qPCR and WB assays (uncropped images of gels and blots are provided as Supplementary material),
respectively. The dose-dependent cytotoxicity of GEM was analyzed by Nonlinear fit (A and E). Three biological replicates were performed. Dif-
ferences were compared by the two-way ANOVA followed by Sidak’s multiple comparison test (B, C, D, F, G and H). *p < 0.05.
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Fig. 2. The sensitizing effect of hyperthermia on GEM in PC cells depends on dCK activity. The BxPC-3/GEM and PANC-1/GEM cells were
administered pLV[shRNA]-dCK, followed by GEM treatment and 43 °C hyperthermia. A, dCK-knockdown effect of pLV[shRNA]-dCK 1, 2, 3# in the
two cell lines examined by RT-qPCR; B, GEM sensitivity in cells determined by MTT assay; C, dFACTP concentration in cells examined by RP-HPLC
detection; D, y-H2AX expression in cells determined by immunofluorescence staining (scale bar = 200 pm); E, apoptosis of cells determined by
TUNEL assay (scale bar = 200 um); F, proliferation of cells analyzed by colony formation assay (scale bar = 5 mm). The BxPC-3/GEM and PANC-1/
GEM cells were administered pLV[shRNA]-dCK, followed by GEM treatment or not. G, proliferation of cells determined by MTT assay. The dose-
dependent cytotoxicity of GEM was analyzed by Nonlinear fit (B). Three biological replicates were performed. Differences were compared by
the two-way ANOVA followed by Sidak’s (C and G) or Tukey’s (A, D-F) multiple comparison test. *p < 0.05.
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Fig. 3. Hyperthermia activates dCK by suppressing EFNA4 expression. A, volcano plots for DEGs in cancer cells after hyperthermia (screened by p <
0.05) in GSE77310 and GSE119400 datasets, respectively; B, intersections of the common DEGs in the two datasets; C-E, expression pattern (C),
prognostic value (D) of EFNA4 and its correlation with dCK expression (E) in PAAD in the GEPIA website; F-G, mRNA (F) and protein (G) levels of
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In this setting, it was observed that the conversion of GEM to its active metabolite dFACTP was notably suppressed in the GEM-resistant
cell lines (Fig. 1B). Additionally, a marked reduction in both dCK mRNA and protein levels was evident in the drug-resistant cells
(Fig. 1C-D). Interestingly, under hyperthermic conditions at 43 °C, the sensitivity of the cells to GEM treatment was significantly
increased (fold change of IC50: 0.76 in BxPC-3/GEM; 0.73 in PANC-1/GEM) (Fig. 1E). Furthermore, hyperthermia augmented the
metabolic activity of GEM in these cells, as manifested by increased concentrations of dFdCTP (Fig. 1F). Moreover, the levels of dCK
mRNA and protein in BxPC-3/GEM and PANC-1/GEM cells were upregulated by exposure to 43 °C hyperthermia (Fig. 1G-H).

The pivotal role of dCK in GEM sensitivity was further investigated by introducing dCK overexpression into the GEM-resistant
cancer cell lines using pLV[Exp]-dCK. Successful upregulation of dCK mRNA and protein levels was confirmed by RT-qPCR and WB
analysis, respectively (Supplementary Figs. SIA-B). As anticipated, dCK overexpression led to a substantial enhancement in the
sensitivity of the cells to GEM, as evidenced by a significant reduction in the IC50 of GEM (fold change of IC50: 0.57 in BxPC-3/GEM,;
0.66 in PANC-1/GEM) (Supplementary Fig. S1C), along with an increase in the and elevated concentration of dFACTP (Supplementary
Fig. S1D).

3.2. The sensitizing effect of hyperthermia on GEM in PC cells depends on dCK activity

To explore the involvement of dCK in the hyperthermia-mediated events, three lentivirus-carried shRNAs targeting dCK (pLV
[shRNA]-dCK 1, 2, 3#) were introduced into both BxPC-3/GEM and PANC-1/GEM cells. Subsequently, the most effective sShRNA, pLV
[shRNA]-dCK 1#, which exhibited optimal suppression of dCK expression (Fig. 2A), was selected for subsequent experiments. These
cells were then subjected to treatments involving GEM and hyperthermia. It was observed that silencing of dCK attenuated the GEM-
sensitizing effect of hyperthermia, as manifested by the restoration of IC50 of GEM (fold change of IC50: 1.30 in BxPC-3/GEM; 1.37 in
PANC-1/GEM) (Fig. 2B), along with a reduction in the concentration of dFdCTP (Fig. 2C).

In terms of DNA damage in BxPC-3/GEM and PANC-1/GEM cells, it was observed that positive immunofluorescence staining of
y-H2AX in cells was increased after hyperthermia, but this effect was mitigated by dCK silencing (Fig. 2D). Additionally, the TUNEL
assay indicated that hyperthermia promoted GEM-induced apoptosis in cells, whereas this effect was by dCK silencing (Fig. 2E).
Conversely, the proliferation of these two GEM-resistant cell lines was suppressed by hyperthermia but enhanced by dCK over-
expression (Fig. 2F).

Furthermore, the impact of dCK knockdown on GEM-resistant cells in the absence of hyperthermia was assessed. Importantly, it
was observed that in the absence of GEM treatment, dCK knockdown resulted in a slight increase in cell proliferation activity, although
without significant differences. However, in the presence of GEM treatment, dCK knockdown significantly elevated cell proliferation
activity (Fig. 2G).

3.3. Hyperthermia activates dCK by suppressing EFNA4 expression

To dissect the mechanism underlying hyperthermia-mediated dCK activation, we conducted transcriptome analysis utilizing
datasets GSE119400 (hyperthermia: GSM3374164 and GSM3374165; control: GSM3374162) and GSE77310 (hyperthermia:
GSM2048847, GSM2048848, GSM2048851 and GSM2048852; control: GSM2048845, GSM2048846, GSM2048849 and
GSM2048850) obtained from the GEO system. Differentially expressed genes (DEGs) in cancer cells induced by hyperthermia were
identified using a threshold of p < 0.05 (Fig. 3A). Following annotation, DEGs from both datasets were cross-referenced, revealing four
intersections: HSPA1A, HSPA1B, EFNA4 and HSPB1 (Fig. 3B). Notably, among these genes, EFNA4 stands out as the only one not
belonging to the heat shock protein (HSP) family, and its correlation with hyperthermia remains undefined. Interestingly, EFNA4
expression in cancer cells was significantly downregulated after hyperthermia treatment in both datasets. Subsequently, analysis from
the GEPIA website (http://gepia.cancer-pku.cn/index.html) revealed that EFNA4 is significantly overexpressed in PAAD (Fig. 3C), and
patients exhibiting higher EFNA4 expression (group cutoff by quartile) demonstrate lower overall survival rates (Fig. 3D). Remarkably,
EFNA4 expression in PAAD displays an inverse correlation with dCK in this system (Fig. 3E). Based on these findings, we hypothesize
that hyperthermia possibly suppresses EFNA4 expression to increase the dCK activity.

Building upon the hypothesis, we proceeded to investigate EFNA4 expression in the BxPC-3/GEM and PANC-1/GEM cell lines.
Remarkably, hyperthermia led to a reduction in EFNA4 mRNA and protein levels in both cell lines (Fig. 3F-G). Subsequently, we
introduced pLV[Exp]-EFNA4 and pLV[Exp]-dCK into the cells. RT-qPCR and WB assays revealed that pLV[Exp]-EFNA4 administration
resulted in increased EFNA4 expression while simultaneously suppressing dCK expression levels. Additionally, further administration
of pLV[Exp]-dCK restored dCK levels without impacting EFNA4 expression (Fig. 3H-I).

3.4. Artificial upregulation of EFNA4 and dCK affects GEM resistance of the PC cells

The GEM-resistant cell lines administered pLV[Exp]-EFNA4 and pLV[Exp]-dCK were subsequently exposed to GEM treatment and
43 °C hyperthermia. Results indicated a significant increase in the IC50 of GEM in cells upon EFNA4 overexpression (fold change of
IC50: 1.40 in BxPC-3/GEM, 1.34 in PANC-1/GEM), but this effect was reversed by additional dCK upregulation (fold change of IC50:
0.68 in BxPC-3/GEM,; 0.76 in PANC-1/GEM) (Fig. 4A). Moreover, the dFdCTP concentration in the cells was suppressed by EFNA4
overexpression but restored by dCK overexpression (Fig. 4B). Additional aspects revealed that EVNA4 overexpression led to a decrease
in immunofluorescence staining of y-H2AX (Fig. 4C), suppressed cell apoptosis (Fig. 4D), and enhanced colony formation ability in
both GEM-resistant PC cell lines (Fig. 4E). However, these effects on cell survival and proliferation were counteracted by further dCK
overexpression (Fig. 4C-E).
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Fig. 4. Artificial upregulation of EFNA4 and dCK affects GEM resistance of the PC cells. The BxPC-3/GEM and PANC-1/GEM cells were admin-
istered pLV[Exp]-EFNA4 and pLV[Exp]-dCK, followed by GEM treatment and 43 °C hyperthermia. A, GEM sensitivity of cells determined by MTT
assay; B, dFACTP concentration in cells examined by RP-HPLC detection; C, y-H2AX expression in cells determined by immunofluorescence staining
(scale bar = 200 pm); D, apoptosis of cells determined by TUNEL assay (scale bar = 200 pm); E, proliferation of cells analyzed by colony formation
assay (scale bar = 5 mm). The dose-dependent cytotoxicity of GEM was analyzed by Nonlinear fit (A). Three biological replicates were performed.
Differences were compared by the two-way ANOVA followed by Tukey’s multiple comparison test (B-E). *p < 0.05.
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3.5. The suppressive effect of EFNA4 on dCK depends on the f-catenin signaling activation

EFNA4 has been previously implicated in activating the oncogenic -catenin signaling to facilitate tumorigenesis [16]. To elucidate
the potential involvement of p-catenin in the interplay between hyperthermia, EFNA4, and dCK, we investigated p-catenin activity in
the two cell lines following different treatments. The findings revealed that hyperthermia significantly suppressed the protein levels of
B-catenin (Fig. 5A) as well as its transcriptional activity (Fig. 5B) in both BxPC-3/GEM and PANC-1/GEM cells. Additionally, cells with
artificially elevated EFNA4 levels were subjected to further treatment with MSAB. Utilizing the TOP/FOP Flash assay, we observed that
the transcriptional activity of f-catenin, suppressed by hyperthermia, was restored by EFNA4 upregulation. However, this effect was
then reversed upon subsequent MSAB treatment (Fig. 5C). Similarly, WB analysis demonstrated that EFNA4 upregulation increased the
protein levels of p-catenin while suppressing dCK level. Conversely, further treatment with MSAB in these cells resulted in f-catenin
suppression and restoration of dCK expression (Fig. 5D).
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Fig. 5. The suppressive effect of EFNA4 on dCK depends on the p-catenin signaling activation. A, protein level of p-catenin in in BxPC-3/GEM and
PANC-1/GEM cells after hyperthermia examined by WB analysis (uncropped images of blots are provided as Supplementary material); B, tran-
scriptional activity of f-catenin in cells after hyperthermia determined by TOP Flash/FOP Flash luciferase reporter assay; C, transcriptional activity
of p-catenin in cells after EFNA4 overexpression and MSAB treatment determined by TOP Flash/FOP Flash luciferase reporter assay; D, protein levels
of p-catenin and dCK in cells after EFNA4 overexpression and MSAB treatment determined by WB analysis (uncropped images of blots are provided
as Supplementary material). Three biological replicates were performed. Differences were compared by the two-way ANOVA followed by Sidak’s
(A-B) or Tukey’s (C-D) multiple comparison test. *p < 0.05.
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Fig. 6. Hyperthermia influences the EFNA4/p-catenin/dCK axis to affect the GEM resistance of xenograft tumors. A, a diagram for animal treat-
ment; B, volume change of the xenograft tumors in nude mice; C, weight of xenograft tumors after four weeks of GEM treatment and the tumor
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3.6. Hyperthermia influences the EFNA4/f-catenin/dCK axis to affect the GEM resistance of xenograft tumors

PANC-1/GEM cells stably transfected with pLV[Exp]-EFNA4 or pLV[Exp]-NC were implanted into nude mice subcutaneously to
generate xenograft tumors. When the tumor volume reached approximately 100 mm?>, mice were subjected to GEM treatment, hy-
perthermia, and MSAB treatment (Fig. 6A). Compared to the control cells, those overexpressing EFNA4 exhibited significantly
increased resistance to GEM and enhanced tumorigenic activity. Interestingly, hyperthermia mitigated drug resistance, with these
effects further augmented by MSAB treatment (Fig. 6B). Moreover, changes in tumor weight paralleled those observed in tumor
volume, and the tumor inhibition rate was suppressed by EFNA4 overexpression, augmented by hyperthermia, and further bolstered by
MSAB (Fig. 6C). Subsequent examination of tumor tissues via IHC and WB analysis revealed that tumors formed by EFNA4-
overexpressing cells displayed markedly elevated p-catenin expression but reduced dCK expression. Hyperthermia led to suppres-
sion of EFNA4 and p-catenin levels while promoting dCK expression. Additionally, MASB treatment further suppressed B-catenin
expression and enhanced dCK expression to a greater extent (Fig. 6D-E).

4. Discussion

Undoubtedly, overcoming drug resistance stands as a pivotal challenge in the clinical management of PC, prompting clinicians to
tirelessly seek alternative or adjunctive therapies. In our preceding investigations, we unequivocally established the GEM-sensitizing
impact of hyperthermia in PC cell lines [10-12]. In the current study, we unveil that the hyperthermia executes this function by
promoting dCK activity, a mechanism intricately linked with the suppression of the EFNA4/B-catenin axis.

Hyperthermia stands as a relatively moderate and safe form of thermotherapy when juxtaposed with thermal ablation, offering
selective eradication of cancer cells within the tumor microenvironment characterized by low pO, and pH levels [9,21]. Its potential
synergistic effects with chemotherapy are promising, amplifying drug cytotoxicity and inducing cell death within the heat-exposed
region, all while mitigating systemic toxicity or increasing oncogenic potential [22]. Preclinical trials have consistently demon-
strated the synergistic anti-tumor efficacy of chemotherapeutic agents with regional hyperthermia [23,24]. In clinical investigations,
adjuvant hyperthermia in conjunction with GEM post-surgery has effectively controlled the local-regional PC [25]. In the present
study, we validate the efficacy of 43 °C hyperthermia in augmenting the therapeutic impact of GEM in two established GEM-resistant
PC cell lines. This augmentation is evidenced by diminished cell viability, heightened DNA damage and cell apoptosis, alongside
escalated concentrations of the GEM active metabolite dFACTP. Furthermore, we confirmed that the intensified dFdCTP production
induced by hyperthermia predominantly stems from enhanced dCK activity. dCK is a kinase necessary for the polarization of GEM into
its mononucleotide form for subsequent metabolism [14]. It can function as an intracellular enzyme that activates cytarabine, an
antimetabolite commonly used for leukemia and non-Hodgkin’s lymphoma [26]. Significantly, the protein expression of dCK has been
associated with prolonged survival in PC patients subjected to surgical resection and adjuvant GEM treatment [27]. Moreover, dCK has
been identified to inhibit the transcriptional activity of NF-E2 p45-related factor 2 and the transcription of antioxidant genes, ulti-
mately resulting in reduced reactive oxygen species production and heightened GEM sensitivity [28]. Our findings, in partial accor-
dance with those of Funamizu et al. [29], corroborate that sole dCK overexpression in GEM-resistant PC cells significantly decreased
the IC50 of GEM and enhanced dFACTP concentration. The additional observation that artificial silencing of dCK diminished the GEM
sensitivity in cells supports the notion that the GEM-sensitizing effect of hyperthermia is dCK-dependent. However, the precise mo-
lecular mechanisms underlying this phenomenon remain unclear.

Hyperthermia typically influences members of the HSP family. For instance, it has been observed to upregulate HSP70 levels,
thereby inactivating nuclear factor kappa B and augmenting the cytotoxicity of GEM on PC cells [30]. Additionally, hyperthermia has
been shown to induce HSP27 expression, promoting apoptosis and cell cycle arrest of PC cells in response to GEM [31]. In our study, by
analyzing the GSE119400 and GSE77310 datasets, we identified HSPA1A, HSPA1B, EFNA4, and HSPBI as four candidates influenced
by hyperthermia in cancer cells. Of these, EFNA4, the only non-HSP family member, piqued our interest for further investigation. We
validated that hyperthermia reduced EFNA4 expression in GEM-resistant cell lines. EFNA4 has been implicated as a tumor promoter in
various malignancies, including lung cancer [32], gastric cancer [15], hepatocellular carcinoma [33], and breast and ovarian cancers
[34]. In PAAD, EFNA4 has also been identified as an important prognostic factor associated with shortened patient survival [35].
However, the role of EFNA4 in PC cell behavior, particularly in GEM resistance, remains poorly understood. Intriguingly, EFNA4 has
been reported to promote tumor growth by activating p-catenin [16,33], which has been causatively associated with GEM resistance in
PC [7,17]. In our study, we found that artificial overexpression of EFNA4 upregulated p-catenin and downregulated dCK, thereby
blocking the GEM-sensitizing effect of hyperthermia. Subsequent treatment with MSAB restored dCK levels and enhanced GEM
sensitivity of PC cells, both in vitro and in vivo, indicating that EFNA4 suppresses dCK activity depending on f-catenin activation.

5. Conclusion

In conclusion, this study elucidates that hyperthermia enhances the therapeutic effect of GEM in PC cells by activating dCK, which
is mediated by the suppression of the EFNA4/p-catenin. These findings offer novel insights into the mechanisms underlying the GEM-
sensitizing effect of hyperthermia. This enhanced understanding not only strengthens the rationale for incorporating hyperthermia
into treatment regimens but provides opportunities for further optimization and refinement of therapeutic strategies. Additionally, the
identification of dCK upregulation as a mechanism underlying enhanced GEM sensitivity may have broader implications beyond just
the combination with hyperthermia. It could potentially inform the development of novel therapeutic approaches targeting dCK or
related pathways to enhance GEM sensitivity, even in the absence of hyperthermia.
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