
ONCOLOGY REPORTS  55:  22,  2026

Abstract. Pancreatic ductal adenocarcinoma (PDAC) resis‑
tance to oxaliplatin is associated with diminished drug uptake 
and a poor molecular apoptotic response; however, the relative 
contribution of each of these modes of resistance remains 
unclear. Accordingly, PDAC cell lines (AsPC‑1 and BxPC‑3) 
and human patient‑derived organoids (hPDOs; h08 and h19) 
were assessed in the present study, with proliferation assays, 
atomic absorption spectroscopy‑based quantification of 
intracellular oxaliplatin, luminogenic caspase 3/7 assays, PCR 
array‑based transcriptomic analysis and RNA sequencing 
performed to scrutinize the oxaliplatin resistance phenotype. 
Notably, AsPC‑1 cells [half maximal inhibitory concentration 
(IC50), 88.8±45 µM were 4.2‑fold more oxaliplatin resistant 
than BxPC‑3 cells (IC50, 21±0.7 µM; P=0.02)]. In addition, 
when normalized to intracellular platinum levels, AsPC‑1 cells 
remained 2.5‑fold more resistant than BxPC‑3 (the fold differ‑
ence was decreased by 40% from 4.2‑fold to 2.5‑fold; P=0.21). 
In hPDOs, resistant h19 took up oxaliplatin 22% less efficiently 
than sensitive h08, and the nominal resistance difference was 
3.5‑fold, and it remained at 2.8‑fold after controlling for drug 

accumulation (the fold difference was decreased by 20% 
from 3.5‑fold to 2.8‑fold; P=0.34). These findings indicated 
that diminished drug uptake non‑significantly contributed 
to oxaliplatin resistance, which was in agreement with the 
rather minor differences in drug transporter expression levels 
(including ATP7A and ATP7B). Furthermore, when chal‑
lenged with identical intracellular oxaliplatin levels, AsPC‑1 
cells exhibited delayed caspase 3/7 activity initiation, weaker 
induction of pro‑apoptotic genes BBC3 (1.7‑fold vs. 5‑fold) 
and PMAIP (2.5‑fold vs. 6‑fold), but stronger enhancement of 
anti‑apoptotic Jun expression (7‑fold vs. 3‑fold) than BxPC‑3 
cells. Taken together, oxaliplatin resistance in PDAC models 
may be highly linked to a poor apoptotic response, whereas 
drug uptake seems to be of minor relevance.

Introduction

Despite the improvements in early detection due to better 
imaging, more advanced surgical techniques and individual‑
ized systemic therapies, pancreatic ductal adenocarcinoma 
(PDAC) remains a highly fatal type of cancer. In the last 
40 years, several systemic adjuvant chemotherapy protocols 
have been evaluated, which have improved disease‑free 
survival and overall survival (1,2). For example, adding oxali‑
platin to standard gemcitabine therapy has been shown to be 
more efficacious than treatment with gemcitabine alone (3,4). 
At present, oxaliplatin remains one of the mainstay drugs for 
PDAC treatment, including in combination with folinic acid 
and 5‑fluorouracil, or with additional irinotecan  (5). The 
pharmacological mechanism of oxaliplatin includes cellular 
uptake, release of the oxalate group, and the subsequent 
binding of the positively charged platinum moiety to the N7 
atom of the purine bases adenine and guanine, leading to 
cytotoxic adducts at DNA or DNA cross‑links. Accordingly, 
oxaliplatin resistance is mechanistically related to these 
molecular steps (6).

In general, two basic modes can lead to oxaliplatin resistance: 
i) Poor oxaliplatin accumulation due to low expression of impor‑
tant influx transporters, such as organic cation transporters 1‑3 
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(encoded by SLC22A1‑3) or human copper transporter 1 
(encoded by SLC31A1), or high expression of oxaliplatin efflux 
transporters, including multidrug resistance‑related protein 2 
(MRP2, encoded by ABCC2), Menkes' protein (encoded by 
ATP7A) or Wilson disease protein (encoded by ATP7B) (7,8). 
ii) An altered molecular response to the drug (6). Among the 
numerous molecular factors involved in unresponsiveness to 
oxaliplatin, alterations in the DNA damage response or cell 
cycle regulation seem to be of particular relevance (9). For 
example, expression and activity of MAPK‑activated protein 
kinase 2 (10), TGF‑β‑activated kinase‑1 (11), RAS oncogene 
family‑like protein 6 isoform A (12), DNA methyltransferase 
3a (13), BRCA2 (14), the HuR/Wee1 axis (15) or the hepatocyte 
nuclear factor 1 homeobox A/p53‑binding protein 1 axis (16) 
have been implicated in oxaliplatin resistance in PDAC. Taken 
together, oxaliplatin resistance in PDAC is considered to be 
caused by the combined effect of poor drug uptake and an 
altered molecular response to the cytotoxic threat. However, 
there is little knowledge on which mechanism dominates. 
Accordingly, the present study evaluated the anti‑proliferative 
pharmacodynamics of oxaliplatin [half maximal inhibitory 
concentration (IC50) values] in PDAC models assessing both 
nominal extracellular drug concentrations and also the resulting 
intracellular concentrations, allowing for the quantification of 
the relative contribution of drug uptake to the overall resistance 
phenotype. At identical intracellular platinum concentrations, 
the kinetics of caspase 3/7 activity, and transcriptomic changes 
associated with DNA damage response, cell cycle regulation, 
inflammation and fibrosis signaling, and redox regulation were 
recorded. Eventually, baseline expression levels of associated 
genes and oxaliplatin drug transporters were evaluated. 

Materials and methods

Cell lines. AsPC‑1 (classical‑like) and BxPC‑3 (basal‑like) 
PDAC cells were purchased from American Type Culture 
Collection. The cells were cultured in RPMI‑1640 medium 
(PAN‑Biotech GmbH), supplemented with 10% fetal bovine 
serum, 100  U/ml penicillin and 100  µg/ml streptomycin 
sulfate (all from Sigma‑Aldrich; Merck KGaA), in 75 cm2 
flasks at 37˚C and 5% CO2. The medium was changed twice a 
week and cells were passaged at ~80% confluence. 

Human patient‑derived organoids (hPDOs). hPDOs were 
obtained from patients undergoing surgical PDAC resection 
(with or without neoadjuvant chemotherapy) and were char‑
acterized with much detail (17). h08 is a basal‑like organoid, 
whereas h19 is a classical‑like organoid, with missense 
mutations in TP53, BRCA1, SETD2, SPTB, BCORL1, ITPR3 
and TLE4. Moreover, h19 harbors a frameshift deletion in 
CDKN2A, and multi‑hit mutations in SMAD4 and BRCA2; 
phenotypically, it has shown high resistance against several 
cytotoxic drugs (17).

Proliferation assay for PDAC cell lines. To assess the 
anti‑proliferative pharmacodynamics of oxaliplatin, 2x104 
AsPC‑1 cells/well or 1x104 BxPC‑3 cells/well were seeded 
into clear 96‑well plates. One cell‑free column served as a 
blank for later staining. After 24 h of cell attachment, the 
medium was discarded and replaced with medium containing 

different concentrations of cisplatin (control drug, obtained 
from the Heidelberg University Hospital Pharmacy as a 
1 mg/ml stock) and oxaliplatin (obtained from the Heidelberg 
University Hospital Pharmacy as a 1 mg/ml stock) (AsPC‑1, 
1‑1,000  µM; BxPC‑3, 5‑500  µM). After 4  h of exposure 
at  37˚C, the drug‑containing medium was replaced with 
drug‑free medium and the cells were cultured for an addi‑
tional 48 h at 37˚C. Subsequently, the medium was removed 
and the cells were washed with PBS, after which 50 µl crystal 
violet was added to all wells and incubated on a shaker for 
10 min at room temperature. After removal of the crystal 
violet solution, all wells were washed with tap water and dried 
at 37˚C. By adding 99.9% methanol, the cell‑bound dye was 
dissolved, and the SpectraMax iD3 Multi‑Mode Microplate 
Reader (Molecular Devices, LLC) was used to measure the 
absorbance at 555 nm.

To obtain values corresponding to the proliferation at each 
concentration, the mean of the blank absorption values was 
subtracted from all other absorption values, and values from 
the drug‑treated cells were normalized to untreated cells (18). 
IC50 values were calculated based on a sigmoidal dose‑response 
curve with variable slope of the log‑transformed data.

Proliferation assay for hPDOs. The organoids were disso‑
ciated into single cells using TrypLE (cat.  no.  12604013; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
instructions and were dispensed through a 40‑µm cell sieve 
(cat. no. 542040; Greiner Bio‑One), before seeding 1,000 cells 
in 10 µl Matrigel/well into white 96‑well plates. Oxaliplatin 
was added 72 h after plating, covering a concentration range 
of 50‑5,000 µM. After 4 h of treatment at 37˚C, the medium 
was replaced with drug‑free complete medium and 48 h after 
this, cell viability was assessed using the CellTiter‑Glo 3D cell 
viability assay (Promega Corporation). Briefly, 50 µl CellTiter 
Glo 3D was added to the medium of each well, after which, 
the plate was placed on an orbital shaker (600 rpm) for 5 min 
at room temperature and incubated for a further 25 min at 
room temperature. Luminescence was measured using the 
FLUOstar OPTIMA (BMG Labtech GmbH). Luminescence 
values were blank‑corrected and values from the drug‑treated 
cells were normalized to untreated cells. A four‑parameter 
log‑logistic function was fitted to the drug response curve and 
IC50 values were calculated. 

Evaluating total intracellular platinum concentrations
Sample preparation. To evaluate the resulting intracellular 
platinum concentrations after drug exposure, 1x106  cells 
(AsPC‑1 and BxPC‑3) were seeded into each well of 6‑well 
plates and cultured for 24 h at 37˚C and 5% CO2. Subsequently, 
the cells were exposed to various concentrations of oxaliplatin 
or cisplatin (5, 10, 50, 100 and 1,000 µM) for 4 h at 37˚C; after 
which, the drug‑containing medium was removed and the 
cells were washed thoroughly with PBS. HNO3 (0.4%; 150 µl) 
in distilled water was then added for cell lysis and the cells 
were scraped from the bottom of the well. The lysate was 
transferred into a tube and sonicated (35 kHz) for 30 min at 
room temperature, followed by centrifugation at 17,000 x g for 
3 min at room temperature. The supernatant above the debris 
pellet was transferred into a new tube and stored at ‑20˚C until 
further analysis.
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Drug uptake into hPDOs was evaluated similarly. After 
seeding 2x105 cells into the wells of 24‑well plates, drug treat‑
ment, lysis, sonication and centrifugation were performed as 
aforementioned, and the supernatants were stored at ‑20˚C 
until platinum concentrations were analyzed.

Graphite furnace atomic absorption spectrometry. The 
platinum concentration of the lysates (obtained from cell lines 
and hPDOs) was analyzed with a PinAAcle 900Z graphite 
furnace atomic absorption spectrometer (PerkinElmer, Inc.). 
The samples were loaded into the sample cups of the autos‑
ampler, which injected 20 µl each sample into the graphite 
furnace. The furnace protocol consisted of 30 sec at 110˚C, 
30  sec at 130˚C, 20  sec at 1,300˚C, 5  sec at 2,200˚C and 
3 sec at 2,450˚C. The platinum absorbance was measured 
at 265.94 nm. For the calibration curve, six concentrations 
(25, 50, 100, 500, 1,000 and 5,000 µg/l) were aliquoted by the 
autosampler from respective stock solutions. To demonstrate 
the accuracy of the method, three samples for quality control 
(QC) were prepared by spiking 0.4% HNO3 with the respec‑
tive volume of platinum stock solution, leading to QC samples 
within the low, mid and high range of the calibration curve.

BCA assay. The protein concentration of all samples was 
evaluated using the Pierce BCA Protein Assay Kit (Thermo 
Fisher Scientific, Inc.). For the calibration curve, standard 
samples of bovine serum albumin (provided in the kit) in 0.1% 
HNO3 at concentrations of 0, 25, 125, 250, 500, 750, 1,000, 
1,500 and 2,000 µg/ml were prepared and the absorption was 
measured at 562 nm. The cell lysate samples were analyzed 
accordingly and the protein concentration was determined from 
the absorption via the linear equation of the calibration curve. 
The measured platinum concentrations of the lysates were 
normalized to the protein concentration of the lysates, eventu‑
ally representing the total intracellular platinum concentration. 

Validation of platinum drug uptake. The intracellular platinum 
concentration was plotted over the extracellular concentration 
for the two PDAC cell lines. A simple linear regression was 
used to determine an equation describing the uptake of each 
cell line treated with either cisplatin or oxaliplatin. The regres‑
sion line was used to determine the necessary extracellular 
concentration that leads to the same intracellular platinum 
concentration in all cells. The uptake was validated by 
exposing the cells to these concentrations and analyzing the 
intracellular concentration again.

Caspase 3/7 assay. The enzyme activity of caspase 3/7 was 
analyzed at 0, 4, 8, 12, 18, 24 and 48 h after the 4‑h treatment 
of PDAC cell lines at 37˚C with drug concentrations (AsPC‑1: 
150 µM cisplatin or 176 µM oxaliplatin; BxPC‑3: 65 µM cispl‑
atin or 150 µM oxaliplatin) known to result in identical total 
intracellular platinum concentrations using the Caspase‑Glo® 
3/7 kit (cat. no. G8091; Promega Corporation). Caspase 3/7 
activity was additionally recorded in AsPC‑1 cells 36 h after 
treatment. Briefly, 1.5x103 cells/well were seeded into white 
96‑well plates with a clear bottom and maintained at 37˚C 
and 5% CO2 overnight for adherence. After the 4‑h drug 
treatment, the drug‑containing medium was discarded and 
replaced with 50 µl fresh medium. At each time point, 50 µl of 
the Caspase‑Glo reaction reagent was added to the wells, the 
plate was shaken for 30 sec and was subsequently incubated 

for 30 min at room temperature. The luminescence of each 
well was analyzed using the SpectraMax iD3 Multi‑Mode 
Microplate Reader. The luminescence values were normalized 
to the untreated control at each time point.

Treatment‑related transcriptomic changes in PDAC cell 
lines. To record the transcriptional changes in PDAC cell 
lines upon identical total intracellular platinum challenge, 
a high‑throughput reverse transcription‑quantitative PCR 
(RT‑qPCR) analysis was performed according to our previously 
published protocol using a Standard BioTools Inc. dynamic 
array on a BioMark™ system (19,20). After RNA isolation 
using the NucleoSpin® RNA Plus Kit (Machery‑Nagel GmbH), 
1 µg total RNA was reverse transcribed into cDNA with the 
qScript™ cDNA Synthesis Kit (Quantabio) according to the 
manufacturer's instructions. Specific target gene amplification 
was performed to obtain sufficient amounts of templates of 
the target genes for the subsequent high‑throughput qPCR, 
followed by enzymatic digestion with Escherichia coli exonu‑
clease I (New England BioLabs, Inc.) to remove unincorporated 
primers and dNTPs. For high‑throughput qPCR, samples 
and primers [sequences of which are provided in a previous 
study (19)] were loaded onto a 96.96 Dynamic Array Integrated 
Fluidic Circuit (Standard BioTools Inc.), which was transferred 
into the BioMark HD System (Standard BioTools Inc.). qPCR 
(initial denaturation step at 95˚C for 10 min, followed by 
12 cycles of 15 sec at 95˚C for denaturation, 4 min at 60˚C for 
annealing and elongation, and a final holding temperature of 
4˚C) and melting curve analyses were performed as described 
previously (19). Evaluation and data analysis were performed 
with GenEx software (version 5.3.6.170; MultiD Analyses AB). 
For normalization, five reference genes were used [β‑actin, 
β2‑microglobulin (β2MG), glyceraldehyde‑3‑phosphate 
dehydrogenase, glucuronidase‑β (GUSB) and hypoxanthine 
phosphoribosyltransferase 1]. Changes in the transcript levels 
of the target genes were displayed as fold change compared 
with the untreated control group by calculating relative quanti‑
ties corresponding to the ΔΔCq method (21). The alterations 
in gene expression are shown as log2‑fold changes with a value 
of 0 for the untreated control. This depiction was chosen as it 
enables a clear presentation of both induction (with the value 1 
for two‑fold enhancement) and repression (with the value‑1 for 
reduction to 50%) of transcription.

Evaluating drug transporter expression levels in PDAC cell 
lines using RT‑qPCR. Total RNA was isolated from untreated 
As‑PC1 and Bx‑PC3 cells using the GeneElute Mammalian Total 
RNA Miniprep Kit (Sigma‑Aldrich; Merck KGaA) according to 
the manufacturer's instructions. cDNA was synthesized from 
total RNA using the RevertAid™ H Minus First Strand cDNA 
Synthesis Kit (Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. A random hexamer primer was used 
according to the manufacturer's instructions. The mRNA expres‑
sion levels of ABCC2, ATP7A, ATP7B, SLC22A1, SLC22A2, 
SLC22A3 and SCL31A1 were quantified by qPCR [initial dena‑
turation step at 95˚C for 15 min, followed by 40 cycles of 15 sec 
at 95˚C for strand melting, 30 sec at variable temperatures (see 
Table I) for primer annealing and 30 sec at 72˚C for elongation, 
followed by a melting curve analysis of 5 sec at 95˚C, 60 sec 
at 70˚C and 5 sec at 95˚C using a LightCycler® 480 (Roche Applied 
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Science) and the Quantifast SYBR Green Master mix (Qiagen 
GmbH) as described previously (22,23). The quantification of 
SLC22A1 was performed using the Quantitect Hs_SLC22A1 
kit (Qiagen GmbH). All other primer sequences were used as 
published previously (23,24) (Table I). Among a set of six house‑
keeping genes tested, glucose‑6‑phosphate‑dehydrogenase, 
GUSB and β2MG were used for normalization. This approach 
minimizes the potential bias from correcting target gene expres‑
sion levels to only one housekeeping gene (25). Accordingly, 
the Roche LightCycler 480 software determined the geometric 
mean Cq value of the three housekeeping genes by calculating 
the third root of [1st housekeeping gene x 2nd housekeeping gene 
x 3rd housekeeping gene], and the normalized expression level 
of the target gene was subsequently computed in line with the 
ΔCq method including an efficiency correction. Taken together, 
the data were analyzed as described previously  (22). Three 
independent biological replicates with technical duplicates were 
performed for RT‑qPCR. 

RNA sequencing (RNAseq) data evaluation of hPDOs. RNA 
isolation, RT to cDNA, preparation of sequencing libraries 
and sequencing were performed as described previously (17). 
Briefly, total RNA was extracted from snap‑frozen hPDO 
pellets using the AllPrep DNA/RNA/miRNA Universal Kit 
(Qiagen GmbH) and mRNA was purified using oligo(dT) 
beads. Poly(A)+ RNA was fragmented to 150  bp and 
converted to cDNA, which was end‑repaired, adenylated on 
the 3-end, adapter‑ligated and amplified with 15 cycles of 
PCR. Sequencing libraries were prepared using the Illumina 
TruSeq mRNA stranded kit (Illumina, Inc.) according the 
manufacturer's instructions. The final libraries were validated 
using Qubit (Invitrogen; Thermo Fisher Scientific, Inc.) and 
Tapetstation (Agilent Technologies, Inc.). Finally, 2x100 bp 
paired‑end sequencing was performed on the Illumina 
NovaSeq 6000 (Illumina, Inc.) according to the manufacturer's 
protocol. At least 54 Mio reads per sample were generated.

Statistical analysis. Statistical analysis and generation of all 
figures were performed using GraphPad Prism 9 software 

(Version 9.0.0; Dotmatics). Differences between IC50 values 
[presented as the mean ± SD of four (cell lines) or three (hPDOs) 
independent experiments] were evaluated by unpaired Student's 
t‑test. The statistical significance between the mean total intra‑
cellular platinum levels of the cell lines (treated with oxaliplatin 
or cisplatin) and the respective single experiments (AsPC‑1 
treated with 150 µM cisplatin; AsPC‑1 treated with 176 µM 
oxaliplatin; BxPC‑3 treated with 65 µM cisplatin; BxPC‑3 
treated with 150 µM oxaliplatin; presented as the mean ± SD 
of four to five independent experiments) was evaluated by 
non‑parametric Kruskal‑Wallis test and Dunn's post‑hoc test, 
controlling for multiple testing. Differences in gene expres‑
sion levels between drug‑treated cell lines (presented as the 
mean ± SD of three independent experiments) were evaluated 
by a two‑way ANOVA with Sidak's post‑hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Anti‑proliferative pharmacodynamics of oxaliplatin. First, the 
anti‑proliferative pharmacodynamics of oxaliplatin were evalu‑
ated in the cell lines (Fig. 1A and B). The IC50 of oxaliplatin in 
AsPC‑1 cells was 88.8±45 µM, whereas it was 21±0.7 µM in 
BxPC‑3 cells (P=0.02). Accordingly, AsPC‑1 cells were 4.2‑fold 
(±2.1) more oxaliplatin resistant than BxPC‑3 cells. However, 
when anti‑proliferative effects were normalized to total intra‑
cellular platinum levels, AsPC‑1 cells (IC50, 358±170 pg Pt/µg 
protein) remained 2.5‑fold (±1.2) more resistant to oxaliplatin 
than BxPC‑3 cells (IC50, 142±12.8 pg Pt/µg protein; P=0.04), a 
non‑significant decrease of resistance by 40% (P=0.21). 

Second, the effects of oxaliplatin were tested on hPDOs 
(Fig.  1C  and  D). The IC50 of oxaliplatin in h19 cells was 
684±153 µM, where it was 196±19.7 µM for h08 (P<0.029). 
Therefore, h19 was 3.5‑fold (±0.8) more resistant to oxaliplatin 
than h08. After normalizing the anti‑proliferative effects to 
total intracellular platinum levels, h19 (IC50 779±205 pg Pt/µg 
protein) remained 2.8‑fold (±0.7) more resistant than h08 (IC50, 
277±28.8 pg Pt/µg protein; P=0.04), a non‑significant decrease 
of resistance by 20% (P=0.34). 

Table I. Primer sequences.

			   Primer
			   annealing
			   temperature,
Gene 	 Forward primer sequence, 5'‑3'	 Reverse primer sequence, 5'‑3'	 ˚C

ABCC2	 ACAGAGGCTGGTGGCAACC	 ACCATTACCTTGTCACTGTCCATGA	 57
ATP7A	 ATGATGAGCTGTGTGGCTTG	 TGCCAACCTGAGAAGCAATAG	 60
ATP7B	 TACCCATTGCAGCAGGTGTC	 ACTTGAGCTGCAGGGATGAG	 57
SLC31A1	 AGCTGGAGAAATGGCTGGAG	 AGGTGAGGAAAGCTCAGCATC	 63
SLC22A2	 TCTACTCTGCCCTGGTTGAATTC	 ATGCAGCCCAAGGGTAACG	 57
SLC22A3	 GGAGTTTCGCTCTGTTCAGG	 GGAATGTGGACTGCCAAGTT	 55
β2mg	 CCAGCAGAGAATGGAAAGTC	 CATGTCTCGATCCCACTTAAC	 61
G6PDH	 ATCGACCACTACCTGGGCAA	 TCTGCATCACGTCCCGGA	 61
GUSB	 TTCACCAGGATCCACCTCTG	 AGCACTCTCGTCGGTGACTG	 61

β2mg, β2‑microglobulin; G6PDH, glucose‑6‑phosphate‑dehydrogenase; GUSB, glucuronidase‑β.
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To test for plausibility, the cell line experiments were 
repeated with cisplatin as a control drug (Fig. 2). The IC50 of 
cisplatin in AsPC‑1 cells was 23.3±5.4 µM, whereas it was 
7.9±0.3 µM in BxPC‑3 cells (P<0.0013), a nominal resistance 
difference of 2.9‑fold (±0.7). After normalization to total intra‑
cellular platinum levels, IC50 values were very similar (AsPC‑1 

IC50, 49.3±7.9 pg Pt/µg protein; BxPC‑3 IC50, 47.2±1.3 pg Pt/µg 
protein), indicating a major role of drug uptake for cisplatin 
resistance.

Drug uptake. Drug uptake was calculated for two reasons. 
First, to again evaluate uptake characteristics. Second, to 

Figure 1. Anti‑proliferative pharmacodynamics of oxaliplatin. Concentration‑dependent proliferation inhibition in (A and B) AsPC‑1 and BxPC‑3 cells, and 
(C and D) h08 and h19 hPDOs, in response to (A and C) nominal extracellular exposure concentrations or (B and D) resulting total intracellular concentra‑
tions. Data are presented as the mean ± SD of four (cell lines) or three (hPDOs) independent experiments with technical octuplets each. Data were fitted to a 
sigmoidal dose‑response curve with variable slope of the log‑transformed data. *P<0.05. hPDOs, human patient‑derived organoids. 

Figure 2. Anti‑proliferative pharmacodynamics of the control drug cisplatin. Concentration‑dependent proliferation inhibition in AsPC‑1 and BxPC‑3, in response 
to (A) nominal extracellular exposure concentrations or (B) resulting total intracellular concentrations. Data are presented as the mean ± SD of four independent 
experiments with technical octuplets each. Data were fitted to a sigmoidal dose‑response curve with variable slope of the log‑transformed data. *P<0.05.
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deduce extracellular concentrations that are needed to achieve 
the same intracellular drug concentrations during subsequent 
experiments. In the PDAC cell lines, uptake of oxaliplatin or 
cisplatin varied between the drugs and cell lines, as reflected 
by different slopes of the linear regression curves (Fig. 3A). 
In the hPDOs (Fig. 3B), the slopes for oxaliplatin uptake were 
significantly different (h08, slope 1.5±0.0; h19, slope 1.2±0.1; 
P=0.0003). By calculating the area‑under‑the‑line, oxaliplatin 
uptake into h19 was 22% less than that into h08. 

The mRNA expression levels of major platinum drug 
transporters were evaluated by PCR (cell lines) or were 
extracted from RNAseq data (hPDOs) (Fig. 4). Compared 
with in BxPC‑3 cells, AsPC‑1 cells expressed significantly 
higher levels of ABCC2 (248±22‑fold; P<0.0001). ATP7A 
(5.77±0.5‑fold) and SLC22A3 (4.5±0.4‑fold) were also 
enhanced but the differences did not reach statistical signifi‑
cance (P>0.94). In the two hPDOs, there were also only minor 
differences in expression levels of platinum drug transporters, 
with one exception; SLC22A3 was more highly expressed in 
h19 (19.7 transcripts per million) than in h08 (2.3 transcripts 
per million).

Caspase 3/7 assay. To assess caspase 3/7 activity in response 
to similar intracellular drug exposure, AsPC‑1 cells were 

treated for 4 h with 150 µM cisplatin or 176 µM oxaliplatin, 
whereas BxPC‑3 cells were treated with 65 µM cisplatin or 
150 µM oxaliplatin. These treatments led to a mean total intra‑
cellular platinum concentration of 662±128 pg Pt/µg protein, 
with no statistical difference between any of the single experi‑
ments (Fig. 5A). Caspase 3/7 activity in BxPC‑3 cells set in as 
early as 12 h post‑treatment and peaked at 18 h (7‑fold higher 
compared with the untreated control) without relevant differ‑
ences between cells treated with oxaliplatin and cisplatin. By 

Figure 3. Uptake characteristics of platinum drugs. (A) Uptake of oxaliplatin 
or cisplatin into AsPC‑1 and BxPC‑3 cells, or (B) oxaliplatin uptake into 
h08 and h19 human patient‑derived organoids. Data are presented as the 
mean ± SD of four independent experiments. Data were fitted to a linear 
regression, including the 95% confidence interval values for h08 and h19, 
which are presented as dotted lines.

Figure 4. mRNA expression levels of major platinum drug transporters in 
untreated pancreatic ductal adenocarcinoma models. (A) Relative mRNA 
expression levels in AsPC‑1 cells, normalized to the levels in BxPC‑3 cells. 
Data are presented as the mean ± SD of three independent experiments with 
technical duplicates each (PCR runs). (B) mRNA expression levels in h19 
and h08 human patient‑derived organoids. The number of transcripts per 
million are shown, extracted from RNA sequencing data.
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contrast, caspase 3/7 activity in AsPC‑1 cells peaked 36 h after 
the end of oxaliplatin treatment (8‑fold higher compared with 
the untreated control), whereas cisplatin treatment only weakly 
increased caspase 3/7 activity in AsPC‑1 cells (3‑fold 48 h 
post‑treatment) (Fig. 5B). 

Transcriptomics analysis of the response of PDAC cell lines to 
a cytotoxic threat. Cell lines were also screened for transcrip‑
tomic responses after exposure to the same intracellular drug 
levels as aforementioned. Treatment with oxaliplatin signifi‑
cantly enhanced the expression levels of genes implicated in 
inflammation. IL‑6 and TNFα were enhanced up to 2.5‑fold in 
AsPC‑1 cells and up to 7‑fold in BxPC‑3 cells (Figs. 6 and 7). 
Compared with in BxPC‑3 cells, oxaliplatin treatment of 
AsPC‑1 cells had a significantly weaker inducing effect on the 
pro‑apoptotic BBC3 (1.7‑fold vs. 5‑fold) and PMAIP1 (2.5‑fold 
vs. 6‑fold), but a significantly stronger enhancing effect on the 
anti‑apoptotic Jun (7‑fold vs. 3‑fold). Cisplatin (control drug) 
again enhanced IL‑6 (7‑fold) and TNFα (29‑fold) in BxPC‑3 
cells, whereas IL‑6 (1.12‑fold) and TNFα (7.6‑fold) inductions 
were rather weak in AsPC‑1 cells. BBC3 (1.1‑fold vs. 3‑fold) 
and PMAIP1 (2.6‑fold vs. 8‑fold) were also more weakly 
induced in AsPC‑1 cells than in BxPC‑3 cells, and Jun was 
more strongly enhanced in AsPC‑1 cells (6.5‑fold) than in 
BxPC‑3 cells (2‑fold).

Gene expression levels in hPDOs. The genes evaluated in 
PDAC cell lines after drug treatment were also quantified 
in untreated hPDOs by extracting the expression levels from 
RNAseq data. Genes that were >2‑fold higher expressed in 
h19 compared with h08 included FTH1, GPX1, DDIT3, IL‑8, 
VEGFA, BBC3, SIRT2, CDKN1A, XIAP and MT1X (Fig. 8A). 

By contrast, 17 genes were >2‑fold lower expressed (equals 
<50% relative expression) in h19, namely GPX2, TIMP1, 
XRCC5, GSR, E2F1, DDB2, MSH2, TGFB, POLD1, LIG1, 
COL1A1, POLQ, FN1, ACTA2 and VIM (Fig. 8B).

Discussion

The present study aimed to assess which cellular factor 
contributes most to the oxaliplatin resistance phenotype in 
PDAC models. The investigation used two well‑established 
PDAC cell lines, including AsPC‑1 cells that have previously 
been shown to be oxaliplatin‑resistant  (26,27); the present 
study confirmed this by showing that the oxaliplatin IC50 in 
AsPC‑1 cells was 4‑fold higher than that in in BxPC‑3 cells. 
From these data, however, it cannot be deduced as to whether 
this resistance originates from a lower drug uptake or if 
AsPC‑1 cells possess molecular mechanisms that withstand 
the cytotoxic threat. Accordingly, drug uptake was evaluated 
and the recorded anti‑proliferative effects were subsequently 
normalized to intracellular oxaliplatin concentrations. Notably, 
the resistance difference non‑significantly decreased and 
remained at 2.5‑fold. To substantiate this finding, two control 
experiments were performed. First, in contrast to oxaliplatin 
resistance, cisplatin resistance in AsPC‑1 cells appeared to be 
more profoundly mediated by diminished drug uptake, given 
the near‑perfect overlap of the concentration‑response curves 
after normalization for intracellular cisplatin concentrations. 
Second, the oxaliplatin experiments were performed using 
two well‑characterized hPDOs (17). In agreement with the 
cell lines, the oxaliplatin sensitivity of the hPDOs remained 
different despite identical intracellular oxaliplatin concentra‑
tions. Taken together, these findings suggested that poor 

Figure 5. Caspase 3/7 activity upon similar platinum drug challenge. (A) Validation of similar total intracellular platinum concentrations in AsPC‑1 and 
BxPC‑3 cells after treatment with respective drug concentrations. Data are presented as the mean ± SD of four to five independent experiments. The black 
line represents the mean total intracellular platinum concentration of the four groups with the SD (gray area). (B) Kinetics of caspase 3/7 activity in cells after 
treatment with respective extracellular concentrations leading to similar total intracellular platinum concentrations. Data are presented as the mean ± SD of 
three to six independent experiments, normalized to the untreated control at the respective time point.
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oxaliplatin uptake may be of minor relevance for the resistance 
phenotype. This agrees with previous evaluations. A previous 
investigation on oxaliplatin‑resistant colorectal cancer cell 
lines (generated by long‑term oxaliplatin exposure) showed 
5‑fold (LoVo‑Li cells) to 10‑fold (LoVo‑92 cells) higher 
oxaliplatin resistance than their parental counterparts, but 
with either only a 50% reduction of oxaliplatin accumulation 
(LoVo‑92) or no alterations at all (LoVo‑Li) compared with the 

parental counterparts prior to resistance induction (28). These 
findings indicate that high degrees of oxaliplatin resistance 
are not necessarily in line with drug accumulation. In the 
PDAC cell lines used in the present study, differences in the 
expression pattern of oxaliplatin transporters were also rather 
minor, with one exception. ABCC2 (encoding the oxaliplatin 
efflux transporter MRP2) was 248‑fold more highly expressed 
in AsPC‑1 cells than in BxPC‑3 cells. MRP2 has previously 

Figure 6. Treatment‑related gene expression alterations. Heatmap of gene expression profiling of AsPC‑1 and BxPC‑3 cells after treatment with oxaliplatin or 
cisplatin concentrations that led to identical total intracellular platinum concentrations each. The log2 mean values of three independent experiments (with 
technical duplicates each) are shown, normalized to the untreated control set to 0. Missing values are indicated by white boxes.
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been implicated in oxaliplatin resistance. For example, a 
knockdown of ABCC2 by 50% also decreased oxaliplatin 
IC50 by 50‑60%  (29). Alternatively, transfection‑mediated 

MRP2 overexpression has been shown to decrease platinum 
accumulation by 50% and to make cells 2‑fold more oxali‑
platin resistant  (30). These findings however indicate that 

Figure 7. Treatment‑related significant gene expression alterations. Statistically significant log2‑fold changes of expression levels after exposure of AsPC‑1 or 
BxPC‑3 cells to (A) oxaliplatin or (B) cisplatin, which led to identical total intracellular platinum concentrations each. The log2 mean values ± SD of three 
independent experiments (with technical duplicates each) are shown, normalized to the untreated control set to 0. *P<0.01, **P<0.001, ***P<0.0001 indicates a 
significant difference of gene expression between AsPC‑1 and BxPC‑3 and is placed above the cell line with higher mRNA expression.

Figure 8. Relative gene expression levels in human patient‑derived organoids. Genes with (A) 2‑fold higher or (B) 2‑fold lower expression levels in h19 (red) 
compared with h08 (black). Log2 gene expression is shown as transcripts per million.

https://www.spandidos-publications.com/10.3892/or.2025.9027
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even a genetically engineered cell model with artificially 
high transporter expression eventually only exhibits a 2‑fold 
change in oxaliplatin potency, again questioning the relevance 
of drug uptake or transporter expression. Furthermore, both 
AsPC‑1 cells and the h19 hPDO exhibited SLC22A3 upregula‑
tion; this solute carrier is considered a biomarker for PDAC 
prognosis (31,32). 

To scrutinize the molecular level of oxaliplatin resistance, 
the cell lines were treated with oxaliplatin (and cisplatin as 
a control) to obtain similar intracellular platinum levels 
(~662 pg Pt/µg protein) and subsequently underwent several 
experiments. Overall, the data indicated that AsPC‑1 cells 
may handle the cytotoxic challenge differently than BxPC‑3 
cells. For example, caspase 3/7 activity was initiated later in 
AsPC‑1 cells than that in BxPC‑3 cells. Notably, the pro‑apop‑
totic genes BBC3 and PMAIP1 were weakly enhanced in the 
oxaliplatin‑resistant AsPC‑1 cells, whereas the expression of 
the anti‑apoptotic Jun was considerably boosted in AsPC‑1 
cells. Taken together, these findings suggest that PDAC 
may exhibit molecular switches that render cells resistant 
to pro‑apoptotic signals or trigger sustained proliferation 
signals. This in turn also suggests these molecular switches 
being attractive pharmacological targets. However, most of 
the targeted therapeutics (including kinase inhibitors and 
monoclonal antibodies) have thus far disappointed in clinical 
assessments (1). Therefore, new targets are required. Among 
the known driver oncogenes in PDAC (including CDKN2A, 
TP53 and SMAD4) that mediate sustained proliferation, 
mutated KRAS has been targeted in experimental and clinical 
investigations with somewhat promising results (2). Recently, 
a combined histone deacetylase/glycogen synthase kinase 3‑β 
inhibitor (Metavert) has been shown to be efficacious against 
PDAC hPDOs, both alone, and particularly in combination 
with standard anti‑PDAC drugs such as irinotecan (17). This 
shows that new agents may be developed, which can selec‑
tively address distinct pathogenic or resistance‑mediating 
mechanisms.

The present study has weaknesses and strengths. Firstly, 
a broad set of resistance genes were evaluated at the mRNA 
level (such as Jun) and functional apoptosis initiation was 
assessed using a caspase 3/7 assay; however, these findings 
were not confirmed on the protein level (for example, by 
western blotting of select proteins) or by knockdown experi‑
ments. Accordingly, mass spectrometry‑based profiling of the 
relevant proteins and their manipulation (such as knockdown) 
should be the next step in follow‑up projects. Notably, the 
main limitation of the current study is that most of the data 
were obtained from established PDAC cell lines; therefore, 
general conclusions cannot be made for clinical PDAC. 
However, AsPC‑1 and BxPC‑3 cells are well‑characterized 
PDAC models with precise information regarding their 
origin, differentiation, invasive capacity, angiogenic potential, 
tumorigenicity and genotype (33). Thus, these cell lines are 
considered meaningful models, which resemble important 
PDAC features. The present study provides important infor‑
mation on oxaliplatin uptake and the expression of drug 
transporters, and indicates that it is unlikely that the already 
observed oxaliplatin resistance in AsPC‑1 cells (27) results 
from poor oxaliplatin accumulation, which was confirmed in 
hPDOs. Finally, the observations regarding delayed caspase 

3/7 initiation and strong induction of Jun in AsPC‑1 cells are 
in agreement with the p53‑deficiency and apoptosis resistance 
already observed during the treatment of AsPC‑1 cells with 
gemcitabine or interferon‑γ (34,35).

In conclusion, oxaliplatin resistance in PDAC models may 
be highly linked to a poor apoptotic response (weak apoptosis 
initiation and poor induction of pro‑apoptotic genes), while 
drug uptake seems to be of minor relevance.
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