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Abstract

Background Pancreatic cancer is a highly lethal malignancy with limited treatment response. Despite advancements
in treatment, systemic chemotherapy remains the primary therapeutic approach for over 80% of patients, with no
established biomarkers to guide drug selection. Traditional two-dimensional (2D) culture models fail to replicate the
tumor microenvironment, necessitating the development of more advanced models, such as three-dimensional (3D)
organoid models.

Methods We established 3D organoid cultures using patient-derived conditionally reprogrammed cell (CRC)

lines, originally cultured under 2D conditions. These CRC organoids were developed using a Matrigel-based

platform without organoid-specific medium components to preserve the intrinsic molecular subtypes of the cells.
Morphological, molecular, and drug sensitivity analyses were performed to compare the clinical responses of 3D CRC
organoids with those of their 2D counterparts and clinical responses.

Results The 3D CRC organoids retained the molecular characteristics, transcriptomic and mutational profiles

of the parental tumors and displayed distinct morphologies corresponding to cancer stages and differentiation.
Drug response profiling of gemcitabine plus nab-paclitaxel (Abraxane) and FOLFIRINOX demonstrated that the 3D
organoids more accurately mirrored patient clinical responses than the 2D cultures. Notably, the IC50 values for the
3D organoids were generally higher, reflecting the structural complexity and drug penetration barriers observed in
Vivo.

Conclusion Matrigel-based 3D organoid culture models provide a robust platform for pre-clinical drug evaluation,
overcoming the limitations of 2D models. Although time- and resource-intensive, integrating both 2D and 3D
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platforms enables efficient initial screening and validation. This approach holds promise for identifying predictive
biomarkers and advancing precision medicine in pancreatic cancer treatment.

Keywords Pancreatic cancer, Conditionally reprogrammed cell (CRC) organoids, 3D organoid culture, Drug sensitivity
screening, Precision medicine, Gemcitabine plus nab-paclitaxel (Abraxane), FOLFIRINOX

Background

Pancreatic cancer is a highly lethal malignancy projected
to become the second leading cause of cancer-related
deaths by 2025 [1, 2]. Pancreatic ductal adenocarcinoma
(PDAC) is characterized by a distinct set of recurrent
genetic alterations that drive tumor initiation and pro-
gression. The most prevalent mutation occurs in the
KRAS oncogene, detected in over 90% of PDAC cases
and plays a central role in aberrant MAPK and PI3K sig-
naling pathways, promoting cell proliferation and sur-
vival [3]. Additionally, loss-of-function mutations in key
tumor suppressor genes: TP53, CDKN2A, and SMAD4
are frequently observed, occurring at rates of 60-70%,
30-50%, and 20-50%, respectively [3-5]. Despite nota-
ble advances in cancer treatment over the past decades,
treatment outcomes for pancreatic cancer have not
shown any significant improvement, with a 5-year sur-
vival rate of only 10% [1]. This stagnation is largely due
to the limited efficacy of systemic chemotherapy, which
is administered to over 80% of patients with pancreatic
cancer. Current standard chemotherapy regimens, such
as FOLFIRINOX (5-fluorouracil, folinic acid, irinote-
can, and oxaliplatin) or gemcitabine plus nab-paclitaxel
(Abraxane), do not extend patient survival up to 12
months [6-8]. As no biomarkers have been developed to
predict the response to these regimens, physicians select
the primary chemotherapy regimen based on general
conditions of the patients or the physician’s preference.
This contributes to the lack of improvement in patient
response to chemotherapy. Therefore, advancing drug
screening techniques using patient-derived samples is
necessary.

Previously, conventional two-dimensional (2D) cell cul-
ture models were widely used to study pancreatic ductal
adenocarcinoma (PDAC). These models are easy to han-
dle, allow for continuous culture, and are cost-effective
[9]. However, 2D cultures differ substantially from the
original tumor in various aspects, including the tumor
microenvironment, cell metabolism, and gene expres-
sion profiles [10-12]. To address these limitations, three-
dimensional (3D) cell culture technologies have been
developed to better replicate the biological features of the
tumor environment in vivo. Several studies have reported
differences in biological phenotypes, molecular mecha-
nisms, and drug responses between 2D and 3D culture
models [13, 14]. Organoid culture models, the most
widely used 3D cell culture platform, closely replicate the
morphology, gene and protein expression, cell polarity,

and cellular metabolic heterogeneity of primary tumors.
Importantly, they have demonstrated notable potential in
advancing new drug development for precision and per-
sonalized medicine [15, 16].

Recently, we established a patient-derived conditional
reprogramming cell line (CRC) that serves as a unique
ex vivo model for personalized cancer therapy for PDAC
[17, 18]. Since the cell line was initially established using
2D cell cultures, we developed an extracellular matrix
component-based in vitro 3D cell printing culture model.
This model more closely mimics the gene expression pat-
terns of primary tumors compared to 2D cell cultures
and reflects similar drug responses to those observed in
clinical patients with PDAC [19].

In this study, we established a 3D organoid culture
platform using patient-derived CRC lines that were pre-
viously grown in 2D, employing a Matrigel-based 3D
organoid culture method. Notably, we avoided using
organoid culture media components such as Wnt3a,
R-Spondin-1, and Noggin, which are known to influence
the molecular subtypes of cancer cells [20-25]. Then,
we demonstrated the morphological, molecular char-
acteristics of established CRC organoids and performed
the drug sensitivity analyses to compare the clinical
responses of 3D CRC organoids with those of their 2D
counterparts and clinical responses.

Methods

Patients and tissue samples

This study was approved by the Institutional Review
Board of Severance Hospital, Seoul, South Korea (No.
4-2019-0614). Written informed consent was obtained
from all patients for sample collection and molecular
analysis. The inclusion and exclusion criteria for patient
selection are detailed in Supplementary Table S1. Pancre-
atic cancer tumor tissues were obtained through endo-
scopic ultrasound-guided fine-needle biopsy or surgical
resection.

Establishment of CRC organoids

In this study, pre-established patient-derived pancre-
atic cancer cell lines were used, employing a conditional
reprogramming method [18]. Briefly, pancreatic can-
cer tumor tissues were obtained through endoscopic
ultrasound-guided fine-needle biopsy or surgical resec-
tion, and fresh tumor tissues were cut into small pieces
(2-4 mm) using dissection scissors. The tumor pieces
were then subjected to enzymatic and mechanical
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digestion and resuspended to a single-cell level using a
Human Tumor Dissociation Kit (Miltenyi Biotec, Ger-
many) according to the manufacturer’s instructions.
After digestion, the cell suspensions were filtered using a
40 pM-pore cell strainer (Corning, USA). Next, the cell
suspensions were seeded on a feeder layer of lethally irra-
diated (30 Gy) J2 murine fibroblasts in F medium, con-
sisting of 70% Ham’s F-12 nutrient mix (Hyclone, USA)
and 25% complete Dulbecco’s Modified Eagle’s Medium,
supplemented with 0.4 mg/mL hydrocortisone, 5 mg/
mL insulin, 8.4 ng/mL cholera toxin, 10 ng/mL epider-
mal growth factor, 5% fetal bovine serum, 24 mg/mL
adenine, 10 mg/mL gentamicin, and 250 ng/mL Ampho-
tericin B. Additionally, the Rho-associated kinase inhibi-
tor Y-27,632 (Sigma-Aldrich, USA) was added at a final
concentration of 5 uM, and the cells were incubated at
37 °C in a humidified atmosphere with 5% CO,.

For CRC organoid culture, CRCs were mixed with 90%
growth factor-reduced Matrigel (Corning, USA). For rap-
idly growing cells, the cell density was adjusted to 5,000
cells per 20 puL of 90% Matrigel, while for slower- grow-
ing cells, the cell density was set at 10,000 cells per 20
uL. The cells were thoroughly mixed with Matrigel, and
20 pL of the resulting mixture was aliquoted into each
well of a 6-well cell culture plate, forming a total of seven
dome structures. The cell suspension was allowed to
solidify in the 6-well plates at 37 °C for 20 min. Subse-
quently, 4 mL of F medium was added to each well, and
the medium was refreshed every 3—4 days. We harvested
the organoids and proceeded with downstream assays or
subculturing once more than 50% of the organoids in the
culture exceeded 300 um in size. We passaged the organ-
oids multiple times to assess their stability over time.

Paraffin embedding of CRC organoids

Approximately 2—4 weeks after seeding, depending on
the cell type, the diameter of the CRC organoids reached
200-300 pm. The CRC organoids were transferred to a
15 mL tube, and 10 mL of chilled PBS was added. After
gentle pipetting, the tube was incubated on ice for 5 min.
The organoids were then centrifuged at 1500 RPM for
3 min, followed by careful removal of the supernatant.
This procedure was repeated three times to efficiently
isolate the CRC organoids from the Matrigel. Next, the
CRC organoids were then fixed in 4% paraformalde-
hyde (PFA) at 4 °C overnight, dissociated from Matrigel,
washed with PBS, and suspended in 3% ultra-low-gelling
temperature (ULGT) agarose. Gelation occurred within
10-15 min at 4 °C. Each solidified 3% ULGT agarose
CRC organoid button was transferred into the cap of a 5
mL snap tube. The cap, containing the 3% ULGT agarose
CRC organoid button at the bottom, was then filled with
1% agarose containing 0.01% Erythrosine B, using the cap
as a mold. The resulting agarose gel discs were removed
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from the caps and subjected to tissue processing for par-
affin embedding [26-30].

Immunofluorescence (IF) assay

For 2D CRC IF, CRC cells were seeded in 8-well culture
slides at a density of 10,000 cells/well and incubated for
24 h. The cells were then fixed in 4% PFA for 15 min at
room temperature and washed thrice with PBS. CRC
organoid IF was performed on paraffin-embedded CRC
organoid slides. After antigen retrieval by boiling the
slides in 10 mM sodium citrate-buffered distilled water
(pH 6.0) for 30 min in a 97 °C water bath, the slides were
cooled under tap water for 30 min, followed by three
washes with PBS. Both CRC 2D cells and organoids were
blocked with 10% horse serum (Thermo Fisher Scientific,
USA) diluted in PBS for 1 h and incubated with primary
antibodies at room temperature for 1 h. The cells were
then washed thrice with PBS and incubated with a sec-
ondary antibody for 30 min. The primary and secondary
antibodies were diluted in 1% horse serum. After three
additional washes with PBS, the slides were mounted
using a mounting solution containing DAPI (Vector Lab-
oratories, USA). IF images were acquired using an Olym-
pus BF53 microscope (Olympus Life Sciences, Tokyo,
Japan).

KRAS, SMAD4, and TP53 mutation analysis

KRAS, SMAD4, and TP53 mutations in CRC 2D cells
and organoids were analyzed using PCR. Genetic analy-
sis of the KRAS gene was performed by PCR amplifica-
tion of exon 1 (codons 12 and 13), while SMAD4 genetic
analysis was conducted by PCR amplification of exons
2, 3, 6, and 12. DNA was extracted from CRC 2D cells
and organoids using a QIAGEN QIAamp DNA Mini
Kit (Hilden, Germany). For TP53, PCR amplification
targeted exons 6, 7, 8, and 10, which encompass known
mutation hotspots. All primer sets were specifically
designed to verify the presence of mutations previously
identified by next-generation sequencing (NGS) of the
matched primary tumor tissue. PCR primers for KRAS
sequencing were designed in-house as follows: forward
(5'-AGGCCTGCTGAAAATGACTGA-3’) and reverse
(5'-GGTCCTGCACCAGTAATATGCA-3’). PCR prim-
ers for SMAD4 sequencing were: exon 2 forward (5'-T
TCCTTGCAACGTTAGCTGTTGTTT-3’) and exon 2
reverse (5'-TTGCATATTCTTCCAGAAATTCCCA-3');
exon 3 forward (5'-GTGTCTTGCATAATGTGACACA
TGAATAAAT-3’) and exon 3 reverse (5'-GAGATCCTT
TTCCCTTTATGTTTCTTAGGAT-3'); exon 6 forward
(5'-ACATCTATGAATGTACCATGTTAATGTCTTCT
T-3’) and exon 6 reverse (5'-GCCCACATGGGTTAATT
TGCTTT-3); and exon 12 forward (5'-CTGATGTCTTC
CAAACTCTTTTCTG-3’) and exon 12 reverse (5'-TGT
ATTTTGTAGTCCACCATC-3’). PCR primers for TP53
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sequencing were: exon 6 forward (5'-CAGGCCTCTGA
TTCCTCACT-3’) and reverse (5'-CTTAACCCCTCCT
CCCAGAG-3’); exon 7 forward (5'-CCACAGGTCTCC
CCAAGG-3’) and reverse (5'-AAGTGGCTCCTGACC
TGGAGTCTT-3’); exon 8 forward (5'-GCCTCTTGCT
TCTCTTTTCC-3’) and reverse (5'-TAACTGCACCCT
TGGTCTCC-3’); and exon 10 forward (5'-CAATTGTA
ACTTGAACCATC-3’) and reverse (5'-GGATGAGAAT
GGAATCCTAT-3’). After PCR amplification, the prod-
ucts were loaded onto a 2% agarose gel with a 6x loading
dye (DYNEBIO, Republic of Korea) and analyzed by gel
electrophoresis using a Gel Documentation System (Car-
estream, USA). Sanger sequencing was performed using
the Cosmo GENETECH DNA sequencing service.

Scanning electron microscopy (SEM)

CRC organoids were harvested and centrifuged at 1500
RPM at 4 °C for 3 min. The supernatant was discarded,
and the CRC organoids were washed thrice with PBS
for 10 min each. The CRC organoids were then fixed for
24 h in Karnovsky’s fixative (2% glutaraldehyde, 2% para-
formaldehyde in 0.1 M phosphate buffer, pH 7.4) and
washed twice for 30 min in 0.1 M PB. Post fixation was
performed with 1% osmium tetroxide (OsO,) for 2 h,
followed by dehydration in a gradually increasing etha-
nol series (from 50 to 100%) using a Critical Point Dryer
(LEICA EM CPD300). Finally, the CRC organoids were
coated with carbon using ion sputtering (LEICA EM
ACE600) and observed under a field-emission scanning
electron microscope (MERLIN, ZEISS).

Targeted deep sequencing

The quality and quantity of purified DNA were assessed
using fluorometry (Qubit, Invitrogen) and gel electro-
phoresis. Briefly, 500 ng of genomic DNA from each sam-
ple was fragmented by acoustic shearing using a Covaris
S2 instrument, generating DNA fragments of 150-
200 bp, which were then ligated to Illumina adapters and
PCR-amplified. The samples were subsequently concen-
trated to 750 ng in 3.4 pl DW using a Speedvac machine
(Thermo Scientific) and hybridized with RNA probes
from the SureSelect XT Custom Panel Kit library (Sup-
plementary Gene List) for 16—24 h at 65 °C. The targeted
gene panel is presented in Supplementary Table S2. Fol-
lowing hybridization, the captured targets were isolated
using biotinylated probe/target hybrids, streptavidin-
coated magnetic beads (Dynabeads MyOne Streptavi-
dine T1; Life Technologies Ltd.) and buffers. The selected
regions were PCR-amplified using Illumina PCR primers.
Library integrity was assessed using the Agilent TapeSta-
tion 4200 with High Sensitivity D1000 ScreenTape (Agi-
lent, Santa Clara, CA) and quantified using the KAPA
Library Quantification Kit (Kapa Biosystems). High-qual-
ity libraries were pooled and sequenced on the Illumina
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NovaSeq6000 platform (Illumina) using 150 bp paired-
end sequencing following the manufacturer’s protocols.
Image analyses were performed using NovaSeq6000 con-
trol software (v1.3.1), and the output base calling data
was de-multiplexed with bcl2fastq (v2.20.0.422) generat-
ing FastQC files.

To systematically assess genetic concordance between
samples, genotype concordance analysis was performed
using BAMixChecker, including all matched patient sam-
ples: tumor, CRC, and organoid. Default parameters were
applied, and pairs with concordance scores greater than
0.7 were considered genetically matched.

Somatic variant calling was conducted using GATK
Mutect2 (v4.1.2.0) for primary tumors, CRCs and organ-
oid samples from each patient. Candidate variants from
a panel of 83 targeted genes were annotated using SnpEff
(v4.3) to characterize their genomic features. Somatic
mutations were further annotated based on entries
from the Catalogue of Somatic Mutations in Cancer
(COSMIC). Additionally, the potential effects of these
mutations on biological function were predicted using
PROVEAN (v1.1.5) and SIFT (v6.2.1). To ensure the reli-
ability of somatic variants, strict filtering criteria recom-
mended by Mutect2 were applied. Variants were retained
only if they met all of the following conditions: at least 5
reads supporting the alternative allele, a total read depth
of at least 20 at the site, and an allele frequency (AF) of
0.05 or higher. These filters minimized sequencing errors
and low coverage variants, ensuring the analysis focused
on high-confidence mutations. By maintaining clear
and consistent thresholds, the accuracy and credibility
of downstream mutation analyses were improved. Con-
cordance mutations are defined as somatic mutations
detected in primary tumors, CRCs, and organoid samples
derived from the same patient. Organoid-specific muta-
tions are detected only in organoids, but absent in paired
CRCs or primary tumors. Similarly, mutations uniquely
identified as high-confidence somatic variants identi-
fied in CRC or primary tumor samples, but absent in the
organoid are defined as tumor/CRC-specific mutations.

RNA sequencing

The libraries were prepared for 151 bp paired-end
sequencing using TruSeq Stranded mRNA Sample
Preparation Kit (Illumina, CA, USA). The mRNA mol-
ecules were purified and fragmented from 1 pg of total
RNA using oligo (dT) magnetic beads. The fragmented
mRNAs were synthesized as single-stranded cDNAs
through random hexamer priming, which was subse-
quently used as a template for second strand synthesis
to generate double-stranded cDNA. The cDNA libraries
underwent a sequential process of end repair, A-tailing
and adapter ligation, followed by PCR (Polymerase Chain
Reaction) amplification. Library quality was evaluated
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using the Agilent 2100 BioAnalyzer (Agilent, CA, USA),
and quantified using the KAPA Library Quantification
Kit (Kapa Biosystems, MA, USA) per the manufacturer’s
protocol. Following cluster amplification of denatured
templates, sequencing was performed in a paired-end
(2x151 bp) format using Illumina NovaSeq6000 (Illu-
mina, CA, USA). The adapter sequences and low qual-
ity regions (Phred quality score <20) were trimmed, and
reads shorter than 50 bp were removed using cutadapt
v.2.8 [31]. After adapter trimming and removal of low-
quality sequences with Trimmomatic, and elimination of
mouse contamination from CRC samples with Disambig-
uate, cleaned reads were aligned to the human genome
using STAR. Gene expression levels were quantified
using cufflinks, yielding values such as FPKM. To exam-
ine gene expression similarities and differences across
samples, principal component analysis (PCA) was per-
formed using the prcomp function in R.

Cell viability and drug sensitivity assessment in 2D and 3D
cultures

Cell viability and drug sensitivity were assessed under
2D and 3D organoid culture conditions to determine the
drug response of CRC lines. In the 2D culture condition,
CRC cells were seeded at a density of 5,000 per well in
48-well plates. Cells were treated 24 h post-seeding with
various concentrations of a gemcitabine plus nab-pacli-
taxel (Abraxane) combination (1X Dose: gemcitabine,
1 puM; nab-paclitaxel [Abraxane], 0.125 uM) and FOL-
FIRINOX (1X Dose: 5-FU, 34.3 uM; irinotecan, 0.4 pM;
oxaliplatin 0.32 uM) for 72 h. Drugs were administered
at a fixed ratio, reflecting the clinically relevant dose
used in patients. The drug ratios for FOLFIRINOX were
determined based on a previous study that applied FOL-
FIRINOX to pancreatic cancer organoids following the
same rationale [32]. Cell viability was assessed using the
CellTiter-Glo 2D reagent (Promega, USA) according to
the manufacturer’s instructions. For 3D organoid culture,
5,000 CRC organoids were premixed with 90% Matrigel
and seeded in 48-well cell culture plates. After 4 days of
culture for organoid structural stabilization, CRC organ-
oids were treated with the same drug combinations used
in the 2D culture for 72 h. At the time of drug treatment,
organoid diameter averaged 88.07+26.31 pum. Cell via-
bility was assessed using the CellTiter-Glo 3D reagent
(Promega, USA) according to the manufacturer’s instruc-
tions. Inhibitory concentration (IC50) values were calcu-
lated using CompuSyn software (Version 1.0, USA). All
assays were performed in triplicate.

Clinical response to chemotherapy

Clinical response to chemotherapy was assessed every 2
to 3 months following treatment initiation using imag-
ing modalities such as computed tomography (CT) or
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magnetic resonance imaging (MRI). Assessments were
conducted in accordance with the Response Evaluation
Criteria in Solid Tumors (RECIST) version 1.1, a stan-
dardized method for evaluating treatment response in
solid tumors. According to RECIST version 1.1, partial
response (PR) was defined as at least a 30% decrease in
the sum of diameters of target lesions, relative to base-
line measurements. Progressive disease (PD) was defined
as at least a 20% increase in the sum of diameters of tar-
get lesions, taking the smallest recorded sum as the ref-
erence (including baseline if applicable). Stable disease
(SD) was defined as neither sufficient shrinkage to qual-
ify for PR nor sufficient increase to qualify for PD. The
tumor size change percentage was calculated at the time
of the first response evaluation by comparing changes in
the sum diameter of target lesions to baseline measure-
ments. The best response was defined as the most favor-
able tumor response observed at any time during the
treatment period. Tumor size change in this analysis was
determined by measuring the difference between tumor
size at the first response evaluation and the baseline
measurement.

Resources and agents
All antibodies and reagents used in this study are pre-
sented in Supplementary Table S3.

Statistical analysis

All statistical analyses were performed using Micro-
soft Excel and SigmaPlot software (Version 15.0, USA).
IC50 values were calculated using CompuSyn software
(Version 1.0, USA). To compare IC50 values between
independent groups, two-tailed unpaired t-tests with
Welch’s correction (to account for unequal variances)
were applied. Linear regression analysis was performed
to evaluate correlations between IC50 values and tumor
size changes and between COSMIC gene expressions of
tumor, CRCs and organoids. Additionally, Fisher’s exact
test was used to assess associations between organoid
morphological types, cancer stages, and tumor differen-
tiation. Statistical significance was defined as p <0.05.

Results

Establishment of matrigel-based CRC organoids

CRC cells were established using a previously described
protocol [17, 18]. We successfully developed 66 CRC
organoids from 86 previously generated CRC cells. Addi-
tionally, we validated the molecular features and muta-
tion profiles of these organoids in comparison to the
original CRCs and evaluated their drug sensitivities to
FOLFIRINOX and gemcitabine plus Abraxane under
both culture conditions (Fig. 1A). The clinical informa-
tion and baseline characteristics are shown in Fig. 1B.
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Fig. 1 The establishment of a Matrigel-based 3D organoid culture model for pancreatic cancer utilized established CRC cell lines derived from patients
with pancreatic cancer. (A) A research scheme for transitioning from 2D to organoid culture models was developed in our laboratory, successfully
producing CRC organoids. These organoids were characterized and utilized by assessing their morphological phenotypes, marker expression, target
gene mutations, and multi-drug screening. (B) Clinical information heatmaps for established CRC organoids. (C-D) Established CRC organoids showing
morphological and histological correspondence with primary tumors. Scale bar: 200 um. (C) CRC cell line 2D images and growing CRC organoids. (D)
Representative matching images of CRC organoids under bright-field microscopy (BFM) and hematoxylin and eosin (H&E) staining, along with H&E stain-
ing images of primary tumor tissues. Scale bar: 100 pm. Abbreviations: CRC, conditionally reprogrammed cell lines; BFM, bright-field microscopy; H&E,

hematoxylin and eosin staining; N/A, not available
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Under 2D culture conditions, CRC cells displayed a
monolayer growth pattern with dispersed cell morphol-
ogy. Conversely, in 3D organoid cultures, CRC cells
began proliferating by Day 1 and formed spherical struc-
tures by Day 7. By Day 14, most CRC cells had developed
a 3D organoid structure (Fig. 1C and Supplementary Fig.
S1). Most organoid cultures were terminated within 2—4
weeks once the organoids reached a size of 200-300 pum.
If organoid shapes did not form within 2 weeks, they
were discarded. The established CRC organoids exhib-
ited dense cellular clusters, closely resembling the mor-
phological and histological structures of primary tumor
tissues (Fig. 1D and Supplementary Fig. S2). Unlike the
dispersed arrangement observed in 2D cultures, the 3D
organoids formed multicellular structures that replicated
original tumor histology more effectively.

Molecular characterization of CRC organoids

We confirmed that CRC organoids preserved the molec-
ular characteristics of the original CRCs by compar-
ing marker protein expression. The expression patterns
of cytokeratin 19 (an epithelial cell marker), GATA6 (a
classical subtype marker), and S100A2 (a basal-like sub-
type marker) were consistent between 2D and 3D CRC
organoids (Fig. 2A and Supplementary Fig. S3). This
finding indicated that the molecular phenotype of CRCs
remained unchanged during the 3D conversion. We also
validated the consistency of molecular subtypes among
parental tumor tissues, 2D CRCs, and their correspond-
ing organoids (Fig. 2B). Additionally, the absence of insu-
lin, an islet cell marker, and a-amylase, an acinar cell
marker, confirmed the purity and specificity of CRCs in
both models.

We assessed the mutational profiles of CRC organoids
by performing targeted sequencing of key pancreatic can-
cer-related genes, including KRAS, SMAD4, and TP53.
Both 2D and 3D CRC models demonstrated consistent
mutational profiles of these genes (Fig. 2C and Supple-
mentary Fig. S4). Based on prior evidence that 2D CRCs
accurately reflect primary cancer mutational profiles [17,
18], we concluded that CRC organoids faithfully main-
tain the genetic characteristics of primary cancers. To
further substantiate this, we compared KRAS, SMAD4,
and TP53 mutations across tumor tissues, 2D CRCs, and
the corresponding CRC organoids from 15 patients. Our
analysis confirmed that the identical mutations were con-
sistently detected at the same loci in all matched samples
(Supplementary Table S4). These findings highlight that
the Matrigel-based 3D organoid culture system effec-
tively preserves both the phenotypic and genotypic fea-
tures of CRCs.
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Mutation profiling of CRC organoids

To more precisely assess whether the mutation profiles
of established CRC organoids align with those of their
corresponding parental tumor tissues, we performed
targeted deep sequencing of 348 key oncogenes on five
matched pairs of tumor tissues, CRCs, and CRC organ-
oids (Supplementary Table S2). To confirm the origin and
genetic fidelity of patient-derived models, we analyzed
genetic variants across primary tumors, CRCs, and cor-
responding organoids. Germline single-nucleotide poly-
morphism (SNP) similarity was assessed to verify the
matched origin of each model with its parental tumor tis-
sue. Clustering analysis based on germline SNP similar-
ity revealed that samples derived from the same patient,
clustered together, demonstrating high genetic concor-
dance across parental tumor tissues, CRCs, and corre-
sponding organoids (Fig. 3A).

Somatic mutations were also identified. Initial muta-
tion calling detected 22 somatic mutations per set, with
16 mutations shared among primary tumor tissues, CRCs
and CRC organoids, leaving four tumor/CRC-specific
mutations and two organoid-specific mutations (Fig. 3B).
Shared mutations included key oncogenic drivers such as
KRAS (5/5 samples), TP53 (4/5 samples), and SMAD4
(1/5 samples). Tumor- and CRC-specific mutations were
mostly synonymous or low-impact variants in genes
including AKT1 (YCLO-2), BRAF (YCLO-2), FGFR3
(YCLO-7), and PIK3R1 (YCLO-7). More detailed allele
frequency analysis revealed that organoid-specific muta-
tions in ALK (YCLO-1) and MPL (YCLO-6) were mis-
sense mutations predicted to be tolerated, indicating low
functional impact. Notably, MPL (YCLO-6) exhibited a
low variant allele frequency (VAF, 0.053) even in organ-
oid cultures, suggesting that this mutation likely has lim-
ited biological significance. These findings demonstrate
the high genetic similarity within each patient’s sample
set, reinforcing the reliability of CRCs and CRC organ-
oids as representative models of primary tumors.

Transcriptomic profiling of CRC organoids

To further validate the molecular similarities among
tumor tissues and their corresponding CRCs and CRC
organoids, we performed RNA sequencing was con-
ducted on four matched pairs of tumor tissues, CRCs,
and CRC organoids. Principal component analysis (PCA)
was performed to assess global transcriptomic similari-
ties and differences across samples. The resulting PCA
plot demonstrated that each CRC and CRC organoid
clustered closely with their corresponding tumor tis-
sue, indicating that CRC organoid models effectively
recapitulate the transcriptomic profiles of their parental
tissues (Supplementary Fig. S5). To further examine con-
cordance in cancer-related gene expression, pairwise cor-
relation analyses were conducted using gene sets curated



Kim et al. Molecular Cancer (2025) 24:162 Page 8 of 18

a-Amylase Insulin

Cytokeratin 19

GATA6 S100A2

YCLO-1
2D

Organoid

YCLO-9
2D

Organoid

GATA6

S100A2

Merge + DAPI YCLO-32

Organoid
L 6"" CLLL|
' Uit caceret teen
Q +11.53 10.8415.89 wnf RN s e s
S 0411 SRS < ¢35G-T ¢35G-T
5 (p.G12V) (p.G12V)
MM bervnadnannnd
Q2 o [ceTEER R TR [TeeE et c fe TATA
S8 Dl 10 s ed| 10 ss
IRl 74742351 2| c692delG €.692delG
O 2 S| (p.G231Afs*10) (.G231Af5*10)
~e  loenatanrnonoy
3 [ ¢.585_588delCCGA || c.585 588delCCGA
7l 212843188 & | (.IT9SMFx*51) (pITOSMFx*51)
= ‘J\r\/w‘ MY ! N'»WV WYy W )
YCLO-36
2D Organoid
o) TET STIE
N e | S
A |s0 8 %0 05 8 0 o5 10¢
< ¢.34G—C ¢.34G—C
§ (p.G12R) (p.GI2R)
© g el hoctvontoin
E < R
O & o) st o e
et 6 < ¢.403C— 403C—T
s (p-R135%) (p-R135%)
< by s badaaaaananneaiaing
I T I I 1
Q
2 | vt tos
2 i ¢.1024C—T ¢.1024C—T
= £ (p-R342%) (p.R342%)
LO0AA AN PRANA A A]

Fig. 2 Characterization of established CRC organoids. (A) Immunofluorescence (IF) staining of representative 2D and organoid models using selected
marker antibodies. IF staining was performed for cytokeratin 19 (an epithelial marker), a-amylase and insulin (markers for normal pancreas cells), and
GATAG (classical subtype marker), and ST00A2 (basal subtype marker). Scale bar: 50 um. (B) Validation of subtype marker expression patterns among
parental tumor tissues, 2D CRCs, and corresponding organoids. Immunofluorescence staining for the classical marker GATA6 and basal marker ST00A2
was performed on CRC 2D cultures, organoids, and matched primary tumor tissues from YCLO-2 and YCLO-6. Fluorescence intensity (mean + SD) showed
consistent expression patterns between 2D and organoid cultures, closely matching the original tissues and supporting subtype-specific feature pres-
ervation. Scale bar: 50 um. (C) Representative sanger sequencing results showing identical mutations in KRAS (c.35G—-T, c.34G—C), SMAD4 (c.692delG,
€403 C-T), and TP53 (c.585_588delCCGA, c.1024 C—T) in matched 2D and organoids. Red arrows indicate mutation sites. Abbreviations: YCLO, YPAC
cellline organoid; Mut, mutation; Del, deletion
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Fig. 3 Pairwise genetic similarity of sample types. (A) Heatmap representing the concordance ratio of germline single-nucleotide polymorphisms (SNP)
among three sample types—CRC, tumor, and organoid—across five individual samples. Similarity scores are calculated based on pairwise SNPs concor-
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in white. All five samples contain the three sample types, allowing assessment of genetic concordance and validation of patient-derived models relative
to their original tissues. The results demonstrate strong genetic relationships between tumor, CRC, and organoid samples, confirming the genetic fidel-
ity of patient-derived models. (B) Somatic mutation concordance across matched primary tumor, CRC, and organoid. Each circle represents a somatic
mutation, with connected circles indicating mutations shared between two or more sample types, and single circles representing mutations unique
to one sample type. Mutations are color-coded by predicted functional impact: light grey denotes tolerated mutations (e.g., synonymous or intronic),
and dark grey indicates deleterious mutations (e.g., missense or frameshift). A dashed line highlights this exception. Organoid-specific and Tumor/CRC-
specific mutations were also identified within the three patient-matched triplets. (C) Correlation between tumor and organoid gene expression profiles
across four patient-derived samples. Each scatter plot shows the log,-transformed TPM (Transcripts Per Million) values of CGC genes in matched tumor
and organoid samples. Red dots represent genes listed in the COSMIC database, while grey dots represent non-COSMIC genes among the CGC gene set.
The black regression line corresponds to the linear fit across all CGC genes, with a shaded area indicating the 95% confidence interval. Pearson correla-
tion coefficients (R) and associated p-values are reported in each panel. COSMIC genes demonstrate strong concordance between tumor and organoid
expression, indicating a strong concordance between tumor and organoid expression profiles for cancer-relevant genes

from the Catalogue of Somatic Mutations in Cancer
(COSMIC) and the Cancer Gene Census (CGC). Strong
correlations were observed across all pairwise compari-
sons (tumor-CRC, tumor-organoid, and CRC-organoid),
with Pearson correlation coefficients ranging from 0.69
to 0.89 (Fig. 3C and Supplementary Fig. S6). These find-
ings provide additional validation that key cancer gene

expression patterns in tumor tissues are well preserved in
both CRCs and CRC organoids.

Distinct morphological types of CRC organoids

Previous studies reported that normal pancreatic organ-
oids exhibit cystic structures, while tumor organoids dis-
play cystic and compact structures [33, 34]. We observed
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Fig. 4 Various morphological types of established CRC organoids. (A) CRC organoids displayed compact, tubular, and scattered morphologies. Scale
bars: 100 um. (B) Distribution of organoid morphologies among the established CRC organoids. Compact-type organoids were the most common (48%),
followed by tubular (35%) and scattered (17%) types. (C) A comparison of organoid types with cancer stages revealed an increase in scattered types as
cancer stages progressed, while tubular types decreased. (D) A comparison of organoid types with cancer differentiation showed that poorly differenti-
ated (PD) tumors were associated with increased prevalence of scattered types, followed by compact and tubular types. Fisher's exact test was performed
to evaluate associations between organoid morphological types, cancer stages, and tumor differentiation. Abbreviations: BFM, bright-field microscopy;
H&E, hematoxylin and eosin staining; SEM, scanning electron microscopy; WD, well-differentiated; MD, moderately differentiated; PD, poorly differenti-

ated; ns, not significant. *P < 0.05. ***P < 0.001

distinct morphological types in CRC organoids. Using
bright-field microscopy, cross-sectional imaging, and
SEM, we classified CRC organoids into three types: tubu-
lar, compact, and scattered (Fig. 4A and Supplementary
Fig. S7). Tubular organoids exhibited elongated hollow
structures with epithelial-lined lumens. Compact organ-
oids displayed dense, spherical structures with smooth,
rounded surfaces, while scattered organoids formed
loosely packed, irregular structures. Compact organoids
were the most prevalent (48%), while scattered organoids
were the least common (17%) (Fig. 4B). Intriguingly, scat-
tered organoids were more prevalent in advanced can-
cer stages and poorly differentiated cancers compared to
tubular and compact types (Fig. 4C-D). However, no sig-
nificant differences in sex, age, tumor location, or KRAS
mutation type were observed among the morphological
subtypes (Supplementary Fig. S8).

Drug screening in 2D CRCs and 3D CRC organoids aligned
with clinical response

Finally, to evaluate the utility of drug screening in 2D
and 3D CRC models, patient-derived 2D CRCs and 3D
CRC organoids were treated with the same chemothera-
peutic agents, gemcitabine plus nab-paclitaxel (Abrax-
ane) (G/A) or FOLFIRINOX, used as first-line therapy.
The responses of these models were then assessed to
determine their consistency with the clinical responses
observed in patients. Among the 66 patients from whom
both 2D CRCs and 3D CRC organoids were established,
15 received G/A as first-line therapy, while 17 received
FOLFIRINOX. These patient-derived 2D CRCs and 3D
CRC organoids were treated with the same regimen in a
ratio similar to that administered to the patients (Figs. 5A
and 6A). In the 2D culture model, responses to G/A and
FOLFIRINOX were inconsistent and did not correlate
with the patients’ clinical outcomes (Figs. 5B and 6B).
Interestingly, when the same CRCs were treated in 3D
organoid formation, the drug responses closely aligned
with the clinical results (Figs. 5C and 6C). Unlike the
G/A treatment group, no statistically significant corre-
lation between IC50 values and tumor size changes was
observed in the FFX treatment group. This discrepancy
may be attributed to the lower number of PD cases with
measurable tumor growth in the FFX group (2/17) com-
pared to the G/A group (7/15), as half of the PD cases
in the FFX group were due to the appearance of new

lesions rather than an increase in tumor size. Nonethe-
less, the statistically significant difference in IC50 values
between response groups, even within the FFX treat-
ment group, supports the conclusion that the 3D CRC
organoid model demonstrated drug response patterns
that accurately reflected patient sensitivity or resistance
to G/A and FOLFIRINOX. These results confirmed that
the Matrigel-based 3D organoid culture model provides
a more reliable prediction of patient drug responses com-
pared to the 2D culture-based drug test.

Moreover, the IC50 values for G/A and FOLFIRINOX
were generally higher in 3D CRC organoids than in 2D
CRCs (Tables 1 and 2), likely due to differences in drug
exposure among cancer cells within the structural com-
plexity of 3D organoids. In a few samples, however,
higher IC50 values were observed in 2D cultures, which
might be explained by hypoxia or limited nutrient sup-
plement within the inner regions of 3D organoids, as
these factors could have affected overall cell viability and
drug response. In contrast, cancer cells in single-layer 2D
cultures were uniformly exposed to the drugs. This find-
ing suggests that 3D organoid models better mimic the
tumor microenvironment in patients, offering a closer
representation of in vivo conditions.

Additionally, we analyzed the area under the curve
(AUC) values to compare the predictive performance
between PD and PR/SD groups. In the G/A dataset, the
3D CRC organoid model demonstrated superior classifi-
cation performance (AUC=0.839, p=0.022) compared to
the 2D CRC model (AUC=0.651, p=0.681) (Supplemen-
tary Fig. SOA). Similarly, in the FFX dataset, the organoid
model exhibited higher predictive accuracy (AUC=0.827,
p=0.014), whereas the 2D CRC model showed lower pre-
dictive power (AUC=0.645, p=0.725) (Supplementary
Fig. S9B). Subsequently, the association between drug
sensitivity and organoid type or clinical parameters was
analyzed, but no significant correlations were observed
(Supplementary Fig. S10 and S11). This result aligns with
clinical observations, where drug sensitivity does not
appear to be associated with these clinical parameters.

Discussion

In this study, we established a 3D organoid culture plat-
form using patient-derived 2D CRC cells. The CRC
organoids retained the molecular characteristics and key
oncogenic and tumor suppressor gene mutations of the
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Fig. 5 G/A combination drug response of established CRC cell lines in 2D and organoid culture conditions. (A) Representative bright-field microscopy
(BFM) images of CRC cell lines treated with increasing concentrations (0.01X, 1X, 100X) of G/A under 2D and organoid culture conditions. Scale bar:
200 um. (B) In the 2D culture condition, cell viability curves (left), IC50 values (middle), and their correlation with tumor size change (right) were analyzed
between the PR/SD and PD groups. No statistically significant differences or correlations were observed. (C) In the organoid culture condition, IC50 values
were significantly lower in the PR/SD group compared to the PD group (P < 0.05), and a significant positive correlation was observed between IC50 values
and tumor size change (R? = 0.5691, P=0.001), supporting the clinical relevance of the organoid model. Two-tailed unpaired t-tests with Welch’s correc-
tion (accounting for unequal variances) were conducted to compare IC50 values between independent groups. Linear regression analysis was performed
to examine the correlation between IC50 values and tumor size changes. Abbreviations: G/A, gemcitabine plus nab-paclitaxel (Abraxane); IC50, inhibitory

concentration 50; PR, partial response; SD, stable disease; PD, progressive disease; ns, not significant. *P < 0.05

original tumors. A comprehensive analysis of mutational
and transcriptomic profiles across matched tumor tis-
sues, CRCs, and corresponding organoids confirmed that
the established organoids maintain a high level of genetic
and transcriptomic concordance with their parental
tumor tissues. Furthermore, CRC organoids exhibited
distinct morphological features that corresponded to
the cancer stages and cell differentiation observed in
patients. Notably, the drug response profiles of CRC
organoids to FOLFIRINOX and G/A closely reflected the
clinical responses of patients, demonstrating greater pre-
dictive accuracy than 2D CRC cells. We observed that the
established CRC organoids, when digested and reseeded
in 2D culture, retained their original morphological char-
acteristics and exhibited robust growth. This indicates
that the platform we developed supports a flexible, bidi-
rectional transition between two-dimensional (2D) and
three-dimensional (3D) culture conditions, adaptable to
experimental needs. These findings highlight the utility
of CRC organoid models as robust preclinical tools for
exploring the molecular biology of pancreatic cancer and
evaluating therapeutic agents.

In this study, we aimed to establish CRC organoids
using 86 pre-established patient-derived CRCs, success-
fully generating organoids in 66 cases (success rate: 77%).
While no significant differences were observed in clini-
cal features or molecular characteristics between the suc-
cess and failure groups, it is noteworthy that all 20 CRCs
in which organoid establishment was unsuccessful were
KRAS-wild type. Specifically, organoids were success-
fully established from all 63 KRAS-mutant CRCs (100%
success rate), whereas only 3 of the 23 KRAS-wild type
CRCs (13% success rate) resulted in successful organoid
establishment. KRAS mutations are known to promote
cell survival, proliferation, and metabolic activity by con-
stitutively activating downstream signaling pathways,
particularly the MAPK/ERK and PI3K/AKT pathways
[35-38]. We think that these oncogenic features may
confer a growth advantage to KRAS-mutant cancer cells
under 3D culture conditions, especially in our system,
where additional growth factors such as Wnt3a, R-spon-
din-1, and Noggin were excluded. Given that KRAS
mutations are detected in approximately 95% of pan-
creatic cancers, we believe the organoid establishment

process utilized in our study would be broadly applicable
to the majority of pancreatic cancer cases.

Previously, patient-derived CRCs were established
from tumor samples of patients with PDAC under 2D
culture conditions. These CRC cell lines, characterized by
their genetic and molecular subtypes, in vitro therapeu-
tic profiles, in vivo tumorigenesis, and drug sensitivity,
served as unique ex vivo models for personalized PDAC
therapies. However, several limitations were associated
with these CRC cell lines [39-42]. While single-agent
responses in 2D CRCs aligned with clinical observations,
discrepancies arose when comparing drug responses in
2D CRCs with those observed in patients treated with
drug combinations typical of clinical practice. In this
study, patient-derived CRCs were advanced into a 3D
organoid model. Specifically, 3D CRC organoids demon-
strated drug responses consistent with those of patients
treated with G/A or FOLFIRINOX at clinically relevant
ratios. Given the absence of specific biomarkers for pre-
dicting drug responses in pancreatic cancer, this 3D CRC
organoid model represents a valuable tool for preclinical
validation of drug efficacy before patient administration.

Pancreatic cancer is categorized into two primary
molecular subtypes based on transcriptome analysis [43—
47]. Notably, responsiveness to therapeutic agents differs
between these molecular subtypes [43, 46—48]. Single-
cell transcriptome analysis has revealed that pancreatic
cancer comprises a heterogeneous population of cancer
cells with distinct subtypes, indicating that the predomi-
nant subtype in a patient’s tumor influences the response
to anticancer drugs [49-52]. Previous studies have
reported that pancreatic cancer organoids gradually shift
toward the classical subtype as passages increase, attrib-
uted to growth factors present in organoid culture media,
such as Wnt3a, R-spondin-1, and Noggin, which play a
crucial role in maintaining stemness and promoting pro-
liferation [20-25]. Consequently, changes in cancer cell
subtypes during organoid culture may modify respon-
siveness to anticancer drugs over time. In this study, we
developed CRC organoids using pre-established CRCs
that had already acquired stemness and proliferative
capacity during their establishment. Therefore, additional
components such as Wnt3a, R-spondin-1, and Noggin,
which are known to influence subtype transitions during
organoid formation and maintenance were intentionally
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Fig. 6 FOLFIRINOX combination drug response of established CRC cell lines in 2D and organoid culture conditions. (A) Representative bright-field
microscopy (BFM) images showing the morphological responses of patient-derived CRC cell lines to increasing concentrations (0.01X, 1X, 100X) of FOL-
FIRINOX under 2D and organoid culture conditions. Scale bar: 200 pm. (B) In the 2D culture condition, cell viability curves (left), IC50 values (middle), and
correlation with tumor size change (right) showed no significant differences between the PR/SD and PD groups. (C) In the organoid culture condition,
IC50 values were significantly lower in the PR/SD group compared to the PD group (P<0.05), while correlation analysis between IC50 values and tumor
size change was not statistically significant. Two-tailed unpaired t-tests with Welch's correction (accounting for unequal variances) were conducted to
compare IC50 values between independent groups. Linear regression analysis was performed to examine the correlation between IC50 values and tumor
size changes. Abbreviations: FFX, FOLFIRINOX; IC50, inhibitory concentration 50; PR, partial response; SD, stable disease; PD, progressive disease; ns, not

significant. *P<0.05

excluded from our culture media. This approach was
designed to minimize potential subtype alterations dur-
ing both the establishment and long-term maintenance
of organoids. By stabilizing organoid characteristics, we

anticipated that this method would yield more reliable
drug screening results.

In this study, we observed that organoids could develop
into distinct morphological forms depending on their
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Table 1 Overview of the first G/A response in established CRC cell line 2D and organoid culture conditions

No Samples Best Total Chemother- Chemotherapy Tumor Size 2D Organoid

Response apy Cycles Cycles until Best Change 1C50 (nM) 1C50

Response (nM)
1 YCLO-9 PD 2 Cycle 2 Cycle +164.4% 11010.17 134043.74
2 YCLO-12 SD 6 Cycle 2 Cycle 0.0% 370 229.75
3 YCLO-16 SD 14 Cycle 2 Cycle +11.1% 6144.15 6476.85
4 YCLO-19 PR 4 Cycle 2 Cycle —43.6% 13.50 162.05
5 YCLO-20 SD 9 Cycle 2 Cycle -23.1% 5785.55 1473.13
6 YCLO-22 PD 2 Cycle 2 Cycle +45.2% 589.00 5977.93
7 YCLO-29 PD 2 Cycle 2 Cycle +47.4% 205.35 4364.70
8 YCLO-36 PR 21 Cycle 2 Cycle —333% 0.1 50.09
9 YCLO-42 PD 2 Cycle 2 Cycle +44.8% 30.69 511.21
10 YCLO-43 SD 4 Cycle 2 Cycle +14.1% 119.28 2291
1 YCLO-45 SD 4 Cycle 2 Cycle —5.6% 6.34 42.71
12 YCLO-48 PD 2 Cycle 2 Cycle +76.2% 0.02 5127.16
13 YCLO-52 PD 3 Cycle 2 Cycle +68.9% 343.13 28836
14 YCLO-57 PR 8 Cycle 2 Cycle —34.1% 13.87 150.71
15 YCLO-63 PD 2 Cycle 2 Cycle +20.7% 137.02 882.76

G/A, gemcitabine plus nab-paclitaxel (abraxane); CRC, conditional reprogrammed cell; YCLO, YPAC cell line organoid; PD, progressive disease; SD, stable disease; PR,

partial response; IC50; Inhibitory concentration 50

Table 2 Overview of the first FOLFIRINOX (FFX) response in established CRC cell line 2D and organoid culture conditions

No Samples Best Total Chemotherapy Cycles Chemotherapy Cycles until Best Response Tumor Size 2D Organoid
Response Change IC50 (uM)  IC50 (uM)

1 YCLO-2  PD 4 Cycle 4 Cycle 0.0% 29.19 160.33

2 YCLO-18 PR 13 Cycle 8 Cycle —274% 253.67 255.58

3 YCLO-21 SD 20 Cycle 4 Cycle +6.7% 6242 33.81

4 YCLO-26  SD 9 Cycle 4 Cycle +9.8% 50.12 32.14

5 YCLO-27 PR 15 Cycle 4 Cycle -30.1% 71.99 197.56

6 YCLO-62 SD 40 Cycle 4 Cycle —14.8% 20742 189.08

7 YCLO-35 SD 9 Cycle 4 Cycle -6.5% 28.14 2395

8 YCLO-38 PD 3 Cycle 3 Cycle +15.1% 193.36 275.01

9 YCLO-39 PD 4 Cycle 4 Cycle +0.2% 127.87 22233

10 YCLO-40 PR 14 Cycle 4 Cycle —60.9% 2534 19.73

11 YCLO-47 SD 20 Cycle 4 Cycle —13.9% 39.98 197.84

12 YCLO-50 PD 4 Cycle 4 Cycle 0.0% 20.03 238.19

13 YCLO-51 SD 10 Cycle 4 Cycle -16.2% 146.24 151.81

14 YCLO-54 SD 8 Cycle 4 Cycle -17.3% 949 851

15 YCLO-60 PR 17 Cycle 4 Cycle -31.4% 16.53 22.89

16 YCLO-64 PR 34 Cycle 4 Cycle -32.4% 24.97 142.11

17 YCLO-65 PR 19 Cycle 4 Cycle -33.2% 41.10 27142

FFX; FOLFIRINOX; CRC, conditional reprogrammed cell; YCLO, YPAC cell line organoid; PD, progressive disease; SD, stable disease; PR, partial response; IC50; Inhibitory

concentration 50

differentiation status, even when cultured under identi-
cal conditions. Previous reports have indicated that nor-
mal pancreatic organoids typically exhibit a cystic shape;
interestingly, some tumor-derived organoids in our study
also demonstrated this morphology. Since the organ-
oids in this study were not directly derived from primary
tumor tissues but instead from validated cancer cell lines
(CRCs), it is highly unlikely that the cystic organoids
resulted from normal cell contamination. To confirm
this, we isolated cystic-shaped organoids and performed
mutation profiling, which revealed identical mutations

to those found in the parental tumor tissues (Data not
shown). For certain organoids displaying both cystic and
compact structural features, further studies will be nec-
essary to determine whether one morphological subtype
becomes dominant over prolonged culture.

Currently, one of the major limitations in establish-
ing a high-throughput drug screening platform using
3D organoid models is their high cost and the difficulty
of eliminating normal cell contamination. Additionally,
repeated subculture can lead to molecular feature altera-
tions due to various components in the organoid culture
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medium such as Wnt3a, R-spondin-1, and Noggin, which
we intentionally excluded from our model [53, 54]. In
this study, we first established patient-derived pancre-
atic cancer CRCs under 2D conditions and subsequently
used them for organoid culture. This approach enables
straightforward assessment of molecular features and
mutation profiles during the 2D cell line establishment
process, while also facilitating the removal of normal
cell contamination. Moreover, cells can be expanded and
maintained long-term under 2D conditions in a cost-
effective manner without altering their molecular sub-
type. When needed, for instance, drug screening assays,
these cells can be readily transitioned into 3D organoids,
which better reflect patients’ clinical responses than 2D
cells. They can then return to 2D culture for contin-
ued maintenance in a stable and cost-effective manner.
Recently, Takeuchi et al. [55] suggested a fused pancre-
atic cancer organoid model by co-culturing pancreatic
cancer organoids with human-induced pluripotent stem
cell (hiPSC)-derived endothelial and mesenchymal cells
to better mimic the tumor microenvironment. While
incorporating diverse components of the tumor micro-
environment can enhance structural similarity to in vivo
tumors, our recent single-cell transcriptomic analysis of
17 tumor tissues of pancreatic cancer revealed significant
variability in stromal cell composition across individu-
als [52]. Therefore, co-culturing patient-specific organ-
oids with general (non-patient-specific) endothelial and
mesenchymal cells may create an artificial microenvi-
ronment that diverges from the actual tumor biology of
each patient. Given that stromal-tumor interactions can
influence drug sensitivity, models using stromal cells that
differ from those of the actual patient may produce drug
screening results that deviate from clinical outcomes.
From this perspective, we believe the organoids estab-
lished in our study provide a more reliable platform for
drug screening, at least under current methodologies.

Conclusions

The findings of this study highlight the utility of patient-
derived 3D CRC organoid models as a bridge between
in vitro drug screening and clinical outcomes. By closely
replicating the three-dimensional tumor structure and
preserving the molecular and mutational characteris-
tics of primary tumors, these organoids provide a physi-
ologically relevant platform for evaluating drug efficacy.
Notably, the ability of 3D organoids to reflect patient-
specific drug responses underscores their potential in
precision oncology, particularly for pancreatic cancer,
where the absence of predictive biomarkers limits effec-
tive treatment selection. Beyond drug screening, these
organoid models can facilitate the identification of novel
therapeutic targets and the development of combination
therapies by enabling a deeper understanding of tumor
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heterogeneity and resistance mechanisms. Despite these
advantages, the practical limitations of 3D organoid sys-
tems, including cost, time requirements, and scalability
for large-scale studies, remain challenges that require
further optimization. Future efforts to standardize organ-
oid culture conditions and integrate automated technolo-
gies could enhance their applicability in preclinical and
clinical settings.

Abbreviations

BFM Bright-field microscopy

CRC Conditional reprogramming cell

DNA Deoxyribonucleic acid

DAPI 4'6-diamidino-2-phenylindole

EGF Epidermal growth factor

FOLFIRINOX 5-fluorouracil, folinic acid, irinotecan, and oxaliplatin
G/A Gemcitabine plus nab-paclitaxel (Abraxane)
IC50 Half maximal inhibitory concentration

IF Immunofluorescence

KRAS Kirsten rat sarcoma virus oncogene homolog
0s04 Osmium tetroxide

PBS Phosphate-buffered saline

PFA Paraformaldehyde

PCR Polymerase chain reaction

PDAC Pancreatic ductal adenocarcinoma

RNA Ribonucleic acid

SEM Scanning electron microscopy

SMAD4 Mothers against decapentaplegic homolog 4
ULGT Ultra-low-gelling temperature

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512943-025-02374-y.

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3
Supplementary Material 4

Supplementary Material 5

Author contributions

Conception and design: Jin Su Kim, Jinyoung Lee, Galam Leem, Seungmin
Bang Financial support: Galam Leem, Seungmin Bang Administrative support:
Jin Su Kim, Jinyoung Lee, Jeehoon Kim, Eun Hee Kam, Sanghee Nam, Chan
Hee Park, Hee Seung Lee, Moon Jae Chung, Jeong Youp Park, Seung Woo Park,
Galam Leem, and Seungmin Bang Provision of study materials and patients:
Jin Su Kim, Jinyoung Lee, Sanghee Nam, and Chan Hee Park Collection

and assembly of data: Jin Su Kim, Jinyoung Lee, Jeehoon Kim, Galam Leem
Transcriptome analysis and mutation profiling: Eunyoung Kim, Sangwoo Kim,
Galam Leem Data analysis and interpretation: Jin Su Kim, Chan Hee Park,
Galam Leem, Seungmin Bang Manuscript writing: All authors Final approval of
manuscript: All authors.

Funding

This study was supported by National Research Foundation Grants
RS-2022-NR069839 (G.L.) and RS-2024-00352915 (S.B.) and by Korea Health
Industry Development Institute RS-2025-02283199 (G.L.).

Data availability

RNA sequencing data have been deposited in the Gene Expression Omnibus
(GEO) database under accession number GSE297770. Targeted deep
sequencing data are available for download through the Sequence Read
Archive (SRA) under BioProject ID: PRINA1265782. All other supporting data


https://doi.org/10.1186/s12943-025-02374-y
https://doi.org/10.1186/s12943-025-02374-y

Kim et al. Molecular Cancer (2025) 24:162

and materials related to this study can be obtained from the corresponding
author, GL, upon reasonable request.

Declarations

Ethics approval and consent to participate
This study was approved by the Institutional Review Board of Yonsei University
Medical Center (number 4-2019-0614).

Consent for publication
Written informed consent was obtained from all the patients.

Competing interests
The authors declare no competing interests.

Author details

'Division of Gastroenterology, Department of Internal Medicine,
Severance Hospital, Yonsei University College of Medicine, 50-1 Yonsei-ro,
Seodaemun-gu, Seoul 03722, Republic of Korea

2Depar‘[ment of Internal Medicine, Graduate School of Yonsei University,
Seoul, Republic of Korea

3Department of Biomedical Systems Informatics and Brain Korea 21
Project, Yonsei University College of Medicine, Seoul, Republic of Korea

Received: 14 January 2025 / Accepted: 29 May 2025
Published online: 03 June 2025

References

1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer J
Clin. 2023;73:17-48.

2. Rahib L, Wehner MR, Matrisian LM, Nead KT. Estimated projection of US
Cancer incidence and death to 2040. JAMA Netw Open. 2021,4:214708.

3. Biankin AV, Waddell N, Kassahn KS, Gingras M-C, Muthuswamy LB, Johns AL,
Miller DK, Wilson PJ, Patch A-M, Wu J, et al. Pancreatic cancer genomes reveal
aberrations in axon guidance pathway genes. Nature. 2012;491:399-405.

4. Jones S, Zhang X, Parsons DW, Lin JC-H, Leary RJ, Angenendt P, Mankoo
P, Carter H, Kamiyama H, Jimeno A, et al. Core signaling pathways in
human pancreatic cancers revealed by global genomic analyses. Science.
2008;321:1801-6.

5. HuH-,YeZ QinY, Xu X-w, Yu X-j. Zhuo Q-f, Ji S-r: mutations in key driver
genes of pancreatic cancer: molecularly targeted therapies and other clinical
implications. Acta Pharmacol Sin. 2021;42:1725-41.

6. ConroyT, Desseigne F, Ychou M, Bouché O, Guimbaud R, Bécouarn'Y,

Adenis A, Raoul J-L, Gourgou-Bourgade S, Fouchardiere C, et al. FOLFIRI-
NOX versus gemcitabine for metastatic pancreatic Cancer. N Engl J Med.
2011;364:1817-25.

7. Von Hoff DD, Ervin T, Arena FP, Chiorean EG, Infante J, Moore M, Seay T, Tjulan-
din SA, Ma WW, Saleh MN, et al. Increased survival in pancreatic Cancer with
nab-Paclitaxel plus gemcitabine. N Engl J Med. 2013;369:1691-703.

8. Tempero MA, Malafa MP, Al-Hawary M, Behrman SW, Benson AB, Cardin DB,
Chiorean EG, Chung V, Czito B, Del Chiaro M, et al. Pancreatic adenocarci-
noma, version 2.2021, NCCN clinical practice guidelines in oncology. J Natl
Compr Canc Netw. 2021;19:439-57.

9. Kapalczynska M, Kolenda T, Przybyla W, Zajaczkowska M, Teresiak A, Filas V,
Ibbs M, Blizniak R, Luczewski L, Lamperska K. 2D and 3D cell cultures - a com-
parison of different types of cancer cell cultures. Arch Med Sci. 2018;14:910-9.

10. Mizushima H, Wang X, Miyamoto S, Mekada E. Integrin signal masks
growth-promotion activity of HB-EGF in monolayer cell cultures. J Cell Sci.
2009;122:4277-86.

11, Huang GS, Tseng TC, Dai NT, Fu KY, Dai LG, Hsu SH. Fast isolation and expan-
sion of multipotent cells from adipose tissue based on chitosan-selected
primary culture. Biomaterials. 2015;65:154-62.

12. Abbas ZN, Al-Saffar AZ, Jasim SM, Sulaiman GM. Comparative analysis
between 2D and 3D colorectal cancer culture models for insights into cellular
morphological and transcriptomic variations. Sci Rep. 2023;13:18380.

13. Shichi, Sasaki N, Michishita M, Hasegawa F, Matsuda Y, Arai T, Gomi F, Aida
J, Takubo K, Toyoda M, et al. Enhanced morphological and functional differ-
ences of pancreatic cancer with epithelial or mesenchymal characteristics in
3D culture. Sci Rep. 2019;9:10871.

N

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 17 of 18

Lawrenson K, Notaridou M, Lee N, Benjamin E, Jacobs 1J, Jones C, Gayther SA.
In vitro three-dimensional modeling of fallopian tube secretory epithelial
cells. BMC Cell Biol. 2013;14:43.

Lancaster MA, Knoblich JA. Organogenesis in a dish: modeling development
and disease using organoid technologies. Science. 2014;345:1247125.
Karthaus WR, laquinta PJ, Drost J, Gracanin A, van Boxtel R, Wongvipat J,
Dowling CM, Gao D, Begthel H, Sachs N, et al. Identification of multipo-
tent luminal progenitor cells in human prostate organoid cultures. Cell.
2014;159:163-75.

Lee HS, Lee JS, Lee J, Kim EK, Kim H, Chung MJ, Park JY, Park SW, Song SY,
Bang S. Establishment of pancreatic cancer cell lines with endoscopic
ultrasound-guided biopsy via conditionally reprogrammed cell culture.
Cancer Med. 2019;8:3339-48.

Lee HS, Kim E, Lee J, Park SJ, Hwang HK, Park CH, Jo SY, Kang CM, Hong SM,
Kang H, et al. Profiling of conditionally reprogrammed cell lines for in vitro
chemotherapy response prediction of pancreatic cancer. EBioMedicine.
2021;65:103218.

Park SJ, Yoo HC, Ahn E, Luo E, Kim Y, Sung Y, Yu YC, Kim K, Min DS, Lee HS, et
al. Enhanced Glutaminolysis drives Hypoxia-Induced chemoresistance in
pancreatic Cancer. Cancer Res. 2023;83:735-52.

Juiz N, Elkaoutari A, Bigonnet M, Gayet O, Roques J, Nicolle R, lovanna J,
Dusetti N. Basal-like and classical cells coexist in pancreatic cancer revealed
by single-cell analysis on biopsy-derived pancreatic cancer organoids from
the classical subtype. FASEB J. 2020;34:12214-28.

Zhang Y, Morris JP, Yan IV, Schofield W, Gurney HK, Simeone A, Millar DM,
Hoey SE, Hebrok T. Pasca Di Magliano M: canonical Wnt signaling is required
for pancreatic carcinogenesis. Cancer Res. 2013;73:4909-22.

Hawkins HJ, Yacob BW, Brown ME, Goldstein BR, Arcaroli JJ, Bagby SM,
Hartman SJ, Macbeth M, Goodspeed A, Danhorn T, et al. Examination of
Whnt signaling as a therapeutic target for pancreatic ductal adenocarci-
noma (PDAC) using a pancreatic tumor organoid library (PTOL). PLoS ONE.
2024;19:0298808.

Aguilera KY, Dawson DW. WNT ligand dependencies in pancreatic Cancer.
Front Cell Dev Biology 2021, 9.

Ram Makena M, Gatla H, Verlekar D, Sukhavasi S, Pandey K, Pramanik MC.
Wnt/p-Catenin signaling: the culprit in pancreatic carcinogenesis and thera-
peutic resistance. Int J Mol Sci. 2019,20:4242.

Sprangers J, Bugter JM, Xanthakis D, Boekhout M, Kok RNU, Brosens LAA,
Dijk F, Rodriguez Colman MJ, van der Vaart JY, Maurice MM. WNT7B drives a
program for pancreatic cancer subtype switching and progression. bioRxiv
2024:2024.2012.2018.628910.

Zhang SW, Chen W, Lu XF, Wen Z, Hu L, Liu YH, Yang Z, Xue L, Su Q, Yan LP,
et al. An efficient and user-friendly method for cytohistological analysis of
organoids. J Tissue Eng Regen Med. 2021;15:1012-22.

Worsdorfer P, Rockel A, Alt Y, Kern A, Ergun S. Generation of vascularized neu-
ral organoids by Co-culturing with mesodermal progenitor cells. STAR Protoc.
2020;1:100041.

Zaqout S, Becker LL, Kaindl AM. Immunofluorescence staining of paraffin
sections step by step. Front Neuroanat. 2020;14:582218.

Choi SJ, Choi Y, Kim L, Park IS, Han JY, Kim JM, Chu YC. Preparation of com-
pact agarose cell blocks from the residues of liquid-based cytology samples.
Korean J Pathol. 2014:48:351-60.

Li Z,Yu L, Chen D, Meng Z, Chen W, Huang W. Protocol for generation

of lung adenocarcinoma organoids from clinical samples. STAR Protoc.
2021;2:100239.

Martin M. CUTADAPT removes adapter sequences from high-throughput
sequencing reads. EMBnetjournal 2011, 17.

Porter RL, Magnus NKC, Thapar V, Morris R, Szabolcs A, Neyaz A, Kulkarni

AS, Tai E, Chougule A, Hillis A et al. Epithelial to mesenchymal plasticity and
differential response to therapies in pancreatic ductal adenocarcinoma.
Proceedings of the National Academy of Sciences 2019, 116:26835-26845.
Broutier L, Andersson-Rolf A, Hindley CJ, Boj SF, Clevers H, Koo B-K, Huch M.
Culture and establishment of self-renewing human and mouse adult liver
and pancreas 3D organoids and their genetic manipulation. Nat Protoc.
2016;11:1724-43.

Driehuis E, Gracanin A, Vries RGJ, Clevers H, Boj SF. Establishment of pancre-
atic organoids from normal tissue and tumors. STAR Protoc. 2020;1:100192.
ShiY, Zheng H,Wang T, Zhou S, Zhao S, Li M, Cao B. Targeting KRAS: from
metabolic regulation to cancer treatment. Mol Cancer. 2025;24:9.

Ma Q, Zhang W, Wu K; Shi L. The roles of KRAS in cancer metabolism, tumor
microenvironment and clinical therapy. Mol Cancer. 2025;24:14.



Kim et al. Molecular Cancer

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

(2025) 24:162

Huang L, Guo Z, Wang F, Fu L. KRAS mutation: from undruggable to drug-
gable in cancer. Signal Transduct Target Therapy. 2021,6:386.

Zhang Z, Zhang H, Liao X, Tsai H-i. KRAS mutation: the booster of pancreatic
ductal adenocarcinoma transformation and progression. Front Cell Dev Biol-
ogy 2023, Volume 11-2023.

Lai Y, Wei X, Lin S, Qin L, Cheng L, Li P. Current status and perspectives of
patient-derived xenograft models in cancer research. J Hematol Oncol.
2017;10:106.

Liu Z, Ahn MH, Kurokawa T, Ly A, Zhang G, Wang F, Yamada T, Sadagopan

A, Cheng J, Ferrone CR, et al. A fast, simple, and cost-effective method of
expanding patient-derived xenograft mouse models of pancreatic ductal
adenocarcinoma. J Transl Med. 2020;18:255.

Brock RM, Beitel-White N, Coutermarsh-Ott S, Grider DJ, Lorenzo MF, Ringel-
Scaia VM, Manuchehrabadi N, Martin RCG, Davalos RV, Allen IC. Patient
derived xenografts expand human primary pancreatic tumor tissue availabil-
ity for ex vivo irreversible electroporation testing. Front Oncol. 2020;10:843.
Pham NA, Radulovich N, Ibrahimov E, Martins-Filho SN, Li Q, Pintilie M, Weiss
J,RaghavanV, Cabanero M, Denroche RE, et al. Patient-derived tumor xeno-
graft and organoid models established from resected pancreatic, duodenal
and biliary cancers. Sci Rep. 2021;11:10619.

Collisson EA, Sadanandam A, Olson P, Gibb W, Truitt M, Gu S, Cooc J, Weinkle
J,Kim GE, Jakkula L, et al. Subtypes of pancreatic ductal adenocarcinoma and
their differing responses to therapy. Nat Med. 2011;17:500-3.

Moffitt RA, Marayati R, Flate EL, Volmar KE, Loeza SG, Hoadley KA, Rashid NU,
Williams LA, Eaton SC, Chung AH, et al. Virtual microdissection identifies
distinct tumor- and stroma-specific subtypes of pancreatic ductal adenocar-
cinoma. Nat Genet. 2015,47:1168-78.

Bailey P, Chang DK, Nones K, Johns AL, Patch A-M, Gingras M-C, Miller DK,
Christ AN, Bruxner TJC, Quinn MC, et al. Genomic analyses identify molecular
subtypes of pancreatic cancer. Nature. 2016;531:47-52.

Collisson EA, Bailey P, Chang DK, Biankin AV. Molecular subtypes of pancreatic
cancer. Nat Reviews Gastroenterol Hepatol. 2019;16:207-20.

Halbrook CJ, Lyssiotis CA, Pasca di Magliano M, Maitra A. Pancreatic cancer:
advances and challenges. Cell. 2023;186:1729-54.

O’Kane GM, Griinwald BT, Jang G-H, Masoomian M, Picardo S, Grant RC, Den-
roche RE, Zhang A, Wang Y, Miller JK, et al. GATA6 expression distinguishes

49.

50.

51.

52.

53.

54.

55.

Page 18 of 18

classical and Basal-like subtypes in advanced pancreatic Cancer. Clin Cancer
Res. 2020;26:4901-10.

Krieger TG, Le Blanc S, Jabs J, Ten FW, Ishaque N, Jechow K, Debnath O,
Leonhardt CS, Giri A, Eils R, et al. Single-cell analysis of patient-derived PDAC
organoids reveals cell state heterogeneity and a conserved developmental
hierarchy. Nat Commun. 2021;12:5826.

Schuth S, Le Blanc S, Krieger TG, Jabs J, Schenk M, Giese NA, Buchler MW,

Eils R, Conrad C, Strobel O. Patient-specific modeling of stroma-mediated
chemoresistance of pancreatic cancer using a three-dimensional organoid-
fibroblast co-culture system. J Exp Clin Cancer Res. 2022;41:312.

Shinkawa T, Ohuchida K, Mochida Y, Sakihama K, Iwamoto C, Abe T, Ideno N,
MizuuchiY, Shindo K, lkenaga N, et al. Subtypes in pancreatic ductal adeno-
carcinoma based on niche factor dependency show distinct drug treatment
responses. J Exp Clin Cancer Res. 2022;41:89.

Kim S, Leem G, Choi J, Koh Y, Lee S, Nam S-H, Kim JS, Park CH, Hwang HK, Min
Kl, et al. Integrative analysis of Spatial and single-cell transcriptome data from
human pancreatic cancer reveals an intermediate cancer cell population
associated with poor prognosis. Genome Med. 2024;16:20.

Seino T, Kawasaki S, Shimokawa M, Tamagawa H, Toshimitsu K, Fujii M, Ohta
Y, Matano M, Nanki K, Kawasaki K, et al. Human pancreatic tumor organoids
reveal loss of stem cell niche factor dependence during disease progression.
Cell Stem Cell. 2018:22:454—-e467456.

Tiriac H, Belleau P, Engle DD, Plenker D, Deschénes A, Somerville TDD,
Froeling FEM, Burkhart RA, Denroche RE, Jang G-H, et al. Organoid profiling
identifies common responders to chemotherapy in pancreatic Cancer.
Cancer Discov. 2018;8:1112-29.

Takeuchi K, Tabe S, Yamamoto Y, Takahashi K, Matsuo M, Ueno Y, Ohtsuka M,
Morinaga S, MiyagiY, Yamaguchi T, et al. Protocol for generating a pancreatic
cancer organoid associated with heterogeneous tumor microenvironment.
STAR Protocols. 2025;6:103539.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Establishing 3D organoid models from patient-derived conditionally reprogrammed cells to bridge preclinical and clinical insights in pancreatic cancer
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Patients and tissue samples
	﻿Establishment of CRC organoids
	﻿Paraffin embedding of CRC organoids
	﻿Immunofluorescence (IF) assay
	﻿KRAS, SMAD4, and TP53 mutation analysis
	﻿Scanning electron microscopy (SEM)
	﻿Targeted deep sequencing
	﻿RNA sequencing
	﻿Cell viability and drug sensitivity assessment in 2D and 3D cultures
	﻿Clinical response to chemotherapy
	﻿Resources and agents
	﻿Statistical analysis

	﻿Results
	﻿Establishment of matrigel-based CRC organoids
	﻿Molecular characterization of CRC organoids
	﻿Mutation profiling of CRC organoids
	﻿Transcriptomic profiling of CRC organoids
	﻿Distinct morphological types of CRC organoids
	﻿Drug screening in 2D CRCs and 3D CRC organoids aligned with clinical response

	﻿Discussion
	﻿Conclusions
	﻿References


