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Pancreatic cancer has a five-year survival rate of only 10%, mostly due to late diagnosis and limited treatment options. In patients
with unresectable disease, either FOLFIRINOX, a combination of 5-fluorouracil (5-FU), oxaliplatin and irinotecan, or gemcitabine plus
nab-paclitaxel combined with radiation are frontline standard regimens. However, chemo-radiation therapy has shown limited
success because patients develop resistance to chemotherapy and/or radiation. In this study, we evaluated the role of pancreatic
cancer stem cells (CSC) using OCT4 and SOX2, CSC markers in mouse pancreatic tumor organoids. We treated pancreatic tumor
organoids with 4 or 8 Gy of radiation, 10 μM of 5-FU (5-Fluorouracil), and 100 μM 3-Bromopyruvate (3BP), a promising anti-cancer
drug, as a single treatment modalities, and in combination with RT. Our results showed significant upregulation of, OCT4, and SOX2
expression in pancreatic tumor organoids treated with 4 and 8 Gy of radiation, and downregulation following 5-FU treatment. The
expression of CSC markers with increasing treatment dose exhibited elevated upregulation levels to radiation and downregulation
to 5-FU chemotherapy drug. Conversely, when tumor organoids were treated with a combination of 5-FU and radiation, there was a
significant inhibition in SOX2 and OCT4 expression, indicating CSC self-renewal inhibition. Noticeably, we also observed that human
pancreatic tumor tissues exhibited heterogeneous and aberrant OCT4 and SOX2 expression as compared to normal pancreas,
indicating their potential role in pancreatic cancer growth and therapy resistance. In addition, the combination of 5-FU and
radiation treatment exhibited significant inhibition of the β-catenin pathway in pancreatic tumor organoids, resulting in
sensitization to treatment and organoid death. In conclusion, our study emphasizes the crucial role of CSCs in therapeutic resistance
in PC treatment. We recommend using tumor organoids as a model system to explore the impact of CSCs in PC and identify new
therapeutic targets.
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INTRODUCTION
Pancreatic cancer (PC) is the fourth deadliest cancer in the US with
an estimated 64,050 new cases and 50,550 deaths in 2023 [1].
Owing to the lack of sensitive biomarkers for early diagnosis, the
disease is normally diagnosed in the advanced stages, and less
than 20% of diagnosed patients have the option to undergo
surgery [2]. Despite modest improvements in systemic therapies
for pancreatic cancer and the potential value of stereotactic body
radiotherapy or chemoradiation, treatment resistance is common
and prognosis for patients remains poor. Therefore, it is necessary
to further investigate the molecular mechanisms involved in
treatment failure [3].
Pancreatic cancer presents many challenges that hinder

treatment. One of the major obstacles is dense stroma which
creates a physical barrier. The stroma is filled with fibroblasts and
inflammatory cells that result in an immunosuppressive tumor
microenvironment (TME), making it difficult for the immune
system to recognize and eliminate cancer cells [4, 5]. Recent
reports have shown that treatment failure in most malignant
tumors could be due to cancer stem cells (CSCs) which may
mediate chemo and radiation resistance leading to relapse and

metastases [6]. CSCs have gained considerable interest as a
potential target for cancer therapy due to their association with
treatment resistance [7]. Hypoxic areas of tumors are predomi-
nantly inhabited by CSCs, which possess self-renewing capabilities
[6, 8]. The CSC phenotypes are regulated by 20 different
transcription factors, including OCT4 and SOX2 [9]. They have
unique characteristics that allow them to adapt to changes in the
tumor microenvironment, such as hypoxia, starvation, and antic-
ancer treatments, leading to survival and resistance to therapies
[10, 11]. The signaling pathways implicated in CSCs which are
essential for self-renewal include Epithelial-Mesenchymal Transi-
tion (EMT) and hypoxia. Furthermore, pancreatic CSCs co-inhabit
with other cellular components in the hypoxic niche in the tumor
microenvironment and therefore, unraveling the connection
between CSCs and the TME is crucial to identify molecular
pathways involved in resistance [11].
Recent studies show that tumor organoids accurately reflect the

in-vivo state and can serve as a model to evaluate responses to
different anti-cancer drugs and RT treatments. Patient-derived
tumor organoid models can faithfully replicate the original tumors’
genetic and phenotypic characteristics, and the in vivo tumor
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microenvironments [11]. Importantly, most 3D organoid reports
are focused on response to chemotherapy and other targeted
agents [12]. However, few studies have used organoid models to
investigate the role of CSCs in therapy resistance and tumor
recurrence [13]. The current study aims to define the role played
by CSCs in the resistance of pancreatic tumors to radiation and
chemotherapy. We demonstrate here the increased effectiveness

of the combination of chemo and radiation therapy in suppressing
CSCs. Furthermore, we highlight the crucial role of the β-catenin
pathway, which may clinically contribute to treatment resistance
in PDAC.

RESULTS
Analysis of drug and radiation treatment response of
pancreatic tumor organoids by Optical Metabolic Imaging
The tumor organoids response to different doses of radiation and
3-BP was examined as the change in autofluorescence of tumor
organoids due to metabolic shift. Based on our initial findings, we
observed that when tumor organoids were exposed treated with
100 µM of 3-BP for 12 h and 4 Gy of radiation, there was a
significant reduction in autofluorescence, and tumor organoid
growth compared to the untreated control (Fig. 1A, B). The
treatment response was quantified by ImageJ analysis and the
data showed that combination treatment inhibited approximately
90% of metabolism in tumor organoids and resulted in tumor
organoid death as compared to untreated control (p < 0.05). Thus,
optical metabolic imaging showed significant inhibition in the
growth of tumor organoids treated with combined modalities
compared to a single modality treatment. Therefore, the results
demonstrated combination treatment was more effective than
individual treatment.

Upregulation of OCT4 and SOX2 expression in tumor
organoids treated with 4 and 8 Gy of radiation
To further investigate the role of CSCs in chemo-RT resistance, the
tumor organoids were passaged and once the size of the
organoids reached 100 μm, they were subjected to 4 and 8 Gy
of radiation treatment. After the treatment, the organoids were
allowed to grow for another 12 h before processing them for
immunofluorescence and immunoblot analysis. The results
showed upregulation of OCT4, in tumor organoid treated with
8 Gy of radiation (Fig. 2A, B, lanes 3; *P < 0.05). Furthermore, there
was also approximately 5-fold upregulation of SOX2 (Fig. 2C, D,
lanes 2 and 3; P < 0.05), in tumor organoids treated with increasing
doses of radiation as compared to control.

Alteration in OCT4 and SOX2 expression in pancreatic tumor
organoids treated with 5-FU chemotherapy drug
In contrast, the data revealed that the expression of SOX2 was
reduced in PTOs that were treated with 5 µM of 5-FU (Fig. 3A, B).
Additionally, we also observed downregulation of OCT4 in PTOs

Fig. 1 Measurement of radiation and drug treatment response of
pancreatic tumor organoids by optical metabolic imaging.
A Optical metabolic imaging of pancreatic tumor organoids treated
with 100 μM of 3-BromoPyruvate, 4 Gy radiation, and combination of
both. B Quantification of metabolic images as treatment response
following the treatment with 3-BP and radiation by ImageJ (P < 0.05).

Fig. 2 Upregulation of OCT4 and SOX2 in PTOs treated with 4 Gy and 8 Gy radiation. Organoids lysates were analyzed by Western blot for
OCT4 (A), SOX2 (C), and β-actin expression. B, D Quantification estimations of OCT4 and SOX2 levels determined by densitometry
measurements of western blots from three independent experiments after normalization with β-actin (p < 0.05).
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that were treated with 5 and 10 µM of 5-FU. The data
demonstrated that there was about a 50% decrease in SOX2
expression in tumor organoids that were treated with 5 µM of
5-FU. Additionally, we found approximately 15 and 20% inhibition
of OCT4 in pancreatic tumor organoids that were treated with 5
and 10 μM of 5-FU, respectively, when compared to the untreated
control (Fig. 3C, D; p < 0.05).
To further validate our data, we also performed Flow Cytometry

analysis in pancreatic tumor organoids treated with 5-FU. Our
results demonstrated that treatment with 10 μM of 5-FU inhibited
the OCT4 expression by 77.69%, while treatment with 50 μM of
5-FU inhibited approx. 99%. Similarly, inhibition of SOX2 marker by
17.24 and 93% following the treatment as compared to untreated
control (Fig. 4A–C).

Combination of chemotherapy and radiation inhibits OCT4
and SOX2 in pancreatic tumor organoids
To investigate the synergistic effects of combination treatments in
inhibiting CSCs, we treated pancreatic tumor organoids with
individual and combined doses of 5-FU, and radiation. The tumor
organoids were first treated with 100 μM of 5-FU and then in
combination with 4 Gy and 8 Gy of radiation. After treatment, we
performed immunofluorescence staining of OCT4 and SOX2 in
tumor organoids to study their expression. The results demonstrated
combination of 100 μM of 5-FU and 4 Gy of radiation significantly
suppressed OCT4 and SOX2 expression and inhibited tumor
organoid growth as compared to untreated control (Fig. 5A, B;
p < 0.05). Likewise, 100 μM of 5-FU and 8 Gy of radiation treatment
also significantly inhibited expression of both of these CSC markers.
Notably, the results have shown that combination treatment was
more effective in inhibiting CSCs as compared to individual
treatment of either drug alone or radiation alone.
Based on our findings, we conclude that combination therapy

may be more effective in eradicating CSCs to treat pancreatic
cancer as compared to single therapy. Further, we also monitored
OCT4 and SOX2 markers expression in normal pancreatic, and
patient’s derived tumor tissues using immunohistochemistry (IHC)
staining. The heterogeneous and poorly differentiated expression
of OCT4 (Fig. 6A, B) and SOX2 (Fig. 6C, D) was found in tumor
tissues, as compared to homogenous and well differentiated
expression in normal pancreas. These results suggest that
heterogenous expression of OCT4 and SOX2 could be linked to
poor prognosis in pancreatic cancer patients and resistant to
therapies.

Activation and involvement of β-catenin signaling in chemo-
radiation resistance in pancreatic cancer
In order to study the effect of chemotherapy and radiation therapy,
both alone and in combination, on the β-catenin signaling, tumor
organoids were treated with either 10μM of 5-FU, 4 Gy of RT, or a
combination of both (10 μM of 5-FU for 12 h followed by 4 Gy of RT).
After treatment, the organoids were incubated at 37 °C for 4 h to
observe changes in β-catenin and its downregulatory signals. The
results showed that β-catenin was significantly inhibited in the
nuclear fraction of tumor organoids treated with 10 μM 5-FU, and in
combination with 4 Gy of RT, compared to the untreated control.
There was also a significant inhibition of phosphorylated β-catenin
(S33/S37/T41) in tumor organoids treated with the combination of
5-FU and radiation (8%) (Fig. 7A, B; lane 4). Furthermore, β-Catenin
(S552) was significantly inhibited (<50%) in tumor organoids treated
with the combination of 10 μM of 5-FU and 4 Gy of radiation
compared to the untreated control (Fig. 7C, D; lane 4). These results
suggest that phosphorylated β-Catenin (S552) in the nucleus was
inhibited by 5-FU, and in combination with RT, it was unable to
perform its transcriptional function. Similarly, we observed inhibition
of total β-Catenin (Fig. 7E, F; lanes 3 and 4), as well as its
downstream cMyc (Fig. 7G, H; lanes 3 and 4), in the nuclear fraction
of tumor organoids treated with 5-FU and RT. Furthermore, we also
identified GSK3B in tumor organoids treated with 4 and 8 Gy of
radiation (Supplementary Fig. 1). The exact molecular mechanism
behind chemotherapy and radiation resistance in CSCs is not yet
completely understood. However, initial research suggests that
β-catenin pathways may play a crucial role in causing radiation and
chemoresistance in pancreatic CSCs. Overall, the data strongly
suggest that the β-catenin pathway is involved in chemotherapy
and radiation resistance. Notably, the combination of 5-FU and
radiation resulted in significant inhibition of the β-catenin pathway
in cancer stem cells in pancreatic tumor organoids.

DISCUSSION
Pancreatic tumor organoids derived from primary tumor is an
attractive model system to examine treatment response to
anticancer drugs and radiation before initiating the treatment in
the clinic. In this study, tumor organoids showed a response to
drug and radiation treatment similar to that of in vivo tumors,
which could help in the treatment of patient tumors [14, 15]. We
examined the treatment response of tumor organoids to 3-BP and
radiation by Optical Metabolic Imaging (OMI). The treatment

Fig. 3 Suppression of OCT4 and SOX2 in PTOs treated with 5-FU chemotherapy drug. A, B Down regulation of OCT4 & SOX2 in PTOs
treated with 5 μM of 5-FU. C, D Down regulation of OCT4 in PTOs treated with 5 and 10 μM of 5-FU. Quantification of SOX2 and OCT4 was
performed by ImageJ software (*p= <0.05).

S. Roy et al.

3

Cell Death Discovery          (2024) 10:106 



response of tumor organoids was recorded as the change in the
redox ratio of NADH and FAD by autofluorescence [16]. The results
showed that tumor organoids treated with a combination of
100 µM of 3-BP and 4 Gy of radiation experienced 94.7% inhibition
in OMI, leading to the death of these organoids compared to the
untreated control (Fig. 1A, B). Thus, tumor organoids could serve
as an attractive model to evaluate tumor response to chemo-
radiation treatment [14, 17].
Locally advanced PC is a deadly disease with high levels of intra-

tumoral hypoxia, which causes chemotherapy and radiation
resistance by protecting CSCs. Pancreatic CSCs are present in
hypoxic niche in the tumor which are capable of self-renewal and
play an important role in therapeutic resistance and treatment
failure [7, 8]. In the present study, we have observed significant

upregulation of OCT4 and SOX2 expression in tumor organoids
treated with radiation indicating the stemness features associated
with therapeutic resistance [18, 19]. Studies have shown that the
overexpression of OCT4, and SOX2 in pancreatic tumor organoids
treated with 4 and 8 Gy of radiation can suppress the generation
of reactive oxygen species (ROS), promote DNA repair in tumor
cells [20] and can lead to resistance to radiation therapy. Previous
studies have also found that upregulation of OCT4 can cause
resistance to radiotherapy by modulating the EMT process, which
is strongly associated with tumor invasion and migration, leading
to poor prognosis in patients with rectal cancer [10, 21, 22]. The
aberrant upregulation of SOX2 has also been implicated in CSCs
self-renewal and resistance to therapies in osteocarcoma and lung
cancer patients [23] and could be an attractive target for anti-

Fig. 4 Flow Cytometry analysis of OCT4 and SOX2 in tumor organoids treated with 10 and 50 µM of 5-FU. A Untreated tumor organoids.
B Tumor organoids treated with 10 µM of 5-FU. C Tumor organoids treated with 50 µM of 5-FU.

Fig. 5 Immunofluorescence staining and quantification of OCT4 and SOX2 in PTOs treated with 5-FU and RT (*p= <0.05). A Inhibition of
OCT4 in tumor organoids treated with 100 μM of 5-FU, 4 and 8 Gy of RT, and combination of both. B Inhibition of SOX2 in tumor organoids
treated with 100 μM of 5-FU, 4 and 8 Gy radiation and combination of both.
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cancer therapy [24]. Additionally, in a recent report, SOX2 and
OCT4 have been implicated in poor prognosis of renal cell
carcinoma [25], and their coexpression contributed to immuno-
suppressive phenotype [26]. Our results also showed that 5-FU a
chemotherapy drug down regulated the expression of OCT4 and
SOX2 in tumor organoids which was further confirmed by Flow
Cytometry data. Thus, previous reports also corroborate our
finding that 5-FU inhibits cancer stemness by inhibiting phos-
phorylation of P38 and MAPK proteins which play an important
role in stemness maintenance of tumors leading to cell cycle arrest
and tumor cell death [27–30].
Furthermore, based on the experimental evidence, it has been

demonstrated that a combination of 5-FU and radiation can
effectively inhibit the immunofluorescence of OCT4 and SOX2 CSC

markers in tumor organoids, compared to a single treatment
modality. The combination treatment, therefore, can potentially
target multiple active molecular pathways in cancer cells, making
it an effective approach to treating locally advanced PC [31, 32].
Noticeably, the data has shown inhibition of the β-catenin
pathway in chemo-radiation treatment in pancreatic tumor
organoids, and the combination of 5-FU and RT effectively
inhibited both total and nuclear β-Catenin, underscoring impact
of combination treatment (Fig. 8).
In conclusion, the data unambiguously suggest that OCT4 and

SOX2 cancer stem cells markers are upregulated by radiation
treatment and could be playing an important role in radiation
resistance. The combination of 5-FU chemotherapy drug and
radiation could be an effective treatment option to kill cancer

Fig. 6 IHC staining of OCT4 and SOX2 in normal and tumor pancreatic tissues of cancer patients. A Staining of OCT4 in normal pancreatic
tissues. B OCT4 staining in pancreatic tumor tissues. C SOX2 expression in normal pancreatic tissues. D SOX2 expression in pancreatic tumor
tissues.

Fig. 7 Inhibition of β-catenin pathway in tumor organoids treated with 5-FU, radiation and combination of both (*p= <0.05).
A, B Inhibition of phosphorylated (S33/37/T41) β-catenin and its quantification in tumor organoids; lane 1, untreated control; lane 2, organoids
treated with 4 Gy radiation; lane 3, organoids treated with 10 µM 5-FU; lane 4, organoids treated with combination of 10 µM 5-FU and 4 Gy
radiation. C, D Inhibition of phosphorylated (S552) β-catenin in nucleus and its quantification in tumor organoids; lane 1, untreated control;
lane 2, organoids treated with 4 Gy radiation; lane 3, organoids treated with 10 µM 5-FU; lane 4, organoids treated with combination of 10 µM
5-FU and 4 Gy radiation. E, F Inhibition of total β-catenin and its quantification in tumor organoids; lane 1, untreated control; lane 2, organoids
treated with 4 Gy radiation; lane 3, organoids treated with 10 µM 5-FU; lane 4, organoids treated with combination of 10 µM 5-FU and 4 Gy
radiation. G, H Inhibition of cMyc expression in nuclear extracts and quantification in tumor organoids.
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stem cells in PC which might be responsible for therapy resistance
and recurrence of PC. Furthermore, pancreatic tumor organoids
could serve as a model to investigate the role of CSCs which could
be an attractive target for developing pancreatic cancer therapy.

MATERIAL AND METHODS
Culture of tumor organoids and its characterization
Pancreatic tumor organoids were grown from tumor tissues after
euthanizing animals following UMB, School of Medicine IACUC protocol
(1019006). Tumors were excised and washed with fresh DMEM/F12
medium and processed for organoid production as described earlier [14].
The finely minced tumor tissues were digested in Tissue Digestion Cocktail
(Collagenase IV (3.75ml), Dispase (3.75 ml) and DNase I (1 mg/ml) in
DMEM/F12 (22.2 ml) with 15mM HEPES) for 20min. The digested tissue
fragments were allowed to settle by gravity for 5 min and supernatant was
carefully removed and passed through 70 µm strainer (Stem Cell Tech). The
pass through was discarded, and tissues and ductal fragments were
collected in 10ml chilled DMEM/F12 in 15ml sterile falcon tube.
Subsequently, tubes were centrifuged at 300 X g for 5 min. Each pellet
was suspended into 25 µl chilled Matrigel (Corning, USA), mixed 5–8 times
with cold pipette tip, and cultured as dome in a 24 well plate prewarmed
overnight. The plates with Matrigel domes were then incubated at 37 °C for
10min with 5% CO2. After the domes solidified, 0.5 mL pancreatic cult
media containing 2.5 ng/ml recombinant EGF, 2.5 ng/ml FGF, (R&D
Systems), 2% v/v vitamin B27, 200 μg/ml ALK5 inhibitor, 0.021mg/ml
gastrin, 81.5 mg/ml N-acetylcysteine, 122mg/ml Nicotinamide, 1:1000
Y-27632 (Rho-kinase inhibitor) (Sigma) in 100ml DMEM/F12 GlutaMAX
(ThermoFisher Scientific, Waltham, MA) was added to each well. For
coculturing, cancer-associated fibroblasts (CAFs) were isolated from tumor
tissues and cultured in 60mm cell culture dish in DMEM/F12 media with
5% FBS. After three passages, CAFs were mixed with organoids in a 1:4
ratio and cultured in Matrigel dome in DMEM/F12 minimal media lacking
noggin, TGF-β inhibitor and vitamin B27. The organoid culture was
maintained in the incubator for 3-4 days to allow organoids to grow. On
day four, the plates were treated, and organoid growth was monitored
using an EVOS cell imaging system (ThermoFisher Scientific; Waltham, MA)
at 4x magnification under bright-field light condition for 10 days following
treatment.

Treatment of organoids with anti-tumor drugs and RT
For radiation treatment delivery, the co-cultured organoids were irradiated
at 2.3 Gy/min using an Xrad 320 biological irradiator (Precision X-Ray;
Madison, CT) operating at 320 kVp, 2-mm Al filtration, and 13mA (1-mm
Cu half-value layer). Samples were placed at 50-cm source-to-surface
distance on a foam surface to eliminate backscatter. Organoids were
irradiated in an AP direction, creating geometric conditions closely
matching those used for reference dosimetry. Irradiators for both in vivo
tumor and organoids irradiations were calibrated using a NIST-traceable
PTW TN30013 Farmer-type ionization chamber and a PTW Unidose

electrometer (PTW Freiburg; Breisgau, Germany) following the American
Association of Physicists in Medicine (AAPM) Task Group 61 in-air
calibration protocol for X-ray irradiators [33].
To evaluate the proliferation and response of organoids to fractionated

RT, organoids were treated with doses of 4, and 8 Gy. Irradiation
treatments were delivered in fractions of 2 Gy/fraction, with one fraction
delivered per day on subsequent days until the entire dose was delivered.
Moreover, to study effect of drug 3BP treatment, organoids were treated
with 100 µM concentration (IC50) for 24 h and growth response was
monitored and recorded by bright field imaging. In addition, to study the
combinatorial dose response of 3BP with RT, organoids were first treated
with 100 µM of 3BP for 24 h, followed by 4 Gy RT (delivered in two fractions
as described above). After all treatments, the media was changed, and
organoids were allowed to grow for 10 days. For each treatment, eight
(n= 8) organoids were studied. RT and drug induced changes in organoids
morphology was recorded once a day (every 24 h) for 10 days after chemo
treatment or delivery of the final fraction of RT treatment using brightfield
imaging obtained at ×4 and ×10 magnification with an EVOS microscope
(ThermoFisher Scientific, Waltham, MA).

Immunofluorescence and metabolic imaging
Organoids were grown in 24 well plates in 50% Matrigel (untreated or
treated as described above) were fixed in 10% formalin for 12 h, washed
with 1× PBS for three times, and treated with 0.2% triton X-100 in 1× PBS
for 5 min. The triton x-100 was removed and incubated with blocking
reagent (5% goat serum, 1% bovine serum albumin) in 1× PBS for 1 h. The
blocking reagent was removed, and organoids were incubated with either:
1) a primary antibody anti-mouse OCT4 (BioLegend, USA) in a 1:100
dilution, or 2), SOX2 also in 1:100 dilution (Cell Signaling Technology;
Danvers, MA) in a cold room overnight. The next day, antibody was
removed and washed with 1X twin-buffered saline with tween (TBST) for
5 min each for three times. Then organoids were incubated with
fluorescently labeled secondary antibody Alexa fluor 488 (ThermoFisher
Scientific; Waltham, MA) in a 1:400 dilution. After washing with 1X TBST,
organoids were incubated with Hoechst dye 1 μg/ml for 15min and
washed with 1× PBS three times. Finally, 1× PBS was added to the labeled
organoids, and fluorescence images were acquired with green and 4′,6-
diamidino-2-phenylindole (DAPI) acquisition fields. Organoids derived from
pancreatic tumors were grown under 3D environments and subjected to
different doses of radiation therapy (RT) and chemo-RT. Optical Metabolic
Imaging (OMI) was performed at various time points after treatment,
including 0, 24, 48, 72, 96, 120 and 144 h. The NADH/FAD ratio of treated
and untreated tumor organoids were measured by sequentially acquiring
NADH and FAD images for the same field of view to record
autofluorescence due to changes in tumor cell metabolism. The OMI was
acquired using a Zeiss 7MP upright multiphoton confocal microscope
equipped with a 20×1.0 NA dipping objective. A femtosecond pulsed laser
was used to excite at 750 nm, and emission was collected at 460–500 nm
with GaAsP PMTs. The treatment with radiation (RT) and 3-Bromopyruvate
prevented the oxidation of NADH to NAD+ in the electron transport chain.
Consequently, an excess of NADH led to an increase in the optical redox
ratio and NADH and FAD fluorescence. Thus, optical metabolic endpoints
distinguish the treated tumor organoids from the untreated. ImageJ
software was used to analyze images and quantify treatment response to
drugs and radiation [34].

Immunoblotting
After drug treatment for 48 h tumor organoids were harvested and
transferred in 1.5 ml tube, and incubated on ice for 15min. The organoids
were pelleted by centrifugation at 1000 rpm for 5min, and then washed
with cold 1 X PBS and suspended in 1X RIPA buffer. Organoids were
sonicated for 30 s, pulse 01, amplitude 50% using a Sonicator (Fisher
scientific, USA). The sonicated organoids were kept on ice for 15mins,
transferred to 1.5 ml tubes and centrifuged at 12000 rpm for 15min at 4 °C.
The supernatant was collected, and protein concentration was measured
using Pierce BCA protein assay kit (ThermoFisher Scientific, USA).
Immunoblot analysis was performed as described previously [35].

Flow cytometry analysis of cancer stem cell markers
Tumors organoids treated with chemo and radiation treatment were
digested with digestion cocktail and converted to single cell suspensions
for flow cytometry analysis [35]. Single cells were stained with OCT4 (Cat #
NB100-2379), and SOX2 (Cat # 4900 s) antibodies with recommended

Fig. 8 Inhibition of β-catenin pathway in CSC of pancreatic tumor
organoids.
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concentrations for 30min at 4 °C in 100 μl FACS buffer. All antibodies were
from BioLegend (San Diego, CA, USA). All flow cytometry analysis was
performed at the University of Maryland Greenebaum Comprehensive
Cancer Center Flow Cytometry Shared Services. Flow cytometry acquisition
was performed using an LSRII instrument (BD Biosciences, USA) and data
were analyzed using FlowJo software (Version 10.6, Tree Star Inc., Ashland,
OR, USA).

Immunohistochemistry staining of OCT4 and SOX2 in human
pancreatic tissues
Human pancreatic tumor tissue id # 19779, 18600, and normal pancreas
tissue id # 19988, 18421were acquired from Pathology Core at University of
Maryland Medical Center under IRB # HP-00096381. We preserved tumor
tissues in 10% formalin and sandwiched in cassette for paraffin
embedding. The embedding, tissue sectioning and slide preparation were
carried out in histopathology core facility, University of Maryland,
Baltimore. Tissue section were cut in 5 μM thickness. Unmasking and
antibody staining were performed according to the antibody provider Cell
Signaling Technology (USA), and Novus biologicals, (USA) and we used
antigen unmasking citrate-based PH 6.0, Vectastain universal quick kit
Vector Laboratories, (USA). After blocking with 2.5% horse serum provided
in kit, (vector stain) for 1 h at room temperature, the slides were incubated
with OCT4 antibodies in 1:200 dilution, (Novus biologicals, USA) and SOX2
antibodies in 1:200 (Cell Signaling Technology, USA) dilution in 1.25%
blocking buffer. Briefly, after unmasking and tissue endogenous perox-
idase inactivation we incubated the slides in 3% hydrogen peroxide for
10min, the slides were then blocked as described above. Subsequently,
the slides were incubated with the primary antibodies at 4 °C in cold room
for overnight. Next, the slides were washed with 1X TBST for 5 min with
two more repetitions. Secondary antibody incubation, and brown color
development, were performed using ABC Vectastain universal quick kit,
and DAB substrate (Vector Laboratories, USA). Counter stain was
performed with Methyl green from Vector Lab (USA). The slides were
clear with xylene, dehydrate with ethanol and mounted with cytoseal 60
(ThermoFisher Scientific USA). Images were captured with Evos microscope
color at 10 X (ThermoFisher Scientific USA).

Statistical analysis
Tumor organoids response to drugs and radiation treatment was
determined from the difference in autofluorescence (changes in OMI) of
control organoids, and the organoids subjected to a single or combination
treatment. Since each comparison involved only two data groups [(1)
untreated control and (2)] individual or combination treatment type], the
statistical significance of the difference between untreated control
organoids, and individual or combined treatment type organoids was
calculated using an unpaired one-sided student t-test (P value) [36].
Differences in autofluorescence were considered significant for P < 0.05
or lower.

DATA AVAILABILITY
The research data files will be available upon request.

REFERENCES
1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer J Clin.

2022;72:7–33.
2. Gemenetzis G, Groot VP, Blair AB, Laheru DA, Zheng L, Narang AK, et al. Survival

in locally advanced pancreatic cancer after neoadjuvant therapy and surgical
resection. Ann Surg. 2019;270:340–7.

3. Suker M, Nuyttens JJ, Groot KB, Eskens F, Van EJ. FOLFIRINOX and radiotherapy
for locally advanced pancreatic cancer: a cohort study. J Surg Oncol.
2018;118:1021–6.

4. Tao J, Yang G, Zhou W, Jiangdong Q, Guangyu C, Luo W, et al. Targeting hypoxic
tumor microenvironment in pancreatic cancer. J Hematol Oncol. 2021;14:14.

5. Mahmood J, Shukla HD, Soman S, Samanta S, Singh P, Kamlapurkar S, et al.
Immunotherapy, radiotherapy, and hyperthermia: A combined therapeutic
approach in pancreatic cancer treatment. Cancers. 2018;10:469.

6. Nallasamy P, Nimmakayala RK, Parte S, Are AC, Batra SK, Ponnusamy MP. Tumor
microenvironment enriches the stemness features: the architectural event of
therapy resistance and metastasis. Mol Cancer. 2022;21:225.

7. Yang L, Shi P, Zhao G, Xu J, Peng W, Zhang J, et al. Targeting cancer stem cell
pathways for cancer therapy. Sig Transduct Target Ther. 2020;5:8.

8. Chang JC. Cancer stem cells: Role in tumor growth, recurrence, metastasis, and
treatment resistance. Med (Baltim). 2016;95:S20–5.

9. Andreucci E, Peppicelli S, Ruzzolini J, Bianchini F, Biagioni A, Papucci L, et al. The
acidic tumor microenvironment drives a stem-like phenotype in melanoma cells.
J Mol Med (Berl). 2020;98:1431–46.

10. Zhao Y, Li C, Huang L, Niu S, Lu Q, Gong D, et al. Prognostic value of association of
OCT4 with LEF1 expression in esophageal squamous cell carcinoma and their
impact on epithelial-mesenchymal transition, invasion, and migration. Cancer
Med. 2018;7:3977–87.

11. Nathansen J, Lukiyanchuk V, Hein L, Stolte MI, Borgmann K, Löck S, et al. Oct4
confers stemness and radioresistance to head and neck squamous cell carcinoma
by regulating the homologous recombination factors PSMC3IP and RAD54L.
Oncogene. 2021;40:4214–28.

12. Xu H, Jiao D, Liu A, Wu K. Tumor organoids: applications in cancer modeling and
potentials in precision medicine. J Hematol Oncol. 2022;12:58.

13. Nagle PW, Plukker JTM, Muijs CT, van Luijk P, Coppes RP. Patient-derived tumor
organoids for prediction of cancer treatment response. Semin Cancer Biol.
2018;53:258–64.

14. Shukla HD, Dukic T, Roy S, Bhandary B, Gerry A, Poirier Y, et al. Pancreatic cancer
derived 3D organoids as a clinical tool to evaluate the treatment response. Front
Oncol. 2023;12:1072774.

15. Done AJ, Birkeland AC. Organoids as a tool in drug discovery and patient-specific
therapy for head and neck cancer. Cell Rep. Med. 2023;20:101087.

16. Shah AT, Heaster TM, Skala MC. Metabolic imaging of head and neck cancer
organoids. PLoS ONE. 2017;12:e0170415.

17. Dekkers JF, Alieva M, Wellens LM, Ariese HR, Jamieson PR, Vonk AM, et al. High-
resolution 3D imaging of fixed and cleared organoids. Nat Protoc. 2019;14:1756–71.

18. Kim BW, Cho H, Choi CH, Ylaya K, Chung J-Y, Kim J-H, et al. Clinical significance of
OCT4 and SOX2 protein expression in cervical cancer. BMC Cancer. 2015;15:1015.

19. Novak D, Hüser L, Elton JJ, Umansky V, Altevogt P, Utikal J. SOX2 in development
and cancer biology. Semin Cancer Biol. 2020;67:74–82.

20. Arnold CR, Mangesius J, Skvortsova II, Ganswindt U. The role of cancer stem cells
in radiation resistance. Front Oncol. 2020;10:164.

21. Shao M, Bi T, Ding W, Yu C, Jiang C, Yang H, et al. OCT4 potentiates radio-
resistance and migration activity of rectal cancer cells by improving epithelial-
mesenchymal transition in a ZEB1 dependent manner. Biomed Res Int.
2018;12:3424956.

22. Zhang Q, Han Z, Zhu Y, Chen J, Li W. The role and specific mechanism of OCT4 in
cancer stem cells: a review. Int J Stem Cells. 2020;13:312–25.

23. Basu-Roy U, Seo E, Ramanathapuram L, Rapp TB, Perry JA, Orkin SH, et al. Sox2
maintains self-renewal of tumor-initiating cells in osteosarcomas. Oncogene.
2012;31:2270–82.

24. Hüser L, Novak D, Umansky V, Altevogt P, Utikal J. Targeting SOX2 in anticancer
therapy. Expert Opin Ther Targets. 2018;22:983–91.

25. Rasti A, Mehrazma M, Madjd Z, Abolhasani M, Saeednejad Zanjani L, Asgari M.
Co-expression of cancer stem cell markers OCT4 and NANOG predicts poor
prognosis in renal cell carcinomas. Sci Rep. 2018;8:11739.

26. Ma T, Hu C, Lal B, Zhou W, Ma Y, Ying M, et al. Reprogramming transcription
factors Oct4 and Sox2 induce a BRD-dependent immunosuppressive tran-
scriptome in GBM-propagating cells. Cancer Res. 2021;81:2457–69.

27. Salerno S, Ståhlberg A, Holdfeldt A, Lindskog EB, Landberg G. 5-fluorouracil
treatment of patient-derived scaffolds from colorectal cancer reveal clinically
critical information. J Transl Med. 2022;20:209.

28. Zhao J, Shi X, Dong C, Liu R, Su L, Cao C. 5-fluorouracil suppresses stem cell-like
properties by inhibiting p38 in pancreatic cancer cell line PANC-1. Folia His-
tochem Cytobiol. 2022;60:55–65.

29. Banerjee V, Sharda N, Huse J, Singh D, Sokolov D, Czinn SJ, et al. Synergistic potential
of dual andrographolide and melatonin targeting of metastatic colon cancer cells:
Using the Chou-Talalay combination index method. Eur J Pharm. 2021;897:173919.

30. Sokolov D, Sharda N, Giri B, Hassan MS, Singh D, Tarasiewicz A, et al. Melatonin
and andrographolide synergize to inhibit the colospheroid phenotype by tar-
geting Wnt/beta-catenin signaling. J Pineal Res. 2022;73:e12808.

31. Narayan RS, Molenaar P, Teng J, Cornelissen FG, Roelofs I, Menezes R, et al. A
Cancer Drug Atlas enables synergistic targeting of independent drug vulner-
abilities. Nat Commun. 2020;11:2935.

32. Deborah P, Adam CP, Peter KS. Independent drug action in combination therapy:
implications for precision oncology. Cancer Discov. 2022;12:606–24.

33. Ma CM, Coffey CW, DeWerd LA, Liu C, Nath R, Seltzer SM, et al. American Asso-
ciation of physicists in medicine. AAPM protocol for 40–300 kV x–ray beam
dosimetry in radiotherapy and radiobiology. Med Phys. 2001;28:868–93. https://
doi.org/10.1118/1.1374247

34. Schneider CA, Rasband WS, Eliceiri KW. “NIH Image to ImageJ: 25 years of image
analysis”. Nat Methods. 2012;9:671–5.

35. Roy S, Dukic T, Bhandary B, Tu KJ, Molitoris J, Ko YH, et al. 3-Bromopyruvate
inhibits pancreatic tumor growth by stalling glycolysis, and dismantling

S. Roy et al.

7

Cell Death Discovery          (2024) 10:106 

https://doi.org/10.1118/1.1374247
https://doi.org/10.1118/1.1374247


mitochondria in a syngeneic mouse model. Am J Cancer Res. 2022;12:4977–87.
PMID: 36504891; PMCID: PMC9729896

36. Mishra P, Singh U, Pandey CM, Mishra P, Pandey G. Application of Student’s t-test,
analysis of variance, and covariance. Ann Card Anaesth. 2019;22:407–11.

ACKNOWLEDGEMENTS
The authors thank Dr William F Regine, MD, FACR, FACRO, and Dr France Carrier, PhD for
helpful discussion, to Flow Cytometry and Confocal cores for Optical Metabolic Imaging,
and Flow Cytometry analysis. We thank Dr. Aaron Ciner, MD for his suggestions. This
work was supported by American Cancer Society Grant (ACS-IRG) to Hem D Shukla.

AUTHOR CONTRIBUTIONS
SR TD and ZK performed the experiments, HDS, AB, JM, and NL designed the
experiments. AB provided the antibodies for phospho β-catenin, total β-catenin,
cMyc, Sox2, Oct4. HDS and AB wrote and revised the manuscript. SR and HDS
analyzed the data. AB improved qualities of the figures. All authors had the
opportunity to discuss the results and comment on the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS
All animal experiments were performed according to IACUC guidelines under
protocol # 1019006, and all clinical samples were acquired under IRB protocol # HP-
00096381 of University of Maryland School of Medicine.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-024-01871-1.

Correspondence and requests for materials should be addressed to Hem D. Shukla.

Reprints and permission information is available at http://www.nature.com/
reprints

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

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

S. Roy et al.

8

Cell Death Discovery          (2024) 10:106 

https://doi.org/10.1038/s41420-024-01871-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	SOX2 and OCT4 mediate radiation and drug resistance in pancreatic tumor organoids
	Introduction
	Results
	Analysis of drug and radiation treatment response of pancreatic tumor organoids by Optical Metabolic Imaging
	Upregulation of OCT4 and SOX2 expression in tumor organoids treated with 4 and 8&#x02009;Gy of radiation
	Alteration in OCT4 and SOX2 expression in pancreatic tumor organoids treated with 5-FU chemotherapy�drug
	Combination of chemotherapy and radiation inhibits OCT4 and SOX2 in pancreatic tumor organoids
	Activation and involvement of β-catenin signaling in chemo-radiation resistance in pancreatic�cancer

	Discussion
	Material and methods
	Culture of tumor organoids and its characterization
	Treatment of organoids with anti-tumor drugs�and RT
	Immunofluorescence and metabolic imaging
	Immunoblotting
	Flow cytometry analysis of cancer stem cell markers
	Immunohistochemistry staining of OCT4 and SOX2 in human pancreatic tissues
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics
	ADDITIONAL INFORMATION




