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Abstract

Background: The multicellular tumor spheroid (MCTS) is an in vitro model associating malignant-cell

microenvironment and 3D organization as currently observed in avascular tumors.

Methods: In order to evaluate the relevance of this model for pre-clinical studies of drug combinations, we

analyzed the effect of gemcitabine alone and in combination with the CHIR-124 CHK1 inhibitor in a Capan-2

pancreatic cell MCTS model.

Results: Compared to monolayer cultures, Capan-2 MCTS exhibited resistance to gemcitabine cytotoxic effect. This

resistance was amplified in EGF-deprived quiescent spheroid suggesting that quiescent cells are playing a role in

gemcitabine multicellular resistance. After a prolonged incubation with gemcitabine, DNA damages and massive

apoptosis were observed throughout the spheroid while cell cycle arrest was restricted to the outer cell layer,

indicating that gemcitabine-induced apoptosis is directly correlated to DNA damages. The combination of

gemcitabine and CHIR-124 in this MCTS model, enhanced the sensitivity to the gemcitabine antiproliferative effect

in correlation with an increase in DNA damage and apoptosis.

Conclusions: These results demonstrate that our pancreatic MCTS model, suitable for both screening and imaging

analysis, is a valuable advanced tool for evaluating the spatio-temporal effect of drugs and drug combinations in a

chemoresistant and microenvironment-depending tumor model.
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Background

Pancreatic ductal adenocarcinoma (PDAC) is one of the

most lethal cancers with less than 5% of overall patient

survival after 5 years. Local and distant invasion, resis-

tance to chemotherapy and radiotherapy and lack of

early detection are responsible for this poor prognosis.

Gemcitabine (2’,2’-difluorodeoxycytidine, a pyrimidine

nucleoside analogue) chemotherapy, is the standard

treatment of the patients. The combination of gemcita-

bine with other chemo- or biotherapies has resulted in a

very limited prognostic improvement. Recently, a high

throughput RNAi screen identified the checkpoint

kinase 1 (CHK1) as a gene conferring resistance to gem-

citabine in pancreatic cancer cells [1]. CHK1 is a key

component of the cell cycle checkpoints that are acti-

vated by genomic and replicative stress (review in [2]).

This checkpoint activation is known to facilitate DNA

repair. Consequently, CHK1 may play an important role

in the resistance of tumor cells to genotoxic therapy,

raising the possibility that inhibitors of checkpoint
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kinases may be useful adjuvant agents in chemotherapy

of cancer. In the case of pancreatic cancer, in vitro and

in vivo studies have shown that CHK inhibitors enhance

the antitumor activity of gemcitabine [3-5].

The MultiCellular Tumor Spheroid (MCTS) model is

generally considered as a better model than two dimen-

sional culture to predict the in vivo response to drug

treatments [6-8] and it is now widely accepted that

MCTS reproduce more accurately the tumor microen-

vironment than monolayer cell cultures. While growing,

spheroids display a gradient of proliferating cells from

the outer cell layers with quiescent cells located more

centrally. When deprived of oxygen and glucose, central

cells die and a necrotic zone is formed. This cell hetero-

geneity is similar to that found in avascular micro-

regions of tumors [9]. It is well established that solid

tumor environment induces the level of drug resistance

to many chemotherapeutic agents. This phenomenon,

called multicellular resistance [10], emerges as soon as

cancer cells have established contacts with surrounding

cells or extracellular matrix, i.e. its microenvironment.

In MCTS, cancer cells can acquire this multicellular

resistance by interacting efficiently in 3 dimensions with

their environment [10-12].

In order to contribute to the discovery of new anti

pancreatic cancer agents or new potent combinations

with gemcitabine, we describe here the development

and the validation of a new spheroid model mimicking

the structure and chemo resistance of pancreatic solid

tumors compared to conventional 2D cell culture mod-

els. We also present the spatio-temporal parameters of

the biological response of gemcitabine alone or com-

bined with a CHK1 inhibitor, CHIR-124.

Materials and methods

Reagents

Gemcitabine was purchased from Sigma. CHIR-124 was

a generous gift of Dr Alain Pierré (Institute de

Recherche Servier).

Cell culture

Capan-2 pancreatic cancer cells were cultured in

DMEM/F12 (Invitrogen, France) containing 10% FCS

with 2 mmol/l glutamine and penicillin/streptomycin in

a humidified atmosphere of 5% CO2 at 37°C. Capan-2

cells were transduced with a lentiviral vectors coding for

fused green -emitting fluorescent proteins to Geminin

[13].

Spheroid generation

Spheroids were prepared according to [14]. A Capan-2

cell suspension containing 104 cells/ml of DMEM/F12

supplemented with EGF (20 ng/ml) (Invitrogen) and

B27 (Invitrogen) was prepared. 100 μl of this cell

suspension were plated on each well of poly-HEMA-

coated 96-well plates. The plates were centrifugated at

200 g during 6 min and then incubated in a humidified

atmosphere of 5% CO2 at 37°C. By using this technique

we obtained single spheroids in each well, the variation

of size between spheroids is less than 10%. In order to

generate quiescent spheroids, after a first 4 days growth

phase in defined medium (DMEM/F12 supplemented

with EGF and B27), spheroids were washed twice with

media containing 10% FCS, and then incubated with

this media during 1-6 days.

Spheroid viability quantification

Spheroid viability was quantified by ATP monitoring

with the Perkin Elmer ATPlite™ assay system. This sys-

tem is based on the production of light caused by the

reaction of ATP, a cell viability marker present in cell

lysate, with added luciferase and D-luciferin. We

adapted ATPlite assay procedure for spheroid applica-

tion, especially concerning spheroid dissociation and cell

lysis. Then 100 μl of mammalian cell lysis solution

(ATPlite kit) were added to each well containing one

spheroid in 100 μl of culture medium. The plate was

shaken for 20 min. In order to read luminescent signal,

75 μl of the cell lysate was transferred to a black 96-well

plate. Then 37 μl of DMEM/F12 medium containing

10% FCS and 37 μl of ATPlite kit substrate solution

were added. After 15 min of shaking, the luminescence

signal was read on an Envision® plate reader (Perkin

Elmer).

Immunofluorescence on frozen sections

Capan-2 spheroids were rinsed with PBS and fixed in

4% neutral-buffered formalin (Sigma) for 2 h. After fixa-

tion, spheroids were processed for 5 μm frozen sections.

Sections were incubated overnight at 4°C with antibo-

dies directed against cleaved form of PARP (rabbit

monoclonal, Epitomics, 1/1000), or gH2AX phosphory-

lated (mouse monoclonal, Upstate, 1/200) and Ki67

(rabbit polyclonal, Santa Cruz, 1/200). After washing in

PBS/Triton 0.1% v/v, the secondary antibody was

applied (Alexa 488-anti-mouse or Alexa 594-anti-rabbit,

Molecular Probes, 1/800, for 1 h at room temperature).

To determine cell cycle repartition, sections of Capan-2

spheroids expressing the green FUCCI probe were

directly analyzed by fluorescence imaging. The observa-

tions were based on the examination of 3 sections from

at least 5 spheroids. Each experiment has been repeated

a minimum of 3 times.

Cytotoxicity assays

Spheroids were generated using 1000 cells in 100 μl per

well as indicated in spheroid generation section. After 4

days of culture, chemotherapeutic agents or
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combinations were added (10 μl/well). Spheroid viability

was evaluated by ATP quantification after 72 h com-

pound treatment. Tests were performed in triplicate and

the data presented are from at least three separate

experiments. ATP content percentage was calculated

with regard to non-treated spheroid and showed cell

growth inhibition and/or toxicity. The 50% effective

concentration (EC50) of a compound is the concentra-

tion which provokes 50% of the maximal effect (ATP

production decrease) of this drug. Curve fittings were

performed with GraphPad (San Diego, CA) Prism ver-

sion 4.0 software using the sigmoidal dose-response to

determine EC50 values.

Results

Generation of Capan-2 spheroids in microplate

In order to obtain a model of pancreatic multicellular

spheroid, we tested several pancreatic cancer cell lines

including BxPC3, MiaPaCa, Panc-1, AsPC-1, Capan-2. A

pancreatic cancer spheroid model was obtained only

with Capan-2 cell line. Seeding of 103 Capan-2 pancrea-

tic cancer cells in DMEM/F2 medium supplemented

with 10% serum allowed cell association and stabiliza-

tion in spherical structure after centrifugation. However,

whereas this medium allowed Capan-2 cell proliferation

in monolayer culture, it was not able to sustain Capan-2

cell growth in spheroid in 96-well plates (Figure 1a).

Consequently, different growth media composition were

evaluated and we found that defined DMEM/F12 med-

ium supplemented with EGF and B27 induced Capan-2

spheroid growth up to 16-fold between day 1 and day

10. Determination of cell viability by measurement of

cell ATP content (Figure 1b) confirmed that Capan-2

spheroids grown faster in the defined medium. Intra-

and inter-assay precision of spheroid volume and ATP

measurement was found to be suitable to ensure robust

pharmacological studies (variation of size and ATP were

less than 10%) (data not shown). To confirm the depen-

dence on EGF, Capan-2 spheroids were cultured in

defined medium supplemented with EGF. Four days

later, EGF was washed out and Capan-2 spheroids were

maintained in 10% serum. In this condition, we

observed that Capan-2 spheroid growth was inhibited

(Figure 1c).

The spheroid internal structure depends on a nutrient

and oxygen gradient which controls a decreasing gradi-

ent of cell proliferation from the periphery to the center

of spheroid. A central necrotic area is generally observed

in spheroids larger than 500 μm due to critical O2 con-

centration in the central zone [9]. We determined the

repartition of proliferative and apoptotic cells in Capan-

2 spheroids of various sizes cultured in defined medium

supplemented with EGF and B27 (Figure 2). Formalin-

fixed tissue-teck-embedded Capan-2 spheroid sections

were immuno-stained for the proliferation and apoptotic

markers Ki-67 and cleaved PARP respectively. We

found that proliferative and non proliferative cells were

distributed throughout the 400 μm size Capan-2 spher-

oid and a gradient of proliferation appears on spheroid

measuring 600 μm and more in diameter. While apopto-

sis was not detected in 400 μm spheroids, apoptotic

cells were observed in the center of the spheroid of lar-

ger diameters (Figure 2). Consequently, this model

allows the investigation of drug response taking into

account cell heterogeneity.

Resistance to gemcitabine treatment of the Capan-2

spheroid model

Considering increase in spheroid size, change in prolif-

eration gradient and the occurrence of a necrotic core,

we applied cytotoxic treatment (3 days) between days 4

and 7, thus avoiding overlapping effects. Indeed, we did

not observe significant difference in gemcitabine EC50

between 4, 5, 6 and 7 days spheroids (diameter ranging

from 400 to 600 μm) (data not shown). As a conse-

quence we cultured spheroids for four days before treat-

ment as this protocol is compatible with automated

HTS application. We first compared the effect of gemci-

tabine on Capan-2 cells growing as monolayer and as

spheroid. Figure 3 shows the effect of different gemcita-

bine concentrations on spheroid culture compared to

the monolayer culture. We observed that a 3 day treat-

ment with gemcitabine exerted a similar efficiency

(100% ATP decrease) but gemcitabine potency was

found to be much higher in monolayer culture (EC50 =

0.66 10-7 M) compared to spheroids (EC50 = 4.2 10-7

M) indicating that gemcitabine effect could be corre-

lated to multicellular growth condition.

To evaluate if this resistance is linked to the presence

of quiescent cells in the Capan-2 spheroid, we tested the

response to gemcitabine treatment of quiescent spher-

oids. Capan-2 spheroid need for EGF was used to

induce a quiescent state. As already shown in Figure 1c,

when Capan-2 spheroids were cultured in absence of

EGF in 10% serum, an inhibition of growth was

observed. In this condition the potency of gemcitabine

was 13-fold lower in quiescent Capan-2 spheroid than

in proliferative Capan-2 spheroid (Figure 3). Thus this

Capan-2 spheroid model mimics multicellular resistance

to gemcitabine.

Gemcitabine cytotoxicity in capan-2 spheroid is

associated with induction of DNA damage, cell cycle

perturbation and apoptosis

The gemcitabine cytotoxic effect is mediated by induc-

tion of DNA damage [15]. We used the spheroid model

to determine how gemcitabine-induced DNA damage

occurs in function of cell position within the spheroid.
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Figure 1 Growth of Capan-2 spheroids. The Capan-2 spheroids were grown in the presence of 10% serum (gray squares) or defined medium

added with EGF and B27 (black triangles) without any medium change (a and b). (a) Spheroid size. The diameter of each spheroid was

measured by microscopic observation with an ocular micrometer and sphere volume was calculated. (b) Cell viability. Spheroid viability was

quantified by ATP monitoring with the luminescent ATPlite assay. (c) Induction of a quiescent state on Capan-2 spheroid. Capan-2 spheroid

culture was initiated in presence of 10% serum and EGF and four days after culture initiation, EGF was (gray squares) or not (black triangles)

removed from the culture medium. Capan-2 spheroid viability was followed during a 6 days additional period with the luminescent ATPlite

assay. Each point is the mean ± SD of 6 spheroids.
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The Histone H2AX phosphorylation at Ser139 (g-

H2AX) was used as a marker of DNA damage. Immu-

nodetection of this phosphorylated form g-H2AX on

frozen sections of gemcitabine-treated Capan-2 spher-

oids (used at their EC50 value, 4.10-7 M) showed that

DNA damage was restricted to the outer cell layer until

48 h after gemcitabine addition (Figure 4).

In order to monitor gemcitabine-induced cell cycle

intra-S and G2/M checkpoints response in a 3-D

context we used Capan-2 cells expressing FUCCI repor-

ter corresponding to the fluorescent protein geminin-

mAG (green) which accumulates in cell nuclei in S-,

G2- and M-phase [13]. In control spheroids the FUCCI-

green reporter was expressed in cells located throughout

the spheroid however the proportion of FUCCI-green

cells was higher in cells located in the outer cell layer

(Figure 4). In agreement with the fact that a S-phase

checkpoint is activated in response to gemcitabine [16],

KI67

400 μm 600 μm 800 μm 

Cleaved PARP

Figure 2 Distribution of proliferative and apoptotic cells in Capan-2 spheroids of different sizes. Ki-67 and cleaved form of PARP were

analyzed by immunodetection on 5 μm frozen sections in Capan-2 spheroids of different size. 400, 600 and 800 μm correspond respectively to

spheroid at days 4, 7, and 12 after culture initiation in defined medium supplemented with EGF and B27. The scale bar corresponds to 100 μm.

Results shown are representative of the examination of 3 sections from 5 spheroids. Each experiment has been repeated 3 times.
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Figure 3 Gemcitabine effect on cell viability after 72 h treatment on Capan-2 cells cultured as monolayer (open circle), spheroid in

defined medium supplemented with EGF and B27 (black triangles), or as quiescent Capan-2 spheroid (gray squares). Each point is the

mean ± SD of 3 replicates. Dose-response experiments were fitted with GraphPad Prism software.
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a 16 h treatment of Capan-2 spheroid with gemcitabine

resulted in a regionalization of the FUCCI green expres-

sing cells that located only in the outer cell layers. This

accumulation of cells in the S/G2/M phases of the cell

cycle was maintained 48 h after gemcitabine addition.

The therapeutic potential of gemcitabine results from

its ability to induce apoptosis in tumor cells. Gemcita-

bine-induced apoptosis was examined using immunode-

tection of cleaved form of PARP on frozen sections. We

found that, whereas apoptotic cells were not detected 16

h after addition of gemcitabine, a massive apoptosis

occurred throughout the spheroid after 48 h of treat-

ment (Figure 4).

Gemcitabine and CHIR-124 induced a synergistic

cytotoxic effect on capan-2 spheroid

Inhibitors of CHK1 have previously been shown to

enhance gemcitabine cytotoxic effect against pancreatic

cancer cells [3-5]. CHIR-124 is a potent inhibitor of

CHK1 activity [17]. CHIR-124 induced a decrease in

Capan-2 spheroid viability (EC50 = 6.7 10-8 M; 100%

efficiency) (data not shown). We then determined the

impact of CHIR-124 on the sensibility of Capan-2

spheroid to gemcitabine. For combination experiments

we selected doses of CHIR-124 and gemcitabine below

their respective EC50. For several CHIR-124/Gemcita-

bine combinations, we observed a synergistic effect of

the two compounds corresponding to higher inhibition

potency than the addition of the two compounds tested

separately. For example, a co-treatment of Gemcitabine

and CHIR-124 at their EC20 resulted in a 79% ATP

decrease. Thus, at a sub-toxic concentration, CHIR-124

potentiated the cytotoxic effect of a low dose of gemci-

tabine (Figure 5).

CHIR-124 modulates the spatial response of capan-2

spheroid to gemcitabine

We tested whether the CHIR-124 potentiation of gemci-

tabine cytotoxic effect on Capan-2 spheroid correlates

with an increase in gemcitabine-induced DNA damage.

As shown in Figure 6 (after a 16 h treatment), a low

gemcitabine concentration had minimal effect on the

induction of DNA damage (gH2AX staining), apoptosis

(cleaved PARP) and accumulation of cells in S/G2/M

Control  16h  48h  

H2AXp

Green FUCCI 

probe 

Gemcitabine 4.10-7M

Cleaved 

PARP 

Figure 4 Spatio-temporal response of Capan-2 spheroid to gemcitabine. Analysis of gemcitabine response was done on 5 μm frozen

sections of Capan-2 spheroids treated 16 h and 48 h with 4.10-7 M gemcitabine. DNA damage was revealed by immunodetection of

phosphorylated of gH2AX, S phase checkpoint was monitored on Capan-2 spheroid expressing the geminin-mAG FUCCi green probe and

apoptosis was analyzed by immunodetection of cleaved form of PARP. Images were collected using a X10 objective. The scale bar corresponds

to 100 μm. Results shown are representative of the examination of 3 sections from 5 spheroids. Each experiment has been repeated 3 times.
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phases (FUCCI reporter) in the outer cell layer. CHIR-

124 at a low dose showed a very weak effect on cell

accumulation in the S/G2/M phase, apoptosis and DNA

damage. When CHIR-124 was combined with gemcita-

bine at these same doses, the effect on DNA damage

and apoptosis was significantly improved mainly in the

outer layer of the MCTS. All these measurements were

performed in several independent experiments as shown

for apoptosis image analysis (Additional file 1: Figure

S1). From these images, induced apoptosis was quanti-

fied by counting PARP-C positive cells per spheroid sec-

tion and showed a clear synergic effect (Additional file

2: Figure S2).

It has been reported that CHK inhibitors abrogate the

gemcitabine induced S phase checkpoint [3-5]. However,

in our combination experiments, the gemcitabine-

induced accumulation of cells in S/G2/M phases is too

low to observe a clear reversion of this effect in pre-

sence of CHIR-124 (Figure 6). These results indicated

that the potentiation of spheroid proliferation inhibition

of gemcitabine by CHIR-124 was associated with a cell

cycle checkpoint abrogation leading to the induction of

DNA damage and apoptosis.

Discussion

Standard chemotherapeutic drugs have limited effect in

large-scale clinical trials for pancreatic cancer. Because

of the very poor prognosis of this type of cancer, novel

approaches are therefore urgently needed. Most in vitro

screening approaches are based on monolayer culture of

pancreatic cancer cells but it is well established that

tumor microenvironment plays an important role in

response to chemotherapy. It is therefore of major

importance that more predictive pharmacological mod-

els be developed for the assessment of new therapeutic

strategies.

Multicellular Tumor Spheroids are of particular

interest as they offer a level of intermediate complexity

that recapitulate the three-dimensional organization of

a tumor and integrate the notion of microenvironment.

The production of 500-600 μm large spheroids from

various epithelial cancer cell lines has already been

shown for colon, breast, prostate and kidney but not

pancreas with the liquid overlay technology [18].

Spheroids from several pancreatic ductal adenocarci-

noma (PDAC) cell lines were obtained on micro-pat-

terned culture plates but no pharmacological analysis

were presented with these models [19]. Recently,

PDAC cell lines grown in 3D collagen microenviron-

ment were shown to proliferate in the presence of

gemcitabine whereas they stopped growing when culti-

vated on tissue culture plastic indicating that 3D cell

organisations could have an impact on pancreatic can-

cer cell drug sensitivity [20]. Then, the development of

new MCTS models represents an interesting way to

improve the discovery of new treatment. By using the

in vivo validated gemcitabine and CHIR124 molecules

[3], we show here that our Capan-2 MCTS model for
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Figure 5 Gemcitabine and CHIR-124 produce a synergistic cytotoxic effect on Capan-2 spheroid. Spheroids were treated for 72 h after 4

day initial culture with gemcitabine, CHIR-124 or a combination of the 2 compounds at concentration corresponding to their respective EC20

values. Spheroid viability was quantified at day 7 by ATP monitoring with the luminescent ATPlite assay. ATP content percentage was calculated

with regard to non-treated spheroid and showed cell growth inhibition and/or toxicity.
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pancreatic cancer could detect effective drug

combinations.

In this study we developed an “automation friendly”

spheroid model of Capan-2 pancreatic cancer cell spher-

oids in 96 well-plates. We chose ATP quantification to

measure the effect of chemical compounds on cell viabi-

lity and proliferation. We showed that epidermal growth

factor (EGF) was necessary to maintain Capan-2 cell

proliferation in a 3-D context, whereas it was not the

case in monolayer. It is well known that EGF plays an

important role in pancreatic cancer progression and

EGF and its ligand over-expression have been frequently

observed in pancreatic cancer [21,22]. A recent study

reporting the effects of EGF ligands in different culture

conditions of ovarian cancer cells clearly showed that in

contrast to monolayer culture, spheroids facilitated

growth stimulatory activity of EGF ligands [23]. This

EGF dependent-proliferation of spheroids emphasized

the relevance of this model by comparison with cell

monolayer and with tumor context. Moreover, the

EGFR systems and associated signaling pathway could

be promising targets for pancreatic cancer treatment

[24]. Consequently Capan-2 cell spheroid appears to be

a relevant model to screen for EGF signaling targeting

compounds.

A proliferation gradient was observed for spheroids

around 600 μm diameter: proliferative cells were located

in the outer layer whereas quiescent cells were located

more centrally. It has been previously shown that when

the central cells become deprived of oxygen and glucose,

cell death and necrosis occur [9]. According to this, we

found that apoptotic cells were detected in the spheroid

center after 7 days when the spheroid size reached 600

μm. This proportion greatly increased until day 12. The

characterization of the proliferation gradient in the

spheroid of different sizes clearly showed that there was

a window to test antitumoral compounds. This window

started when proliferation gradient was established (after

4 days) but before central necrosis appeared at onset of

treatment (before 7 days).

Most in vitro studies on the response of pancreatic

cancer cell to gemcitabine were based on monolayer cell

culture. A study reports that gemcitabine was less

potent when cancer cells were grown as multilayer

Figure 6 Spatio-temporal response of Capan-2 spheroid to gemcitabine and Chk1 inhibitor. Analysis of gemcitabine response in presence

and absence of CHK1 inhibitor was done on 5 μm frozen sections of Capan-2 spheroids treated 16 h with 10-7 M gemcitabine alone, 2 10-8 M

CHIR-124 alone or the combination of gemcitabine and CHIR-124 at these same doses. DNA damage was revealed by immunodetection of

phosphorylated of gH2AX, S phase checkpoint was monitored on Capan-2 spheroid expressing the geminin-mAG Fucci green probe and

apoptosis was analyzed by immunodetection of cleaved form of PARP. Images were collected using a X10 objective. The scale bar corresponds

to 100 μm. Results shown are representative of the examination of 3 sections from 5 spheroids. Each experiment has been repeated 3 times.

Dufau et al. BMC Cancer 2012, 12:15

http://www.biomedcentral.com/1471-2407/12/15

Page 8 of 11



compared to monolayer cultures [25]. It is well estab-

lished that for many chemotherapeutic drugs a solid

tumor environment results in an increased level of drug

resistance, a phenomenon called the multicellular resis-

tance. Multicellular resistance emerges as soon as cancer

cells have established contacts with their microenviron-

ment, homologous cells, heterologous cells or extracellu-

lar matrix [10,26]. This contact dependent resistance

can be observed when cell are cultured as spheroid.

Spheroid culture of glioblastoma cells are less sensitive

to gemcitabine than monolayer cells [27]. Our results

show that pancreatic Capan-2 cells cultured as spheroids

are also less sensitive to gemcitabine than Capan-2

monolayer. This result agrees with a recent study show-

ing that a 3-D collagen microenvironment protects pan-

creatic cancer cells from gemcitabine-induced

proliferation arrest [20]. Spheroid permeability, presence

of quiescent and hypoxic cells could explain this resis-

tance [10]. Our observation that gemcitabine potency

was reduced in quiescent Capan-2 spheroid suggests

that pancreatic cancer cell proliferation status plays a

role in gemcitabine response.

DNA damage induced by gemcitabine results in acti-

vation of S cell cycle checkpoint and apoptosis [15]. In

addition to assess the global cytotoxicity of anticancer

agents, the spheroid model allows to image cell response

in function of their position within the spheroid [12,28].

H2AX phosphorylation, which has been demonstrated

as a pharmacodynamic indicator of gemcitabine-induced

stalled replication forks [15], was first used to image

gemcitabine response in Capan-2 spheroid. The estab-

lishment of gemcitabine-induced S phase checkpoint

was characterized by using Capan-2 cells expressing the

Fucci reporters corresponding to the fluorescent protein

geminin-mAG (green) that is expressed in S/G2/M

phases of the cell cycle. Our results show that 16 h after

gemcitabine addition only the cells located in the outer

cell layer are targeted by gemcitabine. Indeed, cells of

the outer cell layer are those with damaged DNA and

accumulated in the S/G2/M phases of the cell cycle.

This spatially confined DNA damage may result from

limited drug penetration or a low sensitivity of non-pro-

liferating cells in deeper spheroid layers. Our results do

not discriminate between these two hypotheses. One

limitation to gemcitabine efficacy is its poor penetration

in human tumors [22,29,30]. Using a multicellular layer

method to study drug penetration it has been shown

that the penetration of gemcitabine in multicellular cell

layer is independent of cell concentration but decrease

with the thickness of the layer [31]. 48 h after gemcita-

bine addition, cells arrested in the S phase remained

located in the outer cell layer whereas DNA damages

and apoptosis were detected throughout the spheroid

suggesting that DNA damage rather than cell cycle

arrest are correlated with apoptosis. This result agrees

with a previous study showing that in spheroids the per-

sistence of DNA damage determined by gH2AX staining

predicted clonogenic cell survival [32].

One field of spheroid interest is the study of drug

combination. Inhibition of CHK1 represents a targeted

approach to selectively enhance the cytotoxicity of

DNA-damaging agents in tumor cells. Whereas, p53-

deficient cells have been preferentially killed by the

combination of a DNA damaging agent, which arrest

the cell cycle in G2, followed by CHK1 inhibitor, p53-

proficient tumors could potentially be targeted by con-

current administration of an antimetabolite and a CHK1

inhibitor [33]. CHK1 inhibitors are able to potentiate

gemcitabine cytotoxicity in vitro and in vivo

[3,4,16,34,35]. In agreement with these results our data

show that gemcitabine and a CHK1 inhibitor (CHIR-

124) exert a synergistic cytotoxic effect on Capan-2

spheroid. This synergic cytotoxic effect was associated

with an increase in the ability of gemcitabine to trigger

DNA damage and apoptosis. Taken together these data

indicate that the spheroid model provide new informa-

tion concerning the role of cancer cell microenviron-

ment on the gemcitabine and CHK1 inhibitor pancreatic

cancer cell response.

Conclusions

In conclusion we have developed a 3-D model of pan-

creatic cancer cells growing as single spheroid with

homogenous size in 96 -well plates. The rationale for

using spheroid model in high throughput anticancer

drugs screening has been highlighted [8,35]. The Capan-

2 spheroid model may be useful in evaluating com-

pounds targeting the EGF signaling pathway. Further-

more our study underscores the predictive power of

three-dimensional culture to assess the pharmacological

activity of drug combination. While this model does not

really mimic in vivo situation, particularly for compound

delivery and stability, this model may partly reduce ani-

mal xenograft utilization. Pancreatic cancer spheroid

model could therefore serve as an intermediate deci-

sion-making step in the pre-clinical development of

drug combination for pancreatic cancer.

Additional material

Additional file 1: Figure S1. Induction of apoptosis upon exposure of

Capan-2 spheroid to Gemcitabine and CHIR-124. Analysis was performed

as described in Figure 6. Apoptosis was revealed by immunodetection of

cleaved form of PARP. Three sections from different spheroids are shown

here to illustrate the reproducibility of the observation. The scale bar

corresponds to 100 μm.

Additional file 2: Figure S2. Quantification of the induction of

apoptosis upon exposure of Capan-2 spheroid to Gemcitabine and CHIR-

124. Analysis was performed as described in Figure 6. Apoptosis was
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revealed by immunodetection of cleaved form of PARP. Spheroid

sections were analyzed to quantify the number of cells with cleaved

PARP using the FIJI software (measure plugin). The data are expressed as

the percentage of spheroid sections displaying 0 to 10, 10 to 20, or more

than 20 PARP-C positive cells.

Acknowledgements

We gratefully acknowledge the members of our group for discussions and

support of this project. This work was supported by the C.N.R.S, l’Université

Paul Sabatier, la Région Midi-Pyrénées, and la Fondation InNaBioSanté

(ONCO-SP-IM project).

Author details
1USR 3388 CNRS/Pierre Fabre, Centre de Recherche et Développement Pierre

Fabre, 3 avenue Hubert Curien BP 13562, 31035 Toulouse Cedex1, France.
2Université de Toulouse and CNRS, ITAV-UMS3039, Toulouse, France. 3CHU

de Toulouse, Toulouse, France. 4INSERM and Université de Toulouse, CRCT-

UMR1037, Toulouse, France.

Authors’ contributions

ID, CF, FS, LD, PC and AV performed experiments. FA, BD and AV directed

the study. ID, FA, BD and AV wrote the paper. All authors read and

approved the final manuscript.

Competing interests

The authors declare that they have no competing interests.

Received: 2 August 2011 Accepted: 13 January 2012

Published: 13 January 2012

References

1. Azorsa DO, Gonzales IM, Basu GD, Choudhary A, Arora S, Bisanz KM,

Kiefer JA, Henderson MC, Trent JM, Von Hoff DD, Mousses S: Synthetic

lethal RNAi screening identifies sensitizing targets for gemcitabine

therapy in pancreatic cancer. J Transl Med 2009, 7:43.

2. Ma CX, Janetka JW, Piwnica-Worms H, Death by releasing the breaks: CHK1

inhibitors as cancer therapeutics. Trends Mol Med 2011, 17:88-96.

3. Matthews DJ, Yakes FM, Chen J, Tadano M, Bornheim L, Clary DO, Tai A,

Wagner JM, Miller N, Kim YD, Robertson S, Murray L, Karnitz LM:

Pharmacological abrogation of S-phase checkpoint enhances the anti-

tumor activity of gemcitabine in vivo. Cell Cycle 2007, 6:104-110.

4. Parsels LA, Morgan MA, Tanska DM, Parsels JD, Palmer BD, Booth RJ,

Denny WA, Canman CE, Kraker AJ, Lawrence TS, Maybaum J: Gemcitabine

sensitization by checkpoint kinase 1 inhibition correlates with inhibition

of a Rad51 DNA damage response in pancreatic cancer cells. Mol Cancer

Ther 2009, 8:45-54.

5. Morgan MA, Parsels LA, Zhao L, Parsels JD, Davis MA, Hassan MC,

Arumugarajah S, Hylander-Gans L, Morosini D, Simeone DM, Canman CE,

Normolle DP, Zabludoff SD, Maybaum J, Lawrence TS: Mechanism of

radiosensitization by the Chk1/2 inhibitor AZD7762 involves abrogation

of the G2 checkpoint and inhibition of homologous recombinational

DNA repair. Cancer Res 2010, 70:4972-4981.

6. Kunz-Schughart LA, Kreutz M, Knuechel R: Multicellular spheroids: a three-

dimensional in vitro culture system to study tumour biology. Int J Exp

Pathol 1998, 79:1-23.

7. Kunz-Schughart LA: Multicellular tumor spheroids: intermediates between

monolayer culture and in vivo tumor. Cell Biol Int 1999, 23:157-161.

8. Kunz-Schughart LA, Freyer JP, Hofstaedter F, Ebner R: The use of 3-D

cultures for high-throughput screening: the multicellular spheroid

model. J Biomol Screen 2004, 9:273-285.

9. Sutherland RM: Cell and environment interactions in tumor microregions:

the multicell spheroid model. Science 1988, 240:177-184.

10. Desoize B, Jardillier J: Multicellular resistance: a paradigm for clinical

resistance? Crit Rev Oncol Hematol 2000, 36:193-207.

11. Mellor HR, Ferguson DJ, Callaghan R: A model of quiescent tumour

microregions for evaluating multicellular resistance to chemotherapeutic

drugs. Br J Cancer 2005, 93:302-309.

12. Fayad W, Brnjic S, Berglind D, Blixt S, Shoshan MC, Berndtsson M,

Olofsson MH, Linder S: Restriction of cisplatin induction of acute

apoptosis to a subpopulation of cells in a three-dimensional carcinoma

culture model. Int J Cancer 2009, 125:2450-2455.

13. Sakaue-Sawano A, Kurokawa H, Morimura T, Hanyu A, Hama H, Osawa H,

Kashiwagi S, Fukami K, Miyata T, Miyoshi H, Imamura T, Ogawa M, Masai H,

Miyawaki A: Visualizing spatiotemporal dynamics of multicellular cell-

cycle progression. Cell 2008, 132:487-498.

14. Ivascu A, Kubbies M: Rapid generation of single-tumor spheroids for

high-throughput cell function and toxicity analysis. J Biomol Screen 2006,

11:922-932.

15. Ewald B, Sampath D, Plunkett W: H2AX phosphorylation marks

gemcitabine-induced stalled replication forks and their collapse upon

S-phase checkpoint abrogation. Mol Cancer Ther 2007, 6:1239-1248.

16. Morgan MA, Parsels LA, Parsels JD, Mesiwala AK, Maybaum J, Lawrence TS:

Role of checkpoint kinase 1 in preventing premature mitosis in

response to gemcitabine. Cancer Res 2005, 65:6835-6842.

17. Tse AN, Rendahl KG, Sheikh T, Cheema H, Aardalen K, Embry M, Ma S,

Moler EJ, Ni ZJ, Lopes de Menezes DE, Hibner B, Gesner TG, Schwartz GK:

CHIR-124, a novel potent inhibitor of Chk1, potentiates the cytotoxicity

of topoisomerase I poisons in vitro and in vivo. Clin Cancer Res 2007,

13:591-602.

18. Friedrich J, Seidel C, Ebner R, Kunz-Schughart LA: Spheroid-based drug

screen: considerations and practical approach. Nat Protoc 2009, 4:309-24.

19. Matsuda Y, Ishiwata T, Kawamoto Y, Kawahara K, Peng WX, Yamamoto T,

Naito Z: Morphological and cytoskeletal changes of pancreatic cancer cells

in three-dimensional spheroidal culture. Med Mol Morphol 2010, 43:211-7.

20. Dangi-Garimella S, Krantz SB, Barron MR, Shields MA, Heiferman MJ,

Grippo PJ, Bentrem DJ, Munshi HG: Three-Dimensional Collagen I

Promotes Gemcitabine Resistance in Pancreatic Cancer through MT1-

MMP-Mediated Expression of HMGA2. Cancer Res 2011, 71:1019-1028.

21. Yamanaka Y, Friess H, Kobrin MS, Buchler M, Beger HG, Korc M:

Coexpression of epidermal growth factor receptor and ligands in human

pancreatic cancer is associated with enhanced tumor aggressiveness.

Anticancer Res 1993, 13:565-569.

22. Ueda S, Ogata S, Tsuda H, Kawarabayashi N, Kimura M, Sugiura Y, Tamai S,

Matsubara O, Hatsuse K, Mochizuki H: The correlation between

cytoplasmic overexpression of epidermal growth factor receptor and

tumor aggressiveness: poor prognosis in patients with pancreatic ductal

adenocarcinoma. Pancreas 2004, 29:e1-8.

23. 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, 122:4277-4286.

24. Jimeno A, Tan AC, Coffa J, Rajeshkumar NV, Kulesza P, Rubio-Viqueira B,

Wheelhouse J, Diosdado B, Messersmith WA, Iacobuzio-Donahue C,

Maitra A, Varella-Garcia M, Hirsch FR, Meijer GA, Hidalgo M: Coordinated

epidermal growth factor receptor pathway gene overexpression predicts

epidermal growth factor receptor inhibitor sensitivity in pancreatic

cancer. Cancer Res 2008, 68:2841-2849.

25. Smitskamp-Wilms E, Pinedo HM, Veerman G, Ruiz van Haperen VW,

Peters GJ: Postconfluent multilayered cell line cultures for selective

screening of gemcitabine. Eur J Cancer 1998, 34:921-926.

26. Friedrich J, Ebner R, Kunz-Schughart LA: Experimental anti-tumor therapy

in 3-D: spheroids-old hat or new challenge? Int J Radiat Biol 2007,

83:849-871.

27. Genc M, Castro Kreder N, Barten-van Rijbroek A, Stalpers LJ, Haveman J:

Enhancement of effects of irradiation by gemcitabine in a glioblastoma

cell line and cell line spheroids. J Cancer Res Clin Oncol 2004, 130:45-51.

28. Lobjois V, Frongia C, Jozan S, Truchet I, Valette A: Cell cycle and apoptotic

effects of SAHA are regulated by the cellular microenvironment in

HCT116 multicellular tumour spheroids. Eur J Cancer 2009, 45:2402-2411.

29. Huxham LA, Kyle AH, Baker JH, Nykilchuk LK, Minchinton AI: Microregional

effects of gemcitabine in HCT-116 xenografts. Cancer Res 2004,

64:6537-6541.

30. Olive KP, Jacobetz MA, Davidson CJ, Gopinathan A, McIntyre D, Honess D,

Madhu B, Goldgraben MA, Caldwell ME, Allard D, Frese KK, Denicola G,

Feig C, Combs C, Winter SP, Ireland-Zecchini H, Reichelt S, Howat WJ,

Chang A, Dhara M, Wang L, Ruckert F, Grutzmann R, Pilarsky C, Izeradjene K,

Hingorani SR, Huang P, Davies SE, Plunkett W, Egorin M, Hruban RH,

Whitebread N, McGovern K, Adams J, Iacobuzio-Donahue C, Griffiths J,

Dufau et al. BMC Cancer 2012, 12:15

http://www.biomedcentral.com/1471-2407/12/15

Page 10 of 11

http://www.ncbi.nlm.nih.gov/pubmed/19519883?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19519883?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19519883?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21087899?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21087899?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17245119?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17245119?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19139112?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19139112?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19139112?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20501833?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20501833?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20501833?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20501833?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9614346?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9614346?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10562436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10562436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15191644?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15191644?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15191644?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2451290?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2451290?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11033306?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11033306?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16052217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16052217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16052217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19670329?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19670329?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19670329?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18267078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18267078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16973921?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16973921?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17406032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17406032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17406032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16061666?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16061666?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17255282?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17255282?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19214182?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19214182?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21267697?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21267697?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21148071?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21148071?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21148071?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8317885?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8317885?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15211117?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15211117?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15211117?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15211117?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19887590?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19887590?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18413752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18413752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18413752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18413752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9797708?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9797708?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18058370?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18058370?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14605880?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14605880?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19553104?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19553104?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19553104?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15374965?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15374965?dopt=Abstract


Tuveson DA: Inhibition of Hedgehog signaling enhances delivery of

chemotherapy in a mouse model of pancreatic cancer. Science 2009,

324:1457-1461.

31. Tannock IF, Lee CM, Tunggal JK, Cowan DS, Egorin MJ: Limited penetration

of anticancer drugs through tumor tissue: a potential cause of

resistance of solid tumors to chemotherapy. Clin Cancer Res 2002,

8:878-884.

32. Olive PL, Banath JP, Sinnott LT: Phosphorylated histone H2AX in

spheroids, tumors, and tissues of mice exposed to etoposide and 3-

amino-1,2,4-benzotriazine-1,3-dioxide. Cancer Res 2004, 64:5363-5369.

33. Cho SH, Toouli CD, Fujii GH, Crain C, Parry D: Chk1 is essential for tumor

cell viability following activation of the replication checkpoint. Cell Cycle

2005, 4:131-139.

34. Morgan MA, Parsels LA, Parsels JD, Lawrence TS, Maybaum J: The

relationship of premature mitosis to cytotoxicity in response to

checkpoint abrogation and antimetabolite treatment. Cell Cycle 2006,

5:1983-1988.

35. Hirschhaeuser F, Menne H, Dittfeld C, West J, Mueller-Klieser W, Kunz-

Schughart LA: Multicellular tumor spheroids: an underestimated tool is

catching up again. J Biotechnol 2010, 148:3-15.

Pre-publication history

The pre-publication history for this paper can be accessed here:

http://www.biomedcentral.com/1471-2407/12/15/prepub

doi:10.1186/1471-2407-12-15
Cite this article as: Dufau et al.: Multicellular tumor spheroid model to
evaluate spatio-temporal dynamics effect of chemotherapeutics:
application to the gemcitabine/CHK1 inhibitor combination in
pancreatic cancer. BMC Cancer 2012 12:15.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Dufau et al. BMC Cancer 2012, 12:15

http://www.biomedcentral.com/1471-2407/12/15

Page 11 of 11

http://www.ncbi.nlm.nih.gov/pubmed/19460966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19460966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11895922?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11895922?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11895922?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15289343?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15289343?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15289343?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15539958?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15539958?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16931916?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16931916?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16931916?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20097238?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20097238?dopt=Abstract
http://www.biomedcentral.com/1471-2407/12/15/prepub

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Materials and methods
	Reagents
	Cell culture
	Spheroid generation
	Spheroid viability quantification
	Immunofluorescence on frozen sections
	Cytotoxicity assays

	Results
	Generation of Capan-2 spheroids in microplate
	Resistance to gemcitabine treatment of the Capan-2 spheroid model
	Gemcitabine cytotoxicity in capan-2 spheroid is associated with induction of DNA damage, cell cycle perturbation and apoptosis
	Gemcitabine and CHIR-124 induced a synergistic cytotoxic effect on capan-2 spheroid
	CHIR-124 modulates the spatial response of capan-2 spheroid to gemcitabine

	Discussion
	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References
	Pre-publication history

