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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading 
cause of cancer-related death in the United States.1 Late clinical 
presentation along with rapid tumor growth and early propen-
sity for cancer cells to metastasize preclude successful treatment 
efforts. Only about 20% of PDAC patients are eligible for surgi-
cal resection of the tumor mass, and only about 20% of these 
patients benefit from this intervention.2 Despite advances in our 
understanding of the molecular mechanisms contributing to this 
malignancy, non-surgical therapeutic interventions have yielded 
little improvement in overall patient survival.3 Gemcitabine 
(GEM), a nucleoside analog, may prolong life by about 8 weeks, 
whereas addition of the tyrosine kinase inhibitor erlotinib to 
GEM as first-line of treatment increases survival by an additional 
12 d.4 Thus, new therapeutic approaches and assays for preclini-
cal validation are desperately needed.2

The biological aggressiveness of PDAC is due, in part, to the 
presence of multiple molecular alterations, including expres-
sion of mutated KRAS (95%) and loss of tumor suppressor 
genes P16/CDKN2A (90%), Tp53 (50–75%) and Smad4/DPC4  
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(40–55%).5 In addition, pancreatic cancer cells express high 
levels of the epidermal growth factor receptor (EGFR) and 
transforming growth factor α (TGFα), as well as other high-
affinity tyrosine kinase receptors and their corresponding 
ligands.6 These cancer cells thrive in a context of marked des-
moplasia characterized by activation and proliferation of fibro-
blasts and pancreatic stellate cells as well as the presence of foci 
of inflammatory cells.7 These stromal elements respond to can-
cer cell-secreted growth factors (GFs), including transforming 
growth factor β (TGFβ). Indeed, cancer cells have been shown 
to express high levels of all three TGFβ isoforms (TGFβ1, 
TGFβ2, TGFβ3) and elevated TGFβ immunoreactivity in 
resected PDACs has been correlated with shorter overall patient 
survival.8 These in vivo growth promoting effects toward can-
cer cells have been attributed to the paracrine actions of TGFβs, 
as underscored by the use of a soluble TGFβ receptor strategy 
that sequesters cancer-derived TGFβs.9,10 Moreover, TGFβ is 
a potent activator of pancreatic stellate cells and the resultant 
reactive stroma produces, stores and releases GFs to the can-
cer cells.7,11 In addition to their participation in autocrine and 
paracrine signaling these stromal elements produce a modified 
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as compared with PCCs in medium with 5% FBS (Fig. S1). The 
5% FBS condition was used in all subsequent experiments, since 
more overt differences could be observed when cells were sub-
jected to different treatments (see below), and since in vivo can-
cer cells are exposed to the ECM, which is replenished with GFs, 
cytokines and other nutrients.

ASPC-1, BxPC3, COLO-357 and T3M4 are human PCCs, 
widely used to study pancreatic cancer biology. These PCCs har-
bor different mutations in K-Ras, p53, Smad4 and other etio-
logically relevant genes.22,23 Moreover, under standard culture 
conditions, COLO-357 and BxPC3 cells are sensitive to TGFβ-
mediated growth inhibition whereas ASPC-1 and T3M4 cells 
are resistant to these growth-modulating effects of TGFβ.24 In 
addition, we established independent murine cell lines isolated 
from pancreata of K-Ras-driven mouse models: PK-1 and PK-2 
cells from pdx1::cre;K-rasLSL-G1D2/+ animals and RInk-2 cells from 
pdx1::cre;K-rasLSL-G1D2/+;p16Ink4a/p19Arfflox/flox. In these mouse mod-
els, activation of mutated K-RasG12D (excision of Lox-STOP-Lox 
cassette) and concomitant homozygous deletion of p16Ink4/p19Arf 
(excision of floxed alleles) is triggered by Cre-mediated recombi-
nation within Pdx1 (pancreatic and duodenal homeobox gene)-
expressing cells during embryogenesis.5,25 An advantage of these 
murine PCCs is that they have a well-defined mutation history, 
largely dependent on the genetically-engineered activation of 
mutated K-RasG12D and/or loss of tumor suppressor genes.26,27 
This panel of human and murine PCCs was used for the studies 
described below.

TGFβ1 promotes cell growth in 3D culture system and its 
effect is potentiated by EGF. To determine how PCCs would 
integrate potential interactions between EGF and TGFβ1 signals, 
PCCs were treated 4 days after seeding in 3% MatrigelTM/soft 
agar (hereafter referred to as 3D culture) with TGFβ1 at a final 
concentration of 100 pM and/or EGF at 1 nM. As expected, the 
growth of PCCs was stimulated by EGF (Fig. 1A and Fig. S2). 
TGFβ1 triggered profound morphological changes in TGFβ-
responsive COLO-357 and murine PK-1, PK-2 and RInk-2 cells, 
and dramatically enhanced the growth of murine PCCs (Figs. 1 
and 2). These morphological changes initially appeared as bud-
ding projections emanating from the epithelial spheroids within 
24–36 h of TGFβ1 addition and became distinct protrud-
ing finger-like projections after 96 h (Figs. 1B and C; data not 
shown). By contrast, the growth of ASPC-1, BxPC3 and T3M4 
cells was not significantly affected by TGFB-β1 treatment, but 
a rather minimal inhibitory effect was observed in BxPC-3 and 
T3M4 cells (Fig. S2). Moreover, the combination of EGF and 
TGFβ1 exerted dramatic growth stimulatory effects on COLO-
357, PK-1, PK-2 and RInk-2 cells, and further enhanced mor-
phological changes (Figs. 1 and 2), whereas TGFβ1 addition did 
not affect the actions of EGF in ASPC-1, BxPC3 and T3M4 cells 
(Figs. 1 and Fig. S2). In addition, COLO-357, PK-2, RInk-2 
cells exhibited a dose-dependent response to EGF (0.2, 1, 5 nM) 
and/or TGFβ1 (20, 100, 500 pM) (Fig. S3; data not shown). 
We determined that 100 pM TGFβ1 and 1 nM EGF exerted 
sub-maximal growth stimulatory effects in PK-2 cells (Fig. S3). 
Accordingly, to allow for detection of additional stimulatory 
or inhibitory effects by other GFs and small molecular weight 

extracellular matrix (ECM) that further promotes cancer cell 
growth and metastasis.11,12

TGFβ effects are cell type-specific and context-dependent. 
TGFβ suppresses normal epithelial cell growth, stimulates the 
growth of mesenchymal and endothelial cells, attenuates cancer 
cell-directed immune mechanisms and supports advanced stage 
cancer cell growth.13,14 TGFβ signaling is mediated by a network 
of Smad-dependent and Smad-independent pathways that trans-
duce TGFβ stimuli from the activated heterotetrameric TGFβ 
type I and type II receptor (TβRI/II) complex.13,14 The frequent 
mutation of TGFβ signal mediator Smad4 in PDAC lesions sug-
gests a tumor suppressive role of Smad-dependent TGFβ signal-
ing in cancer initiation.5 This notion is supported by enhanced 
progression of K-Ras-driven mouse models of PDAC with homo-
zygous deletion of either Smad4 or TIIβR genetic locus.15-17

Several approaches for interfering with TGFβ signaling are 
currently in different stages of pre-clinical and clinical testing, 
and have potential to yield novel therapeutic strategies in PDAC 
and other cancer types.13,18,19 However, in vitro studies suggest 
that pancreatic cancer cell lines (PCCs) are either growth inhib-
ited by or fail to respond to TGFβ. Therefore, blocking TGFβ 
signaling could be potentially detrimental in PDAC cases in 
which cancer cell growth is repressed by TGFβs. Given these 
important clinical implications, we sought to assess the intrin-
sic response of PCCs to TGFβ and other GFs in a novel 3- 
dimensional (3D) culture system. This MatrigelTM/soft agar-
based 3D culture system promotes anchorage-independent 
growth while concomitantly providing an acellular scaffold com-
posed of collagen and other deposited ECM components, which, 
in part, recapitulates the tumor microenvironment. We show here 
that some PCCs of human and mouse origin are growth-stimu-
lated by TGFβ1 in this novel 3D culture system and that this 
effect is significantly enhanced by EGF. Moreover, the combined 
presence of EGF and TGFβ1 confers increased resistance to the 
PCCs against cytotoxic compounds (gemcitabine and cisplatin). 
Conversely, co-treatment with SB431542 and erlotinib to con-
comitantly block TGFβ and EGF signaling enhanced the che-
mosensitivity of cancerous lesions from mouse models of PDAC 
in ex vivo 3D cultures. These results demonstrate that TGFβ can 
directly enhance growth of PCCs and support the notion that 
combination therapy aimed at interfering with EGF and TGFβ 
may be a valid therapeutic strategy for a subset of PDAC patients.

Results

Optimization of 3D culture system for pancreatic cancer cells. 
To study the effects of growth factors on PCCs in a context that 
recapitulates the tumor microenvironment, we developed a novel 
modification of the standard MatrigelTM-based 3D culture sys-
tem20,21 that mimics anchorage-independent growth (bottom 
layer of solidified 1% noble agar), while allowing for interactions 
with components of the ECM by overlaying with PCCs embed-
ded within a soft layer of 3% growth factor-reduced MatrigelTM. 
PCCs cultured in medium without fetal bovine serum (FBS) or 
supplemented with 1% FBS formed smaller structures and accord-
ingly the response to GF stimulation was of a lesser magnitude 
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agar, which impeded addressing this question directly in these 
cells.

EGF/TGFβ1 cross-talk is mediated by distinct signaling 
pathways in murine and human cells. To determine whether 
the actions of EGF and TGFβ in TGFβ-responsive human and 
murine PCCs were mediated via the TGFβ type I and II recep-
tor (TβRI/II) complex and/or EGFR, COLO-357, PK-1 and 
PK-2 cells were treated with EGF and TGFβ1 after 4 days of 
seeding in 3D culture, in the absence or presence of SB431542 
(TβRI inhibitor) and/or erlotinib (EGFR tyrosine kinase inhibi-
tor). Pre-incubation or concomitant addition of SB431542 sig-
nificantly decreased EGF/TGFβ1-induced growth stimulation 
in COLO-357, PK-1 and PK-2 cells, whereas SB431542 addi-
tion 4 days following incubation with EGF/TGFβ1 halted fur-
ther growth stimulation, but did not cause regression of already 
formed epithelial structures (Fig. 3; data not shown). Similarly, 
concomitant addition of erlotinib significantly decreased EGF/

compounds, we conducted all subsequent experiments using 100 
pM TGFβ1 and 1 nM EGF.

Extracellular matrix components are required for growth 
promoting effects of TGFβ1 alone and in conjunction with EGF. 
To determine whether the growth promoting effects of TGFβ1 
were due to direct cell-cell interactions or cell interactions with 
ECM components in MatrigelTM, the growth of COLO-357 cells 
was assayed in parallel in soft agar and in 3D cultures. TGFβ1 
decreased the size and number of colonies formed by COLO-
357 cells and antagonized the growth promoting effects of EGF 
under anchorage-independent growth conditions in soft agar 
culture (Figs. 2A and Fig. S4). In 3D culture, TGFβ1 exerted 
growth stimulatory effects on its own and significantly enhanced 
the growth stimulatory effects of EGF (Fig. 2B). These results 
suggest that ECM components modulate cellular response to 
EGF and TGFβ1. Although our murine PCCs formed tumors in 
athymic nude mice, they did not form measurable colonies in soft 

Figure 1. Morphological changes of pancreatic cancer cells in 3D culture upon stimulation with EGF and/or TGFβ1. PCCs were cultured in 3% 
MatrigelTM/soft agar. Four days after seeding, cells were treated with 100 pM TGFβ1 and/or 1 nM EGF as indicated. (A) Images of representative epithe-
lial structures were captured 8 days after treatment. (B) Cells were collected 4 days after treatment, paraffin-embedded, sectioned and stained with 
H&E to reveal cytological architecture of epithelial structures. (C) Images of representative epithelial structures were captured at different time points 
after addition of TGFβ1 to establish dynamics of induced morphological changes. Scale bars indicate image magnification in each part.
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(Fig. 3). Conversely, LY294002 almost completely blocked 
the stimulatory growth effects of EGF/TGFβ1 on PK-1 and 
PK-2 cells, whereas U0126 had a moderate and SB203580 
had a mild inhibitory effect (Fig. 3). By contrast, SP600125 
did not inhibit EGF/TGFβ1 actions in PK-1 and PK-2 cells 
(Fig. 3). Treatment with these kinase inhibitors alone did 
not alter cell viability at the tested concentrations (Fig. S6). 
Taken together, these results indicate a predominant require-
ment for JNK signaling in COLO-357 cells and for PI3K 
and to a lesser extent MEK1/2 signaling in murine PCCs to 
mediate the cooperative actions of EGF/TGFβ1.

EGF and TGFβ1 combine to enhance chemoresistance. 
Gemcitabine (GEM), a nucleoside analog, is currently the 
standard of care in PDAC treatment.3 Cisplatin (CDDP), a 
DNA-crosslinker agent, has been administered in combina-
tion to GEM is some treatment regimens.3 Enhanced che-
moresistance against GEM and CDDP has been linked to 
mesenchymal-like and epithelial-to-mesenchymal transition 
(EMT) characteristics of several PCCs.28,29 Since the effects 
of EGF and TGFβ1 in 3D culture correlated with the com-
petence of COLO-357 cells and murine PCCs to undergo 
EMT as determined by immunostaining with E-cadherin 
(epithelial marker) and upregulation of intermediate filament 
vimentin (mesenchymal marker) on standard tissue culture 
plastic plates (Fig. S7), it was important to determine whether 
EGF/TGFβ1 co-treatment would enhance the chemoresis-
tance of these PCCs. We first established the killing curve for 
CDDP and GEM in COLO-357 cells in 3D culture. CDDP 
exerted a slight cytotoxic effect at a concentration of 5 μM 
and a maximal effect at 15 μM, whereas a marked cytotoxic 
effect was already seen with 10 nM GEM (Fig. 4). TGFβ1 
attenuated the cytotoxic effects of CDDP and GEM, and 
this chemoprotective effect was enhanced by EGF/TGFβ1 
treatment (Fig. 4). Next, COLO-357 and PK-2 cells, as a 
representative murine PCC, were incubated for 4 days in 
3D culture prior to the addition of vehicle, TGFβ1 or EGF/
TGFβ1, with 10 μM CDDP or 10 nM GEM, and small 
molecule inhibitors that interfere with the tyrosine kinase 
activity of EGFR or its downstream effector kinases (Fig. 5). 
CDDP and GEM killed most COLO-357 cells after 4 days 
of incubation without added GFs, as determined visually by 
the presence of dispersed single cells or structures composed 

of few cells (Fig. 5A). Moreover, this cytotoxic effect persisted 
over the next 4 days, as determined by MTT metabolic stain-
ing (Fig. 5B). By contrast, there were larger cellular structures 
in TGFβ1-treated (>5 cells) and EGF/TGFβ1-treated COLO-
357 cells (>20 cells) after 4 and 8 days of incubation (Figs. 4  
and 5). The chemoprotective effect of EGF/TGFβ1 was not 
observed when human PCCs were subjected to these cytotoxic 
challenges in standard tissue culture (plastic plates) conditions 
(Fig. S8). PK-2 cells were more chemoresistant to GEM and 
CDDP than COLO-357 cells, and the enhanced chemoprotec-
tion by EGF/TGFβ1 treatment was only evident in the presence 
of GEM but not CDDP (Fig. 5A). While concomitant treatment 
with SB431542 and erlotinib blocked the protective effects of 
EGF/TGFβ1 against GEM and CDDP in both PCCs, SP600125 

TGFβ1-induced growth stimulation of COLO-357, PK-1 and 
PK-2 cells (Fig. 3). Incubation with both erlotinib and SB431542 
had a more profound inhibitory effect than either inhibitor alone 
(Figs. 3 and Fig. S5). These results indicate that EGF and TGFβ1 
stimuli, transduced via EGFR and TβRI/II signaling pathways, 
act cooperatively in both human and murine PCCs.

To determine whether cross-talk between TβRI/II and 
EGFR signaling converged at a specific signaling pathway, PCCs 
were incubated with EGF/TGFβ1 in the absence or presence 
of LY294002 (PI3K inhibitor), U0126 (MEK1/2 inhibitor), 
SB203580 (p38/MAPK inhibitor) or SP600125 (JNK inhibitor). 
SP600125 completely blocked the stimulatory growth effects 
of EGF/TGFβ1 on COLO-357 cells, whereas LY294002 had a 
moderate and U0126 and SB203580 had a mild inhibitory effect 

Figure 2. Distinct effects of EGF and TGFβ1 on pancreatic cancer cells in 3D 
and soft agar culture. PCCs were seeded in 3% MatrigelTM/soft agar (3D) or 
in 0.4% soft agar in parallel experiments. (A) Four days after seeding, cells 
were treated with 100 pM TGFβ1 and/or 1 nM EGF as indicated. Cells were 
stained with MTT 8 days after treatment and images were captured by high-
resolution scanning. Scale bars indicate image magnification. (B Colorimetric 
intensity of MTT signal was quantified; average intensity value and standard 
deviation are displayed for each sample (n = 3) of a representative experi-
ment. Relative fold change (over +/-2X) and statistical significance of this 
change with respect to EGF/TGFβ1-treated samples are displayed on top of 
the sd bars.
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with collagenase to obtain single cell suspensions for accurate cell 
counting and equal cell seeding in replicate experimental wells. 
Treatment with CDDP or GEM reduced the number and size 
of cellular structures in 3D culture from PK;p53Δ/Δ and PK; 
p16/p19Δ/Δ animals (Fig. 6B–D). CDDP was more effective 
at reducing the growth and survival of PK;p16/p19Δ/Δ cells, 
whereas GEM had a similar cytotoxic effects on both PK;p16/
p19Δ/Δ and PK;p53Δ/Δ cells. In all cases, concomitant incuba-
tion with erlotinib and SB431542 enhanced the cytotoxic effects 
of CDDP and GEM (Fig. 6B–D). Taken together, these results 
suggest that concomitant blockade of EGF and TGFβ signaling 
attenuates the chemoresistance of murine PCCs.

Discussion

The tumor microenvironment plays an important role in the car-
cinogenic process. Several 3D culturing systems have been imple-
mented to delineate potential cancer cell-stromal interactions.30 
MatrigelTM, a collagen IV/laminin-rich extracellular matrix gel, 

was markedly effective only in COLO-357 cells and UO126 was 
only effective in PK-2 cells (Fig. 5). These results reinforce our 
previous observations (Fig. 3) of a predominant requirement for 
JNK signaling in COLO-357 cells and for PI3K in PK-2 cells 
with respect to the cooperative actions of EGF/TGFβ1.

Ex vivo culturing of murine pancreatic lesions for assess-
ment of chemosensitivity. To determine whether this 3D culture 
system could be used to assess the chemosensitivity of PDAC-
derived tissues, we used two well-established genetically-engi-
neered mouse models of PDAC: pdx-1::cre;K-rasLSL-G1D2/+;p53flox/

flox (PK;p53Δ/Δ) and pdx-1::cre;K-rasLSL-G1D2/+;p16Ink4a/p19Arfflox/flox 
(PK;p16/p19Δ/Δ) mice.5,25 Minced pancreatic tissue of about 1–5 
mm3 in size were obtained from normal mouse pancreata (sibling 
non-transgenic controls) and from pancreatic tumors that have 
arisen in PK;p53Δ/Δ animals. While normal pancreatic tissues 
underwent severe atrophy, the growth and viability of cancer cells 
and stroma from the pancreatic tumors was sustained for at least 
20 days in 3D culture (Fig. 6A). To assess cell responses to dif-
ferent chemotherapeutic treatments, tumor tissues were digested 

Figure 3. Cooperative interaction between EGF and TGFβ1 is disrupted by blockade of specific kinase pathways. Cells were seeded in 3% MatrigelTM/
soft agar and treated after 4 days with EGF/TGFβ1 only (control column) or also with the indicated kinase inhibitors at a final concentration of 100 pM 
TGFβ1, 1 nM EGF, 20 μM SB431542, 2 μM erlotinib and 10 μM LY294002, UO126, SB203580 or SP600125. (A) Representative images of epithelial struc-
tures were captured 4 days after treatment. Scale bars indicate image magnification. (B) Cells were stained with MMT 8 days after treatment. Colori-
metric intensity of MTT signal was quantified; average intensity value and standard deviation are displayed for each sample (n = 6) of a representative 
experiment. Relative fold change (over -2X) and statistical significance of this change with respect to EGF/TGFβ1-treated (control column) samples are 
displayed on top of the sd bars.
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between PCCs, MatrigelTM and soft agar may 
provide additional pathways for integrating 
TGFβ signaling in a manner that promotes 
proliferation; (iii) ECM components present in 
MatrigelTM may assist in presenting TGFβ to 
TβRII.

Secondary epithelial cell cultures (less than 
20 passages) from mouse models of PDAC 
(PK-1, PK-2 and RInk-2 cells) were growth 
stimulated by TGFβ1 in 3D culture and under-
went an EMT on plastic plates in response to 
TGFβ1 (Figs. 1 and 2, S2, S5 and S7; data not 
shown). By contrast, secondary cultures from 
PK;Smad4Δ/Δ cells failed to undergo EMT in 
2D culture,15,17 were not responsive to TGFβ1 
treatment and formed small epithelial structures 
in 3D culture (our unpublished observations). 
PK;Smad4Δ/Δ animals exhibit a longer latency 
than PK;p53Δ/Δ and PK;p16Ink4a/p19ArfΔ/Δ 
and develop PDAC through different precur-
sor lesions (intraductal papillary mucinous 
and/or mucinous cystic neoplasms) instead of 
transitioning via early and advanced pancre-

atic intraepithelial lesions (PanIN-1/2 to PanIN-3), as observed 
in other models.15,17 These observations suggest that in murine 
PCCs, TGFβ1 induces EMT via the canonical TGFβ signaling 
pathway.

Several studies indicate that TGFβs can act via the Smad-
dependent canonical pathway, as well as via non-canonical Smad-
independent pathways that activate both similar and different 
downstream signaling pathways, including the PI3K and JNK 
pathways.13,14,32,35 We determined that, depending on the cell line, 
both PI3K and JNK pathways were important transducers of the 
cross-talk between EGF and TGFβ. Thus, in murine PCCs, the 
marked increase in cell growth engendered by EGF/TGFβ1 was 
due, in part, to activation of the PI3K pathway, as evidenced by 
the finding that PI3K inhibition by LY294002 interfered with 
cooperative growth stimulation of EGF and TGFβ1 (Fig. 3). By 
contrast, in COLO-357 cells, EGF/TGFβ1 enhanced growth via 
the JNK pathway, as evidenced by the observation that the JNK 
inhibitor SP600125 completely blocked the growth stimulatory 
effects of EGF/TGFβ1 in these cells (Figs. 3 and 5). Interestingly, 
COLO-357 cells are the only human PCCs in our study with a 
functional Smad4 gene,36 and the murine PK-1, PK-2 and RInk-2 
cells also have a functional Smad4 gene (our unpublished obser-
vations). Taken together, our observations suggest that TGFβ1 
exerts its growth promoting effects in 3D culture via a Smad4-
dependent pathway, whereas the cross-talk between EGF and 
TGFβ1 which further enhances the growth of these cells appears 
to be mediated via non-canonical PI3K or JNK signaling cas-
cades. Several targeted approaches have been devised to interfere 
with TGFβ signaling, and are currently being tested in clinical 
trials.19 These include TGFβ blocking antibodies, TGFβ anti-
sense RNA molecules, TβRII soluble proteins, small molecule 
inhibitors of TβRI kinase activity such as SB431542 used in this 
study.13,18,19 Although it is generally accepted that interfering with 

has been used to study cell adhesion, polarity and migration as 
well as integration of cell signaling.30,31 MatrigelTM-based stud-
ies conducted mainly in breast cancer cell lines have shown that 
ECM components upregulate the expression of integrins, EGFR 
and related receptors (human EGF receptor 2 [HER2] and 
HER3), thereby activating several signaling pathways. Moreover, 
the ECM modulates cell responses to anti-HER2 therapy, 
including the response to a humanized monoclonal anit-HER2 
antibody (trastuzumab).32-34

In the present study, we established a 3D culture system in 
which the anchorage-independent growth of cells in soft agar 
is modulated by an overlay of 3% MatrigelTM which allows the 
cells to survive and proliferate in an environment that mimics 
the ECM. Elimination of the 100% MatrigelTM bed layer used 
in standard 3D culture20,21 also yields considerable cost savings. 
Moreover, a metabolic readout assay using MTT staining and 
a high-throughput 48-well plate format was used to quantitate 
differences in cell size and viability of epithelial structures (Fig. 
S5), thereby bypassing the need for sophisticated image analysis 
instruments.31

We applied this 3D culturing system to study the effects 
of TGFβ on human and murine PCCs and to assess the con-
sequences of combined EGF and TGFβ signaling. We deter-
mined that TGFβ1 exerted growth stimulatory effects on PCCs 
in our novel 3D culture system (Figs. 1 and 2), whereas growth 
inhibitory effects were observed with the same PCCs cultured 
on plastic plates10 and soft agar (Figs. 2 and S4). Moreover, con-
comitant incubation with EGF/TGFβ1 resulted in a marked 
increase in cell growth and colony formation (Fig. 2). Several 
mechanisms may explain the observation that TGFβ1, espe-
cially in combination with EGF, increased the growth of PCCs 
in our 3D culture system: (i) Certain ECM components pres-
ent in MatrigelTM may modulate TGFβ signal; (ii) Interactions 

Figure 4. Dose-response of COLO-357 cells to cytotoxic compounds in 3D culture. COLO-
357 cells were cultured in 3% MatrigelTM/soft agar. Four days after seeding, cells were 
incubated with increasing doses of the indicated cytotoxic compounds alone (upper row), 
or concomitantly with TGFβ1 (middle row) or TGFβ1/EGF (lower row) at a final concentra-
tion of 100 pM TGFβ1 and 1 nM EGF. Representative images of epithelial structures (n = 3) 
were captured 8 days after treatment. Scale bars indicate image magnification.
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effectiveness of CDDP and GEM in PCCs (Figs. 4 and 5) and 
in cultures of cells freshly isolated from pancreatic lesions aris-
ing in mouse models of PDAC (Fig. 6), support the validity of 
the concept that targeting TGFβ pathways may have therapeutic 
benefits for certain PDAC patients.

Resistance to TGFβ-mediated growth inhibition in PCCs 
arises through a variety of mechanisms, including Smad4 and 
p15 mutations,37 decreased TβRI expression,24 overexpres-
sion of inhibitory Smads 6 and 7,38,39 and rare TβRI or TβRII 
mutations.40 Ostensibly, TGFβs contribute to enhanced PDAC 
growth by exerting paracrine effects that lead to aberrant 
epithelial-mesenchymal interactions, alterations in the ECM, 
enhanced angiogenesis and suppressed cancer-directed immune 

TGFβ actions in tumors would decrease proliferation of reac-
tive stroma and could increase tumoricidal immune responses, 
concerns exist about intrinsic effects of TGFβ on cancer cells 
depending on the stage of the disease.18,19 Previously, we reported 
that COLO-357 cells engineered to express a soluble TβRII pro-
tein were resistant to TGFβ-mediated growth inhibition in vitro, 
yet formed smaller tumors in xenograft mouse model.10 Our cur-
rent results, demonstrating that COLO-357 cells in 3D culture 
are directly growth-stimulated by TGFβ1, suggest that soluble 
TβRII could be acting in vivo to suppress the intrinsic ability of 
PCCs to be growth stimulated by TGFβ, in addition to interfer-
ing with the paracrine actions of TGFβs. Moreover, our finding 
that concomitant inhibition of EGFR and TβRI enhanced the 

Figure 5. Protective effects of EGF/TGFβ1 against cytotoxic compounds. Cells were seeded in 3% MatrigelTM/soft agar and treated after 4 days with 
cytotoxic compounds (CDDP or GEM; column 1) alone or in combination with indicated GF and kinase inhibitorss at a final concentration of 100 pM 
TGFβ1, 1 nM EGF, 10 μM CDDP, 10 nM GEM, 20 μM SB431542, 2 μM erlotinib, 10 μM UO126 and 10 μM SP600125. (A) Representative images of epithe-
lial structures were captured 4 days after treatment. Scale bars indicate image magnification. (B) Cells were stained with MMT after 8 days of treat-
ment. Colorimetric intensity of MTT signal was quantified; average intensity value and standard deviation are displayed for each sample (n = 6) of this 
representative experiment. Relative fold change (over -2X) and statistical significance of this change with respect to EGF/TGFβ1-treated with CDDP or 
GEM (column 3) samples are displayed on top of the sd bars.
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that in addition to promoting cancer 
progression through paracrine mecha-
nisms, TGFβs may act directly on the 
cancer cells in vivo to enhance their 
invasive and metastatic potential. Taken 
together with our current finding that 
TGFβ1 directly enhances the growth of 
PCCs in 3D culture, these observations 
provide a powerful rationale for devis-
ing therapeutic strategies aimed at tar-
geting TGFβ pathways in PDAC.

We envision that our novel 3D culture 
system could be utilized to culture ex vivo 
pancreatic cell preparations obtained by 
ultrasound-guided fine needle aspira-
tion, by other types of biopsy or by surgi-
cal resection of a pancreatic tumor mass. 
Such an assay could determine TGFβ 
and other growth factor dependence of 
cancer cell growth in a manner that is 
more reflective of the tumor microenvi-
ronment in vivo and assess therapeutic 
response of combination drug treatments 
and/or predict chemoresistance to treat-
ment. Moreover, our findings are not 
necessarily limited to PDAC, but may 
also be relevant to other cancers. Thus, 
establishing ex vivo functional subtypes 
of a variety of solid tumors in different 
organs could provide a rational and rapid 
approach for designing personalized 
therapeutic regimens.

Materials and Methods

Cell lines and treatments. Human 
pancreatic cancer cell lines ASPC-1 
and BxPC3 were purchased from the 
American Type Culture Collection, 
whereas COLO-357 and T3M4 
were originally obtained from Dr. 
Richard S. Metzgar (Duke University). 
ASPC-1, BxPC3 and T3M4 cells 
were maintained in RPMI 1640 
medium (ThermoScientific HyClone, 
SH30027-01), whereas COLO-357 
cells were maintained in DMEM 
(ThermoScientific HyClone, SH30243-
01). All media were supplemented with 

5% Fetal Bovine Serum (FBS; Omega Scientific, Tarzana, 
CA), 100 units/ml Penicillin and 100 μg/ml Streptomycin 
(1x Pen/Strep; Mediatech, Manassas, VA). Cells were incu-
bated at 37°C in a 20% O

2
/5% CO

2
 humidified atmosphere. 

The following growth factors and compounds were used in the 
experiments: EGF (Upstate/Millipore, 01-107), TGFβ1 and 
erlotinib (Genentech, Inc.), SB431542 and SP600125 (Tocris 

mechanisms.41 However, TGFβ1 directly enhances the in vitro 
invasiveness of COLO-357 cells and increases matrix-metallo-
proteinase-9 (MMP9) activity in these cells.10 Moreover, a sig-
nificant proportion of PDACs express high levels of Smad2 and 
TβRII, and TβRII overexpression is associated with decreased 
patient survival following PDAC resection and increased expres-
sion of PAI-1 and MMP9.42 These observations have suggested 

Figure 6. Ex vivo culture of pancreatic tissue from mouse models of PDAC. (A) Normal and can-
cerous pancreatic tissues were dissected and immediately processed for H&E staining (left), or 
were minced and cultured in 3% MatrigelTM/soft agar for 20 days before H&E staining (right). Aci-
nar cells (arrowheads) and cancer cells (arrows) in freshly dissected tissue and ex vivo explants in 
3D culture are shown. (B–D) After collagenese digestion, individual cells from cancerous tissues 
PK;p53Δ/Δ in (A, B and D) and PK;p16/p19Δ/Δ in (C) were plated in 3% MatrigelTM and treated after  
4 days with indicated cytotoxic compounds (- denotes absence and + presence of CDDP or GEM) 
alone or in combination with TβRI and EGFR inhibitors (SB431542 + Erlotinib) at a final concen-
tration of 10 μM CDDP, 10 nM GEM, 20 μM SB431542 and 2 μM erlotinib. (B) Representative 
images of cellular structures were captured 4 days after treatment. (C and D) Cells were stained 
with MMT after 8 days of treatment; two representative replicate cultures of PK;p16/p19Δ/Δ and 
PK;p53Δ/Δ animals are shown. Bar graphs display quantification of MTT signal for each replicate 
culture. (B and D) display results from independent experiments. Scale bars indicate image mag-
nification in each part.
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Mouse husbandry and primary cell culture. The K-rasLSL-

G1D2/+ (01XJ6-B6.129-Kras2tm4Tyj) and p53flox/flox (FVB.129-
Trp53tm1Brn) mice were obtained from the Mouse Models 
of Human Cancers Consortium (National Cancer Institute, 
Frederick, MD). The pdx1::cre mice were kindly provided by G. 
Gu (reviewed in ref. 44) and the p16Ink4a/p19Arfflox/flox and Smad4flox/

flox by N. Bardeesy (reviewed in refs. 15 and 45).
Mouse models of PDAC were generated by breeding appropri-

ate founder strains in our animal facility. All studies with mice 
were approved by Dartmouth Medical School’s Institutional 
Animal Care and Use Committee. Murine pancreata from euth-
anized animals were mechanically minced and digested with 
2 mg/ml of Collagenase Type 4 (Worthington, 4188) for 1 h 
at 37°C. For ex vivo primary cell culture (Fig. 6), 10,000 cells 
per well were immediately plated in 3% MatrigelTM/soft agar 
using 48-well plates. For this series of experiments RPMI 1640 
medium was supplemented with 20% FBS, 1x Pen/Strep and 25 
ng/mL Amphotericin B (MP Biomedicals, LLC, 1672348). For 
secondary cell cultures from tumor lesions of our mouse mod-
els, selection of PK-1 and Rink-1 cancer cells was accomplished 
by carrying out several rounds of diluted plating in RPMI 1640 
medium with a gradual decrease in the FBS concentration from 
20–5%, as previously reported in reference 46. PK-2 cells were 
established after subcutaneous passage of pancreatic tissue from 
a pdx1::cre;K-rasLSL-G1D2/+ animal into an athymic nude mouse. 
RInk-2 cells were established after subcutaneous passage of 
RInk-1 cells (reviewed in ref. 46) into an athymic nude mouse. 
All experiments with murine PCCs were performed on early pas-
sage cells (<20).
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Biosciences, 1614 and 1496), LY294002 (Calbiochem, 440202), 
U0126 (Alexis Biochemicals, ALX-270-237), SB203580  
(Enzo Life Sciences, ALX-270-179), cis-diamminedichloroplat-
inum (CDDP; Sigma, P4394) and gemcitabine (GEM; Eli Lily 
and Company, 0002-7502-01).

3D culture system of pancreatic cancer cell lines. An equal 
volume of cell suspensions and ice-chilled 6% MatrigelTM (BD 
biosciences, 356231) in complete medium (RPMI 1640 supple-
mented with 5% FBS and 1x Pen/Strep) were mixed and dis-
pensed at 5–15 x 103 cells in 1,000 μL per well, using 12-well 
plates (Fig. 1B) or 3–10 x 103 cells in 200 μL per well, using 
48-well plates (Figs. 1[A–C] and 2–5) on top of a solidified 1% 
noble agar layer (Difco, 214220). Ice-chilled 3% MatrigelTM in 
complete medium was used to replenish the medium every 4 days 
and/or to administer compounds.

Staining of formalin-fixed paraffin-embedded and freshly 
fixed cells. Cells cultured in 3% MatrigelTM were collected 4 days 
after treatments (Fig. 1B) using a 40 μm sieve mesh and chilled 
PBS to loosen MatrigelTM matrix. Cells were then fixed in 10% 
formalin for 1 h and coated with melted 1% noble agar. Agar 
plugs were fixed for up to 4 h in formalin and paraffin-embedded 
in fully-automated Shandon Pathcenter instrument as described 
in reference 23. Four μm sections of paraffin-embedded cellular 
structures were stained with hematoxylin and eosin.

Quantification of epithelial structure viability. Cells were 
incubated for 4 h with 2.5 mg/ml of Thiazolyl Blue Tetrazolium 
Blue (MTT; Sigma, M2128) in PBS at 37°C. The plates contain-
ing the cells were then scanned and the resulting images were 
stored as high resolution (1,200 dpi) grayscale TIFF files. Signal 
intensity and density were quantified using Image-Pro Plus 
(Media Cybernetics).

Statistical analysis. Samples with greater than 2-fold mean 
difference with respect to reference sample (EGF/TGFβ1-treated 
cells in Figures 2 and 3; EGF/TGFβ1-treated with CDDP or 
GEM in Fig. 5) based on continuous values of MTT signal were 
subjected to Welch’s t-test, which corrected for possible unequal 
variance between samples, to assess statistical significance of these 
changes. To set a rigorous and reliable cut off to detect growth 
changes, only comparisons between samples with p values lower 
than a significance level (α) of 0.01 were reported.
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