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Abstract

Recent studies have emphasized the importance of cellular microenvironment in modulating cell
growth and signaling. In vitro, collagen matrices, Matrigel, and other synthetic support systems have
been used to simulate in vivo microenvironments, and epithelial cells grown in these matrices
manifest significant differences in proliferation, differentiation, response to drugs, and other
parameters. However, these substrates do not closely resemble the mesenchymal microenvironment
that is typically associated with advanced carcinomas in vivo, which is produced to a large extent by
fibroblasts. In this study, we have evaluated the ability of a fibroblast-derived three-dimensional
matrix to regulate the growth of a panel of 11 human tumor epithelial cell lines. Although proliferative
and morphological responses to three-dimensional cues segregated independently, general
responsiveness to the matrix correlated with the ability of matrix to influence drug responses.
Fibroblast-derived three-dimensional matrix increased p1-integrin-dependent survival of a subset of
human cancer cell lines during taxol treatment, while it sensitized or minimally influenced survival
of other cells. 1-integrin-dependent changes in cell resistance to taxol did not correlate with degree
of modulation of FAK and Akt, implying additional signaling factors are involved. Based on these
results, we propose these matrices potentially have value as in vitro drug screening platforms.
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Introduction

Epithelial cells, which give rise to the majority of solid tumors, are surrounded proximally by
a thin protein matrix termed the basement membrane, and distally by a mesenchymal stroma
rich in fibroblasts that secretes a mesh of proteins termed the extracellular matrix (ECM). It is
now known that cancer initiation and progression are characterized by dynamic changes in
signaling between the stroma and embedded tumor cells (Bissell and Labarge, 2005; Bissell
etal., 2002; Muller, 2004; Soto and Sonnenschein, 2005). As tumors grow, stromal fibroblasts
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undergo changes in morphology, organization and expression of specific proteins, such as
smooth muscle actin (Chaponnier and Gabbiani, 2004; Desmouliere et al., 2004). These
changes render the fibroblasts “permissive”, actively promoting tumor cell growth and
allowing the tumors to lose contact inhibition and become invasive (Mareel and Leroy,
2003). As the tumor cells gain greater access to the mesenchymal stroma (Bhowmick et al.,
2004; Park et al., 2000), the basement membrane is concurrently degraded (Amenta et al.,
2003; Yang et al., 2004).

To build more physiological in vitro systems to analyze the characteristics of cancer
progression, it is becoming common to grow cancer cells within three-dimensional (3D)
synthetic support systems that attempt to simulate a natural microenvironment, rather than on
tissue culture plastic (Fischbach et al., 2007; Kim, 2005; Yamada and Cukierman, 2007). Such
matrices include Matrigel (produced by EHS tumors, (Kleinman et al., 1986)), polymerized
collagen (Grinnell et al., 2006; Grinnell et al., 1989), and other synthetic media (e.g., (Hwang
et al., 2006)). Clearly, these matrices can regulate the growth of tumor cells in many ways,
affecting their proliferation, morphology, survival signaling, invasive potential and response
to chemotherapeutic agents (Griffith and Swartz, 2006). However, Matrigel is most comparable
to the gel-like composition of basement membrane, which is rich in laminin, collagen 1V,
perlecan and other non-fibrous matrix components (Kleinman and Martin, 2005), rather than
the fibrous mesh that characterizes a mesenchymal stroma, in which fibrous polymeric matrix
proteins such as fibronectin and collagens 111 and | predominate (Desmouliere et al., 2004).
While it is possible to roughly simulate the 3D fibrous nature of a mesenchymal stroma using
apure preparation of collagen | or other pure protein populations, such wholly defined systems
lack numerous proteins, hormones, and other small molecule constituents of stromal matrix
(Cukierman et al., 2002; Yamada and Cukierman, 2007). Hence, although these matrices may
regulate tumor cell growth, any observed effect is not necessarily comparable to that produced
by a fibroblast-rich stroma. Moreover, a plethora of reports have suggested that the thinning
or degradation of basement membranes at early stages of tumor development is a frequent
event (Akashi et al., 2005; Capo-Chichi et al., 2002; Netto et al., 2006). This early basement
membrane degradation facilitates a more direct contact between the neoplastic epithelial cells
and the adjacent mesenchymal compartments. Further, fibroblasts have been shown to invade
the tumor mass and to produce and alter the tumor ECM, which is used by the epithelial cells
for growth support and as pre-intravasation microenvironments (Condeelis and Segall, 2003).
Together, these observations suggest that using in vivo-like mesenchymal matrices may
represent a more accurate way to mimic in vivo microenvironments, providing an advantage
over 2D cultures in assessing the physiological growth properties of tumor cells.

The recent development of fibroblast-derived 3D matrices (Beacham et al., 2006; Cukierman,
2002; Cukierman, 2005; Cukierman et al., 2001), and the determination that these matrices can
actively regulate the growth of naive fibroblasts re-plated within these matrices (Amatangelo
et al., 2005; Cukierman et al., 2001; Damianova et al., 2007; Pankov et al., 2005), has the
potential to produce a new and physiological assay system with which to study tumor growth.
In this study we have examined the changes in the proliferation rate and morphology of a panel
of epithelial tumor cell lines induced by fibroblast-derived 3D matrix. In addition, it has long
been known that tumor cells grown in 3D environments differ in their susceptibility to
chemotherapeutic agents from cells grown on 2D (Frankel et al., 1997; Hazlehurst et al.,
2003; Morin, 2003; Zahir and Weaver, 2004). Using our system, we have compared the
sensitivity of tumor cell lines to a set of chemotherapeutic drugs with the general propensity
of these cells to have their morphology and proliferation rates regulated by the 3D matrix, as
well as their propensity to basal or drug-induced apoptosis. Importantly, the level of
responsiveness that a given epithelial cell line presented when cultured on in vivo-like
mesenchymal matrix correlated with tendency to a 3D matrix-dependent drug response (e.g.,
for taxol). Moreover, as opposed to previous observations testing matrix-induced drug
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resistance in 2D (Aoudjit and Vuori, 2001), this 3D matrix-induced resistance also depends on
B1-integrin activity, but does not require activation of the serine/threonine protein kinase Akt/
PKB. In sum, these data offer a proof-of-concept experiment, potentially supporting the
expanded use of fibroblast-derived 3D matrices as an in vitro platform for assessment of drug
activity.

Human tumor cell lines respond differently to fibroblast-derived 3D matrix

To assess the role of fibroblast-derived 3D matrix in regulating the proliferation of tumor cells,
we assembled a panel of 10 human tumor cell lines and 1 immortalized non-tumorigenic control
line (Table 1). These were cultured in 96 well plates in triplicate, either directly on tissue culture
plastic or on NIH3T3-derived 3D matrices. Cells were grown for 3 days, and growth curves
established. The merged results of three independent experiments are shown in Figures 1A and
B. Growth on fibroblast-derived 3D matrix severely inhibited the proliferation rate of some of
the cell lines (e.g., NCI-H460 cells almost ceased to grow), and moderately inhibited the growth
of some additional cell lines, such as MCF7 and PA-1. In contrast, the proliferation of some
cell lines was essentially unaffected by growth on 3D matrix (e.g. COLO 205, SW620), while
the PANC-1 cell line grew slightly better on the matrix.

Use of fibroblast-derived matrix differs from classic tissue culture not only in providing a 3D
growth environment, but also in its specific protein and growth factor content. We asked
whether the phenotypes we observed represent cellular response specifically to 3D fibroblast
matrix, or to protein and growth factor cues provided in 2D. To do so, 4 cell lines with different
response profiles for proliferation (NCI-H460, HCT116, PA-1, and COLO 205) were selected.
These cells were re-plated in parallel on tissue culture plastic or on plates coated with
solubilized fibroblast-derived matrix (Beacham et al., 2006; Cukierman et al., 2001; Cukierman
et al., 2002), which had the same protein composition as 3D matrix, but presented to the cells
as a 2D substrate (Figure 1C). Cells grew comparably on plastic and 2D matrix, indicating the
proliferation response seen was specific to matrix proteins presented in a 3D conformation.

We next assessed changes induced in the morphology of the 11 cell lines by plating them onto
3D matrices or 2D tissue culture plastic (see Figure 2A for representative examples and
Supplemental Figure 1 for the remaining cell lines). As with proliferative response, the
morphology of some cells was strongly influenced by growth on 3D matrix, while other cell
lines were indifferent to the type of substrate used. At 2 days after plating, some cell lines,
including most notably PA-1 cells, responded to 3D matrices by assuming a spindle fibroblast-
like morphology (see PA-1 on 3D matrix in Figure 2). A lesser, but still clear, spindle
morphology was seen with HS 578T and some additional cell lines (Supplemental Figure 1).
In contrast, other cell lines became notably rounded or amoeboid like. These included NCI-
H460 (Figure 2), HCT116(p53—/—), and PANC-1 (Supplemental Figure 1). Finally, two cell
lines, including COLO 205 (Figure 2) and SW620 (Supplemental Figure 1), were
morphologically unresponsive to matrix. As a control, we also assessed the effect that
solubilized 2D matrix has on the morphology of selected cell lines. The appearance of NCI-
H460, PA-1, and COLO 205 cells plated onto 2D matrix mix was not affected in comparison
to the morphology of these cells plated onto classic 2D culture plastic (see these examples in
Figure 3 and compare with Figure 2). This observation indicates that, as with proliferation, the
matrix only induced morphological changes when its proteins were displayed in a
mesenchymal cell-organized 3D context.

To determine whether the ability of 3D matrix to induce morphological and proliferative effects
correlated, or varied independently, we classified the degree of these responses as negligible
(0), weak (1), moderate (2) or strong (3), and plotted them for each cell line (Figure 4). Based
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on this analysis, the responsiveness of cell lines to fibroblast-derived 3D matrix varied
independently for growth and morphology. For example, PA-1 cells had a strong
morphological response to matrix but almost no observed effect on proliferation, while the
NCI-460 proliferation rate was greatly reduced by 3D matrix, but the morphology of these cells
was only moderately affected. The matrix affected neither the proliferation nor the morphology
of two of the cell lines, COLO 205 and SW620.

Fibroblast 3D matrix induces specific responses to taxol. We next evaluated whether fibroblast-
derived 3D matrix could influence the responsiveness (e.g., resistance or sensitivity) of cells
to drugs targeting specific signal transduction pathways, as well as to general cytotoxic agents.
For this purpose, we selected the PANC-1 pancreatic cancer cell line, as both the morphology
and proliferation rate of this line were moderately affected by the 3D matrix (Figure 4). We
selected a set of 5 protein-targeted or cytotoxic agents for this analysis (Table 1), and confirmed
that these inhibited the proliferation of PANC-1 cells grown on classic tissue culture plastic,
with 50% inhibition of growth (IC50) at uM or lesser concentrations. Using these 5 compounds,
we performed 1C50 curves in PANC-1 cells grown onto 3D matrix and compared these values
to the 1C50 values obtained with PANC-1 cells grown on plastic (Figure 5, A to E). Analysis
of the relative 1C50 values for these growth conditions revealed that for 4 of the compounds
(MCP1, Gefitinib (Iressa), sorafenib (Nexavar), and imatinib (Gleevec)), the IC50 values
observed were comparable on the two substrates. Notably, taxol was 4-fold less effective in
inhibiting PANC-1 cell growth on 3D matrix in comparison to the growth inhibition obtained
on plastic (Figure 5F).

The fact that PANC-1 cells became resistant to taxol when cultured on 3D matrix suggested
that resistance could directly be related to relative growth rate of the cells, as matrix slightly
stimulated the growth of PANC-1 cells (Figure 1A). An alternative possibility was that
fibroblast 3D matrix might regulate the predilection of cells to resist apoptosis. To test this,
we assessed the basal and taxol-stimulated incidence of apoptosis of PANC-1 cells on 3D
matrix or 2D plastic (Figure 5, G to ). The basal rate of apoptosis was similarly low in PANC-1
cells grown on plastic or 3D matrix, and treated with low dose (10 nM) taxol. However, at
higher doses of taxol (50 and 100 nM), PANC-1 cells grown on plastic underwent apoptosis
at 3-5 fold higher rates than those grown on 3D matrix. These results suggest that, indeed,
lower apoptosis rates in cells cultured onto 3D matrix could account for the observed 3D matrix
induced resistance of PANC-1 cells to taxol.

We next asked if the observed resistance to taxol depended on the 3D matrix configuration
versus the matrix composition present in 2D, and also if the matrix-associated drug resistance
was specific to PANC-1 cells or whether it was also found in additional cell lines. For this
purpose, we tested the response to taxol in 4 other cell lines grown either on 3D matrix, or
plated on 2D matrix mix or 2D plastic controls. HS 578T breast carcinoma and PA-1 ovarian
teratocarcinoma cells were selected since 3D matrix induced both proliferative and
morphological effects in these lines that were opposite to the effects seen in PANC-1 (Figure
4). For comparison, COLO 205 and SW620 human colorectal adenocarcinoma cells were
selected as reference cell lines where 3D matrix induced no proliferative or morphological
effects (see Figure 4). Figure 5J indicates that like PANC-1 cells, HS 578T cells experienced
a 3D matrix-dependent resistance to taxol that was not observed in 2D matrix. Intriguingly,
PA-1 cells experienced a slight 3D-matrix-dependent sensitization to taxol, which was not
evident in 2D matrix. Finally, for COLO 205 and SW620 cells, response to taxol was not
influenced by growth in 3D or 2D matrix.
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Fibroblast 3D matrix-induced taxol responses depend on B1-integrin but not Akt/PKB, FAK,

or NF-kB

We next investigated the mechanisms responsible for the observed matrix-induced taxol
resistance in matrix-responsive (e.g., PANC-1, HS 578T, and PA-1) versus unresponsive (e.g.,
COLO 205 and SW620) cells. It has been shown that mesenchymal matrix proteins such as
fibronectin and collagen-I can induce taxol resistance in a 2D culture system by a p1-integrin
mechanism that depends on Akt/PKB (Aoudjit and Vuori, 2001). Therefore, we tested whether
the 3D matrix-induced changes in resistance or sensitivity to taxol treatment could be prevented
or reversed in the presence of the p1-integrin function-blocking antibody mAb13 (Akiyama et
al., 1989). In addition, to test whether the effects observed were dependent on the matrix
configuration (3D matrix) versus the matrix composition (2D matrix), we tested the taxol
responses in the presence or absence of Bl-integrin inhibition using 2D plastic control as a
contrasting substrate.

Our results show that B1-integrin blockade reversed the 3D matrix-induced taxol resistance in
both PANC-1 and HS 578T cells, as well as the 3D matrix-induced sensitivity observed in
PA-1 cells (Figure 6). p1-integrin blockade had no effect in COLO 205 and SW620 cells
(Figure 6). While the observed response was specific to 3D matrix in PANC-1 and HS 578T
cells, both 3D and 2D matrix induced a 1-integrin sensitivity in PA-1 cells that was
independent from taxol responses (compare results in Figure 5J and Figure 6). These results
suggest that conformation-dependent and conformation-independent responses to drug
treatments vary from cell to cell, but that only cells that respond to matrix for control of growth
or morphology have the tendency to also respond for drug treatments.

In parallel, lysates from this experiment were analyzed by Western blot with antibodies to two
well-defined B1-integrin effectors, focal adhesion kinase (FAK) and Akt (Figure 7), as well as
the important apoptotic regulator NF-kB (not shown). Total and activated (pFAK-Y397) FAK
and total and activated (pAkt-S#73) Akt were measured. As shown in Figure 7, mAb13 to p1-
integrin specifically reduced the level of FAK activation in HS 578T, PANC-1 and SW620
cells grown in 3D matrices, while not affecting FAK activation in these cells grown in 2D. In
contrast, little if any effect was seen with PA-1 and COLO 205 cells. These observations were
compatible with the suggestion that 3D and 2D substrates differentially regulate integrins and
their downstream effectors such as FAK (Paszek et al., 2005;Rhee et al., 2007;Wozniak et al.,
2003). However, the fact the set of cells with 3D-regulated changed in FAK phosphorylation
was different from those cells with 3D-regulated, integrin-dependent taxol resistance indicated
an increased level of FAK activity could not explain this response.

PANC-1 cells grown in 3D matrices showed an increase in Akt activity, while no significant
changes in Akt activity were observed in the other cell lines (Figure 7A). This again argued
against a simple correlation of pathway activation with taxol response. Interestingly, on both
2D and 3D matrix, taxol treatment reduced the total expression levels of FAK and Akt (Figure
7), as well as of NFkB (not shown), while leaving the ratio of activated to total protein
unchanged (Figure 7). However, comparison of relative FAK and Akt/PKB activity levels (see
Methods) also suggested that for neither protein did activation status correlate with p1-integrin-
dependent rescue (compare Figure 6 to Figure 7B and 7C). Similar results were observed with
NF«xB (not shown). These data suggest that although B1-integrin blockade effectively reversed
the 3D matrix induced taxol responses (e.g., PANC-1, HS 578T and PA-1), the survival
mechanism did not involve 3D matrix-induced activation of FAK, Akt/PKB, or NFxB.

Discussion

This study has several important implications for analysis of tumor cell growth and drug
responses. First, using a novel fibroblast-derived 3D matrix system, we segregated tumor cell
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lines into different classes based on the magnitude of their responsiveness to matrix and the
degree to which matrix induces proliferative versus morphological changes in growth. The
morphological responses we documented included increased acquisition of a spindle
morphology by some cells, and rounded or amoeboid-like morphology by others. In vivo, as
tumors become invasive, some neoplastic cells leave the tumor mass and undergo epithelial to
mesenchymal transition (EMT), in which single cells (as opposed to tumor aggregates) assume
a spindle shape or a mesenchymal fibroblast-like appearance. Conversely, metalloproteinase
inhibitors, loss of p53, inhibition of the E3 ubiquitin ligase Smurfl, and other conditions which
activate RhoA, trigger a mesenchymal to amoeboid transition (MAT), wherein tumor cells
become rounded, thus modifying their survival and invasive behaviors (Condeelis and Segall,
2003; Gadea et al., 2007; Sahai et al., 2007; Sahai and Marshall, 2003). The 3D culture system
we described here is well designed to analyze the behavior of isolated single cells that have
undergone EMT or MAT and are invading through mesenchymal stroma.

As context, other recent studies have also explored 3D substrates as screening platforms to
study tumor behavior. For example, Kenny and co-workers have analyzed spheroids, acini and
cell aggregates, which mimic tumor masses that interact with basement membrane-like 3D
substrates (Kenny et al., 2007). These 3D laminin gel-based cultures induced four distinct
tumor-mass morphologies, specific to the 3D environment. Moreover, these cell-aggregate
morphologies were each associated with specific gene expression profiles, which correlated
with increased invasive tumor cell potential (Kenny et al., 2007). Together, platforms
addressing single cell and aggregate cell growth in 3D have the potential to parse the different
signaling conditions induced by tumor microenvironment.

We suggest that characterizing the morphological changes in isolated tumor cells on fibroblast-
derived 3D matrices may allow rapid testing of how a specific tumor cell type will react to the
microenvironment, thus facilitating the development of strategies for its specific treatment. For
example, in our study PANC-1 adopts a rounded, amoeboid-like, morphology on 3D matrices.
Amoeboid-like motility is not dependent on the activity of matrix metalloproteinases, but
instead requires the action of RhoA GTPase (Friedl, 2004; Friedl and Wolf, 2003; Sahai and
Marshall, 2003). This matrix-induced specific morphological behavior may predict that MMP
inhibitors will not affect invasion of PANC-1 cells through tumor stroma, but that treatment
of these cells with Rho inhibitors may successfully block their migration.

Second and importantly, our data suggest that the tendency of a cell to undergo morphological
change (rounded or spindle) following plating onto stroma-like matrix may predict a tendency
of matrix to influence drug response by that cell line (compare data with PANC-1, HS 578T
and PA-1 versus COLO 205 and SW620). The profile of behavior of PA-1 indicates that the
fact that 3D matrix can influence cell morphology does not predict whether change in drug
response will be positive or negative; rather, this needs to be assessed for individual cell lines.
Why 3D matrix induced response to taxol but not to other drugs remains to be determined.
Nevertheless, it is intriguing that among those tested this agent alone targets the cytoskeleton.
In this context, it has been reported that in breast cancer cells seeded onto isolated ECM proteins
(e.g., fibronectin and type I collagen), B1-integrin is essential to developing resistance to taxol-
induced apoptosis (Aoudjit and Vuori, 2001). It is also interesting to note that taxol has been
reported to induce focal adhesion disorganization, with the associated taxol-dependent cell
death rescued by integrin linked kinase (Deschesnes et al., 2007). Integrin overexpression
frequently depresses levels of E-cadherin expression (Thiery and Sleeman, 2006); it has also
been reported that loss of E-cadherin causes resistance to taxol (Ferreira et al., 2005). We
hypothesize that a combination of specific ECM proteins, presented to tumor cells in
association with a 3D architecture and B1-integrins, particularly enhances taxol responses by
altering adhesion structure organization and signaling.
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Other groups have also identified 3D matrix-dependent regulation of drug responses, using
different culture systems. For example, Fischbach and colleagues used engineered polymeric
scaffolds with carcinoma cells as 3D human tumor models, and have recently shown these
synthetic matrices to effectively mimic many aspects of in vivo tumor behavior including some
resistance to drugs (Fischbach et al., 2007). As another example, Weaver et. al. have
demonstrated that Matrigel generates a p4-integrin-regulated cell polarization, which induces
drug resistance in tumor cells derived from epithelial cells (Weaver et al., 2002). This
significant study also showed that for some drugs, disrupting hemidesmosome formation
perturbed matrix-directed tissue polarization, and subsequently inhibited NF«B activation, thus
promoting apoptosis. We have also tested integrin-dependent NF«kB activities in the presence
of taxol using the 3D culture system described here. Our results indicate that although NFxB
activity was induced by 3D fibroblast matrix, these changes were not reversed by integrin
inhibition (data not shown), indicating activation of NF«B does not influence drug resistance
in this system.

We propose that a 3D matrix system prepared from stable cell lines such as NIH3T3 can provide
a convenient and highly physiological assay system to measure and correlate cell morphology,
proliferation, tendency to apoptosis, and drug response in high throughput formats. Further,
we have recently described a “progressive” stromal system in which we compared the
properties of 3D matrices prepared from normal, carcinogen-primed, and tumor-associated
fibroblasts (Amatangelo et al., 2005; Castell6-Cros and Cukierman, 2008). The data presented
in the present study indicate that most of the cell lines evaluated proliferated better on plastic
or 2D matrix substrates than on the in vivo-like 3D matrix. Notably, the 3D matrix used in this
study represents an early stromagenic stage in tumor development, which may still impose the
restrictive natural barrier of the host’s stroma (Amatangelo et al., 2005). Based on the results
described here, it is likely that these staged, progressive matrices will each differentially
interact with tumor cell lines, allowing further parsing of the tumor-microenvironment dialog.
We believe that in the future, specific fibroblast-derived matrices representing different stages
of tumor progression, from different tumor types, would enhance the screening for drug
response in discrete classes of tumor cell lines, i.e. pairing tumor-associated fibroblast-derived
3D matrices with tissue-specific neoplastic cells should better predict matrix-induced drug
responses for the cancer in question (e.g., breast or pancreas). Carefully selecting cells, drugs
and microenvironmental settings is important, as many drugs that are potent in in vitro
biochemical assays and/or in conventional assays performed on cultured cells fail at the stage
of in vivo assays tested in animals. Extended work in this area may help develop more robust
in vitro drug screening regimens that will better mimic in vivo settings, thus reducing the failure
rate of drug leads in pre-clinical development.

Experimental Procedures

Cell lines and antibodies

The 11 cancer cell lines were from the NCI panel of 60 cancer cell lines (Stinson et al.,
1992); HS 578T and PANC-1 were a gift from Dr. Vladimir Khazaksome, PA-1; PA-1/E6
(Wu and EI-Deiry, 1996); HCT116/p53- (Bunz et al., 1998) were from Dr. Maureen Murphy
and the rest were purchased from ATCC. Culturing conditions for each cell line were as
suggested by ATCC. Monoclonal anti-Akt antibody was obtained from BD Bioscience (San
Jose, CA) and polyclonal rabbit anti-pAkt-S#73 antibody was from Cell Signaling (Beverly,
MA). Monoclonal anti-GADPH (Chemicon Int, Millipore), FAK (Upstate, Millipore), pFAK-
Y397 was from Biosource international (Camarillo, CA). IRDye800-labeled goat anti-rabbit
antibody, IRDye680-labeled goat anti-mouse antibody, Odyssey blocking buffer and infrared
Odyssey scanner and were obtained from LI-COR (Lincoln, NE). StartingBlock™ T20 (TBS)
Blocking Buffer was purchased from Pierce (Rockford, IL). Functional blocking anti p1-
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integrin antibody, mAb13 (Akiyamaetal., 1989), was kindly provided by Kenneth M. Yamada
(NIH/NIDCR/CDBRB, Bethesda MD). Purified Rat 1gG used as non-specific antibody control
was from Sigma Aldrich.

Production of Fibroblast-derived 3D Matrix

NIH3T3 cells were cultured in maintenance medium (high glucose Dulbecco's Modified
Eagle's Medium containing 10% fetal bovine serum (FBS), 100 units/ml penicillin and 100
pg/ml streptomycin) for a minimum of 20 passages prior to matrix production, to overcome
their normal contact growth inhibition (Beacham et al., 2006; Cukierman, 2002; Cukierman,
2005). To prepare matrix for use, confluent NIH3T3 cultures were treated with fresh
maintenance media supplemented with 50 pg/ml cell culture-tested ascorbic acid (Sigma-
Aldrich, St. Louis, MO) every other day for 8 days, based on previously established protocols
(Cukierman, 2002; Cukierman, 2005). After eight days of ascorbic acid treatment, all cultures
were examined under the microscope for quality control. Alkaline detergent treatment (0.5%
(v/v) Triton x-100 and 20 mM NH4OH) of these cultures, followed by PBS washing (3x),
yielded cell-free in vivo-like 3D matrices that remained attached to the culture plates. The
resulting extracted 3D matrices were stored at 4°C in PBS containing 100 units/ml penicillin
and 100 pg/ml streptomycin until needed. Cells from a panel of epithelial cancer cell lines (see
Table 1) were seeded onto these extracted 3D matrices for all experiments presented herein.

Assessment of Cancer Cell Growth

Numbers of living cells were evaluated with the nontoxic dye Alamar Blue (Invitrogen),
according to the manufacturer's protocol. Briefly, cell lines were plated at a density of 2000
cells/well in 96 well plates (or 10,000 cell/well in 48 well plates) directly onto tissue culture
plastic, NIH3T3-derived 3D matrix, or tissue culture plastic pre-coated with 6M guanidine-
solubilized NIH3T3-derived 2D matrix mix (prepared as in (Beacham et al., 2006; Cukierman,
2002; Cukierman, 2005)). Cells were grown for 24h, 48h or 72h and then treated with 10% (v/
v) Alamar Blue solution. The cells were incubated for 4h in the presence of dye, then changes
in fluorescence ratio were measured at 535/595 using a SpectraFluor Plus (Tecan) fluorecent
platereader. For each condition, wells without cells but containing culture medium and Alamar
Blue were used as negative control. All assays were performed a minimum of three times and
conditions were tested in triplicate.

Drug treatment and IC50 determination

Cells were seeded into 96 well plates on tissue culture plastic or NIH3T3 cell-derived 3D
matrix. After 24h, concentrations of drugs indicated in Results prepared in 10% PBS-medium
(Gleevec) or in 10% DMSO-medium (Taxol, MCP-1, Gefitinib and Sorafenib) were added.
Vehicles were used as controls. At day three (48 hours after drug addition), 10% (v/v) Alamar
Blue was added to each well. Fluorescence was measured for growth determination. IC50
values were obtained using Excelfit software. Experimental conditions were set so that drug-
induced cell killing was between 15% and 85% of untreated control cells, on 2D control
conditions. All experiments were performed in triplicate, with three independent experiments
for each result reported. During experiments testing p1-integrin blockage, mAb13 was used at
a final concentration of 50ug/ml and taxol was used at 10nM for COLO 205 and HS 578T,
100nM for PANC-1, 20nM for PA-1 and 25nM for SW620. Negative controls included non-
specific rat 1gG at final concentration of 50ug/ml and/or 1% DMSO (see Western blot for
statistics).

Drug Induced Apoptosis. To measure apoptosis, a kit-based assay employing the
APOPercentage Dye (Biocolor, Co, UK) was used, according to manufacturer’s instructions.
Briefly, cells were plated on 96 well plates on tissue culture plastic or onto 3D matrix. After
24 hours, indicated concentrations of the drugs or vehicle controls were added, then cells
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incubated an additional 48h. Cells were then labeled in parallel with APOPercentage Dye
diluted 1:20 to detect apoptotic cells and with 0.5 uM Calcein AM (Invitrogen) to detect viable
cells. Cells were labeled for a period of 30 min at 37°C, and rinsed twice with PBS. Fluorescent
dual channeled images were obtained from a mercury light source using excitation 530-560
and 465-495 and emission 573-648 and 515-555 filters for APOPercentage (red) and Calcein
AM (green), respectively. The images were acquired with a 10X objective on an inverted Nikon
Eclipse TE2000-U microscope. The relative rate of apoptosis was calculated utilizing digital
analyses obtained from MetaMorph 7.0.4; the percentage shown corresponds to total count
(viable plus apoptotic cell areas) divided by apoptotic cell areas.

Western blot

A total of 1x10° cells were plated for 24h onto each well of plastic control or fibroblast-derived
3D matrix coated 6-well plates. The following day, indicated concentrations of mAb13, taxol
or vehicles, used as control, were added. After 48h of incubation, the cells were lysed using a
modified RIPA buffer lacking sodium dodecyl sulfate, consisting of 50 mmol/L Tris pH 8.0,
150 mmol/L NaCl, 5 mmol/L benzamidine, 10% glycerol, 48 mmol/L NaF, 1% deoxycholate
salt (w/v), 1% Triton X-100, 1 mmol/L sodium pyrophosphate, 1 mmol/L nitrophenol
phosphate, 1 mmol/L phenylmethyl sulfonyl fluoride, 1 mmol/L sodium orthovanadate, and
mammalian protease inhibitor cocktail (Sigma-Aldrich). Cell lysates were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis using precast Tris-glycine 8 to 16% gels
(Invitrogen). The proteins were then transferred to polyvinylidene difluoride membranes
(Millipore) following manufacturer’s instructions. Membranes were incubated for 1h in
Odyssey blocking buffer and incubated overnight at 4°C with assorted primary antibodies
(GADPH 1:5000, Akt (1:2000), phospo-Akt (1:1000), FAK (1:2000) and phospho-FAK
(1:2000)) diluted in StartingBlock™ T20 (TBS) Blocking Buffer. Next day, the antibody
solution was discarded and the membranes were washed four times for 5 min each with 0.1%
Tween 20/PBS. Then, the membranes were incubated for 1h at room temperature with the
secondary solution containing IRDye800-labeled goat anti-rabbit antibody, IRDye680-labeled
goat anti-mouse antibody diluted at 1:15.000 in StartingBlock™ T20 (TBS) Blocking Buffer.
After washing four times with 0.1% Tween 20/PBS, the membrane was rinsed once with PBS
and scanned by the Odyssey infrared scanner. The optical densities of protein bands were
quantified using the scanner’s software. For statistics, we calculated the standard errors of the
log ratio ((2D:3D)taxol/mAb13) using the multivariate delta method (Beyene and Moineddin,
2005), and used a Wald test to assess statistical significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Growth on fibroblast-derived 3D matrix differentially regulates proliferation of a panel
of human cancer cell lines

A. Growth of cell lines for 3 days following plating at a density of 2000 cells/well on NIH3T3
cell-derived 3D matrix or tissue culture plastic, prepared as in (Cukierman, 2002; Cukierman,
2005). Assays were run in 96 well plates. Conditions were tested in triplicate, and experiments
were repeated three times independently. Results of one typical experiment are shown. Cell
numbers were measured by Alamar Blue assay (Invitrogen) following manufacturer’s
instructions. Squares indicate COLO 205; triangles, PA-1; circles, HCT116; diamonds, NCI-
H460 cells. Filled icons indicate cells grown on plastic while open icons indicate cells grown
onto 3D matrix. Arrows designate cell lines with proliferation significantly influenced by

»
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growth on 3D matrix. B. The relative proliferation ratio of cells on 3D matrix versus tissue
culture plastic at day three after plating is shown. Ratios were calculated as (proliferation rate
on plastic) / (proliferation rate onto matrix) as determined by Alamar Blue assay, and expressed
in arbitrary units with background subtracted. On average, 4 experiments were performed for
each cell line, with each cell line assessed in triplicate in each experiment. Cells shown are: 1,
HCT116; 2, NCI-H460; 3, PA-1; 4, COLO 205; 5, PANC-1; 6, MCF7; 7, SW620; 8, HCT116/
p53-; 9, HS 578T; 10, PA-1/E6; and 11, MCF10A. C. Relative proliferation of selected cell
lines plated on 2D uncoated plastic (dark bars) versus onto plastic pre-coated with solubilized
NIH3T3-derived matrix (light bars), to produce 2D matrix conditions as described in (Beacham
etal., 2006; Cukierman, 2002; Cukierman et al., 2001). The arrows represent the relative level
of proliferation for the given cell line on 3D matrix. Note that these values were extrapolated
from the ratios observed in B and are shown with the purpose of comparing the two 2D
conditions to the 3D matrix values. Numbers correspond to cell lines as in B.
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COLO 205 NCI-H460 PA-1

Figure 2. Growth on fibroblast-derived 3D matrix differentially regulates the morphology of
human cancer cell lines
Cells were plated as in Figure 1A, and images acquired daily for 3 days. Images shown

correspond to the second day on 3D matrix or on tissue culture 2D plastic (see supplemental
Figure 1 for additional cell examples). Transmitted light phase contrast images were acquired
using a 10X objective on an inverted Nikon Eclipse TE2000-U microscope. Scale bar, 50 pum.
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Figure 3. Solubilized 2D matrix does not induce morphological changes to assorted epithelial cancer

cells
The indicated cell lines were comparatively grown on 2D NIH3T3 cell-derived matrix mix

(Cukierman, 2002; Cukierman et al., 2001) or tissue culture plastic for 2 days. Images were
acquired as indicated in Figure 2. Scale bar, 50 um. Note that no differences in cell morphology
were observed when culturing cells onto these 2D matrix substrate controls.
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Figure 4. Epithelial cancer cell proliferative and morphological responses vary independently
Merged profiles of the proliferative and morphological responses to the matrix were plotted
and are shown. Cell shown correspond to 1, HCT116; 2, NCI-H460; 3, PA-1; 4, COLO 205;
5, PANC-1; 6, MCF7; 7, SW620; 8, HCT116/p53-; 9, HS 578T; 10, PA-1/E6; and 11,
MCF10A. Values were given arbitrary ranging from 0 for nonresponsive to 3 for very
responsive cell.
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Figure 5. Fibroblast-derived 3D matrix selectively regulates human cancer cell responses to drugs
PANC-1 cells were grown on 3D matrix (open circles) or tissue culture plastic (closed circles),
and treated with drugs at the concentrations indicated. 1C50 calculation was done using Excelfit
software. Drugs assessed included A, Taxol B, MCP-1, C, Gefitinib, D, Gleevec, and E,
Sorafenib. F. Ratios of IC50 values (matrix:plastic) for PANC-1 cells grown on 3D matrix
versus on plastic, 3 days after treatment with drugs are indicated. Results of three separate
experiments performed in triplicate are shown. G, H. Apoptosis (G) and total cell number
(H) were measured simultaneously on plastic (dark bars) or onto 3D matrix (light bars) using
the APOPercentage kit (Biocolor, Co, UK) in conjunction with 0.5 Calcein AM to score total
cell numbers (following the manufacturer’s indications, Invitrogen). The relative rate of
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apoptosis was calculated utilizing digital analyses obtained from MetaMorph 6.3; the
percentage shown corresponds to total count (viable plus apoptotic cell areas; shown as green
and red in | below) divided by apoptotic cell areas (red in ). I. Representative images of
PANC-1 cells grown in the presence of 100 nM taxol for 3 days. Green indicates Calcein AM
metabolic cell staining, while red indicates apoptotic cell areas obtained from APOPercentage
dye staining. Images shown are a result of merging both fluorescent color channels and the
corresponding transmitted phase contrast. Scale bar, 50 um. J. Ratios of 2D matrix:plastic
(dark bars) or 3D matrix:plastic (light bars) 1C50 values for PANC-1, HS 578T, COLO 205,
PA-1 and SW620 cells, three days after treatment with taxol. Results of three separate
experiments performed in triplicate are shown.
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Figure 6. Fibroblast-derived 3D matrix selectively regulates human cancer cell resistance to taxol
via pl-integrin activity

The cell lines indicated were cultured onto fibroblast-derived 3D matrices, or on 2D matrices
or plastic as negative controls, in the presence or absence of taxol, p1-integrin functional
blocking antibody mAb13 or a combination of both taxol and mAb13. Samples were tested
for their viability using an Alamar blue assay. The ability of mAb13 to reverse the 2D (dark
squares) or 3D matrix (light squares) induced resistance to taxol treatment was measured by
the following log ratio ((plastic:matrix)taxol/mAb13) using the multivariate delta method, and
the Wald test to assess statistical significance. In the graph, point estimates and associated 95%
confidence intervals constructed using the standard error of the log ratio estimate are shown.
Note that samples depicting point estimates larger or smaller than one, represent matrix induced
resistance, which was effectively reversed by B1-integrin functional block. Log ratio points
with error bars that do not cross the line are considered significant. Finally, a non-specific (Rat
IGg) antibody, used as negative control, did not block the 3D matrix-induced responses
observed to taxol treatment (not shown).
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Figure 7. Fibroblast-derived 3D matrix responses to taxol are independent from FAK and Akt
pathways

Cells were cultured on control 2D plastic or onto fibroblast-derived 3D matrices in the presence
or absence of taxol, B1-integrin functional blocking antibody mAb13, or a combination of both
taxol and mAb13. A. Representative Western blot analyses of total FAK or Akt and activated
pFAK-Y397 (pFAK) and pAkt-S#73 (pAkt). GAPDH served as loading control. B, C. The
ability of mAb13 to reverse the matrixinduced responses to taxol through FAK (B) or Akt
(C) activities, were expressed as the log ratio ((plastic:matrix)taxol/mAb13) using the
multivariate delta method, and the Wald test to assess statistical significance, in analysis of
three independent Western blots of experiments performed in triplicate. In the graphs (B and
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C), point estimates and associated 95% confidence intervals constructed using the standard

error of the log ratio estimate. Log ratio points with error bars that cross the line depicting a
ratio that is equal to one are insignificant.
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Table 1
Summary of epithelial cell lines and drugs used for analysis
This table lists the 11 human epithelial cancer cell lines used in this study, together with American Type Culture
Collection identifying numbers (where available). Numbers for each line correspond to the numbers used throughout
the manuscript. Drugs used in the study are shown and short descriptions of their targets are provided.
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Cell Line Characteristics
1 HCT116 Human colorectal carcinoma; ATCC CCL-247
2 NCI-H460 Human large cell lung carcinoma; ATCC HTB-177
3 PA-1 Human ovarian teratocarcinoma; ATCC CRL-1572
4 COLO 205 Human colorectal adenocarcinoma; ATCC CCL-222
5 PANC-1 Human pancreatic carcinoma; ATCC CRL-1469
6 MCF-7 Human breast adenocarcinoma; ATCC HTB-22
7 SW620 Human colorectal adenocarcinoma; ATCC CCL-227
8 HCT116/p53 HCT116 cell line with knockout of p53 gene (see Experimental Procedures)
9 HS 578T Human breast carcinoma; ATCC HTB-126
10 PA-1/E6 PA-1 cell line expressing the herpesvirus E6 protein to inactivate p53 (see Experimental Procedures)
1] MCFE-10A Human breast epithelial cell line; ATCC CRL-10317 (not tumorigenic)
Drugs
Sorafenib Also known as Nexavar. Kinase inhibitor; targets multiple intracellular (CRAF, BRAF and mutant BRAF) and cell
surface kinases (KIT, FLT-3, VEGFR-2, VEGFR-3, and PDGFR-f). SID:789424
Gefitinib Iressa; epidermal growth factor receptor tyrosine kinase inhibitor.
Gleevec Also known as Imatinib. Kinase inhibitor; targets c-Kit and other kinases. SID:841977
MCP-1 Ras-Raf interaction inhibitor, SID: 7979866
taxol Paclitaxel; stabilizes microtubules by preventing depolymerization, leading to mitotic arrest. Paclitaxel also induces
apoptosis by binding to Bel-2. SID:177831.
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