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Statement of Purpose: Cancer-associated fibroblasts 
(CAFs) are the most abundant stromal cells in the tumor 
microenvironment.1 CAFs interact with cancer cells 
mainly via paracrine signaling of soluble factors that bind 
with receptors on cancer cells to activate oncogenic 
pathways that promote tumor progression.2 Compelling 
evidence suggests that treatments tailored toward cancer 
cells alone are often ineffective to produce a lasting 
response in patients. Considering the role of the stroma in 
cancer progression, targeting tumor-stromal interactions is 
critical to improve outcomes for patients.3 Lack of 
physiologic human tumor models has been an obstacle to 
understand tumor-stromal interactions and develop 
therapeutic interventions. 2D and conventional 3D cell 
cultures and animal models do not adequately represent 
human tumors, especially the tumor stroma. Thus, novel 
human tumor models are critical to facilitate drug 
discovery against tumor-stromal interactions. We 
addressed this need by developing an organotypic breast 
tumor model that mimics the architecture and cellular and 
extracellular matrix (ECM) composition of breast tumors. 
Our studies establish a major role for patient-derived CAFs 
in remodeling of the microenvironment and promoting pro-
metastatic activities in cancer cells.  
Methods: The organotypic model was developed in two 
robotic steps. First, a mass of breast cancer cells, SUM159 
and MDA-MB-231, was made using our polymeric 
aqueous two-phase micropatterning technology.4 Next, the 
spheroid was encapsulated in a collagen hydrogel 
containing dispersed normal human mammary fibroblasts 
(HMFs) or CAFs derived from patients (CAF1 and CAF2). 
Incubation at 37°C resulted in a tumor model. The stiffness 
of hydrogels was determined using AFM. A collagen 
contraction assay was performed using hydrogels of 
different Young’s moduli containing 4×103, 10×103, and 
15×103 fibroblasts in 20 µl collagen solution in each well 
of 384-well plates. Contractility was quantified as the ratio 
of final to initial gel areas. In organotypic cultures, 
confocal microscopy was used to capture matrix invasion 
of cancer cells and flow cytometry was used to quantify 
proliferation of cancer cells. Proteomics was used to 
identify signaling mechanisms between CAFs and cancer 
cells. Statistical analysis was done using two-way ANOVA 
with Bonferroni post hoc test.  
Results: Figure 1a shows the organotypic culture that 
contains key components of the tumor microenvironment: 
a mass of cancer cell, dispersed fibroblasts, and ECM. A 
large number of 3D cultures were formed using a robotic 
liquid handler in 384-well plates. Our AFM study resulted 
in elastic moduli of hydrogels with various concentrations 
of collagen (Figure 1b). For biological studies, we used a 
~2.53 kPa hydrogel to mimic advanced-stage human breast 
tumors.5 

  

We observed a significantly greater matrix contractility by 
increase in the density of fibroblasts and at a lower protein 
concentration (1 mg/ml vs 4 mg/ml). Importantly, CAFs 
contracted the ECM 34% more than HMFs did (Figure 1c). 
Molecular analysis validated this result and showed greater 
activity of RhoA/ROCK/MLC2 mechanotransduction 
pathway in CAFs. Confocal imaging of organotypic 
models showed that CAFs significantly promote matrix 
invasion of breast cancer cells, but HMFs suppress cell 
invasion (Figure 1d). Cytometry analysis showed that 
CAFs significantly enhance proliferation of cancer cells 
compared to HMFs (Figure 1e). Our molecular analysis 
showed that CAFs activate tumorigenic functions of cancer 
cells primarily through the HGF-cMET pathway. Our 
combinatorial drug screening directed toward this 
signaling axis showed significant reduction in pro-
metastatic activities of cancer cells, establishing the 
feasibility of this approach as a novel therapy strategy. 
Conclusions: We developed a scalable organotypic breast 
tumor model that contains key components of the tumor 
microenvironment and mimics its biological properties. 
This tumor model offers a novel tool for mechanistic 
studies of tumor-stromal interactions and cancer drug 
discovery to block stroma-mediated tumorigenic activities.  
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To understand the underlying molecular mechanism, we evaluated
activity of myosin light chain 2 (MLC2) protein that regulates acto-
myosin contractility and cell polarity. CXCL12+HMFs had 1.40-fold
higher p-MLC2/MLC2 than HMFs (Fig. 3C–D). This was also consistent
with the significantly higher motility (Fig. S2A-B) and RhoA and ROCK
I activity (Fig. S2C) in CXCL12+HMFs than HMFs. Using a ROCK in-
hibitor, Y27632, fully blocked collagen contraction by both fibroblasts
(Fig. S2D), establishing the RhoA/ROCK/MLC2 signaling as a major
mechanism of collagen contraction by fibroblasts. Both fibroblasts
dispersed in collagen had a similar level of metabolic activity, in-
dicating that the difference in their contractility was not due to po-
tential differences in their proliferation in culture (Fig. S3). Ad-
ditionally, supplementing CXCL12-conditioned medium to HMFs did
not make these cells more contractile (Fig. S4), negating a role for this
chemokine in fibroblast cell contractility. Overall, activities of the sig-
naling molecules that regulate cell-ECM mechnaotransduction support
the greater contractility of CXCL12+HMFs than HMFs in the organo-
typic tumor model.

3.3. The role of fibroblasts in matrix invasion of cancer cells

Next, we studied the role of fibroblasts on CXCR4+TNBC cell in-
vasion of ECM in the organotypic cultures. We used collagen-embedded
CXCR4+TNBC cell mass as a negative control to evaluate how HMFs
and CXCL12+HMFs regulate breast cancer cell invasiveness. In the
absence of fibroblasts, CXCR4+TNBC cells invaded the ECM and
showed astral-like protrusions from the spheroid (Fig. 4A).
CXCR4+TNBC cells showed contrasting behaviors when cultured with
different fibroblasts. While CXCL12+HMFs promoted a significant ECM
invasion of CXCR4+TNBC cells, HMFs suppressed CXCR4+TNBC cell
invasiveness (Fig. 4A). To quantitatively compare cancer cell invasion
of ECM among the three models, we normalized the invasion of
CXCR4+TNBC cells of each model on a measurement day by its matrix
contractility (Fig. 4B). This compensated the effect of ECM contraction
on masking the invasion distance of cancer cells. Cancer cell spheroids
in the three models showed a similar morphology after 24 h of in-
cubation. However, significant differences emerged after 3 days.

CXCR4+TNBC cells in the model containing CXCL12+HMFs showed a
significantly more invasion than the other two models containing HMFs
or without any fibroblasts. With the CXCL12+HMFs, invasion of
CXCR4+TNBC cells was 2.70-fold higher than that with HMFs, and
1.30-fold higher than that without fibroblasts (Fig. 4C). Maintaining the
cultures for 5 days increased these differences to 4.0-fold and 1.5-fold,
respectively.

To develop a holistic view of 3D distribution of invading
CXCR4+TNBC cells in the three models, we quantified CXCR4+TNBC
cell numbers in different imaging planes and constructed histograms of
position of the cells along the z-axis (Fig. 5A, Fig. S5). On day 3,
CXCR4+TNBC cells in models including CXCL12+HMFs or without fi-
broblasts showed similar invasion profiles and a larger number of cells
that invaded a greater distance than the model with HMFs (Fig. 5A).
Results from day 5 samples showed a striking difference in the dis-
tribution of invading cells between these models, which could not be
captured from the commonly-used analysis of a collapsed z-stack of
images. In the presence of CXCL12+HMFs, CXCR4+TNBC cells showed
the most scattering along the z-direction, whereas HMFs significantly
inhibited invasion of CXCR4+TNBC cells. In the absence of fibroblasts,
there was no significant difference in the travel distance of cancer cells
in the z-direction from day 3 to day 5. To enable statistical comparison,
we averaged the invasion results from each model that confirmed a
significant increase in the ECM invasion of CXCR4+TNBC cells from
day 3 to day 5 only in the presence of CXCL12+HMFs (Fig. 5B).

To identify potential molecular mechanisms underlying invasion of
CXCR4+TNBC cells due to signaling with CXCL12+HMFs, we evaluated
activities of several prominent protein kinases associated with tumor
cell invasiveness. Results showed that ERK1/2 activity was significantly
higher by 1.4-fold in microtissues containing CXCL12+HMFs than those
with HMFs (Fig. 6A–B). In addition, we determined ERK1/2 phos-
phorylation in mono-cultures of only fibroblasts or TNBC spheroids in
collagen gel. The active levels of ERK1/2 in both fibroblasts were
comparable and even lower in TNBC spheroids. These results suggest
that CXCL12 signaling with CXCR4+TNBC cells in the organotypic
culture accounts for the increased ERK1/2 activity. We did not observe
any significant difference in activities of p-AKT or p-PI3K between the

Fig. 2. Collagen contraction by fibroblasts. (A) 3D view of spatial distribution of fibroblasts (green) in collagen. (B) Fibroblasts were dispersed in collagen at a
density of 2 × 103, 4 × 103, 6 × 103, or 8 × 103 cells per well. Each well contained 20 μl of collagen solution. The number of cells in each well was estimated by
analyzing each stack of confocal images in MATLAB. Briefly, images from each stack were opened in ImageJ and XY coordinates of the cells were recorded in an excel
sheet. The coordinates were imported in MATLAB to count the total number of cells. The cells that had similar XY coordinates in four consecutive images were
considered redundant and hence counted only once. Each cell's XY coordinates usually repeated in two or three consecutive images. (C,D) Phase contrast images show
contraction of collagen gels, 1 mg/ml and 4 mg/ml, by fibroblasts at different densities of 5 × 103 (5 k), 10 × 103 (10 k), and 1.5 × 104 (15 k) on day 4 and day 10.
Each density indicates the number of cells per well of 384-well plates. (E,F) Time-dependent contractility of collagen gels, 1 mg/ml and 4 mg/ml, by fibroblasts of
different densities (5 k, 10 k, and 15 k). (G) Comparison of matrix contractility of 4 mg/ml collagen gels by 15 k density of HMFs and CXCL12+HMFs. *p < 0.05,
n = 16. Two-tailed unpaired t-test was used to compare the two experimental groups. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 3. Mechanism of collagen contraction by fibroblasts. (A) Immunofluorescence staining of β-actin (green) and Hoechst (blue) in HMFs and CXCL12+HMFs
dispersed in collagen on day 5 of culture. (B) Box plot of cell aspect ratio (Width

Height
) for HMFs and CXCL12+HMFs dispersed in collagen. The boxes represent the 25th and

75th percentiles with the median shown with a horizontal line inside each box. The mean is shown with a cross symbol inside each box. The whiskers represent the
10th and 90th percentiles of the data. Two-tailed Mann-Whitney test was used to calculate p-value. *p < 0.01, n = 10. (C) Western blot analysis of expression levels
of phosphorylated and total MLC2 in HMFs and CXCL12+HMFs dispersed in collagen. (D) MLC2 activity quantified as p-MLC2/MLC2 from three separate experi-
ments. Data were normally distributed and two-tailed, unpaired t-test was used to calculate the p-value. *p < 0.01. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Figure 1. (a) Schematics of organotypic tumor model. (b) AFM 
characterization of hydrogels. (c) Matrix contractility by HMFs 
and CAFs over a 2-week culture. (d) Confocal images of 
organotypic tumors showing ECM invasion of GFP+ breast cancer 
cells. Quantified results are shown for both breast cancer cells. (e) 
CAFs promote proliferation of breast cancer cells. *p<0.01. 


