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Abstract 
  The tumor microenvironment (TME) promotes proliferation, drug resistance, and 

invasiveness of cancer cells. Therapeutic targeting of the TME is an attractive strategy to 

improve outcomes for patients, particularly in aggressive cancers such as triple negative 

breast cancer (TNBC) that have a rich stroma and limited targeted therapies. However, 

lack of preclinical human tumor models for mechanistic understanding of tumor-stromal 

interactions has been an impediment to identify effective treatments against the TME. To 

address this need, we developed a three-dimensional (3D) organotypic tumor model to 

study interactions of patient-derived cancer-associated fibroblasts (CAFs) with TNBC 

cells and explore potential therapy targets. We found that CAFs predominantly secreted 

hepatocyte growth factor (HGF) and activated MET receptor tyrosine kinase in TNBC 

cells. This tumor-stromal interaction promoted invasiveness, epithelial-to-mesenchymal 

transition, and activities of multiple oncogenic pathways in TNBC cells. Importantly, we 

established that TNBC cells become resistant to monotherapy and demonstrated a 

design-driven approach to select drug combinations that effectively inhibit pro-metastatic 

functions of TNBC cells. Our study also showed that HGF-MET from lung fibroblasts 

promotes colony formation by TNBC cells, suggesting that blocking HGF-MET signaling 

potentially could target both primary TNBC tumorigenesis and lung metastasis. Overall, 

we established the utility of our organotypic tumor model to identify and therapeutically 

target specific mechanisms of tumor-stromal interactions in TNBC toward the goal of 

developing targeted therapies against the TME.  

 
Implications: Leveraging a state-of-the-art organotypic tumor model, we demonstrated 

that CAFs-mediated HGF-MET signaling drive tumorigenic activities in TNBC and 

presents a therapeutic target. 
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Introduction 

   Breast tumors that lack expression of estrogen receptor (ER) and progesterone 

receptor (PR), and amplification of HER2 receptor are known as triple negative breast 

cancer (TNBC) (1). Although a few targeted therapies such as inhibitors of PARP or 

immune checkpoints are now available for advanced TNBC (2), cytotoxic chemotherapy 

remains the standard of care (3). Existing therapies for TNBC are largely ineffective due 

to drug resistance that eventually leads to relapse and metastasis within 3-5 years of 

diagnosis (4). Therefore, alternative treatment approaches are imperative to improve 

outcomes for TNBC patients. Recent evidence suggests that besides alterations in cancer 

cells, the tumor microenvironment (TME) and its interactions with cancer cells (i.e., tumor-

stromal interactions) promote drug resistance and disease progression (5). Using the 

TME as a therapy target has gained momentum particularly for aggressive cancers such 

as TNBC that have a rich stroma and limited targeted therapies. 

   Cancer-associated fibroblasts (CAFs) are the most abundant stromal cells in the TME 

of TNBC (6). CAFs secrete paracrine signaling molecules that interact with cancer cells 

and promote tumor growth, drug resistance, and eventually metastasis (7). Recognizing 

the role of stroma-derived paracrine factors in tumorigenesis, several drugs are in clinical 

trials to target either CAFs, its secreted factors, or their corresponding receptors 

expressed on cancer cells (8). Despite progress in understanding the TME, identifying 

effective drugs against tumor-stromal interactions remains difficult (9). Typically, animal 

models and cell cultures are used for both mechanistic studies and testing drugs in 

preclinical stages. Animal models lack most, if not all, of human stroma and are 

incompatible with screening multiple compounds and dosing regimens needed in drug 

discovery (10). Monolayer cell cultures allow high throughput compound screening but 

lack the native architecture and components of tumor stroma and poorly predict drug 

responses in vivo. To address this technological gap, three-dimensional (3D) tumor 

models have been developed to recreate tumor-stromal interactions, including co-culture 

spheroids of cancer-stromal cells with or without ECM and microfluidic devices with tumor 

and stromal compartments (11-13). These models either do not recreate the spatial 

distribution of different components of the TME or are incompatible with automated 
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platforms for drug screening. Emerging organoid technologies partially address these 

shortcomings (14), with major caveats that include the long time needed to develop them 

and challenges to incorporate stromal cells. 

   We recently developed a 3D organotypic TNBC model that contains key components 

of the breast TME, i.e., a mass of cancer cells, activated fibroblasts, and ECM, and is 

compatible with automated liquid handling operations (15). Here, we leveraged this model 

and established that CAFs and TNBC cells predominantly communicate via HGF-MET 

paracrine signaling, activating several oncogenic pathways while promoting invasiveness 

and epithelial-to-mesenchymal transition (EMT) of TNBC cells. We also found that HGF-

MET signaling was highly active in a lung stromal environment and promoted colony 

formation by TNBC cells. We identified drug combinations that significantly blocked 

stroma-mediated tumorigenic activities of TNBC cells.  

Materials and Methods 

Cell culture 
   MDA-MB-231, SUM159, Hs 578T, MDA-MB-157, HCC1806, and BT-20 TNBC cells and 

WI-38 lung fibroblast cells were purchased from ATCC. MDA-MB-231 and SUM159 

TNBC cells were transduced to stably express GFP (16). Three different breast fibroblast 

cells were used: normal human mammary fibroblasts (HMF) stably transduced with 

mCherry protein (gift of Dr. Daniel Hayes, University of Michigan), CAFs derived from a 

human breast carcinoma tumor (CAF-1) and obtained from Neuromics (Cat. No. CAF06), 

and CAFs derived from an invasive ductal breast carcinoma tumor (CAF-2) and obtained 

from BioIVT (Cat. No. HPCCAFBR-05). CAFs were cultured as recommended by the 

vendors for up to five passages. MDA-MB-231, MDA-MB-157, Hs 578T, and HMF cells 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Sigma) supplemented with 

10% fetal bovine serum (FBS, Sigma), 1% glutamine (Life Technologies), and 1% 

antibiotic (Life Technologies). HCC1806 cells were cultured in RPMI 1640 medium 

(Sigma) supplemented with 10% FBS and 1% antibiotic. SUM159 cells were cultured in 

Ham’s F-12 medium (Gibco) supplemented with 10% FBS, 5 µg/ml insulin (Sigma), 2 

µg/ml hydrocortisone (Sigma), 1% glutamine (Life Technologies), and 1% antibiotic. WI-
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38 cells were cultured in Eagle’s Minimum Essential Medium (EMEM, ATCC) 

supplemented with 10% FBS and 1% antibiotic. Cells were plated in T75 flasks (Thermo 

Fisher Scientific) and kept in a humidified incubator at 37C and 5% CO2. Cell lines were 

tested for mycoplasma contamination by PCR. After about 25 passages, the cells were 

replenished with fresh cultures from frozen stocks. 

 

Human phospho-RTK array 
    A human phospho-RTK array (R&D Systems, Cat. No. ARY001B) was used to detect 

relative phosphorylation of 49 different RTKs on TNBC cells post-stimulation with 

conditioned media of CAF cells. TNBC cells (MDA-MB-231 and SUM159) were stimulated 

for 10 min with conditioned media from confluent cultures of CAFs (CAF-1 and CAF-2). 

For a negative control, TNBC cells were incubated with culture medium only for 10 min 

at 37°C. The cells were rinsed with cold PBS and lysed using lysis buffer 17 containing 

protease inhibitors (Aprotinin, Leupeptin, and Pepstatin). Protein concentrations were 

quantified using a BCA protein assay kit (Thermo Fisher Scientific). Each array was 

blocked for 1 h with array buffer 1 and incubated with 300 µg of protein lysate overnight 

at 4°C. The array was washed and incubated with HRP conjugated anti-phospho-tyrosine 

detection antibody and developed using FluorChem E imaging (ProteinSimple). The 

relative phosphorylation of each RTK in the blot array was quantified by measuring pixel 

densities of the corresponding pair of dots on the array in ImageJ and normalized with 

respect to its vehicle control. 

 

Bead-based multiplex immunoassay  
    Conditioned media from confluent monolayer cultures of HMF, CAF-1, CAF-2, and WI-

38 cells were collected from an overnight incubation. Concentrations of secreted soluble 

factors were quantified using a magnetic bead panel (Millipore Sigma, Cat. No. 

HAGP1MAG-12K) for HGF, FGF-1, FGF-2 and another panel (Millipore Sigma, Cat. No. 

HCYTA-60K) for EGF and PDGF-AB/BB. Briefly, each conditioned medium was 

centrifuged to remove debris. Then, the supernatant was incubated with the premixed 

antibody-immobilized beads overnight at 4°C on a titer plate shaker. The beads were 
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washed carefully three times with a wash buffer using a handheld magnet (Millipore, Cat. 

No. 40-285) to retain the magnetic beads in the well plate. Next, the beads were incubated 

with a detection antibody followed by addition of streptavidin-phycoerythrin. Median 

fluorescent intensity (MFI) from the beads was measured using a Luminex MAGPIX 

instrument. Standard curves were generated to determine concentrations of the soluble 

factors. 

 

Organotypic tumor model and imaging of TNBC cell invasion 
    The organotypic tumor model was formed in two robotic micropatterning steps using 

an aqueous two-phase system (ATPS) technology with 5.0%(w/v) polyethylene glycol and 

6.4%(w/v) dextran (17,18). First, 7.5×103 TNBC cells were microprinted in a nanodrop to 

form a spheroid in each well of a 384-well plate. Then, a drop containing 20 µl ice-cold 

rat tail type I collagen solution (Corning) and 1.5×104 suspended fibroblasts was 

dispensed into each well. The 384-well plate was incubated at 37°C for 30 min to form 

the tumor model with fibroblasts dispersed in a collagen gel containing a mass of TNBC 

cells. For confocal imaging, the tumor models were formed in a glass bottom 384-well 

plate (MatTek, Cat. No. PBK384G). Images were captured with a 10X objective on days 

1 and 5 of culture (Nikon A1). TNBC cells without GFP were stained with Calcein AM 

(Thermo Fisher Scientific). Z-projected images were constructed from images of samples 

acquired with a z-spacing of 20 μm. NIS software was used for image acquisition and Fiji 

(ImageJ, NIH) was used for image analysis and 3D reconstruction. The total pixel area of 

TNBC cells when cultured with CAF-1 or CAF-2 was normalized to the pixel area of TNBC 

cells when cultured with HMF. Unlabeled collagen fibers were imaged using confocal 

reflectance microscopy. 

 

Flow cytometry 
    To quantify the proliferation of TNBC cells in organotypic models 5 days after formation, 

the collagen matrix was digested using collagenase I (Sigma) and mechanical agitation 

for 15 min. Collagenase activity was neutralized by adding triple amounts of complete 

growth medium. The resulting suspension was centrifuged to obtain a cell pellet, which 
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was suspended in 300 µl of medium and then 50 µl of suspension of counting beads 

(CountBright, Invitrogen) was added. Cells were analyzed with a BD Accuri C6 flow 

cytometer. At least 103 counting bead events were acquired while running each sample. 

Non-fluorescing TNBC cells were used to remove the background fluorescence. The 

GFP+ TNBC cells were gated from unstained fibroblasts. The absolute TNBC cell number 

was obtained as (number of TNBC events/number of bead events) × number of beads. 

 

Quantitative PCR 
   Cells were harvested from organotypic cultures and lysed using a Total RNA Kit lysis 

buffer (Omega BioTek). The lysate was passed through homogenizer mini columns 

(Omega BioTek). Total RNA was obtained using an RNA isolation kit (Omega BioTek). 

After removing DNA using RNase-free DNase (Omega BioTek), purity and concentration 

of isolated RNA were assessed using optical density (OD) 260/280 spectrophotometry 

(Synergy H1M, BioTek Instruments). cDNA was synthesized from 1 μg of total RNA using 

random hexamer primers (Roche). Real-time qPCR was performed in a LightCycler 480 

instrument II using a SYBR Green Master Mix (Roche). After combining 50 ng of cDNA 

with the primer and the SYBR Green Master Mix to a final volume of 15 μl, the reactions 

were incubated at 95°C for 5 min followed by 45 cycles of amplification, that is, at 95°C 

for 10 s, at 60°C for 10 s, and at 72°C for 10 s. The primer sequences for the genes are 

listed in Table S1. Gene expression values were calculated relative to β-actin and GAPDH 

using the ΔΔCt method. mRNA fold change was determined from the 2−ΔΔCt method (19). 

 

Western blotting 
    Organotypic cultures were treated with collagenase I for 15 min with added mechanical 

agitation. The collagenase activity was neutralized using triple amounts of complete 

growth media. The resulting suspension was centrifuged to obtain a cell pellet. The cells 

were washed with cold PBS and lysed with 500 µl of complete RIPA buffer containing 1% 

protease inhibitors and 1% phosphatase inhibitors. For stimulation experiments, MDA-

MB-231 and SUM159 cells were stimulated for 10 min with CAF-1 and CAF-2 conditioned 

media with or without crizotinib (0.5 µM or 1 µM). For negative control, TNBC cells were 
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incubated with culture medium only for 10 min at 37°C. The cells were washed with cold 

PBS and harvested using RIPA buffer. The cell suspension was further sonicated twice 

at a 20% amplitude for 5 sec (Vibra-Cell, Sonics). A BCA protein quantification assay was 

used to measure total protein concentration from each sample, which was then loaded 

onto a 4-15% gel (Bio-rad) for electrophoresis. Each gel was transferred onto a 

nitrocellulose membrane by electroblotting, blocked in 5% non-fat dried milk prepared in 

wash buffer for 1 h, and incubated overnight with primary antibodies: phospho-p44/42 

MAPK (Erk1/2, Cat. No. 9101), p44/42 MAPK (Erk1/2, Cat. No. 9102), phospho-Akt 

(Ser473, Cat. No. 4060), Akt (pan, Cat. No. 4691), phospho-Stat3 (Tyr705, Cat. No. 

9145), Stat3 (Cat. No. 4904), E-Cadherin (Cat. No.14472), N-Cadherin (Cat. No. 13116), 

Vimentin (Cat. No. 5741), phospho-Met (Tr1234/1235, Cat. No. 3077), Met (Cat. No. 

8198), and GAPDH (Cat. No. 5174), all purchased from Cell Signaling Technology. The 

membranes were washed and incubated with HRP-conjugated secondary antibody for 1 

h. Detection was done using ECL chemiluminescence detection kit (GE Healthcare) with 

FluorChem E system. 

 

Drug treatments of TNBC spheroids 
    Inhibitors of MAPK (trametinib, ulixertinib, SCH772984) and PI3K/Akt (dactolisib, 

apitolisib, VS-5584) were purchased from Selleckchem. Dactolisib was dissolved in 

dimethylformamide and all other compounds were dissolved in dimethyl sulfoxide. The 

compounds were used at 1×10−4 μM, 1×10−3 μM, 5×10−3 μM, 1×10−2 μM, 1×10-1 μM, 

1×100 μM, and 1×101 μM against free floating spheroids of MDA-MB-231 and SUM159 

cells. Untreated spheroids were kept in culture media. After 4 days of drug treatments, 

the GFP signal from TNBC cells was measured using a plate reader and the fluorescent 

signal was normalized to that from the vehicle control spheroids to construct 

dose−response curves (GraphPad Prism) and calculate LD50 values.  

 

Cyclic treatment regimen 
    To model resistance of cancer cells to monotherapies (20), MDA-MB-231:CAF-1 co-

culture spheroids at a 1:1 ratio were cyclically treated with 5 nM (i.e., 0.5×LD50) trametinib 
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for 28 days. Each experiment included four cycles of treatment (T1, T2, T3, T4) each 

followed by a recovery phase (R1, R2, R3). Phase images were captured at the end of 

each cycle to approximate the volume of spheroids. The GFP signal from TNBC cells was 

normalized to that from day 0 to calculate a percent viability. A growth rate metric (kc), 

defined as the difference in the volumes of spheroids after and before each treatment 

divided by 4 days treatment, was used to quantify trametinib resistance (20). 

 

Combination treatments of organotypic cultures 
   Organotypic cultures were treated with crizotinib/trametinib or crizotinib/dactolisib 

combinations prepared in culture medium with 1% FBS. Each inhibitor was used at five 

concentrations, 0.1 – 50 nM for trametinib and dactolisib, and 1 – 5 µM for crizotinib, 

which were selected based on dose-responses of free-floating spheroids of the cells. 

Single-agent treatments with trametinib and dactolisib were also carried out, resulting in 

a 6×6 matrix of concentration pairs, each with four replicates. Treatments were renewed 

after 72 h. Confocal images of the cultures were captured on day 5. The area occupied 

by TNBC cells was measured, normalized with the respective vehicle control, and 

represented as an invasion area to quantify the effect of each treatment. The fraction of 

cells affected by each treatment was calculated as 1-invasion area. A synergy analysis 

was performed to generate a combination index (CI) for pairs of drugs (21). 

 

Colony formation assay and immunofluorescence imaging of proliferative cells 
   TNBC cells (MDA-MB-231, MDA-MB-157, SUM159, Hs 578T), with or without WI-38 

lung fibroblast cells, were seeded as a single cell suspension in a 1.2% (w/v) 

methylcellulose (Sigma) gel made using 1% FBS-containing medium. A 1:4 ratio of 

TNBC:WI-38 cells was used and each well of a 384-well plate contained 50 TNBC cells 

and 200 WI-38 cells. Culture medium with 1% FBS was replaced every 3 days. The 

cultures were treated with 0.5 µM crizotinib and maintained for 8-10 days to image the 

colonies. The TNBC cells without GFP were stained with Calcein AM prior to imaging at 

a 2.5X magnification. An in-house python code in ImageJ was used to automatically 

detect the colonies in each image and compute their areas. A threshold colony diameter 
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of 75 µm was used for statistical analysis. The TNBC colonies were fixed using 4% 

paraformaldehyde (PFA) in PBS for 15 min at room temperature, washed with PBS for 

10 min, and blocked with 3% donkey serum for 1 h at room temperature. Cells were 

permeabilized using 0.3% Triton X-100 in PBS. Samples were incubated overnight with 

a Ki-67 rabbit antibody in 1% BSA and 0.3% Triton X-100 in PBS (Cell Signaling, Cat. No. 

9027). Samples were washed and incubated with a rhodamine red donkey anti-rabbit IgG 

(Jackson ImmunoResearch, 1:100, Cat. No. 711-295-152) for 1h and imaged. Ki-67+ cells 

were counted per TNBC colony and Ki-67/colony area ratios were normalized to the 

average in the respective vehicle control group, i.e., TNBC cells without WI-38 cells and 

crizotinib treatment.  

 

Bioinformatics analysis of data from breast cancer patients 
   The mRNA expression data from 2509 publicly available cases of invasive breast 

carcinoma were downloaded from The Cancer Genome Atlas (TCGA, METABRIC 

dataset) (22), using cBioPortal (http://www.cbioportal.org/). A query was performed to 

analyze co-expression of EGFR and MET genes. Co-expression of EGFR and MET 

proteins was also analyzed using protein expression data from the Firehose legacy breast 

cancer dataset (TCGA). The activities of p-EGFR and p-MET were determined from The 

Cancer Proteome Atlas (TCPA) available through MD Anderson Cancer Center (23). 

 

Gene set enrichment analysis (GSEA) 
   Gene expression data of GSE138139 was downloaded from the GEO database. For 

GSEA, the number of permutations was set to 1,000. The platform of this dataset is the 

GPL1261 Affymetrix mouse genome 430 2.0 array. The enrichment score was calculated 

according to metastasis status (lung metastasis versus parental breast cancer cells). 

Differences of a nominal p<0.05 and an FDR less than 25% defined significance. 

 

Statistical analysis 
   Data were first checked for normality using the Anderson-Darling method in MINITAB. 

For normally-distributed data, one-way ANOVA with Tukey’s pairwise comparisons was 
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used to compare means among three or more samples. A two-tailed, unpaired t-test was 

used to compare two experimental groups. Normally-distributed data from experiments 

were expressed as mean ± standard error. Non-Gaussian distributed data were analyzed 

using two-tailed Mann-Whitney test. Values of p<0.05 denoted statistical significance. 

 

Data availability 
   The data generated in this study are available within the article and its Supplementary 

Data file. Any materials may be made available from the corresponding author upon 

request. 

 

Results 

CAFs interact with TNBC cells via HGF-MET pathway 
   We stimulated TNBC cells with conditioned medium of CAF-1 and CAF-2 cultures and 

used a phospho-RTK array to detect activities of 49 RTKs in MDA-MB-231 and SUM159 

TNBC cells (Fig. 1a and Fig. S1) (24). While both TNBC cells had high basal EGFR 

activity, stimulation with CAFs significantly activated MET. CAF-1 led to 25 and 30-fold 

increase in pMET levels and marginally affected pEGFR by 0.7 and 1.5-fold in MDA-MB-

231 and SUM159 cells, respectively (Fig. 1b). CAF-2 also increased pMET by 3.7 and 

5.5-fold and minimally changed pEGFR by 0.8 and 1.3-fold in MDA-MB-231 and SUM159 

cells, respectively. Thus, CAFs predominantly activated MET in TNBC cells. To further 

validate this finding, we treated six different TNBC cells with conditioned media from the 

CAFs and found significant activation of MET in all six TNBC cells by CAF-1 and in five 

of the TNBC cells by CAF-2 (Fig. 1c-d). Despite MET protein expression in the TNBC 

cells (i.e., high t-MET levels), paracrine signaling with CAFs activated it (i.e., p-MET) (Fig. 

1c). We ensured that MET activation was indeed due to paracrine signaling with CAFs 

using an immunoassay that showed both CAFs secrete high levels of the MET ligand, 

HGF, i.e., ~10.2 ng/ml by CAF-1 and ~1 ng/ml by CAF-2 (Fig. 1e). In contrast, HMFs 

secreted only 50 pg/ml of HGF. Other soluble factors such as EGF, FGF-1 and FGF-2, 

and PDGF AA/AB were not detectable. Taken together, these results indicate that CAFs 

from patients secrete HGF and predominantly activate MET in TNBC cells. 
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CAFs activate multiple oncogenic pathways in TNBC cells 
   Active RTKs regulate various signaling pathways that drive breast cancer progression 

(25). We evaluated activities of several prominent pathways in breast cancers including 

MAPK, PI3K/Akt, and JAK/STAT. While MDA-MB-231 cells had basal MAPK/ERK activity 

due to an activating mutation in K-Ras (26), CAF-1 led to activation of both Akt and 

STAT3, whereas CAF-2 only activated Akt (Fig. 2a). In SUM159 cells that had basal 

PI3K/Akt pathway activity due to a mutation in PI3K (26), both CAFs activated ERK and 

STAT3 signaling (Fig. 2a). CAF-1 had a greater effect in activation of these pathways 

than CAF-2 because of its higher HGF production that led to significantly higher MET 

activation in TNBC cells (Fig. 1c-d). To validate the role of HGF-MET signaling in 

activating these pathways, we used a MET inhibitor, crizotinib, against TNBC cells 

stimulated with CAF-1. We selected only CAF-1 for this experiment because of its greater 

effect on promoting oncogenic signaling in TNBC cells. This treatment led to a dose-

dependent significant reduction in activation of ERK, Akt, and STAT3 in both MDA-MB-

231 and SUM159 cells (Fig. 2b). Overall, these results established that CAFs promote 

several downstream pathways in TNBC cells through HGF-MET signaling. 

 

MET expression and activity in patient tumors 
   To determine the clinical relevance of MET in TNBC, we analyzed MET gene 

expression in different breast cancer subtypes in TCGA. Basal and claudin-low subtypes 

of breast cancer, which primarily represent TNBC, showed significantly higher expression 

of MET than other subtypes (Fig. 3a). We also found a moderate, but significant 

correlation between MET and EGFR at both gene and protein levels (Fig. 3b). To 

determine functional activities of MET and EGFR in breast tumors, we analyzed data for 

invasive breast carcinomas and found a significant correlation between p-MET and p-

EGFR (Fig. 3c). This analysis of data from patient tumors underlines the significance of 

MET activity in TNBC, and together with our results, suggests a critical role for CAFs to 

predominantly activate MET in EGFR+ TNBC cells. 
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CAFs promote pro-metastatic functions in TNBC cells 
   Our organotypic tumor 3D model mimics the architecture and positioning of cancer and 

stromal cells in solid tumors. The model has a matrix stiffness of ~2.5 kPa as in human 

breast tumors (Fig. 4a) (15,27). Using this model, we studied the role of CAFs on matrix 

invasion of TNBC cells. We found that unlike HMF cells, CAF-1 and CAF-2 promoted 

ECM invasion of MDA-MB-231 and SUM159 cells by up to ~2.5-fold (Fig. 4b-c). 

Furthermore, our analysis of organotypic models showed that both CAFs promoted 

proliferation of the TNBC cells by up to ~1.3-fold within 5 days (Fig. 4d-e). 

   Due to the role of EMT in local invasion of cancer cells and metastasis (28), we 

investigated whether CAFs promote an EMT phenotype in TNBC cells. Invading TNBC 

cells in organotypic models containing CAF-1 or CAF-2 displayed a significantly more 

elongated morphology compared to those with HMF cells (Fig. 5a). To validate this result, 

we quantified gene expression of several EMT transcription factors. Co-cultures with 

CAF-1 and CAF-2 upregulated most EMT markers in TNBC cells (Fig. 5b). CAF-1 

enhanced expression of SLUG and FOXC2 in MDA-MB-231 cells and SNAIL and ZEB2 

in SUM159 cells by more than 3-fold. CAF-2 also increased expression of SLUG and 

FOXC2 by nearly or more than 2-fold in MDA-MB-231 cells and SNAIL in SUM159 cells 

by over 2-fold. We further validated these results and showed that stimulation with CAF-

1 conditioned medium led to elevation of vimentin in MDA-MB-231 cells and N-cadherin 

in SUM159 cells (Fig. 5c). CAF-2 cells did not induce a detectable change in these 

proteins in the TNBC cells. Overall, these results indicate that CAFs shift these 

mesenchymal-like TNBC cells further toward a mesenchymal phenotype. 

 

Modeling resistance of TNBC cells to single-agent treatments 
  Frequent emergence of drug resistance to monotherapies in solid tumors typically 

necessitates combination therapies to increase treatment efficacy and durability (29). 

Next, we asked to what extent single-agent targeting of constitutively-active oncogenic 

pathways in TNBC cells would lead to drug resistance and a potential function of HGF-

cMET signaling in drug resistance. To select drug compounds for these experiments, we 

used TNBC spheroids and performed a dose-dependent screening of a set of molecular 
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inhibitors against MAPK and PI3K/Akt pathways (Fig. S2). Our quantitative analysis 

showed that the most effective inhibitors were trametinib against MDA-MB-231 cells with 

an LD50 of 10 nM and dactolisib against SUM159 cells with an LD50 of 1 µM. Then, we 

treated MDA-MB-231:CAF-1 co-culture spheroids with trametinib in a cyclic regimen to 

mimic intermittent chemotherapy cycles (Fig. 6a). Trametinib reduced the size of 

spheroids during the first two treatment rounds (T1 and T2) (Fig. 6b) and reduced cancer 

cell viability to 41% at the end of T2 (Fig. 6c). However, after the second recovery round 

(R2), trametinib became significantly less effective. At the end of the 28-day regimen, 

spheroids treated with trametinib were 3.04-fold larger than those after T1 and the GFP 

fluorescence intensity of the MDA-MB-231 cells, i.e., an approximate measure of number 

of cells, increased by 3.11-fold compared to that after T1. We used a growth rate metric 

(kc) to quantify the treatment effect (Fig. 6d). Although kc for the spheroids reduced during 

T1 and T2, it significantly increased during T3 and T4. The kc values of spheroids from T1 

to T4 increased from -0.0059 mm3/day to 0.0172 mm3/day. To elucidate the underlying 

mechanisms, we evaluated activation of ERK, Akt, and MET following T1 and T3 

treatments (Fig. 6e). Trametinib treatment reduced pERK and pMET levels but 

upregulated pAKT during T1. Following T3, there was significant activation of ERK and 

MET and persistent activity of Akt. These findings suggest feedback signaling between 

PI3K/Akt and MAPK/MEK pathways and gain of MET activity to drive ERK signaling as 

potential mechanisms of trametinib resistance of TNBC cells. 

  
Combination treatments to suppress tumorigenic activities of TNBC cells 
   Next, we evaluated the feasibility of a combination treatment strategy to simultaneously 

suppress proliferation, invasion, and EMT of TNBC cells in organotypic cultures. Because 

HGF from CAFs activated MET in TNBC cells, we hypothesized that treatments blocking 

the HGF-MET axis and its downstream pathways could potentially inhibit tumorigenic 

activities of TNBC cells. To test this hypothesis, we selected a combination of inhibitors 

of MET and MAPK pathway for MDA-MB-231 cells and MET and PI3K/Akt pathway for 

SUM159 cells and performed matrix-style combination treatments. This selection reflects 

different constitutively active kinase pathways in the TNBC cells, i.e., MAPK pathway in 
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MDA-MB-231 and PI3K/Akt pathway in SUM159 cells (Fig. 2a). We used CAF-1 for these 

experiments because it had a greater effect on promoting invasion, proliferation, EMT, 

and oncogenic signaling in TNBC cells than CAF-2. 

 

   Representative images of MDA-MB-231 and SUM159 cells in organotypic cultures 

under single-agent and combination treatments and the quantified inhibition of invasion 

are shown in Fig. 7a-d. While each compound alone reduced cancer cell invasion, the 

combination treatments more effectively inhibited invasion at low concentrations. With the 

organotypic cultures of MDA-MB-231, trametinib/crizotinib up to and including the 5 nM/1 

µM pair showed significantly greater effects than the individual drugs. The 5 nM/1 µM pair 

synergistically reduced cell invasion by 93% and resulted in CI=0.34.  With the 

organotypic cultures of SUM159, crizotinib/dactolisib up to and including the 1 µM/1 µM 

pair were more effective than each compound alone with the combination blocking 

SUM159 cell invasion by up to 96% with a CI = 0.39. Although the drug combinations also 

reduced MDA-MB-231 and SUM159 cell proliferation in organotypic models by 1.76-fold 

and 2.0-fold (Fig 7e-f), respectively, results suggest that TNBC proliferation was primarily 

driven by the constitutive pathway in each TNBC cell line because reduction in 

proliferation was mainly realized using the respective inhibitor of each pathway rather 

than crizotinib. 

  
   Next, we studied inhibitory effects of the treatments on downstream signaling pathways. 

The crizotinib/trametinib pair downregulated activities of MAPK, PI3K/Akt, and JAK/STAT 

pathways in MDA-MB-231 cells, significantly greater than those from the respective 

responses when each compound was used alone (Fig. 7g). Additionally, it significantly 

reduced expression of various EMT gene and protein markers (Fig. 7h-i). With SUM159 

organotypic cultures, the dactolisib/crizotinib pair also significantly reduced activities of 

the three signaling pathways (Fig. 7j) and EMT markers (Fig. 7k-l). Overall, these results 

provide compelling evidence that the selected combinations treatments effectively block 

CAFs-mediated pro-metastatic activities of TNBC cells by simultaneously blocking 

signaling activities in multiple prominent oncogenic pathways. 
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HGF-MET pathway promotes TNBC survival and colony formation in lung stroma 
   Due to the prevalence of TNBC metastasis to lung, we asked whether HGF-MET 

pathway has a role in supporting TNBC cell survival and colony formation in the lung. We 

used a Molecular Signatures Database (MSigDB) hallmark gene set collection and 

derived 14 MET signature genes based on their association with activated MET (30). Our 

analysis of results from a study of a murine metastasis model of human TNBC showed 

that these genes were significantly enriched in lung metastasis (Fig. S3a) (31). This was 

consistent with other studies that showed lung stromal cells secrete high levels of HGF. 

To investigate functional effects of HGF-MET signaling in lung stroma, we used WI-38 

lung fibroblast cells to determine to what extent they impact colony formation of TNBC 

cells. First, we validated that WI-38 cells activate MET receptors in both MDA-MB-231 

and SUM159 TNBC cells (Fig. S3b). We ensured the specificity of this activity by 

analyzing the secretome of WI-38 cells and found that these cells secrete ~7.2 ng/ml of 

HGF (Fig. S3c). 

 

   To study the role of lung fibroblasts in survival and proliferation of TNBC cells, we 

developed a 3D lung stromal environment consisting of a methylcellulose hydrogel and 

dispersed WI-38 cells. The hydrogel also contained single TNBC cells to represent 

metastatic cells. We used four different TNBC cell lines at a 1:4 ratio to WI-38 cells to 

mimic the relatively small population of cancer cells compared to the resident stromal 

cells in metastatic sites. Results showed that WI-38 cells significantly promote colony 

formation of SUM159, Hs578T, and MDA-MB-157 cells by 1.61, 4.0, and 3.0-fold, 

respectively (Fig. S3d). We validated that this response was indeed due to the HGF-MET 

pathway by showing that crizotinib significantly reduced colony formation of all three 

TNBC cells (Fig. S3d). Immunofluorescent staining of the cultures also showed a 

significant increase in Ki-67+ TNBC cells, which was reversed by blocking the HGF-MET 

axis (Fig. S3e). We note that WI-38 cells did not increase colony formation of MDA-MB-

231 cells, consistent with a study that showed formation of MDA-MB-231 lung 

micrometastases significantly larger than our selected threshold to quantify colonies 

requires a much longer time than we used (32). Collectively, these results demonstrate 
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that lung fibroblasts provide a permissive niche for survival and metastatic colonization of 

TNBC cells via the HGF-MET axis and suggest that blocking this pathway may provide 

benefits against both primary TNBC and lung metastasis.  

 

Discussion 

TNBC is a heterogeneous disease that presents six different subtypes with significant 

activities of RTKs and downstream Ras/Raf/MEK/ERK and PI3K/Akt/mTOR pathways 

(33,34). Although PARP and immune checkpoint inhibitors are now available for 

advanced TNBC (2), cytotoxic chemotherapy remains the mainstay treatment. Thus, 

disrupting tumor-stromal interactions may provide new targeted therapies for TNBC. We 

developed an organotypic tumor model to mechanistically study interactions of TNBC 

cells with patient-derived CAFs. Patient-derived CAFs predominantly secreted HGF, 

consistent with studies that showed CAFs in breast tumors produce as high as 50 ng/ml 

of HGF (35). However, CAFs from different patients showed a significant difference in 

HGF production due to inter-tumoral heterogeneity that is a characteristic of CAFs in 

breast tumors (Fig. S4) (36,37). Although several reports have shown that breast cancer 

cells can produce HGF to activate MET in an autocrine signaling manner (38), we did not 

detect HGF in supernatants of TNBC cells. Furthermore, all six TNBC cell lines used had 

endogenous MET expression, in agreement with data from human breast tumors showing 

significantly higher MET gene expression in basal and claudin-low subtypes compared to 

other breast cancers (Fig. 3). Other studies have shown that MET is frequently 

overexpressed in malignant breast tissues and TNBC tumors (39,40), and its expression 

is a strong independent marker for poor prognosis in breast carcinoma (41,42). 

Consistent with the role of stroma in breast tumorigenicity (35,43), CAFs from patients 

significantly promoted proliferation, matrix invasion, and EMT of TNBC cells in our 

organotypic tumor model. Our analysis of RTK activities of TNBC cells showed high basal 

activation of EGFR, consistent with EGFR overexpression in up to 78% of TNBC tumors 

(40,44). But in the presence of CAFs, the HGF-MET axis was the dominant oncogenic 

signaling pathway. This finding highlights a potential reason for the failure of anti-EGFR 

monotherapies in TNBC (45), consistent with our results that showed EGFR inhibitors 
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were not effective against TNBC cell invasiveness (Fig. S5a) or CAFs-mediated MET 

activation (Fig. S5b). However, crizotinib alone significantly reduced matrix invasion and 

EGFR activity of TNBC cells (Fig. S5a). These results emphasize limitations of targeting 

only genetic aberrations of cancer cells and the importance of tumor-stromal interactions 

as a therapeutic target in TNBC. Using a defined matrix in our model is a major advantage 

to capture effects of specific CAFs-TNBC signaling without additional stimulatory and 

inhibitory factors present in animal-derived matrices such as Matrigel. Selecting human 

collagen for our model was guided by previous finding that TNBC has a significant 

enrichment for collagen deposition compared with the luminal subtypes (46). 

 

   Leveraging our 3D organotypic model that allows mechanistic studies to guide 

treatments, we investigated both single-agent and combination treatments against HGF-

MET and its downstream pathways. As expected, single-agent inhibition of the MAPK 

pathway in a long-term, cyclic treatment regimen led to resistance of TNBC cells. 

Consistent with our finding, prior studies have shown feedback activation of oncogenic 

kinase pathways as a major resistance mechanism (20,21). To simultaneously suppress 

matrix invasion, proliferation, and EMT of TNBC cells, we designed combination 

treatments against both TNBC-CAFs interactions and basal active signaling in TNBC 

cells, i.e., crizotinib/trametinib for MDA-MB-231 cells and crizotinib/dactolisib for SUM159 

cells. This strategy was critical because targeting only the TNBC-CAFs interaction or the 

TNBC cells proved insufficient. For example, using a MAPK inhibitor (trametinib) alone 

against MDA-MB-231 cells led to drug resistance (Fig. 6), whereas targeting only the 

CAFs-mediated MET activation using crizotinib alone reduced but did not block activities 

of signaling proteins in TNBC cells (Fig. 7). We note that crizotinib alone was very 

effective in downregulating oncogenic pathways in TNBC cells with a brief 10 min 

treatment, but this was reversed over a 5-day treatment, indicating that TNBC cells 

become resistant to monotherapy with crizotinib as well. The combination treatment 

successfully blocked activities of these pathways. In addition to the role of HGF-MET in 

primary tumor progression, this signaling promoted colony forming capability of TNBC 

cells in a lung stromal environment, consistent with the role of lung stromal cells in 
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promoting metastatic colonization of cancer cells (32,47). Other studies showed that HGF 

significantly increased lung metastasis of breast cancer cells in mouse models (48,49). 

Interestingly, disrupting HGF-MET using crizotinib significantly reduced colony formation 

of TNBC cells in our model of lung stroma, suggesting that this pathway has therapeutic 

value against TNBC metastases formation in the lungs. 

 

   In conclusion, we developed an organotypic 3D tumor model and demonstrated that 

interactions between TNBC cells and patient-derived CAFs occur predominantly through 

HGF-MET axis. This tumor-stromal signaling activated several oncogenic pathways and 

promoted pro-metastatic activities of TNBC cells and colony formation in the lung stroma. 

We developed a design-driven approach and showed the feasibility of targeting tumor-

stromal interactions using specific drug combinations to significantly inhibit matrix 

invasion, proliferation, and EMT of TNBC cells in a primary tumor environment and their 

metastatic colonization in a lung stromal environment. Our engineered tumor model is 

conducive to phenotypic and mechanistic studies to identify new therapeutic opportunities 

against tumor-stromal interactions and develop and screen the effectiveness of various 

treatment combinations and regimens. We also note that CAFs also degrade and deposit 

ECM and change its mechanical properties. Investigating integrated effects of 

biochemical and mechanical inputs to facilitate cancer cell invasiveness can inform 

targeting of tumor-stromal interactions. 
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Figure Legends 

Figure 1. CAFs interact with TNBC cells predominantly through the HGF-MET pathway. 

(a) Phospho-RTK arrays of MDA-MB-231 and SUM159 monoculture cells stimulated with 

CAF-1 and CAF-2. Colored boxes in the arrays represent pEGFR (blue) and pMET 

(brown and purple). (b) Pixel densities representing activities of EGFR and MET from the 

treatments normalized with the respective vehicle control and represented as an activity 

fold change. Error bars represent standard errors from a mean value. Data represent 

three separate experiments. (c) MET activation in six different TNBC cell lines due to 

stimulation with CAF-1 and CAF-2. (d) Quantified levels of p-MET/t-MET in TNBC cells 

stimulated with CAF-1 and CAF-2 and statistically compared with a vehicle control group 

for each cell line. Data represent two separate experiments with two replicates. *p<0.05 

was calculated using two-tailed, unpaired t-tests. (e) HGF levels in supernatants of 

fibroblasts (CAF-1, CAF-2, and HMF). Data represent three separate experiments. *p 

<0.05, **p <0.01. 

 

Figure 2. CAFs activate oncogenic signaling in TNBC cells. (a) Conditioned media of 

CAFs activated Akt and STAT3 in MDA-MB-231 cells and ERK1/2 and STAT3 in SUM159 

as shown with the blots and the quantified results. Statistical comparison was done 

between TNBC cells stimulated with CAF-1 or CAF-2 conditioned media and its 

respective control group. *p<0.05 denotes statistically significant comparisons between 

stimulated and vehicle control TNBC cells. (b) Crizotinib (MET inhibitor) significantly 

downregulated oncogenic signaling in TNBC cell lines. The graphs show quantified 

phospho-protein levels normalized with total protein levels in TNBC cells when stimulated 

with conditioned medium from CAF-1, with or without MET inhibition (0.5 µM and 1 µM 

crizotinib). Statistical comparison was done between TNBC cells stimulated with CAF-1 

conditioned medium and the stimulated TNBC cells under crizotinib treatment (One-way 

ANOVA followed by post-hoc test). Data represent two separate experiments with three 

replicates. *p<0.05. 
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Figure 3. Met activity in EGFR+ TNBC. (a) Analysis of METABRIC breast cancer 

database (TCGA) shows that expression levels of both MET and EGFR genes are 

significantly higher in basal and claudin-low subtypes. (b) MET expression strongly 

correlates with EGFR expression both at a gene level (METABRIC breast cancer 

database TCGA) and at a protein level (Firehose Legacy breast cancer database, TCGA). 

(c) Analysis of functional proteomics data of tumors from patients with invasive breast 

cancer derived from TCPA database shows a strong correlation between p-MET and p-

EGFR. *p<0.05, **p<0.01. 

 

Figure 4. CAFs promote matrix invasion and proliferation of TNBC cells in an organotypic 

tumor model. (a) Two-step micropatterning approach to create a tumor model that 

consists of a TNBC cell mass within a stroma composed of ECM and dispersed CAFs. 

The images show confocal reconstruction of the tumor model. Left: TNBC mass (blue) 

and CAFs (green); Right: TNBC mass (green), CAFs (red), and collagen (cyan). Scale 

bar is 200 µm. (b) Confocal images of TNBC cells on day 5 of culture show that unlike 

HMFs, CAFs promote matrix invasion of MDA-MB-231 and SUM159 cells. (c) Normalized 

matrix invasion of MDA-MB-231 and SUM159 cells (n=8). (d) Flow cytometry results from 

organotypic tumor models with HMFs, CAF-1, or CAF-2 used as fibroblasts and TNBC 

cells. (e) Quantified cell proliferation results with absolute count of MDA-MB-231 and 

SUM159 cells. *p<0.05 and n=6. 

 

Figure 5. CAFs promote EMT of TNBC cells. (a) TNBC cells in 3D organotypic culture 

with CAF-1 and CAF-2 show a mesenchymal morphology as quantified by elevated cell 

aspect ratio. (b) CAFs increase the expression of EMT gene markers in MDA-MB-231 

and SUM159 TNBC cells in organotypic models. n=2 independent experiments, two 

replicates/experiment, *p< 0.05. (c) Both TNBC cell lines stimulated with conditioned 

medium from CAFs show elevated expression of EMT protein markers. n=2 with three 

replicates. *p< 0.05. 



 28 

Figure 6. Cyclic drug treatment and recovery of MDA-MB-231:CAF-1 co-culture spheroid. 

(a) The co-culture spheroids were cyclically treated with an inhibitor of MEK (5 nM 

trametinib). (b) Kinetics of spheroids growth during the cyclic treatment and recovery 

regimen. Each data point in the line graph is an average of eight replicates. (c) 
Percentage viability of TNBC cells measured from fluorescence intensity of endogenous 

GFP signal of TNBC cells (n=8). (d) Growth rate (kc) of co-culture spheroids during four 

treatment rounds with trametinib (n=8); *p<0.01. Error bars in panels (b-d) represent the 

standard errors from a mean value. (e) Activities of ERK1/2, Akt, and MET following T1 

and T3 treatments of MDA-MB-231:CAF-1 co-culture spheroids with trametinib. The 

Control lane represents untreated spheroids. 

 
Figure 7. Therapeutic targeting of CAFs-TNBC cell interactions in organotypic cultures. 

(a,b) Matrix-format dose-dependent combination treatments with crizotinib/trametinib 

against MDA-MB-231 and crizotinib/dactolisib against SUM159 cells (n=3). (c,d) 
Quantified inhibition of invasion of TNBC cells by the combination treatments. The boxed 

cells show highly synergistic combination pairs. (e,f) Quantified flow cytometry results 

with absolute counts of TNBC cells in free-floating spheroids, in organotypic cultures 

containing CAF-1 and TNBC cells (control), in organotypic cultures under single-agent 

treatments (+1 µM crizotinib or +5 nM trametinib with MDA-MB-231) and (+1 µM crizotinib 

or +1 µM dactolisib with SUM159), and in organotypic cultures under combination 

treatments (+crizotinib+trametinib with MDA-MB-231) or (+crizotinib+dactolisib with 

SUM159). *p<0.05 and n=5. (g-i) Effects of single-agent treatments with crizotinib and 

trametinib and their combination on activities of ERK1/2, Akt, and STAT3 signaling, gene 

expression of EMT transcription factors, and vimentin and N-cadherin proteins in MDA-

MB-231 cells. (j-l) Effects of single-agent treatments with crizotinib and dactolisib and 

their combination on activities of ERK1/2, Akt, and STAT3 signaling, gene expression of 

EMT transcription factors, and vimentin and N-cadherin proteins in SUM159 cells. n=2 

independent experiments, two replicates/experiment, *p< 0.05. 
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