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Abstract

:

Simple Summary


While the PI3K/AKT/mTORC1 pathway is highly active in breast cancer, mTORC1-targeting drugs are not effective in all breast cancer subtypes. To identify potential resistance mechanisms, we utilized a mouse model of breast cancer that continues to grow in the presence of the mTORC1 inhibitor, rapamycin. This treatment caused changes in the activity of genes that control the environment surrounding the tumor cells (the extracellular matrix or ECM). To determine if the ECM can modulate mTORC1 inhibitor effectiveness, we targeted focal adhesion kinase (FAK), an integral protein that mediates signaling from the ECM into the cell. In models that are relatively resistant to mTORC1 inhibitors, blocking FAK improved the ability of mTORC1 inhibitors to suppress tumor growth. However, in models that are sensitive to mTORC1 inhibitors, FAK suppression had no effect. These results provide preclinical evidence that the dual targeting of FAK and mTORC1 may improve therapeutic impact in cancers that are resistant to mTORC1 inhibitors.




Abstract


The PI3K/AKT/mTORC1 pathway is a major therapeutic target for many cancers, particularly breast cancer. Everolimus is an mTORC1 inhibitor used in metastatic estrogen receptor-positive (ER+) and epidermal growth factor receptor 2-negative (HER2-) breast cancer. However, mTORC1 inhibitors have limited efficacy in other breast cancer subtypes. We sought to discover collateral sensitivities to mTORC1 inhibition that could be exploited to improve therapeutic response. Using a mouse model of breast cancer that is intrinsically resistant to mTORC1 inhibition, we found that rapamycin alters the expression of numerous extracellular matrix genes, suggesting a potential role for integrins/FAK in controlling mTORC1-inhibitor efficacy. FAK activation was also inversely correlated with rapamycin response in breast cancer cell lines. Supporting its potential utility in patients, FAK activation was observed in >50% of human breast cancers. While blocking FAK in mouse models of breast cancer that are highly responsive to rapamycin had no impact on tumor growth, FAK inhibition sensitized rapamycin-resistant tumors to mTORC1 inhibition. These data reveal an innate dependency on FAK when mTORC1 signaling is lost in tumors that are resistant to mTORC1 inhibitors. They also suggest a precision medicine approach to improving mTORC1 inhibitor efficacy in resistant cancers by suppressing FAK signaling.
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1. Introduction


The PAM (PI3K/AKT/mTOR) pathway controls hallmarks of cancer such as growth, survival, and motility [1]. It is highly dysregulated across cancer types due to the accumulation of multiple genetic alterations that sustain its activation. In breast cancer, ~60% of tumors harbor genetic alterations in the PAM pathway [2]. These include activating mutations of PI3K, loss of phosphatase and tensin homolog (PTEN) or inositol polyphosphate 4-phosphatase type II (INPP4B) protein expression, and gene amplification of receptor tyrosine kinases (RTK) such as HER2 [2,3,4]. While many PAM pathway inhibitors have been evaluated, only inhibitors for three protein targets are FDA-approved in breast cancer. HER2 inhibitors, such as trastuzumab and lapatinib, are standard of care for HER2+ breast cancers [5]. Inhibitors alpelisib and everolimus, which respectively target PIK3Cα and mTORC1, are second-line therapies for advanced hormone receptor-positive/HER2-negative breast cancers [4,6,7,8]. When these inhibitors are combined with chemotherapeutic agents or hormone therapies, they increase progression-free survival in patient cohorts. However, resistance is common and leads to poor patient outcomes.



Targeting components of the PAM pathway is also often met with dose-limiting toxicities and modest efficacy [4]. Limited effectiveness is due to the multi-factorial nature and complexity of the PAM pathway, which is a network composed of numerous inputs and regulatory feedback loops [9]. Selective inhibitors of distinct members of the pathway disrupt intricate negative feedback loops. This, in turn, results in the rebound activation of other proteins that then continue to stimulate pathway signaling [10,11]. In some cases, breast cancer cells may also have intrinsically higher activation or expression of pathway proteins that prevents even an initial response to therapy. While elucidating the many components and modulators of the PAM pathway has garnered much attention, pathways that provide alternative mechanisms for sustaining growth in the absence of PAM signaling have not been sufficiently explored. Identifying such pathways should provide new protein targets for additional monotherapies or drug combinations that enhance the efficacy of PAM-pathway inhibitors as well as usurp resistance pathways.



Mechanisms of resistance to PAM pathway inhibitors has been characterized as intrinsic, adaptive, or acquired, with most maintaining the activation of the pathway [12]. For example, activating mutations in the PI3KCA gene and the activation of the cyclin D1:CDK4/6 signaling pathway can each sustain PAM pathway signaling, even in the presence of HER2 or mTORC1 inhibitors (mTORC1i) [4,5,6]. While targeting these additional activating mechanisms can provide clinical impact, response is typically transient due to the many routes available to stimulate this core pathway. An alternative approach to identifying mechanisms that sustain PAM signaling is to discover growth-promoting signals that operate independently of the PAM pathway but provide collateral sensitivity. As a concept that initially emerged from antibiotic resistance, collateral sensitivity occurs when a cell is treated with inhibitor A and, as a result, becomes hypersensitive to inhibitor B, with A and B targeting different proteins/pathways [13]. In cancer, targeting ABC transporters is a collateral sensitivity to multidrug-resistant cancers previously treated with paclitaxel, doxorubicin, or other inhibitors [13,14]. Other studies have demonstrated collateral sensitivity to taxanes in the context of resistance to PRMT5 inhibitors or dependency on MEK/EGFR in chemoresistant tumors [15,16]. Discovering collateral pathways that continue to drive tumor growth in the presence of PAM inhibitors should reveal new targets whose blockade could potentiate PAM inhibitor efficacy in resistant tumors. An area that has not been fully explored is the role of microenvironmental factors, such as the extracellular matrix (ECM), in controlling the efficacy of PAM inhibitors.



In cancer, the ECM facilitates growth, migration, and invasion [17]. It is comprised of growth factors, as well as enzymatic, structural, and matricellular proteins [18]. Signal transduction from the ECM to the cell is primarily mediated by integrins. When bound to ECM components, various alpha and beta integrin subunits heterodimerize at the plasma membrane and recruit multiple proteins to form focal adhesions [17,19]. Focal adhesion kinase (FAK) is a primary intracellular mediator that localizes to integrins and is autophosphorylated. Phosphorylated residues in FAK (autophosphorylation sites and sites that are phosphorylated by Src family kinases or SFKs) serve as docking domains for other proteins involved in various downstream cell signaling pathways [20]. FAK can mediate resistance to upstream inhibitors of the PAM pathway in both liquid and solid tumors. Through a systematic analysis, Schwill and others identified FAK as a major signaling node that is activated as an adaptive response to various HER2 inhibitors in breast cancer [21]. In addition, the HER2 inhibitor lapatinib increases FAK autophosphorylation [22]. Trastuzumab- and lapatinib-resistant breast cancer cells also increase FAK phosphorylation [23,24]. In cancers other than breast, PAM inhibitors can increase integrin expression, FAK autophosphorylation, or both [25,26,27]. Studies in pancreatic neuroendocrine tumors and acute lymphoblastic leukemia have further found that the dual inhibition of mTORC1 and FAK, through pharmacological or genetic silencing approaches, decreases cell growth [28,29,30]. As indicated above, mTORC1i (e.g., everolimus) are approved as a second line of therapy in luminal breast cancer. mTORC1i are less efficacious in other breast cancer subtypes, such as triple negative breast cancer (TNBC) [31,32]. It is unknown if cells that are resistant to mTORC1i, like TNBC, rely on FAK for sustained growth. If so, this would suggest that FAK inhibitors may be able to reinstate mTORC1 sensitivity and provide a therapeutic avenue for mTORC1i in TNBC and other resistant cancers.



Herein, we describe an approach for discovering alternative pathways that sustain growth in the presence of mTORC1i. We found that mTORC1 inhibition with the prototypical inhibitor, rapamycin, in a TNBC xenograft model is able to suppress mTORC1 signaling but does not fully block tumor growth. Moreover, rapamycin alters the expression of a large cohort of extracellular matrix genes, suggestive of ECM remodeling and the potential dependency of these tumors on integrin signaling. Since FAK is a common downstream signaling node of ECM proteins that is therapeutically targetable [33], we asked whether FAK inhibitors may have utility in improving mTORC1i response. We found that FAK is active across all clinically defined breast cancer subtypes and that its activity is correlated with patient outcomes in the group as a whole, as well as in TNBC. Importantly, resistance to mTORC1i is associated with increased FAK activity in cell line models of breast cancer, and rapamycin treatment in vivo increased the expression of genes comprising a signature of the FAK-inhibitor response. In two preclinical mouse models of breast cancer wherein rapamycin is only modestly effective, FAK inhibition alone did not affect tumor growth. However, combining a FAK inhibitor with rapamycin decreased tumor growth to a greater extent than either drug alone. In contrast, in two tumor models that are highly responsive to mTORC1i, FAK blockade had no effect on rapamycin efficacy. Together, these results illustrate that, upon mTORC1 inhibition within an intact tumor microenvironment, FAK signaling can sustain breast cancer growth in tumors and convey resistance to mTORC1i. Thus, FAK provides a collateral sensitivity in tumors that are resistant to mTORC1 suppression. These data provide foundational support for the dual use of mTORC1 and FAK inhibitors in breast cancers that are resistant to rapamycin analogs or rapalogs.




2. Methods


2.1. Cell Culture


SUM149 and SUM159 were purchased from Asterand Bioscience (Detroit, MI, USA). All other cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). BT474 cells were grown in Hybri-Care Media (ATCC); BT-549, HCC39, HCC70, MDA-MB-231, MDA-MB-453, MDA-MB-468, T47D, ZR-75-10 in RPMI 1640 (Corning, Corning, NY, USA); MCF7 and MDA-MB-453 in DMEM (Corning); and SK-BR-3 in McCoy’s 5A (Sigma-Aldrich, St. Louis, MI, USA). Media was supplemented with 10% FBS (Atlanta Biologicals, Flowery Branch, GA, USA) and 1% penicillin–streptamycin (Gibco, Waltham, MA, USA). SUM149 and SUM159 cells were grown in Ham’s/F12 (Gibco), supplemented with 5% FBS, 1% penicillin–streptamycin, 1M HEPES (Gibco), and 1 mg/mL hydrocortisone (Sigma-Aldrich). All cell lines were maintained at 37 °C with 5% CO2. All cell lines were confirmed to be free of mycoplasma contamination (Bimake, Houston, TX, USA or Lonza, Basal, Switzerland) every 2 months.




2.2. Drugs


Rapamycin (LC Laboratories, Woburn, MA, USA; R-5000) and defactinib/VS-6063 (ChemieTek, Indianapolis, IN, USA; 1073154-85-4) were dissolved in DMSO (Fischer Chemical, Zurich, Switzerland) for all in vitro experiments. For in vivo studies, rapamycin was dissolved in 5.2% Tween80/5.2% polyethylene glycol in 0.9% saline and defactinib in 50% propylene glycol/50% sterile water.




2.3. In Vivo Studies


All in vivo experiments were approved by the Institutional Animal Care and Use Committee at Case Western Reserve University or at the Cleveland Clinic Lerner Research Institute. Mice were housed in microisolator units maintained on a 12 h light/dark cycle. Mice were given standard chow and water. Tumor pieces from MMTV-NeuT, MMTV-PyMT, and TM00089, or MDA-MB-231 cells were orthotopically xenografted in both inguinal mammary fat pads of adult female FVB/N or NOD/scid/γ (NSG) mice, depending on the tumor species of origin. MMTV-NeuT and MMTV-PyMT tumor banks were generated as previously published [34]. Tumor response was independent of being in the same host mouse (data not shown). Patient-derived xenograft TM00089 was purchased from The Jackson Laboratory, Bar Harbor, ME, USA. For the 3 day short-term treatment, mice with palpable tumors (200–300 mm3) were randomized into vehicle- and rapamycin-treated groups. Rapamycin was injected intraperitoneally at 7.5 mg/kg on days 1 and 3. 1.5 h after the second injection, tumors were harvested. Each tumor was cut in half; one half was placed in RNA later (Thermo Fisher Scientific, Waltham, MA, USA) and the second half in RIPA lysis buffer (1% NP-40, 0.25% sodium deoxycholate, 0.10% SDS, 0.15 M NaCl, 0.05 M Tris-HCL pH 7.4, 0.002 M EDTA) supplemented with sodium orthovanadate, protease inhibitors, and PhosSTOP (Roche, Basel, Switzerland).



For long-term treatments, mice with palpable tumors (~300 mm3) were randomized into four treatment groups: vehicle, rapamycin alone, defactinib alone, or the combination. Rapamycin was injected, intraperitoneally (ip), every other day at 7.5 mg/kg. Defactinib was suspended in 50% propylene glycol/50% sterile water and administered by oral gavage daily at 50 mg/kg. Tumor size was measured by calipers twice weekly and volume was calculated as (length × width2)/2. To assess overt toxicity, mouse weight was measured once per week.




2.4. Protein Collection and Western Blots


Tumors in RIPA lysis buffer (with the above listed supplements) were homogenized using a rotor stator homogenizer for 30 s to 1 min. Samples were stored overnight at −80 °C and then spun at 10,000 rpm for 10 min at 4 °C the next day to remove debris. For collecting protein from cell lines, the cells were washed twice with ice-cold PBS and then incubated in lysis buffer with supplements. Cells were then scraped and transferred to Eppendorf tubes and incubated for 30 min on ice. Tubes were spun at 10,000 rpm for 10 min at 4 °C. The protein-containing supernatant was quantified (Bradford Assay, Bio-Rad, Hercules, CA, USA), diluted in reducing buffer (2× Laemmli Sample Buffer, Bio-Rad), and boiled. Protein lysates (60 μg) were loaded onto precast polyacrylamide gels (Novex 4–20% Tris-Glycine Mini Gels, Thermo Fisher Scientific). Proteins were transferred from the gels onto low-fluorescence PVDF membrane (MilliporeSigma, Burlington, MA, USA), stained for 5 min with REVERT total protein stain (LI-COR Biosciences, Lincoln, NE, USA), washed with REVERT wash solution, and imaged on an Odyssey or FC Imagers (LI-COR Biosciences) for total protein. Membranes were then washed in TBST (10 mM Tris-HCl pH7.5, 154 mM NaCl, 0.05% Tween 20), and blocked for 1 h with 5% non-fat dried milk and 5% bovine serum albumin (BSA) in TBST. After TBST washes, membranes were cut through the 90 kDa and 50 kDa bands of the Chameleon Duo Pre-stained Protein Ladder (LI-COR Biosciences). These cuts insured that at least one ladder band was above and below the protein of interest. Membranes were incubated overnight at 4 °C on a rocker with primary antibodies diluted in 5% BSA in TBST as follows: phosphorylated Y397-FAK (Cell Signaling Technology, Danvers, MA, USA; 8556) 1:150, total FAK (Invitrogen, Waltham, MA, USA; AHO1112) 1:1500, phosphorylated S235/236–S6 (Cell Signaling Technology, 4858) 1:2000, total S6 (Cell Signaling Technology, 2317) 1:100, β-Actin (Sigma-Aldrich, A2228) 1:10,000, and vinculin (Sigma-Aldrich, V9131) 1:1000.



The next day, membranes were washed three times for 5 min in TBST and probed with secondary antibodies, either anti-rabbit 800CW (LI-COR Biosciences) or anti-mouse 680RD (LI-COR Biosciences), at 1:10,000 dilutions in 5% fat dried milk in TBST for 1 h, rocking in the dark at room temperature (RTo). After TBST washes, membranes were imaged. All membranes were first probed and imaged for phosphorylated proteins, washed in TBST three times for 20 min, and then probed for the respective parent/total protein member. Densitometry was performed using Image Studio (LI-COR Biosciences).




2.5. RNA Isolation and RNA-seq


Total RNA was isolated from MDA-MB-231 xenograft tumors per the manufacturer’s protocol (RNeasy Plus Mini Kit, Qiagen, Hilden, Germany). Quality control, library construction, and sequencing were performed by Novogene Corporation Inc. The Illumina platform was utilized to generate paired-end reads. Raw files were processed and analyzed by Partek Flow. Reads were aligned to the Hg38 genome with STAR, and differential expression was performed by DESeq2. Genes were deemed differentially expressed with a false discovery rate (FDR) set to <0.5. PCA analysis was completed using Partek Flow software.




2.6. Real-Time Quantitative RT-PCR


Complementary DNA was generated using SuperScript IV (Invitrogen, Thermo Fischer Scientific). Quantitative real-time PCR was performed using a QuantStudio3 (Applied Biosystems, Waltham, MA, USA). Taqman gene expression assays (Applied Biosystems) for human FN1 (Hs00365052_m1), COL8A2 (Hs078287101_m1), COL7A1 (Hs00164310_m1), TNC (Hs01115665_m1), and GAPDH (Hs02758991_g1) were utilized.




2.7. Patient Tumor Samples


Paraffin-embedded breast cancer sections from sixty de-identified patients with corresponding receptor-defined subtype information (ER+/PR+/HER2-, ER+/PR+/HER2+, ER-/PR-/HER2+, and ER-/PR-/HER2-) were obtained from the University Hospitals Cleveland Medical Center Department of Pathology archives. Tissue microarrays (TMA) of 157 paraffin-embedded breast cancers and cell lines of known subtype were generated using archival samples obtained from University Hospitals Cleveland Medical Center [35]. All tumors on the TMA were linked to an Institutional Review Board (IRB)-approved database including clinicopathological information and clinical follow-up data.




2.8. Immunohistochemistry and Scoring


All sections were deparaffinized and rehydrated. For antigen retrieval, slides were incubated in a decloaking chamber (Biocare Medical, Pacheco, CA, USA) for 10 min at 125 °C in citrate buffer (1.8 mM citric acid, 8.2 sodium citrate, pH 6.0). Slides were then washed in TBST and blocked with 5% BSA in TBST for 1 h. After two TBST washes, slides were incubated in primary antibody in 5% BSA and 15 μL/mL normal goat serum in TBST overnight at 4 °C. Patient samples (whole sections and TMAs) were incubated with anti-phosphorylated Y397-FAK antibody (Invitrogen, 700255) at a 1:1000 dilution. The next day, slides were washed in TBST and incubated with secondary antibody for 1 h at RTo, utilizing the Dako Envision Plus Rabbit HRP Kit (Dako, Glostrup, Denmark). Slides were incubated in 3,3′-diaminobenzidine (DAB) for 1 min to detect the bound antibody. Slides were then counterstained with Gill’s hematoxylin 3 (Thermo Fisher Scientific), followed by Scott’s Bluing Solution. Lastly, slides were dehydrated and mounted with Permount (Thermo Fisher Scientific).



H-scores were generated by 2 independent board-certified pathologists (FWAK and CNB) [34]. Scores were based on the percentage of tumor cells that were positive for staining (10% = 1, 20% = 2, 30% = 3, etc.) and staining intensity (1+, 2+, 3+). The final score was calculated as: (percent positive staining) × (staining intensity), with the highest value being 30. The association of pFAK staining with clinical outcomes was assessed by calculating Kaplan–Meier survival probabilities that were compared with the log-rank test. The pFAK positive group included all patients whose tumors had an H-score ≥ 1. Images were collected at 10× magnification using a Nikon Opti-Phot-2 microscope, Axiocam, and Axiovision software (Zeiss, Jena, Germany).




2.9. Cell Growth Assays


Breast cancer cell lines were seeded and treated the following day with vehicle or rapamycin (1 μM) in some experiments, or with vehicle, rapamycin (250 nM–1 μM), defactinib (250 nM–1 μM), or the combination (250 nM–1 μM, rapamycin and defactinib at 1:1 ratios). Relative cell number was assessed 3 days after initial treatment. Cells were washed with PBS and fixed/stained with crystal violet (0.05% crystal violet, 1% formaldehyde, and 1% methanol in PBS) for 20 min at RTo. Wells were washed with tap water, and plates were dried overnight at room temperature. To quantify staining, 2.5% acetic acid in sterile water was added to each well. Optical density at 590 nm absorbance was determined using a VERSAmax (Molecular Devices, San Jose, CA, USA) plate reader.




2.10. Bioinformatics


All pathway analyses were performed in ConsensusPathDb using over-representation analysis [36,37]. Gene-set enrichment analysis (GSEA) was used to assess enrichment of the extracellular matrix organization and the FAK-regulated gene signature from the short-term rapamycin-treated MDA-MB-231 tumors [38,39].



Spearman’s correlation coefficients of total S6 protein, S6 pS235/236, total 4E-BP1, 4E-BP1 S65, total p70S6K, and p70S6K T389 (RPPA) to mRNA expression (RNA-seq) in 876 patients was generated using The Cancer Genome Atlas (TCGA) Pan-Cancer Atlas dataset [3,40], accessed through CBioPortal [41,42]. Genes were sorted from highest Spearman’s correlation coefficient to lowest. The top and bottom 10% of these genes were then further analyzed for pathway enrichment.



To create the FAK-dependent gene signature (FDS), dataset GSE61756 was analyzed with NCBI’s GEO2R web tool. SK-BR-3 transcriptomes from cells that were untreated or treated for 24 h with FAK inhibitors, Y15 (1 μM), or PF-04554878/defactinib (1 μM), were analyzed. Differentially expressed genes from both treatment groups were identified with an adjusted p-value < 0.05 and log fold change < 0.5. Overlapped genes from the two treatment groups (58 genes) were used to generate a FAK-dependent gene signature. Summation of the 58 genes in the FDS were calculated for each patient from The Cancer Genome Atlas (TCGA) Pan-Cancer Atlas dataset. To assess the association of the FDS with patient outcomes, the top 5% of patients (n = 54) with high FDS were compared to the bottom 95% of patients (n = 1028). Kaplan–Meier curves of overall survival were generated by GraphPad and compared with the log-rank test.




2.11. Statistical Methods


Statistical analyses were performed using two-tailed Student’s t-tests (in vitro assays), a Mann–Whitney U test (mouse tumor growth response), or a log-rank test (Kaplan–Meier curves). All in vitro experiments were performed at least three times, each with 3 technical replicates. The mean of the technical replicates is shown, and variability is indicated by standard deviation. p-values < 0.05 are considered statistically significant.





3. Results


3.1. Inhibition of mTORC1 Signaling in Resistant Tumors Modulates the Expression of Extracellular Matrix Genes


Breast cancer subtypes exhibit a range of sensitivities to mTORC1i [31,32]. To discover novel mechanisms of resistance, we first identified cell line models that have minimal growth inhibition in response to rapamycin, a well-established mTORC1 inhibitor. We evaluated growth response after three days using cell lines representing diverse breast cancer subtypes (Figure 1A) [43,44]. TNBC cell lines HCC38, MDA-MB-231, and MDA-MB-468 cells were the least growth-inhibited in this cohort. MDA-MB-231 cells represent the highly aggressive claudin-low subtype of breast cancer and readily form tumors when implanted orthotopically in the mammary fats of NSG mice [45,46]. We used these cells to elucidate potential therapeutically targetable, in vivo collateral sensitivities that occur in tumors that are resistant to mTORC1i. Mice harboring established orthotopic xenografts were treated with rapamycin for three days. As a pharmacodynamic marker for mTORC1 inhibition, the reduced phosphorylation of the mTORC1 downstream target, S6, was confirmed (Figure 1B; Supplementary Figure S1A,B). These data indicate that rapamycin is highly effective for blocking mTORC1 activity even though the cells are relatively resistant to growth inhibition by this drug in vitro. RNA-seq and principal components analysis of vehicle- and rapamycin-treated tumor replicates revealed consistent responses in principal component 2, with tumors clustering according to their respective treatment groups (Supplementary Figure S1C). This analysis revealed 3696 consistently differentially expressed genes in response to rapamycin in mTORC1-resistant tumors (FDR cut-off < 0.5, Supplementary Table S1), again indicating that rapamycin has effects on tumor cells independent of its ability to suppress in vitro growth. Genes induced by rapamycin were associated with translation, possibly as a compensatory mechanism in response to the known ability of rapamycin to block this function (Figure 1C). In contrast, the top reactome pathway for down-regulated genes was extracellular matrix organization (Figure 1D). Indeed, of the differentially expressed genes, more than half of the genes in the ECM signature were down-regulated upon rapamycin treatment (Figure 1E). This is further illustrated by gene-set enrichment analysis (GSEA), wherein the pathway is enriched in the vehicle-treated tumors (Figure 1F), i.e., they are repressed in response to rapamycin. We further confirmed rapamycin-induced changes in the expression of a subset of these genes by real-time quantitative PCR (Figure 1G). These data indicate that the inhibition of mTORC1 with rapamycin impacts the extracellular matrix and may implicate the ECM as a mechanism that modulates response to mTORC1i.




3.2. The Extracellular Matrix and FAK Activation Are Associated with Resistance to mTORC1 Inhibitors


Analysis of the MDA-MB-231 human cell line xenograft revealed a link between mTORC1 signaling and the expression of ECM-modulating genes. To determine if ECM genes are also associated with mTORC1 signaling in breast cancer patient samples, we interrogated the TCGA, Pan-Cancer Atlas dataset [3,40]. We first ranked the correlation of all expressed genes with total S6 protein using Spearman’s correlation coefficient and then assessed pathway enrichment in the top and bottom 10% of correlated genes (Figure 2A–C). The positively correlated genes (top 10%) were found to be enriched in cell cycle pathways. On the other hand, the extracellular matrix organization pathway was the top pathway for the negatively correlated genes (the bottom 10%). We additionally assessed the pathways of the top 10% of negatively and positively correlated genes with S6 pS235/236, 4E-BP1, 4E-BP1 S65, p70S6K, and p70S6K T389, additional downstream components of the mTORC1 signaling pathway (Supplementary Tables S2–S6). Extracellular matrix organization was amongst the top reactome pathways for negatively correlated genes for 4E-BP1 and p70S6K. In contrast, pathways that were negatively correlated with phosphorylated S6, 4E-BP1, and p70S6K included protein translation, insulin-like growth factor uptake, and cell cycle, but the ECM signature was not identified for the phosphorylated isoforms of these proteins. This is likely due to differences in time scales for phosphorylation versus the gene expression of ECM components. Moreover, the patients in this analysis were not treated with mTORCi. The consistent negative association of the core components of mTORC1 signaling (S6, p70S6K, and 4E-BP1) with ECM gene expression signatures supports the possibility that chronic mTORC1 inhibition may result in a reorganization of the ECM and that the tumor cells could benefit from novel interactions derived from the ECM.



Integrins are hub receptors for ECM structural proteins such as collagens and fibronectin [47]. There is substantial complexity in ECM/integrin interactions, making it difficult to discern the impact of each on tumor growth and drug response. However, focal adhesion kinase (FAK) is a major downstream mediator of integrin signaling that is therapeutically targetable [48]. To determine if blocking FAK activity may provide an opportunity to enhance responsiveness to mTORC1i, we first determined if activated FAK is associated with intrinsic mTORC1i responsiveness. We quantified basal protein levels of total FAK and phosphorylated/activated FAK (Y397) in the fourteen breast cancer cell lines for which we had already assessed growth inhibition in response to rapamycin (Figure 2D and Supplementary Figure S2). We then compared the extent of the association of FAK and pFAK to rapamycin growth inhibition in each breast cancer cell line. The levels of phosphorylated/activated FAK were significantly inversely correlated with rapamycin response (r = −0.6), with MDA-MB-231 cells having one of the highest levels of basal pFAK and the lowest growth responses to rapamycin (Figure 2E). These results illustrate that the high basal activation of FAK is correlated with a lower response to mTORC1i. To determine if this was specific to FAK activation, we also assessed the association of total FAK protein with rapamycin responsiveness. In stark contrast to pFAK, there was no statistically significant correlation of total FAK protein with rapamycin response (Figure 2F), indicating that FAK activation is highly associated with resistance to mTORC1i.




3.3. FAK Activation Is Associated with Poor Breast Cancer Patient Outcomes


The above studies suggest that FAK may be a key driver of breast cancer growth that modulates responsiveness to mTORC1i. To evaluate the extent to which FAK is activated in human tumors, we used immunohistochemical staining for phosphorylated/activated FAK (Y397) and assessed the association of its expression with receptor subtypes or patient outcomes in two different cohorts (Figure 3). In the first cohort, sixty primary tumor samples were immunostained for pFAK. This revealed that >50% of tumors express activated FAK, independent of subtype (Figure 3A and Supplementary Figure S3). In a second cohort that included patient-outcome data, a tissue microarray containing 150 breast cancer patient samples revealed that high levels of pFAK are associated with worse recurrence-free survival and trend towards worse overall survival across the entire breast cancer cohort, including all receptor-defined subtypes (Figure 3B,C). When specifically examining the TNBC subtype, high pFAK is associated with worse overall survival and a trend towards association with worse recurrence-free survival in TNBC (ER-/PR-/HER2-), in concordance with data from Shen et al. examining the association of pFAK with disease-free and distant-metastasis-free survival with a different patient cohort [49]. Together, these data indicate that FAK is activated (phosphorylated) in many breast cancers and is associated with worse patient outcomes.




3.4. Pharmacologically Inhibiting mTORC1 Activity Increases the Expression of a FAK Signature Gene Set


The induction of ECM gene expression in response to rapamycin coupled with the inverse correlation of pFAK and mTORC1 activity suggested that the suppression of the mTORC1 pathway may reveal a reliance on FAK signaling for sustained growth. To determine if mTORC1 inhibition induces FAK pathway activity in tumors, we assessed the impact of rapamycin on the expression of a set of FAK-dependent genes. We developed a FAK-dependent gene signature (FDS) by interrogating a publicly available microarray data set (GSE61756) that quantified transcriptome changes in response to small-molecule inhibitors of FAK. Fifty-eight intersecting genes were identified that were significantly down-regulated (p < 0.05) by FAK inhibitors (i.e., FAK-dependent) in SK-BR-3 cells treated with Y15 or PF-04554878/VS-6063 (defactinib) (Supplementary Figure S4A,B). Pathway analysis revealed that the constituent genes within the FDS are associated with p53 regulation of the cell cycle, cell death, ErbB2/HER2 signaling, and RNA metabolism (Supplementary Figure S4C), indicating that FAK-dependent genes are essential for survival and proliferation.



We used the FDS to assess the extent of baseline FAK activation in breast cancers in the TCGA, PanCancer Atlas dataset. Tumors were classified by PAM50 subtypes with TNBCs comprising the majority of the basal breast cancer subtype [50]. The expression of the FAK-dependent gene signature was higher in the highly aggressive breast cancer subtypes: Basal, HER2, and Luminal B compared to Luminal A and Normal-like tumors (Figure 4A). Furthermore, we found that the FDS was significantly associated with worse overall survival from all breast cancers (Figure 4B).



We also found that the FDS was significantly enriched in MDA-MB-231 xenografted tumors in mice treated with rapamycin compared to vehicle control (Figure 4C, NES = 1.4, FDR = 0.106). Of the 20 genes within the FDS that were significantly altered in tumors treated with rapamycin, the majority were up-regulated (Figure 4D). These data indicate that mTORC1 inhibition leads to the up-regulation of genes that are dependent on FAK signaling, suggesting that these tumors may have a dependency on FAK that is revealed when they are exposed to mTORC1i.




3.5. FAK Blockade Conveys Sensitivity to mTORC1 Inhibition in Resistant/Moderately Resistant Tumors


Given the up-regulation of the FDS in response to mTORC1 inhibition, we postulated that the efficacy of mTORC1i may be enhanced by additionally targeting FAK. Indeed, prior reports have indicated that the inhibition of mTORC1 and FAK is synergistic in vitro. However, we found that FAK inhibition had minimal, if any, impact on rapamycin efficacy in three different breast cancer cell line models, in vitro (Supplementary Figure S5). Given the ability of mTORC1 to modulate the ECM (Figure 1), we postulated that the impact of FAK inhibition may require signaling that stems from the tumor microenvironment and is absent in the cell culture setting. Thus, to evaluate the impact of FAK inhibition on mTORC1i efficacy in a more relevant biological setting that includes the tumor microenvironment, we transitioned to assessing the impact of adding FAK inhibitors to mTORC1 inhibition using in vivo models. We used two mouse models that have varying levels of intrinsic resistance to rapamycin. These included MDA-MB-231 orthotopic xenografts, as well as a syngeneic, orthotopic transplantable tumor model derived from the MMTV-NeuT mouse model of breast cancer [34,51]. Mice with palpable tumors were treated with vehicle, rapamycin (mTORC1i), defactinib (FAK inhibitor), or the combination, and tumor response was assessed (Figure 5A,B). In these two models, defactinib alone failed to impact tumor growth, while rapamycin either modestly (MDA-MB-231) or minimally (MMTV-NeuT) inhibited growth. Notably, MDA-MB-231 tumors were more responsive than the in vitro cultured cell line (Figure 1A), highlighting the importance of the in vivo setting in defining the extent of the mTORC1i response. In a striking contrast to each drug alone, adding defactinib to rapamycin resulted in considerable suppression of tumor growth and, in multiple cases, induced tumor regression. We then evaluated the impact of defactinib on rapamycin efficacy in two models that are more sensitive to mTORC1 inhibition (Figure 5C,D). These included a syngeneic and orthotopic transplantable tumor model derived from MMTV-PyMT mice or an orthotopic patient-derived xenograft (PDX, TM00089) [52]. In these models, rapamycin alone was much more effective than what was observed in the MDA-MB-231 or MMTV-NeuT models, while defactinib either partially inhibited growth (MMTV-PyMT) or had no impact when used as a single agent. Most importantly, in contrast to the rapamycin-resistant models, defactinib was unable to improve the response to mTORC1 inhibition. In all models, overt toxicity of the single agents and the combination, as assessed by mouse weights, was not observed (Supplementary Figure S6). Notably, mice treated with rapamycin exhibit a highly variable response, which is concordant with prior observations [34,53]. These data indicate that, for tumors that are intrinsically sensitive to rapamycin, FAK signaling does not facilitate their survival and growth. However, in resistant/moderately resistant tumors, mTORC1 inhibition leads to a collateral dependency on FAK. These data further underscore the role of mTORC1 in controlling the ECM, providing a mechanism for alternative growth signaling through FAK.





4. Discussion


The mTORC1i rapamycin and its analogs (rapalogs) have been extensively investigated as anti-cancer agents. While rapalogs are approved for treating patients with kidney cancer, pancreatic neuroendocrine tumors, renal cell carcinoma, and luminal breast cancer, success is limited in other cancer types due to intrinsic and adaptive resistance mechanisms that prevent the full efficacy of mTORC1i [9,54,55]. Moreover, for cancers wherein rapalogs are a standard of care, tumors that do respond often develop resistance, as is frequently observed in patients with breast cancer. In this report, we describe a collateral dependency on FAK that occurs in tumors that are resistant to mTORC1i (Figure 6). We discovered that resistance to growth suppression by mTORC1i is associated with extensive rapamycin-induced changes in the expression of genes responsible for forming and remodeling the ECM. This is consistent with studies outside the context of cancer demonstrating changes in collagen expression in response to rapamycin [56,57]. Since FAK is an integrator of ECM signaling that is readily targetable, this implicates FAK as a potential vulnerability that could be leveraged to overcome resistance to mTORC1i. The connection between resistance and the ECM is further supported by the fact that the combined efficacy of mTORC1 and FAK inhibition was only observed in vivo where the ECM is an integral component of the tumor cell microenvironment.



mTOR signaling in breast cancer is active and driven by multiple genetic aberrations within the PAM pathway [3]. Rapamycin inhibits mTORC1, which decreases the activity of p70S6kinase, a regulator of various cancer hallmarks such as survival, DNA damage, and protein synthesis (through S6 activity) [58]. In the context of short-term treatment, the negative regulation of S6 to mTORC2 is relieved; this results in a rebound activation of AKT mediated by mTORC2 [59]. It is unknown in the short-term studies presented herein if mTORC2 is active and may drive the changes in the ECM transcriptional program. It has also been reported that long-term rapamycin exposure indirectly inhibits mTORC2 [59]. It is possible that, in our long-term in vivo studies, mTORC2 is also inhibited. This further suggests that the efficacy of dual mTORC1/mTORC2 inhibitors may also benefit from blocking FAK activity. Indeed, melanoma cells treated with Torin1, an mTOR kinase inhibitor, in combination with FAK inhibitors had a further decrease in migration and invasion in vitro compared to single agents [27]. Together, these studies demonstrate that the impact of mTOR inhibitors can be potentiated by FAK inhibition.



Everolimus (RAD001), a rapamycin analogue, is approved as a second-line therapy for metastatic HR+/HER2- (luminal) breast cancer patients. The activation of the PAM pathway mediates endocrine resistance through intrinsic, adaptive, or acquired mechanisms [60,61]. Additionally, a more recent phase 2 clinical trial demonstrated that everolimus, in addition to letrozole, increases progression-free survival by 5.5 months in women who progressed on selective estrogen receptor modulators, SERMs [62]. However, resistance to mTORC1 inhibition is common, underscoring the need to identify mechanisms of resistance that could lead to the discovery of novel combination therapies that are more efficacious. In this regard, low levels of phosphorylated AKT and S6, an increased EMT signature, and low GSK3α gene expression are associated with resistance to mTORC1i in cell lines [31,32,63]; however, to date, these remain undruggable targets for improving mTORC1i response. PI3KCA mutation status has also been proposed to be a predictor of mTORC1i response in vitro. However, the TAMRAD (tamoxifen + everolimus) and BOLERO-2 (aromatase + everolimus) clinical trials revealed that PI3KCA mutation was not predictive of everolimus response [64,65,66]. As an alternative approach to discovering mechanisms of resistance to mTORC1i, we focused on a breast cancer subtype (TNBC) where intrinsic in vitro resistance is well-established. This approach revealed that the ECM and FAK are novel mediators of response that could be leveraged to improve the efficacy of the prototypical mTORC1i, rapamycin.



The ability of the extracellular matrix to control drug responsiveness has previously been reported within the context of ECM stiffness. Increasing rigidity promotes tumor formation and can induce resistance to therapies targeting mTORC1, HER2, and/or PIK3CA [67,68,69]. In addition, Joyce et al. reported that the placement of TNBC MDA-MB-231 cells into a hydrogel system with increasing stiffness induced resistance to the chemotherapeutic agent doxorubicin [70]. In contrast, the response of MCF7 cells (Luminal A) to doxorubicin was unaffected by changes in the ECM. This study suggests that different breast cancer cells respond to the ECM in distinct ways and that this could control tumor phenotypes, such as therapeutic response. This is further underscored by results presented herein, where differences in the efficacy of mTORC1i were associated with ECM and FAK signaling. While resistant/moderately resistant tumors were sustained and dependent on ECM/FAK signaling, tumors that were highly responsive to mTORC1 blockade failed to activate this pathway, making them particularly vulnerable to the loss of mTORC1 signaling. Importantly, the dependency of tumor cells on FAK signaling following mTORC1 blockade was only revealed using in vivo models of rapamycin-resistant tumors, indicating that drug resistance extends beyond tumor-cell-intrinsic pathways of adaptive or acquired resistance to include the ECM. Together, these data support the concept that inhibiting mTORC1 reveals a collateral sensitivity to signaling from the ECM to tumor cells. Future studies involving genomic or proteomic analyses of pre- and post-treatment tumor biopsies from mTORC1i-sensitive and -resistant tumors may reveal key ECM-related components that can predict drug response. Such studies should reveal biomarkers that can prospectively identify which cancers will benefit from the additional targeting of FAK in the context of mTORC1i resistance.



As indicated above, the discovery that FAK suppression potentiated response to mTORCi was only uncovered when utilizing mouse models of breast cancer and drug synergy was not detected in vitro using extensive Chou–Talalay analyses (Supplementary Figure S3 and data not shown) [71,72]. This finding underscores the importance of using in vivo systems to reveal mechanisms of resistance and assess synergies. Indeed, the in vivo studies mentioned above demonstrating a role for ECM stiffness in controlling response to mTORC1i, combined with the data presented herein, suggest that directly targeting the ECM may enhance the efficacy of targeted therapies. However, ECM rigidity may not be the only factor mediating response to the combined inhibitors in vivo. Additional factors that are modulated by mTORC1i that can also control tumor growth include immune cells, angiogenesis, and cancer-associated fibroblasts (CAFS). Immunological response is unlikely to play a role in the synergy between FAK and mTORC1i because the studies presented here used both immune-compromised and intact hosts [NSG (MDA-MB-231 and TM00089 xenografts) and FVB/N (MMTV-NeuT and MMTV-PyMT syngeneic grafts)] and synergy was independent of immune status. Alternatively, angiogenesis or CAFs could be key targets of the drug combination. The mTORC1i, everolimus and temsirolimus, are antiangiogenic in various tumor models [73]. In addition, FAK signaling in endothelial cells regulates tumor angiogenesis and vascular permeability [74,75,76]. Thus, the addition of FAK inhibitors to mTORC1i may additionally decrease tumor vascularization. CAFs can secrete cytokines, growth factors, and promote ECM remodeling that impacts tumor growth [77]. In response to rapamycin, the expression of various cytokines by fibroblasts is reduced, and this decreases the activation of the PAM pathway in tumor cells [78,79]. Furthermore, an inhibitor of the mTOR/4E-BP1 pathway blocked the protein expression of a CAF chemoresistance secretome in pancreatic cancer [80]. Blocking FAK activity can also decrease ECM production by CAFs that have intrinsically high FAK activity [81]. In breast cancer, genetic disruption of FAK in fibroblasts decreases metastasis in vivo with no impact on primary tumor growth [82]. In contrast, Demircioglu and colleagues recently reported that disrupting FAK in CAF subpopulations causes an increase in cell glycolysis, chemokine production, and tumor growth [83]. In the studies presented here, it is notable that single-agent FAK inhibition only impacted primary tumor growth in one of the four models tested (MMTV-PyMT). It is plausible that the combination of FAK and mTORC1 inhibitors may both potentiate a decrease of CAF response that together impacts primary tumor growth. It is also important to consider that other factors may also contribute to the response to the combined inhibition of FAK and mTORC1. These include the potential of hypoxia, other cell types (i.e., adipocytes and myoepithelial cells), and soluble factors (i.e., matrix remodeling enzymes, cytokines, and growth factors) to modulate the ECM [84].. Discerning the impact of mTORC1 and FAK inhibition on the complex interplay of these factors and their impact on in vivo tumor growth are warranted to discern the potential mechanisms of synergy.




5. Conclusions


In summary, tumors that are resistant to mTORC1i rely on FAK activity as an alternative pathway for growth and viability, whereas tumors that are sensitive to mTORC1 blockade fail to utilize this pathway. FAK signaling only becomes essential for growth and viability when mTORC1 is inactivated, indicating that FAK is a collateral sensitivity of mTORC1i resistance. These studies provide a rationale for the future assessment of the efficacy of FAK inhibitors in patients with rapalog-resistant breast cancers.
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Figure 1. Inhibition of mTORC1 signaling in resistant tumors reveals an association with the extracellular matrix. (A) Relative growth inhibition of breast cancer cell lines in response to 1 μM rapamycin after 3 days of treatment. Each cell line was compared to their vehicle (DMSO) control (set to 1, not shown). Data is expressed as average ± STDEV (* = p < 0.05 compared to ZR-75-1 cells); n = 3 independent experiments in triplicate. Different colors represent different receptor-defined subtypes: red, ER+/PR+/HER2-, green, ER+/PR+/HER2+, orange, ER-/PR-/HER2+, blue, ER-/PR-/HER2-. (B) Representative western blots examining levels of phosphorylated S6 (pS6 S235/236), total S6 (S6), and vinculin (loading control); the quantitation of the pS6 to S6 ratio is shown. Total protein loading is shown in Supplementary Figure S1A. Numbers indicate different tumors. Reactome pathway enrichment analysis of the (C) differentially up- and (D) down-regulated genes in MDA-MB-231 xenografted tumors following 3 days of rapamycin treatment. (E) Heatmap and (F) GSEA plot of differentially expressed genes (FDR < 0.5) in the reactome pathway: extracellular matrix organization. (G) Confirmation of gene expression changes for FN1, COL8A2, COL7A1, and TNC in MDA-MB-231 orthotopic xenografts in response to rapamycin. Data are expressed as average ± SD (* = p < 0.05 compared to respective vehicle); n = 4 independent tumors. 






Figure 1. Inhibition of mTORC1 signaling in resistant tumors reveals an association with the extracellular matrix. (A) Relative growth inhibition of breast cancer cell lines in response to 1 μM rapamycin after 3 days of treatment. Each cell line was compared to their vehicle (DMSO) control (set to 1, not shown). Data is expressed as average ± STDEV (* = p < 0.05 compared to ZR-75-1 cells); n = 3 independent experiments in triplicate. Different colors represent different receptor-defined subtypes: red, ER+/PR+/HER2-, green, ER+/PR+/HER2+, orange, ER-/PR-/HER2+, blue, ER-/PR-/HER2-. (B) Representative western blots examining levels of phosphorylated S6 (pS6 S235/236), total S6 (S6), and vinculin (loading control); the quantitation of the pS6 to S6 ratio is shown. Total protein loading is shown in Supplementary Figure S1A. Numbers indicate different tumors. Reactome pathway enrichment analysis of the (C) differentially up- and (D) down-regulated genes in MDA-MB-231 xenografted tumors following 3 days of rapamycin treatment. (E) Heatmap and (F) GSEA plot of differentially expressed genes (FDR < 0.5) in the reactome pathway: extracellular matrix organization. (G) Confirmation of gene expression changes for FN1, COL8A2, COL7A1, and TNC in MDA-MB-231 orthotopic xenografts in response to rapamycin. Data are expressed as average ± SD (* = p < 0.05 compared to respective vehicle); n = 4 independent tumors.



[image: Cancers 14 03374 g001]







[image: Cancers 14 03374 g002 550] 





Figure 2. The extracellular matrix and FAK activation are associated with resistance to mTORC1 inhibitors. (A) Ranking of genes by their Spearman’s correlation coefficient to S6 (RPPA) from 876 breast cancer patients in the TCGA, Pan-Cancer Atlas dataset. Red dots are genes that comprise the ECM remodeling Reactome pathway. Reactome pathway enrichment analysis of the (B) top and (C) bottom 10% of genes correlated with S6 protein in breast cancer. (D) Protein expression of phosphorylated FAK (pFAK Y397), total FAK (FAK), and β-actin (loading control) in 14 breast cancer cell lines. Quantitation of pFAK to FAK and FAK to total protein (Supplementary Figure S2) are shown. (E) Scatterplot illustrating the correlation between the pFAK:FAK ratio to rapamycin growth inhibition. r = Pearson’s correlation coefficient, two-tailed p-value. Colors represent breast cancer receptor-defined subtypes: red, ER+/PR+/HER2-, green, ER+/PR+/HER2+, orange, ER-/PR-/HER2+, blue, ER-/PR-/HER2-. (F) Scatterplot illustrating the correlation between relative rapamycin growth inhibition and the calculated FAK/total protein ratio. 
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Figure 3. FAK activation is associated with worse breast cancer patient outcomes. (A) Representative images (10×) of 60 primary breast cancer tissue cohorts grouped by subtype. Tissues were stained for phosphorylated FAK on tyrosine residue 397 (pFAK Y397). ER, estrogen receptor. PR, progesterone receptor. HER2, human epidermal growth factor receptor 2. Below: Calculated percentage of positively stained tumors. (B) Overall and recurrence-free survival outcomes of stained tissue microarray for pFAK Y397 in all breast cancer subtypes. The top 30% of patients with high pFAK Y397 (n = 40) were compared to the bottom 30% of patients with low pFAK Y397 (n = 40). Log-rank test where p < 0.05 is statistically significant. (C) Overall and recurrence-free survival in TNBC patients comparing the top 30% with high pFAK Y397 (n = 13) to the bottom 30% with low pFAK Y397 (n = 13). 
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Figure 4. Pharmacologically inhibiting mTORC1 activity leads to the increased expression of a FAK signature gene set. (A) Analysis of FDS expression in breast cancer subtypes using data from the TCGA Pan-Cancer Atlas. Groups with the same letter are not statistically different; groups with different letters have a p-value < 0.05. Red lines represent medians. Dashed lines within the violin plots represent quartiles. (B) Kaplan–Meier plots of the overall survival of breast cancer patients whose tumors had high (top 5%, n = 54) or low (bottom 95%, n = 1028) expression of the FDS. Data were obtained from the TCGA Pan-Cancer Atlas. Log-rank test, p < 0.05. (C) GSEA plot and (D) heatmap of genes in FDS evaluated in RNA-seq data from MDA-MB-231 orthotopic xenografts treated with vehicle or rapamycin for three days. 
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Figure 5. FAK blockade restores sensitivity to mTORC1 inhibition in resistant tumors. (A) Waterfall plot of MDA-MB-231 tumors in NSG mice treated with vehicle (Veh), rapamycin (Rap), defactinib (Def), or the combination (Combo, 1:1 ratio) for 14 days. Calculated percent change was based on the tumor size at day 14 compared to the initial tumor size at day 0. Each bar represents one tumor; 5 mice/group with 1–2 tumors/mouse. Groups with the same letter are not statistically different; groups with different letters are statistically different at p < 0.05. (B) Waterfall plot of MMTV-NeuT transgenic mouse tumors transplanted into FVB/N female mammary fat pads and treated as in (A) for 21 days. (C) Waterfall plot of MMTV-PyMT transgenic mouse tumors transplanted into FVB/N female mice and treated as in (A) for 15 days. (D) Waterfall plot of TM00089 PDX tumors in NSG mice treated as in (A) for 30 days. a,b,c,d: groups with the same letter are not statistically different; groups with different letters have a p-value < 0.05. 
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Figure 6. Targeting FAK blocks growth dependence on extracellular matrix following mTORC1 inhibition. mTORC1 inhibition initiates a transcriptional reprogramming of extracellular matrix genes that drives ECM remodeling to maintain growth. The inhibition of FAK abolishes the ability of cells to utilize the ECM as a collateral growth-stimulating pathway. Abbreviations: mTORC1i, mTORC1 inhibition; FAKi, focal adhesion kinase inhibition; T.F., transcription factor. 
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