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Abstract: Triple-negative breast cancer (TNBC) is an aggressive breast tumor subtype that currently
lacks targeted treatment options. The role played by the insulin-like growth factor-1 (IGF-1) and
its cognate receptor IGF-1R in TNBC has been reported. Nevertheless, the molecular mechanisms
by which the IGF-1/IGF-1R system may contribute to TNBC progression still remains to be fully
understood. By computational analysis of the vast cancer genomics information in public databases
(TCGA and METABRIC), we obtained evidence that high IGF-1 or IGF-1R levels correlate with a
worse clinical outcome in TNBC patients. Further bioinformatics analysis revealed that both the focal
adhesion and the Hippo pathways are enriched in TNBC harboring an elevated expression of IGF-1 or
IGF-1R. Mechanistically, we found that in TNBC cells, the IGF-1/IGF-1R system promotes the activation
of the FAK signal transduction pathway, which in turn regulates the nuclear accumulation of YAP
(yes-associated protein/yes-related protein) and the expression of its target genes. At the biological
level, we found that the IGF-1/IGF-1R-FAK-YAP network cascade triggers the growth potential of
TNBC cells, as evaluated in different experimental systems. Overall, our results suggest that the
IGF-1/IGF-1R/FAK/YAP axis may contribute to the progression of the aggressive TNBC subtype.
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1. Introduction

Breast cancer is the most frequently diagnosed malignant disease among women worldwide
and is the main cause of cancer-related deaths [1]. Meaningful progress has been recently made
in the early detection and treatment of breast cancer. However, a wide number of patients may
relapse as a consequence of distant metastasis, in particular those affected by the highly malignant
triple-negative breast cancer (TNBC) subtype [2]. The TNBC, which represents approximately 15–20%
of all diagnosed breast carcinomas, is characterized by aggressive biological features leading to a poor
clinical outcome [3,4]. Considering the worst prognosis and the lack of targeted treatments of TNBC,
major efforts are required for setting novel therapeutic strategies [4].

The insulin-like growth factor-1 (IGF-1) binding to the insulin-like growth factor receptor-type
1 (IGF-1R) activates different transduction events, promoting the growth and survival of multiple
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types of cancer cells [5–7]. In particular, the IGF-1/IGF-1R system mediates stimulatory effects in
malignant cells through various pathways such as the phosphatidyl-inositol-3 kinase (PI3K)/AKT1,
the mammalian target of rapamycin (mTOR), and the mitogen-activated protein kinase (MAPK) [8–10].
Indeed, alterations in IGF-1/IGF-1R signaling as well as aberrant IGF-1/IGF-1R expression have been
associated with cell proliferation, anti-apoptotic, epithelial to mesenchymal transition (EMT) and
migratory effects in different tumors [11–13]. For instance, high IGF-1R expression and elevated IGF-1
circulating levels have been correlated with an increased breast cancer risk and poor prognosis in breast
cancer patients [14,15]. In addition, IGF-1R expression has been associated with a shorter survival
of TNBC patients with respect to estrogen receptor- (ER)-positive breast tumor patients [16]. In this
regard, a high IGF-1 gene expression signature mediating cancer proliferation and survival has been
assessed in TNBC cells and primary TNBC specimens, hence suggesting a rationale for targeting the
IGF-1/IGF-1R system in this highly aggressive breast cancer subtype [17].

Focal adhesion kinase (FAK) is a non-receptor cytoplasmic protein-tyrosine kinase engaged
by several upstream signaling systems including integrins, G protein-coupled receptors (GPCRs),
and growth factor receptors, in which FAK regulates important processes contributing to both normal
and cancer cell growth [18]. Mechanistically, the activity of FAK results in the phosphate transfer from
ATP to tyrosine residues of substrate proteins like src, paxilin, p130Cas, cortactin, and β-catenin [19].
Furthermore, FAK may act as a scaffold protein forming phosphorylation-independent complexes
together with other cellular regulatory proteins [20]. Upon activation, FAK triggers downstream events
that are involved in different features of cancer progression such as proliferation, survival, invasion,
and angiogenesis [21]. In this regard, it should be mentioned that FAK over-expression has been linked
to a worse prognosis in TNBC patients [22]. Furthermore, FAK inhibition has been shown to counteract
the progression of TNBC and its metastatic potential, strengthening, therefore, the therapeutic option
to target FAK in TNBC lesions [23].

The Hippo pathway is a highly conserved transduction pathway that exerts key roles in the
regulation of organ size, tissue regeneration, immune responses and tumor development [24]. The core
components of the Hippo pathway is a kinase cascade consisting of both the tumor suppressor Hippo
kinase MST1/2 that associates with the SAV1 adaptor protein and the LATS1/2 kinases that associate
with MOB1 [25]. The formation of these protein complexes promotes the phosphorylation of the
transcription co-activators YAP (yes-associated protein/yes-related protein) and TAZ [25], preventing
thereafter both nuclear shuttle of YAP/TAZ and their capability to activate the transcription factor TEA
domain (TEAD-family members) [25,26]. Alterations of the Hippo pathway cascade may increase
the YAP/TAZ nuclear localization and the consequent induction of gene expression leading to the
progression of different types of tumors, including breast cancer [27–29]. Of note, the over-expression
of YAP has been found to contribute to both radio-resistance and early relapse in TNBC patients [29,30].
Therefore, small-molecules inhibitors have been developed in order to abolish the YAP- and TAZ-TEAD
interaction and consequently to halt the progression of diverse types of tumors [27,28].

On the basis of the aforementioned data and recent findings showing the involvement of the
YAP/TAZ pathway in the action of FAK in tumor cells [31], we investigated the transduction signaling
triggered by the IGF-1/IGF-1R system through both FAK and YAP in TNBC cells. Here, we provide
novel mechanistic insights regarding the stimulatory function of the IGF-1/IGF-1R/FAK/YAP network
on the growth responses of TNBC cells.

2. Materials and Methods

2.1. Analysis of Publicly Available Genomics and Transcriptomic Databases of Breast Cancer

The clinical significance of IGF-1 and IGF-1R was assessed by RNA-seq data of Breast Cancer
Cohort of TCGA (The Cancer Genome Atlas: https://cancergenome.nih.gov/) [32] and microarray
data of METABRIC [33]. TNBC was defined by the lack of expression of ER, progesterone receptor
(PR), and human epidermal growth receptor 2 (HER2) receptors by immunohistochemistry (IHC).

https://cancergenome.nih.gov/
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The gene expression data from TCGA and METABRIC were retrieved in November 2019 from
cBioPortal (http://www.cbioportal.org/) [34]. The Z-scores of mRNA expression data and clinical sample
information corresponding to breast cancer patients were collected from cBioPortal. The IGF-1/IGF-1R
high group (either mRNA Z-score more than zero) and the IGF-1/IGF-1R low group (both mRNA
Z-scores equal or less than zero) were analyzed by Kaplan–Meier survival curves and log-rank statistics.
To identify the pathways potentially associated with IGF-1/IGF-1R, the GeneCodis3 pathway analysis
was performed (http://genecodis.cnb.csic.es/) [35] for over-expressed genes in the IGF-1/IGF-1R high
TNBC group. Then, to assess the networks regulated by IGF-1/IGF-1R signaling, genes were analyzed
by KEGG (Kyoto Encyclopedia of Genes and Genomes) Pathway Database [36]. Gene set enrichment
analysis (GSEA) was performed to identify enrichment pathways using open source software v4.0
(http://software.broadinstitute.org/gsea/index.jsp).

2.2. Chemicals and Drugs

Insulin-like growth factor-1 (IGF-1) and PI3K inhibitor Wortmannin (WM) were purchased from
Sigma-Aldrich (Milan, Italy). The dual insulin-like growth factor 1 receptor (IGF-1R)/insulin receptor (IR)
inhibitor OSI-906 (Linsitinib) was obtained from Tocris Bioscience (Space, Milan, Italy). Focal Adhesion
Kinase selective inhibitor VS-4718 (PND-1186) was bought from Santa Cruz Biotechnology (DBA,
Milan, Italy). The YAP/TEAD complex suppressor Verteporfin was purchased from Med Chem Express
(DBA, Milan, Italy). All the aforementioned compounds were dissolved in dimethyl-sulfoxide (DMSO)
except IGF-1 which was dissolved in water.

2.3. Cell Cultures

MDA-MB 231 cells were obtained from ATCC (Manassas, VA, USA), whereas SUM159 cells were
kindly provided by Dr. W.T. Khaled (University of Cambridge, UK). Cells were used less than 6 months
after thawing and routinely tested and authenticated according to the ATCC suggestions. MDA-MB
231, MDA-MB 231 PTK2 WT and MDA-MB 231 PTK2 KO cells (see below for technical details) were
maintained in DMEM/F12 (Dulbecco’s modified Eagle’s medium) (Life Technologies, Milan, Italy) with
phenol red, supplemented with 5% FBS and 100 µg/mL of penicillin/streptomycin. SUM159, SUM159
PTK2 WT and SUM159 PTK2 KO cells (see below for technical details) were maintained in DMEM/F12
(Dulbecco’s modified Eagle’s medium) (Life Technologies, Milan, Italy) with phenol red, supplemented
with 1 µg/mL of insulin, 1 µg/mL of hydrocortisone, 5% FBS and 100 µg/mL of penicillin/streptomycin.
Cells were grown in a 37 ◦C incubator with 5% CO2. Cells to be processed for immunoblot and RT-PCR
assays were switched to medium without serum and phenol red 24h before treatments.

2.4. Focal Adhesion Kinase (FAK) CRISPR/Cas9 Genome Editing

Short guide RNA (sgRNA) sequence targeting human PTK2 gene encoding FAK was built using
the CRISPR.mit.edu gRNA design (http://www.genome-enginnering.org) and then cloned into the
pSpCas9 (BB)-2A-Puro (px459) vector (kindly provided by Gutkind’s Lab, Moores Cancer Center,
University of San Diego (UCSD), California, USA according to the protocol described by Ran et al. [37].
The PTK2 sgRNA sequence designed was as follows: sgPTK2: 5′-TGAGTCTTAGTACTCGAATT-3′.
MDA-MB-231 and SUM159 cells were transiently transfected with the plasmid sgRNA targeting PTK2
gene by Lipofectamine LTX (Life Technologies, Milan Italy). Upon a 36h transfection, cells were selected
in a medium containing 1 µg/mL puromycin dihydrochloride (Sigma-Aldrich, Milan, Italy). After the
puromycin selection, the puromycin-resistant colonies were picked and expanded in regular medium.
Immunoblots and immunofluorescence staining for FAK and Y397-FAK proteins were performed in
order to evaluate the FAK knockout efficiency.

2.5. Western Blotting Analysis

1 × 105 MDA-MB 231, MDA-MB 231 PTK2 WT/KO, SUM159 and SUM159 PTK2 WT/KO cells
were grown in 10 cm dishes. After 48 h, cells were exposed to the treatments and then lysed as
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previously described [38]. Equal amounts of whole protein extract were electrophoresed through a
reducing SDS/8 and 10% (w/n) polyacrylamide gels, electroblotted onto nitrocellulose membranes
(Amersham Biosciences, GE Healthcare, Milan, Italy), and probed with the following primary
antibodies purchased from Cell Signaling Technology (Milan, Italy): Y1131-IGF-1Rβ (D6D5L), Y397-FAK
(D20B1), FAK (3285S), S473-AKT (D9EXP), S127-YAP (4911S), and YAP (D8H1X). The following
primary antibodies were purchased from Santa Cruz Biotechnology (DBA, Milan, Italy): IGF-1R
(7G11), AKT 1/2/3 (H-136), Cyr61 (H-78), and β-actin (AC-15) and the following primary antibody
purchased from Origene (DBA, Milan, Italy): CTGF (TA806803). Proteins were detected by horseradish
peroxidase-linked secondary antibodies (Santa Cruz Biotechnology, DBA, Milan, Italy) and then
revealed using the ECL™Western Blotting Analysis System (GE Healthcare, Milan, Italy).

2.6. Immunoprecipitation Assay

1× 105 MDA-MB 231 and SUM159 cells were grown in 10 cm dishes. After 48 h, cells were exposed
to treatments, washed and lysed using 500µL RIPA buffer with protease inhibitors (1.7 mg/mL aprotinin,
1 mg/mL leupeptin, 200 mmol/L phenylmethylsulfonyl fluoride, 200 mmol/L sodium orthovanadate
and 100 mmol/L sodium fluoride). Samples were then centrifuged at 13,000 rpm for 10 min and protein
concentrations were determined using Coomassie (Bradford) protein assay. Proteins (250 µg) were
then incubated for 2 h with 900 µL of immunoprecipitation buffer with inhibitors, 2 µg of anti-IGF-1R
or anti-FAK antibodies and 20 µL of protein A/G agarose immunoprecipitation reagent (Santa Cruz
Biotechnology, DBA, Milan, Italy). Samples were then centrifuged at 13,000 rpm for 5 min at 4 ◦C to
pellet the beads. Pellets were washed four times with 500 µL of PBS and centrifuged at 13,000 rpm for
5 min at 4 ◦C. Supernatants were collected, resuspended in 20 µL RIPA buffer with protease inhibitors,
2X SDS sample buffer and heated to 95 ◦C for 5 min. Samples were then run on 10% SDS-PAGE,
transferred to nitrocellulose and probed with primary antibodies. Western blot analysis and ECL
detection were performed as described above.

2.7. RNA Extraction and Real-Time PCR

1 × 105 MDA-MB 231 and SUM159 cells were grown in 10 cm dishes. After 48 h, cells were
exposed to treatments and total RNA was extracted from cell cultures using the TRIzol commercial
kit (Life Technologies, Milan, Italy) according to the manufacturer’s protocol. RNA was quantified
spectrophotometrically and quality checked by electrophoresis through agarose gels stained with
ethidium bromide. Only samples that were not degraded and showed clear 18 S and 28 S bands under
UV light were used for RT-PCR. Total cDNA was synthesized from the RNA by reverse transcription
using the murine leukemia virus reverse transcriptase (Life Technologies, Milan, Italy), following
the protocol provided by the manufacturer. The expression of selected genes was quantified by
real-time PCR using Step One™ sequence detection system (Applied Biosystems Inc., Milan, Italy),
following the manufacturer’s instructions. Gene-specific primers were designed using Primer Express
version 2.0 software (Applied Biosystems. Inc., Milan, Italy) and are as follows: human CTGF Fwd:
5′-ACCTGTGGGATGGGCATCT-3′ and Rev.: 5′-CAGGCGGCTCTGCTTCTCTA-3′; human Cyr61
Fwd: 5′-AAATCCCCCGAACCAGTC-3′ and Rev.: 5′-GGGCCGGTATTTCTTCACACT-3′; 18S Fwd:
5′-GGCGTCCCCCAACTTCTTA-3 and Rev.: 5′-GGGCATCACAGACCTGTTATT-3′. Assays were
performed in triplicate and the RNA expression values were normalized using 18S expression and
then calculated as fold induction.

2.8. Plasmids, Luciferase and Transfections Assays

The 8xGTIIC-luciferase reporter (Addgene #34615, originally from Stefano Piccolo’s Lab) was
kindly provided by Dr. J. S. Gutkind [39]. The CTGF luciferase reporter plasmid p (−1999/+36)-Luc
(CTGF-luc), based on the backbone of vector pGL3-basic (Promega) was a gift from Dr. B. Chaqour [40].
The Cyr61-luc luciferase reporter construct was provided by Dr. Xialong Yang, Department of Pathology
and Molecular Medicine, Queen’s University, Kingston, Ontario [41]. The Renilla luciferase expression
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vector pRL-TK (Promega, Milan, Italy) was used as internal transfection control. MDA-MB 231 and
SUM159 TNBC cells (1 × 105) were plated into 24-well dishes with 500 µL/well culture medium
containing 5% FBS. Cell medium was replaced on the day of transfection with serum-free medium and
transfection was performed using X-tremeGENE 9 DNA Transfection Reagent as recommended by the
manufacture (Sigma-Aldrich, Milan, Italy) and a mixture containing 0.5 µg of each reporter plasmid
and 5 ng of pRL-TK. After 12h, cells were treated with IGF-1 alone or in combination with the IGF-1R
inhibitor OSI-906, the FAK inhibitor VS-4718 or the YAP/TEAD complex suppressor Verteporfin and
incubated for 12h. Luciferase activity was measured using the Dual Luciferase Kit (Promega, Milan,
Italy) according to the manufacturer’s recommendations. Firefly luciferase activity was normalized to
the internal transfection control provided by the Renilla luciferase activity. Normalized relative light
unit values obtained from cells treated with vehicle (DMSO, <0.1%) were set as 1-fold induction upon
which the activity induced by treatments was calculated. For gene silencing assay, the short hairpin
(sh)RNA construct to knock down the expression of CTGF and the unrelated shRNA control construct
have been described previously [42]. Briefly, MDA-MB 231 and SUM159 cells were transfected by
using X-treme GENE 9 DNA Transfection Reagent (Roche Diagnostics, Milan, Italy) for 24 h before
treatments with a control vector and a specific shRNA sequence for each target gene.

2.9. Immunofluorescence Microscopy

5 × 104 MDA-MB 231 and SUM159 cells were grown on 6 well plates. When reached 50%
confluence, cells were serum-deprived for 12 h and then treated for 30 min with IGF-1. Next, cells
were fixed in 4% paraformaldehyde for 15 min at room temperature, permeabilized with 0.2% Triton
X-100, washed three times with PBS and incubated overnight with or without (negative control) a
rabbit primary antibody against Y397-FAK (Cell Signaling Technology, Milan, Italy). After incubation,
the wells were extensively washed with PBS and incubated with donkey anti-rabbit IgG-FITC (1:400;
purchased from Alexa Fluor, Life Technologies, Milan, Italy) for 1 h at room temperature. Finally,
cells were washed with PBS and incubated in PBS buffer containing 4′, 6-diamidino-2-phenylindole
dihydrochloride (DAPI) (1:1000; Sigma-Aldrich, Milan, Italy) 10 min at room temperature for nuclear
staining. Images showing focal adhesion points among the cells were acquired on the Cytation 3 Cell
Imaging Multimode Reader (BioTek, Winooski, VT, USA) and analyzed using the software Gen5
(BioTek). The same procedure was also applied for FAK (Cell Signaling Technology, Milan, Italy)
staining in MDA-MB 231 PTK2 WT and KO as well as in SUM159 PTK2 WT and KO. A total of
10 images for each condition was detected on the Cytation 3 Cell Imaging Multimode Reader (BioTek)
and analyzed using the software Gen5 (BioTek).

2.10. YAP Nuclear Staining

5 ×104 MDA-MB 231 cells were grown on 6 well plates. When reached 50% confluence, cells were
serum-deprived for 12 h and then treated for 30 min with IGF-1 alone or in combination with IGF-1R
inhibitor OSI-906, PI3K inhibitor WM or FAK inhibitor VS-4718, as indicated. Next, cells were fixed in
4% paraformaldehyde for 15 min at room temperature, permeabilized with 0.2% Triton X-100, washed
three times with PBS and incubated overnight with or without (negative control) a rabbit primary
antibody against YAP (Cell Signaling Technology, Milan, Italy). After incubation, the wells were
extensively washed with PBS and incubated with donkey anti-rabbit IgG-FITC (1:400; purchased from
Alexa Fluor, Life Technologies, Milan, Italy) for 1 h at room temperature. Finally, cells were washed
with PBS and incubated in PBS buffer containing 4′,6-diamidino-2-phenylindole dihydrochloride
(DAPI), (1:1000), (Sigma-Aldrich, Milan, Italy) 10 min at room temperature for nuclear staining. Images
showing YAP nuclear accumulation were acquired on the Cytation 3 Cell Imaging Multimode Reader
(BioTek) and the percentage of cells with nuclear YAP was analyzed using the software Gen5 (BioTek).
The same procedure was also applied for YAP (Cell Signaling Technology, Milan, Italy) nuclear staining
in SUM159 PTK2 WT/KO cells. A total of 10 images for each condition was detected on the Cytation
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3 Cell Imaging Multimode Reader (BioTek) and the percentage of YAP nuclear levels was analyzed
using the software Gen5 (BioTek).

2.11. Cell Proliferation Assay

MDA-MB 231 and SUM159 TNBC cells (1 × 104) were seeded in 24-well plates in regular growth
medium, washed once they had attached, incubated in medium containing 2.5% charcoal-stripped FBS
and then treated with IGF-1 alone or in combination with IGF-1R inhibitor OSI-906, FAK inhibitor VS-4718
or YAP/TEAD complex suppressor Verteporfin, as indicated. Medium and treatments were renewed every
day. The proliferation rate was calculated counting the cells on day 5 using the Countess Automated Cell
Counter, as recommended by the manufacturer’s protocol (Life Technologies, Milan, Italy).

2.12. Colony Formation Assay

MDA-MB 231 and SUM159 TNBC cells were cultured in regular growth medium to 90% confluence.
Cells were then trypsinized, counted and 1 × 103 cells were seeded in 6-well plates at 1 × confluence.
The cells were treated with IGF-1 alone or in combination with the IGF-1R inhibitor OSI-906, the FAK
inhibitor VS-4718 or the YAP/TEAD complex suppressor Verteporfin. MDA-MB 231 and SUM159 cells
were transfected with shRNA control or shCTGF and then treated with IGF-1 (medium, transfections
and treatments were renewed every 3 days). After 10 days, cells were washed with PBS, fixed in
acetone:methanol (1:1) for 3 min at room temperature and then stained with crystal violet for 5 min.
A total of 10 pictures for each condition was detected using a digital camera and colony number was
measured by ImageJ program.

2.13. Spheroid Formation Assay

For spheroid generation, 100 µL/well of MDA-MB 231 and SUM159 cell suspensions (1 × 103)
were dispensed into 2% agar-coated 24-well plates. Three days after seeding, tumor spheroids (a single
spheroid per well) were treated with IGF-1 alone or in combination with the IGF-1R inhibitor OSI-906,
the FAK inhibitor VS-4718 or the YAP/TEAD complex suppressor Verteporfin. Medium and treatments
replenishment were performed every 3 days. A total of 10 images for each condition was assessed
on day 18 using a conventional inverted microscope, thereafter the spheroid area was determined by
elaborating the images on IMAGE J software.

2.14. Statistical Analysis

The statistical analysis was performed using ANOVA followed by Newman-Keuls’ test to
determine differences in means. p < 0.05 was considered as statistically significant.

3. Results

3.1. Focal Adhesion Is a Prominent Enriched KEGG Pathway Linked to the Expression of IGF-1/IGF-1R
in TNBC

Alterations in the IGF-1/IGF-1R-mediated signaling have been associated with the development
and progression of hormone-related tumors, including breast cancer [43,44]. In addition,
the IGF-1/IGF-1R system has been implicated in the onset of mammary tumorigenesis [13] and
the biological features of the highly malignant TNBC [45,46]. To date, IGF-1R has been detected
approximately in 40% of TNBC [47] and correlated with a poor clinical outcome of this group of
patients [16]. On the basis of the aforementioned findings, we began our study assessing the clinical
significance of the IGF-1/IGF-1R expression in both the ER/PR-positive and HER2-negative breast cancer
subtypes and the TNBC cohort. By mining the RNA-sequencing data of the Breast Cancer Cohort of
TCGA (The Cancer Genome Atlas: https://cancergenome.nih-gov/) and microarray data of METABRIC,
we evaluated the Kaplan-Meier survival rates of patients grouped according to high expression levels of
IGF-1 or IGF-1R (or both) (mRNA Z-score more than 0) and low expression levels of IGF-1 and IGF-1R

https://cancergenome.nih-gov/
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(mRNA Z-score equal or less than 0). In ER/PR-positive and HER2-negative breast cancer patients,
the overall and disease-free survival rates did not evidence significant differences between high and
low IGF-1/IGF-1R expression groups (Figure 1A,B). As it concerns the TNBC patients, the overall
survival rate was found to be reduced, although not in a significant manner, and remained high with
respect to the low IGF-1/IGF-1R group (Figure 1C). Of note, the DFS rate was found significantly
decreased in TNBC patients with high IGF-1/IGF-1R expression with respect to those exhibiting low
IGF-1/IGF-1R levels (Figure 1D).
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Figure 1. Clinical significance of IGF1/IGF1R (Insulin-like Growth Factor 1/IGF1 Receptor) system in breast
cancer subtypes. (A) Overall Survival (OS) rate in ER/PR- (estrogen receptor/progesterone receptor)-positive
and HER2- (human epidermal growth factor 2)-negative breast cancer patients according to the IGF1/IGF1R
levels, as displayed by Kaplan-Meier plots with log-rank tests from the corresponding TCGA datasets.
(B) Disease-Free Survival (DFS) rate in ER/PR-positive and HER2-negative breast cancer patients according
to the IGF1/IGF1R levels, as displayed by Kaplan-Meier plots with log-rank tests from the TCGA dataset.
(C) Overall Survival (OS) rate in triple-negative breast cancer (TNBC) patients according to the IGF1/IGF1R
levels, as displayed by Kaplan-Meier plots with log-rank tests from the TCGA dataset. (D) Disease-Free
Survival (DFS) rate in TNBC patients according to the IGF1/IGF1R levels, as displayed by Kaplan-Meier
plots with log-rank tests from the TCGA dataset.

Next, by Genecodis3 pathway analysis, we sought to provide novel evidence regarding the
IGF-1/IGF-1R relevant molecular signatures in TNBC cohorts. In this vein, we first determined that
358 genes are over-expressed in the IGF-1/IGF-1R high group (adjusted p-value < 0.01). By filtering
and analyzing these genes by the Genecodis3 pathway analysis, we found that Focal adhesion is
prominent among the 25 enriched KEGG pathways identified (Figure 2A,B), reminiscing the evidence
reported in our recent study [22]. Next, querying the METABRIC dataset we found that 1243 genes are
over-expressed in the TNBC cohort with high IGF-1/IGF-1R expression levels (adjusted p-value < 0.05).
Performing the Genecodis3 pathway analysis, Focal adhesion was again assessed as prominent among
the 29 enriched KEGG pathways recognized (Figure 2C,D). Taken together, these observations highlight
the potential role of the Focal adhesion pathway in the context of the IGF-1/IGF-1R-mediated action
in TNBC.
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high IGF1/IGF1R expression levels. (A) In silico analysis of IGF1/IGF1R-regulated pathways in TNBC
patients in the TCGA cohort. The over-expressed genes (n. 358) in the IGF1/IGF1R high group
with adjusted p-value 0.01 (Student’s t-test with Benjamini-Hochberg procedure) compared to the
IGF1/IGF1R low group were chosen from the results of TNBC in the TCGA cohort. The genes were
then analyzed and categorized with the KEGG Pathway Database using the GeneCodis3 pathway
analysis program with the threshold of adjusted p-value < 0.05. Red arrow indicates Focal Adhesion as
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a prominent KEGG pathway. (B) Bar graph of the significant enrichment KEGG pathways in IGF1/IGF1R
high group. (C) In silico analysis of IGF1/IGF1R-regulated pathways in TNBC patients of the METABRIC
dataset. The over-expressed genes (n. 1243) in IGF1/IGF1R high group with adjusted p-value < 0.05
(Student’s t-test with Benjamini–Hochberg procedure) compared to IGF1/IGF1R low group were chosen
from the results of TNBC in the METABRIC dataset. The genes were then analyzed and categorized
with the KEGG Pathway Database using the GeneCodis3 pathway analysis program with the threshold
of adjusted p-value < 0.01. Red arrow indicates Focal Adhesion as a prominent KEGG pathway. (D) Bar
graph of the significant enrichment KEGG pathways in IGF1/IGF1R high group.

3.2. IGF-1/IGF-1R System Triggers FAK Activation

Diverse stimuli such as growth factors and ligands of the G-protein coupled receptors (GPCRs)
may induce the activation of FAK, promoting, therefore, cancer cell growth and survival [19]. On the
basis of the above-mentioned bioinformatics analysis and considering that the IGF-1R-mediated
signaling in cancer may involve FAK [48–50], we investigated whether the IGF-1/IGF-1R transduction
pathway may lead to FAK phosphorylation in MDA-MB 231 and SUM159 cells that were used as a
model system for TNBC. Of note, the IGF-1 induced activation of both IGF-1R and FAK (Figure 3A) was
no longer evident in the presence of the IGF-1R inhibitor OSI-906 (Figure 3B), whereas the FAK inhibitor
VS-4718 abrogated FAK phosphorylation but not IGF-1R activation (Figure 3C). Nicely corroborating
these findings, IGF-1 enhanced the number of focal adhesion points in the MDA-MB 231 (Figure 3D,E)
and SUM159 (Figure 3F,G) cells. As the phosphoinositide 3-kinase (PI3K) pathway may trigger the
transduction responses mediated by the IGF-1/IGF-1R system in cancer cells [51], we asked whether
the PI3K/AKT signaling is involved in the activation of FAK in TNBC cells. First, we observed that
both the IGF-1R inhibitor OSI-906 (Figure 3H) and the FAK inhibitor VS-4718 (Figure 3I) prevent the
AKT phosphorylation by IGF-1 stimulation in MDA-MB 231 and SUM159 cells. Then, we assessed
that the PI3K inhibitor Wortmannin inhibits the AKT activation but not FAK phosphorylation induced
by IGF-1 in MDA-MB 231 and SUM159 cells (Figure 3J). Cumulatively, these results suggest that the
IGF-1R/FAK/PI3K/AKT transduction cascade may represent a further mechanism through which IGF-1
signals in TNBC. Performing immunoprecipitation assays, we also evidenced that IGF-1 stimulates a
direct interaction between IGF-1R and FAK in both MDA-MB 231 and SUM159 cells (Figure 3K–N),
further supporting a direct link between the IGF-1/IGF-1R system and FAK action in TNBC.
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Figure 3. IGF-1 triggers Focal Adhesion Kinase (FAK) activation. (A) Immunoblots showing the 
phosphorylation of both IGF-1R and FAK in MDA-MB 231 and SUM159 TNBC cells upon IGF-1 
stimulation (50 ng/mL), as indicated. (B) Immunoblots showing the phosphorylation of both IGF-1R 
and FAK in MDA-MB 231 and SUM159 TNBC cells treated for 30 min with IGF-1 (50 ng/mL) alone or 

Figure 3. IGF-1 triggers Focal Adhesion Kinase (FAK) activation. (A) Immunoblots showing the
phosphorylation of both IGF-1R and FAK in MDA-MB 231 and SUM159 TNBC cells upon IGF-1
stimulation (50 ng/mL), as indicated. (B) Immunoblots showing the phosphorylation of both IGF-1R
and FAK in MDA-MB 231 and SUM159 TNBC cells treated for 30 min with IGF-1 (50 ng/mL) alone or in
combination with the IGF-1R inhibitor OSI-906 (1 µM). Underlying panels show densitometric analysis
of the immunoblots normalized to the loading controls. (C) Immunoblots showing the phosphorylation
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of both IGF-1R and FAK in MDA-MB 231 and SUM159 TNBC cells treated for 30 min with IGF-1
(50 ng/mL) alone or in combination with the FAK inhibitor VS-4718 (100 nM). Underlying panels
show densitometric analysis of the immunoblots normalized to the loading controls. (D) Fluorescence
images of MDA-MB 231 cells exposed for 30 min to IGF-1 (50 ng/mL). Anti-pY397 FAK staining was
detected in red and nuclei were stained with DAPI. Yellow arrows indicate focal adhesions. Scale
bars, 10 µm. (E) Evaluation of the pY397 FAK fluorescent signal in MDA-MB 231 cells treated with
vehicle or IGF-1. (F) Fluorescence images of SUM159 cells exposed for 30 min to IGF-1 (50 ng/mL).
Anti-pY397 FAK staining was detected in green and nuclei were stained with DAPI. Yellow arrows
indicate focal adhesions. Scale bars, 10 µm. (G) Evaluation of the pY397 FAK fluorescent signal in
SUM159 cells treated with vehicle or IGF-1. (H) Immunoblots showing the AKT phosphorylation in
MDA-MB 231 and SUM159 TNBC cells treated for 30 min with IGF-1 (50 ng/mL) alone or in combination
with the IGF-1R inhibitor OSI-906 (1 µM). Underlying panels show densitometric analysis of the
immunoblots normalized to the loading control. (I) Immunoblots showing the AKT phosphorylation
in MDA-MB 231 and SUM159 TNBC cells treated for 30 min with IGF-1 (50 ng/mL) alone or in
combination with the FAK inhibitor VS-4718 (100 nM). Underlying panels show densitometric analysis
of the immunoblots normalized to the loading control. (J) Immunoblots showing the phosphorylation
of both AKT and FAK in MDA-MB 231 and SUM159 TNBC cells treated for 30 min with IGF-1
(50 ng/mL) alone or in combination with the PI3K inhibitor Wortmannin (1 µM). Underlying panels
show densitometric analysis of the immunoblots normalized to the loading control. Immunoblots
of IGF-1R after immunoprecipitation (IP) of FAK in MDA-MB 231 (K) and SUM159 (L) cells treated
with IGF-1 (50 ng/mL) for 30 min. Western blotting of FAK is also shown. Immunoblots of FAK after
immunoprecipitation (IP) of IGF-1R in MDA-MB 231 (M) and SUM159 (N) cells treated for 30 min with
IGF-1 (50 ng/mL). Western blotting of IGF-1R is also shown. Underlying panels show densitometric
analysis of the immunoblots normalized to the loading control. Data shown are representative of three
independent experiments performed in triplicate. * indicates p < 0.05 for cells treated with vehicle
versus treatments.

3.3. FAK Is Involved in the IGF-1/IGF-1R-Initiated YAP Activation

YAP controls the cell proliferation rate and the organ size growth acting as a negative regulator
of the evolutionarily conserved Hippo pathway [52]. It has been reported that diverse agents,
G protein-coupled receptor (GPCR) ligands [53], like hormones [54,55] and growth factors [56,57],
represent potential negative effectors of the Hippo pathway by enhancing the nuclear YAP activity
in cancer cells. On the basis of this evidence, we sought to evaluate the potential role of the
IGF-1/IGF-1R system in YAP activation in TNBC. By performing a Gene Set Enrichment analysis
(GSEA), we ascertained that the “Hippo signaling” signature in Gene Ontology (GO) is significantly
enriched TNBC cohorts displaying high IGF-1/IGF-1R expression levels (Figure 4A). Analyzing the
TCGA dataset of TNBC, we then found that the expression of YAP/TAZ associated transcriptional
factor genes and YAP/TAZ canonical target genes is significantly elevated in patients exhibiting high
IGF-1 or IGF-1R (or both) (mRNA Z-score more than 0) respect to patients showing low levels of
IGF-1 and IGF-1R (both mRNA Z-scores equal or less than 0) (Figure 4B,C). The activity of YAP is
tightly dependent on the phosphorylation status of diverse residues including Serine 127 (S127), which
represents one of the most important repressive targets of the Hippo pathway [58]. Taken into account
the above-mentioned information, we treated the MDA-MB 231 cells with IGF-1 and revealed its ability
to decrease S127 YAP phosphorylation (Figure 4D,E). This effect was no longer evident in the presence
of both the IGF-1R inhibitor OSI-906 (Figure 4D) and the PI3K inhibitor Wortmannin (Figure 4E).
In accordance with these findings, immunofluorescence studies of nuclear YAP showed that both the
IGF-1R inhibitor OSI-906 and the PI3K inhibitor Wortmannin prevent the nuclear accumulation of
YAP induced by IGF-1 in MDA-MB 231 cells (Figure 4F,G). Hence, these data provide novel evidence
regarding the activation of YAP by the IGF-1/IGF-1R system along with the PI3K/AKT signaling cascade
in TNBC cells.
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Figure 4. IGF-1 promotes the nuclear accumulation of yes-associated protein/yes-related protein (YAP).
(A) The Gene Set Enrichment analysis (GSEA) for “Hippo signaling” in Gene Ontology (GO) comparing
high and low IGF1/IGF1R groups in TNBC. (B) Expression of YAP/TAZ-associated transcriptional factor
genes in the TNBC cohort of the TCGA dataset comparing high and low IGF1/IGF1R groups. * p < 0.05,
** p < 0.01, *** p < 0.001. (C) Expression of YAP/TAZ target genes in the TNBC cohort of the TCGA
dataset comparing high and low IGF1/IGF1R groups. * p < 0.05, ** p < 0.01, *** p < 0.001. Immunoblots
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showing the phosphorylation of YAP in MDA-MB 231 cells treated for 30 min with IGF-1 (50 ng/mL)
alone or in combination with the IGF-1R inhibitor OSI-906 (1 µM). (D) or the PI3K inhibitor Wortmannin
(1 µM) (E). Side panels show densitometric analysis of the immunoblots normalized to the loading
control. (F) Immunofluorescence staining of YAP (green) and DAPI (blue) in MDA-MB 231 cells treated
for 30 min with IGF-1 (50 ng/mL) alone or in combination with the IGF-1R inhibitor OSI-906 (1 µM) or
the PI3K inhibitor Wortmannin (1 µM). Scale bars, 10 µm. (G) Percentage of MDA-MB 231 cells with
nuclear YAP. Data shown are representative of three independent experiments performed in triplicate.
Error bars represent mean ± SD. * indicates p < 0.05 for cells treated with vehicle versus treatments.

It has been recently demonstrated that FAK may act as a regulator of the Hippo pathway [31,39,59].
Therefore, we examined the involvement of FAK in the IGF-1/IGF-1R-dependent YAP activation
in TNBC. Of note, the blunted S127 YAP phosphorylation (Figure 5A), as well as the YAP nuclear
accumulation (Figure 5B) upon IGF-1 exposure, were both rescued using the FAK inhibitor VS-4718
(Figure 5A,B). In order to strengthen these findings, we knocked-out the expression of FAK by
CRISPR/Cas9 genome editing technology in both MDA-MB 231 and SUM159 cells (see material
and methods section), as proved by western blotting (Figure 5C) and immunofluorescence assays
(Figure 5D). This engineered experimental model nicely confirmed that FAK is involved in the
IGF-1-mediated YAP activation, as IGF-1 failed to decrease S127 YAP phosphorylation (Figure 5E,F)
and YAP nuclear accumulation (Figure 5G,H) in both PTK2-KO MDA-MB 231 and SUM159 cells.
Collectively, these data suggest that FAK represents a novel signal transduction mechanism linking the
IGF-1/IGF-1R system to YAP activation in TNBC.
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Figure 5. FAK is involved in the IGF-1 induced YAP nuclear translocation. (A) Immunoblot showing 
the phosphorylation of YAP in MDA-MB 231 cells treated for 30 min with IGF-1 (50 ng/mL) alone or 
in combination with the FAK inhibitor VS-4718 (100 nM). Underlying panels show densitometric 

Figure 5. FAK is involved in the IGF-1 induced YAP nuclear translocation. (A) Immunoblot showing
the phosphorylation of YAP in MDA-MB 231 cells treated for 30 min with IGF-1 (50 ng/mL) alone
or in combination with the FAK inhibitor VS-4718 (100 nM). Underlying panels show densitometric
analysis of the immunoblots normalized to the loading control. (B) Immunofluorescence staining of
YAP (green) and DAPI (blue) in MDA-MB 231 cells treated for 30 min with IGF-1 (50 ng/mL) alone or
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in combination with the FAK inhibitor VS-4718 (100 nM). Scale bars, 10 µm. Percentage of MDA-MB
231 cells with nuclear YAP is also shown. (C) Immunoblots showing CRISPR/Cas9-PTK2 knockout in
MDA-MB 231 and SUM159 cells. Underlying panels show densitometric analysis of the immunoblots
normalized to the loading control. (D) Immunofluorescence staining depicting CRISPR/Cas9-PTK2
knockout in MDA-MB 231 and SUM159 cells. Scale bars, 100 µm. FAK fluorescent signal in MDA-MB
231 and SUM159 cells is also shown. Immunoblots showing YAP phosphorylation in MDA-MB
231 WT and PTK2 KO cells (E) and in SUM159 WT and PTK2 KO cells (F) upon IGF-1 stimulation
(50 ng/mL). Side panels show densitometric analysis of the immunoblots normalized to the loading
control. Immunofluorescence staining of YAP (green) and DAPI (blue) upon 30 min IGF-1 stimulation
(50 ng/mL) in SUM159 WT (G) and PTK2-KO cells (H). Scale bars, 100 µm. Percentage of SUM159
WT and PTK2-KO cells with nuclear YAP is also shown. Data shown are representative of three
independent experiments performed in triplicate. Error bars represent mean ± SD. * indicates p < 0.05
for cells treated with vehicle versus treatments.

3.4. FAK Is Involved in the YAP-Dependent Transcriptional Activity Induced by IGF-1/IGF-1R

YAP is the main Hippo pathway transcriptional co-activator that regulates gene expression
changes through the TEAD family members [26,60]. Aiming to further confirm the role exerted by FAK
in the IGF-1/IGF-1R-dependent YAP activation in TNBC, we performed YAP/TAZ luciferase reporter
assay. Of note, the YAP transcription activity induced by IGF-1 was abolished using either the IGF-1R
inhibitor OSI-906 or the FAK inhibitor VS-4718 in both MDA-MB 231 and SUM159 cells (Figure 6A).
Next, we sought to investigate whether FAK may affect the expression of the YAP-canonical target
genes CTGF and Cyr61 [61]. In this regard, we first assessed whether the suppressor of the YAP/TEAD
complex, verteporfin, represses the transactivation of both CTGF and Cyr61 promoter activity triggered
by IGF-1 in MDA-MB 231 and SUM159 cells (Figure 6B,C). In addition, the transactivation of the CTGF
and Cyr61 promoter sequences by IGF-1 was prevented using the IGF-1R inhibitor OSI-906 and the
FAK inhibitor VS-4718 in TNBC cells (Figure 6D,E). In accordance with these findings, the IGF-1R
inhibitor OSI-906, the FAK inhibitor VS-4718 and the suppressor of the YAP/TEAD complex verteporfin
abolished the expression of CTGF and Cyr61 induced by IGF-1 at both mRNA (Figure 6F,G) and protein
levels (Figure 6H). Altogether, these results suggest that IGF-1/IGF-1R may regulate YAP/TEAD target
genes in TNBC cells through FAK.
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Figure 6. FAK mediates the IGF-1-induced regulation of the YAP target genes CTGF and Cyr61. (A) 
YAP/TAZ luciferase reporter assay in MDA-MB 231 and SUM159 cells treated with IGF-1 (50 ng/mL) 
alone or in combination with the IGF-1R inhibitor OSI-906 (1 μM) or the FAK inhibitor VS-4718 (100 
nM). CTGF (B) and Cyr61 (C) luciferase reporter assays in MDA-MB 231 and SUM159 cells treated 
with IGF-1 (50 ng/mL) alone or in combination with the YAP/TEAD complex suppressor Verteporfin 

Figure 6. FAK mediates the IGF-1-induced regulation of the YAP target genes CTGF and Cyr61.
(A) YAP/TAZ luciferase reporter assay in MDA-MB 231 and SUM159 cells treated with IGF-1 (50 ng/mL)
alone or in combination with the IGF-1R inhibitor OSI-906 (1 µM) or the FAK inhibitor VS-4718 (100 nM).
CTGF (B) and Cyr61 (C) luciferase reporter assays in MDA-MB 231 and SUM159 cells treated with IGF-1
(50 ng/mL) alone or in combination with the YAP/TEAD complex suppressor Verteporfin (100 nM).
CTGF (D) and Cyr61 (E) luciferase reporter assays in MDA-MB 231 and SUM159 cells treated with IGF-1
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(50 ng/mL) alone and in combination with the IGF-1R inhibitor OSI-906 (1 µM) or the FAK inhibitor
VS-4718 (100 nM). mRNA expression of CTGF (F) and Cyr61 (G) in MDA-MB 231 and SUM159 cells
treated with IGF-1 (50 ng/mL) alone and in combination with the IGF-1R inhibitor OSI-906 (1 µM),
the FAK inhibitor VS-4718 (100 nM) or the YAP/TEAD complex suppressor Verteporfin (100 nM).
(H) Immunoblots showing the CTGF and Cyr61 protein levels in MDA-MB 231 and SUM159 cells treated
with IGF-1 (50 ng/mL) alone and in combination with the IGF-1R inhibitor OSI-906 (1 µM), the FAK
inhibitor VS-4718 (100 nM) or the YAP/TEAD complex suppressor Verteporfin (100 nM). Side panels
show densitometric analysis of the immunoblots normalized to the β-actin, which was used as loading
control. Data shown are representative of three independent experiments performed in triplicate. Error
bars represent mean ± SD. * indicates p < 0.05 for cells treated with vehicle versus treatments.

3.5. FAK and YAP Contribute to the Growth Responses Induced by IGF-1/IGF-1R

Previous studies have reported the growth stimulatory effects elicited by the IGF-1/IGF-1R system
toward the proliferation and survival of TNBC cells [17,45]. Hence, we aimed to determine whether the
FAK/YAP transduction signaling is involved in growth promotion triggered by IGF-1/IGF-1R system
in TNBC cells. In this respect, we assessed that the proliferation (Figure 7A,B), as well as the colony
formation ability (Figure 7C) stimulated by IGF-1 in both MDA-MB 231 and SUM159 cells are prevented
using the IGF-1R inhibitor OSI-906, the FAK inhibitor VS-4718 and the suppressor of the YAP/TEAD
complex, verteporfin. Using these inhibitors alone, the colony formation ability of both MDA-MB 231
and SUM159 cells was similar to that observed in cells treated with vehicle (data not shown). Worthy,
the colony formation capability upon IGF-1 exposure was also abrogated by silencing CTGF expression
through a specific short-hairpin (shCTGF) in both SUM159 (Figure 7D,E) and MDA-MB 231 (data
not shown) cells. Moreover, these inhibitors prevented the spheroid expansion induced by IGF-1 in
MDA-MB 231 and SUM159 cells (Figure 7F,G). Using these inhibitors alone, the spheroid expansion
of both MDA-MB 231 and SUM159 cells was similar to that observed in cells treated with vehicle
(data not shown). Overall, these findings indicate that the IGF-1/IGF-1R-FAK-YAP signal transduction
pathway triggers growth stimulatory responses in TNBC cells, as depicted in Figure 7H.
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Figure 7. The IGF-1/FAK/YAP signaling pathway triggers the growth of TNBC cells. Proliferation
assay of MDA-MB 231 (A) and SUM159 (B) cells exposed for 4 days to IGF1 (50 ng/mL) alone and in
combination with the IGF-1R inhibitor OSI-906 (1 µM), the FAK inhibitor VS-4718 (100 nM) or the
YAP/TEAD inhibitor, verteporfin (100 nM). (C) Colony formation assay in MDA-MB 231 and SUM159
cells exposed to IGF1 (50 ng/mL) alone and in combination with the IGF-1R inhibitor OSI-906 (1 µM),
the FAK inhibitor VS-4718 (100 nM) or the YAP/TEAD inhibitor verteporfin (100 nM). After 10 days



Cells 2020, 9, 1010 19 of 25

of treatment, the plates were stained with crystal violet and colonies were counted, as indicated.
(D) Colony formation assay in SUM159 cells exposed to IGF-1 (50 ng/mL) and transfected with shRNA
or shCTGF. After 10 days of treatment the plates were stained with crystal violet and colonies were
counted, as indicated. (E) Immunoblot showing the CTGF protein levels in SUM159 cells transfected
with control shRNA or shCTGF. Side panels show densitometric analysis of the immunoblot normalized
to the β-actin, which was used as loading control. (F,G) Spheroid formation assay in MDA-MB 231
and SUM159 cells exposed for 18 days to IGF-1 (50 ng/mL) alone and in combination with the IGF-1R
inhibitor OSI-906 (1 µM), the FAK inhibitor VS-4718 (100 nM) or the YAP/TEAD complex suppressor
verteporfin (100 nM). Scale bars, 100 µm. (H) Cartoon depicting the IGF-1/FAK/YAP signaling pathway
promoting gene expression changes and the growth of TNBC cells. Data shown are representative of
three independent experiments performed in triplicate. Error bars represent mean ± SD. (*) indicates
p < 0.05 for cells treated with vehicle versus treatments.

4. Discussion

The generation of bioinformatics pipelines led to the recognition of suitable connections among
signaling networks and gene expression signatures toward the assessment of molecular vulnerabilities
useful as novel cancer drug targets [34]. Within the multifaceted human diseases, the breast cancer
subtype named TNBC may represent a good testbed to apply bioinformatics analyses in order to
discover new molecular mechanisms and therapeutics in this aggressive human malignancy [62].
On the basis of these challenges, we began the current study processing the data available on the
vast public databases Cancer Genome Atlas (TCGA) and Molecular Taxonomy of Breast Cancer
International Consortium (METABRIC). Our analysis revealed that a high expression of IGF-1 or
IGF-1R (or both) does not affect the OS or DFS rates in patients with ER/PR-positive and HER2-negative
breast cancer subtype, but it associates with a reduced DFS rate in TNBC patients. By the thorough
dissection of the transduction networks linked to high IGF-1/IGF-1R expression in the TNBC cohort
of these datasets, we identified the focal adhesion as a prominent and enriched pathway, laying the
rationale to investigate the potential of FAK in the TNBC progression. Worthy, we ascertained that the
IGF-1/IGF-1R system triggers FAK activation, increases FAs and engages thereafter PI3K/AKT signaling
towards YAP nuclear accumulation. Further corroborating these findings, a bioinformatic analysis
evidenced that the Hippo cascade and its related target genes represent key transduction pathways
in the high IGF-1 or IGF-1R TNBC group. Using different pharmacological approaches and genome
editing technology, we also demonstrated that FAK inhibition prevents YAP-dependent transcriptional
activity and gene expression upon IGF-1 stimulation in TNBC cells. Our studies also revealed the
growth suppressive activity of interfering with the IGF-1/IGF-1R/FAK/YAP signal transduction network
in TNBC, which therefore may provide novel therapeutic approaches for the treatment of TNBC.

TNBC still represents a breast cancer subtype characterized by a worse prognosis and high risk
of relapse due to a limited spectrum of therapeutic options [63]. Diverse frequency mutation rates
(i.e., TP53 and PIK3CA), as well as gene and/or mRNA over-expression, may contribute to the TNBC
development and drug-resistance [32]. In this regard, the portrait of genetic alterations in breast
cancer support a dysfunction of the IGF-1/IGF-1R system leading to the development of various breast
malignancies, including TNBC [32,43]. In particular, it has been shown that approximately 30–40% of
TNBCs harbors amplification of the IGF-1R gene, which was linked to a short survival rate of these
patients [16,64]. Moreover, the signaling capacity and proliferative responses mediated by IGF-1,
as well as overall IGF-1/IGF-1R activity, were found to be elevated in certain TNBCs [8,45]. Collectively,
these findings highlight the contribution of the IGF-1/IGF-1R system in the progression of TNBC in
agreement with our current data.

Previous studies have demonstrated that FAK may be involved in the development of various
types of tumors, including breast cancer [65]. Of note, FAK over-expression has been tightly correlated
with the malignant grade [66] as well as the poor clinical outcome in TNBC patients [22]. Moreover,
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FAK activation was involved in the peculiar features of TNBC [65], whereas the inhibition of FAK
signaling prevented the metastatic potential of TNBC cells [22,23] and enhanced the sensitization
to anti-cancer treatments [67]. However, the precise mechanism by which FAK acts in TNBC are
still poorly understood. In addition to its canonical functions, FAK contributes to diverse growth
factors-mediated signaling toward cancer cell proliferation and dissemination [68,69]. For instance,
the IGF-1/IGF-1R system may associate with FAK toward the activation of downstream pathways and
cell survival, proliferative and migratory functions in different tumors, including TNBC [50,70,71].
In line with these findings, our study identified focal adhesion as a prominent pathway among the
high IGF-1 or IGF1R TNBC cohort and ascertained a direct cooperation between the IGF-1/IGF-1R
system and FAK in TNBC cells.

The Hippo/YAP signaling exerts important regulatory effects in diverse pathophysiological
conditions, including breast cancer [28,72]. For instance, in non-transformed MCF-10A breast cancer
cells, the activation of YAP determines an EMT-like phenotype and promotes cell proliferation
without growth factors stimulation [73]. Moreover, YAP over-expression was involved in the onset
and metastasis of breast cancer [74], whereas YAP inhibition diminished both the lung-metastasis
recurrence in an engineered mouse model of breast cancer and rescued the radio-resistance of TNBC
cells [30,75]. In the framework of the abovementioned observations, it is worth mentioning that the
IGF-1/IGF-1R system behaved like a modulator of the hypoxia-activated YAP signaling in hepatocellular
carcinoma [57]. Besides, it should be noted that FAK contributed to both the YAP-dependent cell
proliferation/differentiation during mouse development [76] and the mechanical YAP activation [77].
Recently, our synthetic platform of lethal gene interactions also highlighted the role of FAK in the
growth of YAP-dependent uveal melanoma [39]. In accordance with these findings, in the current study,
we ascertained that the Hippo pathway and its related transcription factors are significantly enriched
in the high IGF-1 or IGF-1R TNBC group. In addition, we showed that in TNBC cells the activation of
the IGF-1/IGF-1R and FAK signaling triggers the nuclear accumulation of YAP and its transcriptional
function. Biologically, the inhibition of IGF-1/IGF-1R, FAK or YAP abolished the growth of TNBC
cells, as evaluated in multiple experimental systems. It is worth mentioning that the IGF-1R, FAK and
YAP/TAZ inhibitors used in the present study, enhanced the efficacy of diverse chemotherapeutics
in different tumor contexts [78–80] further corroborating their usefulness as antitumor agents. In the
framework of these observations, it should be noted that IGF-1 can also engage IR in mediating
stimulatory effects in TNBC cells, albeit to a reduced extent due to the lower expression of IR with
respect to IGF-1R [45,81]. In order to overcome this promiscuous response to IGF-1, the dual IGF-IR/IR
inhibitor OSI-906 was developed to halt the transduction signaling mediated by both receptors [81].
Hence, future studies are warranted to rule out the peculiar contribution of IR in the action of IGF-1 in
TNBC cells, as observed in the present study.

Overall, our results suggest that the IGF-1/IGF-1R-FAK-YAP transduction pathway may trigger
growth stimulation of TNBC cells. However, further investigations are needed to better address the
functional interaction and the biological outcomes orchestrated by these emerging players, particularly
considering that the TNBC is a multifaceted malignancy characterized by different subtypes and
phenotypes [82].
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Abbreviations

TNBC triple-negative breast cancer
TCGA The Cancer Genome Atlas
METABRIC Molecular Taxonomy of Breast Cancer International Consortium
OS overall survival
DFS disease free survival
GSEA gene set enrichment analysis
IGF-1 insulin-like growth factor-1
IGF-1R insulin-like growth factor-1 receptor
IR insulin receptor
PI3K phosphatidylinositol 3-kinase
AKT protein kinase B
FAK focal adhesion kinase
YAP yes-associated protein
TEAD TEA domain family member
CRISPR clustered regularly interspaced short palindromic repeats
sgRNA single guide RNA
KO knock out
WT wild type
shRNA short hairpin RNA
CTGF connective tissue growth factor
Cyr61 cellular communication network factor 1/cysteine-rich angiogenic inducer 61

References

1. Tharmapalan, P.; Mahendralingam, M.; Berman, H.K.; Khokha, R. Mammary stem cells and progenitors:
Targeting the roots of breast cancer for prevention. EMBO J. 2019, 38, 100852. [CrossRef] [PubMed]

2. Walsh, E.W.; Keane, M.M.; Wink, D.A.; Callagy, G.; Glynn, S.A. Review of Triple Negative Breast Cancer and
the Impact of Inducible Nitric Oxide Synthase on Tumor Biology and Patient Outcomes. Crit Rev. Oncog.
2016, 21, 333–351. [CrossRef] [PubMed]

3. Garrido-Castro, A.C.; Lin, N.U.; Polyak, K. Insights Into Molecular Classifications of Triple-Negative Breast
Cancer: Improving Patient Selection for Treatment. Cancer Discov. 2019, 9, 176–198. [CrossRef] [PubMed]

4. Nedeljkovic, M.; Damjanovic, A. Mechanisms of Chemotherapy Resistance in Triple-Negative Breast
Cancer—How We Can Rise to the Challenge. Cells 2019, 8, 957. [CrossRef]

5. Pollak, M. Insulin and insulin-like growth factor signalling in neoplasia. Nat. Rev. Cancer 2009, 9, 224.
[CrossRef]

6. Osher, E.; Macaulay, V.M. Therapeutic Targeting of the IGF Axis. Cells 2019, 8, 895. [CrossRef]
7. Werner, H.; Lapkina-Gendler, L.; Achlaug, L.; Nagaraj, K.; Somri, L.; Yaron-Saminsky, D.; Pasmanik-Chor, M.;

Sarfstein, R.; Laron, Z.; Yakar, S. Genome-Wide Profiling of Laron Syndrome Patients Identifies Novel Cancer
Protection Pathways. Cells 2019, 8, 596. [CrossRef]

8. Yang, Y.; Yee, D. Targeting insulin and insulin-like growth factor signaling in breast cancer. J. Mammary Gland
Biol. Neoplasia 2012, 17, 251–261. [CrossRef]

9. Crudden, C.; Song, D.; Cismas, S.; Trocmè, E.; Pasca, S.; Calin, G.A.; Girnita, A.; Girnita, L. Below the Surface:
IGF-1R Therapeutic Targeting and Its Endocytic Journey. Cells 2019, 8, 1223. [CrossRef]

10. Sarfstein, R.; Nagaraj, K.; LeRoith, D.; Werner, H. Differential Effects of Insulin and IGF1 Receptors on ERK
and AKT Subcellular Distribution in Breast Cancer Cells. Cells 2019, 8, 1499. [CrossRef]

11. Rosenzweig, S.A.; Atreya, H.S. Defining the pathway to insulin-like growth factor system targeting in cancer.
Biochem. Pharmacol. 2010, 80, 1115–1124. [CrossRef] [PubMed]

12. Mezi, S.; Todi, L.; Orsi, E.; Angeloni, A.; Mancini, P. Involvement of the Src-cortactin pathway in migration
induced by IGF-1 and EGF in human breast cancer cells. Int. J. Oncol. 2012, 41, 2128–2138. [CrossRef]
[PubMed]

http://dx.doi.org/10.15252/embj.2018100852
http://www.ncbi.nlm.nih.gov/pubmed/31267556
http://dx.doi.org/10.1615/CritRevOncog.2017021307
http://www.ncbi.nlm.nih.gov/pubmed/29431082
http://dx.doi.org/10.1158/2159-8290.CD-18-1177
http://www.ncbi.nlm.nih.gov/pubmed/30679171
http://dx.doi.org/10.3390/cells8090957
http://dx.doi.org/10.1038/nrc2605
http://dx.doi.org/10.3390/cells8080895
http://dx.doi.org/10.3390/cells8060596
http://dx.doi.org/10.1007/s10911-012-9268-y
http://dx.doi.org/10.3390/cells8101223
http://dx.doi.org/10.3390/cells8121499
http://dx.doi.org/10.1016/j.bcp.2010.06.013
http://www.ncbi.nlm.nih.gov/pubmed/20599789
http://dx.doi.org/10.3892/ijo.2012.1642
http://www.ncbi.nlm.nih.gov/pubmed/23023326


Cells 2020, 9, 1010 22 of 25

13. Jones, R.A.; Campbell, C.I.; Gunther, E.J.; Chodosh, L.A.; Petrik, J.J.; Khokha, R.; Moorehead, R.A. Transgenic
Overexpression of IGF-IR Disrupts Mammary Ductal Morphogenesis and Induces Tumor Formation.
Oncogene 2007, 26, 1636–1644. [CrossRef] [PubMed]

14. Law, J.H.; Habibi, G.; Hu, K.; Masoudi, H.; Wang, M.Y.; Stratford, A.L.; Park, E.; Gee, J.M.; Finlay, P.;
Jones, H.E.; et al. Phosphorylated insulin-like growth factor-i/insulin receptor is present in all breast cancer
subtypes and is related to poor survival. Cancer Res. 2008, 68, 10238–10246. [CrossRef]

15. Endogenous Hormones and Breast Cancer Collaborative Group; Key, T.J.; Appleby, P.N.; Reeves, G.K.;
Roddam, A.W. Insulin-like Growth Factor 1 (IGF1), IGF Binding Protein 3 (IGFBP3), and Breast Cancer Risk:
Pooled Individual Data Analysis of 17 Prospective Studies. Lancet Oncol. 2010, 11, 530–542. [CrossRef]

16. Hartog, H.; Horlings, H.M.; van der Vegt, B.; Kreike, B.; Ajouaou, A.; van de Vijver, M.J.; Marike Boezen, H.;
de Bock, G.H.; van der Graaf, W.T.; Wesseling, J. Divergent effects of insulin-like growth factor-1 receptor
expression on prognosis of estrogen receptor positive versus triple negative invasive ductal breast carcinoma.
Breast Cancer Res. Treat. 2010, 129, 725–736. [CrossRef]

17. Litzenburger, B.C.; Creighton, C.J.; Tsimelzon, A.; Chan, B.T.; Hilsenbeck, S.G.; Wang, T.; Carboni, J.M.;
Gottardis, M.M.; Huang, F.; Chang, J.C.; et al. High IGF-IR Activity in Triple-Negative Breast Cancer Cell
Lines and Tumorgrafts Correlates With Sensitivity to anti-IGF-IR Therapy. Clin. Cancer Res. 2011, 17,
2314–2327. [CrossRef]

18. Kleinschmidt, E.G.; Schlaepfer, D.D. Focal Adhesion Kinase Signaling in Unexpected Places. Curr. Opin. Cell
Biol. 2017, 45, 24–30. [CrossRef]

19. Sulzmaier, F.J.; Jean, C.; Schlaepfer, D.D. FAK in Cancer: Mechanistic Findings and Clinical Applications.
Nat. Rev. Cancer 2014, 14, 598–610. [CrossRef]

20. Frame, M.C.; Patel, H.; Serrels, B.; Lietha, D.; Eck, M.J. The FERM Domain: Organizing the Structure and
Function of FAK. Nat. Rev. Mol. Cell Biol. 2010, 11, 802–814. [CrossRef]

21. Tai, Y.; Chen, L.; Shen, T. Emerging Roles of Focal Adhesion Kinase in Cancer. Biomed. Res. Int. 2015, 2015,
690690. [CrossRef] [PubMed]

22. Rigiracciolo, D.C.; Santolla, M.F.; Lappano, R.; Vivacqua, A.; Cirillo, F.; Galli, G.R.; Talia, M.; Muglia, L.;
Pellegrino, M.; Nohata, N.; et al. Focal Adhesion Kinase (FAK) Activation by Estrogens Involves GPER in
Triple-Negative Breast Cancer Cells. J. Exp. Clin. Cancer Res. 2019, 38, 58. [CrossRef] [PubMed]

23. Shen, M.; Jiang, Y.; Wei, Y.; Ell, B.; Sheng, X.; Esposito, M.; Kang, J.; Hang, X.; Zheng, H.; Rowicki, M.; et al.
Tinagl1 Suppresses Triple-Negative Breast Cancer Progression and Metastasis by Simultaneously Inhibiting
Integrin/FAK and EGFR Signaling. Cancer Cell 2019, 35, 64–80.e7. [CrossRef] [PubMed]

24. Feng, X.; Chen, Q.; Gutkind, J.S. Oncotargeting G proteins: The Hippo in the room. Oncotarget 2014, 5,
10997–10999. [CrossRef]

25. Pan, D. The Hippo Signaling Pathway in Development and Cancer. Dev. Cell 2010, 19, 491–505. [CrossRef]
26. Huh, H.D.; Kim, D.H.; Jeong, H.; Park, H.W. Regulation of TEAD Transcription Factors in Cancer Biology.

Cells 2019, 8, 600. [CrossRef]
27. Moroishi, T.; Hansen, C.G.; Guan, K. The Emerging Roles of YAP and TAZ in Cancer. Nat. Rev. Cancer 2015,

15, 73–79. [CrossRef]
28. Yu, F.; Zhao, B.; Guan, K. Hippo Pathway in Organ Size Control, Tissue Homeostasis, and Cancer. Cell 2015,

163, 811–828. [CrossRef]
29. Wu, L.; Yang, X. Targeting the Hippo Pathway for Breast Cancer Therapy. Cancers 2018, 10, 422. [CrossRef]
30. Andrade, D.; Mehta, M.; Griffith, J.; Panneerselvam, J.; Srivastava, A.; Kim, T.D.; Janknecht, R.; Herman, T.;

Ramesh, R.; Munshi, A. YAP1 inhibition radiosensitizes triple negative breast cancer cells by targeting the
DNA damage response and cell survival pathways. Oncotarget 2017, 8, 98495–98508. [CrossRef]

31. Goto, Y.; Ando, T.; Izumi, H.; Feng, X.; Arang, N.; Gilardi, M.; Wang, Z.; Ando, K.; Gutkind, J.S. Muscarinic
receptors promote castration-resistant growth of prostate cancer through a FAK-YAP signaling axis. Oncogene
2020. [CrossRef] [PubMed]

32. Cancer Genome Atlas Network. Comprehensive Molecular Portraits of Human Breast Tumours. Nature
2012, 490, 61–70. [CrossRef] [PubMed]

33. Pereira, B.; Chin, S.; Rueda, O.M.; Moen Vollan, H.; Provenzano, E.; Bardwell, H.A.; Pugh, M.; Jones, L.;
Russell, R.; Sammut, S.; et al. The Somatic Mutation Profiles of 2,433 Breast Cancers Refines Their Genomic
and Transcriptomic Landscapes. Nat. Commun. 2016, 7, 11479. [CrossRef]

http://dx.doi.org/10.1038/sj.onc.1209955
http://www.ncbi.nlm.nih.gov/pubmed/16953219
http://dx.doi.org/10.1158/0008-5472.CAN-08-2755
http://dx.doi.org/10.1016/S1470-2045(10)70095-4
http://dx.doi.org/10.1007/s10549-010-1256-6
http://dx.doi.org/10.1158/1078-0432.CCR-10-1903
http://dx.doi.org/10.1016/j.ceb.2017.01.003
http://dx.doi.org/10.1038/nrc3792
http://dx.doi.org/10.1038/nrm2996
http://dx.doi.org/10.1155/2015/690690
http://www.ncbi.nlm.nih.gov/pubmed/25918719
http://dx.doi.org/10.1186/s13046-019-1056-8
http://www.ncbi.nlm.nih.gov/pubmed/30728047
http://dx.doi.org/10.1016/j.ccell.2018.11.016
http://www.ncbi.nlm.nih.gov/pubmed/30612941
http://dx.doi.org/10.18632/oncotarget.2815
http://dx.doi.org/10.1016/j.devcel.2010.09.011
http://dx.doi.org/10.3390/cells8060600
http://dx.doi.org/10.1038/nrc3876
http://dx.doi.org/10.1016/j.cell.2015.10.044
http://dx.doi.org/10.3390/cancers10110422
http://dx.doi.org/10.18632/oncotarget.21913
http://dx.doi.org/10.1038/s41388-020-1272-x
http://www.ncbi.nlm.nih.gov/pubmed/32205868
http://dx.doi.org/10.1038/nature11412
http://www.ncbi.nlm.nih.gov/pubmed/23000897
http://dx.doi.org/10.1038/ncomms11479


Cells 2020, 9, 1010 23 of 25

34. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.;
Larsson, E.; et al. Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal.
Sci Signal. 2013, 6, pl1. [CrossRef] [PubMed]

35. Nogales-Cadenas, R.; Carmona-Saez, P.; Vazquez, M.; Vicente, C.; Yang, X.; Tirado, F.; Carazo, J.M.;
Pascual-Montano, A. GeneCodis: Interpreting Gene Lists Through Enrichment Analysis and Integration of
Diverse Biological Information. Nucleic Acids Res. 2009, 37, W317–W322. [CrossRef] [PubMed]

36. Kanehisa, M.; Furumichi, M.; Tanabe, M.; Sato, Y.; Morishima, K. KEGG: New Perspectives on Genomes,
Pathways, Diseases and Drugs. Nucleic Acids Res. 2017, 45, 353–361. [CrossRef]

37. Ran, F.A.; Hsu, P.D.; Wright, J.; Agarwala, V.; Scott, D.A.; Zhang, F. Genome engineering using the
CRISPR-Cas9 system. Nat. Protoc. 2013, 8, 2281–2308. [CrossRef] [PubMed]

38. Lappano, R.; Rosano, C.; Santolla, M.F.; Pupo, M.; De Francesco, E.M.; De Marco, P.; Ponassi, M.; Spallarossa, A.;
Ranise, A.; Maggiolini, M. Two novel GPER agonists induce gene expression changes and growth effects in
cancer cells. Curr. Cancer Drug Targets 2012, 12, 531–542. [CrossRef]

39. Feng, X.; Arang, N.; Rigiracciolo, D.C.; Lee, J.S.; Yeerna, H.; Wang, Z.; Lubrano, S.; Kishore, A.; Pachter, J.A.;
König, G.M.; et al. A Platform of Synthetic Lethal Gene Interaction Networks Reveals That the GNAQ Uveal
Melanoma Oncogene Controls the Hippo Pathway Through FAK. Cancer Cell 2019, 35, 457–472. [CrossRef]

40. Chaqour, B.; Yang, R.; Sha, Q. Mechanical stretch modulates the promoter activity of the profibrotic
factor CCN2 through increased actin polymerization and NF-kappaB activation. J. Biol. Chem. 2006, 281,
20608–20622. [CrossRef]

41. Zhao, Y.; Montminy, T.; Azad, T.; Lightbody, E.; Hao, Y.; SenGupta, S.; Asselin, E.; Nicol, C.; Yang, X. PI3K
Positively Regulates YAP and TAZ in Mammary Tumorigenesis Through Multiple Signaling Pathways. Mol.
Cancer Res. 2018, 16, 1046–1058. [CrossRef] [PubMed]

42. Pandey, D.P.; Lappano, R.; Albanito, L.; Madeo, A.; Maggiolini, M.; Picard, D. Estrogenic GPR30 signalling
induces proliferation and migration of breast cancer cells through CTGF. EMBO J. 2009, 28, 523–532.
[CrossRef] [PubMed]

43. Farabaugh, S.M.; Boone, D.N.; Lee, A.V. Role of IGF1R in Breast Cancer Subtypes, Stemness, and Lineage
Differentiation. Front. Endocrinol. 2015, 6, 59. [CrossRef] [PubMed]

44. Soljic, M.; Mrklic, I.; Tomic, S.; Omrcen, T.; Sutalo, N.; Bevanda, M.; Vrdoljak, E. Prognostic value of vitamin
D receptor and insulin-like growth factor receptor 1 expression in triple-negative breast cancer. J. Clin. Pathol.
2017, 71, 34–39. [CrossRef]

45. Davison, Z.; de Blacquière, G.E.; Westley, B.R.; May, F.E.B. Insulin-like Growth Factor-Dependent Proliferation
and Survival of Triple-Negative Breast Cancer Cells: Implications for Therapy. Neoplasia 2011, 13, 504–515.
[CrossRef]

46. Creighton, C.J.; Casa, A.; Lazard, Z.; Huang, S.; Tsimelzon, A.; Hilsenbeck, S.G.; Osborne, C.K.; Lee, A.V.
Insulin-like Growth factor-I Activates Gene Transcription Programs Strongly Associated With Poor Breast
Cancer Prognosis. J. Clin. Oncol. 2008, 26, 4078–4085. [CrossRef]

47. Yerushalmi, R.; Gelmon, K.A.; Leung, S.; Gao, D.; Cheang, M.; Pollak, M.; Turashvili, G.; Gilks, B.C.;
Kennecke, H. Insulin-like Growth Factor Receptor (IGF-1R) in Breast Cancer Subtypes. Breast Cancer Res.
Treat. 2012, 132, 131–142. [CrossRef]

48. Zhai, J.; Lin, H.; Nie, Z.; Wu, J.; Cañete-Soler, R.; Schlaepfer, W.W.; Schlaepfer, D.D. Direct Interaction of Focal
Adhesion Kinase With p190RhoGEF. J. Biol. Chem. 2003, 278, 24865–24873. [CrossRef]

49. Sanabria-Figueroa, E.; Donnelly, S.M.; Foy, K.C.; Buss, M.C.; Castellino, R.C.; Paplomata, E.;
Taliaferro-Smith, L.; Kaumaya, P.T.P.; Nahta, R. Insulin-like Growth factor-1 Receptor Signaling Increases the
Invasive Potential of Human Epidermal Growth Factor Receptor 2-overexpressing Breast Cancer Cells via
Src-focal Adhesion Kinase and Forkhead Box Protein M1. Mol. Pharmacol. 2015, 87, 150–161. [CrossRef]

50. Taliaferro-Smith, L.; Oberlick, E.; Liu, T.; McGlothen, T.; Alcaide, T.; Tobin, R.; Donnelly, S.; Commander, R.;
Kline, E.; Purnachandra Nagaraju, G.; et al. FAK Activation Is Required for IGF1R-mediated Regulation
of EMT, Migration, and Invasion in Mesenchymal Triple Negative Breast Cancer Cells. Oncotarget 2015, 6,
4757–4772. [CrossRef]

51. Hakuno, F.; Takahashi, S. IGF1 Receptor Signaling Pathways. J. Mol. Endocrinol. 2018, 61, 69–86. [CrossRef]
[PubMed]

52. Yu, F.; Guan, K. The Hippo Pathway: Regulators and Regulations. Genes Dev. 2013, 27, 355–371. [CrossRef]
[PubMed]

http://dx.doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210
http://dx.doi.org/10.1093/nar/gkp416
http://www.ncbi.nlm.nih.gov/pubmed/19465387
http://dx.doi.org/10.1093/nar/gkw1092
http://dx.doi.org/10.1038/nprot.2013.143
http://www.ncbi.nlm.nih.gov/pubmed/24157548
http://dx.doi.org/10.2174/156800912800673284
http://dx.doi.org/10.1016/j.ccell.2019.01.009
http://dx.doi.org/10.1074/jbc.M600214200
http://dx.doi.org/10.1158/1541-7786.MCR-17-0593
http://www.ncbi.nlm.nih.gov/pubmed/29545474
http://dx.doi.org/10.1038/emboj.2008.304
http://www.ncbi.nlm.nih.gov/pubmed/19153601
http://dx.doi.org/10.3389/fendo.2015.00059
http://www.ncbi.nlm.nih.gov/pubmed/25964777
http://dx.doi.org/10.1136/jclinpath-2016-204222
http://dx.doi.org/10.1593/neo.101590
http://dx.doi.org/10.1200/JCO.2007.13.4429
http://dx.doi.org/10.1007/s10549-011-1529-8
http://dx.doi.org/10.1074/jbc.M302381200
http://dx.doi.org/10.1124/mol.114.095380
http://dx.doi.org/10.18632/oncotarget.3023
http://dx.doi.org/10.1530/JME-17-0311
http://www.ncbi.nlm.nih.gov/pubmed/29535161
http://dx.doi.org/10.1101/gad.210773.112
http://www.ncbi.nlm.nih.gov/pubmed/23431053


Cells 2020, 9, 1010 24 of 25

53. Luo, J.; Yu, F. GPCR-Hippo Signaling in Cancer. Cells 2019, 8, 426. [CrossRef] [PubMed]
54. Zhou, X.; Wang, S.; Wang, Z.; Feng, X.; Liu, P.; Lv, X.; Li, F.; Yu, F.; Sun, Y.; Yuan, H.; et al. Estrogen Regulates

Hippo Signaling via GPER in Breast Cancer. J. Clin. Investig. 2015, 125, 2123–2135. [CrossRef] [PubMed]
55. Sorrentino, G.; Ruggeri, N.; Zannini, A.; Ingallina, E.; Bertolio, R.; Marotta, C.; Neri, C.; Cappuzzello, E.;

Forcato, M.; Rosato, A.; et al. Glucocorticoid Receptor Signalling Activates YAP in Breast Cancer. Nat.
Commun. 2017, 8, 14073. [CrossRef] [PubMed]

56. Fan, R.; Kim, N.; Gumbiner, B.M. Regulation of Hippo Pathway by Mitogenic Growth Factors via
Phosphoinositide 3-kinase and Phosphoinositide-Dependent kinase-1. Proc. Natl. Acad. Sci. USA
2013, 110, 2569–2574. [CrossRef]

57. Zhu, H.; Wang, D.D.; Yuan, T.; Yan, F.J.; Zeng, C.M.; Dai, X.Y.; Chen, Z.B.; Chen, Y.; Zhou, T.; Fan, G.H.; et al.
Multikinase Inhibitor CT-707 Targets Liver Cancer by Interrupting the Hypoxia-Activated IGF-1R-YAP Axis.
Cancer Res. 2018, 78, 3995–4006. [CrossRef]

58. Zhao, B.; Wei, X.; Li, W.; Udan, R.S.; Yang, Q.; Kim, J.; Xie, J.; Ikenoue, T.; Yu, J.; Li, L.; et al. Inactivation of
YAP Oncoprotein by the Hippo Pathway Is Involved in Cell Contact Inhibition and Tissue Growth Control.
Genes Dev. 2007, 21, 2747–2761. [CrossRef]

59. Kim, N.; Gumbiner, B.M. Adhesion to Fibronectin Regulates Hippo Signaling via the FAK-Src-PI3K Pathway.
J. Cell Biol. 2015, 210, 503–515. [CrossRef]

60. Kim, M.; Kim, T.; Johnson, R.L.; Lim, D. Transcriptional Co-Repressor Function of the Hippo Pathway
Transducers YAP and TAZ. Cell Rep. 2015, 11, 270–282. [CrossRef]

61. Kim, M.K.; Jang, J.W.; Bae, S.C. DNA binding partners of YAP/TAZ. BMB Rep. 2018, 51, 126–133. [CrossRef]
[PubMed]

62. Li, M.X.; Jin, L.T.; Wang, T.J.; Feng, Y.J.; Pan, C.P.; Zhao, D.M.; Shao, J. Identification of potential core genes in
triple negative breast cancer using bioinformatics analysis. Onco Targets Ther. 2018, 11, 4105–4112. [CrossRef]
[PubMed]

63. Mehanna, J.; Haddad, F.G.; Eid, R.; Lambertini, M.; Kourie, H.R. Triple-negative breast cancer: Current
perspective on the evolving therapeutic landscape. Int. J. Womens Health 2019, 11, 431–437. [CrossRef]
[PubMed]

64. Lerma, E.; Peiro, G.; Ramón, T.; Fernandez, S.; Martinez, D.; Pons, C.; Muñoz, F.; Sabate, J.M.; Alonso, C.;
Ojeda, B.; et al. Immunohistochemical Heterogeneity of Breast Carcinomas Negative for Estrogen Receptors,
Progesterone Receptors and Her2/neu (Basal-Like Breast Carcinomas). Mod. Pathol. 2007, 20, 1200–1207.
[CrossRef]

65. Lee, B.Y.; Timpson, P.; Horvath, L.G.; Daly, R.J. FAK Signaling in Human Cancer as a Target for Therapeutics.
Pharmacol. Ther. 2015, 146, 132–149. [CrossRef] [PubMed]

66. Owens, L.V.; Xu, L.; Craven, R.J.; Dent, G.A.; Weiner, T.M.; Kornberg, L.; Liu, E.T.; Cance, W.G. Overexpression
of the Focal Adhesion Kinase (p125FAK) in Invasive Human Tumors. Cancer Res. 1995, 55, 2752–2755.

67. Pan, M.; Wu, C.; Kan, J.; Li, Q.; Chang, S.; Wu, C.; Li, C.; Yang, F.; Hou, M.; Yip, H.; et al. Impact of FAK
Expression on the Cytotoxic Effects of CIK Therapy in Triple-Negative Breast Cancer. Cancers 2020, 12, 94.
[CrossRef]

68. Guan, J.L. Role of Focal Adhesion Kinase in Integrin Signaling. Int. J. Biochem. Cell Biol. 1997, 29, 1085–1096.
[CrossRef]

69. Kornberg, L.J. Focal Adhesion Kinase and Its Potential Involvement in Tumor Invasion and Metastasis. Head
Neck 1998, 20, 745–752. [CrossRef]

70. Andersson, S.; D’Arcy, P.; Larsson, O.; Sehat, B. Focal adhesion kinase (FAK) activates and stabilizes IGF-1
receptor. Biochem. Biophys. Res. Commun. 2009, 387, 36–41. [CrossRef]

71. Watanabe, N.; Takaoka, M.; Sakurama, K.; Tomono, Y.; Hatakeyama, S.; Ohmori, O.; Motoki, T.; Shirakawa, Y.;
Yamatsuji, T.; Haisa, M.; et al. Dual tyrosine kinase inhibitor for focal adhesion kinase and insulin-like
growth factor-I receptor exhibits anticancer effect in esophageal adenocarcinoma in vitro and in vivo. Clin.
Cancer Res. 2008, 14, 4631–4639. [CrossRef] [PubMed]

72. Kim, C.; Choi, S.; Mo, J. Role of the Hippo Pathway in Fibrosis and Cancer. Cells 2019, 8, 468. [CrossRef]
[PubMed]

73. Overholtzer, M.; Zhang, J.; Smolen, G.A.; Muir, B.; Li, W.; Sgroi, D.C.; Deng, C.; Brugge, J.S.; Haber, D.A.
Transforming Properties of YAP, a Candidate Oncogene on the Chromosome 11q22 Amplicon. Proc. Natl.
Acad. Sci. USA 2006, 103, 12405–12410. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/cells8050426
http://www.ncbi.nlm.nih.gov/pubmed/31072060
http://dx.doi.org/10.1172/JCI79573
http://www.ncbi.nlm.nih.gov/pubmed/25893606
http://dx.doi.org/10.1038/ncomms14073
http://www.ncbi.nlm.nih.gov/pubmed/28102225
http://dx.doi.org/10.1073/pnas.1216462110
http://dx.doi.org/10.1158/0008-5472.CAN-17-1548
http://dx.doi.org/10.1101/gad.1602907
http://dx.doi.org/10.1083/jcb.201501025
http://dx.doi.org/10.1016/j.celrep.2015.03.015
http://dx.doi.org/10.5483/BMBRep.2018.51.3.015
http://www.ncbi.nlm.nih.gov/pubmed/29366442
http://dx.doi.org/10.2147/OTT.S166567
http://www.ncbi.nlm.nih.gov/pubmed/30140156
http://dx.doi.org/10.2147/IJWH.S178349
http://www.ncbi.nlm.nih.gov/pubmed/31447592
http://dx.doi.org/10.1038/modpathol.3800961
http://dx.doi.org/10.1016/j.pharmthera.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25316657
http://dx.doi.org/10.3390/cancers12010094
http://dx.doi.org/10.1016/S1357-2725(97)00051-4
http://dx.doi.org/10.1002/(SICI)1097-0347(199812)20:8&lt;745::AID-HED14&gt;3.0.CO;2-Z
http://dx.doi.org/10.1016/j.bbrc.2009.06.088
http://dx.doi.org/10.1158/1078-0432.CCR-07-4755
http://www.ncbi.nlm.nih.gov/pubmed/18628478
http://dx.doi.org/10.3390/cells8050468
http://www.ncbi.nlm.nih.gov/pubmed/31100975
http://dx.doi.org/10.1073/pnas.0605579103
http://www.ncbi.nlm.nih.gov/pubmed/16894141


Cells 2020, 9, 1010 25 of 25

74. Lamar, J.M.; Stern, P.; Liu, H.; Schindler, J.W.; Jiang, Z.; Hynes, R.O. The Hippo Pathway Target, YAP,
Promotes Metastasis Through Its TEAD-interaction Domain. Proc. Natl. Acad. Sci. USA 2012, 109, 2441–2450.
[CrossRef] [PubMed]

75. Chen, Q.; Zhang, N.; Gray, R.S.; Li, H.; Ewald, A.J.; Zahnow, C.A.; Pan, D. A Temporal Requirement for
Hippo Signaling in Mammary Gland Differentiation, Growth, and Tumorigenesis. Genes Dev. 2014, 28,
432–437. [CrossRef] [PubMed]

76. Hu, J.K.; Du, W.; Shelton, S.J.; Oldham, M.C.; DiPersio, C.M.; Klein, O.D. An FAK-YAP-mTOR Signaling Axis
Regulates Stem Cell-Based Tissue Renewal in Mice. Cell Stem Cell 2017, 21, 91–106. [CrossRef]

77. Lachowski, D.; Cortes, E.; Robinson, B.; Rice, A.; Rombouts, K.; Del Río Hernández, A.E. FAK Controls
the Mechanical Activation of YAP, a Transcriptional Regulator Required for Durotaxis. FASEB J. 2018, 32,
1099–1107. [CrossRef]

78. Zhang, H.; Kathawala, R.J.; Wang, Y.J.; Zhang, Y.K.; Patel, A.; Shukla, S.; Robey, R.W.; Talete, T.T.; Ashby, C.R.;
Ambudkar, S.V.; et al. Linsitinib (OSI-906) antagonizes ATP-binding cassette subfamily G member 2 and
subfamily C member 10-mediated drug resistance. Int. J. Biochem. Cell Biol. 2014, 51, 11–119. [CrossRef]

79. Ji, N.; Yang, Y.; Cai, C.Y.; Lei, Z.N.; Wang, J.Q.; Gupta, P.; Teng, Q.X.; Chen, Z.S.; Kong, D.; Yang, D.-H.
VS-4718 antagonizes multidrug resistance in ABCB1 and ABCG2-overexpressing cancer cells by inhibiting
the efflux function of ABC transporters. Front. Pharmacol. 2018, 9, 1236. [CrossRef]

80. Gavini, J.; Dommann, N.; Jakob, M.O.; Keogh, A.; Bouchez, L.C.; Karkampouna, S.; Kruithof-de Julio, M.;
Medova, M.; Zimmer, Y.; Schàfli, M.; et al. Verteporfin-induced lysosomal compartment dysregulation
potentiates the effect of sorafenib in hepatocellular carcinoma. Cell Death Dis. 2019, 10, 749. [CrossRef]

81. Buck, E.; Gokhale, P.C.; Koujak, S.; Brown, E.; Eyzaguirre, A.; Tao, N.; Rosenfeld-Franklin, M.; Lerner, L.;
Chiu, M.I.; Wild, R.; et al. Compensatory insulin receptor (IR) activation on inhibition of insulin-like growth
factor-1 receptor (IGF-1R): Rationale for cotargeting IGF-1R and IR in cancer. Mol. Cancer Ther. 2010, 9,
2652–2664. [CrossRef] [PubMed]

82. Lehmann, B.D.; Bauer, J.A.; Chen, X.; Sanders, M.E.; Chakravarthy, A.B.; Shyr, Y.; Pietenpol, J.A. Identification
of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies.
J. Clin. Investig. 2011, 121, 2750–2767. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1073/pnas.1212021109
http://www.ncbi.nlm.nih.gov/pubmed/22891335
http://dx.doi.org/10.1101/gad.233676.113
http://www.ncbi.nlm.nih.gov/pubmed/24589775
http://dx.doi.org/10.1016/j.stem.2017.03.023
http://dx.doi.org/10.1096/fj.201700721R
http://dx.doi.org/10.1016/j.biocel.2014.03.026
http://dx.doi.org/10.3389/fphar.2018.01236
http://dx.doi.org/10.1038/s41419-019-1989-z
http://dx.doi.org/10.1158/1535-7163.MCT-10-0318
http://www.ncbi.nlm.nih.gov/pubmed/20924128
http://dx.doi.org/10.1172/JCI45014
http://www.ncbi.nlm.nih.gov/pubmed/21633166
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Analysis of Publicly Available Genomics and Transcriptomic Databases of Breast Cancer 
	Chemicals and Drugs 
	Cell Cultures 
	Focal Adhesion Kinase (FAK) CRISPR/Cas9 Genome Editing 
	Western Blotting Analysis 
	Immunoprecipitation Assay 
	RNA Extraction and Real-Time PCR 
	Plasmids, Luciferase and Transfections Assays 
	Immunofluorescence Microscopy 
	YAP Nuclear Staining 
	Cell Proliferation Assay 
	Colony Formation Assay 
	Spheroid Formation Assay 
	Statistical Analysis 

	Results 
	Focal Adhesion Is a Prominent Enriched KEGG Pathway Linked to the Expression of IGF-1/IGF-1R in TNBC 
	IGF-1/IGF-1R System Triggers FAK Activation 
	FAK Is Involved in the IGF-1/IGF-1R-Initiated YAP Activation 
	FAK Is Involved in the YAP-Dependent Transcriptional Activity Induced by IGF-1/IGF-1R 
	FAK and YAP Contribute to the Growth Responses Induced by IGF-1/IGF-1R 

	Discussion 
	References

