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INTEGRIN-MEDIATED MECHANOTRANSDUCTION CONTROLS
ACTIVATION OF YAP AND INVASIVE GROWTH OF BREAST CANCER

Xiaobo Wang, M.S.
Advisory Professor: Filippo Giancotti, M.D., Ph.D.

On-Site Advisory Professor: Pierre McCrea, Ph.D.

Tumor extracellular matrix (ECM) stiffness is correlated with the aggressiveness
of breast cancer. Integrin-mediated adhesion and signaling are crucial for mammary
tumorigenesis and tumor progression, in which focal adhesion kinase (FAK) - Src
family kinases (SFKs) serves as a hub to relay the mechanical cues from the ECM.
We have investigated the mechanisms through which integrin signaling controls
mammary tumorigenesis and found that integrin-mediated mechanotransduction
controls invasive growth of breast cancer cells in stiff matrices through activation of
FAK and YAP. Mechanistic studies revealed that integrin signaling induces - via
activation SFKs - tyrosine phosphorylation and inactivation of LATS1 and MOB1. The
ensuing activation of YAP is necessary for invasive growth of HER2+ breast cancer
cells. Engagement of HER2/HER3 with neuregulin impinges on SFKs to amplify
activation of YAP in HER2+ breast cancer cells, suggesting that integrin-mediated
mechanotransduction functions as a rheostat to regulate HER2 oncogenic signaling.
Finally, administration of Dasatinib combined with Lapatinib significantly increases the
efficacy of HERZ2 inhibition in the MMTV-Neu mouse model of HER2+ breast cancer.
These findings reveal a major mechanism through which the Hippo tumor suppressive
pathway is disabled in breast cancer and suggest that targeting HER2 and SFKs

simultaneously may be a rational strategy in selected cases of breast cancer.
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Chapter 1. Introduction

1.1 Breast Cancer and Fibrosis

Breast cancer has surpassed lung cancer to become the leading cause of cancer
incidence worldwide (7). Among female cancer patients in the United States, breast
cancer is estimated to account for 31% of cancer cases and for 15% of cancer deaths
in 2022 (2). The major classification scheme of breast cancer is based on molecular
profiling analysis and referred as following subtypes - luminal hormone receptor (HR)
positive (luminal A and luminal B) [estrogen receptor (ER)+ and/or progesterone
receptor (PR)+], human epidermal growth factor receptor 2 (HERZ2) positive (HER2+),
and basal-like triple negative (ER-, PR-, HER2+) (3, 4). The molecular classification
is of great importance in risk stratification and treatment planning. Compared to
luminal A and luminal B subtypes, HER2 positive and triple negative subtypes have

more aggressive biological behavior and poorer clinical outcomes (5, 6) (Figure 1).

Best
prognosis

1R \
\ \L Luminal A (~40%)
\n\ . N HR+ (ER+ and/or PR+), HER2-
) ’ & Luminal B (~20%)
) 4 J - HR+ (ER+ and/or PR+), HER2+/-
‘ . o ’ g o @3/\ . J
: Q@ e, HER2-enriched (~10-15%)
HR- (ER, PRY), HER2+
Receptors: ; '

HR: Hormone Receptor
ER: Estrogen Receptor Triple Negative (~1 5_20%)
PR: Progesterone Receptor

HER2: Human Epidermal Growth Factor Receptor 2

HR- (ER-, PR-), HER2-

Worst
prognosis

Figure 1. Molecular Subtypes of Breast Cancer.



Breast cancer is classified as Luminal A, Luminal B, HER2+, and Triple Negative subtypes

based on the status of HRs (ER and PR) and HER2.

Although HERZ2-targeted therapy is a milestone that has improved patient
outcomes in HER2 positive breast cancer, the durable drug response is still
challenging to obtain due to the drug resistance (7). Triple negative breast cancer
remains the most refractory subtype for clinical treatment (6). Therefore, revealing the
mechanisms underlying tumor progression and metastasis, discovering novel
therapeutic vulnerabilities, identifying new biomarkers for therapy guidance, and

developing rational combination therapy remain urgent and important.

Tumor stromal stiffness correlates with the aggressiveness of breast cancer. The
stroma of more aggressive HERZ positive and triple negative subtypes are stiffer than
less aggressive luminal A and luminal B subtypes, and the invasive front regions in
HER2 positive and triple negative subtypes are the stiffest (8). In mouse breast cancer
models, mammary tumors from MMTV-Her2/neu, Myc, and Ras transgenic mice and
MMTV-PyMT mice are significantly stiffer than phenotypically normal mammary
tissues (9, 70). In human breast cancer, the cancer transformation and progression

are accompanied by a significant increase in stromal stiffening (8).

The stromal fibrosis to stiffen the tumor is mainly caused by ECM deposition,
remodeling, and crosslinking (77) (Figure 2). Both tumor cells and stromal cells,
including but not limited to cancer-associated fibroblasts (CAFs) (72) and tumor-

associated macrophages (TAMs) (73), are responsible for tumor stiffening. ECM



deposition is characterized by the accumulation of matrix components, such as
collagen and fibronectin. Stromal cells residing in the tumor microenvironment are
important sources of ECM components. In colorectal cancer, palladin and Collagen VI
are upregulated in CAFs to mediate matrix stiffening (74). In the obesity-related breast
tumorigenesis, mammary adipose stromal cells (ASCs) from obese mice contain more
CAFs and deposited stiffer and denser ECMs with more fibronectin compared to those
isolated from lean and healthy mice (715). The stiffness-promoting matrix proteins can
also be secreted by tumor cells. In lung adenocarcinoma, loss of the tumor suppressor
RASSF1A can result in the upregulation of collagen prolyl hydroxylase P4AHAZ2, which
leads to the increased collagen deposition and matrix stiffness (76). ECM remodeling
is affected by the contraction of surrounding cells. Contractile CAFs from MMTV-PyMT
breast cancer mouse model induces actomyosin-mediated contraction and
cytoskeletal remodeling that promote ECM remodeling and stiffening (77). ECM
crosslinking among fibrillar collagens leads to the densification and linearization of the
matrix, which enhances ECM rigidity. ECM crosslinking is regulated by a series of
catalytic reactions, in which Lysyl hydroxylase (LH) and Lysyl oxidase (LOX) family
proteins are among the crucial regulatory enzymes. LOX-mediated collagen
crosslinking is required for MMTV-Neu-induced fibrosis and breast malignancy (78).
Consistently, the aggressiveness of lung (79), pancreas (20), and colon (27) cancers
are associated with the deposition, remodeling, and crosslinking of ECM in the tumor

tissues.
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Figure 2. Extracellular (ECM) Stiffening During Tumor Initiation and Progression.

Schematic illustration of ECM stiffening during the transformation and development of tumors.
ECM stiffening is caused by ECM deposition, remodeling, and crosslinking; and regulates
multiple steps of tumor development through direct effects on tumor cells and indirect effects

on the tumor microenvironment.

1.2 ECM Stiffness in Cancer Progression
Tumor stiffening has been shown to regulate tumor initiation, proliferation,
migration, and drug resistance, and also to modulate angiogenesis, hypoxia, and

immune response in the tumor microenvironment (Figure 2).

1.2.1 Tumor Initiation




Tumor initiation occurs when the normal cells transform to cancer cells with
abnormal proliferation. Mammary epithelial cells can normally differentiate to form
duct-like tubules on soft matrices. However, when seeded on stiff matrices, the cells
show deficiency in tubulogenesis and undergo morphological changes (22). Similarly,
Matthew J.Paszek et al. reported that when mammary epithelial cells are plated on a
rigid matrix, the cytoskeleton tension is elevated, followed by tissue polarity
perturbation and architecture disruption, cell growth increase, and normal lumen
formation defects, which resemble tumor initiation (70). Consistent with these studies,
when the mammary epithelial cells are seeded on methacrylated hyaluronic acid
hydrogels with higher stiffness, they begin to lose epithelial features and gain
mesenchymal characteristics in a time- and stiffness degree- dependent manner (23).
The tumor initiation triggered by matrix rigidity is further validated in mouse models.
In PyMt/wt and PyMt/Col1a1'™2¢ preast cancer mouse models, PyMt/Col1a1'™/2¢ mice
have higher collagen density, which increases the tumor incidence, suggesting that
matrix stiffening, as a result of collagen densification, is critical for breast tumor
formation (24). Tissue stiffness drives the epidermal hyperplasia and tumorigenesis
through mechanosensing signals in response to actomyosin-mediated cellular tension
(25). Therefore, matrix stiffness triggers malignant transformation of epithelial cells

and tumor initiation.

1.2.2 Tumor proliferation

During cancer growth, increased ECM stiffness promotes the proliferative
capacity of cancer cells in breast cancer (718, 26), colorectal cancer (27), non-small

cell lung cancer (28, 29), pancreatic cancer (30), and hepatocellular carcinoma (37).



In addition to ECM stiffness per se, cancer proliferation is also stimulated via indirect
effects. Upon stimuli from stiff matrix, mesenchymal stem cells (MSCs) differentiate
into CAFs and secrete prosaposin, which promotes the survival and proliferation of
mammary tumor cells (32). CAFs and cancer cells also can establish a metabolic
crosstalk. In response to a stiffer environment, CAF-derived aspartate can sustain
cancer cell growth (33). Moreover, matrix stiffness can induce autophagy in stromal
cells, such as CAFs and stellate cells, which will help form a tumor supportive niche,
in which the growth of neighboring cancer cells is enhanced (34). Thus, ECM rigidity

promotes tumor proliferation via both direct and indirect effects.

1.2.3 Tumor invasion and metastasis

ECM stiffness confers an invasive phenotype to tumor cells, which invade
through the basement membrane (BM), allowing metastatic dissemination to begin
(718, 26). In the metastatic cascade, the invasion is followed by intravasation, transit of
tumor cells in circulatory vessels, extravasation, colonization and outgrowth in target
organs (35). Matrix stiffness regulates metastasis at different stages. Rigid matrix
promotes epithelial-to-mesenchymal transition (EMT), cell invasion, and metastasis in
human MCF10A and mouse Eph4Ras mammary epithelial cells (36, 37). Mechanical
signals from the stiff matrix stabilize microtubules to guide breast cancer metastasis
(38). These studies show the transitory and immediate effects of the rigid matrix on
breast cancer invasion and metastasis, whether tumor cells can maintain the stiffness-
induced phenotypes in distant organs after the metastatic dissemination is poorly
understood. Adam W. Watson et al. showed that in bone metastasis of breast cancer,

the stiffness-induced characteristics are preserved in distant metastatic sites even in



soft microenvironment like bone marrow (39). The invasion and/or metastasis
promoting roles of the matrix stiffness are also found in other types of cancers, such
as hepatocellular carcinoma (40, 41), ovarian cancer (42), osteosarcoma (43), and
lung cancer (716, 19, 28). Similar to indirect effects of ECM stiffness on the proliferation,
tumor invasion and metastasis can also be indirectly regulated by CAFs in the fibrotic
microenvironment. In the rigid stroma, aspartate derived from CAFs can promote
cancer cell invasion and metastasis (33). However, matrix stiffening may exert
inhibitory effects on metastasis. Prosaposin secreted by CAFs enhances proliferation
but inhibits metastasis in breast cancer models (32). In summary, matrix rigidity
promotes tumor invasion and metastasis, but in some studies, ECM stiffness
negatively regulates metastasis, which may result from tensional constraints imposed

on tumor cells or modulation of other components in the tumor microenvironment.

1.2.4 Cancer drug resistance

Drug resistance is an important reason for poor patient outcomes in aggressive
cancers. ECM stiffness is a double-edged sword in regulating drug response. On one
hand, matrix rigidity promotes drug resistance. The dense and stiff matrix may
compromise the penetration and bioavailability of the drugs. Tumor stiffness evaluated
by breast elastography is found to be a predictive biomarker for poorer response to
adjuvant chemotherapy in breast cancer. The high stiffness is significantly corelated
with lower clinical complete response (44). In HER2 positive breast cancer, ECM
rigidity drives resistance to HERZ2 inhibitor Lapatinib (45). In triple negative breast
cancer, chemotherapy induces Collagen IV upregulation in the ECM, which in turn

leads to drug resistance and promotes cell invasion (46). Cirrhotic stiffness induces



resistance to Sorafenib in hepatocellular carcinoma (47). Ying Shen et al. reported
that liver metastases of colorectal cancers are stiffer than primary tumors because of
the accumulation of metastasis-associated fibroblasts. The stiffness induces
resistance to bevacizumab; and inhibiting the fibroblast contraction and ECM
deposition improve responses of metastatic tumors to bevacizumab (48). On the other
hand, drug resistance develops in softer microenvironment. In triple negative breast
cancer, chemotherapy-resistant residual tumors reside in a softer microenvironment
(49). Jorg Schrader et al. found that seeding on stiffer matrices sensitize the
hepatocellular carcinoma cells to cisplatin (37). These studies demonstrate the drug

response on different stiffness levels of the ECM is context specific.

1.2.5 Angiogenesis

The intra-tumoral blood vessels are responsible for the delivery of oxygen and
nutrients to sustain tumor growth. Vascular endothelial growth factor (VEGF) is a
crucial regulator of angiogenesis. Matrix stiffness upregulates the VEGF expression
in hepatocellular carcinoma cells (60), A549 lung cancer cells and human umbilical
vein endothelial cells (HUVECs) (67). In the liver metastases of colorectal cancer, the
increased stiffness induces angiogenesis. The inhibition of fibroblast contractile
tensions improves the responses to VEGF inhibitor (48). These studies indicate the

ECM rigidity can induce angiogenesis.

1.2.6 Hypoxia

As the solid tumor grows, the increasing mass can impose tensile forces on

surrounding cells and lead to deformation of the surrounding tissues, which in turn



compresses the intra-tumoral blood and lymphatic vessels. The structural deformation
of the vessels and the reduced blood flow caused by the compression of intra-tumoral
blood vessels lead to hypoxia (52). Hypoxia-inducible factor 1-alpha (HIF1a)
expression is correlated positively with tumor stiffness and reversely with responses
to neoadjuvant chemotherapy and overall survival in breast cancer patients (53).
Interestingly, the chronic hypoxia has been reported to decrease stiffness by inactivate
CAFs. The chronic hypoxia can stabilize HIF1a, leading to the decreased expression
of alpha-smooth muscle actin (aSMA) and periostin and reduced activity of myosin I,
which result in loss of contractile forces in CAFs and matrix softening (54). Taken
together, ECM stiffness can foster a hypoxic microenvironment due to the blood
vessel structural deformation and reduced blood flow. Meanwhile, the crosstalk
between hypoxia and matrix stiffness exists and allows the rigidity to be regulated by

hypoxia.

1.2.7 Immune modulation

Both innate and adaptive immune responses of tumors are regulated by ECM
stiffness. Matrix rigidity induces the formation of neutrophil extracellular traps and
secretion of pro-inflammatory cytokines (55). In a breast cancer study, BAPN, a lysyl
oxidase inhibitor, reduces the matrix stiffness of tumors and decreases infiltration of
tumor-promoting M2-like macrophages in MMTV-PyMT mouse model. Higher matrix
rigidity upregulates Colony Stimulating Factor 1 (CSF-1) expression in breast cancer
cells and induces macrophage recruitment (56). Both Programmed Cell Death Protein
1 (PD-1) and its ligand Programmed Cell Death Ligand 1 (PD-L1) are immune
checkpoint proteins, which can attenuate tumor immunity. PD-1/PD-L1 axis have been

9



successfully targeted in cancer patients to improve the outcomes. Matrix stiffness
enhances PD-L1 expression in breast cancer cells (5§7) and lung cancer cells (58),
which can be a mechanism of the immune evasion. In addition, ECM stiffness
impinges on immune responses through the mechanical constraints or molecules
secreted from CAFs in the tumor microenvironment. CAFs mediate tumor-enhancing
inflammation in squamous skin carcinoma, pancreatic tumor, and mammary tumor
mouse models (59). In hepatocellular carcinoma, CAF-derived prostaglandin E2
(PGE2) and indoleamine 2,3-dioxygenase (IDO) suppress NK activation (60). In
metastatic urothelial cancers, the penetration of CD8" T cells into the tumor
parenchyma is compromised. Instead, they are trapped in the collagen-rich
peritumoral regions. The effects are mediated by transforming growth factor 3 (TGFf3)
signaling in CAFs (67). In breast cancer, CAF-derived Chitinase 3-like 1 (Chi3L1)
enhances macrophage recruitment and reprogramming to an M2-like phenotype, and
decreases tumor infiltration by CD8* and CD4" T cells (62). In triple negative breast
cancer, CAFs recruit and retain CD4* CD25* T cells by secreting CXCL12. CAFs also
increase the survival of T lymphocytes and promote their differentiation into tumor
suppressive FoxP3™" regulatory T cells (Tregs) through B7H3, CD73, and DPP4 (63).
In summary, ECM stiffness exerts immune suppressive effects via physical prevention
of the effective immune cell infiltration, inhibition of immune cell activation, induction
of pro-tumor inflammation and cytokine secretion, recruitment and reprogramming of

tumor suppressive immune cells, and upregulation of immune inhibitory molecules.

To sum up, ECM stiffens during the tumorigenesis and tumor development. The

stiff matrix regulates multiple cellular behaviors at different stages of tumor
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pathogenesis. In the next section, | will address the question: How do the mechanical

signals from the surrounding ECM control the cell fate and functions?

1.3 Integrin-Mediated Mechanosensing and Mechanotransduction

Cells sense mechanical stimuli arising from ECM and translate the mechanical
cues into biochemical signals. The process is collectively termed as
mechanotransduction. The mechanical cues are perceived by cells through different
molecules at the cell membrane, including integrins, growth factor receptors, stretch-
activated ion channels, and G protein coupled-receptors (64) (Figure 3). Integrin-
based adhesion sites serve as the main hub at the cell-matrix interface for sensing the
mechanical signals from the extracellular milieu. Integrins connect the ECM with
intracellular actin cytoskeleton as mediators to integrate extracellular and intracellular
compartments. The integrins consist of a family of 24 heterodimeric receptors (o and
B subunits), which mediate adhesion to ECM components. Upon ligand binding,
integrins recruit and associate with the cytoskeletal protein talin and other cytoskeletal
linker proteins, leading to the integrin clustering. Integrin adhesion to the ECM
promotes the formation of focal adhesions, which recruit adhesion plaque proteins to
reorganize the cytoskeletal structure and trigger the activation of the signaling
cascades, focal adhesion kinase (FAK) and Src family kinases (SFKs), and ensuing
pro-mitogenic and pro-survival signaling pathways, including Ras-ERK, PI3K/AKT,

and YAP/TAZ pathways (65).
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Accumulating evidence suggests that the microenvironment rigidity can promote
tumor progression through enhancing integrin clustering and focal adhesion
assembly, and activation of growth factor signaling pathways (65, 66). The integrin
signaling and growth factor signaling receptor tyrosine kinases (RTKs), including
HER2, epidermal growth factor receptor (EGFR), fibroblast growth factor (FGFR), and
platelet-derived growth factors (PDGFR), cooperate to regulate downstream pro-
mitogenic and pro-survival signaling pathways. The reciprocal interplay between the
integrin signaling and RTKs is evidenced in SFK-induced phosphorylation of the P

loop of RTKs and RTK-induced phosphorylation of FAK or integrin  subunits (67).
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Figure 3. Mechanosensors of ECM Stiffness.
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The mechanosensors at the cell-matrix interface include integrins, growth factor receptors,
stretch-activated ion channels, and G protein-coupled receptors (GPCRs). Upon binding to
the ligands in the ECM, integrins recruit and associate with the cytoskeletal protein talin and
kindlin, leading to the integrin clustering followed by activation of focal adhesion kinase (FAK)
and Src family kinases (SFKs). The integrin complexes sense the matrix stiffness and
reinforce their adhesion to ECM in a vinculin-dependent manner. Integrins can cooperate with
growth factor receptors to induce downstream pro-mitogenic/pro-survival signaling pathways,

including Ras-ERK, PI3K/AKT, and YAP signaling pathways.

In breast cancer, integrin-mediated adhesion and signaling via FAK and SFKs
are important for mammary tumorigenesis, tumor development, and treatment
response. FAK sustains Ras- and PI3K-dependent mammary tumor initiation by
promoting Src-mediated phosphorylation of p130©2s (68). Integrin B5 promotes the
tumorigenic potential of breast cancer cells through the FAK-Src and MEK-ERK
signaling pathways (69). In addition, in triple negative breast cancer, chemotherapy
induces Collagen IV upregulation in the ECM, which in turn promotes cell invasion by
activating FAK and Src downstream of integrin a1 and a2 (46). Moreover, hypoxia
upregulates LOX, which is a key enzyme for ECM crosslinking, leading to
chemotherapy resistance through the integrin a5/fibronectin-FAK/Src axis in triple
negative breast cancer (70). The joint regulation by integrin signaling and RTKs have
been demonstrated in different breast cancer models. Mouse genetic studies have
demonstrated that integrin 4 coopts with ErbB2 to disrupt epithelial adhesion and

polarity, and to enhance proliferation and invasion during mammary tumorigenesis
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(71). EGFR/Src-signaling induces the tyrosine phosphorylation of integrin 4, which,
in turn, recruits FAK to integrin 34 and activates FAK signaling (72). During metastasis
of breast cancer, EZH2 transcriptionally upregulates integrin 1, which activates FAK.
The activated FAK activates TGFp signaling by phosphorylating TGFf receptor and
promotes the bone metastasis (73). As for the drug treatment, the simultaneous
inhibition of integrin/FAK and EGFR signaling exerts synergistic effects on
suppressing the progression and metastasis of triple negative breast cancer (74). In
HER2 positive breast cancer, inhibition of the laminin-binding integrins a6p4 and a3p1
or associated tetraspanin protein CD151 sensitizes cancer cells to Trastuzumab and

Lapatinib (75).

Integrin signaling senses mechanical cues from the stiff ECM and relays the

signals to the downstream effectors, which determine the cellular functions.

1.4 YAP/TAZ in Mechanotransduction

The Hippo signaling pathway effectors Yorkie-homologues YES-associated
protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ, also known
as WWTR1) are the most well-studied transcriptional co-activators that respond to the
mechanical cues from ECM stiffness and mediate cellular responses (76-78). Before
elaborating on the YAP/TAZ activation triggered by matrix stiffness, | will briefly

summarize the Hippo signaling in general.

1.4.1 Hippo signaling overview
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The Hippo signaling pathway, initially elucidated in Drosophila melanogaster, is
a highly conserved signal transduction pathway that plays important roles in organ
size control and tumor suppression (79-87). When the Hippo pathway is activated,
MST and LATS are successively phosphorylated with the support of SAV1 and MOB1.
MST-dependent LATS phosphorylation (LATS1: S909 and T1079; LATS2: T1041)
increases the kinase activity of LATS (82, 83). Subsequently, MOB1 binds to LATS,
relieves LATS autoinhibition, and induces activating autophosphorylation (LATS1:
S674 and S1049; LATS2: S835) (84). Then, the activated LATS phosphorylates
transcriptional co-activators YAP and TAZ, which prevent them from entering the
nucleus and activating downstream gene expression (85-88) (Figure 4). YAP/TAZ
regulate the contact inhibition of proliferation, which is a hallmark of normal cell
growth, and its deregulation can lead to tumorigenesis. In sparsely populated cells,
activated YAP/TAZ are in the nucleus and drive proliferation. When the cells are
densely populated, YAP/TAZ are inactivated and localize in the cytoplasm to
orchestrate contact inhibition of proliferation (89). YAP signaling is also crucial for the
tumorigenesis and tumor development. In transgenic mouse models, loss of YAP

suppresses oncogene-induced tumor growth (90).
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Figure 4. Core Components of Hippo Signaling Pathway.

When the tumor-suppressive Hippo signaling pathway is off, YAP/TAZ enter the nucleus,
where they bind to TEAD and induce gene transcription. When Hippo pathway is on, YAP/TAZ

are phosphorylated, which leads to degradation or cytoplasmic retention (97).

In the mechanotransduction to relay the mechanical cues, YAP/TAZ activation is

found in both cancer cells and stromal cells.

1.4.2 YAP/TAZ activation by ECM stiffness in tumor cells

ECM stiffness is associated with tumor aggressiveness, and YAP activity is
higher in stiffer bladder and breast cancers as opposed to that in the less rigid

counterparts (8, 92). Matrix rigidity activates YAP/TAZ in different cancers, including
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breast cancer (23, 45, 77, 93), lung cancer (29, 94), pancreatic cancer (30, 95),
hepatocellular carcinoma (96, 97), prostate cancer (94), osteosarcoma (98),
melanoma (99), and colorectal cancer (7100). When MCF10A cells are shifted from stiff
to soft matrix, YAP and TAZ translocate from the nucleus to the cytoplasm and
become inactivated (77). The activation of YAP/TAZ by the stiff matrix can enhance
tumor proliferation, migration and invasion, and drug resistance (29, 30, 45, 47, 78,

93, 97, 100, 101).

The molecular mechanisms underlying how ECM stiffness activates YAP/TAZ is
poorly understood. One of the key mechanisms of YAP/TAZ activation in response to
mechanical cues is through Rho GTPase (Rho kinase, ROCK) that regulates the
formation of actin bundles, stress fibers and contractile actomyosin structures via
phosphorylating myosin light chain (MLC). Rho activity and cytoskeletal tension
induced by stiff matrix are required for YAP/TAZ activation, but the detailed
biochemical mechanisms have not been well characterized (78). Ras-related GTPase
RAP2 is another key intracellular molecule for YAP/TAZ activation that mediates
signals from ECM stiffness. The low matrix stiffness activates RAP2, which binds to
and stimulates MAP4K4s and ARHGAP29, thus activating LATS1/2 to inhibit
YAP/TAZ (77). In addition, JNKs and MAPKs by a fstiffer matrix activates YAP in
hepatocellular carcinoma cells (97). Furthermore, the cell structural deformation also
regulates YAP/TAZ activation. The cytoskeletal contraction by a stiff matrix imposes
forces to the nucleus, which flattens the nucleus, reduces mechanical restrictions,
stretches nuclear pores, and enhances nuclear import of YAP (702). Another

mechanism of YAP/TAZ activation by matrix rigidity occurs via post-translational
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regulation. The stiff matrix upregulates the expression of C-X-C motif chemokine
receptor 4 (CXCR4), which induces downregulation of ubiquitin domain-containing
protein 1 (UBTD1) and ensuing reduced YAP ubiquitylation and degradation, and

finally enhances YAP activity in cancer cells (94, 103).

1.4.3 YAP/TAZ activation by ECM stiffness in tumor stromal cells

Matrix stiffness activates YAP in stromal cells, which in turn orchestrates
differentiation of CAFs and multiple pro-tumor functions of the stroma. YAP is required
for the differentiation of mesenchymal stem cells (MSCs) (32) and conversion of
vascular pericytes into CAFs (704). In MMTV-PyMT model, ROCK-mediated
actomyosin contractility and Src function are crucial for YAP activation induced by
matrix stiffness. YAP activation and ECM stiffening forms a feed-forward self-
reinforcing loop that maintains CAF phenotypes and promotes cancer cell invasion
and angiogenesis (77). Dickkopf-3 (DKK3) expression in the tumor stroma is
associated with aggressive breast, ovarian, and colorectal cancers. DKK3 modulates
the pro-tumor behaviors of CAFs by activating YAP/TAZ (105). YAP activation in CAFs
is also triggered by increasing SNAIL1 protein on a stiff matrix (706). In addition,
YAP/TAZ activation is required for the amino acid crosstalk between CAFs and cancer
cells, in which CAFs provide aspartate for the sustaining of cancer cell growth and
cancer cells supply glutamate to balance the redox state of CAFs to promote ECM
remodeling (33). Hence, matrix stiffness-induced YAP/TAZ activation in stromal cells

promotes tumor progression.

YAP/TAZ are activated in response to matrix stiffening in different cancer cells

and stromal cells. Although studies have shown several upstream regulators of
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YAP/TAZ and demonstrated the requirement of cytoskeletal contractile tension and
ROCK in YAP/TAZ activation, the detailed biochemical mechanisms await further

exploration.
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Chapter 2. Materials and Methods

2.1 Cell lines

MDA-MB-231, SK-BR-3, BT-474 were obtained from ATCC. MDA-MB-231 cells
were cultured in Dulbecco's Modified Eagle's Medium and Ham's F-12 Nutrient
Mixture (DMEM-F12, Gibco) supplemented with Fetal Bovine Serum (FBS, 10%;
Gibco) and Penicillin/Streptomycin (100 1U/ml, Corning). SK-BR-3 and BT-474 cells
were cultured in RPMI 1640 medium (Gibco) supplemented with FBS (10%) and
Penicillin/Streptomycin (100 IU/ml). 293FT packaging cells were from Invitrogen and
cultured according to manufacturer’s instructions. 293T cells and B77 cells were
cultured in DMEM (Gibco) supplemented with FBS (10%) and Penicillin/Streptomycin
(100 1U/ml). The mouse MMTV-Neu cell line was established in our lab as previously
described (77). Briefly, MMTV-Neu cells were isolated from MMTV-Neu (YD) mice and
dissociated by incubation with dispase (2.5 mg/ml) and collagenase type | (Invitrogen)
for 2-4 hours and were then plated on Collagen | (20 ug/ml) in DMEM supplemented
with FBS (10%) and Penicillin/Streptomycin (100 1U/ml). However, after three to four
passages, these isolated cells lost expression of Neu (YD), presumably because of
inactivation of the MMTV LTR promoter. To overcome this limitation, the cells were
transduced with pWZL-Neu8142, which encodes oncogenic rat ErbB2. The
transduced cell line was cultured in DMEM supplemented with FBS (10%) and
Penicillin/Streptomycin (100 IU/ml). All cell lines were grown at 37 °C, 5% COz, and

95% humidity.
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2.2 Compounds

The inhibitors purchased from Selleckchem were pre-prepared as a 10 mM stock
solution in DMSO and used in in vitro cell assays. The inhibitors from
MedChemExpress (MCE) were prepared in accordance with the manufacturer’s
guidelines and used in in vivo mouse experiments. Different solvents were used in the
bulk compound solution preparation (Table 1). The drug concentration was adjusted
in alignment with the dosage in mouse treatment. For Dasatinib, Defactinib, and
Lapatinib, the following solvents were added to the drug individually and in order: 5%
DMSO + 40% PEG 300 + 5% Tween 80 + 50% Saline. The final concentration of
Dasatinib was 5 mg/ml or 12.5 mg/ml, Defactinib 25 mg/ml, and Lapatinib 12.5 mg/ml.
For PF-562271 (PF271), the following solvents were added to the drug individually
and in order: 10% DMSO + 40% PEG 300 + 5% Tween 80 + 45% Saline. The final

concentration was 12.5 mg/ml.

Table 1. List of inhibitors

Inhibitor Target Source Catalog #
Dasatinib (/n vitro assays) Src Selleckchem S1021
Dasatinib (/n vivo studies) Src MCE HY-10181
Saracatinib Src Selleckchem S1006
PF-562271 (PF271, In vitro assays) FAK Selleckchem S2890
PF-562271 (PF271, In vivo studies) FAK MCE HY-10459
TAE226 FAK Selleckchem S2820
Defactinib FAK MCE HY-12289
Lapatinib HER2 MCE HY-50898
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2.3 Mice

For all the animal studies in the present study, the study protocols were approved
by the Institutional Animal Care and Use Committee (IACUC) of UT MD Anderson
Cancer Center (MDACC). Mice were housed in the pathogen-free animal facility at
MDACC. Female BALB/c nude mice, female FVB/NJ mice, and female nude mice
(aged 6-8 weeks) were obtained from The Jackson Laboratory. The MMTV-Neu (YD)
transgenic model was established in our lab as previously described (77). Different
tumor cell injection routes were applied to generate mammary primary and lung
metastatic tumors. For the primary tumor growth experiments, cells were re-
suspended in 100 pul of PBS with Matrigel in 1:1 ratio and injected into the fat pad of
mammary gland number 3. The volume of the tumors was calculated as V = L x W x
W/2, where L and W stand for tumor length and width, respectively. The experimental
lung metastasis assays were performed as previously described (96, 107). Cells were
re-suspended in 100 ul of PBS and injected into the tail vein with a 26G tuberculin
syringe. Metastatic burden was detected through non-invasive bioluminescence
imaging of experimental animals using an IVIS Spectrum. To investigate the effects
of drug treatment in vivo, compounds were delivered once a day (qd) through oral
gavage, and mice in the control group were treated with vehicle. The dosage varied
among different drugs — Dasatinib: 20-50 mg/kg; PF271: 50 mg/kg; Lapatinib: 50
mg/kg; Defactinib: 100 mg/kg. Bioluminescence signals were measured once or twice
per week using IVIS and quantitatively analyzed with the ROI tool in Living Image

software (Xenogen) to verify successful injection into lungs right after the tail vein
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injection and to monitor metastatic outgrowth after genetic perturbation or

pharmaceutical inhibition.

2.4 Inducible knockdown of gene expression

Inducible shRNAs constructs were generated Gene Editing & Screening Core
(GES Core), Memorial Sloan Kettering Cancer Center. shRNAs were designed using
the SplashRNA algorithm (708). A previously described optimized lentiviral miR-E
expression backbone system was used for Dox inducible LT3RENIR (Neomycin,
dsRed), LT3REPIR (Puromycin, dsRed), and LT3GEPIR (Puromycin, Green)
expression (709). The shRNA antisense guide sequences used in this project are

listed below (Table 2).

Table 2. List of inducible shRNAs

shRNA Vector antisense guide sequence
Yap-1 LT3REPIR TATTGGTTGTCATTGTTCTCAA

Yap-2  LT3REPIR GTTAACAAAGGAATCTGTCTGC

Taz-1 LT3RENIR TATCTGCCACAGAAATGCAGGC

Taz-2 LT3RENIR ATTCATTGCGAGATTCGGCTGG

Ptk2-1  LT3GEPIR CCCTGTGTACAGATTTGACAA

Ptk2-2  LT3GEPIR ATGAGGTCATTTTTGCAAGTA

2.5 CRISPR/Cas9-mediated gene knockout
LentiCRISPRV2 vectors were used for the gene knockout (770, 177). Guide RNA
(gRNA) oligos were designed on the CHOPCHOP website

(http://chopchop.cbu.uib.no/) (112). The target site sequence was flanked on the 3'
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end by an NGG PAM sequence. NGG PAM sequence was not included in the
designed oligos (Table 3). Each pair of oligos were phosphorylated and annealed,
followed by the ligation by Quick Ligase (NEB) to BsmBl-digested and purified

LentiCRISPRv2 (antibiotic markers: Puromycin or Blasticidin) backbone vectors.

Table 3. List of gRNAs for gene knockout

Target Oligo Design Sequence

Target TGAAAGCCCCAACTCACAGG

mLats1-1 Oligo 1 CACCGTGAAAGCCCCAACTCACAGG
Oligo 2 AAACCCTGTGAGTTGGGGCTTTCAC
Target CCTGCGCAGTCATCCCCAAG

mLats1-2 Oligo 1 CACCGCCTGCGCAGTCATCCCCAAG
Oligo 2 AAACCTTGGGGATGACTGCGCAGGC
Target CGGCAATATTTAGACTTTCT

mLats2-1 Oligo 1 CACCGCGGCAATATTTAGACTTTCT
Oligo 2 AAACAGAAAGTCTAAATATTGCCGC
Target CCCCGAAGTTTGGACCTTAT

mLats2-2 Oligo 1 CACCGCCCCGAAGTTTGGACCTTAT
Oligo 2 AAACATAAGGTCCAAACTTCGGGGC
Target GGTGGATTTCTGACTTGTCG

hLATS1 Oligo 1 CACCGGGTGGATTTCTGACTTGTCG
Oligo 2 AAACCGACAAGTCAGAAATCCACCC
Target TGTGTCTAACTGTCGGTGTG

hLATS2 Oligo 1 CACCGTGTGTCTAACTGTCGGTGTG
Oligo 2 AAACCACACCGACAGTTAGACACAC
Target AGCTGCCCAGTCATGTCGGC

mMob1a-1 Oligo 1 CACCGAGCTGCCCAGTCATGTCGGC

Oligo 2 AAACGCCGACATGACTGGGCAGCTC
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mMob1a-2

mMob1b

hMOB1A-1

hMOB1A-2

hMOB1b

mCitrl

hCitrl

Target
Oligo 1
Oligo 2
Target
Oligo 1
Oligo 2
Target
Oligo 1
Oligo 2
Target
Oligo 1
Oligo 2
Target
Oligo 1
Oligo 2
Target
Oligo 1
Oligo 2
Target
Oligo 1
Oligo 2

2.6 Mutagenesis

CTCTCGGAAGTGGCAATCTG
CACCGCTCTCGGAAGTGGCAATCTG
AAACCAGATTGCCACTTCCGAGAGC
CAAGAAGCTCATGTCGGCCG
CACCGCAAGAAGCTCATGTCGGCCG
AAACCGGCCGACATGAGCTTCTTGC
TTCCATATAACATGTTGATC
CACCGTTCCATATAACATGTTGATC
AAACGATCAACATGTTATATGGAAC
AGTTGTCCAGTGATGTCAGC
CACCGAGTTGTCCAGTGATGTCAGC
AAACGCTGACATCACTGGACAACTC
TCATACTGGTGAGAACCCTC
CACCGTCATACTGGTGAGAACCCTC
AAACGAGGGTTCTCACCAGTATGAC
GCGAGGTATTCGGCTCCGCG
CACCGGCGAGGTATTCGGCTCCGCG
AAACCGCGGAGCCGAATACCTCGCC
ACGGAGGCTAAGCGTCGCAA
CACCGACGGAGGCTAAGCGTCGCAA
AAACTTGCGACGCTTAGCCTCCGTC

The site-directed mutagenesis on LATS1 and MOB1 plasmids was introduced

using QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent Technologies)

according to the manufacturer’'s guidelines.
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2.7 Cell culture with polyacrylamide-based hydrogels

Glass coverslips were methacrylated in methacrylation buffer (20 ml of 100%
Ethanol; 600 ul of 1:10 Acetic acid; 100 ul of Methacrylate) for 3 minutes. Slides were
treated with DCDMS (Sigma) for 1 minute and excess DCDMS was removed with a
KimWipe. 2D culture on hydrogels of high (40.40 + 2.39 kPa) and low (1.00 + 0.31
kPa) stiffness was prepared as described (7713). Polyacrylamide gel solution was
prepared according to the stiffness and polymerization. Human placenta fibronectin
(10 pg/ml) or rat tail collagen | (25-50 pug/ml) were used to coat the sulfo-sanpah-
activated hydrogels according to the preferences of the cell lines. Hydrogels were
rinsed with PBS 2 times and pre-incubated with culture medium for equilibration. Cells
were seeded at the density of 10,000 cells per well for high stiffness, and 20,000 cells

per well for low stiffness in a volume of 680 pl per well (77).

2.8 MTT cell viability assay

The cell viability was tested using MTT Viability Assay Kit (Thermo Fisher
Scientific). Reagents were prepared according to the manufacturer’s protocol. PBS
was added to MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] to
make a 12 mM MTT stock solution. 0.01 M HCL was added to one tube of SDS and
mixed by sonication. Cells were plated at 1,000-5,000 cells/well in 96-well plates for
24 hours. After 24 hours, cell medium was removed and replaced with 100 ul of fresh
medium and 10 ul of MTT stock solution per well. After the incubation at 37 °C for 2-

4 hours, 100 pl of the SDS-HCI solution was added to each well. After another
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incubation at 37 °C for 2-4 hours, the samples were mixed by pipetting up and down,

and absorbance was measured in a microplate reader at 570 nm.

2.9 Tumor sphere assay

Single cell suspensions (1,000 cells/ml) were plated on ultra-low attachment
plates and cultured in serum-free PrEGM (Lonza) supplemented with B27 (1:50;
Thermo Fisher Scientific), basic fibroblast growth factor (bFGF, 20 ng/ml) and
epidermal growth factor (EGF, 40 ng/ml) for 10 days. Tumor spheres were visualized
under phase contrast microscope, photographed, and counted. For serial passage,
tumor spheres were collected using 70-mm cell strainers and dissociated with
Accutase (STEMCELLTechnologies) at 37 °C for 30 minutes to obtain single cell

suspensions.

2.10 Matrigel 3D culture

Dissociated cells were incubated in PrEGM medium (Lonza) supplemented with
B27 (1:50), basic fibroblast growth factor (bFGF, 20 ng/ml) and epidermal growth
factor (EGF, 40 ng/ml). Matrigel bed was made in 6-well plates by putting 4 separate
drops of Matrigel per well (50 ul of Matrigel per drop). Plates were placed in 37 °C
COz2 incubator for 30 minutes to allow the Matrigel to solidify. For each sample, 100 pl
of cell suspension was mixed with 100 pl of cold Matrigel and pipetted on top of the
Matrigel bed (50 ul each). The plates were then incubated at 37 °C for another 30 min.

Warm PrEGM (2.5 ml) was then added to each well. The cells were cultured and
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monitored for 10-14 days with 50% of the medium replacement every 3 days. For
immunostaining experiments, the cells were cultured in 8-well chamber slide. Cells
were fixed with 4% paraformaldehyde for 20 minutes and proceeded to standard

immunostaining protocol.

2.11 RNA extraction and quantitative RT-PCR

Total RNA was isolated using the TRIzol (Thermo Fisher Scientific) or RNeasy
Mini kit coupled with RNase-free DNase set (Qiagen) according to the manufacturers’
protocols. RNA was reversed transcribed using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). The mRNA expression was evaluated in
the Real-Time PCR System Mix (Applied Biosystems), using SYBR Green PCR
Master Mix (Applied Biosystems). All quantification were normalized to endogenous

GAPDH. The primers used for RT-PCR are listed below (Table 4).

Table 4. List of primers for quantitative RT-PCR

Primer Sequence (Forward) Sequence (Reverse)
CTGF CCAATGACAACGCCTCCTG GAGCTTTCTGGCTGCACCA
CYR61 AGCCTCGCATCCTATACAACC GAGTGCCGCCTTGTGAAAGAA
ANKRD1 TGAGTATAAACGGACAGCTC  TATCACGGAATTCGATCTGG
EDN1 CCAAGAGAGCCTTGGAGAAT TGTCTTCAGCCCTGAGTTCTT
GAPDH ATGGGGAAGGTGAAGGTCG GGGGTCATTGATGGCAACAAT
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2.12 Mass Spectrometry

Phosphorylated LATS was resolved using SDS polyacrylamide gel
electrophoresis, followed by staining with Simply Blue and excision of the separated
protein bands. In situ trypsin digestion of polypeptides in each gel slice was performed
as described (774). All electrospray ionization experiments were performed using a
QSTAR XL hybrid mass spectrometer (AB/MDS Sciex) hyphenated with microscale
capillary reversed-phase HPLC [Famos autosampler (LC Packings), Agilent 1100
HPLC pump (Agilent)]. The columns were packed in-house using Magic C18 (5 um,
200 A, Michrom BioResources) beads. The buffer compositions are as follows: buffer
A: 2.5% acetonitrile, 0.2% formic acid; buffer B: 2.5% H20, 0.2% formic acid. For the
quantitative experiments, a 5-min gradient was used with mass spectra being acquired
every 0.15 sec. Data analysis and quantitation was done using the Analyst software

package provided by Applied Biosystems/MDS Sciex.

2.13 Immunoprecipitation

293T cells plated in 6-well plates were transiently transfected with 1 ng of pRK5
plasmid expressing FLAG-HA- tagged LATS1 and 1 ug of the plasmid expressing Src-
Y527F by using Lipofectamine 3000 (Invitrogen). After 24 hours, the cells were lysed
with RIPA buffer or RIPA buffer without SDS as indicated. To isolate FLAG-HA-
LATS1, extracts were pre-cleared with agarose-mouse IgGs and incubated with anti-
FLAG M2 Affinity Gel (Sigma) at 4 °C for 2 hours. The immunoprecipitants were
washed four times with RIPA buffer or RIPA buffer without SDS as indicated, and

bound proteins were dissociated in 20 uL of 1 x SDS sample buffer (25 mM Tris, pH
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6.8; 4% SDS; 5% Glycerol; bromophenol blue). Eluted proteins were used for
immunoblotting. Other immunoprecipitation experiments were performed following the

same protocol.

2.14 Immunoblotting

Cells were lysed with NP-40 or RIPA buffer (Thermo Fisher Scientific) and then
diluted in 2x or 4x Laemmli Sample Buffer (BioRad). Proteins from lysed cells or eluted
from immunoprecipitation were separated on 4-12% Bis-Tris SDS-PAGE gels
(Invitrogen) and transferred to Immobilon-P membranes (Millipore). Membranes were
incubated in blocking buffer (5% w/v skim milk or 5% w/v BSA) at room temperature
for 1 hour and then with primary antibodies diluted in 5% w/v BSA, 1X TBS, 0.1%
Tween 20 at 4°C with gentle shaking, overnight. After three washes with 1x TBST, the
membranes were incubated with goat anti-rabbit HRP-conjugated antibody or goat
anti-mouse HRP-conjugated antibody at room temperature for 1 hour. After washing
for three times with 1x TBST, membranes were subjected to chemiluminescence

using ECL (Pierce). The primary antibodies used are listed below (Table 5).

2.15 Immunohistochemistry staining

Immunohistochemistry on paraffin-embedded sections was performed using a
Discovery XT processor (Ventana Medical Systems). The tissue sections were
deparaffinized with EZPrep buffer, and antigen retrieval was performed with CCA1

buffer (Ventana Medical Systems). Sections were blocked for 30 minutes with
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Background Buster solution (Innovex), followed by avidin-biotin blocking for 8 minutes.
Sections were incubated with the primary antibody [anti-YAP; anti-pYap (S127); anti-
Ki67; anti-Cleaved Caspase 3] for 5 hours, followed by a 60-minute incubation with
biotinylated horse anti-rabbit (Vector Labs, # PK6101) at 1:200 dilution. The detection
was performed with DAB detection kit (Ventana Medical Systems) according to the
manufacturer’s instruction. Slides were counterstained with hematoxylin and cover
slipped with Permount (Fisher Scientific). The primary antibodies used for

immunohistochemistry staining in this project are listed below (Table 5).

2.16 Immunofluorescence staining

For immunofluorescence staining, cells were fixed in 4% formaldehyde/PBS for
10 minutes and then were treated with 0.1% Triton X-100 at room temperature for 15
minutes. After blocking, the cells were stained with the primary antibody (anti-Yap;
anti-Yap/Taz) at room temperature for 1 hour, followed by 1 hour incubation with
488/561 conjugated goat anti-rabbit/mouse [Cell signaling Technology (CST), #4412,
#4413] at 1:200 dilution. Then samples were covered with ProLong Gold Antifade
Reagent with DAPI (CST, #8961) and coverslips. Slides were allowed to cure in the
dark at room temperature for 24 hours, then the nail polish was used to seal the
coverslips. Fluorescent Images were captured with a Leica SP8 X Confocal
Microscope and then were exported from Leica imaging software for further analysis.
The primary antibodies used for immunofluorescence in this project are listed below

(Table 5).
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Table 5. List of primary antibodies

Antibody Application Source Catalog #
YAP 1B, IF Sigma WHO0010413M1
FAK IB CST 71433
p-FAK (Y397) IB CST 8556
YAP/TAZ IB, IF CST 8418
p-YAP (S127) IB CST 13008
CTGF IB Santa Cruz Sc-14939
CYRG61 IB Santa Cruz Sc-13100
RhoGDI IB Santa Cruz sc-360
beta-actin IB Santa Cruz sc-47778
HER2/ErbB2 IB CST 4290
p-HER2/ErbB2 (Y1221) IB CST 2243
Src IB CST 2109
p-Src (Y416) IB CST 2101
LATS1 IB CST 3477
p-LATS1 (T1079) IB CST 8654
p-Y (4G10) IB Sigma 05-321
MST2 IB CST 3952
p-MOB1 (Y26) IB Signalway 12878
FLAG (DYKDDDDK) IB CST 14793
HA IB CST 3724
HA IB CST 5017
HA IF Invitrogen 32-6700
YAP IHC Invitrogen PA1-46189
p-YAP (S127) IHC Invitrogen MA5-33207
Kie7 IHC Abcam ab16667
Cleaved Caspase 3 IHC CST 9661

IB: Immunoblotting; IHC: Immunohistochemistry; IF: Immunofluorescence
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2.17 RNA-seq Analysis

Total RNA was isolated using the TRIzol (Thermo Fisher Scientific) or RNeasy
Mini kit coupled with RNase-free DNase set (Qiagen). Three replicates for each
sample were generated and analyzed. Data were sequenced and analyzed by BGI.
Libraries were prepared by using the standard methodology from Illumina and run on
a HiSeq2500 system. Raw reads were quality-checked and subsequently mapped to
the human genome (hg19) using Tophat2 (2.2.4) with default settings (707).
Differential gene expression was analyzed using the DESeq2 (1.8.1) package in R
using default settings (775). Gene set enrichment analysis (GSEA) (7716) was
performed on a pre-ranked gene list that was generated based on the gene expression
changes between the two groups. The hallmark gene sets, GO gene sets and KEGG
pathways from the Molecular Signatures Database (MSigDB v5.1) (116) were
evaluated by GSEA with 1,000 permutations, and those significantly (FDR < 0.1)
enriched pathways and GO gene sets were reported using ggplot2 R package.
Heatmap analysis was performed to show the gene expression patterns between
groups, using heatmap3 R package with ward2 as distance function. Gene
expressions in the heatmap were transformed in logarithm scale and normalized

accordingly.

2.18 Quantification and Statistical Analysis
All the statistical details including the statistical tests used, exact number of

animals, definition of center, and dispersion and precision measures for the
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experiments can be found in the figures, figure legends or in the results. Statistical
analyses were performed by using R and GraphPad Prism 8 software, with a minimum
of three biologically independent samples for significance. For tumor injection
experiments, each mouse was counted as a biologically independent sample. Results
are reported as mean + SD. Comparisons between two groups were performed by
using an unpaired two-sided Student’s t-test (P < 0.05 was considered significant, *
P<0.05, ** P<0.01, ***P<0.001). All experiments were reproduced at least three times,

unless otherwise indicated.
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Chapter 3. Results

3.1 ECM stiffness activates FAK and YAP

YAP functions as an essential effector of mechanotransduction to regulate cell
proliferation and differentiation (76, 78, 93). GTPase RAP2 has been shown to
mediate nuclear-cytoplasmic shuttling of YAP in response to ECM stiffness (77), but
what upstream signals trigger the event remains unclear. We used different breast
cancer cell lines to test the effects of ECM rigidity on YAP localization. The cells were
plated on polyacrylamide-based hydrogels with high (40 kPa) and low (1 kPa)
stiffness. HER2 positive SK-BR-3 cells and triple negative breast cancer MDA-MB-
231 cells showed robust YAP localization changes between stiff and soft matrices.
The YAP localization was evaluated with immunofluorescence staining. Under
conditions with higher stiffness, YAP tended to localize in the nucleus. However, the
soft matrix drove the cytoplasmic translocation of YAP (Figure 5). The results

demonstrate that YAP is activated in more rigid matrices.
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Figure 5. YAP is activated in response to higher stiffness.

Immunofluorescence and quantification of YAP localization in MDA-MB-231 and SK-BR-3

cells subjected to soft matrix (1 kPa) and stiff matrix (40 kPa). Error bars denote Mean + SD;
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Scale Bars, 20 um. (N < C, less YAP in nucleus than in cytoplasm; N = C, similar levels of

YAP in cytoplasm and nucleus; N > C, more YAP in nucleus than in cytoplasm.)

Integrin signaling plays important roles in the mechanotransduction in response
to ECM stiffness. FAK is a critical component of integrin signaling, which mediates the
signals from mechanical signals through the phosphorylation cascade. To understand
whether integrin signaling is involved in YAP activation in high stiffness, we used cell
adhesion assays and tested FAK activation. Cells were plated on Fibronectin for
different time points. Immunoblotting results showed increased FAK activation upon
matrix adhesion compared to cells in suspension in MDA-MB-231 and SK-BR-3 cells.
Meanwhile, YAP was also activated, which was suggested by reduced p-YAP and
upregulation of YAP downstream targets CTGF and CYR61 (Figure 6A). To test
whether FAK is required for YAP activation on Fibronectin, we knocked down the gene
PTK2, which encodes FAK. After FAK knockdown, the p-YAP increased and CTGF
decreased when the cells were plated on Fibronectin (Figure 6B). Consistently, FAK
inhibitors PF271 and Defactinib inhibited the nuclear translocation of YAP under high
stiffness (Figure 6C). Immunoblotting showed the similar results when the cells
seeded on Fibronectin were treated with FAK inhibitors PF271 and TAE226. Both
compounds suppressed YAP activation as CTGF decreased (Figure 6D). The mRNA
levels of YAP targets, CTGF, ANKRD1, EDN1, and CYRG61, were downregulated after
the treatment (Figure 6E). Taken together, these results suggest that matrix adhesion

activates YAP in a FAK-dependent manner.
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(A) Immunoblotting with indicated antibodies in MDA-MB-231 cells and SK-BR-3 cells

subjected to Fibronectin (FN) at different time points.

(B) Immunoblotting with indicated antibodies in control and shPTK2 MDA-MB-231 cells

seeded in suspension (S) or on Fibronectin (FN).

(C) Immunofluorescence imaging and quantification of YAP localization in MDA-MB-231 cells
subjected to soft matrix (1 kPa) and stiff matrix (40 kPa). Under stiff conditions, YAP

localization was compared across treatment with DMSO and FAK inhibitors PF271 and

Defactinib. Error bars denote Mean + SD; Scale Bars, 20 um.

(D) Immunoblotting of indicated antibodies in MDA-MB-231 cells on Fibronectin with DMSO

or different concentrations of FAK inhibitors PF271 and TAE226.

(E) qPCR of CTGF, ANKRD1, EDN1, CYR61 mRNAs in MDA-MB-231 cells seeded in

suspension or on Fibronectin with DMSO or FAK inhibitors PF271 and TAE226.

In addition to FAK, we also tested whether another important component in
integrin signaling, SFKSs, is also required in the YAP activation induced by integrin-
mediated mechanotransduction in breast cancer by using the SFK inhibitor,
Dasatinob, and compared the effects of Dasatinib with FAK inhibor, PF271. In phos-
tag immunoblotting, YAP phosphorylation was induced by both PF271 and Dasatinib
(Figure 7A). Immunofluorescence staining showed that both Dasatinib and PF271
induced YAP translocation into the cytoplasm, but Dasatinib had more robust effects
(Figure 7B). Taken together, these results demonstrate that integrin signaling

activates YAP via FAK/SFKs.
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Figure 7. Dasatinib and PF271 inhibits YAP activation.

(A) Immunoblotting of YAP with Phos-tag gel and regular gel in MDA-MB-231 seeded in

suspension or on Fibronectin with DMSO, PF271, or Dasatinib.
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(B) Immunofluorescence imaging and quantification of YAP localization after treatment with

Dasatinib or PF271 in MDA-MB-231, B77, SK-BR-3 and MMTV-Neu cells. Error bars denote

Mean + SD. Scale Bars, 20 um.

3.2 ECM stiffness acts via HER2 to regulate FAK and YAP

To test if ECM stiffness acts through HERZ2 to regulate YAP, we compared the

effects of HER2 on ECM rigidity induced YAP activation in SK-BR-3. We activated

HER2 receptor by adding different concentrations of the ligand Neuregulin in soft and

stiff matrices. Immunofluorescence staining revealed that in soft matrix, where YAP

remains in the cytoplasm, a low dose of Neuregulin was enough to drive YAP from the

cytoplasm into the nucleus (Figure 8A). Immunoblotting also showed that Neuregulin

activated FAK, YAP and YAP downstream effectors, CYR61 and CTGF (Figure 8B).
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Figure 8. HER2 ligand Neuregulin induces FAK and YAP activation.
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(A) Immunofluorescence imaging and quantification of YAP localization in SK-BR-3 cells
treated with different concentrations of Neuregulin in soft (1 kPa) and stiff (40 kPa) matrices.

Error bars denote Mean + SD; Scale Bars, 20 um.

(B) Immunoblotting with indicated antibodies in SK-BR-3 cells and BT-474 cells treated with

Neuregulin at different time points.

To inactivate HER2, we used the HERZ2 inhibitor Lapatinib. Lapatinib promoted
cytoplasmic translocation of YAP in SK-BR-3 cells seeded on stiff matrix. Same results
were also found in MMTV-Neu, a mouse Her2 positive cell line (Figure 9A).
Consistent with the staining data, immunoblotting showed that Lapatinib dramatically
reduced FAK and YAP activity and the expression of downstream targets (Figure 9B).

These results indicate that ECM stiffness activates FAK and YAP through HER2.
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Figure 9. HER2 inhibitor Lapatinib decreases FAK and YAP activation.
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(A) Immunofluorescence imaging and quantification of YAP localization in SK-BR-3 cells and

MMTV-Neu cells treated with Lapatinib. Error bars denote Mean + SD; Scale Bars, 20 um.

(B) Immunoblotting with indicated antibodies in SK-BR-3 cells and BT-474 cells treated with

Lapatinib at different time points.

To study the connection between HERZ2 and YAP in breast cancer patients, we
examined patient dataset and found that high YAP mRNA level correlated with poor
prognosis only in HER2 positive breast cancer but not in other subtypes (Figures 10-
11). The previous study also demonstrates that ECM stiffness is increased in more
aggressive subtypes (triple negative and HERZ2 positive) of breast cancer compared
to less aggressive subtypes (Luminal A and B) (8). This further supports the
hypothesis that YAP activation via HERZ2 in response to stiff ECM is crucial for tumor
progression. Taking this into consideration, we began to investigate whether we can
exploit our findings to develop novel therapies to improve the efficacy of current
treatment with HERZ2 inhibition. To do so, revealing the detailed mechanisms

underlying the YAP activation upon high stiffness became urgent.
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Figure 10. YAP1 expression is correlated with poorer prognosis in HER2 positive breast

cancer.
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Kaplan-Meier plot showing the expression of YAP1 is correlated with reduced RFS

(Recurrence-Free Survival), DMFS (Distant Metastasis-Free Survival), and OS (Overall

Survival) in HER2-positive patients.
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Figure 11. YAP1 expression does not show correlation with prognosis in other

subtypes of breast cancer.

Kaplan-Meier plot showing the expression of YAP1 is not correlated with RFS, DMFS, or OS

in Luminal A, Luminal B and Basal-like breast cancer patients.
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3.3 Active Src induces tyrosine phosphorylation of LATS1

To delineate the mechanisms through which the integrin pathway regulates
Hippo pathway, Co-IP experiment was performed to check the interaction between
the integrin signaling components and Hippo pathway members. FLAG-FAK was
immunoprecipitated and subsequent immunoblotting data showed that FAK and Src,
which belong to the integrin pathway, and LATS1, which is included in Hippo pathway,
were in the same complex when treated with Fibronectin, whereas disassociated
when treated with the FAK inhibitor PF271 (Figure 12A). Since both FAK and Src are
tyrosine kinases, we speculate that a direct phosphorylation exists. Surprisingly, we
found Src, but not FAK, could phosphorylate LATS1 (Figure 12B). Moreover, Hippo
pathway co-transcription factor YAP was not phosphorylated by neither co-transfected

FAK nor Src (Figure 12C).
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Figure 12. Src, but not FAK, induces tyrosine phosphorylation of LATS1.
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(A) 293T cells were seeded in suspension or on Fibronectin with DMSO or PF271, and co-
transfected with pQCXIN or pQCXIN-FLAG-FAK and Src-GFP. Immunoprecipitation was

performed followed by immunoblotting with indicated antibodies.

(B) 293T cells were transfected with FH-LATS1 with FAK or Src-Y527F. FH-LATS1 was

immunoprecipitated and immunoblotted with indicated antibodies.

(C) 293T cells were transfected with FLAG-YAP with FAK or Src-Y527F. FLAG-YAP was

immunoprecipitated and immunoblotted with indicated antibodies.

Further analysis indicated that the constitutively active form of Src, Src-Y527F,
induced a more robust signal than wild type Src, whereas the kinase dead form, Src-
K295R, did not lead to LATS1 tysorine phosphorylation (Figure 13A). Consistently,
the Src inhibitor Saracatinib, but not FAK inhibitor PF271, could block Src-induced
LATS1 phosphorylation (Figure 13B). In vitro assay using gradient concentrations of
purified GST-Src revealed that the phosphorylation on LATS1 by Src was direct
(Figure 13C). To examine whether the phosphorylation was conserved, SFKs
members Yes and Fyn, and LATS1 homolog protein LATS2 were tested. All Src family
proteins phosphorylated both LATS1 and LATS2 (Figure 13D). These findings

confirm that SFKs induces tyrosine phosphorylation of LATS1.
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Figure 13. SFKs induces tyrosine phosphorylation of LATS.

(A) FH-LATS1 and Control vector, wild type Src, constitutively active form Src-527F, kinase
dead form Src-295R were co-expressed in 293T cells. FH-LATS1 was immunoprecipitated

and pY was detected by immunoblotting.

(B) FH-LATS1 and Src-527F were co-expressed in 293T cells. After the treatment with FAK
inhibitor PF271 and SRC inhibitor Saracatinib, FH-LATS1 was immunoprecipitated and pY

was detected by immunoblotting.

(C) FH-LATS1 was immunoprecipitated from 293T cells after adding different doses of purified

GST-Src protein, followed by immunoblotting with indicated antibodies.

(D) HA-LATS1/2 was co-expressed with Src family kinase members, Src, Yes and Fyn, in

293T cells and immunoprecipitated followed by immunoblotting with indicated antibodies.
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The core of Hippo signaling was a kinase cascade: Ser/Thr kinase MST1/2

directly phosphorylates LATS1/2, and then LATS1/2 phosphorylates YAP/TAZ,

leading to the cytoplasmic retention, and thereby inactivating YAP/TAZ and

downstream signaling (14). Immunoblotting results showed that MST1/2, especially

MST2 induced YAP phosphorylation and decreased YAP target gene expression, but

co-expression of MST2 and active Src decreased YAP phosphorylation level. These

results indicate that Src functions downstream of MST2 to inhibit LATS1 kinase activity

(Figure 14).
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Figure 14. Src functions downstream of MST2 to regulate LATS1 activity.
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(A) 293T cells were transfected with indicated plasmids. Cell lysates were subjected to

immunoblotting with indicated antibodies.

(B) 293T cells were transfected with MST2, LATS1, YAP, and Src-527F as indicated. Cell

lysates were subjected to immunoblotting with indicated antibodies.
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3.4 Src-induced LATS1 phosphorylation activates YAP

To test whether LATS1 phosphorylation by Src could change YAP localization,
we performed the immunofluorescent staining in 293A cells and found that co-
expression of active Src-Y527F, but not kinase dead Src-K295R, dramatically
increased YAP nuclear translocation. These results suggest that Src promotes YAP

activity in a kinase-dependent manner (Figure 15).
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Figure 15. Active Src induces YAP nuclear translocation.

Immunofluorescence imaging and quantification of YAP localization after expressing
constitutively active form Src-527R or kinase dead form Src-295R. Error bars denote Mean +

SD. Scale Bars, 20 pm.

To further evaluate the roles of Src in breast cancer cells, RNA-seq analysis was
performed in MDA-MB-231 and MMTV-Neu cells treated with vehicle or Dasatinib,
also with siControl or siSrc. Gene Set Enrichment Analysis (GSEA) indicated YAP
conserved signature was enriched in the DMSO treated group compared to Dasatinib

treated group. SiCtrl group also showed enriched YAP conserved signature in
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comparison with siSrc (Figure 16). In B77 cells, compared to the Dasatinib treated

group, the control group also showed enriched Yap signature. These results

demonstrate that integrin pathway tyrosine kinase Src induces YAP activation.
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Figure 16. Gene set enrichment analysis of YAP signature after Dasatinib treatment and

siSrc.

GSEA of RNA-seq data from MDA-MB-231 cells treated with Dasatinib or genetically silenced

with siSrc, and B77 and MMTV-Neu cells treated with Dasatinib.
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3.5 Mapping phosphorylation sites on LATS1
To determine the phosphorylation sites on LATS1, two rounds of Mass
Spectrometry analysis were carried out and 23 potential phosphorylated sites were

found in total (Table 6 and Figure 17A).

Table 6. Mass spectrometry indicates potential Src-induced tyrosine phosphorylation

sites on LATS1.

1st 2nd
Peptide Sequence: Residue #: Ratio of mod/unmod |Ratio of mod/unmod
TFPASNYTVSSR Tyr 23 14/136=0.103 7/136=0.051
HGPPLGESVAYHSESPNSQT Tyr 200 12/66=0.18 1/12=0.08
RYSGNMEYVISR Tyr 283 36/152=0.24 5/1=5
RYSGNMEYVISR Tyr 277 7/152=0.05
RYSGNMEYVISR Tyr 277 and 283 6/116=0.05
EAPNYQGPPPPYPK Tyr 552 1/80=0.01 1/18=0.056
EAPNYQGPPPPYPK Tyr 559 2/77=0.03
HLLHQNPSVPPYESISKPSK Tyr 573 44/168=0.26 21/138=0.152
EDESEKSYENV Tyr 597 2/13=0.15
IQSYSPQAFK Tyr 634 2/116=0.02 2/134=0.015
LYYSFQDK Tyr 769 1/1=1
DKDNLYFVM Tyr 779 26/14=1.9
DYIPGGDMMSLLIR Tyr 784 8/13=0.62
FYIAELTCAVESVHK Tyr 808 1/82=0.01
WTHDSKYYQSG Tyr861 1/1=1
CLAHSLVGTPNYIAPEVLLR Tyr 916 1/128=0.008 2/12=0.17
QQSASYIPK Tyr 1026 1/78=0.01 1/5=0.2
DTLNGWYK Tyr 1065 7/21=0.33
NGKHPEHAFYEFTFR Tyr 1076 10/22=0.45
DDNGGYPYNYPKPIEY Tyr 1092 5/13=0.38
DDNGGYPYNYPKPIEY Tyr 1090 1/8=0.13
NRDLVYV Tyr 1129 1/2=0.5

According to the ratio of mod/unmod and the conservation, Y916, Y1026 and
Y1076 were chosen to be tested. First, single site mutations were introduced and
examined. Tyrosine was mutated to phenylalanine at Y916, Y1026 and Y1076
(Y916F, Y1026F, Y1076F) so they cannot be phosphorylated. When the mutated
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forms were co-transfected with Src-Y527F, each single mutation form of LATS1
showed decreased tyrosine phosphorylation level, which demonstrated the possibility
that each site contributes to the phosphorylation by Src. Next, combinational mutation
on all the three sites (3YF) was tested and the tyrosine phosphorylation was
completely blocked (Fig. 17B). These findings show that all three tyrosine sites, Y916,
Y1026 and Y1076, are phosphorylated by Src.
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Figure 17. Mapping of LATS1 tyrosine phosphorylation sites by Src.

(A) A schematic illustration of domains and motifs of LATS1 and Tyr phosphorylation sites

identified in Mass spectrometry mapping.

(B) 293T cells were co-transfected with Src-527F and LATS1 (wild type and different mutated

forms), then LATS1 was immunoprecipitated followed by immunoblotting with indicated

antibodies.
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3.6 Mutation of Y916/Y1026/Y1076 largely prevents tyrosine phosphorylation of
LATS1

To further understand the roles of these phosphorylation sites, the antibodies
specifically targeting the phosphorylated LATS1 on each site were made and
examined. Dot blotting showed all three antibodies worked well (Figure 18A).
Consistently, the phosphorylation specific antibodies showed Src phosphorylated all
three sites on wild type LATS1, but not mutant LATS1-3YF (Figure 18B). These
results suggest that mutating three tyrosine sites together prevents LATSA

phosphorylation by Src.
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1 2 3 4 5 6 1 2 3 4 5 6 LATS1 WT  3YF
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Figure 18. Generation and validation of the site-specific antibodies targeting

phosphorylated LATS1 (Y916/Y1026/Y1076).

(A) Dot blotting of the phosphorylation specific antibodies targeting p-LATS1-Y916, p-LATS1-
Y1026, and p-LATS1-Y1076.

(B) Src-527F and LATS1 or LATS1-3YF were co-expressed, and LATS1 was

immunoprecipitated and immunoblotted with phosphorylation specific antibodies.

52



3.7 LATS1-Y916/1026/1076E robustly increases YAP translocation to the
nucleus and promotes breast cancer cell invasive growth

After the validation of the Src-induced tyrosine phosphorylation at
Y916/Y1026/Y1076 on LATS1, we evaluated the functions of these three sites.
LATS1/2 knockout 293A cells were generated, and then wild type and different
mutation forms of LATS1 were re-introduced. YAP tended to localize in the nucleus
when LATS1/2 were knocked out, which was consistent with inhibitory function of
LATS1/2 on YAP activation. Re-introduction of wild type LATS1 drove YAP out of the
nucleus. However, re-introduction of LATS1-3YE, the form in which three tyrosine
sites were mutated to glutamic acid to mimic the highly-phosphorylation state, could
not induce the cytoplasmic translocation of YAP. In comparison, the re-introduction of
single site mutation versions, LATS1-Y916E, -Y1026E, and -Y1076E, only partially
changed the YAP shuttling between the cytoplasm and the nucleus (Figure 19A). To
further confirm this conclusion, we preformed the same assays in MMTV-Neu cells
and B77 cells and got the similar results (Figure 19B). These results suggest that
highly phosphorylated LATS1 loses the inhibitory function on YAP and enhances YAP

activation.
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Figure 19. LATS1-3YE, but not LATS1-WT, robustly increases YAP translocation to the

nucleus in LATS1/2 knockout cells.

(A-B) Immunofluorescence imaging and of YAP (GFP) and HA-LATS1 (RFP) in LATS1/2
knockout 293A (A), B77 and MMTV-Neu (B) cells re-introduced with wild type LATS1 or

different forms of mutant LATS1. Error bars denote Mean + SD; Scale Bars, 20 um.
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To investigate the roles of the LATS1 phosphorylation on transcription level of
YAP, a YAP promoter reporter named 8xGTII-RFP, which fused a destabilization
domain to the RFP under the control of a YAP-responsive promoter, was introduced.
Adding the stabilizer to cells leads to RFP accumulation when YAP is active. On one
hand, re-introducing wild type LATS1 in LATS1/2 knockout cells dramatically
decreased RFP level. On other hand, re-introduction of LATS1-3YE couldn’t suppress
the reporter level, revealed by the increasing merged Cy2 and Cy3 signals (Figure
20). The reporter assay demonstrates that LATS1 phosphorylation transcriptionally

activates YAP.
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Figure 20. LATS1-3YE transcriptionally activates YAP in LATS1/2 knockout cells.

HA-LATS1-WT and HA-LATS1-3YE were expressed in LATS1/2 knockout 293A-GTII-RFP
cells. HA-LATS1 (GFP) and YAP reporter (RFP) were examined by immunofluorescence and
quantified. Error bars denote Mean + SD; P values (two-tailed t-test): **p<0.01; Scale Bars,

20 pm.
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To further corroborate the roles of LATS1 phosphorylation in cell growth and
invasion, invasive growth assays on Matrigel with or without collagen assay were
performed in both Lats1/2 knock out MMTV-Neu cells and B77 cells. On soft and stiff
Matrigel, only wild type Lats1 but not Lats1-3YE suppressed clone size and branching
respectively, indicating Lats1 phosphorylation affected cell growth and invasion
(Figure 21A). To study the effects of the Last1 phosphorylation on cell stemness
features, which was a critical function of YAP/TAZ, tumor sphere assays were carried
out in both Lats1/2 knockout MMTV-Neu cells and B77 cells. Tumor sphere formation
was suppressed by wild type Lats1 but not mutant Lats1-3YE (Figure 21B). These
results support the conclusion that LATS1 phosphorylation induced by Src has great
impacts on YAP-mediated cell growth, invasion, and cell stemness traits, and highly

phosphorylated LATS1-3YE can induce activation of YAP.
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Figure 21. LATS1-3YE, but not LATS1-WT, promotes cell growth, invasion, and tumor

sphere formation in LATS1/2 knockout cells.
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(A) Cell growth and invasion assays on Soft Matrigel (Matrigel only) and Stiff Matrigel (Matrigel

with collagen) in LATS1/2 knockout MMTV-Neu and B77 cells re-introduced with LATS1-WT

and LATS1-3YE. Scale Bars, 200 um.

(B) Quantification of tumor sphere assays in LATS1/2 knockout MMTV-Neu and B77 cells re-
introduced with LATS1-WT and LATS1-3YE. Error bars denote Mean + SD; P values (two-

tailed t-test): *p<0.05, **p<0.01.

3.8 Active Src induces tyrosine phosphorylation of MOB1

FAK has been shown to directly phosphorylate MOB1, a scaffold protein as part
of the complex with LATS1 in the Hippo core kinase cascade, to activate YAP (20).
To examine if this also applies to our system, MOB1 were co-transfected with active
form Src or FAK in 293T cells, and tyrosine phosphorylation levels were tested. To
our surprise, no obvious phosphorylation signal was detected when MOB1 was co-
expressed with FAK, but a robust phosphorylation band appeared in the co-
expression with Src, indicating Src also phosphorylated MOB1 (Figure 22A). To test
if Src or FAK can phosphorylate other Hippo pathway components, MST1/2 and SAV
were co-expressed with Src or FAK, and no phosphorylation was observed (Figure
22B). The published paper demonstrated MOB1-Y26 was phosphorylated by FAK
(20) and p-MOB1-Y26 antibody was commercially available. Therefore, the phospho-
dead MOB1-Y26F mutagenesis was introduced and tested first. Constitutively active
Src, but not kinase dead Src, phosphorylated both wild type MOB1 and mutant MOB1-
Y26F, suggesting Y26 was not the right site or not the only site for MOB1

phosphorylation by Src (Figure 22C).
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Figure 22. Active Src induces tyrosine phosphorylation of MOB1.

(A) 293T cells were co-transfected with HA-MOB1 and Src or FAK. Immunoprecipitation was

performed followed by immunoblotting with indicated antibodies.

(B) FLAG-MST1/2, HA-SAV were co-transfected with Src or FAK in 293T cells.

Immunoprecipitation was performed followed by immunoblotting with indicated antibodies.

(C) Wild type HA-MOB1 or mutant HA-MOB1-Y26F was co-expressed with Src in 293T cells,

followed by immunoprecipitation and immunoblotting with indicated antibodies.

3.9 Identification of MOB1 phosphorylation sites by Src

Given MOB1 is a relatively small protein which only has 8 tyrosine sites, we
performed single point mutagenesis for all the 8 sites individually from tyrosine to
phenylalanine to make it phospho-dead and tested one by one. In the immunoblotting,
none of the single mutations blocked MOB1 phosphorylation by Src, suggesting
multiple tyrosine phosphorylation sites existed on MOB1 (Figure 23A). To map the

exact sites, all 8 tyrosine sites were mutated to phenylalanine, which was MOB1-8YF,
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and then each phenylalanine was mutated back to tyrosine one by one and tested
again. MOB1-8YF largely blocked the phosphorylation signal, but when mutated back,
each mutation showed contributions to the phosphorylation. These results indicate

that Src phosphorylate all tyrosine sites on MOB1 (Figure 23B).
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Figure 23. Identification of Src-induced tyrosine phosphorylation sites of MOB1.

(A) Different MOB1 mutation forms were co-transfected with Src in 293T cells.

Immunoprecipitation was performed followed by immunoblotting with indicated antibodies.

(B) All tyrosine sites on MOB1 were mutated to phenylalanine and mutated back to tyrosine

one by one. Immunoprecipitation was performed followed by immunoblotting with indicated

antibodies.

3.10 MOB1-8YE increases YAP translocation to the nucleus, and promotes
breast cancer cell invasive growth

To study the functions of MOB1 phosphorylation on YAP activation, wild type
MOB1 and phospho-mimicking mutant MOB1-Y8E were re-introduced in MOB1A/B
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knockout 293A cells. Re-introduction of wild type MOB1 could drive YAP out of the
nucleus. However, re-introduction of MOB1-8YE could not induce the cytoplasmic

translocation of YAP (Figure 24).
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Figure 24. MOB1-8YE, but not MOB1-WT, robustly increases YAP translocation to the

nucleus in MOB1A/B knockout cells.

Immunofluorescence imaging of YAP (GFP) and HA-MOB1 (RFP) and quantification of YAP
localization in LATS1/2 knockout 293A cells re-introduced with wild type MOB1 or mutant

MOB1-8YE. Error bars denote Mean + SD. Scale Bars, 20 um.

Moreover, we utilized the previously described YAP promoter reporter system,
followed by immunostaining. Wild type MOB1 dramatically decreased RFP, whereas
MOB1-8YE had no effects on RFP level. These findings demonstrate that MOB1

phosphorylation by Src transcriptionally increases YAP activity (Figure 25).

60



MOB1A/B KO 293A-GTII-RFP cells

Cells with both
) - - Cy2 and Cy3
%
Merge

=)

Merge

Percentage of cells

Figure 25. MOB1-8YE transcriptionally activates YAP in MOB1A/B knockout cells.

MOB1-WT and MOB1-8YE were re-introduced in MOB1A/B knockout 293A-GTII-RFP cells.
HA-MOB1 (GFP) and YAP reporter (RFP) were examined by immunofluorescence and
quantified. Scale Bars, 20 um. Error bars denote Mean + SD; P values (two-tailed t-test):

*p<0.05.

Then we evaluated the roles of MOB1 phosphorylation in cell growth and
invasion in Mob1a/b knockout MMTV-Neu and B77 cells re-introduced with wild type
or mutant Mob1. On soft and stiff Matrigel, only wild type Mob1 but not Mob1-8YE
suppressed cell growth and invasion (Figure 26). These results suggest that MOB1
phosphorylation induced by Src has great impacts on YAP-mediated cell growth and

invasion, and MOB1 in a high phosphorylation state can enhance YAP activation.
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Figure 26. MOB1-8YE, but not MOB1-WT, promotes cell growth and invasion in

MOB1A/B knockout cells.

Invasive cell growth assay on Soft Matrigel (Matrigel only) and Stiff Matrigel (Matrigel with

collagen) in Mob1a/b knockout MMTV-Neu and B77 cells re-introduced with wild type Mob1

or Mob1-8YE. Scale Bars, 200 pum.

3.11 HER2 activates Src and induces LATS1/MOB1 phosphorylation

Although no direct phosphorylation of LATS1/MOB1 induced by FAK was found,
whether FAK affects Src-induced phosphorylation was tested. FAK or siFAK were co-
expressed with Src in 293T cells, tyrosine phosphorylation levels of LATS1 and MOB1
were detected. However, no obvious changes were found, suggesting FAK had no

direct influences on Src to phosphorylate LATS1 and MOB1 (Figure 27A).
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Next, we evaluated the effects of HER2 on Src-medicated LATS1/MOB1
phosphorylation. To examine whether HERZ2 activation affects Src activity and
LATS1/MOB1 tyrosine phosphorylation levels, Neuregulin was added into SK-BR-3
cells and BT-474 cells at different time points. Upon HER2 activation, phosphorylation
level of Src at Y416 and tyrosine phosphorylation levels of LATS1 and MOB1
increased (Figure 27B). Consistently, when treated with HER2 inhibitor Lapatinib, Src
activity was suppressed, and phosphorylation levels of LATS1 and MOB1 decreased
(Figure 27C). These results suggested that HER2 regulates Src activity to
phosphorylate LATS1 and MOB1. Taken together, these findings reveal that in HER2
positive breast cancer, Src is activated by upstream HER2 signaling, thus
phosphorylating and inhibiting the kinase activity of Hippo pathway components

LATS1 and MOB1, which activates YAP.
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Figure 27. HER2 regulates Src-induced tyrosine phosphorylation of LATS1 and MOB1.
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(A) Src, FAK and siFAK were transfected in 293T cells as indicated. Immunoprecipitation was

performed followed by immunoblotting with indicated antibodies.

(B) Immunoblotting with indicated antibodies in SK-BR-3 cells and BT-474 cells treated with

Neuregulin at different time points.

(C) Immunoblotting with indicated antibodies in SK-BR-3 cells and BT-474 cells treated with

Lapatinib at different time points.

3.12 Depletion of Yap/Taz inhibits cancer growth and metastasis

To explore the biological effects of Yap/Taz depletion in breast cancer cells,
functional assays both in vitro and in vivo were performed. Yap and/or Taz knockdown
was carried out by Dox inducible shRNA and the efficiency was evaluated by
immunoblotting (Figure 28A). Firstly, to test the cell growth and proliferation rate, MTT
assays were conducted in both MDA-MB-231 cells and MMTV-Neu cells. Individual
knockdown of Yap and Taz suppressed cell growth, whereas the proliferation rate was
further reduced when Yap and Taz were knocked down together, indicating Yap and
Taz had redundant functions in Her2 positive and triple negative breast cancer cells
(Figure 28B). Next, Yap and Taz were knocked down in MMTV-Neu and MMTV-
PyMT cells, and then placed on soft Matrigel (Matrigel only) and stiff Matrigel (Matrigel
with collagen) for growth. Robust changes were observed in both soft and stiff
conditions (Figure 28C). Consistently, in soft agar assays, knockdown of YAP/TAZ
suppressed the colony formation more robustly than individual knockdown of YAP or
TAZ in MDA-MB-231 cells and MMTV-Neu cells (Figure 28D). To examine the roles

of Yap and Taz in cell stemness, tumor sphere assays were carried out in MMTV-Neu
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and MDA-MB-231 cells. Consistently, knockdown of Yap/Taz in both cells dramatically
decreased tumor sphere size (Figure 28E). These results suggest that Yap and Taz

depletion inhibits cell growth, invasion, and stemness traits in breast cancer cells.
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Figure 28. Depletion of Yap/Taz inhibits breast cancer cell growth and invasion in vitro.

(A) Immunoblotting of Yap and Taz after inducible knockdown of Yap/Taz in MMTV-Neu-TGL

cells. Doxycycline (2 ug/ml, 4 days) was added for the induction.

(B) MTT assays in Yap/Taz knockdown MDA-MB-231 and MMTV-Neu cells.
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(C) Invasive cell growth assays on Soft Matrigel (Matrigel only) and Stiff Matrigel (Matrigel
with collagen) in Yap/Taz knockdown MMTV-Neu cells and MMTV-PyMT cells. Scale Bars,

200 pm.

(D) Soft agar assays in Yap/Taz knockdown MDA-MB-231 and MMTV-Neu cells. Error bars

denote Mean + SD; P values (two-tailed t-test): *p<0.05, **p<0.01.

(E) Tumor sphere assays and quantification in Yap/Taz knockdown MMTV-Neu and MDA-
MB-231 cells. Error bars denote Mean + SD; P values (two-tailed t-test): ***p<0.0001. Scale

bars, 200 um.

Because of the redundant functions of Yap and Taz, both Yap and Taz were
knocked down in the following in vivo experiments. To study the function of Yap and
Taz in tumor growth and progression in vivo, inducible knockdown of Yap and Taz in
MMTV-Neu-TGL cells was generated and injected into mammary fat pad or tail vein
of female FVB/NJ mice. However, the mice did not develop mammary tumors or lung
metastasis although it was a syngeneic model. We speculated that the transduced
gene pWZL-Neu8142, which encodes oncogenic rat ErbB2, in MMTV-Neu cells,
induced effective immune responses in FVB/NJ mice. Therefore, we repeated the
experiments in female immune compromised nude mice instead. After two weeks of
growth, when the tumor volume reached approximately 100 mm3, Doxycycline was
added to induce the knockdown of Yap and Taz. Tumor growth was monitored. After
two weeks of Doxycycline treatment, mice were euthanized, and tumors were
collected. In Doxycycline treated group, the tumor growth was significantly inhibited

(Figure 29A). The findings indicated that Yap/Taz depletion suppresses primary
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tumor in Her2 positive cancer cells. To examine Yap and Taz functions in breast
cancer metastasis, Yap/Taz knockdown MMTV-Neu-TGL cells were injected through
tail vein into female nude mice. After one week, Doxycycline was added to induce
knockdown of Yap and Taz. Bioluminescence signals in lungs were significantly
weaker in Yap/Taz knockdown group (Figure 29B). The results demonstrate that
depletion of Yap/Taz suppresses metastatic outgrowth in lung of Her2 positive breast

cancer.
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Figure 29. Inducible knockdown of Yap/Taz inhibits primary tumor and metastatic

growth of Her2 positive breast cancer cells in vivo.

(A) Quantification of tumor volumes of female nude mice injected in mammary fat pad with
inducible Yap/Taz knockdown MMTV-Neu-TGL cells. Doxycycline induction began at Week 2

after cell injection. Error bars denote Mean + SD; P values (two-tailed t-test): ***p<0.0001.

(B) Representative Images and normalized photon flux of nude mice injected through tail vein
with inducible Yap/Taz knockdown MMTV-Neu-TGL cells. Doxycycline induction began at

Week 1 after cell injection. Error bars denote Mean + SD; P values (two-tailed t-test): **p<0.01.
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3.13 Depletion of Fak inhibits cancer growth and metastasis

Although no direct phosphorylation of LATS1 and MOB1 induced by FAK was
found, pharmacological inhibition of FAK can inhibit YAP activation (Figures 6-7).
Therefore, we evaluated the effects of genetic perturbation of FAK in breast cancer.
We used inducible shPtk2 for the knockdown of Fak in MMTV-Neu cells. Knockdown
efficiency was confirmed by immunoblotting (Figure 30A). Functional cell assays were
performed to determine the effects of Fak depletion. On both soft and stiff matrices,
the cell growth in Matrigel was suppressed by Fak knockdown (Figure 30B). The
colony numbers on soft agar also decreased after Fak knockdown (Figure 30C).
Consistently, knockdown of Fak led to the reduction in size and number of tumor
spheres (Figure 30D). These results support the conclusion that Fak is important for

cell growth, invasion, and stemness traits, in Her2 positive breast cancer.
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Figure 30. Fak depletion inhibits breast cancer cell growth and invasion in vitro.
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(A) Immunoblotting of Fak after inducible knockdown of Ptk2 in MMTV-Neu-TGL cells.

Doxycycline (2 ug/ml, 4 days) was added for the induction.

(B) Invasive cell growth assays on Soft Matrigel (Matrigel only) and Stiff Matrigel (Matrigel with

collagen) in Ptk2 knockdown MMTV-Neu cells cells. Scale Bars, 200 pum.

(C) Soft agar assays in Ptk2 knockdown MMTV-Neu cells. Error bars denote Mean + SD; P

values (two-tailed t-test): *p<0.05.

(D) Representative images and quantification of tumor sphere assays in Ptk2 knockdown
MMTV-Neu cells. Error bars denote Mean + SD; P values (two-tailed t-test): *p<0.05. Scale

bars, 200 um.

To test the effects of Fak knockdown on primary tumor growth and metastasis in
vivo, MMTV-Neu-TGL cells expressing inducible shPtk2 were injected in female nude
mice. Fak knockdown slowed tumor growth in primary mammary tumors (Figure 31A)

and lung metastases (Figure 31B).
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(A) Quantification of tumor volumes of female nude mice injected in mammary fat pad with
inducible Ptk2 knockdown MMTV-Neu-TGL cells. Doxycycline induction began at Week 2

after cell injection. Error bars denote Mean + SD; P values (two-tailed t-test): **p<0.01.

(B) Representative Images and normalized photon flux of nude mice injected through tail vein
with inducible Ptk2 knockdown MMTV-Neu-TGL cells. Doxycycline induction began at Week

1 after cell injection. Error bars denote Mean + SD; P values (two-tailed t-test): *p<0.05.

To further explore the connection between FAK and Hippo signaling from these
in vivo studies, samples from both primary and metastatic tumors were collected for
RNA extraction followed by RNA-seq analysis. The KEGG pathway analysis revealed
that lots of known pathways associated with FAK signaling were enriched, such as
tight junction, focal adhesion, and cell adhesion molecules. In addition, Hippo
signaling pathways were also enriched in both primary and metastasis tumors,
suggesting Fak functions upstream of Hippo signaling to regulate tumor growth and
metastasis (Figure 32A). GSEA analysis indicated that both conserved Yap signature
and Hippo pathway signature were enriched in control group compared to Fak
knockdown group (Figure 32B). The RNA-seq data further confirmed that FAK was

the upstream regulator of Hippo signaling in HERZ2 positive breast cancer cells.
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Figure 32. Yap signature and Hippo pathway signature are enriched in control group

compared to Fak knockdown group.

(A) KEGG pathway enrichment analysis using RNA-seq data from dissociated tumor cells

from female nude mice injected in fat pad or through tail vein with inducible Ptk2 knockdown

MMTV-Neu-TGL cells.



(B) GSEA analysis of RNA-seq data from MMTV-Neu-shPtk2 lung metastatic tumors.

3.14 Dasatinib shows potential in enhancing the efficacy of Her2 inhibition in
breast cancer growth and metastasis

To test preclinical efficacy of inhibition of FAK/SFK-YAP axis in HERZ2 positive
breast cancer, we used a syngeneic mice model MMTV-Neu, which began to develop
spontaneous breast tumors in 3 months after birth. When tumors reached 2 mm
diameter, mice were treated with multi-kinase inhibitor Dasatinib and FAK inhibitor
PF271 respectively (Figure 33A). Tumor sizes were monitored until the euthanasia
after 3 weeks of treatment. Both Dasatinib and PF271 slowed down the tumor growth
(Figure 33B). Immunohistochemistry staining for Ki67 and C-Caspase3 in the
harvested tumors showed decreased cell proliferation and increased cell apoptosis
after the treatment with Dasatinib and PF271 (Figure 33C-D). Hippo signaling
markers Yap and p-Yap were also examined. Yap was mainly in the nucleus in control
group while Yap tended to localize in the cytoplasm in Dasatinib and PF271 treated
groups. Consistently, p-Yap increased after the treatment with Dasatinib and PF217,

which indicated the suppressive activity of Yap (Figure 33E).

72



A B

Tumor Volume
=e= Control (n=5)

Dasatinib g 0 -#- Dasatinib (n=5)
i . or S staining |5 -~ PF271 (n=5)
X smonths /0N PR271 % % £
—_— Y — < 2 200
.' 3\ o 5
B _ Wks monitoring G
MMTV-Neu (YD)  Tumor = 2 mm diameter efficacy z 100
; o
E *
Lol
0 10 20 30
C D IHC Staining
1.5 @& Control
F_:ontrol - Dasatinib PF271 &3 Dasatinib
. y ® @ PF271
21.0
S
5 *
o *k *
G 0.5 *
o
0.0
Ki67 C-Caspase3
E Dasatininb PF271
Yap

Figure 33. Dasatinib and PF271 suppress YAP activation and tumor growth in MMTV-

neu spontaneous breast cancer models.

(A) A schematic illustration of workflow of inhibitor treatment in MMTV-Neu mice model.

(B) Quantification of tumor volume of MMTV-Neu mice treated with vehicle, Dastinib (20

mg/kg, oral gavage, qd) or PF271 (50 mg/kg, oral gavage, qd). Error bars denote Mean + SD;

P values (two-tailed t-test): *p<0.05.

(C) Representative imaging of Hematoxylin and Eosin (H&E) staining and IHC staining of Ki67
and C-Caspase3 in the tumor samples harvested from MMTV-Neu mice after treatment. Scale

Bars, 50 um.
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(D) Quantification of IHC staining of Ki67 and C-Caspase3 in the tumor samples harvested
from MMTV-Neu mice after treatment. Error bars denote Mean + SD; P values (two-tailed t-

test): *p<0.05, **p<0.01.

(E) Representative of IHC staining imaging of Yap and p-Yap (S127) in the tumor samples

harvested from MMTV-Neu mice after treatment. Scale Bars, 50 um.

Based on the model that YAP is activated by co-operational effects of matrix
adhesion and HER2 in MMTV-Neu mice, we tested the clinical grade FAK inhibitor
Defactinib or SFK inhibitor Dasatinib in combination with HERZ2 inhibitor Lapatinib. We
anticipated synergistic effects of 2 drugs in each combination even if HER2 is the sole
activator of FAK/SRC in these tumors, as hitting 2 steps in the same linear cascade
has proven efficacious in the clinic (21). It was hard to get enough mice with consistent
tumor growth rates in spontaneous breast cancer model, so we used female nude
mice and injected them with MMTV-Neu cells. For primary tumors, MMTV-Neu cells
were injected into mammary fat pad, and treated with vehicle, Lapatinib, Defactinib,
Dasatinib, Lapatinib combined with Defactinib, or Lapatinib combined with Dasatinib.
Drug treatments began once tumors reached approximately 100 mm?2. Tumor volumes
were monitored during the treatment. Single treatment with Lapatinib or Dasatinib
inhibited tumor growth, and Lapatinib and Dasatinib combination group showed lowest
tumor growth rate (Figure 34A). In contrast, Defactinib alone or in combination with
Lapatinib did not show favorable effects (Figure 34B). For metastatic tumors, MMTV-
Neu cells were injected through tail vein, and treatments began after one week.

Bioluminescent imaging and statistical analysis revealed that both Lapatinib and
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Dasatinb alone suppressed growth in lung metastases, but combination of the two
drugs further improved the effects (Figure 34C). Similar to primary tumors, Defactinib

alone or in combination with Lapatinib did not inhibit metastatic growth (Figure 34D).
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Figure 34. Dasatinib and Lapatinib combinational treatment inhibits HER2 positive

breast tumor growth and metastasis.
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(A) Quantification of tumor volumes of female nude mice injected in mammary fat pad with
300,000 MMTV-Neu cells after the treatment with vehicle, Lapatinib (50 mg/kg, oral gavage,
qd), Dasatinib (50 mg/kg, oral gavage, qd), and Lapatinib with Dasatinib. Treatment began
once tumors reached approximately 100 mm?. Error bars denote Mean + SD; P values (two-

tailed t-test): *p<0.05, ***p<0.0001.

(B) Representative Images and normalized photon flux of nude mice injected through tail vein
with 300,000 MMTV-Neu cells after the treatment with vehicle, Lapatinib (50 mg/kg, oral
gavage, qd), Dasatinib (50 mg/kg, oral gavage, qd), and Lapatinib with Dasatinib. Treatment
began 1 Week after the injection. Error bars denote Mean + SD; P values (two-tailed t-test):

*p<0.05.

(C) Quantification of tumor volumes of female nude mice injected in mammary fat pad with
300,000 MMTV-Neu cells after the treatment with vehicle, Lapatinib (50 mg/kg, oral gavage,
qd), Defactinib (100 mg/kg, oral gavage, qd), and Lapatinib with Defactinib. Treatment began
once tumors reached approximately 100 mm?®. Error bars denote Mean + SD; P values (two-

tailed t-test): ns - no significance.

(D) Representative Images and normalized photon flux of nude mice injected through tail vein
with 300,000 MMTV-Neu cells after the treatment with vehicle, Lapatinib (50 mg/kg, oral
gavage, qd), Defactinib (50 mg/kg, oral gavage, qd), and Lapatinib with Defactinib. Treatment
began 1 Week after the injection. Error bars denote Mean + SD; P values (two-tailed t-test):

ns - no significance.

Next, the lung metastases samples were collected after the euthanasia of mice
and subjected to IHC staining. Compared to the control group, Ki67 decrease and C-
Caspase 3 increase were observed in all treatment groups, especially in Lapatinib and
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Dasatinib combinational treatment group, which indicated Lapatinib combined with
Dasatinib worked best in inhibiting lung metastatic growth. However, Ki67 and C-
Caspase3 staining were not significantly altered by Defactinib individually or in
combination with Lapatinib, which was consistent with the anticipation as the
metastatic tumor growth was not inhibited (Figure 35 A-B). Moreover, Yap and p-Yap
were examined. It was clearly that Yap localized in the nucleus in control group
whereas Yap was mainly in the cytoplasm in Lapatinib and Dasatinib combinational
treatment group. Yap activity decreased as p-Yap increased in the combinational
treatment group (Figure 35A). Based on these results, we conclude that SFK inhibitor
Dasatinib in combination with Lapatinib shows potential to treat HER2 positive breast

cancer growth and metastasis.
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Figure 35. Dasatinib and Lapatinib combinational treatment shows most robust effects

in inhibiting YAP activation in lung metastatic tumors.

(A) Representative of IHC staining imaging of Ki67, C-Caspase3, Yap, and p-Yap (S127) in
the lung metastases samples harvested from MMTV-Neu cell-injected nude mice after

different treatments. Scale Bars as indicated.

(B) Quantification of IHC staining of Ki67 and C-Caspase3 in the lung metastases samples

harvested from MMTV-Neu cell-injected nude mice after different treatments.
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Chapter 4. Discussion and Future Directions

4.1 Summary and Discussion

Tumor stiffening occurs with the tumor pathogenesis and progression. The matrix
is stiffer in HER2 positive and triple negative breast cancer subtypes than the less
aggressive luminal counterparts (8). The mechanical inputs from the ECM are sensed
by mechanosensors at the cell membrane and relayed by mechanotransducers to
promote YAP/TAZ activity at sites where mechanical forces are high (76).
Consistently, we found that YAP is activated by rigid matrices in more aggressive
HER2 positive SK-BR-3 and triple negative MDA-MB-231 cells. To understand the
mechanotransducers of YAP activation, we used pharmacological inhibition and
genetic perturbation of the integrin signaling components and identified a critical role
for integrin signaling via FAK-SRC in activation of YAP/TAZ in HER2 positive and triple
negative breast cancer cells. In HER2 positive cells, integrin signaling synergizes with
HER2 to activate YAP. This provides new evidence for the joint regulation between
integrin signaling and RTKs. But what triggers the FAK/SFK and YAP activation in
triple negative cancer is poorly known. Studies have shown the effects of integrin-FAK
signaling on tumor initiation, metastasis, and resistance to chemotherapy in triple
negative breast cancer. EGFR and integrin b4 cooperate to active FAK and trigger the
tumor initiation and metastasis in triple negative breast cancer (72). A recent study in
triple negative MDA-MB-231 cells shows that EZH2-upregulated integrin b1 activates
FAK, which phosphorylates TGF receptor type | (TGFBRI) at Y182 to increase its
binding to TGFp receptor type Il (TGFBRII), thus activating TGFf3 signaling and bone

metastatic potential (73). ECM deposition and remodeling promote chemoresistance
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by inducing FAK activation through integrin a1/02/a5 (46, 70). These studies shed
light on FAK activation by upstream integrin and RTKs. However, whether YAP is
activated and whether YAP activation is required for these biological functions in triple

negative breast cancer still await further investigation.

Although ECM stiffening and YAP/TAZ activation in breast cancer have been
clearly implicated in previous research and further validated in our studies, the
biochemical mechanisms that link ECM-responsive integrin-FAK/SFK signaling and
YAP/TAZ activation are largely unknown. We conducted co-immunoprecipitation and
identified the interaction between FAK/Src and YAP upstream regulator LAST1.
Following studies show Src can induce phosphorylation of LATS. Mass spectrometry
and mutagenesis analysis revealed that Src phosphorylates LATS at 3 conserved
sites (Y916, Y1026, and Y1076), leading to loss of the kinase activity of LATS1. To
determine whether Src-induced LATS1 is the driver mechanism, CRISPR-Cas9-
mediated knockout of LATS1/2 was followed by reconstitution with wild type or an
unphosphorylatable (Y916/1026/1076F or 3YF) or a phosphorylation-mimetic
(Y916/1026/1076E or 3YE) mutant of LATS. Only 3YE mutant but not wild type or 3YF
can induce the YAP activation and malignancy of HER2 positive and triple negative
breast cancer cells. Another Hippo signaling component MOB1, can also be
phosphorylated by Src. Contrary to the previous study, which demonstrates FAK
phosphorylates MOB1, we did not see the FAK-mediated MOB1 phosphorylation
(117). MOB1 is phosphorylated at 8 tyrosine sites and the phosphorylation-mimetic
mutant MOB1-8YE can rescue the YAP activation and malignancy of MOB1A/B

knockout HER2 positive and triple negative breast cancer cells. Both LATS and MOB1
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phosphorylation by Src disable their kinase activity for YAP inhibition, thereby
activating YAP. These results establish a novel link between FAK/SFK and YAP
activation, in which LATS1and MOB1 are both directly phosphorylated by Src. In the
Hippo signaling, LATS1 and MOB1 phosphorylation are mediated by MST. In addition
to MST, LATS can be phosphorylated by MAP4Ks, PKA, CHK1/2, CDK1/CDC2, and
Aurora A kinase (83). Opposed to that, MST-independent MOB1 phosphorylation is
scarcely reported. EGFR promotes the phosphorylation of MOB1 and the inactivation
of LATS1/2 independently of MST1/2. (118). Therefore, the identified Src-mediated
direct phosphorylation on LATS and MOB1 expand the understanding of Hippo

signaling.

We then used an inducible knockdown system to evaluate the biological
functions YAP, TAZ, and FAK in HERZ2 positive and triple negative breast cancer cells.
FAK knockdown decreases cell proliferation and invasive growth and inhibits
mammary tumor growth and metastasis in mice. YAP and TAZ function largely in a
redundant fashion to sustain tumor growth and metastasis. The YAP/TAZ knockdown
shows higher inhibitory effects than FAK knockdown. These results make it rational to

test the effects of FAK and/or YAP/TAZ inhibition in breast cancer.

First, we tested the individual drug SFK inhibitor Dasatinib and FAK inhibitor
PF271 in spontaneous MMTV-Neu mammary tumor mouse model. Both drugs
suppressed YAP activation and slowed down the tumor growth. Then, for larger scale
experiments, we injected MMTV-Neu-TGL cells into mammary fat pat and tail vein for
the drug evaluation in primary and metastatic tumors respectively. Integrin signaling

contributes to the resistance of HER2 positive SK-BR-3 and BT-474 cells plated on
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laminin-5 to HER2 inhibition. FAK inhibitor TAE226 csn sensitize the cells to HER2
antagonists, Trastuzumab and Lapatinib (75). Therefore, the simultaneous inhibition
of integrin-FAK/SFK and HER2 may improve the efficacy. In both primary and
metastatic tumors, the single drug administration with Dasatinib and Lapatinib showed
efficacious tumor-inhibitory effects while Defactinib did not. The combination of
Dasatinib and Lapatinib was most effective whereas Defactinib, when delivered
together with Lapatinib, did not further improve the effects of Lapatinib. These
preclinical studies demonstrate the synergistic anti-tumor effect between the blockade
of integrin-FAK/Src-YAP axis and HER2. Although Defactinib inhibits YAP activation
and cell growth in HER2 positive cell lines, but it was not effective in the tumor-bearing
MMTV-Neu mice. The reason needs to be further studied. In MMTV-Neu mice, Fak
deletion does not prevent the tumorigenesis and only inhibits the progression to a
small extent (779). This may explain why MMTV-Neu cells do not respond to FAK
inhibition in mice. It is necessary to test FAK inhibitors in other HER2 positive breast
cancer models. Interestingly, Defactinib shows efficacy in inhibiting bone metastasis
of triple negative MDA-MB-231 cells (73). In addition, several studies have shown
basal-like triple negative breast cancer are most sensitive to Dasatinib compared to
luminal subtypes (7120-122). It will be important to evaluate the preclinical efficacy of
FAK and SFK inhibitors alone or in combination with chemotherapy in triple negative

breast cancer.

Taken together, this study demonstrates integrin-FAK/SFK mediates the
mechanotransduction from stiff ECM and activates YAP, which is required for cell

invasive growth and tumor metastasis; and unmasks the mechanisms through which
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YAP is activated by integrin signaling - Src induces phosphorylation of LATS and
MOBH1, leading to their inactivation and ensuing YAP activation. Furthermore, Integrin
signaling and HER2 jointly regulate YAP activation and combinational inhibition of
these two pathways shows promising preclinical efficacy in HER2-positive breast

cancer (Figure 36).
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Cell Proliferation, Invasion, and Metastatic Growth
Figure 36. Graphic Summary.

In response to stiff matrix, integrin-FAK/SFK signaling and HER2 activate YAP. SFKs
phosphorylate and inhibit the kinase activities of LATS and MOB1, thus deactivating the Hippo

tumor suppressive pathway.

83



4.2 Future Directions

4.2.1 Identification of new requlators of YAP activation

First, exploring the upstream regulators of FAK and YAP activation in triple
negative breast cancer is important. Since PTEN can dephosphorylate and inactivate
FAK (7123), we can first test the hypothesize that the inactivation of PTEN, which is

frequent in triple negative breast cancers, contributes to activation of YAP.

In addition to the possible roles of PTEN, a non-biased high throughput screening
can be very informative for the identification of new regulators of YAP activation. In
collaboration with Drs. Ralph Garippa and Scott Lowe at Memorial Sloan Kettering
Cancer Center, we have performed a genome-wide siRNA screen in triple negative
MDA-MB-231 cells and HER2 positive AUS65 cells expressing GFP-tagged YAP and
identified siRNAs that block nuclear accumulation of GFP-YAP. We conducted the
screens with the sSiIGENOME siRNA library (Dharmacon; SMARTpools of 4 siRNAs
per gene) (Figure 37A). The hits can be specific to HER2 positive or triple negative
or shared by the two cells. We first analyzed the 69 overlapped hits that are shared
by MDA-MB-231 and AUS65 cells to regulate YAP activation, and found that many of

them are cytoskeleton-related proteins (Figure 37B-C).
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Figure 37. siGENOME siRNA Screen for YAP regulators in breast cancer cells.

(A) Workflow of the siRNA screen.

(B) Venn diagram of hits identified from triple negative MDA-MB-231 and HER2 positive

AU565 cells.

(C) Representative cytoskeleton-related hits.

Several hits have been validated with CRISP-Cas9-mediated knockout. The
knockout of these hits significantly induces the YAP translocation from the nucleus to
the cytoplasm (Figure 38). Brief research on the hits indicates the effects of them on
YAP activation is poorly understood. Synaptopodin-2 (SYNPO2) has been clearly
linked to YAP activation. SYNPO2 is a putative tumor suppressor in different
aggressive cancers. In triple negative breast cancer, SYNPO2 can stabilize LATS2 to

inactivate YAP/TAZ and suppress tumor metastasis (724). In colorectal cancer,
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SYNPO2 suppresses hypoxia-induced proliferation and migration of the cells by
regulating YAP-Kruppel like factor 5 (KLF5) axis (725), but the detailed mechanisms
are not known. Other than YAP activation, SYNPOZ2 regulates migration and invasion
via PIBK/Akt/mTOR pathway in MCF-7, MDA-MB-231, BT-549, and MDA-MB-468
breast cancer cells (726). Some of the hits have not been implicated in YAP activation
but linked to cancer biology. Amyloid b precursor protein binding family B member 1
(APBB1) regulates EMT-associated cell stem cell-like properties and g-radiation
resistance via activation of IGF1Rb/AKT/GSK3b pathway in non-small cell lung cancer
cells (127). Actin alpha cardiac muscle 1 (ACTC1) is a biomarker for invasion and
prognosis in glioma (728). Giant obscurin (OBSCN) has been proved to be a potent
tumor suppressor and the genetic mutations or epigenetic deregulation of OBSCN are
implicated in progression of breast cancer and other cancer types (729). The studies
of other lead hits are limited to normal development or dysfunction of bone and muscle
(130-132). We can further validate these hits and investigate their regulation in YAP

activation and tumor biological functions in breast cancer.

Moreover, for the identification of the druggable targets, a small molecule library

can be used for the YAP activation screens.
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Figure 38. Validation of the screen hits.

Immunofluorescence staining of YAP after knockout of the indicated genes.

4.2.2 Dissection of the dynamics of tumor initiation and multi-step metastatic cascade

requlated by YAP/TAZ

YAP/TAZ regulate cancer EMT, stemness, invasive growth in dense stiff
matrices. However, the dynamic changes of YAP/TAZ activation and ECM stiffness
from tumor initiation to metastasis have not been fully characterized. For the primary
tumor growth, invasion, and intravasation, YAP/TAZ knockdown can be induced after
the orthotopic injection of mouse breast cancer cells in a syngeneic model. By

harvesting tumors and circulating tumor cells from different stages of tumor
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development, we can investigate proliferation, apoptosis, and invasiveness of tumor
cells, as well as the density and stiffness of the collagenous tumor matrix. To study
the roles of YAP/TAZ in the extravasation and colonization phase of metastasis, tumor
cells can be injected intracardially so that they can colonize bone, brain, and liver or
intravenously to estimate colonization of the lung. The analysis of the dynamic
changes will also help elucidate the effects of the microenvironment differences
arising from various target organs on metastatic outgrowth. In the syngeneic models,
immune components in the tumor microenvironment can also be analyzed. These
studies will determine the biological functions of YAP/TAZ depletion and define the
cellular mechanisms through which YAP/TAZ signaling affects tumor progression and

metastasis.

4.2.3 Exploration of other therapeutic opportunities targeting ECM stiffening and

mechanotransduction

The dense and stiff ECM is an attractive target for cancer treatment. The ECM-
targeted therapy may benefit cancer patients by reducing the pro-tumor potential of
ECM and lifting the mechanical restraints for other treatments to be more effectively
delivered. The key enzymes mediating the ECM crosslinking have been successfully
targeted in transgenic mouse models. LOX-targeted inhibitor and blocking antibody
both prevent LOX-dependent collagen cross-linking and reduce MMTV-Neu-induced
tissue fibrosis to lower breast cancer incidence and impede the progression (78).
Targeting LOX also sensitizes the triple negative breast cancer xenografts to

chemotherapy (70). However, the clinical trial results of LOX inhibitors have been
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disappointing and attributed to poor drug bioavailability in tumors and inefficient
enzymatic inhibition (733, 134). Another ECM crosslinking enzyme LH also shows the
potential to be targeted. LH2 depletion in CAFs prevents matrix stiffening and
suppresses collagen-mediated tumor cell invasion (735). Targeted depletion of the
stromal component, hyaluronan (HA), has also been tested and proved to reduce the
matrix density and improve the response of pancreatic adenocarcinoma cells to the
standard chemotherapy Gemocitabine preclinically (736, 137). We can test these ECM
targeted therapies in both HER2 positive and triple negative breast cancer models.
Mechanosensing and mechanotrasduction through integrin signaling can also be
targeted. Despite encouraging preclinical results demonstrating that the inhibition of
integrins aVB3/aVB5 and a5B1 can provide promising therapeutic outcomes, clinical
trials with these integrin-based therapeutics have not shown therapeutic benefits in
cancer patients (738). The multifarious and redundant roles of integrins in cancer and
the narrow therapeutic window for integrin-based therapeutics without compromising
the integrin functions in normal cells contribute to the discouraging clinical outcomes
(65). It is critical to identify the integrins that are non-essential in normal cells but play
important roles in tumor malignancy in breast cancer cells or the cancer-associated
stromal cells. Irina Primac et al. showed that integrin 11 coopts with PDGFR in
CAFs to induce tumor invasiveness in MMTV-PyMT mice (139). This may provide a
new therapeutic target for integrin-based therapies in breast cancer. Given the critical
role of the FAK/SFK complex in promoting invasive growth, the inhibitors targeting
FAK or SFKs have been extensively tested in different cancer types. In addition to our

findings that SFK inhibitor Dasatinib synergizes with Lapatinib to inhibit invasive
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growth and metastasis of HER2 positive breast cancer, FAK inhibitor Defactinib has
shown promising efficacy in suppressing tumor incidence by preferentially targeting
cancer stem cells (740) and inhibiting bone metastasis (73) in triple negative breast
cancer xenografts. Higher sensitivity to Dasatinib is also found in triple negative breast
cancer cells (120-122). These studies encourage us to test FAK/SFKs inhibition in
triple negative breast cancer.

When the Hippo pathway is turned off by upstream mechanical or biochemical
signals, YAP/TAZ enter the nucleus and form a complex with transcriptional enhanced
associate domain (TEAD) to induce gene transcription. K-975 inhibits YAP/TAZ
signaling by inhibiting the protein-protein interactions between YAP/TAZ and TEAD,
and its potent efficacy has been shown in NF2-deficient mesothelioma cells (747). The
effects of K-975 on matrix stiffness-induced YAP activation can be evaluated in HER2
positive and triple negative breast cancer cells. Also, we can compare the K975
sensitivity in LATS1/2 or MOB1A/B knockout breast cancer or B77 cells. Furthermore,
we can test the efficacy of K-975 alone or in combination with Lapatinib in HER2

positive models and in combination with chemotherapy in triple negative models.
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