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Investigating the Role of Paxillin in Mammary Gland Morphogenesis and Breast Cancer 

Progression 

Weiyi Xu 

Abstract 

Breast cancer is one of the most invasive cancers among women. Understanding the 

mechanisms contributing to breast cancer progression may identify potential ways to 

prevent and cure the disease. Meanwhile, mammary gland morphogenesis shares 

similar mechanisms to allow the ducts to invade and occupy the fat pad. Thus, it is 

equally important to investigate the normal mammary gland development as breast 

tumor progression. Paxillin, as a focal adhesion scaffold protein, has previously been 

implicated in multiple types of cancer cell migration and invasion through its role in cell-

ECM signaling. Herein, I utilized a novel paxillin conditional knockout mouse model and 

paxillin knockout mouse crossed with PyMT breast tumor mouse model to show that 

paxillin is critical for both mammary gland morphogenesis and breast tumor 

progression.  

In Chapter 2, by evaluating the developing mammary gland morphology with 

immunohistochemistry and the three-dimensional cultured mammary organoids and 

acini, a critical role of paxillin was shown in facilitating apical-basal polarity formation in 

the luminal epithelial cells in part, through its control of HDAC6 activity and associated 

microtubule acetylation. Correct polarization and columnar shape of the epithelial cells 

potentially contributes to lumen formation and branching of the ducts.  

Investigation in Chapter 3 highlights a crucial role of paxillin in breast cancer 



 xiii 

invasion and distant organ metastasis, but did not affect the primary tumor growth rate. 

Further analysis revealed that paxillin is required for the endocytosis and recycling of E-

cadherin, which is important for the maintenance of Adherens junction equilibrium 

during cancer cell collective migration.  

This thesis characterizes the roles for paxillin in mammary gland morphogenesis and 

breast cancer progression and reveals the importance of paxillin-dependent apical 

trafficking in normal epithelial cells, and E-cadherin trafficking in collective migrating 

tumor cells. Together, this work highlights a trafficking-dependent mechanism for 

paxillin during both physiologic and pathologic processes in the mammary gland.  
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Chapter 1: 

General Introduction and Background 
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Mammary gland morphogenesis 

In mammals, the mammary gland includes stromal and ductal (epithelial) cells 

that communicate with each other through extracellular matrix (ECM) to fulfill its 

morphogenesis [1-3]. The stroma consists of multiple components: fibroblasts, 

adipocytes, immune cells, blood vessels and ECM [4]. The mammary duct is composed 

of two layers of epithelial cells and a thin layer of ECM called basement membrane (BM) 

[5]. The main matrix protein in the BM is laminin-1, it separates the epithelium from 

stroma and provides structural and signaling support for mammary gland development 

and function[2, 6-8]. The myoepithelial cells envelope the duct and are thought to 

contain a sub population of regenerative mammary stem cells [9]. The luminal epithelial 

cells are columnar shaped cells that are highly polarized and tightly held together 

through adherens junctions and tight junctions, thus, allowing the luminal epithelium to 

form the ductal structure [10]. 

The development of mammary gland is a multistage process. Beginning 

approximately on embryonic day 10.5 (E10.5), the mouse mammary gland starts to 

develop. From E11.5 to E18.5, the mammary placode, mammary bud and rudimental 

duct tree are sequentially formed, and then the gland becomes quiescent [11]. Later, 

promoted by hormones such as estrogen, the rudimentary gland turns into a puberty 

stage gland at approximately 3-4 weeks of age [12]. During this stage, the tips of the 

rudimental duct differentiate into bulb-shaped structures, which are called terminal end 

buds (TEBs) to guide the growth of the ductal tree throughout the puberty stage (Figure 

1) [13]. The TEBs proliferate, bifurcate, branch, and invade into the whole fat pad to 
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form a ductal tree. They consist of two layers of progenitor cells – cap cells composed of 

the outer, single-cell layer and body cells form the inner, multi-cell layer. Mammary 

gland morphogenesis at the puberty stage consists of a process of collective migration 

of non-polarized TEB cells followed by duct elongation, lumen formation and epithelial 

cell polarization [2]. During duct elongation, the cap cells and body cells differentiate 

into myoepithelium and luminal epithelium respectively [14]. Once the TEBs reach the 

edge of the gland they regress [15]. Additional mammary gland development happens 

during pregnancy. Stimulated by progesterone and prolactin, the luminal epithelial cells 

differentiate into secretory alveoli cells that are capable of producing milk proteins and 

lipid droplets [16, 17]. After weaned, the alveoli cells undergo apoptosis and the 

mammary gland converts back to the adult stage. This is called “involution” [18]. The 

differentiation, lactation and involution cycle can occur repeatedly during an animal’s 

lifetime. 

Mouse Mammary Gland Development

 
Figure 1. Schematic of mammary gland development. The pre-puberty, puberty, adult, 

differentiation/lactation and involution stages of mouse mammary gland. The structure of terminal 
end bud (TEB) is shown in the insert. Adapted from Lewis [12]. 
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Apical-basal polarity of the luminal epithelial cells and lumen formation 

Establishment of apical-basal polarity is crucial for mammary gland 

morphogenesis as well as for its function, and it is characterized by cell-cell and cell-ECM 

interactions, polarized trafficking of cellular components and formation of a central 

lumen [19-21]. Three major protein complexes – the PAR, CRB and SCRIB complex – are 

crucial for the epithelium polarity formation.  

Epithelial Cell Polarity Determinant Complexes 

Figure 2. Polarity complexes along apical-basal axis. PAR (Par3/Par6/aPKC) and CRB 

(Crumbs/Pals1/Patj) complexes are localized to the apical region. SCRIB complex is localized to 

the basolateral region. Adapted from Montell DJ [22]. 

 

The PAR complex is composed of Partitioning Defective 3 and 6 (Par3/6), atypical 

protein kinase C (aPKC) and the Rho GTPase family member, cell division control protein 

42 (Cdc42) [23-25], and the CRB complex contains Crumbs (CRB), the associated 

cytoplasmic proteins Pals1 and Pals1-associated tight junction protein (Patj) [26]. While 

these two complexes are apically localized, the basal-lateral SCRIB complex consists of 
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Scribble (Scrib), lethal giant larvae (Lgl) and disc-large (Dlg) [27]. The PAR complex is the 

master regulator amongst the three, as Par3 together with other PAR complex proteins 

localize to the tight junctions and therefore recruit the CRB complex to the apical region 

of the cell [28]. Meanwhile, the SCRIB complex is inactivated by aPKC-dependent 

phosphorylation of Lgl and promotes basal membrane identity [29]. These apical 

proteins are regulated by a trafficking machinery that involves the Rab small GTPases, 

including Rab11a and Rab8, RAB8-specific GEF (Rabin8) and class V myosin motor B 

(Myo5 B) that binds directly to Rab11a, to facilitate apical recycling and transcytosis [30, 

31]. In addition, in the de novo lumen formation scenario, the Rab11a vesicles 

containing apical components are delivered to a region called the Apical Membrane 

Initiation Site (AMIS) to then promote lumen formation (figure 2) [30]. 

Apical Membrane Initiation Site and lumen formation 

Figure 3. Schematic of Apical Membrane Initiation Site and lumen formation in response to 
ECM signaling. By binding to the ECM, non-polarized cells activate focal adhesion signaling and 
modulate the activity of different Rho GTPases. Subsequently cells activate Rab11 mediated 

transcytosis for apical domain initiation and lumen formation. Adapted from IJzendoorn [32]. 
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In non-polarized cells, the apical proteins are randomly distributed in the cytosol 

along with a fragmented Golgi apparatus [33]. Triggered by internal and external signals, 

such as integrin-dependent extracellular matrix (ECM) signals [34], growth factors [35-

38], mechanical stress [39-41], and transcription factors [42], the non-polarized cells 

begin to establish polarity. For example, in a primary mouse epithelial cells (MECs) 3D 

culture study, β-integrin associates with integrin-linked kinase (ILK) to form a complex 

that interacts with the plus end of MT, which further guides the polarized trafficking of 

apical proteins, governs the sub-apical orientation of Golgi apparatus, and eventually 

promotes the development of lumens [34]. Also, in an MDCK cyst model, α2/β1 and 

α3/β1-integrin complexes bind to and sense the composition and rigidity of the ECM to 

activate the FAK-p190RhoGAP signaling axis and trigger downstream effectors to orient 

apical-basal polarity (figure 3) [43].  

Three-dimensional organoids culture 

In the past, human tissue morphogenesis, as well as organ normal and disease 

states are challenging to study primarily due to the inaccessible of optical visualization. 

The traditional two-dimensional (2D) cell culture on glass or plastic revealed 

fundamental biological findings, for example, identifying key molecules for any cellular 

processes – cell proliferation, migration, apoptosis, etc. [44] However, cells cultured on 

2D substrates lose contact with their original environment, thus do not represent the 

cell-cell and cell-ECM interactions as in the tissues [45].  
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Types of Organoid Culture 

Figure 4. Different cellular inputs for organoid culture. a) Embryonic kidney tissue section 

undergoes branching morphogenesis in 3D culture. b) Mammary epithelium embedded in 

Matrigel form branched organoids. c) Primary human keratinocytes cultured on cell-culture-inserts 

form stratified epidermis. Adapted from Ewald [46]. 

 

To bridge the gap between the detailed understanding of cellular processes and 

the insufficient knowledge at tissue level, people have developed ex vivo three-

dimensional organoid culture techniques to better reconstitute organ function. Several 

approaches have been used to generate the cellular resources for organoid culture. The 

whole-organ and organ-slide culture is used for a wide-range of organs, such as skeletal, 

kidney, lung, liver, etc., and are usually restricted to embryonic or thin organs studies 

[47-49]. In addition to whole-organ culture, organs like the mammary gland can be 

digested into small pieces of tissue fragments and then subjected to 3D culture. The 

fragments of mammary epithelium are free from the native stroma cells and ECM, thus 

adding external growth factors or drugs, as well as changing the component or rigidity 

of the matrix will reveal their effect on the organoid morphogenesis [50].  
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Furthermore, organoids can also be generated from single-cell suspensions. With 

different cell types, this approach allows people to generate more complex chimeric 

tissues to reveal mechanisms involving epithelial-stromal crosstalk (figure 4) [51-53]. In 

combination with the different organoid culture techniques in animal studies, patient-

derived organoid culture could potentially be applied for personalized therapy and 

medicine screening [54].  

Breast cancer in humans 

For the women in the U.S., breast cancer is the second most commonly 

diagnosed cancer and approximately 12.5% of women will be diagnosed with breast 

cancer at some point during their lifetime based on statistics from the American Cancer 

Society [55].  

Defined by whether the tumor is non-invasive or invasive, the breast cancer can 

be referred to as ductal carcinoma in situ (DCIS), or invasive ductal/lobular carcinoma 

(IDC or ILC) [56]. Clinically, breast cancer can also be categorized in different groups by 

biomarkers, such as the human epidermal growth factor receptor 2 (HER2) gene and 

hormone receptor status. The two types of hormone receptors, Estrogen receptors (ERs) 

and Progesterone receptors (PRs), are critical in diagnosis and treatment of the cancer 

[57-59]. Basically, luminal A breast cancer, that is composed of tumors that are ER 

positive and PR positive but negative for HER2, is most likely to benefit from hormone 

therapy and chemotherapy [60, 61]. Luminal B breast cancers are tumors with ER 

positive, PR negative and HER2 positive. This type of cancer also benefits from hormone 

therapy, chemotherapy as well as treatment targeting HER2 [62, 63]. The HER2 positive 
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breast cancer can only benefit from chemotherapy and treatment targeted to HER2, 

since these tumors generally lack estrogen receptor and progesterone receptors [64, 

65]. Lastly, HER2, ER and PR triple negative breast cancer, also called basal-like cancer, is 

considered to be more aggressive, higher grade and have a poorer prognosis than other 

types of breast cancers [66]. Reports have shown that about 10-20% of the breast 

cancer patients are triple-negative cancers [56, 67]. Patients with triple-negative breast 

cancer suffer from a multi-step and poorly understood process that includes genetic 

alterations, tumor/stroma crosstalk, tumor invasion and distant metastasis, and they 

cannot be treated with endocrine therapy or therapies targeted to HER2 [68, 69], 

therefore, putting more efforts into animal studies will be beneficial for fully 

understanding the mechanism for cancer progression, as well as for testing new drugs 

for new clinical trials [70-72].  

MMTV-PyMT mouse model 

There are variety of ways to recapitulate human breast cancer progression in 

animal models, such as tumor cell tail vein injection [73], portal vein injection [74], 

syngeneic or xenograft tumor transplantations [75, 76], and genetic modification [77].  

Genetically modified mice are widely used to study different stages of mammary 

gland development as well as breast cancer progression [78-80]. Mammary epithelial 

cell specific promoters, Whey Acidic Promoter (WAP) and Mouse Mammary Tumor Virus 

(MMTV) promoter, can be used to drive the expression of transgenes in the mammary 

epithelium. While the WAP promoter is induced by pregnancy, the MMTV promoter is 

driven by progesterone stimulation [81, 82]. The well-characterized and most widely 
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used tumor mouse models are the MMTV-Neu and MMTV-PyMT models. The MMTV-

Neu mouse model develops adenocarcinomas with lung metastases at about 15 weeks 

after their pregnancy [83, 84]. Whereas, the MMTV-PyMT transgenic mice develop 

multifocal mammary adenocarcinomas, metastases to the lymph nodes and the lungs at 

about 14 weeks after tumor palpation, and are characterized by short latency, high 

penetrance and are independent of pregnancy [84]. 

The MMTV-PyMT transgenic mouse utilizes the Polyoma Middle T (PyMT) viral 

protein to induce transformation of epithelial cells under the control of MMTV 

promoter [85]. Although in normal conditions, PyMT is not expressed in human breast 

cancer cells or mouse epithelial cells, it binds to and co-activates several tumor genetic 

signal transduction pathways, including Src family kinases, the Ras and PI3 kinase 

pathways, which are highly associated with breast cancer formation [86]. Multiple 

studies have shown that ERs and PRs are lost in this mouse model, with overexpression 

of HER2, which recapitulated the human breast cancer with poor prognosis [85, 87]. The 

progression of tumors in the PyMT model also undergoes similar stages as in human 

breast cancer progression [88-90]. As early as 4 weeks of age, mammary hyperplasia can 

be detected in this model. In this stage, tumor epithelial cells overgrow inside the ducts 

with the surrounding basement membrane (BM) unaffected. Hyperplasia is described as 

usual or atypical based on whether the tumor cells increase the nuclear/cytoplasmic 

ratio in comparison to normal epithelial cells [91]. By 8 to 9 weeks, the majority of 

tumors turn to adenoma/mammary intraepithelial neoplasia (MIN) stage, which is 

characterized by increased size of primary tumor confined by a BM and with no 
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evidence of tumor invasion [92]. Later, adenoma/MIN tumors develop into carcinoma. 

Early carcinoma is the initial stage of malignant transition that occurs at 10 weeks of 

age. The tumor cells become different in nuclear morphology, size and shape, and the 

primary tumor no longer surrounded by the BM [93]. PyMT tumors at early carcinoma 

stage are similar to human DCIS with early stromal invasion (figure 5) [94]. Finally, by 

the 10 weeks of age, the early carcinoma stage primary tumors progress to the 

advanced/late carcinoma stage. At this stage, little or no acinar structures are remained, 

the tumor is composed of solidly packed tumor epithelial cells. These tumors are similar 

to the human invasive ductal carcinoma [95]. 

MMTV-PyMT Mouse Model 

Figure 5. Schematic of tumor progression in MMTV-PyMT mouse model. PyMT mice 

develop breast tumors as hyperplasia, adenoma and carcinoma stages, with different cellular 

morphology and biomarkers represented. Adapted from Pollard [87]. 
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The PyMT model not only recapitulates the progression stages of human breast 

cancer but also expresses similar pattens of biomarkers associated with poor prognosis 

in human breast cancer, such as genes in PI3K-AKT pathway [96], genes involved in 

angiogenesis [97], Peroxisome proliferator-activated receptor γ (PPARγ) [98] and colony-

stimulating factor 1 (CSF-1) [99, 100], therefore, this model has been widely used in 

studying the roles of specific genes during breast tumor progression. In this thesis, the 

PyMT mouse model will be utilized to assess the function of the focal adhesion protein, 

paxillin in breast cancer progression (Chapter 3).   

Parallels between mammary gland morphogenesis and breast cancer progression 

During puberty associated morphogenesis and reproductive cycles, the 

mammary gland displays similar properties associated with breast cancer, and many of 

the critical factors for mammary development also promote or prohibit breast cancer. 

At the cellular level, the developing mammary epithelial cells undergo rapid 

proliferation, invade into the fat pad, become resistant to apoptosis and induce 

angiogenic remodeling, which are highly comparable to solid tumor proliferation, 

invasion and angiogenesis during its progression  [101, 102].  
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Parallels Between Mammary Morphogenesis and Tumorigenesis 

Figure 6. Compare and contrast TEB and breast tumor. The TEBs share similar features with 

breast cancers and being regulated by some common signal pathways including integrin-ECM 

signaling, TGFβ signaling, secretion of MMPs and regulation of cadherins. Adapted from Lewis 

M.T [12]. 

 

Multiple molecular signaling networks are also activated in both mammary gland 

morphogenesis and tumorigenesis. For example, upon binding to the ECM component 

laminin-1 through β1-integrin, several metalloproteinases (MMPs) are released to the 

basement membrane and cleave the laminin-5, which collectively induces epithelial cells 

to invade into the fat pad [103]. Likewise, β1-integrin is involved in breast cancer cell 

migration and invasion by regulating MMPs expression and deposition (figure 6) [8, 104, 

105].  

In addition, during duct elongation, cell-cell adhesion molecule placental-

cadherin (P-cadherin) is required to maintain the body cell organization and epithelial-

cadherin (E-cadherin) is required for adherens junctions (AJs) formation in the luminal 

epithelial cells to prevent cells detaching from the ducts (figure 6) [106, 107]. Although 
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the traditional view of invasion and metastasis was implied to be initiated by the loss of 

E-cadherin, increasing evidence indicates that E-cadherin negative cells display elevated 

apoptosis rates, reduced circulating tumor cell number and decreased distant organ 

metastasis [108, 109]. This suggests a critical role for the cell-cell adhesion proteins 

during tumor invasion, and in the case of cancer cell invasion leads to a phenomenon 

known as collective migration. 

Collective migration 

In mammals, two modes of cell migration have been described: cells either 

retain cell-cell adhesions and migrate collectively as epithelial sheets, or undergo 

epithelial-to-mesenchymal transition (EMT) and migrate as individual mesenchymal cells 

[110]. It is known that epithelial cells display highly motile behavior during embryonic 

development, tissue morphogenesis as well as tumorigenesis. In normal development, 

cells within the epithelium move relative to one another to achieve global movement 

while retaining tissue integrity [111]. During tumorigenesis, a portion of tumor cells 

undergo partial epithelial-to-mesenchymal transition (EMT), while cells still connected 

with each other, move collectively to achieved efficient invasion and distant organ 

metastasis [109].  

Collective migration is defined as the movement of a multicellular group in a way 

that the cell-cell junctions are retained over a prolonged period of time. During this type 

of migration, cell–cell adhesion together with cell–matrix adhesion signaling contribute 

to the regulation of the speed, direction and organization of the multicellular group 

[112-114]. Typically, the cells at the leading edge (known as leader cells) of the group 
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bind to and degrade the contacting ECM and generate traction force by actomyosin-

mediated contractility, as a consequence, dragging the following cells inside that group 

(known as follower cells) to move together through the cell-cell adhesion systems [115-

118]. These adhesions include cell-cell adherens junctions (AJs), tight junctions, gap 

junctions and desmosomes, which together maintain cell–cell cohesion, cytoskeletal 

organization, mechanical transmission and cell-ECM signals [119-122].  

Among the junctions, AJs function primarily to retain the cell adhesive 

properties. Key to the formation and function of the AJs are the constituent structural 

proteins – cadherin/catenin-based complex that formulate the assembly of the cell-cell 

anchoring sites and also tether actin filaments to these junctions [123, 124]. Cadherins 

constitute a large family of transmembrane proteins, including E (epithelial)-, N 

(neural)-, VE (vascular-endothelial)-, P (placental)-, R (retinal)-, and K (kidney)- cadherins 

[125]. The extracellular region of E-cadherin binds to cadherins present on adjacent cells 

to form homotypic adhesions, whereas its intracellular region interacts with p120-, α-, 

β-, and γ-catenin [123]. Dissociation of AJs can influence E-cadherin endocytosis, and 

vice versa, therefore, dysregulation of endocytosis in cells will cause the disassembly of 

AJs [126, 127] (figure 7). Also, the structural integrity of the E-cadherin/β-catenin 

complex can be regulated by their phosphorylation status. Phosphorylation of E-

cadherin or β-catenin by Ser/Thr kinase casein kinase 2 (CK2) stabilizes the complex 

[128, 129]. However, phosphorylation of Tyr 142 β-catenin by Src family kinases Fyn, 

Fer, or the receptor tyrosine kinase c-Met disrupts the E-cadherin/β-catenin interaction 

and cell-cell adhesion [130, 131]. Increased cytosolic β-catenin promotes a Wnt-
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signaling dependent gene regulation and thus feedback to further influence AJ 

organization and integrity [132, 133].  

E-cadherin and Collective migration

 

Figure 7. Collective migrating cells with AJs. To prevent E-cadherin/β-catenin dissociation, 

the intracellular part of the adhesion complex can be strengthened either via the balance of E-
cadherin trafficking or phosphorylation status of p120-catenin.  

 

During collective migration, the leader cells also bind to ECM and activate a Rho 

GTPase-dependent signaling cascade that promotes actin polymerization at the front 

side of the cell to form actin-rich protrusions at the leading edge [117, 118, 134]. 

Additionally, β1-integrin association with the ECM induces production and secretion of 

MMPs into the ECM, thus leading to the degradation of the ECM [104, 135]. While the 

leader cells promote the forward movement facilitated by the signals at the leading 

edge, the RhoA-ROCK dependent actomyosin contractility�mediated retraction at the 

rear edge of the cell drags the follower cells allowing them to move forward as a 

cohesive unit [136].  
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Together, these molecular regulation events at cell-cell and cell-ECM junctions 

imply that collective cell migration is a highly regulated process at multiple levels that 

ensure the proper development of the embryo and tissue morphogenesis and are also 

hijacked to facilitate tumor progression.  

Modes of invasion during collective tumor dissemination 

Although the traditional view of tumor progression is associated with elevated 

EMT in individual tumor cells, increasing evidence showed that in both high- and low-

grade epithelial cancers, such as breast, colon and prostate carcinoma, the histology of 

distant metastases are similar to the primary tumor, with little signs of EMT, suggesting 

that tumor invasion and metastasis can happen without EMT [137].  

Modes of Tumor Dissemination 

Figure 8. Schematic of tumor dissemination in different ways. Individual and collective 

invasion are able to undergo interconversion between modes. Adapted from Sanz-Moreno [138]. 
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With the help of advanced techniques, such as intravital microscopy in vivo and 

3D tumor culture ex vivo, studies have revealed that tumor cells are frequently able to 

move as loosely adherent streams of cells, scattered clusters of cells or migrate 

collectively as cell strands and sheets (figure 8) [138]. 

Multicellular streaming 

In the case of multicellular streaming tumor invasion, cells move one after 

another, following the same path within the tissue. Streaming cells are typically oriented 

by pre-generated gaps in the stroma ECM, and utilize weak or transient cell-cell 

adhesions [139, 140]. Another key regulator for cancer cells streaming is morphogen 

gradients. In cancers, secreted by both cancer cell, macrophage, blood vessel and 

fibroblast, growth factors – epidermal growth factor (EGF), vascular endothelial growth 

factor (VEGF) and colony stimulating factor 1 (CSF1), act in a coordinated manner to 

stimulate directed migration of the streaming cells [140-142]. Interestingly, a key 

feature of this mode of migration is that the cytoskeleton of each cell in the stream 

responds independently to the ECM, hence, generating traction forces that allows them 

to achieve fast velocities, similar to cells migrating individually [143, 144]. By utilizing 

the intravital imaging technique, multicellular streaming has been observed in breast 

cancer and melanoma models [145]. 

Tumor budding 

Tumor budding was defined as a small group of tumor cells (approximately five 

cells) that localized at the head of the invasion front but break away from the main 
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tumor mass [146, 147]. The main feature of budding tumor dissemination shows a 

uniform phenotype, irrespective of the differentiation of the main tumor mass [148]. 

Tumor budding as a prognostic factor, has been associated with poor outcomes in 

colorectal cancer, invasive ductal breast carcinoma, pancreatic carcinoma, gastric 

adenocarcinoma, gallbladder cancer, head and neck cancer, lung cancer [149-156]. 

Tumor budding has been shown to be associated with a partial EMT, since the 

membrane localization of E-cadherin and β-catenin is reduced compared with the 

primary tumor mass in various cancers but the level of mesenchymal marker-vimentin is 

not well-correlated with the tumor budding phenotype [138, 157]. Conversely, other 

EMT-inducing signaling pathways, such as TGF-β and Wnt signaling, have been reported 

to be activated in tumor budding [158]. 

Tumor cells can spontaneously switch between different modes of dissemination 

in response to environment cues [159-161]. Observed in colorectal carcinomas, tumor 

cells exhibit streaming, budding and individual cells phenotypes [162, 163]. The ability of 

switching is tightly regulated by various cues. For example, the rigidity and component 

of the ECM, as force�mediated ECM remodeling favors collective cell invasion in breast 

carcinoma. Also, molecular cues such as Rho GTPase mediated cytoskeletal 

organization, integrin mediated ECM degradation, are critical in regulating the plasticity 

[138]. 
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Single cell migration 

In addition to collective cell migration, single cell migration is another critical 

mechanism in cancer progression. Tumor cells undergoing a total epithelial-

mesenchymal-transition (EMT) lose their cell-cell junctions, exhibit elongated or spindle-

like morphology and demonstrate decreased levels of epithelial marks, such as E-

cadherin, cytokeratin and claudins, and increased mesenchymal markers, such as Snail, 

ZEB1/2, Twist and Vimentin [164]. As a result, these cells dissociate from their neighbors 

but show enhanced cell-ECM adhesion, display high migration velocity and individual 

movement [165]. 

TGF-β signaling is known to be critical in inducing the EMT processes through 

canonical and non-canonical pathways. At the gene regulation level, which is also known 

as canonical pathway, external TGF-β binds to its receptor on the plasma membrane to 

activate Smad2/3 complex, which in turn activates the transcription of mesenchymal 

genes, such as the Snail family, ZEB family and Twist [166]. Also, in response to TGF-β, 

the Ras-Erk MAP kinases pathway is activated, which then triggers the downstream 

MEK1/2 kinases cascade to down-regulate E-cadherin and up-regulate N-cadherin and 

MMPs expression [167-169].  Furthermore, TGF-β activates the PI3 kinase-Akt pathway, 

which leads to α-smooth muscle actin expression and E-cadherin down-regulation [170]. 

In addition, TGF-β can induce EMT in a non-canonical pathway, via cytoskeletal 

reorganization – through the regulation of Rho GTPase activity. TGF-β increases the level 

of active form of RhoA in the cell, in turn activates ROCK, which further promotes actin 

stress fiber formation, and inactivates the actin-depolymerizing protein cofilin in a LIM 



 21 

kinase-dependent fashion [171, 172]. Another downstream factor of TGF-β signaling is 

transforming growth factor beta 1 induced transcript 1 (TGFB1i1), also known as Hic-5 

[173]. Hic-5, a focal adhesion protein promotes actin stress fiber formation and 

invadopodia assembly, and coordinates with RhoA-ROCK to regulate EMT and invasive 

migration [174, 175]. 

Individual cell migration requires cell-ECM adhesions and MMP activity. In fact, 

single cells often display two distinct modes of migration: mesenchymal and amoeboid. 

The amoeboid cells exhibit rounded or spheroid morphology. During migration, the 

amoeboid cells assemble fewer or even totally lack cell-ECM adhesions but form actin-

rich, highly contractile membrane blebs [176]. These features allow the cells to squeeze 

through the pre-existing spaces in the stromal ECM, therefore migrating in an ECM-

independent way. The low-adhesion attachment to the substrate, independent of ECM 

degradation enables amoeboid cells to move in the ECM at relatively high velocities 

compared with mesenchymal cells [177].  

Plasticity during tumor cell migration 

Mesenchymal and amoeboid modes of tumor cell migration are interchangeable 

when suppressing or promoting the activity of specific molecular pathways, such as 

integrin-ECM signaling and balance between Rac1 and RhoA GTPase activities, 

therefore, cells can switch between these two migration modes rapidly [178-180] (figure 

9). This ability for the cell transition is also known as cell plasticity (Mesenchymal-

Amoeboid Transition or Amoeboid-Mesenchymal Transition) [181]. However, the cells 
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mesenchymal-amoeboid transition was only been observed in vitro, and the relevance 

in vivo is still to be evaluated. 

Plasticity of Tumor Cells 

Figure 9. Schematic of tumor cells undergone MAT or AMT. The mesenchymal and 
amoeboid modes can interchange with the key features switching. Modified from Turner [182] . 

 

Focal adhesions 

Focal adhesions (FAs) are adhesive contacts that physically link the ECM with the 

intracellular actin cytoskeleton via transmembrane integrins and associated proteins 

[183-187]. These adhesions transduce signals from the ECM to regulate cell behaviors 

such as cell migration, invasion, cell motility and cell membrane dynamics [188-192]. 

With the principal component αβ-integrin heterodimers, Focal adhesion kinase (FAK), 

Src and adapter protein-paxillin, the FAs contain over 150 associated proteins (figure 10) 

[193, 194]. After the integrins binding to ECM, signaling proteins (FAK, Src and paxillin) 
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are recruited to FAs and phosphorylated [184, 195, 196], therefore recruit Actopaxin (α-

parvin)  [197, 198] and vinculin [199] to FAs and further open up binding sites for zyxin, 

VASP and α-actinin to modulate actin cytoskeleton organization [198-202].  

Focal Adhesion 

Figure 10. Schematic of focal adhesion. The adhesion of a cell to the ECM through integrins, 

leads to the recruitment and phosphorylation of FAK, Src and paxillin. Then recruit vinculin, 

Actopaxin and other protein to FAs to regulate actin polymerization. Adapted from Turner [203]. 

 

The Rho family GTPases is a family of signal transduction molecular switches that 

control the actin cytoskeleton reorganization upon GTP binding [204-206]. Three classes 

of regulators have been identified to modulate Rho GTPase activity: guanine nucleotide 

factor (GEF) that stimulates the exchange of GDP for GTP, GTPase activating protein 

(GAP) that promotes hydrolysis GTP to GDP [207, 208], and guanine nucleotide 

dissociation inhibitor (GDI) which binds to the GDP-bound form of Rho GTPases to keep 

them in an off-state [209]. While GEFs activate Rho GTPases, GAPs and GDIs negatively 

regulate them [210, 211]. The RhoA, Rac1 and Cdc42 are the major Rho GTPase signal 
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transducers and amplifiers of the ECM-integrin signaling. For example, the Rac1 and 

Cdc42 can interact with WASP/WAVE complex to regulate the actin nucleators Arp2/3 

and promote wave-like, actin-rich lamellipodia [212, 213]. In addition, Rac1 effector PAK 

phosphorylates and inhibits the activity of cofilin, which results in new actin filament 

generation and actin branching to stimulate lamellipodia extension [214, 215]. 

Furthermore, RhoA activates Rho-associated kinase (ROCK) to phosphorylate non-

muscle myosin II and myosin light chain (MLC) phosphatase, which in turn, increases the 

actomyosin-driven contractility of the cells to facilitate amoeboid cell movement [215-

217].  

Focal adhesion adaptor  

Paxillin superfamily members 

Paxillin is a 68kDa, tyrosine-phosphorylated protein that localized to focal 

adhesions [196]. It was first discovered in 1990 and subsequently, two more proteins, 

Hic-5 (hydrogen peroxide inducible clone-5 or transforming growth factor beta 1 

induced transcript 1 – TGFB1i1, 50kDa) [218] and leupaxin (45kDa) have been 

discovered as members of the Paxillin superfamily [219]. In normal adults, paxillin is 

ubiquitously expressed in all tissues [220-222], while Hic-5 is restricted in smooth 

muscle tissues [222, 223]and leupaxin is primarily expressed in hematopoietic cells [203, 

219]. 

All of the paxillin family members have N-terminal LD motifs and C-terminal LIM 

domains (Figure 11). The LD motif consists of short, amphipathic, leucine- and aspartate 
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rich α-helices, with unique flanking sequences between LD motifs, thereby mediates 

interactions with structural and signal proteins (Figure 12) [198, 224-229]. Between the 

LD1 and LD2 motifs of paxillin, there is a proline rich region that functions as Src 

Homology 3 (SH3) binding domain and could provide direct interaction with Histone 

deacetylase 6 (HDAC6) [230, 231]. The three paxillin superfamily members contain four 

highly conserved LIM domains, which are histidine-rich, double-zinc finger motifs and 

function as focal adhesion docking sites [182, 224, 230, 232].  

Paxillin Superfamily Members 

Figure 11. Schematic of the paxillin superfamily proteins. The three paxillin family members, 
paxillin, Hic-5 and Leupaxin exhibit N-terminal LD motifs and C-terminal LIM domains that 

facilitate protein binding and focal adhesion targeting. Modified from Turner [182]. 

 

Paxillin, as a focal adhesion adapter/scaffold protein, recruits multiple binding 

partners, such as Actopaxin (Parvin), vinculin, Crk, ILK and GIT/PIX/PAK, to focal 

adhesions to activate downstream signaling pathways [198, 227, 228, 233-236]. A direct 

interaction of LIM domain of paxillin and Kindlin, which binds to the cytoplasmic tail of 

integrin, allows paxillin to target to focal adhesion sites and activate downstream 

signaling cascades (figure 12) [237].  
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The classic paxillin interacting partners, such as the focal adhesion kinase (FAK), 

integrin-linked kinase (ILK) and PTP-PEST phosphorylate and dephosphorylate multiple 

sites in paxillin therefore promoting the binding of paxillin to additional proteins [238, 

239]. Additionally, paxillin directly interacting with Actopaxin (α-parvin) [198] and 

vinculin [196], consequently, modulating actin organization in response to ECM 

adhesion [240, 241]. In addition to direct binding to actin-binding proteins, paxillin 

regulates actin cytoskeletal reorganization by interacting with GEFs and GAPs of Rho 

family GTPases. For example, paxillin recruits SH2-containing protein-Crk when Y31 and 

Y118 are phosphorylated [236], which then binds to a Rac1 GEF – DOCK180 [242]. Also, 

paxillin interacts with p120RasGAP, an inhibitor of p190RhoGAP, through the same Y31 

and Y118 phosphorylation sites to activate RhoA [243]. Furthermore, the LD4 motif of 

paxillin binds with GIT1/GIT2, which is also called paxillin kinase linker (PKL), to form 

PKL/β-PIX/PAK complex which regulates Rac1 and Cdc42 activity and signaling via PAK 

[182, 227, 244]. In addition to the canonical focal adhesion signaling related binding 

partners, recent work showed paxillin also interacts with HDAC6 through a proline rich 
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domain, emphasizing novel HDAC6-mcrotubule acetylation-dependent signaling 

pathways that regulated by paxillin [231].   

Paxillin Binding Partners 

Figure 12. Schematic of overview of the complex signaling network of paxillin. Paxillin as 

adapter protein at focal adhesions, recruits the binding partners to regulate focal adhesion 

signaling, GTPase activity and cytoskeletal organization. Modified from Turner [182]. 

 

Paxillin in establishment and maintenance of cell polarity 

As introduced in the previous sections, the epithelial cells in a 3D environment 

form apical-basal polarity, while the epithelial or mesenchymal cells migrating on 2D or 

in 1D matrix establish front-rear polarity. Early studies demonstrated a key role for 

paxillin in maintaining mesenchymal front-rear cell polarity, as paxillin phosphorylates 

and activates GIT/PKL/β-PIX/PAK complex to regulate the cell-ECM crosstalk, thereby 

controls cell polarity and directed migration [245], and it is likely through the regulation 

of Rac1 and Cdc42 activity [246, 247]. However, more recent studies have revealed a 

separate mechanism for paxillin in regulating cell polarity. In 2014, Deakin N.O. et al. 

demonstrated a role for paxillin in regulating HDAC6 interaction at the proline rich 
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region of paxillin and showed a critical role for paxillin in control of tubulin acetylation 

and also Golgi orientation as well as cell polarization [231]. Additionally, paxillin 

mediated HDAC6 inhibition was found to be important in centrosome cohesion and 

anterograde vesicle trafficking to the plasma membrane (figure 13) [246].  

Paxillin regulates front-rear polarity 

Figure 13. Paxillin-dependent HDAC6 inhibition in MT acetylation and the effect in front-
rear polarity formation. Paxillin promotes MT acetylation in mesenchymal cells and in turn 
regulates Golgi position and centrosome cohesion. Anterograde vesicle trafficking is dependent 

on acetylated MT. Together facilitate the establishment of front-rear polarity. Modified from Turner 

[182]. 

 

In front-rear polarity formation, paxillin regulates the microtubule (MT) 

acetylation via HDAC6 inhibition, but does not change the overall level or distribution of 

the microtubule cytoskeleton [231]. MT acetylation not only stabilizes MTs but also 

increasing the resistance of MT to mechanical breakage, therefore regulating motor 

protein binding and vesicle transportation on MT tracks [248-250]. The two 

microtubule-organizing centers (MTOCs), Golgi complex and centrosome, are regulating 

and regulated by MTs [251]. By disturbing the endogenous MT stabilizers, such as 
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CLASPs, they disrupt Golgi as well as centrosome positioning and cohesion [252-254]. 

Early study also showed paxillin mediates MT targeting to FAs to affect their 

catastrophes [255]. Depletion of paxillin results in Golgi fragmentation and centrosome 

separation, also prevents their positioning towards the leading edge of the cell [246]. 

The changes in MT acetylation, Golgi complex and centrosome after paxillin knockdown 

can be rescued by HDAC6 knockdown or tubacin (HDAC6 specific inhibitor) treatment, 

highlighting the paxillin-HDAC6-MT acetylation signaling axis in front-rear polarity 

formation [231, 246]. Additionally, paxillin regulates epithelial cell apical-basal polarity, 

and this will be fully discussed in Chapter 2. My work has now shown using a conditional 

paxillin knockout mouse model that paxillin is crucial for mammary gland development 

in part through regulation of HDAC6 in luminal epithelial cells to establish apical-basal 

polarity. 

Paxillin and Hic-5 in cell migration 

In a 2D environment, paxillin localizes to and regulates the turnover rates of FAs 

through the RhoA and Rac1 GTPase signaling, which together coordinate actin 

cytoskeleton remodeling to drive cell migration [233, 235, 243]. In a cell derived matrix 

(CDM) 3D system, the highly invasive breast cancer cells, MDA-MB-231, display plasticity 

and can switch between mesenchymal and amoeboid modes during 3D migration [174]. 

Both paxillin and Hic-5 are critical for optimal MDA cell migration in 3D substrates, 

although they have totally opposing roles in determining the invasion modes – while 

overexpressing paxillin or knocking down Hic-5 in MDA cells causes a shift to a 
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predominantly amoeboid phenotype, knockdown of paxillin or overexpression of Hic-5 

results in a hypermesenchymal phenotype [174, 233].  

Since paxillin and Hic-5 are highly homologous in protein structures, the different 

roles in regulating 3D invasion could due to the spatiotemporal regulation of Rho 

GTPases, binding affinities and their unique binding partners [182]. Indeed, both paxillin 

and Hic-5 bind to FAK, ILK, Actopaxin, vinculin and GIT(PKL) through LD domains [229], 

and interact with kindlin [256], PTP-PEST [257, 258] through LIM domains. However, 

they have unique binding partners which contributes to some unique functions. For 

example, paxillin binds to and inhibits HDAC6 through the proline rich domain, whereas 

LIM2/3 of Hic-5 but not paxillin interact with MT1-MMP to promote endothelial 

sprouting [259]. 

Indeed, Hic-5 knockdown in the MDA cells increases the RhoA activity, thus 

activating ROCK-MLC pathway that contributes to membrane blebbing and contractility 

[174, 215]. However, without the balanced Rac1 activity, excessive contractile 

membrane blebs result in amoeboid phenotype with decreased migration and invasion 

on 3D CDMs. In contrast, paxillin knockdown induced hypermesenchymal phenotype is 

associated with an increased Rac1 activity and decreased RhoA activity [174, 260]. This 

impaired GTPases activity result in robust lateral protrusions that perturb directed 

migration and reduced actomyosin contractility, respectively [214, 261]. In addition, 

paxillin depletion decreases both adhesion assembly and disassembly rates, which in 

turn causing more stable, long-lasting adhesion, slow adhesion disassembly and 

decreased 3D cell motility [174, 182]. 
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Paxillin in development 

The function of paxillin at the tissue level and in animal models have also been 

described in mice, frog, zebrafish, worm, and fly. As mentioned in the previous section, 

in normal human adults, paxillin is ubiquitously expressed [262]. The ectopic expression 

of paxillin in various cancers correlates with the overall survival and the risk of mortality 

in a cancer specific way [182], and more details will be described in Chapter 3. 

In mouse embryos, Mus musculus, paxillin is expressed in the notochord, neural 

crest and somites [263]. In the paxillin conventional knockout mouse embryos, the 

development of mesodermally derived structures such as heart and somites are 

disrupted, thus leading to embryonic lethality by the age of E9.5 [263]. In a neural-

specific paxillin knockout mouse model, the paxillin-deficient neurons migrate slower 

than control neurons, indicating that paxillin controls neuron migration during cortical 

development potentially through integrin-FAK-paxillin signaling [264]. In non-

mammalian animal models, paxillin function has been explained in frog, Xenopus laevis, 

and Zebrafish, Danio rerio, embryos [265-267]. Knockdown of paxillin in frog embryo 

reduces the speed of mesodermal cell migration during gastrulation, therefore causing 

shortened anterior-posterior axis and embryonic lethality as well [268]. Paxillin is also 

required for zebrafish embryo survival, as in paxillin knockout animals, the development 

of cardiovascular system and skeletal muscle are dramatically disturbed [266, 267]. In 
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addition, functions of paxillin in non-vertebrates have also been investigated. In the fruit 

fly, Drosophila melanogaster, ubiquitous overexpression of paxillin causes denticle 

malformation dependent larval death, through the dysregulation of Rac1 and RhoA 

activity [269]. In a separate study, paxillin mutant fruit fly larvae exhibit shortened and 

unfused muscles due to dysregulated actin dynamics and cell adhesion, therefore, they 

cannot survive beyond pupal stage [270]. Furthermore, in the worm, Caenorhabditis 

elegans, although lack of paxillin does not affect body wall muscle, it disrupts 

pharyngeal muscle function, therefore leading to starvation-dependent larval death, 

suggesting a crucial role for paxillin in regulating cytoskeletal organization and 

contractile activities [271].  

Collectively, the importance of paxillin is highlighted during embryonic 

development in various of animal models through evolution. However, the function(s) 

of paxillin in normal mammary gland and in breast cancer have not been evaluated yet. 

In this thesis, I will be utilizing mouse model to evaluate the roles of paxillin during 

mammary gland development, as well as breast cancer progression. 

  



 33 

Reference: 

1. Keely, P.J., J.E. Wu, and S.A. Santoro, The spatial and temporal expression of the 

alpha 2 beta 1 integrin and its ligands, collagen I, collagen IV, and laminin, 

suggest important roles in mouse mammary morphogenesis. Differentiation, 

1995. 59(1): p. 1-13. 

2. Alcaraz, J., et al., Laminin and biomimetic extracellular elasticity enhance 

functional differentiation in mammary epithelia. EMBO J, 2008. 27(21): p. 2829-

38. 

3. Brownfield, D.G., et al., Patterned collagen fibers orient branching mammary 

epithelium through distinct signaling modules. Curr Biol, 2013. 23(8): p. 703-9. 

4. Bryony S. Wiseman, Z.W., Stromal Effects on Mammary Gland Development and 

Breast Cancer. Science, 2002. 296(5570): p. 1046-1049. 

5. Williams, J.M. and C.W. Daniel, Mammary ductal elongation: differentiation of 

myoepithelium and basal lamina during branching morphogenesis. Dev Biol, 

1983. 97(2): p. 274-90. 

6. Romagnoli, M., et al., Laminin-binding integrins are essential for the 

maintenance of functional mammary secretory epithelium in lactation. 

Development, 2020. 147(4). 

7. Novaro, V., C.D. Roskelley, and M.J. Bissell, Collagen-IV and laminin-1 regulate 

estrogen receptor alpha expression and function in mouse mammary epithelial 

cells. J Cell Sci, 2003. 116(Pt 14): p. 2975-86. 

8. Klinowska TC, S.J., Edwards GM, Oliver JM, Valentijn AJ, Montesano R, Streuli CH, 

Laminin and beta1 integrins are crucial for normal mammary gland development 

in the mouse. Dev Biol, 1999. 215: p. 13-32. 

9. Prater, M.D., et al., Mammary stem cells have myoepithelial cell properties. Nat 

Cell Biol, 2014. 16(10): p. 942-50, 1-7. 

10. Gjorevski, N. and C.M. Nelson, Integrated morphodynamic signalling of the 

mammary gland. Nat Rev Mol Cell Biol, 2011. 12(9): p. 581-93. 



 34 

11. Hens, J.R. and J.J. Wysolmerski, Key stages of mammary gland development: 

molecular mechanisms involved in the formation of the embryonic mammary 

gland. Breast Cancer Res, 2005. 7(5): p. 220-4. 

12. Paine, I.S. and M.T. Lewis, The Terminal End Bud: the Little Engine that Could. J 

Mammary Gland Biol Neoplasia, 2017. 22(2): p. 93-108. 

13. Parsa, S., et al., Terminal end bud maintenance in mammary gland is dependent 

upon FGFR2b signaling. Developmental Biology, 2008. 317(1): p. 121-131. 

14. Hinck, L. and G.B. Silberstein, Key stages in mammary gland development: the 

mammary end bud as a motile organ. Breast Cancer Res, 2005. 7(6): p. 245-51. 

15. James M.Williams, C.W.D., Mammary ductal elongation: Differentiation of 

myoepithelium and basal lamina during branching morphogenesis. 

Developmental biology, 1983. 97(2): p. 274-290. 

16. Ball, R.K., et al., Prolactin regulation of beta-casein gene expression and of a 

cytosolic 120-kd protein in a cloned mouse mammary epithelial cell line. Embo j, 

1988. 7(7): p. 2089-95. 

17. Schmitt-Ney, M., et al., Beta-casein gene promoter activity is regulated by the 

hormone-mediated relief of transcriptional repression and a mammary-gland-

specific nuclear factor. Mol Cell Biol, 1991. 11(7): p. 3745-55. 

18. Strange, R., et al., Apoptotic cell death and tissue remodelling during mouse 

mammary gland involution. Development, 1992: p. 49-58. 

19. Drubin, D.G. and W.J. Nelson, Origins of cell polarity. Cell, 1996. 84(3): p. 335-44. 

20. Bacallao, R., et al., The subcellular organization of Madin-Darby canine kidney 

cells during the formation of a polarized epithelium. J Cell Biol, 1989. 109(6 Pt 1): 

p. 2817-32. 

21. Drubin, D.G. and W.J. Nelson, Origins of Cell Polarity. Cell, 1996. 84(3): p. 335-

344. 

22. Campanale JP, S.T., Montell DJ., Development and dynamics of cell polarity at a 

glance. J Cell Sci, 2017. 130(7): p. 1201-1207. 



 35 

23. Kuchinke, U., F. Grawe, and E. Knust, Control of spindle orientation in Drosophila 

by the Par-3-related PDZ-domain protein Bazooka. Curr Biol, 1998. 8(25): p. 

1357-65. 

24. Tepass, U., C. Theres, and E. Knust, crumbs encodes an EGF-like protein expressed 

on apical membranes of Drosophila epithelial cells and required for organization 

of epithelia. Cell, 1990. 61(5): p. 787-99. 

25. Lin, D., et al., A mammalian PAR-3-PAR-6 complex implicated in Cdc42/Rac1 and 

aPKC signalling and cell polarity. Nat Cell Biol, 2000. 2(8): p. 540-7. 

26. Médina, E., et al., Role of the Crumbs complex in the regulation of junction 

formation in Drosophila and mammalian epithelial cells. Biol Cell, 2002. 94(6): p. 

305-13. 

27. Tanentzapf, G. and U. Tepass, Interactions between the crumbs, lethal giant 

larvae and bazooka pathways in epithelial polarization. Nature Cell Biology, 

2003. 5(1): p. 46-52. 

28. Assemat, E., et al., Polarity complex proteins. Biochim Biophys Acta, 2008. 

1778(3): p. 614-30. 

29. Su, W.-H., et al., Polarity Protein Complex Scribble:Lgl:Dlg and Epithelial Cell 

Barriers. Adv Exp Med Biol, 2012. 763. 

30. Stenmark, H., Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol Cell 

Biol, 2009. 10(8): p. 513-25. 

31. Roland, J.T., et al., Rab GTPase-Myo5B complexes control membrane recycling 

and epithelial polarization. Proc Natl Acad Sci U S A, 2011. 108(7): p. 2789-94. 

32. Overeem, A.W., D.M. Bryant, and I.S.C. van, Mechanisms of apical-basal axis 

orientation and epithelial lumen positioning. Trends Cell Biol, 2015. 25(8): p. 476-

85. 

33. Allan, V.J., H.M. Thompson, and M.A. McNiven, Motoring around the Golgi. 

Nature Cell Biology, 2002. 4(10): p. E236-E242. 



 36 

34. Akhtar, N. and C.H. Streuli, An integrin-ILK-microtubule network orients cell 

polarity and lumen formation in glandular epithelium. Nat Cell Biol, 2013. 15(1): 

p. 17-27. 

35. Dempsey, P.J., et al., Apical enrichment of human EGF precursor in Madin-Darby 

canine kidney cells involves preferential basolateral ectodomain cleavage 

sensitive to a metalloprotease inhibitor. J Cell Biol, 1997. 138(4): p. 747-58. 

36. Li, C., et al., Naked2 acts as a cargo recognition and targeting protein to ensure 

proper delivery and fusion of TGF-alpha containing exocytic vesicles at the lower 

lateral membrane of polarized MDCK cells. Mol Biol Cell, 2007. 18(8): p. 3081-93. 

37. Brown, C.L., R.J. Coffey, and P.J. Dempsey, The proamphiregulin cytoplasmic 

domain is required for basolateral sorting, but is not essential for constitutive or 

stimulus-induced processing in polarized Madin-Darby canine kidney cells. J Biol 

Chem, 2001. 276(31): p. 29538-49. 

38. Singh, B., et al., Transformation of polarized epithelial cells by apical 

mistrafficking of epiregulin. Proc Natl Acad Sci U S A, 2013. 110(22): p. 8960-5. 

39. Bosveld, F., et al., Mechanical control of morphogenesis by Fat/Dachsous/Four-

jointed planar cell polarity pathway. Science, 2012. 336(6082): p. 724-7. 

40. Aigouy, B., et al., Cell flow reorients the axis of planar polarity in the wing 

epithelium of Drosophila. Cell, 2010. 142(5): p. 773-86. 

41. Asnacios, A. and O. Hamant, The mechanics behind cell polarity. Trends Cell Biol, 

2012. 22(11): p. 584-91. 

42. Müller, H.A., Genetic control of epithelial cell polarity: lessons from Drosophila. 

Dev Dyn, 2000. 218(1): p. 52-67. 

43. Bryant, D.M., et al., A molecular switch for the orientation of epithelial cell 

polarization. Dev Cell, 2014. 31(2): p. 171-87. 

44. Duval, K., et al., Modeling Physiological Events in 2D vs. 3D Cell Culture. 

Physiology (Bethesda), 2017. 32(4): p. 266-277. 



 37 

45. Bonnier, F., et al., Cell viability assessment using the Alamar blue assay: a 

comparison of 2D and 3D cell culture models. Toxicol In Vitro, 2015. 29(1): p. 

124-31. 

46. Shamir, E.R. and A.J. Ewald, Three-dimensional organotypic culture: experimental 

models of mammalian biology and disease. Nat Rev Mol Cell Biol, 2014. 15(10): 

p. 647-64. 

47. Fell, H.B., Robison, R., The growth, development and phosphatase activity of 

embryonic avian femora and limb-buds cultivated in vitro. Biochem, 1929. 23. 

48. Chen, J.M., The cultivation in fluid medium of organised liver, pancreas and other 

tissues of foetal rats. Exp. Cell Res, 1954. 7: p. 518-529. 

49. Ichinose, R.R. and S. Nandi, Lobuloalveolar differentiation in mouse mammary 

tissues in vitro. Science, 1964. 145: p. 496-497. 

50. Nguyen-Ngoc, K.V., et al., 3D culture assays of murine mammary branching 

morphogenesis and epithelial invasion. Methods Mol Biol, 2015. 1189: p. 135-62. 

51. Green, H., O. Kehinde, and J. Thomas, Growth of cultured human epidermal cells 

into multiple epithelia suitable for grafting. Proc. Natl Acad. Sci, 1979. 76: p. 

5665-5668. 

52. Fuchs, E., Epidermal differentiation: the bare essentials. J. Cell Biol, 1990. 111: p. 

2807-2814. 

53. Jiri Kalabis   , G.S.W.,  Maria E Vega, Mitsuteru Natsuizaka, Erle S 

Robertson, Meenhard Herlyn, Hiroshi Nakagawa, Anil K Rustgi, Isolation and 

characterization of mouse and human esophageal epithelial cells in 3D 

organotypic culture. Nature Protoc, 2012. 7: p. 235-246. 

54. Kalabis J, W.G., Vega ME, Natsuizaka M, Robertson ES, Herlyn M, Nakagawa H, 

Rustgi AK, Isolation and characterization of mouse and human esophageal 

epithelial cells in 3D organotypic culture. Nat Protoc, 2012. 7(2): p. 235-246. 

55. Society, A.C., Cancer Facts & Figures 2020. Atlanta: American Cancer Society, 

2020. 

56. Henry NL, S.P., Haider I, Freer PE, Jagsi R, Sabel MS, Abeloff's Clinical Oncology 



 38 

6th Edition. Cancer of the Breast, ed. A.J. Niederhuber JE, Doroshow JH, Kastan MB, 

Tepper JE. 2019, Philadelphia: Elsevier. 

57. Khan, S.A., et al., Estrogen receptor expression in benign breast epithelium and 

breast cancer risk. J Natl Cancer Inst, 1998. 90(1): p. 37-42. 

58. Hartman, J., A. Ström, and J.A. Gustafsson, Estrogen receptor beta in breast 

cancer--diagnostic and therapeutic implications. Steroids, 2009. 74(8): p. 635-41. 

59. Parise, C.A., et al., Breast cancer subtypes as defined by the estrogen receptor 

(ER), progesterone receptor (PR), and the human epidermal growth factor 

receptor 2 (HER2) among women with invasive breast cancer in California, 1999-

2004. Breast J, 2009. 15(6): p. 593-602. 

60. Madigan, L.I., P. Dinh, and J.D. Graham, Neoadjuvant endocrine therapy in locally 

advanced estrogen or progesterone receptor-positive breast cancer: determining 

the optimal endocrine agent and treatment duration in postmenopausal 

women—a literature review and proposed guidelines. Breast Cancer Research, 

2020. 22(1): p. 77. 

61. Gao, J.J. and S.M. Swain, Luminal A Breast Cancer and Molecular Assays: A 

Review. Oncologist, 2018. 23(5): p. 556-565. 

62. Li, Z.H., et al., Luminal B breast cancer: patterns of recurrence and clinical 

outcome. Oncotarget, 2016. 7(40): p. 65024-65033. 

63. Tran, B. and P.L. Bedard, Luminal-B breast cancer and novel therapeutic targets. 

Breast Cancer Research, 2011. 13(6): p. 221. 

64. Callahan, R. and S. Hurvitz, Human epidermal growth factor receptor-2-positive 

breast cancer: Current management of early, advanced, and recurrent disease. 

Curr Opin Obstet Gynecol, 2011. 23(1): p. 37-43. 

65. Incorvati, J.A., et al., Targeted therapy for HER2 positive breast cancer. Journal of 

Hematology & Oncology, 2013. 6(1): p. 38. 

66. Bauer, K.R., et al., Descriptive analysis of estrogen receptor (ER)-negative, 

progesterone receptor (PR)-negative, and HER2-negative invasive breast cancer, 



 39 

the so-called triple-negative phenotype: a population-based study from the 

California cancer Registry. Cancer, 2007. 109(9): p. 1721-8. 

67. CK, A. and C. LA. ER/PR negative, HER2-negative (triple-negative) breast cancer. 

2019 Oct 02, 2020; Available from: www.uptodate.com/contents/er-pr-negative-

her2-negative-triple-negative-breast-cancer. 

68. Anders, C. and L.A. Carey, Understanding and treating triple-negative breast 

cancer. Oncology (Williston Park), 2008. 22(11): p. 1233-9; discussion 1239-40, 

1243. 

69. Dent, R., et al., Triple-negative breast cancer: clinical features and patterns of 

recurrence. Clin Cancer Res, 2007. 13(15 Pt 1): p. 4429-34. 

70. Wu, S.Z., et al., Stromal cell diversity associated with immune evasion in human 

triple-negative breast cancer. Embo j, 2020. 39(19): p. e104063. 

71. Xu, H., et al., Nano-puerarin regulates tumor microenvironment and facilitates 

chemo- and immunotherapy in murine triple negative breast cancer model. 

Biomaterials, 2020. 235: p. 119769. 

72. Schmid, P., et al., Pembrolizumab for Early Triple-Negative Breast Cancer. N Engl 

J Med, 2020. 382(9): p. 810-821. 

73. Rashid, O.M., et al., Is tail vein injection a relevant breast cancer lung metastasis 

model? J Thorac Dis, 2013. 5(4): p. 385-92. 

74. Thalheimer, A., et al., The intraportal injection model: A practical animal model 

for hepatic metastases and tumor cell dissemination in human colon cancer. BMC 

Cancer, 2009. 9(1): p. 29. 

75. Federico, L., et al., A murine preclinical syngeneic transplantation model for 

breast cancer precision medicine. Sci Adv, 2017. 3(4): p. e1600957. 

76. Murayama, T. and N. Gotoh, Patient-Derived Xenograft Models of Breast Cancer 

and Their Application. Cells, 2019. 8(6). 

77. Lampreht Tratar, U., S. Horvat, and M. Cemazar, Transgenic Mouse Models in 

Cancer Research. Front Oncol, 2018. 8: p. 268. 



 40 

78. Stewart, T.A., P.K. Pattengale, and P. Leder, Spontaneous mammary 

adenocarcinomas in transgenic mice that carry and express MTV/myc fusion 

genes. Cell, 1984. 38(3): p. 627-37. 

79. Sinn, E., et al., Coexpression of MMTV/v-Ha-ras and MMTV/c-myc genes in 

transgenic mice: synergistic action of oncogenes in vivo. Cell, 1987. 49(4): p. 465-

75. 

80. Liu, X., et al., Stat5a is mandatory for adult mammary gland development and 

lactogenesis. Genes Dev, 1997. 11(2): p. 179-86. 

81. C W Pittius, L.H., E Lee, H Westphal, E Nicols, J Vitale, and K Gordon, A milk 

protein gene promoter directs the expression of human tissue plasminogen 

activator cDNA to the mammary gland in transgenic mice. PNAS, 1988: p. 5874-

5878. 

82. Eric Sinn, W.M., Paul Pattengale, lsidore Tepler, Racheal Wallace, Philip Leder, 

Coexpression of MMTW-Ha-ras and MMTVlc-myc Genes in Transgenic Mice: 

Synergistic Action 

of Oncogenes In Vivo. Cell, 1987. 49: p. 465-475. 

83. Eran R. Andrechek, W.R.H., Peter M. Siegel, Michael A. Rudnicki, Robert D. 

Cardiff, William J. Muller, Amplification of the neu/erbB-2 oncogene in a mouse 

model of mammary tumorigenesis. Proc Natl Acad Sci U S A, 2000. 97: p. 3444-

3449. 

84. Fantozzi, A. and G. Christofori, Mouse models of breast cancer metastasis. Breast 

Cancer Res, 2006. 8(4): p. 212. 

85. Guy, C.T., R.D. Cardiff, and W.J. Muller, Induction of mammary tumors by 

expression of polyomavirus middle T oncogene: a transgenic mouse model for 

metastatic disease. Mol Cell Biol, 1992. 12(3): p. 954-61. 

86. Pablo Rodriguez-Viciana, C.C., Mike Fried, Polyoma and SV40 proteins 

differentially regulate PP2A to activate distinct cellular signaling pathways 

involved in growth control. Proc Natl Acad Sci U S A, 2006. 103: p. 19290-19295. 



 41 

87. Michele M. Fluck, B.S.S., Lessons in Signaling and Tumorigenesis from 

Polyomavirus Middle T Antigen. Microbiol Mol Biol Rev, 2009. 73: p. 542-563. 

88. Green, J.E., et al., The C3(1)/SV40 T-antigen transgenic mouse model of 

mammary cancer: ductal epithelial cell targeting with multistage progression to 

carcinoma. Oncogene, 2000. 19(8): p. 1020-7. 

89. Desai, K.V., et al., Initiating oncogenic event determines gene-expression patterns 

of human breast cancer models. Proc Natl Acad Sci U S A, 2002. 99(10): p. 6967-

72. 

90. Goldschmidt, M., et al., Classification and grading of canine mammary tumors. 

Vet Pathol, 2011. 48(1): p. 117-31. 

91. Hartmann, L.C., et al., Atypical hyperplasia of the breast--risk assessment and 

management options. N Engl J Med, 2015. 372(1): p. 78-89. 

92. Grizzle, W.E., S. Srivastava, and U. Manne, The biology of incipient, pre-invasive 

or intraepithelial neoplasia. Cancer Biomark, 2010. 9(1-6): p. 21-39. 

93. Cardoso, F., et al., Early breast cancer: ESMO Clinical Practice Guidelines for 

diagnosis, treatment and follow-up†. Ann Oncol, 2019. 30(8): p. 1194-1220. 

94. Lin, E.Y., et al., Progression to Malignancy in the Polyoma Middle T Oncoprotein 

Mouse Breast Cancer Model Provides a Reliable Model for Human Diseases. The 

American Journal of Pathology, 2003. 163(5): p. 2113-2126. 

95. Makki, J., Diversity of Breast Carcinoma: Histological Subtypes and Clinical 

Relevance. Clin Med Insights Pathol, 2015. 8: p. 23-31. 

96. Maroulakou, I.G., et al., Akt1 ablation inhibits, whereas Akt2 ablation 

accelerates, the development of mammary adenocarcinomas in mouse 

mammary tumor virus (MMTV)-ErbB2/neu and MMTV-polyoma middle T 

transgenic mice. Cancer Res, 2007. 67(1): p. 167-77. 

97. Merdzhanova, G., et al., The transcription factor E2F1 and the SR protein SC35 

control the ratio of pro-angiogenic versus antiangiogenic isoforms of vascular 

endothelial growth factor-A to inhibit neovascularization in vivo. Oncogene, 

2010. 29(39): p. 5392-403. 



 42 

98. Cai, Y., et al., Transcriptomic dynamics of breast cancer progression in the 

MMTV-PyMT mouse model. BMC Genomics, 2017. 18(1): p. 185. 

99. Lin, E.Y., et al., Colony-stimulating factor 1 promotes progression of mammary 

tumors to malignancy. J Exp Med, 2001. 193(6): p. 727-40. 

100. Mei, Y., et al., Global expression profiling and pathway analysis of mouse 

mammary tumor reveals strain and stage specific dysregulated pathways in 

breast cancer progression. Cell Cycle, 2018. 17(8): p. 963-973. 

101. Inman, J.L., et al., Mammary gland development: cell fate specification, stem 

cells and the microenvironment. Development, 2015. 142(6): p. 1028-42. 

102. Fu, N.Y., et al., Stem Cells and the Differentiation Hierarchy in Mammary Gland 

Development. Physiol Rev, 2020. 100(2): p. 489-523. 

103. Koshikawa N, G.G., Cirulli V, Miyazaki K, Quaranta V, Role of cell surface 

metalloprotease MT1-MMP in epithelial cell migration over laminin-5. J Cell Biol, 

2000. 148: p. 615-624. 

104. Grafinger, O.R., et al., β1 integrin-mediated signaling regulates MT1-MMP 

phosphorylation to promote tumor cell invasion. J Cell Sci, 2020. 133(9). 

105. Ferrari, R., et al., MT1-MMP directs force-producing proteolytic contacts that 

drive tumor cell invasion. Nat Commun, 2019. 10(1): p. 4886. 

106. Radice GL, F.-C.M., Robinson SD, Rayburn H, Chodosh LA, Takeichi M, Hynes RO, 

Precocious mammary gland development in P-cadherin-deficient mice. J Cell Biol, 

1997. 139: p. 1025-1032. 

107. Knudsen1, K.A. and M.J. Wheelock, Cadherins and the Mammary Gland. Journal 

of Cellular Biochemistry, 2005. 95: p. 488-496. 

108. Shamir, E.R., et al., Twist1-induced dissemination preserves epithelial identity and 

requires E-cadherin. J Cell Biol, 2014. 204(5): p. 839-56. 

109. Padmanaban, V., et al., E-cadherin is required for metastasis in multiple models 

of breast cancer. Nature, 2019. 573(7774): p. 439-444. 

110. Campbell, K. and J. Casanova, A common framework for EMT and collective cell 

migration. Development, 2016. 143(23): p. 4291-4300. 



 43 

111. Abhinava K. Mishra, J.P.C., James A. Mondo, Denise J. Montell, Cell interactions 

in collective cell migration. DEVELOPMENT, 2019. 146. 

112. Bachir, A.I., et al., Actin-Based Adhesion Modules Mediate Cell Interactions with 

the Extracellular Matrix and Neighboring Cells. Cold Spring Harb Perspect Biol, 

2017. 9(7). 

113. van Helvert, S., C. Storm, and P. Friedl, Mechanoreciprocity in cell migration. 

Nature Cell Biology, 2018. 20(1): p. 8-20. 

114. Plotnikov, S.V., et al., Force fluctuations within focal adhesions mediate ECM-

rigidity sensing to guide directed cell migration. Cell, 2012. 151(7): p. 1513-27. 

115. Cluzel, C., et al., The mechanisms and dynamics of (alpha)v(beta)3 integrin 

clustering in living cells. J Cell Biol, 2005. 171(2): p. 383-92. 

116. Khatau, S.B., et al., A perinuclear actin cap regulates nuclear shape. Proc Natl 

Acad Sci U S A, 2009. 106(45): p. 19017-22. 

117. Houk, A.R., et al., Membrane tension maintains cell polarity by confining signals 

to the leading edge during neutrophil migration. Cell, 2012. 148(1-2): p. 175-88. 

118. Beningo, K.A., et al., Traction forces of fibroblasts are regulated by the Rho-

dependent kinase but not by the myosin light chain kinase. Arch Biochem 

Biophys, 2006. 456(2): p. 224-31. 

119. Olga Ilina, P.F., Mechanisms of collective cell migration at a glance. Journal of 

Cell Science, 2009. 122: p. 3203-3208. 

120. Yonemura, S., et al., Cell-to-cell adherens junction formation and actin filament 

organization: similarities and differences between non-polarized fibroblasts and 

polarized epithelial cells. J Cell Sci, 1995. 108 ( Pt 1): p. 127-42. 

121. Lagendijk, A.K., et al., Live imaging molecular changes in junctional tension upon 

VE-cadherin in zebrafish. Nat Commun, 2017. 8(1): p. 1402. 

122. Charras, G. and A.S. Yap, Tensile Forces and Mechanotransduction at Cell-Cell 

Junctions. Curr Biol, 2018. 28(8): p. R445-r457. 

123. Yamada, S., et al., Deconstructing the cadherin-catenin-actin complex. Cell, 2005. 

123(5): p. 889-901. 



 44 

124. Mège, R.M. and N. Ishiyama, Integration of Cadherin Adhesion and Cytoskeleton 

at Adherens Junctions. Cold Spring Harb Perspect Biol, 2017. 9(5). 

125. PacoHulpiaua and F. Roy, Molecular evolution of the cadherin superfamily. The 

International Journal of Biochemistry & Cell Biology, 2009. 41(2): p. 349-369. 

126. Kam, Y. and V. Quaranta, Cadherin-bound beta-catenin feeds into the Wnt 

pathway upon adherens junctions dissociation: evidence for an intersection 

between beta-catenin pools. PLoS One, 2009. 4(2): p. e4580. 

127. de Beco, S., et al., Endocytosis is required for E-cadherin redistribution at mature 

adherens junctions. Proc Natl Acad Sci U S A, 2009. 106(17): p. 7010-5. 

128. Bek, S. and R. Kemler, Protein kinase CKII regulates the interaction of beta-

catenin with alpha-catenin and its protein stability. J Cell Sci, 2002. 115(Pt 24): p. 

4743-53. 

129. Jaggi, M., et al., E-cadherin phosphorylation by protein kinase D1/protein kinase 

C{mu} is associated with altered cellular aggregation and motility in prostate 

cancer. Cancer Res, 2005. 65(2): p. 483-92. 

130. Piedra, J., et al., p120 Catenin-associated Fer and Fyn tyrosine kinases regulate 

beta-catenin Tyr-142 phosphorylation and beta-catenin-alpha-catenin 

Interaction. Mol Cell Biol, 2003. 23(7): p. 2287-97. 

131. Zeng, G., et al., Tyrosine residues 654 and 670 in beta-catenin are crucial in 

regulation of Met-beta-catenin interactions. Exp Cell Res, 2006. 312(18): p. 3620-

30. 

132. Valenta, T., G. Hausmann, and K. Basler, The many faces and functions of beta-

catenin. EMBO J, 2012. 31(12): p. 2714-36. 

133. Maître, J.-L. and C.-P. Heisenberg, Three Functions of Cadherins in Cell Adhesion. 

Curr Biol, 2013. 23(14): p. 626-633. 

134. Autenrieth, T.J., et al., Actomyosin contractility and RhoGTPases affect cell-

polarity and directional migration during haptotaxis. Integr Biol (Camb), 2016. 

8(10): p. 1067-1078. 



 45 

135. Jiao, Y., et al., Matrix metalloproteinase-2 promotes αvβ3 integrin-mediated 

adhesion and migration of human melanoma cells by cleaving fibronectin. PLoS 

One, 2012. 7(7): p. e41591. 

136. Friedl, P. and D. Gilmour, Collective cell migration in morphogenesis, 

regeneration and cancer. Nat Rev Mol Cell Biol, 2009. 10(7): p. 445-57. 

137. Thiery, J.P., et al., Epithelial-Mesenchymal Transitions in Development and 

Disease. Cell, 2009. 139. 

138. Pahini Pandya, J.L.O., Victoria Sanz�Moreno, Modes of invasion during tumour 

dissemination. Mol Oncol, 2016. 11: p. 5-27. 

139. Ilina, O., et al., Cell-cell adhesion and 3D matrix confinement determine jamming 

transitions in breast cancer invasion. Nat Cell Biol, 2020. 22(9): p. 1103-1115. 

140. Patsialou, A., et al., Intravital multiphoton imaging reveals multicellular 

streaming as a crucial component of in vivo cell migration in human breast 

tumors. Intravital, 2013. 2(2): p. e25294. 

141. Wyckoff, J., et al., A paracrine loop between tumor cells and macrophages is 

required for tumor cell migration in mammary tumors. Cancer Res, 2004. 64(19): 

p. 7022-9. 

142. Goswami, S., et al., Macrophages promote the invasion of breast carcinoma cells 

via a colony-stimulating factor-1/epidermal growth factor paracrine loop. Cancer 

Res, 2005. 65(12): p. 5278-83. 

143. Evanthia T. Roussos, J.S.C., Antonia Patsialou, Chemotaxis in cancer. Nat Rev 

Cancer, 2014. 11(8): p. 573-587. 

144. Peter Friedl, K.W., Tube travel: the role of proteases in individual and collective 

cancer cell invasion. Cancer Res, 2008. 68(18): p. 7247-7249. 

145. Patsialou A, B.-C.J., Wang Y, Entenberg D, Liu H, Clarke M, Condeelis JS, Intravital 

multiphoton imaging reveals multicellular streaming as a crucial component of in 

vivo cell migration in human breast tumors. Intravital, 2013. 2(2). 

146. Imai, T., The growth of human carcinoma: a morphological analysis. Fukuoka 

Igaku Zasshi, 1954. 45(30). 



 46 

147. Berg, K.B. and D.F. Schaeffer, Tumor budding as a standardized parameter in 

gastrointestinal carcinomas: more than just the colon. Modern Pathology, 2018. 

31(6): p. 862-872. 

148. Lugli, A., et al., Tumour budding in solid cancers. Nature Reviews Clinical 

Oncology, 2020. 

149. Ueno, H., et al., Tumour 'budding' as an index to estimate the potential of 

aggressiveness in rectal cancer. Histopathology, 2002. 40(2): p. 127-32. 

150. Karamitopoulou, E., et al., Tumour budding is a strong and independent 

prognostic factor in pancreatic cancer. Eur J Cancer, 2013. 49(5): p. 1032-9. 

151. Kumarguru, B.N., et al., Tumor budding in invasive breast cancer - An 

indispensable budding touchstone. Indian J Pathol Microbiol, 2020. 

63(Supplement): p. S117-s122. 

152. Almangush, A., et al., Tumour budding in oral squamous cell carcinoma: a meta-

analysis. Br J Cancer, 2018. 118(4): p. 577-586. 

153. Kemi, N., et al., Tumor Budding and Prognosis in Gastric Adenocarcinoma. Am J 

Surg Pathol, 2019. 43(2): p. 229-234. 

154. Kai, K., et al., Tumor budding and dedifferentiation in gallbladder carcinoma: 

potential for the prognostic factors in T2 lesions. Virchows Arch, 2011. 459(4): p. 

449-56. 

155. Masuda, R., et al., Tumor budding is a significant indicator of a poor prognosis in 

lung squamous cell carcinoma patients. Mol Med Rep, 2012. 6(5): p. 937-43. 

156. Zhu, Y., et al., Impact of tumor budding in head and neck squamous cell 

carcinoma: A meta-analysis. Head Neck, 2019. 41(2): p. 542-550. 

157. Alexandru Dan Grigore, M.K.J., Dongya Jia, Mary C. Farach-Carson, Herbert 

Levine, Tumor Budding: The Name is EMT. Partial EMT. J Clin Med, 2016. 5(5). 

158. Craene, B.D. and G. Berx, Regulatory networks defining EMT during cancer 

initiation and progression. Nat Rev Cancer, 2013. 13(2): p. 97-110. 

159. Clark, A.G. and D.M. Vignjevic, Modes of cancer cell invasion and the role of the 

microenvironment. Curr Opin Cell Biol, 2015. 36: p. 13-22. 



 47 

160. Wyckoff, J.B., et al., ROCK- and myosin-dependent matrix deformation enables 

protease-independent tumor-cell invasion in vivo. Curr Biol, 2006. 16(15): p. 

1515-23. 

161. Roussos, E.T., et al., Mena invasive (MenaINV) promotes multicellular streaming 

motility and transendothelial migration in a mouse model of breast cancer. J Cell 

Sci, 2011. 124(Pt 13): p. 2120-31. 

162. Gavert N, S.M., Raveh S, Spaderna S, Shtutman M, Brabletz T, Barany F, Paty P, 

Notterman D, Domany E, Ben-Ze'ev A, Expression of L1-CAM and ADAM10 in 

human colon cancer cells induces metastasis. Cancer Res, 2007. 67(16): p. 7703-

7712. 

163. Brabletz T, J.A., Reu S, Porzner M, Hlubek F, Kunz-Schughart LA, Knuechel R, 

Kirchner T, Variable beta-catenin expression in colorectal cancers indicates tumor 

progression driven by the tumor environment. Proc Natl Acad Sci U S A, 2001. 

98(18). 

164. Zeisberg, M. and E.G. Neilson, Biomarkers for epithelial-mesenchymal transitions. 

J Clin Invest, 2009. 119(6): p. 1429-37. 

165. Dongre, A., Weinberg, R.A., New insights into the mechanisms of epithelial–

mesenchymal transition and implications for cancer. Nat Rev Mol Cell Biol 2019. 

20: p. 69-84. 

166. Xu J, L.S., Derynck R, TGF-beta-induced epithelial to mesenchymal transition. Cell 

Res, 2009. 19(2): p. 156-172. 

167. Tashiro, E., et al., Involvement of the MEK/ERK pathway in EGF-induced E-

cadherin down-regulation. Biochem Biophys Res Commun, 2016. 477(4): p. 801-

806. 

168. Santibáñez, J.F., et al., Transforming growth factor-beta1 modulates matrix 

metalloproteinase-9 production through the Ras/MAPK signaling pathway in 

transformed keratinocytes. Biochem Biophys Res Commun, 2002. 296(2): p. 267-

73. 



 48 

169. Xie, L., et al., Activation of the Erk pathway is required for TGF-beta1-induced 

EMT in vitro. Neoplasia, 2004. 6(5): p. 603-10. 

170. Hao Y, B.D., Ten Dijke P, TGF-β-Mediated Epithelial-Mesenchymal Transition and 

Cancer Metastasis. Int J Mol Sci, 2019. 20(11). 

171. Vardouli L, M.A., Stournaras C, LIM-kinase 2 and cofilin phosphorylation mediate 

actin cytoskeleton reorganization induced by transforming growth factor-beta. J 

Biol Chem, 2005. 280(12): p. 11448-11457. 

172. Bhowmick NA, G.M., Bakin A, Aakre M, Lundquist CA, Engel ME, Arteaga CL, 

Moses HL, Transforming growth factor-beta1 mediates epithelial to 

mesenchymal transdifferentiation through a RhoA-dependent mechanism. Mol 

Biol Cell, 2001. 12(1). 

173. Matsuya, M., et al., Cell adhesion kinase beta forms a complex with a new 

member, Hic-5, of proteins localized at focal adhesions. J Biol Chem, 1998. 

273(2): p. 1003-14. 

174. Gulvady, A.C., et al., Hic-5 expression is a major indicator of cancer cell 

morphology, migration, and plasticity in three-dimensional matrices. Mol Biol 

Cell, 2018. 29(13): p. 1704-1717. 

175. Gulvady AC, F.I., Turner CE, Hic-5 regulates Src-induced invadopodia rosette 

formation and organization. Mol Biol Cell, 2019. 30(11). 

176. Bergert, M., et al., Cell mechanics control rapid transitions between blebs and 

lamellipodia during migration. Proc Natl Acad Sci U S A, 2012. 109(36): p. 14434-

9. 

177. Peter Friedl, S.B., Eva-B. Bro  ̈cker, Amoeboid leukocyte crawling through 

extracellular matrix: lessons from the Dictyostelium paradigm of cell movement. 

Journal of Leukocyte Biology, 2001. 70: p. 491-509. 

178. Sanz-Moreno, V., et al., Rac activation and inactivation control plasticity of tumor 

cell movement. Cell, 2008. 135(3): p. 510-23. 

179. Liu, Y.J., et al., Confinement and low adhesion induce fast amoeboid migration of 

slow mesenchymal cells. Cell, 2015. 160(4): p. 659-672. 



 49 

180. Petrie, R.J., H. Koo, and K.M. Yamada, Generation of compartmentalized pressure 

by a nuclear piston governs cell motility in a 3D matrix. Science, 2014. 345(6200): 

p. 1062-5. 

181. Brábek J, M.C., Rösel D, Veselý P, Fabry B, The role of the tissue 

microenvironment in the regulation of cancer cell motility and invasion. Cell 

Commun Signal, 2010. 8(11). 

182. Alpha KM, X.W., Turner CE, Paxillin family of focal adhesion adaptor proteins and 

regulation of cancer cell invasion. Int Rev Cell Mol Biol, 2020: p. 1-52. 

183. Hynes, R.O., Integrins: versatility, modulation, and signaling in cell adhesion. Cell, 

1992. 69(1): p. 11-25. 

184. Burridge, K., C.E. Turner, and L.H. Romer, Tyrosine phosphorylation of paxillin 

and pp125FAK accompanies cell adhesion to extracellular matrix: a role in 

cytoskeletal assembly. J Cell Biol, 1992. 119(4): p. 893-903. 

185. Hanks, S.K., et al., Focal adhesion protein-tyrosine kinase phosphorylated in 

response to cell attachment to fibronectin. Proc Natl Acad Sci U S A, 1992. 89(18): 

p. 8487-91. 

186. Miyamoto, S., S.K. Akiyama, and K.M. Yamada, Synergistic roles for receptor 

occupancy and aggregation in integrin transmembrane function. Science, 1995. 

267(5199): p. 883-5. 

187. Burridge, K., et al., Focal adhesions: transmembrane junctions between the 

extracellular matrix and the cytoskeleton. Annu Rev Cell Biol, 1988. 4: p. 487-525. 

188. Ballestrem, C., et al., Marching at the front and dragging behind: differential 

alphaVbeta3-integrin turnover regulates focal adhesion behavior. J Cell Biol, 

2001. 155(7): p. 1319-32. 

189. Laukaitis, C.M., et al., Differential dynamics of alpha 5 integrin, paxillin, and 

alpha-actinin during formation and disassembly of adhesions in migrating cells. J 

Cell Biol, 2001. 153(7): p. 1427-40. 



 50 

190. Gupton, S.L. and C.M. Waterman-Storer, Spatiotemporal Feedback between 

Actomyosin and Focal-Adhesion Systems Optimizes Rapid Cell Migration. Cell, 

2006. 125(7): p. 1361-1374. 

191. Totsukawa, G., et al., Distinct roles of MLCK and ROCK in the regulation of 

membrane protrusions and focal adhesion dynamics during cell migration of 

fibroblasts. J Cell Biol, 2004. 164(3): p. 427-39. 

192. Wozniak, M.A., et al., Focal adhesion regulation of cell behavior. Biochimica et 

Biophysica Acta (BBA) - Molecular Cell Research, 2004. 1692(2): p. 103-119. 

193. Zaidel-Bar, R., et al., Functional atlas of the integrin adhesome. Nat Cell Biol, 

2007. 9(8): p. 858-67. 

194. Geiger, B., et al., Transmembrane crosstalk between the extracellular matrix--

cytoskeleton crosstalk. Nat Rev Mol Cell Biol, 2001. 2(11): p. 793-805. 

195. Calalb, M.B., T.R. Polte, and S.K. Hanks, Tyrosine phosphorylation of focal 

adhesion kinase at sites in the catalytic domain regulates kinase activity: a role 

for Src family kinases. Mol Cell Biol, 1995. 15(2): p. 954-63. 

196. Turner, C.E., J.R. Glenney, Jr., and K. Burridge, Paxillin: a new vinculin-binding 

protein present in focal adhesions. J Cell Biol, 1990. 111(3): p. 1059-68. 

197. Clarke, D.M., et al., Phosphorylation of actopaxin regulates cell spreading and 

migration. J Cell Biol, 2004. 166(6): p. 901-12. 

198. Nikolopoulos, S.N. and C.E. Turner, Actopaxin, a new focal adhesion protein that 

binds paxillin LD motifs and actin and regulates cell adhesion. J Cell Biol, 2000. 

151(7): p. 1435-48. 

199. Humphries, J.D., et al., Vinculin controls focal adhesion formation by direct 

interactions with talin and actin. J Cell Biol, 2007. 179(5): p. 1043-57. 

200. Kanchanawong P, S.G., Pasapera AM, Ramko EB, Davidson MW, Hess HF, 

Waterman CM, Nanoscale architecture of integrin-based cell adhesions. Nature, 

2010. 468(7323). 

201. Rottner, K., et al., Zyxin is not colocalized with vasodilator-stimulated 

phosphoprotein (VASP) at lamellipodial tips and exhibits different dynamics to 



 51 

vinculin, paxillin, and VASP in focal adhesions. Mol Biol Cell, 2001. 12(10): p. 

3103-13. 

202. Hirata, H., H. Tatsumi, and M. Sokabe, Mechanical forces facilitate actin 

polymerization at focal adhesions in a zyxin-dependent manner. J Cell Sci, 2008. 

121(Pt 17): p. 2795-804. 

203. Deakin, N.O. and C.E. Turner, Paxillin comes of age. J Cell Sci, 2008. 121(Pt 15): p. 

2435-44. 

204. Jaffe, A.B. and A. Hall, Rho GTPases: biochemistry and biology. Annu Rev Cell Dev 

Biol, 2005. 21: p. 247-69. 

205. Hall, A., Rho GTPases and the actin cytoskeleton. Science, 1998. 279(5350): p. 

509-14. 

206. Nobes, C.D. and A. Hall, Rho, rac, and cdc42 GTPases regulate the assembly of 

multimolecular focal complexes associated with actin stress fibers, lamellipodia, 

and filopodia. Cell, 1995. 81(1): p. 53-62. 

207. Bernards, A. and J. Settleman, GAP control: regulating the regulators of small 

GTPases. Trends Cell Biol, 2004. 14(7): p. 377-85. 

208. Bos, J.L., H. Rehmann, and A. Wittinghofer, GEFs and GAPs: critical elements in 

the control of small G proteins. Cell, 2007. 129(5): p. 865-77. 

209. DerMardirossian, C. and G.M. Bokoch, GDIs: central regulatory molecules in Rho 

GTPase activation. Trends Cell Biol, 2005. 15(7): p. 356-63. 

210. Garcia-Mata, R., E. Boulter, and K. Burridge, The 'invisible hand': regulation of 

RHO GTPases by RHOGDIs. Nat Rev Mol Cell Biol, 2011. 12(8): p. 493-504. 

211. Hodge, R.G. and A.J. Ridley, Regulating Rho GTPases and their regulators. Nature 

Reviews Molecular Cell Biology, 2016. 17(8): p. 496-510. 

212. Rohatgi R, M.L., Miki H, Lopez M, Kirchhausen T, Takenawa T, Kirschner MW., 

The interaction between N-WASP and the Arp2/3 complex links Cdc42-dependent 

signals to actin assembly. Cell, 1999. 97(2): p. 221-231. 

213. Law, A.L., et al., Lamellipodin and the Scar/WAVE complex cooperate to promote 

cell migration in vivo. J Cell Biol, 2013. 203(4): p. 673-89. 



 52 

214. Delorme V, M.M., DerMardirossian C, Anderson KL, Wittmann T, Hanein D, 

Waterman-Storer C, Danuser G, Bokoch GM, Cofilin activity downstream of Pak1 

regulates cell protrusion efficiency by organizing lamellipodium and lamella actin 

networks. Dev Cell, 2007. 13(5). 

215. Ruprecht, V., et al., Cortical contractility triggers a stochastic switch to fast 

amoeboid cell motility. Cell, 2015. 160(4): p. 673-685. 

216. Kutys, M.L. and K.M. Yamada, An extracellular-matrix-specific GEF–GAP 

interaction regulates Rho GTPase crosstalk for 3D collagen migration. Nature Cell 

Biology, 2014. 16(9): p. 909-917. 

217. Zatulovskiy, E., et al., Bleb-driven chemotaxis of Dictyostelium cells. J Cell Biol, 

2014. 204(6): p. 1027-44. 

218. Shibanuma, M., et al., Characterization of the TGF beta 1-inducible hic-5 gene 

that encodes a putative novel zinc finger protein and its possible involvement in 

cellular senescence. J Biol Chem, 1994. 269(43): p. 26767-74. 

219. Lipsky, B.P., C.R. Beals, and D.E. Staunton, Leupaxin is a novel LIM domain 

protein that forms a complex with PYK2. J Biol Chem, 1998. 273(19): p. 11709-13. 

220. Salgia, R., et al., Molecular cloning of human paxillin, a focal adhesion protein 

phosphorylated by P210BCR/ABL. J Biol Chem, 1995. 270(10): p. 5039-47. 

221. Mazaki, Y., S. Hashimoto, and H. Sabe, Monocyte cells and cancer cells express 

novel paxillin isoforms with different binding properties to focal adhesion 

proteins. J Biol Chem, 1997. 272(11): p. 7437-44. 

222. Yuminamochi, T., et al., Expression of the LIM proteins paxillin and Hic-5 in 

human tissues. J Histochem Cytochem, 2003. 51(4): p. 513-21. 

223. Kim-Kaneyama, J.R., et al., Uni-axial stretching regulates intracellular localization 

of Hic-5 expressed in smooth-muscle cells in vivo. J Cell Sci, 2005. 118(Pt 5): p. 

937-49. 

224. Brown, M.C., J.A. Perrotta, and C.E. Turner, Identification of LIM3 as the principal 

determinant of paxillin focal adhesion localization and characterization of a novel 



 53 

motif on paxillin directing vinculin and focal adhesion kinase binding. J Cell Biol, 

1996. 135(4): p. 1109-23. 

225. Brown, M.C., M.S. Curtis, and C.E. Turner, Paxillin LD motifs may define a new 

family of protein recognition domains. Nat Struct Biol, 1998. 5(8): p. 677-8. 

226. Vande Pol, S.B., M.C. Brown, and C.E. Turner, Association of Bovine 

Papillomavirus Type 1 E6 oncoprotein with the focal adhesion protein paxillin 

through a conserved protein interaction motif. Oncogene, 1998. 16(1): p. 43-52. 

227. Turner, C.E., et al., Paxillin LD4 motif binds PAK and PIX through a novel 95-kD 

ankyrin repeat, ARF-GAP protein: A role in cytoskeletal remodeling. J Cell Biol, 

1999. 145(4): p. 851-63. 

228. Nikolopoulos, S.N. and C.E. Turner, Integrin-linked kinase (ILK) binding to paxillin 

LD1 motif regulates ILK localization to focal adhesions. J Biol Chem, 2001. 

276(26): p. 23499-505. 

229. Tumbarello, D.A., M.C. Brown, and C.E. Turner, The paxillin LD motifs. FEBS Lett, 

2002. 513(1): p. 114-8. 

230. Turner, C.E. and J.T. Miller, Primary sequence of paxillin contains putative SH2 

and SH3 domain binding motifs and multiple LIM domains: identification of a 

vinculin and pp125Fak-binding region. J Cell Sci, 1994. 107 ( Pt 6): p. 1583-91. 

231. Deakin, N.O. and C.E. Turner, Paxillin inhibits HDAC6 to regulate microtubule 

acetylation, Golgi structure, and polarized migration. J Cell Biol, 2014. 206(3): p. 

395-413. 

232. Brown, M.C., J.A. Perrotta, and C.E. Turner, Serine and threonine phosphorylation 

of the paxillin LIM domains regulates paxillin focal adhesion localization and cell 

adhesion to fibronectin. Mol Biol Cell, 1998. 9(7): p. 1803-16. 

233. Deakin, N.O., C. Ballestrem, and C.E. Turner, Paxillin and Hic-5 interaction with 

vinculin is differentially regulated by Rac1 and RhoA. PLoS One, 2012. 7(5): p. 

e37990. 



 54 

234. Brown, M.C. and C.E. Turner, Roles for the tubulin- and PTP-PEST-binding paxillin 

LIM domains in cell adhesion and motility. Int J Biochem Cell Biol, 2002. 34(7): p. 

855-63. 

235. Brown, M.C., et al., Src and FAK kinases cooperate to phosphorylate paxillin 

kinase linker, stimulate its focal adhesion localization, and regulate cell spreading 

and protrusiveness. Mol Biol Cell, 2005. 16(9): p. 4316-28. 

236. Lamorte, L., et al., Crk associates with a multimolecular Paxillin/GIT2/beta-PIX 

complex and promotes Rac-dependent relocalization of Paxillin to focal contacts. 

Mol Biol Cell, 2003. 14(7): p. 2818-31. 

237. Theodosiou M, W.M., Böttcher RT, Rognoni E, Veelders M, Bharadwaj M, 

Lambacher A, Austen K, Müller DJ, Zent R, Fässler R, Kindlin-2 cooperates with 

talin to activate integrins and induces cell spreading by directly binding paxillin. 

Elife, 2016. 

238. Jamieson JS, T.D., Hallé M, Brown MC, Tremblay ML, Turner CE, Paxillin is 

essential for PTP-PEST-dependent regulation of cell spreading and motility: a role 

for paxillin kinase linker. J Cell Sci, 2005. 118: p. 5835-5847. 

239. Khyrul, W.A., et al., The integrin-linked kinase regulates cell morphology and 

motility in a rho-associated kinase-dependent manner. J Biol Chem, 2004. 

279(52): p. 54131-9. 

240. Stiegler AL, D.K., Li X, Chayen NE, Calderwood DA, Boggon TJ, Structural basis for 

paxillin binding and focal adhesion targeting of β-parvin. J Biol Chem, 2012. 

287(39). 

241. Subauste, M.C., et al., Vinculin modulation of paxillin-FAK interactions regulates 

ERK to control survival and motility. J Cell Biol, 2004. 165(3): p. 371-81. 

242. Vallés, A.M., M. Beuvin, and B. Boyer, Activation of Rac1 by paxillin-Crk-DOCK180 

signaling complex is antagonized by Rap1 in migrating NBT-II cells. J Biol Chem, 

2004. 279(43): p. 44490-6. 



 55 

243. Tsubouchi, A., et al., Localized suppression of RhoA activity by Tyr31/118-

phosphorylated paxillin in cell adhesion and migration. J Cell Biol, 2002. 159(4): 

p. 673-83. 

244. Brown, M.C., K.A. West, and C.E. Turner, Paxillin-dependent paxillin kinase linker 

and p21-activated kinase localization to focal adhesions involves a multistep 

activation pathway. Mol Biol Cell, 2002. 13(5): p. 1550-65. 

245. Yu, J.A., N.O. Deakin, and C.E. Turner, Emerging role of paxillin-PKL in regulation 

of cell adhesion, polarity and migration. Cell Adh Migr, 2010. 4(3): p. 342-7. 

246. Dubois, F., K. Alpha, and C.E. Turner, Paxillin regulates cell polarization and 

anterograde vesicle trafficking during cell migration. Mol Biol Cell, 2017. 28(26): 

p. 3815-3831. 

247. Yu, J.A., N.O. Deakin, and C.E. Turner, Paxillin-kinase-linker tyrosine 

phosphorylation regulates directional cell migration. Mol Biol Cell, 2009. 20(22): 

p. 4706-19. 

248. Xu, Z., et al., Microtubules acquire resistance from mechanical breakage through 

intralumenal acetylation. Science, 2017. 356(6335): p. 328-332. 

249. Balabanian, L., C.L. Berger, and A.G. Hendricks, Acetylated Microtubules Are 

Preferentially Bundled Leading to Enhanced Kinesin-1 Motility. Biophys J, 2017. 

113(7): p. 1551-1560. 

250. Dompierre, J.P., et al., Histone deacetylase 6 inhibition compensates for the 

transport deficit in Huntington's disease by increasing tubulin acetylation. J 

Neurosci, 2007. 27(13): p. 3571-83. 

251. Rios, R.M., The centrosome-Golgi apparatus nexus. Philos Trans R Soc Lond B Biol 

Sci, 2014. 369(1650). 

252. Miller, P.M., et al., Golgi-derived CLASP-dependent microtubules control Golgi 

organization and polarized trafficking in motile cells. Nat Cell Biol, 2009. 11(9): p. 

1069-80. 

253. Meraldi, P. and E.A. Nigg, Centrosome cohesion is regulated by a balance of 

kinase and phosphatase activities. J Cell Sci, 2001. 114(Pt 20): p. 3749-57. 



 56 

254. Burakov, A., et al., Centrosome positioning in interphase cells. J Cell Biol, 2003. 

162(6): p. 963-9. 

255. Efimov, A., et al., Paxillin-dependent stimulation of microtubule catastrophes at 

focal adhesion sites. J Cell Sci, 2008. 121(Pt 2): p. 196-204. 

256. Theodosiou, M., et al., Kindlin-2 cooperates with talin to activate integrins and 

induces cell spreading by directly binding paxillin. Elife, 2016. 5: p. e10130. 

257. Nishiya, N., et al., Hic-5, a paxillin homologue, binds to the protein-tyrosine 

phosphatase PEST (PTP-PEST) through its LIM 3 domain. J Biol Chem, 1999. 

274(14): p. 9847-53. 

258. Côté, J.F., C.E. Turner, and M.L. Tremblay, Intact LIM 3 and LIM 4 domains of 

paxillin are required for the association to a novel polyproline region (Pro 2) of 

protein-tyrosine phosphatase-PEST. J Biol Chem, 1999. 274(29): p. 20550-60. 

259. Dave, J.M., et al., Hic-5 mediates the initiation of endothelial sprouting by 

regulating a key surface metalloproteinase. J Cell Sci, 2016. 129(4): p. 743-56. 

260. Deakin, N.O. and C.E. Turner, Distinct roles for paxillin and Hic-5 in regulating 

breast cancer cell morphology, invasion, and metastasis. Mol Biol Cell, 2011. 

22(3): p. 327-41. 

261. Wilkinson, S., H.F. Paterson, and C.J. Marshall, Cdc42–MRCK and Rho–ROCK 

signalling cooperate in myosin phosphorylation and cell invasion. Nature Cell 

Biology, 2005. 7(3): p. 255-261. 

262. Yuminamochi T, Y.Y., Osada M, Ohmori T, Ishii Y, Nakazawa K, Hosogaya S, Ozaki 

Y, Expression of the LIM proteins paxillin and Hic-5 in human tissues. J Histochem 

Cytochem, 2003. 51(4): p. 513-521. 

263. Hagel M, G.E., Kim A, Tamimi R, Opitz SL, Turner CE, Imamoto A, Thomas SM, The 

adaptor protein paxillin is essential for normal development in the mouse and is a 

critical transducer of fibronectin signaling. Mol Cell Biol, 2002. 22(3): p. 901-915. 

264. Rashid, M., et al., Neural-specific deletion of the focal adhesion adaptor protein 

paxillin slows migration speed and delays cortical layer formation. Development, 

2017. 144(21): p. 4002-4014. 



 57 

265. Turner, C.E., et al., Localization of paxillin, a focal adhesion protein, to smooth 

muscle dense plaques, and the myotendinous and neuromuscular junctions of 

skeletal muscle. Exp Cell Res, 1991. 192(2): p. 651-5. 

266. Hirth S, B.A., Bührdel JB, Rudeck S, Dahme T, Rottbauer W, Just S, Paxillin and 

Focal Adhesion Kinase (FAK) Regulate Cardiac Contractility in the Zebrafish Heart. 

PLoS One, 2016. 11(3). 

267. Jacob AE, A.J., Turner CE, Paxillin genes and actomyosin contractility regulate 

myotome morphogenesis in zebrafish. Dev Biol, 2017. 425(1): p. 70-84. 

268. Nagel M, T.E., Symes K, Winklbauer R, Guidance of mesoderm cell migration in 

the Xenopus gastrula requires PDGF signaling. Development, 2004. 131(11). 

269. Chen GC, T.B., Ruest PJ, Hagel M, Settleman J, Thomas SM, Regulation of Rho 

and Rac signaling to the actin cytoskeleton by paxillin during Drosophila 

development. Mol Cell Biol, 2005. 25(3): p. 979-987. 

270. Bataillé, L., et al., Downstream of Identity Genes: Muscle-Type-Specific 

Regulation of the Fusion Process. Developmental Cell, 2010. 19(2): p. 317-328. 

271. Warner A, Q.H., Benian GM, Vogl AW, Moerman DG, The Caenorhabditis elegans 

paxillin orthologue, PXL-1, is required for pharyngeal muscle contraction and for 

viability. Mol Biol Cell, 2011. 22(14): p. 2551-2563. 

 



 58 

Chapter 2: 

Paxillin-dependent regulation of apical-basal polarity in mammary gland 

morphogenesis 

 

Weiyi Xu, Anushree C. Gulvady, Gregory J. Goreczny, Eric C. Olson, and Christopher E. 

Turner 

 

This chapter was published on May 1, 2019 – Development (2019) 146: dev174367; doi: 

10.1242/dev.174367 

 

The experiments and data analysis described in this chapter was performed by Weiyi Xu, 

except Anushree C. Gulvady performed imaris analysis on 3D cell shape in organoids 

described in Figure 6. 

  



 59 

Abstract 

Establishing apical-basal epithelial cell polarity is fundamental for mammary 

gland duct morphogenesis during mammalian development. While the focal adhesion 

adapter protein paxillin is a well-characterized regulator of mesenchymal cell adhesion 

signaling, F-actin cytoskeleton remodeling and single cell migration, its role in epithelial 

tissue organization and mammary gland morphogenesis in vivo has not been 

investigated. Herein, utilizing a newly developed paxillin conditional knockout mouse 

model with targeted ablation in the mammary epithelium, in combination with ex vivo 

three-dimensional (3D) organoid and acini cultures, we identify new roles for paxillin in 

the establishment of apical-basal epithelial cell polarity and lumen formation, as well as 

mammary gland duct diameter and branching. Paxillin is shown to be required for the 

integrity and apical positioning of the Golgi network, Par complex and the 

Rab11/MyoVb trafficking machinery. Paxillin depletion also resulted in reduced levels of 

apical acetylated microtubules and rescue experiments with the HDAC6 inhibitor 

tubacin, highlight the central role for paxillin-dependent regulation of HDAC6 activity 

and associated microtubule acetylation in controlling epithelial cell apical-basal polarity 

and tissue branching morphogenesis.  
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Introduction 

Mammary gland morphogenesis is a complex process involving basement 

membrane remodeling, polarized lumen formation, ductal elongation and branching 

that is essential for establishing the appropriate tissue architecture necessary for 

subsequent milk production in the lactating adult [1, 2]. Mechanical signaling, integrin 

receptor-mediated cytoskeletal remodeling and polarized trafficking of intracellular 

organelles are tightly regulated to ensure proper development of the gland [3-5], 

although our understanding of how these events are integrated remains incomplete.  

During ductal elongation, branching can be achieved through a combination of cell 

proliferation and cell rearrangement involving bifurcation, where the ends of the duct 

split into two ducts and/or side branching of the main duct [1, 6]. Cell-extracellular 

matrix (ECM) adhesion signaling plays several key roles during these branching events 

including further regulation of fibronectin turnover [7, 8], as well as remodeling of the 

actin cytoskeleton to influence epithelial cell morphology, cell-cell interactions and cell 

motility [9]. F-actin-associated actomyosin contractility is also critical for mammary 

gland branching morphogenesis. For example, three-dimensional (3D) in vitro organoid 

culture studies showed that elevated Ras activity and enrichment of F-actin at the cell's 

apical surface generated by mechanical gradients in the duct contributes to ductal 

elongation [10], whereas inhibition of Rac-1 or myosin light chain kinase blocks organoid 

branching [11]. 

Importantly, ECM-integrin signaling also regulates microtubule (MT) 

polymerization in part by transducing signals from β1 integrin through integrin-linked 
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kinase (ILK) to guide epithelial cell apical-basal polarity and duct lumen formation [12].  

Lumen formation requires the establishment of columnar shaped cells with apical-basal 

polarity [13, 14]. This apical-basal cell polarity is accomplished through the polarized 

distribution of key plasma membrane components and cellular organelles including the 

Golgi complex [15]. Polarized trafficking of the Par3-Par6-aPKC complex to the apical 

side of the epithelial cells further facilitates development of apical polarity [16-18] and 

in turn, tissue morphogenesis [19]. During apical membrane domain formation, the 

small GTPase, Rab11a is activated at apical protein-containing vesicles and stimulates 

the binding of class V myosin motor B (MyoVb) [20, 21]. MyoVb is an actin-based motor 

protein that carries vesicles from the MTs and drives their movement along the cortical 

actin network for the targeted delivery of membrane proteins to the apical surface [22]. 

However, the mechanism by which vesicle trafficking along the MT and F-actin networks 

influence polarized lumen formation and potentially branching morphogenesis still 

needs to be assessed. 

A number of cell-ECM-associated focal adhesion proteins including β1 integrin, 

FAK and ILK have each been shown to play crucial roles in mammary gland branching 

morphogenesis, lumen development and milk production [12, 23, 24]. In cultured 

mesenchymal cells, the focal adhesion scaffold protein paxillin, interacts directly with 

FAK and ILK and also possibly β1 integrin [25-27] and plays a key role in coordinating 

cell-ECM signaling [28] to regulate cytoskeleton reorganization, particularly via 

coordination of Rho GTPase family activity [25, 29, 30]. More recently, paxillin has been 

shown to regulate MT acetylation in mesenchymal cells via interaction with, and 
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inhibition of, the cytoplasmic tubulin deacetylase HDAC6 [31]. Furthermore, this 

signaling axis revealed a key role for paxillin in the regulation of front-rear cell polarity 

via control of Golgi cohesion and positioning, as well as polarized vesicle trafficking to 

the leading edge of motile cells [31, 32]. 

Our understanding of the role played by paxillin in mammalian development, 

possibly via regulation of cell polarity has been limited due to the embryonic lethality 

caused by constitutive ablation of the paxillin gene in mice [33]. To begin to address this 

gap in knowledge we have generated a conditional paxillin knockout mouse model and 

used MMTV-driven cre recombinase to selectively ablate paxillin in the developing 

mammary gland epithelium. By utilizing this conditional paxillin knockout animal model, 

combined with in vitro 3D organoid and 3D acini culture assays of isolated cells, we 

show that paxillin is essential for mammary gland branching morphogenesis and 

polarized lumen formation via its regulation of the apical-basal epithelial cell polarity 

machinery, primarily through control of HDAC6 activity and associated MT acetylation. 

 

Results 

Paxillin is required for normal mammary gland branching morphogenesis 

Constitutive ablation of paxillin expression in mice results in embryonic lethality 

[33]. Accordingly, in order to study the role for paxillin in mammary gland development, 

we generated a conditional knockout mouse model to ablate Paxillin in mammary 

luminal epithelial cells. Paxillin floxed (paxillinfl/fl) mice were engineered in which the 

exon 2-5 of the paxillin gene was flanked by loxP sites and this was bred with the 
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constitutive MMTV-Cre line D transgenic mouse line to specifically deplete the floxed 

allele from the mouse mammary epithelial cells (paxillinfl/fl;cre) [34]. Previous studies 

showed that the MMTV-Cre-mediated recombination in this line occurs 3 weeks 

postnatally and that cre expression is confined primarily to the luminal epithelial cell 

population [35]. 

To determine how loss of paxillin affects mammary gland morphogenesis, whole 

mount staining was performed on the fourth inguinal mammary glands at postnatal 

week 6 (corresponding to early puberty) (Fig 1A). Paxillinfl/fl;cre mice lacking paxillin had 

significantly fewer branches within the gland, as compared to the control paxillin+/+;cre 

mice, (Fig 1B). However, despite a consistent reduction in branching, there was no 

significant difference seen in the extent of ductal penetration (Fig 1C), stalk length 

between end buds, or the number of terminal end buds (TEBs) (Fig S1). Interestingly, 

measurement of the duct diameter in the whole mount tissue at the same distance from 

the lymph node indicated that the paxillinfl/fl;cre mice had larger ducts (Fig 1Ai,Aii and 

D). Furthermore, histological analysis using hematoxylin and eosin staining (H&E) of 

glands of 6 week old mice confirmed the dilated duct phenotype in the paxillinfl/fl;cre 

mice (Fig 1E,F). Immunostaining of cryosections from glands of 6 week old mice revealed 

a primarily cytosolic distribution of paxillin in the paxillin+/+;cre luminal epithelial cells 

and confirmed that paxillin was absent from the luminal epithelial cells of the 

paxillinfl/fl;cre mice (Fig 1G). In contrast to active integrin β1 (Fig S2A) [12], there was no 

obvious enrichment of paxillin at the basement membrane in the paxillin+/+;cre ducts. 

However, both the distribution of active integrin β1, the level of pFAK and the level of 
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laminin staining in the underlying ECM were perturbed in the ducts of the paxillinfl/fl;cre 

mice (Fig S2), suggesting a role for paxillin in cell-ECM signaling.  PCR and western 

blotting analysis further confirmed appropriate cre-mediated recombination and paxillin 

protein depletion in the paxillinfl/fl;cre mice (Fig 1H). Taken together, these data indicate 

that paxillin deficiency alters duct size and branching morphogenesis during early 

mammary gland development. 

Paxillin is required for mammary epithelial cell shape and cytoskeletal organization 

To determine whether the observed phenotype within the mammary glands 

could have been caused by proliferation or apoptosis defects within the ducts, the 

mammary glands were stained for the proliferation marker Ki67 or the apoptotic marker 

cleaved caspase 3. However, no significant differences in the number of proliferating 

cells or cells undergoing apoptosis was observed (Fig S3). The mammary stem cells are 

critical for development, maintenance and regeneration of the epithelium, since they 

give rise to more stem cells or differentiated epithelial cells through symmetric and 

asymmetric divisions [36]. Thus, we also stained mammary gland sections for the stem 

cell marker-slug [37], but no obvious difference in either the number or location of slug-

positive cells was observed (data not shown), suggesting that cell stemness is not 

affected by paxillin knockout.  

Cell architecture and polarity have been shown to be critical for branching and 

lumen formation [9]. Therefore, to determine if there were any changes in epithelial 

tissue organization, the sections were stained for the tight junction marker ZO-1 as well 

as the basolateral epithelial marker EpCAM. Measurement of the aspect ratio (apical 
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width versus cell height) of the epithelial cells lining the lumen, indicated that unlike 

control animals that have a predominantly columnar-like cell shape, the paxillinfl/fl;cre 

luminal epithelial cells were either cuboidal or exhibited a more elongated, flattened 

cell morphology (Fig 2A,B). 

The F-actin and microtubule-based cytoskeleton networks play critical roles in 

determining cell shape, and therefore in facilitating branching morphogenesis [9, 12]. 

Staining the sections with phalloidin revealed that the F-actin organization was 

substantially disrupted in the paxillinfl/fl;cre glands (Fig 2C,D). In the control paxillin+/+;cre 

glands the F-actin localized uniformly to the apical surface (Fig 2C, asterisk) and was also 

enriched in the underlying myoepithelial layer (arrow), whereas cells in the 

paxillinfl/fl;cre glands formed apical F-actin-rich membrane blebs, suggesting either 

paxillin-dependent defects in F-actin organization and/or stabilization of the apical 

membrane domain (Fig 2C,D). To assess whether the F-actin disorganization may also be 

associated with differences in acto-myosin-based contractile forces, western blotting 

analysis was performed on isolated mammary epithelial tissue using the contractility 

marker phospho-myosin-light-chain (pMLC). The pMLC levels in paxillinfl/fl;cre mammary 

glands was significantly reduced, suggesting that paxillinfl/fl;cre mammary epithelial cells 

may be less contractile (Fig 2E). 

The microtubule (MT) network has been previously shown to be critical for 

mammary gland morphogenesis through its role in the establishment of epithelial cell 

polarity [12]. To examine whether the MT network is disrupted in the paxillin-depleted 

mammary glands, tissue sections were stained for α-tubulin. However, the α-tubulin 
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staining showed no obvious differences in global MT distribution or mean fluorescence 

intensity (M.F.I) between paxillin+/+;cre and paxillinfl/fl;cre mammary glands (Fig S4). 

Importantly, MTs undergo various posttranslational modifications that affect their 

function [38] and MT acetylation has been shown to be associated with apical 

constriction (contractility) of epithelial cell layers in Drosophila and polarized trafficking 

in 2D cell culture systems [31, 39, 40]. However, to our knowledge the role of MT 

acetylation has not previously been evaluated in mammary gland morphogenesis. 

Interestingly, immunostaining for acetylated tubulin revealed that MT acetylation was 

perturbed in the paxillinfl/fl;cre mammary glands (Fig 2F). In the paxillin+/+;cre glands the 

MTs were highly acetylated and enriched at the apical side of the duct, whereas the 

staining in the luminal epithelial cells of the paxillinfl/fl;cre mammary glands was more 

diffuse throughout the cells (Fig 2F,G). Western blotting analysis for acetylated tubulin 

using lysates obtained from both paxillin+/+;cre and paxillinfl/fl;cre mammary glands 

showed reduced levels of acetylated tubulin in the paxillinfl/fl;cre mammary glands as 

compared to the paxillin+/+;cre glands (Fig 2H), indicating that paxillin is required for MT 

acetylation and possibly its spatio-temporal regulation during mammary gland 

morphogenesis. Taken together, these data highlight critical roles for paxillin in 

coordinating both F-actin cytoskeleton organization and MT acetylation, which likely 

contributes to the acquisition and maintenance of normal mammary epithelial cell 

shape. 
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Paxillin is indispensable for the positioning of apical proteins and ductal apical-basal 

polarity in the developing mammary gland 

Sub-apical localization of the Golgi apparatus facilitates apical vesicle trafficking 

and thus promotes polarization of the mammary epithelium [4, 13]. Previously, we have 

shown that paxillin, through regulation of MT acetylation is required for maintaining the 

positioning and integrity of the Golgi apparatus, as well as regulation of front-rear 

polarized trafficking in MDA-MB-231 breast cancer cells and normal fibroblasts [31, 32]. 

Since the luminal epithelial cells of paxillinfl/fl;cre mammary glands have dysregulated 

cell shape (Fig 2A,B) and disrupted MT acetylation (Fig 2F-H), we assessed whether 

apical-basal polarity is also affected in the absence of paxillin. Mammary gland sections 

were stained with the trans-Golgi marker Giantin and line profile analyses were 

performed to quantify the distribution of the Golgi apparatus. Compared to the apical 

distribution of the Golgi apparatus in paxillin+/+;cre mammary glands, the Golgi 

apparatus in paxillinfl/fl;cre mammary glands exhibited a dispersed distribution 

throughout the cytoplasm (Fig 3A-C). Polarized lumen formation requires apical 

positioning of the Par and Crumbs protein complexes [41]. Staining for Par3 revealed 

the typical apical localization in the paxillin+/+;cre mammary glands, while the 

paxillinfl/fl;cre mammary glands exhibited both apical and basal-lateral Par3 staining (Fig 

3D,E), further indicating that paxillin expression is necessary for establishing apical-basal 

polarity in the luminal epithelial cells. 

To determine whether the disrupted apical-basal polarization seen in the 

paxillinfl/fl;cre glands is associated with defective apical protein trafficking, mammary 
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gland sections were immunostained for the apical trafficking-associated Rab GTPase 

protein, Rab11 and its associated motor protein MyoVb [20]. Interestingly, the 

distribution of both Rab11 and MyoVb was perturbed in the paxillinfl/fl;cre glands. In 

comparison with paxillin+/+;cre glands where robust apical staining was observed, 

although still apically localized, the paxillinfl/fl;cre glands had substantially reduced levels 

of Rab11 (Fig 3F,G; Fig S5A,C). MyoVb distribution was examined by immunostaining 

and line profile analysis and instead of the apical MyoVb distribution seen in 

paxillin+/+;cre glands, the MyoVb in the paxillinfl/fl;cre glands had a less polarized, 

dispersed distribution (Fig 3H,I). However, western blot analysis showed the expression 

level of MyoVb was unchanged in paxillinfl/fl;cre glands (Fig S5A,B). Taken together, 

these data indicate a key role for paxillin is establishing apical-basal polarity in 

mammary gland epithelia to promote apical protein trafficking. 

Paxillin is required for polarized acini formation in 3D culture 

The in vivo mouse studies demonstrate that luminal epithelia of the 

paxillinfl/fl;cre mammary glands fail to polarize (Fig 3). To begin to explore the underlying 

mechanism(s), we utilized the 3D acini culture system, which serves as a useful model to 

study epithelial cell polarity in vitro [42]. Isolated luminal epithelial cells are able to form 

acini with a single apical-basal polarized cell layer surrounding a central lumen when 

plated on Matrigel coated substrates (Fig 4A) [43]. To assess whether paxillin expression 

regulates that ability of mammary epithelial cells (MECs) to form polarized acini, 6 day 

3D-cultured MECs isolated from control and knockout mice were stained with the apical 

marker GM130. In contrast to paxillin+/+;cre MECs, which formed polarized acini with a 
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central lumen and apical GM130 distribution, paxillinfl/fl;cre MECs formed disorganized 

cell spheres lacking a central lumen and a clearly defined apical surface (Fig 4B,E). 

Staining with the tight junction marker ZO1 also confirmed the significant lack of a 

central lumen in the paxillinfl/fl;cre acini (p<0.01). Interestingly, the paxillinfl/fl;cre cells 

also produced more multi-lumen acini than the paxillin+/+;cre MECs, but this difference 

was not significant (p=0.34) (Fig S6). 

Previous studies have shown that integrin-dependent MT network alignment is 

critical for directed trafficking of apical proteins and the formation of polarized acini 

[12]. However, the role of MT acetylation in regulating apical domain formation has not 

been evaluated. Given that the paxillinfl/fl;cre mammary glands have reduced 

enrichment of apically-distributed acetylated tubulin (Fig 2F-H), we assessed whether 

paxillinfl/fl;cre MECs also demonstrated a reduced apical MT acetylation in the 3D acini 

culture. Consistent with the in vivo results, paxillin+/+;cre acini exhibited apically 

positioned acetylated MTs, whereas acetylated MT staining was more disorganized and 

reduced by 40.3% (p<0.05) in the paxillinfl/fl;cre acini (Fig 4B; movie S1,S2). 

Immunostaining the acini for paxillin confirmed its absence from the paxillinfl/fl;cre acini 

(Fig S7A). 

To assess whether the 3D acini culture recapitulated the in vivo phenotype in 

which apical trafficking was disrupted in paxillinfl/fl;cre mammary glands, the acini were 

immunostained for Rab11 and MyoVb. Compared to the apically localized Rab11 and 

MyoVb in paxillin+/+;cre acini, the paxillinfl/fl;cre acini exhibited non-polarized distribution 

of both Rab11 or MyoVb (Fig 4 C,D,F,G). The M.F.I. of Rab11 was also reduced by 39.6% 
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(s.e.m. ± 4.14) in the paxillinfl/fl;cre acini. The FM4-64 dye was also used to analyze basal 

to apical trafficking [35]. Time-lapse imaging showed that the FM4-64 dye accumulated 

at the apical membrane in paxillin+/+;cre acini, but the paxillinfl/fl;cre acini failed to 

demonstrate a similar apical accumulation (Fig S7B). Together, these data establish a 

key role for paxillin in organizing the MT cytoskeleton and apical membrane trafficking 

machinery required for polarized acini formation. 

F-actin blebs and a reduced level of pMLC were observed in the paxillinfl/fl;cre 

glands (Fig 2C-E), suggesting a role for paxillin in regulating epithelial cell F-actin 

organization and cell contractility.  Similarly, phalloidin staining of the paxillinfl/fl;cre acini 

revealed significantly more F-actin-rich membrane blebs as compared to control 

paxillin+/+;cre acini, confirming that paxillin is also required for F-actin organization and 

function in 3D acini culture (Fig 4H,J; movie S3,S4). Interestingly, when early stage acini 

(less than 8 cells) were stained for phalloidin, a similar number of both paxillin+/+;cre and 

paxillinfl/fl;cre acini formed basal F-actin blebs, which preceded central lumen formation 

in the paxillin+/+;cre acini (Fig 4I,J; movie S5,S6), suggesting that these early F-actin blebs 

may be a part of normal mammary acinus formation and that paxillin is critical for 

suppressing the F-actin blebs in fully polarized acini.  

Paxillin facilitates polarized lumen formation by inhibiting HDAC6 activity  

We have previously reported that in cultured fibroblasts and MDA-MB-231 

breast tumor paxillin binds to and inhibits HDAC6 activity to regulate MT acetylation to 

control mesenchymal cell front-rear polarity [31]. We therefore hypothesized that 

paxillin-dependent differences in MT acetylation observed in both the mammary gland 
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in vivo (Fig 2F) and in the acini in vitro (Fig 4B) may also be regulated through paxillin-

HDAC6 inhibition and would be critical for polarized lumen formation. Western blotting 

analysis was performed for HDAC6 expression using epithelial cell lysates isolated from 

both paxillin+/+;cre and paxillinfl/fl;cre mammary glands and consistent with the outcome 

in mesenchymal cells, HDAC6 expression was unchanged (Fig 5A). To modulate HDAC6 

activity paxillin+/+;cre and paxillinfl/fl;cre acini were treated with the HDAC6-specific 

inhibitor tubacin [44] and evaluated for cell polarization and lumen formation. Strikingly, 

the tubacin-treated paxillinfl/fl;cre acini formed similar numbers of acini with polarized 

GM130 Golgi staining and a central lumen as DMSO or tubacin-treated paxillin+/+;cre 

acini (Fig 5B,C). These data demonstrate that suppression of HDAC6 activity is sufficient 

to rescue polarized lumen formation in the absence of paxillin. Interestingly, HDAC6 

inhibition also rescued the polarization defect of the apical trafficking machinery in 

paxillinfl/fl;cre acini as indicated by the restoration of an apical distribution of both Rab11 

and MyoVb staining following tubacin treatment (Fig 5D-G).  

Line profile analysis of the acetylated tubulin staining revealed that following 

tubacin treatment, the fluorescence intensity towards the apical surface of the 

paxillinfl/fl;cre acini was comparable to the acetylated MT levels observed in DMSO or 

drug-treated paxillin+/+;cre acini, while the levels of acetylated MTs at the basal side was 

similarly elevated in both cell populations (Fig S8). Together, these data suggest that 

elevated level of MT acetylation towards the apical surface is most important for 

establishing acini polarization. 
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Paxillin is required for ex vivo 3D organoid branching morphogenesis 

Paxillin depletion in the mammary epithelium resulted in a decrease in ductal 

branching in vivo (Fig 1A,B). To further examine the mechanism by which paxillin 

regulates branching morphogenesis, we utilized an ex vivo 3D organoid culture model 

system (Fig 6A) [11]. Time-lapse imaging of Matrigel-embedded organoids for 7 days 

revealed that although the paxillinfl/fl;cre organoids were able to survive and proliferate, 

they failed to branch as efficiently as paxillin+/+;cre organoids (Fig 6B,C; movie S7,S8). 

Examination of the whole mount organoids stained for paxillin confirmed its expression 

in the paxillin+/+;cre organoids and that the unbranched paxillinfl/fl;cre organoids lacked 

paxillin (Fig 6B). 

To determine whether paxillinfl/fl;cre organoids recapitulated other defects 

observed in vivo, organoid sections were immunostained for F-actin to examine cell 

shape. Quantification of the cell aspect ratio showed that the paxillin+/+;cre organoids 

contained primarily columnar shaped cells, whereas the paxillinfl/fl;cre cells were more 

flattened (Fig 6D,E). In addition, 3D cell shape analysis using Imaris cell membrane 

detection algorithm revealed that paxillinfl/fl;cre cells had a higher cell oblate ellipticity, 

indicative of a disk-like spheroid (Fig 6F,G). This result is consistent with the in vivo 

observation that paxillinfl/fl;cre cells are more flattened as compared to paxillin+/+;cre 

cells (Fig 2A,B). To evaluate whether cell polarity was also disrupted in the paxillinfl/fl;cre 

organoids, organoid sections were stained for the cis-Golgi marker GM130. Consistent 

with the phenotype observed in vivo, the GM130 was localized apically in the 

paxillin+/+;cre organoids but was more dispersed in the paxillinfl/fl;cre organoids (Fig 



 73 

6H,I), While the paxillin+/+;cre organoids also formed a single lumen in association with 

their branched and polarized epithelial cell layers, the paxillinfl/fl;cre organoids generally 

formed solid balls of cells lacking a central lumen or formed multiple small lumen similar 

to the acini. Taken together, these data suggest that paxillin-dependent cell shape and 

the acquisition/maintenance of cell polarity is necessary for organoid branching 

morphogenesis. 

Since lower pMLC levels were observed in the paxillinfl/fl;cre mammary gland 

tissue (Fig 2E), suggesting paxillin-dependent defects in contractility, we sought to 

examine whether paxillin-mediated contractile forces are important for mammary 

organoid branching. Paxillin+/+;cre and paxillinfl/fl;cre organoids were therefore treated 

with the myosin II inhibitor blebbistatin. However, instead of causing a reduction in 

branching that mimicked the untreated paxillinfl/fl;cre organoids, the blebbistatin-

treated paxillin+/+;cre organoids actually formed a hyperbranched phenotype with an 

increase in peripheral cell protrusiveness (Fig S9A). Similar hyperbranching results have 

been obtained using the Rho kinase (ROCK) inhibitor (Y-27632) ([11] and data not 

shown). Although the blebbistatin-treated paxillinfl/fl;cre organoids also exhibited 

increased membrane protrusion activity, they remained unable to branch (Fig S9A,B). 

These data indicate that the contractility defect seen in the paxillinfl/fl;cre mammary 

gland, while likely involved in controlling cell shape, may not be directly associated with 

the branching deficiency. 
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Inhibition of HDAC6 rescues the organoid branching defect caused by paxillin 

depletion 

Epithelial cell rearrangement, polarity and cell organization is critical for 

branching morphogenesis [1]. Therefore, based on the ability of HDAC6 inhibition to 

rescue acini polarity and lumen formation in the absence of paxillin, we hypothesized 

that paxillin-HDAC6-dependent regulation of MT acetylation, is also a prerequisite for 

branching morphogenesis. Accordingly, organoids were treated with tubacin. While the 

DMSO treated paxillinfl/fl;cre organoids lacking paxillin failed to branch, tubacin 

treatment resulted in a significant rescue of branching morphogenesis in these 

organoids to levels comparable to control paxillin+/+;cre organoids (Fig 7A,B; movie 

S9,S10). Organoids stained for acetylated tubulin to assess tubacin inhibition, showed 

that the MTs were highly acetylated after tubacin treatment in both paxillin+/+;cre and 

paxillinfl/fl;cre organoids (Fig 7C). Immunostaining for paxillin was performed to confirm 

the absence of paxillin expression in tubacin treated paxillinfl/fl;cre organoids (Fig S9C). 

To evaluate the specific role of MT acetylation versus other mechanisms that may 

impact MT stability, paxillinfl/fl;cre organoids were similarly treated with the MT 

stabilizing drug paclitaxel [12]. Interestingly, paclitaxel was not able to rescue branching 

in these paxillin-deficient organoids and also blocked branching in the paxillin+/+;cre 

organoids (Fig 7D,E; Fig S10A,B), indicating that MT stabilization per se is not sufficient 

to rescue the branching defect. Conversely, to evaluate whether the branching defect 

seen in paxillinfl/fl;cre organoids may be caused by MT destabilization, organoids were 

treated with the MT-disrupting drug nocodazole [12]. Predictably, nocodazole treatment 
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did not induce branching in the paxillinfl/fl;cre organoids. However, the nocodazole-

treated paxillin+/+;cre organoids, while failing to undergo branching, displayed a dose-

dependent rounded morphology with loosely attached cells (Fig 7D; Fig S10C), 

suggesting that the nocodazole-induced defect is different from the phenotype seen 

with paxillin depletion alone. Taken together, these data indicate that paxillin-HDAC6-

regulated MT acetylation, but not MT stabilization or destabilization alone, is key for 

organoid branching morphogenesis. 

 

Discussion 

Herein, we have evaluated the role of paxillin in mouse mammary gland 

morphogenesis by utilizing a recently generated conditional knockout mouse model and 

selectively ablating paxillin in the luminal epithelial cells of the mouse mammary gland. 

Of importance, this model provides the first evidence for paxillin-dependent regulation 

of epithelial cell and tissue organization in vivo, including control of cell polarity and 

shape, lumen formation and ductal branching.  Although paxillin-dependent 

perturbations in the F-actin cytoarchitecture were also observed, utilizing ex vivo 3D 

organoid and in vitro acini primary culture model systems to further dissect the 

underlying mechanism(s), we have identified a primary role for paxillin-mediated 

regulation of HDAC6 activity and associated microtubule (MT) acetylation in defining 

these tissue characteristics (Fig 8). Thus, the paxillin-HDAC6-MT acetylation signaling 

axis appears to define a common mechanism for coordinating the organization of the 
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cell polarity machinery in both epithelial (apical-basal) (this study) and mesenchymal 

(front-rear) [31] cell types. 

The major morphologic defects observed in the paxillinfl/fl;cre mammary glands 

included increased duct diameter, a flattened cell morphology and reduced ductal 

branching (Fig 1). This phenotype was also accompanied by reduced levels of pMLC (Fig 

2E), an indicator of decreased cell contractility and consistent with paxillin's well-

established role in organizing the F-actin cytoskeleton in mesenchymal cells [25, 29]. 

Paxillin interacts with the FAK-Src complex at focal adhesions in response to integrin-

mediated extracellular matrix signals in fibroblasts via its LD motifs to regulate pMLC-

dependent contractility and coordinate cell motility [25, 29, 45, 46] and we also 

observed defects in β1 integrin and FAK signaling in the paxillinfl/fl;cre mammary gland 

tissue (Fig S2). However, work by others indicated that β1 integrin knockout in the 

mammary gland did not produce any ductal outgrowth defects [47]. On the other hand, 

a FAK conditional knockout in mammary luminal epithelial cells resulted in reduced 

branching through cell proliferation defects [48], while in another mammary epithelial 

cell (MEC) transplantation model, FAK knockout caused increased duct size and reduced 

organoid branching similar to our observations. However, the FAK phenotype was 

suggested to be the result of enhanced Rho kinase (ROCK)-mediated contractility within 

the myoepithelium [24] and ROCK-inhibited wild type and FAK knockout mammary 

organoids also resulted in a hyperbranching phenotype [11, 24]. In the current study, we 

observed decreased levels of pMLC in luminal epithelial cells, suggesting reduced 

contractility in the absence of paxillin (Fig 2E). Thus, the reason for the duct 
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dilation/branching deficiency, caused by the loss of paxillin in mammary luminal 

epithelial cells, may be independent of integrin or FAK-mediated ROCK signaling. 

Furthermore, inhibition of myosin II by blebbistatin in the paxillinfl/fl;cre organoids failed 

to rescue branching (Fig S9A,B), suggesting that in the absence of paxillin from the 

luminal cells, reduced contractility in the adjacent myoepithelial cells is not sufficient to 

promote branching. Hence, paxillin is likely to regulate duct size/branching through F-

actin cytoskeleton organization in addition to contractility in the luminal epithelial cells.  

The paxillin-depleted ducts and isolated acini also exhibited increased F-actin-

associated membrane blebbing, further suggesting perturbed actin dynamics or actin-

membrane interactions (Fig 2C, 4H). Interestingly, at early time points the blebbing 

phenotype was observed in both control and paxillin-depleted acini (Fig 4I), indicating 

that a highly dynamic actin cytoskeleton is required for establishing correct tissue 

architecture, but is subsequently deactivated via a paxillin-mediated process. A similar 

F-actin blebbing phenotype was observed following overexpression of a constitutively 

active cofilin mutant in 3D cultured Caco-2 cysts [49]. Paxillin could potentially influence 

cofilin mediated F-actin assembly via TESK, which phosphorylates cofillin and can bind 

indirectly to paxillin through its association with actopaxin (α-parvin) [50]. 

In the paxillinfl/fl;cre mammary gland and organoids, cell shape is perturbed (Fig 

2A,B, 6D-G). Indeed, since cell proliferation was unaffected, the flattened cell shape 

could account for the dilated duct phenotype, combined with similar duct penetration in 

paxillinfl/fl;cre mammary gland (Fig 1A,C-F). Cell shape is also an important driver of duct 

branching. For example, epithelial cells with a high degree of apical constriction have 
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been associated with new branch formation on the side of a duct, while cells with a 

constricted basal surface have been correlated with duct bifurcation [51, 52]. Overall 

cell shape is dependent on the organization of both the F-actin and MT cytoskeleton 

networks [53], but their respective importance remains to be determined. Our current 

studies have revealed a defect in the apical enrichment of MT acetylation in the 

developing mammary gland in the absence of paxillin (Fig 2F,G), while the total 

microtubule distribution and level is largely unaffected (Fig S4). MT acetylation is 

thought to not only stabilize MTs [54], but also increases MT resistance to mechanical 

breakage [55], which in turn could provide increased structural support to maintain cell 

shape. Although the role of MT acetylation in shaping the mammary gland has not 

previously been evaluated, analysis of the Drosophila eye disc epithelium revealed that 

integrins regulate actomyosin-dependent apical constriction of the epithelial cells by 

promoting MT minus end stability with associated elevated levels of acetylated MTs 

[40]. However, the mechanism by which the basal surface-localized integrin regulates 

MT acetylation within the apical domain is not known. Together, our data suggest that 

paxillin’s involvement in both inside-out and outside-in ECM-integrin signaling, 

combined with its inhibition of HDAC6 activity to promote MT acetylation, could 

coordinate ECM signals and apical constriction to maintain proper cell shape and, in turn 

coordinate the branching process (Fig 8).  

Cell-ECM signaling-dependent matrix deposition is also important for promoting 

branching and maintaining mammary gland organization [56]. Although epithelial 

tissues do not typically form classical focal adhesions in vivo, the disruption of active 
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integrin β1 distribution and laminin deposition that was observed in the paxillin-

depleted mammary glands (Fig S2) suggests a potential defect in inside-out integrin-

ECM signaling, which in turn could cause further disruption of the actin cytoskeleton 

organization (Fig 2C,4H; Fig 8). Interestingly, paxillin has been shown to perform a 

similar role in regulating matrix deposition during myotendinous junction formation in 

the developing Zebrafish somites [57]. 

The establishment of apical-basal polarity is a core requirement of epithelial 

tissue organization and function [42]. Our in vivo animal model and 3D culture models 

demonstrated that the paxillinfl/fl;cre mammary gland is defective in numerous facets of 

apical-basal polarity including dispersed Golgi apparatus and Par3 protein (Fig 3A-E, 

4B,E), reduced and disorganized MT acetylation (Fig 2F-H, 4B) and mislocalized Rab11-

MyoVb apical trafficking complex, necessary for the delivery of apical membrane 

proteins (Fig 3F-I, 4C,D,F,G). Importantly, paxillin depletion in mesenchymal cells also 

causes disruption of the positioning and integrity of the Golgi complex and front-rear 

polarized trafficking as a result of dysregulation of HDAC6 activity and specifically 

through its control of MT acetylation [31, 32]. We propose a similar paxillin-dependent 

HDAC6-MT acetylation regulation mechanism in establishing epithelial apical-basal cell 

polarity since tubacin treatment rescued paxillinfl/fl;cre acini polarity including Golgi 

complex cohesion and positioning as well as single lumen formation, while also 

reestablishing apical MT acetylation to wild type levels (Fig 5B,C; Fig S8). Nevertheless, 

HDAC6 has additional substrates to α-tubulin, with cortactin and Hsp90 being the major 

ones [58]. This raises the formal possibility that these substrates may also be associated 



 80 

with paxillin's regulation of apical-basal polarity. Importantly however, cortactin 

acetylation inhibits its F-actin binding activity and regulation of Arp 2/3 F-actin 

branching [59]. Given that Arp2/3 activity is required for polarized lumen formation and 

apical protein maintenance [60, 61], we speculate that cortactin acetylation is not 

contributing to the rescue in paxillinfl/fl;cre acini. 

Interestingly tubacin also rescued Rab11-MyoVb distribution to the apical 

surface of the acini (Fig 5D-G), which suggests that the acetylated MT network is 

necessary and sufficient for Rab11-dependent apical trafficking, possibly via stabilizing 

or optimizing MT motor binding and/or activity [21]. Alternatively, MT acetylation could 

be required to facilitate motor protein switching from kinesin to MyoVb at the apical 

membrane, or regulate F-actin-dependent apical constriction to retain MyoVb-

associated vesicles at apical surface to aid in apical domain formation (Fig 8) [21]. 

Additionally, in the paxillinfl/fl;cre mammary gland, Rab11 but not MyoVb protein levels 

were reduced (Fig S5). This suggests that Rab11 expression may also be regulated by 

paxillin or, alternatively Rab11 may be targeted for lysosomal degradation. Rab11 is 

critical for vesicle transportation from the basal to the apical membrane [62]. Although 

Rab11 is still apically localized in the paxillinfl/fl;cre mammary gland, the reduced level of 

Rab11 protein likely impacts the efficiency of apical protein translocation and thereby 

contributing to the failure of apical domain formation. 

While numerous studies have been performed to understand branching 

morphogenesis or lumen formation during mammary gland development, little is known 

about the relationship between these two processes. In addition to rescuing acini 
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polarity and single lumen formation, tubacin treatment also rescued the branching 

defect in the paxillinfl/fl;cre organoids (Fig 7A,B), suggesting that paxillin-regulated MT 

acetylation is also key to controlling branching morphogenesis. These data further 

suggest that MT acetylation-dependent polarized lumen formation is a prerequisite for 

branching and that MT acetylation-dependent mechanical support, necessary for cell 

shape maintenance is also key to promoting optimal duct organization and branching 

(Fig 8). 

In summary, the analysis described herein identifies paxillin as a central 

regulator of multiple aspects of mammary gland morphogenesis. Importantly, despite 

the multiple pathways through which paxillin could potentially regulate apical-basal 

polarity and branching morphogenesis, the common rescue by tubacin treatment of the 

major developmental defects observed after paxillin depletion, greatly focuses attention 

on the role of microtubule acetylation and emphasizes the importance of the paxillin-

HDAC6-MT acetylation signaling axis (Fig 8). Furthermore, this new conditional knockout 

animal model provides a foundation for further assessment of the mechanism(s) by 

which paxillin regulates mammary gland function, for example in the context of tissue 

remodeling during pregnancy to support milk production or evaluation of its role in 

breast cancer progression.   
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Material and Methods 

Animals: 

All mouse experiments were performed in compliance with protocols approved 

by SUNY Upstate Medical University IACUC. The paxillinfl/fl;cre mice were generated as 

previously described [63]. Paxillinfl/+ mice were crossed with transgenic MMTV-LTRcre 

mice (strain D, JAX stock #003553) [34] to produce paxillin+/+;cre and paxillinfl/fl;cre mice. 

Paxillinfl/+ mice were maintained on a mixed genetic background (C57BL/6J and FVB/N). 

Mammary glands isolated from 6-week-old mouse were used for immunohistochemistry 

(IHC) analysis. Female mice between 10 and 14 weeks of age were used for tissue 

isolation for organoid branching and acini formation experiments. 

Histology: 

Whole mount analysis was performed by staining the fourth inguinal mammary 

glands with carmine alum, as described previously [64]. For quantification of branch 

number, both bifurcation and lateral branching was counted. The counting was initiated 

at the lymph node and extended to the terminal end buds. For stalk length 

quantification, we used the ImageJ segmented line tool plug-in. Mammary glands were 

fixed in 4% paraformaldehyde, embedded in OCT and sectioned (6 μm). Tissue sections 

were subjected to standard H&E staining. A Zeiss Axioskop2 plus microscope fitted with 

a QImaging EXi Blue charge-coupled device camera and Plan-Apochromat 10x or 20x 

objectives, was used to image tissue sections. The images were analyzed as described 

below using ImageJ. 
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3D Organotypic assay: 

Three-dimensional (3D) organoids were prepared as previously described [65]. 

Briefly, mammary glands were minced and shaken for 45-60 min at 37°C in digestion 

media (2 mg/mL collagenase (C2139; Sigma Aldrich, St. Louis, MO, USA), 2 mg/mL 

trypsin (85450C; Sigma), 5 μg/mL insulin (I9278; Sigma), 5% v/v fetal bovine serum, 1% 

v/v penicillin/streptomycin in DMEM/F12). The dissociated tissue solution was 

centrifuged at 1500 rpm for 10 min, and the pellet was resuspended in 4 mL DMEM/F12 

plus 40 μL DNase (2 U/μL; D4263; Sigma). The DNase solution was shaken by hand for 2-

5 min and centrifuged at 1500 rpm for 10 min. The organoids were pelleted by brief 

centrifugation at 400Xg. 

Organoid branching morphogenesis was performed in 24-well plates. Organoids 

were suspended in Matrigel (354234; Corning Incorporated, Bedford, MA, USA) at 

density of 1000 organoids/mL. Aliquots of the organoid suspension (100 μL) were added 

to each well of a 24 well plate and allowed to solidify for 20 min at 37°C and 

FGF2/branching media (DMEM/F12, 1% v/v insulin-transferrin-selenium-X (ITS) (51500; 

GIBCO) and 1% v/v penicillin/streptomycin (30-002-CI; Corning) + 2.5 nM FGF2 (F0291; 

Sigma) was added to the Matrigel-embedded organoids. Organoids were tracked by 

taking phase contrast images every day for at least 7 days. For quantitation, organoids 

with more than 4 branches was scored as being branched. 
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Primary cell culture and 3D acini formation: 

Primary mammary epithelial cells were isolated and cultured as previously 

described with minor modifications [12]. Briefly, cells were plated onto collagen I-

coated 10 cm plastic dishes for monolayer cultures for one passage, and then replated 

onto Matrigel-coated coverslips in acini culture media (DMEM/F12, 5 μg/mL insulin, 1 

μg/mL hydrocortisone, 3 ng/mL EGF, 10% FBS, 1% v/v penicillin/streptomycin, 1% 

Matrigel) for 6 days to form acini. For acini polarity quantification, an acinus with more 

than 90% apical Golgi staining was counted as polarized. For lumen number 

quantification, ZO-1 staining surrounded a void was counted as a lumen. 

Drug treatment: 

Organoids and/or acini were treated with the HDAC6 inhibitor tubacin (2 μM) 

(SML0065; MilliporeSigma, Burlington, MA, USA), the microtubule depolymerizing drug 

nocodazole (200 ng/mL, 20 ng/mL, 2 ng/mL) (487928; MilliporeSigma), the microtubule 

disassembly inhibitor paclitaxel (0.1 μM, 10 nM, 1 nM) (T7191; MilliporeSigma) and the 

myosin II inhibitor blebbistatin (10-50 μM) (203390; MilliporeSigma). For the organoids, 

drugs were added at day 2 and treated for 4 days. For acini, drugs were added at day 4 

and treated for 2 days. Organoids and acini were fixed at 6 days after culturing for 

further analyses. 

FM4-64 lipophilic dye transport assay: 

FM4-64 dye (T13320; ThermoFisher, Waltham, MA, USA) was dissolved in DMSO 

and stored at -20°C as a 10 mM stock solution. For live-cell imaging, 6 day acini were 
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treated with 2.5 μg/mL FM4-64 dye for 10 min. on ice. Live-cell imaging was performed 

every 5 min for 2 hours at 37°C in 5% CO2 using a Leica SP8 scanning confocal 

microscope with a high-contrast Plan-Apochromat CS2 20x/0.75 IMM objective.  

Antibodies and reagents: 

Antibodies used were paxillin (H114; Santa Cruz Biotechnology, Santa Cruz, CA, 

USA), Par-3 (07-330; EMD Millipore, Temecula, CA, USA), giantin (PRB-114C; Covance, 

Princeton, NJ), HDAC6 (H2287; Sigma), DAPI (D9542; Sigma), Laminin (L9393, Sigma), α-

tubulin (T9026, Sigma), α-SMA (A5228; Sigma), GM130 (G65120; BD Biosciences, 

Franklin Lakes, NJ, USA), E-cadherin (610182; BD Biosciences), CD29 clone 9EG7 

(553715; BD Biosciences), FAK (610087; BD Biosciences), Rab11 (5589; Cell Signaling, 

Danvers, MA, USA), acetyl-α-tubulin (5335; Cell Signaling), pMLC (3671; Cell Signaling), 

cleaved caspase 3 (9661; Cell Signaling), Slug (9585; Cell Signaling), Myosin VB (NBP1-

87746; Novus Biologicals, Littleton, CO, USA), EpCAM (Developmental Studies 

Hybridoma Bank, University of Iowa), Ki67 (15580; Abcam, Cambridge, MA, USA), 

FAK/PYK2 pTyr397 (700255; Invitrogen, Carlsbad, CA), ZO-1 (40-2200; Invitrogen), 

Rhodamine-Phalloidin (R415; ThermoFisher) was used to visualize F-actin. Secondary 

antibodies used were Alexa Fluor 488-, 550-, and 633-conjugated secondary antibodies 

(Thermo Fisher). 

Immunostaining: 

Mammary gland cryosections were washed in Phosphate-buffered saline (PBS) 

and blocked in 10% normal goat serum for 2 hours. Antibodies were diluted in 10% 
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normal goat serum. Sections were incubated at 4°C overnight, washed in PBS+0.1% TX-

100 (PBST), followed by 2 hours incubation in secondary antibody. F-actin was detected 

by incubating sections with Rhodamine-phalloidin and nuclei were stained with DAPI. 

Organoids cryosections or 3D-cultured whole acini were washed in PBS and 

blocked in 3% bovine Serum Albumin (BSA) for 1 hour. Antibodies were diluted in 3% 

BSA. Slides were incubated at 37 °C for 2 hours, washed in PBS+0.1% TX-100 (PBST), 

followed by 1 hour incubation in secondary antibody. F-actin was stained with 

Rhodamine-phalloidin, and nuclei were stained with DAPI. 

Organoid whole mount staining was performed as previously described [11]. 

Briefly, organoids were fixed with 4% paraformaldehyde (PFA) at 4°C overnight, washed 

with PBS and blocked with 3% BSA for 24 hours. Antibodies were diluted in 3% BSA. 

Organoids were incubated in primary antibody at 4°C for 2 days, washed with PBST for a 

day, followed by 1 day incubation in secondary antibody. F-actin or DAPI was stained for 

1 hour. Images were acquired using either a Leica SP8 scanning confocal, or Zeiss 

Axioskop2 plus microscope as above. 

Imaris analysis: 

Image analysis of 3D cell shape was performed using the Imaris x64 version 

9.0.1, Bitplane AG. The phalloidin stained images of the organoids were autosegmented 

using the default cell membrane detection algorithm. The ellipticityoblate of at least 200 

cells within a single plane of the organoid was quantified using the equation, 

eoblate = { 2b2 / ( b2+c2 ) } * { 1- (2a2 / (b2 + c2)) } 
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ImageJ analysis: 

Line profile analysis was performed using ImageJ and the ratio of the maximum 

fluorescence intensity at the apical membrane to the maximum fluorescence intensity 

at the basal membrane of a cell was determined. Individual cells in the ducts were 

thresholded and evaluated using the “analyze particles” ImageJ plugin to measure 

Rab11 mean fluorescence intensity (M.F.I.). For laminin levels, laminin M.F.I. was 

normalized to the α-smooth muscle actin M.F.I. For acetylated MT levels, acetyl-tubulin 

M.F.I. was normalized to GM130. 

Immunoblotting: 

6 week old mammary glands or one passage primary mammary epithelial cells 

(MECs) were lysed in sample buffer (20 mM Tris-HCl (pH 8), 10% glycerol, 2% SDS, and 

0.1% bromophenol blue). Tissue/cell lysates were electrophoresed through 10% SDS 

polyacrylamide gels and transferred to nitrocellulose (Life Science, St. Louis, MO). The 

membranes were blocked and probed with primary and secondary antibodies as 

indicated and then visualized and quantified by chemiluminescence (SuperSignal West; 

Thermo Fisher Scientific, Rockford, IL), using a Chemidoc MP imaging system (Bio-Rad 

Laboratories). 

Statistical analysis: 

All data were analyzed using a two-sided student’s t-test or one-way ANOVA 

with post hoc test as indicated. All data were generated from at least three independent 
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mice for each condition. Statistical significance is indicated by *p<0.05, **p<0.01, 

***p<0.001. All error bars represented the mean ± s.e.m. 
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Figure 1. Paxillinfl/fl;cre mammary glands have fewer branches and dilated ducts.  

(A) Whole mount staining of 6 week old paxillin+/+;cre and paxillinfl/fl;cre mammary 

glands. Scale bar: 2 mm. (Ai, Aii) Zoomed images showing paxillinfl/fl;cre have larger duct 

diameters (arrowheads). Scale bar: 250 μm. (B) Quantification total number of branches 

in the mammary gland, n(paxillin+/+;cre)=10 animals, n(paxillinfl/fl;cre)=13. (C) 

Quantification of duct penetration. n(paxillin+/+;cre)=6, n(paxillinfl/fl;cre)=8. (D) 

Quantification of duct diameter, n(paxillin+/+;cre)=6, n(paxillinfl/fl;cre)=7. (E) H&E staining 

of 6 week old mammary gland sections. Asterisks indicate individual ducts. Scale bar: 50 

μm. (F) Quantification of duct area, n(paxillin+/+;cre)=3, n(paxillinfl/fl;cre)=5 (G) Paxillin 

expression pattern in 6 week old mammary glands. Occasional mosaic expression of 

paxillin was observed in paxillinfl/fl;cre glands (arrowhead). Scale bar: 20 μm. (H) 

Genotyping from mice tail snips and western blotting of paxillin using lysates obtained 

from mammary gland extract. A Student’s T-test was performed. Data represent mean ± 

s.e.m. *<0.05, **<0.01.  
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Figure 2 
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Figure 2. Paxillinfl/fl;cre mammary glands have disrupted epithelial cell shape and 

disorganized cytoskeletal components.  

(A) 6 week old mammary gland sections labeled with tight junction marker, ZO1 and 

plasma membrane marker, EpCAM. A1: paxillin+/+;cre. A3: paxillinfl/fl;cre. A2: schematic 

of apical to lateral measurement. Scale bar: 20 μm. (B) Quantification of apical to basal 

membrane length ratio, n=3 (at least 20 cells per animal). (C) Actin staining of 

longitudinal section of mammary gland ducts. Asterisk indicates the apical surface, 

arrow indicates myoepithelial layer. Scale bar: 20 μm. (D) Quantification of the number 

of cells with apical F-actin blebs, n(paxillin+/+;cre)=6, n(paxillinfl/fl;cre)=7, (at least 3 ducts 

per animal). (E) Mammary epithelial cell lysates blotted for pMLC and quantification of 

the relative level, normalized to actin. (F) 6 week old mammary gland stained for 

acetylated tubulin. Scale bar: 20 μm. (G) Quantification of cells with apical acetylated-

tubulin, n(paxillin+/+;cre)=5, n(paxillinfl/fl;cre)=4, (at least 28 cells per animal). (H) 

Mammary epithelial cell lysates blotted for acetylated tubulin and quantification of the 

relative expression level. A Student’s T-test was performed. Data represent mean ± 

s.e.m. *<0.05, **<0.01, ***<0.001. 
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Figure 3 
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Figure 3. Cell polarity and apical trafficking complex is disrupted in paxillinfl/fl;cre 

mammary glands.  

(A) Mammary gland sections stained for the Golgi marker Giantin. Scale bar: 20 μm. (B) 

Line profiles showing Golgi distribution, using ImageJ. (C) Quantification of Golgi 

distribution: the ratio of maximal fluorescence intensity at the apical side vs. the 

maximal fluorescence intensity at the basal side, n=3 (at least 4 ducts per animal, at 

least 10 cells per duct). (D) Tissue sections stained for the apical marker Par3. Scale bar: 

20 μm. (E) Quantification of Par distribution: the ratio of maximal fluorescence intensity 

at the apical side vs. the maximal fluorescence intensity at the basal side, n=3 (at least 3 

ducts per animal, at least 7 cells per duct). (F) Tissue sections stained for the apical 

recycling-associated trafficking marker Rab 11. Scale bar: 20 μm. (G) Quantification of 

mean fluorescence intensity of Rab11, n=3 (at least 3 ducts per animal). (H) Tissue 

sections stained for the apical trafficking motor protein MyoVb. Scale bar: 20 μm. (I) 

Quantification of MyoVb distribution. Asterisks indicate individual ducts. A Student’s T-

test was performed. Data represent mean ± s.e.m. *<0.05, **<0.01, ***<0.001. 
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Figure 4 

 

  



 96 

Figure 4. Paxillinfl/fl;cre mammary epithelial cells are not able to form polarized acini in 

3D Matrigel culture.  

(A) Schematic of cells forming polarized acini. (B) 6-day acini stained for acetylated-

tubulin and the Golgi marker, GM130. Scale bar: 5 μm. (C) Acini stained for Rab11. Scale 

bar: 5 μm. (D) Acini stained for MyoVb and E-cadherin. Scale bar: 5 μm. (E) 

Quantification of cells forming polarized acini (more than 90% of the cells with apical 

Golgi), n=3 (total of 36-165 acini per genotype). (F) Quantification of acini with apical 

Rab11 distribution, n=3. (G) Quantification of acini with apical MyoVb distribution, n=3. 

(H) 6-day acini stained for F-actin. Scale bar: 5 μm. (I) 2-day acini stained for F-actin. 

Scale bar: 2 μm. (J) Quantification acini with basal F-actin-containing blebs, n=3 (total of 

26-74 acini per genotype). A Student’s T-test was performed. Data represent mean ± 

s.e.m. *<0.05, **<0.01, ***<0.001.  
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Figure 5 
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Figure 5. HDAC6 inhibition rescues the ability of paxillinfl/fl;cre cells to form polarized 

acini.  

(A) Mammary epithelial cell lysates blotted for HDAC6 and paxillin. Quantification of 

HDAC6 from 5 different blots from 3 sets of animals. (B) Paxillin+/+;cre and paxillinfl/fl;cre 

acini were treated with 2 μM tubacin, followed by staining for acetylated-tubulin and 

GM130. Scale bar: 5 μm. (C) Quantification of polarized acini, n=3 (total of 15-93 acini 

per treatment). One-way ANOVA with Tukey's multiple comparisons test was performed 

for statistical analysis. (D) Tubacin treated paxillinfl/fl;cre acini stained for Rab11 and 

GM130. Scale bar: 5 μm. (E) Quantification of acini with apical Rab11, n=3 (total of 11-

144 acini per treatment). (F) Tubacin treated paxillinfl/fl;cre acini stained for MyoVb and 

E-cadherin. Scale bar: 5 μm. (G) Quantification of acini with apical MyoVb, n=3 (total of 

14-89 acini per treatment). A Student’s T-test was performed. Data represent mean ± 

s.e.m. *<0.05, **<0.01, ***<0.001.  
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Figure 6 
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Figure 6. Paxillinfl/fl;cre mouse-derived organoids are unable to branch efficiently, have 

disrupted cell polarity and altered cell ellipticity.  

(A) Schematic of organoid branching morphogenesis assay. (B) Time-lapse phase 

imaging montage of paxillin+/+;cre and paxillinfl/fl;cre organoids growing in 3D matrigel 

for 6 days. Whole mount of day 6 organoids stained for paxillin. Scale bar: 40 μm. (C) 

Quantification of organoid branching, n=5. (D) Day 6 organoid sections stained for F-

actin to visualize apical-lateral length ratio. Scale bar: 20 μm. Zoomed scale bar: 4 μm. 

(E) Quantification of apical to lateral ratio, n=3 (at least 10 cells per organoid). (F) Imaris 

analysis showing a single optical section through the day 6 organoids. Scale bar: 20 μm. 

(G) Quantification of 3D cell ellipticity (oblate), n=3 (at least 200 cells per organoid). (H) 

Day 6 organoid sections stained for the Golgi marker GM130. Scale bar: 50 μm. Zoom in 

scale bar: 10 μm. (I) Quantification of cells with apical GM130 Golgi staining, n=3 (at 

least 20 cells per organoid). A Student’s T-test was performed. Data represent mean ± 

s.e.m. *<0.05, **<0.01.  
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Figure 7 
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Figure 7. Tubacin treatment rescues organoid branching in paxillinfl/fl;cre organoids.  

(A) Phase images of day 6 organoids treated with 2μM tubacin for 4 days. Scale bar: 40 

μm. (B) Quantification of branching at day2, day4 and day6, n=3 (total of 18-82 

organoids per treatment). One-way ANOVA with Tukey's multiple comparisons test was 

performed for statistical analysis. (C) Whole mount staining of organoids showing 

paxillin and acetylated-tubulin expression pattern in the tubacin-treated organoids. 

Scale bar: 20 μm. (D) Phase images of 0.1 μM paclitaxel- and 200 ng/mL nocodazole-

treated paxillin+/+;cre and paxillinfl/fl;cre organoids. Scale bar: 20 μm. (E) Quantification 

of branching in drug-treated organoids, n=3. A student t test was performed. Data 

represent mean ± s.e.m. *<0.05, **<0.01, ***<0.001.  
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Figure 8 
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Figure 8. Potential model for paxillin-mediated MT acetylation in the regulation of 

apical polarity and branching morphogenesis.  

During mammary gland morphogenesis, our data suggest that paxillin inhibits the α-

tubulin deacetylase HDAC6 to enhance tubulin acetylation. Apically enriched acetylated 

MTs provide stable tracks for Rab11-dependent apical vesicles trafficking, which likely 

contributes to the apical accumulation of Par complex proteins. Paxillin may also assist 

in MyoVb stabilization of the apical membrane-associated actin network. Meanwhile, as 

in mesenchymal cells, paxillin-dependent MT acetylation also coordinates Golgi apical 

positioning and provides a more stable MT cytoskeleton to support and maintain a 

columnar cell shape and aid in apical constriction. Also, through a mechanism to be 

determined, paxillin regulation of inside-out integrin-based signaling contributes to 

matrix deposition at the basal surface perhaps to facilitate mechanosignaling within the 

F-actin cytoskeleton to control lumen size. The polarized and columnar shaped epithelial 

cells, combined with directed trafficking, contribute to lumen formation. Additional 

acetylated MT-mediated epithelial cell constriction potentially facilitates branching of 

the ducts.  
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Supplemental Figure 1 

 

Supplemental Figure 1. Paxillinfl/fl;cre mammary glands do not have altered stalk 

length or number of TEBs.  

(A) Whole mount staining of 6 week old mammary gland. Arrowheads indicate terminal 

end buds (TEBs).  Stalk length was measured in the indicated white boxed area. The box 

was drawn 1mm from lymph node with a 2 mm width. Scale bar: 2 mm. (B) 

Quantification of TEB number, n=9. (C) Quantification of stalk length, n=3. A Student’s T-

test was performed. Data represent mean ± s.e.m. ns=not significant.  
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Supplemental Figure 2 

 

Supplemental Figure 2. Paxillinfl/fl;cre mammary glands have mislocalized active β1 

integrin and reduced laminin deposition.  

(A) 6 week old mammary gland sections stained for active β1 integrin. Scale bar: 50 μm. 

(B) Quantification of basal membrane versus total duct active β1 integrin staining, n=4. 

(C) Mammary gland sections stained for laminin and α-smooth muscle actin (α-SMA). 

Scale bar: 50 μm. (D) Quantification of laminin intensity normalized to α-SMA, n=3. (E) 

Mammary epithelial cell lysates blotted for phosphor-FAK and total FAK. (F) 

Quantification of pFAK level (normalized to total FAK), n=2. (G) Quantification of total 
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FAK level (normalized to total actin), n=2. A Student’s T-test was performed. Data 

represent mean ± s.e.m. *<0.05, **<0.01.  
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Supplemental Figure 3 

 

Supplemental Figure 3. Paxillinfl/fl;cre mammary glands do not have altered cell 

proliferation or apoptosis.   

(A) Paxillin+/+;cre and paxillinfl/fl;cre ducts and terminal end buds (TEBs) stained with Ki67 

and for cytokeratin-8 (CK8). Scale bar: 50 μm. (B) Quantification of Ki67-positive cells, 

n=3 (C) paxillin+/+;cre and paxillinfl/fl;cre ducts and TEBs stained for cleaved-caspase 3 

and CK8. Scale bar: 50 μm. (D) Quantification of cleaved-caspase 3-positive cells, n=3. A 

Student’s T-test was performed. Data represent mean ± s.e.m. ns=not significant.  
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Supplemental Figure 4 

 

Supplemental Figure 4. Total microtubule content is not noticeably perturbed in the 

paxillinfl/fl;cre mammary gland.  

(A) 6 week old mammary glands co-stained with acetylated tubulin and α-tubulin. Scale 

bar: 50 μm. (B) Quantification of mean fluorescence intensity of α-tubulin, n=3 (at least 

5 ducts per animal). A Student’s T-test was performed. Data represent mean ± s.e.m. 

ns=not significant.  
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Supplemental Figure 5 

 

Supplemental Figure 5. MyoVb and Rab11protein levels in the paxillin+/+;cre and 

paxillinfl/fl;cre mammary gland.  

(A) Mammary epithelial cell lysates blotted for MyoVb and Rab11. (B) Quantification of 

MyoVb level (adjusted to actin), n=2. (B) Quantification of Rab11 level (adjusted to 

actin), n=3. A Student T-test was performed. Data represent mean ± s.e.m. *<0.05, 

**<0.01.  
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Supplemental Figure 6 

 

Supplemental Figure 6. Paxillinfl/fl;cre acini lack a central lumen.  

(A) Day 6 acini stained for ZO1 (green), E-cadherin (red) and DAPI (blue). Arrowheads 

indicate small lumens. Scale bar: 5 μm. (B) Quantification of different types of lumen, 

n=2 (total of 85-126 acini per genotype were counted in each experiment). One-way 

ANOVA with Tukey's multiple comparisons test was performed for statistical analysis. 

Data represent mean ± s.e.m. *<0.05, **<0.01.  
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Supplemental Figure 7 

 

Supplemental Figure 7. Paxillinfl/fl;cre fail to accumulate apical FM4-64.  

(A) Paxillin expression pattern in acini. Scale bar: 10 μm. (B) Montage images of FM4-64 

dye uptake experiments for paxillin+/+;cre and paxillinfl/fl;cre acini. Asterisk indicates the 

lumen, arrowhead points to apically accumulated FM4-64 dye. Scale bar: 10 μm.  
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Supplemental Figure 8 

 

Supplemental Figure 8. Tubacin treatment rescues apical MT acetylation in 

paxillinfl/fl;cre acini.  

(A) Confocal images of acini taken at the same laser power. The bottom of each confocal 

image shows a representative line profile graph through a single cell. Scale bar: 10 μm. 

(B) Quantification of fluorescence intensity of acetylated-tubulin at the apical surface (or 

the center of paxillinfl/fl;cre acini). (C) Quantification of fluorescence intensity of 

acetylated-tubulin at the basal surface. 5 acini for each condition, at least 5 cells per 

acinus were included in line profile analysis. One-way ANOVA with Tukey's multiple 

comparisons test was performed for statistical analysis. Data represent mean ± s.e.m. 

*<0.05, **<0.01.  
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Supplemental Figure 9 

 

Supplemental Figure 9. Tubacin and blebbistatin treatment of paxillin+/+;cre and 

paxillinfl/fl;cre organoids.  

(A) Phase images of blebbistatin-treated paxillin+/+;cre and paxillinfl/fl;cre organoids. 

Scale bar: 50 μm. (B) Quantification of "hyper-branching" in blebbistatin-treated 

organoids, n=4. A Student’s T-test was performed. Data represent mean ± s.e.m. *<0.05, 

**<0.01, ***<0.001. (C) DMSO and tubacin-treated organoids stained for paxillin. Scale 

bar: 20 μm.  
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Supplemental Figure 10 

 

Supplemental Figure 10. Titration of paclitaxel and nocodazole treatment for organoid 

branching morphogenesis.  

(A) Phase images of paclitaxel-treated paxillin+/+;cre and paxillinfl/fl;cre organoids. Scale 

bar: 50 μm. (B) Quantification of branching, n=2 (total of 19-49 organoids per treatment 

were counted). A Student’s T-test was performed. Data represent mean ± s.e.m. *<0.05, 

**<0.01, ***<0.001. (C) Phase images of nocodazole-treated paxillin+/+;cre and 

paxillinfl/fl;cre organoids. Scale bar: 50 μm.  
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Abstract: 

Distant organ metastasis is a sign of poor prognosis during cancer progression. 

The expression level of the focal adhesion adapter protein – paxillin varies among 

different human cancers, suggesting the potential roles for paxillin as tumor suppressor 

or oncogene in tumor progression depending on tumor type, stage and surrounding 

environments. Herein, we utilize a newly generated PyMT mammary tumor mouse 

model with conditional paxillin ablation in breast tumor epithelial cells, combined with 

3D tumor organoids invasion analysis and 2D calcium switch assays, to assess the roles 

for paxillin in breast tumor progression at different stages and at multiple levels. We 

show that paxillin has little effect on primary tumor initiation and growth but is critical 

for the formation of distant lung metastasis. In the paxillin depleted tumor organoids, 

the ability of tumor cells to invade collectively is substantially perturbed, suggesting the 

indispensable role for paxillin in tumor collective dissemination. 2D cell culture reveals 

paxillin dependent cell-cell cohesion. Moreover, paxillin is shown to be required for 

reformation of the Adherens junctions (AJs) after calcium-dependent AJs disassembly 

through facilitating the microtubule-acetylation-associated E-cadherin endocytosis and 

recycling pathways. Furthermore, Rho family GTPase activity assays suggest paxillin is 

potentially regulating the E-cadherin-dependent junction integrity through maintenance 

of the equilibrium between RhoA and Rac1 activities. Together, these data highlight new 

roles for paxillin in regulation of cell-cell adhesion and collective tumor cell migration 

and progression and the formation of distance organ metastases. 
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Introduction: 

Breast cancer is becoming the most frequent malignancy among women 

worldwide, but it is curable with early-stage, non-metastatic diagnosis [1, 2]. Tumor 

metastasis is a major cause of cancer associated mortality in humans [3, 4], involving a 

series of cellular processes and molecular cues from both the primary tumor and the 

surrounding tumor microenvironment [5, 6]. Invasive cancer cells leave the primary 

tumors and then invade into the stroma, migrate, intravasate and extravasate the blood 

vessels and finally colonize in distal organs such as the lungs, liver and brain [7-9]. 

Primary tumor cells break through the basement membrane which encapsulates the 

bulk (primary) tumor as a result of MMP activity and subsequently migrate through the 

stroma before intravasating into the blood vessels [10]. Cancer cells can utilize two 

modes of invasive migration: single cell and collective migration [11]. In the case of 

single cell migration, cancer cells undergo epithelia-to-mesenchymal transition (EMT) 

resulting in loss of cell-cell contact and thus migrate individually [12]. In contrast, cells 

using collective migration retain their cell-cell connection and migrate as a cohesive 

group [13]. During single cancer cell migration, cells can also exhibit plasticity, 

transitioning between mesenchymal and amoeboid modes of motility, allowing the 

tumor cells to remodel the surrounding ECM and squeeze through small gaps 

respectively, thus leading to efficient individual cell invasion [14-16]. While the 

collectivly migrating cells use similar mechanisms as single cells to polarize, protrude, 

invade and adhere to stromal matrix, they are generally more organized and efficient in 

directed invasion than the individual cells [13, 17, 18].  
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Collective cell migration requires connection between neighboring cells, 

coordinating cohesion of cadherin-based Adherens junctions (AJs), actomyosin 

contractility, front-rear polarity, Rho family GTPase activity, as well as cell-extracellular 

matrix (ECM) interactions [19-22]. For AJs to maintain cell integrity, the cadherin-

cadherin binding mediates cell-cell adhesion between cells, whereas the cadherin-

catenin complex provides structural molecules for F-actin anchoring and also serve in 

signal transduction [23-25]. The interference of E-cadherin-β-catenin binding results in 

the degradation of E-cadherin [26]. While phosphorylation of cadherin strengthens E-

cadherin-β-catenin interaction, phosphorylation of β-catenin usually results in reduced 

E-cadherin interactions and junction disassembly [27]. AJs are highly dynamic—E-

cadherin is removed from the plasma membrane by clathrin-mediated endocytosis and 

sorted back through the trans-Golgi network and the Rab11 positive recycling 

endosome [28, 29]. The equilibrium between accumulation and turnover of the 

cadherin complex at the cell surface allows epithelial sheets to remodel without losing 

their cell-cell contact [29-31].  

During collective migration, cohesive groups of tumor cells establish a front-to-

rear polarity axis through cytoskeletal rearrangement and modulation of Rho GTPase 

activity [32, 33]. Activation of Cdc42 and Rac1 GTPases promotes actin reorganization to 

provide forward membrane extrusion in leader cells, whereas, RhoA is activated at the 

cell rear to generate actomyosin-dependent contraction forces that drag the following 

cells forward [20, 33]. As well as cell-cell interactions, cell-ECM crosstalk is important in 

guiding collective migration through the alignment of the matrix and providing 
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molecular signals [15, 34]. After binding to the ECM, β1-integrin signaling activates 

intracellular focal adhesion kinase (FAK) to trigger downstream signaling cascades which 

contribute to ECM remodeling and further promote collective migration [35, 36].      

Paxillin is a scaffold/adapter protein that localizes to sites of cell-ECM 

interaction, called focal adhesions, and plays critical roles in the ECM-integrin signaling 

network [37]. In cancer cells activated by ECM signals, paxillin recruits GTPase activating 

proteins (GAPs) and guanine-nucleotide exchange factors (GEFs) to focal adhesion sites 

to spatio-temporally activate Rho GTPase family proteins that regulate actin cytoskeletal 

dynamics and thus cell motility [38-41]. The human breast cancer MDA-MB-231 cells are 

malignant cells that undergo single cell migration [42]. Paxillin RNA-interference of 

MDA-MB-231 cells cause them to become hyper-mesenchymal in a GTPases dependent 

manner in 3D ECM, and to lose their ability to undergo mesenchymal-to-amoeboid 

transition (MAT) ability during single cell invasion/migration in 3D conditions [43, 44]. 

Besides the regulation of GTPase activity during single cell migration, paxillin also 

regulates Golgi integrity and front-rear polarity initiation through HDAC6 dependent 

microtubule (MT) acetylation [43, 45]. Additionally, in an experimental metastasis 

model revealed that silencing of paxillin, reduces MDA-MB-231 cell colonization to the 

lungs [44]. Large-scale transcriptomic or gene specific analyses in different patient 

samples has revealed that paxillin is differentially expressed in different cancers, 

including but not limited to lung cancer, colorectal carcinoma, osteosarcoma, and breast 

cancer [46-53]. In most of the cases, paxillin is shown to be down-regulated in breast 

cancer, however, in an earlier study, paxillin was shown to be upregulated in HER family 



 128 

member positive breast cancer biopsies [54], and a more acute clinical study showed 

paxillin correlates with HER2 amplification and may influence the clinical response to 

chemotherapy in breast cancer patients [55]. The up- or down- regulation for paxillin in 

breast cancer patients suggests that the role for paxillin as either an oncogene or tumor 

suppressor may be based on tumor type, stage, and the surrounding environment. 

Therefore, how paxillin is regulating the breast tumor progression de novo still needs to 

be described.  

Herein we utilized a newly developed paxillin conditional knockout mouse model 

that was bred with the MMTV-PyMT mouse model [56, 57], a well-established model for 

human breast cancer progression, combined with 3D tumor organoid culture and 2D 

primary cell culture systems to investigate the role of paxillin during breast cancer 

progression. We demonstrate a new role for paxillin in the regulation of AJ cell-cell 

adhesion integrity and collective migration to regulate the incidence of lung metastasis.   
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Results: 

Paxillin facilitates lung metastasis in mouse breast tumor progression 

We have previously reported that paxillin is required for normal mouse 

mammary gland morphogenesis and development [56]. To assess the role of paxillin 

during breast tumor progression, we used a well-established MMTV-PyMT mouse tumor 

model, which recapitulates the major stages of human breast cancer progression [57]. 

The mammary epithelial cell-specific MMTV-cre mediated paxillin conditional knockout 

mouse line was bred with the MMTV-PyMT mouse model to generate paxillin depleted 

PyMT mice (paxillin KO). To determine whether the loss of paxillin expression in the 

mammary epithelial cells affects tumor onset and tumor growth, we monitored the 

mice weekly after 6 weeks postnatally. We observed that in the paxillin KO mice the 

total tumor volume was slightly reduced and the tumor latency was marginally delayed, 

but the differences were not statistically significant (Fig. 1A,C). Western blot analysis of 

whole tumor lysate and the isolated tumor cell lysate confirmed that paxillin is depleted 

in the tumor (Fig. 1B). Immunofluorescence staining of tumor sections revealed that 

paxillin is selectively depleted in tumor cells but not in the surrounding stroma (Fig. 1D).  

As paxillin did not significantly affect the tumor growth, which is consistent with 

the study showing that in normal mouse mammary gland the proliferation and 

apoptosis rate is not altered by paxillin knockout [56], we wanted to assess whether 

distant metastasis is affected by paxillin expression. H&E staining of lung sections and 

analysis of the surface of the whole lungs from the PyMT tumor mice revealed that the 

paxillin KO lungs have smaller and fewer lung metastases, as compared to paxillin WT 
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lungs (Fig. 1E-G). Taken together, these data showed that although paxillin is not 

affecting the primary tumor growth, it is however involved in promoting tumor 

progression. 

Paxillin depletion leads to reduced invasion in primary breast tumor 

For the primary tumor cells to colonize and form metastatic tumors in distant 

organs, the cells undergo local invasion, intravasation, dissemination and extravasation 

[3]. Therefore, we first wanted to determine whether the impacted ability of lung 

metastasis in the paxillin KO tumor mice is associated with reduced tumor cell invasion. 

In normal mammary glands, only the myoepithelial cells express the basal epithelial 

gene – cytokeratin-14 (ck14). However, in highly invasive carcinomas, the tumor cells 

also express ck14. Thus, ck14 serve as a useful marker for tumor invasiveness [58, 59]. 

To determine whether paxillin KO tumors are less invasive, tumor sections were 

immunostained for ck14 and the tumor cell marker EpCAM. Interestingly, at the early 

hyperplasia or adenoma stage, the myoepithelial layer is lost with an increasing number 

of ck14 positive tumor cells in the paxillin WT tumor mice, whereas, in the paxillin KO 

tumor mice, the myoepithelial layer remains intact and encapsulates the ck14 negative 

tumor cells (Fig. 2A). Moreover, when the paxillin WT tumor developed into the 

carcinoma stage, ck14 positive cells clustered together in the bulk tumor and invaded 

into the stroma as small groups (Fig. 2A). Compared to the WT control, the paxillin KO 

tumors had fewer ck14 positive tumor cells in both the bulk tumor and stroma, and the 

ck14 positive tumor cells were less likely to form groups (Fig. 2A). Quantification of the 

ck14 positive tumor cells confirmed that the paxillin KO tumors had fewer invasive 
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tumor cells (Fig. 2B). Taken together, these data suggest that paxillin expression in the 

tumor cells is critical for a more invasive phenotype in the primary tumor. 

Recent studies have shown that in highly invasive breast cancer, cells accomplish 

collective invasion through maintaining cell-cell contacts [11, 13]. Accordingly, to 

determine whether paxillin KO tumors still invade collectively, we stained the tumor 

sections for the AJ marker – E-cadherin (Fig 2C). At the tumor-stroma border, paxillin 

WT tumor cells collectively invaded into the stroma with their cell-cell AJs remaining 

intact (Fig 2C top left). However, in the paxillin KO tumor, very few tumor cells invaded 

into stroma, and the ones that invaded successfully were primarily single cells, in which 

the E-cadherin was localized in the cytosol (Fig 2C bottom left). Interestingly, the normal 

mammary gland also needs paxillin to form normal AJs during morphogenesis (Fig. s1). 

Of note, at the tumor center, both paxillin WT and KO tumor cells retained their cell-cell 

junctions (Fig 2C right). One possible reason for this, is that tissue confinement 

promotes tumor cell maintenance of cell-cell junctions. Together, these data suggest 

that paxillin is required for collective invasion in the primary tumor, and maintenance of 

cell AJs at a non-steady state at the tumor/stroma boundary.  

Tumor organoids without paxillin are less invasive in 3D collagen culture 

Single cell migration and collective cell migration are the major mechanisms for 

tumor invasion and metastasis [3]. Increasing recent evidence suggests that collective 

migration in cancer is a more efficient way to invade [3, 11, 58]. To diminish the 

influence of the surrounding environment and other types of cells, such as fibroblasts, 

macrophages, and quantitatively evaluate the role of paxillin in tumor invasiveness and 
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AJ integrity, we utilized 3D tumor organoid cultures to recapitulate tumor progression 

ex vivo [60]. Tumor epithelial cells were isolated from the paxillin WT and KO animals, 

and then cultured in 3D collagen gels. Consistent with the observed reduction in 

invasion in the primary tumor, organoids from the paxillin KO animals exhibited reduced 

capacity to invade into the collagen gel as evaluated by the degree of circularity of the 

organoids (Fig. 3A,B). Phase contrast movies revealed that, unlike the paxillin WT tumor 

organoids that achieved collective invasion, the paxillin KO tumor cells exhibited only 

single cell invasion into the surrounding matrix (movie 1).  

In addition, the tumor organoids were stained for E-cadherin and EpCAM to 

further assess the junction integrity during invasion. The results showed that the paxillin 

WT organoids invaded into collagen gel as cohesive groups with the AJs well maintained, 

whereas the paxillin KO organoids failed to invade collectively and disseminated into the 

matrix as single cells. Interestingly, we also observed a portion of the paxillin KO single 

cells exhibited a hypermesenchymal morphology in 3D invasion (Fig. 3C). In addition, the 

E-cadherin displayed increased punctate, cytosolic distribution in the paxillin KO tumor 

organoids similar to the phenotype in vivo (Fig. 3C). Next, we quantified the number of 

collective protrusions per organoid and the number of single tumor cells per field. This 

analysis confirmed that the depletion of paxillin in tumor organoids correlated with less 

collective invasion and more single cell dissemination (Fig 3D,E). Taken together, the E-

cadherin distribution and the collective invasion data suggest that paxillin depletion 

causes perturbation of E-cadherin-rich AJs and impacts collective tumor invasion.  
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Paxillin is required for tumor cell collective migration in 2D culture 

The in vivo mouse model and 3D tumor organoids studies demonstrate that 

paxillin is required for collective invasion and AJs maintenance. To begin to explore the 

underlying mechanism, we utilized a modified 2D wound healing assay. Cells were 

seeded into a silicon chamber to form a compact monolayer, and then the chamber was 

removed and cells allowed to move into the empty space. Phase contrast, time lapse 

movies were recorded to track the motility of the cells. At the leading edge, the paxillin 

KO cells were more separated from each other and exhibited more random movement, 

as compared to the paxillin WT cells that remained more cohesive (Fig. 4A,B). 

Quantification of key motility parameters revealed that the paxillin KO cells exhibited 

reduced directionality and velocity (Fig. 4C,D). To further assess AJ organization in the 

paxillin KO cells, the cells were subjected to migration assay for 8 hours and then fixed 

and stained for E-cadherin. Indeed, the paxillin KO cells at the leading edge displayed 

significant reduction of junctional E-cadherin localization, as compared with the paxillin 

WT cells (Fig. 4E,F). However, interestingly, the AJs were still largely retained in paxillin 

KO cells at the center of the monolayer (Fig. 4F), as observed in the primary tumor. 

Taken together, these data suggest that paxillin is required for cell-cell AJs maintenance 

at the leading edge of an epithelial sheet to facilitate tumor cell collective migration.  

Paxillin is required for adherens junction organization 

Collective cell migration is achieved via the maintenance of cell-cell junctions and 

dynamic coupling to the actin cytoskeleton [19, 26, 61]. To assess whether paxillin is 

directly affecting the AJs maintenance and/or formation, tumor cells were isolated from 
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the primary tumor and seeded onto fibronectin-coated 2D substrates to allow the 

formation of small cell colonies. Subsequently, immunostaining of E-cadherin and the 

associated p120-catenin was performed to reveal the junction integrity in paxillin WT 

and KO tumor cells. As shown by the two junctional markers, paxillin KO cells exhibited 

poorly organized AJs at the periphery of the cell colonies (Fig. 5A). To quantify the 

junctional defect in the paxillin KO cells, we introduced a term-linear index to define the 

junction’s linearity. Briefly, the Multi-point tool in ImageJ was used to mark the outline 

of E-cadherin staining to obtain the XY coordinates, and then a linear regression analysis 

was used to acquire the R-squared value, which was used as a linearity index. This 

analysis further confirmed that the AJs of the paxillin KO cells were not well maintained 

at the cell island periphery (Fig. 5B,C). Consistent with the 2D migration data (Fig. 4F), 

we also observed that at the center of cell groups, the AJs were less perturbed in the 

paxillin KO cells (Fig. 5A).  

To test whether paxillin is required for the formation of new AJs, the 2D cultured 

cell colonies were subjected to a calcium switch assay involving treatment with EGTA to 

first dissociate all the calcium-dependent AJs, and then recovery by replacing the cells 

back into normal culture media. Following calcium restoration, the cells were subjected 

to phase contrast time lapse movies to monitor AJ reformation (movie 3). In addition, 

the paxillin WT and KO cells were fixed at different time points to reveal the time course 

of AJ recovery (Fig. 5D). Consistent with the staining of unperturbed cells (Fig. 5A), 

paxillin KO cells were unable to efficiently reform AJs upon addition of calcium as 

compared to the WT cells that formed new AJs within 120 minutes (Fig. 5D,E). Taken 
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together, these data suggest that paxillin is necessary for the tumor cells to maintain E-

cadherin at AJs, as well as to reform AJs after their perturbation. 

Paxillin-dependent Adherens junction organization occurs in part through regulation 

of E-cadherin vesicle trafficking 

In MDA-MB-231 cells, paxillin is required for MT acetylation-dependent 

anterograde vesicular trafficking to facilitate cell migration [43]. Thus, we wanted to 

know whether paxillin regulation of MT acetylation-dependent trafficking is also playing 

a role in E-cadherin localization at cell-cell junctions. Two dimensional (2D) cultured 

tumor cells were serum starved and then allowed to recover in complete culture media 

for times indicated. Western blot analysis showed that paxillin KO tumor cells have 

decreased levels of acetylated tubulin at all time points after serum starvation as 

compared to paxillin WT cells (Fig. s2).  

We next performed surface biotinylation assays to measure the endocytic rate of 

plasma membrane E-cadherin [62]. Paxillin WT and KO tumor cells were serum-starved, 

labeled with biotin, and then serum was reintroduced to induce endocytosis. Relative to 

the initial surface E-cadherin level, the paxillin KO tumor cells showed reduced 

internalization rate of E-cadherin (Fig. 6A,B), suggesting that endocytic trafficking of AJ 

components is perturbed in paxillin-depleted tumor cells. In addition, we also assessed 

the recycling rates of E-cadherin in WT and KO tumor cells back to the cell surface using 

a similar biotinylation assay [62]. Both WT and KO cells were treated with EGTA to 

deplete surface E-cadherin, and then recovered for the times indicated to track the E-

cadherin being recycled back to the plasma membrane. In paxillin WT tumor cells, at 
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time 30 min, endocytic trafficking dominated the trafficking events, thus surface E-

cadherin level was less than time 0 min. After 30 min, surface E-cadherin steadily 

increased over the next 60 minutes (Fig. 6C,D). However, in the paxillin KO cells, the 

plasma membrane surface E-cadherin remained relatively constant over time (Fig. 

6C,D), suggesting that the recycling, as well as endocytosis in the KO tumor cells is 

perturbed. Taken together, the data suggest that paxillin is critical for optimal E-

cadherin equilibrium at the cell surface, thus, maintaining the junction organization. 

We hypothesized that the reduced MT acetylation observed in the paxillin KO 

tumor cells may disrupt the E-cadherin trafficking and thereby lead to junction 

perturbation. Accordingly, we repeated the calcium switch assay and treated the cells 

with either DMSO or tubacin (a HDAC 6 specific inhibitor) [63]. Both the cell staining 

(Fig. 7A,D) and time lapse movies (Movie 3) revealed that tubacin treatment partially 

rescued the junction defects observed in the paxillin KO tumor cells. Together, these 

data suggest that paxillin is facilitating the junction integrity through MT acetylation-

dependent endocytic trafficking and recycling of E-cadherin.  

Paxillin potentially affects Adherens junction integrity through balancing GTPase 

activity in the cells 

In addition to trafficking-dependent junction organization, paxillin also regulates 

Rho family GTPase activity that can also potentially regulate AJs [64-66]. During normal 

AJ reformation after calcium depletion, a balance between different Rho GTPases 

activity is critical, as cells typically transiently exhibit low RhoA activity and increasing 

Rac1 activity as the junctions reach equilibrium [20, 67, 68]. Pilot GTPase activity assays 
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showed that after the calcium switch, paxillin KO cells have higher RhoA and lower Rac1 

activity, as compared to paxillin WT tumor cells (Fig. s3), suggesting a perturbation of 

the Rho GTPase activity balance after paxillin depletion. Interestingly, treating the 

migrating tumor cells with low concentrations (10 μM) of the ROCK inhibitor (Y27632) 

[69], both paxillin WT and KO cells migrate faster than the DMSO treated cells. However, 

the paxillin KO cells at the front edge still lost their cell-cell contacts and exhibited less 

directed migration (data not shown). These results suggested that only inhibiting the 

RhoA downstream effector ROCK is not sufficient for the rescue of junction organization 

during collective migration in paxillin KO tumor cells. 

 

Discussion: 

Herein, we evaluated the role of paxillin in breast tumor progression by using a 

recently generated conditional paxillin knockout mouse model crossed with the MMTV-

PyMT spontaneous breast cancer mouse model to selectively deplete paxillin in the 

breast epithelial tumor cells. We identified critical roles for paxillin in facilitating breast 

cancer cell collective invasion that likely contributes to distant lung metastasis in part 

through paxillin-dependent regulation of cell-cell AJ integrity involving a HDAC6-MT 

acetylation-E-cadherin endocytic/recycling pathway and potentially a paxillin-GTPase 

activity signaling axis.  

Interestingly, in the paxillin KO primary tumor, cells in the center retained their 

AJs (Fig.2C). Similarly, the AJs in center of the 2D cultured paxillin KO tumor monolayers 

remained mostly unperturbed (Fig.5A). We speculate that in the primary tumor this is 
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due to tissue confinement which is controlled by cellular density [70, 71], cell shape 

[72], cellular forces [73] and the physics of cell-cell contacts [74]. Only when the cells 

begin to move into the surrounding stroma, do AJs become dynamic and the paxillin KO 

cells fail to maintain their cell-cell contacts. In invading tumors, both cell-cell contacts 

and tissue confinement contribute to collective cell invasion [34]. Interestingly, a recent 

study revealed that, mediated by the confinement of the surrounding connective tissue 

ECM, such as collagens, laminins and fibronectins, tumor cells collectively invade into 

the stroma utilizing β1 and αVβ3/β5 integrins to form an invasive niche [75]. A separate 

study also showed the functional blockage of β1 integrins disrupt collective invasion and 

induce single-cell dissemination [76]. This is likely through the activation of FAK, Src and 

integrin-linked kinase (ILK) that are downstream of classic ECM-integrin signaling [77, 

78]. Therefore, paxillin as an adapter protein that transduces the extracellular signals at 

focal adhesion sites from integrins, may also function in this integrin-dependent tumor 

invasion niche establishment. Moreover, importantly, a separate PyMT tumor mouse 

study showed that the paxillin family member Hic-5, also known as transforming growth 

factor beta 1 induced transcript 1 (TGFB1i1), is required for cancer associated fibroblasts 

(CAFs) to deposit and remodel the stromal ECM and promote breast tumor progression 

in a non-cell autonomous manner [79], suggesting a potential collaboration between 

paxillin and Hic-5 in different cell types to promote collective cell invasion through 

tumor/stroma crosstalk.  

The established view of tumor malignancy is associated with increased epithelial-

mesenchymal-transition (EMT), as it allows the cancer cells to separate from the 
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primary tumor, and invade the surrounding stroma [12, 80]. Indeed, a previous study in 

our lab showed that paxillin RNAi-treated individual MDA-MB-231 breast cancer cells 

exhibit a hyper-mesenchymal phenotype, decreased focal adhesion assembly rate 

during migration in 3D ECM, and a reduction in surface lung metastases in an 

experimental metastasis mouse model [44]. However, more recent studies have 

revealed that many tumors undergo a partial EMT and successfully metastases to 

distant organs while remaining their cell-cell contacts in conjunction with activation 

their mesenchymal features [50, 81]. Interestingly, we observed that a portion of the 

individual paxillin KO cells exhibited a hyper-mesenchymal phenotype in 3D organoid 

culture (Fig. 3), indicating paxillin may also play a role in regulating the mesenchymal 

programs. Therefore, gene expression profiling to compare the tumors with or without 

paxillin will be beneficial to better appreciate the broader picture of the paxillin 

regulatory signaling networks in both individual and collective cell invasion.  

The preliminary results from Rho GTPase activity experiments after a calcium 

switch assay showed that paxillin KO tumor cells exhibit increased RhoA- and decreased 

Rac1- activity (Fig. 8), suggesting perturbed Rho GTPase activities during AJs recovery. 

Rac1 and Cdc42 are required for maintaining E-cadherin-dependent AJs in MDCK cells 

[66, 82], potentially through actin cytoskeleton remodeling [83] and/or clathrin-

dependent endocytosis of E-cadherin [84]. Expression of constitutively activated Rac1 

promotes recruitment of E-cadherin, β-catenin, and actin to AJs [85]. Similarly, in 

endothelial cells, active Rac1 promotes vascular endothelial (VE)-cadherin trans-dimer 

interaction and thereby stabilize AJs [86]. However, Rac activation has also been shown 
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to be sufficient in disassembling E-cadherin-dependent AJs [87]. In human pancreatic 

carcinoma cells, active Rac1 binds to IQGAP1 to destabilize E-cadherin mediated cell-cell 

adhesion [88]. Therefore, Rac1 appears to regulate both assembly and disassembly of 

AJs. Similarly, the role for RhoA in regulation of AJs is also controversial. In 

keratinocytes, RhoA activity is required for E-cadherin-dependent AJ establishment [65], 

whereas, in confluent MDCK cells, both constitutively active and dominant negative 

forms of RhoA do not modulate AJs [64]. The mechanisms involving Rho-dependent AJ 

regulation also include two opposing pathways: with low levels of active RhoA that 

prefers diaphanous formin signaling to promote cortical actin polymerization thus 

stabilizing E-cadherin/β-catenin complex at AJs, and high levels of Rho that generates 

contractile forces through ROCK activation to disassemble AJs [89]. Hence, paxillin 

potentially exerts a spatial-temporal regulation of Rac1 and RhoA activity to maintain 

AJs integrity in collective invasion of cells.  

Importantly, paxillin is critical in anterograde vesicular stomatitis virus G (VSVG) 

trafficking through the Golgi to the plasma membrane [43], likely due to the 

establishment of polarized positioning of the two principal microtubule-organizing 

centers (MTOCs), the Golgi apparatus and centrosome as well as through stabilization of 

microtubules (MTs) via acetylation [43, 45]. Additionally, during mammary gland 

development, paxillin facilitates ductal morphogenesis and apical-basal polarity 

formation also through a MT acetylation – Rab11/MyoVb dependent trafficking 

machinery [56]. Furthermore, in newborn neurons, paxillin binds to clathrin and CIP4 to 

recruit endocytic complexes at focal adhesions and to facilitate vesicle invagination 
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[90].These studies indicate multiple roles for paxillin in regulating vesicle trafficking. In 

this study, we show a key role for paxillin in collective migration through regulating AJs 

integrity, by regulation of E-cadherin endocytosis and recycling (Fig. 7), and emphasize 

the trafficking mechanism for paxillin in regulating cell motility, besides the working 

likely in concert with its established role in cell-ECM focal adhesion signaling.  

AJs integrity involves both the transmembrane E-cadherin and β-catenin, as the 

disassociation of the E-cadherin/β-catenin complex results in the AJ disassembly [26]. 

We speculate that in addition to the paxillin-trafficking regulatory axis, paxillin could 

potentially modify AJ integrity through β-catenin regulation. In endothelial cells, 

stimulated by Oxidized phospholipids-OxPAPC, focal adhesions associate with AJs to 

form an enhanced endothelial barrier via a paxillin and β-catenin interaction through 

the paxillin LIM domains [91-93]. It will be interesting to investigate whether a similar 

mechanism involving the direct binding of paxillin and β-catenin contributes to AJs 

integrity in breast tumor cells during collective cell invasion. In addition, the c-Jun 

amino-terminal kinase (JNK) binds to and phosphorylates both paxillin and β-catenin to 

regulate cell migration and AJ organization [94]. Thus, we speculate that in the absence 

of paxillin, JNK may preferentially phosphorylate β-catenin, resulting in the 

disassociation of E-cadherin/β-catenin complex thereby perturbing the AJs [26, 94].  

In conclusion, our study demonstrates a key role for paxillin in breast tumor 

invasion and metastasis through the regulation of tumor cell collective movement via 

controlling the integrity of AJs. For future studies, it will be important to understand the 

in-depth mechanism by which paxillin regulates the Rho GTPase activities, for example 
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through identifying which GEFs and GAPs are involved. Furthermore, it will be 

interesting to perform RNA sequencing analyses to determine an impact of paxillin in 

gene regulation during breast cancer progression.  

 

Materials and Methods: 

Animals 

All mouse experiments were performed in compliance with protocols approved 

by SUNY Upstate Medical University IACUC. The paxillinfl/flMMTV-cre mice were 

generated as previously described [56]. Paxillinfl/+cre mice were then bred with MMTV-

PyMT mice (obtained from Jackson Labs; Bar Harbor, ME, USA), and maintained on 

mixed genetic background (C57BL/6J and FVB/N). The paxillin+/+crePyMT mouse is 

abbreviated as wildtype (WT) mouse and the paxillinfl/flcrePyMT mouse is abbreviated as 

knockout (KO) mouse. 

Histology 

Primary tumors were washed with phosphate-buffered saline (PBS), fixed in 4% 

paraformaldehyde (PFA) for 4 hours at room temperature, perfused in 30% sucrose 

solution overnight at 4°C, embedded in TissueTek Optimal Cutting Temperature (OCT) 

compound (SAKURA, USA) and cryo-sectioned (6 μm) as previously [79]. Tumor sections 

were subjected to standard hematoxylin and eosin (H&E) staining or 

immunofluorescence staining.  A Zeiss Axioskop2 plus microscope fitted with a 

QImaging EXi Blue charge-coupled device camera and Plan-Apochromat 10× or 20× 

objective was used to image tumor sections. 
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Tumor latency and growth analysis 

Female mice carrying the PyMT transgene were palpated weekly after tumor 

onset. To measure the tumor volume, the long and short axis of tumors from 19 WT and 

25 KO mice were measured using digital calipers. Total tumor volume was calculated 

using the equation:  

Volume = (short axis2) × (long axis/2). 

In vivo metastasis quantification 

Lungs were evaluated when primary tumors reached 2 cm. Lungs were fixed in 

4% PFA in PBS and then embedded in OCT. Ten micron cryosections were collected 

every 250 μm and stained using standard H&E. The total number of metastases on each 

section were summed to determine the total number of lung metastasis.  

3D tumor organoids invasion 

Three-dimensional (3D) tumor organoids were prepared as previously described 

[60]. Briefly, tumors were minced and shaken for 60 min at 37°C in digestion media (2 

mg/ml collagenase (C2139; Sigma Aldrich), 2 mg/ml trypsin (85450C; Sigma), 5 μg/ml 

insulin (I9278; Sigma), 5% v/v fetal bovine serum and 1% v/v penicillin/streptomycin in 

DMEM/F12). The dissociated tumor suspension was centrifuged at 400 g for 10 min 

followed by incubation with 80 U of DNase (D4263; Sigma). Differential centrifugation 

was performed to separate the stroma cells from tumor organoid. The organoids were 

pelleted by brief centrifugation at 400 g. The tumor pellets were either directly plated 

on collagen gels or frozen in liquid nitrogen. 
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Tumor organoids invasion assays were performed in 24-well plates. 50:50 

ddH2O : Bovine collagen I (Purecol, Advanced Biomatrix, San Diego, CA, USA) was mixed 

with 1/10th the volume of 10 × MEM and brought up to pH 7.2-7.6 using 0.1M NaOH. 

Aliquots (400 μl) of the collagen gel solution were added to each well and allowed to 

solidify for 3-4 hours at 37°C. Tumor organoids were suspended in culture media 

(DMEM/F12, 10% v/v fetal bovine serum, 2 mM L-glutamine, and 1% v/v 

penicillin/streptomycin) at a density of 1000 organoids/ml, seeded on the top of the 

solidified collagen gels and cultured for the indicated length of the time. The tumor 

organoid invasion index was quantified after 4 days from seeding. Invasiveness was 

scored by measuring the circularity of an organoid using Analyze particles plugin in 

ImageJ.  

2D cell migration assay 

Glass coverslips were coated with 10 μg/ml fibronectin in PBS for 1 hour at 37°C, 

then overlayed with silicon cell chambers. Primary tumor cells were isolated as 

previously described in 3D tumor organoid culture and plated on culture dishes for 

spreading. A total concentration of 2 × 105 cell/ml primary tumor cells were seeded into 

the chambers and cultured overnight to form a cell monolayer. After 16 hours, the 

silicon chambers were removed. Cells were briefly washed with PBS and supplemented 

with complete culture media or drug-containing media for migration. For 

immunofluorescence analyses, cells were fixed at 8 hours from migration. For live cell 

analyses, cells were tracked using a Nikon TE2000 microscope equipped with a 

temperature/CO2 regulated environmental chamber. Images were acquired at 10 min 
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intervals for 14 hours. The Manual tracking plugin in ImageJ was used to track the cell 

centroid over the length of the movie. The Chemotaxis and Migration plugin in ImageJ 

was used to calculate directionality.  

Calcium switch assay 

Tumor cells were plated on 10 μg/ml fibronectin (FN)-coated 2D substrates in 

complete culture media (DMEM/F12, 10% v/v fetal bovine serum, 2 mM L-glutamine, 

and 1% v/v penicillin/streptomycin). After 16 hours of culture at 37°C, cells were washed 

with PBS and treated with serum free, 2mM EGTA DMEM/F12 for 2 hours to induce 

calcium chelation and AJs disassembly. Then the EGTA media was replaced with calcium 

containing complete culture media to promote junction recovery. For 

immunofluorescence analyses, cells were fixed at 0 min, 30 min, 1 hour, 2 hours and 4 

hours from recovery. For live cell analyses, cells were tracked using a Nikon EclipseTi 

microscope equipped with a temperature/CO2 regulated environmental chamber, and 

images were acquired with 10X/0.45 NA objective lens or 20X S Plan Flour ELWD 

objective lens at 5 min intervals for 6 hours. 

Biotinylation assay for E-cadherin endocytosis 

Isolated tumor cells were plated on 35 mm cell culture dishes for 2 days. Cells 

were starved with serum free media for 1 hour at 37°C and then labeled with 1 mg/mL 

Sulfo-NHS-Biotin (Cat#21217, ThermoFisher) in PBS at 4°C for 1 hour, followed by 

washing the free biotin. One plate of cells from each genotype was lysed directly after 

this step to obtain the total level of surface biotin-labeled E-cadherin control. The other 
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cells were then incubated in normal media for 0 min, 5 min or 30 min at 37°C to allow 

endocytosis. After endocytosis, the remaining cell surface biotin was stripped with two 

20 min washes of 3.75 mg/mL Sodium 2-mercaptoethanesulfonate (Cat#BCBC6477V, 

Sigma) solution at 4°C, followed by three washes in cold PBS. Next, cells were lysed in 

300-400 μl of RIPA buffer (200mM Tris-HCl, 150mM NaCl, 1% TX-100, 0.1% SDS, 

0.1%Sodium deoxycholate, 5mM EDTA). For the biotin-labeled protein pull down and 

the in-put control lysates to process, 10 μl of each lysate was subjected to Precision Red 

Advanced Protein Assay (ADV02, cytoskeleton, Inc.) to obtain the protein concentrations 

and 10 μl of each lysate was saved for in-put and the rest biotin-labeled protein was 

pulled down by using 40 μl of streptavidin beads. Lastly, the samples were washed in 

RIPA buffer for three times and then boiled for 10 min in SDS-PAGE sample buffer (20 

mM Tris-HCl (pH 8), 10% glycerol, 2% SDS and 0.1% bromophenol blue). The surface and 

endocytosed E-cadherin was analyzed by immunoblotting. 

Biotinylation assay for E-cadherin recycling 

E-cadherin endocytosis was induced by replacing the culture media with 2mM 

EGTA, and the E-cadherin recycling to the plasma membrane was achieved by calcium 

rescue [62]. Isolated tumor cells were cultured for 2 days and then treated with 2mM 

EGTA in serum free media for 2 hours. After calcium depletion, cells were washed with 

PBS twice and allowed to recover in normal calcium containing media for 0 min, 30 min, 

60 min or 90 min. At the time points indicated, cells were washed with cold PBS twice 

on ice and then incubated with 1 mg/mL Sulfo-NHS-Biotin in PBS for 1 hour at 4°C 

followed by washing in cold PBS three times to remove free biotin. Cells were lysed, and 
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E-cadherin was harvested by streptavidin bead pull down and analyzed as described in 

the endocytosis assay. 

Immunofluorescence microscopy 

Cells on FN-coated glass coverslips were fixed with 4% PFA in PBS for 15 min, 

permeabilized with 1% Triton X-100 in PBS for 15 min, quenched with 0.1 M glycine for 

15 min and blocked with 3% bovine serum albumin (BSA) for 1 hour at room 

temperature. Coverslips were then incubated with primary antibodies as indicated, 

diluted in 3% BSA, for 2 hours at 37°C, followed by 1 hour incubation in secondary 

antibodies. F-actin was stained with rhodamine-phalloidin (Cat# PHDR1, Cytoskeleton, 

Denver, CO) and nuclei were stained with DAPI (Sigma-Aldrich, St. Louis, MO). Cells were 

imaged using a Leica SP8 laser scanning confocal microscope and a HPX Plan 

Apochromat 63×/1.4 NA oil λ BL objective or a Zeiss Axioskop2 plus microscope, fitted 

with a Q imagin ExiBlue charge-coupled device camera using an Apochromat 20× 

objective. 

Antibodies and reagents 

Antibodies used were rabbit polyclonal anti-paxillin (1:100 for immunostaining, 

1:1000 for western blotting, H114; Santa Cruz Biotechnology), Mouse anti-E-cadherin 

(1:100, 610182; BD Biosciences), Rabbit anti-E-cadherin (1:100, 3195; Cell Signaling), 

Mouse anti-p120 Catenin (1:100, 610134; BD Biosciences), Rat anti-EpCAM (1:100, 

Developmental Studies Hybridoma Bank, University of Iowa). Rhodamine-phalloidin 

(1:500, R415; Cat# PHDR1, Cytoskeleton, Denver, CO) was used to visualize F-actin; DAPI 
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(D9542; Sigma-Aldrich, St. Louis, MO) was used to visualize nuclei. Secondary antibodies 

used were DyLight 488-conjugated goat anti-mouse (1:250, 35502; Thermo Fisher), 

DyLight 550-conjugated goat anti-mouse (1:250, 84540; Thermo Fisher), DyLight 488-

conjugated goat anti-rabbit (1:250, 35552; Thermo Fisher), DyLight 550-conjugated goat 

anti-rabbit (1:250, 84541; Thermo Fisher) and Alexa Fluor 488 AffiniPure goat anti-rat 

(1:250, 112-545-003; Jackson ImmunoResearch).  

Inhibitors 

HDAC6 inhibitor tubacin (2 μM) (SML0065; MilliporeSigma), Rac1 inhibitor 

NSC23766 (50 μM) (MilliporeSigma, Burlington, MA), ROCK inhibitor Y-27632 (10 μM, 

10005584; Cayman) or Cdc42 inhibitor ML141 (25 μM, 18496; Cayman) was used for 

calcium switch assay. 

Immunoblotting 

Bulk tumor or isolated primary tumor cells were lysed in SDS-PAGE sample buffer 

(20 mM Tris-HCl (pH 8), 10% glycerol, 2% SDS and 0.1% bromophenol blue), 

electrophoresed through 10% SDS polyacrylamide gels and transferred to nitrocellulose 

(Life Science). The membranes were blocked with 3% BSA for 30 min and probed with 

primary and secondary antibodies, and then visualized and quantified by 

chemiluminescence (SuperSignal West; Thermo Fisher Scientific) using a Chemidoc MP 

imaging system (Bio-Rad). 
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Statistical analysis 

All data were analyzed using a two-sided Student’s t-test, generated from at 

least three independent mice for each condition. Statistical significance is indicated by 

*P<0.05, **P<0.01, ***P<0.001. Data are mean±s.e.m.  
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Figure 1.  
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Figure 1. Paxillin KO mammary breast tumor mouse develops fewer lung metastases. 

(A) paxillin expression does not significantly affect total tumor size. n (paxillin WT) = 40, 

n (paxillin KO) = 36. (B) paxillin is absent in KO tumor and tumor cell lysates. (C) paxillin 

does not affect tumor latency. n (paxillin WT) = 40, n (paxillin KO) = 36. (D) paxillin is 

depleted only in KO tumor cells as visualized by immunofluorescent staining of tumor 

sections. T: tumor, S: stroma. (E) H&E staining of lung sections and lung metastases 

were labeled with dashed cycles. (F) Whole lungs. White arrows show the metastasis 

sites. (G) Quantification of total lung metastases. Paxillin KO tumor mouse has less lung 

metastasis, n=6.  
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Figure 2. 
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Figure 2. Paxillin KO primary tumor is less invasive. (A) Representative tumor sections. 

Early (hyperplasia or adenoma) stage tumors and late stage (carcinoma) tumors stained 

for the tumor marker EpCAM and invasiveness marker ck14. T: tumor, S: stoma (B) 

Quantification of area of ck14 positive tumor cells. n (paxillin WT) = 4 mice, n (paxillin 

KO) = 5 mice. Each dot represents one image. (C) Paxillin KO tumor cells lose junctional 

E-cadherin staining at the tumor edge, but E-cadherin mediated cell-cell junction is not 

affected in the tumor center. Paxillin WT tumor cells invade into the stroma collectively 

at the tumor edge; very few paxillin KO tumor cells invaded into stroma.  
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Figure 3. 
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Figure 3. Paxillin KO tumor organoids are less invasive. (A) Illustration of the masks of 

tumor organoids. A high degree of circularity of the organoid correlates with low 

invasiveness. (B) Quantification of organoids circularity. 3 animals for each genotype. n 

(paxillin WT) = 172, n (paxillin KO) = 215. (C) Representative confocal images of tumor 

organoids. Arrows point to collective cell protrusions; arrowheads point to individual 

tumor cells. (D) Quantification of the average number of collective protrusions. n=3 for 

each genotype. (E) Quantification of the number of single cells per field. n=5 for each 

genotype. 
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Figure 4. 
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Figure 4. Paxillin KO cells have defective collective migration. (A) Phase-contrast 

movies of tumor cell migration for 14 hours post wound. Colored lines represent the 

tracks of individual cells at wound edge from initial position (0 hours) to final position 

(14 hours). (B) Rose plot of representative tracks. (C) directionality of cells at the wound 

edge. n=3 animals. 5-6 movies per animal. 5 cells per movie. (D) Area of cells migrated 

into the wound. n=3 animals. 5-6 movies per animal. 5 cells per movie. (E) Cell-cell 

adherens junctions are less organized in paxillin KO cells after 8 hours migration. 

Quantified by number of E-cadherin positive junctions per cell at the wound edge. n=3 

(F) Representative images of tumor cells stained for E-cadherin after 8 hours of 

migration.  
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Figure 5. 
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Figure 5. Adherens junctions are perturbed in paxillin KO tumor cells. (A) Cells plated 

on 2D FN were stained for the AJ markers E-cadherin, p120 Catenin and F-actin. (B) 

Linearity of the E-cadherin staining. Multi-point tool was used to mark the outline of E-

cadherin staining to get the XY coordinate in ImageJ, and then linear regression analysis 

was performed to obtain the R squared value. (C) The linearity of the peripheral E-

cadherin staining was measured from each cell island. From n=3 animals. 3 images per 

animal. Each small dot represents one junction line. (D) A calcium switch assay was used 

to monitor relative recovery of AJ. Cells recovery following addition of calcium for 

indicated time and stained for E-cadherin and vinculin. (E) Quantification of the number 

of AJs per cell at indicated time point after calcium restoration. n=3  
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Figure 6. 
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Figure 6. Endocytosis and recycling of junctional E-cadherin requires paxillin. (A) 

Tumor cells were labeled with Sulfo-NHS-SS-Biotin and were incubated at 37°C to 

promote endocytosis for indicated times. The total surface or internalized biotin-labeled 

proteins were pulled down using streptavidin beads and probed for E-cadherin by 

western blot analysis. (B) The internalized E-cadherin levels were normalized to total 

surface E-cadherin for each genotype. n = 3 animals for each genotype. (C) Tumor cells 

were treated with 2mM EGTA to promote disassembly of AJs and recovered following 

calcium addition for indicated times. And then, E-cadherin being recycled to surface was 

labeled by Sulfo-NHS-SS-Biotin, followed by streptavidin beads pull down. Western blot 

analysis was performed to visualize the recycled E-cadherin. (D) Recycled E-cadherin to 

the surface at different time points was normalized to 0 min for each genotype. n = 5 

animals for each genotype.   
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Figure 7. 
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Figure 7. Paxillin dependent E-cadherin organization requires MT acetylation. (A) Cells 

were subjected to a calcium switch by treatment with 2mM EGTA for 1 hour and then 

followed by calcium recovery for times indicated along with DMSO or with 2uM tubacin. 

Cells were fixed and stained for E-cadherin, vinculin and F-actin. (B, C) Quantification of 

the number of E-cadherin positive AJs per cell at times indicated following recovery and 

tubacin treatment. n=3 (D) Tubacin treatment partially rescues AJs as visualized by E-

cadherin organization in paxillin KO cells.  
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Figure S1.  

 
Figure S1. E-cadherin localization in normal mammary gland. E-cadherin is primarily 

localized to cell-cell adherens junctions in paxillin+/+cre (paxillin WT) mammary gland, 

whereas the paxillinfl/flcre (paxillin KO) mammary gland exhibits more diffuse E-cadherin 

localization.  
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Figure S2. 

 
Figure S2. Paxillin KO tumor cells have decreased level of acetylated-tubulin after 

serum starvation for 1 hour. (A) Paxillin WT and KO tumor cells were subjected to 

serum starvation for 1 hour and then replaced for culture media for recovery for 

indicated times. (B) Quantification of the levels of acetylated-tubulin. 
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Figure S3. 

 
Figure S3. Preliminary analysis indicates that paxillin KO tumor cells display lower 

Rac1- and higher RhoA- activity after calcium switching. Paxillin WT and KO cells were 

treated with 2mM EGTA and recovered in complete media for 60 min. Cell lysates were 

subjected to a G-LISA assay to measure Rac1 activity, n=1 (A) and RhoA activity, n=1 (B). 

Absorbance was read at 490 nm. 
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Movie 1 

 

 

Movie 1. Tumor organoids in 3D collagen gels demonstrating reduced collective cell 

invasion in the paxillin KO organoids. Paxillin WT and KO tumor organoids were 

cultured for 2 days and then subjected to phase contract movies. Images were taken 

every 10 minuets for total 8 hours.  
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Movie 2 

 

Movie 2. Paxillin WT and KO cell recovery after calcium switch. Cells were treated with 

2mM EGTA for 2 hours followed by recovery by the addition of complete culture media 

(time 0). Paxillin KO cells are not able to reform cell-cell junctions. Images were taken 

every 5 minutes for total 4 hours. 
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Movie 3 

 

 

Movie 3. Tubacin treatment partially rescues the junctional defect in paxillin KO cells 

after calcium switch. Cells were treated with DMSO or 2mM tubacin after EGTA-induced 

calcium depletion followed by addition of complete culture media (time 0). Images were 

taken every 10 minutes for 4 hours.  
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At the cellular level, the fundamental biological features of cells, such as the 

proliferation and apoptosis of cells, the positioning of organelles within a cell, the 

movement of cells and the crosstalk between cell and ECM, are principle components to 

build up an organ and need to be tightly regulated in physiological conditions. On the 

other hand, for cancer cells to survive and thrive, they become transformed and adapt 

regular cellular processes from normal cells to abnormally proliferate, migrate and 

invade. In this thesis, my work focused on addressing the functions of a focal adhesion 

protein, paxillin, in normal mouse mammary gland development and in breast cancer 

progression. The work highlighted the crucial roles for paxillin in both biological and 

pathological processes. 

In chapter 2, my work identified a new role for paxillin in the establishment of 

apical-basal polarity, lumen formation and branching morphogenesis during mammary 

gland development. Paxillin interacts with and inhibits HDAC6 to promote microtubule 

acetylation and facilitate the Rab11/MyoVb trafficking machinery to regulate the 

mammary epithelial cell apical-basal polarity formation. Thus, paxillin was found to be a 

crucial regulator of mammary epithelium organization. In chapter 3, paxillin was found 

to be critical in tumor cell collective invasion and distant organ metastasis. Consistent 

with the normal mammary gland study, paxillin, in the breast tumor, promoted 

microtubule acetylation through HDAC6 inhibition, and in so doing, regulated the 

endocytic and recycling trafficking pathways that facilitate E-cadherin localizing to the 

Adherens junctions (AJs) during cancer cell invasion. Together, my thesis work showed 
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critical roles for paxillin in regulating mammary gland morphogenesis and breast cancer 

progression. 

Compare and contrast the function of paxillin in normal organs and tumor 

In the normal animal development, paxillin is indispensable in multiple organs. 

The constitutive paxillin knockout mouse results in embryonic lethality due to the 

development of poor vascular and cardiac systems [1]. Also, paxillin knockout Zebrafish 

display brain hemorrhaging, reduced blood circulation and impaired heart development 

[2, 3]. In the worm, paxillin is required for pharyngeal muscle formation that is essential 

for contraction and for body wall muscle organization that is dispensable for sarcomere 

stability and worm movement [4]. Each of these studies focused on ECM-integrin inside-

out and outside-in signaling aspect of paxillin function in these different organs. For 

example, the paxillin knockout defects in zebrafish have also been observed in βPix 

mutants [5], in PAK2a mutants [6], and in GIT1 mutant zebrafish embryos [7]. The 

GIT/PIX/PAK complex interacts with paxillin and acts downstream of ECM signaling to 

coordinate the Rho-family GTPases CDC42 and Rac1 that are implicated in the 

regulation of cytoskeletal structure, endothelial cell-cell barrier integrity, directional cell 

migration and contractility [8, 9]. Moreover, in mouse mammary glands, integrins bind 

to ECM proteins and recruit the focal adhesion components to control the downstream 

mammary epithelial cell (MEC) behavior [10-15]. Importantly, the integrin β1 and β4, 

the α3 and α6 are indispensable in mammary gland development, although there is a 

redundancy of the integrin function [16]. In our paxillin conditional knockout mouse, the 

mammary gland phenotype displays dilated ducts and perturbed apical-basal polarity 
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(chapter 2, Fig. 1,2), which phenocopies the focal adhesion kinase (FAK) knockout [13] 

and integrin link kinase (ILK) knockout mouse mammary glands [10]. These kinases 

participate in the cytoskeletal reorganization, through Rac1 and Cdc42 activity 

dependent actin polymerization and RhoA-ROCK dependent contractility, in response to 

the cues from an ECM-β1 integrin signal axis [15, 17, 18]. In addition to the function as 

part of the ECM-integrin signaling, we are the first to show that paxillin regulates 

Rab11/MyoVb trafficking machinery in the mammary gland to facilitate the apical-basal 

polarity formation (Chapter 2). Together, in the normal organ development, paxillin 

integrates ECM-integrin signaling that controls the cell behaviors and the trafficking 

machinery that regulates cell polarity, therefore contributing to proper mammary gland 

development. 

During tumor progression, paxillin has been shown to increase cancer cell 

motility and invasiveness, which have been reviewed in multiple articles [19-22]. In vitro 

studies have revealed that paxillin is required for mesenchymal-amoeboid transition 

(MAT) during single-tumor cell motility, which is achieved by modulating the 

proteolysis-dependent ECM architecture and integrating the integrin-ECM mediated 

Rho GTPase family signaling [23]. Furthermore, paxillin has been implicated in regulating 

cell growth and cell survival through FAK phosphorylation-dependent anoikis 

suppression or activation of the Rac/Pak1/JNK survival pathway [24, 25]. Interestingly, in 

HeLa cells, paxillin is important for N-cadherin-based cell-cell adhesion during 2D 

collective cell migration, potentially through a transient inhibition of Rac1 activity [26]. 

Additionally, my thesis was the first to show that paxillin facilitates E-cadherin 
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endocytosis and recycling to promote stabilization of AJs and thereby breast cancer 

collective cell invasion (chapter 3). 

Together, paxillin acts similarly in both a physiologic and cancer scenario, 

through integrating the ECM-integrin signaling, including the FAK phosphorylation and 

downstream signaling cascades that link to Rho family GTPase activities, and, as first 

evaluated in this thesis, through facilitating the HDAC6-MT acetylation-dependent 

endocytic and recycling trafficking machinery.  

Trafficking defect: investigation of the function of paxillin in lactation 

Lactation is a process of transcytosis that involves rapid endocytosis occurring 

from the basolateral surface and secretory vesicles transport on microtubule tracks to 

reach the apical side of the cell for exocytosis [27]. My preliminary data indicates that 

prolactin-induced secretion of the milk protein β-casein is deficient in paxillin-depleted 

organoids generated from normal KO mammary gland (Fig. 1), highlighting paxillin’s 

critical role in transcytosis trafficking. Future studies could be performed to evaluate the 

role of paxillin in lactating mouse models and 3D organoid culture models to further 

dissect the cause of the trafficking defect at both the animal and cellular level. Based on 

the work in this thesis, two possible mechanisms (hypothesis) are available: MT 

acetylation dependent global trafficking defects or paxillin-associated Rab GTPase 

activity modulation.  
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Figure 1. Paxillin depleted organoids failed to secrete milk. Mammary organoids induced milk 
production by prolactin. Organoids were stained with β-casein and DAPI. 

Previous studies have shown that the secretory vesicles use MT tracks for 

transcytosis, however, little is known about how MT is regulating this process [28, 29]. 

Consequently, I suspect that paxillin may play a role via the HDAC6-MT acetylation 

regulatory axis to promote milk transportation. On the other hand, Rab11 is associated 

with transcytosis to promote apical membrane initiation site (AMIS) establishment 

during mammary gland lumen formation [30], potentially through the interaction with 

Sec15 and Exo70 to form the exocyst tethering complex [31]. Also, Rab11 has been 

shown to play a central role in secretory trafficking in fruit flies for neurotransmitter 

delivery in photoreceptor cells [32, 33] and in mouse pancreatic β-cells for insulin 

secretion [34]. Evidence in Chapter 2 highlights the paxillin-Rab11-MyVb machinery that 

regulates trafficking in the mammary epithelial cells, however, leaving an open question 

as whether paxillin is directly regulating Rab11 GTPase activity. Future studies could be 

performed by active Rab11 pull-down assay combined with rescue experiments 

involving overexpression of dominant active and dominant negative forms of Rab11 

[35]. Additionally, Arf6 is a small GTPase that binds to and collaborates with Rab11 to 
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regulate vesicles’ recycling [36, 37]. Paxillin may regulate Arf6 GTPase activity through 

the interaction of Arf family GEF-cytohesin-2 [38] and Arf GAPs GIT1/2 [9, 39] or 

indirectly binding with Arf6 [40, 41], therefore, modulate the transcytosis trafficking via 

coordination with Arf6/Rab11 signal axis. Together, future investigation into the paxillin 

knockout mouse lactation model will reveal the function of paxillin in mammary gland 

lactation and its detailed role in vesicle trafficking. 

Investigation of paxillin regulation network: finding the key pathways 

We have identified key pathways that paxillin is regulating in normal mammary 

gland development and breast tumor progression, and revealed common features of 

paxillin in physiological and pathological conditions. However, those regulatory 

networks are acutely modulated by paxillin, and the long term effect of paxillin 

depletion on gene expression is still unknown. Although paxillin mostly localize in the 

cytosol in vivo and at the focal adhesions in 2D and 3D cell culture, studies have shown 

paxillin can be shuttled into the nucleus and function as coregulator to mediate genomic 

signaling [42, 43]. For example, in prostate cancer cells, RNAseq analysis revealed a list 

of 1000 paxillin-dependent Androgen responsive genes [44]. In addition, it has been 

widely shown that paxillin is involved in MAPK/ERK signaling pathway to potentially 

regulate cell cycle related gene transcription [45, 46]. Thus, RNAseq analysis could be 

performed on luminal epithelial cells and tumor cells from the animal KO models to 

reveal paxillin-dependent gene profiles, and further compare and contrast the normal 

versus tumor regulatory networks.  
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The most well-known HDAC6 nonhistone substrates are α-tubulin, cortactin, and 

heat shock protein 90 (HSP90) [47]. However, new studies revealed more substrates and 

HDAC6 interacting partners that regulate cell motility, cell survival, protein degradation 

and gene transcription [48, 49]. In the normal mammary morphogenesis, HDAC6 

inhibitor tubacin treatment rescued the branching defect in the paxillinfl/flcre organoids 

(chapter 2, Fig.7), while in the paxillin KO tumor, tubacin only partially rescued the 

Adherens junctions (chapter 3, Fig.7), suggesting additional mechanism(s) involved in 

the paxillin-HDAC6 signaling axis. Thus, performing a mass spectrometry analysis to 

generate a paxillin-specific acetylome [50] will be beneficial for interpreting the global 

function of paxillin in normal and breast cancer. 

Investigate the functions of paxillin in leader cells during collective migration 

During collective cell migration, only the cells at the leading-edge contact with 

the surrounding ECM while the cells inside a group maintain cell-cell contacts but may 

not directly associate with the ECM [51]. We have provided evidence to show that 

paxillin facilitates endocytic and recycling trafficking to maintain the AJ integrity during 

cancer invasion (chapter 3). However, the characteristics of the leader cells was not 

evaluated. The leading edge of a group of collective migrating cells generates traction 

forces by actomyosin-mediated contractility and actin reorganization mediated 

protrusions, also rapidly disassemble and reassemble cell-matrix adhesions and 

produces Matrix metalloproteinases (MMPs) that partially proteolyze the ECM and 

generate trails for tumor cells to invade through [52-54]. Earlier studies showed paxillin 

interacts with the FAK-Src complex to activate RhoA-ROCK and increase myosin-light-



 187 

chain-kinase (MLC)-dependent contractility and activate actin polymerization through 

the Pak–GIT1–βPIX signal axis [8, 55]. Additionally, in the normal mammary gland 

development, pMLC levels are reduced in paxillin-depleted ducts (chapter 2, Fig 2E), 

suggesting paxillin is important for contraction force generation in multiple systems. 

Hence, traction force microscopy (TFM) and/or atomic force microscopy (AFM) could be 

performed to evaluate the force generation by paxillin during collective cell invasion. 

 Importantly, paxillin depletion in 3D migrating cells decreases cell-ECM adhesion 

assembly and disassembly rates, causing long-lasting adhesions, potentially due to 

decreased FAK activity [23, 56]. A similar mechanism could be applied to the leader cells 

in collective migration, the highly dynamic adhesion turnover allowing the cells “grab 

and release” the ECM rapidly therefore moving forward [23]. Although not paxillin, the 

close paxillin family member – Hic-5 has been shown to promote MT1-MMP and MMP-9 

localization or activation for ECM remodeling in cancer associated fibroblasts (CAFs) [57, 

58], and both paxillin and Hic-5 localize to and regulate the ECM-degradating structures 

called – invadopodia [22]. In Rous sarcoma virus transformed BHK cells and osteoclasts. 

Here paxillin phosphorylation activates ERK, which then activates the protease calpain 

to promotes disassembly of invadopodia [59]. Also, paxillin and Hic-5 collaborate to 

regulate the invadosome assembly and ECM degradation via janus kinase 1 (JAK1) and 

IQGAP1 respectively [60]. Integration of the role for paxillin in cell-ECM adhesion and 

ECM degradation supports the hypothesis that paxillin is indispensable in the force 

generation and transduction in leader cells during collective migration, and further 

investigation to test this hypothesis will be helpful.    
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Investigation of paxillin and Hic-5 coordination in tumor and stromal crosstalk 

Paxillin and Hic-5 have multiple unique, and common binding partners that allow 

these two proteins to collaborate to impact cell functions [22]. Unique roles for paxillin 

and Hic-5 in regulating cancer cell and fibroblast motility on 1D micropatterns and 3D 

ECM have been described previously [23, 61, 62]. Interestingly, Hic-5 is only expressed 

in the stroma but not in mouse breast tumor epithelial cells [63]. Nevertheless, an up-

regulation of Hic-5 was observed in the paxillin KO tumor cells (Fig.2). We speculate this 

could due to a compensation for the loss of paxillin or a consequence from the hyper-

mesenchymal phenotype during EMT, which will need future characterization. 

Importantly, Hic-5 plays a critical role in establishing the mesenchymal migration mode 

of individual MDA cancer cells in 3D ECM [23, 61], and previous in vivo work defined Hic-

5 as a key molecule for ECM remodeling in cancer associated fibroblasts (CAFs) [64].  

Figure 2. Hic-5 up-regulated in the paxillin depleted tumor cells. Tumor cells were plated on 
FN coated coverslips and spread over night, stained for paxillin, Hic-5 and actin. 

Cancer stroma ECM remodeling by CAFs provides pre-existing microtracks along 

which tumor cells can invade [53, 65] and enhance the ECM-integrin outside-in signaling 
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in the tumor cells to promote migration and invasion [66, 67]. Therefore, paxillin and 

Hic-5 may function separately in tumor cells and CAFs to cooperatively promote 

tumorigenesis and metastasis via tumor/stromal crosstalk. Future studies could be 

carried out on Hic-5 and paxillin double knockout tumor mouse models as well as 2D, 3D 

cell culture, and utilize different cell substrates to evaluate the underlying 

mechanism(s).   

Crosstalk between F-actin, microtubules (paxillin) and intermediate filaments (Hic-5) 

There is emerging evidence showing that cells integrate and coordinate the 

three cytoskeletal filaments (F-actin, MTs and intermediate filaments) to establish 

apical-basal or front-rear polarity, to achieve EMT or MET and exert invasive motility 

[68-71]. Primarily through regulating Rac1 and RhoA activity, paxillin promotes actin 

rearrangement and actomyosin contractility [72-74]. Meanwhile, paxillin promotes MT 

acetylation that facilitates vesicle trafficking and polarity establishment [62, 75], thus 

potentially serving as a critical mediator in F-actin and MT cytoskeleton crosstalk. On the 

other hand, Hic-5 is critical for F-actin stress fiber formation and intermediate filament 

(IF) network maintenance in CAFs, as acute depletion of Hic-5 causes a central F-actin 

“hole” and a collapsed IF network [64, 76], suggesting that Hic-5 coordinate the F-actin 

and IF cytoskeletons to control cell behaviors.  
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Figure 3. Summary of paxillin and Hic-5 regulated processes and cytoskeleton filaments 
crosstalk. Paxillin regulates apical-basal polarity in normal epithelial cells and collective 
migration in tumor cells through a trafficking machinery, regulation of GTPase activity and focal 
adhesion dynamics. Hic-5 regulates ECM remodeling, vimentin dynamic, GTPase activity-
dependent F-actin stress fiber formation in CAFs to mediate tumor/stroma crosstalk. Furthermore, 
paxillin regulates MT (green) acetylation and lamellipodia-associated actin (red) reorganization, 
and Hic-5 regulates stress fiber-dependent actin reorganization and dynamics of intermediate 
filaments (purple). 

The crosstalk between F-actin, microtubule (MT) and intermediate filament (IF) 

cytoskeleton elements could be achieved through a collaboration between paxillin and 

Hic-5 regulatory networks (Fig. 3). Future studies could be performed to identify new 

physical and/or signaling components in the crosstalk and to determine the cellular 

behavior, in both tumor and normal, in response to the coordination of the three 

cytoskeleton filaments.  
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