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Abstract 

 Focal adhesions are macromolecular structures that connect the cellular actin 

cytoskeleton to the surrounding extracellular matrix through transmembrane integrin receptors 

and the action of numerous proteins, including enzymes, signaling proteins, and scaffolding 

proteins. Paxillin and Hic-5 are two scaffolding adapter proteins that primarily localize to focal 

adhesions, as well as other intracellular regions including the nucleus and centrosome. Their 

signaling partners at focal adhesions and effects on the actin cytoskeleton have been well-

characterized over the course of decades through rigorous biochemical studies, but broader 

analysis and comparison of the interactomes of these two closely related proteins has not yet been 

thoroughly pursued. In the introduction, recently described roles for paxillin and Hic-5 in 

regulating cell shape and invadopodia through actin dynamics will be described, in addition to 

recent discoveries regarding their interaction with the microtubule and intermediate filament 

cytoskeletons. This background will provide context to data presented in chapter two, in which 

paxillin and Hic-5 were used as baits for proximity labeling to compare their interactomes, to 

identify numerous potentially novel interactors for both proteins, and to confirm many previously 

known partners. Two interesting results of this analysis include a possible proximity interaction 

between both paxillin and Hic-5 with septin-7, and confirmation of a robust proximity reaction 

between paxillin and ponsin. In chapter three, another newly discovered interactor with paxillin 

will be characterized: the formin mDia1. These proteins are shown to bind in vitro and co-localize 

in vivo. Most interestingly, paxillin relieves mDia1 auto-inhibition to accelerate actin 

polymerization in in vitro TIRF microscopy assays. Finally, the significance of these results and 

avenues for future investigation will be discussed, including further confirmation of proximity 

interactors and experiments to better understand the mechanism by which paxillin interacts with 

mDia1. 
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Chapter 1 

Introduction  

Note: This introductory chapter contains excerpts of edited text and figures from the 

following publication. All was text written by Kyle Alpha and edited by Christopher 

Turner, PhD. Unless otherwise indicated, all figures were created by Weiyi Xu, PhD and 

edited by Christopher Turner, PhD. Sections in this chapter are numbered to improve 

clarity for the reader. 

Alpha, K.M., Xu, W., Turner, C.E., 2020. Paxillin family of focal adhesion 

adaptor proteins and regulation of cancer cell invasion, in: International Review 

of Cell and Molecular Biology. pp. 1–52. 

1. Introduction  

 Cell migration and invasion are finely regulated processes that are critical in many 

normal physiological processes including during embryonic development, wound repair 

and immune surveillance, as well as in pathophysiologic processes such as cancer 

progression and metastasis (Pollard and Borisy, 2003; Ridley et al., 2003; Lauffenburger 

and Horwitz, 1996; Hamidi and Ivaska, 2018). The paxillin family of cytoskeletal 

adaptor/scaffold proteins localize to sites of cell-ECM interaction called focal adhesions 

and have well-established structural and signalling roles in the regulation of the actin 

cytoskeleton and 2D cell migration (Deakin et al., 2012b; Turner, 2000a). This 

introduction will briefly review these findings and then focus on more recent advances in 

our understanding of how paxillin proteins contribute to cell migration and invasion in 

3D environments, discuss their emerging roles in the regulation of microtubule (MT)- 
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and intermediate filament (IF)-based functions, and provide background regarding 

potential novel interactors for paxillin-family proteins outside of focal adhesions. 

2. The paxillin family 

Paxillin was first described in 1990 as a 68 kDa, tyrosine-phosphorylated 

cytoskeletal protein that localizes to focal adhesions and interacts with another focal 

adhesion protein, vinculin (Turner et al., 1990; Turner, 2000a; Turner and Miller, 1994; 

Brown et al., 1996). Subsequently, two other proteins, Hic-5 (50 kDa; also called 

transforming growth factor beta 1 induced transcript 1 [TGFB1i1] and androgen receptor 

coactivator 55 kDa protein [ARA55]), and leupaxin (45 kDa), have been added to the 

paxillin family, each with similar domain structures, cellular localization, and 

evolutionarily conserved sequences (Figure 1) (Shibanuma et al., 1994; Lipsky et al., 

1998; Thomas et al., 1999b; Fujimoto et al., 1999; Jacob et al., 2016). All three proteins 

possess an N-terminal domain containing several short, amphipathic, helical leucine- and 

aspartate-rich LD motifs that participate in multiple protein-protein interactions and 

thereby facilitate their primary function as molecular adaptor/scaffold proteins (Brown 

and Turner, 2004; Tumbarello et al., 2002; Brown et al., 1998). The C-termini contain 

four highly conserved LIM domains, which are double-zinc-finger motifs involved in 

targeting paxillin proteins to focal adhesions and in binding additional structural and 

regulatory proteins (Smith et al., 2013; Brown et al., 1996). Signalling is accomplished 

via multiple phosphorylation sites that are distributed throughout the proteins’ lengths 

(Turner and Miller, 1994; Bellis et al., 1995; López-Colomé et al., 2017; Brown and 

Turner, 2004; Turner, 2000a). Paxillin is expressed ubiquitously (Turner et al., 1990; 

Rashid et al., 2017), while Hic-5 is primarily expressed in smooth muscle tissues 
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including the vasculature (Yuminamochi et al., 2003; Turner et al., 1991). Leupaxin 

expression is largely restricted to leukocytes (Lipsky et al., 1998), although it has also 

been observed in certain smooth muscle tissues and various cancers (Deakin et al., 

2012b). This introduction will focus primarily on paxillin and Hic-5. 
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Figure 1: Domain structure of paxillin family members and key binding partners. 

The three paxillin family members, paxillin, Hic-5 and leupaxin, exhibit extensive 

homology within the N-terminal leucine aspartate-rich LD motifs, the C-terminal LIM 

domains, and key phosphorylation sites. These domains interact with shared, as well as 

distinct, binding partners in their role as adapter/scaffold proteins to regulate focal 

adhesion organization and signalling to control cytoskeletal remodelling and cell 

migration. A selection of key binding partners is indicated. 
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 The binding partners of, and pathways regulated by, paxillin and its family 

members have been studied extensively over the past thirty years and have been 

thoroughly discussed in several excellent reviews (Deakin and Turner, 2008; Schaller, 

2001; Turner, 2000a; b; López-Colomé et al., 2017; Brown and Turner, 2004). Briefly, 

paxillin family members serve as molecular scaffolds/adapters to recruit downstream 

signalling proteins including kinases, such as focal adhesion kinase (FAK) (Turner and 

Miller, 1994; Brown et al., 1996; Thomas et al., 1999a) and extracellular signal-regulated 

kinase (ERK) (Subauste et al., 2004; Ku and Meier, 2000; Ishibe et al., 2004), the 

pseudokinase, integrin-linked kinase (ILK) (Nikolopoulos and Turner, 2001), and 

phosphatases, such as PTP-PEST (Brown and Turner, 2002; Jamieson et al., 2005; Côté 

et al., 1999). These phosphorylate or dephosphorylate the multiple serine, threonine, and 

tyrosine phosphorylation sites in paxillin, thereby regulating its interactions with other 

proteins (Petit et al., 2000; Bellis et al., 1995). Although they share many of the same 

binding partners (Figure 1), there are several interactions that appear to be specific to 

individual paxillin family members. For example, paxillin binds kindlin, tubulin, and Crk 

(Theodosiou et al., 2016; Brown and Turner, 2002),  Hic-5 binds tensin, Csk, and 

SMADS 3/7 (Shibanuma et al., 2004; Wang et al., 2008; Goreczny et al., 2018; Thomas 

et al., 1999b), and leupaxin binds the FAK-related Pyk2 in leukocytes (Lipsky et al., 

1998).  

Historically, the effects of paxillin family members on migration are primarily 

attributed to these phosphorylation changes, direct binding to actin binding proteins 

including vinculin, talin and actopaxin/parvin (Nikolopoulos and Turner, 2000; 

Theodosiou et al., 2016; Petit et al., 2000; Webb et al., 2004; Wood et al., 1994; 
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Humphries et al., 2007), and modulation of the activity of Rho GTPases family members, 

each of which ultimately impact actin cytoskeleton organization (Deakin and Turner, 

2008; Etienne-Manneville and Hall, 2002; Tang et al., 2018; Deakin et al., 2012a). The 

Rho GTPases are a family of proteins that regulate actin cytoskeletal dynamics and 

include Cdc42, Rac1, and RhoA, among others (Sit and Manser, 2011). Their functions in 

2D cell motility are well-understood (Ridley et al., 2003): Cdc42 is involved in cell 

polarization and filopodia formation (Faix and Rottner, 2006), Rac1 promotes the 

formation of broad lamellipodia (Raftopoulou and Hall, 2004), and RhoA promotes the 

formation of actin stress fibres and is important in the production of contractile forces 

(Lawson and Burridge, 2014). Both Cdc42 and Rac1 promote the formation of nascent 

adhesion structures, while RhoA promotes adhesion maturation at the cell’s leading edge 

and disassembly at the cell rear (Ridley et al., 2003; Spiering and Hodgson, 2011). 

Through the recruitment of GTPase activating proteins (GAPs) and guanine-nucleotide 

exchange factors (GEFs) such as β-PIX, DOCK180, and p190 RhoGAP, paxillin family 

members help maintain the delicate balance between these GTPases that is required for 

optimal cell migration (Deakin and Turner, 2008; Zaidel-Bar et al., 2005; Vallés et al., 

2004; Turner et al., 1999; Tsubouchi et al., 2002). In addition to these canonical 

regulatory networks, this chapter will emphasize novel ways in which paxillin family 

members regulate cytoskeletal dynamics and cell motility.  

3. Fundamentals of cell migration 

Migration and invasion are terms with varying connotations depending on the 

field in which they are used. In an in vivo, 3D context, migration typically refers to any 

form of directed cell movement through the interstitial ECM, which is the relatively 
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porous matrix that surrounds cells throughout the body (Kramer et al., 2013). This may 

require some degree of ECM proteolysis, depending on the ECM environment and the 

extent of adhesion to other cells and to the matrix (Schaeffer et al., 2014). In contrast, 

invasion is a form of migration across some sort of tissue barrier, such as the basement 

membrane that separates epithelia from their surrounding stroma or surround the 

endothelial cells in blood vessels (Petrie and Yamada, 2016; Bravo-Cordero et al., 2012).  

In both physiologic and tumour microenvironments, the ECM is composed of a 

network of matrix proteins and glycosaminoglycans that can act as both physical barriers 

to migration and as tracks along which cells can migrate (Mouw et al., 2014).. The 

interstitial matrix consists of molecules including fibronectin, fibrous collagens, elastin, 

and proteoglycans, which form a 3D lattice (Frantz et al., 2010). In contrast, the basement 

membrane is composed primarily of laminins and collagen IV, which form a sheet-like 

layer between epithelial and stromal cells (Frantz et al., 2010). As an epithelial tumour 

forms within the normal tissue stroma, cancer cells can migrate outward through the 

adjacent tissue stroma as single cells or as collective groups (De Pascalis and Etienne-

Manneville, 2017). Cells that invade collectively maintain their cell-cell adhesions, 

including cadherin-based adherens junctions, tight junctions, and desmosomes (Friedl 

and Alexander, 2011). Generally, mesenchymal or mesenchymal-like leader cells will use 

proteases to degrade and remodel the matrix, therefore forming paths for subsequent cells 

to follow (Friedl and Wolf, 2003). Through E-cadherin-dependent cell-cell adhesions, 

they pull follower cells out from the tumour (Theveneau and Linker, 2017; Padmanaban 

et al., 2019).  
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Single-cell migration in 3D can occur through two distinct phenotypes and 

mechanisms described as either amoeboid or mesenchymal (te Boekhorst and Friedl, 

2016; Condeelis and Segall, 2003; Sahai and Marshall, 2003). Cells undergoing 

amoeboid migration are highly deformable and roughly spherical morphologically with 

leading lamella and few or no cell-matrix adhesions (Petrie and Yamada, 2012; Friedl 

and Wolf, 2003). Amoeboid migration requires RhoA-mediated cell contractility which 

drives cells to move via propulsive blebs and by forcing membrane protrusions through 

small, pre-existing gaps in the matrix (Friedl and Alexander, 2011; Sahai and Marshall, 

2003). Therefore, amoeboid cells generally do not need to degrade the ECM in order to 

translocate (Lämmermann and Sixt, 2009). In contrast, cells undergoing 3D 

mesenchymal migration are elongated with small Rac-1-driven lamellipodia (Lawson and 

Ridley, 2018; Sanz-Moreno et al., 2008; Carragher et al., 2006). They form robust 

adhesions with the ECM and degrade small paths through it using proteolytic enzymes 

known as matrix metalloproteinases (MMPs), that are both secreted and membrane-

bound (te Boekhorst and Friedl, 2016). 

Remarkably, some cancer cells can switch frequently between amoeboid and 

mesenchymal modes of migration in a process known as plasticity, which is important in 

effectively invading through a variety of microenvironments (Petrie and Yamada, 2016). 

It has been hypothesized that this migratory plasticity is one of the primary methods by 

which certain cancer cell types are able to overcome therapies that target MMPs, which 

are required for effective mesenchymal migration (Friedl and Wolf, 2003). For a cell to 

transition from mesenchymal to amoeboid migration, it needs to disassemble its 
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adhesions to the matrix and, reciprocally, an amoeboid cell must assemble and stabilize 

matrix adhesions to begin mesenchymal migration. 

Since most migration in vivo occurs in 3D, various tools have been developed 

over the past several decades to study cell migration in 3D environments and to better 

understand the mechanisms that regulate these phenotypes (Cukierman et al., 2001). 

These methods range from simple 3D culture systems, such as in vitro collagen matrices, 

to highly sophisticated intravital imaging of labelled bioluminescent tumour cells (Shamir 

and Ewald, 2014; Condeelis and Weissleder, 2010). Many of the in vitro studies 

described below utilize 3D cell-derived matrices (CDMs), which are generated by 

culturing fibroblasts at high density for 1-2 weeks (Beacham et al., 2006). The fibroblasts 

secrete and remodel a matrix that is composed primarily of collagen and fibronectin 

fibres, similar to the matrix composition found at the interface between a tumour and 

surrounding normal stroma in vivo (Harunaga and Yamada, 2011). The ways by which 

members of the paxillin family of adapter proteins influence these various aspects of cell 

invasion and migration will be discussed below. 

4. Roles of paxillin and Hic-5 in regulating migration and invasion 

4.1 Actin cytoskeleton-mediated effects 

4.1.1 Cell plasticity and 3D migration phenotypes 

MDA-MB-231 human breast cancer cells are highly invasive and metastatic in 

vivo. These cells exhibit plasticity in their 3D migration phenotypes and can invade by 

both mesenchymal and amoeboid modes, making them a useful tool for studying these 

processes (Deakin and Turner, 2011; Wolf et al., 2003). Paxillin and Hic-5 are both 

critical for optimal MDA-MB-231 cell migration and invasion in 3D (Figure 2) (Gulvady 

et al., 2018; Deakin and Turner, 2011). Furthermore, both proteins are required for MDA-
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MB-231 transendothelial migration in vitro and depletion of either protein significantly 

reduces the number of lung metastases in a mouse model of metastasis (Deakin and 

Turner, 2011). These data suggest that expression of both paxillin and Hic-5 is necessary 

for plasticity in vivo, which then enables effective lymphovascular invasion and the 

establishment of metastatic colonies. 
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Figure 2: Paxillin and Hic-5 play opposing roles in regulating tumour cell 3D 

migration phenotype. Tumour cells with high ratios of paxillin:Hic-5 expression (low 

Hic-5 levels, since paxillin expression is generally consistent among tumour cells) more 

commonly exhibit amoeboid migration, which requires RhoA-mediated contractility. 

These cells have limited, or no 3D adhesions; any adhesions that form tend to 

disassemble rapidly. Paxillin may sequester inactive vinculin to promote adhesion 

disassembly. Amoeboid cells migrate by squeezing through existing spaces in the ECM 

via F-actin-rich plasma membrane blebs. Conversely, tumour cells with low paxillin:Hic-

5 ratios (high Hic-5 levels) can exhibit plasticity and are more likely to exhibit 

mesenchymal migration, which is Rac1-mediated. These cells form relatively robust, 

stable 3D adhesions, and use MMPs to degrade the ECM. In these cells, Hic-5 binds 

active vinculin to promote 3D adhesion formation and stabilization. It is unclear precisely 

how paxillin versus Hic-5 “activity” is regulated to promote dynamic migration plasticity. 
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Interestingly, while paxillin and Hic-5 co-ordinately regulate single cell 3D 

migration in vitro, they have dramatically opposing roles in dictating the migration 

phenotype utilized, which suggests that their relative endogenous expression levels, 

and/or their respective signalling activity, could play an important role in determining 

how tumour cells migrate in vivo (Gulvady et al., 2018; Deakin and Turner, 2011). 

Specifically, when MDA-MB-231 cells are seeded in a 3D matrix, acute knockdown of 

paxillin or overexpression of Hic-5 results in a hypermesenchymal phenotype, 

characterized by an exaggerated, elongated cell shape and robust, stable focal adhesions 

(Deakin and Turner, 2011). These robust adhesions take more time to assemble and 

disassemble, resulting in slower cell motility. Conversely, Hic-5 knockdown or paxillin 

overexpression results in cells exhibiting an amoeboid phenotype (Gulvady et al., 2018; 

Deakin and Turner, 2011). These stark differences in phenotypes are not recapitulated 

when the cells are plated on a 2D ECM, likely due in part to the fact that amoeboid 

movement is not observed in 2D cell culture. Instead, cells are well-spread with robust 

focal adhesions regardless of Hic-5 or paxillin expression levels, thus further 

emphasizing the importance of cellular context (Deakin and Turner, 2011; Gulvady et al., 

2018). 

Since paxillin and Hic-5 have highly homologous protein structures, including 

conserved LD motifs, LIM domains, and key phosphorylation sites, it is remarkable that 

they play such opposing roles in regulating 3D migration phenotypes (Deakin and 

Turner, 2011). Many factors could contribute to these differing roles, including 

differences in spatiotemporal localization, binding affinities for effectors, proteolysis, 

rates of autophagy of focal adhesions, regulation by kinases, and regulation of Rho 
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GTPases (Deakin et al., 2012a; Nishiya et al., 2001; Sharifi et al., 2016; Cortesio et al., 

2011; Sharifi et al., 2017). For example, tyrosine-phosphorylated paxillin binds the 

adapter protein Crk to promote migration in bladder carcinoma cells, while Hic-5 is 

unable to interact with Crk (Petit et al., 2000; Thomas et al., 1999b), but selectively 

interacts with the Src-inhibitory kinase, Csk (Thomas et al., 1999b). Importantly, the Rho 

GTPases play a key role in modulating 3D migration phenotypes: amoeboid migration 

requires elevated RhoA activity and mesenchymal migration requires Rac1 activity 

(Friedl et al., 2014). Numerous studies describe roles for both paxillin and Hic-5 in 

regulating Rho GTPase activity and their differing affinities for binding partners could 

affect the balance of this signalling. For example, it is known that paxillin and Hic-5 have 

different affinities for the GTPase activating protein GIT1 (Nishiya et al., 2002). Studies 

in 2D have shown that paxillin binds GIT1/2 through its LD4 motif, and the associated 

GIT-PIX-PAK-NCK protein complex regulates local Rac1 activity (West et al., 2001; 

Turner et al., 1999; Nayal et al., 2006; Loo et al., 2004). Other factors that may contribute 

to these opposing roles will be discussed in the following paragraphs. 

Hic-5 knockdown in MDA-MB-231 cells promotes an amoeboid phenotype 

through increased activity of RhoA/ROCK and non-muscle myosin II (Deakin and 

Turner, 2011), which are critical for amoeboid motility due to their contribution to 

membrane blebbing, retraction, and contractility (Yoshida and Soldati, 2006; Sahai and 

Marshall, 2003). However, excessive RhoA and myosin activity, without balanced Rac1 

activity, may result in dysregulation of blebbing and contractile dynamics that result in 

the decreases in migration velocity and invasion observed when MDA-MB-231s are 

plated on 3D CDMs (Ridley, 2015; Deakin and Turner, 2011). It is important to note that 
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the effect of Hic-5 on contractility has not always been consistent in the literature and 

varies between cell types. For example, it inhibits actomyosin contractility in smooth 

muscle and osteoblast-like cells by relocating from adhesion sites to actin stress fibres 

(Kim-Kaneyama et al., 2005; Guignandon et al., 2006), but also stimulates RhoA activity, 

stress fibre formation, and cell migration upon transforming growth factor beta (TGF-β)-

induced epithelial-mesenchymal transition (Tumbarello and Turner, 2007). Therefore, 

Hic-5 ‘s role in modulating RhoA activity is likely cell- and context-dependent. It is also 

important to note that, despite the structural homology of paxillin and Hic-5, and the role 

of paxillin as one of the first proteins recruited to focal adhesions, paxillin is not 

sufficient to nucleate and stabilize 3D adhesions in MDA-MB-231 cells in the absence of 

Hic-5 (Deakin and Turner, 2011). Cells with an amoeboid morphology that cannot form 

adhesions and switch their 3D migration phenotype when the microenvironment favours 

mesenchymal motility are less able to effectively invade (Petrie and Yamada, 2012). 

Conversely, the hypermesenchymal phenotype, caused by paxillin depletion in 

MDA-MB-231 cells, is associated with a significant increase Rac1 activity, which may 

impair migration persistence by promoting increased lateral protrusions that do not 

contribute to directed migration (Deakin and Turner, 2011). Paxillin knockdown also 

inhibits non-muscle myosin II activity, thereby impairing the actomyosin contractility 

crucial for amoeboid migration; contractility is important for releasing cell adhesions at 

the cell rear, so diminished contractility may promote a hypermesenchymal phenotype, 

partially through this failure of adhesion disassembly (Parsons et al., 2010). In a 2D ECM 

environment, paxillin has been shown to regulate only adhesion disassembly rates (Webb 

et al., 2004), but in 3D, paxillin depletion decreases both adhesion assembly and 
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disassembly rates and increases the frequency of both short-lived, dynamic adhesions and 

stable, elongated, long-lasting adhesions (Deakin and Turner, 2011). This difference may 

be due in part to the fact that cell-matrix adhesions in 3D exhibit different functions, 

composition, and localization than those classically observed in 2D (Cukierman et al., 

2001). With more stable, long-lasting adhesions and slower adhesion disassembly, cell 

motility is slowed because cells remain tethered more tightly to the matrix (Liu et al., 

2015). These changes in adhesion dynamics are potentially due to significantly 

diminished levels of FAK activity following paxillin depletion (as measured by FAK 

Y397 phosphorylation) (Deakin and Turner, 2011), since FAK promotes both adhesion 

maturation and disassembly in 2D (Dumbauld et al., 2010; Webb et al., 2004). 

Interestingly, FAK Y397 phosphorylation is absent in the 3D adhesions formed by 

fibroblasts in CDMs (Cukierman et al., 2001) and FAK phosphorylation levels in 

epithelial cells are dictated by the compliance of the surrounding stromal matrix 

(Provenzano and Keely, 2011). 

Consistent with the experimental manipulation of paxillin and Hic-5 levels 

described above, the endogenous Hic-5 expression level in tumour cells is indeed a 

reliable indicator of the cancer cells’ migratory phenotype in 3D CDMs, and could 

therefore be used to predict how cells migrate in tumours in vivo (Gulvady et al., 2018). 

For example, in a panel of cancer cell lines derived from melanoma, fibrosarcoma, breast 

and pancreatic cancers, increased ratios of Hic-5-to-paxillin expression correlated with a 

more mesenchymal phenotype, as well as increased migration velocity, in vitro 

invasiveness, and plasticity (Gulvady et al., 2018). Additionally, ectopic overexpression 

of Hic-5 in the cells with low endogenous levels (e.g., A375MEA-3 and A375P 
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melanoma cells) increased the plasticity and the percentage of cells exhibiting a 

mesenchymal phenotype and stimulated increased migration through 3D matrices. 

Interestingly, paxillin expression was relatively high and constant in the same panel of 

cells and thus was not a good indicator of their 3D phenotype (Gulvady et al., 2018). 

Nevertheless, this may indicate the absolute requirement for paxillin in tumour cells, 

possibly for functions unrelated to adhesion and motility. Therefore, Hic-5 expression is a 

primary determinant of cell morphology and migratory phenotype. Accordingly, Hic-5 

levels could potentially be used to predict the predominant mode of motility in patient 

tumour samples and thereby guide treatment choices to best reduce cell invasion and 

metastasis. For example, cells from tumours with low Hic-5 expression may favour 

amoeboid migration and therefore be more resistant to MMP-targeting drugs such as 

andecaliximab, which has been used in clinical trials for treatment of several cancers 

(Winer et al., 2018). 

 The role of Hic-5 in promoting focal adhesion formation and a 3D mesenchymal 

phenotype depends on vinculin, another focal adhesion and actin-binding protein and 

direct binding partner of both Hic-5 and paxillin (Deakin et al., 2012a; Turner et al., 

1990) (Figure 2). Vinculin is well known for its role in 

mechanosensing/mechanotransduction and in 2D adhesion maturation and importantly, 

vinculin-null fibroblasts also exhibit a rounded, amoeboid morphology in 3D, which 

suggests that it may cooperate with Hic-5 to enable mesenchymal migration (Dumbauld 

et al., 2013; Thievessen et al., 2015). Indeed, experiments with vinculin mutants showed 

that ectopic expression of vinculin A50I, an “inactive” mutant, in MDA-MB-231 cells 

phenocopies Hic-5 knockdown, while expression of vinculin T12, a constitutively active 
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vinculin mutant, promotes a mesenchymal phenotype (Gulvady et al., 2018). Importantly, 

co-expression of vinculin A50I with Hic-5 in cells with low endogenous Hic-5 expression 

(A375MEA-3 melanoma cells) blocks Hic-5 rescue of a mesenchymal phenotype 

(Gulvady et al., 2018). These data imply that both Hic-5 and active vinculin are required 

for driving a mesenchymal phenotype in 3D. Importantly, although Hic-5 does not 

interact with vinculin A50I at the plasma membrane, paxillin is known to do so and could 

therefore play a role in keeping vinculin, as well as talin, inactive at the membrane 

(Atherton et al., 2020; Deakin et al., 2012a). This could partially explain the ability of 

paxillin to promote adhesion disassembly and an amoeboid morphology and to 

antagonize the activity of Hic-5 (Figure 2).   

 As previously described, Rac1 activity is important for 3D mesenchymal 

migration, and the role of Hic-5 in regulating mesenchymal migration may be partially 

mediated through Rac1 (Sanz-Moreno et al., 2008; Petrie et al., 2012; Gulvady et al., 

2018; Pankov et al., 2005). Treatment of A375MEA-3 cells overexpressing Hic-5 with a 

Rac1 inhibitor prevents Hic-5-mediated induction of a mesenchymal phenotype, further 

connecting these proteins in mesenchymal migration (Gulvady et al., 2018). Additionally, 

Rac1 and RhoA activity both influence the binding preference of vinculin for Hic-5 

versus paxillin in either 2D or 3D ECMs, suggesting that Rho GTPase activity and 

competition between Hic-5 and paxillin for vinculin binding may be a major mechanism 

regulating tumour cell migration and plasticity (Deakin et al., 2012a).  

4.1.2 Invadopodia and matrix degradation 

Cells undergoing mesenchymal migration degrade the ECM by several methods. 

Expression of membrane-bound membrane-type 1 MMP (MT1-MMP/MMP14) and of 

secreted MMP1, MMP9, MMP10, MMP11, and MMP13 is often upregulated in almost 
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every cancer type and plays a key role in degrading the ECM, basement membranes, and 

vascular basal lamina to promote invasion and metastasis (Gobin et al., 2019). Hic-5 has 

been implicated in regulation of several of these proteins, which will be discussed in later 

sections. Briefly, Hic-5 is known to promote MT1-MMP localization to the membrane in 

both endothelial cells and fibroblasts (Dave et al., 2016; Petropoulos et al., 2016) and to 

promote MMP-9 expression in several cancer lines (Mori et al., 2019). 

Cancer cells also utilize specialized adhesion structures known as invadopodia, 

which are actin-rich membrane protrusions that exhibit abundant MMP localization and 

activity, including MT1-MMP (Linder, 2009; Eddy et al., 2017; Murphy and 

Courtneidge, 2011). Although invadopodia have primarily been studied in vitro, intravital 

imaging and careful immunohistochemical staining provide evidence of their existence 

and importance for directed ECM degradation in vivo, where they have been observed in 

close proximity to areas of basement membrane degradation and at sites of tumour cell 

extravasation through the endothelium (Lohmer et al., 2014; Leong et al., 2014). Broadly 

speaking, individual invadopodia consist of a core of F-actin and actin regulatory and 

binding proteins, which are often surrounded by a ring of adhesion-associated proteins, 

including integrins, and various Rho GTPase family members (Eddy et al., 2017). The 

tyrosine kinase Src is particularly important in invadopodia formation (Chen et al., 1985), 

while cortactin, TKS4, and TKS5 play key roles in modulating their maturation and 

activity (Buschman et al., 2009; Oser et al., 2009; Sharma et al., 2013). In 2D, 

invadopodia (and related structures such as podosomes) are visualized as small, actin-rich 

puncta that colocalize with areas of matrix degradation. However, invadopodia can also 

self-assemble in 2D culture to form large superstructures known as rosettes which can 
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degrade much larger areas of matrix (Linder, 2007).  Both paxillin and Hic-5 localize to 

invadopodia and regulate their dynamics (Pignatelli et al., 2012b; Gulvady et al., 2019; 

Badowski et al., 2008; Petropoulos et al., 2016). 

Paxillin has been shown to regulate invadopodia dynamics in Rous sarcoma virus 

(RSV)-transformed baby hamster kidney (BHK) cells and osteoclasts (Badowski et al., 

2008). Tyrosine-phosphorylated paxillin is enriched at the inner rim of rosettes, and 

overexpression of a non-phosphorylatable paxillin mutant (Y31,118F) impaired 

disassembly of invadopodia actin cores (Badowski et al., 2008). This phenotype can be 

recapitulated using inhibitors of either calpain or ERK. Paxillin tyrosine phosphorylation 

activates Erk, which then activates calpain, a protease that promotes both adhesion and 

invadopodium disassembly through proteolysis (Calle et al., 2006; Boateng and 

Huttenlocher, 2012; Cortesio et al., 2011).  

Although Hic-5 is not expressed in most epithelial cells, it promotes the formation 

of invadopodia following its upregulation during TGF-β-induced epithelial-mesenchymal 

transition (EMT) or ectopic overexpression in MCF10A normal mammary epithelial cells 

(Figure 3A) (Pignatelli et al., 2012b). This is particularly relevant considering the 

previously discussed role of Hic-5 in promoting 3D mesenchymal migration, where cells 

must degrade the basement membrane to invade through the tumour stroma. Hic-5 

tyrosine phosphorylation at Y38 and Y60 by Src is critical in this system, as 

overexpression of the Y38/Y60F non-phosphorylatable mutant or treatment with a Src 

inhibitor both prevent formation of invadopodia. Downstream signalling from  Hic-5 

requires RhoC activity for efficient invadopodia formation and p38 MAPK signalling 
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(through Rac1) for matrix degradation, cell migration, and invasion (Figure 3B) 

(Pignatelli et al., 2012b).  
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Figure 3: Hic-5 contributes to the formation and dynamics of invadopodia and higher 

order rosette structures. A. Hic-5 is upregulated during TGF--induced epithelial-

mesenchymal transition (EMT) to promote RhoA/ROCK-mediated actin stress fibre 

formation. B. Hic-5 upregulation in normal mammary epithelial cells also promotes the 

formation of matrix-degrading invadopodia, via Src, Rac1 and RhoC, leading to increased 

cell invasion. Both paxillin and Hic-5 localize to, and regulate, the dynamics of individual 

invadopodia. Hic-5 also promotes the coalescence of numerous invadopodia into higher 

order rosettes in Src-transformed cells, involving formin-regulated actin assembly. Rapid 

rosette disassembly is Hic-5-dependent and is frequently associated with bursts of Rac1-

driven lamellipodial extensions and the formation of new focal adhesions. 
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 Hic-5 is also necessary for invadopodia rosette formation in NIH/3T3 Src-

transformed fibroblasts (Gulvady et al., 2019). In this system, Hic-5 localization to 

invadopodia requires its LIM domains and complex rosette assembly requires its LD2 

and LD3 motifs and phosphorylation at Y38/Y60. The expression of a Hic-5 mutant 

lacking its LD2 and LD3 domains (Hic-5 ΔLD2,3) or a non-phosphorylatable mutant 

(Hic-5 Y38,60F) does not prevent invadopodia formation but does alter their dynamics 

and impairs their organization into rosette structures. Furthermore, FAK kinase activity, 

Rac1 GTPase activity, and activity of the actin nucleating/polymerizing formin proteins 

are all required for this Hic-5 dependent invadopodia coalescence into rosettes (Gulvady 

et al., 2019). Pharmacologic inhibition of any of these proteins mimics the Hic-5 ΔLD2,3 

phenotype. However, constitutively active FAK does not rescue rosette formation in cells 

expressing Hic-5 ΔLD2,3, implying that FAK acts upstream of Hic-5 to promote 

invadopodia coalescence into rosettes. Therefore, it’s possible that FAK/Src-mediated 

phosphorylation of Hic-5 regulates its interaction with, or activation of, a Rac1 GEF, 

thereby promoting Rac1 activity that then induces formin-mediated actin assembly to 

interconnect invadopodia (Panzer et al., 2016; Gulvady et al., 2019) (Figure 3).   

4.2 Crosstalk with microtubules 

To migrate effectively and persistently, cells must establish front-rear polarization 

and efficient anterograde vesicle trafficking to enable directed delivery of factors 

required for migration to the leading edge of the cell and for recycling of focal adhesion-

associated integrins (Paul et al., 2015; Wilson et al., 2018; Petrie et al., 2009; Mellman 

and Nelson, 2008). The microtubule (MT) network is a major mediator of cell 
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polarization through its role in coordinating cell-ECM adhesions, in positioning of the 

Golgi apparatus, and in facilitating vesicle trafficking (Garcin and Straube, 2019).  

Microtubules are 25-nm wide tubes composed of protofilaments of tubulin 

subunits (Garcin and Straube, 2019). These subunits can be post-translationally modified 

by acetylation, phosphorylation, and tyrosination, among others, and these modifications 

affects MT dynamics (Janke and Bulinski, 2011). MT acetylation is commonly associated 

with longer-lived and more stable microtubules (Janke and Montagnac, 2017). 

Importantly, acetylated MTs are enriched at the Golgi apparatus and towards the leading 

edge in cells undergoing both 2D and 3D cell migration, suggesting that this post-

translational modification may be important in establishing a polarized phenotype (Doyle 

et al., 2009; Ryan et al., 2012). One important regulator of MT acetylation and stability is 

the histone deacetylase 6 (HDAC6), which also deacetylates α-tubulin (Asthana et al., 

2013). In fact, HDAC6 inhibitors have been successful in reducing tumour cell migration 

and invasion in pre-clinical studies and are currently being used in a number of clinical 

trials (Bian et al., 2018; Li et al., 2018). 

It has long been known that paxillin is involved in establishing and maintaining 

mesenchymal cell front-rear polarity through its LD4 motif. Expression of a paxillin 

mutant lacking LD4 impairs cells’ ability to orient their Golgi apparatus toward the 

leading edge and to migrate in a directed manner, but promotes the formation of random, 

non-directed protrusions, likely as a result of dysregulated Rac1 activity (West et al., 

2001). However, recent work has more clearly established another mechanism for the 

crucial role of paxillin in cell polarity. 
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Paxillin regulates MT acetylation by binding to and inhibiting HDAC6 (Figure 

4A) (Deakin and Turner, 2014). Depletion of paxillin results in a significant decrease in 

MT acetylation but does not affect overall tubulin expression or distribution. The change 

in acetylation also reduces cell migration and importantly, can be reversed by treatment 

with the HDAC6-specific inhibitor tubacin or by HDAC6 knockdown (Deakin and 

Turner, 2014). Together with data demonstrating HDAC6 enrichment adjacent to focal 

adhesions and paxillin/HDAC6 binding in cells, these observations suggest that paxillin 

inhibition of HDAC6 functions to permit normal MT acetylation, thereby promoting cell 

motility, and is potentially linked to MT-mediated focal adhesion turnover (Efimov et al., 

2008; Kaverina et al., 1999). However, since HDAC6 inhibitors can reduce tumour 

invasion in vivo as mentioned above, it is likely that a delicate balance of HDAC6 

activity and microtubule acetylation is required for optimal cell migration and invasion. 
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Figure 4: Paxillin-dependent changes in microtubule acetylation and their effect on 

cell polarity, vesicle trafficking, and Golgi/centrosome cohesion. A. Paxillin promotes 

front-rear polarity in mesenchymal cells through its regulation of microtubule (MT) 

acetylation. Paxillin binding to, and inhibition of the deacetylase HDAC6 promotes MT 

acetylation. Paxillin-dependent MT acetylation is also required for Golgi cohesion and 

positioning, as well as vesicle trafficking of promigratory factors, such as integrins from 

the endoplasmic reticulum via the Golgi apparatus to the plasma membrane. Microtubule 

targeting to focal adhesions promotes their turnover in a paxillin-dependent manner. 

Although primarily a focal adhesion protein, paxillin also localizes to the centrosome and 

is required for its cohesion and polarization during migration. B. Paxillin also plays a key 

role in maintaining apical-basal polarity and lumen formation in normal epithelia 

thorough regulation of HDAC6 to control microtubule acetylation. Apically enriched 

acetylated microtubules facilitate basal-apical trafficking, cell shape and the integrity of 

cell-cell junctions. 
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Paxillin depletion and resulting MT deacetylation also affect the integrity and 

positioning of the Golgi apparatus and centrosomes (Deakin and Turner, 2014; Dubois et 

al., 2017). Paxillin knockdown causes fragmentation of the Golgi and prevents its 

efficient, polarized orientation toward the leading edge in 1D, 2D, and 3D systems 

(Dubois et al., 2017). This is likely due to MT-dependent effects, since MTs are known to 

tether Golgi stacks together and support their cohesion (Lippincott-schwartz et al., 2000). 

Interestingly, paxillin is also required for centrosome polarization and cohesion – the 

maintenance of close proximity between centrioles in non-dividing cells (Figure 4A) 

(Dubois et al., 2017). A small amount of paxillin localizes to the centrosome and paxillin 

depletion leads to significant centriole separation (Dubois et al., 2017). Centrioles are 

typically closely associated in normal cells during interphase (Gönczy, 2015). However, 

they are often aberrantly duplicated and separated in cancer cells and it is believed that 

these changes contribute to genomic instability due to chromosome segregation errors 

during mitosis (Pease and Tirnauer, 2011). Centriole cohesion also depends on MT 

integrity, suggesting that paxillin-mediated MT acetylation changes may be responsible 

for the separation phenotype previously observed following paxillin knockdown in 

MDA-MB-231 cells (Burakov et al., 2003; Dubois et al., 2017). Once again, these 

centrosome- and Golgi-related phenotypes can be rescued in paxillin-depleted cells by 

tubacin treatment or HDAC6 RNAi, confirming that they are mediated through paxillin-

dependent effects on MT acetylation (Deakin and Turner, 2014; Dubois et al., 2017). 

However, the precise mechanism connecting paxillin, MT acetylation, and 

Golgi/centrosome cohesion and orientation has yet to be clearly elucidated. This open 

question provided the impetus for investigating the relationship between paxillin and 
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potential novel paxillin- and Hic-5-protein interactors at the Golgi/centrosome in this 

thesis project, using a technique known as proximity-dependent biotinylation. This 

method will be discussed in greater detail in a later section. 

Importantly, the Golgi apparatus and centrosomes are both microtubule-

organizing centres (MTOCs) in the cell (Wu and Akhmanova, 2017). Therefore, paxillin 

is required for the cohesion and effective polarization of each of the primary MTOCs in 

both normal and cancer cells. This mechanism is independent of paxillin localization to 

focal adhesions, since the observed phenotypes are evident even when cells were plated 

on poly-L-lysine-coated dishes, which prevents focal adhesion formation (Dubois et al., 

2017). Thus, reduced paxillin expression in certain cancers could result in loss of cell 

polarization to impair effective cell migration/invasion, while a loss of centriole cohesion 

could promote carcinogenesis due to genomic instability.  

Pharmacologic inhibition of FAK, an important signalling partner of paxillin, also 

prevents paxillin localization to the centrosome and mimics many of the phenotypes 

which occurred following paxillin depletion, suggesting that these proteins likely work 

together in regulating MT acetylation (Dubois et al., 2017). FAK stimulates MT 

acetylation through RhoA activation, so activated FAK could potentially modulate the 

regulation of HDAC6 activity by paxillin (Palazzo et al., 2004). 

Regulation of MT acetylation by paxillin also indirectly impacts anterograde 

vesicle trafficking (Figure 4A) (Dubois et al., 2017). As mentioned previously, effective 

transport of pro-migratory components to the leading edge is crucial for optimal directed 

migration, and this transport often occurs along MTs (Naslavsky and Caplan, 2018). In 

paxillin-depleted cells, trafficking of GFP-tagged vesicular stomatitis virus G (VSVG) – 
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a marker of anterograde trafficking – from the endoplasmic reticulum to the Golgi and 

from the Golgi to the plasma membrane are both impaired (Dubois et al., 2017). The 

mechanism by which this occurs remains to be elucidated, but it is possible that paxillin-

dependent changes in MT acetylation affect the binding and/or activity of the molecular 

motors that traffic cargo along MTs or the activity of Rab GTPases, which function in 

vesicle trafficking and integrin recycling and therefore, focal adhesion dynamics (Paul et 

al., 2015; Garcin and Straube, 2019). Regardless of the mechanism, this result suggests 

an interesting focal adhesion-independent mechanism by which paxillin regulates cell 

migration. 

Using a conditional paxillin knockout mouse, it has been shown that paxillin is 

also critical for the establishment of apical-basal polarity in normal mouse mammary 

glands in vivo and the formation of 3D polarized acini in a mammary epithelial cell in 

vitro model system, including the apical enrichment of acetylated MTs (Figure 4B) (Xu 

et al., 2019). This newly described role for paxillin in normal epithelial cells could 

become dysregulated during carcinogenesis, as cancer cells often undergo an EMT and 

lose their apical-basal polarity prior to invasion (EMT will be discussed in a subsequent 

section). Indeed, 3D acini of mammary epithelial cells derived from the normal 

mammary gland of the paxillin knockout mice closely resemble the disorganized 

morphology and defects in cell-cell junction organization seen in tumour organoids 

generated using tumour fragments from conditional paxillin knockout MMTV-PyMT 

breast cancer mice (our unpublished results). Remarkably, pharmacologic inhibition of 

HDAC6 with tubacin rescued the defects in acini polarization (Xu et al., 2019), 

suggesting that paxillin regulation of MT acetylation not only affects front-rear 
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polarization in single cells, but can also affect the polarization of multicellular units, 

potentially through its effects on intracellular trafficking and cross-talk with the actin 

cytoskeleton (Booth et al., 2014). 

4.3 Crosstalk with intermediate filaments 

Intermediate filaments (IFs) generally play an important role in determining cell 

morphology and response to mechanical stress due to their characteristic structural 

integrity (Leduc and Etienne-Manneville, 2015). IFs are built from several proteins and 

protein families, including cytokeratins, lamins, neurofilaments, desmin, and vimentin, 

and their expression varies widely by cell type and between normal and cancerous cells 

(Lowery et al., 2015). In fact, several IFs have been used clinically as markers for disease 

grade and tumour invasiveness for decades (Osborn and Weber, 1983). For example, 

vimentin expression is typically limited to mesenchymal cells, so its expression in 

epithelial cells may indicate a more malignant phenotype (Korsching et al., 2005). 

Furthermore, cytokeratins are used as markers for tumours of epithelial origin, and 

individual cytokeratins may be enriched in certain cell populations. For example, cells 

leading strands of collectively migrating cells in breast cancer are known to express 

cytokeratin 14 (Diepenbruck and Christofori, 2016). Different IFs have differing effects 

on cell migration (Leduc and Etienne-Manneville, 2015). 

Vimentin is a type III IF expressed primarily in fibroblasts and cells that have 

undergone EMT (Lowery et al., 2015). Recent studies have shown a role for vimentin in 

promoting directional persistence of migrating cells, and vimentin filaments occasionally 

terminate at focal adhesions, suggesting some degree of crosstalk between the actin and 

IF cytoskeletons at these sites (Battaglia et al., 2018), a process that appears to be 
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dependent on Hic-5 (Vohnoutka et al., 2019). Additionally, vimentin expression in 

fibroblasts protects against nuclear rupture and DNA damage as cells migrate by forming 

a cage around the nucleus (Patteson et al., 2019). A similar mechanism could be 

important for protecting cancer cells migrating through tight spaces in the ECM, 

especially since DNA damage is an important part of carcinogenesis through its impact 

on genomic stability  (Hanahan and Weinberg, 2011). Further evidence of focal 

adhesion/vimentin crosstalk and the role of Hic-5 will be discussed below. 

4.4 Epithelial-mesenchymal transition 

 As briefly described above, epithelial-mesenchymal transition (EMT) is a key 

process in both normal development and in cancer cell invasion and metastasis, although 

its role in cancer is highly controversial. (Ye and Weinberg, 2015; Diepenbruck and 

Christofori, 2016). This controversy stems largely from the inability to monitor the 

transient and reversible EMT that occurs in vivo and evidence that EMT may not be 

required for metastasis in certain cancers (Fischer et al., 2015). Furthermore, 

immunohistochemical staining of tumours often show cells migrating collectively, which 

does not require a complete EMT; in fact, cells which have undergone a total EMT 

cannot invade collectively (Clark and Vignjevic, 2015). However, new tools have 

improved our understanding of EMT and its contribution to invasion in certain contexts, 

and a whole range of intermediate EMT states have been described (Pastushenko et al., 

2018).  

The process of EMT involves the disassembly of cell-cell junctions, the down-

regulation of cell-cell junction components such as E-cadherin, and reorganization of the 

actin cytoskeleton to promote cell-matrix adhesion and increased migration (Brabletz et 
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al., 2018). EMT also results in a switch from epithelial markers (including several 

cytokeratins) to mesenchymal markers (including vimentin) (Ye and Weinberg, 2015). 

Mesenchymal cells are much more motile than epithelial cells in both 2D and 3D culture 

systems (Aiello et al., 2018; Brabletz et al., 2018). TGF-β, a versatile cytokine which can, 

depending on the context, act as both an oncogene and a tumour suppressor, is a potent 

inducer of EMT and stimulates upregulation of Hic-5 expression which, as noted, is 

typically very low in epithelial cells (Figure 3A) (Tumbarello and Turner, 2007). As 

mentioned above, Hic-5 is also known as transforming growth factor beta 1 induced 

transcript 1 (TGFB1i1) and participates in the non-canonical arm of TGF-β signalling, 

which primarily impacts RhoGTPase signalling and the actin cytoskeleton (Varney et al., 

2016).  

Following TGF-β stimulation, Hic-5 facilitates EMT through a downstream 

pathway involving RhoA and ROCK (Tumbarello and Turner, 2007). Hic-5 RNAi after 

TGF-β stimulation results in reduced cell migration and the retention of epithelial 

morphology. Additionally, Hic-5 RNAi prevents TGF- β-induced RhoA activation, while 

ectopic Hic-5 overexpression promotes ROCK kinase activity and the formation of 

ROCK-dependent stress fibres (Tumbarello and Turner, 2007). Interestingly, inhibiting 

RhoA/ROCK activity by expressing dominant negative RhoA or by using a ROCK 

inhibitor prevents an increase in Hic-5 expression following TGF-β-induced EMT, 

suggesting that Hic-5 and RhoA/ROCK work in a positive feedback loop to promote 

EMT and maintain a mesenchymal phenotype. As discussed earlier, Hic-5 upregulation 

in response to TGF-β also promotes the formation of invadopodia that are important for 

the resulting mesenchymal invasion (Pignatelli et al., 2012a) (Figure 3B).  
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5. Regulation of gene expression 

 Acute and long-term changes in gene expression are also important in cancer 

progression and metastasis. Expression of paxillin family members can be repressed 

through the action of microRNA, and both paxillin and Hic-5 can act in the nucleus to 

regulate gene transcription, similar to several other focal adhesion proteins including 

FAK and zyxin (Shibanuma et al., 2003; Kleinschmidt and Schlaepfer, 2017; Kadrmas 

and Beckerle, 2004; Kasai et al., 2003). 

 As mentioned above, Hic-5 is also known as androgen receptor coactivator 55 

kDa protein (ARA55) (Fujimoto et al., 1999). In addition to its localization at focal 

adhesions, Hic-5 can also localize to the nucleus as a coactivator for the androgen 

receptor transcription factor (Heitzer and DeFranco, 2006a; Shibanuma et al., 2003), and 

studies have shown that it can regulate expression of numerous genes by promoting the 

formation of a transcriptional complex with the transcriptional coactivator p300 and 

transcription factors Sp1 and SMAD3 in a variety of cell types (Heitzer and DeFranco, 

2006b; Shibanuma et al., 2012; Yang et al., 2000). One particularly relevant study 

examined Hic-5 responsive gene expression changes in response to glucocorticoid 

treatment in U2OS osteosarcoma cells (Chodankar et al., 2014). Four of the top fifteen 

gene ontology categories represented in the Hic-5-responsive group of genes were related 

to cell migration and adhesion, suggesting that Hic-5 may regulate migration indirectly 

through transcriptional changes. 

 Hic-5 also plays an important role in transducing mechanical and actin 

cytoskeleton-related signals to regulate gene expression through pathways including the 

actin-MRTF-SRF pathway (Varney et al., 2016). MRTFs bind to, and are sequestered by 
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monomeric G-actin, but incorporation of G-actin monomers into F-actin fibres release 

MRTFs, allowing them to translocate to the nucleus and interact with the transcription 

factor serum response factor (SRF) (Olson and Nordheim, 2010). Therefore, actin 

polymerization into stress fibres promotes MRTF-SRF-dependent transcription of genes 

including several genes involved in contractility, such as smooth-muscle actin and 

calponin (Crider et al., 2011). In fibroblasts, MRTF-SRF signalling promotes Hic-5 

expression (Wang et al., 2011), but Hic-5 is also required for TGF-β-dependent nuclear 

localization of MRTF-A and promotion of smooth-muscle actin expression (Varney et 

al., 2016). These data indicate that Hic-5 promotes fibroblast differentiation via a TGF-β-

dependent feed-forward loop that regulates expression of actin cytoskeleton- and 

contractility-related genes. 

 Hic-5 may also play a role in other mechanosensitive transcription pathways 

involving the YAP/TAZ-TEAD (transcriptional enhancer factor-domain) axis. YAP/TAZ 

nuclear localization and activation correlate with several Hic-5-related phenotypes, 

including EMT and ECM rigidity-dependent fibroblast activation, although a direct role 

for Hic-5 in YAP/TAZ signalling has not been reported (Calvo et al., 2013; Shao et al., 

2014). Furthermore, YAP/TAZ activity is modulated by several pathways, including a 

mechanosensitive regulation similar to MRTF-SRF signalling: high ECM rigidity and/or 

cellular contractility promotes release of YAP/TAZ from cytoplasmic sequestration and 

allows nuclear translocation (Totaro et al., 2018). YAP/TAZ activity is elevated in many 

cancers, and results in increased aggressiveness and cell proliferation, as well as 

induction of expression of several actin cytoskeleton- and focal adhesion-related genes, 

including formins, integrins, and RhoGEFs like the Dock proteins (Totaro et al., 2018; 



38 

 

Pocaterra et al., 2020). Therefore, a role for Hic-5 in mediating YAP/TAZ transcription 

of proteins relevant to the actin cytoskeleton and cancer cell migration would not be 

surprising. 

 Although paxillin contains a nuclear export sequence and localizes most strongly 

to focal adhesions, several studies have demonstrated that it can also be shuttled into the 

nucleus to regulate androgen- and MAPK signalling pathway gene transcription (Ma and 

Hammes, 2018; Kasai et al., 2003). For example, RNAseq analysis in prostate cancer 

cells produced a panel of over 1,000 paxillin-dependent, androgen-responsive genes (Ma 

et al., 2019). Paxillin expression in these cells increased transcription of pro-proliferative 

genes, including the CyclinD/Rb/E2F pathway, while it decreased transcription of pro-

apoptotic genes, including CASP1 and TNSF10.  

6. The adhesome and proximity-dependent biotinylation  

While paxillin and Hic-5 are key FA proteins, there are hundreds of other proteins 

involved in FA structure and signaling (Geiger and Ma’ayan, 2016). Over the past several 

decades, multiple groups have compiled data from experimental studies to create 

databases of the proteins that comprise FAs, called the “adhesome” (Zaidel-Bar et al., 

2007; Winograd-Katz et al., 2014). The adhesome comprises all proteins involved in cell 

adhesion (Whittaker et al., 2006), including cell-matrix adhesions (the integrin adhesome; 

Winograd-Katz et al., 2014) and cell-cell adhesions (the cadherin adhesome; Zaidel-Bar, 

2013). Paxillin and Hic-5 are both members of the integrin adhesome, which contains 

core/intrinsic proteins that localize at focal adhesion and peripheral/associated proteins 

that interact with these core proteins (Zaidel-Bar et al., 2007; Winograd-Katz et al., 

2014). An up-to-date database is maintained at www.adhesome.org, and as of this 
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writing, contains 150 bona fide FA components as well as numerous “associated” 

proteins and thousands of interactions among these proteins. (Geiger and Ma’ayan, 

2016). As of the publication of this thesis, this database documents 65 interactors with 

literature-based evidence for paxillin and 16 for Hic-5 (Zaidel-Bar et al., 2007).  

In addition to combing the literature for documentation of interacting partners, 

members of the adhesome have also been identified experimentally through quantitative 

mass spectrometry analysis of adhesion complexes (Horton et al., 2015). For example, 

Schiller et al. examined purified integrin adhesion complexes following inhibition of 

adhesion maturation by treatment with the myosin II inhibitor, blebbistatin, thereby 

identifying proteins recruited during maturation of nascent adhesions (Schiller et al., 

2011). While purification of integrin adhesion complexes allows for mass spectrometry 

analyses of adhesome components, it cannot directly examine interactions among these 

proteins. Since interactions in integrin adhesions are known to be highly dynamic, there 

remains an opportunity for identifying interactions that may have been missed in previous 

studies (Lele et al., 2008).  

Proximity-dependent biotinylation (PDB) and other affinity-capture methods, 

combined with mass spectrometry, are useful tools for identifying protein-protein 

interactions in situ, particularly those that are transient or labile (Chastney et al., 2020). 

Briefly, PDB involves tagging the target protein (the "prey") with a biotin ligase (Roux et 

al., 2018). Proteins within approximately 10 nm of the target protein (the "baits") are then 

biotinylated and can be purified for mass spectrometric analysis (May and Roux, 2019) 

(Figure 5). PDB can identify weak protein-protein interactions, associations between 

proteins that are in close proximity to each other but not in physical contact, and 
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interactions that are transient or context-dependent (May et al., 2020). Although 

identifying weak, proximal, or transient “interactions” may seem counterproductive, it 

has utility when investigating structures that are constantly being remodeled (Roux et al., 

2018; May and Roux, 2019). FAs must be continually assembled and disassembled 

during cell motility and in response to their environment and therefore, identifying more 

transient interactions – for example, as an adhesion is just beginning to form – has the 

potential to be quite informative (Lele et al., 2008). The “wide net” cast by PDB and 

other affinity-capture techniques may also be beneficial when attempting to localize a 

prey protein within a given structure or to identify interactions that only occur under 

certain circumstances (Dong et al., 2016).  
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Figure 5: Proximity-dependent biotinylation as a method for identifying proximity 

interactors. Proteins of interest (baits) are tagged with a biotin ligase (the PDB enzyme) 

that biotinylates amino acid residues of any proteins within approximately 10 nm of the 

bait. After cell lysis, these biotinylated proteins can be purified using streptavidin-

conjugated beads and analyzed by mass spectrometry. [Figure edited and adapted from 

Samavarchi-Tehrani et al., 2020] (Samavarchi-Tehrani et al., 2020). 
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Paxillin has previously been examined in PDB studies (Dong et al., 2016; Chastney et al., 

2020), and Hic-5 been examined in one recent preprint PDB study (Byron et al., 2021). 

However, they have never been compared directly using the PDB technique. Given their 

similar domain structures and combination of numerous overlapping and unique 

functions, many of which have been described in detail above, we use both paxillin and 

Hic-5 as baits in this study to directly compare their proximity interaction profiles. We 

chose these two paxillin family members because of the breadth of literature describing 

their overlapping/unique functions as well as the persistent gaps in our understanding of 

why such structurally similar proteins can sometimes act antagonistically, as discussed in 

detail in previous sections (Deakin et al., 2012a; Deakin and Turner, 2011; Gulvady et 

al., 2018). Although the mechanisms behind some of the antagonistic effects of paxillin 

and Hic-5 are known, we seek to better understand how their proximity interactor 

networks relate to their overlapping/unique functions by directly comparing their shared 

and discrete proximity interactors, both at and outside of FAs.  

7. Septins – a fourth cytoskeleton 

One protein identified as a proximity interactor for both paxillin and Hic-5 in our 

PDB study (Chapter 2) is the septin molecule, SEPT7. Septins are a family of GTPase 

proteins that can form large hetero-oligomeric structures, including filaments and rings 

(Figure 6) (Mostowy and Cossart, 2012). These proteins are composed of three 

conserved domains: a polybasic phosphoinositide-binding region, a GTP-binding domain, 

and a septin-unique element (SUE) that is involved in polymerization. The GTP-binding 

domain and the amino- and carboxy-termini are required for polymerization and allow 

septins to form myriad polymeric structures, including long filaments and rings 
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(Mostowy and Cossart, 2012). Septin filaments serve structural/scaffolding roles during 

processes including cytokinesis and ciliogenesis (Kim et al., 2010), while septin 

rings/cages often act as diffusion barriers  or structural components, such as at the 

cleavage furrow during cytokinesis or surrounding bacteria during phagocytosis 

(Caudron and Barral, 2009). Furthermore, dysregulation of septins is increasingly 

implicated in a number of disease processes, including cancer (Bowen et al., 2011). For 

example, the human septins SEPT2 and SEPT7 have been shown to promote increased 

breast cancer cell migration and invasion, and their overexpression in MDA-MB-231 

breast cancer cells results in activation of ERK, a paxillin family binding partner 

discussed above (Ishibe et al., 2004; Zhang et al., 2016). 
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Figure 6: The septin family of proteins is highly conserved and able to form large 

polymeric structures. Septin molecules contain three conserved domains: a polybasic 

phosphoinositide-binding region (yellow), a GTP-binding domain, and a septin-unique 

element (SUE), important for polymerization. Both the GTP-binding domain (known as 

the G interface) and the amino- and carboxy-termini (known as the NC interface) are 

involved in polymerization, and allow septins to form myriad polymeric structures, 

including filaments and rings. [Figure edited and adapted from Mostowy and Cossart, 

2012.] (Mostowy and Cossart, 2012; Cavini et al., 2021) 
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Members of the septin family were first discovered in budding yeast and are now 

known to be involved in diverse mammalian cell processes, including cell division 

(Kinoshita et al., 2002).  Septin filaments associate with the cell membrane, actin 

filaments, and microtubules (Kinoshita et al., 2002; Sellin et al., 2011) where they act 

through a number of mechanisms, including serving as scaffolds for protein recruitment 

(Saarikangas and Barral, 2011). Indeed, crosstalk between septin and actin filaments/ 

microtubules is an active area of research. For example, septin assembly can be templated 

by actin filaments (Kinoshita et al., 2002), and septin stability can depend on microtubule 

stability in some cell types, where they disassemble when microtubules are 

pharmacologically depolymerized and assemble when microtubules are stabilized 

(Bowen et al., 2011). 

The human septin family includes 14 proteins, of which SEPT7 and SEPT9 have 

been shown to localize to FAs, where they promote FA maturation by crosslinking actin 

stress fibers to increase mechanical tension (Dolat et al., 2014). Interestingly, like paxillin 

and Hic-5, septins can act as scaffolding proteins; on actin stress fibers, they can serve to 

recruit RhoGEFs and rhotekin to modulate both actin and septin organization (Kinoshita, 

2006; Ito et al., 2005). Additionally, several septins - including SEPT2 and SEPT7 - 

interact with actin bundles through the adaptor molecule anillin, thereby stabilizing actin 

filaments to act as templates for septin filament assembly (Kinoshita et al., 2002). 

SEPT7 localizes to the centrosome, where it is required for normal mitotic spindle 

formation in various cell lines including human retinal epithelial cells and osteosarcoma 

cells (Chen et al., 2021). SEPT7 depletion can also impair cell polarization for directed 

migration in wound healing assays by affecting orientation of the nuclear-centrosomal 
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axis (Chen et al., 2021). Interestingly, as discussed in more detail in the “crosstalk with 

microtubules” section above, cellular depletion of paxillin can also result in a loss of cell 

polarization and directed migration in HFFs and MDA-MB-231 cells, and this 

mechanism is known to include HDAC6 as an intermediary (Dubois et al., 2017). SEPT7 

promotes HDAC6 activity in neurons by acting as a scaffold for HDAC6 to interact with 

acetylated α-tubulin (Ageta-ishihara et al., 2013). Based on these similarities, it is 

possible that SEPT7 and paxillin could cooperate to promote optimal microtubule 

acetylation for cell orientation during cell migration, since both hyper- and 

hypoacetylation of microtubules can negatively impact directed migration (Bance et al., 

2019).  

SEPT2 and SEPT9 both localize near FAs and promote FA maturation through 

crosslinking of actin fibers at transverse arcs and radial stress fibers, which increases the 

mechanical tension on FAs (Dolat et al., 2014). Overexpression of these two septins also 

significantly increases expression of paxillin and FAK, as well as the number of paxillin-

labeled FAs (Na et al., 2021). This effect requires SEPT2/SEPT9 interaction with the 

RhoGAP ARHGAP 4 and was also shown to promote cell migration and invasion (Na et 

al., 2021). However, direct physical interactions between any septin protein and 

paxillin/Hic-5 had previously not been assessed experimentally. In Chapter 2, we show 

biochemical evidence that suggests Hic-5 and SEPT7 may be in close proximity in vivo 

(see Chapter 2, Figure 4 for more detailed explanation). However, we were not able to 

demonstrate convincing immunofluorescence evidence for direct colocalization between 

SEPT7 and either paxillin or Hic-5. This does not necessarily rule out the possibility of 
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direct colocalization/interaction in vivo, however, as the interaction could be context-

dependent or not frequent enough to be demonstrated by immunofluorescence.  

8. Formin biology and actin polymerization 

 As discussed above, the actin cytoskeleton is crucial for cell motility and 

migration (Schaks et al., 2019). Through precisely tuned rates of assembly and 

disassembly, actin filaments help regulate cell shape, motility, and polarity (Pollard, 

2016). The assembly of actin filaments from globular, monomeric actin can occur 

spontaneously, but in order to control the rate and location of actin assembly, this process 

is regulated by a host of other proteins, including the formin family (Higgs, 2005).  

The formins are a family of proteins that nucleate actin monomers and then 

accelerate their polymerization (Breitsprecher and Goode, 2013). All formins contain 

formin homology (FH) domains, including FH1 and FH2 (Figure 7) (Rivero et al., 2005). 

These are the domains primarily involved in formin proteins’ abilities to nucleate and 

polymerize actin filaments (Higgs, 2005). Both actin nucleating (the formation of actin 

trimers/tetramers) and polymerization (extending these early oligomers into longer 

filaments) are key to formins’ roles in regulating the actin cytoskeleton (Schaks et al., 

2019). 
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Figure 7: Domain organization of a formin dimer. In this model of a non-autoinhibited 

formin dimer, the formin homology 1 (FH1) domains are shown recruiting profilin-actin 

complexes and passing them to the FH2 domains, which then catalyze the addition of 

actin monomers to the barbed, growing end of the actin filament. In its autoinhibited 

state, interaction between the DAD (diaphanous autoregulatory domain) and DID 

(diaphanous inhibitory domain) would alter the protein conformation and prevent actin 

polymerization. Binding of Rho GTPase to the GBD (GTPase binding domain) relieves 

this autoinhibition. [Figure edited and adapted from Chesarone et al.](Chesarone et al., 

2010). 
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The 15 mammalian formin genes in include the Diaphanous formins: mDia1, 

mDia2, and mDia3 (Goode and Eck, 2007) . These formins are autoregulated by an 

inhibitory domain at the N-terminus (the diaphanous inhibitory domain, or DID), which 

interacts with the diaphanous autoregulatory domain (DAD) at the C-terminus to inhibit 

their nucleating and elongating activities (Maiti et al., 2012; Bogdan et al., 2013). RhoA, 

a Rho GTPase crucial to regulation of the actin cytoskeleton and adhesion dynamics 

(Lawson and Ridley, 2018; Ridley, 2015), and certain other Rho GTPases can interact 

with Diaphanous formins at their Rho-binding domain (RBD; also known as a GTPase  

binding domain, or GBD) to partially relieve this autoinhibition (Watanabe et al., 1997; 

Seth et al., 2006; Watanabe et al., 1999; Otomo et al., 2005; Kühn and Geyer, 2014). 

However, it has been hypothesized that other factors are required in vivo to fully activate 

diaphanous formins (Maiti et al., 2012). Anillin, a scaffolding protein that regulates the 

actin, microtubule, and septin cytoskeletons, is also known to relieve this autoinhibition 

(Chen et al., 2017). In chapter 3, we will describe how paxillin may also act to disrupt 

diaphanous formin autoinhibition in mDia1 through the similarity of its LD motifs to the 

core DAD sequence, thereby disrupting intramolecular DID/DAD binding.  

 Many connections between focal adhesions and formins have already been 

demonstrated in the literature. As discussed above, FAs are critical for cell migration due 

to their role as sites of connection between the cellular actin cytoskeleton and the 

surrounding extracellular matrix (Burridge et al., 1988). Notably, it is primarily at FAs 

that contractile actin filaments known as stress fibers are anchored and assembled from 

(Ridley et al., 2003). Stress fiber contraction then pulls the cell during migration 

(Lauffenburger and Horwitz, 1996). Formins, including mDia1, are intimately involved 
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in stress fiber assembly and other related processes (Ciobanasu et al., 2012). In 

fibroblasts, for example, FA maturation in response to mechanical force requires mDia1 

(Riveline et al., 2001). In U2OS osteosarcoma cells, mDia1 depletion impairs elongation 

of dorsal stress fibers, which are stress fibers that insert into FAs on the ventral surfaces 

of cells and then rise toward their dorsal surface (Hotulainen and Lappalainen, 2006). 

Exogenously expressing a constitutively active mDia1 mutant in HeLa cells results in 

increased formation of stress fibers and maturation of FAs (Watanabe et al., 1999). More 

recently, mDia1 was shown to act at FAs in a mechanosensitive manner to promote actin 

elongation from FAs (Valencia et al., 2021). Myosin II and formins have also been 

shown to coregulate actin elongation during force generation (Nishimura et al., 2021), 

and the formin Daam  was shown to promote assembly of treadmilling stress fibers with 

numerous focal adhesions along their lengths (Sherrard et al., 2021).  

Finally, it is interesting to note that formins also exhibit crosstalk with other 

cytoskeletal elements, including microtubules (Chesarone et al., 2010; Földi et al., 2017; 

Pimm et al., 2020; Henty-Ridilla et al., 2016). mDia1, in particular, promotes alignment 

of microtubules parallel to actin bundles in HeLa cells (Ishizaki et al., 2001). 

Furthermore, mDia1 can bind tubulin dimers directly, and microtubules inhibit actin 

polymerization by mDia1 (Gaillard et al., 2011). This crosstalk can play a role in disease 

processes, including cancer (DeWard et al., 2010). For example, stabilization of 

microtubules by mDia1 is important for cell polarity during migration, and mDia1 

depletion impairs cell migration and invasion in glioma cells (Narumiya et al., 2009; 

Wang et al., 2019).  

9. Conclusion 
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 The paxillin family of proteins are critical players in cell morphology and 

migration. In addition to their well-studied effects on the actin cytoskeleton, their roles in 

crosstalk with the MT and IF cytoskeletons to modulate cell polarity and trafficking are 

exciting emerging avenues of investigation. Despite the importance of this crosstalk with 

other cytoskeletons, the actin cytoskeleton remains a key partner of paxillin, Hic-5, and 

other focal adhesion proteins in regulating cell migration through dynamic changes in cell 

morphology and the formation of matrix-degrading structures such as invadopodia. 

In chapter two, we will investigate the interactomes of paxillin and Hic-5 in an 

attempt to better understand the myriad overlapping and antagonistic effects described in 

this introduction and identify septins as a potentially novel proximity interactor for Hic-5. 

We also demonstrate further evidence of interaction between paxillin and the adaptor 

protein ponsin and discuss the possible implications of this interaction. 

In chapter three, we demonstrate an exciting, novel interaction between paxillin 

and mDia1 which disrupts mDia1 autoinhibition to promote actin polymerization. This 

interaction is shown to occur due to the sequence similarity of paxillin LD motifs with 

the mDia1 DAD sequence. We also demonstrate preliminary evidence of an in vivo 

consequence of this disrupted autoinhibition by measuring actin filament elongation near 

focal adhesions with or without paxillin expression. 

Finally, in chapter four, we will discuss the implications of these novel findings 

for our understanding of paxillin and Hic-5 biology, as well as actin and adhesion biology 

in general. We will also pose interesting future directions to continue the investigations 

begun in this thesis. 
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Abstract 

 Focal adhesions link a cell’s actin cytoskeleton with the surrounding extracellular 

matrix and include numerous structural and signaling proteins, including the adapter 

proteins paxillin and Hic-5. Both proteins localize to focal adhesions as well as other 

subcellular regions, including the nucleus and centrosomes. In this study, paxillin and 

Hic-5 are used as bait proteins for proximity-dependent biotinylation to explore potential 

new interactors and to compare the interactomes of these two closely related proteins. 

After confirming these bait constructs localized appropriately to focal adhesions, 

biotinylated proteins were purified and analyzed by mass spectrometry. Lists of 

proximity interactors for paxillin and Hic-5 showed many overlapping proteins, as well 

as proteins unique to paxillin and Hic-5 that were known to localize to focal adhesions as 

well as the nucleus and centrosomes. Hic-5 proximity interactor proteins included more 

nuclearly-localized proteins, in accord with literature demonstrating Hic-5’s role as a 

transcriptional coactivator. Additionally, the adapter protein ponsin was robustly enriched 

as a proximity interactor for paxillin, consistent with previous reports demonstrating their 

interaction in myocytes. Finally, the septin protein SEPT7 was identified as a proximity 

interactor for paxillin and Hic-5, opening an area of investigation into the relationship 

between these proteins and what has been termed the “fourth cytoskeleton” of septin 

filaments.  
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Introduction 

Focal adhesions (FAs) are subcellular structures that connect the cellular actin 

cytoskeleton with the extracellular matrix (ECM) through transmembrane integrin 

receptors and associated structural and signaling proteins (Burridge et al., 1988). Through 

these connections, FAs transduce mechanical forces from the extracellular environment 

to the cytoskeleton, and conversely, transmit tension generated by the cell to the ECM 

(Burridge and Guilluy, 2016). FAs also serve as sites of integration for signaling 

pathways involved in diverse cellular processes including proliferation, survival, 

differentiation, and migration (Humphries et al., 2019). 

Paxillin and its family members  – Hic-5 and leupaxin – are molecular adaptor 

proteins that localize to FAs, where they mediate biochemical and mechanical signaling 

between cells and their external environment (Turner et al., 1990; Thomas et al., 1999; 

Lipsky et al., 1998). Like integrins, paxillin family proteins lack intrinsic enzymatic 

activity and instead act as molecular scaffolds to provide docking sites for other proteins 

(Deakin and Turner, 2008; Turner, 2000a). These include kinases such as focal adhesion 

kinase (FAK) and the tyrosine kinase SRC (Turner and Miller, 1994), the phosphatase 

PTP-PEST (Côté et al., 1999), other FA structural proteins such as vinculin (Turner et al., 

1990), and numerous proteins involved in direct regulation of actin cytoskeletal dynamics 

through the ARF and RHO GTPase families, including PKL (an ARF GTPase activating 

protein) (West et al., 2001) and βPIX (a RHO guanine nucleotide exchange factor) 

(Nayal et al., 2006; Turner, 2000b). Importantly, diverse kinases including FAK and 

extracellular-signal-related kinase (ERK) are activated by stimuli such as adhesion or 

growth factor stimulation (Campbell and Humphries, 2011). These kinases can then 
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phosphorylate a number of tyrosine, serine, and threonine residues on paxillin family 

proteins, thereby altering their ability to recruit many of the effector proteins listed above 

(Bellis et al., 1997; Petit et al., 2000; Zaidel-Bar et al., 2007b; Deakin and Turner, 2008). 

In addition to their roles at FAs, paxillin and Hic-5 are known to localize to and 

act at other intracellular sites, including the nucleus and centrosome (Heitzer and 

DeFranco, 2006a; Wang and Gilmore, 2003). Both paxillin and Hic-5 can shuttle to the 

nucleus, where they function as transcriptional coregulators, particularly as trans-

activators for androgen and glucocorticoid receptors (Chodankar et al., 2014; Shibanuma 

et al., 2003; Dong et al., 2009). Additionally, paxillin has been shown to localize to the 

centrosome and to function in regulation of microtubule acetylation, Golgi cohesion, and 

anterograde vesicle trafficking in a non-FA-dependent manner (Dubois et al., 2017; 

Deakin and Turner, 2014; Rezey et al., 2019; Herreros et al., 2000) . 

Paxillin and Hic-5 have similar domain structures, including N-terminal LD 

motifs and C-terminal LIM domains (Fujimoto et al., 1999; Turner and Miller, 1994). 

The LIM domains are double zinc-finger structural domains known to serve as sites of 

protein-protein interaction (Kadrmas and Beckerle, 2004). Importantly, LIM2 and LIM3 

are crucial for paxillin’s ability to localize to FAs (Brown et al., 1996; Ripamonti et al., 

2021). LD motifs are short, leucin-rich sequences with the consensus sequence 

LDXLLXXL that form amphipathic α-helical structures (Tumbarello et al., 2002). As a 

group, these motifs serve as binding sites for the majority of paxillin and Hic-5’s known 

interactors (Turner, 2000a).  

Paxillin and Hic-5 share many interacting partners, including FAK, vinculin, and 

GIT/PKL/PIX/PAK, , but each also have unique interactors (Deakin et al., 2012b). For 
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example, of the two proteins, only paxillin has been shown to interact with the adaptor 

molecule Crk  via its SH2 domain (Nishiya et al., 2001). Crk is a member of the paxillin-

Crk-DOCK180 complex that activates the Rho family GTPase Rac1 to promote cell 

migration (Vallés et al., 2004). Meanwhile, only Hic-5 has been shown to interact with 

members of the SMAD family of proteins , which are key intracellular messengers for 

transforming-growth factor β (TGFβ) signaling, and primarily act by regulating gene 

transcription (Wang et al., 2005; Miyazono et al., 2000). For example, the C-terminus of 

Hic-5 binds Smad3 and inhibits Smad3-induced changes in gene transcription (Wang et 

al., 2005).  

In addition to their interaction profiles, it is also notable that paxillin and Hic-5 

have both discrete and overlapping functions, which is a key rationale for this current 

study. For example, paxillin and Hic-5 play differing roles in regulation of cell 

morphology and modes of cell migration (Deakin et al., 2012b; Alpha et al., 2020). Hic-5 

is an important protein in epithelial-mesenchymal transition (EMT), the process by which 

epithelial cells lose cell-cell adhesions, form cell-matrix adhesions, and become more 

motile (Diepenbruck and Christofori, 2016). Hic-5 is upregulated in response to TGFβ- 

induced EMT (Tumbarello and Turner, 2007)and is also sufficient to induce EMT in 

normal mammary cells, even in the absence of TGFβ, a key growth factor involved in 

EMT (Pignatelli et al., 2012; Tumbarello and Turner, 2007). In contrast, paxillin is 

neither upregulated by or able to induce EMT (Nakamura et al., 2000; Tumbarello et al., 

2005). As another example, paxillin and Hic-5 play antagonistic roles in regulating 

cancer cell morphology and migratory characteristics (Deakin and Turner, 2011; Gulvady 

et al., 2018). Cancer cells with a high ratio of Hic-5-to-paxillin expression tend to exhibit 
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more mesenchymal migration characteristics, which is Rac1-mediated and requires stable 

cell adhesions as well as proteolytic degradation of the ECM (Deakin and Turner, 2011). 

In contrast, cells with low Hic-5:paxillin ratios tend to exhibit an amoeboid migratory 

phenotype, which requires RhoA-mediated contractility, involves few or no adhesions, 

and requires squeezing through existing gaps in the ECM (Gulvady et al., 2018). These 

and other differences in their functions have led us to compare and contrast the paxillin 

and Hic-5 interactomes.  

Several groups have compiled data from experimental studies to create databases 

describing the protein makeup of FAs, termed the “adhesome” (Zaidel-Bar et al., 2007a; 

Winograd-Katz et al., 2014). The most recent literature-curated database, accessible at 

www.adhesome.org, contains150 bona fide FA components and also documents 

numerous “associated” proteins and thousands of interactions among these proteins. 

(Geiger and Ma’ayan, 2016). In this database, paxillin is  noted to have 65 interactors 

with literature-based evidence and Hic-5 to have 16 (Zaidel-Bar et al., 2007a). Many of 

the interactions noted in this database are also noted as proximity interactors in this 

current study (Geiger and Ma’ayan, 2016). 

Broad experimental analysis of the entire adhesome has also been performed by 

quantitative mass spectrometric analysis of purified integrin adhesion complexes under 

various conditions (Schiller et al., 2011; Robertson et al., 2015), resulting in the 

generation of a “consensus” adhesome of 60 adhesion proteins and a “meta-adhesome” of 

over 2,000 proteins, compiled from seven mass spectrometry datasets (Horton et al., 

2015). These studies, along with those whose data were curated for the literature-based 

database described above, allowed for a broad elucidation of the members of the 
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adhesome and their interactions. However, due to the dynamic and labile nature of 

adhesome interactions, proximity-dependent biotinylation (PDB) and other affinity-

capture methods may be more appropriate in some circumstances for studying large 

“interaction” networks in situ (Chastney et al., 2020a)..  

Proximity-dependent biotinylation (PDB) is a technique used to identify protein-

protein associations in living cells that overcomes many of the challenges commonly 

found when studying these associations (Roux et al., 2012). For example, PDB 

techniques can detect relatively weak protein-protein interactions as well as proteins that 

are simply in close proximity to each other and interactions that are transient or context-

dependent (May et al., 2020). While identifying weak, transient, or merely proximal 

“interactions” may not seem beneficial, this can be useful in studying structures that are 

constantly being remodeled (Roux et al., 2018; May and Roux, 2019). Since FAs must be 

continually assembled and disassembled for cell movement and in response to 

mechanical forces, being able to identify proteins that may only be interacting briefly – 

for example, as a nascent adhesion is forming – is potentially very valuable (Lele et al., 

2008). PDB techniques are also excellent at allowing for a “time-lapse”-like analysis of 

interactions over several hours, thereby detecting interactions that may only occur under 

certain scenarios, such as during cell spreading or division (Low et al., 2021). Again, as 

FA are very dynamic structures, this is an advantage when analyzing FA protein 

interactions compared to similar, powerful mass spectrometry techniques such as cross-

linking mass spectrometry (XL-MS), where protein complexes are chemically 

crosslinked and then digested for mass spectrometric analysis (Low et al., 2021). 

Furthermore, although XL-MS can give valuable information regarding the structure of 
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protein complexes and could therefore be another useful tool for analyzing paxillin/Hic-5 

interactomes in the future, it often requires extensive purification/overexpression of 

protein complexes due to the low efficiency of crosslinking (Leitner et al., 2014; Low et 

al., 2021) and was therefore not selected as the method to be used for this initial survey of 

the paxillin and Hic-5 proximity interactomes. 

Briefly, PDB involves tagging a target protein of interest (the “bait”) with an 

engineered biotin ligase (Sears et al., 2019). When expressed in cells, this fusion protein 

biotinylates lysine residues on proteins (the “prey”) within an approximately 10-15 nm 

radius (May and Roux, 2019). After cell lysis, these proteins can be purified using 

streptavidin-conjugated beads and eluted for mass spectrometry analysis (Kim et al., 

2014). The BioID2 probe, used in this study, is  a smaller biotin ligase than the initially 

described BioID probe and was modified to provide improved localization and require 

lower concentrations of added biotin (Kim et al., 2016). One caveat regarding BioID and 

similar techniques is that it may fail to identify proteins with low expression in the 

studied cell type, as high abundance is required for sufficient signal to be detected. This, 

and the context-dependent nature of PDB techniques, is likely responsible for the 

noticeable lack of some previously identified paxillin/Hic-5 interactors in our dataset, 

such as HDAC6 for paxillin or SMAD3 for Hic-5, among many others. 

Although paxillin has been used as a bait in two previous PDB studies (Chastney 

et al., 2020a; Dong et al., 2016) and other affinity purification analyses (Mayhew et al., 

2006), its family member Hic-5 has not yet been examined in this manner except for in 

one recent preprint study (Byron et al., 2021). Due to their similar domain structures and 

combination of both overlapping and unique functions, we use both paxillin and Hic-5 as 
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baits in this study in order to directly compare their proximity interaction profiles. This 

study also seeks to gain insight into how paxillin and Hic-5’s shared/discrete proximity 

interactors are involved in their overlapping and unique functions, both at and outside of 

FAs.  

Results  

Paxillin and Hic-5 cDNA were cloned into a myc-BioID2-MCS vector, thereby 

tagging them with myc and the promiscuous biotin ligase, BioID2. These constructs were 

expressed in U2OS cells, along with an empty vector as a control. Myc staining 

demonstrated localization of the paxillin and Hic-5 fusion proteins at structures that 

appear to be FAs based on their size, shape, and location in the cell (Figure 1A). 

Additionally, staining with Alexa-Fluor 488-conjugated streptavidin demonstrated 

increased biotin labeling of proteins at these same structures, indicating that the fusion 

proteins were indeed biotinylating proximal proteins (Figure 1A). No such enrichment at 

FAs was seen for the BioID control with either myc or streptavidin staining. Western 

blotting of transfected cells lysates showed myc-tagged bands at the appropriate size for 

paxillin (68 kDa) and Hic-5 (50 kDa) with the BioID2 (27 kDa) and myc (1 kDa) tags 

(Figure 1B). Additionally, probing the membranes with NeutrAvidin-HRP revealed 

biotinylation of proteins over a broad molecular weight range.   
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Figure 1: Validation of the paxillin- and Hic-5-BioID2 constructs. A. Representative 

images of biotin-treated U2OS cells expressing the paxillin and Hic-5 constructs 

demonstrate localization of biotinylation (via streptavidin staining) and the myc tag at 

structures whose size, shape, and location resemble FAs (n = 3). B. Western blots of 

biotin-treated U2OS lysates expressing the paxillin and Hic-5 constructs probed for myc 

demonstrate bands at the appropriate molecular weight for the BioID2- and myc-tagged 

proteins. Probing with NeutrAvidin-HRP reveals biotinylation of proteins over a broad 

range of molecular weight (n = 3). C. Representative images of biotin-treated U2OS cells 

expressing the paxillin and Hic-5 constructs demonstrate co-occurrence of biotinylation 

and γ-tubulin, indicating localization of the constructs to the centrosome. Scale bars = 25 

µm. Red arrows indicate lines for intensity profiles, quantified in panel D (n = 1). D. 

Peaks of biotinylation and γ-tubulin intensity co-occur on line profiles drawn through the 

centrosome with both the pxn and Hic-5 constructs.  
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Interestingly, Alexa-Fluor 488-conjugated streptavidin labeling of biotinylated 

proteins suggests that both the paxillin and Hic-5 BioID2 fusion proteins are biotin-

labeling proteins at the centrosome, labeled with the centrosomal marker γ-tubulin 

(Figure 1C). While centrosomal localization has been previously documented with 

paxillin (Dubois et al., 2017), it has not been observed with Hic-5. A line profile drawn 

through the centrosome (Figure 1D) demonstrates co-occurrence of biotinylation and γ-

tubulin intensity peaks.  

After this initial validation, U2OS cells stably expressing the three BioID 

constructs were generated. Cells were treated with biotin, and biotinylated proteins were 

harvested for analysis by label-free quantitative mass spectrometry (see Materials & 

Methods for details). Analysis of the resulting data generated lists of proteins that we will 

describe as “proximity interactors,” since the BioID technique does not provide sufficient 

evidence to describe identified targets as bona fide physical interactors. 

The main proximity interactor lists included 17 interactors unique to paxillin, 12 

unique to Hic-5, and 21 identified as shared interactors (Table 1 and Figure 2A, B). A 

description of the cutoffs and filtering methods used to define these main proximity 

interactor lists can be found in the Materials & Methods section. In the case of paxillin, 

many of the interactors have been identified in previous PDB studies (Dong et al., 2016; 

Chastney et al., 2020a). A Venn diagram comparing the proximity interactors for paxillin 

and Hic-5 (Figure 2A) show that many of the shared interactors are classic FA proteins 

with experimentally confirmed interactions, including GIT1 and GIT2 (PKL), vinculin, 

and FAK (Nishiya et al., 2002; Mardakheh et al., 2015; Deakin et al., 2012a; Nishiya et 

al., 2001; Turner and Miller, 1994).  
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Proximity Interactors Labeled by PXN-

BioID2 Bait 

Proximity Interactors Labeled by Hic-5-

BioID2 Bait 

Gene Name Protein Name & 

Aliases 

Fold 

Change 

Gene 

Name 

Protein Name & 

Aliases 

Fold 

Change 

PXN* paxillin 74,876 TGFB1I1 Transforming 

growth factor Beta 1 

induced transcript 1, 

Hic-5, ARA55 

21,671 

PARVB parvin-β, affixin 3,735 GIT2 ARF GAP GIT2, 

PKL 

2,292 

GIT2*† ARF GAP GIT2, 

PKL 

3,362 PARVB parvin-β, affixin 2,195 

DSC1 desmocollin-1 2,122 KIAA0930 uncharacterized 

protein KIAA0930 

(C22orf9) 

1,119 

CRK† adapter molecule 

crk 

2,053 ALDOA fructose-

bisphosphate 

aldolase A 

1,059 

TNS2 tensin 2, C1-TEN 1,128 SERPINE2 glia-derived nexin 614 

ZDHHC8 palmitoyltransferase 

ZDHHC8 

1,003 ZDHHC8 palmitoyltransferase 

ZDHHC8 

455 

TGM3 protein-glutamine 

gamma-

glutamyltransferase 

E 

901 TNS2 tensin-2, C1-TEN 448 

SERPINE2 glia-derived nexin 854 ATL2 atlastin-2 421 

RAPGEF1 Rap guanine 

nucleotide 

exchange factor 1, 

C3G 

765 VPS11 vacuolar protein 

sorting-associated 

protein 11 homolog 

371 

ATL2 atlastin-2 585 ITGB6 integrin beta 6 311 

KIF5A kinesin heavy chain 

isoform 5A 

331 NUP93 Nuclear pore 

complex protein 

Nup93 (KIAA0095) 

299 

PLEKHH1 pleckstrin 

homology domain-

containing family H 

member 1 

249 STRIP2 striatin-interacting 

protein 2 

(FAM40B) 

294 

SORBS1* sorbin and SH3 

domain-containing 

protein 1, ponsin, 

CAP 

46 DSC1 desmocollin-1 275 
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Proximity Interactors Labeled by PXN-

BioID2 Bait 

Proximity Interactors Labeled by Hic-5-

BioID2 Bait 

Gene Name Protein Name & 

Aliases 

Fold 

Change 

Gene 

Name 

Protein Name & 

Aliases 

Fold 

Change 

PTK2*† protein-tyrosine 

kinase 2, focal 

adhesion kinase 1 

(FAK) 

39 PTK2 Protein-tyrosine 

kinase 2, focal 

adhesion kinase 1 

(FAK) 

21 

USP6NL† USP6 N-terminal-

like protein, RN-tre 

30 USP6NL USP6 N-terminal-

like protein, RN-tre 

19 

ARHGEF7*† Rho guanine 

nucleotide 

exchange factor 7, 

βPIX, PAK3 

27 CCDC93 coiled-coil domain-

containing protein 

93 

11 

BCAR1*† p130cas, crk-

associated substrate, 

breast cancer anti-

estrogen resistance 

protein 1 

22 GIT1 ARF GAP GIT1 10 

PRAG1† inactive tyrosine-

protein kinase 

PRAG1, SGK223, 

pragmin 

17 BCAR1 p130cas, crk-

associated substrate, 

breast cancer anti-

estrogen resistance 

protein 1 

8 

GIT1*† ARF GAP GIT1 16 NFKBIE NF-kappa-B 

inhibitor epsilon 

(IKBE) 

7 

VCL*† vinculin 12 VCL Vinculin 7 

TNS1*† tensin-1 10 PRAG1 inactive tyrosine-

protein kinase 

PRAG1, SGK223, 

pragmin 

7 

PEAK1*† inactive tyrosine-

protein kinase 

PEAK1, SGK269 

9 TNS1 tensin-1 6 

CRKL crk-like protein 8 PEAK1 inactive tyrosine-

protein kinase 

PEAK1, SGK269 

5 

PARVA*† parvin-α, actopaxin 8 PARVA parvin-α, actopaxin 5 
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Proximity Interactors Labeled by PXN-

BioID2 Bait 

Proximity Interactors Labeled by Hic-5-

BioID2 Bait 

Gene Name Protein Name & 

Aliases 

Fold 

Change 

Gene 

Name 

Protein Name & 

Aliases 

Fold 

Change 

LPP*† LIM domain-

containing preferred 

translocation 

partner in lipoma 

7 LPP LIM domain-

containing preferred 

translocation partner 

in lipoma 

4 

TNS3*† tensin-3 7 DCAF7 DDB1- and CUL4-

associated factor 7, 

HAN11, WDR68 

6 

LIMD1*† LIM domain-

containing protein 1 

6 IGBP1 Immunoglobulin-

binding protein 1 

6 

PTPN12*† PTP-PEST 5 SORBS1 sorbin and SH3 

domain-containing 

protein 1, ponsin, 

CAP 

8 

DCD dermicidin 4 GDI2 Rab GDP 

dissociation 

inhibitor β, 

guanosine 

diphosphate 

dissociation 

inhibitor 2 

15 

TLN1*† talin 1 4 ARHGEF7 Rho guanine 

nucleotide exchange 

factor 7, βPIX, 

PAK3 

10 

ZYX*† zyxin 4 SEPT7 Septin-7, CDC10 

protein homolog 

5 

RPSA 40S ribosomal 

protein SA, laminin 

receptor 1 

6 ILK integrin-linked 

kinase 

5 

TGFB1I1 Transforming 

growth factor beta 1 

induced transcript 

1, Hic-5, ARA55 

7 LASP1 LIM and SH3 

domain protein 1 

4 

ILK*† integrin-linked 

kinase 

8 
 

FLG2 Filaggrin-2 13 
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Proximity Interactors Labeled by PXN-

BioID2 Bait 

Proximity Interactors Labeled by Hic-5-

BioID2 Bait 

Gene Name Protein Name & 

Aliases 

Fold 

Change 

Gene 

Name 

Protein Name & 

Aliases 

Fold 

Change 

IFT74 Intraflagellar 

transport protein 74 

homolog, CCDC2 

6 

TRIP6† Thyroid receptor-

interacting protein 6 

4 

SEPT7 Septin-7, CDC10 

protein homolog 

3 
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Table 1: Significant proximity interactors for paxillin and Hic-5 ranked by SAINT score 

(a measure of specificity; see Materials & Methods) with relative fold change compared 

to control BioID2 and based on cutoffs described in the text. Genes in red appear in both 

lists. *: seen in Chastney et al., 2020 list (paxillin only). †: seen in Dong et al., 2016 list 

(paxillin only). Protein aliases marked in bold are more commonly used than the gene 

name in the FA literature and will be used in their place in all other figures and text.   
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(16.19)                    (0.00) 
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Figure 2: Comparison of paxillin- and Hic-5-proximal proteins and their gene 

ontologies. A. Venn diagram showing unique and shared proximity interactors based on 

cutoffs described in the text (proteins are in no particular order in these lists). B. Heat 

maps comparing relative abundance of paxillin- and Hic-5-proximal proteins. The values 

used to generate the maps are log2 of the fold change of proteins normalized to their level 

in control BioID2 samples. These lists do not exactly match those in panel A because in 

this panel, genes were grouped based on the log2 of the fold change to highlight 

abundance differences in proximity interactors primarily enriched for paxillin-BioID2, 

Hic-5-BioID2, or both. However, all the same proteins are included in both panels. C. 

Gene ontology enrichment analysis of all paxillin- and Hic-5-proximal proteins by 

molecular function, D. biological process, or E. cellular compartment; numerical values 

on bar graphs are -log10(padj) as calculated by g:profiler, which is a probabilistic measure 

of enrichment.  
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Differences are also evident in the proximity interactor profiles for paxillin and Hic-5, 

and the proteins that are unique to each include several proteins not known to be 

primarily FA-localized, such as the GDP-dissociation inhibitor GDI2, which was only 

identified as a proximity interactor for Hic-5, (Shisheva et al., 1994) and the Rap guanine 

exchange factor RAPGEF1, which was only identified as a proximity interactor for 

paxillin (Kumar et al., 2015) (Figure 2A). It’s also important to note that some proteins 

that are shown as being unique proximity interactors for paxillin or Hic-5 in Table 1 and 

Figure 2A may still have been biotinylated to some degree by the other protein construct 

but did not meet the statistical cutoffs for inclusion in the interactor lists. This can be seen 

more clearly in the heat maps (Figure 2B), which are colored based on the log2 of the 

fold change of protein abundance in the paxillin or Hic-5 samples relative to the BioID 

control and grouped into proteins biotinylated primarily in paxillin samples, proteins 

biotinylated primarily in Hic-5 samples, or proteins with substantial biotinylation by both 

baits. Notably, these groupings don’t correlate exactly with those seen in the Venn 

diagram because they are based only on protein abundance and do not directly consider 

the specificity scores for these proteins. 

Gene ontology enrichment analysis was performed using the proximity interactor lists 

for paxillin and Hic-5 from Table 1, including their shared proximity interactors. The lists 

were analyzed as ordered queries, meaning that genes higher on the list (more enriched), 

were weighted more heavily in the analysis. Overall, paxillin and Hic-5 have similar 

enrichment profiles for molecular functions (Figure 2C), biological processes (Figure 

2D), and cellular compartments (Figure 2E). For example, both the paxillin and Hic-5 

lists had statistically significant molecular function enrichments for cytoskeletal protein 
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binding, actin binding, and GTPase activator activity. Both lists also had statistically 

significant biological process enrichments for multiple adhesion processes, as well as 

cellular compartment enrichments for focal adhesions and several cell junction 

compartments. These similarities are not surprising considering their similar localizations 

and many overlapping functions, although we had anticipated potentially finding some 

differences to investigate, given some of paxillin and Hic-5’s unique/antagonistic 

functions (Alpha et al., 2020). The overall trend towards higher significance for all gene 

ontologies with the paxillin lists is likely due to the lower number of proximity 

interactors identified for Hic-5, which resulted in lower statistical power. One notable 

difference is the lack of enrichment for SH3 domain binding proteins in the Hic-5 list 

compared to paxillin. The proteins in this gene ontology group include CRK, RAPGEF1, 

p130cas, PTP-PEST, and ILK, all of which were more abundant in the paxillin samples, 

although p130cas and ILK were both also identified as proximity interactors for Hic-5.  

Proximity interactors for paxillin and Hic-5 can be grouped into several overlapping 

networks, including a network of known adhesome proteins (Figure 3A). In this network, 

FA proteins are subdivided based on their molecular functions (transmembrane receptors, 

kinases/phosphatases, small G-protein interaction, actin-binding, and cytoskeletal 

adaptors) and color-coded based on their proximity to the membrane as described in 

Dong et al. (F-actin layer - red, intermediate layer - yellow, membrane-proximal - green, 

transmembrane – blue, and unknown - gray) (Dong et al., 2016). As a FA scaffolding 

protein, paxillin is thought to generally reside near the interface between the membrane-

proximal and intermediate layer (Dong et al., 2016). Three-dimensional super-resolution 

microscopy has shown that, within the nanoscale architecture of FAs, paxillin tends to 
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localize closer to the intracellular integrin tails than to the ends of actin filaments 

(Kanchanawong et al., 2010). Hic-5 has not been studied in this way but given its similar 

structure and many shared functions with paxillin, it is possible that it resides in a similar 

level.   
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Figure 3: Classification of paxillin- and Hic-5-proximal proteins based on their 

subcellular localization. A. Classic adhesome proteins sorted by biochemical function 

and localization within FAs. Solid lines indicate proximity relationships determined in 

this study. Dotted grey lines indicate literature-curated interactions (protein lists from 

www.adhesome.org). Circled proteins are grouped by functional similarity and do not 

necessarily represent physical complexes. B. Centrosome-localized proteins, with FA 

proteins indicated by red text (protein list from MiCroKiTS and the Human Protein 

Atlas) and proteins discussed in the text highlighted in yellow. C. Nuclear proteins, with 

FA proteins indicated by red text (protein list from the Human Protein Atlas). 
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The results shown in Figure 3A are highly consistent with the literature (Turner, 

2000b; Deakin and Turner, 2011), but they also suggest potential novel interactions that 

have not been carefully characterized biochemically, such as Hic-5’s proximity 

interaction with ITGB6 (integrin β6), an integrin which dimerizes with integrin αv to 

function as a fibronectin receptor and to mediate RGD-dependent release of TGFβ1 from 

latency-associated peptide (Annes et al., 2004; Takagi et al., 2007). However, it’s notable 

that this integrin is not commonly expressed in U2OS cells and that, as a transmembrane 

integrin, it is not in the same FA layer that paxillin (and therefore, likely Hic-5) is thought 

to typically reside (Breuss et al., 1995). Still, this integrin subunit is intimately involved 

in TGFβ signaling and BioID is able to detect even low levels of interaction, so if this 

result could be confirmed, it may open a new avenue for better understanding Hic-5’s 

role in TGFβ signaling. Furthermore, ITGB6 has been localized to the centrosome in RH-

30 human rhabdomyosarcoma cells (Thul et al., 2017), so it is also possible that ITGB6 

biotinylation by Hic-5-BioID2 occurred at the centrosome, rather than at focal adhesions, 

which will be discussed in greater detail below.  

The paxillin and Hic-5 proximity interactor lists also include several centrosome-

localized and nuclear proteins, including some (noted below) that are also known to be 

adhesome proteins. For these protein enrichment groupings, cutoffs were loosened, and 

removal of contaminants based on contaminant lists was not performed in order to widen 

the net to identify potential interactors, with the caveat that these “expanded lists” may 

include lower-quality hits. The centrosomal and nuclear protein lists were obtained from 

the Human Protein Atlas and MiCroKiTS (Thul et al., 2017; Huang et al., 2015).  Again, 

both of these groupings include several proteins that are also part of the adhesome (red 
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text), and it is therefore difficult to know whether these were in proximity to (and 

therefore, biotinylated by) the fusion proteins at adhesions or at these other sites. These 

overlapping proteins are ILK, GIT1, FAK, VCL, ponsin, and ITGB6 from the 

centrosomal list (Figure 3B) and FERMT2, CRKL, ILK, and ITGB6 from the nuclear list 

(Figure 3C).  

To  further verify certain hits from these PBD experiments, U2OS cells 

expressing the BioID2 constructs were biotinylated as for the PBD experiments, and 

biotinylated proteins were purified for Western blot analysis using the BioID pulldown 

protocol (Figure 4A).  Western blots of the biotinylated protein lysates probed for 

paxillin and Hic-5 demonstrated robust enrichment of these proteins in the cells 

transfected with their respective constructs. This was expected, since these fusion 

proteins would likely cross-biotinylate other fusion proteins molecules, as well as their 

endogenous paxillin and Hic-5 counterparts. Several proteins known to interact with 

paxillin/Hic-5 were also chosen for analysis. Blots show enrichment of the FA proteins 

FAK and vinculin, both of which are known to interact with paxillin and Hic-5 (Turner et 

al., 1990; Thomas et al., 1999; Turner and Miller, 1994; Fujita et al., 1998).  
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Figure 4: Key adhesome proteins are enriched in both paxillin and Hic-5 BioID 

lysates, while ponsin is validated as an interactor for paxillin and 

immunofluorescence (IF) shows paxillin and Hic-5 may colocalize with SEPT7 at the 

ends of SEPT7 filaments. A. WB of paxillin- and Hic-5-BioID2 transfected U2OS 

lysates post-biotinylation and pulldown using NeutrAvidin beads. Blots were probed for 

paxillin, Hic-5, the key adhesome proteins FAK and vinculin, as well as the adapter 

protein ponsin and the septin SEPT7 (n = 2). B. Quantification of Western blots after 

normalization based on NeutrAvidin probe of lysates (see Methods for details on 

normalization). C. IF images of U2OS cells transfected with paxillin-BioID2 and D. Hic-

5-BioID2 constructs, stained for actin, SEPT7, and paxillin or Hic-5 (n = 1). Boxed areas 

in large micrographs are expanded for the insets. Arrowheads indicate actin or SEPT7 

fibers through which a line is drawn for the line profile graphs, or the paxillin- or Hic-5-

positive adhesions at the end of these fibers. Lines in the merged inset indicate where the 

line is drawn for the line profile graphs. 
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Ponsin, a previously described partner of paxillin (Gehmlich et al., 2007), and 

SEPT7, a potentially novel proximity interactor for both paxillin and Hic-5 (Mostowy 

and Cossart, 2012), were also examined. Ponsin (also known as Sorbin and SH3 domain-

containing protein 1 [SORBS1] and C-Cbl-associated protein [CAP]), is a member of the 

vinexin family of adapter proteins known to regulate cell adhesion and cytoskeletal 

dynamics (Kioka et al., 2002; Mandai et al., 1999). It has previously been shown to 

interact with paxillin at nascent costameres during muscle cell differentiation, and this 

interaction occurs between the second src homology domain 3 (SH3) domain of ponsin 

and paxillin’s proline-rich region (Gehmlich et al., 2007). SEPT7 is a member of the 

septin family of GTP-binding proteins which are also known as the “fourth component of 

the cytoskeleton” (Mostowy and Cossart, 2012).  

Ponsin was clearly enriched in the paxillin proximity interactor protein lysate. 

Relative enrichment levels of these proteins were determined by densitometry after 

normalizing to the total intensity of the NeutrAvidin signal in the raw lysates, shown in 

Figure 1D (Figure 4B), and it is only after this normalization that SEPT7 appears to be 

enriched in the Hic-5 proximity interactor lysate relative to the control; it is not enriched 

in the paxillin lysate. This normalization is also why the blots in Figure 4A do not appear 

to match the quantification in Figure 4B. 

SEPT7 was also selected for further analysis by immunofluorescence. SEPT7 

staining of non-transfected U2OS cells demonstrate localization along actin stress fibers 

and in dense, fibrillar networks where no actin stress fibers are present (Figure 4C and 

Figure 4D). Correlation analysis did not indicate statistically significant colocalization of 

either paxillin or Hic-5 when large regions of the cell were analyzed. However, when 
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analyzing fluorescence intensity along stress fibers, paxillin and Hic-5 were both shown 

to localize just distal to the ends of the septin fibers with a small area of co-occurrence. 

This is evident in representative line profiles drawn through the fibers. The Hic-5 line 

profile (Figure 4D) also helps visualize two peaks of Hic-5 intensity that are co-incident 

with SEPT7 peaks, while no such organized co-incidence occurs along the SEPT7 fiber 

with paxillin. It is important to note, however, that Hic-5 has previously been shown to 

localize along actin stress fibers under certain conditions, including mechanical strain 

(Guignandon et al., 2006; Kim-Kaneyama et al., 2005) and upon Rac1 inhibition (Deakin 

et al., 2012a), so care should be taken not to over interpret this co-incidence without 

further evidence of colocalization or interaction. 
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Discussion 

This study sought to directly compare the proximity interactomes of the FA proteins 

paxillin and Hic-5 to better understand the basis of their overlapping and distinct 

biological functions. BioID2 fusion proteins were generated, and these localized to FA-

like structures when expressed in U2OS cells. Biotinylated proteins were then purified 

and analyzed by mass spectrometry to generate interactomes lists, which resulted in 17 

unique proximity interactors for paxillin, 12 for Hic-5, and 21 shared between the two 

proteins. Notably, after loosening parameters to increase the number of proximity 

interactor hits, the number of proteins known to localize to the nucleus that were shown 

to be in proximity to Hic-5 outnumbered those in proximity to paxillin by almost 4:1. 

Finally, we provide further evidence of an interaction between paxillin and ponsin and 

demonstrate a new proximity interaction between Hic-5 and SEPT7. 

After demonstrating that the paxillin and Hic-5 BioID fusion proteins localized to 

FA-like structures (Figure 1A) and were the correct molecular weight (Figure 1B), 

increased biotinylation signal was noted by immunofluorescence at centrosomes, 

indicating that that both fusion proteins were likely localizing to the centrosome (Figures 

1C and 1D). Paxillin is already known to localize to the centrosome and is required for 

centrosome cohesion and polarization through modulation of microtubule acetylation 

(Dubois et al., 2017). However, it is unclear whether these phenotypes are dependent on 

paxillin localization to the centrosome (Dubois et al., 2017). Other FA proteins that are 

enriched at the centrosome include ILK, which regulates mitotic spindle organization 

(Fielding et al., 2008), GIT1/βPIX/PAK1, which promote centrosome maturation (Zhao 

et al., 2005), HEF1/NEDD9, which regulates kinase activation at the centrosome 
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(Pugacheva and Golemis, 2005), and FAK, which is important for spindle organization 

(Park et al., 2009). Interestingly, p130cas, a member of the Cas family of proteins along 

with HEF1/NEDD9 (Manié et al., 1997), has not been described to have any localization 

to or effect on the centrosome (Tikhmyanova et al., 2010). The potential roles for paxillin 

and Hic-5 at the centrosome will be discussed further in the discussion of Figure 3. 

In Table 1 and Figure 2A and 2B, the proximity interactor lists for paxillin and Hic-5 

are described and explored. Several previously undescribed proximity interactors were 

identified for both paxillin and Hic-5. Some, however, have been identified in the two 

previous PDB examining paxillin but were not further assessed biochemically (detailed 

proximity interactor lists are not available for the one PDB study using Hic-5 as bait) 

(Byron et al., 2021; Dong et al., 2016; Chastney et al., 2020a). For example, RN-tre (also 

known as USP6NL), a focal-adhesion localized GTPase for Rab proteins that regulates 

integrin endocytosis, FA turnover, and directed cell migration through inhibition of Rab5 

activity (Palamidessi et al., 2013), was identified by Dong et al., though not in the 

Chastney et al. study as a proximity interactor for paxillin (Dong et al., 2016; Chastney et 

al., 2020a). PEAK1, a pseudokinase and adaptor protein (Bristow et al., 2013), was also 

identified in our study and both previous PDB studies as a proximity interactor for 

paxillin (Chastney et al., 2020a; Dong et al., 2016). It’s interesting to note that, when 

organizing FA proteins into a laminar structure by their proximity to the membrane using 

paxillin-BioID and kindlin-2 BioID (an adhesion protein that directly binds β integrins 

near the membrane), both of these proteins (RN-tre and PEAK1) were proximity 

interactors with paxillin (Bledzka et al., 2012; Dong et al., 2016). In conjunction with this 

BioID-inferred molecular localization data, the similarity of the proximity interaction 
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profiles for FA-localized proteins between paxillin and Hic-5 suggest that they both 

reside in the intermediate level of FAs (Kanchanawong et al., 2010; Case et al., 2015). 

However, as mentioned briefly in the results for Figure 3, the integrin ITGB6 was 

identified as a proximity interactor for Hic-5 in our study. Hic-5 has also been previously 

shown to interact with integrin αIIbβ by both co-immunoprecipitation and electron 

microscopy (Kim-Kaneyama et al., 2012). With this precedent, it is possible that Hic-5 is 

not restricted to the intermediate layer of FAs and may also localize to the membrane-

proximal layer under certain circumstances. The localization of Hic-5 within FAs has not 

been directly examined experimentally. 

Notably among core adhesome proteins, enrichment of CRK, CRKL, TNS3, and 

LIMD1 was higher in paxillin than Hic-5 (Geiger and Ma’ayan, 2016). This is 

unsurprising for CRK, which has been shown to interact with paxillin but not Hic-5 

(Nishiya et al., 2001). CRK, the tensin TNS3, and the FA adaptor protein LIMD1 (Sharp 

et al., 2008) were also all identified by Dong et al. as paxillin proximity interactors.  

Interestingly, the proteins with higher enrichment in the Hic-5 samples are not 

primarily FA proteins; they include ALDOA (aldolase A) (Saito et al., 2020), VPS11 

(vacuolar protein sorting-associated protein 11 homolog) (Naslavsky and Caplan, 2018), 

ITGB6 (integrin β6, discussed above), NUP93 (nuclear pore complex 93) (Grandi et al., 

1997), and STRIP2 (striatin-interacting protein 2) (Madsen et al., 2015). ALDOA, or 

fructose-bisphosphate aldolase, is a key glycolytic enzyme commonly overexpressed in 

cancer cells (Saito et al., 2020). Although it is not enriched at FAs, a recent study 

suggests it may promote EMT through a hypoxia-inducible factor 1α- (HIF-1α) 

dependent mechanism, and ALDOA overexpression inhibited expression of common 
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cell-cell adhesion proteins, including β-catenin and E-cadherin (Saito et al., 2020). There 

is no direct connection to Hic-5 found in the literature, but as both ALDOA and Hic-5 

play a role in EMT, this proximity interaction may warrant further investigation.  VPS11, 

or vacuolar protein sorting-associated protein 11 homolog, is a member of protein 

complexes involved in endosome conversion, transport, and fusion with lysosomes 

(Wartosch et al., 2015). No obvious connection with Hic-5 or FAs is immediately 

apparent, but many FA proteins are known to be recycled through endosomal 

compartments (Caswell et al., 2009). Furthermore, Hic-5 has been shown to impact 

trafficking of integrin β1 to the lysosome (Goreczny et al., 2018) and current unpublished 

work in the Turner lab suggests a novel role for paxillin in regulating endosomal 

trafficking. Therefore, the Hic-5 proximity interaction with VPS11 could be preliminary 

evidence for a similar role for Hic-5 in regulation of endosomes. NUP93, a nuclear pore 

protein required for nuclear pore assembly, also has no obvious connection with Hic-5 

but, as discussed below, it could potentially be involved in shuttling Hic-5 between the 

cytoplasm and nucleus (Grandi et al., 1997). Of course, as FA proteins like paxillin and 

Hic-5 are highly dynamic and also exist in the cytosol – albeit at lower concentrations 

than in FAs – it is possible that these interactions were merely transient, non-specific 

proximity interactions in the cytosol.  

 Among the gene ontology enrichment analyses shown in Figure 2C – 2E, the 

most notable difference is the lack of SH3 domain binding proteins in the list of Hic-5 

proximity interactors. This is at least partially due to the previously mentioned effect of 

the lower number of proteins in the Hic-5 proximity interactor list on the statistical power 

of the enrichment analysis. Additionally, several of the SH3 domain binding proteins 
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were at least somewhat biotinylated by Hic-5 (including RAPGEF1, p130cas, and ILK), 

although not all met the cutoffs to be included as proximity interactors. Therefore, it 

seems likely that this is merely a statistical anomaly rather than a bona fide difference 

with a significant biological consequence. 

As shown in Figure 3A, many core adhesome proteins are shared proximity 

interactors for both paxillin and Hic-5, as discussed above. In Figure 3B, however, more 

differences are notable in the centrosome-localized proteins. It remains unclear precisely 

how paxillin acts at the centrosome, although the mechanism is known to involve 

HDAC6, as previously discussed (Dubois et al., 2017). However, the proteins present in 

the centrosomal proximity interactor group may shed some light on the role for both 

paxillin and Hic-5 at this location. For example, both Hic-5 and paxillin are shown to be 

in proximity to DVL3, a member of the Dishevelled family of proteins. DVL3 is known 

to accumulate at the centrosome before mitosis, where it is required for efficient spindle 

formation and cell cycle progression (Cervenka et al., 2016). Like paxillin and Hic-5, 

DVL3 is a scaffolding protein with numerous docking sites for regulatory proteins, 

including sites that are modified by phosphorylation (Sharma et al., 2018). 

Phosphorylation of DVL3 by the kinase NEK2 induces decoupling of DVL3 from 

centrosomal linker proteins, which is required for centrosomal separation and formation 

of the mitotic spindle (Cervenka et al., 2016). This highlights an interesting possibility 

that paxillin could function similarly as a scaffolding protein at the centrosome.  

SEPT7, which will be discussed in more detail below, is another proximity 

interactor of both paxillin and Hic-5 and it also localizes to the centrosome, where it is 

required for normal mitotic spindle formation in human retinal epithelial cells and 
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osteosarcoma cells (Chen et al., 2021). In the same study, SEPT7 depletion was shown to 

impair cell polarization for directed migration during a wound healing assay by 

disrupting the nuclear-centrosomal axis (Chen et al., 2021). Paxillin depletion results in a 

similar loss of cell polarization and directed migration, and this mechanism is known to 

include HDAC6 as an intermediary (Dubois et al., 2017). Briefly, paxillin inhibits 

HDAC6 activity to regulate microtubule acetylation in HFF and MDA-MB-231 cells 

(Deakin and Turner, 2014). Loss of paxillin leads to a loss of centriole cohesion and a 

loss of Golgi orientation toward the wound edge during wound healing assays, and 

therefore, impaired directed migration, and this can be rescued using the HDAC6 

inhibitor, tubacin (Dubois et al., 2017). Interestingly, SEPT7 is required for optimal 

HDAC6 deacetylation activity in neurons, where it acts as a physical scaffold for HDAC6 

to interact with acetylated α-tubulin (Ageta-ishihara et al., 2013). It is certainly plausible 

that SEPT7 and paxillin could work together to promote optimal microtubule acetylation 

for centrosome cohesion and cell polarization during directed migration, as both hyper- 

and hypoacetylation are known to impair cell migration (Bance et al., 2019). 

Furthermore, septins are known to affect FA disassembly by targeting microtubules to 

FAs, suggesting another possible mechanism for their interaction (Merenich et al., 2022). 

The role of these two shared proximity interactors, SEPT7 and DVL3, in 

maintaining an organized mitotic spindle and a polarized nuclear-centrosomal axis for 

directed cell migration, respectively, suggest that paxillin and Hic-5 may also play a role 

in these processes, potentially in related pathways as discussed above.  

As shown in Figure 3C, there are numerous differences in the proximity 

interactions of paxillin and Hic-5 with nucleus-localized proteins. Both paxillin and Hic-5 
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are also known to shuttle to the nucleus and act as transcriptional coregulators (Sathe et 

al., 2016; Heitzer and DeFranco, 2006b). Additionally, both proteins lack a canonical 

nuclear import/localization signal, but do have nuclear export signals (Woods et al., 

2002; Shibanuma et al., 2003). It is assumed, therefore, that they associate with a carrier 

complex for transport from the cytoplasm to the nucleus (Brown and Turner, 2004). The 

nuclear group of proteins in Figure 3C includes any proximity interactors for paxillin 

and/or Hic-5 that have been shown to shuttle/localize to the nucleus, even if that is not 

their primary subcellular localization. It therefore includes many proteins that also 

localize outside of the nucleus, so it’s difficult to draw any conclusions based simply on 

the number of proteins identified as proximity interactors for paxillin or Hic-5. However, 

the dramatically greater number of nuclear proteins biotinylated by Hic-5, combined with 

the function of some of these proteins as described below, might suggest that Hic-5 

shuttles to the nucleus more frequently than paxillin, at least under the circumstances and 

stimuli under which our BioID experiment was performed (although none of these 

identified nuclear proteins were further validated experimentally). For example, LMNA 

is a component of the nuclear lamina – the matrix of proteins located adjacent to the inner 

nuclear membrane (Dechat et al., 2008) – and Hic-5 is found in nuclear matrix 

subcellular fractions (Yang et al., 2000). KPNB1, a karyopherin involved in protein 

import through the nuclear pore complex, and Ran, a GTPase which regulates 

karyopherins, were both preferentially biotinylated by Hic-5 compared to Hic-5, 

suggesting that KPNB1 could be involved in trafficking Hic-5 to the nucleus and that this 

trafficking occurs more commonly for Hic-5 than paxillin (Moroianu et al., 1996). 

Additionally, numerous transcription- and mRNA processing-related proteins were 
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identified as proximity-interactors for Hic-5, including CTBP1, a transcriptional co-

repressor (Moroianu et al., 1996), and the mRNA export factor RAE1 (Moroianu et al., 

1996), thereby supporting the abundant evidence for Hic-5’s role as a transcriptional co-

regulator in the literature. However, there is not sufficient evidence from the literature or 

this BioID study that any of these interactions have any functional significance. 

 A recent pre-print describing a nucleo-adhesome further supports Hic-5’s 

localization to the nucleus (Byron et al., 2021). Researchers in this study noted that 

experimental adhesomes often include many nuclear proteins and sought to determine 

whether nuclear proteomes also contained adhesome components (Byron and Frame, 

2016). Among the proteins localizing to both the nucleus and adhesions were Hic-5, 

paxillin and FAK, though paxillin was not identified until cutoffs were expanded beyond 

the “core” nucleo-adhesome network (Byron et al., 2021). Hic-5 and paxillin were both 

shown to accumulate in the nucleus following inhibition of exportin-1 by leptomycin B.  

Furthermore, transcription of several adhesion- or cytoskeleton-related proteins 

were dysregulated following Hic-5 knockdown in squamous cancer cells, consistent with 

the dysregulation observed following FAK knockdown or exclusion from the nucleus 

(Byron et al., 2021). Together, these data provide more evidence demonstrating that Hic-

5 and other LIM-domain containing FA proteins act to regulate transcription in the 

nucleus. 

 In Figure 4A and 4B, Western blotting of purified biotinylated proteins showed 

enrichment of ponsin in the paxillin-BioID2 lysates. Ponsin, or SORBS1, is a member of 

the vinexin family of the adapter proteins and contains a sorbin homology domain and 

three src homology 3 domains (SH3) (Gehmlich et al., 2010)(Mandai et al., 1999; Kioka 
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et al., 2002). Interactions between paxillin and ponsin have been described at the 

costameres of muscle cells, which are structures related to FAs in that they connect the 

muscle cell sarcomeres (the contractile unit) with the cell membrane through FAs 

(Gehmlich et al., 2007). This interaction occurs between ponsin’s second SH3 domain 

and paxillin’s proline-rich region (Gehmlich et al., 2007), which is also known to bind 

the SH3 domain of Src family proteins (Turner and Miller, 1994). Paxillin and ponsin 

also interact at FAs in COS-1 and CV-1 cells (both monkey kidney cells), where ponsin 

induces actin, paxillin, and vinculin aggregation at FAs (Zhang et al., 2006). 

Interestingly, overexpression of wild-type ponsin impairs FA turnover and inhibits cell 

spreading, but overexpression of a mutant of ponsin that cannot bind paxillin or vinculin 

does not have this effect (Zhang et al., 2006). The effects of ponsin on FA turnover are 

likely mechanically mediated, as ponsin has been shown to mediate rigidity-dependent 

vinculin mechanosensing (Ichikawa et al., 2017). Additionally, ponsin knockdown in rat 

fibroblast cells impairs migration in a transwell migration assay, but the role of paxillin in 

this process was not examined (Zhang et al., 2006).  

 Although ponsin has largely been studied in skeletal muscle cells, it is also 

expressed in many other tissues. For example, ponsin has also recently been shown to act 

as a tumor suppressor in breast cancer (Yu et al., 2019; Song et al., 2017) and to regulate 

cytoskeletal remodeling and receptor membrane clustering in neuronal cells (Langhorst et 

al., 2008; Hallock et al., 2016). The evidence presented in our study suggests that 

examining the paxillin-ponsin interaction in U2OS or other cancer cell lines may be 

useful, particularly as to how it affects cell migration.  
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Figure 4A and 4B also show enrichment of SEPT7 in the lysate of Hic-5-BioID2 

purified proteins relative to the control after normalizing based on the total amount of 

biotinylated protein in each sample, but this enrichment was not shown for paxillin. 

Interestingly, immunofluorescence staining in Figure 4C and 4D shows paxillin and Hic-

5A both localize to the ends of SEPT7 filaments along actin stress fibers, but the 

functional consequences of this localization are unclear. As briefly discussed above, 

septins are GTP-binding proteins that comprise a “fourth” cytoskeleton, composed of 

hetero-oligomeric filaments that associate with cell membranes, microtubules, and 

actomyosin filaments (Spiliotis and Nakos, 2021; Mostowy and Cossart, 2012). 

Originally discovered in budding yeast, septins are now known to play important roles in 

diverse mammalian cell processes through a number of mechanisms, including serving as 

scaffolds for protein recruitment (Saarikangas and Barral, 2011). There are currently 13 

known human septins, many of which are expressed ubiquitously (Saarikangas and 

Barral, 2011). The septins are also closely linked to both the actin and microtubule 

cytoskeletons (Mostowy and Cossart, 2012; Spiliotis and Nakos, 2021; Spiliotis, 2018). 

For example, several septins including SEPT2 and SEPT7 interact with actin bundles 

through the adaptor protein anillin, allowing for stabilization of the actin filaments as 

well as a template for septin filament assembly (Kinoshita et al., 2002). The close link 

between SEPT7 and actin fibers can be seen in the insets of Figure 4C and 4D. 

 SEPT2 and SEPT9 have been shown to localize near FAs and to promote FA 

maturation by crosslinking actin at transverse arcs and radial stress fibers, thereby 

increasing mechanical tension on FAs (Dolat et al., 2014). Furthermore, overexpression 

of SEPT2 and SEPT9 led to a significant increase in paxillin and FAK expression as well 
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as the number of paxillin-labeled FAs through their interaction with the RhoGAP 

ARHGAP 4, leading to enhanced cell migration and invasion (Na et al., 2021). However, 

direct interactions between septins and specific FA proteins like paxillin and Hic-5 have 

not been carefully evaluated.  

As discussed above, SEPT7 and paxillin both interact with the deacetylase 

HDAC6 (Ageta-ishihara et al., 2013; Deakin and Turner, 2014). Both proteins regulate 

the microtubule-deacetylating activity of HDAC6 to modulate microtubule stability. Like 

paxillin and Hic-5, SEPT7 is also known to localize to the centrosome, where it promotes 

nucleation of microtubules (Chen et al., 2021). Finally, although there is little functional 

evidence currently connecting SEPT7 in particular to FAs, another septin isoform, 

SEPT9_i1, has been shown to promote breast cancer cell migration (Zeng et al., 2019). 

SEPT9_i1 was shown to activate FAK-Src-paxillin and RhoA-ROCK signaling, although 

it is unclear whether this is the result of direct interactions between SEPT9_i1 and 

components of the FAK-Src-paxillin (Webb et al., 2004) cascade or a more complex and 

indirect mechanism (Zeng et al., 2019). Nevertheless, these similarities in binding 

partners and localization, along with the Western blotting and immunofluorescence 

staining in Figure 4, support the idea that SEPT7 may be a novel interactor with paxillin 

and Hic-5. At the least, it seems clear that SEPT7 and paxillin/Hic-5 are closely involved 

in regulating similar processes, sometimes antagonistically.  

  This PBD-based study has highlighted the many similarities among paxillin and 

Hic-5’s proximity interactors and also identified several interesting differences, 

particularly among nuclearly-localized proteins. Notably, care should be taken not to be 

overinterpret these preliminary results, as they are based on only two technical replicates. 



130 
 

Still, we have also shown preliminary biochemical and immunofluorescence evidence of 

one potential novel interactor for Hic-5: SEPT7. Further study could potentially open an 

entirely new avenue of investigation connecting Hic-5 and this member of the “fourth 

cytoskeleton,” which has its own very interesting connections between the microtubule 

and actin cytoskeletons. Additionally, further evidence was generated supporting the 

interaction between paxillin and the adapter protein ponsin. This interaction, too, 

warrants further study, particularly regarding where these proteins interact and the 

functional outcomes of this interaction in non-muscle cells. 

Materials & Methods 

Cell lines & reagents 

U2OS cells from American Type Culture Collection were cultured in DMEM 

with 4.5 g/L glucose (Corning, cat# 15017CM) supplemented with 100 IU/mL penicillin, 

100 µg/mL streptomycin (Corning, cat# 30002CI), 2 mM L-glutamine (Corning, cat# 23-

25-005-CI), 1 mM sodium pyruvate (Millipore Sigma, cat#107360), and 10% fetal 

bovine serum (Atlanta Biologicals, cat# S11150).  

Antibodies used in this study include antibodies against paxillin (clone 349, BD 

Biosciences), FAK (clone 77/FAK, BD Biosciences), Hic-5 (clone 34/Hic-5, BD 

Biosciences), myc (clone 9B11, Cell Signaling Technology), vinculin (clone VIN-11-5, 

Sigma Aldrich), zyxin (clone EPR4302, abcam), and SEPT7 (Immuno-Biological 

Laboratories, cat# 18991). Other reagents used for staining or blotting include 

NeutrAvidin-HRP (Thermo Scientific, cat# PI31001), streptavidin-AlexaFluor 488 

(Molecular Probes, cat# S32354), rhodamine phalloidin (Cytoskeleton, Inc., cat# 

PHDR1), anti-rabbit IgG DyLight 488 (Invitrogen, cat# 35552), anti-mouse IgG DyLight 
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633 (Invitrogen, cat# 35512), DAPI (Sigma-Aldrich, cat# D9542), anti-mouse IgG HRP 

(BioRad Laboratories, cat#172-1011), and anti-rabbit IgG HRP (BioRad Laboratories, 

cat# 170-6515). Roche cOmplete Mini EDTA-free Protease Inhibitor Cocktail tablets 

(cat# 45-4693159001) were ordered from Krackeler Scientific. Thermo Fisher Pierce 

High Capacity NeutrAvidin Agarose (cat# PI29202) was ordered from Fisher Scientific. 

Construct generation, cell culture, and transfection 

Paxillin (chicken) or Hic-5 (mouse) cDNA were subcloned into the multiple 

cloning site (MCS) of the myc-BioID2-MCS construct (addgene #74223) using Gibson 

Assembly (New England BioLabs, Inc., cat# E5510S) (Kim et al., 2016). Both paxillin 

and Hic-5 were C-terminally tagged. U2OS cells were transfected with these constructs 

using Lipofectamine LTX with Plus Reagent (Invitrogen, cat# 15-338-100). Mixed 

populations stably expressing the constructs were generated by selecting for 10 days with 

media containing 0.2 mg/mL G418 (Fisher Bioreagents, cat# BP6735). 

Western blotting and immunofluorescence  

For analysis of the BioID2 construct products by Western blot, U2OS cells 

expressing the constructs were incubated for 18 hours with 50 µM biotin and lysed with 

boiling 2X Laemmli sample buffer. Lysates were run on SDS-PAGE gels, transferred to a 

nitrocellulose membrane, and blotted with primary antibodies and the appropriate HRP-

conjugated secondary antibodies or with Neutravidin-HRP. Membranes were then 

detected by enhanced chemiluminescence using SuperSignal West Pico PLUS 

Chemiluminescent Substrate (Thermo Scientific, cat# PI34580) using a ChemiDoc MP 

Imaging System and its associated Image Lab densitometry analysis software (Bio-Rad 

Laboratories). For quantifying relative enrichment levels of the proteins in Figures 4A 
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and 4B, intensity of the relevant bands was calculated using densitometry and normalized 

to the total intensity of the NeutrAvidin signal in the raw lysates, as shown in the 

NeutrAvidin-HRP blot in Figure 1B. 

U2OS cells were seeded on fibronectin-coated coverslips for 24 hours, fixed with 

4% paraformaldehyde for 15 min, permeabilized with 0.3% TritonX-100, quenched with 

0.1 M glycine, and blocked overnight at 4 °C with 3% BSA in PBS. Cells were then 

incubated for 2 hours at 37 °C with primary antibodies diluted in PBS with 0.3% BSA 

and 0.3% TritonX-100, washed 3 times with PBST (PBS with 0.05% Tween-20), 

incubated for 40 minutes at room temperature with secondary antibodies and rhodamine 

phalloidin, washed for 3 times with PBST, counterstained with DAPI, washed once with 

distilled H2O, and mounted using Prolong Glass (Life Technologies, cat# P36980) per 

manufacturer’s recommendations. Imaging was performed using a Leica SP8 laser 

scanning confocal microscope with an HPX Plan Apochromat 63x/1.4 NA oil λ BL 

objective. Detection was performed using one PMT (photomultiplier tube) and three HyD 

(Hybrid Detectors) detectors. Images were acquired using the Leica LAS X software 

package. 

BioID pulldown experiment  

This protocol is heavily modified by that described in Roux et al., 2018 (Roux et 

al., 2018) and Chastney et al., 2020 (Chastney et al., 2020b). 

Four 10-cm diameter cell culture dishes containing approximately 85% confluent 

U2OS cells for each construct were biotinylated by adding 50 µM biotin to the standard 

DMEM growth media with 200 µg/mL G418 for 18 hours. Cells were then washed 2X 

with ice-cold PBS and each plate was lysed on ice with 400 µL of lysis buffer (50 mM 



133 
 

Tris-HCl pH 7.4, 150 mM NaCl, 1% TritonX-100, 0.5% sodium deoxycholate, 0.1% 

sodium dodecyl sulfate, 0.5 mM dithiothreitol, 1 mM EDTA pH 8, 8 U/mL DNase I, and 

1 protease inhibitor cocktail tablet/10 mL).  

Lysed cells were then scraped with a cell scraper and all cells for a given 

construct (either control BioID2, pxn-BioID2, or Hic-5-BioID2) were combined into one 

2 mL Eppendorf tube per condition. DNA was then sheared by three sequential 

aspirations through a 25-gauge needle. Next, 360 µL of chilled Tris buffer (50 mM Tris-

HCl pH 7.4) was added to each tube and DNA was again sheared by a further three 

sequential aspirations through a 27-gauge needle.  

After 15 minutes on ice, lysates were centrifuged for 10 min at 4°, 20,000xg. 

During this spin, NeutrAvidin-conjugated agarose beads were washed 3 times with ice-

cold Tris buffer. After the final wash, beads were resuspended as a 1:1 bead slurry with 

Tris buffer and then aliquoted into three 2 mL tubes, with 25 µL slurry per tube. Once 

centrifugation was complete, supernatants were transferred to fresh 2 mL tubes and 20 

µL were taken from each condition as “lysate” aliquots. These aliquots were mixed with 

20 µL of 2X Laemmli sample buffer, boiled for 5 minutes at 100 °C, and stored at -20 C° 

until ready for use. The remaining volume of the supernatants for each condition were 

then added to the tubes containing the bead slurries and incubated on a rotating stirrer 

overnight at 4 °C. 

The following morning, tubes were briefly spun down using a microfuge and 20 

µL samples of the supernatants were taken from each condition as “depleted lysate” 

aliquots. These aliquots were also mixed with 20 µL of 2X Laemmli sample buffer, 

boiled for 5 min, and stored at -20 C°. Next, most of the remaining supernatant was 



134 
 

removed and discarded, leaving less than 200 µL in the tubes. Using a cut P200 pipette 

tip, beads were resuspended and transferred to one fresh 1.5 mL Eppendorf tube per 

condition. Beads were resuspended and left to set at room temperature for 5 minutes in 

wash buffer 1 (50 mM Tris-HCl pH 7.4, 1% sodium dodecyl sulfate, and 1 complete 

protease tablet/10 mL). Next, beads were again resuspended and left to sit on ice for 5 

minutes in wash buffer 2 (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% sodium 

deoxycholate, 0.5.% TritonX-100, 1 mM EDTA pH 8, and 1 complete protease tablet/10 

mL), and this was repeated for a total of 2 washes with wash buffer 2. 

All remaining wash buffer was removed from each sample with a 100 µL 

Hamilton syringe, and 40 µL of 2X Laemmli sample buffer with 100 µM biotin was 

added to each tube. All samples were then boiled for 10 min at 100 °C. Once samples 

cooled, the supernatants were transferred to fresh tubes using the Hamilton syringe and 

beads were discarded. A 4 µL aliquot of each sample was taken to run on a diagnostic 

polyacrylamide gel with the “lysate” and “depleted lysate” aliquots.  

The remaining volume of each sample was then run on a short polyacrylamide gel 

(5% acrylamide stacking, 10% acrylamide resolving) at 180 V until the protein bands had 

entered the resolving gel by approximately 2.5 mm. The gel was then stained with 

Coomassie blue for 30 min, de-stained for 4 hours (de-stain solution: 20% methanol, 10% 

glacial acetic acid in distilled H2O), washed 3 times briefly in distilled H2O, and left 

covered overnight on a shaker at room temperature in distilled H2O. 

The next day, gel bands for each of the conditions were carefully excised from the 

gel in a cell culture hood using fresh razor blades on a glass plate. The slices were taken 

from just above the large NeutrAvidin band to reduce contamination. Gel slices were cut 
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into 1-2 mm squares and transferred to low-retention Eppendorf tubes. These were then 

stored at -20°C. 

Quantitative mass spectrometry  

Frozen gel pieces were taken to the Upstate Core Facility for Proteomics and 

Mass Spectrometry, where in-gel digestion was performed per Core Facility protocol. 

Briefly, the small gel pieces were sequentially incubated with trifluoroethanol, tris(2-

carboxyethyl)phosphine HCL (TCEP), and iodoacetamide to reduce and alkylate cysteine 

residues. Next, proteins were digested overnight at 37 °C with trypsin and the resulting 

peptides were extracted from the gel using an acetonitrile/trifluoroacetic acid extraction 

solution. Peptides were then dried using a centrifugal evaporator and stored at -20 °C 

until ready for use. After resuspension, peptides were run on a Thermo Scientific 

Orbitrap Fusion Lumos Tribrid Mass Spectrometer. Raw data was analyzed using 

Thermo Proteome Discoverer software using SequestHT as the database search algorithm 

and Percolator for peptide scoring, statistics, and validation. Peptides were searched 

against a human proteome library and the search allowed for variable modifications 

including methionine oxidation, N-term protein acetylation, and lysine biotinylation, as 

well as carbamidomethylation as a fixed modification. The search also allowed for semi-

tryptic specificity with up to 4 missed cleavages.   

Data Analysis 

Spectral counts were calculated from the spreadsheet data generated by the 

Thermo Proteome Discoverer software with the following Excel formula: =round(“# 

peptides” / “# AAs” x 10,000the final multiplication term is  (raw peptide counts 

normalized to protein length) for all three groups (paxillin-, Hic-5-, and control-BioID) 
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were uploaded to the CRAPome analysis pipeline for analysis (Mellacheruvu et al., 

2013). For the adhesion network (Figure 3A), primary protein lists (Table 1), and 

enrichment analyses (Figure 2), cutoffs were set as SAINT (Significance Analysis of 

INTeractome; a measure of specificity) score ≥ 0.5, FCA (empirical fold change; a 

measure of enrichment) ≥ 3.5, and abundance (average spectral counts; a measure of 

baseline abundance) ≥ 3.5 (Choi et al., 2011). These scores are commonly used and 

assess data quality for both specificity of interaction and abundance (“amount”) of 

interaction. Cutoff determination was guided by those chosen in similar studies (Roux et 

al., 2018), but also involved examining the lists of output proteins and adjusting so as not 

to lose any well-known interactors while also not including any obviously 

irrelevant/contaminating proteins, as suggested in discussion with experts including Dr. 

Bruce Knutson and Dr. Ebbing de Jong. 

Although individual biotinylated residues can be identified under circumstances, 

this is only typically possible with a high degree of confidence in extremely abundant 

isolated proteins (Rhee et al., 2013; Schiapparelli et al., 2014), so these were not 

investigated in this study.   

Lists were also filtered to remove any known common contaminants from the 

CRAPome database of proximity-dependent biotinylation in HeLa cells with average 

spectral counts ≥ 3 and any histones, hemoglobins, albumin, and keratins (no lists of 

common contaminants in PDB experiments using U2OS cells are currently available, but 

since the contaminants are often due to user contamination regardless, the HeLa cell lists 

were considered an acceptable substitute). Any contaminants with iRef evidence of 

interaction with paxillin/Hic-5, as well as several proteins selected for further 
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investigation, were not filtered out (Turner et al., 2010). For all other figures, cutoffs 

were set as SAINT score ≥ 0.5, FCA ≥ 2, and abundance ≥ 2. Other than compensating 

for contaminants seen in our control-BioID condition, contaminants from known 

contaminants lists were not removed from these result lists in order to broaden the search 

for potentially novel interactors.  

Protein lists for network analyses were curated as follows: adhesome: 

www.adhesome.org (Geiger and Ma’ayan, 2016); centrosomal: MiCroKiTS and Human 

Protein Atlas (Thul et al., 2017; Huang et al., 2015); and nuclear: Human Protein Atlas. 

Gene ontology enrichment analyses were performed using g:Profiler (Raudvere et al., 

2019). g:Profiler options were as follows: organism: Homo sapiens (Human); Ordered 

query: Yes; and Run as multiquery: No. Networks were generated using Cytoscape 

(Institute for Systems Biology) and the included STRING plugin (Szklarczyk et al., 

2021). 

 For analysis of immunofluorescence images, FIJI (Image J, National Institutes of 

Health) was used to plot line profiles. 

 Number of biological replicates is indicated in figure legends, where relevant, as 

“n.”  

References 

Ageta-ishihara, N., T. Miyata, C. Ohshima, M. Watanabe, Y. Sato, Y. Hamamura, T. 

Higashiyama, R. Mazitschek, H. Bito, and M. Kinoshita. 2013. Septins promote 

dendrite and axon development by negatively regulating microtubule stability via 

HDAC6-mediated deacetylation. Nat. Commun. 4:1–11. doi:10.1038/ncomms3532. 

Alpha, K.M., W. Xu, and C.E. Turner. 2020. Paxillin family of focal adhesion adaptor 



138 
 

proteins and regulation of cancer cell invasion. In International Review of Cell and 

Molecular Biology. 1–52. 

Annes, J.P., Y. Chen, J.S. Munger, and D.B. Rifkin. 2004. Integrin αvβ6-mediated 

activation of latent TGF-β requires the latent TGF-β binding protein-1. J. Cell Biol. 

165:723–734. doi:10.1083/jcb.200312172. 

Bance, B., S. Seetharaman, C. Leduc, B. Boëda, and S. Etienne-Manneville. 2019. 

Microtubule acetylation but not detyrosination promotes focal adhesion dynamics 

and astrocyte migration. J. Cell Sci. 132:jcs225805. doi:10.1242/jcs.225805. 

Bellis, S.L., J.A. Perrotta, M.S. Curtis, and C.E. Turner. 1997. Adhesion of fibroblasts to 

fibronectin stimulates both serine and tyrosine phosphorylation of paxillin. Biochem. 

J. 325 ( Pt 2:375–381. 

Bledzka, K., J. Liu, Z. Xu, H. Dhanuja Perera, S.P. Yadav, K. Bialkowska, J. Qin, Y.Q. 

Ma, and E.F. Plow. 2012. Spatial coordination of kindlin-2 with talin head domain 

in interaction with integrin β cytoplasmic tails. J. Biol. Chem. 287:24585–24594. 

doi:10.1074/jbc.M111.336743. 

Breuss, J.M., J. Gallo, H.M. DeLisser, I. V. Klimanskaya, H.G. Folkessons, J.F. Pittet, 

S.L. Nishimura, K. Aldape, D. V. Landers, W. Carpenter, N. Gillett, D. Sheppard, 

M.A. Matthay, S.M. Albelda, R.H. Kramer, and R. Pytela. 1995. Expression of the 

β6 integrin subunit in development, neoplasia and tissue repair suggests a role in 

epithelial remodeling. J. Cell Sci. 108:2241–2251. doi:10.1242/jcs.108.6.2241. 

Bristow, J.M., T.A. Reno, M. Jo, S.L. Gonias, and R.L. Klemke. 2013. Dynamic 

phosphorylation of tyrosine 665 in pseudopodium- enriched atypical kinase 1 

(PEAK1 ) is essential for the regulation of cell migration and focal adhesion 



139 
 

turnover. J. Biol. Chem. 288:123–131. doi:10.1074/jbc.M112.410910. 

Brown, M.C., J.A. Perrotta, and C.E. Turner. 1996. Identification of LIM3 as the 

principal determinant of paxillin focal adhesion localization and characterization of 

a novel motif on paxillin directing vinculin and focal adhesion kinase binding. J. 

Cell Biol. 135:1109–1123. doi:10.1083/jcb.135.4.1109. 

Brown, M.C., and C.E. Turner. 2004. Paxillin: adapting to change. Physiol. Rev. 

84:1315–1339. doi:10.1152/physrev.00002.2004. 

Burridge, K., K. Fath, T. Kelly, G. Nuckolls, and C. Turner. 1988. Focal adhesions: 

Transmembrane junctions between the extracellular matrix and the cytoskeleton. 

Annu. Rev. Cell Biol. 4:487–525. doi:10.1146/annurev.cb.04.110188.002415. 

Burridge, K., and C. Guilluy. 2016. Focal adhesions, stress fibers and mechanical tension. 

Exp. Cell Res. 343:14–20. doi:10.1016/j.yexcr.2015.10.029. 

Byron, A., and M.C. Frame. 2016. Adhesion protein networks reveal functions proximal 

and distal to cell-matrix contacts. Curr. Opin. Cell Biol. 39:93–100. 

doi:10.1016/j.ceb.2016.02.013. 

Byron, A., B.G.C. Griffith, A. Herrero, A.E.P. Loftus, E.S. Koeleman, J.C. Dawson, L. 

Kogerman, N. Mcgivern, J. Culley, G.R. Grimes, B. Serrels, A. von Kriegsheim, 

V.G. Brunton, and M.C. Frame. 2021. Characterisation of a nucleo-adhesome. 

bioRxiv. 

Campbell, I.D., and M.J. Humphries. 2011. Integrin structure, activation, and 

interactions. Cold Spring Harb. Perspect. Biol. 3. 

Case, L.B., M.A. Baird, G. Shtengel, S.L. Campbell, H.F. Hess, M.W. Davidson, and 

C.M. Waterman. 2015. Molecular mechanism of vinculin activation and nanoscale 



140 
 

spatial organization in focal adhesions. Nat. Cell Biol. 17:880–892. 

doi:10.1038/ncb3180. 

Caswell, P.T., S. Vadrevu, and J.C. Norman. 2009. Integrins: Masters and slaves of 

endocytic transport. Nat. Rev. Mol. Cell Biol. 10:843–853. doi:10.1038/nrm2799. 

Cervenka, I., J. Valnohova, O. Bernatik, J. Harnos, M. Radsetoulal, and K. Sedova. 2016. 

Dishevelled is a NEK2 kinase substrate controlling dynamics of centrosomal linker 

proteins. Proc. Natl. Acad. Sci. 113:9304–9309. doi:10.1073/pnas.1608783113. 

Chastney, M.R., C. Lawless, J.D. Humphries, S. Warwood, M.C. Jones, D. Knight, C. 

Jorgensen, and M.J. Humphries. 2020a. Topological features of integrin adhesion 

complexes revealed by multiplexed proximity biotinylation. J. Cell Biol. 219. 

doi:10.1083/JCB.202003038. 

Chastney, M.R., C. Lawless, and M.J. Humphries. 2020b. Multiplexed Proximity 

Biotinylation Coupled to Mass Spectrometry for Defining Integrin Adhesion 

Complexes. Curr. Protoc. Cell Biol. 88. doi:10.1002/cpcb.113. 

Chen, T.Y., T.C. Lin, P.L. Kuo, Z.R. Chen, H. ling Cheng, Y.Y. Chao, J.S. Syu, F.I. Lu, 

and C.Y. Wang. 2021. Septin 7 is a centrosomal protein that ensures S phase entry 

and microtubule nucleation by maintaining the abundance of p150glued. J. Cell. 

Physiol. 236:2706–2724. doi:10.1002/jcp.30037. 

Chodankar, R., D.Y. Wu, B.J. Schiller, K.R. Yamamoto, and M.R. Stallcup. 2014. Hic-5 

is a transcription coregulator that acts before and/or after glucocorticoid receptor 

genome occupancy in a gene-selective manner. Proc. Natl. Acad. Sci. 111:4007–

4012. doi:10.1073/pnas.1400522111. 

Choi, H., B. Larsen, Z.-Y. Lin, A. Breitkreutz, D. Mellacheruvu, D. Fermin, Z.S. Qin, M. 



141 
 

Tyers, A.-C. Gingras, and A.I. Nesvizhskii. 2011. SAINT: probabilistic scoring of 

affinity purification–mass spectrometry data. Nat. Methods. 8:70–73. 

doi:10.1038/nmeth.1541. 

Côté, J.F., C.E. Turner, and M.L. Tremblay. 1999. 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. 274:20550–20560. 

doi:10.1074/jbc.274.29.20550. 

Deakin, N.O., C. Ballestrem, and C.E. Turner. 2012a. Paxillin and Hic-5 interaction with 

vinculin is differentially regulated by Rac1 and RhoA. PLoS One. 7:e37990. 

doi:10.1371/journal.pone.0037990. 

Deakin, N.O., J. Pignatelli, and C.E. Turner. 2012b. Diverse roles for the paxillin family 

of proteins in cancer. Genes Cancer. 3:362–370. doi:10.1177/1947601912458582. 

Deakin, N.O., and C.E. Turner. 2008. Paxillin comes of age. J. Cell Sci. 121:2435–2444. 

doi:10.1242/jcs.018044. 

Deakin, N.O., and C.E. Turner. 2011. Distinct roles for paxillin and Hic-5 in regulating 

breast cancer cell morphology, invasion, and metastasis. Mol. Biol. Cell. 22:327–

341. doi:10.1091/mbc.E10-09-0790. 

Deakin, N.O., and C.E. Turner. 2014. Paxillin inhibits HDAC6 to regulate microtubule 

acetylation, Golgi structure, and polarized migration. J. Cell Biol. 206:395–413. 

doi:10.1083/jcb.201403039. 

Dechat, T., K. Pfleghaar, K. Sengupta, T. Shimi, D.K. Shumaker, L. Solimando, and R.D. 

Goldman. 2008. Nuclear lamins: major factors in the structural organization and 

function of the nucleus and chromatin. Genes Dev. 22:832–853. 



142 
 

doi:10.1101/gad.1652708.832. 

Diepenbruck, M., and G. Christofori. 2016. Epithelial-mesenchymal transition (EMT) 

and metastasis: Yes, no, maybe? Curr. Opin. Cell Biol. 43:7–13. 

doi:10.1016/j.ceb.2016.06.002. 

Dolat, L., J.L. Hunyara, J.R. Bowen, E.P. Karasmanis, M. Elgawly, V.E. Galkin, and E.T. 

Spiliotis. 2014. Septins promote stress fiber-mediated maturation of focal adhesions 

and renal epithelial motility. J. Cell Biol. 207:225–235. doi:10.1083/jcb.201405050. 

Dong, J.-M., L.-S. Lau, Y.-W. Ng, L. Lim, and E. Manser. 2009. Paxillin nuclear-

cytoplasmic localization is regulated by phosphorylation of the LD4 motif: Evidence 

that nuclear paxillin promotes cell proliferation. Biochem. J. 418:173–184. 

doi:10.1042/BJ20080170 [doi]. 

Dong, J.M., F.P.L. Tay, H.L.F. Swa, J. Gunaratne, T. Leung, B. Burke, and E. Manser. 

2016. Proximity biotinylation provides insight into the molecular composition of 

focal adhesions at the nanometer scale. Sci. Signal. 9:1–14. 

doi:10.1126/scisignal.aaf3572. 

Dubois, F., K. Alpha, and C.E. Turner. 2017. Paxillin regulates cell polarization and 

anterograde vesicle trafficking during cell migration. Mol. Biol. Cell. 28:3815–3831. 

doi:10.1091/mbc.e17-08-0488. 

Fielding, A.B., I. Dobreva, P.C. McDonald, L.J. Foster, and S. Dedhar. 2008. Integrin-

linked kinase localizes to the centrosome and regulates mitotic spindle organization. 

J. Cell Biol. 180:681–689. doi:10.1083/jcb.200710074. 

Fujimoto, N., S. Yeh, H.Y. Kang, S. Inui, H.C. Chang, A. Mizokami, and C. Chang. 

1999. Cloning and characterization of androgen receptor coactivator, ARA55, in 



143 
 

human prostate. J. Biol. Chem. 274:8316–8321. doi:10.1074/jbc.274.12.8316. 

Fujita, H., K. Kamiguchi, D. Cho, M. Shibanuma, C. Morimoto, and K. Tachibana. 1998. 

Interaction of Hic-5, a senescence-related protein, with focal adhesion kinase. J. 

Biol. Chem. 273:26516–26521. doi:10.1074/jbc.273.41.26516. 

Gehmlich, K., K. Hayess, C. Legler, S. Haebel, P.F.M. Van der Ven, E. Ehler, and D.O. 

Fürst. 2010. Ponsin interacts with Nck adapter proteins: implications for a role in 

cytoskeletal remodelling during differentiation of skeletal muscle cells. Eur. J. Cell 

Biol. 89:351–364. doi:10.1016/j.ejcb.2009.10.019. 

Gehmlich, K., N. Pinotsis, K. Hayeß, P.F.M. van der Ven, H. Milting, A. El Banayosy, R. 

Körfer, M. Wilmanns, E. Ehler, and D.O. Fürst. 2007. Paxillin and Ponsin Interact in 

Nascent Costameres of Muscle Cells. J. Mol. Biol. 369:665–682. 

doi:10.1016/j.jmb.2007.03.050. 

Geiger, H., and A. Ma’ayan. 2016. Introduction. adhesome a focal Adhes. Netw. 

Goreczny, G.J., I.J. Forsythe, and C.E. Turner. 2018. Hic-5 regulates fibrillar adhesion 

formation to control tumor extracellular matrix remodeling through interaction with 

tensin1. Oncogene. 37:1699–1713. doi:10.1038/s41388-017-0074-2. 

Grandi, P., T. Dang, N. Pané, A. Shevchenko, M. Mann, D. Forbes, and E. Hurt. 1997. 

Nup93, a vertebrate homologue of yeast Nic96p, forms a complex with a novel 205-

kDa protein and is required for correct nuclear pore assembly. Mol. Biol. Cell. 

8:2017–2038. doi:10.1091/mbc.8.10.2017. 

Guignandon, A., N. Boutahar, A. Rattner, L. Vico, and M.H. Lafage-Proust. 2006. Cyclic 

strain promotes shuttling of PYK2/Hic-5 complex from focal contacts in osteoblast-

like cells. Biochem. Biophys. Res. Commun. 343:407–414. 



144 
 

doi:10.1016/j.bbrc.2006.02.162. 

Gulvady, A.C., F. Dubois, N.O. Deakin, G.J. Goreczny, and C.E. Turner. 2018. Hic-5 

expression is a major indicator of cancer cell morphology, migration, and plasticity 

in three-dimensional matrices. Mol. Biol. Cell. 29:1704–1717. 

doi:10.1091/mbc.E18-02-0092. 

Hallock, P.T., S. Chin, S. Blais, T.A. Neubert, and D.J. Glass. 2016. Sorbs1 and -2 

interact with CrkL and are required for acetylcholine receptor cluster formation. 

Mol. Cell. Biol. 36:262–270. doi:10.1128/MCB.00775-15.Address. 

Heitzer, M.D., and D.B. DeFranco. 2006a. Mechanism of action of Hic-5/androgen 

receptor activator 55, a LIM domain-containing nuclear receptor coactivator. Mol. 

Endocrinol. 20:56–64. doi:10.1210/me.2005-0065. 

Heitzer, M.D., and D.B. DeFranco. 2006b. Hic-5, an adaptor-like nuclear receptor 

coactivator. Nucl. Recept. Signal. 4:e019. doi:10.1621/nrs.04019. 

Herreros, L., J.L. Rodríguez-Fernández, M.C. Brown, J.L. Alonso-Lebrero, C. Cabañas, 

F. Sánchez-Madrid, N. Longo, C.E. Turner, and P. Sánchez-Mateos. 2000. Paxillin 

localizes to the lymphocyte microtubule organizing center and associates with the 

microtubule cytoskeleton. J. Biol. Chem. 275:26436–26440. 

doi:10.1074/jbc.M003970200. 

Horton, E.R., A. Byron, J.A. Askari, D.H.J. Ng, A. Millon-Frémillon, J. Robertson, E.J. 

Koper, N.R. Paul, S. Warwood, D. Knight, J.D. Humphries, and M.J. Humphries. 

2015. Definition of a consensus integrin adhesome and its dynamics during adhesion 

complex assembly and disassembly. Nat. Cell Biol. 17:1577–1587. 

doi:10.1038/ncb3257. 



145 
 

Huang, Z., L. Ma, Y. Wang, Z. Pan, J. Ren, Z. Liu, and Y. Xue. 2015. MiCroKiTS 4.0: A 

database of midbody, centrosome, kinetochore, telomere and spindle. Nucleic Acids 

Res. 43:D328–D334. doi:10.1093/nar/gku1125. 

Humphries, J.D., M.R. Chastney, J.A. Askari, and M.J. Humphries. 2019. Signal 

transduction via integrin adhesion complexes. Curr. Opin. Cell Biol. 56:14–21. 

doi:10.1016/j.ceb.2018.08.004. 

Ichikawa, T., M. Kita, T.S. Matsui, A.I. Nagasato, T. Araki, S.H. Chiang, T. Sezaki, Y. 

Kimura, K. Ueda, S. Deguchi, A.R. Saltiel, and N. Kioka. 2017. Vinexin family 

(SORBS) proteins play different roles in stiffness sensing and contractile force 

generation. J. Cell Sci. 130:3517–3531. doi:10.1242/jcs.200691. 

Kadrmas, J.L., and M.C. Beckerle. 2004. The LIM domain: from the cytoskeleton to the 

nucleus. Nat. Rev. Mol. Cell Biol. 5:920–931. doi:10.1038/nrm1499. 

Kanchanawong, P., G. Shtengel, A.M. Pasapera, E.B. Ramko, M.W. Davidson, H.F. 

Hess, and C.M. Waterman. 2010. Nanoscale architecture of integrin-based cell 

adhesions. Nature. 468:580–584. doi:10.1038/nature09621. 

Kim-Kaneyama, J., W. Suzuki, K. Ichikawa, T. Ohki, Y. Kohno, M. Sata, K. Nose, and 

M. Shibanuma. 2005. Uni-axial stretching regulates intracellular localization of Hic-

5 expressed in smooth-muscle cells in vivo. J. Cell Sci. 118:937–949. 

doi:10.1242/jcs.01683. 

Kim-Kaneyama, J.R., A. Miyauchi, X.F. Lei, S. Arita, T. Mino, N. Takeda, K. Kou, K. 

Eto, T. Yoshida, T. Miyazaki, S. Shioda, and A. Miyazaki. 2012. Identification of 

Hic-5 as a novel regulatory factor for integrin αIIbβ3 activation and platelet 

aggregation in mice. J. Thromb. Haemost. 10:1867–1874. doi:10.1111/j.1538-



146 
 

7836.2012.04856.x. 

Kim, D.I., K. Birendra, W. Zhu, K. Motamedchaboki, V. Doye, and K.J. Roux. 2014. 

Probing nuclear pore complex architecture with proximity-dependent biotinylation. 

Proc. Natl. Acad. Sci. 111:E2453-2461. doi:10.1073/pnas.1406459111. 

Kim, D.I., S.C. Jensen, K.A. Noble, B. Kc, K.H.K.J. Roux, K. Motamedchaboki, and 

K.H.K.J. Roux. 2016. An improved smaller biotin ligase for BioID proximity 

labeling. Mol. Biol. Cell. 27:1188–1196. doi:10.1091/mbc.E15-12-0844. 

Kinoshita, M., C.M. Field, M.L. Coughlin, A.F. Straight, and T.J. Mitchison. 2002. Self- 

and Actin-Templated Assembly of Mammalian Septins. Dev. Cell. 3:791–802. 

Kioka, N., K. Ueda, and T. Amachi. 2002. Vinexin, CAP/ponsin, ArgBP2: A novel 

adaptor protein family regulating cytoskeletal organization and signal transduction. 

Cell Struct. Funct. 27:1–7. doi:10.1247/csf.27.1. 

Kumar, K.S., A. Ramadhas, S.C. Nayak, S. Kaniyappan, K. Dayma, and V. Radha. 2015. 

C3G (RapGEF1), a regulator of actin dynamics promotes survival and myogenic 

differentiation of mouse mesenchymal cells. Biochim. Biophys. Acta - Mol. Cell Res. 

1853:2629–2639. doi:10.1016/j.bbamcr.2015.06.015. 

Langhorst, M.F., F.A. Jaeger, S. Mueller, L. Sven Hartmann, G. Luxenhofer, and C.A.O. 

Stuermer. 2008. Reggies/flotillins regulate cytoskeletal remodeling during neuronal 

differentiation via CAP/ponsin and Rho GTPases. Eur. J. Cell Biol. 87:921–931. 

doi:10.1016/j.ejcb.2008.07.001. 

Leitner, A., L.A. Joachimiak, P. Unverdorben, T. Walzthoeni, J. Frydman, F. Förster, and 

R. Aebersold. 2014. Chemical cross-linking/mass spectrometry targeting acidic 

residues in proteins and protein complexes. Proc. Natl. Acad. Sci. U. S. A. 



147 
 

111:9455–9460. doi:10.1073/pnas.1320298111. 

Lele, T.P., C.K. Thodeti, J. Pendse, and D.E. Ingber. 2008. Investigating complexity of 

protein–protein interactions in focal adhesions. Biochem. Biophys. Res. Commun. 

369:929–934. doi:10.1016/j.bbrc.2008.02.137. 

Lipsky, B.P., C.R. Beals, and D.E. Staunton. 1998. Leupaxin is a novel LIM domain 

protein that forms a complex with PYK2. J. Biol. Chem. 273:11709–11713. 

doi:10.1074/jbc.273.19.11709. 

Low, T.Y., S.E. Syafruddin, M.A. Mohtar, A. Vellaichamy, N.S. A Rahman, Y.F. Pung, 

and C.S.H. Tan. 2021. Recent progress in mass spectrometry-based strategies for 

elucidating protein–protein interactions. Cell. Mol. Life Sci. 78:5325–5339. 

doi:10.1007/s00018-021-03856-0. 

Madsen, C.D., S. Hooper, M. Tozluoglu, A. Bruckbauer, G. Fletcher, J.T. Erler, P.A. 

Bates, B. Thompson, and E. Sahai. 2015. STRIPAK components determine mode of 

cancer cell migration and metastasis. Nat. Cell Biol. 17:68–80. 

doi:10.1038/ncb3083. 

Mandai, K., H. Nakanishi, A. Satoh, K. Takahashi, K. Satoh, H. Nishioka, A. Mizoguchi, 

and Y. Takai. 1999. Ponsin/SH3P12: An 1-afadin- and vinculin-binding protein 

localized at cell-cell and cell-matrix adherens junctions. J. Cell Biol. 144:1001–

1017. doi:10.1083/jcb.144.5.1001. 

Manié, S.N., A.R.P. Beck, A. Astier, S.F. Law, T. Canty, H. Hirai, B.J. Druker, H. 

Avraham, N. Haghayeghi, M. Sattler, R. Salgia, J.D. Griffin, E.A. Golemis, and 

A.S. Freedman. 1997. Involvement of p130(Cas) and p105(HEF1), a novel Cas-like 

docking protein, in a cytoskeleton-dependent signaling pathway initiated by ligation 



148 
 

of integrin or antigen receptor on human B cells. J. Biol. Chem. 272:4230–4236. 

doi:10.1074/jbc.272.7.4230. 

Mardakheh, F.K., A. Paul, S. Kümper, A. Sadok, H. Paterson, A. Mccarthy, Y. Yuan, and 

C.J. Marshall. 2015. Global analysis of mRNA, translation, and protein localization: 

Local translation is a key regulator of cell protrusions. Dev. Cell. 35:344–357. 

doi:10.1016/j.devcel.2015.10.005. 

May, D.G., and K.J. Roux. 2019. BioID: a method to generate a history of protein 

associations. In Methods in Molecular Biology. M. Sunbul and A. Jäschke, editors. 

Humana, New York, NY. 83–95. 

May, D.G., K.L. Scott, A.R. Campos, and K.J. Roux. 2020. Comparative Application of 

BioID and TurboID for Protein-Proximity Biotinylation. Cells. 9. 

doi:10.3390/cells9051070. 

Mayhew, M.W., D.J. Webb, M. Kovalenko, L. Whitmore, J.W. Fox, and A.F. Horwitz. 

2006. Identification of protein networks associated with the PAK1-βPIX-GIT1-

paxillin signaling complex by mass spectrometry. J. Proteome Res. 5:2417–2423. 

doi:10.1021/pr060140t. 

Mellacheruvu, D., Z. Wright, A.L. Couzens, J. Lambert, N.A. St-Denis, T. Li, Y. V 

Miteva, S. Hauri, M.E. Sardiu, T.Y. Low, V.A. Halim, R.D. Bagshaw, N.C. Hubner, 

A. Al-Hakim, A. Bouchard, D. Faubert, D. Fermin, W.H. Dunham, M. Goudreault, 

Z.-Y. Lin, B.G. Badillo, T. Pawson, D. Durocher, B. Coulombe, R. Aebersold, G. 

Superti-Furga, J. Colinge, A.J.R. Heck, H. Choi, M. Gstaiger, S. Mohammed, I.M. 

Cristea, K.L. Bennett, M.P. Washburn, B. Raught, R.M. Ewing, A.-C. Gingras, and 

A.I. Nesvizhskii. 2013. The CRAPome: a contaminant repository for affinity 



149 
 

purification–mass spectrometry data. Nat. Methods. 10:730–736. 

doi:10.1038/nmeth.2557. 

Merenich, D., K. Nakos, T. Pompan, S.J. Donovan, A. Gill, and A. Gladfelter. 2022. 

Septins guide noncentrosomal microtubules to promote focal adhesion disassembly 

in migrating cells. Mol. Biol. Cell. 33:1–22. doi:10.1091/mbc.E21-06-0334. 

Miyazono, K., P. Ten Dijke, and C.-H. Heldin. 2000. TGF-β signaling by Smad proteins. 

In Advances in Immunology. 115–157. 

Moroianu, J., G. Blobel, and A. Radu. 1996. Nuclear protein import: Ran-GTP 

dissocaites the karyopherin αβ heterodimer by displacing α from an overlapping 

binding site on β. Proc. Natl. Acad. Sci. 93:7059–7062. 

Mostowy, S., and P. Cossart. 2012. Septins: the fourth component of the cytoskeleton. 

Nat. Rev. Mol. Cell Biol. 13:183–194. doi:10.1038/nrm3284. 

Na, K., T.S. Matsui, L. Shiyou, and S. Deguchi. 2021. ARHGAP4-SEPT2-SEPT9 

complex enables both up- and down-modulation of integrin-mediated focal 

adhesions, cell migration, and invasion. Mol. Biol. Cell. 

Nakamura, K., H. Yano, H. Uchida, S. Hashimoto, E. Schaefer, and H. Sabe. 2000. 

Tyrosine Phosphorylation of Paxillin α Is Involved in Temporospatial Regulation of 

Paxillin-containing Focal Adhesion Formation and F-actin Organization in Motile 

Cells. J. Biol. Chem. 275:27155–27164. doi:10.1016/s0021-9258(19)61492-4. 

Naslavsky, N., and S. Caplan. 2018. The enigmatic endosome – sorting the ins and outs 

of endocytic trafficking. J. Cell Sci. 131:jcs216499. doi:10.1242/jcs.216499. 

Nayal, A., D.J. Webb, C.M. Brown, E.M. Schaefer, M. Vicente-Manzanares, and A.R. 

Horwitz. 2006. Paxillin phosphorylation at Ser273 localizes a GIT1-PIX-PAK 



150 
 

complex and regulates adhesion and protrusion dynamics. J. Cell Biol. 173:587–599. 

doi:10.1083/jcb.200509075. 

Nishiya, N., T. Shirai, W. Suzuki, and K. Nose. 2002. Hic-5 interacts with GIT1 with a 

different binding mode from paxillin. J. Biochem. 132:279–289. 

doi:10.1093/oxfordjournals.jbchem.a003222. 

Nishiya, N., K. Tachibana, M. Shibanuma, J. Mashimo, and K. Nose. 2001. Hic-5-

reduced cell spreading on fibronectin: competitive effects between paxillin and Hic-

5 through itnteraction with focal adhesion kinase. Mol. Cell. Biol. 21:5332–5345. 

doi:10.1128/MCB.21.16.5332. 

Palamidessi, A., E. Frittoli, N. Ducano, N. Offenhauser, S. Sigismund, H. Kajiho, D. 

Parazzoli, A. Oldani, M. Gobbi, G. Serini, P.P. Di Fiore, G. Scita, L. Lanzetti, P. 

Paolo, D. Fiore, G. Scita, L. Lanzetti, V. Adamello, D. Oncologia, and M. Negri. 

2013. The GTPase-activating protein RN-tre controls focal adhesion turnover and 

cell migration. Curr. Biol. 23:2355–2364. doi:10.1016/j.cub.2013.09.060. 

Park, A.Y.J., T.L. Chien, S. Chien, and J.L. Guan. 2009. Role of focal adhesion kinase 

Ser-732 phosphorylation in centrosome function during mitosis. J. Biol. Chem. 

284:9418–9425. doi:10.1074/jbc.M809040200. 

Petit, V., B. Boyer, D. Lentz, C.E. Turner, J.P. Thiery, and A.M. Valles. 2000. 

Phosphorylation of tyrosine residues 31 and 118 on paxillin regulates cell migration 

through an association with CRK in NBT-II cells. J. Cell Biol. 148:957–969. 

doi:10.1083/jcb.148.5.957. 

Pignatelli, J., D.A. Tumbarello, R.P. Schmidt, and C.E. Turner. 2012. Hic-5 promotes 

invadopodia formation and invasion during TGF-β-induced epithelial-mesenchymal 



151 
 

transition. J. Cell Biol. 197:421–437. doi:10.1083/jcb.201108143. 

Pugacheva, E.N., and E.A. Golemis. 2005. The focal adhesion scaffolding protein HEF1 

regulates activation of the Aurora-A and Nek2 kinases at the centrosome. Nat. Cell 

Biol. 7:937–946. doi:10.1038/ncb1309. 

Raudvere, U., L. Kolberg, I. Kuzmin, T. Arak, P. Adler, H. Peterson, and J. Vilo. 2019. 

g:Profiler: a web server for functional enrichment analysis and conversions of gene 

lists (2019 update). Nucleic Acids Res. 47:W191–W198. doi:10.1093/nar/gkz369. 

Rezey, A.C., B.D. Gerlach, R. Wang, G. Liao, and D.D. Tang. 2019. Plk1 mediates 

paxillin phosphorylation (Ser-272), centrosome maturation and airway smooth 

muscle layer thickening in allergic asthma. Sci. Rep. 9:7555. doi:10.1038/s41598-

019-43927-8. 

Rhee, H.W., P. Zou, N.D. Udeshi, J.D. Martell, V.K. Mootha, S.A. Carr, and A.Y. Ting. 

2013. Proteomic mapping of mitochondria in living cells via spatially restricted 

enzymatic tagging. Science (80-. ). 339:1328–1331. doi:10.1126/science.1230593. 

Ripamonti, M., N. Liaudet, B. Wehrle-haller, L. Azizi, D. Bouvard, and V.P. Hytönen. 

2021. Structural and functional analysis of LIM domain-dependent recruitment of 

paxillin to αvβ3 integrin-positive focal adhesions. Commun. Biol. 4. 

doi:10.1038/s42003-021-01886-9. 

Robertson, J., G. Jacquemet, A. Byron, M.C. Jones, S. Warwood, J.N. Selley, D. Knight, 

J.D. Humphries, and M.J. Humphries. 2015. Defining the phospho-adhesome 

through the phosphoproteomic analysis of integrin signalling. Nat. Commun. 6. 

doi:10.1038/ncomms7265. 

Roux, K.J., D.I. Kim, B. Burke, and D.G. May. 2018. BioID: a screen for protein‐protein 



152 
 

interactions. Curr. Protoc. Protein Sci. 91:19.23.1-19.23.15. doi:10.1002/cpps.51. 

Roux, K.J., D.I. Kim, M. Raida, and B. Burke. 2012. A promiscuous biotin ligase fusion 

protein identifies proximal and interacting proteins in mammalian cells. J. Cell Biol. 

196:801–810. doi:10.1083/jcb.201112098. 

Saarikangas, J., and Y. Barral. 2011. The emerging functions of septins in metazoans. 

EMBO Rep. 12:1118–1126. doi:10.1038/embor.2011.193. 

Saito, Y., A. Takasawa, K. Takasawa, T. Aoyama, T. Akimoto, M. Ota, K. Magara, M. 

Murata, Y. Hirohashi, T. Hasegawa, N. Sawada, T. Saito, and M. Osanai. 2020. 

Aldolase A promotes epithelial-mesenchymal transition to increase malignant 

potentials of cervical adenocarcinoma. Cancer Sci. 111:3071–3081. 

doi:10.1111/cas.14524. 

Sathe, A.R., G. V Shivashankar, and M.P. Sheetz. 2016. Nuclear transport of paxillin 

depends on focal adhesion dynamics and FAT domains. J. Cell Sci. 129:1981–1988. 

doi:10.1242/jcs.172643. 

Schiapparelli, L.M., D.B. McClatchy, H.H. Liu, P. Sharma, J.R. Yates, and H.T. Cline. 

2014. Direct detection of biotinylated proteins by mass spectrometry. J. Proteome 

Res. 13:3966–3978. doi:10.1021/pr5002862. 

Schiller, H.B., C.C. Friedel, C. Boulegue, and R. Fäsignssler. 2011. Quantitative 

proteomics of the integrin adhesome show a myosin II-dependent recruitment of 

LIM domain proteins. EMBO Rep. 12:259–266. doi:10.1038/embor.2011.5. 

Sears, R.M., D.G. May, and K.J. Roux. 2019. BioID as a tool for protein-proximity 

labeling in living cells. Methods Mol. Biol. 2012:299–313. doi:10.1007/978-1-4939-

9546-2_15. 



153 
 

Sharma, M., I. Castro-Piedras, G.E. Simmons, and K. Pruitt. 2018. Dishevelled: A 

masterful conductor of complex Wnt signals. Cell. Signal. 47:52–64. 

doi:10.1016/j.cellsig.2018.03.004. 

Sharp, T. V., A. Al-Attar, D.E. Foxler, L. Ding, T.Q.D.A. Vallim, Y. Zhang, H.S. 

Nijmeh, T.M. Webb, A.G. Nicholson, Q. Zhang, A. Kraja, I. Spendlove, J. Osborne, 

E. Mardis, and G.D. Longmore. 2008. The chromosome 3p21.3-encoded gene, 

LIMD1, is a critical tumor suppressor involved in human lung cancer development. 

Proc. Natl. Acad. Sci. U. S. A. 105:19932–19937. doi:10.1073/pnas.0805003105. 

Shibanuma, M., J. Kim-Kaneyama, K. Ishino, N. Sakamoto, T. Hishiki, K. Yamaguchi, 

K. Mori, J. Mashimo, and K. Nose. 2003. Hic-5 communicates between focal 

adhesions and the nucleus through oxidant-sensitive nuclear export signal. Mol. 

Biol. Cell. 14:1158–1171. doi:10.1091/mbc.02-06-0099. 

Shisheva, A., J. Buxton, and M.P. Czech. 1994. Differential intracellular localizations of 

GDP dissociation inhibitor isoforms. J. Biol. Chem. 269:23865–23868. 

doi:10.1016/S0021-9258(19)51016-X. 

Song, L., R. Chang, C. Dai, Y. Wu, J. Guo, M. Qi, W. Zhou, and L. Zhan. 2017. 

SORBS1 suppresses tumor metastasis and improves the sensitivity of cancer to 

chemotherapy drug. Oncotarget. 8:9108–9122. 

Spiliotis, E.T. 2018. Spatial effects − site-specific regulation of actin and microtubule 

organization by septin GTPases. J. Cell Sci. 131. doi:10.1242/jcs.207555. 

Spiliotis, E.T., and K. Nakos. 2021. Cellular functions of actin- and microtubule-

associated septins. Curr. Biol. 31:R651–R666. 

Szklarczyk, D., A.L. Gable, K.C. Nastou, D. Lyon, R. Kirsch, S. Pyysalo, N.T. 



154 
 

Doncheva, M. Legeay, T. Fang, P. Bork, L.J. Jensen, and C. Von Mering. 2021. The 

STRING database in 2021: customizable protein–protein networks, and functional 

characterization of user-uploaded gene/measurement sets. Nucleic Acids Res. 

49:D605–D612. doi:10.1093/nar/gkaa1074. 

Takagi, J., L. Choulier, N.G.A. Abrescia, D.I. Stuart, P.A. Van Der Merwe, H.J. Mardon, 

and P.A. Handford. 2007. αvβ6 is a novel receptor for human fibrillin-1. J. Biol. 

Chem. 282:6743–6751. doi:10.1074/jbc.M607008200. 

Thomas, S.M., M. Hagel, and C.E. Turner. 1999. Characterization of a focal adhesion 

protein, Hic-5, that shares extensive homology with paxillin. J. Cell Sci. 112:181–

190. 

Thul, P.J., L. Akesson, M. Wiking, D. Mahdessian, A. Geladaki, H. Ait Blal, T. Alm, A. 

Asplund, L. Björk, L.M. Breckels, A. Bäckström, F. Danielsson, L. Fagerberg, J. 

Fall, L. Gatto, C. Gnann, S. Hober, M. Hjelmare, F. Johansson, S. Lee, C. Lindskog, 

J. Mulder, C.M. Mulvey, P. Nilsson, P. Oksvold, J. Rockberg, R. Schutten, J.M. 

Schwenk, A. Sivertsson, E. Sjöstedt, M. Skogs, C. Stadler, D.P. Sullivan, H. Tegel, 

C. Winsnes, C. Zhang, M. Zwahlen, A. Mardinoglu, F. Pontén, K. Von Feilitzen, 

K.S. Lilley, M. Uhlén, and E. Lundberg. 2017. A subcellular map of the human 

proteome. Science (80-. ). 356. doi:10.1126/science.aal3321. 

Tikhmyanova, N., J.L. Little, and E.A. Golemis. 2010. CAS proteins in normal and 

pathological cell growth control. Cell. Mol. Life Sci. 67:1025–1048. 

doi:10.1007/s00018-009-0213-1. 

Tumbarello, D.A., M.C. Brown, S.E. Hetey, and C.E. Turner. 2005. Regulation of 

paxillin family members during epithelial-mesenchymal transformation: a putative 



155 
 

role for paxillin delta. J. Cell Sci. 118:4849–63. doi:10.1242/jcs.02615. 

Tumbarello, D.A., M.C. Brown, and C.E. Turner. 2002. The paxillin LD motifs. FEBS 

Lett. 513:114–118. doi:10.1016/S0014-5793(01)03244-6. 

Tumbarello, D.A., and C.E. Turner. 2007. Hic-5 contributes to epithelial-mesenchymal 

transformation through a RhoA/ROCK-dependent pathway. J. Cell. Physiol. 

211:736–747. doi:10.1002/jcp.20991. 

Turner, B., S. Razick, A.L. Turinsky, J. Vlasblom, E.K. Crowdy, E. Cho, K. Morrison, 

I.M. Donaldson, and S.J. Wodak. 2010. iRefWeb: interactive analysis of 

consolidated protein interaction data and their supporting evidence. Database. 

2010:1–15. doi:10.1093/database/baq023. 

Turner, C.E. 2000a. Paxillin and focal adhesion signalling. Nat. Cell Biol. 2:E231–E236. 

doi:10.1038/35046659. 

Turner, C.E. 2000b. Paxillin interactions. J. Cell Sci. 113:4139–4140. 

Turner, C.E., J.R. Glenney, and K. Burridge. 1990. Paxillin: a new vinculin-binding 

protein present in focal adhesions. J. Cell Biol. 111:1059–1068. 

doi:10.1083/jcb.111.3.1059. 

Turner, C.E., and J.T. Miller. 1994. Primary sequence of paxillin contains putative SH2 

and SH3 domain binding motifs and multiple LIM domains: identification of a 

vinculin and pp125(Fak)-binding region. J. Cell Sci. 107:1583–1591. 

Vallés, A.M., M. Beuvin, and B. Boyer. 2004. Activation of Rac1 by paxillin-Crk-

DOCK180 signaling complex is antagonized by Rap1 in migrating NBT-II cells. J. 

Biol. Chem. 279:44490–44496. doi:10.1074/jbc.M405144200. 

Wang, H., K. Song, T.L. Sponseller, and D. Danielpour. 2005. Novel function of 



156 
 

androgen receptor-associated protein 55/Hic-5 as a negative regulator of Smad3 

signaling. J. Biol. Chem. 280:5154–5162. doi:10.1074/jbc.M411575200. 

Wang, Y., and T.D. Gilmore. 2003. Zyxin and paxillin proteins: focal adhesion plaque 

LIM domain proteins go nuclear. Biochim. Biophys. Acta. 1593:115–120. 

doi:10.1016/S0167-4889(02)00349-X. 

Wartosch, L., U. Günesdogan, S.C. Graham, and J.P. Luzio. 2015. Recruitment of 

VPS33A to HOPS by VPS16 Is Required for Lysosome Fusion with Endosomes and 

Autophagosomes. Traffic. 16:727–742. doi:10.1111/tra.12283. 

Webb, D.J., K. Donais, L.A. Whitmore, S.M. Thomas, C.E. Turner, J.T. Parsons, and 

A.F. Horwitz. 2004. FAK–Src signalling through paxillin, ERK and MLCK 

regulates adhesion disassembly. Nat. Cell Biol. 6:154–161. doi:10.1038/ncb1094. 

West, K.A., H. Zhang, M.L.C. Brown, S.N. Nikolopoulos, M.C. Riedy, A.F. Horwitz, 

and C.E. Turner. 2001. The LD4 motif of paxillin regulates cell spreading and 

motility through an interaction with paxillin kinase linker (PKL). J. Cell Biol. 

154:161–176. doi:10.1083/jcb.200101039. 

Winograd-Katz, S.E., R. Fässler, B. Geiger, and K.R. Legate. 2014. The integrin 

adhesome: from genes and proteins to human disease. Nat. Rev. Mol. Cell Biol. 

15:273–288. doi:10.1038/nrm3769. 

Woods, A.J., M.S. Roberts, J. Choudhary, S.T. Barry, Y. Mazaki, H. Sabe, S.J. Morley, 

D.R. Critchley, and J.C. Norman. 2002. Paxillin associates with poly(A)-binding 

protein 1 at the dense endoplasmic reticulum and the leading edge of migrating cells. 

J. Biol. Chem. 277:6428–6437. doi:10.1074/jbc.M109446200. 

Yang, L., J. Guerrero, H. Hong, D.B. DeFranco, and M.R. Stallcup. 2000. Interaction of 



157 
 

the τ2 transcriptional activation domain of glucocorticoid receptor with a novel 

steroid receptor coactivator, Hic-5, which localizes to both focal adhesions and the 

nuclear matrix. Mol. Biol. Cell. 11:2007–2018. doi:10.1091/mbc.11.6.2007. 

Yu, W., D. Li, Y. Zhang, C. Li, C. Zhang, and L. Wang. 2019. MiR-142-5p acts as a 

significant regulator through promoting proliferation, invasion, and migration in 

breast cancer modulated by targeting SORBS1. Technol. Cancer Res. Treat. 18:1–

11. doi:10.1177/1533033819892264. 

Zaidel-Bar, R., S. Itzkovitz, A. Ma’ayan, R. Iyengar, and B. Geiger. 2007a. Functional 

atlas of the integrin adhesome. Nat. Cell Biol. 9:858–867. doi:10.1038/ncb0807-858. 

Zaidel-Bar, R., R. Milo, Z. Kam, and B. Geiger. 2007b. A paxillin tyrosine 

phosphorylation switch regulates the assembly and form of cell-matrix adhesions. J. 

Cell Sci. 120:137–148. doi:10.1242/jcs.03314. 

Zeng, Y., Y. Cao, L. Liu, J. Zhao, T. Zhang, L. Xiao, M. Jia, Q. Tian, H. Yu, S. Chen, 

and Y. Cai. 2019. SEPT9 _ i1 regulates human breast cancer cell motility through 

cytoskeletal and RhoA/FAK signaling pathway regulation. Cell Death Dis. 10:1–16. 

doi:10.1038/s41419-019-1947-9. 

Zhang, M., J. Liu, A. Cheng, S.M. DeYoung, X. Chen, L.H. Dold, and A.R. Saltiel. 2006. 

CAP interacts with cytoskeletal proteins and regulates adhesion-mediated ERK 

activation and motility. EMBO J. 25:5284–5293. doi:10.1038/sj.emboj.7601406. 

Zhao, Z.S., J.P. Lim, Y.W. Ng, L. Lim, and E. Manser. 2005. The GIT-associated kinase 

PAK targets to the centrosome and regulates Aurora-A. Mol. Cell. 20:237–249. 

doi:10.1016/j.molcel.2005.08.035. 

 



158 
 

Chapter 3 

Paxillin interacts with the formin mDia1 to release its 

autoinhibition and accelerate actin filament polymerization. 

Authors: Kyle M. Alpha, Christopher E. Turner  

  



159 
 

Abstract 

Paxillin is a focal adhesion scaffolding protein with numerous well-documented 

roles in regulating the actin cytoskeleton through the recruitment and coordination of 

downstream effectors, including Rho-family GTPases, other scaffolding molecules such 

as vinculin, and kinases/phosphatases including FAK and PTP-PEST, among others. In 

this chapter, we demonstrate a novel role for paxillin in regulating actin polymerization 

through activation of the diaphanous formin mDia1. MDia1 is autoinhibited through an 

intramolecular interaction between its DID (diaphanous inhibitory domain) and DAD 

(diaphanous autoregulatory domain) domains. The paxillin LD motifs, particularly LD4, 

share a similar amino acid sequence with the mDia1 DAD domain and importantly, both 

LD4 and the DAD domain form amphipathic helices. In in vitro TIRF assays, purified 

GST-LDs were shown to relieve autoinhibition of full-length mDia1, thereby accelerating 

actin polymerization to a rate comparable to its constitutively active C-terminus. 

Furthermore, GST-LD4 was shown to pulldown mDia1 from cells and in co-precipitation 

assays, and full-length mDia1 pulled down GST-LD4 and full-length paxillin in direct 

binding assays. Through colocalization analysis and proximity ligation assays, mDia1 

and paxillin were shown to co-localize in U2OS cells. Additionally, preliminary FRAP 

assays suggest that expression of mCherry-paxillin in paxillin-null MEFs may accelerate 

actin stress fiber elongation, potentially through release of mDia1 auto-inhibition at FAs. 

Finally, in silico analysis demonstrate that the paxillin LD4 motif would likely bind the 

mDia1 DID domain in the same binding pocket as the relevant region of the DAD 

domain with a similar affinity. Together, these data suggest a key new role for paxillin in 

directly regulating the rate of actin polymerization through activation of formins. 
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Introduction 

 The actin cytoskeleton plays a critical role in cell motility and migration through 

finely coordinated assembly and disassembly of actin filaments (Schaks et al., 2019). 

These polarized filaments are composed of globular actin monomers, which can assemble 

spontaneously but, in vivo, are regulated by a host of other proteins to control the rate of 

actin filament nucleation, elongation, and disassembly (Pollard, 2016). One such family 

of proteins are the formins – a group of multidomain proteins that nucleate actin 

monomers to initiate new actin filaments and then accelerate their polymerization 

(Breitsprecher and Goode, 2013). All formins contain formin homology (FH) domains, 

including FH1 and FH2 (Rivero et al., 2005). These are the domains primarily involved 

in formin proteins’ abilities to nucleate and polymerize actin filaments (Higgs, 2005). 

Both actin nucleating (the formation of actin trimers/tetramers) and polymerization 

(extending these early oligomers into longer filaments) are key to formins’ roles in 

regulating the actin cytoskeleton (Schaks et al., 2019). 

 There are 15 formin genes in mammals, including the Diaphanous formins: 

mDia1, mDia2, and mDia3 (Goode and Eck, 2007).  The Diaphanous formins have 

diaphanous inhibitory domains (DID) near their N-termini and diaphanous activating 

domains (DAD) at their C-termini, which interact to autoinhibit the formins’ nucleating 

and elongating activities (Maiti et al., 2012). Carboxy-terminal mDia1 constructs 

(containing only the FH1 domain to the C-terminus) lack the DID domain, are not 

autoinhibited, and can therefore produce constitutive acceleration of actin elongation (Li 

and Higgs, 2005).  
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Importantly, Diaphanous formins also contain a Rho-binding domain (RBD, also 

known as a GTPase-binding domain, or GBD) adjacent to the DID domain, and binding 

of RhoA-GTP (or certain other Rho GTPases) to this domain partially relieves 

autoinhibition (Watanabe et al., 1997; Seth et al., 2006; Watanabe et al., 1999; Otomo et 

al., 2005; Kühn and Geyer, 2014). The Rho GTPases are a family of proteins that act as 

key regulators of cell migration by modulating the assembly and disassembly of actin 

filament-containing structures (Lawson and Ridley, 2018; Ridley, 2015). However, 

despite the high affinity binding of RhoA with the RBD of mDia1 (kd = 10 – 50 nM), 

concentrations of RhoA must be more than 100 times higher than the kd value to achieve 

maximal relief of autoinhibition, and this only restores actin nucleating activity to 

approximately 10 – 12% of the activity of C-terminal mDia1 constructs (Li and Higgs, 

2003). This is observed both when N-terminal and C-terminal constructs are combined in 

trans (Li and Higgs, 2003) and with the full-length mDia1 (Maiti et al., 2012), although 

it’s important to note that RhoA can fully rescue mDia1-mediated acceleration of actin 

filament elongation, but not its nucleating ability (Maiti et al., 2012). Therefore, it has 

been suggested that  other cellular factors may act cooperatively with RhoA in vivo to 

further activate mDia1 (Seth et al., 2006; Maiti et al., 2012). One such factor is the 

scaffolding protein anillin, which enhances RhoA-dependent activation of DIAPH3 

through an unknown mechanism (Chen et al., 2017). 

 Focal adhesions (FAs) are important sites of connection between the cellular actin 

cytoskeleton and the surrounding extracellular matrix that transmit mechanical force and 

biochemical signals between cells and their environments (Burridge et al., 1988). FAs are 

critical for cell migration, since it is primarily at these sites that contractile actin filaments 
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called stress fibers are assembled and anchored (Ridley et al., 2003). Contraction of these 

fibers then pulls the cell body during migration (Lauffenburger and Horwitz, 1996). 

Formins, including mDia1, are critical in these processes (Ciobanasu et al., 2012). For 

example, mDia1 is required for FA maturation in response to externally applied 

mechanical force in fibroblasts (Riveline et al., 2001). Additionally, knockdown of 

mDia1 in U2OS osteosarcoma cells decreases the elongation rate of dorsal stress fibers, a 

particular type of stress fiber that insert into FAs on cells’ ventral surfaces and then rise 

toward their dorsal section (Hotulainen and Lappalainen, 2006). Conversely, exogenous 

expression of constitutively active mDia1 in HeLa cells promotes stress fiber formation 

and FA maturation (Watanabe et al., 1999). Importantly, mDia1 has also been shown to 

localize to FAs (Valencia et al., 2021a).  

Paxillin (pxn) is an adapter/scaffold protein that plays both structural and 

signaling roles at FAs by recruiting downstream signaling proteins including kinases, 

phosphatases, and GTPases, particularly the actin-modulating Rho family of GTPases.  

(Turner, 2000a). More recently, paxillin has been shown to localize to other subcellular 

locations, including the centrosome (Dubois et al., 2017) and nucleus (Ma and Hammes, 

2018), suggesting that its roles are not strictly localized to FAs. In addition to its actin-

dependent effects on cell migration, paxillin has also been shown to modulate cell 

migration through changes in microtubule acetylation, mediated by the deacetylase 

HDAC6 (Dubois et al., 2017; Deakin and Turner, 2014). Many protein-protein 

interactions with paxillin are mediated by its highly conserved leucine-aspartate (LD) 

motifs which have the consensus sequence LDXLLXXL and form amphipathic α helices 

(Brown et al., 1998; Schaller, 2001). The LD4 motif, which interacts with proteins 
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including vinculin , FAK, PKL, PAK, PIX, and clathrin at FAs, has the sequence 

LDELMASL (Brown et al., 1996; Turner, 2000b; Turner et al., 1999). Notably, this does 

not precisely match the consensus sequence due to the methionine residue, but as both 

methionine and leucine have relatively small, hydrophobic side chains, this does not 

disrupt the α-helical structure formed by LD4. The LD motifs in paxillin (LD1, LD2, 

LD4, and, to a lesser extent, LD3 and LD5) are highly homologous, although they have 

unique interactors (Turner, 2000a).    

Interestingly, the mDia1 DAD domain contains a sequence similar to the LD 

consensus sequence that has been shown to be required for binding to the DID domain: 

MDSLLEAL (Lammers et al., 2005). Furthermore, x-ray crystallography has shown that, 

like the paxillin LD motifs, the DAD domain forms an amphipathic helix (Nezami et al., 

2006). Therefore, we hypothesized that paxillin LD domains could interact with the 

mDia1 DID domain to relieve the formin’s autoinhibition in a non-RhoA-dependent 

manner. 

Results  

 Domain maps of mDia1 (Figure 1A) and paxillin (Figure 1B) highlight the 

similar sequences in the mDia1 DAD domain and the paxillin LD4 motif. To determine 

whether paxillin LD motifs or full-length paxillin could activate mDia1 in vitro, GST-

tagged paxillin constructs and 6xHis-tagged mDia1 constructs were purified and used in 

total internal reflection fluorescence (TIRF) assays with labeled actin monomers. This 

allowed for assessment of actin filament elongation in the presence of 1 µM Oregon-

Green actin and 5 µM profilin-1, an actin-binding protein which is required for mDia1 

recruitment of actin monomers to catalyze polymerization (Funk et al., 2019). The TIRF 
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microscopy technique permits real-time visualization of elongating actin filaments 

tethered to a coverslip (Breitsprecher et al., 2009). At t = 500 seconds, TIRF micrographs 

(Figure 1C) show minimal filament assembly with full-length mDia1 (1 nM) both alone 

and with paxillin LD1 (1 µM). However, full-length Dia1 could accelerate filament 

assembly to levels comparable with C-terminal Dia1 (1 nM) when either RhoA (2 µM), 

pxn LD2 (1 µM), pxn LD4 (1 µM), or full-length pxn (1 µM) were added. Quantification 

of the  rate of actin assembly movies (Figure 1D) confirmed that full-length paxillin and 

its LD2 and LD4 motifs could activate full-length mDia1 such that it achieved elongation 

rates of approximately 50 subunits s-1 µM-1, comparable to C-terminal mDia1 and full-

length Dia1 activated by RhoA (Maiti et al., 2012; Otomo et al., 2005). In contrast, 

spontaneous actin polymerization proceeds at approximately 10 subunits s-1 µM-1. This 

spontaneous polymerization rate was observed when actin was incubated with full-length 

mDia1 alone, with any GST-LD but without mDia1, or with GST-LD1 and full-length 

mDia1. 
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Figure 1: Amino acid sequences of paxillin LD motifs are similar to the mDia1 DAD 

domain and activate full-length mDia1 in vitro. A. Domain map of mDia1, including 

the amino acid sequence of the DAD domain (1194-1222), with the relevant sequence 

highlighted in red. GBD: Rho-GTPase binding domain; FH: formin homology; DID: 

Diaphanous inhibitory domain/DAD interacting domain; DD: dimerization domain; CC: 

coiled coil domain; DAD: Diaphanous autoregulatory domain/Diaphanous autoinhibitory 

domain. B. Domain map of paxillin, including the amino acid sequence of LD4 (265-

276), with the relevant sequence highlighted in red. LD: leucine-aspartic acid motif. C. 

TIRF micrographs of fluorescent OG-actin (1 µM) after 500 seconds of polymerization 

with purified mDia1 (FL = full-length, CT = FH1 domain to C-terminus; 1nM), paxillin 

(LD1, LD4, or FL = full-length; 1 µM), and/or RhoA (2 µM). Some reactions also 

contain 5 µM PFN1 (profilin-1) D. Quantification of actin filament elongation rates from 

TIRF experiments. Error bars = SEM. Numbers in PXN row indicate LD domain 

number. All other abbreviations and concentrations same as in panel C. “C” indicates 

actin, profilin, and full-length, autoinhibited mDia1 control. “*” indicate groups 

significantly different from this control (p < 0.05). Differences calculated by one-way 

ANOVA with Tukey-Kramer post-hoc test. N = 2 biological replicates for panels C and 

D. 
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Once it was clear that paxillin could activate mDia1 in vitro, we further determine 

whether endogenous cellular mDia1 interacted with paxillin LD motifs in vitro. Purified 

GST-paxillin LDs bound to glutathione-agarose beads were incubated with NIH/3T3 cell 

lysates and pulldowns were probed by Western blot. GST-paxillin LD4 precipitated 

endogenous mDia1, but GST-paxillin LD1 and LD2 did not (Figure 2A). As a positive 

control, samples were also probed for FAK, which was precipitated by both GST-LD2 

and GST-LD4, as previously described (Brown et al., 1996). Blotting for fibronectin 

served as a negative control, and fibronectin was not pulled down by any GST-paxillin 

LD. Notably, the signal for mDia1 precipitated by LD4 is quite weak, especially in 

contrast to the FAK signal. This could be partially due to differences in antibody quality 

and endogenous protein abundance, but it may also indicate a higher affinity binding 

between paxillin and FAK than paxillin and mDia1. However, that that cannot be 

determined solely from these experiments.  

Direct binding assays with purified proteins were also performed. Purified GST, 

GST-LD1, and GST-LD4 bound to glutathione agarose beads were incubated with 

unbound 6xHis-mDia1(FL), and only GST-LD4 was able to precipitate mDia1 (Figure 

2B). Conversely, 6xHis-mDia1(FL) bound to cobalt agarose beads was incubated with 

unbound GST, GST-LD1, GST-LD2, GST-LD4, and GST-paxillin (full-length). The 

bound mDia1 precipitated GST-LD4 and full-length paxillin, but not GST-LD1 or GST-

LD2 (Figure 2C). Interestingly, both the pulldowns and direct binding assay did not 

indicate binding between LD2 and mDia1, despite the ability of LD2 to activate mDia1 in 

the TIRF assays shown in Figure 1.  
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Figure 2: Paxillin LD4 binds the DID domain of mDia1 in vitro. A. Pulldown of 

mDia1 from NIH/3T3 lysates with GST-LDs with FN (fibronectin) as negative control 

and FAK (focal adhesion kinase) as positive control for LD2 and LD4. B. Direct binding 

assays with purified proteins (GST-LDs on beads with free 6xHis-mDia1); blot detected 

with anti-mDia1 antibody and Ponceau staining.  C. Direct binding assays with purified 

proteins (6xHis-mDia1 on beads with free GST-paxillin/LDs); gels visualized with 

Coomassie blue staining. The band highlighted with an arrow is the approximate 

molecular weight of GST-tagged paxillin (approximately 95 kDa). P: pellet, S: 

supernatant. 
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In U2OS osteosarcoma cells, mDia1 is the only Diaphanous formin implicated in 

stress fiber assembly (Hotulainen and Lappalainen, 2006), To determine whether this 

novel interaction and activation mechanism might play a role in vivo, we investigated 

whether endogenous paxillin and mDia1 co-localize in cells. U2OS cells were stained for 

paxillin and mDia1 (Figure 3A). mDia1 staining was seen along stress fibers and co-

occurring with paxillin near FA. To quantify this correlation, regions of interest were 

selected around the actin-positive area in a given image and a Pearson’s colocalization 

coefficient was calculated both before and after translating the paxillin image 30 pixels in 

both x and y dimensions (Figure 3B). Shifting the paxillin image resulted in a 

statistically significant decrease in the Pearson’s coefficient, suggesting that paxillin and 

mDia1 staining positively correlate in cells, particularly in FA-rich regions.  

 For a more stringent analysis of in vivo interaction, we utilized proximity ligation 

assays (PLA) with IgG serving as a negative control. Proximity ligation assays utilize 

primary antibodies to the proteins of interest and a system involving DNA polymerase-

based amplification of  oligonucleotide-tagged secondary antibodies to detect whether 

target proteins localize within approximately 40 nm of each other (Alam, 2018). 

Compared to paxillin/IgG and mDia1/IgG, paxillin/mDia1 PLA resulted in a significantly 

greater number of PLA puncta (Figure 3D). These puncta did not appear to be 

specifically enriched at FA (Figure 3C), but a similar lack of subcellular localization has 

been previously observed in other studies, including one demonstrating paxillin 

interaction with the deacetylase HDAC6 (Deakin and Turner, 2014) and another 

demonstrating Hic-5 interaction with the FA protein tensin1 (Goreczny et al., 2018) 
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Figure 3: Paxillin and mDia1 colocalize in vivo at focal adhesions.  

A. Immunofluorescence staining of U2-OS cells for pxn and mDia1. B. Quantification of 

pxn and mDia1 correlation. After image processing, a region of interest (ROI) was drawn 

around the actin-stained region of these images and the Pearson’s coefficient was 

calculated. The paxillin image was then shifted 30 pixels to the left and down, and the 

coefficient was recalculated (n = 3). C. Proximity ligation assays shows colocalization of 

pxn and mDia1 throughout the cell. D. Quantification of PLA results. * = p < 0.05 (n = 

3). 
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Finally, fluorescence recovery after photobleaching (FRAP) was used to 

determine whether paxillin affected the actin fiber elongation rate in vivo. This 

experiment was based on the model, proposed by Hotulainen & Lappalainen, that 

mDia1catalyzes addition of actin monomers to growing actin filaments at FAs (Figure 

4A) (Hotulainen and Lappalainen, 2006) and performed using a protocol based on that 

used by Valencia et al. to study a similar phenomenon (Figure 4B; see Materials & 

Methods for details) (Valencia et al., 2021a). Using paxillin-null murine embryonic 

fibroblasts (pxn -/- MEFs) expressing mEmerald-actin with either mCherry-paxillin or 

mCherry-vector, regions near the cell’s leading edge that appeared to contain robust 

dorsal actin stress fibers were selected (Figure 4C). Two small regions on this stress 

fiber were bleached (Figure 4D). These regions were selected to be approximately 1.5 

µm proximal from a FA (see Materials & Methods for details). The movement of the 

non-bleached region between these two bleached areas was tracked and quantified over 

time, resulting in an average elongation rate of 3.53 nm/sec for cells with mCherry-

paxillin (SD: 0.56) and 2.09 for cells with mCherry-vector (SD: 0.21) (Figure 4E). This 

data is preliminary, as it is difficult to obtain sufficiently sharp images for this 

measurement. Over several repeat experiments, only about 3 filaments were suitable to be 

measured, resulting in a non-statistically significant p value of 0.073. Still, the trend 

shown in this preliminary data suggests that the presence of paxillin in MEFs may allow 

for increased filament elongation rate. Furthermore, the calculated elongation rates are 

similar to the previously described rate of about 5 nm/sec for mDia1-catalyzed actin 

polymerization at FAs (Hotulainen and Lappalainen, 2006). Following further 

optimization and with suitable controls, including concurrent knockdown of mDia1, this 
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analysis could potentially provide valuable data supporting an in vivo role for paxillin in 

activating mDia1.  
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Figure 4: Expression of paxillin in paxillin-null MEFs may promote increased rates 

of actin polymerization at FAs. A. Model of stress fiber assembly at FAs. mDia1 (Dia – 

blue circle) catalyzes addition of actin monomers (green circles) to the growing filament 

at FAs, resulting in an average elongation rate of 0.3 µm/min (or 5 nm/sec). B. Stylized 

diagram of FRAP experimental design. Stress fibers (green fibers) were photo-labelled by 

photo-bleaching two parallel lines; actin and FAs are shown in green and red, 

respectively. Black lines across stress fibers denote the photo-bleached lines and their 

movement over time. Green circles near the FA represent actin monomers being added to 

the growing stress fiber at the FA. C. FRAP was performed in paxillin-null MEFs 

expressing mEmerald-actin and either mCherry-paxillin (pxn) or mCherry-vector 

(vector). The boxed region in this image shows an example of the approximate size of a 

region selected for photobleaching. Scale bar = 5 µm D. Images show mEmerald-actin 

fluorescence after bleaching has been performed [zoomed image was not taken from 

same cell as panel C]. The center of the initial non-bleached region is indicated by a red 

line, and the center after 36 seconds is indicated by a blue line. The distal (towards the 

FA) and proximal (toward the cell center) ends of the stress fiber are labeled (n = 3 cells 

per condition). E. The distance that a non-bleached region of a stress fiber moved per 

second was quantified for 3 filaments per condition. Error bars represent standard error of 

the mean. Panel A adapted from Hotulainen & Lappalainen, 2006. Panel B and 

descriptive text adapted from Valencia et al., 2021. 
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After demonstrating that paxillin and mDia1 colocalize in cells, we sought to 

model the conformation of their interactions. To model potential interaction 

conformations, the paxillin LD4 sequence and the previously solved x-ray 

crystallography structure of the mDia1 DID/DAD interaction were used as input with 

publicly available modeling algorithm PIPER-FlexPepDock (Figure 5A) (Alam et al., 

2017). The algorithm generated a model in which the most likely binding conformation 

placed paxillin LD4 (blue) in approximately the same position as the DAD domain (red) 

when binding the DID domain (gray). This binding pocket is also where DAD has been 

experimentally shown to bind with the DID domain by x-ray crystallography (Nezami et 

al., 2006). 

Another algorithm, HPEPDOCK, was used to calculate in silico binding scores 

for the ten best predicted binding conformations of the DID domain with LD1, LD2, 

LD4, and the DAD domain (Figure 5B) (Zhou et al., 2018). These scores are in arbitrary 

units and do not correspond to any measurable value, such as a dissociation constant (kd
), 

but in general, lower scores correspond with higher binding affinity. Therefore, the 

greater affinity predicted for LD2 and LD4 than LD1 corresponds with the ability of 

these LDs to activate mDia1 in vitro (as shown in Figure 1), while LD1 was not able to 

do so. Finally, kd values were calculated using the in silico modeling tool ISLAND, 

which utilized the domains’ amino acid sequences for its predictions (Abbasi et al., 

2017). The kd values for the DID domain with the DAD domain (32.6 nM) and LD4 

(50.1 nM) are presented and compared to a previously published value for the binding 

affinity of the mDia1 DAD with the mDia1 N-terminus (235 – 238 nM) (Figure 5C) 

(Lammers et al., 2005). The predicted values for these small, isolated peptide sequences 
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would likely be difficult to measure precisely experimentally, but their similarity to the 

measured value of the DAD domain with the mDia1 N-term (less than one order of 

magnitude different) is encouraging, and the greater affinity of the DAD domain than 

LD4 for the DID domain corresponds with the binding scores shown in Figure 4C. 
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Figure 5: Model of paxillin and mDia1 interaction. A. Crystal structure of the 

interaction between the DID (gray) and DAD (red) domains of mDia1 (PDB 2F31, 

previously solved by x-ray crystallography) and of the highest-likelihood binding 

conformation of the paxillin LD4 motif (blue) using the PIPER-FlexPepDock algorithm 

B. Average of the in silico binding scores from HPEPDOCK for the top ten binding 

conformations. C. Comparison of in silico and published dissociation constants for 

regions of paxillin and mDia1 (Lammers et al., 2005). 
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Discussion 

The data presented in this chapter demonstrate an intriguing finding that the FA 

adaptor protein paxillin could function to activate the diaphanous formin mDia1. 

Previously, only RhoA and anillin have been shown to relieve the baseline autoinhibition 

caused by the intramolecular interaction between the mDia1 DID and DAD domains 

(Chen et al., 2017; Li and Higgs, 2003). 

We propose that LD4 could disrupt the auto-inhibitory interaction between the 

mDia1 DID and DAD domains by interacting with the DID domain. This is similar to the 

way by RhoA disrupts autoinhibition, although RhoA binding to the GBD doesn’t 

directly interfere with DID/DAD interaction; it is likely that steric hindrance is what 

leads to the release of autoinhibition (Maiti et al., 2012). 

 Imaging of actin elongation using TIRF microscopy shows that the elongation 

activity of full-length mDia1 can be fully activated to levels comparable to a C-terminal 

constitutively active construct or RhoA-activated full-length mDia1 by paxillin LD2 and 

LD4, as well as full-length paxillin (Figure 1). The demonstrated full activation of 

mDia1 actin filament elongation activity by RhoA corresponds with previous reports 

(Seth et al., 2006), although it is important to note that its nucleating activity is not fully 

rescued, which can be seen by the much greater density of actin filaments in the 

mDia1(CT) micrograph compared to all other images. This suggests that the mechanism 

by which paxillin relieves the autoinhibition is comparable to the RhoA-dependent 

mechanism, since it also appears to promote elongation activity significantly more than 

nucleating activity. 

 Interestingly, LD2 was shown to relieve mDia1 autoinhibition in the TIRF 

experiments but did not pull down endogenous mDia1 from NIH/3T3 lysates or to be 



183 
 

pulled down by purified 6xHis-mDia1 in direct binding assays (Figure 2). One possible 

explanation for this result is that LD2 may have a lower binding affinity for the DAD 

domain than LD4 and therefore doesn’t bind in the pulldown and direct assays but that, 

due to the 1,000X stoichiometric excess of the purified LD motifs compared to mDia1 in 

the TIRF assays (1µM vs 1 nM), even a low affinity interaction was sufficient to disrupt 

the intramolecular DID/DAD interaction. 

Evidence of paxillin/mDia1 colocalization in cells further suggests that this 

paxillin-mediated relief of mDia1 auto-inhibition could have functional consequences. 

The PLA data in Figure 3 suggest that paxillin and mDia1 are within approximately 40 

nm of each other in vivo, although this still doesn’t provide conclusive proof of 

interaction (Alam, 2018). It is also notable that the PLA puncta appear relatively 

diffusely throughout the cell and are not specifically enriched at FAs. Again, similar PLA 

distribution has been seen in previous studies examining FA protein colocalization 

(Goreczny et al., 2018; Deakin and Turner, 2014), so this does not necessarily rule out 

colocalization at or near FAs, particularly since the correlation analysis in Figure 3A and 

3B demonstrates mDia1 enrichment near FAs. Furthermore, colocalization analysis of 

exogenous mDia1/paxillin has previously shown them to colocalize at FAs (Valencia et 

al., 2021a) and other formins, including FHOD1 (Shi et al., 2019) and FMNL3 

(Crnogorac-Jurcevic et al., 2001) are also known to localize at or near FAs. 

Paxillin/mDia1 colocalization at FAs is important since the model proposed in 

Figure 4 relies on the assumption that paxillin and mDia1 interact during actin stress 

fiber elongation from FAs. mDia1 is known to be involved in this process (Valencia et 

al., 2021a; Hotulainen and Lappalainen, 2006), but there is no previous evidence 
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connecting paxillin to actin elongation at FAs. Paxillin has, however, been shown to 

move dynamically on actin filaments in endothelial cells, forming “fibers” and “clusters” 

(Hu and Chien, 2007). Therefore, even if these proteins are not interacting at FAs 

directly, they could potentially interact along the length of actin filaments.  

The mechanosensitive mechanism of actin polymerization at FAs that requires 

mDia1 has been briefly alluded to above (Valencia et al., 2021a). Excitingly, this mDia1-

dependent mechanism is functionally relevant and, per the authors, may act as a “safety 

valve” to prevent excess tension on stress fibers by reducing actin polymerization when 

stress fiber tension increases (Valencia et al., 2021a). As noted previously, this paper also 

demonstrates paxillin/mDia1 colocalization at FAs, so further study of their interaction 

and this mechanism may further our understanding of paxillin family proteins in 

regulating stress fiber stability.   

As previously mentioned, the FRAP data presented in Figure 4 is highly 

preliminary and should not be over-interpreted. However, the role of mDia1 activity in 

this model, as well as the methodology used in these experiments, has been well 

documented (Valencia et al., 2021a). Furthermore, mDia1 activity at FAs is well known. 

It is crucial for mechanosensitive regulation of stress fiber elongation (Jégou et al., 2013) 

and is involved in promoting FA formation and maturation in a ROCK-dependent, 

mechanosensitive pathway (Watanabe et al., 1999). Depletion of mDia1 by RNAi 

decreases the elongation rate of dorsal stress fibers at FAs from approximately 0.3 

µm/min to 0.1 µm/min (Hotulainen and Lappalainen, 2006) and formin inhibition by 

SMIFH2 also reduces the elongation rate by approximately 75% (Valencia et al., 2021a). 

Furthermore, by bleaching two regions and measuring the movement of the unbleached 



185 
 

region in between them relative to the end of the filament, we reduce the potential effect 

of stress fiber retraction on the measurement and are not confounded by 

association/dissociation of the mEmerald-actin from the stress fiber, which is known to 

occur (Hotulainen and Lappalainen, 2006). However, without concurrently knocking 

down mDia1 in mCherry-paxillin-expressing cells, we cannot conclude for certain that it 

is paxillin’s interaction with mDia1 that is responsible for the change the elongation rate 

relative to paxillin-null cells.  

 Another interesting consideration in this study is the physical mechanism by 

which paxillin, particularly full-length paxillin, can disrupt the DID/DAD interaction. 

Although paxillin is not a small protein (68 kDa and about 95 kDa with a GST tag), our 

proposed mechanism implies that the N-terminus can intercalate itself between the DID 

and DAD domains of Dia1 precisely enough that very short LD motif sequences of 

approximately eight amino acids can interact with the DID domain (shown in Figure 

5A). Importantly, the N-terminus of paxillin has very little robust secondary structure, 

thereby making this interaction more likely than if the LD motifs were folded away 

within the heart of a more globular protein molecule (Bertolucci et al., 2005; Lorenz et 

al., 2008). This “unstructured” nature of the paxillin N-terminus is important for its 

function as a scaffolding protein and qualifies it as an “intrinsically disordered protein,” 

or IDP (Wright and Dyson, 2014). IDPs contain amino acid sequences that do not 

spontaneously fold into defined, stable three-dimensional structures but instead vary 

among numerous conformations (Babu et al., 2011; Wright and Dyson, 2014). In paxillin, 

this allows the N-terminus to serve as a docking site for proteins without the inherent 

steric hindrance of bulky secondary or tertiary protein structure. Furthermore, paxillin’s 
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affinity for its binding partners varies based on its phosphorylation, so this lack of 

defined structure likely facilitates interactions with these numerous partners (Turner, 

2000b).  

 This study has several limitations beyond those already discussed, including the 

fact that protein tags were not removed from purified constructs (GST for paxillin and 

6xHis for mDia1). This was at least partially controlled for in the direct binding assays, in 

which GST was used as a negative control, but not for the endogenous Dia1 pulldown or 

the TIRF assays. More importantly, there remain many potential avenues of investigation 

which would provide more robust evidence for the biological importance of the 

observations described in this study, which will be discussed further in the general 

discussion chapter. 

The data presented in this chapter provides a tantalizing insight into a novel role 

for paxillin in regulating actin polymerization, but much investigation remains to be 

done. If the data described herein results in consistent phenotypic changes in vivo, it 

could open an entirely new paradigm for understanding how paxillin and other LD motif-

containing proteins modulate actin polymerization and therefore, numerous critical 

cellular processes including cell motility and proliferation.  

Materials & Methods 

Cell lines & reagents 

NIH/3T3 and U2-OS cells from American Type Culture Collection were cultured 

in DMEM with 4.5 g/L glucose (Corning, cat# 15017CM) supplemented with 100 IU/mL 

penicillin, 100 µg/mL streptomycin (Corning, cat# 30002CI), 2 mM L-glutamine 

(Corning, cat# 23-25-005-CI), 1 mM sodium pyruvate (Millipore Sigma, cat#107360), 
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and either 10% fetal calf serum (for NIH/3T3 cells; Gibco, cat# 16-170-078) or 10% fetal 

bovine serum (for U2-OS cells; Atlanta Biologicals, cat# S11150).  

Antibodies used in this study include antibodies against paxillin (clone 349, BD 

Biosciences), mDia1 (clone EPR8948, abcam), fibronectin (clone 10, BD Biosciences), 

and FAK (clone 77, BD Biosciences). Other reagents used for staining or blotting include 

rhodamine phalloidin (Cytoskeleton, Inc., cat# PHDR1), anti-rabbit IgG DyLight 488 

(Invitrogen, cat# 35552), anti-mouse IgG DyLight 633 (Invitrogen, cat# 35512), DAPI 

(Sigma-Aldrich, cat# D9542), anti-mouse IgG HRP (BioRad Laboratories, cat#172-

1011), and anti-rabbit IgG HRP (BioRad Laboratories, cat# 170-6515).  

GST-paxillin constructs (both full-length and isolated LD motifs) were previously 

generated in our lab by cloning paxillin chicken cDNA into the pGEX-2T vector (Turner 

et al., 1999). The 6xHis-mDia1 (full-length) construct was generously provided by Dr. 

Jessica Henty-Ridilla. All other proteins used in this study (Oregon green-actin, profilin, 

RhoA, and mDia1 (C-terminal mutant) were purified and generously provided by Dr. 

Jessica Henty-Ridilla and her laboratory. Roche cOmplete Mini EDTA-free Protease 

Inhibitor Cocktail tablets (cat# 45-4693159001) and Glutathione Sepharose 4B beads 

(cat# 17-0756-01) were ordered from Krackeler Scientific. HisPur cobalt resin beads 

(cat# 89964) were ordered from Thermo Fisher Scientific. All chemicals, unless 

otherwise indicated, were obtained from Sigma-Aldrich. Other reagents/materials are 

described below. 

TIRF microscopy and analysis 

Glass coverslips were cleaned and coated with methoxy-PEG-silane and biotin-PEG-

silane, then adhered to µ-Slide VI0.1 flow chambers (Ibidi) to create flow cells as 



188 
 

previously described (Henty-Ridilla et al., 2016). After conditioning, TIRF reactions 

were initiated and analyzed as previously described (Henty-Ridilla et al., 2016). Briefly, 

1 µM G-actin (10% Oregon Green-labeled and 0.2% biotinylated) were added to other 

premixed proteins (including profilin-1, RhoA, mDia1 constructs, and paxillin constructs) 

at indicated concentrations in actin TIRF buffer (10 mM imidazole pH 7.4, 50 mM KCl, 

1 mM MgCl2, 1 mM EGTA, 0.2 mM ATP, 10 mM DTT, 15 mM Glucose, 20 µg/mL 

catalase, 100 µg/mL glucose oxidase, 1% BSA, and 0.25% methylcellulose [4000 cP]). 

Imaging was performed using a Ti200 inverted microscope (Nikon Instruments) and a 

CFI Apo 60X 1.49 N.A. oil-immersion TIRF objective (Nikon Instruments). Images were 

collected every 5 seconds for a total of approximately 20 minutes. Notably, 

concentrations of actin (1 µM), profilin (5 µM), mDia1 (1 nM) and RhoA (2 µM) are 

within ranges commonly used for such experiments (Otomo et al., 2005; Maiti et al., 

2012). The concentration for paxillin and paxillin LDs (1 µM) was chosen to be similar 

to that of RhoA, which was used as a control for mDia1 activation. This is a significant 

molar excess relative to the mDia1 concentration, allowing us to study the elongation 

rates at what is likely maximal relief of autoinhibition.  

Elongation rates were calculated using FIJI (Image J, National Institutes of 

Health) by measuring lengths of individual filaments over time for a minimum of 4 

frames and are expressed as actin subunits s-1 µM-1.  Statistical analysis was performed 

using Microsoft Excel. One-way ANOVA testing was performed with the Tukey-Kramer 

post-hoc test. Differences were considered statistically significant when post-hoc p < 

0.05.  

Protein purification 
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For purification of GST-paxillin constructs (both full-length and isolated LD 

motifs) and 6xHis-mDia1 (full length), protein pellets were prepared as follows. 

Constructs were used to transform Rosetta 2(DE3)pLysS competent cells per 

manufacturer’s instructions (EMD Millipore), streaked out on LB agar plates with the 

appropriate antibiotics, and grown overnight at 37°C. The next day, 5 mL LB starter 

cultures (with appropriate antibiotics) were begun using colonies from the agar plates and 

grown overnight in a shaker at 37°C and 200 rpm. The next day, these starter cultures 

were poured into larger cultures (1 L for mDia1, 200 mL for full-length paxillin, and 50 

mL for paxillin LDs). The mDia1 cultures were then grown overnight in a shaker at 37°C 

at 200 rpm, while paxillin full-length and LD cultures were grown for 3 hours and 2 

hours, respectively, at 37°C and 200 rpm. After this growth, cultures were induced by 

addition of 1 M IPTG to a final concentration of 1 mM. Cultures were then incubated 

overnight in a shaker at 18°C and 200 rpm (for mDia1) or for 3 hours in a shaker at 25°C 

and 200 rpm (for paxillin constructs). Cultures were then spun down at 3,000 rcf for 5 

min at 4°C. Pellets were washed by resuspension in ice-cold PBS, then again spun at 

3,000 rcf for 5 min at 4°C. Supernatant was discarded and pellets were frozen at -80°C 

until ready for purification. 

GST-paxillin constructs were isolated by batch purification using glutathione 

Sepharose beads and the following buffers. Lysis buffer: 250 mM NaCl, 20 mM Tris HCl 

pH 7.6, 10% glycerol, 0.1% β-mercaptoethanol, and 1X protease inhibitor cocktail (see 

“Reagents”). Bead storage/wash buffer: 250 mM NaCl, 20 mM Tris HCl pH 7.6, 10% 

glycerol, 0.01% TritonX-100, and 1X protease inhibitor cocktail. Elution buffer: 250 mM 



190 
 

NaCl, 20 mM Tris HCl pH 7.6, 10% glycerol, 0.1% β-mercaptoethanol, 0.01% TritonX-

100, 15 mM glutathione (added fresh), and sufficient 1 M NaOH to raise pH to 8.0.  

Bacterial pellets were resuspended in 10 mL of ice-cold lysis buffer and incubated 

for 10 min on ice. Lysozyme was added to a final concentration of 1 mg/mL, and the 

solution was incubated for 30 min on ice. TritonX-100, MgCl2, and DNase I were added 

to final concentrations of 0.01%, 2 mM, and 50 µg/mL, respectively, and the solution was 

again incubated for 30 min on ice. Lysates were then spun for 20 min at 4°C and 25,000 

rcf. Meanwhile, glutathione-agarose beads were prepared (200 µL of 1:1 bead/wash 

slurry per lysate) and washed 3 times with bead storage/wash buffer, then transferred to a 

15 mL conical tube. After centrifugation, the lysate supernatant was then transferred to 

the tube containing the glutathione agarose beads. This tube was then incubated at 4°C 

with gentle rotation (about 30 rpm) for 90 min. Beads were spun down by centrifugation 

at 4°C and 50 rcf for 5 min and then washed 3 times with bead storage/wash buffer. After 

washing, beads were resuspended in bead storage/wash buffer to make a 1:1 bead slurry.  

Beads were either used with proteins still attached within 24 – 48 hours, or paxillin/LD 

motifs were eluted by incubating beads for 10 minutes with 100 µL elution buffer. Eluate 

was then collected and snap frozen in 5 µL aliquots in liquid nitrogen and stored at -

80°C. 

For TIRF assays, full-length 6xHis-tagged mDia1 was purified in cooperation 

with Dr. Henty-Ridilla’s lab using the ÄKTA pure protein purification system as 

previously described (Breitsprecher et al., 2012). For pulldown assays, 6xHis-mDia1 was 

isolated from bacterial pellets prepared as above by batch purification using HisPur 

cobalt agarose beads and the following buffers. Lysis buffer: 30 mM imidazole, 250 mM 
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NaCl, 0.1% β-mercaptoethanol, 2X phosphate-buffered saline (PBS; prepared from 

packets, Fisher BioReagents), 10% glycerol, and 1X protease inhibitor cocktail. Bead 

wash buffer: 30 mM imidazole, 250 mM NaCl, 1X PBS, 0.1% β-mercaptoethanol, 0.1% 

NP-40, and 1X protease inhibitor cocktail. Bead storage buffer: 30 mM imidazole, 250 

mM NaCl, 1X PBS, 0.1% β-mercaptoethanol, 0.01% NP-40, and 1X protease inhibitor 

cocktail. Elution buffer: 300 mM imidazole, 300 mM NaCl, 1X PBS, 0.1% β-

mercaptoethanol, 0.1% NP-40, and 1X protease inhibitor cocktail. The same protocol 

described above for purifying GST-paxillin constructs was then followed using these 

buffers and the cobalt agarose beads, except the elution step was repeated twice and 

eluates were combined before snap freezing in liquid nitrogen. 

Pulldowns, binding assays, and Western blotting 

Pulldowns from NIH/3T3 lysates were performed with GST-LD motifs on 

glutathione agarose beads and lysates from 3 x 10 cm dishes of NIH/3T3. NIH/3T3 cells 

were lysed using the following buffer: 50 mM NaCl, 50 mM Tris HCl pH 7.6, 1 mM 

EGTA pH 8, 2 mM MgCl2, 0.1% β-mercaptoethanol, 10% glycerol, 0.5% TritonX-100, 

and 1X protease cocktail. Cells from each 10 cm dish were lysed with 350 µL of cell 

lysis buffer before clarification by spinning for 10 min at 14,000 rcf, 4°C. The cleared 

supernatant was aliquoted into 5 Eppendorf tubes, and volume was raised to 1 mL with 

lysis buffer. GST-paxillin LD beads (25 µL of 1:1 bead slurry) were then added to the 

lysates and incubated with rotation for 2 hours at 4°C. Beads were then quickly washed 

three times with ice-cold wash buffer (see “protein purification” buffers) and transferred 

to a fresh tube. Proteins were then eluted by adding 25 µL of boiling 2X Laemmli buffer 

(125 mM Tris-HCl pH 6.8, 20% glycerol, 4% SDS, 0.02% bromophenol blue, and 5% β-
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mercaptoethanol) and boiling for 5 min at 100°C. After allowing the tube to cool, beads 

were spun down on a tabletop centrifuge and supernatant was transferred to fresh 

Eppendorf tubes for analysis by Western blot. 

For direct binding assays, bead-bound full-length paxillin, LD-motifs, or full-

length mDia1 were incubated with eluted proteins/peptides as indicated in the figure and 

figure legends. After 60 minutes of incubation with rotation at 4°C, beads were washed 

3X with ice-cold PBS, eluted with boiling 2X Laemmli buffer, and run on SDS-PAGE 

gels for quantification by Western blot, Ponceau stain (0.1% Ponceau S dye in 5% acetic 

acid), or Coomassie stain (0.05% Coomassie brilliant blue R-250 in 10% acetic acid and 

50% methanol). For the binding assay of FL-mDia1 on beads with eluted GST-paxillin 

(FL), the supernatant was collected after incubation but before washing. It was then 

mixed 1:1 with 2X Laemmli and run alongside the prepared bead eluates as indicated. 

For Western blotting, lysates were run on SDS-PAGE gels, transferred to 

nitrocelluose membranes, and blotted with primary antibodies and the appropriate HRP-

conjugated secondary antibodies. Membranes were then detected by enhanced 

chemiluminescence using SuperSignal West Pico PLUS Chemiluminescent Substrate 

(Thermo Scientific, cat# PI34580) using a ChemiDoc MP Imaging System and its 

associated Image Lab densitometry analysis software (Bio-Rad Laboratories). 

Immunofluorescence, image analysis, and other data analysis 

U2OS cells were seeded on fibronectin-coated coverslips for 24 hours, fixed with 

4% paraformaldehyde for 15 min, permeabilized with 0.3% TritonX-100, quenched with 

0.1 M glycine, and blocked overnight at 4 °C with 3% BSA in PBS. Cells were then 

incubated for 2 hours at 37 °C with primary antibodies diluted in PBS with 0.3% BSA 
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and 0.3% TritonX-100, washed 3 times with PBST (PBS with 0.05% Tween-20), 

incubated for 40 minutes at room temperature with secondary antibodies and rhodamine 

phalloidin, washed for 3 times with PBST, counterstained with DAPI, washed once with 

distilled H2O, and mounted using Prolong Glass (Life Technologies, cat# P36980) per 

manufacturer’s recommendations. Imaging was performed using a Leica SP8 laser 

scanning confocal microscope with an HPX Plan Apochromat 63x/1.4 NA oil λ BL 

objective. Detection was performed using one PMT (photomultiplier tube) and three HyD 

(Hybrid Detectors) detectors. Images were acquired using the Leica LAS X software 

package. 

Using FIJI (Image J, National Institutes of Health), maximum projections of Z-

stack confocal images were Gaussian-blurred (5-pixel radius) to reduce image noise. 

Blurred images were brightness-adjusted to maximize contrast on a per-image basis. 

Regions of interest (ROIs) were hand-drawn around the entire actin-positive area in each 

image and Pearson’s colocalization coefficients were calculated. The paxillin image was 

translated by 30 pixels in both x and y dimensions and colocalization coefficients were 

re-calculated between the mDia1 image and this translated paxillin image. Two-tailed 

paired student’s t-tests were performed to assess whether translating the image resulted in 

a change in the colocalization coefficients. 

 Number of biological replicates is indicated in figure legends, where relevant, as 

“n” unless otherwise indicated.  

Proximity ligation assays 

Proximity ligation assays were performed using the DuoLink In Situ Red Starter 

Kit from Sigma-Aldrich per manufacturer instructions. All buffers/diluents described 
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below are proprietary solutions included with the kit. Antibodies used were mouse anti-

paxillin and rabbit anti-mDia1, as well as a mouse IgG isotype control (Cell Signaling 

Technologies; G3A1) and a rabbit IgG isotype control (Cell Signaling Technologies; 

DA1E) as negative controls. Briefly, cells were seeded and fixed as described above. 

Slides were then blocked using the DuoLink Blocking Solution for 1 hour at 37° C, and 

then incubated with the primary antibodies (anti-paxillin and anti-mDia1), diluted in  

DuoLink Antibody Diluent, for 2 hours at 37°C. Slides were then washed twice for 5 

minutes each with DuoLink Wash Buffer A, then incubated with DuoLink PLUS and 

MINUS PLA probes, diluted in antibody diluent, for 1 hour at 37°C. Slides were again 

washed twice for 5 minutes each with Wash Buffer A. For the PLA reaction, cells were 

first incubated with the DuoLink Ligase (diluted in Ligation Buffer) for 30 minutes at 

room temperature, washed twice for 5 minutes each with Wash Buffer A, incubated with 

the DuoLink Polymerase (diluted in Amplification Buffer) for 100 minutes at 37°C, 

washed with Wash Buffer B twice for ten minutes each, and then washed with Wash 

Buffer A for 1 min. Finally, cells were counterstained with phalloidin and DAPI and then 

mounted for imaging as described above.  

 PLA was repeated for n=3 technical replicates. For each replicate, discrete PLA 

spots were counted for every cell (minimum 3 cells per condition per replicate) and 

divided by the total cell area in µm2. Final values were averaged for the 3 technical 

replicates and standard error of the mean was calculated. Statistical significance was 

assessed using a two-tailed Student’s t-test. Conditions analyzed included mouse IgG 

with paxillin (negative control), IgG with mDia1 (negative control), and paxillin with 

mDia1 (experimental group). Paxillin with HDAC6 and with phosphFAKY397, as well as 
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mDia1 with actin, were also assessed by PLA as positive controls (data shown in 

Supplemental Figure 1). 

Fluorescence recovery after photobleaching (FRAP) 

The mCherry-paxillin construct used in this assay has been previously described 

by our lab (Pignatelli et al., 2012) and the mEmerald-actin construct was a generous gift 

from the Henty-Ridilla laboratory. FRAP assays were performed based on the method 

described by Hotulainen et al. and Valencia et al. (Valencia et al., 2021b; Hotulainen and 

Lappalainen, 2006) with minor modifications.  

All imaging was performed using a Leica SP8 laser scanning confocal microscope 

with an HPX Plan Apochromat 63x/1.4 NA oil λ BL objective. Detection was performed 

using HyD (Hybrid Detectors) detectors. Images were acquired using the FRAP 

workflow in the Leica LAS X software package. Briefly, 15 x 3.75 µm regions were 

selected that appeared to contain robust dorsal actin stress fibers, based on their location 

at the cells leading edge. An argon laser 488 nm line was used to bleach 2 0.12 µm x 1 

µm regions separated by 1 µm on the stress fiber. Regions were bleached for 3 iterations 

at maximum scanning speed, and then imaged every 3 second for 180 seconds. For cells 

transfected with mCherry-paxillin, the first bleach point was selected at approximately 

1.5 µm proximal to the most proximal FA signal seen by paxillin fluorescence. Since 

cells expressing mCherry-vector had no markers for FAs, the first bleach point was 

instead selected at 4 µm from the distal termination of the stress fiber, which includes 1.5 

µm used for mCherry-paxillin plus an additional 2.5 µm, which was the average length of 

FAs at the termination of dorsal stress fibers based on measurement of these FAs in 27 

cells expressing mCherry-paxillin.  
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To analyze these images, the center of the stress fiber segment between the two 

bleached regions was calculated at time = 0 seconds and 36 seconds post-bleaching using 

ImageJ. The distance between these two points was then calculated and then divided by 

36 seconds. By measuring the center between the two bleached regions, the impact of cell 

retraction on the filament elongation rate is reduced. Although over 50 cells were 

bleached and analyzed, only 3 cells per condition (mCherry-paxillin or mCherry-vector) 

had images which retained sufficiently obvious bleached regions at 36 seconds for 

analysis. A two-tailed Student’s t-test was used to compare the two conditions. 

In silico binding analyses 

In silico analyses were performed using ISLAND (Abbasi et al., 2017), PIPER-

FlexPepDock (Alam et al., 2017) and HPEPDOCK (Zhou et al., 2018) per the 

instructions included with their publications. These tools are accessible at 

https://island.pythonanywhere.com/, http://piperfpd.furmanlab.cs.huji.ac.il/ and 

http://huanglab.phys.hust.edu.cn/hpepdock/, respectively. The mDia1 DID domain 

structure used for modeling was Protein Data Base ID 2F31:a (Nezami et al., 2006; Belyy 

et al., 2020).  

For PIPER-FlexPepDock and HPEPDOCK analysis of binding, the mDia1 DID 

structure (2F31:a) was uploaded along with 15 amino acid-long sequences containing 

either the DAD amino acid (aa) sequence (TGVMDSLLEALQSGA, aa 1179 – 1193 of 

the mouse mDia1 protein sequence) or the paxillin LD amino acid sequences (LD1: 

MDDLDALLADLESTT, aa 1 – 15 of the chicken protein; LD2: 

LSELDRLLLELNAVQ, aa 143 – 157 of the chicken protein, or LD4: 

TRELDELMASLSDFK, aa 266-279 of the chicken protein). Peptide secondary structure 
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was not specified for PIPER-FlexPepDock and no advanced options or specifications 

were selected for HPEPDOCK.  

For ISLAND prediction of in silico dissociation constants, the DID sequence (aa 

131 – 369 of the mouse protein) was uploaded along with 20 amino acid-long sequences 

containing either the mDia1 DAD sequence (DETGVMDSLLEALQSGAAFR, aa 1177-

1196 of the mouse protein) or the paxillin LD4 sequence 

(SATRELDELMASLSDFKFMA, aa 263 – 282 of the chicken protein). Again, no 

advanced options were selected. 
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Supplemental Figure 1: Proximity ligation assay positive controls and analysis. A. 

Fluorescence images show proximity ligation assay positive controls: paxillin and 

HDAC6; paxillin and phosphoFAKY397; and mDia1 and actin. Scale bar = 50 µm. B. 

Quantification of proximity ligation assay results. * = p < 0.05. 
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Chapter 4 

Discussion 

Chapter 2 – BioID study of the paxillin and Hic-5 interactomes 

As closely related proteins, paxillin and Hic-5 share many functions and 

interaction partners at focal adhesions, as well as other subcellular locations including the 

nucleus (Alpha et al., 2020). Both proteins lack any intrinsic enzymatic activity and 

therefore, their regulation of downstream processes relies entirely on their function as 

scaffolding/adaptor proteins, in which they act to recruit other molecules (Deakin and 

Turner, 2008; Turner, 2000). Therefore, our study investigating their proximity 

interaction profiles was a valuable step in investigating those instances where they exhibit 

unique or even opposing functions, since it is their interacting partners that truly 

determine their function in any given situation. Figure 1 briefly highlights the 

overlapping and unique functions of paxillin and Hic-5 as well as some of the interactors 

unique to each protein. 
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Figure 1: Comparison of roles for paxillin and Hic-5 in numerous cellular processes 

and of unique binding partners. Text in bold indicates findings with novel supporting 

data presented in this thesis. Numbers in lower right-hand corners indicate non-

exhaustive relevant references, included below. 1: (Tumbarello et al., 2005), 2: (Deakin 

and Turner, 2011; Gulvady et al., 2018), 3: (Badowski et al., 2008), 4: (Pignatelli et al., 

2012; Gulvady et al., 2019), 5: (Deakin and Turner, 2014; Dubois et al., 2017), 6: 

(Menko et al., 2014), 7:(Vohnoutka et al., 2019), 8 & 9: (Deakin et al., 2012b), 11: 

(Goreczny et al., 2018, 2017; Shibanuma et al., 2003), 12 & 13: (Alpha et al., 2020). 
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In this BioID study, the proximity interactomes of paxillin and Hic-5 were 

compared, resulting in 17 unique proximity interactors for paxillin, 12 for Hic-5, and 12 

shared proximity interactors.  

Many of the proximity interactors identified for paxillin are previously 

documented and well-studied, including many documented in the Reactome database 

(Gillespie et al., 2022) and Adhesome database (Geiger and Yamada, 2011): FAK and 

vinculin (Turner and Miller, 1994), GIT1 (Zhang et al., 2008), PKL (Frank et al., 2006), 

ILK and actopaxin (Nikolopoulos and Turner, 2001), CRK (Schaller and Parsons, 1995), 

CRKL (Salgia et al., 1995b), βPIX (Turner et al., 1999), p130cas (Watanabe et al., 1997), 

PTP-PEST (Shen et al., 1998), TLN1 (Salgia et al., 1995a), Hic-5 (Nishiya et al., 2001), 

and TRIP6 (Xu et al., 2004). 

Similarly, many proximity interactors identified for Hic-5 have also been 

previously documented, including GIT1 (Nishiya et al., 2002), PKL (Turner et al., 1999), 

FAK (Matsuya et al., 1998), and vinculin (Thomas et al., 1999). 

Several avenues exist for further validation of the interactions described in this 

study. Regarding the proximity interactions described in chapter two, steps to validate the 

Hic-5/SEPT7 proximity interaction would be particularly valuable.  This could be done 

using proximity ligation assays (PLA) or fluorescence resonance energy transfer (FRET) 

techniques. PLA results in a fluorescent signal if proteins are within approximately 40 nm 

of each other (Alam, 2018), while FRET signals are typically only detected if proteins are 

within about 10 nm of each other (Sekar and Periasamy, 2003). Both distance ranges are 

comparable to that of the BioID technique, with its detection range of about 10 nm. 

Therefore, these techniques would provide further evidence that the proteins are in close 
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proximity but would not provide any further evidence of a direct protein-protein 

interaction. 

For direct evidence of interaction, immunoprecipitation experiments or direct 

binding assays would be needed, and our lab’s complement of GFP- and GST- tagged 

paxillin and Hic-5 mutants could be valuable for localizing the protein domains necessary 

for these interaction (Pollard, 2010; Lapetina and Gil-Henn, 2017).  

Interestingly, septins can be purified and used in assembly assays, similar to the 

total internal reflection fluorescence (TIRF) microscopy assays used to study actin 

polymerization in the presence of mDia1 and paxillin, as described in chapter 3 (Renz et 

al., 2013). Although septin polymerization is not known to be regulated by any protein 

family like the formins and we have no evidence to suggest Hic-5 would alter septin 

filament assembly rates, it could still be interesting to combine labeled SEPT7 and 

labeled Hic-5 in such an assay to see when and where these proteins interact during 

septin rod assembly, assuming they’re shown to react in immunoprecipitation or direct 

binding experiments. This would allow us to examine if and where Hic-5 binds an 

elongating septin filament or if it does, in fact, either promote or impede elongation. 

Although ponsin is already known to interact with paxillin at costomeres during 

muscle cell differentiation (Gehmlich et al., 2007), this study suggests they are also in 

close proximity in osteosarcoma cells (U2OS) as well, which has not been previously 

demonstrated. Furthermore, ponsin expression in cancer cells (particularly breast cancer 

cells) has been shown to correlate inversely with patient survival, suggesting that ponsin 

may function to inhibit cancer growth and metastasis (Song et al., 2017). Ponsin 

knockdown in breast cancer cells also increases cell migration and invasion and promotes 
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epithelial-mesenchymal transition (Song et al., 2017). Therefore, investigating the 

interaction between paxillin and ponsin in cancer cells could further our understanding of 

the complicated relationship between paxillin family proteins and cancer (Deakin et al., 

2012b).  

Additionally, ponsin has been implicated in mechanosensing in fibroblasts, where 

it colocalizes with vinculin at FAs (Ichikawa et al., 2017). Vinculin is a mechanosensitive 

FA protein and ponsin was shown to regulate its mechanosensitive behaviors, including 

tight binding to the cytoskeleton and rigidity-based immobilization within FAs (Ichikawa 

et al., 2017). Interestingly, Hic-5 has also been shown to play a role in the 

mechanosensitive development, maturation, and strengthening of focal adhesions in 

cooperation with other focal adhesion proteins including tensin1 and vinculin. (Goreczny 

et al., 2018; Kim-Kaneyama et al., 2005, 2011; Dabiri et al., 2008). In fibroblasts, Hic-5 

is enriched at 3D adhesion contacts and has a higher rate of vinculin binding than paxillin 

in this scenario (Deakin et al., 2012a), consistent with its role in formation of fibrillar 

adhesions (a specialized adhesion in fibroblasts characterized) and fibronectin 

fibrillogenesis at adhesions (Goreczny et al., 2018). Paxillin is also known to have some 

mechanosensitive properties (Pasapera et al., 2010; Sun et al., 2020), so combined, these 

data could lead one to consider the possibility that paxillin could be involved with 

mechanosensitive maintenance of focal adhesions through its interaction with the 

mechanosensitive ponsin. 

More broadly, the results of this study served more to support details already 

known about paxillin and Hic-5 than to identify any new macromolecular protein 

complexes these proteins participate in. For example, the labeling of centrosomal proteins 
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by both paxillin and Hic-5 is consistent with our knowledge of paxillin function at the 

centrosome (Dubois et al., 2017) and suggests that it may be worth investigating whether 

there are functional consequences to demonstrated localization of Hic-5 at the 

centrosome, such as effects on cell front-rear polarization or Golgi cohesion. 

Furthermore, labeling of numerous nuclear proteins, including proteins involved in 

nuclear import/export, is consistent with the extensive literature describing actions of 

both paxillin (Kasai et al., 2003; Ma et al., 2019; Ma and Hammes, 2018) and Hic-5 

(Heitzer and DeFranco, 2006a; b; Fujimoto et al., 1999; Shibanuma et al., 2003; 

Chodankar et al., 2014). 

One of the main stated goals of this BioID study was to better understand both the 

common and antagonistic effects of paxillin and Hic-5, potentially by providing 

information that might further our knowledge of their differing relationships with the Rho 

GTPases (Gulvady et al., 2018; Deakin et al., 2012a; Deakin and Turner, 2011; 

Vohnoutka et al., 2019). These including Rac1, a protein that promotes formation of 

broad lamellipodia (Raftopoulou and Hall, 2004), and RhoA, which promotes actin stress 

fiber formation and is important for cellular contractility (Lawson and Burridge, 2014). 

For example, many functions unique to Hic-5 depend on RhoA signaling, including its 

maintenance of vimentin filament networks in fibroblasts (Vohnoutka et al., 2019), its 

promotion of a contractile, activated fibroblast phenotype (Goreczny et al., 2017), its 

preferential binding with vinculin in mature, contractile adhesions (Deakin et al., 2012a), 

and its promotion of stress fiber formation during epithelial-mesenchymal transitions 

(Pignatelli et al., 2012). Perhaps there is some underlying structural characteristic or 

unknown binding affinity for RhoA-specific GEFs, like ARHGEF1 or ARHGEF2 (or 
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other signaling proteins upstream of these molecules) (Buul et al., 2014) involved in this 

common intersection of Hic-5 and RhoA activity. Unfortunately, no such novel 

interactions or patterns of interaction were discovered in this BioID study. Perhaps they 

do not exist or, more likely, a more focused investigation is necessary, as techniques like 

BioID often miss even well-known interactors due to their context-dependence. Careful 

and specific studies for interaction between Hic-5 and RhoA GEFs, other Rho family 

GAPs/GEFs, or even other kinases/signaling molecules upstream of GAPs/GEFs may be 

more helpful in developing our understanding. 

Although this study failed to explain some of the key mysteries remaining about 

paxillin and Hic-5 contrasting functions, it did serve to confirm many known interactors 

and identify potentially novel or less-studied proximity interactors for further 

investigation.  

Chapter 3 – paxillin and the formin mDia1 

In chapter 3, we demonstrated a novel activating interaction between paxillin and 

the formin mDia1. mDia1 is an important regulator of actin nucleation and 

polymerization 

To complete the story begun in chapter three, several avenues of investigation 

could be pursued. To attempt to visualize single molecule interactions of mDia1 with 

paxillin at the barbed, elongating end of actin filaments, SNAP- and HALO- tags could 

be used with multi-color TIRF microscopy to label paxillin and mDia1 (Winterhoff et al., 

2016). As a brief example, a SNAP-tagged mDia1 could be labeled with a red fluorescent 

ligand and HALO-tagged paxillin could be tagged with a green fluorescent ligand 

(Stagge et al., 2013). Then, the TIRF reactions shown in chapter 3, figure 1 could be 
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repeated under these conditions. This would also allow observation of the paxillin/mDia1 

binding dynamics in this environment. mDia1 activated by RhoA is known to persist at 

the end of elongating filaments for several minutes (Maiti et al., 2012), but it is not 

known if RhoA or, indeed, paxillin, would remain bound to mDia1 during this time, or if, 

after disrupting the DID/DAD interaction, these proteins would dissociate. Multi-color 

TIRF could help to address this question for both paxillin and RhoA by allowing 

observation of single molecule interactions during filament extension, thereby expanding 

our understanding of the molecular mechanism of formin activation in vivo. 

 Next, further direct binding assays with mDia1 and paxillin mutants (particularly 

the mDia1 N-term and paxillinΔLD2ΔLD4) could help to confirm our proposed 

mechanism of interaction by demonstrating which regions of these proteins are required 

for interaction. Additionally, fluorescence anisotropy, isothermal titration calorimetry, or 

quantitative, titrated direct binding assays could be used to experimentally determine 

dissociation constants for these constructs (kd values), which were only theoretically 

calculated in this study (Jarmoskaite et al., 2020; Pollard, 2010; Lapetina and Gil-Henn, 

2017). 

 Although paxillin and mDia1 were selected for initial characterization in this 

study, other paxillin-family proteins (e.g. Hic-5) and other formins auto-inhibited by 

DAD/DID interactions (e.g. other diaphanous and diaphanous-related formins) could also 

be characterized, and could potentially produce even more striking phenotypes.  

Finally, and perhaps most importantly, it will be important to concretely 

determine whether the activation of mDia1 observed in vitro has any significance in 

living cells. The extreme molar excess of paxillin relative to mDia1 in the TIRF assays is 
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likely not present in the cytoplasm, but may be present at specific subcellular locales, 

such as focal adhesions, where a significant portion of cellular actin filament nucleation 

occurs (Hotulainen and Lappalainen, 2006). Further possibilities for exploring in vivo 

consequences of these in vitro observations – in addition to completing the preliminary 

FRAP analysis shown in chapter 3 – include measuring changes in the actin cytoskeleton 

with or without paxillin (e.g. with paxillin-null MEFs) and with or without mDia1 (e.g. 

using RNAi). Preliminary F/G-actin ratio assays were performed but did not show a 

difference in actin polymerization after paxillin knockdown, but this assay is not 

particularly sensitive (Doolittle et al., 2013).  

Preliminary FRAP data was presented in this chapter which, with further 

validation, could demonstrate a functional effect in vivo. However, to improve this 

experiment, actin filament elongation rates at focal adhesions ought to be assessed both 

with and without paxillin, and with and without mDia1, as discussed in chapter three. The 

FRAP imaging was difficult to optimize, and therefore only a very small percentage of 

images were suitable for measurement and analysis. In most images, the bleached regions 

recovered too quickly or were not defined well enough for suitable measurements. 

Therefore, repeating the experiments with mDia1 knockdown was not feasible without 

further optimization of the imaging parameters.   

 Further investigation of this proposed paxillin/mDia1 interaction is critical, as it 

represents a very novel finding in both the formin and adhesion fields. Few proteins are 

known to activate diaphanous formins in vivo (Otomo et al., 2005), and, to our 

knowledge, few adhesion scaffolding proteins have been shown to have such a direct 

effect on actin dynamics without several intermediary proteins. If this interaction is 



217 
 

supported by further evidence, it represents a very logical and elegant connection 

between mDia1 – a formin known for its activity in modulating focal adhesions and 

elongating stress fibers from them – and paxillin, a prototypical adhesion adapter protein.  

Moreover, further investigation could potentially uncover clinically relevant 

details of the mDia1/paxillin interaction. Since actin fiber assembly/disassembly is 

critically important for cell migration and invasion, the regulation of actin dynamics 

plays a key role in cancer cell invasion and metastasis, as discussed in more detail in 

chapter one. As a new nexus in the regulation of actin polymerization, it is possible that 

the paxillin/mDia1 interaction could one day be targeted in order to modulate cell 

motility.  

Conclusions 

 The studies presented herein serve to widen tour understanding of paxillin and 

Hic-5 actions, particularly outside of their canonical signaling role at focal adhesions. 

They build on the recent discoveries in our lab that demonstrate novel roles for paxillin at 

the centrosome and in regulating microtubule acetylation, and for Hic-5 in regulating 

invadopodia and breast cancer fibroblast differentiation, because they demonstrate further 

novel roles. These new roles may be outside of focal adhesions (such as the abundant 

nuclearly-localized prey proteins seen for Hic-5 with BioID) or simply beyond what was 

typically expected of a scaffolding protein (such as the direct release of mDia1 auto-

inhibition by paxillin). Much remains to be learned about these closely related but, 

occasionally, functionally divergent proteins. 
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Chapter 5 

Appendix 

Contributions to Lab Papers 

During my time in the Turner laboratory, I contributed to the publications listed below. In 

this appendix chapter, I have included the figures and figure legends that I most directly 

contributed to from those papers, as well as an explanation of my contribution to the paper 

overall and the included figures, specifically. For the sake of space, the entire manuscripts are 

not included. However, they are available at the DOIs indicated below, or by contacting Dr. 

Turner or myself.  

1. Dubois F, Alpha KM, Turner CE. Paxillin regulates cell polarization and anterograde 

vesicle trafficking during cell migration. Mol Biol Cell. 2017;28(26):3815–31. DOI: 

10.1091/mbc.e17-08-0488 

2. Vohnoutka RB, Gulvady AC, Goreczny G, Alpha KM, Handelman SK, Sexton JZ, et al. 

The focal adhesion scaffold protein Hic-5 regulates vimentin organization in fibroblasts. 

Mol Biol Cell. 2019;30(25):3037–56. DOI: 10.1091/mbc.e19-08-0442 

3. Xu W, Alpha KM, Zehrbach NM, Turner CE. Paxillin promotes breast tumor collective 

cell invasion through maintenance of adherens junction integrity. Mol Biol Cell. 

2022;33(2)ar14. DOI: 10.1091/mbc.E21-09-0432. 
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Article 1: 

Dubois F, Alpha KM, Turner CE. Paxillin regulates cell polarization and anterograde vesicle 

trafficking during cell migration. Mol Biol Cell. 2017;28(26):3815–31. DOI:10.1091/mbc.e17-

08-0488 

 

 During my summer rotation in the turner lab in 2015, I spent much of my time 

developing photomasks to be used for micropatterning substrates for cell adhesion. Creating the 

photomask involved learning computer-aided design using the software Autodesk AutoCAD, 

communicating with the company who produced the mask from my design file, and developing a 

protocol for use of the photomask. This protocol required extensive fine-tuning to multiple steps, 

including coverslip silanization, polyacrylamide gel polymerization, UV exposure, extracellular 

matrix protein coupling, and cell seeding. 

By the end of the summer, I had generated two photomasks for our lab and one for 

another lab at Upstate. Our photomasks included various shapes (crossbows, lines, “Y” shapes, 

double crossbows, and circles, among others). The photomasks were then used to pattern these 

shapes onto specially prepared coverslips so that fibronectin adhered to a polyacrylamide 

substrate of a tunable rigidity in these patterns. Cells could then only adhere to the fibronectin-

coated regions, forcing them to adopt the micropatterned shapes. In the study by Dubois et al., 

these shapes were used for studying cell polarity and “1D” cell migration. Examples of these 

shapes are shown in Figure 1E, G, and J and Supplemental Figure 1E and F. I assisted 

Fatemeh in developing the protocol for generating these shapes and seeding cells onto them. 

In the spring of 2017, I took a nanocourse on flow cytometry. Therefore, when reviewers 

asked us to confirm that the cell cycle stage was not influencing the pericentrosomal-Golgi 
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localization and centrosome cohesion phenotypes, I was able to assist Fatemeh by assessing the 

number of control and paxillin RNAi-treated cells in S or G2/M phase using fluorescence-

activated cell sorting (FACS) in both asynchronously growing cells and cells arrested by a 

double-thymidine block. The flow cytometry results are shown in Supplemental Figure 3B.  
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Figure 1 from this Dubois et al. 

Figure 1: Paxillin-mediated tubulin acetylation is necessary for polarization of the Golgi 

complex during migration. (A) Western blot and (B) quantification indicating the efficiency of 

paxillin depletion in MDA-MB-231 cells after paxillin RNAi treatment. (C) Representative 

images and (D) quantification of Golgi polarization 6 h after the monolayer wounding. n > 100 

cells. The MDA-MB-231 cells were treated with control or paxillin RNAi as indicated and with 

2 μM tubacin for 4 h. The Golgi complex was scored as polarized (+) if it was positioned within 

a 90° sector facing the wound as presented by the cell marked with asterisks. (E) Representative 

images and (F) quantification of the Golgi localization on the crossbows after RNAi treatment as 

indicated. n > 30 cells. (G) Representative images and (H) quantification of the Golgi 

localization along with (I) morphometric analysis of discrete Golgi objects on the 1D fibronectin 

lines (5 μm) after RNAi treatment as indicated and incubation with 2 μM tubacin for 4 h. n > 100 

cells. See Materials and Methods for quantification details. (J) Montage of MDA-MB-231 cell 

migration on fibronectin-coated lines (5 μm) after treatment with control or paxillin RNAi as 

indicated, showing Golgi localization (RFP) relative to the nucleus (CFP). Cells were imaged 

every 10 min for 3 h. Boxed regions used for the zoom. Data are represented as the mean ± SEM 

from three individual experiments. Statistical significance was determined by Student’s t test. *p 

< 0.05; **p < 0.01; ***p < 0.001. 
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Supplemental Figure 1 from Dubois et al. 

Figure 2: A) Representative images showing the efficiency of paxillin depletion in MDA-MB-

231 cells after paxillin RNAi treatment. B-C) Representative images of B) total and C) 

acetylated MT as well as Golgi complex, after treatment of MDA-MB-231 cells with RNAi and 

tubacin (2µM for 4h before fixation), as indicated. Boxed regions indicate the area of merged 

image used for the zoom. D) Western blot indicating reduction of acetylated tubulin upon 

paxillin depletion and the rescue effect of tubacin treatment. E-F) Representative images of E) 

fibronectin-coated crossbows and fibronectin-coated 1D lines as well as F) parental MDA-MB-

231 cells grown on them for 4h, fixed and analyzed by immunofluorescence as indicated. 
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Supplemental Figure 3 from Dubois et al.  

Figure 3: A) Representative images showing the method of quantification of centrosome and 

Golgi separation. The center of the circle circumscribing the Golgi is connected to the 

centrosome with a straight line to calculate the distance between these two organelles. B) 

Fluorescence-activated cell sorting (FACS) analysis: i) representative scatter plots of DAPI area 

and ii) quantification analysis of the percentage of cells in G1, S and G2/M phases along with iii) 

one representative experiment. C) Western blot indicating the efficiency of HDAC6 RNAi 

treatment. D) Representative images and E) quantification of acetylated-tubulin mean 

fluorescence intensity along with F) quantification of the cells with separated centrioles (>1 µm 

between the centrioles). n>60 cells. Arrows indicate position of centrosome. G) Representative 

images and H) the percentage of cells with colocalized centrosome and Golgi and I) the average 

number of discrete Golgi objects per cell after RNAi treatment as indicated. n>60 cells. Data are 

represented as the mean ± SEM from 3 individual experiments. Statistical significance was 

determined by Student's t-test. *, P < 0.05 **, P < 0.01, ***, P < 0.001.  
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Article 2. 

Vohnoutka RB, Gulvady AC, Goreczny G, Alpha KM, Handelman SK, Sexton JZ, et al. The 

focal adhesion scaffold protein Hic-5 regulates vimentin organization in fibroblasts. Mol Biol 

Cell. 2019;30(25):3037–56. DOI:10.1091/mbc.e19-08-0442 

  

During one of my side-projects that I worked on during the lab, I helped to improve and 

document our protocol for the isolation of cancer-associated fibroblasts (CAFs) from the breast 

tumors of our PyMT mice. I also developed a protocol for isolation of normal fibroblasts from 

mouse lungs. These CAFs and normal fibroblasts were used by Rishel in the study listed above 

to assess how Hic-5 expression modulated the vimentin cytoskeleton in these cells. 

Representative images of these cells are shown in Figure 1 and Figure 3 and the cells are used 

throughout the paper. 

 Due to time constraints when Rishel was leaving the Turner lab, I also assisted in 

performing several experiments requested by reviewers. Most significantly, I performed some of 

the cell motility/directionality experiments documented in Figure 8. These involved cell 

transfection or drug treatment, followed by plating cells in coated dishes for live-cell imaging 

over the course of 4 hours. Additionally, I assisted Rishel with the protocol for generating three-

dimensional cell-derived matrices (3D-CDMs), which were then used for similar tracking of cell 

motility and directionality as shown in Supplemental Figure 3 and Supplemental Movies S6 and 

S7 (not included in this document but available at the DOI shown above). 

 Finally, I was responsible for completely re-formatting and re-assembling all of the 

figures in this document due to reviewer requests and Rishel’s time constraints when leaving the 
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Turner lab. I also generated the schematic in Figure 9 with the help of Dr. Turner and Weiyi Xu, 

PhD. 
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Figure 1 from Vohnoutka et al. 

Figure 4: Hic-5 regulates vimentin organization in CAFs. (A, B) Representative images of the 

vimentin, actin, and microtubule cytoskeleton of Hic-5 Het and Hic-5 KO CAFs at 4- and 24-h 

postplating with (C, D) quantification of the percentage of cells with perinuclear collapse of 

vimentin and with reduction in centrally located actin stress fibers (actin hole; n = at least 60 

cells/condition). (E) Vimentin collapse observed in Hic-5 KO CAFs was also quantified as an 

increased ratio of perinuclear to peripheral vimentin (n = at least 60 cells/condition). (F) Total 

cell area and percentage of total cell area occupied by vimentin was decreased in Hic-5 KO 

CAFs (n = at least 75 cells/condition). (G) Images and (H, I) quantification of exogenous EGFP-

Hic-5 rescue of vimentin collapse and the actin hole phenotype 4 h postplating (n = at least 41 

cells/ condition). All data are shown as the mean ± SEM and are collected from three 

independent experiments. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. Scale bar = 50 μm. All 

CAF experiments were from three unique Hic-5 Het CAF cell lines and one Hic-5 KO CAF cell 

line. 
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Figure 3 from Vohnoutka et al. 

Figure 5: Hic-5 regulates vimentin organization in normal mouse and human fibroblasts. 

(A) Images and (B, C) quantification of percentage of Hic-5 Het and Hic-5 KO normal LFs with 

collapsed vimentin and an actin hole at 4 h postplating (n = at least 140 cells/condition). (D, E) 

Vimentin mean fractional intensity showing perinuclear vimentin localization in Hic-5 KO LFs 

(n = at least 66 cells/condition). (F) Images of HFFs following Hic-5 siRNA KD with (G, H) 

Western blot analysis of KD efficiency. (I, J) Increased percentage of HFFs with vimentin 

collapse and an actin hole following Hic-5 depletion (n = at least 102 cells/condition). (K) 

Corresponding heat maps of HFFs treated with Hic-5 siRNA and (L) graphical representation of 

this vimentin fluorescence distribution (n = at least 90 cells/condition). All data are shown as the 

mean ± SEM. Data for LFs (A–E) were collected from two independent experiments, while data 

from HFFs (F–L) were collected from four independent experiments. * p < 0.05; **, p < 0.01; 

****, p < 0.0001. Scale bar = 50 μm. Assessment of HFF cells utilized one HFF cell line 

obtained from the ATCC, while LF experiments were carried out with two unique Hic-5 Het and 

two unique Hic-5 KO LF cell lines. 
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Figure 8 from Vohnoutka et al.: 

Figure 6: Hic-5 modulates migration velocity independent of its effects on vimentin, but 

through its effects on RhoGTPases. Migration tracks (A, C, E, H, J) of individual cells from 

cultures of CAFs plated on two-dimensional culture plates coated with fibronectin are shown. 

Graphs of migration velocity of cells imaged over 16 h (1 image/10 min) are shown for each 

migration experiment (B, n = at least 60 cells/ condition; D, n = at least 28 cells/condition; F, n = 

at least 47 cells/condition). Cells treated with inhibitors were imaged for 4 h at a frame rate of 1 

image/10 min (I, n = at least 55 cells/condition; K, n = at least 85 cells/condition). Western blot 

was used to assess KD efficiency of vimentin in Hic-5 Het CAFs utilized for migration 

experiments (G, NT = nontarget siRNA and Vm siRNA = siRNA targeting vimentin transcripts; 

35.5% ± 9.8%; p < 0.05). All data shown represent the mean ± SEM and are collected from at 

least three independent experiments. * p < 0.05; ***, p < 0.001.  
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Figure 9 from Vohnoutka et al. 

Figure 7: Hic-5 regulates vimentin and actin organization via its modulation of 

RhoGTPases and downstream formin activity. Depletion of the focal adhesion adaptor protein 

Hic-5 in CAFs and normal fibroblasts results in altered vimentin phosphorylation and vimentin 

dynamics that are associated with collapse of the vimentin cytoskeleton. Additionally, loss of 

Hic-5 decreases centrally located actin stress fibers (F-actin hole). These cytoskeleton 

abnormalities perturb migration dynamics increasing migration velocity of CAFs. Both changes 

in migration dynamics and abnormalities in vimentin and actin organization are rescued by 

inhibition of the RhoGTPase Cdc42, while treatment of Het Hic-5 CAFs with the pan formin 

inhibitor SMIFH2 promotes vimentin collapse and the loss of centrally located actin stress fibers, 

but not increased migration velocity. These data indicate cross-talk between FAs, vimentin, and 

actin that may regulate the transition from a promigratory fibroblast (low Hic-5), in which a 

collapsed vimentin network may allow the cells to navigate through a complex ECM, to a 

procontractile phenotype (high Hic-5), where increased actin stress fibers and an extended 

vimentin cytoskeleton promote matrix modeling.  
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Article 3 

Xu W, Alpha KM, Zehrbach NM, Turner CE. Paxillin Promotes Breast Tumor Collective Cell 

Invasion through Maintenance of Adherens Junction Integrity. Mol Biol Cell. 2022;33(2)ar14. 

DOI: 10.1091/mbc.E21-09-0432. 

 One of the first projects that I worked on after officially joining the Turner lab was 

studying the role of paxillin expression in breast tumor growth and invasion using a conditional 

paxillin knockout mouse model crossed with the PyMT mouse breast tumor model.  

 I worked with Weiyi to take weekly tumor measurements for almost two years to 

generate the tumor growth and latency data shown in Figure 1A and 1C. I also isolated many 

breast tumors and mouse lungs that were then banked and used by Weiyi later, including 

cell/tumor lysates of these tissues, frozen blocks containing these tissues, slides with 

cryosections of these tissues, and purified tumor cell and cancer-associated fibroblast 

populations. Additionally, I generated the Western blot in Figure 1B, showing the knockdown of 

paxillin expression in tumor tissue and tumor cells. 

 Although my images are not included in the publication, I also performed much of the 

same staining shown in Figure 2, which helped to improve our confidence in the decreased 

invasiveness phenotype observed in the paxillin KO mice. Additionally, I worked with Weiyi to 

fine-tune the 3D organoid culture protocol that was used to generate and analyze the organoids 

shown in Figure 3.  

Finally, I was also extensively involved in the early characterization of the tumors by 

Western blot and immunohistochemical/immunofluorescence staining for markers including 

Ki67, caspase 3, cytokeratin 14, EpCAM, and others. This resulted in a large amount of data that 
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was not included in this publication but helped to give Weiyi and Dr. Turner the rationale to 

continue pursuing this project. 
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Figure 1 from Xu et al. 

Figure 8. Paxillin KO breast tumor mouse develops fewer lung metastases. (A) Paxillin 

expression does not significantly affect total tumor size. n = number of animals. (B) Western blot 

showing paxillin is absent in KO tumor and isolated tumor cell lysates. (C) Paxillin does not 

affect tumor latency. n (animals) (paxillin WT) = 39, n (paxillin KO) = 36. (D) Paxillin is 

depleted only in KO tumor cells and not stroma cells as visualized by immunofluorescence 

staining of tumor sections. T: tumor, S: stroma. (E) Whole lungs. White arrows show surface 

metastases. (F) H&E staining of lung sections. Lung metastases are highlighted with dashed 

circles. (G) Quantification of total number of lung metastases. n=6 animals per genotype. A 

student’s t-test was performed for statistical analysis. Data represent mean ± s.e.m. *<0.05. 
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Figure 2 from Xu et al. 

Figure 9. Paxillin KO primary tumors are less invasive. Representative tumor sections from 

(A) Early stage (hyperplasia or adenoma) tumors and the center (B) and the edge (C) of late 

stage (carcinoma) tumors stained for the tumor marker EpCAM and invasiveness marker ck14. 

The gray scale images show EpCAM-positive tumor cells. T: tumor, S: stroma. (D) 

Quantification of area of ck14 positive tumor cells. n (paxillin WT) = 4 animals, n (paxillin KO) 

= 5 animals. Each dot represents one image. (E) Paxillin WT tumor cells invade into the stroma 

collectively at the tumor edge (arrow top); few paxillin KO tumor cells invade into the stroma, 

and these were individual cells (arrow bottom). (F) Quantification of multi-cell, collective 

invasion and single cell invasion. Each string/group of tumor cells or a single cell in the stroma 

was counted as an event. n = 3 animals per genotype. (G) E-cadherin-mediated cell-cell junction 

organization is not affected in the tumor center of either paxillin WT or paxillin KO animals. A 

student’s t-test was performed for statistical analysis. Data represent mean ± s.e.m. *<0.05, 

**<0.01. 
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Figure 3 from Xu et al. 

Figure 10. Paxillin KO tumor organoids are less invasive. (A) Illustration of the Fiji-

generated masks of tumor organoids. A high degree of circularity of the organoid correlates with 

low invasiveness. (B) Representative confocal images of tumor organoids. Arrows point to 

collective cell protrusions in paxillin WT organoids; arrowheads point to individual tumor cells 

in paxillin KO organoids. The asterisk indicates a hyper mesenchymal cell in a paxillin KO 

organoid. (C) Quantification of organoid circularity. Three animals per genotype. n (paxillin 

WT) = 172 organoids, n (paxillin KO) = 215 organoids. (D) Quantification of the average 

number of collective protrusions per organoid. n=3 animals per genotype. (E) Quantification of 

the average number of single cells per field. n=5 animals per genotype. A student’s t-test was 

performed for statistical analysis for C, D. A Mann-Whitney U test was performed for E. Data 

represent mean ± s.e.m. *<0.05, **<0.01, ***<0.001. 
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Report of Other Relevant Effort 

 I would like to briefly and non-exhaustively address some of the additional effort that 

went into the two projects presented in this thesis that is not suitable for inclusion in the chapters 

themselves. For example: 

• BioID project 

o Optimization of the BioID conditions (from cell lysis to preparation of proteins 

for mass spectrometry) took extensive effort, including 14 runs of the purification 

process, each of is minimally a 5-day process. This also required collaboration 

and discussion with Dr. Ebbing de Jong, Dr. Bruce Knutson, and Dr. Christopher 

Turner to maximize our protein yield and reduce contaminants. 

o Analysis of BioID mass spectrometry data required learning several software 

packages new to the lab, as well as the relevant statistics. 

• Paxillin/mDia1 project 

o In addition to the data presented in this chapter, several experimental avenues of 

investigation were pursued without success. 

▪ Pyrene-actin assembly assays were performed on three separate occasions 

using the same protein combinations used for the TIRF assays. This was 

meant to supplement the TIRF data and demonstrate paxillin activation of 

mDia1 by another method. I was aided at various points by Dr. Jessica 

Henty-Ridilla and Dr. Curtis Yingling. However, the results were never 

interpretable due to a number of confounding factors, including positive 

controls (such as C-terminal, constitutively active mDia1) that did not 

function as expected and as previously demonstrated in the literature, 
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largely differing baselines of pyrene-actin fluorescence immediately after 

addition of the experimental proteins (e.g. mDia1, paxillin, RhoA), and 

failure of any protein combination to significantly alter the slope of 

pyrene fluorescence over time. This may be in part due to my 

unfamiliarity with pyrene assays and the two different instruments used. 

However, one set of the experiments was performed by Dr. Yingling 

himself, who had extensive experience with these assays but produced 

similar results to my own. More likely, the problems stemmed from 

protein quality. The TIRF assays were performed using highly purified 

proteins that were generated with the experienced assistance of Dr. 

Henty-Ridilla and an ÄKTA protein purification system. However, by the 

time I was performing the pyrene assays, I no longer had access to these 

resources and had to generate the proteins using much less efficient batch 

purification methods.  

▪ Paxillin-null MEFs, with or without exogenously expressed paxillin, were 

treated with a number of actin-/formin- modulating drugs (including 

SMIFH2, CK666, and jasplakinolide) to assess whether paxillin 

expression would affect stress fiber recovery rates after drug washout. 

Optimizing treatment and washout times was a lengthy process and 

ultimately, time lapse analysis of the actin recovery did not show any 

differences regardless of paxillin expression. 

 




