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Thesis Abstract 

 

Bundling of cytoskeletal actin by the formin FMNL1ɣ contributes to adenocarcinoma 

adhesion and migration. 

 

Author: Eric W. Miller 

Sponsor: Scott D. Blystone 

 

 Metastasis is one of the leading causes of death in the world, affecting thousands 

every year.  This is especially true of breast cancer, which can often result in the 

formation of secondary metastatic sites in the lung, liver, and bone marrow.  There are 

many aspects to metastasis and an innumerable amount of molecular, biochemical, and 

cellular interactions contribute to its pathology.  The ability of primary tumor cells to 

disseminate from the primary tumor, degrade the basement membrane, invade through 

the ECM, and eventually intravasate across the endothelial cell lining of the circulatory 

system or lymphatics requires a plethora of proteins, all working together in concert to 

achieve this.  Nowhere in the cell is this more apparent than the actin cytoskeleton. 

 Locomotion of cells requires several alterations in the actin cytoskeleton 

component of the cellular machinery.  Generally speaking, cells must be able to polarize, 

form protrusions, adhere to the substratum, translocate, and then retract their tail, 

repeating this process as they continue to navigate to their destination.  While there are 

many underlying aspects to this activity, spatiotemporal rearrangements of the actin 

cytoskeleton are key to the successful cellular motility.  The mechanics behind dynamic 
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actin cytoskeletal modifications are varied and complex, demonstrating the requirement 

for a variety of actin-associated, regulatory proteins. 

 A crucial family of proteins involved in this process is the formin family of 

proteins.  Formins are a relatively “new” group of actin modifiers which possess the 

unique ability to modify and generate linear actin filaments.  While the members of this 

protein family all share some of the same actin modifying processes, many of these 

proteins also have functions exclusive to themselves.  As a result, research into this field 

has blossomed and several novel features of different formins have been identified.  

Furthermore, alternative splice isoforms of several formins are often expressed in a 

variety of cell types, with specific functions attributed to each. 

 The formin FMNL1 was originally identified in cells of a myeloid lineage and for 

many years was mostly thought to be involved in leukocyte adhesion and migration.  

Indeed, our lab has characterized many of the functions of this protein in both human 

and murine macrophages.  However, as a result of the work in this dissertation, we have 

generated sufficient evidence suggesting that FMNL1 not only plays a role in breast 

cancer migration, but also exhibits functions unique to a specific alternative splice 

isoform of this protein. 

 Our work on FMNL1 has pushed the field of study into this protein family in new 

directions.  Herein, we have demonstrated that all three alternative splice isoforms of 

FMNL1 are expressed in a variety of cell types and the FMNL1ɣ alternative splice 

isoform distinguishes itself from these isoforms via its ability to bundle linear actin 

filaments.  Additionally, our data indicates that this is accomplished independently of the 

trademark FH2 domain, often thought to be the essential component of all formins.  

More specifically, we have identified a unique amino acid sequence in the C-terminal 

region of this isoform that most likely regulates this function.  As a result, we have not 

only identified a potential therapeutic target for the treatment of metastasis via inhibition 
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of cellular locomotion, but also pushed the field of formin research into a novel direction 

by providing insight which may foster new hypotheses and challenge classical theories 

regarding the relationship between formins and actin 
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Chapter 1 

General Introduction 
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Introduction 

It is predicted that by the end of 2018, over 40,000 people in the United States 

will die as a result of metastases originating from primary tumors of the breast (Siegel et 

al., 2018).  Therefore, it is imperative to gain a better understanding of the pathology of 

this disease in order to generate preventative strategies and develop potent therapeutics 

to treat this condition.  While cellular locomotion is necessary for innumerable functions 

in life, it is this process that also drives metastasis.  The foundation of cellular locomotion 

is the actin cytoskeleton, a spatiotemporally dynamic, complex structure that contributes 

to countless cellular processes ranging from intracellular transport to cellular motility to 

cytokinesis.  While the actin cytoskeleton is only one-third of the cytoskeleton as a whole 

(the other two components being the microtubule cytoskeleton and the intermediate 

filament cytoskeleton), it is arguably the most essential and functionally diverse of the 

three.  The significance of the actin cytoskeleton is even more heightened when one 

takes into account how the aberrant regulation of this network can result in unwarranted 

cellular movement, much like what we observe with metastasis. 

 The regulation and modification of the actin cytoskeleton is governed by a 

multitude of actin-associated proteins.  These proteins are required to be in precisely the 

right place at the right time throughout the cell in order to properly govern this 

filamentous network.  Certain proteins can organize actin filaments in diverse structures, 

each of which are important for specific cellular functions.  The formin family of proteins 

has recently proven to be one of the most powerful actin-associated protein families, 

many of them capable of modifying the actin cytoskeleton in several ways (Goode and 

Eck, 2007, Schönichen and Geyer, 2010, Breitsprecher and Goode, 2013). 

 Past work in our lab has focused on the formin FMNL1 and its unique role 

regulating actin dynamics in macrophage podosomes, adhesion structures required for 

these cells to adhere to the substratum and migrate through tissue.  This dissertation will 
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focus primarily on how this same protein contributes to adhesion, migration, and 

invasion in a breast adenocarcinoma model, while also providing novel insight into the 

mechanism behind how FMNL1 can modify actin filaments in vitro. 

 

Metastasis 

History and Current Significance 

In 1889, English surgeon Stephen Paget published his “seed and soil” hypothesis 

to describe metastasis, using the following analogy to describe the growth of secondary 

sites in the body: “When a plant goes to seed, its seeds are carried in all directions; but 

they can only live and grow if they fall on congenial soil” (Paget, 1889).  For many years, 

Stephen Paget’s theory was often challenged, especially following a theory posited by 

James Ewing in 1928 when he suggested that metastasis occurs as a result of the 

physical surroundings, vasculature, and lymphatic arrangements between the primary 

tumor and the secondary metastatic sites (Ewing, 1928).  50 years would pass before it 

was demonstrated that while regional metastatic sites could be formed as a result of the 

physical and anatomical surroundings of the primary tumor, secondary metastatic sites 

in distant organs were specific to the type of cancer (Fidler and Kripke, 1977, 

Sugarbaker, 1979, Hart and Fidler, 1980).   

Now, in 2018, regardless of the diligent research and countless treatments 

available, cancer is still as prevalent as ever, second only to heart disease as the most 

common cause of death in the United States.  It is predicted that in 2018 alone, 609,640 

Americans will die of cancer and approximately 1.7 million new cases will be diagnosed 

(Siegel et al., 2018).  While 189 years have passed since metastasis was first identified 

and described by French gynecologist Jean Claude Recamier, it remains to this day the 

foremost challenge in treating cancer (Recamier, 1829, Steeg, 2006, Talmadge and 

Fidler, 2010, Fidler and Kripke, 2015). 
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The Metastatic Cascade 

The metastatic process itself, commonly referred to as the “metastatic cascade,” 

is often simplified as a linear sequence of steps: cancer cells invade the surrounding 

host tissue, enter into the circulatory system or lymphatics via intravasation, travel 

through the vasculature, inhabit the capillary bed of a distant, potential host organ site, 

extravasate from the vasculature, invade into this new tissue, and ultimately proliferate, 

forming micrometastases resulting in colonization (Steeg, 2006, Chaffer and Weinberg, 

2011, Valastyan and Weinberg, 2011).  However, in reality, metastasis is much more 

complex and each step of the metastatic cascade can be completed in a variety of 

manners.  For example, intravasation could occur as a result of the loss of endothelial 

cell lining due to vascular mimicry or it may be due to co-migration of tumor cells with 

tumor-associated macrophages (TAMs) which can chemotactically guide tumor cells 

toward the vasculature (El Hallani et al., 2010, Harney et al., 2015, Yang et al., 2016, 

Katt et al., 2018).  However, when one observes the metastatic cascade as a whole, it 

becomes clear that tumor cells must be able to accomplish three underlying steps that 

serve as a foundation to this entire process: adhesion, migration, and invasion.  Without 

successfully accomplishing these fundamental functions, tumor cells would be unable to 

travel to and colonize distant, secondary metastatic sites. 

 

Breast Cancer 

The Five Subtypes 

While cancer can occur in a variety of organ and tissue types, breast cancer is 

the most common malignant disease amongst females in the United States.  It is 

estimated that over 266,000 new cases will be diagnosed in 2018 and over 40,000 

patients will perish as a result of this disease; nearly all these deaths will be due to 

metastasis (Rabbani and Mazar, 2007, Siegel et al., 2018).  Breast cancer itself can be 
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classified into five main subtypes: luminal A, luminal B, human epidermal growth factor 

receptor 2-enriched (HER2+), basal-like, and normal breast-like (Figure 1) (Perou et al., 

2000, Sørlie et al., 2001, Sørlie et al., 2003, Sotiriou et al., 2003, Fadoukhair et al., 

2016).  The luminal A and luminal B subtypes are both estrogen receptor positive (ER+) 

and predominately express the same genes as luminal breast epithelial cells, with 

luminal B subtypes also expressing mitosis- and cell proliferation-related genes at higher 

levels.  While the HER2+ subtype expresses different ErbB2/HER2-related genes at a 

high level, these tumors can display other aspects of genetic diversity that makes them 

difficult to classify as one specific subtype (Russnes et al., 2017).  For example, several 

primary tumors classified as HER2+ differ not only in their ER function, but also in 

regards to their copy number alterations and other genetic mutations (Staaf et al., 2010, 

Ferrari et al., 2016, Russnes et al., 2017).  The basal-like subtype is a heterogeneous 

group of tumors which include the subtype commonly referred to as “triple-negative,” 

where the tumor does not express ER, HER2, or progesterone receptor (PR).  

Additionally, basal-like tumors often express different cytokeratins and other growth 

factors normally found in healthy breast myoepithelial cells.  This subtype is associated 

with very poor prognosis and a limited survival rate of ~5-8 years following diagnosis 

(Nielsen et al., 2004, Cheang et al., 2008, Badve et al., 2011, Russnes et al., 2017).  

Only 5-10% of breast cancer tumors account for the normal breast-like subtype, the least 

characterized amongst the five subtypes.  Gene expression of this subtype is similar to 

adipose tissue and can vary in regards to expression of ER, HER2, and PR.  

Furthermore, while this subtype can be considered triple-negative if all three receptors 

are not expressed, it is still not considered basal-like due to lack of expression of 

different cytokeratins and other growth factors (Weigelt et al., 2010, Yersal and Barutca, 

2014).  While these five subtypes have been defined and characterized for several 

years, recent work has demonstrated that, in addition to the identification of rarer 
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subtypes, each of the five intrinsic subtypes have their own variations as well based on 

their molecular, genetic, and clinical profiles (Farmer et al., 2005, Prat et al., 2010, Guedj 

et al., 2012, Ringnér et al., 2013). 

 

Breast Cancer Metastasis 

Regardless of the subtype classification, breast cancer cells from the primary 

tumor can metastasize to several different tissues and organs, including, but not limited 

to, the brain, liver, lung, and bone, the most common of the metastatic sites (Coleman, 

2001, Weilbaecher et al., 2011, Yates et al., 2017, Chen et al., 2018).  However, breast 

cancer subtypes do display metastatic patterns based on their genetic profiles 

(Kennecke et al., 2010, Cancer Genome Atlas Network, 2012, Wu et al., 2017).  While 

bone metastasis is the most common metastatic site for all breast cancers, the luminal A 

and luminal B subtypes metastasize to bone at the highest rate compared to all other 

subtypes (Weilbaecher et al., 2011, Savci-Heijink et al., 2016).  Brain metastasis most 

often occurs in patients with HER2+ and basal-like breast cancer subtypes, but other 

attributes, such as age and tumor differentatiation, can contribute to this as well (Smid et 

al., 2008, Kennecke et al., 2010, Witzel et al., 2016).  The basal-like subtype is most 

often associated with lung metastasis while the luminal B subtype primarily found in liver 

metastases (Smid et al., 2008, Kimbung et al., 2016).  Metastasis to the lymph nodes is 

often a predictor as to the risk of metastasis in other organs as tumor cells can utilize the 

lymphatics to travel to distant sites of the body.  Nonetheless, the luminal A, luminal B, 

and HER2+ subtypes are most often associated with this secondary metastatic site 

(Jatoi et al., 1999, He et al., 2015).  Additionally, the histological classification of primary 

tumors allows for prediction of site-specific metastasis.  Invasive ductal carcinomas, 

which originate from the ductal epithelium, most commonly metastasize to the lungs, 

lymph nodes, and brain while invasive lobular carcinomas, originating from epithelium 
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lining the lobules, preferentially metastasize to the gastrointestinal tract and ovaries 

(Arpino et al., 2004, Makki, 2015, Chen et al., 2018). 

 

 

Figure 1: Molecular subtypes of breast cancer.  Multiple characteristics of the 

different breast cancer subtypes are displayed here.  +/- indicates the expression of ER, 

PR, HER2, or basal markers (EGFR, different cytokeratins).  HER2 = human epidermal 

growth factor 2.  EGFR = epidermal growth factor.  Ck = cytokeratins.  E-cad = E-

cadherin.  EMT = epithelial-mesenchymal transition.  ER = estrogen receptor.  PR = 

progesterone receptor.  AR = androgen receptor.  IDC-NST = invasive ductal carcinoma 

of no special type.  Adapted from Geyer et al., 2009. 
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General Description of Metastatic Initiation 

Broadly speaking, in order for the process of metastasis to begin, breast cancer 

cells must be able to migrate from the primary tumor, across the basement membrane, 

and into the stroma.  During primary tumor development, the stroma becomes altered, 

resulting in changes in the composition of the extracellular matrix (ECM) and the number 

of cells within the ECM (Egeblad et al., 2010, Glentis et al., 2014, Clark and Vignjevic, 

2015).  These cells, which include fibroblasts, macrophages, endothelial cells, and 

pericytes, reorganize the connective tissue structure of the ECM via secretion of different 

proteins, growth factors, and cytokines (Wiseman and Werb, 2002, Cox and Erler, 2011, 

Bonnans et al., 2014).  Primary tumor cells react to these changes which results in 

further tumor growth and subsequent invasion (Levental et al., 2009, Burnier et al., 2011, 

Lu et al., 2012, McCarthy et al., 2018).  Detachment from the primary tumor requires 

tumor cells to modify both cell-cell and cell-extracellular matrix (ECM) adhesions, part of 

a process known as epithelial-mesenchymal transition (EMT).  This process results in 

non-polarized epithelial cells shifting into a polarized, highly-invasive mesenchymal 

phenotype (Yilmaz and Christofori, 2009).  EMT is primarily directed by specific 

transcription factors, especially Snail, Slug, and Zeb1, as well as a downregulation of E-

cadherin, upregulation of N-cadherin, and alterations in the composition of the ECM (De 

Craene and Berx, 2013, Lamouille et al., 2014, Nieto et al., 2016).  Loss of E-cadherin 

expression drives the dissolution of cell-cell adhesions as this protein is essential for 

regulation of epithelial adherens junctions and other proteins necessary for maintaining 

proper cell-cell adhesions (Stockinger et al., 2001, Yilmaz et al., 2009).  Integrins further 

drive EMT via interactions with the ECM which lead to alterations in expression of EMT-

related transcription factors (Haraguchi et al., 2008, Yilmaz and Christofori, 2009).  

Additionally, integrins recruit and direct various matrix metalloproteases (MMPs) to 

remodel the ECM, allowing cells to invade through the proteolytically-degraded ECM, 
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eventually reaching the intravasation phase of the metastatic cascade (Ellerbroek et al., 

2001, Cao et al., 2008).   

 

Cellular Locomotion 

Introduction 

From this abbreviated description on the initiation of breast cancer metastasis, 

one can identify the three previously mentioned cellular functions required for this 

process to occur: adhesion, migration, and invasion.  Without all three of these functional 

mechanisms, cells would not be able to disseminate from the primary tumor and travel to 

secondary metastatic sites.  However, metastasis is not the only biological process that 

relies on adhesion, migration, and invasion.  Development, immunosurveillance, and 

wound healing are just some of the processes that require these functions to work in 

concert with each other.  For example, during the gastrulation phase of embryonic 

development, cells move as interconnected epithelial sheets over various distances 

(Kurosaka and Kashina, 2008).  Additionally, germ cells in the mouse migrate through 

the endoderm and travel to the somatic gonadal mesoderm, eventually forming the 

gonads (Bendel-Stenzel et al., 1998, Kunwar et al., 2006).  Leukocytes in the circulatory 

system utilize a specialized form of adhesion and migration in order to respond to 

infection or injury (Nourshargh et al., 2010).  However, unwarranted migration of immune 

cells can contribute to atherosclerosis (Jonasson et al., 1986, Hansson and Libby, 

2006).  Angiogenesis is a necessary physiological process that requires proper 

endothelial cell migration in order to generate new blood vessels, but can also contribute 

to malignant tumor formation and growth of metastases (Saaristo et al., 2000, Bryan and 

D’Amore, 2007).  Adhesion and migration of several cell types, ranging from platelets to 

neutrophils to fibroblasts, must be able to migrate to sites of burns or skin ulcers in order 

to contribute to the versatile process of wound repair (Singer and Clark, 1999). 
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History 

Whether it be the development, homeostasis, or disease progression of a 

multicellular organism, cellular locomotion is a foundational function of life.  In 1953, 

Michael Abercrombie and John Heaysman at the University College of London first 

described how cellular movement of chicken fibroblasts was limited as a result of contact 

with neighboring cells, coining the term “contact inhibition” (Abercrombie and Heaysman, 

1953).  Abercrombie continued his work on the physical contact between cells during 

contact inhibition, observing that the lamellae of fibroblasts cease their ruffling behavior 

upon contact with each other resulting in increasing tension and retraction.  This 

observation led him to hypothesize this was due to some form of adhesion event 

occurring between the cells (Abercrombie and Ambrose, 1958).  Twelve years later, 

Abercrombie and Heaysman, along with Susan Pegrum, published a series of papers 

describing the movement of fibroblasts, identifying membrane protrusions at the leading 

edge of the cell which they would term “lamellipodia;” this would later be identified as 

one of the major pieces of the cellular locomotion machinery (Abercrombie et al., 1970a, 

Abercrombie et al., 1970b, Abercrombie et al., 1970c).  Additionally, as a part of this 

series of papers, electron micrographs displayed not only the lamellipodia, but what was 

described as “electron-dense plaques containing longitudinal filaments.”  These plaques 

would later be identified as focal adhesions, an essential component of the fundamental 

process of cellular adhesion (Abercrombie et al., 1971, Abercrombie et al., 1972). 

Since these publications in the early 1970s, our understanding of cellular adhesion and 

locomotion has increased tremendously.  Nonetheless, the more knowledge we have 

gained has only resulted in a deluge of more questions.  In order to address the 

pathology of cancer cell metastasis, it is essential to understand the foundations of 

tumor cell invasion: adhesion and migration.  As was previously described, adhesion and 

migration are essential to countless functions in regards to homeostasis, development, 



11 
 

and immunosurveillance as well.  Therefore, adhesion and migration will further be 

addressed in a general manner, after which a detailed description of the cellular invasion 

process will follow. 

 

Polarization 

 Cells frequently exhibit an inherent random motility prior to the establishment of 

polarity, the first step in directional migration (Figure 2).  Polarization is often the result of 

cellular stimulation via different cues, such as growth factors (e.g. fibroblasts responding 

to platelet-derived growth factor (PDGF)), chemokines (e.g. B-cells responding to 

expression of CXCL13 by macrophages), or even the physical composition of the ECM 

(e.g. fibroblast migration variation on rigidity gradients) (Seppä et al., 1982, Lo et al., 

2000, Ansel et al., 2002).  However, cells can spontaneously polarize as well, such as in 

fish keratocytes where ROCK and myosin II activity regulate the perinuclear actin flow 

resulting in a reorganization of the actomyosin network and subsequent contractility at 

the cell rear (Yam et al., 2007).  Regardless of the event that initiates cellular guidance, 

the establishment and regulation of a polarized cell is driven by several positive 

feedback loops at the cell front and inhibitory signals throughout the rest of the cell that 

restrict protrusion formation to the leading edge.  Several molecules are involved in this 

process including the Rho-family GTPases, serine/threonine p21-activating kinases 

(PAKs), the PAR (partitioning) family of proteins, the serine/threonine protein kinase C 

(PKC) family, the phosphoinositide 3-kinases (PI3Ks), which produce PIP3 and 

PI(3,4)P2, and PTEN which dephosphorylates them (Devreotes and Janetopoulos, 2003, 

Etienne-Manneville and Hall, 2003, Li et al., 2003, Ridley et al., 2003, Srinivasan et al., 

2003).  One of the main regulators of cell polarity, the Rho-family GTPase Cdc42, not 

only governs the direction of lamellipodia generation, but also interacts with the 

microtubule-organizing center (MTOC), allowing for translocation of the nucleus, various 
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organelles, and vesicles (Ridley et al., 2003, Maldonado and Dharmawardhane, 2018).  

This localization is the result of Cdc42 interacting with a protein complex consisting of 

PAR and PKC protein family members, as well MRCK (myotonic dystrophy kinase-

related Cdc42-binding kinase) (Joberty et al., 2000, Ridley et al., 2003) .  Also during this 

time, the phosphoinositides PIP3 and PI(3,4)P2, which are generated by PI3Ks, localize 

to the leading edge of the cell (Ridley et al., 2003, Xue and Hemmings, 2013).  

Furthermore, Cdc42 can activate PAK1, which itself acts as a scaffold protein for Cdc42 

activation.  This Cdc42-PAK1 interaction, along with PIXα and the heterotrimeric GPCRs 

(G-protein coupled receptors), effectively acts as a positive feedback loop allowing 

elevated Cdc42 activity at the leading edge and isolating PTEN activity to the sides and 

rear of the cell, whereupon interactions with myosin II allow for restriction of protrusion 

formation at the leading edge (Knaus and Bokoch, 1998, Chong et al., 2001, Ridley et 

al., 2003). 

 

Protrusion and Adhesion Formation 

Protrusion of the cell at the leading edge involves different structures which 

extend the cellular membrane, including lamellipodia, filopodia, podosomes, and 

invadopodia (Figure 2).  This is mediated by the actin cytoskeleton, the primary force 

driving the formation of the structures that also governs the shape of the cell and the 

organization within it (Pollard and Borisy, 2003, Ridley et al., 2003).  The unique polarity 

of the actin filament is the foundation for this as these polymers consist of the fast-

growing barbed (+) end and the slow-growing pointed (-) end (Pollard and Borisy, 2003, 

Pollard, 2017).  As actin filaments polymerize at the barbed end, they generate a force 

which physically drives the cell membrane toward its migratory direction (Svitkina, 2018).  

This process is cyclical and actin filaments at the leading edge are continuously 

disassembled from the pointed (-) end, resulting in a pool of actin monomer subunits 
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which can then be utilized for further filament assembly, a process referred to as 

treadmilling (Pollard and Borisy, 2003, Pollard, 2017).  Actin filament organization within 

these structures varies as each structure has its own unique function (Pollard and 

Borisy, 2003, Ridley et al., 2003, Ridley, 2011).  

 In the lamellipodia, the primary actin-driving force is the seven-subunit complex 

Arp2/3 (actin-related protein 2/3) which works in concert with different NPFs (nucleation 

promoting factors) (Figure 2) (Ridley, 2011).  This protein complex nucleates actin 

filaments and organizes them into dendritic networks at ~70° angles by capping the 

pointed (-) end and accelerating elongation of the barbed (+) end.  Nucleation of actin 

filaments by Arp2/3 alone is kinetically unfavorable and, as a result, different NPFs with 

WH2 (WASP homology 2) domains bind actin monomer subunits to aid in this process 

(Goley and Welch, 2006).  These NPFs are activated by different Rho-family GTPases, 

such as Cdc42 and Rac, while the WH2 domains are part of a larger WCA domain which 

interacts with Arp2/3 via an amphipathic connector region and acidic peptide.  This 

interaction results in a structural change in the Arp2/3 complex, effectively allowing it to 

shuttle actin monomer subunits to the growing barbed end (Ridley et al., 2003, Goley 

and Welch, 2006, Campellone and Welch, 2010).  Polymerization of actin filaments and 

their subsequent formation of filament bundles drives protrusion of the membrane.  The 

region located behind the lamellopodia, the lamella, also aids in the migratory process 

by incorporating myosin II with the actin filaments, generating contractile actomyosin 

networks (Ridley, 2011, Svitkina, 2018). 

 Filopodia are thin, highly dynamic cellular protrusions composed of parallel F-

actin bundles.  These structures primarily serve as sensory structures of the motile cell, 

interacting with chemokines, growth factors, and the ECM (Ridley, 2011, Svitkina, 2018).  

The parallel actin bundles primarily extend from the cellular cortex at the lamellipodia or 

through de novo actin nucleation at the plasma membrane.  Several actin-associated 
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proteins have been implicated in the formation and regulation of these structures 

including Arp2/3, formins, Ena/VASP, and fascin (Pollard and Borisy, 2003, Ridley et al., 

2003, Campellone and Welch, 2010, Ridley, 2011, Svitkina, 2008). 

 Podosomes and invadopodia are actin-rich structures the cell uses for both 

adhesion and degradation of the ECM.  Podosomes are primarily found in monocytes, 

endothelial cells, and smooth muscle cells while invadopodia are found in cancer cells.  

These structures have a similar composition with an actin-rich core surrounded by a 

plethora of different scaffolding proteins.  While both structures have a similar width (0.5-

2.0μm) they vary in length with podosomes measuring between 0.5-2.0μm and 

invadopodia measuring longer than 2.0μm.  Additionally, while both can secrete MMPs, 

they vary in their half-life, with podosomes having a half-life in the minute range and 

invadopodia having a half-life in the hour range (Murphy and Courtneidge, 2011). 

 

Adhesion 

 Protrusions formed by the cell also contribute to its adhesive functions by 

providing a physical attachment to the substratum which, in turn, allows the cell to 

eventually generate the force required for proper locomotion (Figure 2) (Ridley et al., 

2003, Ridley, 2011, Svitkina, 2018).  Adhesion complexes such as focal adhesion or 

podosomes are integrin-rich and contain an immense variety of adaptor proteins which 

can connect the actin cytoskeleton to the protrusions.  Adhesions often form at the 

leading edge of the cell and their formation is mediated by Rho-family GTPases, such as 

Rac1 and Cdc42.  This also allows the lamellipodia and filopodia to efficiently stabilize 

(Ridley et al., 2003, Wozniak et al., 2004, Ridley, 2011, Svitkina, 2018).   
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Figure 2: The steps involved in cell migration.  The different steps of cell migration 

(polarization, protrusion formation, adhesion formation, and rear retraction) are identified 

here along with illustrations demonstrating the cellular alterations in each step.  Boxes 

list proteins involved in the different steps of the process.  Adapted from Ridley et al., 

2003. 

 

Integrins at adhesion sites can act as messengers, transmitting information 

concerning the substrate surface to the rest of the cell, such as ECM compostion and 

rigidity (Barczyk et al., 2010).  The actual force transmission is the result of actomyosin 

contractility, where the interaction of myosin II with actin can generate piconewton 

forces.  Mysoin II is regulated by both ROCK (Rho-associated coiled-coil protein kinase) 
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and MLCK (Myosin light-chain kinase), which, in turn, are regulated by Rho-family 

GTPases and Ca2+ gradients, respectively (Pollard and Borisy, 2003, Ridley et al., 2003, 

Ridley, 2011, Svitkina, 2018). 

 

Rear Retraction 

 As the cell moves forward, the strong adhesions in the tail region will actually 

cause such high tension that the bond between the integrin and actin cytoskeleton 

breaks, and the integrin will subsequently undergo integrin endocytic recycling (Ridley et 

al., 2003, Maritzen et al., 2015, Nader et al., 2016).  FAK (focal adhesion kinase), Src (a 

proto-oncogene tyrosine-protein kinase), and Ca2+ gradients contribute to the regulation 

of tail retraction and adhesion disassembly.  As the tail is retracted, the change in the 

Ca2+ gradient results in ERK activating calpain, a protease that can digest a variety of 

adhesion complex proteins, such as integrins and FAK (Ridley et al., 2003, Storr et al., 

2011). 

 

Cancer Cell Invasion 

EMT 

 In order to metastasize, epithelial cancer cells must be able to disseminate from 

the primary tumor (Stuelten et al., 2018).  For this to be accomplished, E-cadherin must 

be downregulated, effectively allowing the cancer cell to disassemble cell-cell adhesions 

and detach from neighboring cells.  It is during this time that an upregulation of 

mesenchymal markers occurs, including, but not limited to, N-cadherin, vimentin, 

fibronectin, and different integrins.  TGFβ signaling also contributes to EMT, activating 

the ERK/MAPK pathways, PI3K, and Rho-family GTPases.  Epithelial cell polarity will 

also be altered via LKB1-regulated polarization processes (Yamaguchi and Condeelis, 

2007, Yilmaz and Christofori, 2009, Son and Moon, 2010). 
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Migration During Invasion 

 Following EMT, the cell can proceed to migrate via binding to the ECM followed 

by extension of the lamellipodia (Yamaguchi and Condeelis, 2007).  Integrins along with 

different kinases and Rho-family GTPases allow for force transmission onto the ECM 

and enhancement of lamellipodia extension (Pollard and Borisy, 2003, Svitkina, 2018).  

MMPs can also be secreted at this time, proteolytically degrading the ECM, effectively 

altering its structure so the cell can eventually move through this region (Figure 3) 

(Yamaguchi and Condeelis, 2007, Leber and Efferth, 2009, Valastyan and Weingberg, 

2011).  Different actin-rich structures contribute to this movement, all of which are 

regulated by a variety of proteins.  Two of these, the lamellipodia and invadopodia, are 

prominently featured in this process.  Formation of both of these structures is driven by 

the actin cytoskeleton and polymerization machinery (Yamaguchi and Condeelis, 2007, 

Ridley, 2011).  Protrusion formation also requires free actin barbed ends which can allow 

for polymerization at specific sites in the cell (Pollard and Borisy, 2003, Pollard, 2017).   

Rho family GTPases contribute to this migration in several ways: RhoA can mediate 

stress fiber formation, Rac1 contributes to lamellipodia formation, and Cdc42 is 

important for filopodia formation (Krugmann et al., 2001, Ehrlich et al., 2002, Ridley, 

2011, Tojkander et al., 2012).  Different adhesion molecules, such as laminins and 

integrins, are upregulated during this time along with actin-modifying proteins such as 

cofilin and Arp2/3 (Yamaguchi and Condeelis, 2007, Ridley, 2011). 
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Figure 3: Invasion, migration, and subsequent intravasation into the circulatory 

system.  Cells from the primary tumor alter their morphology and detach from cell-cell 

contacts via EMT.  Invadopodia degrade the basement membrane and ECM, allow the 

cell to migrate via the formation of different cellular protrusions.  Cells eventually reach 

the vasculature, degrading the basement membrane surrounding the endoethelial cell 

lining and intravasate into the circulatory system.  Adapted from Bravo-Cordero et al., 

2012. 

 

Additionally, the formin family of proteins also contributes actin-modifying 

machinery which allows the cell to invade.  Dia1 and FMNL1 have been shown to be 

important for regulating the cellular polarity of cancer cells via reorientation of the Golgi 

complex and the MTOC, both of which are activated downstream of different Rho family 
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GTPases such as RhoA and Cdc42 (Gomez et al., 2007, Narumiya et al., 2009, DeWard 

et al., 2010).  Furthermore, Dia1 contributes to stress fiber formation in different cellular 

protrusions downstream of RhoA, regulates focal adhesion complex formation and 

turnover, and mediates leading edge dynamics via interaction with IQGAP (Tominaga et 

al., 2000, Brandt et al., 2007, Sarmiento et al., 2008, DeWard et al., 2010).  Additionally, 

Dia2 localizes with Src at invadopodia and regulates their formation in MDA-MB-231 

cells (Lizárraga et al., 2009). 

 

Actin 

G-Actin and F-actin 

Actin filaments (F-actin), along with microtubules and intermediate filaments, 

collectively form the cytoskeleton as a whole.  Actin is widely conserved and is quite 

similar across all eukaryotic domains.  Additionally, prokaryotes and archaea have 

genes for actin as well, demonstrating the significance of this protein throughout all of life 

(Pollard and Borisy, 2003, Perrin and Ervasti, 2010).  Eukaryotes have at least one gene 

that codes for actin, with mammals having six different genes for each actin isoform.  

These include Ɣcyto-actin, βcyto-actin, αskeletal-actin, αcardiac-actin, αsmooth-actin, and Ɣsmooth-

actin, which all share ~90% identity with each other (Perrin and Ervasti, 2010).  The 

crystal structure of rabbit muscle monomeric actin (G-actin) was first described as a 

complex with DNase I in 1990 and since then our understanding of the protein has 

advanced exponentially (Kabsch et al., 1990). 

In its monomeric state, actin is a 42kDa ATPase and belongs to the same 

structural superfamily as sugar kinases, hexokinases, Hsp70 proteins, and Arp (actin-

related protein) proteins (Pollard and Borisy, 2003, Pollard, 2017).  Actin is the most 

abundant protein in nearly all eukaryotic cells and concentrations in non-muscle cells 

can exceed 300μM (Pollard and Borisy, 2003).  The formation of filaments first requires 
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the thermodynamically unfavorable step of nucleation, where monomers proceed to form 

dimers and trimers, upon which they effectively form an actin tetramer or “seed.”  

Accelerated elongation can then occur with monomers effectively lengthening the 

filament at a rapid rate, with a critical concentration for monomer-binding to the barbed 

(+) end being 0.1μM (Pollard and Borisy, 2003, Campellone and Welch, 2010, Pollard, 

2017).  These ATP-bound monomers are hydrolyzed in the filament itself, at a half-time 

of two seconds, as ADP-bound monomers depolymerize from the pointed (-) end 

(Pollard and Borisy, 2003, Pollard, 2017). 

The filament itself is a right-handed, helical, polarized polymer and elongation of 

the barbed end occurs at a rate of 11.6μM-1s-1 (Pollard and Borisy, 2003, Pollard, 2017).  

All actin monomer subunits of the filament are oriented in the same direction.  Nucleation 

of the actin filament is a very kinetically unfavorable process.  Actin dimers and trimers 

are extremely unstable and dissociate in a matter of microseconds and milliseconds, 

respectively.  Actin monomer sequestration proteins such as profilin and β-thymosin also 

contribute the inhibition of de novo actin polymerization (Pollard and Borisy, 2003, 

Pollard, 2017, Svitkina, 2018).  As a result, actin uses different nucleating proteins to 

allow for this process, including the Arp2/3 complex, formins, and WH2 domain-

containing proteins (Campellone and Welch, 2010). 

The importance of actin in such a large number of cellular functions is further 

revealed by the high concentration of actin monomer subunits within pools in the 

cytoplasm.  As such a high concentration of monomeric subunits exceeds the critical 

concentration for actin filament polymerization, the cell utilizes different G-actin-binding 

proteins as regulators.  These regulators, including, but not limited to profilin, thymosin 

β4, and ADF/cofilin, mediate the sequestration of the available actin monomer subunits 

in the cell.  In addition to this, they also have the ability to regulate the hydrolytic state of 

the monomeric subunits and their localization within the cell (Pollard and Borisy, 2003, 
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Pollard, 2017).  New actin filaments can be generated from this pool of actin via actin 

nucleation and filament elongation.  While a variety of proteins can contribute to this 

process, this dissertation will focus primarily on the formin family of proteins and their 

contributions toward modifying actin within the cell. 

 

Formins 

Formin History 

Formins were initially identified following studies of the limb-deformity gene in 

mice and subsequent characterization of alternatively spliced mRNA transcripts of this 

gene (Kleinebrecht et al., 1982, Woychik et al., 1990).  This allowed for the prediction of 

potential protein products which were termed “formins” due to their requirement in mice 

for proper limb and kidney formation (Kleinebrecht et al., 1982, Zeller et al., 1989, Maas 

et al., 1990, Messing et al., 1990).  Research continued on these novel findings and 

evolutionarily conserved domains of protein products from different genes were identified 

in Drosophila melanogaster, Mus musculus, Gallus gallus domesticus, and 

Saccharomyces cerevisiae, including the defining feature of formins, the FH2 (formin 

homology 2) domain.  Formin family members were identified in other organisms and 

Bni1 in S. cerevisiae was eventually identified as an actin-associated protein with the 

distinctive ability to nucleate and assemble unbranched actin filaments.  Around this 

same time period, the interaction of formins with Rho-family GTPases was ascertained 

and since then the field has flourished (Castrillon and Wasserman, 1994, Chang et al., 

1997, Watanabe et al., 1997, Bione et al., 1998, Petersen et al., 1998, Swan et al., 1998, 

Yayoshi-Yamamoto et al., 2000, Pruyne et al., 2002).  Formins have since been 

recognized as some of the most powerful actin-modifying machines in the cell and the 

span of their functions ranges from cytokinesis to filopodia formation (Harris et al., 2010, 

Bohnert et al., 2013a, Jaiswal et al., 2013).  More recently, it has been established that 
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this diverse family of proteins interacts with microtubules as well, establishing 

themselves as remarkable modifiers of the cytoskeleton as a whole (Thurston et al., 

2012, Fernández-Barrera J and Alonso MA, 2018).  However, the evolution of this field 

has only led to more questions concerning how these proteins operate and function, 

especially in regards to how they modify actin filaments.   

 

Formin Diversity and Subfamilies 

Since first being identified, formins have been extensively studied in several 

model systems ranging from Arabidopsis thaliana to Homo sapiens.  While the number 

of formins in eukaryotes varies greatly depending on species, 15 genes encode for each 

formin in mammals, all of which can be separated into eight subfamilies: Dia 

(Diaphanous-related formin), Daam (Disheveled-associated activator of morphogenesis), 

FMNL (formin-like), INF (inverted formin), FHDC (FH2 domain-containing protein), 

FHOD (FH1/FH2 domain-containing protein), FMN (formin), and Delphilin (Figure 4).  In 

addition to the variation of their chromosomal position, several formins have multiple 

alternative splice isoforms as well (Higgs and Peterson, 2005, Rivero et al., 2005, 

Schönichen and Geyer, 2010, Pruyne, 2016, Pruyne, 2017). 
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Formin 
Gene 
Locus 

No. of 
Isoforms 

Dia1 5q31.3 2 

Dia2 Xq21.33 3 

Dia3 13q21.2 7 

Daam1 14q23.1 3 

Daam2 6p21.2 1 

FMNL1 17q21.31 3 

FMNL2 2q23.3 4 

FMNL3 12q13.12 3 

INF2 14q32.33 2 

FHDC1 4q31.3 1 

FHOD1 16q22.1 1 

FHOD3 18q12.2 2 

FMN1 15q13.3 4 

FMN2 1q43 1 

Delphilin 7p22.1 1 

 

Figure 4: Formin genes are located on a variety of chromosomes.  The 15 human 

formin family members are listed here along with their gene locus and the number of 

their confirmed isoforms.  Adapted from Schönichen and Geyer, 2010. 

 

General Formin Domain Structure 

 Formins are high molecular weight, multi-domain proteins ranging in size from 

~1000-1800 amino acid residues in length.  The defining feature of formins is the ~350 

amino acid residue FH2 domain, flanked N-terminally by the smaller FH1 (Figure 5).  

The FH2 domain is essential to the dimeric formin structure that can bind to the barbed 

(+) end of the actin filament.  This results in a head-to-tail, “donut-shaped” homodimer 

that can remain bound to the growing barbed end, effectively acting as an anti-capping 

protein, allowing the acceleration of actin filament assembly.  The FH1 domain is rich in 

poly-proline repeats that interact with profilin-bound actin monomers which can be 

recruited to accelerate actin filament elongation.  C-terminal to the FH2 domain is a 
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region that can vary in sequence but does share a common region known as the DAD 

(diaphanous auto-regulatory domain).  This domain interacts with the GBD (GTPase-

binding domain) at the furthest N-terminal end of the protein.  The C-terminal region is 

also often home to other conserved domains, such as WH2 domains, although this is 

unique to specific formins.  The region with the most variability, the FH3 domain, is 

located between the N-terminal GBD domain and the FH1 domain (Goode and Eck, 

2007, Schönichen and Geyer, 2010, Breitsprecher and Goode, 2013). 

 FH2 domains are unique in that they can not only nucleate and elongate actin 

filaments, but also bundle and sever these filaments as well (Harris et al., 2004, Harris et 

al., 2006, Goode and Eck, 2007, Vizcarra et al., 2014).  This domain is also essential to 

the homodimerization of the formin.  The N-terminal region of the FH2 domain contains 

what is termed a “lasso” subdomain, a name based on its molecular shape.  The lasso 

subdomain of one formin monomer can then interact with the C-terminal “post” 

subdomain of the same formin monomer, resulting in the formin’s homodimeric state.  

Between the lasso and post subdomains, a region of the molecule known as the “linker” 

provides the connection between the FH2 domains of the formins.  It is here that two 

highly conserved residues, an isoleucine and lysine, are located which are essential for 

the formin to interact with actin (Xu et al., 2004, Goode and Eck, 2007, Schönichen and 

Geyer, 2010, Breitsprecher and Goode, 2013). 

The DAD domain is comprised of two unique structural features: an amphipathic 

helix and a central MDxLLxxL motif immediately followed by basic region that can differ 

widely in regards to amino acid residue composition and length.  The helix region of the 

DAD domain binds to the hydrophobic armadillo repeat region located within the FH3 

domain while the basic region increases affinity of the FH3 domain with the GBD domain 

based on electrostatic interactions (Goode and Eck, 2007, Schönichen and Geyer, 2010, 

Breitsprecher and Goode, 2013). 
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 The mechanism of how the formin is released from its autoinhibited state by Rho-

family GTPase binding remains elusive.  Moreover, some studies have shown that 

interactions with Rho-family GTPases have little effect on formin activity (Han et al., 

2009, Miller et al., 2017).  Additionally, mechanisms of activation other than Rho-family 

GTPase binding may be necessary to fully activate the formin (Liu et al., 2008, Bartolini 

et al., 2016).  It has also been suggested that some formins may be constiutively active.  

For example, N-terminal myrisotylation of FMNL1 may result in the formin remaining in 

its open, active conformation while DIP-1 (diaphanous inhibitory protein 1) can actually 

bind to the FH2 domain directly, blocking formin activity (Han et al., 2009, Aspenström, 

2010).  As each formin behaves quite differently, in-depth analysis of this mechanism 

could very well demonstrate that the relationship between each formin and different Rho-

family GTPases may be entirely unique.  

 

Formin Function 

Formins are often defined as actin nucleators, however, not all formins have the 

ability to nucleate and those that do can vary in how well they perform this action (Goode 

and Eck, 2007, Schönichen and Geyer, 2010, Breitsprecher and Goode, 2013).  Formin 

proteins have the ability to interact with the barbed end of actin filaments, which they can 

proceed to elongate and prevent capping by other proteins such as gelsolin (Figure 5) 

(Zigmond et al., 2003).  The exact mechanism of formin-mediated actin nucleation still 

remains to be resolved and is likely to be different for each formin.  Currently, all studies 

that have demonstrated nucleation are in vitro and actual in vivo nucleation remains to 

be determined.  Furthermore, when formin-mediated nucleation does occur, different 

NPFs have been demonstrated to interact with formins in order to overcome this highly 

unfavorable reaction, such as DIP and APC (Aspenström, 2010, Okada et al., 2010).  

Additionally, more evidence has suggested that the C-terminal region of the formin 
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contributes to stabilization of actin nucleation by binding actin monomers (Heimsath and 

Higgs, 2012, Vig et al., 2017). 

 Filament assembly also varies between formins, and assembly rates greatly 

differ depending on the in vitro experimental conditions.  Formin FH2 domains remain 

attached at the barbed end, processively adding actin monomer subunits and preventing 

capping proteins from binding to the barbed end.  The formin moves with the barbed end 

as it is elongated in a “stair-stepping” fashion.  The FH2 dimer can switch between an 

“open” state where actin monomer subunits can be added and a “closed” state where 

addition of monomeric subunits is halted.  The FH1 domain recruits profilin-bound actin 

monomer subunits during filament assembly, which can subsequently be added to the 

growing barbed end (Figure 5) (Goode and Eck, 2007, Paul and Pollard, 2009, 

Schönichen and Geyer, 2010, Breitsprecher and Goode, 2013).  How actin monomer 

subunits are actually transferred from the FH1 domain to the FH2 domain remains to be 

determined. 

 While formins are frequently thought of as actin nucleators and elongators, they 

also modify filaments through bundling and severing activities.  Indeed, FMNL1 is able to 

perform all of these actions (Harris et al., 2004, Harris et al., 2006).  Dia2, FMNL2, 

FMNL3, and FHOD1 have all been shown to have some form of bundling activity (Harris  

et al., 2006, Vaillant et al., 2008, Schönichen et al., 2013).  Moreover, these additional 

activities of formins may rely on other domains within these proteins, such as WH2 

domains, which have been shown to contribute to bundling in FMNL2 and FMNL3 

(Vaillant et al., 2008).   
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Figure 5: The FH2 domain moves processively with the barbed end of the 

elongating actin filament while the FH1 domain recruits profilin-actin monomer 

subunits for addition to the growing barbed end.  GBD = GTPase-binding domain.  

DAD = Diaphanous autoregulatory domain.  DID = Diaphanous inhibitory domain.  FH = 

Formin homology domain.  N = N-terminus.  C = C-terminus.  Adapted from Chesarone 

et al., 2010. 
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FMNL1    

Structure and Functions 

Originally hypothesized to be predominately expressed in leukocytes, FMNL1 

expression has now been demonstrated in a variety of cell and tissue types (Han et al., 

2009, Mersich et al., 2010, Colon-Franco et al., 2011, Gardberg et al., 2014).  FMNL1 

encodes for three different isoforms (FMNL1α, FMNL1β, FMNL1ɣ), all of which diverge 

as splice variants in the C-terminal region following at T1069 (Katoh and Katoh, 2003, 

Han et al., 2009).  FMNL1 is classically known as a regulator of the actin-rich adhesion 

complexes of macrophages known as podosomes (Mersich et al., 2010).  This protein is 

essential to the stability of this complex, although this is not its only function (Mersich et 

al., 2010, Miller et al., 2017).  Interestingly, FMNL1 seems to have a diverse array of 

functions not only in immunosurveillance, but cancer cell migration and development as 

well (Kitzing et al., 2010, Rosado et al., 2014).   

FMNL1 is a primary example of the tremendous diversity of how a formin 

interacts with actin.  This protein has been shown to nucleate, elongate, bundle, and 

sever actin filaments all while showing an indifference toward Rho-family GTPase 

interactions (Harris et al., 2004, Harris et al., 2006, Mersich et al., 2010, Miller et al., 

2017).  While some studies have shown that FMNL1 interacts with RhoA, Rac1, and 

Cdc42, others have demonstrated that these Rho-family GTPases have little to no 

impact on its activity (Yayoshi-Yamamoto et al., 2000, Seth et al., 2006, Gomez et al., 

2007, Mersich et al., 2010, Wang et al., 2015, Miller et al., 2017).  Further adding to the 

complexities of this protein, the FH2 domain of FMNL1 has been shown to bind actin 

filaments via side-binding, where electrostatic interactions on the outside of the FH2 

domain can interact with actin, allowing for binding or bundling activity (Harris et al., 

2004, Harris et al., 2006).  FMNL1 also has a unique C-terminus, containing two 

putative, overlapping WH2 domains followed by five phenylalanine residues within very 
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close proximity to each other (Miller et al., 2017).  In vivo studies have also 

demonstrated the importance of FMNL1 in regards to cellular functions, as widespread 

genetic deletion of this gene is embryonic lethal while conditional deletion in primary 

macrophages results in adhesion and migration defects (Miller et al., 2017).   

 

Localization of FMNL1 

Visualization of FMNL1 within cells has also demonstrated its variability.  

Localization of both endogenous and exogenous expression has been observed not only 

to macrophage podosomes and pseudopods, but also to the nucleus, Golgi complex, 

lamella, lamellipodia, phagocytic cup, and myofibrils (Han et al., 2009, Mersich et al., 

2010, Colon-Franco et al., 2011, Naj et al., 2013, Rosado et al., 2014, Miller et al., 

2017).  This could be attributed to its variety of interactions with actin as in vitro actin 

biochemistry experiments have demonstrated its ability to nucleate, elongate, bundle, 

and sever (Harris et al., 2004, Harriset al., 2006).  This variance in localization could also 

be due to post-translational modifications.  FMNL1 has been shown to be N-terminally 

myristoylated, resulting in its localization to the plasma membrane and subsequent 

contribution to membrane blebbing (Han et al., 2009). 

 

Binding Partners of FMNL1 

The promiscuous behavior of FMNL1 with its effectors and binding partners may 

also explain its diversity in function.  As an inducer of microtubule acetylation, the 

functions of this protein may be broader than those of just the actin cytoskeleton.  This is 

further supported by its ability to reorient the MTOC via Rac1 binding and evidence 

demonstrating its importance in spindle organization during mouse oocyte meiosis, 

where RhoA activates FMNL1 which can then influence GM130 expression (Gomez et 

al., 2007, Wang et al., 2015).  FMNL1 also interacts srGAP2 (Slit-Robo GAP family 
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member 2) which results in a sterical hindrance of its severing function.  This is the result 

of the SH3 domain of srGAP2 binding to the FH1 domain of Rac-activated FMNL1 

(Mason et al., 2010).  A bioinformatics analysis of the FMNL1 interactome and 

subsequent downstream experiments indicated that FMNL1ɣ interacts with the ~700kDa 

scaffold protein AHNAK1, mediating its localization to the plasma membrane (Han et al., 

2013).  Additionally, on lipid droplets, FMNL1 has been shown to dictate assembly of 

non-muscle myosin IIa-decorated actin filaments (Pfisterer et al., 2017). 

 

FMNL Proteins in Cancer 

Several formins, especially those of the FMNL subfamily, have been implicated in 

cancer invasion and metastasis, which is not surprising considering their many 

cytoskeletal-based functions.  In CRC cells, FMNL2 is required for migration, invasion, 

and metastasis, interacting with both Cdc42 and cortactin to drive invadopodia formation 

(Ren et al., 2018).  FMNL2 is also required for melanoma cell invasion, with one 

alternative splice isoform of this protein being upregulated (Péladeau et al., 2016).  

Overexpression of FMNL3 can drive EMT in nasophayngeal carcinoma and deletion of 

this protein results in the lessening of the primary tumor to undergo EMT in xenografts 

(Wu et al., 2017).  Furthermore, depletion of FMNL1 in MDA-MB-231 cells results in an 

inhibition of invasion (Kitzing et al., 2010). 

 

Formins as Actin Bundling Proteins 

Detailed Formin History and Actin Bundle Organizations 

In 1982, a study identifying phenotypes of mice homozygous for the mouse 

mutant limb-deformity gene laid the foundation for research into a new field of powerful, 

cytoskeleton-modifying proteins (Kleinebrecht et al., 1982).  Further characterization of 

limb-deformity alternatively spliced mRNA transcripts predicted the potential protein 
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product structures (Woychik et al., 1990).  This family of proteins was termed “formins” 

as a result of their contribution to the proper formation of both limbs and kidneys in mice 

(Kleinbrecht et al., 1982, Zeller et al., 1989, Maas et al., 1990, Messing et al., 1990).  

Subsequent research into the requirement of the diaphanous gene (diaphanous) for 

cytokinesis in Drosophila melanogaster revealed two evolutionarily conserved domains 

of protein products from both the limb-deformity gene (formin) of Mus muculus and 

Gallus gallus domesticus and the Bni1 gene (Bni1) in Saccharomyces cerevisiae.  The 

formin homology 1 (FH1) and formin homology 2 (FH2) domains were highly conserved 

in diaphanous, Bni1, and formin, with the FH2 domain eventually becoming the defining 

attribute of formin proteins (Castrillon and Wasserman, 1994).  Analysis of sequence 

composition in proteins of other species allowed for identification of other formin family 

members, including, but not limited to, Cdc12 in Schizosaccharomyces pombe, Dia1 in 

M. musculus and Homo sapiens, and Cyk-1 in Caenorhabditis elegans (Chang et al., 

1997, Watanabe et al., 1997, Bione et al., 1998, Swan et al., 1998).  Eventually, Bni1 

was identified as an actin-associated protein and hypothesized to participate in actin 

filament (F-actin) assembly (Evangelista et al., 1997). These data, in correlation with 

other studies identifying the N-terminal FH3 domain of formins and their interactions with 

Rho-family GTPases, gave rise to the seminal paper first identifying the nucleation of 

unbranched actin filaments by a formin (Watanabe et al., 1997, Petersen et al., 1998, 

Yayoshi-Yamamoto et al., 2000, Pruyne et al., 2002).  This discovery of a novel protein 

family with the ability to nucleate unbranched actin filaments altered classical theories 

about how the actin cytoskeleton operates and introduced a family of proteins with an 

abundance of potential responsibilities in the cell.  Sixteen years later, formins have 

been shown to not only nucleate linear actin filaments, but also to elongate, bundle, 

sever, and depolymerize them as well (Goode and Eck, 2007, Schonichen and Geyer, 

2010, Breitpsrecher and Goode, 2013).  These diverse actin-modifying activities of 
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formins designate these proteins as powerful instruments for the cell to use in order to 

modulate the cytoskeleton and, ultimately, fulfill a variety of essential cellular functions. 

 The foundational integrity of higher-ordered cellular structures, such as filopodia, 

lamellipodia, invadopodia, and microvilli, is dependent on not only the properties of the 

individual actin filaments themselves, but their aggregation into bundles as well (Mattila 

PK and Lappalainen P, 2008, Brown and McKnight, 2010, Schoumacher et al., 2010, 

Johnson et al., 2015).  The manner in which these bundles are assembled, arranged, 

and oriented is contingent upon the function and abilities of the specific actin bundling 

proteins involved, as well as the subsequent involvement of cross-linking proteins, such 

as α-actinin and fascin (Bartles, 2000, Wagner et al., 2006, Courson and Rock, 2010).  

While past studies have provided convincing evidence of Arp2/3 and Ena/VASP 

regulating actin filament bundle formation, recent work has demonstrated that specific 

formin proteins are also essential to this process (Vignjevic et al., 2003, Michelot et al., 

2005, Moseley and Goode, 2005, Harris et al., 2006, Schirenbeck et al., 2006, Quinlan 

et al., 2007, Vaillant et al., 2008, Li et al., 2010, Scott et al., 2011, Skillman et al., 2012, 

Bohnert et al., 2013b, Jaiswal et al., 2013, Junemann et al., 2013, Schönichen et al., 

2013, Wang et al., 2013, Sun et al., 2017, Silkworth et al., 2018).   

 The formation of branched actin networks is primarily modulated by the seven-

protein subunit complex Arp2/3 and families of nucleation promoting factors (NPFs) such 

as WASp (Wiskott-Aldrich syndrome protein) and Scar/WAVE (WASp-family verprolin-

homologous protein) (Machesky and Insall, 1998, Mullins et al., 1998, Goley and Welch, 

2006, Rotty et al., 2013).  The force generated by these branched actin networks drive 

the mechanical and morphological properties of the cell, allowing for the completion of a 

variety of cellular functions (Goley and Welch, 2006, Rotty et al., 2013).  However, 

different actin networks used for specific purposes can be generated within the cell as 

well.  Crosslinked networks, which are also necessary for governing the morphological 
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and functional status of the cell, are different from the branched actin networks 

generated by the Arp2/3 complex in that they are produced from pre-formed actin 

filaments in conjunction with different proteins (Blanchoin et al., 2014).  Cross-linking 

proteins vary in their ability and range to form networks.  For example, while fimbrin can 

link actin filaments over a range of 10nm, the much larger protein filamin can link 

filaments up to 160nm (Klein et al., 2004, Stossel et al., 2001).  Filaments that are cross-

linked over a short distance, via proteins such as fascin, fimbrin, and α-actinin, are 

organized into tightly-packed bundles.  These actin filament bundles can be organized in 

different fashions depending on the orientation of the filaments themselves (Matsudaira 

et al., 1983, Courson and Rock, 2010).  Antiparallel actin bundle organizations are an 

important component of the actomyosin stress fibers necessary for the formation and 

regulation of adhesion complexes and are often formed by fimbrin and α-actinin (Laporte 

et al., 2012, Schwarz and Gardel, 2012).  While parallel actin filament bundles can be 

formed via the Arp2/3 complex in the absence of capping protein, two other protein 

families are primarily considered to be important this mediating this specific type of 

filament organization: Ena/VASP and formins (Svitkina et al., 2003, Yang and Svitkina, 

2011, Blanchoin et al., 2014).  Ena/VASP proteins have the ability to generate 

unbranched actin filaments by enhancing barbed-end elongation and acting as anti-

capping proteins for actin filaments.  Additionally, this oligomeric protein has multiple 

actin binding sites, allowing for the bundling of filaments (Schirenbeck et al., 2006, 

Trichet et al., 2008, Breitsprecher et al., 2011). 

 Classically, formins are thought of as actin nucleators which remain attached via 

their FH2 domain to the barbed end of the elongating actin filament, processively moving 

with this growing filament end as the FH1 domain binds profilin-bound monomeric actin 

which is added to the growing end of the filament (Goode and Eck, 2007, Paul and 

Pollard, 2009, Schönichen and Geyer, 2010, Breitsprecher and Goode, 2013).  An 
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interesting component of formins is their ability to move from the barbed end of the 

filament to the sides, allowing for them to act as a crosslinker, organizing filaments into 

either parallel or antiparallel bundles (Harris et al., 2006).  This versatile function makes 

formins unique in their bundling ability. 

 While this feature distinguishes formins from other crosslinking and bundling 

proteins, the mechanisms driving these actions remain to be fully elucidated.  As many 

aspects of formin-mediated actin bundling have been revealed, much still remains to be 

discovered in regards to precisely how they bundle actin filaments.  Interestingly, while 

several different formins can bundle, other actin-modifying abilities, such as nucleating, 

polymerizing, and severing, vary depending on protein.  In conjunction with their diverse 

domain organization and how these domains interact with other proteins, defining formin 

functions has proven to be quite challenging.  By providing a comprehensive review on 

the bundling function of formins, we hope to provide a systemic analysis that will allow 

us to identify patterns which may eventually contribute to the overall knowledge of this 

diverse family of proteins. 

 

Saccharomyces cerevisiae – Bnr1 

While two formins are expressed in S. cerevisiae, only one has been shown to 

bundle actin filaments (Kohno et al., 1996, Imamura et al., 1997, Moseley and Goode, 

2005).  Using low-speed co-sedimentation assays and electron microscopy, Bnr1, which 

localizes to the bud neck, was observed to display actin bundling activity at 

concentrations over 500nM (Moseley and Goode, 2005, Gao and Bretscher, 2009).  The 

other formin expressed in S. cerevisiae, Bni1, localizes primarily to the bud tip as 

opposed to the bud neck where Bnr1 localizes (Vallen et al., 2000, Evangelista et al., 

2002, Sagot et al., 2002, Moseley et al., 2004, Pruyne et al., 2004, Moseley and Goode, 

2005).  This could explain why Bnr1 not only induces filament bundling but also acts as a 
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potent actin assembly protein.  This bundling activity of Bnr1 was additionally confirmed 

with yeast actin as opposed to rabbit skeletal muscle actin, however, electron 

microscopy visually confirmed that the actin bundles are not well-organized (Wen and 

Rubenstein, 2009).  Interestingly, under low ionic strength conditions, Bnr1 could not 

bundle actin compared to high ionic strength conditions, indicating bundle formation 

might require higher ionic strengths which would allow access of the formin bundling 

motif to the surface of the actin filament.  These data suggest that ionic strength-

dependent conformation change in the formin or actin is required for the formin to 

interact with the filament side (Gao and Bretscher, 2009, Wen and Rubenstein, 2009). 

 

Schizosaccharomyces Pombe – Fus1 and Cdc12 

The fission yeast S. pombe expresses three different formins, Cdc12, For3, and 

Fus1, which are important for cytokinesis, cell polarity, and mating, respectively (Chang 

et al., 1997, Petersen et al., 1998, Feierbach and Chang, 2001).  Low-speed 

cosedimentation assays have demonstrated that Fus1-FH1-FH2 can bundle 

preassembled actin filaments with saturation occurring at ~0.5µM.  This protein can also 

nucleate one filament per every two dimers and binds to barbed ends with a Kd of 0.2nM.  

Compared to other fission yeast formins, it has a somewhat lower profilin-actin 

elongation rate of 5.0 subunits s-1 and dissociates from filaments more quickly than other 

yeast formins (Scott et al., 2011).   

While Cdc12 is not able to bundle actin filaments on its own, a C-terminal 

fragment lacking the FH1 and FH2 domain but containing an oligomerization domain 

was able to bundle actin filaments in low-speed cosedimentation assays (Scott et al., 

2011, Bohnert et al., 2013b).  Sid2 phosphorylates amino acid residues located C-

terminally to the FH2 domain in Cdc12.  Overexpression of mutants lacking the DAD 

domain and part of the C-terminus resulted in the formation of incomplete cytokinetic 
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rings and inhibited cytokinesis.  A small, 87 amino acid residue sequence which includes 

part of the DAD domain and a region located C-terminally from it was identified as being 

sufficient for bundling while also overlapping with the region contributing to cytokinetic 

ring formation.  Sequence analysis of this domain demonstrated that it was highly similar 

to RS domains important for oligomerization (Bohnert et al., 2013b).  SDS-PAGE 

resolution of a fusion protein coding for this region of the molecule revealed that, in its 

native form, this region of the protein was multimeric.  Additionally, in vitro binding 

assays of two separate fusion proteins made from this region indicated they self-

associate (Boucher et al., 2001, Bohnert et al., 2013b). 

Interestingly, cosedimentation assays of the region of Cdc12 located C-terminally 

to the FH2 domain and continuing on through to the C-terminus not only bound actin 

filaments, but bundled them as well.  This bundling activity was confirmed visually via 

rhodamine phalloidin staining.  While the oligomerization domain alone was able to bind 

actin filaments, it could not bundle them, indicating the entire C-terminal region of the 

molecule is necessary for this function.  Microscopic analysis of different Cdc12 mutants 

demonstrated that oligomerization of the formin bundles actin early in the process of 

cytokinetic ring formation.  Sid2 acts as a phosphoregulator of Cdc12 during cytokinesis, 

promoting multimer disassembly which is necessary for the maintenance of the 

cytokinetic ring.  As a result, while Cdc12 in its native state is multimeric and functions 

as regulator of cytokinetic ring formation by mediating F-actin bundle formation, Sid2 can 

phosphorylate sites in the C-terminal region of this protein, resulting in disassembly of 

the multimer, halting actin bundling activity by this protein  (Bohnert et al., 2013b). 
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Dictyostelium discoideum – ForC  

D. discoideum expresses ten formins: ForA – ForJ.  All D. discoideum formins 

have a similar domain structure as that of the metazoan formins with the exception of 

ForC and ForI.  While ForI lacks both an FH3 domain and a DAD domain, ForC lacks 

both an FH1 domain and the highly conserved isoleucine residue which has been shown 

to be essential for the actin binding in other formin family members (Shimada et al., 

2004, Xu et al., 2004, Otomo et al., 2004, Eichinger et al., 2005, Rivero et al., 2005, 

Harris et al., 2006, Harris et al., 2010, Miller et al., 2017).  ForC is also unique in that it 

has several stretches of highly repetitive amino acid residue sequences within the center 

of the FH2 domain (Junemann et al., 2013).  Genome comparison demonstrated that the 

mammalian homologue with highest similarity in domain organization is FHOD1 (Dames 

et al., 2011).   

Biochemical assays have demonstrated that the FH2 domain of ForC (ForC-FH2) 

does not stimulate spontaneous actin polymerization and actually inhibits assembly in a 

dose-dependent manner.  Interestingly, ForC-FH2 does not inhibit depolymerization 

either, suggesting this protein may have a low affinity for barbed ends.  In high-speed 

sedimentation assays, ForC-FH2 can bind F-actin with a KD ~ 0.9±0.2µM.  Low-speed 

sedimentation assays have demonstrated that ForC-FH2 can bundle F-actin and that 

both the binding and bundling activities of this protein can be inhibited with increased 

KCl concentrations.  This suggests that FH2 domain function of ForC can vary based on 

ionic strengths and electrostatic interactions.  Additionally, high-speed sedimentation 

assays where capping protein was included suggest that ForC-FH2 preferentially binds 

to actin filament sides (Junemann et al., 2013).   

TIRF microscopcy demonstrates that ForC-FH2 has the ability to form ~2-6 actin 

bundles within 30mins.  These bundles are flexible and loose with filaments in both 

parallel and antiparallel orientations (Junemann et al., 2013).  This loose bundle 
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phenotype observed may be explained by the net positive charge of ForC-FH2 and how 

it has a higher pI than the non-bundling protein Dia1 but a lower pI than Dia2, which can 

bundle (Harris et al., 2006, Junemann et al., 2013).  Elongation rates were not affected 

and the number of filaments formed did not change either, indicating ForC-FH2 does not 

affect nucleation.  Since the FH2 domains of other formins that bundle were previously 

predicted to need a positive net charge and ForC-FH2 has a higher pI than the non-

bundler Dia1, but a lower pI than Dia2 which does bundle, this may explain why looser 

bundles were formed (Harris et al., 2006, Junemann et al., 2013).  This is further 

supported by evidence demonstrating that while the FH2 domain of FHOD1 has a higher 

pI than ForC –FH2, it is required for bundling activity (Junemann et al., 2013, 

Schönichen et al., 2013).  This could indicate that ForC-FH2 is sequestering actin 

monomers, effectively impairing filament elongation, resulting in the formation of thick 

actin bundles. (Junemann et al., 2013)  

 

Drosophila melanogaster – Cappuccino and DAAM  

The D. melanogaster formin Cappucino (Capu), a member of the FMN formin 

subfamily, is essential during development for proper oocyte polarity and genetic 

deletion of this gene results in female sterility (Manseau and Schüpbach, 1989, Emmons 

et al., 1995).  The mammalian homolog, FMN2, is important for maintenance of the F-

actin mesh structure in mouse oocytes (Dahlgaard et al., 2007).  Capu has a longer 

lasso region of 52 amino acid residues compared to other formins which normally have 

10-20 amino acid residues between two conserved tryptophan residues (Yoo et al., 

2015).  Deletion of this region results in higher bundling activity compared to WT CapuC 

when analyzed via low-speed cosedimentation assays (Yoo et al., 2015).  While the C-

terminal tail region of Capu is necessary for F-actin bundling, it is not sufficient.  Low-

speed sedimentation assays and TIRF microscopy have demonstrated that recombinant 
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protein expressing Capu-FH1-FH2-TAIL-COOH bundles actin filaments and titrating F-

actin with increasing concentrations of Capu results in actin filaments in a transition state 

between bundled and unbundled (Vizcarra et al., 2014).  This bundling activity of Capu, 

with KD = 6 ± 2nM, is very efficient, even compared to α-actinin (Wachsstock et al., 1993, 

Quinlan et al., 2007).  Interestingly, mutation of the conserved isoleucine residue does 

not affect the bundling activity of Capu, as bundles of mixed orientations are still formed.  

The requirement of the C-terminal tail region of Capu for bundling activity is further 

supported by F-actin bundling analysis using a truncated mutant, Capu-FH1-FH2, which 

has little to no effect compared to Capu-FH1-FH2-TAIL-COOH.  The C-terminal tail 

requirement for Capu-mediated bundling could indicate that proper binding and bundling 

of F-actin relies on not only FH2 domain regions, but specific sequences found in this 

part of the molecule which may be necessary for electrostatic interactions to take place 

(Vizcarra et al., 2014).  Bundling activity of Capu has also been observed to occur with 

the N-terminal region (GBD-FH3), demonstrating that different formin domains may have 

other functions as well (Rosales-Nieves et al., 2006). 

DAAM is an essential component of the actin cytoskeleton for the development of 

several different tissue types in D. melanogaster, especially for the organization of actin 

cables during tracheal development.  Deletion of DAAM results in the shortening of actin 

cables which become cross-linked as opposed to bundled as parallel filaments (Matusek 

et al., 2006).  Additionally, fluorescence microscopy analysis has demonstrated that both 

Drosophila DAAM-FH1-FH2 and DAAM-FH2 have the ability to induce F-actin bundling 

(Barkó et al., 2010).  Interestingly, high-speed sedimentation assays using the C-

terminal region of DAAM have shown that this protein can bind to F-actin sides with a KD 

= 38.9 ± 3.2μM and removal of the C-terminal region following the DAD domain 

significantly reduces its binding ability.  Low-speed sedimentation assays have shown 

that DAAM bundles F-actin with a similar affinity to its binding activity and mutation of the 
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conserved isoleucine residue in the FH2 domain has no effect on this.  Moreover, a 

truncated mutant encoding solely for the DAD and C-terminal region of DAAM displays 

bundling activity as well, albeit with a much lower efficiency (Vig et al., 2017). 

 

Mammals – Dia2, DAAM1, FMNL1-3, FHOD1, Delphilin 

High-speed sedimentation assays have shown that Dia2 binds to actin filament 

sides and low-speed sedimentation assays have demonstrated it can indeed bundle 

actin filaments, which has been confirmed via fluorescence and electron microscopy.  

Additionally, this bundling activity is dependent on the proper ionic conditions as 

increasing salt concentrations can ultimately inhibit proper bundling activity by Dia2.  The 

orientation of F-actin bundles formed by Dia2 are both parallel and antiparallel, as 

determined by myosin-S1 decoration experiments.  Interestingly, bundling activity is not 

influenced by mutation of the conserved isoleucine residue that is essential for the FH2 

domain to interact with actin.  Dia2-mediated F-actin bundling may be occurring as a 

result of the formin dimer dissociating and recombining.  An interesting aspect of Dia2-

mediated bundling is that this activity is not exclusive to barbed end binding activity, as 

demonstrated by the mutation of the conserved isoleucine residue (Harris et al., 2006).   

Dia2 also has a dual role in lamellipodia and filopodia bundle formation and may 

contribute to bundle formation in the contractile ring as well (Yang et al., 2007, 

Watanabe et al., 2008).  Indeed, deletion of Dia2 in B16F1 cells results in 

disorganization of F-actin networks at the lamellipodia and in the filopodia (Yang et al., 

2007). 

DAAM1 is an essential component of some filopodia and loss of expression of 

DAAM1 in cells results in defects in these cellular structures.  Low-speed sedimentation 

assays and TIRF (total internal reflection fluorescence) microscopy have demonstrated 

that the C-terminal half of DAAM1 has the ability to bundle F-actin in a concentration-
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dependent manner.  F-actin bundles generated by DAAM1 are organized in a parallel 

arrangement and can be formed regardless if the actin filaments are growing or 

preformed.  Transmission electron microscopy has demonstrated that DAAM1 produces 

densely-packed F-actin bundles.  DAAM1 is especially interesting in that it is recruited by 

fascin, a well-characterized actin bundling protein, for the proper formation of filopodia, 

and actually regulates fascin expression during oocyte meiosis in mice (Jaiswal et al., 

2013, Lu et al., 2017).   

FMNL1 has the ability to bind tightly to pre-formed actin filaments, with different 

isoforms having a binding affinity of KD < 0.1μM.  Moreover, while this protein can 

accelerate actin filament polymerization, it actually retards barbed end elongation (even 

in the presenece of profilin) and slows actin filament re-annealing.  FMNL1 is also 

dimeric and binds tightly to preformed actin filaments sides which allows for successful 

actin filament bundling (Harris et al., 2004, Harris et al., 2006).  Low-speed 

sedimentation assays have demonstrated that FMNL1 has the ability to bundle both 

muscle and non-muscle actin in a similar fashion.  Indeed, in the sarcomeres of mouse 

primary cardiomyocytes, deletion of FMNL1 results in disorganized and less densely 

pack actin filament bundles (Harris et al., 2006, Rosado et al., 2014).  Fluorescence 

microscopy has confirmed that the FH2 domain of FMNL1 bundles actin filament and 

Cy3-labeled FMNL1 localizes evenly throughout the actin bundles.  Ionic and 

electrostatic interactions also play a role in FMNL1-mediated F-actin bundling as 

increasing concentrations of NaCl from 50mM to 150mM results in an inhibition of both 

bundling and side-binding activity.  Myosin-S1 decoration experiments have also 

demonstrated that filaments in FMNL1-generated bundles are in a mixed orientation of 

both parallel and anti-parallel orientation.  Low-speed sedimentation assays with FMNL1 

where the conserved isoleucine residue has been mutated also demonstrate that this 

does not affect the bundling activity of this protein, suggesting that other regions of 
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FMNL1 are important for this function (Harris et al., 2006).  Quantitative rheology 

analysis has shown that FMNL1 can cross-link and bundle filaments into highly 

viscoelastic solids (Esue et al., 2008).  Indeed, when FMNL1 is absent, actin filament 

network formation is limited and networks that do form have low elasticity and low 

dynamic viscosity.  However, in the presence of FMNL1, elasticity of F-actin networks is 

able to increase 25-fold and the rate of gelation is greatly reduced.  These FMNL1-

generated F-actin networks form viscoelastic solids and the tight cross-linking where 

actin filament movement is very limited.  Additionally, while FMNL1 has also been shown 

to sever actin filaments, this does not significantly affect its ability to form bundles (Harris 

et al., 2004, Esue et al., 2008).  Interestingly, mutation of the conserved FH2 isoleucine 

residue in FMNL1, which inhibits barbed end binding, only slightly enhances the stiffness 

of the FMNL1-generated actin filament networks.  This suggests that other regions of 

FMNL1 may be important for formin-mediated F-actin bundling (Esue et al., 2008).  

A prominent feature of the FMNL family is that all three members not only have 

the ability to bundle F-actin, but they also contain a WH2 motif located at the C-terminus 

(Harris et al., 2006, Vaillant et al., 2008, Heimsath and Higgs, 2012).  This WH2 motif is 

required for actin bundling by both FMNL2 and FMNL3, similar to its requirement for 

bundling activity in espin (Loomis et al., 2006, Vaillant et al., 2008).  Low-speed 

sedimentation assays have demonstrated that both FMNL2 and FMNL3 bundle actin 

filaments in vitro.  Interestingly, removal of the DAD domain from FMNL2 reduces actin 

bundling and bundling activity is completely eliminated when both the DAD and WH2 

domains are absent.  FMNL3-mediated bundling slightly differs in that, while reduced 

actin bundling was observed with the elimination of the DAD domain, absence of the 

DAD and WH2 domain still allowed for some bundling activity, albeit at reduced amounts 

(Vaillant et al., 2008, Heimsath and Higgs, 2012).  FMNL2-mediated barbed end binding, 

in conjunction with WH2 actin binding sites, could be essential for proper F-actin 
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bundling by this protein.  This could also explain why a FMNL2 mutant lacking the DAD 

domain was not observed to localize to bundled F-actin in microspikes and the 

lamellipodial network in B16-F1 cells (Vaillant et al., 2008, Block et al., 2012).  

Additionally, FMNL2 deletion in mouse primary cardiomyocytes results in a lack of Z-

band formation and actin filaments display disorganized orientations (Rosado et al., 

2014).  However, as this WH2 domain is required for F-actin bundling by FMNL2, the 

bundling activity of FMNL3 is not as dependent on this mechanism.  This suggests that 

both proteins could be bundling F-actin using different mechanisms, where FMNL3 may 

primarily rely on the FH2 domain for this activity (Vaillant et al., 2008).  Furthermore, in 

FMNL3, the conserved isoleucine residue of the FH2 domain, which has been found in 

several formins to be essential for barbed end binding and proper actin filament 

assembly, can be mutated to inhibit barbed end binding, but this does not affect 

bundling, suggesting other regions of the protein may be essential for this process (Xu et 

al., 2004, Harris et al., 2006, Harris et al., 2010, Colon-Franco et al., 2011). 

FHOD1 has previously been shown to induce stress fiber formation and regulate 

adhesion complex formation while high-speed sedimentation assays have indicated that 

multiple regions of the protein have the ability to bind F-actin (Gasteier et al., 2003, 

Takeya and Sumimoto, 2003 Schönichen et al., 2006, Gardberg et al., 2013, 

Schönichen et al., 2013).  However, low-speed sedimentation assays indicated that the 

C-terminal region was not able to bundle F-actin, unlike several other bundling formins.  

TIRF microscopy did reveal that full-length FHOD1 and an N-terminal region of the 

protein were able to bundle actin, with enhanced bundling noticed with F-actin bundled 

by the N-terminal protein, suggesting that DID-DAD interactions may inhibit bundling by 

this region of the protein.  This has been further confirmed by electron microscopy where 

F-actin bundles induced by FHOD1 were detected even in the presence of gelsolin, 

suggesting side-binding activity may be necessary for bundle formation.  Additionally, 
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strong localization to actin arcs and ventral stress fibers, where F-actin bundles are 

prominent, have been observed with FHOD1.  This is interesting as data on other 

formins suggests that the FH2 domain and C-terminal region are primarily responsible 

for bundling activity.  However, this is not the case with FHOD1 where some bundling 

activity does seem to rely on an N-terminal region between the FH3 and FH1 domains 

(Schönichen et al., 2013). 

Analysis of the interaction between Delphilin (FH1-FH2-COOH) and F-actin via 

TIRF microscopy has shown that this formin acts as nucleator.  However, filament size 

comparisons have demonstrated that Delphilin-nucleated filaments are shorter when 

compared to control due to the protein remaining bound to the barbed end as the 

number of filaments increases with increasing concentrations of protein when compared 

to actin alone.  The barbed end binding of Delphilin is tight (Ki = 0.6nM) and seeded 

elongation assays have shown that it is indeed responsible for inhibition of F-actin 

elongation.  Additionally, Delphilin is also able to bind weakly to filament sides, with only 

one dimer per every 20 actin monomers and a KD ~ 3.0μM.  As a result, while bundling 

activity is present with this protein, it is quite weak, regardless of whether the FH1 

domain is present (Silkworth et al., 2018). 

 

Arabidopsis thaliana – AFH1, AFH8, AFH14, AFH16 

A. thaliana has 21 formins, separated into two subfamilies known as Class I and 

Class II (Cvrcková, 2000, Deeks et al., 2002, Cvrcková et al., 2004, Cheung and Wu, 

2004, Favery et al., 2004, Van Damme et al., 2004, Ingouff et al., 2005, Blanchoin and 

Staiger, 2010).  Class I formins are distinct in that they have a putative signal peptide 

and predicted N-terminal transmembrane domain which may result in localization of the 

formin to the plasma membrane while Class II formins have a varying domain structure 

(Cvrcková et al., 2004).  AFH1 not only acts as a nucleator but also binds to filament 
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sides and bundles F-actin.  Fluorescence microscopy has revealed that AFH1-FH1-FH2 

organizes individual actin filaments into long actin bundles, which has been confirmed 

via low-speed sedimentation assays (Michelot et al., 2005).  AFH1 is a powerful bundling 

protein, even more efficient than the formidable bundling protein VILLIN1, and has a 

strong affinity for binding to actin filament sides with a KD ~ 0.13μM (Huang et al., 2005, 

Michelot et al., 2005).  Interestingly, AFH1-FH2-COOH has a much weaker bundling 

activity than AFH1-FH1-FH2, suggesting that the FH1 domain is essential for proper 

bundle formation.  Light scattering assays have demonstrated that this protein bundles 

F-actin rapidly, data that support in vivo work demonstrating that overexpression of this 

protein induces actin cable formation in pollen tubes (Cheng and Wu, 2004, Michelot et 

al., 2005).  As AFH1-FH1-FH2 has a strong preference for actin filament side-binding, 

this could result in actin bundle formation which would be important for the formation of 

actin cables at the plasma membrane or other areas of the cell (Michelot et al., 2005). 

Confocal and electron microscopy have both been utilized to analyze the ability of AFH8 

to bind F-actin sides and bundle actin filaments (Yi et al., 2005, Xue et al., 2011).  AFH8-

FH1-FH2 and AFH8-FH2 both bundle filaments, with longer and thicker bundles 

generated by the FH1 domain containing protein.  Low-speed sedimentation assays 

have confirmed this observation.  Interestingly, the nucleotide state of the actin filaments 

actually affected the bundling activity of AFH8.  Fluorescence microscopy and low-speed 

sedimentation assays have both demonstrated that both AFH8-FH1-FH2 and AFH8-FH2 

are able to bundle ATP/ADP-Pi-bound F-actin less efficiently than ADP-bound F-actin, 

indicating that the nucleotide state of the actin may play an important role in how formin-

mediated bundling occurs.  AFH8-FH1-FH2 generated F-actin bundles also display a 

unique stellar structural phenotype not observed by AFH-FH2 generated bundles, which 

could be explained by the interaction between the FH1 domain and profilin.  Indeed, with 

the addition of profilin, fluorescence microscopy analysis revealed that when compared 
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to AFH8-FH1-FH2 in the absence of profilin, AFH8-FH1-FH2 with profilin actually 

generated fewer actin bundles, suggesting that profilin may play a role in mediating 

bundling by this protein (Xue et al., 2011). 

Class II formins AFH14 and AFH16 both have the ability to bind and bundle F-

actin (Li et al., 2010, Wang et al., 2013).  Actin filament bundling by AFH14-FH1-FH2 

has been observed via both fluorescence and electron microscopy.  While this protein 

can both initiate and assemble F-actin bundles, disassembly can be induced via the 

addition of salts, suggesting that bundle formation requires proper ionic and electrostatic 

conditions.  Interactions with microtubules may affect F-actin bundle formation by AFH14 

as well.  TIRF microscopy has confirmed that AFH14-FH1-FH2-formed bundles actually 

disassemble upon the addition of taxol-stabilized microtubules, suggesting that the 

formin has a preference for microtubule binding.  An intriguing aspect of AFH14 is its 

ability to bundle both F-actin and microtubules.  High concentrations of formin have the 

ability to induce bundle formation of both actin filaments and microtubules, which, upon 

observation with TIRF microscopy, actually co-localize.  This observation, which has 

also been identified in D. melanogaster with the formin Cappuccino, suggests that 

AFH14 may have the uncommon ability to assemble bundles of actin filaments and 

microtubules, possibly as a results of overlapping microtubule- and F-actin-binding 

domains (Rosales-Nieves et al., 2006, Li et al., 2010). 

High-speed sedimentation assays have demonstrated that AFH16-FH1-FH2 can 

bind F-actin with a KD = 2.66 ± 0.58μM.  Bundling by AFH16-FH1-FH2 and AFH16-FH2 

has been confirmed via both low-speed sedimentation assays and electron microscopy, 

where tightly packed bundles were observed.  When compared to F-actin bundles 

formed by AFH8, fluorescence microscopy demonstrated that AFH16-formed bundles 

differently than AFH8-formed bundles, which displayed a stellar-like structural 

phenotype, possibly due to the higher nucleation ability of this protein (Xue et al., 2011, 
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Wang et al., 2013).  Additionally, similar to AFH14, AFH16 has a preference for bundling 

microtubules over F-actin.  AFH16-FH1-FH2-formed F-actin bundles were observed by 

fluorescence microscopy to actually disassemble in the presence of taxol-stabilized 

microtubules, suggesting induced detachment of the protein from pre-formed F-actin 

bundles.  This preferential microtubule binding has also been confirmed when AFH16-

FH1-FH2 was exposed to both microtubules and F-actin simultaneously, as microtubule 

bundles would indeed form but F-actin bundles remained absent (Wang et al., 2013). 

 

Oryza sativa – OsFH5 and OsFH15 

Similar to other plants, O. sativa expresses several different formins separated 

into type I and type II (Blanchoin and Staiger, 2010, Zhang et al., 2011, Huang et al., 

2013, Sun et al., 2017).  Actin bundling by OsFH5, a type II formin, has been confirmed 

via fluorescence microscopy and confirmed with low-speed sedimentation assays, with 

the ability comparable to AFH1 (Michelot et al., 2005, Zhang et al., 2011).  Both OsFH5-

FH1-FH2 and OsFH5-FH2 also have F-actin side-binding abilities, with Os-FH1-FH2 

binding to F-actin with a KD = 0.18 ± 0.04μM (Zhang et al., 2011).   

OsFH15-FH1-FH2 has the ability to nucleate both actin and profilin-bound actin 

but also acts as an actin elongation inhibitor.  High-speed sedimentation analysis 

demonstrates that OsFH15-FH1-FH2 binds actin with a KD of 0.82 ± 0.07μM.  TIRF 

analysis has demonstrated that, unlike some other formin bundling proteins, OsFH15 

can bind the barbed end and act as an actin filament capper.  Low-speed sedimentation 

assays have shown that both OsFH15-FH1-FH2 and OsFH15-FH2 both have the ability 

to bundle actin filaments.  This has been further confirmed via fluorescence microscopy, 

where both OsFH15-FH1-FH2 and OsFH15-FH2 were observed to initiate and assemble 

F-actin bundles.  Similar to AFH14, microtubules may influence the interaction between 

the formin and F-actin.  TIRF analysis has revealed that F-actin bundles actually loosen 
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when incubated with taxol-stabilized microtubules, completely disassembling after four 

hours, demonstrating that the formin will actually detach from F-actin bundles and 

preferentially interact with microtubules (Sun et al., 2017). 

 

Toxoplasma gondii – TgFRM1 and TgFRM2 

T. gondii, an intracellular Apicomplexan parasite that causes toxoplasmosis, 

relies on a specialized form of myosin-based motility to rearrange F-actin and invade 

cellular hosts (Desmonts and Couvreur, 1974, Skillman et al., 2012).  Interestingly, this 

protozoan alveolate only contains one actin isoform (TgACTI) and completely lacks the 

Arp2/3 complex (Gordon and Sibley, 2005, Sahoo et al., 2006).  Amongst other actin-

associated proteins present in this organism, the formins TgFRM1, TgFRM2, and 

TgFRM3 have been identified as well.  While all three proteins have been shown to 

nucleate rabbit actin and promote motility, TgFRM3 has also been shown to bind T. 

gondii actin as well (Daher et al., 2010, Daher et al., 2012, Skillman et al., 2012).  The 

FH1-FH2 domains of TgFRM1 and TgFRM2 were both shown to enhance TgACTI 

filament polymerization and fluorescence microscopy confirmed that both proteins had 

the ability to form clusters of short actin filament bundles.  Interestingly, visualization of 

TgFRM1-FH1-FH2-modified TgACTI filaments via electron microscopy revealed short, 

interconnected networks of actin.  Furthermore, the filaments themselves were thicker 

and less-striated compared to WT filaments, suggesting that the formin may be binding 

to filament sides.  Additionally, the presence of large, globular protein at the filament 

connection nodes suggested that the formins may be forming higher-order oligomers in 

the presence of TgACTI.  However, TgFRM2-FH1-FH2-modified TgACTI filaments do 

not display the same phenotype as longer, straighter bundled filaments were observed.  

These side-binding observations are similar to those observed with FMNL1, Dia2, and 
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AFH1, suggesting that this activity could be responsible for the bundling effects 

observed with these two T. gondii formins (Michelot et al., 2005, Harris et al., 2006,  

Esue et al., 2008, Baum et al., 2008, Skillman et al., 2012). 

 

The WH2 domain 

General Description 

The WH2 domain has been identified in numerous actin-associated proteins, 

several of which have different or multiple functions (Chereau et al., 2005, Campellone 

and Welch, 2010, Carlier et al., 2013, Dominguez, 2016).  This domain is generally 

defined as an actin monomer subunit-binding motif composed of ~17-35 amino acid 

residues that occur in single or tandem repeats.  The domain consists of an N-terminal 

α-helix, which binds to the hydrophobic-binding cleft at the barbed end of an actin 

monomer subunit, and an extended C-terminal region that can bind to different 

subdomains of the pointed end of the actin monomer subunit (Chereau et al., 2005).  

This C-terminal region contains what is considered a defining feature of WH2 domains 

and imperative to its actin-binding ability, the LKKV/T motif (Symons et al., 1996, 

Dominguez, 2016).  Furthermore, the hydrolytic state of the actin monomer subunit is 

critical to its interaction with WH2 motifs as they preferentially bind ATP-bound actin 

monomer subunits.  This binding interaction is tight, with some WH2 domain-containing 

proteins binding ATP-bound actin monomer subunits at the nanomolar level (Mattila et 

al., 2003, Chereau et al., 2006).  WH2 domain-containing proteins were originally 

hypothesized to primarily nucleate actin, as the binding of 2-4 actin monomer subunits is 

essential for efficient actin nucleation (Pollard and Borisy, 2003, Campellone and Welch, 

2010).  However, recent studies have demonstrated they may have several other 

functions as well (Loomis et al., 2006, Vaillant et al., 2008).  Due to the small size 

(5kDa), short identifying motif, and its N-terminal helical structure, the specific definition 
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of the WH2 motif remains slightly ambiguous in the literature.  Therefore, in this 

dissertation, proteins referred to as “WH2-like” and “WH2-related” will be generally 

classified as “WH2.” 

 

Non-formin WH2-domain Containing Proteins 

 The Arp2/3 complex requires WH2-domain containing activators (NPFs) in order 

to undergo a conformational change that allows for actin nucleation (Rotty et al., 2013).  

While these proteins differ in their molecular structure, they do share a common C-

terminus which includes WH2 domains, along with proline-rich, central, and acidic 

domains (Ti et al., 2011, Wagner et al., 2013).  The proline-rich domain allows for 

binding of profilin-bound actin monomer subunits while the central and acidic domains 

interact with the Arp2/3 complex itself.  The WH2, central, and acidic domains are often 

referred together as WCA domains.  The WH2 domains found in these proteins 

effectively act as actin monomer subunit recruiters for Arp2/3 complex-generated actin 

filaments (Campellone and Welch, 2010, Rotty et al., 2013, Dominguez, 2016).  For 

example, WASP is an effective actin nucleator and one of the most well-characterized.  

In its nascent state, WASP is found in an inactive, autoinhibited conformation.  However, 

upon interaction with its activators WIP or NCK1/2 and stabilizing proteins such as 

Cdc42, autoinhibition is alleviated and the WCA domain of WASP can then proceed to 

stimulate a conformational change in the Arp2/3 complex allowing for effective actin 

nucleation (Antón et al., 2007, Tomasevic et al., 2007, Campellone and Welch, 2010). 

Cobl was initially identified as an actin nucleator essential for brain development 

in mice and later characterized as a regulator of microvillus length (Ahuja et al., 2007, 

Wayt and Bretscher, 2014).  This protein contains three WH2 domains, however, the 

second and third WH2 domains are separated by ~65 amino acid residues (Ahuja et al., 

2007, Dominguez, 2016).  The interesting aspect of Cobl is its requirement of an N-
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terminal lysine-rich domain located N-terminally to the first WH2 domain for actin 

nucleation (Husson et al., 2011).  Moreover, the unique composition of the WH2 and 

surrounding domains of Cobl can also bind and sever actin filaments in addition to 

sequestering monomer subunits (Husson et al., 2011, Schwintzer et al., 2011). 

Spire, originally identified in D. melanogaster, actually contains four tandem WH2 

domains with linker regions that stabilize actin monomer subunit binding (Quinlan et al., 

2005, Rebowski et al., 2008).  Spire interacts with the formin Capuccino in D. 

melanogaster to generate actin structures required for oogenesis.  Spire binds to the 

formin via its KIND domain interaction with the formin C-terminus and homodimerizes, 

effectively allowing for two sets of WH2 repeats to interact with actin and enhancing 

actin nucleation activity (Dahlgaard et al., 2007, Dominguez, 2016). 

 

Mammalian Formins and WH2 Domains 

 Recent work has demonstrated that different mammalian formins do contain 

WH2 domains, primarily located in the C-terminus.  This is true for all three FMNL 

subfamily members, INF2, Dia1, and DAAM1.  Both FMNL2 and FMNL3 incorporate the 

WH2 domain into their bundling function, with FMNL2 actually requiring this domain for 

proper F-actin bundling (Vaillant et al., 2018).  INF2 also utilizes a C-terminal WH2 

domain to sever filaments as well as contribute to both actin filament polymerization and 

depolymerization (Chhabra and Higgs, 2006).  In Dia1, the WH2 domains contribute to 

actin nucleation activity while in DAAM1 they are essential for actin filament assembly 

(Gould et al., 2011).  We have recently identified two putative WH2 domains in FMNL1 

which uniquely overlap with each other.  These WH2 domains will be discussed in 

further detail in Chapter 4. 
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Hypothesis/Signficance 

 The actin cytoskeleton has many functions and proper regulation of this part of 

the cytoskeleton as a whole requires specific proteins to interact in a precise manner.  

Errant reorganization of the actin cytoskeleton can result in cancer cells from a primary 

tumor disseminating, making their way through the metastatic cascade and eventually 

forming secondary metastatic sites.  Therefore, it is important to understand how actin-

modifying proteins operate and if upregulation affects cancer cell locomotion. 

 The formin family of proteins is still a relatively new field and much remains to be 

uncovered as to how formins operate.  Classically, work has focused on nucleation and 

assembly of actin filaments.  However, evidence suggests that formins can modify actin 

in several ways, including severing and bundling.  Furthermore, domains other than the 

hallmark FH2 domain should be researched as it is becoming more and more clear that 

other parts of the formin molecule are necessary for their interactions. 

 Our lab has focused its work on the formin FMNL1 and have recently 

demonstrated that a specific splice isoform (FMNL1ɣ) is contributing to actin filament 

modification through a mechanism other than the FH2 domain in primary human 

macrophages.  We hypothesize that FMNL1ɣ is actually bundling actin filaments through 

its WH2 domains which ultimately contributes to cellular adhesion and locomotion.  

Using a breast cancer model and in vitro biochemical experiments, our goal is to 

elucidate the mechanism behind this bundling activity and determine how it contributes 

to cancer cell motility and adhesion. 
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Chapter 2 

 

Expression patterns of human formins and FMNL1 alternative splice isoforms across 

multiple cell types. 

 

Parts of this work were previously published in: 

Krainer EC, Ouderkirk JL, Miller EW, Miller MR, Mersich AT, Blystone SD (2013). The 

multiplicity of human formins: Expression patterns in cells and tissues. Cytoskeleton 70, 

424-438. 

 

This chapter focuses on the work I performed for this project in the context of this 

dissertation. 
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Introduction 

The formin family of actin-associated proteins is highly conserved across 

eukaryotes, ranging from plants to yeast to mammals (Higgs and Peterson, 2005, 

Pruyne, 2016, Pruyne, 2017).  Their numerous and diverse actin-modifying abilities are 

essential for a wide range of cellular functions.  This is especially prevalent in mammals, 

where formins have been shown to not only be important in development, homeostasis, 

and immunosurveillance, but in cancer and disease as well (DeWard et al., 2010, 

Schönichen and Geyer, 2010, Breitsprecher and Goode, 2013).  Upregulation of formin 

expression has been observed in several types of cancer, including breast 

adenocarcinoma, nasopharyngeal cancer, and colorectal carcinoma (Zhu et al., 2008, 

DeWard et al., 2010, Lin and Windhorst, 2016, Wu et al., 2017).  

The formin family is extremely diverse, especially in humans where 15 different 

formins are expressed (Schönichen and Geyer, 2010).  Past studies have identified 

formin expression levels in different cell and tissue types using different analytical 

techniques (Gardberg et al., 2010a, Gbadegsin et al., 2012, Gardberg et al., 2014, Dutta 

and Maiti, 2015).  This has often led to different views on the variance of formin 

expression levels in specific cell and tissue types, resulting in some confusion in the 

literature.  This is especially true of the FMNL subfamily, whose expression has 

classically been thought to be limited to cells of a hematopoietic origin (Favaro et al., 

2003, Katoh and Katoh, 2003, Block et al., 2012, Han et al., 2013, Gardberg et al., 

2014).  As a result of past and current studies, we now know this to be inaccurate, as all 

three members of this subfamily have been shown to be expressed in cell and tissue 

types as varied as leukocytes, cardiac muscle, and carcinomas (Gardberg et al., 2014, 

Rosado et al., 2014, Chen et al., 2018). 

The expression levels of nearly all 15 human formins have been previously 

correlated with some type of cancer cell migration and invasion (DeWard et al., 2010, 
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Schönichen and Geyer, 2010, Breitsprecher and Goode, 2013).  This makes sense as 

formins have been shown to be crucial regulators of two-thirds of the cytoskeleton as a 

whole: the actin cytoskeleton and microtubule cytoskeleton (Chesarone et al., 2009, 

Copeland et al., 2016, Henty-Ridilla et al., 2016, Fernández-Barrera and Alonso, 2018).  

It should be noted that FHOD3 has been implicated in intermediate filament interactions, 

however a current search of the literature shows no other prevalent evidence suggesting 

formins regulate the intermediate filament cytoskeleton (Kanaya et al., 2005).  Highly 

motile cells, such as invasive cancer cells or leukocytes, require actin- and microtubule-

based machinery to regulate and drive locomotion, allowing cancer cells to metastasize 

to secondary sites in the body and leukocytes to travel to sites of inflammation and 

infection (Yamaguchi and Condeelis, 2007, Pollard and Cooper, 2009).  A major 

component of this machinery is the podosme in macrophages and invadopodia in cancer 

cells.  These are actin-rich adhesion structures which not only connect the ECM with the 

cytoskeleton and support migration, but also release MMPs which degrade the ECM, 

allowing for the cell to invade through the surrounding tissue.  While both have similar 

functions, they do vary in size and protein composition, with invadopodia usually being 

longer and having a greater half-life (Murphy and Coutneidge, 2012).   

Formins are unique in that not only can they generate linear actin filaments, but 

several have the ability to modify F-actin in other manners (Goode and Eck, 2007, 

Schönichen and Geyer, 2010, Breitsprecher and Goode, 2013).  FMNL1 is especially 

versatile, demonstrating the ability to nucleate, assemble, bundle, and sever F-actin 

(Harris et al., 2004, Harris et al., 2006).  As a result of this versatility, FMNL1 can be 

especially valuable to highly locomotive cell types.  This would also explain the 

requirement of FMNL1 expression for macrophage adhesion as well, as this ability is 

essential to the main function of the cell (Mersich et al., 2010, Miller and Blystone, 2015, 

Miller et al., 2017). 
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FMNL1 is also unique in that three alternative splice isoforms of this protein have 

been characterized (Yayoshi-Yamamoto, 2000, Katoh and Katoh, 2003a, Han et al., 

2013).  Interestingly, all three diverge in the C-terminal region and we have shown that 

the ɣ alternative splice isoform is an essential regulator of macrophage migration and 

podosome formation (Miller et al., 2017).  Additionally, this alternative splice isoform was 

shown to regulate Golgi structure as well (Colón-Franco et al., 2011).  Isoforms have 

been identified in other formins as well, many of which also have specific functions, 

similar to FMNL1ɣ (Iskratsch et al., 2010, Stastna et al., 2012, Péladeau et al., 2016). 

 Expression levels, whether at the mRNA or protein level, provide essential data 

and clues as to the function of different genes.  A comprehensive analysis of expression 

levels can allow for a more complete understanding of the genes in question.  Since 

formin expression levels have been determined using multiple different techniques in 

past studies, we have performed a complete analysis of mRNA expression levels of this 

family of proteins in 22 different cell and tissue types using consistent methodologies 

(Katoh and Katoh, 2003a-c, Kitzing et al., 2010, Gardberg et al. 2014).  Herein, I have 

highlighted the work I contributed to this publication, along with a new analysis of formin 

expression patterns, as well as other data demonstrating FMNL1 alternative splice 

isoform expression in some of the different cell types. 

This qRT-PCR (quantitative real-time reverse transcriptase polymerase chain 

reaction) analysis provides particularly unique data on FMNL1.  While we observed high 

expression in different hematopoietic, kidney, and neuronal cells, it was also found to be 

high in breast cancer cells.  We have previously shown that a specific alternative splice 

isoform of FMNL1 is imperative for leukocyte adhesion and migration (Mersich et al., 

2010, Miller and Blystone, 2015, Miller et al., 2017).  Additionally, FMNL1 expression 

has been shown to correlate with enhanced invasion in breast cancer cells as well (Han 

et al., 2009, Kitzing et al., 2010, Gardberg et al., 2014).  This led me to hypothesize that 
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FMNL1 may be necessary for proper and efficient cancer cell adhesion and migration.  

Furthermore, as adhesion and migration are key components of cancer cell invasion, 

this could implicate FMNL1 as an important factor in the metastatic cascade.   

 

Materials and Methods 

Protein Alignment 

The 15 members of the human formin family of actin binding proteins (Table 1, 

Fig. 1) were aligned using constraint‐based multiple alignment tool (COBALT).  For 

individual comparisons, basic local alignment search tool for proteins was used with 

gapping of 10%. 

 

Cells and RNA 

The following cells were purchased from ATCC (Manassas, VA): HeLa 

(immortalized human cervical cancer cell line), Meg‐01 (human megakaryocytes from 

chronic myelogenous leukemia), HCN (human cortical neurons).  The following cells 

were gifts: HK‐2 (immortalized proximal tubule epithelial cell line from human kidney) 

from Thomas R. Welch, M.D.; MDA‐MB‐231 (human breast cancer cell line from 

epithelial adenocarcinoma) from Christopher E. Turner, Ph.D.  Monocytes that were 

differentiated into macrophages and platelets were isolated from healthy human blood 

as previously described (Blystone et al., 1997, Jones et al., 1998, Mersich et al., 2010). 

 

RNA Purification 

RNA was extracted and purified from 5x106 to 20x106 cells using RNeasy®Mini 

Kit from QIAGEN (Valencia, CA), in keeping with clinical laboratory standards for qRT-

PCR as laid out in “Quantification of mRNA using real‐time RT‐PCR” and “The MIQE 

guidelines: minimum information for publication of quantitative real‐time PCR 
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experiments” (Nolan et al., 2006, Bustin et al., 2009).  Cells grown in suspension were 

pelleted at 1000rpm for 5mins. using a Hermle Z400K centrifuge (Hermle Labortechnik, 

Wehingen, Germany) at room temperature (RT).  For adherently grown cells, growth 

media was removed and cells were incubated at 37°C in 0.25% Trypsin‐EDTA (1X), 

Phenol Red (GIBCO® Life Technologies, Grand Island, NY) for 5mins. and pelleted at 

1000rpm for 5 mins. at RT.  Cell pellets were disrupted by adding 600μL QIAGEN buffer 

RLT, containing a high concentration of guanidine isothiocycanate to facilitate RNA 

binding to a silica membrane in subsequent steps, and the resulting lysate was 

homogenized by passing it through a blunt, 20‐gauge needle five times.  Subsequently, 

600μL 70% ethanol from Pharmaco‐AAPER (Pharmaco, Brookfield, CT; AAPER, 

Shelbyville, KY) was added to the lysate and mixed by pipetting.  The sample was then 

transferred to the RNeasy spin column, which was placed in a collection tube and 

centrifuged for 15secs. at 14,000rpm using an Eppendorf 5415C centrifuge (Hamburg, 

Germany).  To remove nonspecifically bound carbohydrates, proteins, fatty acids, and 

RNA molecules smaller than 200 bases from the silica membrane, 700μL QIAGEN 

buffer RW1, containing guanidine salt and ethanol, was added to the column and 

centrifuged at 14,000rpm for 15secs.  Next, 500μL buffer RPE was added to the column 

and centrifuged at 14,000rpm for 15secs., followed by another 500μL of buffer RPE and 

centrifugation at 14,000rpm for 2mins.  After placing the column in a new collection tube, 

it was centrifuged for 1min. at 14,000rpm to ensure the elimination of ethanol.  RNase‐

free water (30μL) was then added to the column, which was placed in a new collection 

tube and centrifuged at 14,000rpm for 1min., and repeated with the eluate from this step. 

 

RNA Quantification 

RNA was quantified using Agilent RNA 6000 Nano Kit in the Agilent 2100 

Bioanalyzer (Santa Clara, CA).  RNA Nano 6000 reagents were warmed to RT for 
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30mins. in the dark.  Prior to running the experimental chip, the electrodes of the 

bioanalyzer were decontaminated by adding 350μL RNAseZap and 350μL RNAse‐free 

deionized (DI) water into the RNAseZap and RNAse‐free DI water electrode cleaner 

chip, respectively.  The RNAseZap electrode cleaner chip was placed into the 

bioanalyzer, and incubated with the lid closed for 1min., and the chip was removed and 

replaced with the RNAse‐free DI water electrode cleaner chip, which was incubated for 

10secs. with the lid closed.  After removing the chip, the bioanalyzer was left open to dry 

for 10secs.  To prepare the Gel Matrix, 550μL of gel was filtered through the filter column 

and centrifuged at 4000rpm for 10mins., and once filtered, 65μL of gel were put into one 

tube.  Next, the dye concentrate was vortexed for 10secs. and 1μL was added to the 

65μL of filtered gel matrix.  After vortexing thoroughly, the mixture was centrifuged at 

13,000xg for 10mins.  A new chip was placed on the chip priming station and 9μL of the 

gel‐dye mixture were added to the G well, the plunger was pulled up to the 1mL mark, 

the station closed, and the plunger depressed and incubated for 30secs.  A properly 

sealed syringe gasket was indicated by the plunger's retraction to 0.3mL, and after 

5secs., the plunger was pulled back to 1mL and the priming station was opened.  Gel‐

dye mixture (9μL) was added to each G well and 5μL of nanomarker buffer was added to 

each of the 12 sample wells and the ladder well.  RNA 6000 ladder (1μL of 150μg/ml) 

was added to the ladder well and 1μL of sample into each sample well, and the chip was 

vortexed at 240rpm for 1min. before it was inserted into the bioanalyzer.  The assay for 

total eukaryote RNA was selected in the 2100 Expert software for each analysis, which 

calculated RNA quality and concentration, expressed as an RNA integrity number (RIN) 

using an algorithm based on a Bayesian analysis of nine distinct features of the 

electropherogram of 1208 samples of RNA of varying degrees of degradation using the 

Agilent 2100 Bioanalyzer system.  The RNA extracted from some cell types was found to 

have a low RIN, which was due to the low concentration of RNA in the sample, and not 
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due to degraded RNA as can be seen from gels showing integrity of major 28S and 18S 

RNA.  However, because the algorithm used to compute the RIN incorporates nine 

features of the electropherogram, the low concentration yielded a low RIN (Schroeder et 

al., 2006). 

 

Reverse Transcription PCR 

For RT‐PCR, 1μg of RNA, determined as described above, was used to prepare 

DNA using the SuperScript®III First Strand Synthesis System for RT‐PCR from 

Invitrogen (St. Louis, MO) (Ståhlberg et al., 2004).  For each reaction, 1μg of RNA, 

2.5μL dNTP mix, and 2.5μL oligo(dT)20 were added to a final volume of 25μL 

diethylpyrocarbonate‐treated water and incubated first at 70°C for 5mins., and then on 

ice for 5mins.  Following these incubations, 22.5μL 10x RT buffer, 20μL MgCl2, 10μL 

DTT, and 5μL RNase OUT were added, and the mixture was incubated at 42°C for 

2mins.  After adding 2.5μL of SuperScript®III, the mixture was incubated at 42°C for 

50mins., 70°C for 15mins. to terminate the reaction, and on ice for 5mins.  Next, 2.5μL of 

RNase H were added to degrade any remnant RNA and incubated at 37°C for 20mins. 

 

Qualitative PCR 

For each qualitative PCR reaction, 1μL each of specific forward and reverse 

primers at 20pM were mixed with 2μL of cDNA.  PCR was run using MJ Research PTC‐

100 Programmable Thermal Controller from Bio‐Rad (Hercules, CA).  After 1min. at 

94°C, 94μL of the following was added: 10μL TAQ DNA polishing buffer B, 6μL MgCl2, 

2μL dNTP, 0.8μL of 5,000 units/mL Taq DNA polymerase, all from Fisher Scientific 

(Hampton, NH), 5μL dimethyl sulfoxide from Sigma‐Aldrich (St. Louis, MO), and 71.2μL 

water, followed by a drop of mineral oil from Fisher Scientific.  After a total of 2mins. at 
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94°C, followed 35 cycles of 30secs. at 55°C, 1min. at 72°C, and 1min. at 92°C, and one 

2min. cycle at 94°C. 

 

Quantitative Real‐Time PCR 

Quantitative real‐time PCR was performed using Eco Real‐Time PCR System 

from Illumina, Inc. (San Diego, CA) and iQ™SYBR®Green Supermix from Bio‐Rad.  For 

each qRT-PCR cell analysis, 500μL of iQ™SYBR®Green Supermix was combined with 

50μL of cDNA and 360μL of distilled water and mixed carefully.  For each formin 

analyzed, 1μL of forward specific primer, 1μL of reverse specific primer, each at 1.25pM, 

the design of which is detailed in this Materials and Methods section, and 18μL of the 

cDNA mixture were combined.  Forward and reverse 18S primer (1μL) was used at a 

concentration of 10pM. The qRT-PCR reaction was programmed as follows: 2.5mins. at 

95°C, 40 cycles of 15secs. at 95°C, 20secs. at 55°C, 30secs. at 72°C, concluded with 

15secs. each at 55°C, 60°C, and 95°C. The data were analyzed and graphed using 

Microsoft Excel (Redmond, WA). 

 

Primer Design 

Custom primer pairs were designed and synthesized for each formin to span the 

FH1 and FH2 domain linkage of each formin.  The products of each primer pair range 

from 179bp to 355bp, averaging 307bp.  Each set of formin primers, except for FMN1, 

spans at least one intron, with an average intron size of 9745bp, and ranging from 83bp 

to 107733bp.  The product sizes corresponded to the combined size of the exons, 

showing that no genomic DNA was present in the PCR reactions.  Intron‐exon 

boundaries in the primer product regions are indicated by an underlined amino acid.  

Oligo(dT)20 was used for RT‐PCR, resulting in retrotranscription starting from the C‐

terminal end only.  The primers used for qRT-PCR and qualitative PCR are equidistant 
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from the C‐terminus, with the exception of the inverted formin INF1 (FHDC1) and FMN1.  

A component of the oligo design stemmed from our search for comparable regions 

within target templates across all formins, following RNA and DNA alignments, as 

performed using COBALT. 
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Primers used for qPCR 

DAAM1 

NP_055807 1078 aa linear PRI 28-JAN-2012 

NM_014992 4256 bp mRNA linear PRI 28-JAN-2012 

5′- GCC CGA GAA CAA ACT GGA AGG -3′ 

Bp 1979 - 1999 
   

AA 620 - 627 
   

5′-GGG CAG ATC TTC CTG TTC GTC C -3′ 

Bp 2276 - 2297 
   

AA 718 - 724 
   

product size 319 bp, spans exons 15-19, spans introns sized 1659, 7358, 4902, 1243 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/NP_055807
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_014992
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DAAM2 

NP_001188356 1068 aa linear PRI 09-SEP-2011 

NM_015345 6252 bp mRNA linear PRI 28-NOV-2011 

5′- GGA GCG TGT CCC TGG CAC CGT ATG G -3′ 

Bp 2048-2072 
   

AA 616-623 
   

5′- CCA GCA TGT CCT TAG CAA GGT CCT CC -3′ 

Bp 2318-2343 
   

AA 706-713 
   

product size 296 bp, spans exons 16-18, bridges introns sized 1086, 2577 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/NP_001188356
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_015345
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Delphillin 

NP_001138590 1211 aa linear PRI 15-AUG-2011 

NM_001145118 4632 bp mRNA linear PRI 15-AUG-2011 

5′- GGA CAT GAG GTC AGA GGC TAT TGG(sequence = AACTGCTCCCACGA) -3′ 

Bp 981-990 
   

AA 328-331 
   

5′- CCA GCA CAG GAA CAT CGA CAC CC -3′ 

Bp 1260-1282 
   

AA 421-427 
   

product size 301 bp 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/NP_001138590
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_001145118
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Dia 1 

NP_005210 1272 aa linear PRI 18-DEC-2011 

NM_005219 5804 bp mRNA linear PRI 18-DEC-2011 

5′ – GCTTGTGGCTGAGGACCTCTCCC - 3′ 

Bp 2499 - 2521 
   

AA 786 - 793 
   

5′ – GCTGTTCTGACTGAGTCTATGATC – 3′ 

Bp 2791 - 2814 
   

AA 884 - 891 
   

product size 316 bp, spans exons 16-20, bridges introns sized 1451, 489, 36994, 4637 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/NP_005210
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_005219
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Dia 2 

NP_006720 1101 aa linear PRI 04-MAR-2012 

NM_001042517 4812 bp mRNA linear PRI 21-NOV-2011 

5′ – GATCAGACCTCATGAAATGACTG – 3′ 

Bp 2178 - 2200 
   

AA 645 - 652 
   

5′ – CGGTTGGCAGAGTCTATGATTCAG – 3′ 

Bp 2461 - 2484 
   

AA 742 - 749 
   

product size 307 bp, spans exons 17-20, bridges introns sized 45073, 8525, 4318 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/NP_006720
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_001042517
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Dia 3 

NP_001035982 1193 aa linear PRI 21-NOV-2011 

NM_007309 3782 bp mRNA linear PRI 04-MAR-2012 

5′ – GGTCAAAGATTGAACCCACAG – 3′ 

Bp 2324 – 2344 
   

AA 652 – 657 
   

5′ – GCTGAGTGAGGCTTTAATTCAGAACC – 3′ 

Bp 2622 – 2647 
   

AA 749 – 756 
   

product size 324 bp, spans exons 16-20, bridges introns sized 6944, 107733, 2124, 

24432 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/NP_001035982
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_007309
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FHOD1 

NP_037373 1164 aa linear PRI 05-FEB-2012 

NM_013241 3865 bp mRNA linear PRI 05-FEB-2012 

5′ – CGTGACGTGAAGCTGGCTGGGGG – 3′ 

Bp 2006 - 2028 
   

AA 632 - 638 
   

5′ – CCATGATGCCCACGGAGGAAGAGC – 3′ 

Bp 2325 - 2348 
   

AA 740 - 746 
   

product size 343 bp, spans exons 13-14, bridges intron sized 1462 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/NP_037373
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_013241
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FHOD3 

NP_079411 1439 aa linear PRI 28-JAN-2012 

NM_025135 4942 bp mRNA linear PRI 28-JA N-2012 

5′- CCG ACG CTG CAG AGA ATT CCT GTG G -3′ 

Bp 2881 - 2905 
   

AA 929 - 936 
   

5′- CGATCCACCGATGAGGAGAAGC -3′ 

Bp 3159 - 3185 
   

AA 1022 - 1090 
   

product size 305 bp, spans exons 16-17, bridges intron sized 11930 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/NP_079411
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_025135
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FMN1 

NP_001096654 1196 aa linear PRI 30-JAN-2012 

NM_001103184 12355 bp mRNA linear PRI 30-JAN-2012 

5′ – GCTGAAGAAGGGGGCTACCGC – 3′ 

Bp 846 – 866 
   

AA 992 - 999 
   

5′ – GGAGAGTGGGAGTGGCCTTCG – 3′ 

Bp 1004 – 1024 
   

AA 1083 - 1090 
   

product size 179 bp 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/NP_001096654
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_001103184
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FMN2 

NP_064450 1722 aa linear PRI 30-OCT-2011 

NM_020066 6440 bp mRNA linear PRI 30-OCT-2011 

5′- GCC TCT TTA CTG GAC CAG G -3′ 

Bp 4107 - 4215 
   

AA 1302 - 1309 
   

5′- CGA GTT CGT CTG ACT GTG C -3′ 

Bp 4444 - 4462 
   

AA 1393 - 1399 
   

product size 356 bp, spans exons 5-8, bridges introns sized 37845, 15638, 1895 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/NP_064450
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_020066
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FRL1 (FMNL1) 

NP_005883 1100 aa linear PRI 19-NOV-2011 

NM_005892 3973 bp mRNA linear PRI 19-NOV-2011 

5′ – GCACTGAAACCCAGCCAGATCACC – 3′ 

Bp 2145 - 2168 
   

AA 649 - 656 
   

5′ – GGAAGTCCAGGCCCAGAGCCTGC – 3′ 

Bp 2433 - 2445 
   

AA 742 - 748 
   

product size 301 bp, spans exons 16-18, bridges introns sized 652, 470 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/NP_005883
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_005892
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FRL3 (FMNL2) 

Q8IVF7 FRL3_HUMAN 1028 aa linear PRI 22-FEB-2012 

NM_175736 11192 bp mRNA linear PRI 28-JAN-2012 

5′- GCA CTG AAA CCC AAC CAG ATC AGT GGC -3′ 

Bp 1966 – 1992 
   

AA 579 – 587 
   

5′- GCG CAT CAG GCA CTC CAC GAA GTC C -3′ 

Bp 2259 – 2292 
   

AA 676 – 686 
   

product size 327 bp, spans exons 16-18, bridges introns sized 289, 750 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/Q8IVF7
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_175736
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FRL2 (FMNL3) 

NP_443137 1092 aa linear PRI 28-JAN-2012 

NM_052905 5575 bp mRNA linear PRI 28-JAN-2012 

5′- GCT CTG AAG CCC AAT CAG ATC AAT GGC -3′ 

Bp 2263 - 2290 
   

AA 633 - 641 
   

5′- GGT AGG AAC CGC ATC AAG CAT TCC -3′ 

Bp 2566 - 2589 
   

AA 734 - 740 
   

product size 327 bp, spans exons 16-18, bridges introns sized 962, 1571 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/NP_443137
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_052905
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INF1 (FHDC1) 

Q9C0D6 FHDC1_HUMAN 1143 aa linear PRI 22-FEB-2012 

NM_033393 6480 bp mRNA linear PRI 18-DEC-2011 

5′- GGA CCT TGG CAG CCA GGC AGG -3′ 

Bp 425 – 441 
   

AA 118 – 122 
   

5′- CGC AAG GTC TCT GAT CCA TAA TGC -3′ 

Bp 681 – 704 
   

AA 203 – 209 
   

product size 280 bp, spans exons 1-3, bridges introns sized 9943, 656 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/Q9C0D6
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_033393
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WHIF1 (INF2) 

NP_071934 1249 aa linear PRI 26-FEB-2012 

NM_022489 4725 bp mRNA linear PRI 26-FEB-2012 

5′- GCT GCC ATC CAA CGT GGC ACG TGA GC -3′ 

Bp 1856 - 1881 
   

AA 572 - 577 
   

5′- CGT GCT TCT CGG GAA GGA GCT TAA GG -3′ 

Bp 2168 - 2193 
   

AA 676 - 683 
   

product size 338 bp, spans exons 8-11, bridges introns sized 433, 83, 548 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/protein/NP_071934
https://www-ncbi-nlm-nih-gov.libproxy1.upstate.edu/nuccore/NM_022489
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FMNL1 Alternative Splice Isoform Primer Design 

MDA-MB-231 

FMNL1Δ FMNL1ɣ/α FMNL1β 

Forward Primer: 5'-

GCACTGAAACCCAGCCAG

ATCACC-3' 

Forward Primer: 5'-

CCGCCAGATCCTGGA

GATTGTCCTGG-3' 

Forward Primer: 5'-

CCGGGCACTGACGGGC

CGGTGCCT-3' 

Reverse Primer: 5'-

CCGGCGGCCGCTATGTGA

TGATGTCTTCAATGG-3' 

Reverse Primer: 5'-

GCATCTCTTCTCCCAG

GCTGGCC-3' 

Reverse Primer: 5'-

CGAGAGGTCGGAGGTG

ACCTGCAGTGGG-3' 

Predicted Size: 1143bp Predicted Size: 

1029/855bp 

Predicted Size: 1312bp 

 

Macrophage 

FMNL1Δ FMNL1ɣ/α FMNL1β 

Forward Primer: 5'-

GCACTGAAACCCAGCC

AGATCACC-3' 

Forward Primer: 5'-

GCACTGAAACCCAGCCA

GATCACC-3' 

Forward Primer: 5'-

GGAGAACGAATCCATGG

CCAAGATTGC-3' 

Reverse Primer: 5'-

CCGGCGGCCGCTATGT

GATGATGTCTTCAATG

G-3' 

Reverse Primer: 5'-

CGCAGATCGCGGCCGCT

AGAGGGGCATCTCTTCT

CC-3' 

Reverse Primer: 5'-

GCGGCCGCTCAGCCTGT

CCACGGCCCCACACCTT

TT-3' 

Predicted Size: 1143bp Predicted Size: 

1200/1026bp 

Predicted Size: 1312bp 

 

 



100 
 

Monocyte 

FMNL1Δ FMNL1ɣ/α FMNL1β 

Forward Primer: 5'-

GCACTGAAACCCAGCC

AGATCACC-3' 

Forward Primer: 5'-

GCACTGAAACCCAGCCA

GATCACC-3' 

Forward Primer: 5'-

GGCCCAGGAGTGAAGG

CCAAGAAGCC-3' 

Reverse Primer: 5'-

CCGGCGGCCGCTATGT

GATGATGTCTTCAATG

G-3' 

Reverse Primer: 5'-

CGCAGATCGCGGCCGCT

AGAGGGGCATCTCTTCT

CC-3' 

Reverse Primer: 5'-

GCGGCCGCTCAGCCTGT

CCACGGCCCCACACCTT

TT-3' 

Predicted Size: 1143bp Predicted Size: 

1200/1026bp 

Predicted Size: 1132bp 

 

Meg-01 

FMNL1Δ FMNL1ɣ/α FMNL1β 

Forward Primer: 5'-

GCACTGAAACCCAGCCA

GATCACC-3' 

Forward Primer: 5'-

GGCCTGGATGTGCTG

CTCGAGTACC-3' 

Forward Primer: 5'-

CCGCCAGATCCTGGAGAT

TGTCCTGG-3' 

Reverse Primer: 5'-

CCGGCGGCCGCTATGTG

ATGATGTCTTCAATGG-3' 

Reverse Primer: 5'-

GGGATGTCCGCTTGC

CGGTGCGGGCCG-3' 

Reverse Primer: 5'-

CCTGCAGAAGCGGCCGC

TACAGCGAGAGGTCGG-3' 

Predicted Size: 1143bp Predicted Size: 

1302/1276bp 

Predicted Size: 887bp 
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Data Analysis 

qRT-PCR analyses were run in triplicate and the results were averaged.  Data within one 

standard deviation were used for the expression analysis.  The percent of 18S 

expression of each formin was calculated as the inverted natural logarithm of the ratio of 

average formin expression to average 18S expression and multiplied by 100 [1 ‐ LN 

(average formin expression / average 18S expression) x 100].  ANOVA and T‐tests were 

performed on raw data, p<0.05 for specific comparisons.  ANOVA was performed on all 

data points listed in Table 2 with p<0.05. 

 

Results 

Using qRT-PCR in conjunction with site-specific primers, seven different human 

cell types were analyzed: HeLa, macrophages, HCN, MDA-MB-231, HK-2, Meg-01, and 

platelets.  All RNA samples were isolated and purified from whole cell lysates as formin 

localization, and their expression in different organelles, can greatly vary from cell type 

to cell type.  By following “The MIQE guidelines: minimum information for publication and 

quantitative real time PCR experiments,” we determined the best primer choice would be 

Oligo(dT)20.  This standard primer was optimal for our experiments as it hybridizes to the 

poly(A) tail of mRNA which coincides with our primers targeting more of the C-terminal 

region of the different formins.  Additionally, we chose 18s RNA subunit as the reference 

for formin expression levels.  This subunit is widely used as a marker and generally 

considered as a proper standard.  Therefore, all mRNA expression levels are presented 

as a percentage of total 18s RNA expression.  Primer design was conducted following 

an alignment of all 15 human formin proteins and subsequent sequence analysis.  

Interestingly, we determined that the region between the FH1 and FH2 domains would 

be the best option for primer targeting design since this region’s sequence composition 

is quite unique between formins while at the same time retaining a similar length. 
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While the entirety of this study focused on 22 different cell and tissue types, my 

personal work focused on the seven listed previously.  All protein and gene accession 

numbers for each of the 15 human formins, as well as references for each along with 

supporting information, can be observed in Table 1.  The site-specific oligonucleotides 

designed and used for these experiments were the result of formin protein sequence 

alignement analysis (Figure 1).  Using qualitative PCR, all of our primers for the 15 

human formins exhibited products at the correct predicted sizes (Figure 2).  However, 

there was one exception with Delphilin, as no product was observed using its uniquely 

designed primer pairs.  This protein has been shown to be expressed in the Purkinje 

cells of the cerebellar cortex, but even the use of human cerebellar RNA-derived cDNA 

did not allow for detection on an agarose gel. 
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Table 1 
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Table 1 (Continued) 

 



105 
 

Table 1: The formin family of proteins.  The seven formin families with all their 

members are listed, as well as the alternate nomenclature for each formin.  The 15 

mammalian formins analyzed in this study are grouped into families based on FH2 

phylogeny with gene names and accession numbers provided.  The amino acid and 

genomic accession sequences used for alignment and oligonucleotide design are listed. 
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Figure 1 
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Figure 1: Alignment of formin protein sequences.  Formin protein sequences 

from Table 1 were analyzed using COBALT.  Amino acid residues highlighted in light 

grey are translations of forward primers and amino acid residues highlighted in black are 

translations of reverse primers used for RT-PCR and qRT-PCR as described in 

Methods.  The vertical line indicates the start of the FH2 domain.  The C-terminal end of 

the FH1 domain is not depicted in this alignment, and is located upstream of the amino 

acids indicating the forward primers used for qRT-PCR.  The underlined amino acids 

indicate the location of intron-exon borders between forward and reverse primers.  For 

information regarding intron and extron length and position, see Materials and Methods. 
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Figure 2 

 

Figure 2: Examples of qualitative PCR products for each formin.  PCR performed 

on DNA from RT-PCR to demonstrate that the primer pairs for each formin, as listed in 

Materials and Methods, produce unique and specific products of predicted sizes.  

Product sizes are above each band in number of base pairs.  RT-PCR products of 

formin primers were analyzed using electrophoresis on a 2% agarose gel and visualized 

using ethidium bromide under ultraviolet light.  The gel was photographed using Polaroid 

GelCam (Minnetonka, MN) and Fujifilm FP-3000B (Tokyo, Japan) instant black and 

white film.  The resulting image was scanned using an HP ScanJet5300C (Palo Alto, 

CA) and processed using the Microsoft Scanning Wizard and Microsoft Powerpoint 

(Redmond, WA).  A single example from U2OS cells of multiple trials in several cell 

types is shown as a representative example. 
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HeLa Cells 

 HeLa cells are adenocarcinoma cells originating from epithelial tissue of the 

cervix and have been classically used for research since the 1950s (Masters, 2002).  

qRT-PCR analysis demonstrated an average total formin expression level of 35.8%, with 

Dia1, FHOD1, and FHDC1 all exhibiting the highest expression levels between 50-52% 

(Figure 3B).  Interestingly, Dia1 and Dia2 showed expression levels between 40-50%, 

but the other member of this subfamily, Dia3, only demonstrated expression levels of 

27%.  A similar pattern was observed for FHOD1 and FHOD3, where their expression 

levels, 51% and 13%, respectively, showed a wide discrepancy.  This is interesting as 

Dia3 shares a ~40-50% sequence identity with both Dia1 and Dia2, while FHOD3 is 

~40% identical to FHOD1 and ~20% to Dia1 (Schönichen and Geyer, 2010).  However, 

this makes some sense as both Dia1 and Dia2 have been shown to be essential for 

cancer cell migration and invasion while Dia3 has strongly been attributed to regulating 

microtubules and kinetochores (Kitzing et al., 2007, Guo et al., 2011, Pettee et al., 

2014).  Additionally, FHOD1 is upregulated when cancer cells undergo EMT and 

subsequently migrate and invade, but FHOD3 is primarily attributed to sarcomere 

organization in cardiomyocytes (Kan-o et al., 2012, Gardberg et al., 2013). 

 FMNL1 average expression in HeLa cells was the second highest, tied with 

platelets, when evaluating all seven cell types (Figure 10).  FMNL1, more specifically the 

FMNL1ɣ alternative splice isoform, has been shown to regulate Golgi structural 

architecture in HeLa cells (Colón-Franco et al., 2011).  Furthermore, it has been shown 

to form a complex with srGAP2 in HeLa cells, where activated FMNL1 and srGAP2 co-

localize to the cell membrane where it mediates membrane ruffling (Mason et al., 2010).  

Expression of FMNL1 could be related to these regulatory functions, which are both 

essential to cell migration, as well as other cellular processes. 
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Figure 3 
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Figure 3: HeLa Cell RNA and Formin Expression.  (A) HeLa cell RNA was obtained 

as described in Materials and Methods.  The “Electropherogram Summary” visualizes 

the analysis of total RNA, where peaks between and underneath the 18s and 28s 

ribosomal subunits indicate degraded RNA, and higher peaks correspond to a higher 

concentration of RNA.  The rectangular box to the right of the “Electropherogram 

Summar” is a visual representation of RNA degradation.  The RNA Integrity Number 

(RIN) is calculated using an algorithm based on Bayesian analysis of nine distinct 

feature of the electropherogram of 1208 samples of RNA of varying degrees of 

Degradation using the Agilent 2100 bioanalyzer system (Agilent Technologies, Stanta 

Clara, CA) (Schroeder et al., 2006).  (B) qRT-PCR was performed as described in 

Materials and Methods.  The level of expression of all formins in HeLa cells was 

averaged and is displayed as a percentage of expression of the 18s ribosomal subunit.  

Data are reported as the average percentage of 18s ribosomal subunit, p < 0.05. 
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Macrophages 

 Past studies from our lab have shown that upon differentiation from monocytes, 

FMNL1 mRNA expression in macrophages is increased six-fold.  This was confirmed at 

the protein level as well, where FMNL1 expression increased 108% when comparing 

monocytes to macrophages (Mersich et al., 2010).  However, when comparing the 

expression levels of all formins, FMNL1 is not the highest, even in its own subfamily, 

where FMNL3 is expressed ~10% higher (Figure 4B).  The two most highly expressed 

formins are from two different subfamilies: Dia1 and FHOD1.  While the FMNL formins 

have been primarily attributed to leukocytes, this observation demonstrates that other 

formins may have substantial roles in different macrophage cellular functions (Favaro et 

al., 2003, Katoh and Katoh, 2003a, Block et al., 2012, Han et al., 2013, Gardberg et al., 

2014).  These results make sense as well since Dia1 has been shown to interact with 

IQGAP1 for proper phagocytic cup formation in macrophages and FHOD1 has exhibited 

macrophage podosome regulatory functions (Brandt et al., 2007, Panzer et al., 2016).  

Dia2, DAAM2, and FMN2 expression was under 10% for each formin.  These low levels 

are to be expected for DAAM2 and FMN2 as they are more important for developmental 

activities as opposed to immunosurveillance (Azoury et al., 2008, Lee and Deneen, 

2012).  Overall, macrophages have the lowest level of average formin expression, 

however, their limited, albeit essential, role in immunosurveillance could explain these 

observations. 

 Interestingly, the average FMNL1 expression for macrophages is one of the 

lowest of the seven described here at 26% (Figure 10).  While FMNL1 is important for 

regulating essential macrophage functions, the mRNA expression level may not directly 

correlate with protein expression and function.  Furthermore, FMNL1 function may not 

require high amounts of FMNL1 protein, which could also explain the low mRNA levels 

as well. 
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Figure 4 
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Figure 4: Macrophage RNA and Formin Expression.  (A) Macrophage RNA was 

obtained as described in Materials and Methods.  The “Electropherogram Summary” 

visualizes the analysis of total RNA, where peaks between and underneath the 18s and 

28s ribosomal subunits indicate degraded RNA, and higher peaks correspond to a 

higher concentration of RNA.  The rectangular box to the right of the “Electropherogram 

Summar” is a visual representation of RNA degradation.  The RNA Integrity Number 

(RIN) is calculated using an algorithm based on Bayesian analysis of nine distinct 

feature of the electropherogram of 1208 samples of RNA of varying degrees of 

Degradation using the Agilent 2100 bioanalyzer system (Agilent Technologies, Stanta 

Clara, CA) (Schroeder et al., 2006).  (B) qRT-PCR was performed as described in 

Materials and Methods.  The level of expression of all formins in macrophages was 

averaged and is displayed as a percentage of expression of the 18s ribosomal subunit.  

Data are reported as the average percentage of 18s ribosomal subunit, p < 0.05. 
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HCN Cells 

 HCN cells are a human cortical neuronal cell line and they display formin 

expression levels between 17-50%, with FHOD1 being the most highly expressed 

(Figure 5B).  Quite surprisingly, Delphilin had the lowest expression level, which is 

interesting as it has been associated with GluRδ2 signaling in Purkinje cells, although 

this has been shown to be isoform-specific (Miyagi et al., 2002, Matsuda et al., 2006).  

The high FHOD1 expression was followed by members of the INF subfamily of formins, 

INF1 (FHDC1) and INF2 (WHIF1).  The 50% expression level of FHOD1 in the brain is 

interesting as a recent study demonstrated no FHOD1 expression in neurons or glial 

cells using immunofluorescence (Gardberg et al., 2013).  In the Dia subfamily, Dia1 was 

expressed the highest at 38%.  Past studies have indicated that Dia1 regulates synaptic 

vesicle endocytosis in hippocampal neurons (Soykan et al., 2017).  Dia1 expression has 

also been correlated with axon elongation in cerebellar granule neurons (Arakawa et al., 

2003).  The FMN subfamily was expressed at an average of 29% with FMN2 being 

expressed 4% higher than FMN1.  Nonetheless, FMN1 is essential for dendritogenesis 

and synaptogenesis in mouse hippocampal neurons.  Overexpression of FMN1 in these 

cells increases primary dendrite and glutamatergic synaptic input number, while 

downregulation results in morphological and synaptic alterations (Simon-Areces et al., 

2011). 

 The FMNL subfamily was expressed at an average of 31.3% with FMNL2 

expression being the highest at 35%.  FMNL1 was the lowest expressed of this 

subfamily at 26% (Figure 5B).  However, a past study on FMNL1 protein expression in 

neurons found no expression via immunohistochemistry (Gardberg et al., 2014).  It 

should also be noted that, while this study did focus on mammalian formins, the singular 

FMNL subfamily D. melanogaster homologue has been identified as a regulator of axon 

growth in the mushroom bodies of flies (Dollar et al., 2016).  
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Figure 5 

 

 

 

A 

B 



117 
 

Figure 5: HCN Cell RNA and Formin Expression.  (A) HCN RNA was obtained as 

described in Materials and Methods.  The “Electropherogram Summary” visualizes the 

analysis of total RNA, where peaks between and underneath the 18s and 28s ribosomal 

subunits indicate degraded RNA, and higher peaks correspond to a higher concentration 

of RNA.  The rectangular box to the right of the “Electropherogram Summar” is a visual 

representation of RNA degradation.  The RNA Integrity Number (RIN) is calculated using 

an algorithm based on Bayesian analysis of nine distinct feature of the electropherogram 

of 1208 samples of RNA of varying degrees of Degradation using the Agilent 2100 

bioanalyzer system (Agilent Technologies, Stanta Clara, CA) (Schroeder et al., 2006).  

(B) qRT-PCR was performed as described in Materials and Methods.  The level of 

expression of all formins in HCN cells was averaged and is displayed as a percentage of 

expression of the 18s ribosomal subunit.  Data are reported as the average percentage 

of 18s ribosomal subunit, p < 0.05. 
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MDA-MB-231 

 These breast adenocarcinoma cells exhibited an overall average formin 

expression level of 34%.  The Dia and FMNL subfamilies both had an average 39% 

expression level.  This is to be expected in such a highly motile and invasive cell line, as 

both these subfamilies of proteins have been implicated in a tremendous amount of 

cellular locomotion functions and cancer invasion (Han et al., 2009, Lizárraga et al., 

2009, Kitzing et al., 2010, Vega et al., 2011, Kim et al., 2016).  Furthermore, the average 

expression level of both the FHOD and INF subfamilies is strikingly similar, at 43.5% and 

37.5%, respectively (Figure 6B).  DAAM1 is also expressed at a comparable level of 

32%.  As all these proteins have been implicated in some aspect of cancer cell migration 

and invasion, a question arises as to why DAAM2 and FMN2 are expressed at the 

lowest levels.  This is a curious observation as several formins are involved not only in 

cancer-related cellular activities, but homeostatic and developmental functions as well.  

This is most likely explained by their limited functions in development, although DAAM2 

was recently identified as regulator of gliomagenesis (Lee and Deneen, 2012, 

Sahasrabudhe et al., 2016, Zhu et al., 2017). 

 While FMNL2 expression has been associated with regulation of migration and 

invasion in breast cancer cells, and it is the highest expressed of the three FMNL 

subfamily members, high FMNL1 expression has also been observed in breast cancer 

(Kitzing et al., 2010, Gardberg et al., 2014).  Immunohistochemical analysis of one of the 

rarest but most aggressive forms of breast cancer (the basal subtype, of which MDA-

MB-231 cells belong to) has shown high FMNL1 protein expression in epithelial and 

inflammatory cells in human breast cancer tumors (Gardberg et al., 2014).  Also in this 

same study, FMNL1 mRNA expression was not very high when compared to other 

FMNL family members, demonstrating that while mRNA expression may be low, this 

may not correspond to protein function (Gardberg et al., 2014).  
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Figure 6 

 

 

 

A 

B 



120 
 

Figure 6: MDA-MB-231 Cell RNA and Formin Expression.  (A) MDA-MB-231 RNA 

was obtained as described in Materials and Methods.  The “Electropherogram 

Summary” visualizes the analysis of total RNA, where peaks between and underneath 

the 18s and 28s ribosomal subunits indicate degraded RNA, and higher peaks 

correspond to a higher concentration of RNA.  The rectangular box to the right of the 

“Electropherogram Summar” is a visual representation of RNA degradation.  The RNA 

Integrity Number (RIN) is calculated using an algorithm based on Bayesian analysis of 

nine distinct feature of the electropherogram of 1208 samples of RNA of varying degrees 

of Degradation using the Agilent 2100 bioanalyzer system (Agilent Technologies, Stanta 

Clara, CA) (Schroeder et al., 2006).  (B) qRT-PCR was performed as described in 

Materials and Methods.  The level of expression of all formins in MDA-MB-231 cells was 

averaged and is displayed as a percentage of expression of the 18s ribosomal subunit.  

Data are reported as the average percentage of 18s ribosomal subunit, p < 0.05. 
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HK-2 Cells 

 HK-2 cells are a proximal tubule epithelial cell line which was isolated and 

immortalized from a healthy adult human kidney (Ryan et al., 1994).  This cell line had 

the highest overall expression from the seven different types studied here at 51%.  

Unsurprisingly, the previously mentioned study identifying zero FHOD1 expression in the 

brain (while we found mRNA expression to be highest there) found similar results for the 

podocytes, mesangial cells, and tubular epithelium of the kidney (Gardberg et al., 2013).  

There are several possible explanations for these data, including the reasoning that high 

mRNA expression does not always correlate to high protein expression.  Additionally, 

the immunofluorescence analysis could be supported with subsequent Western blots to 

confirm the observation that this protein is indeed not expressed (Gardberg et al., 2013).  

DAAM2 is also expressed above the 60% level, which could be explained by its 

requirement for proper Wnt signaling during kidney development (Figure 7B) 

(Goggolidou et al., 2014).  The high overall expression could be attributed to several 

factors, including the pattern of predominately high mRNA expression throughout 

several types of epithelial tissue and their role in different renal pathologies (Chhabra 

and Higgs, 2006, Dettenhofer et al., 2008, Sun et al., 2011, Krainer et al., 2013, 

Subramanian et al., 2016). 

 The FMNL subfamily had an average overall expression of 46%, which, when 

compared to other subfamily members, is lower.  However, compared to other cell and 

tissue types, this is quite high.  This is interesting as a past qRT-PCR analysis on 

FMNL1 expression demonstrated low levels of expression of all three FMNL1 alternative 

splice isoforms in the kidney compared to other cell and tissue types (Han et al., 2009).  

However, FMNL1 protein expression of all three FMNL1 alternative splice isoforms was 

observed in this cell type following transfection, with FMNL1ɣ primarily localizing to the 

cell membrane and membrane blebs (Han et al., 2009). 
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Figure 7 

 

 

 

 

A 

B 



123 
 

Figure 7: HK-2 Cell RNA and Formin Expression.  (A) HK-2 RNA was obtained as 

described in Materials and Methods.  The “Electropherogram Summary” visualizes the 

analysis of total RNA, where peaks between and underneath the 18s and 28s ribosomal 

subunits indicate degraded RNA, and higher peaks correspond to a higher concentration 

of RNA.  The rectangular box to the right of the “Electropherogram Summar” is a visual 

representation of RNA degradation.  The RNA Integrity Number (RIN) is calculated using 

an algorithm based on Bayesian analysis of nine distinct feature of the electropherogram 

of 1208 samples of RNA of varying degrees of Degradation using the Agilent 2100 

bioanalyzer system (Agilent Technologies, Stanta Clara, CA) (Schroeder et al., 2006).  

(B) qRT-PCR was performed as described in Materials and Methods.  The level of 

expression of all formins in HK-2 cells was averaged and is displayed as a percentage of 

expression of the 18s ribosomal subunit.  Data are reported as the average percentage 

of 18s ribosomal subunit, p < 0.05. 
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Meg-01 Cells and Platelets 

 Meg-01 cells, a megakaryocyte cell line isolated from human bone marrow, and 

platelets, which we isolated from peripheral human blood, both exhibited some similar 

trends in their formin expression levels, albeit with some minor discrepancies (Figure 8B 

and Figure 9B).  Furthermore, as platelets are products of megakaryocytes, both cell 

types will be discussed in this single section. 

 Dia1 was the most highly expressed formin in Meg-01 cells (Figure 8B).  While 

this formin was also expressed at high levels in platelets, FHOD1 was expressed at a 

slightly elevated level (51% compared to 54%).  This is a curious result as FHOD3 was 

expressed at extremely low levels in both Meg-01 cells and platelets (6% and 17%, 

respectively) and the FHOD subfamily share a 43.4% sequence identity (Schönichen 

and Geyer, 2010).  However, high FHOD1 expression in both megakaryocytes and 

platelets has previously been observed at the protein level and has been suggested to 

play a role in regulating actin stress fibers in these cells (Thomas et al., 2011).  The 

FMNL subfamily, which has often been attributed primarily to cells of hematopoietic 

origin, exhibited similar average levels of expression when comparing Meg-01 cells to 

platelets, at 34% and 36%, respectively.  DAAM1 and Dia1 have both been previously 

identified as regulators of actin assembly in platelets, which could explain their high 

expression levels in these cells, although Dia1 knockout mice do not display altered 

platelet function (Eisenmann et al., 2007, Higashi et al., 2008).  The overall average 

formin expression level of these cells were slightly higher than macrophages and, similar 

to those cells, could be attributed to their limited function in the immune response. 

 The average FMNL subfamily expression in Meg-01 cells and platelets was 

34.3% and 36%, respectively.  FMNL2 expression was the highest in both Meg-01 cells 

and platelets, at 47% and 39%, respectively (Figure 8B and Figure 9B).  This correlates 

with a past study demonstrating very high FMNL2 protein expression in megakaryocytes 
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(Gardberg et al., 2010b).  FMNL1 itself was not the most highly expressed of the 3 

FMNL subfamily members, with Meg-01 cells expressing FMNL1 at 29% and platelets at 

38% (Figure 8B and Figure 9B).  However, past studies have shown FMNL1 to be highly 

expressed at the mRNA level in bone marrow myeloid cells (Gardberg et al., 2014).  

Additionally, other mRNA studies have demonstrated high levels of FMNL1 in platelets 

(Zuidscherwoude et al., 2018). 
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Figure 8 
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Figure 8: Meg-01 Cell RNA and Formin Expression.  (A) Meg-01 RNA was obtained 

as described in Materials and Methods.  The “Electropherogram Summary” visualizes 

the analysis of total RNA, where peaks between and underneath the 18s and 28s 

ribosomal subunits indicate degraded RNA, and higher peaks correspond to a higher 

concentration of RNA.  The rectangular box to the right of the “Electropherogram 

Summar” is a visual representation of RNA degradation.  The RNA Integrity Number 

(RIN) is calculated using an algorithm based on Bayesian analysis of nine distinct 

feature of the electropherogram of 1208 samples of RNA of varying degrees of 

Degradation using the Agilent 2100 bioanalyzer system (Agilent Technologies, Stanta 

Clara, CA) (Schroeder et al., 2006).  (B) qRT-PCR was performed as described in 

Materials and Methods.  The level of expression of all formins in Meg-01 cells was 

averaged and is displayed as a percentage of expression of the 18s ribosomal subunit.  

Data are reported as the average percentage of 18s ribosomal subunit, p < 0.05. 
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Figure 9 
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Figure 9: Platelet RNA and Formin Expression.  (A) Platelet RNA was obtained as 

described in Materials and Methods.  The “Electropherogram Summary” visualizes the 

analysis of total RNA, where peaks between and underneath the 18s and 28s ribosomal 

subunits indicate degraded RNA, and higher peaks correspond to a higher concentration 

of RNA.  The rectangular box to the right of the “Electropherogram Summar” is a visual 

representation of RNA degradation.  The RNA Integrity Number (RIN) is calculated using 

an algorithm based on Bayesian analysis of nine distinct feature of the electropherogram 

of 1208 samples of RNA of varying degrees of Degradation using the Agilent 2100 

bioanalyzer system (Agilent Technologies, Stanta Clara, CA) (Schroeder et al., 2006).  

(B) qRT-PCR was performed as described in Materials and Methods.  The level of 

expression of all formins in platelets was averaged and is displayed as a percentage of 

expression of the 18s ribosomal subunit.  Data are reported as the average percentage 

of 18s ribosomal subunit, p < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 



130 
 

FMNL1 Expression 

 The highest level of FMNL1 mRNA expression was observed in kidney cells at a 

level of 45%, followed by platelets and cervical cancer cells both at 38%, breast cancer 

cells at 32%, megakaryocytes at 29%, and macrophages and neurons both at 26%.  

FMNL1 protein expression has been observed at higher levels in the kidney before, 

primarily in the arteriolar smooth muscle cells located there (Schuster et al., 2007, 

Gardberg et al., 2014).  The two cancer cell lines, HeLa and MDA-MB-231, have similar 

FMNL1 expression levels, and both have been shown to have high protein expression 

levels as well (Arjonen et al., 2011, Colón-Franco et al., 2011, Gardberg et al., 2014).  

The lower macrophage expression level is interesting as we know this FMNL1 is an 

essential component for the adhesive and migratory abilities of these cells.  However, 

this is the same level as HCN cells, and FMNL1 has been shown to regulate srGAP2 in 

cortical neuron migration, demonstrating that this low mRNA expression level may not 

directly correlate with protein function (Guerrier et al., 2009, Mason et al., 2011). 
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Figure 10 

 

Figure 10: Average FMNL1 expression varies across cell types.  The average 

FMNL1 expression for each cell type is displayed.  qRT-PCR was performed as 

described in Materials and Methods.  Data are reported as the average percentage of 

the 18s ribosomal subunit, p < 0.05 

 

FMNL1 Alternative Splice Isoform Expression 

 FMNL1 expresses three different alternative splice isoforms, all of which diverge 

in the C-terminal region at the T1069 residue: FMNL1α, FMNL1β, and FMNL1ɣ (Kato 

and Kato, 2003, Han et al., 2009).  We have previously shown that these alternative 

splice isoforms are unique and do not all function similarly, both in vitro and in vivo 

(Mersich et al., 2010, Miller et al., 2017).  Past studies by other groups have confirmed 

this as well, demonstrating that a specific alternative splice isoform of FMNL regulates 
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Golgi complex architecture and that N-terminal myristoylation of another alternative 

splice isoform is required for membrane blebbing (Han et al., 2009, Colon-Franco et al., 

2011).  This led us to question if the mRNA expression levels of the different FMNL1 

alternative splice isoforms vary between cell types, as this protein has been shown to 

have different functions depending on the cell type. 

 Primer design for this analysis proved challenging as we often were unable to 

confirm FMNL1 alternative splice isoform expression with the same set of primers for 

each cell type.  By altering both forward and reverse primer design, we were eventually 

able to generate primers which demonstrated expression of all three FMNL1 alternative 

splice isoforms in MDA-MB-231 cells, 1° human monocytes, 1° human macrophages, 

and Meg-01 cells using RT-PCR.  As a result of using combinations of different forward 

and reverse primers, products sizes varied depending on both isoform and primer 

combination (Figure 11).  All primer sequences and predicted product sizes are listed in 

Materials and Methods.  FMNL1 alternative splice isoform mRNA expression was 

exhibited in all four cell types at the correct predicted sizes (Figure 11).  Additionally, for 

each set of RT-PCR reactions, a control set was also performed which is labeled 

“FMNL1Δ.”  The FMNL1Δ reaction correlates to a PCR reaction using the same forward 

and reverse primers for each cell type, resulting in the same size product.  The amplified 

product exhibited here is an 1143bp product which begins N-terminally of the FH1 

domain and continues until the splice site T1069.  This internal region of FMNL1 

expression was confirmed in each of these four cell types. 

 

FMNL1 Alternative Splice Isoform qRT-PCR Analysis 

 After confirming the expression of all three FMNL1 alternative splice isoforms in 

these four cell types, we attempted to quantitate their mRNA expression before 

analyzing any other cell types as a result of the difficulties in primer design.  We 
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speculated that as a result of the difficulties encountered during RT-PCR analysis, 

similar issues may arise for the more sensitive qRT-PCR experiments.  Indeed, 

regardless of using the same qRT-PCR protocol as we did for analyzing formin 

expression, we were unable to quantify mRNA expression levels in these cell types.  

Following subsequent rounds of experiments and a time-consuming troubleshooting 

process, we decided to forego continuing quantitation of FMNL1 alternative splice 

isoform mRNA in these cell types. 
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Figure 11 

 

 

Figure 11: The three FMNL1 alternative splice isoforms are expressed at the 

mRNA level in MDA-MB-231 cells, macrophages, monocytes, and Meg-01 cells.  

Qualitative RT-PCR images are displayed for four different cell types.  Product sizes 

vary due to the alterations in primer design.  FMNL1Δ is not a control RT-PCR reaction 

encoding for an internal region of FMNL1.  Bands are separated via agarose gel 

electrophoresis and visualized using UV light in conjunction with ethidium bromide 

staining. 
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Discussion 

 Herein, we have described the mRNA expression patterns of the 15 human 

formin family members in seven different cell types.  While this work is a component of a 

larger analysis published in 2013, it nonetheless provides useful information on formin 

expression and, more specifically, expression of FMNL1, which has proven beneficial for 

the formin field of research (Krainer et al., 2013).  As a result, this discussion will 

highlight only the work presented here and how it applies to FMNL1 expression in breast 

adenocarcinoma. 

 MDA-MB-231 formin expression averages at 34.13% while the FMNL subfamily 

as a whole exhibits an average expression level of 38.7%.  FMNL1 itself is expressed on 

average at a level of 32.0% in MDA-MB-231 cells.  Interestingly, this is one of the lower 

formins expressed in this cell type, the FMNL subfamily average of 38.7% is quite similar 

to the Dia subfamily (39.3%) and FHOD subfamily (38.5%).  Specifically in this cell type, 

both of these other subfamilies have been shown to play a role in cell migration and 

invasion.  For example, Dia1 regulates intracellular trafficking of MT1-MMP, Dia2 

interacts with RhoA downstream of CXCL12 to promote amoeboid phenotype switching, 

and Dia3 is required for invadopodia formation (Lizárraga et al., 2009, Kim et al., 2016, 

Wyse et al., 2017).  Additionally, FHOD1 regulates cell morphology and migration while 

FHOD3 acts downstream of RCP-α5β1 integrin trafficking to regulate invasion (Jurmeister 

et al., 2012, Paul et al., 2015a).   

Both of these subfamilies, which are expressed at an average level similar to that 

of the FMNL subfamily, are required for proper cell migration in this specific cell type.  

Moreover, FMNL2 and FMNL3 are both expressed at the protein level in MDA-MB-231 

cells (Gardberg et al., 2014).  FMNL2 actually plays a pivotal role in β1 integrin 

endocytosis in these cells, a key component of cell migration (Paul et al., 2015b, Wang 

et al., 2015).  Cancer invasion in other cell types is also regulated by these proteins and 
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correlates with their expression levels, such as FMNL2 in colorectal and breast cancer, 

FMNL3 in prostate and nasopharyngeal cancer, and both FMNL2 and FMNL3 in 

melanoma (Kitzing et al., 2010, Li et al., 2010, Vega et al., 2011, Gardberg et al., 2016, 

Wu et al., 2017).  

The cancer regulatory properties of these proteins are further compounded when 

one takes into account FMNL1 expression.  Enhanced FMNL1 mRNA and protein 

expression levels have previously been observed in MDA-MB-231 cells.  An in silico 

analysis of the FMNL1 transcriptome showed increased levels in MDA-MB-231 cells 

which was further confirmed via Western blot and immunofluorescence analysis (Han et 

al., 2013).  Immunohistochemical analyses of eight different breast tumors confirmed 

FMNL1 expression in malignant epithelial cells, as well as lymphocytes and 

macrophages found within the tumor (Gardberg et al., 2014).  Interestingly, the FMNL1ɣ 

alternative splice isoform was specifically found to localize to the membrane and induce 

blebbing in MDA-MB-231 (Han et al., 2009).  Furthermore, FMNL1 is upregulated in 

nasopharyngeal carcinomas, where it contributes to invasion via epigenetic upregulation 

of MTA1, and in leukemia, where it has been shown to regulate both proliferation and 

migration in two different leukemia cell lines via Rac1 interactions (Favaro et al., 2013, 

Chen et al., 2018). 

While MDA-MB-231 cells and macrophages are of two separate origins and have 

different functions, they do share a commonality in that they are both highly motile cell 

types.  Macrophages are essential for immunosurveillance and are found within nearly 

every tissue type in the body.  Their locomotion is essential to immune system 

functionality and their modes of migration and invasion share many features with that of 

MDA-MB-231 cells.  Both of these cell types use specialized structures to invade 

through the ECM, effectively altering its composition through the use of MMPs.  For 

example, MMP-1 (collagenase-1), MMP-3 (stromelysin), and MMP-9 (gelatinase B) are 
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used by macrophages for host defense and normal tissue remodeling and repair, while 

MDA-MB-231 cells use these proteases to degrade the ECM, allowing for efficient 

invasion through tissue and eventual intravasation into the circulatory system or 

lymphatics (Cury et al., 1988, Welgus et al., 1990, Campbell et al., 1991, Lindenmeyer et 

al., 1997, Phromoni et al., 2009, Steenport et al., 2009, Liu et al., 2012).  Additionally, 

both cell types express MT1-MMP (membrane-type-1 matrix metalloprotease) and MMP-

2 (gelatinase A), which are regulated by the formin Dia1 in MDA-MB-231 cells (Hayashi 

et al., 2000, Gonzalo and Arroyo, 2010, Kim et al., 2016, Kim and Rhee, 2016). 

The results of this mRNA expression analysis correlate well with our previous 

work demonstrating that FMNL1 is required for proper macrophage adhesion and 

migration (Mersich et al., 2010, Miller and Blystone, 2015).  In conjunction with the 

previously mentioned studies, this insinuates that FMNL1 could very well be essential to 

MDA-MB-231 cell migration and subsequent invasion.  Additionally, the expression of all 

three FMNL1 alternative splice isoforms is observed in MDA-MB-231 cells, monocytes, 

macrophages, and Meg-01 cells.  While we were unable to obtain quantitative results, 

these qualitative results demonstrate that expression of all three alternative splice 

isoforms is observed in cell types of different embryonic origin.  Furthermore, MDA-MB-

231 cells and macrophages exhibit similar patterns in regards to formin protein 

expression and function in migration and invasion.  The data presented here 

demonstrate that formin expression and function could be linked regardless of cell type 

and that FMNL1 could very well be imperative to MDA-MB-231 cell migration, regardless 

of classical theories that this protein is predominately important for leukocytes and other 

cells of hematopoietic origin.  
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Chapter 3 

 

Two highly conserved amino acid residues of the FMNL1 FH2 domain are required for 

actin binding. 

 

Parts of this work were previously published in: 

Miller MR, Miller EW, Blystone SD (2017). Non-canonical activity of the podosomal 

formin FMNL1ɣ supports immune cell migration. J Cell Sci 130, 1730-1739. 

 

This chapter focuses on the work I performed for this project in the context of this 

dissertation. 
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Introduction 

FMNL1 is unique among the formin family members as it has the ability to 

bundle, sever, assemble, and cap actin filaments.  Classically, formin activity has been 

ascribed predominately to the highly conserved FH2 domain.  More specifically, two 

hydrophobic amino acid residues have been identified as key regulators of formin-actin 

interaction: an aliphatic isoleucine residue and a positively charged, polar lysine residue 

(Table 1).  I1431 and K1601 were first identified in the S. cerevisiae formin Bni1 and 

have since been shown as critical regulators of formin function in several members of 

this protein family (Xu et al., 2004). 

 We previously have demonstrated that FMNL1 is required for proper human 

macrophage adhesion and migration in vitro, verifying its regulation of the podosomes of 

these cells.  This led us to question if these functional contributions of FMNL1 were also 

true in vivo.  In order to test this hypothesis, we developed a murine FMNL1 knockout 

model.  We generated FMNL1 floxed mice with loxP sites flanking exons 4, 5, and 6 of 

FMNL1, which, upon interaction with Cre recombinase, results in an excision of all three 

exons and a subsequent frameshift mutation, ultimately resulting in an invalid transcript 

of FMNL1 (Miller et al., 2017). 

We bred floxed FMNL1 mice with mice expressing Cre recombinase under 

different promoters, including the Ella promoter, which results in global gene deletion, 

and the Lyz2 promoter, which results in gene deletion in cells of a myeloid lineage.  

Remarkably, we determined that global depletion of FMNL1 resulted in embryonic 

lethality at a 95% confidence interval (CI).  This suggests that FMNL1 plays necessary 

roles in development.  Additionally, developmental functions are not widespread 

amongst formins as only deletion of Dia2, FHOD3, and DAAM1 have been shown to be 

embryonically lethal (Miller et al., 2017). 
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As a result of this embryonic lethality, and as we were questioning the function of 

FMNL1 specifically in macrophages, we altered the breeding strategy by utilizing a 

different mouse model in conjunction with our FMNL1 floxed mice.  Using LysMCre 

mice, which express Cre recombinase under the Lyz2 promoter, we conditionally deleted 

FMNL1 gene expression in mouse macrophages.  The resulting mice were healthy, with 

no significant alterations in the peripheral blood or other tissues.  However, we did 

observe a reduction of Kupffer cell residency in the liver, suggesting that FMNL1 is 

required for normal residential macrophage tissue distribution.  Using an in vivo 

inflammation model and 2D migration assay, we were also able to determine that 

FMNL1 is required for proper macrophage migration.  Furthermore, we confirmed that 

depletion of FMNL1 expression resulted in a significant reduction of the number of 

macrophages forming podosomes and a significant increase in the surface area of these 

cells, indicating FMNL1 is required for both podosome formation and regulation of 

cellular morphology (Miller et al., 2017). 

In order to confirm deletion of FMNL1 in FMNL1-depleted macrophages, we 

performed reconstitution experiments with human FMNL1.  In humans, three alternative 

splice isoforms of FMNL1 are actually expressed: FMNL1α, FMNL1β, and FMNL1ɣ.  

These unique isoforms diverge at the C-terminal DAD domain of FMNL1, more precisely 

at T1069.  FMNL1α and FMNL1ɣ actually share a common end sequence, however, 

FMNL1ɣ retains a 58 amino acid residue sequence before this shared region.  FMNL1β 

has an entirely unique sequence which is slightly longer than FMNL1α (Katoh and 

Katoh, 2003, Han et al., 2009).  Reconstitution of FMNL1-depleted macrophages with 

full-length FMNL1β and FMNL1ɣ demonstrated that the migration defect observed in 

FMNL1-null macrophages could be rescued specifically with FMNL1ɣ but not FMNL1β.  

Additionally, using fluorescence microscopy, we confirmed that only FMNL1ɣ localized to 
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macrophage podosomes while FMNL1β displayed a diffuse localization throughout the 

cytoplasm (Miller et al., 2017). 

Two highly conserved residues of the FH2 domain have been shown to be 

essential for formin-actin interactions in several formin family members (Xu et al., 2004).  

These residues correspond with I720 and K871 in FMNL1 (Table 1).  We questioned 

whether these residues were required for the function of FMNL1ɣ in macrophage 

podosomes.  We mutated both residues, I720A and K871A, in a full-length, GFP-

FMNL1ɣ vector and reconstituted FMNL1-null macrophages using this plasmid.  We 

observed that even with these two residues mutated, GFP-FMNL1ɣ still localized to 

podosomes and was able to rescue the previously observed migration defect (Miller et 

al., 2017). 

Similar mutations of these conserved FH2 domain residues have been made in 

other formins and different effects have been observed at both the cellular and 

biochemical level (Table 1).  The FHOD3 mutations of I1127A or K1273D results in loss 

of stress fiber formation in HeLa cells and sarcomere disorganization in myofibrils of 

cardiomyocytes (Taniguchi et al., 2009).  The isoleucine mutation in DAAM1 (I698A) 

results in a loss of stress fiber formation ability in NIH 3T3 cells, and mutating both 

amino acid residues (I698A and K847D) inhibits actin filament assembly in vitro (Lu et 

al., 2007, Liu et al., 2008).  Similar results were observed with Dia1, where the 

corresponding isoleucine and lysine mutations were found to inhibit actin filament 

assembly in vitro and morphological defects were observe in U2OS cells expressing this 

mutant (Otomo et al., 2005a, Hotulainen and Lappalainen, 2006, Daou et al., 2014).  

Expressing Dia3 with this isoleucine mutation results in inhibition of bleb formation and 

reduction of serum response factor transcriptional activity (Stastna et al., 2012).  In 

FHDC1, mutating the conserved isoleucine residue, I180A, results in a loss of Golgi 

dispersion abilities, demonstrating that the FH2 domain is essential for this activity 
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(Copeland et al., 2016).  Furthermore, expression of this same isoleucine mutant in 

FHDC1 inhibits regulation of actin dynamics in cilia of NIH 3T3 cells (Copeland et al., 

2018).  Even in Delphilin, actin assembly is abolished with I718A and slightly reduced 

with K868A in vitro (Silkworth et al., 2018).  However, not all formins are affected by 

these mutations, as expression of INF2 with mutations of the isoleucine and the lysine 

residues does not affect F-actin distribution in Jurkat cells (Andrés-Delgado et al., 2012).   

Analysis of the effects of these mutations on the FMNL subfamily have also been 

performed.  For example, while FMNL2 (I704A) and FMNL3 (I649A) still co-localize with 

Cdc42, perturbation of actin accumulations are observed with expression of WT FMNL2 

and FMNL3.  Additionally, Co-IP experiments demonstrate abolishment of F-actin 

binding (Kage et al., 2017).   In FMNL3, the conserved isoleucine residue has been 

mutated to an alanine (I649A) and subsequent downstream experiments demonstrated 

that that this did indeed affect actin filament elongation and F-actin bundling activity.  

Barbed end binding activity was eliminated with this mutation and actin filament 

elongation was inhibited as well, effectively eradicating filopodia assembly in Jurkat, 

300.19, and NIH 3T3 cells (Harris et al., 2010).  This same mutation in FMNL3 also 

affects actin assembly and abolishes barbed end binding in vitro (Heimsath and Higgs, 

2012, Thompson et al., 2013). 

In FMNL1, effects of these mutations have also been observed biochemically 

and at the cellular level.  A previous study demonstrated that in mouse FMNL1β 

(originally referred to as mouse FRL1α), this mutant protein inhibits actin filament 

elongation similar to the WT construct in vitro.  This mutation also results in rapid 

dissociation from the barbed end of actin filaments but does not affect bundling activity 

(Harris et al., 2006).  Expression of FMNL1ɣ with this mutation is also necessary for 

Golgi structural maintenance regulation (Colón-Franco et al., 2011). 
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The localization of FMNL1ɣ-ABM to macrophage podosomes and its ability to 

rescue the previously observed migratory defect in FMNL1-null macrophages 

demonstrated that the FH2-mediated barbed end binding was dispensable for FMNL1ɣ 

function in these cells.  In order to confirm that barbed end binding was indeed 

abolished, we performed different actin pull-down assays using recombinant fusion 

proteins coding for the different FMNL1 alternative splice isoforms.  These constructs 

coded for the FH1, FH2, and entire C-terminal region.  These pull-down assays 

demonstrated that mutation of the conserved isoleucine and lysine residues results in 

abolition of FH2-mediated actin filament interactions.   

 

Table 1 

 

 

Table 1: The highly conserved Ile and Lys residues of the FH2 domain.  Originally 

identified in Bni1, the highly conserved Ile and Lys residues of the FH2 domain are 

aligned here for each of the 15 H. sapiens formins along with Bni1 from S. cerevisiae 

and FMNL1 from M. musculus.  The conserved isoleucine and lysine residues are 

highlighted in red and numbers next to each sequence indicate the starting and ending 

amino acid residue number for the regions of the FH2 domains identified here. 
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Materials and Methods 

Human macrophages were derived from peripheral blood monocytes as 

described previously (Miller and Blystone, 2015).  Whole-cell RNA was extracted and 

purified from primary human macrophages with the RNeasy Mini Kit (Qiagen, Hilden, 

Germany).  Primary human macrophage cDNA was generated from RNA using the 

SuperScript III First-Strand Synthesis System for reverse-transcriptase (RT)-PCR (Life 

Technologies).  Full-length FMNL1 was cloned into a previously generated pEGFP 

vector from primary human macrophage cDNA (Chandoke et al., 2004).  FMNL1α 

(accession: NM_005892), FMNL1β (accession: BC001710), and FMNL1ɣ 

(accession: FJ534522) were cloned from primary human macrophage cDNA via PCR.  

The truncation mutant GFP-FMNL1Δ, truncated at the splice site T1069, was cloned via 

PCR using the forward primer 5’-GCACTGAAACCCAGCCAGATCACC-3’ and the 

reverse primer 5’-CCGGCGGCCGCTATGTGATGATGTCTTCAATGG-3’.  A stop codon 

and a NotI site were introduced at the C-terminal splice site T1069 via PCR 

mutagenesis.  A NotI site was introduced into each isoform following the stop codon at 

the C-terminus via PCR mutagenesis and was used in conjunction with a BsiWI site for 

transfer to pEGFP-FMNL1.  The N-terminal XbaI site and C-terminal BamHI site were 

used to transfer FMNL1β and FMNL1ɣ into pLVX-AcGFP-C1 (Clontech).  All FMNL1 

constructs were verified by DNA sequencing. 

Two substitution mutations, I720A and K871A, were generated to eliminate actin 

binding by PCR ‘sewing’ into the FMNL1ɣ isoform.  For the I720A mutation, primers 

used for the first reaction were forward primer 5′-

CCGAATGCCACTCTTGAACTGGGTGGC-3′ and reverse primer 5′-

CGCAGGGTGGCGGCCAAGTTCTTGGCCCGG-3′.  The second reaction primers were 

forward primer 5′-CGGGCCAAGAACTTGGCCGCCACCCTGCG-3′ and reverse primer 
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5′-CGAGGCTGATCAGCGGGTTTAAACG-3′.  The combining reaction primers were 

forward primer 5′-CCGAATGCCACTCTTGAACTGGGTGGC-3′ and reverse primer 5′-

CGAGGCTGATCAGCGGGTTTAAACG-3′.  For the K871A mutation, the primers used 

for the first reaction were forward primer 5′-CCGAATGCCACTCTTGAACTGGGTGGC-3′ 

and reverse primer 5′-GCTTGCGATCAGTCGAGGCCATCTCCAACAGC-3′.  The 

second reaction primers were 5′-GCTGTTGGAGATGGCCTCGACTGATCG-3′ and 

reverse primer 5′-CGAGGCTGATCAGCGGGTTTAAACG-3′.  The combining reaction 

primers were forward primer 5′-CCGAATGCCACTCTTGAACTGGGTGGC-3′ and 

reverse primer 5′-CGAGGCTGATCAGCGGGTTTAAACG-3′.  Nucleotides in bold 

indicate introduced changes to the sequence.  The PCR product containing both 

substitution mutations was inserted into the pLVX-AcGFP-FMNL1ɣ lentiviral vector 

between SfiI and NotI sites.  The GFP–FMNL1ɣ actin-binding mutant (ABM/FH2ø) was 

transformed into DH10β competent cells (Life Technologies), and mutations were 

confirmed by DNA sequencing.  Constructs encoding GST fusion proteins of FMNL1ɣ 

and the FMNL1ɣ-FH2ᴓ mutant were prepared by performing PCR.  For solubility, these 

constructs encode FMNL1 beginning with the FH1 domain and continuing through to the 

C-terminus.  Fusion proteins were grown in Escherichia coli using standard techniques 

and harvested with glutathione–agarose. Agarose-bound FMNL1ɣ-CT and FMNL1ɣ-

FH2ᴓ-CT were incubated with lysate from MDA-MB-231 cells, washed six times in PBS 

and precipitates were subjected to SDS-PAGE and western blotting to demonstrate loss 

of actin binding in the FH2ᴓ mutant. 

 

Results 

The highly conserved Ile and Lys residues of the FH2 domain of formins are required for 

FMNL1ɣ-mediated actin binding. 
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 Past studies have previously identified two highly conserved amino acid residues 

of the FH2 domain of formins are necessary for formin-mediated barbed end binding (Xu 

et al., 2004, Otomo et al., 2005b).  We performed actin pull-down assays to directly 

assess the requirement of these highly conserved Ile and Lys residues in FMNL1-actin 

interactions.  Using GST-tagged fusion proteins coding for the FH1 domain of FMNL1 

and ending at the C-terminus bound to glutathione-sepharose, we directly tested the 

ability of FMNL1Δ, FMNL1ɣ, and FMNL1ɣFH2ø to bind actin.  Both supernatants and 

pellets from these assays were separated via SDS-PAGE electrophoresis, probed for 

with α-actin 1° antibody, and visualized using an HRP-conjugated 2° antibody and 

enhanced chemiluminescence (ECL).  FMNL1Δ, the mutant truncated at the splice site 

T1069, and FMNL1ɣ were both able to directly bind actin in these pull-down assays 

(Figure 1).  FMNL1ɣFH2ø was unable to bind actin, indicated by the absence of 

detectable actin observed in the pellet lane.  These data suggest that the highly 

conserved Ile and Lys residues of the FMNL1 FH2 domain are required for actin-binding.  

This analysis also demonstrates that truncation of the C-terminal region of FMNL1 does 

not affect the binding of this formin to actin, further implicating the importance of the FH2 

domain in this function. 

  

 

 

 

 

 

 

 

 



156 
 

Figure 1 

 

 

Figure 1: The ability of FMNL1ɣ to bind actin is mediated by the FH2 domain and 

not dependent on the C-terminal region.  Representative Western blot demonstrating 

that the ability of FMNL1ɣ to bind actin is regulated by the FH2 domain.  Actin pull-

downs were performed as described in Materials and Methods, separated via SDS-

PAGE, and probed for with α-Actin 1° antibody.  Numbers on the left indicate MW in 

kDa.  S = supernatant, P = pellet. 

 

The amino acid residue composition of the FMNL1 alternative splice isoform C-terminal 

region does not affect the actin-binding ability of this protein. 

 After confirming that the highly conserved Ile and Lys residues of FMNL1 are 

required for actin-binding, we next questioned whether the C-terminus of the FMNL1 

alternative splice isoforms may affect the ability of this protein to bind actin.  Using the 

same actin pull-down assays that were previously described, we observed the actin-

binding abilities of FMNL1β, FMNL1ɣ, and FMNL1ɣFH2ø using GST-tagged fusion 

proteins coding for the FH1 and FH2 domains of these different alternative splice 

isoforms and ending at their C-termini.  Both supernatants and pellets were separated 

via SDS-PAGE electrophoresis, probed for with α-actin 1° antibody, and visualized with 
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HRP-conjugated 2° antibody and ECL.  Both FMNL1β and FMNL1ɣ showed actin in the 

pellet, demonstrating their ability to properly actin (Figure 2).  However, FMNL1ɣFH2ø 

was unable to bind actin, indicated by the lack of actin in the pellet lane (Figure 2).  This 

further confirms that the FH2 domain is required for FMNL1-mediated actin-binding.  

Additionally, the confirmation that both FMNL1β and FMNL1ɣ pull-down actin suggests 

that the variance in C-terminal amino acid residue composition does not affect the actin-

binding ability of the protein. 

 

Figure 2 

 

 

Figure 2: Both FMNL1β and FMNL1ɣ bind actin, but FMNL1ɣFH2ø does not.  

Representative Western blot demonstrating that the ability of FMNL1β and FMNL1ɣ to 

bind actin is regulated by the FH2 domain.  GST-FMNL1-CT pull-downs were performed 

as described in Materials and Methods, separated via SDS-PAGE, and probed for with 

α-Actin.  Numbers on the left indicate MW in kDa.  S = supernatant, P = pellet. 

 

Discussion 

 Herein, we have demonstrated that the highly conserved isoleucine (I720) and 

lysine (K871) residues of the FH2 domain of FMNL1ɣ are required for barbed end 
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binding of the formin to F-actin.  Furthermore, as a whole, this paper demonstrates that 

the FH2-mediated barbed end binding of FMNL1ɣ is not required for regulation of 

macrophage podosome function, effectively demonstrating this is reliant on another 

region of the protein. 

 This study represents one of the first reports demonstrating that the highly 

conserved isoleucine and lysine residues of the FH2 domain of a specific alternative 

splice isoform of FMNL1 are required for actin-binding.  Furthermore, this is also one of 

the first reports demonstrating this with actin from whole cell lysates as opposed to 

isolated and purified muscle actin.  This confirmation that the FH2 domain is required for 

binding of FMNL1 to actin isolated from cells confirms previous work identifying the FH2 

domain as the essential component of formin-actin interactions (Shimada et al., 2004, 

Xu et al., 2004, Otomo et al., 2005b, Harris et al., 2006).  

 Regardless of the C-terminal region amino acid composition of the FMNL1 

alternative splice isoforms, both FMNL1β and FMNL1ɣ were able to successfully bind 

actin.  FMNL1Δ, the mutant truncated at the splice site is also able to bind actin, 

confirming the FH2 domain is a key regulator of this function.  However, past studies 

have implicated the C-terminal region of some formins, especially of the FMNL 

subfamily, as actin-interaction regions of the protein (Chhabra and Higgs, 2006, Vaillant 

et al., 2008, Gould et al., 2011, Heimsath and Higgs, 2012).  As FMNL1Δ had no 

deleterious effect on actin-binding, this demonstrates that the C-terminal region of 

FMNL1 may not be required for this function.  However, we do find this somewhat 

peculiar since the FMNL1ɣ C-terminal region actually contains two predicted WH2 

domains. 

WH2 motifs have been identified in several actin-associated proteins and seem 

to have several functions (Campellone and Welch, 2010, Carlier et al., 2013, 

Dominguez, 2016).  Compared to other WH2 motifs, those predicted in FMNL1ɣ are 
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unique in that their amino acid composition is quite different from those identified in 

“classic” WH2 domain-containing proteins, such as WASp and JMY (Dominguez et al., 

2016).  This unique amino acid residue sequence composition could be contributing to 

FMNL1 function not through potent actin-binding as one would observe with the FH2 

domain, but perhaps other actin-modifying activities.  For instance, FMNL3 and INF2 

have both exhibited actin filament severing activity that could rely on their WH2 domains 

(Chhabra and Higgs, 2006, Heimsath and Higgs, 2012).  Additionally, the C-terminal 

region may still be able to interact with actin, but at a much lower level than the FH2 

domain.  Furthermore, it could be important for binding actin monomers which are 

eventually recruited to the FH2 domain-bound barbed end.  This makes sense since 

even though barbed end binding could be abolished via FH2 domain mutations, the 

WH2 domain would still bind monomeric actin.  As a result, while the formin could still 

bind G-actin, it would no longer be able to bind the barbed ends of F-actin, resulting in 

the lack of actin we observe in the Western blot analysis of the GST-FMNL1-CT pull-

down assays. 

This distinct amino acid residue sequence of two overlapping WH2 domains is 

exclusive to FMNL1ɣ and could explain the actin-modifying functions we have observed.  

Much like Spire and FMNL3, WH2 motifs in FMNL1ɣ could be capping actin filaments 

and preventing assembly (Bosch et al., 2007, Carlier et al., 2013, Heimsath and Higgs, 

2012).  While the question of how this unique WH2 domain contributes to the bundling 

process remains to be determined, the work here advances understanding of this 

process and the mechanism behind WH2 domain function in formins. 

Previous studies in mouse FMNL1β demonstrated that mutation of the conserved 

isoleucine residue results in a reduction of barbed end binding but does not affect the 

bundling or elongation activities of this protein.  This mutation also resulted in mouse 

FMNL1β losing its ability to compete with capping protein by dissociating at a higher rate 



160 
 

than the WT-FMNL1β.  This high dissociation rate, in addition to other data 

demonstrating that bundling activity of FMNL1β is affected by salt concentration, suggest 

that this protein is binding to the sides of actin filaments with amino acid residues on the 

outside of the FH2 domain via electrostatic interactions (Harris et al., 2006).  This would 

make sense as the highly conserved isoleucine and lysine residues are located on the 

inside of the FH2 domain (Xu et al., 2004, Otomo et al., 2005b, Harris et al., 2006). 

 The effects of this isoleucine mutation have also been observed at the cellular 

level using a HeLa cell model system.  Depletion of FMNL1 expression in these cells 

results in Golgi fragmentation which can only be rescued by the FMNL1ɣ alternative 

splice isoform, not FMNL1α or FMNL1β.  Rescue attempts via expression of FMNL1ɣ 

with either an I720A or K871D mutation does not rescue the fragmented Golgi 

phenotype observed, indicating that barbed end interactions of FMNL1ɣ with F-actin is 

required for regulation of Golgi complex structure (Colón-Franco et al., 2011).  In 

contrast to our own data, this shows that FMNL1ɣ requires FH2 domain-mediated 

barbed end binding to rescue cellular structures affected by depletion of endogenous 

FMNL1.  Indeed, this suggests that in our own study on macrophage podosomes, while 

similar to this study in that a specific alternative splice isoform of FMNL1 is required for 

regulation of a specific cellular structure, different regions of the molecule are necessary 

for this.  Whether this difference is due to cell type or cellular structure remains to be 

determined. 

 Taken as a whole with the entirety of this published work, these data 

demonstrate that the primary function of FMNL1 is not dependent on FH2 domain-

mediated barbed end binding.  Indeed, other functions of FMNL1 have been suggested 

such as severing and bundling.  Interestingly, the severing activity of FMNL3 has been 

shown to not be affected when barbed end binding is inhibited via mutation of the 

conserve Ile residue.  However, mutating specific amino acid residues of the WH2 
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domain in the C-terminus does inhibit the ability of FMNL3 to sever actin filaments 

(Heimsath and Higgs, 2012).  Furthermore, mouse FMNL1β has previously been shown 

to act as a severing protein, a function which has been shown to require the WH2 

domain in other proteins (Harris et al., 2004, Chhabra and Higgs, 2006, Jiao et al., 

2014).  Previous studies have also demonstrated that while mutation of the conserved 

Ile of the FH2 domain does indeed inhibit barbed end binding, this does not affect the 

ability of mouse FMNL1β to bundle actin filaments, actually increasing bundling activity 2 

fold compared to WT FMNL1β (Harris et al., 2006).  In FMNL3, deletion of the WH2 

domains found in the C-terminus reduces actin bundling activity and in FMNL2, these 

mutations result in complete abrogation of any bundling activity (Vaillant et al., 2008).  

Moreover, WH2 and WH2-like domains have actually been shown to be essential for 

some proteins to form actin filament bundles (Loomis et al., 2006, Millard et al., 2007).  

Future studies examining these different actin-modifying functions and what role the 

FMNL1 C-terminal region plays in them will allow us to not only distinctly identify a 

unique function of this protein, but also demonstrate that formin-actin interactions are not 

entirely based on the FH2 domain. 
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Abstract 
 

The formin family of proteins contributes to spatiotemporal control of actin 

cytoskeletal rearrangements during motile cell activities.  The FMNL subfamily exhibits 

multiple mechanisms of linear actin filament formation and organization.  Here we report 

novel actin-modifying functions of FMNL1 in breast adenocarcinoma migration models.  

FMNL1 is required for efficient cell migration and its three isoforms exhibit distinct 

localization.  Suppression of FMNL1 protein expression results in a significant 

impairment of cell adhesion, migration, and invasion. Overexpression of FMNL1ɣ, but 

not FMNL1β or FMNL1α, enhances cell adhesion independent of the FH2 domain and 

FMNL1ɣ rescues migration in cells depleted of all three endogenous isoforms.  While 

FMNL1ɣ inhibits actin assembly in vitro, it facilitates bundling of filamentous actin 

independent of the FH2 domain.  The unique interactions of FMNL1ɣ with filamentous 

actin provide a new understanding of formin domain functions and its effect on motility of 

diverse cell types suggests a broader role than previously realized. 

 

Introduction 

Developmental, homeostatic and pathologic movement of cells requires a 

dynamic actin cytoskeleton.  The organization of actin fibers in these processes takes 

numerable forms and is guided directly and indirectly by many proteins.  Formins have 

been implicated in cell motility and exhibit direct regulation of actin dynamic events such 

as nucleation, elongation, capping, bundling and severing (Pruyne et al., 2002, Zigmond 

et al., 2003, Harris et al., 2004, Moseley et al., 2004, Chhabra and Higgs, 2006, Harris et 

al., 2006, Kovar, 2006, Schonichen and Geyer, 2010, Bravo-Cordero et al., 2012, Fife et 

al., 2014, Vizcarra et al., 2014).  Recently we described a role for the formin FMNL1 in 

macrophage migration using a murine deletion model (Miller et al., 2017).  In 

macrophages, FMNL1 associates with actin in the podosome, an adhesion structure with 
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invasive capabilities (Mersich et al., 2010, Miller et al., 2017).  The loss of FMNL1 

severely handicapped macrophage migration and decreased podosome stability, but 

could be rescued selectively by the gamma isoform of FMNL1 (Miller et al., 2017).  In 

this study, we sought to understand the mechanism of action of FMNL1ɣ in regulating 

cell migration and determine the extent of these effects in other cell types expressing 

this formin. 

The 15 human formins are divided into seven subfamilies: diaphanous-related 

formins (Dia), disheveled-associated activators of morphogenesis (DAAM), formin-like 

proteins (FMNL), formin homology domain-containing proteins (FHOD), inverted formins 

(INF), Delphilin, and original formins (FMN).  The Dia, DAAM, FMNL, and FHOD 

subfamilies all bear a similar domain architecture, illustrated in Figure 1A (Schonichen 

and Geyer, 2010, Krainer et al., 2013).  These homodimeric proteins dimerize in a head-

to-tail fashion at the highly-conserved, ~400 amino acid residue formin homology 2 

(FH2) domain that is canonically responsible for promoting barbed end (+ end) 

elongation of actin filaments (F-actin) (Pruyne et al., 2002, Moseley et al., 2004, Xu et 

al., 2004, Harris and Higgs, 2006, Goode and Eck, 2007, Paul and Pollard, 2009).  The 

diaphanous auto-regulatory domain (DAD) is located C-terminally to the FH2 domain 

and interacts with armadillo repeat regions found in the formin homology 3 (FH3) 

domain, located N-terminally of the FH1 domain.  This interaction, which results in 

autoinhibition of the formin, can be alleviated by binding of Rho-family GTPases to the 

GTPase-binding domain (GBD), located N-terminally to the FH3 domain.  In vitro, Rho-

family GTPase binding enhances FH2-dependent actin elongation, likely through 

unfolding of the protein into an open conformation (Watanabe et al., 1999, Otomo et al., 

2005, Nezami et al., 2006, Lammers et al., 2008).   

Members of the FMNL subfamily (FMNL1, FMNL2, FMNL3) have been shown to 

regulate actin dynamics by nucleation, elongation, capping, severing, and/or bundling 
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(Harris et al., 2004, Harris and Higgs, 2006, Harris et al., 2006, Goode and Eck, 2007, 

Esue et al., 2008, Vaillant et al., 2008, Block et al., 2012, Kage et al., 2017,B).  FMNL1 

is of particular interest as this formin, in vitro, exhibits each of these actin filament 

modifying actions (Harris et al., 2004, Harris et al., 2006, Goode and Eck, 2007, Esue et 

al., 2008).  Three alternative splice isoforms of FMNL1 have been identified, two of 

which diverge following the C-terminal DAD region: FMNL1α, FMNL1β, and FMNL1ɣ.  

While FMNL1α and FMNL1ɣ share a common end sequence of 30 amino acids, 

FMNL1β has a unique sequence (Figure 1A).  A 58 amino acid residue retention 

following the splice site T1069 in FMNL1ɣ differentiates it from FMNL1α (Yayoshi-

Yamamoto et al., 2000, Katoh and Katoh, 2003, Han et al., 2009, Han et al., 2013). 

This subfamily is reported to interact with several Rho-family GTPases, including 

RhoA, RhoC, Rac1, and Cdc42 (Yayoshi-Yamamoto et al., 2000, Seth et al., 2006, 

Gomez et al., 2007, Kitzing et al., 2010, Mersich et al., 2010, Vega et al., 2011, Block et 

al., 2012, Favaro et al., 2013, Wang et al., 2015, Kage et al., 2017,A, Miller et al., 2017).  

We have reported that expression of constitutively active or kinase dead forms of 

GTPases had no effect on FMNL1 localization to podosomes (Mersich et al., 2010).  No 

changes in GTPase levels were detected upon genetic deletion of FMNL1 in murine 

macrophages (Miller et al., 2017).  It has also been suggested that FMNL1ɣ may not be 

subject to GTPase conformational regulation. FMNL1α and FMNL1β include the 

nonpolar amino acid residues isoleucine and leucine, respectively, at position 1071, 

while FMNL1ɣ specifies the positively-charged, polar amino acid residue lysine at this 

position.  Based on the hydrophobic interactions involved with the binding of the DID and 

DAD in Dia1, this lysine residue in FMNL1 could be significant in releasing the formin 

from its autoinhibited state (Nezami et al., 2006, Lammers et al., 2008, Han et al., 2009).  

Reports have demonstrated that FMNL3 is not subject to DID-DAD autoregulation 

(Vaillant et al., 2008).  Given the specificity of the rescue of macrophage migration and 
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localization of FMNL1 to podosomes only by the gamma isoform, these observations 

suggest that the responsible activity lies within the alternatively spliced domain and may 

not be subject to regulation by DID-DAD interactions.   

The beta isoform of murine FMNL1 does not facilitate actin assembly through 

elongation, exhibiting an inhibitory effect unperturbed by the presence of profilin that is 

attributed to barbed end accumulation (Harris et al., 2004).  FMNL1β has been shown to 

bundle actin filaments, using side-binding activity that is in competition with barbed-end 

capping.  Alleviation of processivity through FH2 mutation suggested that barbed-end 

binding and bundling were mutually exclusive yet both dependent upon FH2 domains 

(Harris et al., 2006).  Murine FMNL1 exhibits two isoforms, corresponding to human 

FMNL1 alpha and beta.  A third isoform, gamma, is present in humans.  Interestingly, 

only the gamma isoform of FMNL1 rescues macrophage migration in FMNL1-null mice, 

but the effects of FMNL1ɣ on elongation and bundling of actin are previously 

undescribed (Miller et al., 2017). 

FMNL1ɣ sequence analysis reveals potential tandem, overlapping Wiskott-

Aldrich syndrome homology 2 (WH2) domains within its unique 58 amino acid residues 

(Figure 1A).  In other proteins, these highly conserved WH2 motifs bind actin and 

facilitate its nucleation and assembly, however, overlapping WH2 motifs have not been 

reported or previously described (Quinlan et al., 2005, Chhabra and Higgs, 2006, 

Chereau et al., 2005, Haglund et al., 2010, Gould et al., 2011, Gaucher et al., 2012, 

Heimsath and Higgs, 2012). 

Here we examined the interactions of FMNL1ɣ with actin, in comparison with the 

alpha and beta isoforms also found in human cells, to understand its unique contribution 

to macrophage migration and podosome stability.  As FMNL1ɣ is expressed in other 

cells, we examined its requirement for migration in the well-characterized metastatic 

breast cancer line, MDA-MB-231.  We find that similar to reports of murine FMNL1β, 
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human FMNL1ɣ suppresses actin assembly, but in a manner seemingly independent of 

barbed-end binding.  We report that all three isoforms of FMNL1 exhibit actin bundling 

capability.  Notably, bundling is substantially more efficient by the gamma isoform of 

FMNL1.  Suppression of FMNL1 expression inhibits cancer cell migration and invasion, 

but is rescued by the gamma isoform.  Finally, all three isoforms of FMNL1 are 

expressed in MDA-MB-231 cells and each displays unique localization within cells.  

FMNL1ɣ appears near the leading edge of migrating cells, slightly inside the 

lamellipodia.  We propose that FMNL1ɣ bundling of actin contributes to actin structures 

involved in the migration of diverse cell types.  These activities are likely due to unique 

sequences in its spliced region which bear homology to WH2 motifs. 

 

Materials and Methods 

Cells, Antibodies, and Reagents 

MDA-MB-231 cells were purchased from ATCC (Manassas, VA).  Rabbit 

polyclonal α-FMNL1 primary antibody (Novus Biologicals, Littleton, CO) was used at a 

concentration of 0.05µg/mL for both Western blot analysis and immunofluorescence. 

This antibody is targeted against an internal region of FMNL1, and, as a result, is not 

isoform-specific.  Goat polyclonal α-Transaldolase primary antibody (Santa Cruz 

Biotechnology, Dallas, TX) was used to detect controls for Western blot analysis at a 

concentration of 0.2µg/mL.  Goat polyclonal α-Dia1 and goat polyclonal α-FHOD1 

antibodies (both from Santa Cruz Biotechnology) were used for Western blotting at a 

concentration of 2.0µg/mL.  Rabbit polyclonal α-Dia2 primary antibody (Novus 

Biologicals) was used for Western blotting at a concentration of 1.0µg/mL.  Lysis buffer 

was composed of 50mM Tris, 5mM MgCl2, 150mM NaCl, and 1% Triton X-100 (all from 

Thermo Fisher Scientific, Waltham, MA) supplemented with 1mM phenymethylsulfonyl 

fluoride (PMSF), 10µg/mL aprotinin, and 10µg/mL leupeptin (all from Sigma-Aldrich, St. 
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Louis, MO).  All oligonucleotides were synthesized and purchased from Thermo Fisher 

Scientific and all restriction endonucleases were purchased from New England BioLabs 

(Ipswich, MA). 

 

Cloning and Plasmid Generation 

All FMNL1 alternative splice isoforms and mutants were generated from primary 

human macrophage cDNA as was previously described (Miller et al., 2017).  The 

truncation mutant GFP-FMNL1Δ was cloned via PCR using the forward primer 5’-

GCACTGAAACCCAGCCAGATCACC-3’ and the reverse primer 5’-

CCGGCGGCCGCTATGTGATGATGTCTTCAATGG-3’.  A stop codon and a NotI site 

were introduced at the C-terminal splice site T1069 via PCR mutagenesis.  This NotI site 

was used in conjunction with a BsiWI site for transfer into a previously generated pEGFP 

vector (Mersich et al., 2010).  FMNL1Δ was then transferred to pLVX-AcGFP1-C1 

(Clontech, Mountain View, CA) via an N-terminal XbaI site and a C-terminal BamHI site.  

GFP-FMNL1α was generated in the same manner but using the reverse primer 5’-

CGCAGATCGCGGCCGCTAGAGGGGCATCTCTTCTCC-3’.  GFP-FMNL1β and GFP-

FMNL1ɣ were cloned as previously described.  GFP-FMNL1ɣFH2ᴓ was cloned as 

previously described but under the name GFP-FMNL1ɣABM (Miller et al., 2017).  GFP-

FMNL1ɣR was generated via PCR mutagenesis and cloned into the original pEGFP 

vector.  The FMNL1 siRNA s2227 (Thermo Fisher Scientific) targeting region 5’-

AGGTCATTGCTGAGAAGTA-3’ beginning at K884 was mutated as follows: 5’-

AGGTGATAGCAGAGAAGTA-3’.  Purified CYK1-CT was a generous gift from Dr. David 

Pruyne. The GST fusion protein constructs pGEX-FMNL1ɣ-CT and pGEX-

FMNL1ɣFH2ᴓ-CT (originally named pGEX-FMNL1ɣABM) were generated as previously 

described (Miller et al., 2017).  The GST fusion protein constructs encoding for FMNL1Δ-

CT, FMNL1α-CT, and FMNL1β-CT were cloned into pGEX-4T-1 (GE Healthcare Life 
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Sciences, Pittsburgh, PA) by introducing a BglII site via PCR mutagenesis into the 

multiple cloning site (MCS) and, in conjunction with a NotI site, transferring the FMNL1-

CT regions into this modified vector.  All FMNL1 GST fusion constructs begin at the FH1 

domain (A536) and end at their respective carboxy-termini. 

 

Generation of Stable Cell Lines 

MDA-MB-231 cells were infected with lentivirus coding for all full-length, GFP-

tagged FMNL1 alternative splice isoforms and mutants as was previously described for 

bone marrow-derived macrophages (BMDMs) (Miller and Blystone, 2015,B).  The only 

exception to this was cells expressing GFP-FMNL1ɣR.  This construct was transiently 

transfected via lipofection with jetPEI (Polyplus-transfection, Illkirch, France) according 

to manufacturer’s protocol.  The lentiviral expression vector pLVX-AcGFP1-C1 contains 

a puromycin resistance gene which allows for positive antibiotic selection of cells 

expressing the GFP-tagged, full-length FMNL1 alternative splice isoforms and mutants. 

72hrs. post-infection, puromycin (Thermo Fisher Scientific) was added at a concentration 

of 0.10µg/mL.  Over the course of 4-6 weeks, puromycin concentration was gradually 

increased with each cell passage to 2.0µg/mL.  The pEGFP vector that FMNL1ɣR was 

cloned into contains a zeocin resistance gene which allows for positive antibiotic 

selection of cells expressing this mutant.  48hrs. post-transfection, zeocin (Thermo 

Fisher Scientific) was added at a concentration on 1.0µg/mL.  Over an eight week time-

course, zeocin concentration was gradually increased with each cell passage, ending at 

400µg/mL.  Cells were then maintained in complete media with their respective positive 

selection antibiotics.  In order to determine GFP expression levels, 100,000 MDA-MB-

231 cells expressing full-length, GFP-tagged FMNL1 alternative splice isoforms and 

mutants were lysed with 25µL of 2M KOH (Sigma-Aldrich) and transferred to a 96-well 

plate (Corning, Inc.).  Immediately following lysis, lysate fluorescence was measured at 
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Ex. 488nm and Em. 509nm on a SpectraMax Gemini EM microplate reader (Molecular 

Devices, Sunnyvale, CA).  Lysates from cells expressing GFP alone were set at 100% 

and the fluorescence measurements from all other cells expressing the different GFP 

constructs were calculated as a percentage of GFP alone.  Experiments were performed 

in quadruplicate and repeated three times to quantify expression levels. 

 

Western Blot Analysis 

MDA-MB-231 cells were lysed with lysis buffer overnight (o/n) at 4°C.  Lysate 

protein concentration was determined using a Pierce BCA Protein Assay Kit (Thermo 

Fisher Scientific) according to manufacturer’s protocol.  Equal amounts of lysate were 

loaded onto 9% SDS-PAGE polyacrylamide gels and resolved via electrophoresis.  

Separated protein was transferred to a PVDF membrane (Millipore, Burlington, MA), 

stained with Coomassie (Sigma-Aldrich), and blocked with 3% bovine serum albumin 

(BSA) (Sigma-Aldrich).  Transfer was probed for FMNL1 and transaldolase as a loading 

control.  Protein was visualized using HRP-conjugated secondary antibodies (Jackson 

ImmunoResearch Laboratories, West Grove, PA) and enhanced chemiluminescence 

(ECL) (GE Healthcare Life Sciences).  Densitometry analysis was performed in ImageJ. 

 

Invasion and Transmigration Assays 

MDA-MB-231 cells were transduced via lipofection with INTERFERin (Polyplus-

transfection) in conjunction with 400nM control siRNA, 400nM FMNL1 siRNA, 400nM 

Dia1 siRNA, 400nM Dia2 siRNA (all from Thermo Fisher Scientific) or 400nM FHOD1 

siRNA (Santa Cruz Biotechnology) for 48hrs.  Pharmacological FH2-domain inhibition of 

all formins in cells was accomplished using 30µM SMIFH2 (Sigma-Aldrich) for 1hr.  

DMSO (Sigma-Aldrich) was used as a vehicle control.  Adherent cells were dissociated 

with trypsin and all cells were counted via staining with 0.04% trypan blue (Sigma-
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Aldrich) and a hemocytometer (Reichert Technologies, Depew, NY).  20,000 cells from 

each treatment were transferred to rehydrated, 8.0µm porous Matrigel invasion 

chambers (Corning, Inc., Corning, NY) in serum-free media in 24-well plates (Corning, 

Inc.).  Cell invasion was induced using 10% fetal bovine serum (FBS) (Lampire 

Biological Laboratories, Ottsville, PA) as a chemoattractant and permitted for 24hrs.  

Non-invading cells were removed from the membrane and cells that had successfully 

invaded were fixed with ice-cold 3.7% formaldehyde (Thermo Fisher Scientific) at 4°C.  

Membranes were allowed to dry for 30mins. and stained using a differential-staining kit 

(IMEB, San Marcos, CA).  Membranes were removed with a scalpel and inverted on a 

drop of immersion oil (Cargille Laboratories, Cedar Grove, NJ) on a 25 x 75 x 1mm 

frosted, glass slide (Globe Scientific, Paramus, NJ).  Another drop of immersion oil was 

added to the top of the membrane, after which it was covered with a 12mm No. 1 

coverslip (Thermo Fisher Scientific).  Cells were counted via light microscopy with a 

Leica Galen III microscope affixed with a 40x objective (Leica Microsystems, Wetzlar, 

Germany).  Five fields from each coverslip were counted and all experiments were 

performed in triplicate.  Transmigration assays were performed as described for invasion 

assays except uncoated 8.0µm porous Transwell inserts (Corning, Inc.) were used as 

opposed to Matrigel invasion chambers and only 5,000 cells from each treatment were 

utilized.  Western blot analysis was performed in conjunction with invasion assays to 

confirm successful protein expression silencing.  Two-sided Student’s t-test was used for 

statistical analysis. 

 

RT-PCR and Fusion Protein Purification 

MDA-MB-231 whole-cell RNA was extracted and purified with the RNeasy Mini 

Kit (Qiagen, Hilden, Germany).  MDA-MB-231 cDNA was generated from this purified 

RNA using the SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific).  
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All final PCR products were amplified with the same forward primer targeted at an 

internal region of FMNL1 before the splice site T1069: 5’-

GCACTGAAACCCAGCCAGATCACC-3’.  The reverse primer for FMNL1Δ was 5’-

CCGGCGGCCGCTATGTGATGATGTCTTCAATGG-3’.  As FMNL1α (Accession: 

NM_005892) and FMNL1ɣ (Accession: FJ534522) share the same common end 

sequence, the same reverse primer sequence was used for amplification of both 

products: 5’-CGCAGATCGCGGCCGCTAGAGGGGCATCTCTTCTCC-3’.  The reverse 

primer used for amplification of FMNL1β (Accession: BC001710) was 5’-

CCTGCAGAAGCGGCCGCTACAGCGAGAGGTCGG -3’.  All PCR reactions were 

performed in a PTC-100 Programmable Thermal Controller (MJ Research Inc., 

Waltham, MA).  Final amplification products were run out on a 1% agarose gel (Thermo 

Fisher Scientific) and visualized with ethidium bromide (Sigma-Aldrich) and a 312nm 

transilluminator (Thermo Fisher Scientific).  Images were captured with a Polaroid 

GelCam (Polaroid Corporation, Minnetonka, MN) on FP-3000B FujiFilm black and white 

prints (FujiFilm, Minato, Tokyo, Japan).  

All pGEX-FMNL1-CT alternative splice isoform vectors were transformed into 

Rosetta competent cells (Millipore) using standard techniques.  Transformed Escherichia 

coli were grown to OD600 ~ 0.6 – 0.8 at 37°C and then incubated for 1hr. at 16°C.  Fusion 

protein expression was induced with 0.2mM Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) (Thermo Fisher Scientific, Waltham, MA) o/n at 16°C.  E. coli were lysed, 

sonicated, and centrifuged.  Fusion protein was isolated from lysate with glutathione 

Sepharose 4B (GE Healthcare Life Sciences).  Fusion protein-bound Sepharose was 

washed and protein was cleaved at the thrombin cut site with a Thrombin Cleavage 

Capture Kit (Millipore).  Purified protein was kept on ice and concentration was 

determined with a Pierce BCA Protein Assay Kit.  Protein was used immediately and not 

stored for future use. 
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Fluorescence Microscopy, Cell Morphology, and Motility Analysis 

MDA-MB-231 cells were permitted to adhere overnight to 12mm No. 1 coverslips 

coated with 100µg/mL poly-L-lysine (Sigma-Aldrich) and 100µg/mL type I collagen 

(Corning Inc.) at 37°C and 5% CO2.  Coverslips were washed 3x with PBS (Thermo 

Fisher Scientific) followed by simultaneous fixation and permeabilization with 3.7% 

formaldehyde and 1% Triton X-100, respectively, for 5mins. at room temperature (RT).  

Coverslips were quenched with 0.4M glycine (Thermo Fisher Scientific) for 20mins. and 

blocked with 3% BSA for 1hr at RT.  Coverslips were then washed 3x with 0.05% 

Tween-20 (Thermo Fisher Scientific) and incubated with α-FMNL1 primary antibody for 

2hrs. at 37°C. followed by incubation for 1hr. at 37°C with 2µg/mL 488-conjugated goat 

α-rabbit IgG DyLight (Thermo Fisher Scientific) and 14.0nM rhodamine phalloidin 

(Cytoskeleton, Inc., Denver, CO) to visualize endogenous FMNL1 expression and F-

actin, respectively.  Coverslips were then washed 2x with 0.05% Tween-20, 1x with 

dH2O, and affixed to 25 x 75 x 1mm frosted, glass slides with 8µL anti-fade mounting 

media consisting of 0.5M Tris, pH 8.5, 10.5% Poly(vinyl alcohol) (Sigma-Aldrich), 26.4% 

glycerol (Thermo Fisher Scientific), and 2.5% 1,4-Diazabicyclo[2.2.2]octane (DABCO) 

(Sigma-Aldrich).  Microscopic analysis was performed using a Nikon Eclipse E800 

fluorescence microscope (Nikon, Melville, NY) with a 60x objective and images were 

captured with a Hamamatsu ORCA-ER digital camera (Bridgewater, NJ).  NIS-Elements 

(Nikon) was used for image editing and analysis.  Microscopy on GFP-expressing, stable 

cells was performed as described above without any antibody staining.  Cell perimeter 

and surface area were measured with NIS-Elements.  20 cells were analyzed per 

experiment.  Two-sided Student’s t-test was used for statistical analysis.  For cell motility 

analysis, FMNL1 expression was silenced in MDA-MB-231 cells, as was previously 

described, in MatTek No. 1.5 glass bottom culture dishes (MatTek Corporation, Ashland, 

MA).  48hrs. post-siRNA transduction, media was replaced and dishes with adherent 
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cells remaining were transferred to a bio-chamber set at 37°C and 5% CO2, a 

component of the Leica AF6000 Deconvolution System (Leica, Wetzlar, Germany).  

Using deconvolution microscopy, eight individual cells per experiment were imaged 

every 10mins. for 16hrs.  These cells were tracked and analyzed for both velocity and 

average accumulated distance traveled using the tracking plugin and chemotaxis tool in 

ImageJ.  Rose plot mapping was performed in Microsoft Excel.  Two-sided Student’s t-

test was used for statistical analysis. 

 

Adhesion Assays 

MDA-MB-231 cells and cells expressing GFP-FMNL1ɣR were depleted of 

endogenous FMNL1 expression via siRNA transduction as was previously described.  

50,000 cells were permitted to adhere to the bottom of a 96-well plate for 1hr. at 37°C.  

Media was aspirated and adherent cells were washed 3x with PBS.  Cells were fixed 

with 3.7% formaldehyde for 10mins. at RT and stained with 0.05% crystal violet (Sigma-

Aldrich) for 30mins. at RT.  Cells were washed 3x with PBS and incubated with 100µL of 

100% CH3OH (Thermo Fisher Scientific) for 1min. while mixing.  Absorbance was 

measured at 550nm with an EMax Precision Microplate Reader (Molecular Devices, 

Sunnyvale, CA).  Untreated cell adhesion was set at 100% and all other conditions are 

reported as a percentage of this maximum.  Stable cell line adhesion analysis was 

performed in a similar manner without siRNA transduction.  WT cells were set at 100% 

and all other cell lines were measured as a percentage of this maximum.  Experiments 

for all adhesion assays were performed in quadruplicate three separate times.  Student’s 

t-test was used for statistical analysis. 
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Actin Biochemistry and Microscopy 

Actin was purified from rabbit skeletal muscle acetone powder (Pel-Freez 

Biologicals, Rogers, AR) as was previously described (Spudich and Watt, 1971).  

Pyrene-labeled actin (Cytoskeleton, Inc.) was combined with unlabeled actin at a 1:5 

ratio, resulting in 20% pyrene-labeled actin.  Actin was dialyzed against G-buffer 

composed of 2.0mM Tris-HCl, pH 8.0 (Thermo Fisher Scientific), 0.1mM CaCl2 (Sigma-

Aldrich), 0.2mM ATP (Sigma-Aldrich), and 0.1mM DTT (Millipore) at 4°C for 24hrs.  Actin 

was transferred to 7x20mm centrifuge tubes (Beckman Coulter, Brea, CA) and 

centrifuged in a TLA-100 rotor (Beckman Coulter) at 100,000RPM to isolate G-actin from 

F-actin.  G-actin was removed and concentration was determined with a Pierce BCA 

Protein Assay Kit.  3.0µM G-actin was primed with 10x EGTA/MgCl2 composed of 10mM 

EGTA (Sigma-Aldrich) and 1mM MgCl2 for 2mins. on ice.  G-actin was combined with 

either 500nM purified FMNL1-CT fusion protein or 100nM CYK1-CT and polymerization 

was induced by the addition of 10x KMEI composed of 100mM imidazole, pH 7.0 

(Sigma-Aldrich), 500mM KCl (Thermo Fisher Scientific), 10mM MgCl2, and 10mM EGTA.  

Reactions were transferred to a 96-well plate and fluorescence was measured at Ex. 

365nm and Em. 407nm on a SpectraMax Gemini EM Microplate Reader.  Fluorescence 

measurements were taken every 10secs. for 400secs. Raw data was compiled in 

Microsoft Excel and plotted as fluorescence (RFUs) vs. time (secs.).  A least-squares 

regression analysis was performed and actin assembly rates in nmol/s were determined 

from the equation S* = (S x Mt) / (fmax – fmin) where S* is slope, S is raw slope, Mt is the 

concentration of available actin monomers, fmax is fluorescence of fully-polymerized 

actin, and fmin is fluorescence of unpolymerized actin (Pollard, 1986, Pollard and Cooper, 

1986, Li and Higgs, 2003).  For low-speed co-sedimentation assays, 10µM actin was 

purified as previously described, dialyzed against G-buffer for 24hrs., and centrifuged at 

14,000 x g for 45mins., all at 4°C.  F-actin generation was induced by the addition of 10x 
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KMEI and incubated at 4°C o/n.  10µM unlabeled phalloidin (Sigma-Aldrich) was added 

to the reaction for filament stabilization and incubated on ice for 2hrs.  Stabilized F-actin 

was combined with 500nM purified FMNL1-CT fusion protein and incubated on ice for 

1hr.  The actin-protein reaction was centrifuged at 10,000 x g for 20mins. at 4°C.  

Reactions were separated via SDS-PAGE and transferred to a PVDF membrane.  

Coomassie staining was used to visualize protein.  Actin distribution was determined via 

densitometry analysis using ImageJ.  For visual analysis of actin filament bundling, 

3.0µm F-actin was purified as previously described.  1.0µm rhodamine phalloidin was 

added to the reaction.  Following a 2hr. incubation on ice, stabilized, rhodamine-stained, 

F-actin was combined with 500nM purified FMNL1-CT fusion protein on ice for 1hr.  4µL 

of the reaction was transferred to 25 x 75 x 1mm frosted, glass slides coated with 

100µg/mL poly-L-lysine.  Samples were allowed to adsorb to the slide and then covered 

with 12mm No.1 coverslips coated with 100µg/mL poly-L-lysine.  Microscopy was 

immediately performed using a Nikon Eclipse E800 fluorescence microscope affixed with 

a 100x objective.  Images were captured with a Hamamatsu ORCA-ER digital camera.  

NIS-Elements was used for image editing and analysis. 

 

Results 

FMNL1ɣ inhibits actin assembly independent of FH2 domain function. 

Three human isoforms of FMNL1 differ only in their carboxy-terminus, however the 

gamma isoform singularly rescues knockout macrophage’s ability to migrate using 

normal podosomes (Figure 1A) (Miller et al., 2017).  In order to identify actin regulatory 

functions of FMNL1ɣ that could explain its isoform-specific role in macrophage migration, 

we used pyrene-fluorescence actin assembly assays.  By combining pyrene-labeled, 

monomeric actin with purified FMNL1ɣ fusion proteins (Figure 1A, B), we measured the 

effects of FMNL1ɣ on actin filament assembly rates by recording fluorescence over time.  
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We utilized the Caenorhabditis elegans formin CYK-1, known for its potent actin 

assembly activity, as a positive control (Neidt et al., 2008).  This fusion protein encodes 

for the FH1-FH2-COOH region of CYK-1 and is named CYK1-CT.  We found that the 

presence of similarly constructed FMNL1ɣ-CT significantly reduced actin assembly rates 

when compared to actin alone, similar to reports of murine FMNL1β (Figure 1C, D, G) 

(Harris et al., 2004, Harris et al., 2006).  Under these same conditions, CYK1-CT exerted 

an increase in the assembly of actin (Figure 1C, D, G).   

Studies analyzing the FH2 domain of the Saccharomyces cerevisiae formin 

Bni1p and its interaction with actin filament barbed ends have shown that two amino acid 

residues of this domain are essential for this action: I1431 and K1601 (Xu et al., 2004).  

In FMNL1, these two conserved amino acid residues, I720 and K871, have been shown 

to be essential for FMNL1 to remain associated with the actin filament barbed end, as 

well as maintain the structural integrity of the Golgi complex (Harris et al., 2006, Colon-

Franco et al., 2011).  Interestingly, we have previously demonstrated that the inhibition 

of barbed end binding of actin filaments through these FH2 domain mutations does not 

impede the function or localization of FMNL1ɣ with macrophage podosomal actin, nor its 

ability to rescue migration in FMNL1-null macrophages (Miller et al., 2017).  To test 

whether FH2 domain engagement of barbed ends contributed to the inhibition of actin 

assembly by FMNL1ɣ, we prepared a fusion protein incorporating the disabling FH2 

mutations (Figure 1A, B).  FMNL1ɣ-CT and FMNL1ɣFH2ᴓ-CT both exhibited similar 

inhibition of actin assembly rates, 0.48 nmol/s and 0.34 nmol/s, respectively (Figure 1E, 

F, H).  These rates were significantly reduced compared to the control actin assembly 

rate of 1.84 nmol/s (Figure 1G).  The similarity of behavior between FMNL1ɣ-CT and 

FMNL1ɣFH2ᴓ-CT suggests that the actin filament barbed end binding activity typically 

ascribed to the FH2 domain does not contribute to the suppression of actin assembly by 

FMNL1ɣ seen in this assay. Together with the specific rescue of knockout macrophage 
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migration by FMNL1ɣ, this implicates an actin interaction specific to the gamma isoform 

in these processes. 

 

The C-terminus of FMNL1ɣ efficiently bundles actin filaments in a dose-dependent 

manner. 

Based on our observation that FMNL1ɣ-CT and FMNL1ɣFH2ᴓ-CT both reduced 

actin assembly rates by 74% and 81% respectively, we questioned what actin filament 

regulatory function FMNL1ɣ was performing.  The reduction of assembly rates led us to 

investigate whether FMNL1ɣ interacts with existing actin filaments using a low-speed co-

sedimentation assay for actin bundling.  We generated additional constructs which 

encode for GST-tagged fusion proteins of FMNL1Δ, truncated at the beginning of the 

alternative splicing, FMNL1α, and FMNL1β, all beginning at the FH1 domain and 

continuing through to the C-terminus.  Using these fusion proteins, purified as in Figure 

1B, in conjunction with FMNL1ɣ-CT and FMNL1ɣFH2ᴓ-CT, allowed us to assess the role 

of the C-terminal region of FMNL1 in actin filament interactions. 

We observed a significant increase in the amount of actin in the pellet fraction 

when actin filaments were allowed to interact with all FMNL1-CT isoforms (Figure 2A).  

FMNL1Δ-CT displayed a similar pellet fraction to that of the control sample, verifying that 

the C-terminus of FMNL1 is required for FMNL1-mediated actin filament interaction 

(Figure 2A).  When compared to the control fractions or the FMNL1Δ-CT fractions, 

FMNL1ɣ-CT has a significantly higher amount of actin distributed in the pellet fraction 

versus the supernatant fraction (Figure 2B).  We also determined the amount of actin 

bundling specific to each FMNL1 isoform.  We observed a 50% increase in pelleted actin 

by FMNL1ɣ, when compared with the alpha or beta isoforms (Figure 2C).  

FMNL1ɣFH2ᴓ-CT was able to efficiently bundle actin equally well, indicating that FH2 

domain interaction with barbed ends is dispensable for this process (Figure 2C).  We 
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also utilized a dose-response assay to determine whether FMNL1ɣ-CT bundling of actin 

exhibits a saturation point.  We found that FMNL1ɣ-CT concentrations exceeding 300nM 

showed no further increase in pelleted actin filaments, indicating a saturable event 

(Figure 2D).  The bundling activity of FMNL1ɣ-CT was also visually confirmed with 

fluorescence microscopy.  Post-bundled actin filaments were stained with rhodamine 

phalloidin and transferred to coverslips for analysis.  Actin filaments bundled by 

FMNL1ɣ-CT were aggregated together forming a distinct morphology in contrast to 

control filaments which did not demonstrate this phenotype (Figure 2E).  From this data, 

we conclude that the 58 amino acids distinguishing FMNL1ɣ have an added ability to 

bundle actin filaments, exceeding that of other isoforms, which may be responsible for its 

requirement in macrophage migration.   

 

FMNL1 contributes to breast cancer migration. 

FMNL1 is expressed in multiple cell types of all embryonic origin (Krainer et al., 

2013).  If actin bundling served a mechanistic role in macrophage migration, we 

hypothesized that it should have a similar effect upon the migration of other cells 

expressing this formin and tested this in MDA-MB-231 cells, a well characterized 

migratory epithelial line.  We initially depleted cells of FMNL1 expression via siRNA 

transduction and subjected these cells to a random motility assay to measure migration 

as described in Materials and Methods.  Three siRNA oligonucleotides were successful 

in reducing FMNL1 expression in these cells and s2228 was used for remaining studies 

due to its superior efficiency (Figure 3E).  Following time-lapse deconvolution 

microscopy with single-cell tracking, rose plots were analyzed to determine the 

accumulated distance and velocity of individual cells (Figure 3A, B).  Cells lacking 

FMNL1 expression traveled an average accumulated distance of 269.54µm at an 

average velocity of 0.28µm/min., a significant reduction compared to control cells which 



183 
 

traveled an average accumulated distance of 742.06µm at an average velocity of 

0.78µm/min. (Figure 3C, D).   

We employed indirect immunofluorescence microscopy to observe the cellular 

distribution of endogenous FMNL1 expression in MDA-MB-231 cells (Figure 3F), as well 

as to confirm reduction of FMNL1 expression following siRNA transduction (Figure 3G).  

Localization patterns of endogenous FMNL1 expression were similar to those which 

previously reported FMNL1 dispersed throughout the cytoplasm, with some enrichment 

at the nucleus, the perinuclear region, and the cell periphery where the protein co-

localized with F-actin (Figure 3G) (Gomez et al., 2007, Han et al., 2009, Colon-Franco et 

al., 2011).  Cells transduced with FMNL1 siRNA displayed a lack of any FMNL1 

endogenous protein expression (Figure 3G).  We also observed that the number of 

FMNL1-depleted cells appeared reduced when compared to cell cultures transduced 

with control siRNA.  We have previously reported that FMNL1 is essential for proper 

adhesion of macrophages, and, as such, attributed this reduced cell number with an 

analogous adhesion defect in MDA-MB-231 cells (Miller and Blystone, 2015,A).  These 

same cells were observed to be much smaller in size when compared to cells 

transduced with control siRNA (Figure 3F, G). 

 

The three alternative splice isoforms of FMNL1 expressed in MDA-MB-231 cells display 

unique localization patterns. 

The nondescript localization of endogenous FMNL1 led us to question whether 

any of the alternative splice isoforms of FMNL1 have more specific localization patterns.  

In order to accomplish this, we infected MDA-MB-231 cells with lentivirus coding for 

GFP-tagged, full-length FMNL1 alternative splice isoforms, as well as for a mutant 

truncated at the alternative splice site T1069 (FMNL1Δ), a mutant of FMNL1ɣ with a 
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three codon non-targeting siRNA site mutation (FMNL1ɣR) masking it from s2227, and 

GFP alone, followed by antibiotic selection of stable populations. 

The three alternative splice isoforms of FMNL1 each exhibited a discrete 

localization to different regions of MDA-MB-231 cells (Figure 4A), together which 

combined to mimic the localization patterning seen for endogenous FMNL1 (Figure 3F).  

FMNL1Δ localized to the perinuclear region of the cell and the cell periphery, similar to 

endogenous FMNL1 expression and logical given FMNL1Δ lacks a C-terminal region 

following the splice site.  FMNL1α and FMNL1β both localized predominantly to the 

perinuclear region of the cell, with alpha appearing in a compact region while beta was 

punctate and limited primarily to one side (Figure 4A).  FMNL1ɣ localized to small 

regions of the cell periphery and near the lamella-lamellipodia interface (Figure 4A).   

In order to confirm that all three alternative splice isoforms of FMNL1 were 

normally expressed in MDA-MB-231 cells, we used site-specific primers in conjunction 

with reverse-transcriptase PCR (RT-PCR) as described in Materials and Methods 

(Figure 4B).  Products representing all three isoforms were readily identified, however 

attempts to design quantitative primers that could provide relative expression levels were 

unsuccessful, as were the use of splice-specific antibodies (Colon-Franco et al., 2011).  

These results confirmed expression of all three alternative splice isoforms of FMNL1 at 

the message level. 

Exogenous protein expression was confirmed via Western blot analysis.  Using 

antibody that targets a region N-terminal to the isoform splice site, we observed 

endogenous FMNL1 expression at ~120kDa and exogenous GFP-FMNL1 alternative 

splice isoform expression at ~27kDa higher (Figure 4C).  In order to quantify GFP 

expression, we lysed cells expressing these constructs with saturated 2M KOH and 

measured fluorescence at 488nm (Figure 4E).  MDA-MB-231 cells expressed FMNL1Δ 

at an average level of 20.8% when compared to GFP alone, the lowest level of 
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expression in this analysis (Figure 4E).  FMNL1α and FMNL1β were expressed at an 

average of 78.03% and 82.15%, respectively, with FMNL1β expression being the 

highest of all cells expressing these constructs (Figure 4E).  FMNL1ɣ, FMNL1ɣFH2ᴓ, 

and FMNL1ɣR, the non-targeted rescue construct, were expressed at a similar level of 

~50% (Figure 4E).  To confirm that FMNL1ɣR was not targeted by FMNL1 siRNA, we 

transduced cells expressing FMNL1ɣ and FMNL1ɣR with FMNL1 siRNA.  Both 

endogenous and exogenous FMNL1 expression was significantly diminished in cells 

expressing FMNL1ɣ (Figure 4D).  However, cells expressing FMNL1ɣR displayed a 

reduction in endogenous FMNL1, while exogenous FMNL1ɣR expression was 

unaffected, confirming the specificity of the non-targeting siRNA mutation (Figure 4D).  

This rescue construct also exhibited localization identical to unmodified FMNL1ɣ (Figure 

4A). 

 

FMNL1ɣ is essential for the regulation of breast cancer cell morphology and adhesion. 

We have previously demonstrated that FMNL1ɣ is crucial for proper macrophage 

adhesion and migration (Mersich et al., 2010, Miller and Blystone, 2015,A, Miller et al., 

2017).  This led us to question whether this may be true for cancer cells as well.  We 

observed that siRNA depletion of FMNL1 appeared to decrease MDA-MB-231 cell size 

and deplete cultures of adherent cells (Figure 2G).  Cells expressing GFP-FMNL1ɣ and 

GFP-FMNL1ɣR displayed a significantly larger perimeter and surface area, 

demonstrating that FMNL1ɣ, but not FMNL1α or FMNL1β, may play an important role in 

maintaining cell morphology (Figure 5A, B).  Similar increased perimeter and area were 

seen in cells expressing FMNL1ɣ with an inactivated FH2 domain (Figure 5A, B). These 

results are consistent with our results showing specific behavior attributable to the 

alternatively spliced region defining FMNL1ɣ and its bundling of actin filaments. 
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To directly examine FMNL1ɣdependent adhesion, MDA-MB-231 cells were 

transduced with FMNL1-targeting siRNA and subjected to a cell adhesion assay.  The 

number of adherent cells were significantly reduced upon FMNL1 expression depletion 

when compared with control cells (Figure 5C).  However, cells expressing GFP-

FMNL1ɣR were protected from inhibition of adhesion by avoiding targeting by siRNA and 

actually exhibited an increase in the number of adherent cells when compared to control 

cells (Figure 5C).  This striking observation led us to investigate whether cells 

expressing exogenous FMNL1 alternative splice isoforms exhibited any difference in 

adhesive ability.  Cells expressing GFP-FMNL1α or GFP-FMNL1β did not display any 

difference in adhesion when compared to control cells (Figure 5D).  However, cells 

expressing GFP-FMNL1ɣ showed a significant increase in adhesive abilities when 

compared to control cells (Figure 5D).  This gain-of-function is especially interesting as 

we can conclude it is most certainly due to the amino acid residue composition in the C-

terminal region of FMNL1.  Taken together with our data demonstrating the unique 

localization patterning of each alternative splice isoform, we can further propose that 

these alternative splice isoforms have distinct functions within the cell that are ordained 

by their C-termini. 

We next measured the transmigration and invasion abilities of cells expressing 

each of the GFP-FMNL1 mutants.  Following siRNA-mediated depletion of endogenous 

FMNL1 expression, cells expressing GFP, GFP-FMNL1Δ, GFP-FMNL1α, GFP-FMNL1β, 

GFP-FMNL1ɣ, and GFP-FMNL1ɣFH2ᴓ exhibited a significant, ~50-60% reduction in 

transmigration through an uncoated porous filter barrier compared to controls (Figure 

5E).  Importantly, transmigration of cells expressing GFP-FMNL1ɣR did not differ from 

that of control cells (Figure 5E).  This confirms that expression of non-targeted, 

exogenous FMNL1ɣ can rescue the transmigratory abilities of cells depleted of FMNL1 

expression.  Analysis of invasion through a Matrigel-coated porous filter barrier showed 
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similar results to the transmigration assays (Figure 5F).  Invasion of WT MDA-MB-231 

cells was significantly reduced to 37.6% and cells expressing GFP-FMNL1Δ, GFP-

FMNL1α, and GFP-FMNL1β were similarly affected following siRNA removal of 

endogenous FMNL1 expression.  Invasion of cells expressing GFP-FMNL1ɣ and GFP-

FMNL1ɣFH2ᴓ were both significantly reduced when compared to control cells at 51.2% 

and 37.6%, respectively, but invasion by cells expressing GFP-FMNL1ɣR did not differ 

from control cells, confirming that expression of this non-targeted, exogenous FMNL1 

alternative splice isoform can rescue the invasive abilities of FMNL1-depleted MDA-MB-

231 cells.  These data, along with our own previous studies, reinforces that FMNL1ɣ is 

essential for efficient cell migration and invasion, an observation that is true for cell types 

as varied as adenocarcinoma and macrophages.   

 

Regulation of invasion by FMNL1 is distinct among diaphanous formins. 

Studies have implicated several formin family members in cancer metastasis 

(Han et al., 2009, Lizarraga et al., 2009, Kitzing et al., 2010, Randall and Ehler, 2013, 

Kage et al., 2017,B).  We compared the relative contribution of these to MDA-MB-231 

cell invasion to evaluate the potency of FMNL1ɣ.  Reported quantitative real-time 

reverse transcriptase PCR (qRT-PCR) results indicated that the Dia, FHOD, and FMNL 

subfamily of formins were all expressed at a substantially higher level than other formin 

subfamily members in the human breast adenocarcinoma cell line MDA-MB-231 and 

were chosen for further study (Krainer et al., 2013).  Expression of Dia1, Dia2, FHOD1, 

and FMNL1 in MDA-MB-231 cells was suppressed by siRNA-mediated protein depletion 

and verified by Western blot analysis (Figure 6A).  Cells depleted of formin protein 

expression were challenged to cross Matrigel-coated, 8.0µm porous filter barriers as a 

measure of invasive capacity using fetal bovine serum (FBS) as a chemoattractant.  We 

observed that cells with reduced expression levels of FMNL1 and Dia1, but not Dia2 and 
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FHOD1, demonstrated a significant reduction in successful Matrigel invasion when 

compared to cells transduced with control siRNA (Figure 6B).  We also performed 

experiments evaluating the effect of protein expression silencing on two formins 

simultaneously.  Knockdown of both FMNL1 and Dia1 simultaneously exhibited a 

cumulative effect, resulting in a significant reduction in the invasive abilities of these 

siRNA-transduced cells when compared to both knockdown of FMNL1 only or Dia1 only 

(Figure 6C), suggesting that Dia1 and FMNL1 contribute to invasion through separate 

mechanisms.  Upon co-depletion of FMNL1 and FHOD1, as well as FMNL1 and Dia2, 

there is no further decrease in invasion when compared to knockdown of FMNL1 only, 

confirming that FHOD1 and Dia2 may not be essential for cell invasion (Figure 6C).  

Simultaneous knockdown of FMNL1 and Dia1 resulted in a similar level of invasion 

inhibition as that of SMIFH2, a pan-formin FH2 domain pharmacological inhibitor (Figure 

6D).  This compound has previously been shown to pharmacologically inhibit formin 

FH2-mediated actin filament assembly in a concentration-dependent manner (Rizvi et 

al., 2009).  We previously reported an insensitivity of FMNL1 to SMIFH2 in macrophage 

adhesion (Miller and Blystone, 2015,A).  In studies presented here, we illustrate that 

FMNL1ɣ modulates adhesion and migration of MDA-MB-231 cells independent of the 

FH2 domain.  These data would suggest that SMIFH2 is targeting the Dia1 contribution 

to the invasion of these cells. 

To determine why the 58 amino acid splice in FMNL1ɣ has unique effects on 

actin bundling and cell migration, we subjected this region to structural analysis; two 

distinctive features are evident.  First, underlined in Figure 1A by dotted and dashed 

lines respectively, are two sequences meeting the definition of a WH2 motif.  While 

variant in length, this includes the presence of three aliphatic residues, two paired and a 

third trailing by 7-10 residues (Paunola et al., 2002, Chereau et al., 2005, Aguda et al., 

2006, Husson et al., 2011, Dominguez, 2016).  In WASp (Wiskott-Aldrich Syndrome 
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protein) and WAVE2 (WASp Family Verprolin-Homologous Protein-2), these paired 

residues are leucines and sequence alignments between FMNL1ɣand WASp and 

WAVE2 are shown with paired aliphatic residues in yellow and trailing residues in pink 

(Figure 6E) (Modified from Vaillant et al., 2008 and Heimsath and Higgs, 2012).  WH2 

motifs typically occur within an amphiphilic helical structure that is also seen when the 

FMNL1ɣ-specific spliced region is objectively predicted (Figure 6F).  It should be noted 

that, in contrast with other reported tandem WH2 motifs, those of the FMNL1ɣ sequence 

are overlapping with both putative WH2 motifs appearing on the same helical face.  A 

second identified sequence feature in FMNL1ɣ is the presence of five phenylalanines, 

alternating with unremarkable residues.  The number of phenylalanine residues and their 

arrangement was found as unique in human sequence databases searches.  

Interestingly, these residues also appear in a separate but adjoining predicted helix to 

that bearing the WH2 motif (Figure 1A, 6F). These unique features and arrangements 

may be responsible for the unique behaviors we describe for FMNL1ɣ and merit further 

investigation.  
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Figure 1 
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Figure 1: FMNL1ɣ and FMNL1ɣFH2ᴓ inhibit actin assembly.  (A) Schematic 

representing domain structure of FMNL1, including isoform sequences, and GST-tagged 

FMNL1 construct design.  Lines emitting from the FH2 domain represent I720A and 

K871A mutations and are labeled “ᴓ.”  Following the splice site at T1069, amino acid 

residue sequences are listed through to the C-terminus.  The 30 common amino acid 

residues shared by FMNL1α and FMNL1ɣ are in red.  Black dotted line shows location of 

the paired leucines of a first putative WH2 domain and its trailing aliphatic residues.  

Black dashed line shows location of the paired leucines of a second putative WH2 

domain and its trailing aliphatic residues.  Numbers listed just prior to the C-terminus are 

the final amino acid residue count.  (B) SDS-PAGE resolution of FMNL1ɣ-CT and 

FMNL1ɣFH2ᴓ-CT fusion proteins, purified as described in Materials and Methods.  

Lanes labeled “Lysate” contain lysate of Escherichia coli following induction.  Lanes 

labeled “Sepharose” contain GST-tagged protein bound to glutathione Sepharose 4B.  

Lanes labeled “FMNL1ɣ-CT” and “FMNL1ɣFH2ᴓ-CT” contain purified fusion protein 

following thrombin cleavage.  (C) FMNL1ɣ-CT inhibits actin filament assembly.  3.0µM 

G-actin (20% pyrene-labeled) was incubated with 100nM CYK1-CT or 500nM FMNL1ɣ-

CT and fluorescence was measured as described in Materials and Methods.  Triangles 

are raw data and curve is a 2nd-order polynomial best-fit curve.  Data is representative of 

three separate experiments.  (D) Least-squares regression analysis was performed on 

(C).  Data is representative of three separate experiments.  (E) Both FMNL1ɣ-CT and 

FMNL1ɣFH2ᴓ-CT inhibit actin filament assembly.  Experiments were performed as in (C) 

except 100nM CYK1-CT was replaced with 500nM FMNL1ɣFH2ᴓ-CT.  Triangles are raw 

data.  Curve is a 2nd-order polynomial best-fit curve.  Data is representative of three 

separate experiments.  (F) Least-squares regression analysis was performed on (E).  

Data is representative of three separate experiments.  (G) Actin assembly rates for 

CYK1-CT and FMNL1ɣ-CT were determined as described in Materials and Methods.  
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Bars represent the average assembly rate in nmol/s ± SD (n = 9).  * p < 0.05 compared 

to control assembly rate.  (H) Actin assembly rates for FMNL1ɣ-CT and FMNL1ɣFH2ᴓ-

CT were determined as in (G).  Bars represent average assembly rate in nmol/s ± SD (n 

= 9).  * p < 0.05 compared to control assembly rates. 
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Figure 2 
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Figure 2: FMNL1ɣ is an efficient actin-bundling protein.  (A) The C-terminus of 

FMNL1 is required for proper actin bundling.  Low-speed co-sedimentation assays were 

performed using 10µM actin and 500nM indicated purified fusion protein as described in 

Materials and Methods, control lane contains buffer only.  Data is representative of 

multiple experiments.  (B) FMNL1ɣ-CT bundles more actin than control or FMNL1Δ-CT.  

The percentage of actin distribution was determined from four separate experiments.  

Shaded and open bars represent the average percent actin distribution in the 

supernatant and pellet fraction, respectively ± SD.  * p < 0.05 compared to the 

percentage of actin distributed in the control and FMNL1Δ-CT pelleted fractions.  (C) 

FMNL1 alternative splice isoforms vary in their ability to bundle actin.  Actin distribution 

in the pellet fraction was measured for FMNL1α, FMNL1β, FMNL1ɣ, and FMNL1ɣFH2ᴓ 

and the average ± SD of four experiments is displayed.  * p < 0.05 compared to 

percentage of actin pelleted by FMNL1α-CT.  (D) Actin bundled by FMNL1ɣ-CT is 

saturable.  A dose-response low-speed co-sedimentation assay was performed with 

indicated increasing concentrations of FMNL1ɣ-CT, as performed in (A).  Bands are 

actin pelleted by FMNL1ɣ-CT.  Representative image of three multiple experiments is 

shown.  (E) Indirect fluorescence microscopy analysis visually demonstrates the ability 

of FMNL1ɣ-CT to bundle actin.  Control image provides visual confirmation of fixed F-

actin.  F-actin incubated with FMNL1ɣ-CT is bundled more tightly together and not well 

distributed.  Images are representative of three multiple experiments.  Bar = 5µm.   
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Figure 3 
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Figure 3: FMNL1 regulates breast cancer cell 2D motility.  Representative rose plot 

of 20 different 16hr. tracks of MDA-MB-231 cells transduced with 400nM control siRNA 

(A) or 400nM FMNL1 siRNA (B).  Different colors represent different cells with cell tracks 

beginning at the origin and ending at circles corresponding to track color.  (C) The 

average accumulated distance traveled by individual cells is significantly reduced upon 

silencing of FMNL1 expression.  Cells were transduced with siRNA and tracked as 

described in Materials and Methods.  Data is from multiple experiments and is presented 

as the average ± SD (n = 24).  * p < 0.05 compared to cells transduced with control 

siRNA.  (D) The average velocity of individual cells is significantly reduced upon 

silencing of FMNL1 expression.  Average velocity was measured as described in 

Materials and Methods.  Data from multiple experiments is presented as the average 

accumulated distance ± SD (n = 24).  Two-sided Student’s t-test was used for statistical 

analysis.  * p < 0.05 compared to cells transduced with control siRNA.  (E) 

Representative Western blots demonstrating depletion of FMNL1 expression.  Three 

separate FMNL1 siRNA oligonucleotides exhibit successful protein expression silencing.  

Transaldolase (TALDO1) was probed as a loading control.  (F) FMNL1 displays a unique 

localization pattern in MDA-MB-231 cells.  Endogenous FMNL1 expression was 

visualized via immunofluorescence microscopy with FMNL1 1° antibody conjugated to 

DyLight 488 (green).  F-actin was visualized with rhodamine phalloidin (red) and DAPI 

was used for nuclear staining (blue).  Bar = 5µm.  (G) FMNL1 expression is reduced 

upon transduction with siRNA.  MDA-MB-231 cells were transduced with 400nM FMNL1-

targeting siRNA for 48hrs. after which they were fixed, stained, and observed via 

immunofluorescence microscopy as in (F). 
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Figure 4 
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Figure 4:  Expression of GFP-tagged, full-length FMNL1 alternative splice 

isoforms.  (A) Cells expressing indicated FMNL1 constructs were co-stained with 

rhodamine phalloidin to visualize F-actin and DAPI for nuclear staining.  Unconjugated 

GFP is primarily expressed in the nucleus while FMNL1Δ has distributed expression 

similar to that of endogenous FMNL1.  FMNL1α and FMNL1β both localize to the 

nuclear and perinuclear region while FMNL1ɣ localizes to the lamella-lamellipodia 

interface and the cell periphery.  Localization of FMNL1ɣFH2ᴓ and FMNL1ɣR resemble 

FMNL1ɣ localization.  Bar = 5µm.  (B) FMNL1 alternative splice isoforms are expressed 

at the mRNA level in MDA-MB-231 cells.  Image is representative of RT-PCR 

experiments performed with MDA-MB-231 cDNA generated from whole-cell RNA.  

Arrows indicate PCR products specific for FMNL1Δ and the alternative splice isoforms.  

Two bands are seen in the FMNL1α and FMNL1ɣ lane as the same reverse primer was 

used since they share the same common end sequence.  (C) Expression of endogenous 

FMNL1 and exogenous, GFP-tagged FMNL1 alternative splice isoforms in transfected 

MDA-MB-231 cell populations.  Representative blot shows lower bands of endogenous 

FMNL1 in all populations and upper bands, ~27kDa higher, indicate the expression of 

exogenous, GFP-tagged mutants and alternative splice isoforms in transfected cells.  

Transaldolase (TALDO1) is ~37.5 kDa and used as a loading control for each lane.  

Numbers indicate approximate molecular weight in kDa.  (D) Cells expressing GFP-

FMNL1ɣR are depleted of endogenous, but not exogenous, FMNL1 expression.  Cells 

expressing GFP-FMNL1ɣ and GFP-FMNL1ɣR were transduced with FMNL1 siRNA and 

probed for FMNL1 as described in Materials and Methods.  Representative Western blot 

shows depletion of endogenous and exogenous FMNL1 expression except in cells 

expressing GFP-FMNL1ɣR.  Transaldolase (TALDO1) is used as a loading control for 

each experiment.  (E) GFP expression levels of FMNL1 constructs in MDA-MB-231 cell 

populations were determined spectrophotometrically as described in Materials and 



199 
 

Methods.  Data is presented as the percentage of unconjugated GFP expression and 

represents an average ± SD (n = 12).  
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Figure 5 
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Figure 5: FMNL1 mediates cellular morphology, adhesion, and locomotion.  (A) 

MDA-MB-231 cells expressing GFP-FMNL1ɣ, GFP-FMNL1ɣFH2ᴓ, or GFP-FMNL1ɣR 

display a significant increase in cell perimeter.  Cells expressing indicated proteins were 

fixed, stained, and observed via indirect fluorescence microscopy as described in 

Materials and Methods.  The perimeter of 20 cells for each condition from multiple 

experiments was measured using NIS Elements.  Data is the average perimeter in µm ± 

SD (n = 3).  * p < 0.05 compared to cells expressing GFP only.  (B) MDA-MB-231 cells 

expressing GFP-FMNL1ɣ, GFP-FMNL1ɣFH2ᴓ, and GFP-FMNL1ɣR display a significant 

increase in cell surface area when compared to cells expressing GFP only.  Data was 

acquired and measured as described in (A) and shown as the average surface area in 

µm2 ± SD (n = 3).  * p < 0.05 compared to cells expressing GFP only.  (C) Silencing of 

FMNL1 expression results in a decrease in cellular adhesive abilities.  WT and GFP-

FMNL1ɣR expressing MDA-MB-231 cells were transduced with control or FMNL1-

targeting siRNA and subjected to adhesion assays as described in Materials and 

Methods.  Adhesion was measured as a percentage of WT cell adhesion.  Data 

displayed are the average of multiple experiments ± SD (n = 12).  * p < 0.05 compared 

to cells transduced with control siRNA.  (D) Cells expressing GFP-FMNL1ɣ or GFP-

FMNL1ɣFH2ᴓ demonstrate an adhesive gain-of-function.  Cell adhesion experiments 

were performed under the same conditions as (C) but without siRNA.  Adhesion was 

measured as a percentage of WT cell adhesion.  Data displayed are the average of 

multiple experiments ± SD (n = 12).  * p < 0.05 compared to WT adhesion.  (E) 

Transmigration of cells expressing exogenous, GFP-tagged FMNL1 alternative splice 

isoforms is significantly inhibited following silencing of FMNL1 expression.  Cells 

expressing indicated proteins were challenged to cross an uncoated porous filter 

membrane following FMNL1 depletion, as described in Materials and Methods.  

Transmigration is expressed as a percentage of unconjugated GFP-expressing cells 
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transduced with siRNA.  Data shows the average ± SD (n = 9).  * p < 0.05 compared to 

GFP only cells transduced with control siRNA.  NS = not significantly different.  (F) 

FMNL1ɣ is necessary for invasion.  Cells expressing indicated proteins were challenged 

to a Matrigel invasion assay as described in Materials and Methods.  Invasion is 

expressed as a percentage of WT MDA-MB-231 cells transduced with control siRNA.  

Shaded and open bars represent cells transduced with control or FMNL1 siRNA, 

respectively, and are shown as the average ± SD (n = 3).  * p < 0.05 compared to control 

siRNA transduced cells expressing their respective GFP-FMNL1 alternative splice 

isoform.  NS = not significantly different. 
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Figure 6 
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Figure 6: The formin FMNL1 is necessary for efficient invasion and displays a 

unique WH2 domain structure.  (A) Representative Western blots demonstrating 

depletion of formins Dia1, Dia2, and FHOD1 by siRNA.  Transaldolase (TALDO1) is 

shown as a loading control for each experiment.  Numbers indicate approximate 

molecular weights in kDa.  (B) MDA-MB-231 cells were transduced with 400nM 

indicated siRNA and allowed to migrate through a Matrigel-coated membrane for as 

described in Materials and Methods.  Matrigel invasion is presented as the average of 

untreated cells ± SD (n = 9).  * p < 0.05 compared to invasion by cells transduced with 

control siRNA.  (C) MDA-MB-231 cells were transduced with combinations of 400nM 

indicated siRNAs and allowed to migrate through a Matrigel-coated membrane.  Matrigel 

invasion is presented as the average of untreated cells ± SD (n = 9).  * p < 0.05 

compared to invasion of cells transduced with control siRNA.  ** p < 0.05 compared to 

invasion by cells transduced with FMNL1 siRNA.  (D) MDA-MB-231 cells were treated 

with SMIFH2 or DMSO as a vehicle control.  Matrigel invasion is presented as the 

average of untreated cells ± SD (n = 9).  *** p < 0.05 compared to cells treated with 

DMSO.  (E) Amino acid sequence alignments of WH2 domain-containing proteins 

FMNL1ɣ, WASP, and WAVE2 (Modified from Vaillant et al., 2008 and Heimsath and 

Higgs, 2012).  Tandem leucine repeats are shown in yellow and trailing aliphatic 

residues in pink.  (F) Predicted molecular structure of FMNL1ɣ (D1066-H1123) 

visualized with PyMOL.  Tandem leucine repeats are shown in yellow and phenylalanine 

residues are highlighted red in ribbon.    
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Discussion 

In this study, we have described a novel actin-regulatory function independent of 

the FH2 domain and unique to FMNL1ɣ.  We have identified localization patterns 

exclusive to individual alternative splice isoforms of FMNL1 and shown that FMNL1ɣ 

specifically plays a role in maintaining cell morphology.  We demonstrated that loss of 

FMNL1 expression results in both inhibition of cellular adhesion and reduction of 

invasion and migration.  Notably, we have established that FMNL1 is a proficient actin 

bundling protein, independent of interactions between the FH2 domain and actin filament 

barbed ends, and requires the entirety of its C-terminus to efficiently bundle actin 

filaments. 

Several formins have been implicated in cellular motility.  FMNL1 and Dia1, but 

not Dia2 and FHOD1, play an essential role in cell invasion in this model system.  Dia1 

has been shown to be essential for the nucleation and assembly of F-actin rich 

structures such as filopodia, lamellipodia, membrane ruffles, focal adhesions, and 

invadopodia (Watanabe et al., 1999, Sarmiento et al., 2008, Lizarraga et al., 2009, Tanji 

et al., 2010, Isogai et al., 2015, Young et al., 2015).  Furthermore, Dia1 has been shown 

to stabilize microtubules and regulate endosomal trafficking of matrix metalloproteases 

(MMPs), essential for proteolytic degradation of the ECM (Tominaga et al., 2000, 

Gasman et al., 2003, Pan et al., 2014, Kim et al., 2016).  Inhibition of Dia1 expression 

could prevent the formation of the necessary cellular structures and the regulation of 

cytoskeletal remodeling, thereby impeding invasion. 

It was originally speculated that FMNL1 was predominately expressed in cells of 

the hematopoietic lineage (Favaro et al., 2013, Gomez et al., 2007, Han et al., 2013).  

However, we have shown that FMNL1 is expressed in a variety of other cell and tissue 

types, including cerebral tissue, skeletal muscle, and some epithelial cells (Krainer et al., 

2013).  Others have confirmed FMNL1 expression in both malignant T- and B-cells, as 
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well as cancer cell lines of an epithelial origin (Gomez et al., 2007, Schuster et al., 2007, 

Han et al., 2009, Colon-Franco et al., 2011).  In past studies, we have shown that 

FMNL1-based actin regulation is essential for both macrophage adhesion and migration 

(Mersich et al., 2010, Miller and Blystone, 2015,A, Miller et al., 2017).  Therefore, it is not 

surprising that silencing of FMNL1 expression in MDA-MB-231 cells results in a 

reduction of invasion.  Simultaneous silencing of FMNL1 and Dia1 results in a 

cumulative effect and reduction of invasion to a level similar to that of cells treated with 

the pharmacological inhibitor SMIFH2, targeting FH2 domain activity.  This leads us to 

speculate that FMNL1 and Dia1 may each play a substantial role in invasion through two 

different mechanisms of actin regulation: Dia1 has been shown to be an efficient actin 

nucleator with the ability to rapidly assemble filaments whereas FMNL1 has the ability to 

both sever and/or bundle actin filaments (Li and Higgs, 2003, Harris et al., 2004, Harris 

et al., 2006, Esue et al., 2008).  Simultaneous silencing of these proteins could result in 

exacerbated actin-modifying and cytoskeletal defects, limiting the motile and invasive 

behavior of cells.   

RT-PCR experiments confirmed expression of all three FMNL1 alternative splice 

isoforms at the mRNA level.  We further confirmed protein expression of FMNL1 via 

Western blotting and immunofluorescence microscopy.  Analysis of localization 

patterning confirmed expression of FMNL1 to be at the cell periphery, the nucleus, and 

the perinuclear region.  Localization patterns of exogenous, GFP-tagged, full-length 

FMNL1 alternative splice isoforms match the localization patterns of both endogenous 

FMNL1 and GFP-FMNL1Δ, the mutant truncated at the splice site.  This finding indicates 

that the C-terminal region of FMNL1 defines localization of the alternative splice isoforms 

within the cell and possibly their function.  FMNL1α and FMNL1β localized to the 

perinuclear region, while FMNL1ɣ expression was enriched at the cell periphery.  This 

differs from previous reports implicating FMNL1ɣ as a Golgi complex component, 
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however those studies utilized indirect immunofluorescence with peptide-directed 

antibodies as opposed to the direct visualization of exogenously expressed, full-length, 

GFP-tagged alternative splice isoforms used here (Gomez et al., 2007, Han et al., 2009, 

Colon-Franco et al., 2011).   

Cells expressing exogenous FMNL1ɣ, but not other isoforms, in conjunction with 

endogenous FMNL1, displayed a significantly higher surface area and perimeter.  To our 

knowledge, this is the first time an alternative splice isoform of FMNL1 has been shown 

to alter the morphological status of a cell.  FMNL1ɣ expression at the cell periphery 

could result in a modification of filamentous actin in the lamella.  An increase in linear 

actin bundles could result in the growth of this region, broadening the cell itself, 

permitting more adhesive contacts.  Additionally, FMNL1ɣ has been previously shown to 

co-localize with myosin IIb, an actin-binding and cross-linking protein essential for 

adhesion and migration (Han et al., 2009).  This suggests FMNL1ɣ may modify actin 

where the lamella and lamellipodia meet to permit myosin behaviors. This region of the 

cell periphery contains linear actin bundles actively undergoing assembly and 

disassembly, potentially explaining the brevity of visualization of FMNL1ɣ accumulations 

within the cells (Ponti et al., 2004, Vicente-Manzanares et al., 2009).   

This interpretation correlates with our experiments detailing the role of FMNL1 in 

migration.  Depletion of FMNL1 expression significantly reduced the average velocity 

and average accumulated distance of MDA-MB-231 cells.  Migration and invasion were 

also significantly reduced in cells expressing exogenous GFP-FMNL1 mutants except for 

those expressing the non-targeted GFP-FMNL1ɣR construct.  A loss of FMNL1 could 

result in disruption of proper actin filament bundling, a key actin regulatory event 

essential for promoting cell migration through cytoskeletal remodeling.  Rescue by 

expression of GFP-FMNL1ɣR confirms that FMNL1ɣ is required for efficient migration 

and invasion of MDA-MB-231 cells.  Expanding the importance of this formin, this data is 
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also in agreement with our past studies indicating FMNL1 is essential for proper 

macrophage migration and with deletion resulting in embryonic lethality in mice (Mersich 

et al., 2010, Miller and Blystone, 2015,A, Miller et al., 2017).   

With our findings that FMNL1ɣ contributed substantively to the migration of 

diverse cells, we sought to identify a mechanism of action, presuming it related to the 

modification of actin dynamics. In agreement with previous reports assessing FMNL1β, 

we find that FMNL1ɣ shows no ability to enhance the polymerization of actin; rather its 

presence suppresses the inherent rate of actin assembly, independent of a fully 

functional FH2 domain (Harris et al., 2004, Harris et al., 2006). Inclusion of profilin in 

these studies did not result in FMNL1-enhancement of actin assembly (data not shown). 

Our earlier reports on macrophages showed that FMNL1 stabilized podosomes; 

increasing their half-life and maintaining compactness while associating with linear actin 

filaments of the podosome core (Mersich et al., 2010).  We hypothesized that FMNL1ɣ 

may be contributing to cell motility by stabilizing linear actin filaments through bundling 

activity.  Indeed, low-speed co-sedimentation assays demonstrated that all three 

alternative splice isoforms of FMNL1 can act as bundlers.  However, there is a 

significant increase in FMNL1ɣ bundling activity compared to FMNL1α, an isoform that 

shares 30 common amino acids with FMNL1ɣ within the C-terminal splice region.  This 

leads us to believe that the addtional 58 amino acid retention found in the FMNL1ɣ 

alternative splice isoform may play a key role in this bundling activity.  We propose that 

predicted WH2 motifs found in this region of FMNL1ɣ (Figure 1A, 6E, F) may be 

responsible for this FMNL1ɣ activity.  This could occur independent of the FH2 domain 

and outside of DID-DAD regulation by Rho-family GTPases, in agreement with reports 

showing neither change in GTPase levels upon FMNL1 deletion, nor effects on FMNL1 

localization following manipulation of GTPase activity (Mersich et al., 2010, Miller et al., 

2017).  An alternative explanation may be that the effects of FMNL1ɣ are due to cellular 
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localization signals specific to this alternative splice sequence, however the correlating in 

vitro actin biochemistry assays argue against this hypothesis. 

Aside from FMNL1, WH2 motifs have been identified in the C-terminal region of 

other mammalian formins including Dia1, DAAM1, FMNL2, FMNL3, and INF2 (Chhabra 

and Higgs, 2006, Vaillant et al., 2008, Gould et al., 2011, Heimsath and Higgs, 2012).  

These motifs have also been identified in numerous other actin-associated proteins 

(Dominguez, 2016).  While isolated WH2 domains can only prevent G-actin pointed-end 

(- end) assembly via monomer subunit binding, their functions are exceedingly varied 

when interacting with other proteins or other regions of the molecule (Carlier et al., 2013, 

Dominguez, 2016).  The domain itself varies from ~17-35 amino acid residues in length 

and primarily consists of an amphiphilic α-helix containing at least three aliphatic amino 

acid residues.  These aliphatic residues are found as a pair and the third is located ~7-

10 amino acid residues distally (Paunola et al., 2002, Chereau et al., 2005, Aguda et al., 

2006, Husson et al., 2011, Dominguez, 2016).  Most often, these paired amino acid 

residues are leucines, however, in FMNL2 and FMNL3 this pair consists of one leucine 

residue and one isoleucine residue (Vaillant et al., 2008, Dominguez, 2016).  

Interestingly, FMNL1ɣ contains two tandem leucine residue pairs, a unique sequence 

among WH2 domain-containing proteins (Figure 1A).  Structural predictions indicate that 

both pairs reside on the same face of the amphiphilic α-helix and, following the 

subsequent aliphatic residues, contain a region of five phenylalanine residues, each 

separated by only one amino acid residue.  This unique sequence of phenylalanine 

residues is uncommon and could potentially interact with the WH2 domain.  This theory 

is supported by previous studies demonstrating that WASp interacts not only with actin 

and Arp2/3, but also different regions of itself (Kim et al., 2000, Chereau et al., 2005, Ti 

et al., 2011).   
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This distinct amino acid residue sequence of two overlapping WH2 domains is 

exclusive to FMNL1ɣ and could explain the actin-modifying functions we have observed.  

Much like Spire and FMNL3, WH2 motifs in FMNL1ɣ could be capping actin filaments 

and preventing assembly (Bosch et al., 2007, Carlier et al., 2013, Heimsath and Higgs, 

2012).  This could also explain why FMNL1ɣFH2ᴓ-CT, which has a dysfunctional FH2 

domain, was able to lower actin assembly rates to levels similar to FMNL1ɣ-CT.  

Alternatively or additionally, the presence of this WH2 domain may result in the 

enhanced bundling activity demonstrated by FMNL1ɣ-CT.  This also supports our theory 

that this bundling activity is occurring regardless of FH2 domain activity since FMNL1ɣ-

CT and FMNL1ɣFH2ᴓ-CT are able to bundle actin at similar levels.  While the question 

of how this unique WH2 domain contributes to the bundling process remains to be 

determined, the work here advances understanding of this process and the mechanism 

behind WH2 domain function in formins. 

This study provides evidence that regions of formin proteins other than the FH2 

domain may be critical for regulating actin-modifying events.  This study is also the first 

to show that not only are the actin regulatory events of FMNL1 determined by the C-

terminal region of the formin, but also that expression of FMNL1ɣ, but not FMNL1α or 

FMNL1β, plays an essential role in both cell migration and morphology in a variety of cell 

types of different embryonic origin.  Future work elucidating the mechanism behind how 

the C-terminal region of FMNL1ɣ operates within the cell may provide a potential 

therapeutic target for regulating cell migration. 
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Introduction 

Cancer cell invasion is an essential component of the metastatic cascade, 

necessary for cells to travel through the ECM and eventually intravasate through the 

endothelial cell lining of the circulatory system or the lymphatics (Yamaguchi and 

Condeelis, 2007, Leber and Efferth, 2009).  In order for this to be accomplished, the 

actin cytoskeleton must undergo various spatiotemporal rearrangements.  The primary 

aim of this dissertation was to determine if the alternative splice isoform of FMNL1, 

FMNL1ɣ, contributes to this remodulation of the actin cytoskeleton in a breast 

adenocarcinoma model and, if so, to discern the mechanism by which this process 

occurs.  This was determined using a combination of molecular, biochemical, and 

cellular techniques, allowing us to answer this question on three separate levels.  As a 

result, this dissertation as a whole provides a comprehensive study on the role of this 

alternatively spliced formin in mediating actin cytoskeletal changes in a breast 

adenocarcinoma model through a unique F-actin bundling mechanism.  Furthermore, 

these data may eventually contribute to the identification of a unique target for cancer 

therapeutics, as well as other pathologies that may utilize FMNL1ɣ for different adhesive 

and migratory abilities, such as atherosclerosis and other inflammation disorders (Singh 

et al., 2002).  By performing an mRNA expression analysis, we have been able to 

identify unique formin expression patterns as well as the expression of all three 

alternative splice isoforms of FMNL1 in a breast adenocarcinoma model.  Using 

biochemical techniques and this same model system, we successfully demonstrated that 

two specific residues of a highly conserved domain in FMNL1 are essential for F-actin 

binding.  Based on these two studies, we were able to further characterize and identify a 

unique region of the FMNL1ɣ alternative splice isoform that is essential for bundling F-

actin and mediating actin cytoskeletal alterations imperative for cell adhesion and 

migration. 
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FMNL1 and FMNL1 Alternative Splice Isoform Expression 

 Past studies on formin expression levels have provided conflicting results due to 

different techniques used to measure expression (Gardberg et al., 2010, Kitzing et al., 

2010, Schonichen and Geyer, 2010, Favaro et al., 2013, Gardberg et al., 2014).  By 

performing a complete study using standard qRT-PCR techniques, we were able to 

provide a comprehensive mRNA expression analysis on all 15 human formins in seven 

different cell types.  This allowed us to subsequently identify unique patterns in formin 

expression across a variety of cell types.  Additionally, we were able to identify mRNA 

expression of all three FMNL1 alternative splice isoforms in four different cell types.  The 

results of this study will enhance our knowledge of formins, allowing us to efficiently 

study and advance the formin field of research at both the cellular and molecular level. 

 Using site-specific primers and seven different cell types, we analyzed the mRNA 

expression levels of all 15 human formins.  HeLa cells are one of the most well-

characterized cell types used for research purposes (Masters, 2002).  These cervical 

adenocarcinoma cells displayed the second-highest average total formin expression 

level across all seven cell types.  While FMNL1 was the lowest FMNL subfamily member 

expressed in these cells, when compared across all seven cell types, the average 

FMNL1 expression level observed in HeLa cells was the second highest.  This high 

FMNL1 expression has been confirmed at the protein level in past studies via Western 

blot and immunofluorescence.  This same study also showed that the FMNL1ɣ 

alternative splice isoform has been implicated in maintaining the structural actin 

architecture of the Golgi complex (Colón-Franco et al., 2011).  FMNL1 protein 

expression in HeLa cells was also confirmed in a previous study where Rac-activated 

FMNL1 has been shown to mediate membrane ruffling via a complex it forms with 

srGAP2 in these cells (Mason et al., 2010).  These data demonstrate two very different 
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activities in this cell type which could explain the high average FMNL1 expression level 

we observed here. 

HeLa cells were not the only epithelial adenocarcinoma cell type which exhibited 

high average FMNL1 mRNA expression.  We also observed this in MDA-MB-231 cells 

where average FMNL1 mRNA expression was the third highest amongst all seven cell 

types studied.  FMNL1 mRNA and protein expression in MDA-MB-231 cells has been 

observed before (Kitzing et al., 2010).  Additionally, high expression of FMNL1 has also 

been confirmed in the basal subtype of human breast cancers, of which MDA-MB-231 

cells belong (Gardberg et al., 2014).  We also detected expression of all three FMNL1 

alternative splice isoforms at the mRNA level in MDA-MB-231 cells.  Past studies have 

suggested FMNL1ɣ could be required for membrane blebbing in these cells (Han et al., 

2009).  Furthermore, siRNA-mediated depletion of FMNL1 protein expression reduced 

invasion of MDA-MB-231 cells (Kitzing et al., 2010).  Taken together, these data suggest 

that the high mRNA expression level we observed with FMNL1 could correspond to the 

different locomotive functions of these cells and it may be specifically mediated by the 

FMNL1ɣ alternative splice isoform. 

The highest level of average FMNL1 mRNA expression was also observed in an 

epithelial cell type.  HK-2 cells are kidney cortex epithelial cells which, in addition to the 

high average FMNL1 mRNA expression, also displayed the highest average total formin 

mRNA expression level.  A past study also confirmed the mRNA expression for all three 

alternative splice isoforms of FMNL1 in epithelial cells of the embryonic kidney 

(HEK293T cells) (Han et al., 2009).  Furthermore, qRT-PCR analysis also demonstrated 

high FMNL1ɣ mRNA expression compared to FMNL1α and FMNL1β as well as 

localization of FMNL1ɣ to membrane blebs (Han et al., 2009).  These data correlate well 

with our observation of high FMNL1 mRNA expression, which could be explained by the 
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requirement of FMNL1ɣ specifically for regulation of membrane bleb formation (Han et 

al., 2009). 

While we observed the highest levels of average FMNL1 mRNA expression 

levels in epithelial cell types, expression was still observed in cells of neuronal and 

myeloid lineage.  The cortical neuronal cell line HCN exhibited FMNL1 mRNA 

expression levels similar to that of macrophages, where FMNL1 function has been well-

characterized (Mersich et al., 2010, Naj et al., 2013, Miller and Blystone, 2015, Miller et 

al., 2017).  A previous immunohistochemical analysis on human brain sections did not 

detect any FMNL1 protein expression in neurons or glial cells (Gardberg et al., 2014).  

This could correspond with our results demonstrating low mRNA expression as well.  

While Western blot analysis has confirmed FMNL1 protein expression in the cerebellum 

and whole brain, this was actually quite low compared to the mouse macrophage 

RAW264.7 cell line (Mason et al., 2010). 

While we did not measure FMNL1 mRNA expression in RAW264.7 cells, we did 

determine expression in primary human macrophages.  We have previously shown that 

upon differentiation from monocytes, FMNL1 mRNA expression in macrophages is 

increased six-fold and protein expression is increased by 108% (Mersich et al., 2010).  

Additionally, past work from our lab has demonstrated that FMNL is an important 

component of macrophage podosomes, necessary for proper regulation of this F-actin 

rich complex (Miller and Blystone, 2015, Miller et al., 2017).  FMNL1 mRNA expression 

levels for macrophages were lower compared to some of the other cell and tissue types 

but this may be attributed to the limited, albeit essential, functions of macrophages.  We 

further analyzed this cell type and demonstrated that it expresses all three FMNL1 

alternative splice isoforms.  We have previously shown that macrophage podosome 

formation and function requires the ɣ alternative splice isoform of FMNL1 (Miller et al., 

2017).  Additionally, while this may seem like a lower level of expression amongst these 
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seven cell types, other have demonstrated that amongst over double that number, 

FMNL1 is highly expressed in cells of the myeloid lineage (Gardberg et al., 2014).  Our 

findings presented here demonstrate that all three FMNL1 alternative splice isoforms are 

expressed in primary human macrophages and that while FMNL1 mRNA expression 

levels may be lower compared to some cell types, its expression and function at the 

protein level in these cells has been previously confirmed (Mersich et al., 2010, Miller et 

al., 2017). 

 We further examined the expression of FMNL1 in myeloid lineage cells by 

determining expression in Meg-01 cells and platelets.  While FMNL1 expression in these 

two cell types was lower compared to FMNL2 and FMNL3, we were able to detect 

expression of all three FMNL1 alternative splice isoforms in Meg-01 cells.  While we 

were not able to confirm FMNL1 alternative splice isoform expression in platelets, 

previous work has confirmed high expression of FMNL1 at the mRNA level in these 

cells, correlating well with what we have demonstrated here (Zuidscherwoude et al., 

2018).  Further, a previous mRNA screen of FMNL1 expression in different cell and 

tissue types identified high expression of FMNL1 in some myeloid cells, although this 

was not confirmed at the protein level (Gardberg et al., 2014). 

 Future work analyzing FMNL1 alternative splice isoform mRNA expression level 

in all cell types will be necessary to better characterize the function of the FMNL1 gene 

as a whole.  While we were able to accomplish this in four different cell types, this work 

proved to be difficult as we often had to design different primers, both forward and 

reverse, to obtain a qualitative PCR product.  Primer design was limited as there is only 

a select amount of sequence in the C-terminal regions of FMNL1 to use for PCR.  While 

we attempted this on several occasions, we were not able to obtain any insightful data.  

Additionally, since FMNL1α and FMNL1ɣ share a same common end sequence, 

specifically determining the mRNA expression level of FMNL1α could prove difficult. 
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 We could use other methods to determine mRNA expression levels as well.  For 

example, Northern blotting would allow us to determine expression of these three 

alternative splice isoforms, although quantitation may not be as accurate as what we 

could obtain with successful qRT-PCR.  Additionally, Northern blotting carries a high risk 

for RNAse-mediated RNA degradation.  RNAseq would also be a useful tool for this 

analysis, although this can be expensive.  However, it may provide us with the most 

accurate results.  Regardless, identification of these mRNA expression levels will further 

help us characterize the function of the different FMNL1 alternative splice isoforms in 

different cell types. 

 While determining FMNL1 alternative splice isoform mRNA expression levels will 

be useful, ideally we would like to determine their expression at the protein level.  

Currently, all commercially available FMNL1 primary antibodies only target an interior 

region of the molecule and not the C-terminal region.  As a result, we would most likely 

have to design our own primary antibodies.  However, this can prove costly and we are 

unable to know how successful these antibodies are until we procure them following 

synthesis.  Further, much like designing primers for qRT-PCR, there is only a small 

sequence to work with.  Others have generated primary antibodies against the FMNL1 

alternative splice isoforms, and we have used some of these, but in our hands we were 

unable to verify protein expression in cells (Han et al., 2009, Colón-Franco et al., 2011).  

Additionally, the similarity between FMNL1α and FMNL1ɣ could prove to be an issue as 

well.  Nonetheless, we could attempt using other methods, such as mass spectrometry 

or some type of isotope-labeling. 

 Past studies, including our own, have shown that the different alternative splice 

isoforms of FMNL1 have specific functions, especially FMNL1ɣ, which has been shown 

to regulate actin architecture surrounding the Golgi complex, contribute to membrane 

blebbing, and mediate podosome formation and function (Han et al., 2009, Colón-Franco 
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et al., 2011, Miller et al., 2017).  This has been observed with other formins as well.  

Isoform IV of FMN1 nucleates actin, mediates cellular protrusion and is essential for 

adhesion complex formation (Dettenhofer et al., 2008).  FHOD3 has a splice site in the 

C-terminus, similar to FMNL1, and a specific alternative splice isoform of FHOD3 

localizes to striated muscle tissue.  Further, phosphorylation of a specific site in this 

alternative splice isoform results in inhibition of FHOD3 interaction with p62/SQSTM1, a 

protein essential for autophagy (Iskratsch et al., 2010).  Additionally, a specific FMNL2 

alternative splice isoform is upregulated in colorectal cancer and melanoma cells and 

contributes their invasive abilities (Péladeau et al., 2016).  These studies demonstrate 

that characterization and identification of formin function should also focus on the 

alternative splice isoforms of these proteins.  As each alternative splice isoform has 

varying functions, they should almost be treated as if they are entirely different proteins.  

Future work measuring expression patterns at both the mRNA and protein level, as well 

as subsequent functional assays, should help identify specific traits of these alternative 

splice isoforms which contribute to different cellular processes. 

 

Two conserved amino acid residues of FMNL1 contribute to actin binding. 

FH2 domain-mediated interactions of the FMNL subfamily with actin have been 

well-characterized in previous studies, implicating this domain as one of the main 

functional regions of the protein (Harris et al., 2006, Harris et al., 2010, Colon-Franco et 

al., 2011, Heimsath and Higgs, 2012, Thompson et al., 2013, Kage et al., 2017).  

Furthermore, the two highly-conserved amino acid residues of the FH2 domain (I720 

and K871 in FMNL1) have been shown to be imperative for this interaction (Shimada et 

al., 2004, Xu et al., 2004, Otomo et al., 2005b, Harris et al., 2006).  Our data 

demonstrating that inactivation of this domain via mutation of these two conserved 

residues (I720A and K871A) is the first time that a direct relationship between the FH2 
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domain and cytoplasmic actin has been shown.  Moreover, the results of this study as a 

whole provide evidence that formin function is not specifically reliant upon FH2 domain-

mediated barbed end interactions, but other parts of the protein as well. 

Interestingly, along with FMNL1β and FMNL1ɣ, the truncation mutant FMNLΔ 

also exhibited actin-binding abilities.  This is intriguing as FMNL1Δ lacks part of the DAD 

domain and the remaining C-terminal region of this protein.  It would be expected that 

the lack of this region of FMNL1 would contribute to some loss of actin binding, as 

FMNL1β contains a unique amino acid sequence and FMNL1ɣ contains the two putative, 

tandem, overlapping WH2 domains.  However, since the truncation site is located within 

the DAD domain, this may affect activation of the formin.  Without an intact DAD domain, 

the formin may remain in an open, active conformation by default, thereby allowing the 

FH2 domain to proceed to interact with actin.  This would not be surprising as previous 

studies have shown that removal or mutation of the DAD domain can result in a 

constitutively active formin (Han et al., 2009, Gould et al., 2011).  Indeed, it has 

previously been postulated that FMNL1ɣ is itself constitutively active as a result of the 

sequence retention in its C-terminus (Han et al., 2009).  This retention could potentially 

affect binding of the DAD domain to the DID domain as hydrophobic interactions have 

been implicated in regulating the binding of the DAD and DID domains in Dia1 (Nezami 

et al., 2006, Lammers et al., 2008, Han et al., 2009).  This could also explain the limited 

interactions we have observed between FMNL1ɣ and Rho-family GTPases.  If this 

protein is constitutively active, Rho-family GTPase activation may not be required, which 

would also explain why the ROCK inhibitor Y-27632 did not affect FMNL1ɣ-induced 

membrane blebbing in the human embryonic kidney cell line 293T (Han et al., 2009).  

Future work mutating C-terminal amino acid residues and observing their effect on actin 

binding could help pinpoint precise points that are imperative to FMNL1 function.  

Additionally, this could help reconcile what we observed with FMNL1β, as perhaps this 
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unique sequence contains specific amino acid residues that do impede binding of the 

DID and DAD domains, resulting in subsequent activation. 

 

The FMNL1ɣ C-terminus bundles actin to potentiate cancer migration. 

The requirement of the entirety of the FMNL1 C-terminus for efficient actin 

bundling demonstrates that regions of formins other than the FH2 domain are critical for 

different actin-modifying functions.  Truncation of the FMNL1 C-terminu eliminated F-

actin bundling activity compared to actin alone.  However, there is an increase in F-actin 

bundling activity when the entire C-terminal region of any alternative splice isoform is 

present.  Further, this bundling activity is significantly enhanced when mediated by the 

FMNL1ɣ alternative splice isoform.  This is especially interesting as even when the 

conserved Ile and Lys residues of the FH2 domain are mutated and barbed end binding 

is inhibited, this alternative splice isoform is still able to bundle F-actin as efficiently as 

WT FMNL1ɣ.  These data clearly identify the 58 amino acid retention of the ɣ alternative 

splice isoform as the region responsible for regulating this augmented F-actin bundling 

activity. 

This region of the ɣ alternative splice isoform bears several unique features 

compared to FMNL1α and FMNL1β.  Not only does this retention bear two putative, 

tandem, overlapping WH2 domains, but it also contains five Phe amino acid residues, 

repeating one after the other shortly after the WH2 domains.  Each of these different 

amino acid residue sequences could affect the bundling activity of FMNL1ɣ in a variety 

of ways.  In other proteins, WH2 domains have been identified as regulators of actin 

nucleation and assembly, however, two overlapping WH2 domains have not previously 

been described (Quinlan et al., 2005, Chhabra and Higgs, 2006, Ahuja et al., 2007, 

Liverman et al., 2007, Chereau et al., 2008, Haglund et al., 2010, Gould et al., 2011, 

Gaucher et al., 2012, Heimsath and Higgs, 2012).  Specifically in formins, WH2 domains 
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have been identified in the C-terminal region of Dia1, DAAM1, FMNL2, FMNL3, and 

INF2 (Chhabra and Higgs, 2006, Vaillant et al., 2008, Gould et al., 2011, Heimsath and 

Higgs, 2012).  These motifs have also been identified in numerous other actin-

associated proteins (Dominguez, 2016).  While isolated WH2 domains can only prevent 

G-actin pointed-end (- end) assembly via monomer subunit binding, their functions are 

exceedingly varied when interacting with other proteins or other regions of the molecule 

(Chaudhry et al., 2010, Carlier et al., 2013, Dominguez, 2016).  The WH2 domain itself 

varies in amino acid residue length (~17-35 amino acid residues) and primarily consists 

of an amphiphilic α-helix containing at least three aliphatic amino acid residues.  These 

aliphatic residues are found as a pair and then the third is located ~7-10 amino acid 

residues following them (Paunola et al., 2002, Chereau et al., 2005, Aguda et al., 2006, 

Husson et al., 2011, Dominguez, 2016).  These paired amino acid residues often consist 

of leucines, however, in FMNL2 and FMNL3 this pair substitues one isoleucine residue 

for a leucine residue (Vaillant et al., 2008, Dominguez, 2016).  The two tandem leucine 

residue pairs of FMNL1ɣ are unique among WH2 domain-containing proteins, in addition 

to the five Phe residues following the trailing aliphatic residues.  This unique sequence of 

Phe residues is uncommon and could potentially interact with the WH2 domain.  

Two overlapping WH2 domains is a unique feature of FMNL1ɣ and could explain 

the actin-modifying functions we have observed.  Much like Spire and FMNL3, these 

WH2 domains in FMNL1ɣ could be capping actin filaments, resulting in an inhibition of 

assembly, which we observed in the pyrene-actin fluorescence assays.  Both Spire and 

FMNL3 exhibit this function (Bosch et al., 2007, Carlier et al., 2011, Heimsath and Higgs, 

2012).  FMNL1ɣ may also be nucleating actin filaments via its WH2 domains in a 

manner similar to COBL which has three WH2 domains (Ahuja et al., 2007).  

Furthermore, this could potentially explain the increase in actin we observe in the 

bundling assays.  Severing of actin filaments could also contribute to the increase of 
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FMNL1ɣ-bundled actin.  Spire has four WH2 domains through which it not only inhibits 

profilin-actin binding but also severs filaments (Bosch et al., 2007).  How these tandem, 

overlapping WH2 domains contribute to the bundling process remains to be determined, 

but we have some hypotheses based on the data included in this dissertation.  

It has previously been demonstrated that mouse FMNL1β actually slows 

elongation from the barbed ends of muscle actin (Harris et al., 2004, Harris et al., 2006).  

However, one of these studies also demonstrated that actin assembly from muscle actin 

monomer subunits is enhanced by FMNL1β (Harris et al., 2006).  The data we have 

presented here clearly show that human FMNL1ɣ inhibits actin filament assembly 

regardless of FH2 domain interactions.  Mouse FMNL1β and human FMNL1ɣ do share 

some homology, however, the C-terminal regions, which in FMNL1ɣ contains two WH2 

domains, vary greatly.  We propose that this C-terminal region is an essential 

component for the formin to interact with actin.  We also know that inhibition of barbed 

end binding by FMNL1ɣ via mutation of I720 and K871 in the FH2 domain inhibits 

barbed end binding, but yet this mutant inhibits actin assembly at the same rate as WT 

FMNL1ɣ (Miller et al., 2017).  This suggests that I720 and K871 are not necessary for 

some formin-actin interactions and that amino acid residues on the “outside” of the FH2 

domain, along with the WH2 domains in the tail, are necessary for these interactions.   

This presents somewhat of a conundrum in that our actin pull-down assays 

indicate that binding of FMNL1ɣ to actin requires the FH2 domain-mediated barbed end 

interactions.  This could be explained by the use of two different sources of actin in these 

experiments.  In the pull-down assays, the actin is from whole cell lysate, not purified 

rabbit muscle actin.  While actin isoforms are >90% homologous to each other, the 

differences in these isoforms could be why we see a difference in these two sets of 

experiments (Perrin and Ervasti, 2010).  Furthermore, there are two isoforms of actin 

found in the cytoplasm, and since the actin pull-down assays were performed with whole 
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cell lysate, we cannot be certain about the ratios of ɣcyto-actin to βcyto-actin (Perrin and 

Ervasti, 2010).  How these proteins are modified in the cytoplasm could also affect their 

binding to actin as when we lysed these cells, this was done using a non-denaturing 

detergent. 

Nonetheless, this inhibition of actin filament assembly clearly demonstrates that 

FMNL1 is having an effect on actin, which we were able to demonstrate using 

subsequent downstream experiments.  FMNL1 has been shown to bundle before, but 

with mouse FMNL1β and not any of the human alternative splice isoforms (Harris et al., 

2006).  Our data here demonstrates that FMNL1ɣ bundles actin significantly more 

efficiently than the other alternative splice isoforms.  Moreover, this does not require FH2 

domain-mediated barbed end interactions as FMNL1ɣFH2ø can bundle actin at a level 

similar to WT FMNL1ɣ.  Taken together, this evidence suggests that the bundling activity 

of FMNL1 is mediated by the FH2 domain and further enhanced by the C-terminal region 

of the FMNL1 alternative splice isoforms.  Since FMNL1α and FMNL1β both have the 

ability to bundle F-actin, in addition to FMNL1ɣ and FMNL1ɣFH2ø, the FH2 domain is 

implicated in this process, independent of barbed end binding by the conserved Ile and 

Lys residues.  Most likely, amino acid residues on the “outside” of the FH2 domain, as 

opposed to the “inside” residues like I720 and K871, are important for the F-actin 

bundling we have observed.  This is further supported by past work demonstrating a 

similar effect in mouse FMNL1β where the authors hypothesize that hydrophobic 

patches on the “outer” surface of the FH2 domain mediate bundling activity by the formin 

(Harris et al., 2006).  While a FH2 dimer dissociation model has been proposed for this 

bundling activity, the precise mechanism remains to be resolved (Harris et al., 2006).  In 

order to clarify this, future work should focus on mutating the amino acid residues 

located in the hydrophobic patches of the FH2 domain and observing what, if any, effect 
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occurs on the bundling activity.  Additionally, TIRF microscopy and direct visualization of 

this biochemical function could help further confirm the bundling mechanism. 

An explanation for the increased bundling activity observed with FMNL1ɣ lies in 

the C-terminal region, where two WH2 domains are located.  This enhanced bundling 

activity could be similar to what has been observed with the espin family of proteins, 

where the presence of WH2 domains greatly increases the observed bundling activity, 

as opposed to those who lack it (Loomis et al., 2006).  This has previously been 

observed in the FMNL subfamily member FMNL2 as well (Vaillant et al., 2008).  How the 

WH2 domains are affecting bundling remains to be determined, however, we propose a 

model where the WH2 domains may contribute to an actin nucleation activity that results 

in bundling enhancements (Figure 1).  Mouse FMNL1β has been shown to be a poor 

nucleator, however, this protein lacks the WH2 domains present in the FMNL1ɣ 

alternative splice isoform (Harris et al., 2004, Harris et al., 2006).  Therefore, the 

nucleation activity could be quite different between these two alternative splice isoforms, 

as WH2 domains are quite proficient at monomer sequestration and nucleation 

(Campellone and Welch, 2010, Dominguez, 2016).  Another mechanism involving F-

actin severing could also be proposed (Figure 2).  While mouse FMNL1β has exhibited 

FH2 domain-mediated severing, we propose that the WH2 domains of FMNL1ɣ actually 

contribute to this function (Harris et al., 2004).  By using the WH2 domains in the C-

terminal region to sever actin filaments, this could generate new filaments of a specific 

polarity.  These new filaments of a preferential polarity could then be bundled by the 

amino acid residues on the “outside” of the FH2 domain.  Furthermore, FMNL1ɣ may 

prefer to bundle filaments of a specific length, using the WH2 domain to sever filaments 

to the correct size.  While mouse FMNL1β has previously been shown to bundle both 

parallel and anti-parallel filaments in a mixed orientation, it remains to be determined if 

FMNL1ɣ shares the same preference (Harris et al., 2006). 
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Figure 1 

 

 

Figure 1: Proposed model of bundling mechanism incorporating WH2-mediated 

actin nucleation.  (1) FH2 domains of FMNL1ɣ could initially bundle F-actin via 

electrostatic interactions regulated by basic patches of amino acid residues on the 

outside of the FH2 dimer.  (2) Following intital bundle formation, FMNL1ɣ could use the 

WH2 domain located in the C-terminal region to initate the formation of new actin 

filaments via a WH2-mediated actin nucleation event.  (3) Following nucleation and the 

assembly of new actin filaments, other FMNL1ɣ FH2 dimers could initiate FH2-mediated 

bundling, resulting in enhanced bundling formation. 
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Figure 2 

 

 

 

Figure 2: Proposed model of bundling mechanism incorporating WH2-mediated 

actin filament severing.  (1) WH2 domains of FMNL1ɣ could interact with actin 

filaments, possibly via side-binding.  (2) Actin filament severing could then occur via the 

WH2 domain, resulting in the generation of two actin filaments.  (3) FH2-mediated 

bundling could occur using electrostatic interactions via the basic patches on the outside 

of the FH2 domain.  Due to the new filaments generated via WH2-mediated severing, 

FMNL1ɣ may then bundle actin filaments, possibly in a preferred orientation. 

 

Several methods could be utilized in order to determine if the WH2 domains are 

indeed severing filaments.  Severing assays using fluorescence microscopy could be 

used to compare any activity of FMNL1ɣ to FMNL1α or FMNL1β.  Ideally, TIRF 

microscopy could be used in order to observe this activity in real-time.  Moreover, 

mutations rendering the WH2 domains of FMNL1ɣ inactive could be used and 

interactions with this mutant and F-actin could be directly observed via TIRF microscopy 

to determine if severing is indeed inhibited.  These assays could be done in conjunction 
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with control assays using well-characterized severing proteins, such as ADF/cofilin or 

twinfilin, in order to properly evaluate this function (Andrianantoandro and Pollard, 2006). 

With FMNL1 having several potential actin-modifying functions, it is not surprising 

that depletion of FMNL1 expression in MDA-MB-231 cells results in a significant 

inhibition of cell migration.  This is interesting as we have previously observed that 

knockdown of FMNL1 in primary human macrophages did not result in a significant 

decrease in average accumulated distance traveled or average velocity in a similar 2D 

random cell motility assay (Data not shown).  However, this might be due more to 

cellular function, as depletion of FMNL1 expression in primary human macrophages 

does inhibit macrophage migration across a chemotactic gradient (Mersich et al., 2010, 

Miller et al., 2015, Miller et al., 2017).  It seems likely that highly motile cancer cells 

would not require such a gradient in order to induce locomotion as fluctuations in 

oncogene expression could very well lead to unwarranted cellular motility. 

The localization patterns observed with the different FMNL1 alternative splice 

isoforms can also provide clues to their function.  While we observed similar localization 

patterns with FMNL1α and FMNL1β, localization patterns exhibited by FMNL1ɣ were 

unique.  We were not surprised with the intense localization of FMNL1α or FMNL1β in 

the perinuclear region.  Past studies have shown that this localization is not uncommon 

as FMNL1 expression has been linked to regulation of actin architecture surrounding the 

Golgi complex in HeLa cells (Han et al., 2009, Colon-Franco et al., 2011).  However, this 

was attributed more to FMNL1ɣ and not FMNL1α or FMNL1β (Colon-Franco et al., 

2011).  Nonetheless, FMNL1ɣ localization has been observed in the cell membrane in 

293T cells while FMNL1α and FMNL1β display more of a cytoplasmic dispersion (Han et 

al., 2009).  This is in agreement with our results, demonstrating enhanced FMNL1ɣ 

localization at the cell periphery while FMNL1α and FMNL1β display more of a 

perinuclear-cytoplasmic localization.   
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We propose that FMNL1ɣ mediates actin filament bundling at the lamella-

lamellipodia interface (Figure 3).  This is supported by past studies demonstrating that 

FMNL1ɣ co-localizes with myosin IIb in this same region (Han et al., 2009).  This region 

of the cell is frequently undergoing rapid actin cytoskeletal changes and contains 

different variations of actin architecture as the lamella is composed of thick actin bundles 

while the lamellopodia is composed more of a dendritic actin network (Vincente-

Manzanares et al., 2009, Ridley, 2011).  It is in this region where myosin IIb could be 

regulating actomyosin contractility via interaction with FMNL1ɣ-generated actin bundles.  

Further, these FMNL1ɣ-generated actin filament bundles may be necessary for adhesion 

formation, which could explain the defects of adhesion we observe with FMNL1 

depletion, as well as the significant increase in adhesion when exogenous FMNL1ɣ is 

expressed.  Additionally, this would also correlate with our past data demonstrating that 

FMNL1 co-localizes and co-IPs with the β3 integrin (Mersich et al., 2010).  This could 

also help explain the results of our cellular morphology studies demonstrating that 

expression of FMNL1ɣ significantly enhances both the perimeter and surface area of 

MDA-MB-231 cells.  Enhancement of expression of FMNL1ɣ could lead to alterations in 

actomyosin stress fiber formation and, ultimately, changes in cell shape.  Indeed, some 

formins have exhibited the ability to regulate myosin function in cells (Homem and 

Peifer, 2008, Vogler et al., 2014). 
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Figure 3 

 

 

Figure 3: Proposed functions of FMNL1ɣ in the cell.  The WH2 domains of FMNL1ɣ 

could be enhancing bundling activity at the lamella-lamellipodia interface.  This could be 

important for dorsal stress fiber and transverse arc formation, as well as actomyosin 

contractility via myo IIb-force generation.  Regulation of actomyosin contractility could be 

important for several functions, including cell migration, adhesion complex assembly, 

intracellular transport, and cell morphology regulation.  FMNL1 may also be regulating 

bundle formation at the perinuclear region, possibly contributing to polarization events, 

as well as at the Golgi complex, where it may be important for Golgi organization and 

localization. 

 

In order to evaluate the relationship between FMNL1ɣ and myosin IIb, a variety 

of experiments could be performed.  Fluorescence microscopy could be utilized to verify 

co-localization of FMNL1ɣ with myosin IIb in MDA-MB-231 cells.  Additionally, if these 
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proteins do interact with each other, co-IPs could help evaluate these protein-protein 

interactions.  It would also be interesting to see if exogenous expression of FMNL1ɣ 

could increase myosin IIb accumulation in lamella-lamellipodia region of the cell, as the 

increase of FMNL1ɣ-generated bundles could subsequently result in the requirement of 

more myosin IIb for the cell to properly mediate the force required for efficient 

mechanotransduction. 

The localization patterns we observed with FMNL1α and FMNL1β clearly indicate 

that future work should focus on the perinuclear region of the cell.  Since FMNL1 has 

been previously implicated in regulating actin architecture surrounding the Golgi 

complex, it would make sense to explore what, if any, interactions these two alternative 

splice isoforms have with this organelle (Colon-Franco et al., 2011).  This could be 

accomplished by using fluorescence microscopy along with Golgi markers like GM130 

(cis-Golgi) or Golgin-97 (trans-Golgi).  It would also be interesting to see if these two 

alternative splice isoforms regulate MTOC polarity as FMNL1 has been shown to 

regulate centrosome polarization in T-cells (Gomez et al., 2007).  This could be done by 

depleting FMNL1 expression in cells and observing any subsequent effects via staining 

with α-tubulin. 

Our evaluation of the role of formins in invasion shows that, when compared to 

Dia1, FMNL1 contributes to this process in a unique way.  Therefore, FMNL1 may be a 

potential therapeutic target for inhibition of cancer cell metastasis.  Knockdown of 

FMNL1 results in inhibition of invasion similar to the pan-formin inhibitor SMIFH2.  As we 

have previously demonstrated that FMNL1 has an insensitivity to SMIFH2, this indicates 

that perhaps FMNL1 function is more reliant upon the C-terminal region of this protein 

(Miller et al., 2015).  Therefore, since this formin has a unique region that is responsible 

for its interactions with actin, this could prove to be a good target for therapeutic 

intervention.  Additionally, the two tandem, overlapping WH2 domains are also unique, 
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further promoting this sequence as an excellent candidate target for different inhibitors.  

As a result, future translational research could focus on identifying inhibitors through 

drug library screens or drug design specifically targeting the two unique WH2 domains in 

the C-terminal region of FMNL1ɣ. 

With the possession of a conditional, FMNL1 knockout mouse, our lab is well-

equipped to further study the effects of FMNL1 depletion on breast cancer metastasis in 

vivo.  The p53fl/flMMTV-Cre+/+ mouse model results in mouse mammary tumorigenesis 

that occurs similarly to humans.  Mouse mammary epithelial cells from this model are 

p53-inactive, resulting in primary mammary tumors and subsequent metastases to the 

lungs and liver (Lin et al., 2004).  Since Cre recombinase activity is under control of the 

MMTV promoter, we could potentially delete FMNL1 expression in mouse mammary 

glands which are also deficient of p53, a powerful tumor suppressor gene.  This would 

allow us to observe the in vivo effects of FMNL1 depletion on the formation of secondary 

metastatic sites.  

 

Concluding Remarks 

 The valuable insight provided by this study should greatly help advance the 

formin field of research.  We have provided evidence suggesting that formin protein 

function is not entirely defined by the characteristic FH2 domain and that other regions of 

the protein should be thoroughly dissected in order to evaluate all possible actin-

modifying abiltiies.  This work also demonstrates that the alternative splice isoforms of 

these proteins be assessed as well.  Since all formin genes code for some number of 

isoforms, it would behoove us to determine which of these isoforms contribute to 

different cellular processes.  Unique isoform sequences, like what we have observed 

with FMNL1ɣ, could provide putative therapeutic targets for treating different disorders. 
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 The major hallmarks of this work demonstrate that an actin-modifying function 

unique to a specific alternative splice isoform of the formin FMNL1 contributes to breast 

adenocarcinoma adhesion and migration.  We have established a role for FMNL1ɣ 

distinctive amongst other proteins of this family.  FMNL1ɣ regulates cellular locomotion 

during development, homeostasis, and cancer cell migration.  Additionally, the F-actin 

bundling activity of FMNL1ɣ does not rely on FH2-mediated barbed end binding but on 

WH2 domain interactions.  Resolution of the precise mechanism driving FMNL1ɣ 

functions will reveal novel insight into a powerful family of proteins, a highy conserved 

domain found in numerous other proteins, and potential therapeutic targets for 

pathologies characterized by cellular locomotion. 
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