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Abstract 

Investigating the roles of the C. elegans formin FHOD-1 in muscle gene expression 

and actin assembly 

Curtis Victor Yingling 

Sponsor: David Pruyne, PhD 

 Muscle growth is important for the proper function of muscle, and dysregulation 

of muscle growth can lead to diseases, like hypertrophic and dilated cardiomyopathies. 

Our work focuses on the role of formins in muscle growth using the Caenorhabditis 

elegans body wall muscle (BWM) as a model. Formins are best known for promoting the 

polymerization of actin filaments. In C. elegans the formin FHOD-1 is the only formin 

that promotes BWM growth in a cell-autonomous manner. Loss of FHOD-1 in C. elegans 

leads to narrow BWM, disrupted dense bodies, and a decreased expression of a muscle-

specific myosin (MYO-3). Formins have been linked to promoting serum response 

factor-dependent transcription of muscle genes through promoting polymerization in 

cultured cells but the formins requirement in vivo has not been studied. These data led us 

to question if FHOD-1 promotes BWM growth through promoting serum response factor 

homolog UNC-120-dependent muscle gene transcription. In this thesis, we determined 

through mRNA sequencing that FHOD-1 does not promote the expression of muscle 

genes through UNC-120-dependent transcription. Instead, loss of FHOD-1 activates 

proteasome-based degradation of MYO-3 but rescuing MYO-3 expression does not 

rescue BWM growth. We determined, using in vitro assays, FHOD-1 nucleates and 

bundles actin filaments and caps FHOD-1-nucleated filaments. We hypothesize FHOD-1 



iii 
 

promotes BWM growth through assembling an actin scaffold around dense bodies to 

promote dense body assembly.  
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Introduction overview 

 The goal of this thesis is to better understand how formin homology-2 domain-

containing (FHOD) formins promote muscle development. Formins are best known for 

the ability to assemble actin filaments. FHOD formins play important roles in muscle 

development in different model organisms. In humans, mutations of the gene encoding an 

FHOD formin have been linked to hypertrophic cardiomyopathy (HCM) and dilated 

cardiomyopathy (DCM). FHOD formins in cell culture have been shown to promote the 

serum response factor (SRF)/myocardin-related transcription factor (MRTF) pathway 

through promoting actin assembly. Our work, using C. elegans body wall muscle (BWM) 

as a model, tests if the C. elegans FHOD homolog FHOD-1 promotes muscle growth 

through the SRF/MRTF pathway and tests FHOD-1 effects on actin assembly in vitro. 

Understanding how FHOD-1 promotes BWM growth may shed light on FHOD formins 

role in muscle development and diseases like HCM and DCM. 

Actin dynamics 

 Actin is a 42 kDa highly conserved protein that participates in many cellular 

processes [1]. Actin monomers are capable of polymerizing to generate actin filaments. 

In vitro purified actin monomers self-associate to form filaments. The initial process of 

forming an actin filament is called nucleation (Fig. 1-1 A). Nucleation is an unfavorable 

process due to the instability of actin dimers and trimers, and nucleation is further 

suppressed in vivo due to the binding of profilin to actin monomers [1]. To form an actin 

filament the association of three or four actin monomers is needed, and once formed 

allows filament elongation from both ends, depending on actin monomer concentration 

[1,2]. Actin monomers are arranged in a head-to-tail fashion in an actin filament that  
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Figure 1-1. Actin dynamics. (A) Actin is capable of spontaneous nucleation to form an 

actin filament. Actin filaments have two distinct ends, the barbed and the pointed end. 

The barbed end has faster growth/elongation than the pointed end. (B) In a pyrene actin 

assay the fluorescence increases as actin polymerization increases, due to increased 

fluorescence of pyrene-labeled actin when assembled into a filament. The first phase of a 

pyrene actin assay is the lag phase, where actin nucleation occurs and most actin is in 

monomeric form. The second phase is the growth phase, where nucleated actin filaments 

elongate. The final phase is the steady-state phase, where actin is at the critical 

concentration and actin elongation is at equilibrium. (C) Formins nucleate actin filaments 

and stay associated with the barbed end of actin during elongation. Created with 

BioRender.com.  
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gives each end of the actin filament unique properties. One end of an actin filament called 

the barbed end allows ~10 times faster association than the other end called the pointed 

end, resulting in faster growth at the barbed end of actin filaments (Fig 1-1 A) [3]. The 

critical concentration is the concentration of actin monomers where the on and off rates 

are equal, leading to no net polymerization or depolymerization of actin filaments. Due to 

differences in the association of actin monomers to each end, this yields two different 

critical concentrations of actin. The critical concentration of ATP-bound actin at the 

barbed end is 0.12 µM and the critical concentration of the pointed end is 0.6 µM [3].  

 One assay useful for the study of bulk actin polymerization is the pyrene actin 

assay. Pyrene is added to an existing cysteine on actin monomers, and pyrene-labeled 

actin monomers are capable of polymerizing with unlabeled actin monomers. 

Fluorescence of monomeric pyrene actin is about 7-10-fold less compared to pyrene actin 

incorporated into filaments [4]. The increase in fluorescence during polymerization is 

useful for studying different proteins' effects on actin polymerization. In a pyrene actin 

nucleation assay, the fluorescence curve can be split into three parts: the lag phase, 

growth phase, and steady-state phase (Fig. 1-1 B) [1]. The lag phase is the nucleation 

phase where increasing amounts of actin filaments are created and begin elongating. The 

growth phase is where nucleated actin filaments elongate. The steady-state phase is 

where free monomeric actin concentration is at the overall critical concentration and actin 

elongation has reached equilibrium, where depolymerization from the pointed end of 

actin filaments equals the amount of polymerization of the barbed end of actin filaments. 

Pyrene actin assays are useful to study the effects of actin-associated proteins on actin 

dynamics. 
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 Another technique useful for the study of actin dynamics is total internal 

reflection fluorescence (TIRF) microscopy that allows visualization of individual actin 

filaments [5]. TIRF microscopy takes advantage of the evanescent wave that penetrates 

only 100 nm into the sample [6]. The evanescent wave is generated from the total 

reflection of the laser on the other side of the coverslip. To image actin polymerization 

actin monomers are labeled with Oregon-Green (OG) to get OG-actin. Like pyrene actin, 

OG-actin is capable of polymerizing with unlabeled actin [7]. To keep actin filaments 

within the TIRF field and attach actin filaments to the coverslip, biotin actin is used on a 

streptavidin-coated coverslip [8]. Due to the strong binding between streptavidin and 

biotin, the biotin actin monomer assembles into a growing actin filament, then biotin 

binds to the streptavidin-coated coverslip and keeps the actin filaments in view. TIRF 

microscopy is useful to determine the effects of actin-associated proteins on individual 

actin filaments. 

Formin homology 1 (FH1) and FH2 domains 

Due to the unfavorable spontaneous nucleation of actin and with the nucleation of 

actin being further suppressed in vivo, actin nucleators are required to form actin 

structures. One family of actin nucleators are called formins. Initial studies in vivo in 

budding yeast showed that formins promote assembly of bundles of actin filaments called 

actin cables, and a formin construct containing the FH1 domain, FH2 domain, and C-

terminal tail promoted robust cable formation [9,10]. The discovery of the domains 

necessary for actin cable formation was quickly followed by biochemical analysis of 

formins. Initial biochemical analysis showed formins require their FH2 domain to 

promote actin filament nucleation and elongation of actin filaments [11,12]. The 
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dimerized FH2 domain of formins nucleates actin monomers by stabilizing actin dimers 

and remains associated with the barbed end of actin filaments allowing new actin 

monomers to assemble, called processive capping (Fig. 1-1 C) [13–15]. A unique 

characteristic of formins as nucleators is the association and protection of the barbed end 

from inhibitors, such as capping protein, while allowing filament elongation [11,14,16–

18]. The FH1 domain of formins is a proline-rich region containing multiple binding sites 

for profilin, and the FH1 domain promotes recruitment of profilin bound actin monomers 

to barbed ends of actin filaments (Fig. 1-2) [19–24].  

The FH2 domain of many formins relies on two specific highly conserved 

isoleucine and lysine residues to interact with actin [15,25–34]. The importance of these 

two specific conserved isoleucine and lysine residues was discovered with the budding 

yeast formin Bni1p, based on the crystal structure of Bni1p [15]. Wild-type Bni1p, which 

efficiently nucleates actin, required either isoleucine 1431 or lysine 1601 for actin 

nucleation effects, with the mutation of either residue returning pyrene actin curves to 

actin alone, instead of the strong polymerization observed in wild type [15]. Another 

formin that individually requires either isoleucine or lysine residues is the fission yeast 

Fus1p [30].  

For three formins, mouse DIA1, mouse DIA2, and human DAAM1, the 

isoleucine mutation was the only mutation tested and was critical for actin assembly, 

shown by the isoleucine mutations of these formins having polymerization curves close 

to actin alone, while at the same concentration wild-type formins showed strong actin 

polymerization [26,27]. For three formins, fission yeast Cdc12p, Drosophila FHOS, and 

mouse Delphilin, the isoleucine mutation returns actin polymerization to actin alone, but  
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Figure 1-2. Depiction of the domain structure of a generic formin. Domain map of a 

generic formin containing GTPase-binding domain (G), diaphanous inhibitory domain 

(DID), FH1 domain, FH2 domain, and diaphanous autoregulatory domain (DAD). FH2 

domain nucleates actin filaments through stabilization of actin dimers, while the FH1 

domain binds profilin bound actin to promote barbed end elongation of actin filaments. 

Autoinhibition occurs through an interaction between the DID and DAD domains, 

leading to the inhibition of actin assembly of the FH2 domain. In some formins GTPase 

binding releases DID and DAD interaction leading to activation of formin driven actin 

assembly. Created with BioRender.com.  
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the lysine residue only mildly impaired actin polymerization [30,33,34]. For mouse 

FMNL1 isoleucine mutation only slightly impaired actin polymerization activity 

compared to wild-type FMNL1 and the lysine mutation was not tested [26]. 

Mouse FMNL3 was only tested in actin elongation assays, which only examine 

barbed end elongation. Wild-type FMNL3 inhibits actin elongation to about 60% of actin 

alone, but FMNL3 containing the isoleucine mutation does not inhibit actin elongation at 

all [29], while FMNL3 with the lysine mutation inhibits actin elongation to a greater 

degree than wild type [32]. Wild-type human INF2 stimulates actin polymerization of 

actin monomers, and the isoleucine or lysine mutation only mildly impaired 

polymerization compared to wild-type INF2 [31]. However, INF2 with both the 

isoleucine and lysine mutations had actin polymerization similar to actin alone [31]. 

FMNL1γ is the only formin tested where the isoleucine and lysine double mutant had the 

same effects on actin polymerization as wild-type FMNL1γ, single mutations were not 

tested [35]. Mutations of the conserved isoleucine and lysine residues have varied effects 

on formins with some strongly inhibiting the FH2 interaction with actin, while others 

only mildly inhibiting the interaction. Despite the varied effects of the conserved 

isoleucine and lysine mutations, most of these residues when mutated altered the 

interaction of the FH2 domain with actin.  

Diversity and regulation of the formin family  

The formin family was named due to the initial hypothesis that in mice mutations 

at the limb deformity locus were caused by mutations in novel transcripts they called 

formins [36]. After further research, the mutations at the limb deformity locus were not 

caused by mutations in the formin gene. Instead, the loss of expression of gremlin caused 
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the limb deformity phenotype through deletion of an enhancer of gremlin, within the 

formin gene, but the name formins remained [37]. Animal formins fall into nine formin 

families (disheveled-associated activator of morphogenesis proteins DAAM, diaphanous 

proteins DIAPH, formin homology domain-containing proteins FHOD, formin proteins 

FMN, formin-like proteins FMNL, inverted formins INF, glutamate receptor ionotropic 

delta 2-interacting proteins GRID2IP/delphilins, multiple wing hairs-related formin 

MWHF and pleckstrin homology domain-containing formins PHCF) based on homology 

of their formin homology 2 (FH2) domains [38]. Mice have 15 formins falling into seven 

of the nine formin families. Mice contain two DAAM formins (DAAM1 and DAAM2), 

three diaphanous formins (DIA1, DIA2, and DIA3), two FHOD formins (FHOD1 and 

FHOD3), two FMN proteins (FMN1 and FMN2), three formin like proteins (FMNL1, 

FMNL2, and FMNL3), two inverted formins (INF1 and INF2) and one delphilin formin 

(DELPHILIN) [38].  

Formins are thought to exist in an autoinhibited state to control the actin 

organization in a cell. The DIAPH family of formins is the best-characterized family. As 

first shown by DIAPH family member, mDIA1, formins are thought to exist in an 

autoinhibited state due to an interaction between the N-terminal diaphanous inhibitory 

domain (DID) and the diaphanous autoregulatory domain (DAD), which inhibits actin 

assembly (Fig. 1-2) [39–47]. The inhibitory interaction between DID and DAD domains 

can be relieved by multiple mechanisms, the best understood being Rho GTPases binding 

the GTPase-binding domain of mDIA1, which partially overlaps the DID leading to steric 

inhibition of the DID and DAD interaction [39,42–47]. The mammalian formin DAAM1 

is autoinhibited by DID/DAD interaction and may be activated by the C-terminal binding   
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of disheveled [48]. Mammalian FHOD1 is autoinhibited by the interaction between the 

N- and C- termini, with the N-terminal GTPase-binding domain capable of binding 

several GTPases, but RAC1 and RAC2 localize FHOD1 to the plasma membrane but 

fails to activate mFHOD1 [49–52]. Instead, mFHOD1 DID and DAD interaction is 

broken by the phosphorylation of three residues in the DAD domain by RHO associated 

kinase ROCK, leading to activation of mFHOD1 [53]. Mammalian FHOD3 

autoinhibition is also broken by phosphorylation of three residues in the DAD domain by 

ROCK [54]. The two members of the FMN family have not been well tested for 

autoinhibition and lack canonical DID and DAD domains [55]. However, data was not 

shown but stated that N- and C- termini of FMN1 isoform four interacts and leads to 

autoinhibition [56]. Despite the lack of DID and DAD domains, the Drosophila FMN 

family member, Cappuccino, was shown to be autoinhibited by the interaction of N- and 

C-terminal regions [57]. Mammalian formin FMNL1 is autoinhibited and is activated by 

CDC42 [58]. FMNL1 family member, FMNL2, is autoinhibited by the DID and DAD 

interaction, while FMNL3 DID and DAD bind, but do not inhibit actin activity [59]. The 

regulation of the INF formin family is somewhat unknown due to some family members, 

like INF1, lacking N-terminal regulatory domains and therefore may be constitutively 

active [55], but another family member INF2 contains a DID and DAD that are 

autoinhibited, and the DID and DAD interaction is in competition with binding of actin 

monomers to the DAD [60]. The formin Delphilin lacks both a DID and DAD domain 

and is not autoinhibited [34]. Overall, formins containing DID and DAD domains are 

thought to exist in an autoinhibited state relying on other factors for activation to control 

actin filament formation.  
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Sarcomere organization 

The sarcomere, the basic unit of contraction, relies on actin filaments to function 

[61]. The sarcomere contains thin filaments, composed of actin and associated proteins, 

and the thick filament, composed of myosin motors and associated proteins. Sarcomeres 

are bookended by Z-lines, which are attachment structures for thin filaments, and are 

bisected by an M-line, where the myosin thick filaments attach (Fig. 1-3). Actin filaments 

are polar filaments that have their barbed end-capped by CapZ at the Z-line and the 

pointed end of actin filaments capped by tropomodulin [62,63]. Tropomodulin defines 

the length of thin filaments of the sarcomere [63]. The thin filaments are bound along 

their length by tropomyosin, and tropomyosin is bound by troponin complex [61]. Thick 

filaments are composed of the hexameric muscle myosin II with each of the two myosin 

heavy chain heads associated with an essential and regulatory myosin light chain. In the 

relaxed state of muscle, tropomyosin blocks myosin binding to actin filaments. During 

contraction, calcium is released and binds to troponin, displacing tropomyosin on the 

actin filament, and allowing the myosin heads of the thick filaments to pull on the actin 

filaments to generate force and contract the sarcomere.  

Muscle types 

 Mammalian muscle is divided into three types, called skeletal, cardiac, and 

smooth muscle [61]. Skeletal and cardiac muscles are termed striated muscles due to the 

high level of organization of sarcomeres resulting in a striated appearance. Smooth 

muscle differs from striated muscle in the organization of contractile components, 

regulation of myosin, and the ratio of thin and thick filaments [61]. Skeletal and cardiac 

muscles have distinct differences [61]. Contraction can be fast or slow in skeletal muscle,  
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Figure 1-3. Sarcomere organization. A sarcomere is the basic contractile unit of 

muscle. A sarcomere has two Z-lines, one on each end, and is bisected by an M-line. The 

Z-line is an attachment structure for thin filaments, composed of actin and associated 

proteins. The M-line is an attachment site for thick filaments, composed of myosin and 

associated proteins. The barbed ends of actin filaments are attached to the Z-line, while 

the pointed ends reach for the M-line. Created with BioRender.com.  
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but cardiac muscle contraction is only slow. Skeletal muscle contraction is activated by 

the release of calcium from only the sarcoplasmic reticulum, while cardiac muscle 

contraction is activated by the release of calcium from both the sarcoplasmic reticulum 

and extracellular stores. Skeletal muscle cells are huge multinucleated cells with 

contraction regulated by the somatic nervous system, while cardiac muscle cells are 

smaller branched cells with 1-3 nuclei per cell and with contraction regulated by the 

autonomic nervous system. Another contraction difference is due to the presence of gap 

junctions in cardiac muscle cells, which allow propagation of the contraction signal to 

neighboring cells to coordinate contraction, while skeletal muscle lacks gap junctions and 

contract based on nerve conduction only. Despite these differences, skeletal and cardiac 

muscles have many similar components, organization, and regulation of contraction. 

Cardiac hypertrophy 

 Cardiac muscle hypertrophy is an important mechanism for maintaining cardiac 

function in response to various demands, but when hypertrophy becomes unregulated, 

hypertrophy can lead to disease. Cardiac hypertrophy can be classified as physiological 

or pathological [64]. Physiological hypertrophy is normal growth during development, 

pregnancy, or as a result of exercise. Physiological hypertrophy is reversible, does not 

result in heart failure, fibrosis, or cardiomyocyte death, and fetal gene expression is 

unchanged or decreased. Conversely, pathological hypertrophy is caused by pressure 

overload, volume overload, myocardial hypoxia, or inherited diseases like HCM. 

Pathological hypertrophy results in heart failure, fibrosis, cardiomyocyte death, 

maladaptive remodeling, and increased fetal gene expression.  
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Many signaling pathways are involved in physiological and pathological 

hypertrophy. One pathological hypertrophy signaling pathway is induced by angiotensin 

II. Angiotensin II induces a hypertrophic effect with an increase in protein expression and 

induction of fetal gene expression, like atrial natriuretic factor and skeletal α actin [65]. 

Angiotensin II is involved in many signaling pathways, such as mitogen-activated protein 

kinases, Janus kinase/signal transducer and activator of transcription, and insulin receptor 

signaling pathways [66]. One particular pathway of interest is the RHOA and RHO 

associated kinase (ROCK) pathway. RHOA and ROCK have been reported to be 

downstream of angiotensin II, with inhibition of RHOA or ROCK suppressing 

angiotensin II-induced cardiac hypertrophy [67–69]. Despite the knowledge of many 

signaling pathways' roles and interplay in cardiac hypertrophy, there are still unknowns 

about many mechanisms of cardiac hypertrophy. 

Hypertrophic and dilated cardiomyopathies 

 Muscle growth regulation is crucial for a functional muscle system. Abnormal 

muscle growth of the left ventricle is related to HCM and DCM. HCM is the leading 

cause of sudden cardiac-related death in young competitive athletes, where the left 

ventricle of the heart has hypertrophied [70]. DCM is characterized by an increase in 

ventricle chamber size and commonly with thinning of the ventricle wall [71]. Both 

diseases are prevalent in the general population with HCM occurring in ~1 in 500 

individuals and DCM occurs in ~1 in 2500 individuals [71].  

 HCM is characterized by an increased left ventricular wall thickness, increased 

contractility, and hindered relaxation [72]. At the cellular level, HCM associated gene 

variants lead to increased ATPase activity, calcium sensitivity, and decreased portion of 
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myosin in a super-relaxed state [72]. These cellular effects lead to changes in heart 

morphology and activity, such as asymmetric hypertrophy, increased contraction, 

impaired relaxation, decreased chamber volume, and fibrosis [72]. HCM is normally 

diagnosed by the increased left ventricular wall thickness of ≥ 1.5 cm in adults, but 

individuals with at-risk relatives have a threshold of ≥ 1.3 cm [72]. Sadly, diagnosis of 

HCM often occurs only after sudden cardiac-related death, with individuals previously 

being asymptomatic [70], increasing the importance of understanding genetic 

contributors to HCM to help improve diagnosis and treatment before catastrophic events 

occur. There have been over 2000 mutations of sarcomere components identified in 

HCM. The most common mutations in HCM occur in genes encoding β myosin heavy 

chain and myosin-binding protein C [73].  The risk of sudden cardiac-related death in 

HCM increases with increased left ventricular wall hypertrophy [73]. Recent medical 

advances have decreased the risk of sudden cardiac-related death with the use of 

implantable cardioverter-defibrillators [73]. However, not identifying high-risk patients 

leaves them at risk for sudden death without implantable cardioverter-defibrillators [73].  

DCM is characterized by decreased contraction and dilation of the left ventricle of 

the heart [72]. DCM has decreased ATPase activity and calcium sensitivity, opposite of 

HCM [72]. DCM causes dilation of the left ventricle of the heart with increased chamber 

volume and decreased contraction [72]. Complicating matters for both HCM and DCM, 

individuals with the same disease-associated gene variant can have different clinical 

outcomes [74]. Therefore, it is important not only to identify factors but to determine the 

mechanism of individual factors and how these factors interplay in HCM and DCM to 

accurately predict clinical outcomes.   
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Serum response factor’s role in muscle growth regulation 

 A ubiquitous transcription factor called SRF aids in muscle differentiation and is 

thought to play a role in HCM and DCM. SRF is a member of the minichromosome 

maintenance 1, agamous, deficiens, serum response factor (MADS) box family of 

transcription factors [75]. As a dimer, SRF recognizes the CC[A/T]6GG motif called a 

CArG box needed for activation of transcription [76–78]. In mice, cardiac-specific 

overexpression of SRF, driven by an α myosin heavy chain promoter leads to cardiac 

hypertrophy and fibrosis [79]. In mice a β myosin heavy chain driven CRE leads to early 

cardiac-specific inactivation of SRF, through a floxed exon 2 in SRF resulting in CRE 

driven deletion of most of the MADS-box, resulting in lethal cardiac defects in utero 

[80], while cardiac-specific inactivation of SRF generated in adult mice, by tamoxifen-

induced α myosin heavy chain driven CRE of the same floxed exon 2 of SRF, leads to 

DCM followed by death within 10 weeks [81]. Despite these data in mice, no human 

variants have been linked to DCM or HCM. However, two dominant-negative SRF gene 

products, one being a splice isoform and the other being a caspase 3-cleavage product of 

SRF, are found in failing human hearts [82,83]. Altogether these data suggest a possible 

role for SRF in cardiac disease. 

 SRF by itself is a weak transcriptional activator that relies on over 60 cofactors to 

transcribe different gene programs [75]. One pathway that relies on SRF for activation of 

gene programs is growth factor stimulation leading to phosphorylation of the SRF 

cofactor ELK1 and increased transcription of growth-related genes. Another SRF 

pathway is dependent on changes in actin dynamics leading to transcription of a muscle 

gene program. In cells with high actin monomer concentration in the cytoplasm, the SRF 
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cofactor myocardin-related transcription factor-A (MRTF-A) is bound by actin 

monomers and is sequestered in the cytoplasm (Fig. 1-4) [84–88]. Increased actin 

polymerization decreases the monomeric actin pool leading to the release of actin 

monomers from MRTF-A, which allows MRTF-A to enter the nucleus and increase 

transcription of SRF-dependent muscle genes (Fig. 1-4) [84]. Both ELK1 and MRTF-A 

compete for a common interface with SRF allowing for competition between the 

pathways. Our work will be focusing on the SRF/MRTF pathway.  

 Myocardin is the founding member of the myocardin-related transcription factor 

family. Myocardin is a strong activating cofactor of SRF that directs smooth and cardiac 

muscle gene expression [89,90]. Unlike MRTF-A, myocardin is not transported between 

nucleus and cytoplasm due to divergence in the RPEL domain, required to bind 

monomeric actin, and therefore remains constitutively nuclear [87,89,91]. MRTF-A and 

MRTF-B have been shown to be strong activating cofactors of SRF and shown to 

undergo shuttling between nucleus and cytoplasm in response to serum stimulation, 

suggesting possibly both respond to actin monomer concentration [91,92]. Myocardin is 

highly and selectively expressed in the heart and smooth muscle cells, whereas MRTF-A 

and MRTF-B are more widely expressed, with both expressed in the heart [89,92]. Global 

knockout in mice of myocardin led to defects in vascular smooth muscle differentiation 

[93]. However, cardiac-specific knockout in mice of myocardin show signs of DCM 

followed by heart failure within a year [94]. A follow-up study showed knockout of 

myocardin globally in mice were not viable after embryonic day 10.5 due to heart failure 

[96]. Differences between studies may be due to differences in mouse strains or the 

mutation causing the null allele. The mutation used by the first group targeted exon 8 and 
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Figure 1-4. Depiction of the SRF/MRTF pathway. Top depicts a cell with low actin 

polymerization in the cytoplasm, with high actin monomer concentration. MRTF is 

sequestered in the cytoplasm by binding of up to five actin monomers [95], leading to 

decreased SRF-dependent muscle gene transcription. Bottom depicts a cell with high 

actin polymerization in the cytoplasm. MRTF is no longer bound to actin monomers and 

is shuttled into the nucleus where SRF/MRTF binds to increase SRF-dependent muscle 

gene transcription. Created with BioRender.com.  
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9, while studies that reported cardiac defects targeted only exon 8 causing a frameshift 

and led to a truncation of myocardin protein [93,94,96]. Mice lacking MRTF-A are viable 

with only defects reported in the differentiation of myoepithelial cells during lactation, 

and mice lacking MRTF-B are embryonically lethal between embryonic day 13.5-14.5 

due to vascular defects [97–99]. While individually MRTF-A and MRTF-B are not 

required for cardiac development and function, loss of MRTF-A with conditional cardiac-

specific inactivation of MRTF-B led to a range of cardiac and sarcomere organization 

defects, suggesting a partially redundant role for MRTF-A and MRTF-B [100]. 

Altogether the SRF/MRTF pathway appears to be functional in cardiac muscle and may 

play a role in HCM and DCM. 

Mammalian FHOD formins 

One formin shown to activate the SRF/MRTF pathway and is associated with 

DCM and HCM is mammalian FHOD3, one of two members of the FHOD family of 

formins [101–107]. The first studies showed mFHOD3 localized to the sarcomere of 

neonatal rat cardiomyocytes and knockdown of mFHOD3 led to disrupted sarcomere 

formation [28,108]. Further evidence of mFHOD3’s role in the heart, a mouse knockout 

of fhod3 leads to death at embryonic day 11.5 due to heart failure, with myofibrils, a 

tandem arrangement of sarcomeres in a muscle cell, failing to mature [61,109]. mFHOD3 

knockout also has exencephaly, however rescuing mFHOD3 in the heart leads to a well-

developed heart, similar to wild type, and embryos survive past embryonic day 11.5, 

supporting the cause of death in fhod3 knockout is due to cardiac defects [109]. 

mFHOD3 has been shown to be required for sarcomere assembly from muscle-specific 

stress fibers in cardiomyocytes [110]. mFHOD3 localization has been somewhat 
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controversial with two groups showing mFHOD3 localizes to the Z-lines [108,111], with 

another lab showing mFHOD3 localizes to the region of overlap between thin and thick 

filaments [112,113]. Follow-up studies have shown mFHOD3 localizes to the overlap of 

thin and thick filaments in the sarcomere of cardiomyocytes [110,114,115].  

Cardiac muscle-specific mFHOD3 containing T(D/E)5XE domain located in the 

C-terminus of the FH2 domain is phosphorylated by casein kinase 2 allowing mFHOD3 

to promote sarcomere assembly, however, mFHOD3 lacking T(D/E)5XE domain allows 

binding by p62/sequestosome 1 and is trafficked to autophagosome [108]. mFHOD3 has 

been shown to be localized to the overlap of thin and thick filaments of the sarcomere, 

called C-zone, through an interaction between the N-terminus of mFHOD3 and the N-

terminus of cardiac myosin binding protein C [115]. mFHOD3 localization to the C-zone 

was shown to not require mFHOD3 interaction with actin by continuing to localize even 

when mFHOD3 contained conserved actin-binding isoleucine and lysine mutations [115]. 

Overexpression of mFHOD3 in mice that lacked cardiac myosin binding protein C led to 

death by 16 days old and have disorganized thick filaments, which neither occurred in 

cardiac myosin binding protein C null or overexpression of mFHOD3 alone [115].  

mFHOD3 mutations have been found to be genetic causes of HCM and a few 

variants of mFHOD3 have been associated with DCM [101–107]. More evidence that 

mFHOD3 plays a role in muscle growth regulation is overexpression of constitutively 

active mFHOD3, by mimicking ROCK-dependent phosphorylation of the DAD domain 

by mutation of phosphorylated residues to aspartic acid, increase cell surface area in 

neonatal rat cardiomyocytes [69]. Angiotensin II-induced hypertrophy was shown to be 

increased by overexpression of wild type mFHOD3, and angiotensin II-induced 
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hypertrophy was inhibited by overexpression of a constitutively inactive mFHOD3, by 

mutation of the ROCK phosphorylated residues in the DAD domain to alanine, in 

neonatal rat cardiomyocytes [69]. Altogether these data suggest a role of mFHOD3 in the 

muscle growth of cardiomyocytes. 

While mFHOD3 has been demonstrated to have major roles in muscle 

development, mFHOD1’s role in cardiac muscle is more controversial. mFHOD1 is the 

most abundantly expressed formin in human cells and tissues [116]. mFHOD1 has been 

shown to assemble stress fibers in cells to aid in cell adhesion and migration [50,53,117–

121]. In addition to being able to bind actin through mFHOD1’s FH2 domain, mFHOD1 

has an additional actin-binding site in the N-terminus of mFHOD1, and the additional 

actin-binding site is needed for actin bundling [122,123]. Due to mFHOD1’s role in 

migration, mFHOD1 has been studied in association with cancer. Knockdown of 

mFHOD1 in cultured squamous cell carcinoma, breast cancer, and melanoma cells led to 

reduced migration and invasion [118,120,124,125]. However, mFHOD1’s role in cancer 

is undefined.  

Like most formins, activated mFHOD1 has been shown to induce the SRF/MRTF 

pathway [126]. RNAi treatment against mFHOD1 in smooth muscle cells has been 

shown to decrease smooth muscle myosin heavy chain protein expression and inhibits 

induction of the SRF/MRTF pathway [126]. There has been controversy around 

mFHOD1 expression in the heart. mFHOD1 was shown in two publications to be 

expressed in the adult heart [127,128], while two other labs have shown no to a little 

expression of mFHOD1 in the heart [126,129]. mFHOD1 knock out by replacing exon 
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one with LacZ showed mFHOD1 is dispensable for cardiac development in mice [129]. 

This limits the relevance of mFHOD1 in the heart. 

FHOD formins biochemical activities with actin 

FHOD formins are less biochemically characterized than some of their formin 

counterparts. Mammalian FHOD1 full-length protein, mFHOD1 constructs lacking 

regions N-terminal to FH1 domain or C-terminal to FH2 domain have been shown to 

inhibit skeletal muscle actin polymerization distinct from most formins characterized 

[123]. Single-particle electron microscopy showed mFHOD1 in a torus shape, suggesting 

dimerization of the FH2 domain as seen in other formins [123]. TIRF microscopy showed 

mFHOD1 is capable of nucleation and capping actin filaments [123]. mFHOD1 lacking 

domains C-terminal to the FH2 domain inhibits skeletal muscle actin polymerization 

from seeds alone or with profilin, showing unlike fission yeast formin Cdc12p [16], 

capping is not released by profilin [123]. Consistent with other formins activity FHOD1 

inhibits depolymerization of actin filaments. mFHOD1 was shown to bundle actin 

filaments but needs the full-length protein to effectively bundle skeletal muscle actin 

filaments. All studies above used skeletal muscle actin, but recent data has shown 

mFHOD1 promotes cytoplasmic actin polymerization and the conserved actin-binding 

isoleucine mutation returned polymerization to near actin alone but inhibits skeletal 

muscle actin polymerization [33]. The wide expression of mFHOD1 in muscle and non-

muscle cell types may explain the preference of mFHOD1 for assembling cytoplasmic 

actin. 

Mammalian FHOD3 biochemical analysis with actin is quite limited. mFHOD3 

lacking domains N-terminal to FH1 domain inhibits skeletal muscle actin polymerization 
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alone or with profilin, and mFHOD3 inhibits actin elongation from actin seeds [28]. 

mFHOD3 inhibition of actin assembly is relieved by a mutation of the conserved 

isoleucine residue in the FH2 domain [28]. mFHOD3 only having this limited 

characterization leaves us to wonder what mFHOD3 does to inhibit actin polymerization 

in vitro. In vivo mFHOD3 appears to be crucial to promoting sarcomere assembly, but in 

vitro mFHOD3 appears to inhibit skeletal muscle actin polymerization. 

A FHOD formin homolog in Drosophila called fhos plays a major role in muscle 

development [130]. Drosophila fhos has been shown to be required for indirect flight 

muscle development, with loss of FHOS resulting in disorganized sarcomere structure 

[130]. Different from mammalian formins, FHOS is capable of promoting actin assembly 

of both cytoplasmic and muscle actin [33]. Drosophila FHOS inhibits barbed end 

elongation, protects barbed end from depolymerization and from capping protein, and 

bundles through side binding actin filaments [33]. Altogether Drosophila fhos is similar 

to mammalian FHOD3 in its requirement for muscle development. However, fhos has 

been shown to have different effects on rabbit muscle actin compared to mammalian 

formins.  

C. elegans, a model to understand FHOD’s role in muscle growth 

To study the contribution of a formin and SRF/MRTF pathway to muscle, we 

examined C. elegans as a model. Advantages to using C. elegans are their transparent 

body for easy microscopy in vivo, ease of maintaining clonal populations, and ease of 

genetic manipulation. C. elegans has six formins, but only one FHOD formin, FHOD-1, 

and loss of FHOD-1 is not lethal [131]. To determine the effects of formins on muscle 

development, we focus on the C. elegans BWM, the largest striated muscle group in the 



24 
 

worm. C. elegans BWM is a powerful system to study cardiac muscle function, with 

many homologous proteins with homologous functions to the mammalian heart [132]. 

Each C. elegans worm has 95 striated BWM cells that are split into 4 quadrants of BWM 

running from head to tail of the worm [133,134]. Despite many homologous proteins 

with homologous functions between humans and C. elegans, there are differences in the 

organization of muscle [132]. One major difference is the organization of sarcomeres. 

The striated muscle in humans has a cross-striated pattern of sarcomeres, while C. 

elegans BWM sarcomeres are organized in an oblique striation, forming a six-degree 

angle to the longitudinal axis of the BWM, with only one sarcomere in depth (Fig. 1-5 A) 

[133,135]. In C. elegans sarcomeres are bookended by dense bodies, Z-line analogous 

structures, and bisected by the M-line, with dense bodies and M-line anchoring 

sarcomeres to the hypodermis [133,134].  

FHOD-1 is expressed in BWMs, pharyngeal, uterine, and vulval muscles [131]. 

FHOD-1 has been shown to localize near dense bodies [131]. To analyze C. elegans 

FHOD-1 in vivo, worms with a deletion early in the FH2 domain of fhod-1, called fhod-

1(tm2363), causes a frameshift in the remainder of the gene and is a predicted null for 

actin interaction [131]. Worms containing fhod-1(tm2363) are viable and have a decrease 

in BWM muscle width, BWM cell width, and striation number, suggesting FHOD-1 

dependent BWM growth is through sarcomere formation in individual BWM cells [131].  

In fhod-1(tm2363) worms, dense bodies lack the normal single electron-dense 

projection from the cell membrane toward the cell body seen in wild-type worms (Fig. 1- 

5 B). Instead, fhod-1(tm2363) worms have disorganized dense bodies, with dense bodies 

having a “shredded” appearance (Fig. 1-5 B) [136]. Fhod-1(tm2363) worms have a 
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Figure 1-5. Differences in vertebrate striated muscle and C. elegans BWM. (A) The 

top depicts an individual vertebrate striated muscle cell where sarcomeres are organized 

into linked myofibrils with cellular organelles between different myofibrils, while the 

bottom depicts a C. elegans BWM cell with the sarcomeres attached to the top surface of 

the cell and organelles positioned below. In y/z sections, sarcomeres are organized 

similarly in both vertebrate and C. elegans muscle with Z-lines attached to thin filaments 

defining individual sarcomeres, M-lines attached to thick filaments bisecting sarcomeres, 

A-bands containing thick filaments, and I-bands lacking thick filaments. Differences are 

apparent in both x/z and x/y sections. In x/z sections, the vertebrate sarcomeres are in 

register with the cross striated pattern similar to y/z sections, while in C. elegans BWM 

sarcomeres are shifted resulting in oblique striations. In x/y sections, the vertebrate 

muscle cells are cut all at the same position, while in C. elegans BWM due to the oblique 

striations results in a view of various sections of neighboring sarcomeres. Figure adapted 

from [136]. (B) The appearance of dense bodies in C. elegans BWM by transmission 

electron microscopy. Wild-type animals have dense bodies that appear as a single 

electron-dense projection, while dense bodies in fhod-1(Δ) animals have a shredded 

appearance. Images are from [136]. 
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decreased expression of a muscle-specific myosin II heavy chain, myo-3 [136]. MYO-3 

localizes to the middle region of the thick filament and has been shown to be required for 

initiation of assembly of the thick filament in C. elegans [137,138]. Recently, C. elegans 

FHOD-1 has been shown to be the only formin that has a cell-autonomous effect on 

BWM and dense body organization, with the mosaic expression of FHOD-1 able to 

rescue both BWM growth and dense body defects, whereas cells lacking FHOD-1 

expression were not rescued [139]. Fhod-1(tm2363) worms have a smaller brood size 

presumably due to having small vulval muscles, leading to a decreased egg-laying 

capacity and may indirectly lead to an inhibition of fertilization of new eggs [131,140].  

The only other reported effect of FHOD-1 on C. elegans is FHOD-1’s role in 

body elongation in embryogenesis [141,142]. In early embryonic body elongation, 

FHOD-1 operates in a genetic pathway with ROCK homolog, LET-502, and the 

regulatory subunit of myosin phosphatase, MEL-11 [141]. During development, the actin 

cytoskeleton of the lateral epidermal cells is a meshwork that over time forms parallel 

actin bundles [141]. In fhod-1(tm2363) there is a disruption of the actin cytoskeleton with 

fewer cells forming parallel bundles but still containing the actin meshwork [141]. The 

fhod-1 gene encodes two isoforms, a long isoform containing a predicted coiled-coil 

region just N-terminal to the FH1 domain and a short isoform lacking this region [142]. 

Knockout of the long isoform fhod-1 was created by inserting a stop codon into the exon 

coding for the coiled-coil region. Knockout of the long isoform of fhod-1 led to the 

discovery that the short isoform is primarily responsible for elongation effects, while the 

long isoform is required for BWM growth [142]. No studies to date have characterized 

FHOD-1 biochemical activities with actin.  
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Despite all these data, how FHOD formins promote muscle growth is unknown. 

One pathway possibly contributing to muscle growth is the SRF/MRTF pathway which 

may aid mammalian FHOD3 and C. elegans FHOD-1 to promote sarcomere assembly. 

However, we do not have any evidence of the SRF/MRTF pathway and FHOD formins 

working together in vivo. Despite seeing knockdown of mFHOD1 in muscle cells 

showing decreased muscle protein expression, neither mFHOD1 nor mFHOD3 has been 

shown to act through SRF/MRTF pathway to promote muscle growth. Most FHOD 

formins appear to be important for muscle development with mFHOD3, Drosophila 

FHOS, and C. elegans FHOD-1 promoting muscle growth, despite mFHOD3 and 

Drosophila FHOS having opposing effects on actin assembly with muscle actin in vitro.  

Dissertation overview  

The goal of my dissertation is to better understand how FHOD formins promote 

muscle growth. FHOD formins from different species have been shown to be necessary 

for muscle development. In this work, we focus on the role of FHOD-1 in the C. elegans 

BWM. In Chapter 2, we investigate the regulation of MYO-3 to determine if FHOD-1 

promotes muscle gene expression through SRF/UNC-120 to promote muscle growth. In 

Chapter 3, we begin to characterize FHOD-1’s effects on actin dynamics. In Chapter 4, I 

present possible models for how FHOD-1 may promote BWM growth. Appendix 1 

begins to characterize an inverted formin, EXC-6, effects on actin dynamics. Appendix 2 

explains constructs made and proposes a scheme for inserting FH2 mutations into fhod-1 

through CRISPR/Cas9. Appendix 3 reports the primers and plasmids made during this 

work. 
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Abstract 

Previous work with cultured cells has shown transcription of muscle genes by 

serum response factor (SRF) can be stimulated by actin polymerization driven by proteins 

of the formin family. However, it is not clear if endogenous formins similarly promote 

SRF-dependent transcription during muscle development in vivo. We tested whether 

formin activity promotes SRF-dependent transcription in striated muscle in the simple 

animal model, Caenorhabditis elegans. Our lab has shown FHOD-1 is the only formin 

that directly promotes sarcomere formation in the worm's striated muscle. We show here 

FHOD-1 and SRF homolog UNC-120 both support muscle growth and also muscle 

myosin II heavy chain A expression. However, while a hypomorphic unc-120 allele 

blunts the expression of a set of striated muscle genes, these genes are largely 

upregulated or unchanged by the absence of FHOD-1. Instead, pharmacological 

inhibition of the proteasome restores myosin protein levels in worms lacking FHOD-1, 

suggesting elevated proteolysis accounts for their myosin deficit. Interestingly, 

proteasome inhibition does not restore normal muscle growth to fhod-1(Δ) mutants, 

suggesting formin contributes to muscle growth by some alternative mechanism. Overall, 

we find SRF does not depend on formin to promote muscle gene transcription in a simple 

in vivo system.   
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Introduction  

Dilated and hypertrophic cardiomyopathies, the pathological thinning or 

thickening of the ventricle wall of the heart, respectively, correlate with a dysregulation 

of cardiac muscle growth [1]. Dilated cardiomyopathy (DCM) occurs in ~1 in 2500 

individuals, while hypertrophic cardiomyopathy (HCM) occurs in ~1 in 500 individuals 

[1]. Significantly, in the United States, HCM is the leading cause of sudden cardiac-

related death of young competitive athletes [2]. Many of the genetic causes of DCM and 

HCM have been linked to mutations in components of the sarcomere [1].  

The sarcomere is the basic unit of contraction in muscle cells. Thick filaments are 

the contractile component of the sarcomere, whose myosin motors pull on thin filaments 

composed of actin and associated proteins. In vertebrate striated muscle, thin filaments 

are in turn attached to Z-discs that define the ends of the sarcomere. Two well-studied 

examples of genetic causes of DCM and HCM are mutations in β cardiac myosin heavy 

chain (MHC) (encoded by MYH7) of the thick filament, and cardiac troponin I (encoded 

by TNNI3) of the thin filament [1].  Another sarcomeric component of cardiac muscle is 

formin homology-2 domain containing 3 (FHOD3) [3–5], a member of the formin family 

of proteins. Mutations in the FHOD3 gene have recently been shown to be a genetic 

cause of HCM, while other mutations have been associated with DCM [6–12].  

Formins in general are actin nucleation factors that have the unique ability to also 

act as "leaky" or "processive" caps that protect the growing barbed end of actin filaments 

from inhibitors [13–18]. Many formins, including FHOD3, exist in an autoinhibited state 

where intramolecular interactions inhibit activity, and are activated by regulated 

disruption of these intramolecular interactions [19]. Several lines of evidence 
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demonstrate FHOD3 plays a fundamental role in sarcomere organization in cardiac 

muscle. In cultured neonatal rat cardiomyocytes, loss of FHOD3 leads to disrupted 

sarcomere formation, while expression of mutationally hyperactivated FHOD3 leads to 

an increase in cell surface area [3,4,20]. In mice, knock out of the FHOD3 gene leads to 

death from heart failure by embryonic day 11.5 with the appearance of immature 

sarcomere-containing premyofibrils/stress fiber-like structures with immature Z-lines that 

fail to mature into myofibrils [21]. In contrast to the full knockout or knockdowns of 

FHOD3 in mouse or cultured cell studies, most identified human variants of FHOD3 

related to HCM or DCM are missense mutations [6–12].  

Interestingly, formins in general and FHOD3 in particular have been implicated in 

the proper function of serum response factor (SRF), another protein thought to be 

involved in DCM and HCM. Rather than being a sarcomere component, SRF is a 

ubiquitous transcription factor [22]. Cardiac-specific inactivation of SRF using β MHC-

driven CRE in mice, leads to lethal cardiac defects in utero [23], and cardiac-specific 

SRF inactivation induced during adulthood in mice leads to DCM and death within 10 

weeks, whereas forced overexpression of SRF in mouse heart leads to cardiac 

hypertrophy [24,25]. Human variants in the SRF gene have not been directly linked to 

DCM or HCM, but dominant-negative splice isoforms and caspase 3-cleavage products 

of SRF are expressed in failing human hearts [26,27]. These data collectively suggest 

alteration of SRF activity may be involved in heart disease. 

Alone, SRF is a weak transcriptional activator that relies on over 60 cofactors to 

alter its transcriptional activity in different contexts [28]. Myocardin, the founding 

member of the myocardin-related transcription factor (MRTF) family, is a strong 
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activating cofactor primarily expressed in the cardiovascular system [22]. Myocardin 

causes SRF to selectively transcribe smooth muscle- and cardiac muscle-specific genes, 

such as those encoding smooth muscle MHC and cardiac-specific α and β MHCs [29,30]. 

Related family members MRTF-A and MRTF-B are also strong activating cofactors of 

SRF [31], but while myocardin is constitutively nuclear, MRTF-A and MRTF-B 

subcellular distributions are regulated by the actin monomer concentration in the cell. 

That is, actin monomers sequester MRTF-A and MRTF-B in the cytoplasm, whereas 

actin polymerization will reduce monomer concentration and release MRTFs to enter the 

nucleus and bind SRF to drive smooth muscle gene transcription [32].  

As proteins that promote actin polymerization, mammalian formins, including 

FHOD3, have been shown to drive MRTF-dependent transcription of SRF-dependent 

luciferase reporter constructs, particularly when the formins are expressed as activated 

constructs [33–38]. Interestingly, FHOD3 Y1249N, a human FHOD3 variant identified 

in DCM patients, has a reduced ability to stimulate SRF activity, suggesting FHOD3 

Y1249N is only partially functional [6]. While these data leave open the possibility that 

FHOD3 and SRF/MRTF work through the same pathway to affect the progression of 

DCM and HCM, it remains to be demonstrated whether formins activate the SRF/MRTF 

pathway during muscle cell development in vivo. 

The genetically tractable roundworm Caenorhabditis elegans provides a simple in 

vivo model to test whether SRF and formins coordinate in striated muscle development. 

The largest muscle group in the worm, the striated body wall muscle (BWM), has long 

been a model for cardiac and skeletal muscle function, with many homologous sarcomere 

and other muscle proteins, including homologs for SRF (worm UNC-120) and FHOD3 
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(worm FHOD-1) [39]. Worm FHOD-1 is expressed in all muscle types and is the only 

formin that promotes BWM growth in a cell-autonomous manner [40,41]. One advantage 

to the use of C. elegans as a model system is that absence of FHOD-1 is not lethal, unlike 

the loss of FHOD3 in mice, allowing investigation of the effects of FHOD-1 loss on 

striated muscle at later stages of development. A deletion in the actin-binding formin 

homology-2 (FH2) domain coding region of the fhod-1 gene results in slow BWM 

growth due to fewer sarcomeres being assembled per BWM cell [40]. These worms 

lacking functional FHOD-1 also have a disrupted organization of dense bodies [42], 

which serve as the primary sarcomere Z-line structures that anchor thin filaments in 

BWM. Of significance to this study, fhod-1 mutant worms also have a decreased 

expression of a muscle-specific MHC (MYO-3) [42], as might also be expected if 

FHOD-1 drives SRF activity toward transcription of BWM genes, similar to its 

counterpart in mammalian cultured cell systems.  

The worm SRF-coding gene, unc-120, was discovered in a forward genetic screen 

for mutations that cause uncoordinated movement in C. elegans [43]. UNC-120 is 

expressed in muscle cells, and its overexpression in embryonic blastomeres is sufficient 

to convert cells to a BWM-like cell fate, based on their novel expression of muscle-

specific MYO-3 [44]. Similar BWM-enriched embryos, created by RNAi-based 

knockdown of mex-3, skn-1, and elt-1, had increased expression of 2058 putative muscle 

genes, 40% of which depended on the presence of unc-120 [45]. Worms bearing a 

deletion allele of unc-120 eliminating its start codon and most of the sequences encoding 

DNA-binding and dimerization domains, appear normal early in their first larval (L1) 

stage, but experience progressive paralysis thereafter, with death by early L2 stage [44]. 
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However, worms bearing a temperature-sensitive unc-120(st364) mutation are viable 

when maintained at semi-permissive temperature, but interestingly have narrow muscle 

cells that superficially appear similar to those of worms lacking FHOD-1 [44]. Based on 

these results, UNC-120 is thought to be a muscle-specific transcription factor, in contrast 

to mammalian SRF, which functions in multiple pathways. 

In this paper, we examine whether FHOD-1/formin promotes UNC-120/SRF 

transcriptional activity to promote in vivo muscle cell growth and MYO-3 expression in 

C. elegans. 

 

Materials and Methods 

Worm strains and growth conditions 

Worms were maintained on nematode growth medium (NGM) plates with OP50-

1 bacterial lawns for food, and were handled using standard laboratory procedures for C. 

elegans [43]. Worms were grown at 20˚C, or at 15˚C for experiments using temperature-

sensitive animals. Wild-type strain N2 and temperature-sensitive strain RW364 [unc-

120(st364) I] [46] were obtained from the Caenorhabditis Genetics Center (University of 

Minnesota, Minneapolis, MN). XA8001 [fhod-1(tm2363) I] and DWP10 [fhod-1(tm2363) 

I; qals8001[unc-119(+) fhod-1::gfp] ] were previously described [40]. Age-synchronized 

populations were obtained by one of two methods. For most experiments, gravid adults 

were allowed to lay eggs on OP50-1/NGM plates 4 hours before adults were removed, 

resulting in semi-synchronized progeny. To collect larger numbers of age-synchronized 

worms for mRNA sequencing, embryos were collected by washing gravid adults from 
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OP50-1/NGM plates and treating them 25 min on ice with alkaline bleach to release 

embryos, which were washed in M9 medium [47] and plated onto OP50-1/NGM plates. 

Fluorescence microscopy 

Worms were stained for filamentous actin (F-actin) for fluorescence microscopy, 

as previously described [40]. Briefly, animals were suspended in M9 and fixed by 

addition of equal volume phalloidin mix (160 mM KCl, 40 mM NaCl, 1 mM EGTA, 30 

mM NaPIPES, pH 7.3, 100 mM spermidine-HCl, 1:125 Alexa Fluor 568-phalloidin; 

ThermoFisher Scientific, Waltham, MA), and 0.1 volume 20% formaldehyde, and 

subjected to three rapid freezes in liquid nitrogen and thaws in 65˚C water bath until near 

completion. After the final thaw, worms were incubated 1 hour on ice for fixation, 

washed twice 1 min with Tris-Triton (100 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1% 

Triton X-100), and once 15 min with PBST-B (PBS, 1 mM EDTA, 5 mM NaN3, 0.5% 

Triton X-100, 0.1% BSA). Fixed animals were mixed overnight at room temperature in 

PBST-B/1:250 Alexa Fluor 568-phalloidin, washed twice 25 min with PBST-B, once 25 

min with 1 μg/mL 4’,6-diamidino-2-phenylindole in PBST-B, and once 25 min with 

PBST-B before mounting.  

Immunostain of worms for fluorescence microscopy was modified from 

previously described [48]. Monoclonal antibody 5-6 (anti-MYO3) generated by H.F. 

Epstein (Baylor College of Medicine, Houston, TX) was obtained through the 

Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA), and 

secondary antibody Texas red-conjugated goat anti-mouse was commercially obtained 

(Rockland Immunochemicals, Limerick, PA). 50 μL packed worms were suspended in 

M9, chilled 5 min on ice, resuspended in 1 mL (80 mM KCl, 20 mM NaCl, 10 mM 
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EGTA, 15 mM Na PIPES, pH 7.4, 75% methanol) plus 25 μL 20% formaldehyde, and 

immediately frozen in liquid nitrogen. Samples were subjected to five rapid freezes with 

liquid nitrogen and thaws in 65˚C water bath until near completion, after which samples 

were fixed 30 min on ice. Fixed worms were washed/incubated twice 1 min with Tris-

Triton, 2 hours with Tris-Triton/1% β-mercaptoethanol, 1 min with BB (25 mM H3BO3, 

2.5 mM NaOH, pH > 9.5), 20 min with BB/10 mM dithiothreitol, 1 min with BB, 20 min 

with BB/0.3% H2O2, 1 min with BB, and 15 min with PBST-B. Samples were incubated 

overnight with 5-6 diluted 1:104 in PBST-A (PBST-B with 1% BSA), washed three times 

25 min with PBST-B, incubated 4 hours with secondary antibodies (that were precleared 

overnight against similarly fixed animals) diluted 1:500 in PBST-A, washed twice 25 min 

with PBST-B, once 25 min with PBST-B containing 1 μg/mL 4’,6-diamidino-2-

phenylindole, and once briefly with PBST-B before mounting.  

Wide-field fluorescence images were acquired on an Eclipse 90i research upright 

microscope (Nikon, Tokyo, Japan) at room temperature using a CFI Plan Apochromat 

40X/NA 1.0 oil immersion objective or CFI Plan Apochromat violet corrected 60x/NA 

1.4 oil immersion objective with a Cool-SNAP HA2 digital monochrome charge-coupled 

device camera (Photometrics, Tuscon, AZ) driven by NIS-Elements AR acquisition and 

analysis software (version 3.1; Nikon, Tokyo, Japan). 

Microscopy image analysis 

 Images for quantitative analyses in Fig. 2-1 and Fig. 2-5 A were acquired using 

autoexposure and brightened for easy viewing using Photoshop (Version 21.1.0; Adobe, 

San Jose, CA). Images in Fig. 2-5 F were acquired using consistent exposure times to 

provide a rough visual comparison of relative levels of MYO-3, and all images in the 
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panel were linearly processed identically using Photoshop to enhance visibility. All 

quantitative analyses of images were performed while blinded to sample identity. 

Distance measurements were made using the two-point tool of NIS-Elements, exported to 

Excel (Microsoft, Redmond, WA) for processing, and graphed using Prism (Version 

9.0.0; GraphPad Software, San Diego, CA). Measured BWM widths were the lateral 

widths of the F-actin-rich contractile lattices of one ventral and one dorsal BWM 

quadrant in phalloidin-stained worms. BWM cell widths in phalloidin-stained worms 

were measured across the widest portion of the F-actin contractile lattice of individual 

BWM cells, and striations per cell were determined by manually counting the visible 

striations in the same BWM cells. Overall body width was measured based on 

autofluorescence of the worm body in the fluorescein isothiocyanate channel. As BWM 

width and overall body width vary based on anterior/posterior position in the animal, 

measurements were consistently performed on muscle cells positioned three to five cells 

to the anterior or posterior of the vulva.  

Western blot analysis 

 For western blot analysis, samples were collected in one of two ways. By the first 

method, worms were washed off plates into 1.7 mL tubes and suspended in a 1:1 worm-

to-M9 slurry, and sample buffer was added. Samples were boiled 3 min, disrupted with a 

tissue grinder 30 sec, boiled 3 min, and pelleted 15 sec. To break up genomic DNA, 

samples were pulled through an insulin syringe eight times before loading for gel 

electrophoresis. For samples prepared using this method, volumes loaded for gel 

electrophoresis were based on relative tubulin band intensity determined by a preliminary 

western blot analysis.  
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 As an alternate method of collection, 300 worms were picked into 100 μL M9 and 

chilled on ice ≥ 5 min, washed once with M9, and again settled on ice 5 min. 50 μL 

prechilled 425-600 μm acid-washed glass beads (Sigma-Aldrich, Saint Louis, MO) were 

added and samples were vortexed five times 6 m/sec for 20 sec. Sample buffer was then 

added to samples, mixed by vortex, boiled 3 min, mixed by vortex, boiled 2 min, and 

pelleted 15 sec. Samples collected by this method were considered already normalized 

for loading for gel electrophoresis, and were prepared and analyzed in duplicate to 

confirm reproducibility of the normalization method and to identify uneven transfers to 

nitrocellulose, which were excluded from analysis. We verified that both methods of 

normalizing sample load sizes provided similar results for the effects of fhod-1(Δ) on 

MYO-3 levels.  

 Blots were probed for MYO-3 using 5-6 diluted 1:2000, for UNC-54 using 5-8 

(deposited by D.M. Miller III; Vanderbilt University, Nashville, TN; Developmental 

Studies Hybridoma Bank, University of Iowa, Iowa City, IA) diluted 1:5000, and for 

tubulin using AA4.3 (deposited by C. Walsh, University of Pittsburgh, Pittsburgh, PA; 

Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) at 1:500 to 

1:1000 dilution. Goat anti-mouse conjugated to horseradish peroxidase secondary 

antibody (Rockland Immunochemicals, Limerick, PA) was used at 1:3000 dilution. 

Images were taken using ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA). Band 

intensities were measured using Image Lab (Version 5.2.1 build 11; Bio-Rad, Hercules, 

CA), exported to Excel for data processing, and graphed using Prism. Means and 

standard deviations of MYO-3 and UNC-54 levels were determined from pooled values 

of all replicate western blots after band intensities were normalized to wild type. For 
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western blot analysis of worms treated for RNAi against myo-3, band intensities were 

normalized to the signal for the 50% dilution of control-treated wild type, because this 

had a more similar intensity to that of knockdown samples. 

qRT-PCR 

RNA was collected following a protocol similar to Ly and colleagues [49]. Ten 

L2 or five L4 animals were picked into 1 µL lysis buffer (5 mM Tris-HCl, pH 8.3, 0.5% 

Triton X-100, 0.5% Tween 20, 0.25 mM EDTA) with 10% proteinase K (Sigma-Aldrich, 

Saint Louis, MO). Samples were incubated 10 min at 65˚C followed by heat inactivation 

1 min at 85˚C. Samples were then treated 10 min with 1 U DNase I (New England 

BioLabs, Ipswich, MA) at 37˚C, followed by 20 min heat inactivation at 75˚C. cDNA 

was generated using Invitrogen Superscript III First-Strand Synthesis Supermix for qRT-

PCR according to the manufacturer's directions (Invitrogen, Carlsbad, CA). Samples 

were diluted to 30 µL with diethylpyrocarbonate-treated water before use. qPCR was 

performed with SYBR GreenER qPCR SuperMix for iCycler Instrument (Invitrogen, 

Carlsbad, CA) in an iCycler (Bio-Rad, Hercules, CA) using 10 sec 55˚C for annealing 

and 1 min 60˚C for elongation. Primer sequences for myo-3 and reference gene ama-1, 

coding for the largest subunit of RNA polymerase II, are provided in Table 2-1. Ct 

method was used for quantitation. 

mRNA sequencing 

For each strain, four independent egg collections from bleached adult worms were 

used to generate four independent age-synchronized populations that were allowed to 

develop for 60 hours at 15˚C before being collected as L3 larvae in 100 µL M9, flash 

frozen in liquid nitrogen, and stored at -80˚C. To purify RNA, worm samples were mixed  
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Table 2-1. Primers used in this study.  

Primer name Primer sequence 

Experime

nt 

Additional 

cut site 

myo-3 forward GCCACCTCATTTGTTCGCTG qRT-PCR none 

myo-3 reverse CATCCTTGGCTTCTTTGCCG qRT-PCR none 

ama-1 forward CCTACGATGTATCGAGGCAAA qRT-PCR none 

ama-1 reverse CCTCCCTCCGGTGTAATAATG qRT-PCR none 

myo-3-RNAi-

1 forward CCAAGCAGAAGCATGACGTTG RNAi none 

myo-3-RNAi-

1 reverse CTGTCAGTGGCATGTTGGGA RNAi none 

myo-3-RNAi-

2 forward 

ccatggAACAAGAGCACTCCATGC

AC RNAi 

NcoI 

(lowercase) 

myo-3-RNAi-

2 reverse 

gtcgacTGCTGATGGAACCATTGG

GAA RNAi 

SalI 

(lowercase) 
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with 900 µL TRIzol reagent (Ambion, Carlsbad, CA) and vortexed 15 min before being 

flash frozen in liquid nitrogen. Samples were thawed at room temperature with 

occasional vortexing, mixed with 200 µL chloroform, and then spun at 12,000 rpm, 15 

min. The aqueous layer was moved to a fresh tube, RNA was precipitated with 

isopropanol, and the resultant pellet was washed with 70% ethanol before being 

suspended in 30 µL diethylpyrocarbonate-treated water and flash frozen in liquid 

nitrogen. RNA samples were processed at the SUNY Molecular Analysis Core for next-

generation sequencing. Data were analyzed using Partek Flow (Partek, St. Louis, MO). 

Sequence reads were aligned with Bowtie 2 [50,51], quantified to annotation model 

WBcel235-Ensembl95, and normalized by transcripts per million reads. Differentially 

expressed genes (defined by false discovery rate (FDR) step up ≤ 0.05, fold change > 1.5) 

were identified by Gene-Specific Analysis. Striated muscle genes were defined as genes 

listed under the WormBase anatomy term WBbt:0005779 [52]. To generate a heat map, 

Hierarchical Clustering was performed in Partek Flow. The Venn diagram was created 

with eulerAPE [53], with additional information added manually using Photoshop. 

Drug treatments 

 Proteolysis inhibitor dissolved in DMSO, or DMSO alone for control plates, was 

placed in the middle of bacterial lawns on 5 mL NGM/OP50-1 plates and allowed to 

diffuse overnight, to final predicted concentrations of 5 μg/mL calpain inhibitor II 

(Sigma-Aldrich, Saint Louis, MO) or 5 μM MG132 (EMD Millipore, Darmstadt, 

Germany), similar to as previously described [54]. L1 animals were washed off untreated 

plates and added to drug-treated plates to develop for 72 hours, before being collected as 

adults for western blot analysis or staining.  



67 
 

RNAi knockdown 

 Two non-overlapping RNAi target sequences against myo-3 were amplified by 

PCR from a cDNA library prepared from mixed-stage wild-type animals using myo-3 

primers (Table 2-1). These were cloned into pCR4 Blunt-TOPO vector using Zero Blunt 

TOPO PCR cloning kit for sequencing (Invitrogen, Carlsbad, CA), and then transferred 

by standard cloning techniques into L4440, a plasmid that supports double-stranded RNA 

synthesis [55], to produce L4440-myo-3-RNAi-1 and L4440-myo-3-RNAi-2. These and 

L4440 empty vector control were transformed into HT115 bacteria. Overnight cultures of 

transformed bacteria were diluted 1:100 in 2xYT [47] containing 12.5 μg/ml tetracycline 

and 100 μg/ml ampicillin, and grown 3 hours at 37˚C, then induced with 0.4 mM IPTG 

for 3 hours at 37˚C. Induced cultures were concentrated fivefold, and 150 μL plated on 

RNAi feeder plates [56]. L1 stage worms were collected by washing from plates with 

M9, and further washed four times to remove OP50-1 bacteria before being plated on 

RNAi feeder plates with induced HT115 bacteria. Animals developed under RNAi 

conditions for 72 hours before being collected for western blot analysis, or 76 hours 

before being collected for phalloidin staining. 

Statistical Analyses 

 For comparisons of two sets of data, a student's t-test was used to determine 

statistical significance. In comparisons of three or more sets of data, results were 

subjected to Analysis of Variance, followed by least significant difference post hoc 

testing. P value < 0.05 was considered to be statistically significant. 
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Data availability statement 

 The mRNA-sequencing data in this publication have been deposited in NCBI's 

Gene Expression Omnibus [57] and are accessible through GEO Series accession number 

GSE158232 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE158232). Other 

data supporting the findings of this study are available from the corresponding author 

upon reasonable request. 

Ethical considerations 

This study did not involve the use of human subjects or vertebrate animals. C. 

elegans is an invertebrate model that is not covered by the guidelines of National 

Institutes of Health definition of Laboratory Animal, and is not subject to regulation by 

the SUNY Upstate Medical University Institutional Animal Care and Use Committee. 

Sex differences in C. elegans are not expected to be relevant to those in humans. For that 

reason and for ease of animal handling, all analyses were of self-fertilizing hermaphrodite 

worms. All protocols and procedures were approved by the SUNY Upstate Medical 

University Institutional Biosafety Committee, and followed NIH Guidelines for Research 

Involving Recombinant DNA Molecules. 

 

Results 

UNC-120/SRF promotes BWM growth in a manner qualitatively similar to FHOD-

1/formin. 

If the formin FHOD-1 were to promote BWM growth by stimulating UNC-

120/SRF-dependent transcription of muscle genes, we might expect defects in either 

FHOD-1 or UNC-120 would have similar effects on BWM development. Because a null 
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allele of unc-120 leads to early larval stage lethality, we examined the effects of the 

temperature-sensitive unc-120(st364), called hereafter unc-120(hypo), at its semi-

permissive temperature 15˚C where it behaves as a hypomorphic allele [44]. We 

compared BWM in these to animals bearing the deletion allele fhod-1(tm2363), called 

hereafter fhod-1(Δ), which eliminates the FHOD-1 FH2 domain and is thus presumed a 

null for formin-dependent actin filament assembly [40].  

To visualize BWM, age-synchronized adult worms were subjected to fluorescent 

phalloidin staining of F-actin, which strongly stains the contractile lattice in BWM cells 

(Fig. 2-1 A). In C. elegans, BWMs appear as four F-actin-rich bands that reach from the 

head to the tail of the animal, with two BWMs positioned dorsally and two positioned 

ventrally. Adult BWMs are composed of flattened mononucleated BWM cells, each with 

a spindle-shaped contractile lattice [58]. The vast majority of BWM cell growth occurs 

during larval development, when the lattice widens by the addition of sarcomeres. Partial 

defects in BWM growth are often reflected in BWMs that are proportionately narrower 

compared to the overall width of the entire animal. Consistent with previous studies, unc-

120(hypo) and fhod-1(Δ) were somewhat smaller in body size than wild type (Fig. 2-1 B), 

but their BWMs were proportionately even narrower (Fig. 2-1 C). Moreover, this degree 

of narrowing was similar in unc-120(hypo) and fhod-1(Δ) worms grown at 15˚C (Fig. 2-1 

C).  

Because of the semi-staggered arrangement of BWM cells in BWM (Fig. 2-1 A), 

one might expect BWMs could narrow either due to a reduction in the number of BWM 

cells, or due to narrowing of the individual BWM cells. In the case of fhod-1(Δ), narrow 

BWMs reflect a decrease in individual cell widths [40]. Similarly, we observed  
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Figure 2-1. UNC-120 promotes BWM growth in a manner qualitatively similar to 

FHOD-1. (A) Fluorescent phalloidin stain showing dorsal views of a portion of single 

worms of the indicated genotypes, with two BWM quadrants extending horizontally in 

the field of view. Adult unc-120(hypo) and fhod-1(Δ) worms have BWMs that are 

narrower than wild type (wt). Double arrows show width of one BWM. (B) Overall body 

widths, (C) BWM widths, and (D) individual BWM cell widths were measured. (E) The 

number of striations in individual BWM cells was manually counted. Shown are 

measures and averages from three independent experiments (n = 60 worms per strain, 

with measures of one body, two BWMs, and two BWM cells per worm). Error bars 

indicate one standard deviation. (a) p < 0.001 from wild type; (b) p < 0.05 from fhod-

1(Δ); (c) p < 0.05 from unc-120(hypo). Differences in all other comparisons were not 

statistically significant (p > 0.05). 
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unc-120(hypo) worms had narrow BWM cells compared to wild-type worms, with a 27% 

reduction in width quantitatively identical to that in fhod-1(Δ) worms (Fig. 2-1 D).  

Sarcomeres in the BWM cell contractile lattice are organized into oblique 

striations [58], such that striations are oriented at only a 5-7˚ angle from the longitudinal 

axis (Fig. 2-1 A). As such, the width of the BWM cell contractile lattice is essentially a 

function of the width of individual striations multiplied by the total number of striations 

in the lattice. Therefore, BWM cell narrowing could be due to either having narrow 

striations or fewer striations. We previously showed that in the case of fhod-1(Δ), 

narrowness correlates well with the presence of fewer striations per BWM cell [40], 

while narrowing of sarcomeres makes a much smaller contribution [42]. Again, showing 

a similarity between fhod-1 and unc-120, we observed unc-120(hypo) BWM cells had a 

~26% reduction in the number of F-actin-rich striations per BWM cell, essentially 

identical to that in fhod-1(Δ) worms (Fig. 2-1 E). Thus, partial inhibition of UNC-120 

activity affects BWM growth in ways very similar to those caused by absence of FHOD-

1-dependent actin assembly activity, with assembly of fewer oblique striations. 

UNC-120 promotes MYO-3 protein expression similar to FHOD-1. 

We have previously shown that fhod-1(Δ) worms express ~30% less muscle-

specific MHC isoform A (MYO-3) [42], a reduction that correlates well with the 

reduction in muscle cell width. This effect appears to be specific for MYO-3, as we 

detected no change in the levels of MHC-B (UNC-54) in fhod-1(∆) animals relative to 

wild type (Fig. 2-S1). Interestingly, although UNC-54 is stoichiometrically more 

abundant, [59], MYO-3 is critical for the initiation of thick filament assembly [60] and 

might be expected to be a target of regulation for sarcomerogenesis. To verify the 
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Supplementary Figure 2-1. FHOD-1 does not affect UNC-54 protein expression. (A) 

UNC-54 and tubulin western blot of adult worm extracts shows no change in UNC-54 in 

fhod-1(Δ) compared to wild type. Sample loads were normalized based on tubulin signal. 

Positions of molecular weight standards are indicated. (B) Average ratios of UNC-54 to 

tubulin band intensities from 100% and 50% dilutions of three independently collected 

lysates, normalized to wild type, with each lysate being analyzed twice by western blot. 

Error bars indicate one standard deviation. The difference between results for wild type 

and fhod-1(∆) were not statistically significant (p > 0.05). 
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decrease in MYO-3 is specifically due to absence of FHOD-1, we examined myosin 

expression in fhod-1(Δ) worms bearing a fhod-1::gfp transgene (designated fhod-1(Δ); 

fhod-1::gfp) that we had previously shown to partially rescue BWM cell growth [40]. 

Western blot analysis of whole worm lysates showed myosin levels were partially 

rescued by the transgene, confirming FHOD-1 contributes to MYO-3 protein expression 

(Fig. 2-2 A and B). 

If worm FHOD-1 promotes MYO-3 expression by an UNC-120/SRF-dependent 

manner, we might expect worms partially defective for UNC-120 would have similarly 

reduced MYO-3 levels.  Consistent with this, western blot analysis showed a 60% 

decrease in MYO-3 in unc-120(hypo) worms, a similar if somewhat more substantial 

effect than the 30% decrease in fhod-1(Δ) worms (Fig. 2-2 C and D). Thus, partial 

reduction of UNC-120 activity resembles absence of FHOD-1-dependent actin assembly 

in terms of effects on BWM cell development and on muscle myosin II heavy chain A 

expression. 

FHOD-1 does not promote transcription of muscle genes by UNC-120. 

If FHOD-1 were to promote muscle growth by stimulating UNC-120-dependent 

transcription, we would also expect fhod-1(Δ) and unc-120(hypo) worms to have similar 

changes in expression of muscle genes when compared to wild type. To directly test this, 

we performed mRNA sequencing on poly-A-enriched RNA from wild-type, fhod-1(Δ), 

and unc-120(hypo) worms at the L3 larval stage, when worms are in the middle of BWM 

growth (Supplementary Table 2-1). Differentially expressed genes were defined by an 

FDR step up ≤ 0.05, and a fold change ≥ 1.5 (Fig. 2-3 A; Supplementary Table 2-2).  
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Figure 2-2. UNC-120 and FHOD-1 promote MYO-3 protein expression. (A) MYO-3 

western blot of dilutions (expressed as percentages) of whole adult worm extracts show 

fhod-1(Δ) worms have less MYO-3 than wild-type worms (wt), and this is partially 

rescued by a fhod-1::gfp transgene. Sample loads were normalized based on number of 

worms in each sample. Position of molecular weight standard is indicated. (B) Average 

band intensities, from 100% and 50% samples from five independently collected lysates, 

were normalized to wild type, with each lysate being subjected to two independent 

western blots. Error bars indicate one standard deviation. (C) MYO-3 and tubulin western 

blots of adult worm extracts show a decrease in MYO-3 in unc-120(hypo) and fhod-1(Δ) 

worms compared to wild type. Sample loads were normalized based on tubulin signal. 

Positions of molecular weight standards are indicated. (D) Average ratios of MYO-3 to 

tubulin band intensities of three independently collected lysates were normalized to wild 

type, with each lysate being subjected to two independent western blots. Error bars 

indicate one standard deviation. (a) p < 0.001 from wild type; (b) p < 0.05 from fhod-

1(Δ); fhod-1::gfp; (c) p < 0.05 from wild type; (d) p < 0.05 from fhod-1(Δ); (e) p < 0.05 

from unc-120(hypo). 
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Supplementary Table 2-1. mRNA sequencing data after Gene-Specific Analysis for 

comparisons between wild-type, fhod-1(Δ), and unc-120(hypo) worms. Gene symbol, 

total number of read counts for each gene, and p value, FDR step up, ratio, fold change, 

and least-squares mean for each comparison between worm strains, for all genes 

following Gene-Specific Analysis.  

Supplementary Table 2-1 can be found at https://doi.org/10.1016/j.yexcr.2020.112388. 
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Figure 2-3. Defects in FHOD-1 and in UNC-120 have differing effects on muscle 

gene expression. (A) Venn diagram of differentially expressed genes (FDR step up ≤ 

0.05, fold change > 1.5) identified by comparison of mRNA sequencing results for L3 

stage fhod-1(Δ), unc-120(hypo), and wild-type worms. Indicated in each sector is the 

number of differentially expressed genes, and in parentheses, the number of genes 

expressed predominantly in striated muscle. (*) denotes significant enrichment for 

striated muscle genes in a gene set, based on the WormBase Enrichment Analysis Tool. 

Gene identities are provided in Supplementary Table 2. (B) Heat map showing the 

relative levels of gene expression in four replicate samples of the indicated genotypes, for 

all genes differentially expressed between unc-120(hypo) and wild-type worms. Red 

indicates expression was elevated above the average for the entire group, while blue 

indicates decreased expression. Hierarchical clustering identified four gene groups, with 

enrichment for tissue expression displayed beneath each group. Only group 2 was 

enriched for genes expressed primarily in striated muscle and the muscular system. (C) 

Quantitative RT-PCR values for myo-3 were determined in comparison to reference gene 

ama-1 by the ΔΔCt method, and normalized to wild type (wt). Shown are qRT-PCR 

values and the average results from three RNA samples, each analyzed in triplicate, from 

L2 stage and L4 stage worms. Error bars indicate one standard deviation. (a) p < 0.001 

from wild type; (b) p < 0.05 from wild type. 
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Supplementary Table 2-2. Identities of differentially expressed genes shown in 

Figure 2-3 A. Differentially expressed genes grouped by Venn diagram sector (Fig. 2-3 

A), identification of genes primarily expressed in striated muscle, and fold-change of 

gene expression in each comparison between worm strains.  

Supplementary Table 2-2 can be found at https://doi.org/10.1016/j.yexcr.2020.112388. 
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Interestingly, despite fhod-1(Δ) and unc-120(hypo) having similar effects on BWM 

development, there were many more genes differentially expressed between wild-type 

and fhod-1(Δ) animals than there were between wild-type and unc-120(hypo) animals 

(266 genes versus 73; Fig. 2-3 A). Moreover, only a minority of these (32 genes) were 

differentially expressed for both fhod-1(Δ) and unc-120(hypo) as compared to wild type 

(Fig. 2-3 A).  

We identified genes expressed in striated muscle based on their annotation in 

WormBase (version WS276, anatomy term WBbt:0005779; [52]), and used the 

WormBase Enrichment Analysis Tool (version WS271) to determine whether gene sets 

were significantly enriched for expression in any particular tissue [61,62]. Thus, only 17 

genes (6% of total) differentially expressed between wild-type and fhod-1(Δ) worms are 

expressed predominantly in striated muscle (Fig. 2-3 A; Supplementary Table 2-2), 

which is not a significant enrichment. In contrast, striated muscle-expressed genes 

accounted for 15 of 73 genes (20%) differentially expressed between wild-type and unc-

120(hypo) animals (Fig. 2-3 A; Supplementary Table 2-2), and this did represent a 

significant enrichment for striated muscle genes. Even more striking, 30 genes out of 113 

(27%) differentially expressed between fhod-1(Δ) and unc-120(hypo) animals are 

expressed in striated muscle (Fig. 2-3 A; Supplementary Table 2-2), and this also 

represented a significant enrichment. Moreover, expression of 16 of those 30 striated 

muscle genes changed by ≥ 1.1-fold relative to wild type in opposite directions in fhod-

1(Δ) and unc-120(hypo) worms, with higher expression in fhod-1(Δ) and lower 

expression in unc-120(hypo) (Supplementary Table 2-2). Another eight of the 30 had 

similar divergent changes, with higher expression in fhod-1(Δ) than unc-120(hypo), but 
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fell within 1.1-fold of wild type for one mutant or the other (Supplementary Table 2-2). 

Of the remaining six striated muscle genes differentially expressed between fhod-1(Δ) 

and unc-120(hypo) worms, three were upregulated and three were downregulated in both 

mutants compared to wild type (Supplementary Table 2-2). Thus, more striated muscle 

genes are differentially expressed between fhod-1(Δ) and unc-120(hypo) worms than in 

any other strain comparison, and most of these genes changed expression in opposite 

directions in the two mutants.  

As an alternative unbiased analysis of whether genes affected by unc-120(hypo) 

were similarly altered in fhod-1(Δ) worms relative to wild-type worms, hierarchical 

clustering was performed on all genes differentially expressed between wild-type and 

unc-120(hypo) worms (Fig. 2-3 B). Of four gene groups identified by this method, two 

(groups 1 and 4 in Fig. 2-3 B) showed similar changes in expression in fhod-1(Δ) and 

unc-120(hypo) worms relative to wild type. However, tissue enrichment analysis showed 

these two gene groups are enriched for expression in neurons or the intestine but not 

muscle. For the other two gene groups (groups 2 and 3 in Fig. 2-3 B), expression levels in 

fhod-1(Δ) worms were more similar to wild-type than unc-120(hypo) worms. Gene group 

3 was not enriched for expression in any particular tissue, but gene group 2 was enriched 

for genes expressed in striated muscle and the muscular system. Thus, gene group 2 

enriched for muscle genes has decreased expression in unc-120(hypo) worms, but is 

largely not affected in fhod-1(Δ) worms (Fig. 2-3 B).  

Genes encoding major structural components of the sarcomere did not meet our 

stringent cut-off for differentially expressed genes, but mRNA sequencing did reveal 

modest trends in transcript level changes (Table 2-2). Ignoring changes of ≤ 1.1-fold,  
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Table 2-2. Expression fold changes in transcripts of representative sarcomeric 

components.  

    Red > 1.1 fold expressed Blue < -1.1 fold expressed 

Protein Gene 

Fold Change                            

fhod-1(Δ) vs wt 

Fold Change                    

unc-120(hypo) vs wt 

α-Actinin atn-1 1.05 -1.12 

Actin act-1 -1.41 -1.51 

Actin act-2 -1.18 -1.23 

Actin act-3 -1.30 -1.45 

Actin act-4 -1.19 -1.29 

Muscle Myosin myo-3 1.13 -1.76 

Muscle Myosin unc-54 -1.24 -2.10 

Paramyosin unc-15 -1.01 -1.64 

Titin-related ketn-1 -1.16 -1.40 

Titin-related ttn-1 1.36 -1.16 

Titin-related unc-22 1.09 -1.49 

Titin-related unc-89 1.22 -1.27 

Tropomyosin lev-11 1.08 -1.23 

Troponin I tni-1 1.28 -1.10 

Troponin I tni-3 1.92 -1.17 

Troponin I unc-27 1.05 -1.21 

Troponin T mup-2 1.07 -1.39 

Troponin T tnt-2 -1.16 -1.50 

Troponin T tnt-3 1.22 1.13 
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transcripts of actin genes (act-1, act-2, act-3, act-4) were decreased in both unc-

120(hypo) and fhod-1(Δ) worms, which might support the notion of a formin/SRF 

signaling axis, but with the caveat that actin genes are expressed in many tissues besides 

BWM. In contrast, most other structural components showed a trend of increased or 

unchanged expression in fhod-1(Δ) animals, but decreased in expression in unc-

120(hypo) animals. This was true for three of four titin-related proteins (ttn-1, unc-22, 

unc-89), most troponin T and troponin I homologs (tni-1, tni-3, unc-27, mup-2), and for 

the sole tropomyosin (lev-11) and α-actinin (atn-1) genes. For thick filament components, 

while muscle MHC-B unc-54 was decreased in both strains, it was more strongly reduced 

in unc-120(hypo), while paramyosin unc-15 was essentially unchanged in fhod-1(Δ) 

worms but decreased in unc-120(hypo), and finally, MHC-A myo-3 transcript levels were 

modestly increased (+1.13-fold expression) in fhod-1(∆) worms while decreased (-1.76-

fold) in unc-120(hypo) worms. Thus, most representative sarcomeric genes, including 

myo-3, showed a trend of decreased of transcript levels in unc-120(hypo), but no change 

or slight increase in expression in fhod-1(Δ) worms.  

To verify the unexpected result that MYO-3 mRNA is elevated in fhod-1(Δ) 

worms, we measured MYO-3 mRNA levels in wild-type and fhod-1(Δ) worms by qRT-

PCR, selecting two larval stages (L2 and L4) predicted to have relatively high levels of 

MYO-3 mRNA in wild-type worms [63]. Qualitatively consistent with our mRNA 

sequencing results, qRT-PCR showed MYO-3 mRNA was increased in fhod-1(Δ) worms 

relative to wild type at both stages (Fig. 2-3 C). These results are consistent with FHOD-

1/formin affecting myosin expression through a mechanism that is distinct from UNC-

120/SRF-dependent signaling. 
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Proteasome-dependent degradation of MYO-3 is enhanced in fhod-1(Δ) worms.  

 The overabundance of MYO-3 mRNA we observe in fhod-1(Δ) worms suggests 

defects in neither myo-3 transcription nor MYO-3 mRNA stability cause the reduction in 

MYO-3 protein. This led us to examine whether there is excessive MYO-3 protein 

degradation in fhod-1(Δ) worms. Calpains have been shown to degrade a β-galactosidase 

reporter protein in BWM in response to several disruptions of muscle attachment 

structures, including dense bodies [54]. Since fhod-1(Δ) worms have malformed dense 

bodies, we examined whether enhanced calpain activity was responsible for their reduced 

MYO-3 levels. We treated wild-type and fhod-1(Δ) worms with 5 μg/mL calpain 

inhibitor II or DMSO vehicle control, for 72 hours (from L1 stage until adulthood), 

similar to what has been done previously [54]. Western blot analysis showed DMSO-

treatment had no effect on MYO-3 levels, with DMSO-treated fhod-1(Δ) worms still 

having less MYO-3 than wild type (Fig. 2-S2). Rather than observing rescue of MYO-3 

expression by calpain inhibition, fhod-1(Δ) worms treated with calpain inhibitor II 

trended toward decreased MYO-3 protein compared to DMSO-treated, although this was 

not statistically significant, and the inhibitor had no effect on MYO-3 in wild-type worms 

(Fig. 2-S2). Thus, calpains are not responsible for the reduced MYO-3 protein levels in 

fhod-1(Δ) worms.  

The proteasome represents a second major protein degradation pathway in BWM 

[64]. Complete proteasome inactivation is lethal to C. elegans [65]. However, partial 

inhibition of the proteasome using MG132 has been shown to be effective in blocking 

degradation of a β-galactosidase reporter protein in BWM after genetic denervation or 

starvation [66]. Thus, we treated animals with DMSO or 5 μM MG132 for 72 hours  
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Supplementary Figure 2-2. Inhibiting calpains does not increase MYO-3 in fhod-

1(Δ) worms. (A) MYO-3 western blot of dilutions of whole worm extracts (expressed as 

percentages) prepared from equal numbers of worms treated with either 5 μg/mL calpain 

inhibitor II or DMSO. The position of molecular weight standard is indicated. (B) Shown 

are the averages of all measured band intensities from two independently collected 

lysates, each subjected to a single western blot. Error bars indicate one standard 

deviation. Treatment with 5 μg/mL calpain inhibitor II does not raise MYO-3 in fhod-

1(Δ) worms as compared to DMSO-treated fhod-1(Δ) worms, and has no effect on MYO-

3 in wild-type worms (wt). (a) p < 0.05 from wild type DMSO; (b) p < 0.05 from wild 

type calpain inhibitor II. Differences in all other comparisons were not statistically 

significant (p > 0.05). 
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(from L1 stage to adulthood), similar to as had been done previously [66]. Again, DMSO 

had no apparent effect on MYO-3 expression. However, MG132 treatment resulted in 

elevated MYO-3 in both wild-type and fhod-1(Δ) worms (Fig. 2-4). This trend was not 

statistically significant for wild-type worms, but MG132 treatment significantly increased 

MYO-3 in fhod-1(Δ) worms, bringing it to a level statistically indistinguishable from 

treated or untreated wild type (Fig. 2-4 B). This suggests that in the absence of FHOD-1 

there is increased degradation of MYO-3 by the proteasome.  

Changes in MYO-3 expression are not responsible for the changes in BWM 

morphology in fhod-1(Δ) worms. 

Based on our evidence of elevated proteolysis, we hypothesized fhod-1(Δ) worms 

might assemble fewer sarcomeres in their BWM cells due to a deficiency in their supply 

of sarcomeric proteins. To test whether proteasome inhibition and restoration of wild-

type MYO-3 levels were sufficient to rescue BWM development in fhod-1(Δ) worms, we 

measured the widths of BWMs and muscle cells, as well as counted the number of 

striations per muscle cell, for wild-type and fhod-1(Δ) worms after treatment with 

MG132. Fluorescent phalloidin stain of adult worms showed treatment with DMSO 

vehicle had no effect on any of these BWM measurements in either strain (compare Fig. 

2-1 and Fig. 2-5 A-E, DMSO-treated animals). Contrary to our expectations, treatment 

with 5 µM MG132 also caused no change in BWM measurements in wild-type or fhod-

1(∆) animals (Fig. 2-5 A-E). Interestingly, this suggests MG132-treated fhod-1(Δ) worms 

should have an excess of MYO-3 for the number of sarcomeres present in their BWM 

cells. However, immunostain against MYO-3 showed the myosin still localized to the 

central portion of sarcomere A bands, just as it does under normal conditions [59], and  
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Figure 2-4. Inhibition of the proteasome restores MYO-3 to normal levels in fhod-

1(Δ) worms. (A) MYO-3 western blot of dilutions (expressed as percentages) of whole 

worm extracts of adults treated with 5 μM MG132 or DMSO. Samples were prepared 

from equal numbers of worms. Position of molecular weight standard is indicated. (B) 

Shown are the averages of all measured band intensities from 100% and 50% dilutions 

from six independently collected lysates (normalized to wild type), with each lysate being 

subjected to two independent western blots. Error bars indicate one standard deviation. 

Treatment with 5 μM MG132 elevated MYO-3 in fhod-1(Δ) worms to a level statistically 

indistinguishable from wild-type worms (wt) treated with DMSO or 5 μM MG132. (a) p 

< 0.001 from wild type DMSO; (b) p < 0.001 from wild type MG132; (c) p < 0.001 from 

fhod-1(Δ) MG132. Differences in all other comparisons were not statistically significant 

(p > 0.05). 
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Figure 2-5. Proteasome inhibition in fhod-1(Δ) worms does not restore normal 

BWM growth. (A) Fluorescent phalloidin stain shows BWM of wild-type (wt) and fhod-

1(Δ) adults grown in the presence of either 5 μM MG132 or DMSO. (B) Overall body 

width, (C) BWM widths, and (D) individual BWM cell widths were measured. (E) The 

number of striations in individual BWM cells was manually counted. Shown are 

measurements and averages from three independent experiments (n = 60 worms per 

strain, with measures of one body, two BWMs, and two BWM cells per worm). Error 

bars indicate one standard deviation. BWM measures are identical in fhod-1(Δ) adults 

grown in the presence of either DMSO 5 μM MG132, but are consistently narrower than 

wild type grown under either condition.  (a) p < 0.05 from fhod-1(Δ) MG132; (b) p < 0.05 

from fhod-1(Δ) DMSO; (c) p < 0.001 from wild type DMSO; (d) p < 0.001 from wild 

type MG132. Differences in all other comparisons were not statistically significant (p > 

0.05). (F) Immunostain shows MYO-3 localizes to striations in wild-type and fhod-1(Δ) 

worms, whether grown in the presence of DMSO or 5 μM MG132. 
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we observed no aggregation or mislocalization (Fig. 2-5 F). Thus, restoration of MYO-3 

protein is not sufficient to restore normal development to fhod-1(Δ) BWM cells, nor does  

an increase in MYO-3 levels significantly perturb muscle morphology in fhod-1(Δ) 

animals.  

To test the converse, whether knockdown of MYO-3 would be sufficient to 

reduce BWM cell growth, wild-type and fhod-1(Δ) worms were subjected to RNAi-based 

knockdown of myo-3 using two non-overlapping constructs. RNAi treatment starting in 

L1 larvae resulted in the reduction of MYO-3 in wild-type adults to levels comparable to 

or lower than control fhod-1(Δ) animals (Fig. 2-S3 A and B). Despite this, we observed 

no effect on BWM development in wild-type or fhod-1(Δ) worms in response to either 

knockdown construct in a single test of this (Fig. 2-S3 C-F). These results taken together 

suggest the reductions in BWM cell growth in fhod-1(Δ) animals are not driven by the 

changes in levels of MYO-3 protein. 

 

Discussion 

SRF activity is not formin-dependent in worm BWM 

Many studies have shown formin-driven actin polymerization can lead to 

increased transcription by SRF, particularly for genes typically expressed in muscle [33–

38]. For the specific case of smooth muscle genes, constitutively activated versions of the 

mammalian formins mDIA1, mDIA2, and FHOD1 have been shown to activate SRF-

dependent transcription in multipotent 10T1/2 cells, primary aortic smooth muscles cells, 

and/or A7r5 smooth muscle cells [36,37]. Conversely, expression of a dominant-negative 

mDIA1 construct, consisting of the FH1 and FH2 domains but lacking 20 amino acids at  
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Supplementary Figure 2-3. Knockdown of myo-3 after L1 stage does not change 

BWM growth. (A) MYO-3 western blot of adult extracts from control worms or after 

treatment with two different RNAi constructs targeting myo-3. (B) Quantitation of 

measured band intensities from a single western blot (shown in A) shows a moderate or 

strong decrease in MYO-3 after RNAi treatment. (C) Overall body width, (D) BWM 

widths, and (E) individual BWM cell widths were measured. (F) The number of striations 

in individual BWM cells was manually counted. Shown are measurements and averages 

from one experiment (n = 20 worms per treatment, with measures of one body, two 

BWMs, and two BWM cells per worm). None of these parameters appeared to change 

appreciably in response to myo-3(RNAi) treatment. 
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the beginning of the FH2 domain, decreases luciferase activity driven from a known SRF 

target, the smooth muscle α-actin promoter, in multipotent 10T1/2 cells, primary smooth 

muscle cells, and A7r5 smooth muscle cells [36]. Moreover, induced overexpression of 

this construct in smooth muscle of adult mice led to a decrease in smooth muscle protein 

expression, while its constitutive overexpression in mouse smooth muscle resulted in 

~20% lethality, although the mice that survived to adulthood had no overt phenotype 

except delayed recovery of calponin and smooth muscle MHC expression after arterial 

injury [67]. One caveat to this study, however, is that the dominant-negative mDIA1 

construct might not be a specific inhibitor of mDIA1- and mDIA2-dependent actin 

polymerization, as it has been suggested to non-specifically inhibit actin polymerization 

through capping [34], leaving open the possibility it interferes with all actin 

polymerization, not just formin-dependent processes. 

As additional evidence that endogenous formins promote transcription by SRF, 

knockdown of mDIA1 through RNAi in C2C12 myoblasts decreased activation of a 

generic SRF luciferase reporter construct [35]. Similarly, moderate (60-70%) RNAi-

mediated knockdown of FHOD1 in primary smooth muscle cells reduced smooth muscle 

MHC protein expression, and also blocked enhanced expression of smooth muscle MHC, 

α-actin, and SM22 after sphingosine-1-phosphate treatment, a known trigger for SRF-

dependent transcription [37,68]. Together, these data suggest mDIA1, mDIA2, and 

FHOD1 contribute to SRF activation, at least in cultured cells. However, this still leaves 

open the question of whether endogenous formin activity promotes SRF activation in 

promoting normal muscle development in vivo.  
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  We used C. elegans as a simple model to investigate whether formins promote 

transcription by SRF during striated muscle growth in vivo. One advantage to using C. 

elegans is that FHOD-1 is the only endogenous formin that directly promotes BWM 

growth or sarcomere formation [41], compared to evidence that at least five formins are 

essential for myofibrillogenesis in cardiomyocyte cell culture [69]. Consistent with the 

possibility FHOD-1 and SRF might function in the same pathway in C. elegans, previous 

studies had independently shown worms bearing a fhod-1(Δ) deletion allele and worms 

bearing an unc-120(hypo) hypomorphic allele of the worm SRF gene, each exhibit thin 

BWMs [40,44]. Expanding on these earlier findings, we confirmed unc-120(hypo) and 

fhod-1(Δ) mutant BWM cells are narrower to a quantitatively similar extent (Fig. 2-1). 

Moreover, this correlates in both mutants to fewer sarcomeres being formed per BWM 

cell, as opposed to the assembly of grossly smaller sarcomeres or development of fewer 

muscle cells per BWM, suggesting a similar mechanism. Finally, unc-120(hypo) and 

fhod-1(Δ) worms both have a reduced amount of muscle-specific MHC-A (MYO-3), all 

of which would seem to support the notion that FHOD-1 and UNC-120 work together 

(Fig. 2-2).  

 However, despite these phenotypic similarities, we found no direct evidence 

FHOD-1 promotes muscle gene transcription by UNC-120. Messenger RNA sequence 

analysis showed fhod-1(Δ) significantly perturbs expression of relatively few striated 

muscle genes, as compared to the effects of unc-120(hypo) (Fig. 2-3 A; Supplementary 

Table 2-2). In fact, more striated muscle genes are differentially expressed between fhod-

1(Δ) and unc-120(hypo) mutants, than in comparisons of either mutant strain to wild type 

(Fig. 2-3 A; Supplementary Table 2-2). Also, hierarchical clustering shows the sole gene 
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group enriched for striated muscle expression is down-regulated in unc-120(hypo) 

animals but is largely unaffected by fhod-1(Δ) (Fig. 2-3 B). Finally, among a sampling of 

representative sarcomere components, transcript levels trend toward being unchanged or 

even slightly elevated in fhod-1(∆) animals, but modestly reduced in unc-120(hypo) 

animals (Table 2-2). 

 It is possible that these differences in the effects of worm UNC-120/SRF and 

FHOD-1/formin reflect a unique feature of C. elegans. The C. elegans gene pqn-62 

encodes a putative homolog of the myocardin/MRTF family that in mammals confers 

actin-sensitivity upon SRF-dependent muscle gene transcription [28,70], and pqn-62 is 

highly expressed in larval muscle [71]. However, PQN-62 has not yet been demonstrated 

to function in UNC-120/SRF transcription or BWM development. But caveats aside, our 

results provide a cautionary lesson on the possibility of misinterpreting common 

phenotypes as evidence that formins and SRF work in a common, linear pathway in a 

given system.  

Formin activity is important for normal proteostasis of MHC-A in worm BWM 

The elevated expression of a number of muscle genes in fhod-1(Δ) worms, 

including for MYO-3, led us to examine why MYO-3 protein levels are reduced in these 

animals, and specifically whether protein degradation was enhanced. Four main 

proteolytic pathways have been shown to function in worm BWM: calpains activated by 

disruption of integrin-based attachments (including dense bodies), the proteasome 

activated by starvation or denervation of muscle, lysosomes controlled by growth factor 

signaling, and caspases whose regulation remains unclear [64]. Of these, calpains had 

seemed to be the most likely mode of MYO-3 degradation based on the presence of 
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partially disrupted dense bodies in fhod-1(Δ) worms [42,54]. However, calpain inhibitor 

treatment did not increase MYO-3 expression in fhod-1(Δ) worms (Fig. 2-S2). Instead, 

inhibition of the proteasome restored normal MYO-3 protein levels in fhod-1(Δ) worms 

(Fig. 2-4), suggesting in the absence of FHOD-1 there is increased degradation of MYO-

3 (and presumably of other proteins as well) by the proteasome.  

Proteasome activity has been shown to be stimulated in C. elegans BWM by 

starvation or inhibition of acetylcholine production by motor neurons [66], but it is not 

clear either of these effects are at play in fhod-1(Δ) animals. Worms lacking FHOD-1 

appear well fed. We did observe transcriptional changes in neuronal genes in fhod-1(Δ) 

animals. Based on the subsets of neurons which express these genes, HSN appears to be 

the only motor neuron directly affected. As HSN innervates the vulval muscles to 

simulate egg-laying in hermaphrodites [72], this might contribute to the reduced egg-

laying capacity of fhod-1(Δ) animals [40,73]. However, HSN does not synapse with 

BWM, and is unlikely to explain the effects of fhod-1(Δ) on MYO-3. It is possible 

FHOD-1 affects neuromuscular signaling in some other way, but we favor an alternative 

explanation outlined below.  

The correlation between the ~ 30% reduction in MYO-3 levels and the ~ 27% 

reduction in muscle cell width in fhod-1(Δ) animals led us to question whether the fhod-

1(Δ) muscle cell size defect was simply due to a reduced supply of sarcomeric proteins. 

However, we did not observe a similar reduction in the more abundant MHC isoform, 

UNC-54 (Fig. 2-S1). Moreover, whereas inhibiting the proteasome rescued expression of 

MYO-3 protein levels in fhod-1(Δ) worms, BWM growth is not rescued (Fig. 2-5). Also, 

knocking down expression of MYO-3 using RNAi did not affect BWM growth (Fig. 2-
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S3), suggesting FHOD-1 promotes muscle growth by some mechanism other than 

through alteration of MYO-3 expression. As to why MYO-3 is subject to enhanced 

proteolysis, we hypothesize sarcomere assembly is slower in fhod-1(Δ) animals, and the 

proteasome might target the excess protein that is unable to become incorporated. 

However, why UNC-54 would not be similarly affected is not clear. 

It will be interesting to see whether our finding of enhanced proteolysis by the 

proteasome in fhod-1(Δ) muscle might provide additional insight into the development of 

cardiomyopathy in humans. A partial disconnect is often observed between particular 

genetic variants and phenotypic presentation in cardiomyopathies, and it has been 

suggested that this may be due to factors such as modifier genes, epigenetics, 

environment, or incomplete penetrance [74]. Thus, mutations of the fhod-1-related human 

gene, FHOD3, have been suggested to cause HCM, but there is imperfect correspondence 

between a given FHOD3 mutation and the development of disease [7,10–12]. Our 

findings point to the possibility that one contribution to variability may be interplay 

between FHOD3 and perturbations in the ubiquitin-proteasome system (UPS), a known 

contributor to cardiomyopathy [75].  

FHOD3 is important for sarcomere development in the heart, and with its loss, 

sarcomeres fail to mature [3,4,21,76]. However, in terms of cardiomyopathy, it has been 

observed that hypertrophy-causing mutations of sarcomeric genes in general tend to be 

gain of function alleles, whereas loss of function mutations tend to lead to decreased 

contractility [77]. Extending this to FHOD3, we might anticipate HCM-associated alleles 

are hyperactivated, while alleles associated with DCM are hypoactive. Consistent with 

this, a DCM-associated FHOD3 variant is less active than wild-type FHOD3 in a 
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luciferase-based SRF activity assay [6]. This also correlates with observations from 

cultured neonatal rat cardiomyocytes, where mutationally inactivated FHOD3 inhibits 

angiotensin II-induced hypertrophy, while mutationally activated FHOD3 leads to 

hypertrophy [20].  

In the human heart, the UPS is the major intracellular protein degradation 

pathway, and is critical for normal protein turnover and function [75]. Insufficiency of 

the UPS is involved in cardiac hypertrophy and many cardiac diseases, including DCM. 

For example, E3 ligases such as muscle-atrophy F-box (Atrogin1), mouse double minute 

2 (MDM2), and muscle-specific ring finger-1 (MuRF1), have been suggested to have 

anti-hypertrophic activity, while in DCM there is an increase in ubiquitinated proteins, 

suggesting decreased UPS activity [75].  

Our demonstration that absence of FHOD-1 leads to an increase in proteasome 

activity in worm muscle suggests the possibility FHOD3 defects may also alter 

proteasome activity, and therefore the UPS. Somewhat similar to the case with C. elegans 

FHOD-1, absence of FHOD3 causes Z-line structures to fail to fully mature in 

cardiomyocytes [21,76]. This might lead to activation of the UPS to clear unincorporated 

proteins, and contribute to eventual cardiac muscle failure in FHOD3 knockout mice 

[21]. Conversely, FHOD3 mutations leading to HCM might somehow reduce 

proteasome-dependent proteolysis of sarcomeric proteins, such as by promoting their 

increased incorporation into sarcomeres, thus promoting muscle hypertrophy [75]. It will 

be interesting to determine whether differences in intrinsic UPS activity between 

individuals with FHOD3 variants contribute to the phenotypic variability found among 

such individuals.  
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Conclusions 

Overall, despite the demonstration that FHOD-1/formin and UNC-120/SRF both 

promote sarcomere assembly and MYO-3/myosin expression in C. elegans, we find no 

evidence they function in a linear pathway. Instead, our results suggest caution should be 

applied when interpreting linear relationships between formins and SRF activity in 

muscle development based on phenotype or even protein expression levels. In C. elegans, 

FHOD-1/formin and UNC-120/SRF have generally opposite effects on muscle gene 

transcription, with loss of UNC-120 depressing muscle gene expression, while loss of 

FHOD-1 tends to result in unchanged or elevated muscle gene expression. Absence of 

FHOD-1 does lead to decreased MYO-3 protein levels, but we demonstrate this is due to 

elevated degradation by the proteasome. Interestingly, neither inhibition of proteasome-

dependent proteolysis nor independent knockdown of MYO-3 levels are sufficient to 

alter muscle growth, suggesting FHOD-1 may play multiple roles in muscle, both 

regulating protein expression and promoting muscle growth by an as-yet unclear 

mechanism. 
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Abstract 

 Formins are actin nucleators that assemble long, unbranched actin filaments by 

allowing barbed end elongation of actin filaments, while maintaining an association with 

the barbed end of actin filaments. One subfamily, called the formin homology-2 domain-

containing (FHOD) proteins, plays important roles in sarcomere formation in striated 

muscle and cell motility. It is still unclear how FHOD formins perform these functions. A 

complicating factor in the case of FHOD formins, is FHOD formins have been reported 

to inhibit actin polymerization in vitro, differing from apparent stimulation of 

polymerization in vivo. One recent study has shown the Drosophila FHOD homolog, 

FHOS, promotes polymerization of muscle or cytoplasmic actin and mammalian FHOD1 

promotes only cytoplasmic actin and inhibits muscle actin polymerization. We show the 

C. elegans FHOD formin, FHOD-1, inhibits muscle actin bulk polymerization in vitro, 

possibly due to capping and/or bundling actin filaments. Using total internal reflection 

fluorescence microscopy, we observed FHOD-1 can nucleate actin filaments, cap FHOD-

1-nucleated filaments, and bundle muscle actin filaments. However, possibly due to side 

binding, FHOD-1 is unable to efficiently cap preexisting actin filaments. Our work 

suggests C. elegans FHOD-1 interaction with muscle actin is more similar to mammalian 

FHOD formins than to Drosophila FHOS.  
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Introduction 

 Formins promote actin assembly and play a role in many cellular processes [1]. 

Animal formins are divided into nine subfamilies based on homology of their formin 

homology 2 (FH2) domains [2]. To analyze formins in vitro, constitutively active formins 

are expressed and purified either lacking regulatory domains N-terminal or C-terminal to 

the FH1 and FH2 domains. The formin’s FH2 domain forms dimers and is required for 

the interaction of formins with actin monomers to promote actin assembly [1]. Directly 

N-terminal to the FH2 domain, the FH1 domain is a flexible proline-rich region that 

allows formins to accelerate elongation of actin filaments by shuttling profilin-bound 

actin to the growing barbed end of actin filaments.  Formins have been shown to interact 

with actin in a variety of ways. Analysis of constitutively active versions of several 

formins led to the conclusion many formins promote nucleation, remain associated with 

the barbed end during actin filament elongation, and protect barbed ends against 

inhibitors of filament elongation. Due to formins remaining bound to the barbed ends 

during elongation, formins have varied effects on elongation depending on the formin’s 

ability to allow new actin monomers to assemble on the barbed ends. These effects range 

from no inhibition of elongation to complete inhibition (also called capping). Some 

formins can also have some less common effects on actin, such as bundling and severing 

actin filaments. Therefore, formins can have a broad range of functions with actin 

filaments.  

 The crystal structure of the FH2 domain of the Saccharomyces cerevisiae formin 

Bni1p was used to propose two conserved residues, isoleucine and lysine, mediated the 

interaction of the FH2 domain with actin [3]. The conserved isoleucine and lysine 
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residues have been implicated as necessary residues of the FH2 domain to bind actin and 

mutations of those residues in the FH2 domain inhibit the function of the FH2 domain 

[3]. Since then, many formins have been tested with mutations of the conserved 

isoleucine and lysine residues with various effects on actin polymerization. Of formins 

tested, most formins with a mutation of isoleucine residue led to the loss of actin 

polymerization activity, whereas mutation of lysine residue has varied effects on 

polymerization, but mutation of lysine residue was effective in preventing polymerization 

in a subset of formins [3–13]. These data suggest the conserved isoleucine and lysine 

residues in most formins play a role in the formin’s FH2 domain interaction with actin. 

 One subfamily of particular interest due to the observed disconnect between actin 

polymerization in vitro and in vivo is the formin homology-2 domain-containing (FHOD) 

proteins family. FHOD formins are less characterized compared to other formins, 

particularly the diaphanous formin family. Despite in vivo evidence of enhancing actin 

polymerization [7,14,15], initial studies using rabbit muscle actin have shown two 

mammalian FHOD formins, mFHOD1 and mFHOD3, inhibit actin polymerization in 

vitro [7,16]. mFHOD1 has been shown to cap and bundle actin filaments [16]. The 

mechanism of inhibition of actin polymerization by mFHOD3 has yet to be tested. What 

leads to the difference between the in vivo and in vitro results? Recent data have shown 

the Drosophila FHOD homolog FHOS can promote the assembly of rabbit skeletal 

muscle actin. Drosophila FHOS nucleates, allows barbed end elongation, protects the 

barbed end from capping protein, and bundles actin filaments through side binding rabbit 

skeletal muscle actin [11]. Due to the contrasting effects of Drosophila FHOS, mFHOD1 

was retested and confirmed to inhibit the assembly of rabbit skeletal muscle actin. 
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However, mammals have multiple actin isoforms. Four actin isoforms are mostly 

expressed in muscle and termed muscle actin isoforms, while two isoforms are 

ubiquitously expressed and are therefore referred to as cytoplasmic actin isoforms [17]. 

When Acanthamoeba castellanii actin, called Acanthamoeba actin, was used as a proxy 

for cytoplasmic actin, instead of rabbit muscle actin, mFHOD1 was able to nucleate actin 

filaments and promote actin assembly [11]. This is not surprising due to the fact 

mFHOD1 is the most widely expressed formin in mammals [18], and due to its wide 

expression in a variety of tissues mFHOD1 shows a preference for cytoplasmic over 

muscle actin. However, mFHOD3 is primarily expressed in muscle and promotes 

sarcomere assembly in the mouse heart, suggesting mFHOD3 would be expected to work 

with muscle actin [19,20]. Therefore, it is surprising mFHOD3 inhibits rabbit skeletal 

muscle actin [7]. As of yet, mFHOD3 has not been tested with cytoplasmic actin.  

In Caenorhabditis elegans the only FHOD formin, FHOD-1, is expressed in body 

wall muscle cells and promotes muscle growth through promoting sarcomere assembly, 

possibly through assembling dense bodies [21–23]. Therefore, C. elegans FHOD-1’s 

function in muscle may be more homologous to the function of mammalian FHOD3 and 

Drosophila FHOS. As such, we characterized the in vitro capabilities of C. elegans 

FHOD-1 to determine its effects on skeletal muscle actin to aid in determining the role 

FHOD-1 plays in the assembly of sarcomeres in muscle.   
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Materials and Methods 

Rabbit skeletal muscle actin purification and labeling of actin monomers 

 Rabbit skeletal muscle actin was purified from acetone powder (Pel-Freez, 

Rodgers, AR) similar to [24]. Five grams of dry acetone powder were ground in a coffee 

grinder. 80 mL of cold actin buffer (2 mM Tris-HCl pH 8, 0.2 mM CaCl2, 0.2 mM ATP, 

0.5 mM dithiothreitol (DTT)) was added to dry acetone powder and stirred for 30 min at 

4 °C. Acetone powder suspended in actin buffer was strained through gauze, centrifuged 

at 35,000 rpm in a Type 45 Ti rotor (Beckman, Indianapolis, IN), and the supernatant was 

collected. To polymerize actin, MgCl2, KCl and ATP were mixed into the supernatant to 

a final concentration of 2 mM MgCl2, 50 mM KCl, and 1 mM ATP, and incubated for 30 

min at room temperature without stirring. Polymerized actin was moved to 4 °C for 1 hr, 

then dry KCl was added to a final concentration of 0.8 M and stirred to mix. Polymerized 

actin was centrifuge at 42,000 rpm in a Type 45 Ti rotor for 3 hrs at 4 °C. Pellet was 

washed gently three times with actin buffer, and resuspended in a total volume of 4-8 mL 

actin buffer, dounce to homogenized, and incubated on ice overnight to depolymerize 

actin. Depolymerized actin was clarified by centrifugation at 35,000 rpm in a Type 70 Ti 

rotor (Beckman, Indianapolis, IN) for 10 min, gel filtered on Sephacryl S-300 (Cytiva, 

Marlborough, MA), fractions were collected and pooled.  

 To pyrene label skeletal muscle actin, actin monomers were dialyzed to calcium 

depolymerizing solution (CDS) (10 mM Tris-HCl pH 8.0, 0.2 mM CaCl2, 0.5 mM ATP, 

50 µM Ca EDTA, 1 mM DTT, 1 mM NaN3) overnight at 4 °C, and then to CDS without 

DTT overnight at 4 °C. Actin was clarified by centrifugation at 38,000 rpm for 1 hr 15 

min at 4 °C in a Type 70 Ti rotor. The supernatant was collected, the volume was 



119 
 

determined, and the concentration was determined by µM actin = (OD290 – OD310) / 

0.0249. 40 µM actin was polymerized in CDS without DTT plus the following reagents 

were added to a final concentration of 2 mM MgCl2 and 0.1 M KCl and incubated 

without stirring at room temperature for 30 min, then 60 min at 4 °C. To pyrene label 

actin filaments, a final concentration of 45 µM pyrene (N-(1-pyrene)iodoacetamide) was 

added and stirred gently (100 rpm) overnight. Pyrene labeled actin was centrifuged for 

2.5 hrs at 38,000 rpm at 4 °C. Pellets were homogenized into actin buffer, and 

resuspended pellets were dialyzed for two nights and one day into actin buffer. Pyrene 

labeled actin was centrifuged at 38,000 rpm for 2.5 hrs at 4 °C, the supernatant was 

collected, gel filtered through a Sephacryl S-300 column, fractions were collected, 

pooled, aliquoted, flash-frozen with liquid nitrogen, and stored at -80 °C. The ratio of 

pyrene labeled actin to total actin was determined by absorbance (A) at 290 nm and 344 

nm. Total actin concentration was determined by (A290 – (A344 x 0.127)) x 38.5 µM/OD 

and pyrene labeled actin concentration was determined by A344 x 45.5 µM/OD. Pyrene 

labeled actin concentration over total actin concentration gives the fraction of actin that is 

pyrene labeled. 

 Oregon Green (OG) 488 actin was purified and labeled similar to [25]. 10 g 

acetone powder was ground in 200 mL CDS with mortar and pestle, stirred for 25 min, 

filtered through cheese cloth, and cheese cloth was rinsed with 100 mL CDS. The 

cheesecloth filtrate was centrifuged at 14,000 rpm for 10 min in JA-14 (Beckman, 

Indianapolis, IN). The supernatant was collected, the volume was determined, and actin 

in the supernatant was polymerized by the addition of a final concentration of 2 mM 

MgCl2 and 0.1 M KCl. The solution was incubated at room temperature for 30 min, while 
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not stirring, and then moved to 4 °C for 60 min. Additional KCl was added to a final 

concentration of 0.8 M KCl. Polymerized actin was centrifuge at 45,000 rpm in a Type 

45 Ti rotor for 1 hr 45 min at 4 °C. Pellets were resuspended in CDS and dialyzed 

overnight in CDS at 4 °C. Actin was dialyzed into actin buffer without DTT two times 

for 1 hr each. The solution was clarified by centrifugation at 500 x g for 5 min. Actin was 

mixed with an equal volume of 2x labeling buffer (50 mM imidazole (pH 7.5), 0.2 M 

KCl, 4 mM MgCl2, 6 mM NaN3, 0.6 mM ATP) and incubated for 5 min. Actin was 

diluted to 1 mg/mL with cold 1x labeling buffer. A 12- to 15-fold excess of 10 mM OG 

iodoacetamide suspended in dimethylformamide was added drop-wise while the solution 

stirred and continued overnight. OG-labeled actin was clarified by centrifugation at 500 x 

g for 5 min. The supernatant was centrifuged at 35,000 rpm for 2 hrs in a Type 70 Ti 

rotor. Pellets were resuspended in actin buffer and dialyzed to actin buffer overnight at 4 

°C. Actin was clarified by centrifugation at 14,000 rpm for 5 min. The supernatant was 

collected, gel filtered through a Sephacryl S-300 column, dialyzed into actin buffer for 

two nights and one day at 4 °C, aliquoted, and stored at -20 °C. The ratio of OG-labeled 

actin to total actin was determined by A290 and A491. Total actin concentration was 

determined by (A290 – (A491 x 0.16991)) x 38.5 µM/OD and OG-labeled actin 

concentration was determined by A491 x 12.8 µM/OD. OG-labeled actin concentration 

over total actin concentration gives the fraction of actin that is OG-labeled. 

 Biotinylated actin was a gift from Jessica Henty-Ridilla (State University of New 

York Upstate Medical University, Syracuse, NY). 
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C. elegans capping protein expression and purification 

 The coding sequence for cap-1 was cloned into pETDuet-GST, and the coding 

sequence for cap-2 was cloned into pSUMO. BL21 cells were transformed with 

pETDuet-GST-CAP-1 and grown in LB with 100 µg/mL ampicillin and 25 µg/mL 

chloramphenicol overnight. The cultures were diluted 1:40 in LB with 100 µg/mL 

ampicillin and 25 µg/mL chloramphenicol and grown at 37 °C to OD600 of 0.5-0.6, and 

BL21 cells transformed with pSUMO-CAP-2 and grown in LB with 30 µg/mL 

kanamycin and 25 µg/mL chloramphenicol to OD600 of 0.6-0.7. Expression of CAP-1 

was induced with 0.5 mM isopropyl β-D-thiogalactoside (IPTG) and CAP-2 was induced 

with 1 mM IPTG at 28 °C for 5 hrs. Cells were pelleted at 6000 x g at 4 °C, washed with 

10 mL PBS, and pelleted again at 6000 x g at 4 °C. The pellets were resuspended in 10 

mL binding buffer 20 (20 mM sodium phosphate, 300 mM NaCl, 20 mM imidazole, pH 

7.4) plus one complete EDTA-free protease inhibitor cocktail (Roche, Basel, 

Switzerland) per 50 mL buffer. Cell suspensions were combined, and the suspension was 

sonicated seven times for 30 sec at level 3 with a 50% duty cycle on ice. Disrupted cells 

were centrifuged at 10,000 x g for 20 min at 4 °C. The supernatant was incubated with 2 

mL of nickel resin (Qiagen, Hilden, Germany) for 1 hr 15 min at 4 °C. The resin was 

pelleted at 500 rpm for 3 min at 4 °C. The resin was washed four times with capping 

protein buffer (20 mM sodium phosphate pH 7.4, 300 mM NaCl), and protein was eluted 

with 1.5 mL elution buffer (20 mM sodium phosphate, 300 mM NaCl, 500 mM 

imidazole, pH 7.4) four times, with each elution incubated for 15 min at 4 °C. Eluted 

protein was desalted in PD-10 columns (Cytiva, Marlborough, MA), and samples were 

eluted from the PD-10 column with capping protein buffer. SUMO-tag was cleaved by 
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adding 200 µL Ulp1p (purification below) and incubated for 30 min at 30 °C. The 

cleaved protein was combined, incubated with new nickel resin, and rotated for 40 min at 

4 °C. The resin was pelleted at 500 rpm for 1 min, the supernatant was collected, and 

diluted 1:2 with capping protein buffer. Supernatants were incubated with 0.5 mL 

glutathione-agarose beads (Thermo Scientific, Waltham, MA) in binding buffer 10 (20 

mM sodium phosphate, 300 mM NaCl, 10 mM imidazole, pH 7.4) + 1 mM DTT for 10 

min at room temperature and 30 min at 4 °C. Beads were washed three times with 

capping protein buffer + 1 mM DTT. Glutathione was cleaved from capping protein with 

the addition of 200 µL GST-3CPro bound to beads (purification below) and rotated 

overnight at 4 °C. Beads were pelleted, the supernatant was collected, flash-frozen with 

liquid N2, and stored at -80 °C. 

Ulp1p expression and purification 

 Rosetta (DE3) cells transformed with pULP1, a gift from Holger Sonderman 

(Cornell University, Ithaca, NY), were grown at 37 °C in LB with 30 µg/mL kanamycin 

and 25 µg/mL chloramphenicol overnight. The cultures were diluted 1:20 in LB with 30 

µg/mL kanamycin and 25 µg/mL chloramphenicol and grown at 37 °C until OD600 of 1.0. 

The culture was induced with 1 mM IPTG at 28 °C for 5 hrs. The culture was pelleted at 

6000 x g at 4 °C for 10 min, washed with PBS, and pelleted again. The pellet was 

resuspended in 20 mL binding buffer 20 plus two tablets complete mini EDTA-free 

protease inhibitor cocktail (Roche, Basel, Switzerland). The sample was sonicated six 

times for 30 sec at level 2 with a 50% duty cycle on ice. The sample was cleared by 

centrifugation at 12,000 x g for 20 min at 4 °C. The supernatant was collected and 

incubated with nickel resin (Qiagen, Hilden, Germany), equilibrated with binding buffer 
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20, for 1 hr at 4 °C. The resin was pelleted at 500 rpm for 5 min at 4 °C, and the pellet 

was washed three times with binding buffer 20. Protein was eluted in elution buffer four 

times, with each elution incubated for 15 min at 4 °C. Protein was dialyzed overnight into 

PBS at 4 °C, aliquoted, and stored at -80 °C. 

GST-3CPro expression and purification 

 BL21 cells transformed with pGEX-3CPro were grown at 37 °C in 2xYT with 

100 µg/mL ampicillin overnight. The culture was diluted 1:15 into 2xYT with 100 µg/mL 

ampicillin and grown at 37 °C until the culture reached an OD600 of 0.7, and then cultures 

were induced with 1 mM IPTG at 30 °C for 3 hrs. The culture was divided into 50 mL 

aliquots, pelleted at 3500 rpm for 20 min in a TX-100 (Thermo Fisher Scientific, 

Waltham, MA), the supernatant was removed, and pellets were stored at -80 °C until the 

day of protein purification of other proteins. A pellet was thawed and resuspended in 

HKG (25 mM HEPES pH 7.3, 300 mM KCl, 10% glycerol, 0.5 mM thesit, 5 mM DTT) 

plus one cOmplete ULTRA tablet (Roche, Basel, Switzerland). All remaining steps were 

performed on ice or at 4 °C. Cells were lysed by microfluidizing and cleared by 

centrifugation at 35,000 rpm 1 hr at 4 °C in a Type 45 Ti rotor. The supernatant was 

collected into 50 mL conical tube, 1 mL glutathione beads, equilibrated in HKG, were 

added to the supernatant, and incubated on a rotator for 1 hr. Beads were washed three 

times in HKG for 15 min and three times in HK (20 mM HEPES pH 7.3, 50 mM KCl, 

5% glycerol, 0.5 mM thesit, 5 mM DTT) for 15 min. Washed GST-3CPro bound beads 

are ready for cleavage of GST in either capping protein or formin purifications. 
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Identification and cloning of mutations of conserved actin-binding residues into 

FHOD-1 FH1FH2C 

Coding sequences for FHOD-1 and CYK-1 were described in [21]. FHOD-1 

FH1FH2C or CYK-1 FH1FH2C cDNA were cloned into pGEX-6p-3 (GE Healthcare, 

Chicago, IL) with N-terminal GST-tag followed by 3CPro protease site before the formin 

sequence (Fig. 3-1 A), to yield pGEX-6p-3 FHOD-1 FH1FH2C and pGEX-6p-3 CYK-1 

FH1FH2C. The alignment of the whole FH2 domains of nine formins from four species 

was performed from MegAlign Pro (Version 17.1.1 (120); DNASTAR, Madison, WI) 

using Clustal Omega alignment, and a partial view of the sequence alignment is shown in 

Fig. 3-1 B. The two conserved actin-binding residues, isoleucine and lysine, were 

determined to be isoleucine 904 and lysine 1051 for C. elegans FHOD-1, based on the 

alignment of residues mutated in mouse DIAPH1, mammalian FHOD3, and Drosophila 

FHOS (Fig. 3-1 B) [4,7,11]. Site-directed mutagenesis was used to substitute the coding 

nucleotides for isoleucine 904 (ATT) and/or lysine 1051 (AAG) to code for alanine 

(GCA) in the pGEX-6p-3 FHOD-1 FH1FH2C plasmid. Plasmids coding for FHOD-1 

FH1FH2C with single variant constructs for I904A pCY5 or K1051A pCY6 and double 

variant construct with both I904A and K1051A pCY7 were created.  

Formin FH1FH2C expression and purification  

To express FHOD-1 FH1FH2C constructs, 50 µL of Rosetta 2 (DE3) cells were 

transformed with 10 ng of FHOD-1 FH1FH2C, pCY5, pCY6, or pCY7, and cells were 

incubated at 30 °C in terrific broth with 62.5 µg/mL ampicillin and 25 µg/mL 

chloramphenicol overnight. The culture was diluted 1:200 in 5 L or 2 L terrific broth with 

62.5 µg/mL ampicillin and 25 µg/mL chloramphenicol and grown at 30 °C until cultures  
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Figure 3-1. CYK-1 and FHOD-1 FH1FH2C constructs with the identification of 

conserved actin-binding residues of the FH2 domain. (A) Domain maps of CYK-1 and 

FHOD-1 adapted from [21]. Structural domains contained within CYK-1 and FHOD-1 

were GTPase-binding domain (G), FHOD-specific GTPase-binding domain (G2), 

diaphanous inhibitory domain (DID), dimerization domain (DD), predicted helical 

domain (H), coiled-coil domain (CC), FH1 domain, FH2 domain, and diaphanous 

autoregulatory domain (DAD). The CYK-1 FH1FH2C construct contained amino acids 

681-1437 with FH1 and FH2 domains through the C-terminus of CYK-1. The FHOD-1 

FH1FH2C construct contained amino acids 764-1346 with FH1 and FH2 domains 

through the C-terminus of FHOD-1. (B) Portions of the FH2 domain protein sequence 

alignments, separated by the red line, of a single representative diaphanous formin from 

three species: Mus musculus (Mm) DIAPH1, Drosophila melanogaster (Dm) DIA, and 

C. elegans (Ce) CYK-1, and Ce FHOD-1 homologs: Mm FHOD1, Mm FHOD3, Danio 

rerio (Dr) FHOD3A, Dr FHOD3B, Dm FHOS. Red asterisks displayed above the 

consensus sequence identified conserved isoleucine and lysine residues. Numbers 

indicate the amino acid position of the first (left) and last residue (right) depicted. Blue 

indicates positive side chains, red indicates negative side chains, orange indicates 

hydrophobic side chains, green indicates polar uncharged side chains, and yellow 

indicates aromatic side chains.  
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reached an OD600 of 0.6-0.7, cultures were chilled to 16 °C before the expression was 

induced with 1 mM IPTG overnight at 16 °C. The cells were pelleted at 7,000 x g for 5 

min, the pellet was collected, and flash-frozen in liquid nitrogen. Pellet was kept in liquid 

nitrogen for > 30 min or stored at -80 °C, before being resuspended in 100 mL HKG plus 

two cOmplete ULTRA tablets (Roche, Basel, Switzerland). All remaining steps were 

performed on ice or at 4 °C. Cells were lysed by microfluidizing and cleared by 

centrifugation at 35,000 rpm 1 hr at 4 °C in a Type 45 Ti rotor. Supernatants were 

collected into two 50 mL conical tubes, 1 mL glutathione beads, equilibrated with HKG, 

were added to each aliquot of supernatant, and incubated on a rotator for 1 hr. Beads were 

washed three times in HKG for 15 min and three times in HK for 15 min. Beads bound 

with formin constructs were mixed with beads bound to GST-3CPro, to cleave the GST-

tag from the formin constructs, and were rotated overnight. KCl was added to reach a 

final concentration of 300 mM KCl in the sample and rotated for an additional 20 min.  

Three elutions were collected, with HK added after each elution. Elutions were 

combined and centrifuged at max speed in a microfuge for 10 min to remove beads. 

Combined elutions were purified using a HiTrap SP FF cation exchange column (Cytiva, 

Marlborough, MA) with a gradient of 50 mM to 1 M NaCl over 40 column volumes. 

Pooled fractions were dialyzed to HK overnight with 3 buffer changes. Protein was 

concentrated from 5 mL to about 1 mL in a Vivaspin 6 (Sartorius, Stonehouse, United 

Kingdom) at 4,000 x g. Protein was aliquoted, flash-frozen in liquid nitrogen, and stored 

at -80 °C. Protein concentration was determined by band intensity of a Coomassie-stained 

gel compared to bovine serum albumin standards. 
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Pyrene actin assay 

 Pyrene actin assays were performed similarly to [26]. Pyrene actin assays were 

assembled in two parts, Part A and Part B. Part A is composed of 30 µL with formin or 

an equal volume of HK, capping protein or an equal volume of capping protein buffer 

was added in Fig. 3-2 B and Fig. 3-3, with 0.2 volume 10xF buffer (500 mM KCl, 20 

mM MgCl2, 1 mM ATP), and with remaining volume 1xG buffer. Part B is composed of 

31.5 µL with rabbit skeletal muscle actin (5% pyrene labeled) in 1xG buffer (5 mM Tris-

HCl pH 8, 0.2 mM CaCl2, 0.4 mM ATP, 5 mM DTT). Assembled reaction parts were 

equilibrated to room temperature for about 20 min before the reactions were initiated. To 

prime actin for assembly, Part B was mixed with 3.5 µL 10x priming buffer (10 mM 

EGTA, 1 mM MgCl2) and incubated 2 min. To initiate actin assembly Part A was mixed 

with 30 µL primed Part B in a cuvette. Fluorescence was monitored at 23 °C in a 

FluoroMax-4 spectrofluorometer (Horiba, Kyoto, Japan) with excitation of 365 nm and 

emission of 405 nm.  

Actin elongation assay 

 Actin elongation assays were performed similarly to [26]. To generate 

filamentous actin, 0.1 volume 10xF buffer was added to a final concentration of 10 µM 

monomeric rabbit muscle actin, with no pyrene label, in 1xG buffer and was incubated 

for > 40 min at room temperature. Part A is composed of 33 µL 1xG buffer and 3 µL 10 

µM 10% pyrene labeled monomeric actin. Part B composed of 50 µL containing 0.1 

volume 10xF buffer, formin or an equivalent volume of HK, capping protein or an 

equivalent volume of capping protein buffer, with 5 µL 10 µM filamentous actin and 

with remaining volume 1xG buffer. Assembled reaction parts were equilibrated to room 
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temperature for > 20 min before reactions were performed. To generate actin seeds, Part 

B was sheared 5x with a 28-gauge insulin syringe. 20 µL Part B was mixed with 36 µL 

Part A. The combined 56 µL of Part A and B was then transferred to the cuvette 

containing 4 µL 10xF buffer and mixed. Fluorescence was monitored at 23 °C in a 

FluoroMax-4 spectrofluorometer with excitation of 365 nm and emission of 405 nm. The 

concentration of barbed ends was calculated by (((initial actin monomer concentration – 

critical concentration) / (maximum intensity – intensity of 0.5 µM actin without seeds)) * 

maximum slope of actin alone) / ((on rate constant of the barbed end * free actin 

monomers concentration) – off rate constant of the barbed end) based on equations from 

[27]. Percent inhibition was calculated by ((1 – (slope with protein / slope of actin alone)) 

x 100). 

 For competition between formin and capping protein in elongation assay, 

everything was the same as above, except, capping protein or capping protein buffer was 

left out of Part B and instead was placed with the 4 µL 10xF buffer in the cuvette. This 

allowed actin seeds to interact with monomeric actin and formin before being exposed to 

capping protein. 

Total internal reflection fluorescence (TIRF) microscopy 

 TIRF microscopy protocol was essentially the same as [28]. Long coverslips (24 x 

60 mm) (Thermo Fisher Scientific, Waltham, MA) were sonicated for 1 hr in ddH2O with 

2% Micro-90 detergent, rinsed 10 times with ddH2O, sonicated for 1 hr in 100% ethanol, 

rinsed 10 times with ddH2O, sonicated for 30 min in 0.1 M KOH, rinsed 10 times with 

ddH2O, sonicated 10 min with ddH2O, and stored in 200 proof ethanol until use. Cleaned 

coverslips were rinsed with ddH2O, dried with N2 gas, coated with 110 µL of 2 mg/mL 
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methoxy-poly(ethylene glycol) (mPEG)-silane MW 2,000 and 80 µg/mL biotin-PEG-

silane MW 3,400 (Laysan Bio, Arab, AL) in 80% ethanol (adjusted to pH 2 with HCl) 

and incubated overnight at 70 °C.  

Coated coverslips were rinsed six times with ddH2O, dried with N2 gas. Coated 

coverslips were attached to µ-Slide VI0.1 (0.1 mm x 17 mm x 1 mm) flow chambers 

(Ibidi, Martinsried, Germany) with double-sided tape (2.5 cm x 2 mm x 120 µm strips). 

Chambers were sealed off with epoxy resin (Devcon, Riviera Beach, FL). Flow chambers 

were conditioned with 1% BSA, then incubated with 4 µg/mL streptavidin in 10 mM 

Tris-HCl (pH 8) for 1 min, wash with 1% BSA, and finally washed with TIRF buffer (10 

mM imidazole (pH 7.4), 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 0.2 mM ATP, 10 mM 

DTT, 40 mM glucose, 0.25% methylcellulose). TIRF microscopy reactions minus actin 

were preassembled in TIRF buffer with HK or FHOD-1 proteins, binding buffer 20, and 

1:25 dilution of anti-bleach (10 mg/mL glucooxidase, 2 mg/mL catalase). Actin assembly 

reactions were initiated by adding 1 µM monomeric actin (20% OG-labeled and 1% 

biotinylated) to preassembled reactions and the reaction was loaded into the chambers. 

The time between initiation of reaction and recording TIRF microscopy time-lapse was 

between 1.5 to 3.5 min, due to the time it took to get the OG-actin in focus. Time-lapse 

TIRF microscopy imaging was performed using DMi8 infinity TIRF system (Leica, 

Wetzlar, Germany) with an electron-multiplying charged coupled device iXon camera 

(Andor Ixon, Belfast, Northern Ireland), 100x 1.47 NA Plan Apo objective and 150 mW 

laser with emission of 488 nm. For imaging OG-actin filaments, frames were captured 

every 5 sec with a 10 ms exposure.  
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To determine what happened to individual actin structures, individual filaments 

were tracked from the start of the TIRF microscopy movie. Actin structures were 

followed until they were lost from view or were determined to be part of an individual 

category. Filament behavior was binned into three classes; never capped, capped, or 

multiple filaments arising from a single spot. Actin structures were binned into never 

capped if they appeared like in actin alone, where filaments were nucleated and 

proceeded to elongate. Actin structures were deemed capped if they were observed as 

actin puncta that did not elongate for at least 30 sec. Actin structures that had many 

filaments elongate from the initial spot were binned into multiple filaments arising from 

one spot. All actin structures in one region of interest (ROI) for wild-type FHOD-1, 

except where filaments were lost from view or obscured by other filaments and therefore 

could not be placed in a category. Due to the increased number of actin structures in 

FHOD-1 I904A, only half the ROI was tracked. There were 83 actin structures 

categorized for FHOD-1 FH1FH2C wild type and 121 actin structures categorized in 

FHOD-1 FH1FH2C I904A.  

To determine the number of actin structures per ROI, actin structures were 

counted 2 min following initiation of actin assembly. All actin structures were counted 

including puncta, filaments, and if there were multiple filaments from one spot, each 

filament was counted. Due to the reaction of actin alone only having one ROI in focus at 

that time point, only one ROI for actin alone was counted. Actin structures were counted 

in all three ROIs for both FHOD-1 FH1FH2C WT and FHOD-1 FH1FH2C I904A. 

To determine the number of actin bundles per ROI, TIRF microscopy movies 

were timed to about 5 min following initiation of actin assembly. Actin bundles were 
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only considered actin bundles if part of the structure appeared stabilized, and filaments 

appeared to coalesce into other filaments, crosslinks alone were not counted. To 

determine if filaments were stabilized and filaments coalesced together, 2-5 frames 

before and after the 5 min time point were observed to confirm structures were actin 

bundles and not filaments flowing by.  

Overall OG fluorescence per ROI in TIRF microscopy was determined after 

fluorescence was normalized by the following method. To determine the brightness of a 

single filament and background, a line scan across a single filament early in the movie 

was used. The minimum intensity was set to background fluorescence. The maximum 

measured intensity of any ROI was equivalent to about 12 actin filaments as determined 

by the line scan. Thus, for an ROI the maximum allowable intensity was set to 

((maximum intensity of single filament – minimum intensity) x 13) + minimum 

intensity), which resulted in the maximum allowable intensity of an ROI is equal to the 

fluorescence of 13 actin filaments. Overall fluorescence was determined as integrated 

density using ImageJ (version 1.53c) [29,30]. Averages of three ROIs were used to 

determine overall OG fluorescence per TIRF reaction. 

 

Results 

C. elegans FHOD-1 inhibits polymerization of rabbit skeletal muscle actin. 

 To determine if C. elegans FHOD-1 promotes rabbit skeletal muscle actin 

assembly, similar to Drosophila FHOS [11], we purified two C. elegans formins from the 

FH1 to the C-terminus, called FHOD-1 FH1FH2C and CYK-1 FH1FH2C, a C. elegans 

diaphanous homolog known as a strong nucleator of actin filaments [31]. To analyze 
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actin assembly in vitro, pyrene actin assays are often used to examine actin 

polymerization because the fluorescence of pyrene labeled actin has a 7-10 fold increase 

in fluorescence when incorporated into actin filaments compared to monomer 

fluorescence [32]. We performed pyrene actin assays with 1 µM rabbit skeletal muscle 

actin to determine if FHOD-1 promotes actin polymerization. Actin alone showed low 

actin polymerization as expected due to low spontaneous nucleation at 1 µM actin, and 

the positive control 10 nM CYK-1 FH1FH2C, a strong actin nucleator [31], caused a 

strong increase in actin polymerization (Fig. 3-2 A). 1 nM and 10 nM FHOD-1 

FH1FH2C showed no difference in actin polymerization to actin alone (Fig. 3-2 A). 

However, 100 nM FHOD-1 FH1FH2C showed slight inhibition of actin polymerization 

(Fig. 3-2 A).  

 To determine how strongly FHOD-1 inhibited rabbit muscle actin polymerization, 

we increased the concentration of actin to increase spontaneous nucleation, and therefore 

actin polymerization. Increasing actin polymerization would allow us to determine how 

effective FHOD-1 FH1FH2C is at inhibiting actin assembly. We performed pyrene actin 

assays with 4 µM rabbit skeletal muscle actin, since actin assembly with actin alone 

reached near-equilibrium around 10 min (Fig. 3-2 B). Polymerization of 4 µM actin was 

increased compared to 1 µM actin, as expected with an increased rate of spontaneous 

nucleation (Fig. 3-2). To compare to a known inhibitor of barbed end polymerization, we 

included 100 nM capping protein to investigate the possible capping by C. elegans 

FHOD-1 [33]. 10 nM CYK-1 FH1FH2C was able to promote actin assembly, reaching 

equilibrium around 200 seconds (Fig. 3-2 B). C. elegans FHOD-1 FH1FH2C at higher 

concentrations led to inhibition of actin polymerization, and 200 nM FHOD-1 FH1FH2C  
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Figure 3-2. FHOD-1 inhibits polymerization of rabbit muscle actin. A) Pyrene-actin 

fluorescence of 1 µM rabbit muscle actin (5% pyrene labeled) alone, with 10 nM CYK-1 

FH1FH2C, or 1-100 nM FHOD-1 FH1FH2C. CYK-1 FH1FH2C strongly stimulates 

actin polymerization, while 100 nM FHOD-1 FH1FH2C mildly inhibits polymerization. 

The graph displays an average fluorescence at each time point from three individual 

reactions. Error bars indicate one standard deviation. B) Pyrene-actin fluorescence of 4 

µM rabbit muscle actin (5% pyrene labeled) alone, with 100 nM capping protein, 10 nM 

CYK-1 FH1FH2C, or 1-200 nM FHOD-1 FH1FH2C. CYK-1 FH1FH2C strongly 

promotes polymerization, while 100 nM capping protein (CP) inhibits actin 

polymerization due to the capping of the barbed end. FHOD-1 FH1FH2C inhibits actin 

polymerization in a dose-dependent manner. The graph displays an average fluorescence 

at each time point from four individual reactions, except for 100 nM capping protein 

which was examined in three individual reactions. Error bars indicate one standard 

deviation. 
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inhibited actin polymerization similar to 100 nM capping protein (Fig. 3-2 B). 100 nM 

FHOD-1 FH1FH2C has intermediate inhibition of polymerization (Fig. 3-2 B). These 

data suggest, C. elegans FHOD-1 acts similar to mFHOD1 and mFHOD3 and led to the 

inhibition of rabbit skeletal muscle actin polymerization.  

FHOD-1 does not require conserved putative actin-binding residues to inhibit actin 

polymerization. 

 We identified C. elegans FHOD-1 residues I904 and K1051 as conserved actin-

binding residues in other formins based on sequence alignment. The single or double 

mutations of conserved actin-binding residues were introduced into FHOD-1 FH1FH2C 

by site-directed mutagenesis (Fig. 3-1 B). To determine if actin-binding mutations of the 

FH2 domain could disrupt C. elegans FHOD-1 interaction with actin, we performed 

pyrene actin assays with 4 µM rabbit muscle actin with purified C. elegans FHOD-1 

FH1FH2C with wild type, single variants of I904A or K1051A, or a double mutant with 

both variants I904A and K1051A. If the conserved actin-binding isoleucine or lysine 

residues are important for the interaction between FHOD-1 and actin, we would expect to 

observe relieved inhibition of rabbit skeletal muscle actin polymerization in the FHOD-1 

FH1FH2C variants, as these mutations do in mFHOD3 [7]. Interestingly, none of the 

mutations relieved the inhibition of C. elegans FHOD-1 FH1FH2C (Fig. 3-3). These data 

suggest the conserved actin-binding residues are not important to the interaction of 

FHOD-1 with rabbit skeletal muscle actin.  

C. elegans FHOD-1 only mildly inhibits elongation of preexisting rabbit skeletal 

muscle actin filaments.  

With the similarity between inhibition of FHOD-1 and capping protein in pyrene  
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Figure 3-3. FHOD-1 inhibits actin polymerization of rabbit muscle actin and 

canonical mutations do not relieve the inhibition. Pyrene-actin fluorescence of 4 µM 

rabbit muscle actin (5% pyrene labeled) alone, with 100 nM capping protein, 10 nM 

CYK-1 FH1FH2C, 200 nM FHOD-1 FH1FH2C (wild type, blue; I904A, purple; 

K1051A, green; double I904A and K1051A, gold). FHOD-1 FH1FH2C wild type 

inhibited polymerization to a similar degree as all FHOD-1 FH1FH2C variants. The 

graph displays an average fluorescence at each time point from four individual reactions. 

Error bars indicate one standard deviation. 
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actin assays, we wanted to test if FHOD-1 inhibits barbed end elongation of preexisting 

actin filaments. To test actin elongation, 0.5 µM 10% pyrene labeled monomeric actin, a 

concentration to allow elongation only from the barbed end, was added to unlabeled actin 

seeds. In actin elongation assay with unlabeled actin seeds and 0.5 µM pyrene-labeled 

monomeric actin, we observed polymerization, suggesting efficient barbed end 

elongation (Fig. 3-4 A). Without seeds we observed no polymerization, indicating no 

actin assembly from the 0.5 µM actin alone (Fig. 3-4 A). In the presence of 100 nM 

capping protein, we observed only a little polymerization, indicating most polymerization 

is occurring from the barbed ends of actin seeds (Fig. 3-4 A). CYK-1 FH1FH2C has been 

previously shown to inhibit actin elongation by slowing the addition of actin monomers 

to the barbed end [34]. We confirmed 10 nM CYK-1 FH1FH2C inhibited elongation by 

19%, while 100 nM CYK-1 FH1FH2C inhibited elongation by 72% (Fig. 3-4 A and B). 

Barbed ends were unaffected by the low concentration of FHOD-1 FH1FH2C. However, 

as we increased the concentration of FHOD-1 FH1FH2C, we observed slight inhibition 

of barbed end assembly with 50 nM FHOD-1 FH1FH2C similar to 10 nM CYK-1 

FH1FH2C. Increased concentration of FHOD-1 led to greater inhibition of barbed end 

assembly. However, even at 200 nM FHOD-1 FH1FH2C only inhibited 39% (Fig. 3-4 A 

and B). 

Based on the maximum slope of actin alone elongation assay, we estimated 0.8 

nM barbed ends were present in these reactions, similar to the expected 0.5 nM [26]. 

FHOD-1 FH1FH2C inhibition of actin elongation appears to not be saturable even with 

~250-fold more formin compared to the number of available barbed ends (Fig.3-4 B). 

These data suggest FHOD-1 is not an efficient capper of preexisting barbed ends,  
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Figure 3-4. FHOD-1 does not efficiently inhibit or protect barbed ends of 

preexisting actin filaments. (A) Barbed end elongation from unlabeled preformed seeds. 

Final conditions were either no seeds with 0.5 µM monomeric actin (10% pyrene labeled) 

alone or ~300 nM unlabeled seeds (~0.8 nM barbed ends) with 0.5 µM monomeric actin 

alone or with 100 nM capping protein (CP), 10-100 nM CYK-1 FH1FH2C, or 10-200 nM 

FHOD-1 FH1FH2C. The graph displays an average fluorescence at each time point from 

four individual reactions. Error bars indicate one standard deviation. (B)  Averaged 

percent inhibition of elongation compared to seeds + 0.5 µM G-actin from (A). A dose-

dependent inhibition of elongation was seen from both FHOD-1 FH1FH2C and CYK-1 

FH1FH2C, and capping protein almost completely inhibited elongation. The graph 

displays an average of maximum slope from four individual reactions. Error bars indicate 

one standard deviation. (C) Competition with capping protein for barbed ends of 

unlabeled preformed seeds. Final conditions were the same as in A, except the delayed 

addition of 100 nM capping protein or capping protein buffer after mixing all other 

protein components. CYK-1 FH1FH2C is capable of protecting actin elongation from 

capping protein, while FHOD-1 FH1FH2C is unable to protect actin elongation from 

capping protein. The graph displays an average fluorescence at each time point from two 

individual reactions. Error bars indicate one standard deviation. (D) Averaged maximum 

slopes of the individual elongation assays of controls, 100 nM CYK-1 FH1FH2C, and 

200 nM FHOD-1 FH1FH2C from (A) and (C). CYK-1 fully protects barbed end 

elongation, while FHOD-1 was unable to protect barbed end elongation. 
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possibly due to side binding. 

C. elegans FHOD-1 fails to protect the barbed ends of actin filaments from capping 

protein. 

 Since FHOD-1 FH1FH2C only mildly inhibited elongation of preexisting barbed 

ends, these data could be interpreted as FHOD-1 binding barbed ends and allowing 

elongation at a slightly impaired rate. Due to the general ability of formins to protect 

elongating barbed ends from capping protein, we therefore wanted to test if FHOD-1 

protects elongating barbed ends from capping protein. To allow initial elongation of actin 

alone or with formin before capping protein can cap the barbed ends, capping protein or 

capping protein buffer was added after monomeric actin. As expected, we observed 

polymerization occurs in the absence of capping protein and was prevented in the 

presence of capping protein (Fig 3-4 C). CYK-1 was reported to protect barbed ends from 

capping protein [34]. We showed CYK-1 FH1FH2C allowed similar actin polymerization 

with or without capping protein (Fig. 3-4 D). Together these data demonstrated 100 nM 

CYK-1 FH1FH2C bound most barbed ends in the actin elongation assay, remained bound 

to barbed ends, and protected barbed ends from capping protein. However, FHOD-1 

FH1FH2C did not significantly increase polymerization in the presence of capping 

protein, above capping protein alone (Fig. 3-4 D). These data suggest either FHOD-1 has 

a weak affinity to the barbed ends, which caused FHOD-1 to be knocked off by capping 

protein, or FHOD-1 did not efficiently bind to the barbed ends of preexisting actin 

filaments.  
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C. elegans FHOD-1 appears to bundle actin filaments and cap FHOD-1 nucleated 

filaments. 

 To better understand how FHOD-1 FH1FH2C inhibited actin polymerization, we 

observed individual actin filaments by TIRF microscopy in the presence or absence of 

FHOD-1 FH1FH2C wild type. TIRF microscopy allows the visualization of OG-labeled 

actin under polymerizing conditions, with decreased background due to OG-labeled actin 

only being excited close to coverslip by the evanescent wave. In actin alone TIRF 

microscopy movies, actin is spontaneously nucleated, and actin filaments elongate at a 

constant rate (Fig. 3-5 A).  

In FHOD-1 FH1FH2C movies three behaviors, called never capped, capped, and 

multiple filaments from one spot, were observed, and capped and multiple filaments from 

one spot were not observed in actin alone (Fig. 3-5 B and C). During initial assembly, we 

observed with 100 nM FHOD-1 FH1FH2C there were puncta that were absent in the 

actin alone (Fig. 3-5 A-B). These puncta were similar to what has been observed before 

with capping protein [35], suggesting these puncta may be nucleated and capped actin 

filaments with FHOD-1 FH1FH2C bound to the barbed end. We also observed in FHOD-

1 FH1FH2C TIRF microscopy movies actin filaments appeared to nucleate and elongate 

as in actin alone TIRF microscopy movies (Fig. 3-5 B and C). Rarely, we observed in 

FHOD-1 FH1FH2C TIRF microscopy movies multiple actin filaments bound to a single 

spot, possibly suggesting a single FHOD-1 may nucleate multiple filaments and bind the 

side of multiple actin filaments (Fig. 3-5 B and C). In FHOD-1 FH1FH2C 54% of the 83  
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Figure 3-5. FHOD-1 FH1FH2C nucleates, caps, and bundles actin filaments. (A) 

TIRF microscopy time course of 1 µM actin alone, or with either 100 nM FHOD-1 

FH1FH2C WT or 100 nM FHOD-1 FH1FH2C I904A started from ~3 min 30 sec from 

initiation of actin assembly. At 0 sec, FHOD-1 FH1FH2C WT and I904A TIRF 

microscopy movies have many more actin structures than seen in actin alone. In FHOD-1 

FH1FH2C WT, there were actin puncta and prevalent actin bundles throughout the time 

course. In FHOD-1 FH1FH2C I904A, there were many actin puncta and there is 

bundling, but less prevalent than in FHOD-1 FH1FH2C WT. (B) Early images from -100 

sec. Pie charts indicate what proportion of actin structures in one ROI were never capped, 

were capped, or had multiple filaments arise from one spot. Examples of each category 

can be found in (C). (C) TIRF microscopy time course of zoomed-in actin structures. The 

top row was an example of a filament that was never capped, and during the time course, 

we observed an actin filament growing from the barbed end. The middle row is an 

example of a nucleated and capped puncta. Yellow arrowheads point to capped puncta 

with no alteration in filament size, suggesting a nucleated and capped actin filament. The 

bottom row is an example of multiple filaments arising from a single spot. Yellow 

arrowheads indicate the lengthening of different filaments from a single actin puncta. (D) 

Counted actin structures from 1 ROI of actin alone and the average of 3 ROIs in FHOD-1 

FH1FH2C WT and I904A at ~2 min after actin assembly was initiated. (E) Total OG 

fluorescence per ROI at ~10 min after actin assembly was initiated. (F) Actin bundles 

were counted at ~5 min after actin assembly was initiated. Error bars indicate one 

standard deviation. 
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actin structures followed were capped for at least 30 sec and 6% had multiple filaments 

arise from a single spot (Fig. 3-5 B). We also observed more distinct actin structures in 

FHOD-1 FH1FH2C TIRF movies than in actin alone reactions (Fig. 3-5 D).  

After initial assembly, we observed in FHOD-1 FH1FH2C TIRF microscopy 

movies actin filaments would coalesce, and these actin structures would be stabilized, 

which we called bundles (Fig. 3-5 A and F). Actin filaments that were attached at a single 

point, possibly crosslinked, were not counted. Once bundle formation started more 

filaments would be added to structures over time. Altogether these data suggest FHOD-1 

FH1FH2C can nucleate, cap FHOD-1 nucleated filaments, and bundle actin filaments. 

Since we observed different activities of FHOD-1 FH1FH2C wild type, we 

wanted to determine if any FHOD-1 activity was lost due to the conserved isoleucine 

mutation. To test this, we performed TIRF microscopy reactions with 100 nM FHOD-1 

FH1FH2C (Fig. 3-5 A). In 100 nM FHOD-1 FH1FH2C I904A TIRF microscopy movies, 

we observed the same puncta as in FHOD-1 FH1FH2C wild type, suggesting nucleated 

and capped actin filaments (Fig. 3-5 A-C). However, FHOD-1 FH1FH2C I904A TIRF 

microscopy movies had more actin structures per ROI compared to FHOD-1 FH1FH2C 

wild type, with a greater proportion of actin structures capped (Fig. 3-5 B-D). In FHOD-1 

FH1FH2C I904A, 74% of the 121 actin structures followed were capped for at least 30 

sec and 3% of actin structures had multiple filaments arise from a single spot, with a 

larger proportion of actin structures capped in FHOD-1 FH1FH2C I904A than wild type 

(Fig. 3-5 B). We did not observe the capping of individual filaments in FHOD-1 

FH1FH2C wild type or I904A that had previously been uncapped filaments. We observed 

some bundles in FHOD-1 FH1FH2C I904A, but bundles appeared to be more prevalent 
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in FHOD-1 FH1FH2C wild type, suggesting I904 may aid in bundling in some capacity 

(Fig. 3-5 F). FHOD-1 FH1FH2C I904A appeared to have actin filaments attached at a 

single point, possibly suggesting structures were crosslinked by FHOD-1 I904A, but 

fewer coalesced into actin bundles. These data suggest FHOD-1 FH1FH2C wild type and 

I904A nucleate, cap FHOD-1 nucleated filaments, and bundle actin filaments, while I904 

is not required for capping or nucleating actin filaments, but I904 may aid in bundling. 

In TIRF microscopy movies at 10 min following initiation of reactions, when we 

observed a decreased overall polymerization with FHOD-1 FH1FH2C wild type in 

pyrene-actin assays (Fig. 3-2 A), we observed what appeared to be similar levels of 

polymerization in all conditions (Fig. 3-5 A). Due to the possible differences between 

pyrene actin assays and TIRF microscopy, we measured overall actin assembly from 

TIRF microscopy per ROI to compare with pyrene actin assays. We measured total OG 

fluorescence per ROI at ~10 min after initiation of actin assembly. Contrary to what we 

observed in pyrene actin assays, FHOD-1 FH1FH2C wild type and I904A had an 

increase in overall fluorescence compared to actin alone (Fig. 3-5 E).  

 

Discussion 

 We show here C. elegans FHOD-1 behaves similarly to mammalian FHOD1 and 

FHOD3 with similar inhibition of rabbit skeletal muscle actin polymerization, but 

different from Drosophila FHOS stimulation of skeletal muscle actin polymerization 

(Fig. 3-2) [7,11,16]. C. elegans FHOD-1 FH1FH2C can manipulate skeletal muscle actin 

through nucleating, capping, and bundling actin filaments, similar to what has been 

observed for mFHOD1 (Fig. 3-5). We show evidence FHOD-1 FH1FH2C bundles actin 
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filaments and therefore must bind the side of actin filaments (Fig. 3-5). Binding the side 

of filaments may prevent FHOD-1 from capping preexisting filaments due to the 

increased number of available binding sites to FHOD-1 on actin filaments, making 

FHOD-1 less likely to bind the barbed ends of pre-existing actin filaments (Fig. 3-4). 

However, when FHOD-1 is nucleating actin filaments, FHOD-1 is already attached to the 

barbed end resulting in capping (Fig. 3-5). Therefore, FHOD-1 nucleated filaments are 

capped, due to FHOD-1 already being attached to barbed ends of those filaments, while 

when filaments are present FHOD-1 binds the sides of actin filaments, decreasing the 

opportunity of FHOD-1 to bind the barbed ends to cap filaments (Fig. 3-6). Binding the 

side of filaments resulted in an increase in binding sites on actin for FHOD-1 FH1FH2C 

and may explain why capping by FHOD-1 FH1FH2C is not saturable at the concentration 

used, due to the decreased free FHOD-1 in reactions. 

 Mutations of the conserved actin-binding isoleucine and lysine residues of the 

FH2 domain in most formins tested have been shown to have some ability to alter the 

function of formins with actin, with only FMNL1γ not requiring those residues to alter 

actin dynamics [3-13]. C. elegans FHOD-1 FH1FH2C appears to not require those 

canonical FH2 residues to inhibit actin assembly (Fig. 3-3). Mutations of the conserved 

actin-binding isoleucine and lysine were initially proposed to break actin-binding due to 

the conservation and location of these residues pointing toward the center of the FH2 

dimer in a crystal structure [3]. FHOD-1 FH1FH2C bundling and therefore binding the 

side of actin filaments, may suggest additional residues in the FH1, FH2, or C-terminus 

bind actin filaments. Additional binding sites in the DAD have been observed in mDIA1,  
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Figure 3-6. The possible difference between capping of FHOD-1 nucleated filaments 

and FHOD-1 capping preexisting filaments. FHOD-1 FH1FH2C (blue) either 

nucleating actin filaments on the left or binding preexisting filaments on the right. On the 

left, FHOD-1 nucleates actin filaments and is already attached to the barbed end, leading 

to the capping of FHOD-1 nucleated filaments. On the right, preexisting actin filaments 

are bound on the side and barbed ends by formin, and due to the increase in potential 

binding sites, there is decreased capping by FHOD-1.    
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FMNL2, and INF2, and in mFHOD1 an additional binding site is required in the N-

terminus of the protein to bundle actin filaments [15,16,36–38]. While different from 

mFHOD1 the N-terminus was not required for C. elegans FHOD-1, but we did not test if 

the N-terminus aids in bundling by increasing the number of actin-binding sites. Data 

with mFHOD1 may support a model where C. elegans FHOD-1 may need additional 

binding sites outside the FH2 domain to bundle actin filaments. Alternatively, bundling 

of formins has been correlated with a net positive charge in the FH2 domain that may be 

required to bundle net negative charged actin filaments [5]. C. elegans FHOD-1 FH2 

domain (amino acids 815-1206) contains a net positive charge (calculated isoelectric 

point of ~8.3). The calculated isoelectric point of mDIA2 is 8.14, leaving C. elegans 

FHOD-1 FH2 domain in the range of isoelectric points where they observed bundling [5]. 

Therefore, the positive charge of the FH2 domain possibly bundles actin filaments 

through electrostatic interactions.  

Surprisingly, FHOD-1 FH1FH2C I904A appears to still inhibit bulk actin 

polymerization, nucleate, cap FHOD-1 nucleated filaments, and, to a lesser degree than 

wild-type, bundle actin filaments (Fig. 3-2 and 3-5). We would have expected to observe 

those activities to be hampered by the isoleucine mutation. Due to FHOD-1 FH1FH2C 

I904A appearing to be able to efficiently cap, but unable to efficiently bundle, we predict 

the primary reason for the inhibition of polymerization observed in pyrene actin assays in 

both FHOD-1 FH1FH2C wild type and I904A are due to capping actin filaments. These 

data suggest FHOD-1 does not require the conserved actin-binding isoleucine or lysine 

residues to interact with actin. 
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Similar inhibition between 200 nM FHOD-1 FH1FH2C and 100 nM capping 

protein may suggest most filaments were capped by FHOD-1 FH1FH2C throughout the 

time examined (Fig. 3-3). However, in TIRF microscopy wild type FHOD-1 FH1FH2C 

only half of the filaments were capped (Fig. 3-5 B). The difference in the ability of 

FHOD-1 to maintain a capped state in pyrene actin assays vs TIRF microscopy, perhaps 

due to the increased labeling of actin monomers used in TIRF microscopy (20% labeled) 

over pyrene actin assays (5% labeled), the difference in buffers, and/or presence of biotin 

actin bound by streptavidin to the coverslip. If FHOD-1 is able to maintain capping better 

when bound to unlabeled actin monomers compared to labeled monomers, then there 

would be a four-fold increase in the possibility of interacting with labeled actin 

monomers in TIRF microscopy. Slight differences in salt concentration of buffers, with 

TIRF buffer containing less MgCl2 and more NaCl2, due to binding buffer 20, and the 

addition of glucose and methylcellulose, could alter FHOD-1’s ability to maintain a 

capped state in TIRF microscopy compared to pyrene actin assays. Streptavidin bound to 

biotin actin could also alter the conformation of actin filaments slightly, changing the 

ability to maintain capping.  

 One potential caveat with our studies is the use of one isoform of rabbit skeletal 

muscle actin. FHOD-1 may have a preference for Acanthamoeba actin, as has been 

shown for mFHOD1 and Delphilin [11,12]. C. elegans FHOD-1 may prefer any of five 

different C. elegans actin isoforms (act-1, act-2, act-3, act-4, and act-5). Each different 

actin could alter FHOD-1’s ability to nucleate, cap, and bundle actin filaments. Another 

potential issue is all of the actin assembly assays discussed here were with FHOD-1 

FH1FH2C and free actin monomers. However, actin monomers in cells are bound by 
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profilin. Profilin-bound actin could alter the dynamics of FHOD-1, as has been shown for 

yeast formin Cdc12p where profilin switches Cdc12p between capping and elongating 

actin filaments [35]. Profilin-bound actin could allow FHOD-1 to elongate barbed ends of 

actin filaments, instead of capping.  

 These data provide the activities of FHOD-1 with actin and start to define the 

possible activities FHOD-1 may use to promote body wall muscle growth in C. elegans 

in vivo. FHOD-1 promotes body wall muscle growth, with worms lacking FHOD-1 

having narrow body wall muscle cells, fewer striations, and disrupted dense bodies, Z-

line structural analogs [21,22]. FHOD-1 is the only formin that cell-autonomously 

promotes body wall muscle growth and dense body assembly [23]. In wild-type worms, 

dense bodies are organized into neat singular projections from the cell membrane toward 

the cell body. In worms lacking FHOD-1 dense bodies appear to have a “shredded” 

appearance by transmission electron microscopy or show dispersed staining of dense 

body markers when viewed by fluorescent microscopy [22,23]. In body wall muscle 

FHOD-1 localizes around dense bodies [21] and may help to nucleate, cap, and bundle 

new actin filaments to provide a scaffold of actin bundles around dense bodies. The 

FHOD-1 induced actin scaffold may be needed to promote the assembly and integrity of 

dense bodies. 

 In conclusion, C. elegans FHOD-1 FH1FH2C inhibits polymerization of rabbit 

skeletal muscle actin in pyrene actin assays, while TIRF microscopy shows FHOD-1 

FH1FH2C can nucleate, cap FHOD-1 nucleated filaments, and bundle actin. Mutations of 

conserved actin-binding residues are not required for inhibition of polymerization 

observed in pyrene actin assays, while in TIRF microscopy a mutation of isoleucine 904 
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increases the nucleation of actin filaments and the proportion of filaments capped but 

decreases bundle formation. We determined C. elegans FHOD-1 appears to interact with 

rabbit skeletal muscle actin more similarly to mFHOD1 and mFHOD3 than to 

Drosophila FHOS. 
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The effect of FHOD-1 on actin assembly 

 Formins are proteins known for their abilities to nucleate, and processively cap 

the barbed ends of actin filaments [1]. Animal formins are divided into nine formin 

families [2]. One formin family called formin homology domain-containing proteins 

(FHOD) has been shown to have some interesting effects on actin dynamics. Three 

FHOD formins have been examined for effects on actin dynamics, Drosophila FHOS, 

mammalian FHOD1, and mammalian FHOD3. While most formins promote actin 

polymerization, mFHOD1 and mFHOD3, have been shown to inhibit polymerization of 

skeletal muscle actin, while mFHOD1 promotes polymerization of cytoplasmic actin 

[1,3–5]. However, the Drosophila FHOS promotes actin polymerization of both skeletal 

and cytoplasmic actin [5]. Both mFHOD1 and Drosophila FHOS have been shown to 

bundle actin filaments, and mFHOD1 has been shown to cap skeletal muscle actin 

filaments [4,5]. Our goal was to characterize the C. elegans formin FHOD-1’s effects on 

actin assembly, which previously had not been characterized.  

To characterize the effects FHOD-1 has on actin dynamics, we purified and 

expressed FHOD-1 containing the formin homology 1 (FH1) through the C-terminus of 

the protein, called FHOD-1 FH1FH2C. We observed in pyrene actin assays FHOD-1 

FH1FH2C decreased bulk actin polymerization in a dose-dependent manner (Fig. 3-2), 

different from the typical formin stimulation of actin polymerization, like CYK-1 and 

EXC-6 FH1FH2C (Fig. 3-2 and Appendix 1) [1,6]. These data are consistent with 

mFHOD1 and mFHOD3 effects on skeletal muscle actin polymerization but different 

from the stimulation of skeletal muscle actin polymerization of Drosophila FHOS. 

Therefore, C. elegans FHOD-1 is a better model for biochemical activity on muscle actin 
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for mFHOD formins than Drosophila FHOS. More studies are needed to determine if C. 

elegans FHOD-1 works specifically with other actin isoforms (discussed below). 

The conserved actin-binding residues of the FH2 domain are needed for most 

formin’s FH2 domain driven effects on actin dynamics. Mutations of the conserved actin-

binding residues inhibit the formin’s FH2 domain driven effects on actin dynamics for 

most formins tested, including for the inhibition of skeletal muscle actin polymerization 

observed in mFHOD3, and the stimulation of Acanthamoeba actin polymerization 

observed in mFHOD1 and Drosophila FHOS (Chapter 1) [3,5]. To test if the conserved 

actin-binding residues are required for FHOD-1 FH1FH2C inhibition of actin 

polymerization, we expressed FHOD-1 FH1FH2C constructs containing mutations of 

isoleucine 904 to alanine, lysine 1051 to alanine, and a double mutant containing both 

isoleucine 904 and lysine 1051 to alanine (Fig. 3-1). Surprisingly, 200 nM of either single 

mutant or double mutant FHOD-1 FH1FH2C inhibited actin polymerization to the same 

degree as 200 nM wild type FHOD-1 FH1FH2C (Fig. 3-3). Interestingly, all FHOD-1 

constructs inhibited actin polymerization to the same degree as 100 nM capping protein, 

which prevents barbed end elongation. These data are consistent with the idea that 

FHOD-1 may cap barbed ends of actin to inhibit polymerization similar to capping 

protein. Together these data suggest FHOD-1 does not require either isoleucine 904 or 

lysine 1051 to inhibit actin polymerization, different from most formins tested, but 

similar to recent data on the only known mammalian formin to not require both residues, 

FMNL1γ isoform [7]. These data suggest FHOD-1 does not require isoleucine 904 or 

lysine 1051 to inhibit skeletal muscle actin polymerization, and possibly different 

residues of FHOD-1 are required for the interaction (discussed below). 
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To determine the effects of FHOD-1 on actin elongation, we examined the growth 

of barbed ends from preexisting actin seeds. Formins have varied effects on actin 

filament elongation with some formins capping the barbed end and not allowing growth, 

while other formins allowing actin elongation at a rate similar to actin alone, and with 

most formins having intermediate effects [1]. We observed FHOD-1 only partially 

inhibits actin filament elongation at a 250-fold molar excess of FHOD-1 compared to the 

number of available barbed ends (Fig. 3-4). These data could suggest the formin is either 

not binding barbed ends or binding barbed ends and only partially inhibiting elongation. 

Another characteristic of formins is their ability to protect the barbed end from inhibitors, 

by allowing elongation in the presence of inhibitors such as capping protein [1]. We 

observed, as expected, CYK-1 FH1FH2C was able to protect the growing barbed ends 

from inhibition by capping protein (Fig. 3-4) [8]. However, FHOD-1 FH1FH2C was 

unable to protect growing barbed ends from capping protein (Fig. 3-4). Together these 

data suggest FHOD-1 FH1FH2C either does not efficiently bind the barbed end of 

preexisting actin filaments, or binds the barbed end and only slightly inhibits barbed end 

elongation but is unable to protect from capping protein. 

To determine the effects of FHOD-1 on individual actin filaments, we performed 

TIRF microscopy. Compared to actin alone, wild-type FHOD1 FH1FH2C appears to 

nucleate, cap, and bundle actin filaments, while I904A FHOD-1 FH1FH2C appears to 

nucleate and cap actin filaments but is a less efficient bundler than wild type (Fig. 3-5). 

Through a closer examination of wild-type FHOD-1 FH1FH2C, we observed 54% of 

filaments were capped for at least part of the TIRF microscopy movie, 40% were never 

capped, and 6% of filaments had multiple filaments arise from a single spot. 
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Interestingly, most of the capped filaments that became uncapped had an increase in 

brightness right before elongation occurred, which at this time this behavior is not 

understood. FHOD-1 bundles actin filaments with about 40 bundles per region of interest 

observed in wild-type FHOD-1 FH1FH2C, with only about 10 bundles per region of 

interest in I904 FHOD-1 FH1FH2C, and none observed in actin alone reactions (Fig. 3-5 

F). Cross-linking was often observed for I904A FHOD-1 FH1FH2C but fewer collapsed 

into bundles. These data suggest I904 is not required for nucleation and capping but may 

aid in bundling actin filaments in FHOD-1, and FHOD-1 has similar effects on actin as 

has been observed for mFHOD1 [4]. 

Based on the alignments and crystal structures of other formins, the conserved 

actin-binding residue I904 is on the inner ring of the FH2 domain, where actin binds. The 

mutation of FHOD-1 FH1FH2C I904A could be disrupting bundling by altering the 

number of filaments FHOD-1 FH1FH2C can bind at once. The I904A mutation of the 

FH2 domain might result in reduced binding to the sides of filaments compared to the 

wild-type FH2 domain. This could result in increased binding of the barbed ends of actin, 

resulting in the increased capping, and the decreased bundling, both observed in our 

TIRF microscopy movies (Fig. 3-5). Since mFHOD1 requires the N-terminus to bundle 

actin filaments [4], C. elegans FHOD-1 may have additional actin-binding sites in the N-

terminus. We could determine if the N-terminus of C. elegans FHOD-1 is sufficient to 

bundle actin filaments by purifying the N-terminus of FHOD-1 and examining bundling 

of the N-terminus through low-speed centrifugation. Low-speed centrifugation separates 

free actin filaments in the supernatant and bundled actin filaments in the pellet. By 

examining the N-terminus of FHOD-1, FHOD-1 FH1FH2C, and possibly full-length 
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FHOD-1, we could determine if FHOD-1 uses the N-terminus to bundle. Based on our 

current data, C. elegans FHOD-1 FH1FH2C is sufficient to form actin bundles, while the 

mFHOD1 FH1FH2C wasn’t sufficient to bundle actin filaments [4]. These data suggest 

bundling by C. elegans FHOD-1 and mFHOD1 are distinct. 

To compare the pyrene actin assays to what we observed during TIRF 

microscopy, we measured the overall fluorescence per region of interest at 10 min 

following the initiation of polymerization. We observed an increased overall 

polymerization in TIRF microscopy of wild type and I904A FHOD1 FH1FH2C, opposite 

of the observed inhibition of polymerization observed in the pyrene actin assay (Fig. 3-2 

and 3-5 E). Differences between TIRF microscopy and pyrene actin assays may be due to 

the difference in spontaneous nucleation, quenching, bundled filaments falling into TIRF 

view or buffer conditions.  

Pyrene-labeled actin increases the rate of spontaneous nucleation of Mg2+ bound 

actin, compared to unlabeled actin [9]. In actin alone, the spontaneously nucleated 

filaments will elongate from both ends, while the filaments nucleated by FHOD-1 are 

capped, eliminating elongation from the barbed end. The increased spontaneous 

nucleation would increase the number of actin filaments in the actin alone pyrene actin 

assays, and the possible increased uncapping in TIRF microscopy (discussed in Chapter 

3), may lead to greater observed inhibition of actin polymerization in the pyrene actin 

assays compared to TIRF microscopy.  

FHOD-1 could be quenching the pyrene fluorescence, but FHOD-1 appears to 

reach toward the same maximum seen in actin alone, suggesting the amount of total 

fluorescence at the end of all reactions are similar. Another possibility may be due to 
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actin filament bundles falling into the region of interest in TIRF microscopy leading to 

increased fluorescence observed, that would not be observed in the pyrene actin assays. 

Actin bundles may also settle out of the view of the pyrene actin assay cuvette window. 

However, the similar endpoints of reactions suggest a significant number of filaments 

have not settled out of view of the pyrene actin assay. There are slight buffer condition 

differences between the TIRF microscopy and pyrene actin assays that could be affecting 

the overall polymerization. Altogether the possible increased spontaneous nucleation in 

pyrene actin assays, bundled actin filaments settling into TIRF view, and differences in 

buffer conditions may be the cause of the differences observed between TIRF microscopy 

and pyrene actin assays. The increase in polymerization observed in TIRF microscopy 

reactions could also be due to performing the assays only once and differences may be 

due to lack of repeated data to determine overall variation between assays. Altogether our 

data indicate that FHOD-1 is capable of nucleating, capping, and bundling actin 

filaments. 

To further characterize the effects FHOD-1 has on actin, employing a SNAP-

tagged FHOD-1 into TIRF microscopy would allow us to examine the location of FHOD-

1 along actin filaments. The location of FHOD-1 during reactions would aid in 

determining how effective FHOD-1 is at capping, determine if FHOD-1 binds other 

places along actin filaments, and the number of FHOD-1 molecules needed for bundling. 

By using TIRF microscopy, we could determine the organization of the FHOD-1 actin 

bundles in two ways. One way to address bundle organization is to start polymerization 

and after bundles start to form flow in actin monomers with a different fluorophore. This 

assay can determine if the new actin monomers incorporate into actin bundles on one end 
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or both ends of actin bundles, to determine if FHOD-1 forms parallel actin bundles or 

not. Flowing in additional actin after bundles form will also address if elongation of actin 

is slowed following actin bundling by measuring length incorporation of new actin 

monomers into bundles over time. A second way is once actin bundles form, we can flow 

in labeled capping protein. Capping protein would be able to define the barbed ends of 

actin filaments and allow determination of if parallel, antiparallel, or mixed actin bundles 

are occurring. Using capping protein may be useful if actin bundles are not incorporating 

new actin monomers due to limitations of elongation. 

To characterize if C. elegans FHOD-1 prefers different actin isoforms, we could 

determine if there is a preference for increasing actin assembly of cytoplasmic actin by 

purifying Acanthamoeba actin, as has been done for mFHOD1 [5]. Along the same lines, 

we could also examine the preference of FHOD-1 for different C. elegans actin proteins. 

There are five actin isoforms in C. elegans, act-1, act-2, act-3, act-4, and act-5. 

Purification of individual actin proteins would be accomplished by expressing them 

individually in a yeast expression system [10]. To determine if FHOD-1 prefers to 

stimulate polymerization of a specific actin isoform, we could analyze individual actin 

isoforms in pyrene actin assays or use multiple wavelength TIRF microscopy to observe 

FHOD-1 in the presence of multiple isoforms, with different fluorescent labels. Multiple 

wavelength TIRF microscopy would allow us to determine if FHOD-1 prefers to nucleate 

or elongate a specific actin isoform, when in competition with other isoforms. With these 

experiments, we would have a better understanding of FHOD-1 activities in vitro. 
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The role of FHOD-1 in MYO-3 protein expression 

 The study of FHOD-1 effects on body wall muscle (BWM) growth led us to 

investigate a well-known link between polymerization of actin monomers promoting the 

activation of the serum response factor (SRF)/myocardin-related transcription factor 

(MRTF) pathway [11]. The SRF/MRTF pathway is inactivated when the cell is in a low 

actin polymerization state, by sequestering the MRTFs in the cytoplasm through binding 

actin monomers [11]. The SRF/MRTF pathway is activated by an increased actin 

polymerization and the MRTFs, not bound to actin monomers, can enter the nucleus to 

promote transcription [11]. Many formins have been implicated in the activation of the 

SRF/MRTF pathway [12–17]. Therefore, we wanted to determine if FHOD-1 promotes 

BWM growth through activating the SRF/MRTF pathway.  

To examine the SRF pathway in worms, we used a temperature-sensitive mutant 

of SRF homolog UNC-120, called unc-120(st364), maintained at a semi-permissive 

temperature, which we refer to as unc-120(hypo). Previous work showed unc-120(hypo) 

worms appeared to have a similar decrease in BWM growth defects as fhod-1(tm2363) 

worms, called hereafter fhod-1(Δ) [18,19]. Fhod-1(Δ) worms have a decrease in muscle-

specific myosin heavy chain (MYO-3) expression [20]. These data led us to the 

hypothesis FHOD-1 promotes BWM growth by promoting the expression of muscle 

genes through UNC-120 (Fig. 4-1). We not only confirmed decreased BWM growth in 

unc-120(hypo), but we showed both UNC-120 and FHOD-1 appear to regulate BWM 

growth through promoting sarcomere assembly, and are required for normal expression  

of muscle-specific myosin II heavy chain (MYO-3) (Fig. 2-1 and 2-2). We determined 

the other muscle-specific myosin II heavy chain (UNC-54) of the thick filament 



168 
 

 

 

Figure 4-1. Initial and updated models of how UNC-120 and FHOD-1 promote 

BWM growth. On the left our initial model depicts FHOD-1 activating UNC-120-

dependent muscle gene transcription to promote BWM growth. Our initial model was 

disproven by mRNA levels of muscle genes being unchanged or mildly upregulated in 

fhod-1(Δ) worms. Therefore, our updated model on the right shows UNC-120 promotes 

muscle gene expression to promote BWM growth, while independently FHOD-1 

somehow promotes MYO-3 expression to promote muscle growth. Created with 

BioRender.com. 
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expression was unaffected in fhod-1(Δ) worms (Fig. 2-S1). Therefore UNC-54 is not 

compensating for the decreased MYO-3 expression.  

To determine if FHOD-1 and UNC-120 worked together to promote muscle gene 

expression, we examined mRNA abundance through messenger RNA sequencing. We 

observed no differentially expressed muscle genes in both fhod-1(Δ) and unc-120(hypo) 

worms. Many muscle genes were mildly downregulated in unc-120(hypo), as expected, 

 but upregulated or unchanged in the fhod-1(Δ) worms (Fig. 2-3 and Table 2-2). These 

data disproved our hypothesis of FHOD-1 promoting BWM growth through UNC-120-

dependent transcription of muscle genes. Instead, FHOD-1 promotes MYO-3 expression 

and BWM growth through a different mechanism (Fig. 4-1).  

Our data may provide insight into if formins play a role in vivo through SRF. In 

Chapter 3, we show C. elegans FHOD-1 appears to nucleate and cap in vitro, suggesting  

C. elegans FHOD-1 could participate in the SRF/MRTF pathway. However, fhod-1(Δ) 

worms have only a modest decrease in polymerized actin in muscle, which may not be 

enough of an increase in actin monomers to inhibit SRF/MRTF transcription (Fig. 2-1). 

Another caveat is the fact the myocardin/MRTF homolog, PQN-62, has not been tested 

for a role in muscle but is expressed in larval muscle [21,22]. Therefore, SRF/MRTF 

pathway may not be functional in C. elegans and our data may be unique to C. elegans 

but the role in mammalian formins and SRF/MRTF pathway is not fully understood.  

Mostly constitutively activated formins have been shown to activate the 

SRF/MRTF pathway [12–17]. These assays are similar to the pharmacological studies 

that alter actin dynamics that have also been shown to activate the SRF/MRTF pathway, 

such as jasplakinolide, swinholide A, and cytochalasin D, while an actin-depolymerizing 
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drug latrunculin B has also been shown to inactivate this pathway [23]. Jasplakinolide 

activates the SRF/MRTF pathway through stabilizing actin filaments, while swinholide A 

and cytochalasin D disrupt the MRTF actin complex thereby activating the SRF/MRTF 

pathway [23–25]. These constitutively activated formins were shown to decrease the 

actin monomer pool, just like jasplakinolide, to promote the SRF/MRTF pathway by a 

luciferase assay by depletion of actin monomers [12,23]. Therefore, many mammalian 

formins are capable of promoting actin polymerization resulting in activation of the 

SRF/MRTF pathway, but few have been examined to be required for SRF/MRTF 

pathway activation. 

A dominant-negative mDIA1 construct and knockdown of mDIA1 have been 

shown to decrease SRF-dependent gene expression in smooth muscle cells and C2C12 

myoblasts, respectively, suggesting mDIA1 is required for normal SRF/MRTF pathway 

activation in cultured cells [14,15]. mFHOD1 may be downstream of RHOA to activate 

the SRF/MRTF pathway, shown by an RNAi mediated knockdown of mFHOD1 in 

primary aortic smooth muscle cells, which led to a decreased expression of muscle 

proteins and a decreased ratio of filamentous to monomeric actin following sphingosine-

1-phosphate treatment, an activator of RHOA [16]. However, our data indicate even if 

proteins are downregulated at the protein level does not implicate the SRF/MRTF 

pathway. These data may be consistent with mFHOD1 and SRF/MRTF pathway working 

together but fall short of determining if mFHOD1 is required for the activation of the 

SRF/MRTF pathway.  

To determine if mFHOD1 activates the SRF/MRTF pathway in vivo, we could 

test the loss of mFHOD1 in two different contexts. The most straightforward way to 
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address if mFHOD1 activates the SRF/MRTF pathway in vivo is to test mRNA levels of 

muscle genes in loss of mFHOD1 compared to the loss of MRTF-A and/or MRTF-B. 

Either the loss of mFHOD-1 will have a similar alteration of muscle gene transcription as 

loss of MRTF-A and/or MRTF-B, suggesting mFHOD-1 activates SRF/MRTF pathway 

in vivo, or loss of mFHOD-1 will not result in similar changes in mRNA levels to loss of 

MRTF-A and/or MRTF-B, suggesting mFHOD-1 does not activate SRF/MRTF pathway 

in vivo. Another way to address this is to activate the SRF/MRTF pathway through 

overexpression of MRTF-A or MRTF-B and determine if knockdown of mFHOD1 

decreases transcriptional activity. These tests would determine if mFHOD1 is required 

for activation of the SRF/MRTF pathway in vivo. 

Even though we did not observe a decrease in transcription of muscle gene 

expression in fhod-1(Δ) worms, we still observed decreased protein expression of MYO-

3. We showed MYO-3 mRNA is upregulated in fhod-1(Δ) worms, removing the 

possibility of transcription or mRNA stability causing decreased MYO-3 protein levels 

(Fig. 2-3 C and Table 2-2). To determine what led to decreased MYO-3 expression in 

fhod-1(Δ) worms, we examined protein degradation pathways. We observed 

pharmacological inhibition of the proteasome rescued MYO-3 protein in fhod-1(Δ) 

worms to levels comparable to wild type, but the rescue of MYO-3 levels was not 

sufficient to rescue BWM growth in fhod-1(Δ) worms (Fig. 2-4 and 2-5). Post-embryonic 

knockdown of MYO-3 through RNAi was not required for post-embryonic BWM growth 

(Fig. 2-S3). Altogether our data suggest FHOD-1 does not promote BWM growth 

through UNC-120/SRF, and proteasome degradation of MYO-3 is not affecting BWM 
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growth. Therefore, the presence of FHOD-1 decreases proteasome-based degradation of 

MYO-3, independent of FHOD-1’s role in BWM growth. 

The ubiquitin-proteasome system (UPS) is a cellular system that performs 

targeted degradation of extra or abnormal proteins [26,27]. The UPS requires  

proteolysis by the proteasome, which is composed of a 20S core and two 19S regulatory 

complexes. The 20S core is the region responsible for the degradation of the targeted 

protein down to short polypeptides. The 20S core is composed of four rings, two inner 

rings composed of α subunits and two outer β rings, with a central pore running inside the 

rings. The inner rings are responsible for the degradation of the target proteins, while the 

two outer rings bind to the 19S regulatory complexes. The 19S regulatory complex is 

composed of a base and lid complex, which is responsible for the recognition, unfolding, 

and translocation of the polyubiquitinated targeted protein inside the 20S core.  

The UPS is directed to degrade proteins by a polyubiquitin signal, which is 

attached to the target protein through activities of E1, E2, and E3 ligases [26,27]. The 

ubiquitin-activating enzyme (E1) initiates protein targeting by activating ubiquitin 

through the adenylation of the C-terminus of ubiquitin, then the E1 transfers the activated 

ubiquitin molecule to the ubiquitin-conjugating enzyme (E2), and finally the ubiquitin-

protein ligase (E3) transfers the ubiquitin from the E2 ligase to the target protein. This 

process results in monoubiquitylation of the target protein and the process of 

ubiquitination is repeated for polyubiquitylation. The E3 ligase is responsible for the 

targeting of individual proteins, through binding the specific target proteins and 

transferring a ubiquitin molecule from the E2 ligase to the target protein. Following 
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degradation by the proteasome, polypeptides are degraded into amino acids by peptidases 

and recycled. 

To further determine how the loss of FHOD-1 activates proteasome-based 

degradation, we could test how broadly proteasome-based degradation is affected in fhod-

1(Δ) worms. To test this, ubiquitin pull-down followed by mass spectrometry in wild-

type and fhod-1(Δ) worms treated with DMSO and MG132, the proteasome inhibitor. 

The results of this test would shed light on how many different proteins are targeted by 

the UPS in fhod-1(Δ) worms. Differences in proteins ubiquitinated would start to limit the 

possible E3 ligases responsible for the degradation. The knockdown of individual E3 

ligases could be used to determine if E3 ligase knockdown rescues MYO-3 expression or 

other proteins found in mass spectrometry screen. To determine if mislocalization of 

sarcomeric components activates proteasome-based degradation, we could express 

sarcomeric proteins without domains required for localization and determine if 

mislocalized sarcomeric proteins are degraded by proteasome-based degradation. If 

mislocalized sarcomeric components are degraded by proteasome-based degradation, 

then FHOD-1’s role in activating the proteasome may be based on aiding in sarcomere 

assembly. Therefore, without FHOD-1 there may be an increased number of proteins 

mislocalized due to slow sarcomere assembly and are degraded by the proteasome. 

Another possibility is through the candidate approach of E3 ligases. Three 

candidate E3 ligases for directing degradation of sarcomeric components are chn-1, rnf-5, 

and ufd-2, which are expressed and function in the BWM of C. elegans. The E3 ligases 

CHN-1 and UFD-2, both are required for multiubiquitination, and are involved in 

targeting the degradation of UNC-45, a myosin chaperone that is directed to damaged 
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myosin filaments [28]. A mutation of chn-1 was shown to rescue movement defects in a 

Duchenne muscular dystrophy model, which was phenocopied by proteasome inhibition, 

suggesting CHN-1 targets proteins for proteasome-based degradation in the Duchenne 

muscular dystrophy model [29]. UFD-2 has been shown to target unfolded proteins, 

including the major myosin in the thick filament UNC-54 [30]. The E3 ligases CHN-1 

and UFD-2 may also target MYO-3 due to their role in regulating the myosin chaperone 

UNC-45. Another candidate is the E3 ligase RNF-5. RNF-5 targets dense body 

components for degradation during the molting process [31]. Its role in regulating dense 

body detachment during molting may suggest RNF-5 is near FHOD-1, possibly providing 

a link to degradation. Determining the breadth of degradation seen and the E3 ligase 

responsible would allow a more mechanistic approach to how the loss of FHOD-1 leads 

to activation of proteasome-based proteolysis.  

Potential FHOD-1-dependent mechanisms of muscle growth 

 Previous work from our lab has shown that FHOD-1 localizes around dense 

bodies and FHOD-1 promotes dense body organization [19,20,32]. Therefore, with our 

data showing FHOD-1 does not promote muscle growth through altering the expression 

of muscle genes, FHOD-1 may promote muscle growth by promoting the assembly and 

organization of dense bodies. Due to localization around and effects on dense bodies, I 

propose FHOD-1 may be assembling/organizing an actin network that promotes dense 

body assembly and/or aids in the maintenance of dense bodies. FHOD-1 may assemble 

an actin network through nucleation of new filaments around forming dense bodies or 

just organize the actin structures around dense bodies through capping and bundling 

filaments (Fig. 4-2). This model is supported by previous data of dense bodies in fhod- 
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Figure 4-2. Two models of the role FHOD-1 may play in dense body assembly to 

promote muscle growth. (A) In wild-type worms, on the left, FHOD-1 may be 

nucleating filaments (blue filaments) to provide a dense body (light blue structure) 

scaffold and crosslinking FHOD-1 nucleated filaments to thin filaments (red filaments) 

for dense body assembly. In worms lacking FHOD-1, dense bodies form in an irregular 

shape, possibly due to loss of the FHOD-1 dependent actin scaffold. (B) FHOD-1’s role 

in dense body assembly may be independent of FHOD-1’s ability to nucleate actin 

filaments, FHOD-1 may be acting as a scaffold protein connecting the thin filaments of 

the sarcomere to dense body components. As a scaffold, FHOD-1 may link dense body 

components to thin filaments during dense body assembly and loss of FHOD-1 may 

result in irregular dense body assembly.  
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1(Δ) worms having a “shredded” appearance and that dense body organization can be 

rescued with the expression of FHOD-1 [20,32]. Decreased striation number also 

indicates there would be fewer dense bodies, supporting the notion of FHOD-1 aiding in 

the assembly of dense body structures. Similarly, mammalian FHOD3 also appears to 

have disrupted Z-line structures and mammalian FHOD1 has been shown to aid in the 

assembly of focal adhesions, structures analogous to dense bodies [33–35]. These data 

suggest a conserved function of FHOD formins to aid in the assembly of attachment 

structures. 

To determine if actin organization is important for in vivo function of FHOD-1, 

we need to identify and create mutations that break FHOD-1’s interaction with actin. 

First, we should determine if the C-terminus of FHOD-1 affects activity. The C-terminus 

of different formins have been shown to promote different functions of formins. The 

bundling of actin filaments by FMNL2 and FMNL3 has been shown to require a WH2 

domain in the C-terminus of the formin [36]. In mDIA1, the DAD domain in the C-

terminus has been shown to bind actin monomers and enhance nucleation [37]. In INF2, a 

WH2 domain in the C-terminus has been found to bind actin monomers and is required 

for actin filament severing [38]. Together these data support the possibility the C-

terminus of FHOD-1 is required for or enhances the effects seen in FHOD-1 FH1FH2C.  

TIRF microscopy assays of FHOD-1 FH1FH2 wild-type, I904A and K1051A 

individually, or the double mutant would aid in determining the effect of the conserved 

residues on actin assembly of the FH2 domain. We could also compare FH1FH2 

constructs with FH1FH2C constructs to determine the function of the C-terminal tail. By 

examining FHOD-1 FH1FH2 constructs in TIRF, we could determine if the C-terminus 
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aids or is required for any of FHOD-1 actin activities. The C-terminus could be aiding in 

bundling of actin filaments through FHOD-1 by providing additional binding sites to 

actin, which could be tested by determining bundling efficiencies of FHOD-1 FH1FH2 

compared to FHOD-1 FH1FH2C. We would expect there to be no or reduced bundling in 

FHOD-1 FH1FH2 compared to FHOD-1 FH1FH2C in low-speed centrifugation, which 

separates free actin filaments from bundled actin filaments. The C-terminus could also 

play a role in the capping of actin filaments. If the C-terminus binds the side of the actin 

filaments, then FHOD-1 may be tethered to that point which may inhibit elongation and 

result in capping. We could examine elongation rates in TIRF microscopy of FHOD-1 

FH1FH2 compared to FHOD-1 FH1FH2C. If the C-terminus aids in capping, we would 

expect to see the elongation of actin filaments bound by FHOD-1 FH1FH2.  

To determine the functions of the FH1 and FH2 domains without compounding 

effects of the C-terminal tail, we could analyze the wild type and conserved actin-binding 

mutations in the FHOD-1 FH1FH2 constructs. This would allow us to determine the 

function of the FH1 and FH2 domains and if conserved actin-binding mutations affect the 

FH2 domain. If the C-terminal tail of FHOD-1 is capable of capping and nucleating actin 

filaments, then analyzing FHOD-1 FH1FH2 will allow us to focus on if the conserved 

actin-binding mutations disrupt the FH2 domain functions. Determining functions of the 

C-terminus of FHOD-1 will provide insight into how different parts of FHOD-1 alters 

actin dynamics. 

To determine if the conserved actin-binding residues' affect FH2 dependent actin 

assembly, we compare FHOD-1 FH1FH2 wild type with the conserved actin-binding 

mutations. If the conserved actin-binding residues do not significantly decrease the 
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activity of the FH2 domain alone, we can determine additional residues to target based on 

the alignment of the FHOD-1 FH2 domain sequence with the FH2 domain of FMNL3, 

which a crystal structure of FMNL3 and actin has been solved [39]. FMNL3 belongs to 

the same formin family as FMNL1γ, the only other formin known to not require the 

conserved actin-binding residues for effects on actin assembly [7]. A model could be 

created using the known structure of FMNL3 from an alignment of the FH2 domain of 

FHOD-1 and the FH2 domain of FMNL3, using a program like SWISS-model (Protein 

Structure Bioinformatics Group, Basel, Switzerland). The residue’s predicted location on 

the inside of the FH2 dimer toward actin could be targeted for mutation and tested for 

effects on actin assembly of FHOD-1.  

Once mutations that disrupt nucleation, capping, and bundling are found, we can 

insert them via CRISPR to determine if those activities are necessary to assemble dense 

bodies and promote BWM growth (Appendix 2). Inserting mutations into fhod-1 that 

breaks the actin interaction in vivo will address in the model if assembling an actin 

network is necessary to assemble or organize dense bodies. If the actin-binding mutations 

of fhod-1 do not lead to BWM defects, those data would suggest FHOD-1 may be acting 

as a scaffold independent of the effects of FHOD-1 on actin dynamics (Fig. 4-2). If 

FHOD-1 is acting as a scaffold, then FHOD-1 may be linking components of the dense 

body to ensure proper assembly. Determining if FHOD-1 needs to work with actin to 

promote BWM growth would help define the function of FHOD-1 in vivo. 

 To determine if the stress of contraction is responsible for “shredded” dense body 

appearance, we could increase or decrease the contraction to determine if the contraction 

is causing the disrupted dense body structure. In an initial attempt to address contractility, 
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I attempted to cross a contraction deficiency missense mutation of unc-54, called unc-

54(s95) [40], into fhod-1(Δ). The reduced contractility of unc-54(s95) has been shown to 

rescue mutations of muscle proteins, like unc-87 and kettin [41,42]. I was able to recover 

animals homozygous for  unc-54(s95) and heterozygous for fhod-1(Δ), but all tested 

progeny from these animals were homozygous fhod-1(+) or heterozygous for fhod-1(Δ). 

These data may suggest homozygosity for both fhod-1(Δ) and unc-54(s95) may be lethal. 

The cross between fhod-1(Δ) and unc-54(s95) could be attempted again and progeny 

tracked to determine if the mutations are synthetically lethal.  

For initial studies of contraction stress, pharmacologically induced contraction by 

levamisole and relaxation induced by muscimol can be used [43–45]. These studies can 

be used to determine the effects of increased contraction or relaxation on the dense body 

structure. My model would predict wild-type dense bodies will maintain structure with 

either induction of contraction or relaxation, while in fhod-1(Δ) worms sustained 

contraction will lead to increased dispersion with the possibility of failure of muscle 

structure and with sustained relaxation in fhod-1(Δ) worms should decrease the dispersion 

of dense bodies. If those experiments give the expected result, those data would suggest 

FHOD-1 may promote dense body organization by aiding in the maintenance of dense 

bodies during contraction. However, if dense bodies are unaffected, those data would 

suggest contraction is not causing disruption of dense bodies and they are forming 

incorrectly, which would require examination of early dense body formation in 

embryogenesis and throughout larval development. Determining if FHOD-1 aids in dense 

body resistance to contraction will help provide answers on the role it plays in BWM. 
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Relevance to mammalian FHOD formins and cardiomyopathy 

 The study of C. elegans FHOD-1 may provide insight into how mammalian 

FHOD3 promotes cardiac muscle formation. C. elegans FHOD-1 and mFHOD3 share the 

role in promoting sarcomere assembly, but the loss of mFHOD3 leads to catastrophic 

failure of cardiac sarcomeres, while loss of C. elegans FHOD-1 only has a mild reduction 

in BWM growth [19,34]. Despite different effects, both C. elegans FHOD-1 and 

mFHOD3 promote muscle assembly. There currently are no data suggesting loss of 

mFHOD3 increases proteasome-based degradation, but in the mFHOD3 knockout mice, 

we do not observe an accumulation of unassembled proteins into aberrant structures, 

which may be due to increased proteasome activity. In mFHOD3 knockout mice, 

sarcomere structure fails and little sarcomeric structure remains at embryonic day 9.5, 

and with a similar level of assembly of sarcomeric structure at embryonic day 10.5 before 

death at embryonic day 11.5, compared to robust sarcomere formation in wild type mice 

on embryonic day 10.5 [34]. Therefore, if the expression of sarcomeric components 

continues in mFHOD3 knockout mice as it does in wild-type mice, we would have 

expected aberrant structures to form from unassembled proteins. While it remains to be 

tested, an increase in proteasome activity may be the reason we do not observe an 

accumulation of sarcomeric proteins throughout development in mouse hearts lacking 

mFHOD3. Proteasome activity may also play a role with mFHOD3 in HCM and DCM. 

In cardiomyopathies the same genetic variant can result in various phenotypes, 

suggesting additional factors may be at play to explain the variations [46]. Based on our 

studies and the ubiquitin-proteasome system (UPS) possible roles in DCM and HCM, the 

UPS may be one additional factor at play to justify the various phenotypes observed [27]. 
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mFHOD3 has been shown to be involved in hypertrophy with activated constructs 

leading to hypertrophy, while inactive forms inhibit angiotensin II-induced hypertrophy 

[47]. In the UPS, E3 ligases Atrogin1, MuRF1, and MDM2 have antihypertrophic effects, 

suggesting the UPS has low activity during hypertrophy. In the case of a loss of a 

sarcomere assembly factor like mFHOD3, the UPS may become activated to clear 

unincorporated sarcomeric proteins. All together activated mFHOD3 may lead to a 

decrease in UPS activity leading to HCM, while the decreased activity of mFHOD3 may 

lead to an increased UPS activity in DCM.  

The three E3 ligases of the UPS have been linked to cardiac hypertrophy as 

antihypertrophic factors, Atrogin1, muscle-specific ring finger-1 (MuRF1), and mouse 

double minute 2 (MDM2) [27]. Calcineurin A promotes hypertrophy through 

transcription factors NFAT3 and GATA4 promoting hypertrophic genes. Calcineurin A is 

targeted by Atrogin1 for ubiquitination and decreases the expression of calcineurin A, 

which leads to inhibition of the hypertrophic response [48,49]. MuRF1 plays a role in 

both pathological and physiological cardiac hypertrophy, with mice lacking MuRF1 

having increased hypertrophy in response to either exercise or pressure overload by 

transaortic constriction [50–52]. MDM2 has antihypertrophic effects with its 

overexpression leading to decreased expression of fetal gene expression, as shown by 

decreased atrial natriuretic factor peri-nuclear localization, and decreased overall protein 

expression, while decreased MDM2 activity increased cardiac hypertrophy [53]. 

Together Atrogin1, MuRF1, and MDM2 have antihypertrophic effects where their 

inactivation leads to cardiac hypertrophy. 
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The homology for the antihypertrophic E3 ligases is not clear, except for 

Atrogin1. Atrogin1 homolog in C. elegans is MFB-1, an F-box protein homolog and is 

expressed mainly in head and tail ganglia, based on fluorescent reporter driven by the 

mfp-1 promoter [54]. However, not much is known about MFB-1 except MFB-1 works 

with DAF-7/TGF-β signaling. MFB-1 has no known role in muscle. MuRF1 has no 

known homolog in C. elegans. However, the top hit in a blast search in C. elegans is 

MADD-2, but MADD-2 is more homologous to another E3 ligase TRIM67. MADD-2 is 

expressed in several structures including what may be dense bodies of BWM [55]. 

However, the dense body localization is based on puncta from MADD-2::GFP strain in 

muscle and the images did not contain a co-stain with dense body markers, leaving the 

localization to dense bodies unsure. MDM2 had no C. elegans homolog and blast search 

revealed very little homology with any C. elegans proteins. Therefore, MFB-1 and 

MADD-2 are possible candidates as an E3 ligase activated by loss of FHOD-1. 

Biochemically mammalian FHOD1 and C. elegans FHOD-1 share the ability to 

cap and bundle skeletal actin, with mFHOD3 having similar effects on the inhibition of 

skeletal muscle actin assembly in pyrene actin assays [3,4]. However, unique to C. 

elegans FHOD-1 conserved isoleucine and lysine residues do not appear to play the same 

role they do in the mammalian FHOD1 and FHOD3. While only the isoleucine mutation 

was tested, the isoleucine to alanine variant in mFHOD1 and mFHOD3 relieves the 

effects on actin polymerization observed [3,5]. Our data suggest C. elegans FHOD-1 

does not require those conserved residues to interact with skeletal muscle actin, different 

from mammalian FHOD formins. However, the functionality of capping and bundling are 

similar between mFHOD1 and C. elegans FHOD-1. Due to insufficient information on 
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mFHOD3 and actin, we are not able to determine if inhibition of skeletal muscle actin is 

through similar activities. The shared role of assembling adhesion structures: dense 

bodies for C. elegans FHOD-1, focal adhesions for mFHOD1, and Z-lines for mFHOD3, 

possibly suggest reliance on FHOD formins for assembly of adhesion structures and 

possibly through their ability to influence actin dynamics.  

Conclusions and future directions 

 Throughout my work, I have tried to address the role of C. elegans FHOD-1 in 

BWM growth. I have presented data linking muscle growth, HCM and DCM to FHOD 

formins (Chapter 1). I have presented data suggesting FHOD-1 does not work through 

SRF to promote muscle gene transcription. Instead, the decreased MYO-3 expression was 

due to increased proteasome activity (Chapter 2). I have begun characterizing C. elegans 

FHOD-1 actin activities and provide data FHOD-1 is capable of nucleating, capping, and 

bundling actin filaments (Chapter 3). I described a possible model for FHOD-1 effects on 

muscle growth, proposed how these new data may relate to mFHOD3 roles in HCM and 

DCM, and proposed a test to address different possible mechanisms (Chapter 4).  

 I have presented various future directions to continue determining the function of 

FHOD-1 and how to examine mammalian FHOD formins. I have proposed a model for 

how FHOD-1 may promote muscle growth and proposed potential avenues to test the 

model. There are two main questions proposed by the model. The first is, does FHOD-1 

assemble actin to organize dense bodies? I proposed to answer this question through 

mutational analysis of FHOD-1 in vitro to determine mutations that disrupt FHOD-1’s 

ability to influence actin dynamics and introducing mutations in vivo to determine if actin 

functions promote dense body assembly. The second major question is, does FHOD-1 
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play a role in the maintenance of dense bodies against contraction stress? I proposed to 

address this, by determining dense body structure in response to forced relaxation or 

contraction of C. elegans muscle to determine if the “shredded” appearance of dense 

bodies is due to contraction applying stress to dense bodies that without FHOD-1 cannot 

maintain shape. Addressing these two questions will help determine how FHOD-1 

promotes BWM growth through dense body assembly and maintenance. 
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Appendix 1: The inverted formin EXC-6 promotes actin assembly 

similar to other formins 

Appendix 1: Information 

Curtis Yingling performed all experiments, purified EXC-6 FH1FH2C, analyzed the data, 

and wrote Appendix 1. Chris Pellenz purified CYK-1 FH1FH2C and purified unlabeled 

and pyrene-labeled actin. Janet Ingraffea purified capping protein, profilins, and Ulp1p. 

David Pruyne and Curtis Yingling conceived and designed the experiments. David 

Pruyne supervised the research, cloned expression constructs for EXC-6 FH1FH2C, and 

the three C. elegans profilins. 
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Introduction 

 Formins are proteins capable of nucleating and elongating actin filaments in vitro 

[1]. Many formins have a typical domain architecture with domains in the N-terminus 

providing localization and regulatory activities, generally located in the C-terminal half 

of the protein the conserved formin homology 1 (FH1) and FH2 domains which promote 

actin assembly, and the C-terminal tail that participates in the regulation of activity. 

Formin’s effects on actin dynamics have been studied primarily using either FH1FH2 

constructs, or constructs containing the FH1 through C-terminus, called FH1FH2C. 

These constructs are used to avoid the autoinhibitory interaction between domains in the 

N- and C- termini and due to the size of the full-length protein is difficult to purify. 

Characterized by either construct, formins have been shown to have the general ability to 

nucleate and elongate actin filaments while remaining associated with the barbed end, 

called processive capping. Processive capping allows formins to not only allow 

elongation but protect barbed ends from inhibitors of barbed end elongation, such as 

capping of the barbed end by capping protein.  

There are nine subfamilies of animal formins [2], and one subfamily of formins 

was initially described as inverted due to the N-terminus of the formin containing the 

FH1 and FH2 domains [3]. One such inverted formin is the C. elegans formin excretory 

canal abnormal 6 (EXC-6). EXC-6 is expressed in the spermatheca, a dynamic organ 

containing sperm, that stretches around the oocyte to allow fertilization [4]. Loss of EXC-

6 leads to defects in the formation of the excretory canal, the osmotic regulating organ in 

C. elegans, and defects in the ability of oocytes to pass through the spermatheca [4–6]. 

Conserved actin-binding residues in the FH2 domain are required for normal formation of 
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the excretory canal, suggesting actin dynamics are important for the function of EXC-6 

[6]. Despite conserved actin-binding residues being required for EXC-6 function in the 

excretory canal, no studies have analyzed EXC-6  effects on actin dynamics in vitro. 

Here, we begin to characterize the role of EXC-6 in altering actin dynamics. 

 

Materials and Methods 

Purification of EXC-6 FH1FH2C 

 The coding sequence for exc-6, previously called inft-1, was described in [7]. 

EXC-6 FH1FH2C, which lacked the first 57 amino acids of EXC-6, was cloned into 

pGEX-6p-3 (GE Healthcare, Chicago, IL). BL21 cells were transformed with pGEX-6p-3 

EXC-6 FH1FH2C, grown at 30 °C overnight in LB plus 100 µg/mL ampicillin. The cells 

were diluted 1:100 into new LB plus 100 µg/mL ampicillin and incubated 30 °C for 9 hrs, 

then diluted 1:20 into new 10 L LB plus 100 µg/mL and 1:10,000 antifoam Y-3 emulsion 

(MilliporeSigma, St. Louis, MO) and incubated at 30 °C until OD600 of 0.6 in a 10 L 

bioreactor. The culture was cooled to 15 °C, induced with 1 mM isopropyl β-D-

thiogalactoside for 13 hrs, and pelleted at 7,000 rpm for 5 min at 4 °C in JLA 10.500 

(Beckman, Indianapolis, IN). The pellet was resuspended in 100 mL HKG (25 mM 

HEPES pH 7.3, 300 nM KCl, 10% glycerol, 5 mM DTT) plus one cOmplete ULTRA 

tablet (Roche, Basel, Switzerland) per 50 mL HKG. The resuspended pellet was flash-

frozen in liquid nitrogen for 10 min and stored at -80 °C until use. The resuspended pellet 

was thawed on ice, lysed by microfluidizing, and centrifuged at 16,000 rpm for 1 hr at 4 

°C in a Type 45 Ti rotor (Beckman, Indianapolis, IN). The supernatant was collected, 1 

mL agarose glutathione beads (Thermo Scientific, Waltham, MA), equilibrated in HKG, 
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was added per 50 mL of lysate, and was rotated for 2 hrs at 4 °C. The beads were 

combined, washed three times for 10 min with HKG, and washed three times for 10 min 

with HK (20 mM HEPES pH 7.3, 50 mM KCl, 5% glycerol, 5 mM DTT). To cleave 

GST-tag from EXC-6 FH1FH2C, washed beads were mixed with beads bound to GST-

3CPro (purification in Chapter 3), and rotated overnight at 4 °C. The elution was 

collected, beads were resuspended in HKG for 10 min at 4 °C, and another elution was 

collected. The collected elutions were combined, concentrated in Vivaspin 6 (Sartorius, 

Stonehouse, United Kingdom) at 4000 x g to 1 mL. The buffer was exchanged through a 

dilution of the sample into HK, followed by reconcentration to 1 mL three times. After 

the buffer was exchanged, EXC-6 FH1FH2C in HK was aliquoted, flash-frozen in liquid 

nitrogen, and stored at -80 °C. 

Purification of C. elegans profilins 

 The coding sequences for pfn-1, pfn-2, and pfn-3 were cloned into pSUMO 

(Addgene, Watertown, MA). The profilin constructs were transformed into BL21 cells 

and grown at 37 °C in LB with 30 µg/mL kanamycin and 25 µg/mL chloramphenicol 

until OD600 of 0.6-0.7. Expression was induced by 1 mM IPTG at 28 °C for 5 hrs. The 

cultures were pelleted at 6000 x g, washed with 10 mL PBS and pelleted again. The 

pellets were resuspended in binding buffer 20 (20 mM NaPi, 200 mM NaCl, 20 mM 

imidazole, pH 7.4) plus one complete EDTA-free proteasome inhibitor cocktail (Roche, 

Basel, Switzerland) per 50 mL buffer. The cells were lysed by sonication with a button 

tip 6 times for 30 sec each at level 4 with a 50% duty cycle on ice. The lysates were 

cleared by centrifugation at 12,000 x g for 20 min at 4 °C and the supernatant was 

collected. The nickel resin (Qiagen, Hilden, Germany) was equilibrated to binding buffer 
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20 and was rotated with the supernatant for 75 min at 4 °C. The resin was pelleted at 500 

rpm for 5 min at 4 °C in a clinical centrifuge, washed three times with binding buffer 20, 

and eluted with elution buffer (20 mM sodium phosphate, 200 mM NaCl, 500 mM 

imidazole, pH 7.4) that was rotated for 15 min at 4 °C. The eluted protein was exchanged 

to binding buffer 20 using a PD-10 desalting column (GE Healthcare, Chicago, IL). The 

SUMO tag was cleaved from profilins by incubation with Ulp1p (purification in Chapter 

3) for 40-50 min at 30 °C. To remove the cleaved SUMO tag, the nickel resin was 

equilibrated to binding buffer 20 and was rotated for 40 min at room temperature. The 

resin was pelleted, the supernatant was recovered, and stored on ice overnight. Again, 

equilibrated nickel resin was added and rotated for 40 min at room temperature. The resin 

was pelleted, and the supernatant was collected, aliquoted, flash-frozen in liquid nitrogen, 

and stored at -80 °C. 

Pyrene actin assay assembly 

 Actin assembly reactions were assembled in 1xG buffer (5 mM Tris-HCl pH 8, 

0.2 mM CaCl2, 0.4 mM ATP) containing 2 µM actin monomers (5% pyrene labeled 

(purification in Chapter 3)), formin or an equal volume of HK for Fig. A1-1, A1-2, and 

A1-3, and mixed with capping protein (purification in Chapter 3) or an equal volume of 

capping protein buffer for Fig. A1-2 and A1-3 A, profilin or an equal volume of binding 

buffer 20 for Fig. A1-2 and Fig. A1-3 A. The assembled reactions were kept on ice until 

actin assembly was initiated by the addition of 0.1 volume 10xF buffer (500 mM KCl, 20 

mM MgCl2, 0.1 mM ATP) and mixed three times. The actin assembly reactions were 

moved to a cuvette, and actin assembly was monitored by pyrene fluorescence in a 
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FluoroMax-4 spectrofluorometer (Horiba, Kyoto, Japan) with an excitation of 365 nm 

and emission of 407 nm with measurements taken every 20 sec for 1800 sec. 

Pyrene actin assay disassembly 

 Actin was assembled overnight in 1xG buffer supplemented with 1xF buffer with 

1.25 µM actin monomers (5% pyrene labeled). Actin disassembly was initiated by a five-

fold dilution of actin with 1xG buffer, 1xF buffer, and formin or an equal volume of HK. 

Actin disassembly was monitored using FluoroMax-4 spectrofluorometer with an 

excitation of 365 nm and emission of 407 nm with measurements taken every 20 sec for 

1800 sec. 

 

Results and Discussion 

EXC-6 promotes actin assembly. 

 EXC-6 FH1FH2C was expressed and purified from BL21 cells. The final 

purification product of EXC-6 FH1FH2C (87.6 kDa expected) was found to have 

multiple contaminants/degradation products with three prominent bands (Fig. A1-1 A). 

EXC-6 FH1FH2C concentration was determined by band intensity of a Coomassie-

stained gel compared to bovine serum albumin standards. The top band (calculated 

molecular weight (MW) ~93.4 kDa) and the middle band (calculated MW ~79 kDa), as 

the top degradation product, were both added together to get a combined concentration of 

0.5 µM. Based on calculated MW, the top band is most likely full-length EXC-6 

FH1FH2C, while the middle band is a degradation product containing most of the full-

length EXC-6 FH1FH2C. The bottom band (calculated MW ~67.6 kDa), the major 

contaminant, was at a concentration of 1 µM and may be a chaperone based on 
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Figure A1-1. EXC-6 FH1FH2C promotes actin assembly. (A) Coomassie-stained 

polyacrylamide gel showed a dilution series of purified EXC-6 FH1FH2C with three 

prominent bands indicated. The top band corresponds to the full-length EXC-6 

FH1FH2C, the middle band was the top degradation product of EXC-6 FH1FH2C, and 

the bottom band may be a contaminant due to the higher expression and presence in other 

formin preparations. (B) Pyrene actin assembly assay of three reactions assembled with 2 

µM actin alone, and either with 50 nM EXC-6 FH1FH2C or with 100 nM CYK-1 

FH1FH2C. EXC-6 FH1FH2C promoted actin assembly. 
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the appearance in other formin preparations but has yet to be identified.  

 To determine if EXC-6 FH1FH2C promotes actin assembly, we performed pyrene 

actin assays. Pyrene actin assays are often used to determine bulk actin assembly, due to 

the fluorescence of pyrene-labeled actin increasing by 7-10 fold when incorporated into 

filaments over monomers [8]. To compare actin assembly to a strong nucleating formin, 

we compared EXC-6 to CYK-1 FH1FH2C [9]. We performed pyrene actin assays at 2 

µM rabbit skeletal muscle actin (5% pyrene labeled) alone or with 50 nM EXC-6 

FH1FH2C, based on the top two bands of protein purification, or with 100 nM CYK-1 

FH1FH2C. We observed 50 nM EXC-6 FH1FH2C promoted actin assembly, similar to 

100 nM CYK-1 FH1FH2C, suggesting EXC-6 is a strong nucleator of actin assembly 

(Fig. A1-1 B).  

EXC-6 promotes actin assembly in the presence of all three C. elegans profilins. 

 Profilin is an actin monomer binding protein, which when bound to actin inhibits 

spontaneous nucleation and elongation of the pointed end of actin [10]. Profilin-bound 

actin is recruited by the FH1 domain of formins to accelerate the elongation of actin 

filaments [1]. To determine if EXC-6 promotes actin assembly in the presence of 

profilins, we performed pyrene actin assays in the presence or absence of all three C. 

elegans profilin proteins [11].  We observed all three profilins inhibited actin 

polymerization of actin alone, presumably through decreased spontaneous nucleation. In 

the presence of 50 nM EXC-6 FH1FH2C, actin polymerization was increased compared 

to profilins alone. However, even though EXC-6 promotes the assembly of profilin-

bound actin, profilin did not increase the overall polymerization of EXC-6 over EXC-6 

without profilin (Fig. A1-2). These data suggest EXC-6 can work with all C. elegans  
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Figure A1-2. EXC-6 promotes actin assembly in the presence of all C. elegans 

profilins. Pyrene actin assembly assay assembled with 2 µM actin alone, with either 1 

µM PFN-1, 1 µM PFN-2, 1 µM PFN-3, 50 nM EXC-6 FH1FH2C, or with both 1 µM 

individual profilins and 50 nM EXC-6 FH1FH2C. EXC-6 FH1FH2C promoted actin 

assembly with any of the three C. elegans profilins.  
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profilins to promote actin assembly. Interestingly, of all C. elegans profilins, EXC-6 

promotes actin assembly best with PFN-2, which is also expressed in the spermatheca 

[11]. One caveat to this study is only half the actin monomers in these reactions could be 

bound by profilins, leaving the possibility that EXC-6 only nucleated free actin 

monomers. Also, we did not examine the effect of EXC-6 on actin elongation or the 

effects of both EXC-6 and profilins on actin elongation. One could determine EXC-6 

effects on actin elongation by performing elongation assays from actin seeds with 0.5 µM 

free actin monomer or by measuring filament length over time using TIRF microscopy in 

the presence and absence of all three profilin proteins. This would begin to address actin 

elongation and if any profilin enhances elongation activity of EXC-6. 

EXC-6 acts as a processive cap of the barbed end of actin filaments. 

 To address if EXC-6 promotes actin assembly in the presence of capping protein 

and therefore protects barbed ends from capping protein, we performed actin assembly in 

the presence of capping protein. In this assay, we could determine if EXC-6 protected 

barbed ends from capping protein and allowed elongation of EXC-6 nucleated filaments 

or if EXC-6 bound barbed ends were displaced by capping protein. We would predict if 

EXC-6 completely protects barbed ends from capping protein to see actin polymerization 

similar to EXC-6 without capping protein, whereas if capping protein strongly 

outcompetes/removes EXC-6 for barbed ends we would observe little polymerization, 

due to lack of elongation of capped barbed ends. We observed 100 nM C. elegans 

capping protein inhibited actin polymerization, as expected by inhibiting barbed end 

assembly (Fig. A1-3 A). We observed 50 nM EXC-6 FH1FH2C promotes actin assembly 

in the presence of capping protein with a similar shape of polymerization curve early in  
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Figure A1-3. EXC-6 protects barbed ends from capping protein and disassembly. 

(A) Pyrene actin assembly assay assembled with 2 µM actin alone, and either with 100 

nM capping protein (CP), 50 nM EXC-6 FH1FH2C, or with both 50 nM EXC-6 

FH1FH2C and 100 nM capping protein. EXC-6 protected elongation of the barbed ends 

of actin filaments from capping protein completely for ~5 min before capping protein 

began to outcompete EXC-6 for the barbed ends of actin filaments. (B) Pyrene actin 

disassembly assay from 1.25 µM polymerized actin diluted five-fold alone or with 50 nM 

EXC-6 FH1FH2C. EXC-6 FH1FH2C protected the barbed ends of actin filaments from 

disassembly.   
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the reaction as EXC-6 without capping protein, but around 5 min after the reaction was 

initiated capping protein begins to dislodge EXC-6 from the barbed ends (Fig. A1-3 A). 

However, elongation still occurred until 30 min in EXC-6 with capping protein, 

suggesting some barbed ends were still elongating and bound to EXC-6 (Fig. A1-3 A). 

These data suggest EXC-6 can protect the barbed end of EXC-6 nucleated filaments from 

capping protein. 

 Another way to continue to address if EXC-6 acts as a processive cap of the 

barbed end of actin is through disassembly assays. To perform actin disassembly assays, 

actin polymerization was allowed overnight, then diluted five-fold in the presence or 

absence of EXC-6. If EXC-6 binds the barbed ends of actin filaments and protects the 

barbed end from disassembly, we would predict actin alone would have a typical 

disassembly and EXC-6 FH1FH2C would slow actin disassembly. In actin disassembly 

assays, we observed disassembly in actin alone and slower disassembly with EXC-6 

FH1FH2C (Fig. A-3 B). These data suggest EXC-6 protects the barbed end from actin 

disassembly. Together with the data of EXC-6 promoting polymerization in the presence 

of capping protein, these data suggest EXC-6 acts as a processive cap to the barbed end 

of actin filaments and protects barbed ends from capping protein and disassembly. To 

further investigate EXC-6 as a processive capper, elongation assays from actin seeds and 

TIRF microscopy assays could be performed. These experiments could address more 

specifically if EXC-6 remains bound to the barbed end during actin filament elongation, 

the effects of EXC-6 on barbed end elongation, and the effects of EXC-6 on actin 

elongation in the presence of inhibitors like capping protein.  
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 Together our data is the first to address the possible effects of EXC-6 on actin 

dynamics. One caveat is the purity of our EXC-6 FH1FH2C. Our preparation of EXC-6 

had many contaminants/degradation products. These contaminants/degradation products 

may be aiding or interfering in the assays we performed. These experiments were only 

performed with one replicate, and without replicates the variation within our data is 

undetermined. This could lead to differences we observed being within error for certain 

reactions. Altogether our data suggest EXC-6 can promote actin assembly, work with 

three C. elegans profilins, and protect barbed ends from capping protein and disassembly. 

Based on those functions, EXC-6 acts like a typical formin, and similar to the EXC-6 

homolog, INF2, in promoting actin polymerization, but we did not observe actin 

depolymerization effects differing from INF2 [1,12].  
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Appendix 2: Plan for CRISPR/Cas9 directed repair and insertion of 

mutations of conserved actin-binding residues into fhod-1(tm2363) 

worms 

Appendix 2 information 
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Introduction 

 Formins are a family of actin nucleators that organize the actin cytoskeleton to 

support various cellular functions [1]. The formin homology 2 (FH2) domain promotes 

actin nucleation and in many formins, the FH2 domain requires two conserved actin-

binding residues, isoleucine and lysine, to promote actin assembly [2–11]. C. elegans 

FHOD-1 is a formin belonging to the formin homology domain-containing (FHOD) 

formin family [12]. FHOD-1 is expressed in the pharynx, vulval, and the largest muscle 

system in C. elegans the body wall muscle (BWM) [12]. A deletion allele in fhod-1, 

called fhod-1(tm2363), removes part of the actin-binding FH2 domain and causes a 

frameshift of the remainder of the protein. Worms containing fhod-1(tm2363) have 

narrow BWM with fewer striations and disrupted dense bodies [12,13]. Mosaic 

expression of FHOD-1 in fhod-1(tm2363) showed FHOD-1 was able to cell-

autonomously rescue BWM width, and dense body organization [14]. FHOD-1 is the 

only formin to cell-autonomously promote BWM growth [14]. To better understand how 

FHOD-1 promotes BWM growth, we wanted to determine if FHOD-1 requires conserved 

actin-binding residues to promote BWM growth. In this appendix, we designed reagents 

to edit the fhod-1(tm2363) locus using clustered regularly interspaced short palindromic 

repeats (CRISPR)/Cas9, and the proposed scheme for inserting mutations in vivo. 

Overview 

 To insert the actin-binding mutations in vivo, we will use a CRISPR/Cas9 strategy 

to direct a double-stranded break that targets the fhod-1(tm2363) allele. To determine 

transformants, we will employ a co-CRISPR strategy involving dpy-10 [15]. A dominant 

point mutation, called dpy-10(cn64), causes a roller phenotype when heterozygous and 
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causes a dumpy phenotype when homozygous [15]. Inserting dpy-10(cn64) will allow us 

to identify injected animals with efficient CRISPR/Cas9 targeting and recombination, 

based on progeny with the roller phenotype. To rescue the deletion in vivo, a repair 

template composed of > 2 kb homology arms around deletion in fhod-1(tm2363) was 

used for wild type (pCY1) (Fig. A2-1 A). To insert the conserved actin-binding mutations 

in vivo, pCY1 will be mutated to code for I904A or K1051A single mutations, or the 

I904A and K1051 double mutant. To direct CRISPR/Cas9, we will create sgRNAs and 

repair templates to repair both fhod-1(tm2363) and dpy-10. To target the fhod-1(tm2363) 

allele, we will use a protospacer adjacent motif (PAM) site created by the fhod-

1(tm2363), which is therefore absent in the repaired construct (Fig. A2-1). Since fhod-

1(tm2363) is a deletion, we will use single worm PCR to screen the progeny of injected 

animals to determine if fhod-1(tm2363) was repaired (Fig. A2-1). Overall, we describe 

how constructs were made for CRISPR/Cas9 targeting and repair of fhod-1(tm2363) and 

dpy-10, and the proposed protocol of injections and screening method for repaired fhod-

1(tm2363). 

Generation of sgRNA for targeting CRISPR/Cas9 

 Two single guide RNAs (sgRNAs) were created, one to target dpy-10, for a co-

CRISPR strategy, and another to target the tm2363 allele. Three different oligos were 

ordered from Integrated DNA Technologies (Integrated DNA Technologies, Coralville, 

IA) to generate a double-stranded DNA template for sgRNA synthesis, similar to Gagnon 

and colleagues [16]. The target sequence for dpy-10 (GCTACCATAGGCACCACGAG) 

was from Arribere and colleagues [15]. The target sequence for fhod-1(tm2363) 
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Figure A2-1. Overview of CRISPR/Cas9 targeting of fhod-1(tm2363). (A) Protein 

domain map with a FHOD specific GTPase-binding domain (G2), diaphanous inhibitory 

domain (DID), two predicted helical domains (H), FH1 domain, FH2 domain, and 

diaphanous autoregulatory domain (DAD). Below is an intron/exon map of the fhod-1 

gene color-coded to match the domain map above. The grey box depicts the region 

deleted in fhod-1(tm2363). The blue arrow shows the region of fhod-1 ligated into 

MXS_MCS1 to yield pCY1. (B) A zoomed-in view of the intron/exon map of wild-type 

fhod-1 around the tm2363 allele. Highlighted in yellow is the flanking sequence to 

tm2363 deletion, which the deleted sequence is highlighted in red. (C) A zoomed-in view 

of the genomic region of fhod-1(tm2363), and for simplicity the frameshift of FHOD-1 is 

not depicted. The vertical black line represents the 10 bp insertion found in the tm2363 

allele. The sequence of tm2363 allele, with the flanking sequence highlighted in yellow, 

inserted sequence highlighted in red, and the PAM site highlighted in blue. (D) A 

zoomed-in view of the expected repaired genomic region following the repair of fhod-

1(tm2363). Two primer pairs are shown, both pairs share fhod-1 + forward (for) primer 

with either fhod-1 + reverse (rev) primer, which resides within the deleted region of 

tm2363, or fhod-1 tm2363 rev, which resides outside the deleted region. In wild-type or 

rescued animals, the PCR product from the fhod-1 + primer pair would be ~600 bp and 

with fhod-1 tm2363 rev primer would be ~1040 bp. In fhod-1(tm2363) animals, no PCR 

product would appear in the fhod-1 + primer pair and a ~600 bp PCR product would 

appear in the fhod-1 tm2363 primer pair. In heterozygous worms, a ~600 bp PCR product 

would appear from the fhod-1 + primer pair and two PCR products, one ~600 bp and 

another ~1040 bp, from the fhod-1 tm2363 primer pair. Created with BioRender.com.  
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 (GCCAACAAAGGAGTTCTGTG) was determined by the PAM added by the 10 bp 

insertion in the tm2363 allele (Fig. A2-1). Due to the targeted PAM residing in the 

repaired region, the repaired sequence should not be retargeted by Cas9.  

To create a DNA template for sgRNA, the first primer needed is called gene-

specific oligo. This oligo contained the SP6 promoter, the targeted gene sequence for 

either dpy-10 or fhod-1(tm2363), and a region that based pairs with a constant oligo (Fig. 

A2-2 A). The second primer is the constant oligo which codes for the sgRNA scaffold, 

which binds to Cas9 (Fig. A2-2 A). Primers are listed in Table A2-1. 10 µM of each the 

gene-specific and the constant oligo were annealed by sequential incubations at 95°C for 

5 min, 95°C to 85°C cooled at -2°C/sec, then 85°C to 25°C cooled at -0.1°C/sec, and 

finally held at 4°C. Annealed oligos were mixed with 1.25 mM deoxynucleotides, 1x 

New England Biolabs (NEB) buffer 2, 2.5x NEB bovine serum albumin, and 0.5 µL T4 

NEB DNA polymerase (New England Biolabs, Ipswich, MA) and incubated for 20 min 

at 12°C to fill in primers and make a double-stranded template (Fig. A2-2 A). The filled 

in sgRNA double-stranded DNA template was desalted using a QIAEX II gel extraction 

kit (Qiagen, Hilden, Germany).  

To transcribe sgRNA, we followed the MEGAscript SP6 kit (Ambion, Carlsbad, 

CA) instructions and incubated at 37°C for 3.5 hrs. The DNA template was degraded by 

adding 1 µL TURBO DNase from the kit and incubated at 37°C for 30 min. The sgRNA 

was pelleted with 10 µL ammonium acetate and 80 µL 200 proof ethanol, incubated 

overnight at -20°C, and pelleted by centrifugation at maximum speed in a microfuge for 

15 min at 4°C. The pellet was washed in 1 mL 70% ethanol and pelleted again. The pellet 

was air-dried at room temperature for 15 min, resuspended in 60 µL of   
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Figure A2-2. Scheme for the sgRNA created for CRISPR/Cas9 targeting and the 

injection mix for the repair of the fhod-1(tm2363) allele. (A) The scheme used to 

generate sgRNA. A gene-specific oligo that contained a SP6 promoter followed by the 

sgRNA target sequence with a region that overlaps the constant oligo, and a constant 

oligo that contained the sgRNA scaffold to bind Cas9. The gene-specific oligo and the 

constant oligo were annealed and filled in by T4 DNA polymerase. The DNA template is 

used in an in vitro SP6 transcription to yield a sgRNA. (B) Depiction of the injection mix 

to be injected into the distal gonad of the worm to initiate CRISPR/Cas9 double-stranded 

break and homology-directed repair. The injection mix would include a melted repair 

region of fhod-1 cut from pCY1-4 vectors containing the repair template, dpy-10 repair 

template, tm2363 sgRNA complexed with Cas9, and dpy-10 sgRNA complexed with 

Cas9. Created with BioRender.com. 
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Table A2-1. Primers used in this study. 

Primer 

name Primer sequence 

tm2363 gene 

specific oligo 

ATTTAGGTGACACTATAGAAGCCAACAAAGGAGTTCTGTGGTTTTAGAGCT

AGAAATAGCAAG 

gRNA1dpy-

10fwd 

ATTTAGGTGACACTATAGAAGCTACCATAGGCACCACGAGGTTTTAGAGCT

AGAAATAGCAAG 

constant_oligo

_sgRNA 

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTA

TTTTAACTTGCTATTTCTAGCTCTAAAAC 

fhod-1+for GCAAATTTTGGCCTTTGGAAATTTTGACCCTC 

fhod-1+rev GCTGCAGGGATGACGTTGATCG 

fhod-1 

tm2363rev GCCAAGTGATATGTCAAAGTATGCTTGTAGAC 
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diethylpyrocarbonate treated water, and the sgRNA was stored at -80°C. The resulting 

sgRNAs were named dpy-10 sgRNA targeting dpy-10 and tm2363 sgRNA targeting the 

deletion allele tm2363. 

Cloning repair constructs for CRISPR/Cas9 directed recombination 

 To generate a repair template for fhod-1(tm2363), we digested and isolated a 

partial fhod-1 genomic sequence (I:5057249-5062983) from fhod-1. The 5.7 kb region 

was ligated into MXS_MCS1 (Addgene, Watertown, MA) and called pCY1, which 

contained the region deleted from fhod-1(tm2363) and > 2 kb homology arms on either 

side of tm2363 deletion (Fig. A2-1 A). The conserved actin-binding residues isoleucine 

904 (ATT) and lysine 1051 (AAG) in pCY1 were mutated to code for alanine (GCA) by 

fusion PCR. Three mutant constructs were created, single mutant I904A called pCY2, 

single mutant K1051A called pCY3, and a double mutant I904A and K1051A called 

pCY4.  

To introduce the I904A mutation, primers fhod-1_in vivo_fwd_5’_of_BssHII and 

fhod-1_I_to_A_GCA_reverse was used to amplify the first fragment from pCY1. The 

second fragment was amplified from pCY1 using fhod-1_I_to_A_GCA_forward and 

fhod-1_rev2630. Those two fragments were fused and amplified with fhod-

1_in_vivo_fwd_5’_of_BssHII and fhod-1_rev2630 as primers. To introduce the K1051A 

mutation, fhod-1_in_vivo_fwd_5’_of_BssHII and fhod-1_K_to_A_GCA_reverse was 

used to amplify the first fragment from pCY1. The second fragment was amplified from 

pCY1 using fhod-1_K_to_A_GCA_forward and fhod-1_rev2630. Those two fragments 

were fused and amplified with fhod-1_in_vivo_fwd_5’_of_BssHII and fhod-1_rev2630 as 

primers. For the double mutation, fhod-1_in_vivo_fwd_5’_of_BssHII and fhod-
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1_K_to_A_GCA_reverse was used to amplify the first fragment from pCY2. The second 

fragment was amplified from pCY2 using fhod-1_K_to_A_GCA_forward and fhod-

1_rev2630. Those two fragments were fused and amplified with fhod-

1_in_vivo_fwd_5’_of_BssHII and fhod-1_rev2630 as primers. Primers are listed in 

Appendix 3. Fragments containing mutations were digested using BssHII and SacI and 

ligated into pCY1 to generate the mutant plasmids. These plasmids would act as the 

repair templates for homologous recombination following Cas9 directed double-stranded 

break of fhod-1(tm2363) to introduce the wild-type or mutant sequence. For co-CRISPR, 

a dpy-10 homology-directed repair template was ordered through Integrated DNA 

Technologies. The dpy-10 repair template would introduce dpy-10(cn64), which when 

heterozygous causes a roller phenotype [15]. Loss of function mutations caused by non-

homologous end-joining can be separated from dpy-10(cn64) because the loss of function 

of dpy-10 in the heterozygous state would appear wild-type, while homozygous knockout 

would result in a dumpy phenotype [15]. Co-CRISPR with repair template introducing 

dpy-10(cn64) would allow an easy visual screen to determine if homologous 

recombination occurred in an injected worm and increased probability of homologous 

recombination event at the other CRISPR target [15]. 

  Sequences for all constructs were verified by sequence analysis. 

Melting dsDNA template for homology-directed repair 

 To increase the efficiency of homology-directed repair, the repair template should 

be isolated and melted based on a protocol similar to Ghanta and Mello [17]. Plasmids 

pCY1-4 were digested by NheI and NcoI in buffer 2.1 (New England Biolabs, Ipswich, 

MA) and gel purified to isolate the 5.7 kb fhod-1 repair template from the MXS_MCS1 
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plasmid. The 5.7 kb fhod-1 repair template should be melted by heating sequentially to 

95°C for 2 min, 85°C for 10 sec, 75°C for 10 sec, 65°C for 10 sec, 55°C for 1 min, 45°C 

for 30 sec, 35°C for 10 sec, 25°C for 10 sec, and hold 4°C all with a ramp down of 

1°C/sec. The melted 5.7 kb fhod-1 repair template should be kept on ice until mixed into 

the injection mix (Fig. A2-2 B). 

Proposed injection protocol 

 A proposed injection protocol would be to prepare an injection mix as follows. To 

complex sgRNA and Cas9, 1.25 µL Cas9 a gift from Gunther Hollopeter (Cornell 

University, Ithaca, NY) should be complexed by mixing of 50 pmol dpy-10 sgRNA and 

50 pmol tm2363 sgRNA with Cas9 and incubated at 37°C for 10 min. After incubation, 

the dpy-10 repair template (dpy-10 HDR) and the melted 5.7 kb fhod-1 repair template 

should be added to the injection mix to a final concentration of ~27 ng/µLand 25 ng/µL 

respectively (Fig. A2-2 B). To clear the injection mix, the injection mix should be 

centrifuged at maximum speed in a microfuge for 2 min, supernatant would be moved to 

a new tube, and loaded into an injection needle. 20 young adult worms should be 

injected, plated individually, and allowed to lay eggs. 

Proposed screening method to determine if homologous recombination occurred 

To determine the jackpot broods, 2-3 days after injection, plates with progeny 

from the P0 generation should be screened for many roller progeny, caused by repair of 

the dpy-10 locus with dpy-10(cn64) (Fig. A2-3). The two plates with the most roller 

progeny called jackpot broods (Fig. A2-3). To determine if animals had homology-

directed repair of tm2363 allele, two different primer sets were used for single worm 

PCR, with genomic DNA from an individual worm as the DNA template for PCR (Fig. 
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A2-1 and Table A2-1). The sequence should be verified by sequencing fhod-1 + for and 

fhod-1 tm2363 rev PCR product to confirm expected sequence was introduced. Three 

independent lines should be collected to limit the possible off-target effects observed in 

one strain polluting the data.  

For the repair of fhod-1(tm2363) with the conserved actin-binding mutations, the 

mutation of the conserved I904 residue should be easy to screen for due to base pairs 

coding for the I904 residing within the deleted region. However, base pairs coding for the 

K1051 residue are 326 bp from the deletion. Depending on how recombination occurs the 

K1051A may only occur in a subset of repaired constructs and will need to be tracked by 

sequencing from all single worm PCR products from the F1 stage to verify K1051A was 

introduced. The fhod-1 + for and fhod-1 tm2363 rev PCR product covered the region of 

both I904A and K1051A allowing for sequencing from screened PCR products.  
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Figure A2-3. Schematic depiction of a screening protocol for worms with the 

repaired tm2363 allele. Depiction of the proposed screening method for co-CRISPR to 

identify jackpot broods caused by homologous recombination inserting dpy-10(cn64) into 

fhod-1(tm2363) worms and the identification of rescued fhod-1(tm2363). Injected 

animals, called the P0 generation, should be plated individually and allowed to lay eggs. 

2-3 days after the injection, F1 animals should be screened to identify the jackpot broods. 

Plates with the highest amount of roller progeny (jackpot broods) are highlighted by the 

red box. The non-roller F1 generation from jackpot broods should be plated individually 

and allowed to lay eggs. 1-2 days after individually plating non-roller F1 animals, non-

roller F1 animals will be screened for the rescue of fhod-1(tm2363) by single worm PCR. 

Once F1 progeny have been identified for being heterozygous for rescued fhod-1, F2 

progeny (highlighted in blue) from the heterozygous plate will be plated individually. 

After F2 animals have laid eggs, F2 animals would be screened to identify homozygous 

rescued animals. Created with BioRender.com.  
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Table A3-1. Primers designed 

Primer Name Sequence Project 

fhod-1 I to A GCA 

forward gatcgcaagccatcaacGCAggtctaactaaattgccacc 

For inserting I904A and 

K1051A into in vivo or 

in vitro 

fhod-1 I to A GCA 

reverse ggtggcaatttagttagaccTGCgttgatggcttgcgatc 

For inserting I904A and 

K1051A into in vivo or 

in vitro 

fhod-1 K to A GCA 

forward taacaaaagcatcagaagtaGCAgatccagtctacaagca 

For inserting I904A and 

K1051A into in vivo or 

in vitro 

fhod-1 K to A GCA 

reverse tgcttgtagactggatcTGCtacttctgatgcttttgtta 

For inserting I904A and 

K1051A into in vivo or 

in vitro 

fhod-1 in vivo fwd 

5' of BssHII AGGTCCTGTTGGTGTTGGTG 

For inserting I904A and 

K1051A into in vivo 

fhod-1 rev2630  GAATTTCATCAACTGAATATC 

For inserting I904A and 

K1051A into in vivo 

fhod-1 in vivo rvs 3' 

SacI GCTGAAATATCTCTCTGCAAACCT 

Never used 

pGEX-6p-3 5' of 

SalI fwd TCAATGCTTGAAGGAGCGGT 

Never used 

pGEX-6p-3 3' of 

NotI rvs GAGCTGCATGTGTCAGAGGT 

Never used 

atn-1 forward 

primer RNAi AGATGCTGATCGCGAGTTTT 

For creating L4440 atn-1 
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atn-1 reverse primer 

RNAi GGAGTAGGCGTGAGTTGCTC 

For creating L4440 atn-1 

unc-52 forward 

primer RNAi AGTCAGACTGGAAGTCACTGAGG 

For creating L4440 unc-

52 

unc-52 reverse 

primer CTCGAGCTCTCTGCTGAAATAAC 

For creating L4440 unc-

52 

unc-112 forward 

primer RNAi AGCAACTAGGGAAAATCTATGCC 

For creating L4440 unc-

112 

unc-112 reverse 

primer RNAi AACTTCACATCCCTTCAATGAGA 

For creating L4440 unc-

112 

fhod-1 promoter 

fwd GACAGACGGGTATTTTTAGGCCCCTCCAAG 

For creating mFHOD 

cDNA constructs with C. 

elegans fhod-1 promoter 

and C. elegans unc-54 

3'UTR 

fhod-1p rvs GTCCATtctgaaattaataatttttaatga 

For creating mFHOD 

cDNA constructs with C. 

elegans fhod-1 promoter 

and C. elegans unc-54 

3'UTR 

fhod-1p > egfp fwd tcattaaaaattattaatttcagaATGGACatggtgagcaagggcgagga 

For creating mFHOD 

cDNA constructs with C. 

elegans fhod-1 promoter 

and C. elegans unc-54 

3'UTR 
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fhod-1p > egfp rvs tcctcgcccttgctcaccatGTCCATtctgaaattaataatttttaatga 

For creating mFHOD 

cDNA constructs with C. 

elegans fhod-1 promoter 

and C. elegans unc-54 

3'UTR 

mfhod1 > unc-54 

3'UTR fwd 

AAGGGTCCTGGCCTGGAGGTGTGAgcggccgcgtcca

attactc 

For creating mFHOD 

cDNA constructs with C. 

elegans fhod-1 promoter 

and C. elegans unc-54 

3'UTR 

mfhod1 > unc-54 

3'UTR rvs 

gagtaattggacgcggccgcTCACACCTCCAGGCCAGGAC

CCTTGCTTAG 

For creating mFHOD 

cDNA constructs with C. 

elegans fhod-1 promoter 

and C. elegans unc-54 

3'UTR 

mfhod3> unc-54 

3'UTR fwd 

GGCACCTCGGAGTTGCAGCTGTGAgcggccgcgtcca

attactc 

For creating mFHOD 

cDNA constructs with C. 

elegans fhod-1 promoter 

and C. elegans unc-54 

3'UTR 

mfhod3> unc-54 

3'UTR rvs 

gagtaattggacgcggccgcTCACAGCTGCAACTCCGAGG

TGCC 

For creating mFHOD 

cDNA constructs with C. 

elegans fhod-1 promoter 

and C. elegans unc-54 

3'UTR 
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unc-54 3'UTR fwd GCGGCCGCGTCCAATTACTC 

For creating mFHOD 

cDNA constructs with C. 

elegans fhod-1 promoter 

and C. elegans unc-54 

3'UTR 

unc-54 3'UTF rvs GGTACCGTGTGCGGTTTTTTCTATGA 

For creating mFHOD 

cDNA constructs with C. 

elegans fhod-1 promoter 

and C. elegans unc-54 

3'UTR 

cefhod-1p_700-719 

GCAACTATCGCGTAATCATT 

Created for sequencing 

mFHOD cDNA 

constructs  

cefhod-1p_1301-

1320 

GATGCAACTCTCATAGTGCA 

Created for sequencing 

mFHOD cDNA 

constructs  

cefhod-1p_1921-

1940 

TATCAATACATAGGTGTACT 

Created for sequencing 

mFHOD cDNA 

constructs  

cefhod-1p_2635-

2654 

GACACCGAGAATCACGGCAT 

Created for sequencing 

mFHOD cDNA 

constructs  

cefhod-1p_3356-

3376 

TTAGTGTGTCCAGCTGTGTGG 

Created for sequencing 

mFHOD cDNA 

constructs  
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cefhod-1p_3985-

4005 

TTGACACTCACTCTGAGCTCC 

Created for sequencing 

mFHOD cDNA 

constructs  

cefhod-1p_4700-

4719 

AGAGCAAGTCAGAAGCCTCA 

Created for sequencing 

mFHOD cDNA 

constructs  

egfp_236-256 

GAAGCAGCACGACTTCTTCA 

Created for sequencing 

mFHOD cDNA 

constructs  

egfp_696-717 

GCATGGACGAGCTGTACAAG 

Created for sequencing 

mFHOD cDNA 

constructs  

mfhod1_1_fwd 

GCTGCTGTTGGTGTTTGTAG 

Created for sequencing 

mFHOD cDNA 

constructs  

mfhod1_2_fwd 

TGCAGCCAGAACACCCCAGA 

Created for sequencing 

mFHOD cDNA 

constructs  

mfhod1_3_fwd 

GATGGCATTGAGAAGCTACTG 

Created for sequencing 

mFHOD cDNA 

constructs  

mfhod1_4_fwd 

GCATCATGCAGTTCTGCCAC 

Created for sequencing 

mFHOD cDNA 

constructs  

mfhod1_5_fwd 

CGTTGAAGAGTGGGCTCGGA 

Created for sequencing 

mFHOD cDNA 

constructs  
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mfhod3_1_fwd 

CTGTCACTGCTGTTGACACG 

Created for sequencing 

mFHOD cDNA 

constructs  

mfhod3_2_fwd 

TTGCAGAGAATAGAGCGGGA 

Created for sequencing 

mFHOD cDNA 

constructs  

mfhod3_3_fwd 

GCCTTGCTACCAGGATATCC 

Created for sequencing 

mFHOD cDNA 

constructs  

mfhod3_4_fwd 

CCAAGGACGATTAAGATCGC 

Created for sequencing 

mFHOD cDNA 

constructs  

mfhod3_5_fwd 

GCACTAGAGTATCGCACAAC 

Created for sequencing 

mFHOD cDNA 

constructs  

mfhod3 6632-

6613Rev 

TAGGAGAGGTGCGTTGGACT 

Created for sequencing 

mFHOD cDNA 

constructs  

chn-1 5' fwd 

CTCGAGATGTCAAGCGGCGCC 

For creating PCRBlunt-

topo vector chn-1 cDNA 

chn-1 3' rvs 

GCGGCCGCTTAAACCATGCCTCCGG 

For creating PCRBlunt-

topo vector chn-1 cDNA 

rnf-5 5' fwd 

GCGGCCGCATGGCGTCGGAGACGAAAG 

For creating PCRBlunt-

topo vector rnf-5 

rnf-5 3' rvs 

CTCGAGTTAGACGAATAGAAGCCAGAAAAGC 

For creating PCRBlunt-

topo vector rnf-5 
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ufd-2 5' fwd 

GCGGCCGCATGATTGAAGACGAGAAAGCAGG 

For creating PCRBlunt-

topo vector ufd-2 

ufd-2 3' rvs 

CTCGAGTTATTTCTTTGAATTTCTTTTCTGGC 

For creating PCRBlunt-

topo vector ufd-2 

unc-120 fwd NcoI 

ccatggATGACCGAAGCCGAAGAC 

For creating L4440 unc-

120 

unc-120 rvs XhoI 

ctcgagTTATTCATTTGATGCAATGGC 

For creating L4440 unc-

120 

myo-3 RNAi F1 use 

EcoRI CCAAGCAGAAGCATGACGTTG 

For creating L4440 myo-

3 RNAi 1 

myo-3 RNAi R1 

use EcoRi CTGTCAGTGGCATGTTGGGA 

For creating L4440 myo-

3 RNAi 1 

myo-3 Rnai F2 

NcoI ccatggAACAAGAGCACTCCATGCAC 

For creating L4440 myo-

3 RNAi 1 2 

myo-3 RNAi R2 

Sal1 gtcgacTGCTGATGGAACCATTGGGAA 

For creating L4440 myo-

3 RNAi 2 

RPT-2 Forward GCGGCCGCATGGGGCAACAACAGTCAGGT For creating L4440 rpt-2 

RPT-2 Reverse GCGGCCGCTTACAAATAGAGTTCTTCTGG For creating L4440 rpt-2 
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Table A3-2. Plasmids constructed 

Plasmid Description Host Selection Notebook Construction 

pCY1 

Mxs_Mcs1 partial 

FHOD-1 

Neb5⍺ Amp 

Book 1 pg 

111-121 

Cut pRS315 

with NcoI and 

NheI (5.7 kb) 

and ligated into 

Mxc_Mcs1 

pCY2 

Mxs_Mcs1 partial 

FHOD-1 I904A 

Neb5⍺ Amp 

Book 2 9-

10, 18-

21,24,40-46 

Made from 

fusion PCR 

from pCY1 plan 

on book 2 pg 9 

pCY3 

Mxs_Mcs1 partial 

FHOD-1 K1051A 

Neb5⍺ Amp 

Book 2 9-

10, 18-

21,24,40-46 

Made from 

fusion PCR 

from pCY1 plan 

on book 2 pg 9 

pCY4 

Mxs_Mcs1 partial 

FHOD-1 I904A and 

K1051A 

Neb5⍺ Amp 

Book 2 44-

51 

Made from 

fusion PCR 

from pCY2 

pCY5 

pGEX-6p-3 FHOD-1 

FH1FH2C with I904A 

Neb5⍺ Amp 

Book 1 

pg134 and 

Book 2 pg 

5, 7, 13, 15-

18, 40-

41,46-48 

Quick-change 

protocol with 

I904 to A 

forward and 

reverse primers 

from pGEX-6p-

3 FHOD-

1FH1FH2C 
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pCY6 

pGEX-6p-3 FHOD-1 

FH1FH2C with K1051A 

Neb5⍺ Amp 

Book 1 

pg134 and 

Book 2 pg 

5, 7, 13, 15-

18, 40-

41,46 

Quick-change 

protocol with 

K1051 to A 

forward and 

reverse primers 

from pGEX-6p-

3 FHOD-

1FH1FH2C 

pCY7 

pGEX-6p-3 FHOD-1 

FH1FH2C with I904A 

and K1051A (Also called 

pGEX-6p-3 FHOD-1 

FH1FH2C Mut1) 

Neb5⍺ Amp 

Book 1 pg 

118-129 

Quick-change 

protocol with 

mega primers 

made from I to 

A fwd and K to 

A rev primers 

using pGEX-6p-

3 FHOD-

1FH1FH2C as 

template 

pCY9 

pGEX-6p-3 FHOD-1 

FH1FH2 STOP with 

I904A 

NEB5α Amp 

Book 4 pg 

52-28 

Cut and paste 

from pCY5 

using AgeI and 

SacI into GEX-

6p-3 FHOD-1 

FH1FH2Stop 

pCY10 

pGEX-6p-3 FHOD-1 

FH1FH2 STOP with 

K1051A 

Neb5⍺ Amp 

Book 4 pg 

52-28 

Cut and paste 

from pCY6 

using AgeI and 

SacI into GEX-
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6p-3 FHOD-1 

FH1FH2Stop 

pCY11 

pGEX-6p-3 FHOD-1 

FH1FH2 STOP with 

I904A and K1051A 

Neb5⍺ Amp 

Book 4 pg 

52-28 

Cut and paste 

from pCY7 

using AgeI and 

SacI into GEX-

6p-3 FHOD-1 

FH1FH2Stop 

L4440 atn-1 L4440 atn-1 

Not 

glycerol 

stocked 

Amp 

Book 2 pg 

37-39, 110-

115 

Amplified Atn-

1 3945-5081 bp 

unspliced from 

genomic DNA 

from XA8002 

and cloned into 

L4440 

L4440 unc-52 L4440 unc-52 

Not 

glycerol 

stocked 

Amp 

Book 2 pg 

37-39, 110-

115 

Amplified unc-

52 9709-10881 

bp unspliced 

from genomic 

DNA from 

XA8002 and 

cloned into 

L4440 

L4440 unc-

112 

L4440 unc-112 

Not 

glycerol 

stocked 

Amp 

Book 2 pg 

37-39, 110-

115 

Amplified unc-

112 2417-3506 

bp unspliced 

from genomic 
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DNA from 

XA8002 and 

cloned into 

L4440 

cefhod-

1p::mfhod1 

cDNA::ceunc-

54'3'UTR 

Mxs_Mcs1 C. elegans 

fhod-

1p::mfhod1cDNA::C. 

elegans unc-54 3'UTR 

Not 

glycerol 

stocked 

Amp 

Book 2 pg 

120-129, 

140-157 

C. elegans fhod-

1 promoter and 

unc-54 3'UTR 

amplified from 

genomic 

sequence from 

XA8002. 

Mammalian 

FHOD1 was 

amplified from 

PECK7 from 

Scott Blystone. 

All cloned 

together by 

Clone amp Hifi 

In fusion PCR. 

Possible 

mutations in 

sequence form 

one read 

through 
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mfhod3 

cDNA::ceunc-

54'3'UTR 

pCRBlunt-topo vector 

mfhod3cDNA:: C. 

elegans unc-54 3'UTR 

Not 

glycerol 

stocked 

Amp/Kan 

Book 2 pg 

120-129, 

140-157 

and Book 3 

pg 25-27 

C. elegans unc-

54 3'UTR 

amplified from 

genomic 

sequence from 

XA8002. 

Mammalian 

FHOD3 was 

amplified from 

PECH 11 from 

Scott Blystone 

and deletion in 

N-term was 

fixed from 

PECK 6. Two 

versions with 

different amino 

in FH2 not sure 

which is wild 

type 

PCRBlunt-

topo vector 

chn-1 cDNA 

PCRBlunt-topo vector 

chn-1 cDNA 

Not 

glycerol 

stocked 

Amp/Kan 

Book 4 31-

35 

Amplified chn-1 

cDNA from N2 

cDNA library I 

made 

PCRBlunt-

topo vector 

rnf-5 

PCRBlunt-topo vector 

rnf-5 

Not 

glycerol 

stocked 

Amp/Kan 

Book 4 31-

35 

Amplified rnf-5 

cDNA from N2 

cDNA library I 

made 
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PCRBlunt-

topo vector 

ufd-2 

PCRBlunt-topo vector 

ufd-2 

Not 

glycerol 

stocked 

Amp/Kan 

Book 4 31-

35 

Amplified ufd-2 

cDNA from N2 

cDNA library I 

made 

L4440 unc-

120 

L4440 unc-120 

Not 

glycerol 

stocked 

Amp 

Book 4 pg 

36-37, 40 

Amplified unc-

120 cDNA from 

N2 cDNA 

library I made 

L4440-myo-3-

RNAi-1 

L4440 Myo-3 RNAi 1 NEB5α Amp 

Book 4 pg 

37-41 

Amplified myo-

3 spliced 3248-

3749 bp cDNA 

from N2 cDNA 

library I made 

L4440-myo-3-

RNAi-2 

L4440 Myo-3 RNAi 2 NEB5α Amp 

Book 4 pg 

37-41 

Amplified myo-

3 spliced 5354-

5865 bp cDNA 

from N2 cDNA 

library I made 

L4440 rpt-2 L4440 rpt-2 

Not 

glycerol 

stocked 

Amp 

Book 4 pg 

34-39 

Amplified rpt-2 

cDNA from N2 

cDNA library I 

made 

 


