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Abstract
Investigating how FHOD-family formin promotes Z-line organization and striation
formation in C. elegansstriated muscles
Author: Sumana Sundaramurthy
Sponsor: David Pruyne, PhD

Striated muscles are composed of basic structural and functional units called
sarcomeres. The assembly of these sarcomeres is-stwdtd process among
vertebrates anohultiple lines of evidencsuggest formins as regulators of sarcomere
assembly. Formins are regulators of unbranched actin networks and thus were ideal
candidates to test for the initiators of thin filament assembly. We examined how
Caenorhabditis elegarfermins, FHOD1 and CYK1 regulate striated body wall muscle
(BWM) growth. We found that FHORamily-related, FHOBL was the only formin that
promoted BWM growth in a cell autonomous manner. However, the DifaRily
related CYKk1 effect on BWMs was rather indirect. Interestingly, both these formins did
not function as thifilament initiators. Our focus was to investigéte mechanisms of
how FHOD1 regulates striated muscle development. Loss of FA@Dwever caused
disorganized dines in BWMs. Dense bodies (DBs) are analogous-ioes and are also
similar to intgyrin-based focal adhesions. They are often arranged in rows that appear
parallel inwild-typeanimals. We investigated ha¥weloss of FHOD1 affects the
distribution, arrangement and morphology of the DBs. We found that loss of AH&D
to theaccumulation of an-parallel striations and FHOID was enriched at the sites of
new DB assembly as well as at sites where pamallel striations would intersect.

FHOD-1 supports the orientation of new striations. We also found that DBs from worms



that lack FHODR1 were fragile and were not able to withstand prolonged contractions.
We interpret that FHOEL could regulate the actin dynamics or act as a linker to bundle
actin filaments that are a part of this unique-843ociated cytoskeletal system, which

provides structurahtegrity to the DBs.
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Chapter lcontributions

Sumana Sundaramurthy wrote this chapter to serve iagraduction to both her
research presented in Chapteen®3 and the overall implications elucidated in Chapter

4.



Overview

Formins are a family of regulators of actiynamics in cellsThe FHODfamily
formins have been weéitudied for their involvement in striated muscle development. But
their precise mechanism in muscle development is unknown. We are using the body wall
muscles (BWMs) of the simple nemato@aenorhabditiselegango understand how the
only FHOD-family formin, FHOD-1 regulates BWM development. FHEBmily
formins have been implicated in human cardiomyopathies. In this study we are
investigating how FHOEL affects Zline development and function. Our results could
provide hints as to how FHO&amily formins could function in general, which could be

used to understand their mechanisrthmmammalian system.

Actin cytoskeleton

Actin is one of the most abundant proteins in eukaryotic cells. With a molecular
weight of 42kDaactin is well known as one of the core components of the cytoskeleton
network in cells Cooper, 2000; Michelot & Drubin, 2011Jhe cytoskeleton consisting
of actin and its associated proteisgrganized into bundles and filament networks.
Distinct acin-based networks appear in specific cellular structures like the lamellipodia,
filopodia, stress fibers, contractile rings, microvilli, growth cone, stereocilia, and
sarcomeres (Figure 1) (Cooper, 2000)These actitbased cellular structures are
respongle for specific cellular functions like cell motility, muscle contraction,
maintaining cell shape, cellular contractility, cargo transport, mechanoelectrical
transduction, and cell division. Actin is often highly dynamic in these intricate structures,
and it exists in two different states in cells: the monomeric, globular actac({i@) and

filamentous actin (Factin) that forms the core of the actin filaments.



Figure 1-1. Types of actirbased networks in cellsDistinct actinrich networks that
aidin specific functions, appear in different cell types. Adtased networks appear i
(A) lamellipodiumof a motile cell(B) filopodia of a fibroblast(C) contractile rings
of dividing cells,(D) neural growth condE) cell cortex (pink filaments)F)
sarcomere in a myofibril of a muscle cell (light red filamer{ts),adhesion belt of an
enterocyte(H) stereocilia of a hair cel({)) microvilli of a brush cellCreated with

BioRender.com



F-actin is made up of ahain ofmonomeric actirsubunits, which is formed by the
polymerization of Gactin Pollard & Borisy, 2003Pollard, 2016). The two states are
reversible as factin can depolymerize or disassemble back inex. The
polymerization of Gactin to Factinoccurs in three phases: a nucleation phase, an
elongation phase, and a steady phase (Figje The nucleation phase involves the
formation of a stable oO6actin nucleusd that
stable nucleus then becomes polariabere it has a rapidly growing end called the
barbed (plus 6+6) end that has faster dyna
added. The opposite e®H) ealdl adst séowerndgad
the relatively slow net growth comparexdthe barbed end due to the faster rate
disassembly at the pointed end (Figw2) XPollard, 2016)Filament gowth or addition
of monomers occurs at both these ends, but it is faster at the barb&t@nth of
filaments occurs vithe elongation phas which is often facilitated by barbed end actin
regulators such as forminGritical concentration is the minimum concentration ef G
actin monomesthat is required fonetpolymerization to occuAbove the critical
concentrationthe rate of polymerizeon is higher than the rate of depolymerizatiin
any given end of a filamenthe critical concentration of pointed ends is higher than that
of the barbed ends. Muscle cells have a high concentration of actin when compared to
other cells, which resulis net polymerization at both pointed and barbed edsng
the steadtate phase, the actin filament dynamics enter a state of equilibrium where the
polymerization at the barbed end and monomer disassembly from the pointed end is
balanced and maintaiddy the critical concentration of-&ctin monomers in the

cytosolic pool Cooper, 2000; Pollard, 2016)his steady state actin assembly and
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Figure 1-2. Actin dynamics There is a lag in the formation of stable nucleus, whic
is the ratdimiting step during actin polymerization. Once the nucleus becomes
pol arized, it starts growing rapidly
el ongation/ growth pHasendThdgnpmi cbec
relatively slow net growth compared. Once the critical concentration of the cytos:
G-actin pool is reached, the steaghate kicks in where the net growth of the filamer
is zero. The filaments enter a state of gaum where the polymerization at the
barbed end and monomer disassembly from the pointed end is balanced, called
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di sassembly is cal |2 @he étdadyaoldbhactih manomed ( Fi g u
must bepresent for the polymerization to continue beyond the elongation phase, and this

is often aided bwctinbinding proteis like profilin. The mechanism of regulation

between these highly dynamicdgtin and Factin states are controlled by various

nucleation promotion, elongation, depolymerizatfators, and actibinding proteins

like formins, spire, Arp2/3, Wiskoetldrich Syndrome Protein (WASP), cofilin, and

profilin (Pollard, & Borisy, 2003; Pimm, Hotaling & Hen®idilla, 202Q Chesarone and

Goock 2009) Despite the involvement of myriad factors, actin is assembled into specific
networks, meant for an intended function in cells. Among the various groups of actin
regulators, one of the largest groups are formins, which are notable for theirtability

regulate nucleation and elongation of unbranched actin networks.

Formins

Formins are one of the highly conserved gsifpproteins that can regulate both actin

and microtubule network€hesarone, DuPage, and Goode 20TBg regulation of actin
nucleation and elongation by forminsorchestrated with the help of two highly

conserved domains: the formin homology 1 (FH1) and formin homology 2 (FH2)
domains (Figure -B). These domains play critical rolesfaimin-dependent regulation

of actin dynamicsThe FH2 domains dimerize and nucleate actin filaments by recruiting
actin monomers to form a stable nucleus for filament assembly. The FH2 dimer stays
associated with the growing or barbed end of the actin filament and facilitates elongation
of actin filaments by the addition of-@ctin monomers to the growing filameitoyvar &
Pollard, 2004; Moseley et al., 2004; Pring, Evangelista, Boone, Yang, & Zigmond, 2003;

Pruyne et al., 2002; Sagot, Rodal, Moseley, Goode, & Pellman).Z0@2 FH1 domain



A GBD DD FH1 FH2 DAD

d auto-inhibited formin dimer

nucleation ° elongation ‘@

profilin ® G-actin @ profilin-bound actin (@

Figure 1-3. Formin and formin -mediated actin assmbly. (A) Domain map of
typical formin, containing GTPaskinding domain (BD), diaphanous inhibitory
domain (DID), dimerization domain (DD), formin homology 1 (FH1) domain, formr
homology 2 (FH2) domains, and a diaphanous autoregulatory domain ({2)D).
Autoinhibition is a result of the intramolecular interaction between DIDC¥0
domains of formins, making them inactiy€.) Autoinhibition is usually released due
to the interaction between the GBD and GTP, which leads to an active (er.
Formin dimers aid in the stabilization of the actin nucleus via their FH2 domains,
where it remains associated at the barbed end of the filament. FH1 domain recru
profilin-bound actin and aids in the elongation of the actin filanténetated with

BioRender.com



has multiple prolingich sites that help in the binding of profdboundactin whichis

then used as a substrate for elongation at the barbed end (F)u{€Hang, Drubin, &

Nurse, 1997; Evangelista et al., 1997; Imamura et al., 1997; Kovar, Harris, Mahaffy,

Higgs, & Pollard, 2006; Romero et al., 200%he activity of formns is often regulated

by autoinhibition due t o daphanoasthibiorgi ati on b
domain (DID) and diaphanous autoregulatory domain (DAD), which blocksd€H2

interactions (Figure-B) (Li, F & Higgs, 2003; Breitsprecher & Good&)13) This

autoinhibition is often broken by various pathways, one of which is the interaction

between the GTPad®nding domain (GBD) in formins and the R Pases. It is

impressive how tightly these interactions are controlled, by targeting formitiféarent

families with specific RhasTPasesKihn & Geyer, 2014)

Formin families in different model systems

Based on phylogenetic analysis of FH2 domains, animal formins can be grouped
into nine families Kiggs & Peterson, 2005; Pruyne, 2016hese ar¢he Formin
homology domaircontaining proteins (FHOD), Diaphaneredated formins (DIAPHS),
Disheveled associated activator of morphogenesis proteins (DAAMS), Ferehated
proteins (FRL/FMNL), FMN, Inverted formins (INF), Multiple Wing Hsirelated
formins MWHF), glutamate receptor ionotropic deltan2eracting proteins/delphilins
(GRID2IPs) and pleckstrin homology (PH) domaontainingformins Invertebrates like
Caenorhabditis elegarendDrosophila melanogastdrave just six formins, belonging to
five and six different families respectively. They are formins, FHDDOYK-1, DAAM-
1, EXG6, FRL-1 andINFT-2 in worms and FHOS, DIA, FORM3, CAPU, DAAENd

FRL in fruit flies (Liu et al. 2010; MMi et al. 2012; Pruyn2016). Howeverplacental



mammals have fifteen different formin genes that encode proteins that can be classified
into seven major families (DIAPH, FHOD, DAAM, INF, FRL/FMNL, FMN, and
Delphilin). It is amazing how invertebrates like elegansan sustainvith just six

formins, whereas humans need fifteen formins for effective fundiiespite the

presence of fifteen formin genes with possible redundant roles, even loss or changes to
even a single formin gene leads to diseases that require clinicaFaamgn families

which areassociatdwith diseases are more extensively studied due todhwical

significance.

Clinical significance of formins with special focus on striated muscle development
Mutations in the inverted formin genaf2 are associatewith Focal segmental

glomerulosclerosis (FSGS), a kidney epithelial disease, and CiMaciet Tooth (CMT)

disease, a neuropathy along with FSB&vn et al.2010; Boyer et al., 2011PIAPH

formins are associated with nonsyndromic deafness, bloodldispand ovarian failure

(Lynch et al., 1997)Loss of the DIAPH formin, DIAPH1 causes microceph&ican

Sencicek et al., 2015 runcated mutants of the formin, FMNauses nonsyndromic

intellectual disability Law et al., 2014)A few formin familiesare well studied due to

their role in striated muscle development and mutations in their genes have led to various

muscle pathologies.

Among the various studies, an RNA interference (RNAi) against formins in
cultured neonatal mouse cardiomyocytes, isafrtbe early studies that implicated the
importance of DAAM, FMNL, and DIAPHamily formins in myofibril organization
(Rosado et al., 2014) oss of DAAM inDrosophilagreatly affects idirect flight

muscles (IFMs)which havethin myofibrils with reducedhin, thick filaments with

1C



abnormal Zdiscs and Mines (Molnar et al., 2014). Conditional knockout of DAAML in
mice led to norcompaction cardiomyopathy. But simultaneous knockout of both
DAAM1 and DAAM2led tostronger myopathy with a disrupted sarcoengtructure and
reduced cardiac function (Ajima et al., 2015).

The FHODfamily formins in mammals, FHOD3 and FHOD1, have been of
particular interest to researchers in the cardiac research community. Functional variants
of the FHODfamily formin, FHOD3 have been associated with cardiovascular diseases
like, hypertropht (HCM) and dilated cardiomyopathies (DCM) (Arimura et al., 2013;
Hayashi et al., 2018; Ochoa et al., 2020, 2018; Wooten et al., 2013). Studies in model
systems like cultured mouse and rat cardiomyocytes suggest that-Faa@Iip formins
regulate striated oscle development by affecting myofibrillogeng§ianiguchi et al.,

2009; Iskratsch et al., 201Bpsado et al., 20)4Knockout of FHODS3 in mice led to
embryonic lethality at day 11iB utera These embryos died due to poorly developed
hearts that faile to form mature myofibrils. Their heart muscles had malformed cardiac
myofibrils, with irregular and immature-hes (KarO et al., 2012). The critical role of
FHOD3 during cardiac myofibril assembly (myofibrillogenesis) is found to be dependent
on its dility to interact with actin (Fujimoto et al., 2016; k&het al., 2012). Further,
conditional knockout of FHOD3 in adult mice showed that FHOD3 is required for the
maintenance of cardiac function in both normal as well as pathological conditions like
cardiomyopathies (Iskratsch et al., 2010; Ushijima et al., 2018). Studies in human
induced pluripotent stem cederived cardiomyocytes suggest that FHOD3 regulates
myofibrillogenesis (Fenix et al., 2018). The functional conservation of FHfHDily

formins onstriated muscle development can be well appreciated with comparative studies
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done in invertebrate model systemsDimsophila the absence of the only FHE&Bmily
formin, FHOS, affects myofibrillogenesis and leads to defective indirect flight muscles
(IFMs) (Shwartz, Dhanyasi, Schejter, & Shilo, 2016). Complete loss of FHOS abolished
sarcomere organization, while early and late knockdown had varying defects. An early
knockdown led to thin, irregular myofibrils with immaturediscs while a late
knockdownled to suppression of new thin filament incorporation into sarcomeres. Using
Caenorhabditis elegansve have shown that the only FH&@&mily formin in worms,
FHOD-1, promotes striated muscle developm@#it-Mi et al., 2012; MiMi & Pruyne,

2015; Sundaramthry, Votra, Laszlo, Davies, & Pruyne, 2020he body wall muscles
(BWMs) of fhod-1 mutants are thin with fewer sarcomeres and have characteristic
disorganized Zines that appear irregularly spaced. The functional similarity of the
FHOD-family formins instriated muscle development among different model systems
opens a wide range of opportunities for researchers to decipher its function. It is not
surprising that formins have a major role in striated muscle development. Striated
muscles not only containmaajor pool ofactin,but itis also the home of unbranched

actin filaments, which form the core component of their contractile machinery.

Types of vertebrate muscles

Based on structure and function, muscle tissues are grouped into 3 main types:
skeleta) cardiac, and smooth muscles. As the name suggests, the skeletal muscle is
specialized to function along with our skeleton system and is responsible for locomotion
and movement, whereas the cardiac muscles are responsible for the functioning of the
heart(Henderson et al. 2017). Skeletal muscles are under the voluntary control of our

body but both cardiac and smooth muscles are under involuntary control. Smooth
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muscles are involved in several functions #r&yoccur in many organs like blood

vessels, stoach, and intestines. The contraction of smooth muscles is based on the
contraction othick and thin filaments, where the latter are attached to dense libdies.

are often referred to as nairiated due to the lack ofrated appearance in the light
microscopeHowever, both skeletal and cardiac muscles are referred to as striated
muscl es, as croshkstigtion® p p e layk miar@scope. This appearance is

due to the presence of a highly organized cytoskeleton network in these musalbs, whi
are composed of individual contractile uni
muscles are arranged in regular parallel bundles and multinucleated whereas cardiac
muscles have branches and are connected using intercalated discs. Both musdadle types a
made up of cells called myofibers (Figurd )L The muscle fibers contain bundles of
organelles called myofibrils that enclose the contractile lattice. Muscle fibers are one of
the structures, first documented by the famous Dutch microscopist, Antonie V

Leeuvenhoek inthecent ury as a Obanded patternéd.

Sarcomere: structure and mechanism of action

A sarcomere is bordered bylides at both ends that anchor thadtinbased thin
filaments, which are also associated with other proteins like tropgimgnd troponin
(Figure 14) (Clark et al. 2002; Henderson et al. 2017). The thin filaments are
interdigitated by the thick filaments containing bipolar filaments of myosin II, which are
held together at the NMne. Titin is considered as a third filantesystem in the
sarcomere, running from-the to M-line and it functions as a molecular spring. The
sarcomere components can be differentiated into various bands based on the polarizing

|l ight properties when v-bawddot@mcdier i a micro
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Figure 1-4. Components of a sarcomerelhe sarcomere is the basic structural anc
functional unit of the contractile lattice. The contractile machinery of the vertebra
muscles, containing repeated sarcomeric units, are enclosed in organelles callec
myofibrils within a muscle cell (muscle fibeA sarcomere is bordered by thdiZes
that attach the actirich thin filaments, which interdigitate with myosiith thick
filaments attached at the-Mhe. Besides actin, thin filaments are also made up of
tropomyosin and troponin. A third filamentstem consists of titin, which acts as a

molecular spring that extends frordide to M-line. Created with BioRender.cam
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composed of the region of thin filaments that are not superimposed by thick filaments
(Figure 25 ) .  Tbhaen dodA ( f o rreprasentsshe entire thick &ilament region.
The-balHdd represents only the thick filamen
filaments. The first groundbreaking papers which led to the molecular basis of muscle
contraction described changes in muscletiaction based on these bands using
interference, phase contrast, and electron microscopy technidudsy & Niedergerke,
1954; Hanson & Huxley 1993These observations led to the sliding filament theory and
the idea of the crodsridge cycle.

Sliding filament describes the mechanism of muscle contraction as thick and thin
filaments slide past one another during muscle contraatible maintaining their
lengths constar{Huxley & Niedergerke, 1954; Hanson & Huxley 195B8he cross
bridge cycle furthedescribes theequence of molecular events that occur between actin
and myosin during muscle contraction. The weak binding of myosin heads extending
from the thick filaments to the actin within the thin filament is referred to as a cross
bridge. An actio potential triggers the release of calcium ions from the sarcoplasmic
reticulum, which binds troponin C. This binding leads to a conformational change which
further results in the exposure of the myelsinding sites on actin that were covered by
tropomyasin. The release of inorganic phosphate from the previous hydrolysis of ATP
allows the myosin heads to tightly bind to exposed sites on actin, which were previously
covered by tropomyosi n, |l eading to a d6épowe
musck by shortening the sarcomere length. The binding of new ATP to myosin leads to a
low-energy conformation that disrupts the actomyosin interaction, breaking the cross

bridge. Once the ATP attached to the myosin heads is hydrolyzed and thiercigess
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formed, the cycle continues. This cycle and the basic sarcomere structure are conserved

among striated muscles of all species including the striated musceglagans.

Caenorhabditis eleganBWMs as a model to study formins

The BWM ofC. eleganhiasmary vertebrate homolog®8enian & Epstein, 2011;
Moerman & Williams, 2006). lis also well known for its simplicity and has only six
formins: FHOD1, CYK-1, DAAM-1, EXG6, INFT-2, and FREL (Mi-Mi et al. 2012;
Pruyne 2017). Loss of one of the key formin8WM development, FHOEL, does not
lead to lethality/severe muscle phenotype unlike that observed in mammalian systems
(Fenix et al., 2018; Kap et al., 2012; Taniguchi et al., 2009), which is useful in
examiningFHOB1L 6 s r ol e i n s arovidemacess toangary pomdrfuly . It
genetic tools which aid in the creation of strains with fluorescéatiged sarcomeric
proteins (Gieseler et al., 2016). The optical transparency and thinness of the worm make
it possible to use immobilized whole worm foudyingin vivo protein dynamics and
even perform wholanimal drug treatments. Apart from this, there are other general
advantages for using worms, the ability to look at many progeny (due to large brood
size), short generation time, easy genetic manipulatapidoutcrossing, and the rapid
transgenic rescue of mutants. The BWM<£oklegangrovide an attractive model for
investigating the role(s) of formins in striated muscle development, but the model has few

features that are different from their tedsrate counterparts.

Comparison of sarcomere arrangement in vertebrate striated muscle and
invertebrate C. elegansstriated BWM
Vertebrate skeletal muscle and an invertebrate muscle such as the BWM of C.

elegans are analogous to each other and both haveefieléd sarcomeres. However,
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their muscle cells do differ in their structures and arrangement of sarcomeres. Vertebrate
musck cells are cylindrical, with sarcomeres arranged inside specialized elongated
organelles called myofibrils, whereas the BWM cahsspindleshaped cellswhich

have sarcomeres arranggght underneatithe plasma membrane (Figuré&L(Mi-Mi &

Pruyne, P15). Vertebrate sarcomeres are arranged at an angle of 90° with respect to the
longitudinal axis of the cell, making them appear cross striated, wher€asgliegans
sarcomeres are obliquely striated where they are arranged at an angle of 6° with respect
to the longitudinal axis of BWM cell. Botkl-lines and Zlines are attached to the plasma
membrane in BWM cells, and they are considénéerinbased adhesion complexes
(Figure 15). However, their dines are similar to costameres (Figur6)lthatappear at

the periphery of myofibril dines, where they anchor the myofibrils to the plasma
membrane of the muscle cell. Vertebraténés and Mlines within the myofibrils are

indirectly attached to the plasma membram®ugh the costameréBigure 15).

Components of striated muscle cytoskeleton

Actin filaments are the core components of thin filaments, which are capped at
pointed and barbed ends by tropomodulin and CapZ, respectively (Clark et al. 2002;
Henderson et al. 2017). There are six diffestin genes encoding actin isoforms
( s k e laecttai I n , U-accat ri dni, a-ascnibi ont, h-asthhd ont, h coyattio,p | as mi ¢
and cyt oeagtin)anshomamrsRenin & Ervasti, 2010)The core of thin filaments
contai nskel &hatl -adim Thera is tight acatrolldver the expression of
theseactin isoforms, which are critical for normal muscle structure and function.

Mutationsin the actin gene lead to varioogyopathies (Nowak et al.1999, Ilkovs#ial,
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Thin filaments

Figure 1-5. Organization of sarcomeres in vertebrate striated muscle an@.
elegansBWM. The basic components of both sarcomeres appear similar-bemesl |
containing two half actin filament regions from adjacent sarcomeres separated b
Z-line and the Aband containing the ttk filaments attached at the-hhes appear
similar. Sarcomeres in vertebrateyofibrils arecross striated, where they are
arrangedht an angle of 90° with respect to the longitudinal axis of the cell and
sarcomeres i€. elegansre obliquely striated where they are arranged at an angl
6°, right below the BWM cell membrane. In BWMs, botlire (known as dense
body) and Mlines ae attached to the plasma membrane. VertebrditeeZin general
are and Mlines nd attached to the sarcolempexcept the peripheratlihes that are

attached indirectly via the costameresage adapted from MVii and Pruyne, 2015.
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2001, Olson et all998).However,C. elegandave five actinsoforms (ACF1 thorough
ACT-5) and ACT5 is the only one that is considered as-narscle actin@no, &
Pruyne, 201p

Tropomyosin and troponin associated with the actin filament control the
interactionsbetwen actin and myosi n. -hdlicabchamsand si n s
appear as coiled homodimers surrounding the actin filaments stabilizing them. There are
four different tropomyosin genes in humans (TPML1, 2, 3, 4) and each of them encodes
several splice &forms of tropomyosins (Clark et al. 2002). Specific isoforms of
tropomyosin are associated with actin filaments that are functionally different and the
expression ratio of different isoforms are critical and are found to be based on cell type
(Gunning etl, 2015) Recent evidence also suggests that formins can dictate the
tropomyosin isoform specificity for growing actin filameg@unninget al., 2015
Tropomyosin isoforms are associated with HCM, DCM, and nemaline myopathy in
humans Michele & Metzger2000; Donner et al. 2002; Olson et al. 20@.)elegan$as
one tropomyosin gen&v-11, and ha multiple isoforms (LEV11A, C, D, E, T, O) that
occur via alternate splicing\(atabe, Ono, & Kuroyanagi, 2018)he long LEVV11
isoforms are considered mist¢ropomyosins and the short ones are considered non
muscle isoforms. Troponins are heteromeric protein complex comprising of three
regulatory units, troponin C, I, and T. Troponin C is the main regulatory unit that binds to
calcium ions, troponin | bind® the myosirbinding sites on actin, inhibiting their
interaction and troponin T is considered to interact with tropomyosin and troponin C to

regulate the conformational change (Clark, 2002). There are several reports that associate
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troponin mutations tamnpaired cardiac function and HCMi¢ffman et al. 2001, Seidman
& Seidman 2001)

Titin, considered as a third filament system of the sarcomere, is the largest protein
in the body, about 1 um in length. It acts as a molecular spring, running between the Z
line to M-line, and is responsible for the elasticity of the sarcorfienbitas et aJ.
1995). Titin also provides structure, flexibility, stability to the sarcomere and provides
binding sites for numerous sarcomeric proteins and is also considered as the sarcomeric
ruler. Vertebrate thin filaments have nebulin which is often consideréeedsurth
filament system next to titin and it runs along the length of thin filaments, anchoring at
the Zline (Clark et al., 2000). Both titin and nebulin have been associated with different
myopathies like DCM and nemaline myopathy, respectiv@bril et al. 2002; Pelin et
al. 1999. C. elegandave titin but they do not have any nebulin homoldégaherty et al,
2002.

The bipolar myosin filaments in the thick filamentmsist of the conventional
class Il myosins from the myosin superfamily. Myoldioontains two heavy chains
(MHC) and four light chains (MLC) (Henderson et al. 2017). There are occurrences of
multiple MHC and MLCisoforms,and their expression is tightly regulated in striated
muscles (Weiss & Leinwand 1996, Reggiani €@00). Themyosin heads which bind
actin in the thin filaments to form crebsidges, are localized to a region that is often
referred-ztomeds tite adGo0o contains other thic
myosin binding proted€ and H. Thick filamentare crosdinked at the Mline by
transverse, Moridges and contain additional proteins like Myomesin. Mutations in MHC

lead to hereditary myosin myopathies with highly variable clinical feat@ieqts,
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2007) In C. elegansmutants of MHC A (MYQG3) ard MHC B (UNG54) (Miller, Ortiz,
Berliner, and Epstein,1983) have reduced thick filaments wharnga8 mutants were
more severe with a paralyzed phenotype. Thinktk in BWMs are attached to the
plasma membrane and are adhediased structures. BWMs alkave paramyosin, an
invertebratespecific headless myosiKégawa et al., 1989)

Z-lines border sarcomesat both ends and they not only serve as anchor sites for
thin filaments but also others like titin (Figuréland nebulin, in vertebrateSlark et
al. 2002; Henderson et al. 201The spectrif a mi | y -pctinintiseéhie major U
component of dineanditcross i nks thin fil amen-acinin Vertebr
genes and some of them ar e -&tnmwalsoindracts have r
with LIM domain pr ot e iacatirinafdAde®oninbirtdiagr z (f i | a
protein of the Zdisc).St udi es have al s eactinireisynetadsentinl far h at |
theinitial assembly of the invertebrate sarcoméFrgsberg et al., 1988Vioulder et al.,
2010. This has led researcherspmposehat the interactions within the densely packed
Z-line not only help in stabilizing the-lihe but also help in maintaining some of its
function even in the absence of one of its components. The primary goéihefiZ to
transduce force from sarcomemithin the myofibrils to the membratassociated
complexes distributed along tperipheralsarcomerends, called costameres (Figure 1
6). Costameres consists of the dystropgiycoprotein complex (DGC) and integrin
based adhesion syst¢ienderson edl., 2017)Dy st r ophi n w-adirh t he hel
(cytoplasmic actin) and various other proteins, help in the transduction of the force from

the sarcomere-Ane to the sarcolemma and ECM (Figuré)1 Mutations in the largest
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Figure 1-6. C. eleganglense bodies are analogous to both vertebrateliie and
costamere Vertebrate sarcomerese tightly packed in myofibrils found in muscle
cells, where the thin filaments are attached4mé&s. Bundles of myofibrils are founc
in a muscle cell and theiagcomeres are linked to the plasma membrane by a
costamere complex. They serve as structures that help in transmitting the force {
the sarcomere to the sarcolemma and extracellular matrix (ECM). Costameres a
made of a highly complex network of proteiand for simplicity, only a few of them
are represented here, dyst-aconpOBsinBWMsrnr
serve as both-lines and costameres @ elegansDBs serve as attachment sites fo
thin filaments, which are also linked tdger by ATN-1  -éctihin). DBs are also
attached to the plasma membrane at the base, acting as a structure that helps ir
transmitting the forces from the actomyosin contraction to the ECM. The base of
DB consists of many proteins and for simplicity|yofew of them are represented
here: PAT2/3, DEB1, TLN-1 and DYS1. The DBs are often referred to as adhesi

based structure€reated with BioRender.cam
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human gene encoding dystrophin caidachenne muscular dystropfiyMD), which is
characterized by progressive muscle degeneratiowaakinesgAartsmaRus et al.,

2017. Worms have gstrophinlike protein (DYS1), and their mutants show slight
muscle degeneration, moderate cell death, and hyperactivity with exagdezate
bendingphenotypgBessolet al., 1998 DYS-1 localizes to regions similar to vertebrate
muscles, at the BWM plasma membrane and around-time Znalogs, which are called

dense bodies (Brouilly et al., 2015).

C. eleganglense body, the Adine, and costamere of BWMs

The Zlines inC. elegansre attached to the plasma membrane of BWMs and
they are known as dense bodies (DBs), which serve as HotbsZzand costameres
(Figure 16, 1-7B, C)(Lecroisey, Ségalat, & Giesel@007) DBs act as structures of thin
filament anchorage and help in the efficient transduction of force from sarcomere
contractions to the hypodermis to create effective locomotion. They are ifbaged
adhesion structures and are considered to begmad to vertebrate focal adhesions
complexegMoerman & Williams, 2006)They appear as fingdike projections that
project into the cell b cintegring (PAF243) bcbhueat p| a s ma
the plasma membrane and they interact with the EB@Mother DB proteins like vinculin
(DEB-1) and talin (TLN1) (Gieseler et al., 2016; Lecroisey, Segalat, et al., Ra0Wn
filaments are crosknked at the DB byJ-actinin (ATN-1) (Moulder et al., 2010). The.
elegan®DBs have been used as a modetaysto better understand the function of its
vertebrate protein homologs like focal adhesion protghisseler et al., 2016; Lecroisey,
Segalat, et al., 2007; Moerman & Williams, 2006judies from a wide range of model

systems have proposed that formiegulate striated muscle assembly. The striated

24



BWNMs of C. elegansan be used to better understand the role(s) of formins in the
vertebrate striated muscle system.

Integrinbased adhesion structures play an important role during sarcomere
assembly (myabrillogenesis) in vertebrates. Myofibrillogenesis is described as a three
step process: first is the formation of premyofibrils, next is the formation of nascent
myofibrils, and then finally, the conversion of nascent myofibrils to mature myofibrils
(Dabiri et al., 1997; Sanger et al., 2005, 201&9sembly of sarcomeric components
begins at the edge of the muscle cell with the formation of intégised adhesion
structures called-bodies, associated with stress fiike premyofibrils. Premyofibrils
are made of minsarcomeres with -bodies containinglactinin attached to thin
filaments and myosin filaments containing ronscle myosin 1A and/or IIB. In nascent
myofibrils, Z-Bodies form beaded structures, and the-muscle myosin starts getting
replaced by muscle myosin Il. The maturation of these nascent myofibrils occurs by the
transformation of beadedZands to continuous-BEands, completion of muscle myosin
Il replacement, and clear appearance dirid. Sarcomere assembly is not that well

undersood inC. elegantompared to vertebrate systems

BWM development and sarcomerogenesis i€. elegans

The BWM ofC. elegangloes not arise from myoblast fusion, unlike their
vertebrate counterparts. The BWMs develop during embryogeAé&s gastrulatio,
the embryo develops into various stagaked prebean, bean, comma, #&ld, 2-fold,
3-fold, and 4fold named after the changing shape of the embryo, based on its elongation.
The embryacstarts twitching inside the eggshell during reimibryogenesis wvan the first

sarcomeres are assembled inBWgM cells (Hresko, Williams & Waterson, 1994;
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Moerman & Williams, 2006; Altun & Hall, 2009Farcomerogenesis begins as myoblasts
start to form around 290 min after first cell cleavage (Hresko, Williams, & \&tatier

1994). At this stage, there is an accumulation of structural components like vinculin,
integrin, myosin A and B. Then around 310 min, muscle cells start to migrate into 4
guadrants and polarization begins, where the muscle components start to tocalize
membranes at the muscle cell edges. By 350 min, the comma stage, myoblasts have
completed migration to dorsal and ventral quadrants, and muscle components have
polarized to the cell edges towards the hypodermis. At 420 min these cells flatten to form
the 1.5fold embryogenic stage where the contractile lattice, basement membrane, and
hemidesmosome components interact and organize into bands to form sarcomeres. At
450 min, around the 1.7/ld stage is when the first sarcomeres start to assemble to form
the striations. First, there is an initial accumulation -¢ih2 and Mline components

followed by assembly of thin and thick filaments. The embryo hatches as L1 larvae, after
developing into a4old embryo. However, mutants with a loss of function allefl

certain genesnfyo-3, debl) that are critical for sarcomere assembly, arrest afado

stage and hatch garalyzed and arrested at tfiadd stage (Pat) larvae. This is because

the embryos are unable to move in thesbgll and are arrested at @xéold

devel opment al st agel etPé é(ploecthlpeela)n,tokeddpat é
(dumpy), have been used to identify and characterize phenotypes and &inction

associated with the gene@ elegans

Overview of BWM structure
A newly-hatched L1 larva has 81 BWM cells with two sarcomeres per Biali

where theithick filaments are about 5 um lorfiylackenzie, Garcea, Zengel, & Epstein,
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1978;Moerman & Williams, 2006)In the presence of food, L1 larvae develop into L2,

L3, L4 laval, young adult, and adult stages. The larvae with 81 BWMs develop

additional BWM cells resulting in a total of 95 BWM cells in adults, where thak

filaments are about 10 um long. The BWMs cells are arramgido pairs of

longitudinal bundles (dsal and ventral), running frotread to tail, and are located

four quadrants (Figure-1 A). The Factinrich thin filaments are closely aligned and

appear as Ostriationso. BWM cell s can be i
orientation otthe striations and the ECM gap between cells. Both DBs atiddd in

BWNMs are basal attachment structures that are intégsed Altun & Hall, 2009) In a

strain expressing PAB::GFP (Plenefisch, Zhu, & Hedgecock, 2000) and AT:MhCh,

PAT-3 localizego DBs (arrows) ant¥l-lines (M, arrowheadgfigure 17 D). It also

appears at the attachment plaques (A), wambear at the end of hatbhnds in between

two BWM cells (Figure 47 C).ATN-1 occurs only in DBs (presumptive mature DBS).

PAT-3 appears cker to the cell membrane and ATINappears deeper into the cell.

From the top view of the BWMs, DBs appear as punctate structurkise Mppears like
somewhat of a continuous | ine-larke datsttaaltcmea
BWM cellshaveo ws of DBs t hat .Thesep[Bastriatimsareunttate at i o
rather than very closely spacedeétinrich think filaments that appear as banded
0striationsdéd. BWM cells can also be identi

orientation ofthe DB striations and the presence of attachment plaque between cells.

Creation of transgenic lines for the study
The powerful genetic tools i@. elegansnake it an attractive model system to use for the

study of striated muscle development. In this siudy have created strains expressing
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Figure 1-7. C. elegan8WM views showing thin filaments and DBs(A) Worm
stained withfluorescently labeled phalloidin to showaetinrich BWMs. Dorsal view
of adult worm showin@dWMs (BWMs run from head to tail, but this image has
pharynx in view obstructing the BWM at the head region). Scale bar,r8Bigher
magnification shows factin-rich thin filaments arranged as striationgach BWM
cell. Scale bar, 8 m(B, C) Maximum intensity projections (MIPshrough BWM
contractile lattice ofvorm, expressing PAT3::GFP and ATNL::mCh.(B) Scale bas,
27 ¢ m(C) Higher magnificatiorshows theoutline between two BWM cells is showt
(dashed linesPAT-3 occurs at DBs (arrows), along-Ivies (M, arrowheads), and at
attachment plaques (A). ATl occurs only in DBEBWM cells have rows of DBs
that appear as striatiarScale bas, 6 m(A) was acquired using widkeld
fluorescent microscopy and (B¥;) and (D) were acquired using SP8 confocal

microscopy.
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nortrintegrated transgenesmutant witha loss of function allelestrainexpressing stable
transgene, and strains expressing an endogenous protein thagges at its original
locus. We haveised microinjection to create strains with niortegrated transgenes to
produce an extrachromosomal array (ECA) (Stinchcomb et al., 1985; Mello et al., 1991).
The microinjected solution usually contains a mixture of plasmids containing the gene of
interest and reporter(s) of choice. The injected plasmids get linearized, and the DNA
concatenates into large arrays. These ECAs usually are heritable, and they are inherited
based on principles of nemendelian inheritancénheritance of ECAis often variable
between strains and in most case# thepressioaaremosaic. Although the creation of
ECAs and screening is easier than other methods, the mosaic inheritance of the ECAs is a
caveat. In many cases, ECAs contain thousands of copies of the transgétespuld
lead to overexpression or even mislocalization. We often create multiple strains
containing ECAs to analyze the effect of a particular transgene. To prevent this caveat,
we used microparticle bombardment, to create strains that contained istedphated
transgenes. The technique works by insertion of the transgemaratcamlocus using
gold particles. The transgene is bound to gadicles,and they are bombarded into
worms using a bolistic bombardment instrument (Praitis et al., 2001linsStraated
using this technigue not onédre more likely to have stably integraedtransgene, but
they also hava lower copy number and are often concentrated at one locus. The
disadvantages are that this technique takes a longer time, and the raseldion could
sometimes lead to disruptions in other genes.

One of the most powerful tools that could overcome the caveats of the above

techniques is CRISPR/Cas9, which can be used to edit the genome at a precise location
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(Kim et al., 2014; Dickson anddRistein, 2016). Two strains used in this study were
created with reporters inserted at their respective endogenous loci using the
CRISPR/Cas9 technique. In general, short guide RNAs are designed specific to the DNA
cut site and they are introduced alonighwhe Cas9 enzyme. Repair templates are created
based on whether an insertion (in this case our reporter mCherry or GFP tag) or deletion
is needed. We also createtbss of functiondaam1 mutantthat containeé novel FH2-
null daam1 allele, which was generated using homologous recombination guided repair
after targeting the proteinés functional
plasmid containing gene encoding Cas9, the short guide RNA, and the repair template
into unc119mutants, and transformants were further screened for selection. Researchers
have improedthe efficiency ofgetting transformants usirige CRISPR/Cas9 technique
in worms,wherethey have been injecting Cas9 protein instead of plasmids directly to
induce brea& These techniques allowed us to test cell autonomous roles of-EHOD
CYK-1 in the first part of the study (Sundaramurthy et al, 2020) and it also enabled us to
create strains expressing fluorescedlgged DB proteins, which have been used
extensivéy in the second part of the study.

The functional similarities among the FH&@&mily formins in different model
systems an€. elegangrovideus with an opportunity to uncover the role(s) FHOD
plays during striated muscle development. The results fhis study could give us a
comparative model that would lead to a better understanding of the role(s)-far@ip

formins might regulate during vertebrate sarcomere assembly.
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Dissertation overview

The overall goal of this research is to examine thegases that formin regulates during
striated muscle development. By using the sin@pleleganss a model, we hope that
our research could provide insights as to how formins could functithre mammalian
system. In Chapter 2, we investigate the cell autonsnand norcell autonomous roles
of FHOD-1 and CYKL1. In Chapter 3, we are examining how FHQ@Rffects DB
distribution, function along with contractiligased morphology. In Chapter 4, we
present our discussion and various modelshfeFHOD-1 role in DB deelopment.
Appendix 1 is characterizing the localization of a potential interactor of FHHGibort

tropomyosin, LEV11(short).
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Abstract

The striated body wall muscles Ghenorhabditis elegarere a simple model for

sarcomere assembly. Previously, we obsengetion mutants for two formin genes,

fhod1 andcyk1, develop thin muscles with abnormal dense bodies (the sarcortiaee Z
analogs). However, this work left in question whether these formins work in a muscle cell
autonomous manner, particularly siroy&-1 ( ee)etion has pleiotropic effects on
development. Using a fast acting temperatgssitivecyk1(ts) mutant, we show here

that neither posembryonic loss nor acute loss of CYIKduring embryonic
sarcomerogenesis cause lasting muscle defects. Fadies mosaic expression of CYK
lincykl ( eeQtants is unable to rescue muscle defects in a cell autonomous manner,
suggesting muscle phenotypes causedyisd( &8) ar e | i kely i ndirect.
expression of FHOEL infhod1 ( goytantspromotesmuscle cell growth and proper

dense body organization in a muscle cell autonomous manner. As we observe no effect of
loss of any other formin on muscle development, we conclude FHBDhe only worm

formin that directly promotes striated muscle develeptnand the effects on formin loss

in C. elegansre surprisingly modest compared to other systems
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Introduction

Striated muscles, found widely across the animal king(@ark, McEIhinny,
Beckerle, & Gregorio, 2002are secalled due to the appeae of striations composed
of regularly repeating contractile units, called sarcomeres. Each sarcomere is bordered by
Z-lines that anchor actihased thin filaments, while myosiased thick filaments
interdigitate between thin filaments and are anchordageaVtline at the sarcomere
center. Besides these major cytoskeletal components, the contractile lattice is made up of
additional proteins that help maintain structure and fun¢titemderson, Gomez, Novak,
Mi-Mi, & Gregorio, 2017)

Evidencefrom multiple model systems demonstrdi@snins contribute to the
assembly of sarcomeres. Formins are stimulators of actin assembly that function largely
through two conserved Formin HomolodyH) domains, the FH1 and FH2. When
dimerized, FH2 domains nwte actin filaments from monomers, and remain associated
with the growing barbeénd of the filament, protecting the end from inhibitors of
elongation, like capping proteiiBruyne et al., 2002; Sagot, Rodal, Moseley, Goode, &
Pellman, 2002; Pring, Evaalijsta, Boone, Yang, & Zigmond, 2003; Kovar & Pollard,
2004; Moseley et al., 2004) heprolinerich FH1 domain recruits profilin bound to actin
monomers to allow monomer addition to the barbed gabdang, Drubin, & Nurse,

1997; Evangelista et al., 199mamura et al., 1997; Romero et al., 2004; Kovar, Harris,
Mahaffy, Higgs, & Pollard, 2006)

Based on sequence homology, animal formins are grouped into nine families

(Higgs & Peterson, 2005; Pruyne, 2016ne member of the FHO@amily, FHODS, is

the besistudied vertebrate formin for its effects on muscle development. Variants of the

52



fhod3gene have been associated with occurrence of hypertrophic and dilated
cardiomyopathies in huma&rimura et al., 2013; Wooten et al., 2013; Hayashi et al.,
2018; Ochoat al., 2018)while its knock out in mice results in lethality at embryonic
day 11.5 due to cardiac insufficiency, with failure to form mature myofibrils in cardiac
muscle(Kan-O et al., 2012)This crucial role for FHOD3 depends on its ability to

interact with actin(Fujimoto et al., 2016)Studies with human induced pluripotent stem
cell-derived cardiomyocytes and cultured rat cardiomyocytes confirm FHOD3 regulates
myofibrillogenesig Taniguchi et al., 2009; Iskratsch et al., 2010; Fenix et al., 2018)
Studies inDrosophilaindirect flight muscles (IFMs) have shown complete absence of fly
FHOD-family formin FHOS abolishes sarcomere organization, while early knockdown
yields thin, irregular myofibrils with dispersed and rudimentaists, and late

knockdown prevents thin filament elongation or new thin filament incorporation
(Shwartz, Dhanyasi, Schejter, & Shilo, 2016)

DAAM -family formins have also been implicated in muscle development. In
DrosophilalFMs, and toa lesser extent heart and larval bodllvnuscle, absence of
DAAM leads to thin myofibrils with reduced-&ctin and thick filament content, and
abnormal Zdiscs and Mines(Molnar et al., 2014)In mice, conditional DAAMXknock
out led to norcompaction cardiomyopathy, while simultaneous knmat of DAAM1
and DAAM2 causedstronger myopathy, severely reduced cardiac function, and disrupted
sarcomere structu@jima et al., 2015)An RNA interference (RNAtpased study of
cultured neonatal mouse cardiomyocytes confirmed the importance of DA&M1

myofibril organization, and also implicated FMNand DIAPHfamily formins FMNL1,
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FMNL2, and DIAPH3(Rosado et al., 2014YVhile these studies suggest formins
promote sarcomere organization, it is not clear what roles they play.

Our work with the simlg model nematod€aenorhabditis elegaraso
implicates formins in promoting sarcomere formation in striated muscle. The worm has
two pairs of body wall muscles (BWMs) that extend the length of the animal in dorsal
and ventral positions. Each BWM cell sists of a cell body overlying a spineibaped
myofilament lattice that is adherent to a basal lamina. Distinct from-stoated
vertebrate or fly muscl e, BWM is obliquely
with respect to the longitudinakis of the cell. The majority of thin filaments are
anchored at dense bodies (DBs), which are analogous to vertefaligtes Zwhereas thick
filaments are attached to-Mhes(Moerman & Williams, 2006; Gieseler, Quadota, &
Benian, 2017)In BWM, all DBsand Mlines are also attached to the plasma membrane,
and based on protein composition, DBs also resemble costameres and focal adhesions
(Lecroisey, Ségalat, & Gieseler, 2007)

Many sarcomeric proteins and interactions are conserved be@vedegans
BWM and mammalian striated mus¢Benian & Epstein, 2011But unlike mammals,
where fifteen genes represent seven of the nine animal formin farGilieegan$as
only six formin genesfijod-1, cykl, daaml, frl-1, exe6 andinft-2) representing five
families (Pruyne, 2016)Due to this simplicityC. elegan8WM serves as a good model
to study roles of formins in the development and function of striated muscle.

We previously characterized BWM defects in mutants for five worm formin
geneqgMi-Mi, Votra, Kemphues, Bretscher, & Pruyne, 2012:-Mii & Pruyne, 2015)

Among these, only loss of FHOfamily FHOD-1 and DIAPHfamily CYK-1 resulted in
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BWM defects. Based on the tendency of formins to promote assembly of long,
unbranched actin filamenits vitro, an dtractive model was that FHOD and CYk1
initiate assembly of the actimased thin filaments, with the prediction that absence of
both formins should prevent thin flament formation. The deletion alfetesl(tm2363)
andcyk-1(ok2300) referred to herdger ascyk1l ( amdfhodl ( ,eeljminate part or all
of their respective FH2 domains, making them putative nulls for femadiated actin
assembly. Eitheihod1 ( exrykl ( @dividually results in thin BWM cells with fewer
striations per cell, while mutants for both formin gehage even thinner BWM cells,
suggesting overlapping roles in mus@4-Mi et al., 2012) However, BWM in those
double mutants still have thin filaments organized in sarcomereM{iPruyne,
2015), inconsistent with our initial prediction.

A complication to that analysis was that CMKs also essential for cytokinesis
during embryonic developme(Bwan et al., 1998Y.0 circumvent this requiremerdyk
1 ( eegs maintained in a heterozygous background. Homozymydtls ( slitants that
aroseas one quarter of the progeny frogk1l ( aepatents completed embryogenesis
due to inheritance of maternaibyovided CYK1 protein/fmRNA (MiMi et al., 2012).
This also left open the possibility maternally inherited C¥Kupported some sarcomere
assembl. Another complication wasyk1 ( &k pleiotropic effects on development
(Mi-Mi et al., 2012), allowing the possibility that muscle effects were secondary to other
primary defects. Elimination of CYHX by RNAI yielded the same phenotypesgk
1 ( &Mi-Mietal., 2012), but slow onset also allowed for residual €lYiK developing

muscle, and pleiotropic effects again complicated interpretation.
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Recent isolation of a fast acting temperatseasitivecyk-1 allele (Davies et al.,
2014), and the generatitrere of strains with mosaic expression of wilde formin,
have allowed us to rexamine this questiolWVe find here CYK1 plays a nostell
autonomous role in promoting muscle growth, likely during early embryogenesis, leaving
FHOD-1 the only formin to lay a cell autonomous role in BWM development. We also
observe that in contrast to vertebrate and insect muscle, worm BWM is strikingly resilient

to loss of endogenous formin.

Materials and Methods

Worm strains and growth conditions

Worms were grownmising standard protoco{Brenner, 19744t 20e C, excep
experiments involving temperatusee nsi t i ve worms, for which g
to temperature shifts. Agg/nchronized populations were obtained in one of two ways.
By one method, adultevms were treated with 1:2 ratio 5 M NaOH to reagent grade
bleach to liberate embryos, which were then washed with M9 medium (Ausubel et al.,
2002), and allowed to develop until the proportion atteld stage had peaked (Fi23,
2-4,2-5,2-S3,2-S4),or until hatching into starvatiearrested L1 stage larvae (F&31,
2-2,2-8,2-9,2-S12- S4). Alternatively, adults were allowed to lay eggs on plates for ~
4-8 hrs and then removed, resulting in sesynchronized progeny (Fig-6, 2-7, 2-S2,2-
S52- S62- S8).

For long temperature shift experiments (B¢, 2-2, 2-S1), starvatiorarresed
L1s were introduced to foo&écherichiacolOP50) at per mi ssi ve (16c¢
(26eC) t e myzhrsdefarerbeing prepareddfor fluorescence microscopy. For

short temperature shift experiments (Fgl, 2-S3,2-S4), embryos in M9 were

56



transferred to 16eC or 26eC water baths
microscopy.

For complete genotypes of strains used in this study, see Table 1. N2yfveild
Bristol worms) and RW15961yc3(-); gfp::myo-3] were supplied by the
CaerorhabditisGenetics Center (University of Minnesota, Minneapolis, MN). JCC389
[cyk1(ts) and JCC955dyk-1::gfp] were gifts from Julie Canman (Columbia University,
New York, NY; Davis et al., 2014; Davies et al., 2018). GS7&Xcyk1::gfp]] was a
gift from Daniel Shaye (University of lllinois at Chicago, Chicago,3baye &
Greenwald, 2016 XA8001 [fhod1 ( JoaDWPS8 [cykl ( &) DWA9 fhodl ( &) -; cy Kk
1 ( &) DWP10 fhodl ( ae) -1:..dfph DWP22 kykl ( ae) -1::gfp],yakd DWP28
[eri-1(-)] were obtaired previouslyMi-Mi et al., 2012) Parentage of strains produced
for this study are in Table 1.

Novel lossof-function alleledaam1(ups39)was generated using CRISPR/Gas9
mediated gene editing to target TAATTGACCCGAGACGCTAT near the start of an
FH2-coding exon oflaam1. Homologous recombinatieguided repair was directed
using a template constructed as follows. Nucleotides 22,944.47 ¢ daam1 was
amplified by PCR with appended upstreEpnl cloning site, and downstreatoRI
site,in-frame stop codor,oxP, andSall cloning site (primers
GGTACCGAGCGGATTGCAAAAGAGCTGGA and
GTCGACATAACTTCGTATAATGTATGCTATACGAAGTTATTCAGAATTCGGTG
ATCTGGAAATGAAAGTTGTATAC), and nucleotides 24,1985,339 ofdaam1 were
amplified and appended with upstre8amHIcloning site and.oxP, and downstream

Notl cloning site (primer&SGATCCATAACTTCGTATAGCATACATTATACGAAGT
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Table 2-1. Worm strains used in this study Stran names, genotypes, figure(s) in

which they appear, and source.

Strain Genotype Sourcé Figure(s)
DWP008 cyk1(0k2300)/+ III Mi-Mi et al.,
2012
DWPO009 fhod-1(tm2363) I; cykl(0k2300)/+ 1lI Mi-Mi et al.,
2012
DWPO010 fhod1(tm2363) I;,gals8001[fhodl::gfp Mi-Mietal.,, 2-8, 2S7
mini-unc-119(+)] 2012
DWP022 cyk1(0k2300) un€l19(ed4?)/cyk Mi-Mietal., 2-S5
1(0k2300) + IlI; upsls3[cyKL::gfp mini 2012
unc119(+)]
DWPO028 eri-1(mg366) IV; rhis2[paB::HA::gfp] Mi-Mietal., 2-9
2012
DWPO068 fhod1(tm2363) I; cykL(or596ts) Il XAB8001 x 2-1,2-22-S1
JCC389
DWP153 mT1/+ II; cyk1(0k2300)/mT1[dpy DWP008 x 2-2,2-6,2-S5
10(e128)] I mT1/+
DWP154 fhod1(tm2363) I; mT1/+ II; cyk DWPO009 x 2-2
1(0k2300)/ mT1[dpyL0(e128)] Il mT1/+
DWP156 fhod1(tm2363) I; StEx30[myo XA8001 x 2-4,2-5,2-S3
3p::gfp::mya3 rol-6(sul006gf)] RW1596
DWP160 cyk1(or596ts) lll; stEx30[mye JCC389 x 2-4,2-5,2-S3,
3p::gfp::myo3 rol-6(sul006gf)] RW1596 2-S4
DWP161 fhod1(tm2363) I;cyk1(or596) Ill; DWPO068 x 2-4,2-5,2-S3,
stEx30[mye3p::gfp::mya3 rol- RW1596 2-S4
6(su1006gf)]
DWP199 fhod1(tm2363) |; upsEx136[fhed(+)  XA8001 2-6,2-7,2-S6
myao-2p::gfp mye3p::gfp rab-3p::gfp]
DWP202 fhod1(tm2363) l;upsEx139[fhoel(+)  XA8001 2-6,2-7,2-S6
myo-2p::gfp mye3p::gfp rab-3p::gfp]
DWP204 fhod1(tm2363) I; upsEx141[myo XA8001 2-6,2-7,2-S6
2p::gfp mye3p::gfp rab-3p::gfp]
DWP206 fhod1(tm2363) I; upsEx143[myo XA8001 2-6, 27, 2S6
2p::gfp mye3p::gfp rab-3p::gfp]
DWP208 +/mT1 Il; cyk1(ok2300)/mT1[dpy DWP153 2-6

10(e128)] lll; upsEx145[cyd (+) myo
2p::gfp mye3p::gfp rab-3p::gfp]
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DWP209 +/mT1 II; cyk1(ok2300)/mT1[dpy
10(e128)] lll; upsEx146[cyHd (+) myo
2p::gfp mye3p::gfp rab-3p::gfp]
+/mT1 Il; cyk1(0k2300)/mT1[dpy
10(e128)] lll; upsEx148[my@p::gfp
myo-3p::gfp rab-3p::gfp]

+/mT1 II; cyk1(0k2300)/mT1[dpy
10(e128)] lll; upsEx150[my@p::gfp
myo-3p::gfp rab-3p::gfp]
daam1(ups39) V

fhod-1(tm2363) |; daarl(ups39) V

DWP211

DWP213

DWP219
DWP222
GS7933 unc119(ed3) phel(e2123ts) IlI;
arls195[exc::LifeAct::gfp unel19(+)];
arEx2357[cykl::gfp hygrR(pIR98) pha
1(+)(pBS)

JCC389 cyk1(or596ts) Il

JCC955 cykl(jccd[cykl::gfp::3xflag]) Il

N2 Bristol wild type

RW1596 myo3(st386) VstEx30[mye
3p::gfp::myo3 rol-6(sul006gf)]

XA8001 fhod-1(tm2363) |

DWP153

DWP153

DWP153

This study
DWP219 x
XA8001
Shaye &
Greenwald,
2016

Davies et al.,

2014

Davies et al.,

2018
CGC

Campagnola

et al., 2002
Mi-Mi et al.,
2012

2-6

2-6

2-S2
2-S2

2-S8

2-1,22, 251

2-9, 2-S8

2-1, 22, 26,
2-7,2S51, 2
S2, 2S5, 2
S6, 257
2-3, 24, 2-5,
2-S3, 254
2-1, 22, 2-6,
2-7,2S51, 2
S2, 256

AReference for initial isolation, or parental strains for crossirtgpasgenesis in this

study.

YCaenorhabditisGenetic Center (University of Minnesota, Minneapolis, MN)
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TATAACTGCACAATAATGCTCTCCAAGC and
GCGGCCGCTCTACCCACCTCATACCTACACGC). These were sequentially cloned
into pJKL702 (a gift from Jun Kelly Liu, Cornell Urevsity, Ithaca, NY) to flank itanc
119mini-gene to create the homologous recombinagioided repair template. We
generated and isolated transgenic lines from HT1688119()] animals, and
subsequently excised the integrated-119(+) from thedaam1 locus by expression of
Cre recombinase, all as described by otfierskinson & Goldstein, 2016)The resultant
postexcisiondaaml1(ups39)encodes an Hrame stop codon near the start of its FH2
coding sequence, and anfLframe shift due to thieoxP site, and is thus predicted encode
a nonfunctional formin. DWP219daam1(-)] was generated by crossidgam1(ups39)
into anunc-119(+) background, using EcoRhediated cleavage as a diagnostic for
ups39

To generate worms with mosaic expressiofhoft1, young adult XA8001

her maphrodites were microinje-hodd@)(Mi«i t h a m
Mi et al ., 2ab-3p2gfpp | & 6 éhi d gmyé3Ad::gfpgasmid, and 25

n g / nyb2p::gfp plasmid. Two independent strains (DWP199, DWP 202 isolated
from progeny of different injected parents based on mosaic expression of GFP in in
BWM. Two control strains (DWP204, DWP206) with mosaic transgene inheritance but
lackingfhod-1(+), were produced similarly, but replacing pRS3th6d-1(+) with
pRS315Sikorski & Hieter, 1989)To isolate animals with mosaic expressiomydé1,
DWP153tykl ( &) /wor ms wer e microi nj-eygl(+¢ga wi t h 5
pRS315, anmb3p:@PpInagd miLd , myd3p::gip gasnsid, and®5

n g / myb2p::gfp plasmid, to generate test stramg / myb2p:.gfp plasmid, to
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generate test strains (DWP208, DWP209) and control strains (DWP211, DWP213) as

above.

RNA.I

RNAi-mediated knockdowns were performed by the standard feeding technique
(Wang and Barr, 2005). Brieflf. coliHT115 was transformed with control knockdown
vector L444QTimmons & Fire, 1998dr cyk 1 knockdown vector L444@yk-1 (Mi-Mi
etal.,2012)and grown overnight at 37eC in 2xYT (/
pg/ml tetracycline, 100 pug/ml ampicillin. Cultures were diluted 1:100 in 2xYT, grown 3
hrs 37eC, -4ndrsnduckd034 mM I PTG afold 37eC b,
and seeding ontagar. Agesynchronized L1 worms were introduced and growhdays
at 25eC, then washed as adults wusing M9 to

induced bacteria to continue RNAI knockdown for 5 days total.

Staining for fluorescence microscopy

F-actin stain was as previously descrilfstl-Mi et al., 2012) as was
immunostain (Finney & Ruvkun, 1990), except for omission of spermid@ifrom the
initial buffer for both protocols, and threefold higher initiathanol concentration
(75%) for imrmunostain. For the specific caseoyk1 mosaic worms (Fi@-6C), poor
transmittance ofyk-1 ECAs prevented harvesting large batches of transgenic animals.
Instead, individual animals were picked and stained directly on glass slides, as previously
(Hegstel, Wright, Votra, & Pruyne, 2016), with staining performed overnight.
Monoclonal primary antibody MH35 (arfiTN-1) generated by R.H. Waterston (Francis
& Waterston, 1985) was a gift from Pamela Hoppe (Western Michigan University,

Kalamazoo, MI), polyclonaabbit anttGFP was a gift from Anthony Bretscher (Cornell
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University, Ithaca, NY), polyclonal affinitpurified anttCYK-1 (DPMSP1) was
generategbreviously(Mi-Mi et al., 2012) mouse ant{GFP and secondary antibodies
(Texas reeconjugated goat antebbit and FITCconjugated goat anthouse, or reverse
fluorophore/species) were purchased (Rockland Immunochemicals, Pottstown, PA).
Antibody dilutions were 1:200 DPMSP1, 141MaH35, 1:1¢ mouse antiGFP, 1:200

rabbit anttGFP, and 1:500 for secondary aotiles.

Microscopy and image analysis

Wide field fluorescence images (FRy1, 2-4, 2-5, 2-6, 2-9 B, 2-9 C, 2-S2,2-S4
A, B, 2-S5,2-S7 A) were acquired using an Eclipse 90i Upright Research Microscope
(Ni kon, Tokyo, Japan) at room temperature
40x/NA 1.0 oil immersion objective, or a CFl Plan Apochromat viotetected 60x/NA
1.4 oil immersion objecte, with a CoolSNAP HA2 digital monochrome chargeupled
device camera (Photometrics, Tucson, AZ) driven by-BEnents AR acquisition and
analysis software (version 3.1; Nikon, Tokyo, Japan). Confocal image2{Eig-3, 2-
7,2-8,2-S4 C,2-S7,2-S8B, 2-S8C) were obtained on an SP8 Laser Scanning Confocal
Microscope (Leica, Wetzlar, Germany) driven by LAS X Software (version 2.2.0, build
4758; Leica, Wetzlar, Germany), and using an HCX Plan Apochromat 63x/NA 1.4 oil
lambda objective. Maximum inteitys projections and XZ crossections were generated
from confocal stacks using LAS X Software or ImageJ (version-2c063/1.519)
(Schneider, Rasband, & Eliceiri, 201®nages were linearly processed to enhance
contrast and falseolored in Photoshop®2l or CC 2018 (Adobe, San Jose, CA).

BWM and muscle cell widths were measured based on phalloidin stain, and total

body width was measured based on body autofluorescence in the FITC channel using
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NIS-Elements AR, as previous(ii-Mi et al., 2012) Embryamic developmental stages
were visually identified based on embryo shape, and BWMs were identified by
GFP::MYO-3 (see results, Fi@-3, 2-4, 2-5). In animals with mosaic expression of

soluble GFP in muscle cells, the FITtBannel was used to identify adgat green and
nontgreen muscle cells, followed by measurement of cell width based on phalloidin stain
or analysis of DB organization based on AINmmunostain (Fi@-6, 2-7,2-S6). To

examine BWM cells in homozygouyk1l ( grdgeny of heterozygowuyk1(s9/+

parents (Fig2-6), such progeny were identified by presence of protruding vulva and/or
absence of embryos from the gor{iti-Mi et al., 2012) For examination of CYKL
immunostain aftecyk1(RNAI)(Fig. 2-9), animals negative for arBYK-1 germline

stain were selected as verification of efficient knockdown of €IYKluorescence

images for comparison betweeyk-1(RNAi)and control (Fig2-9) were consistently
acquired at 500 ms exposures. All quantitative analyses were performed while blinded to
the strain genotype, except for analysis of strains examined fo2-Bi€. (Cyk1 mosaic
analysis), which due to poor propagatiorcgi-1-containing ECAs across generations,
were collected, stained, and analyzed as transgenic individuals became aveadable o

several weeks.

Fast Fourier transform (FFT)

Anti-ATN-1 stain intensity profiles were obtained for approximately digbw
containing striations in one GHpositive (ECAcontaining) muscle cell and one adjacent
GFPnegative (ECAacking) muscle cell e in ten mosaic animals of each strain (as
seen in Fig2-7), using Freehand Line tool in Imag@here are relatively few DBs per

striation, and their spacing is somewhat variable, producing a weak signal after FFT. To
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amplify this, intensity profiles were concatenated at peak maxima forAfiN. the last
peak maximum of one profile was joined be ffirst peak maximum of the nexBFT
was performed and amplitude spectra obtained using MATLAB (R2019a Update 2).

Analyses were performed while blinded to strain genotypes.

Western blots

Whole worm lysates were obtained frogeaynchronized young adslby
washing worm®ff agar and separating frobh colibefore concentrating in 1.7 mL tubes
to a 1:1 worm to M9 slurry. @&ucingsample buffer (2X) was directly added to samples
before boiling 3 min, disruption 30 sec withssue homogenizer (VWR Internanal,
Radnor, PA)boiling 3 min, and pelleting 15 sec. To break up genomic DNA, samples
were pulled through an insulin syringe eight times before loading forFSAEE. For
purposes of normalization, samples were subject to preliminaryF3sE and
Coomasie brilliant blue stain. Images were acquired using eR&id ChemiDoc MP
imager (BiocRad, Hercules, CA), and intensities of stain for total lanes were compared
using Image Lab software (Biead, Hercules, CA). For western blot analysis, proteins in
normalized samples were resolved by SPAGE and transferred to nitrocellulose (Bio
Rad, Hercules, CA). Blots were blocked in 10% milk/TBST (50 mM-Hi@&, pH 8.3,
150 mM NacCl, 0.3% Tween 20) and incubated 5 hrs with DPMSP1 diluted 1:200 in
TBST/1% milk, 5 hs. Blots were washed and incubated 1 hr in goatrabbit
horseradish peroxidasmnjugated secondary antibofBockland Immunochemicals,
Gilbertsville, PA)diluted 1:3000 in TBST/1% milk, before washing and treating with

enhanced chemiluminescence stdist (ThermoFisher Scientific, Waltham, MA).
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Images were acquired using a Btad ChemiDoc MP imager, and processed with Image

Lab and Photoshop CSA4.

Statistical analyses

Numerical data are expressed as mean + standard error of the mean or one
standard daation, as defined in the text. Graphs were made in Excel:windows (version
14.7.2; Microsoft Corporation, Redmond, WA). For results where two groups are
compared (Fig2-6), data were analyzed using a studdsst. For results from three or
more groupsgata were analyzed using Analysis of Variance, followed by a Least
Significant Differencgposthoctest. Pvalue < 0.05 was considered to be statistically

significant.

Data availability statement
Data supporting the findings of this study are availédole the corresponding

author upon reasonable request.

Results

Postembryonic CYK-1 loss leads to minimal BWM developmental defects.

The vast majority of BWM growth and sarcomere assembly occurs after embryogenesis,
when worms grow ~206ld in size fromL1 stage larvae to adults. If formins were

required for sarcomere assembly, we would expect their absence to very significantly
impact muscle growth during this period. To test the contribution of -@¥Wthout the
complications incurred bgyk1l ( e)yk1(RNAI) we utilized the fast acting
temperaturesensitive alleleyk1(or596ts) whoseproduct supports embryonic

devel opment at a permissive temperature
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after s hDalids ettalg 2024pVe €ombinedayk-1(ts)with fhod1 ( tp allow
complete elimination of CYKL and FHODBL1 function during posémbryonic
development. Age synchronized L1 stage larvae of-type, cyk-1(ts), fhod1 ( ,al) the
combinedthod1 ( &) -1(ts)background, were shifted to either permissive or
restrictive temperature and allowed to develop. Worms were collected every 12 hours and
stained with fluorescently labeled phalloidin to visualize filamentous actctiR) to
track BWM growth. Prior to tmperature shift, approximately 10% of tty1(ts)and
fhod1l ( gijgle mutants and 20% of theod1 ( ) -1(ts)doulde mutants failed in
body elongation during embryogenesis, an effect related to formin functions in the
epidermis, as described prevabyifor fhod-1 andcyk1 (Vanneste, Pruyne, & Mains,
2013; Refai, Smit, Votra, Pruyne, & Mains, 2018} these larvae died soon after
hatching, they were excluded from analysis. For remaining animals, total body width (as
a proxy foroverall body size), B/M width, and individual BWM cell widths (based on
F-actin stain) were measured (F&j1, Fig.2-S1).

At permissive temperatureyk-1(ts) mutants grew normally, whereas at
restrictive temperature, they laid no eggs and often developed protruding, vulvas
phenotypes previously observedciykel ( gutants (MiMi et al., 2012). As expected,
BWM widths of all strains increased at permissive temperature as the animals grew, but
more slowly infhod1 ( amimals due to slower growth of individual muscle c@fig.2-
1S1 A, B). Incyk-1(ts) mutants, we also observed narrower BWMs and narrower
individual muscle cells compared to wild type at permissive temperatures, although this
effect was less than fénod-1 ( a)mals (Fig. 2LS1 A, B), suggesting theyk-1(ts)

allele may be partiallynegh unct i onal at 16eC. At the rest
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Figure 2-1. Postembryonic CYK-1 loss causes minimal BWM defectd arvae
hatched at permissive temperature (1
for up to 72 hrs before staining with fluoresce#lipeled phalloidin to show-&ctin.
(A) Dorsal views of BWM in worms of indicated genotypes grown 60 hrs. [2oubl
arrow shows lateral width of one BWM. Scale bar, 20 um. (B) BWM widths, (C)
individual muscle cell widths, and (D) total body widths were meas@ehhs
depict average of the means of three experiments (n = 25 animals per strain per
experiment, one bodywo BWMs, and four muscle cells per anim&jror bars
indicate standard error of the mean (SES$thatistical significance p < 0.05 is
indicated for: (a) wild type vihod-1 ( ;&) wild type vsdouble mutant; (cgyk
1(ts)vsfthod1 ( ;ed) cyk1(ts)vs double mutant; (e) all comparisons except wild ty
vscyk1(ts) (f) all comparisons excefttod1 ( ss)double mutant; (g) wild type
vscykl(ts) (h) fhod1 ( ss)double mutant; (all) all comparisons; or (n.s.) differen
were not significant forang o mp ar i s o (E) Calpulated rétio & fB) average
BWM width to (D) average total body width. (F) Plot of BWM width versus total
body width for 75 individual worms of each genotype grown at restrictive temper:
48 hrs, with linear trendlines shawWild-type andcyk-1(ts)animals show nearly
identical linear relationships between total body and BWM width, suggesting the
smaller BWM size otyk-1(ts)animals may be a secondary consequence of small
body size. Approximately linear relationships between BWM and total body sizes
fhod1l ( adfhodl ( ae) -l(ts)anyals were similar to each other, but with

smaller muscldo-body ratios than wild tyg.
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Figure 2-S1.cyk-1(ts)mutants grown at permissive temperatureEmbryos were
hatched and grown for up to 72 hrs =&
is approximately half the rate as at 26°C (Fig SBmples were collected every 12 h
stained with fluorescentliabeled phalloidin, and measured for (A) BWM width, (B’
individual muscle cell width, and (C) total body widie observed modestly reduce
BWM, individual muscle cell, and total body widtimscyk-1(ts) mutants compared to
wild type at permissive temperatur€aphsdepict the average of the means of thre
experiments = SEM (25, 50, or 100 width measurements for total body, BWM, ar
muscle cells, respectively, were made from n = 25 anin@alstpain in every
experiment) Statistical significance p < 0.05 is indicated for: (a) wild typéest

1 ( ,a&)ld type vsdouble mutantgyk1(ts)vsthod1 ( ,aandcyk-1(ts)vs double
mutant; (b) wild type vsyk1(ts) (c) wild type vsdouble mutant(d) fhod

1 ( ss)youble mutant; or (n.s.) differences were not significant for any comparisc

O 0.05.
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in fhod1 () goutants again grew slower than wild type, as expected (HA-Z).
Surprisingly, BWM and muscle cells ofk1(ts)were only minimaly reduced for
growth compared to wild type, while thoseflobd-1 ();opyk-1(ts)double mutants were
similar tofhod-1 () qputants (Fig. ZL A-C). These effects were much weaker than we
had observed farykl ( éh-Mi et al., 2012).

We considered formins it affect overall body growth, and that reduced BWM
might simply reflect smaller body size. Indeed, absence of FH®&ry modestly
reduces body growth, amyk1 ( ajmals are significantly smaller than wild ty(éi-
Mi et al., 2012; Refai et al2018) Thus, we measured the overall body widths of worms
grown at 2-20 231 C) dnd dptermined the ratios of the BWM widths to total
body. This average ratio was fairly constant for each strain throughout growth, and was
similar betweertyk-1(ts) and wild type (Fig2-1 E). Ratios fofhod1 () gmdfhod1 ( &) ;
cyk1(ts)double mutants were also similar to each other, but proportionately smaller than
wild type at all ages (Fi®-1 E). To determinghether this relationship held for
individual wams, as opposed to average results for a population, we plotted BWM and
tot al body widths for individual animals g
linear relationships between muscle and body size fortyld andcyk-1(ts)animals,
while thosefor fhod1 ( gmd double mutants were different from wild type, but similar
to each other (Fig2-1 F). These data confirm absence of FHODisrupts BWM growth
to a greater extent than overall growth, whereas the modest BWM growth defedts of
1(ts)anmals might be a consequence of reduced overall body size.

Our previous work suggested three of the remaining four formi@s éhegans

(EXC-6/INFT-1, INFT-2, and FRE1) make no obvious contribution to BWM
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developmen{Mi-Mi et al., 2012) We had also olesved an FHzargeting deletion of the
formin genedaam1 caused no obvious synthetic defects in combinationfivad-1 ( ae)
(Mi-Mi et al., 2012), but careful analysis was not performed due to a deletion of thirteen
genes very tightly linked tdaam1 thatcaused additional growth defe¢dangio,

Votra, & Pruyne, 2015)Using CRISPR/CasPased genome editing, we generated a
novel FH2null daam1 allele,ups39.0n inspecting BWM in ageynchronized adult
daaml1(ups39)mutants andhod-1 ();cdaaml(ups39)ouble mutants, we observed no
effect of absence of DAAM. in either background (Fig@-1S2). Our current data suggest
FHOD-1 might be the only formin that specifically supports BWM growth during-post

embryonic development i@. elegans

Constitutive absence of FHODBL or CYK-1, but not postembryonic loss of CYK-1,
disrupts dense body (DB) mganization in adult BWM.

DBs serve as sarcomerdides in BWM, and are structurally and
compositionally similar to vertebrate focal adhesions and costalie@®isey et al.,
2007) The most prominent feature of these complex structureslisautinin (ATN-1)-
rich portion that extends into the contractile lattice to anchor thin filang@reseler et
al., 2017) By transmission electron microscopy (TEM), DBs in vijige BWM appear
as distinct electrondense fingetike protrusions, while ifihod-1 ( gtants they appear
as multiple thinner electredense stranddVi-Mi & Pruyne, 2015) Correlating with this,
immunostain for ATNL reveals DBs as discrete puncta in wilde BWM, but appears
partially dispersed irihod-1 ( eitants (Fig. 2).

By TEM, cyk-1 ( gmdfhod1 ( &) -1 ( eaytdnt BWMs have less to almost no

electrondense material at some locations where DBs are otherwise exdctidll &
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wild-type ' fhod-1(A)

fhod-1(A); daam-1(-)

F-actin

Figure 2-S2.Absence of DAAM1 did not cause any gross BWM defect®orsal
views of adult worms athe indicated genotypes stained with fluorescelatbeled
phalloidinto observe Factin Scale bar, 20 um. There were no gross BWM defects
observed due to absence of DAAMcompared to wild type, or with a combined

absence of DAAML and FHOD1 compared tabsence of FHOR, alone.
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« wild-type

\\  fhod-1(); fhod-1(A);
cyk-1(A) cyk-1(ts)

) &

ATN-1

Figure 2-2. Constitutive absence of FHOB1 or CYK-1, but not postembryonic
loss of CYK-1, disrupts DB organization.Maximum intensity projections (MIP) of
dorsal viewsand reconstructed side views (XZ projection) of DBs insgehronized
adult worms after ATNL immunostain. Scale bar, 2 uDBs appear as discrete
puncta in wildtype BWM and partially dispersed ihod1 ( e)tantsDBs ofcyk

1 ( gndfhod1l ( o) -1(gp mmytdnts possess areas of stronger stain (arrows) and
extremely faint stain (arrowheads). DBscgk-1(ts)appear as puncta, and those of

fhodl ( a) -1(ts)mytdnts appear partially dispersed.
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Pruyne, 2015)Consistent with this, ATNL immunostairof adultcyk-1 ( ytants and
fhodl ( a) -1 ( emplke mutants revealed a variable staining. Some BWM regions
showed prominenwild-type-appearing puncta icyk1 ( eaQtants orfhod1 ( -
dispersed structures aykl ( ) -1 (fdbubld mutants (§. 2-2, arrows) while other
regions had no observable ATINcontaining structures (arrowheads). Regions of absent
staining were observed only in worms wityk-1 ( op Jheir genetic background, and we
still observed diffuse background stain in theseams)i suggesting this does not reflect
failure of antibody penetration.

Becauseur results witlcyk-1(ts) suggestegostembryonic loss of CYH does
not affect BWM cell growth, we examin&chether posembryonic loss of CYKL had a
similar lack of effect on DB morphology. L1 larvaere grown to adulthood at the
restrictive temperature before immunostaining for ATNn contrast tayk1l ( ae)
mutants, DBs irtyk-1(ts) mutants consistently ppared wildtype, with no areas lacking
ATN-1 stain (Fig. 22). DBs offhod1 ( ) -1(ts)mytdnts consistently appeared
partially dispersed, as fhod1 ( ytants, again with no deficient areas (Fig)20ur
data suggest that constitutive absenceitbier FHOD1 or CYK-1, but not post

embryonic loss of CYKL, results in abnormal DB morphology.

Absence of FHODL1 but not acute loss of CYK1 partially disrupts sarcomere
structure in embryonic BWM.

Lack of major BWM effects after pesimbryonic lossoCYK-1 led us to
hypothesize that the more severe defectykil ( gpytants might be due to C¥K
deficiency during embryogenesis. To test this, we usedyth#(ts)to induce acute

CYK-1 loss during embryonic myogenesis. To allow identification of BiWMmbryos,
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we crossed into the formin mutants Gklgged muscle myosin 1l heavy chain A
(GFP::MYO-3) (Campagnola et al., 20Q2¥hich is expressed in BWM.

Development oembryonic BWMs is reflected in characteristic changes in
appearance of muscle compaits (Fig2-3) (Hresko, Williams, & Waterson, 1994).
After gastrulationC. elegangmbryos develop through stages calledh@an, bean,
comma, 1.5old, 2-fold, and 3fold, named after the changing shape of the embryo. At
290 min after first cell divigin, equivalent to a pfeean stage, myoblasts appear at
lateral positions and accumulate diffuse myosin. By 350 min, the comma stage,
myoblasts complete migration to dorsal and ventral quadrants, and muscle components
start to polarize at the cell edgesvtawds the hypodermis (Fig-3, Fig.2-4 A). At 420
min, the 1.5fold stage, muscle cells flatten aneh&tin and myosin assemble into the
contractile lattice, with a polarized accumulation at-cell junctions between myoblasts
(Fig. 2-3). At 450 min, he 2fold stage, functional sarcomeres have formed @),
and musclanuscle and muscleypodermis junctions assemble.stages older than 2
fold, sarcomeres become more neatly organized into striation2(Bjd-ig.2-5 A).

To examine embryonic myoblasts, we obtained pools of rekage embryos by
bleaching adult worms grown at permissive temperature, liberatingzesfsom the
adult bodies. We allowed this asynchronous population to continue developing at
permissive temperature until the percentage of embryos at thelthstage peaked in
each individual pool. Embryos were maintained a further 30 min eitherratgsere or
restrictive temperature before staining with fluorescent phalloidin.

We assigned embryos to two broad age categories: early embryonic stages

encompassing comma to #fdd, and late embryonic stages includingp®d and older.
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Figure 2-3. Development of the myofilament lattice in wildtype embryonic

BWM. Maximum intensity projections (MIP) @mbryos expressing GFP::M¥®(a
BWM marker) and stainefr F-actin,show BWM development at embryonic stage
comma, 1.5old, 2-fold, older tha 2-fold, and L1 larva. At comma stage, traces of
actin appear as polarization of muscle components begins (white arrows). Polari
continues through the :6ld stage, where-Actin and GFP::MYEB strongly
accumulate (blue arrows). The first sarees form just prior to the-@dld stage with
appearance of defined striations (yellow arrows). Stages older 4iodoh @lder
embryo, L1 larva) feature neatly aligned striations (green arrows) in BWM. Scale

20 pm.
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Figure 2-4. Simultaneous absence of FHOEL and CYK-1 delays polarization of
sarcomere components in early embryonic BWMSGFPmyosinexpressing
embryos grown at permissive temperature were shifted to restrictive temperature
min before staining forfactin. (A) Polaization of sarcomere components (white
arrows) is normally observable in early embryos (comma tdoldsstage), although
not always (white arrows). Scale bar, 20 um. (BpQtification shows BWM in a
majority of wild-type and single formin mutant embsypolarizes (normal), while
polarization has not yet occurred in a majorityladfd-1 ( ae) -1(ts)doutde mutants.
Dataare averages of the means of three experiments + SEM (n = 35 early or 70
embryos, per strain per experimert) indicates p < @1. Differences in all other
pairwise comparisons were not statistically significant (p > 0.05). Also visible in (
F-actin accumulates in nuclei (arrowheads) of embryos beayiaf(ts) (see Fig2-

S4).
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Figure 2-5. Absence of FHODL1 causes frayed Factin striations in late embryonic
BWM. (A) In later stage embryos-f2ld and older) grown at permissive temperatu
and shifted to restrictive temperature for 30 riutprescent phalloidistain typically
reveals neatfactinrich striations (blue arrows), but striations appear frayed (gree
arrows) in a subset of embryos. Scale bar, 20 um. Insets show higher magnificat
boxed areas. (B) @ntification shows higher frequency of frayed striations (and lo
frequencyof neatappearing striations) correlates wittod-1 ( ,a@nespective otyk1.
Dataare averages of the means of three experime&tsM (n = 35 early or 70 late
embryos, per strain per experimert) indicates p < 0.01. Differences in all other

pairwise comparisons were not statistically significant (p > 0.05).
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Based on the timing of muscle development, we expect younger embryos would normally
have undergone initial polarization ofd€tin and myosin during the temperature shift.
Consistent with tis, a majority (~ 80%) of wildype,fhod1 ( ,@)dcyk1(ts)early

embryos had polarized BWMs. However, only 35%haid-1 ( ) -1(ts)eayh\kembryos

did so, with the remainder being nonpolarized (Big.A, B), indicatingcyk 1 andfhod

1 make a redundant contribution to early polarization of sarcomeric components.
Surprisingly fhod1 ( &) -1(ts)emngbkyos maintained at permissive temperature had
similar percentages of nggolarized BWM (Fig2-S3 A), suggesting this defect is not
triggeral by acute loss of CYK. function, but again consistent witlyk-1(ts) being
partialynonf unct i onal at 16¢C.

On reaching later stages{@d stage and older), embryos of all strains had
striations of Factin and myosin, whether or not they were shifterestrictive
temperature, suggesting absence of polarization in early embryos was temporary.
However, thesefactinrich striations appeared frayed in some late embryos ZFBdd).
Again, the proportion varied by genotype, with roughly 75% of ayjifze orcyk1(ts)
older embryos appearing normal, whereas only-33%fhod1 ( gofhodl ( p)-; cy Kk
1(ts)embryos did so, the remaining-88% having frayed factin (Fig. 25 B, Fig. 253
B). Thus, absence of FHGDbut not acute loss of CY¥K perturbs sarcoere
organization in late embryogenesis.

In order to verifycyk-1(ts)was behaving as a loss of function allele under these
test conditions, we also maintained populations of embryos at restrictive temperature
overnight before fixation and staining with diiescent phalloidinVe observed in some

fhodl ( ) -l(ts)tlyldrvae a temperatwgensitive detachment of the pharynx from
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Figure 2-S3.Embryonic cyk-1(ts)mutants at permissive temperature Embryos
expressing GHPhyosin were maintained at permissive temperature before stainir
with fluorescentlylabeled phalloidirto observe Factin. Graphs shoywercentage of
embryos with normal BWMs for (A) early embryos and (B) late embryos, based ¢
the plenotypic categorization shown in Fig. 4 and Figsgaphs depict the average ¢
the means of three experiments + SEM (n = 35 or 70 embryos for early and late
embryos, respectively, per strain per experiméhtjndicatesp < 0.01. All other

differencedn pairwise comparisions were statistically insignificant (p > 0.05).
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the mouth (38% of animals at 26eC, versus
(Fig. 254 A), a phenotype we have previously noted Witd-1 ( ) -1 ( goytaats or

after RNAI againstyk1 onfhod1 ( gpytantsMi-Mi et al., 2012) In contrast, we never
observed this in wildype orcyk1(ts)animals (n = 100 animals per strain per condition),

and very rarely irhod1 ( &pi mal s (3% of ani mals at 16¢C,
animals per condition). Thusyk1(ts)replicatedcyk-1 lossof-function phenotypes

previously observedJnexpectedly, we also observed accumulation-atn in many

nuclei ofcyk1(ts)andfhod1 ( ) -1(ts)ergbkyos at permissive and restrictive

conditions (Fig. 24 A, arrowheads, Fig.-34 B, C), but the gnificance of this is not

clear. Overall, our data suggest FHQIpromotes proper-&ctin organization in late

embryonic BWM sarcomeres, while C¥Kis redundant with FHOD in a nonressential

role only during initial stages of sarcomerogenesis.

FHOD-1 promotes BWM cell growth and proper DB organization in a cel
autonomous manner, whereas CYKL does not.

Despite the factyk1l ( eaytants exhibit significant BWM cell size and DB
defects, our results here suggested ClYlakes minimal contributions to emgbnic or
postembryonic BWM sarcomere assembly. One potential explanation for this
discrepancy is that CYH might promote BWM development indirectly by playing a
role in some other tissue that affects BWM. Further, it remained formally possible
FHOD-1 al works in a similar indirect manner. Thus, we tested whethexpeession
of FHOD-1 or CYK-1 could support BWM development in a muscle cell autonomous
manner ifhod1 ( emdcykl ( gotants, as would be expected if either directly

contributes to sarcoene assembly.
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Figure 2-S4.Detached pharynx and nuclear actin phenotypes observed ayk-
1(ts) mutants. (A) Wild-type andhod-1 ( o) -1(ts)doulde mutant L1 larvae staine
with fluorescentlylabeled phalloidirshowing normal Factinrich pharynx and a
pharynx that has detached from the mouth (white arrow), respectively. Scale bar
pm. (B) Early stage embryos of wilgipe andcyk-1(ts)grown under restrictive
conditions before being stained withorescentlylabeled phalloidirshowcyk1(ts)
embryos have factinrich round bodies (yellow arrows), while no such staining is
observed in wiletype embryos. Scale bar, 20 um. (C) Confocal images show reur
actin bodies irtyk-1(ts)embryos are nuclei based on ntrstaining with DAPI

(arrows). Scale bar, 4 um.
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We had previously demonstratéebd-1(+) genomic sequence with an encoded
C-terminal GFP tag (denotddod-1::gfp) partially restores BWM growth ifhod1 ( )
animals when integrated at an exogenousgea site(Mi-Mi et al., 2012) We had also
observedyenomic integration afyk-1::gfp derived from genomicyk1(+) sequence
rescues normal body size and partially rescues fertility of homozyytads ( ajmals
(Mi-Mi et al., 2012) We phalloidin staing agematched wildtype,cyk1 ( ,aand
transgengescuectykl ( ae) -1::g9fp aditanimals, and confirmed this exogenay&

1 also restores normal BWM growthdgk1 ( sajtants (Fig2-S5).

To test for whether BWM rescue occurs in a cell autonomous manner, we took
advantage of the ability @@. elegango host extrachromosomal arrays (ECAS) that tend
to be inherited in a mosaic manrgbfello, Kramer, Stinchcomb, & Ambros, 1991)

When plasmidsire microinjected into the worm gonad, they are linearized and
concatenated into ECAs. ECAs can be inherited through multiple generations of progeny,
but often variably among cells within an embryo to produce mosaic animals.

To induce mosaithod-1 expression, we microinjected homozygadied1 ( a)
worms with plasmid bearinfipod-1(+) genomic sequence. To avoid potential
interference from tags, we utilized the original untagged gene from which the GFP
tagged version had been created-Wiet al., 2012). © facilitate identifying transgenic
BWM cells in transformed animals, we-ggected a plasmid encoding free GFP
expressed from the musedpecificmyo3 promoter. Concatenation of these plasmids
into a single ECA ensured BWM cells expressing free GFRalsadinheritedhod-1(+)
(Fig. 26 A). For analysis, we selected two independent transformant Tioggenerate

controls for the effectsf harboring an ECAwe also injectedhod-1 ( amals witha

88



\‘wwild-type cyk-1(A) cyk-1(A); cyk-1::gfp

F-actin

N
(—]

BWM width (um)
=Y -
(—} (3,

o

o

wild-type cyk-1(4) cyk-1(4); cyk-1::gfp

mset-1 "set-2

Figure 2-S5.cyk-1::gfp rescues BWM width ofcyk-1( ppnutants. (A) Dorsal views
of adult worms stained with fluorescentgbeled phalloidirio observe Factin Scale
bar, 20 um. (B) Meaurement of BWM widths (as shown in A, white double arrow:
demonstrates normal BWM size istared incyk1l ( a)jmals with acyk-1::gfp
transgene integrated into the genome at an ectopic site. Smewme means for two
independent experiments + SD (n = 11 animals for each genotype for each expe
with 2 BWM width measurements per animé&f) indicates p < 0.01. Differences in

all other pairwise comparisons were not statistically significant (p > 0.05).
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Figure 2-6. FHOD-1 plays a muscle cell autonomous role in promoting BWM cell
growth whereas CYK-1 does notHomozygoushod1 ( qvheterozygousyk

1 ( opdrahsgenic linesvere selected for mosaic inheritance of extrachromosomal
arrays (ECAs) containing wittypefhod1 or cyk 1, respectively, along with a
muscleexpressedfp gene. Similar control transgenioés were selected for mosaic
inheritance of ECAs constructed from rfammin DNA and the GFP marker. Two
independently isolated lines of each genotype were selected, together with non
transformed wiletype and mutant controls, for analysis. (A) Fluorespélloidin
stain of a worm with mosaic GFP expression allows comparison of cell widths of
transgenic GFpositive BWM cells (black arrow) and adjacent #oansgenic GFP
negative BWM cells (white arrow). Scale bar, 50 um. (B)fRod-1 ( amlults bearing
ECAscontrol#1andcontrol#2without fhod-1(+), there was no significant effect of
ECA presence on muscle cell size. Converselyihfod-1 ( axlults bearing ECAs
fhod-1(+)#1 andfhod-1(+)#2 with fhod-1(+), transgenic BWM cells (green bars) we
significantly wider than noftransgenic cells in the same animal (blue bars). (C) Fc
analysis otyk 1, ECA-bearing homozygousyk1l ( eulultprogeny ofcykl ( o) /
parents were examined. ECége¢1(+)#1 andcyk1(+)#2 with cyk1(+) had no
significant effect on widths of transgenic BWM cells (green bars) compared 1o nc
transgenic cells (blue bars), and were similar in size to those itranmsformedyk

1 ( axlults. Graphshow averages +SEM (n = 30 worms for each genotype,
harvesed and stained ov&independent sessions for (Bjpd1 mosaic analysis, or
seven independent sessions for ¢k 1 mosaic analysis)¥) indicates p < 0.01.

Differences in all other pairwise comparisons were not statistically signifjcautts).
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mixture of norformin DNA and the GFencoding plasmid, and isolated two

transformant linesSimilarly, to induce mosaicyk-1 expressionwe injected untagged
genomiccyk1(+) or nonformin DNA, together withgfp-coding plasmid. However, as

cykl ( B®Mozygotes are sterile, this was done into heterozygde &) / + . wor ms

Synchronized adult mosaic worms were stained with phalloidin, and widths of
individual adjacent GFpositive (transgenic) muscle cells and Gidjative (non
transgenic) muscle cslwere measured (Fig-6 A). As expected, there were no
significant differences between GipBsitive and GFmegative cells of control strains in
either background (Fi@-6 B, C). However, ifhod-1 ( eQtants withmosaicfhod
lexpressionthod-1(+)-beamng GFRpositive muscle cells were significantly wider than
non-GFP neighbors (Fig2-6 B), demonstratingHOD-1 can promote muscle cell growth
in a cell autonomous manner.

To test whethecyk-1 similarly promotes muscle cell growth, we identified
homozyguscykl ( grdgeny of heterozygouyk1l ( aejpatents by the presence of
protruding vulva and/or absence of embryos from the garadexamined BWM cells in
these animals after phalloidin stain.contrast tdhod-1, widths of GFPpositive muscle
cellsexpressingyk-1(+) and GFPnegative cells not expressiogk-1(+) were the same
as each other, and as in Anansformectyk1l ( #grms (Fig.2-6 C), suggesting CYK
cannot promot8WM growth in a muscle cell autonomous manner.

Considering these results, we wanted to determine if FH@Buld also rescue
DB organization in a cell autonomous manner. To test this, we immunostained the same
mosaicfhod-1 ( s&trpins with antiGFP and aiirATN-1, andquantitatively analyzed the

regularity of DB spacing along striations by performing fast Fourier transform (FFT) on
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antrATN-1 intensity profilesConsistent with a fairly regular DB spacing in wiige
animals, amplitude spectra for theiB®showed a clustering of peaks near frequencies
0.8-1.0 um?, whereas irregularly spaced ATNinfhod-1 ( e)tants correlated with
spectra with no particular favored frequency (7., 2-S6). As expected, ifthod1 ( ae)
strains transformed with nefiormin DNA, DBs of GFPpositive (transgenic) and GFP
negative (noftransgenic) BWM cells were irregular in shape and spacing, identical to
norttransgenidhod-1( gmutants, and their amplitude spectra showed no favored
frequency (Fig2-7, Fig.2-S6). In contrat, DBs in GFPpositivefhod-1(+)-expressing
cells in the twdhod-1 mosaic strains were regularly spaced, similar to wild type, and
their spectra peaks clustered nearD@um? (Fig. 2-7, Fig.2-S6). Notably, neighboring
GFPnegative (noriransgenic) cells in these same animals resembled those-of non
transformedhod-1( gmutants, confirming FHOEL promotes proper DB organization in

a muscle cell autonomous manner.

FHOD-1 is enriched near sarcomees in growing BWM cells throughout
development, whereas CYK1 does not localize to the BWM contractile lattice.

Our results so far indicated FH@Dcontributes to BWM sarcomere organization
throughout embryonic and postembryonic development. Previouslizad observed
FHOD-1 localizes in a diffuse pattern in BWM during late embryogenesis atetifr

rich sarcomeres had assembled (older thtoid2stage), and becomes enriched at BWM
cell edges from mid larval development until early adulth@édMi et al., 2012)
Considering evidence here for FHEDfunction during earlier embryonic muscle

development, we rexamined its distribution in embryos and young larvae expressing a
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Figure 2-7. FHOD-1 promotes proper DB morphology in a cell autonomous
manner. Wild-type, nontransformedhod-1 ( ,aafdfhod1 ( #grmswith mosaic
inheritance of ECAs (from Fig. 6) were immunostained for ATBnd GFP. As
shown in maximum intensity projections (R}l of dorsal view$rom age
synchronized adult® TN-1-positive DBs are punctate and regularly spaced in-wilc
type BWM, orfhod-1 ( &WM cells that inherit &hod-1(+)-containing ECA (yellow
arrows), whereas DBs appear partially dispersed and irregudtawdil (s BWM cells
that inherit either no ECA or an ECA lackifftpd-1(+) (blue arrows)DB spacing
wasanalyzed by performing fast Fourier transform (FFT) on concatenated intens
profiles of ATN-1 immunostain along approximately eight striations withigle
BWM cells (n = 10 animals per strain, one E€édntaining BWM cell and one BWM
cell lacking an ECA per animal for transgenic lines; one BWM cell for non
transformed animals). Aptitude spectra for wildype cells ofhod1 ( e)ls that
inherited a&hod-1(+)-containing ECA show clustering of peaks-2.8 um?, while
spectra peaks did not cluster near any particular frequentlydd ( e=)ls that
inherited no ECA or an ECA lackirfgod-1(+). Scale bars, 5 um. Similar results we

obtained for two additional replicate experiments (B§6).
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Figure 2-S6.FHOD-1 plays a cell autonomous role in rescuing DB morphology.
DB spacing wasjuantitatively analyzed for two independent sets ohafs by
performing FFT on concatenated intensity profiles of ATMnmunostain along all
striations within single BWM cells (one EGéontaining BWM cell and one nen
ECA-containing BWM cell per animal for transgenic lines, and one BWM cell for
control strans; n = 10 animals per strain), similar to as done forZig. Amplitude
spectra for DBs in wildype BWM cells or BWM cells that inheritedffaod-1(+)-
containing ECA show clustering of peaks near a frequency f.0.gnm?, whereas
amplitude spectragaks did not cluster near any particular frequencyhiod-1 ( )

BWM cells that inherited no ECA, or inherited an ECA lacKimgd-1(+).
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rescuing FHOBL::GFP, after staining with fluorescertgbeled phalloidin to identify
BWMs. Expandingn our previas results, we observed FHAD.GFP in BWMs of

animals from embryonic 1.75 fold stage through L1 (E§). FHOD1 localized

diffusely in younger stage embryonic BWM when sarcomeric components start to
polarize and assemble into sarcomeres, and gradually appeared more punctuate at the
edges of the factinrich contractile lattices from later embryogenesistigh early larval
development, when sarcomeres mature. Similar patterns of fluorescence were visible in
live embryos and larvae expressing FHODGFP (Fig2-S7). Thus, FHOEL is present
through all stages of BWM development when sarcomere assembbuisiog.

Our results here also suggest Giklays no direct role in sarcomere formation,
and that strong BWM defects ayk-1( gmutantsreflect indirect contributions. This was
surprising in light of previous evidence CYKlocalizes to DBs, and thusevalso re
examined CYKL1 localization. We had previously observed that when expressed from
multiple copies of a transgene on an ECA, CYKGFP appears along striations as
puncta that resembled DBSli-Mi et al., 2012) However, that transgenic line lobet
unstable ECA before we were able to compare the @Y&FP puncta to a bona fide DB
marker. We had also previously examined the homozyggas ( #Qrms bearingyk
1::gfp integrated in the genome that partially rescued fertility and fully rescued body
morphology and BWM growth (MMi et al., 2012; Fig. 2&55). In that case, we had not
observed any BWhassociated GFP fluorescence {Mi et al., 2012), but had
speculated the transgene might only be partially functional based on its limited ability to
resae fertility.

To avoid these issues, we examined here GFP fluorescence in a strain in which
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Figure 2-8. Distribution of FHOD -1::GFP in developing BWM. FHOD-1::GFR
expressing embryos and larvae of indicated stages were staivisdalize Factin
FHOD-1::GFP localizes diffusely in early (1.-#6ld) embryonic BWM, with gradual
development of a punctuate appearance that becomes prominent in larval (ML) E
Note, in addition to staining-&ctin striations in muscle (arrows), phalloidin decorati

F-actin bundles in the epidermis (arrowheads). Scale bars, 20 um.

10C



older embryo L1 larva

fhod-1::gfp

wild-type

Figure 2-S7.FHOD-1::GFP in developing BWM. Live FHOD-1::GFP visible in
older embryosmd L1 larvae is essentially identical in appearance in BWM (white
arrows) as in fixed animals shown in F&g8. Arrowheads indicate autofluorescent

granules in the intestine of the nvansgenic larva. Scale bars, 20 um.
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the endogenousyk-1 locushad been tagged witifp using CRISPRCas9, resulting in a
cyk1:.gfp that is functional for its essential role duri@gbryogenesifDavies et al.,
2018) As expected, we observed CYIK GFP localized in the germline similar to
endogenous CYKL (Severson, Baillie, & Bowerman, 2002; F&S8 A). BWM

appeared grossly normal in these animals, and we did not observd GYIKP at any
structure in BWM, incluoshg DBs (Fig.2-S8 B). We also examined a strain expressing
CYK-1::GFP from an independently isolated E(Ghaye & Greenwald, 201,6and
observed punctate GHpsitive structures in BWM, but these were not positioned along
the muscle-bands or with anyegularity, indicating these were not DBs (F2¢S8 C).
Rather, these might represent aggregates that arose due t&: (@ overexpression
from the ECA.

We had also previously observed ab¥K-1 stains DBs in BWM (MiMi et al.,
20120). Considering ouregative results here, we tested the specificity of our previous
CYK-1 immunostain. To eliminate CY-K, we performedyk1(RNAi)for 5 days on a
strain with enhanced sensitivity to RNAI due to a mutation in the exoribonuclease gene
eri-1 (Pavelec et al.,@09). As a control to verify the efficacy of/k1(RNAI) we also
treated the strain in which endogenaoyk1 had been tagged witffp (Davies et al.,

2018) Consistent with efficient knockdowaoyk1(RNAi}treated worms were sterile.
Western blot analys using the same ariYK-1 from our previous study showed
reactive bands close to predicted molecular weights for-@Y&rows) and for CYK
1::GFP (arrowheads) were eliminated froghk1(RNAi}treated animals (Fig.-2 A).
Immunostain of adults with thaame antibody decorated the germline in controls

(arrowheads) but natyk-1(RNAi)animals (Fig. 2 B). In contrast, strong immunostain
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Figure 2-S8. GFRtagged CYK-1 localizes to the gonad but does not localize to
DBs in BWM. (A) Worms withendogenousyk-1 tagged with GFP were treated witl
control RNAI orcyk-1(RNAi)for 5 days. CYK1::GFP is present in the germline in
control animals but absemt cyk-1(RNAi)animals.(B, C) Maximum intensity
projections (MIP) of dorsal viewsf phalloidin-stained adult wormexpressing CYK
1::GFP (B) from the endogenoagk1 gene tagged with GFP or (C) from an ECA.
(B) Worms where the endogenaude1 gene is tgged show no CYKL::GFP
localization to DBs or any enrichment at all in BWM. (C) Worms with the ECA sh
punctuate CYKL::GFP in Factinrich BWM, possibly due to overxpression, but no

localization of CYK1::GFP to a pattern resembling DBs. Scale bdrsiri.
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Figure 2-9. cyk-1(RNAI) does not alter DBassociated CYK1 immunostain. (A)
Western blot for CYKL on dilutions (expressed as percentages) of extracts from i
animals treated for control ayk1(RNAI) Sample loads were approximately
normalized based on previous whole lane protein determined by Coomassie Bril
Blue staining. In RNAdisensitivecyk-1(+) animals, bands at approximately 160 kDa
and 170 kDa (arrows) for CYH were lost aftecyk-1(RNAi)but not control RNAifor
5 days, as were bands of approximately 187 kDa and 197 kDa (arrowheads) for
1::GFP from animals in which endogenay$-1 was tagged witlgfp. Unaffected
bands recognized by this polyclonal a@iYK-1 were presumed nespecific (B)
CYK-1 immunostain decorates the germline in control animals (arrowheads) but
aftercyk-1(RNAi) whereas (C) antCYK-1 stain of DBs is similar between control
andcyk1(RNAi)animals, suggesting DBssociated stain is napecific.Scale bars,

10 um.
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of DBs in adult BWM using with this an€YK-1 (counterstained for MYQ3 to

identify BWM, not shown) was not lost ayk-1(RNAi}treated animals (Fig.-2 C).

Thus, DB stain in BWM from aCYK-1 is likely nonspecific. The nature of this DB
as®ciated antigen is unclear, but we think it is unlikely to be another formin based on our
previous inability to detect crossactivity of this antibody to other worm formins (Mi

Mi et al., 2012). These results suggest CYKoes not localize to DBs or anther

sarcomeric structure in BWM, consistent with this formin playing no direct role in

promoting sarcomere formation.

Discussion

Formin contributions to sarcomere organization during striated muscle
development have been documented across various syadeins, but their precise roles
in this are unclear (Sanger et al., 2017). The striated body wall muscle (BWM) of
elegangs a powerful system to explore this due to the worm's smaller formin
complement, which avoids potential redundancy due to neiispforms of each formin
family in vertebrates. Despite this simplicity, there is remarkable similarity between
sarcomeres of BWM and vertebrate cardiac muscle (Benian & Epstein, 2011).

A compelling hypothesis has been that formins initiate thin filarassembly
owing to the tendency of many formins to assemble long, unbranched actin filaments
associated with tropomyosin. We aimed to test that hypothesis@Qs&lggansstarting
from our initial observations that simultaneous reduction of activitwofworm
formins, FHOD1 and CYKk1, profoundly stunts BWM developmeiii-Mi et al.,

2012) Worms simultaneously bearing deletion alldlesd1 ( 2) -1 ( egypdkice small

BWM cells with a highly reduced number of sarcomeres, a phenotype that might be
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considered consistent with formins initiating thin filament assembly. However, the
requirement of CYKL for embryonic cell divisions made necessary the matezealle
of cykl ( é9. inheritance of CYKL protein/fmRNA from a parent), complicating this
earlier analysis. Recent isolation of a conditiary 1(ts) (Davies et al., 2014jrovided
means to more fully eliminate C¥Kactivity after the critical windowduring
embryogenesis had passed, without the complication of maternal inheritance.

Contrary to our expectations, analysicpk 1(ts) mutants suggested C¥K
plays, at best, a very minor role in BWM growth during larval development. Muscle cell
growth isdriven by the assembly of additional sarcomeres, the majority of which occurs
duringlarval development. Despite this, maintenance of develapikd (ts) mutant
larvae at a temperature where CYHKs nonfunctional caused almost no change in
muscle celgrowth, particularly when controlled for effects on overall body growth (Fig.
2-1). Even whertyk1(ts)was paired withhod-1 ( ,adtes of muscle cell growth were
essentially identical to larvae bearing jflstd-1 ( .ee)

Similarly, BWM Z-line defects otyk-1 ( e(tants were not recapitulateddyk
1(ts)animals. In electron micrographs, wilgbe dense bodies (DBs, the BWMide
analogs) appear as electrd@nse fingetike projections, but many DBs tykl ( )
mutants appear deficient in electrdensanaterial(Mi-Mi & Pruyne, 2015)
Correspondingly, DBs of wildype animals appear as ATN(U-actinin)rich puncta by
immunostain, but many regionsofk1l ( WM lack apparent ATNL-stained DBs
(Fig. 2-2). Conversely, DBs afyk1(ts) mutants grown at gestrictive temperature
throughout larval development appear normal (i8), again despite most DBs having

assembled during the restrictive period. FHOBbsence also affects DB morphology
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(discussed below), but pairing ofk1(ts)with fhod1 ( e not produce a more severe
phenotype thafhod-1 ( ,alpne (Fig2-2).

We suspected these differences in phenotypes betykdn( amdcyk-1(ts)
mutants might be due to differences in the timing of C¥kKss. That is, through
temperature control we regtied loss ircyk-1(ts) mutantsto postembryonic
development, whereas CY¥KIloss presumably begins earliercyik1l ( gutants with
depletion of maternal product. The more sewsitel ( affects might therefore imply
that CYK-1 contributes to BWM formation earlier in development. However, using the
cyk1(ts)we were unable to find evidence for a signific@K-1 role in embryonic
BWM sarcomere formation. We did observe that comparedltbtype or single mutant
strains, a larger percentageflobd-1 ( a) -1(ts)doulde mutant embryos were delayed
in the initial accumulation off&ctin and myosin at the start of sarcomere formation (Fig.
2-4). However, as sarcomeres are present iAfolebstagefhod-1 ( ae) -1(ts)engbkyos,
we reasoned this early polarization defect is probably temporargy&idts) had no
effect on the appearance of sarcomeres in older embryo24{#)g.

One caveat to interpreting results usingdhle1(ts)is that it is possible the
temperaturesensitive CYKL protein does not actually lose function in BWM. For
example, the mutant protein might somehow be stabilized in BWM cytoplasm, or its role
in BWM may rely on a biochemical activity or protginotein inteéaction distinct from
those required for cytokinesihus, we used the alternative approach of examicyikg
1 ( eaytantswhich should lack all FH2lependent functions of CYK, and which do
exhibitstrong BWM defects. We confirmed genomic integratioa ofk-1 transgene

fully rescues BWM defects alyk1l ( amjmals (Fig2-S5), demonstrating those defects



are specific to loss of CYH. However, when a similayk-1 transgene was inherited in
a mosaic pattern ioyk-1 ( ajmals, we failed to observe calitonomous rescue of
BWM growth (Fig.2-6 C). Even more, surprising we also saw no evidence otalbn
autonomous rescue of BWM cell growth in these mosgkd -expressing animald hat
is, we might have expected all BWM cells of mosajk 1 animalswould be larger than
in cykl ( emhtrols lacking the transgene. However, we observed no difference in BWM
cell size between those strains (Rgh C). We therefore suggest tlegle1 functionmay
be required simultaneously in many cells, which would poaly rarely in a mosaic
strain, or that it may be required in a tissue where expression -ofhtegmated transgenes
is weak, such as the germlifidello et al., 1991)

Our overall results, together with inability to detect GYkn BWM sarcomeres
(Fig. 2-9, Fig.2-S8), suggest CYKL. plays an indirect role in BWM development. That
is, CYK-1 in some other tissue(s) indirectly promotes muscle development. Based on our
cyk1(ts)observations, we suggest this function likely occurs during early embryogenesis,
possibly before myoblasts begin sarcomere formation. Consistent with this possibility,
CYK-1 functions in a variety of tissues other than BWM, eyildl ( artyk1l(RNAI}
treded animals also exhibit defects in germline, epidermis, intestine, and excretory canal
(Swan et al., 1998; MMi et al., 2012; Shaye & Greenwald, 2016; Gong et al., 204/8)
also observed that embryos beariy$1(ts)accumulate Factin in many nucleiKig. 2-4
A, Fig. 2-S4 B, C), indicating loss of CYHX has effects throughout the body during early
embryogenesis. Thus, we suggest BWM phenotypegkat ( emdcyk1(RNAi}treated
animals are a secondary consequence of some function not directly telséedomere

formation in BWM.
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In contrast, FHOBEL seems to promote BWM development anrith2
organization directly. FHOLL is initially diffuse in embryonic BWM cells, when
sarcomeric components begin to accumulate at the cell membrane. Once the initia
sarcomeres have formed, the formin appears as puncta at BWM cell edges, and more
diffusely along sarcomere | bands (R2g7), remaining so until the end of BWM growth
in adulthood, when localized formin is no longer dete(kdMi et al., 2012) In
emlryos, lack of FHODBL1 results frayedppearing Factin in the newly formed
sarcomeres (Fi@-5, Fig.2-S4), suggesting a partial defect in thin flament anchorage
and organization. In larvae lacking FHE&Dadditional sarcomere assembly in BWM
cells is slav, resulting in smaller BWM cells (Fi@-1, Fig.2-S1)(Mi-Mi et al., 2012) In
contrast to CYK1, mosaic expression of FHGDin fhod1 ( ea(tants promotes BWM
growth in a cell autonomous manner (26 B). We note rescue is not complete (Rg.
6 B, mompare wildtype to GFPpositivefhod-1), but it is unclear whether this reflects an
additional norcell autonomous effect or just an artifact of gene expression from an ECA.
FHOD-1 also promotes proper DB organization in a cell autonomous manner. That is,
where DBs are of irregular size and spacinfhod-1 ( asults(Mi-Mi et al., 2012)
mosaic FHODL expression restores regular, punctate DB organization in transgenic cells
(Fig. 2-7, Fig.2-S6). These results suggest the ability of FHD» promote BWMell
growth and proper DB organization are direct effects that may be functionally linked.

We have found no evidence any other formin contributes to BWM development
in worms, either from individual formin gene mutations, or from pairinpo@1 ( )
with mutations in each of the remaining royk1 formins (Fig.2-S2) (Mi-Mi et al.,

2012) One caveat to this is possibility of a higher degree of redundancy among formins,
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with simultaneous elimination of more (or all) worm formins resulting in a stronger
BWM phenotype. However, absence of even hints of synthetic defects in BWM
development betwedhod-1 ( ad other noityk 1 formin mutations makes this
unlikely. Thus, we suggefitod1 ( &)M cells lack any formin activity that contributes
directly to sarcorare formation. And afhod-1 ( &M cells contain abundant thin
filaments, we think it unlikely that thin filament assembl\Cinelegan8WM requires
formins. It is possible this differs in vertebrate or fly muscle, and that formins assemble
their thin flaments. However, vertebrate muscle containsfoomin actin nucleating
factors that might initiate thin filament assembly, including leiomofidiereau et al.,
2008; Yuen et al., 2014; Boczkowska, Rebowski, Kremneva, Lappalainen, &
Dominguez, 2015anda complex of NWASP with nebulinfTakano et al., 2010)

Worms lack unambiguous leiomodin and nebulin homologs, but they host related
proteins, and other unknown actin nucleation factors could initiate their thin filament
assembly.

A novel result from oustudy is that formins have only a modest effect on muscle
development in the worm. Loss of DAAKAmIly formins significantly perturbs
sarcomere organization in mammalian and insect m(sidar et al., 2014; Ajima et
al., 2015) but worm DAAM-1 appearslispensable (Fi®2-S2). Absence of FHOR, the
only C. elegansepresentative of FHOEamily, results in muscle defects much milder
than the weblstudied impacts of FHOEamily members in other systerfiBaniguchi et
al., 2009; Iskratsch et al., 2010; kénet al., 2012; Shwartz et al., 2016; Ushijima et al.,
2018; Fenix et al., 2018For example, wherdod-1 ( #grms exhibit reduced

sarcomere assembly and partially defectivengs/DBs, knockdown of FHODS3 in
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human induced pluripotent stem ed#érived ardiomyocytes blocks the maturation of
stress fibetlike structures into sarcomeoentaining myofibrilgFenix et al., 2018)
phenotypes that appear to recapitulate those dhta8” mouse heartkan-O et al.,

2012) Moreover, wheréhod-1 ( &)M is largely functional and mutant worms are

fully viable, mice lacking FHOD3 die during embryonic development due to heart failure
(Kan-O et al., 2012)

It is not immediately clear why worm muscle should be so resilient to formin loss
ascompared to other organisms. One possible explaniatitie unique architecture of its
contractile machinery. Sarcomeres in mammalianRnogdophilastriated muscles
organize into myofibrils, most of which are suspended in the cytoplasm away from the
plasna membrane. Conversely, @ll elegan8WM sarcomeres are directly anchored to
the plasma membrane and the underlying extracellular matrix through irbeged
adhesions. This likely provides significant mechanical reinforcement. This might, for
example permit DBs in worm muscle to tolerate structural defects that would be
catastrophic for 4ines in myofibrils. The mechanisms for precisely how mammalian
FHOD3 or worm FHODBL promotes sarcomere formation are not understood, but the
relative resilience oivorm muscle to loss of its FHOfamily formin may prove to be an

advantage in dissecting details of this process.
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Abstract

FHOD-family formins are well known for their involvement in striated muscle
development. In this study, we are investigating how the only Hf#ily formin in C.
elegansFHOD-1, regulates dense bo{lyB) assembly and function. tmild-type
animals, DBs are punctate and neatly arranged in rows that appear as striations whereas
loss of FHODL leads to dispersed DBs. We found an increase in the accumulation of
nonparallel striations ifihod-1 ( goytants FHOD-1 was previously known to be
enriched at the body wall muscle (BWM) cell edges. We observed FH@Ear growing
striations and also at the intersection of thesepayallel striations suggesting that
FHOD-1 regulated the formation or orientationtioése DB striations. We also found that
loss of FHODL led to disruption in normal DB shape and the DB%ad-1 ( pytants
were fragile and lacked any structural integrity to withstand prolonged contractions.
Treatment ofhod-1 ( gytants with a contddility -enhancing drug exacerbated the DB
phenotype. The presence of FHQR@round the DBs suggests that it supports the

structural integrity of the DB and helps it withstand extreme contractile forces.
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Introduction

Striated muscles are one of the mgpecialized cell types and they have a highly
organized cytoskeleton network, which helpghacontraction and relaxation of muscles
(Henderson, Gomez, Novak, Mi, & Gregorio, 2017). Contraction and relaxation occur
due to the sliding of the thick andrHilaments within a basic contractile unit called
sarcomere (Clark, McElhinny, Beckerle, & Gregorio, 2002). The thick filaments consist
of bundles of bipolar myosin filaments, anchored at thienkl and they are arranged to
interdigitate between thin &iments. The filamentous actin-é€tin) based thin filaments
are also associated with tropomyosin and tropantchare anchored at the sarcomere
border by Zlines. Vertebrate muscles appear creismted where sarcomeres are
arranged at an angle of 90ftlwrespect to the longitudinal axis thie muscle cell,
whereas in the striated muscles like thaCaénorhabditis elegansarcomeres are
arranged at an angle of 6° with respect to the longitudinal axis of the cell, making them
appear obliquely striated (#In & Hall, 2009). In vertebrate muscles, sarcomeres are
densely packed in organelles called myofibrils that are suspended in the cytoplasm of the
muscle cell, andimple invertebrate systems like the body wall muscles (BWME) of
elegans sarcomeresra arranged just below the plasma membrane of the BWM cells
(Altun & Hall, 2005; Clark et al., 2002). Despite such contrasts, the muscle cytoskeletons
of vertebrates and invertebrates are highly conserved with respect to homology among
their sarcomeric pteins (Altun & Hall, 2005).

Formins belong to a highly conserved family of proteins and they are regulators
of actin and microtubule networks in cells (Chesarone, DuPage, & Goode, 2010).

Formins promote assembly and elongation of unbranched actin filaments via their two



conserved domins, Formin Homology (FH) domains, FH1 and FH2. Nucleation of actin
filaments occurs via FH2 dimers, which remain associated with the growing barbed end
of the actin filament (Kovar & Pollard, 2004; Moseley et al., 2004; Pring, Evangelista,
Boone, Yang, &igmond, 2003; Pruyne et al., 2002; Sagot, Rodal, Moseley, Goode, &
Pellman, 2002). The FH1 domains recpridfilin bound actin to further supplement the
function of FH2 and increase the rate of filament elongation at the barbed ends (Chang,
Drubin, & Nurse, 1997; Evangelista et al., 1997; Imamura et al., 1997; Kovar, Harris,
Mahaffy, Higgs, & Pollard, 2006; Romero et al., 2004). Based on sequence homology,
formins are grouped into nine families in the animal kingdom (Higgs & Peterson, 2005;
Pruyne, 20186

Among the nine formin families, the FHGRMIly formins have been extensively
studied for their role in striated muscle development. In mammals, there are two FHOD
family formins, FHOD1 and FHODS3. Functional variants of FHOD3 have been
associated witthe occurrence of hypertrophic and dilated cardiomyopafAiasiura et
al., 2013; Hayashi et al., 2018; Ochoa et al., 2020, 2018; Wooten et al., PB4 3iyst
experiments which showed that FH@&mily formins regulate striated muscle
development werdone in cultured mouse and rat cardiomyocytes (Taniguchi et al.,
2009; Iskratsch et al., 2010; Rosado et al., 2014). Knockout of FHOD3 exhibited lethality
at embryonic day 11.5 in mice, due to malformed cardiac myofibrils with irregular and
immature Zlines (Kan-O et al., 2012)This critical role of FHOD3 during embryonic
myofibrillogenesis was found to be dependent on its ability to interact with actin
(Fujimoto et al., 2016; Ka@ et al., 2012)FHOD3 loss in adult mice showed that

FHOD3 supports cardidanction in both normal and pathological conditions like
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cardiomyopathiefiskratsch et al., 2010; Ushijima et al., 2018udies using human
induced pluripotent stem calderived cardiomyocytes and indirect flight muscles of
Drosophilaalso suggest th&HOD-family formins regulate striated muscle development
by affecting myofibrillogenesi@enix et al., 2018Rosado et al., 2014; Shwartz,
Dhanyasi, Schejter, & Shilo, 2016). Our lab has also shown that FH@1i2 only
FHOD-family formin in C. eleganspromotes striated muscle development-(Mi&
Pruyne, 2015; MMi et al., 2012; Sundaramurthy, Votra, Laszlo, Davies, & Pruyne,
2020). All these studies provide evidence that suggests Hd@iy formins regulate
sarcomere assembly. Even though roles FOB-family formins in regulating striated
muscle development seem to be conserved across species, their mechanism of action
during sarcomere assembly is unclear. We will use the BWMs of the simple worm to
understand how FHOD regulates muscle development.

In C. elegansthe first sarcomeres are assemiaedhidembryogenesis during the
two-fold embryonic stage, immediately after which the embryo starts twitching inside the
eggshellAltun & Hall, 2009; Hresko, Williams, & Waterson, 199@) newly-hatched
L1 larva has 2 sarcomeres per BWM cell, where their thick filaments are about 5 um long
(Moerman & Williams, 2006). The sarcomeres grow in width in due course of
development and the sarcomeres in an adult worm have thick filaments that are about 10
pum long. Previously, we have shown tfiadd-1 mutants have thin BWMs with fewer
sarcomeres and characteristic disorganizéides that appear irregularly spaced {Mi
& Pruyne, 2015; MiMi et al., 2012; Sundaramurthy et al., 2020). We have also shown

that FHOD1 promotes BWM growth and-he development in a cell autonomous



manner, where rexpressinghod1 back into mutant BWMs led to the rescue BWM cell
width and Zline organizatior{Sundaramurthy et al., 2020)

In C. elegansdense bodies (DBs)rse as both dines and costameres
(Lecroisey, Ségalat, & Gieseler, 2007). The main role of DBs is to act as structures of
thin filament anchorage that helpthre efficient transduction of force from sarcomere
contractions to the hypodermis to create effectbcomotion. Compositionally, DBs are
integrinbased adhesion structures and are analogous to vertebrate focal adhesions
complexes (Moerman & Williams, 2006). DBs project inwards into the cell body from
the pl asma membr aintegrins (PATR/8Y Mteract with the. ECN Anfl
link other DB proteins like vinculin (DER) and integridinked kinase/ILK (PATF4) to
the plasma membrane. Thin filaments project outwards from the DB and are anchored by
U-actinin (ATN-1). In vertebrates, sarcomere assentiglgins at the spreading edge of
the muscle cell with the formation of integidased adhesion structuresk{@dies)
associated with stress fiblke premyofibrils (Dabiri, Turnacioglu, Sanger, & Sanger,
1997; Fenix et al., 2018; Sanger et al., 2005720h C. elegansas myoblasts start to
form, first there is an accumulation of structural components like vinculin {DEB
integrin (PAT2/3), myosin A and B (Hresko, Williams, & Waterson, 1994). The first
steps in sarcomere assembly are dependenteyriims, which are found at the base of
the DBs. Interestingly, FHOD can be detected next to the dense body, partially
overlapping ATN1 and DEB1, and is enriched in growing BWMs as bright bodies at
the BWM cell edges, which fade away towards the iateldB striationgMi-Mi et al.,
2012; Sundaramurthy et al., 2020), suggesting that they could play a role in DB

assembly
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In this study, we examined the effects duéhwloss of FHOD1 onthe
organization, distribution, assembly, and morphology of OBg. aeationof strains
expressing fluorescentipgged DB proteins, live imaging of immobilized worrasd
paralytic treatment of animals allowed us to investigate the above characteristics. We also
performed robust assays to test muscle function and examined DB steagth,
distribution spacingand morphology inwild-typeandfhod1 ( gmjmals. We also found
that DBs infhod-1 ( gmjmals lost their structural integrity against muscle contraction

and discovered populations of FHEON BWMsthat might be functiorily distinct.

Materials and Methods

Worms and growth conditions

Worm strains were maintained on NGM plates with GR%&cterial lawns for
food, using standard protocols (Brenner, 1974).-8gechronized populatiaof worms
were obtained by one of two metls. For most experiments, adult worms were treated
with a1:2 ratio 5 M NaOH to reagent grade bleach to liberate embryos, which were then
washed with M9 medium (Ausubel et al., 2004) and allowed to hatch into starvation
arrested L1 stage larvae. These viben introduced to food to allow them to develop
synchronously. Alternatively, sersynchronized progeny were obtained by allowing
gravid adults to lay eggs on ORBMNGM plates for 46 hr and the adults were later
removed.

Young adults and day 3 adultsad for strength measurements were semi
synchronized population obtained using egg lays and they were collected at ~62 hr and
~134 hr, respectively, after edgy. For DB analysis, animals were age synchronized by

bleaching and collected ttefollowing time points. L1 stage larvae were hatched from
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embryos incubated in M9 at0 e C. L2 | arvae were coldected
1 plates, L4 larvae were collected afterdBthr, day 1 old adults after ~66 hr, day 3
adults after ~ 114 hr, and day 4 adulteaft114 hr. For complete genotypes of strains

used in this chapter, see Tabi&.3

Pluronic gel burrowing assay

Pluronic gel burrowing assay was performed as desc(ilehnpezeshki et al., 2019)

Briefly, 26% (w/v) pluronic F127 (SigmaAldrich, St. Lous, MO) suspension was made

by dissolving in wateat 4 °C overnight. The suspension was transferred to 14°C before
conducting the experiment, to prevent gelation®0 €L of suspension wze
35 mm culture dish and ~30 adult worms were addedatarop of suspension using a

pick. The initial drop was allowed to solidify at room temperature, followed by the

addition of pluronic suspension to a thickness of 0.76 cm. After ~10 min at room
temperatur e, 2Dwasaddedtd theltdp UketigdlPhatdad completely

solidified. The number of animals that reached the surface of the gel was counted every

20 min for a total duration of 2 hr. The experiment was performed in triplicate.

Muscle strength measurements using NemaFlex platform

Strengthmeasurements were conducted using the NemaFlex platform as
previously describe(Hewitt et al., 2018; Rahman et al., 201Bjiefly, at least 30
animals were loaded individually into polydimethylsiloxane microfluidic chambers filled
with M9 buffer, wherahey crawled through freend deflectable micropillassith
diameter, gap and height of 44 um, 71 um and 87 um, respectiMatyanimals were
imaged for 1 min at 5 fps at 201°C using a Nikon FE microscope with an Andor Zyla

sCMOS 5.5 camera. Moviesre analyzed using a custdiuilt image processing
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Table 3-1: C. elegansstrains used.

Strain Name  Genotype Sourcé

DWP3 gals8001[fhodl::gfp miniunc119(+)] Mi-Mi et al., 2012

DWP10 fhod-1(tm2363) I; gals8001[fhod.::gfp mini-unc119(+)] Mi-Mi et al., 2012

DWP20 fhod-1(tm2363) I; rhis2[pat3::HA::gfp] Mi-Mi et al., 2012

DwWP228 fhod-1(tm2363) I; atrl(ftw35 atrl::mCherry::ICR::GFPnls) V RSL62 x XA8001

DWP229 rhis2[pat-3::HA::gfp]; atn-1(ftw35atn-1::mCherry::ICR:: RSL62 X rhls2
GFPnls) V

DWP230 fhod-1(tm2363) I; rhis2[pat3::HA::gfp]; atn-1(ftw35 atnl:: DWP20 x
mCherry::ICR::GFPnls) V DwWP228

DWP231 gals8001[fhodl::gfp miniunc119(+)];atn-1(ftw35 atnl: DWP3 x RSL62
mCherry::ICR::GFPnls) V

RSL62 atn-1(ftw35 atnl::mCherry::ICR::GFPnls) V Ryan Littlefield

rhls2 rhis2[pat-3::HA::gfp] Mi-Mi et al., 2012

N2 wild type CGC

XA8001 fhod-1(tm2363) | Mi-Mi et al., 2012

!Reference for initialsolation, or parental strains for crossing.

2CaenorhabditisGenetic Center (University of Minnesota, Minneapolis, MN)
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software (MATLAB, R2016ahttps://github.com/VanapalliLabs/NemaF)eXhe muscle

strength was calculated based on the maximum pillar deflection identified in each frame,
using the Timoshenko theory for an elastic (Rdhma et al., 2018)The maximum
exertable forcefgs, was calculated as the ®percentile of all maximal deflections for

eachanimal and reported as muscle strength by averaging over the population tested.

Drug treatments

OP501 bacterial suspension was mixed with aqueous solutions of levamisole or
muscimol to achieve a desired final concentration of the drug, 2.5 mM levajoisth®
mM muscimol(Brouilly et al., 2015) About ~0.25 mL of the mixture was uniformly
spread or85 mm culture plates and allowed to dry fe4 Bours. Semsynchronized L4
larvae were gently washed using M9 and seeded onto plates that had either 2.5 mM
levamisole, 10 mM muscimol, or no drug (as control), and maintémetl hrat 20°C

before prepeation for fluorescence microscopy.

Staining for fluorescence microscopy

F-actin stain for fluorescence microscopy was performed as previously described
(Mi-Mi et al., 2012) Worms were immunostained for fluorescence microscopy as
previously describe(Sundaramurthy et al., 2020Monoclonal primary antibody MH35
(antrATN-1) generated by Francis and Waterston (1985) was a gift from Pamela Hoppe
(Western Michigan University, Kalamazoo, MI). Monoclonal antibodt$(antt
MYO3) generated by H.F. EpsteiBdylor College of Medicine, Houston, TX) was
obtained through the Developmental Studies Hybridoma Bank (University of lowa, lowa
City, 1A). Secondary antibodies, FIT€njugated goat anthouse and Texas red

conjugated goat anthouse were commercially @ned (Rockland Immunochemicals,
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https://github.com/VanapalliLabs/NemaFlex

Pottstown, PA). Antibody dilutions used were ¥:MH35 (mouse), 1:105-6-s (mouse)

and 1:500 for secondary antibodies.

Fluorescence microscopy and image analysis

Wide-field fluorescence images were acquired using amp&el®0i upright
microscope (Nikon, Tokyo, Japan) with a CFl Plan Apochromat 40X/NA 1.0 oil
immersion objective or CFI Plan Apochromat violet corrected 60x/NA 1.4 oil immersion
objective with a CoeBENAP HAZ2 digital monochrome chargeupled device camera
(Photometrics, Tuscon, AZ) at room temperature, driven byBégents AR
acquisition and analysis software (version 3.1; Nikon, Tokyo, Japan). Images in Figure 3
5S2 were acquired usirigewide-field microscope and images in other figures were
acquired usinghe confocal microscope.

Confocal images were acquired usimgS#®8 Laser Scanning Confocal
Microscope (Leica, Wetzlar, Germany) driven by LAS X Software (version 3.5.2, build
4758; Leica), and using an HCX Plan Apochromat x63/NA 1.4 oil lambda objective.
Confocal zstacks of BWMs were collected at 0.1 pum intervals before deconvolution
using Huygens Essential software (Huygens compute engine 18.10.0, Scientific Volume
Imaging B.V.),Classic Maximum Likelihood Estimation deconvolution algorithm, with
40 iterations and a Signal/Noise ratio of 20. Maximum Intensity Projections (MIPs) were
generated from deconvolved confocatacks using LAS X Software or ImageJ (version
2.0.0rc-65/1.51 g) (Schneider, Rasband, & Eliceiri, 2012). Images were linearly
processed tenhance contrast and falselored in Adobe Photoshop (version, 22.4.3/10,
Adobe, San Jose, CA). Deconvolved confoestacks were also used to construct 3D

renderings using Imaris x64 software (version 9.2.1, Bitplane AG, Belfast, UK).
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To image DB assebty in the BWMs of live animals, L4 larvae were
immobilized on3.5 pL polystyrene bead suspension (Polysciences, 2.5% by volume, 0.1
pum diameter), sandwiched between a coverslip and 10% agarose pad (w/v). Images were
acquired every 130 min for about 90 m using @ SP8 Laser Scanning Confocal
Microscope (as described above).

For 3D form factor values, single DBs (4 DBs/animal) were cropped from the
deconvolved wtacks of BWMs expressing fluorescertfpded DB proteins, PAT
3::GFP and ATNL::mCh.3D shape parameter called the 3D form factor was obtained

using the 3D shape plugin (v 2(@heets et al., 2018)stalled inimageJ.

Fast Fourier transformations

ATN-1::mCh fluorescence intensity profiles were obtained for approximately 8
DB-containing striions in one muscle cell (or two muscle cells for L1 larvae) for 10
animals per strain and developmental stage wsiiogir pixelwide freehand Line tool in
ImageJ. FFT was performed as previously descriBaddaramurthy et al., 2028hd

amplitude specawereobtained using MATLAB (R2019a Update 2).

Statistical analysis

Data are expressed as me&aBEM and graphs were made in Excel: Windows
(version 21H1; Microsoft Corporation, Redmond, W8jatistical analysis was
performed using Wilcoxon rarsum test fo muscle strength measurements adother
results where two groups are compared, data were analyzed using a stesiemtt

0.05 was considered not statistically significant.
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Results

fhod-1 mutants have defective locomotion and low muscle strength as young adults

Worm BWMs are essential for locomotion. Previously, we observed that while
fhod-1 mutants have dispersed DBs and small BWMs, they did not show any gross
movement defects via standarrawling and thrashing assasi-Mi et al., 2012)

Studies have shown that stimulating animals to burrow through a dense three

di mensi onal medium similar to that of the
them to burrow and mimics conditions tltauld reveal their true capacity and their
characteristics representative of their actual behavior (Frézal & Félix, 2015;

Lesanpezeshki et al., 2019). We wanted to characterize the burrowing characteristics of
fhod1 ( gpytants usinghe pluronic gel burrowng assay. Our data showed tfieid-

1 ( gulult worms took longer to burrow through a 26% (w/v) pluronic gel towards a food
source, compared to theitld-typecounterparts, suggesting that loss of FHDBauses

a defect in burrowing (Figure BA).

To further examine the defect in burrowing, we performed muscle strength
measurements using the NemaFlex platformjaopillar-based force measurement
system(Rahman et al., 2018hod-1 ( goung adult worms were ~ 29% weaker than
their wild-typecounterpartgFigure 31B). As the effects of dystrophin loss on muscle
strength in worms could be detected only from animals that had been adults for 3 days
(day 3 adultsjHewitt et al., 2018)we further wanted to investigate if the muscle
strength infhod-1 ( godrms worsen as worms age. Howevand1 ( day 3 adults
were not significantly weaker thawild-typeday 3 adults (Figure-3B). This suggests

that muscle strength finod1 ( gojrms catchup to that of theiwild-typecounterparts
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Figure 3-1. Worms deficient in FHOD-1 have low muscle strengtlasyoung
adults, but their muscle strength catches upasday 3adults. (A) wild-type and
fhod-1( gaplult worms were induced burow through 26% (w/v) pluronic gel vi:
chemotaxis towards db. colifood source, and the number of animals that
crawled to the top of the gel were countidd1( gworms took longer to burrow
than theiwild-typecounterpartsShown are thaverags of the means of three
experiments (R 30animals per strajrper experiment)B) Young adult and day
adultwild-typeandfhod-1( gworms = 30animals per strajnwere subjected to
strength measurements using the NemaFlex platféoung adult but not da3
adultfhod-1 ( grms were significantly weaker than theitd-typecounterparts.

Error bars indicatS8EM.* p < 0.05, ** p<0.01, n.s. not significant.



as day 3 adults and does not worsen in due course of development. This led us to
investigate whether there are any structural changes that correlate with the improvement

in muscle strength we observe betwéeod-1 ( goung and day 3 adults.

Increase infhod-1 ( WM size partially correlates with the improvement in muscle
strength

Our previous work showed that FH@Dpromote8WM growth during
postembryonic developme(Bundaramurthy et al., 2020)o test howtheloss of
FHOD-1 affects muscle strength duriagulthood, we first measured BWM widths and
BWM cell widths (Figure 2). Worms were collected as L1 larvae, L4 larvae, day 1
adults, day 3 adults, and day 4 adults. These worms were stained with fluorescently
labeled phalloidin to visualize filamentoudiaqF-actin). As noted previouslyMi-Mi et
al., 2012; Sundaramurthy et al., 202BWMs and BWM cells owild-typeandfhod1 ( )
L1 larvae have similar widths. The BWM and BWM cell growth decrease significantly
after day 3 of adulthood. However, in dktother developmental staghe BWM and
cell widths offhod1 ( emimalsare significantly smaller than theiild-type
counterparts (Figure-3B). Similarly, the BWM cell widths dihod1 ( gmjmalsare also
significantly smaller than thewild-typecounterparts (Figure-2C). However, the
differences betweeinod-1 ( egmdwild-typeanimals tend to get smaller as the animals
age The young adults used to measure muscle strength (Figi)redrespond to an age
betweerlL4 larval stage and day 1 adulteasured here (FigureZ3. Thus, the increases
in fhod1 ( )M and BWM cell widths with respect twild-typepartially correlate to
the improvement in muscle strength between young adults and Day 3 adults (Figure 3

This partial but incomplete correian led us to examine other structural components of
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Figure 3-2. Increase infhod-1 ( WM size partially correlates with the
increase in muscle strengthWormswere stained with fluorescently labeled
phalloidin to show Factin.(A) Dorsalviews ofL1 larvae andlay 1 adults ofvild-
typeandfhod1 ( geyrmsshowing BWMs Scale bes, 6 ¢ m(B) BWM widths
(dashed double arrows in A) a(@) individual BWM cell widths(double arrows in
A) were measured’he BWM and BWM cell widths okild-typeandfhod1 ( gv¢
similar as L1 larvae. However, in all the other developmental stages (L4 ldayae
1 adultsday 3 adultsandday 4 adultstheBWM widths and cell widths dhod

1 ( gvg smaller than thewild-typecounterparts. The increasefiod1 ( WM
and BWM cell widths with respect toild-type between L4 larval stage to day 3
adult stages partially caelates with the increase in muscle strength betwilesoh

1 ( goung adults and day 3 adults (Figur&)3Shown areaverage ofwo
experiments (= 10animals per strain per experiment, two BWMs, and BWWM

cells per animalyvith SEM error bars* p <0.05, ** p<0.01, ** p<0.001.
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the BWM contractile lattice besides theagtin rich thin filaments. Investigating other
structural components provided us with clues as to why muscle strength improves in day

3fhod1l ( gulults.

DB arrangement in larval and adult worms

Our previous work had revealed the dispersed structdtedl ( @Bs (Mi-Mi
et al., 2012; MiMi & Pruyne, 2015). The dispersed structure and DB spacergaeell-
autonomously rescued ~ day 1fhod-1 ( eulults reexpressing futlengththod-1in a
mosaic manner (Sundaramurthy et al., 2020). Characterizing DB changes in all stages of
development could help us understand why the DBs appear dispefsed-in( )
mutants and also understand why muscle strength improves infldegy-B ( gulults.
The recruitment of DB proteins during sarcomere assembly is based on interdependence
on one another (Hresko et al., 1990; Moerman & Williams, 2006). Examining loss of
function mutants have led us to a proposed order of assembly among BiBgast
f ol | oawmtegrin (BATA/3), vinculin (DEB1), UNG-112, integrinlinked kinase
(PAT-4 ) -actirih (ATN-1) (Hresko et al., 1990; Gieseler et al., 2016; Moerman &
Williams, 2006). Based on this order of assembly, we selected arasadynbling iad a
late-assembling DB marker, namely PATand ATN1.

We used strains that expressed fluorescdatigled DB proteins, PAB::GFP
(Plenefisch et al., 2000) and ATN:Ch to visualize proteins in BWMBWMSs have
three integrifbased adhesion structur&Bs, M-line and attachment plaques. The M
lines are anchored to the plasma membrai& glegansand the attachment plaques
appear in between two adjacent BWM cells and anchor fuahtls Age synchronized

fhod-1 wild-type(DWP229) andhod1 ( (PWP230) worms were fixed and imaged.
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PAT-3 occurs at DBs (arrows), along-Ivies (M, arrowheads), and at attachment
plaques (A) (Figre 33A) (Plenefisch et al., 2000). AFM occurs only in a subset of
DBs and is absent along-Mhes and attachment plaques (Moulder et al., 201B¥ are
arranged in rows that correspond to the striations of BWM (Figi®)e B general, all
DBs have PA-3 but only a subset of DR®ntain ATN-1.

Each BWM cell in awild-typeL1 larvae has a single row of AFINdecorated
DBs and five rows of PAT rich structures. This includes two rows oflides, two rows
of attachment plaques containing some PAdnly DBs and one row of DBs that contain
both PAT3 only and PAT3 plus ATN-1. The rows of attachment plagues containing few
DBs appear at the outerost edges of the BWM cells, followed by two rows olives
and the row of DBs are located right at the rmadaofl the BWM cell. However, ithod
1 ( tfd)larvae, there are occurrences of 1pamallel and multiple DB rows (arrowheads)
within a single cel[Figure 33B). Wild-typelL4 larvae BWMs have multiple rows of DBs
that are parallel, neatly aligned where eB&happears as a single distinct puncta.
However, the BWM cells dhod1 ( t#)larvae have, on average, one row of DBs that is
not parallel to the other striations (FigB3arrowhead), and most PATand ATN1
containing DBs irfhod-1 ( emjmals appear pally dispersed (Fig-3, arrows) when
compared to theiwild-typecounterparts.

Wild-typeday 1 adult and day 4 BWMs have multiple rows of DBs similar to L4
larvae (Figure 31), parallel and neatly aligned, where each DB appears as a single
distinct purcta. Most PAT3 and ATN1 containing DBs in adufhod-1 ( gmjmals
appear dispersed (Figured3arrows) when compared to theiild-typecounterparts.

However, there is an increasetive size of DBs, Mlines, and attachment plaques due to
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Figure 3-3. DB organization in wild-typeand fhod-1 ( tarvae. Maximum

intensity projections (MIPs) of BWM contractile lattice from larvae expressing P.
3::GFP and ATNL::mCh.(A) The outline of two BWM cells (cell 1 and cell 2) are
shown (dashed linedpAT-3 occurs at DBs (arrows), along-Ivies (M,
arrowheads), ahat attachment plaques (A). ATNoccurs only in DBSB) BWM
cells inwild-typeanimals have DBs that appear as distinct puncta and are arrang
striations that are parall@utfhod1 ( W)WM cells have DBs that appear partially
dispersed (arrows) drthere are regions where DB rows appearpanallel (arrow

heads)Scale bes, 6 m.
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Figure 3-4. DB organization in wild-typeand fhod-1 ( guults. MIPs of BWM
contractile lattice from adudexpressing PAT3::GFP and ATNL::mCh.Wild-type
BWMs have multiple rows of DBs, parallel and neatly aligned, where each DB aj
as a single distinct punctate. Most R&Band ATN1 rich structures ifhod-1 ( o)
animals appear dispersed (arrows) when coetpto theiwild-typecounterparts and
they appear worse as the worms develops into day 4 adults when compared to ¢

adults.Scale bes, 6 m.
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accumulation of either PAB or PAT-3 and ATN1 throughout BWM development as
day 4 adults (Figure-8). Although thefhod1 ( day 4 adults have more rows of DBs in
comparison téhod1 ( day 1 adultthere are more occurrences of fparallel striations
when compared to day 1 adults (Figuré,arrowheads). The dispersed structures in
fhod1l ( gmjmals apear worse as the worms develop into day 4 adults from day 1
adults. The appearance of rparallel striations and dispersed DBghond1 ( gmjmals
suggest that anidepth analysis of temporal distribution, organization, and morphology
of DBs, could hgd us understand how changedhind1 ( @Bs might correlate to the

observed improvement in muscle strength (Figutd3

fhod-1 ( gedrms have fewer DB striations that areshorter, and they appear more
non-parallel than wild-type

Our data showhatfhod-1 ( gmmals have fewer striations in the early stages of
development (except L1 larvae), but the number of striationsesatphwith the wild
type as dayt adults (Figure -3B). Qur dataalsoshow thathod-1 ( grms had shorter
striations compared to wHtype (Figure 3S1). Duringtheearly larval stagghod1 ( )
animals have a high number of shorter striations, wélightly overlapwith striation
lengths of wildtype counterpartsThis is apparent in L1 larvaasthe frequeng
distributionof lengths appeas as two distinct peak@igure 3S1). But as the animals
develop, the striation length thod-1 ( ggtants catch up with wittype lengths,
creating partial overlappinfgequency distributiors. Our data indicate th#he
distributionof fhod1 ( gptants skew towards shorter lengths and that oftypé
skew towards the longer lengths (except in day 1 adults where the peaks seem to mostly

overlap, Figure $1).
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Figure 3-5. BWMs of FHOD-1 deficient worms have feweDB striations than
wild-typeworms and many arenon-parallel. (A) MIPs of BWM contractile
lattice from larvae and adults expressing ATNMCh.Scale bes, 6 ¢ m(B) The
number of DBcontaining striations per individual BWM cell, af@d) the
occurrence ohon-parallel DB striationger individual BWM cell, were counted.
fhod1l ( egmjmals have fewer striations in early developmental stages (except
buttheyhave a gnificantly higher number afion-parallel DB striations (arrows)
compared when comparedwad-type(arrowheads). Shown are theerage of
two experiments (= 10animals per strain per experiment, tRd/M cells per

animal)with SEM error bars* p<0.05, ** p<0.01, ** p<0.001.
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