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THESIS ABSTRACT

FH2-dependent Localization of FHOD Formins in the Sarcomere

Author: Elisabeth C. Hamilton
Sponsor: Scott D. Blystone, Ph.D.

Formins are a class of actin nucleating factors containing a highly-
conserved FH2 domain, which binds actin. There are 15 mammalian formin
proteins in seven sub-families that have been found to nucleate, cap, sever,
bundle, and polymerize linear actin filaments. An expression analysis of all 15
human formins across 22 different cell and tissue types showed high levels of
expression for one formin sub-family in striated muscle: FHOD. While FHOD1 is
highly expressed across many cell and tissue types, FHOD3 is only found at
comparatively high levels in striated muscle cells.

The mature structure of skeletal muscle is a very recognizable periodic
repetition of filaments that allows muscles to contract. The sarcomere is the
smallest contractile unit of skeletal muscle, with the two main filaments, the thick
filament containing myosin, and the thin filament containing actin moving back
and forth via the interaction of myosin heads with the thin filament, which allows
muscles to contract. While the molecular functioning and the mature structure of
skeletal muscle is well understood, the exact mechanism by which the sarcomere
is assembled, and specifically, how the actin-core of the thin filament is formed
and incorporated into the thin filament remains unknown. The high levels of

expression of FHOD formins in striated muscle, combined with their ability to

Xi



interact with filamentous actin warranted a closer look at FHOD1 and FHOD3 in
the sarcomere.

In this study we found that FHOD1 and FHOD3 have distinct sarcomeric
localizations in C2C12 cells. FHODL1 localizes to the barbed end of the actin
filament at the Z-disk and FHODS localizes to the pointed end of the actin
filament near the center of the sarcomere. Full-length cDNA constructs for
FHOD1 and FHODS3 were introduced into skeletal muscle cells, and we were
able to recreate the endogenous localization of FHOD3 with the exogenous
cDNA. The FHOD1 cDNA localized not to the barbed end of the actin filament, as
endogenous FHOD1 does, but instead to the pointed end of the actin filament,
where endogenous and exogenous FHOD3 were found. We hypothesized that
FHOD binding to actin is dependent upon two highly conserved actin-binding
sites in the FH2 domain. Mutations of the actin-binding residues in the FH2
domain impaired the actin-binding ability of both exogenous FHOD1 and FHOD3
and showed that the localization of FHOD1 and FHOD3 in the sarcomere is

actin-binding dependent.

Xii
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Chapter 1: General Introduction

Overview

This introduction provides a brief overview of the actin cytoskeleton in
mammalian cells, including actin monomers, actin polymerization and actin
modification, an overview of mammalian formins with a special focus on the
human formins Fhod1 and Fhod3 and an overview of muscle cytoskeletal

development and mature structure.

Actin Cytoskeleton

The ability of cells to change shape, retain their structure, move and divide
depends on their internal cytoskeleton, which consists of three types of filaments:
microfilaments, intermediate filaments and microtubules. This thesis will focus on
microfilaments and the protein that comprises them, actin.

Actin is a globular 42kDa protein that is able to polymerize and form
double-stranded helical filaments (Kabsch, et al., 1990). Globular actin, also
called G-actin or monomeric actin is the smallest building block of actin filaments
(Holmes, et al., 1990). Actin filament assembly begins with actin nucleation, the
formation of actin dimers and trimers, which then elongate through
polymerization into polarized actin filaments at a rate dependent on the
availability of G-actin (Wegner and Engel, 1975; Sept, et al., 1999). The polarized
nature of the actin filament results in a fast-growing barbed or plus-end and a
slow-growing pointed or minus-end as shown in Figure 1 (Pollard, TD, 1986).
After spontaneous formation of actin dimers and trimers, polymerization of actin

filaments is enhanced by actin nucleation factors.
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Figure 1: Actin nucleation, elongation, hydrolysis and dissociation
Globular actin forms dimers and trimers and then elongates into filaments.
Adapted from Blanchoin et al., 2014.

There are three classes of actin assembly factors that facilitate actin
polymerization: Arp2/3, formins and Spire/Cordon bleu/Leimodin
(Spire/Cobl/Lmod). Arp2/3 initiates the formation of branched actin filaments at a
70° angle from an existing mother filament and stays associated with the slow-
growing pointed end (Pollard and Borisy, 2003). Spire/Cobl/Lmod form
polymerization seeds to kick-start the polymerization of actin filaments
(Chesarone and Goode, 2009). Formins, which are the focus of this study,
nucleate filamentous actin de novo and remain associated with the fast-growing

barbed end (Pruyne, et al., 2002; Goode and Eck, 2007).

Formins

Formins are a class of actin-modifying proteins that play a role in cell
morphology, cell migration, cell invasion, cytokinesis, microtubule dynamics,
phagocytosis, intracellular transport, plasma membrane blebbing, filopodia,
invadopodia and podosome formation and focal adhesions (Wallar and Alberts,
2003; Kovar, 2006; Goode and Eck, 2007; Chesarone et al., 2010). They have

been shown to nucleate, cap, sever, bundle, and polymerize actin in vitro, with
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their main function being the polymerization of linear actin filaments (Wallar and
Alberts, 2003; Kovar, 2006; Goode and Eck, 2007; Chesarone et al., 2010).
Formin proteins are highly conserved and in humans consist of 15 formins in
seven sub-families, based on the phylogeny of the highly conserved FH2
domain, shown as follows and as in Figure 2 (Schonichen and Geyer, 2010;

Campellone and Welch, 2010):

Diaphanous formins (DIA)
o mbDial
o mDia2
o mbDia3

- formin-related proteins identified in leukocytes or formin-like (FRL or
FMNL)
o FRL1 or FMNL1
0 FRL2 or FMNL2
o FRL3 or FMNL3

- disheveled-associated activators of morphogenesis (DAAM)
o DAAM1
o DAAM2

- formin homology domain containing proteins (FHOD)
o Fhodl
o Fhod3

- original formins (FMN)
o FMN1
o FMN2

- delphilin (DEL)
- inverted formins (INF)

o INF1
o INF2



mDIAT-mDIA3
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Figure 2: Domain organizations of formin families.

All 15 mammalian formins contain formin homology 1 and 2 (FH1, FH2) domains,

along with family and protein-specific regulatory and binding domains:

GTPase-binding domain (GBD)

Diaphanous inhibitory domain (DID) also known as FH3 domain

Dimerization domain (DD)

Coiled coil domain (CC)

Formin homology 1 domain (FH1)
Formin homology 2 domain (FH2

Diaphanous-autoinhibitory-domain (DAD)

Postsynaptic density protein, Discs large, Zona occludens 1 domain (PDZ)

WASP homology 2 domain (W)

Formin-Spire interaction domain (FSI)

Adapted from: Campellone and Welch, 2010.
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Actin polymerization by formins

All formins have two domains in common, the formin homology domain 1
(FH1) and formin homology domain 2 (FH2), which are the key domains involved
in formins’ actin polymerization activity. After the formation of actin dimers and
trimers, the FH2 domain forms a homo-dimer that remains associated with the
fast-growing barbed end of the actin filament (Pruyne, et al., 2002). As shown in
Figure 3, The FH2 domains form a head-to-tail homo-dimer and associates with
the fast-growing, barbed end of the actin filament. The FH1 domain recruits
profilin-bound globular actin via its proline-rich stretches, and delivers the actin
monomers to the FH2 domain at the barbed end of the actin filament (Zigmond,
et al., 2003; Baarlink C and Grosse R, 2008). The two FH2 domains from the two
dimerized formin proteins then processively step up the growing actin filament
and bind to the newly added actin monomer (Campellone and Welch, 2010).
Highly conserved Isoleucine and Lysine residues in the FH2 have been shown to
be required for proper actin-binding (Xu, et al., 2004; Otomo, et al., 2005; Lu, et

al., 2007).
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1 G ) 4
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& 2
FHI
—

F-actin

Closed conformation  Open conformation Open conformation Closed conformation

Figure 3: Actin polymerization by formins

The FH2 domain forms a homo-dimer and associates with the fast-growing,
barbed end of the actin filament. (1) Globular actin monomers bound to profilin
are recruited by the proline-rich FH1 domain and are delivered to the barbed end
of the actin filament. (2+3) The FH2 domains step up processively to remain
associated with the barbed end of the actin filament. The closed/open
conformational change allows for the addition of actin monomers, while also
ensuring that the barbed end is not capped or otherwise modified.

Adapted from: Campellone and Welch, 2010.
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Activation of Formins

In vitro, the purified FH2 domain is sufficient to attain actin polymerization
(Chesarone, et al., 2010), but the activation of full-length formins in vivo varies
between sub-families. This section will focus on the autoinhibitory mechanism of
activation seen in most formins that contain DIDs and DADs, as shown in figure
2. The most well-studied group, the diaphanous related formins (DRFs) Dial, 2
and 3, exist in an autoinhibited state created by the interaction of the DID and
DAD. This autoinhibition is relieved by the binding of RhoGTPases to the GBD,
resulting in a conformational change that allows the FH2 domain to interact with
actin monomers, as shown in Figure 4 (Li and Higgs, 2005; Lammers, et al.,

2005).

Autoinhibited mDIA2 Active mDIA2

RhoA, RhoB and RheC
Cdc42

RhoA, RhoB and RhoC
Cdc42

Figure 4: Autoinhibition and Activation of mDIA2
The binding of the DID and DAD result in an autoinhibited state. To activate

diaphanous related formins, a Rho-GTPase binds to the GBD, relieving the
autoinhibition.

Adapted from Campellone and Welch, 2010.
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Formin homology domain containing proteins (FHOD)

FHOD proteins are highly conserved, with the simplest ortholog found in
the single-celled eukaryote Capsaspora owczarzaki (Bechtold, et al., 2014), and
contain the formin-specific FH1 and FH2 domains (Westendorf, et al., 1999)

The FHOD formins are diaphanous-related formins (DRFs), which are defined by
the presence of two domains: the diaphanous inhibitory domain (DID) and the
diaphanous auto-regulatory domain (DAD) (Bechtold, et al., 2014; Rivero, et al.,

2005). Two FHOD proteins have been identified in humans: FHOD1 and FHOD3.

FHOD1
FHODL1 is a 128kDa 1165 amino acid DRF that maps to chromosome

16922. (Westendorf, et al., 1999).

FHOD1 activation

As the presence of the diaphanous-related autoinhibitory domains
suggests, FHODL1 is autoinhibited by the interaction of the N-terminal DID and C-
terminal DAD (Westendorf JJ, 2001). FHODL1 interacts with the RhoGTPase
Racl in a guanine-nucleotide independent manner, and does not interact with
the other RhoGTPases Rho or Cdc42 (Gasteier, et al., 2003; Westendorf JJ,
2001). Interaction with Racl has been shown to result in increased levels of

FHODL1 in the actin fibers of lamellipodia and membrane ruffles (Gasteier, et al.,
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2003), but it is unclear how exactly Racl affects FHOD1's autoinhibited state,
since no Racl-binding sites have been found in FHOD1's DID, making it highly
unlikely that Racl binds directly to the DID to relieve autoinhibition (Schdnichen,
et al., 2006). Most likely, binding of Racl to the GBD causes a conformational
change in the adjacent DID to relieve the autoinhibitory binding to the DAD.
Constitutively active FHOD1 lacking a DAD domain has been shown to increase
actin stress fiber formation in vitro via the Rho-ROCK cascade in NIH3T3 cells,
and in vitro studies have shown that FHOD1's auto-inhibition is relieved by a
single mutation in the DID domain of Valine 228 to Glutamate (Koka, et al., 2003;
Schulte, et al., 2008), which confirms that FHOD1 does indeed rely on the
reversal of its autoinhibition to carry out its cellular functions.

In addition to this activation by reversal of the autoinhibition as is the norm
among DRFs, FHOD1 can also be activated by phosphorylation of three residues
in the DAD domain, a shown in Figure 5. In vivo, FHOD1'’s autoinhibition can be
relieved by the phosphorylation of Ser1131, Ser1137, and Thr1141, all located
within the DAD, by the Rho-dependent protein kinase ROCK in endothelial cells,
resulting in increased stress fiber formation (Takeya, et al., 2008). This
mechanism of activation proposes that thrombin binds to its G-protein coupled
receptor (GPCR), which activates the Rho-ROCK cascade, and ROCK
phosphorylates three residues in the C-terminal DAD, Ser1131, Ser1137 and
Thr1141, which relieves the DID-DAD autoinhibition of FHOD1 and activates it,
as shown in figure 5. This Rho-dependence has also been shown in Drosophila

melanogaster. The FHODL1 ortholog Knittrig has been shown to be activated by

10
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Rho-dependent Rok and a constitutively active form of Knittrig results in an
increase in stress fiber formation in macrophages and epithelial cells (Lammel, et

al., 2014).

o © Thrombin

Thrombin receptor s

} (GPCR)
|
Rho

!
ROCK — LIMK-P —= Cofilin-P

FH1| | E, e ~~
I MLC-P tFilament severing

.
FH2 DAD tActin-myosin l

interaction

. |Stress fibre

/ formation

[ -
FHOD1 Pt $ FHOD1

_ activation

Figure 5: Model of FHOD1 activation in endothelial cells

Thrombin binds to the G-protein coupled receptor (GPCR), activating Rho, which
in turns activates ROCK, which then phosphorylates Ser1131, Ser1137 and
Thrl1141, relieving the DID-DAD autoinhibition of FHOD1, activating it.

Adapted from Takeya, et al., 2008.
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FHODL1 Interaction with Actin

The exact mechanism by which FHOD1 interacts with actin filaments in
vivo has yet to be determined. In vitro, full length FHOD1 does not enhance actin
filament polymerization, but has been found to inhibit actin polymerization
(Schénichen, et al., 2013). Truncated FHOD1 without a DAD, considered to be
constitutively active, has been shown to bundle 5-10 parallel actin filaments into
filament bundles in lamellipodia and accumulates in actin arcs and stress fibers,
where it has been suggested, it helps to stabilize actin filaments (Schénichen, et
al., 2013). This localization is in line with the inability of FHOD1 to enhance actin
filament polymerization. This in vitro inhibition of actin polymerization holds true
for full-length FHOD1, FHOD1 lacking the DAD, as well as a mutant containing
only the N-terminal portion from the FH1 domain onward (FH1-FH2 and DAD
domains) (Schoénichen, et al., 2013). A construct lacking the FH2 domain had no
effect on actin polymerization, suggesting a capping role of actin filaments
involving the FH2 domain (Schénichen, et al., 2013). Furthermore, an N-terminal
construct lacking the FH1, FH2 and DAD domains still bound to actin in vitro,
which could mean a secondary actin binding site in the N-terminus (Schdénichen,
et al., 2013). The higher ratio of this N-terminal mutant found in high-speed
centrifugation assays compared with the ratio of FH2-binding mutants suggests
that this secondary binding site allows FHODL1 to interact with the sides of actin
filaments (Schonichen, et al., 2013). These results are based on mutants lacking
the DAD, which renders formins constitutively active, but the DAD has also been

shown to be involved in actin nucleation (Gould, et al., 2011). Specifically, the

12
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DAD has been shown to bind globular actin, both as part of an actin-binding
mutant with an FH2 domain that is incapable of binding actin, and by itself as a
DAD-only construct (Gould, et al., 2011). This concept that DRFs have other
actin-binding sites outside the FH2 is supported by additional findings of another
DRF: full-length FMNL1, with mutations in the FH2 domain that interfere with
actin binding has been shown to rescue an actin-dependent function in vivo

(Blystone Lab, unpublished observations).

FHOD3

Formin Homology Domain Containing Protein 3 (FHOD3) is a 1439
residue protein that maps to chromosome 18g12.2 (Katoh and Katoh, 2004). It is
most closely related to FHOD1, but has been studied less, which is likely due to
the fact that it shows significant expression levels in fewer tissues than FHOD1
and that there are fewer orthologs to FHOD3 than there are to FHOD1 (Krainer,

et al., 2013).

FHOD3 Activation

FHOD3 is a diaphanous-related formin, which suggests its activation
occurs via the relief of the auto inhibitory interaction between the DID and DAD
domains. While no specific GTPase has been identified as the activator of
FHODZ3, it can be activated by the ROCK-dependent phosphorylation of three
amino acids in the DAD domain (Paul, et al., 2015). This phosphorylation-

dependent activation was confirmed by phosphorylation of S1590, S1596 and

13
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T1600 by casein kinase 2 (CK2), which activates a cardiomyocyte-specific
isoform of FHOD3 and leads to an increase in actin filaments (Iskratsch, et al.,
2010). The exact molecular mechanism by which these phosphorylation events
activate FHOD3 is still unclear, but the most likely explanation is an interruption
of the DID-DAD binding, thus activating FHOD3, since these residues are located

toward the center of the DAD.

FHODZ3 Interaction with Actin and other Cytoskeletal Filaments
Overexpression of FHOD3 has been found to increase stress fiber formation in

HelLa cells (Kanaya, et al., 2005). FHOD3 was found to co-localize with the
intermediate filament marker nestin in rat neonatal cardiomyocytes (Kanaya, et
al., 2005). Constitutively active FHOD3 resulted in the increased formation of
spike-like actin structures in an ovarian cancer cell line, indicating that FHOD3
may have an effect on the formation of actin structures involved in cell migration

and invasion (Paul, et al., 2015).
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Chapter 1. General Introduction

Skeletal Muscle
The structure of striated muscle is highly conserved across species. This

overview focuses on mammalian skeletal muscle.
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Figure 6 — Sarcomere structure in skeletal muscle
Adapted from Alberts, et al, 2003, p 963.
Schematic representation of the main parts of the sarcomere.

Sarcomere Structure

The sarcomere is the smallest contractile unit in muscles and its areas are
named based on their appearance in electron and polarized light micrographs, as
shown in Figure 7. The dark region indicating the boundaries of one sarcomere is
referred to as the Z-disk, named for the German word “Zwischenscheibe” or “in
between disk”, since it is in between two sarcomeres (Luther, PK, 2009). I-bands
are named for their isotropic appearance, and represent the region of the thin

filament, spanning the thin filaments of two adjacent sarcomeres across the Z-
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disk. Next to the I-band is the A-band, named for its anisotropic or directional
organization, and it consists of the functional region of the thick filament that
binds to the thin filament (Ehler and Gautel, 2008). The H-band encompasses
the region between thick filaments, referring to the German word “heller”,
meaning lighter. In the center of the sarcomere is the M-line, the “Mitte” or

“middle” of the sarcomere. (Kontrogianni-Konstantopoulos, et al., 2009).

Figure 7 — Electron micrograph of a sarcomere
Adapted from Ross, et al., 2003, p 253.

The sarcomere as it appears in an electron micrograph. The H and A bands

received their names from their appearance in microscopy images — H for heller,

the German word for lighter, and A for anisotropic.
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Thick Filament

The thick filament is 1.59um long in human skeletal muscles, consisting of
294 myosin Il molecules. It interacts with titin, which binds the thick filament to
the Z-disk (Ehler and Gautel, 2008). Each myosin molecule is comprised of two
heavy and four light chains (Clark, et al., 2002). The myosin heavy chains bind
the filamentous actin in the thin filaments, and through ATP hydrolysis and the
subsequent conformational change in the myosin heads, contractile forces are
created, resulting in muscle contraction and relaxation (Clark, et al., 2002). The
thick filament is anchored to the thin filament and the Z-disk by titin (Clark, et al.,

2002).

Thin Filament

Thin filaments consist of an actin filament that is approximately 1um long
and is surrounded by a tropomyosin-troponin complex, which has a regulatory
role in the interaction of the thick and thin filaments (Clark, et al., 2002). The fast-
growing, barbed end of the actin filament is capped by CapZ and anchored to the
Z-disk via alpha-actinin, while the slow-growing, pointed end of the actin filament
is capped by tropomodulin, which also controls the length of the thin filament
(Luther, PK, 2009, Gregorio,et al., 1995). CapZ prevents the actin filament from
depolymerizing (Faulkner, et al., 2001). The turnover rate of thin filament proteins

has been suggested to be quite fast with a half-life of 3 days (Martin, AF, 1981).
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Sarcomerogenesis

Striated muscle has a highly preserved microscopic structure, due to the
repetitive arrangement of its smallest contractile unit, the sarcomere, as shown in
Figure 6 (Huxley H and Hanson J, 1954). The arrangement of actin in muscle
cells is one of the most prominent cytoskeletal structures, yet it is not entirely
clear how the actin structure in muscles is formed and maintained. On a cellular
level, myoblasts fuse to form multinucleated myotubes, which attach to each
other and the extracellular matrix before assembling into myotubes (Ehler and
Gautel, 2008). Within myofibrils, the formation of sarcomeres involves several
large proteins, including titin and nebulin, which act as molecular scaffolds for
myosin and actin, respectively, onto which other essential components of the
sarcomere assemble (Sanger, et al., 2005; Clark, et al., 2002). However, the
exact mechanism by which the actin filaments are nucleated and incorporated
into the developing muscle is still unclear.

On a microscopic level, it has been shown that sarcomere assembly
begins at integrin-based sites where Z-disk precursors called Z-bodies anchor
stress fiber-like actin filament at the barbed end (Sparrow and Schéck, 2009;
Moerman and Williams, 2006; Volk, et al., 1990). The first myofibrils most likely
originate from these integrin-based adhesion sites and thus form near the cell
membrane. They have an irregular arrangement of alpha-actinin and titin,
resembling non-muscle cell actin stress fibers, and are referred to as
premyofibrils (Rhee, et al., 1994; Sanger, et al., 2005). These premyofibrils

contain Z-bodies and thin filaments made up of actin with tropomyosin and
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troponin, as well as non-muscle myosin Il filaments (Sanger, et al., 2005). During
the maturation of these premyofibrils, the Z-bodies in adjacent myofibrils align
and fuse into mature Z-disks, and other sarcomeric proteins, such as titin, M-
band proteins and muscle myosin Il are incorporated into the mature myofibril
(Sanger, at al., 2005). This process of maturation has been confirmed in cardiac
muscle cells as well (Du, et al., 2008).

While the microscopic appearance of sarcomere development is fairly well
understood, the exact molecular mechanism by which actin is recruited to and
nucleated in this structure remains unknown. Based on their known nucleation
activity, three actin nucleation factors (ANFs) have been suggested in striated
muscle actin nucleation: neuronal Wiskott—Aldrich Syndrome protein (N-WASP),
tropomodulin-related leomodin-2 (Lmod), and formins (Takano, et al., 2010;

Chereau, et al., 2008; Tanaguchi, et al., 2009). This study focuses on formins.

FHOD1 in Muscle

The level of expression of FHODL1 in cardiac and skeletal muscle was
found to be high or higher than most other formins, suggesting that FHOD1
proteins may play a role in muscle development and maintenance (Krainer, et al.,
2013). FHOD1 was found to localize to the intercalated discs as well as to the Z-
disks in frozen sections of murine heart muscle (Dwyer, et al., 2014). This
coincides with the localization of the Caenorhabditis elegans FHOD1 ortholog to
newly forming Z-bodies and close to Z-disks (Mi-Mi, et al., 2012). FHODL1 allele

deletion in Caenorhabditis elegans showed a narrowing of body wall muscles
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and wider spaces between muscle pairs, as well as fewer overall striations,
indicating a necessary function of FHOD1 in proper muscle formation (Mi-Mi, et
al., 2012). A Caenorhabditis elegans mutant lacking FHOD1 showed a disruption
of Z-bodies and narrower sarcomeres, but did not completely inhibit sarcomere
formation (Mi-Mi and Pruyne, 2015). In cardiac muscle, FHOD1 has been found
to localize to intercalated discs and costameres (Al Haj, et al., 2015). The
expression of constitutively active FHOD1 in cultured smooth muscle cells has
shown an involvement in the differentiation of smooth muscle cells. However, this

finding could not be replicated with full-length FHOD1 (Staus, et al., 2011).

FHODS3 in Muscle

FHOD3 has been found to be highly expressed in cardiac muscle, and
most studies involving FHOD3 have been conducted in cardiac rather than
skeletal muscle. However, the role of FHOD3 in striated, and specifically, cardiac
muscle has not been clearly determined and its localization remains somewhat
disputed. Studies in cardiac muscle have shown conflicting evidence, placing
Fhod3 near the center of the sarcomere at the pointed end of actin, as two
closely spaced lines on either side of the central M-line (Taniguchi, et al., 2009,
Kan-o, et al., 2010) but also at the Z-disk, at the barbed end of actin in mature
cardiomyocytes (Iskratsch, et al., 2010, 2013). Domain-based studies suggest
that an N-terminal motif, rather than the FH2 domain may be responsible for the
localization to the pointed end of actin (Taniguchi, et al., 2009). As for its

function, FHOD3 has been found to promote myofibril maintenance in cardiac

20



Chapter 1: General Introduction

muscle, specifically at the barbed end at the Z-disk, as actin-binding mutants
were not able to rescue the effect of FHOD3 knock-down on the sarcomere
(Iskratsch, et al., 2010).

Two splicing isoforms of FHOD3 have been identified, a long version and
a short version, with the long version specific to cardiac muscle (Taniguchi, et al.,
2009, Kan-o, et al., 2010). Mutations in cardiac FHOD3 have been associated
with a form of dilated cardiomyopathy and hypertrophic cardiomyopathy

(Arimura, et al., 2013; Wooten, et al., 2013).

Thesis Overview

This thesis begins with an expression analysis of all 15 human formins
across 22 different cell and tissue types using real-time quantitative PCR (rtPCR)
in Chapter 2. The purpose of this study was to determine complete expression
profiles across a wide variety of commonly cultured cell lines and tissues to
provide a basis for further studies. Chapters 3 and 4 on the localization of
endogenous and exogenous FHOD1 and FHOD3 in skeletal muscle are based
on the findings of FHOD1 and FHOD3 expression in Chapter 2. Chapter 5
provides a summative conclusion with suggestions for further experimentation,
and appendix 1 contains additional data on the localization of FMNLL1 in striated

muscles.
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Abstract

Formins are actin binding proteins conserved across species from plants to
humans. The formin family is defined by their common FH2 domains. The 15
distinct human formins are involved in a broad range of cellular functions,
including cell adhesion, cytokinesis, cell polarity, and cell morphogenesis. Their
commonality is actin polymerization activity inherent to FH2 domains. While still
requiring much study, biochemical activity of formins has been carefully
described. In contrast, much less is known of their activities in complex living
systems. With the diversity of the formin family and the actin structures that they
affect, an extensive future of study beckons. In this study, we report the
expression level of all 15 formins in 22 different human cell and tissue types
using quantitative real-time PCR (qPCR). Identification of major themes in formin
expression and documentation of expression profiles should facilitate the cellular

study of formins.
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Introduction

Formins are a class of actin-modifying proteins participating in cell adhesion,
cytokinesis, cell polarity, and cell morphogenesis. Similar to other actin-assembly
proteins such as Arp2/3, Spire or Cobl, formins have been shown to nucleate,
cap, sever, bundle, and polymerize actin in vitro, but unlike other actin-modifying
proteins, formins polymerize linear actin filaments [Wallar and Alberts, 2003;
Kovar, 2006; Goode and Eck, 2007; Chesarone et al., 2010]. Most formins have
been genetically characterized in significant detail, allowing for functional
analysis and classification based on domain structure. All formins contain a
characteristic Formin Homology 2 (FH2) domain, which nucleates actin and
remains associated with the fast-growing, barbed end of the actin filament
throughout elongation [Higgs, 2005; Kovar, 2006; Paul and Pollard, 2009]. The
C-terminally located Formin Homology 1 (FH1) domain is proline rich and
sequesters profilin-actin for facilitated use by the FH2 domain [Evangelista et al.,
2003]. The FH2 domain forms a head-to-tail dimer, which is necessary for
formins to carry out their actin-polymerizing function and moves with the growing
filament, processively capping the barbed end and protecting it from capping
proteins [Zigmond, et al., 2003; Copeland et al., 2004; Campellone and Welch,
2010]. Formin function is regulated at several levels, including recruitment to
specific cellular locations and the timing of the functional stages of autoinhibition,
activation, and the actin nucleating and elongating activity [Goode and Eck,
2007; Aspenstrom, 2010; Chesarone, et al., 2010]. Formin function varies in

efficiency between family members.
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On a molecular level, the genomes of humans, mice, chickens, protists and yeast
have been analyzed for the presence of FH2 domains and the resulting 15
formins identified in humans are the only existent human formins. These 15
formins are divided into seven groups based on domain similarities and
phylogenetic relationships (Table 1) [Higgs and Peterson, 2005; Schénichen and

Geyer, 2010].

Documentation of the cellular functions and distribution of formins lags far behind
the advances of formin biochemistry and genetic identification. To facilitate the
cellular study of formins, we have analyzed the expression levels of all 15 human
formins in 22 different human cell and tissue types, using gPCR with Western

blot confirmations where available.
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Formin

Protein

Formin Family Name Alternate Name(s) + References Accession # Gene Name Gene Accession #
Diaphanous . Protein diaphanous homolog 1 = diaphanous homolog 1
formins (Dia) Dial DIAP1, DIAPH1 NP_005210 (DIAPH1) NM_005219
Diaphanous-related formin 1 = DRF1
[Castrillon and Wasserman, 1994].
. Protein diaphanous homolog 2 = diaphanous homolog 3
Dia2 DIAP2, DIAPH2 NP_006720 (DIAPH3) NM_001042517
Diaphanous-related formin 2 = DRF2
[Chae et al., 1998]
. Protein diaphanous homolog 3 = diaphanous homolog 2
Dia3 DIAP3, DIAPH3 NP_001035982 (DIAPH2) NM_007309
Diaphanous-related formin 3 = DRF3
[Peng et al., 2003]
formin-related  FRL1 formin-like protein 1 = FMNL1 NP_005883 formin-like 1 (FMNL1) NM_005892
proteins formin homology domain containing
identified in protein 4 = FHODA4
leukocytes (FRL) [Katoh and Katoh, 2003a]
FRL2 formin-like protein 2 = FMNL 2 NP_443137 formin-like 2 (FMNL2) NM_052905
formin-like protein 3 = FRL3
formin homology domain containing
protein 2 = FHOD2
[Block, et al., 2012; Harris, et al.,
2010, Katoh and Katoh, 2003a]
FRL3 formin-like protein 3 = FMNL 3 Q8IVF7 formin-like 3 (FMNL3) NM_175736
formin-like protein 2 = FRL2
formin homology domain containing
protein 3 = FHOD3
[Block, et al., 2012; Harris, et al.,
2010, Katoh and Katoh, 2003a]
disheveled- . . . dishevelled associated
associated DAAM1 disheveled-associated activators of NP 055807 activator of NM 014992
: morphogenesis 1 = DAAM1 - morphogenesis 1 -
activators of
morphogenesis (DAAMI)
(DAAM) [Habas et al., 2001]
dishevelled associated
disheveled-associated activators of activator of
DAAM2 morphogenesis 2 = DAAM2 NP_001188356 morphogenesis 2 NM_015345
(DAAM2)
[Katoh and Katoh, 2003b]
glutamate receptor,
delphilin Delphilin Glutamate receptor, ionotropic, delta NP_001138590 ionotropic, delta 2 (Grid2) NM_001145118

2-interacting protein 1 = GRID2IP

[Miyagi et al., 2002 Katoh and Katoh,
2003c

interacting protein
(GRID2IP)
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FH2 domain-containing protein 1 =

FH2 domain containing 1

(INF) INF1 FHDC1 Q9cCoD6 (FHDC1) NM_033393
[Katoh and Katoh, 2004a]
. inverted formin, FH2 and
WASp homology 2 (WH2) domain- L
INF2 containing formin 1 = WHIFL NP_071934 \(/IVNHFzzgiomam containing NM_022489
[Chhabra and Higgs, 2006]
formin homology formin homolog over-expressed in formin homology 2 domain
domain FHOD1 spleen 1 = FHOS1 NP_037373 containing 1 (FHOD1) NM_013241
containing
proteins (FHOD) [Westendorf et al., 1999]
FHOD3 formin homolog over-expressed in NP 079411 formin homology 2 domain NM 025135
spleen 2 = FHOS2 - containing 3 (FHOD3) -
[Westendorf et al., 1999]
?F”lsl','\‘g" formins  c\N1 EMNA = Formin 1 NP_001096654 formin 1 (FMN1) NM_001103184
[Katoh and Katoh, 2004b]
FMN2 FMN2 = Formin 2 NP_064450 formin 2 (FMN2) NM_020066

[Katoh and Katoh, 2004c]

Table 1 — Human formin family nomenclature and sequence references.
The seven formin families with all their members are listed, as well as the
alternate nomenclature for each formin. The 15 mammalian formins analyzed in
this study are grouped into families based on FH2 phylogeny with gene names
and accession numbers provided. The amino acid and genomic accession
sequences used for alignment and oligonucleotide design are listed.
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Materials and Methods

Protein alignment

The 15 members of the human formin family of actin binding proteins (Table 1,
Fig. 1A) were aligned using Constraint-based Multiple Alignment Tool (COBALT).
For individual comparisons Basic Local Alignment Search Tool for proteins

(BLASTp) was used with gapping of 10%.

Cells and RNA

The following cells were purchased from ATCC (Manassas, VA): HelLa
(immortalized human cervical cancer cell line), Meg-01 (human megakaryocytes
from chronic myelogenous leukemia), U20S (human osteosarcoma cell line),
HCN (human cortical neurons), THP-1 (acute human monocytic leukemia cell
line), K562 (immortalized human myelogenous leukemia cell line), U937
(monocytic human cell line of myeloid lineage from histiocytic lymphoma), and
HUVEC (human umbilical vein endothelial cells). Total human RNA of
cerebellum, skeletal muscle, and cardiac tissue was purchased from Clontech
Laboratories (Mountain View, CA). The following cells were gifts: HK-2
(immortalized proximal tubule epithelial cell line from human kidney) from
Thomas R. Welch, M.D.; MDA-MB-231 (human breast cancer cell line from
epithelial adenocarcinoma) and HT1080 (human fibrosarcoma cell line) from
Christopher E. Turner, Ph.D.; Jurkat (immortalized line of human T-lymphocytes)

from Andras Perl, M.D., Ph.D., all at SUNY Upstate Medical University in
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Syracuse, NY. HEK (primary human keratinocyte cell line from neonatal foreskin)
and HaCaT (human immortalized keratinocyte cell line) were gifts from Andrew
P. Kowalczyk, Ph.D. in the department of Cell Biology at Emory University in
Atlanta, GA. Monocytes that were differentiated into macrophages and platelets
and neutrophils were isolated from healthy human blood as previously described

[Mersich et al., 2010; Blystone et al., 1997; Jones et al., 1998].

RNA purification

RNA was extracted and purified from 5x10° to 20x10° cells using RNeasy®Mini
Kit from QIAGEN (Valencia, CA), in keeping with clinical laboratory standards for
gPCR as laid out in “Quantification of mMRNA using real-time RT-PCR” and “The
MIQE guidelines: minimum information for publication of quantitative real-time
PCR experiments” [Bustin et al., 2009; Nolan et al., 2006]. Cells grown in
suspension were pelleted at 1000 rpm for 5 minutes using a Hermle Z400K
centrifuge (Hermle Labortechnik, Wehingen, GERMANY) at room temperature
(RT). For adherently grown cells, growth media was removed and cells were
incubated at 37°C in 0.25% Trypsin-EDTA (1X), Phenol Red (GIBCO® Life
Technologies, Grand Island, NY) for 5 minutes and pelleted at 1000 rpm for 5
minutes at RT. Cell pellets were disrupted by adding 600ul QIAGEN buffer RLT,
containing a high concentration of guanidine isothiocyanate to facilitate RNA
binding to a silica membrane in subsequent steps, and the resulting lysate was
homogenized by passing it through a blunt 20-gauge needle 5 times.

Subsequently 600ul 70% ethanol from Pharmaco-AAPER (Pharmaco, Brookfield,
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CT; AAPER, Shelbyville, KY) was added to the lysate and mixed by pipetting.
The sample was then transferred to the RNeasy spin column, which was placed
in a collection tube and centrifuged for 15 seconds at 14,000 rpm using an
Eppendorf 5415C centrifuge (Hamburg, GERMANY). To remove non-specifically
bound carbohydrates, proteins, fatty acids and RNA molecules smaller than 200
bases from the silica membrane, 700ul QIAGEN buffer RW1, containing
guanidine salt and ethanol, was added to the column and centrifuged at 14,000
rpm for 15 seconds. Next, 500ul buffer RPE is added to the column and
centrifuged at 14,000 rpm for 15 seconds, followed by another 500l of buffer
RPE and centrifugation at 14,000 rpm for 2 minutes. After placing the column in a
new collection tube, it was centrifuged for 1 minute at 14,000 rpm to ensure the
elimination of ethanol. 30ul RNase-free water were then added to the column,
which was placed in a new collection tube and centrifuged at 14,000 rpm for 1

minute, and repeated with the eluate from this step.

RNA quantification

RNA was quanitified using Agilent RNA 6000 Nano Kit in the Agilent 2100
Bioanalyzer (Santa Clara, CA). RNA Nano 6000 reagents were warmed to RT for
30 minutes in the dark. Prior to running the experimental chip, the electrodes of
the bioanalyzer were decontaminated by adding 350ul RNAseZap and 350pl
RNAse-free DI water into the RNAseZap and RNAse-free DI water electrode
cleaner chip, respectively. The RNAseZap electrode cleaner chip was placed into

the bioanalyzer, and incubated with the lid closed for 1 minute, and the chip was
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removed and replaced with the RNAse-free DI water electrode cleaner chip,
which was incubated for 10 seconds with the lid closed. After removing the chip
the bioanalyzer was left open to dry for 10 seconds. To prepare the Gel Matrix,
550ul of gel was filtered through the filter column and centrifuged at 4000 rpm for
10 minutes, and once filtered, 65l of gel were put into one tube. Next the Dye
Concentrate was vortexed for 10 seconds and 1ul was added to the 65ul of
filtered gel matrix. After vortexing thoroughly, the mixture was centrifuged at
13,000 g for 10 minutes. A new chip was placed on the chip priming station and
9ul of the gel-dye mixture were added to the G well, the plunger was pulled up to
the 1ml mark, the station closed, and the plunger depressed and incubated for 30
seconds. A properly sealed syringe gasket was indicated by the plunger’'s
retraction to 0.3ml and after 5 seconds the plunger was pulled back to 1ml and
the priming station was opened. 9ul of gel-dye mixture were added to each G
well and 5ul of nano marker buffer was added to each of the 12 sample wells and
the ladder well. 1pl of 150 pg/ml RNA 6000 ladder was added to the ladder well
and 1pl of sample into each sample well, and the chip was vortexed at 240 rpm
for 1 minute before it was inserted into the bioanalyzer. The assay for total
eukaryote RNA was selected in the 2100 Expert Software for each analysis,
which calculated RNA quality and concentration, expressed as an RNA Integrity
Number (RIN) using an algorithm based on a Bayesian analysis of nine distinct
features of the electropherogram of 1208 samples of RNA of varying degrees of
degradation using the Agilent 2100 bioanalyzer system. The RNA extracted from

some cell types was found to have a low RIN, which was due to the low
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concentration of RNA in the sample, and not due to degraded RNA as can be
seen from gels showing integrity of major 28s and 18S RNA (Fig. 2S). However,
since the algorithm used to compute the RIN incorporates 9 features of the
electropherogram, the low concentration yielded a low RIN. [Schroeder et al.,

2006]

Reverse Transcription PCR (RT-PCR)

For reverse transcription PCR, 1ug of RNA, determined as described above, was
used to prepare DNA using the SuperScript®lll First Strand Synthesis System for
RT-PCR from Invitrogen (St. Louis, MO) [Stahlberg, et al., 2004]. For each
reaction, 1ug of RNA, 2.5ul dNTP mix and 2.5pl oligo(dT)»o were added to a final
volume of 25pl diethylpyrocarbonate-treated water and incubated first at 70°C for
5 minutes, and then on ice for 5 minutes. Following these incubations, 22.5ul 10x
RT buffer, 20ul MgCl,, 10ul DTT and 5ul RNase OUT were added and the
mixture was incubated at 42°C for 2 minutes. After adding 2.5yl of
SuperScript®lll, the mixture was incubated at 42°C for 50 minutes, 70°C for 15
minutes to terminate the reaction and on ice for 5 minutes. Next, 2.5ul of RNase
H were added to degrade any remnant RNA and incubated at 37°C for 20

minutes.
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Qualitative PCR

For each qualitative PCR reaction, 1pl each of specific forward and reverse
primers at 20pM were mixed with 2ul of cDNA. PCR was run using MJ Research
PTC-100 Programmable Thermal Controller from Bio-Rad (Hercules, CA). After 1
minute at 94°C, 94ul of the following was added: 10ul TAQ DNA Polishing Buffer
B, 6l MgCly, 2ul dNTP, 0.8ul of 5,000 units/ml Tag DNA Polymerase, all from
Fisher Scientific (Hampton, NH), 5ul dimethyl sulfoxide (DMSO) from Sigma-
Aldrich (St. Louis, MO), and 71.2ul water, followed by a drop of mineral oil from
Fisher Scientific. After a total of 2 minutes at 94°C followed 35 cycles of 0:30 at

55°C, 1:00 at 72°C, and 1:00 at 92°C, and one 2:00 cycle at 94°C.

Quantitative real-time PCR (qPCR)

Quantitative real-time PCR was performed using Eco Real-Time PCR System
from lllumina, Inc. (San Diego, CA) and iQ™SYBR®Green Supermix from BIO-
RAD (Hercules, CA). For each gPCR cell analysis 500pl of iQ™SYBR®Green
Supermix was combined with 50ul of cDNA and 360pl of distilled water and
mixed carefully. For each formin analyzed, 1pl of forward specific primer, 1pul of
reverse specific primer, each at 1.25pM, the design of which is detailed in
Methods, and 18pl of the cDNA mixture were combined. 1uL of forward and
reverse 18S primer was used at a concentration of 10pM. The gPCR reaction
was programmed as follows: 2:30 at 95°C, 40 cycles of 0:15 at 95°C, 0:20 at
55°C, 0:30 at 72°C, concluded with 0:15 each at 55°C, 60°C and 95°C. The data

was analyzed and graphed using Microsoft Excel (Redmond, WA).
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Figure 1A

DIAL 402  --KDSKAEPHFLSILQHLLLYRND === === oo e e e YEARPQYYKLIEEC-- 437
DIA2 429  —-KETRAEGYFISILQHLLLIRND === === mmmmm e YFIRQQYFKLIDEC-- 464
DIA3 417  ——-KDTAAENYFLSILQHFLLIRND === === - o oo e e e YYIRPQYYKIIEEC-- 452
DAAML 372  —=THSEAYPHFMSILHHCLQMPYKR == == = = e SGNTVQYWLLLDRI-- 408
DAAM2 368  —-KYTEAYPCLLSVLHHCLQMPYKR= === === mmm e e NGGYFQQWQLLDRI-- 404
FRLL 393  —-TKNAVLEHMEELQEQVALLTER === —mm e e e LRD---- 417
FRL2 ~ 387  —=TKNAALERVEELEENISHLSEK === = oo e e LQD---- 411
FRL3 390  —-TKNVALEKVEELEEHVSHLTEK === o e o o e LLD---- 414
WHIF1 283  ——SCSPVSAQLLSVLQGLLHLEPT == === mmm e e LRSSQLLWEALESL-- 318
INFL e
FHOD1 384  GPASPVGPT == m = e e e e e e e e e e e e SSTG---- 396
FHOD3 379  SPCSQSAPSFKPNQVRDLREKYSN === e e e e FGNNSYHSSRPSSG---- 416
DELPH 308  SPADNAALKSGDRILFLNGLDMRN= === === e e CSHDKVVSMLQGSGAM-- 347
FMN1 236  GEEGSQDLPAVTNQNSSVG-—-——-——=——m e I TESASSKKEVSGEKSFQLPAFFSGLRVIEKKGATAEG-- 291
FMN2 266  SPDTEQALSALSDLPESLAAEPREPQQPPSPGGLPVSEAPSLPAAQPAAKDSPSSTAFPFPEAGPGEEAAGAPVRGAGDT 345
DIAL 438  — oo 1SQIVLHKN-GADPDFKCR-HLQIE~~====————- IEGL 464
DIA2 465 @ —— e VSQIVLHRD-GMDPDFTYRKRLDLD-~~—~—~-~-~ LTQF 492
DIA3 453 e VSQIVLHCS-GMDPDFKYRQRLDID--~—~—--~-~ LTHL 480
DAAML 409 == 1QQ1VIQNDKGQDPDSTPLENFNIK———— === —————— NV 435
DAAM2 405 = m e LQQIVLQDERGVDPDLAPLENFNVK === === === ——— NI 431
FRLL 418  mmmm e AENE— ==~ e e 421
FRL2 412  mmmmmmmm e TENE-——————mmmm e 415
FRL3 415  mmm e LENE= === m e 418
WHIFL 319 e VNRAVLLAS - === — e e e - DAQ-————mmmm = ECT 333
INFL e
FHOD1 397  —mmm e PALLTGPASSPVGP-——----—————- PSGLQASVNL 420
FHOD3 417  m e SSVPTTPTSSVSPPQEARLERS----SPSGLLTSSFR 449
DELPH 348  — oo PTLVVEEGLVPFASDSDSLDSP----NPSSALTSLQW 380
FMN1 292  ————mmmmmm GETITEIKPKDGDLALLKLTQPVQKSLVQAGLQTVKSEKKATDP i QI EQLSLL 348

FMN2 346 DEEGEEDAFEDAPRGSPGEEWAPEVGEDAPQRLGEEPEEEAQGPDAPAAASLPGSPAPSQRCFKPYPLITPCYIKTTTRQ 425

DIAl 761  QLRRPNWSKEVAEDESQ-DC--------- FWTKVKEDRFEN-NELFAK---LTLTFSAQTKTS------- KAKKDQEGGE 836
DIA2 629  SMRRLNWLK{IRPHEMTE-NC--------- FWIKVNENKYEN-VDLLCK-~-~-LENTFCCQQKER-~-----~ RE---EEDIE 702
DIA3 620  SMKRINWSKEEPTELSE-NC------ FWLRVKEDKFEN-PDLFAK---LALNFATQIKVQ------~- KN---AEALE 692
DAAM1 598  ALKSFNWSKLPENKEE--GT--------- VWTE IDDTKVFK- ILDLED---LERTFSAYQRQQDFFVNSNSKQKEADAID 673
DAAM2 593 NE I DDMQVFR- I LDLED---FEKMFSAYQRHQ--------~- KELGSTE ~ 658
FRLL 630  RMPLLNWVABKPSQIT--GT--------- VFTELNDEKVLQ-ELDMSD---FEEQFKTKSQGP-———----~ SLDLSALK 696
FRL2 613  RMPVFNWVALKPNQIN®SGT--------- VFNE I1DDER I LE-DLNVDE---FEE IFKTKAQGP-~~~~~--- AIDLSSSK 680
FRL3 558  RLPVFNWTALKPNQIS==GT--------- VFSELDDEK I LE-DLDLDK---FEELFKTKAQGP-———-~-—--- ALDLICSK 625
WHIF1 546 QKLEPSNVAREHNS--------- MWASLSSPDAEAVEPDFSS--- I ERLFSFPAAKP--==-————————- KEP 616
INF1 82 RMRSFFWKT IP--EEQVRGKTN-—----~ WFBAARQEHHYQ- IDTKT--- 1EELFGQQEDT T----———-- KSSLPRRG 153
FHOD1 618  KTVKLFWREEKEAGGHGVSASRFGPCAT-LWASLDPVSV----~ DTAR---LEHLFESRAKEV-----——-~ LPS—---- 681
FHOD3 901  KTIRLFWNEVRPFDWPCKNN SKLEP IKV----~ DTSR---LEHLFESKSKEL------~--- SVS----- 963

DELPH 820  SVKRLRWEQVENSE EDSDYDKLSDMVKYLDLELHFGTQKPAK———==———- PVP———-- 881

FMN1 735  PMKPLYWTRIQISDRSQNATPT-------LWDSLEEPDIRDP-SEFEY---LFSKDTTQQKKK----~——-- PLS--ETY 815
FMN2 1262 PMKPENWER1QLHSKRDSSTSL———---~ IWEK 1 EEPS 1 -DC-HEFEE- -~ FSKTAVKERKK~ ===~~~ PIS--DTI 1348
DIA1 837 EKKS—&: EKVKELKVLDSKTAQNL§IFLGSFRMPYQEIKNVILEVNE YEREITIONL IKQMPEPEQLKMLSEL-- 910
DIA2 703 EKKS-- IKKK IKELKFLDSK IAQNLS I FLSSFRVPYEE IRMMI LEVDET|RIWASSIIIONL I KHLPDQEQLNSLSQF-- 773
DIA3 693 EKKTGPTKKKVKELR I LDPKTAQNLS I FLGSYRMPYED IRNV I LEVNEDM-[ISIINRIOI! VKHLPEQKILNELAEL-~ 767
DAAM1 674 DTLS--SKLKVKELSV IDGRRAQNCN I LLSRLKLSNDE IKRA I L TMBIZS[E0]MEKDMLEQLLKFVPEKSDIDLLEEH-~ 747
DAAM2 659 DIYL--ASRKVKELSV IDGRRAQNC I I LLSKLKLSNEE IRQA I LKMDES])W-XOIMEEQL LKF I PEKSDIDLLEEH-~ 732
FRLL 697 SKAA---QKAPSKATL IEANRAKNLA I TLRKGNLGAER 1 CQA 1 EAYDLQ[XEe/MbIZI FI L MRFLPTEYERSLITRF-- 768
FRL2 681 QKIP---QKGSNKVTLLEANRAKNLA I TLRKAGKTADE I CKAIHVFDLKT-LPVDFVEOMERPTENEVKVLRLY -~ 752
FRL3 626 NKTA---QKAASKVTLLEANRAKNLA I TLRKAGRSAEE I CRAIHTFDLQT-LPVRRYSeRINEETEAEVKLLRQY -~ 697
WHIF1 617 TMVAPRARKEPKE I TFLDAKKSLNLN I FLKQFKCSNEEVAAMIRAGDTTK-FDVEVLKQL(NEEIGIF IENLRAF-- 691
INF1 154 RTLNSSHREAREE I TILDAKRSMN1G I FLKQFKKSPRS I VED IHQGK SEIRMESISINREFL KFLPESEEVKKLKAF-- 229
FHOD1 682 -KK-AGEG-RRTMTTVLDPKRSNAINIGLTTL-PPVHV IKAALLNFDEFA-VSKDG I EKLL TIIGRIEEERQK IEEA-~ 752
FHOD3 964 -KKTAADG-KRQE I IVLDSKRSNAINIGLTVL-PPPRT IKIAILNFDEYA-LNKEG I EK I LT JisEaMOK 1IQEA-~ 1035
DELPH 882 -GP-EPFR-KKEVVE I LSHKKAYNTS I LLAHLKLSPAELRQVLMSMEPRR- L EJSIWXJMEI FAPDADEEQRYQ---- 951
FMN1 816 EKKNK-—--VKK 1 IKLLDGKRSQTVGILISSLHLEMKD 1QQAIFNVDDSV-VDLETLAALYENRAQEDELVKIRKYYE 888
FMN2 1349 SKTKA----KQVVKLLSNKRSQAVG I LMSSLHLDMKD 1QHAVVNLDNSV-VDLETLQALYENRIYOEEBEK IEKHGR 1420
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Figure 1A: Formin alignments - Formin protein sequences from Table 1 were analyzed
using COBALT. Amino acids highlighted in light grey are translations of forward primers and
amino acids highlighted in black are translations of reverse primers used for PCR and gPCR
as described in Methods. The vertical line indicates the start of the FH2 domain. The C-
terminal end of the FH1 domain is not depicted in this alignment, and is located upstream of
the amino acids indicating the forward primers used for qPCR (Fig. 1S). The underlined
amino acids indicate the location of intron-exon borders between forward and reverse
primers. For information regarding intron and extron length and position, see Methods.
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Figure 1B: PCR products — PCR performed on DNA from RT-PCR to demonstrate that the
primer pairs for each formin, as listed in Methods, produce unique and specific products of
predicted sizes. Product sizes are above each band in number of base pairs. PCR products
of formin primers were analyzed using electrophoresis on a 2% agarose gel and visualized
using ethidium bromide under ultraviolet light. The gel was photographed using Polaroid
GelCam (Minnetonka, MN) and Fujifilm FP-3000B (Tokyo, Japan) instant black and white
film. The resulting image was scanned using an HP ScanJet5300C (Palo Alto, CA) and
processed using the Microsoft Scanning Wizard and Microsoft Powerpoint (Redmond, WA). A
single example from U20S cells of multiple trials in several cell types is shown as a
representative example.
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Figure 1C — Complete Formin Alignment with Primers

DIAL 1 ME-——————————— PPGGSLGPG----RGTRDKK----KGRSPDELPSAGGDGGKSK---KFTLKRLMADELERFTSMRI 57
DIA2 1 MERHQPRLHHPAQGSAAGTPYPSSASLRGCRESKMPRRKGPQHPPPPSGPEEPGEKRPKFHLN IRTLTDDMLDKFASIRI 80
DIA3 1 ME--QPGA--AASGAGGGSEEPG----- GGRSNK--RSAGNR-—---- AANEEETKNKPKLNIQIKTLADDVRDRITSFRK 64
DAAMI = e M
DAAMZ e M

FRLL s e

FRL2 = = e

FRL3 = e e

WHIFL e

INF1I = s
FHOD1 = =  eeemememe e e M
FHOD3 = = = e
DELPH e

FMN1 e e

FMN2 = e e

DIAL 58 K-KEKEKPNSAH-RNSSASYGDDPTAQ----=--=====————- SLQDVSDEQVLVLFEQMLLDMNLNEEKQQPLREKDIT 119
DIA2 81 PGSKKERPPLPN-LKTAFASSDCSAAPLEM--—-——————- MENFPKPLSENELLELFEKMMEDMNLNEDKKAPLREKDFS 149
DIA3 65 STVKKEKPL IQHP IDSQVAMSEFPAAQ-PL---———=—-- YDERSLNLSEKEVLDLFEKMMEDMNLNEEKKAPLRNKDFT 133
DAAM1 2 APRKRGGRG I SF- I FCCFRNNDHPE I TYRLRNDSNFALQTMEPALPMPPVEELDVMFSELVDELDL TDKHREAMFALPAE 80
DAAM2 2 APRKRSHHGLGF-L-CCFGGSD I PE INLR----DNHPLQFMEFSSP IPNAEELN IRFAELVDELDL TDKNREAMFALPPE 75
FRL1 1 e MGNAAGSAEQPAGPAAP----PPKQPAPP-KQPMPAAGELEERFNRALNCMNLPPDKVQLLSQYDNE 62
FRL2 1 e MGNAGSMDSQQTDFRAH----NVPL-—--- KLPMPEPGELEERFAIVLNAMNLPPDKARLLRQYDNE 58
FRL3 1 e MGNLESAEGVPGE--PP----SVPLLLPPGKMPMPEPCELEERFALVLSSMNLPPDKARLLRQYDNE 61
WHIF1 1 e e MSVKEGAQ 8
INFL = e
FHOD1 2 AGGEDRGDGEPVSVVTVRVQYLEDTDPFACAN-FPEP------ RRAPTCSLD--------- GALPLGAQIPAVHRLLGAP 65
FHOD3 1 e MATLACRVQFLDDTDPFNSTN-FPEP-——--- SRPPLFTFR----=—--- EDLALGTQLAGVHRLLQAP 53
DELPH 1 e MATTATPATNQG-WPEDFGFRLGGSGPCFVLEVAKGSSAHAGGLRPGDQILEVEGLAVGG 59
FMN1I e e

FMN2 e e

DIAL 120 IKREMVSQYLYTSKAGMSQKESSK----SAMMY IQELRSGLRDMPLLS---C-———————————————————— LE-SLRV 170
DIA2 150 TKKEMVMQY INTASKTGSLKRSRQ---1SPQEF IHELKMGSADERLVT---C-====———————— - —— LE-SLRV 201
DIA3 134 TKREMVVQY I SATAKSGGLKNSKHECTLSSQEYVHELRSGISDEKLLN---C-——=—————— == ————————— LE-SLRV 188
DAAM1 81 KKWQ 1'YCSKKKDQEE-NKGATSWP---—-- EFY IDQLNSMAARKSLLA---LE-====————- KEEEEERSKTIE-SLKT 139
DAAM2 76 KKWQ 1YCSKKKEQEDPNKLATSWP-——-—--- DYY IDRINSMAAMQSLYA---FD--------—- EEETEMRNQVVE-DLKT 135
FRL1 63 KKWEL ICDQERFQVK------- NP————- PAAY 1QKLKSYVDTGGVSR---KVAADWMSNLGFKRRVQESTQVLR-ELET 126
FRL2 59 KKWEL 1CDQERFQVK-—----- NP————- PHTY IQKLKGYLDPAVTRK---K-—-===————- FRRRVQESTQVLR-ELEI 112
FRL3 62 KKWDL 1CDQERFQVK—-—----- NP————- PHTY IQKLQSFLDPSVTRK---K-=====———- FRRRVQESTKVLR-ELEI 115
WHIF1 9 RKWAALKEKLGPQDSDPTEANLES------—————————- ADPELCIR---LLQMPSVVN--——————————— YS-GLRK 55
INFI = e
FHOD1 66 LKLEDCALQVSPSGYYLDTELSLEEQREMLEGFYEE ISKGRKPTLILRTQLSVRVNAILEKLYSSSGPELRRSLF-SLK- 143
FHOD3 54 HKLDDCTLQLSHNGAYLDLEATLAEQRDELEGFQDDAGRGKKHS I ILRTQLSVRVHACIEKLYNSSGRDLRRALF-SLK- 131
DELPH 60 LSRER-LVRLARRCPRVPPSLGVLPAPD---GGPGPGSGPAAPTTVLRAPRCGRGLALGRELLRLAGRKRPDAVHRERR- 134
FMN1 e e

FMN2 e

DIAL 171 SLNNNPVSWVQTFGA-E--GLASLLD ILKRLHDEKEETAGSYDSRNKHE--——===== === == —— 216
DIA2 202 SLTSNPVSWVESFGH-E--GLGLLLDILEKL ISGKIQE--KVVKKNQHK--====——-—-— == 245
DIA3 189 SLTSNPVSWVNNFGH-E--GLGLLLDELEKLLDKKQQE--NIDKKNQYK—-=====———— e 232
DAAM1 140 ALRTKPMRFVTRFIDLD--GLSCILNFLKTMDYETSES-—----- RIHTS—= = e 180
DAAM2 136 ALRTQPMRFVTRFIELE--GLTCLLNFLRSMDHATCES------ RIHTS-=———— e 176
FRL1 127 SLRTNHIGWVQEFLNEENRGLDVLLEYLAFAQCSVTYDMESTDNGASNS-EKNKPLEQSVEDLSKGPPSSVP—————-- K 198
FRL2 113 SLRTNHIGWVREFLNEENKGLDVLVEYLSFAQYAVTFDFESVESTVESSVDKSKPWSRS IEDLHRGSNLPSPVGNSVSRS 192
FRL3 116 SLRTNHIGWVREFLNDENKGLDVLVDYLSFAQCSVMFDFEGLESGDDGAFDKLRSWSRS IEDLQPPSALSAPFTNSLARS 195
WHIF1 56 RLEGSDGGWMVQFLEQS--GLDLLLEALARLSGRGVARI--SDALLQLT—======———————mm oo —— 100
INFL =
FHOD1 144 QIFQEDKDLVPEFVHSE--GLSCLIRVGAAADHNYQSY -———————— === 179
FHOD3 132 QIFQDDKDLVHEFVVAE--GLTCLIKVGAEADQNYQNY - == === === — = e e e 167
DELPH 135 RKAQEFSRKVDEILGDQ--PTA-—====——————- KEQ-—====—— e e 157
FMNL e

FMN2 e
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DIAL
DIA2
DIA3
DAAM1
DAAM2
FRL1
FRL2
FRL3
WHIF1
INF1
FHOD1
FHOD3
DELPH
FMN1
FMN2

DIAL
DIA2
DIA3
DAAM1
DAAM2
FRL1
FRL2
FRL3
WHIF1
INF1
FHOD1
FHOD3
DELPH
FMN1
FMN2

DIAL
DIA2
DIA3
DAAM1
DAAM2
FRL1
FRL2
FRL3
WHIF1
INF1
FHOD1
FHOD3
DELPH
FMN1
FMN2

DIAL
DIA2
DIA3
DAAM1
DAAM2
FRL1
FRL2
FRL3
WHIF1
INF1
FHOD1
FHOD3
DELPH
FMN1
FMN2

217
246
233
181
177
199
193
196
101

180
168
158

266
295
282
230
226
279
273
276
150

229
217
197

334
361
349
304
300
346
340
343
217

297
285
256

32

384
411
399
354
350
378
372
375
265

340
328
272
108
107

Chapter 2: Formin expression patterns

——————————————————————————————— 1 IRCLKAFMNNKFG IKTMLETEEG I LLLVRAMDPAVPNMM I DAAKLLSA
——————————————————————————————— VIQCLKALMNTQYGLERIMSEERSLSLLAKAVDPRHPNMMTDVVKLLSA
------------------------------- LIQCLKAFMNNKFGLQRILGDERSLLLLARAIDPKQPNMMTEIVKILSA
——————————————————————————————— LIGCIKALMNNSQGRAHVLAHSESINVIAQSLSTENIKTKVAVLEILGA
——————————————————————————————— LIGCIKALMNNSQGRAHVLAQPEAIST IAQSLRTENSKTKVAVLEILGA
SRHLTIKLTPAHSRKALRNSR IVSQKDDVHVC IMCLRAIMNYQSGFSLVMNHPACVNE I ALSLNNKNPRTKALVLELLAA
GRHSALRYNTLPSRRTLKNSRLVSKKDDVHVC IMCLRAIMNYQYGFNMVMSHPHAVNE IALSLNNKNPRTKALVLELLAA
ARQSVLRYSTLPGRRALKNSRLVSQKDDVHVCILCLRAIMNYQYGFNLVMSHPHAVNE I ALSLNNKNPRTKALVLELLAA
——————————————————————————————— CVSCVRAVMNSRQGIEY ILSNQGYVRQLSQALDTSNVMVKKQVFELLAA
------------------------------- ILRALGQLMLFVDGMLGVVAHSDT IQWLYTLCASLSRLVVKTALKLLLV
------------------------------- ILRALGQIMLYVDGMNGV INRNET IQWLYTL IGSKFRLVVKTALKLLLV

——————————————————————————————— VFAALKQF - - ----—AAEQRVDDLVWTLTL--ALPREACGPLLDNLRI
LCILP---QPEDMNERVLEAMTE-RAEMDEVERFQPLLDGL -—-—— KSGTTIALKVGCLQL INAL I ---TPAEELDFRVH
VCIVG---E-ESILEEVLEALTS-AGEEKK IDRFFCIVEGL----- R-HNSVQLQVACMQL INALV---TSPDDLDFRLH
ICIVG---E-ENILDKLLGAITT-AAERNNRERFSP I VEGL---—-— ENQEALQLQVACMQF INALV---TSPYELDFRIH

VCLVP---G---GHKKVLQAMLHYQKYASERTRFQTL INDLDKSTGRYRDEVSLKTAIMSFINAVLSQGAGVESLDFRLH

VCLVP---G---GHKKVLQAMLHYQVYAAERTRFQTLLNELDRSLGRYRDEVNLKTAIMSFINAVLNAGAGEDNLEFRLH
VCLVR---G---GHD I I LAAFDNFKEVCGEQHRFEKLMEYFR----NEDSN I DFMVACMQF IN I VV---HSVENMNFRVF
VCLVR---G---GHE1 I LSAFDNFKEVCGEKQRFEKLMEHFR----NEDNN I DFMVASMQF IN I VV---HSVEDMNFRVH
VCLVR---G---GHE1 I LAAFDNFKEVCKELHRFEKLMEYFR----NEDSN I DFMVACMQF IN I VV---HSVEDMNFRVH
LC1YS---P--EGHVLTLDALDHYKTVCSQQYRFSIVMNELS----- GSDNVPYVVTLLSVINAVI---LGPEDLRARTQ
FV-—eee- EYSENNAPLFIRAVNSVASTTGAPPWANLVS I LEE---KNGADPELLVYTVTLINKTL---AALPDQDSFYD
FV-———- EYSESNAPLL IQAVTAVDTKRGVKPWSNIMEILEE---KDGVDTELLVYAMTLVNKTL---SGLPDQDTFYD
F1PKKHRARFDEVVSQGLLGKLCRARRAQGAQ------ RLRRS---RSEERPERL----- LVSTRA---SAPPRRP----

---------------------------------------------- MENVDNSLDGSDVSEPAKPE---AGLEVAQSILS
---------------------------------------------- MGNQDGKLKRSAGDALHEGG---GGAEDALGPRD

IRSELMRLGLH-QVLQDLRE IE—— === m oo mmmmmm— NEDMRVQLNVFDEQG-EEDSYDLKGRLDDI -
IRNEFMRCGLK~E ILPNLKC I K== === = m o oo m e NDGLD IQLKVFDEHK-EEDLFELSHRLEDI -
LRNEFLRSGLK-TMLPDLKEKE———==— === = m oo oo NDELD 1QLKVFDENK-EDDLTELSHRLNDI -
LRYEFLMLG1Q-PV IDKLREHE -~ === === — o mmmmmmoo NSTLDRHLDFFEMLR-NEDELEFAKRFELV-
LRYEFLMLGI1Q-PV IDKLRQHE———— == === — oo mmmmmm o NAILDKHLDFFEMVR-NEDDLELARRFDMV-
LQYEFTHLGLD-LYLERLRLTE-—= === —m—m— oo SDKLQVQIQAY —————m oo
LQYEFTKLGLD-EYLDKLKHTE - ===~ == m oo mm oo SDKLQVQUIQAY ~————m e e
LQYEFTKLGLE-EFLQKSRHTE- === === — o mmmmmmmo o SEKLQVQUIQAY—————m oo
LRNEF 1GLQLL~DVLARLRDLE——== == === m oo mmmm oo DADLL IQLEAFEEAK-AEDEEELLR--VSG-
VTDALEQQGMEALVQRHLGTAG-~—== === == —mmm e m e TDVDLRTQLVLYENAL -————————— KLEDG-
VVDCLEELG I AAVSQRHLNKKG-——= === === — = oo e TDLDLVEQLNIYEVAL-=———————— RHEDG-
————————————————————————————————————————————————— DEPPPRRASLLVGGL-~———=——=—~A-————

KFSMKSLFG----FTSKLESVNPEEEDAVLKAFHSLDVNPTSQQDDSSNGLDPQEAGSRVSPDLGNDEKIASVETESEGS
VEATKKGSG----GKKALGKHGKGGGGGGGGGESGKKKSKSDSRASVFSNLR IRKNLSKGKGAGGSREDVLDSQALQTG-

QRKEAGTSLLAQELLPLSTLKGTKDDVICVRG-=========—=——————— TLVHTTSDSDSDDGGQEPEEGS-STNGPK
ELDSAHSLLTKTPDLSLSADEAGLSDTECADPFEVTGPGGPGPAEARVGGRP IAEDVETAAGAQDGQRTSSGS-DTDIYS
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265
294
281
229
225
278
272
275
149

228
216
196

333
360
348
303
299
345
339
342
216

296
284
255
31

383

264

357

283
167
185



Chapter 2: Formin expression patterns

DIAL 392 BV QU LNV m oo o e e e 401
DIA2 419 DV YNV S TV o 428
DIA3 407 BV YHL LY NI~ — m— m o oo 416
DAAM1 362 —QMFEL TRKR L = = = = = e 371
DAAM2 358 ~QMFEL BHKKL = = = = = o o e 367
FRL1 383 DV GAL LB D T m mm m o oo oo 392
FRL2 377 =DV GALLEDAE — = — = — o o 386
FRL3 380 =DV GGLLEDAE — = == = 389
WHIF1 273 ~EVFASLFHKY = = m o oo e e 282
INFL

FHOD1 358 SEEGKRSRRSLL — = = = = = = EGGGCPARAPEPGPT 383
FHOD3 353 EHRGLDRRRSR = = == = = = — RHSVQSIKSTLSAPT 378
DELPH 284 mmKGNKSFGF T = = m— — LRGHGPVWIESVLPG 307
FMN1 168 SPSGVLSEP---—————=——— SQESKENPGGFRENTVTGEMNGAEL CAEDPQR I PPEMSSKLEAGNGGLQTERRPSQDQV 235
FMN2 186 FHSATEQEDLLSD 1QQA IRLQQQQQQQLQLQLQQQQQQQQLQGAEEPAAPPTAVSPQPGAFLGLDRFLLGPSGGAGEAPG 265
DIAL 402 ~—KDSKAEPHFLS I LQHLLLVRND= === = = = — - — m o oo YEARPQYYKLIEEC-- 437
DIA2 429 ~—KETRAEGYF IS ILQHLLLIRND= === == = m—— = o oo YFIRQQYFKLIDEC-- 464
DIA3 417 ~—KDTAAENYFLSILQHFLLIRND= === == m oo oo YYIRPQYYKIIEEC-- 452
DAAM1 372 ——THSEAYPHFMS I LHHCLQMPYKR — === = — —m o oo SGNTVQYWLLLDRI-- 408
DAAM2 368 ~—KYTEAYPCLLSVLHHCLQMPYKR ~— = = = = — - — m o oo NGGYFQQWQLLDRI-- 404
FRL1 393 ~~TKNAVLEHMEELQEQVALLTER= === = = = — - m m oo LRD---- 417
FRL2 387 ~—~TKNAALERVEELEEN I SHLSEK === == m - m o oo LQD---- 411
FRL3 390 ~—~TKNVALEKVEELEEHVSHLTEK = — = = = m oo oo LLD---- 414
WHIF1 283 ~=SCSPVSAQLLSVLQGLLHLEPT = m = — oo oo LRSSQLLWEALESL-- 318
INFL

FHOD1 384 GPASPV P T = = — — — o SSTG---- 396
FHOD3 379 SPCSQSAPSFKPNQVRDLREKY SN—— == = — - — o oo oo FGNNSYHSSRPSSG---- 416
DELPH 308 SPADNAALKSGDR I LFLNGLBEIRN -~~~ ——— == === === = oo mmm e CSHDKVVSMLQGSGAM-- 347
FMN1 236 GEEGSQDLPAVTNQNSSVG——-— === === m—m = e o I TESASSKKEVSGEKSFQLPAFFSGLRVLKKGATAEG-- 291
FMN2 266 SPDTEQALSALSDLPESLAAEPREPQQPPSPGGLPVSEAPSLPAAQPAAKDSPSSTAFPFPEAGPGEEAAGAPVRGAGDT 345
DIAL /T 1SQIVLHKN-GADPDFKCR-HLQIE--————————— IEGL 464
DIA2 465 e VSQIVLHRD-GMDPDFTYRKRLDLD- -~~~ ——-=—~ LTQF 492
DIA3 A53 VSQIVLHCS-GMDPDFKYRQRLD ID==-—————=—— LTHL 480
DAAM1 0 T 1QQ1V IQNDKGQDPDSTPLENFNIK === —=————=—— NV 435
DAAM2 405 e LQQIVLQDERGVDPDLAPLENFNVK-————————=—— NI 431
FRL1 A18 = 421
FRL2 412 TENE-————m—m e e 415
FRL3 415 LENE—m——m oo 418
WHIF1 3 VNRAVLLAS-———————————— DAQ-———————==—— ECT 333
INFL

FHOD1 897 e PALLTGPASSPVGP-———————————— PSGLQASVNL 420
FHOD3 A17 - SSVPTTPTSSVSPPQEARLERS----SPSGLLTSSFR 449
DELPH 348 o PTLVVEEGLVPFASDSDSLDSP----NPSSALTSLQW 380
FMN1 292 mmmmmmmo GETITE IKPKDGDLALLKLTQPVQKSLVQAGLQTVKSEKKATDPRASESESEas TPTHLEQLSLL 348
FMN2 346 DEEGEEDAFEDAPRGSPGEEWAPEVGEDAPQRLGEEPEEEAQGPDAPAAASL PGSPAPSQRCFKPYPLITPCY IKTTTRQ 425
DIAL 465 1DQM I DKTKVEKSEAK — = = = o o o 480
DIA2 493 VD CIDQAKLEEFEEK — - = — — — o e e 508
DIA3 481 IDSCVNKAKVEESEQK — = = = = = = = o o e 496
DAAM1 436 VRMLVNENEVKQWKEQ === = = = = = — o o e 451
DAAM2 432 VNML ENENEVKQWRDQ~ == = = = = = = e 447
FRL1 422 o SMAK B AELEK Q= = = = — = — 432
FRL2 416 -—-—- AMSK BVELEKQ == == = = = = m o e 426
FRL3 VT J— NMMRVAEL EK Q= = = = = = = — o o o 429
WHIF1 334 LEEVVERLLSVKGRPR = = = = = = o e 349
INFL

FHOD1 421 FPTI---SVAPSADTS-—-———————m e mmm SERSHY=mmmmm oo KARFL 444
FHOD3 450 QHQE---SLAAERERRRQEREERLQRIER---~——————- EERNKFSRDYLDKREEQRQA-——-————-—-~ REERYKYL 503
DELPH 381 VAEILPSSIRVQGRTFSQQLEHLLTPPERYGVCRALESFFQHRNIDTL 1VDVYPVLDTPA-——————————— KQVLWQFI 448
FMN1 349 LN IDMPKTEPKGADPESPRREEM-—————— GCNADQESQSGPGVPQTQGGEVKPKSPETALEAFKALF IRPPRKGTTADT 421
FMN2 426 LS--SPNHSPSQSPNQSPR IKRRPEPSLSRGSRTALASVAAPAKKHRADGGLAAGLSRSA-DWTEELGARTPRVGGSAHL 502
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DIAL 481 ~ === AAELEKKLDSEL TA = = = = = = m e 494
DIA2 509 m = ASELYKKFEKEF T Dm = — m — m o 522
DIA3 497 m = AAEFSKKFDEEF TA - = = e 510
DAAM1 452 m e AEKMRKE = = = m e 458
DAAM2 448 m = AEKFRKE = = = = = o e 454
FRL1 433 — == LSQARKELETLRER = = = — = — o o o 446
FRL2 427 == == LMQRNKELDVVRE | == = — = — e 440
FRL3 430 m o LLQREKELES FKE T m — — o o e 443
WHIF1 350 === =PSPLVKAHKSVQAN — = = = = e 363
INFL e
FHOD1 445 ENVAAAETEKQV-—~ALA-———————— oo QBRA— = — 463
FHOD3 504 EQLAAEEHEKELRSRSVS———————————m———— RGRADLSLDLTSPAAPACLAPLSH-—-——————- SPSSSDSQEAL 556
DELPH 449 YQLLTYE-EQELCQEKIACFLG-—-——-—-- YTAMTAEPEPELDLESEPTPEP-QPRSS---—-—---- LRASSMCRRSL 507
FMN1 422 SELEALKRKMRHEKESL ~~ == === === === == RAVFERSNSKPADGPSDS -~ —= === === — = m oo e 456
FMN2 503 LERGVASDSGGGYVSPALAAKASGAPAAADGFQNVFTGRTLLEKLFSQQENGPPEEAEKFCSRI IAMGLLLPFSDCFREPC 582
DIAL T RHELQVEMKKMESDFE ~ 510
DIA2 7 HQETQAELQKKEA--- 535
DIA3 e RQEAQAELQKRDE--- 523
DAAM1 7 e HNELQQKLEKKERECD 474
DAAM2 A5 HMELVSRLERKERECE = 470
FRL1 AT FSESTAMGASRRPPEP 462
FRL2 e YKDANTQVHTLRKMVK ~ 456
FRL3 A YENTSHQVHTLRRLIK 459
WHIF1 864 oo LDQSQRGSSPQNTTTP 379
INF1 1 MHVMN - - - -~ - 5
FHOD1 B4 ETLAGAMPNEAGG-- 476
FHOD3 557 TVSASSPGTPH-——— = m—m oo HPQASAGDPEPES---EAEPEAEAGAGQVADEAGQDI 601
DELPH 508 RSQGLEAGLSC———————m—mm oo GPSECPEMPLPL I - -PGE-—-——————-- RQAGDG- 540
FMN1 457 e KSPDHSLTEQDDRTPGRLQAVWPPPKTKDTEEKVGLKYTEAEYQAAILHLKREHKEEI 514
FMN2 583 NQNAQTNAASFDQDQLYTWAAVSQPTHSLDYSEGQFPRRVPSMGPPSKPPDEEHR--LEDAETESQSAVSETPQKRSDAY 660
FH1
DIAL 511 QKLQ-——————————- DLQGEKDALHSEKQQE ATEKQDLEAEVSQLTGEVAK————— == —m——m e LTKELE 556
DIA2 536 ~KIN-—— e e - ELQAELQAFKSQFGA| ——— = = = m oo e 554
DIA3 524 | EEEE—— ELEAE 1QQLRTQAQV| .~ —m - — o oo 542
DAAM1 475 AKTQ-———————=——— EKEEMMQTLNKMKEK| EKETTEHK-~-~QVKQQVAD—— ===~ = ————m oo LTAQL- 515
DAAM2 471 TKTL-—m—mmmmmmm EKEEMMRTLNKMKDK| ARESQELR- -~ ~QARGQVAE ~———— ==~ - == oo LVAQL- 511
FRL1 463 EKAPP——————————— AAPTRPSALELKVEE| EEKGL ——— === —— —m - m oo IR 490
FRL2 457 EKE-————m—mm - EAIQRQSTLEKK IHE| EKQG T~ === = m = = m oo IK 482
FRL3 460 EKE————————————— EAFQRRCHLEPNVRG| B~ == == m oo 479
WHIF1 380 GR EGQQPAAAAACEPYDHAQSES I = === = — oo LK 407
INF1 6 mmmmmmm e CVmmm o 7
FHOD1 477 e HPDAFRQ~ === = === o e 482
FHOD3 602 ASAH-————————- EGAETEVEQALEQEPEE|-RASLSEKERQ-——————————=—— NEGVNERDNCSASSV-—-——-— 647
DELPH 541 TSLP-——mmmmmeo ETPNPKMMSAVYAELES|-RLNSSFKGKM—-—————=—————————— GTVSKSRASPPGP-——————— 584
FMN1 515 E NLQAQFELRAFHIRGEHAMITARLEET IENLKHELEHRWR-———————————————— GGCEERKDVC I ——————————— 566
FMN2 661 QK-——-- EVVDMKSEGQ-ATVIQQLEQT IED| RTK I AELERQYPALDTEVASGHQGLENGVTASGDVCLEALRLEEKEVR 734
DIAL 3 Z5 DA=— = m—mm oo 558
DIA2 e
DIA3 e
DAAML e
DAAMY e
FRL1 T DL 492
FRL2 483 Q- m oo 484
FRL3 e
WHIF1 408 e VS m oo 409
INFL
FHOD1 T WD = = — - m m o SPET 489
FHOD3 648  ——-—- SSSSSTLEREEKEDKLSRDRTTGLWPAGVQDAGVNGQ-——-~- CGDIL--TNKRFMLDMLYAHN-—---~- RKSPDD 709
DELPH 585  ————- SPAVTTGPRTLSGVSWPSER-—--LLPSPCYHPLCSGG--—-- LASPS--SSESHPYASLDSSR---—-~- APSPQP 643
FMNL e
FMN2 735 HHR I LEAKS IQTSPTEEGGVLTLPPVDGLPGRPPCPPGAESGPQTKFCSE I SLIVSPRRISVQLDSHQPTQSISQPPPPP 814

47



Chapter 2: Formin expression patterns

DIAL 559  ——-———o KKEMASLSAAA B TV = = = = e e 572
DIA2 e

DIA3
DAAML
DAAM2 e

FRL1 11— R=GPGD=—AVS I | — o o oo oo 503
FRL2 485 oo KKGDGD-—---- N 493
FRL3 e

WHIF1 410 ——mmmo Qmm o 410
INF1 8 e S 8
FHOD1 490  —mmmmmmmeee AP—AARTP - == ~QSPAPCVLLRAQR == == === = = — —m o oo 509
FHOD3 710 S EKGDGE-AGRTQ----QE-AEAVASLATRIS-—————— TLQANSQTQDESVRRVDV—-———————- GCLDNRGS 761
DELPH 644  ——mmmmme- GPGP1CPDSP----PSPDPTRPPSRRKLF -~ - - TFSHPVRSRDTD-RFLDV- == - === m o m o= 685
FMN1 567  —mmmmmmmmmmmmmmmmm oo STDDDCPPKTFRNVCVQTDRETFLKPCESESKT ~— == - === oo TRS 602
FMN2 815 SLLWSAGQGQPGSQPPHS I STEFQTSHEHSVSSAFKNSCN I PSPPPL--PCTESSSSMPGLGMVPPPPPPLPGMTVPTLP 892
DIAL 5 < PPSVPS————m—mmmmm o 578
DIA2 e

DIA3 e
DAAML e
DAAMY e

FRL1 BOA oo LPV—AV—mm oo mmmm - 508
FRL2 A94 LPVVAS———————mmmmmeo o 499
FRL3 e

WHEFL oo

INF1 9 = LVSDKEN — = = m e 15
FHOD1 510  —mmmmmmmmmmmmme SLAP--EPKE---—-- PL---IPASPKAEP-— IW---—-—— ELPTRA---PR-LSIGDLDFSDL 549
FHOD3 762 VKAFAEKFNSGDLGRGS I SPDAEPND-————— KVPETAPVQPKTESDY IW---—-—— DQLMAN---PRELRIQDMDFTDL 825
DELPH 686 ~—-LSEQ-—-——————- LGPRVTIVD--—-—- DF--LTPENDYEEMSFHD-----—— DQGSFV---TNERSSASDCISSS 734
FMN1 603 NQLVPKKLN I S--SLSQLSPPNDHKD IHAALQPMEGMASNQQKALPP — — — = =~ = - m oo 647
FMN2 893 STAIPQPPPLQ--GTEMLPPPPPPLP-GAG I PPPPPLPGAG I LPLPPLPGAG I PPPPPLPGAAIPPPPPLPGAGIPLPPP 969
DIAL 579  —mmmmmmmmem o RAPVPPAPPLPGD —— — = = == = == m oo SGTHIPP————— 598
DIA2 e

DIA3 e
DAAML e
DAAM2 e

FRL1 10] [ ATPSGGDAPTPGY — — = = = = — oo e P-TGSPS---—-- 527
FRL2 1010 [ GTLSMGSEVVAGN ~ = = == = = == m oo Y/ 515
FRL3 480  —mmmmmmmmmmmmo SVDSEALA—— = —— — oo R-VG-———————— 490
WHEFL oo

INFL
FHOD1 550 GEDEDQ—— == = == = = 555
FHOD3 826 =113 ) 831
DELPH 735 EE GBS S~ — == — 740
FMNL e

FMN2 970 LPGAG IPPPPPLPGAG I PPPPPLPGAG I PPPPPLPGAG | PPPPPLPGAG | PPPPPLPGAG I PPPPPLPGAGIPPPPPLPG 1049
DIAL e PPAPGDSTTPPPPPPPPPPPPPLPGGVCISSPPSLPGGTAI 639
DIA2 7 PAD---CNIPL--———=——— PPSKEGGTGH 572
DIA3 7 SSSSGIPGPPA-—-————-- APPLPG-VGP 562
DAAM1 B16 mmmmmmmmmm e HELSRRAVCA=——————————m—— oo = 525
DAAM2 B12 oo SELSTOPV———m—m oo 519
FRL1 7 P-—-—-DLAPAAEPAPGAAPPPP -~ ——————— PPLPG---- 550
FRL2 516  —mmmmmmmmmmmmmm e P-——-TMGAASS---GPLPPPP-————————— PPLPP---- 535
FRL3 491 S AELS---EGMPPSD——————=——— LDLLA---- 507
WHIF1 811 e PR-———— ALEQQASTPPPPPPP—————————- PLLPGSSAE 436
INF1 16 GN 17
FHOD1 556 —mmmmmmmmmmmmmmmmmmmmmoo DMLNVESVEAGKDIPA-————————————— Y PPLPLLSGV 582
FHOD3 832  mmmmmmmmmmmmmmm DVLDVDL--GHREAPG-—————————=——— PPP—————mmme - PPPPTFLGL 857
DELPH 741 e TYSSISDHIPPPPLSP-————————————— PPP———— o PPLPFHDA- 767
FMN1 BA8  mm oo PPASIPPP—————————- PPLPSGLGS 664
FMN2 1050 AGIPPPPPLPGAG I PPPPPLPGAG I PPPPPLPGAG I PPPPPLPGAG I PPPPPLPGVG I PPP—————————— PPLPG--AG 1117
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DIAL 640 SPPPPLSGDAT IPPPPPLPEGV----- GIPSPSSLPGGTAIPPPPPLPGSARIPP-PPPP-LPGSA-GIPPPPPPLPGEA 711
DIA2 573 SAL——--————— PPPPPLPSGG----- GVPPPPP----—- PPPPPPLPG-MRM-P-FSGP-VP-——--~ PPPPLGFLGGQ 622
DIA3 563 PPP-——mmmm - PPAPPLPGGA--------~~ PL------ PPPPPPLPGMMG I -P-PPPP-PPLLF-GGPPPPPPLGG-- 611
DAAM1 526 = —mmmmmmmmmmmmmmmmmmeeee SIPGGPS-------—-———- PGAPGGP--FPSS-VPGSL-LPPPPPPPLPGGM 561
DAAM2 520  mmmmmmmmmmmmmmmmmmeemeeeeee o 8S-—-mmmmmmm o PPPPGGPLTLSSS-MTTND-LPPPPPPLPFACC 552
FRL1 551 LPSPmmmmm e e QEAPP----SAPPQAPPLPGSPEPPP--APP-LPGDLPPPPPPPPPPPGTD 598
FRL2 536 SSDT—— === PETVQ----NGPV-TPPMPPPPPPPP--PPP-PP----PPPPPPPPLPGPA 578
FRL3 508 PAPP = ——mmm oo PEEVL---=------- PLPPPPAPPL--PPP-PP----PLPDKCPP----- 539
WHIF1 437 PPPP-------- PPPPPLPSVGAKALPTAPPPPPL-------- PGLGAMAPPAPP-LPPP-LPGSCEFLPPPPPPLPGLG 498
INF1 18 IATAPGFMIGQTPPPAPPP—-—————- PPPPPPP——--—-——— SPPCSCSREECP-SSPP-PP-————--- PPPPLPG-- 68
FHOD1 583 PPPPP----- L-PPPPPIKGPF -~~~ PPPPPL-=====mmmmmm— - PLAAP-LPHS-VPDS---=====—=————-~ 617
FHOD3 858 PPPPPPPLLDS-1PPPPVPGNLL-~~~~ VPPPPVF———— e NAPQG-LGWSQVPRG-~========— =~ 900
DELPH 768 -KPSSRSSDGSRGPAQALAKPLTQLSHPVPPPPP - === == ———mm o e oo - PP-LPPP-VPCA------- PPMLSR-- 816
FMN1 665 LSPAPPMPPVSAGPPLPPP-------- PPPPPPL-==------ PPPSSAGPPPPP-PPPP-LPN------ SPAPPNPG-- 717
FMN2 1118  IPPPPPLPGAGIPPPPPLPGAGI----PPPPPLPRVG-----

DIAL 712 GMPPPPPPLPGGPG I PPPPP------- FPGGPGIP-------- PPPPGMGMPPPP-~~--~-- PFGFGVPAA--------- 760
DIA2 623 NS PP L P m = = = o o o e 628
DIA3 612 VP PPPG == = = e e e R 619
DAAM1 562 LPPPPPPLPPGGPPPPPGPP-~~~~~~ P-LGAIMP-------- PP----GAPM-=-===—=— ===~ GLA-—————————— 597
DAAM2 553 PPPPPPPLPPGGPPTPPGAP-~-~-~---- PCLGMGLP-------- LP----QDPYPS------- S—--DVP--————m 592
FRL1 599 GPVPPP--PPPPPPPPGGPP----------- DALG-------- RRD-------- S------- ELGPG-=======----- 629
FRL2 579 AETVPA--PPLAPPLPSAPP-----—- L---PGTS-------- SPT---————- Vemm oo VFNSGLA-—————————~ 612
FRL3 540  —mmmmmmmmmmmmmee- APP——————— L---PG-A------—- APS———————- Voo VLTVGLS-—————————~ 557
WHIF1 499 CPPPPPPLLPGMGWGPPPPP------- PPLLPCTC-------- SPPV--AGGMEE------- VIVAQVDHG--------- 545
INF1 69 ~EPP I P == PP PP G L~ PP m — = m m o o o o 81
FHODL e
FHOD3 e
DELPH 817  mmmmmmmmmmmmmmmeeee GLG= === 819
FMN1 718 =GPPPA==PPPPGLAP PP PP — = = = o o 734
FMN2 1184  IPPPPP--LPGVGIPPPPPLPGAGIPPPPPLPGMG I PPAPAPPLPPPGTGIPPPPLLPVSGPPLLPQVGSSTLPTPQVCG 1261
DIAL 761 -=-PVLPFGLT--====----- PKKLYKPEVQLRRPNWSKLVAEDLSQ-DC--~---~--~~ FWTKVKEDRFEN-NELFAK- 814
DIA2 629 -===ILPFGLK-=====----- PKKEFKPE I SMRRLNWLKIRPHEMTE-NC--------- FWIKVNENKYEN-VDLLCK- 681
DIA3 620 -=-LNLPYGMK========~~ QKKMYKPEVSMKR INWSK IEPTELSE-NC--------~ FWLRVKEDKFEN-PDLFAK- 673
DAAM1 598 = —-mmm---- LK=mmmmmmmm - KKS I PQPTNALKSFNWSKLPENKLE--GT-=----~~~ VWTEIDDTKVFK-ILDLED- 644
DAAM2 593  —mmmmmee- LR-======———- KKRVPQPSHPLKSFNWVKLNEERVP=-GT-------~~ VWNE IDDMQVFR-ILDLED- 639
FRL1 630  —-------- VK== AKKP 1QTKFRMPLLNWVALKPSQIT--GT--------~ VFTELNDEKVLQ-ELDMSD- 676
FRL2 613 = —------- AVK-—————————— IKKP IKTKFRMPVFNWVALKPNQIN--GT--------- VFNEIDDERILE-DLNVDE- 660
FRL3 558 = —------- AIR-—————————— I KKP IKTKFRLPVFNWTALKPNQIS-~GT-------~~ VFSELDDEKILE-DLDLDK- 605
WHIF1 546 ---LGSAWVPS----——————- HRRVNPPTLRMKKLNWQKLPSNVAREHNS -~~~ -~~~ MWASLSSPDAEAVEPDFSS- 601
INF1 82— TTHMNGYSHLGKKKRMRSFFWKT I P-~EEQVRGKTN-——~-—— IWTLAARQEHHYQ- IDTKT- 133
FHOD1 618  ——mmmmmmmmmmmmmmmmmee- S-ALPTKRKTVKLFWRELKLAGGHGVSASRFGPCAT-LWASLDPVSV----- DTAR- 666
FHOD3 901  mmmmmmmmmmmmmmmmeee e QPTFTKKKKT IRLFWNEVRPFDWPCKNNRR-~-~CREFLWSKLEP IKV----~ DTSR- 948
DELPH 820 @ —mmmmmm e HRRSETSHMSYRRERWEGVENSEGT——--———-————— IWGQLGEDSDYDKLSDMVKY 864
FMN1 735 ———mm--- GLFFGLGSSSSQCPRKPAIEPSCPMKPLYWTRIQISDRSQNATPT------~ LWDSLEEPDIRDP-SEFEY- 797
FMN2 1262  FLPPPLPSGLF-GLGMNQDKGSRKQP IEPCRPMKPLYWTRIQLHSKRDSSTSL------- IWEKIEEPSI-DC-HEFEE- 1330
DIAL 815 --LTLTFSAQTKTS------- KAKKDQEGGEEKKS-544%KVKELKVLDSKTAQNLSIFLGSFRMPYQEIKNVILEVNEA 884
DIA2 682 --LENTFCCQQKER------- RE---EEDIEEKKS-- I[KKKIKELKFLDSK IAQNLSIFLSSFRVPYEEIRMMILEVDET 747
DIA3 674 --LALNFATQIKVQ------- KN---AEALEEKKTGPTKKKVKELRILDPKTAQNLSIFLGSYRMPYEDIRNVILEVNED 741
DAAM1 645 --LERTFSAYQRQQDFFVNSNSKQKEADAIDDTLS--SKLKVKELSV IDGRRAQNCNILLSRLKLSNDE IKRAILTMDEQ 720
DAAM2 640 --FEKMFSAYQRHQ--------~~ KELGSTEDIYL--ASRKVKELSV IDGRRAQNC I ILLSKLKLSNEEIRQAILKMDEQ 705
FRL1 677 --FEEQFKTKSQGP--------- SLDLSALKSKAA---QKAPSKATL IEANRAKNLAITLRKGNLGAERICQAIEAYDLQ 742
FRL2 661 --FEEIFKTKAQGP--------- AIDLSSSKQK IP---QKGSNKVTLLEANRAKNLAI TLRKAGKTADE ICKAIHVFDLK 726
FRL3 606 --FEELFKTKAQGP-—-----—- ALDL ICSKNKTA---QKAASKVTLLEANRAKNLA I TLRKAGRSAEEICRAIHTFDLQ 671
WHIF1 602 -~ 1ERLFSFPAAKP--~== ===~~~ ——- KEPTMVAPRARKEPKE I TFLDAKKSLNLN I FLKQFKCSNEEVAAMIRAGDTT 665
INF1 134 --1EELFGQQEDTT--------- KSSLPRRGRTLNSSHREAREE I TILDAKRSMNIG I FLKQFKKSPRSIVEDIHQGKSE 202
FHOD1 667 --LEHLFESRAKEV-=-=------- LPS------ KK-AGEG-RRTMTTVLDPKRSNAINIGLTTL-PPVHVIKAALLNFDEF 726
FHOD3 949 --LEHLFESKSKEL-=------- SVS------ KKTAADG-KRQE I IVLDSKRSNAINIGLTVL-PPPRTIKIAILNFDEY 1009
DELPH 865 LDLELHFGTQKPAK-—--~--—~ PVP-————- GP-EPHR-KKEVVE I LSHKKAYNTS ILLAHLKLSPAELRQVLMSMEPR 927
FMN1 798 --LFSKDTTQQKKK=-=--=--~~~ PLS--ETYEKKNK-~--VKKI IKLLDGKRSQTVGIL I SSLHLEMKDIQQAIFNVDDS 860
FMN2 1331  --LFSKTAVKERKK--------- P1S--DTISKTKA-~--KQVVKLLSNKRSQAVG I LMSSLHLDMKDIQHAVVNLDNS 1392
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V-LTESMIQNL IKQMPEPEQLKMLSEL ---KDE---YDDLAESEQFGVVMGTVPRLRPRLNAILFKLQFSEQVENIKPEI
R=LAESMIQNL 1 KHLPDQEQLNSLSQF---KSE---YSNLCEPEQFVVVMSNVKRLRPRLSAILFKLQFEEQVNNIKPDI
M-LESEALIONLVKHLPEQKILNELAEL ---KNE---YDDLCEPEQFGVVMSSVKMLQPRLSSILFKLTFEEHINNIKPSI
EDLPKDMLEQLLKFVPEKSD IDLLEEH---KHE---LDRMAKADRFLFEMSR INHYQQRLQSLYFKKKFAERVAEVKPKYV
EDLAKDMEEQLLKFIPEKSD IDLLEEH---KHE---1ERMARADRFLYEMSR IDHYQQRLQALFFKKKFQERLAEAKPKV
A-LGLDELELLMRFLPTEYERSL I TRF---EREQRPMEELSEEDRFMLCFSRIPRLPERMTTLTFLGNFPDTAQLLMPQL
T-LPVDFVECLMRELPTENEVKVLRLY---ERERKPLENLSDEDRFMMQFSK I ERLMQKMT IMAF IGNFAES IQMLTPQL
T-LPVDEVECLMRELPTEAEVKLLRQY---ERERQPLEELAAEDRFMLLFSKVERLTQRMAGMAFLGNFQDNLQMLTPQL
K-FDVEVLKQLEKELEPEKHE I ENLRAF---TEE---RAKLASADHFYLLLLAIPCYQLRIECMLLCEGAAAVLDMVRPKA
H=YGSETLREFLKFLPESEEVKKLKAF-----— SGDVSKLSLADSFLYGL IQVPNYSLRIEAMVLKKEFLPSCSSLYTDI
A-VSKDGIEKLLTMMPTEEERQK 1 EEA----QLANPDIPLGPAENFLMTLAS I GGLAARLQLWAFKLDYDSMERE IAEPL
A-LNKEGIEKILTMIPTDEEKQK I QEA----QLANPE IPLGSAEQFLLTLSS I SELSARLHLWAFKMDYETTEKEVAEPL
R-LEPAHLAQLLLFAPDADEEQRYQ------ AFREAPGRLSEPDQFVLOMLSVPEYKTRLRSLHFQATLQEKTEE IRGSL
V-VDLETLAALYENRAQEDELVKIRKYYETSK-EEELKLLDKPEQFLHELAQIPNFAERAQCI IFRSVFSEGITSLHRKV
V-VDLETLQALYENRAQSDELEK I EKHGRSSKDKENAKSLDKPEQFLYELSL IPNFSERVFCILFQSTFSESICSIRRKL

VSVTAACEELRKSESFSNLLEITLLVGNYMNAGSRN-AGAFGFNISFLCKLRDTKST-DQKMTLLHFLAELCEN----- D
MAVSTACEE IKKSKSFSKLLELVLLMGNYMNAGSRN-AQTFGFNLSSLCKLKDTKSA-DQKTTLLHFLVEICEE----- K
TAVTLACEELKKSESFNRLLELVLLVGNYMNSGSRN-AQSLGFKINFLCKIRDTKSA-DQKTTLLHFIADICEE----- K
EAIRSGSEEVFRSGALKQLLEVVLAFGNYMNKGQR--GNAYGFKISSLNKIADTKSSIDKNITLLHYLITIVEN----- K
EAILLASRELVRSKRLRQMLEVILAIGNFMNKGQR--GGAYGFRVASLNKIADTKSSIDRNISLLHYLIMILEK----- H
NATTAASMS IKSSDKLRQILEIVLAFGNYMNSSKR--GAAYGFRLQSLDALLEMKST-DRKQTLLHYLVKVIAE-—--- K
HATTAASVSIKSSQKLKKILEI ILALGNYMNSSKR--GAVYGFKLQSLDLLLDTKST-DRKQTLLHY ISNVVKE-—--- K
NATTAASASVKSSQKLKQMLE I ILALGNYMNSSKR--GAVYGFKLQSLDLLLDTKST-DRKMTLLHFIALTVKE----- K
QLVLAACESLLTSRQLPIFCQLILRIGNFLNYGSHT-GDADGFKISTLLKLTETKSQ-QNRVTLLHHVLEEAEK-—--- S
TVLRTAIKELMSCEELHS ILHLVLQAGN IMNAGGYA-GNAVGFKLSSLLKLADTKAN-KPGMNLLHFVAQEAQK----- K
FDLKVGMEQLVQNATFRCILATLLAVGNFLNGSQ----- SSGFELSYLEKVSEVKDT-VRRQSLLHHLCSLVLQ----- T
LDLKEGIDQLENNKTLGFILSTLLAIGNFLNGTN----- AKAFELSYLEKVPEVKDT-VHKQSLLHHVCTMVVE----- N
ECLRQASLELKNSRKLAKILEFVLAMGNYLNDGQPKTNKTTGFKINFLTELNSTKTV-DGKSTFLHILAKSLSQ----- H

E1ITRASKDLLHVKSVKD ILAL ILAFGNYMNGGNRTRGQADGYSLE I LPKLKDVKSR-DNG INLVDYVVKYYLRYYDQEA
ELLQKLCETLKNGPGVMQVLGLVLAFGNYMNGGNKTRGQADGFGLD I LPKLKDVKSS-DNSRSLLSY IVSYYLRNFDEDA

YPDVLKFP-DELAHVEKASRVSAENLQKNLDQMKKQ I SDVERDVQNFPA--ATDEKDKFVEKMTSFVKDAQEQYNKLRMM
YPDILNFV-DDLEPLDKASKVSVETLEKNLRQMGRQLQQLEKELETFPP--PEDLHDKFVTKMSRFV ISAKEQYETLSKL
YRD I LKFP-EELEHVESASKVSAQILKSNLASMEQQ 1'VHLERD I KKFPQ--AENQHDKFVEKMTSFTKTAREQYEKLSTM
YPSVLNLN-EELRD IPQAAKVNMTELDKE I STLRSGLKAVETELEYQKSQ-PPQPGDKFVSVVSQF I TVASFSFSDVEDL
FPDILNMP-SELQHLPEAAKVNLAELEKEVGNLRRGLRAVEVELEYQRRQ-VREPSDKFVPVMSDFITVSSFSFSELEDQ

YPQLTGFH-SDLHFLDKAGSVSLDSVLADVRSLQRGLELTQREFVRQDD———=—=———- CMVLKEFLRANSPTMDKLLAD
YHQVSLFY-NELHYVEKAAAVSLENVLLDVKELQRGMDLTKREYTMHDH---——-—---— NTLLKEFILNNEGKLKKLQDD
YPDLANFW-HELHFVEKAAAVSLENVLLDVKELGRGMEL IRRECSIHD---—-==———- NSVLRNFLSTNEGKLDKLQRD
HPDLLQLP-RDLEQPSQAAGINLE I IRSEASSNLKKLLETERKVSASVA----EVQEQYTERLQASISA----FRALDEL
DTILLNFS-EKLHHVQKTARLSLENTEAELHLLFVRTKSLKENIQRDGE--------- LCQQMEDFLQFAIEKLRELECW

RPESSDLY-SEIPALTRCAKVDFEQLTENLGQLERRSRAAEESLRSLAK---HELAPALRARLTHFLDQCARRVAMLRIV
FPDSSDLY-SE1GAITRSAKVDFDQLQDNLCQMERRCKASWDHLKAIAK---HEMKPVLKQRMSEFLKDCAERI I ILK1V
FPELLGFA-QDLPTVPLAAKVNQRALTSDLADLHGT ISE1QDACQSISP----SSEDKFAMVMSSFLETAQPALRALDGL
GTEKSVFPLPEPQDFFLASQVKFEDL IKDLRKLKRQLEASEKQMVVVCKESPKEYLQPFKDKLEEFFQKAKKEHKMEESH
GKEQCLFPLPEPQDLFQASQMKFEDFQKDLRKLKKDLKACEVEAGKVYQVSSKEHMQPFKENMEQF I IQAKIDQEAEENS

HSNMETLYKELGEYFLFDPKK----LSVEEFFMDLHNFRNMFLQAVKEN-QKRRETEEKMRRAKLAKEKA---——————-
HENMEKLYQS11GYYAIDVKK----VSVEDFLTDLNNFRTTFMQAIKEN-IKKREAEEKEKRVRIAKELA----————--
HNNMMKLYENLGEYF IFDSKT----VSIEEFFGDLNNFRTLFLEAVREN-NKRREMEEKTRRAKLAKEKA--————————
LAEAKDLFTKAVKHFGEEAGK----1QPDEFFG I FDQFLQAVSEAKQENENMRKKKEEEERRARMEAQLK--==——=—-—
LNEARDKFAKALMHFGEHDSK----MQPDEFFG I FDTFLQAFSEARQDLEAMRRRKEEEERRARMEAMLK - === —————-
SKTAQEAFESVVEYFGENPKT----TSPGLFFSLFSRF IKAYKKAEQEV-EQWKK-EAAAQEAGADTPGKGEPPAPKSPP
AKTAQDAFDDVVKYFGENPKT----TPPSVFFPVFVRFVKAYKQAEEEN-ELRKKQEQALMEKLLEQEALMEQQDPKSPS
AKTAEEAYNAVVRYFGESPKT----TPPSVFFPVFVRF IRSYKEAEQEN-EARKKQEEVMREKQLAQEA--KKLDAKTPS
FEATEQKQRELADYLCEDAQQ----LSLEDTFSTMKAFRDLFLRALKEN---KDRKEQAAKAERRKQQLA----—-———-
KQELQDEAYTL IDFFCEDKKT----MKLDECFQ I FRDFCTKFNKAVKDN--HDREAQELRQLQRLKEQEQ-KQRSWATGE
HRRVCNRFHAFLLYLGYTPQAA-REVRIMQFCHTLREFALEYRTCRERV--LQQQQKQATYRERNKTRGR-MITE--TEK
HRRI INRFHSFLLFMGHPPYAI-REVNINKFCR1 ISEFALEYRTTRERV--LQQKQKRANHRERNKTRGK-MITD--SGK
QREAMEELGKALAFFGEDSKA----TTSEAFFGIFAEFMSKF----ERA--LSDLQA--————————- GE-GLRS--SGM
LENAQKSFETTVRYFGMKPKSGEKE I TPSYVFMVWYEFCSDFK--------—-—-—-—-——- -
LTETHKCFLETTAYFFMKPKLGEKEVSPNAFFS IWHEFSSDFK-======———— ===
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—————— EKERLEKQQKREQL IDMNAEGDETGVMDSLLEALQSGAAF---------R--RKRGPRQA------=——————- 1221
—————— ERERLERQQKKKRLLEMKTEGDETGVMDNLLEALQSGAAF---~------RDRRKRTPMPKDVRQSLSPMSQRPV 1100
—————— EQEKLERQKKKKQL 1D INKEGDETGVMDNLLEALQSGAAF---------RDRRKRIPR---=-==————————— 1078
—————— EQRERERKMRKAK-----ENSEESGEFDDLVSALRSGEVFDKDLSKL--KRNRKRITNQM-----TDSSRERP1 1073
—————— EQRERERWQRQRKVLAAGSSLEEGGEFDDLVSALRSGEVFDKDLCKL--KRSRKRSGSQA-----LEVTRERAI 1063
-KARRPQMDL I SELKRRQQKEPL I YESDRDGAIEDIITVIKTVPFT-——--- A--RTGKRTS--RLLCEASL----GEEM 1098
HKSKRQQQEL IAELRRRQVKDNRHVYEGKDGAIED I ITDLRNQPYR-——--— R--ADAVRRSVRRRFDDQNLRSVNGAEI 1090
QRNKWQQQEL IAELRRRQAKEHRPVYEGKDGTIED I ITVLKSVPFT-——--- A--RTAKRGS--RFFCD----AAHHDES 1026
————— EEEARRPRGEDGKPVRKGPGKQEEVCV IDALLAD IRKGFQLRKTA-------RGRGDTDGGSKAASMDPPRATEP 1013
LGAFGRSSSENDVELLTKKGAEG-----————--— LLPFLHPRP ISPSSPSYRPPNTRRSRLSLGPSADRELLTFLESST 559

FSGVAGEAPSNPSVPVAVSSGPGRGDADSHASMKSLL-TSRP--EDTT-—----- HNRRSRGMVQSSSP--IMPTVGPST 1088
FSG---SSPAPPSQPQGLSYAE---DAAEHENMKAVLKTSSPSVEDATPALGVRTRSRASRGSTSSW--—-===————= T 1365
VS P L AW = = = e e e e 1211
——————— NRKAGCAVTSLLASELTKDDAMAAVPAKVSKNSETFPTl----------—-—-—-———-L EEAKELVGRAS----- 1272
LKVCNHENQKVQLTEGSRSHYNINCNSTRTPVAKELNYNLDTHTSTGR IKAAEKKEACNVESNRKKETELLGSFSKNESV 1180
----NPDNRRVPL-ERSRSRHN--=- === === === GAISSK--- 1101
TKL-NF === = e e e e e e e 1078
NRL-NY === e e e e e e e e e e e 1068
PL——— e 1100
TM=m e e e 1092
NC—— e e 1028
VATSNPAGDPVGSTRCPASEPGLDATTASESRGWDLVDAVTPGPQP-TLEQLEEGGPRPLERRSSWYVDASDVLTTEDPQ 1092
GSPEEPNK-—————————- FHSLPRSSPRQARPT IA--CLEPAEVRHQDSSFAHK---PQASGGQEEAPNPPSAQAHQLA 623

ASPEEPPGSSLPSDTSDE IMDLLVQSVTKSSPRALA--ARERKRSRGNRKSLRRT---LKSGLGDDLVQALGLSKGPGLE 1163
MGTDDSP--NVTDDAADE IMDRIVKSATQVPSQRVV--PRERKRSRANRKSLRRT---LKSGLTPEEARALGLVGTSELQ 1438

CPQPLEGAWPVTLGDAQALKPLKFSSNQPPAAGSSRQDAKDPTSLLGVLQAEADSTSEGLEDAVHSRGARPPAAGPGGDE 1172
AAQPENHASAFPRARRQGVSVLRKRYSEPVSLGSAQSPPLSPLAL-GIKEHEL-VTGLAQFNLQGSQGMEETSQLTLSDF 701

e 1164
Lm m o 1439
------------------------------------------------------------------------------ DF 1675

DEDEEDTAPESALDTSLDKSFSEDAVTDSSGSGTLPRARGRASKGTGKRRKKRPSRSQEEVPPDSDDNKTKKLCVIQ--- 1249
SPMELESVGHRG-PQSLSASSSSLTPMGRDALGSLSPALEDGKAAPDEPGSAALGSVGSSDPENKDPRPLFCISDTTDCS 780
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———————————————————————————————————————————————————————————————————————————— TIWK 1144
------------------------------------------------------------------------------ WK 1677

RE-————- SKNISKERL———— === ———mm oo KMAQESVSKLTSEKKVETK=—=——————— oo 1174
KENKL--—---- LLQERV——m—m—mmmm oo KEAEEVCRQKKGKSLY~ == === — == m e 1704

52



Chapter 2: Formin expression patterns
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Figure 1C — Complete human formin amino acid alignment.

Formin alignment was performed using COBALT on 3/30/2012 with the accession numbers
listed in Methods. Amino acids highlighted in yellow are translations of forward primers and
amino acids highlighted in green are translations of reverse primers used for PCR and qPCR
as described in Methods. Two additional sets of primers were made against delphilin, with the
amino acids encoded by the forward primers highlighted in pink and those encoded by the
reverse primers highlighted in blue.
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Primer design

Custom primer pairs were designed and synthesized for each formin to span the
FH1 and FH2 domain linkage of each formin. The products of each primer pair
range from 179 to 355 base pairs, averaging 307 bp. Oligonucleotide annealing
locations are indicated in Figure 1A and in the complete proteins in Figure 1C.
Each set of formin primers, except for FMN1 spans at least one intron, with an
average intron size of 9745 bp, and ranging from 83 bp to 107733 bp. The
product sizes corresponded to the combined size of the exons, showing that no
genomic DNA was present in the PCR reactions. Intron-exon boundaries in the
primer product regions are indicated by an underlined amino acid. Oligo(dT)2o
was used for RT-PCR, resulting in retro-transcription starting from the C-terminal
end only. The primers used for gPCR and qualitative PCR are equidistant from
the C-terminus, with the exception of the inverted formin INF1 and FMN1. A
component of the oligo design stemmed from our search for comparable regions
within target templates across all formins, following RNA and DNA alignments, as

performed using COBALT.

Primers used for qPCR

DAAM1
NP_055807 1078 aa linear PRI 28-JAN-2012
NM_014992 4256 bp MRNA |

inear PRI 28-JAN-2012
5- GCC CGA GAA CAA ACT GGA AGG -3
Bp 1979 - 1999
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AA 620 - 627

5-GGG CAGATCTTCCTG TTC GTC C -3

Bp 2276 - 2297

AA 718 -724

product size 319 bp, spans exons 15-19, spans introns sized 1659, 7358, 4902,
1243

DAAM2
NP_001188356 1068 aa linear PRI 09-SEP-2011
NM_015345 6252 bp mMRNA linear PRI 28-NOV-2011

5-GGA GCG TGT CCC TGG CAC CGTATG G -3

Bp 2048-2072

AA 616-623

5-CCA GCATGT CCT TAG CAAGGT CCT CC -3

Bp 2318-2343

AA 706-713

product size 296 bp, spans exons 16-18, bridges introns sized 1086, 2577

Delphillin

NP_001138590 1211 aa linear PRI 15-AUG-2011

NM_ 001145118 4632bp mMRNA linear PRI 15-AUG-2011

5- GGC ACC ATC TGG GGT CAG CTC GGG G -3

Bp 2527 - 2551

AA 843 - 850

5- GCC CGC ACATCT CGC GCA GCT GCT GC -3

Bp 2790 — 2815

AA 932 - 940

product size 289 bp, spans exons 13-16, bridges introns sized 2077, 949, 1105

Delphillin
NP_001138590 1211 aa linear PRI 15-AUG-2011
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NM_001145118 4632bp mRNA linear PRI 15-AUG-2011
5- GCG TCA AGC GCT TGC GGT GGG AAC AGG -3

Bp 2486-2512

AA 831-838

5- GGA CCA GTT CGT CCT GCA GGT GC -3

Bp 2889-2911

AA 964-970

product size 426 bp

Delphillin

NP_001138590 1211 aa linear PRI 15-AUG-2011
NM_001145118 4632 bp mRNA linear PRI 15-AUG-2011
5- GGA CAT GAG GTC AGA GGC TAT TGG (sequence =
AACTGCTCCCACGA) -3’

Bp 981-990

AA 328-331

5- CCA GCA CAG GAA CAT CGACACCC -3

Bp 1260-1282

AA 421-427

product size 301 bp

Dial
NP_005210 1272 aa linear PRI 18-DEC-2011
NM_005219 5804 bp mRNA linear PRI 18-DEC-2011

5 - GCTTGTGGCTGAGGACCTCTCCC -3

Bp 2499 - 2521

AA 786 - 793

5 —GCTGTTCTGACTGAGTCTATGATC -3

Bp 2791 - 2814

AA 884 - 891

product size 316 bp, spans exons 16-20, bridges introns sized 1451, 489, 36994,
4637
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Dia 2
NP_006720 1101 aa linear PRI 04-MAR-2012
NM_001042517 4812 bp mMRNA linear PRI 21-NOV-2011

5 — GATCAGACCTCATGAAATGACTG - 3

Bp 2178 - 2200

AA 645 - 652

5 — CGGTTGGCAGAGTCTATGATTCAG - 3

Bp 2461 - 2484

AA 742 - 749

product size 307 bp, spans exons 17-20, bridges introns sized 45073, 8525,
4318

Dia 3
NP_001035982 1193 aa linear PRI 21-NOV-2011
NM_007309 3782 bp mMRNA linear PRI 04-MAR-2012

5" — GGTCAAAGATTGAACCCACAG - 3

Bp 2324 - 2344

AA 652 - 657

5'— GCTGAGTGAGGCTTTAATTCAGAACC - 3

Bp 2622 - 2647

AA 749 - 756

product size 324 bp, spans exons 16-20, bridges introns sized 6944, 107733,
2124, 24432

FHOD1
NP_037373 1164 aa linear PRI 05-FEB-2012
NM_013241 3865 bp mMRNA linear PRI 05-FEB-2012

5 — CGTGACGTGAAGCTGGCTGGGGG — 3’
Bp 2006 - 2028
AA 632 - 638
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5'— CCATGATGCCCACGGAGGAAGAGC - 3

Bp 2325 - 2348

AA 740 - 746

product size 343 bp, spans exons 13-14, bridges intron sized 1462

FHOD3
NP_079411 1439 aa linear PRI 28-JAN-2012
NM_025135 4942 bp mMRNA linear PRI 28-JA N-2012

5- CCG ACG CTG CAG AGA ATT CCT GTG G -3

Bp 2881 - 2905

AA 929 - 936

5'- CGAT

CCACCGATGAGGAGAAGC -3’

Bp 3159 - 3185

AA 1022 - 1090

product size 305 bp, spans exons 16-17, bridges intron sized 11930

FMN1
NP_001096654 1196 aa linear PRI 30-JAN-2012
NM_001103184 12355bp mMRNA linear PRI 30-JAN-2012
5 — GCTGAAGAAGGGGGCTACCGC — 3’

Bp 846 — 866

AA 992 - 999

5'— GGAGAGTGGGAGTGGCCTTCG - 3
Bp 1004 — 1024

AA 1083 - 1090

product size 179 bp

FMN2
NP_064450 1722 aa linear PRI 30-OCT-2011
NM_020066 6440 bp mMRNA linear PRI 30-OCT-2011
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5-GCC TCT TTACTG GAC CAG G -3

Bp 4107 - 4215

AA 1302 - 1309

5-CGA GTT CGT CTG ACT GTG C -3

Bp 4444 - 4462

AA 1393 - 1399

product size 356 bp, spans exons 5-8, bridges introns sized 37845, 15638, 1895

FRL1
NP_005883 1100 aa linear PRI 19-NOV-2011
NM_005892 3973 bp mMRNA linear PRI 19-NOV-2011

5'— GCACTGAAACCCAGCCAGATCACC -3

Bp 2145 - 2168

AA 649 - 656

5'— GGAAGTCCAGGCCCAGAGCCTGC - 3

Bp 2433 - 2445

AA 742 - 748

product size 301 bp, spans exons 16-18, bridges introns sized 652, 470

FRL2
NP_443137 1092 aa linear PRI 28-JAN-2012
NM_052905 5575 bp mMRNA linear PRI 28-JAN-2012

5- GCT CTG AAG CCC AAT CAG ATC AAT GGC -2

Bp 2263 - 2290

AA 633 - 641

5'- GGT AGG AAC CGC ATC AAG CAT TCC -3’

Bp 2566 - 2589

AA 734 - 740

product size 327 bp, spans exons 16-18, bridges introns sized 962, 1571

FRL3
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Q8IVF7 FRL3_HUMAN 1028 aa linear PRI 22-FEB-2012
NM_175736 11192 bp mRNA linear PRI 28-JAN-2012

5’- GCA CTG AAA CCC AAC CAG ATC AGT GGC -3

Bp 1966 - 1992

AA 579 - 587

5'- GCG CAT CAG GCACTC CACGAAGTCC -3

Bp 2259 - 2292

AA 676 - 686

product size 327 bp, spans exons 16-18, bridges introns sized 289, 750

INF1

Q9CO0D6 FHDC1 HUMAN 1143 aa linear PRI 22-FEB-2012
NM_033393 6480 bp mMRNA linear PRI 18-DEC-2011

5- GGA CCT TGG CAG CCA GGC AGG -3

Bp 425 - 441

AA 118 - 122

5- CGC AAG GTC TCT GAT CCATAATGC -3

Bp 681 - 704

AA 203 - 209

product size 280 bp, spans exons 1-3, bridges introns sized 9943, 656

WHIF1
NP_071934 1249 aa linear PRI 26-FEB-2012
NM_022489 4725 bp mMRNA linear PRI 26-FEB-2012

5- GCT GCC ATC CAA CGT GGC ACG TGA GC -3

Bp 1856 - 1881

AA 572 - 577

5'- CGT GCT TCT CGG GAA GGA GCT TAA GG -3’

Bp 2168 - 2193

AA 676 - 683

product size 338 bp, spans exons 8-11, bridges introns sized 433, 83, 548
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Data analysis

g RT-PCR analyses were run in triplicate and the results were averaged. Data
within one standard deviation were used for the expression analysis. The percent
of 18S expression of each formin was calculated as the inverted natural

logarithm of the ratio of average formin expression to average 18S expression
and multiplied by 100 (1 — LN (average formin expression / average 18S
expression) x 100). ANOVA and T-tests were performed on raw data, p < 0.05 for
specific comparisons. ANOVA was performed on all data points listed in Table 2

with a p-value < 0.05.
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Results

We performed specific quantitative reverse transcription PCR (RT-PCR) on total
RNA equivalently isolated from human cells and tissues as described in
Methods. Total RNA was harvested to ensure that all available message was
sampled, since little is known of formin transcript activators or locale.
Normalization of signal to total cellular RNA and a reference gene as applied in
this study, are deemed the most reliable method of quantification [Bustin, SA
2002, Nolan et al., 2006]. Oligo(dT)2o, identified as an appropriate and
acceptable priming choice in “The MIQE guidelines: minimum information for
publication of quantitative real-time PCR experiments,” was used for all RT
reactions [Bustin et al., 2009]. Annealing to the C-terminally located Poly-A tail of
intact mMRNA makes Oligo(dT)z0 a good priming choice, since the target region of
the primers used for PCR is located toward the C-terminus of each formin

[Stahlberg et al., 2004].

The sites of specific oligonucleotide primer annealing were carefully chosen
based on alignment of all formin protein sequences (Fig. 1A). Between the FH1
and FH2 domains of all human formins is a region of highly divergent sequence
of generally consistent length (avg. length = 100.57 amino acids with a standard
deviation of 13.39; % identity = 19.11%). Amplification across this region
exhibited a high specificity for individual formins. Further, with a single exception,
this region also represents a splice site for mRNA synthesis, bridging non-coding

introns averaging 9000 bases. Incorporating the conserved homology of the FH1
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and FH2 domain termini in this analysis permitted oligonucleotide design
consistency important for comparison between formins. Average product size
was 307 base pairs with a standard deviation of only 41 base pairs, varying only
13% in size, yet allowing single band selectivity (Fig. 1B). The qualitative PCR
products (Fig. 1B) indicated no evidence of genomic DNA, and all products were
as anticipated from RNA, as there were no products that included introns, even
with 35 cycles of PCR, further demonstrating the lack of genomic DNA in RNA
samples. End point melt-curve analysis confirmed the presence of single

amplicons in each reaction.
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DAAM1 31 16 48 31 30 16 34 26 7 9 9 49 32 52 42 32 30 70 39 58 4 37
DAAM2 23 43 22 38 4 36 8 0 6 9 66 15 62 16 14 5 717 23 32 0 39
Delphilin 18 1 23 5 17 19 19 11 0 0 0 27 8 3B 12 5 0 81 19 44 2 57
Dial 50 34 42 38 38 14 46 37 21 27 15 50 47 53 44 44 56 91 51 60 15 46
Dia2 40 9 26 32 3 18 36 16 14 16 8 44 38 47 31 31 31 62 24 25 3 30
Dia3 27 20 3 28 31 33 40 29 18 4 5 38 33 48 37 30 33 8 33 45 0 37
FHOD1 51 38 52 45 50 20 61 49 31 33 28 58 50 68 49 49 49 111 54 63 22 72
FHOD3 13 0 39 14 27 32 16 3 0 0 23 48 37 49 35 23 6 68 17 29 13 41
FMN1 40 22 37 27 29 21 54 37 34 31 28 54 43 59 40 53 26 94 48 46 2 71
FMN2 3 5 50 13 33 9 34 19 63 42 3 62 18 47 18 18 17 81 32 24 0 46
FRL1 38 26 41 24 26 20 33 33 11 7 6 30 32 45 19 25 29 8 38 60 5 52
FRL2 40 31 53 19 33 18 31 4 6 0 14 37 38 46 45 36 35 73 25 34 11 40
FRL3 44 3 54 32 35 24 41 46 18 16 11 37 46 47 44 37 39 77 45 54 12 4
INFI 52 26 47 34 42 24 51 37 17 23 15 46 38 59 35 34 35 101 52 39 0 49
INF2/WHIF1 40 28 34 31 44 10 41 37 9 9 4 35 37 49 43 23 6 68 17 29 13 4

Table 2 — Expression level of human formins in cell and tissue types.

gRT- PCR for 15 human formins was performed on the cell and tissue types listed as described in Methods. The data are
presented as the average of samples prepared in triplicates and reported as the percent of the signal achieved for levels

of 18S RNA, p<0.05.

suJaned uoISsaIdx3 ulwlioL :zZ Jawdey)d



Chapter 2: Formin expression patterns

The detected levels of formins are presented as the percentage of expression of
the 18S ribosomal subunit (Table 2). Based on previous experiments, expression
levels above 30% of the 18S subunit translate to protein levels detectable via
SDS PAGE and Western blotting. [Mersich et al., 2010] This expression level
has been confirmed as detectable in Dial, Dia2, FRL1, FHOD1 and FHODS3.
[Mersich et al., 2010; data not shown] Therefore, expression levels above 30%
likely represent functional levels of the protein. Primer pairs used for gPCR
produced the predicted product and were confirmed to yield qualitative results by
PCR and agarose gel electrophoresis (Fig. 1B). Each of the cell and tissue types
analyzed typically showed three to six highly expressed formins (Table 1). With
the exception of neutrophils (discussed below), no cell type exhibited expression
of all formin family members. Expression of some formins, such as FHOD3 and
INF1, showed extreme variation between cell types, suggesting very specific
functions. In contrast, some formins, termed homeostatic here, were expressed
roughly equally in all cells. For gPCR, all reactions were run in triplicates, using
DNA retro-transcribed from equal amounts of RNA, and results averaged, a
standard approach detailed in “Properties of the reverse transcription reaction in

mRNA quantification.” [Stahlberg et al., 2004]
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Figure 2 — Homeostatic formins expressed at detectable levels in all cell
and tissue types.

The level of each formin’s expression in all cell and tissue types listed in Table 2
was analyzed. Five formins, Dial, FHOD1, FMN1, FRL3, and INF1 were found to
exhibit a consistently elevated level of expression in all cell and tissue types,
suggesting functional roles common to all cells. Line indicates the average
expression of all 15 formins in all cells. Data are reported as the average
percentage of expression of 18S ribosomal subunit, p<0.05.

Homeostatic Formins

The level of formin expression varies greatly between different formins as well as
between different cell and tissue types. Several formins exhibited a high level of
expression in most cells and tissues analyzed (Fig. 2). The average expression
of FHOD1, Dial, FMN1, INF1 and FRL3 in the cells and tissues analyzed is
above 40% of the expression of the 18S ribosomal subunit. The ubiquitous and

consistent expression of these formins suggests potential roles in the production

or maintenance of microfilament structures common to all cells, but does not
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rule out additional, specific activities. Dial is the most-studied of these formins to
date on a structural as well as cellular level. Activated by the GTPase RhoA, and
catalyzed by ROCK, Dial is an actin nucleator that has been identified to play a

role in cell adhesion, migration, and stimulation of T-cells by dendritic cells. [Li

and Higgs, 2003; Tanizaki et al., 2010]
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Figure 3 — Least and most commonly expressed formins are closely
related.

The levels of formin expression in all cell and tissue types listed in Table 2 were
analyzed. Two formins, FHOD1 and FHOD3, were notable for consistently high
and low expression, respectively. Line indicates the average expression of all 15
formins in all cells. Data are reported as the average percentage of expression
of 18S ribosomal subunit, p<0.05. FHOD1 and FHOD3 data points have a p-
value of <0.05.

Least and most expressed formins
Averaged across all cell and tissue types analyzed, the most highly expressed

human formin is FHOD1 and the least expressed formin we were able to detect
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reliably is FHODS3, with an expression of 54.06% and 25.77% of the 18S
ribosomal subunit, respectively (Fig. 3). FHODL1 is expressed in all cell and tissue
types analyzed, thus it is not surprising that it is the most highly expressed
formin. Remarkably, the formin most structurally homologous to FHOD1, FHOD3
(50% identity, 67% similarity), is the least expressed formin, raising the question
of why these two formins have such opposite expression profiles. This
contrasting expression can be seen in the inverted expression patterns of
FHOD1 and FHOD3 in skeletal and cardiac muscle. While FHOD1 is more highly
expressed in cardiac muscle than skeletal muscle, 27.78% compared to 20.50%
of the 18S ribosomal subunit, FHOD3 shows the opposite expression profiles,
with 23.04% in cardiac and 31.87% in skeletal muscle (Fig. 1). These expression

profiles have been confirmed by Western blotting (data not shown).
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Figure 4 — Formin family expression is elevated in hematopoietic cells.

gPCR was performed as described in Methods. Data are reported as the average percentage of expression of 18S
ribosomal subunit, p<0.05, with experiments performed in triplicate and data within one standard deviation used for
analysis. Non-hematopoietic cells and tissues include HelLa, cerebellum, U20S, HCN, skeletal and cardiac muscle,
HaCaT, MDA, HK-2, HUVEC, HEK, HT1080. All other cells and tissues are hematopoietic.
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Formins in hematopoietic versus non-hematopoietic cells and tissues
Formin levels in hematopoietic and non-hematopoietic cell types exhibit the
expected elevated levels of expression of homeostatic formins, such as Dial,
FHOD1 and FMN1 (Fig. 4). Surprisingly, with the exception of FHOD3, formins
have a higher average level of expression in hematopoietic cells than non-
hematopoietic cells, despite the former typically exhibiting the greater
microfilament organization. FHOD3 is closely related to FHOD1, yet their
expression in hematopoietic cells versus non-hematopoietic cells is inverted
when compared to the 14 other formins. This raises the question of why FHOD3
is the only formin more highly expressed in non-hematopoietic cells than in
hematopoietic cells. FHOD3 has been found to promote myofibril maintenance in
cardiac muscle, but no other specific cellular localization or function has been

identified to provide insight into this finding [Taniguchi et al., 2009].
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Figure 5 — Expression of most formins is similar between cells and tissues of mesenchymal, epithelial and neural

origins.

gPCR was performed as described in Methods. Data are reported as the average percentage of expression of 18S
ribosomal subunit, p<0.05. Mesenchymal cells and tissues include MDA, macrophage, monocyte, THP, K562, U937,
HT1080, neutrophil, platelet, Jurkat, megakaryocyte, U20S, and cardiac and skeletal muscle. Epithelial cells include
HelLa, HUVEC, HEK, and HK-2. Neural cells and tissues include HCN and cerebellum.
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Mesenchymal, epithelial, and neural origins

The average formin expression among mesenchymal, epithelial, and neural cell and
tissue types follows the expected homeostatic pattern, with Dial, FHOD1 and FMN1
having higher average levels of formin expression (Fig. 5). An unexpected finding
was that the expression of each individual formin varies little between the three
distinct cell and tissue embryonic origins. DAAM2, however, has a significantly higher
level of expression in cells and tissues of neural origin than of mesenchymal or

epithelial origin.

An analysis of DAAM1 and DAAM2 expression in the central nervous system of
mouse and chick embryos showed that the two proteins have different expression
profiles, with DAAM2 being expressed more highly in later developmental stages in
the brain, while DAAM1 is expressed earlier overall. Kida et al., found little
expression of DAAM2 in the spinal cord, while Lee and Deneen show that DAAM2
plays a role in dorsal patterning in the spinal cord through Wnt signaling [Kida et al.,
2004; Lee and Deneen, 2012]. While no conclusion can be made about the
localization of DAAMZ2 in the central nervous system based on the expression
analysis presented here, the studies in chick and mice support the comparatively
high level of expression of DAAM2 in neural tissues. [Kida et al., 2004; Lee and

Deneen, 2012]
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Figure 6A — Total expression of all formins varies in human cell and tissue
types.

gPCR was performed as described in Methods. The level of expression of all formins
in each individual cell and tissue type was averaged and is displayed as a
percentage of expression of the 18S ribosomal subunit. The line indicates the
average expression of all 15 formins in all cells. Data are reported as the average
percentage of expression of 18S ribosomal subunit, p<0.05.
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Figure 6B — Variation of individual formin expression in human cell and tissue
types.

gPCR was performed as described in Methods. The total level of expression for each
individual formin in all cell and tissue types was averaged and is displayed as a
percentage of expression of the 18S ribosomal subunit. The line indicates the
average expression of all 15 formins in all cells. Data are reported as the average
percentage of expression of 18S ribosomal subunit, p<0.05.
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Formin levels in cells and tissues

The level of formin expression for all 15 formins combined varies from barely detectable
in HT1080 cells to 80% of 18S expression in neutrophils (Fig. 6A). The significantly
higher level of formin expression in neutrophils was not predicted, but may be explained
by considering their functions. Neutrophils are multipotent, nondividing cells that are
recruited to sites of inflammation immediately after injury, and their function spans a
variety of tasks including migration, phagocytosis, and degranulation. In order to carry
out these tasks in a timely manner, it may be beneficial for neutrophils to have a large
amount of RNA ready for translation. In turn, this reinforces a model where
differentiation-based structures are constructed with the input of specific formins
[Chhabra and Higgs, 2007]. Another explanation would be a lower level of 18S RNA in
neutrophils than in the other cells and tissues that were analyzed, although this was not
evident in gPCR of the 18S RNA. Furthermore, similar elevated expression was not
seen in fully differentiated macrophages that execute comparable physiologic functions
(Table 2). Regardless of the reason for the high level of expression of formins in
neutrophils, all formins exhibit high message levels in neutrophils. When the expression
level of individual formins is averaged for its total expression in all human cell and tissue
types, we found a remarkably similar expression level for all formins with notable

exceptions FHOD1 and FHOD3 discussed above and Delphilin (Fig. 6B).

Delphilin

Delphilin was first identified as a glutamate receptor 62 (GluR32) interacting protein in

parallel fiber-Purkinje cell postsynapses in the cerebellar cortex [Miyagi et al., 2002
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Watanabe-Kaneko et al., 2007]. It was termed GRID2IP (glutamate receptor, ionotropic,
delta 2-interacting protein 1) and delphilin from “Delta2-philic-protein”. Two differently
palmitoylated isoforms of delphilin have been characterized and may be involved in
controlling GIuR®&2 signaling in Purkinje cells [Matsuda et al., 2006]. Delphilin could not
be detected via PCR in any tissue and cell types analyzed. The primers to confirm the
presence of delphilin were designed to encompass 289 base pairs located N-terminally
of the poly-proline stretch and extending into the FH2 domain. This pair of primers did
not yield a DNA product detectable via agarose gel electrophoresis using DNA obtained
from U20S cells, HeLa cells and HCN cells. Since delphilin has been reported in
Purkinje cells located in the cerebellar cortex, DNA obtained from total human
cerebellar RNA as described in Methods was also used to detect delphilin, but PCR did
not yield a product [Miyagi et al., 2002]. Two additional sets of primers to detect
delphilin in these cells and tissues also did not yield a product, one starting slightly C-
terminally and ending slightly N-terminally of the original primers with a 426 base pair
product, and one located at the C-terminal end of delphilin with a 401 base pair product

(Fig. 1S).
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Discussion

In this report we highlight several results to show the potential that exists in the field of
formin research. The biochemical study of formins with regard to their actin
polymerization activity and structure is quite advanced [Goode and Eck, 2007; Paul and
Pollard, 2008; Paul and Pollard, 2009]. However, the cellular localization and function of
most formins remain elusive. As actin modifiers, formins are present in every cell type
we analyzed, and quite predictably in every other cell and tissue, providing a plethora of

in vitro model systems.

The formin field nomenclature and classification exhibited an expected extent of
disorder, complicating the pursuit of this new field. The diligent efforts of several
laboratories have brought to fruition a clear nomenclature that is universally accepted
among formin researchers, making the sharing of data and ideas easier (Table 1). We
see similarities between the newer field of formins and the more established field of
integrins. The formin and integrin families have a comparable number of molecules that
are present in a multitude of cells, all of which contain several members of the protein
families, with some proteins being very specific, while others are partly redundant.
Considering the widespread presence of formins and the importance of the actin
cytoskeleton to numerous essential physiological processes, we predict that formins
harbor decades of investigative research, yielding thousands of functionally descriptive

publications, comparable to integrin research efforts.
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It is important to note that some formins, such as FRL1, have already been ascribed
multiple alternative splice forms [Colon-Franco et al., 2011]. While these isoforms were
readily detectable through PCR using isoform specific primers, the variant nature of the
spliced sequences prohibited confidence in the quantitative reliability of the
oligonucleotides utilized (data not shown). Detailed analysis of individual formins should

include evaluation of the specific role of alternatively spliced isoforms.

As the speed of formin research is increasing exponentially due to the growing
realization of the significance and widespread implications of the formin field, we are
excited to witness the future of this promising field unfold. The results presented in this
paper and our experience in working with formins suggest that some formins serve
more general functions, while others have highly specialized functions. A complete
understanding of formins will involve not only the expression profiles discussed here,
but also insight into the activation and localization of formins in cells. We hope that the
information provided here can be a starting point for future studies on formins. To
encourage the study of the cellular aspects of the formin field, we will continue to
analyze human cell and tissue types using qPCR as they become available. Please
contact the corresponding author if you are interested in providing us with cells or

tissues.
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Figure 1S — Formin Alignment with Primers

DIAl1 1 ME-=—=-=——eee PPGGSLGPG----RGTRDKK----KGRSPDELPSAGGDGGKSK---KFTLKRLMADELERFTSMRI 57
DIA2 1 MERHQPRLHHPAQGSAAGTPYPSSASLRGCRESKMPRRKGPQHPPPPSGPEEPGEKRPKFHLNIRTLTDDMLDKFASIRI 80
DIA3 1 ME--QPGA--AASGAGGGSEEPG----- GGRSNK--RSAGNR----- AANEEETKNKPKLNIQIKTLADDVRDRITSFRK 64
DAAMLI e M

DAAM2 e e M

FRL1 = e e e

FRL2 = e e

FRL3 = e e

WHIFL = e

INF1I = e e

FHOD1 = = = e e M

FHOD3 = = = s

DELPH e

FMNL e

FMN2 = e e

DIAl1 58 K-KEKEKPNSAH-RNSSASYGDDPTAQ----=-=-=====————- SLQDVSDEQVLVLFEQMLLDMNLNEEKQQPLREKDIT 119
DIA2 81 PGSKKERPPLPN-LKTAFASSDCSAAPLEM-——-—————-- MENFPKPLSENELLELFEKMMEDMNLNEDKKAPLREKDFS 149
DIA3 65 STVKKEKPL IQHP IDSQVAMSEFPAAQ-PL---——==--- YDERSLNLSEKEVLDLFEKMMEDMNLNEEKKAPLRNKDFT 133
DAAM1 2 APRKRGGRG I SF- I FCCFRNNDHPE I TYRLRNDSNFALQTMEPALPMPPVEELDVMFSELVDELDL TDKHREAMFALPAE 80
DAAM2 2 APRKRSHHGLGF-L-CCFGGSD I PE INLR----DNHPLQFMEFSSP IPNAEELN IRFAELVDELDL TDKNREAMFALPPE 75
FRL1 1 e MGNAAGSAEQPAGPAAP----PPKQPAPP-KQPMPAAGELEERFNRALNCMNLPPDKVQLLSQYDNE 62
FRL2 1 e MGNAGSMDSQQTDFRAH----NVPL-—--- KLPMPEPGELEERFAIVLNAMNLPPDKARLLRQYDNE 58
FRL3 1 e MGNLESAEGVPGE--PP----SVPLLLPPGKMPMPEPCELEERFALVLSSMNLPPDKARLLRQYDNE 61
WHIF1 1 e MSVKEGAQ 8
INF1I e e

FHOD1 2 AGGEDRGDGEPVSVVTVRVQYLEDTDPFACAN-FPEP-——--- RRAPTCSLD--------- GALPLGAQIPAVHRLLGAP 65
FHOD3 1 e MATLACRVQFLDDTDPFNSTN-FPEP-——--- SRPPLFTFR-———————- EDLALGTQLAGVHRLLQAP 53
DELPH 1 e MATTATPATNQG-WPEDFGFRLGGSGPCFVLEVAKGSSAHAGGLRPGDQILEVEGLAVGG 59
FMN1 e e

FMN2 e e

DIAl1 120 ITKREMVSQYLYTSKAGMSQKESSK----SAMMY IQELRSGLRDMPLLS---C-———————————————————— LE-SLRV 170
DIA2 150 TKKEMVMQY INTASKTGSLKRSRQ---1SPQEF IHELKMGSADERLVT---C-—==————————— - —— LE-SLRV 201
DIA3 134 TKREMVVQY I SATAKSGGLKNSKHECTLSSQEYVHELRSGISDEKLLN---C-————=———— == ————————— LE-SLRV 188
DAAM1 81 KKWQ 1'YCSKKKDQEE-NKGATSWP---—-- EFY IDQLNSMAARKSLLA---LE-====————- KEEEEERSKTIE-SLKT 139
DAAM2 76 KKWQ1YCSKKKEQEDPNKLATSWP-——--- DYY IDRINSMAAMQSLYA---FD--------—- EEETEMRNQVVE-DLKT 135
FRL1 63 KKWEL ICDQERFQVK------- NP————- PAAY 1QKLKSYVDTGGVSR---KVAADWMSNLGFKRRVQESTQVLR-ELET 126
FRL2 59 KKWEL 1CDQERFQVK—-—----- NP————- PHTY IQKLKGYLDPAVTRK---K-=-=—=————- FRRRVQESTQVLR-ELEI 112
FRL3 62 KKWDL 1CDQERFQVK—-——---- NP————- PHTY IQKLQSFLDPSVTRK---K-=====———- FRRRVQESTKVLR-ELEI 115
WHIF1 9 RKWAALKEKLGPQDSDPTEANLES-------————————— ADPELCIR---LLQMPSVVN--——————————— YS-GLRK 55
INFL e

FHOD1 66 LKLEDCALQVSPSGYYLDTELSLEEQREMLEGFYEEISKGRKPTLILRTQLSVRVNAILEKLYSSSGPELRRSLF-SLK- 143
FHOD3 54 HKLDDCTLQLSHNGAYLDLEATLAEQRDELEGFQDDAGRGKKHS I ILRTQLSVRVHACIEKLYNSSGRDLRRALF-SLK- 131
DELPH 60 LSRER-LVRLARRCPRVPPSLGVLPAPD---GGPGPGSGPAAPTTVLRAPRCGRGLALGRELLRLAGRKRPDAVHRERR- 134
FMN1I e

FMN2 e e

DIAl1 171 SLNNNPVSWVQTFGA-E--GLASLLDILKRLHDEKEETAGSYDSRNKHE--—————— === === == 216
DIA2 202 SLTSNPVSWVESFGH-E--GLGLLLDILEKL ISGKIQE--KVVKKNQHK-=====— == 245
DIA3 189 SLTSNPVSWVNNFGH-E--GLGLLLDELEKLLDKKQQE--NIDKKNQYK----——==————— = ——— 232
DAAM1 140 ALRTKPMRFVTRFIDLD--GLSCILNFLKTMDYETSES------ RIHTS-=——— e 180
DAAM2 136 ALRTQPMRFVTRFIELE--GLTCLLNFLRSMDHATCES—----- RIHTS—————mmmmm e 176
FRL1 127 SLRTNHIGWVQEFLNEENRGLDVLLEYLAFAQCSVTYDMESTDNGASNS-EKNKPLEQSVEDLSKGPPSSVP—————-- K 198
FRL2 113 SLRTNHIGWVREFLNEENKGLDVLVEYLSFAQYAVTFDFESVESTVESSVDKSKPWSRS IEDLHRGSNLPSPVGNSVSRS 192
FRL3 116 SLRTNHIGWVREFLNDENKGLDVLVDYLSFAQCSVMFDFEGLESGDDGAFDKLRSWSRS IEDLQPPSALSAPFTNSLARS 195
WHIF1 56 RLEGSDGGWMVQFLEQS--GLDLLLEALARLSGRGVARI--SDALLQLT—=======————— e —— 100
INFL = & & ———————————————————

FHOD1 144 QIFQEDKDLVPEFVHSE--GLSCLIRVGAAADHNYQSY - ———————— === 179
FHOD3 132 QIFQDDKDLVHEFVVAE--GLTCLIKVGAEADQNYQNY - === === === —— e e e 167
DELPH 135 RKAQEFSRKVDEILGDQ--PTA-======—————- KEQ-—====—— e e e 157
FMNL e

FMN2 e
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DIAl1
DIA2
DIA3
DAAM1
DAAM2
FRL1
FRL2
FRL3
WHIF1
INF1
FHOD1
FHOD3
DELPH
FMN1
FMN2

DIAl
DIA2
DIA3
DAAM1
DAAM2
FRL1
FRL2
FRL3
WHIF1
INF1
FHOD1
FHOD3
DELPH
FMN1
FMN2

DIAl
DIA2
DIA3
DAAM1
DAAM2
FRL1
FRL2
FRL3
WHIF1
INF1
FHOD1
FHOD3
DELPH
FMN1
FMN2

DIAl
DIA2
DIA3
DAAM1
DAAM2
FRL1
FRL2
FRL3
WHIF1
INF1
FHOD1
FHOD3
DELPH
FMN1
FMN2

217
246
233
181
177
199
193
196
101

180
168
158

266
295
282
230
226
279
273
276
150

229
217
197

334
361
349
304
300
346
340
343
217

297
285
256

32

411
399

350
378
372
375
265

340
328
272
108
107

Chapter 2: Formin expression patterns

——————————————————————————————— 1 IRCLKAFMNNKFG IKTMLETEEG I LLLVRAMDPAVPNMM I DAAKLLSA
——————————————————————————————— VIQCLKALMNTQYGLER IMSEERSLSLLAKAVDPRHPNMMTDVVKLLSA
——————————————————————————————— LI1QCLKAFMNNKFGLQRILGDERSLLLLARAIDPKQPNMMTE IVKILSA
------------------------------- L1GCIKALMNNSQGRAHVLAHSES INVIAQSLSTENIKTKVAVLEILGA
——————————————————————————————— LI1GCIKALMNNSQGRAHVLAQPEAISTIAQSLRTENSKTKVAVLEILGA
SRHLTIKLTPAHSRKALRNSR 1VSQKDDVHVC IMCLRAIMNYQSGFSLVMNHPACVNE TALSLNNKNPRTKALVLELLAA
GRHSALRYNTLPSRRTLKNSRLVSKKDDVHVC IMCLRAIMNYQYGFNMVMSHPHAVNE I ALSLNNKNPRTKALVLELLAA
ARQSVLRYSTLPGRRALKNSRLVSQKDDVHVCILCLRAIMNYQYGFNLVMSHPHAVNE IALSLNNKNPRTKALVLELLAA
——————————————————————————————— CVSCVRAVMNSRQGIEY ILSNQGYVRQLSQALDTSNVMVKKQVFELLAA

——————————————————————————————— ILRALGQLMLFVDGMLGVVAHSDT IQWLYTLCASLSRLVVKTALKLLLV
------------------------------- TLRALGQIMLYVDGMNGV INRNET IQWLYTL IGSKFRLVVKTALKLLLV

------------------------------- VFAALKQF--------AAEQRVDDLVWTLTL--ALPREACGPLLDNLRI
LCILP---QPEDMNERVLEAMTE-RAEMDEVERFQPLLDGL-—- -~ KSGTTIALKVGCLQL INAL I -—~TPAEELDFRVH
VCIVG-—-E-ESILEEVLEALTS-AGEEKK I DRFFCIVEGL--—-- R-HNSVQLQVACMQL INALYV---TSPDDLDFRLH
ICIVG---E-ENILDKLLGAITT-AAERNNRERFSP I VEGL-—-—-- ENQEALQLQVACMQF INALV-—-TSPYELDFRIH

VCLVP---G---GHKKVLQAMLHYQKYASERTRFQTL INDLDKSTGRYRDEVSLKTAIMSFINAVLSQGAGVESLDFRLH

VCLVP---G---GHKKVLQAMLHYQVYAAERTRFQTLLNELDRSLGRYRDEVNLKTAIMSFINAVLNAGAGEDNLEFRLH
VCLVR---G---GHD I I LAAFDNFKEVCGEQHRFEKLMEYFR----NEDSN I DFMVACMQF IN I VV---HSVENMNFRVF
VCLVR---G---GHE I ILSAFDNFKEVCGEKQRFEKLMEHFR----NEDNN IDFMVASMQF IN1VV---HSVEDMNFRVH
VCLVR---G---GHE1 I LAAFDNFKEVCKELHRFEKLMEYFR----NEDSN I DFMVACMQF IN I VV---HSVEDMNFRVH
LC1YS---P--EGHVLTLDALDHYKTVCSQQYRFSIVMNELS-—--~ GSDNVPYVVTLLSVINAVI---LGPEDLRARTQ
FV-—m— EYSENNAPLF IRAVNSVASTTGAPPWANLVS I LEE---KNGADPELLVYTVTLINKTL---AALPDQDSFYD
FV-————- EYSESNAPLL IQAVTAVDTKRGVKPWSNIMEILEE---KDGVDTELLVYAMTLVNKTL---SGLPDQDTFYD
F1PKKHRARFDEVVSQGLLGKLCRARRAQGAQ-----~- RLRRS---RSEERPERL----- LVSTRA---SAPPRRP----

—————————————————————————————————————————————— MENVDNSLDGSDVSEPAKPE---AGLEVAQSILS
---------------------------------------------- MGNQDGKLKRSAGDALHEGG---GGAEDALGPRD

IRSELMRLGLH=-QVLQDLRE I E== === == ——m - —mm e NEDMRVQLNVFDEQG-EEDSYDLKGRLDD I -
IRNEFMRCGLK—E I LPNLKC I K== == ===~ —— e NDGLD I QLKVFDEHK-EEDLFELSHRLED I -
LRNEFLRSGLK~-TMLPDLKEKE == ===—= == == —m oo mmme e NDELD I1QLKVFDENK-EDDLTELSHRLND I -
LRYEFLMLG1Q=PVIDKLREHE == ===~ ——m———mmm e NSTLDRHLDFFEMLR-NEDELEFAKRFELV-
LRYEFLMLG1Q=PVIDKLRQHE— === === ——mm——mm e mme o NAILDKHLDFFEMVR-NEDDLELARRFDMV-
LQYEFTHLGLD-LYLERLRLTE === == ——m e mmm e SDKLQVQEQAY === === —mm e
LQYEFTKLGLD=EYLDKLKHTE == === ——m - —mm o mmmmmeo SDKLQVQEQAY === ———————m e
LQYEFTKLGLE-EFLQKSRHTE == ==——= === — oo mmmemmmm SEKLQVQEQAY—————————mm e
LRNEF I GLQLL~DVLARLRDLE === === ——mm——mm e DADLL IQLEAFEEAK-AEDEEELLR--VSG-
VTDALEQQGMEALVQRHLGTAG- === == === === TDVDLRTQLVLYENAL-————————— KLEDG-
VVDCLEELG I AAVSQRHLNKKG- === == === — e TDLDLVEQLNIYEVAL-—=—=——=—— RHEDG-
------------------------------------------------- DEPPPRRASLLVGGL-—==—--——~A-———~—

KFSMKSLFG----FTSKLESVNPEEEDAVLKAFHSLDVNPTSQQDDSSNGLDPQEAGSRVSPDLGNDEKIASVETESEGS
VEATKKGSG----GKKALGKHGKGGGGGGGGGESGKKKSKSDSRASVFSNLR IRKNLSKGKGAGGSREDVLDSQALQTG-

QRKEAGTSLLAQELLPLSTLKGTKDDVICVRG--========—=——————— TLVHTTSDSDSDDGGQEPEEGS-STNGPK
ELDSAHSLLTKTPDLSLSADEAGLSDTECADPFEVTGPGGPGPAEARVGGRP IAEDVETAAGAQDGQRTSSGS-DTDIYS

80

265
294
281
229
225
278
272
275
149

228
216
196

333
360
348
303
299
345
339
342
216

296
284
255
31

383

264

357

283
167
185



Chapter 2: Formin expression patterns

DIAL 392 S EVFQ I LN TV mm m oo o oo 401
DIA2 419 DV YNMVIS TV m— — o oo 428
DIA3 407 —EVYHLLYNML = = = o e e e e 416
DAAM1L 362 = QMFELTRKRL = = = = = = o e e e o 371
DAAM2 358 S QMFEL EHKK L = = = = o oo e 367
FRL1 383 DV GAL LB DT Emm — m - m oo oo 392
FRL2 377 DV GAL LEDAE — = = = — 386
FRL3 380 =DV GGLLEDAE — = = = = = 389
WHIFL 273 S EVFASLFHKY — = = — o o oo 282
INFL

FHOD1 358 SEEGKRSRRSL == = = = = = = e EGGGCPARAPEPGPT 383
FHOD3 353 EHRGLDRRRSR == = = = = = = = = = e RHSVQSIKSTLSAPT 378
DELPH 284 =K ONKSFGF T == = = = o e e e LRGHGPVWIESVLPG 307
FMNL 168 SPSGVLSEP-——————————- SQESKENPGGFRENTVTGEMNGAELCAEDPQR I PPEMSSKLEAGNGGLQTERRPSQDQV 235
FMN2 186 FHSATEQEDLLSDI1QQA IRLQQQQQQQLQLQLQQQQQQQQLQGAEEPAAPPTAVSPQPGAFLGLDRFLLGPSGGAGEAPG 265
DIAL 402 ~—KDSKAEPHFLS I LQHLLLVRND === === = = m e e YEARPQYYKLIEEC-- 437
DIA2 429 ~—KETRAEGYFISILQHLLLIRND == === —— oo oo YFIRQQYFKLIDEC-- 464
DIA3 417 ——KDTAAENYFLSILQHFLLIRND === —— = —m oo oo YYIRPQYYKIIEEC-- 452
DAAM1L 372 ——THSEAYPHFMS I LHHCLQMPYKR === == == = = ———m e SGNTVQYWLLLDRI-- 408
DAAM2 368 ~—KYTEAYPCLLSVLHHCLQMPYKR= === === = — - — m e NGGYFQQWQLLDRI-- 404
FRL1 393 ~—TKNAVLEHMEELQEQVALLTER—— === = = — o o oo mmmmmmo LRD---- 417
FRL2 387 ——TKNAALERVEELEEN I SHLSEK — == — = — m - oo oo LQD---- 411
FRL3 390 ——TKNVALEKVEELEEHVSHLTEK == = = = = = o o oo e e LLD---- 414
WHIF1 283 ~—SCSPVSAQLLSVLQGLLHLEPT — === == —— o oo oo LRSSQLLWEALESL-- 318
INFL

FHOD1 384 BPASPY GP T = = — —mmmm m o SSTG---- 396
FHOD3 379 SPCSQSAPSFKPNQVRDLREKYSN = = = — — o e e FGNNSYHSSRPSSG---- 416
DELPH 308 SPADNAALKSGDR I LFLNGLBMIRN -~~~ ——— === == === oo CSHDKVVSMLQGSGAM-- 347
FMNL 236 GEEGSQDLPAVTNQNSSVG—————————————mcmmemmo I TESASSKKEVSGEKSFQLPAFFSGLRVLKKGATAEG-- 291
FMN2 266 SPDTEQALSALSDLPESLAAEPREPQQPPSPGGLPVSEAPSLPAAQPAAKDSPSSTAFPFPEAGPGEEAAGAPVRGAGDT 345
DIAL 438 oo 1SQIVLHKN-GADPDFKCR-HLQIE---—=-———-~- IEGL 464
DIA2 465 oo VSQIVLHRD-GMDPDFTYRKRLDLD-————————~— LTQF 492
DIA3 453 VSQIVLHCS-GMDPDFKYRQRLD I D-—=———————~— LTHL 480
DAAM1L 409 mm e 10Q1V 1QNDKGQDPDSTPLENFN IK—=——=———————~— NV 435
DAAM2 405 e LQQIVLQDERGVDPDLAPLENFNVK————=———————— NI 431
FRL1 418 e Y = 421
FRL2 412 TENE-————m oo 415
FRL3 415 LENE == m oo 418
WHIF1 T Y T I —— DAQ-——————————- ECT 333
INFL o

FHOD1 397 mm e PALLTGPASSPVGP————————————- PSGLQASVNL 420
FHOD3 417 SSVPTTPTSSVSPPQEARLERS—---SPSGLLTSSFR 449
DELPH 348 o PTLVVEEGLVPFASDSDSLDSP----NPSSALTSLQW 380
FMNL 1< —— GET ITEIKPKDGDLALLKLTQPVQKSLVQAGLQTVKSEKKATDPKASSSSszzs TPTELEQLSLL 348
FMN2 346 DEEGEEDAFEDAPRGSPGEEWAPEVGEDAPQRLGEEPEEEAQGPDAPAAASLPGSPAPSQRCFKPYPLITPCYIKTTTRQ 425
DIAL 465 1 DQM I DK TKVEKSEAK = = = = = = o e e e e 480
DIA2 493 VD1 C I DQAKLEEFEEK — = = = = = = o e e e e 508
DIA3 481 1DSCYNKAKVEESEQK — === = = = o o e 496
DAAM1L 436 VRMLYNENEVKQWKEQ— = = = = — o oo o oo o 451
DAAM2 432 VNML ENENEVKQWRDQ == = = = = = m e e oo e 447
FRL1 422 - SMAK LAELEKQ == = = = = = e e e 432
FRL2 416 -——-- AMSK IVELEKQ == = = = = = — = m o 426
FRL3 419 ————- NMMRVAE L EK Q= = = = — — o oo o oo 429
WHIF1 334 LEEVVERLLSVKGRPR = = = = = = = = = e e e e 349
INFL o

FHOD1 421 FPT1---SVAPSADTS-——————————mm—mmmmmmmo I 2] [ — KARFL 444
FHOD3 450 QHQE---SLAAERERRRQEREERLQRIER—--————————-— EERNKFSRDYLDKREEQRQA-——————————— REERYKYL 503
DELPH 381 VAEILPSSIRVQGRTFSQQLEHLLTPPERYGVCRALESFFQHRNIDTL IVDVYPVLDTPA-——————————— KQVLWQFI 448
FMN1 349 LN I1DMPKTEPKGADPESPRREEM-—————— GCNADQESQSGPGVPQTQGGEVKPKSPETALEAFKALF IRPPRKGTTADT = 421
FMN2 426 LS--SPNHSPSQSPNQSPR I KRRPEPSLSRGSRTALASVAAPAKKHRADGGLAAGLSRSA-DWTEELGARTPRVGGSAHL 502
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DIAL 481 m = AAELEKKLDSEL TA = = = e 494
DIA2 509 ~ === ASELYKKFEKEFTD = = = = = = = = e 522
DIA3 497 N ) = =1 = 510
DAAM1 452 m e AEKMRKE = = — 458
DAAM2 448 m e AEKFRKE = = o 454
FRL1 433 ~ === LSQARKELETLRER == = = = = = = = e 446
FRL2 427 === LMQRNKELDVVRE | == = — = — o 440
FRL3 430 m o LLQREKELES EKE T m - — o m o o 443
WHIF1 350 m = =PSPLVKAHK SV QAN — = = = e 363
INFL
FHOD1 445 ENVAAAETEKQV-—~ALA-———————— oo o= QORA == — oo 463
FHOD3 504 EQLAAEEHEKELRSRSVS——————————— oo —— RGRADLSLDLTSPAAPACLAPLSH-—-——————- SPSSSDSQEAL 556
DELPH 449 YQLLTYE-EQELCQEKIACFLG-—--———-- YTAMTAEPEPELDLESEPTPEP-QPRSS---————-—- LRASSMCRRSL 507
FMN1 422 SELEALKRKMRHEKESL — === == === == - = —— = RAVFERSNSKPADGPSDS —— - === == — = m oo 456
FMN2 503 LERGVASDSGGGVSPALAAKASGAPAAADGFQNVFTGRTLLEKLFSQQENGPPEEAEKFCSR I IAMGLLLPFSDCFREPC 582
DIAL 495 RHELQVEMKKMESDFE 510
DIA2 523 o HQETQAELQKKEA--- 535
DIA3 BT oo RQEAQAELQKRDE--- 523
DAAM1 T HNELQQKLEKKERECD 474
DAAM2 A5 HMELVSRLERKERECE = 470
FRL1 AT FSESTAMGASRRPPEP 462
FRL2 AA] YKDANTQVHTLRKMVK 456
FRL3 AA YENTSHQVHTLRRLIK 459
WHIF1 864 oo LDQSQRGSSPQNTTTP 379
INF1 1 MHVMN - - -~ - 5
FHOD1 AB4 ETLAGAMPNEAGG-- 476
FHOD3 557 TVSASSPGTPH- === ———— oo HPQASAGDPEPES---EAEPEAEAGAGQVADEAGQDI 601
DELPH 508 RSQGLEAGLSC———————m—mm oo GPSECPEMPLPL I -~ -PGE-—-——————-~- RQAGDG- 540
FMN1 457 e KSPDHSLTEQDDRTPGRLQAVWPPPKTKDTEEKVGLKYTEAEYQAAILHLKREHKEEI 514
FMN2 583 NQNAQTNAASFDQDQLYTWAAVSQPTHSLDYSEGQFPRRVPSMGPPSKPPDEEHR--LEDAETESQSAVSETPQKRSDAY 660
FH1
DIAL 511 QKLQ-————————m—— DLQGEKDALHSEKQQE ATEKQDLEAEVSQLTGEVAK—————— = —— oo LTKELE 556
DIA2 536 B ] ELQAELQAFKSQFGA| — ——— — — oo e 554
DIA3 524 [ ——— ELEAE 1QQLRTQAQV|.——m == m - m e e e 542
DAAM1 475 AKTQ-———————=——— EKEEMMQTLNKMKEK| EKETTEHK---~QVKQQVAD————— === — oo LTAQL- 515
DAAM2 471 TKTL—————mmmmmo o EKEEMMRTLNKMKDK| ARESQELR-~-~QARGQVAE ~— == == ——————— - — o= LVAQL- 511
FRL1 463 EKAPP——————————— AAPTRPSALELKVEE| EEKGL ——— === — = m - m oo IR 490
FRL2 457 EKE-——————mm - EAIQRQSTLEKK IHE| EKQG T~ === = —— —m oo IK 482
FRL3 460 EKE-————m—mm - EAFQRRCHLEPNVRG| B~ == === = m oo 479
WHIF1 380 G EGQQPAAAAACEPYDHAQSES | = == == m oo LK 407
INF1 6 mmmmmmmmmm oY/ 7
FHOD1 477 HPDAFRQ =~ = == = m - m oo 482
FHOD3 602 ASAH-————————- EGAETEVEQALEQEPEE|RASLSEKERQ---——-——-——=——— NEGVNERDNCSASSV------—— 647
DELPH 541 TSLP————— oo ETPNPKMMSAVYAELES|RLNSSFKGKM-———— === - ——————— GTVSKSRASPPGP-——————— 584
FMN1 515 E NLQAQFELRAFHIRGEHAMITARLEET IENLKHELEHRWR-———————————————— GGCEERKDVC I ——————————— 566
FMN2 661 QK-——-- EVVDMKSEGQ-ATVIQQLEQT IED| RTK I AELERQYPALDTEVASGHQGLENGVTASGDVCLEALRLEEKEVR 734
DIAL 557 o DA=m—m oo 558
DIA2
DIA3
DAAML e
DAAM
FRL1 491 DL oo 492
FRL2 483 e Q- m o 484
FRL3 e
WHIF1 408 o VS mm oo 409
INFL
FHOD1 483 e WD = = = = — SPET 489
FHOD3 648  ——-—- SSSSSTLEREEKEDKLSRDRTTGLWPAGVQDAGVNGQ-——-- CGDIL--TNKRFMLDMLYAHN------ RKSPDD 709
DELPH 585  ———— SPAVTTGPRTLSGVSWPSER---LLPSPCYHPLCSGG--—-~- LASPS--SSESHPYASLDSSR-----~- APSPQP 643
FMNL e
FMN2 735 HHRILEAKS IQTSPTEEGGVLTLPPVDGLPGRPPCPPGAESGPQTKFCSE I SLIVSPRRISVQLDSHQPTQSISQPPPPP 814
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DIAL 559  ——————o KKEMASLSAAA I TV = = = o e 572
DIA2

DIA3
DAAML

DAAM

FRL1 493 oo R=GPGD=~AVS I E | == = m oo 503
FRL2 7.1 J— KKGDGD----~- N 493
FRL3 e

WHIF1 410 —————- Qo 410
INF1 8 e S 8
FHOD1 490 —mmmmmmmo AP-AARTP - == ~QSPAPCVLLRAQR == == === == — - mm - m oo 509
FHOD3 710 S EKGDGE-AGRTQ----QE-AEAVASLATRIS-—————— TLQANSQTQDESVRRVDV-———————- GCLDNRGS 761
DELPH 644  ——m—mmmee GPGP1CPDSP----PSPDPTRPPSRRKLF——————— TFSHPVRSRDTD-RFLDV-————— == oo m o= 685
FMN1 567  —mmmmmmmmmmmmmmmmmmmmee o STDDDCPPKTFRNVCVQTDRETFLKPCESESKT === - === oo TRS 602
FMN2 815 SLLWSAGQGQPGSQPPHS I STEFQTSHEHSVSSAFKNSCN I PSPPPL --PCTESSSSMPGLGMVPPPPPPLPGMTVPTLP 892
DIAL 5 < PPSVPS——————mmmmm oo 578
DIA2

DIA3
DAAML e

DAAM

FRL1 0 LPV—AV—— oo mmmmmm 508
FRL2 494 LPVVAS-———— o m e 499
FRL3 e

WHIFL oo

INF1 9 m VS DKEN = = = e 15
FHOD1 510  —mmmmmmmmmmmmm e SLAP--EPKE------ PL--- IPASPKAEP- - IW---—-—— ELPTRA---PR-LSIGDLDFSDL 549
FHOD3 762 VKAFAEKFNSGDLGRGS I SPDAEPND-————— KVPETAPVQPKTESDY IW------— DQLMAN---PRELRIQDMDFTDL 825
DELPH 686 ~——LSEQ-—-———==—= LGPRVTIVD-——-—— DF--LTPENDYEEMSFHD------— DQGSFV---TNERSSASDCISSS 734
FMN1 603 NQLVPKKLN I S--SLSQLSPPNDHKD IHAALQPMEGMASNQQKALPP — — — = - - — o oo 647
FMN2 893 STAIPQPPPLQ--GTEMLPPPPPPLP-GAG I PPPPPLPGAG I LPLPPLPGAG I PPPPPLPGAAIPPPPPLPGAGIPLPPP 969
DIAL 579  —mmmmmmmmemo RAPVPPAPPLPGD —— — == = === oo oo SGTHIPP-———— 598
DIA2

DIA3
DAAML e

DAAM

FRL1 7o) [ ATPSGGDAPTPGY — - = — == — oo oo P-TGSPS-—-——- 527
FRL2 500  ——mmmmmmmmmmo GTLSMGSEVVAGN — = = — = = = oo Y/ 515
FRL3 480  —mmmmmmmmmmmemo SVDSEALA-— === = — m e R-VG-———mm——— 490
WHIFL oo

INFL

FHOD1 550 BEDEDQ— = == = 555
FHOD3 826 GEEDD = = = = e 831
DELPH 735 =17 740
FMNL

FMN2 970 LPGAG IPPPPPLPGAG I PPPPPLPGAG I PPPPPLPGAG I PPPPPLPGAG I PPPPPLPGAG I PPPPPLPGAG IPPPPPLPG 1049
DIAL T PPAPGDSTTPPPPPPPPPPPPPLPGGVCISSPPSLPGGTAI 639
DIA2 B55 oo PAD---CNIPL-————=—— PPSKEGGTGH 572
DIA3 7 SSSSGIPGPPA-———————- APPLPG-VGP 562
DAAM1 516 mmmmmmmmmm e oo HELSRRAVCA-———————— = m e o 525
DAAM2 B12 oo SELSTOPV———m—mmmmmmmmmmmmm - 519
FRL1 7 P-——-DLAPAAEPAPGAAPPPP -~ ——————— PPLPG---- 550
FRL2 516  —mmmmmmmmmmm e P-——-TMGAASS-—--GPLPPPP--———————— PPLPP---- 535
FRL3 491 e I AELS---EGMPPSD—————————— LDLLA---- 507
WHIF1 A1 PR-———— ALEQQASTPPPPPPP—————————- PLLPGSSAE 436
INF1 16 o GN 17
FHOD1 556  —mmmmmmmmmmmmmmmmmm oo DMLNVESVEAGKD IPA-—————————=——— PS—mmm— - PPLPLLSGV 582
FHOD3 832  mmmmmmmmmmmmmmm DVLDVDL--GHREAPG-—————————=——— PPP——————mme - PPPPTFLGL 857
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FMN1 - PPASIPPP—————————- PPLPSGLGS 664
FMN2 1050 AGIPPPPPLPGAG I PPPPPLPGAG I PPPPPLPGAG I PPPPPLPGAG I PPPPPLPGVG I PPP—————————— PPLPG--AG 1117
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DIAL 640 SPPPPLSGDAT I PPPPPLPEGY----- GIPSPSSLPGGTAIPPPPPLPGSARIPP-PPPP-LPGSA-GIPPPPPPLPGEA 711
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FMN1 665 LSPAPPMPPVSAGPPLPPP-------- PPPPPPL--------- PPPSSAGPPPPP-PPPP-LPN------ SPAPPNPG-- 717
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DAAM2 553 PPPPPPPLPPGGPPTPPGAP-~~~~~~ PCLGMGLP-----~-~- LP----QDPYPS------- S—--DVP-—————— 592
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DELPH 820  —mm e HRRSETSHMSYURRERWEGVENSEGT ————————————— IWGQLGEDSDYDKLSDMVKY 864
FMN1 735 ——mmmee- GLFFGLGSSSSQCPRKPAIEPSCPMKPLYWTRIQISDRSQNATPT------~ LWDSLEEPDIRDP-SEFEY- 797
FMN2 1262  FLPPPLPSGLF-GLGMNQDKGSRKQP I EPCRPMKPLYWTRIQLHSKRDSSTSL-~-~-~~~~ IWEKIEEPSI-DC-HEFEE- 1330
DIAL 815 —-LTLTFSAQTKTS-——---- KAKKDQEGGEEKKS—544%KVKELKVLDSKTAQNLSIFLGSFRMPYQEIKNVILEVNEA 884
DIA2 682 --LENTFCCQQKER-----~~ RE---EEDIEEKKS-- I[KKK I KELKFLDSKIAQNLSIFLSSFRVPYEEIRMMILEVDET 747
DIA3 674 --LALNFATQIKVQ------- KN---AEALEEKKTGPTKKKVKELRILDPKTAQNLSIFLGSYRMPYEDIRNVILEVNED 741
DAAM1 645 --LERTFSAYQRQQDFFVNSNSKQKEADAIDDTLS--SKLKVKELSV IDGRRAQNCNILLSRLKLSNDEIKRAILTMDEQ 720
DAAM2 640 --FEKMFSAYQRHQ--—------~ KELGSTEDIYL--ASRKVKELSVIDGRRAQNCI ILLSKLKLSNEEIRQAILKMDEQ 705
FRL1 677 --FEEQFKTKSQGP--------- SLDLSALKSKAA---QKAPSKATL IEANRAKNLAITLRKGNLGAERICQAIEAYDLQ 742
FRL2 661 --FEEIFKTKAQGP--------- AIDLSSSKQK IP---QKGSNKVTLLEANRAKNLAI TLRKAGKTADE ICKAIHVFDLK 726
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V-LTESMIQONL 1KQMPEPEQLKMLSEL---KDE---YDDLAESEQFGVVMGTVPRLRPRLNAILFKLQFSEQVENIKPEI
R=LAESMIQNL IKHLPDQEQLNSLSQF---KSE---YSNLCEPEQFVVVMSNVKRLRPRLSAILFKLQFEEQVNNIKPDI
M-LESEALIQNLVKHLPEQKILNELAEL ---KNE---YDDLCEPEQFGVVMSSVKMLQPRLSSILFKLTFEEHINNIKPSI1
EDLPKDMLEQLLKFVPEKSD IDLLEEH---KHE---LDRMAKADRFLFEMSR INHYQQRLQSLYFKKKFAERVAEVKPKY
EDLAKDMEEQLLKFIPEKSDIDLLEEH---KHE---1ERMARADRFLYEMSR IDHYQQRLQALFFKKKFQERLAEAKPKY
A-LGLDELELLMRFLPTEYERSL I TRF---EREQRPMEELSEEDRFMLCFSRIPRLPERMTTLTFLGNFPDTAQLLMPQL
T-LPVDFVECLMRELPTENEVKVLRLY ---ERERKPLENLSDEDRFMMQFSK I ERLMQKMT IMAF IGNFAES IQMLTPQL
T-LPVDEVECLMRELPTEAEVKLLRQY---ERERQPLEELAAEDRFMLLFSKVERLTQRMAGMAFLGNFQDNLQMLTPQL
K-FDVEVLKQLEKELPEKHE I ENLRAF---TEE---RAKLASADHFYLLLLAIPCYQLRIECMLLCEGAAAVLDMVRPKA
H=YGSETLREFLKFLPESEEVKKLKAF-——--- SGDVSKLSLADSFLYGLIQVPNYSLRIEAMVLKKEFLPSCSSLYTDI
A-VSKDGIEKLLTMMPTEEERQK 1 EEA----QLANPDIPLGPAENFLMTLAS I GGLAARLQLWAFKLDYDSMERE IAEPL
A-LNKEGIEKILTMIPTDEEKQK I QEA----QLANPEIPLGSAEQFLLTLSSISELSARLHLWAFKMDYETTEKEVAEPL
R-LEPAHLAQLLLFAPDADEEQRYQ------ AFREAPGRLSEPDQFVLOMLSVPEYKTRLRSLHFQATLQEKTEE IRGSL
V-VDLETLAALYENRAQEDELVKIRKYYETSK-EEELKLLDKPEQFLHELAQ IPNFAERAQC I IFRSVFSEG I TSLHRKV
V-VDLETLQALYENRAQSDELEK I EKHGRSSKDKENAKSLDKPEQFLYELSL IPNFSERVFCILFQSTFSESICSIRRKL

VSVTAACEELRKSESFSNLLEITLLVGNYMNAGSRN-AGAFGFN I SFLCKLRDTKST-DQKMTLLHFLAELCEN----- D
MAVSTACEE IKKSKSFSKLLELVLLMGNYMNAGSRN-AQTFGFNLSSLCKLKDTKSA-DQKTTLLHFLVEICEE----- K
TAVTLACEELKKSESFNRLLELVLLVGNYMNSGSRN-AQSLGFKINFLCKIRDTKSA-DQKTTLLHFIADICEE----- K
EAIRSGSEEVFRSGALKQLLEVVLAFGNYMNKGQR--GNAYGFKISSLNKIADTKSSIDKNITLLHYLITIVEN-=--- K
EAILLASRELVRSKRLRQMLEVILAIGNFMNKGQR--GGAYGFRVASLNKIADTKSSIDRNISLLHYLIMILEK----- H
NATTAASMS IKSSDKLRQILEIVLAFGNYMNSSKR--GAAYGFRLQSLDALLEMKST-DRKQTLLHYLVKVIAE----- K
HATTAASVSIKSSQKLKKILE I ILALGNYMNSSKR--GAVYGFKLQSLDLLLDTKST-DRKQTLLHY ISNVVKE----- K
NATTAASASVKSSQKLKQMLE I ILALGNYMNSSKR--GAVYGFKLQSLDLLLDTKST-DRKMTLLHFIALTVKE----- K
QLVLAACESLLTSRQLPIFCQLILRIGNFLNYGSHT-GDADGFKISTLLKLTETKSQ-QNRVTLLHHVLEEAEK----- S
TVLRTAIKELMSCEELHS ILHLVLQAGN IMNAGGYA-GNAVGFKLSSLLKLADTKAN-KPGMNLLHFVAQEAQK----- K
FDLKVGMEQLVQNATFRCILATLLAVGNFLNGSQ----- SSGFELSYLEKVSEVKDT-VRRQSLLHHLCSLVLQ----- T
LDLKEGIDQLENNKTLGFILSTLLAIGNFLNGTN=-=--~ AKAFELSYLEKVPEVKDT-VHKQSLLHHVCTMVVE-—--- N
ECLRQASLELKNSRKLAKILEFVLAMGNYLNDGQPKTNKTTGFKINFLTELNSTKTV-DGKSTFLHILAKSLSQ----- H

E11TRASKDLLHVKSVKDILAL ILAFGNYMNGGNRTRGQADGYSLE I LPKLKDVKSR-DNGINLVDYVVKYYLRYYDQEA
ELLQKLCETLKNGPGVMQVLGLVLAFGNYMNGGNKTRGQADGFGLD I LPKLKDVKSS-DNSRSLLSY 1VSYYLRNFDEDA

YPDVLKFP-DELAHVEKASRVSAENLQKNLDQMKKQ I SDVERDVQNFPA--ATDEKDKFVEKMTSFVKDAQEQYNKLRMM
YPDILNFV-DDLEPLDKASKVSVETLEKNLRQMGRQLQQLEKELETFPP--PEDLHDKFVTKMSRFV I SAKEQYETLSKL
YRD I LKFP-EELEHVESASKVSAQILKSNLASMEQQ 1'VHLERD I KKFPQ--AENQHDKFVEKMTSFTKTAREQYEKLSTM
YPSVLNLN-EELRD IPQAAKVNMTELDKE I STLRSGLKAVETELEYQKSQ-PPQPGDKFVSVVSQF I TVASFSFSDVEDL
FPD ILNMP-SELQHLPEAAKVNLAELEKEVGNLRRGLRAVEVELEYQRRQ-VREPSDKFVPVMSDF I TVSSFSFSELEDQ

YPQLTGFH-SDLHFLDKAGSVSLDSVLADVRSLQRGLELTQREFVRQDD-----—---- CMVLKEFLRANSPTMDKLLAD
YHQVSLFY-NELHYVEKAAAVSLENVLLDVKELQRGMDLTKREYTMHDH—-——===———- NTLLKEF ILNNEGKLKKLQDD
YPDLANFW-HELHFVEKAAAVSLENVLLDVKELGRGMEL IRRECSIHD----———-—-—— NSVLRNFLSTNEGKLDKLQRD
HPDLLQLP-RDLEQPSQAAGINLE I IRSEASSNLKKLLETERKVSASVA----EVQEQYTERLQASISA----FRALDEL
DTILLNFS-EKLHHVQKTARLSLENTEAELHLLFVRTKSLKENIQRDGE--------- LCQQMEDFLQFAIEKLRELECW

RPESSDLY-SE I PALTRCAKVDFEQLTENLGQLERRSRAAEESLRSLAK - - ~HELAPALRARL THFLDQCARRVAMLRIV
FPDSSDLY-SE 1GAITRSAKVDFDQLQDNLCQMERRCKASWDHLKA I AK - - ~HEMKPVLKQRMSEFLKDCAERT I ILK 1V
FPELLGFA-QDLPTVPLAAKVNQRALTSDLADLHGT I SE1QDACQS I SP----SSEDKFAMVMSSFLETAQPALRALDGL
GTEKSVFPLPEPQDFFLASQVKFEDL I KDLRKLKRQLEASEKQMVVVCKESPKEYLQPFKDKLEEFFQKAKKEHKMEESH
GKEQCLFPLPEPQDLFQASQMKFEDFQKDLRKLKKDLKACEVEAGKVYQVSSKEHMQPFKENMEQF I 1QAK I DQEAEENS

HSNMETLYKELGEYFLFDPKK----LSVEEFFMDLHNFRNMFLQAVKEN-QKRRETEEKMRRAKLAKEKA-—————————
HENMEKLYQS11GYYAIDVKK----VSVEDFLTDLNNFRTTFMQAIKEN-IKKREAEEKEKRVRIAKELA----—————-
HNNMMKLYENLGEYF IFDSKT----VSIEEFFGDLNNFRTLFLEAVREN-NKRREMEEKTRRAKLAKEKA---——————-
LAEAKDLFTKAVKHFGEEAGK----1QPDEFFG I FDQFLQAVSEAKQENENMRKKKEEEERRARMEAQLK--————————
LNEARDKFAKALMHFGEHDSK----MQPDEFFG I FDTFLQAFSEARQDLEAMRRRKEEEERRARMEAMLK - == == —————
SKTAQEAFESVVEYFGENPKT----TSPGLFFSLFSRF IKAYKKAEQEV-EQWKK-EAAAQEAGADTPGKGEPPAPKSPP
AKTAQDAFDDVVKYFGENPKT----TPPSVFFPVFVRFVKAYKQAEEEN-ELRKKQEQALMEKLLEQEALMEQQDPKSPS
AKTAEEAYNAVVRYFGESPKT----TPPSVFFPVFVRF IRSYKEAEQEN-EARKKQEEVMREKQLAQEA--KKLDAKTPS
FEAIEQKQRELADYLCEDAQQ----LSLEDTFSTMKAFRDLFLRALKEN---KDRKEQAAKAERRKQQLA---———————
KQELQDEAYTL IDFFCEDKKT----MKLDECFQ I FRDFCTKFNKAVKDN--HDREAQELRQLQRLKEQEQ-KQRSWATGE
HRRVCNRFHAFLLYLGYTPQAA-REVRIMQFCHTLREFALEYRTCRERV--LQQQQKQATYRERNKTRGR-MITE--TEK
HRRIINRFHSFLLFMGHPPYAI-REVNINKFCR I ISEFALEYRTTRERV--LQQKQKRANHRERNKTRGK-MITD--SGK
QREAMEELGKALAFFGEDSKA----TTSEAFFGIFAEFMSKF----ERA--LSDLQA-—————————— GE-GLRS--SGM
LENAQKSFETTVRYFGMKPKSGEKE I TPSYVFMVWYEFCSDFK-=== == === === e
LTETHKCFLETTAYFFMKPKLGEKEVSPNAFFSIWHEFSSDFK--------—-—-—-—= ===
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FMN1 1175 ————- KINPTASLKER--—---- LRQKEASVTTN-———————— 1196
FMN2 1705  ——mmmmmm KIKPR---HDSG IKAK I SMKT -~~~ ————-— 1722

Figure 1S — Human formin amino acid alignment.

Formin alignment was performed using COBALT on 3/30/2012 with the accession numbers
listed in Methods. Amino acids highlighted in yellow are translations of forward primers and
amino acids highlighted in green are translations of reverse primers used for PCR and gPCR
as described in Methods. Two additional sets of primers were made against delphilin, with the
amino acids encoded by the forward primers highlighted in pink and those encoded by the
reverse primers highlighted in blue.
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Figure 2S —Quality Control and Quantification of RNA

Figure 2SA-V2: RNA was obtained as described in Methods. The “Electropherogram
Summary” visualizes the analysis of total RNA, where peaks between and undern eath
the 18S and 28S ribosomal subunits indicate degraded RNA, and higher peaks
correspond to a higher concentration of RNA. The rectangular box to the right of the
“Electropherogram Summary” is a visual representation of RNA degradation. The RNA
Integrity Number (RIN) is calculated using an algorithm based on a Bayesian analysis of
nine distinct features of the electropherogram of 1208 samples of RNA of varying
degrees of degradation using the Agilent 2100 bioanalyzer system (Agilent
Technologies, Santa Clara, CA) (Schroeder et. al., 2006).

Figure 2SW: Statistical analysis of RIN from 2SA — 2V2

Set 1 including all RINs shows the average and standard deviation off all cell types.
Set 2 excludes RINs of monocytic cells.

Set 3 excludes RINs of monocytic cells and platelets.

2SA Hela
2SB Macrophage
2SC Cerebellum

2SD U20Ss

2SE HCN

2SF Skeletal muscle
2SG THP

2SH differentiated THP
2SI U937

2SJ K562

2SK Cardiac muscle
2SL  HaCaT

2SM MDA

2SN  HK-2

2SO HUVEC

2SP HEK

2SQ Meg-01

2SR1 Neutrophil
2SR2 Neutrophil
2SR3 Neutrophil

2SS Platelet
2ST Monocyte
2SU HT1080

2SV1 Jurkat
2SV2 Jurkat
2SW RNA Integrity Number Analysis
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Figure 2SA
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Overall Results for sample 2 : 2
RMNA Area: 1,0195 RNA Integrity Number (RIN): 94 (B.02.05)
RNA Concentration: 480 ng/ul Result Flagging Color: |:I
rRNA Ratio [28s f 18s]: 35 Result Flagging Label: RIN: 9.40
Fragment table for sample 2 : 2
Name Start Time [s] End Time [5] Area % of total Area
185 40,60 42.75 123.0 12.1

285 46.64 50.66 429.7 42.1
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Figure 2SB
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Overall Results for sample 1 : M1
RNA Area: 20522 RNA Integrity Mumber {RIN}: 9.9 (B.D2.05)
RNA Concentration: 1,627 ngrul Result Flagging Color: |:I
rRNA Ratio [28s f 18s]: 22 Result Flagging Label: RIN: 9.90
Fragment table for sample 1 : M1
Name Start Time [s] End Time [5] Area % of total Area
185 41.36 42.85 349.1 17.0

285 47.97 51.27 784.6 38.2
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Page 8 of 9

Assay Class: EukaryoteTotal RNA Nano
Data Path: C:\...00 bioanalyzer\2100 expert\data\Blystone_2011-03-01_001.xad

Electropherogram Summary Continued ...
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Overall Results for sample 6 : 6
RMNA Area: 1,103.7 RNA Integrity Number (RIN): 8.3 (B.02.05)
RNA Concentration: 520 ng/pl Result Flagging Color: |:I
rRNA Ratio [28s f 18s]: 1.0 Result Flagging Label: RIN: 8.30
Fragment table for sample 6 : 6
Name Start Time [s] End Time [5] Area % of total Area
185 40,44 43.05 202.5 18.3

285 47.99 51.31 210.0 19.0
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Assay Class: EukaryoteTotal RNA Nano
Data Path: C:\...00 bioanalyzer\2100 expert\data\Blystone_2011-03-01_001.xad
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Overall Results for sample 4 : 4
RMA Area: 3,186.6 RNA Integrity Mumber {RIN}: 10.0 (B.0D2.05)
RNA Concentration: 1,500 ngrul Result Flagging Color: |:I
rRNA Ratio [28s f 18s]: 2.1 Result Flagging Label: RIN:1D
Fragment table for sample 4 : 4
Name Start Time [s] End Time [s] Area % of total Area
185 40,37 42.61 699.5 21.9

285 47.53 50.61 1,455.8 45.7
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Assay Class: EukaryoteTotal RNA Nano Created: 3/1/2011 3:28:50 PM
Data Path: C:\...00 bioanalyzer\2100 expert\data\Blystone_2011-03-01_001.xad Maodified: 3/1/2011 4:11:35 PM
Electropherogram Summary Continued ...
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Overall Results for sample 3 : 3
RMA Area: 2209 RMNA Integrity Number {RIN): 9.9 (B.02.05)
RNA Concentration: 104 ng/pl Result Flagging Color: |:I
rRNA Ratio [28s f 18s]: 20 Result Flagging Label: RIN: 9.90
Fragment table for sample 3 : 3
Name Start Time [s] End Time [s] Area %6 of total Area
185 41.04 43.37 40.1 18.2
285 48.31 51.52 82.2 37.2
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Figure 2SF
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Overall Results for sample 2 : skeletal
RNA Area: 6,046.2 RMA Integrity Mumber (RIN): 83 (B.02.05)
RNA Concentrafion: 4,668 ngful Result Flagging Color: |:[
rRNA Ratio [28s [ 18s]: 1.0 Result Flagging Label: RIN: 8.30
Fragment table for sample 2 : skeletal
MName Start Time [s] End Time [s] Area % of total Area
185 40.49 42.89 1,099.6 18.2

285 47.96 33.78 1,126.2 18.6
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Data Path: C:\...alyzer\2100 expert\Data\Mooneyd_Blystone_2011-03-24_001.xad Modified:  3/24/2011 5:22:06 PM
Electropherogram Summary Continued ...
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Overall Results for sample 5 : THP
RMNA Area: 266.9 RNA Integrity Number (RIN): 9.3 (B.02.05)
RNA Concentration: 314 ng/ul Result Flagging Color: L 1]
rRMNA Ratio [28s [ 18s]: 22 Result Flagging Label: RIN: 930
Fragment table for sample 5 : THP
Name Start Time [s] End Time [s] Area % of total Area
185 41.47 42.95 42.0 15.7
285 48.29 51.24 94.5 35.4
2100 expert (B.02.05.51360) @ Copyright 2003-2007 Agilent Technelegies, Inc. Printed:  3/24/2011 5:22:42 PM
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Figure 2SH
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Overall Results for sample 4 : diff-THP
RMNA Area: 109.8 RNA Integrity Number (RIN): 9.3 (B.02.05)
RNA Concentration: 128 ng/ul Result Flagging Color: 1
rRNA Ratio [28s / 18s]: 24 Result Flagging Label: RIN: 930
Fragment table for sample 4 : diff-THP
Name Start Time [s] End Time [s] Area % of total Area
185 40.82 42.34 13.0 11.8

285 48.09 30.79 77 34.3
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Figure 2SI
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Overall Results for sample 1 : (1:k¥i

RNA Area: 49959 RNA Integrity Number (RIN): 69 (B.02.05)

RNA Concentration: 3,997 ng/pl Result Flagging Color: [ 1]

rRNA Ratio [28s / 18s]: 2.1 Result Flagging Label: RIN: 6.90

Fragment table for sample 1 : U937

Name Start Time [s] End Time [s] Area % of total Area

18S 41.34 42.93 1,161.4 23.2

28S 47.87 50.92 2,431.7 48.7
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Assay Class: EukaryoteTotal RMA Nano Created: 3/24/2011 5:04:59 PM
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Overall Results for sample 6 : K562
RNA Area: 1,185.2 RMNA Integrity Number (RIN): 100 (B.02.05)
RNA Concentration: 1,394 ngful Result Flagging Color: 1
rRNA Ratio [28s [ 18s]: 25 Result Flagging Label: RIN:10
Fragment table for sample 6 : K562
Name Start Time [s] End Time [s] Area %, of total Area
185 41.20 42.84 218.7 18.5
285 47.60 50.67 546.1 46.1
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Assay Class: EukaryoteTotal RNA Nano

Data Path:
Electropherogram Summary
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Overall Results for sample 1 : heart

RNA Area: 46306

RNA Concentration: 3,575 ng/pl
rRNA Ratio [28s / 18s]: 19

Fragment table for sample 1 : heart

Name Start Time [s] End Time [s]
18S 40.47 43.35
285 46.93 58.63

RNA Integrity Number (RIN):
Result Flagging Color:

8.9 (B.02.05)

L1

Result Flagging Label: RIN: 8 .90

Area % of total Area

763.5 16.5
1,416.7 30.6

100

3/15/2011 4:05:09 PM
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Assay Class: EukaryoteTotal RNA Nano Created: 4f1/2011 3:01:01 PM
Data Path: C:\...00 bioanalyzer\2100 expert\Data\Blystone_2011-04-01_001.xad Modified: 4/1/2011 3:12:51 PM
Electropherogram Summary Continued ...
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Overall Results for sample 2 : HaCaT
RNA Area: 3,863.9 RNA Integrity Number (RIN): 100 (B.02.05)
RNA Concentration: 2,801 ngfyl Result Flagging Color: _
rRNA Ratio [285 [ 18s]: 22 Result Flagging Label:
Fragment table for sample 2 : HaCaT
Name Start Time [s] End Time [s] Area % of total Area
185 41.43 42.98 922.0 239
285 48.05 51.06 2,000.6 51.8
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Figure 2SM
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Overall Results for sample 1 : MDA
RNA Area: 19153 RNA Integrity Number (RIN): 10.0 (B.02.05)
RNA Concentration: 1,096 ng/ul Result Flagging Color: [ ]
rRNA Ratio [28s / 18s]: 22 Result Flagging Label: RIN:10
Fragment table for sample 1 : MDA
Name Start Time [s] End Time [s] Area % of total Area
185 41.15 42.67 320.0 211
28S 47.66 50.79 713.8 47.1
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Figure 2SN
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Overall Results for sample 3 : HK-2
RNA Area: 2,086.7 RMA Integrity Mumber (RIN): 10.0 (B.02.05)
RNA Concentrafion: 1,513 noful Result Flagging Color: _
rRNA Ratio [28s f 18s]: 23 Result Flagging Label:
Fragment table for sample 3 : HK-2
Name Start Time [s] End Time [s] Area % of total Area
185 41.40 42.94 480.9 23.0
285 48.04 51.17 1,083.8 51.9
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Figure 2SO
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Overall Results for sample 1 : HUVEC
RNA Area: 7008 RNA Integrity Number (RIN): 96 (B.02.05)
RMNA Concentration: 567 ng/pl Result Flagging Color: ]:[
rRNA Ratio [28s / 18s]: 22 Result Flagging Label: RIN: 9.60
Fragment table for sample 1 : HUVEC
Name Start Time [s] End Time [s] Area % of total Area
185 40.67 43.02 1258 18.0
28S 48.11 51.21 279.3 39.8
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Figure 2SP
Blystone_2011-04-01_001.xad Page 3 of &6
Assay Class: EukaryoteTotal RNA Nano Created: 4f1/2011 3:01:01 PM
Data Path: C:\...00 bioanalyzer\2100 expert\Data\Blystone_2011-04-01_001.xad Modified: 4/1/2011 3:12:51 PM
Electropherogram Summary
HEK
[FLN | »
800 '
700
600 - !
500
.+DD | | —
300 ; —_—
|

200
100 |

0 == '_—_Z_”‘ f

1 1
| | | ] | | | | ] |
20 25 30 35 40 45 50 55 60 65[s]

Overall Results for sample 1 : HEK
RMA Area: 20539 RMA Integrity Mumber (RIN): 10.0 (B.02.05)
RNA Concentration: 1,489 ngrul Result Flagging Color: _
rRNA Ratio [285 f 18s]: 23 Result Flagging Label:
Fragment table for sample 1 : HEK
Name Start Time [s] End Time [s] Area % of total Area
185 41.42 42.97 481.3 234
285 47.97 21.23 1,109.7 34.0
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Figure 2SQ
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Overall Results for sample 4 : Megol RNA
RNA Area: 39888 RNA Integrity Number (RIN): 97 (B.02.05)
RNA Concentration: 1,941 ng/ul Result Flagging Color: [ ]
rRNA Ratio [28s / 18s]: 1.8 Result Flagging Label: RIN: 9.70
Fragment table for sample 4 : Megol RNA
Name Start Time [s] End Time [s] Area % of total Area
18S 40.78 42.94 994.9 249
285 47.93 50.80 1,768.5 443
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Electropherogram Summary
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Figure 2SR2
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Overall Results for sample 2 : neutrophil
RNA Area: 106.9 RNA Integrity Number (RIN): NiA  (B.02.05)
RNA Concentration: 135 ng/pl Result Flagging Color: |:[
rRNA Ratio [285 f 18s]: 00 Result Flagging Label: RIM MNfA
Fragment table for sample 2 : neutrophil
MName Start Time [s] End Time [s] Area % of total Area
185 40.26 40.84 0.3 0.3

108



Chapter 2: Formin expression patterns

Figure 2SR3
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Overall Results for sample 1 : N#1
RMNA Area: 4450 RMA Integrity Number (RIN): MNiA  (B.02.05)
RNA Concentration: 241 ng/ul Result Flagging Color: |:[
rRNA Ratio [28s [ 18s]: 0.0 Result Flagging Label: RIM MNfA
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Electropherogram Summary Continued ...
platelets

[FU]

? -

6 -

5 -

4—

3 -

271 |

1- 5

0 = = - = e

1 1 ——
T T T T T T T T T T
20 25 30 35 40 45 50 55 60 65 [5]

Overall Results for sample 2 : platelets
RNA Area: 535 RNA Integrity Number (RIN): 38 (B.02.05)
RNA Concentration: 37 nglyl Result Flagging Color: [ ]
rRNA Ratio [28s / 18s]: 03 Result Flagging Label: RIN: 3.80
Fragment table for sample 2 : platelets
Name Start Time [s] End Time [s] Area % of total Area
18S 41.53 42.51 1.4 2.7
285 46.07 46.95 0.4 0.7
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Figure 2SU
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Overall Results for sample 10 : HT#2
RNA Area: 453.8 RNA Integrity Number (RIN): 8.3 (B.02.05)

RNA Concentration: 246 ng/pl Result Flagging Color: | |
rRNA Ratio [28s / 18s]: 0.0 Result Flagging Label: RIN: 8.30
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Figure 2SV1
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Overall Results for sample 1 : Jurkat

RNA Area: 343 RNA Integrity Number (RIN): 25 (B.02.05)

RNA Concentration: 61 ng/ul Result Flagging Color: | |

rRNA Ratio [28s / 18s]: 00 Result Flagging Label:

Fragment table for sample 1 : Jurkat
Name Start Time [s] End Time [s] Area % of total Area

185 39.40 43.85 3.0 8.8
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Figure 2SV2
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Fragment table for sample 2 : Jurkat
Name Start Time [s] End Time [s] Area % of total Area

185 40.56 44.28 4.0 9.4
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Figure 2SW

e ronoones & g
Cell type RIN Cell type RIN Cell type RIN
HelLa 9.4 Hela 9.4 HelLa 9.4
Macrophage 9.9 Macrophage 9.9 Macrophage 9.9
Cerebellum 8.3 Cerebellum 8.3 Cerebellum 8.3
u20Ss 10 u20s 10 u20Ss 10
HCN 9.9 HCN 9.9 HCN 9.9
Skeletal muscle 8.3 Skeletal muscle 8.3 Skeletal muscle 8.3
THP 9.3 THP 9.3 THP 9.3
differentiated THP 9.3 differentiated THP 9.3 differentiated THP 9.3
U937 6.9 U937 6.9 U937 6.9
K562 10 K562 10 K562 10
Cardiac muscle 8.9 Cardiac muscle 8.9 Cardiac muscle 8.9
HaCaT 10 HaCaT 10 HaCaT 10
MDA 10 MDA 10 MDA 10
HK-2 10 HK-2 10 HK-2 10
HUVEC 9.6 HUVEC 9.6 HUVEC 9.6
HEK 10 HEK 10 HEK 10
Meg-01 9.7 Meg-01 9.7 Meg-01 9.7
Neutrophil N/A Neutrophil N/A Neutrophil N/A
Neutrophil N/A Neutrophil N/A Neutrophil N/A
Neutrophil N/A Neutrophil N/A Neutrophil N/A
Platelet 3.8 Platelet 3.8 Platelet 3.8
Monocyte N/A Monocyte N/A Monocyte N/A
HT1080 8.3 HT1080 8.3 HT1080 8.3
Jurkat 2.5 Jurkat - Jurkat -
Jurkat 2.5 Jurkat - Jurkat -
average RIN 8.41 average RIN 9.03 average RIN 9.32
st. dev. 2.44 st. dev. 1.52 st. dev. 0.87
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Introduction

Formin Homology Domain containing proteins 1 and 3 (FHOD1 and
FHOD3) were found to be expressed in both cardiac and skeletal muscle at high
levels compared to other formins (Krainer, et al, 2013). The same study found
FHOD1 to be the most highly expressed formin across 22 different human cell
lines and tissues, while FHOD3 was the least highly expressed formin, posing
the question why two closely related formins would have such strikingly different
expression profiles across a wide range of cells and tissues, but have similarly
high expression in striated muscle (Krainer, et al., 2013).

The microscopic structure of striated muscles is highly preserved across
species, with the structure of the smallest contractile unit, the sarcomere, virtually
unchanged between lower invertebrates and humans (Huxley H and Hanson J,
1954). While the structure of sarcomeres is fairly well understood, the formation
of myofibrils and sarcomeres is much less clear. Specifically, the process by
which actin, the main thin flament component is incorporated into the sarcomere
remains unknown. The thin filament starts at an integrin-based adhesion site
near the cell membrane called Z-bodies, Z-disk precursors, and are anchored at
the barbed end and appear similar to stress-fiber like actin filaments (Sparrow
and Schock, 2009; Moerman and Williams, 2006; Volk, et al., 1990). However, it
has not been determined which actin nucleation factor or factors (ANF) are
responsible for the assembly and maintenance of the actin filament, but three
candidates seem likely: neuronal Wiskott—Aldrich Syndrome protein (N-WASP),

tropomodulin-related leomodin-2 (Lmod), and formins (Takano, et al., 2010;
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Chereau, et al., 2008; Tanaguchi, et al., 2009). Based on previous findings of
high expression levels of FHOD1 and FHODZ3 in striated muscle, this chapter
focuses on the localization of FHOD1 and FHOD3 within the sarcomere to

determine if they could play a role in the formation or stabilization of the actin

filament.
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Methods

Quantitative real-time PCR (qPCR) Analysis of Formin Expression

Methods as described in Chapter 2.

C2C12 Cell Culture

To prepare glass coverslips, they were washed in 70% Ethanol, coated
with 10% Poly-L-Lysine (Sigma-Aldrich, St. Louis, MO) for 20 minutes, washed
with phosphate-buffered saline (Life Technologies, Grand Island, NY) twice after
removing Poly-L-Lysine, washed with sterile water twice, and placed under UV
light for 18 hours. Class coverslips were then coated with 3mg/ml Type | rat tail
collagen (Corning Incorporated Life Sciences, Tewksbury, MA) and dried under
UV light for three hours. The mouse myoblast cell line C2C12 (ATCC®
Manassas, VA), isolated from the thigh muscles of dystrophic mice (Yaffe and
Saxel, 1977) was seeded on prepared coverslips in growth medium containing
Dulbecco’s modified eagle medium, DMEM (Life Technologies, Grand Island,
NY) containing 10% Fetal Bovine Serum (Gemini Bio-Products, West
Sacramento, CA), 1% Penicillin Streptomycin (Life Technologies, Grand Island,
NY) and 1% GlutaMAX™ (Life Technologies, Grand Island, NY). To differentiate
C2C12 cells the media was changed to differentiation medium containing DMEM
4% horse serum (Life Technologies, Grand Island, NY), 1% Penicillin
Streptomycin and 1% GlutaMAX™, which was changed every 48 hours until cells

were fully differentiated.
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FHOD1 and FHOD3 Expression

FHOD1 and FHODS levels in differentiating C2C12 cells were analyzed
using SDS-PAGE and Western blot analysis between zero and 193 hours of
differentiation. Cells were grown to 90% confluency in growth media, changing
the media to differentiation media was marked as time point 0 of differentiation.
Cells were lysed using 4°C lysis buffer containing 10% Glycerol (Fischer,
Pittsburgh, PA), 1% NP40 (Merck, Germany), 1mM DTT (Bio-Rad Laboratories,
Hercules, CA), 0.1mM EDTA (Sigma-Aldrich, St. Louis, MO), 1mM PMSF
(Sigma-Aldrich, St. Louis, MO 10ug/ml Aprotonin (Sigma-Aldrich, St. Louis, MO),
10pg/ml Leupeptin (Sigma-Aldrich, St. Louis, MO), 150mM NaCl2, 50mM MgCI2
and 50mM HEPES (Life Technologies, Grand Island, NY). The antibodies used
for Western Blot analysis were Fhodl (C-14) and Fhod3 (K-19 and E-20) and
transaldolase (T-20) (Santa Cruz, Dallas, TX). Western blots for FHOD1 and
FHOD3 were normalized against transaldolase and analyzed in Image J
(National Institutes of Health, Bethesda, MD). A total of 29 time points were used

for each protein’s intensity graph.

Sample Preparation for Microscopy

Cells were washed with room temperature phosphate buffered saline,
(PBS, Life Technologies, Grand Island, NY) twice, incubated with 3.7%
Formaldehyde (Fischer, Pittsburgh, PA), 1% TX-100 (Fischer, Pittsburgh, PA) in

PBS for 10 minutes at 4°C, washed with PBS twice, incubated with 1M Glycine
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(Fischer, Pittsburgh, PA) in PBS for 20 minutes at room temperature, washed
with PBS twice, incubated with 3% Bovine Serum Albumin (BSA, Sigma-Aldrich,
St. Louis, MO) 1% TX-100 for 2 hours at room temperature, washed with PBS
twice, and incubated with primary antibody for two hours at 37°C. Primary
antibodies for Fhodl C-14, Fhod3 K-19 and E-20 (Santa Cruz, Dallas, TX),
alpha-actinin (Sigma-Aldrich. St. Louis, MO) were incubated in 1% BSA 0.5%
TX-100 for 2 hours at 37°C. Myomesin antibody was isolated from supernatant
obtained from mMaC myomesin B4 (Developmental Studies Hybridoma Bank,
University of lowa) grown in Iscove’s DMEM (Life Technologies, Grand Island,
NY) containing 20% FBS and 1% Gentamicin. C2C12 cells were incubated with
myomesin supernatant for 2 hours at 37°C. After primary antibody incubation,
cells were washed with PBS three times, and incubated with secondary
antibodies anti-goat FITC and TRITC and anti-mouse TRITC (Jackson
ImmunoResearch Laboratories, West Grove, PA) and DAPI (Life Technologies,

Grand Island, NY) in 1% BSA 0.5% TX-100 for 1 hour at 37°C.

Microscopy & Image Analysis
Images were captured using a Nikon Eclipse EB00 microscope and
analyzed using NIS-Elements AR 3.10 software (Nikon Instruments Inc. Melville,

NY). Intensity profile analysis was performed using NIS Elements AR 3.10.
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Results
FHOD1 and FHOD3 Expression levels.

FHOD1 and FHOD3 were found to be the most and least expressed
formins, respectively, across 22 different human tissues and cell lines, with levels
of expression of 54% and 26% of the expression of the 18S ribosomal subunit,

as shown in Figure 1.
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Figure 1: FHOD1 and FHOD3 expression in 22 cell types and tissues

The levels of formin expression in all cell and tissue types analyzed in chapter 2
were analyzed. Two formins, FHOD1 and FHOD3, were notable for consistently
high and low expression, respectively. Line indicates the average expression of
all 15 formins in all cells. Data are reported as the average percentage of
expression of 18S ribosomal subunit, p<0.05. FHOD1 and FHOD3 data points

have a p-value of <0.05. (Krainer, et al., 2013)
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Formin Expression in Skeletal and Cardiac Muscle

An expression analysis of all 15 human formins in cardiac and skeletal
muscle showed that FHOD1 and FHOD3 were both highly expressed, with
expression levels of 20% and 32% in skeletal muscle and 28% and 23%,

respectively, as shown in Figure 2.
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Figure 2: Formin expression in cardiac and skeletal muscle.
As analyzed in chapter 2, the level of expression of all formins in cardiac and
skeletal muscle. Data are reported as the average percentage of expression of

18S ribosomal subunit, p<0.05. (Krainer, et al., 2013)
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Protein Expression Analysis of FHOD1 and FHOD3 in C2C12 Cells

The expression levels of FHOD1 and FHOD3 were tracked throughout
C2C12 development until full differentiation was achieved. Western Blot analysis
shows increasing levels of FHOD1 and FHOD3 throughout C2C12 differentiation,
as shown in Figure 3A. After normalizing the levels against transaldolase
visually, a graph was constructed to show the relative levels of FHOD1 and
FHOD3, as shown in Figure 3B. A clear increase in the level of both proteins can
be seen throughout differentiation, but no further significant increase was

observed after day 8 or 200 hours.

Fhodl —-“—_——_—— — —

transaldolase sy e
—— e—
-

00 e e o i S el -

transaldolase \
s M

5
<
o

T Aep

5 5 5 8
< < < <
N w & ol

9 Aep

)
<
\l

8 Aep

Figure 3A: FHOD1 and FHOD3 during C2C12 differentiation
Western Blot analysis of FHOD1 and FHODS3 with transaldolase control.
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Figure 3B: FHOD1 and FHOD3 intensity throughout C2C12 differentiation
FHOD1 and FHODS relative levels of intensity are shown over the course of
C2C12 cell differentiation between zero and 193 hours. The graph is a
polynomial function of the third order of 29 time points for each protein.
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Localization of Endogenous FHOD1 in the Sarcomere

Figure 4 shows the localization of FHODL in relationship to the M-line
marker myomesin. Myomesin localizes to the very center of the sarcomere, and
as seen in the merged images, there is a periodic pattern, indicating the
sarcomeric arrangement of myomesin, with FHOD1 localizing in between
myomesin bands. The line intensity analysis shows that red and green spikes
alternate, confirming that FHOD1 alternates with myomesin in the sarcomere,
indicating that FHOD1 localizes to the area of the Z-disk in mature myotubes.
Note that the fluorescent overlap of FITC and TRITC emission creates some

bleed-through of TRITC in the FITC channel.
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Figure 4: FHOD1 immunohistochemistry in C2C12 cells with myomesin
FHODL1 localization compared to the M-line marker myomesin shows FHOD1

to localize near the Z-line.
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Localization of Endogenous FHOD3 in the Saromere

Figure 5 shows that localization of FHOD3 in relationship to the Z-disk
marker alpha-actinin. The first image in Figure 5 shows the periodic arrangement
of alpha-actinin, with the zoomed images showing a pattern of alternating green
and red. FHOD3 appears to localize right in between the lines of alpha actinin,
indicating that it localizes to the area of the center of the sarcomere where the M-
line and the H-band can be found. In the line analysis, considering the spaces
between the first and second and the fourth and fifth alpha actinin peak it looks
as if FHOD3 has a slight double-peak, indicating that there may be two thin lines
of FHOD3 at the center of the sarcomere, most likely on either side of the M-line,
considering the regular arrangement of the sarcomere. Note that the fluorescent
overlap of FITC and TRITC emission creates some bleed-through of TRITC in
the FITC channel.

Figure 6 shows FHOD3 by itself without any other sarcomeric markers.
The images and line analysis show a periodic sarcomeric pattern of FHOD3
bands, with an average distance of 1.74um between bands, confirming that

FHODZ3 localizes to a specific part of the sarcomere.
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Figure 5: FHOD3 immunohistochemistry in C2C12 with alpha actinin
FHOD3 co-localization with Z-disc marker alpha-actinin. Fhod3 seems to localize

to the space between the Z-discs.
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Line analysis

Figure 6: FHOD3 immunohistochemistry in C2C12 cells
FHOD3 antibody showing sarcomeric arrangement. Average distance between

FHOD3 bands is 1.74um, confirming sarcomeric patterning.
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Models for FHOD1 and FHOD3 Localization in the Sarcomere

Based on the fluorescent microscopy data presented, Figure 7 shows two
proposed models for FHOD1 and FHOD3 localization in the sarcomere. Figure
7a shows a non-contracted sarcomere, as seen by the small area of overlap
between thin and thick filaments and the wide H-band. A contracted sarcomere
has an almost non-existent H-band and almost complete overlap of the thin and
thick filaments. When fixing cells for immunohistochemical analysis, cells
contract, the space in the H-band is greatly compressed, making it difficult to
distinguish between the pointed end of the actin filament and the M-line. Thus we
present two alternate possibilities for FHOD3 localization. For ease of
visualization, a relaxed sarcomere is shown in Figure 7b and 7c.

Figure 7b shows the localization as it appears in the microscopy image
analysis, with FHOD1 localizing in between the M-bands, to the area of the Z-
disk and FHODS localizing in between bands of alpha actinin, to the area at or
near the M-band. Based on the first and fourth of the FHOD3 peaks in Figure 5, it
seems possible that FHOD3 localizes as two thin bands on either side of the M-
band. The level of resolution attained with the equipment used does not allow for
any further actual discrimination, such as whether FHODL1 localizes exactly to the
Z-disk or to the barbed ends of actin that are anchored at the Z-disk. However,
based on the function of formins, the model in Figure 7c shows what could be the
likely localization of FHOD1 and FHODZ3 inside the sarcomere: FHODL1 at the
barbed ends of actin along either side of the Z-disk, and FHOD3 at the pointed

end of actin towards the center of the sarcomere.
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Figure 7a: Components of the Sarcomere
adapted from: Alberts, et al, 2003, p 963
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Figure 7c: FHOD1 and FHOD3 localization in the sarcomere model 2
A endogenous FHOD1
B endogenous FHOD3

Figure 7: Endogenous FHOD1 and FHOD3 localization in the sarcomere

137



Chapter 3 — Endogenous Fhodl1 and Fhod3 in the Sarcomere

Discussion

High levels of expression of FHOD1 and FHOD3 in muscle as compared
to other formins suggests a function for these proteins related to either
sarcomere assembly or maintenance. To elucidate the possible roles of FHOD1
and FHOD3, this study aimed to determine the sarcomeric localization of

endogenous FHOD1 and FHOD3 in murine C2C12 cells.

FHODL1 Localization

Based on the results of this study, FHOD1 appears to localize with
sarcomeric periodicity between M-lines, which corresponds to the area of the Z-
disk. As shown in Figures 7a and 7b, the exact location of FHODL1 in the
sarcomere is unclear because of the limitations of microscopic resolution. While
the fluorescent microscopy analysis places FHOD1 at the Z-disk, based on the
actin-binding motif in FHOD1's FH2 domain, it appears likely that FHOD1
localizes to the barbed ends of actin, which are anchored at the Z-disk. The
arrangement of proteins at the Z-disk is such that the barbed end of the actin
filament and the Z-disk itself are very difficult to distinguish using light
microscopy. This localization to or near the Z-disk is congruent with the findings
of other studies in murine cardiac muscle and Caenorhabditis elegans (Dwyer, et
al., 2014; Mi-Mi, et al., 2012). To further clarify the exact localization of FHODL1 in
the sarcomere using immunohistochemical methods, co-localization with alpha-

actinin or CapZ may help to determine how close to the Z-disk FHODL1 localizes.
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Other possible antibodies that could help narrow the range of localizations for

FHODL1 include actin and the thin filament markers troponin and tropomyaosin.

FHOD3 Localization

Based on the data presented in this study, endogenous FHOD3 appears
to localize periodically between the Z-disks, placing it at the center of the
sarcomere at the area of the M-line. As part of the data in Figure 5 suggests, it
seems likely that FHOD3 localizes to the pointed end of actin, which, in a
contracted sarcomere, appears as two closely spaced lines on either side of the
M-line. This localization has been seen in studies in both embryonic and adult
murine cardiomyocytes, but to date has not been demonstrated in skeletal
muscle (Taniguchi, et al., 2009; Kan-o, et al., 2010). Other studies have
suggested that FHOD3 does not localize to the pointed end of actin, but between
the ends of actin filaments and the M-line, to the area of overlap between thin
filaments and thick filaments (Kan-o, et al., 2010). Such a localization would be
completely new to FHOD3 and formins in general, as no formins have been
shown to bind to myosin. To clarify the exact localization of FHOD3, further
immunohistochemical studies could be performed using other sarcomeric
markers, such as thin filament markers (actin, troponin, tropomypsin) and the M-

line marker myomesin.
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Introduction

FHOD1 and FHODS3 both have high levels of expression in striated muscle
and both proteins have distinct localizations in the sarcomere (Kan-o, et al.,
2012; Krainer, et al., 2013; Taniguchi, et al., 2009). In order to further determine
the possible roles of FHOD1 and FHOD3 in sarcomere formation or
maintenance, GFP-tagged cDNAs of both proteins are used for actin-binding
mutant studies. In this study full-length FHOD1 and FHOD3 are introduced into
the established C2C12 model system, as well as FHOD1 and FHOD3 actin-

binding mutants.
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Methods

C2C12 Cell Culture

To prepare glass coverslips, they were washed in 70% Ethanol, coated
with 10% Poly-L-Lysine (Sigma-Aldrich, St. Louis, MO) for 20 minutes, washed
with phosphate-buffered saline (Life Technologies, Grand Island, NY) twice after
removing Poly-L-Lysine, washed with sterile water twice, and placed under UV
light for 18 hours. Glass coverslips were then coated with 3mg/ml Type | rat tail
collagen (Corning Incorporated Life Sciences, Tewksbury, MA) and dried under
UV light for three hours. The mouse myoblast cell line C2C12 (ATCC®
Manassas, VA), isolated from the thigh muscles of dystrophic mice (Yaffe and
Saxel, 1977) was seeded on prepared coverslips in growth medium containing
Dulbecco’s modified eagle medium, DMEM (Life Technologies, Grand Island,
NY) containing 10% Fetal Bovine Serum (Gemini Bio-Products, West
Sacramento, CA), 1% Penicillin Streptomycin (Life Technologies, Grand Island,
NY) and 1% GlutaMAX™ (Life Technologies, Grand Island, NY). To differentiate
C2C12 cells the media was changed to differentiation medium containing DMEM
4% horse serum (Life Technologies, Grand Island, NY), 1% Penicillin
Streptomycin and 1% GlutaMAX™, which was changed every 48 hours until cells

were fully differentiated.

Sample Preparation for Microscopy
Cells were washed with room temperature phosphate buffered saline,

(PBS, Life Technologies, Grand Island, NY) twice, incubated with 3.7%
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Formaldehyde (Fischer, Pittsburgh, PA), 1% TX-100 (Fischer, Pittsburgh, PA) in
PBS for 10 minutes at 4°C, washed with PBS twice, incubated with 1M Glycine
(Fischer, Pittsburgh, PA) in PBS for 20 minutes at room temperature, washed
with PBS twice, incubated with 3% Bovine Serum Albumin (BSA, Sigma-Aldrich,
St. Louis, MO) 1% TX-100 for 2 hours at room temperature, washed with PBS
twice, and incubated with primary antibody for two hours at 37°C. Primary
antibodies for Fhodl C-14, Fhod3 K-19 and E-20 (Santa Cruz, Dallas, TX),
alpha-actinin (Sigma-Aldrich. St. Louis, MO) were incubated in 1% BSA 0.5%
TX-100 for 2 hours at 37°C. Myomesin antibody was isolated from supernatant
obtained from mMaC myomesin B4 (Developmental Studies Hybridoma Bank,
University of lowa) grown in Iscove’s DMEM (Life Technologies, Grand Island,
NY) containing 20% FBS and 1% Gentamicin. C2C12 cells were incubated with
myomesin supernatant for 2 hours at 37°C. After primary antibody incubation,
cells were washed with PBS three times, and incubated with secondary
antibodies anti-goat FITC and TRITC and anti-mouse TRITC (Jackson
ImmunoResearch Laboratories, West Grove, PA) and DAPI (Life Technologies,

Grand Island, NY) in 1% BSA 0.5% TX-100 for 1 hour at 37°C.

HeLa Cell Lipofection

HeLa cells (ATCC® Manassas, VA) were grown on glass coverslips at a
density of 75,000 cells per well in a 24-well plate in growth media containing 1ml
of Dulbecco’s modified eagle medium (DMEM, Life Technologies, Grand Island,

NY) containing 10% Fetal Bovine Serum (Gemini Bio-Products, West
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Sacramento, CA), 1% Penicillin Streptomycin (Life Technologies, Grand Island,
NY) and 1% GlutaMAX™ (Life Technologies, Grand Island, NY) for 24 hours.
After 24 hours the media was changed to 0.5ml of growth media. 25 ug DNA and
25 L of Lipofectamine® 2000 (Life Technologies, Grand Island, NY) were
incubated separately, each in a total of 150ul Opti-MEM® | Reduced Serum
Media (Life Technologies, Grand Island, NY) and combined after five minutes,
incubated for 20 minutes at room temperature and added to the cells. Cells were

fixed after a 24 hour lipofection incubation.

C2C12 Lipofection

C2C12 cells were grown to 75% confluency. The media was changed to
1ml 37°C DMEM containing 10% Fetal Bovine Serum and 1% GlutaMAX™. DNA
plasmids in concentrations ranging from 1ug to 15ug and Lipofectamine® 2000
(Life Technologies, Grand Island, NY) were incubated
separately, each in a total of 150ul Opti-MEM® | Reduced Serum Media (Life
Technologies, Grand Island, NY) and combined after five minutes, incubated for
20 minutes at room temperature and added to the cells. After 24 hours 0.5ml of
DMEM containing 10% Fetal Bovine Serum and 1% GlutaMAX™ was added,
and after 48 hours the media changed to 3ml DMEM containing 4% horse serum
(Life Technologies, Grand Island, NY), 1% Penicillin Streptomycin and 1%
GlutaMAX™ for cell differentiation. The media was changed to 3ml DMEM
containing 4% horse serum, 1% Penicillin Streptomycin and 1% GlutaMAX™

every 48 hours until cells fully differentiated.
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SIRNA Treatment of C2C12 cells

C2C12 cells were grown to 75% confluency. The media was changed to
1ml 37°C DMEM containing 10% Fetal Bovine Serum and 1% GlutaMAX™.,
siRNA against FHOD1 (sc-155893, Santa Cruz, Dallas, TX) and FHOD3 (sc-
75016, Santa Cruz, Dallas, TX) in concentrations ranging from 200 to 800ug per
well in a 6 well-plate and 5-15ul of Lipofectamine® 2000 (Life Technologies,
Grand Island, NY) were incubated separately, each in a total of 150l Opti-
MEM® | Reduced Serum Media (Life Technologies, Grand Island, NY) and
combined after five minutes, incubated for 20 minutes at room temperature and
added to the cells. After 24 hours 0.5ml of DMEM containing 10% Fetal Bovine
Serum and 1% GlutaMAX™ was added, and after 48 hours the media changed
to 3ml DMEM containing 4% horse serum (Life Technologies, Grand Island, NY),
1% Penicillin Streptomycin and 1% GlutaMAX™ for cell differentiation. The
media was changed to 3ml DMEM containing 4% horse serum, 1% Penicillin

Streptomycin and 1% GlutaMAX™ every 48 hours until cells fully differentiated.

FHOD1 cDNA and Mutants

Full-length human FHOD1 cDNA (OriGene Technologies, Rockville, MD)
was introduced into a GFP-Zeocin vector (Chandhoke et al., 2004) C-terminally
to the GFP domain. Mutations at conserved actin-binding sites were introduced
in the FH2-domain. Isoleucine 705 and Lysine 851 were changed to Alanine,

resulting in the following mutants: GFP-Fhod1-705A, GFP-Fhod1-851A and the
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double mutant GFP-Fhod1-705+851A (Xu, et al., 2004; Otomo, et al., 2005; Lu,

et al., 2007).

FHOD3 cDNA and Mutants

A patrtial C-terminal human FHOD3 (imaGenes, Berlin, Germany) clone
was inserted into pCMV6-Sport (Adagene, Cambridge, MA) via restriction
enzyme digestions of Sall-HF and Aflll (New England Biolabs, Ipswich, MA). The
partial human Fhod3 clone was then inserted into pBluescript KS2 together with
a novel DNA sequence obtained from oligomers containing restriction enzyme
sites for Aflll and Asull via Notl and Sall (New England Biolabs, Ipswich, MA). N-
terminus Fhod3 was obtained by cloning skeletal muscle cDNA obtained through
reverse transcription PCR using human skeletal muscle poly A" RNA (Clontech,
Mountain View, CA) with primers 5GGGCTGTCTTCACCACCAGGCGG3
5GGATATCGTCGTTCGAACATGGCCACGCTGGC3 and inserted into
pBluescript KS2 containing the C-terminus of Fhod3 via Asull and Aflll. Full-
length Fhod3 was then moved into a GFP-Zeocin vector via Asull and Notl and
subsequently into pcDNA3.1 (Adagene, Cambridge, MA) via Bstl and Nhel (New
England Biolabs, Ipswich, MA). Mutations at known actin-binding sites were
introduced in the FH2-domain. Isoleucine 971 and Lysine 1117 were changed to
Alanine, resulting in the following mutants: GFP-Fhod3-971A and GFP-Fhod3-

1117A (Xu, et al., 2004; Otomo, et al., 2005; Lu, et al., 2007).
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Microscopy & Image Analysis

Images were captured using a Nikon Eclipse EB00 microscope and
analyzed using NIS-Elements AR 3.10 software (Nikon Instruments Inc. Melville,
NY). Intensity profile analysis was performed using NIS Elements AR 3.10 and
intensity peaks were analyzed by finding the mid-point between the highest and

lowest values of a peak and the width of the peak measured at the mid-point.
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Results

To ensure that these GFP-tagged cDNAs could be successfully
expressed, GFP-tagged FHOD1 and FHOD3 were introduced into HelLa cells
using lipofection, with Figure 1 showing expression of control GFP and GFP-
FHOD1 and GFP-FHODS3. Column one shows all nuclei using DAPI, column two
shows the GFP expression in certain cells and column three shows the merged

view, demonstrating detectable levels of expression of both FHOD1 and FHOD3

GFP merle

in HelLa cells.

GFP-Zeocin

GFP-Fhod1

GFP-Fhod3

-

Figure 1: GFP-tagged plasmids expressed in HeLa cells

Control GFP and GFP-tagged FHOD1 and GFP-tagged FHOD3 plasmids
expressed in HelLa cells.
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Localization of GFP-FHOD1 and Actin-binding Mutants in the Sarcomere

In order to determine whether actin-binding is important to FHOD1
localization, we first expressed wild type GFP-FHOD1, as shown in the first
column in Figure 2. Note that the fluorescent overlap of FITC and TRITC
emission creates some bleed-through of TRITC in the FITC channel. The M-line
marker myomesin localizes to the center of the sarcomere, with GFP-FHOD1
localizing in two bands on either side of myomesin. The line analysis shows two
GFP spikes on either side of the myomesin TRITC spike, confirming the
localization of GFP-FHOD1 to the center of the sarcomere on either side of
myomesin.

The actin-binding mutant GFP-FHOD1-705A, shown in Figure 2, column
2, also localizes in two bands on either side of myomesin. There is slightly more
diffuse, non-descript localization than with full-length FHOD1, but the mutation at
amino acid 705 does not completely interfere with localization of GFP-FHOD1-
705A in the sarcomere.

The second actin-binding mutant GFP-FHOD1-851A, column 3 in Figure
2, does not appear to have any distinct localization within the sarcomere.
Random, diffuse spots of GFP appear throughout the cell, but there is no
periodicity or detectable co-localization with myomesin, as shown in the line
analysis graph.

The double actin-binding mutant GFP-FHOD1-705A+851A, shown in

column 4 of Figure2, has no detectable localization in the sarcomere. The protein
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is still expressed as the cell has diffuse GFP expression throughout, but GFP

does not aggregate at any specific points inside the cell.
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Figure 2: Localization of GFP-Fhod1 and GFP-Fhod1 actin-binding mutants
Figure 2 shows the expression of GFP-FHODL1 in column 1, single actin-binding mutant
GFP-FHOD1-705A in column 2, single actin-binding mutant GFP-FHOD1-851A in
column three and the double actin-binding mutant GFP-FHOD1-705A+851A in column
four. All samples were stained for the M-line marker myomesin. The first row shows an
overview of the transfected cells, the second column shows several sarcomeres with
both GFP and myomesin-TRITC, the third row shows the myomesin-TRITC only to
show the M-line, the fourth row shows the GFP-tagged formin and formin mutants, the
fifth row indicates the line at which the line analysis was performed, which can be seen
in row 6, with an amplified view of the GFP line analysis in row 7 to show the distribution
of the GFP-tagged FHOD1 and FHOD1 mutants.
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Analysis of Sarcomeric Patterning in GFP-tagged Plasmid Expression

To determine whether the introduction of GFP-FHOD1 and GFP-FHOD1 mutants
had any effect on the sarcomere itself, measurements were performed on the
sarcomere as well as the intensity profile. While there was no statistically significant
difference between full-length FHOD1 and the two single-point actin-binding mutants,
there was a statistically significant difference between the full-length and single-point
mutants and the double-point mutant, as shown in Figure 3. The width of the myomesin

peak in the cells expressing the double mutant was significantly wider.

1.2 -
1.1+

14
0.9
0.8
0.7
0.6
0.5 -
0.4
0.3 -
0.2
0.1

microns

Figure 3: Width of Intensity Profile Peaks at mid-point with standard deviation
The width of the intensity profile peaks of myomesin were measured at the vertical mid-

point, showing one standard deviation in the error bars.
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Localization of GFP-FHOD3 and Actin-binding Mutants in the Sarcomere

Full-length GFP-FHOD3 localizes to the area at the center of the sarcomere, as
shown in Figure 4. Note that the fluorescent overlap of FITC and TRITC emission
creates some bleed-through of TRITC in the FITC channel. The alpha-actinin and GFP-
FHOD3 peaks in the intensity profile have an alternating periodic pattern, with the GFP-
FHOD3 peaks falling in between alpha-actinin peaks, which indicate the location of the
Z-disk.

The single-point actin-binding mutant GFP-FHOD3-971A does not show any
distinct localization within the sarcomere. The diffuse non-specific distribution of GFP in
column 2 in Figure 4 does not indicate any sarcomerically patterened localization for
GFP-FHOD3-917A. The intensity profile analysis shows sarcomeric patterning for the Z-
disk marker alpha-actinin, but no periodic pattern for GFP-FHOD3-917A.

The single-point actin-binding mutant GFP-FHOD3-1117A exhibits sarcomeric
patterning, as shown in column three of Figure 4. Column three is not stained for alpha-
actinin, indicated by the diffuse level of TRITC and lack of sarcomeric patterning of
TRITC. However, GFP-FHOD3-1117A shows a typical sarcomeric arrangement, as
seen in the periodic GFP-peaks in the intensity profile analysis. While the lack of co-
localization with another sarcomeric marker means that there is no definitive answer to
where GFP-FHOD3-1117A localizes, it can safely be assumed that this single-point
actin mutant localizes to the same area of the sarcomere as full-length GFP-FHODS,

the center of the sarcomere.
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GFP-Fhod3 GFP-Fhod3-971A GFP-Fhod3-1117A

Figure 4: Localization of GFP-Fhod3 and GFP-Fhod3 actin-binding mutants

Figure 4 shows the expression of GFP-FHOD3 in column 1, single-point actin-binding
mutant GFP-FHOD3-971A in column 2 and single-point actin-binding mutant GFP-
FHOD3-1117A in column 3. Columns one and two were co-stained for the Z-disk
marker alpha-actinin. The first row shows an overview of the cell, with a zoomed in view
in the second row. The third row shows alpha-actinin localization, the fourth row GFP
localization, and the fifth row indicates at which line the intensity analysis shown in row

six was performed.
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FHOD1 and FHOD3 siRNA

After establishing the sarcomeric localization of endogenous and exogenous
FHOD1 and FHODS3 and determining that the ability to bind actin via the FH2 domain
effected their localization, we sought to test whether full-length and actin-binding
mutants would be able to reverse the effects of knocking down the expression of
endogenous FHOD1 and FHOD3.

FHOD1 and FHODS3 siRNAs were introduced into C2C12 cells using lipofection.
Myotube formation was analyzed for lipofections with FHOD1 siRNA, FHOD3 siRNA
and negative control siRNA, as well as for samples that received only Lipofectamine
and samples that were untreated. Proper myotube formation was evaluated based on
the size of myotubes and the number of nuclei per myotube. All experiments were
performed in triplicates and myotube formation was analyzed by selecting three
separate areas on each slide. A two tailed student’s T-test showed that while
Lipofectamine alone had no statistically significant effect on myotube formation, all
siRNAs including the negative control siRNA affected myotube formation. As shown in
Figure 5, the introduction of experimental sSiRNA had no statistically significant different
effect than the negative control siRNA, making any siRNA experiments invalid due to
the lack of a negative control that does not effect myotube formation. No further sSiRNA

experiments were conducted.
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Fhodl siRNA Fhod3 siRNA Negative control Lipofectamine only no treatment

Figure 5: Average Number of Nuclei per Myotube for Fhod1l and Fhod3 siRNA
treatments and controls
Experiments were performed in triplicates, and myotube analysis was performed on
three randomly selected areas in each sample.
p-values:

Fhodl against negative control = 0.309

Fhod3 against negative control = 0.743

Negative control against no treatment = 0.004

Lipofectamine against negative control = 0.290

No treatment NA
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Model of GFP-FHOD1 and GFP-FHOD3 Localization in the Sarcomere

Based on the fluorescent microscopy data presented, Figure 6 shows two
proposed models for GFP- FHOD1 and GFP-FHOD3 localization in the sarcomere. The
figure shows a non-contracted sarcomere, as seen by the small area of overlap
between thin and thick filaments and the wide H-band. A contracted sarcomere has an
almost non-existent H-band and almost complete overlap of the thin and thick filaments.
When fixing cells for immunohistochemical analysis, cells contract, and the space in the
H-band is greatly compressed, making it difficult to distinguish between the pointed end
of the actin filament and the M-line. For ease of visualization, a relaxed sarcomere is
shown in Figure 6.

Figure 6b shows the localization of GFP-FHOD1 and GFP-FHOD3 as it appears
in the image analysis. GFP-FHODL1 localizes in two bands on either side of the M-band,
which is the pointed end of the actin flament in a contracted sarcomere. GFP-FHOD3
localizes in between bands of alpha-actinin, also placing it near the center of the
sarcomere at the M-line.

Figure 6¢ shows an alternate model of GFP-FHOD1 and GFP-FHOD3
localization that takes into account the diminished localization of their actin-binding
mutants. GFP-FHOD1 localizes in two bands on either side of the M-line, which is
confirmed by intensity profile analysis in Figure 2. FHOD3, however, as proposed here,
does not localize directly at the M-line, as suggested in Figure 6b, but also localizes to
the pointed end of actin in the thin filament. The lack of sarcomeric localization of the
single-point actin-binding mutant GFP-FHOD3-971 confirms this localization, since

there is no actin directly at the M-line.
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Figure 6a — Components of the Sarcomere
adapted from: Alberts, et al, 2003, p 963

Figure 6¢c — GFP-FHOD1 and GFP-FHOD3 in the Sarcomere Model 2

/A GFP-FHOD/1
[] GFP-FHOD3

Figure 6: Exogenous FHOD1 and FHOD3 localization in the sarcomere
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Discussion

Full-length GFP-FHOD1 and GFP-FHODS3 as well as actin-binding mutants were
successfully introduced into the C2C12 model system. Based on the findings of
localization of GFP-FHOD1 and GFP-FHOD3 and their actin-binding mutants, this study
suggests that both proteins rely on the actin-binding motifs inside the FH2 domain for

localization in the sarcomere.

GFP-FHODL1 Localization is Actin-binding Dependent

GFP-FHODL1 localizes in bands on either side of the M-line in the sarcomere.
This is in contrast to the localization of endogenous FHOD1, which is seen at the area
of the Z-disk, and is likely at the barbed ends of the actin filament that are anchored at
the Z-disk, as discussed in Chapter 3. This disparity could be due to a host of different
factors. The addition of GFP to the FHOD1 molecule could affect the protein structure in
a way that would make it incompatible with the space available at the Z-disk, thus
forcing GFP-FHOD1 to bind to the next-best site in the sarcomere, which could be the
pointed end of actin. Considering that FHOD3 localizes to the pointed end of actin it is
not unreasonable to assume that FHOD1 would have enough structural and molecular
similarities to mimic FHOD3 binding. Another reason could be the turn-over rate of
endogenous FHOD1. Since no knock-down of endogenous FHOD1 was performed in
conjunction with the introduction of GFP-FHOD1, the exogenous protein had to
compete with the endogenous form. The turn-over rate of endogenous FHOD1 could be
very slow, perhaps several days, and so the binding site that endogenous FHOD1

occupies at the barbed end of actin at the Z-disk is occupied and exogenous FHOD1 is
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not able to bind in its place. Despite the inability of the exogenous FHOD1 to localize as
endogenous FHOD1 does, the findings of the actin-binding study remain valild. The
actin-binding mutant GFP-FHOD1-705A retains some of its actin-binding ability, while
the mutant GFP-FHOD1-851A loses most of its actin-binding ability. The double-mutant
GFP-FHOD1-705A+581A loses its ability to localize in the sarcomere altogether and
appears to be present diffusely throughout the cell without any aggregates. This leads
to the conclusion that both Isoleucine 705 and Lysine 851 are required for proper actin-
binding of the FHOD1’'s FH2 domain.

The pointed end of actin in the thin filament is capped by tropomodulin, but even
at the slow-growing end there is a steady exchange of actin-monomers, with
tropomodulin forming a leaky cap controlled by the interaction of nebulin, nebulette and
tropomodulin (Littlefield and Fowler, 1998; Littlefield and Fowler, 2008). Findings in
Drosophila melanogaster and Gallus gallus domesticus have shown that in non-
immortalized striated muscle cells, significant turn-over and growth of the actin filament
occurs at the pointed end of actin (Littlefield, et al., 2001; Mardahl-Dumesnil and Fowler,
2001; Bai,et al., 2007). C2C12 cells are non-immortalized primary muscle cells, and it
can safely be assumed that there is significant exchange of actin monomers at the
pointed end. This turn-over of monomers, combined with the leaky tropomodulin cap
means that the pointed end could easily be accessible to an actin-binding protein such
as FHOD1. While the non-endogenous localization of GFP-FHOD1 does not allow for
conclusions based on its physiological functions within the sarcomere, the diminished
actin-binding capacity does suggest that full-length FHOD1 is capable of binding actin at

or near the pointed end, and that the conserved actin-binding sites 705 and 851 are
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necessary for FHOD1 to bind actin at or near the pointed end. The linear localization of
GFP-FHODL1 to the middle of the sarcomere suggests that rather than binding the sides
of the actin filament, GFP-FHOD1 binds the ends of the filament. Whether there is a
competitive binding mechanism with tropomodulin or both proteins act as pointed end
cappers is unclear.

Another possibility is that GFP-FHOD1 binds to the side of the actin filament. A
constituently active form of FHOD1 has been shown to bundle 5-10 parallel actin
filaments, indicating that FHOD1 may be able to bind to the sides of actin filaments
(Schénichen, et al., 2003). Furthermore, another DRF, FMNL1, has been shown to have
actin-binding residues located outside of the conserved actin-binding FH2 domain to
bind to the sides of actin filaments, and as shown in appendix 1, GFP-FMNL1 is likely
capable of binding the sides of actin filaments in the sarcomere (Harris, et al., 2006).
The demonstrated inability of FHOD1 to polymerize actin combined with a slow rate of
turnover of endogenous FHOD1 at the Z-disk could make such a side-binding
localization of GFP-FHODL1 likely. However, if GFP-FHOD1 uses residues outside of the
conserved actin-binding residues in the FH2 domain, the mutation of those conserved
actin-binding residues in the mutants GFP-FHOD1-705A and GFP-FHOD1-851A would
not have any effect on its ability to bind to actin. The conserved residues Isoleucine and
Lysine were replaced with Alanine residues, which are not known to cause any
conformational change, so the decreased localization is not likely due to a change in the
protein’s folding.

The C2C12 model system is of murine origin, while the constructs introduced

are based on human sequences. The protein sequences of human (NP_037373) and
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murine FHOD1 (NP_808367) share 91% identity and 94% similarity, with the conserved
actin-binding residues being identical. While there is a possibility that the difference in
species may be the cause of the different localization of the endogenous murine
FHOD1 and the exogenous human FHODL1, the degree of similarity and identity,
especially with the actin-binding sites conserved makes this unlikely. The best way to
confirm this would be to create murine constructs and introduce them into C2C12 cells,
or, to introduce the human constructs into human skeletal muscle cells, the latter of
which would be much quicker. If the human FHOD1 cDNA localizes to the barbed end
of the actin filament in a human cell, the difference in localization in C2C12 cells is most

likely due to the difference in human and murine FHOD1.

Myomesin Band Wider in GFP-FHOD1 Double Mutant

The question of why the myomesin bands appear to be wider in the double-point
actin-binding mutant of GFP-FHODL1 in Figure 3 remains unanswered. One explanation
may be that the lack of GFP-FHODL1 binding on either side of the M-band removes the
fluorescent overlap present in the other images and more of the myomesin TRITC band
is visible and distinguishable. The reason could be a molecular spring inside myomesin,
allowing it to stretch. Myomesin has been found to contain stretches of molecular
spring-like motifs that can stretch when sustained or high stretching forces are present
in the sarcomere (Schoenauer, et al., 2005). Considering this elasticity of myomesin, it
could be possible that the introduction of the non-localizing double-point actin-binding
mutant disturbs the sarcomere in a way that causes stretching of the sarcomere. The

width of the sarcomeres in cells expressing the GFP-FHOD1 double actin-binding
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mutant is similar to the width of all other cells shown, no extreme stretching of the
sarcomere appears to be present, making this an unlikely explanation. The lack of
localization of the double actin-binding mutant makes it unlikely that the protein itself

interferes with or disturbs proper sarcomere formation and maintenance.

GFP-FHOD3 Localization is Actin-binding Dependent

Exogenous FHOD3 localizes the same way endogenous FHOD3 does, to the
area at the center of the sarcomere near the M-line. Similar to the endogenous
localization, GFP-FHODS3 appears to be in one line at the center of the sarcomere. This
localization is greatly diminished in one of the single-point actin-binding mutants, GFP-
FHOD3-971A, but undisturbed in another single-point actin-binding mutant, GFP-
FHOD3-1117A. This diminised localization eliminated the need to produce a double-
point actin binding mutant, since one of the single-point mutants confirmed that the FH2
actin binding ability is necessary in order for GFP-FHODS to localize properly in the
sarcomere. As the models in Figure 6 show, the likely localization of FHOD3 as well as
GFP-FHOD3 in the sarcomere is in bands on either side of the M-line. There are no
known binding sites for formins at the M-line, and based on known formin functions and
other studies that have showed FHOD3 localizing to the pointed ends of actin near the
M-line, the results in this study suggest that FHODS3, as well as GFP-FHOD3 localize to
the pointed ends of actin in the sarcomere. This localization is dependent on the actin-
binding ability of conserved regions in the FH2 domain, as shown by the loss of
localization in the single-point actin-binding mutant GFP-FHOD3-971A. Similarly to

GFP-FHOD1, it is unclear how exactly GFP-FHOD3 binds to the pointed end of actin,
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but the high rate of turnover of actin monomers at the pointed end and the leaky
tropomodulin cap suggest that the actin monomers at the pointed end of the filament
are exposed enough for GFP-FHOD3 to bind to them (Littlefield, et al., 2001; Mardahl-

Dumesnil and Fowler, 2001; Bai,et al., 2007).
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Discussion

Formin proteins have been found to modify flamentous actin by
polymerizing, nucleating, capping, severing and bundling. The ability to effect
linear actin filament places them in a unique position to effect a large range of
cellular functions, such as cell morphology, cell migration, cell invasion,
cytokinesis, microtubule dynamics, phagocytosis, intracellular transport, plasma
membrane blebbing, filopodia, invadopodia and podosome formation and focal
adhesions. To gain a broad overview of formin expression levels across different
cell and tissue types, a quantitative real-time PCR analysis allowed us to see

larger patterns and identify possible formins or model systems for future studies.

Formin Expression Analysis

The expression analysis of formins performed across 22 different human
cell and tissue types using quantitative real-time PCR produced not only a broad
analysis for the expression of an entire protein family across many commonly
studied cell and tissue types, but also provided a spring board for further, more
detailed study. The findings regarding FHOD1 and FHOD3 were particularly
noteworthy, as FHOD1 and FHODS are closely related, yet were found to be the
most and the least expressed formin, respectively. While FHOD1 was fairly
highly expressed across many cell and tissue types, FHOD3 had very low levels
of expression except in striated muscle cells. This finding warranted further

investigation into the possible roles for FHOD1 and FHOD3 in skeletal muscle,
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starting with a localization study and the creation of full-length GFP-tagged

cDNAs.

Difference in Localization of Endogenous FHOD1 and FHOD3

Endogenous FHOD1 localizes to the area of the Z-disk in the sarcomere,
as shown in Chapter 3. This finding coincides with other studies of FHOD1 and
FHODL1 orthologs and we are quite confident that we correctly identified
endogenous FHOD1 and placed it near the Z-disk (Dwyer, et al., 2014; Mi-Mi, et
al., 2012). The limitations of our microscopy place FHOD1 at the Z-disk, as
shown in Figure 1b. However, based on the known binding ability of FHOD1 and
the complex structure of the Z-disk, we are proposing that FHOD1 binds to the
barbed end of the actin in the thin filament, which is anchored at the Z-disk. This
localization is in line with formins being barbed-end actin polymerizing proteins.
Unlike FHOD1, FHOD3 does not localize how a barbed-end actin binding protein
would be expected to localize in the sarcomere. Instead of being near the Z-disk,
FHOD3 is found near the center of the sarcomere, at the pointed ends of the
actin filament, as shown in Figure 1, which is in line with other findings of FHOD3
in striated muscles (Taniguchi, et al., 2009, Kan-o, et al., 2010). Studies on
FHOD3 localization have been performed primarily in cardiac muscle, and as far
as we know, this is the first study confirming this sarcomeric localization of
FHODS3 in skeletal muscle.

These different localizations raise the question why two closely related

formins would localize so differently in the same model system. FHOD1 and
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FHOD3 are 50% identical and 61% similar. An obvious reason could be that they
have different functions in the sarcomere. FHODL1 at the barbed end could act as
an actin capper, as has been suggested by other studies (Schonichen, et al.,
2013), or perhaps even play a role in thin filament anchoring at the Z-disk. While
it is possible that FHOD1 polymerizes actin at the barbed end, based on in vitro
findings of FHOD1 not being able to polymerize actin, this function is somewhat
unlikely, though possible. What function FHOD3 performs at the pointed end, or
even how it localizes in relation to other proteins at the pointed end is equally
unclear. The pointed end is capped by tropomodulin, which is a leaky capper, so
it is entirely possible that FHODS3 binds to the pointed end of the actin filament in
the presence of tropomodulin. FHOD3 mostly likely is not binding to the side of
the actin filament, because side-binding would result in a very broad band of
FHOD3 along the entire thin filament, but our findings suggest a narrow band
equivalent to the pointed ends of actin pointed ends lining up at the M-line.
FHOD3 could be playing a role in actin monomer exchange and the slow-
growing, yet highly dynamic pointed end of actin. It could simply be part of the
capping complex, interacting with tropomodulin somewhere outside the FH2
domain and the actin filament with its FH2 domain.

To further determine the role of FHOD1 and FHODS at their respective
locations within the sarcomere, a number of experiments could be performed. A
series of domain-based studies could help to determine if any other domains are
necessary for proper localization. A constitutively active mutant lacking the DAD

domain could provide insight into both whether the DAD domain is necessary for
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proper localization, and whether a constitutively active formin would have an
effect on the sarcomere. Perhaps the active form of FHOD1 would turn from an
actin-capping protein into an actin-polymerizing protein and thin filament length
increases. To avoid any possible side-effects of removing the DAD domain,
alternatively, monoclonal antibodies could be designed for FHOD1 and FHOD3
that bind the proteins in a way that forces them into a constitutively active
conformation, allowing us to see the effects of full-length active FHOD1 and

FHOD3 on the sarcomere.

Creation of Full-length FHOD1 and FHOD3 cDNA

As part of the analysis of FHOD1 and FHOD3 localization in the
sarcomere, we needed full-length cDNA for FHOD1 and FHOD3. Full-length
FHOD1 cDNA was commercially available and introduced into a GFP-Zeocin
expression vector. The entire construct was sequenced, ensuring GFP-FHOD1
expression was in-frame.

Two studies have been published using full-length FHOD3 cDNAs, but
repeated attempts to contact the authors for sample cDNA were fruitless
(Taniguchi, et al., 2009, Kan-o, et al., 2010). Both in vivo and in vitro formin
studies are often performed using partial constructs or domain-based constructs,
and the availability of full-length cDNAs, especially of some of the lesser studied
formins, such as FHOD1 and FHODS3 has been scarce. A partial C-terminal clone
of FHOD3 was available commercially, and we added the missing N-terminal

portion through a combination of novel cDNA created by fusing oligomers and
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using reverse transcription PCR on human skeletal muscle poly A" RNA.
Mutations at known actin-binding sites were introduced into the full-length GFP-
FHOD3 cDNA.

One of the results of this study is the availability of full-length, fully
sequenced cDNAs of FHOD1 and FHODS3 tagged with GFP, as well as single
actin binding mutants for both formins and a double actin-binding mutant for
FHOD3. We will make these novel cDNAs available to other laboratories after
publishing our current findings, which will hopefully further the study of full-length

human formins.

Actin-binding Required for Localization of GFP-FHOD1 and GFP-FHODS3
The localization of both GFP-FHOD1 and GFP-FHODS3 was disturbed by
mutations of conserved actin-binding sites within the FH2 domain. For GFP-
FHOD1 single-point mutants (GFP-FHOD1-705A and GFP-FHOD1-851A) only
partially diminished actin-binding ability, while a double-point mutant completely
abolished it. GFP-FHOD3'’s actin-binding ability was not disturbed by one single-
point mutant (GFP-FHOD3-1117A), but was completely eradicated by another
single-point mutant (GFP-FHOD3-971A). This actin-binding study shows that the
localization of GFP-FHOD1 and GFP-FHOD3 is actin-dependent, but it allows
further insight into the nature of the actin-binding of these two formins. Perhaps
FHODL1 binds actin via both conserved residues (Isoleucine 705 and Lysine 851),
while FHOD3 binds actin only at Isoleucine 971. Such a difference could explain

why they bind to opposite ends of the actin filament, with the Isoleucine required
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to bind to the pointed end and either Isoleucine and Lysine required to properly
bind to the barbed end.

Introducing mutations into the full-length FHOD1 and FHOD3 cDNAs
could potentially distrupt proper folding of the protein, and the dimished
localization could be due to a conformational change rather than a lack of actin-
binding ability. However, these mutations have been shown to hinder actin-
binding in other formins, Bnilp in Saccharomyces cerevisiae and human DAAM1
in (Otomo, et al., 2005; Lu, et al., 2007; Xu, et al., 2007), so the chance that
these mutations cause a conformational change that interferes with actin-binding,
rather than changing the residues that bind with actin is rather low. The
conserved Lysine and Isoleucine residues were replaced with Alanine, which is
not known to cause conformational changes, further indicating that the decrease
in actin-binding ability in these mutants is due to the mutation of the actin-binding

residues rather than a change in the protein’s shape.

Difference in Localization of Endogenous and Exogenous FHOD1

The most surprising finding of these studies is the difference in localization
of endogenous and exogenous FHOD1. While endogenous FHOD1 localizes to
the barbed end of the actin filament, exogenous GFP-tagged FHOD1 localizes to
the exact opposite end of the actin filament. In fact, GFP-FHOD1 localizes the
same way endogenous and GFP-FHOD3 localize. While we do not have a
definitive explanation for this difference, there are a number of reasons that could

explain it. The addition of the GFP to FHOD1 may increase its size or change its
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shape in a way that makes it unable to fit into the space around the Z-disk.
Compared to the M-line, the Z-disk is a very tightly packed structure. During
muscle contraction, the space around the Z-disk becomes even more crowded
than it is in a relaxed state, with the thick filament approaching the Z-disk, while
the pointed ends of actin at the center of the sarcomere become very exposed
during muscle relaxation, allowing much easier access for a protein to bind to the
pointed end. Another reason for the different localization could be the half-life of
endogenous FHODL. If FHOD1 is highly stable and has a half life of several
days, there would be few opportunities for exogenous FHOD1 to bind in its place,
forcing GFP-FHOD1 to bind somewhere else. Being that FHOD1 and FHOD3 are
closely related it would make sense for FHOD1 to bind where FHOD3 binds.

The C2C12 model system is of murine origin, while the cDNA constructs
introduced into this system are human. The protein sequences of human
(NP_037373) and murine FHOD1 (NP_808367) share 91% identity and 94%
similarity. Differences between the two species could be a reason for the different
localization of endogenous murine FHOD1 and exogenous human FHOD1. The
actin-binding sites in the FH2 domain that were mutated in the actin-binding
study are the same in human and murine FHOD1.

Exogenous FHOD1 has an additional GFP domain, which increases the
size of the FHODL1 protein by approximately 80 amino acids or 7%. This is a
significant increase in size, and the location of the GFP domain could impact the
protein’s shape. The GFP was added N-terminally, placing it near the GBD and

DID domains, which are involved in the activation of formins. The addition of GFP
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could interfere with the proper activation of FHOD1 by interfering with effector-
binding to the GBD or with DID-DAD interaction. Formins undergo a
conformational change when they switch between their inactive and active
states. It is possible that the GFP of the exogenous FHODL1 interferes with the
binding of the DID and DAD domains, which results in an autoinhibited state,
making GFP-FHOD1 constitutively active. If endogenous FHOD1 at the barbed
end of actin is in an autoinhibited state while capping actin, the active form of
FHOD1 as GFP-FHOD1 may not be able to bind correctly. Endogenous GFP-
FHOD3 could be in an active state more often than FHOD1 at the barbed end,
making the FHOD3 spot at the pointed end a more fitting localization for the
active GFP-FHODL1. To eliminate or significantly decrease the possibility of the
GFP-tag interfering with proper protein folding and function, a smaller tag, such
as a polyhistidine-tag containing 6 amino acids could be used. The likelihood of
such a small tag interfering with protein folding and function is much smaller than
the 80 amino acid GFP causing a change that effects localization or function.
Alternatively, a C-terminal tag could be introduced to minimize interference with

the GBD and DID domains.

Determining the Rate of Turn-over of FHOD1 and FHOD3

To determine the half-life of FHOD1 and FHOD3 in the sarcomere, a
series of FRAP (fluorescence recovery after photobleaching) experiments could
be carried out. After introducing the GFP-tagged cDNAs, an area in the

sarcomere is photobleached and the gradual return of fluorescence is measured
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and extrapolated to calculate the half-life of FHOD1 and FHOD3 in the
sarcomere. A long half-life for FHOD1, meaning that FHOD1 proteins stay at the
barbed end for many days before being replaced could explain why exogenous
FHOD1 could not bind at the barbed end of actin. The rate of dissociation of
FHOD1 from the barbed end could be so slow that there are very few

opportunities for GFP-FHOD1 to bind in its place.

Knock-down and Rescue Experiments

The siRNA knock-down attempted in this study showed a statistically
significant effect of the negative control on myofibril formation, and did not allow
us to carry out any further knock-down and rescue experiments. To overcome
this effect of raw oligonucleotides on the proper formation of myotubes, an
alternate system of decreasing endogenous FHOD1 and FHODS3 could be used.
Two options for the introduction of silencing RNA would be a viral expression

system or CRISPR (clustered regularly interspaced short palindromic repeats).

Other Formins in the Sarcomere

As shown in chapter 6, GFP-FMNLL1 localizes to the sides of the thin
filament. This finding prompts the question where other formins localize that have
high levels of expression in skeletal muscle, such as Dia3, which has a similar
level of expression to FHOD3 in skeletal muscle (Krainer, et al., 2013). Dia
formins have been shown to polymerize actin in vitro by binding to the barbed

end of the actin filament. If Dia3 localizes to the barbed end of actin it would co-
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localize with FHOD1, or perhaps the presence of FHOD1 would make it difficult
for another formin with the same actin-binding domains to bind to the barbed end
of actin. Another question that arises is why the level of expression of Dia3 is
twice as high in skeletal muscle as that of Dial and Dia2. Dia3 has not been
studied in detail, and so far the only specific finding is that it is required, along
with Dial and Dia2 for invadopodia formation in vitro (Lizarraga, et al., 2009). No
studies exist on the localization or role of Dia3 in striated muscles, but based on
its high level of expression and its capability to bind actin it is likely that Dia3
binds the actin in the thin filament of the sarcomere. This raises the bigger
guestion of which other formins localize within the sarcomere. Perhaps formin
function in the sarcomere is dependent upon other nearby formins, or the proper
functioning of one formin at the barbed end and a different formin at the pointed
end, as could be the case with FHOD1 and FHOD3. Further localization studies
with formin antibodies could help shed light on the possible presence and role of

other formins in the sarcomere.

Implications for Muscle Diseases

There are 40 to 50 muscle disorders and myopathies in humans, varying
from in-utero to geriatric onset. (Ozawa, E, 2010). A simple blood test for
cytoplasmic proteins, such as lactate dehydrogenase and creatine kinase, which
leak out of muscle cells due to membrane damage can determine the presence
of a muscular dystrophy or myopathy (McNally and Pytel, 2007). The exact

mechanisms and involved proteins have been determined for only a few
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disorders, such as the most common genetic muscular disorder, Duchenne
Muscular Dystrophy, but treatments remain palliative at best (McNally and Pytel,
2007).

One particular class of muscle diseases in which formins could potentially
play a curative or stabilizing role are nemaline myopathies. Nemaline myopathy
is a skeletal muscle disease that affects the thin filament, caused by one of
seven identified genetic mutations that destabilize thin filament proteins
(Wallgren-Pettersson, et al., 2011). While no clear pathway or connection has
been established, formins’ ability to bind the actin inside the thin filament of the
sarcomere could allow formins, such as FMNL1 which likely binds to the sides of
the actin filament, to aid in stabilizing the thin filament in the presence of
mutations that disrupt proteins that surround actin in the thin filament, such as
tropomyosin and troponin.

The cardiac isoform of FHODS3 specifically has been associated with two
different cardiac myopathies: dilated cardiomyopathy and hypertrophic

cardiomyopathy (Arimura, et al., 2013; Wooten, et al., 2013).

Model of FHOD1, FHOD3, GFP-FHOD1, GFP-FHOD3 and GFP-FMNL1 in the
Sarcomere

Based on the findings in this study, we have proposed a model for the
sarcomeric localization of FHOD1, GFP-FHOD1, FHOD3, GFP-FHOD3 and
GFP-FMNL1, as shown in Figure 1. Figure 1b shows the localization of all

formins included in this study as they appear in fluorescent microscopy images.
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FHODL1 localizes to the area of the Z-disk, FHOD3 to the center of the
sarcomere, GFP-FHODL1 in two lines on either side of the M-line, GFP-FHOD3 to
the center of the sarcomere and GFP-FMNLL1 to the length of the thin filament.
The resolution constraints and considerable fluorescent overlap between FITC,
GFP and TRITC channels does not allow us to pinpoint the exact sarcomeric
localization of these proteins. However, based on the results of our microscopy
and actin-binding studies and the likely function of these formins, we have
proposed a working model in Figure 1c.

We propose that FHODL1 localizes to the barbed ends of the actin filament
in the sarcomere. FHOD1 has highly conserved actin-binding sites in the FH2
domain and we hypothesize that these motifs bind to the barbed end of actin.
FHOD1 has no demonstrated ability to polymerize actin in vitro, and assuming
this inability to polymerize actin holds true in vivo, we believe that FHOD1 likely
serves as an actin capping protein in the sarcomere. While consistent in length,
the thin filament is dynamic and actin monomers depolymerize and polymerize at
both the barbed and pointed ends of the thin flament. FHOD1 would make an
ideal capping protein, due to its ability to remain associated with the barbed end
of the actin filament while also adding actin monomers at the barbed end. Even
though FHOD1 has not been shown to polymerize actin in actin polymerization
assays in vitro, a very slow polymerization activity that allows the thin filament to
retain its set length remains possible.

GFP-FHOD1 does not localize the way endogenous FHOD1 does, but

instead localizes to the center of the sarcomere. We propose that GFP-FHOD1
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binds to the pointed end of the actin filament in the sarcomere, based on our
findings in the actin-binding study. We were able to disturb the localization of
GFP-FHOD1 with the mutation of two actin-binding residues in the FH2 domain.
Single-point mutations decreased its localization, while a double-point mutation
completely abolished the sarcomeric localization of GFP-FHODL1. This
diminished ability to localize when unable to bind to actin led us to the conclusion
that GFP-FHOD1 binds to the barbed end of the actin filament in an FH-2
dependent manner. Specifically, the residues Isoleucine 705 and Lysine 851 are
necessary for actin-binding.

GFP-FHODS also localizes to the center of the sarcomere, and similarly to
GFP-FHOD1, we hypothesize that it binds to the pointed ends of the actin
filament located towards the center of the sarcomere. This exogenous
localization is the same as the localization of endogenous FHOD3. Furthermore,
the results of our actin-binding study confirmed the pointed of actin as the most
likely binding site for FHOD3. A single-point mutant was able to completely
disturb the localization of FHOD3 in the sarcomere, which led us to conclude that
GFP-FHOD3 localization is dependent on actin-binding in the FH2 domain, with
Isoleucine 971 primarily responsible for the sarcomeric localization of GFP-
FHODS3 to the pointed end of the actin filament.

GFP-FMNL1 was included in this study because we found this formin to
have a very particular localization during the process of establishing the C2C12
model system. To optimize the introduction of cDNA into C2C12 cells, we

introduced full-length GFP-tagged formins that had already been successfully
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expressed in other cells. GFP-FMNL1 not only expressed successfully in C2C12
cells, but it localized in a sarcomeric pattern to the thin filaments, as shown in
Appendix 1. Diaphanous related formins have been shown to have actin-binding
sites outside of the FH2 domain in the DAD domain, and FMNL1 has been found
to have residues outside of the FH2 domain capable of binding to the sides of
actin filaments (Harris, et al., 2006; Gould, et al., 2011). Mutations of conserved
actin-binding sites in the FH2 domain do not disturb FMNL1'’s ability to bind to the
sides of actin filaments (Harris, et al., 2006). Furthermore, our own laboratory
has found that full-length FMNL1, with mutations in the FH2 domain that interfere
with actin binding is able to rescue an actin-dependent function in vivo, further
supporting the idea that there are additional actin-binding sites outside the FH2
(Blystone Lab, unpublished observations). To determine whether the localization
of GFP-FMNL1 mimics the localization of endogenous FMNL1 a series of
immunohistochemical co-localization studies could be performed, to rule out a
possible difference in localization, such as is the case with FHOD1 and GFP-
FHODL1. Introducing GFP-FMNL1 actin-binding mutants could confirm whether or
not the sarcomeric localization of GFP-FMNLL1 is actin-binding dependent. If
actin-binding mutants localize to the sides of the actin filament the same way
GFP-FMNL1 does, we could conclude that this localization is most likely due to
actin-binding sites located outside of the FH2 domain, and likely in the DAD
domain.

Overall we feel that this model of formin localization in the sarcomere,

besides providing a comparative analysis of FHOD1 and FHODS, is a good
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starting point to place other formins in the sarcomere. A series of antibody-
studies could help to determine the localization of other formins in the sarcomere.
While localizing formins in the sarcomere may not provide any immediate
conclusions as to their possible function in the sarcomere, the directional
arrangement of actin in the sarcomere would allow for a quick determination
which end of the actin filament a formin is binding in vivo. The C2C12 model
system could be used as a supplemental approach to determining full-length

cDNA or endogenous formin binding of the actin filament.
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Summary

The first part of this study yielded a comprehensive expression analysis of
all 15 human formins across 22 different human cell and tissue types. The results
led us to initiate a comparative study of FHOD1 and FHOD3 in skeletal muscles,
but this was just one of many findings in the expression analysis that could be
used as a preliminary finding to further investigate specific formins in certain cell
and tissue types.

The second part of this study focused on the localization of endogenous
and exogenous FHOD1 and FHOD3 in the sarcomere. We found that
endogenous FHOD1 and FHOD3 localize to opposite ends of the actin filament
at the core of the thin filament, with FHOD1 at the barbed end and FHODS3 at the
pointed end. Full-length GFP-tagged cDNAs were created for both formins and
introduced into the sarcomere. While GFP-FHOD3 localized in the same manner
as FHOD3, GFP-FHODL1 localized to the opposite end of the actin filament as the
endogenous form. Despite this difference in localization we were able to show
that the sarcomeric localization of both GFP-tagged formins depends on highly

conserved actin-residues inside the FH2 domain.
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Introduction

To develop the C2C12 model system and introduce GFP-tagged
plasmids, several constructs that had been successfully expressed in other cell
types were introduced into C2C12 cells via lipofection. These included non-
formin constructs, such as GFP and Paxillin, as well as full-length formins. This
was intended simply as a method of establishing parameters for the introduction
of exogenous DNA, and to show that full-length formins can be successfully
expressed in this model. Surprisingly, GFP-FMNL1 localized to a specific part of

the sarcomere.
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Methods

C2C12 Cell Culture

To prepare glass coverslips, they were washed in 70% Ethanol, coated
with 10% Poly-L-Lysine (Sigma-Aldrich, St. Louis, MO) for 20 minutes, washed
with phosphate-buffered saline (Life Technologies, Grand Island, NY) twice after
removing Poly-L-Lysine, washed with sterile water twice, and placed under UV
light for 18 hours. Glass coverslips were then coated with 3mg/ml Type | rat tail
collagen (Corning Incorporated Life Sciences, Tewksbury, MA) and dried under
UV light for three hours. The mouse myoblast cell line C2C12 (ATCC®
Manassas, VA), isolated from the thigh muscles of dystrophic mice (Yaffe and
Saxel, 1977) was seeded on prepared coverslips in growth medium containing
Dulbecco’s modified eagle medium, DMEM (Life Technologies, Grand Island,
NY) containing 10% Fetal Bovine Serum (Gemini Bio-Products, West
Sacramento, CA), 1% Penicillin Streptomycin (Life Technologies, Grand Island,
NY) and 1% GlutaMAX™ (Life Technologies, Grand Island, NY). To differentiate
C2C12 cells the media was changed to differentiation medium containing DMEM
4% horse serum (Life Technologies, Grand Island, NY), 1% Penicillin
Streptomycin and 1% GlutaMAX™  which was changed every 48 hours until cells

were fully differentiated.

Sample Preparation for Microscopy
Cells were washed with room temperature phosphate buffered saline,

(PBS, Life Technologies, Grand Island, NY) twice, incubated with 3.7%
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Formaldehyde (Fischer, Pittsburgh, PA), 1% TX-100 (Fischer, Pittsburgh, PA) in
PBS for 10 minutes at 4°C, washed with PBS twice, incubated with 1M Glycine
(Fischer, Pittsburgh, PA) in PBS for 20 minutes at room temperature, washed
with PBS twice, incubated with 3% Bovine Serum Albumin (BSA, Sigma-Aldrich,
St. Louis, MO) 1% TX-100 for 2 hours at room temperature, washed with PBS
twice, and incubated with primary antibody for two hours at 37°C. Primary
antibodies for Fhodl C-14, Fhod3 K-19 and E-20 (Santa Cruz, Dallas, TX),
alpha-actinin (Sigma-Aldrich. St. Louis, MO) were incubated in 1% BSA 0.5%
TX-100 for 2 hours at 37°C. Myomesin antibody was isolated from supernatant
obtained from mMaC myomesin B4 (Developmental Studies Hybridoma Bank,
University of lowa) grown in Iscove’s DMEM (Life Technologies, Grand Island,
NY) containing 20% FBS and 1% Gentamicin. C2C12 cells were incubated with
myomesin supernatant for 2 hours at 37°C. After primary antibody incubation,
cells were washed with PBS three times, and incubated with secondary
antibodies anti-goat FITC and TRITC and anti-mouse TRITC (Jackson
ImmunoResearch Laboratories, West Grove, PA) and DAPI (Life Technologies,

Grand Island, NY) in 1% BSA 0.5% TX-100 for 1 hour at 37°C.

C2C12 Lipofection

C2C12 cells were grown to 75% confluency as previously described. The
media was changed to 1ml 37°C DMEM containing 10% Fetal Bovine Serum and
1% GlutaMAX™. GFP-FMNLL1 in a GFP-Zeocin vector (Chandhoke, et al., 2004)

in concentrations ranging from 1ug to 15ug and Lipofectamine® 2000 (Life
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Technologies, Grand Island, NY) were incubatedseparately, each in a total of
150pul Opti-MEM® | Reduced Serum Media (Life Technologies, Grand Island,
NY) and combined after five minutes, incubated for 20 minutes at room
temperature and added to the cells. After 24 hours 0.5ml of DMEM containing
10% Fetal Bovine Serum and 1% GlutaMAX™ was added, and after 48 hours
the media changed to 3ml DMEM containing 4% horse serum (Life Technologies,
Grand Island, NY), 1% Penicillin Streptomycin and 1% GlutaMAX™ for cell
differentiation. The media was changed to 3ml DMEM containing 4% horse
serum, 1% Penicillin Streptomycin and 1% GlutaMAX™ every 48 hours until cells

fully differentiated.

Microscopy & Image Analysis
Images were captured using a Nikon Eclipse EB00 microscope and
analyzed using NIS-Elements AR 3.10 software (Nikon Instruments Inc. Melville,

NY). Intensity profile analysis was performed using NIS Elements AR 3.10
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Results

GFP-FMNL1 Localization in the Sarcomere

Full-length GFP-FMNL1 was found to localize in a sarcomeric pattern in
C2C12 cells. Co-localization with the Z-disk marker alpha-actinin shows FMNL1
to localize in a wide double band between Z-disks, with no FMNL1 seen at the
very center of the sarcomere. This pattern suggests that FMNL1 localizes to the
sides of the actin filament in the sarcomere. No similar studies with FMNL1
antibodies have been carried out. Note that the fluorescent overlap of FITC and

TRITC emission creates some bleed-through of TRITC in the FITC channel.
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merge

Alpha-actinin

GFP-FMNL1

Intensity profile

Figure 1 — GFP-FMNL1 localization with sarcomeric alpha-actinin.
GFP-FMNLL1 localizes in a sarcomeric pattern with Z-disk marker alpha-
actinin.
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Model of GFP-FMNL1 Localization in the Sarcomere

Based on the findings in this study, Figure 2 presents a model of the
proposed sarcomeric localization of GFP-FMNLL1. The figure shows a non-
contracted sarcomere, as seen by the small area of overlap between thin and
thick filaments and the wide H-band. A contracted sarcomere has an almost non-
existent H-band and almost complete overlap of the thin and thick filaments.
When fixing cells for immunohistochemical analysis, cells contract, the space in
the H-band is greatly compressed. For ease of visualization, a relaxed sarcomere
is shown in Figure 7.

As shown in Figure 2b, it is proposed that GFP-FMNLL1 localizes to the
length of the part of the thin filament, made up of an actin core and surrounded
by troponin and tropomyosin. The width of the GFP-FMNL1 suggests that it is
binding to the sides of the actin filament. A localization to either the pointed or the
barbed end would yield a much narrower band, such as the alpha-actinin band in

Figure 1.
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Figure 2 — GFP-FMNLL1 in the Sarcomere

Proposed model of GFP-FMNL1 localization in the sarcomere
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Discussion

FMNL1 is a diaphanous-related formin, which, traditionally bind actin via
the FH2 domain as homo-dimers. However, recent findings suggest that DRFs
may have actin-binding sites outside the FH2 domain in the DAD domain (Gould,
et al., 2011). Furthermore, FMNL1 has been found to have residues outside of
the FH2 domain capable of binding to the sides of actin filaments (Harris, et al.,
2006). This side-binding ability of FMNL1 holds true when the conserved FH2
domain actin binding domains are mutated (Harris, et al., 2006). Full-length
FMNLZ1, with mutations in the FH2 domain that interfere with actin binding has
been shown to rescue an actin-dependent function in vivo, further supporting the
idea that there are additional actin-binding sites outside the FH2 (Blystone Lab,
unpublished observations).

The findings in this study that FMNL1 localizes to the sides of the actin
filament in the sarcomere are likely due to these alternative actin-binding sites in
FMNL1. No studies exist to show how FMNLL1 is involved in striated muscle
architecture, formation or maintenance, and expression analysis of FMNL1 in
skeletal and cardiac muscle do not suggest a prominent role of FMNLL1 in these
tissues (Krainer, et al., 2013). FMNLL1 likely has no function in the sarcomere and
forcing its expression via exogenous cDNA introduction could force a localization
that is not present endogenously. To confirm endogenous localization,
immunohistochemical studies would need to be performed. If FMNL1 has no
endogenous expression in the sarcomere, the forced expression could force the

protein to localize in a way that can support binding capabilities of FMNL1, such
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as the secondary actin-binding sites in the DAD domain. The traditional
localization of FMNL1 would be to the barbed end of the actin filament. However,
the barbed end in the sarcomere is anchored to the Z-disk and surrounded by Z-
disk proteins. This arrangement could mean that there is simply not enough room
for FMNLL to bind to the barbed end of actin by forming a homo dimer, and the
protein localized where it could bind, the side of the actin filaments.

To determine whether GFP-FMNL1 localizes to the sides of the actin
filament via its FH2 or DAD domain, actin-binding mutants can be introduced. If
actin-binding mutants, with highly conserved regions in the FH2 domain mutated
from Isoleucine and Lysine to Alanine, still bind to the sides of the actin filament,
this localization is most likely due to a secondary actin binding site possibly
located in the DAD domain. If actin-binding mutants are unable to localize to the
sides of the actin filament, this localization is most likely due to FMNL1 binding to

the sides of the actin filament via the conserved regions inside the FH2 domain.
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