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ABSTRACT

Endocytic membrane trafficking is a key cellular process that is critical for regulating the
transport of internalized cargoes such as lipids and receptors. Our lab focuses on understanding
the mechanisms and cellular functions of the proteins that regulate this pathway. One family of
proteins that has seen significant interest over recent years is the C-terminal Eps15 Homology
Domain (EHD) family of proteins. Mammalians have four EHD paralogs (EHD1-4) that are
expressed ubiquitously in tissues. These proteins have distinct yet overlapping functions in
regulating endocytic pathways. EHD1 has been shown to induce constriction and is recruited to
induce fission of tubular recycling endosomes (TRES) through its interaction with Molecules
Interacting with CAsL-Like 1 (MICAL-L1). EHD2 remains the most functionally distinct of the
EHD proteins, regulating caveolae at the plasma membrane. EHD3 has been implicated in
biogenesis and stabilization of TREs, whereas EHD4 remains the least characterized. Previous
studies from our lab have put forth evidence that EHD4 influences endosomal fission in a manner
similar to EHD1, though this remains poorly understood. Herein, | describe a role for EHD4 in
the recruitment of EHD1 to endosomal structures through their hetero-dimerization and

subsequent interaction with resident endosomal proteins such as MICAL-L1.

Furthermore, recent studies have also implicated EHD1 and EHD3 in the generation of
the primary cilium, a key signaling organelle that emanates from the centrosome when the cell is

in a non-mitotic state. EHD1 was shown to facilitate fusion of the ciliary vesicle and removal of



CP110 from the mother centriole, a critical step in primary ciliogenesis. EHD3, the closest
paralog to EHD1, has a similar regulatory role in retinal pigmented epithelium (RPE) cells,
whereas EHD2 and EHDA4 are dispensable for ciliogenesis. Given that EHD1 and EHD4 are
significantly intertwined in the context of endosomal fission, it was surprising that EHD4 was as
equally dispensable as EHD?2 in ciliogenesis. Herein, | identified a novel role for EHD4, but not

EHD2, in regulating primary ciliogenesis.
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CHAPTER I

INTRODUCTION



1. ENDOCYTIC TRAFFICKING

1.1 Overview

The plasma membrane (PM) is a lipid bilayer that serves as a permeable barrier between
intracellular components and the extracellular environment (Conner and Schmid, 2003). The PM
is responsible for regulating the entry and exit of ions and various other molecules from the cell,
mediating communication between neighboring cells, and moderating responses to extracellular
growth and survival cues. Endocytic trafficking, the process by which receptors, proteins,
nutrients, and extracellular fluid are internalized in an invaginated portion of the PM (Conner and
Schmid, 2003), is essential for regulating and maintaining lipid and protein composition of the

PM (G. J. Doherty and McMahon, 2009).

Invagination and internalization of PM resident proteins and extracellular fluid results in
the formation of a vesicle (Conner and Schmid, 2003). Vesicle formation can occur through two
distinct pathways that will be described later in detail: clathrin-mediated endocytosis (CME) and
clathrin-independent endocytosis (CIE). The internalized cargoes from the PM into vesicles are
initially directed to the early endosome (EE), also known as the sorting endosome (SE)
(Gruenberg et al., 1989; Mayor et al., 1993; Mellman, 1996a). The SE is responsible for the
sorting and trafficking of cargoes to either the late endosomes (LE) and lysosome for degradation,

recycled back to the PM, or shuttled to the trans-Golgi network (TGN) (Figure 1.1).

In addition to regulating PM composition and nutrient uptake, endocytic trafficking has a
critical role in regulating various cellular processes, including cellular signaling, surface receptor
modulation, cytokinesis (Conner and Schmid, 2003; Skop et al., 2001), maintenance of cell
polarity, cell adhesion, cell migration (Caswell and Norman, 2008; E. Wang et al., 2000), and
synaptic vesicle retrieval in neurons (Kjaerulff et al., 2002). Perturbation of endocytic pathways
has been linked to a variety of diseases, including cancer, heart disease, and neurodegeneration

(Conner and Schmid, 2003; Stein et al., 2003). Furthermore, it has been reported that pathogens
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Overview of endocytic pathways. Once internalized from the plasma membrane, membrane-
bound vesicles that carry receptors from the cell surface fuse with the EEs. The EE serves as a
sorting station from which either tubulo-vesicular carriers deliver cargo to the endo-lysosomal
system for degradation, or cargoes are recycled directly or indirectly to the plasma membrane via
the endocytic recycling compartment. Used with permission from J Cell Sci. (Naslavsky &

Caplan, 2018).



can hijack distinct endocytic pathways to increase pathogen internalization (Mercer et al., 2010).
Despite the translational relevance, understanding of endocytic pathways remains sorely lacking.
Hence, mechanistic insight of these pathways will ultimately lead to development of novel drugs

and therapeutic strategies.

1.2 Endocytic Routes

Internalization is primarily determined by the size of the cargo and it takes place through
a variety of pathways. Smaller molecules, such as ions, sugars, and amino acids, enter the
intracellular space through PM-resident channels and pumps. In contrast, larger molecules unable
to enter using these pumps and channels are endocytosed through invagination and internalization
of the PM. Endocytosis can be classified as either pinocytosis or phagocytosis, depending on the
size of the internalized vesicle. Pinocytosis involves the internalization of extracellular fluid and
low-molecular-weight solutes (Conner and Schmid, 2003), whereas phagocytosis involves the
internalization of larger molecules, such as cellular debris or microbial pathogens (Aderem and
Underhill, 1999). Pinocytic events can be further classified as either clathrin-mediated
endocytosis (CME), as illustrated in Figure 1.1, or clathrin-independent endocytosis (CIE).
Pinocytic CIE events can be subdivided even further based on the presence or absence of

caveolae (Parton and Simmons, 2007; Mayor and Pagano 2007; Mayor et al., 2014).

1.2.1 Clathrin-Mediated Endocytosis (CME)

Initial studies that characterized CME outlined how receptors undergo clustering in
clathrin-coated pits (CCPs) before being internalized through membrane invagination and
scission to form clathrin-coated vesicles (CCVs) (Goldstein et al., 1979; Pearse and Crowther,
1987). Work from various labs over the past 40 years have further elaborated upon how clathrin

and associated proteins select cargo and assemble into a coated vesicles (Robinson, 2015; Sorkin,



2004). From these studies, it was been discovered that CME is a step-wise and highly regulated

process.

Internalization via CME is generally considered a five-step process: initiation, cargo
selection, coat assembly, scission, and uncoating. Clathrin triskelia form a lattice at the cell
surface which interacts with adaptor proteins (also known as adaptins) to mediate lattice
interactions with the PM as well as the cargo to be internalized. The Adaptor Protein 2 complex
(AP-2) is a hetero-trimer comprised of four adaptins: two large adaptins (c. and ), a medium
adaptin (u), and a small adaptin (o) (Owen et al, 2004). When in its inactive state (closed
conformation), AP-2’s membrane binding site, located near the N-terminus of the a subunit, is
exposed to allow AP-2 to bind membrane microdomains enriched in phosphatidylinositol-4,5-
bisphosphate (P1(4,5)P2) (Gaidarov et al., 1996; Kadlecova et al., 2017) (Figure 1.2). Upon
P1(4,5)P2 association, AP-2 undergoes conformational change into its active state (open
conformation). When in its active state, the u subunit is able to bind cargo whereas the 8 subunit
is able to bind clathrin (B.M. Collins et al., 2002). The p subunit is able to recognize and bind
two types of motifs on the cytoplasmic tail of cargoes: 1) dileucine-based motifs with a consensus
sequence of DXXLL or [DE]JXXXL[LI] (D = aspartate, X = any amino acid residue, L = leucine,
E = glutamate, | = isoleucine) and 2) tyrosine-based motifs with a consensus sequence of YXX¢
(Y = tyrosine, ¢ = bulky hydrophobic amino acid residue) (Bonifacino and Traub, 2003; Janvier
et al., 2003). The u subunit binds the tyrosine-based motifs (Ohno et al., 1995), whereas the o/c
hemi-complex (and potentially the B subunit) bind the dileucine-based sorting signal sequence
(Chaudhuri et al., 2007; Doray et al., 2007). In addition to AP-2, other adaptor proteins known as
clathrin-associated sorting proteins (CLASPS) recognize a variety of motifs and post-translational
modifications to facilitate internalization in cargoes (Traub and Bonifacino, 2013). Signature
cargoes selected and internalized by CME include the iron-loaded transferrin receptor (TfR) and

low-density lipoprotein (LDL) receptor (Figure 1.1).
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Phosphoinositides are localized at distinct sites within the intracellular membrane system.
The reported localization of each phosphoinositide is shown as the color indicated in the key.
Used with permission from Cell Struct Funct. (Hasegawa et al., 2017).



Following cargo selection by AP-2 and CLASPs, clathrin coat assembly is initiated. AP-2
and CLASPs help recruit clathrin triskelia, the basic building blocks of clathrin coats, to the site
of internalization. Clathrin triskelia are composed of three heavy chains that form a three-pronged
radial structure and three light chains that regulate formation of higher-order structures, the
resulting triskelia forming a cage-like lattice during PM invagination (Kirchausen, 2000). The
clathrin coat facilitates recruitment of accessory proteins, such as those that have Bin-
Amphiphysin-Rvs (BAR) domains, to promote the formation and assist in the curvature

stabilization of maturing CCPs (Koch et al., 2012).

After sufficient PM invagination and CCP formation, a large guanosine tri-phosphatase
(GTPase) known as dynamin is recruited to the budding vesicle and oligomerizes to form a helix
around the vesicle’s neck. Alongside other curvature sensing proteins such as Amphiphysin,
Sorting Nexin 9 (SNX9), and Endophilins, dynamin then catalyzes guanosine triphosphate (GTP)
hydrolysis and facilitates the separation of the nascent clathrin coated vesicle from CCPs (A. Lee
et al., 1999; Vallis et al., 1999, van der Bliek et al., 1993; Yoshida et al., 2004). Once scission of
the CCV from the PM has occurred, the CCV then sheds its clathrin coat. Disassembly of the
clathrin coat is facilitated by Heat shock cognate 70 (Hsc70), an adenosine tri-phosphatase

(ATPase), and its co-factor auxillin (Braell et al., 1984; Prasad et al., 1993; Ungewickell, 1999).

1.2.2 Clathrin-Independent Endocytosis (CIE)

Though CME is considered the primary pathway by which cargoes are internalized, cells
also utilize various pathways not mediated by clathrin that are collectively characterized as CIE.
In general, CIE pathways require a high concentration of cholesterol at the PM upon invagination
(Mayor and Pogano, 2007; Sandvig and van Deurs, 1994). Of the CIE pathways, the caveolae-
mediated pathway is the best studied. Caveolae are cholesterol-rich membrane microdomains that
are stabilized by oligomerized caveolins (Parton and Simmons, 2007). Along with a high

concentration of cholesterol, caveolae are also enriched in sphingolipids and P1(4,5)P2



(Anderson, 1998; Fujita et al., 2009; Pitto et al., 2000; Simone et al., 2013). Caveolae are
comprised of caveolins, with caveolin 1 and 2 having similar expression patterns, whereas
caveolin 3 is expressed in striated and smooth muscle (Pelkmans et al., 2004). Caveolin 1
oligomerizes, forms a loop, and inserts into the PM microdomain to form and stabilize the
membrane comprising the caveolae. Upon PM insertion, caveolin 1 recruits cavin proteins (cavin
1-4) to help form and stabilize the budding caveolar vesicle (Hansen et al., 2009; Hill et al.,

2008).

Similar to CME, clathrin-mediated endocytosis also recruits BAR proteins to promote
generation and stabilization of the caveolar invagination’s curvature. One such BAR protein,
Syndapin2 (also known as PACSIN2), has a Src homology 3 (SH3) domain that mediates binding
to dynamin’s proline-rich domain (PRD). Concentrated PI(4,5)P2 facilitates the recruitment of C-
terminal Eps15 homology domain containing (EHD) protein 2 (EHD2) (Simone et al., 2013).
EHD?2 stabilizes caveolae and also recognizes and binds an asparagine-proline-phenylalanine
(NPF) tripeptide motif in Syndapin2 (Moren et al., 2012; Simone et al., 2013; Stoeber et al.,
2012). Caveolae-mediated endocytosis occurs more frequently in certain cell types, such as
adipocytes, fibroblasts, and endothelial cells (Parton and Simons, 2007). Cargoes internalized
through caveolae-mediated endocytosis include cholera toxin 8 subunit (CTxp), simian virus 40
(SV40) virions, and glycosylphosphatidylinositol (GPI)-linked proteins (Z. J. Cheng et al., 2006;

Parton and Simmons, 2007).

1.2.3 Clathrin-Independent Carriers/GPI-AP-Enriched Early Endosomal Compartment

(CLIC/IGEEC)

Cargoes that are not endocytosed through the clathrin- or caveolae-mediated pathways
can undergo internalization through GPI-anchor-linked proteins (GPI-AP), which help secure
cargoes to cholesterol-enriched microdomains at the PM (Lakhan et al., 2009). GPI-APs, as well

as fluid phase markers and CTxf3, undergo internalization through EE-like structures known as



GPI-AP-enriched early endosomal compartments (GEEC) (G. J. Doherty and McMahon, 2009;
Mayor and Pogano, 2007). GEECs are highly enriched in GPI-AP and are formed through the
fusion of cell surface-derived clathrin-independent carriers (CLICs) (Kirkham et al., 2005). The
formation of CLICs is dependent on two small GTPases: adenosine di-phosphate (ADP)-
ribosylation factor 1 (Arfl) and cell cycle dependent 42 (Cdc42) (Kumari and Mayor, 2008). The
vesiculation and tubulation of CLICs remains unclear as CLICs are formed independently of

dynamin.

Recently, GTPase regulator associated with focal adhesion kinase-1 (GRAF1) was
identified as a marker of CLICs. GRAFL1 is critical to CLIC formation and has several domains
that are key to CLIC formation and stabilization, including a pleckstrin homology (PH) domain
that mediates GRAF1’s interaction with PM-localized P1(4,5)P2, an SH3 domain that is able to
bind to dynamin’s PRD, and a scission-BAR domain to facilitate membrane curvature (Lundmark
et al., 2008). Furthermore, work from our lab supports a model in which GRAF1 interacts with C-
terminal EHD protein 1 (EHD1) and Molecules Interacting with CAsL-Like 1 (MICAL-L1) to
form a vesiculation complex on tubular recycling endosomes (TRE) to assist in TRE vesiculation
(Cai et al., 2012; Cai et al., 2014). Given its role in TRE vesiculation, GRAF1 may also serve as a

vesiculator of CLICs.

1.2.4 ADP-ribosylation factor 6 (Arf6)-Mediated Pathway

An additional clathrin-independent pathway is mediated by Arf6, an ATPase that
localizes to the PM to regulate the rate at which cargoes are trafficked in and out of the cell, as
well as regulating actin filaments proximal to the PM. Arf6 promotes the generation of PI(4,5)P2
through activation of phosphatidylinositol 4-phosphate 5-kinase (P15K), resulting in budding
vesicles enriched in P1(4,5)P2 (S. E. Brown et al., 2001). This enrichment of P1(4,5)P2 leads to

activation of actin polymerization machinery, thus promoting the endocytic pathway and
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internalization of cargoes such as GPI-APs, CD55, CD59, and major histocompatibility complex

class I (MHC 1) proteins (Naslavsky et al., 2003).

1.2.5 Interleukin-2 Receptor Internalization

Interleukin-2 (IL-2) receptor is internalized through a less common CIE pathway,
characterized by small, non-coated, detergent-resistant PM microdomain invaginations that
depend on RhoA and ras-related C3 botulinum toxin substrate 1 (Racl) (Gesbert et al., 2004;
Lamaze et al., 2001; Mayor et al., 2014). I1L-2 receptor internalization is mediated by dynamin
and actin polymerization regulators, such as Racl, Vav2 (Rac1’s guanine exchange factor),
phosphatidylinositol 3-kinase (P13K), cortactin (endocytic adaptor), kinases Pakl and Pak2, and
N-WASP (Arp2/3 stimulator) (Basquin et al., 2013; Basquin and Sauvonnet, 2013; Grassart et al.,
2008; Lamaze et al., 2001). p85, the regulatory subunit of PI3K, interacts with IL-2 receptor and
activates p110, the catalytic subunit of PI3K, to produce PI(3,4,5)P3 (Cendrowski et al., 2016).
P1(3,4,5)P3 production activates Vav2, leading to Racl activation and recruitment to the PI13K-
associated IL-2 receptor. Racl promotes Pak1 and Pak2 activity (Cendrowski et al., 2016), with
Pak1 and Pak?2 in turn stimulating actin polymerization through N-WASP and cortactin (Basquin
and Sauvonnet, 2013). Activation of these proteins is likely crucial for vesicle scission from the

PM and serves as the final step of IL-2 receptor internalization.

1.3 Cargo Sorting at the Early Endosome (EE)/Sorting Endosome (SE)

The EE serves as the initial destination for cargoes internalized from the PM to undergo
sorting and trafficking to its cellular destination (Jovic et al., 2010). Upon arrival, the internalized
vesicle fuses with the EE, a process which is mediated by the soluble N-ethylmaleimide-sensitive
factor attachment protein receptors (SNARE)-based fusion system (Bennett, 1995; Sdllner, 1995).
SNAREsS residing on both the vesicle (v-SNARE) and the EE (trans-SNARE complex) interact

and form stable helical core complexes that link the two, promoting membrane fusion (Y. A.
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Chen and Scheller, 2001). Fusion of internalized vesicles with the EE allows for subsequent
sorting of internalized cargoes into tubulo-vesicular structures. These structures undergo fission,

with the resulting vesicles being transported to their target compartment.

EE have a mildly acidic lumen (pH 6.3-6.5) that is critical for the decoupling of ligands
and receptors after being internalized, a crucial first step in cargo sorting (Maxfield and McGraw,
2004). Ligand-bound receptors that undergo internalization tend to dissociate from their ligands
and are recycled back to the PM to bind new ligand, whereas the ligand internalized with the
receptor is generally transported to the lysosome for degradation (Maxfield and McGraw, 2004).
One example of this process is that of TfR and LDL receptors, which are internalized, trafficked
to the EE, and are recycled back to the PM. However, the respective ligands of transferrin (Tf)
and LDL instead are destined for the lysosome to undergo degradation (Jovic et al., 2009) (Figure

1.1).

One key EE marker, Rab5, is a member of the Ras-associated binding (Rab) family of
small GTP-binding proteins that mediates EE function and dynamics (Woodman, 2000). Rab5
oversees recruitment of various effector proteins to promote EE differentiation, leading to
formation of a large membrane-bound organelle that has both vacuolar and tubular components to
serve as cargo-sorting subdomains (Huotari and Helenius, 2011; Mayor et al., 1993). Cargoes
sequestered in tubular regions of the EE tend to undergo recycling back to the PM, whereas
cargoes located inside the bulkier, more vesicular areas are usually destined for lysosomal
degradation by the way of multi-vesicular bodies (MVBs) (Mellman, 1996b). Active (GTP-
bound) Rab5 recruits various Rab5 effectors to the EE, including phosphatidylinositol-4,5
bisphosphate-3-kinase (P13K), to promote phosphoinositol 4-phosphate (P14P) generation (Figure
1.2). EE-associated PI3P facilitates the recruitment of FYVE domain-containing proteins, such as

Rabankyrin-5, Rabenosyn-5, and Early Endosomal Autoantigen-1 (EEAL) (Grosshans et al.,
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2006; Stenmark et al., 2002). These proteins have also been shown to interact with Rab5,

suggesting multiple methods by which they are recruited to EE.

Whether a cargo is sorted for endosomal degradation or undergoes recycling has been
described as a “tug-of-war” between the endosomal sorting complex required for transport
(ESCRT) complex and various opposing sorting nexin-associated retrieval complexes, including
the retromer complex, the retriever complex, the endosomal SNX-BAR sorting complex for
promoting exit-1 (ESCPE-1) complex, and the CCC complex (Bartuzi et al., 2016; McNally et
al., 2017; Simonetti et al., 2019; Teasdale and Collins, 2012). The ESCRT complex pushes the
cargo to ILVs for degradation, whereas the retrieval complexes pushes the cargo to undergoing

recycling back to the PM (Weeratunga et al., 2020) (Figure 1.3).

1.4 Cargo Sorting to the LE/Lysosome for Degradation

For some cargoes, internalization and sorting at the EE leads to degradation. As
mentioned previously, receptor-bound ligands are internalized and undergo sorting and receptor
decoupling before being destined for degradation. Typically, these ligands are degraded by EE
structures that mature to form LE structures. Conversely, transmembrane receptors that are
destined to undergo degradation are sorted by cytosolic-facing sorting signals. For example,
Epidermal Growth Factor Receptor (EGFR) is a receptor tyrosine kinase (RTK) whose cytosolic
domain undergoes post-translational ubiquitination to mark it for lysosomal degradation (Haglund
et al., 2003; Huang et al., 2006; Levkowitz et al., 1998; Umebayashi et al., 2008). After one or
more of the lysine residues in EGFR’s cytoplasmic tail have been ubiquitinated, several ubiquitin-
interacting motif (UIM)-containing proteins recognize and interact with EGFR. These include the
endosomal sorting complexes required for transport-0, signal transducing adaptor molecule 2
(STAM2) and the ESCRT-I component, tumor susceptibility gene 101 (TSG101), and hepatocyte
growth factor regulated tyrosine kinase substrate (Hrs) (Raiborg and Stenmark, 2002). In turn,

ESCRT-1 component and Tsgl101 facilitate the recruitment of the ESCRT-II complex, initiating
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Endosomal trafficking pathways for cargo retrieval and degradation. Once transmembrane
cargos enter the endosome, they encounter one of the two fates: sorting to ILVs by the ESCRT
complex for degradation, or retrieval and recycling by a variety of different mechanisms.
Sequence-dependent cargo recycling is often mediated by machineries that use different SNX
family proteins as adaptors for cargo recognition. ILVs, intraluminal vesicles; ESCRT,
endosomal sorting complex required for transport. Used with permission from Curr Opin Cell
Biol. (Weeratunga et al., 2020).
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MVB budding. The ESCRT-1I complex promotes the oligomerization of the ESCRT-III complex,
allowing for cargo sequestration to budding MVBs and the eventual scission of the MVB (Babst
et al., 2002a; Babst et al., 2002b). The ATPase vacuolar sorting protein (VPS) 4 (VPS4)
associates with the newly formed MVB to catalyze the disassembly of the ESCRT-111 complex.
The MVB is then able to fuse with the LE or lysosome to allow EGFR and other sorted cargoes to

undergo degradation (Shestakova et al., 2010).

1.5 Cargo Sorting and Recycling to the PM

Cargoes may be returned to the PM through two routes grossly referred to as either “fast
recycling” or “slow recycling”. Fast recycling describes the process by which cargoes are
recycled back to the PM directly from the EE (Maxfield and McGraw, 2004) and is prominently
marked by Rab4 (Van Der Sluijs et al., 1991), whereas slow recycling references a process
marked by Rab11 (Ullrich et al., 1996) and by which endosomal vesicles are trafficked to and
fuse with recycling endosomes (RE). Often clustered in the perinuclear region near the
microtubule organizing center (MTOC), the collection of RE here is known as the endocytic
recycling compartment (ERC) (B. D. Grant and Donaldson, 2009). After cargoes have reached
the ERC, it is theorized that they are again sequestered into budding vesicles that are then
released from the ERC and transported to the PM along microtubules (Maxfield and McGraw,
2004). The ERC, MTOC, and Golgi apparatus are located near each other, with both the Golgi
and the MTOC serving as actin and microtubule nucleation centers and connecting these

structures under the pretense of vesicular transport (Kloc et al., 2019; Zhu et al., 2013).

Until recently, recycling was viewed as a passive event that served as the default
alternative when a cargo failed to be actively sorted for degradation (Hsu et al., 2012). However,
recent studies now support a more active sorting of receptors to mediate the recycling process.
One such study put forth evidence that the protein ARF GTPase-activating protein with coiled-

coil ankyrin repeat and PH domain-containing protein 1 (ACAP1) recognized sorting signals in
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the cytoplasmic tails of TfR, GLUT4, and integrins that promoted recycling from the RE (Dai et
al., 2004). Furthermore, additional studies have shown that SNX3, SNX27, and SNX17 interact
directly with cargoes and facilitate recycling to the PM (Clairfeuille et al., 2016; Gallon et al.,
2014; McNally et al., 2017; Seaman, 2007; Tabuchi et al., 2010). SNX3 was shown to interact
with cargoes such as cation-independent mannose-6-phosphate receptor (CI-MPR) and divalent
metal transporter 1-11 (DMT1-11), facilitating their sorting alongside the retromer complex
(Seaman, 2007; Tabuchi et al., 2010). SNX27 has been found to act as a cargo adaptor by
interacting with the GPCRs B2 adrenergic receptor (Choy et al., 2014; Lauffer et al., 2010) and
parathyroid hormone receptor (PTHR) (Chan et al., 2016), ion channels (Balana et al., 2011;
Lunn et al., 2007), and many others (Clairfeuille et al., 2016). SNX17 interacts with the
cytoplasmic tail of lipoprotein receptor-related protein 1 (LRP1) (Farfan et al., 2013; van Kerkhof
et al., 2005), as well as integrins (Steinberg et al., 2012). Recent studies from our lab have
identified that SNX17 interacts with cargoes and links them to EHDL1 fission machinery and that
internalization of LRP1 led to recruitment of cytoplasmic EHD1 to endosomal membranes
through SNX17 interaction (Dhawan et al., 2020). Additionally, SNX5 has been recently shown
to mediate retrieval of cargoes alongside the ESCPE-1 complex (Simonetti et al., 2019).
Indirectly, SNX4 binds dynein-binding protein KIBRA and mediates the recycling of TfR (Traer

et al., 2007).

As mentioned previously, multiple retrieval complexes have been identified as
responsible for helping cargoes avoid degradation. These complexes include the retromer
complex, the retriever complex, the ESCPE-1 complex, and the CCC complex (Bartuzi et al.,
2016; McNally et al., 2017; Simonetti et al., 2019; Teasdale and Collins, 2012). While the
retromer will be explored in greater detail later, the retriever complex shares subunits and
structural similarities to the retromer complex (McNally et al., 2017; Phillips-Krawczak et al.,

2015). The retriever is a trimeric retromer-like complex composed of VPS29, C160rf62
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(VPS35L), and DSCR3 (VPS26C). Both the retromer and the retriever complex work alongside
the Wiskott-Aldrich syndrome protein and SCAR homology (WASH) complex (Gomez and
Billadeau, 2009; Harbour et al., 2012), with the retriever functioning similar to the retromer and
mediating recycling of cargoes in a SNX-dependent, but retromer-independent manner (Steinberg

etal., 2012).

The WASH complex is composed of WASH1, Strumpellin, CCDC53, KIAA1033/SWIP,
and FAM21 and promotes nucleation of filamentous actin on EEs (Jia et al., 2010; Jia et al.,
2012), potentially providing the force required for vesiculation, tubulation, and fission (Naslavsky
and Caplan, 2018). The COMMD/CCDC22/CCDC93 (CCC) complex is comprised of CCDC22,
CCDC93, and one of the COMMD proteins (COMMD1-10) (Burstein et al., 2005; Phillips-
Krawczak et al., 2015). CCDC22 and CCDC93 interact with the tail of FAM21 (Harbour et al.,
2012), recruiting the CCC complex to endosomes. The CCC complex may be responsible for
trafficking the low-density-lipoprotein receptor and perturbation of the CCC complex leads to
hypercholesteremia (Bartuzi et al., 2016). Together, the retriever and the CCC complexes have
together been referred as the Commander complex, which coordinates recycling of cargoes such
as integrin alongside SNX17 (McNally et al., 2017). Lastly, the ESCPE-1 complex is comprised
of heterodimers of SNX5 or SNX6 with SNX1 or SNX2. It is believed that SNX1/SNX2 subunits
interact with PI(3,5)P2 to recruit the complex to endosomal membranes, whereas SNX5/SNX6
interact with cargoes. The ESCPE-1 complex induces membrane curvature and membrane
remodeling to form membrane tubules, promoting cargo sequestration to produce cargo-enriched
tubular structures (Simonetti et al., 2019; Weeratunga et al., 2020). Though passive or default
recycling of cargoes may still be relevant in many cases, it is clear that a diverse set of active

recycling mechanisms exist to mediate efficient and proper cargo recycling.

Given how important the ERC is in the recycling process, it is surprising that its

structure, composition, and function remain poorly understood. To address ERC morphology and
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cargo selection, studies from our lab have put forth evidence that the ERC is an array of dense
and dynamic tubular and vesicular RE originating from the MTOC (Xie et al., 2016).
Additionally, our lab has shown that cargoes internalized by distinct mechanisms, such as CME
and CIE, remain segregated after joining the ERC (Xie et al., 2015). These advances in our

understanding suggest that the ERC serves as a hub for vesicular transport to the PM.

Recent studies have suggested that the ERC and Rab11, by mediating vesicular transport
to the PM, play critical roles in the cell cycle, proliferation, and cell migration. Evi5, a protein
that accumulates in early G1 phase and assists in the G1-S transition by stabilizing inhibitor
protein Emil, was shown to associate with Rab11 (Westlake et al., 2007). Additionally, Rab11
has been shown to be required for the completion of cytokinesis (Wilson et al., 2005) through a
signaling pathway mediated by the Src kinase Fyn (Y. Lee et al., 2013). Indeed, Rab11, Rab11-
FIP2, and Rab11-FIP4 have all been implicated in cancer cell migration (Dong et al., 2016; F. Hu
etal., 2015; C. L. Xu et al., 2016). Rab11 furthermore regulates cell-cell communication in

collective cell movements (Ramel et al., 2013).

One part of the dense and dynamic array of endosomal structures at the ERC are the
tubular recycling endosomes (TRESs). TREs, which generally remain distinct from the more
vesicular REs at the ERC, are integral to the recycling of internalized receptors and lipids. Our
lab’s current model suggests that TREs can undergo scission, leading to the formation of
receptor-laden vesicles that are then trafficked to the PM (Cai et al., 2012; Cai et al., 2013; Cai et
al., 2014). Additionally, our lab has extensively studied the proteins involved in TRE formation,
fusion, fission, and function. One study from our lab provided evidence that MICAL-L1-
associated TREs can be generated from areas of the EE that are enriched in Rabenosyn-5, a
Rab4/Rab5 dual effector (Xie et al., 2016). Moreover, studies from our lab have demonstrated
that TRE-associated MICAL-L1 recruits and stabilizes proteins that influence TRE formation and

shape, such as the F-BAR domain containing protein Syndapin2 (Giridharan et al., 2013).
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Additional reports from our lab have established interactions between MICAL-L1 and EHD
protein 3 (EHD3) and EHD1 (Kieken et al., 2010; Sharma, Jovic, et al., 2009b) and have
implicated EHD3 and EHD1 in TRE stabilization and vesiculation, respectively (Bahl et al.,
2016; Cai et al., 2013). Our lab has recently published work showing that TREs are highly
enriched in both phosphatidic acid (PA) and phosphatidylinositol-4,5-bisphosphate (P1(4,5)P2)
(Farmer et al., 2021). The high concentrations of PA allow MICAL-L1 and Syndapin2 binding
with TRE, whereas the presence of PI(4,5)P2 promotes GTP-bound Rab10 recruitment. EHD1,
and to a degree EHD4, interacts with the MICAL-L1 and Syndapin2 complex on the TRE to
induce scission of the budding endosomal vesicle (Cai et al., 2013; Cai et al., 2014; Giridharan et

al., 2013) (Figure 1.4).

1.6 Cargo Sorting to the trans-Golgi Network (TGN)

In addition to sorting cargoes for recycling and degradation, the EE also serves to bridge
various endocytic and biosynthetic pathways, such as retrograde transport from the EE to the
TGN (Figure 1.1). Retrograde transport requires tubulation for cargo shuttling to the TGN,
though these tubules remain distinct from the TREs that are key to the recycling process
(Bonifacino and Rojas, 2006). Retrograde transport machinery is recruited to EEs that are in the
process of transforming into LEs, hallmarked by an elevated level of phosphatidylinositol-3,5-
bisphosphate (PI(3,5)P2) and an increase in intraluminal vesicles (ILVs), which are formed by
endosomal membrane invaginations that are mediated by either ESCRT-dependent or ESCRT-

independent mechanisms (Figure 1.4).

Breakthrough studies in the yeast endolysosomal system led to the identification of key
retrograde machinery known as the “retromer” complex (Seaman et al., 1998). It was initially
proposed that the retromer mediated the EE-to-TGN retrieval of Vps10p, the yeast ortholog of
mannose 6-phosphate receptor (M6PR). The retromer exists as a hetero-pentameric complex that

can be divided into two subcomplexes. One subcomplex, also known as the cargo selection
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Model for biogenesis of tubular recycling endosomes. (A) Phosphatidic acid is
generated or enriched on membranes. (B) MICAL-L1 (via its CC domain) and Synd2
(via its F-BAR domain) are recruited to PA-enriched membranes. (C) The MICAL-L1
PXXP motifs interact with the SH3 domain of Synd2 to stabilize both proteins on the
membranes and (D) facilitate the generation of tubular endosomes by Synd2. (E)

Synd2 and MICAL-L1 bind to the EH domain of EHD1 via their NPF motifs and

recruit EHDL to these tubular membranes, potentially facilitating vesiculation. Used with
permission from Mol Biol Cell. (Giridharan et al., 2013).
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complex (CSC), is comprised of VPS35, VPS26 (a and b isoforms), and VPS29 (Bonifacino and
Hurley, 2008; Bonifacino and Rojas, 2006; Rojas et al., 2008; Seaman, 2005). The other
subcomplex is a dimer consisting of sorting nexins SNX1 or SNX2, and SNX5, SNX6, or
SNX32. The CSC was initially thought to be responsible for cargo sorting, whereas the sorting
nexins were believed to interact with phosphatidylinositol 3-phosphate (P13P), a phosphoinositide
enriched at the EE, through phox-homology (PX) domains to act as scaffolding (Bonifacino and
Rojas, 2006) (Figure 1.2). However, based on a recent study utilizing cryo-electron tomography
and subtomogram averaging solutions of these structures, it is believed that the VPS trimer forms
a scaffold and the SNX proteins are responsible for cargo sorting (Kovtun et al., 2018). Although
the exact mechanism by which the retromer facilitates EE-to-TGN cargo sorting, cargoes sorted
by the retromer have at least one hydrophobic motif of phenylalanine/tryptophan-leucin-
methionine/valine (F/W-L-M/V) (Gokool et al., 2007). Interestingly, the retromer also takes part
in other cellular processes. Recent studies from our lab identified that the retromer facilitates the
transport of the anti-apoptotic Bcl-2 family protein Bcl-xL to the mitochondrial outer membrane
(MOM), thus regulating apoptosis (Farmer et al., 2019). Furthermore, the retromer also interacts
with various proteins at the EE, including those that are believed to be required for vesiculation,

tubulation, and fission of EE membranes.

Alongside the retromer, EHD1 has been identified as a key regulator of retromer-
mediated retrograde transport of cargoes. EHD1 interacts and co-localizes with VPS26 and
VPS35, exhibiting regulation over the retrieval of M6PR to the TGN (Gokool et al., 2007). This
interaction may be mediated through Rabankyrin-5, a Rab5 effector, which binds both EHD1 and
the retromer complex (McKenzie et al., 2012; J. Zhang et al., 2012a; J. Zhang et al., 2012b). As
well, our lab found that EHD3, EHD1’s most homologous paralog, also regulates transport of

cargoes from the EE to TGN (Naslavsky et al., 2009).
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2. REGULATORS OF ENDOCYTIC TRAFFICKING

2.1 Overview

Given its importance to cellular homeostasis, endocytic trafficking is regulated by a
variety of proteins, including SNAREs, Rab GTPases, fusion machinery, coat proteins, motor
proteins, and fission machinery such as EHD1. Together, these proteins internalize, sort, recycle,

and degrade cargoes.

Rab GTPases are small Ras-related GTP-binding proteins that localize to endocytic
structures and regulate endocytic trafficking (Pfeffer and Aivazian, 2004). As mentioned
previously, GDP-bound Rabs are inactive and tend to be cytosolic, whereas GTP-bound Rabs are
biologically active and localize to endocytic membranes. Rab effector proteins, such as
Rabenosyn-5 and Rabankyrin-5, are recruited to endocytic membranes by active Rabs to regulate
membrane lipid dynamics, membrane fission/fusion, and transport of endocytic structures along

the cytoskeleton (Pfeffer and Aivazian, 2004).

In addition, SNARE proteins are responsible for regulating the fusion of membrane-
bound endocytic structures. The aforementioned v-SNARE and trans-SNARE complex provide
the necessary energy to fuse two membranes, a critical event in the endocytic pathway.
Perturbation of this fusion machinery has significant consequences on the proper and timely

transport of cargoes.

Motor proteins are critical components that are key to the spatial organization of
endosomes and regulate the transport of endosomal vesicles along actin and microtubule
cytoskeletons. Alongside microtubules and actin filaments, motor proteins help provide the force
to deform membranes and allow for scission, a crucial step in endosomal trafficking. Defects in
motor proteins disrupt a variety of cellular functions and highlight the significance of motor

proteins in endosomal trafficking (Granger et al., 2014).
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Furthermore, EHD proteins are critical components of endocytic trafficking. The
mammalian EHD family of proteins consists of four highly homologous ATPases that localize to
endocytic structures and, along with interaction partners, oversee tubulation and vesiculation of
membranes. Loss of EHD function, either by mutation or depletion, disrupts cargo trafficking
between endocytic compartments (Naslavsky and Caplan, 2011). Although mammalian EHDs
share high sequence homology, they have distinct, yet overlapping, functions in the endocytic

pathway.

2.2 Rab GTPases and Rab Effectors

Rab proteins play a major role in endocytic trafficking and their activation and
inactivation are key to maintaining endocytic homeostasis (Homma et al., 2021). Beginning with
inactive Rab, the Rab GTPase cycle first sees GDP-bound, inactive Rab associate with guanosine
nucleotide dissociation inhibitors (GDIs) in the cytosol. A GDI displacement factor (GDF)
facilitates the uncoupling of GDP-bound Rab from its GDI to allow for GDP dissociation. Once a
Rab binds GTP and is considered active, it undergoes recruitment to the endocytic membrane and
interacts with various Rab effector proteins including kinases, phosphatases, tethering factors,
adaptor proteins, and motor proteins. These effector proteins then work alongside the Rab(s) to
mediate endocytic events such as tethering, fusion, and fission. Continuing the GTPase cycle, the
GTP-bound Rab can then be deactivated and become cytosolic by its GTPase-activating protein
(GAP). GAPs facilitate GTP hydrolysis, transforming the GTP-bound Rab into GDP-bound Rab

and allowing the cycle to begin anew (Hoepflinger et al., 2014; Stenmark, 2009) (Figure 1.5).

EE-associated Rabs, including Rab4, Rab5, Rab10, Rab11, and Rab22, regulate cargo
sorting after cargo-laden vesicles have fused with the EE (Babbey et al., 2006; Magadan et al.,
2006; Van Der Sluijs et al., 1991). The most extensively studied, Rab5 is the most extensively
studied EE-associated Rab and is commonly used as a marker for EE (Barbieri et al., 1996; Bucci

etal., 1992; Gorvel et al., 1991; Grosshans et al., 2006; Zerial and McBride, 2001). Rab5 likely
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Figure 1.5

The Rab GTPase cycle and Schematic Overview of SNAREs. (A) Rab GTPases are activated
(GTP-loaded) by guanine nucleotide exchange factors (GEFs) and inactivated (GDP-loaded) by
GTPase-activating proteins (GAPs). Inactive Rabs bind to GDP dissociation inhibitor (GDI) and
are retained in the cytosol. GDI is thought to be dissociated by GDI displacement factor (GDF),
but whether this mechanism is applicable to all Rabs remains unclear. Active Rabs are associated
with intracellular membranes and recruit specific effector proteins that regulate various steps of
membrane trafficking, including budding, transport, tethering, and fusion of vesicles and
organelles. Post-translational modifications (PTMs), such as phosphorylation, of Rabs are thought
to regulate their interaction with GDI, GEFs/GAPs, and effectors (Shinde and Maddika, 2018).
Modified and used with permission from FEBS J (Homma et al., 2021). (B) Model showing
GTPase cycle alongside vesicle fusion via SNAREs. (B) SNARE complex formation, vesicle
docking, and membrane fusion. v-SNARE proteins reside on vesicular membranes and bind to
the trans-SNARE complex at the target compartment membrane. The resulting structure enables
vesicle docking and membrane fusion. Modified and used with permission from Plant Signal
Behav. (Hoepflinger et al., 2014).
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mediates endocytic trafficking by regulating the inclusion of PI3P in EE membranes
(Christoforidis et al, 1999; Murray et al., 2002) stimulating homotypic fusion (Gorvel et al.,
1991) and facilitating trafficking of EE on cytoskeletal tracks (Nielsen et al., 1999; Pal et al.,
2006). Rab5’s guanine exchange factor (GEF), Rabex-5, facilitates the conversion of Rab5 from
GDP-bound to GTP-bound at the EE (Blumer et al., 2013; Horiuchi et al., 1997). Some of the
Rab5 effectors recruited to the EE upon Rab5 activation include PI3K (Christoforidis et al.,
1999), EEA1L (Merithew et al., 2003), Rabenosyn-5 (Nielsen et al., 2000), and Adaptor Protein,
Phosphotyrosine Interacting With PH Domain And Leucine Zipper (APPL) 1 (APPL1) and 2
(APPL2) (Miaczynska et al., 2004). PI3K promotes increased phosphatidylinositol-3,5
bisphosphate (P1(3,5)P2) concentration in the endocytic membrane, in turn recruiting proteins to
regulate the sorting or trafficking of cargoes (Christoforidis et al., 1999; Grosshans et al., 2006).
Rabenosyn-5 and EEAL, both of which are FYVE domain-containing proteins, bind to PI3P in
the endocytic membrane. EEAL then recruits Syntaxin6 and Syntaxin13, which in turn facilitate
the fusion of EE with other endocytic membranes (McBride et al., 1999; Simonsen et al., 1999).
EE-associated Rabenosyn-5 interacts with Vacuolar Protein Sorting-Associated Protein 45
(VPS45), which facilitates EE fusion with target membranes by interacting with v-SNARES
(Naslavsky et al., 2009). In addition, Rab4 also localizes to the EE and mediates fast recycling of
cargoes from the EE to the PM as well as sorting cargoes to the ERC (Sheff et al., 1999; Van Der

Sluijs et al., 1991).

As an EE matures into an LE, Rab5 is exchanged with Rab7 (Peralta et al., 2010). Rab7
is recruited to the EE through the homotypic fusion and vacuole protein sorting (HOPS) subunit
(Caplan et al., 2001; Wurmser et al., 2000). VPS39 interacts with Mon1, a Rab5 (GTP-bound)
interactor, subsequently displacing Rabex-5 from the membrane. Mon1, along with interaction
partner Czil, prevents Rab5 reactivation, facilitates Rab7 recruitment to the EE, and promotes

Rab7 activation, thus driving the maturation of EE to LE (Nordmann et al., 2010). Rab7 effector
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proteins are then recruited to LE to mediate processes, as is the case with Rab7-interacting
lysosomal protein (RILP). Upon Rab7 interaction and localization to LE, RILP recruits dynein-
dynactin motor proteins to facilitate transport of LE toward the minus end of microtubules
(Cantalupo et al., 2001). Additionally, the HOPS complex remains associated with Rab7-positive
LE to promote SNARE protein-mediated tethering and fusion of the LE with other membrane-

bound structures.

Aside from those previously mentioned, an assortment of other Rab proteins, including
Rab8, Rab11, Rab15, Rab21, Rab22, and Rab35, regulate various endocytic functions (B. D.
Grant and Donaldson, 2009; Grosshans et al., 2006; Hsu and Prekeris, 2010). Furthermore, our
lab recently published a study with evidence that Rab10 localizes to TREs through P1(4,5)P2
interaction (Farmer et al., 2021). Rab10 was shown to influence TRE regeneration and loss of
Rab10 or its interaction partner, EHBP1, led to a decrease in MICAL-L1-marked TRE. Although
Rab4 is well-known for regulating fast recycling of cargoes from the EE to the PM, Rab4 can also
coordinate with Rab11 to facilitate cargo delivery to the ERC (Sonnichsen et al., 2000). Further
promoting the slow recycling pathway, Rab11 effector proteins such as Rab11 family-interacting
protein 2 (FIP2) and Rab11-FIP5 bind to Rab11 and recruit proteins that are critical for the
delivery of cargoes to the ERC, including myosin Vb (Roland et al., 2007), KIF3B (Schonteich et
al., 2008), EHD1, and EHD3 (Naslavsky et al., 2006). Interestingly, recent studies provide
evidence that Rab11 also regulates the exocytosis of vesicles at the PM (Takahashi et al., 2012).
Similar to Rab4, Rab35 also promotes fast recycling of cargoes (Allaire et al., 2010; M. Sato et
al., 2008), though can also localize and regulate TRE through interaction with its effector protein
MICAL-L1 and serving as a scaffold to recruit proteins involved in TRE homeostasis, such as
EHD1 (Giridharan et al., 2012). Aside from those already mentioned, other Rab proteins also
regulate the slow recycling pathway. Rab8 is one such protein, being recruited to TRE by

MICAL-L1 and shuttling cargoes back to the PM as part of the Rab11-Rab8-Myosin Vb complex
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(Huber et al., 1993; Roland et al., 2007). Rab22a localizes to ERC-generated tubules, its
activation required for tubule formation while its inactivation is required for final fusion of
recycling membranes with the PM (Weigert et al., 2004). Rab22a also may play a role in cargo

selection, as it preferentially traffics MHC 1 while having little influence over TfR.

In addition to Rab proteins, Arf proteins regulate endocytic trafficking and organelle
dynamics in a manner similar to Rabs (Donaldson and Jackson, 2000). Arf proteins are divided
into distinct groups, with class | (Arf1-3) responsible for ER-to-Golgi trafficking (D’Souza-
Schorey and Chavrier, 2006) and class Il (Arf6) mediating PM invagination (Naslavsky et al.,
2003). As mentioned previously, Arf6 activates PISK and promotes the generation of P1(4,5)P2 to
regulate lipid and cytoskeleton dynamics at the PM (Czech, 2003; Yin and Janmey, 2003).
Stimulating endocytic trafficking, Arf6 is responsible for internalization of cargoes such as G
protein-coupled receptors (GPCRs), MHC I, B1-integrin, and E-cadherin (S. E. Brown et al.,
2001; Houndolo et al., 2005; Naslavsky et al., 2003; Radhakrishan and Donaldson, 1997). Arf6
and EHD1 mediate MHC I-associated TRE, as well as MICAL-L1 and Rab8 localization to

tubular membranes (Caplan et al., 2002; Rahajeng et al., 2012).

2.3 v-SNAREs and the trans-SNARE Complex

Briefly explored previously, SNARE proteins are responsible for overseeing the fusion of
two membranes (Bennett, 1995; Fasshauer, 2003; Sollner, 1995). The SNARE motif found in
each protein consists of the stable helix-forming structure that binds the v-SNARE and trans-
SNARE complex. The resulting four-helical bundle provides the energy for the two associated
membranes to undergo fusion (Y. A. Chen and Scheller, 2001; Sutton et al., 1998). SNARE
proteins that are involved in EE homotypic fusion include VAMP4, VPS10p tail interactor 1
(Vtila), Syntaxin6, Syntaxin13 (Brandhorst et al., 1006; Zwilling et al., 2007). EEAL promotes
SNARE recruitment to the EE, consequently regulating EE fusion. EEA1 recruitment is reliant on

PI13P, a product of PI3K, and disruption of PI3K function leads to a loss of EEA1 on the EE and
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disruption of EE fusion (McBride et al., 1999; Simonsen et al., 1999). After EE homotypic fusion
has reached completion, the SNARE complex is then disassembled by AAA+ (ATPases
Associated with various cellular Activities) protein N-ethylmaleimide-sensitive factor (NSF)
(Hanson and Whiteheart, 2005; Mayer et al., 1996). SNARE complex disassembly is initiated by
three NSF attachment proteins (SNAP) binding with the helical bundle formed by v-SNARE and
trans-SNARE complex interaction (SolIner, 1995). The complex of SNARESs, SNAPs, and NSF is
only stable in the absence of hydrolysable ATP. Upon introduction of hydrolysable ATP, NSF

facilitates the dissociation of the SNARE complex (Figure 1.5).

2.4 Motor Proteins and Endosomal Dynamics

Dynein, kinesin, and myosin are motor proteins that are key to the transport of endosomal
structures and help facilitate endosomal sorting. Dynein and kinesin regulate movement of
cargoes along microtubules either towards the minus end (Allan, 2011) or the plus end (Kull and
Endow, 2013), respectively. Dynein is a large motor complex that assembles around 2 dynein
heavy chains (DHCs) (Allan, 2011). Each DHC contains a motor domain and a tail domain, with
the tail domain responsible for binding two copies each of the light-intermediate chain (LIC) and
intermediate chain (IC). Along with accessory subunits and interactions with regulators, there
exists considerable heterogeneity in dynein complex composition and cellular function.
Conversely, the kinesins that are responsible for plus-end-directed transport of endosomal
structures are mostly members of the kinesin-1, kinesin-2, and kinesin-3 families (Hirokawa et
al., 2009; Wozniak et al., 2004). Kinesin-1 is comprised of a homodimer of motor subunits that
associate with two light chains. Of the motor subunits Kif5a, Kifsb, and Kif5c, Kif5b is
ubiquitously expressed while Kif5a and Kif5c are expressed primarily in neuronal cells. Kinesin-
2 is generally a heterotrimer of two motor proteins (Kif3a with either Kif3b or Kif3c) and
accessory subunit Kap3, though some members such as Kif17 form homodimers (Hirokawa et al.,

2009; Wozniak et al., 2004). Kinesin-3 members, such as Kifl3a and Kif16b, tend to function as
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either monomers and dimers (C. L. Brown et al., 2005; Delevoye et al., 2014; Hoepfner et al.,
2005). Lastly, myosins are actin-based motors that share conserved structural and functional

similarities with kinesins (Kull et al., 1996).

Motor proteins are critical for a variety of endocytic processes, including internalization
of cargoes at the PM, endosome motility, endosomal sorting, and recycling of cargoes. Type |
myosins work alongside verprolin and Wiskott-Aldrich syndrome protein (WASP) family
proteins to activate the Arp2/3 complex, driving actin polymerization (J. Cheng et al., 2012; Y.
Sun et al., 2006). Myosin 1e is recruited to sites of internalization by binding to dynamin and
synaptojanin-1, a phosphatidylinositol-5 phosphatase (Krendel et al., 2007). Type | myosins can
simultaneously bind membrane lipids and actin filaments, helping generate membrane tension
and promoting the transport of vesicles after internalization (J. Cheng et al., 2012; A. Collins et

al., 2011; Krendel et al., 2007; Merrifield et al., 1999; Nambiar et al., 2009; Tang et al., 2002).

Aside from internalization, motor proteins also facilitate movement of a variety of
endosomal structures. For example, Rab5-positive EE tend to move inward, a process mediated
largely by dynein (Driskell et al., 2007; Flores-Rodriguez et al., 2011; Nielsen et al., 2009; Zajac
et al., 2013). Dynein is present on endosomal structures and disruption of dynein activity prevents
EE and LE motility (Bananis et al., 2004; Habermann et al., 2001; Loubéry et al., 2008; Tan et
al., 2001). Dynein and dynactin, a dynein regulator, associate with LE/lysosomes by binding
Rab7 via interaction with RILP and Oxysterol-binding protein-related protein-1L (ORP1L)
(Johansson et al., 2007; Jordens et al., 2001). Plus end-directed transport of LE/lysosomes is
driven by various kinesins, likely due to either subpopulations of LE/lysosomes whose
positioning is differentially regulated or pathways that are cell-type specific (Granger et al.,

2014).

In addition to internalization and transport, motor proteins help facilitate endosomal

sorting and recycling of cargoes at endosomal structures. For example, SNX5/6 recruits dynactin
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to promote dynein-dependent tubulation and scission (Wassmer et al., 2009). Myosin VI works
alongside LMTK2 (Lemur Tyrosine Kinase 2) to promote TfR exit from the SE and arrive at
Rab-11 positive RE (Chibalina et al., 2007). Transport of cargoes to the PM is facilitated by type
V myosins, such as in the case of myosin Vb (Lindsay et al., 2013). Myosin Vb binds Rab11
(Lapierre et al., 2001) and Rab11-FIP2 (Hales et al., 2002) and, in the case of TfR recycling, acts
as a tether for Rab11-positive vesicles that reach the cell periphery (Provance et al., 2004).
Furthermore, mutations in myosin Va lead to mislocalization and aggregation of cargoes, leading
to neurological disorders in humans (Pastural et al., 1997; Wagner et al., 2011). Overall, motor
proteins mediate a range of critical endocytic events and motor protein dysfunction has the

potential to lead to disease.

2.5 C-terminal Eps15 Homology Domain (EHD) Proteins

The family of mammalian EHDs consists of four proteins, EHD1-4, that homo- and
hetero-oligomerize in regulating the endocytic pathway (B. D. Grant and Caplan, 2008; Pohl et
al., 2000). EHD proteins share a general domain architecture consisting of a helical domain
located at the amino terminus, followed by an ATP-binding G-domain, an additional helical
domain, and the EH domain located at the carboxy terminus. EHD proteins also share high
sequence homology, even across species. Human EHD1 and its C. elegans ortholog, RME-1,
share 67% sequence identity, whereas mammalian EHD1 and EHD3 have approximately 86%
sequence overlap (B. D. Grant and Caplan, 2008) and regulate Rab11 ERC trafficking and bind
the Rabl1 effector, Rab11-FIP2 (Naslavsky et al., 2006). Interest surrounding EHD proteins grew
when EHD1 and RME-1 were identified as key regulators of endocytic recycling in human cells

and in C. elegans, respectively (Caplan et al., 2002; B. Grant et al., 2001) (Figure 1.6).
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Figure 1.6

Role of EHD proteins in membrane trafficking. The four EHD proteins display considerable
sequence identity, from ~68-87%, and have been implicated in membrane remodeling (table
inset). EHD1, EHD3 and EHD4 have been characterized in the regulation of endosomal transport,
primarily at the EE, with EHD1 additionally involved in the regulation of recycling from the
ERC. EHD2, the most divergent of the EHD proteins, controls caveolar mobility and may
influence internalization at the plasma membrane. Used with permission from J Cell Sci.
(Naslavsky and Caplan, 2018).
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25.1EHD1

The best characterized EHD protein, EHD1 localizes to TRE and regulates the recycling
of cargoes that are internalized through CME and CIE (B. D. Grant and Caplan, 2008; Naslavsky
and Caplan, 2011). EHD1 regulates the internalization of cargoes such as TfR (Lin et al., 2001),
MHC | proteins (Caplan et al., 2002), MHC Il proteins (Walseng et al., 2008), the insulin
regulated GLUT4 transporters (Guilherme et al., 2004), AMPA-type glutamate receptors (M.
Park et al., 2004), the cystic fibrosis transmembrane conductance regulator (CFTR) (Lin et al.,
2001), the hyperpolarization-activated cyclic nucleotide-gated (HCN) ion channel family
members HCN1, HCN2, and HCN4 (Hardel et al., 2008), the calcium-activated potassium
channel KCa2.3 (Gao et al., 2010), G-protein-activated inwardly rectifying potassium channels
(GIRK) (Chung et al., 2009), and various other channels (Guilherme et al., 2004). EHD1 and
Rab11-FIP2 interact and localize to EE (Naslavsky et al., 2006) and, alongside Rab35, partially
oversee the transport of cargo from the EE to the ERC (Allaire et al., 2010; M. Sato et al., 2008).
EHDL1 also coordinates with collapsing response mediator protein-2 (Crmp2) to mediate cargo

trafficking from the EE to the ERC (Rahajeng et al., 2010b).

EHD proteins have been implicated in various, sometimes opposing roles. In vitro, EHD
proteins have been shown to induce tubulation (Daumke et al., 2007), whereas in cultured cells
EHD proteins have been shown to promote fission of lipid tubules. Indeed, studies suggest that
mammalian EHD proteins have distinct, yet overlapping functions. Published structural analyses
of the EH domain and of EHD2 suggest that EHD proteins generally serve as dynamin-like
ATPases (Cai et al., 2012; Daumke et al., 2007; Jakobsson et al., 2011; D. Lee et al., 2005).
EHD1 has been identified as a fission factor at endocytic membranes, as purified EHD1 can be
added to an ATP-containing semi-permeable system to induce fission (Cai et al., 2013). A recent
study has further elaborated on EHD1’s fission function, providing evidence that EHD1 binds to

membrane tubules and oligomerizes, promoting membrane bulging at membrane contact sites and
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subsequent membrane thinning between EHD1 oligomers (Deo et al., 2018). In the presence of
hydrolysable ATP, EHD1 facilitates membrane thinning until its theorized that the inner
membrane leaflet undergoes discontinuation, followed by outer membrane leaflet discontinuation,

and lastly resealing of the lipid tubule ends, encompassing a fission event.

Importantly, the nuclear magnetic resonance (NMR) solution structure of EHD1’s EH
domain (Kieken et al., 2007) led to the discovery that EHD proteins recognize an asparagine-
proline-phenylalanine (NPF) motif in interaction partners and that EHD proteins bind more
strongly when this NPF motif is followed by acidic residues, as these stabilize binding by
interacting with the positively charged electrostatic surface area of the EH domain (Henry et al.,
2010; Kieken et al., 2010). Our lab discovered that EHD1 interacts with one such NPF-containing
interaction partner, MICAL-L1, through MICAL-L1’s first NPF motif (Sharma, Jovic, et al.,
2009b). As mentioned previously, initial studies suggested that MICAL-L1 mediates TRE
biogenesis and cargo recycling (Giridharan et al., 2013), likely through its interaction with TRE
regulatory proteins such as Rab8 (Sharma, Jovic, et al., 2009b) and BAR domain-containing
proteins Amphiphysin/Binl (N-BAR) and Syndapin2 (F-BAR) (A. Braun et al., 2005; Giridharan
et al., 2013; McMahon and Gallop, 2005; Pant et al., 2009; Zimmerberg and Kozlov, 2006).
MICAL-L1 and Syndapin2 bind to PA resident in TRE membranes, in turn recruiting EHD1 to
TRE to facilitate fusion and allowing the newly formed endosomal structure to travel to its target
compartment. However, a more recent model from our laboratory indicates that MICAL-L1
actually coordinates the recruitment of the fission machinery and Rab10 is essential for TRE

biogenesis (Farmer et al., 2021).

In addition to cargo recycling, EHD1 also plays a role in retrograde transport through its
interaction with VPS26 and VVPS35 (Gokool et al., 2007). Moreover, recent studies have
implicated EHD1 in various processes outside of endocytic recycling, including centriole

duplication, mitosis, mitochondrial fission, and primary ciliogenesis (Farmer et al., 2017; Lu et
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al., 2015; Reinecke et al., 2015; Xie et al., 2018). Furthermore, disruption of EHD1 function has
been recently linked to proteinuria and deafness in patients (Issler et al., 2022). Newly published
research has identified a R398W missense mutation in EHDL1 that led to a previously
unrecognized autosomal recessive disorder in six patients with tubular proteinuria and
sensorineural hearing deficit, identifying EHD1 as a key component of the protein reabsorption
machinery and inner ear function. Such roles suggest that other endocytic regulatory proteins may
have alternate functions outside of mediating membrane trafficking and that these proteins could
have significant pathophysiological implications with regards to membrane trafficking and other

functions.

2.5.2 EHD2

The most functionally divergent mammalian EHD protein, EHD2 shares only 70%
identity with EHD1 and mediates endocytic trafficking by interacting with PM-resident P1(4,5)P2
to regulate caveolar mobility (Moren et al, 2012; Simone et al., 2013). Having been solved,
EHD?2’s crystal structure supports a role in nucleotide-dependent membrane remodeling (Daumke
et al., 2007). EHD2 has been implicated in various crucial cellular functions, including myoblast
fusion (K. R. Doherty et al., 2008; Posey et al., 2011), sarcolemmal repair (Marg et al., 2012),
Rac1 regulation (Benjamin et al., 2011), and actin cytoskeletal dynamics (Stoeber et al., 2012).
Studies from our lab have highlighted that EHD2 has an unstructured loop with two proline-
phenylalanine (PF) motifs, one of them being an NPF motif (Bahl et al., 2015). The proline in
EHD2’s NPF motif influences EHD2 dimerization and Syndapin2 binding, whereas the
phenylalanine residue is critical for EHD2’s localization to the PM. In some instances, it seems
that EHD?2 also shares functional redundancy with EHD1, as it binds to EH-domain-binding
protein 1 (EHBP1) and influences both TfR and GLUT4 internalization (George et al., 2007;

Guilherme et al., 2004).
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2.5.3 EHD3

Sharing the highest level of sequence identity with EHD1 at 86%, EHD3 does not appear
to regulate cargo exit from the ERC to the PM (Galperin et al., 2002; Naslavsky et al., 2006).
Instead, EHD3 depletion leads to decreased cargo trafficking from the EE to the ERC and fewer
MICAL-L1-marked TRE, as opposed to EHD1 depletion leading to TRE hyper-elongation (Cai et
al., 2013; Naslavsky et al., 2006). EHD3’s role in TRE homeostasis was further supported by
various reports from our lab, including the observed increase in tubulation upon introduction of
purified EHD3 (Cai et al., 2014) and the discovery that EHD3 is dispensable for TRE biogenesis,
but instead serves to stabilize TRE (Bahl et al., 2016). Moreover, EHD3 has been shown to
regulate EE-to-TGN retrograde transport and helps maintain Golgi membrane morphology
(Naslavsky et al., 2009). Furthermore, EHD3 has the capacity to hetero-dimerize with EHD1,
localizes to tubulovesicular endosomes, and binds Rab effectors such as Rabenosyn-5, MICAL-
L1, and Rab11-FIP2 (Galperin et al., 2002; Naslavsky et al., 2006; Naslavsky et al., 2009;

Sharma, Jovic, et al., 2009b).

2.5.4 EHD4

Sharing significant sequence homology with EHD1, EHD4 is surprisingly the least
characterized of the four mammalian EHD proteins. Indeed, work from our lab has shown that
EHDA4 primarily localizes to the EE is involved in the trafficking of cargoes from the EE to the
LE/lysosomes, in addition to other studies suggesting EHD4 may also mediate transport of
cargoes to the ERC (George et al., 2007; Sharma et al., 2008). Studies exploring EHD4 in
neuronal cells were able to determine that it functions upstream of EHD1, regulating
internalization of Nogo-A, an axonemal growth inhibitor, and nerve growth factor receptors TrkA

and TrkB (Joset et al., 2010; Shao et al., 2002; Valdez et al., 2005).
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Indeed, the fact that EHD4 is the least characterized mammalian EHD protein led us to
exploring its function in both endocytic and non-endocytic pathways. There remains important
questions to be answered regarding EHD4 in endocytic trafficking, including whether EHD4
influences EHDL1 recruitment to and function at endosomal structures. Furthermore, since recent
studies have implicated EHD1 in other cellular functions such as primary ciliogenesis and that
EHD1 and EHD4 have significant sequence and functional overlap, it remains to be thoroughly

understood whether EHD4 also plays a role in these other cellular functions.

3. REGULATION OF PRIMARY CILIOGENESIS

3.1 Overview and Structure

Primary cilia (hereafter referred to as cilia) are microtubule-based structures that emanate
from an MTOC-derived organelle known as the basal body. These structures extend from the
surface of the cell and act as cellular “antennae” that sense both physical and biochemical
extracellular environmental signals, including light, proteins, chemicals, and mechanical stimuli
(Singla and Reiter, 2006). Cilia are involved in hedgehog signaling and other signaling pathways
that mediate cellular events such as tissue homeostasis, differentiation, cell migration, and
apoptosis (Caspary et al., 2007; Pazour and Witman, 2003; Satir et al., 2010). Contrary to motile
cilia that line epithelial cell surfaces in large numbers, only a single, immotile primary cilium is
found on a cell’s surface. Additionally, primary cilia can only be formed in post-mitotic (G1 or
GO0) cells and undergo resorption prior to cell cycle entry (Archer and Wheatley, 1971; Ho and
Tucker, 1989; Quarmby, 2004). Defects in primary cilia formation cause a variety of diseases
known as ciliopathies, which include Bardet-Biedl Syndrome (BBS) (Novas et al., 2015),
polycystic kidney disease (Ghata and Cowley, 2017), Joubert Syndrome (Brancati et al., 2010),
and other diseases and neurodevelopmental disorders (Fabbri et al., 2019; Valente et al., 2014).
Hence, it is vital that the regulatory inputs and molecular mechanisms that mediate ciliogenesis

are understood so that targeted therapeutic strategies may be developed.
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Primary cilia can generally be sectioned into three distinct parts: the basal body, the
transition zone (TZ), and the axoneme (Ishikawa and Marshall, 2011) (Figure 1.7). The basal
body is formed from the mother centriole (m-centriole), a cylindrical barrel of nine microtubule
triplets, and accessory structures including transition fibers, basal feet, and ciliary rootlets (G.
Garcia and Reiter, 2016; Vertii et al., 2016a; Vertii et al., 2016b). Transition fibers emanate from
the central microtubule of each of the m-centriole’s triplets and regulate basal body docking at the
PM (Wei et al., 2015). The basal feet anchor microtubules while the ciliary rootlets project from
the proximal end of the basal body toward the nucleus, both of which help provide structural

support (Yang et al., 2002).

The axoneme is a structure that is formed of nine parallel microtubule doublets sheathed
in a specialized section of the PM known as the ciliary membrane (Li et al., 2012; Jana et al.,
2014). These microtubule doublets nucleate from the m-centriole and as the axoneme lengthens,
these doublets lose microtubules and transform into singlets. The axoneme undergoes various
post-translational modifications, such as acetylation and glutamylation, to influence microtubule
structure, axoneme flexibility, and ciliary function (Portran et al., 2017; Wloga et al., 2016; Z. Xu

etal., 2017).

The TZ, an intermediate region between the axoneme and the basal body, is recognized
as the area in which the shift from the m-centriole’s microtubule triplets to the axoneme’s
microtubule doublets occurs and is distinguished by the presence of Y-shaped links (Y-links) that
connect the axoneme’s microtubule doublets to the ciliary membrane (Garcia-Gonzalo and Reiter,
2012; Garcia-Gonzalo et al., 2017; Reiter et al., 2012). The TZ is part of a more encompassing
section known as the ciliary gate, which selectively segregates and regulates the entry of proteins
into the primary cilium. The ciliary gate encompasses the TZ and the distal end of the m-

centriole, as it is formed from the TZ, transition fibers, the ciliary base, and various proteins that
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Figure 1.7

The architecture of cilia. (a) Transmission electron micrograph of the primary cilium of retinal
pigment epithelial (RPE1) cells. (b) Immunofluorescence image of primary cilia in inner
medullary collecting duct (IMCD3) cells. The primary cilium (green) is produced once per cell
and extends from the basal body (magenta). Cell—cell junctions are shown in red. (c) Schematic
diagram of the primary cilium. (d) Cross-section diagram of a non-motile primary cilium. Image
in (a) is modified, with permission, from Molla-Herman et al. © (2010) The Company of
Biologists. Modified and used with permission from Nat Rev Mol Cell Biol. (Ishikawa and
Marshall, 2011).
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regulate protein entry into the primary cilium (Takao and Verhey, 2016; Verhey and Yang, 2016;

Nachury et al., 2010).

3.2 Pathways of Primary Ciliogenesis

Primary ciliogenesis occurs by two distinct processes, each likely dependent on the cell
and tissue type: the extracellular pathway (also known as the alternative pathway) and the
intracellular pathway (Sorokin, 1962; Sorokin, 1968). The extracellular pathway is marked by the
m-centriole docking directly with the PM, followed by axonemal growth that deforms the
membrane thus developing a primary cilium (L. Wang and Dynlacht, 2018). The intracellular
pathway is distinguished by the formation of a ciliary vesicle (CV) on the m-centriole, between
which the axoneme begins nucleating from the m-centriole prior to the structure docking at the
PM (G. Garcia 3rd et al., 2018). Recent studies have provided evidence for the formation of a
vesicular intermediate in the extracellular pathway in some cell types, though this vesicular
intermediate does not initiate axonemal growth as the CV does in the intracellular pathway (C. T.

Wu et al., 2018).

3.2.1 Extracellular Pathway (Alternative Pathway)

Commonly used to generate primary cilia in renal tubule epithelial cells and Madin-
Darby canine kidney (MDCK) cells, the extracellular pathway is critical to specialized functions
and the disruption of the extracellular pathway in these cell types leads to ciliopathies such as
polycystic kidney disease (Q. Zhang et al., 2004). In polarized epithelial cells, the extracellular
pathway begins with the localization of the centrosome to the apical membrane during
cytokinesis (Figure 1.8). The daughter cells formed following cleavage remain connected by an
intracellular bridge located at the apical surface that contains antiparallel microtubule bundles

(Green et al., 2012; Morais-de-Sé and Sunkel, 2013; Reinsch and Karsenti, 1994). The ESCRT
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Figure 1.8

The alternative route. (A) In polarized epithelial cells, the intercellular bridge containing ciliary
proteins forms at the apical cell surface during cytokinesis. (B) When abscission occurs, one of
the two daughter cells inherits the midbody remnant, which localizes apically at the cell
periphery, near the tight junctions. (C) The remnant subsequently moves over the apical surface
towards the centrosome, which is docked at the center of the apical membrane. (D) When the
midbody meets the centrosome, the initiation of primary cilium assembly is facilitated. The entire
process of primary cilium formation takes place in the plasma membrane. Used with permission
from Cell Mol Life Sci. (Bernabé-Rubio and Alonso, 2017).
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complex helps facilitate the cleavage of the bridge from one of the two daughter cells, completing
the physical separation in a process known as abscission (Green et al., 2012; Mullins and Biesele,
1977). The severing of the bridge occurs at a single site on either side of the electron-dense
structure located in the middle of the bridge, known as the midbody (or Flemming body). The
resulting midbody remnant is inherited by one of the daughter cells, which can then either be
conserved, released, or degraded based on the cell type and state (C. T. Chen et al., 2013; Dionne

etal., 2015).

If the remnant is conserved, it can subsequently travel along the apical membrane surface
toward the centrally docked centrosome (Bernabé-Rubio et al., 2016; Crowell et al., 2014;
Gromley et al., 2005). The midbody and primary cilium share a range of components, including
Rab8, Rab11, IFT20, IFT88, BBS protein 6 (BBS6), exocyst complex subunits, and ESCRT
components (Ishikawa et al., 2012; Ott, 2016; Skop et al., 2004; Smith et al., 2011). Thus, it
seems a likely possibility that upon reaching the centrosome, the remnant transfers materials
needed for primary ciliogenesis to the centrosome (Bernabé-Rubio, et al., 2016), or at least

signals the basal body to start forming the primary cilium (Figure 1.8).

3.2.2 Intracellular Pathway

Described in the seminal work of Sorokin (1962), the intracellular pathway was first well
analyzed using electron microscopy in smooth muscle cells and fibroblasts. Furthermore, this
process has also been described in RPE-1 cells and NIH-3T3 fibroblasts, among others (Cajanek
and Nigg, 2014; Kuhns et al., 2013; Lu et al., 2015; Tucker et al., 1979; Xie et al., 2019). The
intracellular pathway begins with the docking of small endocytic vesicles known as pre-ciliary
vesicles (PCVs) to the distal appendages (DAs) of the m-centriole (Figure 1.9). Myosin-Va
(MYO5A), distal centriolar protein Talpid3, and distal appendage protein Cepl164 are
indispensable for docking of PCVs to the m-centriole (Schmidt et al., 2012; C. T. Wu et al.,

2018). These docked PCVs then undergo fusion to generate the CV and sheath the axoneme that
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The multiple phases and regulation of cilium assembly. The process of cilium assembly
involves several successive stages. Cilium assembly is initiated upon cell cycle exit or after
receiving developmental signals (1). PCVs are transported via microtubule-actin networks to the
distal end of the MC and fuse into a larger CV (2). The process is accompanied by reorganization
of the cytoskeleton, which drives the migration of centrioles from the cytoplasm to the cell
membrane. CP110 is removed. Next, IFT complexes are continuously recruited to the ciliary base
to allow axoneme elongation, while Rab8a is recruited to the MC to facilitate ciliary membrane
extension (3). The transition zone is then assembled, and this is followed by axoneme elongation
and membrane fusion. Inhibition of the ciliary disassembly pathway also allows outgrowth of the
cilium (4). Key proteins that play a regulatory role at each stage of the assembly process are
shown. PI(4)P, PtdIns(4)P. Modified and used with permission from Development (L. Wang and
Dynlacht, 2018).
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nucleates from the m-centriole. PCV fusion to form the CV is mediated by Synaptosome
Association Protein (SNAP) 29 (SNAP29) and EHD1, both of which are needed for the removal
of centriolar capping protein CP110 and subsequent fusion of the PCVs. As the m-centriole
migrates towards the cell surface for docking, its conversion to a basal body is highlighted by
events such as the maturation of centriolar appendages into transition fibers. As the axoneme
lengthens, it deforms the CV so that the resulting membranous structure surrounds the axoneme
and the distal end of the m-centriole. Once the m-centriole has successfully docked at the PM
through its transition fibers, the CV fuses with the PM, giving rise to the ciliary pocket and the
ciliary membrane. The ciliary membrane surrounds the axoneme itself, while the ciliary pocket is
an adjacent invagination of the membrane that is thought to mediate ciliary endocytic activity and
vesicular trafficking (Benmerah, 2013; Ghossoub et al., 2011; Molla-Herman et al., 2010; Rattner
et al., 2010; Rohatgi and Snell, 2010). The axoneme continues to elongate until reaching a
maintained length and carries out its aforementioned signaling functions before undergoing

resorption, a process necessary for cell cycle entry.

3.3 Functions and Dysfunctions of the Primary Cilium

Initially considered a motile cilium before then being considered vestigial in nature, the
primary cilium has only recently been attributed its function as a sensory organelle (Pazour and
Witman, 2003). Though its range of functions vary based on cell and tissue type, the primary
cilium is generally responsible for sensing extracellular environmental stimuli, such as light,
chemicals, proteins, and mechanical signals (Ishikawa and Marshall, 2011; Malicki and Johnson,

2017; Singla and Reiter, 2006; Zimmerman and Yoder, 2015).

Acting as biochemical sensors, primary cilia respond to hormones or other signaling
molecules through surface receptors that localize to the ciliary membrane. These pathways are
critical for development, differentiation, cell proliferation, tissue homeostasis, cell migration, and

apoptosis (Ishikawa and Marshall, 2011; Malicki and Johnson, 2017; Pazour and Witman, 2003;
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Satir et al., 2010; Zimmerman and Yoder, 2015). The Hedgehog (Hh) pathway is one such
pathway that is mediated by the primary cilium (Huangfu et al., 2003). Hh proteins regulate
development and tissue homeostasis and dysregulation of the Hh pathway leads to several
developmental syndromes and various cancers (Briscoe and Thérond, 2013; Robbins et al., 2012).
Hh’s receptor, Patched, is normally located in the primary cilium whereas Smoothened (Smo),
which is inhibited by Patched, is normally excluded from the primary cilium. Upon binding with
Hh, Patched moves out of the primary cilium and Smo enters the primary cilium, promoting the
assembly of downstream signaling factors of the Hh pathway (Gorojankina, 2016; Rohatgi et al.,
2007). In addition to the Hh pathway, the primary cilium is also responsible for canonical and
non-canonical Wnt pathways (May-Simera and Kelley, 2012; Wallingford and Mitchell, 2011),
the Hippo pathway (Habbig et al., 2011), platelet-derived growth factor (PDGF)-a signaling
(Schneider et al., 2005), and G protein-coupled receptor (GPCR)-mediated signaling (Doerner et

al., 2015; Hilgendorf et al., 2016).

Aside from biochemical stimuli, primary cilia are likely also involved in mechanosensory
functions, primarily sensing luminal fluid flow in renal epithelial cells (Ishikawa and Marshall,
2014). The primary cilia formed in MDCK cells undergo bending and pivoting, which activates
membrane channels and induces Ca?* influx through polycystin-2, a Ca?* channel protein that is
located at the ciliary membrane and associates with polycystin-1 (Battle, et al., 2015). It is
thought that this increase in ciliary levels of Ca?* promotes downstream processes in primary cilia
(Delling et al., 2013; Doerner et al., 2015; Praetorius, 2015; Takao et al., 2013; Zimmerman and
Yoder, 2015). Furthermore, perturbation of polycystin-1 and polycystin-2 lead to autosomal
dominant polycystic kidney disease, a disease that has been associated with disruptions in
primary ciliogenesis (J. Zhou, 2009). Though these links between mechanosensation and primary
cilia exist, further work regarding Ca?*-based signal transduction by primary cilia is required

(Hofherr and Kottgen, 2016).
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Indeed, it is unsurprising that given the range of pathways that are regulated by primary
cilia, various phenotypes have been associated with their dysfunction including anosmia, hearing
loss, blindness, renal cysts, polydactyly, skeletal deformation, obesity, type 2 diabetes, and
cognitive impairments (Fliegauf et al., 2007; Hildebrant et al., 2011; Novarino et al., 2011). As
mentioned previously, a missense mutation in EHD1 was found in patients and linked to tubular
proteinuria and sensorineural hearing deficit (Issler et al., 2022). EHD1 knock-out using
CRISPR/Cas9 gene editing has been shown to disrupt ciliogenesis in mammalian cells,
highlighting the effect that EHD1 has on regulating cilia and the potential pathophysiological
implications of perturbed EHD1 function. Furthermore, the heterogenous developmental and
degenerative disease states caused by perturbed primary ciliogenesis, known as ciliopathies,
include Joubert Syndrome (Brancati et al., 2010), polycystic kidney disease (Ghata and Cowley,
2017), BBS (Novas et al., 2015), and other diseases and neurodevelopmental disorders (Fabbri et
al., 2019; Velente et al., 2014). These diseases are generally heterogenous due to overlapping
phenotypes and multiple symptomatic presentations that are likely caused by disruptions in the
machinery that are responsible for both motile and primary cilia, and further complicate
identification of the underlying causes of ciliopathies. Though much has been accomplished with
regard to the structure, assembly, maintenance, and function of these structures, further
exploration of the primary cilium is paramount to providing better therapeutic options for patients

that suffer from ciliopathies.

3.4 Protein Machinery of the Primary Cilia

A variety of different proteins are required to initiate primary cilium formation and
promote protein transport along the cilium. The proteins that form the centriolar cap,
intraflagellar transport (IFT) machinery, the BBSome complex, and the proteins that form the

ciliary gate are some of those that drive the functions explored above (Figure 1.9).
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A negative regulator of ciliogenesis, centriolar capping protein CP110 and its interaction
partners have been identified in multiple cell lines, with CP110 localizing to the m- and d-
centrioles to prevent formation of the primary cilium (Spektor et al., 2007; Tsang et al., 2008;
Tsang and Dynlacht, 2013). Along with transition zone proteins Cep290 and Cep97, CP110
suppresses cilia formation until it is removed from the basal body to allow for CV fusion and
subsequent axoneme extension. The mechanism by which CP110 is removed from the m-
centriole remains poorly understood, although a variety of proteins have been implicated. For
example, Tau tubulin kinase-2 (TTBK2) and microtubule affinity regulating kinase 4 (MARK4)
are both proteins that regulate the removal of CP110, therefore promoting primary cilia formation
(Cajanek and Nigg, 2014; Goetz et al., 2012; Kuhns et al., 2013). TTBK2 is recruited to the m-
centriole by transition fiber protein Cep164 to facilitate CP110 removal, whereas MARK4 seems
to accumulate at the basal body as CP110 is removed. Additionally, endocytic regulatory proteins
EHD1 and EHD3 regulate the removal of CP110 from the m-centriole in RPE-1 cells (explained
later in greater detail), adding to the machinery that regulate CV fusion and axoneme extension
and highlighting the critical role that CP110 plays in timely formation of the primary cilium (Lu

et al., 2015; Xie et al., 2019).

Proteins critical to ciliary function and the maintenance of cilia are transported along the
primary cilium by the highly conserved IFT complex (Bhogaraju et al., 2013; Rosenbaum and
Witman, 2002; Taschner and Lorentzen, 2016) (Figure 1.10). IFT is formed from multi-unit
subcomplexes IFT-A and IFT-B and mutations in proteins that comprise IFT have been shown to
cause ciliopathies (D. A. Braun and Hildebrant, 2017; Pazour et al., 2000; Z. Sun et al., 2004).
IFT-B directs anterograde transport of most ciliary proteins (basal body to tip), whereas IFT-A
mediates retrograde transport of ciliary proteins (tip to basal body), as well as anterograde
transport of specific proteins such as Smo and Arl13b. Members of the IFT complex are mostly

composed of a-solenoids and [3-propeller domains, also found predominately in COPI, COPII,
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Figure 1.10

Intraflagellar transport machinery. The canonical anterograde intraflagellar transport (IFT)
motor, heterotrimeric Kinesin-2, transports IFT complexes A and B, axonemal proteins and
cytoplasmic dynein 2 (previously known as cytoplasmic dynein 1b) to the tip of cilium. During
this anterograde motion, Kinesin-2 is active and the retrograde motor, cytoplasmic dynein 2, is
somehow kept inactive to allow smooth processive anterograde movement. At the tip of cilium,
anterograde IFT trains release axonemal proteins and rearrange their conformation for retrograde
IFT. Cytoplasmic dynein 2 is activated and transports retrograde IFT trains to the cell body.
Subsets of IFT trains are involved in transporting membrane proteins and the BBSome (a
complex comprised of at least seven Bardet—Biedl syndrome proteins). Used with permission
from Nat Rev Mol Cell Biol. (Ishikawa and Marshall, 2011).
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and clathrin cage components, and take on ultrastructural arrangements similar to flat COPI,
COPII, and clathrin coats, highlighting the similarities between anterograde and retrograde
transport at endosomes and at the primary cilium (van Dam et al., 2013). IFT-B works alongside
kinesin-2 motors, either hetero-trimeric (Kif3a, Kif3b, Kap) or homo-dimeric (Kif17) in nature, to
transport cargoes to the ciliary tip, whereas IFT-A associates with dynein-2 to return microtubule
turnover products to the cell body or transport signaling molecules out of the primary cilium to
propagate signaling pathways (Taschner and Lorentzen, 2016). It has been shown in
Chlamydomonas that each microtubule doublet that comprises the axoneme is used as a
bidirectional track, with anterograde IFTs moving along the exterior microtubules of the doublet
before reaching the ciliary tip and the retrograde IFT machinery taking their place and
subsequently traveling down the interior of the microtubule doublet (Cole et al., 1998; Piperno
and Mead, 1997; Stepanek and Pigino, 2016). Indeed, this allows for simultaneous and direction-
specific anterograde and retrograde transport of ciliary components, promoting ciliary

maintenance while carrying out signaling functions.

The BBSome is a protein complex whose components, when defective, have been
implicated in BBS, a disorder that presents with multiple phenotypes including obesity, renal
cysts, hypogonadism, mental retardation, retinal degeneration, polydactyly, and heterotaxia
(Hernandez-Hernandez and Henkins, 2015; Sheffield, 2010). The BBSome is comprised of seven
highly conserved BBS proteins (BBS1, BBS2, BBS4, BBS5, BBS7 BBS8, and BBS9) and
BBIP10, has coat-like structural components that are common to COPI, COPII, and clathrin
coats, and acts as the main effector of Arl6/BBS3 (Jin et al., 2009; Jin et al., 2010). The BBSome
moves through cilia with IFT trains, suggesting that the BBSome may mediate the interaction
between IFT machinery and membrane cargoes (Nachury et al., 2007). The idea that the BBSome
is responsible for helping shuttle ciliary components and signaling factors has been further

supported through reports of it mediating GPCR delivery to cilia (Berbari et al., 2008; Jin et al.,
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2010; Loktev and Jackson, 2013; Mukhopadhyay et al., 2010) and subsequent GPCR removal
(Domire et al., 2011; Eguether et al., 2014; Liew et al., 2014), as well as the removal of
polycystin-2 (Q. Xu et al., 2015) and other membrane-associated proteins from the primary
cilium (Lechtreck et al., 2009; Lechtreck et al., 2013). Given the BBSome’s regulatory role in
trafficking of ciliary components and signaling factors to and from the primary cilium, it is clear
how its dysfunction can lead to such severe diseases that exhibits a wide variety phenotypic

presentations.

Differing greatly in its protein composition in comparison to the cytoplasm and the rest of
the cell, the primary cilium has been shown to have a selective barrier at the distal end of the
basal body. By regulating the entry of soluble proteins, the primary cilium is able to closely
moderate signaling functions, such as the exit of Patched and entry of Smo in Hh signaling
(Gorojankina, 2016; Rohatgi et al., 2007). Electron microscopy has shown that the transition zone
and the ciliary membrane are tightly associated, likely mediated by septins and CEP290 (Craige
etal., 2010; Q. Hu et al., 2010). Septins are membrane-associated proteins that prevent lateral
diffusion during cytokinesis and have been implicated in genetic analyses, whereas the
centrosomal protein CEP290 mediates the interaction of membrane and microtubules in the
transition zone, thereby regulating ciliary gate function. Involved in nuclear import, RAN is one
protein that has been implicated in regulating passage of soluble proteins along the selective
barrier (Dishinger et al., 2010). The IFT proteins and their interaction partners may also be
responsible for protein selection, binding ciliary components and cargoes before facilitating their
transport across the ciliary gate (Berbari et al., 2008). Similar to nuclear import, ciliary targeting
sequences (CTSs) have been identified as potential regulatory mechanisms that help target
specific proteins to the ciliary region (Follit et al., 2010; Geng et al., 2006; Jenkins et al., 2006;
Tao et al., 2009). For example, rhodopsin is one such protein that has a ciliary targeting motif,

VXPX (V = valine, X = any amino acid residue, P = proline), that is recognized by Arf4, which
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regulates rhodopsin association with the TGN (Mazelova et al., 2009). A ciliary targeting
complex comprised of Arf4, Rab11, Arf GAP protein ASAP1, and Rab11/Arf effector FIP3 is
formed at the TGN and has been implicated in the selection and sequestration of cargoes destined
for the primary cilium, such as rhodopsin. Indeed, further exploration is required proteins and

mechanisms that are involved at the ciliary gate and in ciliary protein entry.

3.5 Endocytic Regulatory Proteins in Primary Ciliogenesis

Aside from the capping proteins, IFT machinery, the BBSome complex, and ciliary gate
proteins, endocytic regulatory proteins have long been associated with primary ciliogenesis
(Sorokin, 1962; Sorokin, 1968). Recent studies have continued to support the idea that endocytic
membrane trafficking regulatory proteins are essential for the intracellular pathway. Various Rab
proteins and their effectors, the exocyst complex, MICAL-L1, Syndapin2, and EHDs 1 and 3
have all been shown to regulate the formation of the primary cilium (Insinna et al., 2019; Lu et
al., 2015; Polgar et al., 2015; Xie et al., 2019; Zuo et al., 2009). Furthermore, unpublished results
from our lab also suggest that the retromer mediates primary ciliogenesis. The regulatory inputs
influenced by these endocytic proteins include the trafficking of PCVs to the m-centriole, fusion
of DAVs to form the CV, deforming the CV to sheath the axoneme, and promoting axonemal
growth. As such, it is likely that other endocytic regulatory proteins have roles in primary

ciliogenesis that have yet to be discovered.

3.5.1 Rabs and Rab Effectors

Rab proteins mediate membrane trafficking of ciliary components to the basal body
during cilia formation and after the cilium is formed. Initially identified as participating in
rhodopsin transport (Deretic et al., 1995), Rab8a’s ciliary function has expanded to also include
cilium formation. Rab8 associates with ciliary membranes, the basal body, and the axoneme,

though it is absent from the mature cilium (Westlake et al., 2011). Overexpression of a Rab8



51

GAP, inactive Rab8, or depletion of the Rab8 GEF Rabin8 prevents cilium formation, whereas
active Rab8 overexpression promotes primary ciliogenesis (Nachury et al., 2007; Yoshimura et
al., 2007). Furthermore, Rab8 is dispensable for the docking of PCVs to the m-centriole and
localizes to the basal body after proteins involved in CV formation, but is recruited before
axoneme extension, suggesting that Rab8 likely plays a role in CV membrane deformation and
elongation (Kuhns et al., 2013; Kurtulmus et al., 2016; Lu et al., 2015; L. Wang et al., 2016).
Surprisingly, Rab8a knockout and Rab8a/Rab8b double knockout mice do not display disrupted
ciliogenesis in photoreceptors, the olfactory epithelium, or fibroblasts (T. Sato et al., 2007; T.
Sato et al., 2014). One potential explanation is compensation by other Rab proteins, such as
Rab10. A paralog of Rab8, Rab10 has been shown to localize to the axoneme and its depletion,
along with Rab8a and Rab8b loss, leads to disrupted ciliogenesis, suggesting that these proteins
have overlapping and redundant functions in ciliogenesis (Babbey et al., 2010; T. Sato et al.,

2014).

Rab8’s localization and activation at the basal body is initiated by a “Rab cascade”
involving Rab8, Rahin8, and Rab11 (Knddler et al., 2010; Westlake et al., 2011). In this cascade,
Rab11 facilitates recruitment of Rabin8 to the m-centriole, promoting its GEF activity and
leading to Rab8 recruitment and activation (Feng et al., 2012; Westlake et al., 2011). Rab11-
associated vesicles rely on the centrosomal appendage proteins centriolin and Odf2/cenexin to be
recruited to the m-centriole, with Rab11 activation being facilitated by PI3K-generated PI3P at
the basal body (Franco et al., 2014; Hehnly et al., 2012). Rabin8 is then transferred to the m-
centriole by phosphorylation of Ser-272 by the NDR2 kinase (Chiba et al, 2013). This decreases
Rabin8’s affinity for the phosphatidylserine present on Rab11-positive vesicles while increasing
its affinity for exocyst subunit Sec15. Inactive Rab8 is released from negative regulator GDI2 by
GDF protein Dzip1, subsequently allowing for Rabin8 to activate Rab8 for ciliary function (B.

Zhang et al., 2015).
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Aside from Rab8 localizing and mediating primary ciliogenesis through the Rab cascade,
it has also been implicated in membrane trafficking to maintain the mature primary cilium. As
mentioned previously, Rab8 facilitates the sorting and trafficking of rhodopsin to the primary
cilium (Deretic, 2013; Vetter et al., 2015; J. Wang and Deretic, 2015). Rhodopsin is initially
sorted at the TGN by recognition and binding of its ciliary targeting sequence by Arf4. ASAP1 is
then recruited to these sites and binds rhodopsin as well, promoting formation of the ciliary
targeting complex with Rab11 and FIP3. Once Arf4 is inactivated and disassociates from the
ciliary targeting complex, the remaining association of ASAP1, Rab11, and FIP3 recruits Rabin8
and Rab8 to facilitate budding and scission of rhodopsin-associated transport vesicles from the
TGN. These vesicles are then transported to the periciliary membrane in a Rab8- and exocyst-
dependent manner (Deretic et al., 1995; Deretic et al., 1996; Mazelova et al., 2009; Moritz et al.,
2001; Vetter et al., 2015; J. Wang et al., 2012; J. Wang and Deretic, 2014; J. Wang and Deretic,
2015). Ciliary transition zone protein CC2D2A and basal body protein NINL interact and provide
a platform for fusion of Rab8-and MICAL3-positive rhodopsin transport vesicles with the
periciliary membrane (Bachmann-Gagescu et al., 2015; Grigoriev et al., 2011). Aside from
rhodopsin, Rab8 also regulates trafficking of SmoA1, Kim1, EB1, fibrocystin, polycystin-1, and
polycystin-2 (Boehlke et al., 2010; Follit et al., 2010; Hoffmeister et al., 2011; Ward et al., 2011).
Rabin8 also interacts directly with BBS1 and recruits the BBSome to the basal body, suggesting
that the BBSome may act upstream of Rab8 and linking this machinery to IFT transport (Nachury
et al., 2007). Furthermore, a recent study put forth that Rab8 works coordinately with transportin
1 (importin B2) to regulate the lateral diffusion of membrane proteins from the PM to the ciliary
membrane (Madugula and Lu, 2016). Overall, Rab8 regulates vesicular and non-vesicular

membrane trafficking of cargoes and ciliary components to the primary cilium.

Recent studies have identified additional Rab proteins and effectors as regulators of

primary cilium formation. Previously uncharacterized, Rab19 has been shown to associate with
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TBC1D4, a GAP, and the HOPS tethering complex to coordinate cortical remodeling and ciliary
membrane growth, an event required for primary ciliogenesis (Jewett et al., 2021). Rab29 was
reported to localize near the ciliary base and its depletion resulted in stunted cilia and perturbed
ciliogenesis, in addition to disrupted Smo targeting to the ciliary membrane (Onnis et al., 2015).
First described as a regulator of Hh signaling (Eggenschwiler et al., 2001), Rab23 localizes to the
cilium in MDCK cells and mediates Smo ciliary dynamics (Boehlke et al., 2010). It has also been
implicated in planar cell polarity, autophagy, nodal signaling and cancer cell invasion (Y. Chen et
al., 2016; Fuller et al., 2014; Nozawa et al., 2012; Pataki et al., 2010). Rab23 exists in a complex
with Kif17 and importin 2, likely facilitating ciliary transport of Kifl17 (Dishinger et al., 2010).
Furthermore, Rab23 and Kifl7 interact with IFT-B and mediate receptor delivery to primary cilia
(Leaf and Von Zastrow, 2015; Lim and Tang, 2015). Although Rab23 is required for promoting

the signaling functions of the primary cilium, it is dispensable for ciliogenesis.

A key protein involved at EE, Rab5 has also been associated with the primary cilium.
Rab5 interacts with cilia-related membranes and localizes within the periciliary membrane
compartment (PCMC) (Kaplan et al., 2012; van der Vaart et al., 2015). In C. elegans, Rab5 co-
localizes with STAML1 and HRS, ESCRT protein orthologs that are required for the localization
and function of polycystin-1 and polycystin-2 orthologs LOV-1 and PKD-2 (J. Hu et al., 2007).
Although Rab5 mediates endosomal processes at the primary cilium, it remains unclear whether it
is required for ciliogenesis. Overexpression of active Rab5 or the Rab5 GEF Rabaptin5 in
mammalian cells inhibits ciliogenesis, though in C. elegans there seems to be no effect on the
integrity or length of cilia (Kaplan et al., 2012; Saito et al., 2017; Troilo et al., 2014; van der
Vaart et al., 2015). From these results, it is likely that Rab5’s ability to regulate ciliogenesis

depends on the context in which it is being examined.

Rab28, a peripheral member of the Rab family, mediates NF-xB nuclear transport, Glut4

trafficking, endosomal sorting, and plant germination (Borrell et al., 2002; Jiang et al., 2013,;
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Lumb et al., 2011; Z. Zhou et al., 2017). In addition, Rab28 localizes to the basal body (Estrada-
Cuzcano et al., 2012; Roosing et al., 2013). In C. elegans, the GTP-bound Rab28 ortholog
accumulates at the periciliary membrane and axoneme and undergoes intraflagellar transport,
mediated by the BBSome (Jensen et al., 2016). Thus, it seems likely that Rab28 functions as an
IFT cargo to mediate certain ciliary pathways, though further studies focused on Rab28 functions
in mammalian systems are required. Overall, the findings outlined above establish the various
Rabs and their associated effectors as necessary for multiple ciliary functions, ranging from

primary ciliogenesis to transport of ciliary components.

3.5.2 Exocyst Complex

The exocyst complex functions as a tethering complex, mediating vesicular trafficking
from the RE to the basolateral PM in polarized epithelial cells (Heider and Munson, 2012). It is
comprised of eight subunits (Exo70, Exo84, Sec3, Secb, Sec6, Sec8, Sec10, and Sec15) and, as a
tethering complex, establishes long-range interactions between donor and target compartments
while regulating v-SNARES and the trans-SNARE complex and promoting their interaction
(Hertzog and Chavrier, 2011; Munson and Novick, 2006; Yu and Hughson, 2010). In the context
of ciliogenesis and Rab proteins, the exocyst complex functions as a downstream effector of
select exocytic Rab proteins (Heider and Munson, 2012). Sec15 directly interacts with Rab11 and
Rabin8, promoting the activation of Rab8 (S. Wu et al., 2005; X. M. Zhang et al., 2004). Sec6
and Sec8 localize to the basal body in MDCK cells in a ring-like fashion, colocalize and interact
with Rab10 and its collaborator Rab8 to promote primary ciliogenesis (Babbey et al., 2010).
Furthermore, Sec10 localizes to the primary cilium and colocalizes with polycystin-2 at the
axoneme, associating with IFT proteins IFT88 and IFT20 in the process. Loss of Sec10 in MDCK
cells leads to stunted cilia, whereas overexpression leads to an elongated cilium, suggesting a

potential role for Sec10 and the exocyst complex in regulating ciliary length (Polgar et al., 2015).
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3.5.3 MICAL-L1 and Syndapin2

Aside from their roles at TRE, MICAL-L1 and Syndapin2 have recently been implicated
in primary ciliogenesis as well. Our lab has recently put forth evidence that MICAL-L1 regulates
primary ciliogenesis by mediating EHD1 recruitment to the m-centriole (Xie et al., 2019).
MICAL-L1 loss disrupted primary ciliogenesis, similar to EHD1, and was shown to localize to
cilia and centrosomes. It was determined that EHD fails to localize to basal bodies upon
MICAL-L1 depletion and that CP110 removal was impaired. MICAL-L1 binds directly to o-
tubulin—B-tubulin hetero-dimers and y-tubulin, suggesting that MICAL-L1 is linked to the
centrioles by its interaction with tubulins and in turn recruits EHD1 to the m-centriole to promote

ciliogenesis (Figure 1.11).

Alongside MICAL-L1, Syndapin2, as well as its isoform Syndapinl (PACSIN1), has
been shown to not only regulate TRES, but also primary cilia. Recent studies have put forth that
both Syndapinl and Syndapin2 have cell- and tissue-specific functions at the CV stage in
ciliogenesis before CP110 loss (Insinna et al., 2019). Both proteins were shown to dynamically
localize to membrane tubules that formed off the CV and ciliary pocket membrane, connecting
the developing cilium with the PM. In RPE-1 cells, Syndapinl loss was shown to have a more
significant effect on primary ciliogenesis, whereas Syndapin2 loss had a stronger effect in
pancreatic cell lines, indicating cell and tissue specificity. Interestingly, EHD1 was critical for the
formation of the membrane tubules that connect the PM and the developing cilium and that these

EHD- and Syndapin-associated tubules also contain Rab8 (Figure 1.12).

3.5.4 C-Terminal EHD Proteins

With well-documented roles in endosomal trafficking (Caplan et al., 2002; Dhawan et al.,
2020; Naslavsky et al., 2018), membrane fission (Cai et al., 2014), and centrosome duplication

(Naslavsky and Caplan, 2020; Xie et al., 2018), EHD1 has recently also been implicated in the
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Simplified model for the involvement of MICAL-L1 in ciliogenesis. y-tubulin and/or o/p-
tubulin associated with the m-centriole recruit MICAL-L1 (primarily) to the distal m-centriole
region. During the induction of ciliogenesis, MICAL-L1 recruits EHD1, which interacts with
SNAP29 and facilitates CP110 removal from the m-centriole, leading to ciliary vesicle fusion and
ciliogenesis. M, mother-centriole; D, daughter-centriole. Used with permission from J Cell Sci.
(Xie et al., 2019).
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regulation of primary ciliogenesis (Lu et al., 2015). Alongside the Rab11-Rab8 cascade, EHD1
was shown to function early in primary cilium formation. EHDL1 is recruited to the basal body by
MICAL-L1 (Xie et al., 2019) and localizes to preciliary membranes and the ciliary pocket.
SNAP29 then binds to EHD1 to mediate the removal of CP110 from the m-centriole and allow
for fusion of the PCVs to form the CV. Furthermore, EHD3 has functional overlap with EHD1 in
the regulation of primary ciliogenesis. Given that EHD1, EHD3, and EHD4 have closely
associated roles in endosomal trafficking, it was interesting to see that in RPE-1 cells EHD4 did
not share this functional overlap with EHD1 and EHD3. These results support the idea that EHD
proteins have redundant regulatory roles in cell- and tissue-specific contexts, warranting further

study of these proteins to fully understand their roles in primary ciliogenesis.

4. SUMMARY AND CONCLUSIONS

Endocytic trafficking is a highly regulated process that is responsible for maintaining
cellular health and stability. Its disruption and mismanagement can lead to various cancers, heart
disease, and neurodegenerative disorders such as Alzheimer’s disease. Significant insights have
been made into how endocytic regulatory proteins bind, sort, and facilitate trafficking of
internalized cargoes over the last three decades. Despite this progress, further understanding of
how these proteins regulate endocytic trafficking is required. EHD proteins have been shown to
hetero- and homo-oligomerize, indicating that these homolog interactions are likely necessary for
EHD proteins to carry out their functions. Chapter Il will identify a novel role for EHD4 in
coordinating endocytic trafficking alongside EHD1 and elucidating the manner by which these

hetero-dimers are recruited to EE to facilitate membrane fission.

Aside from endosomal trafficking, various endocytic regulatory proteins have been
shown to have roles in mediating processes that are crucial to proper mitochondrial, centrosomal,
and ciliary function. For example, recent studies have implicated EHD1, EHD3, MICAL-L1,

Syndapin2, and other endocytic regulatory proteins in primary ciliogenesis. Primary cilia are
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Figure 1.12

Model for intracellular ciliogenesis. DAV distal appendage vesicle, CV ciliary vesicle, IFT
intraflagellar transport, TZ transition zone, PM plasma membrane. Used with permission from
Nat Commun. (Insinna et al., 2019).
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critical organelles that mediate signaling pathways such as the Hh pathway, in turn regulating
cellular processes including tissue homeostasis, differentiation, cell migration, and apoptosis.
Recent studies have suggested that EHD proteins exhibit cell- and tissue-specific roles in primary
ciliogenesis. Though EHD1 and EHD3 have been shown to regulate the formation of primary
cilia in RPE-1 cells, it remains unclear whether EHD2 and EHD4 may also regulate primary
ciliogenesis in other contexts. Chapter 111 will identify EHDA4, but not EHD2, as a novel regulator
of primary ciliogenesis in NIH3T3 mouse embryonic fibroblasts, sharing functional overlap with
EHDI. In this chapter I also put forth evidence that EHD1’s ATP-binding G-domain and its EH-
domain are necessary for primary ciliogenesis and that loss of either leads to perturbed

ciliogenesis.



CHAPTER II

ROLE FOR EPS15 HOMOLOGY DOMAIN PROTEIN 4 (EHD4) IN EHD1

RECRUITMENT AND FISSION

With permission from PLoS One, parts of this chapter were derived from:

(Jones et al., 2020)

Jones, T., Naslavsky, N., & Caplan, S. (2020). Eps15 Homology Domain Protein 4 (EHDA4) is
required for Eps15 Homology Domain Protein 1 (EHD1)-mediated endosomal

recruitment and fission. PLoS One

60
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5. ABSTRACT

Upon internalization, receptors are trafficked to sorting endosomes (SE) where they
undergo sorting and are then packaged into budding vesicles that undergo fission and transport
within the cell. Eps15 Homology Domain Protein 1 (EHD1), the best-characterized member of
the Eps15 Homology Domain Protein (EHD) family, has been implicated in catalyzing the fission
process that releases endosome-derived vesicles for recycling to the plasma membrane. Indeed,
recent studies suggest that upon receptor-mediated internalization, EHDL1 is recruited from the
cytoplasm to endosomal membranes where it catalyzes vesicular fission. However, the
mechanism by which this recruitment occurs remains unknown. Herein, we demonstrate that the
EHD1 paralog, EHDA4, is required for the recruitment of EHD1 to SE. We show that EHD4
preferentially dimerizes with EHD1, and knock-down of EHD4 expression by siRNA, shRNA or
by CRISPR/Cas9 gene-editing leads to impaired EHD1 SE-recruitment and enlarged SE.
Moreover, we demonstrate that at least 3 different asparagine-proline-phenylalanine (NPF) motif-
containing EHD binding partners, Rabenosyn-5, Syndapin2 and MICAL-L1, are required for the
recruitment of EHD1 to SE. Indeed, knock-down of any of these SE-localized EHD interaction
partners leads to enlarged SE, presumably due to impaired endosomal fission. Overall, we
identify a novel mechanistic role for EHD4 in recruitment of EHD1 to SE, thus positioning EHD4

as an essential component of the EHD1-fission machinery at SE.

6. INTRODUCTION

Upon internalization, receptors, lipids and extracellular fluid are segregated into budding
vesicles that are cleaved from the plasma membrane and trafficked to a key endocytic
compartment known as the early or sorting endosome (SE) (Jovic et al., 2010). The SE is a key
sorting organelle, and from this organelle, receptors may be transported to late endosomes and
lysosomes for degradation, or alternatively, recycled back to the plasma membrane for additional

rounds of internalization (Naslavsky and Caplan, 2018). In recent years, significant advances
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have been made in understanding the complex mechanisms that regulate cargo sorting at the SE.
For example, it was demonstrated that the ARF GTPase activating protein (GAP), ARF GAP with
coiled-coil ankyrin repeat and PH domain-containing protein 1 (ACAP1), interacts with a variety
of receptors to direct them back to the plasma membrane (Dai et al., 2004). Moreover, coupled
with the retromer complex, which entails a Cargo Selection Complex (CSC) trimer of VPS35,
VPS29 and either a VPS26a or VPS26b isoform, along with a dimer of sorting nexins (SNX1 or
SNX2, and SNX5, SNX6 or SNX32) (Arighi et al., 2004; Seaman et al., 1998), two members of
the sorting nexin family, SNX17 and SNX27, have recently been implicated in controlling the
recycling of multiple receptors via interactions between their FERM domains and the cytoplasmic
tails of the receptors (Clairfeuille et al., 2016; Dai et al., 2004; Farfan et al., 2013; Steinberg et al.,
2012; van Kerkhof et al., 2005). In addition, the involvement of the SNX17-associated retriever
and CCC complexes (Bartuzi et al., 2016; McNally et al., 2017) have further highlighted the
active and complex mechanisms by which proteins are sorted and recycled to the plasma

membrane.

Despite the progress in understanding the players and mechanisms of sorting at the SE,
how the fission of budding vesicles at the SE occurs remains poorly understood. Upon
incorporation of receptors into budding transport vesicles, it is necessary to recruit fission
machinery for vesicle release. In addition to the retromer (J. Wang et al., 2018), the Wiskott—
Aldrich syndrome protein (WASH) complex, comprised of WASH1 (also known as WASHC1),
Strumpellin (WASHC5), CCDC53 (WASHC3), KIAA1033/SWIP (WASHC4) and Fam21 (also
known as WASHC?2) (Gomez and Billadeau, 2009; Harbour et al., 2012) has been implicated in
vesicular fission via actin nucleation (Jia et al., 2010). A recent study further suggest involvement
of a novel complex including Rab11-FIP5, VIPAS39, VPS45, Rabenosyn-5 and the dynamin-like

Eps15 Homology Domain protein, EHD1 (Solinger et al., 2020). However, the potential
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involvement of dynamin-like proteins such as EHD1 and nucleotide hydrolysis at the SE remains

likely.

Over the past two decades, the Eps15 Homology Domain protein 1 (EHD1) has emerged
as a major regulator of endocytic recycling (B. D. Grant and Caplan, 2008; Naslavsky and
Caplan, 2011). Recent studies have demonstrated that in vitro, EHD1 is capable of membrane
fission, whereas in cells it localizes to SE and recycling endosomes, and induces ATP-catalyzed
membrane fission (Cai et al., 2012; Cai et al., 2014; Caplan et al., 2002; Deo et al., 2018;
Jakobsson et al., 2011; Kamerkar et al., 2019; Rapaport et al., 2006; Sharma et al., 2009b). We
have recently demonstrated that EHD1 undergoes recruitment to endosomal membranes upon
induction of receptor-mediated endocytosis, where it interacts with SNX17 and promotes
endosomal fission (Dhawan et al., 2020). In addition, a number of key asparagine-proline-
phenylalanine motif-containing endosomal proteins have been identified that interact with EHD1
and/or EHD4, and may serve to recruit the latter to endosomes (Kieken et al., 2009; Naslavsky
and Caplan, 2011), including Rabenosyn-5 (Naslavsky et al., 2004), Syndapins (A. Braun et al.,
2005; Giridharan et al., 2013), MICAL-L1 (Sharma et al., 2009a), and others. While our data are
consistent with a model in which SNX17 and EHD1 couple endosomal sorting and the endosomal

fission machinery, the mechanism of EHD1 recruitment to endosomes remains unclear.

Herein, we address the potential role of the EHD1 paralog, EHD4, in the process of
EHD1 endosomal recruitment and fission. EHD4 shares ~70% identity with EHD1, and has been
characterized as a potential EHD1 interaction partner and regulator of trafficking from SE
(George et al., 2007; Sharma et al., 2008). We demonstrate that EHD4 hetero-dimerizes with
EHD1, apparently displaying higher propensity for hetero-dimerization than homo-dimerization,
suggesting that it may contribute to the regulation of EHD1 recruitment to endosomes. Consistent
with this notion, we showed that impaired EHD4 expression, via sSiRNA, shRNA or

CRISPR/Cas9 gene-editing all led to decreased EHD1 recruitment to endosomes. Moreover,



64

EHD4-depleted cells displayed enlarged SE, likely resulting from impaired endosomal fission.
Finally, we demonstrated that EHD4 shares several key endosomal binding partners with EHD1,
including Rabenosyn-5 and Syndapin2, and their depletion similarly leads to reduced EHD1
endosomal recruitment and fission. Our findings recognize EHD4 as an important regulator of

EHD1-mediated endosomal recruitment and fission.

7. MATERIALS AND METHODS

7.1 Cell Lines

The HeLa cervical cancer cell line was acquired from the American Type Culture
Collection (ATCC, CRM-CCL-2). NIH3T3 (ATCC, CRL-1658) parental cells were subjected to
CRISPR/Cas9 to generate the NIH3T3 cell line expressing endogenous levels of EHD1 with GFP
attached to the C-terminus, as well as the EHD1 knock-out, EHD4 knock-out and EHD1/EHD4
double knock-out cells as described (Xie et al., 2018; Yeow et al., 2017). Both HeLa and NIH3T3
cells were cultured at 37°C in 5% CO2 in DMEM/High Glucose (HyClone, SH30243.01)
containing 10% heat-inactivated Fetal Bovine Serum (Atlanta Biologicals, S1150), 1x Penicillin
Streptomycin (Gibco, 15140-122), 50 mg of Normocin (InvivoGen, NOL-40-09), and 2 mM L-

Glutamine (Gibco, 25030-081). All cell lines were routinely tested for Mycoplasma infection.

7.2 Antibodies

The following antibodies were used: Rabbit anti-EHD1 (Abcam, ab109311), Rabbit anti-
EHD4 (Sharma et al., 2008), Rabbit anti-EEA1 (Cell Signaling, #3288), Rabbit anti-HA (SAB,
#T501), Mouse anti-GFP (Roche, 11814460001), Mouse anti-LRP1 (Novus, NB100-64808),
Donkey anti-mouse-HRP (Jackson, 715-035-151), Mouse anti-rabbit 1gG light chain-HRP
(Jackson, 211-032-171), Alexa-fluor 568-conjugated goat anti-rabbit (Molecular Probes,

A11036).



65

7.3 DNA Constructs, Cloning, and Site-directed Mutagenesis

Cloning of PTD1, EHD1, EHD4, MICAL-L1, Rabenosyn-5 1-263, and Rabenosyn-5
151-784 in the yeast two-hybrid vector pPGADT?7 and cloning of PVA3, EHD1, EHD4, EHD1
V203P, EHD1 aal-439, EHD1 aal-309, EHD1 aal-199, EH-1, EHD2, EHD3, EHD3Acc,
MICAL-L1, and Syndapin2 in the yeast two-hybrid vectors were described previously (Caplan et
al., 2001; Giridharan et al., 2013; Naslavsky et al., 2006; Rahajeng et al., 2010a; Sharma et al.,
2008; J. Zhang et al., 2012b). The following constructs were generated via site-directed
mutagenesis using Q5 High-Fidelity 2X Master Mix (New England Biosciences, M0492S)
according to the manufacturer’s protocol: pPGADT7-EHD4 S522A, pGADT7-EHD4 S523D, and

pGADT7-EHD4 SS522AD.

7.4 Co-Immunoprecipitation

HelLa cells were cultured on 100 mm plates until confluent. Cells were lysed with lysis
buffer made from 50 mM Tris, pH 7.4, 100 mM NaCl, 0.5% Triton X-100, and 1 x protease
cocktail inhibitor (Millipore, 539131) on ice for 15 min with mixing every 5 min. Lysates were
centrifuged to clear insoluble matter and then incubated in the absence of antibody or with rabbit
anti-EHD1 (Abcam, ab109311) overnight on a rotator at 4°C. Protein G Sepharose Beads 4 Fast
Flow (GE Healthcare, 17-0618-01) were added to both control and antibody-containing lysates
and mixed on a rotator at 4°C for 4 h. Samples were then washed with the aforementioned lysis
buffer and centrifuged at 22,000 x g at 4°C for 30 s. Washes were performed a total of three times
and proteins were eluted from the beads by boiling in 4x loading buffer (250 mM Tris, pH 6.8,
8% SDS, 40% glycerol, 5% B-mercaptoethanol, 0.2% bromophenol blue) for 10 min and detected

by immunoblotting.
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7.5 Yeast Two-Hybrid Assay

AH109 yeast were cultured overnight in YPD media containing 10 g/L Bacto Yeast
Extract (BD, Ref. 212750), 20 g/L Peptone (Fisher Scientific, CAS RN: 73049-73-7, BP1420-
500), and 20 g/L Dextrose (Fisher Scientific, CAS RN: 50-99-7, BP350-1) at 30°C and 250 RPM.
Cultures were then spun down at 975 x g for 5 min and the supernatant was aspirated. Pellets
were rinsed with autoclaved MilliQ water and centrifuged for an additional 5 min at 975 x g and
the supernatant was aspirated. Pellets were resuspended in a suspension buffer of 80% autoclaved
MilliQ water, 10% lithium acetate pH = 7.6, and 10% 10x TE pH = 7.5. 125 pl aliquots of the
cell suspension were then incubated each with 600 pl of PEG solution (40% PEG (CAS RN:
25322-68-3, Prod. Num. P0885), 100 mM lithium acetate pH = 7.6 in TE pH = 7.5). 1 pl of
Yeastmaker Carrier DNA (TaKaRa Cat# 630440) was added to each aliquot, followed by 1 ug of
each respective plasmid, and mixed by inverting twice, then by vortexing twice. Mixtures were
then incubated at 30°C and 250 RPM for 30 min. 70 ul of DMSO was added to each tube,
followed by inverting/mixing twice, and mixtures were placed at 42°C for 1 h. Samples were then
placed on ice for 5 min, followed by centrifugation at 22,000 x g for 30 s. The supernatant was
aspirated and the samples were resuspended in 40 pl of autoclaved MilliQ water. 15 ul of each
sample was then plated and spread on -2 plates (+His) made using 27 g/L DOB Medium (MP,
Cat. No. 4025-032), 20 g/L Bacto Agar (BD, Ref. 214010), and 0.64 g/L CSM-Leu-Trp (MP, Cat.
No. 4520012) and incubated at 30°C for 72-96 h. Following the incubation period, three separate
colonies from each sample were selected and added to 600 pl of autoclaved MilliQ water. In a
clean cuvette, 500 ul of the mixture was added to 500 ul of autoclaved water and measured using
a spectrophotometer at 600 nm. Mixtures were then normalized to 0.100 A and 15 pl of each
mixture was spotted onto both a -2 plate and a -3 plate (-His) made using 27 g/L DOB Medium
(MP, Cat. No. 4025-032), 20 g/L Bacto Agar (BD, Ref. 214010), and 0.62 g/L CSM-His-Leu-Trp

(MP, Cat. No. 4530112). Both plates were incubated at 30°C for 72 h and imaged.
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7.6 sSiRNA Treatment

CRISPR/Cas9 gene-edited NIH3T3 cells expressing endogenous levels of EHD1 with
GFP fused to the C-terminus were plated on fibronectin-coated coverslips and grown for 4 h at
37°C in 5% CO2 in DMEM/High Glucose (HyClone, SH30243.01) containing 10% heat
inactivated Fetal Bovine Serum (Atlanta Biologicals, S1150), 1x Penicillin Streptomycin (Gibco,
15140-122), 50 mg of Normocin (InvivoGen, NOL-40-09), and 2 mM L-Glutamine (Gibco,
25030-081). The cells were then treated with either mouse EHD4 siRNA oligonucleotides
(Dharmacon, Custom Oligonucleotide, Seq: GAGCAUCAGCAUCAUCGACATAT), mouse
Rabenosyn-5 siRNA oligonucleotides (Dharmacon, On-TARGETplus SMARTpool, cat # L-
056534-01-0010), mouse Syndapin 2 siRNA oligonucleotides (Dharmacon, On-TARGETplus
SMARTDpool, cat # L-045093-01-0005), or mouse MICAL-L1 siRNA oligonucleotides
(Dharmacon, On-TARGETplus SMARTpool, cat # L-049952-00-0005) for 72 h at 37°C in 5%
CO2 in 1x Opti-MEM 1 (Gibco, 31985-070) containing 12% heat inactivated Fetal Bovine Serum
(Atlanta Biologicals, S1150) and 2 mM L-Glutamine (Gibco, 25030-081) using Lipofectamine

RNAiMax transfection reagent (Invitrogen, 56531), following the manufacturer’s protocol.

7.7 shRNA Treatment

HelLa cells were plated on coverslips and grown for 24 h at 37°C in 5% CO2 in
DMEM/High Glucose (HyClone, SH30243.01) containing 10% heat inactivated Fetal Bovine
Serum (Atlanta Biologicals, S1150), 1x Penicillin Streptomycin (Gibco, 15140-122), 50 mg of
Normocin (InvivoGen, NOL-40-09), and 2 mM L-Glutamine (Gibco, 25030-081). The cells were
then treated with pLKO.1-EHD4 shRNA (Brégnard et al., 2013) for 72 h at 37°C in 5% CO2 in
DMEM/High Glucose (HyClone, SH30243.01) containing 10% heat inactivated Fetal Bovine
Serum (Atlanta Biologicals, S1150), and 2 mM L-Glutamine (Gibco, 25030-081), using FuGene

6 Transfection Reagent (Promega, E2691), following the manufacturer’s protocol.
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7.8 Transfection

CRISPR/Cas9 gene-edited NIH3T3 cells expressing endogenous levels of EHD1 with
GFP fused to the C-terminus were plated on fibronectin-coated coverslips and grown for 4 h at
37°C in 5% CO2 in DMEM/High Glucose (HyClone, SH30243.01) containing 10% heat
inactivated Fetal Bovine Serum (Atlanta Biologicals, S1150), 1x Penicillin Streptomycin (Gibco,
15140-122), 50 mg of Normocin (InvivoGen, NOL-40-09), and 2 mM L-Glutamine (Gibco,
25030-081). The cells were then treated with HA-tagged EHD4 in pcDNA 3.1 (+) (Invitrogen,
V79020) for 72 h at 37°C in 5% CO2 in DMEM/High Glucose containing 10% heat inactivated
Fetal Bovine Serum, and 2 mM L-Glutamine, using FuGene 6 Transfection Reagent (Promega,

E2691), following the manufacturer’s protocol.

7.9 Immunofluorescence and LRP1 Uptake

CRISPR/Cas9 gene-edited NIH3T3 cells expressing endogenous levels of EHD1 with
GFP attached to the C-terminus were subjected briefly to LRP1 uptake. Uptake was performed by
diluting Mouse anti-LRP1 (Novus, NB100-64808) (1:70) in DMEM/High Glucose (HyClone,
SH30243.01) containing 10% heat inactivated Fetal Bovine Serum (Atlanta Biologicals, S1150),
1x Penicillin Streptomycin (Gibco, 15140-122), 50 mg of Normocin (InvivoGen, NOL-40-09),
and 2 mM L-Glutamine (Gibco, 25030-081) in an ice water bath for 30 min, followed by 2
washes with 1x PBS. Pre-warmed DMEM media, as previously described, was added to these
coverslips, which were incubated at 37°C in 5% CO2 for 30 min and washed once in 1x PBS.
Following treatment, cells were then fixed in 4% paraformaldehyde (Fisher Scientific, BP531-
500) in PBS for 10 min at room temperature. After fixation, cells were rinsed 3 times in 1x PBS
and incubated with primary antibody in staining buffer (1x PBS with 0.5% bovine serum albumin
and 0.2% saponin) for 1 h at room temperature. Cells were washed 3 times in 1x PBS, followed
by incubation with the appropriate fluorochrome-conjugated secondary antibody diluted in

staining buffer for 30 min. Cells were washed 3 times in 1x PBS and mounted in Fluoromount-G
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(SouthernBiotech, 0100-01). Z-stack confocal imaging was performed using a Zeiss LSM 800
confocal microscope with a 63x/1.4 NA oil objective. 10 fields of cells from each condition were

collected from 3 independent experiments and assessed using NIH ImageJ.

7.10 Graphical and Statistical Analysis

NIH ImageJ was used to quantify particle count, total area, average size, % area, mean,
and integral density. Size parameters were set for 0 — infinity. Circularity parameters were set to
0.0-1.0. Brightness parameters were set to either 75-255 or 125-255, though calculations for 100-
255, 150-255, and 175-255 were also conducted. Brightness parameters were selected to
eliminate recognition of background by Imagel’s particle counter while optimizing selection of
true positive fluorescent pixels. All statistical analyses were performed with significance using an
independent sample two-tailed t-test under the assumption that the two samples have equal

variances and normal distribution using the Vassarstats website (http://www.vassarstats.net/), or

when comparing multiple samples, with a one-way ANOVA using post-hoc Tukey test for
significance (https://astatsa.com). To address biological variations between individual tests, we
have designed a modified version of the method described by Folks (1984) for deriving a
“consensus p-value” to determine the likelihood that the collection of different test/experiments
collectively suggests (or refutes) a common null hypothesis, modified from the Liptak-Stouffer

method (Rice, 1990). All the graphics were designed using GraphPad Prism 7.

8. RESULTS AND DISCUSSION

Given the role of EHD1 in the regulation of endocytic recycling (Caplan et al., 2002;
Naslavsky et al., 2004; Rapaport et al., 2006; Sharma et al., 2009a; J. Zhang et al., 2012b), and its
sequence identity and relationship with EHD4 (Sharma et al., 2008; Yap et al., 2010), as well as
the recent evidence supporting a role for EHD1 in endosomal fission (Bahl et al., 2016; Cai et al.,

2012; Cai et al., 2013; Cai et al., 2014; Deo et al., 2018; Dhawan et al., 2020; Kamerkar et al.,
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2019; Maeda et al., 2006), we hypothesized that EHD4 coordinates fission and recycling with
EHD1. To first test this idea, we assessed the ability of endogenous EHD1 and EHD4 to co-
immunoprecipitate. As demonstrated in Figure 2.1A (left panel), EHD4 appeared in the cell
lysates as a ~64 kDa band, and a band of the same size was co-immunoprecipitated by antibodies
against EHD1, but not a beads-only control. Although we previously tested our EHD4 antibodies
and demonstrated that they do not recognize EHD1 (Sharma et al., 2008), to ensure that the ~64
kDa band was indeed EHD4 and not cross-recognition of EHD1 by the EHD4 antibody, we
stripped the nitrocellulose filter paper and reblotted with antibodies to EHD1 (Figure 2.1A; right
panel). Blotting with anti-EHDL1 led to detection of a faster migrating ~60 kDa band that clearly
migrated below the ~64 kDa EHD4 band, demonstrating that EHD1 and EHD4 reside in a
complex in cells. Moreover, consistent with previous findings (George et al., 2007; Sharma et al.,
2008), we found that HA-tagged EHD4 displayed partial co-localization (Pearson’s Coefficient
0.677 with standard deviation of 0.048) with EHD1-GFP in our CRISPR/Cas9 NIH 3T3 gene-

edited cells expressing EHD1-GFP (Figure 2.2).

We further analyzed the nature of EHD1-EHD4 interactions by instituting a series of
truncations and/or mutations in EHD1 (Figure 2.1B) and testing whether it hetero-dimerizes with
EHDA4. As shown by yeast two-hybrid (Y2H) analysis, EHD1 both homo-dimerizes and hetero-
dimerizes with EHD4, whereas EHD4 preferentially hetero-dimerizes with EHD1, but displays
little propensity to homo-dimerize (Figure 2.1C). In addition, whereas the EH domain of EHD
proteins is a well-characterized protein-binding module (Kieken et al., 2007; Kieken et al., 2009;
Kieken et al., 2010; Naslavsky et al., 2007), it remains superfluous for EHD dimerization. Since
the structure of EHD1 is organized via several domains in addition to the C-terminal EH domain
(Figure 2.1A), we addressed the role of these domains through a series of truncations and
mutations. Indeed, truncations in the second helical domain (residue 309) or within the ATP-

binding domain (residue 199) abrogated dimerization, whereas a coil-breaking valine-to-proline
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Figure 2.1

Interaction between endogenous EHD1 and EHDA4. (A) EHD4 co-immunoprecipitates with
EHD1. Hela lysates were incubated at 4°C overnight in the presence or absence of anti-EHD1
antibody. Protein G beads were then added to the lysate-only (beads only) or lysate-antibody
(anti-EHD1) mix at 4°C for 3 h. Bound proteins were then eluted by boiling for 10 min at 95°C in
B-mercaptoethanol-containing loading buffer, separated by SDS-PAGE, and immunoblotted with
anti-EHD4 antibodies (left panel) or stripped and then immunoblotted with anti-EHD1 antibodies
(right panel). Input lysates (25%) are depicted (left and right panels, right lane). (B) Schematic
diagram depicting the domain architecture of C-terminal EHD proteins, indicating residues that
were replaced by site-directed mutagenesis and identifying the truncations used in this study. (C)
Yeast two-hybrid colony growth characterizing the interaction between EHD1 and EHD4. Co-
transformation of both pGADT7 and pGBKT7 vectors is required for growth on plates lacking
leucine and tryptophan (left panel; +His plates), whereas interaction between the fusion proteins
is required for histidine synthesis and growth on -His plates (right panel). + His plates illustrate
that both target vectors have been transformed into the yeast.—His plates inform whether the
proteins of interest interact. 1: V203P represents an amino acid substitution at residue 203 of
EHDL1 that is predicted to interfere with coiled-coil formation, whereas 1: 1-439, 1: 1-309 and 1:
1-199 represent various EHD1 truncations. (D) Yeast two-hybrid colony growth characterizing
the interaction between EHD4 and other EHD proteins. EHD3Acc represents full-length EHD3
with a valine to proline substitution at residue 203, whereas EH-1 represents the EHD1 EH
domain only (residues 436-534). n.s.; non-specific band, ad; activation domain, bd; binding
domain. Used with permission from PLoS One (Jones et al., 2020).
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(V203P) in EHD1 (Naslavsky et al., 2004) led to dramatically reduced EHD1-EHD4 hetero-
dimerization, but had little effect on EHD1 homo-dimerization (Figure 2.1C). Moreover, EHD4
hetero-dimerized with EHD3 (which displays 86% identity with EHD1) and this interaction was
similarly abrogated by the EHD3 VV203P coil-breaking mutant (Figure 2.1D). However, EHD4
was unable to hetero-dimerize with EHD2 (which displays only 67% identity with EHD1 and
diverges significantly from the functions of its other paralogs (Bahl et al., 2015; Benjamin et al.,
2011; K. R. Doherty et al., 2008; Guilherme et al., 2004; Moren et al., 2012; S. Y. Park et al.,
2004; Pekar et al., 2012; Shah et al., 2014; Simone et al., 2013; Simone et al., 2014; Stoeber et

al., 2012) (Figure 2.1D).

Given the role of EHD1 in endosomal fission (Cai et al., 2012; Cai et al., 2014; Caplan et
al., 2002; Deo et al., 2018; Jakobsson et al., 2011; Kamerkar et al., 2019; Rapaport et al., 2006;
Sharma et al., 2009b) and our previous study suggesting that EHD4 regulates endosomal size
(Sharma et al., 2008), we hypothesized that EHD4 might coordinate endosome fission and size
with EHD1. To test this idea, we took untreated cells, mock-shRNA transfected cells, or cells
subjected to EHD4-shRNA knock-down and examined EEA1-labeled SE after immunostaining
(Figure 2.3A-F). As demonstrated, EHD4-shRNA reduced EHDA4 levels to almost non-detectable,
with only a slight effect on EHD1 levels, potentially due to destabilization coming from the loss
of hetero-dimerization (Figure 2.3G). While the EEA1-labeled SE were generally homogeneous
in size and distribution in the untreated and mock-transfected cells (Figure 2.3; compare A and
the inset in D to B and the inset in E), SE displayed a significant increase in size upon acute
EHDA4-depletion (Figure 2.3C; inset in F). Indeed, quantification of mean EEA1-labeled SE size
demonstrated a 2-3-fold increase in the acute absence of EHD4 (Figure 2.3H), suggesting that

EHDA4 regulates endosomal fission, potentially through its interaction with EHD1.

As we have recently demonstrated that EHD1-depletion impairs fission and induces

enlarged SE (Dhawan et al., 2020), we next asked whether simultaneous depletion of EHD1 and
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Figure 2.2

Partial co-localization between EHD1 and EHDA4. (A-F) HA-EHD4 was transfected into
CRISPR/Cas9 gene-edited cells expressing endogenous levels of EHD1-GFP on coverslips, fixed
and stained with primary antibodies against HA and secondary Alexa-568 antibodies and imaged
to detect HA-EHDA4 (red; A and inset in D), EHD1-GFP (green; B and inset in E) and then
merged to show both channels (C and inset in F). (G) Immunaoblot shows expression of the
correct-sized HA-EHD4 band at ~65 kDa. The Pearson’s Coefficients were calculated with the
NIH ImageJ plugin JACoP, and averaged to provide a value of 0.677 (~68%) with a standard
deviation of 0.048. Used with permission from PLoS One (Jones et al., 2020).
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EHDA4 further impedes endosomal fission and leads to increased SE size. To this aim, we used
CRISPR/Cas9 NIH3T3 cells that were gene-edited and chronically lack EHD1 (EHD1 KO),
EHD4 (EHD4 KO) or both EHD1 and EHD4 (EHD1/EHD4 DKO) (Yeow et al., 2017; Xie et al.,
2018) (Figure 2.4; protein expression validated in 1). As demonstrated, in both the EHD1 and
EHD4 single KO cell lines, SE size was modestly but significantly larger than in the wild-type
parental NIH3T3 cell line (compare B and the inset in F, and C and the inset in G, to A and the
inset E, and quantified in J). Moreover, in the EHD1/EHD4 DKO cell line, an additional increase
in EEAl-labeled SE size was noted (Figure 2.4D and inset in H, and quantified in J). It is of
interest that acute siRNA knock-down of EHD4 induces much larger endosome size than the
more chronic EHD4 knock-out in the CRISPR/Cas9 NIH3T3 cells, suggesting that compensation
may be occurring in the latter cells. Overall, these data are consistent with the role for EHDL1 in
vesiculation of tubular and vesicular recycling endosomes (Cai et al., 2012; Cai et al., 2013; Cai
et al., 2014; Deo et al., 2018; Kamerkar et al., 2019) and further support the notion that both

EHD1 and EHD4 regulate endosomal fission, as their depletion leads to enlarged SE in cells.

We have recently demonstrated that upon stimulation of receptor-mediated endocytosis,
EHD1 can be recruited to SE to carry out fission and facilitate cleavage of budding vesicles and
endocytic recycling (Dhawan et al., 2020). However, despite the homology between the 4 EHD
paralogs (Naslavsky and Caplan, 2005; Naslavsky and Caplan, 2011), thus far only EHD1 has
been directly implicated in fission. Accordingly, based on the interactions we characterized
between EHD1 and EHD4, we hypothesized that EHD4 may be required for the recruitment of
EHD1 to SE. To address this, we incubated CRISPR/Cas9 gene-edited NIH3T3 cells that express
EHD1-GFP with antibodies to low-density lipoprotein receptor-related protein 1 (LRP1) to
induce internalization of the receptor-antibody complexes (Figure 2.5). We have previously
demonstrated that by inducing uptake of receptors such as LRP1 or transferrin receptor

(unpublished observations) for 30 minutes, we can observe 2-3 fold increases in the recruitment
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Figure 2.3

EHD4 depletion induces enlarged sorting endosomes. (A-F) Representative micrographs and
insets depicting EEAL-labeled endosomes in untreated, mock-treated, and EHD4 knock-down
cells. HeLa cells were either untreated (A and inset in D), mock-treated with transfection reagent
(B and inset in E), or transfected with an EHD4 shRNA construct (C and inset in F) for 72 h,
fixed and immunostained with an EEA1 antibody prior to imaging. (G) Validation of EHD4
shRNA efficacy by immunoblot analysis. (H) Graph depicting differences in mean EEA1-labeled
SE size in untreated, mock-treated and EHD4 knock-down cells. Error bars denote standard
deviation and p-values for each experiment were determined by one-way ANOVA for individual
experiments using a post-hoc Tukey HSD calculator to determine significance. All 3 experiments
rely on data from 10 images and each experiment is marked by a distinct shape on the graph.
Significance between samples for the 3 experiments was calculated by deriving a consensus p-
value (see Materials and methods). Micrographs are representative orthogonal projections from
three independent experiments, with 10 sets of z-stacks collected for each treatment per
experiment. Bar, 10 um. n.s. = not significant (p > 0.5), **p < 0.00001. Used with permission
from PLoS One (Jones et al., 2020).
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of cytoplasmic EHD1 to SE (Dhawan et al., 2020). The cells were either untreated (A and inset in
D), mock-treated (B and inset in E) or EHD4-depleted with siRNA (C and inset in F). EHD4
siRNA knock-down was validated by immunoblotting, and EHD1-GFP levels were similar in
untreated, mock and cells where EHD4 knock-down was effected by siRNA (Figure 2.5G). As
demonstrated, in the untreated and mock-treated cells, LRP1 uptake led to the localization of
EHD1-GFP to a smattering of vesicular and short tubular SE (Figure 2.5A and inset in D, B and
inset in E; quantified in H). However, EHD4 knock-down led to a significant decrease in the
number of vesicular and tubular SE marked by EHD1-GFP (Figure 2.5C and inset, F; quantified
in H). These data suggest that EHD4 is required for the optimal recruitment of EHD1 to SE upon

receptor-mediated internalization.

EHD1 has been characterized as a protein that binds to motifs containing the tripetide
asparagine-proline-phenylalanine (NPF) through its Eps15 homology (EH) domain, particularly
when the motif is followed directly by negatively charged residues (Henry et al., 2010; Jovic et
al., 2009; Kieken et al., 2007; Kieken et al., 2009; Kieken et al., 2010; Naslavsky et al., 2007).
However, its closest paralog, EHD3, displays more restricted binding to interaction partners (Bahl
et al., 2016), and the binding selectivity of EHD4 has not been well characterized. Accordingly,
we hypothesized that EHD4 may interact with a subset of NPF-containing proteins that localize to
SE and help anchor EHD1-EHD4 dimers to the cytoplasmic side of the SE membrane upon
receptor-mediated internalization. To test this notion, we first assessed whether EHD4 could
interact with several of the key EHD1-binding partners that contain NPF motifs and localize to
SE. Initially, we used Y2H to assess interactions between EHD4 and both Rabenosyn-5
(Naslavsky et al., 2004) and MICAL-L1, the latter which recruits EHD1 not only to endosomes
(Giridharan et al., 2013; Sharma et al., 2009a; Sharma et al., 2010) but also to the centrosome
(Xie et al., 2019). As demonstrated, similar to EHD1, EHD4 interacted with Rabenosyn-5 (Figure

2.6A). Somewhat surprisingly, despite being able to interact with EHD1, MICAL-L1 did not
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Figure 2.4

EHD1 and EHDA4 coordinately control endosome size. (A-H) Representative micrographs and
insets for parental NIH3T3 cells (Parental; A and inset in E), EHD1 knock-out NIH3T3 cells
(EHD1 KO; B and inset in F), EHD4 knock-out NIH3T3 cells (EHD4 KO; C and inset in G), and
EHD1/EHD4 double knock-out cells (EHD4 DKO; D and inset in H). Parental NIH3T3 and
CRISPR/Cas9 gene-edited NIH3T3 cells lacking either EHD1 (EHD1 KO), EHD4 (EHD4 KO),
or both EHD1 and EHD4 (EHD1/EHD4 DKO) were fixed and immunostained with antibodies to
EEAL, and then imaged by confocal microscopy. (1) Immunoblot showing reduced EHD1
expression in EHD1 KO cells, reduced EHD4 expression in EHD4 KO cells and reduced EHD1
and EHD4 expression in EHD1/EHD4 DKO (1/4 DKO) cells. (J) Graph depicting mean EEAL-
labeled endosome size in parental and KO cells. Individual experiments were performed 3 times.
Error bars denote standard deviation and p-values were determined by one-way ANOVA for
individual experiments using a post-hoc Tukey HSD calculator to determine significance. A
consensus p-value was then derived as described in the Materials and methods to assess
significant differences between samples from the 3 experiments. Micrographs are representative
orthogonal projections from three independent experiments, with 10 sets of z-stacks collected for
each treatment per experiment. Bar, 10 um. Consensus p-values from Tukey HSD: *p = 0.003,
**p = 0.001. Used with permission from PLoS One (Jones et al., 2020).
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display binding to EHD4 (Figure 2.6A). We have previously shown that an alanine-aspartic acid
pair within the EHD1 EH domain (at residues 519 and 520) was required for its selective binding
to Rabankyrin-5, whereas the other EHD paralogs did not bind Rabankyrin-5 (Bahl et al., 2016).
We also demonstrated that mutation of the asparagine-glutamic acid pair at the same residues
(519 and 520) in the EHD3 EH domain to the alanine-aspartic acid pair found in that position in
EHD1 altered its binding selectivity and facilitated an interaction with Rabankyrin-5 (Bahl et al.,
2016). Accordingly, we now asked whether mutation of EHD4’s serine-serine to alanine-aspartic
acid at the position that aligns with EHD1’s alanine-aspartic acid residues (residues 519 and 520)
would allow it to bind to MICAL-L1 (Figure 2.6B and C). However, as demonstrated, EHD4
remained unable to interact with MICAL-L1, even after the SS to AD substitutions. Since we
have shown that MICAL-L1 binds to another NPF-containing protein, Syndapin2 (Giridharan et
al., 2013), we also tested EHD4-Syndapin2 binding (Figure 2.6D). As shown, both EHD1 and
EHD4 were able to bind Syndapin2. These data suggest that EHD1 homo-dimers and EHD1-

EHD4 hetero-dimers have multiple potential recruitment targets on SE.

If the EHD1 and EHD4 NPF-containing binding partners are required for EHD1
recruitment to SE and subsequent fission, we rationalized that their depletion would cause
reduced EHD1-GFP recruitment to SE upon stimulation of receptor-mediated internalization and
increased endosomal size due to impaired fission. Accordingly, we first knocked-down
Rabenosyn-5, a potential SE binding partner for both EHD1 and EHD4 (Figure 2.7). After
validating Rabenosyn-5 knock-down efficacy (Figure 2.7M), we compared EEA1-labeled SE size
and EHD1-GFP recruitment to SE in mock-treated cells (Figure 2.7A-F) and Rabenosyn-5 knock-
down cells (Figure 2.7G-L) upon stimulation of receptor-mediated internalization. As
demonstrated, upon Rabenosyn-5 knock-down, significantly less EHD1-GFP was observed on SE
(compare Figure 2.7H and K to B and E; quantified in O). Moreover, EEA1-labeled SE were

significantly larger in Rabenosyn-5 knock-down cells (compare Figure 2.7G and J to A and D;
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Figure 2.5

Reduced EHD1 recruitment to endosomes upon EHD4 knock-down. (A-F) Representative
micrographs and insets depicting EHD1-GFP recruitment to endosomes in untreated (A and inset
in D), mock-treated (B and inset in E), and EHD4 knock-down (C and inset in F) cells.
CRISPR/Cas9 gene-edited NIH3T3 cells expressing endogenous levels of EHD1 with GFP fused
to the C-terminus (EHD1-GFP) were either untreated, mock-treated with transfection reagent, or
transfected with EHD4 siRNA for 72 h. Cells were then incubated with anti-LRP1 antibody (30
min on ice, 30 min at 37°C), fixed, and imaged via confocal microscopy. (G) Immunoblot
showing reduced EHD4 (but not EHD1-GFP) expression in EHD1-GFP cells, with actin used as a
loading control. The nitrocellulose filter paper was then stripped and immunoblotted with anti-
GFP to show EHD1-GFP expression upon EHDA4 loss. (H) Graph depicting the mean count of
EHD1-labeled endosomes in untreated, mock-treated and EHDA4-depleted cells. Individual
experiments were performed 3 times. Error bars denote standard deviation and p-values were
determined by one-way ANOVA for individual experiments using a post-hoc Tukey HSD
calculator to determine significance. A consensus p-value was then derived as described in the
Materials and methods to assess significant differences between samples from the 3 experiments.
Micrographs are representative orthogonal projects from three independent experiments, with 10
sets of z-stacks collected for each treatment per experiment Bar, 10 pm. n.s., not significant
(consensus p > 0.5). Consensus p-values from Tukey HSD: *p < 0.00001. Used with permission
from PLo0S One (Jones et al., 2020).
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guantified in N). One possibility was that EHD4 helps mediate an interaction between
Rabenosyn-5 and EHD1; however, upon EHD4 knock-down we still observed interactions
between EHD1 and Rabenosyn-5 (Figure 2.8), suggesting that this is not the case. Overall, these
data support the notion that Rabenosyn-5 plays a role in the recruitment of EHD1 homo-dimers

and EHD1-EHD4 hetero-dimers to SE.

We next tested whether Syndapin2, another EHD1 and EHD4 endosomal binding partner,
was similarly required for EHD1 recruitment to SE and endosomal fission (Figure 2.9).
Syndapin2 knock-down efficacy was first verified by immunoblotting (Figure 2.9M). As
demonstrated, Syndapin2 knock-down led to dramatically reduced recruitment of EHD1-GFP to
endosomes (compare Figure 2.9H and K to B and E; quantified in O). Indeed, impaired
recruitment of EHD1-GFP led to enlarged EEA1-labeled SE (compare Figure 2.9G and J to A
and D; quantified in N). These data suggest that Syndapin2 is involved in recruitment of EHD1 to

SE.

Finally, we assessed whether MICAL-L1 is required for EHD1 recruitment and SE
fission (Figure 2.10). As noted, unlike Rabenosyn-5 and Syndapin2, MICAL-L1 bound only to
EHD1 and not EHD4 (Figure 2.6). Nonetheless, upon MICAL-L1 knock-down (validated by
immunoblotting in Figure 2.10M), significantly less EHD1 was recruited to endosomal
membranes (compare Figure 2.10H and K and B and E; quantified in O). Furthermore, EEAL-
labeled SE size was enhanced in the MICAL-L1 knock-down cells compared to mock-treated
cells (compare Figure 2.10G and J to A and D; quantified in N). Despite the inability of EHDA4 to
interact with MICAL-L1, these findings may result from the tight interaction between MICAL-L1
and Syndapin2, since degradation of either protein occurs in the absence of its binding partner
(Giridharan et al., 2013). Nonetheless, these data indicate that despite being unable to interact
directly with EHD4, MICAL-L1 also serves as a potential docking/recruiting site for EHD dimers

at the SE membrane.
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Figure 2.6

EHD4 interacts with sorting endosome proteins. (A) Yeast two-hybrid colony growth
demonstrating interactions between both EHD1 and EHD4 with Rabenosyn-5, and between
EHD1 and MICAL-L1. Two Rabenosyn-5 constructs were utilized: Rabenosyn-5 151-784
contains 5 Asparagine-Proline-Phenylalanine (NPF) motifs, whereas Rabenosyn-5 1-263 is
devoid of NPF motifs. (B) Schematic illustration depicting residue homology between a region
within the EH-domains of EHD1 and EHDA4. (C) Yeast two-hybrid colony growth assessing the
interactions between either EHD1, EHD4, or EHD4 mutants with MICAL-L1. (D) Yeast two-
hybrid assay depicting an interaction between either EHD1 or EHD4 with Syndapin2. ad;
activation domain, bd; binding domain. Used with permission from PL0oS One (Jones et al.,
2020).



Mock

Rabenosyn-5 KD

Rabenosyn-5

Actin

D

.+ EBA

Mock KD

— —

EEA1 Inset

1-lnset.

- 150 kDa

- 100 kDa
- 75 kDa

+ 50 kDa

B

0.0010
0.0008

0.0006

(pixels?)
§

0.0002

Average Size

0.0000

EHD1-GFP

Mean SE Size

Mock Rabenosyn-5 KD

Average Count

87

Merge Inset

o)

8004

6004

400

200

EHD1-GFP Count

Mock Rabenosyn-5 KD



88

Figure 2.7

Increased sorting endosome size and decreased EHD1 recruitment upon Rabenosyn-5
knock-down. (A-L) Representative micrographs and insets depicting EEA1-labeled endosomes
and EHD1-GFP in mock-treated and Rabenosyn-5 knock-down cells. CRISPR/Cas9 gene-edited
NIH3T3 EHD1-GFP cells were either mock-treated with transfection reagent (A-F) or treated
with Rabenosyn-5 siRNA (G-L) for 72 h. Cells were then incubated with anti-LRP1 antibody (30
min on ice, 30 min at 37°C), fixed and immunostained using anti-EEAL, and imaged by confocal
microscopy. (M) Immunoblot showing reduced Rabenosyn-5 expression in EHD1-GFP NIH3T3
cells. (N) Graph depicting mean endosome size of mock-treated and Rabenosyn-5 knock-down
cells. (O) Graph depicting EHD1 recruitment to endosomes in mock-treated and Rabenosyn-5
knock-down cells. Error bars denote standard deviation and p-values were determined by
independent two-tailed t-test, with significance derived from consensus p-values from the 3
experiments. Micrographs are representative orthogonal projections from three independent
experiments, with 10 sets of z-stacks collected for each treatment per experiment. Bar, 10 pm.
**p < 0.00001. Used with permission from PL0S One (Jones et al., 2020).
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Figure 2.8

EHD1 immunoprecipitates Rabenosyn-5 in the absence of EHD4. (A) NIH3T3 parental cells
were grown on a culture dish, pelleted, lysed and either subject directly to SDS PAGE (lysate;
right lane), or first immunoprecipitated with beads only (control; left lane) or with anti-EHD1
coupled beads (middle lane) before immunoblotting with anti-Rabenosyn-5 and anti-EHD1. (B)
and (C) CRISPR/Cas9 gene-edited NIH3T3 cells knocked out for EHD4 were grown on a culture
dish, pelleted, lysed and either subject directly to SDS PAGE (lysate; right lane), or first
immunoprecipitated with beads only (control; left lane) or with anti-EHD1 coupled beads (middle
lane) before immunoblotting with anti-Rabenosyn-5 and anti-EHD1. (C) is a darker exposure of
the immunoblot depicted in (B). Used with permission from PLoS One (Jones et al., 2020).
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EHDA4 is perhaps the most poorly characterized of the C-terminal EHD family of
proteins. Although a variety of physiologic functions have been proposed for it, including within
cardiac and kidney cells (Dun et al., 2018; George et al., 2011; Rahman et al., 2017), testis
development (George et al., 2010), neurons (Sengupta et al., 2009; Shao et al., 2002; Yap et al.,
2010) and the extracellular matrix (Kuo et al., 2001), to date its mechanistic function in endocytic
membrane trafficking has not been addressed extensively. In this study, we have characterized
EHD4’s ability to hetero- and homo-oligomerize and identified several EHD4 interaction partners

that also interact with EHD1.

Although the precise stoichiometry of EHD dimers and interaction partners on SE
remains unclear, several possibilities exist (Figure 2.11). For example, EHD1-EHD4 hetero-
dimers could either bind to Syndapin2-MICAL-L1 complexes, with EHD1 interacting directly
with MICAL-L1 and EHD4 interacting with one of the Syndapin2 NPF motifs. Alternatively, the
hetero-dimeric EHD1-EHD4 proteins could dock by binding two adjacent Rabenosyn-5 proteins
on the cytoplasmic face of SE membrane, bound to phosphatidylinositol-3-phosphate via its Fab
1, YOTB, Vac 1, and EEAL (FYVE) domain (Nielsen et al., 1999). On the other hand, EHD1
homo-dimers can bind MICAL-L1-Syndapin2 complexes or Rabenosyn-5 in an unrestricted

manner, facilitating recruitment.

Whereas previous studies have addressed the localization of EHDA4 to SE (George et al.,
2007; Sharma et al., 2008), these studies predated the concept of EHD1 as a major endosomal
fission protein (Cai et al., 2012; Cai et al., 2013; Deo et al., 2018; Gad et al., 2000; Kamerkar et
al., 2019). Moreover, while previous studies demonstrated that EHD4 was in part recruited to SE
(Sharma et al., 2008), those studies did not quantify the degree of recruitment, and in our current
study we observe significantly impaired recruitment of EHD1 to SE. Our current study supports a
role for EHD4 as a dimeric partner with EHDL, facilitating its recruitment to SE and thus

similarly implicating EHDA4 as a protein intimately connected to the SE fission machinery. These
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Figure 2.9

Increased sorting endosome size and decreased EHD1 recruitment upon Syndapin2 knock-
down. (A-L) Representative micrographs and insets depicting EEA1-labeled endosomes and
EHD1-GFP in mock-treated and Syndapin2 knock-down cells. CRISPR/Cas9 gene-edited
NIH3T3 EHD1-GFP cells were either mock-treated with transfection reagent (A-F) or treated
with Syndapin2 siRNA (G-L) for 72 h. Cells were then incubated with anti-LRP1 antibody (30
min on ice, 30 min at 37°C), fixed and immunostained using anti-EEAL, and imaged by confocal
microscopy. (M) Immunoblot showing reduced Syndapin2 expression in EHD1-GFP NIH3T3
cells. (N) Graph depicting mean endosome size of mock-treated and Syndapin2 knock-down
cells. (O) Graph depicting EHD1 recruitment to endosomes in mock-treated and Syndapin2
knock-down cells. Error bars denote standard deviation and p-values were determined by
independent two-tailed t-test, with significance derived from consensus p-values from the 3
experiments. Micrographs are representative orthogonal projections from three independent
experiments, with 10 sets of z-stacks collected for each treatment per experiment. Bar, 10 pm.
**p < 0.00001. Used with permission from PL0S One (Jones et al., 2020).
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Figure 2.10

Increased sorting endosome size and decreased EHD1 recruitment upon MICAL-L1 knock-
down. (A-L) Representative micrographs and insets depicting EEA1-labeled endosomes and
EHD1-GFP in mock-treated and MICAL-L1 knock-down cells. CRISPR/Cas9 gene-edited
NIH3T3 EHD1-GFP cells were either mock-treated with transfection reagent (A-L) or treated
with MICAL-L1 siRNA (G-L) for 72 h. Cells were then incubated with anti-LRP1 antibody (30
min on ice, 30 min at 37°C), fixed and immunostained using anti-EEAL, and imaged by confocal
microscopy. (M) Immunoblot showing reduced MICAL-L1 expression in EHD1-GFP NIH3T3
cells. (N) Graph depicting mean endosome size of mock-treated and MICAL-L1 knock-down
cells. (O) Graph depicting EHD1 recruitment to endosomes in mock-treated and MICAL-L1
knock-down cells. Error bars denote standard deviation and p-values were determined by
independent two-tailed t-test, with significance derived from consensus p-values from the 3
experiments. Micrographs are representative orthogonal projections from three independent
experiments, with 10 sets of z-stacks collected for each treatment per experiment. Bar, 10 pm.
**p < 0.00001. Used with permission from PL0S One (Jones et al., 2020).
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findings are significant, especially since a role for EHD proteins was initially hypothesized in

membrane curvature rather than directly in fission (Daumke et al., 2007).

While the stoichiometry of EHD dimers and the precise mode of their recruitment will
require further examination, our study helps clarify the complex mechanisms by which EHD1 is
recruited to SE to carry out fission and facilitate recycling. We have demonstrated a role for
EHD4 in the recruitment of EHD1 to SE, along with at least 3 SE proteins that interact with either
EHD1, or both EHD1 and EHD4, namely Rabenosyn-5, Syndapin2 and MICAL-L1. Whether

additional SE proteins are also involved in docking EHD dimers on SE remains to be determined.
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Figure 2.11

Model depicting potential mechanisms for EHD1 endosomal recruitment. Syn2, Syndapin2;
R5, Rabenosyn-5; EHD1, Eps15 Homology Domain Protein 1; EHD4, Eps15 Homology Domain

Protein 4; EH, Eps15 Homology Domain. Used with permission from PLoS One (Jones et al.,
2020).
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CHAPTER 11

DIFFERENTIAL REQUIREMENTS FOR EPS15 HOMOLOGY DOMAIN PROTEINS

EHD2 AND EHD4 IN MAMMALIAN CILIOGENESIS

Under review:

Jones, T., Naslavsky, N., & Caplan, S. (2022). Differential requirements for the Eps15 homology

Domain Proteins EHD4 and EHD2 in the regulation of mammalian ciliogenesis. Traffic
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9. ABSTRACT

The endocytic protein EHD1 controls primary ciliogenesis by facilitating fusion of the
ciliary vesicle and by removal of CP110 from the mother centriole. EHD3, the closest EHD1
paralog, has a similar regulatory role, but initial evidence suggested that the other two more distal
paralogs, EHD2 and EHD4 may be dispensable for ciliogenesis. Herein, we define a novel role
for EHDA4, but not EHD2, in regulating primary ciliogenesis. To better understand the
mechanisms and differential functions of the EHD proteins in ciliogenesis, we first demonstrated
a requirement for EHD1 ATP-binding to promote ciliogenesis. We then identified two sequence
motifs that are entirely conserved between EH domains of EHD1, EHD3, and EHD4, but display
key amino acid differences within the EHD2 EH domain. Substitution of either P446 or E470 in
EHD1 with the aligning S451 or W475 residues from EHD2 was sufficient to prevent rescue of
ciliogenesis in EHD1-depleted cells upon reintroduction of EHD1. Overall, our data enhance the
current understanding of the EHD paralogs in ciliogenesis, demonstrate a need for ATP-binding,
and identify conserved sequences in the EH domains of EHD1, EHD3 and EHD4 that regulate

EHD1 binding to proteins and its ability to rescue ciliogenesis in EHD1-depleted cells.

10. INTRODUCTION

Primary cilia are non-motile organelles involved in hedgehog signaling (Caspary et al.,
2007) and other signaling pathways that control key cellular events, including differentiation,
tissue homeostasis, apoptosis, and cell migration (Pazour and Witman, 2003; Satir et al., 2010).
Initially thought to be motile and later considered vestigial in nature, the primary cilium is an
organelle that emanates from the mother centriole (m-centriole) as a microtubule-based axoneme
that forms a surrounding ciliary membrane before extending into the plasma membrane (Sorokin,
1962). The axoneme, a rod-like structure composed of nine microtubule doublets arranged in a
circular formation, begins developing between the m-centriole and the ciliary vesicle (CV).

Eventually, the CV fuses with the plasma membrane to form the ciliary membrane, a dense
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region of the membrane that sheaths the protruding axoneme and is home to various receptors and

other proteins involved in signal transduction.

Given its role in signaling, it is not surprising that impaired primary cilium biogenesis
and/or function can lead to a variety of disease states aptly named ciliopathies (Duldulao et al.,
2010; Youn and Han, 2018). Defective cilio-regulatory genes in mammals can have wide-ranging
effects from retinal dystrophy and anosmia (Mékeldinen et al., 2020) to congenital heart defects,
renal cystic disease, and numerous developmental disorders (Reiter and Leroux, 2017).
Accordingly, it is imperative to elucidate the underlying mechanisms responsible for the

formation and maintenance of the primary cilium.

The formation of the primary cilium is a closely regulated, stepwise process that only
occurs in non-mitotic cells. There are two distinct pathways for ciliogenesis, likely dependent on
the cell or tissue type (Sorokin, 1962; Sorokin, 1968). The extracellular pathway, which is often
observed in epithelial cells, occurs when the m-centriole docks directly with the plasma
membrane followed by recruitment of regulatory proteins and the subsequent axonemal growth
deforms the membrane and extends it into a primary cilium (L. Wang and Dynlacht, 2018).
However, it has been demonstrated recently that a CV is generated in some cell types in the
extracellular pathway without extending to form an elongated ciliary membrane in the cytoplasm
(C. T. Wu et al., 2018). In the intracellular pathway, common in non-polarized cells, the distal
appendages of the m-centriole serve as docking sites for incoming preciliary vesicles from the
endocytic pathways which then subsequently fuse to form the CV (G. Garcia 3rd et al., 2018).
The ciliary axoneme begins to extend and migrate within the cell until it fuses with the plasma
membrane and forms the primary cilium (Lu et al., 2015). Indeed, disruption of any of these

processes leads to impaired ciliogenesis and resulting ciliopathies.

In recent years it has become clear that endocytic membrane trafficking is essential for

the regulation of the intracellular ciliogenesis pathway. One of the initial steps in ciliogenesis is
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the docking of preciliary vesicles on the distal appendages of the m-centriole, which is mediated
by Myosin-Va (MYO5A), an actin-based motor protein that also mediates trafficking of secretory
vesicles from the Golgi to the plasma membrane (C. T. Wu et al., 2018). Another endocytic
protein, EHD1, with well-documented roles in endosomal fission and receptor recycling (Cai et
al., 2014; Caplan et al., 2002; Dhawan et al., 2020; Naslavsky and Caplan, 2018) and in the
regulation of centrosome duplication (Naslavsky and Caplan, 2020; Xie et al., 2018), is recruited
to the centrosome through an interaction with the scaffolding protein, MICAL-L1 (Xie et al.,
2019). Both EHD1 and MICAL-L1 interact with Syndapin/PACSIN proteins (A. Braun et al.,
2005; Giridharan et al., 2012; Giridharan et al., 2013; Sharma et al., 2009a; Sharma et al., 2010),
F-BAR-containing proteins that have been recently implicated in membrane bending and
tubulation and are required for generation of the primary cilium (Insinna et al., 2019). Upon
recruitment, EHDL1 is then able to coordinate the recruitment of the SNARE protein SNAP29 and
both facilitate the removal of the centriolar capping protein CP110 from the m-centriole by a
poorly understand mechanism and allow fusion of preciliary vesicles to form the CV (Lu et al.,
2015). This in turn leads to a “Rab cascade” in which ARL13b and RABI11 at the ciliary
membrane (Caspary et al., 2007; Hori et al., 2008) effect the recruitment of RABINS, thus
activating RAB8 and promoting the later steps of ciliogenesis (Kndédler et al., 2010). However, it
remains unclear precisely how EHDL1 regulates ciliogenesis, and in particular how it influences

both SNAP29 recruitment and the subsequent removal of CP110 from the m-centriole.

In addition to EHD1, its closest paralog, EHD3 (86% identical by amino acid sequence),
has also been implicated in ciliogenesis in mammals and zebrafish (Lu et al., 2015). EHD1 and
EHD3 belong to a family of four mammalian EHD proteins that display ~65-86% amino acid
identity. EHDA4 hetero-oligomerizes with EHD1 and appears to partially overlap in function with
EHD1 and EHD3 in endosomal regulation (Jones et al., 2020; Sharma et al., 2008). EHD2, the

most disparate EHD protein family member, binds to phosphatidylinositol(4,5)-bisphosphate,
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localizes to the plasma membrane (Bahl et al., 2015; Simone et al., 2013; Simone et al., 2014),
and is involved in caveolae stabilization (Moren et al., 2012; Shah et al., 2014). Despite the
crucial roles of both EHD1 and EHD3 in the regulation of primary ciliogenesis, initial studies
using the human RPE-1 cells suggested that both EHD2 and EHD4 may be dispensable for
mammalian primary ciliogenesis (B. D. Grant et al., 2008; Lu et al., 2015; Naslavsky and Caplan,

2005; Naslavsky and Caplan, 2011).

Herein, we describe a novel role for EHD4, but not EHD?2 in the regulation of primary
ciliogenesis in mouse NIH3T3 cells. We show that EHD1 ATP-binding/hydrolysis is a
requirement for ciliogenesis, as substitution of glycine 65, a key conserved residue for ATP-
binding and EHD function led to an inability of the mutant protein to rescue ciliogenesis defects
in EHD1-depleted cells. To understand why EHD?2 is the sole EHD paralog that neither localizes
to the primary cilium nor is required for ciliogenesis in NIH3T3 cells, we examined two stretches
of amino acids within the EH domain that are 100% conserved between the three EHD proteins
that regulate ciliogenesis (EHD1, EHD3 and EHD4), but display key residue differences in
EHD2. Indeed, a single residue substitution in EHD1 from glutamate to tryptophan at position
470 (EHD2 contains tryptophan at residue 470) was sufficient to impair association with the
centrosome/centrioles and prevent the mutant protein from rescuing ciliogenesis defects in
EHD1-depleted cells. Overall, our study helps to better define the function of EHD proteins in

primary ciliogenesis.

11. MATERIALS AND METHODS

11.1 Cell Lines

NIH3T3 (ATCC; CRL-1658) parental cells, CRISPR/Cas9 gene-edited NIH3T3 cells
expressing endogenous levels of EHD2 with GFP attached to the C-terminus, CRISPR/Cas9
gene-edited EHD1 knock-out cells, and CRISPR/Cas9 gene-edited EHD4 knock-out cells have

been previously described (Xie et al., 2018; Yeow et al., 2017). NIH3T3 cells were cultured at 37
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°C in 5% CO2 in DMEM/High Glucose (HyClone; SH30243.01) containing 10% heat-
inactivated Fetal Bovine Serum (Atlanta Biologicals; S1150), 1x Penicillin Streptomycin (Gibco;
15140-122), 50 mg of Normocin (InvivoGen; NOL-40-09), and 2 mM L-Glutamine (Gibco;
25030-081). RPE cells were cultured at 37 °C in 5% CO2 in DME/F-12 (HyClone; SH30023.01)
containing 10% heat-inactivated Fetal Bovine Serum (Atlanta Biologicals; S1150), 1x Penicillin
Streptomycin (Gibco; 15140-122), 50 mg of Normocin, 2 MM MEM Non-Essential Amino
Acids (Gibco; 2301967), and 2 mM L-Glutamine. All cell lines were routinely tested for

Mycoplasma infection.

11.2 Antibodies

The following antibodies were used (also see Table 1): Rabbit anti-EHD1 (Abcam,
ab109311), Rabbit anti-EHD4 (Sharma et al., 2008), Rabbit anti-Acetyl-a-Tubulin (Lys40)
(D20G3) (Cell Signaling, 5335), Mouse anti-Acetylated Tubulin (Sigma-Aldrich, T7451), Rabbit
anti-CP110 (ProteinTech, 12780-1-AP), Rabbit anti-ARL13B (ProteinTech, 17711-1-AP), Mouse
anti-GFP (Roche, 11814460001), Mouse anti-pan Actin (Novus, NB600-535), Mouse anti-
GAPDH-HRP (ProteinTech, HRP-60004), Donkey anti-mouse-HRP (Jackson, 715-035-151),
Mouse anti-rabbit 1gG light chain-HRP (Jackson, 211-032-171), DAPI (4',6-Diamidino-2-
Phenylindole, Dihydrochloride) (Molecular Probes, D1306), Biotin-conjugated goat anti-GFP
(Rockland, 600-106-215), Alexa-fluor 488-conjugated streptavidin (Molecular Probes, S11223),
Alexa-fluor 488-conjugated goat anti-mouse (Molecular Probes, A11029), Alexa-fluor 568-
conjugated goat anti-rabbit (Molecular Probes, A11036), Alexa-fluor 568-conjugated goat anti-
mouse (Molecular Probes, A11031), Alexa-fluor 633-conjugated goat anti-rabbit (Molecular

Probes, A21070).
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11.3 DNA Constructs, Cloning, and Site-directed Mutagenesis

Cloning of EHD1 G65R, AEH, and EH-1 into the GFP-myc vector were described
previously (Caplan et al., 2002; Naslavsky et al., 2004). Cloning of PTD1, EHD1, EHD2, EHD3,
EHD4, MICAL-L1, and SNAP29 in the yeast two-hybrid vector pPGADT?7 and cloning of PVA3,
EHD1, EHD2, EHD3, and EHD4 in the yeast two-hybrid vector pGBKT7 were described
previously (Giridharan et al., 2013; Naslavsky et al., 2004; Sharma et al., 2008). The following
constructs were generated via site-directed mutagenesis using QuickChange Site-Directed
Mutagenesis Kit (Agilent; 200519) according to the manufacturer’s protocol: GFP-myc-EHD1
P446S, GFP-myc-EHD1 E470W, GFP-myc-EHD1 P446S/E470W, pGADT7-EHD1 P446S,

pGADT7-EHD1 E470W, and pGADT7-EHD1 P446S/E470W.

11.4 Yeast Two-Hybrid Assay

AH109 yeast were cultured overnight in YPD media containing 10 g/L Bacto Yeast
Extract (BD; Ref. 212750), 20 g/L Peptone (Fisher Scientific; CAS RN: 73049-73-7, BP1420-
500), and 20 g/L Dextrose (Fisher Scientific; CAS RN: 50-99-7, BP350-1) at 30 °C and 250
RPM. Cultures were then spun down at 975 x g for 5 min and the supernatant was aspirated.
Pellets were rinsed with autoclaved MilliQ water and centrifuged for an additional 5 min at 975 x
g and the supernatant was aspirated. Pellets were resuspended in a suspension buffer of 80%
autoclaved MilliQ water, 10% lithium acetate pH = 7.6, and 10% 10x TE pH = 7.5. Aliquots of
125 pl from the cell suspension were then incubated each with 600 pl of PEG solution (40% PEG
(CAS RN: 25322-68-3, Prod. Num. P0885), 100 mM lithium acetate pH = 7.6 in TE pH = 7.5).
Next, 1 ul of Yeastmaker Carrier DNA (TaKaRa Cat# 630440) was added to each aliquot,
followed by 1 pg of each respective plasmid, and mixed by inverting twice, then by vortexing
twice. Mixtures were then incubated at 30 °C and 250 RPM for 30 min. Afterwards, 70 pl of
DMSO was added to each tube, followed by inverting/mixing twice, and mixtures were placed at

42 °C for 1 h. Samples were then placed on ice for 5 min, followed by centrifugation at 22,000 x
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g for 30 s. The supernatant was aspirated and the samples were resuspended in 40 pl of
autoclaved MilliQ water. Aliquots of 15 pl from each sample were then plated and spread on -2
plates (+His) made using 27 g/L DOB Medium (MP; Cat. No. 4025-032), 20 g/L Bacto Agar
(BD; Ref. 214010), and 0.64 g/L CSM-Leu-Trp (MP; Cat. No. 4520012) and incubated at 30 °C
for 72-96 h. Following the incubation period, three separate colonies from each sample were
selected and added to 600 pl of autoclaved MilliQ water. In a clean cuvette, 500 pl of the mixture
was added to 500 pl of autoclaved water and measured using a spectrophotometer at 600 nm.
Mixtures were then normalized to 0.100 A and 15 ul of each mixture was spotted onto both a -2
plate and a -3 plate (-His) made using 27 g/L DOB Medium, 20 g/L Bacto Agar, and 0.62 g/L
CSM-His-Leu-Trp (MP; Cat. No. 4530112). Both plates were incubated at 30 °C for 72 h and

imaged.

11.5 siRNA Treatment

RPE cells, NIH3T3 parental cells, or CRISPR/Cas9 gene-edited NIH3T3 cells expressing
endogenous levels of either EHD1-GFP or EHD2-GFP were plated on fibronectin-coated
coverslips and grown for 4 h at 37 °C in 5% CO2. The NIH3T3 parental cells and CRISPR/Cas9
gene-edited NIH3T3 cells were cultured in DMEM/High Glucose containing 10% heat
inactivated Fetal Bovine Serum, 1x Penicillin Streptomycin, 50 mg of Normocin, and 2 mM L-
Glutamine. The RPE cells were cultured in DME/F-12 containing 10% heat-inactivated Fetal
Bovine Serum, 1x Penicillin Streptomycin, 50 mg of Normocin, 2 mM MEM Non-Essential
Amino Acids, and 2 mM L-Glutamine. The cells were then treated with either human EHD4
siRNA oligonucleotides (Sigma; Custom Oligonucleotide, Seq:
GGUACUGCGCGUCUACAUUITAT), mouse EHDA4 siRNA oligonucleotides #1 (Dharmacon;
Custom Oligonucleotide, Seq: GUUCCACUCACUGAAGCCCATdT), #2 (Dharmacon; Custom
Oligonucleotide, Seq: GAGCAUCAGCAUCAUCGACITAT), #3 (Sigma; Custom

Oligonucleotide, Seq: CAGAUACUUACUGGAGCAAJTAT) #4 (Sigma; Custom
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Oligonucleotide, Seq: GAAGUACUUCGAGUCUACAATAT), or mouse EHD2 siRNA
oligonucleotides (Dharmacon; Custom Oligonucleotide, Seq: AAGCTGCCTGTCATCTTTGCG)
for 72 h at 37 °C in 5% CO2 in 1x Opti-MEM 1 containing 12% heat inactivated Fetal Bovine
Serum and 2 mM L-Glutamine using Lipofectamine RNAiMax transfection reagent (Invitrogen;

56531), following the manufacturer’s protocol.

11.6 Transfection

CRISPR/Cas9 gene-edited NIH3T3 EHD1 knock-out cells were plated on fibronectin-
coated coverslips and grown for 4 h at 37 °C in 5% CO2 in DMEM/High Glucose containing
10% heat inactivated Fetal Bovine Serum, 1x Penicillin Streptomycin, 50 mg of Normocin, and 2
mM L-Glutamine. The cells were then transfected with the respective plasmid for 48 h at 37 °C in
5% CO2 in DMEM/High Glucose containing 10% heat inactivated Fetal Bovine Serum and 2
mM L-Glutamine, using FuGene 6 Transfection Reagent (Promega; E2691), according to the

manufacturer’s protocol.

11.7 Immunofluorescence and Serum Starvation

RPE cells, parental NIH3T3 cells, CRISPR/Cas9 gene-edited EHD1 knock-out NIH3T3
cells, CRISPR/Cas9 gene-edited EHD4 knock-out cells, CRISPR/Cas9 gene-edited NIH3T3 cells
expressing endogenous levels of EHD1-GFP, or CRISPR/Cas9 gene-edited NIH3T3 cells
expressing endogenous levels of EHD2-GFP were subjected to serum starvation. Starvation was
performed by pre-warming DMEM/High Glucose containing 2 mM L-Glutamine to 37 °C.
Coverslips with treated cells were washed once in 1x PBS and then were added to wells
containing the pre-warmed starvation media and incubated at 37 °C in 5% CQO2 for either 1 or 24
h. Following starvation, coverslips were washed twice in 1x PBS and were then fixed in either
4% paraformaldehyde (Fisher Scientific; BP531-500) in PBS for 10 min at room temperature or -

20°C methanol (Fisher Scientific; A452-4) for 5 min at -20 °C. After fixation, cells were rinsed 3
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times in 1x PBS and incubated with primary antibody in staining buffer (1x PBS with 0.5%
bovine serum albumin and 0.2% saponin) for 1 h at room temperature. Cells were washed 3 times
in 1x PBS, followed by incubation with the appropriate fluorochrome-conjugated secondary
antibody diluted in staining buffer for 30 min. Cells were washed 3 times in 1x PBS and mounted
in Fluoromount-G (SouthernBiotech; 0100-01). Z-stack confocal imaging was performed using a
Zeiss LSM 800 confocal microscope with a 63x/1.4 NA oil objective. 10 fields of cells from each

condition were collected from at least 3 independent experiments and assessed.

11.8 Graphical and Statistical Analysis

NIH ImageJ was used to calculate Corrected Total Cell Fluorescence (CTCF), following
instructions provided by The Open Lab Book

(https://theolb.readthedocs.io/en/latest/imaging/measuring-cell-fluorescence-using-imagej.html).

Cells expressing a GFP plasmid were outlined using the selection tool. Area, integrated intensity,
and mean grey value were measured for each individual cell. Background readings were collected
as instructed and CTCF was calculated for each individual cell using the following formula:
CTCF = Integrated Density - (Area of selected cell * Mean fluorescence of background readings).
All statistical analyses were performed with significance using an independent sample two-tailed
t-test under the assumption that the two samples have equal variances and normal distribution

using the Vassarstats website (http://www.vassarstats.net/), or when comparing multiple samples,

with a one-way ANOVA using post-hoc Tukey test for significance (https://astatsa.com). To

address biological variations between individual tests, we have designed a modified version of the
method described by Folks (1984) for deriving a “consensus p-value” to determine the likelihood
that the collection of different test/experiments collectively suggests (or refutes) a common null
hypothesis, modified from the Liptak-Stouffer method (Rice, 1990). All the graphics were

designed using GraphPad Prism 7.


https://theolb.readthedocs.io/en/latest/imaging/measuring-cell-fluorescence-using-imagej.html
http://www.vassarstats.net/
https://astatsa.com/
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12. RESULTS

Given the role of both EHD1 and EHD3 in regulating primary ciliogenesis (Lu et al.,
2015; Xie et al., 2019), it was somewhat unexpected that our previous study in RPE-1 cells
suggested that both remaining EHD paralogs, EHD4 and EHD?2, appeared to be dispensable for
primary ciliogenesis. Whereas EHD?2 is an “outlier” with the least sequence identity and
functional homology within the EHD-family proteins (B. D. Grant et al., 2008), EHD4
coordinates endosomal fission and recycling through its interactions with EHD1 (Jones et al.,
2020; Sharma et al., 2008) and thus we initially chose to more extensively evaluate its potential

role in regulating generation of the primary cilium.

Since our previous study used RPE-1 cells (Figure 3.1), this time we elected to use mouse
NIH3T3 cells by first examining mock-transfected cells (Mock) and comparing them to cells
transfected with siRNA oligonucleotides to deplete EHD4 (EHD4 KD). As demonstrated, EHD4-
siRNA oligonucleotides significantly decreased EHD4 expression (Figure 3.2K). In these
NIH3T3 cells, we determined the percentage of cells with primary cilia (marked by acetylated
tubulin) following serum starvation (Figure 3.2A, B; quantified in L). While mock-transfected
cells displayed approximately 43% ciliation, there was more than a 3-fold decrease in ciliation in
the absence of EHD4 (Figure 3.2L). Moreover, similar results were observed when NIH3T3 cells
were serum starved and immunstained with both acetylated tubulin and the specific ciliary
marker, ARL13B (Figure 3.3). Indeed, antibodies to both markers colocalized on primary cilia of
the parental NIH3T3 serum starved cells (Figure 3.3A-C and insets, D-F), whereas very few cilia
were observed with these markers in EHD4 KO cells (Figure 3.3G-1 and insets, J-L).
Quantification revealed an almost 5-fold decrease in ciliation marked by ARL13B in the EHD4
KO cells compared to the parental NIH3T3 cells (Figure 3.3M with EHD4 knock-out cells
validated in Figure 3.3N). Moreover, 4 different EHDA4 oligonucleotides (from 2 different

companies) led to a ~3-fold decrease in the percentage of ciliated NIH3T3 cells compared to
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Figure 3.1

EHD4 does not regulate primary ciliogenesis in RPE-1 cells. (A-H) Representative
micrographs depicting primary cilia labeled with acetylated tubulin in mock-treated and EHD4
knock-down cells. RPE-1 cells were either mock-treated with transfection reagent (A-C, G), or
transfected with EHD4 siRNA oligonucleotides (D-F, H) for 48 h, fixed and immunostained with
DAPI and an antibody to detect acetylated tubulin prior to imaging. Arrows denote primary cilia.
I, Validation of EHD4 siRNA efficacy by immunoblot analysis. (J) Graph depicting the
percentage of ciliated RPE-1cells in mock-treated and EHD4 knock-down cells. Error bars denote
standard deviation and p-values for each experiment were determined by an independent two-
tailed t-test. All 3 experiments rely on data from 10 images and each experiment is marked by a
distinct shape on the graph. Significance between samples for the 3 experiments was calculated
by deriving a consensus p-value based on Folks (1984) and Rice (1990) and our previous study
(Jones et al., 2020) (see Materials and Methods). Micrographs are representative orthogonal
projections from 3 independent experiments, with 10 sets of z-stacks collected for each treatment
per experiment. Bars, 10 um. n.s. = not significant (consensus p > 0.05).
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Figure 3.2

EHD4 regulates primary ciliogenesis and its depletion prevents CP110 removal from the m-
centriole. (A, B) Representative fields of cells depicting primary cilia labeled with acetylated
tubulin (red) and DAPI (blue) in mock-treated (A) and EHD4 knock-down cells (B). C-J,
Representative micrographs depicting primary cilia labeled with acetylated tubulin (red) and
marked by CP110 (green) and DAPI (blue) in mock-treated (C-F) and EHD4 knock-down cells
(G-J). NIH3T3 cells were either mock-treated with transfection reagent (A; C, inset in D-F), or
transfected with EHD4 siRNA oligonucleotides (B; G, inset in H-J) for 48 h, fixed and
immunostained with DAPI and antibodies to detect acetylated tubulin and CP110 prior to
imaging. Arrowheads denote primary cilia and arrows mark centrosomes/basal bodies in the
micrographs. (K) Validation of EHD4 siRNA efficacy by immunoblot analysis, with actin used as
a control. (L) Graph depicting the percentage of ciliated cells in mock-treated and EHD4 knock-
down cells. (M) Graph illustrating the percentage of centrosomes/basal bodies with two CP110
dots in mock-treated and EHD4 knock-down cells. Error bars denote standard deviation, and p-
values for each experiment were determined by an independent two-tailed t-test. Percentage of
ciliated cells and percentage of cells with two CP110 dots per centrosome/basal body were
calculated from two separate sets of 3 experiments. All 6 experiments rely on data from 10
images and each experiment is marked by a distinct shape on the graph. A consensus p-value was
then derived as described previously to assess significant differences between samples from each
set of 3 experiments. Micrographs are representative orthogonal projections from three
independent experiments, with 10 sets of z-stacks collected for each treatment per experiment.
Bars (B and G), 10 um, Bar for insets, 2.7 pum. i, consensus p < 0.00001.
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mock-treated cells (Figure 3.30, knock-down efficacy shown in Q). In addition, a modest but
significant decrease in EHD1 localization to the cilium or centrosome was observed upon EHD4
depletion, implicating EHD4 partially in control of EHD1 recruitment (Figure 3.3P). These
results led us to conclude that EHD4 likely regulates primary ciliogenesis in NIH3T3 cells,

potentially in a similar manner to EHD1 or in part through its recruitment of EHD1.

EHD1 localizes to the primary cilium, interacts with the SNARE protein SNAP29 to
facilitate fusion of distal appendage vesicles (DAVS), and is required for the removal of centriolar
capping protein CP110 from the m-centriole, a key early step in primary cilium biogenesis (Lu et
al., 2015). Similar to EHD1, EHD4 could be observed at the centriole(s) or along the primary
cilium of NIH3T3 cells in about 43% of cells (standard deviation ~14%) (Figure 3.4).
Accordingly, we next asked whether EHD4 is required for CP110 removal. Cells were either
mock-transfected (Figure 3.2C and insets D-F) or transfected with EHD4 siRNA oligonucleotides
(Figure 3.2G and insets H-J), and the percentage of cells containing two CP110 dots per
centrosome/basal body after serum starvation was calculated for mock- and siRNA-transfected
cells. As illustrated in the micrographs (Figure 3.2C and G) and quantified in the graph (Figure
3.2M), whereas only about 20% of mock-transfected cells retained CP110 on the
centrosome/basal body, ~90% of EHDA4-depleted cells maintained CP110 on the
centrosome/basal body. These results indicate a role for EHD4 in the removal of CP110 from the

centrosome/basal body.

Our data now support a role for EHD4 in primary ciliogenesis, leaving EHD2 as the sole
EHD paralog whose role in cilia biogenesis appears to be dispensable. EHD?2 shares the least
sequence identity with its paralogs (Naslavsky and Caplan; 2011) and is the only EHD protein
that localizes to the plasma membrane (Simone et al., 2013; Simone et al., 2014). To further
address whether EHD2 regulates primary ciliogenesis, we took advantage of recently engineered

CRISPR/Cas9 gene-edited NIH3T3 cells that express EHD2-GFP at endogenous levels
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Figure 3.3

EHD4 depletion impairs primary ciliogenesis as marked by both ARL13B and acetylated
tubulin. (A-L) Representative fields of cells depicting primary cilia labeled with ARL13B and
acetylated tubulin in mock-treated (A-F) and CRISPR/Cas9 gene-edited EHD4 knock-out cells
(G-L). Parental NIH3T3 cells (A-C, inset in D-F), or CRISPR/Cas9 gene-edited NIH3T3 cells
lacking EHD4 (G-I, inset in J-L) were fixed and immunostained with DAPI and antibodies to
detect ARL13B and acetylated tubulin, prior to imaging. Yellow arrows highlight ciliary structure
overlap between ARL13B and acetylated tubulin (A-C) and orange arrows mark overlap between
ARL13B and acetylated tubulin on centrioles (G-1). (M) Graph depicting ciliated parental and
EHD4 knockout (KO) NIH3T3 cells upon serum starvation. (N) Validation of EHD4 knockout
(but not EHD1) by immunoblotting in the NIH3T3 EHD4 KO cells. (O) Percent of ciliated
NIH3T3 cells upon Mock-treatment or treatment with 4 distinct EHD4 siRNA oligonucleotides.
(P) Percent of NIH3T3 cells with EHD1 localized to the centriole(s) upon Mock-treatment or
treatment with 4 distinct EHD4 siRNA oligonucleotides. (Q) Validation of EHD4 knockdown in
NIH3T3 cells upon Mock-treatment or treatment with 4 distinct EHD4 siRNA oligonucleotides.
Error bars denote standard deviation, and p-values for each experiment were determined by an
independent two-tailed t-test (M) or one-way ANOVA (O, P). All 6 experiments rely on data
from 10 images and each experiment is marked by a distinct shape on the graph. Significance
between samples for each set of 3 experiments was calculated by deriving a consensus p-value as
described previously. Micrographs are representative orthogonal projections from three
independent experiments, with 10 sets of z-stacks collected for each treatment per experiment.
Bars (A-C, G-I), 10 um. n.s. = not significant (consensus p > 0.05), i, consensus p < 0.05, ii,
consensus p < 0.0005, iii, consensus p < 0.00001.
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(Xie et al., 2018; Yeow et al., 2017). These cells were generated from parental NIH3T3 cells and
the C-terminal GFP tag was confirmed to not affect EHD2 localization or function, consistent
with other studies on EHD paralogs (Deo et al., 2018; Yeow et al., 2017). Use of this cell line
expressing EHD2-GFP at endogenous levels facilitates more robust detection of EHD2 in our
system. NIH3T3 EHD2-GFP cells were subjected to either mock-siRNA transfection (Figure
3.5A and insets B-D) or knock-down with EHD2 siRNA oligonucleotides (Figure 3.5E and insets
F-H), and reduced EHD2-GFP expression was confirmed by immunoblotting (Figure 3.51).
Primary cilia were marked by immunostaining with acetylated tubulin, and the number of mock-
treated and knock-down cells that generated primary cilia was counted (Figure 3.5A and E;
guantified in J). As shown, approximately 50% of mock-treated cells expressing endogenous
EHD2-GFP generated primary cilia, and there was no significant difference in the percent of
ciliated cells upon EHD2 depletion. Overall, these data suggest that EHD?2 is the only EHD

protein dispensable for primary ciliogenesis, either in RPE-1 or NIH3T3 cells.

C-terminal EHD proteins have ATPase activity (D. W. Lee et al., 2005; Naslavsky et al.,
2006), and a crucial glycine residue (G65) is conserved in all four paralogs (Figure 3.6A) and is
required for EHD1 function in worms and mammalian cells (Caplan et al., 2002; B. Grant et al.,
2001; Lin et al., 2001). While G65R amino acid substitutions impair EHD1 function in endocytic
trafficking and recycling, the potential role of ATP binding and hydrolysis has not been examined
in primary ciliogenesis. To address the potential requirement of ATP binding/hydrolysis in
primary ciliogenesis, we chose to study EHD1 because it has been the best characterized EHD
paralog, especially in ciliogenesis. As demonstrated using a selective yeast two hybrid binding
assay, co-transformed yeast with EHD1 G65R and either SNAP29 or MICAL-L1 exhibited a lack
of yeast growth on selective plates suggesting perturbed interactions between the ATP-binding
EHD1 mutant and both SNAP29 and MICAL-L1 (Figure 3.6B). Using CRISPR/Cas9 gene-edited

NIH3T3 cells lacking EHD1 (EHD1 knock-out), we transfected these cells either with wild-type
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EHD4 localizes to ciliary structures. (A-F) Representative fields of cells depicting primary cilia
labeled with acetylated tubulin in parental NIH3T3 cells. Parental NIH3T3 cells were fixed and
immunostained with DAPI and antibodies to detect EHD4 and acetylated tubulin, prior to
imaging. Arrows mark primary cilia to which EHDA4 is localized EHD4. All 3 experiments rely
on data from 10 images. Micrographs are representative orthogonal projections from three
independent experiments, with 10 sets of z-stacks collected for each treatment per experiment.
Bars (A, C, E), 10 um. Approximately 43% of primary cilia or centrioles were positive for EHDA4.
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Figure 3.5

EHD?2 is not required for normal primary ciliogenesis. (A-H) Representative micrographs of
NIH3T3 cells that were engineered by CRISPR/Cas9 to express endogenous levels of EHD2
tagged with GFP (EHD2-GFP) depicting primary cilia labeled with antibodies against acetylated
tubulin (red) and DAPI stain (blue). CRISPR/Cas9 gene-edited NIH3T3 EHD2-GFP cells were
either mock-treated with transfection reagent (A, inset in B-D), or transfected with EHD2 siRNA
(E, inset in F-H) for 48 h, fixed and immunostained with DAPI and an acetylated tubulin antibody
prior to imaging. (I) Validation of EHD2 siRNA efficacy by immunaoblot analysis. (J) Graph
depicting the percentage of ciliated cells in mock-treated and EHD2 knock-down NIH3T3 EHD2-
GFP cells. Error bars denote standard deviation and p-values for each experiment were
determined by an independent two-tailed t-test. All 3 experiments rely on data from 10 images
and each experiment is marked by a distinct shape on the graph. A consensus p-value was then
derived as described previously to assess significant differences between samples from the 3
experiments. Micrographs are representative orthogonal projections from three independent
experiments, with 10 sets of z-stacks collected for each treatment per experiment. Bars, 10 um.
n.s. = not significant (consensus p > 0.05).
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GFP-EHD1 (Figure 3.7D-F), with GFP-EHD1 G65R (Figure 3.7G-1), or we left them
untransfected (Figure 3.7A-C). Transfection of either the correct-size wild-type GFP-EHD1 or
GFP-EHD1 G65R was confirmed by immunoblotting (Figure 3.7J) and the cells were analyzed
by confocal microscopy after serum starvation and immunostaining (Figure 3.7A-1). As
anticipated from previous studies, the N-terminal GFP tag behaved similar to the C-terminal
EHD1-GFP tag and did not impair EHD1 function or localization (Deo et al., 2018; Yeow et al.,
2017). Indeed, untransfected EHD1 knock-out cells displayed little ciliation under serum-starved
conditions (Figure 3.7A-C; quantified in L). Our next goal was to transfect WT GFP-EHD1 and
the GFP-EHD1 G65R mutant back into EHD1 knock-out cells, to determine whether the mutant
EHDL1 is capable of rescuing ciliation. However, since wild-type GFP-EHD1 and GFP-EHD1
G65R were globally expressed at different levels as shown by immunoblotting (Figure 3.7J), and
to display significance our analyses must address expression levels on a cell-by-cell basis, we
measured corrected total cell fluorescence (CTCF) for individual cells expressing either wild-type
GFP-EHD1 or GFP-EHD1 G65R (Figure 3.7K). As shown, despite lower global levels of
transfection, individual cells expressing GFP-EHD1 G65R had a similar (or even slightly higher)
mean CTCF than WT GFP-EHD1. Accordingly, since introduction of wild-type GFP-EHD1
increased the percent of ciliated cells to over 50% (Figure 3.7D-F; quantified in L) whereas
introduction of GFP-EHD1 G65R did not (Figure 3.7G-I; quantified in L), we can conclude that
GFP-EHD1 G65R is incapable of rescuing ciliogenesis in knock-out cells. Moreover, whereas
~50% of wild-type GFP-EHD1 could be observed localized to the primary cilium, localization to
the cilium was dramatically reduced when GFP-EHD1 G65R was introduced into the cells
(Figure 3.7M). Collectively, these data suggest that EHD1 requires ATP binding and/or

hydrolysis for primary ciliogenesis.

The C-terminal EHD paralogs share considerable residue sequence homology, but

nonetheless carry out distinct functions
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The EHD1 G65R mutant does not bind to SNAP29 and MICAL-L1. (A) Amino acid
sequence comparison of the 4 human EHD orthologs, EHD1-4, in the region adjacent to glycine
65. Sequences are aligned with residues 56-75 of EHD1. (B) Yeast two-hybrid colony growth
reflecting interactions between either EHD1 WT or EHD1 G65R with SNAP29 and MICAL-L1.
The experiment depicted is representative of 3 independent experiments.
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Figure 3.7

Ciliogenesis in EHD1 knock-out cells is rescued by WT EHD1 but not the EHD1 G65R
mutant. (A-1) Representative micrographs depicting primary cilia labeled by acetylated tubulin
(red) and GFP-EHD1 (green) and DAPI stain (blue) in EHD1 knock-out (KO) cells that were
either untransfected, or transfected with GFP-EHD1 WT, or GFP-EHD1 G65R. CRISPR/Cas9
gene-edited NIH3T3 EHD1-KO cells were either mock-treated with transfection reagent (No
Transfection) (A-C), transfected with GFP-EHD1 WT (D-F), or transfected with the GFP-EHD1
G65R mutant (G-I) for 48 h, fixed and immunostained with DAPI, an anti-GFP antibody, and an
acetylated tubulin antibody prior to imaging. (J) Validation of GFP-EHD1 WT and G65R
transfection efficacy by immunoblot analysis. (K) Graph illustrating the corrected total cell
fluorescence values for each cell transfected with either GFP-EHD1 WT or GFP-EHD1 G65R.
(L) Graph depicting the percentage of ciliated cells in non-transfected, GFP-EHD1 WT
transfected, and GFP-EHD1 G65R transfected cells. (M) Graph illustrating the percent of cells
where EHDL1 is localized to the primary cilium or centrosome in non-transfected, GFP-EHD1 WT
transfected, and GFP-EHD1 G65R transfected cells. Error bars denote standard deviation, and p-
values for each experiment were determined by one-way ANOVA. All 6 experiments rely on data
from 10 images and each experiment is marked by a distinct shape on the graph. A consensus p-
value was then derived as described previously to assess significant differences between samples
from the 6 experiments. Micrographs are representative orthogonal projections from 6
independent experiments, with 10 sets of z-stacks collected for each treatment per experiment.
Bar, 10 pm. n.s. = not significant (consensus p > 0.05), i, p < 0.001, iii, consensus p < 0.00001.
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(Naslavsky and Caplan, 2011; Naslavsky and Caplan, 2018), potentially due to subtle differences
in their ability to interact with partners via their EH domains (Bahl et al., 2015; Bahl et al., 2016;
Kieken et al., 2007; Kieken et al., 2010; Spagnol et al., 2014). Accordingly, we hypothesized that
such differences between the EH domains of EHD1 and EHD2 might account for their
differential ability to regulate primary ciliogenesis. One potentially significant difference between
EHD1 and EHD?2 is that EHD1 binds to MICAL-L1 and is recruited to membranes by this
interaction, whereas EHD?2 displays no interaction with endosomal MICAL-L1 and binds to
phosphatidylinositol(4,5)-bisphosphate to localize proximal to the plasma membrane (Giridharan
et al., 2013; Sharma et al., 2009a; Simone et al., 2013). Given the status of EHD?2 as the only C-
terminal EHD protein that fails to localize to primary cilia and regulate ciliogenesis, we searched
for sequences within the EH domain that might distinguish EHD2 from its paralogs (Figure
3.8A). As illustrated, we identified two locations within the EH domains where a single amino
acid displayed 100% identity between EHD1, EHD3 and EHDA4, but had a non-conserved residue
aligned in the same position for EHD2: proline 446 (in EHD1), is replaced by a serine in EHD2,
and glutamate 470 (in EHD1) is substituted by a tryptophan in EHD2 (Figure 3.8A). To address
our hypothesis that subtle changes in the EHD2 EH domain modulate its interactions with NPF-
containing proteins, and thus alter EHD2 localization and ability to be recruited to endosomes and
organelles such as the primary cilium, we instituted substitutions to the highly conserved P446
and E470 in EHD1, rendering them P446S and E470W to mimic the EH domain of EHD2. As
demonstrated using a selective yeast two hybrid binding assay, yeast co-transformed with EHD1
E470W and MICAL-L1 displayed significantly diminished growth on plates lacking histidine,
suggesting an impaired interaction between the two proteins (Figure 3.8B). On the other hand, the
EHD1 P446S substitution did not affect EHD1 binding to MICAL-L1 in this assay. Consistent
with this, double EHD1 substitutions containing both P446S and E470W displayed similar
delayed yeast growth/reduced binding to the single EHD1 E470W substitution, further supporting

arole for E470 in binding to MICAL-L1, whereas P446 is likely dispensable for this binding.
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Figure 3.8

EHD1 E470W, but not P446S, disrupts MICAL-L1 binding. (A) Schematic illustration
highlighting residue homology between residues 441-475 of EHDL1 and its paralogs EHD2,
EHD3, and EHDA4. Based on these alignments, P446S and E470W substitutions in EHD1 were
made to conform with the EHD2 sequences. (B) Yeast two-hybrid colony growth depicting
interactions between either EHD1 WT, EHD1 P446S, EHD1 E470W, or EHD1 P446S/E470W
with MICAL-L1.
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Since MICAL-L1 is crucial for the recruitment of EHD1 to endocytic membranes
(Giridharan et al., 2013; Sharma et al., 2009a), we next asked whether the EHD1 E470W mutant
(which displays a weakened interaction with MICAL-L1) can “rescue” ciliogenesis defects when
transfected into NIH3T3 CRISPR/Cas9 gene-edited cells lacking EHD1 expression (Figure 3.9).
As demonstrated, in EHD1 knock-out cells that underwent no transfection, serum starvation led
to detection of very few ciliated cells (~5%) (Figure 3.9A-C; quantified in N), whereas
transfection of the knock-out cells with wild-type GFP-EHD1 (Figure 3.9M) increased the
percent of ciliated cells expressing wild-type GFP-EHD1 to about 45% (Figure 3.9D-F;
guantified in N). However, when GFP-EHD1 E470W was transfected instead of wild-type GFP-
EHDI in this “rescue” system (Figure 3.9M), almost no ciliated cells were detected (Figure 3.9G-
I; quantified in N). Surprisingly, despite its ability to bind MICAL-L1 similar to wild-type, the
EHD1 P446S mutant was unable to rescue the ciliogenesis defects when transfected into EHD1
knock-out cells (Figure 3.9J-L, M; quantified in N). However, both E470W and P446S EHD1
mutants displayed significantly reduced localization to the centrosome/centrioles compared to
wild-type EHD1 (Figure 3.90), suggesting that in addition to maintaining an interaction with
MICAL-L1, additional mechanisms may be required for the recruitment of EHD1 and its

regulation of primary ciliogenesis.

13. DISCUSSION

Ciliogenesis is crucial for the development of mammalian organisms as well as signaling
at the cellular level (Kumar and Reiter, 2021). While an increasing number of proteins involved
in the process of primary ciliogenesis have been identified in recent years, our knowledge of the
protein machinery involved, as well as the mechanisms of their action in the regulation of

ciliogenesis, remains poorly understood.

A growing number of endocytic regulatory proteins have been identified as modulators of

ciliogenesis, notably related to the Rab11-Rab8 cascade
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Figure 3.9

EHD1 P446S and E470W do not rescue ciliogenesis. (A-L) Representative micrographs
depicting primary cilia labeled with acetylated tubulin (red), GFP-EHD1 (green), and DAPI stain
(blue) in NIH3T3 EHD1-KO cells that were mock-treated (No Transfection), or transfected with
GFP-EHD1 WT, GFP-EHD1 P446S, or GFP-EHD1 E470W. CRISPR/Cas9 gene-edited NIH3T3
EHD1-KO cells were either mock-treated with transfection reagent (No Transfection) (A-C),
transfected with GFP-EHD1 WT (D-F), transfected with GFP-EHD1 P446S (G-1), or transfected
with GFP-EHD1 E470W (J-L) for 48 h, fixed and immunostained with DAPI, an anti-GFP
antibody, and an acetylated tubulin antibody prior to imaging. (M) Validation of GFP-EHD1
transfection efficiency by immunoblot analysis. (N) Graph depicting the percentage of ciliated
cells in mock-treated, GFP-EHD1 WT, GFP-EHD1 P446S, and GFP-EHD1 E470W cells. (O)
Graph illustrating the percent of cells with EHD1 localized to the primary cilium or centrosome
in mock-treated, GFP-EHD1 WT, GFP-EHD1 P446S, and GFP-EHD1 E470W cells. Error bars
denote standard deviation and p-values for each experiment were determined by one-way
ANOVA. All 3 experiments rely on data from 10 images and each experiment is marked by a
distinct shape on the graph. A consensus p-value was then derived as described previously to
assess significant differences between samples from the 3 experiments. Micrographs are
representative orthogonal projections from 3 independent experiments, with 10 sets of z-stacks
collected for each treatment per experiment. Bar, 10 um. i, consensus p< 0.05, iii, cOnsensus p <
0.00001.
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(Feng et al., 2012; Knddler et al., 2010; Nachury et al., 2007). More recently, proteins that
interact with Rab effectors, such as MICAL-L1 (Xie et al., 2019) and EHD1 (Lu et al., 2015),
have also been implicated in primary ciliogenesis. Of the EHD1 family, both EHD1 and its
closest paralog, EHD3, regulate ciliogenesis (Lu et al., 2015). However, despite a significant
degree of amino acid identity with EHD1, initial analyses suggested that both EHD4 and EHD2
were dispensable for primary ciliogenesis in RPE-1 cells. The redundancy of EHD1 and EHD3
for ciliogenesis in the human RPE-1 cell line led us to postulate that EHD4, which is almost 75%
identical to EHD1 in sequence, might also be involved in ciliogenesis. Indeed, we demonstrated
that expression of EHD4 but not EHD2 is required for primary ciliogenesis in the mouse NIH3T3
cell line. Not only is EHD4 significantly more homologous to EHD1/EHD3 than EHD2, but all
three proteins, EHD1, EHD3 and EHDA4 can hetero-oligomerize with one another and all have
been ascribed roles at endosomes (Naslavsky and Caplan, 2011). Although EHD4 depletion has
little impact on the expression of the other EHD family proteins (Sharma et al., 2008), its effects
on ciliogenesis could be partially mediated by its modest effect on EHD1 localization and
recruitment to the centrioles/centrosome (Figure 3.3). On the other hand, EHD2 neither hetero-
oligomerizes with its EHD paralogs, nor does it localize to endosomes or affect their function;
EHD2 primarily localizes to the proximity of the plasma membrane and has been linked to
caveolae mobility (Bahl et al., 2015; Moren et al., 2012; Shah et al., 2014; Simone et al., 2013;
Simone et al., 2014). While the precise mechanism by which EHD1 functions in ciliogenesis
remains elusive, EHD1/EHD3 and EHD4 are required for a key step that involves the removal of

the capping protein, CP110, from the m-centriole.

The mechanistic roles of EHD1 and the EHD proteins in regulating ciliogenesis remain,
at best, partially understood. Although SNAP29 recruitment, fusion and formation of the ciliary
vesicle, and the removal of CP110 from the m-centriole all require EHD1 expression (Lu et al.,

2015), the manner in which EHD1 mediates these events has not been elucidated. We have now
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determined that EHD1 ATP-binding and hydrolysis function is required for these key steps of
ciliogenesis. Indeed, the EHD1 G65R mutant has a cytoplasmic localization and previous studies
have demonstrated that both EHD1 G65R and EHD3 G65R display reduced binding to NPF-
containing binding partners as well as impaired hetero- and homo-oligomerization (Naslavsky et
al., 2006). Strikingly, EHD1 G65R fails to interact with SNAP29, suggesting an essential role for
ATP-binding/hydrolysis to recruit a SNARE implicated in ciliary vesicle fusion, a key step in

early ciliogenesis.

Additional mechanistic information is derived from sequence analysis of the four C-
terminal EHD protein EH domains which are crucial for protein-protein interactions. Given that
EHD1, EHD3 and EHD4 are all required for primary ciliogenesis in NIH3T3 cells, whereas
EHD?2 is dispensable, we searched for sequence motifs that were identical in EHD1/3/4 (in
human and mouse proteins) but displayed non-conserved residues in EHD2. In mouse and human
proteins we observed that: 1) proline 446 (P446) of EHD1 was conserved in EHD3 and EHD4,
but was substituted with a serine in EHD2, and 2) glutamate 470 (E470) of EHD1 was conserved
in EHD3 and EHDA4, but was replaced with tryptophan in EHD2. When we replaced P446 in
EHD1 with serine (P446S), we did not observe any discernable difference in binding to MICAL-
L1. However, the E470W substitution led to significantly decreased binding between EHD1 and
MICAL-L1. Based on our NMR solution structure of the EHD1 EH domain (Kieken et al., 2007;
Kieken et al., 2009; Kieken et al., 2010), E470 is not in the binding pocket for NPF motifs and is
not anticipated to directly contact NPF peptides. However, previous studies have shown that
subtle changes in the residues outside the binding pocket can nonetheless influence the ability of
the EH domain to interact with binding partners (Bahl et al., 2016). These finding may help
explain how E470 is required for the recruitment of both EHD1 and EHD3 (and not EHD2) to the

centrosome/centrioles to regulate primary ciliogenesis, because this conserved residue may be
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Figure 3.10

Proposed mechanism of SNAP29 recruitment for distal appendage vesicle fusion and ciliary
vesicle formation. Model depicting a proposed mechanism by which EHD1 mediates primary
ciliogenesis. EHD1 dimers are recruited to the centrosome by MICAL-L1, which in turn recruit
SNAP29 to mediate he fusion of the distal appendage vesicles to form the ciliary vesicle.
Dimerization of EHD1 may facilitate concomitant interactions of individual EHD1 proteins with
the NPF-containing proteins MICAL-L1 and SNAP29. The EHD1 ATP-binding/hydrolysis
mutant G65R is unable to dimerize and fails to interact with either MICAL-L1 or SNAP29,
preventing fusion of the distal appendage vesicles and formation of the ciliary vesicle. EHD1
E470W exhibits reduced binding to MICAL-L1 and its ability to interact with SNAP29 is
currently unknown, but it remains incapable of supporting ciliogenesis.
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required for optimal MICAL-L1 binding. However, since wild-type EHD4 only weakly interacts
with MICAL-L1 (Sharma et al., 2010), its recruitment and the significance of E470 for this

paralog in the regulation of ciliogenesis might rely on another NPF-containing binding partner.

As anticipated, EHD1 E470W not only displays a weakened association with MICAL-
L1, thus impairing its recruitment to the centrosome/centrioles, but it also fails to rescue primary
ciliogenesis when introduced into EHD1-depleted cells. Surprisingly, the P446S mutant also
displays little or no rescue of ciliogenesis in these EHD1 knock-out cells. Since P446 is not
required for MICAL-L1 binding, we speculate that there are additional mechanisms by which
EHD proteins modulate ciliogenesis. Overall, we have identified a previously unidentified role
for EHDA4 in the regulation of ciliogenesis, and determined that the more distal paralog, EHD2, is
dispensable for the process of ciliary generation. Importantly, we have also shed new light on the
mechanisms by which EHD1 and its paralogs regulate ciliogenesis, by demonstrating that ATP-
binding/hydrolysis is essential for ciliogenesis, and by identifying key residues in the EH domain
that are also required, in addition to the previously identified EHD1 K483 and W485 residues that
affect tubulovesicular membrane function and protein binding, respectively (Lu et al., 2015).
These findings support a model in which ATP-binding/hydrolysis and E470 may be needed for
oligomers of EHD1 to bind both MICAL-L1 and SNAP29 (Figure 3.10). This is likely mediated
by interactions of EH domains from distinct EHD1 proteins separately with each binding partner,
thus promoting recruitment to the centrosome/centrioles and ciliary vesicle fusion, respectively
(Figure 3.10). Elucidating the complete mechanisms by which EHD proteins facilitate CP110

removal from the m-centriole remains an important future goal.
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CHAPTER IV

DISCUSSION
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14. SUMMARY AND DISCUSSION

Overall, my work has identified novel roles for endocytic regulatory proteins in endocytic
pathways and in the generation of the primary cilium, as well as provided mechanistic insights
into the manner by which some of these endocytic regulatory proteins function in these pathways.
In my first body of work, we demonstrated a role for EHD4 in the recruitment of EHD1 to sorting
endosomes (SE) and provided further mechanistic insight into the hetero-dimerization of these
proteins. EHD4 hetero-dimerizes with EHD1, displaying a higher propensity for hetero-
dimerization than homo-dimerization, suggesting that EHD4 may regulate EHD1 recruitment to
endosomal structures to some degree. We also further characterized the interaction between EHD
proteins by utilizing the EHD1 V203P construct that is predicted to interfere with coiled-coil
formation to disrupt dimerization and multiple truncations to provide further context as to the
nature of these dimers. Moreover, EHD4 was shown to lose its interaction with EHD3 upon
perturbation of EHD3’s coiled-coil region, highlighting the critical nature of this domain in
forming and maintaining dimers and oligomers, a key notion behind the oligomerization-based
model of EHD1 fission put forth by the Pucadyil group (Deo et al., 2018). Supporting the idea
that EHDA4 is crucial for EHD1 recruitment to SE, depleting EHD4 via siRNA, shRNA, or
CRISPR/Cas9 gene-editing all led to decreased EHD1 recruitment to endosomal structures, both
vesicular and tubular in nature. We were also able to demonstrate that EHD1 and EHD4 partially
co-localize, supporting the idea that EHD4 influences EHD1 recruitment to endosomal structures.
Furthermore, EHD4 loss led to enlarged SE, a likely result of impaired fission at these organelles.
We also determined that three resident SE proteins, Rabenosyn-5, Syndapin2, and MICAL-L1,
are involved in the recruitment of these hetero-dimers to SE. We demonstrated that the EHD1
interaction partners Rabenosyn-5 and Syndapin2, but not MICAL-L1, also bind EHD4 and that
loss of these interaction partners led to reduced EHD1 endosomal recruitment and fission.

Together, the results from this study are well summarized in the model presented in Figure 2.11.
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The current model suggests that EHD1 homo-dimers and EHD1/EHD4 hetero-dimers are
recruited to budding vesicles where Rabenosyn-5 and Syndapin2/MICAL-L1 complexes are
situated. Upon recruitment to these structures, EHD1 induces fission of the budding vesicle to
allow the released vesicle to undergo transport to its target compartment. In the case of the
EHD1/EHD4 hetero-dimers, interaction with these resident SE proteins is either mediated or
stabilized by EHDA4. In the case of MICAL-L1, the reason that a significant loss of EHD1
recruitment to these structures and increase in endosomal size is seen is likely due to the
previously reported observation that loss of MICAL-L1 leads to loss of Syndapin2 from these
structures (and vice-versa), disrupting binding of either the EHD1 homo-dimers or EHD1/EHDA4
hetero-dimers. It is likely that upon chronic EHDA4 loss, as is seen in our EHD4 KO cells, that
EHD1 dimerization dynamics compensate for the loss of EHD4 and mostly recover endosomal
function, though some function remains perturbed as is shown in the slight yet significant
increase in endosome size in the EHD4 KO cells in Figure 2.4. It is important to consider that
EHDL1 still binds Rabenosyn-5 and potentially other SE recruitment factors in the absence of
EHD4, lending to the idea that EHD1 can mostly compensate when EHD4 is absent but
highlights the importance of EHD4 in this protein family’s dynamics under normal conditions. As
well, though these proteins are ubiquitously expressed they have varying expression patterns
based on cell type and tissue and the dynamics of the EHD1/EHD4 hetero-dimers may change.
This fact is highlighted and further explored in Chapter 111, as our results presented in Chapter 11
and those previously published (Lu et al., 2015) support differential expression and requirements
of EHD proteins in the context of primary ciliogenesis. Overall, in Chapter 11 we provided
evidence that EHD4 functions as an important regulator of EHD1-mediated endosomal

recruitment and fission.

Overall, in Chapter 111 my research enhanced the current understanding of the EHD

paralogs in ciliogenesis, demonstrated a need for ATP-binding, identified conserved sequences in
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the EH domains of EHD1, EHD3, and EHD4 that regulate EHD1 binding to interaction partners,
and showed the ability of EHDL1 to rescue ciliogenesis in EHD1-depleted cells. We defined a
novel role for EHD4, but not EHD?2, in regulating primary ciliogenesis in mouse embryonic
fibroblasts. Previously published work with our collaborators in the Westlake lab (Lu et al., 2015)
noted that EHD1 and EHD3 had similar regulatory roles in primary ciliogenesis, whereas EHD2
and EHD4 were dispensable in retinal pigmented epithelium (RPE) cells. However, considering
that EHD1 and EHD4 have common endocytic functions (shown in Chapter I1), we hypothesized
that they may both be involved in ciliogenesis and sought to re-examine the potential roles of
EHD2 and EHD4 in this process in a more didactic manner. We chose to use NIH3T3 mouse
embryonic fibroblasts as these cells readily generate primary cilia, are used commonly throughout
the field, and we have a variety of CRISPR/Cas9 gene-edited lines derived from parental NIH3T3
cells. We confirmed the previously published results that, in RPE-1 cells, EHD4 does not have a
significant impact on primary ciliogenesis. In the NIH3T3 cells, EHD4 depletion led to a
significant decrease in the percentage of ciliated cells and the number of CP110 dots per
centrosome was significantly increased. CP110 was not removed from the mother centriole and
the primary cilium was not formed upon EHD4 loss, indicating that EHD4 regulates primary
ciliogenesis in a similar manner to that of EHDL1. In cells depleted of EHD2, we found that
ciliogenesis was not significantly perturbed in NIH3T3 cells, similar to the observations noted in

RPE cells.

Given that EHD1, EHD3, and EHD4 have a regulatory role in primary ciliogenesis,
whereas EHD?2 does not, we addressed some of the similarities and differences between the EHD
proteins. We chose to use EHD1 in these experiments since it is the best characterized EHD
protein. Previous reports identified a glycine to arginine substitution that significantly perturbed
the ability of EHD1 to bind and hydrolyze ATP at amino acid position 65 in EHD1. This glycine

residue is conserved in all four mammalian EHD proteins and the endosomal effects of the
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substitution has been explored in endosomal pathways, though its impact on the generation of the
primary cilium had not yet been explored. We showed through Y2H experiments that this ATP-
binding/hydrolysis mutant, EHD1 G65R, could not bind the ciliary interaction partners SNAP29
or MICAL-L1. These interactions are likely perturbed by a auto-inhibitory mechanism of EHD1
where the binding pocket in the EH domain is blocked until the protein is bound to ATP, an idea
that is supported by fluorescence experiments where EHD1 remains cytosolic when unable to
bind and hydrolyze ATP as opposed to its otherwise punctate and tubular expression pattern. To
determine the effect of disrupted ATP binding/hydrolysis on generation of the primary cilium, we
utilized our CRISPR/Cas9 gene-edited NIH3T3 cells lacking EHD1 (EHD1 KO) and
reintroduced either wild-type or EHD1-G65R constructs. EHD1 KO cells exhibited disrupted
primary ciliogenesis and reintroduction of wild-type EHD1 rescued cilia formation, whereas
EHD1 G65R did not, providing evidence that ATP binding/hydrolysis is necessary for generation

of the primary cilium.

We further identified two amino acid residues that displayed 100% identity between
EHD1, EHD3, and EHD4, but had a non-conserved residue aligned in the same position for
EHD2: proline 446 (in EHD1), is replaced by a serine in EHD2, and glutamate 470 (in EHD1) is
substituted by a tryptophan in EHD2. We then introduced two substitutions at these positions in
EHD1’s EH domain to more closely mimic EHD2. We demonstrated that the E470W substitution
in EHD1 disrupted EHD1’s ability to interact with MICAL-L1 in our Y2H system, whereas the
P446S substitution did not. These results were further supported by the fact that the EHD1
P446S/E4T0W construct showed similar disrupted interaction with MICAL-L1 as the single
EHD1 E470W substitution. Although the E470 residue does not exist within the binding pocket,
it does reside in the backbone of the binding pocket, providing a potential explanation as to how
the substitution leads to a reduction in MICAL-L1 binding. When we reintroduced these

constructs into our EHD1 KO cells, we noted that the E470W mutant did not rescue ciliogenesis,



140

likely due to its perturbed MICAL-L1 binding. Interestingly, the P446S substitution did not
rescue ciliogenesis. Since P446 is dispensable for MICAL-L1 binding, we speculate that there are
additional mechanisms by which EHD1 regulates ciliogenesis that is influenced by the P446
residue. In summary, my findings identified a novel role for EHD4 in the regulation of
ciliogenesis, determined that ATP binding/hydrolysis is essential for ciliogenesis, and identified

key residues in the EH domain that are essential for ciliogenesis.

15. FUTURE DIRECTIONS

15.1 Chapter Il Future Directions

In Chapter Il we determined that EHD4 is required for recruitment of EHD1 to
endosomal structures and EHD1-mediated fission. Future studies will be required to further
elaborate on the dynamics of EHD proteins in endosomal fission. Indeed, though these results
outlined a requirement for EHD4 in EHD1 recruitment to endosomal structures for EHD1-
mediated fission, key questions still need to be addressed. For example, further examination of
mutations in EHD4 and how these affect endosomal fission and EHD1 recruitment are important
future goals. The glycine to arginine substitution in EHD4, G68R, also leads to EHD1 being
unable to bind/hydrolyze ATP. Although we attempted to determine whether this EHD4 mutant
also influenced endosomal fission and EHD1 recruitment, due to technical limitations and time
constraints were unable to complete these studies and this should be determined in future
experimentation. In addition, we attempted to identify a coil-coil breaking mutation in EHD4
using the valine to proline substitution VV294P to disrupt the ability of EHD4 to hetero-dimerize.
Although simulations indicated that the coiled-coil region would be disrupted, this substitution
proved to have little to no effect on dimerization and we instead focused on other aspects of
EHDA4 hetero-dimerization. It would be of significant interest to determine how recruitment of
EHD1 to endosomal structures and EHD1-mediated endosomal fission is affected upon

perturbation of EHD4’s ability to hetero-dimerize. Additionally, in Chapter Il we outlined that
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EHD4 also hetero-dimerizes with EHD3 in the Y2H system. It would be of interest to determine
whether EHD4 similarly affects EHD3 function and recruitment to structures and to further

characterize EHD3 and EHD4’s interaction.

Based on previous studies from our lab, we also attempted to bestow upon EHD4 the
ability to interact with MICAL-L1 through substitutions at serines 522 and 523 to asparagine and
glutamic acid, respectfully. Contrary to our previous results addressing EHD3, these substitutions
were not sufficient to allow MICAL-L1 to interact with EHD4, indicating that additional amino
acid residues are required for MICAL-L1 binding and future experiments could serve to identify
these additional residues. Furthermore, due to technical limitations we were unable to determine
the localization of EHD4 upon loss of the various SE interaction proteins. Future studies could
serve to identify the localization patterns of both EHD1 and EHD4 when these resident SE

proteins are depleted.

15.2 Chapter 111 Future Directions

In Chapter 111 we present evidence that EHD4 regulates primary ciliogenesis, that ATP-
binding is required for ciliogenesis, and identified key residues in the EH domain that are
essential for ciliogenesis. Regarding our novel discovery of EHD4 function in primary
ciliogenesis, there remains significant gaps in the knowledge that need to be addressed. At the
moment, we are performing experiments regarding EHD4 localization to primary cilia. Though
we demonstrated that EHD4 regulates CP110 removal from the m-centriole, EHD4’s ability to
regulate SNAP29 recruitment remains to be addressed by future experiments. In addition,
previous studies our lab published alongside our collaborators in the Westlake lab identified two
point mutations, K483E and W485A, that affect either tubulo-vesicular membrane functions
(K483E) or NPF-substrate binding membrane recruitment (W485A). Introduction of these
substitutions led to a lack of EHD1 association with the primary cilium. It could be of interest to

determine whether similar substitutions in EHD4 would lead to a similar loss of localization to
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the primary cilium. Future studies could also elaborate upon the potential mechanism by which
the proline to serine substitution at position 446 that doesn’t disrupt EHD1’s ability to bind
MICAL-L1 but nonetheless prevents EHD1 from rescuing ciliogenesis. Examination of EHD1’s
ability to bind membranes and promote endosomal fission is an area of interest with regards to the
P446S substitution and may provide some insight into why EHDL1 is unable to rescue
ciliogenesis, as previous studies have suggested that K483E and W485, two substitutions that
influence membrane binding and tubulo-vesicular membrane functions, also influence EHD1’s
ability to regulate ciliogenesis. Additionally, it was recently determined that Syndapinl and
EHD1 assemble membrane tubules that span from the developing primary cilium to the PM to
create an extracellular membrane channel to the outside of the cell. Given the intimate dynamics
of EHD1/EHDA4 dimerization, it would be of interest to determine whether EHD4 also localizes to
these structures and regulates their formation, further expanding upon the regulatory roles of

EHDA4 in ciliogenesis.
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