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ABSTRACT

SCF (Skpl-Cullin-F-box) ubiquitin ligases regulate diverse cellular processes including
multiple aspects of the cell cycle, transcription, signal transduction, apoptosis, angiogenesis, and
cell migration. There are 69 human F-box proteins that function as substrate receptors (SRs) for
SCF complexes. The binding of each F-box protein to the core SCF complex produces a unique
E3 that targets different subsets of substrates that regulate different cellular pathways. The CAND1
protein is a SR exchange factor for SCF complexes. CANDL strips off adaptor-SR complexes
from the SCF core complex and allows new adapter—-SRs to bind to create new active SCF
complexes. We have analyzed the SR proteins present in SCF complexes throughout the cell cycle
and found systematic changes in SR association with SCF complexes during mitosis. The
differences in SCF complexes occur even when the SRs are constitutively present throughout the

cell cycle. We show that CANDL is required to reorganize the diversity of SCF complexes during



mitosis. CANDL is required for the removal of multiple SRs from SCF complexes during mitosis
and promoting the integration of a specific SR, FBXW11/B-TrCP2, into SCF complexes.
Inactivating CAND1/2 causes mitotic arrest that often leads to cell death, and these mitotic defects
have been observed in human cells, including HelLa, U20S, and normal hTERT-derived
fibroblasts. These results highlight a novel mechanism by which SCF complexes can undergo
large-scale reorganization through a CAND1-dependent process.

Folate (vitamin Bo) is an essential nutrient that is required for one-carbon metabolism.
Emerging evidence indicates that vertebrate folate receptors have functions that do not rely on one-
carbon metabolism. We have discovered a novel role for the C. elegans protein FOLR1 in neuronal
signaling. We have identified that FOLR-1 expresses in the adult C. elegans NSM neurons,
localizing in the two major processes. We also identify GON-2, a calcium channel protein that is
required for calcium entry into the NSM neuron upon its activation by adding folate, physically
interact with the FOLR-1 protein, and co-localize in the same NSM processes, suggesting a direct

mechanism through which FOLR-1 promotes calcium entry during neuronal activation.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Protein degradation is an essential for the regulation of most cellular processes (Goldenberg et al.,
2004; Liu et al., 2012; Wojcik and DeMartino, 2003). One of the major regulators of protein
degradation is the cullin-RING ubiquitin ligases (CRLs). CRLs are protein complexes that
recognize substrate proteins and attach a poly-Ub chain, which then acts as a signal for protein
degradation by the proteasome (Kipreos et al., 1996; Mathias et al., 1996). The best-characterized
CRL family member is the SCF (Skpl, Cullins, F-box proteins) ubiquitin ligase (Zheng et al.,
2002b). CAND1 protein is a substrate receptor (SR) exchange factor for CRL complexes. CAND1
strips off adaptor—-SR complexes from the SCF core complex and allows new adapter—SR to bind
to create new active SCF complexes. In this dissertation, | present my findings that describe a
novel mitotic regulatory mechanism and a novel C. elegans neuronal signaling pathway.

In Chapter 2, I will summarize the current literature on a potential signaling role for the
folate receptor in cancer. In Chapter 3, | will present my discovery of a novel role for CAND1 in
the reorganization of the diversity of SCF complexes during mitosis, and its significance for
mitotic progression. In Chapter 4, | will describe the association of folate receptor FOLR-1 and
the TRPM calcium channel GON-2 in NSM neurons in the nematode Caenorhabditis elegans,
which suggests a novel role in neuronal signaling. Finally, in Chapter 5, I will summarize and

discuss the implications of my discoveries and present future directions for the research.



In this chapter, | introduce and outline the relevant literature that provides background for
the discoveries in this dissertation. To provide background for Chapter 3, I will provide a broad
overview of the Cullin-RING E3 ubiquitin ligases (CRLS), their composition, regulation and how
CRL complexes involve in regulating cellular processes. | will specifically discuss the subclass of
CRL complexes called SCF complexes and their regulation. Because one of our major findings is
the interaction of CAND1 with a specific substrate receptor (SR/F-box protein), pB-
TrCP2/FBXW11, | will discuss the relevance of FBXW11 in cell cycle progression.

Chapter 4 focuses on a novel folate dependent neuronal signaling pathway in C. elegans.
As background for that chapter, I will provide an overview of folates and their role as a nutrient
and a potential signaling molecule (with the latter reviewed in more detail in Chapter 2). I will also
discuss the folate receptor, and the NSM neuron, and the Ca?* channel GON-2, which functions
with the folate receptor to promote calcium entry into the NSM neuron to mediate its activation.
The Ubiquitin-Proteasome pathway
Protein degradation plays a central role in regulating protein homeostasis in diverse cellular
processes. The vast majority of proteins in the cell are degraded by the ubiquitin proteasome
system (UPS) through a highly selective and regulated mechanism (Ciechanover, 1994; Rock et
al., 1994). Ubiquitin (Ub) is a highly conserved 76 amino acid polypeptide that is expressed
ubiquitously in all prokaryotes and eukaryotes, and is covalently attached to protein substrates
with the help of three enzymes (E1, E2, and E3) (Ciechanover, 1994).

The Ub-activating enzyme E1, with the hydrolysis of one ATP; binds to Ub through a
thiolester linkage and then transfers the Ub to the Ub-conjugating enzyme E2. The E2, bound to
the activated Ub through a thiolester linkage, binds to a ubiquitin ligase E3. E3 enzymes bind

substrate proteins that are to be ubiquitylated and facilitate the transfer of the Ub from the E2 to



the substrate protein (Kipreos, 2005). E3 ubiquitin ligases provide the specificity that attaches Ub
to the intended substrate proteins. One reaction of the E1 to E3 cascade causes monoubiquitylation
of the substrate, which does not target the protein to the proteasome, but instead causes changes in
protein transport, localization, or function. Multiple runs of E2 addition of Ub form a poly-Ub
chain on the substrate (Glickman and Ciechanover, 2002; Pickart, 2001). If the covalent linkage
to the Ub residue occurs on lysine 48, then 4 Ub in a poly-Ub chain serves as a signal for
degradation by the 26S proteasome (Thrower et al., 2000).
Cullin-RING Ubiquitin Ligases
Mammals have only two E1 enzymes, around 40 E2s, and over 600 different E3 enzymes
(\Valimberti et al., 2015; Zhao and Sun, 2013). The E3 enzymes selectively recognize specific
protein substrates for degradation. The largest group of E3 ubiquitin ligase enzymes are the cullin-
RING ubiquitin ligases (CRLs) that comprise over 200 members and are responsible for
proteasome-mediated degradation of over 20% of the proteins in cells (Bulatov and Ciulli, 2015;
Soucy et al., 2009).

CRLs are multi-subunit complexes that include a cullin a scaffold protein, a catalytic RING
finger protein that is the physical link between the E2 and the E3 (Rbx1/Rocl or Rbx2/Roc2), a
substrate receptor (SR) protein that provides specificity by binding specific substrates; and one or
more adaptor proteins that link the SR to the core CRL complex (Bosu and Kipreos, 2008; Zhao
and Sun, 2013). In humans, eight cullin family members have been identified (CULL, 2, 3, 4A,
4B, 5,7, and 9) (Zheng et al., 2002b). Each of the eight cullins shares an evolutionarily conserved
cullin homology domain at the C-terminus.

CRLs are modular structures that utilize cullins as scaffold proteins that bind

interchangeable adaptor-SR module to enable assembly of functionally diverse E3 ligase



complexes (Betsch et al., 2019). This diversity in the ligase complexes , which arises due to the
many different SRs that binds the CRL complexes, allows CRLs to regulate multiple cellular
processes including regulating multiple aspects of the cell cycle, transcription, signal transduction,
DNA replication and repair, chromatin remodeling, cell differentiation, metabolism, cell
migration, and developmental programming (Jang et al., 2018). Perturbation of CRL activity has
been linked to severe developmental growth defects, and cancer (Betsch et al., 2019). Therefore,
CRLs have become a sought-after target for drug discovery and therapeutics for a variety of human
diseases.

Structural studies have demonstrated that the RING H2 finger protein RBX1 is harbored
in the C-terminal domain of all cullins, while RBX2 (a paralog of RBX1) preferentially associates
with CUL5 (Duda et al., 2008; Zheng et al., 2002b). RBX1 is a RING-type zinc finger, which
consists of a N-terminal B-strand and a C-terminal core domain that coordinates three zinc ions
(Zheng et al., 2002b). RBX1 intercalates a long B-sheet into the C-terminus of CUL1 (unmodified
with Nedd8) to form a single globular CRL unit, existing in a “closed” conformation, which is
considered a rigid structure (Duda et al., 2008). Neddylation of the C-terminal domain of
cullin/RBX1/2 complex results in a change of conformation “opening” of the CRL complex. Upon
neddylation of the cullin, the RING domain of RBX1 pops out of the closed structure to move
relatively freely while tethered by the now exposed flexible B-sheet (Rusnac and Zheng, 2020).
Freeing the Rbx1 RING domain allows the E2 bound to RBX1 to move closer to the anchored
substrate (Duda et al., 2008; Saha and Deshaies, 2008). This flexibility allows E2s bound to RBX1
to sequentially add Ub to the growing poly-Ub chain on the substrate.

Neddylation is a process where NEDDS8, a Ub-like protein covalently attaches to cullins

viaa cascade of E1, E2, E3 enzymes that are specific for NEDDS, similar to the E1, E2, E3 cascade



for ubiquitylation. (Fig. 1.1) (Rusnac and Zheng, 2020). RBX1 binding to the CRL complex is
required for neddylation. In C. elegans, RBX-1 mutants undergo embryonic arrest, suggesting that
its function is essential. (Moore and Boyd, 2004; Sasagawa et al., 2003).
Post-translational modifications of CRL substrates
CRL E3 ligases recognize and bind substrates usually by interaction with a specific short linear
sequence motif, termed the ‘degron’, that is present on the substrate. Polyubiquitylation of the
substrate proteins facilitates their degradation. The majority of known substrates for CRL E3
ubiquitin ligases are recognized and bound in response to the post-translational modification of
the substrate (Rusnac and Zheng, 2020). Degrons can be post-translationally modified by
phosphorylation, acetylation, glycosylation, or hydroxylation (Nguyen and Busino, 2020).
Phosphorylation of proteins is a major mechanism by which proteins are specified for degradation
to regulate cell cycle progression (Bosu and Kipreos, 2008). Substrate phosphorylation is regulated
by kinases and phosphorylation. Depending on the substrate, phosphorylation can induce their
recognition by the E3 ligases that will target them for degradation or stabilize them (Skaar et al.,
2013).
CRL regulation by the CSN complex and CAND1
Neddylation is a reversible process and the removal of NEDD8 (termed deneddylation) is
catalyzed by an evolutionarily conserved eight subunit protein complexes, known as the COP9
signalosome (CSN).

The COP9 Signalosome (CSN) is associated with phosphorylation, deneddylation, and
deubiquitylation, all of which can regulate CRL complexes. The CSN complex inhibits CRLs by
deneddylating cullins preventing them from binding substrate proteins (Fig. 1.1). But while doing

so, the CSN complex stabilizes the fully assembled CRL complex by inactivating the cullin (by



deneddylation) thus preventing the autoubiquitylation of SR proteins, which can lead to their
degradation in the absence of a substrate. This protective mechanism to stabilize SR proteins in
the absence of a substrate is conserved amongst various eukaryotes, from yeast to humans.
Consistently, loss of CSN activity in vivo causes a decrease in CRL activity (Cope and Deshaies,
2003).

CANDL1 (cullin-associated and neddylation-dissociated-1) is an evolutionarily conserved
protein that binds CRL complexes, and is required for CRL activity in vivo (Bosu et al., 2010).
CANDL1 physically associates with CUL1 forming a complex, where CANDI1 forms a “sinuous
superhelical structure” partially coiling around CUL1-RBX1 in a head-to-tail pattern. Both the
CULL1 N-terminus (where Skp1 binds) and the unneddylated C-terminus are required for CAND1
to associate with CULL. Hence, the adapter Skpl or neddylation dissociates CAND1 from
CUL1(Liu et al., 2002; Zheng et al., 2002a). Similarly, CAND1 dissociates the adaptor Skpl
from the SCF complex while inhibiting the neddylation process (Liu et al., 2002; Oshikawa et
al., 2003; Zheng et al., 2002a). Though in vitro studies have suggested that CAND1 acts as an
inhibitor to the CRL complex, many studies conducted on model organisms have shown that
CAND1 promotes CRL activity in vivo (Bosu et al., 2010; Chuang et al., 2004; Feng et al.,
2004).

Pierce et al used a fluorescence resonance energy transfer (FRET) assay on the
interaction between F-box protein and CUL1-RBX1 in real time to follow SCF assembly and
disassembly in the presence or absence of CAND1 (Pierce et al., 2013). They reported that
addition of CAND1 to an unneddylated SCF complex increased the dissociation rate of Skpl-F-
box protein while neddylation abolished that effect by blocking CAND1 association with CUL1.

Conversely, the spontaneous dissociation of CAND1 from CUL1-RBX1 was extremely slow but



was accelerated by the addition of Skpl-F-box protein. Based on those observations they
proposed that CAND1 mediates the exchange of SRs on the CUL1-RBX1scaffold. Notably, the
reversible exchange of CAND1 and adaptor—SR does not appear to require an energy source such
as ATP. To explain the process, they described a transient ternary complex consisting of CANDL,
Skpl-SR and CUL1-RBX1, where both CAND1 and the Skp1-SR module can destabilize each
other’s association with CUL1-RBX1. Hence CANDI was defined as a ‘“substrate receptor
exchange factor” (Pierce et al., 2013).

In 2017, Reitsma et al._reported that there was a huge variation in the percentage of F-box
proteins associated with CUL1, suggesting the existence of a non-equilibrium pool of SCF
complexes. They further showed that nearly half of CUL1 assembles with CAND1, concluding
that cellular concentrations of F-box proteins do not correlate with their percentage association
with Cull (Reitsma et al., 2017). Recent reports by Liu et al have shown that CAND1 promotes
the binding of DCN1, the NEDDS ligase, to CUL1-RBX1, despite the fact that CAND1 inhibits
the neddylation of cullins (Keuss et al., 2016; Kim et al., 2008). In the presence of F-box-Skpl
modules, CAND1-bound to CUL1 demonstrated a higher neddylation rate than free CUL1, due to
the loading of DCN1 to CUL1 (Liu etal., 2018). Human cells have two CAND1 paralogs, CAND1
and CAND2 (Aoki et al., 2002). CAND?2 is found to occupy less than 0.25% of endogenous CUL1
in HEK293T cells (Reitsma et al., 2017).

The current model on SCF assembly and disassembly

CUL1 constantly cycles between neddylated and unneddylated states. Substrate bound to the
SR stabilizes the SCF complex in the neddylated state (i.e., the active conformation), thus
allowing continuous substrate ubiquitylation and degradation (Liu et al., 2018; Olma and Dikic,

2013; Pierce et al., 2013). In the absence of substrates, CSN catalyzes the deneddylation of Cull,



and CANDL1 binds the deneddylated SCF removing the F-box-Skpl off the complex. DCN1 Nedd8
ligase, binds to the CAND1-CUL1-RBX1 complex, which facilitates immediate neddylation of
Cull upon the removal of CAND11 by F-box-Skp1(Ji et al., 2016). Though the CAND1 mediated
exchange of SR has been widely studied in vitro to develop this existing model, the role of
CANDL1 at different developmental stages in multiple eukaryotic organism levels is yet to be
explored.

F-box proteins and cell cycle regulation

Key regulators such as cyclins and CDK inhibitors (CKl)s, drives the cell cycle. This progression
is tightly regulated by the Ub-mediated proteolysis of those CDK regulators by ubiquitin ligases;
mainly SCF complexes and the anaphase-promoting complex/cyclosome (APC/C) (Nakayama and
Nakayama, 2005). The SCF complex is active throughout cell cycle. The following F-box proteins
are well studied cell cycle regulators: S-phase kinase-associated protein 2 (Skp2); F-box and WD-
40 domain protein 7 (FBXW?7/Cdc4); and B-transducin repeat-containing protein (B-TrCP)
(Nakayama and Nakayama, 2005; Zheng et al., 2016).

CKis block cyclin—-CDK kinase activity. Cip/Kip family CKls (p21, p27, and p57) inhibit
the G1-to-S transition and S phase progression by binding to CDK-cyclin complex in G1/S. The
F-box protein Skp2 targets these negative regulators for degradation, and thereby promotes cell-
cycle progression (Starostina and Kipreos, 2012). Skp2 expression is upregulated in many human
cancers and is considered oncogenic (Bassermann et al., 2014). In contrast, the F-box protein
FBXWT7 is a tumor suppressor that targets positive regulators of the cell cycle, such as MYC, JUN,
cyclin E, and Notch for degradation (Yeh et al., 2018). FBXW7 mainly functions in G1 and G2
phase and is often mutated in a subset of human cancers (Yeh et al., 2018) The F-box pB-

TrCP2/FBXW11recognizes multiple cell-cycle EMI1/2, WEE1A, cyclin D1, MDM2, claspin,



BTG, REST, PLK4, and CEP68, while B -TrCP1/Fbxw1A joins regulating CDC25A/B and Bora.
In addition, it targets multiple other substrates including B-catenin and IkB. Depending on the type
of cancer, B-TrCP mutation or overexpression is observed (Lau et al., 2012).

Humans contain two B-TrCP paralogs, B-TrCP1/Fbxw1A and B-TrCP2/Fbwx11, and both
are SRs of SCF complexes. Both B-TrCP1 and B-TrCP2 recognizes its substrate through the
canonical DSGXXS, degron sequence where both serines are phosphorylated, thereby inducing
their ubiquitylation and subsequent proteasomal degradation (Kim et al., 2015; Kipreos and
Pagano, 2000). Despite having high similarity between B-TrCP1 and B-TrCP2, these proteins
display a significant difference in subcellular localization, as B-TrCP1 is nuclear localized, while
B-TrCP2 is cytosolic (Mangeat et al., 2009). Moreover, a protein-protein interaction study
conducted utilizing tandem affinity purification and mass spectrometry (TAPMS) has revealed
different substrates for both proteins (FBXW11 and BTRC were found to interact with 96 and 26
proteins, respectively, while twenty proteins (which overlaps between the 96 and 26 complexed
with both FBXW11 and BTRC) (Kim et al., 2015).

Folates — sources and absorption into cells

Folates are water-soluble B-vitamins consist of a pteridine ring joined by a methylene bridge to
para-aminobenzoic acid (PABA), which is attached to glutamic acid residues by a peptide bond
(Fig. 1.2) (Tametal., 2012). Folates are a family of compounds that differ in their pteridine
rings. The serum folate for systemic distribution in animals is 5-methy-tetrahydrafolate (5-
methyl-THF) with a single glutamate (Zheng and Cantley, 2019). Once 5-methyl-THF is taken
up by cells, it is converted to other folates and multiple Glu are added to allow the poly-Glu

folates to be retained within cells (Zheng and Cantley, 2019).



Animals are unable to synthesize folates de novo and must obtain folates from their diet or
from the microorganisms in their gut. The human colon microbiota represents a major source of
folate and contributes more to host folate levels than folates obtained from diet (Liu et al., 2011).
The gut microbiota predominantly makes and secretes folates in the form of 5-formyl-THF, 5,10-
methenyl-THF, and 10-formyl-THF with up to 8 Glu residues, but the precise nhumber of Glu
residues is species specific (Sybesma et al., 2003). Polyglutamylated folates from the diet and
microbiota folates in the gut are hydrolyzed into monoglutamates in the intestine prior to
absorption by other cells and tissues (Imbard et al., 2013). Once monoglutamylated folates are
taken up by cells, the folates are glutamylated with up to 9 glutamate residues, or longer (Beaudin
and Stover, 2009). Polyglutamated folates accumulate in cells because they do not cross cellular
membranes and are therefore retains in cells. Polyglutamylated folates also have a higher affinity
for enzymes involved in one-carbon metabolism than their monoglutamate counterparts (Imbard
etal., 2013).

Folates in one-carbon metabolism

Folates have a canonical metabolic function in one-carbon metabolism, where they act as donors
and receptors for one carbon unit. One-carbon metabolism (Fig. 1.3) functions in the synthesis of
nucleotides (purines and deoxythymidylate monophosphate, dTMP), the amino acid methionine
(which is required to generate the methyl-donor S-adenosyl methionine), and the interconversion
of glycine and serine (Zheng and Cantley, 2019). Folate-mediated one-carbon metabolism is
compartmentalized in the cell (Imbard et al., 2013). The polyglutamated folates in the
mitochondria and cytoplasm are two distinct pools that contribute activated cofactors with each

other, but are not in equilibrium through folate exchange (Imbard et al., 2013).
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Folate is particularly important during periods of rapid cell division in proliferating cells
when purine, dTMP, methionine synthesis, DNA replication, methylation, and repair are needed
the most. For example, high amounts of folate prove beneficial for cell proliferation in embryonic
neural tube closure, the proliferation of leucocytes, erythrocytes and enterocytes, and cancer
progression (Beaudin and Stover, 2009; Liu et al., 2011).

Folate supplementation in humans

Neural tube defects (NTDs) are severe birth defects arising from the failure of embryonic neural
tube closure, causing brain and spine malformations in the newborn. To prevent NTDs, the United
States and a few other countries mandate fortification of grains with folic acid, which has reduced
NTD occurrence (Crott et al., 2008).However, the reduction in NTDs did not reduce proportionally
to the amount of fortification. For example, United States and Chile had approximately 40%
reduction in occurrence of NTDs, even though Chile mandated a 2-fold higher amount of folate
fortification (Crider et al., 2011).

The human gut has a very efficient capacity to convert reduced dietary folates to 5-methy-
THF but limited ability to reduce folic acid (Patanwala et al., 2014). Folic acid has only one
glutamic residue and first needs to be reduced to the naturally bioactive form tetrahydrofolate
(THF), through two reduction reactions catalyzed by dihydrofolate reductase (DHFR) (Fig. 1.3)
(Imbard et al., 2013). Therefore, large amounts of unmodified folic acid circulate in the portal vein
(Patanwala et al., 2014).

Folate transporters
Monoglutamylated folates are transported into mammalian cells and tissues by specialized

membrane transport systems and receptors (Liu et al., 2011). Mammals utilize three types of folate
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transporters: the reduced folate carrier (RFC); the proton-coupled folate transporter (aka,
SLC46A1); and folate receptors (FOLRS).

RFC

RFC (aka, the solute transport carrier SLC19A1) is ubiquitously expressed in mammalian cells
and is required for the majority of folate transport into the majority of mammalian cells (Zhao et
al., 2011). RFC is a low-affinity, but high-throughput transporter of the serum folate, 5-methyl-
THF, and other reduced folates (Zhao et al., 2011). RFC is an anion antiporter that uses a gradient
of higher organic phosphate in the cell to transport folate into the cell while transporting phosphate
linked to organic molecules out of the cell (Luteijn et al., 2019).

PCFT

PCFT (aka, SLC46A1) functions in the small intestine to absorb folate derived from food (Visentin
etal., 2014). PCFT couples the transport of folates with protons (H*) along the pH gradient from
the lower pH environment of the lumen of the intestine to the higher pH within intestinal cells.
PCFT also functions to release folate into cells after the endocytosis of folate receptors. After
endocytosis, the folate receptor, bound to folate, becomes localized to endosomes, which become
acidified. PCFT uses the higher proton concentration within the acidified endosomes to couple
the transport of folate with protons into the cytoplasm (Zhao et al., 2009). Recent studies have also
shown expression of PCFT in the placenta, choroid plexus (transporting folates into the
cerebrospinal fluid), and kidney tubules (Geller et al., 2002; Umapathy et al., 2007; Williams et
al., 2012). PCFT, works together with the Folate Receptor (discussed below) to mediate

endocytosis and release of folates in the cell.
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Folate Receptors

The folate receptors are high-affinity, low throughput transporters of folate (Zhao et al., 2011).
Each FOLR only binds one folate and brings the folate into cells via endocytosis of the FOLR—
folate complex. The reliance on endocytosis to bring in a singly-bound folate ensures that this is
a relatively slow, low-throughput transport mechanism. There are four FOLR1 genes that produce
FOLR1, 2, 3, and 4 proteins (aka, folate receptors a, B, v, and 8). Three of the FOLRs (FOLR1,
2, and 4) are linked to the plasma membrane by a carboxy terminus—glycosylphosphatidylinositol
(GPI) anchor, while FOLR3 is secreted (Zhao et al., 2011). In animals, non-canonical activity of
folates (i.e.as a signaling molecule) has been linked to FOLR proteins. Below, we will describe
the known functions of the four mammalian FOLR proteins in more detail.

FOLR1 has a restricted expression pattern in animals, and the majority of tissues do not
express FOLR1. FOLR1 is expressed at the luminal (apical) surface of polarized epithelia,
including proximal kidney tubules, type 1 and 2 pneumocytes in the lungs, choroid plexus, ovary,
fallopian tube, uterus, cervix, epididymis, submandibular salivary gland, bronchial glands, and
trophoblasts in the placenta (Elnakat and Ratnam, 2004). In several tissues, the polarized
localization of FOLR1 corresponds to its role in the transcytosis of folates across cellular barriers.
In the choroid plexus, FOLR1 transports folates from the basolateral to the apical membrane of
the choroid plexus, where it is then transported in exosomes across the blood brain barrier (Grapp
et al., 2013). In the placenta, FOLR1 transports folates from the mother to the fetus (Henderson
et al., 1995). And, in the kidney, FOLR1 acts to reabsorb folates from pre-urine to transport it
back into the body (Selhub et al., 1987).

FOLR2 is predominantly expressed in tissue-resident macrophages (Samaniego et al.,

2020). FOLRZ2 is expressed in anti-inflammatory/regulatory M2 activated macrophages, but not
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in pro-inflammatory M1 activated macrophages (Puig-Kroger et al., 2009). The role of FOLR2
expression in activated macrophages is not known.

FOLR3 lacks a GPI anchor and is secreted. FOLR3 is released into the bloodstream via
secretory granules from neutrophil granulocytes (Holm and Hansen, 2020). FOLR3 is also
expressed in monocytes (Sivapalaratnam et al., 2012). The purpose of FOLR3 secretion in both
types of cells has not been clarified in the literature.

FOLRA4 is unique among the FOLR proteins in that it is unable to bind folates because it
lacks the folate-binding pocket in its protein structure (Bianchi et al., 2014; Kato et al., 2016).
FOLRA4, which is also known as Juno, is localized to the surface of mammalian eggs where it
functions as the receptor for the Izumo protein on sperm (Bianchi et al., 2014). The binding of
FOLR4 and l1zumo to each other is required to allow mammalian sperm to fertilize eggs. Because
FOLR4 cannot bind folates, it provides a clear example of a well-defined FOLR cellular function
that is mediated through a non-metabolic pathway, although in this case, also independent of folate
binding. FOLRA4 is also constitutively expressed on regulatory T cells, but its function in the T
cells has not been reported (Jia et al., 2009).

C. elegans — a model system to study folate metabolism and signaling

Caenorhabditis elegans is a nematode that was introduced as a model organism more than 40 years
ago (Brenner, 1974). Since then, this roundworm has served as an invaluable tool to understand
multiple aspects of developmental and cell biology (Wang and Sherwood, 2011). Many
discoveries made in C. elegans have been shown to be conserved in higher eukaryotes and
mammals.

The C. elegans diet consists of microbes that also includes the bacteria E. coli (Brenner,

1974), and hence the use of C. elegans to study folates in vivo has gained popularity. Like other
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animals, C. elegans is unable to synthesize folate and acquires the metabolite through its diet
(Nguyen and Clarke, 2012). C. elegans have orthologs of the human RFC (FOLT-1) and FOLR
(FOLR-1) (Balamurugan et al., 2007; Chaudhari et al., 2016; Ortbauer et al., 2016). Our lab has
recently discovered that bacterial folates, arising from C. elegans diet stimulate the proliferation
of germ cells (Chaudhari et al., 2016). Thus, C. elegans has been considered a promising model
organism to study the effect of folates on metabolism and signaling.

C. elegans — a model system to study neuronal signaling

Due to the substantial size and complexity associated with mammalian systems, as well as their
long reproduction cycles, studies with invertebrate genetic model organisms like C. elegans can
more rapidly identify pathways that are evolutionarily conserved. C. elegans are widely used to
study neuronal signaling, the effect on behavioral responses to external stimuli, and to identify the
receptors involved in signaling pathways and their sites of action within the system (Schafer,
2006). Importantly, C. elegans behaviors can generally be easily measured and quantified. C.
elegans comes as two sexes; male and hermaphrodite, allowing genetic crosses and the obtaining
homozygous progeny to be easily achieved (Brenner, 1974). The ability of adult hermaphrodites
to self-fertilize allowing the passage of genetically identical animals within a week of time,
provides a large source of subjects for analysis. Moreover, the C. elegans genome can be easily
manipulated genetically using various gene editing techniques including cell specific RNAI
knockdown, gene rescue and CRISPR (Dickinson and Goldstein, 2016; Esposito et al., 2007,
Schade et al., 2005), while complex behaviors like thermotaxis, chemotaxis, aerotaxis and
responses to mechanical and dietary stimuli can be evaluated (de Bono et al., 2002; Goodman,

2006).
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C. elegans — NSM neuronal signaling

Serotonin regulates the locomotion of C. elegans in response to its feeding state and feeding
environment. Well-fed animals move slowly when encountering bacteria, but previously food-
deprived animals slow their moving speed even more dramatically when encountering bacteria.
Serotonin is required for this “enhanced slowing response” and worms with NSM neurons ablated
show a small but significant defect in this behavior (Sawin et al., 2000)

tph-1, is a C. elegant orthologue of mammalian tryptophan hydroxylase (TPH)(Sze et al.,
2000). TPH catalyzes the rate limiting step of the seretonin synthesis. A GFP tagged tph-1 (tph-
1::GFP) is expressed in serotonergic neurons of C. elegans; and most of these neurons is observed
by the L1 stage Expression of tph-1 cDNA in NSM neurons but not in ADF neurons of tph-1
mutant is sufficient to rescue the enhanced slowing response (Zhang et al., 2005). Both pieces of
evidence suggest the “enhanced slowing response” in starved animals is promoted by serotonin
from NSM neurons.

The NSM neurons are a pair of neurosecretory motor neurons have their cell bodies located
in the pharyngeal subventral nerve cords just anterior to the nerve ring that synthesize and secrete
serotonin, glutamate, and release neuropeptide-like proteins: NLP-13; NLP-18 and NLP-19
(Nathoo et al., 2001). One major process from each bipolar cell bifurcates near the cell body to
two thick processes (Fig. 1.4). There is also a third, long, thin process that originates from the cell
body. The first thick process turns within the nerve ring and continues its trajectory posteriorly
within the dorsal nerve cord of the isthmus and the second thick process runs posteriorly within
the subventral nerve cord of the isthmus, but both processes terminate before reaching the posterior
bulb of the pharynx (Axang et al., 2008). Serotonin secreted from this pair of neurons can function

as a neurotransmitter as well as a neurohormone, as these neurons have sensory endings in the
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pharynx, the outside of pharynx and the pseudocoelom (a fluid-filled body cavity) (Chase and
Koelle, 2007).

GON-2

GON-2 is a C. elegans transient receptor potential-M (TRPM) channel that is orthologous to the
mammalian TRPM7 channel (Lambie et al., 2015). GON-2 is required for normal gonadogenesis,
hence expressed in the gonad (Sun and Lambie, 1997). Gon-2 is also expressed in the intestine,
where it is known to involve in the electrolyte homeostasis along with another TRPM channel
GTL-1 (Teramoto et al., 2005).

Both channels are required for the proper absorption of trace metals such as Ni?* and Mg?*
in the intestine (Teramoto et al., 2010). GON-2 is able to transport Ca®* as well, and has a ten-fold
higher permeability for Ca?* than Mg?*(Xing et al., 2008). GON-2 and GTL-1 are additionally
required for proper defecation rhythms in the worm: the posterior body wall muscle contractions
that induce defecation are maintained through inositol-1,4,5-triphosphate (IP3)-dependent Ca®*
oscillations in the intestine epithelium and evidence suggests that GON-2 and GTL-1 carry this
calcium current (Kwan et al., 2008; Teramoto et al., 2010; Xing et al., 2008).

Mammalian TRPM7 is a constitutively active divalent cation channel with an
enzymatically functional serine/threonine kinase domain (Nadler et al., 2001; Suzuki et al., 2018).
The channel is inactivated by receptor-mediated activation of phosphatidylinositol 4,5-
bisphosphate (PIP2) and high Mg?* concentrations (Nadler et al., 2001; Runnels et al., 2002).
TRPMTY is identified be to involve in store-operated calcium entry (SOCE), in which the emptying
of ER calcium stores causes influx of calcium across the plasma membrane (Faouzi et al., 2017).
This process is regulated by the kinase activity of the TRPM7, which itself is activated by

autophosphorylation of its kinase domain (Faouzi et al., 2017).
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Figure. 1.1 The ubiquitination process; structure and regulation of CRL complexes

(A) The cascade of E1-E2-E3 enzymes tag substrates with ubiquitin.

(B) Regulation of SCFs by CAND1 and the CSN complex.

(C) Structure of CRL E3 ubiquitin ligases, and the process of assembly of structural components,
recruitment of the E2 enzyme, and ubiquitination of substrate proteins.

(Figures A and C Modified from the dissertation of Snehal Nitin Chaudhary)
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strain marker: tph-1-GFP strain source: S. Clark

Figure. 1.3. NSM neuron projection contacts the lumen of the pharynx

A) Anterior diagram with the pharynx in green and an NSM neuron in red. : Arrows mark NSM
soma; arrowheads mark minor neurite.

B) Diagram of the pharynx with one NSM neuron and two other neurons labeled.

(Reprinted from WormAtlas (http://wormatlas.org) with permission.)
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CHAPTER 2

EMERGING ROLES FOR FOLATE IN CANCER CELL SIGNALING

Fathima Zahra Nawaz and Edward T. Kipreos* “Emerging roles for folate in cancer cell

signaling”, invited review submitted to Trends in Endocrinology and Metabolism (TEM).
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Abstract

Folates are B vitamins that function in one-carbon metabolism. Folate receptors are one of three
major types of folate transporters. The folate receptors FOLR1 and FOLR2 are overexpressed in
multiple cancers. The overexpression of FOLR1 is often associated with increased cancer
progression and poor patient prognosis. There is emerging evidence that FOLR1 is directly
involved in signaling pathways in cancer cells that are independent of its canonical role in
metabolism. Recent publications implicate a direct role of FOLRL1 in several signaling pathways:
JAK-STAT3 and ERK1/2; a direct role as a transcription factor; and interaction with LYN and G-
protein coupled receptor subunits. We discuss data that support non-canonical roles for FOLR1,

and the limitations of the data.
Introduction

Folate (vitamin Bo) is an essential nutrient that is required for one-carbon metabolism. Folic acid
(a synthetic folate) is provided as a supplement during pregnancy to reduce the incidence of neural
tube defects, and 82 countries fortify grains with folic acid (Wald et al., 2018). The folate receptors
FOLR1 and FOLR2 have restricted tissue expression, but many cancers overexpress one of the
two receptors. We will review the overexpression of FOLR1 and FOLR2 in different cancers and
the impact on cancer progression. Emerging evidence suggests that folates function as ligands to
initiate cell signaling in a surprisingly large number of intracellular signaling pathways. We will
critically appraise the data that implicate the role of folate receptor in non-metabolic pathways in

cancer cells.
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Folates and one-carbon metabolism

Folates have a canonical role in one-carbon metabolism, where they donate and receive one-carbon
unit.  One-carbon metabolism functions in the synthesis of nucleotides (purines and
deoxythymidine monophosphate, dTMP), the amino acid methionine (which is required to
generate the methyl-donor S-adenosyl methionine), and the interconversion of glycine and serine

(Zheng and Cantley, 2019).

Folates are a family of molecules that are comprised of a pteridine ring, para-aminobenzoic
acid (PABA), and one or more glutamates (Glu) (Zheng and Cantley, 2019). Different folates
differ in their pteridine rings. In animals, the folate in serum that mediates systemic distribution
is 5-methyl-tetrahydrafolate (5-methyl-THF) with a single glutamate (Zheng and Cantley, 2019).
Once 5-methyl-THF is taken up by cells, it is converted to other folates and additional Glu are

added to create poly-Glu folates that are retained within cells (Zheng and Cantley, 2019).
Folate transporters

Mammals utilize three types of folate transporters: the reduced folate carrier (RFC); the proton-
coupled folate transporter (PCFT); and folate receptors (FOLRs). RFC is a low-affinity, high-
throughput transporter that is ubiquitously expressed in mammalian cells and mediates the
majority of folate transport into the majority of mammalian cells (Zhao et al., 2011) (Fig. 2.1, left).
RFC efficiently transports reduced folates (including the serum folate 5-methyl-THF), but has a
two-orders of magnitude lower efficiency for folic acid, which is a synthetic folate that is not found
in nature. PCFT has a critical role in the small intestine to absorb folate derived from food into

the body (Visentin et al., 2014) (Fig. 2.1, middle).
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FOLR are high-affinity, low-throughput transporters (Zhao et al., 2011). There are four
FOLR1 genes, FOLR1-4 (aka, folate receptors a, B, vy, and &; and the historical name of folate
binding protein, FBP). FOLRS3 is expressed in neutrophil granulocytes and monocytes and is a
secreted protein that binds folate in the bloodstream (Holm and Hansen, 2020; Sivapalaratham et
al., 2012). FOLR4 is expressed in regulatory T cells and mammalian eggs, but is unable to bind
folate (Bianchi et al., 2014; Jia et al., 2009). In the egg, FOLR4 functions as the receptor for the
sperm lzumo protein, and is required for fertilization (Bianchi et al., 2014). FOLR1 and FOLR2
bind folates on the cell surface, and FOLR bound to folate are brought into the cell by endocytosis
(Fig. 2.1, right). After endocytosis, folates are released from acidified endosomes into the

cytoplasm by PCFT (Zhao et al., 2009).

FOLR1 has limited tissue expression on the luminal (apical) surface of polarized epithelia,
including proximal kidney tubules, type 1 and 2 pneumocytes in the lungs, choroid plexus, ovary,
fallopian tube, uterus, cervix, epididymis, submandibular salivary gland, bronchial glands, and
trophoblasts in the placenta (Elnakat and Ratnam, 2004). In several tissues, the polarized
localization of FOLR1 corresponds to its role in the transcytosis of folates across cellular barriers.
In the choroid plexus, FOLR1 transports folates from the basolateral to the apical membrane of
the choroid plexus, and is then transported in exosomes across the blood brain barrier (Grapp et
al., 2013). In the placenta, FOLR1 transports folates from the mother to the fetus (Henderson et
al., 1995). And in the kidney, FOLR1 acts to reabsorb folates from pre-urine to transport the

folates back into the body (Selhub et al., 1987).

FOLR1 has the highest affinity for folic acid, which is the synthetic folate that is used for
vitamin supplements and grain fortification (Wald et al., 2018). The affinity of FOLR1 for folic

acid is 14-fold higher than for the serum folate 5-methyl-THF (Leamon et al., 2009).
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FOLR?2 is expressed in activated M2 macrophages, which are anti-inflammatory/regulatory,
but not in M1 macrophages, which are pro-inflammatory (Puig-Kroger et al., 2009). The role of

FOLR2 expression in activated M2 macrophages is not known.

Non-canonical signaling roles of folates in non-mammals

There are three examples of potential non-canonical folate signaling in non-mammalian species.
Dictyostelium folate signaling through a G-protein coupled receptor

Dictyostelium discoideum is a type of soil amoeba that live as single cells, but in response to
starvation, they form multicellular aggregates that form fruiting bodies, which release spores. As
single cells, D. discoideum eat bacteria, and they chemotax toward bacteria based on the detection
of folates and pterins that are released from the bacteria (Janssens and Van Haastert, 1987). The
D. discoideum cell surface receptor for folates/pterins is an orphan G-protein-coupled receptor
(GPCR) (Pan et al., 2016); and thus differs from the FOLR-directed signaling pathways proposed

in animals.
Caenorhabditis elegans folate signaling through FOLR-1

C. elegans is a small roundworm that lives in the soil and eats bacteria. In C. elegans, 10-formyl-
THF and dihydropteroate (which is a pteroate, structurally similar to folates but lack Glu) act as
signals to increase the rate of germ stem cell proliferation (Chaudhari et al., 2016). Three lines of
evidence indicate that 10-formyl-THF acts as a signal, rather than through metabolism. First, the
stimulation of germ cell proliferation requires FOLR-1, which is not required to provide folates
for metabolism (that is the role of RFC). Second, other folates can rescue folate deficiency better

than 10-formyl-THF but are unable to increase the basal rate of germ cell proliferation, thereby
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decoupling a role in metabolism from the stimulatory role. Third, a ligand that cannot function in

metabolism (a pteroate) can stimulate the FOLR-1 pathway.
A potential non-canonical role for FOLR1 in Xenopus

In Xenopus neural tube closure, the apical surface constricts to induce the curvature that shapes
the neural tube. FOLRL is localized to the apical surface and is required for the constriction of the
neural plate (Balashova et al., 2017). FOLR1 physically interacts with C-cadherin and p-catenin,
which are components of adherens junctions (Balashova et al., 2017). FOLR1 is required for the
endocytosis of C-cadherin from the apical surface, which facilitates the constriction of the apical
surface (Balashova et al., 2017). The physical interaction of FOLR1 with C-cadherin suggests
that FOLR1 may directly mediate the endocytosis of C-cadherin endocytosis, which would be a

non-metabolic role in regulating adherens junctions.
FOLR overexpression and linkage to cancer progression

FOLR1 is overexpressed in many cancers of epithelial origin. A broad survey of FOLR1 protein
(Parker et al., 2005), along with more targeted surveys, have identified the human cancers that
have increased FOLR-1 expression relative to normal tissues (Table 1). Among the highest levels
of overexpression of FOLR1 are cancers of the female reproductive tissues — the ovary and uterus
(Table 1). Significant overexpression of FOLRL1 is also observed in brain carcinomas (Parker et
al., 2005). FOLR1 overexpression is associated with metastasis of pancreatic carcinomas and

lymphomas relative to non-metastatic cancers in those tissues (Parker et al., 2005).

Two mechanisms have been described for how FOLRL is overexpressed in ovarian cancer.
One third of ovarian cancers were found to amplify the genomic region containing FOLR1, and

this correlated with increased mMRNA levels (Siu et al., 2012). A second mechanism involves
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caveolin-1 (CAV1), which functions in caveolae-mediated endocytosis. CAV1 has an antagonistic
transcriptional relationship with FOLR1 in ovarian cancer cells. Overexpressing FOLR1 reduces
CAV1 expression in ovarian cancer cell lines, and overexpression of CAV1 reduces FOLR1
expression (Bagnoli et al., 2000). Ovarian cancer cells have reduced CAV1 expression and
increased FOLR1 expression (Bagnoli et al., 2000). Thus, a reduction in CAV1 expression could
have increased FOLR1 expression or the increase in FOLR1 expression could have reduced CAV1

expression.

Multiple studies have been conducted to determine the association between FOLR1 and
cancer progression or reduced patient survival. A meta-analysis assessing the effect of FOLR1
overexpression on patient survival has reported that breast cancers with high FOLR1 expression
had a hazard ratio (HR) (see Glossary) of 2.66 for disease-free survival (DFS) and a HR of 2.71
for overall survival (OS) (Liu et al., 2020). This indicates that FOLR1 overexpression in breast
cancer results in a 2.71-fold higher likelihood of patient death. Uterine endometrial cancer had a
HR of 1.3 for DFS and 1.72 for OS, indicating a 72% increased likelihood of patient death (Liu et
al., 2020). There was no statistical increase in DFS or OS for ovarian and lung cancers (Liu et al.,
2020). However, a caveat is that because such a high percentage of ovarian cancers express
FOLR1 (Table 1) comparisons between FOLR1 overexpressing and non-expressing cells are not

as relevant.

Despite the lack of correlation of FOLR1 expression with patient survival for all types of
ovarian cancer (Despierre et al., 2013; Kalli et al., 2008; Liu et al., 2020; Yuan et al., 2009), higher
expression of FOLRL1 is observed in ovarian cancers with higher histologic grades, more advanced
stages, increased aneuploidy, a higher percentage of S phase cells, and higher resistance to

chemotherapy — all markers of cancer progression (Chen et al., 2012; Kurosaki et al., 2016; Siu et
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al., 2012; Toffoli, 1998). Patients with serous ovarian carcinomas with higher FOLR1 expression
levels had increased HRs for DFS (2.77) and OS (4.76) (Chen et al., 2012). Additionally,
inhibition of FOLR1 in ovarian cancer cells reduced the cancer attributes of cell proliferation,

growth in soft agar, and cell migration and invasiveness (Figini et al., 2003; Siu et al., 2012).

The overexpression of FOLR2 has been reported in the placenta, mature neutrophils, and in
more than 50% of all myelogenous leukemias (Ross et al., 1994; Wang et al., 2000). When
considering solid tumors, higher FOLR2 expression is often associated with cells in the stroma,
which primarily reflects the presence of activated macrophages (Puig-Kroger et al., 2009). A
careful analysis of anti-FOLR2 staining in the stroma vs. in cancer cells found that nearly 25% of
cancer samples express FOLR2, primarily in malignancies of the lung, liver, skin, kidney, and soft
tissue, but not in cancers of the head and neck, prostate, and colon (Shen et al., 2015) (Tablel).
The expression of FOLR2 did not correlate with the stage of cancer, size of tumors, or involvement

of lymph nodes (Shen et al., 2015).
Indirect evidence that FOLR1 functions independently of metabolism

FOLRL1 could promote cancer by providing increased levels of folates for one-carbon metabolism.
However, even when FOLRL1 is overexpressed, it generally transports less folate into cells than
RFC. In five ovarian cancer cell lines (including SKOV-3), FOLR1 only contributes ~20% of the
uptake of the serum folate 5-methyl-THF, while RFC is responsible for ~70% of the uptake

(Coronaet al., 1998).

In SKOV-3 cells, FOLR1 knockdown reduced cell proliferation, migration, and invasiveness,
implying that FOLR1 expression promotes these cancer attributes (Siu et al., 2012). Surprisingly,
the overexpression of RFC had a similar effect in reducing cell proliferation, migration, and

invasiveness. This suggests that FOLR1 expression promotes cancer progression while RFC
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expression inhibits cancer progression (despite both overexpressions presumably increasing folate
uptake). This suggests that increasing folate uptake is not as relevant as which transporter is
overexpressed. However, a caveat is that the study was carried out with folic acid as the sole
source of folate. RFC is very inefficient at transporting folic acid (Zhao et al., 2011), and when
folic acid is provided at low, physiological levels, FOLR1 may transport the majority of the folic
acid. Hence, it is possible that the reduction of cancer attributes associated with FOLR1

knockdown resulted from a lack of folates for metabolism.

Additional evidence that suggests FOLR1 acts independently of metabolism is that the
proliferation of erythropoietic cells is significantly increased by incubation with anti-FOLR1
antibodies (Antony et al., 1987). The binding of antibodies to cell surface receptors can, in many
instances, activate signaling independently of ligand binding. This particular anti-FOLR1
antibody prevents folate from binding to FOLR1 (Antony et al., 1987) suggesting that the

stimulation of erythropoiesis was independent of folate transport.
Signaling pathways linked to FOLR1

In this section, we will describe the different signaling pathways that implicate a direct role for
FOLR1 insignaling. Our assessment of whether the data supports a non-canonical role for FOLR1
relies on the physical interaction of FOLR1 with signaling components and how rapidly signaling
events occur after folate stimulation. Short time frames would suggest a direct effect on signaling
rather than a consequence of changes in the levels of amino acids or nucleotides that are generated

by one-carbon metabolism.

Currently, for many potential published pathways there is insufficient evidence to infer direct
regulation by folate vs. secondary consequences of changes in metabolism or the effects of other

signaling pathways. Potential pathways for FOLR1 and FOLR?2 that fall in this category and will
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not be discussed include a potential FOLR2 pathway linked to AKT and ribosomal S6 kinase (Xu
et al., 2018), potential FOLR1 pathways linked to Wnt (Yang et al., 2021), TGFp (Warner et al.,
2011), and NOTCH3 and FGFR1 (Yao et al., 2009). Other folate-linked signaling pathways where
the transporter was not defined include mTor (Pan et al., 2017; Silva et al., 2017), Hedgehog

(Wang et al., 2012), AKT (Hwang et al., 2015), and GSK-3 (Budni et al., 2018) signaling.

The concentration of folates used in the experiments can be important. Certain studies use
excessive, supraphysiological folate concentrations to stimulate cells. Excessive folate levels can
potentially induce non-physiological cellular responses. We are mindful that when trying to detect
rapid readouts of intracellular signaling pathways (e.g., phosphorylation of signaling proteins), it
is often helpful to transiently use a pulse of ligand at high concentration. However, ideally, this
would be combined with experiments using lower, physiological concentrations to follow the

normal functioning of the pathway.

When considering experiments on potential signaling pathways it is important to consider
the level of folate in the cell culture conditions, as tissue culture media contain a wide range of
folic acid concentrations (e.g., 0 nM for folate-free RPMI to 9.1 uM for DMEM). The use of too
low folate concentrations could make cells reliant on FOLR1 (rather than RFC) to obtain folates
for one-carbon metabolism due to its high-affinity binding of folates. Studies have used folate-
free medium supplemented with 5% FBS, which would suggest that the level of folate was only
~5% of the physiological level. Conversely, studies have used high-folate culture medium with

9.1 uM of folic acid then stimulated cells with only 1 uM folic acid.
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JAK-STATS3 signaling

The JAK-STATS3 pathway is often activated in epithelium-derived cancers, where it promotes
proliferation and is associated with poor patient prognosis (Jarnicki et al., 2010). Three
laboratories have reported that folate induces the activation of the JAK-STATS3 signaling pathway
leading to the activation of the STATS3 transcription factor (Table 2) (Fig. 2.2). Folic acid induces
the activating phosphorylation of STAT3 within 5 min in HeLa cells (Hansen et al., 2015), and
within 30 min in mouse neural precursor cells (Su et al., 2018). Folic acid also increases the
steady-state levels of phospho-STAT3 in mouse embryonic stem cells (Wei et al., 2017). The fast
activation (within 5 min) suggests a non-metabolic pathway. Downstream STAT3-inducible genes
are activated in response to the folic acid stimulation (Hansen et al., 2015). FOLR1 co-
immunoprecipitates (co-IP) with the gp130 co-receptor that binds JAK, suggesting a direct linkage
between folate binding by FOLR1 and the initiation of the signaling pathway (Hansen et al., 2015;

Su et al., 2018) (Fig. 2.2).

The linkage between FOLR1 and STAT3 activation was also demonstrated in a mouse breast
cancer model. Breast cancers were induced in mice by expressing polyoma virus middle T
oncogenic protein in mammary epithelium, and the resulting tumors overexpress FOLR1 and have
increased levels of phospho-STAT3 (Hansen et al., 2017). Feeding the mice a diet high in folic
acid caused a doubling of tumor mass, demonstrating that only a five-fold increase in dietary folic

acid can promote tumor growth in vivo.

The very high levels of folic acid that were used to induce phospho-STATS3 raises the
question of the physiological relevance of the pathway. The concentration of folic acid added to
HelLa cells was 567-1360 pM, which is >18,000-fold higher than the median concentration of

serum folate in the fortified US population (26 to 31 nM) (Pfeiffer et al., 2007). Stimulation with
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1134 uM folic acid in neural precursor cells produced substantially more phospho-STAT3 than
stimulation with 453 UM, suggesting that the pathway is not saturated at 453 uM (Su et al., 2018).
This does not match the expectation of FOLR1 initiating the pathway because FOLR1 has a Kp
for binding folic acid (~0.1 nM) that is 4.5 million-fold lower than 453 uM (Leamon et al., 2009).
With such a low Kp, one would expect that FOLR1 binding to folic acid would be saturated at 453
MM, so that further increases would not impact STATS3 activation. This leads to the question of
whether FOLRL1 is required for the induction of phospho-STAT3. Two FOLR1 knockdown
experiments showed either a normal increase of phospho-STAT3 in response to folic acid (despite
FOLR1 knockdown to undetectable levels) or a reduced but still significant increase of phospho-
STAT3 (Hansen et al., 2015). This suggests that FOLR1 may not be essential for the activation

of the JAK-STATS3 pathway.
ERK1/2 signaling

There are multiple papers from several labs that describe FOLR1 promoting signaling that involves
the serine/threonine kinase ERK (MAP kinase). The canonical ERK1/2 pathway involves receptor
tyrosine kinases that activate the small GTPase protein RAS, which then leads to the sequential
phospho-activations of the serine/threonine kinases RAF, MEK, and ERK1/2 (Lavoie et al., 2020).
This pathway is often activated in cancer, where it increases cell proliferation and migration
(Lavoie et al., 2020). There are other pathways that activate ERK1/2, including a pathway that

involves involves the SRC tyrosine kinase (Lavoie et al., 2020).

FOLR1/PGR/SRC/ERK/I kB- a/NF-xkB/p53/p21 & p27

Several papers from the Lee laboratory describe a signaling pathway for FOLR1 that includes the
progesterone receptor (PGR) and SRC (Kuo et al., 2015; Kuo and Lee, 2016; Lin etal., 2012; Ting

et al., 2019; Wang et al., 2020) (Table 2) (Fig. 2.3A). After addition of 10 uM folic acid, FOLR1
46



is shown to physically associate with PGR, the estrogen receptor (ESR2), and SRC in primary
endothelial HUVEC cells (Lee et al., 2018; Lin et al., 2012), and with PGR but not SRC in the
COLO-205 colon cancer cell line (although PGR independently interacts with SRC) (Kuo and Lee,
2016). The data infers the downstream pathway of activated phospho-SRC inducing the phospho-
activation of ERK1/2, which phosphorylates IkB-o to release the NF-kB transcription factor,
which translocates to the nucleus where it induces the expression of the tumor suppressor p53
transcription factor. p53 then induces the expression of the CDK-inhibitors p21¢'P! and p27K!P?,
which bind cyclin-dependent kinases (CDKS) to inhibit cell cycle progression (Fig. 2.3A). The
pathway also inhibits cell migration and invasiveness (Ting et al., 2019). FOLRL is required for
the folic acid-induced increase in phospho-SRC and p53 levels (Kuo et al., 2015; Lin et al., 2012).
Phosphorylation of ERK1/2 and SRC is observed only 2 min after addition of folic acid (Kuo et
al., 2015; Kuo and Lee, 2016; Lin et al., 2012; Ting et al., 2019; Wang et al., 2020). Partial
inhibition of cell proliferation is observed at 0.1 puM folic acid, which is closer to physiological

levels.

The pathway with FOLR1, PGR, and SRC is also present in breast cancer cell lines (Wang
et al., 2020). However, in this context, folic acid promotes cell proliferation and migration.
Intracellular signaling pathways are often utilized for different functional outcomes depending on
the tissue. With breast cancer, the ERK1/2 signaling pathway promotes cancer attributes,
consistent with FOLR1 overexpression worsening breast cancer outcomes (Liu et al., 2020). With
colon cancer, the ERK1/2 signaling pathway inhibits cancer attributes, consistent with FOLR1

protecting against colon cancer in a mouse model (Ma et al., 2005).
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FOLR1/MEK/ERK/TSLC1

Z. Liu et al., 2017, described a different FOLR1 and ERK1/2 pathway in the nasopharyngeal
cancer cell line HONE1 (Liu et al., 2017b) (Fig. 2.3B). Folic acid at 10 uM induces an increase
in phospho-MEK and phospho-ERK1/2 levels in 10 min (Liu et al., 2017b). FOLRL1 is required
for the folic acid-induced increase in phospho-ERK1/2 levels, and the inhibition of cell
proliferation, migration, and invasiveness (Liu et al., 2017b). The pathway is associated with
increased transcription of the tumor suppressor TSLC1 (Liu et al., 2017b), which is downregulated
or inactivated in 87% of nasopharyngeal tumors (Lung et al., 2006). The inhibition of cell
proliferation by this pathway is consistent with a study that showed that increased dietary folate
prevents nasopharyngeal cancer (Zeng et al., 2016).

FOLR1/ERK/FOS-JUN

C. Liu et al., 2017, described a correlation between FOLR1, ERK1/2, and the FOS—JUN (c-Fos—
c-Jun) transcription complex and cervical cancer (Liu et al., 2017a) (Fig. 2.3C). A correlation was
observed between increasing severity of cervical lesions and increased expression of FOLR1,
phospho-ERK1/2, phospho-FOS, and phospho-JUN (Fig. 2.3C). FOS and JUN are proto-
oncogenes that together form the transcription factor AP-1, which promotes cell proliferation and
cancer (Eferl and Wagner, 2003). The phosphorylation of FOS and JUN by ERK1/2 is known to

increase AP-1 activity (Eferl and Wagner, 2003).

FOLR1/ERK/FOS—JUN/Survivin

Zhang et al., 2019, described a correlation between FOLR1, ERK1/2, FOS and JUN, and the
apoptosis inhibitor Survivin (BIRC5) in promoting endometrial carcinomas (Zhang et al., 2019).
An analysis of endometrial carcinoma samples showed a strong correlation with increasing

pathological grade and increased expression of FOLR1, phospho-ERK1/2, and Survivin. ERK1/2
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is known to induce the expression of Survivin in other cells (Cao et al., 2011). Inactivation of
FOLR1 in the endometrial carcinoma cell line KLE reduced the steady-state levels of phospho-

ERKZ1/2, phospho-JUN, phospho-FOS, and Survivin, and increased apoptosis.
FOLR1 interaction with LYN and Gai-3

An analysis of the IGROV1 ovarian cancer cell line found FOLR1 in the detergent-resistant
membrane fraction (indicative of lipid rafts) along with several SRC-family tyrosine kinases, and
GPCR components (Miotti et al., 2000). FOLR1 and the SRC-family member LYN reciprocally
co-IP with each other along with the trimeric GPCR subunit Gai-3, suggesting physical interactions
within lipid rafts. Adding anti-FOLR1 antibody to the cells reduced the amount of both FOLR1
and LYN in the detergent-resistant membrane fraction, suggesting that FOLR1 affects LYN
localization. The functional impact of the interaction of FOLR1 with LYN and Gai-s was not

assessed.
FOLR1 as a transcription factor

The Mayanil lab published three papers in which FOLR1 acts as a transcription factor that
translocates from the cytoplasm to the nucleus, where it directly regulates gene expression
(Boshnjaku et al., 2012; Mohanty et al., 2016; Monick et al., 2019) (Table 2) (Fig. 2.4). Two
FOLR1 isoforms of 42 and 38 kDa are initially localized to the cytoplasm. The 38 kDa isoform
undergoes folate-regulated nuclear localization 15-30 min after stimulation with 453 uM folic acid
in the human medulloblastoma cell line DAOY, and with 22 nM of 5-methyl-THF in the mouse
neural crest cell line O9-1 (Boshnjaku et al., 2012; Monick et al., 2019). The effect of the 22 nM
5-methyl-THF is surprising, as the experiment appears to be performed in the context of a medium

based on DMEM, which has 9.1 uM folic acid (although the medium was pre-conditioned by
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incubation with STO feeder cells (Ishii et al., 2012), which might have removed some folic acid).
The nuclear localization of FOLR1 has been previously reported as localization to the nuclear
envelope in murine Muller retinal cells (Bozard et al., 2010); however, TEM images in that

publication suggest there is also localization to the nucleoplasm (see their Fig. 5C).

The Mayanil lab used a candidate gene approach to identify six genes whose transcription is
increased by FOLR1 (Boshnjaku et al., 2012; Mohanty et al., 2016). FOLR1 was shown to bind
the regulatory regions of OCT14, SOX2, and KLF4 within 15-30 min of stimulation with folic acid
(Mohanty et al., 2016). FOLRL is proposed to bind to AANTT DNA sequences based on in vitro
binding and electrophoretic mobility shift assay (Boshnjaku et al., 2012; Mohanty et al., 2016).
AANTT has too little information to direct specific binding for a monomeric FOLR1. Most
transcription factors increase DNA-binding specificity either by homomeric association or
interaction with other DNA-binding proteins, and presumably FOLR1 would use a similar strategy

to increase binding specificity.

The Mayanil lab reported that the 38 kDa isoform of FOLR1 physically bound to chromatin
assembly factor 1 subunit A (CHAF1A, CAF-1) and the microRNA processing Drosha—-DGCRS8
complex (Mohanty et al., 2016; Monick et al., 2019). FOLR1 was proposed to act as an inhibitor

of both CAF-1 and Drosha—DGCRS, but these scenarios were not directly tested.
Concluding Remarks

FOLRL1 is overexpressed in many epithelium-derived cancers and has been associated with
neoplastic progression and poor prognosis in a subset of these cancers. In several cancers, FOLR1
promotes proliferation, migration, and invasiveness. Emerging evidence suggests that these cancer

attributes can result from signaling events that are initiated by folate and involve FOLR1.
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FOLRL is associated with a plethora of potential signaling pathways. While it is possible
that FOLRL is a jack-of-all trades that functions in multiple signaling pathways, it is also possible
that some of the proposed pathways are not physiologically relevant. Several aspects of these
pathways are not determined or are of potential concern (see Outstanding Questions). It is also
possible that one or more of the pathways are activated in response to an upstream folate-
responsive signaling pathway. For example, multiple signaling pathways can activate ERK1/2,

which can then lead to the phospho-activation of STAT3 (Lavoie et al., 2020).

The majority of the data supporting a role of FOLR1 in signaling comes from tissue culture
studies. Idiosyncrasies among cell lines can sometimes lead to conclusions that do not reflect in
vivo realities. When there are divergent tissue culture observations, it is often helpful to utilize
studies with whole organisms to clarify in vivo pathways. Studies with mice could help to identify
physiologically relevant pathways, and studies with invertebrate model organisms could identify

evolutionarily-conserved pathways.
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Figure. 2.1. The three types of folate transporters. Left) RFC (aka, the solute transport carrier
SLC19A1) is an anion antiporter that uses a gradient of higher organic phosphate in the cell to
transport folate into the cell while transporting organic phosphate out of the cell. The term
"organic phosphate™ refers to phosphate linked to organic molecules, and these can be relatively
large molecules such as cyclic dinucleotides (Luteijn et al., 2019). Middle) PCFT (aka,
SLC46A1) couples the transport of folates with protons (H*) along the pH gradient from the
lower pH environment of the lumen of the intestine to the higher pH within intestinal cells.

PCFT also releases folate from acidified endosomes after the endocytosis of FOLRs. Right)
FOLR1 and FOLR?2 are high-affinity, low throughput transporters of folate. Each FOLR only
binds one folate and brings the folate into cells via endocytosis of the FOLR—folate complex.
The reliance on endocytosis to bring in a singly-bound folate ensures that this is a relatively
slow, low-throughput transport mechanism. FOLR1 and 2 are linked to the plasma membrane by
a carboxy terminal glycosylphosphatidylinositol (GP1) anchor. Figure created with

BioRender.com.
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Figure. 2.2. Proposed role for FOLR1 in JAK-STAT3 signaling. JAK is the Janus kinase, a
tyrosine kinase that associates with the intracellular domains of specific receptors (Jarnicki et al.,
2010). Ligand binding brings together two receptors (or co-receptors), the associated JAK then
cross-phosphorylate the receptors, which allows two STAT3 proteins to bind the tyrosine-
phosphorylated receptors, the STAT3 are subsequently phosphorylated by JAK. The two
phospho-STAT3 dimerize and enter the nucleus where they function as transcription factors. In
the proposed signaling pathway, the gp130 co-receptor, which is associated with JAK, binds to
FOLRL1. Folate binding would then bring two gp130 together to initiate the JAK-STAT3
pathway to generate phospho-STAT3 dimers, which act as transcription factors. Figure created

with BioRender.com.
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Figure. 2.3. Proposed roles for FOLR1 in ERK1/2 signaling. In the diagrams of proposed
pathways, dashed-line double arrows indicate uncertainty in how a step is accomplished. A)
Folate signaling through FOLR1-PGR-SRC. Folate is brought into the cell through RFC or
plasma membrane-localized FOLR1. Cytoplasmic-localized FOLR1 (which may or may not
have a GPI anchor, shown without) physically interacts with PGR. PGR interacts with both
FOLR1 and SRC, either separately (Kuo and Lee, 2016) or in a trimeric complex (Lee et al.,
2018). SRC autophosphorylates to activate itself and promotes the phospho-activation of
ERK1/2. Activated ERK1/2 phosphorylates 1«B-a, releasing NF-«B to translocate to the
nucleus and induce the transcription of p53, which induces the transcription of p21¢P1, p21¢iPt
inhibits CDK—cyclin complexes to block cell cycle progression. B) FOLRL1 signaling through
MEK-ERK. It is not known if FOLRL1 initiates this pathway from the plasma membrane or

intracellularly. MEK is phospho-activated, and phospho-activates ERK1/2 (Liu et al., 2017b).
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Activated ERK1/2 induces transcription of TSLC1 (aka cell adhesion molecule 1, CADM1),
which acts on the plasma membrane to prevent cell proliferation. C) FOLR-ERK1/2 signaling
through FOS and JUN. ERKZ1/2 phosphorylates FOS and JUN to promote their activity as a

transcription factor (Liu et al., 2017a). Figure created with BioRender.com.
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Figure. 2.4. Proposed role of FOLRL as a transcription factor. Folate is brought into the
cytoplasm either through the action of RFC or membrane-localized FOLR1. Cytoplasmic
FOLR1 (which may or may not have the GPI anchor, shown without) binds folate and then
translocates to the nucleus, where it functions as a transcription factor, directly binding gene

regulatory regions. Figure created with BioRender.com.

Glossary

Disease-free survival (DFS): the length of time after primary treatment during which the patient

does not show symptoms of cancer.

Hazard ratio (HR): a ratio of how often a particular deleterious event happens in one group
compared to another group (generally the control group) over time. For example, a HR above 1
for DFS means that the analyzed group had less DFS (with less DFS being the deleterious event)

than the control group.

HUVEC cells: primary human umbilical venous endothelial cells obtained from the umbilical

cord.

Overall survival (OS): the length of time from either the date of diagnosis or the start of

treatment that patients remain alive.
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Table 2.1. Expression of FOLR1 and FOLR?2 in different cancers

Tissue and cancer Express high Reference Ratio Express
FOLR1 (%) cancer/normal FOLR2 (%)
FOLR1 protein (Shen et al.,
(Parker et al., 2015)
2005)
Ovary
Primary tumor 70%-100% (Kalli et al., 2008)
Serous carcinoma 82%-100% (Crane et al., 2012; 22.3 50%
Kalli et al., 2008;
Parker et al., 2005)
Endometrioid 22%, 67%, 100% | (Crane et al., 2012; 10.2
carcinoma Kalli et al., 2008;
Parker et al., 2005)
Mucinous carcinoma 0%, 22%, 55% (Crane et al., 2012; 1.2 14%
Kalli et al., 2008;
Parker et al., 2005)
Clear cell carcinoma 63% (Kalli et al., 2008)
Metastatic 100% (Parker et al., 30.1
2005)
Papillary serous 8%
cystadenocarcinoma
Normal 0% (Parker et al., 1.0 0%
2005)
Uterus
Endometrial Primary 20% (Parker et al., 9.8

carcinoma

2005)
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Endometrial Metastatic 100% (Parker et al., 8.6 0%
2005)
Uterine serous 69% (Parker et al.,
carcinoma 2005)
Squamous cell 20%
carcinoma
Endometrial 5%
adenocarcinoma
Normal 0% (Dainty et al., 1.0 0%
2007)
Brain
Primary carcinoma 35% (Parker et al., 14.1
2005)
Glioblastoma 18%
Astrocytoma 10%
Normal 0% (Parker et al., 1.0 0%
2005)
Pancreas
Primary carcinoma 10% (Parker et al., 1.5
2005)
Metastatic 100% (Parker et al., 3.6
2005)
pancreatic ductal
adenocarcinoma 80% (Cai, 2017) 5%
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Normal

Primary

Metastatic

Normal

Primary carcinoma

Triple-negative breast
cancer

- Metastatic

Infiltrating ductal
carcinoma

Invasive ductal
carcinoma

Normal

Primary carcinoma

0%

0%

50%

0%

43%

71%

86%

20%

36%

(Parker et al.,

2005)

(Parker et al.,
2005)
(Parker et al.,
2005)
(Parker et al.,

2005)

(Parker et al.,
2005)
(O’Shannessy et
al., 2012b)
(O’Shannessy et

al., 2012a)

(Parker et al.,

2005)

(Parker et al.,

2005)

0%

75%

0%

0%

20%

3%

0%
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Adenocarcinoma 59.6%, 72%, 76% | (Cagle et al., 2013; 0.9 56%
O’Shannessy et al.,
2012b; Tie et al.,
2020)
Mesothelioma 67% (Parker et al., 1.0
2005)
Metastatic 50% (Parker et al., 0.8
2005)
Squamous cell 13%, 33%, 51% | (Cagle et al., 2013; 14%
carcinoma O’Shannessy et al.,
2012b; Tie et al.,
2020)
Non-small cell 100%
carcinoma
Normal 75% (Parker et al., 1.0
2005)
Kidney
Primary carcinoma 86% (Parker et al., 0.9
2005)
Metastatic 50% (Parker et al., 0.3
2005)
Renal cell carcinoma 100%
Clear cell carcinoma 15%
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Normal

100%

(Parker et al.,

2005)

1.0

Primary carcinoma

Normal

Primary carcinoma

Metastatic

Normal

Primary carcinoma

Transitional cell

carcinoma

0%

0%

33%

44%

%

20%

2005)

(Parker et al.,
2005)
(Parker et al.,

2005)

(Shia et al., 2008)
(Shia et al., 2008)

(Shia et al., 2008)

(Parker et al.,

2005)

1.2

1.0

0.1

0.8

1.0

0.7

Primary carcinoma 0% (Parker et al., 1.3
2005)
Hepatocellular 53%
carcinoma
Normal 0% (Parker et al., 1.0 0%

0%

9%




Normal

Acute Myelogenous

Leukemia

Squamous cell
carcinoma
- primary tumors
- lymph node
metastases
(LNM)

Normal

Squamous cell
carcinoma

Normal

Spindle cell type
liposarcoma
Fibrosarcoma
Mucinous liposarcoma

Liposarcoma

50%

45%

40%

0%

41%

12%

(Parker et al.,

2005)

(Saba et al., 2009)

(Saba et al., 2009)

(Saba et al., 2009)

(Liuetal., 2017a)

(Liu et al., 2017a)

1.0

68%

0%

0%

5%

100%

70%

25%

20%




Papillary carcinoma 30%
Follicular carcinoma 22%
Normal 0%

Adenocarcinoma 11%

Normal 0%

Squamous cell 10%
carcinoma
Normal 0%

Seminoma 7%

Normal 0%




Table 2.2. Papers that describe a direct role for FOLRL1 in signaling.

Increase in
Folate markers FOLR1
Cells added (time post folate) physical Notes Ref.
(UM) *requires interaction
FOLR1
| JAK-STAT signaling
HelLa (cervical FA (567- - p-STAT3 (5 - co-IP - STAT3- (Hansen et
cancer cell) 1360) min) gp130 with regulated genes al., 2015)
FOLR1 increase with
folic acid (FA)
mouse neural FA (453- - p-STAT3 (30 - co-IP - FOLR1 (Suetal.,
precursor cells 1134) min) FOLR1 with | promotes 2018)
gp130 astrocyte
differentiation
mouse embryonic FA (1000) - nuclear p- - no increase in (Wei et al.,
stem cells (ESC) STATS3 (steady p-STAT3 but 2017)
state) translocation to
nucleus
mouse mammary - induced breast | (Hansen et
epithelium tumors cancers that al., 2017)
express FOLR1
and p-STAT3
ERK1/2 signaling
FOLR1/PGR/SRC/ERK/I kB-a/NF-xB/p53/p21 & p27
HUVEC FA (10) - p-SRC (2 min)* | - co-IP SRC | - inhibition of (Linetal.,
- p-ERK1/2 (5 with FOLR1 | cell proliferation | 2012)
min) starts at 0.1 uM
- nuclear NF-xB FA (max 10 uM)
(13 hrs) - interaction of
- p53 (14 hrs)* SRC and FOLR1
- p21 & p27 (17 is in cytosolic
hrs) fraction
HUVEC FA (10) - p-SRC (2 min) - co-IP PGR, | - inhibition of (Leeetal.,
- p-ERK1/2 (2 ESR2, SRC | cell migration 2018)
min) with FOLR1 | with 10 uM FA
- p21 & p27 (21 - co-IP
hrs) FOLR1,
- RhoA and Racl | PGR, ESR2
increase cytosol, with SRC
decrease - co-IP
membrane FOLR1,
fraction (6 hrs) SRC, ESR2
with PGR
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COLO-205 (colon | FA - p-SRC (2 min)* - inhibition of (Kuo et
cancer cell line) (1-10) - p-ERK1/2 (2 cell proliferation | al., 2015)
min) starts at 0.1 pM
- nuclear NF-xB FA (max 10 uM)
- p53 (12 hrs)*
- p21 & p27 (12
hrs)*
COLO-205 FA (10) - p-SRC (2 min) - co-IP SRC | - PGR required (Kuo and
- p-ERK (2 min) with PGR for increase in Lee, 2016)
- p53 (18 hrs) - co-IP FA-induced
- p21 & p27 (18- | FOLR1 with | signaling
20 hrs) PGR markers
COLO-205 FA (10) - p-SRC (2 min) - inhibition of (Ting et
- p-p21 (18-20 cell migration al., 2019)
hrs) starts at 0.1 pM
- p(Ser32)-1xB-a FA (max 10 pM)
- RhoA increased
cytosol, decreased
membrane frac.
T47D and MCF-7 | FA (1) - p-SRC (5 min) - co-IP - increased (Wang et
(breast cancer cell - RhoA increase FOLR1, proliferation and | al., 2020)
lines) membrane PGR with migration starts
fraction, decrease | SRC at 1 uM FA (max
cytosol - co-IP 10 uM)
FOLR1,
SRC with
PGR
\ FOLR1/MEK/ERK/TSLC1
HONE1 FA (10) - p-MEK (10 min) - FOLR1 and (Liuetal.,
(nasopharyngeal - p-ERK1/2 (10 TSLCL1 inhibit 2017hb)
cell line) min)* proliferation,
- TSLC1* migration,
invasiveness
FOLR1/ERK/FOS-JUN
HelLa - steady-state - FOLR1 p-ERK, | (Liuetal.,
levels of p-ERK, p-FOS, p-JUN 2017a)
p-FOS, p-JUN* correlated
severity of
squamous
cervical
carcinomas
| FOLR1/ERK/Survivin
KLE (endometrial - steady-state - FOLRY, p- (Zhang et
carcinoma cell line) levels of p- ERK1/2, and al., 2019)
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ERK1/2, p-JUN, Survivin
p-FOS, and correlated
Survivin* pathological
grade of
endometrial
carcinomas
| FOLR1 interaction with LYN and Ga;-3
IGROV1 (ovarian - co-IP - FOLR1, LYN, | (Miotti et
cancer cell line) FOLR1, Gai. | and Gaiis in al., 2000)
3with LYN detergent-
- co-IP LYN, | resistant
Gaii-z with membrane
FOLR1
| FOLRL1 as a transcription factor
DAOY (medullo- FA (453) - nuclear - before FA (Boshnjak
blastoma cell line) localization of stimulation, uetal.,
FOLR1 p38 (15- FOLR1 p48and | 2012)
30 min) p38 in cytosol
fraction
09-1 (neural crest | FA (0.23) - FOLR1 ChIP of | - co-IP of - FA- and (Mohanty
cell line) Oct4, Sox2, Klf4 DGCRS, FOLR1-induced | etal.,,
regul. DNA (15- Drosha with | genes promote 2016)
30 min) FOLR1 pluripotency
- Oct4, Sox2, Klf4,
Trim71 expression
(12-24 hrs)*
- decrease miR-
let-7, miR-138 (6
hrs)*
09-1 5-m-THF - nuclear - co-IP of - FOLR1is (Monick et
(differentiated into | (0.022) localization of FOLR1 with | required for 5-m- | al., 2019)
glial cells) FOLR1 p38 (30 CAF-1 THF to

min)

dedifferentiate
glial cells

The information in this Table is not comprehensive, many aspects of the signaling pathways are not included.
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CHAPTER 3

CAND1 CATALYZES THE REDISTRIBUTION OF SCF COMPLEXES TO PROMOTE

MITOTIC PROGRESSION

Fathima Zahra Nawaz, Kyoengwoo Min, and Edward T. Kipreos2 “CANDI catalyzes the
redistribution of SCF complexes to promote mitotic progression”, to be submitted to Molecular

Cell
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Abstract

SCF (Skpl1-Cullin-F-box) ubiquitin ligases regulate diverse cellular processes including multiple
aspects of the cell cycle, transcription, signal transduction, and apoptosis. Several SCF complexes
function to regulate cell cycle progression, including the F-box proteins SKP2, FBW?7, and
FBXW11. There are 69 human F-box proteins that function as substrate receptors (SRs) for SCF
complexes. The binding of each F-box protein to the core SCF complex produces a unique E3
ubiquitin ligase that targets different subsets of substrates that regulate different cellular pathways.
The CAND1 protein is a SR exchange factor for SCF complexes. CAND1 strips off adaptor-SR
complexes from the SCF core complex and allows new adapter—SRs to bind to create new active
SCF complexes. We have analyzed the SR proteins present in SCF complexes throughout the cell
cycle and found systematic changes in SR association with SCF complexes during mitosis. The
differences in SCF complexes occur even when the SRs are constitutively present throughout the
cell cycle. We show that CANDL is required to reorganize the diversity of SCF complexes during
mitosis. CANDL1 is required for the removal of multiple SRs from SCF complexes during mitosis
and promoting the integration of a specific SR, FBXW11/B-TrCP2, into SCF complexes.
Inactivating CAND1/2 causes mitotic arrest that often leads to cell death, and these mitotic defects
have been observed in human cells, including HelLa, U20S, and normal hTERT-derived
fibroblasts. Broad inactivation of CRL complexes with the small molecule MLN4924 rescues the
CAND1/2 phenotype, suggesting that the mitotic defects are caused by the ectopic activation of
SCF complexes. This is consistent with the hypothesis that the reorganization of SCF complexes
that is dependent on CAND1 is required predominantly to prevent ectopic SCF activity to allow
normal mitotic progression. These results highlight a novel mechanism by which SCF complexes

can undergo large-scale reorganization through a CAND1-dependent process.
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Introduction

The ubiquitin proteasome system (UPS) is responsible for the degradation of the vast majority of
proteins in the cell (Rock et al., 1994). In UPS, a cascade of El-activating, E2-conjugating, and
E3-ligating enzymes function in tandem to tag substrate proteins with a polyubiquitin chain to
target them for degradation by the 26S proteasome. E3 ubiquitin ligases provide the specificity by
recognizing the substrate proteins for ubiquitylation (Kipreos, 2005).

Cullin-RING ubiquitin ligases (CRLs) are the largest single classes of E3 ubiquitin ligases
and have a multitude of diverse functions in cells (Bosu and Kipreos, 2008; Sarikas et al., 2011).
CRLs are comprised of: a cullin protein that acts as a scaffold; a RING finger protein that binds
and activates the ubiquitin-conjugating enzyme; a substrate receptor (SR) that binds the substrate;
and an adapter that links the substrate receptor to the core complex. SRs are variable components,
and core CRL complexes function separately with multiple SRs. The binding of a particular SR to
the core CRL complex determines the substrates that are targeted and the cellular functions of the
complex.

The most-studied family of CRLs are the SCF (Skp1-CUL1-F-box proteins) complexes
(Reitsma et al., 2017). The SCF complex is made of three invariable, core components: the scaffold
CUL1; the RING H2 finger protein RBX1/ROC1/Hrtl that binds the E2; and the adaptor Skp1,
which links the SRs to the complex (Petroski and Deshaies, 2005; Skaar et al., 2013). The only
variable SCF component are the SRs, which contain an F-box protein motif. The F-box motif binds
to the adaptor Skpl to link the SR to the core SCF complex (Nakayama and Nakayama, 2005;
Zheng et al., 2002).

Animal and plant species have multiple SRs for SCF complexes. There are 69 F-box

proteins identified in humans, and they fall into three categories based on their additional protein-
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protein interaction domains (Nakayama and Nakayama, 2005; Zheng et al., 2016b). FBXWs
contain WD40 repeats, FBXLs contain leucine-rich repeats, and FBXOs contain no defined motifs
other than the F-box.

Each time a different SR binds the core SCF complex it forms a unique SCF complex with
specific substrates and cellular functions. The current model posits that the cellular repertoire of
SCFs is regulated by a post-translational modification of CUL1 by the ubiquitin-like protein
Nedd8, the SR exchange factor CAND1, and substrate binding to the F-box protein (Pierce et al.,
2013; Reitsma et al., 2017; Zemlaet al., 2013). CAND1, is an SR exchange factor that equilibrates
CUL1 with the cellular pool of SR modules by replacing SR—Skp1l (adaptor) complexes that are
bound to the core SCF complex with new SR-Skpl complexes (Pierce et al., 2013; Reitsma et al.,
2017; Wu et al., 2013; Zemla et al., 2013). When Cand1 encounters an SCF complex, it competes
with the adaptor Skpl for an overlapping binding site on CUL1. This results in the release of the
SR-Skpl complex. A new SR-Skpl complex can then displace CAND1 to form a new SCF
complex thereby mediating one full exchange of the SR—Skpl module (Deshaies, 2014; Olma and
Dikic, 2013; Reitsma et al., 2017; Zemla et al., 2013). When SCF binds to a substrate via a specific
SR, Nedd8 is conjugated to the CUL1 C-terminus by the Nedd8-conjugating enzyme Ubcl12
(Lydeard et al., 2013). Nedd8 prevents CAND1 from interacting with the SCF complex. Removal
of NEDDS is catalyzed by the COP9 signalosome (CSN), and this allows CAND1 to interact with
CUL1, thus removing the SR—Skpl module and inactivating the SCF complex while CANDL is
bound (Cope and Deshaies, 2003).

Members of Cyclin-dependent kinase (CDK) family, controlled by key regulators such as
cyclins and CDK inhibitors (CKI)s, drives the cell cycle. This progression is tightly regulated by

the ubiquitin-mediated proteolysis of those cell cycle regulators by ubiquitin ligases; mainly the
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(SCF) complex and the anaphase-promoting complex/cyclosome (APC/C) (Nakayama and
Nakayama, 2005). The F-box proteins S-phase kinase-associated protein 2 (SKP2), F-box and
WD-40 domain protein 7 (FBXW?7/Cdc4) and B-transducin repeat-containing protein (B-TrCP) are

well studied cell cycle regulators (Nakayama and Nakayama, 2005; Zheng et al., 2016a).

In humans, there are two paralogs of the B-TrCP SR: B-TrCP1/BTRC/FBXW1A and -
TrCP2/FBXW11. FBXW11/B-TrCP recognizes their substrate through the canonical DSGXXS,
degron sequence where both serines are phosphorylated, thereby inducing their ubiquitination and
subsequent proteasomal degradation (Kim et al., 2015; Kipreos and Pagano, 2000). Despite having
high similarity between BTRC and FBXW11, these proteins display a significant difference in
subcellular localization, as BTRC is nuclear localized, while FBXW11 is cytosolic (Mangeat et
al., 2009). Moreover, a protein-protein interaction study utilizing tandem affinity purification and
mass spectrometry (TAPMS) revealed distinct substrates for the two SRs (FBXW11 and BTRC
were found to interact with 96 and 26 proteins, respectively, while twenty proteins co-complexed
with both FBXW11 and BTRC) (Kim et al., 2015).

SCFs regulate diverse cellular processes including multiple aspects of cell signaling and
physiology, including the cell cycle, transcription, signal transduction, apoptosis, angiogenesis,
and cell migration (Nakayama and Nakayama, 2005). Defects in SCF activity has been linked to
many human diseases, including sleep and mood disorders, diabetes, Parkinson’s disease, bacterial
and viral infections, and multiple cancers (Nguyen and Busino, 2020; Zheng et al., 2016b). In this
study, we present evidence that CANDL1 is required to selectively load the SR FBXW11 onto SCF
complexes during mitosis, while at the same time, removing other substrate receptors from mitotic
SCF complexes: thereby effecting a reorganization of SCF complexes. This reorganization of SCF

complexes is important to allow normal mitotic progression.
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Results

CAND1 has increased interaction with CUL1 during mitosis

CANDL1 is the SR exchange factor that regulates the switching of SRs on and off the CUL1-RBX1
module. We wanted to understand the involvement of CAND1 in regulating CRLs through the cell
cycle phases. To test if the interaction between CAND1 and CUL1 varied throughout the cell cycle,
we analyzed the association of endogenous CAND1 with FLAG-tagged human CULL1 in the
human embryonic kidney HEK293T cell line during different cell cycle phases. We observed an
increase in CAND1 binding to CUL1 in mitosis compared to G1, S, and G2 phases (Fig. 1A).
CAND1 bound to immunoprecipitated FLAG-CUL1 at approximately 3.5 times higher levels in
mitotic cells than in S-phase cells. The next highest level of CAND1 bound to FLAG-CUL1 was
in G1-phase cells, which had 1.75 times higher levels than in S-phase cells.

We did not analyze whether CAND1 binding to other cullins is increased during mitosis
because CUL3, CUL4A, and CULS5 did not stably associate with FLAG-CUL1 during IPs using a
buffer with Triton-X100 detergent (Fig. 1B). The interaction of CAND1 with CUL1 is increased
during mitosis relative to asynchronous cells, but interaction between CAND1 and the other cullins
is not observed in either mitosis or asynchronous cells. This is consistent with another study that
only showed stable interaction between CAND1 and CULL1 but not with other cullins (Chew and
Hagen, 2007). However, a later study by the same group found that a different choice of detergent
in the immunoprecipitation (IP) buffer, NP40 rather than Triton X-100, allows CANDL to interact
stably with CUL1, CUL2, CUL3, CUL4a and CUL5 in HEK293T cells (Chua et al., 2011). Given
our initial results of non-interaction with the other cullins, our study subsequently focused solely

on CAND1 interaction with CUL1.
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Increased levels of unneddylated CUL1 generally correlates with increased association
with CAND1, as CAND1 can only bind to unneddylated cullins (Pierce et al., 2013; Zheng et al.,
2002). When we assessed the neddylation status of CULL in different cell cycle phases, we
observed a lower level of neddylation in mitosis and G1 (44% and 45% of CUL1 was neddylated)
compared to S and G2 (71% and 67% neddylated CUL1) (Fig. 1A). However, the increased
association of CAND1 with CUL1 in mitosis is not a consequence of changes in CUL1
neddylation, based on two observations. First, there is not a significant difference in the level
of neddylated CUL1 between mitosis and G1 phase, yet there is a 2-fold higher interaction of
CAND1 with CUL1 in mitosis than G1 phase. Second, when neddylation is blocked in both
asynchronous and mitotic cells by adding the Nedd8 E1 inhibitor MLN4924, increased binding of
CAND1 to CUL1 is still observed in mitotic cells (Fig. 2A). These observations suggest that
CANDL1 has increased association with CUL1 during mitosis through a mechanism other than the
regulation of neddylation. Consistently, we did not observe a change in the rate of deneddylation
between asynchronous and mitotic cells (Fig. 2B).

Since the increased association of CAND1 to CUL1 during mitosis appears to be regulated
independently of the state of neddylation, we wanted to assess if there was a difference between
the stability of the CAND1-CUL1 complexes formed in mitosis vs. interphase. To test this, we co-
expressed FLAG-CUL1 and Myc-CAND1 in HEK293T cells and
then immunoprecipitated FLAG-CUL1 from mitotic cells or S-phase cells using anti-FLAG
affinity beads (Fig. 3A). This will also precipitate Myc-CAND1-FLAG-CUL1 complexes. After
washing the anti-FLAG-affinity beads, the beads with precipitated Myc-CAND1-FLAG-CUL1
complexes were placed into S-phase or M-phase HEK293T cell lysates and incubated for 0, 5, or

30 minutes to allow Myc-CANDL1 to dissociate from FLAG-CULL. After the incubation period,
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the beads were spun down and washed, and the amount of Myc-CAND1 still associated with
FLAG-CULL1 was analyzed by western blot to assess how much CAND1 remained associated with
FLAG-CULL. After 30 minutes of incubation in the S-phase lysate, the mitotic CAND1-CUL1
complex had less dissociation than the S-phase CAND1-CUL1 complex (Fig. 3B). At the same
time, the S-phase CAND1-CUL1 complex was more stable in the mitotic lysate than when it was
in the S-phase lysate. These results suggest that the CAND1-CUL1 complex from different cell
cycle phases have different stabilities (with the mitotic complex more stable than the S-phase
complex). Additionally, the ability of the lysate to dissociate the CAND1-CUL1 complex differs
during the cell cycle (with more dissociation activity in S phase lysate).
CAND1 and CAND?2 are required for mitotic progression
Since the interaction between CAND1 and CUL1 seems to be mitotically regulated, we wanted to
determine if CANDL is required for mitosis. Human cells have two CAND1 paralogs, CAND1
and CAND?2 (Aoki et al., 2002). CAND2 was found to occupy less than 0.25% of endogenous
CULL in HEK293T cells, however, inactivation of CAND1 increases the CAND?2 association with
CUL1 (Reitsma et al., 2017). Inactivating CAND1 and CAND2 in HEK293T cells increased the
percentage of cells in G2/M phase from 8.8% to 21.6%. (Fig. 4A). We confirmed these cells, to
be arrested in mitosis by evaluating the mitotic index on HEK293T cells (control siRNA 4.5%;
SICAND1 4%; siCAND2 3.8%; siCAND1+siCAND?2 28.1%). This suggests that the inactivation
of both CAND1 and CAND?2 causes cells to take longer to progress through mitosis, thereby
leading to the accumulation of mitotic cells.

To determine directly whether CAND1/2 is important for mitotic progression, we made time-
lapse movies of U20S cells after CAND1/2 knockdowns. U20S cells are human osteosarcoma

cells that were utilized because they are relatively adherent during mitosis, thereby allowing a
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determination of mitotic stages using non-invasive visualization with differential interference
contrast (DIC) microscopy. The DIC movies showed that the loss of CAND1 and CAND2 caused
a delay in mitosis, with the most pronounced increases in timing occurring in prometaphase and
telophase, although all mitotic stages were statistically longer (Fig. 4B and 4C). Inactivating
CAND1/2 also affects the mitotic progression of normal IMR90-hTERT human fibroblasts, with
a 3-fold increase in mitotic timing: 215.6 £ 26 min for CAND1/2 siRNA vs. 70.5 + 5.3 min for
control siRNA (Fig. 4D). The non-flat morphology of IMR90-hTERT cells did not allow a
determination of progression through the individual mitotic stages.

We then analyzed CAND1 knockdown in HeLa cells expressing a-tubulin-YFP, and histone-
H2B-RFP. HeLa cells do not express detectable levels of CAND?2 (data not shown) therefore it
wasn’t necessary to KD CAND2 in these cells. Time lapse videos of the HelLa cells showed
statistically significant delays in metaphase and telophase and specific mitotic defects in response
to two different CAND1 siRNAs (Fig. 5A and 5B). We noticed that U20S mitotic cells treated
with both CAND1 and CAND?2 siRNA undergo significant levels of cell death compared to control
siRNA-treated cells (Fig, 5C). Of the cells that showed a mitotic delay but ultimately divided,
many did so in a different cleavage-plane orientation. Most of the control siRNA-treated cells
divided horizontally (98%) (n=16), while approximately half of the CAND1/2 siRNA-treated cells
divided vertically (46% n=10). Overall, CAND1 siRNA results in: an increase in multipolar
spindles relative to control HeLa cells (0% to 8.3%,); perduring cytokinetic bridge (2.4% to 11.1%,
where the average timing is increased from 20 min in control to 43 min, and some cells retain the
bridge for >60 min); surface blebbing during mitosis that does not lead to cell death (3.6% to

13.9%); and cell death (9.6% to 51.4%) (control, n=83; and siCAND1, n=72).
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Reitsma et al, 2017 recently reported a double knockout (DKO) of CAND1 and CAND2 in
HEK?293 cells.On its surface, that would suggest that loss of CAND1/2 may not be that deleterious
because the cell line can be maintained. However, we obtained the DKO cell line (as well as the
parental, non-knockout HEK293 cells) from the authors. We found that the DKO cells have a
significantly reduced proliferation rate —the doubling time increases from 24.9 + 1.0 hrs for the
parental strain to 42.0 = 1.1hrs for the DKO cells —an increase of 69%. Time lapse video of the
CAND1/2 DKO cells showed thatall cells either died (47%, 7/15) orhad a substantial
mitotic arrest that perdured over the video period of 24 hrs (53%, 8/15) (Fig. 7). In contrast, the
parental HEK293 cells did not exhibit cell death during mitosis (0/21). The fact that the CAND1/2
DKO cells can be maintained in culture suggests that the stress of the video conditions led to a
higher percentage of cell death during mitosis. Overall, our results suggest that the CAND1/2
DKO HEK?293 cells are impaired for mitotic progression.

SCF complexes undergo subunit reorganization during mitosis that is dependent on CAND1

As we observed mitotic defects and delays in progression after CAND1/2 knockdown, we
wanted to evaluate if the loss of CAND1/2 influences mitotic SCF complex formation. We
analyzed the components of the SCF complex in the presence and absence of CAND1/CAND?2 in
HEK293T cells. To analyze how the SRs associated with SCF complexes changed during mitosis,
we immunoprecipitated FLAG-CUL1 stably expressed in HEK293T cells and affinity eluted with
FLAG peptide, and then analyzed the associating proteins by LC-MS/MS. Intriguingly the only
SR that was detected to interact with FLAG-CULL in mitotic cells was FBXW11 (Fig. 6A).
Significantly, knocking down CAND1 in M phase cells resulted in a larger complement of 10
SRs associating with FLAG-CUL1 (Fig. 6A). We obtained similar results by performing a

Western blot for specific CUL1 SRs (Fig. 5B). Recent data on analyzing SCF complex formation
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throughout the cell cycle from the Deshaies lab showed that FBXW11 was enriched in SCF
complexes in mitosis, while the proteins SKP2, FBX022, FBX09, FBXL15, FBXL18, and
FBXO30 exhibited increased assembly with Cull in S phase, while showing a negative association
in mitosis (Reitsma et al., 2017).

These results suggest two potential mechanisms by which CAND1 and CAND2 promotes
mitotic progression. The first mechanism is that CAND1/CAND?2 reorganize the mitotic CRL
complexes to load specific SRs (e.g., FBXW11) into SCF or CRL complexes that promote mitotic
progression. The second mechanism is that CAND1/CAND?2 selectively remove SRs from the core
SCF/CRL complexes to reduce unwanted SCF/CRL activity that would inhibit mitotic
progression. To test these hypotheses, we used the small molecule inhibitor MLN4924, which
inhibits the Nedd8-activating enzyme, to broadly inhibit CRL complexes (Soucy et al., 2009).
Treatment with MLN4924 would be expected to inhibit all SCF and CRL complexes. MLN4924
treatment alone does not have an appreciable effect on mitotic progression in U20S cells
(Balachandran et al., 2016). The fact that MLN4924 treatment does not affect mitotic progression
argues against the hypothesis that the defect in mitotic progression in CAND1/2 knockout cells is
due to a failure to activate specific CRL(s), as inhibiting all CRLs with MLN4924 would then be
expected to produce mitotic defects. On the other hand, if knocking down CAND1/2 results in the
ectopic activation of CRL complexes during mitosis that are deleterious for mitotic progression
then inhibiting all CRL complexes with MLN4924 should rescue the mitotic defects.

As expected, treatment of CAND1/2 knockdown cells with MLN4924 rescued the
accumulation of mitotic cells in prometaphase and telophase, as well as the aberrant orientation of
the cell division plane (Fig. 7; and data not shown). This suggests that the mitotic defects are

caused by the ectopic activity of SCF (or CRL) complexes. This implies that one of the major
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functions of CAND1 in mitosis is to eliminate deleterious SCF/CRL activity so that mitotic
progression can occur properly.
CANDL1 interacts with SCF- FBXW11

In order to gain insights into how CAND-1 regulates SCF complexes during mitosis, we
sought to identify novel proteins that interact with CAND1 during mitosis. We
immunoprecipitated FLAG-CAND1 from HEK293T cells and analyzed the interacting proteins
by LC-MS/MS. (Fig. 8A). Interestingly, FBXW11 co-precipitated with FLAG-CAND1 from
mitotic cells, but not from asynchronous cells. To confirm these results, we co-expressed pGlue-
tagged FBXW?11 (Angers et al., 2006) along with FLAG-CAND1 and found that FLAG-CAND1
was robustly co-precipitated with FBXW11 (which was pulled down with anti-HA antibody, as
the pGlue tag has a HA tag) relative to the negative control protein HA-CDL-1 (Fig. 8B). CDL-1
is a C. elegans mMRNA binding protein, which would not be expected to interact with human
CANDL1 or the SCF complex. We obtained a similar interaction when we co-expressed Venus-
CAND1 with HA-FBXW11 and immunoprecipitated Venus-CAND1 and probed for co-
precipitated HA- FBXW11 (data not shown).
Discussion
Ubiquitylation and degradation of specific substrate proteins via SCF complexes allow the rapid
removal of cell cycle regulators, promoting irreversible transitions between cell cycle phases. In
this work, we demonstrate that CAND1 knockdown during mitosis in human cells significantly
increases the binding of the SRs to the CUL1-RBX1 complex, that are not typically found to
interact with CUL1 during mitosis. CAND1 mediates the exchange of F-box protein from the
active SCF complexes(Pierce et al., 2013; Reitsma et al., 2017). The current paradigm is that the

repertoire of active SCF complexes is determined by the non-biased action of CAND1 and
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substrate binding to the SCF complex, which blocks SR exchange (Liu et al., 2018). We wanted
to understand the role of CAND1 in this process in the context of cell cycle regulation, as
transitioning between cell cycle stages is tightly regulated.

Interestingly we observed that the level of CANDZ1 interacting with the CUL1-RBX1 module
varied throughout the cell cycle with stronger interaction during mitosis. According to the
prevailing model, CAND1 interacts with the unneddylated form of CUL1 when it is not bound to
the adaptor Skpl (Goldenberg et al., 2004; Pierce et al., 2013). The neddylation of the CUL1-
RBX1 inhibits the binding of CANDL1 to the CUL1-RBX1 module (Liu et al., 2002). However,
the strong association of CAND with CUL1 during mitosis was not due to differences in the
neddylation state of CUL1 nor to differences in the rate of deneddylation. CUL1 is known to
localize in both cytoplasm and nucleus, while CANDL1 is predominantly a cytoplasmic protein.
Therefore, one can question if the difference in CAND1 binding to CUL1 in asynchronous and
mitosis population is due to the proteins being expressed in different subcellular locations. But
analyzing both subcellular fractions, proved otherwise, with the variation in interaction being
independent of subcellular localization. These results suggested that other factors regulate the
mitotic CAND1-CUL1 association.

We observed that the M-phase CAND1-CUL1 complex is more stable than the S-phase
complex. Additionally, M-phase lysate stabilizes an S-phase CAND1-CUL1 complex better than
S-phase lysate. These results suggest the possibility of a modification of CAND1 or CUL1 that
promotes stronger CAND association, and a component of the M-phase lysate that can stabilize
the complex, possibly through such modification. Or alternatively, a modification of the S-phase
CAND1 or CUL1 that weakens the interaction and a component of S-phase lysate that destabilizes

the interaction. SR—Skp1 are involved in dissociating CAND1 from the CAND1-CUL1 complex
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(Liu et al., 2018). Therefore, it is possible that the differential modification of the adaptor Skpl
between S phase and mitosis may alter multiple SR-Skp1l interactions with the CAND1-CUL1
complex.

Our CAND1/2 knockdown data indicates that CANDZ1/2 inactivation not only causes delays
in mitotic progression, but also produces multiple phenotypes like altered orientation of the
division plane, multipolar spindles, perduring cytokinetic bridge, and cell surface blebbing
(without death). These defects may allow us to deduce possible mechanisms that are affected by
inactivation CAND1 and CAND2.

Misoriented cell division can result from alterations in cell polarity proteins, spindle orientation
defects, defects in adhering proteins, and changes in tissue adhering microenvironment (Finegan
and Bergstralh, 2019; Sun et al., 2018). Defects in cell division plane have been associated with
developmental disorders and many cancers (Finegan and Bergstralh, 2019). Multipolar spindles
are often formed during prometaphase/metaphase are associated with either prior centrosome
amplification or loss of spindle pole integrity. Prior centrosome amplification can result from
centriole overduplication in S phase, or a prior failure in cytokinesis or mitotic slippage (escape
from mitotic arrest) (Maiato and Logarinho, 2014). Abnormal chromatin segregation, defective
assembly of nuclear pore complex or DNA replication stress can cause an arrest due to the
“abscission checkpoint”, which relies on prolonged Aurora B activity (Nahse et al., 2017). This
arrest in “abscission checkpoint” can result in chromosomal breakage or aneuploidy. Formation of
“chromatin bridges” is a phenotype associated with “abscission checkpoint” (N&hse et al., 2017),
and we have observed such bridges in CAND1/2 siRNA movies. We did not observe centriole
overduplication nor abnormal chromatin segregation. There were cells that round up, form the

metaphase plate, and then exit mitosis without cell division, which can be due to failed mitosis

93



(Telentschak et al., 2015). The resulting G1 phase cell would then have two centrosomes rather
than one, and the subsequent duplication of the centrosomes would create a multipolar spindle
with four centrosomes in the next mitosis. Hence multipolar spindles or aneuploidy could be a
secondary consequences of a prior failed mitosis rather than a direct effect of CAND1/CAND2
knockdown. In contrast, a failure of cytokinesis would produce cells with two nuclei, which we do
not observe at high frequency in CAND1/2 knockdowns.

Knowing that CANDL1 is involved in forming a stable complex during mitosis, and inactivation
of CAND1 is associated with mitotic delay, led us to investigate if there was any perturbation in
SCF complex formation. Examining the SRs associated with CUL1-RBX1 in the presence and
absence of CAND1/2 during mitosis revealed that there was a difference between the SRs that are
associated with CUL1-RBX1. It was striking to see the only SR that was detected with FLAG-
CULL in M phase cells was B-TrCP2/FBXW11. Recent data from the Deshaies lab similarly shows
that B-TrCP2 is enriched in SCF complexes in mitotic cells (Reitsma et al., 2017). It is interesting
that the C. elegans ortholog of B-TrCP2, LIN-23, was the SR that was particularly reliant on
CAND-1 for activity (Bosu et al., 2010). Thus, CAND1 appears to promote B-TrCP2/LIN-23
activity in both organisms.

Based on our results we hypothesized if CAND1/2 promotes preferential loading of a particular
SR, B-TrCP2/FBXW11, which plays an important role in mitotic regulation or alternatively if
CAND1/2 prevents binding of SR(s) to the CUL1-RBX1 complex that would inhibit mitotic
progression. Treating with broad CRL inhibitor MLN4924 rescued the mitotic delays caused by
the CAND1/2 knocked down phenotype. As MLN4924 inhibits all CRL complexes, this suggests
that the mitotic defects are caused by the ectopic activity of SCF (or CRL) complexes that are

normally not active in mitosis. This further implies that one function of the mitotic SR
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reorganization is to limit SCF/CRL activity during mitosis so that mitotic progression can occur
properly. Further experiments are required to identify the CRL complex(es) whose ectopic activity
contributes to the mitotic arrest in CAND1/2 knockdown cells.

Another intriguing observation was that B-TrCP2/FBXW11 physically interacts with
CANDL. There are several possibilities for how this physical interaction could result in functional
outcomes, including that CAND1 facilitates B-TrCP2/FBXW11 loading onto the mitotic core SCF
module, or that CAND1 and B-TrCP2/FBXW11 interact together in a CAND1-SCFP-TrcP?
complex. CAND1 appears to interact with B-TrCP2/FBXW11 in the context of an SCF complex,
forming a trimeric CAND1-SCF?T"CP? (data not shown). This could explain why we observe a
higher CAND1 association with the CUL1-RBX1 during mitosis. The questions that remain are if
the SKP1 adaptor is included in this trimeric complex and if the trimeric complex is active in
ubiquitylating substrates? In a broader context, we have yet to evaluate of what makes the complex
mitosis specific.

Here we show for the first time that CAND1 can act in a directed manner towards a particular
SRs which is important for mitotic progression. SCF complexes regulate hundreds of cellular
processes and are implicated in multiple human diseases (Hindley et al., 2011; Skaar et al., 2014).
SRs define the substrates and cellular processes that are regulated. The reorganization of SRs
during mitosis is likely to have important implications for developmental and cellular processes
that occur in dividing cells. CAND1 SR exchange is one of the major mechanisms that regulates
the diversity of SCF complexes, and so demonstrating that CAND1 can act in a directed manner
toward particular SRs provides a paradigm shift in understanding CAND1’s functions that may
operate in other cellular processes. Loss or deregulation of CANDL1 is associated with many

cancers (Kamburov et al., 2015; Kang et al., 2018; Korzeniewski et al., 2012; Murata et al., 2010;
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Salon et al., 2007). Hence, understating the role of CANDL1 in cell division can provide insights
for potential anticancer targets.

Materials and Methods
Cell culture, selection, and synchronization

Human embryonic kidney HEK293T cells, HeLa cells and human osteosarcoma cells (U20S)
were obtained from the American Type Culture Collection and were cultured in DMEM in the
presence of 10% fetal bovine serum (Sigma), 100pg/ml penicillin, and streptomycin (Hyclone).
293T stable cell line expressing FLAG-CUL1, CUL2, CUL3, CUL4A, and CUL5 was generated
by transfecting pcDNA-FLAG-CUL1, pcDNA-CUL2, pcDNA-CUL3, pcDNA-CUL4A, and
pcDNA-CULS5 followed by puromycin selection. 3xFLAGCull WT and DKO (CAND1 and
CAND2 knockdown cells), were kind gifts from Dr. Xing Liu and as described in (Reitsma et al.,
2017). HelLa cells stably expressing fluorescently tagged tubulin and histone H2B was a kind gift

from Dr. Don W. Cleveland and as mentioned in (Silk et al., 2009).

Cells were synchronized at S phase with a double thymidine (Sigma Aldrich) block. The first block
with 2.5 mM thymidine was for 18 hrs, followed by a 9 hr release into fresh media, and a second
2.5 mM thymidine block for 18 hrs. Cells arrested in G2 phase were obtained by releasing cells
from double thymidine block for 3 hrs, followed by the addition of 9 uM RO-3306 (Sigma
Aldrich), a CDKZ1 inhibitor, for 8 hrs. Cells arrested in prometaphase were obtained by releasing
cells from a double thymidine block for 3 hrs, followed by incubation with 100 ng/ml nocodazole

(Sigma Aldrich) for 10 hrs.
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DNA transfections, sSiRNA knockdowns, immunoprecipitations

Proteins were expressed in HEK293T cells and immunoprecipitated as described (Kim et al. 2008,
Starostina et al. 2007). HEK293T cells and HeLa cells were transfected with plasmids for human
protein expression with polyethylenimine (PEI) (Boussif et al., 1995). U20S cells were transfected
with plasmids for protein expression using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. For immunoprecipitation of human proteins, cells were collected 48
hrs after transfection and lysed in NP40 buffer (0.5% NP-40, 150 mM NaCl, 50 mM Tris pH 7.4,
1 mM EDTA, protease inhibitor cocktail (Roche), 2 mM DTT, and 50 uM LLnL). Cell lysates
were centrifuged at 13,000 rpm for 25 min at 4°C and the supernatant was pre-cleared with
sepharose 4B beads (Sigma Aldrich). Anti-FLAG immunocomplexes were eluted by incubation

with FLAG peptide solution (400mM FLAG peptide in lysis buffer) for 20 minutes at 4°C.

Antibodies

Primary antibodies used were: anti-Cull (rabbit, Epitomics, ProteinTech at 1:1000) and (mouse,
Invitrogen Zymed 32-2400 at 1:1000); anti-Cand1 (goat, Santa Cruz A-13 at 1:2000); anti- FLAG
(rabbit and mouse from Sigma at 1:5000); anti-HA (rabbit and mouse from Invitrogen at1:20000);
anti-Myc (mouse 9E10 serum at 1:500); anti-actin (mouse, ICN clone C4, 1:5000); anti-o-tubulin
(mouse Sigma DM1A); anti-B-TRCP( rabbit, Cell signaling (D12C8 at 1:1000); anti-SKP1 (rabbit,
Epitomics at 1:1000); anti-SKP2 (rabbit, Epitomics at1:1000); anti-CDC4 (rabbit, Millipore); and

anti-EMI1 (mouse, Invitrogen at 1:30).
SiRNA knockdowns

SiRNA pools were transfected using RNAIMAX (Invitrogen) according to the manufacturer’s

instructions. siRNA transfections were performed twice, separated by an interval of 24 hrs.
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SiIRNA pools were purchased from Thermo Scientific as ON-TARGET pools for CAND1 and

CAND?2.
Sense strand Anti-Sense strand

siCAND1 : UAAGGCUAUGAAGAGAUACTt, GUAUCUCUUCAUAGCCUUALt
SiICAND2: GCUGGUCCUUGUGAACCCUtt AGGGUUCACAAGGACCAGCtt
CCUCCAUAUGCUACGUGGALtt UCCACGUAGCAUAUGGAGGtt
CGUCUUCACUGCUUACAUCtt GAUGUAAGCAGUGAAGACGtt

SiRNA controls were purchased from Invitrogen.
Control siRNA was GUAUCUCUUCAUAGCCUUAJTdT.

For the knockdown of overexpressed proteins in U20S cells, DNA was transfected using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions followed by the

siRNA transfections after 24 hrs.
Time-lapse microscopy

Microscopy for time-lapse movies of human cells (Figs 4, 5, 6) was performed with a DeltaVision
Microscope System Il in a heated chamber at 37°C. The microscope was controlled by SoftWoRX
software (GE Healthcare). Images were taken with an Olympus UPlanSApo 20x DIC objective
with a numerical aperture of 0.75. DIC images were taken every 3 or 5 min using a 25 ms exposure
time. Epifluorescence images of a-tubulin/DAPI were taken every 5 min using a 400 ms exposure
time. Images were 16-bit gray scale at a resolution of 1024 x 1024 pixels. U20S or IMR90-hTERT
cells were plated for imaging on 35 mm glass bottom plates (MatTek) and transfected with SIRNA
when 70% confluent, as described above. Immediately before imaging, the medium was changed

to CO2-independent media (Gibco). For the mitotic arrest rescue experiment (Fig. 5E) a

98



concentration of 1 pM MLN4924 (Caymen Chemicals) was used to broadly inhibit CRL
complexes. Images were processed with Adobe Photoshop; movies were processed with ImageJ
software (Schneider et al., 2012). Epifluorescence images for quantitative comparison were taken
with the same exposure and treated identically with no gamma adjustments. Signal levels were
determined using Adobe Photoshop, with the background level from the same image subtracted

from the signal.
Statistical Analysis

Student’s t-test was used to determine significance for Figs 4C, 4D, 4E and 5E. Error bars in all

figures represent standard error of the mean (SEM).
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Figure. 3.1. CAND1 has increased interaction with CUL1 during mitosis.
A. Stronger CANDL binding to CULL1 in Mitosis than in G1, S, and G2 phases.
A HEK?293T FLAG-CUL.1 stable cell line was synchronized at G1, S, G2, and M phases.
FLAG-CUL1 was immunoprecipitated, and analyzed by western blot (immunaoblot, 1B)
probed with the indicated antibodies. When comparing the ratio of CAND1 to FLAG-
CUL1 levels, the mitotic fraction has a higher ratio of CAND1 to CULL1 levels than in
other cell cycle phases.

B. CANDLI stably interacts with CUL1 (but not other cullins).

HEK293T cells stably expressing FLAG-CUL1, 3, 4A, and 5 (both asynchronous and
mitotic cells) were used for immunoprecipitation of FLAG-CUL proteins, and then
probed for CAND1. Only CUL1 exhibited stable interaction with CAND1. The ratio of
CANDL1 to CULL1 increased from 1.0 in asynchronous cells to 3.0 in mitotic cells.

(Images provided by KW Min)

C. The majority of unneddylated CUL1 interacts with CAND1 in Mitosis.
FLAG-CUL1 was immunoprecipitated from FLAG-CUL1 HEK?293T cells synchronized
in mitosis by thymidine block and release into nocodazole arrest. The control cells are
asynchronous HEK293T cells, which was not pretreated before collection.
Immunoprecipitated proteins were eluted with FLAG peptide, followed by SDS PAGE
and Coomassie G-250 staining. The ratio of CAND1 to unneddylated CUL1 during
mitosis indicates that 91% of the unneddylated CUL1 is occupied by CANDL.

(Images provided by KW Min)
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Figure. 3.2. Increased CANDL1 interaction with CUL1 during mitosis does not correlate
with neddylation
A. CANDL has increased binding to mitotic CUL1 irrespective of neddylation status.

HEK293T cells expressing FLAG-CUL1 were treated with (+) or without (-) the
neddylation inhibitor MLN4924. FLAG-CUL1 was immunoprecipitated and analyzed by
WB after probing with the indicated antibodies. In the absence of MLN4924, the ratio of
CAND1 bound to CUL1 increased 2-fold from asynchronous to mitosis, while inhibiting
neddylation did not increase CAND1 binding in asynchronous cells. Neddylated FLAG-

CULL1 is the upper band, unneddylated FLAG-CULL1 is the lower band.
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B. Deneddylation of CUL1 still occurs rapidly during mitosis.

MLN4924 was added to asynchronous vs. mitotic HEK293T cells expressing FLAG-
CUL1 at time 0. Cells were harvested at the indicated time points and analyzed by
western blot with anti-CUL1 antibody. No change in the rate of deneddylation was
observed between asynchronous and mitotic cells.

C. Increased CAND1-CUL1 interaction is not due the abundance of CULL1 in the cytosol.
Cytoplasmic (C), or nuclear (N) fractions of HEK293T cells expressing FLAG-CUL 1cell
lysates were analyzed by western blot with the indicated antibodies. Immunoblots of anti-
a-tubulin (a cytoplasmic marker) and anti-PARP-1 (a nuclear marker) demonstrate the
purity of the fractionation.

FLAG-CUL1 was immunoprecipitated with FLAG agarose beads then analyzed by WB
after probing with the indicated antibodies. 4.3 fold more CAND1 was bound to
unneddylated CUL1 in mitosis (mitosis).

(Images provided by KW Min)

D. Knockdown of CAND1 and CAND?2 increases SKP1-CULL1 interaction in mitosis.
HEK293T-FLAG-CUL1 cells were treated with control () or CAND1/2 siRNA (+) and
with (+) or without (—) nocodazole. FLAG-CUL1 was immunoprecipitated and then
analyzed by WB after probing with the indicated antibodies. CAND1/2 knockdown

increased SKP1 binding to CUL1 by 4-fold.
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Figure. 3.3. Differential interaction of CAND1 with CULL1 in mitosis is due to variation
between S-phase and mitotic CAND1-CUL1 complexes and lysates.

A. Cartoon image summarizing the experimental procedure to test the stability of S-phase
and M-phase CAND1-CUL1 complexes in S-phase vs. M-phase lysates. Myc-CAND1
and FLAG-CUL1 were co-expressed in HEK293T cells, synchronized by double
thymidine block (for S phase) and thymidine-nocodazole block (for M phase arrest), and
immunoprecipitated using FLAG-M2 agarose beads. Each complex was then incubated
with untransfected HEK293T cell lysates (S or M phase arrested), followed by 3 times
washing and WB analysis blot with the indicated antibodies.

B. Mitotic CAND1-CULL1 complex is more stable and there is differences in dissociation

activity of S- and M-phase lysates.

The amount of Myc-CAND1 remain bound to CUL1 in the M-phase complex is higher
at 5 min and 30 mins, compared to the S-phase complex (when both the complexes are
in S-phase lysate). The amount of Myc-CAND1 remain bound to CULL1 in the S-phase
complex in mitotic lysate is higher at 5 min and 30 mins, compared to the S-phase

complex in S-phase lysate. (Images provided by KW Min)
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Figure. 3.4. CAND1 & CAND?2 are required for normal mitotic progression.

A. Double Knockdown of CAND1 and CAND?2 increases the percentage of cells in G2-M in
asynchronous cells.
Flow cytometry profiles of DNA content of HEK293T cells transfected with siRNA for
control, CAND1, CAND2, and CAND1 and CAND2.

B. Double Knockdown of CAND1 and CAND2 causes a mitotic arrest.
DIC micrographs of U20S cells treated with the indicated siRNAs as they progress
through mitosis. Timing in minutes is shown in the top right corner of images; the 0 time
point denotes nuclear envelope breakdown. The last time point reflects mitotic exit.

C. Bar graph of mitotic timing + SEM for siRNA treated U20S cells.
Timing data from two to four independent experiments are summarized in the graph; for
the conditions listed from top to bottom, n = 18, 9, respectively.

D. Bar graph of total mitotic timing + SEM for siRNA treated hTERT IMR90 cells.
Timing data from two independent experiments are summarized in the graph; for the
conditions listed from top to bottom, n=34, and 32, respectively.

E. Bar graph of total mitotic timing + SEM for siRNA treated HelLa cells.
Timing data from two independent experiments are summarized in the graph; for the
conditions listed from top to bottom, n=10, and 9, respectively.

*, P <0.05; **, P <0.005.
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Figure. 3.5. Inactivating CAND1/2 causes mitotic defects.

A. Matching DIC and epifluorescence micrographs of HelLa cell expressing alpha-Tubulin-
YFP treated with control and CAND1 siRNA, in which CANDL1 treated cell showing
multipolar spindle and cell death at completing.

B. Matching DIC and epifluorescence micrograph at a given time, of HeLa cells expressing
alpha-Tubulin-YFP treated with CAND1 siRNA.

C. Mitotic phenotypes: % of cells that undergo normal mitosis vs shows delay in mitosis vs

cell death during or after completing mitosis.
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Figure. 3.6. SCF complexes undergo subunit reorganization during mitosis that is
dependent on CANDL1.
A. CAND1 affects SR loading onto SCF complexes during mitosis.
Asynchronous and mitotic FLAG-CUL1 HEK?293T cells were transfected with control or
CAND1/2 siRNA. The cells were lysed and immunoprecipitated with FLAG M2 agarose
beads. The immunoprecipitated protein complexes were eluted using FLAG peptide,
followed by SDS PAGE and Coomassie G-250 staining. Protein complexes were
analyzed by LC-MS/MS. (The proteins listed next to the Coomassie gel, are the proteins
detected through LC-MS/MS after IP) (Images provided by KW Min)
B. Cells were treated and collected as described in (B) and then analyzed by western blot

probed with the indicated antibodies.
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Figure. 3.7. Effect of CAND1/2 knockdown has been rescued by MLN4924 treatment.

Bar graph of the timing of mitotic stages £ SEM for control and CAND1/2 siRNA treated

U20S cells.

Timing data from two independent experiments are summarized in the graph; for the
conditions listed from top to bottom, n = 16, 10, 8, and 6, respectively.

*, P <0.05; **; P <0.005; ***, <0.0005
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Asynchronous and mitotic (release of thymidine block into nocodazole arrest) FLAG-

CAND1 HEK?293T cells were lysed and immunoprecipitated with FLAG M2 agarose

beads. The protein complexes were eluted using FLAG peptide solution and followed by

SDS PAGE and Coomassie G-250 staining. Protein complexes were analyzed by LC-

MS/MS. 1%t column of the blue box lists the proteins that are IPed with asynchronous

FLAG-CAND1. The second column lists the proteins IPed with mitotic FLAG-CAND1.

CAND1 shows to interact with cullins except in mitosis where is interacts with a SR- -

TrCP (Images provided by KW Min)
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B. CANDL1 physically interacts with the SR B-TrCP2/FBXW11.
pGLUE-B-TrCP2/FBXW11 was transfected into FLAG-CAND1 HEK293T cells. The
cells were lysed and immunoprecipitated with FLAG M2 agarose beads. The
immunoprecipitated proteins were analyzed by western blot probed with the indicated

antibodies. HA-CDL-1 was transfected as a negative control.
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CHAPTER 4

THE ROLE OF CAENORHABDITIS ELEGANS FOLATE RECEPTOR

IN NEURONAL SIGNALING

Fathima Zahra Nawaz and Edward T. Kipreos* “Caenorhabditis elegans folate receptor

FOLR-1 in neuronal signaling” to be submitted to Current Biology
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Abstract

Folate (vitamin Bo) is an essential nutrient that is required for one-carbon metabolism. Emerging
evidence indicates that vertebrate folate receptors have functions that do not rely on one-carbon
metabolism. We have discovered a novel role for the C. elegans protein FOLR1 in neuronal
signaling. We have identified that FOLR-1 expresses in the adult C. elegans NSM neurons,
localizing in the two major processes. We also identify GON-2, a calcium channel protein that is
required for calcium entry into the NSM neuron upon its activation by adding folate, physically
interact with the FOLR-1 protein, and co-localize in the same NSM processes, suggesting a direct
mechanism through which FOLR-1 promotes calcium entry during neuronal activation. This
proposed study will elucidate the molecular pathway(s) by which folates function in neuronal
signaling in C. elegans. Definitive results would provide a model to spur and guide research to
explore potential non-canonical human folate pathways. The majority of C. elegans signaling
pathways are conserved in humans, and so this study will have direct implications for folate

signaling in humans.

122



Introduction

Folates cannot be synthesized de novo by animals, and hence are classified as an essential vitamin
that must be obtained through diet or microbiota. C. elegans, like other animals relies on dietary
folates for one-carbon metabolism. Folate deficiency in C. elegans has resulted in severe reduction
in germ cell number and sterility (Austin et al., 2010).

Emerging evidence suggests that vertebrate folate receptors have functions that do not rely
on one-carbon metabolism. There are several settings in vertebrates in which folates appear to act
independently of one-carbon metabolism, including neural tube defects (NTDs) and cancer. Folate
deficiency is a significant risk factor for NTDs, wherein the developing neural tube fails to close,
exposing the spinal cord or brain (Copp et al., 2013). In Xenopus, neural tube closure depends on
FOLR1, which is required for proper morphogenetic movements (Balashova et al., 2017).
Notably, it has been suggested that FOLR1 promotes Xenopus neural tube closure independently
of one-carbon metabolism (Balashova et al., 2017). This conclusion was based on the use of
different DHFR inhibitors, all of which block one-carbon metabolism. DHFR inhibitors that
prevent FOLR1 from binding to folate induced NTDs, while DHFR inhibitors that did not affect
FOLR1 binding to folate did not induce NTDs (Balashova et al., 2017). Based on this, the authors
suggested that NTDs result from the disruption of FOLR1 binding to folate rather than from the
inhibition of one-carbon metabolism (Balashova et al., 2017).

FOLR-1 is not required to provide folates for one-carbon metabolism. Rather, the reduced
folate carrier (RFC) mediates the bulk of folate uptake (~78%) in C. elegans (Balamurugan et al.,
2007), just as is observed in mammals (Zhao et al., 2009). RFC mutants are folate deficient and
therefore produce very few germ cells (Austin etal., 2010). In contrast, folr-1 mutants have normal

numbers of germ cells and eggs (Chaudhari et al., 2016).
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Bacterial folates arising from the C. elegans diet acts as an exogenous signal to stimulate
the adult germ stem cell population (Chaudhari et al., 2016). This germ cell stimulatory activity
has only been observed with the folates 10-formyl-THF-Glun and 5,10-methenyl-THFGlun (which
converts to 10-formyl-THF-Glun at physiological pH) and the stimulation depends on the presence
of FOLR-1. The role of folates in germ cell proliferation appears to be independent of its role in
one-carbon metabolism based on several lines of evidence (Chaudhari et al., 2016). Most
significantly, dihydropteroate (DHP), a pteroate that cannot function in one-carbon metabolism,
also increases the germ cell proliferation rate in a FOLR-1-dependent manner. Pteroates have the
same pteridine ring—PABA structure as folates but lack glutamates. Animals cannot convert
pteroates to folates to function in one-carbon metabolism (Suckling et al., 1977). Consistently,
DHP is unable to act as a vitamin to rescue folate deficiency in C. elegans (Chaudhari et al., 2016).
Nevertheless, DHP stimulates DNA replication in isolated germ cells and germ cell proliferation
in both wild type animals and tumorous germline mutants at low (nM) concentrations (Chaudhari
etal., 2016). Thus, DHP stimulates increased germ cell proliferation independently of one-carbon
metabolism.

FOLR-1 has a predicted signal peptide and a transmembrane domain that suggests cell
surface localization (Cserzo et al., 2002; Petersen et al., 2011; Suh and Hutter, 2012). Recently it
has been showed that starved C. elegans, when placed on agar plates near bacteria, move toward
the bacterial food, but upon reaching the bacteria, they transiently stop their forward motion within
1-3 seconds (lwanir et al., 2016). This "stopping™ behavior is controlled by two NSM neurons that
are located within the pharynx, the organ that ingests bacteria (Gurel et al., 2012; Iwanir et al.,

2016).
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The NSM neurons release serotonin to paralyze the body wall muscles, so that animals stop
their forward movement when encountering bacteria (Gurel et al., 2012). The folr-1 gene is
expressed in the NSM neurons (Spencer et al., 2014). When folr-1 mutants encounter bacteria,
they fail to stop and instead slowly continue their forward motion (E.T.K. unpublished data). This
indicates that FOLR-1 is required for the full stopping behavior. In contrast, RFC mutants, which
are severely depleted for folates for use in metabolism (Austin et al., 2010) stop normally in
response to bacteria, indicating that folate deficiency does not affect the stopping behavior (E.T.K.
unpublished data). The molecular pathway through which FOLR-1 promotes NSM stopping
behavior is not known.

Neurotransmitter release is generally triggered by an influx of Ca?* driven by a Ca?* channel.
Identifying the channel that mediates Ca®* entry into the NSM neurons is important for
understanding how FOLR-1 regulates NSM activation, as we expect the channel to function with
or downstream of FOLR-1. Our laboratory has found that the GON-2 TRPM calcium channel is
required for the full NSM-mediated stopping behavior and partially contributes to full NSM
activation (E.T.K. unpublished data).

This study explores the subcellular localization of FOLR-1 and GON-2 in NSM neurons and
describes a previously unrecognized physical interaction between the folate receptor FOLR-1 and
the C. elegans TRPM channel GON-2. These results suggest a novel signaling pathway in C.
elegans NSM neurons.

Results
Subcellular localization of FOLR-1 in the NSM neurons
The signal from bacteria that causes the NSM neurons to initiate the stopping behavior is

not known. The previous paper by Spencer et al had reported that FOLR-1 was expressed in the
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NSM of the L1 larvae (Spencer et al., 2014), we wanted to know if FOLR-1 was expressed in the
NSM of adults.

To identify the tissues in which FOLR-1 functions to allow NSM activation, we have
analyzed Pfolrl::FOLR-1::GFP driven by its own promoter from an extrachromosomal array (Fig.
4.1). We observe expression of Pfolr-1::FOLR-1::GFP in the NSM neurons, the isthmus of the
pharynx, and the pharyngeal-intestinal valve cell. The expression of FOLR-1::GFP in the isthmus
obscures the localization of Pfolr-1::FOLR-1::GFP in the NSM neuronal processes, which are
embedded within the isthmus.

To more clearly visualize the subcellular localization of FOLR-1 with the NSM neurons,
we created constructs that expresses FOLR-1:: wrmScarlet and a membrane-localized myr-
mNeonGreen specifically in the NSM neurons using the tph-1 promoter, which is expressed in the
NSM neurons (Sze et al., 2000) (Fig. 4.3). The membrane-localized myristoylated myr-
mNeonGreen is used to highlight the NSM neuronal processes. We generated strains with both of
these expression constructs in an extrachromosomal array. Analysis of these transgenic animals
shows that FOLR-1::wrmScarlet is present in the two large NSM neuronal processes, but not in
the thin process — extending about two-thirds of the length of the neuronal processes from the cell
body.

Role of the GON-2 calcium channel in the NSM neuron

Ca®* influxes generally trigger neurotransmitter release. The Ca?* influx is driven by a Ca®
channel. We have found that the GON-2 TRPM calcium channel is required for the full NSM-
mediated stopping behavior and is partially required for NSM activation. We hypothesize that

GON-2 functions as a component of the folate-signaling pathway in the NSM neuron.
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To determine if GON-2 is expressed in the NSM neurons (and where in the neurons), the GFP-
tagged gon-2 locus was co-expressed with Ds-Red2 reporter expressed in the NSM neuron. We
see that the GON-2 is localized in the two large NSM neuronal processes (Fig. 4.4).

FOLR-1 is required for calcium entry into NSM neurons in C. elegans (E. T. K unpublished
data), yet the molecular pathway by which FOLR1 promotes the calcium entry is not known.
Based on this information we wanted to know if both FOLR-1 and GON-2 are colocalize in the
NSM neurons.

We used a worm strain with GFP tagged folr-1, co-expressed with the Ds-Red?2 reporter
expressed in the NSM neuron, and observed FOLR-1 to colocalize with the same reporter protein
which was co-localized with GON-2.

FOLR1 physically interacts with GON-2 calcium channel

Since we observed colocalization of FOLR1 with GON-2, we hypothesize that FOLR-1 may
directly regulate GON-2 activity, and it may do so by physically interacting with GON-2. Thus,
we wanted to test for physical interaction between FOLR-1 and GON-2., as a direct physical
interaction of FOLR-1 and the calcium channel was more likely if this was an evolutionarily
conserved pathway. The C.elegans gon-2 is a very large gene with a coding region of over 6000
bp. We had the cDNA for gon-2 synthesized in three pieces and then combined those together to
form the full cDNA. The gene synthesis also allowed us to optimize the codons for expression in
human cells.

We then co-expressed 3xHA-FOLR-1 and 3xFLAG-GON-2 ectopically in both human
HEK293T and HeLa cells and used co-immunoprecipitation to determine if the two proteins

physically interact with each other. We used 3xFLAG-FBW7 (FBW?7 is a F-box protein, that is
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not known to associate with FOLR1) and 3xHA-Rab23WT (Rab23 is a small GTPase, that control
membrane trafficking, that is not known to associate with FOLR1) as negative controls.

When we Immunoprecipitated the HA tagged proteins, we saw that 3xFLAG-GON2, co-
immunoprecipitated with FOLR1, but not with the beads nor the negative control (Fig. 4.6).
Similarly, immunoprecipitating FLAG tagged proteins, we observed 3xHA-FOLR1 to co-
immunoprecipitated with GON2, not with the negative controls. Our data suggest that there is
physical interaction between 3XxFLAG-GON-2 and 3xHA-FOLR-1.

Once we observed a physical interaction with between the FOLR1 and GON2, we wanted
to determine if we could detect their localization in the cell. We, co-transfected both 3xFLAG-
GON2 and 3xHA-FOLR1 ectopically into HEK 293T cells, then confirmed that FOLR-1
colocalizing with GON-2 by expressing 3XHA-FOLR-1 and 3XFLAG-GON-2 in HEK 293T cells
(Fig. 4.7).

Discussion
Through this work we have discovered that FOLR-1 and the calcium channel GON-2 both localize
to the NSM neurons. FOLR-1 and GON-2 both promote calcium entry into the NSM neuron upon
its activation when starved animals encounter bacteria. When NSM neurons are activated, they
release serotonin to transiently paralyze body wall muscles so that animals stop their forward
movement when encountering bacteria. This work shows that FOLR-1 and GON-2 physically
interact. This result suggests a direct mechanism through which FOLR-1 promotes calcium entry
to initiate neuronal activation and control behavior.

We hypothesize that the folate that is found in the bacteria is acting as a signaling molecule, to
stimulate this behavior. Previous work done by our lab describes a novel signaling role of a

stimulatory folate (10-formyl-THF) in germ stem cell proliferation (Chaudhari et al., 2016). It’s
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reasonable to question why two different tissues (neurons and germ cells) use folate as a signal.
We hypothesize that C. elegans uses stimulatory folate as a marker for the presence of live bacteria,
the NSM “stopping” behavior functions under food-limiting conditions and allows animals who
encounter small clumps of bacteria to stop quickly to eat the bacteria.

A study conducted by Rhoades et al have described a different mechanism to regulate the
same stopping behavior (Rhoades et al., 2019). Here, the novel acid-sensing ion channels (ASICs)
DEL-3 and DEL-7 are required to activate NSM in response to bacteria (Rhoades et al., 2019).
The ASICs DEL-3 and DEL-7 are Na* channels, for which the ligand is unknown (Rhoades et al.,
2019). DEL-3 and DEL-7 channels are expressed in the thin NSM neuronal process at the point
that it touches the grinder in the posterior pharyngeal bulb. The proximity of the ASICs to the site

of the mechanical disruption of bacteria in the grinder of the posterior bulb, suggests that those

channels are directly involved in transducing sensory input that can be amplified by the NSM
(Rhoades et al., 2019).

Unlike the ASICS, we find that both the FOLR-1 and GON-2 are expressed in the two
large neuronal processes of the NSM, but not in the thin process. Therefore, FOLR-1 and GON-2
are localized further from the lumen of the pharynx (Fig. 1-4). An additional neuronal process
from NSM contacts the Ilumen of the anterior pharyngeal bulb (WormAtlas;
https://www.wormatlas.org/neurons/Individual%20Neurons/NSMframeset.html). However, this
process is so thin that it does not appear in fluorescence images and was only detected by
transmission electron microscopy (WormAtlas). It is thus possible that FOLR-1 and/or GON-2
may be localized to this lumen contact point, but we have not observed this in our images (data

not shown).
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Alternatively, it is possible that FOLR-1 receives stimulatory folate via an indirect route.
We can postulate that the FOLR-1 that is present in the lumen of the isthmus of the pharynx, which
connects the posterior and anterior bulbs transports folate into the pharynx, where it can interact
with the FOLR-1 in the large NSM processes. Alternatively, FOLR-1 is highly expressed in the
vpil pharyngeal-intestinal valve cell that is localized immediately after the pharynx (Fig. 1.3).
FOLR-1is thus be positioned to bind stimulatory folate soon after the bacteria were disrupted and
before the folate could be absorbed by the intestine. This folate could then be distributed through
the animal and enter the pharynx where it would be bound by FOLR-1 on the NSM. Notably, in
mammalian cells FOLR-1 functions to transport folates across cell barriers by transcytosis ((Zhao
etal., 2009)). Thus, itis possible that a similar role of FOLR-1 in C. elegans transports stimulatory
folate into the body for recognition by the NSM neurons and germ cells.

Neurotransmitters are releases is response to an influx of Ca?* driven by a Ca®** channel.
Identifying the channel that mediates Ca?* entry into the NSM neurons is important for
understanding how FOLR-1 regulates NSM activation, as we expect the channel to function
downstream of FOLR-1. Given that folate signaling regulates both NSM neurons and germ cells,
this initiated our interest in exploring the Ca?* channel GON-2 because of the report of its indirect
role in regulating germ cell proliferation (Sun and Lambie, 1997). GON-2 is a transient receptor
potential-M (TRPM) channel that is orthologous to mammalian TRPM7, which is overexpressed
in diverse cancers and promotes cancer progression (Hantute-Ghesquier et al., 2018). TRPM
channels activate Ca?* entry in response to ligand binding. Our demonstration of FOLR-1
interaction with GON-2 suggests that potentially ligand binding by FOLR-1 may activate or

potentiate GON-2 Ca?* calcium channel activity.
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Emerging evidence in vertebrates suggests that non-canonical folate pathways regulate neural
tube closure and cancer through cell signaling. The majority of C. elegans signaling pathways are
conserved in humans (Shaye and Greenwald, 2011). Multiple signaling pathways have been
implicated in FOLR1-directed signaling in human cells (see Chapter 2). The multitude of proposed
FOLR1 signaling pathways raises the possibility that several of these pathway activations may
occur in response to the activation of different upstream signaling pathways.

Materials and Methods
Expression constructs
C. elegans-expression constructs
The expression construct pCFJ350/Pfolr-1::FOLR-1::GFP::tbb-2 3’UTR expresses the full-length
FOLR-1 genomic coding region fused to GFP under the control of folr-1 regulatory sequences. It
was constructed using the pCFJ350 plasmid (Addgene plasmid # 34866) (Frokjaer-Jensen et al.,
2012), which contains the Caenorhabditis briggsae unc-119(+) gene, allowing rescue of unc-119
mutants. The expression insert was introduced into pCFJ350 by sequential In-Fusion cloning
(Takara Bio) into the Xhol site of pCFJ350. The folr-1 genomic sequence includes 1857 bp of
region upstream of the ATG start codon and the entire folr-1 coding sequence. This was fused in-
frame to the open-reading frame (ORF) of the C. elegans-codon-optimized GFP and the 3’UTR of
B-tubulin tbb-2, both from plasmid pCFJ1415 (Addgene plasmid #110550) (Frokjaer-Jensen et al.,
2016). PCR amplifications for all cloning steps were with Q5 polymerase (NEB).

The expression construct pCFJ350/Ptph-1::myr-mNeonGreen:unc-54 3’UTR expresses
myristoylated mNeonGreen in the NSM neuron. It was constructed by introducing overlapping
PCR inserts into the pCFJ350 plasmid (between Avrll and AflllI sites) using In-Fusion cloning.

A 619 bp region of the tph-1 genomic sequence that includes 158 bp upstream of the ATG start
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codon, the first full exon, the first full intron, and the first bp of the second exon, was fused in-
frame to C. elegans codon-optimized myr-mNeonGreen that was PCR amplified from plasmid
dg357 (Hostettler et al., 2017). The unc-54 3’UTR was PCR amplified from plasmid pPD49.26
(the kind gift of Andy Fire).

The expression construct pCFJ350/Ptph-1::FOLR-1::.wrmScarlet::unc-54 3’UTR was created
through the same process using In-Fusion cloning into pCFJ350 between the Avrll and Aflll1 sites.
wrmScarlet was PCR amplified from plasmid pZCS16 (Stevenson et al., 2020).
Mammalian-expression constructs

The mammalian expression construct pcDNA3.1(-)/FOLR-1-3xHA was created by gene synthesis
by BioMatik. The FOLR-1 cDNA sequence fused to a C-terminal 3xHA tag was synthesized and
placed into the expression vector pcDNAS3.1(-) (Invitrogen) between the Notl and Kpnl sites.
The mammalian expression construct pcDNA3.1(-)/GON-2-3xFLAG was created by gene
synthesis of 3 non-overlapping fragments by BioMatik. The GON-2 cDNA sequence with a C-
terminal 3xFLAG tag was split into 3 gene synthesis constructs in pcDNA3.1. Restriction
digestion was then used to fuse the three pieces into the full pcDNA3.1(-)/GON-2-3xFLAG
construct.

Worm strains

Strain ET562, unc-119(ed3); ekEx38[pCFJ350/Pfolr-1::FOLR-1::GFP::unc-54 3'UTR], was
created by injecting 100 ng/ul of plasmid pCFJ350/Pfolr-1::FOLR-1::GFP::tbb-2 3’UTR into
strain DP38, unc-119(ed3), to create the extrachromosomal array ekEx38 that is maintained by
picking non-Unc animals.

Strain ET827, vslIs97[Ptph-1::DsRed2 + lin-15(+)]; ekEx38[pCFJ350/Pfolr-1::FOLR-

1::GFP::unc-54 3'UTR], expresses Pfolr-1::FOLR-1::GFP with the NSM-marker Ptph-1::DsRed.
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The strain was created by crossing strain ET562 to strain LX960, vsIs97[tph-1p::DsRed2 + lin-
15(+)].

Strain EJ938, gon-2(q388); dxlsl[Pgon-2::GON-2::GFP::gon-2 3’UTR], expresses GFP that is
integrated into the gon-2 locus on cosmid TO1H8. The dxlIsl integrant rescues gon-2(q388)
sterility. Strain EJ938 was the kind gift of Eric Lambie.

Strain ET622, gon-2(g388); dxIs1[Pgon-2::GON-2::GFP::gon-2 3°’UTR]; vsIs97[Ptph-p::DsRed?2
+ lin-15(+)], was created by crossing strain EJ938 with strain LX960.

Four strains were obtained by coinjection of pCFJ350/Ptph-1::myr-mNeonGreen:unc-54 3°’'UTR
and pCFJ350/Ptph-1::FOLR-1::wrmScarlet::unc-54 3’UTR into unc-119(ed3) mutants. The four
strains gave similar localization of FOLR-1::wrmScarlet and myr-mNeonGreen in the NSM
neuron, but were not maintained past the experiment (and hence do not have strain names)

Cell culture, selection, and synchronization

Human embryonic kidney HEK293T cells and HeL a cells were obtained from the American Type
Culture Collection and were cultured in DMEM in the presence of 10% fetal bovine serum
(Sigma), 100pg/ml penicillin and streptomycin (Hyclone).

DNA transfections, siRNA knockdowns, immunoprecipitations

Proteins were expressed in HEK293T cells and immunoprecipitated as described (Kim et al. 2008,
Starostina et al. 2007). HEK293T cells and HeLa cells were transfected with plasmids for human
protein expression using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s
instructions. For immunoprecipitation of human proteins, cells were collected 48 hrs after
transfection and lysed in Triton X-100 (0.33% Triton X-100, 150 mM NaCl, 50 mM Tris pH 7.4,
1 mM EDTA, protease inhibitor cocktail (Roche). Cell lysates were centrifuged at 13,000 rpm for

25 min at 4°C and the supernatant was pre-cleared with sepharose 4B beads (Sigma Aldrich).
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Proteins were immunoprecipitated using anti-FLAG M2 affinity agarose gel (Sigma Aldrich), and
EZview™ Red Anti-HA Affinity Gel (Sigma Aldrich) beads respectively.

For immunofluorescence, HeLa cells grown on 8 well Lab-Tek Il chamber slides (Nunc)
and fixed for 30 min at room temperature with a formaldehyde fixation mixture of 3.7%
formaldehyde, 80 mM HEPES (pH 6.9); 0.8 mM EGTA,; and 1.6 mM MgSO4. Cells were washed
three times with PBT (PBS with 0.1% Triton X-100 and 0.1% bovine serum albumin) and kept in
PBT overnight as a blocking solution. Primary antibodies (mouse monoclonal anti-FLAG M2,
1:650 dilution; and rabbit monoclonal anti-HA, 1:1000) in PBT was incubated with the fixed cells
for 2 hrs, and then washed with PBT.

Secondary antibodies (Dylite 488 anti-rabbit, 1:500 and rhodamine anti-mouse 1:500) were
incubated in PBT for 30 min, washed and mounted for viewing in 1 mg/ml p-phenylenediamine
(anti-fade agent) and 90% glycerol. Images of the same antibodies/Hoechst were taken with the
same exposure times and processed identically using Adobe Photoshop software. Quantitation of
nuclear and total immunofluorescence signal was performed with OpenLab software (version 5.0;

Improvision).
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NSM major processes

Figure. 4.1 FOLR-1::GFP driven by its own promoter expresses in the NSM neurons,
the isthmus of the pharynx, and the pharyngeal-intestinal valve cells.

(A) epifluorescence image of Pfolrl::FOLR-1::GFP driven by its own promoter from an
extrachromosomal array.

(B)DIC image of the worm

(C) Overlay between the epifluorescence and the DIC (D) confocal maximum intensity

projection micrograph of the Pfolrl::FOLR-1::GFP driven by its own promoter.
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Figure. 4.2. pFOLRL is specifically expressed in NSM neurons using Ptph promoter of
C. elegans

(A) membrane-localized mNeonGreen and (B) FOLR-1::wrmScarlet specifically expressed
in the NSM neurons. Analysis of these transgenic animals shows that FOLR-1::wrmScarlet
is present in the NSM neuronal processes — extending about two-thirds of the length of the

neuronal processes from the cell body (C) The overlay of both the fluorescence protein.
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Figure. 4.3. GON-2 localizes to NSM and its major processes using its own promoter
(A) membrane-localized DsRed2 and (B) GON-2:: GFP expressed in the NSM neurons using
their own promoters (C) DIC micrograph of the worm. (D) Overlay between GON-2:: GFP
and the membrane-localized DsRed2 indicate that GON-2 localizes in the two major

processes of the NSM neuron.
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Figure. 4.4. FOLR-1 localizes to NSM and its major processes using its own promoter
(A) membrane-localized DsRed2 and (B) FOLR-1:: GFP expressed in the NSM neurons

using their own promoters (C) DIC micrograph of the worm. (D) Overlay between FOLR-1::
GFP and the membrane-localized DsRed?2 indicate that GON-2 localizes in the two major

processes of the NSM neuron.
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Figure. 4.5. FOLR-1 physically interacts with GON-2. Co-expressed 3xHA-FOLR-1 and
3XFLAG-GON-2 ectopically in human HEK293T and immunoprecipitated 3xHA-FOLR1
and HA-Rab23WT (control) to probed to determine co-immunoprecipitation of3xFLAG-
GONZ2 and 3XxFLAG-FBW?7 to determine if the two proteins physically interact with each
other. The experiment was also conducted in other direction (immunoprecipitated the FLAG
proteins and probed for HA co-IPs). The white spots in between bands are due to the bleed-in

that occur with excessive ECL reaction.

143



DISCUSSION AND CONCLUSION

CAND1/2 catalyzes the redistribution of SCF complexes to promote mitotic progression
SCFs (Skpl-Cull-F-box proteins) are widely studied E3 ligases that mediate timely
ubiquitylation and degradation of specific substrate proteins. SRs determine the substrate
specificity of the SCF complex. There are 69 human SRs are identified (Wang et al., 2014). The
variety of SRs allows the generation of many ubiquitin ligases that promote the ubiquitylation and
degradation of many substrate proteins. This allows SCFs to control numerous key cellular
processes, including cell cycle progression. It’s the timely removal of cell cycle regulators by the
SCF that allows several irreversible transitions between cell cycle phases. In Chapter 3 we show
that the inactivation of CAND1 during mitosis in human cells results in the ectopic binding of a
subset of SRs to the CUL1-RBX1 complex during mitosis, which negatively impacts mitotic
progression. In normal (unperturbed) cell cycles, we show that CAND1/2 is required for the
significant reorganization of SCF complexes that promote mitotic progression.

CANDL is the SR exchange factor that is directly involved in the process of assembly
and disassembly of active SCF complexes (Pierce et al., 2013; Reitsma et al., 2017). CAND1
interacts with the unneddylated form of CUL1 when it is not bound to the adaptor Skpl
(Goldenberg et al., 2004; Pierce et al., 2013; Zheng et al., 2002). The neddylation of the CUL1-
RBX1 can inhibit the CAND1 association with the CUL1-RBX1 module (Liu et al., 2002). But

our experiments show that the association of CAND1 to CUL1-RBX1 during mitosis is not
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regulated by the neddylation state of the CUL1-RBX1 complex, thereby suggesting this
phenomenon implies a novel regulatory mechanism that requires further investigation.

Another observation we had when investigating the CAND1-CUL1 complexes, is that the
mitotic complex is more stable than the S-phase complex. Our results show that CAND1 is bound
to 50% of CUL1 (at least 90% of the unneddylated CUL1). SCF ligases has a milliseconds rate to
initiate ubiquitylation, and when substrates aren’t bound the SR gets auto ubiquitylated and
degrades itself, hence having all SCF enzymes always assembled and active could create
problems(Pierce et al.,, 2013; Saha and Deshaies, 2008). Therefore, having CAND1 as an
intermediate exchange factor causes a a delay between substrate binding to a SR and its assembly
into an active SCF, thus increasing the specificity of the system. This is done by increasing the
“maximal koff value” of a substrate(Liu et al., 2018; Pierce et al., 2013). Based on the current
understanding of how the SCF is regulated through CAND1, SR, and substrate binding, this
increased association of CAND1 during mitosis suggests that CANDL1 is involved in selective
association of SR during mitosis. Yet how this specificity is regulated needs further investigation.

The current understanding is that substrate availability and its binding to SRs increases the
stability of SCF complexes (Liu et al., 2018). Studies on F-box protein has been expanding over
the couple of decades since this was characterized and understanding the differences between F-
box proteins are important as it brings the SCF complex complex ligases functional diversity.
Recognizing substrates through phospho-degrons” is a common mechanism that is known to
regulate SR—substrate pairing, where the substrate gets phosphorylated at a defined amino acid
sequence known as the ‘degron’, which gets recognized by the SR(Yada et al., 2004). There are
other methods of substrate recognition have also been characterized. e.g., ligand-based substrate

recognition (where a molecule or a small molecule or a cofactor facilitates the substrate
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recognition), localization-based recognition, etc. (Nguyen and Busino, 2020). Since substrates
have been recognized in playing an important role in SCF regulation, understating their
biochemical and biological roles will make it possible to understand the broad activity scope of E3
ligases.

Though SRs associate with cullins through a common adaptor SKP1, each SR shows
variation in its efficiency in binding to Cull (Reitsma et al., 2017). Reistma et al further describes
that the absence of Cand1/2 (in asynchronous cells) significantly suppressed the exchange of SRs
among SCF complexes in cell lysates, with the exception of FBXO5/Emil, which is interestingly
a substrate of SCF-FBXW11 (which is the SR that we found to physically interact with CAND1
during mitosis and whose loading onto SCF complexes in mitosis was promoted by CAND1).

Emil (early mitotic inhibitor 1) is an F-box protein that acts as a SR for SCF complexes,
and independently as an important protein for cell cycle regulation. It functions through inhibition
of the APC/C ubiquitin ligase activity in G1 phase to promote DNA replication, in S phase to
prevent DNA re-replication, and in G2-M phase to ensure proper mitotic progression (Lara-
Gonzalez et al., 2017). It has been reported to show mitotic defects during embryogenesis (Lee et
al., 2006). Failure of B-TrCP2/FBXW11 and B-TrCP/BTRC to target the degradation of substrates
like EMI1, PLK1 and PLK4, CDC25A, and WEEL1 results in cell cycle arrest, mitotic spindle
dysfunction, and centrosome duplication (Skaar et al., 2013). There is a report asserting that
CAND1 overexpression significantly stabilized the SCF-B-TrCP/2 substrate PLK4, resulting in
centrosome overduplication and mitotic defects (Korzeniewski et al., 2012). This observation
seems to contrast with our observation of a similar phenotype when CANDL is absent (rather than

overexpressed). Based on our findings, we would expect that PLK4 was stabilized when CAND1/2
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is knocked down, as CAND1/2 knockdown reduces the generation of SCF-FBXW11, and thus
presumably reduces the degradation of PLK4.

These results encourage further studies to explore the SCF—-CAND1 axis for cell cycle
regulation, especially identifying the key substrates will provide major insights on how this

regulation happens. Overall, this study will highlight the role of altered SCF components in cancer.

FOLRL1 regulation of neuronal signaling in C. elegans

Emerging evidence in vertebrates suggests that non-canonical folate pathways (independent of one
carbon metabolism) regulate neural tube closure and cancer through cell signaling. The majority
of C. elegans signaling pathways are conserved in humans (Shaye and Greenwald, 2011). Multiple
signaling pathways have been implicated in FOLR1-directed signaling in human cells (see Chapter
2). The multitude of proposed FOLRL1 signaling pathways raises the possibility that several of
these pathway activations may occur in response to the activation of different upstream signaling
pathways. Our results in C. elegans suggest the possibility that Ca2+ entry mediates the
intracellular signaling by FOLR-1. The regulation of Ca2+ entry has not been described as a
potential signaling pathway in mammals, but it has the potential to operate upstream of signaling
components in other intracellular signaling pathways.

GON-2 is a transient receptor potential-M (TRPM) channel that is orthologous to
mammalian TRPM7, which is overexpressed in diverse cancers and promotes cancer progression
(Hantute-Ghesquier et al., 2018). GON-2 is able to transport Ca** and Mg?*, but has a ten-fold
higher permeability for Ca?* than Mg?*(Xing et al., 2008). It would be interesting to determine if
the interaction between FOLR-1 and GON-2 is conserved in human cells, and if this contributes

to the promotion of cancer progression by FOLR-1. It has been reported that FOLR1 is involved

147



in signaling with the serine/threonine kinase ERK (MAP kinase). This ERK1/2 signaling pathway
involves receptor tyrosine kinases that activate the small GTPase protein RAS, which then leads
to the sequential phospho-activations of the serine/threonine kinases RAF, MEK, and ERK1/2
(Lavoie et al., 2020). Various tumors activate this pathway to increase cell division and migration
(Lavoie et al., 2020). There is evidence on both direct and indirect interactions between the Ca?*
and MAPK signaling pathway. (White and Sacks, 2010). Understanding how folates work with
other membrane transporters in relaying signaling molecules, especially by Ca?* will open avenues
of research. Also this research will provide more insight over how folates involves in regulating
Ca** homeostasis, as TRPM channels are known to involve in regulating Ca®
homeostasis(Elizondo et al., 2010; Faouzi et al., 2017).

The U.S. is one of the few countries in the world that fortifies their food supply with folic acid.
Notably, when the U.S. began fortifying grains with folic acid in 1996, there was a transient
increase (that lasted for several years) in the rate of colon cancer (Mason et al., 2007). Folic acid
fortification is currently thought to both accelerate the progression of certain cancers, and also
prevent the genesis of certain cancers by ameliorating folate deficiency (which can increase cancer
risk) (Kim, 2008; Liu et al., 2011; Ulrich, 2008). It is currently not definitively established in
humans whether folates act in signaling independently of their role in one-carbon metabolism,
although the evidence presented in Chapter 2 suggests that folate signaling through FOLR1 does
occur. A role for folates in signaling would have potentially important health policy implications,
e.g., in guidance on voluntary supplementation with high doses of folic acid. This would be a
particular concern given that folic acid (a synthetic, non-natural folate) has a much higher affinity

for FOLR1 than naturally-occurring folates (Leamon et al., 2009).
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