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Chapter 1

INTRODUCTION

Wnt Signaling

The developmental origins of the Wnt pathway

For a multicellular organism (metazoan) with varying tissue types and organs to
develop from a single cell, a dizzying array of coordinated communication needs to
occur between cells (Gerhart, 1999). Through a process called signal transduction, cells
receive signals from their environments and transduce them intracellularly, leading to
various events such as cell death, motility, and changes in gene expression (Gomperts
et al., 2009). Metazoans are quite diverse with wide ranges in morphologies, tissues,
and cells. However, it has been proposed that there are only 17 signal transduction
pathways used to account for this diversity and most of these pathways are
evolutionarily conserved (Gerhart, 1999). It is important to note that in humans,
mutations in these signaling pathways often result in developmental disorders and
disease. As there are only a few signaling pathways that process all of the biological
activity across metazoans, there is great interest in characterizing the mechanisms in
these pathways to better understand development and disease.

The Wnt signaling pathway is conserved throughout metazoa and has critical
roles in development and disease (Clevers and Nusse, 2012; Klaus and Birchmeier,

2008; Logan and Nusse, 2004). Early studies of the Wnt pathway came in the form of



observations in Drosophila and mice. Sharma and Chopra identified a Drosophila
melanogaster mutant that lacked wings and named the mutation wingless (Sharma and
Chopra, 1976). Shortly thereafter, Christiane Nusslein-Volhard and Eric Wieschaus
identified multiple segmental patterning genes — one of which was wingless — in their
Nobel prize-winning saturation mutagenesis screen in Drosophila. They showed that
wingless (Wg) is a segment polarity gene required for proper segmentation in early
Drosophila development (Nusslein-Volhard and Wieschaus, 1980). A few years later,
Roel Nusse and Harold Varmus demonstrated that the mouse mammary tumor virus
(MMTV) led to oncogenesis in mice by inserting within a locus they named /nt1, thereby
driving increased expression of an adjacent secreted glycoprotein. At the time, Int1 was
the first novel proto-oncogene identified by a proviral insertion (Nusse and Varmus,
1982). A connection was formed amongst these observations in mice and Drosophila
when cloning and chromosome mapping showed that wingless is the Drosophila
homolog of mouse Int1 (Baker, 1987; Cabrera et al., 1987; Rijsewijk et al., 1987). This
led to the genesis of the term “Wnt,” born out of the combination of wingless and Int1
(Nusse et al., 1991).

Around the same time that Drosophila Wg and mouse Int1 were found to be
homologs, Andy McMahon and Randy Moon injected /nt7 mRNA into the ventral
blastomeres of Xenopus laevis embryos and found that this led to axis duplications
(McMahon and Moon, 1989). This sensational observation provided a molecular
explanation for early embryogenesis work performed by Hilde Spemann and Hans
Mangold in 1924, where they showed that transplantation of tissue from the dorsal

region of Xenopus laevis embryos to the ventral region of the embryo resulted in



twinned axes a few days later (Spemann and Mangold, 2001). Following McMahon and
Moon’s experiments in Xenopus embryos, many components of the Wnt pathway have
since been validated using the Xenopus axis duplication assay. Collectively, these

findings indicate that Wnts are highly conserved and play key roles in development.

Canonical Wnt signaling

Broadly, Wnt signaling has been divided into canonical (3-catenin dependent)
and non-canonical (B-catenin independent) signaling. | will only be discussing canonical
Whnt signaling as the work presented here exclusively focuses on effects in the
canonical pathway. Most of the early studies that identified components of the canonical
pathway used Drosophila and Xenopus as these two systems allowed for easy
manipulation and, generally, clear phenotypes such as patterning and axiation defects
in Drosophila and Xenopus, respectively.

Following the groundbreaking Drosophila screen by Nusslein-Volhard and
Wieschaus that identified wingless in 1980, numerous Drosophila mutants with early
embryonic segment polarity patterning defects were reported. Many of these mutants
identified key components of the Wnt signaling pathway through biochemical and
epistasis studies. These major players of the Wnt pathway include armadillo (Drosophila
ortholog of B-catenin that was previously established as a key component of adherens
junctions) (Riggleman et al., 1990; Riggleman et al., 1989; Wieschaus and Riggleman,
1987), dishevelled (Klingensmith et al., 1994; Noordermeer et al., 1994; Perrimon and
Mahowald, 1987), shaggy (Drosophila ortholog of glycogen synthase kinase 3 (GSK3))

(Blair, 1994; Siegfried et al., 1992), frizzled (Bhanot et al., 1996), and dTCF and



groucho (Cavallo et al., 1998). Many of these early studies form the basis of our current

understanding of the mechanism of action of the Wnt signal transduction pathway.

Wnt ligands

Whnt ligands are a class of secreted, lipid-modified glycoproteins that are involved
in cell communication, long-range signaling and have been considered morphogens for
their roles in tissue patterning (Martinez Arias, 2003; Mikels and Nusse, 2006; Port and
Basler, 2010; Willert and Nusse, 2012). There are 19 different Wnt ligands encoded in
the mammalian genome. Wnts have a hydrophobic N-terminal signal sequence that
directs them to the endoplasmic reticulum (ER) for processing prior to the final secretion
of an active Wnt protein (Coudreuse and Korswagen, 2007). In the ER, Wnts are first N-
glycosylated (Komekado et al., 2007), and then palmitoylated by the membrane-bound
O-acyltransferase Porcupine (PORCN) (Kadowaki et al., 1996; Zhai et al., 2004) at
specific conserved cysteine and serine sites (Takada et al., 2006; Willert et al., 2003).
Efficient secretion of the now glycosylated and palmitoylated Wnt typically requires
transmembrane protein, Wntless (WIs) (Banziger et al., 2006; Bartscherer et al., 2006).
Multiple modes of trafficking have been proposed for Wnts in long-range signaling
including transfer by heparan sulfate proteoglycans, liposomes, and exosomes (Port
and Basler, 2010; Routledge and Scholpp, 2019). Wnts can also be sequestered and
blocked from binding their receptors. Secreted Frizzled-related proteins (sFRPs) and
Whnt inhibitory factor 1 (WIF1) are secreted Wnt antagonists that bind Wnt ligands and
prevent them from binding Frizzled receptors (Bovolenta et al., 2008; Kawano and

Kypta, 2003; Nathan and Tzahor, 2009). Wnt ligands can also be blocked from binding



the LRP5/6 co-receptors by Dickkopf (DKK) family members (Bafico et al., 2001; Bao et
al., 2012; Mao et al., 2001a; Semenov et al., 2001) and Sclerostin (SOST) (Li et al.,

2005; Semenov et al., 2005), which compete with Wnt ligands to bind LRP5/6.

Wnt receptor activation and formation of Wnt signalosomes

Whnt ligands bind FZD and LRPS/6 co-receptors to activate the pathway, and
binding of both receptors is required for activation of the canonical pathway. The
mammalian FZD family of seven-pass transmembrane receptors belongs to the G-
protein coupled receptor superfamily and contains 10 different members (Schulte and
Wright, 2018). Wnt ligands bind FZD in their extracellular cysteine-rich domain (CRD)
(Hirai et al., 2019; Janda et al., 2012). While Wnt ligands typically bind the CRD of FZD,
different Wnt ligands have varying preferential binding sites on LRP5/6. LRP5 and LRP6
are single-pass transmembrane receptors that are functionally redundant and essential
for Wnt signaling due to their roles as co-receptors for Wnt ligands (He et al., 2004;
Pinson et al., 2000; Wehrli et al., 2000). They have four tandem B-propeller/epidermal
growth factor (EGF) repeats followed by three low density lipoprotein receptor (LDLR)
type A repeats (MacDonald and He, 2012). Wnt ligands, DKK, and SOST bind various
regions within the four tandem B-propeller/epidermal growth factor (EGF) repeats
(Bourhis et al., 2010; Chen et al., 2011; Kim et al., 2020; Mao et al., 2001a). The
function of the LDLR type A repeats is not clear, but recently, it has been proposed to
be involved in regulating endocytosis of LRP5/6 (Vijayakumar et al., 2017).

The binding of Wnt ligand to FZD and LRP6 forms a trimeric complex (Bourhis et

al., 2010; Cong et al., 2004; He et al., 2004; Tamai et al., 2000). It has been proposed



that the formation of this complex initiates the production of phosphatidylinositol (4,5)-
biphosphate (PIP2), which leads to LRP6 aggregation, LRP6 phosphorylation, and Axin
translocation to the membrane (Pan et al., 2008). PIP2 has also been shown to recruit
clathrin and adaptor protein 2 (AP2), which are components of endocytic vesicles, to
LRP6 aggregates (Kim et al., 2013). These phosphorylated LRP6 aggregates can be
visualized at the plasma membrane and contain components of the Wnt pathway such
as DVL, GSK3, and Axin. These macromolecular complexes have been coined the term
“Wnt signalosomes” (Bilic et al., 2007). Along with the formation of trimeric complexes
and signalosomes, binding of Wnt ligand results in recruitment of the cytoplasmic
effector DVL to FZD and LRP6 activation. DVL oligomerization and binding to the C-
terminus of FZD is necessary for activation of the pathway (Ma et al., 2020; Tauriello et
al., 2012). Phosphorylation of DVL following Wnt ligand binding LRP6 and FZD is
proposed to promote its oligomerization (Ma et al., 2020; Yanagawa et al., 1995). While
some components of these signalosomes have been identified, many details regarding
the mechanism and additional components in these signalosomes still remain to be
determined.

The formation of signalosomes is associated with LRP6 receptor activation.
LRP6 is activated by phosphorylation of each of its conserved intracellular PPPSPxS
motifs and mutational analysis of these motifs have shown that they act cooperatively
(MacDonald et al., 2008). LRP5/6 undergoes sequential phosphorylation with GSK3
serving as the priming kinase that phosphorylates the serine in PPPSP motifs, followed
by phosphorylation of xS by CK1 (Davidson et al., 2005; Zeng et al., 2005). While it is

well-established that GSK3 and CK1 are the main kinases involved in activating LRP6,



there are, of course, other possible phosphorylation sites on LRP6 that might be
phosphorylated by GSK3, CK1, or even other unidentified kinases. Following initial
phosphorylation of LRPG, cytoplasmic Axin-GSK3 complexes are recruited to LRPG,
further driving GSK3 phosphorylation of LRP6 and thus, amplify the signal initiated by
binding of Wnt ligand (Baig-Lewis et al., 2007; Mao et al., 2001b; Zeng et al., 2008).
How receptor activation leads to inhibition of the destruction complex is not clear
as many different mechanisms have been proposed. Recruitment of Axin-GSK3
complexes to activated receptors provides a simple dissolution mechanism (Liu et al.,
2005) to explain increased levels of B-catenin during active Wnt signaling and this would
agree with the observation that Axin is the limiting component of the destruction
complex (Lee et al., 2003). However, it is still unclear whether the destruction complex
actually dissociates, as many have demonstrated that multiple members of the
destruction complex, or even the whole destruction complex including 3-catenin, can
localize to the plasma membrane following Wnt stimulation (Bilic et al., 2007;
Hendriksen et al., 2008; Li et al., 2012). Another model suggests that the
phosphorylated intracellular domain of LRP6 can directly inhibit GSK3 activity towards
B-catenin (Cselenyi et al., 2008; Piao et al., 2008; Wu et al., 2009). Thus, the steps

between receptor activation and (3-catenin stabilization still require further investigation.

Activation of a Wnt transcriptional program
Following receptor activation, B-catenin accumulates in the cytoplasm as it is no
longer phosphorylated by GSK3. In the absence of GSK3 phosphorylation, -catenin is

no longer targeted for ubiquitylation and degradation by 3-TRCP. This increase in



cytoplasmic -catenin leads to eventual translocation into the nucleus through a poorly
understood mechanism (albeit multiple distinct mechanisms have been proposed). 3-
catenin does not have a nuclear localization signal or a nuclear export signal, but
clearly, it can shuttle between the cytoplasm and nucleus without the use of the
importin/exportin system to activate the Wnt transcriptional program (Anthony et al.,
2020; Wiechens and Fagotto, 2001; Yokoya et al., 1999). Some studies have indicated
that APC, Axin, and the GTPase Rac1 assist in the retention of 3-catenin in the nucleus
(Cong and Varmus, 2004; Henderson and Fagotto, 2002; Krieghoff et al., 2006; Wu et
al., 2008). Recently, it has been proposed that the rap guanine nucleotide exchange
factor 5 (RAPGEFS) controls the nuclear translocation of 3-catenin by activating nuclear
Rap GTPases (Griffin et al., 2018). It is possible that there are multiple mechanisms that
connect B-catenin shuttling between the cytoplasm and nucleus.

In the nucleus, B-catenin binds the transcription factors, TCF/LEF to activate the
Whnt transcriptional program (Behrens et al., 1996; Graham et al., 2000). In mammals,
there are four members in the TCF/LEF family which include TCF1, TCF3, TCF4, and
LEF1. TCF/LEF binds to Wnt responsive elements (WRE) through their high mobility
group (HMG) box (van de Wetering and Clevers, 1992). TCF/LEF cannot activate
transcription on its own and requires binding of B-catenin to activate transcription of Wnt
target genes. Some other transcriptional co-activators such as CREB binding protein
(CBP)/p300, B-cell lymphoma 9 (BCL9), and Pygopus have also been implicated in this
process and have been shown to form large multimeric complexes with TCF/LEF and -
catenin to form “enhanceosomes” (Kramps et al., 2002; Mosimann et al., 2009;

Thompson et al., 2002; Wolf et al., 2002). In the absence of pathway activation and (3-



catenin binding, TCF/LEF represses transcription of Wnt target genes (Cadigan and
Waterman, 2012). The most well-characterized family of transcriptional co-repressors is
the Groucho/transducin-like enhancer of split (Gro/TLE) family. All members within this
family interact with members in the TCF/LEF family (Brantjes et al., 2001). It has been
shown that Gro/TLE interacts with histone deacetylases (HDACs), which typically
maintain chromatin in a transcriptionally inactive form (Brantjes et al., 2001; Narlikar et
al., 2002). B-catenin directly displaces Gro/TLE on TCF/LEF through competition for
overlapping binding sites (Daniels and Weis, 2005). Studies from our laboratory have
shown that the E3 X-linked inhibitor of apoptosis (XIAP) ubiquitylates Gro/TLE to
promote dissociation of Gro/TLE and TCF/LEF. Dissociation of Gro/TLE allows [3-
catenin to bind TCF/LEF and form transcriptionally active complexes, which initiates a

Whnt transcriptional program (Hanson et al., 2012).

Summary of canonical Wnt signaling

In the current model of the canonical pathway, cytoplasmic (3-catenin levels are
tightly regulated by its synthesis and degradation. When the pathway is inactive, -
catenin is normally maintained at low levels in the cytoplasm. B-catenin degradation
occurs in a multiprotein complex called the destruction complex. The destruction
complex is comprised of the scaffolding proteins APC and Axin, and the kinases
glycogen synthase kinase 3 (GSK3) and casein kinase 1 (CK1) (Kimelman and Xu,
2006). CK1 phosphorylates 3-catenin at serine 45, which primes it for phosphorylation
by GSK3 at serine 33, serine 37, and threonine 41 (Amit et al., 2002; Liu et al., 2002). A

complex containing Skp1, Cul1, and the F-box containing ubiquitin ligase, B-transducin



repeat-containing protein (B-TRCP) form the SCFP-TRCP complex which ubiquitylates
phosphorylated 3-catenin (Latres et al., 1999; Liu et al., 1999). The ubiquitylation of 3-
catenin leads to its subsequent degradation by the 26S proteasome (Aberle et al., 1997)
(Figure 1-1A). Upon binding of Wnt ligand to the co-receptors low-density lipoprotein
receptor-related protein 5/6 (LRP5/6) and Frizzled (FZD), the pathway is activated and
Dishevelled (DVL) is recruited to bind FZD. Axin-bound CK1 and GSK3 phosphorylate
LRPS/6, and, in a poorly defined mechanism, 3-catenin phosphorylation is inhibited.
Subsequently, B-catenin levels begin to rise in the cytoplasm. Accumulated cytoplasmic
B-catenin translocates into the nucleus to bind the transcription factors, T-cell
factor/lymphoid enhancer factor (TCF/LEF), and other nuclear factors to activate the
Whnt transcriptional program (Anthony et al., 2020; MacDonald et al., 2009; Saito-Diaz et

al., 2013) (Figure 1-1B).
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Figure 1-1. Schematic of canonical Wnt signaling

(A) In the absence of Wnt ligand, low, steady-state levels of B-catenin are regulated by
the destruction complex, which is comprised of the scaffolding proteins, APC and Axin,
and the kinases, CK1 and GSK3. CK1 and GSK3 phosphorylate (3-catenin which targets
B-catenin for ubiquitylation by B-TRCP. Subsequently, B-catenin is degraded by the 26S
proteasome. (B) When Wnt ligand binds FZD and LRP6 co-receptors, DVL is recruited
to FZD and LRP6 is phosphorylated by CK1 and GSK3. Because [3-catenin is no longer
phosphorylated, 3-catenin begins to rapidly increase in the cytoplasm, leading to its
eventual translocation into the nucleus. Gro/TLE is released and (3-catenin binds
TCF/LEF to activate the Wnt transcriptional program.
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Wnt signaling in disease

Given that Wnt signaling plays a major role in development, it is no surprise that
the Wnt pathway has been implicated in a multitude of diseases ranging from cancer to
osteoarthritis. Most notably, over 90% of colorectal cancer cases have mutations in Wnt
signaling that leads to overactivation of the pathway (Cancer Genome Atlas, 2012).
Adenomatous polyposis coli (APC) is a key member of the Wnt pathway and well-
established gatekeeper gene due to its role in the hereditary precancerous syndrome
familial adenomatous polyposis (FAP) that leads to the development of hundreds to
thousands of polyps in the colon and rectum (Kinzler and Vogelstein, 1996). Invariably,
these polyps progress to cancer with an average age of 39 years. In 1991, it was
determined that mutations in APC were a key factor in FAP (Kinzler et al., 1991,
Nishisho et al., 1991). Soon after, it was shown that APC associated with catenins,
including B-catenin (Su et al., 1993). B-catenin is the mammalian ortholog of Drosophila
armadillo, which was identified as a segment polarity gene that is regulated by wingless
in Drosophila (Riggleman et al., 1990; Riggleman et al., 1989; Wieschaus and
Riggleman, 1987). These observations provided early indicators of the connection
between Wnt signaling and colorectal cancer. Although colorectal cancer is the most
striking example of misregulated Wnt signaling, aberrant Wnt signaling has also been
found in cancers such as leukemia, breast cancer, and melanoma (Klaus and
Birchmeier, 2008; Zhan et al., 2017). In addition to its roles in cancer, Wnt signaling has
also been implicated in cardiovascular disease (Foulquier et al., 2018), diabetes

(Welters and Kulkarni, 2008), and neurological disorders (De Ferrari and Moon, 2006).
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A deeper understanding of the mechanisms of Wnt signaling, would contribute greatly to

uncovering treatments for diseases in which Wnt signaling is misregulated.

Whnt signaling and stem cells

Whnt signaling is a key developmental pathway, and it has been shown that the
Whnt pathway has critical roles in the maintenance of stem cell niches. With their ability
to self-renew and differentiate into multiple cell types, stem cells are important for tissue
homeostasis and regeneration in the adult organism (Chacon-Martinez et al., 2018).
Epithelial tissues such as the skin and intestine routinely turn over, and it has been
shown that Wnt signaling is integral in this process and in maintaining the stem cell
niche necessary to support tissue homeostasis and regeneration (Clevers et al., 2014;
Lim and Nusse, 2013; Schepers and Clevers, 2012; Wend et al., 2010). The pioneering
study that provided evidence for this idea was in the T-cell factor 4 (TCF-4) (Tcf7L2)
knockout mice, which, at birth, lacked proliferative stem cells in the crypt regions located
between intestinal villi (Korinek et al., 1998). Subsequently, it was shown that genetic
deletion of B-catenin resulted in a complete loss of intestinal crypts in the adult mouse
(Fevr et al., 2007). These studies, among others, have demonstrated a critical role for
Whnt signaling in the intestinal stem cell niche. Another prominent example of Wnt
signaling in maintaining the stem cell niche is in hematopoiesis where Wnt signaling is
not only critical in maintaining stemness, but also in coordinating differentiation (Lento et
al., 2013; Luis et al., 2012). For example, germline deletion of one of the 19 different
Whnt ligands, Wnt3a, results in a significant decrease in the amount of hematopoietic

and progenitor stem cells in the fetal livers of mice (Luis et al., 2009). Another example
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is in mice lacking TCF1, where loss of TCF1 leads to impaired thymocyte development
(Schilham et al., 1998). It is clear that the Wnt pathway has multifaceted roles in

maintaining stem cell niches, tissue homeostasis, and regeneration.
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The Ubiquitin System

The Ubiquitylation Machinery

Ubiquitylation is the ATP-dependent process whereby ubiquitin, a small 8.5 kDa
protein, is covalently attached to target proteins through a series of enzymatic reactions.
The first enzymatic reaction involves the ubiquitin-activating enzyme E1, where the
cysteine in its catalytic site forms a covalent thioester bond with the C-terminal glycine
of ubiquitin to activate ubiquitin (Ciechanover et al., 1982; Haas et al., 1982; Handley et
al., 1991). Now, the activated ubiquitin is transferred to the cysteine in the catalytic site
of an ubiquitin-conjugating enzyme E2 (van Wijk and Timmers, 2010). Lastly, an
ubiquitin-protein ligase E3 binds the target protein to catalyze the attachment of
ubiquitin to a specific lysine residue of the target protein (Talis et al., 1998) (Figure 1-2).
In this system, there are two E1 enzymes, about forty E2 enzymes, and hundreds of E3
enzymes. Across this stepwise process, selectivity increases at each step with the E3
conferring the most selectivity for the substrate. E3s are generally separated into two
major classes: Homologous to the EG-AP Carboxyl Terminus (HECT) and Really
Interesting New Gene (RING) (Metzger et al., 2012). In the last couple of years, other
subclasses of E3s have emerged and they are the RING-in-between-RING (RBR), U-
box, and Cullin RING ligases (CRL) (Deshaies and Joazeiro, 2009; Patterson, 2002;
Petroski and Deshaies, 2005; Smit and Sixma, 2014). Because the majority of E3s
contain RING domains, it is not surprising that these subclasses all contain RING

domains.
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Along with selectivity, there are layers of complexity added to the process with
how much ubiquitin is attached to the substrate and the kinds of ubiquitin chains that
are made after the addition of the first ubiquitin. Polyubiquitylated proteins are usually
targeted for degradation via the 26S proteasome. Monoubiquitylated proteins are
typically not targeted for degradation but are involved in many different processes that
range from endocytosis to histone regulation. While monoubiquitylated proteins are
typically not targeted for degradation by the 26S proteasome, they are degraded by
lysosomes (Hicke, 2001). Ubiquitin itself contains seven lysines (Lys6, Lys11, Lys27,
Lys29, Lys33, Lys48, and Lys63), each of which can be ubiquitylated and this is key to
forming ubiquitin chains on a substrate. The methionine (Met1) on ubiquitin can also
form a chain when it is linked to the N-terminus of another ubiquitin protein. The
different chains regulate the activity of the protein substrate whether it be degradation or
some other control of that protein (Swatek and Komander, 2016).

Although this covalent attachment of ubiquitins can successfully target a protein
for a diverse array of activity, it is also reversible through the action of deubiquitylases
(DUB). In humans, there are about 90 known DUBs and as such, this would suggest
that there are multiple substrates for each one. DUBs cleave the peptide or isopeptide
bonds between a protein substrate and ubiquitin. Beyond removing ubiquitin from
protein substrates, DUBs also process ubiquitin before it is recruited in ubiquitylation,
recycle ubiquitins, and trim ubiquitin linkages. There are five classes of DUBs with
ubiquitin-specific proteases (USP), ubiquitin C-terminal hydrolases (UCH), ovarian
tumor proteases (OTU), and Josephins being cysteine proteases and

JAB1/MPN/MOV34 (JAMM) being zinc metalloproteases (Komander et al., 2009).
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Figure 1-2. The process of ubiquitylation and deubiquitylation.

E1 activates ubiquitin. The activated ubiquitin is transferred to the E2. The E2 and E3
then work together to transfer ubiquitin to the substrate. Deubiquitylases (DUB) remove
ubiquitin from substrates by cleaving ubiquitin.
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Beyond protein degradation: emerging roles of ubiquitylation

Over the past quarter century, our understanding of the ubiquitylation and
deubiquitylation processes have evolved past proteasomal degradation and expanded
into multifaceted nodes of regulation with a simple ubiquitin modification. Ubiquitin
modifications or removal of ubiquitin modifications on their substrates can have a
profound effect of the substrate’s biological activities in processes such as signaling and
transcription (Finley and Chau, 1991; Oh et al., 2018). At the membrane level,
ubiquitylation has key roles in regulating lysosomal degradation where it not only
directly marks proteins in the plasma membrane for degradation, but it also allows for
recognition by endosomal sorting complexes required for transport (ESCRT) machinery
(Raiborg and Stenmark, 2009). Another example is ubiquitylation of histones in
transcription, where ubiquitylation of histones has roles in gene activation and
inactivation, higher order chromatin folding, and recruitment of other histone
modifications such as acetylation and methylation (Muratani and Tansey, 2003a; Zhang,
2003). In signaling, ubiquitin modifications can affect protein-protein interactions and
even coordination of signaling events within a pathway (Oh et al., 2018). One such
example is in DNA repair where ubiquitylation of Ku by the E3 ring finger protein 138
(RNF138) following DNA damage, dictates DNA repair pathway choice (Ismail et al.,
2015).

Histone ubiquitylation and recruitment of histone acetylation and methylation is
one example of crosstalk amongst posttranslational modifications. Another example of
posttranslational modification crosstalk are the connections formed between

ubiquitylation and phosphorylation which can be seen in Wnt signaling with 3-catenin
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phosphorylation by GSK3 and CK1, and subsequent ubiquitylation by B-TRCP.
Crosstalk between posttranslational modifications adds yet another layer to the
complexity in the roles of ubiquitylation and how protein substrates can be controlled

and directed for specific biological activities (Hunter, 2007).

Regulation of Wnt Signaling by the Ubiquitin System

Ubiquitylation has important roles in controlling signaling events ranging from
regulating protein-protein interactions to marking proteins for degradation. In the Wnt
pathway, multiple E3s and DUBs have been identified for their roles in regulating
various components in the pathway. A prime example is the tightly regulated levels of (-
catenin that are controlled by the destruction complex whereby, phosphorylation and
subsequent ubiquitylation of B-catenin maintains low levels of -catenin in the absence
of Wnt ligand. Within Wnt signaling, there are multiple levels where ubiquitin
modifications play major regulatory roles, and this extends from the receptor level all the

way to the nuclear level.

Ubiquitylation at the membrane: modulating the receptors and signal transducer
Recently, the homologous E3s, zinc and ring finger 3/ring finger 43
(ZNRF3/RNF43) have come to forefront as components of a novel mechanism by which
Whnt receptors can be targeted for degradation. ZNRF3/RNF43 are transmembrane
RING E3 ligases. Mutations in RNF43 promote Wnt signaling in multiple tumor types

including pancreatic tumors (Jiang et al., 2013). Deletion of both ZNRF3 and RNF43 in
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mice results in formation of adenomas in the intestinal epithelium (Koo et al., 2012).
ZNRF3 and RNF43 are [3-catenin target genes, suggesting that they may be involved in
a negative feedback loop that regulates Wnt signaling. Accordingly, ZNRF3/RNF43
associate with the Wnt receptors to ubiquitylate Frizzled and promote receptor turnover
(Hao et al., 2012). Interaction between ZNRF3/RNF43 and the receptors are facilitated
by interaction between ZNRF3/RNF43 and DVL (Jiang et al., 2015). DVL itself is also
subjected to ubiquitylation by ITCH and NEDDA4L. These HECT-domain ligases are
suggested to ubiquitylate DVL and negatively regulate Wnt signaling by targeting DVL

for degradation (Ding et al., 2013; Wei et al., 2012).

Ubiquitylation of the transcriptional activator, -catenin, in Wnt signaling

The most well-known E3 ligase in Wnt signaling is B-TRCP. B-TRCPs are a
subfamily of E3 ligases that are within a larger family of F-box proteins, Fbw. F-box
proteins are the substrate recognition component of Skp1-Cul1-F-box (SCF) protein
complexes. The two major motifs of B-TRCPs are its F-box motif and C-terminal WD40-
repeat domain. In Wnt signaling, B-TRCP is important in recognizing and targeting
phosphorylated 3-catenin for degradation by the 26S proteasome (Hart et al., 1999; Liu
et al., 1999). As mentioned previously, when the pathway is off, CK1 phosphorylates £3-
catenin at Ser45 and this primes [3-catenin to be sequentially phosphorylated at Thr41,
Ser37, and Ser33 by GSK3 (Amit et al., 2002; Liu et al., 2002). B-TRCP, as part of the
SCF complex, recognizes the GSK3 phosphorylated (3-catenin through its WD40
domain. The F-box motif binds Skp1 to ultimately ubiquitylate the B-catenin that is

bound simultaneously (Liu et al., 1999).
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Besides 3-TRCP, multiple E3 ligases have been characterized for their roles in
ubiquitylating B-catenin in Wnt signaling. Ring Finger 220 (RNF220) stabilizes 3-catenin
in a complex that is then deubiquitylated to promote Wnt signaling. Here RNF220 is
acting outside of its ligase activity but is instead an adaptor for B-catenin
deubiquitylation. However, its ligase domain is necessary for binding the DUB that
deubiquitylates B-catenin (Ma et al., 2014). Casitas B-lineage lymphoma (c-Cbl) is a
RING E3 that can ubiquitylate B-catenin irrespective of Wnt activity, but it can
ubiquitylate nuclear B-catenin when the pathway is on. When Wnt signaling is active, c-
Cbl is phosphorylated at Tyr731, which promotes c-Cbl dimerization and binding to [3-
catenin (Shivanna et al., 2015). Ubiquitylating nuclear (3-catenin poses a novel event in
degrading active B-catenin that typically activates the Wnt transcriptional program. Like
c-Cbl, tripartite motif-containing protein 33 (TRIM33) ubiquitylates nuclear 3-catenin.
TRIMM33 activity is independent of destruction complex activity. Phosphorylation of 3-
catenin at Ser715 by PKCy is required for TRIM33 to interact with and ubiquitylate 3-
catenin (Xue et al., 2015). Regulation by the E3s, Jade-1 and SIAH1 suggest a
connection between Wnt signaling and the von Hippel-Lindau protein (pVHL) and the
tumor suppressor p53 respectively. pVHL stablilzes Jade-1 and regulates B-catenin to
inhibit Wnt signaling. Jade-1 facilitates this inhibition by ubiquitylating phosphorylated
and non-phosphorylated (-catenin and can regulate active Wnt signaling in this manner
(Chitalia et al., 2008). Similarly, SIAH1 ubiquitylates (-catenin independent of GSK3
phosphorylation to inhibit Wnt signaling in a manner that is dependent on SIAH1 binding
the C-terminus of APC. Siah1 is a p53-inducible gene and was also found to be

involved in mediating p53-induced B-catenin ubiquitylation (Liu et al., 2001).
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Ubiquitylation of the destruction complex and nuclear components

Regulation of components that affect B-catenin stability and its ability to activate
transcription are also key events in Wnt signaling. Axin is suggested to be the rate
limiting factor in the destruction complex and its turnover has mechanistic implications in
Wht signaling (Lee et al., 2003). Ring Finger 146 (RNF146) regulates Axin degradation
in a tankyrase-dependent manner to promote Wnt signaling (Zhang et al., 2011).
RNF146 ubiquitylates and degrades Axin through PARYylation-dependent ubiquitylation
(Callow et al., 2011; DaRosa et al., 2015; Huang et al., 2009a). Segments of tankyrases
(TNKS) bind Axin at critical glycine selection gates and directly parsylates Axin.
RNF146 interacts with TNKS to promote Axin degradation and without this interaction,
Axin turnover is disrupted (DaRosa et al., 2015). RNF146 represents a class of E3s that
recognize PARsylation on substrates as the signal to ubiquitylate those substrates.
Another E3 that regulates Axin is SIAH1, which has been proposed to regulate Wnt-
induced Axin degradation by binding and ubiquitylating the GSK3 binding domain on
Axin. SIAH1 can also compete with GSK3 to bind Axin. A short Wnt3a time course
shows that Axin is ubiquitylated in the presence of Wnt3a within 3 hours. Depletion of
SIAH1 results in a loss of this Wnt-induced Axin ubiquitylation. Thus, SIAH1 is a positive
regulator of Wnt signaling by promoting Wnt-induced ubiquitylation of Axin, leading to
proteasomal degradation of Axin (Ji et al., 2017). In contrast, an interaction between
APC and Axin mediated by HectD1 polyubiquitylation of APC negatively regulates Wnt

signaling (Tran et al., 2013).
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At the nuclear level, XIAP monoubiquitylates the transcriptional co-repressor,
Gro/TLE. When Whnt is on, XIAP monoubiquitylates the Gro/TLE that is bound to
TCF/LEF and this ubiquitylation reduces binding of Gro/TLE to TCF/LEF. 3-catenin can

now bind TCF/LEF and initiate the Wnt transcriptional program (Hanson et al., 2012).

Deubiquitylation at the membrane: maintaining cell surface receptor levels and
DVL interaction

At the receptor level, DUBs can regulate the stability of receptors and their ability
to facilitate Wnt signaling. USP8/UBPY deubiquitylates FZD4 independent of Wnt
activation and promotes endocytosis of the receptor. Ubiquitylation of FZD4 results in
FZD4 degradation most likely through lysosomal degradation. Expression of a
constitutively active USP8/UBPY mutant increased the cell surface levels of FZD (Mukai
et al., 2010). USP6 also modulates cell surface availability of FZD receptors by
deubiquitylating FZD (Madan et al., 2016). Ubiquitylation and deubiquitylation of FZD
receptors maintain a fine balance of receptors available to respond to Wnt ligands.

DVL deubiquitylation is also important in modulating Wnt activity. Originally
identified for its role in promoting NF«B signaling, cylindromatosis (CYLD) inhibits Wnt
signaling by deubiquitylating DVL. Loss of CYLD promotes Wnt signaling because a
Lys63 polyubiquitylation on the DIX domain of DVL is preserved. Mutations in CYLD
that are associated with cylindromatosis disease results in overactive Wnt signaling
which drives cylindroma tumor formation (Tauriello et al., 2010). In contrast, USP14
deubiquitylates the Lys63 polyubiquitylation in the C-terminus region of DVL to promote

Whnt signaling (Jung et al., 2013). This shows how DUBs with the same target, but
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different ubiquitin modifications on the targets can affect Wnt signaling negatively or

positively.

Deubiquitylation in the cytoplasm and nucleus: regulating B-catenin, destruction
complex, and transcriptional activity

Fine-tuning the destruction complex and its regulation of B-catenin includes many
different DUB activities. TRABID (ZRANB1) deubiquitylates APC to promote Wnt
signaling. Knockdown of TRABID results in hyperubiquitylation of APC (Tran et al.,
2008). TRABID is a prime example of how a DUB can remove ubiquitin chains in a
chain-dependent manner. TRABID has shown specificity for Lys29, Lys33, and Lys63
ubiquitin chains (Licchesi et al., 2012). USP15 also acts on APC via complexing with the
COP9 signalosome (CSN) to stabilize APC and promote B-catenin degradation (Huang
et al., 2009b). As mentioned previously, RNF220 complexes with USP7 to promote
deubiquitylation of B-catenin and ultimately, promote Wnt signaling. USP47, which
shares some similarity with USP7, also deubiquitylates -catenin to promote Wnt
signaling (Shi et al., 2015).

Unlike DUBs for APC, USP34 deubiquitylates Axin and promotes [3-catenin
transcriptional activity downstream of the destruction complex. Axin deubiquitylation
promotes Axin stability and localization of Axin in the nucleus was shown to positively
regulate B-catenin mediated transcription by an unknown mechanism (Lui et al., 2011).
USP4 has also been implicated in playing a role in regulating Wnt at the nuclear level by

deubiquitylating TCF4 to promote Wnt signaling (Zhao et al., 2009).
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Two projects that bridge ubiquitylation and Wnt signaling

Our understanding of ubiquitylation in Wnt signaling is still expanding and as we
identify more E3s and DUBs involved in Wnt signaling, we are finding that ubiquitylation
regulates many aspects ranging from receptor availability to transcriptional activation.
With over hundreds of E3s and about 90 DUBs, there is a vast amount of regulation and
signaling control that still remains to be characterized. Some even suggest that the
sheer number of these components and their diverse activities allows for even more
complexity than phosphorylation (Komander, 2009). Besides the components
themselves, there are also factors such as monoubiquitylation, polyubiquitylation, and
different lysine linkages that influence how the ubiquitin modification will dictate its
protein substrate’s activity. What we already know with the few E3s and DUBs identified
to play roles in Wnt signaling shows that these modifications are critical in modulating
the activities of key Wnt signaling components such as 3-catenin, Wnt receptors, and
DVL.

Previously, the Lee Lab identified XIAP as the E3 for Gro/TLE, and ubiquitylation
of Gro/TLE decreases its affinity for TCF/LEF (Hanson et al., 2012), thereby allowing 3-
catenin to bind TCF/LEF. However, the mechanism of XIAP recruitment to Gro/TLE
remains unknown. One study showed that XIAP interacts with GSK3 (Sun et al., 2009)
A simple in vitro kinase experiment was performed to determine if GSK3 phosphorylates
XIAP, and if so, we wanted to identify the sites that were modified. Following mass
spectrometry analysis, multiple phosphorylation sites were identified, of which we found
that the threonine 180 site on XIAP is important for XIAP activity in Wnt signaling. We

hypothesized that phosphorylation of XIAP by GSK3 is necessary for the activity of
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XIAP in Wnt signaling (Figure 1-3). The results from testing this hypothesis will be
discussed in Chapter 3 and future directions will be discussed in Chapter 5.

As discussed previously, the E3s, RNF43 and ZNRF3, ubiquitylate the Wnt
receptors and promote their turnover. Various DUBSs, specifically USP8 and USP6, have
been shown to regulate Wnt receptor levels. However, the activity of these DUBs does
not seem to be regulated by Wnt signaling, and their activities have mainly been
characterized for FZDs. In a gene-trap retrovirus screen using haploid cells stably
expressing an EGFP Wnt reporter, WDR20, a member of the USP46 complex was
identified as a positive regulator of Wnt signaling (Lebensohn et al., 2016). The
members of the USP46 complex are the deubiquitylase ubiquitin specific protease 46
(USP46), WD repeat-containing 20 (WDR20), and USP1-associated factor 1
(UAF1)/WD repeat-containing 48 (WDR48). USP46 exhibits minimal catalytic activity in
the absence of WDR20 and UAF1 (Kee et al., 2010; Li et al., 2016a; Yin et al., 2015;
Zhu et al., 2019). Thus, we sought to uncover the function of the USP46 complex in Wnt
signaling. We found that overexpressing the USP46 complex in HEK293 cells increased
steady-state levels of LRP6, and conversely, knockdown of USP46 reduced steady-
state levels of LRP6. We hypothesized that the USP46 complex deubiquitylates LRP6 in
the presence of Wnt ligand to increase cell-surface levels of LRP6 that can bind Wnt
ligands and activate the Wnt pathway (Figure 1-4). The results from testing this
hypothesis will be discussed in Chapter 4 and future directions will be discussed in

Chapter 5.
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Figure 1-3. Schematic of the hypothesized mechanism of regulation of XIAP

activity in Wnt signaling.

The hypothesis is that XIAP is phosphorylated by GSK3 to promote XIAP activity in Wnt
signaling. Two specific aims are explored: (A) Determine whether GSK3 phosphorylates
XIAP (B) Determine whether the XIAP phosphomutant results in loss of XIAP activity in

Whnt signaling.

27



Figure 1-4. Schematic of the hypothesized mechanism of the USP46 complex in
Wnt signaling.

The hypothesis is that the USP46 complex deubiquitylates LRP6 to promote Wnt
signaling by blocking LRP6 turnover. Two specific aims are explored: (A) Determine the
mechanism by which the USP46 complex regulates LRPG6 levels. (B) Determine
whether the USP46 complex assembly and association with LRP6 is dependent on
active Wnt signaling
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Chapter 2

MATERIALS & METHODS

Cell lines

The colorectal cancer cell line, SW480, the cervical cancer cell line, HelLa, and
the human embryonic kidney cell line, HEK293, were purchased from ATCC (CCL-228,
CCL-2, CRL-1573). The HEK293 cell line containing a stably integrated Super
TOPFlash (STF) reporter for Wnt signaling, HEK293STF, was obtained from the
Vanderbilt Antibody Protein Resource. The colorectal cancer cell line, HCT116, was a
gift from the laboratory of Bert Vogelstein. Glioblastoma cell lines, A172 and U87, were
generous gifts from William Weiss (University of California, San Francisco). All lines

were maintained in DMEM supplemented with 8% FBS.

Generation of the LRP6-FLAG (LF203) cell line

The LRP6-FLAG Clone #203 (LF203) cell line was created using CRISPR-
mediated editing to knock-in a FLAG tag on the C-terminus of LRP6 in HEK293 cells.
The gRNA sequence (5-TGTACAGACTCCTCCTGAGG-3’) used for targeting the C-
terminus of LRP6 was identified using the CHOPCHOP resource. Briefly, the LRP6
gRNA was cloned into the pCas-Guide-EF1a-GFP vector (Origene) following the
manufacturer's protocol. HEK293 cells were transfected with the LRP6 gRNA plasmid

and a gene block (IDT) with homology arms flanking a FLAG tag (5'-
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AGAGGAGAACTATGAAAGCTGCCCACCTTCTCCATACACAGAGAGGAGCTATTCTC
ATCACCTCTACCCACCGCCACCCTCTCCCTGTACAGACTCCTCCGGTGGAGGTGG
AGGTGGAGACTACAAAGACGATGACGACAAGTGAGGAGGCGCCCTCCTCCTCTGA
CTGCCTCCAACGTAAAAATGTAAATATAAATTTGGTTGAGATCTGGAGGGGGGGAG
GGAGCTATTAGAGAAGGATGAGG-3’), using Lipofectamine 3000. After 48 hr, cells
were single-cell sorted (BD FACSMelody) into 96-well plates and grown to confluency.
Positives were identified by immunoblotting for the FLAG epitope. Genomic DNA was
collected from the parental line and the LF203 cell line using the Wizard Genomic DNA
Purification Kit (Promega). Genomic DNA was submitted to the Vanderbilt VANTAGE
Core for whole genome sequencing to verify integration and positioning of the FLAG tag

on the C-terminus of LRP6.

Organoid cultures

Wild-type mouse intestinal organoids were isolated and cultured as previously
described (Li et al., 2017). Prior to infection, organoids were collected and dissociated
by incubating in Gentle Cell Dissociation Reagent (StemCell Technologies) for 10 min at
RT. For infection, 7,500 dissociated organoids were resuspended in a mixture
containing lentivirus (MOI = 10), 8 ug/ml polybrene, and 10 uM Y27632 (StemCell
Technologies) in 25% L-WRN conditioned media. The organoid-lentivirus mixtures were
then spinoculated at 600 X g for 2 hr at RT, followed by incubation at 37°C for 4 hr. After
incubation, organoids were pelleted, washed with Intesticult growth media (StemCell
Technologies), resuspended in ice-cold Matrigel (Corning), seeded in a 48-well plate,

and overlaid with Intesticult growth media. After 72 hr, the percentage of RSPO-
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conditioned medium in the culture media was adjusted according to experimental
design. Images were taken after 9 days using an Olympus 1X51 inverted fluorescence
microscope and Olympus CellSens software. The viability of organoids was assayed
using Cell-Titer Glo (Promega) following manufacturer's protocol.

APC™n organoids were collected and digested with Gentle Cell Dissociation
Reagent (Stemcell Technologies) for 10 min at RT, followed by shearing with a 25G
needle once. Dissociated organoids were added to the lentiviral mixture (lentiviral
particles (Dharmacon, MOI = 10), 8 ug/ml polybrene, and 10 uM Y27632 (Stemcell
Technologies) in 25% L-WRN conditioned media. The organoid-lentivirus mixture was
spinoculated at 600 xg for 2 hr using a tabletop centrifuge at RT, followed by incubation
at 37°C for 4 hr. Infected organoids were resuspended in Matrigel (Stemcell
Technologies), plated at 10,000/well in a 48-well plate, and overlaid with culture media.
After 9 days, organoids were imaged, collected for RNA extraction, lysed for
immunoblotting, and assayed for cell viability. Images were obtained using an Olympus
IX51 inverted fluorescence microscope and Olympus CellSens software. The organoid
size was measured using the Olympus CellSens software. For cell viability and
immunoblotting, organoids were lysed in RIPA buffer (Thermo) supplemented with
Protease/Phosphatase inhibitor cocktail (Thermo) at 4°C for 10 minutes. 1/20 of the
lysates were used in Cell-Titer Glo assays (Promega) following the product's
instructions to measure cell viability. The remaining lysates were boiled in SDS sample

buffer for 10 min, followed by SDS-PAGE analysis and immunoblotting.
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Gel filtration analysis of the USP46 deubiquitylase complex

HEK293 cells were lysed in detergent-free NDLB and sheared with a 25G
needle. Lysates were spun at 13,000 RPM in a microcentrifuge for 10 min at 4°C,
followed by centrifugation at 100,000 X g for 20 min at 4°C. Samples (normalized for
protein concentration and volume) were loaded onto a Superdex 200 10/300 gel
filtration column connected to a BioLogic DuoFlow System (Bio-Rad). Fractions were
collected, concentrated by TCA precipitation, and pellets resuspended in sample buffer
for SDS-PAGE and immunoblotting. The following standards were used for calibration:
thyroglobulin (670 kDa), y-globulin (158 kDa), ovalbumin (44 kDa), and myoglobin (17

kDa) (Bio-Rad).

Sucrose density gradient centrifugation for the USP46 deubiquitylase complex
and LRP6 receptor

Equivalent amounts of whole-cell lysates in 300 uL volumes were gently layered
on top of 5 ml 15-40% sucrose gradients (50 mM Tris-HCI pH 7.4, 300 mM NacCl, 0.02%
Triton X-100 (w/v), 10 mM NaF, 1X PhosSTOP tablet inhibitor, 1X protease inhibitor
cocktail). Gradients were spun at 43,000 RPM for 4 hr at 4°C. Fractions (350 uL) were
manually collected from the top of the gradient and concentrated by chloroform-
methanol precipitation. Precipitated samples were resuspended in sample buffer and

analyzed by SDS-PAGE and immunoblotting.
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Transfections and RNAi mediated knockdowns

Plasmid transfections were performed using the calcium phosphate method
unless otherwise noted. siRNA transfections for Non-targeting (NT) control, AXIN1,
USP46, and UAF1 were performed using Dharmafect1 (Horizon Discovery) following
the manufacturer's protocol. Knockdowns with single siRNAs or pooled siRNAs
(combining siRNA #1 & siRNA #2) were performed at a final concentration of 50 nM.
See Table 2-1 for siRNAs sequences.

Table 2-1. Sequences of siRNAs

siRNA Sense Sequence (5'23)
AXIN #1 GCGUGGAGCCUCAGAAGUUUU
AXIN #2 CCGAGGAGAAGCUGGAGGAUU
Non-targeting (NT) UAAGGCUAUGAAGAGAUACUU
UAF1 #1 CAGCAGAGAUGUAUAGCAAUU
UAF1 #2 CCUAAGAAACCCUGACAUUUU
USP46 #1 GCAGGAUGCUCAUGAAUUUUU
USP46 #2 UCCGAAACAUCGCCUCCAUUU
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Antibodies

See Table 2-2 for antibodies used and their working concentrations.

Table 2-2. Antibodies

Used for immunoblotting or immunoprecipitation.

HRP

Antibodies Concentration Source

Rabbit anti-XIAP 1:3 Novus Biologicals

Mouse anti-XIAP 1:1000 BD Transduction

Mouse anti-MYC 1:1000 Vanderbilt Antibody
Protein Resource

Rat anti-HA 1:1000 Roche

Mouse anti-GAPDH 1:5000 Santa Cruz

Mouse anti-GAPDH 1:500 Developmental Studies
Hybridoma Bank

Rabbit anti-Histone H3 1:2500 Santa Cruz

Mouse anti-p-catenin 1:5000 BD Transduction

Mouse anti-GSK3p 1:1000 BD Transduction

Rabbit 1IgG Santa Cruz

Rabbit anti-USP46 1:1000 Proteintech

Rabbit anti-DYKDDDDK 1:2000 Proteintech

(FLAG)

Mouse anti-Tubulin 1:1000 Vanderbilt Antibody
Protein Resource

Rabbit anti-Axin1 1:1000 Cell Signaling Technology

(C76H11)

Rabbit anti-LRP6 (C5C7) 1:1000 Cell Signaling Technology

Rabbit anti-WDR20 1:2500 Bethyl Laboratories

Rabbit anti-WDR48 1:1000 Proteintech

(UAF1)

Goat anti-rat IgG H+L-HRP | 1:5000 Santa Cruz

Goat anti-mouse IgG H+L- | 1:5000 Promega

HRP

Goat anti-mouse IgG H+L- | 1:5000 Promega
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RNA isolation and gqRT-PCR

HEK293STF cells were treated with siRNA for 48 hr followed by incubation with
Whnt3a (10 ng/ml, Time Biosciences) for 8 hr. Total RNA was isolated using RNAeasy
RNA extraction kit (Qiagen) and reversed transcribed to cDNA using the High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems). gPCR assays were performed in
quadruplicate using TagMan FAST Advanced Real-time PCR Master Mix (Applied
Biosystems) and analyzed on a CFX96 Real-Time PCR system (Bio-Rad). Predesigned
and validated TagMan probes (Life Technologies) used were as follows: GUSB
(Hs00939627_m1), SP5 (Hs01370227_mH), and LEF1 (Hs01547250_m1). For
Xenopus and zebrafish studies, samples were homogenized in 1 ml RNA Stat-60
(Amsbio) with a disposable pestle and extracted with chloroform. All gPCR
amplifications were performed in biological and technical triplicate. See Table 2-3 for
sequences of PCR primers.

Table 2-3. PCR primers for qPCR

Primer Sequence (5'23’)
Odc_F GTCAATGATGGAGTGTATGGATC
Odc_R TCCATTCCGCTCTCCTGAGCAC
Chordin F AACTGCCAGGACTGGATGGT
Chordin R GGCAGGATTTAGAGTTGCTTC
Xnr3 F CTTCTGCACTAGATTCTG
Xnr3 R CAGCTTCTGGCCAAGACT
B-catenin_F CGAGCTGTCTTCCCATCCA
B-catenin R CACCAACGTAGCTGTCTTTCTG
Lefl F GAGGGAAAAGATCCAGGAAC
Lefl R AGGTTGAGAAGTCTAGCAGG
CyclinD1_F GCCAAACTGCCTATACATCAG
CyclinD1 R TGTCGGTGCTTTTCAGGTAC
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Expression and purification of the E3 XIAP

BL21 bacterial cells transformed with MBP-XIAP or the XIAP phosphomutant,
MBP-XIAPT18%A plasmids were grown in a 37°C shaking incubator until cell density
reached OD600 = 0.5. IPTG (300 uM) was added, and the cultures incubated at 18°C
overnight. Cells were then spun down, and cell pellets lysed by sonication in Tris-NaCl-
phenylmethylsulfonyl fluoride (TNP) buffer (50 mM Tris-HCI, 150 mM Nacl, 2 mM EDTA,
1 mM phenylmethylsulfonyl fluoride (PMSF), 0.1% Triton X-100). Lysates were
centrifuged at 12,000 rpm at 4°C for 10 min, and supernatants incubated with amylose
beads on a shaking platform for 2 hr at 4°C. Beads were then washed 3X times with
10X column volumes of TNP, and MBP-bound proteins were eluted with TNP buffer
containing 1% maltose. Eluted proteins were further purified on a Mono Q anion-
exchange column using the AKTA FPLC apparatus (GE Healthcare). Fractions
containing the MBP fusion proteins were concentrated to 1mg/ml using Amicon Ultra
Centrifugal Filter Units (EMD Millipore, Billerica, MA), and proteins were aliquoted and

stored at -80°C until use.

Immunoblotting

For whole-cell lysates, cells were obtained using non-denaturing lysis buffer
(NDLB) (50 mM Tris-HCI pH 7.4, 300 mM NaCl, 5 mM EDTA, and 1% Triton X-100
(w/v) supplemented with 1 mM PMSF, 1X PhosSTOP inhibitor (Roche), and 10 mM
NaF). Samples were gently agitated at 4°C for 30 minutes, followed by clarification by
spinning in a microfuge at 13000 RPM for 10 minutes at 4°C. For cytoplasmic fractions,

cells were lysed using 10mM HEPES pH 7.8, 10 mM KCI, 2 mM MgCl2, 0.1 mM EDTA,
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1 mM PMSF, 1X PhosSTOP inhibitor (Roche), and 10 mM NaF, and incubated on ice
for 30 minutes. Lysates were vortexed, sheared 8 times with a 25G needle, and clarified
by spinning in a microfuge at 13000 RPM for 5 minutes at 4°C. Proteins were analyzed
by SDS-PAGE and immunoblotting. Chemiluminescence signal was detected using a C-
DiGit blot scanner (LI-COR). Obtained images and band intensity were analyzed using

Image Studio (LI-COR).

Co-immunoprecipitation studies

Cells were lysed in NDLB, and lysates were diluted to 1 mg/ml and incubated
with antibodies overnight at 4°C. Samples were then incubated with Protein A/G
magnetic beads (Millipore) or anti-FLAG agarose beads (Sigma) for 2 hrs. Beads were
washed 3X with NDLB and sample buffer added to elute the bound protein (37°C for 1

hr).

Immunofluorescence

HEK293STF cells were grown on coverslips coated with fibronectin, fixed in 4%
formaldehyde, and permeabilized. Samples were then incubated with primary antibody
followed by secondary antibodies conjugated to Cy3 or Alexa 488. Samples were
mounted in ProLong Gold with DAPI (Invitrogen), and cells were visualized using a

Cascade 512B camera mounted on a Nikon Eclipse TE2000-E confocal microscope.
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In vitro phosphorylation assay

For the radioactive kinase assay, 100 ng MBP-XIAP was incubated with 100 ng
TEV protease plus 250 units of GSK3 (NEB), 5 mM of cold ATP and, 5 uCi of [y*’P] ATP
in 1X kinase reaction buffer (50 mM Tris-HCI, 10 mM MgCl2, 5 mM dithiothreitol (DTT),
pH 7.5). Reactions were incubated at 30°C for 1 hr on a TOMY shaker and terminated
with sample buffer. For CK1 potentiation assays, 20 uL of MBP-XIAP (~1 mg/mL) bound
to amylose beads in 1X Protein Kinase buffer (NEB) containing ATP (1.5 mM) was
incubated in the absence or presence of 110 ng recombinant CK1a (Thermo Fisher
Scientific, Waltham, Massachusetts). Reactions were incubated at 30°C for 1 hron a
TOMY shaker. Beads were then washed 3X with 1X kinase reaction buffer prior to

GSKa3 radioactive kinase assay.

Mass spectrometry analysis

A kinase reaction was performed as described for the in vitro phosphorylation
reaction except that radioactive ATP was not added. Reactions were subjected to SDS-
PAGE followed by staining with Coomassie Brilliant Blue. The band corresponding to
XIAP was then excised and cut into 1 mm? pieces prior to in-gel digestion and analysis
by liquid chromatography-coupled tandem mass spectrometry. The gel pieces were
treated with 45 mM DTT and available Cys residues were carbamidomethylated with
100 mM iodoacetamide. After destaining the gel pieces with 50% MeCN in 25 mM
ammonium bicarbonate, proteins were digested with trypsin (10 ng/uL) in 25 mM
ammonium bicarbonate overnight at 37°C. Peptides were extracted by gel dehydration

(60% MeCN, 0.1% TFA), the extract was dried by speed vac centrifugation, and
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peptides were reconstituted in 0.1% formic acid. The peptide solutions were then loaded
onto a capillary reverse phase analytical column (360 um O.D. x 100 ym |.D.) using an
Eksigent NanoLC HPLC and autosampler. The analytical column was packed C18
reverse phase resin (Jupiter, 3 ym beads, 300A, Phenomenox), directly into a laser-
pulled emitter tip. Mobile phase solvents consisted of 0.1% formic acid, 99.9% water
(solvent A) and 0.1% formic acid, 99.9% acetonitrile (solvent B). A 90-minute gradient
was performed, and eluting peptides were mass analyzed on an LTQ Orbitrap mass
spectrometer (Thermo Scientific), equipped with a nanoelectrospray ionization source.
The instrument was operated using a data-dependent method with dynamic exclusion
enabled. Full scan (m/z 400-2000) spectra were acquired with the Orbitrap, and the top
5 most abundant ions in each MS scan were selected for fragmentation via collision-
induced dissociation (CID) in the LTQ. An isolation width of 2 m/z, activation time of 30
ms, and 35% normalized collision energy were used to generate MS2 spectra. Dynamic
exclusion duration was set to 60 sec. For identification of peptides, tandem mass
spectra were searched with Sequest (Thermo Fisher Scientific) against a human subset

database created from the UniprotKB protein database (www.uniprot.org). Variable

modifications of +57.0214 on Cys (carbamidomethylation), +15.9949 on Met (oxidation),
and +79.9663 on Ser, Thr, and Tyr (phosphorylation) were included for database

searching. Search results were assembled using Scaffold 4.3.2 (Proteome Software).

TOPFlash reporter assay

For cell-based luciferase TOPFlash assays with HEK293STF cells, cells were

incubated with 10 ng/ul purified Wnt3a (Time Bioscience) for 24 hr prior to lysis with 1X
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Passive Lysis buffer (Biotium) on a shaker for 15 min. Experiments were performed in
duplicates, with one set used to measure luciferase activity using Steady-Glo Luciferase
Assay (Promega), and the second set used to measure cell viability using the Cell-Titer
Glo Assay (Promega). Luciferase signals were normalized to cell viability Cell-Titer Glo
signals. For Dual-Glo (Promega) assays, lysates were prepared as above. Firefly and
Renilla luciferase signal measurements were pre-formed according to the
manufacturer's instructions. Firefly luciferase signals were normalized to co-transfected
Renilla luciferase signals. Luminescence was detected with FLUOstar Luminometer
(Optima). Assays were performed in either triplicates or quadruplicates and repeated at

least 3 times.

Xenopus and zebrafish injections, immunoblotting, and microscopy

For injections, capped mRNAs were generated using mMessage mMachine
(Ambion) according to the manufacturer's instructions. Xenopus embryos were in vitro
fertilized, de-jellied, cultured, and injected with mRNA as previously described (Peng,
1991). Embryos were injected equatorially in the ventral blastomeres at the 4-cell stage
and allowed to develop to stage 35 before phenotyping. Embryos were assessed for
complete or partial duplication, and statistical analyses were performed using Fisher’'s
exact test with Bonferroni correction. A value of p < 0.05 was considered statistically
significant. For immunoblotting, sample buffer was added to pooled embryos from each
condition and processed for SDS-PAGE. For zebrafish injections, wild-type (AB)
zygotes (1 cell) were injected (1 nl) in the single cell and phenotyped at 5 days post

fertilization. Scoring of the cyclopic phenotype is as described previously (Neitzel et al.,
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2019). Only phenotypes observed in n=3 biological repeats were reported. Embryos
with severe and non-specific edema were excluded from the analysis. Embryos from
n=3 male/female pairs were collected per biological repeat. Morpholinos with the
following sequences were purchased from Gene Tools. Standard Control MO: 5'-

CCTCTTACCTCAGTTACAATTTATA-3', WDR20 MO: 5'-

CTCCGCCGCCATCTTTGACATTTAC -3', UAF1 MO: 5'-
GAAGCGTCGCCATCTTGCATGTTG-3', USP46 MO: 5'-
CGATGTTTCTGACAGTCATTTAGTT-3".

Bright field images were obtained using a Stemi 2000-CS microscope (Zeiss,
Oberkochen, Germany) with an Olympus DP72 camera. Images were analyzed in Fiji or
Photoshop. All animals in this study (Xenopus and zebrafish) were treated in

accordance with Vanderbilt's Institutional Animal Care and Use Committee.

Ubiquitylation assays

In vitro ubiquitylation assays were carried out using the Ubiquitin
Thioester/Conjugation Initiation Kit (Boston Biochem). Briefly, E1 ubiquitin-activating
enzyme (1 ug), E2 UbcH5a (1 ug), ubiquitin (1 ug), XIAP or XIAPT'8% (1 ug) and HA-
TLES3 (2 ul, generated from an in vitro transcription-translation reaction, Promega) were
assembled in a 20 ul reaction, and samples were incubated on a TOMY shaker at 30°C
for 90 min. Reactions were terminated by addition of sample buffer and ubiquitylated
TLE3 products subjected to SDS-PAGE followed by immunoblotting for HA (Muratani
and Tansey, 2003b). For cell-based ubiquitylation assays, cells were collected for

ubiquitylation assays as described previously (Hanson et al., 2012; Salghetti et al.,
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1999). Briefly, cells were spun down for 30 seconds at 10,000 RPM in a microcentrifuge
at 4°C, washed in ice-cold 1X PBS, and lysed in Buffer A (6 M guanidine-HCI, 0.1 M
Na2HPO4/NaH2PO4 (pH 8.0), and 10 mM imidazole). Lysates were sonicated at max
power (8X at 1 second intervals), added to Ni-NTA agarose beads, and incubated for 3
hr at RT with rotation. Beads were washed with 2X Buffer A, 2X Buffer A/Tl (25 mM
Tris-HCI (pH 6.8), and 20 mM imidazole, 1:3 v/v), and 1X Buffer Tl. Bound samples
were eluted with sample buffer supplemented with 0.2 M imidazole, followed by SDS-

PAGE and immunoblotting.

Cell-surface biotinylation assays

HEK293 or LF203 cells were prepared by washing 3X with pre-chilled modified
PBS (1X PBS supplemented with 0.9 mM CaClz and 0.5 mM MgClz) on ice. Biotinylation
was initiated by incubating the cells with 0.5 mg/ml EZ-Link Sulfo-NHS-SS-Biotin
(Thermo Fisher Scientific) in modified PBS with gentle rocking for 30 min at 4°C. The
reaction was then quenched by washing the cells 2X with 50 mM Tris-HCI (pH 7.4) for
10 min. Whole-cell lysates were then collected with RIPA buffer (60 mM Tris-HCI pH
7.4, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM
EDTA) supplemented with 1 mM PMSF, 10 mM NaF, and 1X PhosSTOP. Lysates were
gently agitated for 30 minutes at 4°C and clarified by spinning at 13000 RPM in a
microcentrifuge for 10 minutes at 4°C. Biotinylated proteins were purified with
Strepavidin (NEB) or Neutravidin agarose beads (Pierce). Samples were analyzed by

SDS-PAGE followed by immunoblotting.
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Flow cytometry analysis for Annexin V following Fas ligand-induced apoptosis
HelLa cells were transfected with vector, MYC-XIAP, or the XIAP phosphomutant,
MY C-XIAPT'8A to determine if MYC-XIAPT'8% has a reduced capacity to inhibit
apoptosis. Fresh media was changed 24 hr post-transfection, and cells were incubated
with 100 ng/ml recombinant Fas ligand (Sigma-Aldrich) for 24 hr. Cells released into the
media and adherent cells were counted, pelleted at 400 g, and resuspended in ice-cold
1X staining media (1X PBS, 2% BSA, and 0.1% sodium azide). Cells (1x10°) were then
washed 2X in ice-cold 1X staining media, resuspended in 200 ul of Annexin V binding
buffer (BioLegend) and stained with 2.5 ul Annexin V (BioLegend) plus 0.5 ul propidium
iodide (1 mg/mL) for 15 min in the dark at room temperature. An additional 300 ul of
Annexin V binding buffer was added prior to analysis on a BD Fortessa cell analyzer.

Data were analyzed with FlowJo software and PRISM.

Statistics

Data were analyzed with PRISM 9 Software (GraphPad). Statistical analyses
were performed in R v3.1.0. Fisher's exact test and multiple T-test (two-tailed, equal
variance). Post hoc analysis of Fisher's exact test and multiple T-test tests were by
Bonferroni correction. For Xenopus and zebrafish studies, sample sizes (n) are
indicated as n= number of samples, with the number of the observed phenotype over

the total sample number.
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Chapter 3

PHOSPHORYLATION OF XIAP AT THREONINE 180 CONTROLS ITS ACTIVITY IN
WNT SIGNALING
This chapter is adapted from “Phosphorylation of XIAP at threonine 180 controls its
activity in Wnt signaling” published in Journal of Cell Science and has been reproduced
with the permission of the publisher and my co-authors (Hang Bl, Sawyer LM, Neitzel,
LR, Crispi EE, Rose KL, Popay TM, Zhong A, Lee LA, Tansey WP, Huppert Stacey, Lee

E). doi: 10.1242/jcs.210575 Link: https://jcs.biologists.org/content/131/10/jcs210575

INTRODUCTION

Cellular inhibitor of apoptosis (clAP) protein family members, which include the
X-linked inhibitor of apoptosis (XIAP), are well-known for binding caspases and
inhibiting their activities (Galban and Duckett, 2010). XIAP has also been shown to have
a critical role in Wnt signaling (Hanson et al., 2012). The Wnt signaling pathway plays
an integral role in many developmental processes and in human cancer (Saito-Diaz et
al., 2013). In the absence of a Wnt signal, cytoplasmic 3-catenin is phosphorylated by
casein kinase 1 (CK1) and glycogen synthase kinase 3 (GSK3) are targeted for
ubiquitin-mediated degradation by the proteasome. GSK3 is a serine/threonine kinase
that has been shown to be involved in multiple signaling pathways, including insulin and
Hedgehog signaling (Wu and Pan, 2010). Upon Wnt activation, (3-catenin accumulates
in the cytoplasm, translocates into the nucleus, and displaces the co-repressor Gro/TLE

from the transcription factor TCF to initiate a Wnt transcriptional program (Daniels and
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Weis, 2005). The Lee Lab previously demonstrated that XIAP associates with the co-
repressor complex to promote monoubiquitylation of Gro/TLE, thereby decreasing its
affinity for TCF and allowing B-catenin to bind TCF (Hanson et al., 2012). How XIAP is
recruited to Gro/TLE and how its activity is regulated during Wnt signaling versus during
apoptosis is unknown. | now demonstrate that XIAP binds and is phosphorylated by
GSKa3 at threonine 180; this phosphorylation event is required for its activity in Wnt

signaling, but dispensable for its role in the apoptotic pathway.

RESULTS

XIAP is a substrate of GSK3 in vitro

A previous study demonstrated that XIAP interacts with GSK3 in mammalian
cells (Sun et al., 2009). Consistent with this result, | also showed that endogenous
GSK3 co-immunoprecipitates with endogenous XIAP in several cultured cell lines,
including the colorectal cancer lines, SW480 and HCT116 (Figure 3-1A). | found,
however, that this interaction was not altered upon active Wnt signaling. The Lee Lab
previously demonstrated that Wnt signaling did not alter the overall level of XIAP or its
intracellular localization and only a small, localized pool of XIAP associated with TCF is
affected (Hanson et al., 2012). Thus, the interaction between XIAP and GSK3 may be
regulated similarly at a localized level. We found that XIAP was phosphorylated by
GSKa3 in an in vitro radioactive kinase assay performed by Brian Hang (Figure 3-1B &
Figure 3-1C). Certain GSK3 substrates require a previous (primed) phosphorylation on

a Ser or Thr residue (Beurel et al., 2015). | therefore tested whether previous
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phosphorylation by CK1 could enhance the phosphorylation of XIAP by GSK3. Prior
incubation with CK1a (under in vitro kinase conditions) dramatically increased the
phosphorylation of purified XIAP by GSK3 (Figure 3-1D). This result suggests that CK1
(or possibly another kinase) may prime XIAP for GSK3 phosphorylation.

The online systems biology resource tool, PhosphoSitePlus (Hornbeck et al.,
2015), curates various data sources to provide information on protein phosphorylation
sites. Using this resource, | searched for previously reported phosphorylation sites on
XIAP (Figure 3-2A). To determine if any of these sites represent actual GSK3
phosphorylation sites on XIAP, Brian Hang performed an in vitro kinase reaction with
purified XIAP and GSKS followed with liquid chromatography-mass spectrometry (LC-
MS) analysis performed by Kristie Rose. One of the predicted sites, threonine 180
(T180), which is located within the Baculovirus Inhibitor of Apoptosis Repeat 2 (BIR2)
domain of XIAP, is a major phosphorylation site of GSK3 in vitro (Figure 3-2B). This
result is consistent with previous studies demonstrating that XIAP is phosphorylated on

T180 in human cells (Mertins et al., 2016; Sharma et al., 2014).
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Figure 3-1. XIAP is phosphorylated by GSK3.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Endogenous XIAP co-immunoprecipitates with endogenous GSK3. XIAP was
immunoprecipitated from lysates of HEK293STF cells, SW480 colorectal cancer cells,
or HCT116 colorectal cancer cells incubated in the absence or presence of recombinant
Whnt3a followed by immunoblotting. Asterisk indicates heavy chain of IgG. WCL = whole
cell lysates. IP = immunoprecipitation. Replicated at least three times. (B) Purified XIAP
is phosphorylated by GSK3 in vitro in a [y>?P] ATP kinase assay. Reactions were
analyzed by SDS/PAGE followed by autoradiography. Replicated at least three times by
Brian Hang. (C) Coomassie showing equal loading of MBP-XIAP from the in vitro kinase
assay demonstrating equivalent amounts of XIAP protein in the reactions. (D) CK1
enhances XIAP phosphorylation by GSK3. XIAP-bound to beads was incubated with
CK1 in a kinase reaction containing cold ATP (lanes 4 and 6). CK1 was washed away,
and XIAP-bound beads incubated with GSK3 in a kinase reaction containing [y*?P] ATP.
Reactions were analyzed by SDS/PAGE followed by autoradiography. Kinase only
lanes show CK1 and GSK3 autophosphorylation (lanes 1 and 2). Assays were
performed by Brian Hang
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Figure 3-2. XIAP is phosphorylated by GSK3 at threonine 180.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
The predicted phosphorylation site on threonine 180 of XIAP is an in vitro GSK3
phosphorylated site. Predicted phosphorylation sites on XIAP curated by the
PhosphoSitePlus online resource tool (Hornbeck et al., 2015). LC-MS analysis of XIAP
identifies threonine 180 (asterisk) as a prominent in vitro GSK3 phosphorylation site. (B)
Mass spectrometry analysis performed by Kristie Rose from an in vitro kinase reaction
containing purified XIAP and GSK3 identifies phosphorylated threonine 180 on XIAP.
The peptide sequence is shown above the spectrum with corresponding b and y ion
splits with pT being the phosphorylated T180 site.
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The XIAPT80A phosphomutant exhibits decreased Wnt activity

| next tested whether an alanine mutant of XIAP at position T180 (XIAPT'804) co-
immunoprecipitated with GSKS3 to a similar extent as wild-type XIAP (Figure 3-3A) and
found that the interaction was similar. The XIAP ligase mutant, XIAPH467AF495A
(Damgaard et al., 2012; Gyrd-Hansen et al., 2008; Holley et al., 2002), also co-
immunoprecipitated with GSK3 to a similar extent as wild-type XIAP (Figure 3-3B),
suggesting that the interaction between XIAP and GSK3 does not depend on the ligase
activity of XIAP. Leah Sawyer next performed immunolocalization of XIAPT18%A to
determine if it exhibited a different localization pattern compared to wild-type XIAP.
Leah Sawyer transfected MYC-tagged XIAP and XIAPT'8%A into HEK293STF cells and
performed immunostaining (Figure 3-4A). We found no differences between the cellular
localization of XIAP and XIAPT'8A as assessed by immunofluorescence. These results
were confirmed by cytoplasmic and nuclear cellular fractionation studies of HEK293STF
cells expressing XIAP or XIAPT18%A (Figure 3-4B).

Consistent with the Lee Lab’s previous studies, we found that overexpression of
XIAP is insufficient to promote Wnt activation in cultured human cells (Figure 3-5A).
Thus, XIAP is unlikely a limiting component of the Wnt signal transduction pathway in
mammalian cells (Hanson et al., 2012). Similarly, we did not detect Wnt activity when
we overexpressed XIAPT'8A (Figure 3-5A). We next tested whether XIAP may become
limiting when the Wnt pathway is activated. Using HEK293STF cells, which contain a
stably integrated luciferase-based Wnt reporter (Veeman et al., 2003), we found that
overexpression of XIAP potentiates activation by Wnt3a (Figure 3-5A). The lack of

change in B-catenin levels in the XIAP (or XIAPT'84) plus Wnt3a condition compared to
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Whnt3a treatment alone is consistent with the nuclear function of XIAP, which is
downstream of the B-catenin destruction complex and would not be expected to impact
steady-state (-catenin levels (Hanson et al., 2012). In contrast to XIAP, we found no
enhancement of Wnt reporter activity upon overexpression of XIAPT'8% (Figure 3-5A &
Figure 3-5B), suggesting that phosphorylation at the T180 site is critical for the role of

XIAP during Wnt signaling.
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Figure 3-3. The XIAPT'80A and XIAPH467AF495A mytants interact with GSK3.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
GSK3 associates with XIAP and the kinase mutant, XIAPT'8A to a similar extent.
HEK293STF cells were transfected with vector, HA-GSK3, MYC-XIAP, and MYC-
XIAPT'80A a5 indicated, lysates were collected, and immunoprecipitation performed with
anti-MYC antibody. Asterisk indicates endogenous XIAP. WCL = whole cell lysates. IP =
Immunoprecipitation. (B) The ligase mutant, XIAPH467AF495A 'interacts with GSK3 to a
similar extent as wild-type XIAP. HEK293STF cells were transfected as indicated,
lysates collected, and immunoprecipitation performed. Asterisk indicates endogenous
XIAP. WCL = whole cell lysates. IP = immunoprecipitation.
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Figure 3-4. The XIAPT'8°A mutant shares a similar localization pattern as wildtype
XIAP.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
The XIAPT180A mutant does not exhibit localization distinct from XIAP. Left,
HEK293STF cells were transfected by Leah Sawyer with MYC-XIAP or MYC-
XIAPT180A, fixed, and immunostained for MYC and DNA (DAPI). Scale bar, 12.5 um.
(B) Cytoplasmic and nuclear fractionations were isolated from transfected cells and
immunoblotted for MYC, Histone H3 (nuclear marker), and GAPDH (cytoplasmic
maker).
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Figure 3-5. The XIAPT'8A mutant exhibits decreased Wnt activity in contrast to
wildtype XIAP in cultured human cells.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A) In
contrast to wild-type XIAP, XIAPT'8A does not potentiate Wnt3a signaling. HEK293STF
cells were transfected with vector, MYC-XIAP, or MYC-XIAPT'84 as indicated for 24
hrs, and cells incubated in the absence or presence of recombinant Wnt3a for 24 hrs.
Asterisk indicates endogenous XIAP. Graph shows mean + s.d. of TOPflash normalized
to cell titer. Data was analyzed using the Student’s t-test (one-tailed) in PRISM. ***p-
value <0.0001. All experiments were repeated at least three times. (B) Overexpression
of XIAPT180A fails to alter Wnt signaling. No statistically significant (as assessed by the
student’s t-test) increase or decrease in TOPFlash activity was detected even when
XIAPT180A is expressed at high levels. Lysates were collected and immunoblotted as
indicated. Asterisk indicates endogenous XIAP.
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The XIAPT80A phosphomutant exhibits reduced capacity to potentiate Xwnt8
activity in Xenopus embryos

Dorsal-anterior structure formation in Xenopus laevis embryos is regulated by
Whnt signaling (Heasman, 2006), and induction of secondary axis formation in Xenopus
embryos represents a powerful readout for Wnt signaling in vivo. The Lee Lab
previously demonstrated that morpholino knockdown of XIAP resulted in severely
ventralized Xenopus embryos, while injection of XIAP mRNA induced secondary axis
formation, consistent with a positive role for XIAP in Wnt signaling (Hanson et al., 2012).
The latter result suggests that XIAP is a limiting factor in the developing Xenopus
embryo. Leif Neitzel found that XIAP778%4 induced secondary axis formation to a similar
extent as XIAP (Figure 3-6A & Figure 3-6B). Immunoblotting confirmed that XIAPT'80A
and XIAP were expressed at similar levels in the injected embryos (Figure 3-6C). XIAP
synergizes with Xwnt8 mRNA to induce axis formation in Xenopus embryos. In contrast,
XIAPT'8%4 co-injection with Xwnt8 mRNA resulted in a lower percentage of embryos with
duplicated axes versus Xwnt8 injection alone. Thus, the XIAPT'8A phosphomutant has

impaired capacity to potentiate Wnt signaling.
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Figure 3-6. The XIAPT'8A mutant exhibits decreased Wnt activity in contrast to
wild-type XIAP in Xenopus embryos.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
The XIAPT'8A mutant does not potentiate Xwnt8-induced axis formation in Xenopus
embryos, in contrast to wild-type XIAP. Embryos (4-cell stage) were injected ventrally
with control, XIAPT'8A or XIAP mRNA (2 ng each) plus or minus Xwnt8 mRNA (0.1 ng)
and allowed to develop. The percentage of embryos with secondary axis formation is
graphed on the left (N=31 per group). Data was analyzed using a Fisher's exact test,
with Bonferroni Correction. ***p-value <0.0001. Replicated at least three times by Leif
Neitzel. (B) Representative embryos of Xwnt8, XIAP, and XIAPT'84 injected embryos.
(C) Injected XIAP and XIAPT'8A mRNAs are expressed at similar levels in Xenopus
embryos. Sample buffer was added to pooled embryos from each condition and
immunoblotting performed by Leah Sawyer. U = uninjected.
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The XIAPT'80A phosphomutant exhibits decreased capacity to bind and
ubiquitylate TLE3

The Lee Lab previously demonstrated that XIAP monoubiquitylates TLES3 in vitro
and in cultured mammalian cells (Hanson et al., 2012). To test if decreased capacity of
XIAPT'80A to potentiate Wnt signaling is due to its incapacity to ubiquitylate Gro/TLE,
Brian Hang tested the capacity of XIAPT'8%A to ubiquitylate TLE3 in an in vitro
ubiquitylation assay. Brian Hang found that XIAPT'8%A ubiquitylates Gro/TLE to a similar
degree as wild-type XIAP (Figure 3-7A). This result suggests that XIAPT'8%A does not
have reduced intrinsic catalytic activity when compared to wild-type XIAP. In contrast, in
cell-based ubiquitylation assays, the XIAPT'8%A phosphomutant exhibited decreased
capacity to ubiquitylate TLE3 when compared to wild-type XIAP (Figure 3-7B). As
control, the ligase mutant XIAPH467AF495A exhibited reduced capacity (similar to control
transfection) to ubiquitylate TLE3 compared to wild-type XIAP (Figure 3-8A). Addition of
the proteasome inhibitor, MG132, resulted in enhanced ubiquitylation of the
XIAPH467TAF495A mytant itself (Figure S3-8B), suggesting that the decreased activity of
the XIAPH467AF495A mytant may be, in part, due to its rapid turnover.

| found reduced interaction between XIAPT'8A and TLE3 when compared to
XIAP and TLE3 as assessed by co-immunoprecipitation assays. Wnt3a treatment did
not significantly enhance the interaction between TLE3 and XIAPT'8%A or XIAP (Figure
3-9). These results suggest that the decreased capacity of XIAPT'84 to ubiquitylate

TLE3 in cultured cells is due, in part, to its decreased binding to TLES.
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Figure 3-7. The XIAPT'8A mutant shows decreased ubiquitylation of TLE3.
Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
XIAPT180A ybiquitylates TLE3 to a similar extent as wild-type XIAP in vitro. In vitro-
translated HA-TLE3 was incubated in an in vitro ubiquitylation reaction containing
recombinant E1/E2, ubiquitin, plus XIAP or XIAPT'8A Ubiquitylated TLE3 was
visualized by immunoblotting with anti-HA antibody. Assays were performed by Brian
Hang. (B) XIAPT18%A exhibits reduced capacity to ubiquitylate TLE3 in cultured human
cells compared to wild-type XIAP. HEK293STF cells were transfected as indicated,
lysed under denaturing conditions, and His-Ub modified proteins isolated by nickel
affinity chromatography. XIAP and TLE3 were detected by immunoblotting with anti-
MYC and anti-HA antibodies, respectively. Asterisk indicates endogenous XIAP. WCL =
whole cell lysates.
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Figure 3-8. The ligase mutant, XIAPH467AF435A shows decreased ubiquitylation of
TLE3 and is rapidly turned over in cultured mammalian cells.

Figure is adapted from the publication mentioned at the beginning of this chapter. A)
XIAPH467AF495A is impaired in its capacity to ubiquitylate TLE3. HEK293STF cells were
transfected as indicated, lysed under denaturing conditions, and His-Ub modified
proteins isolated by nickel affinity chromatography. Transfected XIAP and TLE3 were
detected by immunoblotting with anti-MYC and anti-HA antibodies, respectively.
Asterisk indicates endogenous XIAP. (B) Treatment with the proteasomal inhibitor,
MG132, indicate enhanced ubiquitylation of XIAPH467AF495A 'HEK293STF cells were
transfected as indicated, and cells incubated in the absence or presence of MG132.
Cells were then collected, and immunoblotting performed. Transfected XIAP and TLE3
were detected by immunoblotting with anti-MYC and anti-HA antibodies, respectively.
Asterisk indicates endogenous XIAP.
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Figure 3-9. The XIAPT'8A mutant shows decreased binding of TLE3.

Figure is adapted from the publication mentioned at the beginning of this chapter.
XIAPT'8A exhibits decreased affinity for HA-TLE3 compared to wild-type XIAP.
HEK293STF cells were transfected for 24 hr as indicated followed by incubation in the
absence or presence of recombinant Wnt3a for 24 hr. Lysates were collected and
immunoprecipitated with anti-MYC antibody. Co-immunoprecipitated HA-TLE3 was
detected by anti-HA antibody. WCL = whole cell lysates. IP = Immunoprecipitation.
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The anti-apoptotic activity of XIAPT'8%A js indistinguishable from that of wild-type
XIAP

| next asked whether XIAPT'8A has reduced activity in the apoptotic pathway.
One of the best-characterized substrates of XIAP is second mitochondria-derived
activator of caspases (Smac) (MacFarlane et al., 2002). | found that XIAPT180A
interacted with Smac to a similar extent as wild-type XIAP (Figure 3-10A).
Overexpression of XIAP inhibits apoptosis in cultured cells (Suzuki et al., 2001) and has
been shown to specifically inhibit Fas ligand-induced apoptosis in HelLa cells
(Ashkenazi and Dixit, 1998; Deveraux et al., 1999). Thus, | tested whether
overexpressed XIAPT'8A inhibits Fas ligand-induced apoptosis in HeLa cells. There was
no observable difference in the capacity of MYC-XIAP or MYC-XIAPT'8% to inhibit Fas
ligand-induced apoptosis in HeLa cells (Figure 3-10B). Thus, phosphorylation of XIAP at
the T180 site is required for the full activity of XIAP in the Wnt pathway, but not in the

apoptotic pathway.
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Figure 3-10. In contrast to its activity in the Wnt pathway, XIAPT'3%A shows similar
activity as wild-type XIAP in the apoptotic pathway.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Smac co-immunoprecipitates with XIAP and XIAPT'8A to a similar extent. HEK293STF
cells were transfected as indicated with vector or HA-Smac plus MYC-XIAP or MYC-
XIAPT'80A | ysates were collected, and immunoprecipitation performed with anti-MYC
antibody followed by immunoblotting with anti-HA antibody. WCL = whole cell lysates.
IP=Immunoprecipitation. (B) Overexpression of XIAP or XIAPT'8A decreases the
percentage of Fas ligand-induced apoptosis to a similar extent. HeLa cells were
transfected for 24 hr as indicated and incubated in the absence or presence of
recombinant Fas ligand (100 ng/mL) for 24 hr. Cells were then stained with Annexin V
and propidium iodide. Table shows percentage of HelLa cells undergoing early
apoptosis as assessed by flow cytometry. Graph shows mean =+ s.d. of percentage of
apoptotic cells. Data was analyzed and processed using FlowJo and the Student’s t-test
(one-tailed) in PRISM. **p value <0.001, *p-value <0.01.
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DISCUSSION

How the Wnt transcriptional complex is converted from a repressor complex into
an activator complex is not well understood. Upon Wnt activation, XIAP is recruited onto
Whnt target gene promoters to ubiquitylate Gro/TLE bound to TCF/LEF, decreasing its
affinity for TCF/LEF (Hanson et al., 2012). In the same study, the Lee Lab showed that
XIAP interacts with Gro/TLE in the absence or presence of Wnt stimulation, and they
speculated that XIAP also decreases the pool of free Gro/TLE that can interact with
TCF/LEF to inhibit transcription. Thus, Wnt signaling regulates XIAP activity by
promoting its recruitment to the TCF/LEF transcriptional complex where it ubiquitylates
TCF/LEF bound to Gro/TLE. | now demonstrate that XIAP is phosphorylated by GSK3,
which could mediate this process. This result confirms data curated by PhosphoSitePlus
from genome-scale proteomic studies indicating that XIAP is phosphorylated on T180 in
human cells, although the significance of XIAP T180 phosphorylation was not clear
(Mertins et al., 2016; Sharma et al., 2014). Our current data suggest that
phosphorylation of T180 in XIAP is required for full Wnt activation. However, it is not
clear how phosphorylation of XIAP by GSK3 is regulated by Wnt signaling, given that
XIAP binds GSK3 irrespective of Wnt activation (Sun et al., 2009). One possible model
is that the interaction between XIAP and Gro/TLE is facilitated by an as-yet-unidentified
factor due to phosphorylation of XIAP at T180 by GSK3 (Figure 3-11). This model may
explain why overexpression of XIAPT'8% does not potentiate Wnt signaling, as it would

be incapable of binding Gro/TLE and instead act to sequester the unknown factor.
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The results presented in this chapter provide mechanistic insight into the
regulation of XIAP activity that is Wnt pathway specific and independent of the role of
XIAP in apoptosis. Historically, XIAP has been shown to be upregulated in many
different types of human cancers and because of this, XIAP inhibitors are the focus of
multiple clinical trials (Derakhshan et al., 2017; LaCasse et al., 2008; Schimmer et al.,
2006). The idea behind XIAP inhibitors is to sensitize tumors to chemotherapeutics and
radiation therapy by blocking the ability of XIAP to inhibit apoptosis (Derakhshan et al.,
2017; McManus et al., 2004; Schimmer et al., 2006; Schimmer et al., 2004; Thibault et
al., 2018). However, there is concern that inhibition of XIAP may promote other IAP
family members such as cellular inhibitor of apoptosis (clAP) to compensate for reduced
XIAP activity (Schimmer et al., 2006). In the case of Wnt-driven cancers such as
colorectal cancer, instead of using XIAP inhibitors, inhibition of kinases that
phosphorylate XIAP may be a viable strategy in blocking overactive Wnt signaling. Our
results show that phosphorylation of the T180 site is important for XIAP activity in the
Wnt pathway and mutation of this site results in decreased Wnt signaling. The Lee Lab
previously showed that expression of clAPs does not result in ubiquitylation of Gro/TLE
and that knockdown of XIAP in the colorectal cancer cell lines, SW480 and HCT116,
resulted in decreased Wnt signaling in those cell lines (Hanson et al., 2012). Thus,
blocking phosphorylation of XIAP could be a way to drive down Wnt signaling in cancers
with hyperactive Wnt signaling without promoting compensatory activity from clAPs. In
this scenario, inhibition of the priming kinase of XIAP would likely be more effective than
inhibiting the secondary kinase as the in vitro kinase assay showed that phosphorylated

XIAP is an even better substrate for GSK3 phosphorylation than unphosphorylated
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XIAP. Thus, blocking phosphorylation of XIAP alone or in combination with other

therapies could be an effective strategy in treating Wnt-driven cancers.
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Figure 3-11. Schematic for the proposed regulation of XIAP activity in the Wnt
pathway by phosphorylation at position T180.

Figure is adapted from the publication mentioned at the beginning of this chapter. In the
presence of Wnt, XIAP is phosphorylated and bound to an unknown factor. XIAP
phosphorylation promotes translocation to the nucleus where it binds and ubiquitylates
Gro/TLE. Gro/TLE is released from TCF/LEF and B-catenin can bind TCF/LEF.
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Chapter 4

THE USP46/UAF1/WDR20 COMPLEX DEUBIQUITYLATES THE WNT CO-
RECEPTOR, LRP6, TO PROMOTE WNT/B-CATENIN SIGNALING
This chapter is adapted from “The USP46/UAF1/WDR20 complex deubiquitylates the
Whnt co-receptor, LRPG6, to promote Wnt/B-catenin signaling” currently in submission and
has been reproduced with the permission of my co-authors (Spencer Z, Neitzel, LR,
Shen C, Kassel SN, Kroh HK, Zhenyi An, D’Souza S, Hansen AG, Lebensohn AM,

Rohatgi R, Weiss WA, Weiss VL, Williams C, Hong C, Robbins DJ, Ahmed Y, Lee E).

INTRODUCTION

The Wnt signaling pathway is an evolutionarily conserved pathway that is critical
for normal development. Dysregulation of the pathway leads to human diseases such
as cancer (MacDonald and He, 2012). In the absence of a Wnt ligand, cytoplasmic 3-
catenin is maintained at low levels via its assembly into a destruction complex
composed of Axin, glycogen synthase kinase 3 (GSK3), casein kinase 1 o (CK1a), and
the tumor suppressor adenomatous polyposis coli (APC). Within this complex, B-catenin
is phosphorylated and undergoes ubiquitin-mediated proteasomal degradation (Liu et
al., 1999; Liu et al., 2002). In the current model of Wnt activation, binding of Wnt ligands
to the Frizzled (FZD) and LRPS5/6 coreceptors induces phosphorylation of LRP5/6 and
the formation of active aggregated receptors or "signalosomes." The formation of

signalosomes inhibits cytosolic degradation of 3-catenin via recruitment of Axin (Bili¢ et
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al., 2007; Zeng et al., 2008). Accumulated cytoplasmic -catenin translocates to the
nucleus to activate a Wnt transcriptional program (Saito-Diaz et al., 2012).

In addition to its key role in controlling cytoplasmic 3-catenin levels, ubiquitylation
also plays a critical role in maintaining Wnt receptor homeostasis. Ubiquitylation and
turnover of Frizzled and LRP5/6 occur via the transmembrane ubiquitin ligases, RNF43
and ZNRF3, which promote their turnover (Hao et al., 2012). Furthermore, conditional
deletion of RNF43/ZNRF3 in mice leads to a marked expansion of intestinal crypts,
indicating hyperactivation of the Wnt pathway (Koo et al., 2012). Conditional loss of
ZNRF3 in the mouse leads to Wnt activation and adrenal hyperplasia (Basham et al.,
2019).

Mutations in RNF43 have been found in 18% of human colorectal
adenocarcinomas and endometrial carcinomas (Giannakis et al., 2014). Gene fusions
involving R-spondins (RSPOs), which result in their elevated expression, have been
found in ~10% of colorectal cancers (Seshagiri et al., 2012). Secreted R-spondins
amplify Wnt signaling by inhibiting RNF43/ZNRF3, thereby blocking Wnt receptor
ubiquitylation and turnover. Thus, regulation of Wnt receptor levels is crucial for
maintaining normal Wnt pathway activity and tissue homeostasis; and their
dysregulation has important implications for human disease.

The deubiquitylase(s) that oppose the action of RNF43/ZNRF3 in the Wnt
pathway remains unclear. USP8 and USP6 have been shown to deubiquitylate FZD
when expressed in cultured cells (Madan et al., 2016; Mukai et al., 2010). However,
their activities do not appear to be regulated by Wnt signaling, and they have not been

shown to specifically target LRP6. Thus, we sought to identify the deubiquitylase
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involved in Wnt receptor turnover to gain further insight into how receptor homeostasis
is maintained in this pathway.

Here, we demonstrate that the USP46 complex is required for Wnt signaling in
cultured human cells, Xenopus embryos, zebrafish embryos, and mouse intestinal
organoids, indicating evolutionary conservation of function. In addition, we show that in
response to Wnt pathway activation, the USP46 complex is recruited to and
deubiquitylates LRPG, blocking its turnover. Together with hydrodynamic studies, our
data reveal a potential mechanism by which the USP46 complex acts on a newly
characterized step after LRPG6 receptor activation and prior to signalosome formation to
control Wnt signaling at the plasma membrane. Our studies identify a new mechanism
by which steady-state levels of LRP6 can be tightly regulated and further highlight the

importance of receptor homeostasis in the physiological control of Wnt signaling.

RESULTS

The USP46 complex is a positive regulator of Wnt signaling

WDR20 was previously identified in a screen for uncharacterized Wnt
components in haploid cells (Lebensohn et al., 2016). Based on a previous screen for
ubiquitin ligase regulators of Wg/Wnt signaling (Hanson et al., 2012), we initiated a
screen for deubiquitylases that regulate the Wnt pathway and identified USP46. USP46
by itself normally exhibits low catalytic activity, but its activity is enhanced significantly
when bound to the WD40 repeat (WDR) proteins, WDR20 and UAF1 (Li et al., 2016b).

Thus, | investigated the effects of this trimeric complex (USP46-UAF1-WDR20) on the
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Whnt signaling pathway. Using human embryonic kidney (HEK) 293 cells stably
transfected with the TOPFlash reporter (HEK293STF) (Xu et al., 2004), | found that
expressing USP46 complex components individually (Figure 4-1A) had small effects on
Whnt-stimulated reporter activity. Co-expression of two components of the USP46
complex further potentiated Wnt signaling, albeit modestly (Figure 4-1B). In contrast,
expression of all three components of the USP46 complex (Tri46) stimulated Wnt
signaling even in the absence of exogenous Wnt ligand (Figure 4-2A), with dramatic
potentiation of signaling and stabilization of B-catenin levels in the presence of Wnt
ligand (Figure 4-2B).

| next sought to determine if USP46 is required for Wnt signaling in human cells.
Knockdown of USP46 with two independent short-interfering RNA (siRNA) constructs
significantly blocked Wnt3a-induced TOPFlash activation (Figure 4-3A). Knockdown of
USP46 also inhibited Wnt3a-induced expression of endogenous Wnt target genes
(Figure 4-3B), providing further evidence that USP46 is required for Wnt-mediated
transcription. Knockdown of UAF1 using two different siRNAs similarly reduced Wnt-
stimulated activity (Figure 4-3C). | had difficulty knocking down WDR20 due to the lack
of suitable siRNAs that could effectively target its multiple transcripts. Taken together,
our experiments show that the individual components of the USP46 complex work

synergistically to potentiate Wnt signaling.

69



A -Wnt +Wnt B 3000, —Wnt +Wnt
3000 ”~
= —_
£ =5
@ © 2000 @ %2000
L8 w2 ns
T b 2
P a o &
L °\° 1000 - \°1000. k%
N—r o
St *x
FLAG-UAF1 = = + =+ = = + - + USP46-++;+-I+;+
FLAGWDR20 = = = + 4 = = = + + FLAG-UAF1 - + - + + - s+ 4
USP46 o=y | FLAG-WDR20 - - * 4+ 4+ = = o+ o+
USP46* = | - —u USP46 "8 mn swes
FLAG-UAF1 an W a G FLAG-UAF1 — - —— -
FLAG-WDR20 —— wwww FLAG-WDR20 -—u— —unay
Tubulin == = — —————— — TUDUIIN e e s s s s S S S w—

Figure 4-1. The three components of the USP46 complex synergize to potentiate
Wnt signaling.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Overexpression of individual components of the USP46 complex in HEK293STF cells in
the presence of Wnt3a leads to low Wnt reporter (TOPFlash) activity compared to
overexpression of all three members. Asterisk indicates longer exposure of blot for
USP46. (B) Overexpression of pairwise combinations of the components of the USP46
complex in HEK293STF cells in the presence of Wnt3a leads to low Wnt reporter
(TOPFlash) activity compared to overexpression of all three members. Graphs show
mean +SD of TOPFlash normalized to cell number. ns is not significant, *p-value < 0.05,
**p-value < 0.01, and ***p-value < 0.001
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Figure 4-2. The USP46 complex increases B-catenin levels in the presence of Wnt.
Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Overexpression of the USP46 complex (Tri46) in HEK293STF cells exhibits detectable
TOPFlash activity in the absence of Wnt. (B) Overexpression of the USP46 complex in
HEK293STF cells stabilizes B-catenin in the presence of Wnt. Graphs show mean +£SD
of TOPFlash normalized to cell number. *p-value < 0.05, **p-value < 0.01, and ***p-
value < 0.001
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Figure 4-3. Knockdown of USP46 and UAF1 decreases Wnt signaling.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Knockdown of USP46 by siRNA inhibits Wnt signaling and decreases 3-catenin levels.
HEK293STF cells were transfected with non-targeting control (NT) or two independent
USP46 siRNAs and treated with recombinant Wnt3a. (B) Quantitative real-time RT-PCR
of endogenous Wnt target genes in HEK293STF treated with USP46 siRNAs or non-
targeting (NT) control. The graph shows a ratio of Lef1 and Sp5 to Gusb (control).
Results (mean +£SD) of three independent real-time RT-PCR reactions are shown. *p-
value < 0.05 and **p-value < 0.01 Assays were performed by Sara Kassel. (C)
Knockdown of UAF1 by siRNA inhibits Wnt signaling and decreases (-catenin levels.
HEK293STF cells were transfected with non-targeting control (NT) or two independent
USP46 siRNAs and treated with recombinant Wnt3a. Graphs shows mean +SD of
TOPFlash normalized to cell number. **p-value < 0.01 and ****p-value < 0.0001.
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The USP46 complex is required for Wnt signaling in Xenopus and zebrafish
embryos

Next, we asked whether the USP46 complex is required for Wnt signaling in a
developing organism. Dorsal-anterior structure formation in Xenopus laevis embryos is
critically regulated by Wnt signaling (Heasman, 2006). Formation of a secondary axis
occurs due to ectopic activation of the pathway, which makes this assay a robust
readout for Wnt signaling in vivo (McMahon and Moon, 1989; Sokol et al., 1991). Leif
Neitzel found that injection of mMRNAs encoding individual members of the USP46
complex resulted in a significantly lower number of embryos with duplicated axes
compared to embryos co-injected with all three components (Figure 4-4A), confirming
my findings that all three members of the USP46 complex are required for its full Wnt-
potentiating activity in mammalian cells. No duplication was observed in control
embryos. These results parallel observations with Xenopus animal caps (which normally
do not exhibit active Wnt signaling), in which injection of mRNAs for all three
components significantly induced expression of the Wnt target genes, Xnr3 and Chordin
(Figure 4-4B).

To further assess the role of the USP46 complex in regulating Wnt signaling in
vivo, Leif Neitzel tested the effects of the USP46 complex on Wnt signaling in zebrafish
embryos. In zebrafish, inhibition of Wnt signaling leads to cyclocephaly due to failure of
eye precursors to undergo migration (Thorpe and Moon, 2004). Leif Neitzel found that
knockdown of each of the USP46 complex components by morpholino oligonucleotide
(MO) injection resulted in cycloptic embryos (Figure 4-5A) and reduction in endogenous

Whnt target gene expression (an indicator of Wnt/f-catenin signaling) (Figure 4-5B),
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consistent with Wnt pathway inhibitions. Significantly, co-injection of MO with the
corresponding mRNAs encoding the respective human version of the gene rescued
both the cycloptic phenotype and the reduction in Wnt target gene expression (Figure 4-
5A & Figure 4-5B). These results demonstrate that the USP46 complex plays a positive

and conserved role in Wnt signaling during early embryonic vertebrate development.
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Figure 4-4. The USP46 complex induces secondary axis formation in Xenopus
laevis.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Members of the USP46 complex induce secondary body axes when overexpressed in
the ventral blastomeres of Xenopus embryos. Xenopus embryos were injected ventrally
at the 4-cell stage with Xwnt8 mRNA (10 pg), individual members of the USP46
complex (1 ng), or a 1:1:1 mixture of the USP46 complex (0.33 ng each). The
percentage of embryos with axis duplication is graphed on the left with absolute
numbers indicated on the top of each bar. Representative images of embryos are
shown on the right. **p-value < 0.01 compares injections of individual components
versus the USP46 complex. Assays were performed by Leif Neitzel. (B) Total RNA was
extracted from animal caps of injected embryos. RT-PCR of mMRNAs show induction of
Xenopus Wnt target genes, Xnr3 and Chordin. The graph shows expression as a ratio
of Ornithine decarboxylase (Odc) normalized to Xwnt8 injected animal caps. Control is
un-injected. **p-value < 0.01 and ***p-value < 0.001. Assays were performed by Leif
Neitzel.
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Figure 4-5. Knockdown of members of the USP46 complex results in a cyclopic
phenotype in zebrafish.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Embryos were injected into the yolk at the single-cell stage with morpholino
oligonucleotides (MO, 3 ng) plus or minus rescue mRNAs (0.8 ng). The phenotype was
assessed at the 3 dpf stage. The percentage of cyclopic embryos is graphed on the left
with absolute numbers indicated on the top of each bar. Representative images are
shown on the right with arrows indicating developing eyes. *p-value < 0.05 and ***p-
value < 0.001. Assays were performed by Leif Neitzel. (B) mRNAs were isolated from
injected single embryos, and Lef7 and CyclinD1 levels were quantified by RT-PCR.
Gene expression is graphed as a ratio to $-actin control and normalized to un-injected
embryos. *p-value < 0.05, **p-value < 0.01, and ***p-value < 0.001 compares
Morpholino-injected versus un-injected embryos. *Tp-value < 0.05, **Tp-value < 0.01,
and ***Tp-value < 0.001 compares morpholino-injected versus corresponding rescued
embryos. Assays were performed by Leif Neitzel.
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The USP46 complex acts upstream of the destruction complex to increase the
steady-state levels of LRP6

Having demonstrated that the USP46 complex is required for Wnt signaling in
vertebrates, | addressed the molecular mechanism of its function in the Wnt pathway.
Based on my studies with cultured mammalian cells demonstrating decreased [3-catenin
levels upon knockdown of USP46 or UAF1, it is likely that the USP46 complex acts at or
above the level of the B-catenin destruction complex. To test the former possibility, |
initially used the GSK3 inhibitor, CHIR99021, to activate Wnt signaling by blocking
GSK3-mediated phosphorylation of 3-catenin, thereby stabilizing its levels (Cline et al.,
2002; Cohen and Goedert, 2004; Ring et al., 2003). Overexpression of the USP46
complex did not potentiate CHIR99021-mediated activation of Wnt signaling (Figure 4-
6). To further test the potential roles for USP46 in the destruction complex, | activated
the Wnt pathway by Axin knockdown, which is required for assembly of the 3-catenin
destruction complex. As expected, knockdown of Axin increased [3-catenin levels
(Figure 4-7A). However, in contrast to Wnt3a activation, knockdown of USP46 did not
reduce B-catenin levels in Axin knockdown cells. Tankyrase inhibitors increase steady-
state levels of Axin to promote (3-catenin degradation and inhibit Wnt signaling (Huang
et al., 2009a). The tankyrase inhibitor, XAV939, blocked the increase in B-catenin levels
in cells expressing the USP46 complex in the absence and presence of Wnt3a (Figure
4-7B). As a control, XAV939 did not affect the level of an N-terminal truncated form of 3-
catenin resistant to degradation by the destruction complex (Figure 4-7C). These
experiments show that the USP46 complex potentiates Wnt signaling upstream of the

destruction complex.
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Given that the USP46 complex acts upstream of the destruction complex, | next
interrogated the Wnt receptor complex. | was unable to observe any effect on the levels
of FZD or Dishevelled when we expressed the USP46 complex, although | cannot rule
out small changes not detectable by our methods. In contrast, | detected increased and
decreased levels of LRP6 upon expression and knockdown, respectively, of USP46 in
HEK293 cells (Figure 4-8A & Figure 4-8B). USP46 is highly expressed in the brain
(Hodul et al., 2017). An analysis of the Cancer Genome Atlas (TCGA) (Cancer Genome
Atlas Research et al., 2013) showed that the expression of USP46 correlated with both
WDR20 and UAF1 expression in glioblastoma (Figure 4-9A). To determine whether the
observed effects on LRP6 were specific to HEK293 cells, | performed USP46
knockdowns in the glioblastoma cell lines A172 and U87 and similarly found significant
decreases in LRPG6 levels in both cell lines (Figure 4-9B). Thus, the USP46 complex

regulates LRPG6 levels in the absence of exogenous Wnt.
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Figure 4-6. The USP46 complex does not potentiate activation of Wnt signaling by
GSKa3 inhibition.

Figure is adapted from the publication mentioned at the beginning of this chapter.
Activation of Wnt signaling by CHIR99021 is not potentiated by the USP46 complex.
HEK293STF cells were transfected with the USP46 complex and treated with
CHIR99021 (2 mM) overnight. Graphs shows mean +SD of TOPFlash normalized to cell
number. ns compares CHIR99021-treated cells that were transfected with vector control
or USP46 complex. ****p-value < 0.0001 compares CHIR99021-treated cells with
USP46 complex-transfected cells.
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Figure 4-7. The USP46 complex acts upstream of the destruction complex.
Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
USP46 depletion does not block stabilization of 3-catenin upon AXIN1 siRNA
knockdown. HEK293 cells were transfected with USP46 and AXIN1 siRNAs as
indicated and immunoblotted for 3-catenin. Immunoblotting for AXIN1 and USP46
confirmed their knockdown. (B) The tankyrase inhibitor, XAV939, which stabilizes AXIN
to promote (B-catenin degradation, inhibits B-catenin stabilization mediated by the
USP46 complex. Cells were transfected and treated with Wnt3a in the absence or
presence of XAV939 (1 mM) as indicated and immunoblotted for 3-catenin, USP46,
FLAG-UAF1, and FLAG-WDR20. (C) The AXIN stabilizer, XAV939, inhibits Wnt
signaling stimulated by the USP46 complex but not by a non-degradable form of 3-
catenin (AN-B-catenin). Cells were transfected as indicated and treated with or without
XAV939 (1 mM) overnight. Graphs shows mean +SD of TOPFlash normalized to cell
number. ns is not significant, ****p-value < 0.0001.
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Figure 4-8. The USP46 complex regulates steady-state levels of LRP6.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Overexpression of the USP46 complex increases steady-state levels of LRP6.
HEK293STF cells were transfected with vector or the USP46 complex in the absence or
presence of Wnt. (B) Knockdown of USP46 reduces LRP6 steady-state levels.
HEK293STF cells were transfected with non-targeting (NT) or pooled USP46 siRNAs.
Graph shows mean +SD of TOPFlash normalized to cell number. ****p-value < 0.0001.
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Figure 4-9. The USP46 complex regulates levels of LRP6 in glioblastoma.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
USP46 positively correlates with expression of UAF1 and WDR20 in glioblastoma
(TCGA-GBM Agilent platform). Correlation analysis between indicated genes (left,
USP46 and WDR20 and right, USP46 and UAF 1) was performed using the TCGA-GBM
MRNA expression data from the Agilent-4502A platform (http://gliovis.bioinfo.cnio.es/).
Pearson correlation coefficient and p-value were calculated and indicated in each
panel. Analysis was performed by Zhenyi An. (B) USP46 regulates steady-state levels
of LRPG6 in glioblastoma cell lines. Pooled siRNA knockdown of USP46 decreased
steady-state levels of LRP6 in A172 and U87 glioblastoma cell lines.
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Binding of the USP46 complex to LRP6 is enhanced by Wnt signaling

Given its effect on LRP6 levels, | explored whether the USP46 complex
interacted with LRP6. Using either tagged UAF1 and/or WDRZ20, | found that LRP6 co-
immunoprecipitated with the USP46 complex using either tagged UAF1 and/or WDR20
(Figure 4-10A) and that co-immunoprecipitation of LRP6 was significantly enhanced in
the presence of Wnt3a (Figure 4-10B). | was unable to perform USP46 co-
immunoprecipitation due to the limitations of our USP46 antibody and tagging USP46 at
its amino or carboxyl termini inactivated the protein in my Wnt assays.

To determine whether the USP46 complex acts on the pool of LRP6 at the
plasma membrane, | performed cell-surface biotinylation assays. In this assay, cell-
surface proteins were labeled with biotin and affinity purified with Neutravidin or
Streptavidin beads. | observed that expression of the USP46 complex increased the
cell-surface levels of LRP6 but not the insulin receptor control (Figure 4-11A). To
facilitate detection of endogenous LRP6, | generated a HEK293 cell line, LF203, in
which a FLAG tag was knocked into the C-terminal end of LRP6 by CRISPR-Cas9-
mediated editing (Figure 4-12A-C). Consistent with a model in which the USP46
complex acts on the plasma membrane pool of LRP6, | found that USP46, UAF1, and
WDR20 co-immunoprecipitated with cell-surface proteins in the biotinylation assay in
both LF203 cells (Figure 4-11B) and parental HEK293 cells (Figure 4-11C). These
results show that Wnt signaling facilitates the recruitment of the USP46 complex to the

pool of LRP6 at the plasma membrane.
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Figure 4-10. The USP46 complex interacts with LRP6.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Endogenous LRP6 co-immunoprecipitates with FLAG-tagged WDR20 or UAF1.
HEK293 cells were transfected as indicated and treated with Wnt3a (10 ng/ml)
overnight. Cells were lysed, proteins immunoprecipitated with anti-FLAG conjugated
beads, and immunoblotting performed. (B) Wnt signaling promotes the association
between the USP46 complex and endogenous LRP6. HEK293 cells were transfected
with USP46 complex components and treated with Wnt3a as indicated, FLAG-UAF1 (*)
and FLAG-WDR20 (**) immunoprecipitated (IP) with anti-FLAG conjugated beads, and
co-immunoprecipitated LRP6 detected by immunoblotting. WCL = whole cell lysates.
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Figure 4-11. The USP46 complex increases cell-surface levels of LRP6.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Overexpression of the USP46 complex increases cell-surface levels of LRP6. HEK293
cells were transfected with USP46 complex components and treated with Wnt3a, as
indicated. Cells were then surface biotinylated, lysates subjected to neutravidin-
pulldown, and immunoblotted for endogenous LRP6 and insulin (IR, control) receptors.
(B) The USP46 complex co-precipitates with LRP6-FLAG in LF203 cells. (C) The
USP46 complex co-precipitates with and LRP6 in HEK293 cells. Cells transfected with
the USP46 complex and treated overnight with Wnt3a were subjected to surface
biotinylation, lysis, avidin-pulldown, and immunoblotting.
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Figure 4-12. Generation and validation of the LF203 cell line.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Genomic sequencing confirms correct in-frame insertion of the FLAG tag into
endogenous LRPG6. (B) Activation of Wnt signaling in LF203 cells by Wnt3a. Cells were
transfected with TOPFlash and Renilla Luciferase control reporter plasmids and treated
with Wnt3a (10 ng/ml) overnight. Firefly and Renilla luciferase activities were assessed
by the Dual-Glo Luciferase Assay. Graph shows mean +SD of TOPFlash normalized to
cell number. ****p-value < 0.0001 compares non-treated and Wnt3a-treated cells. (C)
LRP6-FLAG is activated by Wnt3a in LF203 cells. LF203 cells were treated overnight
with or without Wnt3a, lysed, and subjected to immunoprecipitation with anti-FLAG
conjugated beads. Samples were analyzed by immunoblotting for total LRP6 and p-
LRP6 (Ser1490), which detects the activated receptor.
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Activation of Wnt signaling induces the assembly of USP46, UAF1, and WDR20
into large cytoplasmic complexes but not into LRP6 signalosomes

| performed gel filtration studies on the cytosolic fraction from HEK293 cells to
assess USP46 complex formation in the absence and presence of Wnt signaling. In the
absence of Wnt signaling, USP46, UAF1, and WDR20 migrated in a peak
corresponding to the predicted size (~150 kDa) of a globular trimeric complex (Figure 4-
13A). In the presence of Wnt signaling, however, the peak was broadened in a manner
consistent with the formation of larger molecular weight complex(es) or a significant
change in complex size. Thus, Wnt signaling induced a physical alteration of the USP46
complex in the cytoplasm.

Because the association of the USP46 complex with LRP6 was enhanced in the
presence of Wnt signaling, | tested whether the USP46 complex interacted with LRP6
receptor aggregates in signalosomes that could be readily detected in sucrose density
gradients (Bili¢ et al., 2007). Signalosomes contain activated Wnt receptors and are
critical for the stabilization of B-catenin (Bilic et al., 2007). HEK293 cells treated with
Whnt3a showed a shift in the migration of LRP6 into the denser sucrose density fractions
of lysates compared to untreated cells (Figure 4-13B). The migration of USP46 did not
change, however: it remained in the lighter fractions, even in the presence of Wnt3a.
Based on these findings, we conclude that the USP46 complex associates with

activated LRPG6 receptors but not signalosome LRP6 aggregates.
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Figure 4-13. The USP46 complex associates into large complexes independent of
LRP6 signalosomes in the presence of Wnt.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Whnt signaling induces the formation of high molecular weight USP46 complexes as
assessed by size exclusion chromatography. HEK293 cells were treated in the absence
or presence of Wnt3a (10 ng/ml), lysates prepared, and high-speed (100,000 x g)
supernatants passed over a Superdex 200 FPLC column. Fractions obtained were
subjected to TCA precipitation followed by immunoblotting. (B) The USP46 complex
does not co-fractionate with high molecular weight LRP6 aggregates (signalosomes) on
sucrose gradient centrifugation. HEK293 cells were incubated in the absence or
presence of Wnt3a (10 ng/ml), Triton X-100 lysates collected, and sucrose density
gradient (15-40%) sedimentation performed. Fractions were precipitated with
chloroform-methanol extraction and analyzed by immunoblotting. The predicted kDa is
based on the elution profile of a set of protein standards.
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USP46 inhibits the ubiquitylation of LRP6

The enzymatic activity of USP46 is required for its Wnt activity, as a catalytically
inactive version of USP46, USP46¢44S, did not increase LRP6 levels (Figure 4-14A) or
potentiate Wnt signaling in HEK293STF cells (Figure 4-14B). The decreases in LRP6
levels and Wnt reporter activity suggest that USP46%44S may be acting in a dominant-
negative fashion. To ensure that the differences in the Wnt activity of wild-type USP46
and USP46¢44S were not due to differences in expression levels, | performed a titration
study. | found that, in contrast to wild-type USP46, USP46%44S was inactive at all of the
concentrations tested (Figure 4-14C). | similarly found that a mutant of UAF1,
UAF13170Y 'which disrupts its interaction with USP46 (Yin et al., 2015), also failed to
increase LRPG6 levels (Figure 4-15A) and exhibited reduced Wnt activity (Figure 4-15B).
Thus, the enzymatic activity of the USP46 complex is required for its regulation of LRP6
levels.

Next, | examined if the USP46 complex increases LRP6 levels by promoting its
deubiquitylation and opposing the activity of RNF43, an E3 that targets Wnt receptors. |
found that expression of RNF43 in HEK293 and LF203 cells increased ubiquitylation of
LRP6 and LRP6-FLAG, respectively, an effect that was countered by the USP46
complex (Figure 4-16A & Figure 4-16B). Conversely, knockdown of USP46 in LF203
cells leads to increased ubiquitylation of LRP6-FLAG that was readily detected in whole-
cell lysates as a dramatic broadening of the LRP6-FLAG bands (Figure 4-16C). These
results indicate that the USP46 complex promotes the deubiquitylation of LRP6 at the
plasma membrane, thereby increasing its stabilization and opposing the action of the

Whnt receptor ubiquitin ligase, RNF43.
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Figure 4-14. The catalytically inactive USP46 mutant, USP46¢44S, cannot potentiate

Wnt signaling.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Overexpression of the USP46 complex containing the catalytically dead USP46¢44S
(Tri46%44S) does not increase LRP6 levels. (B) Overexpression of catalytically dead
USP46¢44S fails to potentiate Wnt signaling as assessed by Wnt reporter assay. ****p-

value < 0.0001. (C) Titration of increasing amounts of catalytic

ally dead USP46°44S

complex fails to potentiate Wnt signaling as assessed by Wnt reporter assay and [3-
catenin stabilization. ns compares vector-transfected cells with the highest amount of

USP46¢44S complex-transfected cells. ***p-value < 0.001.
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Figure 4-15. The USP465'7%Y complex has reduced capacity to potentiate Wnt
signaling.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Overexpression of the USP46 complex containing the USP46 binding mutant, FLAG-
UAF18179Y "does not increase LRP6 levels. GAPDH is loading control.

(B) The USP46517%Y complex exhibits reduced activity. **p-value < 0.01 compares Wnt-
treated cells transfected with active USP46 complex or USP465'79Y- complex. ***p-value
< 0.001 compares Whnt-treated cells transfected with vector or USP46 complex. Graphs
show mean +SD of TOPFlash normalized to cell number.
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Figure 4-16. The USP46 complex deubiquitylates LRP6.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
The USP46 complex can counter RNF43-mediated ubiquitylation. In a His ubiquitylation
assay, expression of FLAG-RNF43 promotes endogenous ubiquitylation of LRP6, which
is opposed by expression of the USP46 complex. His-Ub modified proteins isolated by
nickel affinity purification (Ni-NTA). Ubiquitylated LRP6 was detected by LRP6 antibody.
(B) Overexpression of FLAG-RNF43 in LF203 cells similarly promotes LRP6-FLAG
ubiquitylation, which is opposed by overexpression of the USP46 complex. His-Ub
modified proteins isolated by nickel affinity purification. Ubiquitylated LRP6-FLAG was
detected by FLAG antibody. (C) Knockdown of USP46 enhances LRP6-FLAG
ubiquitylation. His-Ub modified proteins isolated by nickel affinity purification.
Ubiquitylated LRP6-FLAG was detected by FLAG antibody. WCL = whole cell lysates.
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USP46 promotes the growth of intestinal organoids

Intestinal organoids rely on Wnt signaling for their growth and represent a
powerful ex vivo model to study the modulation of the Wnt pathway in a physiologically
relevant context (Merenda et al., 2020). RSPOs, which increase levels of Frizzled and
LRPG6, are critical factors required for the culture of intestinal organoids (Hao et al.,
2012; Koo et al., 2012; Sato et al., 2011; Sato et al., 2009). Because the USP46
complex opposes the action of RNF43, loss of USP46 would be expected to potentiate
the activities of RNF43/ZNRF3, thereby decreasing the effectiveness of RSPO in
maintaining intestinal organoid growth. Chen Shen found that knockdown of USP46
decreased the viability of intestinal organoids (Figure 4-17A) and that this effect was
more evident at lower concentrations of RSPO (higher levels of RNF43/ZNRF3 activity)
(Figure 4-17A & Figure 4-17B). Intestinal organoids derived from the intestinal
epithelium of APC™" mice do not require exogenous Wnt for growth (Sato et al., 2011).
The growth of these APC™" organoids, however, is sensitive to the level of LRP6, and
knockdown of LRP6 blocks their growth (Saito-Diaz et al., 2018). Consistent with a role
regulating LRP6 levels in intestinal organoids, knockdown of USP46 similarly resulted in
B—catenin decreased B-catenin levels and cell viability of APC™" organoids (Figure 4-
18A & Figure 4-18B). Given the role of Wnt signaling as a major driver of tissue growth,
we asked whether USP46 is altered in human cancers. Using the cBioPortal to assess
9,125 tumor samples across 33 cancer types in The Cancer Genome Atlas (Cancer
Genome Atlas Research et al., 2013; Tang et al., 2017), Vivian Weiss found a
significant correlation between USP46 gene alterations and decreased overall cancer

patient survival (Figure 4-19A), and high levels of USP46 correlated with reduced
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survival of patients with cancers such as invasive breast cancer (Figure 4-19B).
Alterations in USP46 mostly consisted of amplification and were commonly observed in

glioblastoma multiforme and lung squamous cell carcinomas (Figure 4-19C).
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Figure 4-17. Viability of intestinal organoids in low RSPO conditions decreases
following USP46 depletion.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
The sensitivity of intestinal organoids to USP46 depletion is RSPO-dependent.
Exogenous RSPO is essential for culturing intestinal organoids in vitro. Intestinal
organoids infected with a control lentivirus or two independent lentiviruses expressing
USP46 shRNAs were grown in decreasing concentrations of RSPO conditioned media
(CM). Viability was assessed by Cell-Titer Glo. *p-value < 0.05. GAPDH is loading
control. Assays were performed by Chen Shen. (B) Representative images of intestinal
organoids treated with USP46 shRNA 1 or 2 and grown in the presence of 2% RSPO-

CM. Scale bar = 200 uM. Assays were performed by Chen Shen.
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Figure 4-18. Knockdown of USP46 decreases cell viability of APC™" organoids.
Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Following knockdown of USP46 with individual USP46 shRNA lentivirus, organoids
have reduced cell viability. Percentage relative viability (control represents 100%
viability) is shown on the left with representative images on the right. Graph shows
mean £SD of Cell-Titer Glo. *p-value < 0.05 compares control-treated with USP46
shRNA 1 or 2-treated APC™" organoids. Scale bar = 200 uM. Assays were performed
by Chen Shen. (B) Immunoblot confirms decreased USP46, LRP6, and 3-catenin in
APC™n organoids with USP46 shRNA 1 or 2 treatment. Assays were performed by

Chen Shen.
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Figure 4-19. USP46 expression is upregulated in cancer and associated with a
poorer prognosis.

Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
Altered USP46 expression in cancer is associated with decreased overall survival. The
median overall survival of patients with USP46 alterations was 45.14 months (N=178)
compared to 79.46 months (N=10,623) for the unaltered group across tumor types.
Analysis was performed by Vivian Weiss. (B) High USP46 mRNA expression levels in
the TCGA correlate with decreased overall survival in invasive breast cancer (p-value <
0.02). Decreased survival were also observed for liver hepatocellular carcinoma (p-
value < 0.02), and sarcoma (p-value < 0.05). Analysis was performed by Vivian Weiss.
(C) Gene amplification of USP46 is commonly observed in human cancers. Altered
group: fusions, deletions, amplifications, and mutations. CNA copy number alteration.
Analyses of TCGA gene expression data were pre-formed using the UALCAN
interactive web-portal tool (Chandrashekar et al., 2017). Analysis was performed by
Vivian Weiss.
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DISCUSSION

In the current study, we identify the USP46 deubiquitylase complex as an
evolutionarily conserved positive regulator of Wnt signaling in vertebrates. Full activity of
the USP46 complex in Wnt signaling requires all three components: USP46, UAF1, and
WDRZ20. | show that this trimeric complex maintains the steady-state level of LRP6 by
inhibiting its turnover (opposes the action of the ubiquitin ligase, RNF43), thereby
increasing cell surface levels of LRP6 (Figure 4-20A). Consistent with my data
demonstrating that USP46 regulated LRPG6 levels, USP46 was identified in a genome-
wide screen as a member of a group of novel genes involved in network rewiring at the
level of (or above) the Wnt receptors (Billmann et al., 2018).

| found that the USP46 complex is recruited to LRP6 and that knockdown of
USP46 does not result in further decreases in LRPG6 levels upon Wnt stimulation.
Ubiquitylated Dishevelled (Dvl), a positive regulator of the Wnt pathway, was found to
block its oligomerization in vitro, and it was proposed that deubiquitylation of Dvl is
required to promote its polymerization and its subsequent role in signalosome formation
(Madrzak et al., 2015). | speculate that, similarly, activated, ubiquitylated LRP6 cannot
be assembled into signalosomes (possibly due to steric hindrance). Based on my
sucrose density gradient experiments, the USP46 complex does not associate with
signalosomes, although | cannot rule out low affinity, transient interactions. Thus, Wnt
ligand-stimulated recruitment of the USP46 complex may represent a "pruning" step to
maximally increase the availability of active LRP6 receptors for signalosome assembly

and subsequent pathway activation (Figure 4-20B).
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In accompanying work, the Ahmed Lab describe the characterization of the
USP46 complex in Drosophila, which provides in vivo evidence for an evolutionarily
conserved role of the USP46 complex in regulating Arrow/LRP6 levels during Wg/Wnt
signaling. In contrast to my results in vertebrate cells, however, the USP46 complex
does not appear to regulate steady-state levels of Arrow in the Wnt unstimulated state.
Rather, regulation of Arrow levels is dependent on active Wg signaling. Thus, in
Drosophila, regulation of Arrow levels and pruning by the USP46 complex may occur
simultaneously.

USP46 knockdowns in the glioblastoma cell lines, U87 and A172, significantly
reduced LRPG levels. There is increasing evidence that suggests misregulated Wnt
signaling is involved in the formation of gliomas (McCord et al., 2017). However, the
mechanisms involved are not clear. Using the cBioPortal resource, the database shows
that USP46 is amplified in roughly 5-6% of glioblastomas (Figure 4-19C). Glioblastomas
are the most aggressive form of gliomas with a five-year survival rate of less than 5% of
patients (Davis, 2016). High expression of USP46 could be a biomarker of a subset of
glioblastomas that have overactive Wnt signaling and may respond to Wnt-specific
therapeutics. It is possible that the USP46 complex in this context maintains elevated
levels of Wnt signaling that drives tumorigenesis in this subset of glioblastomas.

Analysis of USP46 mRNA expression in the TCGA database shows high USP46
MRNA expression in invasive breast cancer and this correlates with decreased survival
(Figure 4-19B). High expression of LRP6 has been found in a subset of breast cancers
and treatment of breast cancer cell lines expressing high levels of LRP6 with an LRP6

antagonist reduced Wnt signaling and decreased cell proliferation (Liu et al., 2010). It is
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possible that tumors expressing high levels of USP46 mRNA may also have high levels
of LRP6. If these tumors do have high levels of LRP6, then it is possible that they may
be sensitive to treatment with novel LRP6 antibodies. These novel LRP6 antibodies
bind LRP6 domains to block binding of Wnt ligands to LRP6. They have been shown to

inhibit growth of Wnt-driven tumors (Ettenberg et al., 2010; Jackson et al., 2016).
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Figure 4-20. Model of the mechanism of the USP46 complex in Wnt signaling
Figure is adapted from the publication mentioned at the beginning of this chapter. (A)
The basal function of the USP46 complex. (B) In the presence of Wnt, there is
increased recruitment of the USP46 complex to ubiquitylated LRP6 receptors.
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Chapter 5

FUTURE DIRECTIONS

Phosphorylation of XIAP in Wnt signaling

Given the likely small pool of phosphorylated nuclear XIAP involved in Wnt
signaling, we were unable to detect this form of XIAP in cell extracts using conventional
biochemical methods. The development of a XIAP phospho-T180 specific antibody
would be a powerful tool to further assess the in vivo importance of this phosphorylated
form of XIAP. It is not clear whether GSK3 phosphorylates XIAP in the cytoplasm or the
nucleus. Although it is abundant in the cytoplasm, GSK3 has been shown to also
localize in the nucleus and also contains a nuclear localization signal (Bijur and Jope,
2001; Meares and Jope, 2007). Using this antibody, we could determine whether
phosphorylation occurs in the cytoplasm or nucleus.

It is possible that the interaction between XIAP and Gro/TLE may be facilitated
by another protein that is recruited to XIAP following phosphorylation. One way to
examine this is to perform mass spectrometry analysis comparing samples from co-
immunoprecipitations with wildtype XIAP or the XIAPT'8A mutant in the presence or
absence of Wnt treatment. This would allow us to examine changes in protein-protein
interactions and give us candidates for Wnt-dependent interactions that are lost with the
T180A mutation.

While we have shown that GSK3 phosphorylates XIAP at the T180 it is not clear

whether Wnt signaling promotes phosphorylation of XIAP on the appropriate site(s) or
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primes the GSKa3 site(s) on XIAP via regulation of another kinase (e.g., CK1). The latter
option is particularly attractive given that CK1 has been shown to prime GSK3 sites on
both B-catenin and LRP6 to inhibit and activate Wnt signaling, respectively (Liu et al.,
2002; Zeng et al., 2005). Based on the results, it is clear that sequential phosphorylation
by CK1a and then GSK3 promotes phosphorylation of XIAP in in vitro kinase assays.
One potential priming phosphorylation site for GSK3 is serine 186. Although the optimal
distance between a primed site and a GSK3 target is four amino acids, greater
distances have also been demonstrated (Cole et al., 2004). To explore phosphorylation
by CK1a, an in vitro kinase reaction with CK1a and XIAP followed by liquid
chromatography-mass spectrometry (LC-MS) would identify potential phosphorylation
sites. Though CK1 is likely to confer priming phosphorylation on XIAP, it is also possible
that XIAP may be phosphorylated by nuclear kinases such as mitogen-activated protein
kinases (MAPKS) to affect the activity of XIAP in Wnt signaling. MAPKs have been
shown to phosphorylate nuclear proteins and transcription factors to control nuclear
events (Turjanski et al., 2007). | could explore this possibility by expressing a construct
that contains a biotin ligase (BiolD) fused to XIAP in cells, treating with or without Wnt
ligand, and then treating with biotin to induce proximity-based biotinylation of interactors
of the BiolD fused-XIAP. Biotinylated proteins would be isolated with avidin purification
and identified by mass spectrometry.

When we performed the liquid chromatography-mass spectrometry (LC-MS)
analysis on samples from the in vitro kinase assay with XIAP and GSK3, other
phosphosites were also identified. It is possible that other sites might be important for

XIAP activity in Wnt signaling. For example, activation of the Wnt co-receptor LRP6
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following binding of Wnt ligand involves the cooperativity of five different phosphosites.
Likewise, ubiquitylation of 3-catenin occurs after phosphorylation of four different sites
on B-catenin. Thus, it is possible that a combination of phosphosites could regulate
XIAP and this could be explored through mutagenesis of these sites in pairwise
combination with the T180A mutation.

All of our studies were performed using overexpression of a XIAPT'8% mutant,
but it would be better to perform CRISPR/Cas9-mediated mutagenesis of the T180 site
to alanine in the endogenous XIAP gene to fully understand the effect of
phosphorylation at the T180 site. This would be useful in eliminating any potential
background activity coming from wildtype XIAP. We showed that XIAPT'8%A has
decreased affinity for TLE3, but the interaction is not completely lost. This could be
because another phosphosite on XIAP is also involved in the interaction with Gro/TLE.
Another possibility is that XIAP can form oligomers and in the case of residual binding of
TLE3, XIAPT18%A might have dimerized with wildtype XIAP which we know interacts with
TLES. It has been shown that clAP forms dimers in their RING domains and XIAP can
form dimers in their BIR domain and RING domain (Feltham et al., 2011; Lu et al., 2007;
Nakatani et al., 2013). It has not been determined whether XIAP forms dimers prior to
ubiquitylating Gro/TLE and whether dimerization is necessary for XIAP activity in the
Whnt pathway.

Beyond its role in apoptosis, there is increasing evidence that XIAP can
participate in a variety of signaling pathways. For example, in addition to our previous
studies demonstrating the role of XIAP in the Wnt pathway, a number of studies have

shown that XIAP overexpression is also capable of activating the NF-kB pathway
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(Barkett et al., 1997). How XIAP is recruited differentially to regulate NF-xB and/or Wnt
signaling, as opposed to its apoptotic function has remained a mystery. Further
investigation would provide insight into the roles of additional post-translational
modifications (e.g., ubiquitylation and sumoylation) on the activity of XIAP in other

signaling pathways and apoptosis.

The USP46 complex in Wnt signaling

Though we have uncovered a mechanism for the USP46 complex in regulating
Whnt signaling by modulating LRP6 co-receptors, many questions still remain about its
mechanism of action and what other components may be involved. These questions
include: How does recruitment of the USP46 complex to LRP6 occur in a Wnt-
dependent manner? Does the USP46 complex bind LRP6 as a pre-formed trimer or
does it proceed through stepwise recruitment of individual subunits? Are other
components necessary in the Wnt-dependent recruitment of the USP467? Does
assembly of these components onto LRP6 form a larger macromolecular structure on
LRP6 outside of the signalosome? | will discuss some of these questions and how we
can address them here.

USP46 shares about 89% sequence identity with the deubiquitylase ubiquitin
specific protease 12 (USP12). WDR20 and UAF1 also bind USP12 to allosterically
activate the deubiquitylase (Li et al., 2016a). Thus, it is possible that USP12 may have
some activity in Wnt signaling and might even regulate LRPG6 levels. However, my
preliminary overexpression studies in HEK293STF cells suggests that overexpression

of the USP12 complex does not potentiate the Wnt pathway when compared to
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overexpression of the USP46 complex. To further confirm that USP12 does not act on
LRP6, immunoprecipitation of the LRP6 receptor and immunoblotting for USP12 would
determine whether it interacts with LRP6. Additionally, knockdown of USP12 would
demonstrate effects on the steady-state levels of LRP6. A knockdown of USP12
followed by an in vivo ubiquitylation assay would allow us to assess the ubiquitylation
status of LRP6. While we expect these assays to show that the USP12 complex has no
effect on LRP6 and its ubiquitylation, this does not exclude the possibility that USP12
itself or that the USP12 complex may have some other regulatory mechanism in the
Wnt pathway. However, this would demonstrate a level of substrate specificity between
the two highly similar deubiquitylases.

| have shown that mutation of the catalytic cysteine of USP46 to a serine
(USP46°44S) results in a decrease in Wnt reporter activity and LRP6 steady-state levels,
indicating that the catalytic activity of USP46 is involved in potentiating the Wnt
pathway. However, it still remains to be confirmed that the USP46°44S mutant is
incapable of deubiquitylating LRP6. One way to demonstrate this would be with
overexpression of the mutant followed by an in vivo ubiquitylation assay. To ensure that
this is a direct effect on LRP6 ubiquitylation, the ideal experiment would be to
immunoprecipitate ubiquitylated LRP6 from cells and perform an in vitro deubiquitylation
assay using purified WDR20, UAF1, and USP46 or USP46%44S. This would confirm that
USP46 is a bona fide deubiquitylase for LRP6.

Based on my biotinylation and immunoprecipitation experiments, it is clear that
overexpression of the USP46 complex can interact with and increase cell-surface levels

of LRPG. It is possible that the USP46 complex could mediate this through interactions
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with another protein that interacts with LRP6. | can determine if the components of the
USP46 complex closely bind LRP6 by performing a proximity ligation assay (PLA) as
successful PLAs typically require the proteins to have a distance of 40 nm or less. This
would also allow us to visualize the localization of this interaction and determine if it is
indeed at the plasma membrane. Another way to assess recruitment would be to
perform a CRISPR-mediated knock-in of a C-terminal Halo tag on the endogenous
LRP6 gene and overexpress members of the USP46 complex that have been tagged
with a SNAP tag. Following treatment with Halo and SNAP ligands that are attached to
fluorophores, we would treat with Wnt ligand and perform live cell imaging to visualize
Whnt-dependent recruitment of the USP46 complex to the LRP6 co-receptor. This would
allow us to determine if activation of the Wnt pathway promotes an increase in
recruitment of the USP46 complex to LRP6 co-receptors to drive receptor availability.
Our data supports the idea that the USP46 complex “prunes” LRP6 prior to its
assembly into signalosomes. Signalosomes contain LRP6 and phospho-LRP6
aggregates that are in higher molecular weight fractions following sucrose density
gradient ultracentrifugation (Bilic et al., 2007; Kim et al., 2013). It is not known whether
ubiquitylated LRP6 exists in signalosomes. To address this, | would need perform to
sucrose density gradient ultracentrifugation on lysates from cells treated with or without
Whnt ligand and perform immunoprecipitations using MBP-tagged tandem ubiquitin
binding entity (TUBE) protein conjugated to beads from pooled light fractions and heavy
fractions, respectively. TUBE protein recognizes and binds endogenous ubiquitin
chains, which makes it a powerful tool in studying endogenous ubiquitylation activity

(Yoshida et al., 2015). Second, | have shown evidence that the USP46 complex is not a
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component of signalosomes. To further confirm this, | would need to perform to sucrose
density gradient ultracentrifugation on lysates from cells expressing the USP46 complex
treated with or without Wnt ligand and perform immunoprecipitations of LRP6 from
pooled light fractions and heavy fractions, respectively, to look for binding of the USP46
complex. If the USP46 complex binds LRP6 outside of signalosomes, | expect the
USP46 complex to co-immunoprecipitate with LRP6 mostly in the light fractions. If the
results show that the USP46 complex associates with ubiquitylated LRP6 outside of
signalosomes, the next question to ask is whether the USP46 complex is necessary for
formation of these signalosomes. | can accomplish this by either siRNA knockdown of
USP46 or generate a USP46 CRISPR interference (CRISPRI) cell line and perform
sucrose density gradient ultracentrifugation experiments to assess signalosome
formation. This work would provide more mechanistic insight into how the USP46
complex regulates LRP6 assembly into signalosomes.

Our studies focused on LRP6 co-receptors, but many E3s and DUBs identified
for the Wnt receptors focused primarily on Frizzleds (Hao et al., 2012; Koo et al., 2012;
Madan et al., 2016). It is possible that the USP46 complex could also bind and
deubiquitylate Frizzled receptors. This could be determined with a simple co-
immunoprecipitation and in vivo ubiquitylation assay.

| have shown that the USP46 complex can counter RNF43-mediated
ubiquitylation of LRP6, but it is possible that the USP46 can counter LRP6 ubiquitylation
by another unknown E3 as well. While RNF43/ZNRF3 ubiquitylates Wnt receptors and
has significant roles in Wnt signaling in vertebrates, there is no RNF43/ZNRF3 homolog

in Drosophila. In contrast, the homolog for USP46 in Drosophila is USP12-46 and as
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mentioned previously, regulates Arrow/LRP6 during active Wg/Wnt signaling. Thus,
there is likely to be an as yet unidentified E3 that targets Arrow/LRP6 in Drosophila. The
E3 ITCH (homolog in Drosophila is Su(dx)) has been shown to ubiquitylate LRP6 at its
extracellular LDLR repeat regions and has also been shown to ubiquitylate DVL to
negatively regulate Wnt signaling (Vijayakumar et al., 2017; Wei et al., 2012). | could
test if the USP46 complex can counter ITCH-mediated LRP6 ubiquitylation with an in
vivo His-ubiquitylation assay, but it is very possible that out of the hundreds of E3s,
there is another evolutionarily conserved E3 that can ubiquitylate LRP6.

Previously, it was shown that DVL serves as an adaptor for RNF43/ZNRF3 in
recognizing the Wnt receptors as their substrates (Jiang et al., 2015). It is not clear if the
USP46 complex also requires DVL to bind and recognize LRPG6 as its substrate. It is
thought that the scaffolding proteins, WDR20 and UAF1, in the USP46 complex bind
USP46 to increase the catalytic activity of USP46 and are not necessarily involved in
substrate recognition (Faesen et al., 2011; Yin et al., 2015). If WDR20 and UAF1 are
not involved in substrate recognition, then it is possible that the ubiquitin modification on
LRP6 is recognized by USP46 alone. Alternatively, the USP46 complex could be
recruited to LRP6 through DVL. We could explore this option using a DVL triple
knockout (DVLTKO) cell line where all three isoforms have been knocked out using
CRISPR-mediated gene editing. Using the DVLTKO cell line, we would overexpress the
USP46 complex and immunoprecipitate the complex to assess LRP6 interaction.

The focus of our work is mainly on the role of the USP46 complex in canonical
Whnt signaling, but it remains to be determined whether the USP46 complex regulates or

can be regulated by RSPO enhancement of Wnt signaling. RSPO enhances Wnt
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signaling by inhibiting RNF43/ZNRF3 through its binding to the E3s and the leucine rich
repeat containing G protein-coupled receptors (LGRs) (de Lau et al., 2014). There is
evidence that RSPO binds LGR4 which regulates the 1Q motif containing GTPase
Activating Protein 1 (IQGAP1) to potentiate canonical Wnt signaling (Carmon et al.,
2014). Using BioGRID, which is a database of curated interactions, one of the proteins
that interacts with USP46 was shown to be IQGAP1 (Oughtred et al., 2021). As
mentioned earlier in this section, the USP46 complex may use an adaptor to recognize
its substrate and it is possible that the USP46 complex may use IQGAP1 to recognize
ubiquitylated LRP6 as its substrate. If this is the case, then the USP46 complex may

directly bridge signaling through RSPO and canonical Wnt signaling.
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