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[bookmark: _Toc156298394]The history of the Wnt signaling pathway
	Since 1839 when Theodor Schwann first proposed the classical cell theory, it has been well established that a cell is the fundamental unit of life and that all living things develop from a single cell (Schwann 1839). The development of a single cell into a multicellular organism requires many highly coordinated events, including both intracellular and extracellular signals. This process by which cells receive and interpret signals from their environment is referred to as “signal transduction” (B.D. Gomperts 2009). Signal transduction involves cells receiving an input or signal from their surroundings and transducing this signal intracellularly into an output. At a cellular level, the output can include changes in cellular processes such as cell proliferation, gene expression, metabolism, motility, secretion, or cell death (Gerhart 1999). At an organismal level, these outputs lead to changes in tissue type and morphology, ultimately resulting in the development and diversity of multicellular organisms, or metazoa. In metazoa, there are at least 17 known signal transduction pathways that function in development. Of these, 5 core pathways are known to predominate in early embryonic development, including Wnt, transforming growth factor-b (TGF-b), Hedgehog (hh), receptor tyrosine kinase (RTK), and Notch (Gerhart 1999). These pathways are highly regulated and evolutionarily conserved. Misregulation of these signaling pathways results in developmental disorders and disease in humans. Therefore, there is a great need to understand the mechanisms of these pathways and how they are controlled. 
	The canonical Wnt/b-catenin (henceforth Wnt) pathway is an evolutionarily conserved signaling pathway that regulates metazoan development and homeostasis in embryonic and adult tissues, respectively (Saito-Diaz et al. 2013, Rim et al. 2022). The Wnt pathway was first discovered in 1976 by Sharma and Chopra when they identified a mutant Drosophila melanogaster without wings, which they appropriately named Wingless (Wg) (Sharma and Chopra 1976). Then, in 1980, Eric Wieschaus and Christiane Nusslein-Volhard conducted a forward genetic mutagenesis study in Drosophila and identified wingless (Wg) as a segmental patterning gene (Nüsslein-Volhard and Wieschaus 1980). Their work was important in showing that Wg controls the patterning of the early embryo and earned them a Nobel Prize in 1995. Several years later, Roel Nusse and Harold Varmus performed a forward genetic screen in mice using the mouse mammary tumor virus (MMTV) to identify genes involved in tumorigenesis when upregulated (Nusse and Varmus 1982). They discovered that the MMTV inserted upstream of a locus they termed Integration 1 (Int1), resulting in oncogenesis. In 1987, comparative genetic studies revealed that Int1 is the mouse ortholog of the Drosophila Wg gene (Baker 1987, Cabrera et al. 1987, Rijsewijk et al. 1987). The names were merged into the mnemonic “Wnt” to reflect its role in both species (Nusse et al. 1991).  
	In 1989, Int1 mRNA was injected into Xenopus laevis embryos, which induced the formation of a secondary body axis (McMahon and Moon 1989). These results demonstrated that Int1 plays a critical role in mesoderm formation and axis specification in frog development. Since then, the Xenopus axis duplication assay has been used to validate many components of the Wnt pathway. Taken together, these studies established that the Wnt proteins are highly evolutionarily conserved and play critical roles in embryonic development and carcinogenesis. 

[bookmark: _Toc156298395]A disease perspective on Wnt signaling
	Wnt signaling is important for maintaining homeostasis in a variety of tissues, including the gastrointestinal tract (GI), skin, and bone (Logan and Nusse 2004). Mutations that cause misregulation of the Wnt pathway in humans result in diseases such as developmental defects and cancer (Zhong and Virshup 2020, Bugter et al. 2021). The most well-characterized Wnt-driven cancer is colorectal cancer (CRC), a deadly disease with an urgent unmet medical need. The Fearon and Vogelstein Model of the key genetic drivers in CRC progression proposes that the initiating event in most cases of CRC is an inactivating mutation of the Adenomatous Polyposis Coli (APC) tumor suppressor gene (Powell et al.). Inactivating mutations in APC or stabilizing mutations in b-catenin inhibit b-catenin turnover, resulting in constitutive activation of the Wnt pathway in the vast majority (~80%) of CRCs (Atlas 2012). APC mutations also play a critical role in familial adenomatous polyposis (FAP), a hereditary precancerous syndrome leading to hundreds to thousands of colorectal polyps that progress to cancer in affected individuals (Kinzler et al. 1991, Nishisho et al. 1991). While the role of Wnt signaling in colorectal cancer is the most well-established, aberrant Wnt signaling is found in numerous other cancers, including stomach, skin, ovarian, prostate, thyroid, liver, lung, breast, and pancreatic (Giles et al. 2003, Klaus and Birchmeier 2008). 
	In addition to cancer, misregulated Wnt signaling is also linked to several other human diseases (Moon et al. 2004, Klaus and Birchmeier 2008). Canonical Wnt (Wnt/b-catenin) signaling is important in regulating bone formation, with augmented Wnt signaling linked to osteoarthritis and decreased Wnt signaling associated with osteoporosis (Kim et al. 2013). Loss-of-function mutations in key Wnt regulators lead to eye defects and cause tetra-amelia (the loss of all four limbs) (MacDonald et al. 2009). Additionally, canonical Wnt signaling is involved in cardiogenesis and cardiovascular diseases (Foulquier et al. 2018), as well as in neurodevelopment and neurodegenerative diseases, including schizophrenia and Alzheimers (De Ferrari and Moon 2006). 
	Because aberrant Wnt signaling plays a major role in many diseases, there is great interest in developing therapeutics to modulate the Wnt pathway. However, there are significant challenges in targeting the Wnt pathway, including identifying efficacious agents that do not disrupt the normal stem cell function during tissue homeostasis (Krishnamurthy and Kurzrock 2018). A major concern is that inhibiting the Wnt pathway may affect the normal Wnt-dependent stem cell populations, especially in hair follicles and the gastrointestinal tract, which exhibit faster turnover (Staal and Sen 2008). Another undesirable side effect of Wnt inhibition is increased bone turnover (Dotan et al. 2020). Thus far, no drugs have been approved to target the Wnt pathway in cancer, but there are ongoing clinical trials for using Wnt inhibitors for the treatment of many different malignancies (Krishnamurthy and Kurzrock 2018). The inhibitors that are currently undergoing clinical trials for cancer treatment target different levels of the Wnt pathway. At the receptor level, Porcupine inhibitors act to block the secretion of Wnt ligands (Liu et al. 2013). Additionally, antibodies have been developed to target specific Wnt ligands or receptors that are overexpressed in tumors (Fischer et al. 2017, Diamond et al. 2020). APC truncating mutations and b-catenin stabilizing mutations may be resistant to these inhibitors because they activate the pathway independent of Wnt ligands. Therefore, several other downstream inhibitors have also been developed to target these cancers, including tankyrase inhibitors (Riffell et al. 2012, Tian et al. 2013), TCF/b-catenin inhibitors (Lepourcelet et al. 2004), and Wnt co-activator antagonists (Lenz and Kahn 2014). The preliminary results of these studies suggest dose-limiting gastrointestinal toxicity, limiting their use and requiring future studies (Zhong et al. 2016).  Optimal use of Wnt-targeting therapies in cancer will rely on matching the appropriate agent with responsive alterations (Krishnamurthy and Kurzrock 2018). 
	Due to the role of Wnt signaling in bone formation, recent studies have sought to identify Wnt activators for the treatment of osteoporosis (Kim et al. 2013). Potential therapeutic approaches aim to stimulate Wnt signaling by inhibiting antagonists of the pathway or by upregulating mediators of the pathway. Antibodies targeting sclerostin (Li et al. 2009) and dickkopf-1 (Diarra et al. 2007), which are both antagonists of Wnt signaling, have shown promising results in promoting bone formation and healing fractures. Lithium, which stabilizes b-catenin by inhibiting glycogen synthase kinase 3b (GSK3b), has also demonstrated promising results in stimulating osteogenesis (Clément-Lacroix et al. 2005). Although manipulating the Wnt pathway has strong therapeutic potential for bone diseases, it also requires a cautious approach due to the risks of tumorigenesis (Kim et al. 2013). Therefore, finding the optimal balance between the oncogenic and the osteogenic effects of Wnt-targeted therapies is critical and will require further extensive exploration. 

[bookmark: _Toc156298396]The current model of the canonical Wnt pathway
	Wnt signaling refers to both the canonical Wnt pathway, which is dependent on the transcriptional cofactor b-catenin, and the non-canonical, or b-catenin independent, Wnt pathway. The work discussed here focuses solely on the canonical pathway, and the non-canonical pathway is beyond the scope of this study. Canonical Wnt signal transduction, at its simplest, involves the cytoplasmic protein b-catenin switching from a cycle of continual synthesis and destruction to a “destruction-resistant” state, where it enters the nucleus and modulates transcription (Figure 1.1) (Saito-Diaz et al. 2013). 
	In the absence of Wnt ligands, b-catenin is phosphorylated in the cytosol by a destruction complex consisting of the scaffolding proteins APC and Axin and the kinases casein kinase 1 (CK1) and GSK3. b-catenin is phosphorylated by CK1 at serine 45, priming it for phosphorylation by GSK3 at serines 33 and 37, and threonine 41 (Amit et al. 2002, Liu et al. 2002). Phosphorylated b-catenin is ubiquitylated by a complex composed of Skp1, Cul1, and the F-box containing ubiquitin ligase b-transducin repeat-containing protein (SCFbTRCP) (Latres et al. 1999, Liu et al. 1999). Ubiquitylation of b-catenin targets it for degradation by the 26S proteasome, maintaining b-catenin at low levels (Aberle et al. 1997). Activation of the pathway occurs when Wnt ligands bind to their coreceptors low-density lipoprotein receptor-related protein 5 or 6 (LRP5/6) and Frizzled (Fz). Wnt signaling results in phosphorylation of LRP5/6 by CK1 and GSK3, and recruitment of Axin to the plasma membrane via the adaptor protein Dishevelled (DVL). Consequently, the destruction complex is inhibited, and b-catenin is stabilized. b-catenin subsequently enters the nucleus and interacts with transcription factors and cofactors, including the T cell factor and lymphocyte enhancer factor (TCF/LEF) family, to promote a Wnt transcriptional program (Anthony et al. 2020). Thus, canonical Wnt signaling can be broken up into three distinct molecular events: 1) membrane receptor activation, 2) cytosolic inhibition of the destruction complex, and 3) nuclear activation of a Wnt-specific transcriptional complex (Saito-Diaz et al. 2013). 
	Activation of the Wnt pathway begins with a signal in the form of a Wnt ligand. The Wnt family of ligands are lipid-modified glycoproteins that are secreted and can act in short- and long-range signaling (Mikels and Nusse 2006, Port and Basler 2010, Willert and Nusse 2012). Wnts are important for cell-to-cell communication and act as morphogens to pattern tissue development (Martinez Arias 2003). There have been 19 vertebrate Wnt proteins identified, and they all have been shown to activate the pathway. Wnts are cysteine-rich proteins of ~350-400 amino acids and contain a hydrophobic N-terminal signal peptide targeting them to the secretory pathway (Coudreuse and Korswagen 2007). Prior to secretion, Wnts are N-glycosylated and palmitoylated at specific cysteine and serine regions by the O-acyltransferase Porcupine (PORCN) (Willert et al. 2003, Takada et al. 2006, Komekado et al. 2007). Once modified, Wnts are further transported by the seven-pass transmembrane protein Wntless (Wls) to the plasma membrane for secretion (Bänziger et al. 2006). After secretion, Wnts must traverse the extracelluar space to bind to their target cells, and several mechanisms have been proposed for how extracellular Wnts are transported (Routledge and Scholpp 2019). In one model, Wnts diffuse laterally while interacting with cell-surface heparan sulfate proteoglycans (HSPGs) (Baeg et al. 2001). Wnts have also been shown to be packaged into extracellular lipoprotein particles (Panáková et al. 2005) and transported on exosomal vesicles (Gross et al. 2012). It is possible that the mechanism of Wnt extracellular transport is tissue specific and dependent on the extracellular environment (Port and Basler 2010).  Several secreted proteins can act as antagonists of Wnt signaling by blocking the interaction between Wnt ligands and their receptors. There are two general classes of proteins that act in this way (Kawano and Kypta 2003). The first class includes secreted Fz-related proteins (sFRPs) and Wnt inhibitory factors (WIFs) that bind and sequester Wnt ligands, blocking their ability to associate with Frizzled receptors (Bovolenta et al. 2008). Notum is an extracellular de-acylase that acts as an inhibitor of Wnt signaling by enzymatically removing the lipid from Wnt ligands, thereby inactivating them (Kakugawa et al. 2015). The second class consists of Dickkopf (Dkk) family members (Bafico et al. 2001, Mao et al. 2001, Semënov et al. 2001, Bao et al. 2012) and Sclerostin (SOST) (Li et al. 2005, Semënov et al. 2005), which bind to the Wnt co-receptor LRP5/6, blocking the interaction with Wnt. Non-Wnt agonists also exist, including Norrin and R-Spondin, which act to stimulate Wnt receptor activity either independently of (Norrin) or in coordination with (R-spondin) Wnt ligands (Kazanskaya et al. 2004, Xu et al. 2004, Kim et al. 2006).
	After being transported through the extracellular space, a Wnt ligand will bind to its two co-receptors LRP5/6 and Fz on its target cell and activate the Wnt pathway. The Fz family of receptors are structurally similar to G-protein-coupled receptors (GPCRs), consisting of seven transmembrane domains (Schulte and Wright 2018). LRP5 and LRP6, on the other hand, are functionally redundant receptors and only contain a single-pass transmembrane domain (Pinson et al. 2000, He et al. 2004). Biochemical studies indicate that Wnts bind to the extracellular cysteine-rich domain (CRD) of Fz, while different Wnts may bind to different extracellular domains of LRP5/6 (Hsieh et al. 1999, Janda et al. 2012, Hirai et al. 2019). The binding of Wnt ligands to Fz and LRP5/6 forms a trimeric complex that results in the production of phosphatidylinositol 4,5-bisphosphate (PIP2) (Pan et al. 2008). Increased PIP2 induces aggregation of LRP5/6 and recruitment of Axin to the membrane, which leads to the phosphorylation of LRP5/6. It has been proposed that these aggregates of LRP5/6 form macromolecular complexes with other components of the Wnt pathway, including DVL, GSK3, and Axin, referred to as “Wnt signalosomes” (Cong et al. 2004, Bilic et al. 2007). In addition to signalosome formation, Wnt-receptor interaction induces DVL phosphorylation and recruitment to the receptor complex through binding to Fz (Rothbächer et al. 2000, Tauriello et al. 2012, Ma et al. 2020). While it is known that DVL is required for canonical Wnt signaling, many details about how DVL and signalosomes function in the Wnt pathway remain to be resolved. 
	Upon Wnt ligand binding and signalosome formation, the LRP5/6 receptor is activated through phosphorylation of each of its five conserved intracellular PPPSPxS motifs, which have been found to act cooperatively (Tamai et al. 2004, MacDonald et al. 2008). Interestingly, the predominant kinases involved in LRP5/6 phosphorylation and pathway activation are the same kinases involved in the destruction complex and pathway inhibition: GSK3 and CK1. GSK3 phosphorylates the serine in the LRP5/6 PPPSP motifs, which primes LRP5/6 for subsequent phosphorylation of xS by CK1 (Davidson et al. 2005, Zeng et al. 2005). Phosphorylated LRP5/6 has a high affinity for Axin and promotes the recruitment of cytosolic Axin-GSK3 complexes to the membrane, promoting further GSK3 phosphorylation of LRP5/6 and amplifying the signal induced upon Wnt stimulation (Mao et al. 2001, Zeng et al. 2008). 
	The next step in the Wnt pathway involves inhibition of the b-catenin destruction complex and the mechanism by which receptor activation leads to destruction complex inhibition remains poorly understood. The only agreed-upon mechanism that is at the core of all the proposed models is the inhibition of GSK3’s capacity to phosphorylate b-catenin. How phosphorylation of b-catenin is inhibited has been proposed to arise through a variety of mechanisms, including dissociation of components of the b-catenin destruction complex (Liu et al. 2005). While recruitment of Axin-GSK3 complexes to activated receptors and the observation that Axin is the limiting component of the destruction complex would support this model (Lee et al. 2003), some studies have shown the complex remains intact after Wnt stimulation and co-localizes with LRP5/6 and Fz at the plasma membrane (Bilic et al. 2007, Hendriksen et al. 2008, Li et al. 2012). Another proposed model suggests LRP5/6 binding can directly inhibit GSK3 activity against b-catenin (Cselenyi et al. 2008, Piao et al. 2008, Wu et al. 2009). The precise mechanism by which b-catenin levels are elevated in response to a Wnt signal requires further studies. 
	The final step of canonical Wnt signaling involves the activation of a Wnt-specific nuclear transcriptional program. Once the Wnt pathway is activated and the b-catenin destruction complex is inhibited, b-catenin is no longer phosphorylated by GSK3. Consequently, b-catenin is no longer ubiquitylated and targeted for degradation by SCFbRCP and accumulates rapidly in the cytosol due to its constitutive synthesis (Liu et al. 2005, Bryja et al. 2007). Studies indicate that it is not the absolute increase in b-catenin concentration but the relative fold change that is recognized by the Wnt transcriptional machinery and results in activation of a Wnt transcriptional program (Goentoro and Kirschner 2009). Stabilization of b-catenin leads to its translocation into the nucleus through a poorly defined process, though multiple mechanisms have been proposed (Anthony et al. 2020). b-catenin does not contain a nuclear localization signal (NLS) and its nuclear entry is thought to be independent of classic import factors (Yokoya et al. 1999, Suh and Gumbiner 2003). However, the guanine nucleotide exchange factor RAPGEF5 has recently been shown to play a role in the nuclear import of b-catenin through a pathway that parallels the classic Ran/Importin-b nuclear transport system (Griffin et al. 2018). The Rac1 GTPase has also been shown to promote the nuclear localization of b-catenin (Wu et al. 2008), while the nuclear factors TCF, Pygopus, and BCL9 have been proposed to promote the nuclear retention of b-catenin (Tolwinski and Wieschaus 2001, Townsley et al. 2004, Krieghoff et al. 2006). Axin and APC have been implicated in regulating the nuclear export of b-catenin, which is thought to play a critical role in Wnt signaling (Henderson and Fagotto 2002, Cong and Varmus 2004). Further investigation is needed to better understand how b-catenin is trafficked between the cytosol and the nucleus. 
	Once in the nucleus, b-catenin activates a Wnt-specific transcriptional program by binding to the TCF/LEF family of transcription factors (Behrens et al. 1996, Graham et al. 2000). The four mammalian members of the TCF/LEF family are TCF1, TCF3, TCF4, and LEF1 (Cadigan and Waterman 2012). All TCF/LEF members bind to the consensus Wnt responsive element (WRE) sequence CCTTTGWW (W corresponds to a T or A) in Wnt target gene promoters through their high mobility group (HMG) box (van de Wetering and Clevers 1992). TCF/LEF requires binding of b-catenin to regulate transcription of Wnt target genes and, in the absence of b-catenin or a Wnt signal, is bound to the Groucho/Transducin-like enhancer of split (Gro/TLE) family of transcriptional co-repressors (Cavallo et al. 1998, Roose et al. 1998). There are five mammalian TLE proteins: TLE1-4 and amino-terminal enhancer of split (AES), a truncated isoform (Gasperowicz and Otto 2005). Groucho is the Drosophila homolog of TLE. All members of the TLE family can interact with all members of the TCF/LEF family to repress transcription of Wnt target genes (Brantjes et al. 2001). It has been proposed that Gro/TLE mediates repression through its interaction with histone deacetylases (HDACs) (Chen et al. 1999). HDACs compress chromatin and maintain it in a transcriptionally inactive form (Narlikar et al. 2002). Through the interaction between Gro/TLE with TCF/LEF and HDACs, Gro/TLE acts to recruit HDACs to Wnt target gene promoters to mediate transcriptional repression (Buscarlet and Stifani 2007, Jennings and Ish-Horowicz 2008). 
	For b-catenin to initiate a Wnt transcriptional program, TCF/LEF must be converted from a transcriptional repressor into a transcriptional activator. This process is thought to occur by competition between Gro/TLE and b-catenin for overlapping binding sites on TCF/LEF (Daniels and Weis 2005). b-catenin directly displaces Gro/TLE from TCF/LEF, but studies from our laboratory and others have revealed that this process requires more regulation beyond just simple competition. Ubiquitylation of Gro/TLE by the E3 ligase X-linked inhibitor of apoptosis (XIAP) is required to promote the dissociation of Gro/TLE from TCF/LEF and allow b-catenin to bind TCF/LEF and promote a Wnt transcriptional program (Hanson et al. 2012). 
	Upon binding to TCF/LEF, b-catenin has been shown to interact with several other transcriptional co-factors to form large multimeric complexes referred to as “enhanceosomes” (Fiedler et al. 2015). These co-factors include B-cell lymphoma 9 (BCL9), Pygopus, the histone acetyltransferases CREB binding protein (CBP)/p300, and the SWItch/Sucrose Non-Fermentable (SWI/SNF) chromatin remodeler Brahma-related gene-1 (BRG1) (Hecht 2000, Barker et al. 2001, Belenkaya et al. 2002, Brack et al. 2009). It is well-established that the formation of an enhanceosome consisting of a b-catenin/TCF complex in combination with these other cofactors is required for the efficient regulation of an estimated 300-400 Wnt target genes (van Es et al. 2003). These genes can be activated or repressed in response to a Wnt signal and act to regulate many diverse cellular processes, including cell proliferation, differentiation, and survival (Hatzis et al. 2008). The mechanism of action by which transcriptional cofactors are recruited to specific Wnt target genes in response to a Wnt signal is likely context and tissue-dependent and requires further investigation. 
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[bookmark: _Toc155859083]Figure 1.1. Schematic of Wnt/b-catenin signaling pathway
(A) When no Wnt ligands are present, the transcriptional effector b-catenin is phosphorylated in the cytosol by a destruction complex consisting of the scaffolding proteins APC and Axin, and the kinases CK1 and GSK3, and targeted for ubiquitin-mediated proteasomal degradation, maintaining b-catenin at low amounts. (B) Activation of the pathway occurs when Wnt ligands bind to their coreceptors LRP5/6 and Frizzled, resulting in recruitment of Dishevelled and Axin to Frizzled and phosphorylation of LRP5/6 by CK1 and GSK3. Because the destruction complex is inhibited, b-catenin is stabilized. b-catenin enters the nucleus and interacts with transcriptional cofactors, including the TCF/LEF family, to promote a Wnt transcriptional program. Figure was created with BioRender.com.


[bookmark: _Toc156298397]Transcription

[bookmark: _Toc156298398]Overview of the General Transcriptional Machinery
	To maintain normal cellular homeostasis or to respond to signals correctly, gene transcription needs to be meticulously regulated (Geng et al. 2012, Cramer 2019). Misregulation of gene expression can lead to cellular catastrophe and diseases, such as cancer. At its core, transcription involves a polymerase engaging DNA upstream of an open reading frame of a gene and synthesizing a complementary strand of messenger RNA (mRNA) that will serve as a template for protein synthesis. This process involves three key steps: initiation, elongation, and termination (Figure 1.2). Each step involves the complex regulation of a large cohort of proteins that must act in a highly orchestrated manner to ensure that the correct genes are turned on and off at precisely the right time and place in response to the right signals. Another obstacle that must be overcome is the physical constraint of transcribing a DNA template that is tightly wound around histone proteins and encased in chromatin. 
	Transcription begins with Polymerase (Pol) II engaging DNA at promoter regions. Eukaryotic Pol II, unlike bacterial RNA polymerases, cannot initiate promoter-specific transcription by itself, but must interact with many other general transcription factors (GTFs) to bind promoter regions and facilitate the initiation and elongation of transcription (Baumann et al. 2010). Pol II and GTFs are recruited to specific promoter regions by transcriptional activators (TAs). TAs contain a DNA-binding domain that tethers them to DNA. They also possess a transcriptional activation domain (TAD) that interacts with coactivators or directly recruits Pol II and GTFs to transcription start sites. Transcriptional activators and coactivators (as well as repressors and corepressors) are critical for controlling gene expression and represent a major point of regulation for transcription. 
	After the initiation phase, Pol II enters the elongation phase of transcription where it moves along the DNA and synthesizes the mRNA transcript. As the pre-messenger RNA is synthesized, it needs to be processed into a mature form. The processing of the pre-mRNA is carried out by RNA processing (RnP) machinery that joins the transcribing Pol II. At this stage, the cell must decide whether to reinitiate another round of transcription or whether the signal to initiate is terminated and transcription is attenuated. 
	When the full mRNA transcript is synthesized, transcription is terminated by the association of Pol II with the termination machinery (Tm). The mRNA transcript is removed from Pol II, processed further, and then exported from the nucleus into the cytosol, where it will be translated into protein. It is important to note that DNA is compacted into nucleosomes that act to conceal cryptic promoter elements present throughout the genome (Kaplan et al. 2003). Because of this, histones must be appropriately redeposited in the wake of Pol II elongation to prevent nonauthentic transcription (Carrozza et al. 2005). The control of template accessibility by nucleosomes allows for tremendous regulatory potential of transcription and numerous chromatin remodeling factors act to coordinate the state of the cell with the transcriptional state of specific genes (Li et al. 2007, Suganuma and Workman 2011). Several of these chromatin-modifying factors are discussed further in the next section. 


[image: A diagram of a cell block

Description automatically generated with medium confidence]




























[bookmark: _Toc155859084]Figure 1.2. Schematic of transcription
(A) Initiation of transcription. After the chromatin is remodeled into a permissive environment in response to a signal, a transcriptional activator (TA) binds to the promoter region of a gene. Through the binding of coactivators (CA), RNA polymerase II (Pol II) and general transcription factors (GTFs) are recruited to the DNA (blue lines) to initiate transcription. (B) Transcriptional elongation. For Pol II to travel along the DNA, histones (brown circles) must first be evicted by chromatin remodeling factors. The histones must also be redeposited in the wake of Pol II to prevent nonauthentic transcription. During elongation, the RNA processing (RnP) machinery joins Pol II and processes premessenger RNA into mature mRNA (magenta line). (C) Termination of transcription. Transcription is terminated by the association of Pol II with the termination machinery (Tm). The mRNA is further processed and then exported from the nucleus into the cytosol where it will be translated into protein. Figure was created with BioRender.com.
[bookmark: _Toc156298399]Chromatin Remodeling
	Genomic DNA is tightly associated with histone proteins and packaged into nucleosomes, the fundamental unit of chromatin. Nucleosomes consist of 146 base pairs of DNA wrapped around two copies each of core histone proteins H2A, H2B, H3 and H4 (Wolffe 2001). The presence of nucleosomes creates a barrier to transcription by preventing the binding of transcription factors. Consequently, a highly regulated elaborate network of proteins works to mobilize nucleosomes to control gene expression essential for cellular growth, development, and differentiation (Workman and Kingston 1998, Hansen 2002, Chen et al. 2006). This process, termed chromatin remodeling, permits the compaction of DNA into mostly “silent” or “inactive” heterochromatin or into a transcriptionally “active” or “inducible” euchromatic conformation, depending on the cellular circumstances (Horn and Peterson 2006). Two main mechanisms have been identified by which enzymatic activity is used to alter chromatin structure.  The first is through the disruption of histone-DNA contacts by ATP-dependent chromatin remodeling complexes (Trotter and Archer 2007). The second mechanism involves the covalent modification of histone tails through acetylation, methylation, phosphorylation, ubiquitylation, sumoylation and/or ADP ribosylation (Kouzarides 2007). The work described here will focus solely on the first mechanism. 
	ATP-dependent chromatin remodeling was first discovered in screens in yeast for signal transduction molecules that lead to mating type switching (SWI) (Stern et al. 1984). Three of these genes were also independently discovered in screens in yeast for mutants with defects in sucrose fermentation (Sucrose Non-Fermenting (SNF)) (Neigeborn and Carlson 1984). Second mutations in histone genes resulted in genetic reversion of these phenotypes, suggesting that these specific SWI and SNF genes actually regulated chromatin remodeling. Further biochemical characterization led to the discovery that the proteins encoded by these genes were associated with each other, and the term “SWI/SNF complex” was coined to characterize this chromatin remodeling complex (Peterson and Herskowitz 1992). Within a few years, similar complexes were discovered in Drosophila and mammals, indicating evolutionary conservation (Tamkun et al. 1992). Early functional studies revealed that the SWI/SNF complex is recruited to DNA by transcription factors, where it acts to attack nucleosomes and facilitate the binding of transcriptional proteins to DNA (Cosma et al. 1999). In vitro transcription experiments on nucleosomal templates suggested that the complexes could position nucleosomes, exchange nucleosomes, induce nucleosome mobility, evict nucleosomes, or relax torsional stress (Narlikar et al. 2013). 
	Human SWI/SNF complexes contain either Brahma (BRM) or Brahma-related Gene-1 (BRG1) as the central catalytic ATPase subunit (Trotter and Archer 2008). Because of this, the SWI/SNF family of chromatin-remodeling complexes is also referred to as BRG1/BRM-associated factor (BAF) complexes (Euskirchen et al. 2012). Hydrolysis of ATP provides the energy SWI/SNF complexes use to slide or eject nucleosomes (Kwon et al. 1994). While the function of SWI/SNF complexes is fairly straightforward, their structure is highly complex. Mammalian SWI/SNF complexes are classified into three broad families: canonical BAF (cBAF) (Wang et al. 1996, Clapier and Cairns 2009), polybromo-associated BAF (PBAF) (Lemon et al. 2001, Raab et al. 2015), and non-canonical BAF (ncBAF) (Alpsoy and Dykhuizen 2018, Brien et al. 2018, Michel et al. 2018, Wang et al. 2019). Every complex contains the four core subunits of the SWI/SNF related, Matrix associated, Actin dependent Regulator of Chromatin (SMARC) subfamily SMARCC1 (BAF155), SMARCC2 (BAF170), SMARCB1 (BAF47), and either of the ATPases SMARCA4 (BRG1) or SMARCA2 (BRM). However, they also contain numerous variable subunits, providing each complex with a distinct identity (Mashtalir et al. 2018). It is thought that hundreds to thousands of subtly different SWI/SNF complexes exist within each subfamily. The combinatorial assembly of the SWI/SNF complex is proposed to determine when and where it binds to the genome to remodel chromatin. This is especially important in signal transduction, in which specific genetic loci are made accessible for transcription factor binding in response to a signal. SWI/SNF complexes can bind histone modifications and may be guided to specific loci by recognition of the regional architecture rather than sequence specificity or recruitment by transcription factors. How the SWI/SNF complex is recruited to specific target genes in response to a signal is an important question that requires further investigation. 
	Because the SWI/SNF complex facilitates the binding to DNA of transcription, replication, and repair factors essential for the maintenance of genome integrity and the proper control of gene expression, dysfunction of these complexes leads to high rates of genetic mutations, which subsequently drive the development of cancer (Kadoch and Crabtree 2015). Mutations in SWI/SNF genes have been found in nearly 25% of all human cancers and have been linked to a worse prognosis (Savas and Skardasi 2018). SWI/SNF complexes were first implicated in oncogenesis with the discovery that nearly all rhabdoid tumors contain inactivating mutations in SMARCB1 (BAF47/SNF5) (Versteege et al. 1998, Biegel et al. 1999, Sévenet et al. 1999). Since then, mutations in genes encoding SWI/SNF components have been found to be mostly suggestive of loss-of-function phenotypes, including nonsense, frameshift, and deletion mutations. While the fundamental tumor-suppressive mechanism of the SWI/SNF complex might be more general, it is also known to be highly tumor-specific and tissue-specific. For example, BRG1 is mutated in more than 90% of small cell ovarian cancers but in less than 5% of small cell lung cancers (Ramos et al. 2014, Witkowski et al. 2014). Due to the high frequency of mutations in SWI/SNF subunits, there is growing interest in the possibility of therapeutically targeting the SWI/SNF complex (Mittal and Roberts 2020). However, a point of caution relates to the fact that these complexes have both oncogenic and tumor suppressor activity and, therefore, manipulating certain subunits could actually promote cancer development and growth instead of suppressing it. This risk will need to be monitored in future trials of agents aimed at targeting the SWI/SNF complex in cancer treatment. 

[bookmark: _Toc156298400]Protein Ubiquitylation 

[bookmark: _Toc156298401]Overview of the Ubiquitin-Proteasome System
	Protein stability and degradation are essential for a variety of fundamental cellular processes and is a highly regulated process. It is well established that the Ubiquitin-Proteasome System (UPS) is the primary regulator of protein turnover. Ubiquitin-mediated proteolysis is driven by the process of ubiquitylation. Ubiquitylation involves the post-translational modification of substrate proteins with the covalent linkage to the small (76 amino acids, 8.5 kDa), highly conserved protein molecule Ubiquitin (Ub). Ubiquitylation is an ATP-dependent process that occurs through a series of enzymatic reactions in which the Ub is attached to target proteins as monomers or polymers. The type of ubiquitin modification that is added can alter the localization, activity, or stability of the protein substrate (Hershko and Ciechanover 1998, Pickart 2001). 
	Ubiquitin conjugation is driven by a multistep process that is catalyzed by three classes of enzymes (Figure 1.3). The process begins when a ubiquitin-activating enzyme, also known as an E1, forms a high-energy thioester bond between a cysteine in its catalytic site and the Carboxy-terminal glycine residue of a ubiquitin molecule (Ciechanover et al. 1982, Haas et al. 1982, Handley et al. 1991). Then, the “activated” ubiquitin is transferred to a cysteine in the active site of a Ub-conjugating enzyme, or E2 (van Wijk and Timmers 2010). The E2 binds to a Ub-protein ligase, or E3, which catalyzes the conjugation of Ub to an amino group, typically on a lysine residue, of a specific target protein (Talis et al. 1998). The interaction between an E3 and its target protein is what drives the specificity of this system. To date, two E1 enzymes, ~40 E2 enzymes, and several hundred E3 enzymes have been identified. 
	E3 ligases are classified into two major families based on their catalytic domain: Homologous to the E6AP Carboxyl Terminus (HECT) and Really Interesting New Gene (RING) (Metzger et al. 2012). Recently, other subclasses have emerged, including Cullin RING ligases (CRL), RING-in-between-RING (RBR), and U-box (Patterson 2002, Petroski and Deshaies 2005, Deshaies and Joazeiro 2009, Smit and Sixma 2014). As evidenced by these subclasses, the majority of E3s contain RING domains. RING E3s catalyze the ubiquitylation reaction by bridging the amino group of the lysine residue on the target protein to the E2-ubiquitin intermediate. HECT E3s, however, first form a thioester intermediate between a cysteine in their catalytic site and the ubiquitin molecule (Pickart and Eddins 2004). The E3 then transfers the ubiquitin onto the target protein. After a single ubiquitin has been added to a target protein, multiple ubiquitin molecules can be added to the Ub in succession to produce a ubiquitin polymer in a process called polyubiquitylation (Pickart and Fushman 2004, Hochstrasser 2006) . 
	Ubiquitin contains eight potential sites of ubiquitylation (seven lysines and one methionine), allowing for unique Ub chains that vary in length and topology (Peng et al. 2003, Behrends and Harper 2011). This complexity of chain linkages can generate a diverse range of signals (Swatek and Komander 2016). Polyubiquitylated proteins and proteins linked via lysine 48 of Ub (K48-linkage) are generally targeted for destruction by the 26S proteasome (Thrower et al. 2000). Monoubiquitylated proteins and proteins linked via other linkages, such as lysine 63 (K63-linkage), usually adopt distinct conformations that have nonproteolytic outcomes, such as regulating activity, localization, or the recruitment of Ub-binding proteins (Sun and Chen 2004, d'Azzo et al. 2005, Welchman et al. 2005, Ikeda and Dikic 2008).
	Ubiquitylation can be reversed by the action of deubiquitylating enzymes (DUBs) that cleave the isopeptide bond between the lysine residue and ubiquitin (Amerik and Hochstrasser 2004, Nijman et al. 2005). In humans, roughly 90 DUBs have been identified, suggesting that each DUB has multiple substrates. DUBs act to modify the fate of ubiquitylated substrate proteins by trimming Ub chains or removing them entirely (Komander et al. 2009). DUBs are classified into five major families based on their ubiquitin-protease domains: one class of metalloproteases JAB1/MPN/MOV34 (JAMM), and four classes of cysteine proteases, Machado-Joseph disease proteases (MJDs), ovarian tumor proteases (OTUs), ubiquitin C-terminal hydrolases (UCHs), and ubiquitin-specific proteases (USPs). DUBs can recognize either specific ubiquitin linkages and/or specific target proteins, conferring another layer of specificity and regulation to the ubiquitin system.  
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[bookmark: _Toc155859085]Figure 1.3. Schematic of ubiquitylation
A Ub-activating enzyme (E1) transfers Ub (green circle) to a Ub-conjugating enzyme (E2). A Ub-protein ligase (E3) catalyzes the transfer of Ub to the substrate, typically at a lysine residue. Repeated cycles of this cascade result in a polyubiquitylated substrate. Deubiquitylating enzymes (DUBs) can reverse this process by removing Ub. Figure was created with BioRender.com.























[bookmark: _Toc156298402]Nonproteolytic roles of ubiquitin
	While the most recognizable role of the ubiquitin system is in protein turnover, recently, there has been greater appreciation for the multifaceted roles that ubiquitylation can play in regulating cellular processes (Geng et al. 2012). At its core, ubiquitylation is a posttranslational modification in which the addition of a single molecule can have complex effects on a protein’s structure and function. Regulation of ubiquitin modifications on substrate proteins can affect their localization, activity, stability, or interactome, leading to profound cellular effects. Because of this, ubiquitylation is involved in regulating key cellular processes including cell cycle progression, signaling, and transcription (Finley and Chau 1991, Oh et al. 2018). 
	At the level of the plasma membrane, ubiquitylation can target proteins for lysosomal degradation or for vesicular trafficking through the endosomal sorting complexes required for transport (ESCRT) machinery (Raiborg and Stenmark 2009). In the nucleus, ubiquitylation of histone proteins is a key step in regulating gene transcription (Muratani and Tansey 2003). During cell signaling, ubiquitylation can coordinate events within a signaling cascade or dictate particular pathways that are turned on or off, allowing the cell to rapidly coordinate complex information. 
	Ubiquitylation can also crosstalk with other important posttranslational modifications (Hunter 2007). For example, ubiquitylation of histone proteins can lead to histone acetylation or methylation, key modifications in transcriptional regulation (Zhang 2003). Additionally, phosphorylation of a substrate protein can target it for ubiquitylation and proteasomal degradation, as seen with b-catenin in the Wnt pathway. As I will discuss below, the noncanonical functions of ubiquitylation are key for regulating cell signaling and the control of gene transcription. 

[bookmark: _Toc156298403]The Role of Ubiquitylation in the Wnt Pathway
	It has been well established that the canonical Wnt pathway is driven by the Ubiquitin Proteasome System’s tight regulation of b-catenin protein turnover. There has been a new appreciation that the ubiquitin pathway regulates Wnt signaling at multiple levels and not just through b-catenin. The mechanisms by which ubiquitin modifications alter Wnt pathway components are not as well understood as other signaling pathways, such as the TGFb and NFkB pathways. A better understanding of the roles of ubiquitylation in Wnt signaling could provide important insight into the development of therapeutics for Wnt-driven diseases. For example, small molecules have recently been developed that act to stabilize Axin, a negative regulator of the Wnt pathway, by inhibiting its ubiquitin-mediated proteasomal degradation (Huang et al. 2009, Lau et al. 2013). The Wnt pathway is regulated by the ubiquitylation system at every level of signal transduction, from the level of the signal at the receptor to the level of the output at nuclear transcription. 

[bookmark: _Toc156298404]Regulation of plasma membrane components by ubiquitylation
	The transmembrane RING E3 ligases, zinc and ring finger 3 and ring finger 43 (ZNRF3/RNF43), regulate FZD and LRP6 receptor homeostasis by promoting their ubiquitin-mediated degradation (Hao et al. 2012). The interaction between ZNRF3/RNF43 and FZD is mediated by the DVL protein (Jiang et al. 2015). Evidence that the role of ZNRF3/RNF43 in regulating receptor homeostasis is physiologically relevant came from in vivo studies that showed that deletion of both ZNRF3 and RNF43 in mice resulted in the formation of intestinal adenomas (Koo et al. 2012). Mutations in RNF43 have been found in multiple tumor types, including pancreatic (Jiang et al. 2013). ZNRF3 and RNF43 are both Wnt target genes, suggesting they may be part of a negative feedback loop regulating Wnt signaling. The activity of these E3 ligases is inhibited by the secreted protein R-Spondin upon its binding to the receptor LGR5 (Hao et al. 2012). The biological importance of regulating the levels of Wnt receptors is highlighted by the fact that R-Spondin gene fusions are mutually exclusive with mutations in APC and occur in ~10% of colon cancers (Seshagiri et al. 2012). The deubiquitylation of FZD and LRP6 receptors to counteract their ubiquitylation is also important in controlling their levels. The DUB USP8/USPY deubiquitylates FZD in a Wnt-independent manner (Mukai et al. 2010). Deubiquitylation of FZD inhibits its endocytosis and subsequent degradation and promotes recycling of FZD to the plasma membrane, increasing its surface levels and promoting Wnt signaling. The DUB USP6 has also been shown to deubiquitylate FZD and enhance its cell surface availability independently of Wnt pathway activation (Madan et al. 2016). Additionally, our lab identified USP46, UAF1, and WDR20 (the USP46 complex) as the DUB that catalyzes the deubiquitylation of LRP6, increasing the steady-state level of cell surface receptor and allowing LRP6 to be assembled into the Wnt signalosome, thus promoting Wnt signaling (Ng et al. 2023, Spencer et al. 2023). 
	Regulating the ubiquitylation of the plasma membrane-associated cytosolic protein DVL is also critical for Wnt pathway regulation, playing both positive and negative roles in modulating Wnt activity. The HECT-domain E3 ligases ITCH and NEDD4L act to ubiquitylate DVL, targeting it for ubiquitin-mediated degradation and negatively regulating Wnt signaling (Wei et al. 2012, Ding et al. 2013). The DUB USP14 deubiquitylates DVL and stabilizes it, promoting Wnt signaling (Jung et al. 2013). The ubiquitylation of DVL has also been shown to enhance its function in the Wnt pathway. Polyubiquitylation of the DIX domain of DVL mediates the dynamic polymerization of DVL, which is essential for its role in Wnt signaling. The DUB CYLD deubiquitylates this K63-linked polyubiquitylation of the N-terminal DIX domain of DVL, inhibiting Wnt signaling. Mutations in CYLD result in the activation of the Wnt pathway and the formation of cylindroma tumors (Tauriello et al. 2010). Additionally, the E3 ligase WWP1 and the DUB USP9X regulate Wnt signaling through a ubiquitin rheostat, in which deubiquitylation of DVL promotes canonical Wnt pathway activation, while ubiquitylation of DVL promotes noncanonical Wnt pathway activation (Nielsen et al. 2019). These results demonstrate the complex regulation of plasma membrane components of the Wnt pathway by the ubiquitin system. 

[bookmark: _Toc156298405]Regulation of the transcriptional coactivator b-catenin by ubiquitylation
	The most mechanistically understood E3 ligase in the Wnt pathway is b-TRCP, a member of the F-box family of proteins. F-box E3 ligases function as the substrate recognition component of Skp1-Cul1-F-box (SCF) complexes and recognize phosphorylated substrates. b-TRCP contains two major motifs, an N-terminal F-box and  C-terminal WD40-repeats. b-TRCP was initially identified as a Wg/Wnt regulator in Drosophila in which loss of the fly homolog of b-TRCP (Slimb) resulted in the accumulation of b-catenin and the expression of Wnt-responsive genes (Jiang and Struhl 1998). b-TRCP recognizes GSK3-phosphorylated b-catenin through its WD40-repeats (Hart et al. 1999, Liu et al. 1999). Skp1 binds to the F-box motif of b-TRCP and ubiquitylates the bound b-catenin, targeting it for ubiquitin-mediated proteasomal degradation. 
	Multiple E3 ligases in addition to b-TRCP have also been proposed to regulate b-catenin turnover in Wnt signaling. Ring Finger 220 (RNF220) promotes the deubiquitylation of b-catenin, stabilizing it and resulting in Wnt pathway activation. The mechanism by which this has been shown to occur is via RNF220’s function as an adaptor to recruit b-catenin to the DUB, USP7, which deubiquitylates b-catenin, inhibiting its degradation (Ma et al. 2014). A USP7-related DUB, USP47, has similarly been proposed to promote Wnt signaling by deubiquitylating b-catenin (Shi et al. 2015). Casitas B-lineage lymphoma (c-Cbl) is a RING E3 ligase that preferentially ubiquitylates nuclear b-catenin upon Wnt pathway activation. Wnt signaling induces the phosphorylation of c-Cbl at Tyr731, promoting its dimerization and binding to nuclear b-catenin (Shivanna et al. 2015). The tripartite motif-containing protein 33 (TRIM33) has also been shown to ubiquitylate nuclear b-catenin, and phosphorylation of b-catenin at Ser715 by PKCg promotes its interaction with TRIM33 (Xue et al. 2015). Another E3 ligase that acts on b-catenin is Jade-1, which ubiquitylates phosphorylated and non-phosphorylated b-catenin to promote its degradation (Chitalia et al. 2008). The tumor suppressor von Hippel-Lindau protein (pVHL) stabilizes Jade-1 and inhibits Wnt signaling. The E3 ligase Siah-1 can also promote b-catenin ubiquitin-mediated degradation (Liu et al. 2001). Ubiquitylation of b-catenin by Siah-1 is independent of GSK3 phosphorylation but is dependent on Siah-1 binding to APC. The tumor suppressor p53 induces expression of Siah-1, leading to p53-induced b-catenin ubiquitylation. 

[bookmark: _Toc156298406]Regulation of the destruction complex by ubiquitylation
	The scaffold protein Axin is the rate-limiting factor in the assembly of the destruction complex, and control of the levels of Axin is critical for maintaining Wnt pathway homeostasis (Lee et al. 2003). Small molecule inhibitors of its turnover have been developed for the treatment of APC mutant cancers (Huang et al. 2009, Lau et al. 2013). A major regulator of Axin degradation is the RING E3 ligase Ring Finger 146 (RNF146), which ubiquitylates Axin upon its PARsylation by Tankyrase, a poly(ADP-Ribose) polymerase (Callow et al. 2011, Zhang et al. 2011). Binding to PARsylated Axin promotes allosteric activation of RNF146 (DaRosa et al. 2015). Another destruction complex component, APC, is ubiquitylated by the E3 ligase HectD1, promoting the interaction between APC and Axin (Tran et al. 2013). The enhanced interaction between APC and Axin stimulates destruction complex activity and inhibits Wnt signaling. 
	Numerous DUBs have also been identified that act to regulate the destruction complex to promote or inhibit Wnt signaling. The DUB TRABID (ZRANB1) deubiquitylates APC to promote Wnt signaling, with knockdown of TRABID resulting in hyperubiquitylation of APC (Tran et al. 2008). TRABID specifically deubiquitylates Lys29, Lys33, and Lys63 ubiquitin chains (Licchesi et al. 2011). It is not well understood how deubiquitylation of APC results in Wnt pathway activation. USP15 is another DUB that deubiquitylates APC, but it acts to stabilize APC and promote b-catenin degradation through complex formation with the COP9 signalosome (CSN) (Huang et al. 2009).  Unlike APC, the DUB USP34 deubiquitylates and stabilizes Axin, targeting it to the nucleus where it positively regulates b-catenin-mediated transcription and promotes Wnt signaling by an unknown mechanism (Lui et al. 2011). 

[bookmark: _Toc156298407]Regulation of nuclear components by ubiquitylation
	Regulation of Wnt signaling by ubiquitylation also occurs in the nucleus to control Wnt-mediated transcription. X-linked Inhibitor of Apoptosis (XIAP) has been shown to monoubiquitylate the transcriptional co-repressor Groucho (Gro)/TLE (Hanson et al. 2012). Wnt pathway activation recruits XIAP to Gro/TLE bound to TCF/LEF on DNA, where XIAP ubiquitylates Gro/TLE and decreases its affinity for TCF/LEF. This allows b-catenin to compete for TCF/LEF binding to initiate a Wnt transcriptional program. We identified USP47 as the DUB that deubiquitylates Gro/TLE to reverse this process (Kassel et al. 2023). Only three other DUBs have been identified that act in the nucleus to regulate Wnt signaling. USP9 mediates the deubiquitylation of the Wnt nuclear factor BCL9 (Takada et al. 2012). USP4 is a DUB that has been shown to promote Wnt signaling by deubiquitylating the transcription factor TCF4 (Zhao et al. 2009), and UCH37 interacts with and decreases the ubiquitylation of the Wnt transcription factor TCF7 (Han et al. 2017). A better understanding of the mechanisms of action of nuclear E3 ligases and DUBs in the Wnt pathway could provide important insight into devising effective therapeutics for treating Wnt-driven diseases, especially major human cancers driven by b-catenin-stabilizing mutations. 
[bookmark: _Toc156298408]The Role of Ubiquitylation in Transcription
	The Ubiquitin Proteasome System (UPS) is involved in every stage of gene expression. The UPS acts on transcriptional activators, coactivators, and histone proteins to regulate the initiation of transcription. Core components of the transcriptional machinery are regulated by Ub-mediated processes during transcriptional elongation (Andress et al. 2011, Ramakrishna et al. 2011), and termination of transcription also depends on the UPS (Gillette et al. 2004). Additionally, events that occur alongside transcription, including pre-mRNA processing, splicing, and mRNA export, are also dependent on the UPS (Gwizdek et al. 2006, Song et al. 2010). The UPS is important for regulating the translation of mRNA into protein as well (Shcherbik and Pestov 2010). Because the UPS is so involved in regulating transcription, there are extensive physical interactions between the components of these two systems. Several mechanisms have been proposed as to how the UPS targets specific transcriptional proteins in response to a signal. First, the UPS can read activity-dependent post-translational modifications on transcriptional targets, such as Pol II (Somesh et al. 2007, Daulny et al. 2008). Second, components of the UPS can be activated in response to a transcriptional signal, allowing for substrate specificity (Turnell et al. 2005, Ors et al. 2009). Lastly, the selectivity of E3 ligases can be directly reprogrammed by transcriptional proteins, allowing for new target substrates in a transcriptional context (Li et al. 2010, Ouni et al. 2010). The ability of the UPS and transcription proteins to regulate the activity of each other allows for close interplay and tight control between these two processes. 

[bookmark: _Toc156298409]Proteolytic roles of ubiquitin in transcription
	It is well known that the accumulation or destruction of transcriptional regulators is controlled by their Ub-mediated proteasomal degradation (Lipford and Deshaies 2003, Muratani and Tansey 2003). However, recently it has been established that ubiquitylation of transcriptional regulators can also promote their activity (Lipford et al. 2005, Geng et al. 2012). Counterintuitively, the activity of a transcriptional activator is often directly linked to its destruction (Leung et al. 2008, Wang et al. 2010). Protein turnover of activators requires binding to DNA and is typically signaled by kinases in response to transcriptional activity (Chi et al. 2001, Sundqvist and Ericsson 2003, Muratani et al. 2005, Chymkowitch et al. 2011). E3 ligases are recruited to activators (von der Lehr et al. 2003, Punga et al. 2006, Gammoh et al. 2009), in which there is widespread overlap between their Transcriptional Activation Domain (TAD) and a degron signal (Salghetti et al. 2000). These observations lead to a model where the destruction of transcriptional activators is critical for driving transcription forward and for terminating the activation signal (Geng et al. 2012). In this model, proteolysis serves as a positive regulator of transcription by removing activators labeled as “spent” by phosphorylation and allowing for fresh activator molecules to access the promoter and stimulate additional rounds of transcription. Linking the destruction of activators to their activity provides a checkpoint mechanism for the cell to tightly control the activity of transcription factors.
	The fact that the proteasomal degradation of transcriptional activators is intricately linked to their activity suggests that the proteasome must be within the immediate vicinity of active chromatin sites and likely also has important roles in regulating transcription. Studies suggest that the proteasome is involved in regulating every step of gene expression, from controlling activators and coactivators (Perissi et al. 2004, Lee et al. 2005), transcriptional elongation (Ferdous et al. 2001, Ferdous et al. 2002) and termination (Gillette et al. 2004), histone modifications (Koues et al. 2008, Koues et al. 2009, Koues et al. 2010, Truax et al. 2010), and the repression of cryptic transcription (Szutorisz et al. 2006, Cheung et al. 2008). Because of this, it has been proposed that the proteasome is recruited to transcriptionally active genes and used as a “Swiss army knife” to carry out a variety of biological functions (Geng et al. 2012). During transcriptional initiation, the proteasome regulates activator recruitment and is then poised to destroy the activator once its activity is completed (Ferdous et al. 2007). During transcriptional elongation, proteasomes act to remodel chromatin and remove terminally stalled RNA Pol II complexes (Auld et al. 2006, Daulny and Tansey 2009). During transcriptional termination, the proteasome drives changes in the Pol II complex necessary for the completion of transcription and prevents cryptic transcription at inappropriate sites in the genome (Gillette et al. 2004). Thus, the transcriptional machinery uses the various functions of the proteasome to regulate every stage of transcription. 

[bookmark: _Toc156298410]Nonproteolytic roles of ubiquitin in transcription
	Ubiquitylation of transcriptional activators and coactivators can regulate their function independent of proteolysis as well. Monoubiquitylation of TAs has been shown to stimulate their activity, though the precise mechanism remains unclear (Brès et al. 2003, Morén et al. 2003, Burgdorf et al. 2004, van der Horst et al. 2006). Atypical poly-Ub chains can also stimulate the activity of transcription factors under some circumstances (Adhikary et al. 2005, Ramakrishna et al. 2011). Ubiquitylation can promote or inhibit the binding of a transcription factor to its target site in the genome.  For example, ubiquitylation of the yeast activator Gal4 locks it onto chromatin in an active conformation (Archer et al. 2008). On the other hand, ubiquitylation of the yeast transcriptional repressor a2 plays a role in dissociating it from its target site (Wilcox and Laney 2009). Ubiquitin can also act to recruit Ub-binding proteins to specific sites of the genome (Stolz et al. 2011). 
	Another key intersection between the UPS and transcription involves the impact of histone ubiquitylation on chromatin structure. All histones can be ubiquitylated; histone ubiquitylation is abundant in the cell and represents a nonproteolytic mechanism to control gene expression (Weake and Workman 2008). Ubiquitylation of H2A is associated with chromatin compaction and transcriptional repression, while H2B ubiquitylation promotes gene activation (Osley 2006). Histone ubiquitylation can influence transcription by controlling chromatin compaction, recruiting transcriptional effectors, promoting nucleosome disassembly or reassembly, and signaling for additional histone modifications. Therefore, histone ubiquitylation can act both positively and negatively in transcriptional regulation and, like other ways in which the UPS acts to control transcription, the timing and type of modification determine the biological outcome.



Chapter II

[bookmark: _Toc156298411]MATERIALS & METHODS

[bookmark: _Toc156298412]Drosophila dsRNA generation and S2 cell RNAi screen
	Screening for DUB regulators of Wg signaling was performed as previously reported (Hanson et al. 2012). Verified or predicted DUBs were identified using the “Termlink” function on www.flybase.org, resulting in a list of 29 DUBs. The Drosophila Gene Collection was used to isolate plasmid cDNA encoding each DUB. T7 and T3 RNA polymerase promoters were added to the 5’ and 3’ ends of each cDNA, respectively, via PCR primers specific for the vector. Primer sequences are as follows: DUBs in pOTB7/pOT2, 5’-CAGAGATGCATAATACGACTCACTATAGGGAGATTAGGTG-ACACTATAGAACT-3’ (forward) and 5’-CCAAGCCTTCAATTAACCCTCACTAAAGGGA-GAAAGCCCGCTCATTAGGCGGGTTAAA-3’ (reverse); DUBs in pBSSK/pFlc1, 5’-CAGAGATGCATAATACGACTCACTATAGGGAGACGACTCACTATAGGGCGAAT-3’ (forward) and 5’-CCAAGCCTTCAATTAACCCTCACTAAAGGGAGATTAACCCTCACTA-AAGGGAACAAAA-3’ (reverse).
	dsRNAs were synthesized in an in vitro transcription reaction using mMessage mMachine (Ambion) according to the manufacturer’s instructions. dsRNAs were purified using the RNeasy Mini Kit (Qiagen) and were added to Drosophila S2 reporter cells stably transfected with a Wg TOPflash luciferase transcriptional reporter and a constitutively expressed lacZ gene (gift from R. Nusse, Stanford University). S2 reporter cells were then incubated with dsRNAs for 72 hours followed by incubation for 24 hours with Wg-conditioned media from a Drosophila S2 cell line (S2-Tub-wg) stably transfected to express Wg (gift from R. Nusse, Stanford University). Cell were lysed in 1x Passive Lysis Buffer (Promega), and luciferase and b-galactosidase activities were measured using Steady Glo and b-Glo assays (Promega), respectively. Luciferase activity was normalized to b-galactosidase activity (a measure of cell number).

[bookmark: _Toc156298413]Drosophila stocks and crosses
	RNAi lines for Usp47 [Usp47i1: Vienna Drosophila Resource Center (VDRC) #103743 and Usp47i2: VDRC #26027] and y (VDRC #106068) were expressed, along with UAS-Dcr-2 (Bloomington Drosophila Stock Center #24648), in third instar larval wing imaginal discs using the hh-Gal4 (Tanimoto et al. 2000) driver. The RNAi lines ctripi1 (Bloomington Drosophila Stock Center (BDSC #33435)), ctripi2 (VDRC #33952), ctripi3 (VDRC #108546), ctripi4 (VDRC #50189), ctripi5 (VDRC #50190), ctripi6 (BDSC #44481), ctripi7 (VDRC #49703), brmi1 (BDSC #31712), brmi2 (BDSC #35211), arri1 (VDRC #6708), arri2 (VDRC #36286) and yi2 (BDSC #364527) were expressed in third instar larval wing discs or Drosophila intestine using hh-Gal4 (Tanimoto et al. 2000) with or without UAS-dcr2 (BDSC #25757), or C96-Gal4 (BDSC #43343) with UAS-dcr2, or ap-Gal4 (BDSC #3041), or cad-Gal4 (BDSC #3042), or vgB-Gal4 (gift from Andrew Tomlinson, Columbia University) or esg-Gal4 tubGal80ts (gift from Julia Cordero, University of Glasgow). CtripMI14762-GFSTF/TM3, Sb (BDSC #65343), brmMI01941-GFSTF/TM6C, Sb Tb (BDSC #59784), Bap111-GFP. FPTB (BDSC #64799) were also used. Fly reporters mScar:T2A:sens (Kassel et al. 2023) and fz3-GFP (Morin et al. 2001) were used.  Fly crosses with C96-Gal4 or cad-Gal4 driver were performed at 29C. Other crosses were performed at 25C. 

[bookmark: _Toc156298414]Generation of mScar:T2A:Sens flies
	To generate a transcriptional reporter for sens expression in Drosophila, we inserted the coding sequence for the red fluorophore mScarlet 5’ of the sens coding sequence by CRISPR-assisted homology-directed repair (HDR). To avoid functional interference of Sens function by the fluorescent tag, we separated the coding sequence of both proteins using a T2A cleavage signal. CRISPR-assisted HDR was performed as previously described (Port et al. 2014). Briefly, a donor plasmid was constructed containing homology arms of around 1 kb on either side of the insertion site and the mScar:T2A sequence. Homology arms were PCR-amplified with primers sens5’armfwd GACGGTATCGATAAGCTTGATATCGAATTCcaccgatcagcagtgaaatcctctgcc, sens5’armrev CTTTATTACAGCTTCGCCCTTACTAACCATTTTGATTCTGGATCTTTAC- TTTTTGG, sens3’armfwd ATGCGGTGACGTCGAGGAGAATCCTGGTCCAATGAATCA- CCTATCGCCGCC, and sens3’armrev GAGCTCCACCGCGGTGGCGGCCGCTCTAG- AACCTGGTGCTCCTCCTCATC from genomic DNA of nos-Cas9 flies. The mScar:T2A sequence was ordered as a gBlock from Integrated DNA Technologies and assembled with the homology arms and EcoR I- and Xba I-digested pBluescript plasmid by In-Fusion cloning (Takara Bio, Shiga, Japan). An sgRNA with the protospacer TAGGTGATTCATTTTGATTC was cloned into pCFD3 as previously described (Port et al. 2014). Donor plasmid (500 ng/ml) and sgRNA plasmid (100 ng/ml) were microinjected into nos-cas9 embryos. Progeny carrying the insertion was identified by PCR, and the accuracy of the knock-in was confirmed by PCR with primers annealing outside the homology arms and subsequent Sanger sequencing. 

[bookmark: _Toc156298415]Generation of tissue-specific CRISPR mutations in Drosophila
	CRISPR target sites were identified using https://flycrispr.org/target-finder/ (Gratz et al. 2014) gRNA sequences (Table 2.1). Two sets of two guide RNAs for Usp47 and one set for the control gene ebony were cloned into the pCFD6: UAS-t::gRNA plasmid following the protocol described at http://crisprflydesign.org/. Plasmids were injected by BestGene and integrated at the attP40 site. Wing-specific mutations were generated by crossing the gRNA-containing lines to vgB-Gal4; UAS-Cas9. Crosses were performed at 29C.
	The ctrip27-6 and ctripCD mutants were generated using CRISPR/Cas9. Two guide RNAs (Table 2.1) were identified using http://targetfinder.flycrispr.neuro.brown.edu/ and were cloned into pCFD3: U6:3-gRNA, following the protocol described at http://www.crisprflydesign.org/. ctrip catalytic dead mutants were generated using a co-CRISPR method. Two guide RNAs close to the catalytic site were identified and cloned into pCFD3 vector separately, a repair template for homology-directed repair (HDR) was created by synthesizing a gene block (Integrated DNA Technologies, Inc.) that was cloned into the pMiniT 2.0 plasmid using the PCR cloning Kit (NEB). The gene blocks were 1 kb long containing mutations at the catalytic cysteine and approximately 470 bp long homology arms on either side of the mutation. DNA mixes containing 100 ng/ml of each pCFD3-gRNA plasmid (including a gRNA for the ebony gene) and 500 ng/ml of the repair template were injected into nos-Cas9 embryos by BestGene.

[bookmark: _Toc156298416]Generation of germline Usp47 mutants using CRISPR-Cas9
	Usp47 germline mutants described in Table 2.2 were generated using Usp47 gRNA line 2 (Table 2.1). The gRNA-containing line was crossed to yw; UAS-Cas9 nos-Gal4::VP16 (Bloomington Drosophila Stock Center #54593). The Usp47 mutants isolated encode only 39 or 40 of the total 1538 amino acids (Table 2.2). 

[bookmark: _Toc156298417]Drosophila immunohistochemistry
	Third instar larval wing imaginal discs were dissected in phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde in PBS for 20 min. After fixation, discs were washed with PBS with 0.1% Triton X-100, followed by incubation in PBS with 0.1% Triton X-100 and 10% bovine serum albumin (BSA) for 1 hour at room temperature. Wing discs were incubated with guinea pig anti-Senseless (Nolo et al. 2000) or rabbit anti-dsRed (1:500; Clontech/TaKaRa, catalog no. 632496, to detect the sens reporter mScar:T2A:sens), mouse anti-Wg [1:500; 4D4, Developmental Studies Hybridoma Bank (DSHB)], mouse anti-Engrailed (En) (1:20; 4D9, DSHB), or the antibodies listed in Table 2.3 at 4C overnight in PBS with 0.5% Triton X-100, followed by incubation with secondary antibodies (1:500; anti-guinea pig, anti-mouse, anti-goat, or anti-donkey Alexa Fluor 488, 555, or 647 conjugates; Thermo Fisher Scientific, and goat or donkey Cy5 conjugates; Life Technologies/Jackson Immunochemicals) for 2 hours at room temperature. Specimens were stained with 4’,6-di-amidino-2-phenylindole (DAPI; 2 mg/ml) and mounted in Prolong Gold (Invitrogen). Fluorescent images were obtained on a Nikon A1Rsi confocal microscope. 

[bookmark: _Toc156298418]Quantification and statistics
	For the cultured cell experiments, graphs were made using Prism 9 (GraphPad Software Inc.) and statistical analysis was performed using the one-way ANOVA with a follow-up Tukey’s or Dunnett’s test. A value of p < 0.05 was considered statistically significant. For zebrafish studies, data were analyzed with PRISM 9 software. Statistical analyses were performed in R v3.1.0. using the Fisher’s exact test and multiple T-test (two-tailed, equal variance). Post hoc analysis of Fisher’s exat test and multiple T-tests were by Bonferroni correction. Sample sizes (n) are indicated as n = number of samples, with the number of the observed phenotype over the total sample number. For Drosophila studies, quantification of progenitor cells in the adult midgut, esg> GFP positive cells in a field of 60X objective lens in the R5A region were counted. A minimum of three independent replicates were performed for each experiment. Statistical tests were performed using Prism 9 software or the GIGA P-value Calculator (https://www.gigacalculator.com/calculators/p-value-significance-calculator.php). 

[bookmark: _Toc156298419]Plasmids and purified proteins
	pCS2-Myc-XIAP, pCS2-Myc-TLE3, pCS2-USP47, pCS2-HA-USP47, and pCS2-HA-Ub were generated using standard PCR-based cloning strategies. pMAL-C5E-6XTUBE was synthesized by Genscript Biotech based on the 6XTUBE sequence (Tsuchiya et al. 2018). pEBB-FLAG-XIAP was purchased from Addgene and described previously (Yang 2000, Lewis et al. 2004). pTwist-CMV-BetaGlobin-V5-USP47 was purchased from Twist Biosciences. The following plasmids were gifts: pMT107-His-Ub (W. Tansey, Vanderbilt University) and pcDNA3-HA-TLE3 (A. Kispert, Hannover Medical School). Maltose-binding protein-tandem ubiquitin binding entity (MBP-TUBE) was purified according to the manufacturer’s protocol for pMAL-based vectors (New England Biolabs). Glutathione S-transferase (GST)-TCF4 was purified as described previously (Hanson et al. 2012). Recombinant His10-USP47 protein was purchased from R&D Systems. Recombinant murine Wnt3a protein was purchased from Time Bioscience.
	pCS2-Myc-TRIP12 was generated by GenScript using standard PCR-based cloning strategies. pAc-GFP-TRIP12 and pAc-GFP-TRIP12-CD were gifts from Jiri Lukas (University of Copenhagen). pCMV5-BRG1-FLAG was generated using standard PCR-based cloning strategies. pCS2-Myc-TRIP12-CD, pCS2-Myc-TRIP12-PARP, and pCS2-Myc-TRIP12-RES were generated using site-directed mutagenesis with the QuikChange II XL Site-Directed Mutagenesis kit (Agilent) with the primers listed in Table 2.4. TRIP12 WT was cloned into pCMV-3xF-turboID via Gibson assembly. Generation of the catalytically inactive TRIP12 was performed using PCR-based site directed mutagenesis kit QuikChange Lightning (Agilent).

[bookmark: _Toc156298420]Cell lines and transfections
	HEK293 cell lines were purchased from the American Type Culture Collection (ATCC). Wg-secreting cells were purchased from the Drosophila Genomics Resource Center. The following cell lines were gifts: HEK293STF (J. Nathans, Johns Hopkins University), HCT116WTKO (R. Coffey, Vanderbilt University), and S2 reporter cells (R. Nusse, Stanford University). HEK293 cell lines were cultured in Dulbecco’s modified Eagle’s medium plus 10% fetal bovine serum (FBS) and antibiotics. HCT116 cells were cultured in McCoy’s 5a medium plus 10% FBS. Drosophila S2 cells were cultured in Schneider’s medium plus 10% FBS. Human cell cultures were maintained at 37C in a humidified 5% CO2 environment. DNA transfections were performed with CaCl2 or Lipofectamine 3000 transfection reagent (Invitrogen) according to the manufacturer’s protocol. CaCl2 transfections were performed as follows. To transfect an individual well of a 12-well plate, 1 mg of DNA was mixed with 6.1 ml of CaCl2 and sterile water for a final volume of 50 ml and added to a tube containing 50 ml of 2x HBS [280 mM NaCl, 10 mM KCl, 1.5 mM Na2HPO4-2H2O, 12 mM dextrose (D-glucose), and 50 mM Hepes], mixed by bubbling air, and added dropwise to the cells. siRNA transfections were performed using Dharmafect-1 (HEK293) or Dharmafect-2 (HCT116). The siRNA sequences used can be found in Table 2.5. 
	Axin and APC siRNA knockdowns were performed by combining hAXIN1 or APC siRNA#1 and #2. Similarly, unless otherwise stated, USP47 and TRIP12 siRNA knockdowns were performed by combining siRNA#1 and #2, and BRG1 siRNA knockdowns were performed by pooling BRG1 siRNA#1 and siRNA#3.

[bookmark: _Toc156298421]Generation of USP47 CRISPR-Cas9-edited clones
	Guide RNAs were designed using publicly available prediction tools at https://broadinstitute.org/rnai/public/analysis-tools/sgrna-design (Doench et al. 2014). The following guide sequences were used to generate the USP47-83 and USP47-118 clones: USP47 gRNA#1, 5’-GGAACCTTTGACTTGGTGTG-3’; USP47 gRNA#2, 5’-GAAGATGTGGCCAACAAGT-3’. 
	pCas-Guide plasmids (OriGene Technologies) containing USP47 gRNA#1 and USP47 gRNA#2 were cotransfected into HEK293T cells and green fluorescent protein-positive cells and fluorescence-activated cell sorting-sorted, and immunoblotting was performed of individual clones to assess USP47 protein levels as previously described (Ran et al. 2013). We were unable to obtain clones that showed complete knockout of USP47 protein as assessed by immunoblotting, which may reflect the fact that USP47 is an essential gene. Alternatively, the difficulty of obtaining cells with complete knockout of USP47 in HEK293 cells may be attributed to its pseudotriploid nature (Bylund et al. 2004). Regardless, several clones were identified that showed significantly reduced amounts of USP47 protein by immunoblotting, including USP47-83 and USP47-118, which were further expanded for use. 

[bookmark: _Toc156298422]Immunoblotting, immunoprecipitation, and GST pulldowns
	For immunoblots, cells were lysed in nondenaturing lysis buffer (NDLB) [50 mM Tris-Cl (pH 7.4), 300 mM NaCl, 5 mM EDTA, and 1% Triton X-100] with 1 mM phenylmethylsulfonyl fluoride (PMSF), and soluble fractions were obtained. Immunoblot intensities were measured using ImageJ (National Institutes of Health). For coimmunoprecipitations, cells were lysed in NDLB with 1 mM PMSF and PhosStop phosphatase inhibitor cocktail tablets (Roche). Lysates were diluted to 1 mg/ml with lysis buffer and incubated with antibody overnight with rotation at 4C, followed by the addition of Protein A/G beads (Santa Cruz Biotechnology) for 2 hours. Beads were then washed five times with NDLB. Bound proteins were eluted from beads with protein sample buffer and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE)/immunoblotting. For FLAG coimmunoprecipitations paired with mass spectrometry, HEK293T cells stably expressing 3xFLAG-TRIP12 were lysed in low salt lysis buffer supplemented with complete protease and phosphatase inhibitors. Lysates were sonicated prior to centrifugation at 15,000 x g 4C for 15 minutes. Protein lysates were incubated rotating with pre-equilibrated Anti-FLAG M2 Affinity gel beads for 3 hours at 4C. Beads were subsequently washed three times in lysis buffer, and complexes were eluted using FLAG peptide and analyzed via quantitative mass spectrometry as described in the label-free LC-MS/MS analysis section. For competition binding assay, increasing amounts of HA-TLE3 were cotransfected (50, 500, and 5000 ng) with V5-USP47 (5000 ng) and/or Myc-XIAP (5000 ng). Control empty vector was added so the total amount of DNA was consistent across samples. For in vitro binding assays, GST-TCF4 (8 mg) was diluted in NDLB and incubated with ubiquitylated Myc-TLE3 (see the “Ubiquitylation assays” section) treated with or without recombinant His10-USP47 protein (3.84 mg) for 1 hour with rotation at 4C. Glutathione beads (Thermo Fisher Scientific) were added for 2 hours with rotation at 4C. Beads were washed seven times for 5 min at 4C in NDLB, and proteins were eluted with sample buffer and analyzed by SDS-PAGE followed by immunoblotting. All experiments were done in triplicate. 

[bookmark: _Toc156298423]TurboID labeling of proximal interactors
	HEK293T cells stably expressing TRIP12 were treated with biotin for one hour. Cells were lysed and homogenized in RIPA buffer (50mM Tris pH 7.5, 500mM NaCl, 0.1% Triton X-100, 1% NP-40, 0.1% SDS) supplemented with protease and phosphatase inhibitors (100mM NaF, 100mM NaMolybdate, 100mM b-glycerophosphate). Protein lysates were incubated rotating with pre-equilibrated StrepTactin beads for 4 hours at 4C. Beads were subsequently washed three times in RIPA buffer, and biotinylated proteins were eluted off using biotin elution buffer. Eluates were processed using single-pot solid-phase-enhanced sample preparation (SP3) prior to overnight trypsin digest and subsequently analyzed via label-free LC-MS/MS analysis (Hughes et al. 2019). 

[bookmark: _Toc156298424]Label-free LC-MS/MS analysis
	FLAG IP-MS experiments were analyzed on a Q-Exactive Plus quadrupole Orbitrap mass spectrometer (Thermo Scientific) equipped with an Easy-nLC 1000 (Thermo Scientific) and nanospray source (Thermo Scientific). Peptides were resuspended in 5% methanol/1% formic acid and loaded on to analytical resolving column (35 cm length, 100 mm inner diameter, ReproSil, C18 AQ 3 mm 120 Å pore (Dr. Maisch, Ammerbuch, Germany)) pulled in-house (Sutter P-2000, Sutter Instruments, San Francisco, CA) with a 45-min gradient of 5-30% LC-MS buffer B (LC-MS buffer A: 0.0625% formic acid, 3% ACN; LC-MS buffer B: 0.0625% formic acid, 95% ACN). TurboID-based biotinylation experiments were analyzed on an Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific) equipped with an Easy-nLC 1200 (Thermo Scientific). Peptides were resuspended in 5% methanol/1% formic acid and loaded onto a column (45 cm length, 100 mm inner diameter, ReproSil, C18 AQ 1.8 mm 120 Å pore) pulled in-house across a 2-h gradient from 3% acetonitrile/0.0625% formic acid to 37% acetonitrile/0.0625% formic acid. Quantification of all LC-MS/MS spectra was performed using MassChroQ and the iBAQ method (Schwanhäusser et al. 2011, Valot et al. 2011). Data was filtered to a < 1% FDR at the peptide level, and proteins that were fully quantified in all experimental replicates were kept and normalized to TRIP12 iBAQ intensities. Imputation for missing values in control replicates was performed matrix-wide in Perseus, and keratins were filtered out from the final dataset. Volcano plots were generated using ggplot2 in RStudio.

[bookmark: _Toc156298425]Over-representation Analysis of Enriched Gene Ontology Terms
	358 commonly identified proteins from both proximity labeling and FLAG AP-MS approaches were used in performing over-representation analysis (ORA) via WebGestalt using the GO biological process against a background of human protein-encoding genes (Liao et al. 2019). Enriched gene sets were post-processed using affinity propagation clustering methods to reduce redundancy (Savage et al. 2019). 

[bookmark: _Toc156298426]Ubiquitylation assays
	TLE3 in vitro ubiquitylation assays were performed in 10-ml reactions using the Ubiquitin Conjugation Initiation Kit (R&D Systems) and USP47 (R&D Systems). Increasing amounts of USP47 were added (0.32, 0.64, or 0.96 mg). Ubiquitylated Myc-TLE3 was prepared by transfection of HEK293FT cells with HA-Ub, Myc-TLE3, and FLAG-XIAP. Whole-cell lysate was collected and used as a substrate. USP47 in vitro ubiquitylation assays were performed in 20-ml reactions using the Ubiquitin Thioester/Conjugation Initiation Kit (Boston Biochem) and the following: 1 mM UbcH5a (Boston Biochem), 2.5 mg of GST-XIAP, and 1 mM dithiothreitol. USP47 protein, generated by the TNT Transcription/Translation System (Promega), was used as a substrate. BRG1 in vitro ubiquitylation assays were performed in 30-ml reactions using the Ubiquitylation Assay Kit (Abcam) and the following: 1 mM UbcH5a (R&D Systems) and 2.5 mg of GST-TRIP12-HECT (NovoPro). FLAG-BRG1 was prepared by transfection of HEK293FT cells with FLAG-BRG1. 2mgs at a concentration of 2mg/ml was taken for immunoprecipitation. FLAG-BRG1 was pulled down with an anti-FLAG antibody, beads were washed 5 times with NDLB, and BRG1 was eluted with FLAG peptide (500 mg/ml) in NDLB at 4C for 1 hour on shaker. The eluate was used as a substrate. Reactions were carried out at 30C for 90 min and were terminated by the addition of sample buffer. Reaction products were resolved by SDS-PAGE and visualized by immunoblotting. For the tandem Ub-binding entity (TUBE) assay (Hjerpe et al. 2009), cells were treated with 20 ng/ml of recombinant Wnt3a overnight. Cells were treated with 10 mM proteasome inhibitor MG132 (Sigma-Aldrich) or dimethyl sulfoxide for 4 hours and lysed in NDLB with 1 mM PMSF and PhosStop phosphatase inhibitor cocktail tablets (Roche). Lysates were diluted to 1 mg/ml with lysis buffer and incubated with 50 mg of MBP-TUBE protein overnight with rotation at 4C, followed by the addition of amylose resin (New England Biolabs) for 2 hours. Resin was then washed five times with 0.1% Tris-buffered saline-Tween. Bound proteins were eluted from the resin with protein sample buffer and analyzed by SDS-PAGE/immunoblotting. 

[bookmark: _Toc156298427]Single-cell analysis, immunofluorescence and Proximity Ligation Assay
	For single-cell analysis, cells were seeded on a black, clear-bottom 96-well imaging plate (Greiner 655090) and allowed to adhere overnight. Cells were then treated for 6 hours with increasing concentrations of Wnt3a (R&D 5036-WN). Cells were then fixed with 4% paraformaldehyde/sucrose and permeabilized in 0.2% Triton X-100/PBS and blocked with 2.5% BSA/PBS for 1 hour at room temperature. Cells were then stained with primary antibody for USP47 (1:500; Bethyl IHC-00235) and b-catenin (1:1000; BD Biosciences 610154) overnight at 4C. Washes were performed three times with Triton X-100/PBS, followed by incubation with Alexa Fluor 488/546 (1:1000; Invitrogen A11001/A11035) for 2 hours at room temperature protected from light. Cells were stained for DAPI for 30 min and imaged using a PerkinElmer CLS high-content microscope. Segmentation was performed using Harmony software as previously described (Cabel et al. 2019), and nuclear and total USP47 and b-catenin were measured. 
	For immunofluorescence studies, RPE cells were seeded on coverslips in 6-well plates and allowed to adhere overnight. Cell were treated with 20 ng/ml of recombinant Wnt3a overnight. Cells were fixed with 3.7% PFA and permeabilized in 0.5% TBS-Triton and blocked with Abdil (0.1% Triton, 1% Sodium Azide, 2% BSA, TBS) for 1 hour at room temperature. Cells were stained with primary antibodies (Table 2.3) at 4C overnight. Washes were performed 2 times with 0.1% TBS-Triton followed by incubation with anti-Rabbit Alexa Fluor 488 (ThermoFisher, A-11008, 1:1000) and anti-Mouse Cyanine3 (ThermoFisher, A10521, 1:1000) for 2 hours in the dark at room temperature. Cells were stained with Hoescht for 15 min., washed 3 times with 0.1% TBS-Triton, and mounted using Prolong Gold. Images were acquired using a Nikon sCMOS camera mounted on a Nikon Eclipse 80i fluorescence microscope with a 40X objective. For Proximity Ligation Assays, RPE cells were seeded on coated coverslips (Fisher Scientific, #08-774-383). Cells were treated with 50 ng/ml of recombinant Wnt3a for 4 hours. Cells were washed 3 times with PBS, fixed with 3.7% PFA, washed 3 times with PBS, permeabilized with 0.5% TBS-Triton, washed 3 times with 0.1% TBS-Triton, and coverslips were moved to a slide moisture chamber (Fisher Scientific, #23-769-522). Duolink In Situ Red Starter Kit Mouse/Rabbit (Millipore Sigma, #DUO92101) was used according to the manufacturer’s protocol. Cells were stained with primary antibodies listed in Table 2.3 overnight at 4C. Coverslips were mounted with Prolong Gold with DAPI (ThermoFisher, P36931). Images were acquired using a Nikon sCMOS camera mounted on a Nikon Eclipse 80i fluorescence microscope with a 40x objective. Intensities were measured using ImageJ (National Institute of Health). 

[bookmark: _Toc156298428]Reporter and HiBiT Assays
	For cell-based luciferase assays, cells were plated and transfected with siRNA or DNA, as described above. Wnt3a-conditioned medium (from L cells stably transfected to express Wnt3a; CRL-2467, ATCC) or control medium (from L cells; CRL-2648, ATCC) or recombinant murine Wnt3a (Time Bioscience) was added to HEK293STF or HCT116 WTKO cells stably transfected with a luciferase-based Wnt reporter 24 hours after transfection. Cells were lysed 24 hours after Wnt3a treatment with 1x passive lysis buffer (Promega), and luciferase activity was measured with Steady Glo (Promega) for TOPflash assays or with the Nano-Glo HiBiT lytic substrate (Promega) for HiBiT assays. Luciferase activities were normalized to viable cell numbers using the CellTiter-Glo assay (Promega). All assays were performed in triplicate. 

[bookmark: _Toc156298429]RNA isolation and qRT-PCR
	HEK293 cells were incubated with Wnt3a for 8 hr and total RNA was isolated using RNAeasy RNA extraction kit (Qiagen). RNA was reverse transcribed to cDNA using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). qPCR assays were performed in quadruplicate using TaqMan FAST Advanced Real-time PCR Master Mix (Applied Biosystems) and analyzed on a CFX96 Real-Tiime PCR system (Bio-Rad). Predesigned and validated TaqMan probes (Life Technologies) were used as follows: GUSB (Hs00939627_m1), SP5 (Hs01370227_mH), AXIN2 (Hs00610344_m1), and DKK1 (Hs00183740_m1). All qPCR amplifications were performed in biological triplicate. 

[bookmark: _Toc156298430]Xenopus laevis studies
	Xenopus embryos were fertilized in vitro, dejellied, cultured, and injected with 25 ng of morpholino and/or 2 ng of mRNA as previously described (Peng 1991). Morpholinos with the following sequences were purchased from Gene Tools: standard control MO, 5’-CCTCTTACCTCAGTTACAATTTATA-3’; USP47 MO, 5’-GCTGACTCTCT- TCTCCAGGCCTCAT-3’. 
	Capped Xwnt8 and USP47 mRNA were generated using mMessage mMachine (Ambion) according to the manufacturer’s instructions. Animal caps were excised from stage 9 embryos and cultured until stage 11, and RT-PCRs of USP47, Chordin, and ODC transcripts were performed as described (Cselenyi et al. 2008). In situ hybridization analysis was performed as described (Harland 1991) using a probe against Xenopus USP47 and using SP6 polymerase for the antisense strand. For whole embryo sectioning and staining, embryos were formalin-fixed, processed, embedded into paraffin, and stained with H&E for histological analysis. Statistical analysis was performed using chi-square test with Bonferroni correction. All experiments involving the use of Xenopus embryos were approved by the Institutional Animal Care and Use Committee at Vanderbilt University and were performed in accordance with their policies and guidelines.

[bookmark: _Toc156298431]TCGA data analysis
	To evaluate TRIP12 mRNA expression in The Cancer Genome Atlas, we utilized the ULCAN interactive web-portal tool (Chandrashekar et al. 2017). 

[bookmark: _Toc156298432]Organoid Cultures
	The isolation and culture of APCmin mouse intestinal organoids were performed as previously described (Li et al. 2017). APCmin organoids were digested with Gentle Cell Dissociation Reagent (Stemcell Technologies) for 10 min at RT and sheared once with a 25G needle. Dissociated organoids were added to a lentiviral mixture containing lentiviral particles (MOI = 10), 8 mg/ml polybrene, and 10 mM Y27632 (Stemcell Technologies) in 25% L-WRN-conditioned media. The mixture was then spinoculated at 600 xg for 2 hr using a tabletop centrifuge at RT, followed by incubation at 37C 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. Organoids were imaged and lysed for immunoblotting after 9 days. Image acquisition was performed with an Olympus IX51 inverted fluorescence microscope using the Olympus CellSens software. For immunoblotting, organoids were lysed in RIPA buffer (Thermo) supplemented with a Protease/Phosphatase inhibitor cocktail (Thermo). Lysates were boiled in SDS sample buffer for 10 min, followed by SDS-PAGE analysis and immunoblotting. 

[bookmark: _Toc156298433]Multiplex immunofluorescence of formalin-fixed paraffin-embedded (FFPE) tissue
	Normal colon tissue FFPE blocks were cut into 5 mm sections and stored at -20C. Tissue sections were thawed overnight at room temperature and heated for 1 hr at 60C. Tissue sections were deparaffinized with xylene (2x15 min), ethanol (100% 2x5 min, 95% 1x5 min), and water (5 min) and washed with PBS. Slides were heated for 45 min in sodium citrate buffer (pH 6.0) in a rice cooker, followed by 30 min at room temperature for antigen retrieval. Tissues were washed with PBS and blocked for 2 hours with 10% goat serum in PBS (blocking buffer). Primary antibodies (BD Transduction Laboratories 610154 mouse anti-b-catenin diluted 1:300; Bethyl Laboratories #A301-814A rabbit anti-TRIP12 diluted 1:100; Santa Cruz G-7 mouse anti-BRG1 diluted 1:100), diluted in blocking buffer, were incubated on tissue sections at 4C for 16 hr. Tissue sections were washed with 0.05% Tween 20 in PBS. Secondary antibodies (Abcam ab97035 goat anti-mouse Cy3 1:100; Invitrogen A-21245 goat anti-rabbit Alexa fluor 647 1:150) were diluted in blocking buffer containing Hoechst 33342 nuclear stain (1:1000) and incubated on tissue sections at 37C for 1 hr. Images were acquired using a Nikon Spinning Disc confocal microscope. 

[bookmark: _Toc156298434]Zebrafish injections
	Wild-type (NHGRI) or Tg(myl7:GFP) were used for all experiments. Fish were phenotyped at 3 days post fertilization (dpf). Only phenotypes observed in 	n  3 biological repeats were reported. Embryos from n  3 male/female pairs were collected per biological repeat. Data is aggregated from all biological repeats. Embryos with severe and non-specific edema were excluded from the analysis. For mRNA injections, capped mRNAs were generated using mMessage mMachine (Ambion) according to the manufacturer’s instructions. Zygotes (1 cell) were injected (1 ng mRNA in 1 nl) into the single cell. Morpholinos were injected into the yolk (6 ngs MO in 3 nl). Morpholinos (MO) were purchased from Gene Tools. For zebrafish CRISPRi studies, embryos were injected with combinations of 250 pg dCas9 mRNA and 500 pg sgRNA in 1nL into a single cell. To assess the degree of CRISPRi mediated transcriptional downregulation, qPCR of TRIP12 was performed on pools of 10 fish collected at 24 hpf in TRIzol. cDNA was generated with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and ran on a QuantStudio 5 (Applied Biosystems). Embryos analyzed for qRT-PCR were from n=3 clutches of embryos from n2 breeding pairs. 

[bookmark: _Toc156298435]Microscopy of zebrafish embryos
	Fish were fixed for 2 hours at room temperature with 4% PFA at 3 dpf and stored at 4C until imaging. Eyes and spine defects were imaged in glycerol and pericardial edema and cardiac malformations were imaged in methylcellulose. Bright field images were obtained using a Stemi 2000-CS microscope (Zeiss, Oberkochen, Germany) with an Olympus DP72 camera. Images were analyzed in Fiji and Photoshop.
[bookmark: _Toc156298436]Vertebrate animal care
	All zebrafish were treated in accordance with the University of Maryland School of Medicine’s and Michigan State University’s Institutional Animal Care and Use Committees.



















[bookmark: _Toc151478051]Table 2.1. gRNAs for tissue-specific CRISPR mutagenesis.
	Gene 
	Line #    gRNA/PAM 
	 

	Usp47 

	Line 1    TAAAAGAGTGGTAGTCAAAA/AGG and  AGGTGCAGCGTGAGGATGTA/GGG 

	
	Line 2    AAACGCGTGATTGACCTTAT/TGG   and  CAGGTTGAGCGTCTGAGGGA/AGG 

	ebony 
	Line 1    GGCTGTGTGCATGCAGCCGT/CGG  and  GTTCTTCACCGGACGATAGT/CGG

	ctrip
	Line 1    GTCGACGGAGGAGCTTACAGCGG and
TTGATCACTGACGACCGGTATGG
Line 2    GAATTCGCGCAGCAACTGATTGG and
TCCGGCTGATCCGTTTCGGTTGG
Line 3    GCCAAGCACAAGCAGCGCTGCGG and
GAAGAGGAGGTGGGCTTCTACGG 

	ctrip27-6
	Line 1    CAGTGAGGTCGGTCGACTACAGG and
CAGGCTTTGCTCGAAGCCCGAGG

	ctripCD9/10
	Line 1 CAACTTTAGATAGTTGACACAGG and
TTGACACAGGTCATCACAGATGG

	TRIP12
guide #1
	ACCGGCCUAAUUCCAAUCCA

	TRIP12
guide #2
	GAGAGGUGCCAAUGUCCAAC














[bookmark: _Toc151478052]Table 2.2. Drosophila mutant alleles.
	Allele 
	Class 
	Aberration 
	Notes 

	Usp47AM2 
	Null 
	2 bp deletion (121-122) 
	Wild-type translation to AA 40 

	Usp47AF5
	Null 
	7 bp deletion (117-123) 
	Wild-type translation to AA 39 

	Usp47AF6
	Null 
	7 bp deletion (120-124), with insertion of 12 bp 
	Wild-type translation to AA 40 

	ctrip27-6
	Null
	Deletion of 4bp (XX-XX)
	Wild-type translation to

	ctripCD9
	Null
	Site mutation at XX
	CysteineAlanine

	ctripCD10
	Null
	Site mutation at XX
	CysteineAlanine



*All positions with respect to the transcriptional start site (Port et al. 2014)















[bookmark: _Toc151478053]Table 2.3 Antibodies
	Primary Antibodies
	Concentration
	Source

	Rabbit DsRed (for Scar-Sens)
	1:500
	TaKaRa

	Mouse anti-EN (4D9)
	1:100
	Developmental Studies Hybridoma Bank (DSHB)

	Rabbit anti-GFP (A11122)
	1:500
	Thermo Fisher Scientific

	Chicken anti-GFP (A10262)
	1:500
	Thermo Fisher Scientific

	Mouse anti-Wg (4D4)
	1:500
	DSHB

	Mouse anti-Ptc (Apa1)
	1:500
	DSHB

	Mouse anti-LamC (LC 28.26)
	1:500
	DSHB

	Rat anti-HA (11867423001)
	1:2000
	Roche

	Mouse anti-b-gal (Z378B)
	1:500
	Promega

	Rabbit anti-TRIP12 (A301-814A)
	1:500 (IF and PLA)
1:5000 (WB)
	Bethyl

	Mouse anti-b-catenin
	1:500 (IF)
1:1000 (WB)
	Vanderbilt Antibody and Protein Research Core

	Mouse anti-BRG1 (G-7)
	1:500 (PLA)
1:1000 (WB)
	Santa Cruz

	Mouse anti-Tubulin
	1:5000
	Vanderbilt Antibody and Protein Research Core

	Rabbit anti-Axin (C76H11)
	1:1000
	Cell Signaling Technology

	Rabbit anti-APC (sc-7930)
	1:1000
	Santa Cruz

	Mouse anti-Myc
	1:1000
	Vanderbilt Antibody and Protein Research Core

	Rabbit anti-BRG1 (D1Q7F)
	1:1000
	Cell Signaling Technology

	Mouse anti-FLAG
	1:500
	Vanderbilt Antibody and Protein Research Core

	Rabbit anti-DYKDDDDK (FLAG) (20543-1-AP)
	1:1000
	Proteintech

	Mouse anti-MBP
	1:1000
	Vanderbilt Antibody and Protein Research Core

	Mouse anti-V5 (SV5-Pk1)
	1:1000
	Bio-Rad

	Mouse anti-HA
	1:1000
	Vanderbilt Antibody and Protein Research Core

	Mouse anti-GAPDH
	1:500
	Developmental Studies Hybridoma Bank

	Rabbit anti-Hisone H3
	1:25000
	Cell Signaling Technology

	Goat anti-mouse or rabbit IgG H+L-HRP
	1:5000
	Promega



IF, Immunofluorescence; PLA, Proximity Ligation Assay; WB, Western Blot
[bookmark: _Toc151478054]Table 2.4 Primers
	Primer
	Sequence (5’3’)

	TRIP12-CD (C2007A)_FWD
	CAACTTAAGATAGTTCACAGCAGTCATTACAGAGGGCAACAAGTCAT

	TRIP12-CD (C2007A)_REV
	ATGACTTCTTGCCCTCTGTAATGACTGCTGTGAACTATCTTAAGTTG

	TRIP12-PARP (R869A)_FWD
	CACGGGAACAGCAGCTGCCATTCAGAGAAAACC

	TRIP12-PARP (R869A)_REV
	GGTTTTCTCTGAATGGCAGCTGCTGTTCCCGTG

	TRIP12-RES (A399, P401, S403)_FWD
	TTACTGCCTCCTGGTTACTTTCGGGGTCCGCCATTTTCTCCTGTC

	TRIP12-RES (A399, P401, S403)_REV
	GACAGGAGAAAATGGCGGACCCCGAAAGTAACCAGGAGGCAGTAA

	3xF TID TRIP12 EcoRI_FWD
	GGTCTGCCGAAAAGGAATTCATGTCCAACCGGCCTAAT

	3xF TID TRIP12 KpnI_REV
	CCTCTAGAGTCGACTGGTACCTTAGGAAAGATGGAACGA

	3xF TID TRIP12 C2007A_FWD
	ATGACTTCTTGCCCTCTGTAATGACTGCTGTGAACTATCTTAAGTTG

	3xF TID TRIP12 C2007A_REV
	CAACTTAAGATAGTTCACAGCAGTCATTACAGAGGGCAAGAAGTCAT

	Standard Control MO
	CCTCTTACCTCAGTTACAATTTATA

	TRIP12 MO
	GGACATTGGCACCTCTCTCCTGAAG

	TRIP12 Set #1_FWD
	GCCAGTCAGAGAAGATGAAGAG

	TRIP12 Set #1_REV
	CGTCCTGTTTCTTGGCATTTC

	TRIP12 Set #2_FWD
	CACCACCTGCAGTACTTCTATC

	TRIP12 Set #2_REV
	GTCTGCAGCACTCCATTAGT






[bookmark: _Toc151478055]Table 2.5 siRNA
	siRNA
	Sequence (5’3’)

	APC siRNA#1
	CUGAAGAUGAUGAAAGUAAUU

	APC siRNA#2
	UGAUAAUGAUGGAGAACUAUU

	BRG1 siRNA#1
	GCUCAGAAGAAGAGGAAGAUU

	BRG1 siRNA#2
	CCAAGGAUUUCAAGGAAUAUU

	BRG1 siRNA#3
	GGCAGAAGCACCAGGAAUAUU

	hAXIN1 siRNA#1
	GCGUGGAGCCUCAGAAGUUUU

	hAXIN1 siRNA#2
	CCGAGGAGAAGCUGGAGGAUU

	NT siRNA
	UAAGGCUAUGAAGAGAUACUU

	NT2 siRNA
	CCUACGCCACCAAUUUGGUU

	TRIP12 siRNA#1
	UGGCAGACCCUGAAAGCAAUU

	TRIP12 siRNA#2
	GAACACAGAUGGUGCGAUAUU

	USP47 siRNA#1
	CGAGAGAAGCUUAGUGAAAUU

	USP47 siRNA#2
	GCUUAUAAGAUGAUGGAUUUU


















Chapter III

[bookmark: _Toc156298437]USP47 DEUBIQUITYLATES GROUCHO/TLE TO PROMOTE 
WNT-b-CATENIN SIGNALING
Work presented in this chapter is published in Science Signaling.

[bookmark: _Toc156298438]INTRODUCTION
	The Wnt-b-catenin signaling pathway plays an essential role in animal development and in maintenance of homeostasis in adult tissues (Saito-Diaz et al. 2013, Anthony et al. 2020). Mutations that disrupt the Wnt pathway result in human diseases, including cancer. The critical effector of the canonical Wnt pathway is the transcriptional coactivator b-catenin. In the absence of Wnt ligands, b-catenin is maintained at low amounts due to constitutive proteasome-dependent degradation driven by a destruction complex composed of the tumor suppressor adenomatous polyposis coli (APC), the scaffold protein Axin, and the kinases casein kinase 1a (CK1a), and glycogen synthase kinase 3 (GSK3) (Hart et al. 1999, Liu et al. 1999). The binding of Wnt ligands to the coreceptors low-density lipoprotein receptor 5 or 6 (LRP5/6) and Frizzled (Fz) inhibits the destruction complex, resulting in stabilization of b-catenin. Subsequently, b-catenin translocates to the nucleus, where its binding to transcription factors of the T cell factor and lymphocyte enhancer factor (TCF/LEF) family initiates a Wnt transcriptional program (Anthony et al. 2020). 
	In the absence of a Wnt ligand, the transcriptional corepressors Groucho (Gro) in invertebrates and transducing-like enhancer (TLE) in vertebrates form a complex with TCF/LEF to inhibit the transcription of Wnt target genes (Cavallo et al. 1998). The process by which b-catenin competes with Gro or TLE (Gro/TLE) binding to TCF/LEF is proposed to be a regulated event that requires the formation of a large molecular weight nuclear complex or “enhanceosome” (Fiedler et al. 2015, Anthony et al. 2020). Our laboratory previously identified an E3 ubiquitin ligase, X-linked inhibitor of apoptosis (XIAP), as a positive regulator of Wnt signaling (Hanson et al. 2012, Ng et al. 2018). Wnt signaling recruits XIAP to TCF/LEF to promote ubiquitylation of Gro/TLE that is bound to TCF/LEF. Ubiquitylated Gro/TLE exhibits decreased affinity for TCF/LEF, thereby allowing b-catenin to effectively compete for TCF/LEF binding. 
	Our previous work suggests the presence of a deubiquitylase (DUB) that acts on Gro/TLE to reverse the action of XIAP and “recharge” Gro/TLE for reassembly of the Gro/TLE-TCF/LEF complex (Hanson et al. 2012). Here, we provide evidence that the DUB ubiquitin-specific protease 47 (USP47) is an evolutionarily conserved positive regulator of Wnt signaling that reverses the action of XIAP by deubiquitylating Gro/TLE in cells and in vitro. Together, our data highlight a mechanism by which XIAP and USP47 promote and oppose Gro/TLE ubiquitylation, respectively, enhancing the ability of b-catenin to cycle on and off TCF, thereby promoting the b-catenin-dependent regulation of Wnt target genes. 




[bookmark: _Toc156298439]RESULTS

[bookmark: _Toc156298440]RNAi screen identifies Usp47 as a positive regulator of Wg signaling in Drosophila
	We previously identified XIAP as an E3 ligase that enhances signaling induced by Wingless (Wg), the best characterized Wnt homolog in flies (Hanson et al. 2012). Using a similar approach, we performed a genome-scale RNA interference (RNAi)-based screen in Drosophila melanogaster cells to identify DUBs that regulate Wg signaling (Figure 3.1A). Briefly, plasmids containing cDNAs corresponding to predicted and experimentally verified DUBs from the Drosophila Gene Collection (releases 1 and 2) were used as polymerase chain reaction (PCR) templates to generate cDNAs for in vitro transcription of double-stranded RNA (dsRNA) (Stapleton et al. 2002). Knockdowns were performed by the addition of dsRNAs to Drosophila S2R+ cells, a Wg-sensitive isolate of the S2 cell line stably expressing the Wg-responsive luciferase reporter TOPflash (Korinek 1997, Yanagawa et al. 1998). Using this approach, we found a notable reduction in Wg-induced signaling upon knockdown of Usp47 (also called Ubp64E), which encodes the Drosophila homolog of the vertebrate DUB USP47 (Figure 3.1B). 
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[bookmark: _Toc155859086]Figure 3.1. Drosophila RNAi screen identifies the DUB Ubp64E/Usp47 as a positive regulator of Wnt signaling. 
(A) Schematic of RNAi screen to identify DUBs that regulate Wnt signaling in Drosophila S2 cells. (B) Results of RNAi screen. Graph represents mean ± standard deviation (SD) of TOPflash normalized to cell number. Armadillo (Arm) dsRNA treatment was performed as a control. Results for Ubp64E/Usp47 dsRNA (15) and 14 additional dsRNAs included in the screen are shown. Results are representative of at least 3 experiments performed in quadruplicate. *p<0.05, **p<0.01 (two-tailed Student’s t-test) versus +Wg control. Significance was not corrected for multiple comparisons. 

[bookmark: _Toc156298441]Usp47 is required for Wg signaling in Drosophila
	During development, Wg signaling controls patterning of the dorsoventral boundary of the Drosophila wing. Disruption of Wg signaling results in the loss of specification of sensory neurons at this boundary (Diaz-Benjumea and Cohen 1995). To determine whether Usp47 is required for Wg signaling in vivo, we depleted Usp47 transcripts by RNAi-mediated knockdown in third instar larval wing imaginal discs (the precursors of the adult wing). Selective knockdown in the posterior compartment of the wing disc was achieved using the hedgehog (hh)-Gal4 driver, and effects on Wg signaling were assayed by examining expression of the Wg target gene senseless (sens) along the dorsoventral boundary. In contrast to the knockdown of the control gene yellow (y), knockdown of Usp47 in the posterior compartment of the wing disc markedly reduced sens expression (Figure 3.2). To rule out off-target effects, these experiments were repeated with a different Usp47 RNAi construct and led to a similar reduction in sens expression. RNAi-mediated knockdown of Usp47 did not decrease wg expression, although sens reporter (Scar-Sens) expression was decreased (Figure 3.3). These findings indicate that the reduction in sens expression resulting from Usp47 depletion was not due to a reduction in Wg. Consistent with these results, Shi et al. (Shi et al. 2015) reported that Usp47 depletion in the wing disc resulted in decreased accumulation of Armadillo (the Drosophila homolog of b-catenin) and attenuated expression of sens. Together, these findings provide in vivo evidence supporting the role of Usp47 as a positive regulator of Wg signaling. 
	We further characterized the effects of Usp47 depletion in the wing by combining CRISPR-based mutagenesis with tissue-specific expression of Cas9 and Usp47 single guide RNAs (sgRNAs). By comparison with ebony control sgRNAs, expression of Usp47 sgRNAs in the wing using the vestigial B (vgB)-Gal4 driver resulted in increased notches at the wing periphery, a hallmark of Wg signaling inactivation. To rule out potential off-target effects, we used vgB-Gal4 to express sgRNAs that target different parts of the Usp47 coding region, which also resulted in aberrant notching at the wing margin (Figure 3.4). Furthermore, isolation of Usp47 null alleles using CRISPR-mediated mutagenesis, resulted in nearly complete pupal lethality, revealing that Usp47 is essential during development. Together, these findings support the conclusion that Usp47 is a positive regulator of Wg signaling in Drosophila. 
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[bookmark: _Toc155859087]Figure 3.2. Usp47 is required for the expression of the Wg target gene sens in the Drosophila wing imaginal disc.
(A) Immunofluorescence staining for Sens and En in third instar wing imaginal discs in which Usp47 was knocked down by RNAi in the posterior compartment (marked by En) using the hh-Gal4 driver. Usp47 knockdown was performed in two independent RNAi lines (i1 and i2). RNAi-mediated knockdown of y is a negative control. Scale bar, 50 mm. (B) The percentage of discs that showed decreased Sens, as determined by visualization of partial or complete loss of Sens stripes in the posterior wing disc. ****p<0.0001. Significance was assessed using two-tailed Student’s t test versus y control. Significance was not corrected for multiple comparisons. N = 20 to 25 discs per group.
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[bookmark: _Toc155859088]Figure 3.3. Wingless expression is unaffected by Usp47 knockdown.
(A) RNAi-mediated knockdown of Usp47 in the posterior compartment of third instar wing imaginal discs with two independent RNAi lines, and of the y control, using the hh-Gal4 driver. Wg (green), the endogenous sens reporter mScar:T2A:sens (magenta). Decreased Sens was determined by visualization of partial or complete loss of Sens stripes in the posterior wing disc. Scale bar, 50 mm. (B) The percentage of discs that showed normal Wg as determined by visualization of loss of Wg stripes in the posterior wing disc. No significance was determined (p>0.05). Significance was assessed using two-tailed Student’s t-test versus y control. N = 12-29 discs per group.
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[bookmark: _Toc155859089]Figure 3.4. Conditional CRISPR-mediated mutagenesis of Usp47 results in reduced Wingless signaling in the adult wing.
(A) Cas9 and sgRNAs targeting either the control gene ebony (e) or Usp47 expressed in the wing using the vgB-Gal4 driver. (B) Quantification is shown as percentage of wings of each genotype with multiple notches. N = 90-186 wings analyzed per group. *p<0.05, ***p<0.005. Significance was assessed using two-tailed Student’s t-test versus e control. Significance was not corrected for multiple comparisons. 





[bookmark: _Toc156298442]Usp47 is required for Wnt signaling in Xenopus embryos and is present throughout development
	To assess whether Usp47 plays a similar role in the Wnt pathway in vertebrates, we examined whether knockdown or overexpression of Usp47 disrupted anterior-dorsal structure formation in Xenopus laevis embryos, a process mediated by Wnt signaling (Heasman 2006). Knockdown of Usp47 by dorsal injection of a usp47-targeting morpholino resulted in severely ventralized embryos, consistent with Wnt pathway inhibition (Figure 3.5A). The mutant phenotype was rescued by co-injection with mouse usp47 mRNA, demonstrating the specificity of the injected usp47-targeting morpholino. 
	Overexpression of Usp47 by ventral injection of usp47 mRNA resulted in partial axis duplication, consistent with Wnt pathway activation (Figure 3.5B). Conversely, knockdown of Usp47 by injection of a usp47-targeting morpholino suppressed secondary axis formation due to overexpression of b-catenin or XWnt8 mRNA (Figure 3.5C). To examine the duplicated axes in more detail, we sectioned and stained usp47-injected embryos with hematoxylin and eosin (H&E). The H&E staining revealed muscle tissue in the secondary trunk axis that is identical to the phenotype induced by injection of low amounts of Xwnt8 mRNA (Figure 3.5D). 
	To determine the timing of Usp47 production and its localization during Xenopus development, we performed reverse transcription PCR (RT-PCR). The RT-PCR analysis revealed that usp47 is present in the unfertilized egg, gastrula, neurula, and late tailbud stages (Figure 3.6A). In situ hybridization analysis revealed a pattern of usp47 staining similar to that reported for b-catenin (A.A. DeMarais 1992) (Figure 3.6, B to H). usp47 staining was localized to the animal half of the early embryo up to the gastrula stage. At the neurula stage, usp47 was localized to the anterior and posterior ends of the embryo, whereas at the tailbud stage, usp47 staining was localized to the branchial arches, eye, and posterior end of the embryo. At the tadpole stage, usp47 staining was localized primarily to the head and spinal cord. Together, these data suggest that Usp47 is present throughout early developmental stages and is required for Xenopus development. 
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[bookmark: _Toc155859090]Figure 3.5. Loss and gain of Usp47 perturbs axis formation in Xenopus embryos.
(A) Xenopus embryos at the four-cell stage were injected dorsally with control morpholino, usp47 morpholino (MO), or usp47 MO plus usp47 mRNA, and the dorsal-anterior index (DAI) was determined as previously described (Kao and Elinson 1988). The percentage of ventralized embryos (DAI ≤ 2) was quantified, and absolute numbers are shown above the bars in the graph. Representative embryos are shown. n = 25 to 50 embryos per treatment group in each of three independent experiments. ***p<0.0005. Significance was assessed using chi-square test with Bonferroni correction. Scale bars, 1 mm. (B) Four-cell embryos were injected ventrally with control or usp47 mRNA. The percentage of embryos with secondary axis formation was quantified, and absolute numbers are shown above bars in the graph. Representative embryos are shown. n = 45 to 50 embryos per treatment group in each of three independent experiments. ***p<0.005. Significance was assessed using chi-square test. Scale bars, 1 mm. (C) Xenopus embryos were injected with control MO, b-catenin mRNA, XWnt8 mRNA, b-catenin mRNA plus usp47 MO, or XWnt8 mRNA plus usp47 MO. The percentage of embryos with secondary axis formation was quantified, and the absolute numbers are shown above bars in the graph. Representative embryos are shown. n = 45 to 75 embryos per treatment group in each of three independent experiments. ***p<0.0003. Significance was assessed using chi-square test with Bonferroni correction. Scale bars, 1 mm. (D) Embryos injected with control, usp47, or XWnt8 mRNA were fixed, sectioned, and stained with H&E. Black arrows point to ectopic mesoderm. NT, neural tube; NC, notochord. Scale bar, 200 mm. Images are representative of n > 5 embryos per treatment group. 

[image: A close-up of a test

Description automatically generated]












[bookmark: _Toc155859091]Figure 3.6. usp47 is present throughout Xenopus development. 
(A) RT-PCR analysis of usp47 abundance during Xenopus development. Embryos were collected at the indicated stages, RNA was extracted, and RT-PCR was performed. Ornithine decarboxylase (ODC) was used as a loading control. (B to H) In situ hybridization showing usp47 localization throughout Xenopus development: in the egg (B), at the 2-cell stage (C), 4-cell stage (D), 10-11-cell stage (E), neurula stage (F), tailbud stage (G), and the tadpole stage (H). Scale bars, 500 mm. A, animal view; V, ventral view; D, dorsal view; DL, dorso-lateral view; Vg, vegetal view; L, lateral view.



[bookmark: _Toc156298443]USP47 is required for Wnt signaling in cultured mammalian cells and acts downstream of the b-catenin destruction complex
	To determine whether USP47 is required for Wnt signaling in mammalian cells, we tested the effects of USP47 knockdown on Wnt3a-induced pathway activation using a human cell line stably transfected with the luciferase-based Wnt reporter SuperTOPflash (HEK293STF) (Xu et al. 2004). Knockdown of USP47 with two independent small interfering RNA (siRNA) constructs blocked Wnt3a-induced reporter activation (Figure 3.7A), indicating that USP47 is required for Wnt-mediated transcriptional activation. 
	Previous studies indicated that USP47 deubiquitylates b-catenin to inhibit its degradation (Shi et al. 2015). Consistent with this result, we found that knockdown of USP47 detectably reduced the amount of b-catenin (Figure 3.8A). We did not, however, detect a significant effect of USP47 knockdown on b-catenin ubiquitylation (Figure 3.8, B and C), likely because of the limited sensitivity of the assay. Inhibiting the activity of the destruction complex kinase, GSK3, with lithium blocked the decrease in b-catenin upon USP47 knockdown (Figures 3.7B and 3.8D). This suggests that USP47 stabilizes b-catenin by reversing GSK3-dependent b-catenin ubiquitylation. Although the amount of b-catenin was unchanged with USP47 knockdown in lithium-treated HEK293STF cells, Wnt reporter activity was still inhibited. On the basis of these results, we reasoned that USP47 must have an additional role in regulating Wnt signaling independent of its effects on b-catenin turnover and downstream of the b-catenin destruction complex. 
	To test whether USP47 functions downstream of the b-catenin destruction complex, we knocked down USP47 in HEK293STF cells in which the destruction complex scaffold protein, Axin, was also knocked down. Activation of the Wnt pathway upon Axin knockdown was inhibited by USP47 knockdown (Figures 3.7C and 3.8E). Further confirmation that USP47 acts downstream of the destruction complex was obtained by siRNA-mediated knockdown of USP47 in the colorectal cancer cell line HCT116, which exhibits constitutive Wnt signaling due to a stabilizing mutation in b-catenin (Ilyas et al. 1997). We found that USP47 knockdown inhibited Wnt signaling in HCT116 cells (Figure 3.7D) (Thorne et al. 2010). These results suggest that USP47 is required for Wnt signaling downstream of the b-catenin destruction complex.
	To assess whether USP47 could be acting in the nucleus to regulate Wnt signaling, we determined the localization pattern of endogenous USP47 in the mouse intestine (Figure 3.9A). We found that USP47 was predominantly nuclear throughout the small intestine and in colon crypts. Immunostaining of USP47 in human embryonic kidney (HEK) 293T and RKO human cell lines further confirmed the strong nuclear localization pattern of USP47 (Figure 3.9B). In addition, we did not observe any change in USP47 localization upon Wnt stimulation (Figure 3.9C). To determine whether depletion of USP47 affected the accumulation of nuclear b-catenin upon Wnt stimulation, we performed single-cell analysis with two independent HEK293T clonal lines that have greatly reduced amounts of USP47 due to CRISPR-Cas9 editing (Figure 3.9D). We found that depletion of USP47 did not affect the accumulation of nuclear b-catenin upon Wnt3a treatment for the two cell lines when compared with their parental control (Figure 3.9E). 



[image: A graph of a number of cells

Description automatically generated with medium confidence]
























[bookmark: _Toc155859092]Figure 3.7. USP47 is required for Wnt signaling in human cells and functions downstream of b-catenin stabilization.
(A and B) HEK293STF cells were transfected with nontargeting (NT) control or two independent USP47 siRNAs (siRNA #1 and #2) and either treated with control conditioned media from L cells (Con) or conditioned media from L cells expressing Wnt3A (Wnt3A CM) (A) or treated with LiCl (B). TOPflash reporter activity was quantified, and cell extracts were immunoblotted for USP47 and b-catenin. Glyceraldehyde phosphate dehydrogenase (GAPDH) is a loading control. (C) HEK293STF cells were transfected as indicated with NT control, USP47 siRNAs, Axin siRNAs, or USP47 and Axin siRNAs. TOPflash reporter activity was quantified, and cell extracts were immunoblotted for USP47 and Axin. Tubulin is a loading control. (D) HCT116STF cells were transfected with NT control or two independent USP47 siRNAs. TOPflash reporter activity was quantified, and cell extracts were immunoblotted for USP47. Graphs show mean  SD of TOPflash normalized to cell number and NT control. *p < 0.05 and ***p < 0.005. Significance was assessed using two-tailed Student’s t test versus NT or Axin knockdown. Significance was not corrected for multiple comparisons. All TOPflash results and blots are representative of at least three independent experiments. N = 3 or 4 wells of cells per treatment group per experiment. 
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[bookmark: _Toc155859093]
Figure 3.8. USP47 functions downstream of the b-catenin destruction complex.
(A) HEK293STF cells were transfected with non-targeting (NT) control or two independent USP47 siRNAs (siRNA#1 and #2) and treated with control L-cell or Wnt3a cell-conditioned media for 24 hr. b-catenin immunoblots were quantified and normalized to GAPDH loading control. Graph shows mean  SEM of three independent replicates. *p < 0.05 (two-tailed Student’s t-test) versus NT+Wnt3a control. Significance was not corrected for multiple comparisons. (B and C) HEK293 cells were transfected with non-targeting (NT) or USP47 siRNA and treated with the proteasome inhibitor MG132. Ubiquitylated proteins were isolated from cell lysates by incubation with MBP-tagged TUBE, a Ub-binding protein, that was subsequently affinity-purified with MBP-binding amylose resin. b-catenin and USP47 were detected by immunoblotting (B). Tubulin is a loading control. WCL, whole cell lysates. Ubiquitylated b-catenin immunoblots from the TUBE assay were quantified and normalized to the NT control (C). Graph shows mean  SEM of three independent experiments. ***p < 0.005 (two-tailed Student’s t-test) versus NT control. Significance was not corrected for multiple comparisons. (D) HEK293STF cells were transfected with NT control or USP47 siRNAs and treated with LiCl. b-catenin immunoblots were quantified and normalized to GAPDH loading control. Graph shows mean  SEM of three independent experiments. No significance was detected by two-tailed Student’s t-test by comparing to NT+LiCl control. Significance was not corrected for multiple comparisons. (E) HEK293STF cells were transfected as indicated and incubated with Wnt3a. Graph shows mean  SD of TOPflash normalized to cell number and NT control. ***p < 0.005 (two-tailed Student’s t-test) versus NT or Axin knockdown. Significance was not corrected for multiple comparisons. Immunoblotting confirmed USP47 and Axin knockdown. TOPflash results are representative of 3 independent experiments performed in triplicate. 






























[bookmark: _Toc155859094]Figure 3.9. USP47 is localized to the nucleus in mouse intestinal tissue and human cell lines.
(A) Immunohistochemical staining of mouse colon (top) and small intestinal tissue (bottom). Red arrows highlight nuclear localization of USP47 (brown). (B) Immunofluorescence showing USP47 in HEK293T and RKO cells. DAPI stains the nucleus. (C) HEK293T cells were treated with increasing concentrations of Wnt3a and immunostaining for USP47 and b-catenin performed. (D) Immunoblotting for USP47 in two USP47 CRISPR-Cas9 edited clones compared to the parental HEK293T line. Scale bar, 100 mm. Images and blots in (A to D) are representative of three independent experiments. (E) Cells were stimulated with Wnt3a (16 nM) and immunostained for b-catenin at the indicated times. Cell segmentation was performed using the Harmony software and nuclear b-catenin measured. Data was normalized to percent and plotted as the mean of triplicates. Graph represents mean  standard error of the mean (SEM). Figure shown is a representative of three independent experiments. No significance was determined by one-way ANOVA (p-value = 0.4217).   
[bookmark: _Toc156298444]USP47 interacts with XIAP and TLE3 but does not affect their stability
	To determine the nuclear role of USP47 in the Wnt pathway, we identified potential USP47 binding partners. USP47 coimmunoprecipitated with XIAP when tagged versions of both proteins were overexpressed (Figure 3.10A) in HEK293 cells. Because our previous studies demonstrated that XIAP ubiquitylates TLE3 (Hanson et al. 2012), we sought to determine whether USP47 interacts with TLE3. We found that overexpressed XIAP and TLE3 coimmunoprecipitated with endogenous USP47 (Figure 3.10B). Coimmunoprecipitation of endogenous USP47, XIAP, and TLE3 from HEK293T cells further confirmed their interactions (Figure 3.10C). To determine whether all three proteins can form a complex, we performed a competitive binding assay. We found that TLE3 inhibited the interaction between USP47 and XIAP, suggesting that TLE3 and USP47 compete for binding to XIAP and that the three proteins do not form a heterotrimeric complex (Figures 3.10D and 3.11A). 
	Because deubiquitylating enzymes are known to stabilize their partner E3 ligases by counteracting their autoubiquitylation, we sought to determine whether USP47 affects steady-state amounts of XIAP. We found that siRNA-mediated knockdown of USP47 had no observable effect on the amounts of XIAP (Figures 3.11B and 3.12A). Similarly, knockdown of USP47 did not noticeably affect the amounts of TLE3. We next tested the possibility that USP47 is a substrate of XIAP. We found that neither XIAP overexpression (Figures 3.11C and 3.12B) nor knockdown (Figures 3.11 D and 3.12C) resulted in an observable change in USP47 amounts, suggesting that XIAP does not affect the stability of USP47. Last, we demonstrated that the mobility of USP47 did not change in an in vitro ubiquitylation assay with XIAP, demonstrating that USP47 is not likely to be a substrate of XIAP in cells (Figure 3.12D). 	































[bookmark: _Toc155859095]Figure 3.10. USP47 interacts with XIAP and TLE3.
(A) HEK293 cells were transfected with plasmids encoding Myc-XIAP and HA-USP47 as indicated. HA immunoprecipitates (IP) and whole-cell lysates (WCL) were immunoblotted for HA and Myc. Arrowhead indicates autoubiquitylated Myc-XIAP. GAPDH is a loading control. (B) HEK293 cells were transfected with plasmids encoding Myc-XIAP and HA-TLE3 as indicated, and cell extracts were immunoprecipitated with an antibody recognizing endogenous USP47 or with immunoglobulin G (IgG; negative control). Coimmunoprecipitated Myc-XIAP and HA-TLE3 were detected by immunoblotting for Myc and HA, respectively. Arrowhead indicates nonspecific band. (C) HEK293 cells were incubated in the presence or absence of purified recombinant Wnt3a, and cell extracts were immunoprecipitated with a USP47-specific antibody or IgG (negative control). Coimmunoprecipitated, endogenous XIAP and TLE3 were detected by immunoblotting. (D) HEK293 cells were transfected with the indicated expression constructs, and Myc-XIAP was immunoprecipitated. Coimmunoprecipitated V5-USP47 and HA-TLE3 were detected by immunoblotting for V5 and HA, respectively. Asterisk marks proteolytic fragment of USP47 occasionally observed during the immunoprecipitation step. All immunoblots are representative of at least three independent experiments. HA, hemagglutinin. 












[bookmark: _Toc155859096]Figure 3.11. USP47 and XIAP do not affect the steady-state amounts of one another. 
(A) HEK293 cells were transfected as indicated, Myc-XIAP was immunoprecipitated, and co-immunoprecipitated V5-USP47 and HA-TLE3 were detected by immunoblotting. V5-USP47 immunoblots were quantified and normalized to no TLE3 control. Graph shows mean  SEM of three independent experiments. *p < 0.05, ***p < 0.005 (two-tailed Student’s t-test) versus no TLE3. Significance was not corrected for multiple comparisons. (B) HEK293 cells were transfected with non-targeting (NT) control or two independent USP47 siRNAs (USP47 #1 and #2) and whole cell lysate was collected. TLE3 and XIAP immunoblots were quantified and normalized to GAPDH loading control. Graph shows mean  SEM of three independent experiments. No significance was detected by two-tailed Student’s t-test by comparing to NT control. (C and D) HEK293 cells were transfected as indicated with vector control or Myc-XIAP (C) or with NT control or two independent XIAP siRNAs (D) prior to incubation with or without Wnt3a and whole-cell lysates were collected. USP47 immunoblots were quantified and normalized to GAPDH loading control. Graph shows mean  SEM of three independent experiments. No significance was detected by two-tailed Student’s t-test by comparing to vector Control or NT control. Significance was not corrected for multiple comparisons. 


















[bookmark: _Toc155859097]Figure 3.12. USP47 and XIAP do not affect one another’s stability.
(A) HEK293 cells were transfected with nontargeting (NT) control or two independent USP47 siRNAs (USP47 #1 and #2). Whole-cell lysate was collected and immunoblotted for endogenous USP47, TLE3, and XIAP. GAPDH is loading control. (B) HEK293 cells were transfected as indicated with vector control (Con) or Myc-XIAP and treated with purified recombinant Wnt3a before immunoblotting for USP47 and XIAP. (C) HEK293 cells transfected with NT control or two independent XIAP siRNAs (XIAP #1 and #2) were incubated in the presence or absence of Wnt3a, and cell extracts were immunoblotted for USP47 and XIAP. (D) In vitro-translated USP47 was incubated in an in vitro ubiquitylation assay with recombinant proteins as indicated, and USP47 was detected by immunoblotting. All immunoblots are representative of at least three independent experiments. 






[bookmark: _Toc156298445]USP47 deubiquitylates TLE3 in cells and in vitro
	We previously showed that XIAP ubiquitylates TLE3 to reduce its affinity for TCF/LEF (Hanson et al. 2012). We speculated that USP47 acts as a DUB for TLE3 to recharge the system, thereby allowing for rebinding of TLE3 to TCF/LEF. To test whether USP47 acts as a DUB for TLE3, we knocked down USP47 and overexpressed tagged forms of TLE3 (Myc-TLE3), ubiquitin (His6-Ub), and XIAP (FLAG-XIAP) in HEK293 cells. In the presence of overexpressed XIAP, monoubiquitylated TLE3 species, which are readily detected by immunoblotting (Hanson et al. 2012), increased upon USP47 knockdown (Figure 3.13A). To more directly determine whether USP47 deubiquitylates TLE3, we performed an in vitro ubiquitylation assay with ubiquitylated TLE3 and recombinant USP47 protein. USP47 decreased the amount of ubiquitylated TLE3 in vitro in a dose-dependent manner (Figure 3.13B). To test how deubiquitylation of TLE3 by USP47 alters TLE3 binding to TCF, we performed an in vitro binding assay and found that TLE3 was pulled down with TCF4, but ubiquitylated TLE3 was not (Figure 3.13C), consistent with our previous results (Hanson et al. 2012). In agreement with the greater affinity of deubiquitylated TLE3 for TCF4, the addition of USP47 increased the total amount of TLE3 that was pulled down with TCF4. These results indicate that USP47 directly deubiquitylates TLE3 to oppose the activity of XIAP (Figure 3.14). 













[bookmark: _Toc155859098]Figure 3.13. USP47 deubiquitylates TLE3.
(A) HEK293 cells were transfected with the indicated expression constructs, and whole-cell lysates were immunoblotted for HA and USP47. Tubulin is loading control. Ubiquitylated TLE3 was quantified and normalized to nontargeting (NT) control. Graph shows mean  SEM of three independent replicates. ***p < 0.005 (two-tailed Student’s t test) versus Ub plus XIAP plus USP47 siRNA. Significance was not corrected for multiple comparisons. (B) Ubiquitylated Myc-TLE3 was incubated with increasing amounts of recombinant USP47 protein in an in vitro deubiquitylation assay. Ubiquitylated TLE3 was detected by immunoblotting for Myc, quantified, and normalized to buffer control. Graph shows mean  SEM of three independent experiments. ***p < 0.005 (two-tailed Student’s t test) versus buffer control. Significance was not corrected for multiple comparisons. (C) Ubiquitylated Myc-TLE3 was isolated from HEK293 cells and incubated with recombinant His-tagged USP47 protein in an in vitro deubiquitylation reaction, followed by a binding assay performed with purified GST-TCF4. Bound Myc-TLE3 was eluted with sample buffer and detected by immunoblotting for Myc. Quantification of Myc-TLE3 immunoblots was normalized to buffer control. Graph shows mean  SEM of three independent experiments. **p < 0.01 and ***p < 0.005 (two-tailed Student’s t test) versus no USP47 control. Significance was not corrected for multiple comparisons. All immunoblots are representative of at least three independent experiments. 
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[bookmark: _Toc155859099]Figure 3.14. Model for XIAP and USP47 in regulating Gro/TLE ubiquitylation in the Wnt pathway.
(A) Upon Wnt signaling, XIAP ubiquitylates Gro/TLE, which promotes Gro/TLE dissociation from TCF to allow binding of b-catenin to TCF. (B) USP47 deubiquitylates Gro/TLE, thereby allowing it to displace b-catenin and rebind to TCF, setting up a cycle of b-catenin binding to and dissociation from TCF.








[bookmark: _Toc156298446]High USP47 correlates with reduced survival in patients with pancreatic cancer
	USP47 is abundant in several types of cancer (Silvestrini et al. 2020). Using the cBioPortal in the Cancer Genome Atlas (The Cancer Genome Atlas Research et al. 2013, Tang et al. 2017), we found that high amounts of USP47 were significantly associated with reduced survival of patients with pancreatic cancer (Figure 3.15). Recurrent inactivating mutations in RNF43, a ubiquitin ligase that targets Wnt receptors, have also been found in pancreatic cancer (Wu et al. 2011). Future studies will focus on whether high amounts of USP47 potentiate Wnt signaling in pancreatic cancers with RNF43 mutations. 
























[bookmark: _Toc155859100]Figure 3.15. USP47 survival analysis in pancreatic adenocarcinoma.
Using TCGA data, USP47 mRNA levels were assessed in pancreatic adenocarcinoma patients and plotted against survival probability. Significance was determined using the log-rank test (p-value = 0.039). 






[bookmark: _Toc156298447]DISCUSSION
	Here, we show that USP47 is an evolutionarily conserved positive regulator of the Wnt pathway. USP47 was previously reported to deubiquitylate b-catenin, thereby increasing its stability (Shi et al. 2015). We observed no noticeable effect on b-catenin ubiquitylation upon knockdown of USP47, raising the possibility that multiples DUBs may be involved in regulating this process under normal conditions or that others can compensate when USP47 is reduced or absent. Our findings indicate that USP47 also acts in the nucleus to regulate Wnt-mediated transcription by catalyzing the deubiquitylation of Gro/TLE. We previously proposed a model in which Wnt signaling promotes recruitment of XIAP to Gro/TLE-TCF/LEF; subsequently, XIAP ubiquitylates Gro/TLE to facilitate its dissociation and allow b-catenin binding to TCF/LEF. Furthermore, we showed that this activity of XIAP was required to cycle b-catenin on and off TCF to promote Wnt signaling (Hanson et al. 2012). Our current study suggests that USP47 is the DUB that counteracts the E3 ligase activity of XIAP. Given that USP47 opposes the activity of XIAP, a positive Wnt regulator, by deubiquitylating its substrate, Gro/TLE, the finding that USP47 promotes Wnt signaling was unexpected.  We speculate that by mediating the deubiquitylation of Gro/TLE, USP47 “recharges” Gro/TLE, the ubiquitylated form of which does not bind TCF, to dislodge b-catenin from TCF, thereby establishing a cycle of b-catenin binding to and dissociating from TCF/LEF. Unlike that for XIAP, there is no evidence that USP47 is recruited to TCF in response to Wnt signaling, and we favor a model in which USP47 acts in a recycling step for Gro/TLE. We show that although XIAP, USP47, and TLE3 can form dimeric complexes with one another, they are unable to form a stable trimeric complex. Furthermore, we cannot distinguish whether XIAP and USP47 have overlapping binding sites on TLE3 or whether the binding of XIAP or USP47 induces a conformational change in TLE3 that precludes the binding of USP47 or XIAP, respectively. 
	The cycling of b-catenin on and off promoters has been previously speculated to provide a mechanism by which cells are able to maintain a Wnt-mediated transcriptional response (Sierra et al. 2006). A similar phenomenon has been observed with other transcription factors, including Smad4, p53, and FoxO, all of which are also regulated by cycles of ubiquitylation and deubiquitylation (Li et al. 2003, van der Horst et al. 2006, Dupont et al. 2009). The alternating binding of coactivator and corepressor (often triggered by ubiquitylation) has been proposed to be a feature of promoters regulated by inducible transcription factors (particularly nuclear receptors) and may allow for potential regulatory checkpoints (Perissi and Rosenfeld 2005). In such a scenario, binding of the corepressor would allow the system to reset and monitor the state of pathway activation before proceeding with a further transcriptional response. This would contribute to the responsiveness of the system by ensuring that Wnt-activated gene expression only continued in the presence of the activating signal and could be rapidly shut down when the signal is no longer present. Such a mechanism would allow for more precise control of gene transcription and a more rapid reversal upon the termination of the signal.
	USP47 participates in DNA damage repair, cell adhesion, and epithelial-mesenchymal transition (EMT) (Pan et al. 2021). Mechanistically, USP47 regulates multiple signaling pathways through the stabilization of its substrate proteins, including modulators of EMT (such as the Hippo pathway effector YAP, E-cadherin, Snail, and special AT-rich sequence binding protein 1), mitogen-activated protein kinase, transcription elongation factor A3 (a regulator of transcription and apoptosis), and b-transducin repeat-containing protein (b-TRCP), which is involved in a variety of cellular processes including Wnt signaling (Sako-Kubota et al. 2014, Ashton-Beaucage et al. 2016, Choi et al. 2017, Bufalieri et al. 2019, Yu et al. 2019, Pan et al. 2020, Hou et al. 2021). Thus, USP47 may play multiple roles in regulating Wnt signaling through its effects on b-catenin, b-TRCP, and TLE3. USP47 has also been shown to deubiquitylate monoubiquitylated DNA polymerase b, and inhibition of USP47 leads to the accumulation of DNA strand breaks and decreased cell viability (Parsons et al. 2011). Inhibitors of USP47 are being developed as anticancer agents (Weinstock et al. 2012). Our results predict that drugs targeting USP47 may also inhibit the Wnt pathway, thereby providing an effective strategy for targeting cancers through its effects on DNA damage repair, cell survival, and Wnt signaling. 











Chapter IV

[bookmark: _Toc156298448]THE TRIP12 E3 LIGASE INDUCES INTERACTION BETWEEN THE SWI/SNF COMPONENT BRG1 AND b-CATENIN TO PROMOTE WNT SIGNALING
Work in this chapter is part of a publication in progress.

[bookmark: _Toc156298449]INTRODUCTION
	Conversion of the chromatin state of target gene promoters from an “inactive” heterochromatin into a transcriptionally “active” euchromatic conformation is a critical step in signal transduction (Horn and Peterson 2006). This chromatin remodeling process is mediated by large multisubunit molecular machines called SWI/SNF complexes (Peterson and Herskowitz 1992). SWI/SNF complexes utilize ATP hydrolysis to slide or eject nucleosomes and facilitate the binding of transcription, replication, and repair factors to DNA (Kwon et al. 1994). Much of our understanding of the SWI/SNF complex has focused on its composition and mechanism of chromatin remodeling. SWI/SNF complexes can bind histone modifications and may be guided to specific loci by recognition of the regional architecture or recruited by transcription factors. How the SWI/SNF complex is recruited to specific target genes in response to a signal, however, is not well understood.
	Wnt/b-catenin signaling is an evolutionarily conserved pathway that regulates metazoan development and homeostasis (Logan and Nusse 2004, Saito-Diaz et al. 2013, Rim et al. 2022). Mutations that cause misregulation of the Wnt pathway result in developmental defects and cancer (Zhong and Virshup 2020, Bugter et al. 2021). In the absence of Wnt ligands, the transcriptional cofactor b-catenin is phosphorylated in the cytosol by a destruction complex that maintains cytoplasmic b-catenin at low levels. Activation of the pathway results in inhibition of the destruction complex and consequent stabilization of b-catenin. b-catenin subsequently enters the nucleus and interacts with transcription factors and cofactors, including the TCF/LEF family, to promote a Wnt transcriptional program (Anthony et al. 2020). 
	In the absence of Wnt stimulation, TCF transcription factors are normally bound to the transcriptional corepressor Gro/TLE, and the chromatin state of Wnt target genes is in a transcriptionally repressive form (Cavallo et al. 1998). Upon pathway activation, nuclear b-catenin displaces Gro/TLE binding on TCF, and a large molecular weight nuclear complex termed the “enhanceosome” (Fiedler et al. 2015), consisting of the b-catenin/TCF complex and associated cofactors, is proposed to assemble on and convert chromatin to a permissive form, allowing the efficient transcription of Wnt target genes (van Es et al. 2003). Several b-catenin-associated cofactors have been identified, including B-cell lymphoma 9 (BCL9), Pygopus, p300/CREB-binding protein (CBP), and the chromatin remodeler Brahma-related gene-1 (BRG1), which converts the chromatin to a transcriptionally permissive form (Hecht 2000, Barker et al. 2001, Belenkaya et al. 2002, Brack et al. 2009). The mechanism by which these cofactors are recruited to Wnt-responsive elements (WREs) in Wnt target gene promoters is not well understood. 
	Previous studies indicated that ubiquitylation plays an essential role in activating the b-catenin/TCF transcriptional program, particularly the transcriptional repressor Gro/TLE (Hanson et al. 2012, Flack et al. 2017, Kassel et al. 2023). Herein, we provide biochemical, cellular, and organismal evidence that the ubiquitin ligase, Thyroid Hormone Receptor Interactor 12 (TRIP12), is an evolutionarily conserved positive regulator of Wnt signaling. We show that in the presence of Wnt, TRIP12 ubiquitylates BRG1, the catalytic component of the SWI/SNF chromatin remodeling complex, and enhances its capacity to bind b-catenin, providing a mechanism for how the SWI/SNF complex is recruited to Wnt target genes to facilitate their transcriptional activity. 




















[bookmark: _Toc156298450]RESULTS

[bookmark: _Toc156298451]TRIP12 promotes Wnt/Wingless signaling in human cells, zebrafish and Drosophila
	We previously identified the E3 ligase TRIP12 as a positive regulator of Wnt signaling in an insertional mutagenesis screen in human HAP1 cells (Lebensohn et al. 2016). To confirm that TRIP12 promotes Wnt signaling in human cells, we used a human embryonic kidney (HEK) cell line that stably expresses the luciferase-based Wnt reporter SuperTOPFlash (HEK293STF cells) (Xu et al. 2004). Knockdown of TRIP12 with two independent short-interfering RNAs (siRNAs) inhibited Wnt3a-stimulated reporter activity (Figure 4.1A) while having no observable effect on a constitutively active control luciferase reporter (Figure 4.2A) (Thorne et al. 2010). The inhibition of Wnt signaling by siRNA knockdown of TRIP12 is rescued with the expression of a TRIP12 siRNA-resistant construct, demonstrating the specificity of the knockdown (Figure 4.2B). Confirming the results of the Wnt reporter assay, we found that the knockdown of TRIP12 blocked the Wnt3a-stimulated expression of endogenous Wnt target genes, including AXIN2, SP5, and DKK1 (Figure 4.2C). Overexpression of TRIP12 enhanced Wnt3a-mediated signaling (Figure 4.1B); however, no observable activation was detected in the absence of Wnt ligand (Figure 4.3A-B).
	To assess the role of TRIP12 in regulating Wnt signaling during vertebrate development, we tested the effects of TRIP12 on Wnt signaling in zebrafish (Danio rerio) embryos. In zebrafish, Wnt regulates eye development, and ectopic activation of the Wnt pathway leads to an eyeless phenotype (van de Water et al. 2001, Nishiya et al. 2014). We found that TRIP12 overexpression gave rise to eyeless embryos, which were rescued by injecting a morpholino oligonucleotide (MO) that targets endogenous TRIP12 (Figure 4.1C). The phenotypic effects of TRIP12 mRNA and MO injections paralleled the observed changes in endogenous Wnt/b-catenin target gene expression (Figure 4.1D). Disruptions of Wnt/b-catenin and Wnt/PCP in zebrafish can result in malformations of the trunk axes. The formation of the dorsoventral axis is tightly intertwined with the formation of the anteroposterior (A-P) axis, as convergent-extension of the dorsolateral cells contributes to the elongation of the A-P axis. Thus, disruption of the Wnt pathway has been shown to result in trunk malformation and subsequent reduction in body length (Shimizu et al. 2005, Langdon and Mullins 2011, Xing et al. 2018). We found that both overexpression and CRISPRi knockdown of TRIP12 resulted in embryos with shortened axes, consistent with effects on Wnt signaling (Figure 4.4A-C). Significantly, the trunk phenotype due to TRIP12 overexpression was rescued by injection of TRIP12 MO. We also observed that TRIP12 CRISPRi-treated embryos exhibited pericardial edema and heart malformation, consistent with previously described effects of disrupted Wnt signaling during embryogenesis (Ueno et al. 2007, Dohn and Waxman 2012, Cantù et al. 2018) (Figure 4.4D-E). These results provide evidence that TRIP12 plays a role in Wnt signaling during early embryonic development in vertebrates. 
	Given the evolutionary conservation of the Wnt pathway, we evaluated the in vivo role of the Drosophila TRIP12 ortholog (Ctrip) in Wingless signaling (Lamaze et al. 2011). Mammalian TRIP12 protein has several domains: a catalytic HECT domain, two protein-protein interaction domains (Tryptophan-Tryptophan-Glutamate (WWE) and Armadillo repeats (ARM)), and an intrinsically disorder region (IDR) (Brunet et al. 2020). Alignment of the human and Drosophila orthologs of TRIP12 reveals a high percentage of primary sequence conservation, with 81% amino acid similarity in the IDR, 84% similarity in the ARM repeats, 46% similarity in the WWE domain, and 73% similarity in the HECT domain (Figure 4.5). 
In the larval third instar wing imaginal disc, the precursor of the adult wing (Zecca et al. 1996, Neumann and Cohen 1997, Zecca and Struhl 2021), Wingless is expressed in a stripe of cells at the dorsoventral (D-V) boundary and activates the transcription of the high-threshold target genes senseless (sens) and notum in cells juxtaposed with the D-V boundary (Nolo et al. 2000, Gerlitz and Basler 2002, Giráldez et al. 2002). Ctrip depletion in the posterior wing disc, marked by Engrailed (En), decreased levels of an endogenous sens reporter (scarlet:sens) in the posterior of more than 45% of discs, in contrast with depletion of the control gene, yellow (y) (Figure 4.6A-G) (Kopke et al. 2017). These findings were further supported by analyses in the adult wing, in which inactivation of Wingless/Wnt signaling disrupts patterning at the periphery, resulting in aberrant notch formation at the wing margin (Couso et al. 1994). Depletion of Ctrip using multiple RNAi constructs resulted in notches at the wing margin, as does knockdown of the Wingless receptor Arrow/LRP6 (Figure 4.6H-K). Together, these findings provide evidence that Ctrip promotes Wingless signaling.
	To determine whether Ctrip mediates other physiological events directed by the Wingless morphogen, we analyzed the Drosophila adult intestine, in which Wingless directs patterning at compartment boundaries, including the midgut-hindgut boundary (MHB) (Buchon et al. 2013). Transcriptional activation of the Wingless target gene, frizzled 3 (fz3), is highest near the Wingless source at the MHB and decreases in a graded manner with increasing distance from this source (Sato et al. 1999, Sivasankaran et al. 2000). As expected, RNAi-mediated knockdown of Arrow/LRP6 using caudal (cad)-Gal4, which drives strong expression near the MHB and in the posterior half of the posterior midgut, resulted in a reduction of fz3-GFP near the MHB (Figure 4.6L-R). Similarly, Ctrip depletion using multiple Ctrip RNAi constructs also reduced fz3-GFP near the MHB. These findings indicate that Ctrip promotes Wingless signaling in multiple physiological contexts. 
























































[bookmark: _Toc155859101]Figure 4.1. TRIP12 is required for Wnt signaling in human cells and zebrafish.
(A) HEK293STF cells were transfected with nontargeting (NT) control or two independent TRIP12 siRNAs (siRNA 1 and 2) and incubated in the presence or absence of recombinant Wnt3a. TOPflash reporter activity was quantified, and cell extracts were immunoblotted for TRIP12 and b-catenin. Tubulin is a loading control. (B) HEK293STF cells were transfected with empty vector control (Con) or plasmids encoding GFP-TRIP12 wild-type (WT) or GFP-TRIP12 catalytic-dead (CD) and were incubated in the presence or absence of recombinant Wnt3a. TOPflash reporter activity was quantified, and cell extracts were immunoblotted for TRIP12 and b-catenin. Graphs show mean  SD of TOPflash normalized to cell number and control. **p<0.01, ***p<0.001, ****p<0.0001. Significance was assessed using the one-way ANOVA with a follow-up Dunnett’s test. All TOPflash results and immunoblots are representative of at least three independent experiments. n = 3 wells of cells per treatment group per experiment. Tubulin is a loading control. (C) Zygotes were injected with TRIP12 mRNA. Rescues were co-injected with TRIP12 MO. Representative images are shown on the left, with arrows indicating developing eyes. The percentage of eyeless embryos is graphed on the right. n= 188, 162, 115, and 102 from left to right. Scale bar = 200 mm. (D) mRNAs were isolated from injected single embryos, and Cyclin D1, Lef1, and cmyc mRNA levels were quantified by RT-PCR. Gene expression is graphed as a ratio to b-actin control and normalized to un-injected embryo controls. Graphs show mean  SD, n = 3 independent pools of embryos. *p<0.05, **p<0.01, ***p<0.001, ns=p>0.05. Significance was analyzed by two-tailed Student’s t test. 













































[bookmark: _Toc155859102]Figure 4.2. Knockdown of TRIP12 specifically inhibits Wnt signaling.
(A) HEK293 cells containing a constitutively active CMV-driven luciferase reporter (CMV-Luc) were transfected with nontargeting (NT) control or two independent TRIP12 siRNAs (siRNA#1 and #2). Luciferase activity was quantified, and cell extracts were immunoblotted for TRIP12. Tubulin is a loading control. (B) HEK293STF cells were transfected with NT or TRIP12 siRNA and with empty control vector or Myc-TRIP12 siRNA resistant (RES) and incubated in the presence or absence of recombinant Wnt3a. TOPflash reporter activity was quantified, and cell extracts immunoblotted for TRIP12 and b-catenin. Tubulin is a loading control. (C) HEK293 cells were treated with NT control or TRIP12 siRNAs and quantitative real-time RT-PCR of endogenous Wnt target genes was performed. Graph is ratio of AXIN2, SP5, or DKK1 to GUSB mRNA (control). Graphs show mean  SD of 3-4 independent real-time RT-qPCR experiments.  Each reaction was run in quadruplicate. *p<0.05, **p<0.01, ***p<0.001 compared to Wnt3a-treated NT control. Significance was assessed using the one-way ANOVA with a follow-up Tukey’s test. 























[bookmark: _Toc155859103]Figure 4.3. Overexpression of TRIP12 specifically activates Wnt signaling.
(A-C) HEK293STF cells were transfected with vector control (Con), or plasmids encoding GFP-TRIP12 (TRIP12) or catalytic-dead GFP-TRIP12 (TRIP12-CD) (A), Myc-TRIP12 (TRIP12) or catalytic-dead Myc-TRIP12 (TRIP12-CD) (B), Myc-TRIP12 (TRIP12) or Myc-TRIP12 Poly (ADP ribose) polymerase (PARP) interaction mutant (TRIP12-PARP) (C) and were incubated in the absence or presence of recombinant Wnt3a. TOPflash reporter activity was quantified, and cell extracts were immunoblotted for TRIP12 and b-catenin. Tubulin is a loading control. Graphs show mean  SD of TOPflash normalized to cell number and Wnt3a-treated control. *p<0.05, **p<0.01, and ***p<0.001. Significance was assessed using the one-way ANOVA with a follow-up Tukey’s or Dunnett’s test. All TOPflash results and immunoblots are representative of at least three independent experiments. n = 3 wells per treatment group per experiment. (D) RPE cells were treated in the absence or presence of recombinant Wnt3a and immunostained for TRIP12 and b-catenin. Scale bar: 50 mm. (E) HEK293 cell extracts were incubated in the absence or presence of recombinant Wnt3a, fractionated, and the cytosolic and nuclear fractions were immunoblotted for TRIP12 and b-catenin. Glyceraldehyde phosphate dehydrogenase (GAPDH) and histone H3 are cytosolic and nuclear controls, respectively.


























[bookmark: _Toc155859104]Figure 4.4. TRIP12 regulates trunk axis and cardiac formation in zebrafish.
(A) Overexpression of TRIP12 in zebrafish induces trunk axis defect, which is rescued by co-injection of the TRIP12 MO. (B) CRISPRi of TRIP12 similarly induces trunk axis defects. (C) qRT-PCR confirms reductions in mRNA levels of TRIP12 with both guide RNAs plus dCas9 co-injected embryos. Gene expression is graphed as a ratio to b-actin control. Two primer sets were used. Graphs show mean  SD, n = 3 independent pools of embryos. (D-E) CRISPRi of TRIP12 induces pericardial edema (indicated by arrowhead) and cardiac (marked by GFP) malformation. V is ventricle and A is atria. (B, D, and E) p-values compare guide RNA versus guide RNA plus dCas9 co-injected embryos. Comparisons between Control versus dCas9, Control versus guide RNA alone, and dCas9 versus guide RNA alone were not statistically significant (p0.05). Scale bar = 200 mm for all panels. Representative images are shown on top. The percentage of embryos with defects is graphed on the bottom, with absolute numbers indicated on top of each bar. Significance was analyzed by two-tailed Student’s t test.









[bookmark: _Toc155859105]Figure 4.5. Evolutionary conservation between human TRIP12 and Drosophila Ctrip.
Schematic representation of domains and regions in the Drosophila and human TRIP12 orthologs. The intrinsically disordered region (IDR, blue), Armadillo repeats (ARM) domain (yellow), Tryptophan-Tryptophan-Glutamate (WWE) domain (green), and catalytic HECT domain (magenta) in TRIP12 are indicated. Percent similarity in amino acid sequence in each domain between the Drosophila and human orthologs is indicated.



































































[bookmark: _Toc155859106]Figure 4.6. Ctrip promotes Wingless signaling in Drosophila.
(A-F) RNAi constructs targeting the yellow negative control or ctrip were expressed in the posterior compartment (marked by Engrailed (En, cyan)) of the third instar larval wing discs using the hedgehog (hh)-Gal4 driver. Scarlet-Senseless (Scar-Sens, magenta) is a Wingless target gene reporter. DAPI (blue) marks nuclei. Scale bar (A-I): 50 mm. Dorsal, top and posterior, right. (A-C) hh-Gal4-driven expression of a control RNAi construct targeting the yellow (y) gene. Minimal loss of Scar-Sens was observed in the posterior compartment. (D-F) hh-Gal4-driven expression of RNAi constructs targeting ctrip results in decreased Scar-Sens in the posterior compartment. (G) Quantification is shown as percentage of wing discs of each genotype with decreased Scar-Sens. N is the number of wing discs analyzed. (H-J) RNAi constructs targeting the yellow negative control, arrow positive control, or ctrip were expressed using the C96-Gal4 driver. (H) C96-Gal4-driven expression of a negative control RNAi construct targeting the yellow (y) gene. No wing notches were observed in adult wings. (I-J) C96-Gal4-driven expression of RNAi constructs targeting arrow (arr) or ctrip resulted in notches at the adult wing periphery. (K) Quantification for (H-J) is shown as percentage of wings of each genotype with notches. N is the number of wings analyzed. (L-Q) RNAi constructs targeting the yellow (y) negative control, arrow (arr) positive control, or ctrip were expressed in the posterior midgut using the cad-Gal4 driver. frizzled3-GFP (green) is a Wingless target gene reporter. (L-M) cad-Gal4-driven expression of a negative control RNAi construct targeting the y gene. No fz3-GFP reduction was observed. (N-O) cad-Gal4-driven expression of an RNAi construct targeting the arr gene results in loss of fz3-GFP near midgut-hindgut boundary. (P-Q) cad-Gal4-driven expression of RNAi constructs targeting ctrip results in partial or complete loss of fz3-GFP expression in the posterior midgut. DAPI (blue) marks nuclei. Scale bar: 50 mm. (R) Quantification is shown as percentage of intestines of each genotype with decreased fz3-GFP. N is the number of adult intestines analyzed. **p<0.01, ***p<0.001, ****p<0.0001 (one-tailed t-test).


















[bookmark: _Toc156298452]The E3 ligase activity of TRIP12 is required for its Wnt signaling function, and acts downstream of the b-catenin destruction complex

	We next addressed the mechanism of action of TRIP12 in the Wnt pathway. As TRIP12 is an E3 ubiquitin ligase, we tested whether its ligase activity is required for its role in Wnt signaling and found that overexpression of a catalytic-dead form of TRIP12 (TRIP12-CD) had markedly reduced ability to promote Wnt3a-mediated signaling (Figure 4.1B and 4.3B). The expression of a TRIP12 mutant that is unable to bind Poly (ADP-ribose) polymerase (PARP) (Gatti et al. 2020) activated Wnt signaling at levels comparable to wild-type TRIP12, suggesting that the PARP binding domain of TRIP12 is dispensable for its Wnt activity (Figure 4.3C). No observable change in b-catenin levels was detected when TRIP12 was knocked down or overexpressed, suggesting that TRIP12 functions downstream of b-catenin stabilization. Consistent with this conclusion, we found that TRIP12 localized primarily in the nucleus, and no observable change in localization was detected upon Wnt stimulation by immunostaining or biochemical fractionation (Figure 4.3D-E). Knockdown of Axin and APC, components of the b-catenin destruction complex, results in stabilization of b-catenin and Wnt pathway activation. Concomitant knockdown of TRIP12 reduced Wnt reporter activity in both cases (Figure 4.7A-B). These results further supported a role for TRIP12 downstream of the b-catenin destruction complex to mediate nuclear Wnt signaling. To explore this possibility further using an ex vivo system, we tested whether downregulating TRIP12 affected the growth of spheroids from APCmin mice, which do not require exogenous Wnt ligands for growth (Puppa et al. 2011). We found that TRIP12 knockdown by shRNA lentivirus treatment decreased spheroid size and promoted cell differentiation, as reflected by the formation of multiple protrusions reminiscent of crypt-like structures seen in wild-type enteroids (Figure 4.7C-G), supporting a role for TRIP12 downstream of APC. 
	Further evidence that TRIP12 acts downstream of the destruction complex was provided by genetic epistasis experiments in Drosophila, using APC knockdown. The activation of Wingless signaling resulting from Apc1 depletion in the adult midgut is known to result in hyperproliferation of intestinal stem cells (ISCs), leading to an increase in stem and progenitor cell number (Figure 4.7H-I) (Cordero et al. 2012, Tian et al. 2016, Tian et al. 2017). Concomitant RNAi-mediated knockdown of Apc1 and ctrip in intestinal stem and progenitor cells using the temperature-sensitive escargot (esgts)-Gal4 driver resulted in a reduction in stem and progenitor cells (Figure 4.7J), in contrast with concomitant RNAi-mediated knockdown of Apc1 and wingless (Figure 4.7K). These in vivo findings support the conclusion that TRIP12/Ctrip acts downstream of APC and the b-catenin destruction complex.





















































[bookmark: _Toc155859107]Figure 4.7. TRIP12 functions downstream of b-catenin stabilization.
(A) HEK293STF cells were transfected as indicated with NT control, TRIP12 siRNAs, Axin siRNAs, or TRIP12 and Axin siRNAs. TOPflash reporter activity was quantified, and cell extracts were immunoblotted for TRIP12, Axin, and b-catenin. (B) HEK293STF cells were transfected as indicated with NT control, TRIP12 siRNAs, APC siRNAs, or TRIP12 and APC siRNAs. TOPflash reporter activity was quantified, and cell extracts were immunoblotted for TRIP12, APC, and b-catenin. Graphs show mean  SD of TOPflash normalized to cell number and control. *p<0.05, and ****p<0.0001. Significance was assessed using the one-way ANOVA with a follow-up Tukey’s test. All TOPflash results and immunoblots are representative of at least three independent experiments. n = 3 wells of cells per treatment group per experiment. Tubulin is a loading control. (C-G) APCmin spheroids were infected with control shRNA (Control) or 3 distinct shTRIP12 lentiviral particles (#1, #2, and #3), imaged, and quantified for (E) spheroid diameter (<200 mm) after 3 days, and evidence of (F) differentiation (villus formation, indicated by arrowheads) after 4 days. (D) Immunoblotting was performed to confirm the reduction in TRIP12 levels. HSP90 and Tubulin are loading controls. Representative images are shown (n = 3 independent experiments). The space between #2 and #3 represents intervening wells. Scale bar is (C) 800 mm and (G) 50 mm. (G) GFP marks lentivirus infected cells. Graphs show mean  SEM of three independent replicates. Significance was analyzed by one (F) or two (E)-tailed Student’s t test. P values are between Control to shTRIP12 #1, shTRIP12 #2, and shTRIP12 #3. *p<0.05 and **p<0.01. (H-K) By comparison with control (H,K), RNAi-mediated depletion of Apc1 in ISCs during pupation using the esgts (temperature sensitive driver) leads to an increase of progenitor cell (green) number in the midgut (R5A region) (I,K). Concomitant expression of the Apc1 RNAi construct with ctrip RNAi construct leads to a significant reduction in progenitor cell number (J,K) in contrast with expression of an RNAi construct targeting yellow (I,K). Progenitor cells are marked with esg>GFP (green) and nuclei are marked with DAPI (blue). Scale bar (H-J): 50 mm. Graphs show mean  SD. ****p<0.0001.









[bookmark: _Toc156298453]TRIP12 interacts with the SWI/SNF catalytic component BRG1
	To identify interactors of TRIP12 that mediate its role in activating Wnt signaling, we generated HEK293T cells stably transfected with TRIP12 and a catalytically inactive version (TRIP12C2007A) fused to the turboID biotin ligase and tagged with a 3xFLAG-epitope (Branon et al. 2018). We found that HEK293T cells expressed higher protein levels of 3xFLAG-TurboID-TRIP12C2007A compared to wild-type TRIP12 (Figure 4.8A). Consequently, we used the TRIP12C2007A cell line to identify interactors. Briefly, cells stably expressing 3xFLAG-TurboID-TRIP12C2007A were treated with biotin, and biotinylated proteins were enriched with streptavidin beads and analyzed by quantitative label-free mass spectrometry (MS) (Figure 4.8B). As some non-specific labeling of TRIP12 occurred even in the absence of biotin treatment (due to the presence of endogenous biotin), cells that had not been treated with biotin were used as a negative control for comparison. In parallel, we performed affinity purification coupled to mass spectrometry (AP/MS) as an alternative approach to identify TRIP12C2007A interactors (Figure 4.8C). Known TRIP12 substrates, including Poly [ADP-ribose] polymerase 1 (PARP1), Ubiquitin Specific Peptidase 7 (UBP7/USP7), and SWI/SNF complex component BAF57 (SMCE1), were amongst the 358 proteins identified as putative TRIP12 interactors using both approaches, validating these methods (Figure 4.8D) (Kajiro et al. 2011, Liu et al. 2016, Gatti et al. 2020). Other members of the SWI/SNF chromatin remodeling complex were also identified, consistent with an over-representation analysis (ORA) of significant proteins, which revealed ‘chromatin assembly and disassembly machinery’ as the highest Gene Ontology (GO) term (Figure 4.8E). Of note, TRIP12 interacted with the catalytic subunit of the SWI/SNF complex, Brahma-related gene 1 (BRG1/SMCA4), a known nuclear regulator of Wnt signaling (Barker et al. 2001). Supporting the mass spectrometry results, we found that endogenous (Figure 4.8F) and overexpressed (Figure 4.9A-B) BRG1 and TRIP12 co-immunoprecipitate in a Wnt-independent manner. A proximity ligation assay confirmed their association, providing support that their interaction is direct and Wnt-independent (Figure 4.8G).












































[bookmark: _Toc155859108]Figure 4.8. TRIP12 interacts with BRG1.
(A) Volcano plot of significantly enriched proteins in proximity labeling experiments of 3xFLAG-turboID-TRIP12C2007A HEK-293T cells treated with biotin or not and analyzed using label-free LC-MS/MS. Proteins with a fold-change of greater than 1.5-fold (log2 > 0.6), p < 0.05 (n = 3 independent biological replicates) in +/- biotin comparison are shown in cyan. The proteins highlighted in dark blue are known interactors of TRIP12, and the proteins labeled in black are known components of the SWI/SNF complex. (B) Volcano plot of significantly enriched proteins identified in 3xFLAG-TRIP12C2007A immunoprecipitation versus control and analyzed by label-free mass spectrometry (AP/MS). Proteins with a fold change of greater than 1.5-fold (log2 > 0.6), p < 0.05 (n = 3 independent biological replicates) in 3x-FLAG-TRIP12C2007A/control comparison are shown in cyan. The proteins highlighted in dark blue are known interactors of TRIP12, proteins labeled in black are known components of SWI/SNF complex. (C) Schematic of constructs of the N-terminal 3xFLAG-turboID biotin ligase-tagged TRIP12WT and catalytically inactive TRIP12C2007A and western blot of their expression in HEK-293T cells. Venn diagram comparing specific TRIP12 interactors identified by proximity labeling and AP/MS approaches. Among the commonly identified proteins were known TRIP12 interactors PARP1, USP7, and BAF57, as well as the SWI/SNF components BRG1 and BAF170. (D) Over-representation analysis (ORA) of the 358 common and specific TRIP12 interactors revealed chromatin assembly and disassembly as the most enriched gene ontology (GO) term with an enrichment ratio of 12.22, FDR < 0.05. (E) HEK293 cells were transfected with Myc-TRIP12-CD, incubated in the presence or absence of recombinant Wnt3a, and Myc-TRIP12-CD was immunoprecipitated with a Myc antibody. Coimmunoprecipitated, endogenous BRG1 was detected by immunoblotting. All immunoblots are representative of at least three independent experiments. Tubulin is a loading control. (F) RPE cells were treated in the absence or presence of recombinant Wnt3a for 4 hours, immunostained for BRG1 and/or TRIP12, and a proximity ligation assay (PLA) was performed with quantification (G). ****p<0.0001. Significance was assessed using the one-way ANOVA with a follow-up Tukey’s test. Scale bar = 40 mm.



























































[bookmark: _Toc155859109]Figure 4.9. TRIP12 interacts with BRG1 and does not affect the SWI/SNF interactome or BRG1 turnover.
(A) HEK293 cells were transfected with plasmids encoding catalytic-dead TRIP12 (Myc-TRIP12-CD) and FLAG-BRG1 as indicated and incubated with recombinant Wnt3a. Myc immunoprecipitates (IP) and whole-cell lysates (WCL) were immunoblotted for Myc and FLAG. (B) HEK293 cells were transfected with plasmids encoding Myc-TRIP12-CD and FLAG-BRG1 as indicated and incubated in the presence or absence of recombinant Wnt3a. Cell extracts were immunoprecipitated with an anti-FLAG antibody. Coimmunoprecipitated Myc-TRIP12-CD was detected by immunoblotting for Myc. (C) Volcano plot of significantly enriched proteins in a label-free FLAG AP-MS experiment of transiently overexpressed FLAG-BRG1 in HEK293FT cells, under the presence of Wnt3a. Proteins with a fold change of greater than 1.5-fold (log2 > 0.6), p < 0.05 (n = 3 independent biological replicates) in +/- myc-TRIP12 overexpression comparisons are shown in blue (increased in TRIP12 overexpression) or red (decreased in TRIP12 overexpression). The proteins labeled in black are known components of the SWI/SNF complex. (D) HEK293 cells were transfected with vector control or a Myc-TRIP12 expressing plasmid followed by treatment with cycloheximide (CHX). Cell extracts were collected at the indicated time points and immunoblotted for BRG1, TRIP12, and Tubulin. All immunoblots are representative of at least three independent experiments. Tubulin is a loading control. 























[bookmark: _Toc156298454]BRG1 is required for TRIP12-dependent Wnt signaling in human cells and Drosophila
	
BRG1 has been shown to positively (via binding to b-catenin) (Barker et al. 2001, Griffin et al. 2011, Holik et al. 2014) and negatively (Collins and Treisman 2000, Vasileiou et al. 2015) regulate Wnt signaling. Thus, it is possible that the effects of the SWI/SNF complex on Wnt signaling are tissue- or context-dependent. We found that BRG1 knockdown in human HEK293 cells with three independent siRNAs blocked Wnt3a-induced signaling (Figure 4.10A), indicating a positive role for BRG1. To test whether BRG1 is required for TRIP12-mediated Wnt signaling, we knocked down BRG1 in HEK293STF cells overexpressing TRIP12. We found that Wnt pathway activation upon TRIP12 overexpression was inhibited by knocking down BRG1 (Figure 4.10B), indicating a requirement for BRG1 in TRIP12-mediated Wnt signaling.
We found that BRG1 is also required for Wingless signaling in vivo. The closest relative of human BRG1 is encoded by a single Drosophila melanogaster gene, brahma (brm), which shares 81% amino acid similarity with human BRG1. We found that RNAi-mediated Brm depletion with independent RNAi constructs resulted in reduction or loss of endogenous GFP tagged Brm (Brm-GFP). Strong Brm knockdown resulted in mildly deformed wing discs whereas complete loss of Brm prevented wing development. Brm knockdown in the posterior compartment using the hh-Gal4 driver resulted in loss of the Wingless target genes sens and notum, in contrast with knockdown of the y control (Figure 4.10C-G). Similarly, in the adult intestine, RNAi-mediated depletion of Brm resulted in the reduction of fz3-GFP expression near the MHB (Figure 4.10H-L). These findings demonstrate that BRG1/Brm promotes Wnt/Wingless signaling in multiple physiological contexts. 

























[bookmark: _Toc155859110]Figure 4.10. BRG1 is required for Wnt/Wingless signaling.
(A) HEK293STF cells were transfected with nontargeting (NT) control or three independent BRG1 siRNAs (siRNA 1, 2, or 3) and incubated in the absence or presence of recombinant Wnt3a. TOPflash reporter activity was quantified, and cell extracts were immunoblotted for BRG1 and b-catenin. (B) HEK293STF cells were transfected with the indicated expression constructs and incubated in the absence or presence of recombinant Wnt3a. TOPflash reporter activity was quantified, and cell extracts were immunoblotted for Myc-TRIP12 and BRG1. Graphs show mean  SD of TOPflash normalized to cell number and NT control. *p<0.05, **p<0.01 and ****p<0.0001. Significance was assessed using the one-way ANOVA with a follow-up Dunnett’s or Tukey’s test. All TOPflash results and immunoblots are representative of at least three independent experiments. n = 3 wells of cells per treatment group per experiment. Tubulin is a loading control. (C-G) RNAi constructs targeting the yellow (y) negative control or brm were expressed in the posterior compartment (marked by Engrailed (En, cyan)) of third instar larval wing discs using the hedgehog (hh)-Gal4 driver. Scarlet-Senseless (Scar-Sens, magenta) is a Wingless target gene reporter. (C-D) hh-Gal4-driven expression of a control RNAi construct targeting the y gene. Minimal loss of Scar-Sens was observed. (E-F) hh-Gal4-driven expression of independent RNAi constructs targeting brm resulted in decreased Scar-Sens in the posterior compartment. (G) Quantification is shown as percentage of discs of each genotype with decreased Scar-Sens. N is the number of wing discs analyzed. (H-L) RNAi constructs targeting the y negative control or brm were expressed in the posterior midgut using the cad-Gal4 driver. frizzled3-GFP (fz3-GFP, green) is a Wingless target gene reporter. (H-I) cad-Gal4-driven expression of a control RNAi construct targeting the y gene. No fz3-GFP reduction was observed. (J-K) cad-Gal4-driven expression of RNAi constructs targeting brm resulted in partial loss of fz3-GFP in the posterior midgut. (L) Quantification is shown as percentage of intestines of each genotype with decreased fz3-GFP. N is the number of adult intestines analyzed. DAPI (blue) marks nuclei. Scale bar (C-K, M-U): 50 mm. Dorsal, top and posterior, right. *p<0.05, **p<0.01, ****p<0.0001 (one-tailed t-test).









[bookmark: _Toc156298455]TRIP12 ubiquitylates BRG1 in cells and in vitro
	As TRIP12 binds BRG1, we sought to determine if BRG1 is a TRIP12 ubiquitylation substrate. We used a maltose binding protein (MBP) tandem ubiquitin-binding entitites (TUBE) fusion protein to isolate ubiquitylated proteins followed by immunoblotting (Figure 4.11A). As expected, ubiquitylated b-catenin levels decreased with Wnt3a treatment and overexpression of TRIP12 had no effect on the extent of b-catenin ubiquitylation. In contrast, overexpression of TRIP12 in the presence of Wnt3a enhanced the ubiquitylation of BRG1, indicating that TRIP12 promotes BRG1 ubiquitylation in a Wnt-dependent manner. In contrast, no increase in BRG1 ubiquitylation was observed with overexpression of TRIP12 alone. Consistent with this conclusion, BRG1 ubiquitylation was not observed when the catalytic-dead TRIP12 mutant was overexpressed at a similar level in the presence of Wnt3a (Figure 4.11B). To more directly assess whether BRG1 is a substrate of TRIP12, we performed an in vitro ubiquitylation assay using purified proteins and found that BRG1 is a direct substrate of TRIP12 (Figure 4.11C). These findings and our previous demonstration that the ligase activity of TRIP12 is required for its full Wnt activity support the conclusion that TRIP12 ubiquitylates BRG1 to promote Wnt signaling. 
















































[bookmark: _Toc155859111]Figure 4.11. TRIP12 ubiquitylates BRG1 but does not affect its stability.
(A) HEK293 cells were transfected with plasmids encoding Myc-TRIP12 or FLAG-BRG1 as indicated and incubated in the absence or presence of recombinant Wnt3a and the proteasome inhibitor MG-132. Ubiquitylated proteins were isolated from cell extracts by incubation with recombinant MBP-TUBE. FLAG-BRG1, Myc-TRIP12, and b-catenin were detected by immunoblotting. (B) HEK293 cells were transfected with plasmids encoding empty vector control, Myc-TRIP12 wild-type (TRIP12) or Myc-TRIP12 catalytic dead (TRIP12-CD) and FLAG-BRG1 as indicated and incubated with recombinant Wnt3a and the proteasome inhibitor MG-132. Ubiquitylated proteins were pulled down with MBP-TUBE, and BRG1 and b-catenin were detected by immunoblotting. MBP-TUBE and Tubulin are loading controls. (C) FLAG-BRG1 purified from HEK293 cells was incubated in an in vitro ubiquitylation assay with recombinant GST-TRIP12-HECT domain and FLAG-BRG1 was detected by immunoblotting. (D) HEK293 cells were transfected as indicated with empty vector control (Con) or Myc-TRIP12, treated with recombinant Wnt3a, and immunoblotting performed for TRIP12 and BRG1. (E) HEK293 cells were transfected with nontargeting (NT) control or TRIP12 siRNAs. Whole-cell lysate was collected and immunoblotted for endogenous TRIP12 and BRG1. Tubulin is a loading control. All immunoblots are representative of at least three independent experiments. (F-I) Independent RNAi constructs targeting yellow (y) control or ctrip were expressed in the dorsal compartment of third instar larval wing discs using the apterous (ap)-Gal4 driver. (F,H) ap-Gal4-driven expression of a control RNAi construct targeting the y gene. No change was observed in the level of BAF57-GFP (green) or Brm-GFP (green). (G) ap-Gal4-driven expression of independent RNAi constructs targeting ctrip results in increased levels of BAF57-GFP (green) in the dorsal compartment. (I) ap-Gal4-driven expression of independent RNAi constructs targeting ctrip results in no change in the level of Brm-GFP (green) in the dorsal compartment. Arrow denotes dorsal ventral boundary. BAF57 level increased in dorsal half upon Ctrip knockdown. DAPI (blue) marks nuclei. Scale bar (F-I): 50 mm. Dorsal, top and posterior, right.









[bookmark: _Toc156298456]TRIP12 enhances BRG1 capacity to bind b-catenin in the presence of Wnt
	We next tested several hypotheses for how TRIP12-mediated BRG1 ubiquitylation promotes Wnt signaling. The effect of TRIP12 on the BRG1 ubiquitylation state parallels its effect on Wnt reporter activity. Because protein ubiquitylation often serves as a signal for proteasomal degradation, we tested whether TRIP12 reduces the stability of BRG1. We found that neither overexpression (Figure 4.11D) nor knockdown (Figure 4.11E) of TRIP12 had any observable effect on the steady-state levels of BRG1 in the absence or presence of Wnt. Similarly, overexpression of TRIP12 had no effect on the turnover rate of BRG1 (Figure 4.9D). These results indicate that BRG1 ubiquitylation by TRIP12 did not affect its stability. These findings were further supported by in vivo experiments in Drosophila. Ctrip knockdown in the dorsal compartment of wing discs using the ap-Gal4 driver resulted in increased levels of endogenous BAF57 (Bap111 in Drosophila) (Papoulas et al. 2001), a known substrate (Keppler and Archer 2010), but no observable change in endogenous levels of Brm (Figure 4.11F-I).
	SWI/SNF complexes are composed of over a dozen proteins, including BRG1 and BRG1-associated factors (BAFs). We tested whether BRG1 ubiquitylation by TRIP12 affected the composition of SWI/SNF by regulating the interactions between BRG1 and BAF proteins. To test this possibility, we overexpressed BRG1 and TRIP12 in HEK293 cells and performed immunoprecipitation of BRG1, followed by mass spectrometry to identify associated factors (Figure 4.9C). We found that TRIP12 had no observable effect on the composition of the SWI/SNF components that were pulled down with BRG1. 
	We showed previously that the capacity of b-catenin to bind TCF4 is regulated by the ubiquitylation state of the corepressor, Gro/TLE (Kassel et al. 2023). Although ubiquitylation of BRG1 by TRIP12 did not appear to regulate BRG1 binding to other SWI/SNF complex components, we speculated that BRG1 ubiquitylation may affect its interaction with b-catenin. To test this possibility, we knocked down TRIP12 in HEK293 cells and assessed the binding of BRG1 to b-catenin in the absence or presence of Wnt. We found that the binding of b-catenin by BRG1, as assessed by their co-immunoprecipitation, was inhibited by knockdown of TRIP12 (Figure 4.12A). To further test the effect of TRIP12 on the interaction between BRG1 and b-catenin, we used an independent approach, the NanoBiT luciferase-based complementation (HiBiT) system. In this system, the active NanoLuciferase protein is reconstituted when proteins tagged with the HiBiT fragment and the LgBiT fragment are in proximity (Dixon et al. 2016). Co-overexpression of a HiBiT-tagged BRG1 construct with a LgBiT-tagged b-catenin construct in HEK293 cells resulted in a luminescent signal, indicative of a close association between the two proteins (Figure 4.12B). The NanoLuciferase signal decreased when TRIP12 was knocked down with siRNA (Figure 4.12C), suggesting an inhibition of the BRG1- b-catenin interaction. Conversely, the luminescent signal increased when TRIP12 was overexpressed in the presence of Wnt3a ligand (Figure 4.12D). These results provide further support for the conclusion that TRIP12 promotes the binding of b-catenin to BRG1 in the presence of Wnt (Figure 4.12E). 











































[bookmark: _Toc155859112]Figure 4.12. TRIP12 promotes the interaction of BRG1 with b-catenin.
(A) HEK293 cells were transfected with nontargeting (NT) control or two pooled TRIP12 siRNAs and incubated in the presence or absence of Wnt3a. Endogenous BRG1 was immunoprecipitated with a BRG1 antibody. IgG was used as a negative control. Coimmunoprecipitated, endogenous b-catenin was detected by immunoblotting. Immunoblot is representative of at least three independent experiments. Tubulin is loading control. (B) HiBiT-tagged BRG1 was co-overexpressed with LgBiT-tagged b-catenin. When the two proteins are in close proximity, the HiBiT and LgBiT proteins interact and form a functional NanoBit luciferase enzyme. Addition of the HiBiT substrate results in an enzymatic reaction that produces a light signal, which can be used as a readout for the interaction between BRG1 and b-catenin. (C-D) HEK293 cells were transfected as indicated and TRIP12 was knocked down (C) or overexpressed (D). Cells were treated with or without Wnt3a as indicated and luminescence was quantified as Relative Light Units (RLU). Cell extracts were immunoblotted for TRIP12, b-catenin-V5-LgBiT, and BRG1-HA-HiBiT. Tubulin is a loading control. Graphs show mean  SD of luminescence normalized to cell number. *p-value < 0.05, ***p-value <0.001, and ****p-value < 0.0001. Significance was assessed using the one-way ANOVA with a follow-up Tukey’s test. All HiBiT results and immunoblots are representative of at least three independent experiments. n = 3-4 wells of cells per treatment group per experiment. (E) Upon Wnt pathway activation, TRIP12 ubiquitylates BRG1 and promotes BRG1 association with b-catenin. 













[bookmark: _Toc156298457]TRIP12 is expressed in the human colon and high levels of TRIP12 in pancreatic cancer patients correlates with reduced survival 

	Wnt signaling is required for maintaining intestinal homeostasis in the adult animal (Logan and Nusse 2004). We performed multiplex immunofluorescence on formalin-fixed, paraffin-embedded (FFPE) human tissue sections to determine if TRIP12 and BRG1 are expressed in the human colon (Figure 4.13). We found that TRIP12 and BRG1 are expressed in an overlapping pattern in the human colon with BRG1 staining exclusively in the nucleus. Although predominantly nuclear, faint staining of TRIP12 was also observed in the cytoplasm. Finally, the staining of TRIP12 and BRG1 appears concentrated in the crypts. Given the role of Wnt signaling as an oncogenic pathway, we asked whether TRIP12 is altered in human cancers. We found that the TRIP12 gene is mutated at different frequencies in several tumor types, with the TRIP12 mRNA level relative to corresponding normal tissue dependent on cancer type (Brunet et al. 2020). Specifically, using data from the Cancer Genome Atlas (Weinstein et al. 2013, Tang et al. 2017), we found that high expression of TRIP12 mRNA was significantly correlated with reduced survival of patients with pancreatic adenocarcinoma (Figure 4.14), a cancer associated with activated Wnt signaling (Jones et al. 2008). 





















[bookmark: _Toc155859113]Figure 4.13. TRIP12 staining is concentrated in the crypts of human colon.
Multiplex immunofluorescence of TRIP12, BRG1, and b-catenin human tissue blocks of human colon. (A) TRIP12 immunostaining is predominantly nuclear and increases in intensity toward the base of the intestinal crypts. (B) BRG1 immunostaining is exclusively nuclear and overlaps with TRIP12 in the colonic crypts.
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[bookmark: _Toc155859114]Figure 4.14. Correlation of TRIP12 mRNA expression and pancreatic adenocarcinoma patient survival.
Pancreatic adenocarcinoma patients from the TCGA PanCancer Atlas cohort were grouped using a 50th percentile cutoff of TRIP12 mRNA expression z-scores relative to all samples (log RNA Seq V2 RSEM). For each group, the probability of overall survival was plotted over time. Significance was determined using the log-rank test (p-value = 0.0366). 














[bookmark: _Toc156298458]DISCUSSION
	Herein, we identify TRIP12 as an evolutionarily conserved positive regulator of Wnt signaling. Conversion of chromatin from a repressive to a permissive state is critical for regulating gene transcription in many signaling pathways, but our understanding of how this switch occurs is limited. For Wnt signaling, we propose a model in which BRG1, a catalytic ATPase of the SWI/SNF complex, is ubiquitylated by TRIP12 in the presence of Wnt, and BRG1 association with b-catenin and, consequently, with Wnt promoter-bound TCF/LEF is increased. Alternatively, the SWI/SNF complex may be recruited to b-catenin-bound TCF/LEF sites. Consistent with our findings, the depletion of TRIP12 in planarians was shown to prevent the specification and maintenance of posterior tissues during homeostasis and regeneration, phenotypes consistent with Wnt pathway inhibition (Henderson et al. 2015). 
TRIP12 has been implicated in chromatin regulation through several mechanisms. TRIP12 was shown previously to ubiquitylate several proteins that regulate chromatin modification and transcription, including RNF168 and ARF. The E3 ligase RNF168 ubiquitylates histone H2A and H2AX at sites of DNA damage, promoting the recruitment of DNA repair proteins. Ubiquitylation of RNF168 by TRIP12 targets RNF168 for proteasomal degradation, preventing the spread of RNF168-mediated chromatin ubiquitylation to undamaged DNA (Shanbhag et al. 2010, Gudjonsson et al. 2012). TRIP12 also promotes the turnover of p53. Ubiquitylation of the MDM2 inhibitor, ARF, by TRIP12, leads to ARF degradation. Consequently, MDM2, an E3 ligase for p53, is stabilized, and p53 is degraded (Chen et al. 2010). Previous studies also showed that TRIP12 regulates the stoichiometry of the SWI/SNF complex by controlling the level of free, unbound BAF57 (Keppler and Archer 2010). However, to the best of our knowledge, our finding that TRIP12 ubiquitylates BRG1 is the first example of a ubiquitin ligase-directed mechanism that targets the SWI/SNF chromatin remodeling complex to regulate signal pathway-transcription. 
	We speculate that a similar mechanism for recruiting SWI/SNF complexes to target genes of other signaling pathways may occur; activation of the signaling pathway would lead to increased affinity (possibly via post-translational modification) of a component of the SWI/SNF complex for a transcription factor, allowing targeting of SWI/SNF to regulate signal pathway-directed transcription. Evidence consistent with this notion comes from studies demonstrating the association between the SWI/SNF subunit, BAF57, with activated androgen and estrogen nuclear receptors (Belandia et al. 2002, Link et al. 2005), and between BRG1 with the ligand-bound estrogen receptor in human cells (DiRenzo et al. 2000). Thus, strategies that promote the interaction between the SWI/SNF complex and transcription factors may provide an attractive approach to selectively activate pathway-specific transcriptional programs. 
	Finally, our findings may have important clinical relevance, as both TRIP12 and BRG1 are mutated in human cancers (Brunet et al. 2020, Centore et al. 2020). Several clinical trials for BRG1-mutated cancers are currently ongoing (Mittal and Roberts 2020). Drug development for BRG1 has focused on allosteric inhibitors, inhibitors of ATPase activity, PROTACs, and bromodomain inhibitors; all have exhibited anti-proliferative effects in vitro or in mouse tumor studies (Papillon et al. 2018, Farnaby et al. 2019). Our current study predicts that drugs that disrupt the TRIP12-BRG1 interaction would block signaling in the majority of Wnt pathway-dependent cancers. Drugs targeting TRIP12 itself represent particularly promising anti-cancer agents, given TRIP12’s role in the DNA damage response, maintaining low levels of p53, and, as our current study shows, promoting Wnt signaling. 




















Chapter V

[bookmark: _Toc156298459]FUTURE DIRECTIONS
	The data presented here are only part of the story of how USP47 and TRIP12 act to regulate Wnt signaling. Thus, additional work must be done to complement and expand on the results shown here. I will briefly discuss some of the important questions that remain to be addressed for the function of USP47 and TRIP12 in Wnt signaling.

[bookmark: _Toc156298460]USP47 in Wnt signaling

[bookmark: _Toc156298461]Does USP47 have additional roles in the Wnt pathway?
	While we have discovered a role for USP47 in regulating Wnt signaling by acting in the nucleus to deubiquitylate the transcriptional corepressor Gro/TLE, there are still several unanswered questions about its role(s) in the Wnt pathway. As discussed previously, USP47 has also been shown to interact with b-catenin and b-TRCP, suggesting that it may have additional mechanisms of action in regulating Wnt signaling in addition to its role in the nucleus on Gro/TLE (Shi et al. 2015, Bufalieri et al. 2019). One way to test this would be to determine if USP47 is required for Wnt signaling in the absence of Gro/TLE. The simplest way to test this would be to perform double knockdown experiments of TLE and USP47. This could be done in mammalian cells with RNAi or by creating a CRISPR line in which TLE is deleted. Knockdown or knockout of TLE would result in the activation of a Wnt transcriptional program, which could be assessed by TOPflash assay or qPCR of Wnt target genes. Concurrent knockdown of USP47 would reveal whether USP47 is still required for Wnt signaling in the absence of TLE. If the knockdown of USP47 blocks the effect of TLE knockdown and leads to inhibition of Wnt signaling, this would suggest that USP47 acts on additional substrates in the Wnt pathway. If knockdown of USP47 does not affect Wnt signaling in this context, that would indicate that inhibition of USP47 cannot suppress TLE knockdown, suggesting that TLE is required for USP47 to promote Wnt signaling. 
	Our in vivo ubiquitylation experiments revealed that the knockdown of USP47 had no effect on the ubiquitylation of b-catenin. However, other studies have suggested that USP47 acts to deubiquitylate and stabilize b-catenin (Shi et al. 2015). It is possible our assays aren’t sensitive enough to be able to detect subtle changes in b-catenin ubiquitylation. To address this question further, mass spectrometry experiments could be performed to look at the specific ubiquitylation sites of b-catenin in the presence or absence of USP47. Additionally, in vitro ubiquitylation assays could also be performed to directly assess whether USP47 can bind and deubiquitylate b-catenin. Having a better understanding of USP47’s function on b-catenin and other components of the Wnt pathway will be important for predicting the effects of therapeutic agents aimed at inhibiting USP47 for the treatment of cancer. 

[bookmark: _Toc156298462]What are the sites of USP47-mediated deubiquitylation of Gro/TLE?
	Our previous studies revealed that XIAP monoubiquitylates Gro/TLE on its N-terminal Q domain, which contains eight conserved lysine residues (Hanson et al. 2012). However, we have not yet determined which of these residues is the specific site that XIAP targets and whether this is the same site that USP47 acts to deubiquitylate. Identification of the specific ubiquitylation site on Gro/TLE would provide an important tool for further functional studies. The ubiquitylation site could be identified by mass spectrometry experiments of TLE in the presence or absence of XIAP. Follow-up mass spectrometry experiments could also be performed on TLE in the presence or absence of USP47 to determine if they act on the same site. Once the ubiquitylation site is identified, Gro/TLE mutants could be synthesized in which the ubiquitylated lysine is mutated to arginine (Suryadinata et al. 2013), and confirmation studies could be performed to show that XIAP and/or USP47 are no longer able to act on Gro/TLE. Overexpression of these mutants or the creation of a stable cell line expressing the ubiquitylation mutant using CRISPR/Cas9 could be used in experiments to test whether the non-ubiquitylated form of Gro/TLE can repress Wnt signaling more than the wild-type Gro/TLE, as assessed by TOPflash assay or qPCR of Wnt target genes. The ubiquitylation mutant could also be used in immunoprecipitation experiments or binding assays to assess the kinetics of Gro/TLE binding to TCF/LEF. I would predict that the ubiquitylation mutant of Gro/TLE would have a higher affinity for TCF/LEF than the wild-type and would inhibit Wnt signaling more. Mapping the ubiquitylation site of Gro/TLE would be useful for the functional studies described here but could also provide important insight into the structure of Gro/TLE.

[bookmark: _Toc156298463]What are the binding sites of XIAP and USP47 on Gro/TLE?
	Our studies revealed that XIAP, USP47, and TLE3 can form dimeric complexes with each other but cannot form a trimeric complex. Identifying the specific binding regions of XIAP and USP47 on TLE would provide insight into whether they have overlapping binding sites on TLE, preventing trimeric complex formation, or whether the binding of one protein induces a conformational change in TLE that prevents the binding of the other protein. 	The binding regions could be identified by creating truncation mutations of each of the proteins (XIAP, USP47, and TLE) and determining which regions are sufficient for binding to occur by immunoprecipitation. The crystal structure of the Gro/TLE WD40 domain has been elucidated (Pickles et al. 2002), but the structure of the complete protein has not yet been solved as it is a difficult protein to purify. Solving the crystal structure of Gro/TLE would be ideal for determining how these interactions may be occurring in the cell and how modifications of specific residues may be affecting these interactions.

[bookmark: _Toc156298464]What are the kinetics of Gro/TLE vs b-catenin binding to TCF/LEF?
	The cycling of b-catenin on and off promoters is a previously proposed checkpoint mechanism by which cells can evaluate the state of signaling pathway activation and maintain or suppress the transcriptional response (Sierra et al. 2006). We propose that this occurs by USP47 recharging Gro/TLE through its deubiquitylation, allowing it to displace b-catenin from TCF and beginning a new cycle in which XIAP is recruited to TCF/LEF to ubiquitylate Gro/TLE. A number of interesting questions arise regarding this model. What are the kinetics of Gro/TLE-TCF/LEF association compared to b-catenin-TCF/LEF association? What are the affinities of these interactions and do they change in response to a Wnt signal? When does Gro/TLE dissociate from TCF/LEF and when does b-catenin come on to TCF/LEF after a Wnt ligand binds to its receptor? How long does b-catenin remain bound to TCF/LEF before it is displaced by Gro/TLE again and how quickly does a new b-catenin molecule replace Gro/TLE? How many cycles of Gro/TLE and b-catenin binding and dissociating from TCF/LEF typically occur in response to a Wnt signal and how long is this cycling maintained? How quickly is the transcriptional response stopped when a signal is no longer detected? What happens when USP47 is knocked down? Is b-catenin saturated on Wnt promoters and unable to initiate new rounds of transcription or are the kinetics of b-catenin removal just slower? These questions could be addressed by performing time course ChIP experiments designed to examine the association and dissociation of Gro/TLE and b-catenin on Wnt target promoters at different timepoints after Wnt stimulation. Sierra et al. performed some of these experiments by looking at b-catenin and TLE1 binding to the murine c-Myc promoter 2 hours after Wnt pathway activation by lithium treatment (Sierra et al. 2006). It would be interesting to follow up on these studies by performing a more comprehensive analysis in different cell lines at more time points and examine additional Wnt target genes. As technological advances in microscopy continue to emerge, live cell imaging could also be a powerful tool to visualize the binding and dissociation of b-catenin and Gro/TLE to TCF/LEF at Wnt target gene promoters. 

[bookmark: _Toc156298465]Does inhibition of USP47 affect tumor growth?
	A major question that emerges from these studies is whether they can be translated into the clinic and whether the role of USP47 in Wnt signaling can be exploited to treat Wnt-driven diseases, such as cancer. Other groups have also asked this question and inhibitors of USP47 are in development for use as anticancer agents (Weinstock et al. 2012). It would be interesting to follow-up on these studies and determine whether patients who receive a USP47 inhibitor have decreased Wnt signaling in their tumors. Additionally, experiments could be performed in APC mutant mouse models or in APC mutant organoid models to test whether inhibition of USP47 results in decreased Wnt signaling and tumor growth in these contexts. 

[bookmark: _Toc156298466]TRIP12 in Wnt signaling

[bookmark: _Toc156298467]How is TRIP12 activated in response to a Wnt signal?
	I have shown that while the interaction between TRIP12 and BRG1 is independent of the Wnt pathway, ubiquitylation of BRG1 by TRIP12 only occurs in the presence of a Wnt signal. This brings up the obvious question as to how the E3 ligase activity of TRIP12 is activated in response to Wnt pathway activation. We previously showed that another nuclear E3 ligase, XIAP, is phosphorylated in the presence of Wnt by CK1 and GSK3 (Ng et al. 2018). Phosphorylation of XIAP promotes its translocation to the nucleus, where it binds and ubiquitylates its Wnt substrate, Gro/TLE (Hanson et al. 2012). Because the localization of TRIP12 is unchanged with Wnt signaling and it can bind to BRG1 in the absence of a Wnt signal, it is unlikely that TRIP12 is regulated by this same mechanism. However, it is possible that the activity of TRIP12 is regulated by a post-translational modification, such as phosphorylation. To test this possibility, TRIP12 could be pulled down from cells in the presence or absence of a Wnt signal and mass spectrometry could be performed to identify modifications of TRIP12 that only occur when the Wnt pathway is activated.  It is also possible that TRIP12 is activated by a different mechanism and not through post-translational modifications. The TRIP12-BRG1 complex may interact with a Wnt-dependent cofactor that causes a conformational change in the complex in which the catalytic site of TRIP12 is in closer proximity to the ubiquitylation site of BRG1, speeding up the kinetics of the ubiquitylation reaction when the Wnt pathway is activated. This possibility could be tested by pulldown experiments and structural studies. 

[bookmark: _Toc156298468]What is the DUB that opposes TRIP12-mediated BRG1 ubiquitylation?
	The next major unanswered question to come out of these studies is: what is the DUB that acts to reverse BRG1 ubiquitylation by TRIP12? I found that TRIP12 directly binds and ubiquitylates BRG1 in response to Wnt pathway activation, promoting the interaction between BRG1 and b-catenin at Wnt target genes. This suggests the existence of a DUB that acts to remove the ubiquitin modification on BRG1 and displace BRG1 from b-catenin, allowing for a new BRG1 molecule to bind and begin a new cycle of b-catenin-mediated transcription. We discovered a similar mechanism in which the DUB USP47 acts to oppose XIAP-mediated Gro/TLE ubiquitylation, allowing Gro/TLE to displace b-catenin on TCF/LEF and begin a new cycle of transcription at Wnt target genes (Kassel et al. 2023). We identified USP47 from a small functional screen for DUBs that act to regulate Wnt signaling. Potential “hits” from this screen could be followed up on in ubiquitylation assays with TRIP12 and BRG1. Any DUBs that decrease the amount of BRG1 ubiquitylation by TRIP12 could be used in overexpression and knockdown experiments to determine their effects on Wnt signaling in cultured cells or in vivo. In vitro assays could also be performed to assess whether the ubiquitylation state of BRG1 affects its affinity for b-catenin. I would expect that ubiquitylation of BRG1 by TRIP12 would increase its affinity for b-catenin, while deubiquitylation by the DUB would decrease the affinity of BRG1 for b-catenin. Identification of the DUB that opposes TRIP12-mediated BRG1 ubiquitylation would provide important insight into the mechanism by which the SWI/SNF complex is recruited to specific target gene promoters in response to a signal and, more specifically, in response to a Wnt signal.  

[bookmark: _Toc156298469]What are the sites of TRIP12 interaction and ubiquitylation of BRG1?
	Our studies revealed that TRIP12 can bind directly to BRG1. However, we were unable to identify the specific regions of each protein that interact. I tried to address this question by performing immunoprecipitation experiments in which I expressed either the N-terminal, ATPase, or C-terminal domain of BRG1 in cells. None of these truncated proteins were able to be pulled down with TRIP12. It is possible that an overlapping site between two domains is required for binding to TRIP12 and one domain was not sufficient for this interaction to occur. Making more truncation mutants of both BRG1 and TRIP12 and performing immunoprecipitation experiments would help to identify the binding sites on both proteins that are sufficient for their interaction. 
	Previous studies revealed that TRIP12 adds K-48, K-29, or K-11 linked polyubiquitin chains onto its substrate proteins (Hanoun et al. 2014, Liu et al. 2016, Kaiho-Soma et al. 2021, Khan et al. 2021). The type of Ub linkage TRIP12 adds to BRG1 could be identified by in vitro ubiquitylation assays with TRIP12, BRG1, and Ub mutants in which each of the lysines in Ub are mutated except for one. Because TRIP12 does not target BRG1 for proteasomal degradation (as K-48 ubiquitin linkages are known to do) and TRIP12-mediated BRG1 ubiquitylation could be detected with a TUBE molecule that can only bind to polyubiquitin chains, I predict that TRIP12 adds K-29, K-11, or another type of polyubiquitin chain to BRG1. In addition to identifying the type of Ub linkage, it would also be useful to identify the specific residue on BRG1 that TRIP12 targets. We attempted to identify the TRIP12-mediated ubiquitylation site on BRG1 by mass spectrometry but were unsuccessful. It is possible that the pool of TRIP12-dependent ubiquitylated BRG1 was too small in the cell to be identified with these assays. In vitro ubiquitylation assays with TRIP12 and BRG1 coupled with mass spectrometry may provide a better approach to identify the specific ubiquitylation site. Once the ubiquitylation site is identified, BRG1 mutants could be synthesized in which BRG1 is no longer capable of being ubiquitylated by TRIP12. These mutants could be used in experiments to test whether the non-ubiquitylated form of BRG1 can repress Wnt signaling, as assessed by the TOPflash assay or qPCR of Wnt target genes. Additionally, the ubiquitylation mutant could be used in binding assays between BRG1 and b-catenin. I would predict that the non-ubiquitylated form of BRG1 would have a lower affinity for b-catenin than the wild-type and would inhibit Wnt signaling. Mapping the sites of TRIP12 interaction and ubiquitylation of BRG1 would provide important structural and mechanistic insight into the role of BRG1 and the SWI/SNF complex in Wnt signaling.

[bookmark: _Toc156298470]How does the SWI/SNF complex regulate Wnt signaling?
	BRG1, the catalytic component of the SWI/SNF chromatin remodeling complex, has previously been shown to promote Wnt signaling through its interaction with b-catenin (Barker et al. 2001, Griffin et al. 2011, Holik et al. 2014). However, BRG1 has also been shown to negatively regulate Wnt signaling under specific contexts (Collins and Treisman 2000, Vasileiou et al. 2015). It is possible that the effects of the SWI/SNF complex on Wnt-signaling are tissue- and/or context-dependent. It has been proposed that combinatorial assembly of distinct SWI/SNF complexes could determine their functional specificity and result in either activation or repression of the associated signaling pathway (Vasileiou et al. 2015). There are three major SWI/SNF complex subfamilies: cBAF, PBAF, and ncBAF. All SWI/SNF complexes contain the four major core components: BRG1/BRM, SNF5, BAF170, and BAF155. In addition, each SWI/SNF complex is composed of various associated factors or BAFs. Of these, BAF57 has previously been identified as a substrate of TRIP12 (Keppler and Archer 2010). Because TRIP12 promotes Wnt signaling, it would be interesting to determine whether BAF57 also has a role in the Wnt pathway. This could be tested by performing knockdown experiments in different cell lines and assessing Wnt signaling by TOPflash assay and qPCR of Wnt target genes. A comprehensive analysis of the role of BAF57 and other SWI/SNF components (particularly the core components) in Wnt signaling under various contexts would provide valuable insight into the impact of targeting the SWI/SNF complex or Wnt signaling in different types of cancer. 

[bookmark: _Toc156298471]Can TRIP12 be used in the design of therapeutic anticancer agents?
	While these studies primarily focused on the role of TRIP12 in the basic mechanism of Wnt signaling, a major question that emerges is whether they can be applied in the clinic to treat Wnt-driven diseases, including cancer. TRIP12 is mutated in several human cancers (Brunet et al. 2020). It would be interesting to determine whether inhibition of TRIP12 in mouse or organoid cancer models resulted in decreased Wnt signaling and tumor growth.  Our work predicts that disrupting the TRIP12-BRG1 interaction represents a promising strategy to block signaling in Wnt-dependent cancers. 
	The development of proteolysis targeting chimeras (PROTACs) is another strategy being pursued as a means of targeting oncogenic proteins. Targeted protein degradation is an attractive approach because it can be used to target proteins that were previously deemed “undruggable.” PROTACs are molecules that contain two ligands connected by a linker (Békés et al. 2022). One ligand acts to bind to a protein of interest, while the other ligand binds an E3 ligase. Concomitant binding of the protein and the ligase induces the ubiquitylation and subsequent degradation of the protein. PROTACs have generated substantial interest and are being designed against b-catenin to inhibit Wnt signaling. The problem with this approach is that b-catenin has other critical functions in the cell independent of its role in Wnt signaling. Therefore, targeting all the b-catenin in the cell for proteasomal degradation may have toxic effects. Being able to selectively target only the nuclear b-catenin for degradation could provide a way to inhibit Wnt-mediated transcription without producing off-target side effects. TRIP12 is an E3 ligase that is primarily localized in the nucleus and can interact with b-catenin. Thus, our studies predict that a PROTAC using TRIP12 as the E3 ligase would specifically target nuclear b-catenin for degradation. Drugs that exploit the role of TRIP12 in Wnt signaling (either by inhibiting its interaction with BRG1 or by using its nuclear E3 ligase activity to degrade b-catenin) represent a particularly promising therapeutic strategy for cancer treatment. 

[bookmark: _Toc156298472]Concluding Remarks
	When I began my thesis work, my goal was to identify new nuclear regulators of Wnt signaling that could provide more insight into how Wnt-mediated transcription is regulated and had the potential for therapeutic implications. I was also interested in studying how the ubiquitin-proteasome system acts in the nucleus to regulate Wnt signaling, as this is an understudied area in the Wnt field. I was successful in completing my goal and identified two novel Wnt regulators, the DUB USP47 and the E3 ligase TRIP12, both of which provide a link between the UPS and Wnt-mediated transcriptional regulation. My studies of USP47 and TRIP12 and their roles in the regulation of nuclear Wnt signaling reveal new insights into how ubiquitylation regulates transcription of signaling pathway target genes. It is likely future studies will uncover additional links between ubiquitylation and transcription, two key activities that are highly controlled in cells. 
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