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Abstract

Activation of Wnt target genes requires the nuclear localization of B-catenin, a
transcriptional co-regulator, to Wnt-regulated enhancers (WREs). -catenin is recruited
to WREs through direct binding to TCF-family transcription factors and mediates
transcriptional activation by binding additional transcriptional co-activators. This process
has traditionally been conceptualized through traditional mechanisms of protein-protein
interaction. A recent study suggests that human B-catenin can form biomolecular
condensates, which implies an alternative mechanism of protein-protein interaction and
suggests that these condensates may be important for 3-catenin’s function as a
transcriptional co-regulator. The primary focus of this thesis is to further examine the
requirement of 3-catenin condensate formation in regulating Wnt target genes by
utilizing a variety of experimental readouts in Drosophila and human tissue.

| characterized the transcriptional activity of a panel of B-catenin mutants which
are defective in the ability to form biomolecular condensates. These mutants had
different combinations of aromatic amino acid residues within B-catenin’s terminal,
intrinsically disordered regions (IDRs) mutated to alanine. The results of the
experiments with these mutants support a model in which the ability of p-catenin to form
biomolecular condensates is tightly linked to its ability to regulate Wnt target genes.

A significant portion of my thesis work also focused on changes in the histone
modification profile of Wnt target genes in response to Wnt activity. It has been
previously observed that in response to Wnt signaling, Wnt target gene loci exhibit
widespread histone acetylation. This is different from the general histone acetylation
profile of active genes, which exhibit histone acetylation at cis-regulatory elements, such
as enhancers and promoters. | sought to determine whether the widespread histone
acetylation pattern emanated from a single WRE. To that end, | generated and
characterized a Drosophila strain that had a WRE that regulates notum, a Wnt target

gene, deleted with CRISPR/Cas9. These flies still expressed notum, suggesting that
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there are additional WREs that regulate notum’s expression. Additionally, we observed
that histone acetylation is sufficient for transcription of the Wnt target gene, naked
cuticle. Our results illustrate a complicated relationship between histone acetylation,
WRE activity, and Wnt target gene transcription.

In total, my dissertation research characterizes the role of -catenin-containing
biomolecular condensates and histone acetylation in Wnt target gene regulation. My
work provides a strong functional characterization of biomolecular condensates in Wnt
target gene regulation and foundational studies for the sufficiency of histone acetylation
in Wnt target gene expression. Future studies aimed at elucidating a direct link between
biomolecular condensates and Wnt target gene transcription, in addition to
characterizing a biomolecular condensate ‘grammar’ with 3-catenin and additional

transcriptional co-regulators, will be important next steps for this work.



Chapter 1 Introduction to the Wnt Signaling Pathway

Cell Signaling affects cellular behavior by altering gene expression patterns

Metazoan development requires proper cell fate specification, concurrent with
precise coordination of cellular functions, such as migration and division. Failure or
misregulation of these processes can result in a variety of developmental defects
(Godard and Heisenberg, 2019; Scarpa and Mayor, 2016). To safeguard against this,
metazoa have evolved robust cell-cell communication mechanisms to regulate cell
activity. Cells use a wide variety of signals to communicate, from inorganic ions to
metabolites and proteins. Cell signaling through proteins can broadly be categorized as
occurring through ligand-receptor, receptor-receptor, and extracellular matrix-receptor
interactions (Armingol et al., 2021). The emphasis here will be on ligand-receptor
signaling.

Ligand-receptor signaling between cells involves one cell synthesizing a ligand
molecule and either secreting it into extracellular space or presenting the signal on its
plasma membrane. These cells that synthesize ligands are classically referred to as
‘inducers.’ Cells that receive the signal and react are classically referred to as
‘responders’ (Perrimon et al., 2012). Responders typically express receptors that can
recognize and bind to the ligand protein. When that binding event occurs, an
intracellular signal transduction cascade of protein interactions is triggered, which
ultimately ends in altering gene expression programs in the responder cell (Heldin et al.,
2016). Altering gene expression occurs through modulating the activity of proteins that
bind to DNA, which are known as transcription factors (TFs), proteins that bind to TFs,
which are known as transcriptional co-regulators, or sometimes both TFs and co-

regulators.



Eleven major developmental cell signaling pathways have evolved in metazoa
and they can be broadly categorized as ligand-receptor signaling pathways. They are:
cytokine (non-receptor tyrosine kinase JAK-STAT), EGF, FGF, Hedgehog, Hippo, Jun
Kinase (JNK), NF-xB, Notch, retinoic acid receptor (RAR), transforming growth factor f3
(TGF-B)/BMPs, and Wnt/Wingless. These pathways, except for RAR signaling, all work
through cell membrane-associated receptors (Perrimon et al., 2012). Retinoic acid is
able to passively diffuse through the cell membrane to activate the RAR (which is a TF),
negating the need for a cell surface receptor (Perrimon et al., 2012; Petkovich and
Chambon, 2022). It is surprising that nature has selected so few pathways to regulate
the vast number of events that need to occur during development. Since these
pathways are utilized in many different and often unrelated contexts, the output of these
pathways must be highly cell-type specific and variable.

One brief example of these signaling pathways in action is the development of
skeletal muscle in the embryo, which requires active Notch signaling (Siebel and
Lendahl, 2017). Early, somite-derived, skeletal muscle precursor cells express the
transcription factor Pax3 and have the potential to differentiate into either skeletal
muscle cells or endothelial cells (Mayeuf-Louchart et al., 2014). This decision is partially
regulated by Notch signaling activity, with high levels of Notch promoting an endothelial
cell fate and low levels of Notch promoting a skeletal muscle cell fate (Siebel and
Lendahl, 2017). A partial mechanistic explanation for this is Notch signaling activity
upregulates the expression of the Hes7 gene, which functions as a transcriptional
repressor of the MyoD gene, which produces the MyoD protein, a TF that has critical
activity for skeletal muscle development (Berkes and Tapscott, 2005; Kuroda et al.,
1999). Without MyoD expression, the somite-derived precursor cells will fail to
differentiate into skeletal muscle cells, and instead favor adopting an endothelial cell
fate (Siebel and Lendahl, 2017). This simplified gene regulatory network (i.e. Notch
activates Hes1, Hes1 represses MyoD, repressed MyoD fails to promote skeletal
muscle development) highlights the role that signaling pathways have in regulating
cellular behavior through gene expression. In this example, Hes1 is one of many genes
that are regulated by Notch signaling to control skeletal muscle/endothelial
differentiation. Additionally, Notch signaling is active in nearly every other tissue types at



multiple points throughout development, activating different sets of genes within each
context (Siebel and Lendahl, 2017). This general notion is applicable for all signaling
pathways. Thus, an integral part of understanding how signaling pathways function is

understanding how they regulate their target gene expression.

Regulation of gene expression

A gene is a DNA sequence that stores information for the creation of one or more
RNA/protein molecules (Portin and Wilkins, 2017). Gene expression is the act of
accessing and processing this genetic information into an RNA molecule (a process
termed transcription), with the end goal of translating this RNA into a protein (Buccitelli
and Selbach, 2020), although sometimes the RNA molecule is the functional end
product. As proteins perform most of the work of living cells, proper cellular function
requires that the correct proteins be present in the correct amounts. There are
approximately 20,000 protein-coding genes in the human genome and many of these
genes code for proteins which have antagonistic functions or can inappropriately drive
cell death (Gates et al., 2021). As a result, gene expression needs to be coordinated
such that the proper protein content of a cell is produced, which is a complex task.

Cis-regulatory elements (CRESs) are relatively short DNA sequences that control
gene expression through TF binding. Two well-studied classes of CREs are enhancers
and promoters (Wittkopp and Kalay, 2012). Promoters are present directly upstream of
the transcription start site of a gene, and are important for regulating the precise
location of the transcription start site and the direction of transcription (Andersson and
Sandelin, 2020). Enhancer elements are bound by tissue-specific transcription factors
and regulate the spatial and temporal expression of genes by acting with their cognate
promoters. Traditionally, enhancer function is said to not be constrained by orientation
or distance, allowing them to regulate promoters/genes in distant genomic locations
(Panigrahi and O’Malley, 2021). More recent work has shown that enhancers tend to act
on promoters that are present within the same topologically associated domain (TAD).
TADs can inhibit enhancer activity on a promoter within a different TAD, therefore TAD
architecture can add some distance constraint to enhancer function (Cavalheiro et al.,
2021). Fully understanding promoter and enhancer function requires a nuanced view of



these elements. There are many examples of promoters with enhancer function, some
enhancers are transcribed by RNA pol I, and the chromatin signature between these
two elements are generally similar (Andersson and Sandelin, 2020). These facts
highlight the complex nature of gene regulation and the difficulty of trying to define
discreet genomic elements or events. However, for a general overview, it is sufficient to
treat enhancers and promoters as distinct genomic elements.

Assembly of the transcriptional pre-initiation complex (PIC) on promoters is a
critical step in the activation of transcription (Malik and Roeder, 2023). It is during this
step that RNA pol Il, the enzyme that synthesizes RNA from a DNA template, gets
recruited to promoters. For many promoters that regulate protein-coding genes, PIC
assembly is initiated by TATA binding protein (TBP) binding to the core promoter (Malik
and Roeder, 2023). This triggers the recruitment of the general transcription factors
(TFIIA, B, D, E, F, and H) which in turn recruit RNA pol Il to the promoter (Orphanides
et al., 1996). Once fully assembled on the promoter, the PIC can then be activated by
cell type-specific and gene-specific regulatory inputs, allowing for productive RNA
synthesis (Malik and Roeder, 2023).

Enhancers are relatively small (typically 50 to several hundred base-pairs)
elements that are comprised of clusters of TF binding sites (Spitz and Furlong, 2012).
Enhancer activity is regulated by tissue specific TF binding. Activating enhancers
typically requires a combinatorial input from different types of TFs, which partially
explains how enhancers are able to control the spatiotemporal expression of genes
(Spitz and Furlong, 2012). The flexible billboard model is a common model to explain
the coordinated effects of TF binding on enhancer activity and it is supported by a
considerable amount of experimental evidence. This model emphasizes that it is the
ability of an enhancer to recruit the correct TFs to chromatin that is paramount to its
function, and the orientation or spacing between TFs on the chromatin is not functionally
relevant. This includes TFs binding directly to DNA and TFs recruited through protein-
protein interactions with DNA-bound TFs (Vockley et al., 2017).

Once bound to an enhancer, TFs are bound by additional co-regulators to
regulate target gene expression. Transcriptional co-regulators have a variety of

functions, including modifying the accessibility of DNA to serving as linkers between



proteins that are bound to enhancers and promoters. DNA is packaged in the nucleus
by histone proteins to form a structure that is called a nucleosome. In a nucleosome,
DNA is wrapped around the histone octamer, rendering it inaccessible to most protein
binding, yet transcription requires that DNA is accessible. Swi/Snf complexes are
referred to as chromatin remodelers because they bind to a broad array of transcription
factors and function to slide or evict histone proteins from DNA. This increases the
underlying DNAs accessibility to protein binding (Wilson and Roberts, 2011).
Importantly, chromatin remodelers do not evict all histone proteins from enhancer and
promoter elements. The remaining histones are post-translationally modified on the
histone ‘tail’ by additional co-regulators that are also recruited to TFs. These
modifications mark actively expressed or repressed regulatory elements or genes.
Histone acetylation is catalyzed by histone acetyltransferases, such as CBP/p300, and
this mark is highly correlated with active regulatory elements and genes (Bose et al.,
2017; Martin et al., 2021; Ogryzko et al., 1996; Zhang et al., 2015). Histone methylation
is catalyzed by histone methyltransferases, such as the EZH2 subunit of the Polycomb
repressive complex, and methyl marks are present at both active and inactive genetic
elements (Simon and Lange, 2008). For example, the H3K27me3 is present at
repressed elements, and H3K4me3 is present at sites of active transcription (Cai et al.,
2021; Greer and Shi, 2012; Wang et al., 2023). Additionally, the Mediator complex is a
transcriptional co-regulator that serves as a scaffold between transcription factors
bound at enhancer elements and the PIC at the promoter (Soutourina, 2018). As there
can be large genomic distances between enhancers and the genes they regulate,
ensuring that enhancers come in close physical proximity to their cognate promoters is
a complex task (Schoenfelder and Fraser, 2019). The mediator complex is part of the
mechanism of that process and, as a result, is generally required for transcription
(Soutourina, 2018). These examples illustrate some, but not all, of the transcriptional
co-regulators that are involved in gene expression.

There are many proteins involved in regulating gene expression. The general
transcription factors and TBP are important for positioning RNA pol Il at the promoter.
Enhancer-bound, tissue-specific transcription factors, which are also bound by many

transcriptional co-regulators are brought into proximity to the promoter by proteins such



as the mediator complex. Ultimately, it is the interaction between proteins bound at the
enhancer and proteins bound at the promoter that allows for RNA pol |l to be released
into the gene body for productive transcription. Each protein interaction in the gene
expression process involves a degree of regulation, so overall, there is an extensive

degree of regulation involved in this process.

The Wnt/B-catenin signaling pathway

From sponges to humans, Wnt signaling is highly conserved in metazoa.
Perhaps reflected in its deep evolutionary conservation, proper function of this pathway
is necessary for animal life, as Wnt signaling is required for development and
maintenance of adult tissues. Misregulation of Wnt signaling during development can be
lethal at the embryonic level and, at the adult stage, misregulation is implicated in
cancer etiology of many types of cancers (Grigoryan et al., 2008; Zhan et al., 2017).
Whnt signaling can be categorized into several different pathways, such as Wnt/Ca?*,
which utilizes calcium as a second messenger, and Wnt/Planar cell polarity (PCP),
which signals through the proteins Van Gogh and Van Gogh-like. These pathways are
just two examples of what is commonly referred to as ‘noncanonical’ Wnt signaling (De,
2011; Yang and Mlodzik, 2015). The focus here will be on the Wnt/p-catenin pathway,
the so-called ‘canonical’ Wnt signaling pathway (Fig 1.1). This pathway is responsible
for regulating essential cellular processes such as cell fate decisions, mitosis, and gene
expression (Rim et al., 2022). Given its broad role in metazoan life, the Wnt/p-catenin
pathway is an excellent context to study basic biological principles such as signal
transduction and transcriptional regulation.

Whnts are secreted proteins that act on cell surface receptors to activate an
intracellular signal transduction cascade (Rim et al., 2022). Wnt/B-catenin signaling is
said to be ‘off’ when there is not a binding event between Wnt proteins and the Frizzled
(Fzd) and LDL related receptor protein 5/6 (LRP5/6). The relevant cytoplasmic event
that occurs when the pathway is ‘off’ is the constant synthesis and degradation of j3-
catenin. B-catenin is synthesized, and then phosphorylated by a multi-subunit complex
that is termed the ‘destruction complex.’ Important constituent proteins of the destruction

complex are Adenomatous polyposis coli (APC), which binds to B-catenin; Axin, a



scaffold protein; and the kinases Casein Kinase 1 (CK1) and Glycogen Synthase
Kinase 3 (GSK3). B-catenin is phosphorylated by a dual-kinase mechanism which
begins with CK1 phosphorylating the serine 45 (S45) residue, followed by GSK3
phosphorylating threonine 41 (T41), S37 and S33. Following phosphorylation, 3-catenin
is polyubiquitinated and subsequently degraded by the proteasome (Jung and Park,
2020). The net effect is that B-catenin levels in the cytosol are kept low.

When Wnt proteins bind to the co-receptors Frizzled (Fzd) and Low-density
Lipoprotein Related Receptor protein 5/6 (LRP 5/6), the pathway is said to be ‘on’ (Rim
et al., 2022). When the pathway is activated, the major cytoplasmic event that occurs is
the inhibition of the destruction complex. The mechanism by which this occurs is not
fully understood, but a leading model proposes that the Disheveled (Dvl) protein binds
to the intracellular domains of Fzd/LRP5/6 when they are bound by Wnt protein. This
allows for recruitment of the destruction complex to the cell membrane, which
inactivates it (Rim et al., 2022). Once the destruction complex is inhibited, B-catenin
concentration increases in the cytoplasm, and subsequently translocates to the nucleus
where it functions as a transcriptional co-regulator.

Whnts are traditionally thought to be morphogens, which are secreted proteins
that establish a gradient in tissue, and cells within the tissue respond to the morphogen
signal in a concentration-dependent manner (Simsek and Ozbudak, 2022). This idea is
supported by immunostainings showing gradients of Wg/Wnt protein emanating from
Wg/Wnt-producing cells in embryos and larval imaginal discs (Cadigan et al., 1998;
Strigini and Cohen, 2000; van den Heuvel et al., 1989). However, when the hypothesis
that Wnts were a morphogen was directly tested by creating a fly that expressed a
plasma membrane-tethered Wnt mutant (NRT-Wg), it was realized that perhaps
secretion of Wnts may be dispensable, as the flies were mostly normal, which was a
controversial find (Alexandre et al., 2014). The Drosophila do exhibit some phenotypes,
as the adults are sterile and there is a minor developmental delay (Stewart et al., 2019).
More recently, additional evidence shows that specific tissues within the fly show more
severe defects, such as the midgut-hindgut boundary of the fly intestines (Tian et al.,
2019). Part of the controversy over Wnt’s function as a morphogen stems from the fact

that studying Wnt diffusion through tissue is historically difficult. There is a lack of visual



evidence and tagging Whnts with fluorescent proteins affects their biological activity.
Perhaps the tissues that are affected the most require long-range Wnt signaling and
tissues that are minimally affected require short-range signaling, which is less likely to
be disrupted by NRT-Wg (Stewart et al., 2019).

TCF/LEF’s role in the transcriptional Regulation of Wnt/g-catenin target genes

The primary output of Wnt/B-catenin signaling is the differential regulation of the
pathway’s target genes. TCF/LEF-family TFs and p-catenin function as the primary
regulators of target gene expression (Anthony et al., 2020). Gene regulation by Wnt/p-
catenin signaling is typically presented as a transcriptional ‘switch.” When Wnt signaling
is off, DNA-bound TCF/LEFs bind to transcriptional co-repressors, such as Transducin-
Like Enhancer of split (TLE) proteins, to keep basal gene expression repressed. When
Whnt signaling is activated, B-catenin localizes to the nucleus, binds to TCF/LEFs, and
activates gene expression (Ramakrishnan et al., 2018). Invertebrates typically have one
TCF/LEF, which therefore functions as both a transcriptional repressor and activator,
dependent on context. Mammals, on the other hand, have four TCF/LEFs, which allows
for some degree of functional specialization. For example, TCF3 primarily functions as a
transcriptional repressor and LEF1 primarily functions as a transcriptional activator
(Cadigan and Waterman, 2012).

The transcriptional switch isn’t the only mechanism that can describe Wnt/(3-
catenin target gene regulation. In the Drosophila Kc167 cell line only ~37.5% of genes
which are activated by Wnt/B-catenin signaling (termed Wingless, Wg, signaling in
Drosophila) are de-repressed by the loss of Pangolin (Pan, the Drosophila ortholog of
LEF1) (Franz et al., 2017). In human HEK293T cells with all four TCF/LEF proteins
knocked out, dysregulation of Wnt/B-catenin target gene expression is observed, but the
degree to which de-repression is occurring is currently unknown (Doumpas et al., 2019,
2021). The observations in Drosophila suggest that the transcriptional switch model,
though broadly discussed, may only represent a minority of Wg target genes. Most Wg
target genes in the Kc167 cell line likely follow a more ‘traditional’ model of
transcriptional regulation in which the basal rate of gene expression is enhanced when

the gene’s enhancers are activated.



Of all the WREs that were identified by self-transcribing active regulatory region
sequencing (STARR-seq) in the Kc167 cell line, approximately 80% did not respond to
Wg signaling when Pan was knocked out. The remaining 20% exhibited significantly
reduced activity (Franz et al., 2017). This observation is consistent with published
Chromatin immunoprecipitation (ChlP) experiments showing that Wg signaling
increases Pan localization to an intronic WRE that regulates the gene naked cuticle
(nkd). When Wg signaling is off, this WRE exhibits weak levels of Pan binding (Fang et
al., 2006; Parker et al., 2008). Interestingly, nkd is strongly de-repressed in Pan
knockout Kc167 cells, suggesting that weak Pan localization to a WRE is sufficient to
repress Wnt target gene basal transcription (Franz et al., 2017). The observation that
Wg signaling increases Pan localization to WREs contradicts the popular ‘switch’ model,
which suggests that Pan is always localized to WREs.

Most TCF/LEF proteins contain two DNA binding domains: the HMG domain,
which binds to the HMG recognition site, and a C-clamp, which binds to ‘helper’ sites
(Archbold et al., 2014). In C. elegans, select WREs require both HMG recognition sites
and helper sites for maximum target gene expression, while the presence of helper sites
is not required for repression (Bhambhani et al., 2014). Studies in Drosophila have also
shown that the C-clamp was required for developmental readouts consistent with active
Wg signaling, but was not required for repression (Bhambhani et al., 2014). Additionally,
the C-clamp enhances TCF/LEF affinity for DNA (M. V. Chang et al., 2008;
Ravindranath and Cadigan, 2014). These results suggest a model in which weak
localization of TCF/LEF to WREs is sufficient for repression, but strong, Wnt/Wg-
induced localization is required for transcriptional activation.

As previously mentioned, mammals have four TCF/LEF proteins: TCF1, LEF1,
TCF3, and TCF4 (Hrckulak et al., 2016). LEF1 primarily functions as an activator, TCF3
primarily functions as a repressor, and TCF1 and TCF4 exhibit both functions,
depending on the context and isoform being studied (Mao and Byers, 2011). The
expression of multiple TCF/LEF family members adds another layer of complexity to
Wnt gene regulation. For example, during Xenopus gastrulation, Wnt signaling
promotes the phosphorylation of the Xenopus ortholog of TCF3 (xXTCF3), decreasing it’s
affinity for WRESs and thereby de-repressing xTCF3 regulated genes (Hikasa et al.,



2010; Hikasa and Sokol, 2011). In this context, it was also observed that xTCF1 was
required for maximizing target gene expression/de-repression (Yi et al., 2011),
suggesting a mechanism in which Wnt signaling promotes the swapping of TCF3 with
TCF1 to facilitate the switch from target gene repression to activation. It’s likely that this
mechanism for vertebrate Wnt target gene expression is not broadly generalizable, but
it does illustrate an increasing complexity of TCF/LEF function.

Enhancers are clusters of TF binding sites that can confer some type of
specificity, i.e., tissue or temporal, to the expression of their cognate promoters. Since
the discovery of the SV40 enhancer more than 40 years ago, trying to understand the
‘grammar’ of TF binding that leads to enhancer activity has been a fundamental topic of
gene regulation (Banerji et al., 1981; Jindal and Farley, 2021). Perhaps the most
insightful model for TF binding site grammar is the ‘flexible billboard’ model. This model
of enhancer activity emphasizes the importance of TF localization to enhancer
chromatin. It proposes that TF binding site order and orientation is not important for
activity, but rather, it is primarily the direct and indirect TF binding that promotes
enhancer activation (Arnosti and Kulkarni, 2005; Spitz and Furlong, 2012; Swanson et
al., 2010).

Consistent with the flexible billboard model, WREs that regulate Wnt target
genes exhibit different TCF/LEF binding site patterns. In the Drosophila Kc167 cell line,
two WREs that simultaneously regulate nkd, termed UpE and IntE, differ in both the
number and relative positions of Pan sites (Archbold et al., 2014; J. L. Chang et al.,
2008). There is also no consistency between WREs that regulate nkd and another Wg
target gene, notum (Archbold et al., 2014). Presumably the TFs that regulate these
WREs in addition to Pan exhibit no consistent pattern. This has also been observed in
humans. At some WREs, TCF/LEFs work with Sox9 and CDX TFs and no specific
pattern of TF binding site motifs is observed. The idea that the specificity that enhancer
elements confer to gene expression is reflected in TF binding site patterns is an
attractive one, but not supported by current evidence (Ramakrishnan et al., 2023,
2021).
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B-catenin’s role in the transcriptional Regulation of Wnt/B-catenin target genes

The most important step in converting TCF/LEFs into transcriptional activators is
the binding of B-catenin. Once bound to TCF/LEFs at WRE chromatin, B-catenin’s
primary function is to recruit additional transcriptional co-regulators to affect Wnt target
gene expression (Rim et al., 2022). B-catenin can be divided into 3 domains: The
intrinsically disordered N-terminal domain, a structured, central armadillo repeat
domain, and an intrinsically disordered C-terminal domain. Each domain has distinct
functions that are important for -catenin’s activity in the nucleus (Fig 1.2).

B-catenin’s central armadillo repeat region (amino acids 141-664 in human (-
catenin) is comprised of 12 imperfect armadillo repeats (Mosimann et al., 2009). -
catenin binds to the N-terminus of TCF/LEFs through repeats 3-9, and the specific
amino acids that mediate this interaction have been identified with X-ray crystallography
(Graham et al., 2000; Poy et al., 2001; Valenta et al., 2012). These repeats are also
important for binding to other B-catenin interactors, such as a-catenin and e-cadherin,
but these binding partners do not have a role in transcription (Valenta et al., 2012).
BCL9, a transcriptional co-activator that is required for Wnt target gene expression,
binds to B-catenin at armadillo repeat 1 (De La Roche et al., 2008; Sampietro et al.,
2006a). Repeat 12 is also important for binding to many transcriptional co-regulators
that bind to the C-terminus of B-catenin (Valenta et al., 2012). Overall, the generally
accepted function of this region is to facilitate protein-protein interactions.

The N-terminal domain of B-catenin (amino acids 1-141) is important for
regulating the stability of the protein. As stated previously, when Wnt signaling is off,
amino acid residues S45, T41, S37, and S33 are phosphorylated by kinases within the
destruction complex to prime the protein for proteasomal degradation (Jung and Park,
2020). Exon 3 of the CTNNB1 (B-catenin) gene codes for amino acids 5-75, and is a
mutation/deletion hotspot for cancer associated alleles (Kim and Jeong, 2019). Mutating
the serine and threonine residues that are phosphorylated has a stabilizing/activating
effect, due to the inability of the destruction complex to post-translationally modify -

catenin. Inappropriate activation of B-catenin is associated with many cancers, partially
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as a result of B-catenin’s ability to drive cell proliferation and differentiation (Zhang and
Wang, 2020).

According to current B-catenin dogma, the N-terminal domain is not important for
transcriptional function. However, there is a small amount of evidence from the late
1990’s that suggest that the N-terminal domain has a transcriptional role. It was
observed that increasingly severe deletions affecting the N-terminus (A1-47, 1-89, 1-
132), progressively inhibit the activation of TopFlash, a sensitive Wnt reporter, in a rat
cell line (Kolligs et al., 1999). Although it appears that the N-terminal deletion mutants
are less stable than full-length B-catenin, confounding experimental results. It was also
observed that a C-terminal domain deletion (A696-781) was able to weakly activate
TopFlash, suggesting that the N-terminus has weak transcriptional activity (Hsu et al.,
1998). However, endogenous B-catenin may be affecting this result and limiting
interpretation. The N-terminus of -catenin was also shown to interact with TATA-binding
protein (TBP), but TBP can also interact with domains within the armadillo repeat region
and the C-terminus, making this site not necessarily required for function (Hecht et al.,
1999). Due to significant confounding variables in these experiments, the idea that the
N-terminus was involved in transcriptional regulation fell out of favor over the past two
decades. Particularly when studies began to show that transcriptional co-activators
preferentially bound to the C-terminal domain.

The C-terminus of B-catenin is primarily thought to be important for regulating
transcription. This region primarily serves as a platform to recruit additional
transcriptional co-regulators to WRE chromatin. Swi/Snf chromatin remodelers, the
histone acetyltransferases CBP/p300, components of the RNA pol Il pre-initiation
complex, Mediator complex subunits, and more, all bind to the last armadillo repeat and
the disordered C-terminal domain (Valenta et al., 2012). C-terminal domain deletion
mutants fail to activate Wnt reporters and endogenous genes (Cong et al., 2003; Hecht
et al., 1999). Unlike the N-terminus, mutations to the C-terminus would be predicted to
inactivate B-catenin function, as they can potentially inhibit co-activator binding that is

required for transcription.
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The primary mode of B-catenin localization to WREs is traditionally thought to
occur through direct binding to TCF/LEFs. Recent work has shown that -catenin’s
terminal IDRs are sufficient for localization to WREs (Zamudio et al., 2019). A chimeric
protein consisting of GFP flanked by B-catenin’s N- and C-terminal IDRs was detected
at super-enhancers and typical enhancers by ChlP-seq in mouse embryonic stem cells
(Zamudio et al., 2019). This data cannot be explained by current, commonly accepted
models of B-catenin function because the IDRs are not known to interact with
TCF/LEFs. The authors of this study propose a new model in which biomolecular
condensates formed by transcriptional co-regulators can interact with B-catenin’s IDRs

and recruit it to active enhancers.

Biomolecular condensates in transcriptional regulation

Biomolecular condensates (BMCs) are dynamic, membraneless cellular
compartments that are comprised of proteins and nucleic acids in high local
concentrations relative to the cytoplasm or nucleoplasm (Sabari et al., 2020). They are
typically thought to be formed through a liquid-liquid phase separation (LLPS)
mechanism and can exhibit a spectrum of material properties from liquid-like to gel-like
and even solid amyloids (Woodruff et al., 2018). Low affinity, multivalent interactions
between the IDRs of constituent molecules have been identified as drivers of
LLPS/BMC formation (Alberti et al., 2019; Sabari et al., 2020). Interactions among IDRs
that are thought to lead to BMC formation are primarily n-n, n-cation, and electrostatic
(Sabari et al., 2020). Functionally, BMCs are thought to potentiate or inhibit biochemical
reactions by concentrating and compartmentalizing proteins (Sabari et al., 2020). BMCs
have generated an intense research interest over the last several years, perhaps
because many proteins appear to be able to form BMCs and it is an intuitive model to
explain complex biological processes such as transcription.

Transcription is an intensely regulated process involving hundreds of proteins
and various nucleic acid species (Cramer, 2019; Sabari, 2020). Adding a BMC-centric
model to transcriptional regulation is appealing because it can help explain how proteins
become concentrated at cis-regulatory regions and interact with each other to preform
necessary functions. Many proteins necessary for transcription have been shown to

form BMCs in vitro, in vivo, or both. Including, but not limited to, RNA pol Il (Lewis et al.,
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2023; Palacio and Taatjes, 2022), p300 (Zhang et al., 2021), and mediator complex
subunits (Cho et al., 2018).

Beyond just functioning to localize proteins to chromatin, BMCs are also thought
to be involved in regulating dynamic transcriptional processes such as bursting (Palacio
and Taatjes, 2022). Productive transcription is known to occur in series of discontinuous
bursts that is linked to enhancer-promoter interactions (Fukaya et al., 2016). Previous
work has shown that RNA pol Il nuclear clusters are dynamic and short lived, but upon
transcriptional stimulation, the lifetime of the clusters positively correlates with increased
RNA pol Il gene loading (Cho et al., 2016; Cisse et al., 2013). Eventually, the cluster is
depleted, and RNA pol Il loading onto the gene is halted.

Recent work suggests that RNA pol Il clusters at promoters may be BMCs
(Palacio and Taatjes, 2022). These clusters exhibit the usual properties of BMCs, as
they are dynamic, and the disordered RNA pol Il C-terminal domain has been shown to
form condensates in vitro and is important for clustering in vivo (see Table 1.1 for
common experimental approaches to identify BMCs) (Boehning et al., 2018; Cho et al.,
2016). A putative model is that RNA pol [ BMCs concentrate RNA pol || molecules at
promoter regions. Upon receiving a transcription signal, RNA pol Il molecules are
rapidly released from the condensate into the gene body until the condensate is
depleted and a refractory period is reached (Palacio and Taatjes, 2022). This
exemplifies how BMCs can provide mechanistic insights into biological questions
beyond ‘enhancer and promoter interactions.’

Mechanisms invoking BMC formation should be carefully analyzed as the
difference between protein clusters formed by site-specific interactions and ones formed
by phase separation are often difficult to experimentally delineate (Musacchio, 2022).
For example, sites of active transcription are known to form distinct foci that are often
called ‘transcription factories’ (Palacio and Taatjes, 2022). Transcription factories are
known to have a high local concentration of RNA pol Il and other factors that are
required for transcription. Site-specific protein interactions, the traditional conception of
protein-protein interactions, are sufficient to create functional, high-density protein
clusters (Musacchio, 2022). Spherical clusters of RNA pol Il have been shown to

coalesce in vivo, along with other physical properties suggesting that RNA pol |l clusters
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in the nucleus have liquid-like properties consistent with BMCs (Cho et al., 2018; Flores-
Solis et al., 2023; Sabari et al., 2018). Functionally, the strongest evidence that RNA pol
I BMCs are involved in transcription is the observation that the presence of RNA pol |l
clusters/BMCs co-localize with sites of active transcription (Cho et al., 2016). Currently,
there does not appear to be any published experiments directly testing whether the
ability of RNA pol Il to form clusters/BMCs is required for transcription, and furthermore,
it is unknown whether the expression of all genes requires BMC formation (Palacio and
Taatjes, 2022).

Biomolecular condensates in the Destruction Complex

In the cytoplasm, BMCs have been broadly evoked as part of positive and
negative regulatory mechanisms for Wnt signaling and suggested to have a role in
almost every level of the signal transduction cascade (Schaefer and Peifer, 2019). The
focus here will be on Disheveled (Dvl) and Axin, which have long been known to form
punctate structures in the cytoplasm when overexpressed (Cliffe et al., 2003; Schaefer
and Peifer, 2019). The presence of these structures is correlated with activity, but
considerations of the material properties of the puncta and its effect on Wnt signaling is
a relatively recent phenomenon (Schaefer and Peifer, 2019).

Axin and Dvl are both known to undergo head-to-tail polymerization via their DIX
domains (Schwarz-Romond et al., 2007). Polymerization is an important aspect of
function for both proteins, as DIX domain mutations that disrupt polymerization also
disrupt function (Fiedler et al., 2011; Schaefer and Peifer, 2019; Schwarz-Romond et al.,
2007). Recent experimental efforts have focused on determining whether these Axin
and Dvl polymers are BMCs. Axin1 and DvI2 have been shown to form BMCs in vitro
(Kang et al., 2022; Nong et al., 2021). In these experiments, the DIX domain was
required for Dvl2 BMC formation, but was dispensable for Axin1, which suggests
separate mechanisms for Axin1 polymerization and BMC formation. In vivo, primary
evidence of BMC formation for both proteins is the presence of puncta (Kang et al.,
2022; Nong et al., 2021), and DvI2 puncta are shown to be regulated by Wnt signaling
(Schubert et al., 2022). Both of these proteins can co-localize in the same puncta, which
is consistent with their function in the destruction complex (Schubert et al., 2022).
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Currently, it is difficult to discern the difference between spherical polymers of Axin and
Dvl and BMCs. Additional future experiments will be needed to address this difference.
Puncta in the cytoplasm that are formed with the overexpression of an Axin1 IDR
can be co-localized with APC, GSK3p, CK1a, and B-catenin (Nong et al., 2021). An
increase B-catenin phosphorylation is correlated with the presence of puncta,
suggesting a role in the functionality of the destruction complex. Overexpression of
other domains of Axin1 which do not form puncta are not correlated with increases in 3-
catenin phosphorylation (Nong et al., 2021). DvI2 forms puncta at near-physiological
expression levels, which co-localize with Axin1 and APC and promote destruction
complex function at the centrosomes (Schubert et al., 2022). Current limitations of these
studies are a reliance on correlations between the presence of puncta and functional
readouts. With current technology, it is extremely difficult to pinpoint BMCs as the site of
the readout. For example, an Axin1 BMC as the site of -catenin phosphorylation.
Further studies will need to definitively show that BMCs are indeed potentiating protein

function.

Biomolecular condensates in Wnt/B-catenin target gene regulation

LEF1 and B-catenin have both been shown to form BMCs, which are linked to
transcriptional function (Zamudio et al., 2019; Zhao et al., 2023). BMC regulation of Wnt
target gene expression is a fresh aspect of Wnt biology, as there are only two
publications in this specific field (Zamudio et al., 2019; Zhao et al., 2023) and one
additional publication describing the role of BMCs in regulating TCF1’s role in T cell
development (Goldman et al., 2023).

LEF1 forms BMCs in vitro and in vivo, which co-localize with -catenin in both
contexts, suggesting transcriptional relevancy (Zhao et al., 2023). Deletion mutants that
affect LEF1’s central IDR compromise its ability to form BMCs, which correlates with a
failure to activate a Wnt reporter gene. Additionally, Lef1 overexpression in a colorectal
cancer cell line (HCT116) promotes colony formation while the central IDR deletion
mutant does not. This indicates compromised transcriptional function, presumably

through a failure to form BMCs (Zhao et al., 2023). This work provides a strong
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correlation between LEF1 BMCs but does not directly show that BMCs are required for
LEF1 function.

Experiments that substitute a protein’s endogenous IDR with a heterologous IDR
and show function while maintaining the ability to form BMCs establish strong evidence
for a role that involves BMCs. For TCF/LEFs, it was observed that the transcriptional
defect caused by a small deletion in TCF1’s central IDR, which is analogous to the
LEF1 IDR, is rescued by substitution with a heterologous IDR from the protein Early B-
cell Factor 1 (Goldman et al., 2023). The assumption here is that the heterologous IDR
will be unable to perform the protein’s usual functions and only promote BMC formation.
In the TCF1 example, Goldman and colleagues used a heterologous IDR from EBF1,
which is a TF. This is not ideal, as a heterologous IDR from another TF has a higher
probability of having a transcriptional function in addition to the ability to promote BMC
formation. A stronger candidate would be an IDR from a protein with no known nuclear
function. In addition, Goldman and colleagues did not show that their heterologous IDR
TCF1 mutant could form BMCs either in vitro or in vivo, and therefore the mechanism of
rescue for this construct is still ambiguous.

The N- and C-termini of B-catenin are IDRs, flanking a highly structured armadillo
repeat region. Both IDRs are necessary and sufficient for BMC formation by B-catenin,
and more specifically, it is the aromatic amino acid residues within the IDRs that drive
BMC formation (Zamudio et al., 2019). Zamudio and colleagues convincingly show that
B-catenin forms BMCs in vitro and in vivo. The evidence suggests that in addition to
LEF1, B-catenin condensates can co-localize with an IDR from the Med1 subunit of the
Mediator complex, and that nuclear B-catenin foci also co-localize with nanog RNA,
suggesting transcriptional relevancy.

A B-catenin construct with mutated aromatic residues within its IDRs is defective
in forming BMCs in vitro, which correlates with reduced activity of a sensitive Wnt
transcriptional reporter and endogenous Wnt target genes (Zamudio et al., 2019).
Interestingly, Zamudio and colleagues report that -catenin’s IDRs are sufficient for
localization to WREs, as a chimeric protein consisting of GFP flanked by -catenin’s N-
and C-terminal IDRs can be identified at WREs via ChIP-seq. This data immediately

suggests that the Wnt gene regulation dogma, which suggests that interactions between
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TCF/LEF and B-catenin’s armadillo repeat region is required for WRE localization,
needs to be updated.

It's tempting to link the correlation of B-catenin BMCs and gene regulatory
function, but there are still some key points that need to be addressed. B-catenin does
not have a canonical NLS, and a specific mechanism of nuclear import is not known (Lu
et al., 2021). Therefore, the aromatic mutations can potentially inhibit f-catenin nuclear
localization, providing a strong alternative hypothesis to aromatic mutations inhibit 3-
catenin transcriptional activity through a BMC mechanism. Additionally, endogenous f3-
catenin may be recruiting the GFP-B-catenin IDR chimera to WREs. Clearly, additional
experiments need to be performed to increase confidence in a BMC model for Wnt
target gene regulation, but the field is new and exciting and can potentially uncover a

novel mechanism for 3-catenin function.
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Fig 1.1. A simplified molecular overview of the Wnt/B-catenin signaling pathway. In
the absence of a Wnt protein binding to the Frizzled and LRP5/6 receptors, Wnt
signaling is ‘off.” B-catenin is continually synthesized, phosphorylated by the destruction
complex containing Axin, APC, CK1, and GSK3, and degraded by the proteasome. The
net effect is that cytoplasmic B-catenin levels are kept low, and the expression of Wnt
target genes is inhibited. When Wnt protein binds to the Frizzled and LRP5/6 receptors,
the pathway is activated, the destruction complex is inhibited, cytoplasmic -catenin
levels increase, B-catenin translocates to the nucleus and activates Wnt target genes.

Figure created with Biorender.com.
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Fig 1.2. Structural representations of B-catenin. (A) A cartoon of 3-catenin depicting
it's 3 main domains and their generally accepted functions. (B) An AlphaFold predicted
3D structure of B-catenin, depicting the N-terminal IDR, the central, highly structured,

Armadillo repeat region (Arm repeats), and the C-terminal IDR.
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Fig 1.3. Liquid-liquid phase separation of proteins. Some proteins in solution or cells

can form liquid-liquid phase separated (LLPS) biomolecular condensates. Changes in

cellular or protein states, such as pH, salinity, protein post-translational modifications

(PTMs), or concentration can trigger the clustering of proteins into two phases: a

concentrated phase and a dilute phase. The concentrated phase is sometimes referred

to as a biomolecular condensate. Biomolecular condensates are dynamic, meaning that

proteins can enter and exit, and typically exhibits liquid-like properties, such as internal

mixing. Protein interactions that lead to biomolecular condensate formation are thought

to occur through IDRs.
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Experimental Approach

Pros

Cons

In vitro droplet formation assay

* Biochemically establishes BMC
formation.

¢ Concentration-dependent testing of
proteins.

* Easy to generate and test mutants.
¢ Can test single or defined
combinations of proteins.

¢ Not physiologically relevant.

¢ Frequently utilizes molecular
crowding agents.

e Purified proteins do not capture all
interactions that would occur in vivo .

Fluorescence recovery after
photobleaching

¢ Tests material properties of BMCs.
¢ Can be performed in vivo or in vitro.

o Difficult to determine if recovery is
due to internal mixing of BMC or
protein exchange with dilute phase.

e Factors that are unrelated to BMC
material properties also affect
recovery, such as size of photobleached
area and size of photobleached droplet.

Sensitivity to 1,6-hexanediol

¢ Chemical disruptor of BMCs.

¢ Poorly characterized mechanism of
action, thought to disrupt hydrophobic
interactions that lead to BMC
formation.

e Limited use in vivo, toxic to cells.

Presence of puncta in vivo

e Establishes BMC formation in vivo .
¢ More physiologically relevant than in
vitro droplets.

e Unable to determine material
properties of puncta if cells are fixed
prior to imaging.

¢ Unable to determine if puncta are
functional.

e Unclear if forces that drive BMC
formation in vivo are the same as in
vitro.

Coalescing puncta in vivo

¢ In vivo evidence for presence of liquid
like BMCs.

* Shows surface tension and viscosity
of droplets.

¢ BMCs that do not have liquid-like
properties will not pass this assay.

Table 1.1. Common experimental approaches to assay BMCs and their pros and

cons.
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Chapter 2 B-catenin-mediated Activation of Wnt Target Genes Utilizes a

Biomolecular Condensate-dependent Mechanism

This chapter is reprinted from Stewart, R. A., Goodman, L. B., Tran, J. J., Zientko, J. P.,
Sabu, M., Jeon, U. S., & Cadigan, K. M. (2023). Beta-catenin-mediated activation of
Wnt target genes utilizes a biomolecular condensate-dependent mechanism. bioRxiv,
2023-10. https://doi.org/10.1101/2023.10.09.561634. At the time of writing, this article

has not undergone a full peer review process.

Introduction

The Wnt/B-catenin signaling pathway is evolutionarily conserved across
metazoans and is indispensable for organismal development and a variety of adult
tissue functions (Archbold et al., 2012; Rim et al., 2022). The primary output of this
pathway is the differential regulation of gene expression programs, which is
accomplished through the nuclear accumulation of 3-catenin, a transcriptional co-
regulator. B-catenin regulates Wnt targets in conjunction with transcription factors, the
most prominent of which are members of the T-cell factor/lymphoid enhancer binding
factor (TCF/LEF) family. Nuclear p-catenin binds with TCF/LEFs on the chromatin at cis-
regulatory Wnt-responsive enhancers (WREs) (Mosimann et al., 2009; Pagella et al.,
2023). Many cancers are causally linked to the inappropriate elevation of nuclear -
catenin, which can occur through loss of function mutations in negative regulators of the
pathway, such as Adenomatosis polyposis coli (APC), Axin, and Ring finger protein 43
(RNF43), or through oncogenic mutations in B-catenin that prevent its turnover (Nusse
and Clevers, 2017).

B-catenin is conventionally understood to be comprised of three distinct domains:

an intrinsically disordered N-terminal domain (N-IDR), a highly structured internal
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domain consisting of twelve Armadillo (Arm) repeats, followed by an intrinsically
disordered C-terminal domain (C-IDR) (Dar et al., 2017; Mosimann et al., 2009). p-
catenin’s N-IDR is necessary for regulating the stability of the protein and contains a
region bound by a-catenin (Dar et al., 2017). Cytosolic B-catenin is bound by a
“destruction complex”, which contains APC, Axin, as well as two kinases, Casein Kinase
| (CKI) and Glucagon Synthase Kinase-3 (GSK3), which serially phosphorylate four
serine/threonine residues, priming the protein for proteasomal degradation (Kimelman
and Xu, 2006). The Arm repeat region contains binding sites for TCF/LEF transcription
factors and E-cadherin (repeats 3-8), as well as co-activators BCL9 and BCLIL (repeat
1) (Graham et al., 2000; Huber and Weis, 2001; Mosimann et al., 2009; Sampietro et
al., 2006b). The last four Arm repeats and the C-IDR are bound by a variety of
transcriptional regulators, including chromatin remodelers such as Brg-1 and the histone
acetyltransferases CBP/p300 (Barker, 2001; Hecht, 2000; Mosimann et al., 2009;
Takemaru and Moon, 2000). The current model suggests that factors are sequentially
recruited to WRE chromatin (i.e. TCF/LEFs recruit B-catenin, 3-catenin recruits
additional co-regulators) and this is sometimes referred to as the “chain of adaptors”
model (Stadeli and Basler, 2005). While there is significant support for TCF/LEFs, B-
catenin, and other co-regulators physically interacting with each other to promote
transcription, the exact nature of these interactions remains to be determined.

Recent studies indicate a role for biomolecular condensates (BMCs) in
transcriptional activation (Plys and Kingston, 2018; Sabari et al., 2020, 2018; Wagh et
al., 2021). BMCs are dynamic, membraneless assemblies comprised of proteins and,
frequently, nucleic acids. Weak, multivalent interactions between the IDRs of constituent
proteins drive the formation of BMCs, which is usually thought to occur through a liquid-
liquid phase separation mechanism. Functionally, BMCs are thought to affect
biochemical reactions by concentrating molecules, which can have potentiating or
inhibitory effects (Sabari et al., 2020). The evidence for BMCs having a role in
transcriptional regulation is derived from live imaging studies demonstrating the
existence of dynamic puncta at enhancer chromatin and the propensity for many
transcriptional regulators to form BMCs in vitro (Palacio and Taatjes, 2022; Sabari et al.,
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2020; Wagh et al., 2021). However, rigorous evidence for a physiological role for BMCs,
e.g., provided by specific mutations in transcriptional regulators is still lacking.

A previous report by Zamudio and colleagues demonstrated that -catenin
protein can form homotypic and heterotypic BMCs in vitro (Zamudio et al., 2019). -
catenin’s terminal IDRs were necessary and sufficient for BMC formation, and this
behavior was dependent on aromatic amino acid residues within the IDRs. An
endogenously GFP-tagged B-catenin was shown to form dynamic puncta in response to
Whnt signaling in cultured cells, providing evidence that p-catenin-containing BMCs exist
in living cells. Consistent with this, a mutant of 3-catenin with IDRs lacking aromatic
residues (19 total aromatic amino acid substitutions in the terminal IDRs) was defective
in regulating Wnt target genes, recruitment to WRE chromatin, and puncta formation
(Zamudio et al., 2019).

While the work of Zamudio and colleagues is consistent with a physiological role
for B-catenin condensates, several key issues remain uncertain. For example, it was not
clear in that report that condensate-deficient B-catenin accumulates in the nucleus at
levels comparable to wild-type B-catenin. Additionally, the alteration of 19 aromatic
residues in B-catenin’s terminal IDRs may disrupt key protein-protein interactions that
are essential for B-catenin function, regardless of a condensate mechanism. These
factors are potential explanations for the defect in recruitment to chromatin and
transcriptional activation of the -catenin aromatic mutant in that report (Zamudio et al.,
2019). Whether the ability of B-catenin to form BMCs is linked to its activity as a
transcriptional co-activator requires further investigation.

In this report, we address the hypothesis that BMC formation is important for j3-
catenin-mediated regulation of Wnt target genes by generating and characterizing a
panel of B-catenin mutants utilizing in vitro and in vivo experimental systems. The
results support a model in which the aromatic amino acid residues in both the N- and C-
IDRs contribute to BMC formation and transcriptional activity. Importantly, we found that
the N-IDR of B-catenin has a previously underappreciated role in transcriptional
regulation (Kolligs et al., 1999). Supporting these findings, -catenin was found to

efficiently form heterotypic condensates with LEF1 in vitro, which also depends on IDR
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aromaticity. Transgenic Drosophila lines expressing analogous Armadillo (Arm, the fly
ortholog of B-catenin) mutants demonstrated the importance of aromatic residues for
Arm activity in the context of fly development. Interestingly, while the mutants displayed
lower signaling activity, different Wnt targets (in both human cells and Drosophila) had
different sensitivities to the loss aromatic residues. Finally, heterologous IDRs from
proteins with no known role in transcriptional regulation were able to functionally replace
the N-IDR of B-catenin, providing compelling evidence that the ability of B-catenin to
form biomolecular condensates is inextricably linked to its role as a transcriptional

activator of Wnt target genes.

Results
Aromatic amino acid residues within B-catenin’s terminal IDRs contribute to
homotypic and heterotypic condensate formation in vitro

For many proteins, BMC formation is thought to arise from weak, multivalent
interactions between protein IDRs (Sabari et al., 2020). The N- and C-terminal regions
of B-catenin are predicted to be disordered, illustrated by two independent methods of
analysis, IUPred2A (Erdés and Dosztanyi, 2020; Mészaros et al., 2018) and AlphaFold
(Jumper et al., 2021; Varadi et al., 2022) (Fig S2.1 A and B). Both protein structure
prediction programs use different algorithms to determine protein structure, and
therefore there are differences between IUPRED and AlphaFold. For example,
IUPRED’s calculations suggest that the amino acids 20-25 might be structured,
whereas AlphaFold does not. Previous work from Zamudio and colleagues
demonstrated that B-catenin can form homotypic BMCs in vitro, and that the terminal
IDRs are necessary and sufficient for condensate formation. Additionally, they showed
that the aromatic amino acid residues within both IDRs are required for this behavior
(Zamudio et al., 2019). However, the contributions of aromatic residues from the
individual IDRs were not examined. Given that these regions have distinct roles in f3-
catenin function, i.e., N-IDR contains phosphorylation sites controlling B-catenin stability
and C-IDR is required for co-regulator activity, we were motivated to examine the

requirements for the aromatic residues in more detail.
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To address the role of aromatics in each IDR of B-catenin, we recombinantly
expressed four eGFP-B-catenin fusion proteins: one containing the full set of aromatic
residues plus a S33Y point mutation (B-catenin®). This mutation was incorporated for
direct comparison with the -catenin mutants used for subsequent functional studies.
Additional proteins have the N-IDR aromatic residues mutated to alanine (aroN; 9
substitutions), the C-IDR aromatics mutated to alanine (aroC; 10 substitutions), and
aromatics in both IDRs mutated to alanine (aroNC; 19 substitutions) (Fig 2.1A and Fig
S2.2 for sequence information). These proteins were tested for condensate formation
using a buffer containing 10% polyethylene glycol 8000 (PEG-8000) as a crowding
agent, following standard experimental guidelines (Alberti et al., 2018). At relatively low
concentrations where p-catenin® efficiently formed droplets, the aromatic mutants are
deficient in condensate formation (Fig 2.1B). aroN and aroC displayed a similar defect
in droplet formation, while aroNC was more severe. At high concentrations, the aromatic
mutants formed condensates at similar levels as -catenin®. Our results with aroNC are
inconsistent with those reported by Zamudio and colleagues (see Discussion for further
comment). However, consistent with that report, eGFP alone or eGFP-3-catenin with
both IDRs deleted (ANC; Fig 2.1A) is incapable of condensate formation (Fig 2.1B). Our
results demonstrate that both the N-IDR and C-IDR contribute to -catenin
condensation, and these IDRs contain additional sequence information beyond aromatic
residues that facilitate droplet formation.

To further examine the properties of the B-catenin* condensates we generated,
we made use of the alcohol 1,6-hexanediol (1,6-HD), which is commonly used to inhibit
biomolecular condensation (Alberti et al., 2019; Kroschwald et al., 2017). 2,5-hexanediol
(2,5-HD), which is chemically similar but doesn’t disrupt condensation was used as a
control. Droplet formation of B-catenin* was sensitive to 1,6-HD, especially when the
alcohol was added prior to the PEG-8000 crowding agent (Fig 2.1C). When 1,6-HD was
added after PEG-8000, some condensation was still observed. The sensitivity to 1,6-HD
is consistent with the idea that these assemblies are driven by hydrophobic interactions
(Kroschwald et al., 2017; Patel et al., 2007; Ribbeck, 2002), but once the droplets form,

27



some may transition from a phase separated droplet to more static hydrogel, which can
resist the effects of 1,6-HD (Nair et al., 2019).

In living cells, B-catenin regulates gene expression through interactions with
many proteins, the most prominent of which are members of the TCF/LEF family of
transcription factors (Mosimann et al., 2009). The central Arm repeats of -catenin bind
to the N-terminus of TCFs, as shown by traditional protein interaction assays and X-ray
diffraction of co-crystals (Graham et al., 2000). To determine if B-catenin could form
heterotypic in vitro condensates with a TCF/LEF member, we expressed human
mCherry fused to LEF1 (Fig 2.2A and Fig S2.3A for sequence information). IlUPred2A
and AlphaFold analysis of LEF1 predicts that most of the protein is disordered, except
for the DNA-binding HMG domain (Fig S2.1 C and D). Purified mCherry-LEF1 can form
concentration-dependent droplets (Fig 2.2B). Next, we performed a dose with equal
molar amounts of B-catenin* and LEF1 (Fig 2.2C). There is a high degree of co-
localized fluorescent signal from both eGFP and mCherry, indicating a high degree of
miscibility of p-catenin* and LEF1 droplets. Relative to B-catenin*, aroNC exhibits
reduced co-localization with LEF1 (Fig 2.2D), as does ANC (Fig 2.2E). The degree of
co-localization in individual BMCs was quantified with line traces, and as expected, the
strongest colocalization was with B-catenin* and LEF1, followed by aroNC and ANC (Fig
2.2F-H and Fig S2.4). Control heterotypic in vitro droplet formation assays show that
eGFP does not co-localize with mCherry-LEF1 (Fig S2.5A) and mCherry does not co-
localize with eGFP-B-catenin* (Fig S2.5B). The results indicate that -catenin is
localized to LEF1 condensates by two primary interactions. The traditional Arm repeat-
LEF1 interaction makes a detectable contribution, based on the ability of LEF1 to recruit
ANC into a mixed condensate (Fig 2.2E). However, the presence of the terminal IDRs
greatly enhanced the ability of B-catenin and LEF1 to form mixed condensates (Fig

2.2C) and the aromatic residues in these IDRs are required (Fig 2.2D).
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Aromatic amino acid residues within B-catenin’s IDRs are critical for nuclear
function in cultured human cells

To test whether the ability of B-catenin to form homotypic and heterotypic
condensates in vitro is relevant to its ability to activate Wnt targets in cultured cells, we
expressed B-catenin*, aroN, aroC, and aroNC in HEK293T cells in the presence of
several Wnt reporters. Using either the synthetic reporter TopFlash (containing six
copies of high affinity TCF binding sites) (Caca et al., 1999) or a reporter with an
endogenous WRE from the Axin2 locus, known as CREAX (Ramakrishnan et al., 2021),
we found that all three B-catenin aromatic mutants had greatly reduced transcriptional
activation activity (Fig 2.3A) even though they were expressed to similar levels as -
catenin* (Fig 2.3B). Similar results were also obtained with the Defa5-luc reporter that is
synergistically activated by Wnt/B-catenin signaling and SOX9 (Fig S2.6)
(Ramakrishnan et al., 2023). In all three cases, aroN had some residual activity, aroC
exhibited small but reproducible activity and aroNC had no detectable activity. To
address whether the aromatic mutants were able to translocate into the nucleus,
immunofluorescence (IF) was performed. We observed no detectable difference in the
ability to these proteins to accumulate in the nucleus to similar levels as -catenin* (Fig
2.3C and D). These results demonstrate the importance of the IDR aromatic residues
for the ability of nuclear B-catenin to activate Wnt target gene expression. In addition,
the defect in aroN reveals a previously unappreciated role for the N-terminus of (3-
catenin in transcriptional activation, which we suggest is due to the defect in the ability
of the aromatic mutants to efficiently form BMCs.

Our studies clearly indicate that aromatic residues in both IDRs are necessary for
signaling activity, but further mutagenesis is needed to determine whether all aromatic
residues equally contribute to B-catenin activity. One popular model of condensation
driven by aromatic residues posits that aromatic residues flanked by polar amino acids
(i.e., stickers) are the drivers of IDR-IDR interactions, while other aromatics serve as
“spacers” (Martin et al., 2020). To test this sticker/spacer model in the context of -
catenin transcriptional activity, we constructed four additional mutants (Fig S2.6D for

sequence information). Per the model, we mutated five potential stickers and four
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potential spacers in N-IDR, and five potential stickers and spacers each in the C-IDR.
These mutants were tested for activity in the TopFlash reporter assay. All four mutants
displayed reduced activity but were more active than their aroN or aroC counterparts
(Fig S2.6). While N-sticker had a two-fold greater reduction in activity than N-spacer, the
putative spacer aromatics in the C-IDR were more critical for activity than the putative
stickers. Overall, our results do not support a strict sticker/spacer model for -catenin’s
IDRs; the results are more consistent with a model where many/most of the aromatic
residues in the IDRs contribute to biological activity.

To extend our analysis beyond reporter genes, we examined the role of the IDR
aromatic residues in B-catenin’s ability to regulate endogenous Wnt targets. We
generated stable HelLa cell lines which expressed p-catenin* and the aromatic mutants
from a DOX-inducible expression cassette via lentiviral transduction. We chose to assay
the Wnt target genes Axin2 and Sp5 as they are strongly activated by Wnt signaling in
Hela cells (Han et al., 2022; Huggins et al., 2017). gPCR analysis of HeLa cells
expressing pB-catenin* and the aromatic mutants indicates that the relationship between
aromatic amino acid residues and gene regulation is slightly more complex than the
reporter activity (Fig 2.4A). For Sp5, all aromatic mutants are deficient, but not defective
in activating expression. For Axin2, aroNC is defective in activating expression, while
aroC is deficient and aroN has no detectable defect. These mutants were expression
matched for comparison (Fig 2.4B). The observation that the aromatic mutants have a
different effect on genes within the same cell type indicates that there can be gene-
specific requirements for BMCs in Wnt target gene regulation. IF analysis revealed that
B-catenin* forms puncta in these cells, while aroN is slightly deficient in forming puncta.
aroC and aroNC do not form puncta (Fig 2.4C). These observations fit with the in vitro
droplet formation data and roughly correlate with B-catenin’s ability to transcriptionally

activate Wnt target genes.

B-catenin/Armadillo IDR aromatic residues are critical for function in Drosophila
development
To test whether the importance of aromatic residues for -catenin function is

conserved across species, we examined their role in Arm. Wingless (Wg)/Arm signaling
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is required throughout Drosophila development and has been intensively studied in
Drosophila embryos and larval imaginal discs (Swarup and Verheyen, 2012; Van
Amerongen and Nusse, 2009). Similar to human p-catenin, Arm contains 9 and 10
aromatic residues in its N-IDR and C-IDR, respectively. Seven of the N-terminal
aromatics and 5 of the C-terminal aromatics are conserved across multiple species. We
constructed 5 Arm transgenes, under the control of the Gal4-UAS expression system
(Fig S2.7 for protein sequences). These transgenes were integrated into two locations
in the fly genome using phiC31 landing sites (Bischof et al., 2007), ensuring similar
levels of transcription. These UAS-transgenes were expressed in various tissues and
their effect on Wg/Arm readouts were assayed.

It has been previously shown that expressing Wg agonists in the larval eye via
the GMR-Gal4 driver results in smaller eyes due to increased apoptosis (Lin et al.,
2004; Parker et al., 2002). Using GMR-Gal4 to overexpress UAS-Arm*, a constitutively
active mutant, we observed a reduction in adult eye size, and the loss of pigmentation
and cone cells (Fig 2.5A-C). All the aromatic Arm mutants (which contain the stabilizing
mutants of Arm*) exhibit minimal signaling activity in this assay, though they are
expressed at similar levels, as detected by IF (Fig 2.5D). These data indicate that the
aromatic residues within both IDRs are essential for Arm signaling activity in the
developing Drosophila eye.

Wg/Arm signaling is important for patterning the wing imaginal disc during larval
development. In this tissue, Wg is expressed across the dorsal/ventral boundary in a
stripe, regulating targets at short and long range from the source of Wg synthesis
(Swarup and Verheyen, 2012). This gradient of signaling can be detected with a
synthetic Wg reporter containing 4 Grainy head binding sites upstream of 4 HMG-
Helper site pairs, arranged for high affinity binding by Pangolin (the fly TCF ortholog)
(Archbold et al., 2014; M. V. Chang et al., 2008; Zhang and Cadigan, 2017).
Decapentaplegic-Gal4 (DPP-Gal4) was used to overexpress Arm* and the aromatic
mutants in a stripe pattern that is perpendicular to the endogenous Wg expression
stripe (Fig 2.6A, white arrowhead). To prevent major disruption to the wing disc
morphology, the Gal80' system was used to inhibit Gal4 activity (and Arm protein

expression) until 18 hours prior to fixation. Arm* overexpression resulted in the
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strongest ectopic activation of the Wg reporter, the aroN and aroN-cons constructs
exhibited a moderate activation of the reporter, and the aroC, aroC-cons, and aroNC
mutants exhibited the weakest ectopic activation (Fig 2.6A, top). The observations and
categorizing the constructs into strong/moderate/weak activators is supported by
quantification of the fluorescent reporter activity and subsequent statistical analyses (Fig
S2.8). All mutant constructs were expressed at similar levels, as detected by FLAG IF
(Fig 2.6A, bottom). These reporter data show that all the aromatic mutants have some
residual capacity to activate transcription. These data are distinct from the developing
eye, in which the aromatic mutants had little/no activity. This difference in sensitivity to
loss of aromatic residues could be due to difference in the degree for BMC-dependency
for activation of Wnt targets in different tissues.

Wg/Arm signaling also plays a key role in patterning the Drosophila embryo.
Segments of the ventral embryonic epidermis feature a characteristic, trapezoidal-
shaped belt of denticles. These denticle belts are separated by regions of naked cuticle.
The establishment of denticle belts and naked cuticle is regulated by Wnt signaling
(Alexandre et al., 1999). Increasing Wnt signaling throughout the embryo expands
regions of naked cuticle at the expense of denticle band formation, and conversely, loss
of Wnt signaling leads to ectopic denticle formation and a failure to form naked cuticle
(Bejsovec, 2013). To test the effect that our aromatic mutants have on regulating this
phenotype, we overexpressed our constructs to similar levels using a stock containing
two constitutive Gal4 drivers, Daughterless-Gal4 (Da-Gal4) and Arm-Gal4, both of which
are active throughout the embryonic epidermis (Bhanot et al., 1999; Cadigan et al.,
2002) (Fig S2.9). When crossed to this Gal4 driver stock, UAS-Arm* displays a classic
naked cuticle phenotype, with a 100% phenotype penetrance (Fig 2.6B). In contrast,
overexpression of the aromatic mutants all resulted in a similar phenotype: a partial loss
of denticle formation along the ventral midline (Fig 2.6B). These phenotypes were highly
penetrant and consistent with a moderate level of Arm signaling activity. Our data
indicates that the loss of aromatic residues in N-IDR and as little as five aromatic
residues within the C-IDR (i.e., aroCcon) compromise Arm’s signaling activity to similar

extents.
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To test the ability of an Arm protein lacking IDR aromatic residues to rescue an
arm loss-of-function phenotype, we expressed our transgenes at a reduced level (Da-
Gal4 plus one copy of a UAS-Arm transgene). We reasoned that at this lower level of
expression, the transgenic Arm* would be able to rescue the severe cuticular phenotype
of embryos lacking zygotic arm gene activity. Indeed, expression of Arm* was able to
rescue the arm mutant phenotype to a high-degree with 100% penetrance (Fig 2.7A-C).
Expression of aroNC also resulted in significant rescue (Fig 2.7D): the overall size of
these embryos is similar to wild-type embryos and the Arm* rescue, head structures are
restored and there is significant recovery of posterior-most structures. However, the
degree of rescue was significantly less for aroNC than Arm*, as evidenced by the
presence of excess denticles in all the abdominal segments. The difference in rescue
may be reflected in the ability of these overexpression backgrounds to drive a naked
cuticle phenotype in a wild-type Arm genetic background. Single-copy overexpression of
Arm* causes a moderate naked cuticle phenotype, as some denticles are still present
(Fig 2.7E), and aroNC overexpression exhibits weaker activity, as it only disrupts
denticle formation in some segments (Fig 2.7F). The extent to which aroNC can rescue
an arm loss of function phenotype relative to Arm* suggests a surprising degree of
residual activity. Whether this is related to the residual ability of aroNC to form BMCs or
because many molecular targets in embryonic epidermis do not require B-catenin

condensation will require additional experiments (see Discussion for further comment).

Heterologous IDRs can rescue B-catenin signaling activity of a N-IDR deletion
mutant

To this point, our mutagenesis approach has correlated a loss of aromatic
residues within B-catenin’s IDRs with a loss of BMC formation and transcriptional
regulation function, providing a link between the ability to form BMCs in vitro and
function in vivo. This argument is problematic for the C-IDR, which has been implicated
in binding to co-activators (Valenta et al., 2012). This caveat is mitigated by the fact that
there are no known co-activator binding partners for N-IDR. As shown below, deletion of
the N-IDR dramatically affected the ability of f-catenin to form droplets in vitro and

activate some Wnt targets. This provided an opportunity to test whether these activities

33



could be rescued by adding heterologous IDRs to -catenin lacking the N-IDR. A
collection of IDRs (Piovesan et al., 2016) was screened with the following criteria: (1)
the IDR must come from a protein with no known nuclear function, (2) must be of similar
size as N-IDR (~140aa), and (3) must have a similar frequency of aromatic amino acids.
Two IDRs, from human Septin 4 (Sept4) and Sorting nexin 18 (SNX18) met these
criteria and were utilized (S10 Fig for protein sequences).

We generated eGFP-tagged B-catenin mutant constructs with the heterologous
IDRs at the N-terminus (Fig 2.8A). We then performed a concentration series with the in
vitro droplet formation assay (Fig 2.8B). Consistent with our previous observations,
eGFP-B-catenin* will form spherical BMCs across the concentration range. In contrast,
eGFP-AN forms fibril-like structures at relatively high concentrations. These fibril-like
structures are morphologically distinct from the BMCs formed by the other mutants.
eGFP-Sept4 and eGFP-SNX18 form BMCs that are similar in shape to 3-catenin,
rescuing the fibril-like structures of eGFP-AN. Furthermore, mutating the aromatic
residues within the Sept4 IDR compromises the ability to form BMCs, reminiscent of the
aroN mutant. These data suggest that an N-terminal IDR with sufficient aromatic content
is required for BMC formation in vitro, and that the primary sequence of 3-catenin’s
endogenous N-IDR is not the driver of BMC formation.

We wanted to test if these heterologous IDR p-catenin mutants could rescue
transcriptional activity of B-catenin. We utilized the TopFlash-Luciferase transcriptional
reporter in a HEK293T B-catenin KO cell line (Doumpas et al., 2019). We transiently
transfected these cells with the reporter and expression constructs for the heterologous
IDR B-catenin mutants (Fig 2.9A). The AN construct is deficient in activity relative to -
catenin*. The Sept4 and SNX18 heterologous IDRs rescue transcriptional activity and
mutating the aromatic residues within the Sept4 IDR (aroSept4) ablates activity, again in
a manner reminiscent of aroN. The differences in reporter activity are not due to
differences in expression (Fig 2.9B). Additionally, we made the equivalent heterologous
IDR mutants in Arm and tested the activity of Sept4-Arm in the fly eye (Fig 2.9C and Fig
S2.11 for protein sequences). Sept4-Arm has an intermediate effect on eye

development, leading to an eye that is approximately 20% smaller than a fly eye which
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is overexpressing the AN-Arm mutant (Fig 2.9D). Mutating the aromatic residues within
the Sept4 IDR returns the level of Arm activity back to AN-Arm levels. Our data shows
that heterologous IDRs, which rescue p-catenin BMC formation in vitro, can also rescue
transcriptional activity in vivo. Additionally, aromatic residues within the heterologous
IDRs that are responsible for facilitating this activity, providing strong evidence for a
model where the aromatic residues within B-catenin’s IDRs are important for

transcriptional activity through a biomolecular condensation mechanism.

Discussion

This study provides evidence that B-catenin’s ability to form BMCs is essential for
its function as a transcriptional co-regulator. Mutations in B-catenin that affect the ability
to form BMCs in vitro correlate with reduced activity as a transcriptional co-regulator
cultured human cells (Fig 2.1-3). This correlation was also observed Drosophila, using
several functional readouts, such as transcriptional reporters and developmental
phenotypes (Fig 2.3 and 2.7). The finding that substitution of specific residues in the N-
IDR (or deletion of the N-IDR) severely compromised BMC formation and signaling
activity is crucial to our argument, as the N-IDR hasn’t been thought to play a role in
transcriptional activation (Cadigan, 2012; Valenta et al., 2012). Building on this result,
the most compelling evidence linking BMCs to -catenin’s function involved replacing
the N-IDR of B-catenin with two heterologous IDRs from proteins with no known role in
transcription. These chimeric -catenins rescue the deficiencies of the N-IDR deletion in
BMC formation and provide significant rescue in transcriptional regulation (Fig 2.8 and
2.9). Taken together, our data provide strong support for a model where the ability of 3-
catenin to form BMCs is an important mechanism for its function as a transcriptional co-

regulator.

The concept of BMCs playing an important role in transcriptional activation has
generated a large level of support (Hnisz et al., 2017; Palacio and Taatjes, 2022; Sabari
et al., 2020, 2018) but it is not without controversy. The Mediator subunit MED1 readily
forms BMCs with Pol Il subunits in vitro, and dynamic puncta containing both complexes

can be visualized on regulatory chromatin in cultured cells (Cho et al., 2018). MED1 and
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co-activators such as p300 and BRD4 also form mixed BMCs with various TFs in vitro
and in vivo (Gibson et al., 2019; Han et al., 2020; Lyons et al., 2023; Ma et al., 2021;
Sabari et al., 2018). Further studies link Pol Il transcriptional bursting to a BMC model of
regulatory control (Cho et al., 2018; Palacio and Taatjes, 2022; Quintero-Cadena et al.,
2020). However, live imaging studies linking droplet formation with increased
transcriptional output have produced conflicting results (Schneider et al., 2021;
Trojanowski et al., 2022). Genetic evidence linking the ability of co-activators to undergo
phase separation and perform its function in transcriptional activation are limited (Ma et
al., 2021; Wang et al., 2019). There is a pressing need for further genetic studies in
physiologically relevant contexts to Probe the role of condensates in gene regulation.
Our work builds upon the work of Zamudio and colleagues (Zamudio et al., 2019)
by providing an extensive functional characterization of 3-catenin mutants that are
deficient in BMC formation. We find that the observed deficits in 3-catenin’s function
cannot be attributed to a defect in nuclear import (Fig 2.3). Considering this, the ChlP-
seq data in Zamudio and colleagues support a model in which -catenin recruitment at
WRE chromatin is driven by a combination of the Arm repeats (presumably due to direct
binding to TCFs) and IDRs (presumably allowing B-catenin to be enriched in
condensates on WRE chromatin). Our heterotypic in vitro droplet formation assay data
with B-catenin and LEF1 corroborates this idea. B-catenin lacking both IDRs, which is
unable to form homotypic condensates (Fig 2.1) can still be recruited to LEF1 BMCs,
although at a reduced level compared to full length B-catenin (Fig 2.2). We suggest that
IDR-driven condensation acts as an amplifier for protein-protein interactions between
structured domains, allowing a sufficient concentration of co-activators to facilitate

transcription.

Forces driving B-catenin condensate formation

One commonly proposed mechanism for BMC formation invokes pi-pi
interactions between the side chain of aromatic amino acids (Choi et al., 2020). As
previously reported (Zamudio et al., 2019) and extended in this report, aromatic
residues in the terminal IDRs of B-catenin play a key role in the ability to form

condensates in vitro and in vivo. Mutation of these residues also had a context-
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dependent effect on B-catenin’s ability to activate Wnt targets. To narrow down the
number of mutations (aroN has 9; aroC 10) we mutated subsets of aromatic residues
inspired by the sticker-spacer model (Martin et al., 2020) and tested for activation of a
luciferase reporter. Our data indicated that both “sticker” and “spacer” aromatic residues
were crucial for 3-catenin activity (Fig S2.4). Comparison of pan-aromatic and
conserved (between flies and humans) aromatic amino acids in Drosophila
developmental assays (Fig 2.5 and 2.6) suggest that the conserved residues (7 in the
N-IDR; 5 in the C-IDR) might be the most important. In Drosophila transgenic assays,
we compared the effect of mutating all aromatics (as with human B-catenin, 9 in the N-
IDR and 10 in the C-IDR) with only the residues conserved between flies and humans
(7 in the N-IDR; 5 in the C-IDR). As the pan-aromatic and conserved mutants had
similar defects in signaling (Fig 2.5 and 2.6), it is tempting to suggest that the conserved
residues contribute most to Arm/p-catenin’s activity. The N- and C-IDRs contain a
mixture of tyrosines, phenylalanines and tryptophans (Fig S2.2 and S2.7). BMC
formation of some proteins, for example, FUS, are predominately driven by tyrosine and
arginine interactions. Mutating tyrosine residues to phenylalanine strongly reduces the
ability of FUS to form BMCs (Wang et al., 2018). However, some of our mutants
containing multiple phenylalanine substitutions, e.g., N-sticker (3 of 5) and aroN-con (5
of 7) have severe signaling defects (Fig 2.5 and 2.6, Fig S2.4), suggesting that these
aromatic residues are important for condensation/activity. Our data is consistent with the
idea that BMC formation is driven by multivalent interactions of all three types of
aromatic residues and that many/most of the 19 residues in the IDRs contribute
condensation and transcriptional activity. However, further mutagenesis is needed to

test the relative contributions of each aromatic position.

Is B-catenin condensation universally required for Wnt target gene activation?

Our data support an important role for B-catenin condensation in transcriptional
activation, but it is unclear if this is a universal requirement for the expression of all Wnt
target genes. In nearly every case we examined (the one exception being aroN

activating Axin2 in Hela cells; Fig. 2.4A), mutation of aromatic residues resulted in a
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reduction of signaling activity. However, the degree of this defect depended on the
assay employed. For the reporter gene assays in human cells (Fig 2.2, Fig S2.4) and
the developing Drosophila eye there was a strict requirement for aromatic residues,
e.g., the five substitutions in aroC-con abolished Arm’s signaling activity in the eye (Fig
2.5). For endogenous targets in Hela cells (Fig 2.4) and a Wg/Wnt reporter in wing
imaginal discs (Fig 2.6), there was an intermediate defect in signaling. In the Drosophila
embryo, a mutant (aroNC) with 19 substitutions still had the ability to rescue a strong
arm loss-of-function phenotype (Fig 2.7). It is possible that some of this rescue is the
result of aroNC de-repressing Wnt target gene expression through displacing co-
repressors from TCF/Pangolin (Cavallo et al., 1998; Schweizer et al., 2003), but the
modest level of expression of the aroNC transgene makes this unlikely. Clouding the
interpretation is the fact that p-catenin lacking all 19 aromatic amino acids retains the
ability to form BMCs in vitro at high concentrations (Fig 2.1). This is different from the
results reported by Zamudio et al., but we note that in this study, the GFP-B-catenin
fusions were purified under denaturing conditions and then renatured (Zamudio et al.,
2019). This raises the possibility that aroNC did not properly refold. Given our results
that aroNC can form BMCs (albeit only at higher concentrations), further studies are
needed to identify additional residues in the N-and C-IDRs that contribute to condensate
formation. This would allow the construction of a tighter condensate mutant, to address
whether BMC formation is universally required for activation of Wnt targets with

increased certainty.

Non-transcriptional BMCs containing B-catenin

In the absence of Wnt stimulation, B-catenin is targeted for proteasomal
degradation by a “destruction” complex consisting of AXIN, APC, the kinases CKI and
GSKa3, and the E3-ubiquitin ligase Tr-BP (Schaefer and Peifer, 2019). The multivalency
of the protein-protein interactions between destruction complex members led to the
suggestion that it formed a BMC (Schaefer and Peifer, 2019). Indeed, the ability of AXIN
to undergo phase separation has been genetically linked to efficient down-regulation of
B-catenin (Nong et al., 2021) and evidence for a destruction complex BMC at

endogenous levels of expression has been reported (Lach et al., 2022). The positive
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Wnt effector DvI2 has also been shown to form condensates, which has been
suggested to play a role in inhibiting the destruction complex (Kang et al., 2022;
Schubert et al., 2022; Vamadevan et al., 2022). The aromatic 3-catenin/Arm mutants
described in this report also contained point mutations blocking GSK3 phosphorylation,
rendering them insensitive to degradation by the destruction complex. This allowed their
role in transcriptional regulation to be unambiguously assayed. Further studies are
needed to determine whether -catenin mutants such as aroNC can be efficiently

recruited to the destruction complex.

Conclusions

Our data suggests that there is a high degree of context-dependency regarding
the relationship between aromatic/condensation and activation of specific Wnt targets.
Understanding the molecular basis for this specificity will require a combination of
transcriptomics and an in-depth examination of WREs that have a strong requirement
for aromatic residues in N-IDR and C-IDR and those that do not. Nonetheless, this
report provides strong evidence that a role for B-catenin condensation needs to be

considered to fully understand how the Wnt pathway activates transcription.

Materials and Methods
Plasmids

FLAG-tagged B-catenin variants were expressed in transient transfection assays
using the pCDNAS3.1 vector (Thermo Fisher Scientific). A plasmid expressing human -
catenin containing a S33Y mutation (pCDNA3-S33Y) was the starting point for further
mutagenesis (Sinha et al., 2021). B-catenin mutants were created using gBLOCKS
(Integrated DNA Technologies) which were subcloned into pCDNA3-S33Y that was
linearized with either BamHI & Pmll (N-IDR mutants) or BbvCl & Xbal (C-IDR mutants).
To express the B-catenin proteins in E. coli, a pET28 expression vector expressing a
His-tagged GFP-B-catenin (RY8686), which was a gift from R. Young (MIT) was used
(Zamudio et al., 2019). Various B-catenin variants were subcloned into RY8686 using
BamHI & Notl.
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For the luciferase assays, the Topflash and CREAX reporter plasmids were
constructed using pGL4.23 (Promega). Specific transcription factor binding sites or
regulatory elements are upstream of a minimal TATA-box promoter driving the
expression of the firefly luciferase gene. TopFlash has 6x TCF binding sites (plasmid
was a gift from E. Fearon, University of Michigan). The CREAX luciferase reporters
contain the endogenous WREs from the human Axin2 locus (Ramakrishnan et al.,
2021). For the Defab reporter, the Defa5 promoter (WRE plus proximal promoter) was
cloned into the promoter-less pGL4.10 plasmid (Ramakrishnan et al., 2023).

The pCW57.1 vector (gift from David Root, addgene plasmid #41393) was used
to generate the lentiviral particles for cell transduction. In brief, the coding regions of
various Flag-tagged B-catenin constructs were PCR amplified from the aforementioned
pCDNAS vectors, along with the SV40 polyadenylation site. Overlapping sequence was
included to allow these amplicons to be combined with a 7.8kB Ndel/Sall fragment of
the pCW57.1 lentiviral vector via Gibson assembly using the NEBuilder HiFi DNA
Assembly Master Mix (New England Biolabs). Products were confirmed with Sanger
sequencing (Genewiz, South Plainfield, NJ).

Vectors for transgenic Drosophila strains were constructed using the PhiC31
transgenesis system (Bischof et al., 2007). An arm cDNA encoding two activating
mutations (T52A and S56A) was cloned into a pUAST-FLAG-attB vector (a gift from CY
Lee, University of Michigan). This construct (pbUAST-Arm*-FLAG-attB) expresses the
stabilized Arm protein tagged with a C-terminal FLAG epitope. Additional Arm mutants
were created using gBLOCKS (Integrate DNA Technologies) cloned into pUAST-Arm*-
FLAG-attB using either Mlul & Stul (for N-terminal IDR mutants) or Sacl & Clal for C-

terminal IDR mutants.

Protein Purification

pET28 vectors encoding the various -catenin mutants were transformed into
C41 cells and plated on LB plates containing kanamycin (50ug/ml). Multiple fresh
bacterial colonies were inoculated into 5ml LB broth with kanamycin and grown
overnight at 37°C. The overnight cultures were diluted in 500ml of fresh LB broth with

kanamycin and grown at 37°C until the cultures reached an ODsoo of 0.6-0.8. IPTG was
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added to a working concentration of TmM, and the cells were grown for 18 hours at
16°C. Cells were collected by centrifugation.

Pellets from the 500ml cultures were resuspended in lysis buffer (50mM Tris-HCI
pH: 7.5, 300mM NacCl, 4mM imidazole, 0.1% Triton-X 100, 1 tablet complete protease
inhibitors (Roche, 11873580001)). Samples were then sonicated, 10 seconds on, 20
seconds off, for 3 minutes. Lysates were then cleared by centrifugation at 12,000xg for
12 minutes and added to 1ml of pre-equilibrated TALON metal affinity resin (Takara Bio,
635502). The slurry was rotated at 4°C for 1 hour. The slurry was then centrifuged at
7009 for 5 minutes at 4°C. The bead pellets were then washed twice with 10ml of wash
buffer (50mM Tris-HCI pH: 7.5, 300mM NaCl, 8mM imidazole). Protein was eluted in
1.5ml of elution buffer (50mM Tris-HCI pH: 7.5, 300mM NaCl, 50mM imidazole, 10%
glycerol) and the samples were rotated for 10mins at 4°C. Protein samples were then
concentrated using Amicon Ultra centrifugal filters (30k MWCO, Millipore). The protein
concentration of eluates were estimated with a Bradford assay (BioRad) and analyzed

on an 8.5% acrylamide gel stained with Coomassie.

In vitro droplet formation assay

Assays were carried out on chambered coverglass slides (Grace Bio-Labs,
112359) that were passivated with Pluronic F-127 (Sigma-Aldrich, P2243). A 5% (w/v)
Pluronic F-127 solution was added to the slide’s chambers and incubated for at least 1
hour. After the incubation, the chambers were washed with buffer (50mM Tris-HCI pH:
7.5, 300mM NaCl, 10% glycerol). Varying concentrations of eGFP- and mCherry-tagged
proteins were added to the chambers with droplet formation buffer (50mM Tris-HCI pH:
7.5, 300mM NacCl, 10% glycerol, 10% PEG-8000). The mixture was incubated for 15
minutes before being imaged on a Leica DMI6000B with a 63x objective and a
Hamamatsu ORCA-R2 camera. Images were processed and analyzed using Leica
Application Suite X (LAS X). Line profile intensities were calculated using a single line
through representative condensates.

For the hexanediol sensitivity assays, 10% (w/v) 1,6-hexanediol and 2,5-
hexanediol (Sigma-Aldrich, 240117 and H11904, respectively) solutions were made.
These solutions were added to protein diluted in buffer (50mM Tris-HCI pH: 7.5, 300mM
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NaCl, 10% glycerol) before or after PEG-8000. All droplet assays shown were repeated
at least three times on separate days (often with separate protein preps) and the results

shown are representative.

Cell Culture, transfection, stable cell line generation, DOX treatment

HEK293T cells were obtained from the American Type Culture Collection. HelLa
cells were a gift from Y. Wang (University of Michigan) and HEK293T B-catenin KO cells
were a gift from K. Basler (University of Zurich) (Doumpas et al., 2019). All cells were
grown at 37°C with 5% CO2z and in Dulbecco’s modified Eagle’s medium (Gibco,
11995065) supplemented with 10% fetal bovine serum and penicillin-streptomycin-
glutamine (Gibco, 10378016).

For transfection in HEK293T cells, 50,000 cells per well were plated in a 48 well
plate and grown overnight. Cells were transfected using polyethylenimine-MAX (PEI-
MAX, PolySciences, 24765-1) following the manufacturer’s protocol. All luciferase
assays were performed at least three times on separate days, with similar results
obtained in each experiment.

For this study, stable HeLa cell lines containing DOX-inducible B-catenin mutant
(B-catenin*, aroN, aroC, and aroNC) expression cassettes were generated by lentiviral
transduction. Lentiviral supernatants were made by the University of Michigan Vector
core lab. To generate the mutants, HelLa cells were incubated with viral supernatants for
24 hours, then the cell culture medium was replaced with fresh medium and cells were
grown for an additional 24 hours. Transduced cells were then selected for and
maintained in cell culture medium containing 1ug/ml puromycin. For DOX-induced
expression of the mutant proteins, the individual HeLa cell lines were treated with

varying doses of DOX to normalize expression across the tested mutants.

Western Blotting

Cell samples were lysed and denatured in hot 1x SDS loading buffer. Protein
samples were separated by SDS-PAGE and transferred to a polyvinylidene fluoride
membrane (PVDF, Bio-Rad, 1620177) and blocked in 5% bovine serum albumin (BSA).
Protein blots were incubated in primary antibody (diluted in 5% BSA) overnight at 4°C.
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After the incubation, protein blots were washed three times with tris-buffered saline
containing 1% Tween-20 (TBS-T), then incubated with a secondary antibody (diluted in
5% BSA) for 1 hour at room temperature. Blots were then washed three times with TBS-
T, developed with a chemiluminescent substrate (Pierce, 34577), and imaged using a
LI-COR Odyssey CLx. Images were processed in Adobe Photoshop.

Antibodies used: anti-FLAG-horseradish peroxidase (HRP, Sigma-Aldrich, A8592,
1:5000), anti-p-tubulin (Proteintech, 66240-1, 1:20,000), anti-mouse HRP (Jackson
ImmunoResearch, 115-035-003, 1:2000).

Immunofluorescence

HEK293T and Hela cells were seeded on 12mm round glass coverslips (Warner
Instruments, 64-0712) in 24 well plates and grown overnight. The following day, cells
were either transfected or treated with DOX to express FLAG-tagged B-catenin mutant
proteins. 24 hours after transfection or DOX treatment, cells were fixed with 4%
paraformaldehyde (Electron Microscopy Sciences, 15710). The IF protocol was
previously published (Leica, Quick guide to STED sample preparation). Briefly: following
fixation, the cells were washed with PBS and permeabilized with 0.1% Triton-X 100 (MP
Biomedicals, 807426). Cells were blocked with 4% bovine serum albumin for 1hr, then
incubated in primary antibody solution overnight at 4°C. The following morning, cells
were washed and incubated in secondary antibody solution for 1 hour at room
temperature. Cells were then washed and counterstained with DAPI. Coverslips were
mounted on slides with Vectashield Mounting Media (Vector Labs, H-1000). Images
were acquired with a Leica Sp8 laser confocal microscope and processed using LAS X.

Antibodies used: anti-FLAG (Sigma-Aldrich, F3165, 1:1000), anti-mouse-
Alexa568 (Molecular Probes, A11031, 1:1000), anti-Cut (Developmental Studies
Hybridoma Bank, 2B10, 1:20)

qRT-PCR

Total RNA was extracted using the RNeasy Plus Mini Kit (QIAGEN, 74134).
cDNA synthesis was done using SuperScript Il reverse transcriptase (Invitrogen,
18080-044) with oligo-dT primers. For the qRT-PCR, PowerSYBR Green PCR Master
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Mix (Applied Biosystems, 4367659) was used and the reaction was carried out in a
StepOnePlus Real-Time PCR System (Applied Biosystems). The B-actin and 18s genes
were used as internal controls, and the relative expression of target genes was
calculated using a modified Pfaffl equation which accounts for multiple reference genes
(Pfaffl, 2001; Vandesompele et al., 2002). Primer sequences listed in table S1.

Experiments were repeated three times with qualitatively similar results obtained.

Transgenic Drosophila strains

pUAST-Arm*-FLAG-attB and other UAS-arm derivatives were injected into
M{3xP3-RFP.attP’}ZH-51C and M{3xP3-RFP.attP}ZH-86Fb embryos by BestGene Inc
(Chino Hills, CA) or Rainbow Transgenic Flies (Camarillo, CA). Transformants were
identified by the presence of the mini white gene. Transgenic chromosomes were
balanced over the SM5a-TM6B compound balancer, either as single inserts or in
combination (51C & 86Fb). Insertions at 51C were meiotically recombined with the
P[GMR-Gal4] transgene. Other Gal4 lines were obtained from the Bloomington Stock
Center. Da-Gal4 and Arm-Gal4 were meiotically recombined onto a single third
chromosome and balanced over TM6c¢. All Drosophila stocks were raised on
yeast/glucose food and experiments were performed at 25°C unless otherwise

indicated.

Imaging of Drosophila eye and wing tissues

Adult flies containing P[GMR-Gal4] and four copies of P[UAS-arm*] or its variants
were frozen at -20°C overnight and photographed with a Leica Stereo Dissecting Scope
(Leica DMI6000B) attached to a digital camera. Eye size was quantified using ImagedJ.
Crosses were repeated multiple times with similar results. For Cut immunostaining,
white prepupa were selected and aged 40-44 hrs at 25°C before dissection and fixation
with 4% paraformaldehyde. Pupal eyes were stained with mouse anti-Cut
(Developmental Studies Hybridoma Bank; 1:100). At least ten eyes were examined for
each condition, with similar results.

Wg/Whnt signaling in the wing imaginal discs was measuring using a Wnt GFP
synthetic reporter previously described (Zhang and Cadigan, 2017). This reporter
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contains three copies of a grainy head binding site and four copies of a TCF-Helper
upstream of a minimal promoter driving GFP. Larva containing this reporter and one
copy each of P[Dpp-Gal4] and P[Tub-Gal80ts] and a single copy of P[UAS-arm*] or its
variants were reared at 18°C and then shifted to 29°C for 18 hours before selecting late
third larval instar for dissection, fixation with 4% paraformaldehyde and mounting.
Crosses were repeated multiple times and at least twelve discs were visualized for each
condition.

Quantification of fluorescent reporter activity was performed in ImageJ. A region
of interest (ROI) was defined in the location of ectopic reporter activity, integrated
density of the fluorescent signal was quantified, and the same ROI and calculation was
used at a site of endogenous reporter activity. Data is presented as a ratio of the
integrated density of the reporter at the ectopic activation site to the endogenous
activation site.

To monitor expression of Arm* proteins, wing discs treated as described above
and eye/antennal discs were fixed and subjected to IF using a mouse anti-FLAG
antibody (Sigma-Aldrich, F3165, 1:100) and anti-mouse-Alexa568 (Molecular Probes,
A11031, 1:200) as previously described (Zhang et al., 2014). All GFP and IF images

were acquired with a Leica SP8 laser confocal microscope and processed using LAS X.

Preparation of embryonic Drosophila cuticles

Embryonic Drosophila cuticles were prepped for imaging using a previously
described method (Stern and Sucena, 2011). Briefly, grape agar plates were added to
Drosophila cultures for egg collection. Eggs were incubated at 25°C and allowed to
develop to the point of death, which occurs in late embryogenesis.

The embryos were dechorionated by placing them in a 50% bleach solution for 2
minutes, then rinsing them with distilled water, and then dried. The embryos were then
devitellinized by transferring them to a 1:1 heptane to methanol solution, and vigorously
vortexing for 30 seconds. The heptane and methanol solution was decanted and the
embryos were washed 3 times with methanol and a final time with a 0.1% Triton-X 100
in methanol solution. The embryos were then transferred to a glass slide, residual

methanol was evaporated, and the embryos were mounted in a 1:1 solution of Hoyer’s

45



mounting medium (Hempstead Halide) and lactic acid. The embryos were imaged using
a Nikon E800 Upright microscope equipped with a Nikon DS-Fi3 camera and a Nikon
Dark Field Condenser (Dry 0.95-0.80). Images were processed using NIS-Elements
software.

Various P[UAS-arm*] strains were crossed with P[Da-Gal4],P[Arm-Gal4] which
are both active throughout the embryonic epidermis [45,46]. Embryos contained one
copy of each P[Gal4] and two copies of P[UAS-arm] transgenes for the experiments
described in Fig. 6. To test for rescuing activity of the different arm transgenes, males
homozygous for P[UAS-arm] transgenes were crossed to arm*/FM7; P[Da-Gal4]
females. Arm*is an amorphic allele of arm that produces a protein truncated in the sixth
Arm repeat that produces no detectable protein (Peifer and Wieschaus, 1990).
Approximately 3/4s of the progeny displayed a consistent phenotype indistinguishable
from those of embryos with P[Da-Gal4] and the respective P[UAS-arm] construct.
Approximately one quarter had a highly penetrant but distinct phenotype consistent with
an arm?/Y embryos with significant phenotypic rescue. All crosses were repeated
multiple times; the phenotypes obtained were highly penetrant (n>20 for each

condition).
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Figure 2.1. Aromatic amino acid residues in the terminal IDRs of B-catenin
promote biomolecular condensate formation in vitro. (A) Cartoon representation of
the eGFP-B-catenin* protein, the aromatic mutant derivatives, and control constructs. -
catenin* contains one S33Y mutation (dashed black line) in the N-IDR. aroN has all 9
endogenous aromatic amino acids within the N-IDR mutated to alanines. aroC has all
10 endogenous aromatic amino acids within the C-IDR mutated to alanines. aroNC
contains all 19 aromatic amino acid mutations. The aromatic mutant constructs contain
the same S33Y mutation as B-catenin®. (B) Representative images from an in vitro
droplet formation assay with the indicated mutants. A protein concentration series of
2uM, 3uM, 4uM, and 8uM is depicted. Droplet assays were performed in 300mM NacCl
and 10% PEG-8000. Scale bar = 20um. (C) Representative images from an in vitro
droplet formation assay testing eGFP-p-catenin* sensitivity to 1,6-hexanediol and 2,5-
hexanediol (used as a control). 8uM eGFP-B-catenin* protein was exposed to the
hexanediols prior to PEG-8000 (HD -> PEG) or PEG-8000 prior to the hexanediols
(PEG -> HD). 10% hexanediol and 10% PEG-8000 was used. Scale bar = 20um.
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Fig 2.2. The B-catenin terminal IDRs promote 3-catenin incorporation into Lef1
condensates in vitro. (A) Cartoon representation of the mCherry-LEF1 construct. (B)
Representative images from an mCherry-LEF1 in vitro droplet formation assay. A
concentration series of 4uM, 8uM, and 16uM total protein is depicted. Equal amounts of
mCherry-LEF1 and eGFP (used as a control) were present in each reaction. No eGFP
fluorescence was detected in the reaction and eGFP did not detectably affect the
degree of mCherry-LEF1 droplet formation. Assays were performed in 300mM NaCl and
10% PEG-8000.Scale bar = 20um. (C-E) Representative images from heterotypic in
vitro droplet formation assays. (C) Equal amounts of eGFP-B-catenin* and mCherry-
LEF1, (D) eGFP-aroNC and mCherry-LEF1, and (E) eGFP- ANC and mCherry-LEF1
were mixed, resulting in total protein concentrations of 4uM, 8uM, and 16uM. Reaction
conditions are the same as panel B. Scale bar = 20um, inset scale bar = 5um. (F-H)
Line plots showing eGFP-B-catenin* + mCherry-LEF1 (F), eGFP-aroNC and mCherry-
LEF1 (G), and eGFP-ANC and mCherry-LEF1 (H) fluorescent intensity across a droplet.
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Increased fluorescent signal for both proteins across a line indicates co-localization and
the white lines represent the plotted trace. Scale bar = 5um.
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Figure 2.3. Aromatic residues within B-catenin’s terminal IDRs are required for
reporter gene activation and not nuclear accumulation. (A) TopFlash (left) or
CREAX (right) luciferase reporter activity induced by p-catenin* or the aromatic mutant
constructs in HEK293T cells. Cells were transfected with separate plasmids encoding
the reporter genes and the FLAG-B-catenin mutant constructs or pcDNA3.1 as a
negative control (NC). Luciferase activity was assayed 24hr post-transfection. Data are
plotted as mean + SD (n = 3). (B) Western blots of the HEK293T lysates that were
transfected with the luciferase reporter gene and the FLAG-B-catenin mutant constructs.
The lysate samples correspond to the luciferase reporter assay. a-FLAG blot shows -
catenin expression, a-tubulin was used as a loading control. (C) Representative IF
images of HEK293T cells for the indicated FLAG-B-catenin mutants. Cells were
transfected with plasmids encoding the FLAG-B-catenin mutant constructs. IF was
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performed 24hr after transfection and the cells were stained with DAPI. The borders of
the cell and nucleus are highlighted. Scale bar = 10um. (D) Quantification of IF showing
no significant difference in nuclear localization between B-catenin* and aromatic
mutants. Data is presented as a ratio of the fluorescent intensity within the nucleus to
the fluorescent intensity outside the nucleus. Data are presented as mean =+ SD (n =
30). p-values were calculated by one-way ANOVA followed by Dunnett’s test. ns = p >
0.05.
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Fig 2.4. Select Wnt target genes exhibit different sensitivities to f-catenin
aromatic mutant constructs. (A) gRT-PCR analysis of two Wnt target genes (Sp5 and
Axin2) in HelLa cells stably transformed with DOX-inducible, B-catenin mutant
expression vectors. Cells were treated with DOX for 24hr. Data presented as mean +
SD (n=3). (B) Western blot analysis of DOX-treated HelLa cell lysate. Lysate samples
correspond to the gPCR data. a-FLAG blot shows p-catenin expression. a-tubulin was
used as a loading control. (C) Representative confocal IF images of HelLa cells
expressing pB-catenin mutants. 3 images per mutant are shown. Cells were treated with
DOX for 24hr prior to IF. Cells were stained with DAPI, and dashed lines represent the
nuclear border. Arrow indicates the presence of 3-catenin* puncta, which are reduced in
aroN expressing cells and not detectable in aroC and aroNC cells. Scale bar = 10um.
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Fig 2.5. B-catenin/Arm activity in the adult Drosophila eye is attenuated by
aromatic amino acid mutations within the terminal IDRs. (A) Micrographs of adult
Drosophila eyes containing P[GMR-Gal4] and various P[UAS-Arm] transgenes. (B)
Representative images of pupal Drosophila eye tissue immunostained for the cone cell
marker Cut. Stabilized Arm (Arm*) disrupts cone cell specification while aromatic
mutants do not. Scale bar = 20um. (C) Quantification of adult Drosophila eye area. Data
are presented as mean + SD (n = 8). p-values were calculated by one-way ANOVA
followed by Dunnett’s test. * = p < 0.05. (D) Expression of the various Arm constructs is
constant during late larval eye development. Representative images of larval Drosophila
eye antennal discs immunostained for FLAG, representing -catenin mutant expression.

Scale bar = 100pum.
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Fig 2.6. Aromatic B-catenin/Arm mutants exhibit different levels of activity in wing
imaginal discs and embryonic epidermis. (A) Representative images of late third
instar wing imaginal discs showing expression of a synthetic Wnt GFP reporter
combined with a P[Dpp-Gal4] driving expression of various P[UAS-Arm] transgenes.
Discs were also immunostained with a-FLAG to detect expression of the various Arm
mutants. Gal4 activity was restricted to 18hr before fixation using a Gal80' transgene.
Scale bar = 100um. (B) Representative darkfield images showing ventral side of late
embryonic Drosophila cuticles containing P[Da-Gal4], P[Arm-Gal4] and two copies of
the various P[UAS-Arm] transgenes. Scale bar = 100um.
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Fig 2.7. An aromatic B-catenin/Arm mutant (aroNC) partially rescues an arm loss-
of-function allele. (A) Ventral side of a cuticle of an embryonic containing the P[Da-
Gal4] transgene. Phenotype is indistinguishable from wild-type. (B) Cuticle of an
amorphic arm mutant, displaying a classic Wg loss-of-function phenotype. The size of
the embryo is greatly reduced, the head and posterior structures are missing or
malformed, and the “naked” cuticle normally found on the posterior portion of each
segment is absent, instead displaying ectopic denticles. (C) Cuticle of the arm mutant
containing P[Da-Gal4] and P[UAS-Arm*]. This combination results in nearly complete
rescue of the arm phenotype with 100% penetrance. (D) Cuticle of the arm mutant
containing P[Da-Gal4] and P[UAS-aroNC]. The aromatic mutant rescues the size defect,
most of the head structures, and some of the posterior. Segments still contain ectopic
denticles indicating some reduction in Wg signaling. (E) Cuticle of an embryo containing
P[Da-Gal4] and P[UAS-Arm*]. (F) Cuticle of an embryo containing P[Da-Gal4] and
P[UAS-aroNC].
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Fig 2.8. Heterologous IDRs rescue the in vitro droplet formation of an N-terminal
B-catenin deletion mutant. (A) Cartoon representation of the e GFP-B-catenin* protein,
AN (amino acids 1-151 deleted), Sept4 (119 amino acids from the Septin4 IDR),
aroSept4 (Sept4 IDR with 11 aromatic amino acid mutations), and SNX18 (139 amino
acids from the SNX18 IDR). (B) Representative images from an in vitro droplet
formation assay with the indicated mutants. A protein concentration series of
approximately 2uM, 3uM, 4uM, and 8uM is depicted. Droplet assays were performed in
300mM NaCl and 10% PEG-8000. At lower concentrations, AN is deficient in droplet
formation; at higher concentrations AN forms non-spherical structures. The Sept4 and
SNX18 droplets are qualitatively similar to those of B-catenin®, while aroSept4 is
deficient in droplet formation compared to Sept4. Scale bar = 20um. (C) Insets from the
highlighted regions of panel B.
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Fig 9. Heterologous IDRs can rescue the activity of a N-terminal B-catenin deletion
mutant. (A) TopFlash luciferase reporter activity induced by p-catenin* or the derivative
mutant constructs in HEK293T p-catenin KO cells. Cells were transfected with separate
plasmids encoding the reporter gene and the FLAG-B-catenin mutant constructs.
Luciferase activity was assayed 24hr post-transfection. Data are plotted as mean + SD
(n = 3). (B) Western blot analysis of transfected HEK293T p-catenin KO cell lysate.
Lysate samples correspond to the luciferase reporter data. a-FLAG blot shows 3-
catenin expression. a-p-tubulin was used as a loading control. (C) Micrographs of adult
Drosophila eyes containing P[GMR-Gal4] and UAS lines expressing AN, Sept or
aroSept4. (D) Quantification of adult Drosophila eye area. Data are presented as mean
+ SD (n = 8). p-values were calculated by one-way ANOVA followed by Dunnett’s test. *
=p<0.05and ns =p > 0.05.
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Supplementary Figures
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Figure S2.1. The N- and C-terminal B-catenin IDRs are predicted to be disordered.
(A) IUPRED and Anchor analysis of human B-catenin. Regions with scores above 0.5
are predicted to be disordered, scores below 0.5 are predicted to be ordered. (B)
AlphaFold prediction of 3-catenin structure. The N- and C-termini lack a predicted
structure, while the armadillo repeat region is a-helix rich and highly structured. (C)
IUPRED and Anchor analysis of human LEF1. (D) AlphaFold prediction of LEF1
structure, indicating a mostly disordered structure.
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Predicted protein sequence of His-GFP-B-catenin* (1064 aa) A S

MHHHHHHGIEENLYFQSGS

GAPGSAGSAAGGSPAWTMATOADLMELDMAMEPDRKAAVSHOOOSHLDNGIHSGATT
TAPSLSGKGNPEEEDVDTSQVLEEQEQGSQSETOEQVADI DGORAMTRAQRVRAAMEPETLDEGMQI PSTQDAAHPT
NVORLAEPSQMLKHAVVNLINYQDDAELATRAI PELTKLLNDEDQVVVNKAAVMVHQLSKKEASRHATMRS POMVSATIV
RTMONTNDVETARCTAGTLHNLSHHREGLLAIFKSGGIPALVKMLGSPVDSVLEYAITTLHNLLLHQEGAKMAVRLAGG
LOKMVALLNKTNVKFLAITTDCLOILAYGNQESKLIILASGGPQALVNIMRTYTYEKLLWTTSRVLKVLSVCSSNKPAL
VEAGGMQALGLHLTDPSQRLVONCLWTLRNLSDAATKQEGMEGLLGTLVOLLGSDDINVVTCAAGILSNLTCNNYKNKM
MVCQVGGIEALVRTVLRAGDREDITEPAICALRHLTSRHQEAEMAQNAVRLHYGLPVVVKLLHPPSHWPLIKATVGLIR
NLALCPANHAPLREQGAIPRLVQLLVRAHQODTORRTS MGGTQQQFVEGVRMEE IVEGCTGALHILARDVHNRIVIRGLN
TIPLEVQLLYSPIENIQRVAAGVLCELAQDKEAAEAIEAEGATAPLTELLHSRNEGVATYAAAVLFR MSEDKPODEKKR
LSVELTSSLERTEPMA@NETADLGLDIGAQGEPLGiRQDDPSERSEHSGGEGQDALGMDPMMEHEMGGHHPGAD&EVDG
LPDLGHAQDLMDGLPPGDSNQLARDTDL
B-catenin* (S33Y)
aroN (W25A, Y30A, Y64A, WG6A, F70A, F74A, YB6A, FO9A, F114A)
aroC (Y670A, F683A, W690A, Y709A, Y716A, F719A, Y724A, YT48A, WTT6A, FTT7A)

Predicted protein sequence of His-GFP-ANC (822 aa)
MHHHHHHGIEENLYFQSGS

=GAPGSAGSAAGGS PAWTMLKHAVVNLINYQDDAELATRAIPELTKLLNDEDQVVVNKA

AVMVHQLSKKEASRHAIMRSPOMVSAIVRTMONTNDVETARCTAGTLHNLSHHREGLLAIFKSGGIPALVKMLGSPVDS
VLEYAITTLANLLLHQEGAKMAVRLAGGLOKMVALLNKTNVKFLAITTDCLOILAYGNQESKLIILASGGPQALVNIMR
TYTYEKLLWTTSRVLKVLSVCSSNKPAIVEAGGMQALGLHLTDPSQRLVONCLWTLRNLSDAATKQEGMEGLLGTLVQL
LGSDDINVVTCAAGILSNLTCNNYKNKMMVCQVGGIEALVRTVLRAGDREDITEPATICALRHLTSRHQEAEMAQNAVRL
HYGLPVVVKLLHPPSHWPLIKATVGLIRNLALCPANHAPLREQGATIPRLVQLLVRAHQDTQRRTS MGGTQQOQFVEGVRM
EEIVEGCTGALHILARDVHNRIVIRGLNTIPLEVQLLYSPIENIQRVAAGVLCELAQDKEAAEATEAEGATAPLTELLH
SRNEGVATYAAAVLFRMSEDKPQD

C

Predicted protein sequence of His-GFP (283 aa)
MEAHEFHGIEZNLY FOSCA GVSKGEELFTGVVR I LVELDGDVNGHKE SVRGEGEGDATNGKLTLKF ICTTGKLRVEWET

=GAPGSAGSAAGGS PAWT=

Figure S2.2. Sequences of the B-catenin mutants used for in vitro droplet
formation assays. (A) Annotated amino acid sequences of recombinantly expressed
His-eGFP-B-catenin* protein and its mutant derivatives. The specific amino acid
residues that were mutated to create 3-catenin*, aroN, and aroC are listed below the
annotated sequence. AroNC contains all aroN and aroC mutations. (B) Annotated
amino acid sequence of the His-eGFP-ANC mutant. (C) Annotated amino acid
sequence of the His-eGFP mutant.
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6x His tag

Spacer
A
LEF1 CDS
Predicted protein sequence of His-mCh1-LEF1 (667 aa)
MHHHHHHGIEENLYFQSGSG

-GAPGSAGSAAGGMPQLSGGGGGGGGDPELCATDEMI PFKDEGDPQKEKIFAEISHPEEEG

DLADIKSSLVNESEIIPASNGHEVAROQAQTSQEPYHDKAREHPDDGKHPDGGLYNKGPSYSSYSGY I MMPNMNNDPYMS
NGSLSPPIPRTSNKVPVVQPSHAVHPLTPLITYSDEHFSPGSHPSHIPSDVNSKQGMSRHPPAPDIPTEFYPLSPGGVGQ
ITPPLGWQGQPVYPITGGFRQPYPSSLSVDTSMSRFSHHMIPGPPGPHTTGIPHPAIVTPQVKOQEHPHTDSDLMHVKPQ
HEQRKEQEPKRPHIKKPLNAFMLYMKEMRANVVAECTLKESAAINQILGRRWHALSREEQAKYYELARKERQLHMOQLYP
GWSARDNYGKKKKRKREKLQESASGTGPRMTAAY T

B

Predicted protein sequence of His-mCh1 (268 aa)
MHHHHHHGIEENLYFQSGSG

GAPGSAGSAAGGS

Figure S2.3. Sequence of the LEF1 mutant used for in vitro droplet formation
assays. (A) Annotated amino acid sequence of recombinantly expressed His-mCherry-
LEF1 protein. (B) Annotated amino acid sequence of His-mCherry.
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Figure S2.4. Additional line plots for B-catenin mutant and LEF1 heterotypic
condensates. (A) Triplicate line plots showing eGFP-B-catenin* + mCherry-LEF1. (B)
Triplicate line plots showing eGFP-aroNC and mCherry-LEF1. (C) Triplicate line plots
showing eGFP-ANC and mCherry-LEF1. White lines represent the plotted trace. Scale

bar = S5um.
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Figure S2.5. Fluorescent tag controls for heterotypic in vitro droplet formation
assays. (A) Representative images from a heterotypic in vitro droplet formation assay
with eGFP and mCherry-Lef1. The concentration of both eGFP and LEF1 protein is
8uM. Droplet assays were performed in 300mM NaCl and 10% PEG-8000. Scale bar =
20um. (B) Representative images from a heterotypic in vitro droplet formation assay
with eGFP-B-catenin*and mCherry. The concentration of both e GFP-3-catenin* and
mCherry protein is 8uM. Droplet assays were performed in 300mM NaCl and 10% PEG-
8000. Scale bar = 20um.
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Figure S2.6. A broad array of aromatics in both IDRs contribute to 3-catenin
activity. (A) TopFlash (left) or CREAX (right) luciferase reporter activity induced by
various sticker/spacer B-catenin mutants. (B) Western blots showing the expression of
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each mutant construct. The protein samples used for the Western blot correspond to the
samples used for the luciferase assay in (A). B-tubulin is used as a loading control. (C)
HD5 luciferase reporter activity (Top) and corresponding Western blots (bottom). (D)
The specific amino acids that were mutated to create the sticker and spacer mutants.
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Armadillo repeat region

A amino acids

Predicted protein sequence of Armadillo*-3xFLAG (873 aa)

MSEMPAQNRTMSHNNOENPPDLPPMVSAKEQTLMRQONSELGDSGIHSGAVIOV PELSGKEDEEMEGDPLMEDLDTGEP
ONETQDQVDDMNQQLSQTRSQRVRAAMEPETLEEGIEI PSTQEDPOQOPTAVORLSEPSQMLKHAVVNLINYQDDAELAT
RAIPELIKLLNDEDQVVVSQAAMMVHQLSKKEASRHAIMNS POMVAALVRAISNSNDLESTKAAVGTLHNLSHHROGLL
AIFKSGGIPALVKLLSSPVESVLEYAITTLHNLLLHODGSKMAVRLAGGLOKMVTLLQRNNVKFLAIVTDCLQILAYGN
QESKLIILASGGPNELVRIMRSYDYEKLLWTTSRVLKVLSVCSSNKPAIVDAGGMOALAMHLGNMSPRLVONCLWTLRN
LSDAATKVEGLEALLQSLVQVLGSTDVNVVTCAAGI LSNLTCNNORNKATVCQVGGVDALVRT I INAGDREEITEPAVC
ALRHLTSRHVDSELAQNAVRLNYGLSVIVKLLHPPSRWPLIKAVIGLIRNLALCPANHAPLREHGAIHHLVRLLMRAFQ
DTERQRSSIATTGSQQPSAYADGVRMEEIVEGTVGALHILARESHNRALIRQQSVIPIFVRLLENEIENIQRVAAGVLC
ELAADKEGAEI IEQEGATGPLTDLLHSRNEGVATYAAAVLFRMSEDKPQODEKKRLS IELTNSLLREDNNIWANADLGMG
PDLQDMLGPEEAliGLIGQGPPSVHSSHGGRAIHQQGIDTLPI DSMQGLEISSPVGGGGAGGAPGNGGAVGGASGGGGN
IGAIPPSGAPTSPESMDMDVGE I DAGALNEDLDAMPTPPNDNNNLAAWEDTDC PRLEGTRF4N s anlalalalnyants)

DDDK]

Arm* (T52A, S56A)

aroN (Y3A, Y17A, W35A, Y40A, F71A, F77A, F81A, F106A, F121A)

aroN-con  (W35A, Y40A, F71A, F77A, F81A, F106A, F121A)

aroC (Y682A, W702A, Y723A, Y727A, F743A, Y748A, YS03A, F819A, WS37A, Y838A)

aroC-con (Y682A, W702A, Y727A, W837A, Y838A)

Figure S2.7. Sequences of the Arm* aromatic amino acid mutants. (A) Annotated
amino acid sequence of the Arm protein. All of the aromatic mutants are built upon the
Arm* mutation, i.e. they all have T52A and S56A.
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A
= 1.5+ Statistics summary:
g ) DPP::+ vs. all: p < 0.05
k=
€ 1.0 ﬁ DPP::Arm* vs. all: p < 0.05
s
@ DPP::aroN vs. aroC: p < 0.05
5 0.5+ aroC-cons: p < 0.05
L aroNC: p<0.05
E
2 0.0- T DPP::aroN-cons vs. aroC: p < 0.05
X ADNL O L0 aroC-cons: p = 0.055
K _‘.?‘-“.6‘0,00?&0,0&\(3% aroNC: p < 0.05
ORR SR K™
O Q.2 Q .-‘?OQ
QL
Q Q

Figure S2.8. Quantification of fluorescent reporter activity in Drosophila larval
wing discs. (A) Quantification of fluorescent intensity of a region of interest within the
ectopic DPP-Gal4-driven reporter activity normalized to reporter activity driven by
endogenous Wg signaling. Data are presented as mean + SD. (B) Summary of
statistics. P values were calculated with a one-way ANOVA followed by Tukey’s HSD
test. See table S2 for exact statistical test results.
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(B-catenin)

B-tubulin | s S SR 40 B W B 500

Figure S2.9. Expression of Arm* and Arm mutant proteins expression in
Drosophila embryos. (A) Western blot analysis of Drosophila embryo lysates that were

collected 4-8hr after laying. a-FLAG blot shows Arm protein expression and p-tubulin

was used as a loading control.
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Sept4 IDR Arm repeat region

B-catenin C-IDR IDR aromatic amino

Predicted protein sequence of Sept4-p-catenin (768 aa)
DRSLGWQGNSVPEDRTEAGIKRFLEDTTDDGELSKFVKDFSGNASCHPPEAKTWASRPQVPEPRPQAPDLYDDDLEFR
PPSRPOSSDNQQY FCAPAPLSPSARPRSPWEKLDP Y DS SENNOINNNAN:UnV-N Rz ARina AR NIDI 00\ ATAVANI:0:V:\VaVAVaz () IS}

KKEASRHATMRSPQMVSAIVRTMONTNDVETARCTAGTLHNLSHHREGLLAIFKSGGIPALVKMLGSPVDSVLEYAITT
LHNLLLHQEGAKMAVRLAGGLQOKMVALLNKTNVKFLAITTDCLQILAYGNQESKLI ILASGGPQALVNIMRTYTYEKLL
WITSRVLKVLSVCSSNKPAIVEAGGMQALGLHLTDPSQRLVONCLWTLRNLSDAATKQEGMEGLLGTLVQLLGSDDINV
VTCAAGILSNLTCNNYKNKMMVCQVGGIEALVRTVLRAGDREDITEPAICALRHLTSRHQEAEMAQNAVRLHYGLPVVV
KLLHPPSHWPLIKATVGLIRNLALCPANHAPLREQGAIPRLVQLLVRAHQDTQRRTS MGGTQOOFVEGVRMEE IVEGCT
GALHILARDVHNRIVIRGLNTIPLFVQLLYSPIENIQRVAAGVLCELAQDKEAAEAIEAEGATAPLTELLHSRNEGVAT
YAAAVLFRMSEDKPQDIYKKRLSVELTSSLFRTEPMAGNETADLGLDI GAQGE PLGERODDP SHRS[FHS GGHGODALGMD
PMMEHEMGGHHPGADF{PVDGLPDLGHAQDLMDGLPPGDSNOLARRDT DL BYRDDDDR

aroSeptd (WT7A, F24A, F37A, FA1A, W55A, Y72A, F78A, YO92A, FO3A, W109A, Y115A)

Predicted protein sequence of Nex18-B-catenin (789 aa)

GSDDDHDDEWDDSSTVADE PGALGSGAY PDL.DGS SSAGVGAAGRYRLS TRSDLSLGSRAGS NYQDIAELATRAL PELTE

LLNDEDQVVVNKAAVMVHQLSKKEASRHATMRSPQMVSAIVRTMONTNDVETARCTAGTLHNLSHHREGLLATIFKSGGI
PALVKMLGSPVDSVLFYAITTLHNLLLHQEGAKMAVRLAGGLQKMVALLNKTNVKFLAITTDCLQILAYGNQESKLIIL
ASGGPQALVNIMRTYTYEKLLWTTSRVLKVLSVCSSNKPAIVEAGGMOALGLHLTDPSQRLVONCLWTLRNLSDAATKQ
EGMEGLLGTLVQLLGSDDINVVTCAAGILSNLTCNNYKNKMMVCQVGGIEALVRTVLRAGDREDITEPAICALRHLTSR
HQEAEMAQNAVRLHYGLPVVVKLLHPPSHWPLIKATVGLIRNLALCPANHAPLREQGAIPRLVQLLVRAHQDTQRRTS M
GGTQOQFVEGVRMEEIVEGCTGALHILARDVHNRIVIRGLNT I PLEVOLLY SPIENIQRVAAGVLCELAQDKEAAEATIE
AEGATAPLTELLHSRNEGVATYAAAVLFRMSEDKPQDMKKRLSVELTSSLFRTEPMAZNETADLGLDIGAQGEPLGHRQ
DDPSE{RS[3H S GGF{GODALGMDPMMEHEMGGHHPGADIPVDGLPDLGHAQDLMDGLPPGDSNQLADT DL BYKDDPDR

Figure S2.10. Sequences of the N-terminal heterologous IDR B-catenin mutants.
(A) Annotated sequence of Sept4-B-catenin with indicated mutations for aroSept4-3-
catenin. (B) Annotated sequence of Nex18-3-catenin.
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Spacer

C-IDR

A
Predicted protein sequence of Sept4-Armadillo-3xFLAG (876 aa)

DRSLGWQGNSVPEDRTEAGIKREFLEDTTDDGELSKEVKDESGNASCHPPEAKTWASRPQVPEPRPQAPDL YDDDLEFR
PPSRPQSSDNQQYFCAPAPLSPSARPRSPWGKLDPYDSSEDDKEYVGFATLPNQVHRKSVKKGFEDETLMVA IN4E)DInrN:H

LATRAIPELIKLLNDEDQVVVSQAAMMVHQLSKKEASRHATMNSPOMVAALVRAISNSNDLESTKAAVGTLHNLSHHRQ
GLLAIFKSGGIPALVKLLSSPVESVLEFYAITTLHNLLLHQODGSKMAVRLAGGLOKMVTLLORNNVKFLATIVTDCLOILA
YGNQESKLITILASGGPNELVRIMRSYDYEKLLWTTSRVLKVLSVCSSNKPATIVDAGGMQALAMHLGNMS PRLVONCLWT
LRNLSDAATKVEGLEALLQSLVQVLGSTDVNVVTCAAGILSNLTCNNORNKATVCQVGGVDALVRTIINAGDREEITEP
AVCALRHLTSRHVDSELAQNAVRLNYGLSVIVKLLHPPSRWPLIKAVIGLIRNLALCPANHAPLREHGATHHLVRLLMR
AFQDTERQRSSTIATTGSQQPSAYADGVRMEEIVEGTVGALHILARESHNRALTRQOSVIPIFVRLLENEIENIQRVAAG
VLCELAADKEGAEIIEQEGATGPLTDLLHSRNEGVATYAAAVLEFRMSEDKPODYKKRLSIELTNSLLREDNNIWANADL
GMGPDLODMLGPEEAYEGLYGQGPPSVHSSHGGRAFHQQOGYDTLPIDSMQOGLEISSPVGGGGAGGAPGNGGAVGGASGG
GGNIGAIPPSGAPTSPYSMDMDVGEIDAGALNFDLDAMPTPPNDNNNLAAWYDTDC PRLEGT|B)4:6pInInIn): 45N 4:0p)b)b)D)-4b)

aroSept4 (W7A, F24A, F37A, FA1A, WS5A, YT72A, F78A, YO2A, FO3A, W109A, Y115A, Y124A, F127A,
F143A, F145A)

Predicted protein sequence of AN-Armadillo-3xFLAG (727 aa)
MINYQDDAELATRAIPELIKLLNDEDQVVVSQAAMMVHQLSKKEASRHATIMNS POMVAALVRAISNSNDLESTKAAVGT
LHNLSHHRQGLLAIFKSGGIPALVKLLSSPVESVLFYAITTLHNLLLHQDGSKMAVRLAGGLQKMVTLLQRNNVKFLAT
VTDCLQILAYGNQESKLIILASGGPNELVRIMRSYDYEKLLWTTSRVLKVLSVCSSNKPAIVDAGGMOALAMHLGNMSP
RLVONCLWTLRNLSDAATKVEGLEALLQSLVQVLGSTDVNVVTCAAGILSNLTCNNQRNKATVCQVGGVDALVRTIINA
GDREEITEPAVCALRHLTSRHVDSELAQNAVRLNYGLSVIVKLLHPPSRWPLIKAVIGLIRNLALCPANHAPLREHGAT
HHLVRLLMRAFQDTERQRSSIATTGSQQPSAYADGVRMEE IVEGTVGALHILARESHNRALIRQQSVIPIFVRLLENEI
ENIQRVAAGVLCELAADKEGAEIIEQEGATGPLTDLLHSRNEGVATYAAAVLFRMSED KPQDYKKRLSIELTNSLLRED
NNIWANADLGMGPDLQDMLGPEEAYEGLYGQGPPSVHSSHGGRAFHQQGYDTLPIDSMQGLEISSPVGGGGAGGAPGNG
GAVGGASGGGGNIGAIPPSGAPTSPYSMDMDVGE I DAGALNFDLDAMPTPPNDNNNLAAWY DTDC PRLEGT|B)4:90I0IIni
DYKDDDDKDYKDDDDK|

Figure S2.11. Sequences of the N-terminal heterologous IDR Armadillo mutants.
(A) Annotated sequence of Sept4-Armadillo with indicated mutations for aroSept4-

Armadillo. (B) Annotated sequence of AN-Armadillo.
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Endogenous qRT-PCR Primers

Primer Name Sequence (5' - 3')

Axin2 Forward CTGGCTTTGGTGAACTGTTG

Axin2 Reverse AGTTGCTCACAGCCAAGACA
Sp5 Forward GAAACAGTGCTCGGGTTTTC

Sp5 Reverse TAGCTCTGCATGGAGCTGAA
B-actin Forward CATGTACGTTGCTATCCAGGC
B-actin Reverse CTCCTTAATGTCACGCACGAT
18S Forward GTAACCCGTTGAACCCCATT

18S Reverse CCATCCAATCGGTAGTAGCG

Table 2.1. Sequences of qPCR primers.
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Number of families

Number of comparisons per family

Alpha

Tukey's multiple comparisons test

DPP::+ vs. DPP::Arm

*

DPP::+ vs. DPP::aroN
DPP::+ vs. DPP::aroN-cons
DPP::+ vs. DPP::aroC
DPP::+ vs. DPP::aroC-cons
DPP::+ vs. DPP::aroNC

DPP::Arm* vs. DPP::
DPP::Arm* vs. DPP::
DPP::Arm* vs. DPP::
DPP::Arm* vs. DPP::
DPP::Arm* vs. DPP::
DPP::aroN vs. DPP::
DPP::aroN vs. DPP::
DPP::aroN vs. DPP::
DPP::aroN vs. DPP::
DPP::aroN-cons vs.
DPP::aroN-cons vs.
DPP::aroN-cons vs.
DPP::aroC vs. DPP::
DPP::aroC vs. DPP::
DPP::aroC-cons vs.

Test details

DPP::+ vs. DPP::Arm

aroN
aroN-cons
aroC
aroC-cons
aroNC
aroN-cons
aroC
aroC-cons
aroNC
DPP::aroC
DPP::aroC-cons
DPP::aroNC
aroC-cons
aroNC
DPP::aroNC

*

DPP::+ vs. DPP::aroN
DPP::+ vs. DPP::aroN-cons
DPP::+ vs. DPP::aroC
DPP::+ vs. DPP::aroC-cons
DPP::+ vs. DPP::aroNC

DPP::Arm* vs. DPP:
DPP::Arm* vs. DPP::
DPP::Arm* vs. DPP::
DPP::Arm* vs. DPP::
DPP::Arm* vs. DPP::
DPP::aroN vs. DPP::
DPP::aroN vs. DPP::
DPP::aroN vs. DPP::
DPP::aroN vs. DPP::
DPP::aroN-cons vs.
DPP::aroN-cons vs.
DPP::aroN-cons vs.
DPP::aroC vs. DPP::
DPP::aroC vs. DPP::
DPP::aroC-cons vs.

:aroN

aroN-cons
aroC
aroC-cons
aroNC
aroN-cons
aroC
aroC-cons
aroNC
DPP::aroC
DPP::aroC-cons
DPP::aroNC
aroC-cons
aroNC
DPP::aroNC

1
21
0.05

Mean Diff. 95.00% CI of diff.

-0.5963
-0.3885
-0.3482
-0.1462
-0.2289
-0.169
0.2078
0.2481
0.4501
0.3673
0.4273
0.04027
0.2423
0.1595
0.2195
0.202
0.1193
0.1792
-0.08279
-0.02283
0.05996

Mean 1
0.4902
0.4902
0.4902
0.4902
0.4902
0.4902

1.086
1.086
1.086
1.086
1.086
0.8787
0.8787
0.8787
0.8787
0.8384
0.8384
0.8384
0.6364
0.6364
0.7191

-0.7270 to -0.4656
-0.5192t0 -0.2578
-0.478910-0.2175
-0.2768 to -0.01546
-0.3596 to -0.09824
-0.2997 t0 -0.03829
0.08679 to 0.3288
0.1271 t0 0.3691
0.3291t0 0.5711
0.2463 t0 0.4883
0.3063 to 0.5483
-0.08073 t0 0.1613
0.1213 10 0.3633
0.03852 to 0.2805
0.09848 to 0.3405
0.08103 to 0.3230
-0.001750 to 0.2403
0.05821 to 0.3002
-0.2038 to 0.03822
-0.1438 to 0.09817
-0.06104 t0 0.1810

Mean 2
1.086
0.8787
0.8384
0.6364
0.7191
0.6592
0.8787
0.8384
0.6364
0.7191
0.6592
0.8384
0.6364
0.7191
0.6592
0.6364
0.7191
0.6592
0.7191
0.6592
0.6592

Below threshold? Summary Adjusted P Value

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Mean Diff.

-0.5963
-0.3885
-0.3482
-0.1462
-0.2289
-0.169
0.2078
0.2481
0.4501
0.3673
0.4273
0.04027
0.2423
0.1595
0.2195
0.202
0.1193
0.1792
-0.08279
-0.02283
0.05996

Table 2.2. Statistical test results for Figure S2.7
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*

ns
*
ns
ns
ns

SE of diff. n1

0.04001
0.04001
0.04001
0.04001
0.04001
0.04001
0.03704
0.03704
0.03704
0.03704
0.03704
0.03704
0.03704
0.03704
0.03704
0.03704
0.03704
0.03704
0.03704
0.03704
0.03704

<0.000001
<0.000001
<0.000001
0.022259
0.000231
0.006404
0.000296
0.000029
<0.000001
<0.000001
<0.000001
0.92468
0.00004
0.005327
0.000149
0.000416
0.055043
0.001631
0.321307
0.995463
0.67275

A BRADDEDRADMDDEDADIDDDDEDIDDEDNOOWWW®

=1
N

AAAALADPDDDDMBEAAAAEALADDEDDDMDIAAALANADN

21.08
13.73
12.31
5.166
8.093
5.973
7.934
9.472
17.19
14.02
16.31
1.538
9.252
6.091
8.38
7.714
4.553
6.842
3.161
0.8716
2.289
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Chapter 3 Investigating Chromatin Modifications Induced by a Wingless
Signaling-Regulated Enhancer

This chapter contains unpublished work.

Introduction

In the nucleus of eukaryotic cells, DNA is packaged by histones and structural
proteins into an organized complex referred to as chromatin. An important component of
eukaryotic gene regulation is covalent post-translational modification (PTM) of the
histone N-terminal tail (Lee and Grant, 2019). One commonly studied histone PTM is
the addition of an acetyl group to lysine residues within the tail, which is positively
correlated with transcription (Forsberg and Bresnick, 2001; Lee and Grant, 2019).
Acetylated histone proteins are typically found at cis-regulatory elements such as
enhancers and core promoters. These regions that contain acetylated histones are
typically confined, spanning approximately 1-4kb (Roh et al., 2005).

Histone acetylation is generally thought to affect gene regulation in two ways:
first, the negatively charged acetyl group neutralizes the positively charged histone N-
terminal tail, thereby weakening electrostatic interactions with DNA and nucleosome-
nucleosome interactions within the chromatin fiber, making it more accessible to
proteins, and second, acetylated histones serve as a binding motif for bromodomain-
containing transcriptional co-regulators (Shogren-Knaak et al., 2006; Shvedunova and
Akhtar, 2022). The hypothesis that acetylation neutralizes the positively charged histone
tail which makes the chromatin structure permissive to transcription has many
conflicting results in the literature. The strongest evidence in support of it are the
observations that acetylation of histone H4 at lysine residue 16 (H4K16ac) promotes
open conformations of chromatin arrays in vitro and that the removal of H4K16ac
promotes chromatin fiber compaction in yeast (Garcia-Ramirez et al., 1995; Wilkins et
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al., 2014). Additional reports indicate that acetylation by CBP has a destabilizing effect
on nucleosome structure in vitro (Choi and Howe, 2009; Morales and Richard-Foy,
2000). However, other studies indicate that H4K16 has little to no effect on chromatin
compaction in vivo and in vitro (Lutter et al., 1992; Taylor et al., 2013). More recent
studies suggest that the electrostatic interaction of RNA with histone tails neutralizes the
tail's positive charge and affects chromatin structure (Dueva et al., 2019). The second
point, histone acetylation affects gene regulation by creating a binding motif for
bromodomain-containing proteins, is supported by ChiP-seqg-based evidence and in
vitro interactions (Moriniére et al., 2009). The transcriptional co-regulators BRD4 and
TFIID subunit 1 both contain bromodomains and are required for productive
transcription (Shvedunova and Akhtar, 2022). This aspect of histone acetylation’s role in
gene regulation is less controversial.

In actively transcribed Drosophila genes, for instance, g-tubulin, small chromatin
domains contain acetylated histones and this mark is confined to the regulatory DNA
elements present in this locus (Parker et al., 2008; Roh et al., 2005). A second example,
the Raf1 locus in mouse embryonic stem cells (MESCs), also exemplifies this general
histone acetylation model. ChlP-seq data shows that at the Raf7 locus, sharp, narrow
regions of H3K27ac are present at an intronic enhancer and the transcription start site
(Weintraub et al., 2017). Analysis of the genes naked cuticle (nkd) and notum (not),
which are regulated by the Wingless (Wg; fly Wnt) signaling pathway, has revealed a
different pattern of histone acetylation in which broad regions of chromatin are
acetylated. These modifications extend well beyond Wg response elements (WREs),
which are the enhancers that mediate the transcriptional response to Wg signal
transduction, and cover most of the gene body, spanning domains up to 30kb at the nkd
locus (Parker et al., 2008). The enrichment of acetylated histones across the nkd locus
is not uniform and the strongest enrichment of histone acetylation is observed at an
intronic WRE, potentially indicating that this site serves as a nucleation point.

The mechanism by which this widespread histone acetylation is established is
currently unknown, as is its importance in Wg target gene regulation. It is known that
Armadillo (Arm, fly B-catenin) and the histone acetyltransferase Nejire, the Drosophila
ortholog of CBP (from this point referred to as dCBP), localize to WREs in a Wg-
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dependent manner (Parker et al., 2008). Chemical inhibition of RNA pol Il elongation
prior to activation of the Wg signaling pathway results in similar widespread histone
acetylation pattern, indicating that this phenomenon is not a result of transcription. This
suggests that chromatin remodeling occurs prior to gene expression and is thus a
potential transcriptional regulatory mechanism. Furthermore, RNAi knockdown of dCBP
abrogates localization to the WRE in response to Wg signaling, widespread histone
acetylation, and subsequent gene expression, indicating that dCBP is the major HAT
involved in acetylating the nkd locus (Parker et al., 2008). Due to technological
limitations at the time of Parker and colleagues’ publication, the nkd intronic WRE’s
specific contribution to the histone acetylation profile could not be assayed.

In this chapter, | attempt to address the hypothesis that the widespread histone
acetylation observed at the Wg target gene not emanates from a single WRE, and that
histone acetylation is sufficient for the expression of Wg target genes, in particular nkd.
CRISPR/Cas9 gene editing was used to delete a WRE that regulates not, and
downstream readouts were tested. To determine if histone acetylation is involved in
activating transcription of nkd, it is necessary to acetylate the nkd locus independent of
input from the Wg signaling pathway. A dCas9-CBP¢°® construct was constructed and
targeted to the nkd intronic WRE, will allow for the direct assessment of the sufficiency
of chromatin remodeling to activate Wg target gene expression. This work intends to
characterize the link between enhancer activity and chromatin environment, with the
long-term goal of understanding why genes regulated by the Wg signaling pathway

exhibit a distinct chromatin profile.

Results

The broad domains of histone acetylation observed at active Wg target genes is
highly reproducible

Published work from the Cadigan lab has shown that in Drosophila, the active
Whnt target genes nkd and not exhibit a broad pattern of histone acetylation that spans
the entire gene body (Parker et al., 2008). At the nkd gene locus, ChIP data suggests
that B-catenin localization is confined to a single known Wnt-regulated enhancer (WRE)

that’s approximately 5.5kb downstream of the TSS, and histone acetylation extends far
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beyond this WRE (Fig 2.1A) (Parker et al., 2008). As there was a significant period of
time (approximately 10 years) between the publication of the work from Parker and
colleagues and this follow-up work, it was first necessary to determine if the ChlP data
in the manuscript was reproducible with modern reagents and antibodies.

| first set out to reproduce the widespread histone acetylation observed in the
Wg-stimulated Kc167 cell line. Two major differences exist between the follow-up work
and the original: first, for cell culture models, the Wg signaling pathway is activated with
the chemical CHIR-99021 (CHIR) rather than Wg-conditioned cell culture medium.
Second, histone acetylation was detected using an antibody produced by a different
manufacturer. An increase in H3 acetylation is observed across the nkd locus in
response to CHIR treatment (Fig 2.1B). The follow-up ChIP-gPCR data faithfully
reproduces the original, with select primer pairs being used to detect enrichment of
ChlIP signal across the locus.

In Drosophila embryos, the broad increase in acetylated histone H3 is also
reproducibly observed at the not locus. The original work from Parker and colleagues
used the Gal4-UAS expression system to globally express Wg in the Drosophila
embryo. Levels of histone H3 acetylation at the active not locus were then assayed with
ChIP-gPCR (Parker et al., 2008). A domain of acetylated H3 enrichment of
approximately 10kb was observed at the locus (Fig 2.1C). | reproduced this data by
globally expressing a stabilized Arm mutant with the Gal4-UAS system. | also observed
a broad domain enriched for acetylated H3, consisting of approximately 17.5kb (Fig
2.1D). These results confirm that Wg signaling induces widespread histone acetylation

at Wg target genes.

Multiple WREs regulate notum expression in Drosophila

Since the Wg-induced widespread histone acetylation is reproducible, | next
sought to test the hypothesis that the information coded in a single WRE is necessary to
cause the widespread histone acetylation observed at active Wg target genes. To test
this hypothesis, CRISPR/Cas9 genome editing technology was used to delete a WRE
and determine any changes in histone acetylation with ChIP-qPCR. The next step is to
choose a candidate WRE.
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A WRE that is approximately 2kb upstream of the not TSS (referred to as not
UpE, for upstream enhancer) was selected as a candidate for deletion in Drosophila.
The not locus has two known WRESs: the upstream enhancer and an intronic enhancer
approximately 5.5kb downstream of the TSS (Fig 2.2A) (Parker et al., 2008). In the
Drosophila Kc167 cell line, both WREs show Pangolin (Pan, fly TCF/LEF) localization,
suggesting that they both might have activity. In Drosophila embryos, Pan has
detectable localization at only the not UpE, suggesting that not UpE might be the main
WRE regulating not expression in this context (Parker et al., 2008). Additionally, LacZ
immunostainings of a transcriptional reporter consisting of not UpE driving the
expression of LacZ recapitulates the endogenous expression pattern of not in the
embryo (M. V. Chang et al., 2008). This further suggests that not UpE is the main
regulator of not expression in the embryo. This data provided the justification to delete
not UpE to determine the necessity of a single WRE for the widespread histone
acetylation observed at the active not locus.

The CRISPR/Cas9 gene editing strategy employed was to dissect out not UpE
and replace it with a floxed DsRed selectable marker, which could be removed with
CRE recombinase prior to downstream analysis (Fig 2.2A). Four independent
CRISPR/Cas9 edited fly lines were identified by the presence of the selectable marker,
and not UpE KO was confirmed by PCR genotyping (Fig 2.2B), which was followed up
with sanger sequencing.

Initial downstream analysis of not UpE KO flies sought to determine if there was
a not expression deficiency. Embryos from two independent CRISPR edited lines, CLG1
and CLG2 were collected and not expression was analyzed with gPCR. CLG1 and
CLG2 revealed no deficiency compared to the control parental strain or a wild-type lab
strain, w8 (Fig 2.2 C). Given that active transcription is likely to confound the
necessary ChlIP-gPCR experiments, as transcribed loci are typically enriched with
acetylated histones (Martin et al., 2021), it was decided to not experimentally pursue the
not UpE KO flies further.

To further test the hypothesis that a single WRE is necessary for widespread
histone acetylation, additional WREs that regulate not need to be deleted until there is

no detectable not expression.
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Targeting a WRE that regulates nkd for deletion

A previous study in the lab showed that broad histone acetylation is present at
the active nkd locus in the Drosophila Kc167 cell line (Parker et al., 2008). Chromatin
immunoprecipitation experiments in this work revealed that there is one detectable
localization site for both Arm and CBP, the histone acetyltransferase that is required for
histone acetylation at this locus, at a WRE that is approximately 5.5kb downstream of
the transcription start site (WRE is referred to as nkd IntE). This work hypothesized that
the widespread histone acetylation detected at the active nkd locus emanated from nkd
IntE. | sought to test this hypothesis by generating a nkd IntE deletion cell line with
CRISPR/Cas9 gene editing technology and determining the effects on histone
acetylation patterns at the active nkd locus.

| used an analogous gene editing strategy as described in the previous section. |
targeted Cas9 to nkd IntE with 1 gRNA that was directly 5’ of the WRE and 1 gRNA that
was directly 3’ of the WRE (Fig 3.3A). The double-strand breaks generated by Cas9
would then be used to knock-in a Floxed GFP expression cassette, to mark positive
gene editing events. A CRISPR/Cas9-induced deletion of approximately 1400bp,
spanning nkd IntE was identified by PCR genotyping (Fig 3.3B).

A gPCR was performed on this nkd IntE KO cell line to determine whether there
was an effect on nkd expression (Fig 3.3C). The data indicates that nkd IntE KO cells
are deficient in nkd expression compared to wild-type. However, the expression of an
additional Wnt target gene, not, was tested and determined to also be deficient in
expression (Fig 3.3C). This data indicates that either both genes are co-regulated by
nkd IntE or that the cell line is globally deficient in activating Wnt target genes. The
Kc167 cells were clonally expanded during the CRISPR/Cas9 gene editing protocol,

which can potentially explain the global deficiency in activating Wnt target genes.

Ectopic histone acetylation is sufficient for nkd expression

To determine if histone acetylation is involved in activating transcription of nkd, it
is necessary to acetylate the nkd locus independent of input from the Wg signaling
pathway. Reports in the literature have shown that histone acetylation caused by
dCas9-p300¢°re, a fusion protein consisting of a catalytically dead Cas9, which is unable
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to cause double-strand breaks, and the core catalytic domain of the mammalian HAT
p300 (the CBP paralog) is sufficient to activate gene expression in eukaryotic cells
(Chavez et al., 2015; Hilton et al., 2015; Lopes et al., 2016). Localization of the dCas9-
p300°¢°re fusion protein to enhancers and promoters can activate gene expression
through targeted chromatin remodeling (Hilton et al., 2015). A similar study was done in
a Drosophila cell line showing that a dCas9-VPR (a chimeric trans-activation domain
consisting of VP64, p65, and Rta activation domains) fusion protein could also activate
gene expression when targeted to enhancers and promoters (Chavez et al., 2016).
These reports serve as the premise to study the sufficiency for histone acetylation to
cause expression of nkd.

A dCas9-dCBP<°® fusion protein was overexpressed in the Kc167 cell line and
targeted to the nkd intronic WRE. gPCR analysis of nkd expression indicates that
dCas9-dCBP°°™ can cause robust activation of nkd when targeted to the intronic WRE
compared to a non-targeting control (Fig 3.4A). dCas9 constructs do not activate nkd
expression, regardless of whether they’re targeted to the intronic WRE. As this
activation of nkd is independent of any Wg signaling input, it shows that histone

acetylation is sufficient to cause nkd expression.

Discussion

These experiments are the start to a project that sought to determine a
mechanism for the establishment of the widespread histone acetylation observed at
active Wq target genes and the role that histone acetylation plays in regulating Wg
target gene expression. The observation that broad regions of chromatin are acetylated
at the active not and nkd gene loci is robust and reproducible (Fig 2.1). However, it is
unclear if this phenomenon occurs at every Wg target gene in Drosophila, or if it is
restricted to those two genes. Additionally, it is unclear if widespread histone acetylation
is conserved across species and a feature of active Wnt target genes in mammals.
Future experiments to assay genome-wide, Wg-dependent changes in histone
acetylation should be performed. Data gained from these experiments can indicate

whether widespread histone acetylation is a general feature of Wg target genes, which
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would warrant further mechanistic investigation into how these widespread domains are
established and if they serve a regulatory purpose.

Determining if widespread histone acetylation is a general feature of active Wnt
target genes is important because it can be used as a criterion to identify direct Wnt
targets, which are historically difficult to find. Wnt signaling regulates genes in a highly
tissue specific manner (Archbold et al., 2012). Efforts to identify Wnt target genes have
focused on identifying changes in the transcriptome of a cell type, which does not
differentiate between direct and indirect targets. Additionally, establishing the presence
of TCF/LEF and/or B-catenin near TSSs have been used to infer direct Wnt target
genes, although mere presence does not establish a functional role (Ramakrishnan and
Cadigan, 2017). Including a chromatin signature may increase the precision of Wnt
target gene calls.

Mechanistically understanding if widespread histone acetylation emanates from a
single WRE or is an additive effect from multiple WREs would provide important insight
into WRE function. It is understood that genes, particularly those that are important for
development, can be regulated by multiple enhancer elements (Kvon et al., 2021;
Panigrahi and O’Malley, 2021). This is thought to confer robustness to transcriptional
regulation. Both nkd and notum have validated WREs upstream of their TSSs and
within their first introns (Parker et al., 2008), but the activity of these WREs in various
tissue contexts is unknown. In Drosophila embryos, the WRE upstream of not is the
only known localization site of Pan and Arm (Parker et al., 2008). This information made
it a prime candidate for deletion, as it seemed likely that it was the only WRE regulating
not in the embryo.

Deleting a WRE and observing differences in the histone acetylation profile of not
would experimentally establish the necessity of WRESs in causing widespread histone
acetylation. The CRISPR/Cas9 deletion of not UpE failed to inhibit the expression of
not, suggesting that there are other WREs acting on not which would confound our
analysis (Fig 2.2C). This was a predicted outcome. To further build on this experiment,
additional WREs that regulate notf would need to be deleted, starting with the not
intronic WRE. As the total number of WREs that regulate not is unknown, this could be

an iterative process with an unknown end, so experimental progress was halted. So
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whether a single WRE is necessary for widespread histone acetylation is still an open
question.

A similar experimental modality was attempted for the nkd IntE WRE in the
Drosophila Kc167 cell line. Kc167 cells are not highly amenable to CRISPR-induced
gene editing at the nkd locus, likely due to the aneuploidy of the cell line. Still, a putative
positive CRISPR-induced nkd IntE KO was identified. However, the nkd IntE KO cell line
that was identified had a global deficiency in expressing Wnt target genes, likely due to
an artifact from clonal expansion. It is likely that there is also not a specific effect on nkd
expression for a reason similar to what was observed in Drosophila, i.e. that multiple
WREs likely regulate nkd expression and provide a robustness to the gene’s
expression.

Ectopic acetylation at the nkd intronic WRE by dCas9-dCBP¢°°" was sufficient for
the transcriptional activation of nkd (Fig 2.3). Further control experiments still need to be
performed, however. The best control for this experiment is to mutate the dCBP°°™ part
of the chimeric protein to be catalytically dead, which has been done in previous reports
(Hilton et al., 2015). dCBP*°°"™ may be recruiting additional transcriptional co-regulators
to the WRE, which can confound the results. The utility of the dCas9-dCBP¢°°™ construct
is that it can be readily targeted to additional enhancers. Further experiments can be
performed to determine if histone acetylation at additional WREs which regulate nkd
have the same effect. Furthermore, this can be tested at other Wg targets to determine

if WRE acetylation is sufficient for expression.

Materials and methods
Cell culture, CHIR treatment, and transfections

Kc167 cells were grown in Schneider’s Drosophila Medium (Gibco)
supplemented with 5% FBS (Atlanta Biologicals) and 1% Penicillin-Streptomycin-
Glutamine (Invitrogen). Cells were grown at 25 degrees Celsius.

To activate the Wg signaling pathway, cells were treated with 10uM CHIR-99021
(APExBIO) in DMSO (Sigma-Aldrich) and incubated for 24hr. DMSO was used as a

vehicle control.
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For transfections, Kc167 cells were seeded into 12 well plates and allowed to
grow overnight. Plasmids were transfected with the FugeneHD reagent (Promega). The

ratio of FugeneHD to plasmid used was 3:1, and 1ug of plasmid was used.

Plasmids

dCas9 was expressed from transient transfection assays from the pl018 vector
(Gift from Norbert Perrimon) (Housden et al., 2015). To generate this construct, the
dCas9 ORF was PCR amplified from pWalium20-10XUAS-3XFLAG-dCas9-VPR
(Addgene #78897, gift from Norbert Perrimon). The primers used to amplify dCas9
created an Agel restriction site immediately upstream of the dCas9 ORF. Downstream
of the ORF, a multi-cloning site consisting of Asel, Nhel, Avrll, and Fscll was created,
and an Xhol site was also created. The PCR product was digested with Agel and Xhol
(New England Biolabs) for directional cloning into the pl018 vector, which was also
digested with the same enzymes. The PCR product was ligated into the pl018 vector
with T4 DNA ligase (New England Biolabs).

dCas9-dCBP°° was expressed from transient transfection assays from the pl018
vector. To generate this construct, the Nejire (dCBP) catalytic core sequence was
identified based on homology to the mammalian CBP core catalytic sequence identified
by Hilton and colleagues (Hilton et al., 2015). This sequence was amplified from a cDNA
library generated from Kc167 cells. PCR primers added an Ascl restriction site upstream
of the dCBP®°™ coding sequence and an Auvrll restriction site downstream of the
dCBP°°® coding sequence. The PCR product and the pl018-dCas9 vector were digested
with Ascl and Avrll, fragments were purified by gel electrophoresis, and ligated with T4
DNA ligase (New England Biolabs).

To target the dCas9 and pl018 constructs to chromatin, oligos coding for the
gRNA sequence were ordered (Integrated DNA Technologies) and ligated into pl018-
dCas9 and pl018-dCas9-dCBP¢°° vectors that were linearized by Bbsl (Housden et al.,
2015). The gRNA sequence 5'- GCGGGCCCTGTTGGCTATGG -3’ was used to target
these constructs to the nkd intronic WRE. Non-targeting control constructs used the
gRNA sequence: 5'- GTTCGGGTCTTCGAGAAGACCT -3’, which is the original

sequence in the pl018 vector.
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CRISPR/Cas9 Genome editing in Kc167 cells

CRISPR/Cas9 genome editing was used to delete the nkd IntE in Kc167 cells.
gRNA sequences targeting Cas9 upstream and downstream of nkd IntE were cloned
into the pl018 vector (Gift from Norbert Perrimon). A donor vector plasmid was created,
which contains 1kb arms homologous to the regions directly upstream and downstream
to nkd IntE, flanking a floxed coppia-GFP expression cassette.

The pl018 vectors and the donor plasmid were transfected into Kc167 cells with
the Fugene HD reagent (Promega), using a ratio of FugeneHD to DNA of 3:1. Five days
after transfection, the cells underwent FACS using a Discovery S8 Cell Sorter (BD).
Single cells were seeded in 96 well plates, and cells were grown in 50% conditioned cell
culture medium. Cell culture lines were created from the clonal expansion of GFP+
cells.

PCR genotyping was performed to determine the presence or absence of a
CRISPR-induced gene edit event. gRNA was extracted from the Kc167 cells with the
Qiagen Blood and Tissue DNA extraction kit.

Transgenic Drosophila strain development

CRISPR/Cas9 genome editing was used to delete the not UpE. gRNA sequences
targeting Cas9 upstream and downstream of the not UpE were cloned into pCFD3-
dU6:3gRNA, which was a gift from Simon Bullock (Addgene plasmid # 49410) (Port et
al., 2014). For a list of gRNA sequences used, see Table 2.2. A homologous
recombination donor vector, used to incorporate a DsRed selectable marker in place of
the endogenous not UpE, was constructed by PCR amplifying 1kb homologous
sequence arms that were directly upstream and downstream of the Cas9 double-strand
break sites. w'''8 Drosophila genomic DNA was used as a template. PCR amplification
of a floxed DsRed expression cassette being driven by a 3xP3 CRM, and a plasmid
backbone were amplified from pDsRed-attP, which was a gift from Melissa Harrison &
Kate O'Connor-Giles & Jill Wildonger (Addgene plasmid # 51019) (Gratz et al., 2014).
PCR fragments were ligated with the NEBuilder Hi-Fi DNA Assembly Kit (New England
Biolabs).
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Two gRNA coding constructs were used to target the 5’ end of not UpE and three
gRNA coding constructs were used to target the 3’ end of the not UpE. Plasmid
constructs were injected by BestGene Inc. (Chino, CA). The fly stocks injected were yw;
Cas9(ll-attP40) (Port et al., 2014). CRISPR/Cas9-edited mutants were identified by
DsRed fluorescence in the adult eye. Transgenic chromosomes were balanced over the
TM6c balancer. To remove the DsRed expression cassette, flies were crossed with a
Cre-recombinase expressing fly, y[1] w[67c23] P{y[+mDint2]=Crey}1b; sna[Sco]/CyO
(BDSC stock #766). To PCR genotyping was performed to confirm the deletion of not
UpE. Genotyping PCRs produced at WT band size of 2655bp and a transgene band
size of 2182. Genomic DNA was extracted from flies with the Qiagen DNeasy Blood and

Tissue kit.

Drosophila stocks used in this study

For the ChIP experiments, the Wg signaling pathway was activated by crossing
flies containing a Da-Gal4 transgene with a UAS-Arm8 (stabilized Armadillo) transgene.
The Wg pathway was inhibited by crossing a Da-Gal4 flies with a UAS-Arm RNA. flies.

Chromatin Immunoprecipitation

ChIP was performed according to the Cross-linking Chromatin
Immunoprecipitation (X-ChlP) protocol available from Abcam. Cells were seeded in
10cm tissue culture dishes and allowed to grow overnight. Cells were then treated with
CHIR and after 24hr, paraformaldehyde was added directly to the cell culture to a final
concentration of 0.75%. Plates were incubated on a rocker at room temperature for 10
mins. After the incubation with paraformaldehyde, glycine was added to a final
concentration of 125mM, and the plates were incubated on a rocker for an additional 5
mins. Cells were rinsed twice with cold PBS, resuspended in 5ml cold PBS, and
transferred to a 50ml conical tube. Cells were centrifuged at 1000x g for 5 mins at 4
degrees Celsius. The PBS was aspirated, the cells were resuspended in 1.5ml of cold
ChlIP lysis buffer, and incubated on ice for 10 mins. Cells were sonicated with a Covaris
Focused Ultrasonicator until the average fragment size was between 200 and 1000bp.

Cell debris was pelleted by centrifugation at 8000x g for 10 mins at 4 degrees Celsius.
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Supernatants were transferred to a new tube. Immunoprecipitation was done with a
ChIPAb+ Acetyl-Histone H3 (Lys 9/18) (Millipore) antibody and protein A beads
(Millipore). Protein a beads were blocked with BSA prior to use. Samples were
incubated at 4 degrees for 1 hour with rotation. After incubation, samples were washed
once with a low salt buffer and once with a high salt buffer, and once with a LiCl buffer.

DNA was eluted by slow shaking at 30 degrees Celsius for 15mins.

RNA extraction from Drosophila embryos and Kc167 cells

Drosophila embryos were collected 12-18hr after egg laying and homogenized
with a plastic micropestle in a 1.5ml centrifuge tube in 500ul TRIzol (Invitrogen). The
manufacturer’s protocol was followed for RNA extraction. The RNA pellet was dissolved
in 40pl of ultra-pure water.

For Kc167 cells, RNA was extracted with the Qiagen RNeasy Plus Mini Kit,

according to the manufacturer’s protocol. RNA was eluted in 40ul of RNAse free water.

cDNA library synthesis
cDNA was synthesized with SuperScript Il (Invitrogen), following the
manufacturer’s protocol. 1ug of RNA was used for each cDNA library. cDNA samples

were diluted 1:2 in ultra-pure water for gPCR analysis.

qPCR

For gPCRs, PowerSYBR Green PCR Master Mix (Applied Biosystems) was used
and the reaction was carried out in a StepOnePlus Real-Time PCR System (Applied
Biosystems). Relative expression of target genes was calculated using the Pfaffl
method (Pfaffl, 2001). Experiments were repeated three times with qualitatively similar
results obtained. For q°PCRs performed with cDNA templates, the B-tubulin gene was

used as an internal control. For primers used, refer to table 2.1.
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Fig 3.1. Widespread histone acetylation at nkd and not is reproducible. (A)
Acetylated histone H3 levels are broadly enriched at the active nkd locus in Kc167 cells.
Data dapted from Parker, et al. 2008. (B) Reproduction of Parker, et al. data showing
elevated acetylated histone H3 levels at the active nkd locus in Kc167 cells. (C)
Acetylated histone H3 levels are broadly enriched at the active not locus in Drosophila
embryos. Data adapted from Parker et al. 2008. (D) Reproduction of Parker, et al. data
showing elevated histone H3 levels at the active not locus in Drosophila embryos.
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Fig 3.2. Deletion of the not Upstream WRE does not affect not expression. (A)
CRISPR/Cas9 gene editing strategy to delete not UpE. Cas9 induced double strand
breaks at the 5’ and 3’ ends of the WRE will be repaired with a template that will
introduce a DsRed expression cassette in place of the endogenous WRE. The DsRed
expression cassette will be floxed, so that it can be removed with Cre recombinase prior
to downstream analysis. (B) Genotyping PCRs for CRISPR/Cas9 edited flies. W8 flies
are an unedited control and show the 2655bp WT band. Successfully edited flies have a
slightly smaller band size of 2182. Four independent CRISPR/Cas9 edited lines were
identified, and two were chosen for downstream analysis: CLG1 and CLG2. (C) gPCR
for not expression. Deletion of the not UpE had no effect on not expression.
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Figure 3.4. dCas9-dCBP¢°re is sufficient to express nkd. (A) Expression of dCas9-
dCBP¢°® by transient transfection and gRNA targeting nkd IntE in Kc167 cells is
sufficient to activate nkd. dCas9-dCBP°°® that is not targeted to nkd IntE, and the
dCas9 controls do not strongly activate nkd expression.
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gPCR Primer Name |Sequence

not F AGAGCAGCAGAAGCGTTAGC
not R AAAGCCGGAGAAGCTACAAA
nkd F GACCTGGACGGGCATCAC

nkd R TTGCCAATGGACTCGTATATGG
beta-tubulin F AGACCTACTGCATCGACAAC
beta-tubulin R GACAAGATGGTTCAGGTCAC

Table 3.1. Sequences of qPCR primers
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gRNA Sequence

not UpE KO

Upstream gRNA 1 TGTGCGACGCGCGTGTTAAG
Upstream gRNA 2 AAGTGGACTGTGAATATGAA
Downstream gRNA 1 CAGGAAAAACAGATCACGGG
Downstream gRNA 2 AAAAACAGATCACGGGCGGA
Downstream gRNA 3 AGATCACGGGCGGACGGACA
dCas9 targeting nkd intE GCGGGCCCTGTTGGCTATGG

dCas9 non-targeting control

GTTCGGGTCTTCGAGAAGACCT

Table 3.2. gRNA sequences for not UpE KO and dCas9 nkd IntE targeting.
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Chapter 4 Conclusions and Future Directions

The experiments described in this dissertation provide evidence that the
biomolecular condensation of 3-catenin is a newly appreciated aspect of its function as
a transcriptional co-regulator. We performed extensive p-catenin mutagenesis to
characterize the transcriptional activity of f-catenin mutants that were deficient in their
ability to form biomolecular condensates, and chimeric 3-catenin mutants that contained
heterologous IDRs which could rescue the activity of condensate-deficient mutants. We
tested our mutants using various assays in human cell culture and in various Drosophila
developmental contexts. While there are contextual differences between the
requirement of B-catenin to form biomolecular condensates and transcriptional activity,
we have discovered a general rule that can describe our results: B-catenin mutants that
are defective in forming biomolecular condensates in vitro and in vivo are always
defective in transcriptional activity relative to wild-type B-catenin. The degree to which
the mutants are defective is context dependent. While these experimental findings
provide significant support for the role of biomolecular condensates in B-catenin
function, there are many open questions that remain. This chapter discusses follow-up

experiments and the rationale for performing them.
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Determining if observed B-catenin condensates are functional

The observed in vivo puncta formed by -catenin provides evidence for the ability
to form BMCs, but whether these puncta are functional is an open question. In Chapter
2 and Appendix A, experimental evidence shows that stabilized 3-catenin forms puncta
in vivo while the aromatic IDR mutants do not. Separate experiments show that the
aromatic IDR mutants fail to activate a Wnt reporter and are defective in regulating
some Wnt target genes relative to stabilized -catenin. The proposed model is that the
puncta formed by B-catenin are functional and required for the productive transcription
of Wnt target genes. Since these experiments were done separately, they’re currently
linked by correlation. Although, there is a substantial amount of correlative evidence.

A direct link between BMC formation and transcriptional activity is still needed for
B-catenin. The MS2 and MS2-coat protein (MCP) system is commonly used to image
RNA localization in live cells and Drosophila embryos (Garcia and Gregor, 2018; Tutucci
et al., 2018). This experimental system can be used to determine if there is co-
localization of active sites of Wnt target gene mRNA synthesis and B-catenin puncta.
This would provide stronger evidence for a direct role in B-catenin BMCs with
transcriptional function.

Setting this system up in the Drosophila embryo would be the place to start since
the Cadigan lab already has Drosophila which express a GFP-Armadillo, which is
tagged at the endogenous allele, and several strains with MCP-RFP on different
chromosomes are available in the Bloomington Drosophila Stock Center. Published
protocols describe CRISPR/Cas9 methods to MS2-tag endogenous genes, live cell
imaging of the MS2-MCP system, and downstream analysis (Hoppe et al., 2020; Hoppe
and Ashe, 2021a, 2021b). CRISPR/Cas9 MS2-tagging of Wg target genes nkd and not
would be two genes to start with, as they are both expressed in the embryo and much is
known about the regulation of these genes (J. L. Chang et al., 2008; M. V. Chang et al.,
2008; Parker et al., 2008).

Embryos from flies containing all the necessary transgenes (GFP-Arm, MCP-
RFP, MS2-tagged nkd or not) will need to be collected and prepared for live imaging
(Garcia and Gregor, 2018). The expected outcome is that Wg signaling in the
Drosophila embryo drives the nuclear accumulation of GFP-Armadillo, which forms
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BMCs in the nucleus, and the MCP-RFP signal (indicating an actively transcribed nkd or
not) co-localizes with GFP-Arm. A published immunofluorescence and RNA-FISH
experiment shows that nuclear 3-catenin puncta co-localize with nanog RNA in mESCs
(Zamudio et al., 2019), which lends credence to prediction that GFP-Arm will co-localize
with MCP-RFP. This result could be interpreted as the GFP-Arm BMCs are functional
sites of transcription.

If GFP-Arm and MCP-RFP BMCs are sites of active transcription, they should
also contain Pan (fly TCF). Pan can be fluorescently labeled at the endogenous locus
with CRISPR/Cas9, and follow-up experiments can be performed to determine whether
Pan, Arm, and the MCP reporter all co-localize to the same BMCs. Unpublished data
from the Cadigan lab shows that B-catenin and LEF1 co-localize in BMCs in human cell
culture models. Both Arm and Pan are required for the transcription of Wg target genes,
so a BMC containing both proteins and the MCP transcriptional reporter is highly likely
to be an active site (Franz et al., 2017).

If the GFP-Arm and MCP-RFP don’t overlap, there are additional considerations.
The large BMC puncta that are observed in the nucleus can potentially be artifactual,
and BMCs that regulate Wg target genes are too small to be detected with fluorescent
microscopy. Additionally, it is possible that BMCs are not required for nkd or not
expression. We do not currently know the degree to which BMCs are required for Wg
target gene expression, but it is possible that it is not a requirement for every gene.

Additionally, aroNC, an Arm mutant that is predicted to be deficient in forming
BMCs (based on evidence from the aroNC B-catenin mutant and a deficiency in gene
activation in Drosophila), can be expressed to determine whether MCP-RFP form in the
absence of an Arm mutant that forms BMCs. The expected result is that aroNC does not
form BMCs and has a diffuse signal throughout the nucleus. Our model predicts that a
lack of BMC formation by Arm would fail to activate nkd or not, so there would not be an
MCP-RFP signal in the nucleus. If nkd is expressed, and the MCP-RFP signal is
present, it would be interesting to see whether it co-localizes with Pan BMCs. It is
possible that transcriptionally active BMCs can still form with LEF1 and other

transcriptional co-regulators, and sufficient aroNC can interact with LEF1 through
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traditional interactions. Overall, this experiment would be an exciting test of whether the
BMCs formed by B-catenin/Arm are functional.

A large part of the biomolecular condensate literature focuses on the correlation
between a protein’s ability to form biomolecular condensates and a functional output,
such as transcription. It is common for scientific publications to utilize separate
experiments for biomolecular condensate formation and functional activity (Lu et al.,
2020; Zamudio et al., 2019; Zhao et al., 2023). The experiment proposed in this section
will be able to provide a more direct link between BMC formation and transcription,

utilizing a method that goes above the standards of the field.

Are Biomolecular condensates required for the expression of all Wnt target
genes?

The most straightforward evidence that BMCs are involved in B-catenin activity
and Wnt target gene regulation is the failure of condensate-deficient p-catenin mutants
to activate a sensitive Wnt transcriptional reporter, while stabilized -catenin can
robustly activate the reporter. Endogenous Wnt target gene regulation is more complex.
The expression of the Wnt target sp5 in HelLa cells appears to be sensitive to BMC-
deficient aromatic B-catenin mutants. aroN, aroC, and aroNC all modestly activate
expression, while stabilized -catenin robustly activates expression. Expression of axin2
in HelLa cells appears to be less sensitive to these mutations. aroN activates axin2 as
well as stabilized B-catenin, and aroC activates axin2 slightly more than aroNC, which
negligibly activates axin2. The differences between these two genes suggests that
different Wnt targets have different sensitivities to aromatic mutations within B-catenin’s
IDRs. This can be interpreted as different Wnt target genes have different requirement
for B-catenin BMC formation.

Examples in the literature focus on BMCs forming at super-enhancers to regulate
target genes (Sabari et al., 2018; Tang et al., 2022; Zamudio et al., 2019). Super-
enhancers are clusters of enhancers, sometimes spanning a domain of more than 10kb,
that are occupied by a high density of factors and control the expression of genes that
define cell identify (Hnisz et al., 2013; Sabari et al., 2018; Tang et al., 2022). Super-
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enhancers are also defined by strong ChIP-seq signal enrichment for master TFs,
transcriptional co-regulators such as Med1, BRD4, p300, and strong enrichment of
chromatin marks such as H3K27ac (Tang et al., 2022). The high concentrations of
proteins at super-enhancers create a permissive environment for liquid-liquid phase
separation that leads to BMC formation. The size and protein-dense nature of these
elements makes them more amenable to study, and significantly less is known about
how BMCs regulate the activity of typical enhancers.

To determine the global effect that BMC-deficient 3-catenin mutants have on Wnt
target gene regulation, a transcriptome analysis of HelLa cells expressing stabilized 3-
catenin compared to HelLa cells expressing BMC-deficient B-catenin mutants needs to
be performed. The current literature would predict that Wnt target genes that are
regulated by super-enhancers would be more sensitive to BMC perturbations compared
to Wnt targets that are regulated by typical enhancers. However, it is currently unknown
which Wnt target genes in HelLa cells are regulated by super-enhancers vs typical
enhancers. For this experiment, RNA-seq can be used to identify these changes in Wnt
target gene expression.

For genes that are activated by Wnt signaling, the expected outcome is that
RNA-seq will identify a set of targets that fail to be expressed by BMC-deficient -
catenin mutants, a set of targets that are moderately affected, and a set of targets that
are unaffected. Follow-up analysis would focus on differences in cis-regulatory elements
that are potentially sensitive to BMC-deficient -catenin. For instance, the Wnt target
genes that are regulated by super-enhancers are highly sensitive to BMC-deficient -
catenin mutants, while targets regulated by typical enhancers are not. Additionally, the
transcription factors that interact with Pan/p-catenin at WREs might play a role in
determining sensitivity to loss of BMC formation. Alternatively, the majority of Wnt target
genes may be sensitive to loss of BMC formation, indicating that BMCs might be
fundamental to Wnt target gene regulation.

In the context of Wnt target gene regulation, B-catenin is typically framed as
being an activator of target gene expression. However, 3-catenin also mediates
transcriptional repression (Valenta et al., 2012). It would be interesting to see if genes

which are repressed by B-catenin fail to be repressed by BMC-deficient -catenin
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mutants. This aspect of BMC function is understudied relative to transcriptional
activation, but there is evidence that BMCs are involved in transcriptional repression
(Treen et al., 2021).

Do biomolecular condensate-deficient B-catenin mutants affect the broad histone
acetylation patterns at active Wnt target genes?

Broad domains of histone acetylation are observed at the active Wnt targets nkd
and not in Drosophila and the Kc167 cell line. These domains can reach sizes of up to
30kb. It is known that the histone acetyltransferase, CBP, is required for the
establishment of these domains. Additionally, it is known that this histone acetylation
pattern is established independently of transcription (Parker et al., 2008). Currently, a
mechanistic understanding of how these domains can be established is unknown. It is
possible that these broad domains of histone acetylation emanate from a single or
multiple WREs. Most domains of histone acetylation are narrow, encompassing
domains of 1-4kb. A key question is what makes active Wg targets different. BMCs
provide a novel mechanism for explaining why the active nkd and not genes exhibit this
pattern.

Reconstituted in vitro chromatin arrays have been shown to form liquid-liquid
phase separated BMCs (Gibson et al., 2019). Interestingly, when the histone proteins
that constitute these arrays were acetylated, they failed to form BMCs in vitro. However,
when the acetylated chromatin arrays were bound by bromodomain-containing proteins,
the ability to form BMCs was rescued. The histone acetyltransferases CBP and p300
can also form BMCs in vivo (Ma et al., 2021; Zhang et al., 2021). It is possible that this
aspect of CBP activity is important for establishing broad domains of histone
acetylation.

This can be experimentally tested by overexpressing a stabilized form of Arm and
the aroNC mutant of Arm, and using ChlP to determine differences in histone
acetylation enrichment at nkd and not. If BMC formation at the active loci is important
for establishing these broad domains of histone acetylation, an expected outcome
would be that aroNC produces a more restricted domain of histone acetylation. It would

be interesting if this was coupled with a decrease in transcriptional output, as this can
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additionally implicate broad histone acetylation in robust transcriptional output. If the
establishment of broad domains of histone acetylation is not dependent on BMC

formation, then additional mechanisms will need to be explored.

Can biomolecular condensates explain the flexible billboard model of enhancer
activity?

The flexible billboard model of enhancer activity suggests that enhancer function
is primarily dictated by their ability to recruit transcription factors to chromatin (Vockley
et al., 2017). This is in opposition to the enhanceosome model of enhancer activity,
which suggests that transcription binding site grammar (i.e. the order, orientation, and
spacing between transcription factor binding sites) is important for functional activity
(Panne et al., 2007). Analysis of WREs shows that there does not appear to be any
conserved transcription factor binding site grammar. Given the importance of the spatial
and temporal specificity that enhancers impart on gene expression, this is somewhat
surprising. A key question that remains for Wnt target gene regulation is: why are WREs
with differing transcription factor binding site grammar regulated in the same manner
(i.e. by Wnt signaling)?

BMC models of transcription factor and co-activator function invoke a lack of site-
specific binding interactions, instead relying on weak, multivalent interactions to form
functional protein interactions (Sabari et al., 2020). In light of both the flexible billboard
and enhanceosome models of enhancer function, an interesting hypothesis is that
enhancer elements nucleate BMCs on chromatin by recruiting the necessary
transcription factors through specific DNA binding, and these factors then go on to
recruit additional proteins through weak, multivalent interactions until a BMC is formed.
Since the interactions that are important for BMC formation are not site specific, there is
no requirement for specific order of transcription factor binding to enhancers which
would allow for specific transcription factor interactions.

A method to test this hypothesis would be to construct multiple synthetic WREs in
which transcription factor binding sites are varied, and test whether various synthetic
WREs can activate the transcription of a reporter gene. Published data from the
Cadigan lab shows that a synthetic WRE consisting of TCF sites, CDX sites, and CAG
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sites are highly active in HEK293T cells (Ramakrishnan et al., 2021). Additionally, a
48mer of TetO sites is sufficient for visualization of TetR-EGFP binding in HCT116 cells
(Tasan et al., 2018). This data suggests that a minimum of a 48mer of TCF, CDX, and
CAG sites should be sufficient for both visualization and testing for reporter activity.

The experiment is to integrate constructs consisting of different combinations of
the mentioned binding sites and a reporter gene into the genome of HEK293T cells
using CRISPR/Cas9 editing. Different strains of cells carrying synthetic WREs with
different combinations of binding site arrays can then be imaged for the presence of
BMCs. The expected outcome is that the order of the transcription factor binding sites
does not matter for BMC formation or reporter activity. This experiment can provide
evidence in support of the flexible billboard model.

Determining if there is a link between the flexible billboard model of condensate
activity and the capacity for transcription factors and transcriptional co-regulators to
form biomolecular condensates has important transcriptional implications beyond Wnt
signaling. The flexible billboard model suggests that different classes of transcription
factor binding sites within an enhancer serves to potentiate the enhancer’s activity
(Vockley et al., 2017), and ultimately this potentiation could occur through a

biomolecular condensate mechanism.

98



Appendix
The appendices contain supplemental information. Both appendix A and B are

supplements for Chapter 2.
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Appendix A: Supplemental data for Chapter 2, Fig 2.4:

B-catenin* 60 0.15
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Fig A1. Aromatic amino acid residues are required for B-catenin BMC formation in
vivo. (A) HEK293T B-catenin KO cells transiently transfected with a GFP-3-catenin or
GFP-aromatic mutant expression construct. Aromatic amino acid mutations in 3-
catenin’s terminal IDRs abolish the ability to form BMCs in vivo. (B) quantification of

fluorescent images. n=10 for all mutants.
The purpose of this figure is to provide higher quality data showing that p-catenin BMC

formation in vivo is negatively affected by aromatic amino acid mutations in the terminal
IDRs.
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arm4
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arm?

arm*  Gala-disarmed7/3

Fig A2. The DisArmed allele fails to rescue an Arm loss of function allele. (A)
Embryonic cuticles depicting phenotypes that are wild-type, arm* (arm loss of function),
and an arm* rescue by a disArmed6 allele. (B) Same series as A, except a stronger

disArmed7/3 strain is used.

The purpose of this figure is to show that the rescue observed in Figure 2.7 by aroNC is
not simply the result of de-repression caused by a non-functional B-catenin mutant. The
DisArmed Arm mutant is lacking the C-terminal domain and evidenced to be deficient in
transcriptional activation but not repression (Blauwkamp et al., 2008). The DisArmed7/3
mutant is able to provide a small degree of rescue. The aroNC mutant in Fig 2.7 is able
to provide a greater degree of rescue, indicating that de-repression may be responsible
for some of the observed phenotype in Fig 2.7, but not all of it. Importantly, the
DisArmed mutants are not expression matched as well as the aromatic mutant series in
Fig 2.7.
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