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Abstract

Beta-catenin Nuclear Transport in Wnt Signaling: Kap-beta2/Transportin Mediates Nuclear

Import of Beta-catenin via a PY-NLS Motif in a Ran GTPase Dependent Manner

Woong Yul Hwang

2023

Wnt signaling is essential for embryonic development and adult tissue homeostasis;
mutations in Wnt pathway components are major drivers of multiple diseases especially cancer.
B-catenin is a key effector in this pathway that translocates into the nucleus and activates Wnt
responsive genes. However, due to our lack of understanding of B-catenin nuclear transport,
therapeutic modulation of Wnt signaling has been challenging. Here, we took an unconventional
approach to address this long-standing question by exploiting a heterologous model system, the
budding yeast Saccharomyces cerevisiae, which contains a conserved nuclear transport
machinery. In contrast to prior work, we demonstrate that -catenin accumulates in the nucleus
in a Ran dependent manner, suggesting the use of a nuclear transport receptor (NTR). Indeed, a
systematic and conditional inhibition of NTRs revealed that only Kap104, the orthologue of Kap-
B2/Transportin-1 (TNPO1), was required for f-catenin nuclear import. We further demonstrate
direct binding between TNPO1 and B-catenin that is mediated by a conserved amino acid
sequence that resembles a PY NLS. Finally, using Xenopus secondary axis and TCF/LEF

reporter assays, we demonstrate that our results in yeast can be directly translated to vertebrates.



By elucidating the NLS in -catenin and its cognate NTR, our study provides new therapeutic
targets for a host of human diseases caused by excessive Wnt signaling. Indeed, we demonstrate
that a small chimeric peptide designed to target TNPO1 can reduce Wnt signaling as a first step

towards therapeutics.
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Chapter 1: Introduction

1.1 A historical perspective of Wnt

Canonical Wnt signaling is a well conserved pathway in multicellular organisms that
regulates a multitude of essential developmental and homeostatic processes throughout the
lifespan. At the plasma membrane, Wnts are a soluble lipid modified ligand that initiate a
signaling cascade ultimately leading to target gene activation. Wnt or wingless (wg) was initially
discovered in Drosophila melanogaster as an essential gene for proper segment polarity;
Nusslein and Wieschaus performed a large genetic screening and observed that wg mutants had
severe developmental defects in anterior to posterior axis patterning including wing formation
(Nusslein-Volhard & Wieschaus, 1980).

Soon after, Nusse and Varmus independently identified int-/, as a proto-oncogene in
mice, which would later be identified as the mammalian wg homolog. They found that a viral
insertion of mouse mammary tumor virus (MMTV) DNA at the int-1 locus induced breast
tumors revealing a potential role of Wnt in cancer (Nusse & Varmus, 1982). Once sequence
homology between wg and int-1 was established, a new gene nomenclature (Wnt) was derived to
rename homologs and paralogs across different species in metazoans, including zebrafish,
Xenopus, mouse, and human (Rijsewijk et al., 1987).

Over the years, multidisciplinary research has greatly expanded our understanding of
other key components in the Wnt pathway. In particular, for the canonical Wnt pathway, -
catenin (CTNNB1) was found to be the key messenger that relays the signal from a Wnt ligand
at the plasma membrane to transcription factors in the nucleus (MacDonald, Tamai, & He, 2009;
Niehrs, 2012). Interestingly, B-catenin was not initially identified as a Wnt transcriptional

effector but as a part of the cell adhesion complex in which B-catenin and three other proteins (a-
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catenin, y-catenin and plakoglobin) form a complex with E-cadherin to link actin cytoskeletal
structures (Ozawa, Baribault, & Kemler, 1989). The role of B-catenin in the Wnt pathway was
uncovered soon after from epistatic analysis of Armadillo (arm), a B-catenin orthologue in
Drosophila, and wg. Not only did arm mutants phenocopy wg null mutants, Arm protein stability
and expression pattern was dictated by wg suggesting that -catenin/Armadillo is the
downstream target of Wnt/Wg (Riggleman, Schedl, & Wieschaus, 1990; Wieschaus, Nusslein-
Volhard, & Jurgens, 1984; Wieschaus & Riggleman, 1987). Subsequent studies showed that [3-
catenin translocates to the nucleus and activates Wnt-regulated transcription by binding to T-cell
factor (TCF)/Lymphoid enhancer-binding factor (LEF) factors (Behrens et al., 1996; Brunner,
Peter, Schweizer, & Basler, 1997; O. Huber et al., 1996; Molenaar et al., 1996; van de Wetering

etal., 1997).

1.2 Canonical Wnt signaling

As summarized above, the Wnt ligand initiates signaling and -catenin ultimately
delivers the message to the nucleus to activate gene transcription. Given the potency of Wnt
signaling on determining cell fate and initiating cancer, there are numerous checkpoints
throughout the signaling cascade to tightly control Wnt activation. Here, we will focus on the
regulation of cytosolic B-catenin although regulation at the level of the Wnt ligand is also well
established and reviewed elsewhere (MacDonald et al., 2009; Nusse & Clevers, 2017). In the
absence of Wnt ligands, cytosolic B-catenin is phosphorylated by the destruction complex that
comprises Axin, APC, GSK-3, and CK-1 (Figure A) (MacDonald et al., 2009; Wodarz & Nusse,
1998). Phosphorylated B-catenin is ubiquitinated by B-TrCP and degraded by the proteosome

machinery (Aberle, Bauer, Stappert, Kispert, & Kemler, 1997; Liu et al., 1999; MacDonald et
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al., 2009). However, Wnt stimulation inactivates the degradation complex and stabilize f-catenin
in the cytosol. Wnt ligand binding to the Frizzled transmembrane receptors (FZD) and LRP5/6
co-receptors on the membrane will recruit cytosolic Discheveled (Dvl), which in turn sequesters
the destruction complex to the membrane, allowing B-catenin to accumulate in the cytosol. Free
cytosolic B-catenin then enters the nucleus where it drives the transcription of Wnt-responsive

genes (Figure A) (MacDonald et al., 2009; Niehrs, 2012).
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1.3 Wnt signaling in development

Canonical Wnt signaling is evolutionarily conserved in Metazoans (Ruiz-Trillo, Roger,
Burger, Gray, & Lang, 2008; Schierwater et al., 2009). Body axis patterning distinguishes
metazoans from unicellular protozoans, and the Wnt pathway is a crucial driving force of these
events during early development. For example, in Xenopus, fertilization triggers cortical rotation
which leads to the dorsal accumulation of nuclear B-catenin (Figure B) (Schneider, Steinbeisser,
Warga, & Hausen, 1996; Schohl & Fagotto, 2002). Subsequently, high levels of Wnt activity on
the dorsal side cue cells to form the Spemann organizer (dorsal blastopore lip in Xenopus, the
shield in zebrafish, and the node in the mouse), a key organizing center that is responsible for
mesoderm and neural induction (Figure B) (Harland & Gerhart, 1997; Marlow, 2010; Petersen
& Reddien, 2009; Schier & Talbot, 2005). As a test of sufficiency, increased Wnt signaling can
lead to a duplication of the dorsal axis and form a two-headed embryo (Figure C). Conversely,
B-catenin depletion can lead to a radially ventralized embryo by eliminating the induction of the
Spemann’s Organizer by the signals from the Nieuwkoop center (Figure C) (Heasman et al.,
1994; Heasman, Kofron, & Wylie, 2000; Khokha, Yeh, Grammer, & Harland, 2005; McMahon
& Moon, 1989; Moon, Brown, & Torres, 1997; Nishisho et al., 1991; Smith & Harland, 1991;
Sokol, Christian, Moon, & Melton, 1991). Therefore, careful titration of Wnt signaling is
essential to properly pattern the embryo. Indeed, axis duplication in Xenopus has since become a

classic assay to study components of the Wnt pathway in developmental biology.
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Figure B. Schematic diagram of Wnt pathway in early embryonic development. Sperm
entry induces the cortical rotation which in turn establishes the dorsal to ventral axis.
Subsequently, B-catenin level gets enriched in dorsal region leading to the formation of

Spemann’s organizer. Adapted from (De Robertis, Larrain, Oelgeschlager, & Wessely, 2000).
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Figure C. Schematic diagram of Wnt signaling in axis patterning. Spemann’s organizer
functions in anterior to posterior patterning. Overexpression of Wnt can induce extra Spemann’s
organizer formation on the ventral side, generating a two headed embryo. Conversely, if Wnt is
depleted, no Spemann’s organizer is assembled, and the embryo becomes “ventralized”, losing

dorsal structures such as the head.
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1.4 Wnt signaling in cancer

While mis-regulation of Wnt signaling has detrimental effects on development, in adult
tissue, aberrant activation of the Wnt pathway can lead to excessive cell growth and cancer.
Since the discovery of int/ as a proto-oncogene, more components in the Wnt pathway have
been implicated in a variety of human diseases especially cancer (Table A) (Clevers & Nusse,
2012; MacDonald et al., 2009; Moon, Kohn, De Ferrari, & Kaykas, 2004; Morin et al., 1997;
Nusse & Varmus, 1982; Polakis, 2012; Wood et al., 2007). Indeed, recent efforts to dissect the
genetic basis of cancer by comprehensive tumor sequencing have revealed that mutations in the
Wnt pathway occur frequently in cancers (Vogelstein et al, 2013; Pleasance et al, 2010). In fact,
90% of colorectal cancers are caused by genetic alterations in Wnt pathway factors (Cancer
Genome Atlas, 2012).

Such high prevalence of Wnt associated colorectal cancer cases can be explained by the
role of Wnt signaling in the proliferation and self-renewal of intestinal epithelial stem cells. As
the intestinal epithelial lining is renewed frequently to maintain barrier integrity upon damage
due to toxins and injuries, the intestinal stem cells are particularly sensitive to genetic alterations
that induce Wnt hyperactivation (Barker, 2014; Schepers & Clevers, 2012). Among many Wnt
components, mutations in the gene encoding APC were the first genetic mutation discovered as a
cause of the hereditary colon cancer syndrome, familial adenomatous polyposis (FAP) (Groden
et al., 1991; Soravia et al., 1998). FAP patients who inherited a mutated APC allele will develop
numerous adenomatous polyps, which will often progress into malignant colorectal cancers if
untreated (Croner, Brueckl, Reingruber, Hohenberger, & Guenther, 2005). A small fraction of
Axin and -catenin mutations were also identified as drivers of Wnt dependent tumor growth in

colorectal cancer. Essentially, all of these genetic alterations stabilize cytosolic B-catenin leading
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to elevated levels of nuclear translocation of B-catenin even in the absence of Wnt ligand (Figure
D). Currently, nine different chemical inhibitors are being tested in clinical trials of various Wnt
dependent cancers with no definitive treatments available in market (Table B) (Jung & Park,

2020).
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DNA/mRNA

Affected gene alteration Functional outcome  Cancer type Reference
CTNNBI (b- Missense/in-frame  Enhanced protein Hepatocellular/ Polakis 2007
catenin) deletion stability Medulloblastoma
APC (APC) Truncation Reduced regulatory  Colorectal /gastric ~ Clements et al. 2003
activity
Axins (Axin I, Truncation/ Reduced regulatory ~ Hepatocellular/ Salahshor and
Axin II) missense activity colorectal Woodgett 2005
CREBP(CBP) Truncation/ Inactive Lymphoma/ Teo and Kahn 2011
missense acetyltransferase leukemia
GSK3b Missplicing, in- Inactive kinase Leukemia Abrahamsson
frame deletion et al. 2009
LRP5 Missplicing, in- Loss of repression by ~ Breast/parathyroid  Bjorklund et al. 2009
frame deletion DKK1
TCF7L2 (TCF4)  Missense/deletion/ Loss of repression Colorectal Cuilliere-Dartigues
truncation et al. 2006
TCF7L2 (TCF4)  Fusion with VT11A Unclear Colorectal Bass 2011
gene
FAB123B (WTX) Truncation/ Loss of function Wilm’s tumor Ruteshouser
deletion et al. 2008

Table A. Wnt associated genetic mutations identified in cancer (Polakis, 2012)
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Figure D. Schematic diagram of Wnt pathway in cancer. Loss of function mutations in
destruction complex (indicated by red star) that promote B-catenin stabilization are commonly

found in cancer.
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Chemical

Mechanism of

inhibitor

Inhibitors action Cancer types Phase Identifier
Metastatic CRC, Pancreatic cancer,
BRAF mutant CRC, Melanoma
Triple negative Bre;lst cancer. , NCT02278133
’ Phase 1 NCTO01351103
Head & Neck cancer,
WNTO74 Squamous cell cancer (cervical
PIO;{EN inhi;)itor esophageal, lung) ’
(Inhi 1t10tr.1 of Wnt Squamouse cell cancer Phase 2 NCT02649530
secretion) Head&Neck cancer ase
ETC-1922159 Solid tumor Phase 1 NCT02521844
RXC004 Solid tumor Phase ] | 103447470
Colorectal adenocarcinoma
astric adenocarcinoma
Ic’}ar?crecatiieaggno(éarginoma Eg;g;ggzgzg
CGX1321 Bile duct carcinoma Phase 1
Hepatocellular carcinoma
Esophageal carcinoma
Gastrointestinal cancer
OTSA101- FZD10 (Wnt Sarcoma, Synoival Phase 1 NCT01469975
DTPA-90Y receptor) antagonist ’
Solid tumors NCTO1957007
Monoclonal Metastatic breast cancer NCTO01973309
OMP-18R5 antibody against Pancreatic cancer Phase 1 | NCT01345201
FZD . NCT02005315
Stage IV pancreatic cancer
Eﬁg ngfllclgrlar caneet NCT02069145
FZDS8 decoy Ovarian cancer NCT02092363
OMP-54F28 receptor Pancreatic cancer Phase 1 | NCT02050178
. NCT01608867
Stage IV pancreatic cancer
Solid tumors
Advanced pancreatic cancer
Metastatic pancreatic cancer NCTO01764477
PRI-724 CBP/B-catenin Pancreatic adenocarcinoma Phase NCTO01302405
antagonist Advanced solid tumors 1&2 NCT01606579
Acute myeloid leukemia NCT02413853
Chronic myeloid leukemia
B-catenin controlled
SM08502 gene expression Solid tumor Phase 1 | NCT03355066

Table B. List of Wnt signaling chemical inhibitors in clinical trials. Adapted from (Jung &

Park, 2020)
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1.5 Nuclear transport mechanism of p-catenin

Spatial separation of stabilized B-catenin in the cytosol and transcription factors in the
nucleus provides another check point to ensure that Wnt target genes are expressed only when
the Wnt pathway is activated. Importantly, this spatial separation also necessitates a selective
nuclear import system to deliver B-catenin from the cytosol to the nucleus. Indeed, B-catenin is a
92 kD macromolecule that cannot pass through the nuclear pore by passive diffusion alone
suggesting that a nuclear transport carrier is required for nuclear entry (Stewart, 2007).

From a therapeutic potential, blocking the nuclear transport of B-catenin would be
applicable for many of the genetic alterations in the Wnt pathway that lead to cancer. However,
most therapeutic strategies have focused on upstream components which may limit their
potential. Unfortunately, the proteins that directly bind B-catenin and mediate its nuclear
transport have been unknown until recently.

Essentially, the nuclear transport system requires three components: 1) a cargo protein
containing a nuclear localization signal (NLS) 2) the import protein (a nuclear transport receptor
- NTR) that binds to the cargo at the nuclear localization signal (NLS) and anchors it to the
nuclear pore complexes (NPCs). NPCs create a selective barrier for the exchange of proteins
between the nucleus and cytoplasm. and 3) a small soluble GTPase that unloads the cargo inside
the nucleus. (Figure E) (Cautain, Hill, de Pedro, & Link, 2015; Wente & Rout, 2010). To date in
humans, there are at least 15 different nuclear transport receptors, and they all share common
features and mechanism although each recognizes a different NLS (Harel & Forbes, 2004).

For example, as one of the first and best studied nuclear transport receptors, Importin-o/f3
recognizes the classical NLS, either monopartite (PKKKRKYV) or bipartite

(KR[PAATKKAGQA]KKKK, on a cargo protein (Jans, Xiao, & Lam, 2000; Weis, 2003).
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Subsequently, importin-f brings this NLS-importin complex to the NPCs by interacting directly
with nuclear pore proteins (Fahrenkrog & Aebi, 2003; Suntharalingam & Wente, 2003). To bias
shuttling of the NTR-cargo into the nucleus, a Ran-GTP gradient is critical. In the nucleus, Ran-
GTP binds to the importin complex to release the cargo. The importin-Ran complex can exit the
nucleus, and in the cytoplasm, dephosphorylation of Ran-GTP leads to release of Ran from the
importin complex so additional cargo can be bound. The concentration of Ran-GTP is higher in
the nucleus than in the cytoplasm by the differential enrichment of the guanine exchange factor
(GEF) RCCl in the nucleus and the GTPase activating protein, RanGAP1 in the cytoplasm
(Figure E) (Bischoff & Ponstingl, 1991; Gorlich, Pante, Kutay, Aebi, & Bischoff, 1996;

Izaurralde, Kutay, von Kobbe, Mattaj, & Gorlich, 1997) .
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Figure E. Schematic diagram of the classic nuclear transport system. A cargo bearing cNLSs

forms an import complex with importin o/B1 in the cytosol. Once the importin complex passed

through the NPCs, Ran GTP binding to importin 1 releases the cargo inside the nucleus. High

level of nuclear RanGTP is maintained by RanGEF. Importin o/f1-RanGTP then exits the

nucleus and RanGTP hydrolysis by RanGAP releases importin a/B1 in the cytosol.
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Despite intensive study, the mechanism of B-catenin translocation from the cytosol to the
nucleus remains obscure. First, while early studies suggested that B-catenin nuclear import was
energy dependent, they excluded a role for the Ran GTPase (Cavazza & Vernos, 2015). Second,
additional studies demonstrated that B-catenin nuclear import did not require the Kap-a/Kap-1
(Importin o/B1) nuclear transport receptor (NTR) complex (Fagotto, Gluck, & Gumbiner, 1998;
Yokoya, Imamoto, Tachibana, & Yoneda, 1999), a notion at the time thought to be consistent
with Ran independence. Finally, the structural similarity between -catenin and Kap-a, both
made up of armadillo-repeats, suggested that -catenin might itself act as an NTR by directly
interacting with the Phe-Gly (FG) nups responsible for selective passage across the nuclear pore
complex (NPC) (Andrade, Petosa, O'Donoghue, Muller, & Bork, 2001; Conti & Kuriyan, 2000;
Fagotto et al., 1998; A. H. Huber, Nelson, & Weis, 1997; Sharma, Johnson, Brocardo, Jamieson,
& Henderson, 2014; Xu & Massague, 2004; Yano, Oakes, Tabb, & Nomura, 1994). However,
Kap-a does not directly bind to FG-nups and the evidence that B-catenin does so is controversial
(Sharma, Jamieson, Lui, & Henderson, 2014; Suh & Gumbiner, 2003). Using a CRISPR based
screening platform, recent work provides evidence that f-catenin may be imported by the NTR,
Imp11; however, this mechanism appears curiously relevant only for a subset of colon cancer
cells (Mis et al., 2020). Alternative models for B-catenin nuclear transport have been proposed;
however, molecules that directly bind -catenin to modulate nuclear transport remain undefined
(Goto et al., 2013; Griffin et al., 2018; Komiya, Mandrekar, Sato, Dawid, & Habas, 2014).Thus,
a complete understanding of B-catenin nuclear transport remains outstanding, leaving open a key
gap in our knowledge of Wnt signaling that could otherwise be targeted for therapeutic

intervention.
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1.6 Saccharomyces cerevisiae as a model for studying nuclear transport

A major stumbling block with understanding the f-catenin nuclear import mechanism is
the myriad of binding partners that modulate its steady-state distribution and, hence, complicate
the direct interrogation of the nuclear transport step (Fagotto, 2013; MacDonald et al., 2009). For
example, any manipulation that reduces the nuclear accumulation of B-catenin, must also
consider whether the underlying cause is due to enhanced degradation of B-catenin in the cytosol
or more binding at the plasma membrane in cell adhesion complexes. Additionally, any change
in Wnt signaling might also feedback on the pathway adding another complexity on the
regulation of B-catenin levels. Therefore, the diverse roles and regulation of B-catenin complicate
the interrogation of the nuclear transport step; a simplified experimental system is needed in
which B-catenin can undergo nuclear transport without other complicating steps.

The budding yeast, S. cerevisiae, is a heterologous system that may fulfill our criteria for
isolating the nuclear transport step. Yeast do not have a Wnt pathway nor a 3-catenin ortholog,
which presumably emerged in metazoans with the onset of multicellularity and cell fate
specialization (Holstein, 2012). Yeast also likely lack B-catenin binding partners and its
degradation machinery and thus provide a simplified system to specifically evaluate nuclear
import. Most critically, the nuclear transport system including NTRs, NPCs and Ran are well
conserved from yeast to human (Malik, Eickbush, & Goldfarb, 1997; Wente & Rout, 2010;
Wozniak, Rout, & Aitchison, 1998). Indeed, even NLS and NES sequences are recognized by
orthologous NTRs across millions of years of evolution (Conti & Kuriyan, 2000; Fontes, Teh, &
Kobe, 2000; Kosugi, Hasebe, Tomita, & Yanagawa, 2008; Lange, Mills, Devine, & Corbett,
2008; Soniat et al., 2013). Therefore, we set out to determine first if yeast would be a suitable

model and then identify the molecular members that regulate B-catenin nuclear transport.
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Chapter 2: Materials and Methods

2.1 Experimental Model and Subject details

1. Xenopus laevis & tropicalis
Xenopus tropicalis and Xenopus laevis were maintained and cared for in accordance to the Yale
University Institutional Animal Care and Use Committee (IACUC) protocols (protocol number-
2021-11035). In vitro fertilization was performed as per standard protocols (del Viso & Khokha,
2012; Sive, Grainger, & Harland, 2007). X. tropicalis embryos were raised in 1/9X MR +
gentamycin at 25-28°C and X. laevis embryos were raised in 1/3X MR + gentamycin at 18°C

until desired staging.

2. Saccharomyces cerevisiae strains
All yeast strains used in this study are listed in Table S1. Yeast strains were grown at 30°C,
unless indicated otherwise in YPAD medium (1% Bacto yeast extract, 2% bactopeptone, 2%
glucose, 0.05% Adenine sulfate). Transformation of yeast was carried out using standard
protocols (Amberg, 2005) with minor modifications. The yeast strain to be transformed was
inoculated in 5 ml of YPAD medium and incubated on a shaker at 225 rpm at 30°C overnight.
Next day, 200 ul of overnight yeast culture was inoculated to 10 ml of YPAD media and
incubated on a shaker at 30°C for 3-4 hours or until it reaches the optical density of 0.8-1.0.
Cultured cells were transferred to 15-ml falcon tube and centrifuged at 3000 g for 5 minutes.
Supernatant was discarded and yeast pellet was resuspended in 1 ml of 100 mM Lithium Acetate
(LiAc). Cells were centrifuged again at top speed for 20-30 seconds and the supernatant was
discarded. Yeast cell pellet was finally resuspended in 500-600 ul of 100 mM Lithium Acetate

and ready for transformation. Transformation mix was prepared in 1.5 ml Eppendorf tube as
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follows: 1.2 ml of Polyethylene glycol (PEG) 4000 (sigma) 50% (w/v), 180 ul of 1.0 M LiAc,
and 125 pl of single stranded salmon sperm DNA. The transformation mix was vortexed
vigorously for 30 seconds. Subsequently, 3 ul of linearized plasmid DNA (1 pg) and 100 pl of
yeast cells suspended in 100 mM LiAc were added to 300 pl of transformation mix. The
transformants were vortexed vigorously again for 1 minutes and heat shocked in a 42°C water
bath for 45 minutes. The transformants were centrifuged at 3000 rpm for 5 minutes to remove
the supernatant and re-suspended in 100 pl of 0.9% NaCl. Re-suspended transformants were then
plated out the selective plate (eg. -uracil +CSM plate for pPRS406ADH]1 plasmid). The plate was
incubated at 30°C until colonies can be detected. It usually takes about 2 days for colonies to
develop. Individual colonies were streaked out onto the new plate using a sterile toothpick and

the plate was incubated at 30°C until sufficient growth can be seen.

3.Mammalian cells
HEK293T and HeLa cells were maintained and cultured with DMEM medium + 10% Fetal
Bovine Serum (FBS) + 1% Penicillin and Streptomycin (PS) in a T-75 flask. The engineered 3T3
mouse fibroblast cell line that stably expresses the TCF/LEF luciferase transgene was maintained
with DMEM medium + Cell Growth Medium Concentrate (Enzo life sciences). Further
experimental procedures for the 3T3 cell line can be found under the TCF/LEF luciferase assay
section (see below). Upon 70-80% cell confluency, cells were transfected with plasmids (0.5 pg
per well in 24-well plate) or siRNAs (25 pmoles per well in 24-well plate) using jetPRIME
(Polyplus-transfection) following the manufacturer’s instructions. Cells were fixed with 4%

paraformaldehyde/PBS and further processed for immunofluorescence 24-48 hours post-
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transfection. Antibodies used in this study are listed in Key Resources Table. Cells were tested

for mycoplasma using MycoAlert Detection Kit (Lonza).
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Table S1. Yeast strains

Name Genotype Origin Generation
W303a MATa, ade2-1 canl-100 his3- EUROSCARF
11,15 leu2-3,112 trpl-1 ura3-1
W303a MATa, ade2-1 canl-100 his3- EUROSCARF
11,15 leu2-3,112 trpl-1 ura3-1
HHY110 W303, MAT alpha tori-1 Euroscarf
Jpril:natMX6MX6 PMAI- (Haruki et al.,
2xFKBP12::TRP1 2008)
DTCPL1635 HHY110, HEH2-mCherry::KAN | This study Integration through PCR product
transformation in HHY110
WHCPLI13 DTCPL1635, Kap95-FRB:: This study Integration through PCR product
HIS3, transformation in DTCPL1635
WHCPL1 DTCPL1635, Kap104- This study Integration through PCR product
FRB::HIS3, transformation in DTCPL1635
WHCPL2 DTCPL1635, Kap108- This study Integration through PCR product
FRB::HIS3 transformation in DTCPL1635
WHCPL3 DTCPL1635, Kapl11- This study Integration through PCR product
FRB::HIS3 transformation in DTCPL1635
WHCPL7 DTCPL1635, Kap114- This study Integration through PCR product
FRB::HIS3 transformation in DTCPL1635
WHCPL10 DTCPL1635, Kap119- This study Integration through PCR product
FRB::HIS3 transformation in DTCPL1635
WHCPL14 DTCPL1635, This study Integration through PCR product
Kap120+FRB::HIS3 transformation in DTCPL1635
WHCPL15 DTCPL1635, This study Integration through PCR product
Kap121+FRB::HIS3 transformation in DTCPL1635
WHCPLI11 DTCPL1635, Kap122- This study Integration through PCR product
FRB::HIS3 transformation in DTCPL1635
WHCPLI12 DTCPL1635, Kap123- This study Integration through PCR product
FRB::HIS3 transformation in DTCPL1635
BWCPL1314 | W303, HEH2-mCherry::natMX6 | (Thaller et al.,
2019)
WHCPL16 mtrl-1::TRPI1, HEH2- This study Integration through PCR product
mCherry::KAN transformation in m#r1-1 strain®
WHCPL17 WHCPL16, xp-catenin (1-782)- | This study Transformation of linearized xf3-
GFP::URA3 catenin GFP_pRS406ADHI1 in
WHCPL1316
WHCPL19 WHCPL16, xp-catenin (665- This study Transformation of linearized xf3-
745)-GFP::URA3 catenin_665-745 GFP_pRS406ADHI in
WHCPL1316
WHCPL21 BWCPL1314, xB-catenin (1- This study Transformation of linearized xf3-
782)-GFP::URA3 catenin_ GFP_pRS406ADHI in
BWCPL1314
WHCPL23 BWCPL1314, xB-catenin (1- This study Transformation of linearized xf3-
664)-GFP::URA3 catenin_AC-
terminus_ GFP_pRS406ADHI in
BWCPL1314
WHCPL25 BWCPL1314, xB-catenin (141- | This study Transformation of linearized xf3-

782)-GFP::URA3

catenin AN-
terminus_ GFP_pRS406ADHI in
BWCPL1314
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WHCPL27 BWCPL1314, xp-catenin (A141- | This study Transformation of linearized xf3-
664)-GFP::URA3 catenin AARM_GFP pRS406ADHI in
BWCPL1314
WHCPL29 BWCPL1314, xB-catenin (1- This study Transformation of linearized xf3-
140)-GFP::URA3 catenin N-terminus GFP_pRS406ADHI
in BWCPL1314
WHCPL31 BWCPL1314, xB-catenin (141- | This study Transformation of linearized xf3-
664)-GFP::URA3 catenin ARM_GFP_pRS406ADHI in
BWCPL1314
WHCPL33 BWCPL1314, xp-catenin (665- | This study Transformation of linearized xf3-
782)-GFP::URA3 catenin_C-terminus GFP_pRS406ADH1
in BWCPL1314
WHCPL35 BWCPL1314, xp-catenin (665- | This study Transformation of linearized xf3-
745)-GFP::URA3 catenin_665-745 GFP_pRS406ADHI in
BWCPL1314
WHCPL37 BWCPL1314, xB-catenin (704- | This study Transformation of linearized xf3-
782)-GFP::URA3 catenin_704-782 GFP_pRS406ADHI in
BWCPL1314
WHCPL39 BWCPL1314, xp-catenin (746- | This study Transformation of linearized xf3-
782)-GFP::URA3 catenin_746-782 GFP_pRS406ADHI in
BWCPL1314
WHCPLA41 BWCPL1314, MBP(x3)- This study Transformation of linearized
GFP::HIS MBP(x3) GFP in BWCPL1314
WHCPLA43 BWCPL1314, xB-catenin (665- | This study Transformation of linearized xf3-
703)-MBP(x3)-GFP::HIS catenin_(665-703) MBP(x3) GFP in
BWCPL1314
WHCPLA45 BWCPL1314, xp-catenin (665- | This study Transformation of linearized xf3-

703, P687A, M688A)-MBP(x3)-
GFP::HIS

catenin_(665-703,
P687A,M688A) MBP(x3) GFP in
BWCPL1314
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Method details

2.2 Key resources

Key resources and all plasmids used in this study are listed in Key Resources Table and Table
S2, respectively. Xenopus B-catenin-GFP (Addgene #16839), Xenopus cNLS-B-catenin-GFP
(Addgene #16838), GST-human B-catenin (Addgene #24193), and NLS-mCherry (Addgene
#49313) plasmids were obtained from Addgene. GST-transportin 1 (TNPO1) and Gal-MBP(x3)-
GFP plasmids were generous gifts from Dr. Yuh-min Chook at UTSW and Dr. Liesbeth M.
Veenhoff at University of Groningen, respectively. Gibson Assembly (New England Biolabs)
was used to generate GFP tagged Xenopus B-catenin truncation constructs following the
manufacturer’s instructions. A detailed Gibson Assembly protocol is available below. Both the
human and Xenopus B-catenin P687A, M688A variants were generated using QS5 site- directed
mutagenesis (New England Biolabs) following the manufacturer’s instructions. Subsequently,
the B-catenin constructs were sub-cloned into the pRS406 vector containing an ADH1 promotor
for yeast studies or a pCS2+ vector for mammalian/Xenopus studies. mRNAs were generated
using the SP6 mMessage machine kit (Thermo Fisher Scientific) and RNA clean & concentrator
kit (Zymo Research) following the manufacturer’s instructions. We obtained siRNAs directed
against mouse TNPOI1 (s108857), mouse TNPO2 (s102754) and a control siRNA (4390843)
from Thermo Fisher Scientific. To generate CRISPR sgRNAs, we used the EnGen sgRNA
synthesis kit (NEB) following the manufacturer’s instructions with the following targeting
sequences tnpol sgRNA#1 (5’-GGCATGGGGGCCACCTCTTG-3"), tnpol sgRNA#2 (5°-
GGGTTACGTTTGTCCTCAAG-3"), tnpo2 sgRNA #1 (5’- GGGCGTTTAGCCGCGTTCTA-

3%), and tnpo2 sgRNA #2 (5°- GGCGTCATGGATGAGTCCGA-3’) (designed using
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CRISPRscan (Moreno-Mateos et al., 2015)). CRISPR experiments in wildtype or transgenic

Xenopus tropicalis were performed as previously described (Bhattacharya, Marfo, Li, Lane, &

Khokha, 2015).CRISPR gene editing efficiency was assessed using Synthego ICE

(ice.synthego.com) as previously described (Sempou, Lakhani, Amalraj, & Khokha, 2018). The

MOM peptide (GGSYNDFGNYNNQSSNFGPMKGGNFGGRFEPYANPTKR) and the MOM-A

peptide (GGSYNDFGNYNNQSSNAAAAKGGNFGGAFEAAANPTKR) were synthesized by

LifeTein.

KEY RESOURCES TABLE

Reagent
type
(species) or
resource

Designation

Source or
reference

Identifiers

Additional
information

strain, strain
background
(Xenopus
tropicalis)

Tg(pbin7LEF
-dGFP)

National
Xenopus
Resources at
MBL

NXR_ 1094

strain, strain
background
(Xenopus
laevis)

Xenopus
laevis

NASCO

LMO00535 &
LMO00715

strain, strain
background
(Escherichi

a coli)

BL21 Gold
(DE3)

Agilent

230132

strain, strain
background
(Escherichi

a coli)

XL-10 Gold

Agilent

200314

strain, strain
background
(Escherichi

a coli)

DH5-alpha

NEB

C2987
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Leading Light

Wnt Reporter
cell line (M. %éllli/lin]; Enzo Life ENZ-61001-
musculus) luciferase 3T3 Sciences 0001
mouse
fibroblast
. Human
cell line embrvonic
(Homo- oy ATCC CRL-3216
. kidney 293
sapiens) (HEK293T)
cell line
(Homo- HeLa ATCC CCL-2
sapiens)
1 lin Human
cc © Colorectal
(Homo- ATCC CCL-247
. Cancer
sapiens) (HCT 116)
Human
cell line Colorectal
(Homo- Cancer ATCC CCL-221
sapiens) (DLD-1)
transfected
ch‘)lnstruct siRNA to Thermo
' TNPOI1 & 2 Fisher
musculus &
human)
anti-f-catenin sc-7963 HRP,
antibody (mouse Santa Cruz RRID:AB 626 WB (1:1000)
monoclonal) 807
anti-f3-actin sc-47778 HRP,
antibody (mouse Santa Cruz RRID:AB 271 WB (1:10000)
monoclonal) 4189
anti-GFP sc-9996 HRP,
antibody (mouse Santa Cruz RRID:AB 627 WB (1:1000)
monoclonal) 695
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anti-

Transportin-1 ab10303,
antibody p Abcam RRID:AB 220 | WB (1:1000)
(mouse -
6878
monoclonal)
Ell“r;zllr-ls ortin-2 17831-1-AP,
antibody p Proteintech RRID:AB 105 WB (1:3000)
(Rabbit -
98481
polyclonal)
‘ antl-LgmmBl Abl604‘18, IF (1:500)
antibody (Rabbit Abcam RRID:AB 443 WB (1:1000)
polyclonal) 298 '
Anti-GAPDH sc-47724 HRP;
antibody (mouse Santa Cruz RRID:AB 627 WB (1:3000)
monoclonal) 678
sequence ttctaatacgactcactata
i tnpol CRISPR . . . GGCATGGGGGC
based ) This paper Oligonucleotides CACCTCTTGgtttta
reagent
gagctagaa
sequence ttctaatacgactcactata
i tnpol CRISPR . : : GGGTTACGTTTG
based ) This paper Oligonucleotides TCCTCAAGgttttag
reagent
agctagaa
sequence- ttctaatacgactcactata
bacsled tnpo2 CRISPR This paper Oligonucleotides GGGCGTTTAGCC
1 bap & GCGTTCTAgttttag
reagent
agctagaa
sequence- ttctaatacgactcactata
bacsled tnpo2 CRISPR This paper Oligonucleotides GGCGTCATGGA
2 bap & TGAGTCCGAgtitt
reagent
agagctagaa
sequence- siRNA: Thermo
based negative . 4390843 Silencer Select
Fisher
reagent control
sequence- . )
siRNA: mouse Thermo :
based TNPO1 Fisher s108857 Silencer Select
reagent
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sequence-

siRNA: mouse Thermo .
based TNPO2 Fisher s102754 Silencer Select
reagent
sequence- siRNA: Thermo
based human Fisher s7934 Silencer Select
reagent TNPO1
sequence- siRNA: Thermo
based human Fisher s26881 Silencer Select
reagent TNPO2
peptide, MOM-A Lifetein Custom N-
recombinant GGSYNDFGNYNN
protein QSSNAAAAKGGN
FGGAFEAAANPT
KR-C
peptide, MOM Lifetein Custom N-
recombinant GGSYNDFGNYNN
protein QSSNFGPMKGGN
FGGRFEPYANPTK
R-C
commercial Luciferase
assay or kit Assay System Promega E1500
NE-PER
commercial Nuclear Thermo
. Cytoplasmic .. 78833
assay or kit : Scientific
Extraction
Reagents
commercgl jetPRIME Polyplus' 114-15
assay or kit transfection
) ProteoJuice s
commercial | p iy Millpore | 755
Y Transfection g
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commercial MycoAlert
assay or kit Detection Kit Lonza LT07-118
chemical Fisher
compound, Rapamycin Sher AAJ62473MF
scientific
drug
chemical Glutathione Millipore
compound, TP GE17-0756-01
d Sepharose 4B Sigma
rug
chemical Protease Millipore
compound, Inhibitor Si mI; P8340-5ML
drug Cocktail mix &
chemical
compound, ProTEV Plus Promega V6101
drug
chemical EEI]?I}%?IGSS
compound, . NEB S1423S
drug Magnetic
Beads
Isopropyl B-
chemical d-1- Thermo
compound, thiogalacto . 15529019
. Fisher
drug pyranoside
(IPTG)
software, .. https://imagej.n
algorithm Fiji Image] eUFiji
software, . https://www.gra
algorithm Prism 9 Graphpad phpad.com/
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Table S2. Plasmids

Plasmids for Yeast Experiments

Name Insert Vector Cloning
Strategy/Source

xp-catenin. GFP_pRS406ADH1 | Xenopus B-catenin | pPRS406ADH1 | Gibson assembly
(1-782) GFP

xp-catenin_ AN- Xenopus B-catenin | pRS406ADHI1 | Gibson assembly

terminus GFP_pRS406ADH1 (141-782) GFP

x3- Xenopus B-catenin | pRS406ADH1 | Gibson assembly

catenin. AARM_GFP_pRS406A | (A141-664) GFP

DHI1

xp-catenin_AC- Xenopus B-catenin | pRS406ADHI1 | Gibson assembly

terminus GFP pRS406ADHI (1-664) GFP

xp-catenin_N- Xenopus B-catenin | pRS406ADHI1 | Gibson assembly

terminus GFP pRS406ADHI (1-140) GFP

x3- Xenopus B-catenin | pRS406ADH1 | Gibson assembly

catenin. ARM_GFP_pRS406AD | (141-664) GFP

H1

xp-catenin_C- Xenopus B-catenin | pRS406ADH1 | Gibson assembly

terminus GFP pRS406ADHI (665-782) GFP

xp-catenin_665- Xenopus B-catenin | pRS406ADH1 | Gibson assembly

745 GFP pRS406ADHI (665-745) GFP

x[-catenin_704- Xenopus B-catenin | pRS406ADH1 | Gibson assembly

782 GFP pRS406ADHI (704-782) GFP

x[-catenin_746- Xenopus B-catenin | pRS406ADH1 | Gibson assembly

782 GFP pRS406ADH]1

(746-782) GFP

MBP(x3) GFP no insert MBP(x3) GFP | Popken et al.,
2015
xp-catenin_(665- Xenopus [3- MBP(x3) GFP | Gibson assembly
703) MBP(x3) GFP catenin (665-703)
xp-catenin_(665-703, Xenopus [3- MBP(x3) GFP | Site-directed
P687A,M688A) MBP(x3) GFP | catenin (665-703, mutagenesis
P687A,M688A)

Plasmids for Vertebrate Experiments

Name Insert Vector Cloning Strategy

GFP _pCS2+ GFP pCS2+ Gibson assembly

xp-catenin. GFP_pCS2+ Xenopus B-catenin | pCS2+ Gibson assembly
(1-782) GFP

xp-catenin_A665- Xenopus B-catenin | pCS2+ Gibson assembly

745 GFP pCS2+ (A665-745) GFP

cNLS_ xp-catenin_A665- cNLS Xenopus B- | pCS2+ Gibson assembly

745 GFP _pCS2+

catenin (A665-
745) GFP
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xp-catenin_665- Xenopus B-catenin | pCS2+ Gibson assembly

745 GFP pCS2+ (665-745) GFP

hp-catenin. GFP_pCS2+ full length Human | pCS2+ Gibson assembly
B-catenin GFP

hp-catenin_A665- Human B-catenin pCS2+ Site-directed

745 GFP pCS2+ (A665-745) GFP mutagenesis

hp-catenin_665- Human B-catenin pCS2+ Gibson assembly

782 GFP pCS2+ (665-782) GFP

hp-catenin_(665-782, Human B-catenin pCS2+ Site-directed

P687AM688A) GFP_pCS2+ (665-782, mutagenesis
P687AM688A) G
FP

cNLS hp-catenin GFP_pCS2+ | full length Human | pCS2+ Site-directed
B-catenin GFP mutagenesis

2.3 Gibson Assembly
NEBuilder Assembly Tool was used to design primers for Gibson Assembly reaction

(https://nebuilder.neb.com/#!/). When designing primers, an insert should be placed downstream

of a promoter in the recipient plasmid (i.e. SP6 for pCS2+ or ADH1 for pRS406ADH]1 vector)
and in-frame with any tagged coding sequence (i.e. GFP at c-terminus). Insert sequence was
flanked by 20 bp long DNA segment from the recipient vector by PCR reaction (flanking
sequence was indicated by yellow and green in Figure D). Amplified PCR was purified using
DNA purification kit (Qiagen) and the eluted PCR concentration was measured using Nanodrop.
The recipient plasmid was linearized with restriction enzyme(s) to create a cloning site just
downstream of the promoter. 5’ phosphate group was removed using Quick Calf Intestinal
alkaine Phosphatase (CIP) treatment to prevent self-ligation of linearized plasmid DNA (NEB)
(Figure D). Dephosphorylated plasmid was purified using DNA purification kit (Qiagen).
Gibson assembly reaction was set up following the manufacturer’s instructions (NEB) and

transform the assembly reaction into DH5-alpha E.coli cells (Figure E).
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Amplify a fragment of insert by PCR

Linearize a vector
Xbal

CIP or SAP

b Treatment

Ligation in one tube reaction

Insert + Vector

Figure F. Schematic diagram of Gibson assembly cloning strategy.
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Gibson assembly in one tube reaction

‘ 5 Exo-nuclease

3’

2 s

‘ DNA fragments anneal

3 5

‘ DNA polymerase extends 3’ + ligase

Figure G. Schematic diagram of Gibson assembly reaction. Gibson assembly master mix

contains three enzymes (Exo-nuclease, DNA Polymerase and DNA Ligae) that facilitate a DNA
segments assembly in one tube reaction. T5 Exo-nuclease will chew back 5’ end to create a
single strand 3’ overhangs. Complementary DNA fragments (indicated by yellow region) will
then anneal to each other. Subsequently DNA polymerase will add nucleotides to fill in the gaps.
DNA Ligase will join the annealed DNA fragments together.
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2.4 Yeast and mammalian B-catenin sub-cellular localization by microscopy

Expression plasmids containing full length and fragments of the B-catenin-GFP coding sequence
under the control of the ADHI promoter were transformed into the W303, Heh2-mCherry::NAT
(BWCPL1314) strain. A yeast colony that incorporated the plasmid sequence was cultured in 2
ml YPAD overnight. 200 ul of overnight yeast culture was inoculated to 10 ml of YPAD media
and incubated on a shaker at 30°C for 3-4 hours to make sure that yeast undergoes 2 cell
division. Subsequently, 0.5 ml-1 ml of yeast culture was transferred to 1.5 ml Eppendorf tube,
centrifuged at 2000 rpm for 1 minute to remove the YPAD media and washed in 50 ul CSM +
glucose solution. Yeast cells were centrifuged again at 2000 rpm for 1 minute and finally re-
suspended in 50 pul CMS + glucose solution. 2-4 ul of resuspended yeast cells were mounted
onto a coverslip for live imaging on a DeltaVision wide-field microscope (GE Healthcare) with a
CoolSnapHQ? CCD camera. Yeast fluorescent images were deconvolved using the iterative
algorithm sofWoRx. 6.5.1 (Applied Precision, GE Healthcare). B-catenin-GFP transfected HeLa
or HEK293T cells were mounted on Pro-Long Gold coated coverslip for imaging on a Zeiss
Axio Observer microscope. All fluorescent images were analyzed with Fiji software. For
quantification, the oval selection tool was used to draw a circle in both the nuclear and cytosolic

regions on the same image plane to measure florescence intensity.

2.5 Secondary axis assays and p-catenin sub-cellular localization

Xenopus laevis embryos were injected with a mixture of either 200pg of Xenopus or human (-
catenin-GFP mRNA and cNLS-mCherry mRNA in one of four cells (targeting the ventral side).
Embryos were assessed for a secondary axis via stereomicroscopy at stage 17-19. For the B-

catenin localization experiments by fluorescence, Stage 10 embryos were fixed in 4%
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paraformaldehyde/PBS at 4°C overnight on a nutator. Embryos were washed in 1x PBS + 0.1%
TritonX-100, and the dorsal blastopore lips were sectioned with a razor blade and mounted on
Pro-Long Gold (Invitrogen) coated coverslip before imaging on a Zeiss 710 confocal

microscope.

2.6 The Anchor Away assay

To employ the Anchor Away approach, we used a yeast strain that harbors a FKBP12 fusion of
the endogenous plasma membrane H"-ATPase (PMAI gene), a Heh2-mCherry fusion to mark
the nuclear envelope, and a mutated TOR! gene (HHY 110: HEH2-mCherry::KAN, PMA1-
2xFKBP12, fprl::NAT torl-1). In this strain, individual, endogenous NTRs are tagged with the
FRB domain at the C-terminus by homologous recombination of a PCR product that contains an
FRB sequence, a 3x HA epitope, and a selective marker, HIS3, flanked by a 60 bp homology arm
of endogenous NTR coding sequence (Figure H) (Haruki, Nishikawa, & Laemmli, 2008;
Longtine et al., 1998). Primers for PCR were designed in following manner: forward primer (60
bp upstream of endogenous NTR stop codon + F2 sequence (CGGATCCCCGGGTTAATTAA)
and reverse primer (60bp downdream of stop codon)* + R1 sequence
(GAATTCGAGCTCGTTTAAAC) (Table S3 for Anchor away primers). In some cases, reverse
primer was designed beyond the 3’ UTR in order to identify a GC rich genomic site and made
sure that the sequence did not overlap with other essential genomic sequence. Integration of an
FRB sequence is confirmed by colony PCR using a gene specific forward and a plasmid specific
reverse primer and rapamycin induced cell death for essential NTRs (Figure I, Table S4 for
colony PCR primers). For colony PCR, a 20 pl pipette tip was used to pick a small amount of

colony cells and dipped directly into PCR tube containing LongAmp taq 2x master mix, primers
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and water. The cells were mixed vigorously until well homogenized in PCR master mix solution.
Subsequently, an expression plasmid containing the coding sequence for xp-catenin (665-782)-
GFP under the control of the ADHI promoter was transformed into the Anchor Away line. These
lines were treated with 1 mg/ml of rapamycin (5-15 minutes of incubation) or vehicle alone

(DMSO) before imaging.
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Figure H. Anchor Away cloning strategy in S. cerevisiae. Schematic diagram of FRB tagging

to individual endogenous NTRs by homologous recombination
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Table S3. Anchor away primers

Gene Primers Sequence 5°-3'
Kap95+F2_F2 CAAGCCACAAAAGATACAGCAAGATGGGCTAGAGAGCAACAGAAG
Kap95 = CGTCAATTATCCTTACGGATCCCCGGGTTAATTAA
Kap95+R1 R CAGCTAAGATGTTTGCAAGCAAGAATTAACAGATAAGCCGCTTCGC
- TAGTAACGCAACTCGAATTCGAGCTCGTTTAAAC
Kap104+F2_F CAAATTTCTGCAATAAATTTCACGCCCGATGAAATCTCCTTCTTACA
Kap104 = ACAGTTCACCAGCCGGATCCCCGGGTTAATTAA
Kapl04+R1_R CATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATTC
- TAAGAGAACCCGCGAATTCGAGCTCGTTTAAAC
Kap108+F2_F TATCTGGATGAATCTAAGAGAGATTCCTTGCAGGTAATTCTGGAATT
Kap108/ = TGTTTCTCAACACCGGATCCCCGGGTTAATTAA
Sxml Kapl08+R1 R TGTTTAGACAGTCAAGGTCCAGATTACACCACAATAGTGTATCTGAT
- CCGGTTAAGTCGGGAATTCGAGCTCGTTTAAAC
Kap111+F2_F GAAGGAATTAGGGCGTTTGTTGGATGGTATTCAAGAAAGAATATCA
Kapl11/ - ATTCGAGGTTTGAACGGATCCCCGGGTTAATTAA
Mtrl0 Kapl11+R1_R TCTAAGGTTTACCTCGCCTCAATACAATTCGAACGGCGCTTACAACG
- GCGCCCTAATGGCGAATTCGAGCTCGTTTAAAC
Kap114+F2_F CATTGTATTTACGAGACTCTATCCGACAGTGAACGTAAAGTTCTTTC
Kap114 = AGAAGCCCTTTTGCGGATCCCCGGGTTAATTAA
Kapl14+R1_R GCTCTGAGGGTGCTAAATGGTCCAAGACTTTGTTTATTCCAATCGGG
- TCCATTATCTGACGAATTCGAGCTCGTTTAAAC
Kap1194F2_F GGAATCTTGAGACATCTGACCCCGGCTGATCAAGAACTATTCATGG
Kap119/ - GAATTATGAATGCCCGGATCCCCGGGTTAATTAA
Nmd5 Kapl194R1_R ACTCCCTGACAAAGCTTGTGAATATTATTATAGGAGATGTACATTCT
- CTCATTTTCGGCCGAATTCGAGCTCGTTTAAAC
Kap120+F2_F CCTAGTTTACTAGAGAACTTACAAATGTTTTTATCCATCCAGCCTCA
Kap120 = AGAGGCTCGTCCACGGATCCCCGGGTTAATTAA
Kapl204R1 R TTACCTGTGGGAGACAATCTATGTAATGGCGAACTCATCCTTTCCTG
- TGCTCTATAGTGCGAATTCGAGCTCGTTTAAAC
Kap121+F2_F ATGGCAATTTTCAATAGATATCCAGCTGATATTATGGAGAAAGTAC
Kap121/ - ATAAATGGTTTGCACGGATCCCCGGGTTAATTAA
Psel Kapl214R1 R TAACTTAGCACAAGTGGTCTTTACCTCCATCATTTCCTTATCCATTGC
- CGCTGGTGTCGGGAATTCGAGCTCGTTTAAAC
Kap122+F2_F GCTGGAAATGTTATTTTGCAGTGGTGGTTGGATTGTACCACACTTCC
Kap122/ - AAATTACCAAGGACGGATCCCCGGGTTAATTAA
Pdr6 Kapl22+R1 R CACTCCATGGAAGACACGATACGTCCATTAAATTACGCAGATATCG
- AGACCAGCGGGCCCGAATTCGAGCTCGTTTAAAC
Kap123+F2_F CTAAACACTACTTACAACGGAATTGTTGCTCAAAATCCGGTTTTAGC
Kap123 = TGCCGTCATTGCTCGGATCCCCGGGTTAATTAA
Kapl23+R1 R CTCAGGACACATACATACAAGATTGGCAAAAGTGAAGGCAGGTGCC

TAAGATTGGGTGGGGAATTCGAGCTCGTTTAAAC
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Figure 1. Validation of Anchor Away strains in S. cerevisiae. (B) Screening of NTR-FRB
strains by colony PCR. Primers are listed in Table S3. (C) Positive NTR-FRB strains from the
colony PCR in (B) were further tested for cell growth as some NTRs are essential for survival.

No FRB and DMSO were used negative controls.
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Table S4. Anchor away colony PCR

Gene Primers Sequence 5°-3' Colony PCR size
Kap 95 Kap95 F1 ACATCATGGCGTTGTGTGTT 830bp
Kap 104 Kap104 F1 TCCGTTAACGCATTGGAC 669bp
Kap 108 Kap108 F1 ACCGTGATGCTGTTACCG 668bp
Kap 111 Kapl11l F1 TGGCCAAGTAACCCTTAATG 559bp
Kap 114 Kap114 F1 GAATCTGTTGTTCAGCTACTGG 540bp
Kap 119 Kap119 F1 GTCCATTGCGAACTTACAAC 517bp
Kap 120 Kap120 F2 CAAGCTTTTAACCGGATGGA 800bp
Kap 121 Kapl121 F1 CCGCTGTAGTTGATTCAGTC 593bp
Kap 122 Kap122 F1 GGTAGCCAAGTTTCCAATTG 598bp
Kap 123 Kap123 F1 GTCTACTCTAGGTAGGGAAGAG 565bp
FRB RI1 (reverse primer) TTGGAGGAGGTCCTTGAC

53



2.7 TCF/LEF Luciferase Assay

The engineered 3T3 mouse fibroblast cell line that has a stable integration of the luciferase
reporter gene under the Wnt responsive TCF/LEF promoters were used for this assay (Enzo life
sciences). Cells were maintained with DMEM medium + Cell Growth Medium Concentrate
(Enzo life sciences). Prior to the transfection, cells were seeded on a 24 well plate in media
containing DMEM + Cell Assay Medium Concentrate (Enzo life sciences). Subsequently, cells
were transfected with siRNA (25 pmol) first, then GFP or human B-catenin-GFP DNA (0.5 pg)
for 48 hours and 24 hours, respectively using JetPRIME per the manufacturer’s instructions.
Luciferase was quantified using the Luciferase Assay System (Promega) and the Promega
Glomax luminometer according to the manufacturer’s instructions. For the MOM peptide
experiment, cells were transfected with an MOM or MOM-A peptide dose ranging from 0.635 ug
to 0.5 pg using ProteoJuice Protein transfection following the manufacturer’s instructions for 20
hours and Wnt signaling was activated either by Wnt3a ligand (50 ng/ml) or human B-catenin-

GFP DNA (0.5 ng) for 16-24 hours.

2.8 In vivo TCF/LEF GFP in situ hybridization

Heterozygous Xenopus tropicalis Tg(pbin7Lef-dGFP) were crossed with wild-type X. tropicalis.
Fertilized embryos were injected with sgRNAs targeting tnpol and tnpo2 and Cas9 protein at
one-cell stage and collected at stage 10 for in situ hybridization as previously described (Khokha
et al., 2002). Digoxigenin-labeled anti-sense GFP probe was used to detect GFP transcript

expression. Progeny that did not carry the transgene were used as a negative control.
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2.9 Western blotting
3T3 mouse fibroblast cells were lysed in RIPA buffer to harvest protein samples. Protein levels
are normalized and immunoblots were carried out in Bolt 4%-12% Bis-Tris plus gels following

standard protocols. Antibodies used in this study are listed in Key Resources Table.

2.10 In vitro binding experiment

pGEX-6P1, pGEX-human B-catenin or pGEX-human transportin 1 were transformed into the
BL21 E. coli strain and cultured in LB with antibiotics to mid-log phase (ODsoo 0.6-0.8). To
induce expression of the recombinant proteins (GST alone, GST-hf-catenin and GST-hTNPO1),
IPTG was added at a final concentration of 1 mM for 3 hours . All cultures were harvested in 50
mL batches and stored at -20°C until further use. Glutathione Sepharose (GT) beads (Millipore
Sigma) were washed and equilibrated in lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 2 mM
MgCl,, 10% glycerol, 0.05% NP-40, 1 mM DTT and protease inhibitor cocktail mix (Millipore
Sigma)). Bacterial pellets were resuspended with the ice cold lysis buffer, sonicated and spun
down at 4°C at 30,000 x g for 20 minutes. The supernatant was collected into a new 50 ml
conical tube and incubated with 200 pl of GT bead slurry for 1 hour at 4°C. Subsequently, the
GST-GT bead slurry was collected and washed with lysis buffer (excluding the protease cocktail
mix). The GST tag was removed from hTNPO1 using proTEV Plus Protease (Promega), and the
protease enzyme was further removed from hTNPOI1 protein by Ni-NTA Magnetic Beads (NEB)
per the manufacturer’s instructions. To pulldown His6-RanQ69L, bacterial pellets were
resuspended with ice cold lysis buffer 2 (50mM Tris pH 7.4, 500 mM NaCl, 2mM MgCl2,
20mM Imidazole, 10% glycerol, 0.05% NP-40, and protease inhibitor cocktail mix), sonicated,

and spun down at 4°C at 30,000 x g for 20 minutes. The supernatant was collected into a new 50
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ml conical tube and incubated with 200 pul of equilibrated Ni NTA bead slurry for 1 hour at 4°C.
The His-Ni bead slurry was collected and washed with lysis buffer 2. His6-RanQ69L was eluted
from Ni beads by adding the elution buffer (50mM pH Tris 7.4, 500mM NaCl, 2mM MgClI2,
500mM Imidazole, 10% glycerol, 0.05% NP-40, and protease inhibitor cocktail mix) and
rotating at 4°C for 1 hour. The supernatant containing His-RanQ69L was collected by
centrifugation at 500 x g for 3 minutes and dialyzed in the buffer (50mM pH Tris 7.4, 150mM
NaCl, 2mM MgClI2, 10% Glycerol, and 1mM PMSF) at 4°C overnight. Subsequently, RanQ69L
was incubated in GTP buffer (400uM GTP in 5SmM EDTA) 4°C for 1 hour. ANTPOI1 protein was
incubated with GT beads preloaded with GST fusion protein (GST alone or GST-hf-catenin) for
1 hour at 4°C. The beads were washed with the lysis buffer and eluted with SDS-PAGE sample

buffer. Protein samples were separated by SDS-PAGE and detected with Coomassie (BioRad).

2.11 Quantification and Statistical Analysis

Statistical significance was defined as p<0.05 (*), 0.002 (**), 0.0002 (***), and 0.0001 (****),
The double axis assay and in situ data were analyzed by Fisher’s exact tests. Otherwise, unpaired
two-tailed Student’s t tests or a one-way ANOVA test was used to determine significance of

mean ratio of nuclear to cytosolic fluorescence intensity in GraphPad Prism 8.4.3.
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Chapter 3: Results

3.1 p-catenin requires a functional Ran GTPase to localize in the nucleus of S. cerevisiae

Investigating the B-catenin nuclear import mechanism in yeast relies on the premise that a
minimal, conserved -catenin transport machinery exists in this organism. Therefore, we first
tested whether B-catenin accumulates in the yeast nucleus. Specifically, we assessed the
localization of a Xenopus B-catenin-GFP (x-catenin-GFP) in a wildtype yeast strain expressing
an endogenously tagged nuclear envelope membrane protein, Heh2-mCherry, to help visualize
the nuclear boundary. Indeed, xB-catenin-GFP was enriched in the nucleus compared to GFP
alone (Figure 1A). To quantify this steady state distribution, we measured the nuclear
enrichment of xf-catenin-GFP by relating the mean GFP fluorescence in the nucleus (N) and
cytoplasm (C) (Figure 1A, plot at right). The xB-catenin-GFP had a mean N:C ratio of ~1.6,
which was significantly higher than GFP alone (1.1). As xB-catenin-GFP is 119 kD, it would be
unable to easily pass through the NPC diffusion barrier suggesting that xp-catenin-GFP can
access a facilitated nuclear transport mechanism through the NPC (Popken, Ghavami, Onck,

Poolman, & Veenhoff, 2015; Timney et al., 2016; Weis, 2003).
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Figure 1A. B-catenin localizes in the nucleus of S. cerevisiae. Representative deconvolved
fluorescence image of xp-catenin-GFP in a wild-type yeast strain that expresses Heh2-mCherry
to label the nucleus (left). White arrows indicate the nuclear compartment. Plot showing the
quantification of mean nuclear to cytosolic fluorescence intensity from three independent
replicates (right). Scale bar is Spum. Red bar indicates the mean value with the standard deviation

(SD). p-values are from unpaired two-tailed t-test where ns is p>0.05, and ****p<(0.0001.
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In principle, three mechanisms of xf3-catenin nuclear import are possible: 1) xp-catenin-
GFP is imported by an NTR, 2) xf-catenin-GFP piggybacks on an unknown binding partner that
is itself imported by an NTR or 3) xB-catenin-GFP has an intrinsic ability to cross the NPC free
of NTRs. To rule out the latter possibility, we tested whether xp-catenin-GFP nuclear
accumulation was dependent on a functional Ran gradient, which would specifically impact
NTR-mediated transport (Schmidt & Gorlich, 2016; Weis, 2003; Wente & Rout, 2010). We
therefore assessed B-catenin-GFP localization in the mtr1-1 mutant strain, which is a temperature
sensitive, loss of function allele in the gene encoding the yeast Ran-GEF (SRMI1/MTR1/PRP20)
(Kadowaki, Zhao, & Tartakoff, 1992). As Ran-GEF exchanges GDP for GTP on Ran in the
nucleus, it is essential for the functioning of the nuclear transport system (Weis, 2003). At room
temperature, xB-catenin-GFP is localized in the nucleus with a N:C ratio similar to the wild type
strain (~1.6) (Figure 1B). In striking contrast, growth at 37°C, which is non-permissive for mtrl-
1p function, resulted in the re-distribution of xp-catenin-GFP such that it was evenly distributed
between the nucleus and cytoplasm with N:C ratios identical to GFP alone (1.1) (Figure 1B).
Importantly, xp-catenin-GFP localization was not affected by the elevated temperature as wild-
type cells showed N:C ratios of ~1.6 even at 37°C. Thus, nuclear accumulation of xp-catenin-
GFP is dependent on a functioning Ran GTPase system raising the possibility that it requires a

NTR-mediated pathway to accumulate in the nucleus.
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Figure 1B. B-catenin requires a functional Ran GTPase to localize in the nucleus of S.
cerevisiae. Representative deconvolved fluorescence image of xf-catenin-GFP in the RanGEF

mutant (mtr1-1) strain at room temperature or 37°C that co-expresses Heh2-mCherry as a

nuclear envelope marker (left). The ratio of mean nuclear to cytosolic fluorescence intensity was

measured in the wild-type or m#ri-1 strain from three independent replicates (right). Scale bar is

Sum. Red bar indicates the mean value with the standard deviation (SD). p-values are from

unpaired two-tailed t-test where ns is p>0.05, and ****p<0.0001.
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3.2 The C-terminus of p-catenin contains a NLS

Having established that B-catenin import requires a functional Ran pathway, we next
sought to map the sequence elements of B-catenin that confer nuclear localization. $-catenin can
be divided into three domains: a central region rich in armadillo (ARM) repeats sandwiched
between two unstructured domains (Figure 2A). We generated constructs where each of these
domains was individually deleted and examined their localization in yeast. Removal of the C-
terminus significantly reduced nuclear enrichment of xp-catenin-(1-664)-GFP (mean N:C values
of 1.4) compared to constructs lacking either the N [xB-catenin-(141-782)-GFP] or ARM (A141-
664) domains, which accumulated in the nucleus at levels similar to the full length protein (mean
N:C of 1.6) (Figures 2A-C). These data suggested that the C-terminus contains sequence
elements required for nuclear accumulation. Consistent with this idea, the C-terminus of p-
catenin [x[-catenin-(665-782)-GFP] was sufficient to confer nuclear accumulation of GFP to
levels comparable to the full length protein (mean N:C 1.6) (Figures 2A, 2B, and 2D). Of note,
both the ARM repeats [xp-catenin-(141-664)-GFP]) and the N-terminus of f-catenin [x[3-
catenin-(1-141)-GFP] could confer some nuclear localization of GFP but to a considerably lesser
extent than the C-terminus (mean N:C of ~1.3) (Figures 2A, 2B, and 2D). Additionally, the
ARM repeats had some affinity for the nuclear periphery (Figures 2D, xp-catenin-(141-664)-
GFP, white arrows). Of future interest, even the weaker nuclear accumulation driven by the N-
terminal and ARM repeat sequences is dependent on a functional Ran pathway as xp-catenin-1-
664 does not accumulate in the nucleus in the m#r/-1 strain at the non-permissive temperature
(Figure 2F). Thus, when taken together, there are several elements of x-catenin that, in
isolation, can target to the nucleus in a Ran pathway dependent fashion but the C-terminus

contains a sequence that was both necessary and sufficient for nuclear accumulation at levels
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comparable to the full length protein. Consistent with previous work (Koike et al., 2004; Mis et
al., 2020), these data suggested that the C-terminus of x-catenin contains the dominant NLS in

B-catenin, which we further mapped to amino acids 665-745 (Figures 2A, 2B, and 2E).
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Figure 2A. Schematic diagram of Xenopus B-catenin truncation constructs tested in this
study.
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Figure 2B. The C-terminus of -catenin contains a NLS. Plot of the ratio of mean nuclear to
cytosolic fluorescence intensity of Xenopus B-catenin GFP truncation constructs tested in a wild-

type yeast strain from three independent replicates. Red bar indicates the mean value with the

SD.
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Figure 2C. Deconvolved fluorescence image of Xenopus pB-catenin truncation constructs in
S. cerevisiae Part 1. Representative images of the N-terminal deletion (141-782), ARM-repeats
deletion (A141-664) or C-terminal deletion (1-664) of Xenopus B-catenin GFP in the wild-type
strain. GFP and full-length Xenopus -catenin-GFP were used as controls. Heh2-mCherry was

co-expressed to label the nuclear membrane Scale bar is Sum.
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Figure 2D. Deconvolved fluorescence image of Xenopus pB-catenin truncation constructs in
S. cerevisiae Part 2. Representative images of the indicated fragments of Xenopus pB-catenin
GFP in the wild-type strain. White arrows indicate nuclear rim localization. Heh2-mCherry was

co-expressed to label the nuclear membrane. Scale bar is Sum.
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Figure 2E. Deconvolved fluorescence image of Xenopus f-catenin truncation constructs in
S. cerevisiae Part 3. Representative images of indicated C-terminus fragments of Xenopus -
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