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Figure 1. B-catenin requires a functional Ran cycle to accumulate in the nucleus of Saccharomyces cerevisiae. (A) Representative deconvolved

fluorescence images of xB-catenin-GFP in a wildtype 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 30 to 40 cells from three independent

replicates (right). (B) Representative deconvolved fluorescence images of xB-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 wildtype or mtr1-1 strain from 30 to 35 cells from three independent replicates (right). Scale bar is 5 um in (A) and (B). Red bar indicates the mean
value with the SD. p-Values are from unpaired two-tailed t-test where ns is p>0.05, and ****p<0.0001 for both (A) and (B). The data is uploaded as

Figure 1—source data 1.

Hwang et al. eLife 2022;11:e70495. DOI: https://doi.org/10.7554/eLife.70495

2 of 25



ELlfe Cell Biology | Developmental Biology

A N ARM repeats (&3 C

Heh2-mCherry Merge

1 141 664 782 u
xB-catenin-(1-782)
xp-catenin-(1-664) I TTTTITTTITT o
L
xp-catenin-(141-782) T T THEE ©
xB-catenin-(A141-664)  [IBHEEE
xB-catenin-(1-140) |
=
xB-catenin-(141-664) I 8 §
[ 2N
xB-catenin-(665-782) ac
X
xB-catenin-(665-745)
xB-catenin-(704-782) ]
=
xB-catenin-(746-782) | 83
G <Q
Q -
B e~
x
Q 2.5m
S 2
§ % 2.0= 8 £
° (-]
st & o
£ - hy
58 it
e <=
(7]
co
cs0542 8 8
o =2 [T cF
Y C c f= =3
= 0.0 rr 1 g $
R > ® T
& & 3T
g o <2
|—xpcatenin_|

O
m

Heh2-mCherry Merge GFP Heh2-mCherry Merge

£ £

co c

23 2

© ©

Qo 4
(- -3

x X

c ~ C o~

-E g -E s

-

g Qo

QT &R

X x

xB-catenin
(665-782)
xB-catenin
(746-782)

Figure 2. The C-terminus of -catenin contains a nuclear localization signal (NLS). (A) Schematic of Xenopus B-catenin truncation constructs tested in
this study. (B) Plot of the ratio of mean nuclear to cytosolic fluorescence intensity of Xenopus B-catenin GFP truncation constructs tested in a wildtype
yeast strain from 30 to 40 cells from three independent replicates. Red bar indicates the mean value with the SD. (C) Deconvolved fluorescence images
of the N-terminal deletion (141-782), ARM-repeats deletion (A141-664) and C-terminal deletion (1-664) of Xenopus B-catenin GFP in the wildtype strain.

Figure 2 continued on next page
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Figure 2 continued

GFP and full-length Xenopus B-catenin-GFP were used as controls. (D) Deconvolved fluorescence images of the indicated fragments of Xenopus
B-catenin GFP in the wildtype strain. White arrows indicate nuclear rim localization. (E) Deconvolved fluorescence images of indicated C-terminus
fragments of Xenopus B-catenin GFP in the wildtype strain. Heh2-mCherry was co-expressed to label the nuclear envelope in (C), (D), and (E). Scale bar
is 5 pum in (C), (D), and (E). The data is uploaded as Figure 2—source data 1.
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Figure 2—figure supplement 1. B-catenin (1-664) localizes to the nucleus in a RanGTPase dependent manner in Saccharomyces cerevisiae.
Representative deconvolved fluorescence image of xB-catenin (1-664)-GFP in the RanGEF mutant (mtr1-7) 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 mtr1-1
strain from three independent replicates (right). Red bar indicates the mean value with the SD. p-Values are from unpaired two-tailed t-test where ns is
p>0.05 and **** is p<0.0001. Scale bar is 5 pm. The data is uploaded as Figure 2—figure supplement 1—source code 1.
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Figure 2—figure supplement 2. Ran dependence of the B-catenin (665-745)-GFP in the Saccharomyces cerevisiae and its requirement for nuclear
localization in HEK293T cells. (A) Deconvolved fluorescence image of Xenopus B-catenin-(665-745)-GFP in the wildtype (top left) and RanGEF mutant
(mtr1-1) (bottom left) strain at room temperature (RT) or 37°C that co-expresses Heh2-mCherry as a nuclear envelope marker. White arrows indicate the
nuclear compartment. The ratio of mean nuclear to cytosolic fluorescence intensity from a single experiment (right). Scale bar is 5 um. (B) Representative

Figure 2—figure supplement 2 continued on next page
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Figure 2—figure supplement 2 continued

image of HEK293T cells expressing Xenopus B-catenin (665-745)-GFP. LaminB1 was labeled to locate the nuclear envelope. GFP was used as a control.
Ratio of nuclear to cytoplasmic intensities from two independent replicates (right). Scale bar is 10 pm. (C) Representative image of HEK293T expressing
full-length human B-catenin GFP and human B-catenin (A665-745)-GFP. Ratio of nuclear to cytoplasmic intensities from three independent replicates
(right). Hoechst was labeled to locate the nuclear compartment. Scale bar is 6 um. p-Values are from unpaired two-tailed t-test where ns is p>0.05 and
***%5<0.0001. The data is uploaded as Figure 2—figure supplement 2—source data 1.
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Figure 2—figure supplement 3. Residues 665-745 of B-catenin are required to induce secondary axes in Xenopus
laevis. (A) Schematic diagram of Xenopus B-catenin constructs. (B) Double axes were scored in st 19 embryos and
viewed dorsally with anterior to the top (left). Data from three independent replicates depicted in histogram (right).
p-values are from Fisher's exact test where ns is p>0.05, p<0.05 (*), and 0.0021 (**). (C) Subcellular localization of

Figure 2—figure supplement 3 continued on next page
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Figure 2—figure supplement 3 continued

xB-catenin-GFP, xB-catenin (A665-745)-GFP, or cNLS-xB-catenin (A665-745)-GFP in the dorsal blastopore lip of stage
10 X. laevis embryos. cNLS-mCherry mRNA was co-injected to mark the nucleus. Scale bar is 30 pm.
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Figure 3. Kap104 is specifically required for -catenin nuclear accumulation in Saccharomyces cerevisiae. (A)
Schematic of the Anchor-Away assay mediated by the rapamycin-induced dimerization of nuclear transport
receptor (NTR)-FKBP-rapamycin binding (FRBP and Pma1-FKBP12). Pma1 is a plasma membrane ATPase. (B)
Deconvolved fluorescence images of cells with indicated FRB fusions expressing Xenopus B-catenin (665-782)-GFP

Figure 3 continued on next page
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Figure 3 continued

treated with DMSO (vehicle) or rapamycin for 15 min. Heh2-mCherry was used as a nuclear envelope marker. White
arrows indicate the nucleus. Scale bar is 5 um. (C) Plot showing the ratio of mean nuclear to cytosolic fluorescence
intensity of Xenopus B-catenin (665-782)-GFP in the 10 NTR-FRB strains treated with DMSO or rapamycin from 30
to 40 cells from three independent replicates. Red bar indicates the mean value with the SD. Experiments were
performed three times. p-Values are from unpaired two-tailed t-test where ns is p>0.05 and ****p<0.0001. The data
is uploaded as Figure 3—source data 1.
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Figure 3—figure supplement 1. Sub-cellular localization of Xenopus B-catenin (665-782)-GFP in Anchor-Away strains in Saccharomyces cerevisiae.
Representative deconvolved fluorescence image of xB-catenin (665-782)-GFP treated with DMSO (carrier) or rapamycin in the indicated nuclear
transport receptor (NTR)-FKBP-rapamycin binding (FRB) strain. Heh2-mCherry was used as a nuclear membrane marker. Scale bar is 5 pm.
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Figure 3—figure supplement 2. Anchor-Away cloning strategy in Saccharomyces cerevisiae. (A) Schematic diagram of FKBP-rapamycin binding (FRB)
tagging to individual endogenous nuclear transport receptors (NTRs) by homologous recombination. (B) Screening of NTR-FRB strains by colony PCR.
Primers are listed in Supplementary file 3. (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 a negative controls.
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Figure 4. B-catenin contains a PY-NLS that is required for nuclear import. (A) Conservation of amino acid sequences that conform to the PY-NLS
consensus (top, from Soniat and Chook, 2015) in the C-terminus of $-catenin. (B) Deconvolved fluorescence images of wildtype yeast cells expressing
MBP(x3)-GFP tagged with the Xenopus B-catenin nuclear localization signal (NLS) (665-703) and also an NLS that contains the PM to AA mutation (top).
Untagged MBP(x3)-GFP was used as a control. Plot of the ratio of mean nuclear to cytoplasmic fluorescence intensity from a single experiment (bottom).

Figure 4 continued on next page
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Figure 4 continued
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Scale bar is 5 pm. (C) Representative fluorescence image of Hela cells expressing human B-catenin (665-782) or the PM to AA mutant version (top).
LaminB1 was labeled to locate the nuclear envelope. GFP alone was used as a control. Plot of the ratio of mean nuclear to cytoplasmic fluorescence
intensity from three experiments (bottom). Scale bar is 15 um. p-Values are from unpaired two-tailed t-test where ns is p>0.05 and ****p<0.0001 for both
(B) and (C). The data is uploaded as Figure 4—source data 1.
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Figure 5. Direct binding of B-catenin and TNPO1 is destabilized by Ran-GTP. (A) In vitro binding assay of
purified recombinant TNPO1 and GST fusions of human f-catenin and human B-catenin containing the PM to AA
mutations. GST alone was used as a negative control. (B) In vitro binding assay of purified recombinant TNPO1
to GST fusions of human f-catenin in the presence of GTP hydrolysis deficient Ran mutant loaded with GTP

Figure 5 continued on next page
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Figure 5 continued

(RanQé69L). Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and stained with Coomassie blue in (A) and (B). * indicates TNPO1 bound to GST-hB-catenin.
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Figure 5—figure supplement 1. TNPO1 selectively binds to RanGTP in vitro. (A) Generation of recombinant GST fusions of human B-catenin and
TNPO1 and RanQ69L in vitro. (B) In vitro binding assay of purified recombinant RanQé9L to GST fusions of human TNPO1. GST fusions of human
B-catenin and RanQé9L buffer were used as a control. Proteins were separated by SDS-PAGE and stained with Coomassie blue in (A) and (B).
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Figure 6. TNPO1/2 and the B-catenin nuclear localization signal (NLS) are required for Wnt signaling in vivo. (A) Depletion of thpo1 and tnpo2 using two
different pairs of non-overlapping sgRNAs represses gfp expression in Xenopus tropicalis Tg(pbin7Lef-dGFP) embryos at stage 10. Key used to quantify
embryos with whole mount in situ hybridization (WMISH) signal (blue — normal gfp signal nd red — reduced gfp signal). Uninjected control (UIC) embryos
were used as a negative control. (B) siRNA mediated TNPO1 and/or TNPO2 knockdown reduces luciferase activity in mouse embryonic fibroblasts that
harbor a stable integration of luciferase under the control of TCF/LEF promoters. Wnt signaling was activated by human B-catenin-GFP overexpression.
Control siRNA and GFP were used as negative controls. Experiments were performed in triplicate. (C) Schematic diagram of three B-catenin constructs
used in the double axis assay in Xenopus laevis. ** indicates P4687A, M688A substitutions (top left). Dorsal views of X. laevis embryos with anterior to the
top (bottom left). Dotted lines indicate the embryonic axis, and the white arrows indicate the head. Histogram of the percent of embryos with secondary
axes from three independent replicates. p-Values are from Fisher's exact test (A) and (C) and unpaired two-tailed t-test (B) where ns is p>0.05, p<0.05 (*),
0.0021 (**), 0.0002 (***), and p<0.0001 (****).The data is uploaded as Figure 6—source data 1.
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Figure 6—figure supplement 1. Sequence alignment of Tnpo1 and Tnpo2 across species. Amino acid sequences of transportin 1 and transportin
2 were compared across four different species (Saccharomyces cerevisiae, human, mouse, and Xenopus tropicalis). Each residue in the alignment is
colored using Jalview software (Waterhouse et al., 2009).

Hwang et al. eLife 2022;11:€70495. DOI: https://doi.org/10.7554/eLife.70495 20 of 25



eLIfe Research article Cell Biology | Developmental Biology

2 4 94
tnpo1 Exon1 N | Exon20 \ Exon23
«—

SgRNA#1
—
SgRNA#2

thpo2 [ Exont [t Exon22
—>

—
SgRNA#1 SgRNA#2

Status @ Guide Target @ PAM Sequence Indel % @ Model Fit (k%) @ Knockout-Score @
eedec AGCATGGGGGCCACCTCTTG AGG 86 81
tnpo1 sgRNA #1 o rHooTT - HoTTTon o K B
. e eTcTToaTTACOTTTET Arocilchla Toater
On B w00 - HoTT0w ror 8 00700
M O 500s - BoTTHONton Arocilclle Toeter
. 2% TCOTCTTGOTTACGTTTGTCCTCAA! NNNGAGGTGO ATECTA AAGBA Tee
- M TCGTCTTGETTACEGTTTETCCTCA-| GAGGTEG ATGCTACAS TeETET
status @ Guide Target @ PAM Sequence @ Indel % @ Model Fit (R) @ Knockout-Score )
TGGTTACGTTTGTCCTCAAG AGG 80 72
M BT 00uY B0y R0 5 08 Dot 50 EECTO0ONOs )
PN o S GOT BT o0 - HomTT B ol oo v o Bl c c zole mo 7o Tl
tnpo1 SgRNA #2 R T 68TCETCTTBBTTACETTT ATGCTACAGCAGTTTATAAGA TGGTGTGTATTA
. Y S EORET 00T BOTTT e cllcle cller v BB oo v o n i Tl
4 W orEonETroony orrrorEeEIN O 00to0 o ol e vr OO
status @ Guide Target @ PAM Sequence () Indel % @ Model Fit (R%) @ Knockout-Score ()
@ Succ d GAGCGTTTAGCCGCGTTCTA CGG el 60
-6 2% TAACGAS TTTTACACACCOTAS] - @CTCCTTTAGCAGAB@GEOAAACTBCTCAGABAACTS
-7 6416 TTTT ACA G---i - ecT TTTAGCABAGGGGBAA TBCTCABAGA Te
-7 646 TTTT ACA 6T 6cT TTTAGCAGABGBGGBAAACTBCTCAGABAACTG
-0 6AG TTTTACACACCGTA-} GCTCCTTTAGCAGAGGGGGAAACTGCTCAGAGAACTS
El 6AG TTTTACACACCGTAG! GCTCCTTTAGCAGAGGGGGAAACTGCTCAGAGAACTG
tnpOZ SgRNA#1 -8 eAs TTTTA Acc----1} @CTCCTTTAGCAGAGGGGGAAACTBCTCAGAGAACTS
+ TAACBAG TTTTACACA G H TAAACGCT TTTAG GAGGBBOAAACTBCTCABAGAACT
-2 3% TAACGAG TTTTACACACCS H AAACBCTCCTTTAGCAGAGBBGGGAAACTBCTCAGAGAACTS
10 E GAG TTTTACACACCE H AACGCTCCTTTAGCAGAGGGGGAAACTGCTCAGAGAACTSG
. T eAs TTTTACACACCGTAG! - TAAACBCTCCTTTAGCAGABOOGBAAACTGCTCAGAGAACTE
8 ™ T eAs AcAcce i TAAACBCTCCTTTAGCAGABGOGBAAACTGCTCAGAGAACTG
-4 % T GAG ACACCGTAGH TAA @CTCCTTTAGCAGABBGBGBAAACTOCTCABABAACTE
-2 % T 6AB ACCGTAG! TAAACBCTCCTTTAGCAGABBOGBBAAACTBCTCAGABAACTE
-n TAACGAG ACA i TAAACGCTCCTTTAGCAGAGGGGGAAACTGCTCAGAGAACTE
0 % TAACGAG TTTTACACACCS i T GCTCCTTTAGCAGAGGGGGAAACTGCTCAGAGAACTG
-6 % TAACGAG TTTTACACACCB---} - eecT @CTCCTTTAGCAGAGGGGGAAACTBCTCAGABAACTS
-5 ™ T 646 TTTT ACA {--ceceecT ecT TTTAGCAGABGBGGGAA TOCTCABAGA Te
PAM Sequence Indel % @ Model Fit (R) @ Knockout-Score @
eeded GGCGTCATGGATGAGTCCGA AGG 89 0.89 53
wn BBl 7e oo cr ool oflvoon - - i --oooon- Bsollciocclicfls <l
tnpo2 sgRNA #2 we AACATOTooCTCAOATOATCOTT Mc oo clhlcio ool Tonces
o B lrarcoo ol - g aflc oo ool i cl
B ~ B Bo T o oo OB o e T ToBinic ol tell oo c offfolls ol cf Toases
GOUEEET 6 . S It acclicilacll- 8
e oo cm ool oflric o - < < - - e oo oes Bl
. 8o cccnolloflr cllric e nme) - oo Bocfc
w Wl c ool c o nolls Ko clrck ToRseo

Figure 6—figure supplement 2. X. tropicalis tnpoT and tnpo2 gene depletion by CRISPR/Cas?. Schematic diagram of tnpoT and tnpo2 sgRNA target
sites (top). Inference of CRISPR Edits (ICE) analysis of indel mutations at predicted target sites (bottom).

Hwang et al. eLife 2022;11:€70495. DOI: https://doi.org/10.7554/eLife.70495 21 0of 25



eLife

Cell Biology | Developmental Biology

GFP
WT-hB-catenin-GFP
control siRNA
TNPO1 siRNA
TNPO2 siRNA

kD
100 —
75 —

a Tnpo1
a B-actin

kD

150 —
a B-catenin 450 —

a B-actin 50—

+ o+ +
+ - -
- + +
- - +
- —
R

O — e

<« hB-catenin-GFP

<« mB-catenin

GFP
WT-hB-catenin-GFP
control siRNA
TNPO1 siRNA
TNPO2 siRNA

kD

+ - - - -
-+ o+ o+ 4+
+ 0+ - - -
- -+ -4
- - -+ 4+

a Tnpo2100 -
75 —

-acti
a B-actin 37 —

- o e—"—" S

kD

150 —
a GFP100 —

a B-actin 50 —

25 —

<« hB-catenin-GFP

«GFP

Figure 6—figure supplement 3. Western blots of Tnpo1/2 and B-catenin from 3T3 TCF/LEF luciferase assays. Western blot demonstrating the efficacy
of siRNA mediated Tnpo1 and Tnpo2 depletion in mouse embryonic fibroblast Wnt reporter cell lines.
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Figure 6—figure supplement 4. TNPO1/2 regulates nuclear 3-catenin levels in colorectal cancer cells. Western blot demonstrating the efficacy of
siRNA mediated Tnpo1 and Tnpo2 depletion on B-catenin nuclear and cytoplasmic levels in two colorectal cancer cell lines, HCT-116 and DLD-1.
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Figure 7. The M9M peptide inhibits Wnt signaling. Wnt signaling was activated by Wnt3a (A, left), human
B-catenin-GFP overexpression (A, right and B), or cNLS-human B-catenin-GFP (B). No Wnt3a or GFP
overexpression were used as negative controls. Experiments were performed in triplicate (A) or duplicate in two
independent experiments (B). p-Values are from unpaired two-tailed t-test where ns is p>0.05, p<0.05 (*), 0.0021
(**), 0.0002 (***), and p<0.0001 (****). The data is uploaded as Figure 7—source data 1.

Hwang et al. eLife 2022;11:e70495. DOI: https://doi.org/10.7554/eLife.70495 24 of 25



ELlfe Cell Biology | Developmental Biology

AWnt3a-+++++

M9M - - 5 25 1250625
peptide(ug)

kD

a [3-catenin100 | - et St s le-mpB-catenin
75 —

5 —
a B-actin . -
37 —

GFP + - - - - -
hpg-catenin-GFP - + + + + +
MOM - - 5 25 1250625
peptide(ug)
kD
150 —
) . -— - E— — — *hB-Catenin
a B-cateninqpg — R o | -cFP
“mp-catenin

50
a B-aCtln s —— —— W—
37

25 —

C
MOM N-GGSYNDFGNYNNQSSNFGPMKGGNFGGRFEFPYANPTKR-C

MOM-A N-GGSYNDFGNYNNQSSNAAAAKGGNFGGAFEAAANPTKR-C

Figure 7—figure supplement 1. Western blots of B-catenin from 3T3 TCF/LEF luciferase assays with M9M peptide treatment. Western blot data for
M9M peptide treatment in mouse embryonic fibroblast Wnt reporter cell lines. Wnt signaling is activated by (A) Wnt3a or (B) human B-catenin. (C) PY-
NLS residues (blue) in M9M peptide were mutated to alanine (red) to create M9M-A peptide.
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