bioRxiv preprint doi: https://doi.org/10.1101/2023.07.14.549074; this version posted July 15, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Tissue tension permits B-catenin phosphorylation to drive mesoderm

specification in human embryonic stem cells.

Nadia M.E. Ayad'?, Johnathon N. Lakins?, Ajinkya Ghagre?, Allen J. Ehrlicher, Valerie M.
Weaver?*> *
'Graduate Program in Bioengineering, University of California, San Francisco and University of California Berkeley,

San Francisco, CA 94143, USA; Center for Bioengineering and Tissue Regeneration, Department of Surgery,

University of California, San Francisco, San Francisco, CA 94143, USA

2Center for Bioengineering and Tissue Regeneration, Department of Surgery, University of California, San Francisco,
San Francisco, CA 94143, USA.

3 Department of Bioengineering, McGill University, Montreal, QC H3A OE9, Canada

4 Department of Bioengineering, Department of Anatomy and Cell Biology, Department of Biomedical Engineering,
Department of Mechanical Engineering, Centre for Structural Biology, Rosalind and Morris Goodman Cancer
Institute, McGill University, Montreal, QC H3A 1A3, Canada

SCenter for Bioengineering and Tissue Regeneration, Department of Surgery, University of California, San Francisco,
San Francisco, CA 94143, USA; Eli and Edythe Broad Center of Regeneration Medicine and Stem Cell Research,
University of California, San Francisco, San Francisco, CA 94143, USA; UCSF Comprehensive Cancer Center,
Helen Diller Family Cancer Research Center, University of California, San Francisco, San Francisco, CA 94143,
USA; Department of Bioengineering and Therapeutic Sciences, Department of Radiation Oncology, University of
California, San Francisco, San Francisco, CA 94143, USA.

*Electronic correspondence: valerie.weaver@ucsf.edu

Summary

The role of morphogenetic forces in cell fate specification is an area of intense interest. Our
prior studies suggested that the development of high cell-cell tension in human embryonic stem
cells (hESC) colonies permits the Src-mediated phosphorylation of junctional B-catenin that
accelerates its release to potentiate Wnt-dependent signaling critical for initiating mesoderm
specification. Using an ectopically expressed nonphosphorylatable mutant of B-catenin (Y654F),
we now provide direct evidence that impeding tension-dependent Src-mediated -catenin
phosphorylation impedes the expression of Brachyury (T) and the epithelial-to-mesenchymal
transition (EMT) necessary for mesoderm specification. Addition of exogenous Wnt3a or
inhibiting GSK3p activity rescued mesoderm expression, emphasizing the importance of force
dependent Wnt signaling in regulating mechanomorphogenesis. Our work provides a framework
for understanding tension-dependent (B-catenin/Wnt signaling in the self-organization of tissues

during developmental processes including gastrulation.
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Introduction

The early embryo is remarkable for its shape-shifting capabilities. Extensive cell movement and
tissue organization transform the inner cell mass of the embryo into three separate fates that
ultimately form the body — ectoderm, endoderm, and mesoderm — through a process defined as
gastrulation '. Although the molecular pathways and motor proteins that drive morphogenetic
movements during gastrulation have been extensively studied 2-5, how these forces impact the

genetic determination of cell fate remains a topic of active investigation.

Cell fate occurs through a balance of diffusible secreted morphogens — in particular BMP, Nodal
and Wnt & —, and their inhibitors 7 — such as Noggin, Lefty, DKK1 & However, emerging
evidence suggest that mechanical forces driving and arising from morphogenetic movements
also contribute to cell fate specification °-'2. B-catenin, a key developmental protein 134, has
been implicated in such mechanical signaling ®10.15-18Mechanical tension at adherens junctions
(AJ) has been implicated in B-catenin phosphorylation of the C-terminus tyrosine 654 (Y654) in
Drosophila, zebrafish, sea anemone and choanoflagellates °2°. This force-dependent -
catenin exposure is predicted to be permissive for Src-dependent Y654 phosphorylation, which
reduces B-catenin binding to E-cadherin 2, leading to loss of AJ B-catenin 22, nuclear
accumulation, and a Wnt-dependent mesodermal gene expression program 2324, Similarly,
domains of high contractility in a two dimensional (2D) human gastruloid model have been
shown to undergo Src dependent Y654 phosphorylation, accompanied by loss of AJ B-catenin,
and robust mesodermal specification, thereby extending these findings to early mammalian
development ''. Although collectively these developmental findings are compelling, we opted to
directly interrogate the requirement of tension-dependent Y654 phosphorylation in vertebrate

gastrulation.

To provide causal evidence for the role of force-mediated Src-dependent Y654 phosphorylation
in mammalian gastrulation, we measured the effect of expressing a conserved
nonphosphorylatable mutant of 3-catenin (Y654F) in our human embryonic gastruloid model.
Significantly, here we report direct evidence supporting a pivotal role for force-dependent Src-
mediated B-catenin phosphorylation in human mesoderm specification. Evidence is presented
to show that preventing Y654 phosphorylation had no impact on cell-generated contractility, Src
activity or Src recruitment to the AJs but did compromise the ability of BMP4 to induce
mesoderm differentiation, as demonstrated by a loss of epithelial-to-mesenchymal transition

(EMT) and expression of the early mesodermal marker T (TBXT or Brachyury). Indeed,
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mesoderm signaling in the mutant cell line was rescued through addition of the (B-catenin target
Wnt3a, '" and by increasing cytosolic B-catenin through inhibition of GSK3B using CHIR99021.

Our study provides definitive evidence for the evolutionary significance of the Y654 residue in
mechanically regulating B-catenin activity during gastrulation. The findings provide important
insight into the complex interplay between mechanical force and molecular signaling, not only

advancing our understanding of embryonic development, but also tissue morphogenesis.

Results
Generation of mutant and wild-type cell lines

We first set about to generate hESCs that stably expressed a wild-type and a mutant
nonphosphoratable B-catenin. To maximize any quantifiable phenotype and minimize levels of
B-catenin overexpression we created stable recipient cell lines in which the endogenous [3-
catenin could be knocked down using an (orthogonal) IPTG inducible shRNAI lentiviral vector 2
(Sup.Fig1a). This vector constitutively expressed a (nuclear) mTurg2-NLS. Silent mutations in
the shRNA recognition site of exogenously expressed 3-catenin rendered it resistant to shRNA

silencing.

Mindful of the potential effects of constitutive overexpression of $-catenin in driving spontaneous
differentiation of hESCs we elected to use a doxycycline (DOX) inducible Sleeping Beauty
transposon based vector %6 to generate stable cells lines that expressed the
nonphosphorylatable Y654F mutant and wild type B-catenin as a control in an H9 hESC cell line
with a CRISPR Cas9 generated T-mNeonGreen mesoderm reporter!'. B-catenin was expressed

as a polyprotein via a 2A peptide downstream of (nuclear) mScarlet-NLS (Sup.Fig1a).

To obtain a more homogenous undifferentiated population, we transiently induced mScarlet
NLS T2A B-catenin using a brief 3h pulse of DOX followed by washout and flow sorting the
following day, gating for expression of mScarlet and mTurg2 and absence of T-mNeonGreen
(P7 gate on SupFig1b). Gating for high levels of mTurg2 correlated with high levels of IPTG
inducible endogenous B-catenin knockdown. Gating for medium-high expression of mScarlet-
NLS and negative T-mNeonGreen expression ensured that B-catenin levels would be sufficient
for mesoderm signaling 27 but ideally not too high to induce differentiation and mesoderm
signaling spontaneously when overexpressed 28. Accordingly, hESC pluripotency of these cell
lines was retained, as validated by monitoring for expression of pluripotency markers Nanog
and Oct3/4 by quantitative polymerase chain reaction (QPCR) (SupFig1c). We did observe a

modest but insignificant increase in condensed and fragmented nuclei (Fig.1f arrows) and in the
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level of cleaved-caspase-3 cells in the hESCs expressing the mutant 3-catenin (SupFig1d-e).
However, a Crystal Violet absorbance assay indicated cell proliferation was not significantly
affected (SupFig1f). B-catenin expression levels in the wild-type and mutant cell lines were
similar to parental cell line levels (SupFig2a). Knockdown efficiency was measured by
comparing B-catenin staining intensity levels (Sup.Fig2b and c) in both wild-type and mutant cell

lines.

Preventing Y654 phosphorylation of B-catenin impedes tension-stimulated mesoderm

differentiation.

We next plated our hESCs onto patterned gels of defined stiffness (Silicone-based gels of shear
modulus; G’ ~ 1.5kPa 2°) that were conjugated with laminin-rich reconstituted basement
membrane (rBM; Matrigel equivalent) *° to generate either circular, square or triangular
colonies. Cells were plated in hESC media containing 10 uM Rho-kinase inhibitor (Y27632;
ROCKI) and 0.2 mM IPTG to induce B-catenin knockdown. After 24 hours, ROCKi was
removed, the cells were washed, and fresh IPTG was added. 36 hours later, 1 ug/mil
doxycycline was added to induce the ectopically expressed wild-type and mutant -catenin
vectors (Fig1a). After 12 hours of DOX induction of B-catenin transgene expression, which we
defined as our initial timepoint (t = Oh), we began monitoring differentiation with the addition of

50 ng/ml BMP4 for up to 48 hours to induce a mesodermal program 37,

Traction Force Microscopy revealed that both wild type hESCs and our mutant hESC line
developed high contractility at the periphery of circular colonies (Fig1d and e) ', prior to the
start of differentiation (shown here only on circles for visualization of profile quantification , but

also present in the periphery of triangles and squares, as reported in ).

Mutant and control hESCs were validated by staining for pY654 phosphorylation at the zero
timepoint, focusing on regions within the patterned colonies with the highest contractility (Fig1b).
Consistently, hESCs expressing the de-phospho-mimetic mutant $-catenin showed significantly
less pY654 B-catenin in regions of high colony tension (shown here in triangle corners) as

compared to the control hESCs expressing the wild-type B-catenin positive areas (Fig1c).

Monitoring for BMP sensitivity 32 by assessing nuclear pPSMAD1/5 levels following 2 hours of
BMP4 stimulation (50 ng/ml) revealed intact bimodal, edge-restricted nuclear pSMAD1/5,
quantified in the circular colonies as the profile of nuclear signal from the centroid of the colony
to its edge, as has been previously shown in dense 2D gastruloids (SupFig3a and b) 33.

Importantly, wild-type colonies exhibited enhanced sensitivity to BMP4, as indicated by higher
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levels of nuclear p-SMAD/5 in the hESCs within the center of the colonies (SupFig3a-b). Given
that Wnt3a, a direct B-catenin target 34, can stabilize GSK3p to prevent pSMAD1 degradation
and promote its nuclear accumulation, these findings suggest our wild-type expressing colonies

likely over-expressed B-catenin and exhibited enhanced Wnt-dependent differentiation 3.

After verifying the functional fidelity of our B-catenin genetically manipulated hESCs, we
examined whether preventing tension-dependent phosphorylation impeded mesoderm
differentiation. We monitored for mesoderm specification using the nuclear reporter marker, T-
mNeonGreen. 24 hours following BMP4 induction, we observed increased numbers of T-
positive cells in both control non-transfected hESCs and the hESCs ectopically over-expressing
wild-type B-catenin. This contrasted sharply with the lack of mesoderm induction in the hESCs
engineered to express the mutant nonphosphorylable B-catenin (mScarlet-NLS+; Fig.1f and g).
As such these data indicate that this key domain in B-catenin that is rendered accessible by

cellular tension is directly critical for mesoderm specification.
Y654F mutation prevents Src-dependent B-catenin junctional-nuclear translocation.

The kinase Src is activated downstream of cell contractility through phosphorylation by integrin
adhesion-associated kinases %637, The adhesion-dependent phosphorylated and activated Src
in turn phosphorylates -catenin at Y654 to foster its release from AJs and drive BMP4-
dependent mesoderm differentiation 1038, After confirming that expression of the phosphomutant
B-catenin had no impact on tension-induced activation and AJ localization of phospho-Src-family
kinases (pSFKs) (Sup.Fig3 a-c), we assessed whether preventing 3-catenin Y654
phosphorylation prevented release of 3-catenin from the AJs following BMP4 treatment.
Consistently, while wild type B-catenin hESCs localized to the regions of high cell contractility
showed a significant decrease in AJ localized B-catenin 24 hours following BMP4 stimulation
(Fig2 a-c), we did not quantify any discernible decrease in AJ localized (-catenin in the hESCs
expressing the phosphodefective mutant B-catenin (see mScarlet-NLS positive cells;Fig2 a-c) .
We also detected higher levels of nuclear-localized B-catenin in the BMP4-stimulated hESCs
expressing the wild-type B-catenin as compared to negligible levels detected in the
phosphomutant $-catenin expressing cells. These findings confirm that preventing the
phosphorylation of 3-catenin at the Y654 residue impedes the release of $-catenin from
junctional complexes, despite elevated Src family kinase activity, to decrease its subsequent

translocation to the nucleus and ultimately impede mesoderm differentiation (Fig2 c-d).
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Y654F mutation prevents epithelial-to-mesenchymal (EMT) transition.

We next examined the integrity of 3-catenin-dependent signaling targets driving mesoderm
expression in the wild-type and mutant B-catenin hESCs 7. Consistent with a block in
mesoderm specification, 48 hours following BMP4 stimulation, the levels of epithelial-to-
mesenchymal transition (EMT) genes including NCAM1, TWIST and SNA/2 3%1° and the
TWIST-induced secreted Wnt inhibitor DKK184° were reduced to varying degrees in the hESC
colonies expressing the mutant B-catenin as compared to hESCs expressing the wild-type -
catenin (Fig3b&c). By contrast, levels of the BMP inhibitor NOG remained similar in both the
wild-type and mutant 3-catenin expressing cells following BMP4 stimulation, indicating the BMP

pathway remained unaffected by expression of the B-catenin phosphorylation mutation (Fig3d).

Immunofluorescence analysis similarly revealed that the EMT marker Slug (or Snai2) was
robustly induced in the wild-type B-catenin expressing hESCs localized adjacent to the T+ cells,
indicating that they were undergoing EMT prior to mesoderm specification following BMP4
stimulation ', whereas we detected little to no Slug protein in the hESCs expressing the mutant
B-catenin (Fig3e-f). These findings indicate that preventing B-catenin phosphorylation and
inhibiting its release from AJs prevents mesoderm specification, as indicated by the failure of

these cells to undergo an EMT.

Mesoderm expression in Y654F mutant can be rescued with Wnt3a exogenous addition
or GSK3b inhibition.

To ensure the integrity of the Wnt/catenin signaling axis in our mutant $-catenin hESC we
conducted a set of mesoderm signaling rescue studies. We treated the hESCs expressing the
mutant B-catenin with soluble Wnt3a to determine whether exogenous stimulation of Wnt
signaling would promote mesoderm specification in the colonies. Consistent with an intact Wnt
signaling axis, addition of exogenous Wnt3a rescued mesoderm differentiation in the mutant 3-
catenin cells as indicated by induction of T-mNeongreen positive cells (Fig4db) and their
concentric spatial distribution within the colonies (Fig4a) 23. Interestingly, we also noted that
inhibiting GSK3p activity using CHIR99021 (CHIR) similarly rescued T-mNeongreen expression
and restored the spatial distribution of mesoderm induction, indicating that preventing B-catenin
degradation to artificially elevate cytosolic and nuclear 3-catenin can bypass the effects of the
mutation on Wnt signaling. We thus arrive at a model in our human gastrulation system where
tension-dependent accessibility of AJ B-catenin permits its Src-mediated phosphorylation at
residue Y654 B-catenin to facilitate Wnt signaling and direct mesoderm specification is

mechanically activated 111920,
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Discussion

Here we provide causal evidence that force-dependent conformational exposure of the Y654 of
cadherin-bound B-catenin is a key a mechanism regulating BMP-stimulated Wnt-dependent
gastrulation in a hESC gastruloid model. We and others previously implicated mechanical force
in EMT induction 4! and mesoderm specification during early development ''. In prior studies we
showed that B-catenin is a mechanosensor that unfolds in response to force and is released
through Src-mediated phosphorylation from AJs to be translocated to the nucleus where it
functions as a transcription factor to specify Wnt-dependent mesoderm '°. Our current results now
provide definitive mechanistic evidence linking tissue mechanics and tension to B-catenin Y654
phosphorylation and the EMT and mesoderm specification in this gastruloid model. Our findings
are consistent with prior work showing that tension-dependent modulation of B-catenin
phosphorylation and Wnt-regulated development is a conserved mesoderm signaling mechanism
in a range of species, including zebrafish °, Drosophila ' the cnidarian N. vectensis and
choanoflagellates 2°. Homozygous phosphomimetic mutants (Y654E) have been shown to cause
embryonic lethality in mice, further implicating the importance of phosphorylation of this residue
in higher organism development #2. Indeed, mutations close to the Y654 phosphoresidue on -
catenin have been linked to a range of developmental abnormalities 43, and introduction of a basic
residue close to this phosphodomain causes persistent phosphorylation and sustained Wnt
signaling 4. Thus, our studies, in combination with prior work, provide concrete evidence for an
evolutionarily-conserved mechanically-regulated B-catenin pathway that plays a pivotal role in
regulating embryogenesis and tissue development. Beyond the scope of development, our study
has major implications for other fields including clarifying the role of tension-dependent
phosphorylation of B-catenin in EMT induction during malignancy. Links between tension and
Y654 phosphorylation of B-catenin in cancer are indicated by the increased predisposition of
heterozygous mice expressing a conditional intestinal-targeted phosphomimetic Y654E mutant to
develop intestinal tumorigenesis 42, and the mechanical induction of Y654 phosphorylation in a

model of mouse colon cancer 5.

B-catenin regulates both tissue structure and transcription to modulate development, and is
consequently tightly regulated by several post-transcriptional regulatory mechanisms 314, -
catenin plays a structural role in adherens junctions through its association with E-cadherin and,
in the nucleus, drives transcription through its binding to TCF/LEF. Conversely, cytosolic pools
of B-catenin bind to the AXIN/APC destruction complex which directs its degradation 6. These

diverse interaction partners have overlapping domains that competitively bind to the B-catenin
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central groove, which mediates context-dependent spatial segregation 4. Not surprising, these
functional interactions are refined by either N-terminal or C-terminal phosphorylation 6. Of note,
sequential N-terminal domain phosphorylation of the cytosolic B-catenin/APC/AXIN occurs first
by CK1a at S45 then by GSKp at T41, S37 and S33, targeting B-catenin for degradation #8. In
addition to these modifications, there exist feedback mechanisms to control p-catenin function,
as indicated by the inhibition of GSK33-dependent degradation of B-catenin that stabilizes its
cytosolic levels and increases the pool of activated nuclear 3-catenin through secreted
Whnts*®50, Interestingly, molecular dynamic simulations and experimental evidence indicate that
junctional tensile forces provide the needed context to expose the C-terminal helix domain
where phosphorylation of Y654 occurs, toggling junctional B-catenin to facilitate its nuclear
translocation and transcriptional activity'®. Whether these two modes of regulation represent
distinct pools of B-catenin or if they directly interact is currently under investigation 4851, Our
studies showed that while we retained junctional $-catenin pools and repressed nuclear
transcriptional activity through expression of the Y654F phosphomutant, we were able to rescue
Whnt-dependent mesoderm signaling by addition of Wnt3a and by inhibiting GSK3p3-dependent
B-catenin degradation with CHIR99021. This result supports the concept that there are
separately regulated pools of cytosolic and adhesion-associated [3-catenin. Nevertheless, given
that we used a dual knock-down of endogenous B-catenin combined with its over-expression,
our studies could not discern whether the GSK3 inhibition rescue was mediated by increased
availability of endogenous cytosolic B-catenin that was not fully depleted through our knockdown
strategy, or was mediated via a pool of redirected cytosolic mutant B-catenin that independently
stimulated mesoderm signaling. Although this possibility would need to be explored through the
use of an endogenous Y654F B-catenin mutant created through manipulation with a CRISPR
point mutation %2, our studies do concur with the concept that there exists independently

regulated pools of AJ-associated and cytosolic B-catenin.

Morphogens and growth factors play important roles during embryogenesis and tissue
development. Central to gastrulation is the role of BMPs in driving endogenous Wnt and NODAL
secretion to govern cell lineage specification 5354, Nevertheless, early embryogenesis and tissue
development are also characterized by force-generating tissue and cell movements.
Mechanistically, morphogenesis is known to occur through the activation of Wnt/PCP 3 and
Rho1/Myoll?, triggering invagination of the mesendoderm layer and primitive streak formation
during gastrulation*®5, Part of the complexity of gastrulation arises from morphogenesis and
pattern formation occurring simultaneously in the embryo. While it is known that cell fate

determination can induce shape changes and migratory behavior®®, the converse has only
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recently been demonstrated®-'2. Our data reveal how tissue mechanics regulates development
by mechanically-activating p-catenin to permit its functional phosphorylation that is necessary for
driving Wnt signaling. These findings reveal how morphogenetic forces not only sculpt tissue
organization but also modify morphogen signaling to regulate cell fate, providing a new and as of
yet under-appreciated perspective on how contextual cues synergistically modify diffusible

morphogen signals.

Recently established three-dimensional (3D) organoid models that recapitulate various aspects
of cell dynamics during development including human post-implantation embryogenesis 5%,
neural tube and trunk formation %°-6' and forebrain development % have underscored the
importance of synergism between spatial cues and morphogens in tissue-specificity 6 . Our hESC
gastruloid model, is a model that not only recapitulates key features of early embryogenesis but
also provides a tractable system to test the interplay of mechanical force regulation and spatial
cues in morphogen signaling 6384, Our model builds upon and extends prior work in in vitro
gastruloids, and exploits the use of micropatterned gastruloids to address the role of mechanical
forces and spatial patterning, as was reported for neuroectodermal tissue 6. The versatility of our
gastruloid model and the relative ease with which it can be manipulated lends itself to future
studies aimed at exploring the role of mechanical forces in other germ layer specification
programs, including addressing synergism with the Activin/Nodal pathway and impact on

endodermal and extraembryonic lineages.
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Figure titles and legends

Fig.1 — Phosphorylation of Y654 B-catenin is mechanically activated and Y654F mutation

prevents differentiation of T.

A)
B)

C)

D)

F)

Schematic of cell culture strategy for the differentiation of cells in this study.

Average traction force distribution for wild-type and mutant circular colonies before the
start of differentiation in circular colonies, with arrows indicating the direction and
magnitude of the traction stress (color-coded for magnitude). N = 13 in Y654F and N =
10 for WT colonies for 2 independent experiments.

Profile of average traction stresses for WT and Y654F circular colonies in D displaying
mean (dark line) and 95% confidence intervals (shaded).

Average intensity of phospho-Y654 (-catenin antibody in wild-type (WT) and mutant
(Y654F) cells prior to the start of differentiation in the corner of triangle-shaped colonies.
Scale bar =10 ym

Quantification of individual files of B. Images of phoshpho-Y654 B-catenin antibody were
masked with the corresponding B-catenin image, then resulting area was normalized to
the total B-catenin area. N= (8, 11) for WT and N = (35, 27, 31) for Y654F images.
Unpaired two-tailed t-test was performed in data.

Representative images of Y654F vs. WT cells after 24h of differentiation with BMP4,
showcasing on the far left the expression of the T-mNeonGreen reporter. Inset shows a
zoomed-in area of T-mNeonGreen (center-left), the corresponding expression of the
mScarlet-NLS overexpressing vector (center-right) and the DAPI staining. Scale bar = 10
pm.

Quantification of files shown in F. T+ area was thresholded with the StarDist algorithm,
masked with the mScarlet-NLS StarDist-threshold and normalized to the total mScarlet-
NLS area. N = (9, 22, 7) for WT and N= (65, 41) for Y654F cells. Unpaired two-tailed t-

test was performed in data.
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Fig.2 — Y654F mutation maintains B-catenin at the junctions and prevent its translocation to the

nucleus.

A) Representative image of 3-catenin staining prior to differentiation in mutant and wild-type
cells, with the corresponding expression of the mScarlet-NLS tag of the overexpressing
vector. Scale bar = 10 ym. Colored dashes represent examples of areas where the
intensity profile was measured across 30 pixels, with the center in the junction, with each
color representing the condition shown on the quantification on C.

B) Representative image of 3-catenin staining after 24h of BMP4 stimulation in mutant and
wild-type cells, with the corresponding expression of the mScarlet-NLS tag of the
overexpressing vector. Scale bar = 10 ym.

C) Quantification of the intensity profiles across junctions for the conditions in A and B. Six
profiles were quantified per image for a total of N = (21, 23, 49) for WT-0Oh, N = (34, 54)
for Y654F-0h and N = (7, 15, 22) for WT-24h, N = (65, 41) for Y654F-24h (same
samples as in Fig.1D for the 24h timepoint, different channel analyzed).

D) Quantification of files shown in B. B-catenin area was thresholded, masked with the
mScarlet-NLS StarDist-threshold and normalized to the total mScarlet-NLS area. N = (9,
22, 7) for WT and N= (65, 41) for Y654F cells (same samples as in Fig. 1D, different
channel analyzed). Unpaired two-tailed Student’s t-test was performed.

E) Schematic of model proposed for mutant x wild-type (3-catenin shuttling.
Fig.3 — Y654F mutation prevents EMT.

A) Schematic of RNA isolation for downstream gqPCR application, in which mixed shape
wild-type or Y654F mutant colonies were treated with BMP4 for 48h then directly lysed
and mRNA was harvested.

B) Relative expression levels of EMT genes — NCAM1, SNAI2, TWIST, in wild-type and
mutant B-catenin hESCs after 48h BMP4. Data represented as mean (black dashed line)
+/- standard deviation (colored full lines) and individual points plotted. N=3 to 4
independent experiments for each condition. One-way ANOVA test was performed.

C) Relative expression of DKK1 gene, a target of TWIST, is higher in wild-type compared to
mutant B-catenin hESCs after 48h BMP4. Data represented as mean (black dashed line)
+/- standard deviation (colored full lines) and individual points plotted. N =3 to 4
independent experiments for each condition. Unpaired two-tailed student’s T-test.

D) Relative expression of NOG gene, a BMP inhibitor, is not changed in wild-type and
mutant B-catenin hESCs after 48h BMP4. Data represented as mean (black dashed line)


https://doi.org/10.1101/2023.07.14.549074
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.14.549074; this version posted July 15, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

F)

Fig.4 —

available under aCC-BY-NC-ND 4.0 International license.

+/- standard deviation (colored full lines) and individual points plotted. N =3 to 4
independent experiments for each condition. Unpaired two-tailed student’s T-test
performed.

Representative images of mScarlet-NLS (3-catenin over-expressing vector expression, T-
mNeonGreen and Slug for each condition. Scale bar = 10 ym

Quantification of images in E). Area of Slug was thresholded using the Triangle auto-
threshold and masked with the mScarlet-NLS StarDist-generated threshold to create a
mask. Total area was then normalized to the total mScarlet-NLS area. Images were
taken from mixed colonies (7C, 6S, 7T) for WT, for a total of N= (52, 52, 53) individual
images for WT and (10C, 9S, 8T) for the Y654F mutant, for a total of N= (68, 121, 108)

images of the Y654F mutant. Unpaired two-tailed t-test was performed.

Mesoderm expression in Y654F mutant is rescued by GSK3b inhibition or Wnt3a

exogenous addition.

A)

Representative images of mScarlet-NLS expression (left), T-mNeonGreen (center) and
an average of the position of T-mNeonGreen cells in circle patterns for each condition
after 48h of differentiation with BMP4. Wnt3a 100 ng/ml and CHIR 2 ym were added
throughout differentiation of the mutant. Scale bar = 100 ym

Quantification of the data shown in A. T-mNeonGreen was thresholded with the StarDist
algorithm then masked with the overall shape of the mScarlet-NLS+ area (colony area)
and normalized to the total colony area. N = (11, 9, 12 ,10) for WT, N = (12, 8, 12, 10) for
Y654F control, N = (9, 10, 11) for CHIR treatment and N = (12, 12, 12, 5) for Wnt3a

treatment. Unpaired two-tailed one-way ANOVA was performed.

Supplemental information titles and legends

Sup.Fig1 - Mutant cell line Y654F B-catenin was created with two integrated constructs and

maintains pluripotency and proliferation.

A) Features of the constructs used for this study. IPTG-Inducible shRNA targeting CTNNB1

(gene encoding for B-catenin) contains an mTurg2 tag with a nuclear localization signal
(NLS) and three MYC tags constitutively expressed in cells infected with this construct.
Doxycycline (DOX)-inducible over-expressing Sleeping Beauty transposon vector
contains the sequence for either the wild-type CTNNB1 or Y654F mutated CTNNB1,
flanked by an mScarlet tag with a nuclear localization signal on the 5’ end and three Flag

tags on the 3’ end.
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B) Representative images showing fluorescent activated cell sorting (FACS) gating
strategy. After size gates, selected cells were sorted for high knockdown expression
(P4_mTurg2-NLS), medium high overexpressing vector (P5_mScarlet-NLS) and
negative expression of T-mNeonGreen (P7_Tneg).

C) Relative expression levels of pluripotency genes — Nanog, OCT3/4 — in wild-type and
mutant B-catenin hESCs prior to BMP4 stimulation. Data represented as mean (black
dashed line) +/- standard deviation (colored full lines) and individual points plotted. N = 2
(WT) or 3 (Y654F) independent experiments for each condition

D) Crystal Violet absorbance assay to assess proliferation of wild-type and mutant cell lines
(N=3 for both). Unpaired two-tailed Student’s t-test was performed on data.

E) Representative grayscale image of Cleaved-Caspase-3 staining (left) and m-Scarlet-
NLS (right) expression in wild-type and mutant colonies before the start of differentiation
(Oh). Scale bar = 100 ym

F) Quantification of the data displayed in E. The background of Cleaved-Caspase-3 images
was subtracted, then the images were thresholded and masked with the colony area and
normalized to the total colony area. N = (5, 6, 6) for WT, N = (7, 7, 8) for Y654F control.

Unpaired two-tailed Student’s t-test was performed.

Supp.Fig3 — pSMAD1/5 nuclear expression distribution after 2h of BMP4 differentiation is not

affected by this mutation.

A) Representative grayscale image of mScarlet-NLS (left) and p-SMAD1/5 (center)
expression in parental, wild-type and mutant colonies after 2h of BMP4 stimulation.
Average nuclear p-SMAD1/5 position image (right) was created averaging pSMAD1/5
images after threshold with the StarDist algorithm. N = (8,7,7,3) circle parental colonies,
N = (4,3,4) circle colonies for WT images and N= (4,4,3) circle colonies averaged for
mutant colonies.

B) Profile quantification of pPSMAD1/5 threshold. Pixel intensity of each pSMAD1/5
threshold image shown above was measured from the centroid to its edge. Plot displays
the average with a mean filter of 20 pixels (dark line) and 95% CI of N = (4,3,4) for WT
and N= (4,4,3) for mutant.

Supp.Fig4 — pSFK recruitment to B-catenin junctions during differentiation is not affected by this

mutation.

A) Representative images of B-catenin (left), pSFK (center) staining, and the merged image
of both (right) prior to the start of BMP4 differentiation.
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B) Representative images of B-catenin (left), pSFK (center) staining, and the merged image
of both (right) after 6h of BMP4 stimulation.

C) Quantification of data in A and B. Area of pSFK was thresholded using the Triangle auto-
threshold and masked with a B-catenin thresholded image. Masked pSFK was then
normalized to the total pSFK thresholded area. Images were taken from the corners of
mixed colonies for a total of N= (15, 32, 17) individual images for WT at Oh, N= (16, 16,
35) for WT after 6h of BMP4 stimulation, N= (19, 33) images of the Y654F mutant at Oh,
N = (24, 31) for the Y654F mutant after 6h of BMP4 stimulation.

D) Cartoon indicating that at 6h, SFKs are active and localized to the junctions in the corner
of these colonies, but only in WT cells can -catenin be phosphorylated at the Y654

residue, removed from the junction, and translocate to the nucleus.
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Tables with titles and legend

Table S1 — List of primers used in this study.

qPCR primers |Forward Reverse

hGAPDH CAGCCTCAAGATCATCAGCA |[TGTGGTCATGAGTCCTTCCA
hNANOG AGATGCCTCACACGGAGACT |AAGTGGGTTGTTTGCCTTTG
hOCT(4) AGTGAGAGGCAACCTGGAGA |ACACTCGGACCACATCCTTC
hBCAT GCCGGCTATTGTAGAAGCTG |GAGTCCCAAGGAGACCTTCC
hNCAM1 GATGACATCTCGGCCTTTGT |GATGACATCTCGGCCTTTGT
hSNAI2 TTGTGTTTGCAAGATCTGCGG |[TGCAAATGCTCTGTTGCAGT
hTWIST CTCGGTCTGGAGGATGGAG [TCCTTCTCTGGAAACAATGACA
hDKK1 CCTTGGATGGGTATTCCAGA |CCTGAGGCACAGTCTGATGA
hNOG GAAGCTGCGGAGGAAGTTAC [TACAGCACGGGGCAGAAT
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STAR Methods

Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit monoclonal anti-E- L _ ]
cadherin (24E10) Cell Signaling Technology Cat# 3195; RRID: AB_2291471
(RCa1b£;)(|;7rr)10noclonaI anti-Slug Cell Signaling Technology Cat# 9585; RRID: AB_ 2239535
Rabbit polyclonal anti-B-catenin- Sigma Cat# SAB4300586; RRID:
Y654 9 AB 10623284
(F{;f(?'&tsr;‘o”oc'ona' anti-B-catenin | oo\ signaling Technology Cat# 8480; RRID: AB_11127855
Mouse monoclonal anti-g- ECM Biosciences Cattt CM1181
catenin (M1181)
Rabbit monoclonal anti-phospho- . . ] )
Src Family (Tyr416) (D49G4) Cell Signaling Technology Cat# 6943; RRID: AB_10013641
Mouse monoclonal anti-Flag Sigma-Aldrich Cat#F3165; RRID: AB_259529

(M2)
DAPI Invitrogen Cat# D3571; RRID: AB 2307445
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Alexa Fluor 488 goat anti-mouse

Cat# ab150113; RRID:

I9G Abcam AB_2576208

Alexa Fluor 647 goat anti-mouse Ab Cat# ab150115; RRID:

I9G cam AB_2687948

Alexa Fluor 488 goat anti-rabbit Abcam Cat# ab150077; RRID:

IgG AB_2630356

Alexa Fluor 633 goat anti-rabbit Cat # ab175773; RRID:
Abcam AB_2920718

IgG

Bacterial and Virus Strains

pMD2.G envelope vector

Unpublished, Laboratory of
Didier Trono, Swiss Federal
Institute of Technology
Lausanne (EPFL)

Addgene plasmid# 12259; RRID:
Addgene_ 12259

psPAX2 packaging vector

Unpublished, Laboratory of
Didier Trono, Swiss Federal
Institute of Technology
Lausanne (EPFL)

Addgene plasmid# 12260; RRID:
Addgene 12260

pLKO U63xlaclO shRNA EEF1a
Cys Free mTurg2 NLS T2A
MYC3 lacl IRES NeoR

Custom-built IPTG inducible
shRNA vector

Jonathon Lakins; Modified from
25

pSB TetO7 mScarlet NLS T2A
CTNNB1 glyé FLAG3 SV40pA
rtTA Advanced P2A puro BGH

Custom-built over-expressing
Sleeping Beauty transposon
system

Johnathon Lakins; Modified from
Addgene plasmid # 60507;
RRID: Addgene 60507)

Chemicals, Peptides, and Recombinant Proteins

Cultrex Basement Membrane
Extract, Type 2, Pathclear (rBM;
Matrigel equivalent)

R&D Systems

Cat# 3532-005-02

Y-27632 dihydrochloride (ROCK

inhibitor) Tocris Cat# 1254
rar iad may " FGF-basic | peproTech Cat# 100-18B
Knockout Serum Replacement Gibco Cat#10828028
Essential 8 Media System Gibco Cat#A1517001
Recombinant human BMP-4 PeproTech Cat# 120-05ET
DMEM with high glucose, L-

glutamine, and sodium pyruvate | GenClone Cat#25-500
StemLine Il Hematopoietic Stem

Cell Expansion Medium Sigma-Aldrich Cat#S0192

Recombinant human Wnt3a
protein

Biotechne, R&D Systems

Cat#5036-WN

CHIR-99021

Millipore Sigma

Cat# 361571

EDTA (0.5 M), pH 8.0

Quality Biological

Cat#351-027-101

Bovine Serum Albumin (BSA)

Fisher

Cat#BP1600-1
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Antibiotic-antimycotic Gibco

Fetal Bovine Serum (FBS) Hyclone Cat#SH30071.031R25-40
L-glutamine (200mM) Gibco Cat#25030081

Trypsin-EDTA Gibco Cat#25200056

Opti-MEM™ | Reduced Serum

Medium Gibco Cat#31985070
fggfthy'e”imi”e’ branched Sigma Cat# 408719; CAS: 25987-06-8
Polybrene Infection /

Transfection Reagent Sigma-Aldrich Cat#TR-1003-G

G418 Sigma Tosrazs
Isopropyl-B-D-thiogalactoside Sigma Cat# 10724815001; CAS: 367-
(IPTG) 93-1

Puromycin dihydrochloride Sigma Cat#P8833

Doxycycline hyclate AlfaAesar Cat#J60579

SU-8 3050 negative photoresist

Kayaku Advanced Materials, Inc.

Cat# SU-8 3000

Norland Optical Adhesive 74

(NOA-74) Norland Products, Inc. Cat# NOA74
Polydimethylsiloxane (PDMS),

SYLGARD™ 184 Silicone Dow Cat# 4019862
Elastomer Kit

Silicone gel encapsulant part A

and B Dow Cat#52-276
Glass-bottomed dish CellVis Cat#D29-14-1-N

(3-aminopropyl) trimethoxysilane

(APTS) ThermoFisher, Acros Cat#313251000
1-ethyl-3-(3-dimethylamino-

propyl) carbodiimide (EDC) Chemplex Intl Inc. Cat#00050

200 proof ethanol Koptec Cat#Vv1001
Sodium Hydroxide (NaOH) Fisher Cat#S3181-1
Paraformaldehyde Sigma-Aldrich

Triton X-100 Sigma-Aldrich Cat#X100
Sodium chloride (NaCl) Fisher Cat#BP358-10
Tween-20 Sigma-Aldrich Cat#P1379
Sodium Phosphate Dibasic

Anhydrous (Na2HPO4) Fisher Cat# S374-500
Sodium phosphate, monobasic,

99%, anhydrous (NaH2P0O4) Fisher Cat# AC389872500
Sodium Azide Sigma-Aldrich Cat# 52002
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Goat serum Sigma-Aldrich Cat# G9023
Glycerol ThermoFisher Cat# J16374K2
M-MLV Reverse Transcriptase BioChain Cat# 25040002
Critical Commercial Assays

PerfeCTa SYBR Green FastMix | Quantabio Cat# 95072-05K

Quick-RNA Microprep Kit

Zymo Research

TRIzol

Invitrogen

Cat# 15596-018

Experimental Models: Cell Lines

Laboratory of Susan Fisher,

Human: H9 ES cell line University of California San N/A
Francisco
:;'n“ema”: T-mNeonGreen HI cell | 1 \1cie et al., Dev Cell, 2020 N/A
Human: shCTNNB1 T- . .
mNeonGreen H9 cell line This manuscript N/A
Human: shCTNNB1 + O/E WT
CTNNB1 T-mNeonGreen H9 cell | This manuscript N/A
line
Human: shCTNNB1 + O/E
Y654F CTNNB1 T-mNeonGreen | This manuscript N/A
H9 cell line
Human: Human embryonic Laboratory of Warren Pear, N/A
kidney (HEK) 293T cell line University of Pennsylvania
Oligonucleotides
Short hairpin for CTNNB1
knockdown:
F 5 _ TRCNO0000314920;
GCTTGGAATGAGACTGCTGA- | Broad Institute; The RNAi TRCNO000314921;
; . https://www.broadinstitute.org/rn
3 Consortium (TRC) ; . . .
ai-consortium/rnai-consortium-
R:5 — shrna-library
TCTAACCTCACTTGCAATAA —
3’
gPCR primers: See Table S1 Integrated DNA Technologies N/A
Random Hexamers Applied Biosystems Cat# N8080127

Software and Algorithms

FIJI (Imaged 1.52a or later,
running on Java 1.8.0_172 or
later)

Schindelin et al., 2012

https://imagej.net/Fiji

FTTC plugin for FIJI

Tseng et al., 2012

https://sites.google.com/site/qing
zongtseng/tfm
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Jython 2.7.2 Jython https://www.jython.org

PIV plugin for F1JI Tseng et al., 2012 https://snes.google.com/3|te/q|ng
zongtseng/piv

Prism 9 GraphPad ht_tps://www.gra.phpad.com/smen
tific-software/prism/

Python 3.8.5 Python https://www.python.org/

Image analysis scripts This manuscript https://github.com/nadiaayad/ima
geanalysis/tree/Y654F mutant

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Valerie M. Weaver (valerie.weaver@ucsf.edu).

Materials Availability

Modified plasmids are deposited on AddGene.

Data and Code Availability

The code generated during this study for data analysis is publicly available on GitHub:

https://github.com/nadiaayad/imageanalysis/tree/Y654F _mutant.
Experimental Models and Subject Details
Cell Lines

The parental cell lines for this study are human embryonic stem cells (H9, female) obtained as a
gift from the Laboratory of Susan Fisher at UCSF. T-mNeonGreen reporter cell lines were

generated as described in 1.

All cell lines were regularly maintained in feeder-free conditions on tissue culture plastic coated
with reconstituted basement membrane extract (rBM; Matrigel equivalent; R&D systems) DMEM
with high glucose, L-glutamine, and sodium pyruvate (GenClone). They were cultured in a 50%
complete Essential 8 (E8) media (Gibco) and 50% KnockOut™ Serum Replacement (KSR)
media mix (Gibco) with 10 ng/ml bFGF (PeproTech) and 1x antibiotic-antimycotic (Gibco),
referred to as hESCs growth media. Media was replaced every 24h and cells were passaged
every 3-4 days with 0.5 mM EDTA/2% BSA (Fisher) in PBS with 50% E8/50% KSR media
supplemented with 10 uM Y-27632 (ROCK inhibitor; TOCRIS). After 24h post-passaging, the
cells were replaced with 50% E8/50% KSR media without Y-27632.
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Human embryonic kidney (HEK) 293T cell lines were obtained as a gift from the Laboratory of
Warren Pear at University of Pennsylvania and used for transfection and production of
lentivirus. Maintenance media for HEK 293T cells was DMEM with high glucose, L-glutamine
and sodium pyruvate and supplemented with 10% fetal bovine serum (FBS; Hyclone), 4 mM L-
glutamine (Gibco) and 1x antibiotic-antimycotic. Upon reaching 75% confluency, cells were
passaged with 0.05% trypsin-EDTA (Gibco).

All cell lines were maintained in a humidified incubator at 37°C°/5% CO; and evaluated routinely

for mycoplasma contamination and confirmed to be negative.

Experiments involving hESCs were approved by the University of California San Francisco
Human Gamete, Embryo and Stem Cell Research Committee (UCSF GESCR) in the study
numbered 11-054309.

Generation of B-catenin knockdown cell line

A validated shRNA (TRCN0000003845 GCTTGGAATGAGACTGCTGAT, The RNA
Consortium; TRC) targeting human B-catenin was cloned into a custom modified version of the
TRC U6 inducible 3 x LacO vector pLI-913. The human EEF1a promoter replaced the hPGK
promoter in pLI-913 to drive expression of an IRES mediated polycistonic mMRNA consisting of
an upstream polyprotein of mTurg2 (SV40) NLS and myc3 tagged lacl repressor (SV40) NLS
separated by a T2A peptide and a downstream Neomycin phosphotransferase for selection with
G418 (Supl.Fig 1). Prior to transfection, HEK 293T cells were plated at a density of 0.8 x 106
cells in a 35 mm tissue culture plastic dish. Twenty-four hours later HEK 293T cells were
washed gently with PBS to remove serum and media was replaced with Opti-MEM media
(Gibco). For transfection, 0.33 ug of psPAX2 packaging vector (Addgene) with 0.16 ug pMD2.G
envelope vector (Addgene) and 0.55 ug shRNA vector, for a total of 1 ug of DNA, were mixed
with Opti-MEM media in a 100 ul volume for a 5-minute incubation at room temperature.
Parallelly, 3 ug of polyethylenimine (PEI; Sigma) was mixed in Opti-MEM media to a total
volume of 100 ul and incubated for 5-minutes at room temperature. Then, both solutions were
combined in a microcentrifuge tube and incubated or an additional 15-minutes at room
temperature before being mixed into the HEK 293T cells in the 35 mm dish incubated in Opti-
MEM media. After 6h post-transfection, media was replaced for normal HEK 293T growth media
supplemented with 200 uM IPTG.

Forty-eight hours post-transfection, viral supernatant was collected and centrifuged 2x at 500x

g, carefully collecting the supernatant and discarding the pellets both times to remove remaining
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detached 293T cells. Centrifuged supernatant was then supplemented with 4 ug/ml polybrene
(Sigma). T-mNeonGreen reporter cell lines cultured on rBM-coated tissue culture plastic were
immediately transduced with a 1:4 mix of the supernatant: hESCs growth media for 24h. Media
was then replaced with fresh hESCs growth media for an additional 24h, prior to selection with
200 pg/ml G-418 (Sigma). During maintenance culture of these cells, 200 ug/ml of G-418
(Sigma) was continuously added to the hESCs growth media to prevent loss of inducible
CTNNB1 knockdown. Knockdown of CTNNB1 was induced with 0.2 mM isopropyl-3-D-
thiogalactoside (IPTG; Sigma) during seeding on gels.

Generation of mutant and wild-type cell lines

The complete wild type human B-catenin coding sequence was obtained from the DNA plasmid
repository of Arizona State University (DNASU) (Clone HsCD00079878). Golden Gate
Assembly of PCR amplified fragments using the Type IIS restriction enzyme Esp3i was used to
simultaneously prepare silent mutations of the shRNA recognition sequence, introduce the
Y654F mutation and prepare a polyprotein with an upstream mScarlet (SV40) NLS separated
from B-catenin using a T2A peptide. Wild-type and Y654 mutants were cloned into sfil digested
pSBtet-Pur (Addgene plasmid # 60507; RRID:Addgene_60507) 2¢ adding a C-terminal 3xFlag
epitope tag and replacing the firefly luciferase gene (Supl.Fig 1).

Prior to transfection, CTNNB1 knockdown T reporter H9 were trypsinized from rBM-coated
tissue culture plastic, resuspended in DMEM with 10% FBS and recovered by centrifugation.
Pelleted cells were washed once in 0.5 ml of Electroporation Buffer (20 mM HEPES-10.5 mM
NaOH, 125 mM KCI, 2 mM MgCl;, 0.5% (w/v) Ficoll 400 pH 7.6) and recovered by centrifugation
in a 1.5 ml eppendorf. Pelleted cells (~20 ul) were resuspended in ~0.16 ml Electroporation
Buffer and combined with 10 ul of a 20X mix of ATP and reduced glutathione (20X stock is 40
mM ATP, 100 mM reduced glutathione in 1x Electroporation Buffer; pH adjusted to 7.6), 2.5 ug
of the transposase vector SB100x ¢ (Addgene plasmid #34879; RRID: Addgene_34879) and 5
Mg of CTNNB1 WT or Y654F Sleeping Beauty vector in 10 ul of ddH2O. The cell DNA
suspension was transferred to a 0.4 cm electroporation cuvette (Biorad) and electroporated by
exponential decay on a Biorad Gene Pulser Il using a capacitance of 500 uF and total voltage of
200 mV. After 5 minutes of post transfection incubation at room temperature, transfected cells
were recovered by resuspension in 1 ml DMEM with 10% FBS and centrifugation. Pelleted cells
were resuspended in hESC growth media supplemented with 10 ng/ml bFGF (PeproTech) and
10 uM Y27632 (Tocris) and replated on rBM coated 35mm plates. After 24 hours, media was

replaced for an additional 24 hours, prior to selection with 1 ug/ml puromycin for 4 days (Sigma).
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During maintenance culture of these cells, 200 pg/ml of G-418 (Sigma) and 1 pg/ml puromycin
(Sigma) was continuously added to the hESCs growth media to prevent loss of inducible
CTNNB1 knockdown and overexpressed CTNNB1. A pure population of cells expressing both
the knockdown and overexpressed CTNNB1 was obtained by transiently inducing the
overexpressed vector with 1 ug/ml doxycycline (AlfaAesar) for 3 hours and subsequently using
Flow Activated Cell Sorting (FACS) to purify it the next day, by gating for high mTurqg2
(knockdown vector) and medium-high mScarlet (overexpressing vector) expression, as
described in the main text. Single cells isolated by FACS were plated on rBM-coated tissue
culture plastic in hESC media 10 yM Y27632 (Tocris). Fresh hESC media with Y27632 and 200
Mg/ml of G-418 (Sigma) and 1 ug/ml puromycin (Sigma) was added every 24 hours until

colonies of undifferentiated hESCs were visualized.

Fabrication of Silicone Gels

In order to use a soft substrate that simulate physiological stiffness and also could be used in
high resolution microscopy, we used silicone (e.g. polydimethylsiloxane) gels of tunable
stiffness as described in ?° as a substrate in our studies. Briefly, we used 29 mm glass bottom
dishes (CellVis) designed for high resolution imaging and cleaned them with a 3N NaOH
solution (Fisher) for 20 minutes. Dishes were thoroughly washed 5x with distilled water, then
dried under a N2 (Airjet) air jet, to avoid any debris on the surface. We mixed the silicone gel
(DowsSil) at a 1:1 polymer A: crosslinker B ratio so that the final shear storage modulus would be
at 1.5 kPa. The uncured gel was then degassed in a vacuum chamber. Following degassing,
the 29 mm glass-bottomed dried dish was spin-coated (VTC-100 from MTI Corporation with an
AP-1400C/V AutoBo Elec. Technology Limited vacuum pump) at a 10sec/1000rpm and 60
sec/7500 rpm program with 100 pl of the gel on its center and then baked at 80°C for 2h.

Silicone gels for traction force microscopy were generated similarly but with the addition of
custom-synthesized PMMA far-red beads as described in 6768 in a 1:100 ratio in the uncured

mixed gel.

Patterning of Silicone Gels

Stencils were generated as described in . Briefly, polydimethylsiloxane (PDMS; Dow) stamps
with designed geometric patterns were fabricated on custom silicon wafers generated using
negative photoresist (SU-8; Kayaku Advanced Materials Inc.). Stencils were created by placing
the PDMS stamps on a flat slab of PDMS and then wicking a UV-curable adhesive NOA-74

between the stamp and slab, forming a stamp/glue/slab “sandwich”. In order to cure the


https://doi.org/10.1101/2023.07.14.549074
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.14.549074; this version posted July 15, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

adhesive, the "sandwich” was placed on a medium wavelength UV source (Spectroline EN-180,
306 nm peak) for 5 min with the stamp on the top position, then the “sandwich” was turned, so
that the slab could be in the top position, for an additional 5 min UV-exposure, to ensure full

curing of the adhesive.

Next, stencils were placed on the cured silicone gel substrates gently as to not disturb the
surface of the gel but ensuring that there are no gaps between the stencil and gel. To conjugate
ECM proteins to the surface in a pattern, gels with stencils were incubated with 95% ethanol
(Koptec) and 0.5% (3-aminopropyl) trimethoxysilane (APTS; Sigma-Aldrich) for 10 min. At this
point, dishes were taken to a sterile cell-culture hood, then sprayed with 70% ethanol. Solution
was then aspirated, and gels were washed with PBS 3x. A solution with 100 pg/I of 1-ethyl-3-(3-
dimethylamino-propyl) carbodiimide (EDC, TCI America) was mixed with rBM in PBS and
placed on the gels and left at 4°C/overnight or at 37°C/1h.

Following the conjugation of ECM, gels were then washed with PBS 3x to remove remaining
unconjugated rBM. Using sterile, autoclaved forceps, stencils were gently removed, making
sure that surrounding gel was not disturbed. At this point, gels could be stored for 1 week at 4°C

or immediately used for cell seeding.

Plating hESCs on patterned silicone gels

Cells were passaged by washing the hESCs cultured on rBM-coated plastic 3x with DMEM,
then incubating the cells with 0.05% trypsin-EDTA supplemented with 10 yM Y-27632 for 5 min
at 37°C. Trypsin was quenched by adding the same volume of hESCs growth media
supplemented with 10 uM Y-27632 to the dish. Cells were centrifuged and resuspended in
hESCs growth media supplemented with 10 uM Y-27632 and counted using a hemocytometer.
Patterned hESCs colonies were obtained by placing 150,000 cells on the patterned silicone
gels, making sure that the cells only cover the glass bottomed well (about 400 pl), without
spillage to the plastic part. For the shCTNNB1 +/- WT or Y654F overexpression vector cell line
experiments, 0.2 mM IPTG was added to the media upon seeding and maintained throughout
the course of the experiment. The next day the media was changed to hESCs growth media
without Y-27632. The following day, the media was changed to hESCs growth media only and
with 1 pg/ml doxycycline (DOX; AlfaAesar) overnight for experiments with the induction of the

over-expressing vector WT or Y654F B-catenin.
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BMP4 Differentiation

Differentiation was induced by replacing the hESCs growth media with StemLine Il
Hematopoietic Stem Cell Expansion Medium (Sigma) supplemented with 10 ng/ml bFGF
(PeproTech) and 50 ng/ml BMP4 (PeproTech), thereafter called differentiation media. For cell
lines with knockdown only of shCTNNB1, 0.2 mM of IPTG was added and for cell lines with
knockdown and over-expression of B-catenin, 0.2 mM of IPTG and 1 ug/ml DOX was added to
the differentiation media. For Wnt induction experiments on Y654F mutant cell line, either 100
ng/ml recombinant human Wnt3a protein (BioTechne, R&D Systems) or 3 yM CHIR-99021
(Millipore) was added to the differentiation media along with 0.2 mM IPTG and 1 ug/ml DOX.

Time-Lapse Imaqging

Glass-bottomed 29 mm dishes with hESCs patterned colonies were placed in a 6-well plate with
the bottom cut-out and placed on a custom-built stage mount. The stage mount was sealed,
placed on a motorized positioning stage (Prior Scientific HLD 117) attached to a Nikon Elipse
TE200 U (Nikon) inverted epifluorescent microscope and infused with a flow of mixed 5% CO.,
95% air (Airgas) to maintain the pH of the differentiation media. The stage, condenser and
objectives were all encased in Plexiglass wherein a forced air temperature feedback control (in
vivo Scientific) maintained the temperature of the box at 37°C. Images were captured using a
10x objective (Plan Apo NA 0.45) at specific timepoints, usually every hour during
differentiation. Auto-focus on either the far-red beads or the mScarlet-NLS channel was done
with the NIS Elements (Nikon) software at every timepoint, using a two-step protocol: first step
finding the focus in 3 steps in a 100 um range, then finding the best focus in 5 steps within a 30

um range.

Immunofluorescence staining and imaging.

For fixation, media was removed from colonies on patterned silicone gels and 4%

paraformaldehyde (PFA; Sigma) was added at room temperature for 20 min.

Samples destined for B-catenin Y654 staining were briefly washed with a solution warmed to
90°C of 0.03% Triton-X 100 (Sigma), 0.4% NaCl (Fisher), referred to as “TNS” solution, and
shook vigorously for 30 seconds to remove cytosolic B-catenin, but maintain junctional 3-
catenin, as described on 9. Samples were then transferred to ice and ice-cold TNS was
immediately added to rapidly cool each sample. TNS was removed and replaced with 4% PFA

for a 20 min fixation at room temperature.


https://doi.org/10.1101/2023.07.14.549074
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.14.549074; this version posted July 15, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

All fixed samples were washed 3x 10 min with PBS and blocked and permeabilized at room
temperature for 2h with a solution termed “IF buffer” which contains 0.1% bovine serum albumin
(Fisher), 0.2% Triton-X 100 (Sigma), 0.05% Tween-20 (Sigma), 130 mM NacCl (Fisher), 13 mM
NaxHPO, (Fisher), 3.5 mM NaH2PO4 (Fisher), and 0.05% sodium azide (Sigma), supplemented

with 4% goat serum (Sigma).

Primary antibodies were diluted in IF Buffer with 4% goat serum at 4°C with gentle rocking. The
following day, samples were washed 3x for 10 minutes each with IF Buffer, then incubated with
secondary antibodies diluted in IF Buffer with 4% goat serum for 2h at room temperature with
gentle shaking. Then, samples were washed 3 x 10 minutes each with IF Buffer, then either
imaged directly to obtain images of cells that had the shCTNNB1 mTurg2-NLS marker or
directly incubated with 0.5 pug/ml DAPI (Invitrogen) in PBS for 5 min. DAPI incubated samples
were washed 3x with PBS, then a solution of PBS and 50% glycerol (ThermoFisher) was added

to the samples before imaging.

Epifluorescent images were captured on a Nikon Eclipse TE200 U (Nikon) inverted microscope
with a 10x objective (Plan Apo NA 0.45) and an ORCA Flash 4.0LT CMOS camera
(Hamamatsu). Confocal images were captured either using a Nikon Eclipse Ti inverted
microscope (Nikon) equipped with a 60x objective, a CSU-X1 spinning disk confocal scanner
(Yokogawa), and a Zyla sCMOS camera (Andor) or a Nikon CSU-W1 SoRa Spinning Disk
Microscope (Nikon) equipped with a 20x (NA 0.75 — WD 1mm) or 60x (NA 1.49 — WD 0.12mm)
objective, ORCA-FusionBT camera (Hamamatsu) in the Biological Imaging Development Center
— UCSF.

Primary antibodies used were: anti-E-cadherin (RRID: AB_2291471, CST, 1:200), anti-Flag
(RRID: AB_259529, Sigma, 1:500), anti-Slug (RRID: AB_2239535, CST, 1:400), anti-B-catenin-
Y654 (RRID: AB_10623284, Sigma, 1:50), anti-B-catenin (RRID: AB_11127855, CST, rabbit,
1:200), anti-B-catenin (ECM Biosciences, mouse, 1:250), anti-phospho-Src Family (RRID:
AB_10013641, CST, 1:100).

Secondary antibodies used were Alexa Fluor 488 goat anti-mouse IgG (RRID: AB_2576208,
Abcam, 1:250), Alexa Fluor 647 goat anti-mouse IgG (AB_2687948, Abcam, 1:250), Alexa Fluor
488 goat anti-rabbit IgG (RRID: AB_2630356, Abcam, 1:250), Alexa Fluor 633 goat anti-rabbit
IgG (AB_2920718, Abcam, 1:250).
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Image analysis

Images were analyzed in Fiji 8 using custom made scripts and using python scripts.

Quantitative PCR (qPCR)

Total RNA was isolated from full colonies of hESCs on silicone gels or on tissue culture plastic
as indicated in the main text and figure captions using either the TRIzol (Invitrogen)

manufacturer protocol or Quick-RNA Microprep Kit (Zymo Research) with no difference in yield.

RNA was used to synthesize cDNA using M-MLV Reverse Transcriptase (BioChain) and
random hexamers (Applied Biosystems) as primers. gPCR was performed with technical
duplicates from 10ng of RNA per reaction using PerfeCTa SYBR Green FastMix (Quantabio) on
a Mastercycler RealPlex? detection system (Eppendorf). All reactions for gPCR were performed
using the following conditions: 95 °C for 30 s followed by 40 cycles of a three-step reaction of
denaturation at 95 °C for 10 s, annealing at 65 °C for 10 s, and further annealing at 68 °C for
20 s to reduce the likelihood of non-specific products, with reads taken at the end of each 68 °C
step. At the end of each reaction, melting curves were generated to validate the quality of
amplified products using the following conditions: 95 °C for 15 s, 60 °C for 15 s, ramp to 95 °C
in 10 min. The mean Ct values from duplicates were used to calculate the ACt values relative to
GAPDH expression. The means of the ACt values from independent experiments were used to
calculate mean fold change of expression using the 2-22¢t method and data is reported as log2
of this resulting outcome. For each gene evaluated, the ACt values were used to perform
statistical analysis between groups. Plots of gPCR data display individual points, representing
each experimental replicate relative to the mean, and mean +/- standard deviation in a log2

scale. All primers used in this study are listed in Table S1.

Quantification and Statistical Analysis

Quantification in this study was performed with custom Fiji 8 scripts or separate python scripts
on Jupyter and statistical analysis tests used in this study were generated on GraphPad Prism
or with a custom python script. All replicate numbers and tests chosen are reported in figure

legends, and all p-values are displayed in graphs.

In brief, nuclear images were thresholded with the StarDist algorithm?° plugin in Fiji ¢ with a
custom script. Other images were thresholded with the auto-threshold function in Fiji, and the
method used was written on Figure legends. For graphs generated on GraphPad Prism, data
was plotted in a violin plot, where dashes represent quartiles and individual datapoints are

displayed, with color shading separating different experimental replicates.
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The profile of circular images was created with a custom script that first averaged all available
circular images for each condition, then collected the averaged pixel values at the same
distance from the centroid. A mean filter of 30 pixels was used to create the line that represents
the mean intensity value of pixels at the same distance from centroid. Shading indicates the

95% confidence value of values for each distance from centroid.
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Fig.1 — Phosphorylation of Y654 B-catenin is mechanically activated and Y654F mutation

prevents differentiation of T.

A)
B)

C)

D)

F)

G)

Schematic of cell culture strategy for the differentiation of cells in this study.
Average traction force distribution for wild-type and mutant circular colonies before
the start of differentiation in circular colonies, with arrows indicating the direction and
magnitude of the traction stress (color-coded for magnitude). N = 13 in Y654F and N
=10 for WT colonies for 2 independent experiments.

Profile of average traction stresses for WT and Y654F circular colonies in D
displaying mean (dark line) and 95% confidence intervals (shaded).

Average intensity of phospho-Y654 (3-catenin antibody in wild-type (WT) and mutant
(Y654F) cells prior to the start of differentiation in the corner of triangle-shaped
colonies. Scale bar = 10 um

Quantification of individual files of B. Images of phoshpho-Y654 B-catenin antibody
were masked with the corresponding B-catenin image, then resulting area was
normalized to the total B-catenin area. N= (8, 11) for WT and N = (35, 27, 31) for
Y654F images. Unpaired two-tailed t-test was performed in data.

Representative images of Y654F vs. WT cells after 24h of differentiation with BMP4,
showcasing on the far left the expression of the T-mNeonGreen reporter. Inset
shows a zoomed-in area of T-mNeonGreen (center-left), the corresponding
expression of the mScarlet-NLS overexpressing vector (center-right) and the DAPI
staining. Scale bar = 10 ym.

Quantification of files shown in F. T+ area was thresholded with the StarDist
algorithm, masked with the mScarlet-NLS StarDist-threshold and normalized to the
total mScarlet-NLS area. N = (9, 22, 7) for WT and N= (65, 41) for Y654F cells.

Unpaired two-tailed t-test was performed in data .
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Fig.2 — Y654F mutation maintains B-catenin at the junctions and prevent its translocation

to the nucleus.

A) Representative image of 3-catenin staining prior to differentiation in mutant and wild-type
cells, with the corresponding expression of the mScarlet-NLS tag of the overexpressing
vector. Scale bar = 10 ym. Colored dashes represent examples of areas where the
intensity profile was measured across 30 pixels, with the center in the junction, with each
color representing the condition shown on the quantification on C.

B) Representative image of B-catenin staining after 24h of BMP4 stimulation in mutant and
wild-type cells, with the corresponding expression of the mScarlet-NLS tag of the
overexpressing vector. Scale bar = 10 ym.

C) Quantification of the intensity profiles across junctions for the conditions in A and B. Six
profiles were quantified per image for a total of N = (21, 23, 49) for WT-0Oh, N = (34, 54)
for Y654F-0h and N = (7, 15, 22) for WT-24h, N = (65, 41) for Y654F-24h (same
samples as in Fig.1D for the 24h timepoint, different channel analyzed).

D) Quantification of files shown in B. B-catenin area was thresholded, masked with the
mScarlet-NLS StarDist-threshold and normalized to the total mScarlet-NLS area. N = (9,
22, 7) for WT and N= (65, 41) for Y654F cells (same samples as in Fig. 1D, different
channel analyzed). Unpaired two-tailed Student’s t-test was performed .

E) Schematic of model proposed for mutant x wild-type p-catenin shuttling.
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Fig.3 — Y654F mutation prevents EMT.

A) Schematic of RNA isolation for downstream gPCR application, in which mixed shape
wild-type or Y654F mutant colonies were treated with BMP4 for 48h then directly lysed
and mRNA was harvested.

B) Relative expression levels of EMT genes — NCAM1, SNAI2, TWIST, in wild-type and
mutant B-catenin hESCs after 48h BMP4. Data represented as mean (black dashed line)
+/- standard deviation (colored full lines) and individual points plotted. N =3 to 4
independent experiments for each condition. One-way ANOVA test was performed, and

p-values are displayed in graph.
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Relative expression of DKK1 gene, a target of TWIST, is higher in wild-type compared to
mutant B-catenin hESCs after 48h BMP4. Data represented as mean (black dashed line)
+/- standard deviation (colored full lines) and individual points plotted. N =3 to 4
independent experiments for each condition. Unpaired two-tailed student’s T-test
performed, and p-value displayed in graph.

Relative expression of NOG gene, a BMP inhibitor, is not changed in wild-type and
mutant B-catenin hESCs after 48h BMP4. Data represented as mean (black dashed line)
+/- standard deviation (colored full lines) and individual points plotted. N=3 to 4
independent experiments for each condition. Unpaired two-tailed student’s T-test
performed, and p-value displayed in graph.

Representative images of mScarlet-NLS (3-catenin over-expressing vector expression, T-
mNeonGreen and Slug for each condition. Scale bar = 10 ym

Quantification of images in E). Area of Slug was thresholded using the Triangle auto-
threshold and masked with the mScarlet-NLS StarDist-generated threshold to create a
mask. Total area was then normalized to the total mScarlet-NLS area. Images were
taken from mixed colonies (7C, 6S, 7T) for WT, for a total of N= (52, 52, 53) individual
images for WT and (10C, 9S, 8T) for the Y654F mutant, for a total of N= (68, 121, 108)

images of the Y654F mutant. Unpaired two-tailed t-test was performed.
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Fig.4 — Mesoderm expression in Y654F mutant is rescued by GSK3b inhibition or Wnt3a
exogenous addition.

A) Representative images of mScarlet-NLS expression (left), T-mNeonGreen (center) and
an average of the position of T-mNeonGreen cells in circle patterns for each condition
after 48h of differentiation with BMP4. Wnt3a 100 ng/ml and CHIR 2 ym were added
throughout differentiation of the mutant. Scale bar = 100 um
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B) Quantification of the data shown in A. T-mNeonGreen was thresholded with the StarDist
algorithm then masked with the overall shape of the mScarlet-NLS+ area (colony area)
and normalized to the total colony area. N = (11, 9, 12 ,10) for WT, N = (12, 8, 12, 10) for
Y654F control, N = (9, 10, 11) for CHIR treatment and N = (12, 12, 12, 5) for Wnt3a
treatment. Unpaired two-tailed one-way ANOVA was performed, and p-values displayed

in the graph.
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Sup.Fig1 - Mutant cell line Y654F B-catenin was created with two integrated constructs

and maintains pluripotency and proliferation.

A) Features of the constructs used for this study. IPTG-Inducible shRNA targeting CTNNB1
(gene encoding for B-catenin) contains an mTurg2 tag with a nuclear localization signal
(NLS) and three MYC tags constitutively expressed in cells infected with this construct.
Doxycycline (DOX)-inducible over-expressing Sleeping Beauty transposon vector
contains the sequence for either the wild-type CTNNB1 or Y654F mutated CTNNB1,
flanked by an mScarlet tag with a nuclear localization signal on the 5’ end and three Flag
tags on the 3’ end.

B) Representative images showing fluorescent activated cell sorting (FACS) gating
strategy. After size gates, selected cells were sorted for high knockdown expression
(P4_mTurg2-NLS), medium high overexpressing vector (P5_mScarlet-NLS) and
negative expression of T-mNeonGreen (P7_Tneg).

C) Relative expression levels of pluripotency genes — Nanog, OCT3/4 — in wild-type and
mutant B-catenin hESCs prior to BMP4 stimulation. Data represented as mean (black
dashed line) +/- standard deviation (colored full lines) and individual points plotted. N = 2
(WT) or 3 (Y654F) independent experiments for each condition

D) Crystal Violet absorbance assay to assess proliferation of wild-type and mutant cell lines
(N=3 for both). Unpaired two-tailed Student’s t-test was performed on data.

E) Representative grayscale image of Cleaved-Caspase-3 staining (left) and m-Scarlet-
NLS (right) expression in wild-type and mutant colonies before the start of differentiation
(Oh). Scale bar = 100 um

F) Quantification of the data displayed in E. The background of Cleaved-Caspase-3 images
was subtracted, then the images were thresholded and masked with the colony area and
normalized to the total colony area. N = (5, 6, 6) for WT, N = (7, 7, 8) for Y654F control.

Unpaired two-tailed Student’s t-test was performed.
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Supp.Fig2 — B-catenin is normally expressed at adherens junctions in wild-type and

mutant cell lines.

A) Relative expression levels of CTNNB1 in parental, wild-type and mutant B-catenin
hESCs prior to BMP4 stimulation. Data represented as mean (black dashed line) +/-
standard deviation (colored full lines) and individual points plotted. N = 3 (Parental), 2
(WT) or 3 (Y654F) independent experiments for each condition

B) Representative images of colonies of hESCs plated according to Fig.1A prior to
differentiation with and without DOX overnight induction. mScarlet-NLS on the center
indicates cells expressing the DOX-induced construct, while right panels show B-catenin
resulting expression, with the left panel indicating DAPI nuclear signal. Scale bar = 50
um

C) Quantification of the data in B, where loss of $-catenin intensity with the knockdown only
(+IPTG-DOX) was quantified against the knockdown + overexpression strategy for wild-
type and mutant. Each datapoint represent the intensity of the B-catenin signal in a
colony normalized to the overall DAPI signal. Number of images is N = (1,11,5) for WT
+-, N = (11,7) for Y654F +-, N = (3,10,12) for WT ++, N = 12,10,7) for Y654F ++.
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Supp.Fig3 — pSMAD1/5 nuclear expression distribution after 2h of BMP4 differentiation is

not affected by this mutation.

A) Representative grayscale image of mScarlet-NLS (left) and p-SMAD1/5 (center)
expression in parental, wild-type and mutant colonies after 2h of BMP4 stimulation.
Average nuclear p-SMAD1/5 position image (right) was created averaging pSMAD1/5
images after threshold with the StarDist algorithm. N = (8,7,7,3) circle parental colonies,
N = (4,3,4) circle colonies for WT images and N= (4,4,3) circle colonies averaged for
mutant colonies.

B) Profile quantification of pSMAD1/5 threshold. Pixel intensity of each pSMAD1/5
threshold image shown above was measured from the centroid to its edge. Plot displays
the average with a mean filter of 20 pixels (dark line) and 95% CI of N = (4,3,4) for WT
and N= (4,4,3) for mutant.
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Supp.Fig4 — pSFK recruitment to B-catenin junctions during differentiation is not affected

by this mutation.
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E) Representative images of B-catenin (left), pSFK (center) staining, and the merged image
of both (right) prior to the start of BMP4 differentiation.

F) Representative images of B-catenin (left), pSFK (center) staining, and the merged image
of both (right) after 6h of BMP4 stimulation.

G) Quantification of data in A and B. Area of pSFK was thresholded using the Triangle auto-
threshold and masked with a B-catenin thresholded image. Masked pSFK was then
normalized to the total pSFK thresholded area. Images were taken from the corners of
mixed colonies for a total of N= (15, 32, 17) individual images for WT at Oh, N= (16, 16,
35) for WT after 6h of BMP4 stimulation, N= (19, 33) images of the Y654F mutant at Oh,
N = (24, 31) for the Y654F mutant after 6h of BMP4 stimulation.

H) Cartoon indicating that at 6h, SFKs are active and localized to the junctions in the corner
of these colonies, but only in WT cells can -catenin be phosphorylated at the Y654

residue, removed from the junction, and translocate to the nucleus.
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