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Summary

SnoN regulates multiple signaling pathways including TGFp/Smad and p53 and displays both pro-
oncogenic and anti-oncogenic activities in human cancer. We have observed previously that both
its intracellular localization and expression levels are sensitive to cell density, suggesting that it
may crosstalk to Hippo signaling. Here we report that indeed SnoN interacts with multiple
components of the Hippo pathway to inhibit the binding of Lats2 to TAZ and the subsequent
phosphorylation of TAZ, leading to TAZ stabilization. Consistently, SnoN enhances the
transcriptional and oncogenic activities of TAZ, and reducing SnoN decreases TAZ expression as
well as malignant progression of breast cancer cells. Interestingly, SnoN itself is downregulated by
Lats2 that is activated by the Scribble basolateral polarity protein. Thus, SnoN is a critical
component of the Hippo regulatory network that receives signals from the tissue architecture and
polarity to coordinate the activity of intracellular signaling pathways.

Keywords
SnoN; Hippo; TAZ; Scribble; cell polarity; breast cancer; EMT

"To whom correspondence should be addressed: Department of Molecular Cell Biology, University of California, 16 Barker Hall,
MC3204, Berkeley, CA 94720, kluo@berkeley.edu, Tel: 1-510-643-3183; Fax: 1-510-642-7038.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Author Contributions

Q. Z. and K. L. designed the research and wrote the paper. K. L. supervised data analysis; Q. Z. performed research and analyzed data;
E.L.S. generated most of the MCF10A cell lines and performed luciferase assays and pulse chase assays; N. J. performed part of the

3D Morphogenesis assays; X. J. and A. X. performed /n vivo xenograft assays.
The authors declare no conflicts of interest and no competing financial interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al. Page 2

Introduction

SnoN was discovered as a proto-oncoprotein based on its close homology to v-Ski, the
transforming protein of the Sloan—Kettering virus and its cellular homolog c-Ski (Givol et
al., 1995, Nomura et al., 1989, Boyer et al., 1993, Pearson-White, 1993, Pearson-White and
Crittenden, 1997). In mammals, SnoN is expressed ubiquitously in embryos and adult
tissues (Deheuninck and Luo, 2009, Jahchan and Luo, 2010, Zhu and Luo, 2012). It is
essential for embryonic angiogenesis and regulates mammary gland alveologenesis and
onset of lactation in adult animals (Zhu et al., 2013, Jahchan et al., 2012). Deregulation of
SnoN activity results in premature ageing and cellular transformation (Pan et al., 2012, Pan
et al., 2009). SnoN possesses both pro-oncogenic and anti-oncogenic activities in
mammalian tumorigenesis. Supporting its role as an oncogene, the human snoN gene is
located within the 3g26 amplicon that is frequently amplified in many cancer types, and its
expression is elevated in many human cancer cell lines and some tissues (Jahchan and Luo,
2010, Deheuninck and Luo, 2009, Zhu and Luo, 2012). In agreement with this,
overexpression of SnoN in the mouse mammary gland accelerates the formation of
aggressive multi-focal adenocarcinomas and pulmonary metastasis induced by the Polyoma
middle T antigen (Jahchan et al., 2010). Interestingly, while reducing SnoN expression by
shRNA in human lung or breast cancer cells inhibits tumor growth both /n vitro and /n vivo,
it enhances epithelial to mesenchymal transition (EMT) of lung and breast cancer cells /n
vitro and tumor metastasis /17 vivo, indicating that SnoN may also possess an anti-oncogenic
activity (Zhu et al., 2007). Indeed, in some human cancer tissues, SnoN expression is
downregulated as cancer becomes more malignant (Jahchan et al., 2013). Consistent with
these, overexpression of SnoN inhibits oncogene-induced transformation of primary mouse
embryonic fibroblasts (MEF) by activating a p53- and PML-dependent premature
senescence pathway, and mice expressing a high level of SnoN are resistant to papilloma
development in a two-step skin carcinogenesis model and display senescence /in vivo (Pan et
al., 2009).

SnoN has been shown to regulate the activity of several important signaling pathways. SnoN
interacts with Smad2, Smad3 and Smad4 and represses their ability to activate TGFf
responsive genes through disrupting the functional heteromeric Smad complexes, recruiting
a transcription co-repressor complex and blocking the binding of transcriptional co-
activators to the Smads (Stroschein et al., 1999, Sun, 1999, Wu et al., 2002, He et al., 2003).
SnoN has also been reported to interact with and activate p53 in the PML nuclear bodies in
response to various cellular stress signals, leading to premature senescence and inhibition of
tumorigenesis (Pan et al., 2009, Pan et al., 2012). In addition, SnoN stabilizes STATS5 in the
mammary gland to enhance prolactin signaling, enabling onset of lactation (Jahchan et al.,
2012) and promotes BMP9/10-induced activation of Smad1/5 through facilitating ALK1
activation in endothelial cells (Zhu et al., 2013). Of these activities, the ability of SnoN to
antagonize the growth inhibitory pathway of TGF/Smad signaling may account for its pro-
oncogenic activity and its ability to promote p53 activation may contribute to its anti-
oncogenic activity (Zhu and Luo, 2012, Jahchan and Luo, 2010).

The expression and localization of SnoN in mammalian cells are tightly controlled and can
be altered during malignant progression (Krakowski et al., 2005, Jahchan et al., 2013,
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Villanacci et al., 2008, Chia et al., 2006). SnoN expression is upregulated at the level of
transcriptional activation in response to a variety of stimuli including TGF and cellular
stress signals, and downregulated via the ubiquitin- and proteasome-dependent degradation
pathway through the action of several E3 ligases including anaphase promoting complex,
Smurf2 and Arkadia (Jahchan et al., 2012, Deheuninck and Luo, 2009, Luo, 2004, Zhu and
Luo, 2012)Although originally identified as a nuclear protein, SnoN is later found to localize
predominantly in the cytoplasm in non-malignant epithelial tissues and cells, but become
nuclear in highly malignant tissues (Krakowski et al., 2005). During the investigation of
mechanisms underlying the alteration of SnoN localization, we discovered that cell density
played a critical role in this regulation, suggesting the possible involvement of the Hippo
pathway.

The Hippo pathway is an evolutionarily conserved signaling pathway that senses cell
density, polarity and adhesion information as well as a variety of signals from the
extracellular environment to regulate cell proliferation and growth, survival, differentiation
and stem cell self-renewal (Yu and Guan, 2013, Pan, 2010, Schroeder and Halder, 2012). In
mammals, the Hippo core kinase cassette consists of two serine/threonine kinases Mst1 or
Mst2 and Latsl or Lats2 and two adapter proteins Sav and Mob. In response to upstream
signals, Mst complexes with Sav to phosphorylate and activate Lats, which in association
with Mob, phosphorylates the key transcription factors TAZ and YAP (Zhao et al., 2007, Ota
and Sasaki, 2008, Hao et al., 2008, Dong et al., 2007, Lei et al., 2008). TAZ and YAP are
transcription factors that when recruited to target promoters through binding to the DNA-
binding cofactor TEAD (Vassilev et al., 2001), induce transcription programs that regulate
cell proliferation, survival, differentiation, EMT and cancer stem cell expansion (Ota and
Sasaki, 2008, Zhang et al., 2009, Zhang et al., 2008, Zhao et al., 2008, Cordenonsi et al.,
2011, Lian et al., 2010). When phosphorylated by Lats, TAZ and YAP are sequestered in the
cytoplasm and/or degraded, resulting in the inhibition of their target gene expression (Yu and
Guan, 2013). TAZ and YAP are well-known oncogenes whose expression is elevated in
many types of human cancer (Harvey et al., 2013). In particular, TAZ is highly upregulated
in invasive human breast cancer cell lines and in over 20% of breast cancer tissues (Chan et
al., 2008). High levels of TAZ correlate with breast tumors of higher histological grade and
increased invasiveness as well as expanded cancer stem cell compartment (Cordenonsi et al.,
2011). Furthermore, overexpression of TAZ, especially the constitutively active TAZS89A,
in breast cancer cells promotes EMT, cancer stem cell self-renewal and tumor invasion
(Cordenonsi et al., 2011).

In this study, we uncovered SnoN as a regulator of the Hippo pathway. We showed that
SnoN enhanced the stability of TAZ in a Lats2-dependent manner to promote oncogenic
transformation and EMT in mammary epithelial cells and tumor growth /n vivo. The
expression levels and subcellular localization of SnoN in mammary epithelial cells are also
tightly regulated by the Hippo kinases that are activated by the Scribble polarity protein. Our
study thus has uncovered a regulatory loop for SnoN and Hippo signaling that may play
important roles in breast cancer development.
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Result

The expression and localization of SnoN are regulated by cell density

We have reported previously that SnoN exhibits predominantly cytoplasmic localization in
nonmalignant mammary tissues but is nuclear in some malignant tissues and cell lines
(Krakowski et al., 2005). In the process of investigating the differential intracellular
localization of SnoN, we noticed that SnoN localization was highly sensitive to cell density:
it exhibited predominantly nuclear localization at the low density but became largely
cytoplasmic at a high cell density (Figure 1A). More importantly, the overall intensity of
SnoN stain at the high density was much weaker than that at the low density, suggesting that
the expression level of SnoN may also be subjected to regulation by cell density. Indeed,
Western blotting analysis confirmed that SnoN abundance decreased dramatically with the
increase in culture density (Figure 1B). This change in localization in response to cell
density is reminiscent of the behavior of TAZ and YAP, that also display nuclear localization
at the low density but become largely cytoplasmic at the high cell density [(Zhao et al.,
2007) and Figure 1A]. In addition, the expression level of TAZ, but not YAP, was also
reduced with the increase in cell density, showing an interesting correlation with SnoN
expression (Figure 1B). In contrast, the abundance of Ski, a SnoN homolog, did not change
with increase in cell density (Figure S1). Interestingly, the localization and expression level
of a mutant SnoN defective in Smad binding (mSnoN) (Zhu et al., 2007, He et al., 2003) was
also regulated by cell density (Figure 1C&D), similar to WT SnoN, suggesting that this
regulation is likely to be independent of the ability of SnoN to regulate the Smad proteins.

SnoN regulates TAZ levels in epithelial cell lines and in mammary tissue in vivo

The correlation between SnoN and TAZ expression has also been found /7 vivo. In the
mouse mammary gland, SnoN expression is sharply elevated at late pregnancy, and this high
level of SnoN is required for alveologenesis (Jahchan et al., 2012). We found that in the WT
mammary gland during late pregnancy (day 18.5), TAZ was expressed at a much higher
level than YAP, which was barely detectable (Figure 2A, left). Interestingly, in SnoN~/~
glands, TAZ expression was markedly diminished (Figure 2A&B). Thus, SnoN appears to
regulate TAZ expression in the mammary epithelial cells in vivo.

To confirm directly that SnoN could regulate TAZ expression, we transfected 293T cells
with a fixed amount of TAZ and increasing amounts of SnoN. As shown in Figure 2C,
elevated SnoN expression caused a corresponding increase in TAZ levels. Furthermore,
knocking down endogenous SnoN expression in MCF10A cells by shRNA reduced
endogenous levels of TAZ as well as that of its target, CTGF (Figure 2D). Finally, knocking
down TAZ by siTAZ did not alter SnoN levels (Figure 2E). Thus, SnoN is likely to act
upstream of TAZ to regulate its expression.

SnoN expression can be induced by various cellular stress signals, such as oxidative stress
and oncogene overexpression (Pan et al., 2009, Pan et al., 2012). Since SnoN regulates TAZ
expression, we speculated that these signals might also upregulate TAZ expression. Indeed,
when MCF10A cells were treated with H,O, (oxidative stress), TAZ expression was
markedly elevated, in good correlation with the pattern of SnoN expression (Figure 2F).
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Moreover, when SnoN was knocked down, both the basal level of TAZ and the induction of
TAZ expression were attenuated significantly (Figure 2F), confirming that SnoN acts
upstream of TAZ. Similarly, TAZ abundance was dynamically regulated by TGFf in a
manner mirroring that of SnoN levels (Figure 2G). As reported previously, TGFf treatment
resulted in a rapid degradation of SnoN within 30 min followed by a potent induction due to
increased transcription 2 h later (Figure 2G) (Stroschein et al., 1999, Zhu et al., 2005). In
parallel to this, the TAZ level was also reduced immediately after TGF treatment followed
by an increase 2 h later (Figure 2G). Taken together, these data support the notion that SnoN
regulates TAZ expression.

SnoN promotes TAZ protein stability

Semi-quantitative RT-PCR analysis indicated that the mRNA levels of TAZ were
indistinguishable between WT and SnoN~'~ mammary glands (Figure S2A). Consistent with
this, knocking down SnoN in MCF10A cells had no effect on the level of TAZ mRNA
(Figure S2B), suggesting that the attenuated TAZ expression in tissues and cells lacking
SnoN was likely due to a decrease in protein stability. In support of this, the half-life of TAZ
was significantly extended upon SnoN overexpression (Figure 3A) and decreased upon
SnoN knockdown (Figure 3B). In addition, treatment of shSnoN-expressing cells with the
proteasome inhibitor MG132 restored TAZ levels (Figure 3C), confirming that SnoN
stabilizes TAZ by blocking proteasome-dependent degradation of TAZ. This stabilization of
TAZ by SnoN is independent of the interaction of SnoN with the Smad proteins since
mSnoN also upregulated TAZ levels as effectively as WT SnoN (Figure 3D).

SnoN enhances the transcription and oncogenic activities of TAZ

We next examined whether SnoN enhanced the ability of TAZ to activate transcription and
promote oncogenic transformation of mammary epithelial cells. In a TAZ-responsive
luciferase reporter assay, SnoN stimulated transcriptional activation by either endogenous or
ectopically expressed TAZ (Figure 4A, left), while knocking down SnoN expression by
either siRNA or shRNA reduced both basal as well as TAZ-induced transcriptional
activation (Fig. 4A, right and Figure S2C). Moreover, SnoN antagonized the ability of Lats2
to repress transcriptional activation by TAZ (Figure 4A, left). Consistent with this, we also
observed that expression of endogenous CTGF, a direct TAZ target gene, increased
significantly in MCF10A cells overexpressing SnoN (Figure 4B). Thus, SnoN can enhance
the transcription activity of TAZ.

TAZ is a known oncogene whose expression is upregulated in breast cancer tissues (Chan et
al., 2008), and high levels of TAZ correlate with breast tumors of higher histological grade
and increased invasiveness as well as increased cancer stem cells content (Cordenonsi et al.,
2011). When overexpressed in the untransformed MCF10A cells (Figure 4C), TAZ induced
the formation of larger acini with increased number of cells per acinus, but preserving their
polarity in the 3D laminin-rich extracellular matrix (IrECM), while control MCF10A cells
underwent morphological differentiation to form polarized and organized multi-cellular
acinar-like structures (Figure 4D). Overexpression of TAZ also induced anchorage-
independent growth (Figure 4E) and promoted various aspects of EMT including increased
cell motility and migration as well as reduced and mislocalized E-cadherin expression
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(Figure 4F-H). Reducing SnoN expression in these TAZ-expressing cells by either stably
expressed shSnoN (Figure 4C) or transiently expressed siSnoN (Figure S3A) consistently
returned the acini to the similar size as control MCF10A acini (Figure 4D and Figure S3B),
abolished anchorage-independent growth (Figure 4E and Figure S3C) and reduced cell
motility and migration (Figure 4F&G and Figure S3D). In addition, shSnoN in TAZ-
overexpressing cells restored E-cadherin expression and partially corrected the localization
of E-cadherin back to cell-cell junction (Figure 4H and Figure S3E). Taken together, these
data indicate that SnoN promotes TAZ-induced cell growth, EMT and transformation.

Previous studies indicate that TAZ stability is regulated by ubiquitin-mediated proteasomal
degradation and requires phosphorylation on Ser89 by Lats1 or Lats2 (Liu et al., 2010). To
determine whether SnoN regulates TAZ stability in a Lats2-dependent manner, we next
tested whether SnoN also affected the expression of TAZS89A mutant that is refractory to
Lats2 phosphorylation and inhibition (Lei et al., 2008). Interestingly, the expression levels
(Figure 4C and Figure S3A) and oncogenic activities of TAZS89A were not affected by
SnoN knockdown. While MCF10A cells expressing TAZS89A formed disorganized and
irregular colonies with fully disrupted apical-basal polarity when cultured in 3D IrECM
(Figure 4D and Figure S3B) and underwent robust growth in soft-agar (Figure 4E and Figure
S3C), knocking down SnoN had no effect on the transforming phenotypes of TAZS89A
cells. Similarly, while TAZS89A strongly promoted cell motility, migration and
downregulation of E-cadherin, reducing SnoN expression did not reverse any of these
processes (Figure 4F-H and Figure S3D&E), unlike its effect on WT TAZ-expressing cells.
Thus, SnoN enhances the transcription and oncogenic activities of TAZ likely through a
Lats2-dependent mechanism.

SnoN binds to Hippo signhaling molecules and inhibits TAZ phosphorylation

We next explored the mechanisms by which SnoN enhances TAZ expression. We found that
SnoN did not bind to TAZ or YAP (Figure 5A), suggesting the possibility that SnoN may
affect TAZ stabilization through the Hippo kinase complex. In an independent line of
research, we identified Ski as a regulator of the Hippo signaling by binding to multiple
members of the Hippo core kinase complex (Rashidian et al., 2015). Since SnoN is highly
homologous to Ski, we examined whether SnoN could interact with key components of
Hippo complex by a co-immunoprecipitation assay in both transfected cells and under the
endogenous condition. In transfected cells, SnoN bound to multiple Hippo signaling proteins
including Lats1, Lats2, Mst2, and Sav, but not to TAZ, YAP or Mob (Figure 5A). The
endogenous SnoN also co-immunoprecipitated with Lats2 and Sav specifically and
efficiently in MCF10A cells (Figure 5B), but not with Mst2 (data not shown), suggesting
that the interaction between SnoN and Mst2 might be indirect. This binding preference of
SnoN differs from that of Ski. Ski interacts with Lats2, but not Lats1, while SnoN bound to
both Latsl and Lats2 (Figure 5A). Unlike Ski, SnoN did not bind to endogenous Mst2, Mob
and TEAD (Figure 5A, Figure S4 (Rashidian et al., 2015)). Thus, SnoN interacts with
selective members of the Hippo core kinase complex.

We next asked whether SnoN affected the Lats2-dependent phosphorylation of TAZ using an
antibody specific for phospho-S89 TAZ. In 293T cells transfected with or without Lats2 and
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Mst2, SnoN readily inhibited phosphorylation of endogenous TAZ on Ser89 by Lats2 and
Mst2 (Figure 5C). Similarly, in an immune complex /n vitro kinase assay to measure TAZ
phosphorylation, SnoN markedly inhibited TAZ phosphorylation by Lats?2 and Mst2 (Figure
5D). This reduced TAZ phosphorylation in the presence of SnoN was accompanied by a
significant decrease in the ubiquitination of TAZ, which was completely abolished in the
absence of Lats2, as expected (Figure 5E), indicating that SnoN most likely promotes
stabilization of TAZ by blocking Lats2-dependent phosphorylation and ubiquitination of
TAZ. Consistent with this, SnoN failed to stabilize two TAZ mutants, S89A and S311A that
are refractory to phosphorylation by Lats2 (Figure 5F).

SnoN could inhibit TAZ phosphorylation by decreasing the expression and/or kinase activity
of Lats2 and Mst2 or by disrupting the interaction between Lats2 and TAZ. We found that
SnoN did not affect the expression or kinase activity of Lats2 and Mst2 (Figure 5G and data
not shown). Rather, it appeared to disrupt the Lats2-TAZ interaction. In cells transfected
with fixed amounts of Lats2 and TAZ and varying amounts of SnoN, increasing levels of
SnoN caused a corresponding decrease in the binding of Lats2 to TAZ (Figure 5G).
Consistent with this, while knocking down Lats2 by siRNA increased the basal TAZ level, it
impaired further stabilization of TAZ by SnoN (Figure 5H). Thus, SnoN enhances TAZ
stability by disrupting the interaction between TAZ and Lats2 and preventing TAZ
phosphorylation by Lats2, leading to decreased ubiquitination and degradation of TAZ.
Although Lats2 was used in the experiments described in this study, the results are also true
for Latsl.

SnoN functions upstream of TAZ in breast cancer cells

TAZ is upregulated as breast cancer cells progress to more malignant stages (Cordenonsi et
al., 2011). Because high levels of SnoN have also been reported in malignant human breast
cancer cell lines (Zhu et al., 2007), we asked whether SnoN contributed to the elevated TAZ
levels in these breast cancer cells. In the MCF10A breast cancer progression model
containing the non-transformed MCF10A cells, Ras-transformed MCF10A-T1k cells (M-I1)
and their metastatic and malignant derivative, MCF10A-CA1a cells (also known as M-1V),
TAZ is expressed at a low level in the untransformed MCF10A, gradually increased in M-I11
cells and significantly upregulated in the metastatic M-IV cells (Figure 6A), as reported
previously (Cordenonsi et al., 2011). Interestingly, SnoN level was also upregulated in M-1V
cells, mirroring that of TAZ, while YAP or Ski expression showed no correlation with that of
TAZ or SnoN (Figure 6A and Figure S5). Reducing SnoN levels in M-IV cells by either
shSnoN or siSnoN decreased TAZ expression (Figure 6B and Figure S6A). Importantly, this
downregulation of endogenous TAZ could be rescued efficiently by a shRNA-resistant Flag-
tagged SnoN cDNA (F-SnoN) (Figure 6B).

M-IV cells are highly transformed and readily form soft-agar colonies /in vitro and grow
tumors /n vivo in a xenograft mouse model (Figure 6C-D). They also contain a CSC
population that readily forms mammospheres and expresses various CSC markers including
Oct4, Sox2 and Twist (Figure 6E-F) (Cordenonsi et al., 2011). Knocking down SnoN in
these cells by sShRNA or siRNA significantly impaired the anchorage-independent growth
(Figure 6C and Figure S6B) and xenograft tumor growth (Figure 6D), similar to what has
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been reported for MDA-MB-231 cells previously (Zhu et al., 2007), and markedly
diminished CSC self-renewal, as shown by the mammosphere formation assay (Figure 6E
and Figure S6C), and expression of CSC markers (Figure 6F and Figure S6D). These
impaired transforming activities were again effectively rescued by F-SnoN (Figure 6C-F).

These data support a pro-oncogenic role of SnoN in malignant human breast cancer cell
lines. To determine whether these activities of SnoN were mediated by TAZ, we restored
TAZ levels in M-1V/shSnoN cells (Figure 6B) and asked whether this could rescue some of
the transforming phenotypes. Although at a level higher than that of endogenous TAZ in M-
IV cells, ectopically expressed WT TAZ only partially restored anchorage-independent
growth and xenograft tumor growth in vivo (Figure 6C-D), suggesting that TAZ is likely
only one of the downstream effectors of SnoN in promoting tumor growth. This is consistent
with our previously published study suggesting that the ability of SnoN to antagonize the
cytostatic response of the TGFp/Smads is also partially responsible for its mitogenic activity
(Zhu et al., 2007). Interestingly, the restored TAZ rescued nearly 80% of the mammoshpere
forming ability and markedly increased expression of several CSC markers, including
Twistl, Oct4 and Sox2 in TAZ restored cells that was lost in shSnoN cells (Figure 6E&F).
Thus, the ability of SnoN to promote CSC renewal is mainly mediated by TAZ.

Taken together, these data support the model that SnoN acts upstream of TAZ to enhance its
ability to promote malignant progression of breast cancer cells.

SnoN is regulated by the Scribble polarity protein via Lats2

Our earlier observation that SnoN expression and localization are sensitive to cell density
suggests that SnoN itself may be regulated by the Hippo pathway in response to signals from
the polarity and junction complexes. Previous studies have shown that the Lats kinases can
be activated by multiple polarity and cell adhesion complexes including the apically-
localized Crumb complex, Par3/par6/aPKC complex, the Cadherin-catenin complex and the
basal laterally-localized Scribble complex (Schroeder and Halder, 2012). To assess which of
these complexes is likely involved in regulation of SnoN, we first determined the
localization of SnoN in polarized mammary epithelial cells. In the 3D MCF10A acini that
showed well-established basolateral and apical polarity, SnoN was found at the basolateral
domain, similar to the localization of Scribble (Figure 7A). In the conventional 2D culture, a
fraction of SnoN was also found to co-localize with Scribble at the cell-cell junction of
untransformed MCF10A cells, but not in malignant M-IV cells (Figure 7B), hinting the
potential involvement of the Scribble complex. Indeed, knocking down Scribble by siRNA
upregulated SnoN and TAZ expression in MCF10A cells, but had no effect on SnoN and
TAZ expression in M-1V cells (Figure 7C), supporting the model that Scribble regulates
SnoN expression in untransformed cells.

Scribble has been shown to activate the Hippo core kinase complex at the basolateral
membrane by directly binding to Lats2 as well as Mst and Mob in MCF10A cells
(Cordenonsi et al., 2011). Since SnoN also binds to Lats2, we next examined whether SnoN
could interact with Scribble and be subjected to downregulation by the basolaterally
activated Hippo kinases. Indeed, at the high cell density, stably expressed SnoN interacted
with both endogenous Scribble and Lats2 in MCF10A cells (Figure 7D). In addition, Lats2
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affected both SnoN protein levels and localization. As shown in Figure 7E-7F, increasing
amount of Lats2 caused a corresponding decrease in the protein levels of SnoN, while
knocking down Lats2 resulted in an increase in SnoN and TAZ levels, suggesting that Lats2
downregulates SnoN expression. Lats2 did not affect the mRNA level of SnoN (data not
shown), but reduced the half-life of SnoN in a pulse-chase assay (Figure 7G). This activity
required the kinase activity of Lats2, as introduction of the kinase inactive mutant of Lats2
(KD) did not reduce SnoN expression (Figure 7H). Lats2 also altered the localization of
SnoN. In MCF10A cells cultured at a low density when Hippo signaling is not activated,
SnoN was predominantly nuclear. When Lats2 was overexpressed, SnoN was found in both
cytoplasm and nucleus, and the intensity of SnoN stain was also decreased (Figure 71),
consistent with its downregulation. Thus, activation of Hippo signaling and Lats2 by the
Scribble polarity protein downregulates SnoN expression and prevents its nuclear
localization.

Based on the data shown here, we propose a model of mutual regulatory interaction between
SnoN and the Hippo kinases (Figure 7J). In a normal tissue or cultured under the high cell
density condition, epithelial cells establish proper cell polarity and adhesion, and Hippo
signaling is activated by various polarity complexes including the Scribble complex.
Through its interaction with Scribble, majority of SnoN are recruited to the basolateral
domain where it is downregulated by the active Lats2, while a low level of SnoN may exist
in the ctyoplasm to regulate TAZ stability. This downregulation of SnoN as well as TAZ by
junction-activated Hippo kinases eventually results in inhibition of cell proliferation. In this
way, epithelial tissue architecture and cell polarity can restrict the activity of proliferative
signals. When cell polarity is disrupted, as often occurs during malignant transformation and
progression or during tissue injury and damage, SnoN is no longer repressed by the
Scribble-associated Hippo complex and accumulates rapidly in the cells. This elevated SnoN
in cells can orchestrate a number of signaling activities including further enhancing TAZ
stabilization by inhibiting the Hippo complex that may be activated by other pathways (such
as growth factor signaling), repressing TGF/Smad activity or promoting p53 activation. In
breast cancer cells, this results in upregulation of TAZ, which in turn promotes cell
proliferation and EMT, while repressing the growth inhibitory signals of TGF /Smads,
ultimately leading to malignant progression. In this capacity, SnoN functions as an important
mediator that transmits signals from the tissue architecture and cell polarity to regulate the
activity of various intracellular signaling pathways.

Discussion

In this study, we have revealed a mechanism for mutual regulation between SnoN and Hippo
signaling. Our data showed that SnoN directly bound to the Hippo core kinase complex and
blocked the binding of Lats2 to TAZ, resulting in inhibition of TAZ phosphorylation and its
subsequent degradation. Through this mechanism, SnoN enhances TAZ expression and its
transcriptional activity. In the mammary gland /n7 vivo, SnoN controls the TAZ level at late
stage of pregnancy, and this regulation is necessary for mammary epithelial cell proliferation
and differentiation. In breast cancer cells, the upregulation of SnoN may contribute to
elevated TAZ expression and enhanced TAZ activities to promote breast cancer
transformation and CSC expansion. Depletion of SnoN expression significantly reduced
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TAZ protein levels as well as TAZ-induced oncogenic transformation and EMT /n vitroand
tumor growth in xenograft models /7 vivo. Our study thus has identified SnoN as a positive
regulator of TAZ in normal mammary gland function and breast cancer development. Given
the ubiquitous expression of SnoN and TAZ in most tissue and cell types, it is likely that this
regulation also occurs in other tissue and cell types beyond the mammary gland.

Previously Varelas et al has reported that TAZ controls nucleocytoplasmic shuttling of
Smad?2/3-4 and also forms a transcription complex with Smad2/3-4 on TGFp target
promoters to stimulate transcription (Varelas et al., 2008). Given the ability of SnoN to
regulate TGFB/Smad signaling, an obvious question is whether the SnoN-TAZ regulation is
mediated by the Smad proteins. We found that a mutant SnoN defective in binding to the
Smads was equally capable of upregulating TAZ expression as the WT SnoN, indicating that
the upregulation of TAZ by SnoN is independent of SnoN-Smad regulation. Additionally,
the model of TAZ-Smad regulation was recently challenged by Nallet-Staub F. et al to be
cell-line specific; it only occurred in the EpH4 murine mammary epithelial cell line but not
true in almost all other human cell lines tested (Nallet-Staub et al., 2015). Nallet-Staub
further argued that Hippo signaling and TAZ do not directly regulate TGFp signaling.
Although TAZ and Smad2/3-4 may co-exist in the same transcription complex on specific
promoters, whether the interaction is direct or not awaits further study. Thus, the SnoN
regulation of Hippo/TAZ signaling we revealed in this study is independent of its
antagonism of the Smad proteins.

In addition to enhancing TAZ expression, SnoN itself, in particular its expression level and
intracellular localization, is sensitive to cell density and is regulated by cell polarity through
the Hippo pathway. This regulation appears to be mediated by the basolateral polarity
protein Scribble and requires its activation of the Lats2 kinase. SnoN is recruited to the
basolateral membrane through its interaction with Scribble, where it is downregulated by
Lats2 through a yet-to-be-identified mechanism. Interestingly, TAZ has been proposed to be
downregulated by the same Scribble/Mst2/Lats2 complex in untransformed epithelial cells
(Cordenonsi et al., 2011). Through these events, proper cell polarity can control the activity
of important signaling molecules. When cell polarity is disrupted during pathological
processes such as malignant progression or tissue injury, SnoN is no longer repressed by the
Scribble-associated Hippo complex and accumulates in the cells. Since SnoN is a potent
regulator of several signaling pathways including TAZ/YAP, TGFB/Smads and p53, this
elevated SnoN in cells can orchestrate a number of signaling activities that ultimately
promote cell proliferation, EMT and CSC expansion. Thus, SnoN may function as a key
controlling node through which proper tissue organization and architecture can dictate the
activity and outcomes of a number of important intracellular signaling pathways.

One surprising observation is that SnoN and Ski exert opposite effects on TAZ and Hippo
signaling, although the two proteins share considerable sequence homology and some
common functional features. In chicken and quail embryo fibroblasts, both SnoN and Ski
promote transformation and terminal differentiation (Boyer et al., 1993, Givol et al., 1995).
Both proteins bind to the Smad proteins and are potent negative regulators of TGF
signaling (Stroschein et al., 1999, Sun, 1999). However, more recent studies reveal that the
two proteins also display important functional and regulatory differences. Ski and SnoN
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modulate different aspects of embryonic development and regulate distinct tissue-specific
functions in adult animals, due to the distinct expression pattern. For example, SnoN
regulates embryonic angiogenesis (Zhu et al., 2013) while Ski is essential for development
of the neurocrest lineage, bone and skeletal muscle (Berk et al., 1997). In the adult animal,
SnoN, but not SKki, is critical for alveologenesis and onset of lactation through its ability to
promote STAT5 signaling and TAZ [(Jahchan et al., 2012) & Fig. 2]. We have recently
reported that Ski inhibits TAZ function and expression in breast cancer cells through both
Lats2-dependent and Lats2-indepenent mechanisms (Rashidian et al., 2015). Our current
finding that SnoN is a positive regulator of TAZ by blocking its phosphorylation by Lats2
adds another support to the notion that SnoN and Ski play non-redundant roles in many
biological processes. Although both SnoN and Ski bind to multiple components of the
Hippo core kinase complex, the functional outcomes of these bindings are different. Ski
mainly functions as a scaffold protein to facilitate the interaction between Mst2 and Lats2
through Sav to enhance Lats2 activation, while SnoN prevents TAZ from binding to Lats2.
Finally, Pot et al recently reported that SnoN interacted with NDR1 (also known as STK38),
a member of the NDR/Lats family of Ser/Thr kinases that also includes Lats2 (Hergovich
and Hemmings, 2009), to antagonize TGFB-dependent transcription and inhibits growth
arrest (Pot et al., 2013). We also noticed that SnoN interacted strongly with all four members
of the NDR/Lats family, including NDR1 and NDR2 in addition to Latsland Lats2
(unpublished data). However, NDR1/2 is not required for the regulation of TAZ protein
stability by SnoN. Different from SnoN, Ski binds to NDR1 and Lats2 strongly, to NDR2
weakly, but does not bind to Lats1 (Rashidian et al., 2015). The structural basis for the
differential regulation of the Hippo and NDR/Lats kinases by Ski and SnoN is not clear. It's
known that the WW domain and PPxY motif are critical for mediating interactions between
many Hippo pathway components. However, Ski and SnoN do not contain the WW domains
or a typical PPxY motif that is recognized by the Lats2 WW domain (data not shown). It's
possible that the less conserved C-terminal domain of SnoN and Ski may be responsible for
their functional differences.

TAZ functions as an oncogene in human breast cancer to promote cancer cell proliferation,
survival, EMT and CSC expansion (Barron and Kagey, 2014, Harvey et al., 2013, Zhao et
al., 2011). The ability of SnoN to enhance TAZ expression and activity provides yet another
mechanism for the pro-oncogenic activity of SnoN, in addition to its ability to antagonize
the cytostatic activity of TGF/Smad pathway(Deheuninck and Luo, 2009). The observation
that TAZ was downregulated in breast cancer cells expressing shSnoN and that
overexpression of WT TAZ partially restored transformation /n vitro and tumor growth /n
vivo supports the idea that the regulation of TAZ by SnoN partially contributes to the pro-
mitogenic activity of SnoN. Interestingly, in contrast to the partial rescue of the transforming
phenotypes of shSnoN cells, TAZ fully restored the mammosphere forming ability of
shSnoN cells, indicating that the ability of SnoN to regulate breast CSC expansion is mainly
mediated by the TAZ pathway. Finally, TAZ and SnoN seem to exert different effects on
EMT in cancer cell lines. SnoN suppresses EMT in malignant breast cancer or lung cancer
cells (Zhu et al., 2007), while TAZ promotes it (Lei et al., 2008). This differential effects of
SnoN and TAZ on EMT are likely due to the involvement of other signaling pathways
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regulated by SnoN and by TAZ in cancer cells, which depending on the cancer or tissue
context, may produce different and complex biological outcomes.

In summary, our study has revealed a role of SnoN in regulating the activity of the
Hippo/TAZ pathway in breast cancer cells. The ability of SnoN to regulate multiple
signaling pathways suggests that it may function to coordinate or balance the activities of
various signaling pathways to enable alveologenesis in the mammary gland and regulate
breast cancer development.

Experimental Procedures

Transfection, infection, immunoprecipitation and Luciferase assay

Stable MCF10A cells lines were generated by retroviral infection as described previously
(Rashidian et al., 2015). Immunoprecipitation and western blotting were performed as
previously described (Zhu et al., 2007).

To measure TAZ/YAP transcriptional activity, a total of 2.5 ug of DNA (including 0.05 pg
8XGT-11C-851Lucll Luciferase reporter construct (Ota and Sasaki, 2008) and/or the
indicated plasmids or 70 pmol siRNASs) was transiently transfected into 293T cells by
Lipofectamine 2000. The luciferase activity was measured at 36 h after transfection.

Immunofluorescence, Immunohistochemistry

Cells cultured in 2D or 3D IrECM or tissue samples were fixed, permeabilized and
processed as previously described (Jahchan et al., 2012).

Pulse chase assay

Cells grown in a 60 mm dish were incubated in methionine-free DMEM/10% and dialyzed
FBS for 20 min and pulse-labeled with 300 uCi [3°S] methionine in the same medium for 30
min. The cells were then chased with the complete medium and lysed as described before
(Stroschein et al., 1999).

In vivo ubiquitination assay

293T cells were transfected with HA-TAZ, His-ubiquitin and various constructs and treated
with 20 uM MG132 for 6 h. Cells were lysed in buffer A (6 M guanidine-HCI, 0.1 M
Na,HPO,4/NaH,PO,4, 10 mM imidazole) and sonicated. The lysates were incubated with 50
ul His-select® HF Nickel Affinity beads (Sigma) at room temperature for 3 h, and the beads
were washed with buffer A, buffer B (1.5 M guanidine-HCI, 25 mM NayPO4/NaH,PQy, 20
mM Tris-Cl [pH 6.8], 17.5 mM imidazole) and buffer TI (25 mM Tris-Cl [pH 6.8], 20 mM
imidazole) and boiled in 2x SDS-PAGE loading buffer containing 200 mM imidazole. His-
tagged proteins were analyzed by western blotting with specific antibodies.

Wound healing assay

A plastic tip was used to generate a wound across the confluent cell monolayer. The wound
closure was measured after 30 h as previously described ((Rashidian et al., 2015).
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Soft agar assay

4000 cells were suspended in 0.2 ml medium containing 0.375% Bacto Agar (BD) and
overlaid on the hardened 0.66% agar bottom layer in a well of a 24-well cluster. Fresh
medium (0.2 ml) containing 0.375% agar was added to each well once a week for 4 weeks.
The colonies were visualized by staining with 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) (Sigma) for 4 h at 37°C.

Three dimensional (3D) Morphogenesis assay

Differentiation of MCF10A cells in the 3D IrECM was performed as described before
(Jahchan et al., 2012). After 6 days in the 3D culture, morphological differentiation was
examined by phase contrast microscopy and by immunofluorescence staining for a6-integrin
(MAB1378, Chemicon) and Golgi matrix protein of 130 (GM130, BD Pharmingen) as
markers of basal lateral and apical polarity, respectively. Microscopy was performed on a
Zeiss LSM710 confocal microscope at the Berkeley Biological Imaging Facility. The images
were generated by serial confocal cross sections.

Two-round mammosphere formation assay

1x103 M-IV cells was plated as single-cell suspensions in ultra-low attachment culture
plates in serum-free DMEM-F12 medium supplemented with B27, 10 ng/ml bFGF, 20 ng/ml
EGF, 5 pg/ml insulin (Santa Cruz Biotechnology) and 0.4% bovine serum albumin (Sigma)
as described previously (Cordenonsi et al., 2011). After 5 days, mammospheres were
collected by gentle centrifugation (800 rpm) for 5 min, dissociated in 0.05% trypsin and 0.53
mM EDTA-Na (Invitrogen) at 37°C for 10 min and re-plated at a density of 500 cells/ml for
an additional 5 days.

In vivo xenograft assay

For tumor injection into the 6-week old female athymic BALB/c mice (Charles River
Laboratories), 2x108 M-IV cells in a 200 pl suspension of 1:1 Matrigel:buffer were injected
subcutaneously into each site on the left and right flanks of nude mice, using a 26-gauge
needle fitted with a 1-ml sterile syringe. Tumor growth was monitored once a week. Mice
were sacrificed 5 weeks after injection, and tumors were surgically isolated. Tumor volume
(V) was calculated by using the formula: V = length x width x thickness.

Statistical Analysis

All data were derived from at least three independent experiments and are presented as
means + SEM. Comparisons among groups were performed by one-way ANOVA (Newman-
Keuls multiple comparison test) with Prism 5 software. p values are shown when relevant
(*p < 0.05; **p < 0.01, ***p < 0.001).

Further experimental details for the above procedures and additional assays are provided in
Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
SnoN promotes TAZ stability by blocking its phosphorylation by Lats2
SnoN enhances the transcriptional and oncogenic activities of TAZ

SnoN is downregulated by the Scribble polarity complex through the Hippo
kinases
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Figure 1. SnoN localization and expression are sensitive to cell density
(A) Immunofluorescence staining of SnoN (red) and YAP or TAZ (green) in MCF10A cells

at low or high cell density. Nuclei were stained with DAPI. Bar, 20 um. (B) Western blotting
analysis of the levels of SnoN, TAZ and YAP (top) in MCF10A cells cultured at low (L),
medium (M) or high (H) cell density (bottom). Tubulin was used as a loading control.
(C&D) Flag-mSnoN was stably expressed in MCF10A cells, and its localization examined
by immunofluorescence staining with anti-Flag (C) and levels detected by Western blotting
with anti-SnoN (D).

See also Figure S1.
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Figure 2. SnoN regulates TAZ levels in both mammary tissues and epithelial cell lines
(A\) Total proteins from pregnancy day 18.5 SnoN*/* and SnoN~/~ mammary glands were

subjected to Western blotting analyses. Smad2 was used as a loading control. (B)
Immunohistochemistry staining of TAZ in pregnancy day 18.5 SnoN*/* and SnoN~/~
mammary sections. Boxed area highlighted the TAZ staining in ductal epithelial cells. Bar,
100 pm. (C) Lysates from cells transfected with a fixed amount of Flag-TAZ (F-TAZ) and
increasing amounts (0, 0.5, 1, 2 pug) of Flag-SnoN (F-SnoN) were assessed by Western
blotting with anti-Flag. Tubulin was used as a loading control. (D) TAZ and CTGF
expression in parental and shSnoN MCF10A cells was analyzed by Western blotting. (E)
Reducing TAZ by siTAZ did not affect SnoN levels as assessed by Western blotting. (F)
MCF10A cells stably expressing shSnoN or scramble control were treated with 70 uM H,05
for 24 h, and levels of SnoN and TAZ analyzed by Western blotting. (G) Cells were
stimulated with 100 pM TGFp for the indicated time, and levels of SnoN and TAZ analyzed
by Western blotting.
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Figure 3. SnoN promotes TAZ stability
(A) Parental MCF10A cells or those stably expressing F-SnoN were treated with 100 pg/ml

cycloheximide (CHX) for the indicated times. TAZ levels were measured by Western
blotting with anti-TAZ and quantified in the graph shown to the right. (B) MEFs expressing
scramble control or shSnoN were subjected to CHX treatment as described above in A. (C)
TAZ level was measured in lysates prepared from MCF10A cells expressing shSnoN or
scramble control after treatment with or without 20 uM MG132 for 6 h. (D) mSnoN
enhanced TAZ expression as efficiently as WT SnoN as shown by Western blotting with
anti-TAZ and anti-Flag, respectively.

See also Figure S2A&B.
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Figure 4. SnoN enhances the transcription and transforming activities of TAZ
(A) The TAZ-dependent luciferase activity was measured in 293 cells expressing F-SnoN or

HA-TAZ either alone or together in the presence or absence of HA-Lats2, or siSnoN in the
presence or absence of HA-TAZ. Each data point represents mean £SEM from two
independent wells. (B) Expression levels of CTGF, TAZ and SnoN in MCF10A cells stably
expressing F-SnoN or control vector were examined by Western blotting. Tubulin was used
as a loading control. (C) Western blotting analysis of TAZ abundance in MCF10A cells
expressing WT or S89A TAZ together with or without shSnoN. (D) MCF10A cells stably

shSnoN
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expressing WT TAZ or TAZS89A together with or without shSnoN were cultured in 3D
IrECM for six days before staining for a-integrin (green) as a basolateral marker and
GM130 (red) as an apical marker. Nuclei are stained with DAPI (blue). Top: Confocal
images are representative of three independent experiments. Scale bar, 40 um. Bottom: The
average size of acini was determined by the number of nuclei in each acinus. Forty acini
from three independent experiments were quantified for each cell line and presented in the
graph. (E-H). MCF10A cells stably expressing WT TAZ or TAZS89A together with or
without shSnoN were subjected to: (E) Soft agar assay; colonies were stained with MTT,
quantified and shown in the graph to the right; (F) Wound healing assay: wound closure was
monitored at 0 h and 30 h and quantified in the graph (bottom); (G) Cell migration assay: A
Transwell assay was performed for 8 h, and the migrated cells were stained and counted. (H)
E-cadherin localization was determined by immunofluorescence staining (green, left), and
expression level by Western blotting (right). Bar, 20 um. Data in the graphs in D-G were
derived from at least three independent experiments and are presented as means + SEM
[analysis of variance (ANOVA), Newman-Keuls multiple comparison test; *£ < 0.05, ** P<
0.01, ***P < 0.001].

See also Figure S2C and Figure S3.
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Figure 5. SnoN interacts with the Hippo kinase complex and inhibits the ability of Lats2 to

phosphorylate TAZ

(A) F-SnoN or F-Ski was isolated by immunoprecipitation (IP) with anti-Flag from 293T
cells transfected with F-SnoN or F-Ski together with Hippo signaling molecules as
indicated, and proteins associated with F-SnoN or F-Ski were detected by Western blotting
with anti-HA antibodies (upper panels). The abundance of these proteins in the lysates was
shown in the lower panels. Tubulin was used as a loading control. (B) MCF10A cells were
transfected with either scramble control or siLats2 and treated with 20 pM MG132 for an
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additional 6 h. Interactions between endogenous SnoN and Hippo signaling proteins were
examined by IP with anti-SnoN or anti-1gG followed by Western blotting with antibodies
specific for individual Hippo components (upper). The abundance of these proteins in the
cell lysates was assessed by Western blotting (lower). (C) HA-Lats2 and F-Mst2 were
transfected into MCF10A cells in the absence or presence of F-SnoN and treated with 20 uM
MG132 for 6 h. Phosphorylated TAZ was isolated by IP with anti-TAZ followed by Western
blotting with anti-Phospho-S89 TAZ. (D) /n vitro kinase assay. Lats2 and Mst2 were IP from
cells transfected with F-Lats2 and F-Mst2 either alone or together with F-SnoN and
subjected to 7 vitro kinase assay using GST-TAZ as a substrate. 32P-TAZ was detected by
auto-radiography (top panel). The abundance of GST-TAZ, F-Lats2, F-Mst2 and F-SnoN
was measured by Coomassie blue staining (lower panels). (E) 293T cells transfected with
various constructs indicated were treated with 20 pM MG132 for 6 h, and His-Ub-TAZ was
pulled down by the Ni-NTA column and detected by Western blotting with anti-HA (top
panel). The abundance of proteins in the cell lysates was assessed by Western blotting (lower
panels). (F) WT, S89A or S311A TAZ were transfected into 293T cells alone or together
with F-SnoN, and the expression levels of these proteins analyzed by Western blotting with
anti-Flag. (G) 293T cells were transfected with a fixed amount of F-TAZ and HA-Lats2 and
increasing amounts (0, 0.5, 1, 2 pg) of F-SnoN and then treated with MG132 for 6 h. SnoN
and TAZ that associated with Lats2 were isolated by IP with anti-HA and detected by
Western blotting with anti-Flag. (H) Lats2 siRNAs were transfected into control or F-SnoN-
overexpressing MCF10A cells. Endogenous TAZ and Lats2 levels were detected by Western
blotting.

See also Figure S4.
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Figure 6. SnoN functions upstream of TAZ in breast cancer cells
(A) The abundance of SnoN, TAZ and YAP in MCF10A series as shown by Western

blotting. (B) Western blotting analysis of endogenous TAZ and SnoN in M-1V cells stably
expressing various constructs. (C) Soft agar colonies were stained and quantified in the
graph to the right. (D) M-1V cells stably expressing various constructs were injected
subcutaneously into the nude mice. Tumors from each mouse were isolated (left), and their
sizes measured and quantified (right). (E) Two rounds of mammosphere formation assay
were carried out in M-IV cells expressing various constructs. The numbers of
mammospheres formed in the second round culture were counted, quantified and shown in
the graph. (F) qRT-PCR analysis of breast cancer stem cell markers after normalization to -
actin. Data in C-F were derived from at least three independent experiments and are
presented as means = SEM [analysis of variance (ANOVA), Newman-Keuls multiple
comparison test; *£< 0.05, ** £<0.01, ***P<0.001].

See also Figure S5 and Figure S6.
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Figure 7. SnoN is regulated by Scribble in a Lats2-dependent manner
(A) SnoN localized at the basolateral membrane in 3D culture. MCF10A/F-SnoN cells were

cultured in 3D IrECM for 6 days, fixed and stained with anti-Scrib (red) or anti-Flag (green).
Nuclei were stained with DAPI (blue). Bar, 20 um. (B) Confocal images showed that SnoN
(green) co-localized with Scribble (red) at the basolateral junction in MCF10A cells in 2D,
but not in M-IV cells where both proteins have lost the membrane localization. The top
panels showed the XY images and the bottom panels were the Z stacks. Black arrowheads
indicated the lateral membrane domains. Bar, 20 um. (C) Reducing Scribble expression led
to upregulation of SnoN and TAZ expression in MCF10A cells, but not in M-1V cells. (D)
MCF10A cells stably expressing F-SnoN were cultured until reached high cell density and
treated with 20 uM MG132 for 6 h. F-SnoN and the associated Scribble and Lats2 were
analyzed by co-1P assay. (E) Protein levels were determined by Western blotting in cells
transfected with fixed amount of F-SnoN and increasing amounts of HA-Lats2. (F)
Reducing Lats2 expression led to increased SnoN and TAZ expression in both MCF10A and
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M-1V cells. (G) Pulse-chase assay. 3°S-labeled F-SnoN was immunoprecipitated from 293T
cells transfected with F-SnoN together with or without F-Lats2 and detected by auto-
radiography. Quantification of the autoradiograph was shown at the bottom. (H) Cells were
transfected with F-SnoN and increasing amounts of HA-Lats2 (KD) and subjected to
Western blotting analysis. (1) Immunofluorescence staining of SnoN (green) and F-Lats2
(red) in MCF10A cells showed that overexpression of F-Lats2 (white arrow) resulted in
nuclear reduction of SnoN. Images from two cell fields were shown (sample 1 and 2). Bar,
20 um. (J) A model of mutual regulatory interaction between SnoN and Hippo pathway.
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