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SUMMARY

Epithelial polarity is controlled by a polarity machinery that includes Rho GTPase CDC42 and
Scribble/PAR. By using intestinal stem cell (ISC)-specific deletion of CDCA42 in olfactomedin-4
(Olfm4)-internal ribosome entry site (IRES)-EGFP/CreERT2;CDC42flox/flox mice, we find that
CDC42 loss initiated in the ISCs causes a drastic hyperproliferation of transit amplifying (TA)
cells and disrupts epithelial polarity. CDC42-null crypts display expanded TA cell and diminished
ISC populations, accompanied by elevated Hippo signaling via YAP/TAZ-Ereg (yes-associated
protein/WW domain-containing transcription regulator protein 1-epiregulin) and mechanistic
target of rapamycin (mTOR) activation, independent from canonical Wnt signaling. YAP/TAZ
conditional knockout (KO) restores the balance of ISC/TA cell populations and crypt proliferation
but does not rescue the polarity in CDC42-null small intestine. mTOR or epidermal growth

factor receptor (EGFR) inhibitor treatment of CDC42 KO mice exhibits similar rescuing effects
without affecting YAP/TAZ signaling. Inducible ablation of Scribble in intestinal epithelial cells
mimics that of CDC42 KO defects, including crypt hyperplasia and Hippo signaling activation.
Mammalian epithelial polarity regulates ISC/TA cell fate and proliferation via a Hippo-Ereg-
mMTOR cascade.
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In brief

Zhang et al. discover that CDC42-dependent polarity signaling regulates ISC and TA cell fate
and proliferation via a YAP-Ereg-mTOR cascade in the small intestine. This study shows that
mammalian epithelial polarity-controlled Hippo signaling is central to cell fate balance between

ISC and TA cells and intestinal crypt proliferation.
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The mammalian intestinal epithelium is one of the most vigorously self-renewing tissues

in adults, with complete turnover occurring every 4-5 days (van der Flier and Clevers,

2009). This columnar epithelium is composed of villi structures, finger-like projections that
extend into the lumen of the small intestine where nutrients are absorbed, and proliferative

crypts in between villi where intestinal stem cells (ISCs) reside. At the bottom of each

crypt is the stem cell niche, an area composed of crypt-based columnar cells with stem cell
activity and intercalating stem cell-supporting Paneth cells (Sato et al., 2011; Snippert et

al., 2010). During homeostasis, ISCs in the stem cell niche proliferate constantly, giving

rise to rapidly proliferating transit amplifying (TA) cells. The TA cells migrate upward to
exit the crypt and differentiate further into specialized epithelial cell lineages: absorptive
enterocytes, mucus-secreting goblet cells, antimicrobial Paneth cells, and hormone-secreting
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enteroendocrine cells (Tian et al., 2015). This cycle of cell genesis and differentiation is
tightly regulated by multiple signaling pathways.

Among the known ISC regulatory signaling pathways, the Wnt pathway was the first to

be discovered as a key regulator for ISC maintenance and differentiation (Gehart and
Clevers, 2019). The Hippo-YAP (yes-associated protein) pathway is a critical regulator

for ISC regeneration after injury, during intestinal tumorigenesis, or following chemical

or irradiation-induced injury (Barry et al., 2013; Gregorieff et al., 2015). YAP and TAZ
(WW domain-containing transcription regulator protein 1) were initially found to promote
ISC proliferation (Imajo et al., 2015); in fact, YAP and TAZ activation, by deletion of

their endogenous suppressors MST1 and MST2, causes increased crypt proliferation and
tumorigenicity (Zhou et al., 2011). Alternatively, no effect was observed following loss of
YAP and TAZ in the small intestine under normal homeostasis (Azzolin et al., 2014; Barry
et al., 2013; Cai et al., 2015). Further studies showed that YAP signaling is crucial for ISC
regeneration following chemical or irradiation-induced injury (Barry et al., 2013; Gregorieff
et al., 2015). Multiple studies indicate a close connection between the Hippo-YAP pathway
and Wnt/p-catenin pathway to regulate the 1ISC function (Azzolin et al., 2014; Barry and
Camargo, 2013; Cai et al., 2015; Imajo et al., 2012).

The epidermal growth factor receptor (EGFR) ligand epiregulin (EREG) is a known YAP1
target for ISC proliferation and regeneration (Gregorieff et al., 2015) and, as discussed in a
recent Drosophila study, indicates that EGFR signaling regulates 1SC proliferation (Zhang et
al., 2019). EGFR signaling is also one of the intracellular and extracellular cues influencing
mechanistic target of rapamycin (mTOR), a highly conserved eukaryotic serine-threonine
kinase that regulates maintenance of the olfactomedin-4 (Olfm4)* 1SC/progenitor population
and crypt regeneration after injury (Sampson et al., 2016).

The role played by apical-basal polarity and cell adhesion junctions, two mechanisms
important to intestinal epithelium morphogenesis, in mammalian ISC regulation is
incompletely understood. The Rho GTPase family member CDC42 maintains apical-
basolateral polarity by regulating tight junctions and membrane protein traffic (Martin-
Belmonte et al., 2007; Rojas et al., 2001). In addition, CDC42 interacts with Scribble,

a master regulator of planar polarity and adhesion, during key events such as cell

polarity regulation and proliferation (Zhan et al., 2008). Loss of CDC42 in all intestinal
epithelial cells induces broad tissue hyperplasia accompanied by hyperproliferation, crypt
enlargement, and defective Paneth cell differentiation and localization (Melendez et al.,
2013).

Multiple molecular markers have been identified in ISCs. Leucine-rich repeat-containing G
protein-coupled receptor 5 (Lgr5) marks an actively cycling and long-lived stem cell pool
that continuously gives rise to all four epithelial lineages (Sato et al., 2011; Snippert et

al., 2010). An Lgr5-EGFP-internal ribosome entry site (IRES)-CreERT?2 allele was initially
designed to mark and characterize the function of ISCs (Barker et al., 2007); however,

the mosaic expression levels of the Lgr5-driven GFP and CreERT2 proteins in the crypts
make it a suboptimal genetic tool for ISC-specific manipulation, as well as a bottleneck for
consistent exploration of ISC-specific gene functions. Olfm4, another highly specific and
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robust gene marker for ISCs (Itzkovitz et al., 2011), is the foundation for an Olfm4-IRES-
EGFP/CreERT2 (Olfm4-CreER) mouse line, generating better visualization of ISCs and,
importantly, more robust gene modification (Schuijers et al., 2014).

In this study, we perform ISC-specific deletion of CDC42 by Olfm4-CreER, which induces
intestinal hyperplasia and loss of polarity, mimicking whole intestinal epithelium loss-of-
function effects. Surprisingly, in the Olfm4-CreER CDC42 knockout (KO) mice, the ISC
population is severely diminished, and the TA cell population is expanded. Single-cell RNA-
sequencing (ScCRNA-seq), genetic rescue, and pharmacologic inhibition assays reveal that
loss of CDC42 drives the hyperproliferative phenotype and the ISC-TA cell fate switch via
the Hippo-YAP pathway and downstream Ereg and mTOR signaling. Our findings suggest
that CDC42-mediated polarity represses YAP/TAZ-Ereg-mTOR signaling, which is required
to maintain ISC-TA cell fate balance.

ISC-specific deletion of CDC42 causes crypt hyperproliferation

Previous studies using a Villin-Cre model found that constitutive loss of CDC42 in

all intestinal epithelium cells caused significant hyperplasia, crypt enlargement, and
permeability and barrier functional defects (Melendez et al., 2013). To study the ISC-
intrinsic function of CDCA42 in adult intestine, we generated an inducible ISC-specific
CDC42 ablation line by breeding CDC4Z10%/flox mice with OIfm4-CreER knockin mice
(Schuijers et al., 2014), in which the ISC-specific Olfm4 promoter delivers tamoxifen
(TAM)-inducible Cre activity. While Olfm4-IRES-EGFP/CreERT2; CDC42M10x/flox (also
known as CDC42 ISC-KO) mice only showed a slight reduction in CDC42 in whole-crypt
lysates on day 1 compared to Olfm4-IRES-EGFP/CreERT2; CDC42*/fox (control) mice,
loss of CDC42 was complete by day 4 (Figure 1A, upper panel; Figure S1A). We then
used flow cytometry to separate the Olfm4-CreER-driven GFP* cell population (1SCs) and
the GFP cell population (non-I1SCs) from whole crypts harvested on day 1 and found that
CDCA42 was depleted in the ISCs as early as day 1 (Figure 1A, lower panel; Figure S1B),
suggesting that loss of CDC42 starts in the ISCs and then the progenies of ISCs. On day
4, H&E and immunostaining of duodenum from CDC42 1SC-KO mice (versus controls)
revealed a severe disruption of crypt-villus morphology, enlarged crypts, and an increased
number of proliferating phosphorylated histone H3 (pH3)* crypt cells (M-phase cells)
(Figures 1B-1E; Figures S1C-S1H), which mimics the whole intestine epithelium deletion
of CDC42 (Melendez et al., 2013). Importantly, the enlarged crypts are evident throughout
the whole small intestine of CDC42 ISC-KO mice, including duodenum, jejunum, and
ileum, with the proximal duodenum exhibiting the most significant size increase. We
focused our study on the duodenum due to the abundant literature on the function of ISCs in
this region.

To test the potential of CDC42-null 1SCs to differentiate into specialized cell types of

the intestinal epithelium, CDC42 1SC-KO mice were crossed with Rosa26!dTomato renorter
mice. With a single injection of TAM at day 0, the EGFP/CreERT2 enzyme is activated

to excise the STOP sequence and turn on the tdTomato reporter, thereby labeling the
Olfm4-CreER™ ISCs and their progeny. In day 0.5 CDC42 ISC-KO epithelium, tdTomato*
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cells were detectable in some crypts and at the bottom of villi-versus controls, where only
some 1SCs at the bottom of crypts were tdTomato™ (Figures 1F-1K, red cells). By day 1,
most crypts and villi of CDC42 ISC-KO epithelium were tdTomato*—versus controls, in
which tdTomato* cells were only visible in crypts. Co-staining for the Paneth cell marker
lysozyme, proliferating cell marker Ki67 (non-Gg cycling cells), and the ISC marker Olfm4
revealed hyperproliferation in CDC42 ISC-KO crypts by day 3, and diminished Olfm4
signal starting at day 1 (Figures 1F-1K, green cells; Figures S11 and S1J). The loss of
OIfm4 corresponds to the loss of CDCA42 protein in the ISC population (Figure 1A). Thus,
in CDC42 ISC-KO intestinal epithelium, loss of CDC42 specifically in 1SCs appears to
first drive an increase in overall cell turnover rates, repopulating crypts and villi faster than
control ISCs, followed by a reduction in ISC numbers.

To examine the disrupted morphology in both CDC42 ISC-KO and CDC42 KO intestinal
epithelium, we examined expression of E-cadherin and a.E-catenin (a-cat), two key
components of adhesion junctions. Immunolabeling revealed a drastic disruption of villi
and crypts in CDC42 ISC-KO epithelium, with distorted cell alignment and epithelial
polarity (Figures 1L and 1M; Figure S1K). Alternatively, expression levels of E-cadherin
and a.E-catenin were not significantly altered, suggesting that adherent junctions are largely
not impacted by the induced CDCA42 loss starting from I1SCs (Figure S1L).

Loss of CDC42 in ISCs increases proliferation in TA cells at the expense of ISCs

ISCs are the reservoir and driving force for the proliferative activity of crypts (van der

Flier and Clevers, 2009). Surprisingly, Olfm4* 1SCs were reduced in CDC42 I1SC-KO crypts
(Figures 1J and 1K), concomitant with over-proliferation and hyperplasia. One possible
source of the increased proliferation and enlarged crypt size is an expanded population of TA
cells, the active cycling progenitor cells in the transit amplifying zone located just above the
ISCs at the base of the crypts.

To test this, we measured Olfm4 expression in intestinal epithelium using /n situ
hybridization, western blotting, and immunofluorescence. This ISC marker was significantly
decreased in both mRNA and protein levels in CDC42 ISC-KO crypts on day 4 post-TAM
induction (Figures 2A and 2B; Figures S2A and S2C). Moreover, quantitative reverse
transcriptase polymerase chain reaction (QRT-PCR) confirmed that two other ISC markers
achaete scute-like 2 (Ascl2) and Lgr5 were also significantly reduced (Figure 2F). Flow
cytometry analysis of cells harvested from crypts also showed that the Olfm4-CreER-driven
GFP* cell population was reduced by ~6-fold (Figure S2B). These data all point to a
repression of the ISC population by CDC42 deletion.

In contrast to ISCs, immunostaining revealed that two other proliferating cell populations
expanded in CDC42 ISC-KO intestinal epithelia, i.e., Pcna* active-cycling TA cells (Figure
2C; Figure S2D) and Ki67* cells (Figure 2D; Figure S2D), which is reflected in the
drastically enlarged crypts (Figure 1B). Consistently, qRT-PCR showed that four out of
five TA cell markers were significantly elevated in CDC42 ISC-KO crypts (Figure 2F). In
addition, lysozyme* Paneth cells were ectopic in day 4 CDC42 1SC-KO epithelium (Figure
2E; Figure S2E), especially villi, similar to that noted in constitutive whole epithelium
deletion of CDC42 (Melendez et al., 2013). This defect in mislocalization was not apparent
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in the tdTomato lineage tracing experiment (Figures 1F and 1G), suggesting that CDC42-
null ISCs need longer than 3 days after the final TAM injection to differentiate into
CDC42-null Paneth cells. Notably, no excessive apoptosis was detected in CDC42 ISC-KO
epithelium (Figures S2F and S2G).

Since canonical Wnt signaling is critical for ISC self-renewal (Pinto et al., 2003; van der
Flier and Clevers, 2009), we measured canonical Wnt pathway activity by gRT-PCR analysis
of canonical Wnt effectors Axin2 and cyclin D1. Neither was significantly different in
CDC42 ISC-KO versus control crypts (Figure 2G). Thus, the observed decrease in ISC
number appears independent from canonical Wnt signaling changes.

Activities of YAP, Ereg, and mTOR signaling are increased in CDC42-depleted TA cells and

ISCs

To understand the mechanistic underpinnings of the observed CDC42 ISC-KO defects,
we analyzed crypt cells by performing high-throughput scRNA-seq, followed by UMAP,
a nonlinear dimensionality-reduction technique recently developed as an alternative for
t-distributed stochastic neighbor embedding (Becht et al., 2019) (Figure 3A). In crypt cells
isolated from CDC42 ISC-KO mice, our data revealed seven clusters with distinct gene
expression signatures. Cluster annotation based on cell marker expression (Haber et al.,
2017) revealed at least seven cell types: endocrine cells, enterocytes, goblet cells, Paneth
cells, ISCs, TA cells, and tuft cells. The data are consistent with the immunofluorescence,
fluorescence-activated cell sorting (FACS), and RT-PCR results above showing a relative
reduction in the ISC population and an expansion of the TA cell population in CDC42
ISC-KO crypts (Figure S3A).

We next performed gene set enrichment analysis (GSEA) analysis for YAP, mTOR, and
Whnt signaling pathways in the 1SCs cluster, in which each plays known critical roles in
ISC function, as well as apical polarity and proliferation-related genes. The YAP signaling
pathway is critical for regeneration of the ISC population after injury (Gregorieff et al.,
2015; Taniguchi et al., 2015), and the YAP1 target, Ereg (an EGFR ligand), modulates

ISC proliferation and regeneration (Gregorieff et al., 2015). GSEA analysis shows that a
conserved YAP pathway signature is elevated in CDC42-null ISCs (Figures 3B and 3C).
Consistently, sequencing data revealed a drastically elevated Ereg expression (Figure 3D;
Figure S3B). In addition, ISCs isolated from CDC42 ISC-KO mice showed elevated mTOR,
apical polarity, adhesion signaling, and genes involved in proliferation (Figures 3B and
3C; Figures S3C-S3E), whereas CDC42-depleted TA cells had a similar increase in YAP
signaling, mTOR signaling, and proliferation (Figures S3F-S3H). Interestingly, canonical
Whnt signaling was not significantly changed in either CDC42-null (versus control) ISCs or
TA cells (Figures S31 and S3J). These pathway analysis data suggest that YAP, Ereg, and
mTOR pathways are potential targets of CDC42 in ISCs and TA cells.

YAP KO/TAZ Het rescues ISCs and reduces TA cell proliferation

Our high-throughput scRNA-seq analysis suggests that YAP signaling is elevated in CDC42-
null ISCs (Figures 3B and 3C). To confirm that transcription levels of YAP pathway targets
are also increased in crypts isolated from CDC42 ISC-KO mice, we used gRT-PCR. While
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MRNA levels of three targets (Ctgf, Cyr61, and Ereg) were dramatically elevated, YAP and
TAZ mRNA levels were unchanged (Figure 4A). Alternatively, western blotting showed
massive accumulation of YAP protein in CDC42 ISC-KO crypts but reduced levels of
phospho-YAP, which undergoes degradation (Figure 4B). Consistently, the YAP pathway
suppressors pLats1/2 and pMST1/2, which phosphorylate YAP and Lats1/2, respectively,
were reduced (Figure 4B; Figure S4A). In addition, ubiquitin K48 is significantly reduced
in immunoprecipitated YAP protein from CDC42 ISC-KO crypts (Figure 4C). These data
suggest that in intestinal epithelium, CDC42 depresses YAP signaling.

To test whether repressing YAP signaling rescues CDC42 ISC-KO defects, we generated
Olfm4-CreER;CDC42flox/flox yapfloxiflox mice (also known as YAP KO rescue mice), by
crossing YAPToX/flox and Olfm4-CreER;CDC42f0X/flox mice. Due to the redundancy of YAP
and TAZ in mammals (Hong et al., 2016), we crossed YAP KO rescue mice with TAZflox/flox
mice to obtain Olfm4-CreER;CDC42flox/flox yapfloxiflox Tazflox/+ mice (also known as
YAP KO/TAZ Het rescue mice). Efficiency of YAP loss of function in both YAP KO and
YAP KO/TAZ Het rescue mice was confirmed in intestinal crypts by western blot (Figure
S4B) demonstrating loss of YAP and by gRT-PCR demonstrating that YAP signaling targets
Ctgf and Ereg were significantly reduced by YAP KO and even more so by YAP KO/TAZ
Het (versus CDC42 ISC-KQ) mice (Figure 4D). The ability of these genetic crosses to
rescue 1SCs was demonstrated first by western blots showing that the cross rescued the

ISC marker Olfm4 (Figure S4B), and second by gRT-PCR analysis demonstrating that each
rescued ISC markers Ascl2, Lgr5, and Olfm4 (Figure 4D); in both experiments, rescue

was greater in crypts from YAP KO/TAZ Het rescue mice. Similarly, compared to CDC42
ISC-KO mice, the TA cell marker Pcna was significantly reduced in crypts by either YAP

or YAP KO/TAZ Het mice (Figure 4D). We next performed scRNA-seq analyses using crypt
cells from YAP KO/TAZ Het rescue mice and found that the relative ISC percentage appears
to be restored compared with that in crypts from CDC42 ISC-KO mice (Figure 4E; Figure
S3A). These data suggest that reduction of YAP/TAZ signaling restores ISC fate at the
expense of TA cells, driving both cell populations toward wild-type levels.

The size of crypts in YAP KO/TAZ Het rescue epithelium was drastically decreased,
compared to CDC42 I1SC-KO epithelium, but the epithelial structures remained disorganized
(Figure 4F; Figure S4C). Anti-YAP immunostaining of intestinal epithelium found mainly

a cytoplasm localization in control crypts; in CDC42 1SC-KO crypts it was significantly
increased in the cytoplasm and also in the nucleus (Figure 4G; Figure S4D) where it is
known to activate downstream pathways (Hong et al., 2016). As expected, YAP KO and
YAP KO/TAZ Het crypts showed a clear reduction of YAP immunostaining, and they also
reduced Ki67 (Figure 4H; Figure S4E), Pcna (Figure 41; Figure S4E), and pH3 (Figure 4J;
Figure S4E). In addition, Olfm4, which was reduced in CDC42 ISC-KO crypt, was elevated
in YAP KO/TAZ Het rescue crypt (Figure 4K; Figure S4D), validating our biochemical data
(Figure 4D; Figure S4B). While some of the lysozyme™ Paneth cells remained ectopically
localized in intestinal epithelium in the YAP KO and YAP KO/TAZ Het rescue mice
(Figures S4F and S4F’), the number of lysozyme™ Paneth cells was partially rescued. GSEA
analysis confirmed that YAP KO/TAZ Het reduced YAP, Ereg, mTOR, and proliferation
pathways in ISCs and TA cells (Figure 4L; Figures S4G-S4K), suggesting that YAP/TAZ
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signaling is upstream of Ereg signaling and mTOR signaling that regulate the proliferation
and cell fate balance of ISCs/TA cells.

Inhibition of MTOR by rapamycin rescues ISCs and reduces TA cell proliferation

The mTOR pathway is dispensable for ISC homeostasis but is required for ISC maintenance
and regeneration after injury (Sampson et al., 2016). Our scRNA-seq data show that mTOR
signaling is elevated in CDC42 ISC-KO ISCs and TA cells (versus WT controls) (Figure 3B;
Figure S3C). Consistently, we found that the mTOR pathway effectors pAEBP and pS6 were
both increased in CDC42 I1SC-KO crypts (versus control) and reduced in YAP KO and YAP
KO/TAZ Het rescue crypts (versus CDC ISC-KO) (Figure 5A; Figure S5A), suggesting that
the mTOR pathway is downstream of and the YAP pathway. To test this, CDC42 ISC-KO
mice were injected with the mTOR inhibitor rapamycin. The mTOR inhibitor treatment
significantly reduced p4EBP and pS6 levels in CDC42 ISC-KO crypts, while having no
noticeable influence on YAP protein expression or localization (Figures 5B and 5E; Figures
S5B and S5D). Furthermore, Ascl2, Lgr5, and Olfm4 levels in the KO crypts were restored
to WT levels (Figures 5C and 5H; Figure S5D). Alternatively, the disrupted epithelial
structure of the duodenum was still evident, although the size of the crypts was reduced
(Figure 5D; Figure S5C). Hyperproliferation, marked by pH3 and Ki67, was reduced by
rapamycin (Figures 5F and 5G; Figure S5E); however, Paneth cell mislocalization still
persisted (Figure 51; Figure S5F). This pharmacological reversal of defects via rapamycin,
combined with genetic rescue in YAP KO/TAZ Het rescue mice, indicates that the mTOR
pathway is downstream of CDC42-suppressed YAP signaling and regulates ISC/TA cell
proliferation and cell fate decision.

Ereg/EGFR signaling, downstream of CDC42 and YAP, activates the mTOR pathway in
intestinal crypts

To identify the mechanistic link between YAP and the mTOR pathway, we chose to focus
first on Ereg/EGFR signaling, given that Ereg, an EGFR family member, is a known target
of YAP in small intestine and EGFR can stimulate the mTOR pathway (Meng et al., 2018).
In these experiments, we injected the EGFR inhibitor afatinib into CDC42 ISC-KO and
control mice and found, as expected, reduced levels of pEGFR in lysates of intestinal crypts
from both mice (versus untreated CDC42 ISC-KO mice) (Figure 6A). Afatinib reduced the
mTOR pathway effector p4EBP while it did not affect YAP expression (Figures 6A and 6D;
Figures S6A and S6B). Other features of intestinal epithelium from CDC42 ISC-KO mice
were “rescued” by afatinib treatment: 1ISC markers (Figures 6B and 6G; Figure S6B), crypt
sizes (Figure 6C; Figure S6C), proliferation marked by Ki67 (Figure 6E; Figure S6D) and
pH3 (Figure 6F; Figure S6D), and TA cell population size (e.g., Pcna marker, Figure 6E;
Figure S6D). Alternatively, the structure of the duodenal epithelium remained disorganized
(Figure 6C), and the ectopic Paneth cells remained dislocated (Figure 6H; Figure S6E).
These data show that Ereg/EGFR signaling, acting downstream of YAP, activates the mTOR
pathway in intestinal crypts to regulate ISC/TA cell fate shift and proliferation.
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Loss of CDC42 disrupts polarity and binding of Scribble and YAP, while loss of Scribble
mimics CDC42 loss-of-function defects

To study the interactions of CDC42 and YAP and the consequences for cell polarity, we
performed GSEA, comparing crypts from CDC42 ISC-KO and YAP KO/TAZ Het rescue
mice. The defective apical pathway in ISCs and TA cells from CDC42 ISC-KO intestinal
epithelium was not rescued in YAP KO/TAZ Het mice (Figures S7A and S7B). To examine
the effects of CDC42 on polarity of the intestinal columnar cells, we took advantage of

the cell polarity marker Na*K*-ATPase, which is concentrated at the basal surface of villi
and crypt cells. Na*K*-ATPase immunolabeling was less polarized and slightly reduced

in CDC42 ISC-KO villi cells (versus control), and the crypts also lost the surrounding
Na*K*-ATPase basal lateral layer (Figures 7A and 7B). Importantly, YAP KO/TAZ Het
could not rescue the epithelium polarization defects (i.e., disrupted villi structure and loss
of Na*tK*-ATPase enrichment) (Figure 7C), suggesting that YAP is downstream of CDC42-
regulated polarity in the small intestine.

To determine whether CDCA42 elicited effects through its function on basal-lateral polarity,
we examined the role of Scribble, a tumor suppressor gene and a key component of
epithelial basal lateral polarity (Bonello and Peifer, 2019). Together with Lgl (lethal giant
larvae) and Dlg (discs large) proteins, Scribble directs formation of basolateral membranes
(Zhan et al., 2008). /n vitro, Scribble binds multiple YAP signaling pathway components,
including MST1/2, Lats1/2, YAP, and TAZ (Bonello and Peifer, 2019; Clattenburg et al.,
2015). We tested whether Scribble physically interacts with the YAP/MST/Lats complex in
crypts: a co-immunoprecipitation (colP) test revealed that binding was significantly weaker
in CDC42 ISC-KO crypts when compared to strong Scribble-YAP binding in control crypts
(Figure 7D; Figure S7C), and the Scribble to MST1/2 and Scribble to Lats1/2 bindings were
similarly reduced (Figure 7E; Figure S7C).

To determine whether depleting Scribble in intestinal epithelium mimics CDC42 loss-
of-function defects, we bred villin-CreERT2 (villin-CreER) and ScribblefloX/flox mice
(Hartleben et al., 2012) to delete Scribble in the whole intestinal epithelium, under

TAM control. Western blots of isolated crypts confirmed loss of Scribble in villin-

creERT2; Scribble™0X/flox (j e, Scribble KO) compared to villin-creERT2; Scribble™0x (i e.,
Scribble Het) and revealed in the epithelium effects that mimicked those seen in epithelium
of CDC42 ISC-KO mice even though the villin-CreER model differs from the Olfm4-CreER
model used in the above CDC42 ISC-KO studies. Such differences included elevated mTOR
pathway effectors p4EBP and pS6 (Figures S7D and S7D”), increased crypt size (Figure

7F; Figure STE), defective morphology (Figure 7G), disrupted apical-basal polarity (Figure
7H), and increased levels of YAP protein (Figure 71; Figure S7G), and increased YAP
pathway effectors Ctgf and Ereg (Figure 7L), all further confirming that loss of Scribble
disrupts apical basal polarity functioning. Importantly, mMRNA levels of ISC markers Ascl2
and Lgr5 decreased, and the TA cell marker Pcna increased (Figure 7L; Figure S7F). We
further observed an expansion of TA cell population with increased proliferation (Figure

7J; Figure S7F) and a loss of ISC population (Figure 7K; Figure S7G), also mimicking the
effects of CDC42 KO. These results suggest that loss of a polarity complex component is
sufficient to elevate YAP-mTOR signaling and trigger the 1ISC-to-TA cell fate shift. Wnt
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is not involved during this process, as canonical Wnt targets were not significantly altered
(Figure 7M). Thus, in intestinal crypts, CDC42/Scribble-mediated apical-basal cell polarity
is a key regulator of YAP/EGFR/mTOR signaling, which, in turn, regulates ISC and TA cell
fate balance with regard to proliferation.
DISCUSSION

CDC42 regulates ISC/TA cell proliferation and fate balance in intestinal crypts

Cdc42 is known for its critical role in establishing cell polarity in eukaryotes. To study

the function of CDC42-regulated polarity specifically in mammalian ISCs in homeostasis,
we used mice in which CDC42 is inducibly knocked out specifically in adult ISCs
(Schuijers et al., 2014). Similar to the constitutive deletion of CDC42 in the whole intestinal
epithelium (Melendez et al., 2013), CDC42 ISC-KO led to significant hyperplasia and

crypt enlargement. Conversely, ISC proliferation and differentiation increased in the CDC42
ISC-KO (versus controls), and ISC number and marker gene expression decreased while
TA cells, which grow almost twice as quickly as ISCs in the cell cycle (Carroll et al.,

2018; Schepers et al., 2011), increased. From these observations, we begin to construct

a hypothesis in which CDC42 functions as a switch between the two pluripotent cell
populations. Specifically, when CDCA42 is reduced, apical polarity is disrupted, proliferation
accelerates, and ISC-to-TA cell transition is favored over ISC self-renewal. As a result, the
slower cycling stem cell pool is depleted, while the faster cycling TA cell pool is expanded.
These changes in proliferation and differentiation lead to the tissue hyperplasia observed

in the CDC42 1SC-KO mice. Our results support the notion that intestinal tissue is highly
plastic, driven by proliferation that may affect the balance between ISCs and TA cells.

Canonical Wnt signaling is a key regulator for ISC renewal and proliferation (Pinto et al.,
2003). Indeed, a recent study found that in YAP gain-of-function crypts, ISCs are diminished
due to decreased Wnt signaling (Li et al., 2020). In contrast, in our study, Wnt signaling
does not appear to be altered in either ISC or TA cell populations, indicating that CDC42-
mediated polarity controls ISC/TA cell fate switch and TA cell proliferation independent of
changes in canonical Wnt signaling. These two apparently disparate findings could suggest
that, in crypts, YAP signaling can be fine-tuned in different cell populations to drive diverse
functional responses.

CDC42/scribble-mediated apical/basal-lateral polarity controls Hippo-YAP signaling

The Hippo-YAP signaling cascade is highly conserved and is a critical regulator of organ
size, tissue homeostasis, and regeneration (Hong et al., 2016). A previous study suggested
that YAP signaling, elevated in CDC42 I1SC-KO crypts, is differentially regulated by
adhesion junctions and apical-basal polarity (Yang et al., 2015). In addition to enlarged
crypts and increased intestinal size, CDC42 ISC-KO leads to disrupted epithelial cell
morphology, suggesting underlying defects in cell adhesion and/or apical/basal polarity. The
observed abnormal polarity marker staining in the CDC42 ISC-KO epithelium indicates that
apical polarity is compromised by loss of CDC42. The effects on epithelial disruption and
ectopic localization of Paneth cells could not be rescued by downstream YAP/TAZ KO or
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EREG/mTOR inhibition, suggesting that additional cellular function regulated by CDC42
such as cell-cell or cell-matrix adhesion is at play.

Loss of the basal polarity protein Scribble in cell line and Drosophila experiments causes
YAP accumulation and activation in the nucleus, possibly due to reduced binding of Scribble
to YAP suppressors MST1/2 and Lats1/2 (Mohseni et al., 2014; Yang et al., 2015). We
show that in CDC42 ISC-KO crypts, Scribble binding to the MST1/2-Lats1/2-YAP complex
is reduced, leading to reduced phosphorylation of MST1/2, Lats1/2, and YAP, reduced
degradation of YAP, and increased nuclear localization of YAP. Interestingly, in dental
epithelium, loss of CDC42 decreased YAP nuclear localization via PP1A (Hu et al., 2017),
suggesting that the CDC42-YAP relationship varies between different tissues. Our whole
epithelium Scribble KO mouse model provides initial evidence that a loss of apical/basal
polarity is sufficient to elevate YAP signaling in the crypts including I1SCs, thereby driving
over-proliferation and ISC/TA cell fate change. The fact that YAP/TAZ loss of function
reverses the CDC42 I1SC-KO crypt proliferation, except for the epithelial cell polarity,
further supports that YAP and its effectors are downstream of polarity. Although whole
epithelial KO of Scribble phenocopies CDC42 ISC-KO in general, the defects are milder,
suggesting that, in ISCs, CDC42 performs more functions than just regulating apical/basal
polarity. Future study of ISC-specific loss of polarity molecules such as Scribble, Dlg, and
Lgl may further confirm whether their 1SC-intrinsic function is sufficient to impact YAP
signaling.

Our finding that CDC42-mediated polarity directly regulates YAP signaling in small
intestine will inform studies of YAP signaling during intestinal homeostasis and in diseased
conditions such as colon cancer. A recent publication shows that YAP overexpression, driven
by genetic loss of Lats1/2, triggers a wound healing signature (Cheung et al., 2020), which is
also observed in ISCs and TA cells in our CDC42 ISC-KO mice (data not shown). However,
increased YAP activity appeared to serve as a tumor suppressor in the context of a defined
oncogenic driver (Cheung et al., 2020), differing from our observation that significantly
elevated YAP signaling in CDC42 ISC-KO is sufficient to drive hyperproliferation in
intestinal crypts. Thus, this work, together with previous studies, suggests that loss of
polarity-induced over-activation of YAP signaling may cause intestinal hyperplasia and,
thereby, contribute to intestinal transformation.

CDC42 regulates proliferation and ISC/TA cell fate via a YAP-EGFR-mTOR signaling

cascade

While the role of EGFR signaling in the mammalian intestine is largely unknown, EGFR
regulates stem and progenitor cell proliferation and differentiation in Drosophila midgut
(Jiang et al., 2016). Furthermore, EGFR ligand Ereg is a YAP target in intestinal crypts
(Gregorieff et al., 2015). Indeed, in CDC42 ISC-KO ISC and TA cell populations we

see, in addition to elevated YAP signaling, a significant increase in Ereg and also EGFR
signaling, and recent observations indicate that Neuregulin 1, one of four proteins in the
neuregulin family that act on the EGFR family of receptors, can promote ISC proliferation
and epithelial regeneration after injury (Abud et al., 2019). Using the EGFR inhibitor
afatinib, we demonstrate that EGFR signaling regulates proliferation and ISC/TA cell fate
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in crypts. Our high-throughput sScRNA-seq analysis revealed that mTOR signaling, which
is known to be transduced by EGFR activity (Wee and Wang, 2017), was also increased in
CDC42 KO ISCs and TA cells and was required for the proliferation phenotype.

Thus, our results present a model in which ISC maintenance and TA progenitor proliferation
and cell fate are regulated by an apical/basal lateral polarity-mediated Hippo-EGFR-mTOR
signaling cascade that does not require canonical Wnt signaling. This work raises an
interesting possibility that defective ISC/TA cell polarity may play a role in driving normal
cells toward hyperproliferation.

Limitations of the study

For the loss-of-polarity experiment, we used villin-CreERT2 to achieve Scribble deletion

in the whole intestinal epithelium. While the initial observations from this model showed
consistent crypt and ISC/TA cell phenotypes to those in the model of ISC-specific deletion
of CDC42 by OImf4-CreER, future studies using 1SC-specific loss of polarity molecules
including Scribble are needed to further dissect the role of polarity in ISC regulation. In
addition, UMAP is a non-linear dimensionality reduction method that is limited in drawing
quantitative conclusions. We have annotated the clusters using marker gene sets for each
intestinal cell type, and also treated the data based on the marker gene sets from the raw data
and relied on other analyses by morphologies, immunofluorescence, FACS, and RT-PCR to
reach a consistent conclusion.

STAR*METHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Yi Zheng (yi.zheng@cchmc.org).

Materials availability—This study did not generate new unique reagents. All reagents
involved in this study are available from the lead contact with a completed materials transfer
agreement.

Data and code availability

. RNA-seq data have been deposited at GEO and are publicly available as of the
date of publication. Accession numbers are listed in the Key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this work
paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice— CDC4210x/flox (Melendez et al., 2013), Olfm4-IRES-eGFPCreERT?2 (Schuijers et
al., 2014), Yap/lox/flox Taz flox/flox (Xin et al., 2013), and Scribble™*/foX mice (Hartleben et
al., 2012) have been previously described. Villin-CreERTZ mice were provided by Dr. Helen
Piwnica-Worms (The University of Texas MD Anderson Cancer Center). Rosa26tdTomato
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reporter mice (Madisen et al., 2010) were purchased from Jackson Lab. All mice were
generated on or extensively backcrossed to the C57/BL6 background.

All mice were bred at the Animal Resources Center at Cincinnati Children’s Hospital
Medical Center. Animal protocols were approved by the CCHMC Institutional Animal Care
and Use Committee. Mice were housed in a specific pathogen-free breeding barrier. Both
male and female mice were used in this study; age-matched 2- to 3-month-old mice were
used for /n vivo studies. Mice were maintained with a 12 h light/dark cycle and were fed
standard chow.

Mice breeding and tissue harvesting— CDC4210%/flox mice (Melendez et al., 2013)
were crossed with either Villin-CreERTZ mice or Olfm4-IRES-eGFPCreERT2 mice
(Schuijers et al., 2014). Littermate controls were generated by standard pairings. To

induce Cre recombinase, tamoxifen (TAM) was injected (TAM; 2 mg in corn oil, IP;
Sigma-Aldrich) once per day for 3 consecutive days. Animals were then sacrificed at 1

of 4 time points post- TAM injection: 12 hours (day 0.5), 24 hours (day 1), 72 hours

(day 3) or 96 hours (day 4). For lineage tracing experiment, Olfm4-1RES-eGFPCreERT2;
CDC421ox/flox gnd littermate control Olfm4-IRES-eGFPCreERT2; CDC42M0%/* ere
crossed with Rosa26!dTomato renorter mice. For genetic rescue, Olfm4-IRES-eGFPCreERT2;
CDC42Mox/flox \were crossed with Yap/0X/flox, Taz flox/flox mice (Xin et al., 2013). For
Scribble deletion in intestinal epithelium, Scribble™*/foX mice (Hartleben et al., 2012) were
crossed with Villin-CreERTZ2 mice. For the rapamycin rescue experiment, rapamycin (8
mg/kg/day) was injected for 3 consecutive days post-3 days of TAM injection. For EGFR
inhibitor rescue test, Afatinib (20 mg/kg/day) was injected for 3 consecutive days 3 days
after TAM injection.

Euthanasia was performed with CO, followed by cervical dislocation. Intestinal tissue was
isolated and flushed with PBS. For some experiments, crypt tissue was isolated from the
intestinal epithelium, as previously described (Liu et al., 2017).

METHOD DETAILS

H&E staining, in situ hybridization, and immunofluorescence—Intestinal tissue
was fixed in 10% formalin or 4% paraformaldehyde overnight at 4°C, embedded in paraffin
(H&E and /n sitd) or cold optimum cutting temperature embedding medium (H&E). Tissues
were processed for paraffin-embedding and H&E staining by the CCHMC Digestive Health
Center Pathology Core. /n situ hybridization was performed in the lab following the
published protocol (Gregorieff and Clevers, 2010). Both H&E and /n situ images were
captured using Nikon scientific microscope AX series.

Intestinal tissue was fixed in 4% paraformaldehyde overnight at 4°C, cryoprotected in 30%
sucrose, embedded in OCT compound, and sectioned while frozen at 12 pm.

Images were acquired on a Nikon A1R GaAsP Inverted Confocal Microscope, with signal
intensity optimized for control samples and the same settings (laser power/gain/offset) used
for KO and rescue tissues. p-histone H3* cell numbers were counted (20 crypts per mouse in
3 mice) to get the average p-histone H3™ cells per crypt. Results are expressed as the mean
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+ standard deviation, and significance calculated by Student’s t test (p < 0.05 was considered
significant).

Western blot and co-immunoprecipitation (colP)—Intestinal epithelium from crypts
was processed for western blot, as previously described (Liu et al., 2017). For co-IP, lysates
(1.5 mg total protein) were incubated at 4°C overnight with protein A/G magnetic beads

(20 pl; Thermofisher) conjugated with anti-YAP1 or anti-Scribble antibody. Beads were
then washed 3 times in lysis buffer, once with pure water, heated at 95°C for 10 minutes

in loading buffer, and applied to 4%-15% SDS-PAGE gels (Biorad) for YAP and Scribble
western blot analysis, or MST1/2, Lats1/2 and Scribble western blot analysis, respectively.

RNA extraction and quantitative real-time PCR—mRNA was isolated from
intestinal crypts using an RNA mini kit (QIAGEN), concentration was measured by a
Nanodrop, and cDNA produced with a cDNA synthesis kit (ABI). Quantitative PCR was
performed using SYBR or Tagman gPCR master mix (ABI) on an ABI700 qRT-PCR
instrument, and relative expression levels determined with the AACt method standardized
to gapah. Primer sequences for SYBR reaction were obtained from RTPrimerDB or https://
pga.mgh.harvard.edu/primerbank.

Single-cell suspension preparation and RNA library preparation and
sequencing—Intestinal epithelium from crypts was resuspended in medium (30% 10x
TrypLE and 70% Advanced DMEM/F12), incubated at 37°C for 30 to 45 minutes, and then
mixed and passaged through a glass pipette every 10 min while monitoring suspensions
with a microscope. Cells were then filtered (40-um), pelleted (5 min at 300-100 g), washed
once with Advanced DMEM/F12, and resuspended in the same medium. The CCFIMC
DNA Genotyping and Sequencing Core prepared a 3’ gene expression library for SCRNA-
seq to obtain gene expression profiles for 4000-5000 cells per sample, using Chromium
Single Cell 3" Reagent Kit (v3; 10x Genomics). The manufacturer protocol found in the
CG000183 Rev B user guide was strictly followed, using 14 cycles during section 2.2 cDNA
amplification. The NovaSeq 6000 Sequencer was used with the sequencing read parameters
designated in the user guide.

Sample demultiplexing, barcode processing, and UMI counting were performed using
Cell Ranger 1.3.0 (10x Genomics). Because single-cell data were derived from intestinal
tissue samples from 3 different genotypes, BEER (PMID:31636959) and BBKNN
(PMID:31400197) were used to remove batch effects from the various runs that included
three different genotypes. UMAP was used to visualize all cells in a 2-dimensional plot.
Cells were annotated using published marker genes (Haber et al., 2017). Briefly, 200
small cell clusters were identified using k-means method based on UMAP coordinates,
the cell type of each cluster annotated by checking the marker genes’ expression value,
and small clusters sharing the same cell type merged. This method revealed a total of 7
cell type clusters: enterocyte (Alpi, Apoal, Apoad), stem (Lgr5, Olfm4), TA (Pcna, MKi67),
goblet (Muc2, Clca3), endocrine (Chga, Chgb), tuft (Dclkl, Trpm5), and immune (Cd3g).
The FeaturePlot function in Seurat (https://doi.org/10.1016/j.cell.2019.05.031) was used
to visualize the expression value of individual genes (eg, Ereg), and Complex Heatmap
(PMID:27207943) was used to generate heatmaps of multiple genes in different samples.
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Expression values in each row of a heatmap were smoothed using an R function named
“smooth.spline,” and GSEA (https://doi.org/10.1073/pnas.0506580102) was used to conduct
gene set enrichment analysis (Subramanian et al., 2005).

QUANTIFICATION AND STATISTICAL ANALYSIS

Most of the statistical details can be found in Figure legends. GraphPad Prism 8.0 and
Microsoft Excel software was used for statistical analysis. Data were represented as the
mean + SD. Statistical significance was determined by t tests (two-tailed) for two groups. p
< 0.05 was considered statistically significant (*** p < 0.001, ** p < 0.005, * p < 0.05, ns;
not significant, p > 0.05).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Cdc42 deletion in mouse I1SCs causes defective polarity and hyperplasia of
crypts

CDCA42 regulates polarity-Hippo signaling independent of canonical Wnt
signaling

Ereg and mTOR mediate CDC42-YAP signaling in the crypts

Apical polarity-YAP signaling maintains ISC and TA cell fate balance
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Figure 1. 1SC-specific deletion of CDC42 causes crypt hyperproliferation
Two- to 3-month-old CDC42 ISC-KO (Olfm4-CreER, CDC42f10x/floxy and control (OIfm4-

CreER, CDC42f1oX/*) mice were injected with TAM once per day for 3 days, and then were
sacrificed at 12 h (day 0.5), 24 h (day 1), 72 h (day 3), or 96 h (day 4) after the third TAM
injection.

(A) Small intestinal crypts were isolated, lysed, and western blotted for CDC42. Actin is
the loading control. (Upper) Day 1 and day 4 whole-crypt cell lysates. (Lower) Day 1 GFP
sorted crypt cells.

(B and C) Representative images of H&E staining of duodenal sections; one crypt is circled
in each image based on morphology.

(D-M) Representative images of immunofluorescence staining of duodenal sections.

(D and E) Anti-pH3 and anti-E-cadherin; one crypt is circled in each image.

Control
CDC42 ISC-KO

a-cat/DAPI
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(F-K) Lineage tracing tdTomato, DAPI, E-cadherin, as well as lysozyme, Ki67, and Olfm4;
one crypt is circled in each day 3 image.

(L and M) anti-aE-catenin; enlargements of villi (L. and M”) and crypt (L'’ and M”).

Data are representative of at least three independent experiments. Scale bars, 50 um. n =4
for each genotype.
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Figure 2. Loss of CDC42 in ISCs increases proliferation in TA cells at the expense of ISCs
(A) Representative images of /n situ staining of duodenal sections; one crypt is circled in

each image.

(B-E) Representative images of immunofluorescence staining of duodenal sections: anti-
OIfm4, anti-p-catenin, anti-Pcna, anti-Ki67, and anti-lysozyme.

(F and G) Relative mRNA levels of ISC markers, TA cell markers, and Wnt pathway
markers in isolated small intestinal crypts. Data are mean + SD. *p < 0.05, **p < 0.01; ns,
not significant.

Data are representative of at least three independent experiments. Scale bars, 50 um. n =4
for each genotype.
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Figure 3. YAP and mTOR signaling activities are increased in CDC42-depleted TA cells and
ISCs

(A) Single-cell RNA-seq analysis of isolated single cells from duodenal crypts by UMAP
clustering.

(B) Heatmap of most differentially expressed genes in the YAP pathway (10 genes), mTOR
pathway (7 genes), proliferation pathways (15 genes), and apical polarity pathways (8 genes)
in control and CDC42 1SC-KO ISC cluster. Columns indicate individual cells; rows indicate
genes. n refers to gene numbers.

(C) GSEA pathway enrichment map for YAP and proliferation pathways from cells in the
ISC cluster.
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(D) Expression level of Ereg in ISC and TA cell cluster.
Data from one experiment. n = 1 for each genotype.
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Figure 4. YAP KO/TAZ Het rescues ISCs and reduces TA cell proliferation in CDC42 KO
intestine

YAP KO rescue (Olfm4-CreER;CDC42flox/flox yapflox/flox) and YAP KO/TAZ Het rescue
(Olfm4-CreER;CDC42flox/flox yapflox/flox Tazflox/+) were generated to compare with
control and CDC42 I1SC-KO.

(A) Relative mRNA levels of YAP pathway components and effectors in isolated small
intestinal crypts. Data are mean + SD. *p < 0.05, **p < 0.01, ***p < 0.005; ns, not
significant.

(B) Small intestinal crypts were isolated, lysed, and western blotted for YAP and YAP
pathway repressor MST1/2 and Lats1/2. Actin represents the loading control.

(C) Small intestinal crypts were isolated, lysed, and immunoprecipitated with anti-YAP
antibody, then western blotted for ubiquitin K48.

(D) Relative mRNA levels of ISC markers, YAP pathway markers and TA cell markers in
isolated small intestinal crypts. *p < 0.05, **p < 0.01, ***p < 0.005.
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(E) UMAP clusters of isolated single cells from duodenal crypts.

(F) Representative images of H&E staining of duodenal sections; one crypt is circled in each
image.

(G-K) Representative images of immunofluorescence staining of duodenal sections: anti-
YAP, anti-Ki67, anti-Pcna, anti-b-catenin, anti-pH3, anti-a.E-catenin, and anti-Olfm4.

(L) Heatmap of most differentially altered genes in the YAP pathway (10 genes), mTOR
pathway (7 genes), and proliferation pathways (15 genes) in control, CDC42 ISC-KO, and
YAP KO/TAZ Het rescue ISC cluster. Columns indicate individual cells; rows indicate
genes. n refers to gene numbers.

For (A)-(D) and (F)—(K), data are representative of at least three independent experiments.
Scale bars, 50 um. n = 4 for each genotype. For (E) and (L), data are from one experiment. n
=1 for each genotype.
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Figure 5. Inhibition of mTOR signaling by rapamycin rescues 1SCs and reduces TA cell
population

CDC42 ISC-KO and controls were injected with TAM once per day for 3 consecutive days,
followed by 3 consecutive days of PBS or rapamycin injection, then sacrificed 24 h after the
third rapamycin injection.

(A and B) Small intestinal crypts were isolated, lysed, and western blotted for CDC42 and
mTOR pathway effector S6 and 4EBP. Actin represents the loading control.

(C) Relative mRNA levels of ISC markers in isolated small intestinal crypts. Data are mean
+ SD. *p < 0.05, **p < 0.01.

(D) Representative images of H&E staining of duodenal sections; one crypt is circled in
each image.
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(E-1) Representative images of immunofluorescence staining of duodenal sections: anti-
YAP, anti-E-cad, anti-pH3, anti-Ki67, anti-b-catenin, anti-Olfm4, anti-E-cad, and anti-
lysozyme.

Data are representative of at least three independent experiments. Scale bars, 50 um. n =4
for each genotype.
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Figure 6. Ereg/EGFR signaling, acting downstream of CDC42-YAP, activates the mTOR
pathway in crypts
CDC42 ISC-KO and controls were injected with TAM once per day for 3 consecutive days,

followed by 3 consecutive days of PBS or afatinib injection, then sacrificed 24 h after the
third afatinib injection.

(A) Small intestinal crypts were isolated, lysed, and western blotted for EGFR, YAP, and the
mTOR pathway effector 4EBP. Actin represents the loading control.

(B) Relative mRNA levels of ISC markers in isolated small intestinal crypts. Data are mean
+ SD. *p < 0.05, **p < 0.01.

(C) Representative images of H&E staining of duodenal sections; one crypt is circled in each
image.

(D-H) Representative images of immunofluorescence staining of duodenal sections: anti-
YAP anti-Ki67, anti-Pcna, anti-b-catenin, anti-pH3, anti-E-cad, anti-Olfm4, anti-aE-catenin,
and anti- lysozyme.
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Data are representative of at least three independent experiments. Scale bars, 50 um. n =4
for each genotype.
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Figure 7. Effects by loss of CDC42 are mimicked by a loss of Scribble in disrupting epithelial
polarity and ISC-TA cell fate

Scribble het (villin-CreERT2;Scribbleflox/flox) and Scribble KO (villin-
CreERT2;ScribblefoX*) mice were injected with TAM once per day for 3 days, and then
sacrificed 1 day after the third TAM injection.

(A-C) Representative images of immunofluorescent staining of duodenal sections: anti-
Na*K*-ATPase; enlargements of villi (A’, B”, and C’) and crypt (A”, B”, and C”).

(D and E) Small intestinal crypts were isolated, lysed, and immunoprecipitated with (D)
anti-YAP and (E) anti-Scribble, then western blotted for (D) Scribble and (E) MST1/2 and
Lats1/2. (representative of two independent repeats)

(F) Representative images of H&E staining of duodenal sections; one crypt is circled in each
image.

(G-K) Representative images of immunofluorescence staining of duodenal sections: anti-E-
cad, anti-Na*K*-ATPase, anti-YAP, anti-Ki67, anti-Pcna, a.E-catenin, and anti-Olfm4.
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(L and M) gRT-PCR analysis of (L) ISC marker, TA cell marker, and YAP pathway, and (M)
Whnt pathway in isolated small intestinal crypts. Data are mean + SD. *p < 0.05, **p < 0.01;
ns, not significant.

For (A)-(C), data are representative of at least three independent experiments. Scale

bars, 50 um. n = 4 for each genotype. For (D) and (E), data are representative of two
independent experiments. Scale bars, 50 um. n = 3 for each genotype. For (F)-(M), data are
representative of at least three independent experiments. Scale bars, 50 pm. n = 3 for each
genotype.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti- YAP1 (D8H1X) Cell Signaling Cat# 14074
Rabbit anti- cleaved caspase 3 Cell Signaling Cat# 9661
Rabbit anti- p-histone H3 Cell Signaling Cat# 3377
Rabbit anti- Olfm4 Cell Signaling Cat# 39141
Mouse anti- E-cadherin BD Biosciences Cat# 610182
Mouse anti- beta-catenin BD Biosciences Cat# 610153

Mouse anti- alpha E-catenin

Rabbit anti- Pcna

Rabbit anti- Na*K+ATPase

Rabbit anti- Ki67

Rabbit anti- Lysozyme

Rabbit anti- Cdc42

Rabbit anti- phospho-YAP (S127)

Rabbit anti-phospho-MST1 (Thr183)/MST2 (Thr180)
Rabbit anti- MST 1/2

Rabbit anti- phospho-S6 Ribosomal Protein (S235/236)
Mouse anti- S6 Ribosomal Protein

Rabbit anti- phospho-4E-BP1 (T37/46)

Rabbit anti- 4E-BP1

Rabbit anti- K48-linkage polyubiquitin

Rabbit anti- phosphor-EGFR (Y1068)

Rabbit anti- EGFR

Rabbit anti- beta-actin

Rabbit anti- phosphor-Lats-1/2 (Ser909, Ser872)
Rabbit anti- Lats 1/2

Mouse anti- Scribble

Anti-mouse IgG, HRP-linked Antibody
Anti-rabbit 1gG, HRP-linked Antibody

Alexa Fluor 488, Goat anti Rabbit 1gG

Alexa Fluor 568, Goat anti Rabbit 1gG

Alexa Fluor 633, Goat anti Rabbit 1gG

Alexa Fluor 488, Goat anti Mouse 1gG

Alexa Fluor 568, Goat anti Mouse 1gG

Alexa Fluor 633, Goat anti Mouse 1gG

Normal Rabbit IgG

Normal Mouse 1gG

Santa Cruz
Santa Cruz
MBL

Abcam

Dako

Cell Signaling
Cell Signaling
Cell Signaling
Bethyl Laboratories
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Invitrogen
Bethyl Laboratories
Santa Cruz
Cell Signaling
Cell Signaling
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Cell Signaling

Sigma

Cat# SC-9988
Cat# SC-56
Cat# MC-9784
Cat# AB16667
Cat# A0099
Cat# 2466

Cat# 13008
Cat# 49332
Cat# A300-468A
Cat# 4858

Cat# 2317

Cat# 2855

Cat# 9644

Cat# 8081

Cat# 3777

Cat# 2232

Cat# 4970

Cat# PA5-64591
Cat# A300-479A
Cat# SC-55543
Cat# 7076

Cat# 7074

Cat# A32731
Cat# A11011
Cat# A21070
Cat # A32723
Cat# A11004
Cat# A21052
Cat #2729

Cat #12-371

Chemicals, peptides, and recombinant proteins
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REAGENT or RESOURCE SOURCE IDENTIFIER
Tamoxifen Cayman Chemical 13258
Rapamycin ApexBio A8167
Afatinib ChemieTek CT-BW2992
Pierce Phosphatase Inhibitor Mini Tablets Thermo Fisher A32957
Simple Stop 1 Phosphatase Inhibitor Cocktail Gold Biotechnology GB450
complete, Mini, EDTA-free Protease Inhibitor Cocktail Roche 11836170001
Alcian Blue Sigma A3157
DAPI (4°,6-Diamidino-2-Phenylindole, Dihydrochloride)  Invitrogen D1306
Critical commercial assays
High-Capacity cDNA Reverse Transcription Kit Applied Biosystems 4368814
TagMan Gene Expression Master Mix Applied Biosystems 4369514
TagMan Gene Expression Master Mix Applied Biosystems 4369514

Deposited data

Single Cell RNA-seq data

This paper

https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE166736

Experimental models: Organisms/strains

Mouse: Olfm4-IRES-eGFPCreERT2 Schuijers et al., 2014 N/A

Mouse: CDC42flox/flox Melendez et al., 2013 N/A

Mouse: villin-creERT2 Melendez et al., 2013 N/A

Mouse: Rosa26tdTomato Madisen et al., 2010 JAX # 007909
Mouse: Yapflox/flox; Tazflox/flox Xinetal., 2013 N/A

Mouse: Scribbleflox/flox Hartleben et al., 2012 N/A
Oligonucleotides

Primers for gPCR (Table S1) N/A N/A

Software and algorithms

ImageJ

Prism 8.1

Cell Ranger 1.3.0

R

National institutes of Health and
the Laboratory for Optical and
Computational Instrumentation

GraphPad Software

10x Genomics

R Foundation for Statistical
Computing

https://imagej.nih.gov/ij/

https://www.graphpad.com/scientific-
software/prism/

https://support.10xgenomics.com/single-cell-
gene-expression/software/downloads/1.3

https://www.r-project.org/
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