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SUMMARY

A central factor in the maintenance of tissue integrity is the response of stem cells to variations
in the levels of niche signals. In the gut, intestinal stem cells (ISCs) depend on Wnt ligands for
self-renewal and proliferation. Transient increases in Wnt signaling promote regeneration after
injury or in inflammatory bowel diseases, whereas constitutive activation of this pathway leads
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to colorectal cancer. Here, we report that Discs large 1 (D/g), while dispensable for polarity

and cellular turnover during intestinal homeostasis, is required for ISC survival in the context

of increased Wnt signaling. RNA sequencing (RNAseq) and genetic mouse models demonstrated
that DLG1 regulates the cellular response to increased canonical Wnt ligands. This occurs via
transcriptional regulation of Arfigap31, a GTPase-activating protein that deactivates CDC42, an
effector of the non-canonical Wnt pathway. These findings reveal a DLG1-ARHGAP31-CDC42
axis that is essential for the ISC response to increased niche Wnt signaling.
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Throughout an organism’s life, the activity of niche signals fluctuates due to injury, and stem cells
need to respond accordingly. Klein and colleagues found that during high Wnt activity observed in
intestinal regeneration, niche canonical WNT ligands activate non-canonical Wnt signaling via a
DLG1-ARHGAP31-CDC42 axis required for stem cell-driven regeneration.
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INTRODUCTION

Epithelial tissues have extraordinary resilience against physical and chemical damage, in
part due to rapid regeneration fueled by stem cellsl. Stem cells are essential for maintaining
tissue function and ensuring return to homeostasis after injury2. The small intestinal
epithelium is a multifunctional tissue that performs essential tasks, including nutrient
absorption and maintenance of a barrier against harmful pathogens and carcinogens that

are ingested. The epithelial lining is made up of repetitive units of villus-crypt structures.

At the base of each villus, tubular crypts house proliferative LGR5™ intestinal stem cells
(1SCs)3 that continuously replenish the entire human and mouse epithelium within 3t0 5
days. Indeed, the gut lining is the most rapidly cycling epithelium in the mammalian body
and thus provides an excellent model to study somatic stem cells*®. ISCs actively proliferate
to self-renew and generate transit-amplifying (TA) progenitor cells, which in turn give rise to
differentiated absorptive and secretory cells3.

The regenerative potential of stem cells depends on microenvironmental cues from the
stem cell niche’. As a result of ever-changing tissue needs, such as growth during
development and repair during regeneration, niche signals required for stem cell activity
fluctuate throughout life8-19, In the intestine, epithelial and mesenchymal Wnt signals

are a central part of the molecular milieu responsible for ISC function®11-19, During
intestinal homeostasis, Wnt signals regulate ISCs to maintain steady-state conditions20-24,
After injury, such as by irradiation, inflammation, resection or infection, regeneration of
the intestinal epithelium is driven by transient increases in expression of Wnt ligands
followed by robust pathway activation that promotes proliferation and stemness!7:25-30,
However, constitutive activation of Wnt signaling can lead to tumorigenesis®1-35, which in
the intestine often occurs through mutation of the tumor suppressor Adenomatous Polyposis
Coli (APC)20-24.36_ Even though the Wnt pathway has been extensively studied in the
intestinal epithelium, it remains unclear how stem cells contend with the transient increases
in Wnt signaling that occur throughout life.

APC interacts with DLG137-39, a tumor suppressor protein that is part of Scribble
polarity complex (together with SCRIBBLE and LGL) and is classically known to
regulate cell polarity by directing formation of basolateral membranes3”:39-41 Deletion of
Scribble polarity proteins leads to severe developmental abnormalities in several organs
in invertebrates and vertebrates*2-4°. Likewise, deletion of intestinal Scribble (Scrib) has
a profound effect on apical basal polarity in the adult intestine*®. However, deletion of
Drosophila midgut Dlg is dispensable for midgut polarity*’.

Potential intersections between Wnt/B-catenin signaling and DLG1-mediated polarity have
been reported using /n vitro approaches. These studies demonstrated the importance

of interactions between APC and DLG1 for various cellular functions: polarization of
migrating astrocytes8, cell cycle progression in fibroblasts*®, and migration of isolated
Xenopus epithelial cells®0. Deletion of D/gZ in the intestine decreases the survival of mice
harboring tumorigenic Apc mutations, demonstrating the involvement of DLG1 in the Wnt
signaling pathway®L. However, the molecular and cellular mechanisms underlying the role
of DLG1 in Whnt signaling is not clear.

Cell Stem Cell. Author manuscript; available in PMC 2024 February 02.
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In this study, we investigated the link between DLG1 and canonical Wnt signaling in

the intestinal epithelium by conditionally deleting D/gZ using intestinal V7/¢"¢ER and 1SC-
specific Lgr5¢"ER drivers. During homeostasis, intestinal cell turnover and apical-basal
polarization were not affected by the absence of D/gZ, consistent with data from the
Drosophila midgut*’. However, we found that D/g1 is required for the proper intestinal
response to increased canonical Wnt levels. D/gI regulates the expression of Arfigap31, a
GTPase-activating protein that regulates the activity of the small GTPase CDC42, which in
turn is an effector of the non-canonical Wnt planar cell polarity pathway®2:53, These findings
shed light on a previously underappreciated crosstalk between canonical Wnt ligands and the
non-canonical Wnt pathway which ISCs rely on during WNT-dependent regeneration.

RESULTS

Dlg1l is dispensable for mammalian intestinal polarity maintenance and epithelial integrity
during homeostasis

To investigate the role of D/gZ in the mouse adult intestine, we conditionally

deleted D/g1 throughout the intestinal epithelium using Vi/CTeERTZ plg1FL/FL (Dlg1FL/FL)
mice®455 (Figures SLA-C”). In addition, to specifically delete D/gZ in ISCs, we used
Lgr5°GFp-CreERTZ-pja1FL/A (DJg1FL/A) mice38, in which mosaic recombination takes place
in LGR5* ISCs (Figures S1D-E™). Both genetic models generate DLG1™ cells. In control
mice, D/gI mRNA was expressed and the protein was basolaterally localized in intestinal
epithelial cells (Figures S1A, B-B”, and D-D”). After a single tamoxifen induction, Di/gZ
expression was lost at 7 days (Figure S1A); DLG1 protein was completely absent from the
epithelium in D/g2L/FL mice (Figure S1C-C”) and diminished in D/g2L2 mice (Figure
S1E-E”). To assess the requirement of DLG1 for the maintenance of intestinal epithelial cell
polarity, we analyzed membrane distribution of key proteins involved in cell adhesion that
mediate cell polarity, including basally located hemidesmosomes by staining p4-Integrin
(Figures 1A-C), basolateral adherens junctions by staining E-cadherin (Figures 1D-E), and
apically localized Ezrin (Figures 1F-G)>7-62, Surprisingly, conditional deletion of D/gZ in
Vil"®ERTZ mice did not affect cellular distribution of p4-Integrin, E-cadherin, or Ezrin,
whereas in all other tissues that have been examined, diminished D/gZ expression resulted in
impaired cell polarity#3:56:63-66Fyrthermore, conditional deletion of Scrib in the intestinal
epithelium leads to disrupted crypt apicobasal polarity and hyperproliferation of crypt
cells*. Thus, we next sought to explore whether other crypt functions were disrupted by
loss of DfgZin the intestine. Although loss of D/g1 results in cell fate abnormalities in

other tissues#3:56.66 \we found that DLG1 is not required for differentiation into goblet
cells, tuft cells, Paneth cells, enteroendocrine cells, and enterocytes (Figures 1H-V). In
addition, we observed no significant difference in the frequency of crypt cell death between
controls and DLGL1™ intestines. (Figures 1W-Y). Similarly, the number of crypt cells that
actively incorporated EdU over the course of 2 hours was not significantly different between
controls and D/g1F/A mice (Figures 1Z-c). Finally, we analyzed the distance that cells
moved toward the villus tips over 24 hours by injecting control and D/g2FL/FL mice

with EdU and BrdU at 48 and 24 hours, respectively, before tissue analysis (Figure 1d).
Measuring the distance between the leading EdU* and BrdU™ cells revealed a similar rate
of cell displacement in control and DLG1™ intestines (Figures 1e-g). Thus, in contrast to

Cell Stem Cell. Author manuscript; available in PMC 2024 February 02.
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previous observations showing a requirement for DLG1 in mammalian tissue polarity, loss
of Dlg1 expression during homeostasis does not affect polarity, integrity, or the ability of the
intestinal epithelium to renew.

Wnt signaling activation leads to increased cell death in crypts lacking Dig1

Previous reports showed that loss-of-function mutations in the D/g family of genes
contribute to tumorigenesis and inflammatory bowel disease, and these diseases

also involve upregulated Wnt signaling®1:67-73, Therefore, we asked whether DLG1
regulates the response of the intestinal epithelium to elevated Wnt signaling by

treating VI/CTeERTZ-pg1FL/FL -pogRIdTomato pfq1FL/FL -t Tomato) mice with intraperitoneal
injections of trametinib, a MEK1/2 inhibitor that activates canonical Wnt signaling in the
intestine’®. Mice received two doses of trametinib 7 days after tamoxifen induction, and
intestines were isolated 3 days after initial trametinib treatment (Figure 2A). Following

this paradigm, we confirmed the activation of canonical Wnt signaling downstream target
genes in crypts (Figure S2A). Whole mount and tissue section analysis of small intestines
demonstrated robust Cre recombination in the epithelium, assessed by tdTomato expression
(Figures 2B, E, H, K). The overall intestinal morphology was preserved in trametinib-treated
control and DLG1™ mice, but we observed accumulation of apoptotic cells in the luminal
space of DLG1™ crypts, as indicated by labeling with cleaved caspase-3 (CC3) compared to
controls (Figures 2B-N). In images of whole mounted tissue, we found that dying cells were
concentrated also in the epithelium of DLG1™ crypts (Figures 2G and M; Videos 1A-B).
However, the number of crypts remained the same as in control intestines (Figure 20), and
control and DLG1™ crypts showed a similar crypt bottom area (Figures 2P, S2B-C).

To further test for the requirement of DLG1 in ISCs when exposed to Wnt signaling
upregulation, we next used the enteric pathogen, rotavirus (RV). RV infects and induces
cell death of differentiated villus tip cells, while 1ISCs remain intact}’:7>-77, RV-induced
damage promotes canonical Wnt signaling activation in crypts leading to ISC proliferation
and differentiationl’. Mice received a single RV inoculation via oral gavage 7 days after
tamoxifen induction, and intestines were isolated 4 days after infection at the peak of viral
shedding (Figure 2Q)7. Fecal pellets were collected for ELISA to confirm rotavirus viral
load on day 4 post-infection (Figure S2D). We collected whole mount tissue to assess
RV-induced damage. We observed robust CC3 staining extending the length of villus tips
in infected intestines (Figures 2R-U). As expected, infected cells were specifically localized
to the tip of the villi and colocalized with the staining of CC3 (Figures 2V-X). Similar to
trametinib, RV-induced Whnt signaling activation promoted the accumulation of dying cells
in DLG1™ crypts (Figures 2Y-e; Videos 2A-B). Unlike trametinib treatment, RV infection
led to a significant decrease in the number of crypts of DLG1™ intestines compared to
controls (Figure 2f). In both trametinib and RV, the remaining crypts in DLG1™ intestines
had a similar crypt bottom area as controls (Figure 2g). Taken together, these results show
that high levels of Wnt signaling trigger increased cell death in epithelial crypts lacking
DLGL.

Cell Stem Cell. Author manuscript; available in PMC 2024 February 02.
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Elevated levels of canonical Wnt ligands promote rapid loss of DLG1™ organoids

Intestinal organoids enable the functional dissection of how specific niche signals affect

the epithelium. To determine if the increase in cell death /n vivowas linked to the

response of ISCs to Wnt signaling, we generated intestinal organoids from control

and DIgIFL/FL -tgdTomato intestines and exposed them to exogenous WNT3A conditioned
medium (WNT3A CM) (Figures 3A) or recombinant WNT3A (Figures S3I). Exogenous
Whnt ligands in organoids mimic tissue regeneration, which is reflected by increased
expression of fetal ISC markers like Lgr4, Birc5, Ly6aand Cnx43 (Figures S3A-D),

and a sharp decrease of adult ISC markers Lgr5and O/fm4 (Figures S3E-F)78-81,

Loss of expression of Lgr5and O/fm4was accompanied by decreased expression

of their regulator Asc/2 (Figure S3G). Additionally, after exogenous Wnt exposure,
organoids morphologically change from budding crypts to spheroids that are composed

of hyperproliferative 1SCs11:79.82.83 QOrganoids were passaged by cell dissociation, then
treated with 4-hydroxy-tamoxifen (4-OHT) to genetically ablate D/gZ (Figure S3H), and
concurrently exposed to 50% WNT3A CM (Figure 3A). Between 24 and 144 hours, control
cells formed spheroids and continued growing, whereas the majority of DLG1™ cells did not
give rise to spheroids, and the few spheroids that formed remained significantly smaller than
controls (Figures 3B-H). We observed the same behavior in DLG1™ crypts when they were
treated with 200 ng/ml of recombinant WNT3A (Figures S3I), demonstrating that treatment
with WNT3A alone is sufficient to reveal this distinction between the wildtype and DLG1~
organoids. (Figures S3J-P). Next, we analyzed the effect of increasing levels of Wnt CM,
ranging from 0.5 to 20% on wildtype or DLG1™ organoids. All tested concentrations
supported spheroid growth of control organoids with no apparent difference between the
size of the spheroids in 0.5% to 20% of WNT3A CM, suggesting that even low amounts

of Wnt are sufficient to drive the regenerative response (Figures S4A-D, I-M). In contrast,
the vast majority of DLG1™ organoids could not grow as spheroids at any WNT3A CM
concentration (Figures S4E-H, I-M), confirming that D/g1 is critical for proper ISC response
during increased levels of Wnt signaling.

In addition to epithelial-derived WNT3A, ISCs are continuously exposed to mesenchymal-
derived canonical and non-canonical Wnt ligands. We asked whether the impaired response
of DLG1™ ISCs is attributed solely to WNT3A or whether this phenotype can be observed
with other Wnt ligands. Crypts from control and D/g2FL/FL td Tomato intestines were grown
in conditioned medium of niche PDGFRa!® cells (PDGFRa!® CM), or 500 ng/ml of non-
canonical recombinant WNTS5A (Figures S4N). PDGFRa!® CM contains canonical WNT2B
and WNT9A, and similarly to WNT3A CM promotes the rapid transformation of organoids
into spheroids84. At 72 hours the majority of control crypts grew as spheroids (Figures S40-
P, S), while DLG1~ crypts responded poorly, and only a fraction of seeded crypts initiated
spheroid growth (Figures S4Q-S). Similar to WNT3A treatment, DLG1™ spheroids were
significantly smaller compared to controls (Figure S4T). However, in contrast to treatment
with WNT3A or canonical ligands derived from PDGFRa® cells (Figures S3P and S4T),
we observed no significant difference in the number or size of spheroids that were formed
between DLG1™ and control crypts exposed to non-canonical WNT5A (Figure S4U-Z). In
agreement with previous reports, WNT5A promoted short-term /n vitro survival but not
rapid growth as observed with canonical Wnts, and organoids eventually died after 5 days

Cell Stem Cell. Author manuscript; available in PMC 2024 February 02.
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in culture (data not shown)1585, Qverall, these data indicate that DLG1 is required for the
normal response of ISCs to high levels of multiple Wnt ligands, but the capacity to respond
to non-canonical WNT5A is DLG1 independent.

Next, we explored if endogenous levels of WNT3A coming from Paneth

cells are sufficient to phenocopy the loss of organoids observed in

increased levels of WNT3A. Therefore, we established organoids from

control Lgr5eGFP-CreERTZ:pjq1FL/WT -pogRidTomato (pjq1FL/WT -t Tomato) and mutant
Lgr5°GFP-CreERTZ Dy 1FL/A o p6RIdTomato (Dfy 1FL/A -t Tomato) mice that had been induced
with a single dose of tamoxifen 14 days prior to organoid establishment (Figure S5A).

The mosaic nature of Lgr5eCFP-CreERT23 regylts in the presence of both tdTomato™/DLG1*
and tdTomato*/DLG1~ organoids within the same well. This enabled comparison of the
fraction of live cells between tdTomato/DLG1* and tdTomato*/DLG1~ organoids by flow
cytometry (Figure S5B). In both DIg1FL/WT -td Tomato and DIg1FL/A, td Tomato organoids,
the tdTomato™ cells persisted over 47 days (Figure S5C). Even though we observed a slow
decline in numbers of tdTomato*/DLG1™ cells, the decrease was negligible compared to
the inability to grow observed in high Wnt. gPCR analysis of D/g1 /A td Tomato organoids
revealed that loss of D/gZ expression did not affect the expression of major epithelial
differentiation markers between tdTomato™/DLG1" and tdTomato*/DLG1~ organoids
(Figure S5D-F). In summary, loss of DLG1™ organoids positively correlates with the

levels of WNT3A that they are exposed to and is not a consequence of impaired cell
differentiation.

High Wnt conditions promote ISCs death in the absence of Dig1l

Based on our finding that single cells lacking D/g1 fail to form spheroids when exposed

to exogenous Wnt, we asked whether single cells expressing D/gZ grow into spheroids and
collapse only when they lose DLG1. To test this hypothesis, control and non-induced mutant
single cells were grown in high Wnt conditions for 24 hours. Once spheroids formed, D/g1
ablation was induced by a 24 hour pulse of 4-OHT, followed by a 3 or 22 hour imaging
(Figure 3I). Both control and non-induced mutant single cells were able to grow into
spheroids when exposed to WNT3A CM (Figures 3J and Q). However, DLG1™ spheroids
transitioned from thin-walled spheroids to progressively smaller, amorphous, and thick-
walled structures, whereas the morphology of control spheroids was unperturbed (Figures
3J-W; Videos 3A-B). As DLG1™ spheroids ultimately collapsed, cells that remained within
the epithelium became more cuboidal than slender, and cells that had left the epithelium
rounded up and accumulated on the basal and apical sides of the epithelium. Together, these
events caused the visual effect of epithelial “wall” thickening.

Finally, we asked if the DLG1™ spheroid growth phenotype was due to impaired
proliferation and/or increased cell death. EdU incorporation demonstrated that DLG1~
spheroids had no apparent proliferative defect (Figures S5G-N). To test for cell death,

we live-imaged the spheroids for up to 12 hours in the presence of cleaved caspase-3/7
dye (CC3/7). Control organoids accumulated only small amounts of fluorescence coming
from the CC3/7 reporter dye in the spheroid lumen over 12 hours (Figures 3X-b, and h;
Video 4A). In contrast, DLG1~ spheroids accumulated increasing amounts of CC3/7* cells

Cell Stem Cell. Author manuscript; available in PMC 2024 February 02.
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and eventually collapsed (Figures 3c-h; Video 4B). Together, the in vivoand in vitro data
indicate that, instead of initiating a regenerative response following increased Whnt signaling,
ISCs lacking DLG1 undergo cell death.

Transcription of CDC42 GTPase-activating protein (Arhgap31) is reduced following Dig1
loss in ISCs

To determine the molecular mechanism responsible for increased epithelial apoptosis in
response to WNT3A, we analyzed the transcriptional profile of the DLG1™ ISCs. To

delete D/g1in 1SCs, DIg1F-WT -tdTomato and DIlg1FL/A:tdTomato mice were given 1 dose
of tamoxifen. Recombined ISCs lacking D/g were isolated by FACS (DAPI-/EpCAM*/
CD44*/ Lgr5-eGFP*/tdTomato™) and their actively transcribed genes were assessed by RNA
sequencing. To identify changes intrinsic to ISCs as well as changes influenced by the
DLG1™ microenvironment, we analyzed ISCs at 2 and 14 days after induction (Gene
Expression Omnibus GSE198573) (Figures 4A and B). Surprisingly, the only gene that was
differentially expressed at both 2 and 14 days was Arhigap31, a CDC42 GTPase-activating
protein (Figures 4C). We identified another 27 genes with differential expression in D/g1FL/A
ISCs at the 2 day time point, but none of them were significantly up- or down-regulated

at 14 days (Figure 4C). At 14 days after tamoxifen induced D/gZ loss (Figure 4D), the
downregulation of Arfigap31 occurred throughout the the entire epithelium, as indicated

by mRNA quantification using RNAscope and by qPCR of sorted intestinal epithelial cells
(DAPI~/EpCAM™) (Figure 4E-H).

Next, we asked if the phenotype observed in DLG1™ organoids following exposure

to exogenous WNT3A was driven by the transcriptional downregulation of Arhgap31

in DLG1~ ISCs. We induced recombination of Vi/C"eERTZ Arhgap31FL/FL R 26 R Tomato
(Arhgap31FL/FL -t Tomato) organoids and treated them with WNT3A CM for 6 days (Figure
41). Similar to DLG1™ cells, ARHGAP31~ cells responded poorly to exogenous WNT3A
and failed to form viable spheroids (Figures 4J-L). Importantly, deletion of Arfigap31 did
not affect the expression of D/g1 (Figures 4M-N), suggesting that DLG1 acts upstream

of ARHGAP31. Additionally, we found that under high Wnt conditions, ARHGAP31~
spheroids underwent cell death, phenocopying DLG1™ spheroids (Figures 40-Q).

To analyze the dynamics of ARHGAP31™ organoids in media containing only Paneth
cell-derived WNT3A, we established organoids from control and Arhgap31FL/FL td Tomato,
and treated them with ethanol (EtOH) or 4-OHT for 48 hours. Following passaging,
tdTomato/ARHGAP31* and tdTomato™/ARHGAP31~ crypts were mixed together, and

the ratio of tdTomato™ and tdTomato™ cells was quantified by flow cytometry for 5

passages (Figures S6A). As with tdTomato*/DLG1~ organoids (Figure S3Q), tdTomato*/
ARHGAP31~ organoids (Figure S6B) persisted over 40 days in culture (Figure S6C). Taken
together, these data show that loss of D/g1 reduces Arhgap31 expression and that DLG1 acts
upstream of ARHGAP31, which is important when levels of Wnt signaling are increased.

Cell Stem Cell. Author manuscript; available in PMC 2024 February 02.
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Reduced ARHGAP31 expression leads to activation of CDC42, which negatively impacts
ISC migration and cell division

ARHGAP31 deactivates a downstream activator of the Wnt-PCP pathway, CDC42, by
promoting hydrolysis of GTP86:87_ Since we found that Arfgap31 expression was reduced
in DLG1" intestinal epithelium, we hypothesized that CDC42 activity would be elevated

in DLG1™ ISCs. To test this hypothesis, we established and treated control and D/g21L/FL
organoids with 4-OHT and measured the levels of active CDC42 in sorted cells (Figure 5A).
In order to obtain a sufficient number of DLG1™ cells for quantification of CDC42-GTP, we
used organoids instead of spheroids, because DLG1™ spheroids have a rapid decline in cell
numbers caused by cell death. Using the G-LISA assay to measure the active GTP-bound
form of CDC42 in FACS-sorted DLG1* and DLG1™ cells, we found that the intracellular
level of active GTP-CDC42 was significantly increased in DLG1™ organoids compared to
DLG1* organoids (Figure 5B). Interestingly, the intracellular level of active RAC1, another
target of ARHGAP3186, was not altered in DLG1~ cells compared to control organoids
(Figure 5C).

ARHGAP31, through its regulation of CDC42 activity, is involved in cellular motility,
migration, and proliferation88. In particular, high levels of ARHGAP31 are oncogenic,
promoting cell migration and invasion8®. To examine if loss of DLG1 with subsequent
reduction of ARHGAP31 and increased active CDC42 affects ISC cellular behaviors such
as migration, we evaluated 1ISC motility and migration using a scratch wound assay. To
simplify the 3D architecture of spheroids and facilitate the analysis of ISC migration, we
cultured VA/CTEERTZ-po6RMTMG or \j[CTEERTZ:-Dfg 1FL/FL - po6RMTMG (Dlg1FLFL -mTmG)
intestinal monolayers? in the presence of WNT3A CM and 4-OHT (Figure 5D). WNT3A
treatment of 2D monolayers results in the depletion of differentiated cells as quantified

by gPCR (Figure 5E). As with spheroids, 2D monolayers expressed a genetic profile
associated with regeneration and fetal ISCs (Figure 5F). After the cells reached confluence,
we scratched the ISC monolayers to create a wound spanning the entire culture plate and
measured the time it took to close the wound. mG*/DLG1* ISC monolayers closed the
wound at 30 hours after scratching (Figures 5G-1; Video 5A), whereas mG*/DLG1~ ISC
monolayers failed to close the wound (Figures 5J-L; Video 5B). On average, control mG™*/
DLG1* ISC monolayers moved at 27 um/hr, and mutant mG*/DLG1~ ISC monolayers were
significantly slower, at 13 um/hr (Figure 5M). To determine if the difference in migration
was caused by different rates of proliferation or cell death in the confluent 2D cultures, we
quantified EdU* and CC3* cell number in control and DLG1~ cultures 12 hours after the
scratch. No difference was observed in the number of proliferating and dying cells between
control and DLG1™ cultures (Figures 5N-S), supporting the idea that DLG1™ ISCs failed to
close the wound due to impaired migration.

CDC42 is a well-known regulator of various cellular functions, including motility,
cytoskeletal rearrangement, and proliferation®1:92, In the intestine, deletion of CDC42
causes stem and TA cell hyperproliferation and crypt hyperplasia®®. We performed live
imaging of DLG1~ organoid crypts to test if active CDC42 impacts cell division. Using
Lgr5eGFP-CreERTZ 1o delete Dlg1 in ISCs after 24 hours of induction (Figure 6A), we
found that cell divisions in control ISCs progressed to completion (Figures 6B-1; Videos
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6A and B). However, LGR5* ISCs lacking DLG1 rounded up, and their cell membrane
blebbed (Figure 6J-Q; Videos 6C and D). To better characterize the cellular behavior in
DLG1™ crypts, we used the m7mG membrane reporter, which allows precise tracking

of individual cells. Prior to recombination, D/g1-/FL :mTmG cells were able to divide

akin to their control counterparts (Videos 7A and B). After a 24 hour pulse of 4-OHT
resulting in mosaic deletion of D/gZ and mG reporter expression, we followed individual
cell divisions (Figure 6R). During crypt cell division, mitotic cells round up, progressively
moving towards the apical surface of the epithelium where cytokinesis takes place (Figures
6S-U; Video 7C). As mitosis ends and interphase begins, daughter cells elongate, occupying
the entire apical-basal axis of the epithelium® (Figure 6V; Video 7C). In contrast to cell
division in recombined control mG*/DLG1* cells, recombined mutant mG*/DLG1™ dividing
cells rounded up but failed to complete mitosis, resulting in blebbing, death, and extrusion
(Figures 6W-e; Video 7D). Together, these findings indicate that loss of D/g1 leads to
elevated CDC42-GTP in ISCs, impairing cell matility and cell division.

DISCUSSION

The small intestine has the fastest cell turnover rate of all mammalian epithelia®; as such,

its renewal relies heavily on niche signals that ensure proper stem cell function. The niche,
or cellular microenvironment, provides factors that guide stem cell behavior, including
proliferation, differentiation, and polarity®>. Throughout the life cycle of an organism, niche
signals change in activity levels due to external stimuli or diseases, and stem cells need to
respond accordingly to fulfill tissue renewal, but how stem cells interpret fluctuating niche
signals is not clear. Here, we have elucidated cellular and molecular mechanisms that ISCs
use to respond to increased levels of canonical Wnt ligands, which are crucial niche signals
for 1SCs%.97,

ISCs depend on canonical Wnt signaling for homeostatic self-renewall®. During intestinal
injury, increased canonical Wnt signaling is involved in epithelial regeneration 17:25-30,
whereas aberrant activation of the pathway causes colorectal cancer 31. We found

that canonical WNT3A participates in the non-canonical PCP pathway via a DLG1-
ARHGAP31-CDC42 molecular axis. DLG1 in ISCs is required for a proper response to high
WNTS3A during regeneration by regulating Arfigap31 transcription. Increased ARHGAP31
deactivates CDC42, allowing ISC proliferation required for regeneration (Figure 7A).

In the absence of DLG1, regenerative levels of WNT3A become detrimental. Reduced
ARHGAP31 causes accumulation of CDC42-GTP, culminating in failed cell division and
death (Figure 7B). Furthermore, we confirmed that other canonical Wnt ligands, but not the
non-canonical WNT5A ligand, mimic the response of WNT3A.

The WNT1 family of ligands, including WNT3A, are components of the canonical Wnt/p-
catenin signaling pathway that are ubiquitous promoters of cell proliferation®. The non-
canonical Wnt/PCP signaling pathway is activated by the WNT5A family of ligands that
control polarization of tissues, cell motility, mitosis, and cytoskeletal organization in both
healthy and cancerous tissues®®-102, Crosstalk between canonical and non-canonical Wnt
pathways can regulate various cytoskeletal-dependent cellular behaviors in development
and homeostasis, such as migration and adhesion193-107_|n particular, WNT3A can
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activate non-canonical signaling in osteoblasts, chondrocytes, mesenchymal stem cells,

and colon cancers198-111 Qur findings demonstrate an intersection between the canonical
WNT3A ligand and non-canonical Wnt/PCP output and suggest a previously unrecognized
mechanism that underlies ISC-driven intestinal regeneration, and we propose that ISCs, once
exposed to upregulated WNT3A, require DLG1 for replication. In the context of D/g1 loss,
Whnt/B-catenin target genes in 1SCs are transcriptionally unchanged compared to ISCs in
control intestines that are exposed to normal Wnt levels. Additionally, in DLG1™ ISCs, the
only differentially expressed gene at both 2 and 14 days was Arfigap31, which regulates

the non-canonical Wnt PCP pathway. Together, these findings raise the intriguing possibility
that WNT3A can simultaneously activate canonical and non-canonical Wnt pathways in
ISCs.

Prior studies in organisms ranging from Drosophilato mammals have shown the essential
role of DLG1 as a member of the Scribble protein complex in maintaining apicobasal
polarity of epithelial cells}12. However, we found that, after conditional deletion of D/gZ in
the homeostatic adult small intestine, crypts exhibited normal polarity protein localization
and cell proliferation. Furthermore, the distance of cell displacement, used as a measure

of the speed by which older cells are pushed along the crypt-villus axis by new daughter
cells, is unchanged in DLG1™ crypts. From these results, we conclude that cell polarity

and polarity-dependent phenotypes like cell division are not affected by the loss of Dlg1
under homeostatic Wnt signaling regimes. This may be due to redundancy between Dlg
vertebrate paralogs that is sufficient for the maintenance of adult intestinal epithelium cell
polarity in mammals or because polarity is controlled by other factors such as the integrin
adhesion complex. Our data complement a study in Drosophila showing that, unlike other
fly epithelia, midgut cell polarity is controlled by factors other than the classical Scribble
polarity complex #7. In addition, a prior report demonstrated that D/gZ deletion at embryonic
day 9 did not affect polarity in adult mouse intestinal epithelium 77 vivoand in vitro®L.
However, our results contrast with the latter report regarding delayed cell displacement from
crypts. These conflicting results may be due to the constitutive genetic system used in the
previous report versus our conditional genetic system.

Our data support a model in which ISC proliferation and motility during regeneration is
under the control of CDC42 inactivation by ARHGAP31 (Figure 7). Consistent with this
model, ARHGAP31 has been identified as a GAP for CDC42, and CDC42 is a critical
regulator cell motility86:88, Furthermore, depletion of ARHGAP31 in prostate cancer cells
significantly reduced their cytoskeletal-dependent phenotypes, like migration and invasion8®.
This molecular model may be a conserved mechanism of non-canonical Wnt directed cell
migration, as it has been shown that non-canonical Wnt signaling promotes ISCs movement
to sites of injury in the Drosophilaintestinel13. Aging 1SCs have elevated CDC42 activity
and reduced regenerative capacityl14. Experimentally, an increase of activated CDC42
accelerated ISC aging, while decrease of CDCA42 activity enhanced the regenerative capacity
of aged ISCs!14. This raises the intriguing possibility that the molecular mechanism that we
describe during regeneration is impaired in aging 1SCs.

A key finding from our live imaging is that Dlg1~ ISCs undergo cell death while they try to
divide. We observed that mutant cells die at the apical surface of the epithelium, suggesting
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that failed apical mitosis triggers cell extrusion and death. In C. elegans embryos, S phase
arrest during cell cycle ends in cell elimination via extrusion1®, suggesting that cell death
promoted by cell division stress is an evolutionarily conserved mechanism. Nonetheless, it is
unclear if the observed cell division failure is a direct consequence of loss of DLG1 at the
midbody during cytokinesis18, or a CDC42-dependent cytoskeletal rearrangement!17-119 or
both. A parallel molecular axis in the Wnt PCP pathway that phenocopies our observations
in cell replication, survival, and motility is RhoA-ROCK. Genetic deletion of RhoA results
in cytokinesis failure, leading to cell cycle arrest culminating in cell death. Furthermore,
RhoA deletion impairs cellular chemotaxis!20. It remains to be explored whether DLG1 can
function via the RhoA-ROCK axis and whether decreased motility and increased cell death
resulting from loss of D/g1 contribute to impaired regeneration by independent mechanisms.

In summary, our results demonstrate that ISCs respond to fluctuating signaling pathways and
reveal a link between canonical Wnt ligands and a non-canonical Wnt response, providing
further insights into the niche-stem cell interaction.

LIMITATIONS OF THE STUDY

Our experiments focused on ISCs, but it is possible that the WNT3A-DLG1-ARHGAP31-
CDC42 molecular axis described here is not exclusive to ISCs. For example, this mechanism
may also control the more rapidly cycling TA cells, which are exposed to Wnt signals
coming from Paneth cells and underlying mesenchyme.

In addition, the scant number of reliable readouts of active Cdc42 and of genetic tools for
manipulating its inactive and active states in mice makes it difficult to conduct a deeper
dissection of intestinal Cdc42 in the non-canonical Wnt pathway. Thus, it is of particular
interest and importance to generate a more robust toolkit for the study of Cdc42, including
conditional alleles of the active form of Cdc42, to further explore its role in homeostasis,
regeneration, and disease.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents may be directed to, and will
be fulfilled by, the lead contact, Ophir Klein (ophir.klein@ucsf.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—Bulk 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. Microscopy data reported in this paper will be shared by the lead contact
upon request. This paper does not report original code. Any additional information required
to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—All experimental procedures involving mice were done in accordance with
approved protocols by the Institutional Animal Care and Use Committee (IACUC) and
Laboratory Animal Resource Center (LARC) at University of California San Francisco, and
the mice were handled in accordance with the principles and procedures of the Guide for
the Care and Use of Laboratory Animals under the approved protocol AN180876. All mouse
strains were maintained on a predominantly C57BL/6 background. Animals were housed
under pathogen-free conditions in 12-hour light/dark cycles at 23 + 1°C and humidity 55

+ 15%. Food and water were provided ad libitum. Animals were weaned 21 to 28 days
after birth and handled and euthanized according to procedures approved by LARC of

the University of California San Francisco. Mice were at least 8 weeks old at the time

of experiments and cell isolations. Mice of the both sexes were used in all experiments,

and they were either randomly assigned to the experimental groups or used with littermate
controls. The D/g2™" (i.e. DIg15)%6 and Arhgap3170X 52 alleles were previously described.
Mice harboring D/g170% (Jax: 013097121), [ gr5GFP-CreERTZ (Jax 0088753), VillinceERTZ
(Jax: 0202825%), ROSA26MT0mato (Jax 007905122), ROSA26MTMG (Jax: 007676123), and
Pdgfrat2B-¢GFP (JAX: 007669124) alleles were purchased from The Jackson Laboratory.

METHOD DETAILS

Animal treatments—Mice were given an intraperitoneal injection of 1 mg/25 g body
weight of 5-ethynyl-2'-deoxyuridine (EdU; ThermoFisher, C10637) and then analyzed

at various timepoints after treatment (exact chase timepoints are provided in the main

text). Mice received intraperitoneal injection of 1 mg/25 g body weight of 5-Bromo-2'-
deoxyuridine (BrdU, Sigma-Aldrich, B5002-250MG) 24 hours before analysis. Mice
received two intraperitoneal injections of trametinib at a dose of 2 mg/kg of body weight
and intestinal tissue was analyzed 24 hours after the second administration. Trametinib was
dissolved in sterile DMSO at 6.15 mg/ml and diluted in sterile 1:1 mixture PBS:DMSO

to final concentration 500 pg/ml prior administration. Mice were given an intraperitoneal
injection of 2.5 mg/25 g body weight of tamoxifen (Sigma-Aldrich, T5648-5G) dissolved in
corn oil (Sigma-Aldrich, C8267) at concentration 25 mg/ml. Rotavirus strain ECyyt (P[17],
G3) was prepared and administered by oral gavage as described previouslyl25. All animals
were housed in a physically separated BSL-2 animal facility. A 1x10° 50% infectious

dose (ID50) was used to obtain adequate infectionl25. To monitor rotavirus infection, fecal
samples were collected and fecal ELISA was used as described previously125. Mice were
sacrificed 4 days following infection at the peak of viral shedding.

Antibodies—For flow cytometry of intestinal epithelium, organoids, and PDGFRa.!” cells,
the following antibodies were used: rat anti-CD45 (BioLegend, 30-F11; 1:100), rat anti-
EpCAM (BioLegend, G8.8; 1:200), rat anti-CD44 (BioLegend, IM7; 1:100). Nuclei were
counterstained with DAPI (stock concentration 5 mg/ml, Sigma-Aldrich, D9542; 1:1,000 or
10,000).

For immunofluorescence staining of sections and organoids, the following antibodies were
used: mouse anti-Dlgl (BD Biosciences, 610874; 1:200), anti-BrdU (Novus Biologicals,
NB500-439; 1:100), rabbit anti-E-cadherin (Cell Signaling Technology, 3195S; 1:200),
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rat anti-p4-integrin (Abcam, ab25254; 1:200), mouse anti-Ezrin (Invitrogen, MA5-13862;
1:200), rabbit anti-RFP (Rockland, 200-301-379; 1:100), rabbit anti-cleaved caspase-3 (Cell
Signaling, 9661; 1:200), rabbit anti-Mucin2 (Novus Biologicals, NBP1-31231; 1:100),
rabbit anti-Chromogranin A (Abcam, ab45179; 1:100), rabbit anti-DCAMKL1 (Abcam,
ab31704; 1:100), rabbit anti-Lysozyme (Dako, A0099; 1:500), Alkaline Phosphatase Red
Substrate Kit (Vector Laboratories, SK-5100), rabbit anti-Histone H4K16ac (Active Motif,
39068; 1:100). EdU was detected using Click-iT™ Plus EdU Cell Proliferation Kit for
Imaging, Alexa Fluor™ 488 dye (ThermoFisher, C10637). Caspase-3/7 was detected using
CellEvent™ Caspase-3/7 Green ReadyProbes™ Reagent (ThermoFisher, R37111). Nuclei
were counterstained with DAPI (1:10,000).

Tissue preparation for immunofluorescence staining and RNAscope—For
immunofluorescence staining, harvested intestinal tissue was perfusion fixed. For perfusion
fixation, animals were anesthetized by intraperitoneal injection of 250 mg/kg of body weight
avertin (2,2,2-tribromoethanol) and transcardially perfused with 4% paraformaldehyde
(PFA) in 100 mM PBS. Dissected tissues were post-fixed in 4% PFA for 4 hours at 4°C
and cryoprotected in 30% sucrose in 1x PBS overnight at 4°C. Tissue was embedded

in OCT compound (Sakura, 4583), frozen, and stored at —80°C. For paraffin-embedded
tissues, we post-fixed tissues with 4% PFA in 100 mM PBS for 24 hours at 4°C, followed
by paraffin processing, using a standard protocol. For RNAscope /n situ analysis, freshly
isolated intestinal tissue was immersed into 4% PFA for 24 hours at room temperature,
followed by standard dehydration and paraffin embedding protocol.

Immunofluorescence staining of intestinal tissue—Immunofluorescence was
performed on 7 pm cryosections or paraffin sections. Cryosections were washed with PBS,
blocked with 0.3% Triton X-100 in PBS supplemented with 5% normal goat serum. Paraffin
sections were rehydrated, and antigen retrieval was performed by sub-boiling slides in a
pressure cooker for 30 min in a citrate buffer (pH 6.2) containing 10 mM citric acid, 2 mM
EDTA and 0.05% Tween-20. For BrdU immunostaining, samples were additionally washed
with 2 N HCI for 30 min. Paraffin sections were blocked in 1x animal-free blocker (\ector
Laboratories, SP-5030) supplemented with 2.5% heat-inactivated goat serum, 0.02% SDS
and 0.1% Triton X-100. All of the antibodies were diluted in the same blocking solution
without serum and sections were incubated with primary antibodies at 4°C for 12 to 16
hours. Appropriate secondary antibodies from Thermo Fisher Scientific were used at 1:1,000
dilution. Nuclei were counterstained with DAPI. Cryosections and paraffin sections were
coverslipped with ProLong Gold Antifade (Thermo Fisher Scientific, P36930).

Quantification of Arhgap31 transcripts using RNAscope—RNA /n situ
hybridization for Ariigap31 expression was performed on 7 pm paraffin sections using
RNAscope® 2.5 High Definition (HD) — Red Assay (Advanced Cell Diagnostics, 322350).
Manufacturer’s protocol was followed with 15 min of target retrieval and 30 min of

protease digestion, using the RNAscope® probe Mm-Arhgap31 (Advanced Cell Diagnostics,
569971). Quantification of Arfigap31 mRNA transcripts was performed using the open-
source platform Fiji126 and the analysis guidelines from Advanced Cell Diagnostics. Area of
single probes was measured and used to determine total probe count within probe clusters.
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Total probe clusters containing at least 10 probes were quantified and normalized to crypt
area.

Organoid culture media—Complete organoid 1x ENR medium was prepared from

1x Advanced DMEM/F12, 10 mM HEPES, 2 mM Glutamax, 0.11 mg/ml Penicillin-
Streptomycin antibiotics, 1 mM N-Acetylcysteine, 50 ng/ml hEGF, 100 ng/ml Noggin,

2% B-27 Supplement (Thermo Fisher Scientific, 17504044), 1% N-2 supplement (Thermo
Fisher Scientific, 17502048) and 5% R-Spondinl conditioned medium (RSP01 CM).
RSPO1 CM was prepared by harvesting conditioned medium from cultured 293T-HA-
RSPO1-Fc cells (Trevigen, 3710-001-01) as described (R&D Systems Protocol; https://
resources.rndsystems.com/images/site/dw_r-spondinmediumprotocol_34749-web.pdf?v=1).
Aliquots of 10 ml were stored at —80°C and were thawed prior mixing the ENR

medium. WNT3A conditioned medium (WNT3A CM) was generated by harvesting
conditioned medium from cultured L-WNT3A cells (ATCC CRL-2647) at 1x dilution

in Advanced DMEM/F12 (ThermoFisher, #11320-033) and supplemented with 10 mM
HEPES (UCSF Media Production Core, #CCFGL002), 0.11 mg/ml Penicillin-Streptomycin
antibiotics (UCSF Media Production Core, #CCFGK004), 2 mM Glutamax (ThermoFisher,
#35050-079), 1 mM N-Acetylcysteine (Sigma, #SKU-A7250-10G) and heat inactivated 10%
FBS. Aliquots of 1 ml were stored at —80°C and were thawed just prior preparing complete
organoid media containing WNT3A CM. Conditioned medium from PDGFRa” cells
(PDGFRa!® CM) was prepared by digesting small intestinal tissue from Pdgfrat28-¢GFP
mouse for 3 h in 6 ml of serum-free DMEM containing 1% Glutamax, 1% Penicillin-
Streptomycin and 2 mg/ml of Collagenase/Dispase (Roche, 10269638001) as described
previously127, followed by FACS sorting intestinal PDGFRa.'” cells (DAPI-/EpCAM~/
CD44~/CD45 /PDGFRaH2B-GFP-10+) a5 described previously84 100,000 sorted cells were
plated into 1 well of 24-well plate, and grown in 500 pl of 1x Advanced DMEM/F12,

10 mM HEPES, 2 mM Glutamax, 0.11 mg/ml Penicillin-Streptomycin antibiotics, 1 mM
N-Acetylcysteine, 20% FBS, 50 ng/ml hEGF, 2% B-27 Supplement, 1% N-2 supplement.
Conditioned medium was collected every 2-3 days for up to 2 passages, combined together
and aliquots of 0.5 ml were stored at —80°C and were thawed prior use.

Complete organoid media containing WNT3A CM or PDGFRa!® CM was prepared from
2x ENR supplemented with 50% WNT3A CM or PDGFRa!° CM , and 10 mM Nicotine
amide (Sigma-Aldrich, 72340). Complete organoid media containing recombinant WNT3A
or WNT5A was prepared from 1x ENR supplemented with 200 ng/ml recombinant murine
WNT3A (PeproTech, 315-20-10ug) or 500 ng/ml recombinant human/mouse WNT5A
(R&D Systems; 645-WN), and 10 mM Nicotine amide.

Establishment of intestinal organoids from primary epithelial tissue—Organoid
cultures were established from primary tissue as previously described'28.129, Briefly, 8- to
16-week old mice were sacrificed and dissected to harvest the small intestine. Tissue was
placed in 15 ml of cold 1x PBS supplemented with 0.11 mg/ml Penicillin-Streptomycin
antibiotics, 2 mM DTT, 1 mM EDTA, and 10 pM Y-27632, and incubated on ice for

15 minutes. Intestines were then moved to a tube with 20 ml cold PBS with 2 mM

DTT, 3mM EDTA, 10 pM Y-27632 and incubated for additional 60 minutes followed
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by vigorous shaking for one minute to release crypts into solution. Crypts were separated
from villi material by filtering the solution using 70 um cell strainers, followed by 2 washes
with Advanced DMEM/F12 supplemented with 10 mM HEPES, 0.11 mg/ml Penicillin-
Streptomycin antibiotics, and 1 mM N-Acetylcysteine. Finally, crypts were resuspended in
Matrigel (Corning, 356231) plated on 24-well culture plates and overlaid with 1x ENR
medium to initiate organoid cultures (defining passage P0). Organoids were grown at 37°C
in 5% CO, incubator, growth medium was changed at D5 and organoids were passaged at
D7.

Mechanical passaging and enzymatic dissociation of intestinal organoids,
and treatment—Mechanical passaging of organoids was done according to the protocols
described previously (Sato and Clevers, 2013; Sato et al., 2009). Briefly, at day 7

following plating, Matrigel droplets containing organoids were disrupted with P1000 pipette,
transferred to 15 ml conical tube and washed twice with 1x DMEM/F12 medium. Washed
crypts were plated at a ratio 1:4 into a new Matrigel droplet and plated into plastic 24-well
plates or into 12-well glass bottom plate for live-imaging.

For plating the organoids into 2D monolayer, 24-well plastic plate was first coated with
2.5% Matrigel in 1x DMEM/F12 medium. Enzymatic dissociation followed the same
protocol as mechanical passaging. However, washed crypts were treated with TryplE
(Gibco, 12604039) for 7 minutes at 37°C, followed by a wash with 1x ENR medium.
Enzymatically dissociated organoids were resuspended and plated in the complete organoid
media containing WNT3A conditioned medium. To culture 2D monolayers in complete
ENR medium, organoids were only mechanically passaged and plated.

To delete Dlg1 and Arhgap31 in vitro, crypts, organoids, or 2D monolayers were incubated
in the presence of 1 uM 4-hydroxy-tamoxifen (4-OHT) for 24 or 48 hours, unless the
concentration was specified in the Figure legend. Stock solution of 20 mM 4-OHT dissolved
in 96% ethanol was diluted to 100 uM prior treatment and was added to culture medium

at ratio 1:100. Control /n vitro cultures were incubated in the presence of 0.0048% ethanol
(EtOH).

Immunofluorescence staining of intestinal organoids—Organoids were plated into
50% Matrigel droplet on glass-bottom 12-well plate and grown in complete organoid

1x ENR medium or complete organoid media containing WNT3A conditioned medium.
Organoids were washed with 1x PBS and fixed with 4% PFA in PBS for 45 min at room
temperature and blocked with 0.3% Triton X-100 in 1x PBS supplemented with 5% normal
goat serum. Primary and secondary antibody staining followed the protocol used for staining
intestinal tissue described above.

To quantify EdU incorporation in 2D monolayers, 2D cultures were grown to confluency;,
scratched, and grown for additional 12 hours, followed by treatment with 10 uM EdU in
PBS for 30 minutes and fixation by 4% PFA. EdU was detected using Click-iT™ Plus EdU
Cell Proliferation Kit for Imaging, Alexa Fluor™ 488 dye (ThermoFisher, C10637).
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Flow cytometry—TFreshly dissected small intestine was flushed with cold 1x PBS, opened
lengthwise, and incubated at 37°C for 20 min in HBSS (Gibco, 14185-020) buffered with
10 mM HEPES (pH 8), and containing 10 MM DTT and 2% FBS, followed by 10 min
wash in buffered HBSS containing 2% FBS. Next, intestine was cut into 0.5 mm pieces and
incubated at 37°C for 20 min in buffered HBSS containing to 5 mM EDTA and 2% FBS,
followed by vigorous shaking to mechanically release the epithelial cells. The suspension
was filtered through a 40 um cell strainer and cells were pelleted by centrifugation at 350

x g for 5 min. The resulting cell pellet was resuspended in buffered HBSS containing to 5
mM EDTA and 2% FBS and stained with antibodies for 30 min on ice. Prior sorting, DAPI
was added, and DAPI and doublet exclusions were used in all cases. Cells were sorted using
FACSAria Il cell sorter (BD Bioscience) cell sorter and data were analyzed using FlowJo
(Tree Star). For gPCR analysis intestinal stem cells or organoids were collected into 350 pL
RLT buffer (Qiagen, 79216), for RNA sequencing, intestinal stem cells were collected into
500 pL sterile 1x PBS.

Quantitative PCR—Total RNA from 5,000 — 20,000 sorted intestinal cells or organoids
were extracted using RNeasy Mini Kit (Qiagen, 74104) according to the manufacturer’s
protocol. cDNA was synthesized with High-capacity cDNA Reverse Transcription Kit
(Applied Biosystems, 4368814). qPCR reactions were performed using iTagq Universal
SYBR Green Supermix (Bio Rad, 1725121) in 384-well plates on a QuantStudio 6 Flex
Real-Time PCR System (Thermo Fisher Scientific). Primers were purchased from Integrated
DNA Technologies (IDT). Primer sequences and corresponding IDT identifiers are listed in
Table S1.

RNA sequencing—In total, 5,000 — 10,000 1SCs were FACS sorted into 500 pl sterile
PBS, pelleted and mRNA was isolated using the polyA Dynabeads mRNA direct Kit
(Invitrogen, 61012) according to the manufacture’s protocol. cDNA and libraries were made
by the UCSF Genomic Core Laboratories using the SmartSeq/NexteraXT DNA library
preparation Kits (Takarabio, 634471; Illumina, FC-131-1024). Three to five biological
replicates were used for each condition. 50 bp single end sequencing was carried out

on an Illumina HiSeq 4000. Sequencing reads were aligned to the Mouse reference
genome (GRCm?38.87) and the Ensembl gene annotation using STAR 2.4.2a30. Analysis
for differential expression across the replicates was performed using DESeq2 v1.16.1131,
Gene expression data was filtered based on outlier detection, low counts, and no counts per
gene. Genes passing a multiple testing correction with p-value of 0.05 (FDR method) were
considered significant.

CDC42 and RAC1 G-LISA activation assay—Intracellular levels of active CDC42 and
RAC1 were measured using the G-LISA activation assay kit (Cytoskeleton, BK127 and
BK128) according to manufacturer’s guidelines. Briefly, intestinal organoids were FACS
sorted into PBS, spun down, lysed in ice-cold lysis buffer provided by in the kit and

snap frozen. Protein concentration was quantified, and additional lysis buffer was added

to each sample to achieve equal protein concentration. Lysates were immediately used for
colorimetric G-LISA assays according to the manufacturer’s protocol.
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Image acquisition and analysis—Fluorescence and bright-field images were acquired
using a Leica inverted DMi8 microscope or Life Technology EVOS tissue culture
microscope. Organoid 3D rendered z-stack images were acquired using a Leica inverted
DMi8 microscope. Whole mount intestines were imaged using a Zeiss LSM 900

with Airyscan 2 confocal system. Live imaged organoids and stained organoids were
acquired with a Zeiss Cell Observer spinning disc confocal system with incubation
chamber. Images were processed with the open-source platform Fijil26. Quantifications of
immunofluorescence stainings were performed manually using Fiji on the indicated number
of villi, crypts, or fields of view per mice. Crypt bottom areas were segmented using the
Weka segmentation tool in Fiji. Finally, the segmented crypt bottom areas were measured
using the “Analyze Particles” function in Fiji.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance between groups was determined using GraphPad Prism 9 (GraphPad
Software, La Jolla, CA). The value N represents the number of animals or independent
organoid preparations. Normally distributed data were analyzed using parametric Student’s
t-test with Welch’s correction or one-way ANOVA with Tukey’s multiple comparisons

test. The non-parametric Mann—Whitney U-test was used if the data did not fit a normal
distribution. Significance was taken as P < 0.05 with a confidence interval of 95%. Data
are presented as mean + SD for parametric data or as median + interquartile range for
non-parametric data.
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HIGHLIGHTS
. Polarity of the mammalian intestinal epithelium is independent of D/g1.
. Loss of D/gZ in ISCs results in cell death under high Wnt conditions.
. ISCs lacking D/g1 have impaired cell division and migration.

. Canonical WNT ligands activate non-canonical Wnt signaling via DLG1-
ARHGAP31-CDCA42.
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Figure 1. Polarity and integrity of the intestinal epithelium do not depend on the canonical
polarity factor DLGL1.
(A) Mice were injected with one dose of tamoxifen (TAM) and the small intestinal

epithelium was analyzed 14 days later. (B-Q) Immunofluorescence images of mAbs for
adhesion molecules and differentiation markers. Scale bar = 10 pm (B-G) and 50 pm
(H-Q). (R-V) Quantification of intestinal cell populations. N =5 x 30-40 villi, or 10
crypts per condition, mean = SD, unpaired t test with Welch’s correction. (W and X)
Immunofluorescence images of anti-CC3. Scale bar = 20 um. (YY) Quantification of cleaved
caspase-3 in crypt region. N =5 x 10 crypts per condition, mean = SD, unpaired t test
with Welch’s correction. (Z) Experimental schematic for analyzing incorporation of EdU
by crypt cells. (a and b) Immunofluorescence images of EdU. Scale bar = 20 pm. (c)
Quantification of EAU incorporation by crypt cells. N = 3 x 50 crypts per condition, mean
+ SD, unpaired t test with Welch’s correction. (d) Experimental schematic for analyzing
the migration of crypt cells toward the villus tip. (e and f) Immunofluorescence images

of EdU and anti-BrdU. Arrowheads indicate the leading EdU* cell (white) and BrdU™ cell
(magenta). Scale bar = 50 pm. (g) Quantification of epithelial cell migration towards villus
tip by measuring the distance between leading EdU* and BrdU™* cells. N = 3 x 50 villi per
condition, mean * SD, unpaired t test with Welch’s correction. Nuclei counterstained with
DAPI.
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Figure 2. Wnt signaling activation in vivo by trametinib or rotavirus leads to increased cell death
in crypts lacking DLG1.

(A) Experimental schematic for analyzing the epithelial response to trametinib driven
increased Wnt signaling. Mice were injected with one dose of TAM on day 7 followed

by two doses of trametinib on days 0 and 2 prior to sacrifice on day 3. (B-G) Side view of
crypts. (H-M) Bottom view of crypts. (B, E, H, K) Images of endogenous tdTomato. (C,

F, 1, L) Immunofluorescence images of anti-E-cadherin or anti-EpCAM with anti-CC3. (D,
G, J, M) Immunofluorescence images of anti-CC3 with highlighted CC3* dying cells in the
lumen (closed arrowhead) and in the epithelium (open arrowhead). Scale bar for side view
images = 20 pum, for bottom view images = 30 um. (N) Quantification of crypts containing
CC3™ cells per 157 mm? field of view. (O) Quantification of the number of crypts per 157
mm? field of view. (P) Quantification of crypt bottom area. N = 4-5 x 10 fields of view per
condition, mean + SD, unpaired t test with Welch’s correction. (Q) Experimental schematic
for analyzing the epithelial response to rotavirus (RV) infection’. Mice were injected with
one dose of TAM on day 7 followed by rotavirus infection on day O prior to sacrifice on
day 4. (R-U) Top view of villi. (V-X) Side view of villi. (Y-d) Bottom view of crypts. (R,
T, V. Y, b) Images of endogenous tdTomato. (S and U) Immunofluorescence images of
anti-CC3 with highlighted CC3* dying cells in villi tips of control mice (open arrowheads)
and RV-infected mice (lines). (W and X) Immunofluorescence images of anti-Epcam with
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anti-RV or anti-CC3. (Z, ¢) Immunofluorescence images of anti-EpCAM and anti-CC3. (a
and d) Immunofluorescence images of anti-CC3 with highlighted CC3™* dying cells in the
lumen (closed arrowhead) and in the epithelium (open arrowhead). Scale bar for top and
side view images = 50 um, for bottom view images = 20 um. (e) Quantification of crypts
containing CC3* cells per 157 mm? field of view. (f) Quantification of the number of crypts
per 157 mm? field of view. (g) Quantification of crypt bottom area. N = 4 x 6 fields of

view per condition. e-f: mean + SD, unpaired t test with Welch’s correction. g: median
interquartile range, unpaired Mann-Whitney test. Nuclei counterstained with DAPI.
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Figure 3. Genetic deletion of DIgl leads to 1SCs death in high WNT3A conditions.
(A) Experimental schematic for analyzing the ISC response to increased WNT3A levels.

Organoids were dissociated into single cells that were treated with ENR medium containing
4-hydroxy-tamoxifen (4-OHT) and WNT3A conditioned medium (WNT3A CM). (B-G)
Images of endogenous tdTomato expressing spheroids at (B and E) 24 hours, (C and F) 72
hours, and (D and G) 144 hours after plating. Scale bar = 500 um. (H) Quantification of
spheroid size by binning them according to the area at 24, 72, and 144 hours after plating.

N = 4 organoid lines per condition. Area at all timepoints: median + interquartile range,
unpaired Mann-Whitney test. # spheroids at 72H: mean £ SD, unpaired t test with Welch’s
correction. # spheroids at 144H: median * interquartile range, unpaired Mann-Whitney test.
(1) Experimental schematic for analyzing DLG1 requirement in control or DLG1™ organoids
exposed to increased WNT3A levels. Single cells were exposed to WNT3A CM for 24 hours
to let them grow into spheroids. Then, spheroids were treated with 4-OHT for 24 hours and
imaged for 3 to 22 hours. (J-W) Frames from time-lapse imaging of spheroids expressing
tdTomato report. Scale bar = 50 um. (X-g) Frames from time-lapse imaging of spheroids
expressing tdTomato report and incubated with CC3/7 dye prior to and during live imaging.
Scale bar = 20 um. (h) Quantification of the number of dying spheroids. N = 4 organoid
lines per condition, median * interquartile range, unpaired Mann-Whitney test.
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Figure 4. Arhgap31 expression is regulated by DLG1 in ISCs.
(A) Experimental schematic for identifying differentially expressed genes in DLG1™ ISCs.

Mice were injected with 1 dose of TAM, and 2 or 14 days later ISCs were isolated by
FACS-sorting, and mRNA was sequenced. (B) Flow cytometry plot showing gating strategy
for sorting specifically ISCs. (C) Heat map showing relative expression of genes at 2

and 14 days in control and DLG1™ ISCs. Since Arhgap31 was the only differentially
expressed gene at 14 days, to generate the 14 day heat map we used the remaining 27

genes that were identified to be differentially expressed at 2 days. Gene expression in
DLG1™ samples are displayed as a fraction of expression in DLG* normalized across all
samples. SC: stem cells isolated from individual mice. (D) Experimental schematic for
analyzing Arhgap31 transcripts in intestinal crypts. Mice were injected with one dose of
TAM two weeks prior to sacrifice. (E and F) RNAscope images of Arfigap31 expression

in (E) DLG1* and (F) DLG1™ crypts. Scale bar = 25 pm. (G) Quantification of Arfiigap31
transcripts in crypt regions normalized to crypt areas. N = 3 x 5 crypts per condition, median
* interquartile range, unpaired Mann-Whitney test. (H) Transcription levels of Arhgap31

in intestinal epithelial cells analyzed by gPCR. N = 3 mice per condition, mean £ SD,
unpaired t test with Welch’s correction. (1) Experimental schematic for analyzing the ISC
response to increased WNT3A levels in ARHGAP31™ spheroids. (J and K) Images of
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endogenous tdTomato expressing (J) ARHGAP31* and (K) ARHGAP31~ spheroids grown
in the presence of WNT3A CM for 120 hours. Scale bar = 500 um. (L) Quantification

of spheroid by binning them according to size at 120 hours. N = 3-4 organoid lines, per
condition, mean + SD, unpaired t test with Welch’s correction. (M and N) Transcription
levels of Arfigap31 and D/gI analyzed by gPCR on FACS-sorted live intestinal organoids
(DAPI7). N = 3, per condition, mean = SD, unpaired t test with Welch’s correction. (O and
P) Immunofluorescence images of anti-CC3 and anti-E-cadherin stained spheroids treated
with (O) ethanol (EtOH) or (P) 4-OHT. Scale bar = 50 um. (Q) Quantification of the number
of dying spheroids. N = 3 organoid lines per condition, mean + SD, unpaired t test with
Welch’s correction.
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Figure 5. Loss of DIgl results in increased levels of activated CDC42 followed by impaired cell
migration.

(A) Experimental schematic for analyzing the active forms of CDC42-GTP and RAC1-GTP
in organoids. Organoids were mechanically disrupted into crypts that were treated with ENR
medium containing 4-OHT. After 5 days, organoids were then enzymatically dissociated into
live single cells (DAPI™) that were FACS-sorted and processed for analyzing CDC42-GTP
and RAC1-GTP levels by G-LISA. (B) Quantification of CDC42-GTP levels in DLG1*

and DLG1™ organoids. N = 4 organoid lines per condition, mean + SD, unpaired t test

with Welch’s correction. (C) Quantification of RAC1-GTP levels in DLG1" and DLG1~
organoids. N = 4 organoid lines per condition, mean + SD, unpaired t test with Welch’s
correction. (D) Experimental schematic for analyzing the migration capacity of 2D organoid
monolayers assessed by scratch wound assay. Organoids were mechanically disrupted into
crypts that were plated on Matrigel coated 24-well plates and treated with ENR medium
containing 4-OHT and WNT3A CM, and grown for 48 hours. After reaching confluency, the
center of the well was scratched with a P200 tip and organoids were imaged for 30 hours

to record the speed of migration in the direction of the scratch. (E and F) Transcription
levels of (E) differentiated cell markers and (F) Wnt target genes analyzed by gPCR from
FACS-sorted live (DAPI™) 2D monolayers established from control and DLG1™ mice. N

=4 organoid lines per condition, mean = SD, one-way ANOVA with Tukey’s multiple
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comparisons test. (G-L) Frames from time-lapse imaging of 2D organoid monolayers
expressing mG. Arrowheads above the images indicate the leading edges of the migrating
2D organoids. Scale bar = 200 um. (M) Quantification of average speed at which organoids
migrated in the direction of the scratch/wound. N = 3-4 organoid lines per condition, mean
+ SD, unpaired t test with Welch’s correction. (N and O) Immunofluorescence images of
EdU stained 2D organoid monolayers at 12 hours post-scratch/wound. Scale bar = 50 pm.
(P) Quantification of EAU. N = 4 organoid lines per condition, mean + SD, unpaired t test
with Welch’s correction. (Q and R) Immunofluorescence images of anti-CC3 stained 2D
organoid monolayers at 12 hours post-scratch/wound. Scale bar = 50 um. (S) Quantification
of CC3. N =4 organoid lines per condition, mean + SD, unpaired t test with Welch’s
correction. Nuclei counterstained with DAPI.
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Figure 6. 1SCs fail to divide and undergo cell death in the absence of Digl.
(A) Experimental schematic for analyzing the cell division of ISCs. Organoids grown

in ENR medium for 48 hours were treated with 1 uM 4-OHT for 24 hours prior

to live imaging. (B-Q) Frames from time-lapse imaging of organoid crypts expressing
tdTomato and Lgr5-GFP. (B-1) Recombined tdTomato*/Lgr5-GFP* ISCs dividing in DLG1*
organoids. (J-Q) Recombined tdTomato*/Lgr5-GFP* ISCs failing to divide in DLG1~
organoids. Arrowheads follow the fate of recombined ISCs. Asterisk indicates background
signal in crypt lumen. Scale bars = 20 um. (R) Experimental schematic for analyzing the
cell division of organoid crypt cells. Organoids grown in ENR medium for 48 hours were
treated with 0.25 uM 4-OHT for 24 hours prior live imaging. (S-d) Frames from time-lapse
imaging of organoid crypts mosaically expressing mG. Actively dividing cells highlighted
in pseudo-colors and indicated by arrowheads. Scale bars = 20 um. (S, W, a) Dividing cell
(arrowhead) is still attached to the basal side and aligned with other cells in the crypt. (T,

X, b) Dividing cell (arrowhead) is rounded up and detached from the basal side of the crypt,
undergoing cell division. (U, V) Newly divided daughter cells (arrowheads) in DLG1* crypt.
(Y, Z, c, d) Cell blebbing and fragmented cell debris in DLG1"~ crypt with no daughter cells
post-mitosis. (e) Quantification of cell extrusion events per crypt. N = 2-3 organoid lines per
condition, mean + SD, unpaired t test with Welch’s correction.
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Figure 7. Model of ISC response to canonical WNT ligands via DLG1-ARHGAP31-CDC42
molecular axis.

Intestinal epithelial regeneration relies on the ISC response to increased levels of Wnt
signaling. (A) DLGL1 is dispensable during homeostasis when levels of Wnt signaling are
low. When levels of canonical Wnt are increased in the crypt, DLG1 mediates the cellular
response by regulating the expression of GTPase-activating protein Arfigap31, a negative
regulator of CDC42 activity, and low levels of active CDC42 promote crypt regeneration14,
(B) Deletion of DLG1 in ISCs and crypt cells results in decreased expression of Arhgap31.
Due to low levels of ARHGAP3L, cells accumulate active CDC42, which impairs the
capacity of ISCs to undergo cell division following increased Wnt signaling and ultimately
leads to cell death.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rat monoclonal anti-CD45, clone 30-F11 Biolegend Cat#: 103133

RRID: AB_10899570
Rat monoclonal anti-EpCAM, clone G8.8 Biolegend Cat#: 118211

RRID: AB_1134104
Rat monoclonal anti-CD44, clone IM7 Biolegend Cat#: 103029

RRID: AB_830786

Mouse anti-Dlg1, Clone 12/Dlg

BD Biosciences

Cat#: 610874
RRID: AB_398192

Mouse monoclonal anti-BrdU

Novus Biologicals

Cat#: NB500-439
RRID:AB_10000514

Rabbit monoclonal anti-E-cadherin Cell Signaling Cat#: 3195S
Technology RRID:AB_2291471
Rat monoclonal anti-B4-integrin Abcam Cat#: ab25254
RRID:AB_2129042
Mouse monoclonal anti-Ezrin Invitrogen Cat#: MA5-13862
Rabbit monoclonal anti-RFP Rockland Cat#: 200-301-379
RRID:AB_2611063
Rabbit polyclonal anti-cleaved caspase-3 Cell Signaling Cat#: 9661

RRID:AB_2341188

Rabbit polyclonal anti-Mucin2

Novus Biologicals

Cat#: NBP1- 31231
RRID: AB_10003763

Rabbit polyclonal anti-Chromogranin A Abcam Cat#: ab45179
RRID:AB_300798

Rabbit polyclonal anti-DCAMKL1 Abcam Cat#: ab31704
RRID:AB_873537

Rabbit polyclonal anti-Lysozyme Dako Cat#: A0099
RRID:AB_2341230

Bacterial and virus strains

Rotavirus strain ECyt (P[17], G3) Mary Estes N/A

Chemicals, peptides, and recombinant proteins

EdU: 5-ethynyl-2'-deoxyuridine

ThermoFisher

Cat#: C10637

BrdU: 5-Bromo-2'-deoxyuridine Sigma-Aldrich Cat#: B5002
Trametinib ApexBio Cat#: A3018
Tamoxifen Sigma-Aldrich Cat#: T5648
4-hydroxytamoxifen Sigma-Aldrich Cat#: H7904
TryplE Gibco Cat#: 12604039
Matrigel Corning Cat#: 356231
WNT3A PeproTech Cat#: 315-20-10ug
WNT5A R&D Systems Cat#: 645-WN
Nicotine amide Sigma-Aldrich Cat#: 72340
Collagenase/Dispase Roche Cat#: 10269638001
293T-HA-RSPO1-FC cells Trevigen Cat#: 3710-001-01
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

L-WNT3A cells

ATCC

Cat#: CRL-2647

Critical commercial assays

Alkaline Phosphatase Red Substrate Kit

Vector Laboratories

Cat#: SK-5100

Click-iT™ Plus EdU Cell Proliferation Kit for Imaging

Thermo Fisher

Cat#: C10637

CellEvent™ Caspase-3/7 Green ReadyProbes™ Reagent

Thermo Fisher

Cat#: R37111

RNAscope® 2.5 High Definition (HD) — Red Assay

Advanced Cell

Cat#: 322350

Diagnostics
G-LISA activation assay kit for Cdc42 Cytoskeleton Cat#: BK127
G-LISA activation assay kit for Racl Cytoskeleton Cat#: BK128
polyA Dynabeads mRNA direct Kit Invitrogen Cat#: 61012
SmartSeq DNA library preparation Kits Takarabio Cat#: 634471
NexteraXT DNA library preparation Kits Illumina Cat#: FC-131-1024
RNeasy Mini Kit Qiagen Cat#: 74104

High-capacity cDNA Reverse Transcription Kit

Applied Biosystems

Cat#: 4368814

iTag Universal SYBR Green Supermix

Bio Rad

Cat#: 1725121

Animal-free blocker

Vector Laboratories

Cat#: SP-5030

ProLong Gold Antifade

Thermo Fisher

Cat#: P36930

Deposited data

Gene Expression Omnibus This paper GSE198573
Experimental models: Organisms/strains
Mouse: Dilg1™n Todd Nystul Rivera et al., 2009

Mouse: Arhgap317ox

Nathalie LaMarche

Caron et al., 2016

Vane

Mouse: Dig17ox: B6,129-Dlg1mIRI JAX Strain #:013097

RRID:IMSR_JAX:013 097
Mouse: L gr5GFP-CreERT2_- B6.129P2-1 grgml(cre/ERTZ)Clel Al JAX Strain #:008875

RRID:IMSR_JAX:008 875
Mouse: Villin®®ERT. B6.Cg-Tg(Villcre/ERT2)23Syr/J JAX Strain #:020282

RRID:IMSR_JAX:020 282
Mouse: ROSA26!70mato. B6.Cg- JAX Strain #:007914
Gt(ROSA)26S0rmI4(CAG-tdTomato)Hze[) RRID:IMSR_JAX:007 914
Mouse: ROSA26™ "% B6.129(Cg)- JAX Strain #:007676
Gt(ROSA)2650r1m4(AC7’B-IdTomata, -EGFP)Luojy RRID:IMSR_JAX:007 676
Mouse: Pdgfra26-¢GFPBE.129S4-Pdgfralm(EGFP)Sory) JAX Strain #:007669

RRID:IMSR_JAX:007 669

Oligonucleotides

RNAscope® probe Mm-Arhgap31

Advanced Cell
Diagnostics

Cat#: 569971

Oligonucleotides

Table S1

N/A

Software and algorithms

Fiji v2.1.0/1.53¢

Open source

https://imagej.net/software/fiji

GraphPad Prism9

GraphPad Software

https://www.graphpad.com

Adobe Illustrator v25.4

Adobe

https://www.adobe.com
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Adobe Photoshop

Adobe

https://www.adobe.com

QuantStudio Real-time PCR software v1.3

Applied Biosystems

https://www.thermofisher.com

LasX v3.4.2 Leica https://www.leicamicrosystems.com
ZEN Blue v2.5 Zeiss https://www.zeiss.com
STAR 2.4.2a Dobin et al., 2013 https://code.google.com/archive/p/rna-star/

DESeq2 v1.16.1

Love et al., 2014

https://bioconductor.org/packages/release/
bioc/html/DESeq2.html

BD FACS Diva v.8.0.1

BD Biosciences

https://www.hdbiosciences.com/

FlowJo v10.8

Tree Star

https://www.flowjo.com
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