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Abstract

RAB11 small GTPases and associated recycling endosome have
been localized to mitotic spindles and implicated in regulating
mitosis. However, the physiological significance of such regulation
has not been observed in mammalian tissues. We have used newly
engineered mouse models to investigate intestinal epithelial
renewal in the absence of single or double isoforms of RAB11 fam-
ily members: Rablla and Rabllb. Comparing with single knock-
outs, mice with compound ablation demonstrate a defective cell
cycle entry and robust mitotic arrest followed by apoptosis, lead-
ing to a total penetrance of lethality within 3 days of gene abla-
tion. Upon Rabll deletion ex vivo, enteroids show abnormal
mitotic spindle formation and cell death. Untargeted proteomic
profiling of Rablla and Rabllb immunoprecipitates has uncov-
ered a shared interactome containing mitotic spindle microtubule
regulators. Disrupting Rab11l alters kinesin motor KIF11 function
and impairs bipolar spindle formation and cell division. These data
demonstrate that RAB11A and RAB11B redundantly control mitotic
spindle function and intestinal progenitor cell division, a mecha-
nism that may be utilized to govern the homeostasis and renewal
of other mammalian tissues.
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Introduction

Transport and distribution of proteins to distinct cellular compart-
ments are essential for eukaryotic cell functions and tissue homeo-
stasis. The Rab family of small GTPases play a crucial role in
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regulating the vesicular transport of proteins in exocytic or endo-
cytic pathways (Li & Marlin, 2015). Individual Rab family members
are tasked with specific sorting or trafficking processes (Martinez &
Goud, 1998). These Rab proteins are evolutionarily conserved and
their disruptions have been implicated in diseases including, but not
limited to, cancer, neurodegeneration, and genetic disorders (Bravo-
Cordero et al, 2007; Goldenring, 2013; Kajiho et al, 2016; Guadagno
& Progida, 2019).

RABI11 family members regulate recycling of internalized pro-
teins and trafficking them back to the plasma membrane in nonpo-
larized and polarized epithelial cells (Green et al, 1997; Wang
et al, 2000; Hales et al, 2002). The mammalian RAB11 family has
three isoforms, RAB11A, RAB11B, and RAB25 (Bhartur et al, 2000;
Kumar & Lukman, 2018). RAB11A and RAB11B are 89% identical in
amino acid sequence (Bhartur et al, 2000; Kumar & Lukman, 2018;
Ferro et al, 2021), while RAB25 possesses 61 % similarity to RAB11A
and 66% similarity to RAB11B (Bhartur et al, 2000; Kumar &
Lukman, 2018). RAB11A was originally isolated from bovine brain
tissue (Kikuchi et al, 1988; Sakurada et al, 1991; Kelly et al, 2012)
and was later found to be ubiquitously expressed in mammalian cell
types (Lapierre et al, 2003; Xu et al, 2011). RAB11B is enriched in
the brain, heart, and testes (Kelly et al, 2012) and is also found in
polarized intestinal epithelial cells (Silvis et al, 2009). RAB25, origi-
nally identified in rabbit parietal cells, is expressed mostly in epithe-
lial cells (Goldenring et al, 1993; Kelly et al, 2012). RAB11A and
RAB11B were found localized to the vesicular compartments of
recycling endosome and the trans-Golgi network (Goldenring
et al, 1996; Casanova et al, 1999; Welz et al, 2014). Collectively,
RABI11 isoforms are considered to be responsible for trafficking
many transmembrane proteins and lipids to the plasma membrane
(Ullrich et al, 1996; Maxfield & McGraw, 2004; Ferro et al, 2021).
For example, RAB11A-dependent trafficking of E-cadherin estab-
lishes epithelial cell polarity (Desclozeaux et al, 2008; Welz
et al, 2014). RAB11-mediated trafficking of aquaporin-2 regulates
water reabsorption in renal collecting ductal principal cells
(Nedvetsky et al, 2007). Recycling of CXCR2 through RABI11
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vesicles is critical for physiological response to a chemokine (Fan
et al, 2004). HeLa cell lines engineered to be devoid of either
RABI1IA or RABIIB showed a perturbation of the endosomal-
lysosomal pathway (Zulkefli et al, 2019). The functional difference
or redundancy between RAB11A and RAB11B has not been defined
at tissue level in mammals.

RAB-dependent vesicular movement frequently depends on actin
or microtubule-based motor proteins (Hammer & Wu, 2002; Horgan
& McCaffrey, 2011). Since its isolation through a yeast two-hybrid
screening, MYOSIN-Vb has been the most characterized RAB11-
interacting motor that complexes through its tail domain with all
RAB11 members (Lapierre et al, 2001). Protein complexes formed
by RAB11A, MYOSIN-Vb, and RAB11-family interacting proteins
(FIP) are critical for movement of the recycling vesicles (Hales
et al, 2002; Wang et al, 2008; Schuh, 2011; Schafer et al, 2014; Welz
et al, 2014). Interestingly, endogenous RAB11B was found localized
to an apical pericentrisomal region that was distinct from RAB11A
localization, and the microtubule agents nocodazole and taxol alter
RAB11A’s intracellular localization (Lapierre et al, 2003).

In Caenorhabditis elegans, RAB11 was previously detected in a
screen for regulators of mitotic spindle dynamics and was later
found to require Receptor of Activated C Kinase 1 (RACK-1) to redis-
tribute RAB11 recycling endosomes during the cell cycle, and to
direct them in a dynactin-dependent mechanism to the pericentro-
somal region and spindle (Zhang et al, 2008b; Ai et al, 2009).
RABI11 family interacting protein 3 in complex with RAB11 was
required for completion of cytokinesis (Wilson et al, 2005), while
RNAi-based Rabll depletion in Caenorhabditis elegans caused
abnormal microtubule dynamics and spindle alignment during
metaphase (Zhang et al, 2008b). In cultured cells, mitotic recycling
endosomes were found to bind the gamma-tubulin ring complex (y-
TuRC) components and associate with tubulin in vitro. Rab11 deple-
tion or functional disruption perturbed astral microtubules, redis-
tributed spindle pole proteins, and delayed mitosis (Hehnly &
Doxsey, 2014). The idea that RAB11 regulates spindle pole matura-
tion during mitosis has not been formally validated in vivo such as
in mouse models, and the physiological significance of such regula-
tion is unknown at a tissue level.

Previously, we reported that global knockout of Rab1l1a in mice
caused embryonic lethality during implantation stage and that
Rablla-null mouse embryonic fibroblasts divided normally (Yu
et al, 2014b). Mice with intestinal epithelial cell (IEC)-specific
knockout of Rablla had mislocalized brush border proteins,
increased inflammatory cytokine production, epithelial hyperplasia,
and elevated susceptibility to intestinal tumorigenesis (Sobajima
et al, 2014; Yu et al, 2014a; Knowles et al, 2015; Feng et al, 2017;
D’Agostino et al, 2019). However, no mitotic spindle defect was
observed in Rab11a-deficient IECs (Yu et al, 2014a). Here, we newly
developed mouse models that lack both Rablla and Rabl1b in the
IECs. We found that, unlike Rablla or Rabl1b single knockouts,
the double knockout mice, upon gene ablation, developed rapid
spindle defects in the cycling progenitor cells and robust epithelial
apoptosis, leading to mortality with full penetrance. Using Rablla
and Rabllb proteomic analysis, we shed lights on their common
spindle-associated protein targets, including the microtubule kinesin
motor KIF11. We propose that the mammalian RAB11A and
RAB11B redundantly regulate mitotic spindle function in tissue pro-
genitor cells to maintain homeostasis.
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Results

Ablation of Rablla and Rab11b in adult intestinal epithelium
disrupts tissue renewal

Using CRISPR-Cas9 genome editing, we developed a Rab11b knock-
out mouse allele, where exons 2, 3, and 4 of RabI1b were removed
(Fig EVIA-C, please see method). Rabl1b~/~ mice are viable and
fertile. The high sequence homology between Rablla and Rabllb
suggested a potential functional redundancy (Lai et al, 1994; Silvis
et al, 2009). We thus developed Rab11a™*®; Rab11b~/~; Villin-Cre
mice, where Rablla was constitutively deleted in all intestinal epi-
thelial cells (IECs) on a Rabllb global knockout background. By
breeding Rabl1a™"; Rabl1b"~; Villin-Cre mice to Rablla™%,
Rab11~/~ mice, we obtained 4% of live pups that were Rab11a™",
Rab11b~/~; Villin-Cre on the date of birth. This ratio was lower than
expected Mendelian ratio of 12.5%. All these RabI 1a™™; Rab11b™/~;
Villin-Cre pups died on the first day of birth (red line, Fig 1A). Fifty
percent of Rabl1a™*; Rab11b"~; Villin-Cre mice that had homozy-
gous Rablla deletion but retained a single RabI1b copy died prior to
postnatal Day 4 (P4), and none survived to 1 week old (green line,
Fig 1A). These observations were consistent across multiple breeding
pairs. Thus, unlike single gene knockouts, loss of both RabIla and
Rab11b in the developing IECs led to lethality, suggesting that Rabl1a
and Rab11b have some redundant functions in contributing to the sur-
vival of mice.

To examine the impact of Rabl1la and Rab11b deletion on adult
intestinal epithelia, we next used the inducible Villin-CreER driver to
facilitate gene ablation. Adult Rab11a™"; Rab11b~/~; Villin-CreER
mice (also referred to as DKO in some figures) were injected with 1
single dose of tamoxifen to delete Rablla on the Rabl1b~/~ back-
ground. Western blots using intestinal lysates showed that, in DKO
mice, Rabl1la abundance decreased gradually in the first 2 days and
diminished on Day 3 following tamoxifen injection (Fig 1B). Upon
tamoxifen injection, DKO mice exhibited rapid body weight loss
while Rab11a™™; Rab11b'/~; Villin-CreER mice with only one
remaining Rab11b wild-type copy showed a noticeable body weight
loss (Fig EV2A). All DKO mice died on Day 2 or Day 3 after tamoxi-
fen injection. Rabl1a™"; Rab11b"~; Villin-CreER mice died within
a week of tamoxifen injection. This lethality phenotype of DKO was
observed from different breeding pairs in independent experiments
(n > 50 mice). Littermates that were deficient for only Rablla or
Rab11b did not show body weight loss after tamoxifen injection
(Fig EV2A). Thus, inducible IEC-specific deletion of Rablla and
Rab11b in adult mice caused a full penetrance lethality, suggesting
that Rabl1la and Rab11b redundantly regulate some vital functions
that maintain intestinal tissue homeostasis.

Histological examination revealed that the intestinal villi of DKO
mice became noticeably blunted on Day 2 and severely flattened on
Day 3 after tamoxifen (TAM) injection, at which time point all DKO
mice died (Figs 1C and EV2B). Immunofluorescent analysis for
the intestinal alkaline phosphatase (AP), an enterocyte marker
expressed by differentiated villus epithelium (Fawley & Gourlay,
2016) suggested a significant reduction of enterocytes on Day 3
post-TAM treatment in DKO mice (Fig 1D and E). A similar observa-
tion was made by staining for Villin, an enterocyte brush border
protein (Fig EV2C). Alcian blue (Fig 1F and G) and lysozyme
(Fig 1H and I) staining suggested a decline in total number of goblet
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Figure 1. Ablation of Rabl1la and Rab11b in IEC disrupts intestinal epithelial differentiation and homeostasis.

A Survival graphs of newborn pups from breeding of Rab11a™*; Rab11b*'~; Villin-Cre and Rab11a™*; Rab11b*'~ (or Rab11a™*; Rab11b~'~) mice. The total number of pups
for each genotype was labeled next to the corresponding curve. The graph represents over six independent litters from three different mating pairs.

B Western blots for Rabl1la and Rab11b using small intestinal lysates prepared from adult wild-type (WT, lane 1), Rab11a™""; Villin-CreER (aKO, lane 2) 2 days after
tamoxifen treatment, Rab11b~/~ (bKO, lane 3), and Rab11a™"; Rab11b™"; Villin-CreER (DKO) mice 1 day (lane 4), 2 days (lane 5), and 3 days (lane 6) after tamoxifen
treatment. All mice were given a single tamoxifen injection. B-actin was used as loading control. Results represent more than three independent experiments.

C H. &E. staining of adult Rab11a™"; Rab11b~'=; Villin-CreER mice, before and after tamoxifen injection. Images represent jejunum tissues collected 1, 2, and 3 days fol-
lowing tamoxifen injection. Experiments were repeated over five times using independent litters (n > 10). Scale bars, 50 pm.

D Alkaline phosphatase (AP) staining was performed on intestinal tissue sections of adult Rab11a™"'; Rab11b~'~; Villin-CreER mice that were treated with corn oil or with
tamoxifen. Results represent at least three independent experiments. Scale bars, 50 pm.

E Quantification of AP staining in mice of various genotypes. The AP fluorescent signal abundance per crypt-villus axis was quantified by ImageJ. Data represent 5-6 dif-

ferent microscopic fields taken from three mice per condition.

F  Alcian blue staining was performed on adult Rab11a™*", Rab11b~'=; Villin-CreER mice before or 1-3 days after tamoxifen injection. Results represent at least three

independent experiments. Scale bars, 100 um.

G Quantification of the number of Alcian blue-positive cells per crypt-villus axis in mice of various genotypes. Data represent average values of approximately 10-15 dif-

ferent microscopic fields taken from three mice per condition.

H Immunofluorescent staining for lysozyme and E-Cad was performed on adult Rab11a™"; Rab11b~'=; Villin-CreER mice before and after tamoxifen injection. Experi-

ments represent three independent replicates. Scale bars, 50 pm.

| Quantification of lysozyme fluorescent signal abundance per crypt in mice of various genotypes. Data represent approximately 10-15 different microscopic fields

taken from three mice per condition.

] Bulk RNA sequencing was performed on WT, aKO, bKO, and DKO mouse jejunum tissues (n = 3 each group) 2 days after tamoxifen injection. The resulting

transcriptomes were analyzed by principle coordinate analysis.

K Gene set enrichment analysis (GSEA) was performed for villus epithelial differentiation transcriptome to compare WT and DKO mice. This differentiation gene set was

significantly reduced in DKO. P-value < 0.001.

Data information: One-way Anova was used in Fig 1E, G and |, where error bars represent SEM, and **P < 0.01; ****P < 0.0001.

Source data are available online for this figure.

and Paneth cells per crypt-villus axis, respectively. Reduction in
goblet and Paneth cells became the most pronounced on Day 3 in
DKO intestines (Fig 1F and H).

As the DKO mouse intestinal phenotype became obvious on Day
2 after TAM treatment and the majority of them were still alive, we
sought to investigating the global transcriptomic changes in these
DKO mice on Day 2. We performed a bulk RNA-sequencing analysis
on jejunums of Day 2 DKO mice. In the same experiment, we
included mice of single Rabl1a or Rabl1b deficiency, as well as lit-
termate wild-type mice as controls. Principle coordinate analysis
(PCA) of transcriptomes showed that DKO mice were clustered
away from all other groups (green, Fig 1J). Gene set enrichment
analysis (GSEA) confirmed that there was a significant loss of villus
epithelial differentiation transcriptome in DKO intestines (P < 0.001,
Fig 1K).

Rablla and Rab11lb DKO mice have an impaired intestinal stem
cell and proliferative capacity

To examine whether a loss of epithelial proliferation may have con-
tributed to the rapid villus blunting in DKO mice, we assessed the
signature gene set for epithelial cell proliferation. Surprisingly, Day
2 DKO intestines had a significantly enriched transcriptome for pro-
liferation (Fig 2A). Indeed, 2 days after TAM, Ki67" IECs (Figs 2B
and C, and EV2D) and pHH3" mitotic cells (Fig 2D and E) were both
increased in DKO intestinal epithelia. However, their numbers
reduced on Day 3 (Fig 2C and E), indicating a transient hyperproli-
ferative state followed by a possible loss of the proliferative
compartment.

Investigating signature genes for intestinal stem cells (ISCs)
revealed that DKO mice had decreased transcripts of the fast-cycling
stem cells, such as Olfm4, Ascl2, and Lgr5 (Fig 2F). However, abun-
dances of Sox9, Bmil, Hopx, and Lrigl were elevated (Fig 2F). West-
ern blot (Fig 2G) and staining for Olfm4 validated this reduction of
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crypt base columnar ISCs following Rabl11 ablation (Fig 2H and I).
In contrast, the mitotic marker pHH3 was elevated at Day 2
(Fig 2G), and the number of Sox9" crypt IECs was increased in DKO
(Fig 2J and K). In addition, staining for c-Myc, which marks the
transit-amplifying IECs (Bettess et al, 2005), revealed a marked
expansion in DKO mice starting from the first day after RabI1a abla-
tion (Fig 2L and M). Mice losing single Rablla or Rabl1b did not
exhibit significant alterations in these markers, suggesting that
Rablla and Rab11b redundantly regulate the intestinal tissue main-
tenance in adult mice.

Loss of Rablla and Rab11b causes cell cycle arrest

To determine the cell cycle distribution of the IECs in DKO mice, we
performed flow cytometry analysis on single IEC suspensions pre-
pared from DKO mice 2 days after tamoxifen treatment and stained
by propidium iodide. Comparing with WT IECs, DKO cells exhibited
a 4.4-fold increase in percentage of cells in G2/M phase and 2.9-fold
increase in S-phase cells (Fig 3A and B). The flow cytometry also
suggested more apoptotic IECs in DKO mice than in WT mice.

To investigate whether there was a cell cycle blockage or an
overall cell cycle redistribution, we performed CIdU/IdU pulse-chase
labeling experiments. DKO mice and WT littermates (no Cre) were
first injected with tamoxifen. Twenty-four hours later, mice were
injected with CIdU to label S-phase cells (Fig 3C). Mice were sacri-
ficed after 24-36 h, each receiving an injection of IdU 3 h before the
sacrifice. Intestinal sections were stained for CIdU (green) and IdU
(red) (Fig 3D). CIdU-labeled WT cells were able to make to the
upper villus region, while DKO cells remained in the crypt or lower
villus region (Fig 3D). Compared with WT mice, DKO mice had a
significant increase in the number of CldU"/IdU" double-positive
cells (Fig 3D and E) and IdU" cells (Fig 3F and G), indicating
increased cycling cells on Day 2 as well as a delay of cell cycle tran-
sition by DKO cells. We also noticed a significantly increased

© 2023 The Authors
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number of CIdU" DKO cells that were shedding off the epithelial lin-
ing (pointed by arrows in Fig 3D, F and H), indicating that some
DKO cells went into cell cycle and died. These data collectively
suggested that there was an increased cell cycle entry as well as a
cell cycle arrest of DKO cells, which were associated with a loss of
these cycling cells.

EMBO reports

Rabl1la and Rab11b co-immunoprecipitate with mitotic
spindle proteins

The above results suggest that Rabl1a and Rab11b redundantly reg-
ulate cell division. To biochemically profile potential common pro-
tein networks of Rablla and Rabllb, we performed proteomic
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Figure 2. DKO mice show impaired tissue renewal and proliferation.

A GSEA analysis shows increased epithelial cell proliferation gene sets in DKO mice.

B Immunohistochemistry for Ki67 staining was performed on intestinal sections of adult Rab11a™"; Rab11b~/=; Villin-CreER mice before and after tamoxifen injection.
Experiments represent three independent replicates. Scale bars, 50 pum.

C Quantification of ratio of Ki67" cells over total epithelial cells per crypt-villus axis in DKO mice before and after tamoxifen treatment. Data represent approximately
10-15 different microscopic fields taken from three mice per condition.

D Immunofluorescent staining for pHH3 and E-Cad was performed on intestinal sections of adult Rab11a™*; Rab11b~'~; Villin-CreER mice before and after tamoxifen
injection. Experiments represent three independent replicates. Scale bars, 50 um.

E  Quantification of ratio of pHH3" cells over total IECs per crypt in DKO mice before and after tamoxifen treatment. Data represent approximately 10-15 different
microscopic fields taken from three mice per condition.

F  Heat maps of intestinal stem cell signature genes of mice of various genotypes.

G Representative western blots for Olfm4 and pHH3 in intestinal tissue lysates of DKO mice before and after tamoxifen injection.

H Immunohistochemistry for Olfm4 was performed on intestinal sections of adult Rab11a™"!; Rab11b~'=; Villin-CreER mice before and after tamoxifen injection. Experi-

ments represent three independent replicates. Scale bars, 50 pm.
Quantification of OIfm4" cell number per crypt in DKO mice before and after tamoxifen treatment. Data represent approximately 1015 different microscopic fields

lvor Joseph et al

taken from three mice per condition.

] Immunofluorescent staining for Sox9 and E-Cad in DKO mice before and after tamoxifen treatment. Scale bars, 50 pum.
K Quantification of Sox9" cell number per crypt in DKO mice before and after tamoxifen treatment. Data represent approximately 10-15 different microscopic fields

taken from three mice per condition.

L Immunohistochemistry for c-Myc was performed on intestinal sections of adult Rab11a™"; Rab11b~'=; Villin-CreER mice before and after tamoxifen injection. Experi-

ments represent three independent replicates. Scale bars, 50 pm.

M Quantification of c-Myc” cell number per crypt-villus axis in DKO mice before and after tamoxifen treatment. Data represent approximately 1015 different micro-

scopic fields taken from three mice per condition.

Data information: One-way Anova was performed for Fig 2C, E, I, K and M, where error bars represent SEM. and *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Source data are available online for this figure.

analyses using mass spectrometry on 3x Flag-tagged Rablla or
Rab11b co-immunoprecipitated (co-IP) from HEK293 cells (Fig 4A).
This untargeted assay was not purposed for identifying direct bind-
ing partners, but rather to globally profile large protein complexes
that may be pulled down with either Rabl1a or Rab11b. Eight hun-
dred and eighty-five proteins were detected to be shared by Rabl1la
and Rab11b precipitates (Fig 4B), constituting 93% of Rab1l1a’s total
proteomics (Fig 4C). Gene Ontology analysis of these common pro-
teins suggested enriched protein networks for DNA replication
(P-value = 1.6e-7), cell cycle (P-value =1.7e-5), and mitosis
(P-value = 1.2e-3; Fig 4D). We ranked the shared targets by their
proteomic spectrum counts and uncovered the top 10 proteins:
KIF11, MYH9, HSP90AB1, FLNA, HSPAS5, FASN, ENO1, NCL,
MYH10, and RAB11FIP1. Among them, RAB11FIP1 is a well-known
RAB11-interacting protein (Hales et al, 2001; Jin & Goldenring, 2006;
Baetz & Goldenring, 2013), while KIF11, MYH9, and MYH10 are all
myosin or kinesin motor proteins (Fig 4E).

Our proteomic results revealed 37 unique KIF11 peptides in
Rabl1la precipitates and 20 unique peptides in Rab11b precipitates
(Fig EV3A). KIF11 is known to form cross-bridges between pairs
of oppositely oriented spindle microtubules in prophase and
prometaphase, driving apart the duplicated centrosomes during
mitotic spindle formation (Kashina et al, 1996; Sharp et al, 1999).
We performed co-IP analysis and consistently verified co-
immunoprecipitation of endogenous KIF11 with FLAG-tagged
Rablla or Rabl1b, respectively (Fig 4F). Confocal analysis of KIF11
(gray) and mCherry-tagged WT Rablla (red) illustrated potential
association around the spindle poles defined by pericentrin (green)
(Fig 4G). At the spindle poles, Pearson’s correlation between
Rablla and KIF11 is 0.66 & 0.05. Localization of Rabl1l, Rabll-
FIP3, and recycling endosome to the spindle pole has been previ-
ously described in multiple studies (Zhang et al, 2008b; Ai
et al, 2009; Hehnly & Doxsey, 2014). Consistent with previous
reports, overexpressing a dominant negative Rab11a-S25N impaired

6 of 22 EMBO reports  24: e56240 | 2023

normal bipolar spindle formation in approximately 40% of cells
(Fig 4G and H). Twenty-eight percent of Rabl1a-S25N transfected
mitotic cells had monopolar spindles, and 9% had tripolar or multi-
polar spindle phenotypes (Figs 4G and EV3B). At the spindle pole,
Pearson’s correlation between Rabl11a-S25N and KIF11 is
0.52 + 0.07. Cells transfected with Rab11a-S20V showed both the
presence of bipolar spindles and Rab11a-S20V localization at the
spindle poles (Figs 4G and H, and EV3C).

We examined live dividing HEK293 cells labeled by SiR-Tubulin
probe to visualize the real-time movement of mitotic spindles. Cells
were transiently transfected with WT Rablla, or Rab11a-S25N, or
Rab11a-S20V, all of which were mCherry-tagged. In cells expressing
WT Rablla, a fraction of Rablla was localized at the mitotic spin-
dle poles, in addition to cytoplasmic localizations. In cells expres-
sing Rabl1a-S25N and exhibiting defective spindle, there was a
reduced Rab11a-S25N localization at the spindle poles whereas cells
expressing Rab11a-S20V showed Rab11a at the mitotic spindle poles
(Fig EV4A). There was no difference in the percentage of mitotic
cells observed among the different constructs transfected
(Fig EV4B), suggesting disrupting Rab11 did not prevent cells enter-
ing mitosis. Interphase cells showed WT Rablla localization sur-
rounding the centrosome (Fig EV4C). Intensity plots of tubulin and
Rablla showed a dip in Rablla intensity coinciding with the peak
of tubulin core (Fig EV4F). This correlation between Rablla and
tubulin was lost in some cells transfected with Rabl1la-S25N
(Figs EV4D and 4G). Some Rabl1a-S20V cells showed restored
Rablla localization around the centrosome (Figs EV4E and 4H).
These results confirmed previous studies that disrupting RAB11
function impaired mitotic spindle in cultured cells (Hehnly &
Doxsey, 2014).

However, no prior study has examined the in vivo impact of
Rablla and Rabllb loss-of-function on Kifll-associated spindle
dynamics. We therefore investigated Kifll-associated spindles
in Rabll DKO and wild-type intestines using confocal
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immunofluorescent analysis. Over 80% mitotic spindles in WT
intestinal crypt IECs are normal bipolar spindles. In contrast, DKO
mitotic IECs showed more than 70% abnormal spindles, with the
vast majority being monopolar spindles that shifted toward one side
of the cells (Figs 4I-K, L and M, and EVSA). Bipolar but tilted

EMBO reports

spindles were also observed (Fig 4I). IdU labeling of mice suggested
that DKO cells with these defective spindles went into cell cycle pre-
viously (Figs 4J and EV5B). In all cases of abnormal spindles in
DKO, Kifl1 remained to associate with the spindle poles marked by
either y-tubulin (Fig 4L) or pericentrin (Fig 4M). These observations
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Figure 3. Loss of Rablla and Rab11b in IEC causes cell cycle arrest.

lvor Joseph et al

A B Jejunum epithelial cells were prepared as single-cell suspension from WT and DKO mice 2 days after tamoxifen injection, stained with propidium iodide, and ana-
lyzed for cell cycle distribution by flow cytometry. Pie graphs represent five mice for each genotype in two independent experiments. There was a S-phase

(P < 0.001) and G2/M phase arrest (P < 0.05) in DKO, compared with WT.

C A schematic diagram shows the sequential CIdU and IdU pulse-chase labeling experiments. WT and DKO mice were injected with tamoxifen, first injected by CldU
(green) to label S-phase WT and DKO cells; the mice were sacrificed in pairs 1-1.5 days later, with each mouse receiving an IdU (red) injection 3 h before sacrifice

to label new dividing cells.

D Immunofluorescent staining for CldU (green) and IdU (red) in WT and DKO mouse small intestines. An upwards movement of CldU cells was present in WT but not
in DKO mice. White arrows point to CldU* DKO epithelial cells that were shedding off the villus surface. Scale bars, 50 um.

E Quantification of CIdU*/IdU" cell number per crypt-villus axis. Data represent 10-15 different microscopic fields taken from three mice per condition.

F High magnification images were taken from CIdU/IdU labeled WT and DKO mouse crypt regions to visualize double-positive cells. White arrows point to shedding

CldU cells. Scale bars, 50 um.

G, H Quantification of IdU" cells, and shedding CIdU" cells per crypt-villus axis in WT and DKO mice. Data represent 1015 different microscopic fields taken from three

mice per condition.

Data information: Welch’s t-test was used in Fig 3E, G and H. The central band is the median, the boxes represent 25 and 75 percentiles, and the whiskers represent 10

and 90 percentiles. The error bars represent SEM in 3H. **P < 0.01; ****P < 0.0001.

Source data are available online for this figure.

suggested that loss of Rabl1l function perturbed spindle structure
and function, of which Kifl11 is an important component.

Disrupting RAB11 biochemically perturbs Kifl1l-associated
protein network

KIF11 forms homo-tetramers via the stalk domain, uses its motor
domain to bind microtubules, and hydrolyzes ATP, driving apart
the anti-parallel oriented microtubules (Kashina et al, 1997). Loss of
KIF11 causes mitotic failure (Mayer et al, 1999; Bannigan
et al, 2007). We constructed three truncated KIF11 fragments corre-
sponding to the motor, stalk, and tail domains and tagged them by a
V5 epitope (Fig 5A). We overexpressed individual fragments in
HEK293T cells and assessed their association with Rab11. Co-IP
analysis revealed that the KIF11 stalk region (a.a. 387-861) could
associate with both Rablla (Fig 5B) and Rab11b (Fig 5C). Interest-
ingly, cells overexpressing the stalk region showed an increased fre-
quency of monopolar spindles when compared to cells
overexpressing the motor domain (Fig 5D; Appendix Fig S1A). As
Kif11 stalk region contains coiled-coil interaction motif that is often
used by Rab11 FIP proteins to interact with Rab11 (Wei et al, 2006;
Lall et al, 2015; Kearney & Khan, 2020), we in vitro translated Kifl1
fragments and tested their binding to purified Rab11 recombinant
proteins in buffer. In the conditions tested in our assays, we did not
detect a direct KIF11-Rab11 interaction (Appendix Fig S1B and C),
suggesting that the observed KIF11-Rabll co-
precipitation was likely mediated by common interactors.

There are well-characterized KIF11 inhibitors that bind allosteric
pockets of KIF11 and inhibit the release of ADP (Yokoyama
et al, 2018) (Mayer et al, 1999; Tcherniuk et al, 2010; Venere
etal, 2015; Wu et al, 2018). Previous studies reported a tighter KIF11-
association by S-trityl-L-cysteine (STLC) than monastrol (Skoufias
et al, 2006), and a better pocket-fitting by ispinesib than monastrol
(Zhang et al, 2008a). We found that cells treated with monastrol
(50 uM), S-trityl-L-cysteine (STLC) (2.5 uM), or ispinesib (100 nM),
exhibited pronounced monopolar spindle defects (Fig SE), with STLC
and ispinesib eliciting 100% spindle defects (Appendix Fig S1D).
RAB11-KIF11 co-precipitation was reduced in all inhibitor-treated
cells, while ispinesib caused the greatest reduction (Fig 5F and G).
Nocodazole that depolymerizes microtubules also perturbs Rab11-

intracellular
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FIP3 spindle localization (Hehnly & Doxsey, 2014). We found that
RAB11-KIF11 association also slightly reduced in cells treated with
nocodazole (Fig 5H), collectively suggesting that Rab11 endosomes
likely interface with spindle microtubule protein complexes. In all these
cases, there were residual intracellular KIF11-RAB11 associations.

We next biochemically examined to what extent depletion of
Rab11 might perturb KIF11-associated protein networks. We vali-
dated an anti-KIF11 antibody for immunoprecipitation assays
(Appendix Fig S1C), pulled down endogenous KIF11 from WT or
RAB11-KD Caco2 cells, and subjected the precipitates to an untar-
geted proteomic analysis by mass spectrometry (Fig 5I). Negative
control proteomics from “no antibody” reaction was used to sub-
tract nonspecific background targets. The assay was not purposed
for identifying direct KIF11 interactors but for profiling large protein
complexes that could be pulled down with KIF11. Two hundred and
forty-four targets (25%) present in WT cells were absent in RAB11-
KD cells (Fig 5J). String analysis suggested that these proteins play
roles in mitosis, DNA replication, and cell cycle progression
(Fig 5K). The top 50 affected KIF1l-interacting proteins included
CLIP1, ZW10, CCAR1, USO1 (pl115), CDK9, IQGAP2, SHTN1, and
DNM2 (Appendix Fig S2A), which have been associated with mito-
sis, spindle formation, microtubule, or kinetochore functions (Wil-
liams et al, 2003; Busch et al, 2004; Lopes et al, 2005; Vallee
et al, 2006; Radulescu et al, 2011; Lu & Johnston, 2013; Muthu
et al, 2015). CLIP1 is a plus-end microtubule-binding protein that
promotes microtubule growth and microtubule bundling (Komarova
et al, 2002; Arnal et al, 2004; Folker et al, 2005). USO1(p115) inter-
acts with y-tubulin and functions in centrosomal targeting during
mitosis (Radulescu et al, 2011). CCAR1 interacts with APC-2, a com-
ponent of the anaphase-promoting complex that drives completion
of mitotic cell division (Muthu et al, 2015). ZW10 is a kinetochore
protein regulating proper chromosome segregation during mitotic
division (Starr et al, 1997; Jiang et al, 2014). We used co-IP analysis
and validated a reduced KIF11 association with CLIP1, ZW10, and
CCARI, and to a less extent with USO1(p115) (Fig 5L).

CLIP1 colocalizes with a subset of transferrin receptor-positive
endocytic vesicles and links them to microtubules (Pierre et al, 1992).
As KIF11-CLIP1 co-precipitation was affected by RAB11 deficiency
(Fig 5M), we further validated, using confocal immunofluorescent
analysis of Kifl1 and Clipl in WT and Rab11 DKO intestinal tissues.

© 2023 The Authors
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We observed a high colocalization of endogenous Kif11 and Clipl in
WT tissues (Fig 5N), and such correlation was reduced in DKO tissues

(Fig 5N and O).
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CDK1/cyclin B phosphorylates KIF11 at its tail domain (Blangy
et al, 1997) and increases its binding to microtubules in vitro and

in Xenopus egg extract spindles (Cahu et al, 2008). Interestingly,
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Figure 4. Rablla and Rab11b associate with spindle protein network and redundantly control spindle formation.

A HEK293T cells were transfected with 3 x Flag-Rablla and 3 x Flag-Rabl11b, respectively. Immunoprecipitation was performed by using anti-Flag antibody, and the
precipitates were resolved on SDS—PAGE, stained by ruby red, and subjected to untargeted proteomic analysis.

B Heat maps based on unique peptides of protein targets identified by mass spectrometry in 3 x Flag-Rabl1a (952 proteins) and 3 x Flag-Rab11b (1,470 proteins)
immunoprecipitates. The data were transformed by natural log. Targets with high numbers of unique peptide counts, KIF11, MYH10, and Rab11FIP1, are denoted.

@ Venn diagram shows that 885 protein targets were shared by Rabl1la and Rab11lb. Note, the majority came down in complexes and may not be direct interactors

due to the methods used.

D Gene Ontology analysis of Rabl1a and Rab11b common targets revealed enriched functional networks in DNA replication (P = 1.6 x 10~7), cell cycle

(P=1.7 x 107°), cell division (P = 3 x 10~*), and mitosis (P = 1.2 x 1073).

E The top 10 shared targets ranked by number of spectrum counts (SC) from high to low. Unique peptide (UP) numbers are also provided for each target.
F Co-IP assays were performed in HEK293T cells to validate the association between 3 x Flag-Rablla, 3 x Flag-Rab11b and endogenous KIF11. Lane 1: input lysate;
lane 2: flow-through after co-IP; lane 3-5: 3 washes; lane 6: on beads; and lane 7: immunoprecipitation elutes. Cells transfected with 3 x Flag empty vector were

used as a negative control. Experiments repeated over six times.

G Cells were transfected with mCherry-tagged WT, Rab11-S25N, and Rab11-S20V, fixed and stained for endogenous KIF11 (gray) and pericentrin (green). The mCherry
signal (red) represents direct fluorescent signal visualized under confocal microscope. Arrows denote position of spindle poles defined by pericentrin. Images repre-

sent three independent experiments. Scale bars, 10 um.

H Quantification of the percentage of bipolar, monopolar, or multipolar (three or more) spindles observed in mitotic cells identified from each microscopic field. Data

represent 10-20 independent fields per condition from three experiments.

| Immunofluorescent staining for KIf11 (green) and E-Cad (gray) in WT and DKO mouse intestines. Yellow arrows point to Kifl1" spindles. Images represent at least

10 images per mouse and five mice for each genotype. Scale bars, 50 pum.

J WT and DKO mice were injected with IdU 3 h before sacrifice to label new dividing cells. Immunofluorescent staining for KIf11 (green), E-Cad (gray), and IdU (red)
was performed. Yellow arrows point to abnormal Kif11 localization in DKO cells. Scale bars, 50 pm.

K Based on Kifl1 spindle morphology, quantification of the percentage of bipolar and abnormal (monopolar, tilted bipolar) spindles was done on WT and DKO
intestinal sections. Results were quantified from mitotic cells of 20 independent fields of 5-6 mice for each genotype.

L, M Immunofluorescent staining for KIf11 (red) and spindle pole markers y-tubulin or pericentrin (green) in WT and DKO mouse intestines. Images represent three mice

for each genotype. White arrows point to spindle pole. Scale bars, 20 um, 10 pm.

Data information: Two-way Anova was used in Fig 4H and K, where error bars represent SEM, and ***P < 0.001; ****P < 0.0001.

Source data are available online for this figure.

we detected an increased KIF11-Cyclin B association in RAB11-KD
cells compared with WT cells (Fig 5L). We then tested whether
mitotic arrest induced by RAB11 deficiency might be correlated
with such increased KIF11-Cyclin B association. We treated WT
cells with nocodazole to induce a mitotic arrest and found
that nocodazole-treated cells had a similarly increased KIF11-
Cyclin B association (Appendix Fig S2B). DKO cells with defective
mitotic Kifll spindles also showed elevated Cyclin Bl (Appendix
Fig S2C and D). These results suggest that loss of RAB11 led to
mitotic defects and impaired KIF11-associated spindle microtubule
functions.

Loss of Rabl1a and Rab11b in IECs triggers cell-autonomous
activation of apoptosis

The robust in vivo intestinal phenotype of DKO mice could alterna-
tively be caused by loss of epithelial differentiation or by none-
pithelial autonomous mechanisms. We thus grew enteroids from
WT and Rabll single and double knockout mice and treated
mature enteroids with 4-OHT to induce Rabll deletion.
Tamoxifen-treated WT or single-knockout enteroids continue to
grow, while DKO enteroids became smaller and darker with the
cells of the edge starting to deteriorate from Day 2 after treatment
(Fig 6A). Five days after treatment, DKO enteroids were further
impaired, and propidium iodide (PI) staining showed massive cell
death per enteroid quantified by the percentage of PI-stained area
(Fig 6B and C). Histological sections confirmed the significantly
increased events of impaired DKO enteroids (Fig 6D and E). Con-
focal immunofluorescent analysis could rarely detect any normal
Kifl1-positive bipolar spindles in DKO enteroids, while bipolar
spindles were seen, with the average frequency of 1 per enteroid,
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in WT and single-knockout enteroids, which were also treated
with tamoxifen (Fig 6F). Rablla™*; Rabl11b™/~; Vil-CreER enter-
oids treated with vehicle retained normal Kifl1-positive bipolar
spindles (Fig 6G and H), suggesting simultaneous loss of both
Rablla and Rab11b disrupt bipolar spindle formation. DKO enter-
oids also contained significantly less pHH3 cells, the death of
which could be visible in areas with disintegrating epithelial lin-
ing, and pHH3 immunoreactivity was robustly present in the
lumen of these impaired DKO enteroids (Fig 61-K). Furthermore,
differentiated Paneth cells could still be detected in the impaired
DKO enteroids (Fig 6J and L), collectively suggesting that the
observed cell death was caused by IEC autonomous division defect
rather than a lack of differentiated cells.

Quantification of cleaved caspase 3 (CC3)-positive IECs showed
significantly increased apoptotic cells in the epithelial lining of DKO
enteroids (Fig 7A and B), suggesting that an apoptotic program was
triggered in the DKO enteroids. Indeed, gene set enrichment analysis
revealed a significantly increased apoptotic gene program in Rab11
DKO intestines (Fig 7C and D). Pro-apoptotic genes, including
Anaxl (Fig 7E), Anax5 (Fig 7F), Bcl21L (Fig 7G), and Bcll10
(Fig 7H), were robustly increased in DKO intestines compared with
WT or single knockouts. DKO intestines contained progressively
increased CC3" apoptotic cells on Day 2 and 3 post-TAM treatment
(Fig 71 and J). The major inflammatory driver, TNF and TNFa-NF«B
signaling pathway genes were significantly activated in DKO intes-
tines (Fig 7K-M). Immunohistochemistry confirmed a significantly
elevated NFkB as the pathway readout in DKO tissues (Fig 7N and
0). In addition, p53" cells were readily detected in DKO intestinal
epithelia (Fig 7P; Appendix Fig S2E), consistent with an increased
apoptotic response to the genomic stresses triggered by the mitotic
spindle checkpoint.

© 2023 The Authors
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Discussion

By using mouse genetics, we demonstrated here that Rablla and
Rab11b redundantly regulate mitotic spindle function in dividing

EMBO reports

intestinal epithelial cells. Loss of either Rabl1la or Rab11b alone did
not cause mitotic defects; however, loss of both disrupted cell divi-
sion, leading to epithelial cell death and lethality of the animals.
Such redundancy in regulating tissue renewal and homeostasis has
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Figure 5. Deficiency of Rablla and Rab11b perturbs spindle protein network.

A A schematic diagram of full length and three truncated KIF11 that represent the motor, the stalk, and the tail domains. All fragments were tagged by a V5 epitope.
The corresponding amino acids of each fragment are labeled on the left.

B, C HEK293T cells were transiently transfected with 3 x Flag-Rabl1la (or 3 x Flag-Rab11b) and V5-tagged KIF11 truncates. Lysates were immunoprecipitated by anti-
Flag antibody and probed by an anti-V5 antibody to assess intracellular associations. Cells transfected by V5 empty vector were used as a negative control.

D HEK293T cells were transiently transfected with V5-tagged KIF11 truncates or empty vector, fixed, and stained for KIF11. Percentage of bipolar, monopolar, and mul-
tipolar spindles were scored from total mitotic cells identified from each field. Independent fields of three biological replicates per condition were analyzed and
represented as stacking bar graphs.

E Immunofluorescent staining for a-Tubulin and KIF11 was performed on HEK293T cells treated with 0.1% DMSO (as a control), 50 M monastrol, 2.5 pM STLC, or
100 nM ispinesib. Experiments were done three times. Scale bars, 10 pum.

F Co-IP assays for 3 x Flag-Rablla and endogenous KIF11 were performed using HEK293T cells treated with various KIF11 inhibitors. Cells treated with DMSO were
used as a control. Anti-Flag precipitates were probed by anti-KIF11 and anti-Flag antibodies.

G Quantification of co-immunoprecipitated KIF11 was normalized to input KIF11 from cells treated by different inhibitors. DMSO data were quantified for five experi-
mental replicates, and all other treatments were quantified for four experimental replicates.

H HEK293T cells were transiently transfected with 3 x Flag-Rablla and treated with nocodazole (100 ng/ml) or vehicle overnight, and lysates were used for Flag
immunoprecipitation followed by immunoblot for KIF11. Quantification of co-immunoprecipitated KIF11 was normalized to input KIF11 from control (n = 6) and
nocodazole-treated (n = 9) cells.

| Endogenous KIF11 was immunoprecipitated from WT and RAB11-knockdown (KD) Caco2 cells. The precipitates were resolved on SDS—PAGE, stained by ruby red,

and subjected to an untargeted proteomic analysis.

J Venn diagram showing that targets (244) in KIF11 precipitates of WT cells were absent from RAB11-KD cells.
K STRING analysis of KIF11 co-precipitated targets involved in DNA replication, mitosis, and cell cycle regulation.
L KIF11 co-IP analysis was performed using WT and RAB11-KD CaCo2 cell lysates. The immunoprecipitates were probed for CLIP1, ZW10, CCAR1, USO1, and CCNB1.

Experiments represent 2—4 replicates for each target.

M Quantification of KIF11-CLIP1 co-immunoprecipitates from WT and RAB11-KD CaCo2 cells in three independent experiments.
N Immunofluorescent staining for endogenous Clipl (red) and Kif11 (green) in WT and Rab11 DKO mouse intestinal epithelial tissues. n = 4-5 mice for each

genotype. White arrows point to Kif11" spindles. Scale bars, 20 um.

0 Pearson’s correlation of CLIP1 and KIF11 at mitotic spindles of WT and Rab11 DKO IECs. Results were analyzed from 21 and 13 mitotic cells in 5-10 independent

microscopic images of WT and DKO tissues, respectively.

Data information: Two-way Anova was used in Fig 5D, one-way Anova was used in Fig 5G, and unpaired t-test was used in Fig 5H, M and O, where error bars represent

SEM, and *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
Source data are available online for this figure.

not been demonstrated previously, and we speculate that a similar
mechanism may apply to other tissues. In DKO intestinal epithelia,
we observed both an increased cell cycle entry and a mitotic arrest
in the DKO tissues. Previous studies reported that Rabl1a deficiency
triggered a nuclear YAP translocation that could be the primary
driver for a forced cell cycle entry (D’Agostino et al, 2019; Goswami
et al, 2021). YAP activation regulates S-phase entry (Shen &
Stanger, 2015) and YAP recruitment depends on a functional pre-
Replicative Complex (preprint: Garcia et al, 2021). These scenarios
are consistent with the increased c-Myc, a direct YAP transcriptional
target (Cai et al, 2018; Chen et al, 2018), and increased IdU labeling
in DKO tissues. However, after the DKO cells entered cell cycle, they
failed to properly form a bipolar spindle to complete the cell divi-
sion. The failed mitotic division due to the spindle defect is consis-
tent with the observed epithelial cell-autonomous death, loss of the
rapid cycling stem cells, and lethality of the animals.

Endocytic trafficking reshapes the plasma membrane during cell
division, which further partitions endocytic components along with
the associated cargos (Furthauer & Gonzalez-Gaitan, 2009). The
RABL11 recycling endosome system remained associated on vesicles
throughout the cell cycle, with RAB11, pIgAR, and MYOSIN-Vb
containing vesicles becoming clustered near the spindle poles after
metaphase (Hobdy-Henderson et al, 2003). Disruption of RAB11 in
mammalian cells, either by RNA interference or by a dominant neg-
ative plasmid, affected spindle pole protein localization, astral
microtubules, and mitotic spindle orientation (Hehnly & Doxsey,
2014). The mouse work in this study validated these important con-
cepts of mitotic regulation by Rab11 proteins by demonstrating their
robust impact on tissue renewal and homeostasis. Our untargeted
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Rablla and Rabl1b proteomic analysis revealed a large set of com-
mon proteins involved in cell cycle regulation, mitosis, and cytoki-
nesis. Although we selected KIF11 in our phenotypic analysis, based
on its high proteomic spectrum counts, our results suggest that loss
of Rablla and Rabllb likely perturbed a global distribution of
mitotic recycling endosome and the assembly of spindle and pole
protein networks. Our proteomic results suggested that Rabl1a and
Rab11b also coordinate the functions of other motor proteins such
as MYH9 and MYH10, both of which regulate cytokinesis and cell
motility (Wang et al, 2020).

Loss of Rablla and Rabllb resulted in primarily monopolar
spindles that mimicked the defects caused by KIF11 inhibitors.
RABI11A and RAB11B mitotic endosomes may serve as a platform
to coordinate the positioning, assembly, and functioning of multi-
ple protein complexes at spindle poles and microtubules. Although
KIF11 remains associated with spindle in Rabl1-deficient cells, its
function in driving the bipolar mitotic spindle (Acar et al, 2013)
may be impaired. For instance, CLIP1 connects a subset of recy-
cling endocytic vesicles to microtubules (Pierre et al, 1992), the
endosome may further facilitate KIF11 and CLIP1 function at spin-
dle poles where a complex may form at the growing plus end of
spindle microtubule (Akhmanova et al, 2005). Likewise, the
RABI11 endosome may provide a compartment to restrict or facili-
tate kinase reactions. The aurora-related protein kinase pEg2 of
Xenopus laevis directly phosphorylates XIEg5 (a KIF11 homology)
on a serine residue at its stalk domain (Giet et al, 1999). The phos-
phorylation at threonine 937 in KIF11 C-terminal tail by Cdkl-
Cyclin B strongly increased its binding to microtubules in vitro
(Cahu et al, 2008). Interestingly, we observed a strong association

© 2023 The Authors
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between KIF11 and Cyclin B in Rabll-depleted cells, suggesting Our study has limitations in resolving direct protein—protein
that Rabll endosome regulates KIF11 interactions with other interactions. The co-immunoprecipitation and untargeted proteo-
mitotic regulators. mic approaches were not purposed for revealing direct binding
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Figure 6. Deletion of Rablla and Rab11b from enteroids causes spindle defect and cell death.

A Enteroids were grown from mice of different genotypes. Images were taken before and after addition of 4-OHT that induces Rablla deletion. Twenty—thirty images
were taken daily from independent fields of cultures. Each genotype had replicates, and experiments were done twice. Scale bars, 500 pm.

B Propidium iodide (PI) staining of WT, BKO, and DKO enteroids 3 days after 4-OHT treatment ex vivo. Note DKO enteroids had increased PI staining along the epithe-
lial edge. Vehicle-treated DKO enteroids were used as controls. Scale bars, 200 um.

@ Pl-stained areas were normalized to total enteroid area for each enteroid of different genotypes.

D, E Histology sections of harvested enteroids of different genotypes were stained by H. & E. Enteroids showing impaired epithelial lining were scored from independent
fields (n = 8,10 and 7 for WT, BKO, and DKO, respectively) of biological replicates. Scale bars, 100 pm.

F, G Immunofluorescent staining for Kifl1 (red) and E-cad (green) was performed on enteroids of various genotypes, all of which were treated with 4-OHT. Same experi-
ments were done for DKO enteroids treated with vehicle or 4-OHT. White arrows point to Kifl1" spindles. Scale bars, 20 pm.

H Normal bipolar Kif11 spindles were counted per enteroid of vehicle (n = 10) or 4-OHT treated DKO (n = 10) enteroids from biological replicates. Images were ana-

lyzed from two independent experiments.

I,J]  Numbers of pHH3" or Lyz1" cells were counted per enteroid of vehicle (n = 11 for pHH3; n = 8 for Lyz1) or 4-OHT treated DKO (n = 9 for both pHH3 and Lyz1)

enteroids from biological replicates.

K, L Representative confocal fluorescent images of pHH3 (red) or Lyz1 (red) stained with E-Cad (green) from vehicle or 4-OHT treated DKO enteroids. Scale bars, 50 pm.

Data information: Unpaired t-test was used in Fig 6C, E, H, | and ], where error bars represent SEM, and *P < 0.05; **P < 0.01; ****P < 0.0001.

Source data are available online for this figure.

targets. The intracellular association between KIF11 and RABI11 is
likely mediated by intermediate partners, such as tubulin,
dynactin, or FIPs, which interact with both proteins (Zhang
et al, 2008b; Ai et al, 2009; Hehnly & Doxsey, 2014). The KIF11
stalk contains coiled-coil motif and, when overexpressed in cells,
was able to co-immunoprecipitate with both Rablla and Rab11b.
Almost all Rab11 FIPs use their conserved C-terminal coiled-coil
domain to bind Rab11 (Hales et al, 2001). Resolved complex struc-
tures of Rab11-FIP2, Rab11-FIP3, Rab14-FIP1, and Rab25-FIP2
suggested that all of the Rab11 binding domains contain a central
parallel coiled coil (Wei et al, 2006; Lall et al, 2015; Kearney &
Khan, 2020). FIP3 localizes to mitotic spindle (Hehnly &
Doxsey, 2014), forms homo-oligomers, and its recruitment to recy-
cling endosome by Rabll is essential for cytokinesis (Eathiraj
et al, 2006). FIP3’s Rabll binding domain contains a coiled-coil
homodimer with two symmetric interfaces binding to two Rabl1
molecules (Shiba et al, 2006). The C- and N-terminal domains of
the homodimeric CLIP1 are also connected by a long coiled coil

Figure 7. Loss of Rabl1la and Rab11b activates apoptosis program.

(Pierre et al, 1992). Interestingly, aurora-related protein kinase
directly phosphorylates a residue at KIF11’s stalk region (Giet
et al, 1999). A direct association between KIF11 and dynactin
[p150(Glued)] was previously isolated in yeast two-hybrid study
using the stalk-tail region (420-811 aa.) as a bait (Blangy
et al, 1997). Coincidentally, dynactin directs Rabll recycling
endosomes to pericentrosomal region and spindle (Ai et al, 2009).
Furthermore, DENN/MADD (Rab3-GEP) directly binds to the stalk
domain of microtubule motors, KIF1Bbeta and KIF1A, to transport
synaptic vesicles (Niwa et al, 2008). These studies suggest that the
coiled-coil motif of KIF11 stalk region may interface with various
Rabll-interacting partners in a spindle microtubule-associated
complex.

USO1(pl115) interacts with y-tubulin to regulate centrosomal
targeting during mitosis (Radulescu et al, 2011). Disruption of USO1
leads to spindle collapse, chromosome mis-segregation, and failed
cytokinesis (Radulescu et al, 2011). It is plausible that pole orga-
nizers such as USO1, with the help of RAB11 endosome, could

A Immunohistochemistry for cleaved caspase 3 (CC3) was performed on TAM-treated enteroids of different genotypes. Black arrows point to CC3" cells at the epithe-

lial lining of DKO enteroids. Scale bars, 50 pm.

@

for WT + TAM; n = 11 for DKO + TAM of biological replicates.

o 0O

Quantification of number of CC3" cells within epithelial lining of enteroids of different genotypes and treatments. N = 9 for WT, BKO, BKO + TAM, and DKO; n = 7

Heat map of apoptotic genes in WT and Rab11 DKO intestinal transcriptomes (n = 3 for each genotype).
GSEA analysis shows significantly enriched apoptotic gene set in Rab11 DKO intestinal epithelia compared with WT littermates. P < 0.001.

E-H Representative apoptotic genes, Anxal, Anxa5, Bcl2I1, Bcl10, which were highly elevated in DKO intestines. n = 3 mice for each genotype.
| Immunofluorescent staining for CC3 (green) was performed on WT and Rab11l DKO intestinal epithelial tissues before and after tamoxifen treatment. Scale bars,

50 pm.

taken from 4 to 5 mice for each genotype.

ozzr =

5 mice for each genotype.

Quantification of CC3-positive cells per crypt-villus axis in WT and Rab11 DKO intestines. Results were obtained from 10 to 15 independent microscopic images

Heat map of TNFA-NFkB pathway genes in WT and Rab11 DKO intestinal transcriptomes (n = 3 for each genotype).

Tnf transcripts were highly elevated in DKO intestines. n = 3 mice for each genotype.

GSEA analysis shows significantly enriched TNFA-NFkB pathway gene set in Rab11l DKO compared with WT littermates.

Immunohistochemistry for NFkB was performed on WT and Rab11 DKO intestinal tissues.

Quantification of ratio of nuclear NFkB" cell number over total IECs per crypt-villus axis. Data were analyzed from 10 to 15 independent microscopic fields. n = 4—

P Immunofluorescent staining for p53 (green) and E-cad (red) in WT and Rab11 DKO intestinal tissues. Scale bars, 50 pm, 20 pum.

Data information: Unpaired t-test was used in Fig 7) and O. One-way Anova was used in Fig 7B, E-H and L, where error bars represent SEM, and **P < 0.01;

**xp < 0,001; ****P < 0.0001.
Source data are available online for this figure.
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Figure 7.

locate KIF11 to the centrosome allowing it to drive apart the spindle
poles. Without RAB11, kinetochore microtubules may never form
because of the lack of a bipolar spindle. A robust KIF11 and Cyclin
B interaction in RAB11-depleted cells was reminiscent of nocodazole

© 2023 The Authors

25 TNF & NF-kB pathway genes

pP53 E-cad DAPI

Reduced in DKO

treatment that activates spindle checkpoint and elevates Cyclin B for
48 h (Choi et al, 2011). Future studies will determine if and how
Rablla and Rab11b may regulate the development and maintenance
of other tissues.
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Materials and Methods
Mice

Rab11a™* (Yu et al, 2014b), Villin-CreER (el Marjou et al, 2004),
and Villin-Cre mice (Madison et al, 2002) have been previously
described. Littermate mice were used for comparison in all experi-
ments. For each experiment, at least three mice per group were
used, and experiments were repeated for 3-5 times using different
litters on independent occasions. Animal experiments were
conducted in accordance with NIH guidelines and approved by the
Institutional Animal Care and Use Committee (IACUC) at Rutgers
University.

Derivation of Rab11b knockout mice by CRISPR-CAS editing

Female mice (C57BL/6J, 4-5 weeks old) were used as embryo
donors for superovulation. After mating, fertilized embryos were
collected and microinjected directly into the pronucleus with a mix
of two sgRNAs and Cas9 mRNA (Sigma-Aldrich). The first gRNA tar-
get sequence is 93 bp upstream of Rabllb exon2 TCCGTGGGT
GGCAGAAATC. The second gRNA target sequence is 88 bp down-
stream of Rabl1lb exon4d CCGGGTCTGGGTGGCCGTT. 25 ng/ul of
each sgRNA and 50 ng/ul of Cas9 mRNA were mixed in RNase-free
injection buffer (Specialty Media) and microinjected directly into the
pronucleus of zygotes in M2 medium as previously described (Wang
et al, 2013a,b; Yang et al, 2014). The injected embryos were cul-
tured in KSOM-AA medium at 37°C with 5% CO,. 20-25 microin-
jected embryos were transferred into oviducts of pseudo-pregnant
CD-1 females (Charles River). 1-2 mm of tails biopsies from 10-day-
old live pups were collected for extraction of genomic DNA using
HotShot method as previously described (Truett et al, 2000). For
genotyping, mouse genomic DNA was used as template with Advan-
tage2 polymerase mix (Takara) for PCR reactions. Target regions
(~500 bp) were amplified by PCR primers either flanking exon 2
and exon 4 or primers overlapping large deletion between the two
exons. Most sites were amplified successfully after 33 cycles at 94°C
for 20 s and one step annealing/extension at 68°C for 1 min. PCR
products were analyzed by agarose gel electrophoresis to verify
amplicon size. To determine genome targeting efficiency, indel
(insertion/deletion) mutations generated by CRISPR/Cas9 were
detected first with T7 endonuclease I (New England biolabs) assays
and then through direct sequencing of the PCR products. Briefly,
5 ul of PCR reaction was denatured and reannealed according to
manufacturer protocol, 95°C 5 min, ramp 95°C to 85°C at 2°C/s,
then ramp from 85 to 25°C at 0.1°C/s, hold at 4°C. T7 endonuclease
I digestion was conducted in 20 pl reaction at 37°C for 20 min using
NEB buffer2 plus 5 units of T7 enzyme in addition to the 5 pl of
reannealed PCR products. The digestion reactions were electrophor-
esed using a 2% agarose gel. All PCR amplicons from mouse foun-
ders with positive T7 endonuclease I digestion were cloned for
sequencing. Target region amplicons were cloned into a TA-cloning
vector (Invitrogen) and transformed into E. coli competent cells
(New England Biolabs). Plasmid DNA was isolated and sequenced
by commercial sequencing company. Founder mice with large dele-
tion overlapping exon 2 and exon 4 or exon 2 deletion were back-
crossed to C57BL/6J for three generations before interbreeding litter
mates to produce homozygous Rab11b~/~ alleles. For genotyping
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Rab11b mouse colonies, mouse genomic DNA was used as template
with GoTaq Flexi Polymerase kit (Promega M8298) for PCR reac-
tions. A triple primer PCR mixture was used to detect wild-type
allele target region (505 bp) using primers R11BE2F: CATTCTTGA
CTTACTCAGCTGTCA & R11BE2R: TGCTATCTCTAGGTCTTGACCC
TA flanking exon 2 or Rabl1b deletion target region (410 bp) by
primers R11BE2F: CATTCTTGACTTACTCAGCTGTCA & R11BE4R:
GAGGTTCCCAGGCACAGCCAAGT flanking exon 2 and exon 4. Sites
were amplified using a thermocycler with denaturing at 94°C for
30 s, annealing at 56°C for 30 s and extension at 72°C for 1 min
repeated for 35 cycles. PCR products were analyzed by 1.5% aga-
rose gel electrophoresis to verify amplicon size.

Cell culture, transient transfection, and chemical treatment

HEK293T cells were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Corning, CM10013) supplemented with 10% fetal bovine
serum (FBS) (GIBCO, A3160501). Cells were transiently transfected
with plasmids using Lipofectamine 3000 (Invitrogen, L3000008). For
KIF11 inhibitor treatment, cells were treated with 50 pM Monastrol,
2.5 uM STLC or 100 nM Ispinesib dissolved in DMSO, or by DMSO
alone as a control. After 24 h, cells were fixed for immunostaining
and imaging or for co-IP analysis. The control and RABI11-
knockdown Caco-2 cells have been described previously (D’Agos-
tino et al, 2019).

RNA extraction, bulk RNA sequencing, and gene set
enrichment analysis

At 3 months of age, Rab11a"/® (control), Rab11a™"; Villin-CreER
(aK0), Rab11b™/~ (bKO), and Rab11a™"'; Rab11b~/~; Villin-CreER
(DKO) mice were intraperitoneally injected with 1 mg tamoxifen
dissolved in corn oil (n =3 for each genotype). Two days after
tamoxifen injection, mouse small intestines were dissected and
snap-frozen in liquid nitrogen. The tissue was stored at —80°C until
RNA isolation. For total RNA extraction, 2-3 mm of jejunum was
immersed in 800 pl RLT Buffer (included with Qiagen RNeasy Plus
Mini Kit #74134) with 10 uM B-Mercaptoethanol. Tissue homogeni-
zation was performed by passing tissues through a 20-gauge needle
(BD 305176) on the ice. The remaining isolation procedure was
completed according to the Qiagen RNeasy Mini protocol. RNA was
eluted from the spin column using 30 pl of RNase-free water and
passed quality control before sequencing.

For GSEA analysis (Subramanian et al, 2005), molecular signa-
ture database (MSigDB) was used to generate heat maps and
leading-edge enrichment plots. One thousand permutations were
performed on each gene list tested and normalized enrichment score
(NES), and nominal P-value was reported for each analysis.

Enteroid culture procedure

Enteroid culture followed the procedures reported previously
(Sato & Clevers, 2013). Adult mice of 3-6 months of age were
euthanized. Small intestines were opened longitudinally, and
jejuna were cut into 2-3 mm pieces. Tissues were then gently
shaken in ice-cold 10 mM EDTA in HBSS at 4°C for 30 min
followed by a vigorous shaking to release epithelia. The superna-
tant was then passed through a sterile 70 pm cell strainer
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(Corning; 352350). To remove single cells from the filtrate, the
pellet was subjected to three rounds of washing in 10 ml of basal
culture medium (2 mM GlutaMax 10 mM HEPES 100u/ml
PenStrep in DMEM/F12) and centrifuged at 200 g for 2 min at
4°C. The total number of crypts was counted and plated at a con-
centration of 200 crypts in every 30 pl of Matrigel on an 8-well
glass bottom chamber. The crypts were grown in IntestiCult Orga-
noid Growth medium (Stem Cell Technologies; 06005) with the
culture medium changed every 24 h. On Day 3 of organoid cul-
ture, the IntestiCult medium was supplemented with 0.5 uM (Z)-
4-hydroxytamoxifen (4-OHT, Sigma; H7904) to induce Rablla
deletion. After overnight incubation with 4-OHT, culture was
changed to a normal IntestiCult medium and grown until Day 7.

For propidium iodide staining, live organoid cultures were
treated at a final concentration of 50 pg/ml propidium iodide for
30 min on Day 7 and then washed with PBS 3 times before imaging
with a Nikon Eclipse TE2000-U bright-field inverted microscope.

For embedding the organoids, the Matrigel was dissolved and
removed by Corning Recovery Solution (Corning; 354253). Orga-
noids were further centrifuged at 200 g for 5 min and washed with
cold PBS, 2-min centrifugation at 200 g. Crypts were then resus-
pended in 4% paraformaldehyde and centrifuged at 200 g for 5 min
followed by a cold PBS wash and resuspension in Matrigel forming
clump of organoids and left at 37°C to solidify. Once solid, 70% eth-
anol was added and stored at 4°C until paraffin embedding at the
Histology Core of Rutgers Behavioral and Health Science, New Jer-
sey Medical School.

Lysate preparation and western blot analysis

Cells were washed twice with PBS, lysed in lysis buffer (50 mM
Tris—HCI, pH7.4, 150 mM NaCl, 1 mM EDTA, 1x Roche proteinase
inhibitor cocktail, and 0.1% NP-40), and scraped by a rubber spat-
ula. Cell lysates were sonicated with Qsonica XL-2000 sonicator at
intensity setting of 3 for 10 s. Protein concentrations were deter-
mined by Bradford assay. Protein samples were heat-denatured in
LDS with 10% B-mercaptoethanol. Equal amounts of protein sam-
ples were resolved by SDS-PAGE.

Intestinal tissues were placed in 500 pl lysis buffer (50 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 10 mM EDTA, 0.02% NaN3,
50 mM NaF, 1 mM NaN3VO,4, 0.5% PMSF, 0.5 mM DTT) and 1
tablet of inhibitor for protease (11836170001, Sigma) and phos-
phatase (04906845001, Sigma). Samples were sonicated using a
Qsonica XL-2000 sonicator. Homogenized tissue lysates were
centrifuged at 13,000 rpm for 10 min at 4°C, and the supernatant
was collected.

For western blot analysis, tissue or cell lysates were resolved in
SDS-PAGE gels, transferred to 0.4 pum nitrocellulose membranes at
4°C. Membranes were blocked for 1 h in Tris-buffered saline (TBS)
0.1% Tween-20 (TBST) containing 5% nonfat dry milk, at room
temperature. The membrane was then incubated overnight at 4°C in
primary antibody diluted in blocking buffer. The membrane was
washed with TBST and incubated with HRP-conjugated secondary
antibody diluted in blocking buffer for 1 h at room temperature.
Membranes were rinsed in TBST before incubation with ECL solu-
tion in dark and developed using the Bio-Rad Chemi-Doc Imaging
System (version 2.4.0.03). For western blot antibody concentrations,
see Appendix Table S1.
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Co-immunoprecipitation (co-1P) and proteomic analysis

Oligonucleotide sequences for three copies of FLAG sequence
(DYKDDDDK) were inserted into Not I/Age I sites of the pQCXIP
vector (Clontech), referred to as pQCXIP-3 x FLAG vectors. Cod-
ing sequences for Rablla and Rabllb were then inserted into
Agel/Notl sites in the pQCXIP-3 x FLAG vectors. The resulting
3 x FLAG-Rab11a-pQXCIP and 3 x FLAG-Rabl1b-pQXCIP vectors
were sequence-verified. 3 x FLAG-pQXCIP, 3 x FLAG-Rablla-
pQXCIP, and 3 x FLAG-Rabl11b-pQXCIP were transfected into
HEK293T cells. Twenty-four-hour post-transfection, cells were
washed twice with PBS and lysed in 50 mM Tris—HCI, pH7.4,
150 mM NaCl, 1 mM EDTA, 1 x Roche proteinase inhibitor cock-
tail, and 0.1% NP-40. Protein concentrations were determined by
Bradford assay, and 2 mg of total lysate protein was used for an
overnight immunoprecipitation reaction with 40 ul of prewashed
anti-Flag M2 affinity gel beads (A2220, Sigma) at 4°C. The beads
and associated complexes were pelleted by centrifugation at
8,200 g for 1 min and washed three times by 50 mM Tris-HCl
pH 7.4 and 150 mM NaCl. Protein samples were denatured in
LDS and resolved by SDS-PAGE. For proteomic analysis, Ruby
Red staining was performed and protein bands at 25 kDa and
higher were subjected to in-gel digestion and mass spectrometry.
Heat maps of proteomic results based on spectrum counts and
unique peptide numbers were generated by the “pheatmap” R
package.

For IP of endogenous KIF1l from control and RAB11KD
Caco2 cells, lysates were first precleared by the addition of a
50 pl bead slurry (Santa Cruz) to 2 mg of lysate, and incubation
for 30 min at 4°C with gentle agitation. The mixture was centri-
fuged at 14,000 g for 10 min. The precleared supernatant was
added to 50 pl of bead slurry that was already conjugated with
5 pug of KIF11 antibody. We also performed negative control IP
reactions, where no KIF11 antibody was added in the pull-down
assay. The precipitation mixture was suspended and incubated
for overnight at 4°C. The mixtures were then washed three
times with 50 mM Tris-HCL (pH 7.4) and 150 mM NaCl and
centrifuged. Bound proteins were eluted in LDS loading buffer
(NP0008, NuPAGE) and resolved by SDS-PAGE. For proteomic
analysis, eluted proteins were subjected to mass spectrophotome-
try as described above. We have used negative control proteo-
mic results for subtracting nonspecific background from the
KIF11 proteomics.

Cloning of V5-tagged KIF11 truncates

To construct V5-tagged KIF11 truncated proteins, cDNA sequences
for KIF11 fragments corresponding to the motor (1-1,162 bp), stalk
(1,162-2,584 bp), and tail (2,320-3,168 bp) domains were amplified
from the mEmerald-Kinesin11-N18 plasmid (Addgene 54137). The
primers used for individual fragments were as follows:

Motor-Forward 5'-CACCATGGCGTCGCAGCCAAATTCG;
Motor-Reverse 5-CCCTCGTTTTAAACGTTCTATCTCCTCCG;
Stalk-Forward 5-CACCATGGATCTTGCTGCAGCCCGT;
Stalk-Reverse 5'-GTCTGAACTTGAAGCCTCACACC;
Tail-Forward 5-CACCATGGCTGATTCTGATGGCTTCTCAC;
Tail-Reverse 5-AAGGTTGATCTGGGCTCGCA.
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The amplified region is then inserted into the pcDNA3.1D/V5-
His-TOPO (Thermo Fisher K49001). The resulting plasmids were
sequence-verified.

In vitro binding assays

For in vitro binding of V5-tagged KIF11 fragments to Rablla and
Rabl1lb recombinant proteins, KIF11 fragments were transcribed
and translated in vitro using the TnT Quick Coupled Transcription/
Translation Kit (Promega, L1170). Reaction comprised 40 pl of TnT
Quick Master Mix, +1 pl of Methionine, 1 mM, and 2 pg of plasmids
encoding motor, stalk, and tail domains. TnT reactions were
performed for 90 min at 30°C. For binding, individual TnT reactions
were added to 300 ng of Rablla (Origene, TP300352) or Rabllb
(Origene, TP322162) recombinant proteins immobilized on agarose
beads via anti-Myc antibody. Binding was performed at 4°C over-
night. Beads were washed in binding buffer for four times and dena-
tured in LDS, and elutes were loaded on SDS-PAGE. Blots were
probed for V5 and then reprobed for RAB11.

For KIF11-RAB11 in vitro binding assays, 300 ng of full-length
recombinant KIF11 (Origene, TP318842) was immobilized on Pro-
tein G-agarose beads (Sigma, Ref 11719416001) via a KIF11 anti-
body (Sigma HPAO010568). Three hundred nanogram of
recombinant Rablla (Origene, TP300352) and Rabllb (Origene,
TP322162) was then added to binding buffer (50 mM Tris-HCl, pH
7.4, 150 mM NaCl and 1 mM EDTA, 1% Triton X-100) in the pres-
ence or absence of 0.2 mM of GTPyS (Cytoskeleton, Inc #BS01) and
1 mM GDP (EMD Millipore, 20-177). Twenty microliter of dry bead
volume was used for each reaction, which also contained 1 pg BSA
to suppress nonspecific binding. Binding was performed at 4°C over-
night. Beads were washed in binding buffer for four times and dena-
tured in LDS, and elutes were loaded on SDS-PAGE. Blots were
probed with anti-RAB11 and reprobed with anti-KIF11 antibodies.

Histology and immunofluorescent analysis

Formalin-fixed paraffin-embedded intestinal tissue sections were
heated at 55°C for 15 min, deparaffinized in Xylene, rehydrated in
an ethanol gradient to 50%, and rinsed in deionized water. For
hematoxylin and eosin staining, slides were incubated in hematoxy-
lin for 3-5 min and washed in running deionized water for 5 min.
Slides were then incubated in eosin for 2 min and dehydrated in
increasing concentrations of ethanol: 50%, 70%, 75%, 95% (2
times), 100% (2 times), and Xylene (2 times) for 20 dips each.
Dehydrated tissue slides were mounted using Cytoseal 60 (Thermo
Scientific 8310-4) and cover-slipped. For Alcian blue staining, rehy-
drated tissue slides were incubated in 3% Alcian blue 8GX (Sigma,
A5268, pH 2.5) for 30 min and then washed in running deionized
water for 5 min. Tissue slides were counterstained with Nuclear red
(Vector laboratories H-3403-500) for 5 min, dried, and mounted as
described above.

For immunofluorescent staining, formalin-fixed paraffin-embedded
tissue sections were deparaffinized and rehydrated as described above.
Antigen retrieval was carried out in monohydrate citric acid buffer (pH
6) by boiling slides for 15 min. Once cooled to 40°C, slides were
washed in deionized water for 5 min followed by PBS wash for 5 min.
Slides were incubated for 1 h with blocking solution (0.1% Triton-
X100, 2% BSA, 2% normal donkey or goat serum in PBS) followed by
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incubation in primary antibody diluted in blocking solution overnight
at 4°C. Antibodies and concentrations are listed in the appendix. Slides
were washed three times, 10 min each, in PBS and then incubated in
secondary antibodies diluted in blocking solution at room temperature
for 1 h. After incubation, slides are washed two times, 10 min each, in
PBS. Slides were counterstained with DAPI for 15 min, rinsed in PBS,
and mounted using Prolong Gold Antifade (Invitrogen P36930). When
staining for alkaline phosphatase, slides were incubated in 125 mM
Tris-HCl (pH 8.4) containing 0.5% Vector red substrate (2 drops of
reagent 1, 2 drops of reagent 2, and 2 drops of reagent 3) for 30 min
after rehydration. Slides were then washed in running deionized water
for 5 min and were continued to antigen retrieval and subsequent
staining steps as described above. When staining for phosho-p53, an
additional tyramide signal amplification (TSA) step was introduced
after rehydration and washing. Before wash, the slides were first
quenched for endogenous peroxidase activity in methanol containing
3% H,0, at room temperature. Antigen retrieval step was then
performed by placing slides in DAKO target retrieval solution (Agilent
51699). Slides were then boiled in a rice cooker for 15 min. For TSA,
secondary antibodies used were HRP-conjugated, and following incu-
bation for 1 h, slides were washed in PBS for 10 min three times.
Slides were then incubated in TSA working solution containing 1%
H,0, and AF488 conjugated TSA at a concentration of 1:200 in 1x
amplification buffer (provided with kit) for 15 min. Slides were then
washed with PBS for 10 min three times, and other desired antibodies,
such as E-cadherin, were added for overnight incubation. Following
the second primary incubation, slides were washed and incubated with
secondaries and mounted as described above.

For indirect immunofluorescent staining of HEK293T cells, cells
were fixed in 4% paraformaldehyde, permeabilized with 0.3% Tri-
ton X-100 in PBS, and blocked in PBS with 5% normal donkey
serum. Cells were then incubated with specific primary antibodies
diluted in blocking buffer with 2% BSA at 4°C overnight. Slides
were washed with PBS and incubated with secondary antibodies
diluted in blocking buffer for 1 h at room temperature, washed in
PBS, dried, and mounted using Prolong Gold, and covered. Images
were taken on Zeiss LSM 510 and 980. Images were analyzed using
ImageJ (NIH). For antibody concentrations, please see Appendix
Table S1.

Immunohistochemistry

Formalin-fixed paraffin-embedded intestinal tissue sections were
rehydrated as described above. Tissue slides were quenched for
endogenous peroxidase activity in a 3% hydrogen peroxide in meth-
anol solution for 5 min. Antigen retrieval was performed in boiling
monohydrate citric acid buffer (pH 6) for 15 min using a microwave
and cooled to 40°C. Slides were washed under running water for
S min, washed in PBS for 5 min, and then blocked for nonspecific
antibody binding in PBS with 2% BSA, 10% Triton-X100 and 2%
donkey serum for 1 h. Primary antibody in blocking solution was
added and incubated at 4°C overnight; concentrations are listed in
the appendix. After overnight incubation, tissue slides were washed
in PBS for three times, 10 min each. Biotin conjugated secondary
antibody was added in blocking solution, incubated for 1 h at room
temperature, and washed three times for 10 min each wash. Slides
were then incubated in an avidin-biotin complex (ABC) solution
containing two drops of reagent A and two drops of reagent B
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(Vector Labs ABC standard kit, SK-4100) in 5 ml of PBS (ABC solu-
tion was prepared 30 min prior to use) for 1 h. Tissue slides were
then washed in PBS for 10 min for three times, and incubated in
DAB solution containing two drops of buffer, pH 7.4, four drops of
DAB substrate, and two drops of hydrogen peroxide. DAB reaction
time was antigen-specific, ranging in time from 30 s to 5 min. Fol-
lowing DAB incubation, slides were placed in deionized water and
washed for 5 min. Tissue slides were incubated in Hematoxylin QS
(Vector Labs, H3404) for 3 min and washed in deionized water for
S min. Tissue slides were dehydrated in the reverse concentration of
ethanol. Following Xylene slides were mounted with Cytoseal 60
(Thermo Scientific 8310-4) and cover-slipped.

Propidium iodide (PI) cell cycle analysis

The intestinal epithelial cells were isolated as described above in
enteroid culture section. Adult mice of 3-6 months of age were
sacrificed. Intestinal epithelial tissues were released in 10 mM EDTA
in HBSS. The supernatant was passed through a wire mesh to
remove residual tissue pieces from release epithelium. The superna-
tant was then pelleted, washed in cold HBSS, and pelleted again
before being treated with 10 ml of TrypLE with DNase. The mixture
was left to digest in a 37°C water bath for 20 min and shaken every
5 min. After digestion, cells were washed and fixed on ice in 70%
ethanol for 2 h. The fixed cells were then briefly washed in PBS
before incubating cells at room temperature with 1 ml of PI staining
solution (0.1% Triton X-100, 50 pg/ml Propidium Iodide, and
100 ul of RNase cocktail) for 30 min. Following incubation, cells
were washed and resuspended in 500 pl of FACS buffer. Cells were
characterized for propidium iodide content with flow cytometer,
and the data were analyzed using the cell cycle analysis function on
FlowJo v10.

In vivo CldU and IdU labeling experiments

Adult mice were injected with tamoxifen intraperitoneally. Twenty-
four hours later, mice were injected with CldU (5-Chloro-2'-
deoxyuridine) intraperitoneally at 24 h. After 1-1.5 days, WT and
DKO mice were sacrificed in pairs 3 h after an injection of IdU (5-
Iodo-2'-deoxyuridine) to label new dividing cells.

Live cell imaging

Live cells were transfected with mCherry-tagged Rab1l1a constructs.
12-16 h after transfection, cells were labeled by SiR-Tubulin (Cyto-
skeleton, CY-SC002) for tubulin at a final concentration of 100 nM.
Two hours later, cells were used for imaging on a Zeiss Cell
Observer SD, 63 x Plan-Apo 63x 1.4 NA objective; and Photometrics
Evolve camera. Z-stack images were acquired using a 2 pm steps.
Live cell culture conditions were set to 37°C with 5% CO, and main-
tained during image acquisition.

Image analysis and scoring of mitotic spindle morphology
Immunohistochemistry (IHC) images were processed using the THC
tool in ImageJ. Images were converted to 8-bit grayscale. Regions of

interest (ROI) were hand-drawn, and grayscale values for each pixel
in ROI determined. The grayscale distribution of pixels within
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images was derived from these values, and the percent of pixels
within ROIs of each image at a greyscale intensity of 165 or higher
was calculated. For quantification of the mean gray intensity of fluo-
rescent images, signals were first converted to grayscale. Mean gray
intensity was measured in ROIs. For quantification of Alcian blue-,
cleaved Caspase-, pHH3-, CldU-, and IdU-positive cells. the numbers
of positive cells were counted for each crypt-villus axis. For scoring
of mitotic spindle morphology in tissue sections or cell culture, the
number of bipolar, monopolar, tripolar spindles was counted for
each group. Percentage of a specific morphology was calculated
based on total spindle numbers and depicted as stacking bar graphs.

Quantification and statistical analysis

For mouse study, each experiment contained 3—6 mice per group.
Experiments were typically repeated 2-4 times. Quantification of
immunostaining results was reported from 10 to 12 independent
microscopic fields of at least three mice for each condition. Densi-
tometry quantification of western blots was performed by ImageJ
from independent experiments. Pearson’s Correlation was
performed by launching ImageJ and opening images to be analyzed.
Images were split into multiple channels using the image/split chan-
nel function. A region of interest (ROI), in this case the spindle poles
defined by pericentrin, was drawn. Analyze/Coloc 2 functions were
then used on channels of interest. The Costes’ randomization was
then set to 50, and Pearson’s R-value (no Threshold) was recorded.
All statistical analysis was done using the GraphPad Prism software
unpaired t-tests for 2-group comparison, and one-way ANOVA test
for multigroup analysis.

Data availability

The RNA-Seq datasets are available in Gene Expression Omnibus,
GSE232493  (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc = GSE232493). The mass spectrometry prote-
omics data have been deposited to the ProteomeXchange Consor-
tium via the PRIDE partner repository with the dataset identifier
PXD042300 and PXD042335.
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