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Abstract

The intestinal epithelium has a high rate of cell turn over and is an excellent system to study stem
cell-mediated tissue homeostasis. The Misshapen subfamily of the Ste20 kinases in mammals
consists of MINK1, MAP4K4 and TNIK. Recent reports suggest that this subfamily has a novel
function equal to the Hippo/MST subfamily as upstream kinases for Warts/LATS to suppress
tissue growth. To study the in vivo functions of Mink1, Map4k4 and Tnik, we generated a
compound knockout of these three genes in the mouse intestinal epithelium. The intestinal
epithelia of the mutant animals were phenotypically normal up to approximately 12 months. The
older animals then exhibited mildly increased proliferation throughout the lower Gl tract. We also
observed that the normally spatially organized Paneth cells in the crypt base became dispersed.
The expression of one of the YAP pathway target genes Sox9 was increased while other target
genes including CTGF did not show a significant change. Therefore, the Misshapen and Hippo
subfamilies may have highly redundant functions to regulate growth in the intestinal epithelium, as
illustrated in recent tissue culture models.
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Introduction

The mammalian intestinal epithelium has a strong capacity of growth adaptation due to the
balancing acts of continuous cell loss and intestinal stem cell (ISC)-mediated regeneration
(Beumer and Clevers, 2016; Chin et al., 2017; Demitrack and Samuelson, 2016; Rubin and
Levin, 2016; Tan and Barker, 2014; Tetteh et al., 2015). Multiple stem cell populations have
been identified that are resided in the intestinal crypts, and the transit amplifying cells
located in the more distal positions further provide a strong growth capacity (Bankaitis et al.,
2018; Tetteh et al., 2016; Yan et al., 2012; Yousefi et al., 2017). Some of the interesting
questions being pursued are how the intrinsic stemness, the surrounding niche signals and
the lumenal content affect stem cell and proliferative activity (Degirmenci et al., 2018;
Demitrack and Samuelson, 2016; Mana et al., 2017; Tan and Barker, 2014).

The Hippo (Hpo) pathway has a broad role in growth regulation under many physiological
and pathological conditions (Harvey and Hariharan, 2012; Ma et al., 2018; Misra and Irvine,
2018; Pan, 2010). The central components of the pathway include a series of kinases,
starting with Hpo in Drosophila and MSTY2 (or called STK%) in mammals. This Hpo/MST
subfamily of Ste20 kinases phosphorylate and positively regulate the functions of Warts/
LATS of the NRD family of kinases. Warts/LATS then phosphorylate and suppress the
transcriptional co-activators Yorkie/YAP. When the upstream kinases are inactive,
Yorkie/YAP phosphorylation is reduced, which allows Yorkie/YAP to accumulate in the
nucleus and collaborate with the transcription factors Scallop/TEAD to regulate growth and
apoptosis related genes (Koontz et al., 2013; Yu and Pan, 2018). While the core kinases and
transcriptional components have been well-defined, the physiological regulation of
Hpo/MST is complex and many of the upstream components include membrane associated
proteins, which in turn are possible mediators of mechanosensing, extracellular stimulation
or intracellular cytoskeleton stretching (Deng et al., 2015; Fletcher et al., 2018; Han et al.,
2018; Mao et al., 2017; Meng et al., 2018; Su et al., 2017; Sun et al., 2015)

Recent studies have expanded the Hpo/MST pathway to include other related kinases that
can also regulate Warts/LATS and Yorkie/YAP under different biological contexts (Li et al.,
2014; Li et al., 2018; Li et al., 2015; Meng et al., 2015; Meng et al., 2018; Poon et al., 2018;
Zheng et al., 2015). The Ste20 kinases can be divided into 8 subfamilies, each contains the
highly conserved kinase domain, but outside of that are quite different sequences and
structural motifs. All these subfamilies are comprised of multiple proteins in mammals, but
only one orthologous protein in Drosophila, making it potentially easier to study their
functions in model organisms (Li et al., 2014; Li et al., 2015; Meng et al., 2015; Zheng et al.,
2015). Our recent reports demonstrate that in differentiating enteroblasts of the adult
Drosophila midgut, Misshapen (Msn) binds and phosphorylates Wts, thereby suppressing
the activity of Yki and the expression of the JAK-STAT pathway ligand Upd3 to restrict
intestinal growth (Li et al., 2014; Li et al., 2018). Furthermore, the mammalian Msn
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homolog MAP4K4 (or called NIK, HGK) also interacts with LATS to suppress YAP (Li et
al., 2014; Li et al., 2018). Additional reports have similarly illustrated that the Ste20 kinases
Hpo, Msn, and Happyhour (Hppy) of Drosophila, and their mammalian homologs Mst¥,
MAP4K4/6/7 and MAP4KY2/3/5, respectively, have overlapping functions in regulating Wts/
LATS and YKi/YAP in various assays (Li et al., 2015; Meng et al., 2015; Meng et al., 2018;
Poon et al., 2018; Zheng et al., 2015). Therefore, the Hpo pathway has been expanded to
include the Hpo, Msn and Hppy subfamilies of Ste20 kinases, by virtue of their common
functions to regulate Wts/LATS.

An important question worth pursuing is whether distinct upstream mechanisms are
employed to control the activity and specificity of these different subfamilies of Ste20
kinases in various biological processes (Li et al., 2018; Meng et al., 2018). Moreover, how
the frequently shown overlapping functions of these kinases in different contexts play out
their functions in vivo requires further investigation. In this report, we present results to
show that compound conditional knockout of the three Msn subfamily kinases, which
includes MINK1 (or called MAP4K6), MAP4K4 and TNIK (or called MAP4K7), in the
mouse intestine causes a moderate increase of proliferation in aging animals. While the
result reflects a functional role of these kinases in regulating intestinal growth, it also
suggests possible extensive overlapping functions of Ste20 kinases in the intestinal
epithelium.

Loss of function analysis of Mink1, Map4k4 and Tnik

Previous reports have shown that Map4k4 is essential for embryonic development in mice.
Animals that have lost Map4k4 function die around E10, with defects in mesodermal and
endodermal cell migration, resulting in somite and hindgut developmental defects (Xue et
al., 2001). Additional tissue specific knockouts demonstrate an essential function of Map4k4
in endothelial cells of blood and lymphatic vessels (Roth Flach et al., 2016; Roth Flach et
al., 2015; Vitorino et al., 2015). 7nik loss of function mice are viable, and functional
analyses suggest that 7n/k has a role in regulating dendrite development and neuronal
function (Anazi et al., 2016; Burette et al., 2015; Coba et al., 2012; Wang et al., 2016).
Meanwhile, a knockout mouse model of Mink1 targeting the deletion of exon 3 and 4 has
been performed in platelets and impaired thrombus formation has been observed (Yue et al.,
2016).

We independently generated a conditional allele of Mink1, aiming at deleting exon 7 of the
gene and thereby part of the highly conserved kinase domain (Fig. 1A). This is an identical
strategy as the Map4k4 and Tnik mutant alleles that we used in this report (Burette et al.,
2015; Roth Flach et al., 2015). This Mink1” condition allele, when the sequences are
properly deleted, should also produce a stop codon that causes premature termination of
Mink1 translation close to the deletion. Western blot analysis by using intestinal tissues of
this Mink1 conditional allele crossed with VillinCre (VilCre) showed that there was no
detectable protein when comparing to that of the control tissues (Fig. 1B), consistent with
the idea that this is a protein null mutation.
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When crossed with the Sox2Cre strain to induce whole body knockout or VilCre for
intestine specific knockout, the Mink1"f conditional knockout allele produced viable
homozygous progenies. No reduction in Mendelian ratio was observed. Therefore, Mink1 is
probably not an essential gene for development and viability in mice.

Because the Map4k4 knockout alone would cause embryonic lethality, we performed a
series of experiments to prepare for tissue specific compound knockout experiments of all
three Msn subfamily of kinases in the intestine. We examined by quantitative PCR the RNA
expression of these three kinase genes. RNA samples were isolated from the separated
crypts and villi of intestinal tissues from normal, 1 month old animals by increased EDTA
treatment (Fig. 1C, D). We could detect the expression of each of these three genes, with
higher expression of MinkZ RNA in the crypt (Fig. 1E). Protein blot experimental results
also corroborated the RNA expression, with a higher expression of MINK1 protein in the
crypt preparations (Fig. 1F). Overall, the three genes have expression and therefore possible
functions in intestine and the crypts.

Increased crypt proliferation after loss of Mink1, Map4k4 and Tnik

To examine the functional requirement in the intestinal epithelium, the three conditional
knockout alleles were crossed together and then with the VilCre driver. The number of
animals with different combinations of the mutant alleles and at different ages that were
examined are listed in Fig. 2A. We did not detect observable phenotypic changes in control
animals (homozygous for all three Mink1?”": Map4k4™': Tnik” alleles without VilCre, here
after referred to as control). Other single or multiple mutant combinations together with the
VilCre we obtained at different time during the 1-year period similarly did not show lethality
or observable phenotypic changes. The only group that showed phenotypic changes was the
1 year old age group containing all Mink1"f: Map4k4™: Tnik” homozygous alleles together
with VilCre (here after referred to as VilCre,M4K™riPley A1l 3 animals we obtained showed
some degree of abnormality in the intestine as detailed below. Furthermore, 1 more animal
of this group died around the age of 1 year before we performed an examination. These
results suggest that the three kinases are mostly dispensable in the postnatal intestinal
epithelium and phenotypic changes occur around 1 year old.

Two out of the three triple knockout intestinal epithelia each exhibited a lump of benign
tissue outgrowth (indicated by arrow and arrowhead in Fig. 2B, C, and enlargements). We
sectioned these lumps and found mostly mesenchymal tissue with probably infiltration of
lymphocytes, but not apparent epithelial tumors. Therefore, we sectioned other parts of the
intestinal epithelium and performed staining for growth markers. The phosphorylated
histone 3 (p-H3) staining revealed cells in mitosis with condensed chromosomes. All three
triple knockout tissues had more p-H3 staining in crypt epithelia, which is the proliferation
compartment containing stem cells and transit amplifying cells. Staining for another
proliferation marker Ki67 revealed a similar result of increased staining in crypts. We also
counted the number of nuclei in crypts after H&E staining and revealed more cells in this
compartment. We quantified the staining in the control and mutant animals along the lower
intestinal tract for these markers. All 4 regions that is duodenum, jujunum, ileum and colon
all showed significantly increased proliferation. Therefore, while the tissue growth had not
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caused tumor formation, the loss of the three kinases did result in significant increase of
proliferation in intestinal crypts.

Increased proliferation leads to organizational changes in the mutant crypts

To investigate other possible phenotypic changes, we examined various cellular markers.
The Olfm4 staining should reveal the crypt base stem cells and the quantification showed
that there is no increase in Olfm4 staining (Fig. 3A-C), suggesting that the stem cell number
was not changed. The staining for mature enteroendocrine cells by using the Chromogranin
A (CgA) antibody also showed that the number remained the same in mutant intestines as in
control intestines (D-F). Meanwhile, the staining for mature Paneth cells by using the
Lysozyme antibody showed abnormality in spatial distribution, while the quantification of
the Paneth cell number revealed no significant change (G-I). Together with visually normal
villi, we conclude that the differentiation into various cell types in the intestine remains
normal in the triple mutant animals.

Paneth cells normally are located at the base of the crypts and interdigitally with the crypt
base stem cells. In the triple mutant crypts, even though the number of Panel cells remained
similar, the spatial distribution of these cells was clearly displaced (Fig. 3H, arrows). Many
of them were located in the upper part of the crypt. We quantified this displacement
phenotype, and counted that crypt as positively changed if there was 1 or more clearly
visible Lysozyme staining in the upper part of the crypt. The result revealed a significant
number of crypts containing mislocalized Paneth cells, increased from 10% in control
intestines to 32%-60% in mutant intestines (Fig. 3J).

The staining of E-cadherin showed that in wild type tissues this adhesion protein is present
mostly near the cytoplasmic membrane in both Paneth cells and neighboring crypt base stem
cells (Fig. 3K). There is also visible E-cadherin co-staining with Lysozyme staining in
Paneth cells (Fig. 3K’, arrows). However, in the mutant intestine the E-cadherin protein had
reduced association with the cytoplasmic membrane but had stronger staining that co-
localized with the Lysozyme staining. This result suggests that either the trafficking of E-
cadherin in or the maturation of Paneth cells was abnormal. This abnormality may be caused
by an intrinsic defect within Paneth cells after loss of the MAP4KSs, or by increased
proliferation of other cells in the crypt as described above, which leads to impeded
downward movement of Paneth cells and their maturation process.

Assessment of YAP activity after loss of Mink1, Map4k4 and Tnik

Each of MINK1, MAP4K4 and TNIK may have individual function but nonetheless all have
been shown to activate LATS and thereby repress YAP to control tissue proliferation (Li et
al., 2014; Li et al., 2018; Meng et al., 2015; Meng et al., 2018; Zheng et al., 2015). To assess
the activity of this pathway, we examined some of the known target genes of YAP. Even
though gPCR assays did not reveal an increased expression of two widely used reporter
genes CTGFor ANKRD, the staining for the protein expression of another target gene
SOX9showed a substantial signal in many crypt nuclei (Fig. 4A, B. The quantification
revealed similar results in intestines of the three mutant animals (Fig. 4C). Therefore, there
may be a subtle increase of the pathway activity after loss of the three kinases.
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We stained for YAP protein and found that in both control and triple mutant intestinal tissue
sections the staining remained cytoplasmic (Fig. 4D, E). To illustrate the fidelity this
antibody, nuclear staining of YAP/TAZ by was clearly detectable in the LATSY2 knockout
intestinal tissue (Fig. 4F) (Li et al, manuscript submitted) and therefore demonstrating the
expected regulation. The lack of detectable nuclear YAP/TAZ staining in the

VilCre; M4K"f iPle mutants may represent further redundant regulation by other Ste20
kinases such as MSTY2. Tissue culture experiments have shown that compound knockout of
5 to 7 of these kinases could increase the misregulation of YAP and further increase of
downstream events (Meng et al., 2015).

Regulation of MINK1, MAP4K4 and TNIK activities

To examine possible biological regulations of MINK1, MAP4K4 and TNIK, we performed a
series of biochemical experiments. In previous reports, we have demonstrated that a
phosphorylation site within the highly conserved kinase domain of the Msn subfamily is
essential for their activities (Li et al., 2018; Wang et al., 2016). This site is the threonine 194
(T194) in Msn and T187 in MINK1/MAP4K4/TNIK. Mutating this threonine residue to
alanine abolish the activity towards the phosphorylation of the downstream target Warts/
LATS (Li et al., 2018). In Drosophila, we have also shown that another Ste20 kinase Tao is
the upstream kinase that can phosphorylate T194 of Msn (Li et al., 2018). Here we show that
by co-transfection experiments, the mammalian homolog TAOK1 could also phosphorylate
T187 of MINK1, MAP4K4 and TNIK (Fig. 5A). Therefore, the regulation of the activities
of these kinases through the T194/T187 site is conserved. Furthermore, we could detect the
phosphorylation of this site on MINKZ1 in intestinal tissue extracts (Fig. 5B). The Mink1
whole body knockout animals lost this signal in the intestinal tissue, demonstrating that this
signal represents phosphorylation of MINK1 in vivo. We also tested whether the change of
cytoskeleton tension, which is a widely used assay for mechanosensing (Meng et al., 2018),
could also regulate the T187 phosphorylation. LatrunculinB treatment blocks actin
polymerization and reduces tension. This treatment clearly led to increased MAP4K4
phosphorylation (Fig. 5C), which is consistent with our previous observation of Msn
phosphorylation in response to reduced tension after gut starvation (Li et al., 2018).

Discussion

We have demonstrated that the three Msn subfamily of kinases have functions in controlling
proliferation of the mouse intestinal epithelium in aging animals. The proliferation increase
is significant but relatively mild in the triple knockout animals, when compared to that of
loss of function of LATS in the intestine (Li et al, manuscript submitted). Warts in
Drosophila and LATS in mammals are central integrators of upstream signaling events from
Hpo/MST, Msn/MAP4K4,6,7 and Hppy/MAP4K1-5. Warts/LATS in turn directly regulate
Yorkie/YAP activity for transcriptional output (Ma et al., 2018; Misra and Irvine, 2018).
Presumably, the Msn subfamily of kinases should only modulate part of the LATS function.
The proliferation phenotype in the intestine is however still lower than expected, because the
loss of Msn in Drosophila causes high proliferation in the midgut. It suggests that there is
much higher redundancy with other Ste20 kinases in the mammalian intestine to regulate the
LATS and YAP pathway. Alternatively, additional mechanisms remain to be uncovered, or
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that in the mouse intestine the Msn subfamily of kinases regulate pathways in addition to
LATS and lead to control of proliferation. This is consistent with the redundant function of
MINKZ1, MAP4K4 and TNIK in stress-induced mammalian neuronal degeneration involving
the DLK and JNK pathway (Larhammar et al., 2017). Furthermore, the three Msn subfamily
of kinases regulate other substrates such as SMAD (Fu et al., 2017; Kaneko et al., 2011).
Nonetheless, biological assays after food ingestion or tissue damaged may help to unveil yet
to be understood in vivo function of the Msn subfamily. Meanwhile, the mild proliferation
phenotype suggests that these three kinases represent reasonable drug targets to improve
regenerative proliferation perhaps without strong side effects. For example, total parenteral
nutrition, which is feeding only via intravenous infusion, in human patients and mammalian
models causes intestinal atrophy (Brinkman et al., 2012; Rubin and Levin, 2016). The
stimulation of intestinal proliferation by inhibiting the Msn subfamily of kinases is a logical
approach to improve patient recovery from intestinal atrophy.

Materials and Methods

Mouse models

All animals use protocols were reviewed and approved by The University of Massachusetts
Medical School Institutional Animal Care and Use Committee. VillinCre (Madison et al.,
2002) and Sox2Cre (Hayashi et al., 2002) mice were obtained from the Jackson laboratory.
Map4k40X \was as reported previously (Roth Flach et al., 2015). 7nik"°X was as reported
previously (Burette et al., 2015).

To generate the Mink1°X allele, ES cells containing Mink1 exon 7 flanked by loxP sites
were generated as shown in Fig. 1A. The ES cell lines bearing the targeted allele were
injected to blastocysts to generate the mouse line. Animals bearing germline transmission
were backcrossed to C57BI6/J mice for 6 generations before crossing to Cre alleles for
tissue knockout experiments. The generation of this Mink1°X strain was provided as a
commercial service by Cyagen US Inc. (Santa Clara, CA, USA).

Compound knockout animals were generated by crossing repeatedly the Mink170x,
Map4k4™°X and Tnik™x alleles and homozygous animals of the three flox alleles together
were obtained based on genotyping.

Tissue collection and staining

Following euthanasia, intestines were dissected from adult mice and fixed in 10% Neutral
Buffered Formalin (NBF) at 4°C overnight. For paraffin sections, tissue was dehydrated,
embedded in paraffin, and sectioned at 6 pm thickness. The paraffin sections were stained
using standard hematoxylin & eosin (H&E) reagents. For immunohistochemistry (IHC) and
immunofluorescence (IF) staining, tissue sections were deparaffinized and rehydrated before
undergoing heat-induced antigen retrieval in 10 mM sodium citrate buffer (pH 6.0) for 1
hour. Slides were blocked for endogenous peroxidase for 15 minutes, then blocked for 1
hour in 5% BSA, 1% goat serum, in PBST with 0.1% Tween-20, and incubated overnight at
4°C in primary antibody diluted in the blocking buffer. Slides were incubated in biotinylated
secondary antibody for 1 hour at room temperature and signal was detected using the
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Vectastain Elite ABC kit (\ector Laboratories). Primary antibodies used for IHC/IF were:
Ki67 (1:10,000, Abcam), phosphor-histone H3 (1:3000, Abcam), Olfm4 (1:200, Cell
Signaling), Lysozyme (1:1000, Novus Biologicals), Sox9 (1:200, Abcam), Chromogranin A
(CgA, 1:1000, Thermo Fisher, RB9003) and E-Cadherin (1:400, R&D Systems). Confocal
images were obtained by using Nikon Spinning Disk confocal microscope (UMass Medical
School Imaging Core Facility) and processed by Metaphor.

Isolation of crypts and villi from small intestine

The protocol used to isolate and separate the crypts and villus from mouse small intestine
was as published previously (O’Rourke et al., 2016). In brief, 15 cm of small intestine was
dissected, flushed, opened and washed in cold PBS. The tissue was cut into 5 mm pieces and
placed in ice-cold 5 mM EDTA-PBS and gently mixed in a bench roller at 4°C for 10
minutes, during which the tube was inverted 10-15 times by hand. This step will release
small portion of the villi into the supernatant. The pieces of intestinal tissue were transferred
into a new tube containing ice-cold 5 mM EDTA-PBS and gently mixed at 4°C for 30 min,
and then repeated another time. These supernatant collections were combined as villi
extracts. For the remaining tissue, new cold PBS was added to the tissue, followed by 10
times vigorous trituration using a 10 ml pipette, then the supernatant was removed. This step
was repeated two more times and the batches of supernatants were combined. This
supernatant containing the crypts was then mixed with Basal Media (Advanced DMEM F/12
with L-Glutamine, HEPES, N-Acetylcysteine) and filtered through 100 um and 70 um
filters, which should remove most of the villi from the crypts fractions. The isolated villi and
crypts were spun down and used for protein and RNA extraction for Western blot and
quantitative real-time PCR.

Tissue Culture, Transfection, and Plasmid Constructs

HEK?293T cells were cultured in DMEM supplemented with 10% FBS and transfected with
Lipofect-amine 2000 (Invitrogen) in Opti MEM Medium. Constructs that expressed the HA-
tagged MAP4K4, MINK1 and TNIK, and the FLAG-tagged TAOK1 were generated in
pMIPZ vector as described previously (Kaneko et al., 2011; Li et al., 2018).

Western blot and immunoprecipitation

Western blots were performed as described (Kaneko et al., 2011; Li et al., 2018) and the
primary antibodies used were as following: anti-MINK1 (Bethyl), anti-phospho-
MAP4KsT194/T187 (| j et al., 2018; Wang et al., 2016), anti-B-tubulin (Thermo Fisher), anti-
HA (Roche) and anti-FLAG (Sigma). The endogenous MINKZ1 in mouse small intestine was
first immunoprecipitated by purified mouse anti-TNIK/MINK1 (BD Biosciences) antibody
and then blotted by anti-MINK1 antibody (Bethyl). The protocol for immunoprecipitation
was as described (Kaneko et al., 2011; Li et al., 2018).

Real-Time Quantitative PCR

Total RNA of animal tissues was isolated using Trizol reagent (Invitrogen). Quantitative
PCR was performed using iQ5 System (Bio-Rad). The mouse GAPDH gene was used as the
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internal control for normalization of cycle number. The sequences of forward (F) and reverse
(R) primers used are as following:

MINKZ1-F: catctgcagggagattctcagg

MINK1-R: ctgtagtcataggtggcatcgg
MAP4K4-F: ggtccatcacagaccttgtgaag
MAP4K4-R: tctgtagtcgtaagtggcgtetg

TNIK-F: GGCCTGAGTCACCTGCACCAGC
TNIK-R: GGGCACCTTCTGCCATCTCA
GAPDH-F: aggccggtgctgagtatgtc

GAPDH-R: tgcctgcttcaccaccttct

Statistical Analysis

Experiments for which we showed representative qPCR results and the quantification of
cells number counting were performed at least 3 times independently. For all statistics in this
report, the error bar is standard error of the mean, and p-value is from Student’s T-test: * is
p<0.05, ** is p<0.01, NS is no significance with p>0.05. For Figure 3J, p-values are
calculated by applying Xz—test.
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The generation of Mink1”f conditional knockout mouse. (A) The genomic locus of Mink1 is
shown in the top panel. The MinkZ conditional knockout mouse strategy, targeting the
deletion of exon 7, and the various sites are shown in the panels as indicated. (B) The
Western blot showing the endogenous MINKZ1 protein in intestinal epithelial extracts, and
the signal disappeared in the extracts from Vi/Cre;Mink1”" animals. The anti-Tubulin blot
was used as an internal loading control. (C) Phase contrast microscope images of isolated
small intestinal villi, which were used in the following quantitative real-time PCR and
Western blot. (D) Phase contrast microscope images of similarly isolated small intestinal
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crypts. (E) Relative mRNA expression for Map4k4, Mink1 and Tnik in the separated villi
and crypts. The expression level was normalized to that of GAPDH in parallel gPCR assays.
(F) Endogenous protein expression of MINKZ1 is enriched in intestinal crypts. Extract lysates
of indicated tissues were used for Western blot using the antibodies as indicated.
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Loss of Mink1, Map4k4and Tnik leads to increased proliferation in the intestines of aging
animals. (A) A list of animals with the indicated genotype, gender and age used for
quantification of intestinal phenotypes. The triple knockout animals, abbreviated as
VilCre;M4Kftriole showed the proliferation increase only after 1 year. The animals of the
same triple knockout genotype at 3 or 6 months, or other combinations, did not show an
increase. They had the same proliferation marker measurement as the control animals, which
were the triple-floxed littermates without VilCre. (B) Photographs of whole intestines from
two Vi/Cre;M4Kf riple mice of 1 year old. The small tissue outgrowth of the small
intestines are indicated by the arrowhead and arrow, and shown as the enlarged images in B’
and B”. (C-H) Images of immunohistochemical staining in small intestines of 1 year old
control and Vi/Cre;M4K™f riple mice. Phosphorylated histone 3 (p-H3) stains for mitotic
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chromosomes. Ki67 is a cell proliferating marker. Hematoxylin and eosin (H&E) shows the
morphology to aid the counting of cell number in the intestinal crypts; this staining is
included in all these panels, and is shown as double staining in panels C-F and as single
staining in panels G-H. (1-K) Quantification of p-H3*, Ki67* and cell number in control and
VilCre:M4K™f rlPle mouse intestines. The counting of positive cell staining per crypt was
performed separately in the different regions of the lower Gl tract. ddm is duodenum, jum is
jejunum, ilm is ileum, col is colon. Three different Vi/Cre;M4K"f riPle knockout animals
(-1, -2, —3) are shown separately. p value indicates the comparison of the data sets in the
specific region of the mutant to the same region of the control. All the individual
comparisons show statistical significance. Experiments were performed at least 3 times
independently. The error bar is standard error of the mean, and p-value is from Student’s T-
test: * is p<0.05, ** is p<0.01, NS is no significance with p>0.05.
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Figure 3.
The MAP4K triple mutant intestines have normal cell fate but mislocalized paneth cells. (A-

B) Immunohistochemical staining of the stem cell marker Olfm4, shown as brown staining
at the crypt base, together with H&E staining to illustrate the tissue and cell morphology. A
control and a triple mutant intestinal tissue are shown. (C) The quantification of the Olfm4+
cell staining in control and mutant intestines is shown. NS is no significance, with Pvalue
>0.05. (D-E) The images show immunohistochemical staining of the enteroendocrine cell
marker Chromogranin A (CgA) in a control and a triple mutant intestines. (F) The
guantification of the CgA+ cell staining in control and mutant intestines is shown. (G-H)
The images show immunohistochemical staining of the Paneth cells marker Lysozyme in a
control and a triple mutant intestine. (1) The quantification of the Lysozyme+ cell staining in
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control and mutant intestines is shown. (J) The percentage of crypts with mislocalized
Paneth cells from control and triple mutant intestines is shown. For each crypt we examined,
if there was one or more Lysozyme+ cell located above the crypt base, as those shown in
panel H indicated by arrows, that crypt would be counted as positive for mislocalization. p-
values are calculated by applying Xz—test. (K-L) Images of immunofluorescence staining of
Lysozyme in green and E-Cadherin (E-Cad) in red, in small intestinal crypts of a control and
a triple mutant. The bottom panels show single channel of E-Cad staining of the same
images in white. The arrows point to Paneth cells, marked with high level of Lysozyme
staining. These cells are localized at the crypt base of control, but are mislocalized into
upper part of the crypt of mutant. The E-Cad staining in Paneth cells of the mutant (panel
L’) shows lower membrane staining near cell-cell junctions but higher cytoplasmic staining
that colocalizes with Lysozyme staining.
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Figure 4.
Assessment of YAP activity after loss of Mink1, Map4k4and Tnik. (A-C) The images are

immunohistochemical staining using an anti-Sox9 antibody, together with H&E staining.
Sox9 nuclear staining shown in brown is strong in crypt nuclei, and appears to be stronger in
the triple mutant. Panel C is quantification of the number of cells that are Sox9+ in control
and mutant crypts. The increase of Sox9+ cell number in the mutants may result from a
combination of increased cell number and increased staining. ** is Pvalue <0.01. (D-F)
Images of immunohistochemical staining using an anti- YAP/TAZ antibody in control and
mutant intestines. There is no significant nuclear staining even after loss of the three kinases.
Meanwhile, the nuclear staining is clear using this antibody after loss of LATSY:.
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Figureb.
Regulation of MINK1, MAP4K4 and TNIK activities. (A) Western blots using extracts of

transfected HEK?293 cells. The plasmids containing cDNA of the genes indicated at the top
of the panels were transfected into the cells. After 48 hours the cells were used for extract
preparation, and the proteins resolved on SDS PAGE and analysed by Western blots using
the antibodies indicated to the left of the panels. The asterisks in the top panel indicate the
bands matching the predicted sizes of the full length proteins expressed. The MAP4K
proteins are tagged with HA at the N-termini. (B) Western blot analysis of endogenous
MINKZ1 protein phosphorylation. Protein extracts were prepared from mouse small intestinal
epithelia of control (Mink1”fwithout Cre) and mutant, which was 2 months old Sox2Cre;
MINKI7. An anti-TNIK/MINK1 (BD Transduction Laboratories) antibody was used for IP,
and then a rabbit anti-MINK1 (Bethyl) or the anti-p-T187 was used for blots. (C) Western
blot analysis for the response of MAP4K4 to change of mechanical property. HEK293 cells
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were transfected with GFP cDNA as control or MAP4K4 cDNA. After 48 hours, the cells
were treated with actin polymerization inhibitor Latrunculin B (LatB) for 1 hour. The cells
were then used immediately for lysate preparation. The lysates were used for SDS PAGE
and for blots using the indicated antibodies.
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