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SUMMARY

Depletion of inositol polyphosphate multikinase in mouse
intestinal epithelium aggravates experimental colitis.

Cholinergic tuft cells but no other intestinal cells are
decreased by Ipmk deletion, revealing the role of inositol
polyphosphate multikinase in maintaining gut integrity via
determining tuft cell homeostasis.

BACKGROUND & AIMS: Inositol polyphosphate multikinase
(IPMK), an essential enzyme for inositol phosphate metabolism,
has been known to mediate major biological events such as
growth. Recent studies have identified single-nucleotide poly-
morphisms in the IPMK gene associated with inflammatory
bowel disease predisposition. Therefore, we aimed to investi-
gate the functional significance of IPMK in gut epithelium.

METHODS: We generated intestinal epithelial cell (IEC)-spe-
cific Ipmk knockout (IPMK*®®) mice, and assessed their
vulnerability against dextran sulfate sodium-induced experi-
mental colitis. Both bulk and single-cell RNA sequencing were

performed to analyze IPMK-deficient colonic epithelial cells and
colonic tuft cells.

RESULTS: Although IPMK*®® mice developed normally and
showed no intestinal abnormalities during homeostasis, Ipmk
deletion aggravated dextran sulfate sodium-induced colitis,
with higher clinical colitis scores, and increased epithelial
barrier permeability. Surprisingly, Ipmk deletion led to a sig-
nificant decrease in the number of tuft cells without influencing
other IECs. Single-cell RNA sequencing of mouse colonic tuft
cells showed 3 distinct populations of tuft cells, and further
showed that a transcriptionally inactive population was
expanded markedly in IPMK*™¢ mice, while neuronal-related
cells were relatively decreased.

CONCLUSIONS: Cholinergic output from tuft cells is known to
be critical for the restoration of intestinal architecture upon
damage, supporting that tuft cell-defective IPMK*'E® mice are
more prone to colitis. Thus, intestinal epithelial IPMK is a
critical regulator of colonic integrity and tissue regeneration by
determining tuft cell homeostasis and affecting cholinergic
output. (Cell Mol Gastroenterol Hepatol 2022;14:1235-1256;
https://doi.org/10.1016/j.jcmgh.2022.08.004)
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he gastrointestinal (GI) tract is lined by a constantly
renewing population of intestinal epithelial cells
(IECs). Mammalian IECs show a multitude of physiological
functions, including absorption of nutrients, secretion of
hormones as well as neurotransmitters, production of
antimicrobial peptides in response to infectious stimuli, and
control of tissue regeneration after physical damage. The
homeostatic and injury-induced regeneration of intestinal
epithelium is sustained by active proliferation of crypt-
based stem cells localized near the base of the crypts.’ As
developing IECs progress up the crypt-villus axis, prolifer-
ation ceases, and subsequent differentiation into various cell
types (eg, enterocytes, goblet, and Paneth cells) takes place.’
Specialized IECs synergistically mediate GI-specific func-
tions in digestion, barrier, and immunity.2
Among those functionally distinctive epithelial cell types,
tuft cells are not a newly discovered cell type, but their
function was poorly understood until recently. The key roles
of tuft cells include participation in chemosensing, type 2
immunity, as well as cholinergic signaling in the gut.’”
Thus, tuft cells maintain epithelial integrity and are essen-
tial for protecting the host from enteric infections and in-
flammatory  reactions.”” Mechanisms that regulate
proliferation and differentiation of IECs, such as tuft cells,
are tightly orchestrated to ensure proper maintenance of
the GI tract. Still, the molecular and cellular factors that
regulate intestinal homeostasis remain largely unclear.
Inflammatory bowel disease (IBD), consisting mainly of
Crohn’s disease and ulcerative colitis, is a chronic inflam-
matory disorder of the GI tract.” Several factors are involved
in the pathogenesis of IBD, including the presence of IBD
susceptibility genes, altered microbial flora, excessive innate/
adaptive immunity, defective autophagy, and reduced
mucosal epithelial barrier defense.”'” IBD is associated with
the dysregulation of many pathways involved in the main-
tenance of intestinal barrier integrity, such as proliferation,
migration, differentiation, and cell death. Furthermore,
excessive tissue injury and inadequate regeneration lead to
an increased risk of developing diseases such as cancer.' """
Among IBD susceptibility genes is Ipmk, encoding an
enzyme with broad substrate specificity that catalyzes the
production of inositol polyphosphates (eg, inositol 1,3,4,5,6-
pentakisphosphate) and  phosphatidylinositol  3,4,5-
triphosphates.'®'* In addition to its catalytic roles, inositol
polyphosphate multikinase (IPMK) regulates major
signaling factors noncatalytically, including mechanistic
target of rapamycin (mTOR), adenosine 5’-mono-
phosphate-activated protein kinase, p53, and serum
response factor."” Collectively, IPMK acts as a signaling hub
in mammalian cells that coordinates the activity of various
signaling networks.'® Recent genome-wide association
studies have shown Ipmk as a putative risk gene for
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IBD.'”'® Furthermore, a germ-line mutation in Ipmk was
discovered in patients with familial small intestinal carci-
noids, suggesting a role of IPMK in the homeostatic control
of intestinal tissues.'’ Accordingly, we asked whether in-
testinal epithelial IPMK also may play a critical role in
establishing and maintaining tissue homeostasis in the gut.

In this report, we characterize the effects of conditionally
ablating IPMK in IECs in the colonic response to dextran
sulfate sodium (DSS)-induced colonic injury, a murine
model of human IBD. Our results show that the IPMK-
deficient colon is more vulnerable to experimental colitis,
and IEC-specific IPMK deficiency results in significant de-
fects in tuft cell development. In particularly, choline ace-
tyltransferase =~ (ChAT) expression was decreased
significantly, implying that insufficient cholinergic input
from tuft cells to stem cells under IPMK depletion may
underlie the exacerbated colitis phenotype. Combined ana-
lyses of single-cell transcriptomics, flow cytometry, and
immunofluorescence staining further suggest that IPMK
deletion perturbed the composition of colonic tuft cell sub-
types by increasing a transcriptionally inactive colonic tuft cell
subtype and by decreasing a neuronal development-related
colonic tuft cell subtype. Thus, we found that gut epithelial
[PMK is a key physiological determinant for the maintenance
of colonic tuft cells to promote tissue regeneration.

Results
IPMK Deficiency in Colonic Epithelium
Exacerbates Experimental Colitis and Attenuates
Recovery

Based on the previous reports identifying several IPMK
gene mutations as risk single-nucleotide polymorphisms
(SNPs) for human IBD,'”'® we found that rs2790216 SNP is
located at an intron region between exons 1 and 2 of the
Ipmk gene,'” and rs12570088 is located approximately 12
kb downstream of the Ipmk gene'’ (Figure 1). Because both
variants are not present in the protein coding region, they
would not change amino acid sequences and protein func-
tions of IPMK. Interestingly, although rs12570088 is not
associated with histone modification markers, rs2790216,
which is close to an exon-intron junction, is associated with

*Authors share co-first authorship; SAuthors share co-corresponding
authorship.
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Figure 1. Gene tracks showing the genomic loci of previously reported Jpmk SNPs. Two SNPs linked to the incidence of
IBD patients were associated with the jpmk gene. SNP rs12570088 was located at approximately 12 kb downstream of the
Iomk gene,"” and rs2790216 was located at an intron region between exons 1 and 2 of the Jomk gene.'® SNP rs2790216 was
associated with active enhancer markers H3K27ac and H3K4me1, and H3K4me3, which recruits splicing machinery. ATAC,

assay for transposase-accessible chromatin.

active enhancer markers such as H3K4mel and
H3K27ac,”’?* suggesting that rs2790216 could impact
IPMK expression. Because rs2790216 is close to an
exon-intron junction and is associated with H3K4me3,
which usually is enriched in not only active promoters but
also exon-intron junctions recruiting splicing machinery,”’
rs2790216 may change the efficiency of transcript splicing
that generates unstable [pmk messenger RNA (mRNA).

Hence, we sought to test whether IPMK plays a significant
role either in intestinal homeostasis or in damaged and
inflaming situations that resemble human IBD. In addition, the
Human Protein Atlas database showed that IPMK is highly
expressed in human colon epithelium,** and recent single-cell
RNA sequencing (scRNA-seq) projects showed that Ipmk has a
pan-epithelial expression pattern in mouse intestine
(Figure 2).*>?” To define the involvement of IPMK in the in-
testinal epithelium, an IPMK*™=¢ (Ipmk™/%; Villin-Cre) mouse
line was generated to achieve IEC-specific IPMK depletion
(Figure 34). Both IPMK transcript and protein were verified as
successfully depleted in colon and colonic epithelia (Figure 3B
and (). IPMK was unaffected in other organs.

Despite IPMK SNPs being found repeatedly in IBD pa-
tients, IPMK*'C mice did not show a significant difference in
body weight compared with Ipmk-floxed (IPMK”®) control
mice in homeostatic conditions (Figure 3D). Assessment of
intestinal permeability using fluorescein isothiocyanate
(FITC)-dextran also showed that IPMK-deficient intestinal
epithelium has no critical defect in its barrier function
(Figure 3E). To dissect the impact of IPMK depletion at the
cell level, epithelial cells were isolated from mouse colonic
tissues and analyzed. Contrary to previous findings in mouse
embryonic fibroblasts,”® IPMK-deficient epithelial cells
appeared indifferent to wild-type cells in terms of both AKT
phosphorylation and mTOR complex 1 downstream signaling
cascades (Figure 3F). These results collectively suggest that
the deletion of IPMK in intestinal epithelium does not cause
critical functional abnormalities in a normal, healthy gut.

Some factors, such as Regnase-1,”” become prominent in
intestinal homeostasis only when the tissue is damaged or

inflamed. Therefore, we aimed to analyze IPMK*'E¢ mice in

pathologic conditions. A DSS-induced acute colitis model
was chosen to represent human IBD (Figure 4A4), and
physiological features of diseased mice were assessed as in
normal status. Surprisingly, IPMK*E® mice showed signifi-
cantly attenuated recovery from colitis. Although IPMK®
mice almost reached their initial body weight on day 17
(after 12 days post-DSS severance), IPMK*'®¢ mice retained
colitis-induced weight loss (Figure 4B). The gut epithelial
barrier also was much more permeable in IPMKA™C mice, as
indicated by higher FITC-dextran levels in IPMK*'®¢ mice
sera (Figure 4C). Histologic analyses of colonic inflammation
and damage to crypt structures further confirmed that IPMK
deficiency in colonic epithelium results in exacerbated co-
litis upon acute DSS administration (Figure 4D). This
observation led us to compare the inflammation signatures
of wild-type and IPMK-deficient colonic epithelium. Inter-
estingly, expression levels of inflammatory cytokines
involved in colitis were not significantly different between
IPMK”" and IPMK*™¢ mice (Figure 5A4). Inflammatory
signaling pathways including nuclear factor-«kB were un-
changed, in parallel with cytokine levels (Figure 5B).

IPMK-Deficient Colon Shows Significantly
Decreased Tuft Cell Number

Because we did not find marked differences in inflamma-
tion in [PMK-deficient colons, transcriptomic analysis was
performed to elucidate what underlies severe disease in
IPMK*'®¢ mice. Unexpectedly, the top-ranked category of
differentially expressed genes (DEGs) was keratinization, a
seemingly colitis-irrelevant biological process (Figure 64).
These genes included members of the small proline-rich pro-
tein family, such as Sprr2d and Sprr2h, and appeared to be
increased dramatically in the IPMK-deficient colon
(Figure 6B). Normally, these genes act as key components of
keratinocyte differentiation and are strongly induced upon
differentiation of stratified squamous epithelia (epidermis).*
Significant up-regulation of the Sprr gene family in the colon
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Figure 2. IPMK shows a pan-epithelial expression pattern
in mouse intestine. (A and B) Expression level of IPMK was
analyzed from 2 previous scRNA-seq studies of mouse small
intestine.?®?” IPMK was expressed comparably within mouse
small intestinal epithelium including enterocyte, endocrine,
goblet, stem, and tuft cells, except Paneth cells. (C) The data
from previous scRNA-seq study of mouse colon epithelium®®
were used to draw a t-SNE plot showing the mRNA level of
epithelial cell type marker genes. (D) Each cell was clustered
by an unsupervised method and annotated with gene
expression pattern. (E) A violin plot showing the expression
level of IPMK from previously clustered scRNA-seq data.
IPMK expression levels also were comparable in mouse co-
lon epithelium.
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can be interpreted in 2 ways. First, the Sprr2h mRNA level was
reported to be increased in an experimental colitis model,
possibly as a compensatory action for deteriorated barrier
function,”” thus higher Sprr levels may reflect functionally
impaired, leaky colonic epithelia. Second, keratinocyte differ-
entiation marker genes such as Sprr2a and Krt10 are known to
be regulated by POU class 2 homeobox 3 (Pou2f3),’” a tran-
scription factor that is expressed abundantly in the epidermis.
However, in the colon, Pou2f3 is a cell fate-determining factor
that is indispensable for specification of tuft cells,”” a rare and
functionally distinctive population of the intestinal epithelium.
We speculated that differences in Pou2f3 expression could
underlie this keratinization-like transcriptomic profile. Sur-
prisingly, Pou2f3 was down-regulated significantly in
IPMK*'E€ mice along with other tuft cell markers such as Trpm5
and Gnat3 (Figure 6C and D). Other epithelial cell populations
represented by Anpep (colonocytes), Muc2 (goblet cells), Chga
(enteroendocrine cells), and Reg4 (deep crypt secretory cells)
did not show significant variation. We speculate that some
major transcriptomic changes blurred as a result of the effect of
the temporal window (colon tissues were harvested on day 20
when IPMKY! mice were recovered from DSS-induced colitis),
and the heterogeneity of colonic tissues that included not only
epithelial cells but also immune cells, neuronal cells, and
muscle cells. Therefore, to investigate the transcriptomic pro-
files underlying higher disease activity of IPMK-deficient co-
lons, actively inflaming colonic tissues were harvested earlier
(on day 8) and epithelial cells were isolated further for mRNA
sequencing. DEGs were again enriched for inflammation un-
related to any given process, such as extracellular organization
(Figure 7A and B), and few genes overlapped with the previous
analysis of colonic tissues. Although the number of common
DEGs was insufficient to be categorized as valid gene ontology
terms, tuft cell marker genes (PouZ2f3, Gnat3, and Trpm5) were
again listed (Figure 7C). Together, concurrent reduction in tuft
cell-associated genes strongly implicates the alteration of tuft
cell populations in the IPMK-deficient colon as a very probable
cause of severe colitis pathology.

Accordingly, decreased mRNA expression of tuft cell
markers was validated further through quantitative reverse-
transcription polymerase chain reaction (qRT-PCR) in
colonic epithelial cells. Earlier studies reported Dclk1, Pou2f3,
Trpm5, and Gnat3 as tuft cell-specific genes in intestinal
epithelia, and expression levels of all genes except for Trpm5
showed a significant decrease in IPMK*"E¢ mice (Figure 84). In
addition, doublecortin like kinase 1 (DCLK1), a marker protein
of colonic tuft cells, was down-regulated at the protein level
(Figures 8B and 94). These results emphasized the need for
precise quantification of tuft cell populations in both wild-
type and IPMK-deficient colitic colon tissue. Therefore, we
analyzed the relative abundance of tuft cells using flow
cytometry, assessing epithelial cell adhesion molecule
(EpCAM)/siglecf sialic acid binding Ig-like lectin F (Siglec F)
double-positive cells in isolated colonic epithelia. The per-
centage of tuft cells in total colonic epithelial cells was
significantly lower in IPMK*5¢ mice: only approximately 70%
of the control group (Figure 8C). This suggests the alteration in
colonic tuft cell populations is the main cause of exacerbated
colitis in IPMK*'E€ mice upon acute DSS administration.
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Figure 3.IPMK*'®C mice
appear normal in ho-
meostatic conditions. (A)
IPMK was specifically
depleted in intestinal
epithelium using Viflin-Cre
mice. JoxP sequences were
inserted in the exon 6 re-
gion of the Iomk gene, and
Cre-driven  deletion  of
flanked sequences resul-
ted in truncated mRNA
transcripts  that  were
degraded readily. Tissue-
specific IPMK knockout
was confirmed at the (B)
mRNA level and (C) protein
level (n =5, 3 per genotype
in panel B). Red arrows
indicate the IPMK band.
Data are presented as
means + SD. (D) Body
weights of 10-week-old
mice showed no difference
between genotypes (n = 6,
3 per genotype). Data are
presented as means + SD.
(E) Gut permeability did not
differ significantly between
genotype in a normal state.
Serum FITC-dextran con-
centration was measured 4
hours after a 400-mg/kg
dose by oral gavage (n = 6,
6 per genotype). Data are
presented as means + SD.
(F) No notable difference
was observed in blots of
mTOR complex and AKT
signaling cascade. P <
.05, P < .01. HSP90, heat
shock protein 90; UTR,
untranslated region.
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via Governing Tuft Cell Development

To investigate the relationship between IPMK deletion
and tuft cell decrease, we first tested whether the
occurrence of this phenomenon is limited to the patho-
logic condition. In normal, unchallenged, 10-week-old

adult mice, the abundance of each colonic epithelial cell

type was analyzed using marker genes. Dclk1 of tuft cells

was the only gene that was decreased significantly in
IPMK*'™®¢ mice; the other genes did not show a significant
difference between groups (Figure 10A). Therefore, only
tuft cells are affected specifically by the depletion of IPMK
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Figure 4. IPMK deficiency in colonic epithelium exacerbates experimental colitis and attenuates recovery. (A) Experi-
mental scheme of a DSS-induced acute colitis model in which 2% DSS was given for 5 days and exchanged for normal water
during recovery. Mice were killed on day 8 for analysis of actively inflaming tissue or on day 20 for end point analysis. (B) IEC-
specific Ipomk knockout (IPMK*'E®) mice showed attenuated recovery from colitis. Body weight was monitored at the indicated
time points and calculated as the percentage of initial body weight (n = 8, 7 |?er genotype). Data are presented as means +
SEM. (C) FITC-dextran permeability of the colonic wall was higher in IPMKA'EC mice on day 20. The concentration of FITC-
dextran in mouse serum was measured 4 hours after 200 mg/kg was given by oral gavage (n = 8, 6 per genotype). (D)
IPMK-deficient colons showed exacerbated tissue damage on day 8. Representative H&E staining images of distal colon
cross-sections. Scale bars: 500 um and 100 um for magnified images. Histologic scoring was performed in 2 categories
(inflammation and crypt score) and combined (n = 8, 11 per genotype). *P < .05. Data are presented as means + SD. (A-C)
Data are representative of 3 independent experiments with similar results.

in the intestinal epithelium. The protein level of DCLK1
also was reduced in the IPMK-deficient colon at homeo-
stasis (Figures 9B and 10B), and direct measurement of
EpCAM/Siglec F double-positive cells using flow cytometry
again validated the reduction of tuft cell numbers in
healthy IPMK*'®¢ mice (Figure 10C). Our findings collec-
tively suggest that depletion of IPMK in colonic epithelium
impaired tuft cell development before colitis progression,
and these defective tuft cells subsequently result in the
vulnerability of IPMK*®¢ mice upon DSS administration,

without any notable abnormalities in the homeostatic
condition.

Tuft cells currently are known to be involved in intes-
tinal biology in 2 distinctive ways: as regulators of type 2
immune response,“’35 and as paracrine supporters of in-
testinal stem cells.” These functions are mediated mostly
by interleukin 25 and acetylcholine, respectively, secreted
by tuft cells. To elucidate how reduced tuft cells in IPMK-
deficient colon worsen the DSS-induced acute colitis, the
mRNA expression levels of interleukin 25 and ChAT (a key

36
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Figure 5.No significant difference in inflammatory
signaling exists between IPMK*'E® and control mice. (A)
Although IPMK deletion exacerbates colitis phenotypes,
expression of major inflammatory cytokines in colonic
epithelial cells showed no difference between genotypes (n =
8, 5 per genotype). Data are presented as means + SD. (B)
The activity of the nuclear factor-xB (NF-«B) pathway, regu-
lating inflammation and AKT signaling, and governing cell
survival, was assessed by immunoblotting. The phosphory-
lation level of key proteins was not different between
IPMK*'EC and IPMK"" mice. p-AKT; p-JNK, c-Jun N-terminal
kinases; p-NF-«B, nuclear factor kappa B.

enzyme for acetylcholine synthesis in colonic tuft cells)
were compared between IPMK"" and IPMK*'E€ mice. Both in
normal and pathologic states, ChAT expression appeared
significantly lower in IPMK-deficient colon (Figure 10D and
E), indicating that cholinergic input for intestinal stem cells
is decreased.

Single-Cell Transcriptomic Analysis Reveals the
Heterogeneity of Colon Tuft Cells

Recently, single-cell-level analysis of IECs showed that
small intestinal tuft cells are composed of 2 populations
harboring either an immune-related or a neuronal gene
expression pattern.’” Because the depletion of IPMK
reduced cholinergic signaling, but not immune signaling

IPMK Regulates Colonic Tuft Cell Homeostasis 1241

(Figure 10D and E), we speculated that the neuronal tuft
cells are affected specifically by IPMK deficiency while
immune-related populations remain unaffected. Therefore,
scRNA-seq was performed on fluorescence-activated cell
sorting (FACS)-sorted EpCAM™ /Siglec F' colonic tuft cells
to analyze the transcriptomic changes of individual tuft cells
in detail (Figure 114).

After filtering out cells with bad quality (eg, number of
detected genes, <500), we analyzed 950 cells expressing
epithelial markers (Krt8 and Cdh1) and found no batch ef-
fect (Figure 11B-D), indicating the high quality of our data.
By analyzing the expression of known marker genes, we
identified tuft cells (Dclk1™), secretory goblet cells (Atohl™),
crypt isthmus cells (Krt19"), and colonic enterocytes
(Lypd8™) (Figure 11E and F). Surprisingly, in contrast to 2-
clustered tuft cells of the small intestine identified previ-
ously, we first observed that colonic tuft cells are divided
into 3 different populations (labeled as C1, C2, and C3)
based on their transcriptional signatures (Figure 124 and
B). C1 cells were distinguished from the other 2 populations
in overall gene expression level. More than 2000 genes were
down-regulated significantly in C1 cells, whereas only a few
noncoding RNAs were discovered to be up-regulated
(Supplementary Materials). The down-regulated genes
included PouZ2f3, which is considered to be a characteristic
marker gene of tuft cells, as well as Cdh1, an epithelial cell
marker gene (Figure 134). In addition, the number of
detected genes was significantly lower in C1 (Figure 13B).
These results suggest that C1 tuft cells are likely to be
transcriptionally inactive compared with the other colonic
tuft cells. To validate the existence of C1 colonic tuft cells
in vivo, we performed immunostainings of DCLK1 and
POU2F3 using Swiss-roll sections of mouse colon and found
that the protein level of POU2F3 clearly varied in DCLK1-
positive tuft cells (Figure 12C) as in scRNA-seq, support-
ing the presence of C1 colonic tuft cells.

The gene expression patterns of C2 and C3 cells
resembled those of previously reported immune-related and
neuronal subtypes, respectively, of small intestinal tuft cells.
Although C2 cells expressed higher levels of immune-related
genes such as Irf7, Alox5, and Ffar3, neuronal-related genes
(Ctsc, Rgs2, and Nradd) were highly enriched in C3 cells
(Figure 13C and D), confirming the previous study.

IPMK Deficiency Alters the Proportion of Colonic
Tuft Cell Populations

Next, to analyze the changes of cell type and gene
expression induced by Ipmk deletion, we overlaid IPMK"®
cells with IPMK*'EC cells. Although IPMK-deficient colonic
epithelial cells did not form a distinct cell cluster or show
dramatic gene expression changes, the clustering pattern of
tuft cells differed in IPMKY® and IPMK*®C animals
(Figure 12D). Although the relative abundance of the
immune-related C2 population was largely similar between
IPMK"”" and IPMK*'®¢ animals (~30%) (Figure 12E), tran-
scriptionally inactive C1 cells were expanded in IPMK*'EC
mice, occupying nearly half of the total tuft cell number, and
the neuronal C3 population was reduced in IPMK*'E¢ mice



1242 Park et al

A

TOP 5 GO Terms
keratinization
signal release
muscle contraction
circulatory system process
blood circulation

0.4
03
0.2
0.1

T 1
0 2 4 6
-log [ad]. p-valua)

Enrichment Score (ES)

-0.1

LU

IPMKZ=S

Positively correlated

C D

@ tuft cell marker genes @ keratinization-related genes

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 6

GOBP_KERATINIZATION
FDR=0.037

Figure 6. Transcriptomic
profile of IPMK-deficient
colon reveals gene sig-
natures associated with
keratinization and tuft
cell alteration. (A) The top
5 gene ontology terms
were calculated using
adjusted P values. (B)
Enrichment  set  data
showed significant
changes of keratinization

IPMEK
Negatively comelated

IPMK"" IPMK 2

®FC=-2 2<FC=2 BPFC=z2 Sprr2d terms by gene set enrich-

il STl 83 ment analysis. (C) Volcano

10.0 4 Lo S g2 plot of the DEGs marked
) | T 2r) ‘E.Lﬁ .

b Sprezh 28 with  tuft ~cell  markers

11 Krtap6-5 85 and keratinization-related

7.5 : : Sprr2b Cers3 genes. (D) Heatmap repre-

1o / Dalk _ senting selected DEGs.

T Pou2f3 835 Genes associated with

e Pousf3 | 7 i 83%  Keratinization were up-

=4 \ L. Sprr2d e regulated whereas tuft cell

Gnat3 se X o ./ Mucz 85, markers were  down-

\ ek By e Chga ‘gﬁ regulated, and  other

2.5 - ‘-\f;':"—'- } P . Regd 5 s epithelial cell type-related

T,pmsfffﬁ I . fo—Sprr2i g —— genes did not show signif-

““““““““ 7, | s i icant alterations.  Mice

5. / : Sprraf s 18 were killed on day 20 for

Delk® )| Ktap6-5 c RNA sequencing of colonic

T T = T | tissues (n = 3, 3 per ge-

-10 -5 0 5 10 notype). FC, fold change;

log=(FC) FDR, false discovery rate.
(28% — 14%) (Figure 12D and E). These results support polyphosphates and phosphatidylinositol 3,4,5-
our hypothesis that IPMK in tuft cells is important for the trisphosphates,’”** or noncatalytically to regulate key pro-

regeneration of colonic epithelium through a neuronal (eg,
cholinergic) paracrine input. Because Chat expression was
reduced in C1 (Figure 12F), the relative increase of C1 cells
in IPMK*"E¢ mice may lead to decreased average Chat levels
of all tuft cells, and this was confirmed in IPMK-deficient
tuft cells (Figure 12G). Together, these results indicate
that depletion of IPMK in colonic epithelium alters the
quantitative composition of tuft cell subtypes rather than
modifying the characteristics of each C1/C2/C3 population.
In summary, our findings show that IPMK is a critical factor
for maintaining intestinal homeostasis in DSS-induced coli-
tis through sustaining the number of transcriptionally
inactive (C1) and active (C2/C3) tuft cells, thereby sup-
porting tuft cell functions in the large intestine (Figure 14).

Discussion

IPMK has been shown to regulate various biological
events such as growth and immunity, acting either enzy-
matically to mediate the biosynthesis of inositol

tein targets (eg, mTOR, p53)."” Recent evidence indicated
that human IPMK SNP variants are risk factors for IBD,
suggesting a key role of IPMK in the control of intestinal
homeostasis.'”"'® However, the specific action of IPMK in
gut epithelial cells has not yet been investigated. Here, we
established a physiologically important function of IPMK in
maintaining gut homeostasis, showing that IPMK depletion
in IECs drives the mouse colon to be more prone to DSS-
induced acute colitis. Unlike our expectations from previ-
ous studies on IPMK actions in phosphatidylinositol 3-ki-
nase (PI3K) and inflammation signaling,”*”” IPMK deletion
had no impact on intestinal epithelial growth signaling (eg,
PI3K-AKT-mTOR) or on nuclear factor-«B inflammatory
activation. Instead, to our surprise, tuft cells, which nor-
mally promote intestinal stem cell proliferation by secreting
acetylcholine, were reduced significantly in the IPMK-
deficient colon. As a result, recovery of damaged tissue
was attenuated, likely owing to an insufficient amount of
acetylcholine. This means that IPMK normally protects in-
testinal epithelium from damage induced by acute inflam-
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mation, and through governing homeostasis of colonic tuft
cells.

Tuft cells have been investigated intensively with regard
to their role as type 2 immune response regulators, but
previous research had focused mainly on small intestinal
tuft cells. Small intestinal tuft cells are clearly distinguished
from colonic tuft cells because succinate, a metabolite pro-
duced by helminths, triggers dramatic expansion of small
intestinal tuft cells while colonic tuft cells remain un-
changed.””** This shows that the specification mechanism
of tuft cells can vary between different physiological

Row Z-Score —_I_'_
1001

settings. The functional significance of colonic tuft cells has
been highlighted by previous studies showing that tuft cell
ablation is tolerated under normal homeostatic conditions,
but impaired regeneration of colonic tissues was observed
upon acute damage such as irradiation’ and DSS-induced
acute colitis.>**** In our unbiased efforts to further
dissect IPMK-mediated tuft cell dysregulation in the colon,
we performed scRNA-seq analyses. In contrast to 2-
clustered tuft cells of the small intestine identified previ-
ously,”” our scRNA-seq unveiled that mouse colonic tuft
cells consist of 3 different populations (C1, C2, and C3).
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Figure 8. Colonic IPMK deEIetion leads to significantly decreased tuft cell numbers in cases of acute colitis. (4) Colonic

epithelial cells from IPMKA!EC

mice showed decreased expression of tuft cell marker genes. Each mRNA was assessed by

gRT-PCR and normalized to the expression of the L32 gene (n = 8, 5 per genotype). Data are presented as means + SD. (B)
DCLK1 protein level was lower in IPMK-deficient colon as shown in representative blots. Band intensities were quantified by
densitometry using ImageJ (n = 8, 5 per genotype). Data are presented as means + SD. (C) Tuft cell abundance in the colonic
epithelium was quantified by flow cytometry. Epithelial cells were defined by EpCAM expression, and siglecf sialic acid binding
Ig-like lectin F (Siglec F)-positive epithelial cells (red square) were considered as tuft cells (n = 8, 5 per genotype). Data are
presented as means + SD. All mice were killed on day 8. *P < .05, **P < .01, *P < .001. Data are representative of 3 in-

dependent experiments with similar results. HSP90, heat shock protein 90.

Although C2 and C3 cells appear to correspond to 2 tuft cell
populations previously reported in the small intestine,”’ C1
cells show unique features with extensively decreased tuft
cell-specific genes. Immunohistochemistry staining further
showed that tuft cell markers such as Pou2f3 were reduced
among DCLK™ tuft cells in the colon, suggesting the pres-
ence of functionally inactive, degenerating tuft cells.
Importantly, IPMK'’s key action in the large intestine seems
critical to maintain homeostatic balance among the 3 tuft
cell populations because IPMK*'®C intestine shows signifi-
cantly increased C1 tuft cells, relative to C2 and C3 cells.
Thus, overall reduction of Chat expression in IPMK*'E tuft

cells suggests a diminished cholinergic signal followed by
decreased tissue regeneration in colitis conditions. Notably,
DEGs of colonic epithelial cell mRNA sequencing in colitis
(eg, extracellular matrix organization and collagen fibril
organization) (Figure 54) strongly resembled genetic alter-
ations in Lgr5-knockout mouse embryonic intestinal stem
cells.** This further suggests that the effect of colonic IPMK
depletion eventually leads to aberrant stem cell activity and
epithelial regeneration, likely through defective acetylcho-
line production from tuft cells.

Until now, few molecules have been identified as indis-
pensable for the fate and development of tuft cells: Atohl
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and Pou2f3. Although Atoh1 commonly is required for dif- Crohn’s disease’® and quiescent ulcerative colitis,"” sug-

ferentiation of all secretory lineages,*” Pou2f3 is specific to
tuft cells.”® Findings in this study suggest that IPMK is a
novel factor involved in normal tuft cell development.
Despite broad expression of IPMK in the gut, deletion of
IPMK in Villin" intestinal cells had a substantial impact on
only the tuft cell population and not the other cell types (eg,
colonocytes, goblet cells, and enteroendocrine cells), which
infers that IPMK is dispensable for Atohl-dependent cell
specification processes, acting as a tuft cell-specific
regulator.

Through unsupervised scRNA-seq analysis of tuft cells,
we report the existence of a new tuft cell subtype (desig-
nated as C1 in our study) in the colon that shows severe
down-regulation of transcripts including tuft cell markers.
Colonic C1 tuft cells are speculated to be nonfunctional,
degenerating cells derived from biologically active C2 and
C3 tuft cells. A marked increase of C1 tuft cell populations in
IPMK*'™®€ colon tissues thus shows that IPMK is critical to
maintaining bioactive tuft cell populations in the colon. In
addition, C2 and C3 tuft cells were reduced by IPMK
depletion, which suggests a possible contribution of IPMK to
the developmental phase of tuft cells from intestinal stem
cells. Combined with lineage tracing, further investigation
will help us define how IPMK regulates tuft cell differenti-
ation and homeostasis in the gut.

Several clinical studies have reported that reduced tuft
cell numbers in the intestinal tract are associated with ileal

gesting that insufficient tuft cells are related to the pathol-
ogy of IBDs. Of interest, IPMK-deficient colon epithelium
contains reduced numbers of tuft cells in both homeostatic
and DSS-induced injury conditions. Furthermore, it will be
interesting to apply our discovery on C1 colonic tuft cells to
examine dynamic changes in C1 tuft cells in human colonic
tissues under normal and pathologic conditions to identify
the clinical relevance. With an emphasis on the IPMK gene
mutations as risk SNPs for human IBD, we here show a key
action of IPMK in the control of the tuft cell-IBD axis, which
suggests that modulating IPMK levels and activities provide
insight to develop a novel therapeutic strategy to treat IBD.

Materials and Methods
Mice

Animal protocols were performed in accordance with the
guidelines and ethical policies approved by the Korea
Advanced Institute of Science and Technology (KAIST) An-
imal Care and Use Committee. Intestinal epithelium-specific
[PMK knockout mice were generated by crossing Ipmk-
floxed® and Villin-Cre mice (004586 B6.Cg-Tg[Vill-cre]
997Gum/]J; The Jackson Laboratory, Bar Harbor, ME). Mice
were backcrossed to C57BL/6] for at least 5 generations.
Eight- to 22-week-old mice (both male and female) were
used in this study. A single experimental cohort consisted of
age- and sex-matched mice, age did not differ by more than
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Figure 10. IPMK governs tuft cell development and regulates acetylcholine production in the colonic epithelium. (A)
Basal expression of colonic epithelial cell lineage-specific marker genes was analyzed by gqRT-PCR and normalized to the
expression of the L32 gene. Only Dclk1, a tuft cell marker, appeared to be down-regulated (n = 6, 3 per genotype). Data are
presented as means + SD. (B) Normal colonic epithelial cells showed decreased DCLK1 protein. Band intensities of representative
blots were quantified by densitometry using Imaged (n = 3, 3 per genotype). Data are presented as means + SD. (C) The per-
centage of tuft cells in the normal healthy colonic epithelium was quantified by flow cytometry and was lower in [EC-specific jomk
knockout (IPMKA'E®) mice. EpCAM/siglecf sialic acid binding Ig-like lectin F (Siglec F) double-positive cells (red square) were
counted as tuft cells (n = 4, 4 per genotype). Data are presented as means + SD. (D) On day 8, Chat expression was reduced in
IPMK-deficient colitic epithelial cells whereas interleukin (IL)25 expression level was not altered. gRT-PCR results were normalized
to the L.32 gene (n = 7, 5 per genotype). Data are presented as means + SD. (E) Chat mRNA also was down-regulated in IPMKA'EC,
mice even in normal conditions (n = 4, 4 per genotype). Data are presented as means + SD. *P < .05, **P < .01, and **P < .001.
(A-D) Data are representative of 3 independent experiments with similar results. HSP90, heat shock protein 90.
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2 weeks. Mice used in this study were maintained in a
specific pathogen-free facility at KAIST Laboratory Animal
Resource Center.

DSS-Induced Acute Colitis Model
DSS salt (colitis grade; molecular weight, 36,000-50,000
daltons; MP Biomedicals, Irvine, CA) was given to mice as a

2% filtered solution in drinking water, ad libitum, to induce
acute colitis. DSS-containing water was refreshed once
every 2-3 days. After 5 days of DSS administration, mice
were allowed to recover with normal drinking water. The
body weight and survival of each mouse was monitored at
the indicated time points. No more than 5 mice were kept in
1 cage.
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FITC-Dextran Intestinal Permeability Assay

Mice were fasted (water and food) for 4 hours, and then
orally gavaged with FITC-dextran (FD4; Sigma-Aldrich, Saint
Louis, MO) solution in Dulbecco’s phosphate buffered saline
(DPBS) using a 400-mg/kg dose. For colitis-induced mice, a
200-mg/kg dose was used. After 4 hours, mice were pro-
vided with water ad libitum, and 100 uL blood was drawn
from the tail. Serum was prepared by incubating at room

DAPI,  4',6-diamidino-2-
phenylindole.

IPMK™  IPMK2EC

temperature for 15 minutes and then centrifuging at 4°C,
1500 x g for 10 minutes. Serum samples (diluted in DPBS)
from each mouse were loaded as technical replicates on
black plates along with known concentrations of FITC-
dextran standards, and fluorescence intensity was
measured (excitation, 485 nm; emission, 535 nm) using a
Multidetection Microplate Reader (TriStar” LB 942; Bert-
hold Technologies).
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Forward Reverse
Ipmk TGAAGATTGGGCGGAAGAGC GCCATTGTGGAAAAACTTGG
Dclk1 GGGTGAGAACCATCTACACCATC CCAGCTTCTTAAAGGGCTCGAT
Pou2f3 AGTGGGGATGTCGCTGATTC TCCTCCGTCTTAATCTGTCTGTT
Trom5 CCTCCGTGCTTTTTGAACTCC CATAGCCAAAGGTCGTTCCTC
Gnat3 GAGAGCAAGGAATCAGCCAG GTGCTTTTCCCAGATTCACC
1125 CGGAGGAGTGGCTGAAGTGGAG ATGGGTACCTTCCTCGCCATG
Chat GAGCGAATCGTTGGTATGACAA AGGACGATGCCATCAAAAGG
b GCCTCGTGCTGTCGGACC TGTCGTTGCTTGGTTCTCCTTG
e ATGAACAACGATGATGCACTT TATCCAGTTTGGTAGCATCCAT
1o CATGGGTCTTGGGAAGAGAA AACTGGCCACAGTTTTCAGG
H17a CTCCAGAAGGCCCTCAGACTAC GGGTCTTCATTGCGGTGG
nrf CCCATGGGATTACAACATCACTC CACTGGGCCTCAGCGATC
Tnfa ACGGCATGGATCTCAAAGAC AGATAGCAAATCGGCTGACG
Anpep CTCCTACCGGGTGATCCTGAG GTTGCAGGTAAAGCGAACAGT
Chga ACAACAGGATGGCTTTGAGG GGTTGGTGATTGGGTATTGG
Reg4 CTGGAATCCCAGGACAAAGAGTG CTGGAGGCCTCCTCAATGTTTGC
Muc2 GATGGCACCTACCTCGTTGT GTCCTGGCACTTGTTGGAAT
L32 GAAACTGGCGGAAACCCA GGATCTGGCCCTTGAACCTT

Tissue Fixation and Staining

Colonic tissues were harvested from mice after being kil-
led. Fecal contents were removed by repeated flushing with
prechilled phosphate-buffered saline. A distal region (~ 1 cm)
was cut and placed in an Eppendorf tube to make cross-
sectional histology samples. Otherwise, colons were opened
longitudinally along their mesenteric line and made into Swiss
rolls. In both cases, tissues then were fixed in 10% neutral
buffered formalin overnight at room temperature for H&E
staining. Subsequent processing and H&E staining were con-
ducted by KPNT (Cheongju, Korea), an inspection institution.
Bright-field images of stained slides were obtained by Axio
Scan Z1 Slide Scanner (Carl Zeiss, Oberkochen, Germany). For
fluorescent immunostaining, colon Swiss rolls were fixed in
4% paraformaldehyde overnight and frozen for cryosection
using Tissue-Tek 0.C.T. Compound (Sakura, Torrance, CA).
Heat-induced antigen retrieval was performed in sodium cit-
rate buffer (pH 6) by autoclaving slides for 15 minutes. Pri-
mary and secondary antibodies were purchased and used as
follows: DCLK1 (ab31704; Abcam, Cambridge, UK), POU2F3
(sc-293402; Santa Cruz, Dallas, TX), goat anti-mouse IgG2a,
Alexa Fluor 488 (A-21131; Invitrogen, Waltham, MA), and goat
anti-rabbit IgG, Alexa Fluor 594 (A-11012; Invitrogen, Wal-
tham, MA). Nuclei were stained with 4/,6-diamidino-2-
phenylindole and slides were mounted using ProLong Gold
Antifade Mountant (Invitrogen, Waltham, MA). Fluorescent
images were acquired on a LSM980 confocal microscope (Carl
Zeiss, Oberkochen, Germany) located in KARA (KAIST Analysis
Center for Research Advancement), and further processed
using Zen Blue 3.4 (Carl Zeiss, Oberkochen, Germany).

Intestinal Epithelial Cell Isolation
Colonic epithelia were isolated according to the pro-
tocol of Shao et al*® with some modifications. Briefly,

excised and feces-cleared mouse colons were opened
along the mesenteric line, cut again into longitudinal
halves, and cut into 2- to 3-mm-sized pieces. Tissue
fragments were agitated gently in ice-cold Hank’s
balanced salt solution (HBSS) supplemented with 2%
glucose and 1 mmol/L dithiothreitol at 4°C for 10 minutes
to eliminate mucus. Tissues then were moved into DPBS
(Ca®*" and Mg®'-free) containing 10 mmol/L EDTA and
incubated for 15 minutes at 37°C with 200 rpm shaking.
After robust vortexing, colonic epithelia were released
into the supernatant. Epithelium-containing supernatants
were passed through a 100-um cell strainer, and cells
were collected by centrifugation at 4°C (1000 x g, 5
minutes). For flow cytometry, the epithelium releasing
step was repeated 3 more times without further incuba-
tion at 37°C. Supernatants were combined and passed
through a 70-um cell strainer, collected by centrifugation,
and washed with ice-cold HBSS. After centrifugation, cell
pellets were resuspended in prewarmed HBSS containing
1 U/mL dispase (07913; Stemcell Technologies, Vancou-
ver, BC, Canada) and 10 ug/mL DNase 1 (11284932001;
Roche, Basel, Switzerland), and incubated for 10 minutes
at 37°C with 200 rpm shaking to yield a single-cell sus-
pension. After vortexing again, cells were passed through
a 40-um cell strainer and collected by centrifugation at
4°C (500 x g, 5 minutes). Cell pellets were washed with
ice-cold DPBS once and counted.

Tuft Cell Quantification Using Flow Cytometry
Colonic epithelial cells were stained with Fixable
Viability Dye eFluor 506 (65-0866-14; Invitrogen, Wal-
tham, MA) in a 1:1000 ratio for dead cell exclusion. Cells
were Fc-blocked using purified rat anti-mouse CD16/
CD32 (clone 2.4G2, 553142; BD Pharmingen, Waltham,
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Figure 13. Characterization of 3 populations of colonic tuft cells shown by scRNA-seq. (A) t-distributed stochastic
neighbor embedding (t-SNE) plots showing that CD24a, Pou2f3, and Cdh1 are decreased in population C1 compared with
subpopulations C2 and C3, while Dclk1 expression is comparable. (B) A violin plot showing the number of detected genes in
each population, suggesting that C1 cells are transcriptionally inactive compared with C2 and C3 cells. t-SNE plots showing
the expression patterns of (C) neuronal development-related genes and (D) immune-related genes, indicating that our results

are consistent with a previous study.?”

MA) for 10 minutes and washed with FACS buffer (Ca*"
and Mg®"-free DPBS supplemented with 0.5% bovine
serum albumin and 0.3% sodium azide). For surface
marker staining, phycoerythrin (PE) rat anti-mouse
Siglec F (clone E50-2440, 552126; BD Pharmingen,
Waltham, MA) antibody and allophycocyanin (APC) anti-

mouse CD326 (EpCAM) antibody (clone G8.8, 118214;
BioLegend, San Diego, CA) were used in a 1:50 and
1:100 dilution ratio, respectively. Antibody staining was
performed for 30 minutes. All procedures were con-
ducted at 4°C in the dark. Tuft cells were acquired by a
BD LSRFortessa (BD Biosciences, San Diego, CA) and
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Figure 14. A proposed model of IPMK actions in the gut. The number of tuft cells providing acetylcholine, which supports
intestinal stem cell function, is reduced in the IPMK-deficient colon. Simultaneously, IPMK deficiency increases the relative
abundance of a specific tuft cell subtype possessing decreased tuft cell-specific genes, including Chat, so that total
cholinergic output from tuft cells is reduced significant(l}/. This insufficiency in the active tuft cell population is tolerated in the
normal homeostatic epithelium, and therefore IPMKA'EC mice do not show any apparent abnormalities. However, when acute
damage occurs in the colon, as in DSS-induced experimental colitis, IPMK-deficient colons show impaired regeneration,

which may be owing to decreased cholinergic input to stem cells, thereby exacerbating the colitis phenotype.

analyzed using Flow]Jo v10.7.2 (Tree Star, Ashland, OR).
The percentage of tuft cells was calculated by dividing
the number of EpCAM and Siglec F double-positive cells
by the number of EpCAM-positive cells.

Immunoblotting

After flushing, colons were cut into appropriate sizes
and mechanically homogenized in RIPA buffer (50 mmol/L
Tris-HCI, pH 7.4, 150 mmol/L NaCl, 1 mmol/L EDTA, 1%
NP-40, 0.25% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 2 mmol/L phenylmethylsulfonyl fluoride, 10
mmol/L sodium fluoride, 2 mmol/L sodium orthovanadate,
1 mmol/L sodium pyrophosphate, and 1x protease in-
hibitor cocktail) using TissueRuptor (Qiagen, Hilden, Ger-
many). Isolated epithelial cells also were lysed in RIPA
buffer. After incubation for 30 minutes at 4°C, lysates were
clarified by centrifugation at 13,000 rpm for 20 minutes,
and protein concentration was determined using the Pierce
BCA Protein Assay Kit (23225; Thermo Scientific, Waltham,
MA) according to the manufacturer’s protocol. For immu-
noblotting, antibodies against the following proteins were

purchased from the indicated sources: DCLK1 (ab31704;
Abcam); HSP90 (sc-13119; Santa Cruz Biotechnology); a-
tubulin (T5168; Sigma-Aldrich); phospho-S6 (5364), S6
(2217), phospho-AKT T308 (4056), phospho-AKT S473
(9271), AKT (9272), phospho-nuclear factor-«B (3033),
nuclear factor-«B (8242), phospho-c-Jun N-terminal
kinase (JNK) (4668), and @-actin (4970) (Cell Signaling
Technology, Danvers, MA). Anti-mouse IPMK antibody
was a custom rabbit polyclonal antibody from Cova-
nce(Princeton, NJ) raised against a synthetic peptide
starting with Cys followed by mouse IPMK amino acids 295
to 311 (SKAYSRHRKLYAKKHQS),”® Densitometry analysis
of blots was performed using Image] 1.53e (National In-
stitutes of Health, Bethesda, MD).

RNA Extraction and gRT-PCR

Total RNA was extracted from mouse tissues and
epithelial cells using TRI-Reagent (TR-118; Molecular
Research Center, Cincinnati, OH) or the RNeasy Lipid Tissue
mini kit (74804; Qiagen) according to the manufacturer’s
protocol. A maximum of 3 ug total RNA was reverse-
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transcribed to yield first-strand complementary DNA
(cDNA) with SuperiorScript III Reverse Transcriptase
(RTO06L; Enzynomics, Daejeon, Korea). gPCR analyses were
performed on a StepOnePlus Real-Time PCR System
(Applied Biosystems, Waltham, MA) using SYBR Green
(QPK-201; Toyobo, Osaka, Japan) and 20 or 25 ng cDNA. The
relative expression level of each target gene was normalized
to the L32 gene using the AA cycle threshold (C) method.
Primer sequences for qRT-PCR are provided in Table 1 (all
Mus musculus).

mRNA Sequencing and Data Processing

Library preparation, sequencing, preprocessing, genome
mapping, and gene expression quantification were con-
ducted by LAS Inc. (http://laskr, Gimpo, Korea), as
described later. Total RNA was isolated from tissue using
the TRI-reagent-based method. Total RNA (500 ng) was
processed for preparing a whole-transcriptome sequencing
library. Enrichment of whole-transcriptome RNA by
depleting ribosomal RNA was conducted to prepare the
whole-transcriptome sequencing library using the MGIEasy
RNA Directional Library Prep Kit (MGI, Shenzhen, China)
according to the manufacturer’s instructions. After the ri-
bosomal RNA was depleted, the remaining RNA was frag-
mented into small pieces using divalent cations under
increased temperature. The cleaved RNA fragments were
copied into first-strand cDNA using reverse transcriptase
and random primers. Strand specificity was achieved in the
RT directional buffer, followed by second-strand cDNA
synthesis. These cDNA fragments have the addition of a
single A base and subsequent ligation of the adapter. The
products then were purified and enriched with PCR to
create the final cDNA library. The double-stranded library
was quantified using the QuantiFluor ONE dsDNA System
(Promega, Madison, WI) and was equal to 330 ng in a total
volume of 60 mL or less. The library was cyclized at 37°C for
60 minutes, and then digested at 37°C for 30 minutes, fol-
lowed by cleanup of the circularization product. To make
the DNA nanoball, the library was incubated at 30°C for 25
minutes using the DNA nanoball enzyme. Finally, the library
was quantified by the QuantiFluor ssDNA System (Prom-
ega). Sequencing of the prepared DNA nanoball was con-
ducted using the MGIseq system (MGI) with 100-bp paired-
end reads.

Potentially existing sequencing adapters and raw quality
bases in the raw reads were trimmed by Skewer version
0.2.2."7 The cleaned high-quality reads were mapped to the
reference genome by STAR version 2.5 software.”” Because
the sequencing libraries were prepared strand-specifically
by using Illumina (San Diego, CA)’s strand-specific library
preparation Kit, the strand-specific library option, -library-
type=fr-firststrand was applied in the mapping process.

To quantify the mapped reads, RSEM version 1.3.0°" and
default options were used. The gene annotation of the
reference genome mm10 from GENCODE genome (https://
www.gencodegenes.org) in GTF format was used as gene
models. The DEGs between the 2 selected biological condi-
tions were analyzed by DESeq2 version 1.26.0 software.’
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To compare the expression profiles among the samples,
the normalized expression values of the selected few hun-
dred of the DEGs were clustered (unsupervised) by in-house
R scripts. The scatter plots for the gene expression values
and the volcano plots for the expression fold changes and P
values between the 2 selected samples were drawn by in-
house R scripts.

Analysis and Visualization of mRNA Sequencing
Data

Gene  ontology  enrichment analysis  (http://
geneontology.org) was performed by g:Profiler version
0.2.0 and the top 5 gene ontology biological process terms
were visualized by —log;g-transformed adjusted P value.
Gene set enrichment analysis (https://www.gsea-msigdb.
org/gsea/index.jsp) was performed by gene set enrich-
ment analysis version 4.1.0 with a normalized count and
visualized with an enrichment score and calculated false
discovery rate (FDR). Volcano plots were visualized by log,
transformed fold change and —log;o-transformed P value.
Tuft cell marker genes and Keratinization-related genes
were represented by specific plots. Heatmaps representing
each term were visualized with row z-score calculated by
log,-transformed normalized count.

Single-Cell cDNA Synthesis and Sequencing
Library Generation

scRNA-seq libraries were prepared using the Smart-seq2
protocol’® with few modifications. Single-cells were sorted
using a BD FACSAriall (BD Biosciences) into 96-well PCR
plates (Thermo Scientific) containing 2 uL lysis buffer (0.1%
Triton X-100 [Sigma-Aldrich, Saint Louis, MO], 1 U/uL
RNase Inhibitor [Enzynomics], and 0.25 wpmol/L oligo-
dT30VN primer) and stored at -80°C. The plates were
thawed on ice and incubated for 3 minutes at 72°C to lyse
the cells. Reverse-transcription (40 U/uL Maxima H minus
transcriptase), template switching reaction, and PCR pre-
amplification (15 cycles) were performed according to the
protocol. The PCR products in each well were cleaned up
using 0.5x SPRI beads (2% Sera-Mag Speed Beads [Cytiva,
Marlborough, MA], 1 mol/L NaCl, 10 mmol/L Tris-HCl, pH
8.0, 1 mmol/L EDTA, 0.01% NP40, 0.05% sodium azide, and
22% w/v polyethylene glycol [PEG] 8000). To exclude
empty wells and low-quality libraries, cDNA libraries were
assessed by qPCR with a primer pair of glyceraldehyde-3-
phosphate dehydrogenase, a housekeeping gene (forward:
5'-GTCGTGGAGTCTACTGGTGTCTTCAC-3'; reverse: 5-GTTG
TCATATTTCTCGTGGTTCACACCC-3'). Samples showing a
high threshold cycle value (>35 cycles) or no PCR amplifi-
cation were discarded. Fifty to 200 pg of each cDNA library
were used to generate the Illumina sequencing library using
EZ-Tera XT DNA library preparation kits (Enzynomics). Af-
ter the final PCR amplification, samples were pooled and
size-selected by SPRI beads (removing DNA bound to 0.3 x
beads and taking DNA bound to subsequent 0.6x beads).
Pooled sequencing libraries were sequenced on an Illumina
NextSeq 500 instrument using a 38-bp paired-end reads
setting.
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SCRNA-Seq Data Analysis

Read alignment and gene quantification. Sequencing
reads from scRNA-seq libraries were aligned to the mouse
reference genome (version mm10 from the University of
California Santa Cruz) using Bowtie 2 (version 2.4.2)°" with
default parameters for paired-end reads. Expression values
of each gene were quantified as transcripts per million
(TPM) using RSEM (version 1.3.3)." TPMs were trans-
formed to log, (TPM + 1). For downstream analyses, cells
with <500 detected genes and genes expressed in <5 cells
were removed.

Identification of highly variable genes, cell clustering,
and t-distributed stochastic neighbor embedding (t-
SNE) visualization. All analyses and visualization of data
were conducted in a Python environment built on the
NumPy, SciPy, Matplotlib, scikit-learn package, and Pandas
libraries.”” To identify the tuft cell cluster, principal
component analysis was performed on the list of highly
variable genes, and the first 8 principal components were
used to perform t-SNE.°° By unsupervised hierarchical
clustering using Euclidean distance and Ward’s method, the
tuft cell cluster was identified with higher expression of
Dclk1, Siglecf, 1117rb, and Ptgs1, previously known tuft cell
marker genes. To identify the subpopulations among tuft
cells, principal component analysis was performed on the
list of highly variable genes among tuft cells, and the first 4
principal components were used to perform t-SNE. By un-
supervised hierarchical clustering using Euclidean distance
and Ward’s method again, 3 different clusters were identi-
fied. Expression levels (log-transformed) of individual genes
were represented by colors, as indicated in the t-SNE plots.
Differential expression test and cluster identity
annotation. To identify differentially expressed genes
between tuft cell population C1 and the others, normalized
raw counts were applied to the DESeq2 package®” in R
software, then genes with a fold-change of >2 and an
FDR <0.01 were considered to be differentially expressed.
Differentially expressed genes comparing each tuft cell
population of C1, C2 and C3 were figured out using the
FindAllMarkers function in the Seurat package®” in R soft-
ware with the DESeq2 option and default parameters. The
top 50 highest-averaged log,(fold-change) differentially
expressed genes for C2, C3, and C4 differentially expressed
genes for C1 are represented by the heatmap.

SscRNA-seq data analysis from previous study. The
data from Herring et al,°” 2018 were downloaded from
Gene Expression Omnibus as GSM2643164 and
GSM2743165. Using Seurat (version 4.0.3) package in R, 2
replicates were merged, normalized, and scaled with default
parameters. Principal components were analyzed with 2000
variable genes. The first 10 principal components and 0.3
resolution value for the FindClusters function in Seurat
were used for unsupervised clustering.

Statistical analysis

All statistical analyses were performed using Prism 7
(GraphPad Software, San Diego, CA) and all data were pre-
sented as +SD or SEM. Differences between groups were
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considered to be significant when P < .05 (Student unpaired
t test, 2-tailed).
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