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SUMMARY
While the intestinal epithelium has the highest cellular turnover rates in themammalian body, it is also consid-
ered one of the tissues most resilient to aging-related disorders. Here, we reveal an innate protective mech-
anism that safeguards intestinal stem cells (ISCs) from environmental conditions in the aged intestine. Using
in vivo phenotypic analysis, transcriptomics, and in vitro intestinal organoid studies, we show that age-
dependent activation of interferon-g (IFN-g) signaling and inactivation of extracellular signal-regulated ki-
nase/mitogen-activated protein kinase (ERK/MAPK) signaling are responsible for establishing an equilibrium
of Lgr5+ ISCs—between active and quiescent states—to preserve the ISCpool during aging. Furthermore, we
show that differentiated cells have different sensitivities to each of the two signaling pathways, which may
induce aging-related, functional, and metabolic changes in the body. Thus, our findings reveal an exquisitely
balanced, age-dependent signaling mechanism that preserves stem cells at the expense of differentiated
cells.
INTRODUCTION

The mammalian intestinal epithelium has the highest cellular

turnover rate in the adult body. This is achieved through the

active cycling of intestinal stem cells (ISCs), specifically express-

ing LGR5, that divide continuously to produce rapidly cycling

transit-amplifying (TA) cells, which further differentiate into either

absorptive enterocytes or one of four types of secretory cells

(Paneth, goblet, tuft, or enteroendocrine cells).1,2 The ability of

ISCs to self-renew and differentiate and their capacity to regen-

erate tissues are dependent on multiple signaling pathways.3

These extrinsic signals are released from the stem cell niche,

which includes Paneth cells and subepithelial mesenchymal

cells, as well as from nearby immune cells.4–8 During the lifespan

of an organism, the intestinal milieu changeswith age, character-

ized by gut microbiome dysbiosis and immune cell activation,

leading to altered intestinal permeability and systemic inflamma-
Cell Reports --, 11528
This is an open access article under the CC BY-
tion.9,10 These aging-related changes in stem cell microenviron-

ments should affect the function of ISCs. Although the regener-

ative capacity of ISCs is impaired with age,11–18 remarkably, they

continue to support cell turnover throughout life, suggesting that

aging has minimal impact on ISCs in a homeostatic state. This

suggests that a protective mechanismmay exist that safeguards

ISCs from microenvironmental conditions in the aged gut; how-

ever, whether such amechanism actually exists remains unclear.

Here, we describe a mechanism that preserves the ISC popu-

lation mediated via the synchronized, progressive activation of

interferon-g (IFN-g) and inactivation of extracellular signal-regu-

lated kinase/mitogen-activated protein kinase (ERK/MAPK)

signaling pathways during aging. The previous reports using

young mice showed that the activation of the IFN-g signaling

pathway elicits stem cell death,18–20 while the inactivation of

the ERK/MAPK pathway induces dysregulated cell differentia-

tion.21,22 Either of the alterations in the two pathways
6, --, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. Aging impacts on ISC self-renewal and differentiation

(A) Lgr5GFP expression in young and aged intestinal epithelial cells, measured by flow cytometry. Gating was for Lgr5GFPhigh cells (hi), Lgr5GFPmedium cells

(med), and Lgr5GFPlow (lo) cells. Percentage of Lgr5GFPlow, Lgr5GFPmedium, and Lgr5GFPhigh cells in young (Y) mice (male, n = 10; female, n = 8) and aged

(legend continued on next page)
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alone causes severe defects in intestinal homeostasis. Notably,

however, when these two conditions are combined, they

compensate each other, thereby modulating the balance be-

tween active and quiescent states of Lgr5+ ISCs to safeguard

the ISC pool in aged mice. Conversely, the intestinal organoid

model reveals that enteroendocrine cells, enterocytes, and

goblet cells have different sensitivities to each signaling

pathway; thus, the two age-entrained signaling regulations

cannot prevent the age-related alteration in these cell types,

which might lead to metabolic changes throughout the body.

Our study suggests that the synchronized alterations in the

age-related signaling pathways achieve an appropriate balance

of ISC regulation, while the alterations induce functional changes

in differentiated cells during aging.

RESULTS

Aging affects the ISC differentiation process
We first characterized the intestinal epithelium of young mice

(2–4 months of age) and aged mice (22–27 months of age). We

observed a slight increase (115%) in crypt height with age under

homeostatic conditions (Figure S1A). Consistent with previous

studies,11,13,15,16,18 we observed impaired tissue regenerative

capacity with aging (Figure S1B). Next, by using ethynyl deoxy-

uridine (EdU) tracing, we observed that intestinal epithelium turn-

over rate becomes slower with aging (Figure S1C). Furthermore,

we observed that the number of ISCs, defined by Olfm4 expres-

sion,23 did not change with aging (Figure S1D). However, the

analysis using Lgr5-eGFP-IRES-CreERT2 reporter mice1

showed that the distributions of Lgr5GFP expression levels

change with aging. The proportion of cells with Lgr5GFPhigh

and Lgr5GFPmedium tends to increase with age, whereas the pro-

portion of cells with Lgr5GFPlow decreases (Figures 1A and S1E).

Toexplore themolecular basis underlying theeffects of aging on

ISC self-renewal and differentiation, we performed bulk RNA

sequencing (RNA-seq) analysis on isolated Lgr5GFPhigh (ISCs),

Lgr5GFPmedium/low (progenitor cells), and Lgr5GFPnegative/

CD24high niche cells (Paneth cells) from young and aged mice

(Figure S1F). Principal-component analysis (PCA) of ISCs and

progenitor cells revealed aging-related changes (Figure 1B, PC2

direction), with aged male mice showing a more robust aging

signature than aged female mice. Paneth cells did not show any
(A) mice (male, n = 9; female, n = 8) is shown. In the boxplots, the line represents

range. ***p < 0.001, **p < 0.01, and *p < 0.05 by two-tailed Welch’s t test.

(B) PCA of bulk-population RNA sequencing of ISCs, progenitor cells, and Paneth

5], young progenitor cells [male, n = 5; female, n = 5], aged progenitor cells [male

Paneth cells [male, n = 7; female, n = 5]).

(C) Volcano plots of differentially expressed genes between young and aged cells

cell type (bottom). Age-dependent upregulated enteroendocrine cell markers are

(D) Representative images of anti-CD4 antibody staining (left). Scale bars, 100 mm

the crypt base are indicated by black arrowheads. Quantification of CD4-positiv

(E) Representative images of EdU and anti-Lyz1 (Paneth cell marker) antibody sta

adjacent to Lyz1-positive Paneth cells, and the progenitor cell zone is defined as a

stem cell zone or the progenitor cell zone (young male, n = 5; aged male, n = 4).

(F) Representative images of anti-Chga antibody staining. Chga-positive cells are

shown on the right. Scale bars, 100 mm. Quantification of Chga-positive cells pe

(D–F) ***p < 0.001, **p < 0.01, and n.s., not significant by two-tailed Welch’s t tes

See also Figure S1 and Table S1.
aging-related changes in the major PC axes. Next, we looked at

differentially expressed genes (DEGs) between young and aged

mouse-derived cells (Figure 1C; Table S1). Gene Ontology

(GO) analysis identified antigen processing and presentation

pathway-related genes thatwere enriched among age-dependent

upregulated genes, including major histocompatibility complex

(MHC) class II genes such as H2-Aa, H2-DMb1, H2-DMa, and

H2-Ab1 (Figure 1C; Table S1). Interestingly, age-dependent

upregulation of MHC class II genes was prominent in male mice

(Figure S1G). Furthermore, we also observed increased infiltration

of helper T cells into the crypt-surrounding area upon aging (Fig-

ure 1D). A recent study has shown that MHC class II expression

on ISCs of young mice facilitates antigen presentation to helper

T cells, influencing ISC functionality.8 Therefore, our results sug-

gest potentially enhanced interactions of crypt epithelial cells,

including ISCs and progenitor cells, with helper T cells in the

aged intestine. TheGOanalysis of age-dependent downregulated

genes in progenitor cells identified the enrichment of cell-cycle

genes (Figure 1C). EdU chase experiments confirmed a reduced

number of EdU-positive cells in the aged progenitor cell zone

(upper crypt), although not in the stem cell zone (crypt base)

(Figure 1E). We also observed several enteroendocrine cell

markers (Tac1, Chgb, Chga, and Sct) among the age-dependent

upregulated genes in progenitor cells (Figure 1C). Indeed,

immunohistochemistry for Chga showed a significant increase in

enteroendocrine cell number upon aging (Figure 1F). We did not

observe any aging-related changes in cell number for other

secretory cell types (Figures S1H–S1J). These results indicate

that alterations in ISC differentiation processes upon aging lead

to shifts in the distribution of Lgr5GFP expression. Moreover, our

transcriptome analysis implies that the immune responses within

intestinal epithelial cells could be associated with the age-depen-

dent changes in cell proliferation and differentiation.

Aging induces cell-type-specific changes in the
intestinal epithelium
Next, we performed single-cell RNA-seq (scRNA-seq) on

isolated crypt intestinal epithelial cells. We profiled 10,844 indi-

vidual cells (5,135 and 5,709 cells from three young mice and

three aged mice, respectively). Ten cell types were clustered

and annotated by cell-type-specific markers (Figure 2A), which

covered most of the cell types in the intestinal epithelium.
the median, the box shows the interquartile range, and the whiskers show the

cells (young ISCs [male, n = 5; female, n = 6], aged ISCs [male, n = 7; female, n =

, n = 5; female, n = 5], young Paneth cells [male, n = 6; female, n = 6], and aged

(top). GO analysis of age-dependent upregulated/downregulated genes in each

shown in green.

. Magnified areas (red box) are shown below. CD4-positive cells located near

e helper T cells per crypt area (young male, n = 4; aged male, n = 4) (right).

ining at 4 h post-EdU treatment. The stem cell zone is defined as a crypt base

n upper crypt area. Scale bars, 10 mm.Quantification of EdU-positive cells in the

indicated by arrowheads. Magnified images of the indicated areas (yellow) are

r tissue area (young male, n = 5; aged male, n = 5).

t. Data are presented as the mean ± SD.
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However, the observed proportions of Paneth cells (0.18% for

youngmice and 0.39% for agedmice) and enteroendocrine cells

(0.98% for young mice and 0.65% for aged mice) were lower

than expected, based on a previous study24 (3.6% for Paneth

cells and 4.3% for enteroendocrine cells in young mice) (Fig-

ure 2B). This discrepancy may be due to their susceptibility to

the stress induced during single-cell dissociation, which could

impact our measurement accuracy of age-related changes in

the Paneth and enteroendocrine cell population. For other cell

types, we noticed that cell identities were overall largely main-

tained with aging (Figure 2B). However, the ratio of the high-

proliferative TA cells to low-proliferative TA cells was decreased

after aging (Figure 2C), consistent with our phenotypic analysis

(Figure 1E). Next, we characterized aging-related features based

on DEGs in each cell type (Figure 2D; Tables S2 and S3). Many

age-dependent DEGs in stem cells were shared with those in

TA cells (Figure 2D). In contrast, terminally differentiated cells,

such asmature enterocytes, goblet cells, and tuft cells, exhibited

cell-type-specific transcriptional changes associated with aging

(Figure 2D), suggesting that aging might affect the maturation

and functionality of these cells (Figures 2E–2G; Table S3). Previ-

ous studies have shown that enterocytes undergo maturation as

they transition from the crypt to the top of the villus.25 Interest-

ingly, gene set enrichment analysis (GSEA) identified a shift in

gene expression profiles from the bottom villus profiles in young

intestinal epithelia to the middle-to-top villus profiles in aged

intestinal epithelia (Figure 2H). These results were further

confirmed by RNA in situ hybridization for Reg1 (a bottom villus

gene) and Apoa1 (a top villus gene) (Figure 2I). Our findings indi-

cate that enterocyte maturation becomes enhanced with aging.

Moreover, we also observed an age-dependent upregulation in

metabolically related genes in enterocytes, such as the lipid

transporter gene Fabp2 and apolipoprotein genes (Apoa1,

Apoc3, Apob, and Apoa4) (Figure 2E; Table S3). This suggests

that aging may result in a metabolic shift of enterocytes.
Figure 2. scRNA-seq reveals the cell-type-specific changes upon agin

(A) Uniform manifold approximation and projection (UMAP) plots for intestinal ep

mice) (left). Cell-type clusters (upper left). Stem/TA, intermediates between stem

low-proliferative TA cells; Immature_E, immature enterocytes; Mature_E, mature e

(lower left). Heatmap of cell-type markers (right). The relative expression levels (Z

(B) The proportion of each cell type.

(C) The ratio of TA_H cells to TA_L cells (young male, n = 3; aged male, n = 3). *p

(D) Heatmaps for the distribution of age-dependent upregulated (top, red) and dow

differentially expressedwith age are shown in gray. Dotted lines indicate the age-d

unique DEGs in each cell type. The numbers of age-dependent up-/downregula

(E) The numbers of age-dependent up-/downregulated genes inmature enterocyt

Apoa1 and Fabp2 as age-dependent upregulated enterocyte-specific expresse

specific expressed genes in the mature enterocyte population (right). **adjusted

(F) The numbers of age-dependent up-/downregulated genes in goblet cells (left)

dependent downregulated goblet cell-specific expressed genes (S100a6, Clca1,

(G) The numbers of age-dependent up-/downregulated genes in tuft cells (left)

dependent upregulated tuft cell-specific expressed genes (Nrgn, Rgs13, and Cc

(H) Gene set enrichment analysis on young and aged mature enterocytes. Gene

previous study.25 Cluster 1 represents the bottom villus-enriched genes and clu

(NES) is shown. Bars in red indicate significant enrichment of age-dependent up

nificant enrichment of age-dependent downregulated genes at FDR <0.05, and b

(I) Representative images of Reg1 (green) and Apoa1 (magenta) RNA in situ hyb

intensities in villi (right). Young male, n = 3; aged male, n = 5; super-aged male, n =

represents the median, the box shows the interquartile range, and the whiskers

See also Table S2 and Table S3.
Collectively, our transcriptome analyses revealed that

aging-related changes occur in a cell-type-specific manner,

even though the overall intestinal epithelial cell identity is

maintained.

Identification of aging markers for the intestinal
epithelium
The GO analysis with our scRNA-seq data revealed that genes

related to antigen processing and presentation were upregu-

lated upon aging in intestinal epithelial cells (Figure 3A), consis-

tent with the bulk RNA-seq data (Figure 1C). In particular, four

MHC class II genes (H2-Aa, H2-Eb1, H2-Ab1, and Cd74) are

included among the top 10 age-dependent upregulated genes

in ISCs (Figure 3B; Table S3). Next, we integrated our scRNA-

seq dataset with that of previous studies18,26 (Figures S2A–

S2D) to identify genes commonly up-/downregulated with age

in the ISC populations (Figures S2E and S2F). Consistent with

previous studies,18,26 genes related to antigen processing and

presentation were commonly upregulated with age (Figure S2E).

Moreover, we found that two genes, Ceacam10 and Ly6e,

exhibit prominent age-dependent upregulation, comparable to

the extent observed in MHC class II genes in ISCs (Figures 3B

and S2E), which was also confirmed by our bulk RNA-seq

analysis (Figure 3C). Aging-related upregulation of MHC class

II genes, Ceacam10, and Ly6e in intestinal epithelial cells

was also previously observed in transcriptome/proteome

data.11,17,27 Therefore, these genes could be reliable aging

markers of the intestinal epithelium.

RNA in situ hybridization analysis validated the upregulation of

these aging markers in aged mouse intestinal epithelium (Fig-

ure 3D). We found distinct expression patterns among these ag-

ing markers in the tissue; H2-Aa expression was much higher in

the villi than in the crypts, whereas Ceacam10 and Ly6e expres-

sion was limited in crypts in aged mice (Figure 3D). Interestingly,

our RNA in situ hybridization indicated that a subset of
g

ithelial cells (young, n = 5,135 from 3 male mice; aged, n = 5,709 from 3 male

cells and transit-amplifying (TA) cells; TA_H, high-proliferative TA cells; TA_L,

nterocytes; EE, enteroendocrine cells. The distribution of young and aged cells

score) of cell-type markers (rows) across the cell clusters (columns) are shown.

< 0.05 by two-tailed Welch’s t test. Data are presented as the mean ± SD.

nregulated (bottom, blue) genes in each intestinal epithelial cell type. Genes not

ependent DEGs shared by at least two cell types. The lower part represents the

ted genes in each cell type are shown at the top of each column.

es (left). Enterocyte-specific expressed genes are shown in black. Violin plots of

d genes and Reg1 and Fth1 as age-dependent downregulated enterocyte-

p < 0.01, ***adjusted p < 0.001.

. Goblet cell-specific expressed genes are shown in black. Violin plots of age-

and Scin) (right). ***adjusted p < 0.001.

. Tuft cell-specific expressed genes are shown in black. Violin plots of age-

nj) (right). ***adjusted p < 0.001.

s were compared against the zonation-dependent gene sets reported in the

ster 5 represents the top villus-enriched genes. Normalized enrichment score

regulated genes at false discovery rate (FDR) <0.05, bars in blue indicate sig-

ars in gray represent gene sets with no significance (FDR >0.05).

ridization (left). Scale bars, 50 mm. The ratio between Reg1 and Apoa1 signal

6. *p < 0.05 and **p < 0.01 by two-tailed Welch’s t test. In the boxplots, the line

show the range.
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Figure 3. Identification of aging markers of intestinal epithelium

(A) Dot plots for enriched GO terms of age-dependent DEGs in each cell type. The p values are shown in the color range. Counts, indicating gene number, are

shown in the dot size.

(B) Violin plots of intestinal agingmarkers, MHC class II genes (H2-Aa,H2-Eb1,H2-Ab1, andCd74),Ceacam10, and Ly6e, in each cell type. ***adjusted p < 0.001.

(C) Expression levels of the aging markers (Ceacam10 and Ly6e) in ISCs (young [male, n = 5; female, n = 6] and aged [male, n = 7; female, n = 5]). RPM (reads per

million mapped reads) from bulk population RNA-seq is shown. **FDR <0.01 and ***FDR <0.001. Data are presented as the mean ± SD.

(D) Representative images ofH2-Aa,Ceacam10, and Ly6e (magenta) RNA in situ hybridization and anti-E-cadherin antibody staining (green). Magnified images of

crypts are shown in the insets. Scale bars, 100 mm H2-Aa and Ly6e are also expressed in immune cells of the lamina propria.

(legend continued on next page)
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enteroendocrine progenitor cells highly express Ceacam10 (Fig-

ure S3). Our findings suggest that, while all the agingmarkers are

significantly upregulated in the ISCs with age, their expression

characteristics vary among the different cell types.

We then looked at the relationship between the aging markers

at the single-cell level in the ISC population (Figures 3E–3H). The

expression of two MHC class II genes, H2-Aa and H2-Ab1,

showed a strong correlation in both young and aged ISCs, sug-

gesting that common factors might regulate these genes (Fig-

ure 3E). Although H2-Aa and Ceacam10 expression showed a

strong correlation (r = 0.958) in young ISCs, notably, their correla-

tion becameweaker (r = 0.740) with aging (Figure 3F). The expres-

sion of Ly6e showed a weak correlation withH2-Aa or Ceacam10

expression in both young and aged ISCs (Figures 3G and 3H).

These results likely indicate that H2-Aa, Ceacam10, and Ly6e

are regulated by different transcriptional mechanisms.

Collectively, our transcriptome analysis identified the aging

markers for the intestinal epithelium; however, MHC class II

genes, Ceacam10, and Ly6e may be regulated by different

mechanisms, suggesting that multiple upstream regulators

govern the intestinal epithelium aging.

Alterations in IFN-g and ERK/MAPK signaling activities
upon aging
By using Ingenuity Pathway Analysis (IPA, Qiagen), we identified

several candidate upstream signaling pathways that were acti-

vated and inactivated in aged mice (Figure 4A; Table S4). Since

interleukin and chemokine receptors were expressed at low

levels in ISCs (Figures 4B, S4A, and S4B), we excluded these

pathways from further validation experiments. Based on previ-

ous studies,13–16 we also screened the mTOR and fatty acid

oxidation (FAO) signaling pathways. To test whether the pre-

dicted pathways could induce aging-marker expression and ag-

ing-related cellular changes, cytokines or chemical compounds

mimicking upstream regulatory components were added to the

intestinal organoid culture medium (Figure 4C).

Our organoid screen demonstrated that type II IFN, IFN-g,

markedly induced H2-Aa expression beyond in vivo physiolog-

ical levels (Figure 4D). Our time-course analysis revealed that

H2-Aa upregulation occurred as early as 4 h after IFN-g treat-

ment, and its upregulation was prevented by the JAK1/2 inhibitor

ruxolitinib (Figures 4E and S4C). Previous studies have shown

that during acute inflammation in youngmice, IFN-g signaling in-

creases the expression ofMHCclass II genes in intestinal epithe-

lial cells.28,29More recently, studies have also reported thatMHC

class II genes are directly regulated by the STAT1 transcription

factor downstream of the IFN-g signaling pathway in the aging

intestine.18,26 In line with these findings, our RT-qPCR analysis

confirmed an aging-related increase in Ifng mRNA expression

at the whole-tissue level (Figure 4F), indicating that activation

of IFN-g signaling during aging upregulates MHC class II gene

expression.
(E–H) Density scatterplots of intestinal aging marker expression in young and ag

derived from youngmice and agedmice. Plots of youngmouse-derived cells are c

red dotted lines. Pearson correlation coefficients and p values are shown for ISCs

and aged mice only (Aged).

See also Figure S2 and Figure S3.
Interestingly, previous reports have identified Ly6e as an IFN-

inducible gene.30,31 We found that IFN-g, type I IFN (IFN-a), or

the TLR3 ligand (poly(I:C)) increased Ly6e expression in intestinal

organoids (Figure 4D). Our time-course analysis revealed that

Ly6e was upregulated as early as 4 h after IFN-a treatment,

whereas IFN-g and poly(I:C) induced Ly6e expression at later

time points (Figure 4E). Poly(I:C) treatment also induced type III

IFNs, Ifnl2 and Ifnl3, before Ly6e upregulation (Figure S4D).

This upregulation of Ly6e induced by IFN-a or IFN-l at 4 h could

be suppressed by adding a JAK1/2 inhibitor (Figure S4E). Our re-

sults revealed that H2-Aa and Ly6e exhibit different sensitivities

to IFN-g and IFN-a/l treatment (Figures 4E, S4C, and S4E). It

is known that IFN-g activates the STAT1 homodimer, whereas

IFN-a/l also activates the STAT1/STAT2 heterodimer to regulate

different gene sets.32,33 Therefore, H2-Aa and Ly6e may be

induced by distinct types of IFN in the aging intestine. Although

RT-qPCR analysis did not detect type I and type III IFN mRNA

expression at the whole-tissue level in vivo, this is likely due to

their low expression levels.

We also observed that IFN-g decreased Ceacam10 expres-

sion, whereas the MEK/ERK MAPK pathway inhibitor (iMEK)

increased Ceacam10 expression in a dose-dependent manner

(Figure 4D). Moreover, only iMEK treatment increased the

enteroendocrine cell marker while decreasing the proliferative

marker Ki67 (Figure 4D), reflecting aging-related changes. These

findings are consistent with a previous study showing that iMEK

increases quiescent Lgr5+ ISCs and enhances enteroendocrine

cell differentiation in intestinal organoids.21

Immunostaining of young intestinal epithelia for phospho-

ERK1/2, the active form of ERK/MAPK, represented a mosaic

distribution pattern within the intestinal crypts (Figures 4G and

S4F), likely due to the oscillatory nature and active propagation

of ERK/MAPK signaling in the intestine.34 We found a progres-

sive decrease in phospho-ERK1/2 levels in the crypts with aging

(Figures 4G and S4F). These results indicate that aging results in

ERK/MAPK signaling inactivation, affecting Ceacam10 expres-

sion as well as cell proliferation and differentiation within the

aged intestine. However, the induction of Ceacam10 expression

required a relatively long time (24 and 48 h) after iMEK treatment

(Figure 4E), indicating that Ceacam10may not be a direct down-

stream target of ERK/MAPK signaling.

Since the TLR1 ligand Pam3CSK4 also induced Ceacam10

expression (Figure 4D), we examined whether downstream

regulators of TLR signaling, such as p38/MAPK, JNK/MAPK,

and NF-kB, are involved in iMEK-induced Ceacam10 expres-

sion. We found that a p38/MAPK signaling inhibitor suppressed

both iMEK- and Pam3CSK4-induced Ceacam10 expression

(Figure S4G). As a previous study demonstrated p38/MAPK

signaling activation in the aged intestinal epithelium,15 our

findings suggest that age-dependent ERK/MAPK signaling

inactivation may lead to p38/MAPK signaling activation, thereby

inducing Ceacam10 expression.
ed mouse-derived ISCs. Expression levels are shown as Z scores using ISCs

ircled by blue dotted lines, and plots of agedmouse-derived cells are circled by

derived from young and aged mice (Young + Aged), young mice only (Young),
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Figure 4. Identification of signaling path-

ways that induce the aging characteristics

in intestinal epithelium

(A) Bar plots for Ingenuity Pathway Analysis

(IPA, Qiagen) on ISC bulk population RNA-seq

data (left) and stem cell population scRNA-seq

data (right). Activation Z scores are shown. Bars

in red indicate the predicted aging-dependent

activated pathways, and bars in blue indi-

cate the predicted aging-dependent inhibited

pathways.

(B) Heatmaps for average expression levels of

cytokine/chemokine receptors (top) and pattern

recognition receptors (bottom) in Lgr5GFPhigh

ISCs (young male, n = 5; aged male, n = 7). RPM

from bulk population RNA-seq is shown in the

color range.

(C) Scheme for the screening assay for upstream

regulators using intestinal organoids. MC, me-

dium change.

(D) RT-qPCR analysis of H2-Aa, Ceacam10 and

Ly6e (aging markers), Lgr5 (ISC marker), Ki67

(cell proliferative marker), and Chga (enter-

oendocrine cell marker) expression. Cytokines or

chemical compounds were added at several

doses (see STAR Methods). Expression levels

in freshly isolated crypts are also shown (purple).

The log fold changes in gene expression

relative to the expression in control samples are

shown.

(E) RT-qPCR analysis of H2-Aa, Ceacam10,

and Ly6e. IFN-g (0.5 ng/mL), PD0325901

(3 mM), IFN-a (1 ng/mL), or poly(I:C) (10 mg/mL)

was added for 4, 10, 24, and 48 h (n = 4).

The log fold changes in gene expression

relative to the expression in the 0 h samples

are shown. The data are presented as the

mean + SD.

(F) RT-qPCR analysis of Ifng expression in young,

aged, and super-aged mouse small intestines

(young male, n = 9; aged male, n = 7; super-aged

male, n = 7).

(G) Representative images of anti-phospho-

ERK1/2 (p-ERK1/2) antibody staining in trans-

verse sections of the small intestine (left). Scale

bars, 1 mm. (Right) p-ERK1/2 levels are divided

into four levels (+++, positive in the whole

crypt; ++, positive in the upper half of the

crypt; +, positive in the peripheral region of the

crypt and villus; �, negative). Crypts are shown as red dotted lines (bottom right). Quantification of p-ERK1/2 levels in the crypts is shown (young male, n =

5; aged male, n = 5).

(F and G) *p < 0.05 by two-tailed Welch’s t test. Data are presented as the mean ± SD.

See also Figure S4 and Table S4.
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Together, our findings suggest that the activation of IFN-g

signaling and inactivation of ERK/MAPK signaling occur simulta-

neously in the intestinal epithelium during aging, inducing tran-

scriptional and cellular changes.

The activation of IFN-g signaling and inactivation of
ERK/MAPK signaling act in a compensatory manner to
maintain the ISC pool
Previous studies using young mice have shown that T cell-

derived IFN-g is associated with cell death of active ISCs and se-

vere inflammation.19,20 Inactivation of the ERK/MAPK pathway
8 Cell Reports --, 115286, --, 2025
induces ISC quiescence and enteroendocrine cell differentiation

while inhibiting differentiation to enterocytes, leading tomalnutri-

tion.21,22 Hence, the changes in these signaling pathways have

negative impacts on intestinal epithelial homeostasis in young

mice. However, the combined effects of these signaling activities

on intestinal homeostasis are yet to be elucidated.

Therefore, we examined the combined effects of IFN-g and

iMEK treatment on ISCs using intestinal organoids from young

mice (Figure 5A). Organoid size did not change with IFN-g treat-

ment alone. iMEK alone caused a smaller organoid size. Impor-

tantly, the addition of IFN-g rescued the reduced organoid size
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phenotype resulting from iMEK treatment in a dose-dependent

manner. A short pulse of EdU in organoids clearly showed that

iMEK induced a quiescent state, but IFN-g released these cells

from this state (Figure 5B). Previous studies have shown that

prolonged treatment of high-dose IFN-g causes organoid

death.19,20 Notably, our data showed that combining iMEK and

high-dose IFN-g (5 ng/mL) mitigates the organoid damage

induced by either single treatment (Figure 5C). The efficiencies

of intestinal organoid formation between young and aged

mice were similar (Figure S5A), and we also found that the com-

bined effects of IFN-g and iMEK treatment on organoids derived

from aged mice were comparable to those from young mice

(Figures S5B–S5D). Collectively, our organoid data suggest

that the IFN-g signaling and ERK/MAPK signaling pathways

act in a compensatory manner to maintain the ISC pool in both

young and aged mice.

The balance of IFN-g and ERK/MAPK signaling activities
influences intestinal homeostasis
By modulating the balance between the IFN-g and the ERK/

MAPK signaling pathways in our intestinal organoid system,

we also observed that some characteristic features are associ-

ated with aging in the intestinal epithelium (Figures 5D–5K and

S5E–S5K). Lgr5 was upregulated by iMEK and downregulated

by IFN-g in a dose-dependent manner, and both iMEK and

IFN-g primarily offset these opposing effects (Figures 5E and

S5E). At the same time, Ki67 expression was downregulated

by iMEK and rescued by IFN-g in a dose-dependent manner

(Figures 5F and S5F). Moreover, Gapdh, a glycolytic enzyme

highly expressed in absorptive (enterocyte) lineage, is downre-

gulated by iMEK and rescued by IFN-g (Figures 5G and S5G).

These findings suggest that the optimal balance of iMEK and

IFN-g is critical for maintaining ISCs and their proliferative

capacity and enterocyte-lineage commitment at a level similar

to that observed under control culture conditions. We also
Figure 5. The effects of IFN-g and ERK/MAPK signaling modulation on

(A) The MEK/ERK MAPK inhibitor PD0325901 (1, 3, or 10 mM) and/or IFN-g (0

Representative images of intestinal organoids (left). Scale bars, 100 mm. The size

(B) PD0325901 (3 mM) and/or IFN-g (0.5 ng/mL) was added to the organoid cultur

medium. Representative images of EdU-stained intestinal organoids (left). Scale

organoids from three independent experiments (right).

(C) PD0325901 (3 mM) and/or IFN-g (5 ng/mL) was added to the organoid culture

intestinal organoids (left). Scale bars, 100 mm. The proportion of intact area (PI neg

experiments (right).

(D) Experimental scheme for (E)–(K). IFN-g (0.05, 0.5, or 5 ng/mL) and/or PD0325

(E–K) RT-qPCR analysis of Lgr5 (ISC marker), Ki67 (cell proliferative marker), G

(Paneth cell marker), Trpm5 (tuft cell marker), andMuc2 (goblet cell marker) from th

to the expression in control samples are shown in the color range. The p values cal

in the dot size.

(L) Cell differentiation was induced by removing R-spondin1 and adding IWP2 (EN

added to the culture medium for 48 h. The results are shown in (M)–(Q). Represe

(M) RT-qPCR analysis of age-enriched enterocyte markers (Apoa1 and Fabp2) fr

relative to the expression in control samples are shown.

(N) RT-qPCR analysis of young-enriched enterocyte markers (Reg1 and Fth1) fr

relative to the expression in control samples are shown.

(O–Q) RT-qPCR analysis of goblet cell-specific genes (O), enteroendocrine marke

log fold changes in gene expression relative to the expression in control sample

(A–C and M–Q) *p < 0.05, **p < 0.01, and ***p < 0.001 by paired two-tailed t test

See also Figure S5.
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observed that themarker genes of secretory cell types, including

enteroendocrine, Paneth, tuft, and goblet cells, were upregu-

lated by iMEK treatment and downregulated by IFN-g treatment

(Figures 5H–5K and S5H–S5K). Importantly, the sensitivity to

iMEK or IFN-g treatment differed among cell types; Chga, an en-

teroendocrine cell marker, showed higher sensitivity to iMEK and

lower sensitivity to IFN-g than other secretory cell-type markers

(Figures 5H–5K and S5H–S5K). These differences in sensitivity to

the two signaling pathways in secretory cell differentiation clarify

why only enteroendocrine cell numbers were significantly

increased in the aged intestine in vivo (Figure 1F).

Next, we further investigated the effects of iMEK and IFN-g

treatment on the cell maturation process (Figure 5L). Our results

showed that iMEK treatment tended to suppress the expression

of Apoa1 and Fabp2, which are genes characteristic of aged en-

terocytes, and that this suppression was rescued upon IFN-g

addition under the cell differentiation condition (Figures 5M

and S5L). On the other hand, the expression of Reg1 and Fth1,

which are genes characteristic of young enterocytes, was

reduced by IFN-g treatment (Figures 5N and S5M). These results

suggest that IFN-g predominantly enhances enterocyte matura-

tion toward a more aged phenotype, consistent with the high

expression levels of IFN-g receptors (Ifngr1 and Ifngr2) in mature

enterocytes (Figure S4A). In goblet cells, age-dependent down-

regulated genes, such as S100a6 and Clca1 (Figure 2F), tend to

be synergistically suppressed by the combined treatment of

iMEK and IFN-g (Figure 5O). In contrast, pan-goblet marker

genes, such as Muc2 and Fcgbp, were exclusively downregu-

lated by IFN-g treatment (Figure 5O). This result suggests that

synchronized alteration in these two signaling activities affects

goblet cell functions without changing the number of cells.

Consistent with Figure 5H, Chga, an enteroendocrine cell

marker, showed higher sensitivity to iMEK and lower sensitivity

to IFN-g under the differentiation condition (Figure 5P). We found

that both the pan-Tuft cell marker Trpm5 and age-dependent
intestinal organoids derived from young mice

.05. 0.5, or 5 ng/mL) was added to the organoid culture medium for 24 h.

of organoids per condition from three independent experiments (right).

e medium for 24 h. For the last 2 h, EdU (final 10 mM) was added to the culture

bars, 100 mm. The number of EdU-positive cells per circumference (mm) of

medium for 3 days. Representative images of propidium iodide (PI) staining in

ative) relative to the total area (PI positive and negative) from three independent

901 (1, 3, or 10 mM) was added to the culture medium for 24 h.

apdh (enterocyte lineage marker), Chga (enteroendocrine cell marker), Lyz1

ree independent experiments. The log fold changes of gene expression relative

culated by paired two-tailed t test comparedwith the control sample are shown

+ IWP2) for 48 h. IFN-g (0.05, 0.5, or 5 ng/mL) and/or PD0325901 (3 mM) was

ntative images of intestinal organoids (bottom). Scale bars, 100 mm.

om three independent experiments. The log fold changes in gene expression

om three independent experiments. The log fold changes in gene expression

r (P), and tuft cell-specific genes (Q) from three independent experiments. The

s are shown.

. Data are presented as the mean ± SD.
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upregulated genes, such as Rgs13 and Ccnj (Figure 2G), were

significantly upregulated by iMEK treatment and downregulated

by IFN-g treatment, indicating that age-dependent upregulation

of some tuft cell-specific genes is induced by other factors (Fig-

ure 5Q). In summary, our findings reveal that the combination

and the optimal balance of IFN-g signaling and ERK/MAPK

signaling activities preserves the stem cell pool, but these

signaling alterations occur at the expense of aging-related

changes in enterocytes, enteroendocrine cells, and goblet cells.

Myc is a key regulator of active and quiescent states in
intestinal organoids downstream of IFN-g and ERK/
MAPK signaling pathways
To investigate the molecular mechanisms underlying the cross-

talk between IFN-g and ERK/MAPK signaling pathways, we per-

formed bulk RNA-seq on intestinal organoids treated with IFN-g

and/or iMEK for 1, 6, and 24 h. Hierarchical clustering analysis

showed that samples treated with IFN-g or iMEK for 6 or 24 h

were grouped into different clusters (Figure 6A). Notably, sam-

ples treated with the combination of IFN-g and iMEK clustered

with the IFN-g-treated samples, indicating that iMEK-induced

changes are canceled by IFN-g treatment at 6 and 24 h.

Then, we examined the effects of IFN-g treatment on iMEK-

treated intestinal organoids (Figures 6B and S6A; Table S5).

Among the iMEK-dependent upregulated genes, a small fraction

was further upregulated by IFN-g treatment (group 1), which was

associated with immune system processes. In approximately

70% of the iMEK-dependent upregulated genes, IFN-g treat-

ment suppressed the iMEK-induced upregulation by more than

50% (group 2). GO analysis revealed that antimicrobial peptides

were enriched in group 2 at 24 h, therefore indicating the likely

differentiation toward the Paneth cell lineage, which is the pri-

mary producer of antimicrobial peptides. Therefore, this sug-

gests that iMEK promotes Paneth cell differentiation, whereas

IFN-g treatment reverses these effects. Upstream regulator

analysis using IPA software predicted that the activation of

several signaling pathways, such as immune response (triggered

by lipopolysaccharide), Wnt/b-catenin signaling (activation of

CTNNB1 and TCF7L2), PI3K signaling (inactivation of PI3K inhib-

itor LY294002), and transforming growth factor-b (TGF-b)

signaling (activation of TGFB1), could contribute to iMEK-depen-
Figure 6. Bulk RNA-seq analysis reveals the combined effects of IFN-g

(A) Hierarchical clustering of intestinal organoid samples treated with IFN-g (1.5 n

were analyzed.

(B) iMEK-dependent upregulated and downregulated genes at 24 h were class

heatmap representing the genes in each group (center). Representative GO term

(C) Results of IPA for iMEK-dependent upregulated genes at 24 h (left) and grou

(D) Heatmap showing well-known ISC marker genes at 24 h after treatment.

(E) Results of IPA for iMEK-dependent downregulated genes at 24 h (left) and gr

(F) RT-qPCR analysis of Myc (n = 3 for 0 h Ctrl, n = 4 for other conditions).

(G) PD0325901 (3 mM) and/or IFN-g (1.5 ng/mL) was added to the organoid cul

organoids treated with PD0325901 and IFN-g. EdU (final 10 mM) was added to th

stained intestinal organoids (top). Scale bars, 100 mm. The number of EdU-positive

(bottom).

(H) IFN-g-dependent up-/downregulated genes at 24 h were classified into four

resenting genes in each group (center). Representative GO terms enriched in ea

(F and G) *p < 0.05, **p < 0.01, and ***p < 0.001 by paired two-tailed t test. Data

See also Figure S6 and Tables S5 and S6.
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dent gene upregulation (Figures 6C and S6B). Among these

pathways, Wnt/b-catenin signaling and TGF-b signaling were in-

ferred to be inactivated by IFN-g, thereby counteracting the ef-

fects induced by iMEK. These results align with the observation

that iMEK and IFN-g tend to have opposing effects on the

expression levels of well-known ISC markers regulated by the

Wnt/b-catenin signaling pathway (Figure 6D).

As for iMEK-dependent downregulated genes, in approxi-

mately 60% of these genes, IFN-g treatment prevented

this downregulation by more than 50% (Figures 6B and S6A,

group 3). Several cell-cycle regulators, such as Myc, E2f1, and

Ccnd1, were predicted to regulate group 3 genes (Figures 6E

and S6C; Table S6), and their expression levels were also altered

by iMEK and/or IFN-g treatment (Figures 6F and S6D). E2f1 and

Ccnd1 were downregulated by iMEK, and this effect was

blocked by addition of IFN-g treatment after 6 h. In contrast,

Myc expression responded as early as 1 h after treatment. Inter-

estingly, IFN-g treatment alone tended to increase Myc expres-

sion at an early point, suggesting that Myc may be a common

downstream target of both the ERK/MAPK and the IFN-g

signaling pathways. Indeed, EdU incorporation analysis showed

that inhibiting Myc activation with the small-molecule inhibitor

10058-F4 partially reduced the rescue effects of IFN-g treatment

on iMEK-induced quiescence (Figure 6G).

Next, we examined the effects of iMEK on IFN-g-treated intes-

tinal organoids (Figures 6H and S6E). Among the IFN-g-depen-

dent upregulated genes, only a small fraction was further upregu-

lated (group 5) or counteracted (group 6) upon iMEK treatment,

indicating that IFN-g-induced genes were largely unaffected by

ERK/MAPK signaling. Interestingly, however, MHC class II genes

(H2-Eb1, H2-DMa, H2-Aa, and H2-Ab1) were among the genes

that were synergistically upregulated at 24 h (group 5), suggesting

that upregulation of MHC class II gene expression is synergisti-

cally regulated by IFN-g signaling activation and ERK/MAPK

signaling inactivation. Among the IFN-g-dependent downregu-

lated genes, only a small fraction of genes was further downregu-

lated by iMEK (group 8). In approximately 40% of the IFN-

g-dependent downregulated genes, additional iMEK treatment

prevented the IFN-g-induced downregulation by more than 50%

(group 7), suggesting that IFN-g-dependent downregulation is

partially counteracted by ERK/MAPK inactivation.
and iMEK treatment on intestinal organoids

g/mL) and/or iMEK (3 mM) for 1, 6, and 24 h. For each condition, two replicates

ified into four groups (groups 1–4). Grouping criteria are shown on the left. A

s enriched in each group (right).

p 2 genes (right). The top five activated or inactivated regulators are listed.

oup 3 genes (right). The top five activated or inactivated regulators are listed.

ture medium for 24 h. The Myc inhibitor 10058-F4 (50 mM) was added to the

e culture medium for the last 2 h of incubation. Representative images of EdU-

cells per circumference (mm) of organoids from three independent experiments

groups (groups 5–8). Grouping criteria are shown on the left. A heatmap rep-

ch group (right).

are presented as the mean ± SD.
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Collectively, our findings in intestinal organoids demonstrate

that global transcriptional changes resulting from the inactivation

of ERK/MAPK signaling can largely be counteracted by IFN-g

signaling activation. In addition, we also show Myc transcription

factor as a key regulator in shifting between the active and the

quiescent states of intestinal organoids downstream of IFN-g

andERK/MAPKsignalingpathways.Moreover,weshowthat inac-

tivation of ERK/MAPK signaling does not affect IFN-g-induced

gene upregulation or even enhanced IFN-g-induced MHC

class II gene expression. These findings are consistent with our

observations in aged ISCs, where immune-response genes

activated by IFN-g signaling are prominently upregulated with

age, while cell proliferation states remain unchanged in the ISC

population.

The equilibrium between the active and the quiescent
states in the aged ISC population
Next, we explored the possibility of an equilibrium existing be-

tween the active and the quiescent states in the aged ISC pop-

ulation. Using our scRNA-seq data, we examined the correlation

between cell-cycle state and a total of 15 age-dependent upre-

gulated genes, which are the commonly upregulated genes

across three studies, including our study, Omrani et al.,18 and

Funk et al.26 (Figures S2E and S7A). Cell-cycle scores in

the aged ISC population (cells within the stem cell cluster

shown in Figures 2A and 2B) showed only weak correlations

(�0.3 < r < 0.4) with the expression levels of all individual age-

dependent upregulated genes, suggesting that these genes

are not strongly associated with cell-cycle state individually. As

our organoid data indicated that the balance between IFN-g

and ERK/MAPK signaling is crucial for regulating cell-

cycle state, we next investigated whether the balance in expres-

sion levels between the downstream genes of IFN-g and

ERK/MAPK signaling—H2-Aa and Ceacam10, respectively—is

associated with cell-cycle state. Indeed, we observed that the

balance of H2-Aa and Ceacam10 expression is closely related

to cell cycle and cell-type signature (Figures 7A–7C). Aged

ISCs with H2-Aa-biased expression exhibited high proliferative

signatures, indicating that these cells are in the active cycling

state (Figures 7A, S7B, and S7C). On the other hand, ISCs with

Ceacam10-biased expression showed low proliferative and

higher stem cell signatures, suggesting that these ISCs are remi-

niscent of the quiescent Lgr5+ ISCs induced by ERK/MAPK inac-

tivation in vitro (Figures 7A and 7B, S7C, and S7D). Notably, a

fraction of Ceacam10-biased ISCs showed an enhanced enter-

oendocrine cell signature (Figures 7C and S7E), consistent with

previous studies showing that quiescent, label-retaining Lgr5+

ISCs are precursors of the enteroendocrine cell lineage.21,35,36

Thus, our results imply that the balance of H2-Aa andCeacam10

expression levels is associated with the active and quiescent

states of Lgr5+ ISCs.

Finally, we investigated how the balance of H2-Aa and Cea-

cam10 is affected throughout the lifespan in vivo (Figure 7D).

We observed cooperative changes in intestinal crypt cells over

the lifespan, with increased expression of Ceacam10 and

H2-Aa in super-aged (28–30 months of age) mice than in mid-

dle-aged (12–18 months of age) or aged mice. Our findings un-

derscore a sophisticated balance of intestinal aging marker
expression levels at the individual level. Taken together with

our scRNA-seq analysis, which shows that the appropriate

balance of aging markers is associated with the optimal balance

between active and quiescent states of Lgr5+ ISCs, our

findings suggest that the synergistic regulation of these aging

markers is closely related to the lifelong maintenance of the

ISC pool.

DISCUSSION

In this study, we describe an aging-induced signaling mecha-

nism, which is dependent on the synchronized activation of

IFN-g and inactivation of ERK/MAPK signaling pathways, that

functions to maintain an equilibrium between active and quies-

cent states of Lgr5+ ISCs during aging. Intriguingly, although

each signaling pathway change alone induces severe damage

to the intestinal epithelium,18–22 the combination of these two

pathway changes appears to act as a buffering system to miti-

gate the deterioration of ISC homeostasis during aging.

Our findings demonstrate that the ISC numbers and prolifera-

tive cell state are determined by the balance of activity between

the IFN-g signaling and the ERK/MAPK signaling pathways.

In our experiments, aged mice tended to show moderately

increased ISC numbers and decreased proliferative capacity in

progenitor cells, which suggests that changes in ERK/MAPK

signaling have a more significant impact on intestinal homeosta-

sis than changes in IFN-g signaling. However, whether the ISC

number increases, decreases, or is unchanged upon aging re-

mains rather controversial.11–16,18,26 At least in part, animal

breeding conditions may affect the balance between these two

signaling pathways.

Our analysis using intestinal organoids showed that aging-

related changes were induced in differentiated cells, especially

in enterocytes as well as enteroendocrine and goblet cells, under

combined treatment with iMEK and IFN-g. These results are

consistent with our in vivo observations that the differentiated

cell types represented more prominent aging-induced changes

than ISCs. Interestingly, genes involved in lipid transport and

metabolism were upregulated in aged mature enterocytes,

suggesting that the changes in enterocyte maturation may be

associated with lipid metabolism disorders. Previous studies

have shown that an increase in enteroendocrine cells induces

enhanced lipid metabolism and impaired glucose homeosta-

sis.37,38 Our findings support the possibility that aging-related

changes in these two cell types may affect the metabolism of

the whole body and induce aging-related diseases in other

organs. Furthermore, one of the age-dependent goblet cell-

specific downregulated genes, Clca1, has been reported to

regulate mucus barrier function,39,40 indicating that aging-

related changes in goblet cells may impair the mucus barrier

functions, leading to systemic inflammation. Therefore, resetting

both ERK/MAPK and IFN-g signaling activities to a younger state

may have beneficial effects as a potential antiaging therapeutic

strategy, with a minimum impact on ISCs.

Microbiome dysbiosis and immune cell activation are often

observed in the aged intestine,9,10 suggesting that the tissue

microenvironment modulates ERK/MAPK and IFN-g signaling

pathways. Our analysis showed that the activation of the
Cell Reports --, 115286, --, 2025 13
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Figure 7. The balance of aging markers is associated with the active and quiescent states of aged ISCs

(A–C) Scatterplots of aging markers in aged mouse-derived ISCs using our scRNA-seq data. The expression levels of H2-Aa and Ceacam10 are shown in the Z

score using aged mouse-derived ISCs (cells in stem cell cluster). The cell cycle score, stem cell score, and enteroendocrine cell score for each cell are shown in

the indicated colors.

(D) Scatterplot of H2-Aa and Ceacam10 expression levels in intestinal crypt cells from young male (2 months of age, n = 4), middle-aged male (12–18 months of

age, n = 7), aged male (24–27 months of age, n = 9), and super-agedmale (28–30 months of age, n = 9) mice (left). Expression levels were analyzed by RNA in situ

hybridization, and the relative signal intensity in the crypt area is shown. The statistical results forH2-Aa expression are shown in pink, andCeacam10 expression

is shown in blue. *p < 0.05 and **p < 0.01 by two-tailed Welch’s t test. Representative images of H2-Aa and Ceacam10 RNA in situ hybridization (right). Images in

the same column are from the same mouse intestine sample. Scale bars, 50 mm.

See also Figure S7.
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TLR1/2 signaling pathway can also induce Ceacam10 expres-

sion (Figure 4D). Moreover, previous studies have shown that

Tlr1 or Tlr2 knockout in young mice increases cell proliferation

and decreases enteroendocrine cell numbers in the colon,41,42

which are opposite effects to those observed in the aged intes-

tine. Therefore, ERK/MAPK signaling inactivation may be

related to gut microbiota-induced TLR1/2 signaling activation,

although further investigation is necessary. Our transcriptome

analysis showed that IFNs are not expressed in any of the in-

testinal epithelial cell types. A recent report has shown that

the cytotoxic CD4 T cells and group 2 innate lymphoid (ILC2)

cells in the intestinal lamina propria express IFN-g in aged

mice.18 Our data also showed increased infiltration of CD4

T cells in the area surrounding the crypts (Figure 1D), indicating

that CD4 T cell-derived IFN-g may affect aged ISCs. Interest-
14 Cell Reports --, 115286, --, 2025
ingly, our bulk RNA-seq analysis of intestinal organoids re-

vealed that IFN-g-induced MHC class II gene expression

was further enhanced by iMEK (Figure 6H). These findings

suggest the potential presence of a signaling buffering

system mediated by cell-cell interaction between ISCs and

CD4 T cells, in which ERK/MAPK signaling inactivation en-

hances MHC class II expression in ISCs, thereby recruiting

more CD4 T cells to ISCs through T cell receptor (TCR)-MHC

interactions and amplifying the activation of IFN-g signaling in

ISCs. Further analyses of the gut microbiome and immune cells

would be necessary to clarify the process of intestinal epithelial

aging.

In summary, our study identifies the network of signaling path-

ways necessary for maintenance of the ISC pool during aging

and clarifies the importance of studying the combinational
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effects and the balance of multiple signaling pathways during or-

gan aging, which will provide new potential avenues for better

antiaging therapeutic strategies.

Limitations of the study
Our data indicate that modulating IFN-g and ERK/MAPK

signaling pathways in intestinal organoids partially mimics the

aging process of the intestinal epithelium. However, the in vivo

aging process involves various additional changes. Since ERK/

MAPK activation occurs in a pulse-like pattern in vivo,34 more

precise temporal modulation of ERK/MAPK signaling may be

essential to more accurately recapitulate the aging process.

Furthermore, the effects of upstream regulators of Ly6e on intes-

tinal organoids were not examined in this study, and hence,

future studies could explore the modulation of multiple signaling

pathways in intestinal organoids to advance an ex vivo model of

intestinal epithelium aging.

In this study, we demonstrate that the equilibrium between

active and quiescent states of Lgr5+ ISCs is associated with

the balance between IFN-g and ERK/MAPK signaling pathways.

While previous studies using young mice have identified quies-

cent, injury-inducible ‘‘reserve stem cells’’ or ‘‘+4 cells’’ with

properties distinct from those of Lgr5+ ISCs,43 our study did

not analyze the dynamics of these quiescent, reserve stem

cells/+4 cells during aging.

In this study, aging-related changes in gene expression were

more pronounced in male mice, with a notable increase in the

expression of MHC class II genes observed specifically in males.

Consequently, the experiments presented from Figure 2 onward

primarily utilizedmalemice. The potential sex-specific difference

in the balance between the IFN-g signaling pathway and the

ERK/MAPK signaling pathway remains an open question for

future investigation.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-Ki67 Abcam Cat# ab15580; RRID:AB_443209

anti-Olfm4 Cell Signaling Technology Cat# 39141; RRID: AB_2650511

anti-CD4 Abcam Cat# ab183685; RRID: AB_2686917

anti-Lyz1 Abcam Cat# ab108508; RRID: AB_10861277

anti-Chromogranin A Abcam Cat# ab15160; RRID: AB_301704

anti-Dclk1 Abcam Cat# ab37994; RRID: AB_873538

anti-phospho-ERK1/2 Cell Signaling Technology Cat# 4376; RRID: AB_331772

anti-E-Cadherin BD Biosciences Cat# 610181; RRID: AB_397580

Histofine Simple Stain Mouse MAX-PO (R) Nichirei Biosciences Cat# 414341F; RRID: AB_2819094

Goat anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa

FluorTM 488

Thermo Fisher Scientific Cat# A-11034; RRID: AB_2576217

Goat anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa

FluorTM 594

Thermo Fisher Scientific Cat# A-11037; RRID: AB_253409

Goat anti-Mouse IgG (H+L) Cross-

Adsorbed Secondary Antibody, Alexa

FluorTM 633

Thermo Fisher Scientific Cat# A-21050; RRID: AB_2535718

EPCAM-APC(G8.8) BioLegend Cat# 118213; RRID: AB_1134105

CD24-Pacific Blue (M1/69) BioLegend Cat# 101819; RRID: AB_572010

CD45-PE/Cy7 (30-F11) BioLegend Cat# 103113; RRID: AB_312978

Ter119-PE/Cy7 (TER-119) BioLegend Cat# 116221; RRID: AB_2137789

CD31-PE/Cy7 (Mec13.3) BioLegend Cat# 102523; RRID: AB_2572181

Chemicals, peptides, and recombinant proteins

5-FU Sigma‒Aldrich F6627

EdU Thermo Fisher Scientific A10044

10 mM Tris-HCl buffer at pH 9.0 containing

1 mM EDTA

Agilent S2367

10 mM citrate buffer at pH 6.0 Agilent S1699

ImmPACT DAB Vector Labs SK-4105

Alcian blue solution Nacalai 37154

nuclear fast red Scytek Laboratories NFS125

TrypLE Express Thermo Fisher Scientific 12604013

DNaseI Roche 4716728001

MEM Thermo Fisher Scientific 11380037

7-AAD BD Bioscience 559925

RNase inhibitor Thermo Fisher Scientific 10777019

Y27632 Tocris Bioscience 1254

Matrigel Corning 356231

advanced DMEM/F12 Thermo Fisher Scientific 12634

GlutaMax Thermo Fisher Scientific 35050

HEPES Thermo Fisher Scientific 15630

N2 supplement Thermo Fisher Scientific 17502

B27 supplement Thermo Fisher Scientific 17504

mouse recombinant EGF R&D Systems 2028
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

mouse recombinant Noggin PeproTech 250-38

human recombinant R-spondin-1 R&D Systems 4645-RS

N-acetyl-l-cysteine Sigma‒Aldrich A9165

mouse recombinant IFN-g PeproTech 315-05

mouse recombinant IFN-a BioLegend 752802

mouse recombinant TNF-a PeproTech 315-01A

Pam3CSK4 InvivoGen tlrl-pms

Poly (I:C) Tocris Bioscience 4287

LPS Sigma‒Aldrich L4391

Retinoic Acid Sigma‒Aldrich R2625

MHY1485 Sigma‒Aldrich SML0810

EX527 Santa Cruz sc-203044

PD0325901 Wako 162-25291

Etomoxir Sigma‒Aldrich E1905

dimethyl sulfoxide Sigma‒Aldrich D2650

Ruxolitinib Selleck S1378

Recombinant Mouse IL-28B/IFN-lambda 3 R&D Systems 1789-ML

SB203580 Merck Millipore 559389

SP600125 Merck Millipore 420119

BAY 11-7082 Selleck S2913

IWP2 Selleck S7085

Propidium Iodide Sigma‒Aldrich P-4170

Cell Recovery Solution Corning 354253

Critical commercial assays

Click-iT EdU Alexa Fluor 488 Imaging Kit Thermo Fisher Scientific C10337

Vectastain Elite ABC Rabbit IgG kit Vector Labs PK-6101

Histofine DAB Nichirei Biosciences 425011

RNAScope Multiplex Fluorescent v2 Advanced Cell Diagnostics 323100

QIAshredder Qiagen 79656

RNeasy mini kit Qiagen 74106

RNeasy micro kit Qiagen 74004

QuantiTect reverse transcription kit Qiagen 205311

SYBR Premix Ex TaqII Takara RR820

NextSeq 500 High Output v2 Kit Illumina FC-404-2005

Single Cell 3’ Reagent Kits v3.1 10X Genomics 1000128

Next GEM Chip G Single Cell Kit 10X Genomics 1000127

Illumina Stranded mRNA Prep, Ligation kit Illumina 20040532

Deposited data

Bulk population RNA-seq data in Figure 1 This paper GEO: GSE210242

Single-cell RNA-seq data This paper GEO: GSE210242

Bulk population RNA-seq data in Figure 6 This paper GEO: GSE210242

Experimental models: Cell lines

Mouse intestinal organoids This paper N/A

Experimental models: Organisms/strains

Lgr5-eGFP-IRES-CreERT2 Jackson RRID: IMSR_JAX:008875

C57BL/6JmsSlc Japan SLC http://www.jslc.co.jp/animals/mouse.php

Oligonucleotides

Primers used for qRT-PCR, see Table S7 This Study N/A
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Oligonucleotides used for SC3-seq

method, see Table S7

This Study N/A

Software and algorithms

ImageJ Schneider et al. 44 https://imagej.net/ij/

FACSDiva BD Biosciences N/A

FACSFlowJo BD Biosciences N/A

NIS-Elements AR Nikon N/A

GraphPad Prism GraphPad Software N/A

Ingenuity Pathway Analysis Qiagen N/A

R R Development Core Team https://www.r-project.org/

cutadapt Martin et al. 45 https://cutadapt.readthedocs.io/en/stable/

STAR Dobin et al. 46 https://github.com/alexdobin/STAR

Htseq Anders et al. 47 https://htseq.readthedocs.io/en/latest/

DESeq2 Love et al. 48 https://bioconductor.org/packages/devel/

bioc/vignettes/DESeq2/inst/doc/DESeq2.

html

DAVID Huang et al. 49 https://davidbioinformatics.nih.gov/

Cell Ranger 10X Genomics N/A

Seurat Butler et al. 50 https://satijalab.org/seurat/

RECODE Imoto et al. 51 https://github.com/yusuke-imoto-lab/

RECODE

GSEA Subramanian et al. 52 https://www.gsea-msigdb.org/gsea/index.

jsp

Other

Mm-H2-Aa RNA probe Advanced Cell Diagnostics 841761

Mm-Ceacam10 RNA probe Advanced Cell Diagnostics 424581

Mm-Ly6e RNA probe Advanced Cell Diagnostics 802921

Mm-Reg1 RNA probe Advanced Cell Diagnostics 511571

Mm-Apoa1 RNA probe Advanced Cell Diagnostics 807151

Mm-Chga RNA probe Advanced Cell Diagnostics 447851
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse husbandry
Wild type mice and Lgr5-eGFP-IRES-CreERT2 mice1 (Jackson Laboratories, JAX 008875) were maintained on the C57BL/6J back-

ground. Age was classified as follows: young (2-4 months of age), middle-aged (11-18 months of age), aged (22-27 months of age)

and super-aged (28-30 months of age). The sex of the mice used in the experiments is described in the figure legends. Mice were

housed in the conventional animal facility under a 12-h light/12-h dark cycle. All animal experiments were conducted in accordance

with the Regulation on Animal Experimentation at Kyoto University and approved by the Animal Experimentation Committee of Kyoto

University.

Small intestinal organoid culture
The proximal half of the small intestine was dissected, washed with cold PBS (Mg-/Ca-) and opened. Villi were removed by scraping

with glass slides. The tissues were cut into 3-5 mm fragments and washed 5-6 times in cold PBS (Mg-/Ca-) with gentle shaking by

hand. The pieces were then incubated for 30 min at 4�C in PBS (Mg-/Ca-) containing 5 mM EDTA. Crypts were then mechanically

isolated by vigorous shaking and filtered through a 70-mm mesh to remove remaining villus and tissue fragments. Isolated crypts

were counted and embedded in Matrigel (Corning, 356231) at 10 crypts per mL. Twenty-five microlitres drops of Matrigel with crypts

were plated on a 48-well plate (Iwaki, 3830-048) and cultured in advancedDMEM/F12 (Thermo Fisher Scientific, 12634) medium con-

taining 1X GlutaMax (Thermo Fisher Scientific, 35050), 10 mM HEPES (Thermo Fisher Scientific, 15630), 100 U/mL penicillin/

streptomycin (Thermo Fisher Scientific, 15140122), 1X N2 supplement (Thermo Fisher Scientific, 17502), 1X B27 supplement

(Thermo Fisher Scientific, 17504), 50 ng ml�1 mouse recombinant EGF (R&D Systems, 2028), 100 ng ml�1 mouse recombinant
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Noggin (PeproTech, 250-38), 500 ng ml�1 human recombinant R-spondin-1 (R&D Systems, 4645-RS), and 1 mM N-acetyl-l-cysteine

(Sigma‒Aldrich, A9165). Then, 10 mMY27632 (WAKO, 257-00511) was added for the first two days. Themediumwas changed every

other day. The intestinal organoids have not been authenticated, and they have not been tested for mycoplasma contamination.

METHOD DETAILS

5-FU injection to mice
5-FU (Sigma‒Aldrich, F6627) was injected intraperitoneally at 200mg/kg body weight, and the intestine was harvested 72 hours after

5-FU injection.

EdU injection to mice
EdU (Thermo Fisher Scientific, A10044) was injected intraperitoneally at 80 mg/kg body weight, and the intestine was harvested

48 hours after EdU injection.

Tissue sample preparation and phenotypic analysis
Small intestine specimens were washed with cold phosphate-buffered saline (PBS). For immunohistochemistry, immunofluores-

cence, EdU staining and alcian blue staining, proximal regions (6-9 cm from the start of the small intestine) were fixed overnight

in 4% paraformaldehyde in PBS at 4�C or in 10% neutral buffered formalin (NBF) at room temperature. For Figure S4F, the proximal

half of the small intestine was rolled up longitudinally and fixed overnight in 10% NBF at room temperature. The fixed tissues were

dehydrated, embedded in paraffin and sectioned at 4-6 mm thickness by the Center for Anatomical, Pathological and Forensic Med-

ical Research, Kyoto University Graduate School of Medicine. The sections were deparaffinized and rehydrated. Antigen retrieval

was performed by boiling samples for 20-40 min in 10 mM Tris-HCl buffer at pH 9.0 containing 1 mM EDTA (Agilent, S2367) or

10 mM citrate buffer at pH 6.0 (Agilent, S1699). The sections were incubated with the following primary antibodies at 4�C overnight:

anti-Ki67 (Abcam, ab15580; dilution 1:1000), anti-Olfm4 (CST, 39141; dilution range 1:200-1:400), anti-CD4 (Abcam, ab108508; dilu-

tion 1:1000), anti-Lyz1 (Abcam, ab108508; dilution 1:400), anti-Chromogranin A (Chga) (Abcam, ab15160; dilution 1:400), anti-Dclk1

(Abcam, ab37994; dilution 1:50), anti-phospho-ERK1/2 (CST, 4376; dilution 1:400) and anti-E-cadherin (BD Biosciences, 610181;

dilution range 1:200-400). For immunohistochemistry, the sections were incubated with peroxidase-conjugated secondary

antibodies (Vector Labs, Vectastain Elite ABC or Nichirei Biosciences, Histofine) at room temperature for 30 min, and chromogen

development was performed using DAB (Vector Labs or Nichirei Biosciences). The stained slides were counterstained with haema-

toxylin. For immunofluorescence, Alexa Fluor 488-, Alexa Fluor 594- and Alexa Fluor 633-conjugated anti-rabbit or anti-mouse sec-

ondary antibodies (Thermo Fisher Scientific, dilution range 1:200-1:500) were used. The stained slides were counterstained with

Hoechst 33342 (Thermo Fisher Scientific H3570). EdU staining was performed by using the Click-iT EdU Alexa Fluor 488 Imaging

Kit (Thermo Fisher Scientific, C10337) according to the manufacturer’s instructions. For goblet cell analysis, sections were stained

with Alcian blue solution (Nacalai, 37154) and counterstained with nuclear fast red (Scytek Laboratories, NFS125). Crypt height and

villus length were measured using ImageJ software (NIH) 44 based on images of HE-stained sections. More than 30 crypts or 10 villi

per mice were evaluated. For quantification of Ki67, Olfm4 and EdU (4 hours of incorporation) staining, we calculated the number of

positive cells per crypt. More than 25 crypts per mouse were evaluated. To assess the migration rate of intestinal epithelial cells, the

distance from the crypt/villus boundary to the tip of EdU-positive cells at 48 hours post-EdU treatment was measured using ImageJ.

More than 24 crypt-villus axes per mouse were measured. For quantification of Chga, alcian blue and Dclk1 staining, the number of

positive cells from 3-4 small intestine transverse sections per mouse was measured and divided by the total area of the tissue. For

quantification of CD4 staining, the number of CD4-positive cells in the crypt surrounding area from 3-4 small intestine transverse sec-

tions per mouse was measured and divided by the crypt area. For assessment of phospho-ERK1/2 levels (Figure 4G), all crypts from

3-4 small intestine transverse sections per mouse were analysed based on the criteria shown in the figure legend.

Flow cytometry
The isolated crypts were dissociated into single cells by treating the cells with TrypLE Express (Thermo Fisher Scientific, 12604013)

containing DNase I (10 U uL-1, Roche, 4716728001) for 30 min at 37�C and gentle pipetting. The dissociated cells were resuspended

in cold MEM (Thermo Fisher Scientific, 11380037) and incubated with the following antibodies for 30 min at 4�C: EPCAM-APC (G8.8)

(BioLegend, 118213) and CD24-Pacific Blue (M1/69) (BioLegend, 101819), both at 1:500. Finally, the cells were resuspended inMEM

supplementedwith 7-AAD (BDBiosciences, 559925, dilution 1:100), 100UmL-1 RNase inhibitor (Thermo Fisher Scientific, 10777019)

and 10 mM Y27632 (Tocris Bioscience, 1254). Cells were sorted using a FACSAria II or FACSAria IIu (BD Biosciences). ISCs were

isolated as Lgr5GFPhighEpcamhighCD24low7-AAD�, progenitors were isolated as Lgr5GFPmedium/lowEpcamhighCD24low7-AAD�,
and Paneth cells were isolated as CD24highSidescatterhighLgr5GFP�Epcamhigh7-AAD�. The gating strategies are shown in Fig-

ure S1E. For cell preparation for single-cell RNA-seq analysis, the following antibodies were added to remove leukocytes, erythroid

cells and endothelial cells, all at 1:500: CD45-PE/Cy7 (30-F11) (BioLegend, 103113), Ter119-PE/Cy7 (TER-119) (BioLegend, 116221)

and CD31-PE/Cy7 (Mec13.3) (BioLegend, 102523). Intestinal epithelial cells were isolated as Epcamhigh CD31�Ter119�CD45�7-
AAD� cells. Data were analysed using FACSDiva and FlowJo (BD Biosciences).
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RNA in situ hybridization
RNA in situ hybridization was performed with RNAScopeMultiplex Fluorescent v2 (Advanced Cell Diagnostics, 323100) according to

the manufacturer’s instructions. The following probes were used: H2-Aa, Mm-H2-Aa, #841761; Ceacam10, Mm-Ceacam10, Ly6e,

Mm-Ly6e, #802921; Reg1, Mm-Reg1, #511571; Apoa1, Mm-Apoa1, #807151; Chga, Mm-Chga, #447851. For the quantification of

RNA in situ hybridization in Figure 2I, 3-4 small intestine transverse sections were imaged at 40X magnification with an Eclipse Ti2

microscope (Nikon). Themean signal intensity in each villus axis wasmeasured by using ImageJ software. More than 50 villi axes per

mouse were measured. For the quantification of RNA in situ hybridization in Figure 7D, stained samples were randomly imaged at

400X magnification with an Eclipse Ti2 microscope (Nikon). The mean signal intensity in each crypt was measured by using ImageJ

software. Crypt cells were identified by E-cadherin staining. More than 20 crypts per mouse were measured.

Intestinal organoid treatments
In Figure 4D, on the fourth day after plating, the following cytokines or small molecule compounds were added to the intestinal orga-

noid culture medium for 24 hours: mouse recombinant IFN-g (PeproTech, 315-05), mouse recombinant IFN-a (BioLegend, 752802),

mouse recombinant TNF-a (PeproTech, 315-01A), Pam3CSK4 (InvivoGen, tlrl-pms), Poly (I:C) (Tocris Bioscience, 4287), LPS

(Sigma‒Aldrich, L4391), Retinoic Acid (Sigma‒Aldrich, R2625), MHY1485 (Sigma‒Aldrich, SML0810), EX527 (Santa Cruz, sc-

203044), PD0325901 (Wako, 162-25291), and Etomoxir (Sigma‒Aldrich, E1905). The final concentrations used in the experiments

are as follows; IFN-g, 0.05, 0.5 and 5 ng/mL; IFN-a, 0.1, 1 and 10 ng/mL; TNF-a, 1, 10 and 100 ng/mL; Pam3CSK4, 0.1, 1 and

10 mg/mL; Poly (I:C), 1, 10 and 100 mg/mL; LPS, 0.1, 1 and 10 mg/mL; RA, 0.1, 1 and 10 mM; MHY1485, 1, 3 and 10 mM; EX527, 1,

10 and 100 mM; PD0325901, 1, 3 and 10 mM; Etomoxir, 100 and 200 mM. All control organoids were treated with similar concentra-

tions of the compound’s dissolvent, dimethyl sulfoxide (Sigma‒Aldrich, D2650), PBS and water. In Figures S4C and S4E, 10 mM

JAK1/2 inhibitor, Ruxolitinib (Selleck, S1378) were added to the intestinal organoid culturemedium for 1 hour followed by the addition

of IFN-g (0.5 ng/mL), IFN-a (1 ng/mL) or IFN-l3 (10 ng/mL, R&D Systems, 1789-ML). In Figure S4G, 3 mM PD0325901, 10 mg/mL

Pam3CSK4, 50 mMp38/MAPK inhibitor SB203580 (MerckMillipore, 559389), 50 mMJNK/MAPK inhibitor SP600125 (MerckMillipore,

420119) and 50 mMNF-kB inhibitor BAY 11-7082 (Selleck, S2913) were added to the organoid culture medium for 24 hours. Cell dif-

ferentiation was induced by removing R-spondin1 and adding 2 mM IWP2 (Selleck, S7085). In Figure S5A, entire wells were imaged at

40Xmagnificationwith an Eclipse Ti2microscope (Nikon) and stitched by NIS-Elements AR software (Nikon). For the quantification of

organoid formation efficiency, the number of organoids per well wasmeasured for 2-4wells from eachmouse and then divided by the

initial crypt number. For the quantification of organoid size in Figures 5A and S5B, live organoids embedded in Matrigel were

randomly photographed at 100X magnification with an IX71 microscope (Olympus), and the area of the organoids was measured

by using ImageJ software. In each independent biological experiment, more than 20 organoids per condition were evaluated. For

EdU incorporation analysis in Figures 5B and S5C, EdU (final 10 mM) (Thermo Fisher Scientific, A10044) was added to the culture

medium for 2 hours and fixed overnight with 4% paraformaldehyde in PBS at 4�C. EdU staining was performed by using the

Click-iT EdU Alexa Fluor 488 Imaging Kit (Thermo Fisher Scientific, C10337) and imaged using an FV3000 confocal microscope

(Olympus). The number of EdU-positive cells was counted and divided by the circumference of the organoids. In each independent

biological experiment, 10-35 organoids per condition were evaluated. For Propidium Iodide (PI) staining, PI (final 10 mg/mL) (Sigma‒
Aldrich, P-4170) were added to the culture medium for 30minutes. For the quantification of organoid damage in Figures 5C and S5D,

both live and dead organoids were randomly photographed at 100Xmagnification with an IX71microscope (Olympus), and the intact

area (PI-negative area) of the organoids wasmeasured by using ImageJ software and divided by the total area (PI-positive and -nega-

tive area). In each independent biological experiment, 10-35 organoids per condition were evaluated. For Figure 6G, 50 mM c-Myc

inhibitor 10058-F4 (Selleck, S7153) were added to the PD0325901 and IFN-g treated organoids for 24 hours. EdU staining was per-

formed as mentioned above.

RT‒qPCR
RNA from small intestine tissues (9-10 cm from the start of the small intestine) was isolated with a QIAshredder (Qiagen, 79656) and

RNeasy mini kit (Qiagen, 74106) according to the manufacturer’s instructions. Cultured intestinal organoids were harvested using

Cell Recovery Solution (Corning, 354253), and RNA was isolated with an RNeasy micro kit (Qiagen, 74004) according to the manu-

facturer’s instructions. Isolated RNA was transcribed with a QuantiTect reverse transcription kit (Qiagen, 205311). Quantitative PCR

analyses were performed by using a StepOnePlus (Applied Biosystems) with SYBR Premix Ex TaqII (Takara, RR820). Each value

obtained was normalized to Actb or Hprt. Primer sequences are listed in Table S7.

Library preparation for bulk population RNA-seq in Figure 1
The cells were lysed, and the total RNA was purified using an RNeasy Micro Kit (Qiagen, 74004) according to the manufacturer’s

instructions. One nanogram of total RNA from each sample was used for the synthesis and amplification of cDNA according

to the single-cell 3 prime RNA-seq (SC3-seq) method described previously53,54. For RNA-seq libraries of Paneth cell

samples, technical replicates were prepared. RNA-seq libraries were sequenced on a NextSeq 500 (Illumina) with a NextSeq

500 High Output v2 Kit (Illumina, FC-404-2005). The sequences of oligonucleotides used in the SC3-seq methods are listed

in Table S7.
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Bulk population RNA-seq data analyses in Figure 1
The sequenced reads were trimmed to remove low-quality bases and adaptor sequences using cutadapt v3.045. The sequenced

reads were mapped to the mm10 mouse reference genome using STAR v2.7.9a46 with the GENCODE vM23 annotation gtf file.

The reads mapped to multiple genomic loci and to the mitochondrial genome were excluded from further analyses. The read counts

per gene were calculated using HTSeq-count v0.13.547. Each gene expression level was calculated as reads per million mapped

reads (RPM) using DESeq2 v1.30.148. Principal component analysis (PCA) was performed using the R software package v4.0.3 using

the genes with RPM > 1 in at least one sample. Differential expression analysis was performed by DESeq2 using the Wald test. The

p values were corrected for multiple testing using the Benjamini and Hochberg method and represented as the false discovery

rate (FDR). Genes upregulated with age were identified with FDR < 0.1, fold change (aged/young) > 1.5, and average RPM in

aged samples > 10. Downregulated genes were identified with FDR < 0.1, fold change (young/aged) > 1.5, and average RPM in

young samples > 10. Gene ontology analysis was performed using DAVID49. Upstream regulator analysis was performed using

IPA (QIAGEN) software.

Library preparation for single-cell RNA-seq
Intestinal epithelial cells were loaded into a 10X Genomics Chromium system. The cells of each group (young and aged mice) were

obtained from three individual mice and analysed on different chips. scRNA-seq libraries were prepared using Single Cell 3’ Reagent

Kits v3.1 (10X Genomics, 1000128) according to the manufacturer’s instructions. The libraries were then sequenced on a NextSeq

500 (Illumina).

Analysis of the scRNA-seq data
scRNA-seq data were mapped against the mm10 reference genome and quantified using the Cell Ranger pipeline (v.6.0.1). The

Seurat package (version 4.0.2, and version 4.3.0) 50 and R (version 4.0.3 or 4.2.3) were used for quality control, filtering, noise reduc-

tion, normalization, clustering analyses, and visualization. A total of 10,844 cells (5,135 and 5,709 cells from young mice and aged

mice, respectively) with 1,000 < nFeature < 6,000, nCount < 50,000, and low mitochondrial gene expression (< 25%) were further

analysed. A noise reduction method, RECODE (RECODE v.0.1.1, https://github.com/yusuke-imoto-lab/RECODE) 51, was applied

to the quality-filtered UMI count matrices of young and aged samples separately. Batch effect correction was performed using

the Seurat FindIntegrationAnchors functions (reduction method: cca). The expression levels were normalized using the log-normal-

ization method in the Seurat package. The ScaleData function with the vars.to.regress option in the Seurat package was used to re-

move uninteresting sources of variation (total counts, percent of mitochondrial transcripts and cell cycle phases). UMAP analysis and

clustering were performed using the Seurat RunUMAP function with default parameters (dims = 1:50) and the FindClusters function,

with a resolution of 0.4. The cell type was annotated according to the expression of well-known markers. Differential expression

analysis was performed by the Seurat FindMarkers function (default setting) using the Wilcoxon rank-sum test. The p values were

corrected for multiple testing using the Bonferroni method and are represented as adjusted p values. Adjusted p values < 0.05

were considered significant. The detailed method used to identify cell type-specific genes is described in the Table S2, ‘‘Summary’’

sheet. Gene ontology analysis was performed using DAVID, and upstream regulator analysis was performed using IPA software. Cell

cycle scores were calculated by the Seurat AddModuleScore functions (default setting) using the G1/S and G2/M gene sets55. Cell-

type scores were calculated by the Seurat AddModuleScore functions (default setting) using the cell type-specific expressed gene

sets shown in Table S2. For calculation of the stem cell score, MHC class II genes (H2-Aa,H2-Ab1,H2-Eb1 andCd74) were excluded

from the gene sets. Gene set enrichment analysis (GSEA) was performed using the GSEA v4.3.2 software package52. The log fold

change values between young and aged cells in the mature enterocyte cluster were queried against previously published gene

sets from different areas of the small intestinal crypt villus axis25.

Integrative analysis of the three scRNA-seq datasets
scRNA-seq datasets from our study, Omrani et al. (GEO:GSE129710) 18, and Funk et al. (GEO:GSE190848) 26, were mapped

against the mm10 reference genome and quantified using the Cell Ranger pipeline (v.6.0.1). The Seurat package (version

4.4.0 and version 4.3.0)49 and R (version 4.3.2 or 4.2.3) were used for quality control, filtering, noise reduction, normalization,

clustering analyses, and visualization. Cells with 2,500 < nFeature < 8,000, 10,000 < nCount < 100,000, and low mitochondrial

gene expression (< 25%) were further analysed. A noise reduction method, RECODE (RECODE v.1.0.0) 51, was applied to the

quality-filtered UMI count matrices of young and aged samples from each study separately. Batch effect correction was per-

formed using the Seurat FindIntegrationAnchors functions (reduction method: cca). The expression levels were normalized us-

ing the log-normalization method in the Seurat package. The ScaleData function with the vars.to.regress option in the Seurat

package was used to remove uninteresting sources of variation (total counts, percent of mitochondrial transcripts and cell cycle

phases). UMAP analysis and clustering were performed using the Seurat RunUMAP function with default parameters (dims =

1:50) and the FindClusters function, with a resolution of 0.2. The cell type was annotated according to the expression of

well-known markers. Differential expression analysis was performed by the Seurat FindMarkers function (default setting) using

the Wilcoxon rank-sum test.
Cell Reports --, 115286, --, 2025 23

https://github.com/yusuke-imoto-lab/RECODE


Please cite this article in press as: Nakajima-Koyama et al., The balance between IFN-g and ERK/MAPK signaling activities ensures lifelong mainte-
nance of intestinal stem cells, Cell Reports (2025), https://doi.org/10.1016/j.celrep.2025.115286

Article
ll

OPEN ACCESS
Library preparation for bulk population RNA-seq in Figure 6
Cultured intestinal organoids were harvested using Cell Recovery Solution (Corning, 354253), and RNA was isolated with an RNeasy

micro kit (Qiagen, 74004). Total 100 ng RNA per sample were used for library construction. The RNAseq libraries were generated

using the Illumina Stranded mRNA Prep, Ligation Kit (Illumina), according to the manufacturer’s instructions. Sequencing was per-

formed on an Illumina NextSeq 2000 platform with the paired-end mode.

Bulk population RNA-seq data analyses in Figure 6
The sequenced reads weremapped to themm10mouse reference genome using STAR (version 2.7.11a) 46, with the GENCODEM23

annotation gtf file after trimming adaptor sequences and low-quality bases by cutadapt-4.645. The uniquely and properly mapped

reads were used for further analysis. The raw count matrix was created using htseq-count (version 2.0.5) 47 with GENCODE M23

annotation gtf file. Gene expression levels were determined as transcripts per million (TPM). Hierarchical clustering analysis was per-

formed using the genes with TPM > 10 in at least one sample. Differential expression analysis was performed by DESeq248 using the

Wald test. The p values were corrected for multiple testing using the Benjamini and Hochberg method and represented as the false

discovery rate (FDR = q value). The genes whose expression values were upregulated by iMEK treatment (Log2FC (iMEK/Control)R

1, q < 0.05, average TPM in iMEK samples > 10), and its increases were enhanced or inhibited (R 50%, q < 0.05) by the additional

IFN- g treatment, were defined as Group 1 or Group 2 genes, respectively. The genes whose expression values were downregulated

by iMEK treatment (Log2FC (Control/iMEK)R 1, q < 0.05, average TPM in Control samples > 10), and its decreases were inhibited or

enhanced (R 50%, q < 0.05) by the additional IFN-g treatment, were defined as Group 3 or Group 4 genes, respectively. The genes

whose expression values were upregulated by IFN-g treatment (Log2FC (IFN- g /Control)R 1, q < 0.05, average TPM in IFN-g sam-

ples > 10), and its increases were enhanced or inhibited (R 50%, q < 0.05) by the additional iMEK treatment, were defined as Group 5

or Group 6 genes, respectively. The genes whose expression values were downregulated by IFN-g treatment (Log2FC (Control/

IFN-g) R 1, q < 0.05, average TPM in Control samples > 10), and its decreases were inhibited or enhanced (R 50%, q < 0.05) by

the additional iMEK treatment, were defined asGroup 7 or Group 8 genes, respectively. Gene ontology analysis was performed using

DAVID49. Upstream regulator analysis was performed using IPA (QIAGEN) software.

Data availability
RNA-seq and scRNA-seq data were deposited in the Gene Expression Omnibus under accession number GSE210242. The data will

become public after the publication of our paper.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all animal experiments, at least three different mice per condition were used. For analysis of in vitro organoid cultures, at least

three independent biological experiments were performed with the exception of the screening assay (Figure 4D). The sample size

and statistical test used for each quantification are indicated in the figure legends. No statistical method was used to predetermine

sample sizes, but our sample sizes are similar to those reported in previous publications11–18,26. Mice were randomly assigned to

experimental groups. The investigators were not blinded to the allocation of samples during the experiments or outcome assess-

ment. Statistical significance was analysed by two-tailed Welch’s t test unless otherwise described. GraphPad Prism 8 or Microsoft

Excel was used for statistical analysis. For Figures 2D, 2H, 3A, 4A, 4B, 5E–5K, 6B, 6D, 6H, S2E, S2F, S4A, S4B, S5E–S5K, S6A, and

S6E, R (version 3.6.3 or 4.2.3) was used for visualization.
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