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SUMMARY
Intestinal regeneration is crucial for functional restoration after injury, and nutritional molecules can play an important role in this pro-

cess. Here, we found that arachidonic acid (AA) serves as a direct proliferation promoter of intestinal epithelial cells that facilitates small

intestinal regeneration in both three-dimensional cultured organoids andmouse models. As shown in the study, during post-irradiation

regeneration, AA positively regulates intestinal epithelial cell proliferation by upregulating the expression of Ascl2 and activating WNT

signaling, but negatively regulates intestinal epithelial cell differentiation. AA acts as a delicate regulator that efficiently facilitates epithe-

lial tissue repair by activating radiation-resistantMsi1+ cells rather than Lgr5+ cells, which are extensively consideredWNT-activated crypt

base stem cells. Additionally, short-term AA treatment maintains optimal intestinal epithelial homeostasis under physiological condi-

tions. As a result, AA treatment can be considered a potential therapy for irradiation injury repair and tissue regeneration.
INTRODUCTION

Every day, the gastrointestinal tract welcomes food nutri-

ents into the body, and due to the continuously active state

of its primary stem cells, this tract has a rapid self-renewal

rate of approximately 3–5 days (Barker et al., 2007). Intesti-

nal stem cells (ISCs) at the intestinal crypt bottom support

the upward transport of their daughter cells along the villi

(Crosnier et al., 2006). Moreover, this essential organ con-

fronts continuous potential attack or injury from bacteria,

toxic factors, or special conditions, such as radiation expo-

sure and biopsy wounds. Thus, ISCs might trigger the effi-

cient regeneration of the epithelium, which is critical for

barrier maintenance and intestinal function after injury

(Lindemans et al., 2015).

The ingested dietary molecules from the intestine might

cause a physiological response that can modify the meta-

bolism, but the mechanism through which nutritional

components affect stem cell biology is notwell understood.

Fatty acids, which are the main component of fat, consti-

tute an important fuel in the body that can act as a second-

ary messenger in physiological regulation and exerts an

impact on several signaling pathways (Liscovitch and

Cantley, 1994). Both clinical trials and murine models

have shown that fasting can ameliorate intestinal inflam-

mation and promote intestinal regeneration (Rangan

et al., 2019); butyric acid, as one of the short-chain fatty

acids, is mainly produced by intestinal microorganisms

and can paradoxically sustain enterocyte growth while

suppressing stem cell viability (van der Beek et al., 2017).
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Additionally, the administration of mice with a high-fat

diet for only 3 days will change the expression of glucose

and lipid metabolism-related genes and the levels of keto-

genesis-related proteins (Clara et al., 2017). An increase in

dietary fat directly promotes the proliferation of ISCs and

progenitor cells, which results in a higher possibility of can-

cer development. This result is consistent when those

found for palmitic acid and stearic acid, which are the

main components of high-fat diets (Beyaz et al., 2016).

Because different types of fatty acids might exert multiple

effects on ISC regulation, the specific functions of each

type of fatty acid on ISCs would be worth studying.

In vitro cultured organoids have been widely used for

studying ISC activity and tissue regeneration, as they give

rise to all cell types in the intestinal epithelium and can

form mini-gut-like structures (Mahe et al., 2013; Merker

et al., 2016). During our preliminary screening using

different types of free fatty acids (FFAs) for the treatment

of organoids isolated from the murine small intestine, we

found that arachidonic acid (AA) treatment induced a spe-

cial spheroid phenotype rather than the budding shape

observed in the control and other FFA-treated groups (Fig-

ures S1A and S1B), indicating that AA might play a role in

modulating the ISC response.

As an essential fatty acid, AA is required by themajority of

mammals and constitutes an important component of the

outer cell membrane (Hyde and Missailidis, 2009). Along

with its metabolites, AA is involved in a number of physio-

logical functions. Previous studies have shown that AA can

stimulate the proliferation of various types of stem cells,
uthor(s).
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such as hematopoietic stem cells, mesenchymal stem cells,

and embryonic stem cells (Rashid et al., 2016). Additionally,

an upregulated concentration of AAhas been detected in co-

lon cancer tissue, which suggests that AA might have a pro-

proliferation function in the intestine (Hiraide et al., 2016).

However, the available evidence regarding ISC is limited.

Previous study on one of the AA metabolites has shown

that the treatment of jejunum-derived budding organoids

with prostaglandin E2 (PGE2) can induce a spheroid pheno-

type with a more differentiated state that is negative for 5-

ethynyl-20-deoxyuridine (Miyoshi et al., 2017).

Here, we assessed the proliferative and regenerative func-

tion of AA on the intestinal epithelium using both in vitro

and in vivo models. The results showed that AA promoted

the proliferation and facilitated the recovery of the small

intestinal epithelium from high-dose (12 Gy) irradiation

(IR) injury by elevating the Ascl2 expression level, which

synergistically triggers WNT signaling. Moreover, the

regenerative effect of AA on the intestinal epithelium

involved the preferential regulation of Msi1+ radiation-

resistant cells, rather than Lgr5+ cells, and this finding rep-

resents a potential mechanism of intestinal regeneration.

RESULTS

AA Promotes the Proliferation of Small Intestine

Epithelial Cells

To determine the function of different types of fatty acids

on intestinal epithelial cells, we utilized a three-dimen-

sional cultured intestinal organoid model that mimics the

progress of regeneration. Compared with other types of

fatty acids, AA treatment (50 or 100 mM, 3 days) modified

the normal budding organoid into a spheroid shape (Fig-

ures S1A and S1B). The relative spheroid area of the organo-

ids increased significantly in a dose-dependent manner,

and their morphology started to change within 1 h after

AA treatment (Figures 1A–1C). Given this rapid change in
Figure 1. AA Induces Organoids to Form Spheroids and Alters the
(A) Representative images of the dose effects of the AA treatments.
(B) Quantification of the average spheroid areas after treatment with
(C) Representative images of the onset time after AA treatment (100
same well. Scale bars, 100 mm.
(D–F) Heatmaps showing the significant (padj < 0.05) differentially
identified based on FPKM (fragments per kilobase per million mappe
group, as shown in the columns. The red and blue colors indicate upreg
row Z score. A transcriptome analysis was performed using mRNA isol
(G) Relative mRNA expression levels of cell markers after AA treatmen
The control group was treated with 0.1% EtOH. Organoids derived from
group, and more than 20 organoids were counted. Values are expresse
ANOVA and Tukey’s post hoc test (in B; lowercase letters indicate sig
indicates a significant difference, *p < 0.05). AA, arachidonic acid
Figure S1.
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morphology, we subsequently performed a transcriptome

analysis of organoids treated or not treated with AA. The

transcriptomes showed that AA treatment upregulated

proliferation-related genes, including WNT signaling

target genes (Figure 1D) (Roche et al., 2015; Beyaz et al.,

2016), and downregulated differentiation-related genes,

including markers of enterocytes, goblet cells, Paneth cells,

enteroendocrine cells, and tuft cells (Figure 1E) (Ayyaz

et al., 2019). AA treatment exerted different effects on

ISC-related markers, i.e., this treatment downregulated

the active-state ISC marker (Olfm4) and partially upregu-

lated the reserve ISC markers (Tert, Lrig1, and Hopx) (Fig-

ure 1F) (Roche et al., 2015). Additionally, AA also upregu-

lated stem cell-associated genes that have been previously

found to be highly expressed 3 days after 12 Gy IR injury

(Clu, Lamc2, Anxa1, Areg, and Ly6d) (Figure 1F) (Ayyaz

et al., 2019). To validate the transcriptome data, a qRT-

PCR analysis showed amostly consistentmRNA expression

pattern: AA downregulated the expression of Lgr5, amarker

gene of active ISCs, and several genes of differentiated cells,

such as Muc2, Chga, and Lyz (Figure 1G). Of note, Hopx,

which is the marker gene of radiation-resistant reserve

ISCs, was upregulated by AA (Figure 1G). Taken together,

the transcriptome and qRT-PCR results suggest that AA

might play a role in cell proliferation.

To further confirm this hypothesis, we performed immu-

nofluorescence staining using the cell-cycling state marker

KI67 (Figures 2A and 2B) and the stem/progenitor cell

marker Sox9 (Figures 2D and 2E) (Roche et al., 2015; Schell

et al., 2017) and found a significantly higher percentage of

KI67+ cells and SOX9+ cells after AA treatment (100 mM).

This result is consistent with the qRT-PCR data, which

showed that AA treatment (100 mM) significantly upregu-

lated the mRNA expression levels of Mki67 and Sox9 (Fig-

ures 2C and 2F).

Consistent with the pro-proliferation function of AA, we

found that the protein levels of the intestinal secretory
Transcriptome
Scale bars, 100 mm.
different concentrations of AA.
mM). The images at the various time points were obtained from the

expressed genes between the control and AA treatment groups
d reads) values. Three biological replicates were included in each
ulated and downregulated genes, respectively. The scale showed the
ated from organoids.
t (100 mM) of organoids isolated from the murine small intestine.
three animals served as independent biological replicates of each

d as the mean ± SD. Statistical analysis was performed by one-way
nificant differences, p < 0.05) and Student’s t test (in G; asterisk
; Ctrl, control; CBC, crypt base columnar; EtOH, ethanol. See also
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lineages (MUC2, LYZ, and CHGA) were downregulated af-

ter AA treatment (Figures 2G–2N). Periodic acid-Schiff

(PAS) stains both goblet cells and Paneth cells, which is a

validation of the combined immunostaining results of

MUC2 and LYZ. These results were consistent with the

mRNA expression levels obtained from both the transcrip-

tome analysis and the qRT-PCR validation (Figures 1E and

1G). Additionally, to examine whether the spheroid

phenotype would persist after the removal of AA, we subse-

quently withdrew AA from the culture system after the

spheroids had formed. The spheroids returned to a robust

budding phenotype within 48 h, which suggested that

AA is rapidly metabolized and the pro-proliferation effect

is reversible (Figure 2O). Moreover, the return of the spher-

oids to normal growth media resulted in a significantly

higher crypt number than that obtained with normal

budding organoids, which suggested that AA treatment

induced a more proliferated cell state within spheroids

(Figure 2P).

AA Induces Small Intestine Epithelium Regeneration

after IR Injury

After identifying the growth-promoting effect of AA in the

organoid culture system, we used an IR injury model to

further confirm the function of AA in vivo. IR injury is the

gold-standard model for investigating the regenerative

response of ISCs by depleting rapidly cycling ISCs (Rich-

mond et al., 2016). After optimizing the AA concentration

in both serum and the fecal content, we intragastrically

treated mice with 10 mg/mouse AA per day (Figures S2A

and S2B). After 12 Gy IR, the body weight and food intake

of the mice were significantly decreased (Figures S2C and

S2D), and significant intestinal shortening was observed

compared with the control group (Figure S2E). According

to the H&E staining results, the structure of the duodenum
Figure 2. AA Promotes Proliferation while Inducing a Low Level o
(A) Representative images of KI67 staining of organoids treated with
(B) Quantification of the distribution of KI67+ cells in AA-treated org
(C) Relative mRNA expression level of Mki67 after treatment with diff
(D) Representative images of SOX9 staining of organoids treated with
(E) Quantification of the distribution of SOX9+ cells in AA-treated org
(F) Relative mRNA expression level of Sox9 after treatment with diffe
(G, I, K, and M) Representative images of differentiated lineage stain
cells are marked by black or white arrows.
(H, J, L, and N) Quantification results of the differentiated lineage sta
positive cells per section of organoids.
(O) Representative images of the AA withdrawal assay. After 3 days of
AA-free Matrigel and chased for 3 days.
(P) Quantification of the crypt number per organoid obtained from 3
The control group was treated with 0.1% EtOH. Organoids derived from
group, and more than 20 organoids were counted. Values are expresse
t test (significant difference, *p < 0.05). AA, arachidonic acid; Ctrl, c

378 Stem Cell Reports j Vol. 15 j 374–388 j August 11, 2020
was markedly destroyed after 12 Gy treatment, whereas no

significant differences were found between the normal AA

feeding group and the control group, as shown by the

quantification of the villi heights (Figures S3A and S3B).

Following 12 Gy IR, the AA treatment group had a signifi-

cantly higher crypt depth than the 12 Gy-injured control

group, which suggested that the AA-treated group ex-

hibited a stronger recovery capacity (Figure S3C). KI67 is

expressed by cells in an activated state of proliferation

and is used to identify regenerative crypts (Otsuka and Su-

zuki, 2016). We found that regenerative crypts started to

appear on day 3 (Figure S3E). To identify whether AA exerts

a protective effect against IR injury, we stained cleaved

CASPASE-3, which is a marker of the activation of the

apoptosis cascade (Roche et al., 2015), and found that the

apoptotic extent of the control and AA-treated groups

was the same (Figures S3F–S3H). On day 4 after 12 Gy IR,

significantly more regenerative crypts were found in the

AA treatment group (Figure 3B). This increase in KI67+

regenerative crypts was observed throughout the length

of the small intestine and was most robust in the duo-

denum (Figure 3C), indicating that the duodenum is the

most sensitive area to AA-induced crypt regeneration.

Moreover, the KI67+ cell-distribution pattern revealed a

significantly higher number of crypts withmore KI67+ cells

in the duodenum, which indicated that the duodenum is

more sensitive to the AA-induced regenerative effect

(Figure 3D).

With respect to the differentiation state, the PAS and im-

munostaining results indicated that the position of the

differentiated cells in the regenerative crypts after AA treat-

ment was mostly equal to that of the cells in the control

group (Figures 3E, 3G, 3I, and3K). Additionally, theAA treat-

ment group contained slightlymore PAS+ cells per crypt and

the same numbers of MUC2+ and LYZ+ cells (Figures 3F, 3H,
f Differentiation of Small Intestinal Organoids
100 mM AA. KI67+ cells represent proliferative cells.
anoids.
erent concentrations of AA.
100 mM AA. SOX9+ cells represent stem/progenitor cells.
anoids.
rent concentrations of AA.
ing of organoids treated with 100 mM AA. Representative positive

ining of organoids treated with 100 mM AA. The y axes represent the

AA treatment (100 mM), the organoids were integrally transferred to

days after the removal of AA.
three animals served as independent biological replicates of each

d as the mean ± SD. Data were statistically analyzed using Student’s
ontrol; EtOH, ethanol. Scale bars, 100 mm.



Figure 3. AA Promotes Small Intestine Epithelium Regeneration after 12 Gy IR Injury
(A) Schematic of the IR injury model.
(B) Representative images of IHC staining of KI67 in different parts of the small intestine on 4 days after 12 Gy IR and AA treatment
(10 mg/mouse per day). Scale bars, 200 mm.
(C) Quantification of KI67+ crypts per 1-mm tissue section from different parts of the small intestine (n = 3 biological replicates).

(legend continued on next page)
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3J, and3L),whichsuggested thatAApromotes the formation

of functional regenerative crypts rather than inducing the

tissue into an abnormal tumorigenic state. Taken together,

the results suggest that AA aids tissue regeneration and pro-

motes small intestine recovery following IR injury.

AA Aids Maintenance of Small Intestine Function

After demonstrating that AA plays a potent role in IR injury

recovery, we focused on whether AA exerts a growth-pro-

moting effect on the regular renewal of small intestine tis-

sue. AA treatment was administered for 1 week through

continuous gavage once per day (10 mg/mouse). AA treat-

ment did not change the morphology and distribution of

differentiation lineages along the crypt-villus axes

compared with the control treatment (Figures S4B–S4I).

No additional apoptosis was found, as demonstrated by

cleaved CASPASE-3 staining (Figures S4J and S4K). More-

over, AA treatment exerted no significant effect on WNT

signaling activation under normal conditions (Figure S4L).

To assess the migration speed of the cells (Nalapareddy

et al., 2017), we performed a one-pulse bromodeoxyuridine

(BrdU) assay. The data revealed that the average travel time

of BrdU-positive cells from the crypt base to the top of villi

was 3 days post BrdU administration, and this finding was

obtained from both the control and experimental groups,

which suggested that short-term continuous AA feeding

under physiological conditions did not significantly

change the proliferation state of stem/progenitor cells (Fig-

ure S4M). Therefore, the results obtained under physiolog-

ical conditions suggest that short-term AA treatmentmain-

tains the homeostasis of the small intestine.

AA Promotes Proliferation by Activating WNT

Signaling

Theanalysis of themRNA transcriptome showed that several

WNT signaling-related transcription factors were upregu-

lated in AA-treated organoids (Figure 1D), which suggested

that AA might function by activating WNT signaling. To

evaluate this hypothesis, we used the rat small intestinal

epithelial cell line 6 (IEC-6), which shares good characteris-

tics with small intestine transit-amplifying (TA) cells (Quar-

oni et al., 1979). A cell counting kit-8 (CCK-8) assay showed

thatAAgradually increased theviability of the cells inadose-

dependent manner (Figure 4A) without inducing cell

apoptosis (Figures S5A and S5B). AA upregulated WNT-
(D) Quantification of KI67+ cell-distribution pattern in different part
(E, G, I, and K) Representative images of differentiated lineages and KI
and AA treatment (10 mg/mouse per day). The scale bars for PAS, M
100 mm.
(F, H, J, and L) Quantification of differentiated lineage staining (n =
Values are expressed as the mean ± SD. Data were statistically analy
arachidonic acid; Ctrl, control; IHC, immunohistochemistry; IR, irrad
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related proteins (CYCLIN D1 and b-CATENIN), downregu-

lated the phosphorylated form of GSK3b (p-GSK3b), which

is aWNTantagonist, and also downregulated the phosphor-

ylated form of b-CATENIN (p-b-CATENIN) (Figure 4B). The

lesser degradation of cytoplasmic b-CATENIN leads to nu-

clear b-CATENIN accumulation and consequently activates

WNT signaling (Castellone et al., 2005). To further confirm

this observation, we performed a TOPFlash/FOPFlash assay,

whose results showed that AA treatment stimulated the

expression of a b-CATENIN/TCF/LEF-dependent reporter

gene system (Figure 4C).

We subsequently used Axin2-LacZ transgenic mice,

which contain a WNT signaling reporter, to verify the re-

sults in vivo with an IR injury model. After 12 Gy IR injury

and intragastric injection of AA for 3 days, the AA treat-

ment group tended to produce higher numbers of LacZ+

cells and LacZ+ crypts than the non-treated group, which

demonstrated that AA can activate WNT signaling within

the regenerative crypts (Figures 4D–4F).

Ascl2 Is Involved in AA-Induced WNTActivation

Because the qRT-PCR validation results revealed that Ascl2

exhibited the most sensitive response among all WNT

signaling-related genes (Figure 5A), we further explored

its role in the WNT signaling pathway after AA treatment.

Among three pairs of small interfering RNAs (siRNAs) tar-

geting Ascl2, si-Ascl2-2 exhibited the highest knockdown

efficiency at the mRNA expression level (Figure S5F). We

then used si-Ascl2-2 to downregulate Ascl2 expression in

the IEC-6 cell line at both the transcriptional and transla-

tional levels (Figures 5B and 5C). In addition to Ascl2 itself,

the expression levels ofWNT target genes (Axin2 andCcnd1

mRNA, and AXIN2 and CYCLIN D1 protein) were signifi-

cantly decreased by si-Ascl2-2 interference, which indi-

cated that Ascl2 might participate in the regulation of

WNT signaling (Figures 5B, 5D, and 5E). Moreover, AA

treatment significantly rescued the interference of Ascl2

and the mRNA expression of WNT target genes (Axin2

and Ccnd1) in a dose-dependent manner (Figures 5C–5E).

The altered protein levels of WNT-related genes were all

rescued after AA treatment, regardless of the dose (Figure

5B). Collectively, the results showed that AA treatment

rescued the deficiency in WNT signaling following Ascl2

depletion, which indicated that Ascl2 is highly correlated

with AA-induced WNT signaling activation.
s of the small intestine (n = 3 biological replicates).
67+ regenerative crypts in the duodenum 3 days post 12 Gy IR injury
UC2, and CHGA represent 200 mm. The scale bars for LYZ represent

3 biological replicates).
zed using Student’s t test (significant difference, *p < 0.05). AA,
iation. See also Figures S2 and S3.



Figure 4. AA Promotes the Regeneration of Small Intestine Epithelial Cells by Activating the WNT Signaling Pathway
(A) Cell viability of IEC-6 cells after treatments with different AA concentrations. The viability of the control group (0.1% EtOH) was
considered to be 100% (n = 5 individual wells).
(B) Representative western blot images of the IEC-6 cells after 24 h of AA treatment (n = 3 individual experiments).
(C) TOPFlash/FOPFlash reporter assay. TWS119 is a WNT signaling activator that served as the positive control (n = 3 individual experi-
ments).
(D) Representative images of duodenal parts from Axin2-LacZ transgenic mice 3 days after 12 Gy IR injury and 10 mg AA/(mouse$day) AA
treatment. Scale bars, 200 mm.
(E and F) Quantification of LacZ staining 3 days after 12 Gy IR (n = 3 biological replicates and littermates).
Values are expressed as the mean ± SD. Data were statistically analyzed using Student’s t test (E and F; the asterisk indicates a significant
difference, *p < 0.05) and one-way ANOVA with Tukey’s post hoc test (C; lowercase letters indicate significant differences, p < 0.05). AA,
arachidonic acid; IEC-6, rat small intestinal epithelial crypt cell; EtOH, ethanol; IR, irradiation; NS, not significant.
AA Promotes Intestinal Regeneration by Activating

Msi1+ Cells

Because a previous study has shown that Lgr5+ ISCs are

indispensable for IR-induced intestinal regeneration (Met-

calfe et al., 2014), and Lgr5 itself is not only a WNT target

gene but also constitutes a component of theWNTreceptor

(De Lau et al., 2011), we hypothesized that AA acts to

rebuild the structure of the small intestine after IR injury

by activating Lgr5+ cells. To investigate this hypothesis,

we treated Lgr5-EGFP transgenic mice with AA and

analyzed the changes in their Lgr5+ populations by flow cy-

tometry. AA treatment led to a significant decrease in the

number of Lgr5+ cells both under physiological conditions

and after high-dose IR (Figures 6A–6D), which is consistent

with the mRNA expression results obtained with the orga-

noid model (Figure 1G). Additionally, an in vitro time
course assay showed that the Lgr5 mRNA expression level

was markedly decreased after 6 h of AA treatment (p <

0.05) and then remained at a stable low level at later time

points, which suggested that the organoids undergo con-

stant rapid proliferation of TA cells after 6 h of incubation

with AA (Figure S1C).We then performed Cre-mediated ge-

netic tracing ofMsi1-CreERT;R26RLacZ transgenic mice, in

which Msi1+ cells have been preliminarily proven to be ra-

diation-resistant crypt cells (Yousefi et al., 2016). Under

normal conditions, 3 days of AA treatment activated the

Msi1+ cells to produce significantly more immediate

daughters than those observed in the control group (Fig-

ures 6G and 6H). Moreover, after 12 Gy IR, the AA treat-

ment group exhibited a significantly higher number of

LacZ+ crypts, which indicated that AA promotes intestinal

regeneration by activating Msi1+ cells (Figures 6E and 6F).
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Figure 5. AA Triggers the Expression of Ascl2 and Activates the WNT Signaling Pathway
(A) Relative mRNA expression level of WNT signaling-related genes in 100 mM AA-treated organoids isolated from the small intestine (n = 3
biological replicates).
(B) Representative western blot results of IEC-6 cells treated with si-Ascl2-2 and different doses of AA (n = 3 individual experiments).
(C–E) qRT-PCR results of Ascl2 and WNT target genes in the IEC-6 cells after si-Ascl2-2 interference and treatment with different doses of AA
(n = 3 individual experiments).
Values are expressed as the mean ± SD. Data were statistically analyzed using Student’s t test (A; the asterisk indicates a significant
difference, *p < 0.05) and one-way ANOVA with Tukey’s post hoc test (C, D, and E; lowercase letters indicate significant differences, p <
0.05). AA, arachidonic acid; IEC-6, rat small intestinal epithelial crypt cell; NC, non-specific control. See also Figure S5.
DISCUSSION

In the present study, AA induced amarked spheroid pheno-

type characterized by a more active cell-cycling status, a

higher proportion of stem/progenitor cells, and fewer

differentiated lineages. These findings appear to be the

opposite from those obtained in a previous study, which

showed that one of the metabolites of AA, PGE2, induces

the differentiation of organoids toward the same spheroid

phenotype (Miyoshi et al., 2017). The difference might be

because PGE2 is formed via the cyclooxygenase pathway,

whereas the lipoxygenase pathway was also shown to be

involved in AA metabolism and could contribute to cell

proliferation (Figures S6A and S6B) (Hyde and Missailidis,

2009). However, the exact mechanism underlying AA me-

tabolites participating in AA-induced intestinal epithelial
382 Stem Cell Reports j Vol. 15 j 374–388 j August 11, 2020
proliferation needs further determination. In addition,

the morphology change might be explained by AA- or

PGE2-mediated activation of ion channels (Tallima and El

Ridi, 2018).

Under IR injury and normal physiological conditions,

the number of Lgr5+ crypt base columnar (CBC) cells was

significantly reduced in response to AA treatment. Like-

wise, the expression level of Lgr5 was reduced in the orga-

noid model upon AA treatment. Our findings showed

that AA promotes cell proliferation during intestinal regen-

eration and concomitantly reduces Lgr5+ stem cells. In

support of this notion, a recently published study has indi-

cated that the loss of Lgr5 expression correlates with fast

proliferation in organoids (Serra et al., 2019). It is also

consistent with prior single-cell transcriptome data

showing that organoids in a more proliferative state have



Figure 6. AA Activates WNT Signaling Independent of Lgr5+ Cells but Might Act through Msi1+ Cells
(A) Representative images of flow cytometry. Three days of 10 mg/(mouse$day) AA treatment after 12 Gy IR injury.
(B) Quantification of flow cytometry in the radiation-induced injury experiment (n = 6 biological replicates).

(legend continued on next page)
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fewer Lgr5+ cells but more TA compartments when

compared with organoids grown in differentiation-

promoting culture medium (Fujii et al., 2018). AA might

promote intestinal regeneration by enhancing the prolif-

eration of Lgr5� intestinal stem/progenitor cells. Indeed,

cellular plasticity has been proved in several lineages

residing above the crypt base and contributes to intestinal

regeneration. Dll1+ or Atoh1+ secretory progenitors and

Alpi+ enterocyte progenitors have been shown to possess

renewal capacity and were able to compensate for the

complete ablation of Lgr5+ cells under physiological or

regenerative conditions (Castillo-Azofeifa et al., 2019; Tet-

teh et al., 2016; van Es et al., 2012). Another recent study

showed that the post-IR regeneration of intestinal epithe-

lium preferentially went through the activation of crypt

Clu+ cells rather than the recruitment of depleted Lgr5+

cells (Ayyaz et al., 2019). In addition, our findings sug-

gested that radiation-resistant Msi1+ crypt cells also

contribute to intestinal regeneration and that this process

is reinforced by AA treatment. Of note, we are not ruling

out the importance of Lgr5+ stem cells in contributing to

intestinal regeneration (Metcalfe et al., 2014) because

Lgr5+ cells remain at an extremely low but existent level

after AA treatment. Taken together, AA promotes intesti-

nal regeneration by favorably activating Msi1+ cells rather

than Lgr5+ ISCs, and the cellular mechanism needs further

investigation.

CanonicalWNT pathway activity is a major driving force

for regeneration after injury (Clevers et al., 2014). Here, we

demonstrated that AA promotes intestinal regeneration by

activating the WNT signaling pathway. However, we also

noticed that the expression level of Lgr5, a WNT target

gene, and Lgr5+ cells decreased in response to AA treat-

ment. In agreement with our findings, it has been impli-

cated that Lgr5 expression is not strictly controlled by

WNT pathway activity in the intestinal crypt (Li et al.,

2016). An unknown inhibitory mechanism might exist to

suppress Lgr5 expression under WNT activation condi-

tions. For example, bone morphogenetic protein restricts
(C) Representative images of flow cytometry. Normal physiological co
treatment.
(D) Quantification of flow-cytometry results after AA treatment unde
(E) Representative images of LacZ staining of the duodenum of the M
(F) Quantification of the LacZ+ fully labeled crypts (Full+) and LacZ+

biological replicates; littermates).
(G) Quantification of the short-term lineage-tracing labeling patter
induced with tamoxifen for 15 h following 10 mg/(mouse$day) AA tre
the fully cut crypt-villus axes were counted.
(H) Representative images of the labeling pattern in the short-term li
type is shown in the dashed box. Scale bars, 50 mm.
Values are expressed as the mean ± SD. Data were statistically analy
arachidonic acid; Ctrl, control; IR, irradiation; NS, not significant.
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the Lgr5+ population independent of WNT signaling, indi-

cating a regulation bypass between Lgr5 and WNT

signaling (Qi et al., 2017). In contrast to Lgr5, another

WNT target gene, Ascl2 (van der Flier et al., 2009), was up-

regulated by AA treatment. Indeed, a recent study indicated

that Ascl2-dependent dedifferentiation of crypt progeni-

tors occurs in almost all regeneration after ISC injury, and

emerging cells express Ascl2 but not Lgr5 at the beginning

of the regenerative process (Murata et al., 2020), although

Ascl2 and Lgr5 have been reported to be highly coexpressed

in normal physiology (Roche et al., 2015). It appears that

AA promotes intestinal regeneration via Ascl2 activation,

rather than Lgr5.

In summary, our findings reveal a conclusion regarding

the mechanism through which one type of FFA, AA, pro-

motes intestinal regeneration following injury and main-

tains a good homeostatic function of the small intestine

epithelium under physiological conditions. The results

demonstrate that AA can trigger the expression of Ascl2

and activate WNT signaling. In addition, AA promotes in-

testinal regeneration through a group of radiation-resistant

Msi1+ cells rather than Lgr5+ ISCs, which provides the po-

tential regenerative mechanisms in the intestine. Eluci-

dating the role of AA in regulating intestinal epithelial cells

would not only improve our understanding of tissue ho-

meostasis but also yield promising therapeutic strategies

for injury repair.
EXPERIMENTAL PROCEDURES

Crypt Isolation
Small intestine crypts were isolated according to previous

methods (Beyaz et al., 2016). In brief, the mouse proximal

small intestines were flushed with ice-cold Dulbecco’s PBS

(DPBS). The villi were removed by scraping with a coverslip

and leaving the crypts attached. The intestine was then cut

into pieces with a length of approximately 1–2 mm and incu-

bated in Gentle cell dissociation reagent (STEMCELL Technol-

ogies, #07174) for 15 min at room temperature. After the
nditions were administered with 7 days of 10 mg/(mouse$day) AA

r normal physiological conditions (n = 6 biological replicates).
si1-CreERT;R26RLacZ transgenic mouse model. Scale bars, 200 mm.
partially labeled crypts (Partial+) per 1-mm tissue section (n = 3

n in the duodenum. Msi1-CreERT;R26RLacZ transgenic mice were
atment for 3 days under physiological conditions. The right sides of

neage-tracing experiments. The standard counting pattern for each

zed using Student’s t test (significant difference, *p < 0.05). AA,



fractions settled the supernatant was removed, and 10 mL of

DPBS with 10% fetal bovine serum (FBS) was added and pipet-

ted up and down with a 10-mL serological pipette. The super-

natant was passed through a 70-mm strainer, and the crypt

fraction was collected. The crypt purity was evaluated under

a microscope.
Organoid and Cell Culture
After isolation from themouse proximal small intestine, the crypts

were resuspended in a mixture of Matrigel (Corning, #356237).

The basic culture medium was growth medium (STEMCELL,

#06005) with penicillin/streptomycin/gentamicin (Solarbio Life

Science, #P1410). The IEC-6 cell linewas purchased fromAmerican

Type Culture Collection, and the cells were maintained in Dulbec-

co’s modified Eagle’s medium (DMEM) with 5% FBS, 0.1 units/mL

insulin, and 100 units/mL penicillin-streptomycin. Similar den-

sities of spheroids or cells were seeded for all the experiments. AA

(Sigma, #A3611) was dissolved in cold 0.1% EtOH, and 0.1%

EtOH was used as a control.
Cell Viability Assay
Cell viability was measured using an enhanced CCK-8 (Beyotime

Biotechnology, #C0042). IEC-6 cells were seeded in a 96-well plate

at a density of 5 3 103 cells/well, and 24 h after plating, AA was

added to the medium; 0.1% ethanol was used as a control. After

another 24 h of incubation, 10 mL of CCK-8 reagent was added

to each well. The optical density at 450 nmwas read using amicro-

plate reader (Tecan, Austria). The cell proliferation rate of the con-

trol group was defined as 100%.
RNA Extraction, RT-PCR, RNA-Seq, and Transcriptome

Analysis
Total extracted RNA from the treated small intestinal epithelial or-

ganoids was collected 3 days after passaging using an RNAprep

pure Micro Kit (Tiangen Biotech [Beijing], #DP420). RNA samples

from the IEC-6 cell line after 24 h of treatment were prepared using

TRIzol reagent (Invitrogen, #15596-026). The RNAquantitywas as-

sessed using a NanoDrop spectrophotometer (Tecan). Reverse tran-

scriptionwas performed using 1 mg of total RNAwithAll-In-OneRT

MasterMix (Applied Biological Materials, #G486), and qRT-PCR

was then performed using SYBR Premix Ex Taq (Takara,

#RR420A). The primer sequences are listed in Table S1. The relative

expression levels were normalized to those of Gapdh. The RNA-

sequencing (RNA-seq) experiments of the organoids were per-

formed by Novogene (Beijing, China). Sequencing libraries were

generated using the NEBNext Ultra RNA Library Prep Kit for

Illumina (NEB, USA), and index codes were added to attribute

sequences to each sample. After the index-coded samples were

clustered on a cBot Cluster Generation System using TruSeq PE

Cluster Kit v3-cBot-HS (Illumina), the libraries were prepared

using an Illumina NovaSeq 6000 platform. The sequencing depth

was 6 GB per sample, and Fa (ftp://ftp.ensembl.org/pub/

release-91/fasta/mus_musculus/dna/ and Gtf (ftp://ftp.ensembl.

org/pub/release-91/gtf/mus_musculus/) were used as the reference

genomes. The p values were adjusted using the Benjamini-Hoch-

berg method.
siRNA Transfection
The siRNAs targeting Ascl2 and non-specific control were trans-

fected into ICE-6 cells cultured in 24-well plates using Lipofect-

amine 2000 transfection reagent (Invitrogen, #11668030) accord-

ing to the manufacturer’s directions. One day after the cells were

plated, AA was added to the culture medium and the cells were

treated for 24 h. Cell lysates were generated using TRIzol reagent

(Invitrogen, #15596-026) and then subjected to total RNA extrac-

tion using the aforementioned protocol. The transfection effi-

ciency was measured by flow cytometry and microscopy. The

siRNA sequences are listed in Table S2.
TOPFlash Reporter Assay
IEC-6 cells were suspended in serum/antibiotic-free DMEM at a

concentration of 1.25 3 107 cells/mL. The plasmids were trans-

fected by electroporation using a Nucleofector 2b device (Lonza,

AAB-1001) with the D-032 program. Twomicrograms of TOPFlash

or FOPFlash plasmid and 1 mg of TK were added to the transfection

system. The transfected cells were plated in 24-well plates for 8 h,

and the medium was changed to DMEM supplemented with 10%

FBS and the different AA treatments. After 24 h of incubation the

cells were harvested, and their luciferase activity was assayed using

the Dual Luciferase Reporter Assay System (Promega, #E2920) in

accordance with the manufacturer’s recommended protocol

(Ouko et al., 2004). The TOPFlash/FOPFlash ratios were measured

to estimate the activation of WNT signaling. TWS119, which can

activate WNT signaling, served as the positive control (Chen

et al., 2009); the stock solution consisted of 10 mg/mL TWS119

in DMSO and was used at 1:10,000 dilution.
Histology, Immunofluorescence, and

Immunohistochemistry
The organoids and intestinal tissues were fixed with 4% parafor-

maldehyde (PFA) in PBS overnight at 4�C, embedded in paraffin,

and sectioned into 8-mm and 5-mm sections, respectively. After de-

paraffination and rehydration, the slides were stained with H&E

for morphological observations. For immunofluorescence stain-

ing, the dehydrated paraffin sections were microwaved, pretreated

in 0.01 M citrate buffer (pH 6.0), and incubated in blocking buffer

containing 10% normal goat serum in Tris-buffered saline with

Tween 20 (Cell Signaling Technology, #5425) and then with the

diluted primary antibodies in blocking buffer. The sections were

subsequently incubated with secondary antibodies conjugated to

Alexa Fluor 488 or 594 fluorophores (Invitrogen) and counter-

stained with DAPI (Sigma, #D9542), and coverslips were mounted

with ProLong gold antifade mountant (Thermo Fisher Scientific,

#P10144). For immunohistochemistry, after incubation with the

primary antibody, the sections were incubated with biotin-conju-

gated secondary antibodies (Vector Laboratories), and coverslips

were mounted with neutral balsam (Solarbio Life Science,

#G8590). The following primary antibodies were used: mouse

anti-KI67 (NeoMarkers, #RM-9106-S1), rabbit anti-CASPASE-3

(Cell Signaling Technology, #9664s), rabbit anti-SOX9 (Abcam,

#ab185230), mouse anti-MUC2 (Santa Cruz Biotechnology, #sc-

59859), rabbit anti-CHGA (Abcam, #ab15160), and goat anti-LYZ

(Santa Cruz, #sc-27958).
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Periodic Acid-Schiff Staining
PAS staining was performed using a PAS stain kit (Leagene,

#DG0005) according to the manufacturer’s guidelines. In brief,

the slides were subjected to the same hydration steps as those

used in the immunostaining analysis until placement into distilled

water, and the paraffin slides were then immersed in periodic acid

solution for 8 min and subjected to one 3-min rinse in tap water

and two 3-min rinses in distilled water. The slides were subse-

quently immersed in Schiff’s solution for 10 min and then rinsed

for 10 min with tap water. Hematoxylin staining was then per-

formed for 30 s to stain the nucleus. After another 10-min rinse

in tap water, the slides were subjected to the same steps as those

used in the immunochemistry staining until placement in xylene

and then mounted with neutral balsam.

Western Blotting
The proteins from treated cells were extracted using standard pro-

cedures. After incubation in lysis buffer (Beyotime Biotechnology,

#P0013B) supplemented with protease inhibitor mixture (Solarbio

Life Sciences, #P6730) and protein phosphatase inhibitor (Solarbio

Life Sciences, #P1260), the protein samples were centrifuged at

14,000 3 g for 20 min. The protein lysates were quantified using

a BCA protein assay kit (Thermo Fisher, #23225). Equivalent pro-

tein concentrations were resolved by SDS-PAGE, and the proteins

were transferred to polyvinylidene difluoride (PVDF) membranes

(Millipore, #IPVH00010). The PVDF membranes were blocked

with 5% non-fat dry milk for 1 h at room temperature. The

following antibodies were applied: rabbit anti-b-CATENIN (Ab-

cam, #ab32572), rabbit anti-p-b-CATENIN (CST, #9561s), rabbit

anti-b-TUBULIN (Cell Signaling, #2146), rabbit anti-CYCLIN D1

(Abcam, #ab134175), mouse anti-ASCL2 (Merck, #MAB4417),

rabbit anti-GSK3b (Abcam, #ab75745), and rabbit anti-AXIN2

(Abcam, #ab109307).

Animal Experiments
Male C57BL/6N mice aged 8–10 weeks were purchased from Bei-

jing Vital River Laboratory Animal Technology and maintained

in a specific pathogen-free barrier facility with a strict 12-h light cy-

cle. Lgr5-eGFP-CreERT2, Axin2-LacZ, and Msi1-CreERT; R26RLacZ

transgenic mice were obtained from Zhengquan Yu’s laboratory

(China Agricultural University, College of Biological Sciences) as

gifts. All the transgenic mice used in the experiments were litter-

mates. For the activation of CreERT2, the mice were intraperitone-

ally injected with tamoxifen (4mg/25 g body weight) 15 h prior to

IR (g-ray radiation from a 60Co source, Peking University) and AA

(Sigma, #A3611) treatment. AA was suspended in 1% bile salts

(Sigma, #48305) using a 1-mL disposable syringe, and 1% bile salts

were used as a control. All mouse experimental procedures and

protocols were evaluated and authorized by the Regulations of Bei-

jing Laboratory Animal Management and strictly followed the

guidelines of the Institutional Animal Care and Use Committee

of China Agricultural University.

Localization of b-Galactosidase Activity
LacZ expression was characterized by 5-bromo-4-chloro-3-indolyl-

b-D-galactoside (X-Gal) staining as described previously, with

slight modifications (Barker et al., 2009). The duodenal part of
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the small intestine was isolated and flushed immediately with

ice-cold fix solution (0.2% glutaraldehyde, 5 mM EGTA, and

2 mM MgCl2). After incubation on ice for 2.5 h, the fixative was

removed and the intestineswerewashed three times inwash buffer

(0.02% NP40, 0.01% Na-deoxycholate, and 2 mM MgCl2) for

30 min at room temperature. The b-galactosidase substrate

(5 mM K3FE(CN)6, 5 mM K4Fe(CN)6$3H2O, 2 mM MgCl2, 0.02%

NP40, 0.1% Na-deoxycholate, and 1 mg/mL X-Gal) was then

added, and the tissues were incubated overnight at room tempera-

ture in the dark. The substrate was removed and the tissues washed

three times with PBS for 10 min at room temperature. The tissues

were then fixed overnight using 4% PFA in PBS at 4�C in the

dark. The PFA was removed, and the tissues were then washed

three times with PBS for 20 min at room temperature. The stained

tissues were then transferred and embedded in paraffin blocks. The

tissue blocks for LacZ scoring were sectioned into 5-mm sections,

which were then subjected to the same preparation steps until

the hydration step and subsequently counterstained with neutral

red.
Flow Cytometry
The dissected intestine was incubated with 5 mM EDTA and

1.5 mM dithiothreitol in Hanks balanced salt solution for 30 min

on ice. To harvest the intestine under physiological conditions,

we removed the villi part by scraping with coverslips. A single-

cell suspension was produced following dispase (STEMCELL,

#7913) treatment, and the cells were passed through a 40-mm cell

strainer. The flow-cytometry analysis was performed using a

CytoFLEX Flow Cytometer (Beckman Coulter). The single and

propidium iodide-negative cells were selected. The fluorescein iso-

thiocyanate-positive (FITC+) cells were isolated and quantified as

Lgr5+ cells. Cell cytometry was also used to measure the efficiency

of the transfection of the siRNAs into the IEC-6 cell line. The gate

settings were similar to those described above. Cells that were suc-

cessfully transfected were isolated and quantified as FITC+ cells.
Statistical Analysis
Microsoft Excel (version 2016) and SPSS (version 13.0) were used to

perform all the statistical analyses, and p < 0.05 was considered to

indicate significance. All the samples represent biological repli-

cates. Two-tailed Student’s t tests were used to determine the

differences in the means between two groups. Multiple compari-

sons among more than two groups were analyzed by one-way

ANOVA. The data are presented as the mean ± standard deviation

(SD).
Data and Code Availability
RNA-seq data that support the findings of this study have been

deposited in the NCBI/GEO database (https://www.ncbi.nlm.nih.

gov/geo/) under accession number GEO: GSE146871.
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