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SUMMARY
Research shows a higher incidence of colorectal cancer inmen. However, themolecular mechanisms for this gender disparity remain un-

known.We report the roles of androgen in proliferation and differentiation of intestinal stem cells via targeting of the androgen receptor

(AR) on intestinal stromal cells by negatively regulating BMP signaling.Orchidectomy (ORX) or theAR antagonist promotes expansion of

intestinal epithelium but suppresses intestinal stem cell (ISC) proliferation. Conversely, the AR agonist inhibits ISC differentiation but

augments proliferation in ovariectomizedmice.Mechanistically, activation of the AR increases expression of BMP antagonists but lowers

expression of BMP4 and Wnt antagonists in primary stromal cells, which promotes intestinal organoid growth. Interestingly, the BMP

pathway inhibitor LDN-193189 reverses the ORX-induced effects. Our results highlight that stromal cells constitute the intestinal stem

cell niche and provide a possible explanation for higher incidence rates of colorectal cancer in men.
INTRODUCTION

The intestinal epitheliumstructure is organized intovilli and

crypts and rapidly self-renews every 5 days (Barker, 2014;

Clevers, 2013). Intestinal stem cells (ISCs) localized at the

base of the crypts produce progenitors. These progenitors

proliferate and differentiate into six separate mature epithe-

lial cell types, comprising enterocytes, M cells, Paneth cells,

goblet cells, enteroendocrinecells, andtuft cells (vanderFlier

andClevers, 2009).Niches are specialized andconducivemi-

croenvironments in which stem cells reside. Niches provide

all of the essential factors for ISC renewal, growth, and func-

tion (Barker, 2014). In addition, intestinal epithelial cells and

mesenchymal cells, which are believed to be the principal

source of canonical Wnt signaling and an exclusive source

of noncanonical Wnt signaling, and Wnt antagonists,

bonemorphogenetic proteins (BMPs) and BMP antagonists,

are also important components of the ISC niche (Powell

et al., 2011; Shoshkes-Carmel et al., 2018). Colorectal cancer

is oneof themost frequentlydiagnosed cancers in theworld.

Significant sex differences are observed in colon cancer, with

ahigher ratio of colorectal cancer occurring inmen (Ferlitsch

et al., 2011). Ovariectomy (OVX) in female rats did not show

any effect on the prevalence of adenomas, while orchidec-

tomy(ORX) inmale rats distinctlyprevented tumordevelop-

ment (Amos-Landgraf et al., 2014).Menhave a higher risk of

developing colon cancer and a lower survival rate than

women. Sex differences in colon cancer have been largely
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attributed to sex hormones, but the molecular features that

drive these sex differences remain poorly understood. It

was previously shown that the constitution and stem cell

microenvironment between intestinal and colonic epithelia

are similar (Horvay and Abud, 2013). In this study, we report

that the androgen receptor (AR) is expressed in the intestinal

mesenchymal cells but not in the intestinal epithelial cells.

In vitro experiments have proven that activation of AR in

response to dihydrotestosterone (DHT) leads to higher

expression of BMP antagonists while reducing expression

of bothBMP4 andWnt antagonists in cultured primary stro-

mal cells, which promotes the expansion of organoids. In

addition, the numbers of intestinal secretory epithelial line-

ages and enterocytes increased, while the numbers of S-

phase cellswere reduced2weeksafterORXoradministration

of AR antagonist in male mice. Our data highlight a

previously unappreciated role for androgens in the ISC

niche, supporting ISC proliferation and restraining epithe-

lium differentiation by negatively regulating BMP signaling

in the stromal cells. These findings may help explain the

observed higher incidence rates of colorectal cancer inmen.

RESULTS

Androgens Decrease the Population of Differentiated

Cells in the Intestinal Epithelium

ORX,OVX, and inhibitionofAR inmalemousemodelswere

done to investigate the effect of androgens on ISC terminal
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Figure 1. Androgen’s Effect on ISC Lineage Specification
ORX, OVX, and inhibition of AR models were constructed to analyze the change in three secretory lineages and enterocytes. For counting of
differentiated cells, 10 villi were randomly chosen for the goblet cells, enteroendocrine cells, and enterocytes, and 10 crypts were
randomly captured for the Paneth cells. Ilea were isolated from all mice for immunohistochemistry (IHC), RNA isolation, and quantitative
real-time PCR. Data, indicated as mean ± SD, correspond to three independent experiments (A–C, G, n = 6 mice/group/experiment; D–F, H,
n = 4 mice/group/experiment).
(A) For the goblet cell count per villus in the ORX model, PAS staining was performed. n = 6. Scale bar, 100 mm.
(B) For the Paneth cell count per crypt in the ORX model, IHC was performed with primary antibody to lysozyme. Scale bar, 50 mm.
(C) For the enteroendocrine cell count per villus in the ORX model, IHC was performed with the primary antibody to chromogranin A. Scale
bar, 100 mm.
(D) For determination of relative mRNA levels of muc2 in all groups, quantitative real-time PCR was done.
(E) For determination of relative mRNA levels of mmp7 in all groups, quantitative real-time PCR was done.
(F) For determination of relative mRNA levels of Chromogranin A in all groups, quantitative real-time PCR was done.
(G) For the villus length and enterocyte count per villus in the ORX model, alkaline phosphatase staining was performed. Scale bar, 100 mm.
(H) For determination of relative mRNA levels of Fabp6 in all groups, quantitative real-time PCR was done. ORX+T, supplemented with DHT
after ORX.
*p < 0.05, **p < 0.01, and ***p < 0.001.
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differentiation. The small intestineswere isolated for specific

staining and quantification of secretory cells and entero-

cytes. Histological analysis was performed on the three chief

secretory cell types and enterocytes: periodic acid-Schiff

(PAS) to stain goblet cells, anti-chromogranin A to stain en-

teroendocrine cells, anti-lysozyme to stain Paneth cells,

and alkaline phosphatase to stain enterocytes (van der Flier

andClevers,2009).Our results indicated that thegobletcells,

enteroendocrine cells, and Paneth cells were all increased in

males after ORX compared with controls, and this phenom-

enon was reversed by supplementation with DHT (Figures

1A–1C). Investigationof enterocyteswas consistently similar

(Figure 1G). Treatment with 2-hydroxy flutamide increased

the secretory cells in the intestine (Figures S1A–S1C). In addi-
2 Stem Cell Reports j Vol. 15 j 1–14 j October 13, 2020
tion, administration of DHT decreased the numbers of all

three secretory lineages in OVX females (Figures S2A–S2C).

In summary, androgens may decrease the numbers of secre-

tory lineages and enterocytes. Specific molecules expressed

by a certain secretory cell type were regarded as biomarkers.

Therefore, mRNA levels of these biomarkers were detected

to observe the changes in secretory lineages. Quantitative

real-time PCR was performed to analyze the expression of

cellular markers for these secretory lineages: mucin2 (Muc2)

for goblet cells, chromogranin A for enteroendocrine cells,

matrixmetalloproteinase7 (Mmp7) forPanethcells, and fatty

acid binding protein6 (Fabp6) for enterocytes (Haber et al.,

2017; Porter et al., 2002).All threemarkers for these secretory

lineages and enterocytes were upregulated in ORX males,



Figure 2. The Mechanism Underlying Androgen’s Effect on ISC Differentiation
Quantitative real-time PCR was performed to investigate the mRNA levels of differentiation-related factors. Data, indicated as mean ± SD,
correspond to three independent experiments (n = 4 mice/group/experiment).
(A and B) For the goblet cell fate specification, the relative mRNA levels of (A) Klf4 and (B) Elf3 were detected in the ORX, OVX, and
inhibition of AR models.
(C) For the Paneth cell fate specification, the relative mRNA levels of Sox9 were detected in the ORX, OVX, and inhibition of AR models.
(D) For the enteroendocrine cell fate specification, the relative mRNA levels of Ngn3 were detected in the ORX, OVX, and inhibition of AR
models.
(E) For the secretory lineage specification, the relative mRNA levels of atoh1 were detected in the ORX, OVX, and inhibition of AR models.
(F) The expression of Atoh1 was assessed by western blot analysis.
*p < 0.05, **p < 0.01, and ***p < 0.001
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and the addition of exogenous androgens reversed this phe-

nomenon. Males treated with 2-hydroxy flutamide ex-

pressedhigher levels of thesemarkers than controls. OVX fe-

males injectedwithDHTexpressed lowermRNA levels of the

markersmentionedabove thanuntreatedOVXmice (Figures

1D–1F and 1H).

Androgens Regulate the Expression of Differentiation-

Related Factors

Wnt and Notch signaling pathways are vital to the prolifer-

ation and differentiation of ISCs. Downstream target signals

include atonal homolog 1 (Atoh1), Sry-related HMG box 9

(Sox9), Krüppel-like factor 4 (Klf4), E47-like factor 3 (Elf3)

and Neurogenin3 (Ngn3) (Ghaleb et al., 2011; Jenny et al.,

2002; Mori-Akiyama et al., 2007; van der Flier and Clevers,

2009; Vanuytsel et al., 2013). Quantitative real-time PCR

was performed to assess downstream molecules of both

signaling pathways to explore the mechanism underlying

androgens’ effects on cell lineage specification in our mouse

model. Sox9 directly drives the differentiation into Paneth

cells, Ngn3 for the enteroendocrine cells, and Klf4 and Elf3

for the goblet cells. Expression of Sox9, Ngn3, Klf4, and

Elf3 was upregulated in the ORX males and supplementa-
tion with DHT reversed these effects. Treatment with 2-hy-

droxy flutamide promoted the expression of Sox9, Ngn3,

Klf4, and Elf3 at the mRNA level. OVX females injected

with DHT exhibited lower expression levels than their

respective controls (Figures 2A–2D). Atoh1 is a common up-

stream gene for Sox9, Ngn3, Klf4, and Elf3. Atoh1 expression

was promoted in males depleted of androgens by ORX and

this observation was reversed by the addition of DHT (Fig-

ure 2F). Treatment with 2-hydroxy flutamide caused higher

expression levels of Atoh1 at the mRNA level. OVX females

injectedwithDHTexpressed reducedAtoh1 levels compared

with controls (Figure 2E). Taken together, these findings

indicate that androgens might inhibit the expression of

secretory lineage-related differentiation-determined factors.

Androgens Promote ISC Proliferation through

Upregulation of Active b-catenin andDownregulation

of Bmp4

We next aimed to establish changes in the proliferation

status of ISCs after studies demonstrated an increase in

differentiated epithelial cells. All the mechanisms

underlying our observations were investigated through

manipulation of hormonal status as previouslymentioned.
Stem Cell Reports j Vol. 15 j 1–14 j October 13, 2020 3
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Bromodeoxyuridine (BrdU) was utilized as a label to deter-

mine whether androgens improve the proliferation of

stem cells (Kyryachenko et al., 2012). Males with ORX ex-

hibited fewer BrdU+ cells than the controls, while supple-

mentation with DHT seemed to reverse this phenomenon

(Figure 3A). Treatment with 2-hydroxy flutamide decreased

the number of BrdU+ cells in the males (Figure 3B). And in-

jectionwithDHT increased thenumber of BrdU+ cells in the

OVX females (Figure 3C). In conclusion, androgens are

likely to be involved in the enlargement of S-phase cells in

the intestinal epithelia. TheWnt pathway drives the prolif-

eration, while the BMP pathway inhibits the proliferation

(van der Flier andClevers, 2009).Western blottingwas con-

ducted to analyze the expression of b-catenin, the central

player in theWnt pathway, which contributes to the prolif-

erationof intestinal epithelial stemcells. Expressionof both

active b-catenin (nonphosphorylated b-catenin) and total

b-catenin was investigated. Western blot analysis demon-

strated that the depletion of androgens by ORX downregu-

lated active b-catenin, while ORXmales administered DHT

presented no significant differences from the controls (Fig-

ure 3D). We also used Olfm4 to identify the ISCs by immu-

nohistochemistry (IHC) (van der Flier et al., 2009). There

were fewer OLfm4+ stem cells in the males with ORX, but

the number of Olfm4+ cells increased to normal levels after

supplementation with DHT (Figure 3E). The BMP signaling

pathway was investigated by quantitative real-time PCR

because BMPs restrict the stemness of ISCs by inhibiting

gene expression (Qi et al., 2017). Expression of Bmp4 and

BMP type I receptor A (Bmpr1a) was upregulated in ORX

males compared with controls. Supplementation with

DHT inhibited the mRNA levels of Bmp4. Expression of

Bmp4 was suppressed by administration of exogenous an-

drogens in OVX females (Figure 3F). Immunoblotting of

Smad1/5 activity confirmed that the BMPpathway contrib-

utes to the effect of androgens on intestinal epithelium in

the ORX models (Figure 3G). Consequently, androgens

might promote proliferation by improving Wnt pathway

signaling and restraining the BMP pathway.

Activation of AR in the Stromal Cells Promotes

Intestinal Organoid Expansion In Vitro

IHC results of the small intestine from wild-type C57BL/6J

mice indicated that no AR-positive cells were present in the

intestinal epithelium, while a number of stromal cells ex-

pressed AR (Figure 4A).We analyzed the levels of AR expres-

sion in intestinal epithelial cells through quantitative real-

time PCR (Figure 4B). Statistical results also showed that

ARwasmorehighly expressed in stromal cells than incrypts

(Figure 4B), implying thatDHTmay act on stromal cells.We

next cocultured stromal cells and intestinal epithelial crypts

in vitro to further investigate the target cells of DHT. There

was a significant difference between individually cultured
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crypts and cocultured cells. A comparison between crypts

cocultured with stromal cells (crypt + stroma) and cocul-

tured plus DHT (crypt + stroma + DHT) on day 7 demon-

strated that the sizes of crypts cocultured with stromal cells

were increased significantly in response to the addition of

DHT, while addition of the AR antagonist flutamide coun-

teracted the effects ofDHToncrypt size (Figure 4C). The sta-

tistical results of crypt size on day 7 also demonstrated that

DHThadno effect on proliferation of crypts cultured alone.

However, DHT significantly promoted the proliferation of

crypts in the cocultured group (Figure 4D). Therewasnodif-

ference in survival rates of crypts among the four groups

(Figure 4D). This phenomenon suggests that DHT may act

on stromal cells to enhance the proliferation of crypts.

Androgen Regulated BMP-Related Gene Expression in

Intestinal Stromal Cells

The results of coculture experiments suggested that DHT in-

fluences the proliferation of crypts primarily through stro-

mal cells. The expression of Wnt-related signals produced

by stromal cells was next examined to determine whether

DHT promotes intestinal epithelial crypt proliferation

through Wnt pathways. Cells were treated with DHT for 4

h, but no significant changes were observed in wnt4,

wnt5a, wnt5b, or wnt2b (Figure 5A). R-spondins are critical

molecules that promote ISC division. Therefore, we also as-

sessed the expression of Rspo1, Rspo2, and Rspo3 (Sigal et al.,

2017; Yan et al., 2017), which still revealed no significant

differences between control and DHT-treated groups. We

subsequently examined the expression of Wnt-related an-

tagonists and showed that the expression of Dkk2, Dkk3,

and Sfrp1 was significantly reduced after treatment with

DHT (Figure 5B). We next detected changes in the BMP/

transforming growth factor b (TGF-b) pathway as BMP

signaling is also involved in ISC self-renewal. It turned out

that Bmp4 and Tgfb1 were downregulated (Figure 5C). We

further investigated the expression of BMP-related antago-

nists, and observed a significant increase in BMP signaling

antagonism (Figure 5D). In addition, flutamide treatment

inhibited the function of DHT in the tested genes (Figures

5B–5D). We primarily observed decreases in Cdkn1a,

Cdkn2a, and cdkn2b, downstream genes of the TGF-b

signaling pathway (Figure 5E), and BMP target genes Id2,

Id3, and Msx2 (Figure 5F). Therefore, it was elucidated that

DHT exaggerated the expression of BMP antagonists to

inhibit the BMP signaling pathway, which subsequently

affected the expansion of the crypt population in vitro (Au-

clair et al., 2007; Gregorieff et al., 2005; Tian et al., 2017).

Selective Inhibition of the BMP Pathway Mimics

Androgen Effects

Given our results, we next focused on the BMP pathway. In-

hibition of the BMP pathway model was performed to



Figure 3. The Effect of Androgen on ISC Proliferation
For counting of BrdU+ cells, 10 crypts were randomly chosen for investigation.
(A) For detection of BrdU+ cells per crypt in the ORX model, IHC was performed with primary antibody to BrdU. Scale bar, 100 mm.
(B) For detection of BrdU+ cells per crypt in the inhibition of AR model, IHC was performed with primary antibody to BrdU. Scale bar,
100 mm.
(C) For detection of BrdU+ cells per crypt in the OVX model, IHC was performed with primary antibody to BrdU. Scale bar, 100 mm.
(D) For analysis of active b-CATENIN and total b-CATENIN expression, western blotting was performed.
(E) For detection of intestinal stem cells in the ORX model, IHC was performed with primary antibody to Olfm4+. Scale bar, 50 mm.
(F) For analysis of relative mRNA levels of Bmp4, quantitative real-time PCR was performed in the ORX, OVX, and inhibition of AR models.
(G) The phosphorylation of Smad1/5 was assessed by western blot analysis.
Data, indicated as mean ± SD, correspond to three independent experiments (A, C, n = 6; B, n = 5; D, G, n = 2; E, F, n = 4 mice/group/
experiment). *p < 0.05, **p < 0.01, and ***p < 0.001.

Stem Cell Reports j Vol. 15 j 1–14 j October 13, 2020 5

Please cite this article in press as: Yu et al., Androgen Maintains Intestinal Homeostasis by Inhibiting BMP Signaling via Intestinal Stromal
Cells, Stem Cell Reports (2020), https://doi.org/10.1016/j.stemcr.2020.08.001



Figure 4. Androgen Promotes Organoid Expansion through Activation of AR in the Stromal Cells
(A) AR immunostaining on small intestine epithelium isolated from wild-type mice. Left, original magnification 310. Scale bar, 100 mm.
Middle, original magnification 320. Scale bar, 50 mm. Right, original magnification 340. Scale bar, 20 mm.
(B) mRNA levels determined by quantitative real-time PCR in intestinal epithelium.
(C) Wild-type organoids in complete medium, organoids plus DHT (13 10�7mol/L), and organoids cocultured with stromal cells plus DHT
(13 10�7mol/L) and flutamide (Flu; 2 mM). Comparison of cocultured cell size about day 1 and day 7 is shown. All the pictures of cultured
crypts were 310 original magnification (scale bar, 100 mm); black arrows, crypt spheroid.
(D) Survival rate graph obtained by counting the number of crypts on day 7 (left). Statistics on the size of the 7 days cocultured (crypt +
stromal cells) and cocultured plus DHT (middle); crypt and crypt plus DHT (right)
Data, indicated as mean ± SD, correspond to three independent experiments. ***p < 0.001.
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investigate the mechanism underlying the regulation of

malehormones uponproliferation and differentiation. First,

quantitative real-time PCR was performed to analyze down-

stream molecules of the BMP pathway: msh homeobox 1

(Msx1) and inhibitors of DNA binding (Id1) (Tian et al.,

2017). Figure 6A shows that both factors were enhanced by

ORX compared with controls. Use of LDN193189, a BMP

pathway inhibitor, reversed the effect causedbyORX.There-

fore, LDN193189 was proven to be valid. Immunohisto-

chemical analysiswas subsequentlyperformed for the goblet

cells, Paneth cells, enteroendocrine cells, BrdU+ cells, and

Olfm4+ cells. The results indicated that an increase in all
6 Stem Cell Reports j Vol. 15 j 1–14 j October 13, 2020
three secretory lineages caused by ORX and decrease in

BrdU+ cells and Olfm4+ cells caused by ORX were reversed

by the addition of LDN193189 (Figures 6B–6E). Thus, BMP

pathway inhibition and androgens may exert similar effects

on ISCproliferationanddifferentiation inORXmice, as illus-

trated in Figures 1 and 2.

DISCUSSION

The incidences of several cancer types arising in organs

with nonreproductive functions are significantly higher

in males than in females, with associated differences in



Figure 5. Androgen Regulated the BMP-Related Gene Expression in Intestinal Stromal Cells
(A) Indicated mRNAs were analyzed by quantitative real-time PCR. Values were normalized to Gapdh expression and expressed relative to
each gene of the Wnt pathway.
(B) Quantitation of antagonists of the Wnt signal pathway.
(C and D) mRNA levels determined by quantitative real-time PCR of (C) Tgfb1 and Bmp4 and (D) antagonists of BMP. In (A), (B), (C), and
(D), all the cDNAs used were synthesized from stromal cells, stromal cells with DHT, and stromal cells with DHT and flutamide for 4 h.

(legend continued on next page)
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survival. Sex differences are observed during the develop-

ment and progression of various types of cancers arising

in organs without reproductive functions, such as colon

(Ferlitsch et al., 2011), rectum, liver, esophagus and stom-

ach, larynx, lung and bronchus, and skin, and males

have higher risks and higher mortality rates for these can-

cers than females (Siegel et al., 2015; Torre et al., 2015).

Recent colorectal cancer statistics showed a much higher

incidence of colorectal cancer in men (48.1 per 100,000

population) than in women (38.2 per 100,000 population)

(Siegel et al., 2017). Even though the higher risk in males

might be partially attributed to occupational exposures

and/or behavioral factors such as diet, smoking, and

alcohol consumption, males still exhibit a higher cancer

risk after adjusting for these risk factors (Clocchiatti et al.,

2016; Edgren et al., 2012; Wei et al., 2004). Colorectal can-

cer is one of the most prevalent malignant diseases world-

wide. However, the signaling pathways and driven genes

involved are largely unclear. Understanding sex differences

in colorectal cancer is essential in advancing disease

prevention, diagnosis, and treatment. James et al. (Amos-

Landgraf et al., 2014) reported that depletion of

endogenousmale hormones byORXmight prevent adeno-

magenesis in an AOM mouse model of adenomagenesis,

suggesting that male hormones may be responsible for

colon carcinogenesis. However, a concrete molecular

mechanism underlying the effect of androgens on colonic

epithelial proliferation and differentiation, as well as intes-

tinal epithelial proliferation and differentiation, remains

unclear. Our study aimed to establish the underlying role

of male hormone androgens in ISCs from a new

perspective.

BMPs belong to the TGF-b superfamily of ligands, and

BMP signaling constrains ISC expansion and boosts epithe-

lial differentiation by antagonizing Wnt signaling in the

crypts (Sneddon et al., 2006). Smad1 is phosphorylated

and activated by BMPs in androgen-sensitive prostate can-

cer, and it interacts with AR to suppress its function (Qiu

et al., 2007). The consensus view of prostate cells is that an-

drogens bind to AR elements to inhibit TGF-b expression.

TGF-b has been detected in the prostatic stromal cells but

not in the epithelial cells as a potent epithelial cell-inhibit-

ing agent (Lee, 1996). These findings suggest that andro-

gens might also stimulate intestinal stromal cells to

generate TGF-b to suppress the proliferation of intestinal

epithelial cells. The intestine was selected due to its strong

active renewal ability and various types of differentiated

epithelial cells. Androgens that combine with AR to pro-

duce downstream signaling are considered effective andro-
(E and F) Quantitation of (E) Cdkn1a, Cdkn2a, and Cdkn2b (TGF-b down
In (E) and (F), values are means + SEM. Data, indicated as mean ± SD
*p < 0.05, **p < 0.01, and ***p < 0.001.
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gens. The ORX, OVX, and inhibition of ARmodels are built

through operation or injection of a competitive inhibitor

of AR to control the levels of effective androgens, in which

2-hydroxy flutamide, an AR antagonist, functions as chem-

ical castration. Staining and quantitative analysis indicated

that androgens decrease the number of Paneth cells, goblet

cells, enteroendocrine cells, and enterocytes, preventing

ISCs from specifying into well-differentiated epithelial

cells. In addition, this study proved that differentiation-

related factors (Sox9, Ngn3, Klf4, and Elf3) were downregu-

lated in response to androgen, which is consistent with

histological observation.

Several mechanisms influence ISC renewal, including

theWnt/b-catenin pathway, which promotes proliferation,

and the BMP pathway, which inhibits proliferation. b-cate-

nin is the central player in the canonicalWnt pathway and

mediates signaling that is responsible for proliferation.

Reduction of intestinal BrdU+ cells by endogenous

androgen depends on a reduction of active b-catenin.

BMP suppresses proliferation through inhibition of the

Wnt pathway (He et al., 2004). Androgens downregulate

the expression of Bmp4, subsequently weakening BMP’s

inhibitory effect and facilitatingWnt’s promotion. Overall,

androgens stimulate proliferation.

We subsequently identified the location and expression

of AR in the small intestine. IHC results exhibited that

low levels of AR occur in intestinal stromal cells, which is

consistent with the finding of James et al. (Amos-Landgraf

et al., 2014). Quantitative analysis elucidates that expres-

sion of AR mRNA in stromal cells is several times higher

than in crypts. Studies imply that the target cells of andro-

gens are a stromal cell population in the intestinal lamina

propria that is capable of inducing the production of

BMP antagonists. The crypt-stroma coculture model

demonstrated a stromal-dependent promotion of ISC pro-

liferation by androgens. DHT has no effect on isolated

crypts, and expansion of the crypt population was

observed only when stroma was cocultured with crypts,

which appears as an enlargement of crypt size when viewed

microscopically. However, we cannot dismiss the possibil-

ity that there are other indirect effects on the ISCs induced

by androgens in vivo, which requires further investigation.

Mesenchyme is an essential component of the ISC niche.

Wnt-related signals and BMP-related signals that are

secreted and mediated by the mesenchyme are significant

in ISC proliferation and differentiation (Auclair et al.,

2007; Gregorieff et al., 2005). Three Wnt antagonists

(Sfrp1, Dkk2, and Dkk3) are downregulated in vitro by

androgens, indirectly inducing upregulation of the
stream genes) and (F) Id2, Id3, and Msx2 (BMP downstream genes).
, correspond to three independent experiments.



Figure 6. Androgen Played a Role Similar to Inhibitor of the BMP Pathway
A model of inhibition of the BMP pathway was constructed to elucidate the mechanism of androgen’s effect on intestinal epithelial
differentiation and proliferation. For counting of secretory and proliferative cells, 10 villi were randomly chosen for the goblet cells and

(legend continued on next page)
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canonical Wnt pathway, which promoted proliferation

through b-catenin-mediated signaling. In addition, the

expression of a few Wnt ligands, such as Wnt 4, 5a, 5b,

2b, and R-spondins 1, 2, and 3, was not significantly

changed. We observed that stroma cultured with a partic-

ular concentration of androgens expressed more BMP an-

tagonists (Chordin, Angptl2) and reduced Bmp4. TGF-b1

and its downstream signals (cdkn1a, cdkn2a, and cdkn2b)

were also downregulated by androgens. However, we

were unable to confirmwhether androgens directly inhibit

the expression of Bmp4.

Next,wegeneratedamodelbyadministeringLDN193189,

a selective inhibitor of theBMPpathway, inORXmales.Out-

comes were consistent with the reverse effect of exogenous

androgens. BMP antagonists reversed the increase of secre-

tory lineages and decrease of cellular proliferation caused

by ORX. They also inhibited upregulation of BMP down-

stream signals (Id1 and Msx1), further proving that andro-

gens may serve as selective inhibitors of the BMP pathway.

In conclusion, the present study investigated the effect of

androgens in promoting proliferation and inhibiting dif-

ferentiation. According to our results, androgens bind to

AR located in the mesenchyme and cause changes in the

ISC niche mediated by the mesenchyme. The generation

of inhibitors of canonical Wnt signaling was downregu-

lated, leading to enhancement of Wnt/b-catenin signaling

in ISCs. TGF-b1 and Bmp4 from mesenchyme were down-

regulated, and inhibitors of the BMP pathway were

increased, causing reduced Bmp4/Id1/Msx1 and Tgfb1/

Cdkn1a/Cdkn2a/Cdkn2b signaling in ISCs (Figure 7).
EXPERIMENTAL PROCEDURES

Experimental Animals
All experiments were performed under the guidance of theMedical

Ethics Committee of the School of Basic Medical Sciences, Shan-

dong University. C57BL/6J mice were bred at the Center of Exper-

imental Animals, Shandong University.

ORX Model and Hormonal Manipulation
The ORX model was created in male mice that were 6–8 weeks of

age (n = 6 for each group). All mice were routinely bred after arrival

for 1 week to adapt to the new environment. Then, testicular
enteroendocrine cells, and 10 crypts were randomly captured for the
spond to three independent experiments (n = 6 mice/group/experim
(A) For analysis of msx1 and Id1, downstream molecules of the BMP
(B) For the goblet cell count per villus, PAS staining was performed.
(C) For the Paneth cell count per crypt, IHC was performed with prim
(D) For the enteroendocrine cell count per villus, IHC was performed
(E) For the BrdU+ cells per crypt, IHC was performed with primary ant
(F) For the Olfm4+ cells per crypt, IHC was performed with primary ant
0.001.
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castration was performed as previously described (Rombaut et al.,

2016). Briefly, eachmouse was anesthetizedwith 2%pentobarbital

sodium and attached to the operation table, lying on its back. The

scrotum, with the hair nearby cut off, was sterilized. The local skin,

fascia, and perididymis were cut layer by layer to create an incision,

exposing the testis. For mice in the ORX and ORX+T groups, sper-

matic cords were ligated, and testes were cut off, while for mice in

the control group, no disposal occurred and the woundwas closed.

DHT (MedChemExpress, New Jersey, 0.53mg/kg/day) was injected

intraperitoneally (i.p.) into ORX+T group mice from the first day

after surgery. Meanwhile, ORX group and sham operation (group

C) mice received DMSO solution (1%). Injections were arranged

at the same time every day. Four weeks later, mice were sacrificed

via cervical dislocation.

OVX Model and Hormonal Manipulation
TheOVX animalmodel was created inmice that were 6–8weeks of

age (n = 6 for each group). All femalemice had a prebreeding period

for 1 week, followed by OVX operation (Amos-Landgraf et al.,

2014). Every mouse was anesthetized with 2% pentobarbital so-

dium and attached to the operation table, in the prone position.

The lower back, with the hair nearby cut off, was sterilized. The

local skin and fascia were cut layer by layer to create an incision,

exposing the ovary, which was isolated. OVXmice were randomly

separated into two groups, OVX andOVX+T. DHTwas injected i.p.

into OVX+T group mice from the first day after surgery. Mean-

while, OVX group mice received DMSO solution (1%). Injections

were arranged at the same time every day. Four weeks later, mice

were sacrificed via cervical dislocation.

Inhibition of AR Model
2-Hydroxy flutamide is a competitive inhibitor of AR. The 2-hy-

droxy flutamide injection was composed of 2-hydroxy flutamide

(10 mg/kg/day, Cayman Chemical, 15271) and normal saline

(NS). Ten male mice were randomly separated into two groups,

control group (0.1 mL NS) and flutamide group (0.1 mL 2-hydroxy

flutamide injection). After 10 days of injections, allmicewere sacri-

ficed via cervical dislocation.

Inhibition of BMP Pathway Model
LDN193189 (APExBIO, A3545) is a selective BMP pathway inhibi-

tor. Eighteenmalemicewere randomly separated into three groups

designated as control, ORX, and ORX+LDN193189. Similar to the

ORX model, mice in the control group received sham operation

and those in groups ORX and ORX+LDN193189 underwent testic-

ular castration. Mice in group ORX+LDN193189 were injected
Paneth cells and BrdU+ cells. Data, indicated as mean ± SD, corre-
ent).
pathway, quantitative real-time PCR was performed.
Scale bar, 100 mm.
ary antibody to lysozyme. Scale bar, 20 mm.
with the primary antibody to chromogranin A. Scale bar, 20 mm.
ibody to BrdU. Scale bar, 20 mm.
ibody to Olfm4. Scale bar, 50 mm. *p < 0.05, **p < 0.01, and ***p <



Figure 7. Androgen Might Regulate Proliferation and Differentiation in Mesenchyme-Mediated ISC Niche
Graphical view of androgen’s effect on ISC renewal and the underlying mechanism. Wnt-related signals and Bmp-related signals mediated
by mesenchyme are changed after activation of AR. AR, androgen receptor.
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with LDN193189. Intraperitoneal administration was performed

(3 mg/kg) for 5 consecutive days at intervals of 12 h (Bae et al.,

2018). Control and ORX groups received DMSO solution (1%).

Tissue Processing
All animals were sacrificed by cervical dislocation. An i.p. injection

of 0.1 mL BrdU (1%, Sigma, B5002) was administered 2 h before

sacrifice. Tissue processing was performed with the cooperation

of two researchers: one was responsible for animal sacrifice and

one counted ileocecal junctions and placed the ileum and rectum

into iced PBS. Contents in the intestinal tract were flushed care-

fully. The first 1 cm of ileum from the ileocecal junction was pre-

served in 1 mL RNA-fixer (Aidlab, lot 282133AX) at �80�C. The
second 1 cm of ileumwas preserved for western blot. Then another

5 cm of ileum was cut and incubated in 4�C paraformaldehyde so-

lution overnight, and then transferred into 50%, 70%, 90%, and

100% ethanol and xylene successively for fixation. Fixed tissues

were embedded into paraffin andmade into 4 mm sections on glass

slides.

Staining and Counting of Cells
After deparaffinization, IHC analyses were performed on glass

sections. BrdU-positive (BrdU+) cells were stained via the GTVi-

sion Detection System/Mo&Rb kit (GeneTech, lot GK600505)

with BrdU (Bu20a) mouse mAb primary antibody (Cell Signaling,

lot 5292S). Enteroendocrine cells were stained via Chromogranin

A (AbCam, lot ab15160) antibody. Paneth cells were stained via

the SPlink Detection Kit (biotin-streptavidin HRP detection sys-

tems) (ZSGB Bio, lot SP-9001) with polyclonal rabbit anti-human

lysozyme primary antibody (Dako, lot 00074097). The staining of

stem cells used anti-Olfm4 antibody (Cell Signaling, lot 39141S).

For AR, an SP-9001 kit was used with Rb pAb (AbCam, lot

ab74272). Specifically, we used PAS staining for goblet cells,

which is performed using AB-PAS kits (Baso, lot BA-4121) and

MST-8038 kit (MXB, lot 1811198038). And for enterocytes, the

alkaline phosphatase staining of enterocytes was performed using

the Vulcan Fast Red Chromogen kit 2 (Biocare Medical, FR805).

All analyses followed standard protocols from the manufacturers.

Cell counting was completed using an optical microscope (Ni-

kon). For BrdU+ cells and Paneth cells, 10 crypts were randomly

captured in each mouse. For goblet cells and enteroendocrine

cells, 10 villi were randomly chosen in each mouse. For entero-

cytes, 10 villi were randomly chosen in each mouse and cell

counting was finished by ImageJ. Representative microscope im-

ages were captured by a digital camera mounted on the

microscope.

RNA Isolation
RNAwas extracted from intestines using the RNA kit (lot RN28) ac-

cording to the manufacturer’s instructions, which include the

elimination of genomic DNA. Total RNA concentration and purity

were measured using spectrophotometry (Thermo Fisher Scienti-

fic), and 1.0 mg of total RNA was used to perform cDNA synthesis.

cDNA Synthesis
First-strand cDNA was synthesized using a FastKing RT Kit (with

gDNase) (Tiangen, lot KR116).
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Quantitative Real-Time PCR
Quantitative real-time PCR was performed with the Sensifast Sybr

No-Rox Kit (GC Biotech) with Hot-Start Taq polymerase. The tem-

perature profile was as follows: (1) 95�C for 30 s; (2) 40 cycles of

95�C for 10 s, 56�C for 30 s, and 72�C for 30 s; and (3) 95�C for

15 s, 60�C for 60 s, and 95�C for 15 s. Quantitative real-time PCR

was performed minimally in at least three independent biological

replicates for each sample.

Primer Design
Necessary primers for quantitative real-time PCR analysis were de-

signed using Primer-Blast. These primers were synthesized by the

Beijing Genomics Institute. Primer sequences for analyzed genes

are shown in Table S1.

Western Blotting
Fresh intestinal tissues were washed in 1mL of ice-cold PBS several

times. Tissue and frozen steel beads were placed into a 2mL centri-

fuge tube, and tissues were homogenized and lysed in lysis buffer

with a protease and phosphatase inhibitor cocktail (Sigma). After

clearing by centrifugation, protein concentrations in the superna-

tant were determined using a spectrophotometer (Thermo Fisher).

Proteins were separated by SDS-PAGE and transferred to polyviny-

lidene difluoridemembranes (Immobilon-P,Millipore). Significant

results are shown, and similar results were obtained in at least three

independent experiments. The primary antibodies were anti-b-cat-

enin (BD Biosciences, lot 610154), anti-active b-catenin (Cell

Signaling, lot D13A1), anti-psmad1/5 (Cell Signaling, lot 41D10);

and anti-math1 (Santa Cruz, lot sc-136173). Proteinswere detected

by ECLWB detection regent (Thermo Fisher).

Crypt Isolation and Culture
The entire small intestines were obtained from male wild-type

C57BL mice. Separated intestines were dissected longitudinally

and washed with ice-cold PBS. While the intestines were kept

immersed in ice-cold PBS the whole time, the wastes and villi in

the intestines were gently scraped with a clean coverslip to main-

tain the integrity of the crypts. Next the intestines were cut into

small segments (approximately 2–3 mm) and transferred to a

50 mL centrifuge tube with 20 mL ice-cold PBS. Segments were

washed in ice-cold PBS until no impurities remained in the super-

natant and then incubated in ice-cold PBS containing 30mL EDTA

(2 mM) for 30 min with gentle shaking at a rate of 100 rpm. After

digestion, the intestinal pellets were washed with PBS two or three

times. The supernatant from the first few washes contained a large

amount of villi, so it was discarded during washing. The segments

were gently washed in fresh PBS to remove the remaining villi, and

the process was repeated several times with ice-cold PBS/10% fetal

bovine serum (FBS). The collected supernatant was then passed

through a 70 mm cell strainer. We collected the filtered liquid in

a 50 mL centrifuge tube, and the suspension was used for subse-

quent crypt isolation. Crypts were enriched by centrifugation at

300 3 g for 3 min. The supernatant was carefully removed after

centrifugation, and the cells were resuspended in 6 mL of incom-

plete medium (Advanced DMEM/F12, N2, B27, penicillin-strepto-

mycin [PS], NAC, and Glutamax) and transferred into a 15 mL

tube. Cells were then counted using a phase-contrast microscope.
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After the crypts were centrifuged for 5min at 2003 g, the superna-

tant was removed, and cells were resuspended inMatrigel that was

thawed at 4�C and plated in 48 well plates (50 mL per well, approx-

imately 2500 crypts). The plate was incubated at 37�C and 5%CO2

for 18 min, followed by the addition of 250 mL complete medium

to each well. Generally, the crypt medium was changed every 2–

3 days, and crypts were passaged every 7 days.
Stromal Isolation and Coculture
After crypt separation from the intestinal segments, the segments

were pipetted 50 times to remove the majority of the remaining

epithelial cells. Samples were then washed once with PBS and

serum-free DMEM containing 1% Glutamax and 1% PS (Kabiri

et al., 2014). Thereafter, intestinal segments were digested for 3 h

in 6 mL of serum-free DMEM containing 1% Glutamax, 1% PS

and 2 mg/mL collagenase/dispase (Roche). The digestion solution

was replaced with new digestion solution every hour. Intestinal

segments were pipetted several times, and the digested solution

was collected every hour. Then, the solution was supplemented

with 5% FBS to inhibit proteolytic activity and cellular aggrega-

tion. Next, segments were isolated by energetic pipetting and

filtered through a 70 mm cell strainer, centrifuged at 400 3 g for

4 min, resuspended once in PBS, and counted. At that time, stro-

mal cells were mixed with epithelial cells or cultured for 3–5 days

in RPMI 1640 containing 10% FBS, 1% PS, and 1% Glutamax. To

test the effect of DHT in intestinal epithelial cells, intestinal crypts

(usually 2500 crypts) were mixed fresh or cultured with stroma

(10,000–20,000 cells) in 15 mL centrifuge tubes and pelleted by

centrifugation at 400 3 g for 3 min. The supernatant was gently

removed, and using 50 mL Matrigel per well, samples were gently

resuspended and directly seeded into preheated 48 well plates.

The 48 well plates were incubated at 37�C for 18 min to allow

the Matrigel to form a gel, and then each well was supplemented

with 200 mL crypt complete medium.
Statistical Analysis of Data
All cell count data are presented as the mean ± SEM. Significance

levels were calculated using Student’s t test. Experiments withmul-

tiple comparisons were analyzed by ANOVA.
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Fig.S1. Inhibition of AR model was constructed to analyze the change of three

secretory lineages. Data, indicated as mean ± SD, correspond to three independent

experiments (n=5 mice/group/experiment). (a) For the goblet cells count per villus in

inhibition of AR model PAS staining was performed. Scale bar, 100m. (b) For the

Paneth cells count per crypt in inhibition of AR model, IHC was performed with

primary antibody to lysozyme. Scale bar, 50m, (c) For the enteroendocrine cells

count per villus in the inhibition of AR model, IHC was performed with the primary

antibody to chromogranin A. Scale bar, 100m.



Fig.S2. OVX model was constructed to analyze the change of three secretory lineages.

Data, indicated as mean ± SD, correspond to three independent experiments (n=6

mice/group/experiment). (a) For the goblet cells count per villus in OVX model, PAS

staining was performed. Scale bar,100m. (b) For the Paneth cells count per crypt in

OVX model, IHC was performed with primary antibody to lysozyme. Scale bar,

50m. (c) For the enteroendocrine cells count per villus in the OVX model, IHC was

performed with the primary antibody to chromogranin A. Scale bar, 100m.



Fig.S3. Indicated mRNAs were analyzed by qRT-PCR. Data, indicated as mean ± SD,

correspond to three independent experiments (n=4 mice/group/experiment). (a)Rspo1,

(b)Rspo2, (c)Rspo3. ns means no significance. *P < 0.05, **P < 0.01, and ***P <

0.001

Table S1 Primer sequences of the analyzed genes
forward reverse

Ar GGTCTTCTGGGGTGGAAAGT GGGACCTTGGATGGAGAACT
Gadph TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG
Chga ATCCTCTCTATCCTGCGACAC GGGCTCTGGTTCTCAAACACT
Angptl2 AAGCCATCAGGTAAGTCCTTTG CCAGAGGATTGCCAGAGGATTA
Chrd CCCATCCGTTCCGAGAAGG ACTGAGGTTTGATGTTCTTGCAG
Sfrp1 CAACGTGGGCTACAAGAAGAT GGCCAGTAGAAGCCGAAGAAC
Dkk2 CTGATGCGGGTCAAGGATTCA CTCCCCTCCTAGAGAGGACTT
Dkk3 CTCGGGGGTATTTTGCTGTGT TCCTCCTGAGGGTAGTTGAGA
Mmp7 CTGCCACTGTCCCAGGAAG GGGAGAGTTTTCCAGTCATGG
Hes1 GATAGCTCCCGGCATTCCAAG GCGCGGTATTTCCCCAACA
Wnt5a CAACTGGCAGGACTTTCTCAA CATCTCCGATGCCGGAACT
Wnt5b CTGCTGACTGACGCCAACT CCTGATACAACTGACACAGCTTT
Wnt4 AGACGTGCGAGAAACTCAAAG GGAACTGGTATTGGCACTCCT
Wnt2b CCGACGTGTCCCCATCTTC GCCCCTATGTACCACCAGGA
Id3 CGACCGAGGAGCCTCTTAG GGACGCGATAGGGAAGACC
Id2 GGTCTTCCTCCTACGAGCAG CGATGGGCTTTAAGAGTGACAG
Msx2 TTCACCACATCCCAGCTTCTA TTGCAGTCTTTTCGCCTTAGC
Cdkn1a CCTGGTGATGTCCGACCTG CCATGAGCGCATCGCAATC
Cdkn2a CGCAGGTTCTTGGTCACTGT TGTTCACGAAAGCCAGAGCG
Cdkn2b CCCTGCCACCCTTACCAGA CAGATACCTCGCAATGTCACG
Axin2 TGACTCTCCTTCCAGATCCCA TGCCCACACTAGGCTGACA
Grem2 GGTAGCTGAAACACGGAAGAA TCTTGCACCAGTCACTCTTGA
Nog GCCAGCACTATCTACACATCC GCGTCTCGTTCAGATCCTTCTC
Muc2 TTCGGCACGAGCAACTTTG GGCAGGACACCTTGTCATTG
Bmp4 TTCCTGGTAACCGAATGCTGA CCTGAATCTCGGCGACTTTTT



Tgfb1 CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
Klf4 CACCATGGACCCGGGCGTGGCTGCCAGAAA TTAGGCTGTTCTTTTCCGGGGCCACGA
Elf3 TTCTGACTCCGGTGGAAGTGAT CCCTTCTTATAGTCAGGAAAGCCA
Sox9 AAGTCGGTGAAGAACGGACAA CAGCGCCTTGAAGATAGCATT
Ngn3 TCTCGCCTCTTCTGGCTTTC CGGCAGATTTGAATGAGGGC
Atoh1 TATCCCGTCCTTCAACAACGA TGGTCATTTTTGCAGGAAGCT
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