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SUMMARY
Epidermal growth factor (EGF) maintains intestinal stem cell (ISC) proliferation and is a key component of or-
ganoid growth media yet is dispensable for intestinal homeostasis, suggesting roles for multiple EGF family
ligands in ISC function. Here, we identified neuregulin 1 (NRG1) as a key EGF family ligand that drives tissue
repair following injury. NRG1, but not EGF, is upregulated upon damage and is expressed in mesenchymal
stromal cells, macrophages, and Paneth cells. NRG1 deletion reduces proliferation in intestinal crypts and
compromises regeneration capacity. NRG1 robustly stimulates proliferation in crypts and induces budding
in organoids, in part through elevated and sustained activation of mitogen-activated protein kinase
(MAPK) and AKT. Consistently, NRG1 treatment induces a proliferative gene signature and promotes orga-
noid formation from progenitor cells and enhances regeneration following injury. These data suggest mesen-
chymal-derived NRG1 is a potent mediator of tissue regeneration and may inform the development of ther-
apies for enhancing intestinal repair after injury.
INTRODUCTION

Self-renewal and differentiation of intestinal stem cells (ISCs)

within crypts are coordinated by key niche signals secreted

from supporting pericryptal mesenchymal cells, macrophages,

and Paneth cells (Degirmenci et al., 2018b; Farin et al., 2012; Mc-

Carthy et al., 2020; Sato et al., 2011; Shoshkes-Carmel et al.,

2018; Valenta et al., 2016). The interplay between different

signaling pathways determines the balance between expansion

and survival of stem/progenitor cells and cell fate commitment

to secretory or absorptive differentiation pathways. The core
646 Cell Stem Cell 27, 646–662, October 1, 2020 ª 2020 Elsevier Inc
signaling pathways that orchestrate these decisions are the

WNT, NOTCH, bone morphogenetic protein (BMP), and epithelial

growth factor (EGF) signaling pathways (Clevers, 2013; Farin et al.,

2012; Horvay and Abud, 2013; Jardé et al., 2013; Kabiri et al.,

2018; McCarthy et al., 2020; Tian et al., 2015). Regulation of

signaling is particularly important during the substantial regenera-

tive response triggered upon epithelial injury to ensure adequate

tissue repair without aberrant proliferation. During this process,

secretory and absorptive progenitor cells de-differentiate into

new Lgr5+ ISCs and initiate the extensive cell division program

crucial for restoring epithelial integrity (Ayyaz et al., 2019;
.
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Buczacki et al., 2013; de Sousa E Melo and de Sauvage, 2019;

Murata et al., 2020; Nusse et al., 2018; Tetteh et al., 2016; Tian

et al., 2011; van Es et al., 2012; Wang et al., 2019; Yui et al.,

2018). Yes-associated protein (YAP) and interleukin-6 (IL-6)/

signal transducer and activator of transcription (STAT) signaling

pathways and secreted R-spondin play key roles in the regenera-

tive process (Ayyaz et al., 2019; Gregorieff et al., 2015; Harnack

et al., 2019; Taniguchi et al., 2015; Yui et al., 2018). However,

the repertoire of signals that drive tissue remodeling and the

massive but transient increase in proliferative crypts are unclear.

Amajor driver of intestinal epithelial cell proliferation is the EGF

signaling pathway (Abud et al., 2005; Basak et al., 2017; Biteau

and Jasper, 2011; Lee et al., 2008; Pejchal et al., 2015). In mam-

mals, the epithelial growth factor receptor (EGFR)/ErbB receptor

family comprises four receptor tyrosine kinases EGFR, ErbB2,

ErbB3, and ErbB4. These receptors are activated by binding of

a family of ligands that include EGF, transforming growth factor

a (TGF-a), amphiregulin and epigen, which interact with EGFR,

as well as heparin-binding EGF-like growth factor, epiregulin,

betacellulin, and neuregulin (NRG) 1–4 that interact with multiple

receptors (Lemmon et al., 2014). Ligand-induced receptor

homo- or heterodimerization (Burgess et al., 2003; Schlessinger,

2002) activates signaling cascades, such as the mitogen-acti-

vated protein kinase (MAPK) pathway and phosphatidylinositol

3-kinase (PI3K)/AKT signaling (Amit et al., 2007; Grant et al.,

2002; Olayioye, 2001).

In the midgut region of the Drosophila intestine, EGF signaling

is required tomaintain the proliferative capacity of ISCs and drive

the regenerative response following damage induced by infec-

tion (Biteau and Jasper, 2011; Buchon et al., 2010; Jiang et al.,

2011). In the mammalian intestine, EGF is secreted by Paneth

and stromal cells and is a key element of the culture conditions

required for supporting ex vivo intestinal organoid cultures

(Sato et al., 2009, 2011). However, mice that lack EGF are viable

and fertile. In fact, knockout of EGF alongside two other mem-

bers of the EGF family of ligands, amphiregulin and TGF-a, still

results in animals that are healthy and fertile with normal intesti-

nal tissue architecture (Luetteke et al., 1999). This contrasts with

receptor knockouts that produce more profound phenotypes,

including severe intestinal defects (Erickson et al., 1997; Lee

et al., 1995; Miettinen et al., 1995; Threadgill et al., 1995). How-

ever, knockout of EGFR on some genetic backgrounds are

viable (Sibilia and Wagner, 1995), and single knockout of EGFR

and ErbB3 in the intestinal epithelium is well tolerated, suggest-

ing some redundancy of receptor function (Lee et al., 2009; Sri-

vatsa et al., 2017). The phenotypic differences observed be-

tween ligand and receptor knockouts overall suggests other

ligands that interact with EGFR family must be responsible for

driving ISC proliferation.

The NRGs, which are part of the EGF family of ligands, interact

with EGF and ErbB receptors (Britsch, 2007). NRG1 is critical for

the establishment and proliferation ofmousemammary gland or-

ganoids (Jardé et al., 2016). Furthermore, NRG1 has been impli-

cated as a key driver of regeneration in a variety of tissues. For

example, NRG1 secreted from nerves drives proliferation of cells

within the blastema during regeneration of axolotl limbs (Farkas

et al., 2016) and regulates repair mechanisms of spinal axons af-

ter injury (Bartus et al., 2016). NRG1 is also induced during car-

diac damage in zebrafish (Gemberling et al., 2015) and can
induce proliferation of cardiomyocytes (Rupert and Coulombe,

2015). However, the regenerative properties of this ligand in

the intestine in vivo have not yet been explored.

In this study, we investigated the role of EGF ligands during the

regeneration of the epithelium following damage. Surprisingly,

we found that NRG1, not EGF, is upregulated by niche cells dur-

ing tissue regeneration. Our data also revealed robust induction

of proliferation of ISCs and progenitors by NRG1, which chal-

lenges the concept that EGF is the main signaling ligand that

drives proliferation of intestinal cells. These data provide critical

insight into the regenerative signals activated upon damage and

support a model where NRG1 is upregulated following injury in

mesenchymal cells to drive proliferation in crypts.

RESULTS

NRG1 Is Induced during the Regenerative Response
following Intestinal Injury
To investigate the role of EGF family ligands in epithelial repair

following tissue damage, we challenged wild-type mice using

two injurymodels, 13Gy irradiation and exposure to 5-fluorouracil

(5-FU). Both models induce DNA damage and apoptosis in prolif-

erative cells within intestinal crypts (Potten and Grant, 1998). This

results in a dramatic shortening of crypts at day 2, followed by a

period of rapid regeneration where progenitor cells display exten-

sive plasticity and de-differentiate to drive increased proliferation,

leading to crypt cell repopulation (Figures S1A and S1B; Ayyaz

et al., 2019; Horvay et al., 2015; Murata et al., 2020; Nusse

et al., 2018; Wang et al., 2019; Yui et al., 2018).

The expression of EGF and NRG ligands during tissue regen-

eration was quantified in the small intestine (SI) following dam-

age after injury (day 2 post-treatment) and during regeneration

(day 5 post-injury; Figures 1A, 1C, S1C, and S1D). Alongside

this, the expression of ISC markers Lgr5 and Olfm4 were exam-

ined. Two days after injury, Olfm4 and Lgr5 expression was

downregulated as a reflection of injury-induced stem cell loss

but was restored by day 5 (Figures 1A, 1C, S1A, and S1B; Nusse

et al., 2018; Yui et al., 2018). Strikingly, regeneration wasmarked

by a robust increase in Nrg1 expression in both injury models, in

contrast to the other ligands, where expression was either down-

regulated or unaltered (Figures 1A, 1C, S1C, and S1D). A strong

NRG1 signal was detected in the vicinity of regenerating crypts

post-injury (Figures 1B and 1D). The expression of the NRG1 re-

ceptor, ErbB3, wasmore abundant in regenerating crypts in both

injury models (Figures S1E and S1F). These data suggest that

NRG1 is a key endogenous ligand contributing to intestinal tissue

regeneration following damage.

NRG1 Can Substitute for EGF and Promote Robust
Proliferation of Intestinal Organoids
To investigate the capacity of NRG1 to sustain efficient regener-

ation, proliferation, and differentiation, we examined the ability of

NRG1 to support the growth of SI organoids. Organoid culture

can also be considered a regeneration model, as it involves acti-

vation of defined signaling pathways critical for tissue regenera-

tion, including transient activation of YAP, and leads to the devel-

opment of complex intestinal structures starting from a single

isolated crypt (Chiacchiera et al., 2016; Date and Sato, 2015;

Sato et al., 2009; Serra et al., 2019). In the presence of EGF,
Cell Stem Cell 27, 646–662, October 1, 2020 647
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which is one of the original constituents of the growth factor

cocktail (Sato et al., 2009), organoids developed crypt domains

that contain bromodeoxyuridine (BrdU)+ proliferative cells. In

marked contrast, organoids treated with NRG1 and without

EGF were much larger, with buds composed of numerous

rapidly proliferating cells, as shown by BrdU incorporation (Fig-

ures 1E and 1F). NRG1 dramatically increased organoid growth

by 4-fold compared to EGF over 4 days (Figure 1G). EGF was no

longer required, demonstrating that NRG1 can substitute for

EGF. Furthermore, no cumulative effect was evident when both

EGF and NRG1 were present (Figure 1G).

The activation of MAPK and PI3K-AKT signaling downstream

of NRG1 has been described in several contexts (Britsch,

2007). To determine whether these signaling pathways were

activated during the strong proliferative response induced by

NRG1, fully formed organoids established in ENR (EGF, Noggin,

R-spondin 1) medium were starved of EGF for 5 h and then

exposed to EGF or NRG1. More robust activation of both the

MAPK and AKT pathways by NRG1 was evident compared to

EGF, quantified by the level of phosphorylated ERK and AKT

following 15 min of stimulation. This activation was maintained

for at least 5 h (Figure 1H). We also tested whether NRG1 was

able to activate these signaling pathways in complete medium,

which contains EGF. Following 1 h of treatment with NRG1,

phosphorylation of AKT and ERKwas robustly increased in orga-

noids compared to EGF treatment alone (Figure S1G). This cor-

relation between NRG1 stimulation and strong activation of

MAPK and PI3K-AKT signaling may underlie the strong prolifer-

ative response mediated by NRG1, and this effect can be

induced in the presence of EGF ligand.

The ability of NRG1 and EGF to trigger the phosphorylation of

ErbB2 and ErbB3 receptors was examined in organoids. NRG1

was more potent than EGF in inducing phosphorylation of both

ErbB2 and ErbB3 (Figures S1H and S1I). We then assessed

the functional contribution of EGF receptor ErbB1 in mediating

NRG1-induced organoid growth. Intestinal organoids cultured

with EGF and the ErbB1 inhibitor gefitinib failed to form buds

(Figure S1J). In contrast, organoids cultured with both NRG1

and gefitinib contained budding crypt domains and KI-67 prolif-

erative cells (Figure S1J). Importantly, treatment of organoids

with NRG1 in the presence of gefitinib maintained organoid

growth, as the total number of cells was similar between cultures
Figure 1. Niche-Derived NRG1 Is Upregulated during Regeneration an

(A) qRT-PCR analysis of Lgr5 andOlfm4 (stem cell markers) comparedwithNrg1 a

upregulated during regeneration (n = 6 per time point; Kruskal-Wallis one-way A

(B) Immunostaining for NRG1 (red) in SI at days 0 and 5 post-irradiation demonst

are outlined. Scale bar, 50 mm.

(C) qRT-PCR analysis of Lgr5, Olfm4, Nrg1, and Egf expression in SI at 0, 2, 5, a

ANOVA; *p < 0.05, versus day 0).

(D) Immunostaining for NRG1 (red) in the SI post-5-FU treatment shows upregula

bar, 50 mm.

(E) SI organoids cultured in EGF, NRG1, or both for 5 days demonstrate that NR

(F) Organoid sections stained with H&E and immunostained for BrdU (n = 3) followi

proliferation. Scale bar, 70 mm.

(G) Quantification of organoid growth in EGF, NRG1, or both after 4 days shows

conditions, R-spondin 1 and Noggin were added.

(H) Western blot analysis shows an increase in pAKT and pERK in SI organoids su

paired Student’s t test; *p < 0.05). Images are composites of an individual image

For all graphs, bars represent mean ± SEM. See also Figure S1.
treated with EGF alone and NRG1 combined with gefitinib

(Figure S1K).

Taken together, these data suggest that the upregulation of

NRG1 observed following damage supports the proliferative

regenerative response, which is underpinned by the ability of

NRG1 to robustly activate ErbB2 and ErbB3 receptors and

downstream AKT and ERK signaling.

NRG1 Is Secreted by Mesenchymal and Epithelial
Niche Cells
To identify the cellular source of NRG1, SI mesenchymal popu-

lations were purified from control mice and compared to tissue

undergoing regeneration following damage, using cell surface

markers (Figure S2). Live single cells were stratified into

CD45+ F4/80+ CD11b+ (macrophage-enriched), CD45+ F4/

80� CD11b� (leukocytes without macrophages), CD45�
CD31+ (endothelial cells), CD45� CD31� GP38� cells, and

CD45� CD31� GP38+ CD34+/� PDGFRa+/� (stromal) cells

(Figure S2A). Both macrophages and CD34+/� PDGFRa+ stro-

mal populations have been described as key niche components

due to their role in maintaining ISC function and/or secreting

WNT andBMP signalingmolecules (Greicius et al., 2018;McCar-

thy et al., 2020; Sehgal et al., 2018; Shoshkes-Carmel et al.,

2018; Stzepourginski et al., 2017). We confirmed the purity of

the sorted cell populations by assessing the expression of key

marker genes (Figure S2B). During tissue homeostasis, Nrg1

was strongly expressed in CD34� PDGFRa+ and CD34�
PDGFRa� stromal cells, macrophages, and endothelial cells

(Figure 2A). Strikingly, following both radiation and 5-FU-induced

injury, Nrg1 expression was strongly elevated in macrophages

(4.8-fold and 8.3-fold) and CD34� PDGFRa+ stromal cells

(13.8-fold and 4.5-fold) compared to homeostatic conditions

(Figure 2A). Furthermore, in CD34+ PDGFRa+ stromal cells,

where Nrg1 is barely detectable under steady-state conditions,

Nrg1 was highly elevated following radiation-induced damage

(Figure 2A). No changes in Egf were detected in these cell pop-

ulations in either injury model (Figure 2C). Only minor changes in

the relative proportion of different cell types were noted for the

irradiation model (Figure S2C). We confirmed the expression of

NRG1 in distinct cell populations by co-immunofluorescence

(Figure 2B). NRG1 partially overlapped with F4/80+ and

PDFGRa+ cells that were found in the close vicinity of
d Promotes In Vitro Organoid Proliferation

nd Egf expression in the SI at 0, 2, and 5 days following irradiation showsNrg1 is

NOVA; *p < 0.05, versus day 0).

rates elevation of NRG1 in the mesenchyme (n = 3; DAPI, blue). Crypt domains

nd 7 days post-5-FU treatment (n = 6 per time point; Kruskal-Wallis one-way

tion during regeneration (n = 3; DAPI, blue). Crypt domains are outlined. Scale

G1 enhances organoid growth (n = 6). Scale bar, 100 mm.

ng culture in the presence of EGF, NRG1, or both for 5 days show an increase in

an increase in growth with NRG1 (n = 6; one-way ANOVA; *p < 0.05). For all

pplemented with NRG1 compared to EGF after starvation of EGF for 5 h (n = 3;

that have been cropped and stitched together.
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NRG1 is upregulated in mesenchymal cells following injury (n = 6; unpaired
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(green) in SI tissues at days 0 and 5 post-irradiation demonstrates that subsets
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regenerating crypts, confirming expression of NRG1 in a subset

of these cells. There was no co-localization of NRG1 and alpha

smooth muscle actin (aSMA) (Figure S3A).

The expression of NRG1 was also examined in epithelial cells.

Utilizing tissue isolated from Lgr5-EGFP transgenic mice, which

allows detection of ISCs by reference to GFP, we observed that

NRG1 was expressed by a population of epithelial cells located

at the bottom of the crypts adjacent but distinct from the crypt

base columnar (CBC) cells (Figure 2D). Co-immunostaining

confirmed that NRG1 was expressed by lysozyme-positive Pan-

eth cells, which are known to provide niche signals, including

EGF (Figure S3B; Sato et al., 2011). No obvious changes in

NRG1 staining intensity were observed in Paneth cells at day 5

post-13 Gy irradiation (Figure S3C).

The expression of ErbB3 was rarely observed in mesenchymal

cells but was detected in basolateral membranes of epithelial

cells, including Lgr5+ stem cells (Figure 2D). To further explore

these findings, we isolated Lgr5-GFPhigh stem cells, their

daughter cells (Lgr5-GFPmed and Lgr5-GFPlow), and a CD24high

Paneth-cell-enriched population by fluorescence-activated cell

sorting (FACS). After validating the identity of these populations

(Figure S3D), we examined the expression of Nrg1 and ErbB re-

ceptors. Nrg1 levels were 26-fold higher in Paneth cells

compared to stem cells (Figure S3D), confirming our observa-

tions by immunofluorescence. ErbB2 and ErbB3 levels were

also higher in stem cells compared to Paneth cells (Figure S3D).

Nrg1 expression was significantly higher in mesenchyme

compared to epithelium (Figures S3E and S3F), although

ErbB2 and ErbB3 receptors were most highly expressed in the

epithelium (Figure S3F). These results suggest a paracrine

signaling network operates during tissue homeostasis and tissue

regeneration, whereby supporting mesenchymal cells and Pan-

eth cells secrete NRG1, which acts on the epithelium, including

stem and progenitor transit amplifying cells, via ErbB3/ErbB2

receptors.
NRG1 Supports Intestinal Stem Cell Maintenance and
Proliferation during Regeneration
The requirement for NRG1 during intestinal homeostasis was

investigated by conditional deletion of Nrg1 in SI tissue of adult

mice. The specific function of Nrg1 in distinct intestinal cell com-

partments (Paneth cells versus mesenchymal cells) was

explored using different Cre drivers. Villin-Cre-ERT2 (el Marjou

et al., 2004) was utilized to drive expression of Cre recombinase

specifically in the epithelium, and the global inducible Ubc-Cre-

ERT2 (Ruzankina et al., 2007) was used to produce knockout in all

the different cell populations that express Nrg1 in the mesen-

chyme and epithelium. These Cre drivers were crossed with
of these cells (white arrows) express NRG1 (n = 3). Crypt domains are outlined.

Scale bar, 50 mm.

(C) qRT-PCR analysis of Egf expression in cell populations from control, irra-

diated, and 5-FU-treated mice at day 5 (n = 6; unpaired Student’s t test; *p <

0.05, versus control).

(D) Immunofluorescent detection of NRG1 (red) or ErbB3 (red) and Lgr5-GFP

(green) in SI tissues (n = 3). NRG1-positive cells (white arrows) do not co-

localize with Lgr5-GFP cells in crypts. ErbB3-positive cells (white arrows) co-

localize with Lgr5-GFP cells. Crypt domains are outlined. Scale bar, 10 mm.

For all graphs, bars represent mean ± SEM. See also Figures S2 and S3.



O
LF

M
4+

 c
el

ls
/c

ry
pt

0

5

10

15

5-FU
5-FU + 
Nrg1 KO

0

0.5

1

1.5

*

L

N
rg

1  
ex

pr
es

si
on

 
(fo

ld
 c

ha
ng

e)

0.0

0.5

1.0

1.5

N
rg

1 
ex

pr
es

si
on

 
(fo

ld
 c

ha
ng

e)

Irradiation
Irradiation + 
Nrg1 KO

*

F G

Ubc-Cre-ERT2 Nrg1+/+ (Control)

Ubc-Cre-ERT2 Nrg1fl/fl (Nrg1 KO)

Tamoxifen Analysis

1 2 3 4 5 16 Days11

13 Gy Irradiation

Irradiation Irradiation + Nrg1 KO

B
rd

U

H

0

10

20

30
Irradiation
Irradiation  
+ Nrg1 KO

*

5-FU 5-FU +Nrg1 KO

B
rd

U

K

Ubc-Cre-ERT2 Nrg1+/+ (Control)

Ubc-Cre-ERT2 Nrg1fl/fl (Nrg1 KO)

Tamoxifen Analysis

1 2 3 4 5 16 Days12

5-FU

M

Br
dU

+ 
ce

lls
/fi

el
d 

of
 v

ie
w

0

70

140

210

280

350

*

5-FU
5-FU + Nrg1 KO

*

O
LF

M
4

O
5-FU
5-FU + 
Nrg1 KO

5-FU 5-FU +Nrg1 KO

J Irradiation Irradiation + Nrg1 KO

O
LF

M
4

N

A C

B
rd

U

Control Nrg1 KO

Ubc-Cre-ERT2 Nrg1+/+ (Control)

Ubc-Cre-ERT2 Nrg1fl/fl (Nrg1 KO)

Tamoxifen Analysis

1 2 3 4 5 16 Days 0.0

0.5

1.0

1.5
B

*N
rg

1 
ex

pr
es

si
on

 
(fo

ld
 c

ha
ng

e)

Control
Nrg1 KO

0

15

30

45

60

0

5

10

15

20
Br

dU
+ 

C
BC

 c
el

ls
/c

ry
pt

0

0.5

1

1.5

2

2.5

* *

E Control Nrg1 KO

O
lfm

4 
IS

H
0

2

4

6

8

*

Control
Nrg1 KO

O
lfm

4+
 c

el
ls

/c
ry

pt

D

Br
dU

+ 
ce

lls
/c

ry
pt

*

%
 B

rd
U

+ 
ce

lls
/c

ry
pt

Control Nrg1 KO

Irradiation Irradiation + Nrg1 KOI

Br
dU

+ 
ce

lls
/c

ry
pt

0

10

20

30

*

%
 B

rd
U

+ 
ce

lls
/c

ry
pt

0

15

30

45

60

*
O

LF
M

4+
 c

el
ls

/c
ry

pt

Br
dU

+ 
ce

lls
/fi

el
d 

of
 v

ie
w

0

70

140

210

*

Figure 3. Loss of NRG1 Impairs Regeneration following Injury

(A) Induction protocol for deletion of Nrg1 in the SI. Control (Ubc-Cre-ERT2+ Nrg1+/+) and Nrg1 KO (Ubc-Cre-ERT2+ Nrg1fl/fl) are compared. Tissue analyses are

conducted at day 16.

(legend continued on next page)
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Nrg1fl/fl mice, which contain loxP sites flanking exon 6 of the

Nrg1 gene that encodes for the active EGF-like domain (Zhang

et al., 2011). Following induction of Cre recombinasewith tamox-

ifen, tissues from Villin-Cre-ERT2 Nrg1+/+ control and Villin-Cre-

ERT2 Nrg1fl/fl test mice were collected on day 5 and day 16 (Fig-

ures S4A and S4E). Knockout of epithelial Nrg1 was confirmed

and revealed a significant reduction (81%) in Nrg1 expression

(Figure S4D). However, despite extensive analyses, no overt

morphological, histological, or proliferative differences could

be detected in Nrg1 epithelial-specific knockout mice at either

day 5 (Figures S4B–S4D) or 16 (Figures S4F–S4H). To assess

whether mesenchymal cells were compensating for epithelial

loss of Nrg1, we established SI organoid cultures from both

Villin-Cre-ERT2 Nrg1+/+ and Villin-Cre-ERT2 Nrg1fl/fl mice.

Following tamoxifen treatment in culture and subsequent

knockout of Nrg1 (Figure S4I), there was no difference in overall

organoid morphology and growth in knockout organoids grown

in ENR medium (Figures S4J and S4K), suggesting EGF in the

medium could support organoid growth in the absence of NRG1.

We then explored whether concomitant loss of Nrg1 in both

epithelial and mesenchymal compartments could impact intesti-

nal tissue homeostasis. We utilized the Ubc-Cre-ERT2 inducible

Cre driver and first evaluated the efficiency of this allele in driving

recombination using the ROSA26-ZsGreen1 reporter system

(Figure S5A; Madisen et al., 2010). 8 days following tamoxifen in-

jection, ZsGreen1 expression was observed in both epithelial

and mesenchymal compartments, including pericryptal cells

and the muscularis mucosa (Figure S5B), which validated the

use of the Ubc-Cre-ERT2 model. Following Cre induction, intes-

tinal tissues were collected at day 16 (Figure 3A), as previous

studies suggest this time frame is sufficient to delete secreted

signaling molecules in niche cells (McCarthy et al., 2020; Valenta

et al., 2016). Loss ofNrg1 (Figure 3B) produced clearmorpholog-

ical changes in the epithelium, including a 20% reduction in the

size of the crypt and villus compartments (Figure S5C) and a sig-

nificant decrease in the number of BrdU+ proliferative crypt cells

and BrdU+ CBC stem cells in mutant tissues compared to con-

trols (Figures 3C and 3D). There were no changes in differenti-

ated goblet, Paneth, and enteroendocrine cells (Figure S5D).

Importantly, the Olfm4+ stem cell pool was impacted by the

loss of Nrg1, as indicated by a 25% decrease in the number of

Olfm4+ cells in mutant crypts (Figure 3E). Interestingly, knockout

ofNrg1 expression was not maintained at day 31 post-tamoxifen
(B) Knockout of Nrg1 is verified by the reduction of Nrg1 mRNA by qRT-PCR (n

(C) BrdU immunostaining shows reduced levels in Nrg1 knockout (KO) animals.

(D) Quantification of BrdU+ cells and BrdU+ CBC stem cells reveals a reduction

(E) Cells expressing Olfm4 are reduced following Nrg1 KO, as examined by in sit

(F) Induction protocol for deletion of Nrg1 followed by irradiation-induced injury

(control) and Ubc-Cre-ERT2 Nrg1fl/fl (Nrg1 KO) mice were compared for all analys

(G) Knockout of Nrg1 using the protocol in (F) is verified by the reduction of Nrg1

(H) BrdU staining of tissue from irradiated control and Nrg1 KO animals reveals a

(I) Quantification of BrdU+ cells per field of view and per crypt in control and Nrg

(J) OLFM4 immunostaining reveals a decrease in OLFM4+ cells per crypt during

(K) Induction protocol for deletion of Nrg1 followed by 5-FU-induced injury. Tissu

(L) Knockout of Nrg1 is verified by the reduction of Nrg1 mRNA by qRT-PCR (n =

(M) BrdU immunostaining of tissue following 5-FU-induced injury reveals a reduc

(N) Quantification of BrdU+ cells per field of view in control and Nrg1 KO mice (n

(O) OLFM4 immunostaining reveals a reduction in ISCs in regenerating crypts wh

All statistical analyses utilized the unpaired Student’s t test; *p < 0.05, versus co
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treatment, suggesting a selective pressure for repopulation of in-

testinal mesenchymal tissues by unrecombined cells, although a

significant decrease in OLFM4+ cells was still observed at this

time point (Figures S5E–S5I).

We next explored the requirement for Nrg1 during intestinal

regeneration following damage. Following knockout of Nrg1,

mice were exposed to 13 Gy irradiation to induce tissue damage

and subsequent regeneration (Figure 3F). At day 5 post-treat-

ment, loss ofNrg1 significantly impaired the regenerative capac-

ity of the intestinal tissue as marked by a decrease in the number

of regenerating crypts and strong reduction in the number of

BrdU+ (�41%) and OLFM4+ (�39%) cells per crypt in knockout

mice compared to controls (Figures 3G–3J). Moreover, similar

profound intestinal alterations were observed in Nrg1 knockout

mice at day 4 post-injury using the 5-FU model (Figures 3K–

3O). This could be due to either depletion of the pool of cells

required for the initiation of the regenerative response or an

impact on the regenerative response.

These functional studies show that endogenous NRG1 is

required to sustain cellular proliferation and stem cell mainte-

nance in intestinal crypts during tissue homeostasis and regen-

eration following damage.

NRG1 Promotes Cell Proliferation and Alters
Differentiation of the Stem Cell Pool
In order to mimic the endogenous upregulation of NRG1 during

regeneration and explore the impact of this on the epithelium,

we treated adult C57BL/6 wild-type mice with recombinant

NRG1. Mice were treated with intraperitoneal injections of re-

combinant NRG1 (15 mg/day) or PBS (control) for 5 days (n =

8), and tissues were collected on day 6 (Figure 4A). An earlier

time point of analysis was selected compared to the Nrg1

knockout experiment, as the NRG1 recombinant protein was

directly injected into the mice and did not rely on tamoxifen-

mediated loss of Nrg1 gene and disappearance of the protein

from the system. NRG1-treated mice did not display any phys-

ical or behavioral symptoms but exhibited a pronounced intesti-

nal phenotype that was characterized by a significant enlarge-

ment of the crypt and villus compartments (+22% and +19%,

respectively; Figure 4B). The proportion of differentiated secre-

tory cells was also altered, with an increase in goblet cells (Fig-

ure S6A) and a decrease in Paneth cells (Figure S6B). In addition,

the number of BrdU+ proliferative cells was significantly
= 7).

Scale bar, 20 mm.

of these cells following Nrg1 KO (n = 7–8).

u hybridization (n = 7–8). Scale bar, 20 mm.

and collection of tissues at day 16 (day 5 post-injury). Ubc-Cre-ERT2 Nrg1+/+

es.

mRNA by qRT-PCR (n = 3–4).

decline in proliferative cells. Scale bar, 50 mm.

1 KO mice reveals a significant decrease in the proliferation (n = 3–4).

regeneration following irradiation in Nrg1 KO mice (n = 3–4). Scale bar, 50 mm.

es are analyzed at day 16 (day 4 post-injury).

5).

tion in the proliferation. Scale bar, 100 mm.

= 5) shows a significant reduction of proliferating cells.

en Nrg1 is depleted (n = 5). Scale bar, 50 mm.

ntrol. All bars represent mean ± SEM. See also Figures S4 and S5.
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increased in NRG1-treated mice (Figure 4C). To evaluate

whether the stem cell pool was affected by elevated levels of

NRG1, the expression of ISC markers, including EphB2, Hes-1,

Lgr5,Olfm4, and Smoc2, was assessed. All of these ISCmarkers

were upregulated in NRG1-treated epithelium (Figure 4D).

Overall, these data demonstrate that elevation of NRG1 drives

enlargement of crypts containing proliferative cells and elevation

of stem cell marker expression, a phenotype that is opposite to

the changes observed after endogenous deletion of Nrg1.

NRG1 Drives Proliferative and Stem Cell Molecular
Signatures and Augments Intestinal Stem Cell Function
To characterize the underlying molecular mechanisms respon-

sible for the NRG1-mediated intestinal changes, stem

cells (Lgr5high-CD24low), their immediate progenitors (Lgr5med-

CD24low), subsequent progenitors (Lgr5low-CD24low), and differ-

entiated cells (double negative) were isolated from NRG1-

treated and control Lgr5-EGFP mice (Figures 4E and S6C). We

used the CD24 cell surface marker that labels stem and prolifer-

ative cells within crypts to isolate a CD24� Lgr5� population

without contaminating unlabeled Lgr5+ cells (Nefzger et al.,

2016). This population represents a subset of the differentiated

cell pool as it excludes both CD24high Paneth and enteroendo-

crine cells (Sato et al., 2011). Following RNA sequencing, we first

evaluated the expression of known stem cell and differentiation

markers to validate our sorting strategy (Figure S6D). We then

analyzed changes mediated by NRG1 in these distinct cell pools

(Figure 4F). This revealed that Lgr5med-CD24low and Lgr5high-

CD24low cells significantly responded to NRG1 as the number

of differentially expressed genes (DEGs) (false discovery rate

[FDR] < 0.05) was 1,308 and 723, respectively, in NRG1-treated

cells compared to controls (Figure 4G). In contrast, only around

170 transcripts were differentially expressed in Lgr5low-CD24low

and double-negative cell populations (Figure 4G). Of note, this

lack of response could partially be due to the fact that, among

the 4 cell populations studied, the Lgr5low-CD24low and dou-

ble-negative cells are the most heterogeneous in nature.

In an effort to understand why intestinal cell populations

respond differently to NRG1 stimulation, we compared the mo-

lecular signature of untreated Lgr5med-CD24low and Lgr5low-

CD24low cells. These two cell populations express similar levels

of the receptors ErbB2 and ErbB3 and most of the known down-

stream signaling molecules (Figure S6E), which suggests these
Figure 4. NRG1 Treatment Promotes Cell Proliferation and Regulates

(A) NRG1 supplementation strategy over 5 days to examine the regenerative effec

were harvested at day 6.

(B) H&E-stained SI sections revealed the presence of elongated crypts in NRG1-

(C) BrdU-stained SI tissue reveals NRG1 treatment promotes proliferation in cryp

(D) qRT-PCR analysis of stem cell markers EphB2, Hes-1, Lgr5, Olfm4, and Smo

(E) NRG1 supplementation strategy using Lgr5-EGFPmice (n = 3). Cells from four

Lgr5-GFPhigh CD24low) were isolated by FACS on day 6 for molecular analyses.

(F) Heatmap of RNA sequencing data shows differences in gene expression in th

NRG1 versus vehicle controls.

(G) Differentially expressed genes in NRG1-treated mice compared to controls.

(H) Brightfield and KI-67-stained SI organoids following treatment for 4 days wit

NRG1 (n = 3). Scale bar, 100 mm.

(I) Quantification of cells in organoids treated with inhibitors (n = 3; one-way ANO

Scale bars for all histological sections, 20 mm. Graphs in (B)–(D) all utilize the unpa

See also Figure S6.
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two populations have similar abilities to respond to NRG1.

Gene ontology analysis was used to determine biological pro-

cesses that characterize these two cell populations. Analysis of

DEGs between Lgr5med-CD24low cells and Lgr5low-CD24low cells

(781 upregulated genes in the Lgr5low-CD24low and 466 upregu-

lated genes in the Lgr5med-CD24low cells; FDR < 0.05) showed

these two populations were distinct. Lgr5low-CD24low cells ap-

peared to be more advanced on the path to differentiation, ex-

hibiting functions related to digestion of fat and metabolism of

lipids (Figures S6F and S6H). In contrast, the gene signature of

Lgr5med-CD24low cells was enriched for proliferative cellular

functions, including DNA replication, mitotic cell cycle, and cell

division (Figures S6G and S6H). Importantly, the WNT signaling

pathway was also identified, which raises the question of

whether active WNT signaling is required for cells respond to

NRG1. To test this hypothesis, SI organoids were cultured in

the presence of the WNT inhibitor IWP2 or in the absence of R-

spondin 1 and supplemented with EGF or NRG1 (Figures 4H,

4I, and S6I). Inhibition of WNT signaling resulted in a dramatic

decrease in the formation of mature budding organoids that

could not be rescued in the presence of NRG1 or EGF. We

also tested whether other signaling pathways were required.

NRG1 treatment was able to rescue the formation of budding or-

ganoids in the presence of both the NOTCH signaling inhibitor N-

[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl

ester (DAPT) or the YAP signaling inhibitor verteporfin (Figures

4H and 4I), although there was some impact on overall growth.

These data suggest that the effects of NRG1 require the pres-

ence of active WNT signaling, which may explain why NRG1

differentially effects stem and immediate progenitor cells. How-

ever, there may also be other mechanisms that contribute to the

responsiveness of cells.

Analysis of differentially expressed genes in Lgr5med-CD24low

and Lgr5high-CD24low populations revealed that NRG1-regulated

genes were associated with mitotic cell cycle processes (Fig-

ure 5A). This was not observed in Lgr5low-CD24low and double-

negative cells. This concurs with our observation of an increased

number of BrdU+ cells in intestinal crypts of NRG1-treated mice

(Figures 3C and 3D). To demonstrate that NRG1 regulates stem

cell proliferation, we performed co-immunofluorescence to

detect both Lgr5-GFP CBC cells and BrdU+ cells. The percent-

age of BrdU+ Lgr5-GFP+ cells was increased 2.1-fold in

NRG1-treated mice (Figure 5B). An increase in proliferative
Intestinal Stem and Progenitor Cells

t of NRG1 in the SI. Vehicle-injected animals were used as controls, and tissues

treated mice (n = 8).

ts (n = 8).

c-2 shows upregulation following NRG1 treatment (n = 4–5).

populations (Lgr5� CD24�, Lgr5-GFPlow CD24low, Lgr5-GFPmed CD24low, and

e four FACS-sorted populations (average of three datasets for each group) in

h IWP2, DAPT, or verteporfin in organoid medium supplemented with EGF or

VA; *p < 0.05).

ired Student’s t test (*p < 0.05, versus control). All bars represent mean ± SEM.
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Figure 5. NRG1 Drives a Proliferative Signa-

ture in Stem and Progenitor Cells

(A) Gene ontology analysis of the differentially ex-

pressed genes for the four FACS-sorted cell pop-

ulations from NRG1-treated Lgr5-EGFP mice

shows an increase in cell cycle and mitotic pro-

cesses in Lgr5-GFPhigh and Lgr5-GFPmed cells.

(B) Fluorescent images of SI sections from Lgr5-

GFP mice co-stained for BrdU reveals NRG1 treat-

ment increases proliferation of stem cells. Scale bar,

20 mm. n = 3; unpaired Student’s t test; *p < 0.05,

versus control. Bars represent mean ± SEM.

(C) Violin plots for cell proliferation markers as-

sessed by single-cell PCR in 30 double-sorted Lgr5-

GFPhigh cells (Kolmogorov-Smirnov test; *p < 0.05,

versus control) reveal more homogeneous pop-

ulations are present following NRG1 treatment.
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progenitor cells was also evident. Single-cell PCR analysis of

cell-cycle-related genes (Aspm, Ccnb1, Foxm1, and Ki67) in

NRG1-treated Lgr5high-CD24low stem cells also revealed a signif-

icant and homogeneous activation of these genes (Figure 5C).

Multidimensional scaling analysis was utilized to visualize the

effect of NRG1 on different intestinal subpopulations. Both prin-

cipal-component analysis (PCA) dimension 1 and dimension 2

allowed identification of a hierarchical stream among popula-

tions, going from Lgr5high-CD24low stem cells to the more differ-

entiated cells, Lgr5med-CD24low and then Lgr5low-CD24low (Fig-

ures 6A and S7A). Importantly, NRG1-treated cells shifted

away from their initial cell identity toward a more undifferentiated

state (Figures 6A and S7A). Hierarchical clustering analysis of the

entire transcriptome revealed intestinal subpopulations clus-

tered on their cellular identity in a NRG1-independent manner

(Figure S7B). However, when we assessed genes specifically
Cell S
regulated by NRG1 in Lgr5med-CD24low

cells, these cells clustered with Lgr5high-

CD24low stem cells (Figures 6B, S7C, and

S7D), which indicates NRG1 modulates

genes in the Lgr5med-CD24low population

tomake themmore stem cell like. We iden-

tified 584 genes (FDR < 0.05) that were ex-

pressed at >2-fold higher levels in both

NRG1-treated Lgr5med-CD24low cells and

untreated Lgr5high-CD24low stem cells

compared to untreated Lgr5med-CD24low

cells, including numerous stem cell

markers (Figure 6C). A similar phenotype

was observed for NRG1-treated Lgr5high-

CD24low stem cells (Figure 6C). Gene set

enrichment analysis was conducted by

comparing the ranked gene signature of

NRG1 in NRG1-treated Lgr5med-CD24low

cells versus untreated Lgr5med-CD24low

cells with the stem cell signature published

by Muñoz et al. (2012). This analysis re-

vealed a major shift in progenitor cell iden-

tity toward a stem-cell-like state (Fig-

ure 6D). This could be the result of a

delay in differentiation. This was validated
in tissues where we observed strongOlfm4 and CD44v6 staining

at the crypt bottom following NRG1 treatment inmice (Figures 6E

and 6F). FACS analysis using two stem cell markers CD44 and

EPHB2 (Jardé et al., 2015) revealed a population shift in

NRG1-treated stem cells (Figure 6G). In NRG1-treated mice, a

more homogeneous cell population was evident, with 97% of

Lgr5high-CD24low cells expressing high levels of CD44 and

EPHB2 compared to 75% of stem cells in controls (Figure 6G).

We then investigated whether these changes in cell identity

translated to functional changes. Stem cells (Lgr5-GFPhigh) and

progenitor daughter cells (Lgr5-GFPmed and Lgr5-GFPlow) were

isolated at the single-cell level from Lgr5-EGFP mice by FACS

and subjected to an organoid formation assay that evaluates

the ability of single cells to form new organoids in order to assess

their stem cell potential (Mihaylova et al., 2018; Serra et al.,

2019). In ENR medium, Lgr5-GFPhigh cells generated more
tem Cell 27, 646–662, October 1, 2020 655
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organoids than Lgr5-GFPmed and Lgr5-GFPlow cells, as ex-

pected (Figure 6H). NRG1 treatment dramatically increased (by

50%) the ability of Lgr5-GFPhigh, Lgr5-GFPmed, and Lgr5-GFPlow

cells to form organoids compared to EGF (Figure 6H). Interest-

ingly, the organoid-forming efficiency of NRG1-stimulated

Lgr5-GFPmed cells was not significantly different to Lgr5-GFPhigh

stem cells cultured with EGF (Figure 6H). Similar phenotypes

were observed when single cells were supplemented with

NRG1 in the absence of EGF (Figure S7E).

These results clearly demonstrate that NRG1 promotes a pro-

liferative signature in stem and progenitor cells and induces

these cells to express higher levels of stem cell markers. Further-

more, this correlates to augmentation of functional activity, as

demonstrated by the increased capacity of NRG1-treated pro-

genitor cells to initiate organoid cultures and support subse-

quent growth.

NRG1 Treatment Boosts Proliferation and Regeneration
of the Intestinal Epithelium following Damage
To investigate whether NRG1 treatment could improve stem-

cell-mediated regeneration, mice were challenged with the

chemotherapeutic drug 5-FU to induce crypt damage and then

treated with NRG1 (Figure 7A). NRG1-treated animals had longer

villi (+16%), and the number of crypts and proliferative BrdU+

cells per field of view was significantly increased (Figures 7B

and 7C). This was recapitulated in vitro, where organoids treated

with NRG1 exhibited a dramatic increase in complexity with mul-

tiple buds, which are similar to in vivo crypt domains (Figures 7D

and 7E). The percentage of low budding organoids (0–2 crypt

units) was decreased by 40%, and conversely, the percentage

of advanced organoids (%7 crypt domains) was increased by

42% in cultures supplemented with NRG1 (Figures 7D and 7E).

Finally, the ability of NRG1 treatment to promote stem cell reoc-

currence following injury was examined. Expression of the stem

cell markers Hes-1, Lgr5, Olfm4, and Smoc2 was upregulated in

NRG1-treated tissues (Figure 7F). To rule out the fact that upre-

gulation of these markers was only due to an increase in the total

number of crypts, we analyzed expression ofOlfm4 in regenerat-

ing tissue treated with NRG1. An intense Olfm4 signal was de-

tected by in situ hybridization at the base of intestinal crypts,

where an expansion of the Olfm4+ stem cell compartment was

evident (Figure 7G). The number of OLFM4+ cells per field of
Figure 6. NRG1 Supports Stem Cell Identity and Partial Progenitor Cel

(A–C) Lgr5-GFP mice treated with NRG1 (n = 3) and FACS sorted into stem and

(A) Principal-component analysis of the RNA sequencing data shows control (b

each group.

(B) Unsupervised hierarchical clustering analysis of genes differentially expresse

(C) Analysis of ISC markers in Lgr5-GFPmed and Lgr5-GFPhigh cells reveals NRG

calculated based on the ratio of change when comparing two conditions compose

levels in both NRG1-treated Lgr5med-CD24low and untreated Lgr5high-CD24low ce

the fold change <10�4).

(D) Gene set enrichment analysis of the gene signature in NRG1-treated Lgr5med v

signature by Muñoz et al., 2012).

(E) Olfm4 in situ reveals elevation of expression following NRG1 treatment (n = 4

(F) Immunostaining for CD44v6 reveals enhanced staining at the base of SI cryp

(G) Flow cytometry shows more homogeneous populations of cells highly expres

represent mean ± SEM (n = 4; unpaired Student’s t test; *p < 0.05).

(H) Isolated single Lgr5-GFP stem and progenitor cells generatemore organoids a

bar, 500 mm. Bars represent mean ± SEM (n = 3; paired Student’s t test; *p < 0.0

See also Figure S7.
view was robustly increased by 45% in NRG1-treated mice

compared to controls (Figure 7H).

These observations show that, despite the endogenous eleva-

tion of NRG1 during regeneration, further treatment with NRG1

enhanced intestinal tissue regeneration by increasing crypt den-

sity, cell proliferation, and the efficient reappearance of the stem

cell pool.

DISCUSSION

Previous studies have highlighted the importance of WNT and

EGF signaling in maintaining ISCs during normal homeostasis

and the rapid proliferative response required to repair damage

following injury (Farin et al., 2012; Horvay et al., 2011, 2015; Ka-

biri et al., 2014; Koch, 2017; Lee et al., 2008; Mah et al., 2016;

Pejchal et al., 2015). Multiple reports have now demonstrated

that in vivo WNTs, R-spondins, and regulators of BMP signaling

are secreted from stromal cells underlying the crypt compart-

ment (Degirmenci et al., 2018a; Greicius et al., 2018; McCarthy

et al., 2020; Stzepourginski et al., 2017; Valenta et al., 2016).

However, the nature and cell source of secreted signals that

drive regeneration following injury are less clear. Here, we have

identified NRG1 as a mesenchymal niche-derived signal that

supports the proliferation of stem and progenitor cells in the re-

generating epithelium by activation of MAPK and PI3K-AKT

signaling.

Fundamental studies in the Drosophila intestinal tract using

bacterial infection to induce damage have revealed the EGF

signaling pathway is required for cell proliferation in the regener-

ative tissue response (Buchon et al., 2010). The EGF ligand vein

(vn) is dramatically upregulated in muscle underlying the intesti-

nal epithelium following damage (Jiang et al., 2011) and provides

a permissive signal to ISCs, which then allows cell proliferation to

be driven by JAK/STAT signaling (Biteau and Jasper, 2011).

These studies support a model where the visceral muscle is a

functional niche in Drosophila that secretes vn following tissue

damage or stress to stimulate a tissue repair response.

Although Paneth cells secrete niche ligands that can interact

with ISCs in the mammalian gut, it is evident that, in vivo, signals

from the epithelium are dispensable for homeostasis and regen-

eration (Farin et al., 2012; Kabiri et al., 2018; Valenta et al., 2016).

In contrast, the stromal compartment of the intestinal tract has
l Reversion

progenitor populations (see Figures 4E and S3D).

lue) and NRG1-treated (red) animals. Average of three datasets is shown for

d in NRG1-treated and control Lgr5-GFPmed cells.

1 treatment promotes expression of ISC markers. Bars represent fold change

d of three biological replicates (FDR < 0.05; genes expressed at >2-fold higher

lls compared to untreated Lgr5med-CD24low cells; p value of the significance of

ersus control Lgr5med-CD24low cells shows enrichment of ISC genes (stem cell

). Scale bar, 20 mm.

ts following NRG1 treatment (n = 4). Scale bar, 10 mm.

sing the stem cell markers CD44 and EPHB2 following NRG1 treatment. Bars

nd overall cell numbers when cultured in the presence of NRG1 for 5 days. Scale

5).
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(B) H&E-stained SI tissue from 5-FU injured mice reveals NRG1 treatment induces a significant increase in crypt and villus length (n = 8). Scale bar, 100 mm.

(C) BrdU-stained SI from 5-FU injured mice shows NRG1 treatment increases the number of proliferative cells (n = 7–8). Scale bar, 20 mm.

(D) Images of intestinal organoids cultured in the presence of EGF, NRG1, or both for 6 days (n = 3) demonstrate that NRG1 promotes budding. Scale bar, 200 mm.

(E) Quantification of crypt domains in intestinal organoids treated with EGF and NRG1 or both for 6 days (n = 3; paired Student’s t test; *p < 0.05).
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been shown to supply key WNT and BMP signaling agonists and

antagonists to generate a gradient of signaling activity along the

crypt villus axis. A variety of mesenchymal cell sources have

been described, including FOXL1+ (Aoki et al., 2016;

Shoshkes-Carmel et al., 2018), PDGFRa+ (Greicius et al.,

2018; McCarthy et al., 2020), CD34+ (Stzepourginski et al.,

2017), Gli1+ (Degirmenci et al., 2018b), and Grem1+ (McCarthy
658 Cell Stem Cell 27, 646–662, October 1, 2020
et al., 2020) cell populations. Genetic ablation of many of these

cell types produces profound epithelial defects, providing evi-

dence of their role as critical niche components. Numerous

studies have also suggested SMA-positive myofibroblasts may

constitute the niche and have demonstrated the ability of these

cells to support organoid growth without the addition ofWNT ag-

onists (Kabiri et al., 2014; Lahar et al., 2011; Valenta et al., 2016).
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Single-cell sequencing has recently identified three distinct

PDGFRa+mesenchymal cell populations, which has further clar-

ified the contribution of different niche cells. PDGFRahigh

FOXL1+ telocytes express numerous BMP and WNT regulators,

although two PDGFRalow CD34+ stromal populations also ex-

press WNT signaling molecules. Interestingly, one of the

PDGFRalow populations, referred to as trophocytes, localizes

under crypts and can support growth of organoids ex vivo

(McCarthy et al., 2020). NRG1 is clearly expressed in

multiple mesenchymal populations, including macrophages

and PDGFRa+ cells. This includes the SMA-negative sub-

epithelial mesenchymal telocyte population described by

Shoshkes-Carmel et al. (2018) and CD11b+ CSF1R-dependent

gut macrophages that reside in close proximity to crypts (De

Schepper et al., 2018) and, when depleted, result in loss of

Lgr5-positive ISCs (Sehgal et al., 2018). The relative numbers

of these cells do not change dramatically following injury, but

the expression of NRG1 is strongly elevated. Most notably,

CD34+ PDGFRa+ cells switch on NRG1 during regeneration,

suggesting activation of these cells in the repair process. Our

data confirm that CD34+ cells express lower levels of PDGFRa

and are located in stroma surrounding crypts so likely corre-

spond to the trophocyte/stromal cells identified by McCarthy

et al. (2020). Our studies here clearly implicate NRG1 as a key

niche signal that is switched on in stromal cells surrounding

crypts to promote regeneration. This is reminiscent of upregula-

tion of vn during regeneration of the Drosophila gut, suggesting

this is an evolutionary conserved process.

Intriguingly, NRG1, not EGF, was upregulated inmesenchymal

tissue during regeneration following epithelial damage. This

observation strongly implicates NRG1 as having a more specific

role in modulating tissue response following injury. This was re-

inforced by assays in organoid culture, where NRG1 could not

only replace EGF in the culture medium but could more potently

enhance cell division and activation of AKT/MAPK signaling.

Furthermore, NRG1 promoted further cell proliferation, even

when EGF was present. It is likely that there is some level of

redundancy in the function of EGFR/ErbB receptor family and

activating ligands in the intestinal epithelium, as demonstrated

by previous studies (Lee et al., 2008, 2009; Luetteke et al.,

1999; Srivatsa et al., 2017; Threadgill et al., 1995). Here, we

show that EGF and NRG1 likely both contribute to epithelial ho-

meostasis but identify NRG1 as a key endogenous agonist of the

EGF family that acts during epithelial repair.

Lgr5+ cells are rapidly lost following insult with chemotherapy

or radiation exposure (Metcalfe et al., 2014; Tian et al., 2011), and

lineage-tracing studies have shown considerable plasticity in

progenitor cell populations, where both secretory and absorptive

precursors can de-differentiate to replace the lost Lgr5+ cells

(Ayyaz et al., 2019; Buczacki et al., 2013; Murata et al., 2020;

Nusse et al., 2018; Tetteh et al., 2016; Tian et al., 2011; van Es

et al., 2012; Wang et al., 2019; Yui et al., 2018). R-spondin 3 con-

tributes to this process (Harnack et al., 2019), but other niche sig-

nals that drive this process have not been identified. Our results

here show that exposure of FACS-sorted progenitor cells to

NRG1 in vitro converts the identity of progenitor cells toward a

more stem-like phenotype and endows an increased organoid-

initiating capacity to progenitors that is equivalent to non-treated

Lgr5+ stem cells. Analysis of receptor phosphorylation deter-
mined that ErbB3 and ErbB2 are activated by NRG1 in intestinal

organoids to promote budding that is dependent on WNT

signaling but is less dependent on EGFR. Overall, this supports

the concept that NRG1 drives progenitor cells with an activated

WNT pathway back toward a functional stem cell state to

enhance regeneration.

In summary, this study has identified NRG1 as a potent pro-

moter of stem cell identity that acts endogenously to enhance

the repair of intestinal epithelium following damage. Further-

more, NRG1 is more effective at supporting stem cell activity

and proliferation in SI organoid cultures than EGF. This has po-

tential applications for the development of strategies for the

treatment of conditions such as necrotizing enterocolitis, ulcera-

tive colitis, Crohn’s disease, and short gut syndrome, character-

ized by injury and epithelial deficiency.

Limitations of Study
Although our study demonstrates the role of NRG1 during tissue

regeneration and defines some differences in function compared

to EGF, we did not evaluate the function of other members of the

EGF family of ligands. It is possible that these ligands, in

conjunction with NRG1, contribute to supporting intestinal tissue

regeneration following injury. To further scrutinize the role of

NRG1 during the early stages of tissue regeneration, it would

be insightful to conduct in vivo lineage tracing from progenitor

cells and examine the dynamics of de-differentiation of these

cells into new intestinal stem cells. Furthermore, although we

observed activation of both MAPK and AKT following NRG1

stimulation, it remains to be elucidated whether these two

signaling pathways jointly or independently contribute to the im-

pacts observed.
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Neuregulins are essential for spermatogonial proliferation andmeiotic initiation

in neonatal mouse testis. Development 138, 3159–3168.


