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Summary 

The proliferation of intestinal stem cells is maintained by EGF, a key component of the medium 

required to support organoids ex vivo. Here, we identified that NRG1, not EGF, is up-regulated 

during tissue repair following injury. NRG1 is expressed in mesenchymal stromal cells, 

macrophages and Paneth cells. Knockout of NRG1 produced a decrease in cell proliferation 

within crypts and a reduced capacity to regenerate following injury. Treatment with NRG1 

robustly stimulated proliferation in crypts and budding of organoids. Molecular 

characterisation of the effects of NRG1 revealed an elevated and sustained activation of MAPK 

and AKT and a proliferative signature. NRG1 also had a strong impact on the expression of 

stem cell markers, the ability of progenitor cells to initiate organoid growth and enhanced 

regeneration. Our data suggest mesenchymal-derived NRG1 is a potent mediator of tissue 

regeneration and may inform the development of NRG1-based therapies for enhancing 

intestinal repair after injury. 
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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; McCarthy et al., 2020; Sato et al., 

2011; Shoshkes-Carmel et al., 2018; Valenta et al., 2016). The interplay between different 

signalling pathways determines the balance between expansion and survival of stem/progenitor 

cells and cell fate commitment to secretory or absorptive differentiation pathways. The core 

signalling pathways that orchestrate these decisions are the WNT, NOTCH, BMP and epithelial 

growth factor (EGF) signalling pathways (Clevers, 2013; Farin et al., 2012; Horvay and Abud, 

2013; Jarde et al., 2013; Kabiri et al., 2018; McCarthy et al., 2020; Tian et al., 2015). Regulation 

of signalling is particularly important during the substantial regenerative 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; Buczacki et al., 2013; de Sousa 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). YAP and IL6/STAT signalling pathways and secreted R-spondin play key roles in 

the regenerative 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 

remodelling and the massive but transient increase in proliferative crypts are unclear. 

A major driver of intestinal epithelial cell proliferation is the EGF signalling pathway (Abud 

et al., 2005; Basak et al., 2017; Biteau and Jasper, 2011; Lee et al., 2008; Pejchal et al., 2015). 

In mammals, the EGFR/ERBB receptor family comprises four receptor tyrosine kinases EGFR, 

ERBB2, ERBB3 and ERRB4. These receptors are activated by binding of a family of ligands 

that include EGF, transforming growth factor α (TGFα), 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 heterodimerisation (Burgess et al., 2003; Schlessinger, 2002) 

activates signalling cascades such as the mitogen-activated protein kinase (MAPK) pathway 

and PI3-kinase/AKT signalling (Amit et al., 2007; Grant et al., 2002; Olayioye, 2001). 

In the midgut region of the Drosophila intestine, EGF signalling is required to maintain the 

proliferative capacity of ISCs and drive the regenerative response following damage induced 

by infection (Biteau and Jasper, 2011; Buchon et al., 2010; Jiang et al., 2011). In the 
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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., 2011; 

Sato et al., 2009). However, mice which lack EGF are viable and fertile. In fact, knockout of 

EGF alongside two other members of the EGF family of ligands, amphiregulin and TGF still 

results in animals that are healthy and fertile with normal intestinal tissue architecture (Luetteke 

et al., 1999). This contrasts with receptor knockouts which produce more profound phenotypes, 

including severe intestinal defects (Erickson et al., 1997; Lee et al., 1995; Miettinen et al., 1995; 

Threadgill et al., 1995). However, knockout of EGFR on some genetic backgrounds are viable 

(Sibilia and Wagner, 1995) and single knockout of EGFR and ERBB3 in the intestinal 

epithelium are well tolerated, suggesting some redundancy of receptor function (Lee et al., 

2009; Srivatsa et al., 2017). The phenotypic differences observed between 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 of mouse mammary 

gland organoids (Jarde et al., 2016). Furthermore, NRG1 has been implicated 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 after injury (Bartus et al., 2016). NRG1 

is also induced during cardiac 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 up-regulated by niche cells 

during tissue regeneration. Our data also revealed robust induction of proliferation of ISCs and 

progenitors by NRG1, which challenges the concept that EGF is the main signalling ligand that 

drives proliferation of intestinal cells. This data provides critical insight into the regenerative 

signals activated upon damage and supports a model where NRG1 is up-regulated following 

injury in mesenchymal cells to drive proliferation in crypts. 
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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 injury models, 13 Gy irradiation and exposure to 5-

fluorouracil (5-FU). Both models induce DNA damage and apoptosis in proliferative 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 extensive 

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 regeneration was quantified in the small 

intestine (SI) following damage 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 examined. Two days after injury, Olfm4 and Lgr5 expression 

was down-regulated as a reflection of injury-induced stem cell loss, but were restored by day 

5 (Figures 1A, 1C, S1A and S1B) (Nusse et al., 2018; Yui et al., 2018). Strikingly, regeneration 

was marked 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 

(Figure 1B and 1D). The expression of the NRG1 receptor, ERBB3, was more abundant in 

regenerating crypts in both injury models (Figure 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 regeneration, 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 activation of 

defined signalling pathways critical for tissue regeneration, including transient activation of 

YAP, and leads to the development 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, which is one of the original constituents of the growth factor 

cocktail (Sato et al., 2009), organoids developed crypt domains that contain BrdU+ 

proliferative cells. In marked contrast, organoids treated with NRG1 and without EGF were 
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much larger, with buds comprised of numerous rapidly proliferating cells, as shown by BrdU 

incorporation (Figures 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 signalling downstream of NRG1 has been described 

in several contexts (Britsch, 2007). To determine whether these signalling 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 hours, 

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 minutes of stimulation. This activation was maintained for at least 5 hours 

(Figure 1H). We also tested whether NRG1 was able to activate these signalling pathways in 

complete medium, which contains EGF. Following 1 hour of treatment with NRG1, 

phosphorylation of AKT and ERK was robustly increased in organoids compared to EGF 

treatment alone (Figure S1G). This correlation between NRG1 stimulation and strong 

activation of MAPK and PI3K-AKT signalling may underlie the strong proliferative 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 (Figure 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 proliferative 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 treated with EGF alone and NRG1 combined with gefitinib (Figure S1K). 

Taken together, these data suggest that the up-regulation 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 signalling.  

NRG1 is secreted by mesenchymal and epithelial niche cells  
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To identify the cellular source of NRG1, SI mesenchymal populations 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+/- 

PDGFRα+/- (stromal) cells (Figure S2A). Both macrophages and CD34+/- PDGFRα+ stromal 

populations have been described as key niche components due to their role in maintaining ISC 

function and/or secreting WNT and BMP signalling molecules (Greicius et al., 2018; McCarthy 

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- 

PDGFRα+ and CD34- PDGFRα- 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- PDGFRα+ stromal cells (13.8-fold 

and 4.5-fold) compared to homeostatic conditions (Figure 2A). Furthermore, in CD34+ 

PDGFRα+ 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 populations 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 over-lapped with F4/80+ and PDFGRα+ cells that were found in 

the close vicinity of regenerating crypts, confirming expression of NRG1 in a sub-set of these 

cells. There was no co-localisation of NRG1 and alpha smooth muscle actin (αSMA) (Figure 

S3A).  

The expression of NRG1 was also examined in epithelial cells. Utilising 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 Paneth 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). 
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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 FACS. After validating 

the identity of these populations (Figure S3D), we examined the expression of Nrg1 and ErbB 

receptors. Nrg1 levels were 26-fold higher in Paneth cells compared to stem cells (Figure S3D), 

confirming our observations 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 (Figure S3E and S3F), while ErbB2 and ErbB3 

receptors were most highly expressed in the epithelium (Figure S3F). These results suggest a 

paracrine signalling network operates during tissue homeostasis and tissue regeneration, 

whereby supporting mesenchymal cells and Paneth 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 compartments (Paneth cells vs mesenchymal cells) was explored using different Cre 

drivers. Villin-Cre-ERT2 (el Marjou et al., 2004) was utilised 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 mesenchyme and epithelium. These Cre drivers were crossed with 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 recombinase with tamoxifen, tissues 

from Villin-Cre-ERT2 Nrg1+/+ control and Villin-Cre-ERT2 Nrg1fl/fl test mice were collected on 

day 5 and day 16 (Figure 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 (Figure S4B-S4D) or 16 

(Figure 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 
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knockout organoids grown in ENR medium (Figure 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 intestinal tissue homoeostasis. We utilised 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). Eight days 

following tamoxifen injection, 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, intestinal 

tissues were collected at day 16 (Figure 3A) as previous studies suggest this time frame is 

sufficient to delete secreted signalling molecules in niche cells (McCarthy et al., 2020; Valenta 

et al., 2016). Loss of Nrg1 (Figure 3B) produced clear morphological changes in the epithelium, 

including a 20% reduction in the size of the crypt and villus compartments (Figure S5C) and a 

significant decrease in the number of BrdU+ proliferative crypt cells and BrdU+ CBC stem 

cells in mutant tissues compared to controls (Figure 3C and 3D). There were no changes in 

differentiated 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 of Nrg1 expression was 

not maintained at day 31 post-tamoxifen treatment, suggesting a selective pressure for 

repopulation of intestinal mesenchymal tissues by unrecombined cells, although a significant 

decrease in OLFM4+ cells were still observed at this time-point (Figure S5E-5I).  

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-treatment, loss of Nrg1 significantly 

impaired the regenerative capacity 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 (Figure 3G-3J). 

Moreover, similar profound intestinal alterations were observed in Nrg1 knockout mice at day 

4 post-injury using the 5-FU model (Figure 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. 
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These functional studies show that endogenous NRG1 is required to sustain cellular 

proliferation and stem cell maintenance in intestinal crypts during tissue homeostasis and 

regeneration following damage. 

NRG1 promotes cell proliferation and alters differentiation of the stem cell pool 

In order to mimic the endogenous up-regulation 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 recombinant NRG1 (15 µg/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 physical or behavioural symptoms but exhibited a pronounced intestinal 

phenotype that was characterised by a significant enlargement of the crypt and villus 

compartments (+22% and +19% respectively) (Figure 4B). The proportion of differentiated 

secretory cells was also altered, with an increase in goblet cells (Figure S6A) and a decrease in 

Paneth cells (Figure S6B). In addition, the number of BrdU+ proliferative cells were 

significantly 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 ISC markers were up-regulated in 

NRG1-treated epithelium (Figure 4D). 

Overall, this data demonstrates 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 characterise the underlying molecular mechanisms responsible for the NRG1-mediated 

intestinal changes, stem cells (Lgr5high-CD24low), their immediate progenitors (Lgr5med-

CD24low), subsequent progenitors (Lgr5low-CD24low) and differentiated cells (double negative) 

were isolated from NRG1-treated and control Lgr5-EGFP mice (Figure 4E and S6C). We used 

the CD24 cell surface marker that labels stem and proliferative cells within crypts to isolate a 

CD24- Lgr5- population without contaminating unlabelled Lgr5+ cells (Nefzger et al., 2016). 

This population represents a subset of the differentiated cell pool as it excludes both CD24high 
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Paneth and enteroendocrine 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 analysed 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 (DEG) (FDR<0.05) was 

1308 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 double 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 molecular 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 downstream signalling molecules (Figure S6E), which suggests 

these two populations have similar abilities to respond to NRG1. Gene ontology analysis was 

used to determine biological processes that characterise these two cell populations. Analysis of 

DEG between Lgr5med-CD24low cells and Lgr5low-CD24low cells (781 up-regulated genes in the 

Lgr5low-CD24low and 466 up-regulated genes in the Lgr5med-CD24low cells, FDR<0.05) showed 

these two populations were distinct. Lgr5low-CD24low cells appeared to be more advanced on 

the path to differentiation, exhibiting functions related to digestion of fat and metabolism of 

lipids (Figure 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 (Figure S6G and S6H). Importantly, the WNT signalling pathway was also 

identified, which raises the question of whether active WNT signalling 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 signalling 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 signalling pathways were required. NRG1 treatment was 

able to rescue the formation of budding organoids in the presence of both the NOTCH 

signalling inhibitor DAPT, or the YAP signalling inhibitor verteporfin (Figure 4H and 4I), 

although there was some impact on overall growth. This data suggests that the effects of NRG1 

require the presence of active WNT signalling, which may explain why NRG1 differentially 
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effects stem and immediate progenitor cells. However, 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 (Figure 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 (Figure 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 percentage of BrdU+ Lgr5-GFP+ cells was increased 2.1-fold in NRG1-

treated mice (Figure 5B). An increase in proliferative 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 significant and homogeneous activation of these 

genes (Figure 5C). 

Multidimensional Scaling analysis was utilised to visualise the effect of NRG1 on different 

intestinal subpopulations. Both Principal Component Analysis (PCA) dimension 1 and 

dimension 2 allowed identification of a hierarchical stream among populations, going from 

Lgr5high-CD24low stem cells to the more differentiated cells, Lgr5med-CD24low and then Lgr5low-

CD24low (Figures 6A and S7A). Importantly, NRG1-treated cells shifted away from their initial 

cell identity towards a more undifferentiated state (Figure 6A and S7A). Hierarchical clustering 

analysis of the entire transcriptome revealed intestinal sub-populations clustered on their 

cellular identity in a NRG1-independent manner (Figure S7B). However, when we assessed 

genes specifically regulated by NRG1 in Lgr5med-CD24low cells, these cells clustered with 

Lgr5high-CD24low stem cells (Figure 6B, S7C and S7D), which indicates NRG1 modulates 

genes in the Lgr5med-CD24low population to make them more stem cell-like. We identified 584 

genes (FDR<0.05) that were expressed 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 vs untreated Lgr5med-CD24low cells with the stem cell signature 

published by Munoz et al. (Munoz et al., 2012). This analysis revealed a major shift in 

progenitor cell identity towards a stem cell-like state (Figure 6D). This could be the result of a 

delay in differentiation. This was validated in tissues where we observed strong Olfm4 and 
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CD44v6 staining at the crypt bottom following NRG1 treatment in mice (Figure 6E and 6F). 

FACS analysis using two stem cell markers CD44 and EPHB2 (Jarde 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 if 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 which 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 organoids than Lgr5-GFPmed and Lgr5-GFPlow cells as 

expected (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). 

Interestingly, 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 proliferative signature in stem and 

progenitor cells and induces these cells to express higher levels of stem cell markers. 

Furthermore, this correlates to augmentation of functional activity as demonstrated by the 

increased capacity of NRG1-treated progenitor cells to initiate organoid cultures and support 

subsequent 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 (Figure 7B 

and 7C). This was recapitulated in vitro where organoids treated with NRG1 exhibited a 

dramatic increase in complexity with multiple buds, which are similar to in vivo crypt domains 

(Figure 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 
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increased by 42% in cultures supplemented with NRG1 (Figure 7D and 7E). Finally, the ability 

of NRG1 treatment to promote stem cell reoccurrence following injury was examined. 

Expression of the stem cell markers Hes-1, Lgr5, Olfm4 and Smoc2 was up-regulated in NRG1-

treated tissues (Figure 7F). To rule out the fact that up-regulation of these markers was only 

due to an increase in the total number of crypts, we analysed expression of Olfm4 in 

regenerating tissue treated with NRG1. An intense Olfm4 signal was detected by in situ 

hybridisation 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 view was 

robustly increased by 45% in NRG1-treated mice compared to controls (Figure 7H). 

These observations show that despite the endogenous elevation of NRG1 during regeneration, 

further treatment with NRG1 enhanced intestinal tissue regeneration by increasing crypt 

density, cell proliferation and the efficient reappearance of the stem cell pool. 
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Discussion 

Previous studies have highlighted the importance of WNT and EGF signalling 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; Horvay et al., 2015; Kabiri 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 signalling are secreted 

from stromal cells underlying the crypt compartment (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 is less clear. 

Here, we have identified NRG1 as a mesenchymal niche-derived signal that supports the 

proliferation of stem and progenitor cells in the regenerating epithelium by activation of MAPK 

and PI3K-AKT signalling. 

Fundamental studies in the Drosophila intestinal tract using bacterial infection to induce 

damage has revealed the EGF signalling pathway is required for cell proliferation in the 

regenerative tissue response (Buchon et al., 2010). The EGF ligand vein (vn) is dramatically 

up-regulated in muscle underlying the intestinal 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 signalling (Biteau and Jasper, 2011). These studies support a model where the 

visceral muscle is a functional niche in Drosophila which 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 

regeneration (Farin et al., 2012; Kabiri et al., 2018; Valenta et al., 2016). In contrast, the stromal 

compartment of the intestinal tract has been shown to supply key WNT and BMP signalling 

agonists and antagonists to generate a gradient of signalling 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), PDGFRα+ (Greicius et al., 2018; McCarthy et al., 2020), 

CD34+ (Stzepourginski et al., 2017), Gli1+ (Degirmenci et al., 2018b) and Grem1+ (McCarthy 

et al., 2020) cell populations. Genetic ablation of many of these cell types produce profound 

epithelial defects, providing evidence 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 of WNT 

agonists (Kabiri et al., 2014; Lahar et al., 2011; Valenta et al., 2016). Single cell sequencing 
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has recently identified three distinct PDGFRα+ mesenchymal cell populations which has 

further clarified the contribution of different niche cells. PDGFRαhigh FOXL1+ telocytes 

express numerous BMP and WNT regulators, while two PDGFRαlow CD34+ stromal 

populations also express WNT signalling molecules. Interestingly, one of the PDGFRαlow 

populations referred to as trophocytes, localise 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 PDGFRα+ 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+ PDGFRα+ 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 PDGFRα and are located in stroma 

surrounding crypts, so likely correspond 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 up-

regulation of vn during regeneration of the Drosophila gut suggesting this is an evolutionary 

conserved process.  

Intriguingly, NRG1, not EGF, was up-regulated in mesenchymal 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 reinforced 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 signalling. 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., 2009; Lee 

et al., 2008; Luetteke et al., 1999; Srivatsa et al., 2017; Threadgill et al., 1995). Here, we show 

that EGF and NRG1 likely both contribute to epithelial homeostasis, 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; 
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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 contributes to this process (Harnack et al., 2019), but other niche 

signals 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 towards 

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 determined that ERBB3 and ERBB2 are activated by NRG1 in intestinal 

organoids to promote budding that is dependent on WNT signalling, but is less dependent on 

EGFR. Overall, this supports the concept that NRG1 drives progenitor cells with an activated 

WNT pathway back towards a functional stem cell state to enhance regeneration.  

In summary, this study has identified NRG1 as a potent promoter of stem cell identity that acts 

endogenously to enhance the repair of intestinal epithelium following damage. Furthermore, 

NRG1 is more effective at supporting stem cell activity and proliferation in SI organoid 

cultures than EGF. This has potential applications for the development of strategies for the 

treatment of conditions such as necrotising enterocolitis, ulcerative colitis, Crohn’s disease and 

short gut syndrome characterised 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 

scrutinise 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 signalling pathways jointly or independently contribute to the impacts 

observed. 
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Figure titles and legends 

Figure 1. Niche-derived NRG1 is up-regulated during regeneration and promotes in vitro 

organoid proliferation 

(A) qRT-PCR analysis of Lgr5 and Olfm4 (stem cell markers) compared with Nrg1 and Egf 

expression in the SI at 0, 2, and 5 days following irradiation shows Nrg1 is up-regulated during 

regeneration. (n=6 per time point, Kruskal-Wallis one-way ANOVA, *, p<0.05, vs day 0).  

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

elevation of NRG1 in the mesenchyme (n=3, DAPI, blue). Crypt domains are outlined. Scale 

bar, 50 µm. 

(C) qRT-PCR analysis of Lgr5, Olfm4, Nrg1 and Egf expression in SI at 0, 2, 5, and 7 days 

post 5-FU treatment (n=6 per time point, Kruskal-Wallis one-way ANOVA, *, p<0.05, vs day 

0). 

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

regeneration (n=3, DAPI, blue). Crypt domains are outlined. Scale bar, 50 µm. 

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

organoid growth (n=6). Scale bar, 100 µm. 

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

in the presence of EGF, NRG1 or both for 5 days shows an increase in proliferation. Scale bar, 

70 µm. 
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(G) Quantification of organoid growth in EGF, NRG1 or both after 4 days shows an increase 

in growth with NRG1 (n=6, One-way ANOVA, *, p<0.05). For all conditions, R-spondin 1 

and Noggin were added.  

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

supplemented with NRG1 compared to EGF after starvation of EGF for 5 hours (n=3, Paired 

Student T test, *, p<0.05). Images are composites of an individual image that have been 

cropped and stitched together.  

For all graphs, bars represent mean ± SEM. 

See also Figure S1. 

 

Figure 2. NRG1 is localised in mesenchymal and epithelial niche cell populations and is 

up-regulated during regeneration 

(A) qRT-PCR analysis of Nrg1 expression in purified mesenchymal cell populations from 

control, 13 Gy irradiated and 5-FU treated mice at day 5 shows NRG1 is upregulated in 

mesenchymal cells following injury (n=6, Unpaired Student T test, *, p<0.05, vs control). 

(B) Co-immunofluorescent staining for NRG1 (red) and F4/80 or PDGFRα (green) in SI tissues 

at days 0 and 5 post-irradiation demonstrates that sub-sets of these cells (white arrows) express 

NRG1 (n=3). Crypt domains are outlined. Scale bar, 50 µm. 

(C) qRT-PCR analysis of Egf expression in cell populations from control, irradiated and 5-FU 

treated mice at day 5 (n=6, Unpaired Student T test, *, p<0.05, vs 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-localise with Lgr5-GFP cells in 

crypts. ERBB3-positive cells (white arrows) co-localise with Lgr5-GFP cells. Crypt domains 

are outlined. Scale bar, 10 µm. 

For all graphs, bars represent mean ± SEM. 

See also Figures S2 and S3. 

 

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. 

(B) Knockout of Nrg1 is verified by the reduction of Nrg1 mRNA by qRT-PCR (n=7). 

(C) BrdU immunostaining shows reduced levels in Nrg1 KO animals. Scale bar, 20 µm. 
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(D) Quantification of BrdU+ cells and BrdU+ CBC stem cells reveals a reduction of these cells 

following Nrg1 KO (n=7-8). 

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

hybridisation (n=7-8). Scale bar, 20 µm. 

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

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

Cre-ERT2 Nrg1fl/fl (Nrg1 KO) mice were compared for all analyses. 

(G) Knockout of Nrg1 using the protocol in 3F is verified by the reduction of Nrg1 mRNA by 

qRT-PCR (n=3-4). 

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

proliferative cells. Scale bar, 50 µm. 

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

reveals a significant decrease in the proliferation (n=3-4).  

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

following irradiation in Nrg1 KO mice (n=3-4). Scale bar, 50 µm.  

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

analysed at day 16 (day 4 post-injury). 

(L) Knockout of Nrg1 is verified by the reduction of Nrg1 mRNA by qRT-PCR (n=5). 

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

in the proliferation. Scale bar, 100 µm. 

(N) Quantification of BrdU+ cells per field of view in control and Nrg1 KO mice (n=5) shows 

a significant reduction of proliferating cells. 

(O) OLFM4 immunostaining reveals a reduction in ISCs in regenerating crypts when Nrg1 is 

depleted (n=5). Scale bar, 50 µm. 

All statistical analyses utilised the unpaired Student T test, *, p<0.05, vs control. All bars 

represent mean ± SEM. 

See also Figures S4 and S5. 

 

Figure 4. NRG1 treatment promotes cell proliferation and regulates intestinal stem and 

progenitor cells 

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

in the SI. Vehicle injected animals were used as controls and tissues were harvested at day 6.  



21 
 

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

(n=8). 

(C) BrdU-stained SI tissue reveals NRG1-treatment promotes proliferation in crypts (n=8). 

(D) qRT-PCR analysis of stem cell markers EphB2, Hes-1, Lgr5, Olfm4 and Smoc-2 show up-

regulation following NRG1 treatment (n=4-5).  

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

(Lgr5- CD24-, Lgr5-GFPlow CD24low, Lgr5-GFPmed CD24low and 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 the four FACS-

sorted populations (average of three datasets for each group) in 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 with IWP2, 

DAPT or verteporfin in organoid medium supplemented with EGF or NRG1 (n=3). Scale bar, 

100 µm. 

(I) Quantification of cells in organoids treated with inhibitors (n=3, one-way ANOVA, *, 

p<0.05). 

Scale bars for all histological sections, 20 µm. Graphs in B, C, D all utilise the unpaired Student 

T test (*, p<0.05, vs control). All bars represent mean ± SEM. 

See also Figures S6. 

 

Figure 5: NRG1 drives a proliferative signature in stem and progenitor cells 

(A) Gene ontology analysis of the differentially expressed genes for the four FACS- sorted cell 

populations from NRG1-treated Lgr5-EGFP mice show an increase in cell cycle and mitotic 

processes in Lgr5-GFPhigh and Lgr5-GFPmed cells. 

(B) Fluorescent images of SI sections from Lgr5-GFP mice co-stained for BrdU reveals NRG1-

treatment increases proliferation of stem cells. Scale bar, 20 µm. n=3, Unpaired Student T test, 

*, p<0.05, vs control. Bars represent mean ± SEM. 

(C) Violin plots for cell proliferation markers assessed by single cell PCR in 30 double-sorted 

Lgr5-GFPhigh cells (Kolmogorov–Smirnov test, *, p<0.05, vs control) reveal more homogenous 

populations are present following NRG1 treatment. 

 

Figure 6. NRG1 supports stem cell identity and partial progenitor cell reversion 
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(A-C) Lgr5-GFP mice treated with NRG1 (n=3) and FACS sorted into stem and progenitor 

populations (see Figure 4E and S3D). 

(A) Principal component analysis of the RNA sequencing data shows control (blue) and NRG1-

treated (red) animals. Average of three datasets are shown for each group. 

(B) Unsupervised hierarchical clustering analysis of genes differentially expressed in NRG1-

treated and control Lgr5-GFPmed cells. 

(C) Analysis of ISC markers in Lgr5-GFPmed and Lgr5-GFPhigh cells reveals NRG1-treatment 

promotes expression of ISC markers. Bars represent fold change calculated based on the ratio 

of change when comparing two conditions composed of three biological replicates (FDR<0.05, 

genes expressed at >2 fold higher levels in both NRG1-treated Lgr5med-CD24low and untreated 

Lgr5high-CD24low cells compared to untreated Lgr5med-CD24low cells, p-value of the 

significance of the fold change < 10-4). 

(D) Gene Set Enrichment Analysis of the gene signature in NRG1-treated Lgr5med vs control 

Lgr5med-CD24low cells shows enrichment of ISC genes (stem cell signature by Munoz et al., 

2012). 

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

20 µm. 

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

NRG1 treatment (n=4). Scale bar, 10 µm. 

(G) Flow cytometry shows more homogeneous populations of cells highly expressing the stem 

cell markers CD44 and EPHB2 following NRG1-treatment (n=4, Unpaired Student T test, *, 

p<0.05).  

(H) Isolated single Lgr5-GFP stem and progenitor cells generate more organoids and overall 

cell numbers when cultured in the presence of NRG1 for 5 days. Scale bar, 500 µm. Bars 

represent mean ± SEM (n=3, Paired Student T test, *, p<0.05). 

See also Figure S7. 

 

Figure 7. NRG1 augments regeneration following damage and supports establishment of 

ISCs 

(A) Strategy for examining if NRG1 can enhance the regenerative response following injury 

induced by 5-FU.  

(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 µm.  
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(C) BrdU-stained SI from 5-FU injured mice shows NRG1-treatment increases the number of 

proliferative cells (n=7-8). Scale bar, 20 µm. 

(D) Images of intestinal organoids cultured in the presence of EGF or NRG1 or both for 6 days 

(n=3) demonstrate that NRG1 promotes budding. Scale bar, 200 µm. 

(E) Quantification of crypt domains in intestinal organoids treated with EGF and NRG1 or both 

for 6 days (n=3, Paired Student T test, *, p<0.05). 

(F) qRT-PCR analysis of EphB2, Hes-1, Lgr5, Olfm4 and Smoc-2 shows NRG1 treatment 

causes up-regulation of stem cell markers (n=7-8).  

(G) Olfm4 in situ hybridisation shows an increase in expression following 5-FU challenge and 

NRG1 treatment (n=5). Scale bar, 20 µm.  

(H) Immunostaining for OLFM4 shows an increase in the number of OLFM4+ cells following 

5-FU challenge and NRG1 treatment (n=6-8). Scale bar, 50 µm.  

Graphs shown utilise the unpaired Student T test (* p<0.05, vs control), unless indicated. Bars 

represent mean ± SEM. 
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STAR Methods 

RESOURCE AVAILABILITY 

Lead Contact 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Helen E. Abud (helen.abud@monash.edu). 

Materials Availability 

This study did not generate new unique reagents. 

Data and Code Availability 

The datasets generated during this study are available at GEO (GSE149311). 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Transgenic animal models 

Male and female adult Lgr5-eGFP-IRES-CreERT2 (Barker et al., 2007), Villin-Cre-ERT2 (el 

Marjou et al., 2004) Ubc-CRE-ERT2 (Ruzankina et al., 2007) Nrg1fl/fl (Zhang et al., 2011) 

ROSA26-ZsGreen1 (Madisen et al., 2010) and wild-type C57BL/6 mice were used for 

experiments (8–14 week old). Animals were housed at the animal facility (Monash Animal 

Services, Clayton, Australia) in strict accordance with good animal practice as defined by the 

National Health and Medical Research Council (Australia) Code of Practice for the Care and 

Use of Animals for Experimental Purposes. Experimental procedures were approved by the 

Monash Animal Research Platform  (MARP) Animal Ethics Committee. Animals were 

maintained under a 12/12 light/dark cycle at a temperature of 20ºC with free access to food and 

water. The studies were designed using both male and female mice using group sizes 

determined by requirements to obtain statistically significant results as assessed by the MARP 

ethics committee. 

To study epithelial repair of the intestine, wild-type C57BL/6 mice were challenged with a 13 

Gy whole body irradiation or exposed to 5-fluorouracil (single intra-peritoneal injection, 

Sigma-Aldrich, #F6627, 150mg/kg body weight). 

To induce loss of Nrg1 in the intestinal epithelium, Villin-Cre-ERT2 Nrg1fl/fl and Villin-Cre-

ERT2 Nrg1+/+ C57BL/6 mice were injected with one intra-peritoneal dose of tamoxifen 

(Sigma-Aldrich, #T5648, 80mg/kg) daily for 4 days. Tissues were then collected on day 5, 2 

hours after a BrdU pulse (single intra-peritoneal injection, Sigma-Aldrich, #B5002, 80mg/kg).  
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To induce Nrg1 knock-out in both mesenchymal and epithelial intestinal cell compartments, 

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

were injected with one intra-peritoneal dose of tamoxifen (Sigma-Aldrich, #T5648, 80mg/kg) 

daily for 5 days. Tissues were then collected on day 16, 2 hours after a BrdU pulse (single intra-

peritoneal injection, Sigma-Aldrich, #B5002, 80mg/kg).  

To induce Nrg1 signalling activation in the intestine, wild-type C57BL/6 and Lgr5-eGFP-

IRES-CreERT2 C57BL/6 mice were injected with two intra-peritoneal doses of Nrg1 (R&D, 

#5898-NR) or vehicle control (PBS) daily (every 12 hours) for 5 days (male littermates were 

randomly assigned to experimental groups). Tissues were then collected on day 6, 2 hours after 

a BrdU pulse (single intra-peritoneal injection, Sigma-Aldrich, #B5002, 80mg/kg). 

Organoid culture 

As previously described (Horvay et al., 2015; Jarde et al., 2018) the murine small intestinal 

tube was dissected out and flushed with PBS to remove faeces. Small intestinal t issues were 

opened longitudinally, scraped with a glass coverslip to remove villi, cut into 5-mm pieces and 

washed with PBS five times to remove unattached epithelial fragments, mucus and faeces. 

Following incubation for 30 min at 4°C in 4mM EDTA-PBS solution, intestinal crypts were 

released from small intestinal tissue fragments by mechanically pipetting them with a 10 mL 

pipette in PBS and repeating this step three times. Intestinal crypts were strained (70 μm cell 

strainer, BD Biosciences) and centrifugated three times at 1500 rpm for 2 min at 4°C. Freshly 

isolated crypts were then mixed with 20µl of growth factor-reduced Matrigel (Corning), seeded 

in 48-well plates, and 500µl of crypt culture medium was overlaid [DMEM/F12 (Gibco) 

supplemented with N2 (Gibco), B27 (Gibco), penicillin/streptomycin (Gibco), glutamax 

(Gibco), 10 mM HEPES (Gibco), fungizone (Gibco), 50 ng/mL EGF (Peprotech, #315-09), 

100 ng/mL Noggin (Peprotech, #250-38) and 500 ng/mL R-spondin 1 (Peprotech, #120-38) or 

10% R-spondin 1 conditioned media]. Human recombinant NRG1 (R&D, #5898-NR) was 

supplemented at a concentration of 100 ng/mL. Intestinal organoids were maintained in a 37°C 

humidified atmosphere under 5% CO2 and medium was replaced every 2 days. 

For Nrg1 deletion experiments, organoids generated from Villin-Cre-ERT2 Nrg1fl/fl and Villin-

Cre-ERT2 Nrg1+/+ small intestinal tissues were established. After 7 days in culture, organoids 

were mechanically passaged and 150 crypt fragments were seeded per 48-well plate well. Nrg1 

gene deletion was induced by treating Villin-Cre-ERT2 Nrg1fl/fl and Villin-Cre-ERT2 Nrg1+/+ 
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organoids with 100 nM 4OH-tamoxifen (Sigma Aldrich, #T176) in the culture medium for 4 

days. 

For inhibitor experiments, wild-type small intestinal organoids were mechanically passaged 

and 150 organoid fragments per well replated in Matrigel in a 48 well plate. Organoid 

fragments were then exposed to complete medium containing 10% R-spondin 1 conditioned 

media, 100 ng/mL Noggin, 100 ng/mL EGF or 100 ng/mL NRG1 supplemented with 10 μM 

DAPT (Sigma-Aldrich, #D5942), 250 nM gefitinib (Sigma-Aldrich, #SML1657), 5 μM IWP2 

(Sigma-Aldrich, #I0536) or 1 μM verteporfin (Sigma-Aldrich, #SML0534). After 2 days, the 

medium was replaced with fresh complete culture medium containing fresh inhibitors. The 

assessment of cell growth was then assessed at day 4. Organoids were exposed to Presto-Blue 

cell viability reagent (Thermo Fisher Scientific, #A13262) in the culture medium for 20 min at 

37°C according to the manufacturer’s instructions. Organoids were then processed for KI-67 

immunofluorescence staining. 

Single cell organoid culture 

Following FACS isolation (described in ‘FACS isolation of intestinal epithelial cells’), single 

epithelial cells were collected in DMEM/F12 supplemented with 10% serum and 10 μM Y-

27632 (Abcam). As previously described (Jarde et al., 2018) intestinal cells were centrifugated 

at 4°C for 5 min at 1500 rpm. The cell pellet was resuspended in growth-factor reduced 

Matrigel (1000 cells per μl, Corning). 5000 cells were seeded per well in a 96 well plate. 

Following Matrigel polymerization, 100 µl of crypt culture medium per well was overlaid 

[DMEM/F12 (Gibco) supplemented with N2 (Gibco), B27 (Gibco), penicillin/streptomycin 

(Gibco), glutamax (Gibco), 10 mM HEPES (Gibco), fungizone (Gibco), 50 ng/mL EGF 

(Peprotech, #315-09), 100 ng/mL Noggin (Peprotech, #250-38), 1 µg/mL R-spondin 1 (R&D 

Systems, #120-38), 10 μM Y-27632 (MedChemExpress, #HY-10583), 1 μM jagged-1 

(Anaspec, #AS-61298), 100 ng/mL WNT-3a (Peprotech, #315-20), 2.5 μM CHIR (Stemgent, 

#04-0004) +/- 100 ng/mL NRG1 (R&D Systems, #5898-NR)]. Intestinal cells were maintained 

in a 37°C humidified atmosphere under 5% CO2. After 3 days, the culture medium was entirely 

replaced by freshly made culture medium without Y-27632 and Wnt-3a. After 4 days in culture, 

images of wells (5 wells per condition, 3-5 biological replicates) were taken, cell viability 

measured using the PrestoBlue Cell Viability kit (Thermo Fisher Scientific, #A13262) and 

organoids were manually counted using FIJI image analysis cell counter software (Schindelin 

et al., 2012). 
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Mesenchymal fibroblast culture 

After performing crypt isolation, epithelium deprived small intestinal tissues were incubated 

with 0.31 mg/mL dispase type 2 (Sigma Aldrich, # D4693) and 0.375 mg/mL collagenase A 

(Roche, # 10103586001) in DMEM/F12 at 37°C for 1 hour. Mesenchymal cells were released 

from small intestine tissue fragments by mechanically pipetting them with a 10 mL pipette. 

The solution was strained with a 70μm cell strainer (BD Biosciences) and centrifugated at 4°C 

at 1500 rpm for 3 min. Mesenchymal cells were then resuspended in DMEM containing 10% 

serum (Gibco), glutamax (Gibco) and penicillin/streptomycin (Gibco), transferred in a T25 

flask (Falcon) and maintained in a 37°C humidified atmosphere under 5% CO2. The culture 

medium was replaced every 2 days. 

Human small intestinal tissue 

Normal human small intestinal tissues from adult patients were collected following surgery at 

Cabrini Hospital (Malvern, Victoria). The study was approved by the Cabrini Human Research 

Ethics Committee (reference #05‐11‐04‐11). All patients provided written informed consent. 

METHOD DETAILS 

Immunohistochemistry and co-immunofluorescence 

As previously described (Horvay et al., 2011; Mileto et al., 2020), tissues from the medial part 

of the mouse small intestine were swiss-rolled, fixed in 4% paraformaldehyde, paraffin 

embedded and cut into 4 µm sections. Normal human small intestinal tissues were fixed in 4% 

paraformaldehyde, paraffin embedded and cut into 4 µm sections. Slides were deparaffinised 

in xylene, rehydrated in graded alcohols and incubated in citrate buffer solution (pH=6) for 10 

min in a pressure cooker. Slides were then blocked with 1% hydrogen peroxide for 5 min and 

CAS block (Life Technologies - #008120) for 1 hour at room temperature before incubation 

overnight at 4°C with primary antibodies (anti-BrdU - BD Biosciences - #555627; anti-

CD44v6 - eBioscience - #BMS145; anti-ERBB3 - Cell Signaling - #12708; anti-KI-67 - Abcam 

- #ab15580; anti-Lysozyme - DAKO - #A0099; anti-NRG1 - Santa Cruz - #sc-348; anti-

OLFM4 - Cell Signaling - #39141; anti-Synaptophysin - DAKO - #M0776). Slides were 

washed and then exposed to anti-mouse or anti-rabbit horseradish peroxidase conjugated 

antibodies (Life Technologies, 1:200) in PBS with 1% bovine serum albumin for 1 hour at 

room temperature. Peroxidase activity was detected with the 3, 3'-diaminobenzidine liquid kit 

(Dako - #K3468). Sections were counterstained with haematoxylin, dehydrated and mounted. 
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Morphometric analysis and cell counts were performed using the Aperio ImageScope software 

and FIJI image analysis cell counter software counting at least 25 crypt/villus units per tissue 

section (Schindelin et al., 2012). 

For immunofluorescence, slides were treated as described above and were incubated overnight 

with primary antibodies (anti-BrdU - BD Biosciences - #555627; anti-ERBB3 - Cell Signalling 

- #12708; anti-F4/80 – Bio-Rad - #MCA497GA; anti-GFP - Rockland - #600-101-215; anti-

KI-67 – Abcam - #ab15580; anti-Lysozyme - Santa Cruz - #sc-27956; anti-NRG1 - Abcam - 

#ab191139; anti-NRG1 - Santa Cruz - #sc-348; anti-PDGFRα - R&D - #AF1062; anti-α 

smooth muscle actin - Sigma Aldrich #A2547). Slides were washed and then exposed to Alexa 

Fluor 488 donkey anti-goat IgG, Alexa Fluor 568 donkey anti-mouse IgG or Alexa Fluor 637 

donkey anti-rabbit IgG (Invitrogen, 1/500) for 1 hour and counterstained with DAPI. 

Fluorescent images were taken on a Nikon C1 confocal microscope (Nikon, Japan). 

Illumination intensity, exposure, offset and gain settings were maintained between samples. 

For whole mount immunofluorescence on organoids, organoids in Matrigel were fixed in 4% 

paraformaldehyde for 30 minutes and washed 3 times in PBS followed by 3 washes with 

100mM glycine in PBS. Organoids were subjected to 10% horse serum in IF buffer (0.1% 

bovine serum albumin, 0.2% Triton X-100, 0.05% Tween 20 in PBS) for overnight blocking. 

Organoids were then exposed to anti-KI-67 – Abcam - #ab15580 primary antibodies with 1% 

bovine serum albumin in PBS overnight at 4°C. Organoids were washed 2 times with IF buffer 

for 4 hours and then incubate overnight in IF buffer. Organoids were exposed to Alexa Fluor 

488 donkey anti-rabbit IgG or Alexa Fluor 594 goat anti-rabbit IgG (Invitrogen, 1/500) for 

overnight and then counterstained with DAPI. Z-stack fluorescent and brightfield images were 

taken on a Leica DMi8 microscope (Leica, Germany). Illumination intensity, exposure, offset 

and gain settings were maintained between samples. Image analysis and Z-projection were 

performed using FIJI software and brightness and contrast settings were maintained between 

control and test images. 

In Situ Hybridisation 

Paraffin sections (8 µm) were dewaxed and hydrated in DEPC treated water/PBS and fixed in 

4% PFA (10 min). Sections were subjected to Proteinase K treatment (30 µg/mL) for 15 min, 

post-fixed in 4% PFA for 10 min and washed 3 times in PBS. Acetylation of samples was 

performed by incubation in 0.1 M triethanolamine (pH=8.0) with 0.5% Acetic Anhydride for 

15 min followed by three washes with PBS. Sections were air dried and pre-hybridised in 
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hybridisation solution (10 mM Tris pH=7.5, 600 mM NaCl, 1 mM EDTA, 0.25% SDS, 10% 

Dextran Sulfate, 1x Denhardt’s, 200 µg/mL yeast tRNA, 50% Formamide) for 30 min at 65°C. 

Olfm4 probes were diluted in hybridisation buffer (150 ng per section) and incubated at 65°C 

for 24 hours. After removal of hybridisation solution, sections were washed once in 5x SSC, 

pH=7.5 at room temperature, once in 2x SSC for 20 min at 60°C, twice in 0.2x SSC for 20 min 

at 60°C and five times for 1 min in 1xMAB solution (100 mM Maleic Acid, 150 mM NaCl, 

pH=7.5) at room temperature before incubation in blocking solution (1x MAB with 20% serum 

and 1x BMB (Roche) for 1 hour. Anti-Digoxigenin antibody (Roche) (1/2000 dilution in 

blocking buffer) was prepared and sections were incubated overnight at 4°C. Finally, sections 

were washed five times in 1x MAB buffer for 5 min, twice in NTMT buffer (100 mM NaCl, 

100 mM Tris pH=9.5, 50 mM MgCl2, 0.1 % Tween-20) and stained with NBT/BCIP solution 

(Life Sciences) at 4°C for up to 48 hours. 

Western blotting 

Proteins were isolated by resuspending intestinal organoids into RIPA lysis buffer. Equal 

amounts of cellular protein (80 μg) were separated on a 4-12% Bis Tris Gel (Invitrogen) and 

transferred onto nitrocellulose membranes. Immunoblotting in Figure S1G utilized antibodies 

against p-AKT (Santa Cruz, #sc-101629), AKT (Santa Cruz, #sc-1618), p-ERK (Santa Cruz, 

#sc-101761), ERK (Santa Cruz, #sc-94) and β-ACTIN (Thermo Fisher Scientific, #MS-1295) 

as a protein loading control. Immunoblotting in Figure 1H and S1H utilized antibodies against 

p-AKT (Cell Signaling, #4058), AKT (Cell Signaling, #4685), p-ERBB2 (Cell Signaling, 

#2247), ERBB2 (Cell Signaling, #2165), p-ERBB3 (Cell Signaling, #14525), ERBB3 (Cell 

Signaling, #4754), p-ERK1/2 (Cell Signaling, #4370), ERK1/2 (Cell Signaling, #4695) and 

TUBULIN (Sigma-Aldrich, #T5168) as a protein loading control. Quantification of band 

intensities was performed using Image Lab Software (Bio-Rad). Western blot images presented 

in Figure 1H and S1H are composites of an individual image that have been cropped and 

stitched together. Indeed, a third condition (no EGF no NRG1) was evaluated, but excluded 

from the final analysis. 

Quantitative RT-PCR 

Medial small intestinal tissues were homogenised and total RNA extracted using the Qiagen 

RNeasy mini kit (#74104). For intestinal organoids and sorted cells, total RNA was extracted 

using the Qiagen RNeasy micro kit (#74004). RNA was reverse transcribed using the 

QuantiTect Reverse Transcription kit (Qiagen - #205311). Quantitative reverse transcriptase 
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polymerase chain reaction (qRT-PCR) was performed using the QuantiNova SYBR Green 

PCR kit (Qiagen - # 208054). Triplicate samples were analysed on a LightCycler 480 machine 

(Roche Diagnostics). Gene expression levels were calculated using the 2-ΔCt method using the 

geometric mean of 2 housekeeping genes, β-actin and β-2-microglobulin. Primers are listed in 

Table S1. 

FACS isolation of intestinal epithelial cells  

Isolation of small intestinal crypts was performed as described in ‘Organoid culture’. The 

collected crypts were maintained for 30 min at 4°C in DMEM/F12 – 10% serum (Gibco) and 

were then dissociated in TrypLE Express (Invitrogen) supplemented with 10 μM Rock 

inhibitor (Y-27632, Abcam) and DNAse 1 (Sigma-Aldrich) for 5 min at 37°C. Cell clumps and 

mucus were removed using a 70 μm cell strainer (BD Biosciences) and the remaining 

dissociated cells were washed twice with PBS collected by centrifugation at 4°C at 1500 rpm 

for 3 min. 

Antibody labelling step as well as the final resuspension of the sample were performed with 

PBS supplemented with 2mM EDTA, 2% FBS and 10 μM Rock inhibitor (Y-27632). 

Cellularized crypts were incubated with anti-CD31-BV510 (1:200, clone: MEC 13.3, BD 

biosciences, #563089), anti-CD45-BV510 (1:200, clone: 30-F11, BD biosciences, #563891) 

and anti-CD24-PeCy7 (1:100, clone: M1/69, eBioscience, #25-0242-82) antibodies in a 500µl 

volume for 15 min on ice. After washing twice with PBS, the cells from one animal were 

resuspended in a final volume of 1 mL, passed through a 70 μm strainer and transferred into 

appropriate FACS tubes and propidium iodide (PI) added to a concentration of 2 μg/mL. Cell 

sorting was carried out with a 100 μm nozzle on an Influx instrument (BD Biosciences). 

Aggregates, debris, dead cells (PI+) and CD45+/CD31+ hematopoietic/endothelial 

contaminates were depleted. For the Lgr5-GFPhigh cell population, around 2% of the 

CD24low Lgr5-GFP brightest cells were selected. The subsequent 2% of the CD24low Lgr5-

GFP+ cells were considered as Lgr5-GFPmed and Lgr5-GFPlow cell populations. Purity of 

collected fractions was confirmed by reanalysis of a small fraction of the sorted cells. For single 

cell applications, cells were double sorted. 

FACS isolation of intestinal mesenchymal cells  

Intestinal tissue fragments depleted of epithelial cells (as described in ‘Organoid culture’) were 

resuspended in digestion buffer containing 0.31 mg/mL Dispase II (Sigma-Aldrich, #D4693) 

and 0.375 mg/mL Collagenase (Sigma-Aldrich, #C5138) in DMEM-F12 for 1 hour at 37°C. 
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Intestinal tissues were then mechanically pipetted with a 10 mL pipette in PBS, strained (70 

μm cell strainer, BD Biosciences) and centrifugated at 1500 rpm for 5 min at 4°C. Antibody 

labelling step as well as the final resuspension of the sample were performed with PBS 

supplemented with 2% FBS. Mesenchymal cells were incubated with anti-CD45-BV510 

(1:200, BD biosciences, #563891), anti-EPCAM-FITC (1:200, BioLegend, #118208), anti-

F4/80-PB (1:100, BioLegend, #123124), anti-CD11b-PE (1:500, BioLegend, #101208), anti-

CD31-PeCy7 (1:200, eBiosciences, #25-0311-82), anti-GP38-ApcCy7 (1:200, BioLegend, 

#127418), anti-PDGFRα-APC (1:100, Biolegend, #135908) and anti-CD34-biotinlyated 

(1:150, eBiosciences, #13-0341-85) antibodies in a 250µl volume for 15 min on ice. Cells were 

washed with PBS and centrifugated at 1500 rpm for 5 min at 4°C. Mesenchymal cells were 

then incubated with a Streptavidin-conjugated BUV395 antibody (1:150, BD Biosciences, 

#564176) in a 250µl volume for 10 min on ice. After washing twice with PBS, the cells were 

resuspended in a final volume of 1 mL, passed through a 35 μm strainer and transferred into 

appropriate FACS tubes and propidium iodide (PI) added to a concentration of 2 μg/mL. Cell 

sorting was carried out with a 100 μm nozzle on an Influx instrument (BD Biosciences). The 

sorting strategy is described in detail in Figure S2. 

Single cell PCR 

Single cell PCR was performed as previously described (Nefzger et al., 2016) with 

LifeTechnologies Single Cell to Ct kit. 96-well plates for qPCR were filled with 10 μl lysis 

solution and single cells were deposited with a cell sorter into each well. As per kits instructions, 

cDNA was produced from the lysate and submitted to 18 cycles of preamplification with 

TaqMan probes (Life Technologies) of the five genes of interest (Aspm, Ccnb1, Foxm1, Ki67 

and β-actin). Pre-amplified templates that were positive for the housekeeper β-actin (manually 

tested with qPCR) were then used for Single cell PCR data collection with a Biomark 

instrument (Fluidgm). Results are expressed as Log2Ex = LOD (Limit of Detection) Cq – Cq 

[Gene]. The limit of detection was set to 30. If Log2Ex value is negative, Log2Ex = 0. Thirty 

CD24low Lgr5high cells per group were used for analysis. 

QUANTIFICATION AND STATISTICAL ANALYSIS 

RNA-sequencing analysis 

Libraries of each biological replicate were prepared with 15ng of RNA using the Nugen 

Ovation RNA-Seq system V2 kit followed by Nugen Ovation Ultralow System V2 kit. High 
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throughput sequencing was performed with HiSeq3000 with ~30 M reads targeted reads (single 

end 76nt length) per sample. In summary, sequencing adaptors and low quality reads were 

discarded using Trimmomatic [v 0.35] (Bolger et al., 2014) (Phred score of 6 consecutive bases 

below 15, minimum read length of 36nt). Sample sequencing reads were aligned to the 

complete mouse genome (GENCODE GRCm38 primary assembly) with STAR (version 2.4.2a) 

(Dobin et al., 2013) and transcripts quantified with featureCounts (exonic regions of 

GENCODE’s vM4 annotation version) (Liao et al., 2014). Gene transcripts with more than 5 

sequencing reads and 1 count per million of mapped reads in at least one library-sized 

normalized sample (TMM method) (Robinson and Oshlack, 2010) were used for further 

analysis. Differential gene expression and gene ontology (Biological process) analyses was 

performed using limma/voom (Phipson et al., 2016; Ritchie et al., 2015) or Limma/voom with 

sample weights (Liu et al., 2015) and Metascape respectively (Tripathi et al., 2015). Limma’s 

plotMDS function was used to perform multidimensional scaling analysis and unsupervised 

hierarchical clustering were performed with hclust (Euclidean’s distances calculated with 

bioDist’s euc function, B. Ding, R. Gentleman and V. Carey (2017). bioDist: Different distance 

measures. R package version 1.50.0). Plots were generated using limma’s plotMDS function, 

ggplots2 (H. Wickham. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New 

York, 2009) and ComplexHeatmap (Zuguang Gu (2015). ComplexHeatmap: Making Complex 

Heatmaps. R package version 1.6.0, https://github.com/jokergoo/ComplexHeatmap) R 

packages. 

Statistical analysis 

Statistical significance (p<0.05) was determined using the Kruskal-Wallis one-way ANOVA, 

one-way ANOVA, Kolmogorov–Smirnov test or Unpaired/Paired Student T test in GraphPad 

Prism (version 7.03) depending on experimental design and according to the figure legends. 
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