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a b s t r a c t 

Progastrin is an unprocessed soluble peptide precursor with a well-described tumor-promoting role in colorectal 

cancer. It is expressed at small levels in the healthy intestinal mucosa, and its expression is enhanced at early stages 

of intestinal tumor development, with high levels of this peptide in hyperplastic intestinal polyps being associated 

with poor neoplasm-free survival in patients. Yet, the precise type of progastrin-producing cells in the healthy 

intestinal mucosa and in early adenomas remains unclear. Here, we used a combination of immunostaining, 

RNAscope labelling and retrospective analysis of single cell RNAseq results to demonstrate that progastrin is 

produced within intestinal crypts by a subset of Bmi1 + /Prox1 + /LGR5 low endocrine cells, previously shown to 

act as replacement stem cells in case of mucosal injury. In contrast, our findings indicate that intestinal stem 

cells, specified by expression of the Wnt signaling target LGR5, become the main source of progastrin production 

in early mouse and human intestinal adenomas. Collectively our results suggest that the previously identified 

feed-forward mechanisms between progastrin and Wnt signaling is a hallmark of early neoplastic transformation 

in mouse and human colonic adenomas. 
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ntroduction 

The tumor-promoting peptide progastrin (PG), encoded by the GAST

ene (GeneID: 14459) [ 1 , 2 , 3 ], is a target of the WNT/ 𝛽-catenin pathway

4] , a main driver of early colon tumorigenesis [5] . In addition, GAST

s a target of the K-RAS pathway, activated in 50% of colorectal tumors

6] . This transcriptional regulation, coupled with the inability of colonic

ells to fully process progastrin into shorter amidated forms as seen in

he gastric antrum [7] , likely explain why progastrin is abnormally se-

reted by 80% of tumors from patients with colorectal cancer [ 8 , 9 ]. 

This abnormal secretion of PG could be of paramount importance

ecause it could be detected as early as the adenoma formation step in

uman [10] and could help to distinguish a subtype of human hyper-
Abbreviations: APC, Adenomatous Polyposis Coli; DAPI, 4 ′ ,6-diamidino-2-phenylin

escence Protein; SPF, Specific Pathogen Free; Lgr5, leucine-rich repeat containing G
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lastic polyps that possess malignant potential [11] . Overexpression of

 human version of PG into the blood of mice resulted in an increase of

olonic crypt size [12] . In the same animal model, colonic epithelium

itotic cell number enhanced in physiological conditions as well as in

esponse to DNA damage [ 13 , 14 ]. Thus, PG secretion seems to be very

mportant in case of stress and is considered as a co-carcinogenic factor

 15 , 16 , 17 ]. 

Because Gast KO mice are viable, Progastrin is known not to be in-

ispensable for intestinal homeostasis [18] . Nevertheless, Do and col-

eagues showed that PG protein production is observed in approximately

.6% of normal human colonic cells from resected non-diverticulum

nd, interestingly, it is more highly expressed in normal mucosa ad-

acent to hyperplastic polyps with malignant potential [11] . Similarly,

mith reported that about 5% of normal colonic cells produce PG and

his amount of PG producing cells increased up to 40% in adenomatous
dole; FACS, Fluorescence-Activated Cell Sorting; EGFP, Enhanced Green Fluo- 

 protein-coupled receptor 5; PG, progastrin; CBC, crypt base columnar cells. 
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olyp lesions [10] . Futhermore, Jin et al demonstrated that intestine of

G-overexpressing mice contain more Lgr5-expressing stem cells than

ild type animals [19] . Finally, we have recently published that PG is

referentially produced by cancer stem-like cells in adenocarcinomas

20] . Collectively these data strongly suggest that PG is produced at a

ow level in the healthy intestine and that it may contribute with other

actors to maintain tissue homeostasis. It also indicates that progastrin

ecretion increases during early steps of tumorigenesis and that this se-

reted factor contributes to the niche of tumor-initiating cells. 

Yet, the exact nature of progastrin-producing cells in the healthy

ntestine and during early adenoma formation remains unresolved. To

ddress this question, we used immunostaining, RT-qPCR, single-cell

NAseq data analysis, and in situ RNAscope detection on murine and

uman healthy or preneoplastic intestinal tissues to perform a de-

ailed quantitative and qualitative analysis of PG producing cells un-

er physiological conditions, after radiation-induced stress and during

arly stage tumorigenesis. We show that PG is produced by a subset

f Bmi1 + /Prox1 + enteroendocrine cells in the healthy intestine but be-

omes predominantly produced by LGR5-high tumor-initiating cells in

ouse and human adenomas. Our results demonstrate that PG produc-

ion in Lgr5- high cells represents a signature event of the early activa-

ion of Wnt signaling during the first step of intestinal tumorigenesis. 

aterials and methods 

uman tissue collection 

All human tissues were collected from the Nimes University Hos-

ital under Human ethics agreement NCT#2011-A01141-40. 5 human

ntestinal adenoma (adenomatous and hyperplasic) sections and 5 non-

nflammed human intestinal sections were collected from patients with

iverticulitis. Informed consent was obtained from all patients. Proto-

ols have been approved by AFASAAPS and ANSM. 

ice 

The Apc fl/fl/ Lgr5-EGFP-IRES-Cre ERT2 strain was obtained by matting

pc fl/fl mice (kindly provided by Christine Perret, Institut cochin, [21] )

ith Lgr5-EGFP-IRES-Cre ERT2 [22] animals (purchased from Jackson lab-

ratories). Genotyping has been performed according to protocols and

rimer sequences provided in the associated publications [21 , 22] . Dou-

le invalidation of Apc in the Lgr5- high intestinal stem cells was in-

uced by a single intra-peritoneal injection of 2 mg tamoxifen (Sigma).

ild-type animals used in this study had a C57BL/6 genetic background.

ice were maintained in SPF animal facilities (IGH) and were sacrificed

or studies between 6 and 16 weeks old. All protocols for animal used

ere approved by the French guidelines recommendation (ethical com-

ittee no. 36) . Sequences of primers used for genotyping Apc fl/fl and

gr5-EGFP-IRES-Cre ERT2 mice are referred in respective paper [21 , 22] . 

mmunostainning/microscopy 

For tissue preparation, small intestine and colon were dissected from

dult mice and fecal contents were flushed out with PBS. After fixation

ith 4% paraformaldehyde for 4 hours at room temperature, small in-

estine and colon were rolled up using the “swissroll ” technique, dehy-

rated, embedded in paraffin and sectioned into 5 𝜇m slices. 

For immunofluorescence staining, sections were first dewaxed by

eating them at 56 °C and immersing them in serial xylene and ethanol

aths. Antigens were unmasked in boiling citrate buffer pH 6 for 20 min

nd non-specific sites were blocked for 1 h in blocking buffer (PBS con-

aining 5% milk and 0,5% triton). Slides were then incubated overnight

t 4 °C with primary antibodies diluted in blocking buffer. After wash-

ng, samples were incubated 1 h at room temperature with fluorescent

econdary antibodies (FluoroProbe, Alexa488 or Alexa594), nuclei were

tained with DAPI (FluoroProbe) and finally samples were mounted in
2 
uoromount G (SouthernBiotech). Slides were observed using an epiflu-

rescent microscope (Zeiss AxioImager Z1 apotome). 

For immunohistochemistry staining, endogenous peroxidase activ-

ty was quenched with H 2 O 2 /methanol 1:20 for 20 min at room tem-

erature. Secondary antibodies were coupled to peroxidase (Histofine)

nd staining was developed with Fast DAB (brown precipitate, Sigma

ldrich) and hematoxylin counterstain was used. After dehydration,

ections were mounted in Pertex (Histolab). Slides were scanned us-

ng NanoZoomer 2.0 HT ® (Hamamatsu) and analyzed with NDP View

Hamamatsu) software. 

issociation of intestinal epithelium 

Small intestine and colon were dissected from adult mice (10–16

eeks old for crypt/villi experiment, 14–16 for tamoxifen experiments)

nd fecal contents were flushed out with cold PBS. Part of small intestine

nd colon were reversed and were first incubated in 10 mM DTT/HBSS

or 10 min one ice to remove mucus. Then, tissues were incubated in

0 mM EDTA/HBSS (without Calcium and without Magnesium) for 15

inutes on ice and villi were mechanically detached after vibration of

he tissue reversed in 0.1%BSA/PBS solution for 5 min. This step was

epeated again twice and then crypts were harvested following other 2–

 series of vibrations in 0.1%BSA/PBS solution. Purity of each fraction

as validated under microscope and villi or crypts were pelleted at 250 g

or 5 min. Total RNA was extracted with trizol reagent (Ambion), DNA

as removed using DNaseI treatment, and RNA was then purified on

icroRNAeasy column (Qiagen). In parallel, total RNA was extracted

rom whole undissociated samples of the jejunum and colon. 

low cytometry 

For Fluorescence-Associated Cell Sorting experiments, villi or crypt

ractions were dissociated for 20 min at 37 °C under gentle agitation in

BSS solution containing dispase (0.25 U/mL, Stem cell technology),

NAse I (10 U/mL, Sigma Aldrich) and FCS 2%. Cells were then passed

hrough a 70-μm filter and alive cells were counted using trypan blue.

issociated cells were stained for 30 min on ice with Anti-EpCAM anti-

ody coupled to APC fluorochrome (eBioscience 17-5791, 1 μl/10 6 cells)

iluted in Advanced DMEM-F12 (Gibco) medium. Finally, after wash-

ng with medium, dissociated cell were maintained on ice in fresh Ad-

anced DMEM-F12 containing 10 μM of ROCK kinase inhibitor Y27632

Sigma) until FACS purification. Cells were sorted using FACSAria TM 

I (BD Biosciences) or MoFlo®Astrios TM (Beckman Coulter, Inc) and

D FACSDiva TM Software (BD Biosciences) or Summit 6.0 TM Software

Beckman Coulter, Inc) were used to analyze signal. Dead cells were ex-

luded based on light scatter characteristics and 7-Amino-actinomycin

 (7-AAD, Invitrogen) exclusion. Epithelial cells were EpCAM-positive

APC channel) and LGR5- high stem cells were EGFP-positive (FITC

hannel). 

NA in situ hybridation (RNAscope) 

Progastrin and LGR5 mRNA expression were detected using the

NAscope assay (Advanced Cell Diagnostics, Hayward, CA) according

o the manufacturer protocols. Briefly, FFPE human poplyps sections

ere dewaxed, incubated 10 min at 40 °C with H 2 O 2 , boiled 15 min at

00 °C for target retrieval then treated 15 min at 40 °C with Protease

lus. The tissues were hybridized with Gast probe (Cat. No. 311071)

nd Lgr5 probe (Cat. No. 311021) at 40 °C in a HybEZ oven for 2hrs be-

ore incubation with AMP-1 to -3 reagents following by development of

RP signals (Lgr5 probe, fluorescein; Gast probe, cyanine 3) and DAPI

ounterstains. The signals were visualized using the Multiplex Fluores-

ent assay v2. Tissue quality and mRNA integrity were validated using

he 3-plex Negative control Probe (Cat. No. 320817) and 3-plex Positive

ontrol Probe (Cat. No. 320861). 
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etrospective RNAseq data analysis 

Expression of Gast and other genes was analyzed in bulk RNAseq

ata generated from several mouse intestinal cell types as published by

adhav et al [23] . The gene count data was downloaded on 14/09/2018

rom the Gene Expression Omnibus (GEO ID: GSE83394). Genes were

ltered to only keep those with count-per-million (CPM) > 1 in at least

ne sample and log(CPM) values were calculated using the edgeR(v.

.26.7) R/Bioconductor package [24] . 

We also retrospectively analyzed single cell RNAseq data gener-

ted from several flow cytometry purified mouse intestinal cell popu-

ations reported by Yan et al [25] . Yan et al released the data for 4

amples generated in parallel, each with 2 technical replicates. These

nclude Bmi1 + , Prox1 + , Lgr5- high and Lgr5-low samples, generat-

ng 4500 single cells. The data were downloaded on the 14/09/ 2018

rom GEO ID: GSE99457. We read the data into R (v. 3.6.0) using the

ead10X function from the edgeR (v. 3.26.7) R/Bioconductor package,

nd stored as SingleCellExperiment object using the SingleCellExperi-

ent R/Bioconductor package (1.6.0) 

The NCBI RefSeq annotation data were used to convert gene aliases

o official gene symbols. We filtered out genes that were expressed in

ewer than 1% of the total cells, and those with no valid official symbols,

s well as duplicated genes. We also removed cells with more than 20%

itochondrial UMI counts which resulted in 3558 cells. 

We used the scran (v. 1.12.1) R/Bioconductor package [26] to nor-

alize the gene counts, calculated natural log of the normalized data,

nd then converted this to a Seurat object using the Seurat (v. 3.0.2) R

ackage [ 27 , 28 , 29 ] to find 2000 most variable genes and perform prin-

iple component analysis (PCA). Using the first 20 principal components

PCs) and the Seurat package, we then performed t-distributed stochas-

ic neighbor (t-SNE – through the Rtsne [v. 0.15] R package) as well

s uniform manifold approximation and projection embedding (UMAP

 through umap-learn Python package installed using the reticulate [v.

.13] R package). 

Finally, we converted Seurat object to SingleCellExperiment and per-

ormed clustering by running model-based clustering from mclust (v.

.4.5) R package [30] on the first two PCs, which resulted in 9 clusters.

hese clusters were then used with slingshot (v. 1.2.0) R/Bioconductor

ackage to infer lineage structure and generate smooth lineage curves.

e used ggplot2 (v. 3.2.1), ggpubr (v. 0.2.2) and RcolorBrewer (v. 1.1-

) R packages for data visualisations, as well as dplyr (v. 0.8.3) and tidyr

v. 0.8.3) for data manipulation. 

The R Markdown for these analyses can be provided upon request 

eal-time PCR. RNA extraction and real-time PCR 

Total RNA was extracted using the RNeasy mini kit (Qiagen) and

reated with DNAse-1 according to manufacter recommandations. Total

NA was quantifyed using nanodrop, 200 ng was reverse transcript us-

ng SuperScript II reverse transcriptase (Invitrogen) and oligo dT primers

ccording to manufacter. Relative gene expression was measured in

uplicate by real-time PCR using SYBR Green I Kit (Roche Diagnos-

ics) and LightCycler480 instrument (Roche). Results were normalized

ith GAPDH expression following house keeping gene test amongst 8

f them. We runned in parallel no template control and assessed the

bsence of DNA contamination using a no RT assay when first extract-

ng RNA. The fold changes in genes expression were calculated with the

- ΔΔCt method. 

Primer sequences used are as follow: 

Mouse primers: mCrypdin 5 (defensin alpha 5, Defa5, GeneID:

3239) forward (5’-AGGCTGATCCTATCCACAAAACAG-3’) and

everse (5’-TGAAGAGCAGACCCTTCTTGGC-3’); Gapdh (GeneID:

4433) forward (5’-TGGCAAAGTGGAGATTGTTGC-3’) and re-

erse (5’-AAGATGGTGATGGGCTTCCCG-3’); Lgr5 (GeneID: 14160)

orward (5’-GAGCGGGACCTTGAAGATTTCCT-3’) and reverse

5’-GCCAGCTACCAAATAGGTGCTCA-3’); Gast (GeneID: 14459)
3 
orward (5’-AACAGCCAACTATTCCCCAG-3’) and reverse (5’-

CAGCACTAAGACCAGCATG-3’); Tcf4 (GeneID: 21413) forward

5’- TCTAGCAATAATCCCGCAGCGCGCCTCTTCA CAGTAGT -3’) and

everse (5’-ACTACTGTGAAGAGGCGCCGCTGCGGGATTATTGCTAGA

3’); Fabp (GeneID: 14077) forward (5’-CAGAAGTGGGATGGAAAGTCG

3’) and reverse (5’- CGACTGACTATTGTAGTGTTTGA-3’); EGFP

orward (5’-GAGCTGAAGGGCATCGACTTCAAG-3’) and reverse (5’-

GACTGGGTGCTCAGGTAGTGG-3’). 

tatistical analysis 

For each experiment, data are presented as the mean of a minimum

f 3 independent experiments + /- SEM. All statistical tests were 2-sided

nd a 5% cutoff was used to validate result significance ( ∗ P < .05, ∗ ∗ 

 < .01, ∗ ∗ ∗ P < .001, ∗ ∗ ∗ ∗ P < .0001) and were performed using the

raphPad Prism Version 6 software. Tests performed were either Mann-

hitney, Student t-test or Kruskal-Wallisas indicated in figures legends.

esults 

rogastrin is produced by cells located in the lower section of mouse 

ntestinal and colonic crypts 

To identify progastrin in the mouse intestinal and colonic mucosa

e first used immunohistochemistry and immunofluorescence detection

ith an antibody raised specifically against this peptide [20] . We found

hat this peptide was produced by rare cells located in the lower part of

he crypt in the small intestine ( Fig. 1 A and B) and in the colon ( Fig. 1 C

nd D) of wild type C57BL/6 mice. This staining was specific for Progas-

rin since it was quenched by pre-incubation of the antibody with recom-

inant Progastrin, and the secondary antibody displayed no significant

ackground (supplementary Fig. S1). To quantify progastrin expression

n the small intestine and colon of wild type mice, we used quantita-

ive RT-PCR on RNA samples extracted after epithelium dissociation and

mall intestinal crypt and villi separation in wild-type mice ( Fig. 2 ). En-

ichment of crypt vs villi epithelial fractions was verified qualitatively

sing imaging ( Fig. 2 A), as well as quantitatively using primers that am-

lify crypt-specific genes, namely Defa5 and Lgr5 ( Fig. 2 B). Expression

f the Gast mRNA, which encodes progastrin, was enriched by 73-fold in

he epithelial crypt compartment in comparison with the villi ( Fig. 2 B).

e then used laser-capture microdissection to separate the lower and

pper sections of wild type mice colonic crypts (supplementary Fig.

2A). Enrichment of lower and upper sections was validated through the

uantification of differential expression for Tcf4 and Fabp genes, respec-

ively, and we found that the expression of Gast was strongly enriched

n the bottom section of colonic crypts (supplementary Fig. S2B). 

he mouse Lgr5- high stem cell is not the progastrin producing cells in 

ealthy intestinal tissue 

Our results indicate that progastrin is expressed in the lower sec-

ion of intestinal and colonic crypts in wild-type mice, an area known

o contain the intestinal stem cells. Because we recently showed that

G was preferentially expressed by cancer-stem like cells in comparison

ith differentiated cells in the context of colorectal carcinomas [20] ,

e asked whether normal intestinal stem cells were expressing PG en-

oding gene in wild type mice. To address this question we used mice

arboring a Lgr5-EGFP-IRES-creERT2 "knock-in" allele that drives Lgr5

aploinsufficiency and enables the expression of EGFP and CreERT2 fu-

ion protein from the Lgr5 promoter/enhancer elements [22] . In the

mall intestine and colon, EGFP fluorescence is thus restricted to Lgr5-

igh crypt base columnar cells, which are widely recognized as intesti-

al stem cells [22] . To determine whether Lgr5- high cells produce pro-

astrin, we purified EGFP/EpCAM double-positive, ie Lgr5-expressing

ntestinal epithelial cells, using fluorescence-associated cell sorting af-

er enzymatic dissociation of the small intestinal and colonic mucosa.
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Fig. 1. Progastrin expression in the mouse intestinal and colonic epithelium. Progastrin is expressed in a small number of cells localized in the mouse small intestine 

crypt (A, B) and colon (C, D). (A, C) Immunohistochemical detection of progastrin (PG)-expressing cells in mouse intestinal sections. Nuclei are counterstained with 

hematoxylin. Arrows point to progastrin-positive cells. (B, D) Immunofluorescent detection of progastrin (PG) (Alexa 594, red) and 𝛽-catenin ( 𝛽cat, A488, green) in 

mouse intestinal sections. Nuclei are stained with DAPI (blue). Dotted lines highlight areas of progastrin-positive cells. Scale bars, 50 μm. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 
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[  
ild type C57BL/6 mice were used as negative controls in this exper-

ment. FACS profiles showed that EGFP-positive cells represent 2.6%

nd 10.7% of live epithelial cells (EpCAM + ) isolated from the crypt of

mall intestine and colon ( Fig. 3 A and B respectively). RNA was ex-

racted from purified EpCAM + /EGFP + and EpCAM + /EGFP- cells, and

uantitative RT-PCR was performed to compare the expression of Gast,

gr5 and EGFP mRNAs in these populations. As expected EGFP mRNA

as strongly enriched in EpCAM + /EGFP + cells. The Lgr5 mRNA was

lso enriched strongly significantly, albeit to a lesser degree. In contrast,

ast gene expression was mostly detected in EGFP-negative cells but was

uch lower or not detectable in EGFP-positive crypt base columnar cells

CBCs) of the small intestine and colon ( Fig. 3 C and D). 

Taken together these results demonstrate that PG is preferentially

roduced by cells located in the lower part of intestinal crypts but that

hese cells are not the LGR5-high intestinal stem cells. 

rogastrin is expressed by Bmi1-positive/Prox1-positive endocrine cells in 

he intestinal crypts 

Progastrin was originally identified as the unmatured precursor for

he digestive hormone amidated gastrin in the gastric mucosa, where

t is secreted by G cells in the gastric antrum [31] . In the intestinal

ucosa, the presence of cells expressing progastrin was first suggested

y Finley et al., in 1993 [32] , who suggested that some of these cells

ay also express the enteroendocrine marker Chromogranin A. In the
4 
resent study, while progastrin-positive immunostaining was sometimes

etected in cells that also expressed chromogranin A, a significant num-

er of cells were found to only express one of these two genes. Indeed,

hromogranin A was not detectable in all progastrin-expressing cells,

nd all chromogranin A positive cells did not express progastrin (Sup-

lementary Fig. 3A), suggesting that these two cell populations do not

ompletely overlap. 

To gain further insight into the epithelial cell subpopulation that ex-

resses progastrin in the intestine, we analyzed whether progastrin RNA

xpression could be detected in previously published RNAseq data from

ntestinal cell subpopulation [23] . Gast mRNA expression was low but

eadily detectable in cells expressing a GFP knock-in under the control

f the Bmi1 promoter (Supplemental Fig. S3B), and this result was con-

rmed using RT-qPCR in purified Bmi1 GFP cells from the same animals

Supplemental Fig. S3C). Since Bmi1 GFP cells were previously shown to

ransition towards a Lgr5 intestinal stem cell phenotype following 10

y whole-body irradiation [23] , we also determined whether progas-

rin remained expressed in these cells as they progressively lose their

mi1-positive cell characteristics to acquire Lgr5- high cell features. In-

erestingly we found that Gast expression in transitioning Bmi1 GFP cells

as drastically reduced 24 h and 36 h after irradiation of the intestinal

ucosa (Supplementary Fig. S3C), although previous reports indicated

hat progastrin production in the intestine does not disappear after irra-

iation and that this peptide plays a significant role in radioresistance

33] . Together these results indicate that progastrin expression is a fea-
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Fig. 2. Progastrin is produced by cells localized in the crypt prolifera- 

tive compartment within the mouse healthy intestine. (A) Representa- 

tive phase-contrast image of villi (left) or crypts (right) harvested after 

the dissociation of the mouse small intestine. Scale bar, 50 μm. (B) Rel- 

ative expression of Defa5, Gast and Lgr5 mRNA in mice small intestine 

(villi: white bars; crypts: black bars; whole: grey bar) or colon (whole: 

striped grey bar) measured by qRT-PCR. ∗ P < 0, 05 Mann – Whitney 

( DefA5 and Lgr5 ) or Kruskal-Wallis tests ( Gast ). Data are presented as 

the mean with SEM, n = 7 (#) or 4 mice (§). 
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ure of at least some Bmi1-positive cells in the healthy intestinal mu-

osa, and suggest that production of this peptide decreases in these cells

uring the early stage of their phenotypic transition into Lgr5-positive

ntestinal stem cells following irradiation. 

Although Bmi1 expression was originally thought to be a defining

eature of the “+ 4 ” cancer stem cells originally identified by Potten [34] ,

ecent studies have provided definitive evidence that it is expressed in all

roliferative cells within the crypt, including in Lgr5- high cells [ 35 , 36 ].

o refine our understanding of which intestinal epithelium cell types ex-

ress progastrin, we analyzed previously published single cell RNA se-

uencing (scRNAseq) datasets generated in mouse intestinal cells. Since

he expression levels for this gene are known to be low in the normal

ntestinal tissue, we first set out to determine whether Gast expression

ould be reliably detected in scRNAseq datasets. We were not able to use

ast expression data in some of these datasets, either due to the raw data

ltering approach [37] or to the Gast gene not being annotated [38] .

owever Gast expression was reliably detected in recent scRNAseq data

enerated by the Cuo lab [25] . Expression of Gast was restricted to the

mi1 + /Prox1 + population defined by Yan et al as a reserve stem cell

opulation ( Fig. 4 A and B). Beyond expressing Bmi1 and Prox1, Gast +
ells were also found to express high levels of Scg2 (chromogranin C),

ntermediate levels of chromogranin B, and low to undetectable levels

f chromogranin A ( Fig. 4 C). Lgr5 was virtually not expressed in these

ells, corroborating our earlier RT-qPCR results ( Fig. 3 ). Paneth cells

arkers ( Defa5, Lyz1 ) clearly delineated a different, Gast-negative pop-

lation ( Fig. 4 C). In addition, we also analyzed the expression of Uri1 ,

hich encodes the unconventional prefoldin RBP5 interactor and was

ecently described by Chaves-Pérez et al. as labelling an intestinal cells

ubset that promotes tissue generation after irradiation. Low level ex-
5 
ression of Uri1 was detected in a majority of cells, including the pop-

lations defined as Lgr5 -high and Bmi1 -positive by Yan et al., includ-

ng Gast-expressing cells. However, the highest Uri1 expression was de-

ected in two subsets of Gast -negative/ Bmi1 -positive cells, one of which

lso expressed Prox1 while the other was Prox1-negative but strongly

ositive for Chrga and Chrgb expression ( Fig. 4 C). Althogether, our find-

ng suggests that Gast + cells represent a subset of the Bmi1 + /Prox1 +
opulation of injury-inducible reserve intestinal stem cells identified by

an et al [25] and Jadhav et al [23] . 

In addition, to gain further insight into putative progastrin target cell

opulations in the healthy intestinal mucosa, we also quantified the ex-

ression of putative progastrin receptors in the same dataset ( Fig. 4 D).

s expected Annexin-II ( Anxa2 ), one of these candidate receptors [39] ,

as ubiquitously expressed in most intestinal epithelial cells. In con-

rast, the recently identified progastrin receptor GPR56 [40] , a member

f the adhesion GPCR family encoded by the Adgrg1 gene, had a more

estricted expression pattern. Indeed, Adgrg1 was expressed in a sub-

et of Bmi1 + /Prox1 + cells, in Bmi1 + /Prox1 neg and in a subset of Lgr5-

igh cells ( Fig. 4 D), suggesting that progastrin may have both autocrine

nd paracrine roles in the healthy intestine. mRNAs for CCK2R, another

uggested receptor for progastrin [40] , were not detected in this dataset.

umor initiating cells produce progastrin in early mouse intestinal adenomas

Beyond its possible role in the healthy intestinal mucosa, multiple

tudies have demonstrated that progastrin overexpression promotes ade-

oma development, proliferation and increases Lgr5- high cell numbers

n mice [ 19 , 4 , 2 ] and is associated with increased risk of neoplasia in hu-

ans [11] . In view of the instrumental role played by Lgr5- high cells
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Fig. 3. Mice Lgr5- high intestinal stem cells are not the progastrin-producing cells. (A-B) Representative dot plots for flow cytometry-based EpCAM-APC and EGFP 

detection on crypts from small intestine (A) or colon (B), harvested from WT (middle panels) or Lgr5-EGFP-IRES-Cre ERT2 C57BL/6 mice (right panel), in comparison 

with isotype IgG staining as negative controls (left panels). (C-D) Expression of EGFP, Lgr5 and Gast mRNA in epithelial (EpCAM positive) cells from mice small 

intestinal (C) or colonic crypts (D). mRNAs were quantified using qRT-PCR. ∗ ∗ P < 0,01, ∗ ∗ ∗ ∗ P < 0.0001, Mann – Whitney test. Data represents the relative expression 

in EpCAM + /Lgr5- high cells (black bars), expressed as fold-ratio of the expression in EpCAM + /Lgr5-low cells (white bars). Results are presented as the mean with 

SEM from n = 3 animals. 
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m  
n early tumorigenesis in the mouse, we used a Lgr5 cell-driven model

f adenoma development to identify progastrin-producing cells during

arly stages of tumorigenesis. 

To mimic the first step of tumorigenesis in mice, we crossed the

gr5-EGFP-IRES-creERT2 mouse with animals in which the 14th exon

f the Apc gene was flanked by loxP sites [21] . Pups resulting from

his crossing were genotyped and homozygous carriers were treated

ith a single dose of tamoxifen around 15 weeks of age to induce

he depletion of both Apc alleles specifically in the Lgr5- high cells,

hich are detectable through their expression of EGFP. After a 2- or

-week tamoxifen treatment, mice were euthanized and their intesti-

al adenomas were collected and processed for immunofluorescence

taining experiments ( Fig. 5 A and B) or for flow cytometry-based sep-

ration of Lgr5- high vs Lgr5- low cells followed by RNA extraction

nd quantification ( Fig. 5 C). Using tissue sections from adenomas col-

ected in these mice, we found that EGFP (surrogate for Lgr5- high

ells) and progastrin immunostaining co-localized in small intestinal

nd colonic adenomas from these mice ( Fig. 5 A and B). In addition,

T-qPCR quantification confirmed the enrichment of Lgr5 gene expres-

ion in EGFP-expressing cells and, in contrast with our earlier results in

he healthy intestinal mucosa (see Fig. 3 ), Gast gene expression was en-

iched in the Lgr5- high cell fraction from adenomas ( Fig. 5 C) collected

 weeks after tamoxifen induction. Collectively these results demon-

trate that Apc invalidation acts as a switch to initiate progastrin pro-
 e  

6 
uction preferentially in Lgr5- high tumor-initiating cells in the mouse

ntestine. 

uman intestinal tumor initiating cells produce Progastrin 

To validate our results on human samples we used the recently-

eveloped highly sensitive RNAscope technique, which enables the am-

lification and fluorescence-based detection of mRNAs for genes of in-

erest on FFPE tissue sections. This technique, which enables sensitive

etection of low-expression targets, was carried out using probes against

GR5 and GAST mRNA, enabling the quantification of cells that individ-

ally or jointly express these mRNA. 

Negative and positive control probes were used to verify the appli-

ability of this approach on FFPE patient adenoma tissue sections (Sup-

lementary Fig. S4A). The specificity of the human GAST probe was val-

dated on RKO colorectal cancer cells that were made to express high

rogastrin levels, in comparison with the low-expressing parental RKO

ine. As shown on Supplementary Fig. S4B the GAST RNAscope signal

as clearly higher in RKO colon carcinoma cells made to overexpress

rogastrin (right) than in control RKO cells (left). The LGR5 probe was

alidated previously on similar tissues [41] . 

We then used these probes to detect progastrin- and LGR5-encoding

RNAs in macroscopically healthy human colonic crypts, as well as in

arly neoplasic lesions from the human colon. First, non-inflammed hu-
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Fig. 4. Progastrin expression is restricted to Bmi1 + /Prox1 + cells in the healthy intestinal epithelium. (A) UMAP plot representing the cell population subsets 

(Bmi1-positive, Lgr5-low, Lgr5-high, and Prox1-positive) described in the single cell RNAseq data by Yan et al [25] ; (B-D) Expression pattern of multiple genes 

in the intestinal cell subsets depicted in A: (B) expression of Gast; (C) expression of cell fate markers Bmi1, Prox1, Lgr5, Chga, Chgb, and Scg2 (chromogranin c); 

(D) expression of putative progastrin receptors Adgrg1 and Anxa2. Expression levels are represented as the natural log of the normalized data, and the maximal 

expression level detected for each gene of interest is indicated above each panel. 
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an intestinal tissue collected from patients with diverticulitis were

tained with the GAST and LGR5 RNAscope probes ( Fig. 6 A). Intes-

ine from patients with diverticulitis was chosen to represent healthy

issue since several studies have shown that inflammatory tumor mi-

roenvironement impact epithelial neighboring cells. In parallel, GAST

nd LGR5 RNAs were also detected in FFPE tissue sections of intesti-

al adenomas from 5 patients with no prior family history of poly-

osis syndrome ( Fig. 6 B). Quantification of GAST and LGR5 - high vs
7 
ow cells was then performed on multiple crypts per patient sample.

orroborating results obtained in mouse intestinal tissues (see Fig. 3 )

e found that, while progastrin expression is primarily a feature of

GR5-low intestinal cells in the healthy intestinal epithelium, a majority

 > 65%) of Progastrin-producing cells within adenomas are also LGR5-

igh ( Fig. 6 C). In accordance with this data and with results obtained

n mouse tissues, we found that the overwhelming majority of LGR5-

igh cells ( > 80%) did not express detectable levels of progastrin in the
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Fig. 5. Progastrin is expressed in Lgr5-EGFP + adenoma stem cells in mice. (A-B) Immunofluorescence photomicrographs of small intestine (A) or colon (B) adenoma 

tissues from Apc fl/fl /Lgr5-EGFP-Cre ERT2 mice treated with 2 mg tamoxifen 4 weeks before sacrifice. Arrowheads point to progastrin (Alexa 594, red)-positive cells 

within Lgr5-EGFP hi cells (EGFP, Alexa 488, green), arrows mark Lgr5-EGFPhi cells and arrowheads mark Lgr5-EGFPneg cells. Note that all Lgr5-EGFP hi cells express 

progastrin. Nuclei are counterstained with DAPI (blue). Scale bars, 25μm. (C) Relative mRNA expression of EGFP, Lgr5 and Gast in intestinal adenomas (Lgr5 low: 

white bars; Lgr5- high: black bars) from Apc fl/fl /Lgr5-EGFP-Cre ERT2 mice treated with 2 mg tamoxifen 2 weeks before sacrifice and measured by qRT-PCR. ∗ ∗ P < 0,01, 
∗ ∗ ∗ ∗ P < 0.0001, Mann – Withney test. Data are presented as the mean with SEM, n = 3 animals. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.) 
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ealthy colonic epithelium, but that most LGR5- high cells (90%) did

xpress progastrin in colonic adenomas (Supplemental Fig. S5). A mi-

ority of LGR5- high cells also expressing PG was also observed in the

o called normal epithelium distant from adenomas (data not shown). 

iscussion 

In the present work we sought to specify the nature of progastrin-

roducing cells in the healthy intestine and during early adenoma for-
8 
ation, using several experimental and in silico approaches on murine

nd human healthy or preneoplastic intestinal tissue. Our results demon-

trate that, in the healthy intestine, progastrin is produced by a subset

f entero-endocrine cells previously shown to behave as a reserve stem

ell population after epithelial injury. In contrast, progastrin expression

s primarily a feature of Lgr5- high cells in preneoplastic intestinal le-

ions in the mouse as well as in human colonic adenomas. 

Expression of progastrin in the healthy colonic mucosa was first sug-

ested by Finley in 1993 [32] . While this original publication suggested
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Fig. 6. Progastrin expression in the human colon transi- 

tions from LGR5-low to LGR5- high cells during early 

neoplasia. Tissue sections of macroscopically healthy 

human colonic mucosa from patients with diverticuli- 

tis (A) and of human colonic adenomas (B) were hy- 

bridized with RNAscope probes against GAST (red) and 

LGR5 (green), and nuclei were counterstained with DAPI 

(white). Progastrin-positive cells are highlighted with 

red arrowheads, LGR5- high cells with green arrow- 

heads, and double stained progastrin/LGR5- high cells 

with white arrowheads. Scale bars represent 100 or 

20 μm as indicated on each panel. On high magnification 

images, white lines delimitate individual cells for bet- 

ter visualization of potential co-localization events (C) 

Bar graph representing the proportion of LGR5-low and 

LGR5- high cells among GAST- expressing cells, quanti- 

fied in tissue sections from the healthy human colonic 

epithelium ( n = 3 patients, black bars) and from colonic 

adenomas ( n = 5 patients, grey bars). p < 0.001, Kruskal 

Willis test. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web 

version of this article.) 
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hat progastrin-secreting cells were co-expressing chromogranin A, our

ingle cell RNAseq analysis suggests that these cells rather express high

evels of Scg2 (Chromogranin C) and to a lesser degree Chgb (Chromo-

ranin B), and that some but not all also express Chromogranin A. Al-

hough the GAST gene is a target of the Wnt pathway [4] , we did not

etect significant progastrin expression in Lgr5- high cells within the

ealthy mouse epithelium. We instead detected progastrin expression

n recently characterized enteroendocrine precursor cells that co-express

mi1 and Prox1 [25] . Prox1, mammalian ortholog of the Drosophila in-

estinal enteroendocrine transcription factor Pros, is expressed by lym-

hatic endothelial cells as well as by a subset of neuroendocrine cells

nd their progenitors in the healthy mammalian intestinal epithelium

42] . While Prox1-positive cells as a whole do not appear to display a

tem cell phenotype in the normal intestine (Wiener, Cell Rep 2014),

he subset of these cells that also co-expresses Bmi1 but not Lgr5 was

hown to have stem cell activity under both homeostatic conditions

nd after injury [25] . Results from our study now indicate that progas-

rin expression is a feature of these Prox1 + /Bmi + /Lgr5-low cells in the
9 
ealthy intestine. Accordingly, we found that Gast expression was con-

entrated in Bmi1 + cells rather than other cell subsets in mice carrying

 Bmi1-GFP intestinal knock-in [23] . Bmi1 + cells and Bmi1 + /Prox1 +
ells appear able to replace Lgr5- high intestinal stem cells when these

re ablated, for example after irradiation, and our current results in-

icate that progastrin expression decreases, at least transiently, dur-

ng the original transition from Bmi1 GFP to Lgr5- high cells following

hole-body irradiation in mice. In contrast, we show that progastrin

xpression becomes a feature of Lgr5- high cells from the early stage of

olonic neoplasia, similar to the emerging co-expression between Prox1

nd Lgr5 in developing colorectal tumors [43] . Considering the previ-

usly reported role for increased endogenous [33] and experimentally-

nduced progastrin production [ 13 , 15 ] in the resistance of colorectal tu-

ors to radiation damage, and since us and others have shown that pro-

astrin promotes the maintenance and expansion of stem/cancer stem

ells in the colon [40] , this data suggests that progastrin expression

ay contribute to the radio-resistance of LGR5- high cells in colorectal

umors. 
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Our data also indicate that progastrin is produced by colonic cells lo-

ated towards the lower third of colonic crypts in close proximity to ep-

thelial progenitor cells, which were recently characterized as expressing

PR56, a receptor for this peptide [40] . This result is in accordance with

 local physiological role for progastrin in the maintenance of colonic

pithelium size and proliferation. Indeed, the proliferation of colonic

pithelial cells is increased in progastrin-overexpressing mice [44] but

educed in mice expressing a knockout of the GAST gene, which encodes

rogastrin [18] . In addition, genetic inactivation of the Gpr56-encoding

dgrg1 gene in mice was shown to inhibit progastrin-driven proliferation

nd to increase apoptosis in the colonic epithelium [40] , suggesting that

his receptor may be a key mediator of progastrin activity within spe-

ific cell types in this tissue. Thus, when analyzing the single cell RNAseq

ata extracted from [25] , we detected robust Gpr56 expression within

gr5- high and Bmi1 + cells (including some of the Bmi1 + /Prox1 + cells)

s well as within a small proportion of Lgr5-low cells, whereas the other

utative progastrin receptors Cck2r [19] and Annexin II [39] were re-

pectively not detected or ubiquitously expressed across all cell popula-

ions. 

In addition, our results suggest that, while human and murine in-

estinal Lgr5- high cells respectively produce low to negligible amounts

f progastrin under physiological conditions, they do so in early pre-

eoplasic lesions such as human and mice adenomas. This suggests that

rogastrin production in preneoplastic Lgr5- high cells may be a de novo

vent, most likely emerging as a consequence of increasing Wnt signal-

ng. Indeed, the Gast gene has previously been characterized as a Wnt

arget gene before [4] . However, the presence of detectable progastrin

roduction in Lgr5-low, Bmi1 + /Prox1 + enteroendocrine precursors in

he healthy intestinal mucosa, along with the demonstrated ability of

hese cells to convert to a Lgr5- high phenotype during crypt regenera-

ion [ 23 , 25 ], raises the intriguing alternative possibility that Lgr5- high

ells could emerge from Bmi1 + /Prox1 cells during neoplastic transfor-

ation of adenomas. Indeed, Prox1 was shown to specifically localize

n dysplastic colonic adenomas rather than hyperplastic crypts, and to

lay an active role in promoting dysplasia [42] . Accordingly, progastrin

roduction is particularly elevated in hyperplastic polyps undergoing

ysplasia [11] , and our present results demonstrate that progastrin ex-

ression is greatly enriched in Lgr5- high cells in mouse and human ade-

omas. Thus the transition of Progastrin expression from Bmi1 + /Prox1 +
o Lgr5- high cells may underlie the role of this peptide in sustaining mi-

otic activity in the mouse colonic after radiation-induced DNA damage

13] , a situation where conversion of Bmi1 + /Prox1 + cells into Lgr5-

igh stem cells contributes to the regenerative process [ 23 , 25 ]. 

Finally, the expression of progastrin by Lgr5- high cells from

arly stages of tumorigenesis is in accordance with its demonstrated

umor-promoting role in mouse and human intestinal neoplasia. Gast -

eficiency was demonstrated to decrease the number of intestinal polyps

nd to reduce polyp proliferation in Apc (min-/ + ) mice [4] and we

howed that targeting progastrin via in vivo siRNA injection recapit-

lated this effect and decreased Wnt pathway activation in another

odel of Apc mutation-induced intestinal neoplasia [2] , demonstrating

he feed-forward mechanisms involving progastrin as both a target and

 promoter of Wnt signaling. Our current study indicates that this pro-

ess emerges from the very first step of the tumorigenic process in the

ouse intestine and suggests that this is also the case in human colonic

denomas. 
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