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Id2 controls specification of Lgr5+ intestinal stem
cell progenitors during gut development
Lira Nigmatullina, Maxim Norkin, Margarita M Dzama, Berith Messner, Sergi Sayols &

Natalia Soshnikova*

Abstract

The adult intestinal stem cells (ISCs), their hierarchies, mechanisms
of maintenance and differentiation have been extensively studied.
However, when and how ISCs are established during embryogene-
sis remains unknown. We show here that the transcription regula-
tor Id2 controls the specification of embryonic Lgr5+ progenitors in
the developing murine small intestine. Cell fate mapping analysis
revealed that Lgr5+ progenitors emerge at E13.5 in wild-type
embryos and differ from the rest on the intestinal epithelium by a
characteristic ISC signature. In the absence of Id2, the intestinal
epithelium differentiates into Lgr5+ cells already at E9.5. Further-
more, the size of the Lgr5+ cell pool is significantly increased. We
show that Id2 restricts the activity of the Wnt signalling pathway
at early stages and prevents precocious differentiation of the
embryonic intestinal epithelium. Id2-deficient embryonic epithelial
cells cultured ex vivo strongly activate Wnt target genes as well as
markers of neoplastic transformation and form fast growing undif-
ferentiated spheroids. Furthermore, adult ISCs from Id2-deficient
mice display a distinct transcriptional signature, supporting an
essential role for Id2 in the correct specification of ISCs.
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Introduction

The adult small intestinal epithelium is composed of two compart-

ments: differentiated villi and proliferating crypts. Continuous

renewal of the adult intestinal tissue is supported by intestinal stem

cells (ISCs) positioned at the bottom of the crypts. The adult ISCs

divide to generate stem cells and transit amplifying daughter cells,

which further give rise to various terminally differentiated proge-

nies: absorptive enterocytes, secretory goblet, entero-endocrine, tuft

and Paneth cells (Clevers et al, 2014). Genetic studies have defined

Wnt signalling as a crucial regulator of the adult ISCs proliferation,

maintenance and differentiation (Clevers et al, 2014). Loss-of-

function mutations in negative regulators of Wnt signalling (Shibata

et al, 1997) or ectopic expression of Wnt agonists (Kim et al, 2005)

lead to hyperplasia of intestinal crypts. On the other hand, ablation

of Tcf7l2 or b-catenin, encoding downstream effectors of the Wnt

pathway, causes loss of crypts formation (Korinek et al, 1998; Fevr

et al, 2007; Chin et al, 2016). Gene expression and lineage tracing

studies revealed multiple markers of the adult ISCs, such as Lgr5

(Barker et al, 2007), Ascl2 (van der Flier et al, 2009a), Olfm4 (van

der Flier et al, 2009b), Smoc2 (Muñoz et al, 2012) and Lrig1 (Powell

et al, 2012; Wong et al, 2012), many of which are targets and medi-

ators of Wnt signalling (Clevers et al, 2014). In contrast to our good

understanding of Wnt-dependent transcriptional programmes oper-

ating in the adult ISCs, it remains unclear what is the importance of

Wnt signalling during development of the embryonic small intesti-

nal epithelium.

In mice, the primitive gut tube is formed by embryonic day 9

(E9.0) (Wells & Spence, 2014). It remains as a simple tube

comprised of morphologically identical highly proliferative epithelial

cells surrounded by layers of mesenchyme till E14.5, a time point

when the gut epithelium begins to differentiate. At late foetal stages,

between E15.5 and E18.5, the embryonic epithelium forms villi and

inter-villi (future crypts). Several studies have demonstrated that

cells expressing the adult ISC markers, including Lgr5, Ascl2 and

Olfm4, appear at E15.5 within the inter-villus regions (Korinek et al,

1998; Garcia et al, 2009; Kinzel et al, 2014), suggesting that Wnt-

dependent progenitors of the adult ISCs are established at this devel-

opmental stage, which is consistent with phenotypes displayed by

Tcf7l2 or b-catenin mutant mice (Korinek et al, 1998; Chin et al,

2016). However, there was a conflicting report describing ubiqui-

tous expression of Lgr5 in the embryonic intestinal epithelium

already at E12.5 (Shyer et al, 2015) and proposing that the early gut

epithelium consists of a uniform pool of Wnt-dependent progeni-

tors. This discrepancy has raised important questions about the time

of the intestinal epithelial progenitor specification as well as func-

tional and molecular homogeneity of the early embryonic small

intestinal epithelium.

Another question is how the ISCs programme is regulated during

development. The basic helix-loop-helix (bHLH) transcription factor
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Ascl2 is specifically expressed in the adult ISCs (van der Flier et al,

2009a) and cooperates with Tcf7l2 to activate a set of stem cell

genes (Schuijers et al, 2015). However, in the embryonic small

intestine, Ascl2 was shown to be expressed only after E15.5 (van

der Flier et al, 2009a; Garcia et al, 2009) and its functions in the

developing intestine remain unknown. The zinc–finger transcription

factor Gata6, in concert with Tcf7l2, positively regulates the expres-

sion of a subset of Wnt-dependent genes in colorectal cancer

(Whissell et al, 2014). In contrast, loss of both Gata6 and Gata4 in

embryonic small intestine results in activation of ISCs markers,

such as Lgr5 and Cd44 at E16.5 (Walker et al, 2014). Bmp signal-

ling and its mediators, Smad and Id transcription factors, negatively

control self-renewal of the adult ISCs and attenuate intestinal

tumour formation (Takaku et al, 1998; Haramis et al, 2004; He

et al, 2004; Russell et al, 2004; Sodir et al, 2006). Yet, their func-

tions in the regulation of intestinal stem cells during embryonic

development remain unknown.

In the present study, using lineage tracing analysis, we demon-

strate that a small population of embryonic Lgr5+ progenitors

emerges during late intestinal development, after E13.5. Transcrip-

tome profiling showed that the embryonic Lgr5+ cells have a unique

molecular signature. We found that Id2 controls the timing of Lgr5+

cells specification. We show that at the molecular level, Id2 prevents

precocious maturation of the early embryonic epithelium and

restricts the number of Lgr5+ progenitors by inhibiting early activa-

tion of Wnt signalling. Precocious Lgr5+ cells show distinct growth

properties ex vivo and ultimately give rise, in vivo, to adult ISCs with

an altered transcriptional programme.

Results

Embryonic intestinal epithelium and adult ISCs have distinct
molecular signatures

To gain insight into the molecular properties of mouse embryonic

intestinal epithelium, we performed whole-transcriptome RNA-

sequencing of EpCAM-positive epithelial cells (Fig 1A) isolated by

flow cytometry from dissected small intestines at E11.5 (Fig 1B

and Appendix Fig S1A), the earliest time point when the small

intestine is clearly demarcated from stomach and large intestine.

Approximatively one thousand EpCAM+ cells could be obtained

from one embryo at this stage of development. We have also

sequenced the transcriptomes of Lgr5-EGFPhigh adult ISCs (Fig 1C;

Barker et al, 2007) purified by FACS from the small intestines of

2-month-old (P60) Lgr5EGFP-Cre-ERT mice (Fig 1D and Appendix Fig

S1B; Barker et al, 2007). Comparative analyses of the embryonic

and adult transcriptomes revealed over 4,500 differentially

expressed genes (log2FC ≥ 1, FDR < 0.01, Fig 1E and Datasets

EV1 and EV2), which represent almost half of the total transcrip-

tome, indicating that very distinct transcriptional programmes

operate in the embryonic and adult intestinal epithelium. Gene

ontology analysis of the transcripts expressed at over 50 times

higher levels in the embryonic epithelium showed the highest

enrichment scores for signal peptide and secreted protein cate-

gories (147 and 88 out of 466 genes, respectively, Fig 1F). In

contrast, genes upregulated 2–10 times were associated with RNA

splicing, chromatin and transcriptional regulation pathways

(Fig 1F). This included transcription factors Foxa2, Sall4, Satb1,

Sox11, Tcf7l1 and Prdm1 as well as chromatin interacting proteins

Asf1a, Cbx2, Cbx4, Dnmt3a, Smarcd3, Suv39h2 and Suv420h2. In

the adult ISCs, the largest groups of genes upregulated over 50

times belong to antimicrobial defence and signal peptide cate-

gories (31 and 92 out of 305 genes, respectively, Fig 1F). Further-

more, genes upregulated 2–10 times in the adult ISCs were

enriched for mitochondrion and ribosomal functions (203 and 44

out of 1,771 genes, respectively, Fig 1F), which is consistent with

distinct cellular and metabolic processes in the embryonic and

adult gut.

We found that multiple genes regulating various signalling path-

ways were expressed at higher levels in the embryonic epithelium,

such as members of Hedgehog signalling (Ihh, Shh, Gas1, Sufu and

Gli3), TGFb/Bmp signalling (BMP and activin membrane-bound

inhibitor homolog (Bambi), Bmp1, Bmpr1b, Tgfbr3, Smad6 and

Smad7), FGF signalling (Fgf9, Fgfr1, Fgfr2 and Fgfr4) and IGF signal-

ling (Igf2, Igf2bp1, Igf2bp3, Igfbp2, Igfbp5, Igfbp7 and H19)

(Appendix Fig S1C–E). Quantitative reverse transcription–PCR

(qRT–PCR) and in situ hybridization analyses further confirmed

RNA-sequencing data (Fig 1G–Z). Interestingly, several negative

regulators of the Wnt pathway, including Sfrp1, Sfrp2, Sfrp5, Robo1/2,

Shisa6, Glis2, Tcf7l1 and Ctnnbip1, were transcribed at higher levels

in the embryonic intestinal epithelium compared to the adult

ISCs (Fig 1L–P). Accordingly, well-known targets of Wnt signalling

expressed in the adult ISCs (Muñoz et al, 2012), such as Lgr5, Ascl2,

Axin2, Cd44, Slc12a2 and Smoc2, were either absent or barely detect-

able in the embryonic intestinal epithelial cells (Fig 1Q–Z and

▸Figure 1. Molecular signature of embryonic intestinal epithelium.

A Confocal image of the embryonic small intestine at E11.5. EpCAM (orange) specifically labels epithelial cells. DAPI staining (blue) shows nuclei.
B Representative fluorescence-activated cell sorting (FACS) plot showing EpCAM+ embryonic epithelial small intestinal cells (orange) at E11.5 (n = 6).
C Lgr5-EGFP-expressing adult ISCs (green) are at the base of a crypt.
D Representative FACS plot showing Lgr5-EGFPhigh adult ISCs (green) (n = 6).
E Analysis of RNA-seq data showing the number of differentially expressed genes between embryonic small intestinal epithelium at E11.5 and the adult ISCs.
F GO analysis displaying the significantly enriched molecular functions in the groups of upregulated genes in embryonic small intestinal epithelium (orange) and the

adult ISCs (green).
G–Z (G, L, Q, V) UCSC Genome Browser images of RNA-seq data, with transcript profiles of polyA+ mRNA from embryonic small intestinal epithelium (orange) and the

adult ISCs (green). Shh and Sfrp5 are highly expressed in the embryonic small intestine (G, L), whereas Lgr5 and Axin2 were detected in the adult ISCs only (Q, V).
The y-axis indicates the coverage normalized by library size (reads per million). qRT–PCR analysis for Shh (H), Sfrp5 (M), Lgr5 (R) and Axin2 (W) in embryonic
(orange) and the adult ISCs (green) cells. Epcam expression was used as normalizing control. Error bars are � SD, n = 3. **P < 0.01 by Student’s t-test. RNA in situ
hybridization analysis showing the expression of Shh (I), Sfrp5 (N), Lgr5 (S) and Axin2 (X) in the embryonic small intestine at E11.5. Expression of Shh (J, K), Sfrp5
(O, P), Lgr5 (T, U) and Axin2 (Y, Z) in the adult small intestine.

Data information: Scale bar: 27 lm (A), 100 lm (C), 20 lm (I, N, S, X), 50 lm (J, O, T, Y) and 11 lm (K, P, U, Z). See also Appendix Fig S1.
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Appendix Fig S1F and G). The same was true for the other intestinal

stem cells markers, such as Olfm4 and Lrig1 (Appendix Fig S1H).

These results demonstrate that although the embryonic intestinal

epithelium and the adult ISCs share the molecular signature of endo-

dermal lineage, the intestinal stem cell signature is absent in the

embryonic gut at E11.5.

Lgr5+ cells represent a small fraction of the embryonic gut
epithelium and define late embryonic progenitors of the
adult ISCs

Our RNA-sequencing and RNA in situ hybridization analyses did

not support the conclusions of a study reporting that the adult ISC
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Figure 1.
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markers, Lgr5 and Cd44, are expressed throughout the embryonic

intestinal epithelium (Shyer et al, 2015). Therefore, we re-evaluated

Lgr5 expression in the intestinal epithelium of Lgr5EGFP-Cre-ERT

embryos at different developmental stages. Using FACS analysis, we

detected 0.66 � 0.1% of Lgr5-EGFP+ cells in the embryonic small

intestine at E12.5 (Figs 2A and EV1A and B). The number of Lgr5-

EGFP+ cells increased progressively during development, from

7.4 � 2.2% at E13.5 to 17.1 � 2.5% at E17.5 (Figs 2A and EV1C–

H). Accordingly, both RNA in situ hybridization and immunostain-

ing for EGFP confirmed that Lgr5 was expressed only in a subset of

intestinal epithelial cells at E12.5 and E13.5 (Figs 2B and EV1I–P). A

higher number of Lgr5+ cells was observed in the posterior

compared to the anterior small intestine at all embryonic stages

analysed (see also below). Moreover, Lgr5-EGFP+ cells were mostly

detected in a specific domain, close to the caecum, of the small

intestine at E12.5 (Fig EV1M).

We assessed the contribution of embryonic Lgr5-EGFP+ cells

to the adult small intestine by lineage tracing analysis using

Lgr5EGFP-Cre-ERT and Rosa26LacZ reporter mice. A single tamoxifen

administration to Lgr5EGFP-Cre-ERT/Rosa26LacZ mice at E13.5 gave few

LacZ+ clones (14 � 4, n = 3) after a 2 months chase (P60, Fig 2C).

Consistent with the increasing number of Lgr5-expressing cells

during development, the amount of LacZ+ clones within the adult

small intestine also increased upon tamoxifen induction at E14.5

(127 � 15, n = 3) and E15.5 (186 � 22, n = 3) (Fig 2D and E).

Moreover, to test whether the amount of LacZ+ cells could reflect

the low recombination efficiency of the Rosa26LacZ reporter line, we

used the very efficient Rosa26tdTomato reporter. The numbers of

Lgr5+:tdTomato+ cells were quantified by FACS 1 day after tamox-

ifen induction using Lgr5EGFP-Cre-ERT/Rosa26tdTomato embryos at dif-

ferent developmental stages (Fig 2F and Appendix Fig S2A–C). Of

note, we have not detected unspecific labelling in the absence of

either tamoxifen or Cre-ERT, using both reporter lines. The low

number of LacZ+ clones in the adult tissue was in accordance with

the low percentage of tdTomato+ cells observed in embryos. For

example, only 1.9 � 0.5% of Lgr5-EGFP+:tdTomato+ cells were

detected after labelling at E15.5 (Fig 2A and F). In contrast, a single

dose of tamoxifen administered to Rosa26Cre-ERT/Rosa26tdTomato mice

at E13.5 resulted in 98.6 � 1.1% of labelled cells (Appendix Fig

S2D–G). These results indicate that Lgr5-Cre-ERT is expressed at

very low levels during embryogenesis. Further immuno-histological

analyses showed that Lgr5+ progenies gave rise to all differentiated

intestinal epithelial cell types, including enterocytes, chromogranin

A-positive entero-endocrine, goblet and Paneth cells (Fig 2G–I).

Taken together, our data demonstrate that embryonic Lgr5+ cells

contribute to the pool of adult ISCs after E13.5.

Molecular signature of embryonic Lgr5+ progenitors

To define how similar Lgr5+ embryonic progenitors are to the

adult ISCs and possibly identify factors regulating their specifi-

cation during embryogenesis, we sequenced the transcriptomes of

A
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F

Figure 2. Fate mapping of embryonic Lgr5+ cells.

A Quantitative FACS analysis of Lgr5-EGFP+ cells in small intestinal epithelium of Lgr5EGFP-Cre-ERT embryos at various developmental stages. Error bars are � SD, n ≥ 3.
B Expression pattern of Lgr5 in the embryonic small intestine at E13.5.
C–E Whole-mount view of LacZ-stained Lgr5EGFP-Cre-ERT/Rosa26lacZ small intestines 2 months (P60) after a single treatment with TAM at E13.5 (C), E14.5 (D) and E15.5 (E)

(n = 3). The number of LacZ+ clones is indicated for each stage.
F Quantitative FACS analysis of Lgr5-EGFP+:tdTomato+EpCAM+ cells 1 day after a single treatment with TAM at different embryonic stages. Error bars are � SD, n > 3.
G Immuno-labelling for chromogranin A (ChgA) reveals entero-endocrine cells (brown, arrowhead) surrounded by enterocytes within LacZ+ (blue) villi.
H, I Co-staining with PAS shows goblet (pink, arrowheads, H) and Paneth cells (pink granules, I) positive for LacZ activity (blue).

Data information: Scale bar: 30 lm (B), 1.5 mm (C–E) and 4.5 lm (G–I). See also Fig EV1 and Appendix Fig S2.
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FACS-purified Lgr5-EGFP+EpCAM+ and corresponding control

Lgr5-EGFP�EpCAM+ cells from the embryonic small intestines at

E13.5 (Fig 3A and Appendix Fig S3A and B), the earliest time point

when 200–500 Lgr5+EpCAM+ cells are present within the embry-

onic intestinal epithelium. Comparative analysis revealed 500 dif-

ferentially expressed genes between Lgr5+EpCAM+ and control

cells (log2FC ≥ 0.5, FDR < 0.01, Fig 3B and Datasets EV3 and EV4).

The changes in gene expression were moderate, maximum fivefold,

with 50% of genes being less than twofold differentially expressed.

The differential expression of genes identified by RNA-sequencing

was further confirmed by qRT–PCR analysis (Fig 3C). Gene Ontol-

ogy analysis revealed that the embryonic Lgr5+ transcriptome was

enriched for the genes promoting cell cycle progression and prolifer-

ation (31 out of 247 genes, P < 10�20) compared to the control

Lgr5�EpCAM+ cells. The gene list includes Aurka, Aurkb, Cyclin-

dependent kinase 1 (Cdk1), Cyclin a2, Cyclin b2, Cdc25 and Plk1.

Out of 247 embryonic Lgr5+ signature genes, 36 (14.6%,

P < 10�15) overlapped with the adult ISCs signature (Fig 3D) and

included key ISCs markers (Muñoz et al, 2012), such as Ascl2,

Axin2, CD44, Kcne3, Slc12a2, Smoc2 and Tnfrsf19 (Fig 3B, C, E and

F, and Dataset EV3). Further analysis revealed that the expression

of those genes was fourfold to 15-fold lower in embryos compared

to the adult ISCs (Appendix Fig S3C and D), suggesting that the

embryonic Lgr5+ cells undergo a maturation process to develop

their full stem cell potential. Consistently, several ISCs markers,

including Lrig1, Prom1, Rnf43 and Olfm4, were absent or expressed

at too low levels and were not identified as differentially expressed

in embryonic gut (Appendix Fig S3E–H).

Of the 260 genes downregulated in Lgr5+EpCAM+ cells, the

largest group belongs to glycoproteins and lipid and fatty acid trans-

port proteins as determined by GO analysis (3.2-fold enrichment,

P < 10�4). Known markers of differentiated intestinal epithelium,

including Fabp1, Fabp2, Anpep, Afp, Rbp2 and Rbp4, were found to

be the most strongly downregulated (Dataset EV4). Sfrp5, Onecut2

and Gata4, which are essential for proper differentiation of the

embryonic intestinal epithelium (Matsuyama et al, 2009; Dusing

et al, 2010; Kohlnhofer et al, 2016), were between a few signalling

molecules or transcription factors decreased in Lgr5+ cells (Fig 3C,

G–H). In summary, our data demonstrate that the transcriptional

changes leading to the ISCs specification take place during late

embryogenesis, around E13.5. This regulatory shift consists of

both upregulation of the Wnt signalling responsive genes and

repression of genes mediating metabolic functions of differentiated

gut epithelium.

Id2 controls timing of Lgr5+ cell specification in the embryonic
intestinal epithelium

To identify factors involved in a correct specification of Lgr5+

progenitors, we focused on genes (i) highly expressed in the embry-

onic intestinal epithelium at E11.5 and absent in the adult ISCs, and

(ii) regulating either the expression or function of key factors

controlling the adult ISCs programme, such as Ascl2, b-catenin and

Tcf7l2. We have selected Id2, encoding a transcriptional regulator

containing a HLH domain (Lasorella et al, 2014), which was highly

expressed in the embryonic gut at E11.5 (Fig 4A–E). Id2 promotes

differentiation and suppresses tumour formation in the intestinal

epithelium (Fig EV2A–D and Russell et al, 2004). However, what

happens at the molecular level in Id2 mutant intestinal epithelium is

not known. To explore the functions of Id2 in the embryogenic gut,

we have used Id2Cre-ERT knock-in mice, in which the Id2 gene is

replaced by a Cre-ERT cassette thus representing a null allele of Id2

(Rawlins et al, 2009).

We assessed the consequences of Id2 inactivation on Lgr5

expression in Id2Cre-ERT/Cre-ERT:Lgr5EGFP-Cre-ERT (further referred to as

Id2KO:Lgr5EGFP-Cre-ERT) mutant embryos at different developmental

stages using both immunostaining and FACS analyses. Importantly,

Id2 deletion resulted in ectopic, precocious activation of Lgr5-EGFP

in the intestinal epithelium of mutant embryos already at E9.5 as

revealed by immunostaining for GFP (Fig 4F and G). At E11.5,

Lgr5+ cells were mostly found in the posterior half of the small

intestine in Id2KO:Lgr5EGFP-Cre-ERT embryos (Figs 4H and I, and EV2E

and F). FACS analysis further determined that 36.4 � 5.4% (56-

fold, P < 10�7) of embryonic intestinal epithelial cells were Lgr5+ in

Id2 mutants at E11.5 (Figs 4J and EV2G and H). This ectopic activa-

tion was also detected in Id2 heterozygous embryos, although to a

lesser extent, 5.3 � 1.9% (eightfold, P = 1.5 × 10�4) (Fig 4J). At

E15.5, when the embryonic intestinal epithelium begins to divide

into Lgr5+ inter-villi and Lgr5� villi compartments, 64 � 8.5% (6.4-

fold, P < 10�5) and 90 � 2.7% (2.1-fold, P < 10�5) of epithelial

cells were Lgr5+ in the anterior and posterior halves of the small

intestine in Id2KO:Lgr5EGFP-Cre-ERT embryos, respectively (Fig 4J).

Interestingly, Lgr5-EGFP+ cells were observed in both villi and

inter-villi compartments in the posterior intestine of Id2KO embryos

(Fig 4K and L). By E17.5, when cyto-differentiation of the embry-

onic intestinal epithelium is completed, the number of Lgr5+ cells

was only slightly elevated (1.2-fold, P < 0.05) in the anterior small

intestine of the mutant embryos compared to wild type (Fig 4J). In

contrast, significantly more (2.4-fold, P < 10�6) Lgr5+ cells were

detected in the posterior half of the mutant intestine at this stage

(Fig 4J). At this time point, similar to the wild-type situation, Lgr5+

cells were detected only in the inter-villi compartment in Id2KO

(Fig 4M and N). Yet, the number of bright GFP+ cells was higher in

Id2KO compared to wild type. These data demonstrate that Id2

negatively regulates the initiation of Lgr5+ cell specification as

well as their numbers in the small intestinal epithelium during

development.

Effect of Id2 loss on the embryonic intestinal
epithelium transcriptome

To determine the molecular signature of Lgr5+EpCAM+ cells in

Id2KO:Lgr5EGFP-Cre-ERT intestinal epithelium at E11.5, we isolated 250

Lgr5+EpCAM+, Lgr5�EpCAM+ and control (from Lgr5EGFP-Cre-ERT

embryos) Lgr5�EpCAM+ cells by FACS and performed RNA-

sequencing analyses (Fig EV2G and H). We found over 800

genes differentially expressed between Id2KOLgr5+EpCAM+ and

Id2KOLgr5�EpCAM+ cells (log2FC ≥ 0.5, FDR < 0.01, Datasets

EV5 and EV6). An even higher number of differentially expressed

genes were detected between Id2KOLgr5+EpCAM+ and control

Lgr5�EpCAM+ cells (over 900 genes, Fig 5A and C, and Datasets

EV7 and EV8), whereas changes in the expression of only 338

genes were found between Id2KOLgr5�EpCAM+ and control

Lgr5�EpCAM+ (Fig 5A and C, and Datasets EV9 and EV10).

Transcriptome profiling confirmed by qRT–PCR showed that Id2

negatively regulates the expression of approximately 600 genes in
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Figure 3. Transcriptional signature of embryonic Lgr5+ cells.

A A representative FACS plot showing strategy to isolate Lgr5-EGFP+EpCAM+ (green), and control Lgr5-EGFP�EpCAM+ cells (orange) for RNA-seq analysis at E13.5
(n ≥ 10).

B RPKM scatter plot illustrating gene expression profiles of Lgr5+ (x-axis) and EpCAM+ (y-axis) cells. Genes significantly upregulated in Lgr5+ compared to EpCAM+

cells (log2FC ≥ 1, FDR < 0.01) are in green. Genes significantly upregulated in EpCAM+ compared to Lgr5+ cells (log2FC ≥ 1, FDR < 0.01) are in orange.
C qRT–PCR analysis for selected genes differentially expressed in Lgr5+ compared to control EpCAM+ cells. Relative expression levels of each gene in EpCAM+ were

fixed to 1. Epcam expression was used as normalizing control. Error bars are � SD, n = 4.
D Venn diagram showing the overlap between genes upregulated in the embryonic Lgr5+ cells and the adult ISCs signature.
E–H UCSC Genome Browser images of RNA-seq data, with transcript profiles of mRNA from embryonic Lgr5+ (green), EpCAM+ cells (orange) at E13.5 and the adult ISCs

(teal) (n = 4). Lgr5 (E) and Ascl2 (F) are upregulated in the embryonic Lgr5+ cells and are highly expressed in the adult ISCs. In contrast, Sfrp5 (G) and Onecut2 (H)
are expressed at higher levels in the Lgr5�EpCAM+ cells. The y-axis indicates the coverage normalized by library size (reads per million).

Data information: See also Appendix Fig S3.
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the embryonic intestinal epithelium at E11.5 (Fig 5A, B and D).

Significantly more genes (84%) were upregulated in Id2KO-

Lgr5+EpCAM+ compared to Id2KOLgr5�EpCAM+ cells (Fig 5A).

13.8% of the upregulated genes were shared between both Lgr5-

positive and Lgr5-negative cells, many of which were cell cycle

regulators, such as Ccnb1, Cdk1, Cdc6, Plk1, Ccnd2, Cdc20 and

Aurkb (Fig 5A). This indicates that Id2 negatively controls cell cycle

progression and proliferation during gut development. Expression of

known ISCs markers, including Smoc2 (over 100-fold), Sox9, Pdgfa,

Bmp7, Id1 and Mecom, was elevated in Id2KO epithelium regardless

of Lgr5 expression (Fig 5A and D). However, Lrig1, Prom1, Slc12a2,

Sp5 and Tnfrsf19/Troy were specifically upregulated in Id2KO-

Lgr5+EpCAM+ cells (Fig 5B).

Overall, 57 out of 381 genes (15%, P < 10�28) upregulated

specifically in Id2KOLgr5+EpCAM+ at E11.5 overlapped with the

wild-type, E13.5 embryonic Lgr5+ gene signature (Fig 5B), thus

demonstrating that Id2 negatively regulates not only the expression

of the Lgr5 gene but also the whole Wnt-dependent molecular

network during intestinal development. Surprisingly, the expression

of Ascl2 was not activated in Id2KOLgr5+EpCAM+ epithelium

(Fig 5D), suggesting that in the absence of Id2, Ascl2 is dispensable

for the activation of the stem cell programme. Interestingly, we

observed 10-fold induction in the expression of Wnt6 and Wnt11

specifically in Id2KOLgr5+EpCAM+ (Fig 5B and D), implying that

Id2 negatively controls the activation Wnt signalling in the embry-

onic epithelium.

A B C D

G H I
J

K L M N

E

F

Figure 4. Id2 regulates formation of Lgr5+ cells during embryogenesis.

A UCSC Genome Browser image of RNA-seq data demonstrating transcript profiles from embryonic small intestinal epithelium (orange) and the adult ISCs (green).
B–D Expression pattern of Id2 in the embryonic small intestine at E11.5 (B) and in the adult intestinal epithelium (C, D) as revealed by RNA in situ hybridization.
E qRT–PCR analysis of Id2 expression in embryonic (orange) and the adult ISCs (green) cells. Epcam expression was used as normalizing control. Error bars are � SD

(n = 3). ***P < 0.001 by Student’s t-test.
F–I Sections of EGFP-stained small intestine from Id2KO:Lgr5EGFP-Cre-ERT and control Lgr5EGFP-Cre-ERT embryos showing distribution of Lgr5+ cells (green) at E9.5 (F, G) and

E11.5 (H, I) (n = 3 mice analysed).
J Quantification of Lgr5-EGFP+EpCAM+ cells from Id2KO, Id2het and control small intestinal epithelium at various developmental stages. Error bars are � SD, n ≥ 3.

***P < 0.001, **P < 0.01, *P < 0.05 by Student’s t-test.
K–N Sections of EGFP-stained small intestine from Id2KO:Lgr5EGFP-Cre-ERT and control Lgr5EGFP-Cre-ERT embryos showing distribution of Lgr5+ cells at E15.5 (K, L) and E17.5

(M, N) (n = 3 mice analysed).

Data information: Scale bar: 30 lm (B, F, G), 40 lm (C) and 11 lm (D, H, I), 300 lm (K–N). See also Fig EV2.
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Among the 521 genes downregulated upon Id2 inactivation, 229

(44%, P < 10�27) were genes, which are downregulated in wild-type

embryos as development proceeds from E11.5 to E13.5 (Fig 5C and

D). On the other hand, we have not observed upregulation of the

known differentiation markers, including Fabp1 or Fabp2 in mutant

epithelium compared to wild type, suggesting that Id2 prevents the

precocious maturation of the early embryonic epithelium.

Id2 is also expressed in the intestinal mesenchyme at E11.5

(Fig 4B), and since Id2 inactivation is not limited to the epithelium

in our model system, the early specification of Lgr5+ cells could

also be linked to defects in the surrounding mesenchyme. To

address this issue, we have additionally isolated 250 EpCAM�

mesenchymal cells from both mutant and wild-type embryos and

compared their transcriptomes (Fig EV2G and H). We have identi-

fied only 14 genes upregulated and 183 downregulated

(log2FC ≥ 0.5, FDR < 0.01, Datasets EV11 and EV12) in Id2KO

mesenchymal cells. Gene ontology analysis of the downregulated

transcripts identified a set of genes belonging to heme and

porphyrin biosynthesis, and erythrocytes development (P < 10�10).

This suggests that the transcriptional changes observed in the

mutant mesenchyme are due to secondary effects such as a dif-

ferent number of embryonic erythrocytes (Ji et al, 2008). No

changes in the expression of either Bmp/Tgfb or Wnt, or R-

spondin ligands were observed between mutant and control

mesenchyme (Appendix Fig S4A), suggesting that alterations in

signalling from the mesenchyme are not the cause for the pheno-

type we observed in the epithelium. Therefore, we conclude that

Id2 likely functions in the epithelial cells to regulate the specifi-

cation of Lgr5+ cells during embryogenesis.

Id2 negatively regulates Wnt/b-catenin signalling

Multiple targets of Wnt signalling are ectopically expressed in Lgr5+

cells in Id2KO small intestine at E11.5. To assess whether elevated

Wnt signalling is required for the precocious specification of Lgr5+

cells within the embryonic epithelium, we examined the expression

A B C

D

Figure 5. Id2 is required for the repression of the ISCs signature genes during early embryogenesis.

A Venn diagram showing the overlap between genes upregulated in Id2KOLgr5+EpCAM+ (green) and Id2KOLgr5�EpCAM+ (red) cells compared to wild-type
Lgr5�EpCAM+ cells.

B Venn diagram showing the overlap between genes upregulated in Id2KOLgr5+EpCAM+ (green) and embryonic Lgr5+ gene signature (black).
C Venn diagram showing the overlap between genes downregulated in Id2KOLgr5+EpCAM+ (green), Id2KOLgr5�EpCAM+ (red) and E11.5 to E13.5 wild-type Lgr5�EpCAM+

cells (black).
D qRT–PCR analysis for selected genes differentially expressed in Id2KOLgr5+EpCAM+ (green) and Id2KOLgr5�EpCAM+ (blue) cells compared to control Lgr5�EpCAM+

cells (orange). Epcam expression was used as normalizing control. Error bars are � SD (n = 3). ***P < 0.001, **P < 0.01 and *P < 0.05 by Student’s t-test.

Data information: See also Fig EV2 and Appendix Fig S4.
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of Lgr5-EGFP following administration of the Wnt-C59 inhibitor,

which prevents efficient secretion of Wnt ligands (Kabiri et al,

2014). Administration of Wnt-C59 at E13.5, E14.5 and E15.25

resulted in a dramatic loss (sixfold, P < 0.01) of Lgr5+ cells in wild-

type embryos at E15.5 (Fig 6A and Appendix Fig S5A, B, D and E),

indicating that Wnt signalling is required for Lgr5 expression during

embryogenesis.

Loss of Lgr5+ cells was also observed in Id2KO embryos at E15.5

(Fig 6A and Appendix Fig S5A, C, D and F), yet to a lesser extent

(up to threefold, P < 0.01). After Wnt-C59 treatment, most of Lgr5+

cells were detected in the posterior half of the small intestine in

Id2KO embryos (Fig 6B–E). Notably, the residual Lgr5+ cells had

lower expression of Lgr5-EGFP as revealed by FACS (Appendix Fig

S5A–F) and anti-EGFP staining on sections (Fig 6B–E). The

morphology of the small intestines from Id2KO or wild-type

embryos treated with Wnt-C59 was similar to that from the control

vehicle-treated embryos (Fig 6B–E). Specifically, villi formed

normally and we did not observe increased apoptosis in the intesti-

nal epithelium (data not shown). Importantly, administration of

Wnt-C59 at E9.5 and E10.5 led to threefold (P < 0.01) reduction in

the number of Lgr5+ cells in Id2KO embryos at E11.5 (Fig 6A and

Appendix Fig S5G–I). Furthermore, qPCR analysis showed that not

only Lgr5 but also other Id2KOLgr5+ signature genes were downreg-

ulated in Id2KO mutant epithelial cells upon Wnt-C59 treatment

(Fig 6F). These data indicate that precocious activation of Wnt

signalling is responsible for the premature specification of Lgr5+

cells in Id2 mutant intestinal epithelium.

Administration of Wnt-C59 had stronger effect on Lgr5+ cells

from wild-type compared to Id2KO embryos (Fig 6A), suggesting

that Id2 could have a repressive function in the transduction of

Wnt/b-catenin signalling downstream of Wnt ligands. Therefore, we

tested the effect of Id2 overexpression on transcriptional activation

of a b-catenin/Tcf-dependent luciferase reporter with six copies of

Tcf-binding sites (TOPFlash). FOP reporter with mutated Tcf/Lef

binding sites was used as a control for general transcriptional activ-

ity (Fig 6G). Overexpression of b-catenin resulted in significant acti-

vation of TOP reporter (up to 10-fold) in HEK 293T cells compared

to control or FOP reporter (Fig 6G). Co-expression of Id2 decreased

the TOP reporter activity in a dose-dependent manner (Fig 6G).

We then examined whether Id2 influence the levels of b-catenin
protein. Consistent with the decrease in the transcriptional activity

of the b-catenin-dependent reporter, we observed reduction in

b-catenin protein levels in a dose-dependent manner upon overex-

pression of Id2 (Fig 6H). This decrease in b-catenin levels was

dependent on the protein stability, since levels of b-catenin lacking

its N-terminus, which is essential for phosphorylation and degrada-

tion of the protein, were less affected by Id2 overexpression

(Fig 6H). Taken together, our data indicate that Id2 negatively regu-

lates Wnt/b-catenin-dependent transcription by affecting b-catenin
protein stability.

Id2-deficient Lgr5+ progenitors have higher capacity to form
organoids ex vivo

Transcriptional and FACS analyses revealed that Id2 restricts both

the timing of Lgr5+ cell specification and their number. To evaluate

whether Lgr5+ cells from Id2 mutant intestinal epithelium differ

from wild-type cells by the expression levels of Lgr5 and the other

ISC signature genes, we isolated 250 Lgr5+EpCAM+ as well as

Lgr5�EpCAM+ cells from Id2KO and control small intestines at

E15.5, a time point when Lgr5+ cells are well defined and reside in

the inter-villi compartment in wild-type embryos. qRT–PCR analysis

showed that Lgr5, Smoc2 and Lrig1 were expressed at higher levels

in posterior Id2KOLgr5+ compared to control cells (Fig 7A).

Furthermore, Ccnb1 (cyclin b1), Ccnd2 (cyclin d2) and Trop2 (a

marker of neoplastic transformation, Mustata et al, 2013; Zeng

et al, 2016) were also expressed at higher levels in the posterior

small intestine of Id2KO embryos compared to the controls

(Fig 7A). On the other hand, Ascl2 was expressed at lower levels in

Id2KOLgr5+ cells compared to wild-type control (Fig 7A). The

expression of Snai2 was somewhat elevated, yet not significantly

(Fig 7A).

To test the functional relevance of the gene expression changes

caused by loss of Id2, we isolated by FACS Lgr5+EpCAM+ and

Lgr5�EpCAM+ cells from Id2 mutant as well as wild-type embry-

onic intestines at E15.5 and assessed their capacity to form orga-

noids ex vivo (Fig 7B). We applied the same culture conditions as

were used for the adult Lgr5-EGFPhigh ISCs (Sato et al, 2009),

including essential growth factors R-spondin, Noggin, EGF and Rho

kinase inhibitor. Two types of colonies were formed from E15.5

small intestinal epithelium: Lgr5+EpCAM+ cells give rise predomi-

nantly to organoids (Fig 7D and F; Fordham et al, 2013; Mustata

et al, 2013), while Lgr5�EpCAM+ cells develop as spheroids (Fig 7E

and G). Id2 ablation increased 3.7-fold the efficiency of organoid

formation derived from Lgr5+EpCAM+ cells (Fig 7B and F). More-

over, both Id2KOLgr5�EpCAM+ and Id2KOLgr5+EpCAM+ cells

gave rise to over 10 times more spheroids compared to the control

(Figs 7B and G, and EV3A–F). Morphologically, Id2KO spheroids

were 2–3 times larger compared to spheroids derived from the wild-

type embryos (Fig 7E and G), which is consistent with an elevated

expression of cell cycle promoting genes, including Ccnb1 and

Ccnd2 (Fig 7A), in Id2 mutants. Further tests demonstrated that

both Id2KO and wild-type colonies (both spheroids and organoids)

required R-spondin, but not Noggin or EGF, for their survival

(Fig EV3A–F).

qRT–PCR analysis showed that Lgr5, Axin2, Lrig1 and Smoc2

were expressed at higher levels in both Id2KO spheroids and orga-

noids compared to the controls (Fig 7C), indicating that mutant cells

gave rise to Lgr5+Axin2+ spheroids in ex vivo cultures. However,

upon re-plating, Id2KO spheroids (derived from posterior

Lgr5�EpCAM+ or Lgr5+EpCAM+ cells) readily formed organoids

after the first passage. Moreover, Ascl2 was upregulated in Id2KO

organoids compared to the controls (Fig 7C), whereas levels of Lyz1

(a marker for Paneth cells) were identical (Fig 7C), indicating that

ISC signature genes are expressed at higher levels in Id2KO ISCs in

culture. Strikingly, we detected strong activation of Snai2, Cnx43

and Trop2 in both Id2KO spheroids and organoids compared to the

controls (Fig 7C). While Cnx43 and Trop2 were detected in wild-

type spheroids (Fig 7C and Mustata et al, 2013), their levels were

much lower compared to Id2KO spheroids or even organoids

(Fig 7C), indicating that Id2KO cells form fast growing organoids

expressing neoplastic markers. Consistent with ex vivo results, we

observed high levels of nuclear Trop2 in Id2KO mutant intestines at

P0 (Fig 7H and I). Of note, the presence of Trop2 receptor in the

nucleus correlates with neoplastic transformation (Zeng et al,

2016).
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Figure 6. Id2 negatively controls Wnt/b-catenin signalling.

A FACS quantification of Lgr5+ cells in Id2KO and wild-type mice at E11.5 and E15.5 after administration of Wnt-C59 inhibitor (red) or vehicle (green). Error bars
are � SD (n = 3). **P < 0.01 by Student’s t-test.

B–E Sections of small intestines from Lgr5EGFP-Cre-ERT (B, D) and Id2KO:Lgr5EGFP-Cre-ERT embryos (C, E) at E15.5 stained with anti-GFP antibodies showing distribution of
Lgr5+ cells (green) after administration of vehicle (B, C) or Wnt-C59 inhibitor (D, E). Scale bar: 100 lm.

F qRT–PCR analysis showing the expression of Id2KOLgr5+ signature genes in Id2KO and wild-type intestinal epithelial cells at E11.5 after administration of Wnt-C59
inhibitor. Fold change (log2 scale) for vehicle over Wnt-C59-treated samples is shown. Epcam expression was used as normalizing control. Error bars are � SEM
(n = 2). **P < 0.01 by Student’s t-test.

G Id2 inhibits b-catenin-dependent transcription in a dose-dependent manner. Error bars are � SD (n = 3). ***P < 0.001, **P < 0.01 by Student’s t-test.
H Id2 expression decreases levels of b-catenin protein as revealed by Western blot analysis. HEK293T cells were transfected with plasmids expressing either flag-

b-catenin or stabilized flag-DN-b-catenin with increasing amounts of plasmid expressing flag-Id2.

Data information: See also Appendix Fig S5.
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Figure 7. Id2 controls proliferation and differentiation of embryonic small intestinal epithelium.

A qRT–PCR analysis showing the expression of ISC signature, proliferation and neoplastic transformation marker genes in Id2KO and wild-type cells at E15.5. Fold
change over wild-type values is shown. Tbp expression was used as normalizing control. Error bars are � SD (n = 4). **P < 0.01 and *P < 0.05 by Student’s t-test.

B Colony-forming efficiency of wild-type and Id2KO cells isolated by FACS at E15.5. Error bars are � SD, n = 4. n.d. stands for not detected. ***P < 0.001, **P < 0.01
and *P < 0.05 by Student’s t-test.

C qRT–PCR analysis for selected genes differentially expressed in Id2KO spheroids (dark blue) compared to wild-type spheroids (blue) and in Id2KO organoids (dark
pink) compared to wild-type organoids (pink). Tbp expression was used as normalizing control. Error bars are � SD (n = 3). ***P < 0.001, **P < 0.01 and *P < 0.05
by Student’s t-test.

D–G Representative images of primary organoids (D, F) and spheroids (E, G) at day 7 derived from wild-type and Id2KO cells at E15.5 (n = 4).
H–K Sections of small intestines from wild-type (H, J) and Id2KO (I, K) newborn mice stained with anti-Trop2 (H, I) or anti-EdU antibodies (J, K) showing distribution of

Trop2+ and proliferating cells (pink, white arrowheads). Note the presence of nuclear Trop2 receptor in Id2KO inter-villi cells.

Data information: Scale bar: 2 mm (D–G), 30 lm (H, I), 60 lm (J, K). See also Fig EV3.
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We further tested for proliferation rates in the intestinal

epithelium of Id2KO and wild-type embryos both at E15.5 and P0.

EdU+ proliferating cells were observed within hyperplastic lesions

in Id2KO small intestines at P0 (Fig 7J and K). Yet, EdU+ cells were

restricted to the inter-villi compartment in the non-hyperplastic

regions of the small intestine in both mutant and control embryos

(Fig EV3G and H), and their numbers were similar as measured by

FACS (Fig EV3I). This is consistent with few hyperplastic events

observed within Id2KO small intestines in adult mice. Together, our

data demonstrate that Id2 controls differentiation programmes in

the embryonic intestinal epithelium by restricting the expression of

genes promoting proliferation, Wnt signalling as well as epithelial to

mesenchymal transition.

Precocious Lgr5+ cells are progenitors of the adult ISCs

To elucidate whether precociously specified Lgr5+ cells in Id2KO

intestinal epithelium give rise to adult ISCs and contribute to the

adult intestinal tissue, we performed lineage tracing analysis. For

this purpose, we used Id2GFP knock-in mice, in which the Id2 gene is

replaced by a GFP cassette, thus representing a null allele of Id2

(Rawlins et al, 2009). Administration of tamoxifen at E11.5 to

Id2KO:Lgr5EGFP-Cre-ERT:Rosa26tdTomato embryos resulted in expression

of tdTomato in the adult small intestinal epithelium at P60 (Fig 8A–C).

In contrast, tdTomato+ cells were not observed in Lgr5EGFP-Cre-ERT:

Rosa26tdTomato small intestines at P60 (Fig 8B). Hence, precocious

Lgr5+ cells labelled at E11.5 give rise to functional ISCs in adult

Id2KO mice.

Consistent with the ectopic specification of Lgr5+ cells in the

posterior half of the small intestine in Id2KO embryos, FACS analy-

ses showed that only 0.1% of tdTomato+ cells could be detected

in the anterior third of the small intestine in both Lgr5EGFP-Cre-ERT:

Rosa26tdTomato and Id2KO:Lgr5EGFP-Cre-ERT:Rosa26tdTomato mice at

P60 (Fig 8D, G and J). Furthermore, the percentage of Lgr5+ cells

(either EGFPhigh or EGFPlow) was identical in the anterior third of

either Id2KO or control small intestines. Of note, in agreement with

our RNA-sequencing data showing the absence of Id2 expression

in the adult ISCs, we did not detect expression of GFP in Id2GFP/GFP

adult intestinal epithelium either by immunostaining with anti-GFP

antibody (Fig 8A) or by FACS (Fig 8D–F). The percentage of

Lgr5+tdTomato+ (ISCs) cells progressively increased from the

middle (0.8%) to posterior (7.4%) thirds of the small intestine

in Id2KO:Lgr5EGFP-Cre-ERT:Rosa26tdTomato mice at P60 (Fig 8E, F, H, I,

K and L). Overall, 30% of Lgr5-EGFPhigh cells were also tdTo-

mato+ in the posterior third of the Id2 mutant small intestine

(Fig 8L). Moreover, larger number of Lgr5+ cells was detected

in both the middle (12% versus 6% in wild type) and posterior

(20% versus 5% in wild type) thirds of the small intestine in Id2KO

compared to wild type at P60. These results indicate that loss of Id2

results in a larger number of Lgr5+ cells in adult mice.

To further explore whether adult ISCs are affected by the loss of

Id2, we performed RNA-sequencing of Id2KO and wild-type Lgr5+

ISCs from the anterior, middle and posterior parts of the small intes-

tine. While ISC signature genes were expressed at overall similar

levels in Id2KO and control cells, we observed significant differences

in the mutant stem cells. Comparative analyses of transcriptomes

revealed 200, 624 and 603 differentially expressed genes in anterior,

middle and posterior ISCs, respectively (log2FC ≥ 0.5, FDR < 0.01,

Fig 8M and N, and Datasets EV13–EV18). GO term enrichment anal-

ysis revealed that most of the genes downregulated in Id2KO ISCs

were associated with antigen processing and presentation

(P < 10�6; Fig 8M). Genes that were upregulated in the middle and

posterior ISCs were enriched for the terms endoplasmic reticulum

and metabolic process (P < 10�6).

Interestingly, we have detected increased expression of several

ISC signature genes (Olfm4, Pdgfa, Sox9 and Tnfrsf19), genes

expressed in both ISCs and transient amplifying cells (Lrig1 and

Prom1) as well as secretory progenitor markers (Dll1 and Spdef1)

in the middle Id2KO ISCs compared to wild type (Fig 8N). Further-

more, together with Axin2 and Prom1, strong upregulation of

secretory progenitor markers, including Atoh1 (10-fold), Spdef1

(10-fold), Dll1, Dll4, Gfi1 and Wnt3, was observed in the posterior

Id2KO ISCs compared to wild type (Fig 8N). Of note, we have

performed RNA-sequencing analysis of either Lgr5+tdTomato+ or

Lgr5+tdTomato� Id2KO posterior ISCs. Comparative analysis of

the transcriptomes did not reveal any difference in the gene

expression between tdTomato+ and tdTomato� ISCs, indicating

that those cells are identical at P60. In summary, our data show

that the precocious Lgr5+ Id2KO embryonic progenitors give rise

to the adult ISCs, yet their numbers and transcriptional signatures

differ from ISCs specified later during development in wild-type

mice.

▸Figure 8. Precocious Id2KOLgr5+ cells give rise to adult ISCs.

A–C Sections of adult small intestines from Id2GFP/GFP/Rosa26tdTomato (A), Lgr5EGFP-Cre-ERT/Rosa26tdTomato (B) and Id2GFP/GFP/Lgr5EGFP-Cre-ERT/Rosa26tdTomato mice (C) co-stained
with EGFP antibody showing distribution of Lgr5:tdTomato+ progenies (red) and Lgr5-EGFP+ ISCs (green) at P60 after a single treatment with TAM at E11.5. Scale
bar: 100 lm.

D–L FACS plots showing tdTomato+EpCAM+ (red, Q1), Lgr5-EGFP+EpCAM+ (green, Q3) and double-positive Lgr5-EGFP+tdTomato+EpCAM+ (orange, Q2) cell populations in
anterior (Ant), middle (Mid) and posterior (Post) parts of small intestine from Id2GFP/GFP/Rosa26tdTomato (D–F), Lgr5EGFP-Cre-ERT/Rosa26tdTomato (G–I) and Id2GFP/GFP/
Lgr5EGFP-Cre-ERT/Rosa26tdTomato (J–L) adult mice after a single treatment with TAM at E11.5 (n = 2). Cells in boxes represent Lgr5-EGFPhigh ISCs, which were purified
for further RNA-sequencing analysis.

M Venn diagram showing the overlap between genes downregulated in anterior Id2KOLgr5+ (green), middle Id2KOLgr5+ (black) and posterior Id2KOLgr5+ (red) ISCs
compared to wild-type Lgr5+ ISCs. The genes downregulated in Id2KO ISCs from all three parts of the small intestine are enriched for GO term Antigen processing.

N Venn diagram showing the overlap between genes upregulated in anterior Id2KOLgr5+ (green), middle Id2KOLgr5+ (black) and posterior Id2KOLgr5+ (red) ISCs
compared to wild-type Lgr5+ ISCs.

O, P Functions of Id2 during gut development. (O) In wild type, Id2 prevents maturation and commitment of the small intestinal epithelial cells (yellow) towards Lgr5+

progenitors (green) from the time of gut tube formation (E9.5 till E13.5). Few Lgr5+ progenitors emerge at E13.5. The Lgr5+ cells reside within the inter-villi domain
at E15.5 and at the bottom of the intestinal crypts in the adult gut. (P) In Id2-deficient intestinal epithelium, Lgr5+ cells emerge already at E9.5. Both Lgr5+ and
Lgr5� mutant cells display signs of precocious maturation, that is loss of the developmental stage-specific transcripts. The expression of Wnt/b-catenin targets and
cell cycle promoting genes is elevated in Id2 mutant epithelium. At E15.5, Lgr5+ cells represent a major population of the intestinal epithelium. Ectopic formation of
Lgr5+ cells causes neoplastic transformation of the small intestinal epithelium (blue).
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Discussion

The adult ISCs are among the best-characterized tissue-specific stem

cells, yet factors regulating the specification of their progenitors

during development remained unknown. Here, we show that Id2 is a

key factor controlling the timing of Lgr5+ progenitor specification

during embryogenesis (Fig 8O and P). Our cell fate mapping and

transcriptome studies revealed that Lgr5+ progenitors emerge

around E13.5 and represent only a minor fraction of the small intesti-

nal epithelium in wild-type embryos. In contrast, in Id2-deficient

embryos, Lgr5+ cells appear several days earlier and are much more

abundant. Ectopic expression of Wnt ligands is required for the

precocious activation of the Wnt/b-catenin target genes and earlier

specification of Lgr5+ progenitors in Id2 mutant intestine. Moreover,

Id2 negatively regulates the transcription of Wnt/b-catenin-depen-
dent genes and prevents precocious differentiation of the embryonic

intestinal epithelium into Lgr5+ progenitors by affecting the stability

of b-catenin protein. The precocious Id2-deficient Lgr5+ embryonic

progenitors give rise to adult ISCs. Yet, the number of Id2 mutant

Lgr5+ cells and their transcriptional signature differ from those in

wild-type mice. We further demonstrate that in the absence of Id2,

embryonic epithelial cells derived from Lgr5+ progenitors form

Lgr5+Axin2+ spheroids ex vivo, supporting an essential role for Id2

in the correct specification of intestinal stem cells.

Our results support a model in which the early embryonic intesti-

nal epithelium is heterogeneous at the molecular and functional

levels. Using lineage tracing, FACS, transcriptional profiling and

in situ hybridization analyses, we found that Lgr5+ progenitors

appear around E13.5, prior to remodelling of the intestinal epithe-

lium. Importantly, Lgr5+ cells at this stage of development represent

only a small fraction of the small intestinal epithelium. The number

of Lgr5+ cells and their progenitor potential increase at later stages

(E15.5). We further show that only Lgr5+ progenitors display an

intestinal stem cell signature, characterized by the expression of

multiple Wnt-dependent target genes. In contrast, Lgr5-negative

cells as well as the intestinal epithelial cells at earlier embryonic

stages, prior to E13.5, differ significantly from the adult ISCs at the

transcriptional level. Our data indicate that Wnt5a is the only Wnt

expressed in the embryonic small intestine, both in the mesenchyme

and in the epithelium, at E11.5. However, Wnt5a regulates gut

morphogenesis independently from b-catenin pathway (Cervantes

et al, 2009), further supporting our conclusion that early develop-

ment and growth of the embryonic small intestinal epithelium

occurs in the absence of Wnt/b-catenin signalling. Moreover, loss of

Tcf7l2 or b-catenin affects proliferation of the progenitors only after

E15.5 (Korinek et al, 1998; Chin et al, 2016) implying that at this

stage of development Wnt signalling starts to play its important

roles in intestinal morphogenesis. Consistent with genetic studies,

we show that inhibition of Wnt signalling using Wnt-C59 results in

dramatic decrease in Lgr5+ cells in the embryonic intestinal epithe-

lium at E15.5. Altogether, our data are in striking contrast to the

recent suggestion that the early embryonic gut is composed of a

homogeneous population of Wnt signalling positive Lgr5+ progeni-

tors resembling adult ISCs (Shyer et al, 2015).

Our results show that the loss of Id2 leads to the formation of

Lgr5+ cells in the intestinal epithelium of the primitive gut tube at

E9.5. The precocious, ectopic Lgr5+ cells were abundant, compris-

ing 30% of the intestinal epithelium in mutant embryos at E11.5.

RNA-sequencing analysis demonstrated that many genes defining

the embryonic Lgr5+ progenitor signature were upregulated upon

loss of Id2. Moreover, genes specifically expressed in the adult ISCs,

such as Lrig1 and Prom1, were also upregulated in Lgr5+ cells of

Id2 mutants at E11.5, suggesting that Id2 inhibits maturation of the

embryonic intestinal epithelium. Accordingly, genes encoding

factors typical for the early embryonic epithelium were downregu-

lated in Id2KO cells. Interestingly, a subset of the ISC signature

genes as well as genes promoting cell proliferation were upregulated

in all mutant epithelial cells regardless of Lgr5 expression status,

indicating that transcriptional programmes regulating cell cycle

progression and Wnt signalling could be uncoupled in the embry-

onic intestinal epithelium.

Id2 function is required to prevent precocious activation of Wnt

signalling in the embryonic intestinal epithelium. In our mutant

model, Id2 inactivation is not limited to the epithelium, and hence,

the phenotype observed in Id2KO embryos might be linked to

defects in the surrounding mesenchyme. We consider this possibil-

ity unlikely, since we found only minor changes in the mutant

mesenchymal transcriptome. Most importantly, we did not observed

changes in the expression of any known signalling molecule in the

mutant mesenchyme.

Our RNA-sequencing data suggest that Id2 could maintain an

early intestinal endoderm state through the repression of Wnt6 and

Wnt11, which are specifically upregulated in Lgr5+ mutant cells.

Wnt6 and Wnt11 are expressed during definitive endoderm forma-

tion (Krawetz & Kelly, 2008; Sinha et al, 2015) but absent in the

embryonic intestinal epithelium once it is specified. Addition of

Wnt6 to ex vivo cultured intestinal organoids promotes their growth

(Farin et al, 2012), implying that this Wnt ligand could activate

transcription of b-catenin/Tcf7l2-dependent target genes in Id2

mutant epithelium. Indeed, preventing Wnt6 and/or Wnt11 secre-

tion using Wnt-C59 inhibitor resulted in a significant loss of Lgr5+

cells in Id2 mutant intestinal epithelium at E11.5. Furthermore, our

in vitro studies showed that Id2 negatively regulates Wnt/b-catenin-
dependent transcription by affecting levels of b-catenin protein.

Defining the precise molecular mechanisms underlying Id2-

mediated degradation of b-catenin and repression of Wnt ligands

will be the focus of future research.

At later stages, Id2 mutant embryos showed a delay in

differentiation of the intestinal epithelial cells as characterized by a

dramatic decrease in the number of Lgr5-negative cells. Id2 mutant

cells, either Lgr5 negative or positive, when exposed to elevated

Wnt and EGF stimuli in ex vivo culture, showed higher proliferation

potential and preferentially formed less differentiated spheroid

structures compared to Lgr5+ wild-type cells. Moreover, organoids

derived from Id2 mutant epithelium expressed higher levels of ISC

signature genes as well as markers of neoplastic transformation,

such as Snai2 and Trop2 compared to those from wild-type epithe-

lium, supporting a role for Id2 in a correct specification of intestinal

epithelial cells during development. Accordingly, we detected the

formation of neoplastic epithelium in Id2 mutant neonatal intestine,

as was previously reported (Russell et al, 2004).

Importantly, precocious Lgr5+ embryonic progenitors gave rise

to the adult ISCs and contributed to the adult gut tissue. However,

loss of Id2 leads to four times increase in the number of Lgr5+ cells

within the posterior small intestine compared to wild type in adult

mice. Our RNA-sequencing data further revealed that mutant ISCs
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have different transcriptional signature compared to wild type.

While they expressed the same levels of ISC signature genes, such

as Lgr5 and Ascl2, mutant cells displayed higher levels of Prom1

and Axin2, as well as genes belonging to secretory progenitor signa-

ture, including Dll1, Dll4 and Atoh1. This suggests that although

adult Lgr5+ ISCs could be specified from the precocious Id2-defi-

cient Lgr5+ progenitors, these cells also express genes normally

found in other cell types and might thus differ functionally from

their wild-type counterparts, which could explain the formation of

neoplastic lesions in Id2 mutant mice.

In summary, we identify Id2 as a key regulator of Lgr5+ progeni-

tor specification during gut development. Our data showing that Id2

limits the number and proliferation of intestinal epithelial progeni-

tors provide a better understanding of its function as a tumour

suppressor. Our study highlights that precocious formation of Lgr5+

progenitors affects their transcriptional programmes and has impor-

tant implications for the development of strategies for generating

intestinal stem cells from pluripotent ES or iPS cells.

Materials and Methods

Mice

Lgr5EGFP-Cre-ERT, Id2Cre-ERT, Id2GFP, Prom1LacZ-Cre-ERT, Rosa26tdTomato

and Rosa26lacZ mice were obtained from Jackson Laboratory.

Rosa26Cre-ERT mice were kindly provided by Ari Waisman, Univer-

sity of Mainz Medical School, Germany. Bl6/N and CD1 mice were

from Charles Rivers. Tamoxifen (Sigma) was administered via oral

gavage at 0.1 mg/g dam body weight. When P60 stage was

required, newborn mice were fed by adoptive lactating CD1 females.

EdU (Abcam) was administered at 25 lg/g dam body weight for

30 min. WntC59 (Tocris) was administered at 5 lg/g dam body

weight. Mouse colonies were maintained in a certified animal facil-

ity in accordance with European guidelines. The experiments were

approved by the local ethical committee.

Isolation of intestinal epithelial cells using flow cytometry

Cell staining and enrichment for isolation of adult ISCs were

performed as described (Sato et al, 2009). Staining and isolation of

embryonic intestinal epithelial populations were performed as

described in the Appendix Supplementary Methods. Three to twenty

independent biological replicates were used for each population.

Fluorescence-activated cell sorting was performed using BD FACS

Aria III SORP cell sorter (85 lm nozzle) and analysed using FlowJo

software.

Transcript profiling and RNA-sequencing data analysis

For ultralow cell number RNA-sequencing, two hundred and fifty

Id2KOLgr5-EGFP+EpCAM+, Id2KOLgr5-EGFP�EpCAM+, Lgr5-EGFP+

EpCAM+, EpCAM+ embryonic intestinal cells and Lgr5-EGFPhigh

ISCs were isolated by FACS directly in 7 ll of lysis buffer (Clontech)
supplemented with 5% RNase inhibitor and stored at �80°C. For

each replicate, RNA was isolated from a single embryo. PolyA+

mRNA was used for cDNA synthesis using SMARTer v3.0 kit (Clon-

tech) according to the manufacturer’s instructions. Amplification

was performed for 15 cycles. After cDNA fragmentation (Covaris),

libraries were prepared using Ovation Ultralow Library System

(NuGEN) according to the manufacturer’s instructions. Three inde-

pendent FACS, cDNA synthesis, library preparations and sequencing

experiments were performed. RNA-sequencing data analysis was

performed as described in the Appendix Supplementary Methods.

The sequencing data have been deposited in the NCBI Gene Expres-

sion Omnibus database.

Reverse transcription and quantitative PCR

For qRT–PCR, 10 ng of cDNA from Id2KOLgr5-EGFP+EpCAM+,

Id2KOLgr5-EGFP�EpCAM+, Lgr5-EGFP+EpCAM+, EpCAM+ embry-

onic intestinal cells and Lgr5-EGFPhigh ISCs was used. Expression

changes were then normalized to Tbp and Epcam. PCR primers were

designed using Primer Blast (http://www.ncbi.nlm.nih.gov/tools/

primer-blast/) or qPCR Primers software from UCSC genome

browser (http://genome.ucsc.edu). PCR was performed using SYBR

green containing master mix kit (Applied Biosystems) with ViiATM 7

cycler (Applied Biosystems). A mean quantity was calculated from

triplicate reactions for each sample.

Ex vivo culture of intestinal organoids

Id2KOLgr5-EGFP+EpCAM+, Id2KOLgr5-EGFP�EpCAM+, Lgr5-EGFP+

EpCAM+ and EpCAM+ intestinal cells were isolated from mouse

embryos at E15.5 by FACS directly in 15 ll of advanced DMEM/F12

media containing B27-supplement (Gibco), non-essential amino

acids, 2 mM L-glutamine, 15 mM HEPES and antibiotics and

plated at a density of 500 cells per 30 ll of Matrigel drop

(Invitrogen). Both cell culture medium and Matrigel were

supplemented with growth factors (Sato et al, 2009), including

500 ng/ml human R-spondin1 (R&D Systems), 100 ng/ml Noggin

(R&D Systems), 100 ng/ml EGF (R&D Systems) and 10 lg/ml

Y-27632 inhibitor (R&D Systems). After 5 days in culture,

organoids/spheroids were counted every day, imaged and

collected for immunohistochemistry. Colony-forming efficiency

was calculated by assessing organoid/spheroid formation 5–9 days

after initiation of cultures. Images were acquired with Leica

AF7000 microscope. At least three independent biological

replicates were used for each population.

RNA in situ hybridization and histological techniques

RNA in situ hybridization on paraffin sections, b-galactosidase stain-
ing and immunohistochemistry of tissue sections and organoids

were performed as described in the Appendix Supplementary Meth-

ods. At least three independent biological replicates were used for

each experiment. Images were acquired with Leica DM2500, Leica

AF7000 and Leica M205FA microscopes.

Data availability

The data sets supporting the conclusions of this article are available

in the NCBI Gene Expression Omnibus repository (NCBI GEO:

GSE90470).

Expanded View for this article is available online.
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