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Abstract

The intestinal epithelium is a paradigm of adult tissue in constant
regeneration that is supported by intestinal stem cells (ISCs). The
mechanisms regulating ISC homeostasis after injury are poorly
understood. We previously demonstrated that IjBa, the main regu-
lator of NF-jB, exerts alternative nuclear functions as cytokine
sensor in a subset of PRC2-regulated genes. Here, we show that
nuclear IjBa is present in the ISC compartment. Mice deficient for
IjBa show altered intestinal cell differentiation with persistence of
a fetal-like ISC phenotype, associated with aberrant PRC2 activity
at specific loci. Moreover, IjBa-deficient intestinal cells produce
morphologically aberrant organoids carrying a PRC2-dependent
fetal-like transcriptional signature. DSS treatment, which induces
acute damage in the colonic epithelium of mice, results in a
temporary loss of nuclear P-IjBa and its subsequent accumulation
in early CD44-positive regenerating areas. Importantly, IjBa-defi-
cient mice show higher resistance to damage, likely due to the
persistent fetal-like ISC phenotype. These results highlight intesti-
nal IjBa as a chromatin sensor of inflammation in the ISC
compartment.
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Introduction

NF-jB is an essential pathway regulating immune responses and

inflammation along evolution [1]. In general, it comprises a

complex combination of elements that varies depending on the trig-

gering signal and the cellular–organismal system. The pathway also

includes several negative feedback loops that prevent excessive and

sustained activation under both basal and activated conditions. The

main inhibitors of NF-jB factors are the cytoplasmic IjB proteins

that are phosphorylated and degraded in response to signaling lead-

ing to NF-jB release, nuclear translocation, and gene transcription.

Importantly, various IjBs including IjBa are rapidly resynthesized

following NF-jB activation thus imposing a robust post-activation

repression of the pathway [2–5].

IjBa-deficient mice provide strong evidence that IjBa is an inhi-

bitor that attenuates excessive NF-jB activation. Although they do

not show overt developmental defects, IjBa-deficient mice die around

postnatal day 7 due to massive inflammation of the skin, which is

NF-jB-dependent [6–8]. Histological analysis of mice at days 4–5

after birth demonstrated that mutant skin displayed defective dif-

ferentiation with increased proliferation of basal keratinocytes [8,9].

To study whether the observed phenotype was cell-autonomous,

keratinocyte-specific knockout mice (IkbaK5D/K5D) were generated [8].

These mutant mice display altered growth and dermatitis with skin

abnormalities including acanthosis and hyperkeratosis, without the

lethality observed in the total KO. However, double IjbaK5D/K5D and

T-cell-specific IjbalckD/lckD reproduced the phenotype observed in

total KO mice, demonstrating that alterations of keratinocyte and

T-cell functions are key to the phenotype of IjBa-deficient mice.

In addition to the critical involvement of NF-jB activity in the

skin phenotype of IjBa-deficient mice, other studies have also docu-

mented that basal keratinocytes contain a SUMOylated (at K21) form

of P-IjBa that binds chromatin and regulate transcription of a subset

1 Cancer Research Program, CIBERONC, Institut Mar d’Investigacions Mèdiques, Hospital del Mar, Barcelona, Spain
2 Faculty of Science and Technology, Bioinformatics and Medical Statistics Group, University of Vic—Central University of Catalonia, Vic, Spain
3 Institute for Research in Biomedicine (IRB Barcelona), Barcelona Institute of Science and Technology, Barcelona, Spain
4 The McArdle Laboratory of Cancer Research, University of Wisconsin, Madison, WI, USA
5 Department of Oncology, University of Wisconsin, Madison, WI, USA
6 Department of Pathology, CIBERONC, University Autonomous of Barcelona, Hospital del Mar, Barcelona, Spain
7 ICREA, Barcelona, Spain

*Corresponding author. Tel: +34 933160589; E-mail: abigas@imim.es
**Corresponding author. Tel: +34 933160589; E-mail: lespinosa@imim.es

ª 2020 The Authors EMBO reports 21: e49708 | 2020 1 of 18

https://orcid.org/0000-0003-3366-1393
https://orcid.org/0000-0003-3366-1393
https://orcid.org/0000-0003-3366-1393
https://orcid.org/0000-0002-7631-4060
https://orcid.org/0000-0002-7631-4060
https://orcid.org/0000-0002-7631-4060
https://orcid.org/0000-0003-4801-6899
https://orcid.org/0000-0003-4801-6899
https://orcid.org/0000-0003-4801-6899
https://orcid.org/0000-0002-2897-4099
https://orcid.org/0000-0002-2897-4099
https://orcid.org/0000-0002-2897-4099


of differentiation-related genes through modulation of the polycomb

repression complex 2 (PRC2) [9]. Activity of the PRC2 complex,

which executes the trimethylation of lysine 27 of histone H3

(H3K27me3), is essential for proper homeostasis of the skin [10–12]

and maintenance of intestinal stem cell (ISC) function [13–15]. Inter-

estingly, IjBaNES mice carrying a mutation in the nuclear export

signal (NES) of IjBa, which renders the protein primarily nuclear

and unable to drive NF-jB activation, exhibited an expansion of the

interfollicular epidermal stem cell compartment [9] that was not

accompanied by the lethal phenotype of total IjBa KO mice [16].

The skin and the intestinal epithelium are the prototype of adult

tissues with constant renewal. ISCs are essential to sustain the intesti-

nal integrity during lifespan and comprise a variety of populations

including the rapidly cycling Lgr5-positive (Lgr5+) cells located at the

bottom of intestinal crypts [17] and more quiescent populations

located around the +4 position of the crypt, initially characterized by

the expression of high Bmi1 levels [18,19]. Interestingly, ISCs when

cultured under defined conditions are capable of generating 3D struc-

tures called organoids [20,21], which structurally and functionally

resemble the intestinal epithelium including the capacity of self-

renewal and the differentiation toward the various intestinal lineages.

In contrast, ISCs isolated from the fetal intestine do not produce orga-

noids but structures that remain in a spherical shape with an absence

of differentiated lineages [22,23]. It was recently shown that intesti-

nal damage leads to re-initiation of the fetal program characterized

by increased proliferation, loss of the Lgr5+ population, and activa-

tion of a whole transcriptional signature downstream of IFNc signal-

ing, leading to enhanced regeneration capacity [24,25].

The possibility that IjBa, in an NF-jB-dependent or NF-jB-
independent manner, participates in ISC regulation under physiologic

or pathologic situations has not been specifically addressed. We here

show that P-IjBa is pervasively localized in the nucleus of intestinal

epithelial crypt cells, with IjBa deficiency imposing a fetal-like pheno-

type to ISCs that is linked to defective lineage differentiation and

altered PRC2 activity. Moreover, we present data suggesting a role for

IjBa in intestinal tissue regeneration after damage.

Results

Nuclear localization and chromatin binding of phosphorylated
IjBa in intestinal crypt cells, including the Lgr5+ ISCs

By immunofluorescence analysis in 2-month-old mice, we detected

total IjBa predominantly distributed in the cytoplasm of differentiated

intestinal cells but restricted to the nucleus of crypt cells (Fig 1A),

including the vast majority of the Lgr5+ ISCs (as determined in the

Lgr5GFP reporter mouse) (Figs 1B and EV1A). Using two different

specific antibodies against phosphorylated IjBa, which is degraded

in the cytoplasm but persists in the nucleus when SUMOylated

[9,26], we detected a consistent nuclear signal restricted to the

intestinal crypt compartment of the small intestine (Figs 1C and

EV1B) comprising 40–50% of the Lgr5+ population (Figs 1D and

EV1C). However, nuclear P-IjBa was not exclusive of Lgr5+ cells

but it was present in a variable proportion of cells from positions +1

to +10 (from the crypt base) reaching a maximum at positions +5 to

+9 (Fig 1E). Double IF analysis demonstrated that P-IjBa was

restricted to the EpHB2-high cell population (including progenitors

and stem cells), although excluded from the terminally differentiated

LYZ1+ Paneth cells that also localizes at the crypt base (Figs 1F and

G, and EV1D). By subcellular fractionation of intestinal cells

followed by WB analysis, we found that nuclear IjBa did not corre-

spond to the canonical 37-kDa protein (the main form detected in

the cytoplasmic fraction) but displayed an apparent molecular

weight of 70 kDa, compatible with SUMOylated IjBa [9,26] (Fig 1H

and I). We next determined the expression pattern of P-IjBa in the

developing mouse intestine. Nuclear P-IjBa was already present in

most intestinal cells at developmental stage E12.5 and E14.5 and

subsequently restricted to the inter-villus regions at later develop-

ment stages, ending in a crypt-restricted distribution in the adult.

This expression pattern runs in parallel with that observed for the

ISC marker Bmi1 (Fig 1J).

Finally, chromatin immunoprecipitation (ChIP)-sequencing

analysis of intestinal crypt cells demonstrated direct binding of IjBa
to the promoter region of a limited number of genes (Figs 1K and

EV1E).

These results indicate that SUMOylated IjBa specifically localizes

in the nucleus of progenitor and ISCs during development and in

the adult mice where it interacts with chromatin.

Altered intestinal homeostasis in IjBa-deficient mice

To study the contribution of IjBa to intestinal homeostasis, we

analyzed the phenotype of conventional IjBa knockout (KO) mice

[6,7]. As previously shown, IjBa KO mice are indistinguishable

from wild-type (WT) or heterozygous (HET) littermates at birth,

although they die around postnatal day 7 (P7) due to severe skin

inflammation [6–8]. We noticed a significant growth delay in the

KO animals starting at day P4 (Fig 2A and B). Further examination

of P6 IjBa KO intestines revealed that they were significantly

▸Figure 1. Nuclear localization and chromatin binding of P-IjBa in intestinal crypts.

A, B Immunofluorescence (IF) analysis of IjBa in sections from murine small intestine of 2-month-old WT (A) and Lgr5-GFP reporter mice (B). Scale bars, 50 lm.
C, D IF analysis of P-IjBa in the intestine of 2-month-old WT (C) and Lgr5-GFP reporter mice (D), and quantification of P-IjBa positivity inside the Lgr5-GFP population.

A minimum of 30 crypts was counted in 3 Lgr5-GFP mice. Scale bars in C, 25 lm and in D, 50 lm.
E Distribution of P-IjBa-positive cells according to their position in the intestinal crypt from 200 crypts counted.
F Double IF analysis of 2-month-old murine small intestine sections with the indicated antibodies and quantification of P-IjBa positivity inside the EphB2+

population. Seventy crypts were counted. Bars represent mean values � standard error of the mean (s.e.m.). Scale bars, 50 lm.
G Double IF analysis of murine small intestine sections with the indicated antibodies. Scale bars, 50 lm.
H Western blot analysis of cytoplasmic (CYT) and nuclear (NUC) extracts from isolated intestinal crypt cells.
I Western blot analysis of crypt nuclear extracts immunoprecipitated with anti-SUMO2/3 antibody.
J IF analysis of developing intestines from E12.5 to E17.5 with the indicated antibodies. Scale bars, 25 lm.
K Representation of IjBa distribution in the indicated genomic regions obtained from ChIP-sequencing analysis (n = 4).
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shorter than WT or HET intestines (Fig 2C). By immunohisto-

chemical staining (IHC) analysis of P6 intestinal sections, we

found that IjBa KO imposed a significant expansion of the prolif-

erative (Ki67+) compartment, with the presence of Ki67+ cells

distributed all along the crypt-villus axis. In addition, IjBa KO

mice showed a severe defect in the differentiation of mature

intestinal lineages as illustrated by the virtual absence of lysozyme

(LYZ1)-expressing Paneth cells and a significant reduction in the
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number of Alcian Blue-positive mucus-secreting goblet cells

(Fig 2D). We also analyzed compound IjBe;IjBb KO and IjBaNES

mice, which are viable and phenotypically comparable to WT

littermates. We found that IjBb;IjBe KO mice do not show any

defect in the intestinal architecture, proliferation, or differentiation

as determined by IHC analysis of 2-month-old intestines (Fig 2E).

Similarly, 2-month-old IjBaNES intestines, which showed nuclear

accumulation of P-IjBa restricted to the crypt compartment

(Fig 2F), displayed normal morphology with a number of Ki67+

cells and lysozyme-expressing Paneth cells comparable to the WT,

and a slight increase in the amount of Alcian Blue-positive goblet

cells (Fig 2G).

These results indicate that total IjBa deficiency leads to defective

intestinal homeostasis, which is ortholog-specific, and rescued by

the predominantly nuclear IjBaNES mutant.

IjBa deficiency imposes a fetal-like phenotype to intestinal
stem cells

To further investigate the putative impact of IjBa on ISC activity,

we obtained P6 WT (n = 2) and IjBa KO (n = 3) intestinal cells

and FACS purified them based on EphB2 expression (Fig 3A) for

subsequent RNA-sequencing analysis. As a control, we confirmed

that cells displaying high EphB2 levels were confined to the crypt

bottom in both IjBa genotypes (Fig 3B). Moreover, we verified

that sorted WT EphB2-high cells contained nuclear P-IjBa
(Fig 3C) and specifically expressed the ISC markers Lgr5 and

Ascl2 [27], whereas the differentiation marker Mucin2 (Muc2)

was restricted to EphB2-negative (Fig EV2A). Analysis of RNA-

sequencing data showed clustering of the samples depending on

EphB2 high/low and the IjBa genotype (Fig 3D). Importantly, we

observed that canonical ISC genes were down-regulated in EphB2-

high KO cells, including Ascl2, Olfm4, and Lgr5 (Fig EV2B).

A decrease in the expression of canonical ISC markers together

with reduced differentiation has recently been described as the

intestinal fetal signature [24,25]. We observed a significant direct

correlation between genes miss-regulated in KO cells and genes

differentially expressed in the fetal compared with adult ISCs

(Fig 3E), with 11 out of 15 most up-regulated genes in the IjBa
KO EphB2-high cells belonging to the fetal signature including

Ly6a/Sca-1 or Lrig1 (Fig 3F) [24,25]. Gene Set Enrichment Analy-

sis (GSEA) of the IjBa KO EphB2-high signature showed a signifi-

cant enrichment in TNFa-driven NF-jB and interferon-gamma

(IFNc) signaling, which was previously associated also with the

fetal-like ISC reversion induced by intestinal damage [24]. In

contrast, signaling pathways known to support adult ISC activity

such as Wnt and Notch [20] were markedly altered in IjBa KO

cells (Fig 3G).

Then, we used the Lgr5GFP reporter mouse to FACS-purify single

ISC cells based on GFP expression. We detected a slight decrease in

the percent of LGR5GFP+ cells in the IjBa KO intestine (Fig 3H).

Intriguingly, inside this particular ISC population we observed a

transcriptional decline of the canonical ISC genes Lgr5, Olfm4,

Ascl2, and Mex3a, in contrast with the ISC marker Cd44 and the

fetal gene Ly6a that were slightly increased (Fig 3I). These results

indicated that IjBa deficiency impairs maturation of fetal ISCs

toward the adult identity.

IjBa-deficient intestines show altered PRC2 distribution
and function

As IjBa is the main regulator of the NF-jB pathway, we anticipated

that aberrant NF-jB activity might be at the base of the observed

intestinal defects of IjBa KO mice. By IHC analysis of P6 WT and

IjBa KO intestines, we did not observe any nuclear RelA/p65 or

c-Rel in the epithelial cells of either genotype (Fig 4A). By ChIP

◀ Figure 2. Altered intestinal homeostasis in IjBa-deficient mice.

A Representative images of P4 and P6 mice of the indicated IjBa genotypes.
B, C Quantification of the animal weight (B) and intestinal length (C) from 50 WT/HET and 15 KO mice analyzed.
D–G Immunohistochemical (IHC), IF, and Alcian Blue staining with quantification of P6 IjBa WT and KO intestines (D), 2-month-old IjBb;IjBe KO (E), and

2-month-old IjBaNES mice (F and G). A minimum of 50 crypts/villus was counted per genotype (3 mice).

Data information: In B, C, D, E, and G, bars represent mean values � standard error of the mean (s.e.m.); P values were derived from an unpaired t-test, two-tailed,
****P-value < 0.0001, ***P-value < 0.0005, *P-value < 0.05; n.s.: no significant. Scale bars in D, E, F, and G, 50 lm.

▸Figure 3. IjBa-deficient intestinal stem cells display a fetal-like phenotype.

A Representative image of the intestinal populations purified in the cell sorting experiments.
B IF analysis of EphB2 in P6 WT and IjBa KO intestine.
C P-IjBa IF of EphB2-high or EphB2-negative sorted cells.
D Clustering analysis of the indicated cell populations based on their transcriptional profiles obtained in RNA-seq. Three mice per genotype were initially processed

although 1 EphB2neg KO replicate was excluded from the analysis due to insufficient number of reads in the RNA-seq.
E Correlation plot of the indicated differentially expressed gene (DEG) sets. Values for DEG in fetal and adult ISC were obtained from Nusse et al (2018).
F Table indicating the top 15 up-regulated genes in the IjBa KO EphB2-high signature including 11 genes in the fetal ISC signature (in orange).
G GSEA of EphB2-high cells indicating the enrichment of relevant ISC-related pathways.
H Representative image of the Lgr5+ population purified in the cell sorting experiments.
I qPCR analysis of the indicated genes in purified Lgr5+ cells from the different IjBa backgrounds. Four WT and 1 KO mice were analyzed with at least three technical

replicates. Bars represent mean values � standard error of the mean (s.e.m.). P values were derived from an unpaired t-test, two-tailed, ****P-value < 0.0001,
**P-value < 0.005, *P-value < 0.05; n.s.: no significant.

Data information: Scale bars in B and C, 25 lm.
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analysis of P6 intestines, we failed to detect any significant alter-

ation in the number and distribution of RelA/p65 peaks in the dif-

ferent IjBa genotypes (Figs 4B and EV3A), and we did not detect

reliable peaks in the c-Rel precipitation. Similarly, we did not find

any alteration in the levels of active Notch1 (ICN1) or b-catenin, the
downstream effectors of Notch and Wnt pathways, which were

found deregulated in the RNA-seq analysis (Fig 4C and D).

As we previously described the interaction of IjBa and PRC2 at

the chromatin level, we analyzed the distribution of the PRC2 cata-

lytic subunit EZH2 in the intestine of WT and IjBa KO mice. We

detected nuclear EZH2 localized in the intestinal crypts of both WT

and KO mice, with IjBa KO displaying a significantly higher number

of EZH+ cells per crypt-villus unit (Fig 4E), although we did not

observe any significant alteration at the transcriptional level, except

for slight increase of Suz12 in KO cells (Fig 4F). Moreover, by Co-IP

experiments we demonstrated the interaction of the PRC2 subunit

SUZ12 with SUMOylated IjBa in the nucleus of crypt cells (Fig 4G).

By ChIP-sequencing analysis of H3K27me3 from P6 WT (n = 2) and

IjBa KO (n = 2) intestines, we found a comparable occurrence of

this mark in both genotypes (7,622 common regions) showing a

distribution at the genomic regions (intergenic, promoter, or gene

body) that was comparable between genotypes (Fig EV3B) and

randomly scattered across chromosomes (Fig EV3C). However, we

identified a limited number of genes (2,058) that were associated

with peaks differentially represented in the KO (1,541) and WT

(517) mice including genes related to the fetal ISC identity such as

Axl, Socs1, or Ly6a (Fig 4H and I). Notice that these fetal ISC genes

were similarly methylated in the embryo at E14.5 but they display a

differential methylation pattern at P6 (postnatal) that inversely

correlated with their expression levels (Fig 4I). In addition, and

despite the limited number of genes identified in the initial IjBa
ChIP assay (see Fig EV1E), several IjBa targets such as Sfi1, Pisd,

and Litaf were also differentially expressed in IjBa KO EphB2-high

cells (23 differentially expressed out of 49 IjBa targets) associ-

ated with local changes in H3K27me3 levels at the region bound by

IjBa (Fig 4J).

These results indicate that IjBa is required for establishing the

proper H3K27 methylation pattern in a subset of genes including

those that define ISC identity. Moreover, our results suggest that the

ISC phenotype of IjBa KO intestine is NF-jB-independent but

PRC2-dependent.

IjBa-deficient-derived organoids display a fetal ISC phenotype
and defective differentiation

To study IjBa function in a better-defined ISC model, we used

the 3D organoid system. Organoids derived from postnatal day

6 (P6) intestinal cells were morphologically indistinguishable

from that produced of adult cells. We detected nuclear P-IjBa
in these organoids that was restricted to the crypt-like pockets

(Fig EV4A) where ISCs are localized [21]. Importantly, intesti-

nal cells from P6 IjBa KO mice repeatedly failed to generate

well-differentiated organoids but produced spherical structures

(spheroids) resembling tumor- or fetal-derived organoids

(Fig 5A). By IHC analysis of P6 organoids, we confirmed that

IjBa KO spheroids mostly consisted of proliferating Ki67+ cells,

which displayed a total absence of LYZ1+ Paneth cells and a

severe decrease in the number of goblet cells as determined by

Alcian Blue staining (Fig 5B), similar to that observed in the

IjBa KO intestine.

We performed microarray expression analysis of WT (n = 5) and

IjBa KO (n = 5) organoids and found that 5,832 genes were dif-

ferentially expressed among genotypes with P-value < 0.001. Genes

down-regulated in the IjBa KO comprise those related to intestinal

differentiation of all major lineages including Paneth (Defa and

Lyz), goblet (Muc2 and Muc3), entero-endocrine cells (Chga or

Neurog3), and enterocytes (Alpi, Fabp, and Anpep), in contrast with

genes related to tuft cell differentiation such as Dclk1 and Tuft1 that

were significantly up-regulated (Fig EV4B and D). Consistent with

defective intestinal differentiation, we also found altered expression

of genes of the Wnt, BMP, Notch, and Ephrin/Eph pathways

(Fig EV4C).

Surprisingly, but similar to that observed in the analysis of

intestinal crypt cells, several ISC genes were highly deregulated in

the IjBa KO organoids including Lgr5, Olfm4, and Ascl2 (Fig 5C).

Moreover, differential expression of IjBa deficient organoids signifi-

cantly correlated (R = 0.92; P < 0.0001) with the differential expres-

sion observed in organoids derived from fetal intestine [23]

(Fig 5D). The overexpression of selected fetal genes in IjBa KO

organoids was demonstrated by qPCR (Fig 5E). We next knocked

out IjBa by CRISPR-Cas9 in already formed WT organoids (Fig 5F).

CRISPR-Cas9 KO of IjBa in WT intestinal organoids did not signifi-

cantly affect their differentiated morphology (Fig 5G), suggesting

▸Figure 4. Normal NF-jB but altered PRC2 function in IjBa-deficient intestine.

A IF analysis of c-Rel and RelA/p65 in P6 WT and IjBa KO intestines.
B Number of peaks from p65 ChIP-sequencing analysis associated with the different genomic localizations was obtained merging two biological replicates per

condition (n = 2 P6 WT and n = 2 P6 IjBa KO intestinal crypt cells). Data from individual experiments have been deposited at GSE131187.
C, D IF analysis of active Notch1 (ICN1) (C) and b-catenin (D) in the indicated IjBa backgrounds at P6 intestines.
E IF analysis of the PRC2 protein EZH2 and quantification of the EZH2-positive cells per crypt in n = 3 P6 animals per genotype were analyzed (a minimum of 15

crypts was counted per genotype). Bars represent mean values � standard error of the mean (s.e.m.); P values were derived from an unpaired t-test, two-tailed,
****P-value < 0.0001.

F Table indicating the methylation-related genes (PRC2 members and KDM6 demethylase) differentially expressed between IjBa WT and KO EphB2-high sorted cells
(RNA-seq).

G Western blot analysis of IjBa IP from crypt nuclear extracts.
H Venn diagram representing the distribution of genes detected as differentially methylated in the H3K27me3 ChIP-sequencing analysis across P6 IjBa genotypes

(n = 2 WT and n = 2 KO mice).
I Representation of H3K27me3 distribution at embryonic E14.5 (n = 2 WT and n = 2 KO mice) and postnatal P6 (n = 2 WT and n = 2 KO mice) (from ChIP-

sequencing) and expression levels (from RNA-sequencing) in the genomic region of the indicated fetal ISC genes.
J Representation of IjBa (n = 4) and H3K27me3 (n = 2) distribution (from ChIP-sequencing) and expression levels (from RNA-sequencing) in the genomic region of

Litaf.

Data information: Scale bars in A, C, D, and E, 25 lm.
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that regulation of ISC maturation by IjBa is exerted during develop-

ment and is not continuously required to maintain adult ISCs under

standard growing conditions.

These results indicated that organoids derived from IjBa-
deficient intestinal cells mimic the fetal bias that is found in the IjBa
KO intestinal crypt cells in vivo.

Fetal-like phenotype of IjBa-deficient cells is PRC2-, Notch-,
and interferon-dependent

Then, we used specific inhibitors and genetic strategies to evalu-

ate the functional involvement of candidate pathways in the

fetal-like phenotype of IjBa KO organoids. We first speculated

A

C

D E G

F

B

Figure 5. IjBa-deficient-derived organoids display a fetal ISC phenotype.

A Representative stereoscopic images of P6 WT and IjBa KO-derived intestinal organoids.
B IHC analysis with the indicated antibodies and Alcian Blue staining of WT and IjBa KO-derived organoids.
C qPCR analysis of the indicated ISC genes in WT and IjBa KO-derived organoids.
D Correlation plots of the indicated differentially expressed gene (DEG) sets obtained in expression microarray (5 technical replicates of a minimum of two organoids

per genotype were analyzed). Values for DEG in fetal and adult organoids were obtained from [23].
E qPCR analysis of the indicated fetal genes in WT and IjBa KO-derived organoids.
F Western blot analysis of control and IjBa-deleted organoids using CRISPR-Cas9 technology.
G Representative stereoscopic images of WT and IjBa-deleted organoids.

Data information: In C and E, 3 technical replicates of a minimum of two organoids per genotype were analyzed Bars represent mean values � standard error of the
mean (s.e.m.). P values were derived from an unpaired t-test, two-tailed, ****P-value < 0.0001, **P-value < 0.005, *P-value < 0.05. Scale bars in A, 100 lm, and in B and
G, 50 lm.

ª 2020 The Authors EMBO reports 21: e49708 | 2020 9 of 18

Laura Marruecos et al EMBO reports



that increased NF-jB signaling due to IjBa deficiency might

contribute to the observed phenotype. However, blockage of the

NF-jB upstream kinase IKKb with BAY65-5811 did not affect the

spheroidal morphology of IjBa KO organoids after one month of

treatment (Fig EV4E). Then, we transduced IjBa KO organoids

with shRNA against RelA/p65 and c-Rel. Reduction of p65 and c-

Rel levels alone or in combination did not affect spheroidal orga-

noid morphology (Fig 6A). Accordingly, p65 and c-Rel knockdown

did not revert ISC gene expression or differentiation blockage to

the WT conditions (Fig 6B). In contrast, we observed a strong up-

regulation of the NF-jB target gene Cxcl10 after viral transduction

of control shRNA that was totally abrogated by RelA and or c-Rel

depletion (Fig 6B), demonstrating that this gene is NF-jB-depen-
dent. Importantly, incubation with the PRC2/EZH2 inhibitor EPZ-

6438 led to the sporadic restoration of crypt-like pockets arising

from spherical structures. The number and complexity of budding

organoids progressively increased with time of treatment (Fig 6C).

qPCR analysis of IjBa KO organoids untreated or treated for

1 month with EPZ-6438 indicated a transcriptional conversion

toward the WT phenotype with up-regulation of the canonical

stem cell markers Lgr5 and Cd44, and the differentiation markers

Lyz and Muc2 (Fig 6D). Importantly, expression levels of Lrig1

and Ly6a, which were up-regulated in IjBa KO organoids,

remained primarily unaffected or reduced following treatment,

likely reflecting the heterogeneity of the culture in which only a

low percentage of KO organoids revert toward WT phenotype

(Fig 6D).

Next, we determine the putative effects of PRC2 inhibition on

the expression of Notch and IFN pathway elements that were

found miss-regulated in the IjBa KO organoids. Inhibition of

PRC2 led to altered expression of IFNa (Ifna), Notch2 (N2), radi-

cal Fringe (Rfng), and Jag1 (Fig 6E) suggesting that Notch and

IFN pathways could be downstream effectors (at least partially)

of the PRC2-dependent defects of IjBa KO organoids. Consis-

tently, treatment of IjBa KO organoids with the Notch inhibitor

DAPT or the IFN inhibitor dexamethasone produces morphologic

(Fig 6F) and transcriptional changes (Fig 6G) that were compara-

ble to EPZ-6438 (Fig 6D). In contrast, we did not observe any

evidence of differentiation but a general decline in organoid

growth following Wnt/b-catenin pathway inhibition with XAV939

or the Porcupine inhibitors (Fig EV4E). These results are in

agreement with the absence of Wnt target genes over-activation

in IjBa KO organoids as determined by analysis of transcrip-

tomic data (Fig EV4F).

Functional involvement of IjBa in the regenerating
intestinal epithelium

Intestinal repair after damage has been linked to the acquisition of

fetal-like traits in the ISC compartment, which is triggered by the

immune response and changes in the extracellular matrix [24,25].

Thus, we used the DSS-induced colitis model to investigate the

possibility that IjBa participates in the process of intestinal regener-

ation by regulating ISC function. We first determine P-IjBa distribu-

tion in the colon of control mice, and mice treated with DSS for

5 days and sacrificed at day 6. Analysis of colonic tissue showed the

presence of nuclear P-IjBa at the bottom of the crypts under home-

ostasis (untreated) conditions. In contrast, DSS-treated animals

showed a virtual loss of nuclear P-IjBa-positive cells (Figs 7A and

EV5A), with P-IjBa detection restricted to sporadic cells (see aster-

isks) in areas of acute damage, which were identified by the pres-

ence of epithelial strings that express the ISC markers Olfm4, which

is absent from the normal murine colonic mucosa, and CD44, and

displayed moderate levels of proliferation (as determined by Ki67

staining) (Fig 7A and B). By double IF, we confirmed the presence

of P-IjBa-positive cells in the Olfm4-positive area (Fig 7C). In

contrast, adjacent areas where regeneration had already started

contained massive amounts of nuclear P-IjBa in highly proliferative

crypt-like structures that were Olfm4-negative but CD44-positive

(Figs 7A and B, and EV5A). Examination of p65 and c-Rel distribu-

tion in the regenerating epithelium demonstrated that nuclear

(active) p65/NF-jB staining was also restricted to areas of acute

damage (Fig EV5B), suggesting that loss of nuclear P-IjBa in this

area might be linked to IKK activation. Interestingly, we demon-

strated that Olfm4 and Cd44 transcription was induced by the pro-

inflammatory cytokine TNFa in intestinal organoids, which was

IjBa-dependent (they are not induced in IjBa KO organoids at any

time point of TNFa treatment) but NF-jB-independent (since canon-

ical NF-jB targets such as Cxcl10 and A20 are consistently activated

by TNFa in KO organoids) (Fig 7D).

Interestingly, in our specific-pathogen-free (SPF) animal facility,

few IjBa KO animals evaded the postnatal critical period and

survived for, at least, 2 months after birth (hereafter denoted as

IjBa KO survivors). We noticed lower weight in these KO animals

(Fig EV5C), associated with the presence of skin lesions (Fig EV5D).

To study the role of nuclear IjBa during the regeneration processes,

we treated 2-month-old WT and IjBa KO survivor mice with DSS as

described above. At the time of sacrifice, the colonic mucosa of WT

animals displayed extensive areas of ulceration with glandular

▸Figure 6. Fetal ISC phenotype of IjBa-deficient organoids is PRC2-, Notch-, and IFN-dependent.

A Representative stereoscopic images and Western blot analysis of IjBa KO organoids infected with the indicated shRNA for NF-jB elements.
B qPCR analysis of the indicated ISC and differentiation genes in the different shRNA-treated organoids. The canonical NF-jB target gene Cxcl10 is shown as positive

control of the experiment.
C Representative stereoscopic images of IjBa KO organoids untreated or treated with the PRC2 inhibitor EPZ-6438.
D, E qPCR analysis of the indicated adult and fetal ISC genes (D) and elements of the Notch and IFN pathways (E) (differentially expressed in IjBa KO organoids) in IjBa

KO organoids untreated or treated with the PRC2 inhibitor EPZ-6438.
F Representative stereoscopic images of IjBa KO organoids treated with dexamethasone as IFN inhibitor and DAPT as Notch inhibitor.
G qPCR analysis of IjBa KO organoids untreated or treated with dexamethasone and DAPT.

Data information: In B, D, E, and G, 3 technical replicates of a minimum of two organoids per condition were analyzed. Bars represent mean values � standard error of
the mean (s.e.m.); P values were derived from an unpaired t-test, two-tailed, ****P-value < 0.0001, ***P-value < 0.0005, **P-value < 0.005, *P-value < 0.05; n.s.: no
significant. Scale bars in A, 100 lm, and in C and F, 50 lm.
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depletion (as indicated by the absence of Alcian Blue-positive goblet

cells), fibrosis of lamina propria, and inflammation mostly

composed of lymphocytes with occasional neutrophils, as expected.

In contrast, DSS-treated IjBa KO mice showed little evidence of

ulceration in the colonic tissue (Fig 7E). IHC analysis of the prolifer-

ation marker Ki67 indicated the presence of highly proliferative

areas in the DSS-treated IjBa KO mucosa (Fig 7F), suggestive of

active regeneration.

A

B
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Figure 7.
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Together, our data indicate that IjBa is required for the proper

regulation of ISC function under homeostasis and might play a role

in tissue regeneration after injury (see model in Fig 8).

Discussion

We here describe a previously unappreciated phenotype of IjBa KO

mice in intestinal homeostasis and ISC identity. Specifically, we

found that IjBa-deficient ISCs transcriptionally and functionally

resemble the fetal-like ISCs previously observed in mice exposed to

helminth infection or DSS-induced epithelial damage [24,25], but also

in the organoids obtained from fetal intestinal cells [23]. The severity

of this ISC phenotype imposed by IjBa deficiency is surprising since

we observed that only 50% of the Lgr5+ crypt cells (that constitute a

very homogeneous population) are P-IjBa-positive. However, we do

think that nuclear IjBa is cycling between the non-phosphorylated

and phosphorylated forms (in response to specific stimuli not yet

defined) leading to waves of gene activation/repression.

Interestingly, we found a significant association between the

transcriptional IjBa KO ISC signature and genes of the IFN pathway,

which was demonstrated as a driver of the fetal ISC identity [24].

Whether IjBa acts as chromatin suppressor of one or several IFN

elements, or IjBa deficiency imposes some increased NF-jB activ-

ity, which in turn facilitates IFN transcription as previously shown

[28,29], remains to be elucidated in this context. However, the fetal-

like phenotype of IjBa KO organoids was not rescued by IKKb inhi-

bition or knocking down c-Rel or p65, suggesting that canonical NF-

jB pathway is not required to maintain this phenotype, in

agreement with the apparently normal intestinal differentiation of

mice carrying constitutively active IKKb [30]. However, it is

formally possible that IjBa deficiency imposes some degree of basal

NF-jB activity that impacts on ISC function. Analysis of specific

compound IjBa;Rel (RelA and c-Rel)-deficient mice but most

Figure 8. Model for IjBa contribution to ISC development and regeneration.

In brief, nuclear IjBa is required for the PRC2-mediated timely repression of fetal ISC genes during development and activation of adult ISC genes. In the absence of IjBa,
expression of fetal ISC genes is sustained after birth resulting in defective ISC maturation (upper panel). During regeneration (lower panel), specific signals such as IFN impose
a temporary fetal ISC phenotype that is required for subsequent tissue regeneration [24,25]. Next, nuclear IjBamassively accumulates at regeneration areas to repress fetal
ISC gene expression thus facilitating ISC maturation and tissue repair. Paradoxically, IjBa KOmice do not show evidence of colonic ulceration after DSS treatment suggesting
that fetal-like ISC (imposed by IjBa deficiency) is intrinsically resistant to injury.

◀ Figure 7. Nuclear accumulation and functional involvement of IjBa in the regenerating intestinal epithelium.

A IF analysis of colonic tissue from control and DSS-treated animals including acute damaged (AD) areas and recovery (R) areas.
B, C IF analysis of P-IjBa and the indicated markers in the areas of acute damage and recovery (B) and colocalization of P-IjBa with the ISC marker Olfm4 in acute

damaged areas (C). Asterisks indicate the presence of rare cells with nuclear P-IjBa.
D qPCR analysis of the indicated genes in WT and IjBa KO organoids treated with TNFa and collected at the indicated time-points. Three technical replicates of

organoids from each genotype were analyzed.
E, F Representative images of the colonic tissue from 2-month-old DSS-treated WT and IjBa KO mice are shown. Alcian Blue staining was used to identify the mucus-

secreting goblet cells in the colonic glands and Ki67 as proliferation marker. Nuclear counterstain is Fast Red. The table shows number of ulcerations present in the
intestines of mice analyzed (3 WT, 2 IjBa KO).

Data information: Scale bars in A, E, and F, 100 lm, and in B and C, 50 lm.
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importantly of tissue-specific IjBa KO mice would help to elucidate

the relative contribution of NF-jB activity to the fetal ISC pheno-

type. In contrast, altered PRC2 activity was consistently detected in

IjBa KO intestinal cells as indicated by aberrant H3K27me3 distribu-

tion in specific regulatory regions including several IFN-related gene

promoters, which is expected to impact in ISC homeostasis. More-

over, we were able to directly demonstrate the physical association

between nuclear SUMOylated IjBa and the PRC2 subunit SUZ12 in

IP experiments from intestinal crypt cell lysates, further indicating

that intestinal IjBa modulates PRC2 function. Importantly, and dif-

ferent from what was found following helminth infection, the fetal

ISC phenotype imposed by IjBa deficiency is intrinsic to epithelial

cells, as it is observed in the organoid system independent of an

inflammatory environment. It is also possible that IjBa deficiency

perturbs ISC maturation during development through both NF-jB-
dependent and NF-jB-independent mechanisms, and this phenotype

is subsequently maintained in a cell-autonomous NF-jB-indepen-
dent manner. Since H3K27me3 ChIP from WT and KO embryos at

early developmental stage (E14.5) did not show significant dif-

ferences, we speculated that repression of the fetal ISC phenotype

and maturation toward the adult state mediated by IjBa through

PRC2 may occur at later stages of intestinal development once villi

are formed and differentiated cells start to appear. Thus, PRC2 activ-

ity is likely to show two different waves of activity in the intestine,

a first general wave that is IjBa-independent and a second one that

is IjBa-dependent and affects specific subsets of genes including

those related to ISC maturation from a previous fetal state. This

requirement seems to be different in non-homeostatic in vivo condi-

tions, since IjBa loss in the damage tissue is associated with a

partial conversion of cells into a transient fetal-like phenotype (re-

vealed by increased expression of the ISC genes Olfm4 and Cd44).

A similar mechanism may regulate fetal-like-to-adult ISC conver-

sion in response to injury following activation of IjBa target genes

in response to inflammatory cytokines such as TNFa. Our results

support a role for nuclear P-IjBa as a crucial modulator of the

switch between adult and fetal ISCs in the process of regeneration

after damage. Moreover, our result suggests that IjBa regulates the

transition from fetal to adult ISC phenotype by directly affecting H3

methylation at the promoter regions of specific fetal ISC genes such

as Axl, Fut2, and Ly6a that might be driven by inflammatory cyto-

kines. In this sense, we found that TNFa imposes a rapid activation

of several ISC genes including Cd44 and Olfm4, which are not

canonical NF-jB target genes, and are not activated in the IjBa KO

cells (whereas canonical NF-jB such as Cxcl10 and A20 is effectively

activated). Further investigation focused on the regulatory regions

of these ISC genes is required to better understand how they individ-

ually or collectively respond to specific insults, environmental

fluctuations, or inflammatory responses involving specific cytokines

such as TNFa. It would be also important to test whether IjBa regu-

lates the capacity of enterocyte progenitors [31] and post-mitotic

Paneth cells [32,33] to produce adult or fetal ISCs after damage, as

several authors have proposed.

In summary, we have uncovered a novel function for IjBa that

may represent a general link between ISC homeostasis, inflamma-

tion, and response to damage and pathogens. Our hypothesis,

awaiting further substantiation, is that IjBa acts as a molecular

switch for stimulus-mediated activation of a subset of ISC genes,

likely through modulation of PRC2 activity.

Materials and Methods

Animal studies

C57BL/6J WT mice were purchased from The Jackson Laboratories.

IjBa knockout (KO) (B6;129S4-Nfkbiatm1Bal/J) mice and

Lgr5GFP-CreERT (B6.129P2-Lgr5tm1(cre/ERT2)Cle/J) mice have the

same genetic C57BL/6J background and were obtained from The

Jackson Laboratories, and IjBaNES mice were previously described

[16]. Compound IjBb;IjBe KO mice were generously donated by Dr.

Alexander Hoffmann (University of California, LA). In all proce-

dures, animals were kept under pathogen-free conditions, and

animal work was conducted according to the guidelines from the

Animal Care Committee at the Generalitat de Catalunya. The

Committee for Animal Experimentation at the Institute of Biomedical

Research of Bellvitge (Barcelona) approved these studies.

Induction of colitis in mice

For colon inflammation studies, mice were given 2% DSS (w/v)

[MP Biochemicals 216011090 MW, 36,000–50,000 Da] ad libitum in

the drinking water, for 5 days, and were sacrificed at day 6. Colons

were dissected, fixed in 10% formalin, and paraffin-embedded for

immunohistochemical analysis.

Organoid culture

For organoid generation, intestinal crypts were disaggregated

mechanically, filtered in 70-lm cell strainer, and seeded in Matrigel

[Corning Ref. 354234] as described [20,21]. Organoids were

expanded by serial passaging and kept frozen in liquid nitrogen for

being used in subsequent experiments. In the inhibitor experiments,

fresh medium containing the different compound was added to 3D

cultures every 48 h. Reagents used are the following: 5 lM TNFa
[Biological Industries Ref. 30-T252-B], IKKb inhibitor 1 lM BAY 65-

5811 [Bayer Ref.], PRC2 inhibitor 5 lM EPZ-6438 (EZH2 inhibitor)

[MedChemExpress Ref. HY-13803], Wnt inhibitor 5 lM XAV939

[Sigma Ref.X3004] and 1 lM C59 [Abcam Ref. ab142216], Notch

inhibitor 5 lM DAPT (c-secretase inhibitor) [Calbiochem Ref.

565770], and glucocorticoid 20 lM Dexamethasone [Sigma Ref.

D4902].

Organoid infection

MISSION shRNA for RelA [Sigma TRCN0000055346] and c-Rel

[Sigma TRCN0000225712] lentiviral plasmids was transfected in

HEK293T cells. For CRISPR-Cas9 experiments, lentiCRISPR v2

[Addgene #52961] was used. gRNA against the first exon of Nfkbia

gene was designed using the Benchling [Biology Software] (the

sequence of the 3 different guides used is as follows: 50-TGGACG
ATCGCCACGAC-30, 50-CGCCCTACCGAGTTCTTCC-30, 50-GCAGCAG
CTCACGG-30). lentiCRISPR v2 with selected gRNA and lentiviral

vectors were transfected in HEK293T cells. One day after transfec-

tion, media was changed, and viral particles were collected 24 h

later and then concentrated using Ultracentrifuge OptimaTM

XPN-100—IVD (Biosafe) (Beckman Coulter).

For organoid transduction, organoids from 4-day cultures were

disaggregated (15 min 37°C with trypsin for IjBa KO and
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mechanical disaggregation for wt organoids). The cell pellet was

resuspended in concentrated virus that was diluted in complete

organoid culture medium, centrifuged for 1 h at 150 g, and incu-

bated for 4 h at 37°C. Cells were then washed in complete organoid

culture medium, seeded in Matrigel [Corning Ref. 354234], and

cultured as described above.

Cell fractionation and Western blot (WB)

For cytoplasm and nuclear separations, cells were lysed in

10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, and 0.05% NP-40

(pH 7.9) for 10 min on ice and centrifuged at 850 g. Supernatants

were recovered as the cytoplasmic fraction, and the pellets were

lysed in Laemmli buffer (1× SDS–PAGE buffer + b-mercap-

toethanol (BME) [Sigma Ref. M-3148]). Lysates were analyzed by

Western blotting using standard SDS–polyacrylamide gel elec-

trophoresis (SDS–PAGE) techniques. In brief, protein samples

were boiled in Laemmli buffer, run in polyacrylamide gels, and

transferred onto polyvinylidene difluoride (PVDF) membranes

[Millipore Ref. IPVH00010]. Membranes were incubated overnight

at 4°C with the appropriate primary antibodies (Appendix Table

S1), extensively washed and then incubated with specific

secondary horseradish peroxidase-linked antibodies from Dako

[Ref. P0260 and P0448]. Peroxidase activity was visualized using

the enhanced chemiluminescence reagent [Biological Industries

Ref. 20-500-120] and autoradiography films [GE Healthcare Ref.

28906835].

Immunohistochemical staining

Tissues and organoids were fixed in 4% formaldehyde overnight at

room temperature and embedded in paraffin. 4-lm paraffin-

embedded sections were first de-paraffinized. IHC was performed

following standard techniques with EDTA- or citrate-based antigen

retrieval, overnight incubation with primary antibodies

(Appendix Table S2), and developed with the Envision+ System

HRP Labelled Polymer anti-Rabbit [Dako Ref. K4003] or anti-Mouse

[Dako Ref. K4001] and 3,30-diaminobenzidine (DAB) [Dako Ref.

K3468]. Samples were mounted in DPX mountant [Sigma Ref.

06522]. Images were obtained with an Olympus BX61 microscope.

Immunofluorescence analysis

For tissue and organoid immunofluorescence, the same protocol as

IHC was followed. However, the samples were developed with

TSATM Plus Cyanine 3/Fluorescein System [PerkinElmer Ref.

NEL753001KT] and mounted in ProLongTM Diamond Antifade

Mountant plus DAPI [Thermo Scientific Ref. P36971]. Images were

taken in an SP5 upright confocal microscope (Leica). Antibodies

used can be found in Appendix Table S3.

Hematoxylin and eosin staining

Previously de-paraffinized sections were incubated with hema-

toxylin [Merck Ref. 1092530500] 30 s, tap water 5 min, 80%

ethanol 0.15% HCl 30 s, water 30 s, 30% ammonia water

(NH3(aq)) 30 s, water 30 s, 96% ethanol 5 min, eosin [Bio-Optica

Ref. 05-10003/L] 3 s, and absolute ethanol 1 min. Samples were

dehydrated and mounted in DPX mountant [Sigma Ref. 06522], and

images were obtained with an Olympus BX61 microscope.

Alcian blue staining

Previously de-paraffinized sections were incubated with 3% acetic

acid in H2O for 3 min, immersed in Alcian Blue (10 mg/ml pH2.5)

[Merck Ref. 101647] for 2-10 min, and counterstained with Nuclear

Fast Red solution [Sigma Ref. 6409-77-4] for 10 min. Samples were

mounted in DPX mountant [Sigma Ref. 06522], and images were

obtained with an Olympus BX61 microscope.

Immunoprecipitation

Nucleus from crypt cells were isolated with buffer pH 7.9 10 mM

HEPES, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.05% NP40 plus

ubiquitin/ubiquitin-like peptidase inhibitor PR-619 [Tebu-Bio

SI9619], protease [Complete Mini, Roche Ref. 11836153001], and

phosphatase [PhosSTOP, Roche Ref. 4906845001] inhibitor cocktail.

The nucleus was lysed with RIPA buffer (0.1% DOC, 0.1% SDS, 1%

Triton X-100, 10 mM Tris–HCl pH 8.0, 140 mM NaCl, 1 mM EDTA,

0.25 mM EGTA, 10 mM Na-butyrate, 0.1 mM Na-orthovanadate, in

H2O). After centrifugation, the SUMOylated proteins in supernatant

were precipitated with anti-SUMO2-3 [10 ll of Abcam ab81371] anti-

body or IjBa was precipitated with anti-IjBa antibody [25 ll Santa
Cruz sc-371]. Rabbit and mouse IgG were used as negative controls

(4 lg each). The antibodies were incubated with nuclear lysates

overnight and the complexes precipitated with protein A-sepharose

beads [GE Healthcare, Ref. 17-0780-01] 2 h at 4°C.

qRT–PCR analysis

Total RNA was extracted with the RNeasy Mini Kit [Qiagen Ref.

74004], and the RT-First Strand cDNA Synthesis Kit [GE Healthcare

Life Sciences Ref. 27-9261-01] was used to produce cDNA. qRT–PCR

was performed in LightCycler 480 system using SYBR Green I

Master Kit [Roche Ref. 04887352001]. The primers used are listed in

Appendix Table S4.

RNA-sequencing experiments and data analysis

In all experiments, we extracted total RNA from three mice per geno-

type using RNeasy Micro Kit [Qiagen Ref. 74004]. The RNA concen-

tration and integrity were determined using Agilent Bioanalyzer

[Agilent Technologies]. Libraries were prepared at the Genomics

Unit of PRBB (Barcelona, Spain) using standard protocols, and cDNA

was sequenced using Illumina� HiSeq platform, obtaining ~ 25–

30 million 50-bp single-end reads per sample. Adapter sequences

were trimmed with Trim Galore. Sequences were filtered by quality

(Q > 30) and length (> 20 bp). Filtered reads were mapped against

the latest release of the mouse reference genome (mm10) using

default parameters of TopHat (v.2.1.1) [34], and expressed tran-

scripts were then assembled. High-quality alignments were fed to

HTSeq (v.0.9.1) [35] to estimate the normalized counts of each

expressed gene. Differentially expressed genes between different

conditions were explored using DESeq2 R package (v.1.20.0) [36].

Plots were done in R. RNA-sequencing data are deposited at the GEO

database with accession number GSE131187.
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Chromatin immunoprecipitation and ChIP-sequencing analysis

Intestinal crypts were subjected to ChIP as previously

described [9,37]. Briefly, formaldehyde crosslinked cell extracts

were sonicated, and chromatin fractions were incubated for 16 h

with anti-IjBa [abcam ab32518], anti-H3K27me3 [Millipore 07-449],

anti-c-Rel [Abcam ab227519], and anti-p65 [Abcam ab16502] anti-

bodies in RIPA buffer and then precipitated with protein A/G-

sepharose [GE Healthcare, Refs. 17-0618-01 and 17-0780-01].

Crosslinkage was reversed, and 6–10 ng of precipitated chromatin

was directly sequenced in the genomics facility of Parc de Recerca

Biomèdica de Barcelona (PRBB) using Illumina� HiSeq platform.

Raw single-end 50-bp sequences were filtered by quality (Q > 30)

and length (length > 20 bp) with Trim Galore [38]. Filtered

sequences were aligned against the reference genome (mm10

release) with Bowtie2 [39]. MACS2 software [40] was run first for

each replicate, and then combining all replicates, using unique

alignments (q-value < 0.1). Peak annotation was performed with

ChIPseeker package [41], and functional enrichment analysis with

enrichR [42], using the latest version of GO annotations. Peak visu-

alization was done with Integrative Genomics Viewer (IGV). ChIP-

sequencing data are deposited at the GEO database with accession

number GSE131187.

Cell sorting

Crypt cells obtained after mechanical disaggregation and 70 lm fil-

tration were trypsinized [Biological Industries Ref. 03-050-1A]

15 min at 37°C. Cells were filtered through 40-lm pore diameter cell

strainers. Incubation with APC-EphB2 antibody [BD Pharmingen

Ref. 564699] was performed for 20 min, and the cells were sorted in

an InfluxTM Sorter [BD Biosciences]. For IF, EphB2 high or low were

cytospin onto poly-L-lysine-coated slides (100 g, 3 min).

For Lgr5+ cell isolation in Lgr5GFP-CreERT mice, the detection of

endogenous GFP was used for sorting.

Expression microarray

We extracted total RNA from five replicates of a minimum of two

organoids per genotype using RNeasy Micro Kit [Qiagen Ref.

74004]. Purity and integrity of the RNA were assessed by spec-

trophotometry and nanoelectrophoresis using the NanoDrop ND-

2000 spectrophotometer (NanoDrop Technologies, USA) and the

Nano lab-on-a-chip assay for total eukaryotic RNA using Bioana-

lyzer 2100 (Agilent Technologies, USA), respectively. RNA

samples were processed according to the manuals GeneChip WT

PLUS Reagent kit (P/N 703174 Rev. 2) and Expression Wash,

Stain and Scan User Manual (P/N 702731 Rev. 3) (Thermo

Fisher). Samples were hybridized to the mouse Clariom S Array

(Thermo Fisher) in a GeneChip hybridization oven 640. For the

statistical analysis, R programming (version 3.4.2) was used with

different packages from Bioconductor and the Comprehensive R

Archive Network (CRAN). Normalization was performed using the

Robust Multi-array Average algorithm (RMA) included in

aroma.affymetrix package. Differential expression (DE) analysis

was assessed with the limma package. Gene annotations were

provided by Affymetrix for the Clariom S array (NetAffx na36,

mm10 genome assembly). The location of each Transcript Cluster

ID (TCI) (Start, Stop, Strand and Chromosome) was used to map

into the UCSC database (April 2014mm10) to obtain genes match-

ing the same coordinates. Data from microarray analysis are

deposited at the GEO database with accession number

GSE130937.

Quantification and statistical analysis

Statistical parameters, including number of events quantified, stan-

dard deviation, and statistical significance, are reported in the fig-

ures and in the figure legends. Statistical analysis has been

performed using GraphPad Prism 6 software (GraphPad), and

P < 0.05 is considered significant. Two-sided Student’s t-test was

used to compare differences between two groups. Each experiment

shown in the manuscript has been repeated at least twice.

Data availability

• RNA-Seq and ChIP-seq data: GEO database GSE131187 https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE131187

• Expression microarray: GEO database GSE130937 https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE130937

Expanded View for this article is available online.
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