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The rapid renewal of the epithelial gut lining is fuelled by stem
cells that reside at the base of intestinal crypts. In recent years,
the signal transduction pathways and morphogens that regulate
intestinal stem cell self-renewal and differentiation have been
extensively characterised. In contrast, although extracellular
matrix (ECM) components form an integral part of the intesti-
nal stem cell niche, their direct influence on the cellular compo-
sition is less well understood. Here, we set out to systematically
compare the effect of two major ECM classes, fibrillar collagen
type I and the basement membrane, on the intestinal epithelium.
We found that both collagen I and laminin-containing cultures
allow growth of small intestinal epithelial cells with all differen-
tiated and undifferentiated cell types present in both cultures,
albeit at different ratios. Specific to the collagen culture was a
subset of cells with a fetal-like gene expression program. In con-
trast, laminin, but not collagen IV, increased Lgr5+ stem cells
and Paneth cells, and induced crypt-like morphology changes.
The transition from a collagen culture to a laminin culture, re-
sembles the gut development in vivo. Here, the ECM is dra-
matically remodelled by mesenchymal cells, which is accompa-
nied by a specific and local expression of the laminin receptor
ITGA6 in the crypt-forming epithelium. This laminin:ITGA6
signalling is essential for the stem cell induction and crypt for-
mation in vitro. Importantly, deletion of laminin in the adult
mouse results in a fetal-like epithelium with a marked reduction
of adult intestinal stem cells. Overall, our data support the hy-
pothesis that the formation of intestinal crypts is induced by an
increased laminin concentration in the ECM.
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Introduction
The small intestinal epithelium is a rapidly dividing tissue
that renews itself from adult intestinal stem cells which reside
at the bottom of crypts. The balance between proliferation
and differentiation is finely controlled by growth factors and
morphogenic signals, creating a niche at the bottom of the
crypts that supports stem cell growth and suppresses differen-
tiation (1). The development of the in vitro organoid system
brought mesenchymal growth factors into focus that are es-

sential for the growth of intestinal stem cells in vitro and were
then shown to have a similar role in vivo, e.g. R-spondin (2–
4). Another requirement of the organoid system is an ECM-
derived hydrogel (Matrigel or basement-membrane extracts),
providing the required mechanical and signalling cues of the
organoid surrounding. These matrices are derived from a
mouse sarcoma, the Engelbreth-Holm-Swarm (EHS) tumor,
and are rich in laminin, collagen IV and entactin.

The ECM can be divided into two main types, the interstitial
matrix surrounding the tissue, and the basement membrane,
a thin ECM layer separating the epithelium from the inter-
stitium. The role of the ECM goes beyond just providing a
physical scaffold for tissue. Its dynamic remodelling is essen-
tial for organ development and in disease (5). For example,
it is long established that changes in the ECM have a fun-
damental role for the development of the mammary gland.
Here, collagen I induces ductal branching and in turn causes
a remodelling of the basement membrane which is respon-
sible for the differentiation of the mammary gland (6, 7).
This ECM remodelling highlights different but coordinated
roles for collagen I and the basement membrane in the de-
velopment and formation of the mammary gland. This raises
the possibility that, in the intestine, collagen and the base-
ment membrane, fulfill similar roles during the development
as well as maintenance of the intestinal niche. Early studies
already observed a fundamental remodelling of the intestinal
ECM during gut development (8, 9), however its direct func-
tional relevance on the epithelium is not well described.

In addition to laminin-rich hydrogel cultures (e.g. Ma-
trigel), recent reports showed that intestinal epithelial cells
can be maintained in a pure culture of fibrillar collagen
type I, with the presence of stem cells as well as differen-
tiated cells(10, 11), suggesting that supplemented basement-
membrane components are not essential for the maintenance
of intestinal stem cells. However, a recent study by Yui et al.
showed that collagen type I induces a reprogramming of the
adult intestine to a more fetal-like epithelium with a suppres-
sion of intestinal stem cell genes (12).
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Fig. 1. ECM controls intestinal stem cell genes and fetal-like genes. a, Intestinal cells from adult wild type mice were isolated and cultured for 2 passages in Matrigel.
Matrigel derived organoids were then seeded on a collagen layer for at least 2 passages before RNAseq (n = organoids from 3 different mice), scale bar = 200um. b,
Volcanoplot shows significantly (padj <0.05) upregulated (blue) and downregulated (red) genes in collagen vs. Matrigel cultures. The 30 most significant deregulated genes
and intestinal stem cell genes (Lgr5, Olfm4, Lrig1) are labelled. Fetal-like genes and intestinal stem cell genes are highlighted in orange. c, Geneset enrichment analysis was
performed with reactome pathway signatures and fetal-organoid signature (13). The top 5 up- and down-regulated pathways (ordered by NES) are shown. d, Fetal signature
is highly enriched in collagen cultures. e, Collagen cultures were plated on different matrices, collagen with/without addition of Matrigel or pure Matrigel, scale bar = 100 um.
f, Immunofluorescence of collagen+50% Matrigel shows crypt-like protrusions with apical accumulation of Actin, containing Lysozyme+ Paneth cells and were surrounded
by AldolaseB+ enterocytes, scale bar = 100 um. g, qRT-PCR shows decrease of fetal-like genes (Col4a1, Ly6a, Msln) and upregulation of intestinal stem cell genes (Lgr5,
Olfm4) and Paneth cell genes (Lyz2). Each dot represents an independent experiment, bar height = mean, error bar = s.e.m.
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This ECM remodelling becomes evident in colonic inflam-
mation and regeneration where an increased expression and
deposition of collagen type I (14, 15) and a reduction in
laminin protein (16) can be detected.
In this study we compared in detail the influence of two
different natural ECM derived matrices with similar physi-
cal properties, the basement membrane (Matrigel, laminin or
collagen IV) and the interstitial matrix (collagen I) on the in-
testinal epithelium. Both ECMs allowed growth of intestinal
cells in vitro with all major cell types present in both cul-
tures, however at different ratios. Collagen cultures induced
a fetal-like expression program in a subset of cells and con-
tained a reduced number of stem cells as well as Paneth cells.
In contrast, laminin signalling (via ITGA6) was responsible
for an increase in intestinal stem cells and induction of mor-
phological crypt-like structures. These observations showed
a striking similarity to the situation in vivo, where laminin de-
position by the mesenchyme was enhanced during crypt for-
mation and deletion of laminin in adult mice resulted in stem
cell loss and upregulation of fetal-like genes. These data sup-
port the idea that the deposition of laminin to the ECM by
mesenchymal cells controls intestinal crypt development as
well as maintenance in vitro and in vivo.

Results
The ECM controls expression of fetal-like genes and
stem cells. To study the impact of the ECM on the small in-
testinal epithelium we plated organoids in Matrigel and col-
lagen type I. Matrigel is a basement membrane extract that
mainly consists of laminin, collagen IV and entactin. Colla-
gen type I is the main component of the interstitium and is
the most abundant protein in mammals. We purified small
intestinal crypts from adult wildtype mice and grew them as
organoids as previously described (2). After establishment,
we plated organoids on a pure layer of collagen I (10, 11)
or in Matrigel (Fig. 1a). As the growth of intestinal cells
embedded in collagen (3D) is only possible with addition of
Wnt3a (12), we focused on the 2D model, where cells are
plated on a thick layer of collagen I and can be maintained in
the same medium as Matrigel cultures.
Recently synthetic matrices have been described that al-
low stem cell survival and proliferation or differentiation by
changing the stiffness of the hydrogels (17), indicating that
physical properties influence the epithelial cell composition.
To avoid stiffness-related effects, we chose the collagen type
I concentration that showed a similar stiffness as Matrigel
(Extended Data Fig. 1a). Similar to the Matrigel cultures,
collagen cultures required R-spondin for long-term culture
(Extended Data Fig. 1b).
We performed RNAseq to compare the effect of the distinct
ECM on the epithelial cells and detected marked differences
in the gene expression profile (Fig. 1b). Several of the most
significant upregulated genes in the collagen cultures were
characteristic of fetal organoids (13)(e.g. Anxa3, Ly6a/Sca1,
Msln, Col4a2). In contrast, adult intestinal stem cell genes
were downregulated (e.g. Olfm4, Lgr5). To analyse the dif-
ferentially expressed genes in an unbiased manner, we per-

formed gene set enrichment analysis. This confirmed a strik-
ing upregulation of fetal-organoid associated signatures in the
collagen cultures, and a significant downregulation of adult
organoid genes (Fig. 1c, d), confirming earlier results in a
3D collagen system with the addition of Wnt3a (12).
Importantly, the effect of ECM components on gene expres-
sion is not due to difference in morphology (2D collagen
vs. 3D Matrigel), but truly defined by the type of ECM as
cells grown in a 3D collagen environment were transcrip-
tionally similar to the 2D collagen cultures (Extended Data
Fig. 1c-e). Specifically, the fetal signature was highly up-
regulated in both collagen cultures (2D and 3D), and adult
genes were downregulated. Interestingly, addition of Wnt3a,
did not influence the expression of fetal genes, but downreg-
ulated several genes of the adult organoid signature, which
were mostly associated with Paneth cells (Extended Data
Fig. 1d). Principal component analysis of the global tran-
scriptome showed that the collagen I cultures cluster together,
independent whether grown in 2D or 3D (Extended Data
Fig. 1e).
To further investigate the direct influence of ECM composi-
tion on the intestinal stem cells and expression of fetal-like
genes we plated collagen-grown cells on an ECM with in-
creasing concentrations of Matrigel (Fig. 1e). Cells plated
on collagen alone always grew as a flat 2D layer. We then
mixed increasing concentrations of Matrigel into the colla-
gen mixture, while maintaining the concentration of collagen
I in the matrix. Strikingly, we observed crypt-like protrusions
emerging from the epithelial network. These protrusions
were enriched for Actin on the apical membrane and con-
tained Lysozyme positive Paneth cells (Fig. 1f), highlighting
a crypt-like morphology and compartmentalization. More-
over, the flat epithelium surrounding the crypt-like structures
accommodated Aldolase B positive enterocytes (Fig. 1f). In
line with the morphological changes, we observed that in-
creasing concentrations of Matrigel reduced the expression of
fetal-like genes and increased Paneth cell and stem cell gene
expression in a dose-dependent manner (Fig. 1g), despite the
presence of the same collagen I concentration. Interestingly,
we did not observe a similar change in absorptive enterocyte
or goblet cell gene expression (Alpi, Muc2, respectively), nor
an overall change in Wnt pathway activation (Axin2) when
changing the ECM composition (Extended Data Fig. 1f).
This suggests that the increased basement membrane compo-
nents have a dominant effect over the collagen resulting in
induction of a crypt-like morphology and increased stem and
Paneth cells.

ECM components impact intestinal cell populations.
To gain further insight into the different cell populations, we
performed single cell RNAseq of collagen and Matrigel cul-
tures. The cells present in Matrigel cultures could be clus-
tered into nine distinct groups that could be related to known
cell lineages of the small intestine. The heatmap shows the
most differentially expressed genes in each cluster, and char-
acteristic genes are highlighted that were used to assign the
most probable cell type to each cluster. A large proportion of
cells were characterised by expression of Lgr5 as well as pro-
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Fig. 2. Distinct fetal-like cell population in collagen cultures with stem cell capacity. a, Clustering of Matrigel derived organoids at day 4 after passaging. Frequency plot
shows proportion of cells assigned to each cluster. Heatmap shows top 30 differentially expressed genes in each cluster and labels of characteristic genes of intestinal cell
types. b, Clustering of collagen derived cells at day 4 after passaging. Frequency plot shows proportion of cells assigned to each cluster. Heatmap shows top 30 differentially
expressed genes in each cluster and labels of characteristic genes of intestinal cell types. Fetal-like genes are labelled purple. Cells for Matrigel and collagen scRNAseq
were derived from the same organoid line. c, Ly6a expression in tSNE of collagen cultures. d, IF of collagen culture, stained for nuclei (Hoechst), proliferation (Ki67) and
fetal-like gene (Ly6a). Scale bar = 100 um. e, Flow Cytometry of Ly6a-APC in Matrigel and collagen cultures. Each dot represents an independent experiment, bar height
= mean, error bar = s.e.m., n = 5. f, Ly6a negative and positive cells from collagen cultures were sorted and plated in Matrigel. Organoids counted after 1 week, each dot
represents an independent experiment, bar height = mean, error bar = s.e.m., n = 3. g, Immunofluorescence of organoids derived from Ly6a sorted cells, stained for nuclei
(Hoechst - blue), Actin (red) and Paneth cells (Lysozyme - yellow). Scale bar = 100 um.

liferation genes (Lgr5 stem cell and transit amplifying (TA-)
cell clusters) (Fig. 2a). Three clusters belong to absorptive
enterocytes, probably marking different stages of develop-
ment as has been previously observed in vivo (18) (Extended
Data Fig. 2a - Apoa1) . Even rare enteroendocrine cells were
identified as a distinct cell cluster in our data (Extended Data

Fig. 2a - Chga). The heatmap also highlights several clusters
belonging to proliferative progenitors that are in the process
of differentiation, e.g. early absorptive enterocytes and secre-
tory cell progenitors (Fig. 2a).

Intriguingly, in the collagen cultures, eight different cell clus-
ters were distinguished which represented most of the cell
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lineages that are present in Matrigel (Fig. 2b). However,
we observed fewer stem cells, TA cells, and cells of secre-
tory cell lineages (Extended Data Fig. 2b). Due to their
reduced number in this sample, enteroendocrine cells and
Paneth/goblet cells form a single cluster but were reliably de-
tected by expression of the characteristic genes in these cell
types (Extended Data Fig. 2b - Chga and Lyz1/Muc2). The
distinct composition was further confirmed by immunofluo-
rescence, which also revealed a distinct spatial distribution
of Paneth cells and enterocytes in the collagen cultures (Ex-
tended Data Fig. 3a).
Strikingly, one unique cluster was found on collagen that is
not present in the Matrigel cultures. This cluster was char-
acterised by fetal-like genes Ly6a/Sca1, Clu, Msln, Anxa1
and Anxa3 (Fig. 2b,c and Extended Data Fig. 3b). Impor-
tantly, expression of these genes were restricted to this clus-
ter, and were not detected in the other cell types (Extended
Data Fig. 3b). Interestingly, analysis of the combined cells
from collagen and Matrigel cultures showed that all the se-
cretory cells, e.g. Paneth and goblet cells, cluster together
respective of their cell type, independent of whether they
originate from collagen or Matrigel cultures. This suggests
a similar transcriptional and differentiation profile in these
cells, unaffected by the ECM composition (Extended Data
Fig. 3c). We next focused on the fetal-like cell cluster found
only in the collagen cultures. Staining for Ly6a showed that
these cells are located around the densely packed cell regions
that contain Paneth and Lgr5+ stem cells, indicating a spa-
tially distinct cell-type. Notably, Ly6a+ cells as well as the
densely packed cell regions stained positive for the prolifera-
tion marker Ki67 (Fig. 2d), suggesting that Ly6a- and Ly6a+
cells both sustain proliferation of the cultures. Analysis of the
collagen and Matrigel cultures via flow cytometry confirmed
that collagen cultures contained a reduced number of Lgr5-
GFP cells and a large fraction of Ly6a+ cells (Extended Data
Fig. 3d). Overall we observed Ly6a+ cells in varying num-
bers in the collagen cultures, but consistently at negligible
low percentages in the Matrigel cultures (Fig. 2e). Further-
more, we did not observe any overlap of Lgr5-GFP and Ly6a
staining, confirming that the Ly6a+ cells are a truly distinct
cell population (Extended Data Fig. 3e). Ly6a/Sca1+ as
well as Clu+ cells have recently been described to be involved
in the repair of the intestinal epithelium after damage and ir-
radiation (12, 19). To test whether this in vitro-derived cell
population has a similar stem cell potential, we sorted Ly6a-
positive and -negative cells from collagen cultures and em-
bedded them in Matrigel. Both cell populations had a similar
capacity to form organoids (Fig. 2f), could be passaged and
were morphologically indistinguishable from each other. Im-
portantly, the Ly6+ derived organoids also contained Paneth
cells and showed that the Ly6+ cells have true stem cell ca-
pabilities (Fig. 2g).

Laminin controls intestinal stem cell fate. Having estab-
lished that Matrigel and collagen affect the number of intesti-
nal stem cells and fetal-like cells in organoid cultures, we
asked which component of Matrigel is responsible for the
observed effect. Matrigel is a basement-membrane extract

and consists mainly of laminin and collagen IV. As the most
striking morphological effect was observed when 50% Ma-
trigel was added to the collagen hydrogel, we tried to repro-
duce this effect by providing either laminin or collagen IV
separately (Fig. 3a). Laminin was able to induce the same
morphological as well transcriptional response as Matrigel in
a dose-dependent manner (Fig. 3b). In contrast, addition of
collagen IV, did not result in any morphological or transcrip-
tomic changes (Fig. 3c). These data indicate that laminin
is the main component responsible for the induction of the
crypt-like structures and expression of genes associated with
adult intestinal stem cells.
We noticed parallels between the developing small intestine
in vivo and our in vitro system. Before birth, the mouse
small intestine only contains villi and proliferating inter-
villus structures. Cells from both of these compartments
can contribute to the pool of adult stem cells after birth
(20). Around 2 weeks after birth, the final crypt structures
have formed and mature Paneth cells can be detected (21–
23). Therefore we wondered if the development of intesti-
nal crypts in vivo showed a similar change in the ECM. We
analysed the small intestine of wild type mice from E17 un-
til 6 weeks after birth (P42). Intriguingly, a dramatic change
around birth in the expression of all laminin isoforms (Lama,
Lamb and Lamc genes) as well as collagen IV (Col4a1,
Col4a2) was observed (Fig. 3d). This spike in expres-
sion could be detected for one week, after which the levels
of expression reduced. The expression of collagen type I
(Col1a1) only slightly changed and did not follow the same
expression burst as observed with the basement membrane
components (Fig. 3d, e). Immunofluorescence staining for
Laminin further validated an increase in protein levels from
E19 to P7 (Fig. 3f). Next, we aimed to determine which
cells are responsible for the increased expression of the base-
ment membrane components. We separated the epithelium
from the mesenchyme of wild type mice at one week after
birth (P7). All of the basement membrane components were
predominantly expressed in the mesenchyme and only little
expression was found in the epithelium (Fig. 3g). RNA in
situ hybridization for laminin γ1 (Lamc1) and collagen IV
(Col4a1) confirmed a specific upregulation exclusively in the
mesenchyme (Fig. 3h and Extended Data Fig. 4a). To vi-
sualise the laminin network, we cleared and stained the small
intestine of a mouse one week after birth (P7). Laminin was
detected surrounding the nascent crypts as well as villi (Ex-
tended Data Fig. 4b). This indicates that the dramatic re-
modelling of the ECM during crypt formation is driven by
the mesenchyme and not the epithelium.

Laminin signalling controls intestinal epithelium
change via ITGA6. Our data revealed a potent induction
of the adult stem cell program and morphological changes
by the addition of laminin and that formation of intestinal
crypts in gut development coincides with a temporal increase
in laminin production by the mesenchyme. To gain further
insight into the molecular signalling between the epithelium
and the basement membrane components, we evaluated the
expression of their receptors during development. The key
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family of receptors for the ECM are integrins and dystrogly-
can receptors. We analysed a publicly available dataset of
intestinal epithelial cells during development (24) for expres-
sion changes in integrins and dystroglycan encoding genes.
Strikingly, at embryonic day E18, a specific upregulation
of Itga6, Itgb4, Dag1 and Itga3 was observed (Fig. 4a),
whereas all other integrins were only lowly expressed and
did not change during development (Extended Data Fig.
4c). ITGA6 (together with ITGB4) is a known receptor for
Laminin (25). RNA in situ hybridization for Itga6 confirmed
the previous analysis and showed a marked upregulation of
Itga6 after birth (Fig. 4b). Remarkably, the expression is
even more pronounced in the intervillus region and stays
enriched in the crypts compared to villi. Next we asked
whether ITGA6 was mechanistically involved in laminin-
induced phenotypic change. Blocking ITGA6, in our pre-
viously described in vitro assay, diminished the induced mor-
phological changes, prevented the upregulation of intestinal
stem cell genes and impaired the downregulation of fetal-like
genes (Fig. 4c). Given this central role of laminin signalling
during development, we evaluated the importance of laminin-
epithelial signalling in the adult intestine in vivo. The laminin
γ-chain is common to all laminin heterotrimeric proteins and
was the highest expressed laminin gene during development
(Fig. 3d). We crossed the Lamc1 flox mouse to a ubiqui-
tously expressing cre mouse, to delete laminin expression in
adult mice as previously reported (Fig. 4d) (26). Based on
our in vitro model, we predicted that depletion of laminin
would result in a decrease of stem cells and Paneth cells, as
well as an upregulation of fetal-like genes. Indeed, 3 weeks
after deletion of Lamc1, the intestinal epithelium showed a
marked downregulation of Lgr5, Olfm4 and Lyz1 expression
and upregulation of fetal-like genes in line with our in vitro
experiments (Fig. 4e, f).
Overall these data support the hypothesis that the ECM com-
position, as orchestrated by the mesenchyme, induces and
maintains crypt formation as well as intestinal stem cell spec-
ification in the developing and adult intestine (Fig. 5).

Discussion
In recent years the focus on the intestinal niche shifted con-
siderably. With the development of the organoid technology,
the main focus has been on the Paneth cells as the key part
in establishing an intestinal stem cell niche (2, 27). Care-
ful analysis in vivo however showed that Paneth cells are
dispensable, and indicated that mesenchymal cells were the
main provider of the intestinal niche (28–30). Furthermore,
even organoid cultures relied on the addition of growth fac-
tors that are usually secreted by the mesenchyme (e.g. R-
spondin). More recently, the focus shifted onto this mes-
enchymal niche and the different subtypes of fibroblasts that
constitute this niche in vivo (1). Next to secreted growth
factors, such as Wnt ligands and R-spondin, data support a
strong role for these mesenchymal cells in controlling the
composition of the extracellular matrix in vivo and there-
fore points to a potential role for for the creation of a niche
(8, 9, 31, 32). Here we show that both, the interstitial matrix

(collagen I) as well as the basement membrane matrix (Ma-
trigel/laminin) support the long term growth of the intestinal
epithelium with the presence of all major cell lineages. How-
ever, morphological crypt like structures were only observed
when the ECM contained high concentration of laminin (and
not collagen IV), supporting previous findings in other in
vitro hydrogel settings (33). This is despite the presence of
Lgr5+ stem cells and Paneth cells in the collagen cultures,
which are shown to be responsible for crypt-budding in Ma-
trigel grown organoids (34). An interesting question that
arises, whether collagen induces the fetal-like reprogram-
ming or the lack of laminin signalling. In a recent study from
the Liberali lab the authors showed that organoid growth in
Matrigel from single cells undergoes a similar, transient fetal-
like cell state which then declines as Lgr5+ intestinal stem
cells and Paneth cells appear (34). This could indicate that
cells taken out of their ECM environment need some time to
adapt to the laminin-rich environment and hence undergo a
temporarily fetal-like state. Therefore a transient disruption
of laminin-signalling might already induce the fetal-like re-
sponse. Also our data indicate, increasing concentations of
laminin revert the fetal-like state in the collagen cultures, de-
spite an unchanged collagen concentration.

Overall our data support the hypothesis that the basement-
membrane produced by the epithelium is not sufficient to in-
crease stem cell numbers and induce a morphological crypt
formation, and therefore extra-epithelial cells (e.g. fibrob-
lasts) need to remodel the ECM prior to crypt formation. It
seems likely that pericryptal fibroblasts are responsible for
supplying the epithelium with laminin due to their close prox-
imity to the crypt epithelium. These cells (Foxl1+, Gli1+,
Pdgfra+ and/or CD34+ fibroblasts) also secrete Wnt ligands
and R-spondins, which are essential for crypt homeostasis
and would therefore express all necessary factors for the in-
testinal niche (35–39).

We saw a dramatic increase in expression of basement mem-
brane components in the mesenchyme around birth, support-
ing earlier observations (8, 9). This coincides with the ex-
pression of Itga6, a known laminin receptor, in the intervillus
cells and nascent crypts (25, 32). We detected also upregula-
tion of other integrins (e.g. Itga3) in vivo and we would spec-
ulate that deletion of Itga6 over longer time periods, would
be compensated by other integrins. A knock-out mouse of
Itga6 has been reported and develops normal crypts, how-
ever is susceptible to colitis and adenoma formation at later
stages (40). Nevertheless, we were able to interfere with the
ITGA6 receptor in vitro by use of a neutralising antibody,
highlighting its central role.

In recent years, much effort came to define the mechanical
properties for stem cell proliferation and cell compartmental-
ization (17, 41). Our study showed that a changed ECM with
a similar soft stiffness, affects the epithelium via laminin sig-
nalling through the ITGA6 receptor and points away from
a pure physical explanation of the matrix (e.g. changed
stiffness) as the responsible factor for the observed effects.
Therefore a localized ECM-epithelial cell signalling is po-
tentially more crucial for stem cell specification and crypt

Ramadan et al. | June 21, 2021 | 6–17

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 21, 2021. ; https://doi.org/10.1101/2021.04.14.439776doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.14.439776
http://creativecommons.org/licenses/by-nc-nd/4.0/


0.0

0.5

1.0

1.5

Col4a1
Lama1

Lama2
Lama4

Lama5
Lamb1

Lamb2
Lamc1

Vimentin

ex
pr

es
si

on
 re

l. 
to

 m
es

en
ch

ym
e

  
1.5 mg/ml laminin

  
3 mg/ml laminin 5 mg/ml laminin

Matrigel
10mg/ml

collagen I + 
50% Matrigel

(5mg/ml)

la
m

in
in

/e
nt

ac
tin

 
co

lla
ge

n 
IV

3m
g/

m
l

1.
5

m
g/

m
l

co
lla

ge
n 

I 1
m

g/
m

l

a

c

Laminin IF

epithelium
mesenchyme

Lamc1 Col4a1

e19 p7 adult

0.0

0.1

0.2

0.3

0.4

0.5

E17 P0 P7 P14 P42
Time

Ex
pr

es
si

on
 (r

el
. t

o 
R

pl
37

)

Col4a1
Col4a2
Lama1
Lama2
Lama4
Lama5
Lamb1
Lamb2
Lamc1

Col1a1

E17 P0 P7 P14 P42

Col1a1
Lama2
Lamb1
Lama4
Lamc1
Lama1
Lama5
Lamb2
Col4a1
Col4a2

-1 -0.5 0 0.5 1
rel.expression

Col1a1

Lamc1

Col4a1

b

d

f

g

1.5 mg/ml 
collagen IVcollagen I 5 mg/ml Matrigel

h

Ex
pr

es
si

on
 re

l. 
to

 R
pl

37

MslnCol4a1 Ly6a Lgr5 Olfm4

0.00

0.02

0.04

0.06

co
lla

ge
n

1.
5 

la
m

in
in

 3
 la

m
in

in nini
mal 5 5 

M
at

rig
el

 M
at

rig
el

0.0

0.2

0.4

0.6

0.8

co
lla

ge
n

1.
5 

la
m

in
in

 3
 la

m
in

in nini
mal 5 5 

M
at

rig
el

 M
at

rig
el

0.0

0.1

0.2

0.3

co
lla

ge
n

1.
5 

la
m

in
in

 3
 la

m
in

in nini
mal 5 5 

M
at

rig
el

 M
at

rig
el

0.00

0.01

0.02

0.03

0.04

0.05

co
lla

ge
n

1.
5 

la
m

in
in

 3
 la

m
in

in nini
mal 5 5 

M
at

rig
el

 M
at

rig
el

0.0

0.5

1.0

1.5

co
lla

ge
n

1.
5 

la
m

in
in

 3
 la

m
in

in nini
mal 5 5 

M
at

rig
el

 M
at

rig
el

Ex
pr

es
si

on
 re

l. 
to

 R
pl

37

Ly6a Col4a1 Lgr5 Olfm4

0.00

0.05

0.10

0.15

0.20

0.25

co
lla

ge
n

co
lla

ge
n

IV
5 

M
at

rig
el

M
at

rig
el

0.00

0.01

0.02

0.03

co
lla

ge
n

co
lla

ge
n

IV
5 

M
at

rig
el

M
at

rig
el

0.00

0.01

0.02

0.03

co
lla

ge
n

co
lla

ge
n

IV
5 

M
at

rig
el

M
at

rig
el

0.00

0.05

0.10

co
lla

ge
n

co
lla

ge
n

IV
5 

M
at

rig
el

M
at

rig
el

e

Lyz1
Lgr5
Olfm4

Fig. 3. Laminin induces crypt-like structures and is upregulated during crypt formation in vivo. a, Matrigel mainly consists of Laminin and Collagen IV. Single basement
membrane components (laminin/entactin or collagen IV) were added to a 1mg/ml collagen hydrogel. b, Cells grown on collagen were plated on collagen I + laminin (1.5
mg/ml, 3 mg/ml, 5mg/ml) or + Matrigel (5 mg/ml), or collagen or Matrigel alone. Laminin induces morphological changes, as well as a similar downregulation of fetal-like
genes (Col4a1, Ly6a, Msln) and upregulation of stem cell markers (Lgr5, Olfm4), n = 2-4 independent samples per mixture , black scale bar = 200um, white scale bar = 50um.
Black arrow indicates Paneth cells in crypt-like protrusion. c, Cells grown on collagen were plated on collagen I, collagen I + 1.5 mg/ml collagen IV, collagen I + 5 mg/ml
Matrigel or Matrigel alone. n = 3. Scale bar = 100um. d, qRT-PCR analysis of intestinal tissue at different timepoints during development, N=5 mice per time point, height
= mean, error bar = s.e.m. e, Heatmap of qRT-PCR averages scaled for each gene showing that all basement membrane genes cluster together, separate from collagen I
(Col1a1) and are specifically upregulated at P0 (birth) and P7. Intestinal stem cell genes (Lgr5, Olfm4) are upregulated at P7. Paneth cell genes (Lyz1) appear later at P14,
and increase further until P42. f, Laminin immunofluorescence shows increased laminin levels during crypt development, n = 3 mice, scale bar = 45um. g, Intestinal crypts
(without villi) at P7 was EDTA-separated for epithelium and mesenchyme. Vimentin shows enrichment of mesenchymal cells that are absent in the epithelial fraction. Laminin
and collagen IV genes are highly expressed in the mesenchyme with little contribution of epithelial cells, Error bars = s.e.m. h, RNA in situ hybridization (RNAscope) for
Lamc1 and Col4a1 at P0 shows predominant mesenchymal expression, scale bar = 50um. For all bar graphs (b, c, g), each dot represents an independent experiment, bar
height = mean, error bar = s.e.m.
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Fig. 4. Laminin signalling, via Integrin alpha 6, induces crypt formation in vitro and controls intestinal stem cells in vivo. a, An RNAseq dataset (GSE115541 (24))
consisting of epithelial intestinal cells during development shows specific upregulation of laminin receptor encoding genes Itga6, Itga3, Itgb4, Dag1 from E18 onwards. b, RNA
in situ hybridization for Itga6 shows increased expression at P0, with accumulation at the intervillus region. Bottom row shows blue channel images for increased contrast of
the RNA in situ signal. Black arrows indicate inter-villus region and nascent crypts. Scale bar = 50um. c, Cells were grown on collagen and then seeded on collagen I or
collagen I + 5 mg/ml Matrigel (5 Matrigel) mixture with or without addition of ITGA6 neutralising antibody (α-ITGA6). Inhibition of ITGA6 blocks downregulation of fetal-like
markers and blocks increase of stem cell markers. Each dot represents an independent experiment, n = 4. All values are relative (fold change) to its collagen control, scale
bar = 1000 um. d, Ubc-CreERT2 Lamc1loxP/loxP adult mice (>6 weeks old) were injected with tamoxifen to delete Lamc1 throughout the body, and mice were analysed 21
days after injection. e, Trichrome staining shows epithelial phenotype after deletion of Lamc1, scale bar = 200um. f, Fetal-like genes were upregulated whereas stem cell and
Paneth cell markers were downregulated after deletion of Lamc1. Each dot represents independent experiment, n = 4 mice per group, bar height = mean, error bar = s.e.m.
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in vivo

collagen collagen + laminin

E17 P0 adult Lamc1-/-

Ly6a+ cell
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Itga6 Lgr5+ cell

mesenchymal cell

collagen

Fig. 5. Graphical abstract. Parallels between in vitro cultures with different ECMs and in vivo crypt formation and homeostasis. In vitro, adult intestinal cells contain fetal-like
cells (Ly6a+) and few intestinal stem cells (Lgr5+) and grow exclusively in a 2D layer. Addition of laminin induces an increase of Lgr5+ cells and Paneth cells (via ITGA6),
resulting in a morphological crypt formation. In vivo, the mesenchyme dramatically remodels the ECM and increases laminin concentration. Concurringly, epithelial cells
in the inter-villus region upregulate expression of the laminin receptor ITGA6 and progress to form intestinal crypts. Even in the adult, intestinal crypts rely on the laminin
signalling, as depletion of laminin results in a fetal-like epithelium.

formation. Overall, our study highlights a central role of the
ECM in controlling intestinal stem cells and crypt morphol-
ogy during development and in the adult.

Materials and Methods
Mice and crypt isolation. Crypts were isolated from wild
type and Lgr5–EGFP–ires–CreERT2 mice (42) following
previously described methods (2). In vivo experiments per-
formed in Amsterdam were approved by the Animal Ex-
perimentation Committee at the Academic Medical Center
in Amsterdam (ALC102556 and Lex 274, WP 17-1884-1-
01) and performed according to national guidelines. For
Lamc1loxP mouse experiments, husbandry and research
protocols were carried out in accordance with protocol
AUA00003140, which was approved by The Medical Col-
lege of Wisconsin’s Institutional Animal Care and Use Com-
mittee (IACAUC). Ubc-CreERT2 (43, 44) Lamc1loxP/loxPl
(45)mice were induced with four intraperitoneal injections of
1 mg/ml tamoxifen on four consecutive days. Tissue of mice
was harvested 21 days after first injection.

Organoid growth in Matrigel. Small intestinal crypts were
isolated and cultured as previously described (2). Isolated
crypts (via EDTA 2mM) were embedded in growth-factor re-
duced Matrigel (Corning 356231). Medium (ENR) was sup-
plemented with EGF [50ng/ml], conditioned media of Nog-
gin (10%) and conditioned media of Rspo1 (20%). For the
first 48hrs after initial purification, media was supplemented
in addition with CHIR-99021 [5uM] and Rock inhibitor, Y-

27632 [10uM]. Culture medium was changed every other
day. Wn3a-conditioned media was produced from L-Wnt3a
cells in 10% FBS and was added at 50% to ENR medium
(WENR).

Cell growth on collagen. Mouse small intestinal cells were
grown on collagen as previously described (10). First, mouse
intestinal organoids grown in Matrigel were released from
Matrigel by incubation with Cell Recovery solution (BD Sci-
ence #354253) for 30 mins on ice and then mechanically dis-
sociated before being placed on a collagen layer. Collagen
Rat tail type I (Corning 354236) layer was prepared and neu-
tralized to a concentration of 1mg/ml. The collagen mixture
was added to a 6 well plate (1ml/well) and left to gellate
at 37C for 1h. Cells collected from matrigel cultures were
resuspended in medium and plated on top of the hydrogel.
For the initial 48hrs after passaging, the medium was supple-
mented with Rock inhibitor, Y-27632 [10uM]. Medium was
changed every other day. Cells were collected 6 days after
plating in 1 ml PBS and incubated with 60-80 ul collagenase
IV [10mg/ml] (Sigma #C5138-1G) at 37 C for 10 mins, then
washed 3 times in 10 ml PBS. Cell pellets were resuspended
in culture medium and split into a ratio of 1 well/2-3 wells.

Cell growth on collagen:basement membrane com-
ponents. Higher concentrations of Collagen IV (Corning
#354233, 1 mg/ml) were achieved by freeze-drying the sam-
ple in a lyophilizer (ZIRBUS technology) at 0.05 mbar and
-80C for a period of 72h. The dried collagen IV was dis-
solved in Phosphate Buffered Saline solution at a final con-
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centration of 2 mg/ml. Collagen I and basement membrane
components, Matrigel, laminin (Thermo Fisher #10256312)
or Collagen IV, were mixed to create desired concentrations
and added to a 12 well plate (0.5 ml/well), final concentration
of collagen I was 1mg/ml. Cells grown on collagen I (passage
number 2-5) were collected and washed following the previ-
ously mentioned procedure. Pellet was resuspended in 4 ml
of medium and 1 ml was plated on top of each well. For the
initial 48h after passaging, medium was supplemented with
Rock inhibitor, Y-27632 [10uM]. Medium was changed ev-
ery other day (ENR). Cells were collected 4 days after pas-
saging in 1 ml PBS and incubated with 60 ul collagenase IV
[10mg/ml] for 10 mins at 37 C, then placed on ice for 40 mins
before pelleting. For blocking of ITGA-6, collagen-grown
cells were collected and incubated with ITGA-6 neutralizing
antibody (Merck Millipore #MAB1378, clone NKI-GoH3 at
40ug/ml) for 60 mins at 37 C before plating on hydrogels.
Medium was renewed every 48hrs (ENR) with newly added
antibodies and RNA was harvested on day 4.

Immunofluorescence. Immunofluorescence staining was
used to reveal the cellular composition of Matrigel, colla-
gen I and collagen:basement membrane cultures. Samples
were fixed in 4% formaldehyde for 1h, permeabilized with
0.2% Triton-X in PBS for 1h and blocked with Antibody
Diluent (ImmunoLogic #VWRKUD09-999) for 30 mins.
The following antibodies were used, Lysozyme EC 3.2.1.17
(1:200, DAKO #A0099), AldolaseB EPR3138Y(1/200, ab-
cam #ab75751), Ly6a-APC (1/200, eBioscience 17-5981-
81). Snap frozen mouse intestinal tissue (E19, P0 and adult)
were cut at a thickness of 10 um using a cryostat and trans-
ferred onto Superfrost microscope slides. Sections were fixed
with 4% PFA for 10 mins at RT, permeabilized with 0.2%
Triton-X100 for 10 mins and blocked with Antibody Diluent
for 10 mins. Slides were incubated with Laminin Polyclonal
Antibody (1/200, Thermo Fisher #PA5-22901) overnight at
4C. Images were taken using the Leica TCS SP8 X micro-
scope.

RNAscope. Formalin-fixed paraffin embedded (FFPE-)
slides (5um) were prepared and stained according to the
manufacturer’s instruction with RNAscope Detection kit
2.5 (brown) with the following probes, Mm-Lamc1 (ACD
#517451) and Mm-Col4a1 (ACD #412871) and Mm-Itga6
(ACD #441701).

Flow Cytometry and FACS. Cells grown on collagen were
collected in 0.5ml PBS and incubated with 80ul of collage-
nase IV [10 mg/ml] for 10 mins at 37C. After 2 wash steps
with PBS, the cells were dissociated into single cells by in-
cubation with 1ml TrypLE Express for 15 mins at 37C with
mechanical dissociation after 10 mins. Cells were then incu-
bated with anti-mouse Ly6a-APC (1/1000, eBioscience #17-
5981-81) for 30 mins on ice. For sorting and plating of cells,
10k cells/25ul Matrigel/well were plated and incubated with
GSK-3 inhibitor, Chir-99021 [5um] and Rock inhibitor, Y-
27632 [10uM] for the first 48hrs.

Single cell RNAseq. Organoids grown in Matrigel and cells
grown on collagen, both derived from the same organoid
line, were collected 4 days after passaging and digested with
TrypLE (Invitrogen) for 20 min at 37°C. Cells were passed
through a cell strainer with a pore size of 20 µm. Cells were
sorted (3000 single, living cells) by fluorescence-activated
cell sorting (FACS/ SONY sorter), manually counted and
adjusted, and processed using 10x Chromium Single Cell
3’ Reagent Kits v3 library kit. Reads were de-multiplexed,
aligned to the GRCm38/mm10 reference genome (‘refdata-
cellranger-mm10-3.0.0’) and counted using the 10x Ge-
nomics Cellranger software (v3.1.0). Raw count matrices
were analysed with the Seurat library (46)in R. Cells express-
ing less than 1000 genes or more than 15% mitochondrial
genes were removed.

RNAseq. Organoids grown in Matrigel were derived from 3
individual mice (n = 3) and subsequently grown on collagen
supplement with ENR or WENR, in collagen with WENR
and in Matrigel supplemented with ENR or WENR and were
collected for RNA isolation 4 days after passaging. The qual-
ity was assessed using the Agilent RNA ScreenTape Assay.
RNA-seq libraries were prepared with the KAPA mRNA Hy-
per Prep Kit (KAPA Biosystems) using 550 ng of total RNA
and sequenced on Illumina Hiseq4000 (single read, 50bp).
The reads were aligned to the GRCm38/mm10 reference
genome via Rsubread (47) and the reads quantified by fea-
turecounts (48). The raw counts were further analysed with
DESeq2 (49) and gene-set enrichment analysis was used with
the fgsea package (50). RNAseq dataset of epithelial, fetal
intestine, GSE115541 (24) was similarly analysed with DE-
seq2.

Code and Data availability. All code and necessary
processed data used for the analysis can be found at
https://github.com/davidhuels/collagen_
matrigel_project. The raw data from RNAseq can be
found on Array Express E-MTAB-10082.

Stiffness Young’s Modulus. Young’s modulus was deter-
mined with a displacement-controlled nanoindenter (Piuma,
Optics 11). A spherical probe with a radius of 50 um and a
cantilever stiffness of 0.5 N/m. All measurements were per-
formed with a 1mm layer of hydrogel covered with PBS ac-
cording to the manufacturer protocol.

Tissue clearing (Ce3D). Tissue clearing was realised fol-
lowing the Clearing enhanced 3D microscopy (Ce3D) pro-
tocol (51).Briefly, 20 ml of Ce3D clearing solution was
prepared in a fume hood by dissolving Histodenz (86%
(w/v), Sigma) in 40% N-methylacetamide (Sigma-Aldrich
#M26305) in PBS. The mixture was placed at 37 C for
72h or until fully dissolved. Triton-X100 (0.1% v/v) and
1-thioglycerol (0.5% v/v, company ) were added to the
dissolved mixture. Mouse intestinal tissue (E19, P0 and
adult) was isolated, cut open longitudinally, pinned and fixed
overnight in 4% PFA at 4 C. Fixed tissues were incubated in
a blocking buffer containing 1% bovine serum albumin and
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0.3% Triton-X100 overnight on a shaker. Tissues were then
incubated with Laminin (1:100, ThermoFisher #PA5-22901)
and EpCAM (1:100, Biolegend #324221) in Ce3D solution
for 72h on a shaker. Tissues were washed with PBS and
incubated with Ce3D clearing solution for 48h on a shaker.
Cleared tissues were incubated with Hoechst (1:1000) for 8h
before mounting with Ce3D solution and imaging using the
Leica TCS SP8 X microscope.

qRT-PCR. Cells cultured in Matrigel, on collagen or on col-
lagen:basement membrane hydrogels were collected 4 days
after passaging following the previously described protocols.
Mouse intestine whole tissue, mesenchymal fraction and ep-
ithelial fraction were isolated and digested following previ-
ously reported procedures. RNA was isolated using the Nu-
cleoSpin RNA kit (BIOKE #MN740955250) following the
manufacturers’ guidelines. Reverse transcription was per-
formed using the SuperScriptTM III First-Strand Synthesis
Mix (Thermo Fisher #18080085)) on isolated RNA to ob-
tain complementary DNA (cDNA). All quantitative reverse
transcription-polymerase chain reactions (qPCR) were per-
formed using the SYBR green detection system, each sample
was run with 2 technical replicates. The primer sequences are
provided in Supplemental Table 1.

qRT-PCR of Lamc1 mouse model. Intestinal epithelium
and mesenchyme were separated by incubation of tissue frag-
ments in ice cold BSS buffer (1mM KCl, 96mM NaCl, 27mM
Sodium Citrate, 8mM KH2PO4, 5.6mM Na2HPO3, 15mM
EDTA) containing protease and phosphatase inhibitors at
4°C with vigorous shaking for 30minutes. Sheets of mes-
enchyme are then removed with forceps. Total RNA from
epithelial cells was DNase treated with EZ-DNase (Invitro-
gen). Superscript VILO master mix (Invitrogen) was used
to synthesize cDNA. TaqMan assays and TaqMan Gene
Expression Master Mix (Applied Biosystems) were used
to measure gene expression: LamC1 (Mm00711820_m1),
Anxa1 (Mm00440225_m1), Col4a1 (Mm01210125_m1),
Ly6a (Mm00726565_s1), Msln (Mm00450770_m1), Lyz1
(Mm00657323_m1), Olfm4 (Mm01320260_m1), and LGR5
(Mm00438890_m1). GAPDH (4351309) was used for nor-
malization.
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Supplementary Data

Table S1. qRT-PCR primer list.

Gene Forward primer Reverse primer
Col4a1 CAGGACTTGGGTACGGCTG CTTCACAAACCGCACACCTG
Col4a2 GTGTCGCAGGGAGTCCGAA GCTCGATCCCTTCCTAACCTCA
Basp1 GCACCCAAAGCCGAACTCC GTCGTTCACATTGTAGCCCTTC
Anxa1 GGAGAAAGGGGACAGACGTG TGGCACACTTCACGATGGTT
Ly6a AGGAGGCAGCAGTTATTGTGG CGTTGACCTTAGTACCCAGGA
Msln GGTCCTGTGGAAGTCCCATC GGGGAGACTGGCAAAGTCAG
Lyz1 GAGACCGAAGCACCGACTATG CGGTTTTGACATTGTGTTCGC
Lyz2 ATGGAATGGCTGGCTACTATGG ACCAGTATCGGCTATTGATCTGA
Lgr5 TTCGTAGGCAACCCTTCTCT TCCTGTCAAGTGAGGAAATTCA
Olfm4 GCCACTTTCCAATTTCAC GAGCCTCTTCTCATACAC
Axin2 CCATGACGGACAGTAGCGTA CTGCGATGCATCTCTCTCTG
Alpi CACAGCTTACCTGGCACTGA GGTCTCTGACGACAGGGGTA
Ascl2 CTACTCGTCGGAGGAAAG ACTAGACAGCATGGGTAAG
Muc2 CTGACCAAGAGCGAACACAA CATGACTGGAAGCAACTGGA
Lama1 CAGCGCCAATGCTACCTGT GGATTCGTACTGTTACCGTCACA
Lama2 TCCCAAGCGCATCAACAGAG CAGTACATCTCGGGTCCTTTTTC
Lama4 AGTGTCGCAAGCAAGATCCA TGCTTCCGAGGTAGAGGACA
Lama5 GCTGGCGGAGATCCCAATC GTGTGACGTTGACCTCATTGT
Lamb1 GAAAGGAAGACCCGAAGAAAAGA CCATAGGGCTAGGACACCAAA
Lamb2 CCCCGTCCTTGGATGTACCT CAGTAGGGTTGAGGGCTATGC
Lamc1 GCCGCCAATGTGTCAATCAC GCCTCAGCTGAAGTCTCGTT
Intga6 TGCAGAGGGCGAACAGAAC GCACACGTCACCACTTTGC
Rpl37 GTAAGCGTCGCAACAAGACG TTTAGGTGCCTCATCCGACC
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Fig. S1. a, Stiffness measurement (Young’s modulus) was measured with a Nanoindenter (Piuma - Optics 11) on collagen or Matrigel
hydrogel in PBS at room temperature. Technical measurements from the same sample were averaged, and repeated with new hydro-
gels (n=2). b, collagen cultures require the addition of R-spondin for long-term growth. Images after 1 passage with EN (EGF, Noggin)
or ENR (EN+R-spondin). Scale bar = 1000um. c, Schematic of experimental design of RNAseq of 2D and 3D collagen cultures,
with/without addition of Wnt3a-CM (50%). Scale bar = 400um. d, Heatmap of Mustata fetal gene signature (13), selected for highly
variable genes (sd >1.5), shows that all collagen cultures are enriched for fetal-like genes, whereas Matrigel cultures are enriched for
adult-genes. Addition of Wnt3a decreases expression of adult-genes in collagen cultures. ENR = EGF, Noggin, R-spondin. WENR
= Wnt3a-CM (50%) + ENR. e, PCA of Matrigel culture, 2D and 3D collagen culture, all with addition of Wnt3a shows that collagen
cultures cluster together, separated from the Matrigel culture, n = 2-3 samples per group, derived from different mice. f, Expression
of Wnt target gene (Axin2), enterocyte gene (Alpi), stem cell marker (Ascl2) and goblet cell marker (Muc2). Each dot represents an
independent sample, bar height = mean, error bar = s.e.m.
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Fig. S2. a, scRNAseq of Matrigel cultures. Clusters as described and as shown in Fig.2a. Violinplot shows expression of cell lineage
genes per cluster. Expression of individual cell lineage genes overlaid in tSNE-plot. b, scRNAseq of collagen cultures. Clusters as
described and as shown in Fig. 2b. Violinplot shows expression of cell lineage genes per cluster. Expression of individual cell lineage
genes overlaid in tSNE-plot.
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Fig. S3. a, Differentiated Paneth cells (Lysozyme+) and enterocytes (Aldolase B+) are present in Matrigel as well as in collagen cultures.
Scale bar = 100um. b, Cells expressing fetal-like genes (Ly6a, Clu, Msln, Anxa1) are highly enriched in cluster 7. c, Clustering analysis
of cells from Matrigel and collagen combined (small insert). For visualisation, tSNE plot is split by origin of cells, either Matrigel or
collagen. Dark grey points are nearly exclusively derived from Matrigel, and light grey dots are nearly exclusively derived from collagen.
Secretory cells (orange-red) cluster together indicating a similar transcriptional profile irrespective of the matrix they are grown in. d,
Representative flow cytometry for Lgr5-GFP and LY6A-APC on small intestinal cultures from Matrigel and collagen ( n = 2). e, There
were no cells stained positive for LY6A that also expressed Lgr5-GFP (Q2) indicating independent cell lineages.
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Fig. S4. a, RNA in situ (RNAscope). RNA in situ hybridization for Laminin C1 and Col4a1 shows highest expression at birth (p0 -
as shown in Fig. 3h) and is nearly exclusively found in the mesenchyme. Scale bar = 50um. b, Cleared tissue (with Ce3D protocol)
from small intestine 7 days after birth (P7) shows underlying laminin network, in the villi (top) and surrounding nascent crypts (bottom).
c, RNAseq analysis of small intestinal epithelial cells during development (GSE115541) (24) shows expression of genes encoding
Integrins and Dystroglycans. Top cluster of genes shows change in expression between E12-E16 and E18-Adult and is highlighted in
Figure 4A.

Ramadan et al. | June 21, 2021 | 17–17

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 21, 2021. ; https://doi.org/10.1101/2021.04.14.439776doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.14.439776
http://creativecommons.org/licenses/by-nc-nd/4.0/

