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Abstract

The intestinal epithelium is perpetually renewed from a stem cell niche in the base of crypts to maintain a healthy
bowel mucosa. Exit from this niche and maturation of epithelial cells requires tightly controlled gradients in BMP
signalling, progressing from low BMP signalling at the crypt base to high signalling at the luminal surface. The
BMP antagonist gremlin 1 (Grem1) is highly expressed by subepithelial myofibroblasts adjacent to the intestinal
crypts but its role in regulating the stem cell niche and epithelial renewal in vivo has not been explored. To
explore the effects of Grem1 loss in adulthood following normal growth and development, we bred mice
(ROSA26CreER—6r6m1ﬂX/ﬂX) in which Grem1 could be deleted by tamoxifen administration. While Grem1
remained intact, these mice were healthy, grew normally, and reproduced successfully. Following Grem1 deple-
tion, the mice became unwell and were euthanised (at 7-13 days). Post-mortem examination revealed extensive
mucosal abnormalities throughout the small and large intestines with failure of epithelial cell replication and
maturation, villous atrophy, and features of malabsorption. Bone marrow hypoplasia was also observed with asso-
ciated early haematopoietic failure. These results demonstrate an essential homeostatic role for gremlin 1 in
maintaining normal bowel epithelial function in adulthood, suggesting that abnormalities in gremlin 1 expression
can contribute to enteropathies. We also identified a previously unsuspected requirement for gremlin 1 in normal
haematopoiesis.

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of Pathological Society of Great
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Introduction

The intestinal mucosa is covered by a perpetually self-
renewing layer of epithelium that is sustained by intestinal
epithelial stem cells in each crypt’s base. This stem cell
niche is tightly controlled by key regulatory signals that
are involved in intestinal stem cell renewal and differentia-
tion, including Wnt, bone morphogenetic protein (BMP),
and notch pathways [1,2]. Strict gradients of interacting
morphogens control the exit of stem cell progeny from the
niche driven by high Wnt and low BMP signalling in the
lower half of the crypt, before progressively differentiating
into post-mitotic specialised cells, controlled by low Wnt
and high BMP signalling at the luminal surface [3].

A number of proteins that antagonise BMP functions
including gremlin 1 (GREM1), gremlin 2 (GREM2),
and noggin (NOG) are expressed locally by subepithelial
myofibroblasts adjacent to the intestinal crypts. In vitro
BMP antagonists are essential for culture of intestinal
organoids or crypts, suggesting that the normal Wnt—

BMP gradient requires the restricted paracrine secretion
of these antagonists [4,5]. Of these BMP antagonists,
gremlin 1, encoded by GREM 1, which blocks BMP-2,
BMP-4, and BMP-7 signalling, has been most directly
linked to disease pathogenesis [6]. Human mixed poly-
posis syndrome is caused by a 40 kbp genetic duplica-
tion that results in excessive epithelial expression of
GREM1 mRNA and transgenic overexpression of
Greml initiates intestinal tumourigenesis in animal
models [4,7]. Furthermore, GREM1 mRNA is highly
expressed in the stroma of common colon cancers
[7,8]. Taken together, those studies suggest that reducing
GREM 1 mRNA (and thus protein) expression or inhibit-
ing GREM 1 function may be a novel therapeutic strategy
in intestinal disorders characterised by dysregulated
Wnt—BMP signalling or aberrant gremlin 1 expression.
In contrast to the well-described role of increased
GREMI1 mRNA in disease pathogenesis, no studies to
date have reported pathogenetic effects of reduced
GREMI mRNA in the bowel. The importance of the
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Figure 1. Ubiquitous Grem1 deletion in adulthood is lethal and the effects manifest acutely in the bowel. (A) Representative image of the
normal intestinal tract of a gremlin 1 (Grem1) intact (Grem 7"™) mouse and an image of an abnormal intestine from a Grem1 depleted
mouse (Grem1%?)) following exposure to tamoxifen. It shows thin transparent intestinal walls distended by clear pale yellow gelatinous
material and a loss of mesenteric fat. (B) Kaplan-Meier survival curves of ROSA26CreER-Grem 1™ mice on a normal diet (Grem 7™,
n = 20) or a tamoxifen diet (Grem1%P n = 20, p < 0.001, log-rank test). Numbers on the graph indicate the number of mice remaining
at the end of each day of the tamoxifen diet. (C) Grem7 mRNA assayed by RT-qPCR in small intestines of Grem1 intact (Grem 1™,
n = 8) and Grem1 depleted (Grem 17", n = 8) mice. (D) Gremlin 2 (Grem2) mRNA assayed by RT-qPCR in small intestines of Grem1 intact

(Grem 1™ n = 8) and Grem1 depleted (Grem 19"’ n = 8) mice. (E) Noggin (Nog) mRNA assayed by RT-gPCR in small intestines of Grem1

intact (Grem 1™t n = 8) and Grem1 depleted (Grem 1%/

individual BMP antagonists in intestinal homeostasis
in vivo has not previously been investigated. To assess
the role of Greml in intestinal epithelial homeostasis,
we induced widespread Greml deletion in adult mice,
at a stage when normal growth and development were
complete, by using tamoxifen-activated cre recombinase
(ROSA26CreER-GremIﬂ/ﬂ), thus circumventing the
perinatal lethality caused by complete loss of Greml in
utero [9]. Our results demonstrate that Greml plays an
indispensable role in maintaining the normal bowel epi-
thelium. Unexpectedly, we also discovered an essential
role for Greml in haematopoiesis.

Materials and methods

Adult male mice (sexually mature, 3—6 months old)
expressing tamoxifen-activated cre recombinase driven
by the ubiquitously expressed ROSA26 promoter and
in which the coding sequence of both alleles of Greml
had been flanked by loxP sites (ROSA26CreER-
GremP™) were given dietary tamoxifen to induce
Greml depletion [10,11]. At the end of the experimental
protocols, mice were deeply anaesthetised and then
euthanised by cervical dislocation. Systematic post-
mortem examinations were undertaken and tissues fixed
for histological examination. Marrow was isolated from
the femur and tibia to count total cell numbers. In further
mice, organs were removed post-mortem and immedi-
ately flash frozen for later analysis of mRNA. All proto-
cols were approved by the UCD Animal Research Ethics
Committee and licensed by the Department of Health,
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, n = 8) mice.

Ireland. Detailed methods may be found in supplemen-
tary material, and methods.

Results

In the absence of tamoxifen, adult ROSA26CreER-
Grem™ mice remained well for periods up to
18 months, successfully mated, and produced healthy
offspring with equal numbers of male and female pups.
When adult mice were fed tamoxifen to induce gremlin
1 depletion (Grem19"), they initially appeared healthy.
However, after 12-13 days of administration the first
four mice given tamoxifen died unexpectedly. Post-
mortem examination of these revealed markedly dilated
intestines, with a translucent intestinal wall, that con-
tained watery yellow or gelatinous fluid mixed with
small amounts of white digesta (Figure 1A).

Following this, an intensive monitoring regimen was
instituted, and any mice given tamoxifen that lost more
than 25% of body weight or appeared unwell were
euthanised after periods ranging from 7 to 12 days. All
of the matched ROSA26Cre-Grem]fl/ﬂ mice in the con-
trol groups fed a normal diet (Grem1™““") remained well
(Figure 1B). Greml mRNA expression was markedly
reduced (Figure 1C) in the intestines of Greml 4rl mice
(n=8) when compared with the GremI"™ " mice
(n = 8). Expression of Grem2 and Noggin (Nog), the
two other BMP antagonists that are expressed in intesti-
nal crypts and also block BMP-2, BMP-4, and BMP-7,
was unchanged [12,13]. Wild-type mice and mice
expressing the tamoxifen-inducible ROSA26 Cre
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Figure 2. Attenuated Grem1 expression was associated with epithelial cell abnormalities, villus stunting, and loss of crypts in the small intes-
tines of Grem 1%’ mice. (A-P) Representative images of the stomach (first row) and small intestine (rows 2-4) of gremlin 1 intact (Grem 1<)
(first and second columns) and gremlin 1 depleted (Grem19”) mice (third and fourth columns). (A-D) The stomachs of both Grem 1™ and
Grem 1% mice were normal. (E-P) The intestine of Grem1°*' mice showed marked villus stunting and multifocal collapse and loss of crypts
in the duodenum (E-H), jejunum (I-L), and ileum (M-P) in comparison to Grem 1™ controls. The mucosal epithelial lining of the intestine con-
sisted of disordered, large polygonal cells. (B, F, J, N) /n situ hybridisation (ISH) revealed Grem1 mRNA expression as punctate brown labelling
outside the base of the crypts and along the muscularis mucosa of the stomach (B) and intestine (F, J, N) of Grem 1™ mice. Similar but less
intense labelling was shown in the submucosa and the tunica muscularis. (D, H, L, P) In contrast, no GremT mRNA labelling was found in the
stomach (D) or intestine (H, L, P) of Grem 19"’ mice. First and third columns, H&E staining; second and fourth columns, ISH for Grem7 mRNA,

counterstained with Mayer's haematoxylin. Scale bar = 50 pm (20X objective, numerical aperture 0.75).

recombinase alone (i.e. in the absence of floxed Greml
alleles) remained well during tamoxifen administration
(data not shown), in keeping with previous reports [14].

A group (n=8) of GremI®"" mice was examined
post-mortem and compared with GremlI™ mice
(n = 6). Dilated translucent intestines filled with clear
or yellow gelatinous material were observed in four of
the eight Greml depl mice, similar to the four mice ini-
tially exposed to tamoxifen that had died unexpectedly.
Histopathological examination of the stomach was nor-
mal (Figure 2). However, examination of the duodenum,
jejunum, and ileum revealed marked villous stunting and
loss (Figure 2). The epithelial lining was mainly intact
but consisted predominantly of large polygonal and
cuboidal cells of varying sizes with abundant cytoplasm
and large, centrally located nuclei and evidence of

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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arrested cell proliferation (supplementary material,
Figure S1). Crypts were collapsed or lost at multiple
sites, while those that remained were lined by abnormal
epithelial cells and frequently had no lumen (Figure 2).
Mitotic figures were rarely observed in the crypt-lining
cells of Grem1" mice and there was marked reduction
of Ki67 expression, indicating reduced cell replication
(supplementary material, Figure S1C,D).

The caecum and colon of GremI“’’ mice showed
similar widespread changes of the epithelial cells, with
varying mucosal thickness and more superficial, abnor-
mal crypts (Figure 3 and supplementary material,
Figure S1). Mitotic figures were infrequent in the crypt
epithelium. Staining for proteoglycans (Alcian blue) in
the large intestine illustrated a loss of regularly arranged
goblet cells (supplementary material, Figure STE-H).
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Figure 3. Grem1 depletion induced widespread changes in the large intestinal epithelium, with superficial, abnormal crypts that were reduced
in number. (A-H) Representative images of the caecum (first row) and colon (second row) of gremlin 1 intact (Grem 1) mice (first and
second columns) and gremlin 1 depleted (Grem 1°”') mice (third and fourth columns) illustrate the simple columnar epithelial cells and goblet
cells in Grem 1" mice which were replaced by large polygonal cells with abundant eosinophilic cytoplasm and a centrally located large
round-to-oval nucleus in Grem 1%’ mice. (A, C, E, G) Crypts were pushed to the surface or lost in the caecum and colon of Grem 1"’ mice
in comparison to the caecum and colon of Grem 1" mice. (B, F) In situ hybridisation demonstrated Grem1 mRNA expression as punctate
brown labelling at the base of the crypts, along the muscularis mucosa, with occasional brown dots in the submucosa and the tunica mus-
cularis of the caecum and colon of Grem 1" mice. (D, H) In contrast, no Grem1 mRNA labelling was found in the caecum or colon of Grem 1-
P! mice. First and third columns, H&E staining, scale bar = 25 um (40X objective, numerical aperture 0.95); second and fourth columns, ISH
for Grem1 mRNA, counterstained with Mayer's haematoxylin, scale bar = 50 um (20x objective, numerical aperture 0.75).
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Figure 4. Grem1 is essential for normal bone marrow function. (A) Image of the normal bone marrow of a Grem1 intact (Grem 779 mouse
(left) showing marked cellular reduction, with replacement of the marrow by large blood-filled sinuses in a Grem1 depleted (Grem19°P))
mouse (right). H&E, scale bar = 25 pm (40X objective, numerical aperture 0.95). (B) Total number of cells obtained from the long bones of
the legs of Grem 1 (n = 6) and Grem1%®' (n = 8) mice. (C) Grem1 mRNA expression in bone marrow-derived macrophages of Grem 17t
(n = 6) and Grem1°*' (n = 6) mice. (D) Peripheral blood reticulocyte count in Grem 17"“* (n = 6) and Grem 1%’ (n = 6) mice. Median (IQR) rel-
ative to mean value in the Grem 1" group. Statistical comparisons were made using a Mann-Whitney U-test.
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Grem1"*" mice showed normal mucosal structures in

the caecum and colon. Serum urea, creatinine, and cho-
lesterol were significantly reduced in Greml“"" mice
(supplementary material, Table S1), compatible with
malabsorption and loss of muscle mass.

In GremI™““" mice, Greml mRNA expression was
seen in pericryptal fibroblasts and in the muscularis
mucosa along the entire gastrointestinal tract but most
prominently in the ileum (Figures 2 and 3). Similar,
but less intense Greml ISH staining was observed in
stromal cells of the submucosa and in the tunica mus-
cularis (supplementary material, Figure S2), in keeping
with previous findings in the normal gastrointestinal
tract [4,5,7,8,15,16]. In the GremI“”" mice, Greml
expression was markedly and extensively reduced
throughout the gastrointestinal tract (Figures 2 and 3),
although Greml expression was seen occasionally in
small clusters of cells (supplementary material,
Figure S3B,D).

The second major abnormality noted in GremI®”
mice was that the four mice affected by the intestinal
changes showed severe depletion of myeloid, lymphoid,
and erythroid lineages in the bone marrow with replace-
ment of cells by large vascular sinuses, an appearance
similar to aplastic anaemia (Figure 4A). Only scattered
small groups of progenitor cells and megakaryocytes
remained in the bone marrow. The number of bone mar-
row cells isolated from Grem1 4erl mice was significantly
less than that from GremI”"“ mice (Figure 4B). Bone
marrow cells obtained from the GremI%”' mice had
reduced GremI mRNA expression when compared with
Grem1™*“" mice (Figure 4C). The peripheral blood
reticulocyte count (Figure 4D) was reduced in Greml depl
mice compared with GremI""*“" mice (supplementary
material, Table S2), compatible with the early stages of
failure of erythropoiesis.

Histological examination of the liver, kidneys, adre-
nal glands, spleen, testes, lungs, and heart was normal
in all Grem1”! mice (data not shown).

Discussion

Our findings show for the first time that gremlin 1 plays
an essential role in the maintenance of mucosal function
in the adult bowel in vivo. Taken together with previous
evidence that BMP signalling is required for mainte-
nance of normal bowel structure and function [17], our
results demonstrate that carefully regulated interactions
of both the ligands and the antagonist are needed for a
healthy bowel in vivo. Disruption of this balance may
contribute to tumour development, as previously dem-
onstrated, but may also play a role in enteropathies char-
acterised by mucosal atrophy and failure.

The severe disruption of bowel structure and function
that we observed after Grem/ depletion contrasts sharply
with the absence of bowel disturbance reported by Davis
et al [4] following Greml depletion induced using a
different, tamoxifen-inducible cre-recombinase (CAGG-

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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CreErT2), which was at least as effective as the
ROSA26-CreERT2 that we used. Differences in the
genetic backgrounds of the different mouse colonies
may explain the very different phenotypes. Another
potential explanation for the differences is that the
bowel abnormalities were secondary to immunosuppres-
sion caused by the bone marrow failure that we found.
This failure was unexpected since even though Grem!
is expressed in the normal marrow [15,18], a require-
ment for GremlI in normal haematopoiesis has not pre-
viously been reported. However, the peripheral blood
white cell counts were unchanged at the time our mice
became unwell and histopathological examination did
not show the epithelial ulceration, bacterial invasion,
and necrosis typical of neutropenic enterocolitis
[19]. Interestingly, in a paper published while our man-
uscript was under review, McCarthy et al [20] reported
that ablation of Greml-expressing cells in the small
intestinal wall (achieved using a tamoxifen-inducible
diphtheria toxin receptor regulated by the Greml pro-
moter) produced a small intestinal phenotype closely
similar to that which we report. Taken together with
our data, this suggests that the bowel abnormalities were
a result of the direct effects of Grem! loss in the bowel.
It is also worth noting that although Davis et al [4] did
not find any bowel abnormality in the absence of other
genetic mutations, they observed a reduced polyp bur-
den following Greml depletion in mice carrying a
tumour-promoting mutation of the adenomatous polypo-
sis coli locus, a finding compatible with the role for
Greml in the regulation of epithelial proliferation that
we found.

The abnormalities caused by Greml depletion were
seen only in tissues with very rapid turnover, i.e. bowel
epithelium and bone marrow cells. Thus, even though
we found no abnormalities in any other organs, Greml
may have important functions in those organs that were
not manifested because of the rapidly fatal effects of
Greml loss in the bowel and marrow.

In summary, our results demonstrate for the first time
an essential homeostatic role for gremlin 1 in the mainte-
nance of normal bowel function in adulthood in vivo and
demonstrate a previously unsuspected, essential require-
ment for normal gremlin 1 expression in bone marrow
function. Moreover, our findings show that gremlin 1 is
non-redundant among the BMP antagonists. Taken
together, our findings suggest that abnormally reduced
or increased expression of gremlin 1 may play a signifi-
cant role in disease development in the gastrointestinal
tract and bone marrow.

Acknowledgements

This work was funded by grants from the Health
Research Board Ireland (POR/2012/65) and Science
Foundation Ireland (SFI 12/1A/1477). We gratefully
acknowledge the expert technical assistance of Mr Brian
Cloak and Ms Janet McCormack.

J Pathol 2020; 251: 1 17-122
www.thejournalofpathology.com


http://www.pathsoc.org
http://www.thejournalofpathology.com

122 SC Rowan, H Jahns et al

Author contributions statement controlling metanephric kidney and limb organogenesis. Development
2004; 131: 3401-3410.

10. Olson LE, Soriano P. Increased PDGFRa activation disrupts connec-

SCR and PMcL were resp0n51ble for concep tualisation. tive tissue development and drives systemic fibrosis. Dev Cell 2009;

SCR, JC, LP, LM, and PMcL were responsible for meth- 16: 303-313.

OdOIOgY- SCR, HJ, LM, JC, LP, RD, SF, and JJC con- 11. Gazzerro E, Smerdel-Ramoya A, Zanotti S, et al. Conditional deletion
ducted Investigations. SCR, HIJ, LP, and PMcL wrote of gremlin causes a transient increase in bone formation and bone
the original draft. SCR, HJ, LM, LP, JC, RD, SF, and mass. J Biol Chem 2007; 282: 31549-31557.

JJC reviewed and edited the manuscript. SCR, HJ, JC, 12. Sudo S, Avsian-Kretchmer O, Wang LS, et al. Protein related to DAN
LP, and PMcL were responsible for visualisation. SCR and cerberus is a bone morphogenetic protein antagonist that partici-
and PMcL were in charge of project administration. pates in ovarian paracrine regulation. J Biol Chem 2004; 279:
PMcL acquired funding. 23134-23141.

13. Zimmerman LB, De Jesus-Escobar JM, Harland RM. The Spemann
organizer signal noggin binds and inactivates bone morphogenetic
protein 4. Cell 1996; 86: 599-606.

14. Wilson CH, Gamper I, Perfetto A, et al. The kinetics of ER fusion pro-

References tein activation in vivo. Oncogene 2014; 33: 4877-4880.

1. Medema JP, Vermeulen L. Microenvironmental regulation of stem 15. Worthley DL, Churchill M, Compton JT, et al. Gremlin 1 identifies a
cells in intestinal homeostasis and cancer. Nature 2011; 474: skeletal stem cell with bone, cartilage, and reticular stromal potential.
318-326. Cell 2015; 160: 269-284.

2. QiZ,LiY, Zhao B, et al. BMP restricts stemness of intestinal LgrS+ 16. Dutton LR, Hoare OP, McCorry AMB, et al. Fibroblast-derived
stem cells by directly suppressing their signature genes. Nat Commun Gremlinl localises to epithelial cells at the base of the intestinal crypt.
2017; 8: 13824. Oncotarget 2019; 10: 4630-4639.

3. Hardwick JC, Van Den Brink GR, Bleuming SA, et al. Bone morpho- 17. Singbrant S, Karlsson G, Ehinger M, et al. Canonical BMP signaling
genetic protein 2 is expressed by, and acts upon, mature epithelial is dispensable for hematopoietic stem cell function in both adult and
cells in the colon. Gastroenterology 2004; 126: 111-121. fetal liver hematopoiesis, but essential to preserve colon architecture.

4. Davis H, Irshad S, Bansal M, et al. Aberrant epithelial GREMI Blood 2010; 115: 4689-4698.
expression initiates colonic tumorigenesis from cells outside the stem 18. Passa O, Tsalavos S, Belyaev NN, er al. Compartmentaliza-
cell niche. Nat Med 2015; 21: 62-70. tion of bone morphogenetic proteins and their antagonists

5. Kosinski C, Li VS, Chan AS, et al. Gene expression patterns of in lymphoid progenitors and supporting microenvironments
human colon tops and basal crypts and BMP antagonists as intestinal and functional implications. Immunology 2011; 134:
stem cell niche factors. Proc Natl Acad Sci U S A 2007; 104: 349-359.

15418-15423. 19. Wade DS, Nava HR, Douglass HO Jr. Neutropenic enterocolitis. Clin-

6. Church RH, Krishnakumar A, Urbanek A, et al. Gremlinl preferen- ical diagnosis and treatment. Cancer 1992; 69: 17-23.
tially binds to bone morphogenetic protein-2(BMP-2) and BMP-4 20. McCarthy N, Manieri E, Storm EE, e? al. Distinct mesenchymal cell
over BMP-7. Biochem J 2015; 466: 55—68. populations generate the essential intestinal BMP signaling gradient.

7. Jaeger E, Leedham S, Lewis A, et al. Hereditary mixed polyposis syn- Cell Stem Cell 2020; 26: 391, €395-402.
drome is caused by a 40-kb upstream duplication that leads to 21. Badea TC, Wang Y, Nathans J. A noninvasive genetic/pharmacologic
increased and ectopic expression of the BMP antagonist GREM1. strategy for visualizing cell morphology and clonal relationships in
Nat Genet 2012; 44: 699-703. the mouse. J Neurosci 2003; 23: 2314-2322.

8. Sneddon JB, Zhen HH, Montgomery K, et al. Bone morphogenetic 22. Fiette L, Slaoui M. Necropsy and sampling procedures in rodents.
protein antagonist gremlin 1 is widely expressed by cancer-associated Methods Mol Biol 2011; 691: 39-67.
stromal cells and can promote tumor cell proliferation. Proc Natl Acad 23. Lu TL, Chang JL, Liang CC, et al. Tumor spectrum, tumor latency
Sci U S A 2006; 103: 14842—-14847. and tumor incidence of the Pten-deficient mice. PLoS One 2007; 2:

9. Michos O, Panman L, Vintersten K, et al. Gremlin-mediated BMP el237.
antagonism induces the epithelial-mesenchymal feedback signaling References 21 — 23 are cited only in the supplementary material.

SUPPLEMENTARY MATERIAL ONLINE

Supplementary materials and methods
Supplementary figure legends

Figure S1. Grem1 depletion induces widespread changes to the intestinal epithelium and reduces indices of proliferation. Representative images of the
(A-D) jejunum, (E, F) caecum, and (G, H) colon of Grem1™““" (first column) and Grem "’ mice (second column)

Figure S2. Greml mRNA expression in stromal cells throughout the gastrointestinal tract in Grenm ™ mice. Representative images of ISH for Grem1
mRNA in the (A) stomach, (B) duodenum, (C) jejunum, (D) ileum, (E) caecum, and (F) colon of Grem1™“" mice

Figure S3. GremI mRNA expression was markedly and extensively reduced in the gastrointestinal tract of GremI?"' mice, although some staining was
occasionally evident. Representative images of the intestine of Grem ™" (first column) and GremI%"" mice (second column)

Table S1. Results of the serum biochemical analyses

Table S2. Results of peripheral blood haematological analyses
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