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Abstract

Gremlin-1 is part of the TGF-f superfamily and is a BMP antagonist that blocks BMP signalling to precisely control BMP
gradients. Gremlin-1 is primarily involved in organogenesis and limb patterning however, has recently been described as
being involved in fibrotic diseases. Initially described as a key factor involved in diabetic kidney fibrosis due to being induced
by high glucose, it has now been described as being associated with lung, liver, eye, and skin fibrosis. This suggests that it is
a key conserved molecule mediating fibrotic events irrespective of organ. It appears that Gremlin-1 may have effects medi-
ated by BMP-dependent and independent pathways. The aim of this review is to evaluate the role of Gremlin-1 in fibrosis,
its mechanisms and if this can be targeted therapeutically in fibrotic diseases, which currently have very limited treatment

options and are highly prevalent.
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Introduction

Gremlin-1 is a bone morphogenetic protein (BMP) antago-
nist containing a cysteine knot, that is part of the cysteine
knot superfamily [1]. Gremlin-1 regulates BMP signalling
and is critical in organ formation and limb patterning. As
well as its role in organ formation, it has been associated
with specific cancers [2] and in recent years organ fibrosis
including, kidney fibrosis [3], lung fibrosis [4], liver fibrosis
[5] and recently we identified this involved in skin fibrosis in
systemic sclerosis [6] (Fig. 1). It appears that the reactivation
of Gremlin-1 in these ‘wound healing’ situations leads to
organ fibrosis and may be a conserved response irrespective
of organ system affected. Various different organs in fibrosis
appear to be affected by Gremlin-1 and may all converge on
gremlin-1 regardless of aetiology. The aim of this review is
to give an overview of Gremlin-1 in fibrosis, its regulation
and possible therapeutic targeting.
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Gremlin-1 protein

Gremlin-1 is part of the family of BMP antagonists that
include noggin, chordin and follistatin and follistatin-like
proteins [1]. These antagonists of BMPs are highly regu-
lated in a temporospatial manner. Interestingly, when com-
paring amino acid sequences no significant similarities are
found. Most BMP antagonists are classified based on their
cysteine-knot size [1] and Gremlin-1 belongs to the Differ-
ential screening-selected gene Aberrative in Neuroblastoma
(DAN) family. Human Gremlin-1 gene has been mapped to
chromosome 15q13-15 [7].

Predicted amino acid sequences have revealed sites for
glycosylation and sites for phosphorylation. Gremlin-1
preferentially binds BMP 2 and BMP 4 [8], this leads to
inhibition of canonical BMP signalling by preventing phos-
phorylation of SMAD1/5/8 and gene expression (Fig. 2).
In common with the TGF-f cytokines, BMPs induce their
effects through interaction with type I and type II cell surface
receptors that activates the serine/threonine kinases. Type
I receptors (ALK2, ALK3, ALK6) and Type II receptors
(BMPR2, ActRIla, ActR2b) when bound the BMP ligand
form together Type I receptor-mediated phosphorylation [9].

Functionally Inhibition impairs BMP signalling main-
taining the tightly balanced gradient of morphogens. Grem-
lin-1 has a molecular weight of 20.7KDa but runs at around
24-25KDa due to glycosylation. It is clear that Gremlin-1 is
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Fig. 1 Main fibrotic diseases in which Gremlin-1 has been implicated
as playing a cardinal role

critical for organogenesis [10] and is clearly involved in kid-
ney formation and kidney fibrosis, with gremlin-1 KO mice
dying of renal aplasia [11-13]. Also siRNA knockdown of
Gremlin-1 reduced fibrosis in a diabetic mouse model of
kidney inflammation and fibrosis [14]. Although classically
defined as a BMP antagonist that regulates BMP signalling
through inhibition a few other studies have described Grem-
lin-1 as having BMP-independent signalling [15]. Mitola
et al. have described Gremlin-1 as being a VEGFR2 agonist
at least in endothelial cells [15]. Others have noted EGFR
activation [16] in relation to cancer. Although an exhaus-
tive study has recently not found activation of VEGFR?2 by
Gremlin-1 on endothelial cells or augmentation of VEGFR
by Gremlin-1 [17]. Another study suggested that Gremlin-1
mediated upregulation of Nrf2 via VEGF activation [18].
Thus, inconsistencies in the literature currently exist. It has

Fig.2 BMP signalling pathway.
BMP signalling is induced by
binding to its receptors both
type I and type II that leads to
phosphorylation of R-Smads
1/5/8 which leads to transloca-
tion to the nucleus and eventu-
ally to BMP-dependent gene
expression and protein products.

also been demonstrated that Gremlin-1 is an inhibitor of
macrophage migration inhibitory factor [19] in specific con-
texts. The current accepted view is that primarily Gremlin-1
is a BMP antagonist.

Furthermore, it is now clear that Gremlin-1 plays a
key role in maintaining the stem cell niche [20] and most
recently was associated with multiple myeloma [21]. Thus
Gremlin-1 is a multifunctional protein with a variety of func-
tions that are likely context and cell-dependent.

Fibrosis

Fibrosis represents a final common end point in a vari-
ety of organs and depending on the organ affected can be
fatal. It is the result of a wound healing response that is in
response to repeated injury. The injury can take the form
of multiple different types, e.g., in the liver it may be viral
in the case of HCV or through toxins or in the skin it could
be due to physical trauma and this sets in motion a wound
healing response that fails to terminate. In a general sense
if this termination does not cease the organ affected may
cease to function appropriately. The process may be asso-
ciated with an inflammatory response but the main cell
type involved is the myofibroblast. This is a critical cell
type that is generated from either a quiescent fibroblast
or epithelial cells in response to injury or stress [22], 23.
The myofibroblast is critically involved as its phenotype
supports fibrosis through increased contractility altering
tissue architecture and increased expression of a-smooth
muscle actin. Myofibroblasts also secrete copious amounts

Gremlin

Smad 6 is an inhibitory Smad
that inhibits BMP signalling.
Negative regulation can occur
through extracellular Gremlin-1
which is a natural antagonist of
this pathway by sequestering
BMPs
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of ECM protein and have reduced matrix proteases also.
The net effect being ECM deposition. One of the key fea-
tures also is that they are endowed with resistance to apop-
tosis [22]. TGF-B1 has been the archetypal cytokine that
regulates transition to fibrosis but other factors including
epigenetics could also be operative [24]. Currently limited
therapies exist.

Gremlin and fibrosis

Gremlin-1 was first described associated with kidney
development and the development of kidney fibrosis
associated with diabetic kidney disease [3] and indeed is
upregulation very robustly in response to high glucose [3].
Interestingly, in normal adult kidney it is not expressed
and expressed only in kidney disease [25]. Moreover a dis-
ease Single Nucleotide Polymorphism (SNP) in the Grem1
gene is associated with diabetic kidney disease [26]. There
appears to be a relationship between Gremlin-1 expression
and NOTCH expression [27] in diabetic kidney fibrosis,
suggesting that Gremlin-1 regulates NOTCH signalling to
facilitate fibrosis.

Mice with allelic depletion of Gremlin-1 have reduced
kidney fibrosis [11]. Homozygous KO mice are lethal due
to developmental abnormalities. Church et al. developed a
Tubular epithelia cell Gremlin-1 knockout mouse using the
ksp-cadherin-Cre mouse and they showed that tubular epi-
thelial cell KO of Gremlin-1 protected mice from kidney
fibrosis [28]. This model circumvents the issue with global
KO of Gremlin-1. Conversely tubular-specific overexpres-
sion of Gremlin-1 aggravates diabetic kidney fibrosis [29].
In cell culture of HK?2 cells overexpression of Gremlin-1 led
to an enhanced TGF-f response and in response to TGF-
B1 there was a prolonged phosphorylation of Smad3 in the
overexpressed cells suggesting an enhancement of Smad3
signalling [30].

Mechanistically it has been implied that kidney fibrosis
mediated by Gremlin-1 protein is facilitated through the
Vascular Endothelial Growth Factor Receptor 2 (VEGFR2)
leading to downstream gene activation [31]. However, an
exhaustive study subsequently could find no activation (or
inhibition) of the VEGFR in endothelial cells [17]. Thus
further clarification of the role-if any- of VEGFR in Grem-
lin-1 effects is required. Other studies in kidney cells have
implied that Gremlin-1-mediated fibrosis is through canoni-
cal Smad2/3 signalling [32], which is classic signalling
downstream of TGF-f. Although other Smads, in other cells,
can be phosphorylated via TGF-f. Furthermore, overexpres-
sion of Gremlin-1 in kidneys of mice led to fibrosis in these
animals and activation of VEGFR2 and the inflammatory
transcription factor nf-kb [33].

Lung fibrosis

The first study to demonstrate an association with Grem-
lin-1 and lung fibrosis was in 2006 and this study exam-
ined Gremlin-1 expression in Idiopathic pulmonary fibro-
sis (IPF) [4]. IPF is a progressive form of lung fibrosis
that is associated with no known cause. Koli et al. dem-
onstrated higher levels of Gremlin-1 in IPF and that it is
induced itself by TGF-p [4]. Furthermore, overexpression
by plasmids of Gremin-1 in A549 cells sensitized them
to become mesenchymal [4]. Higher levels of Gremlin-1
could be found in IPF tissue compared to non-specific
pneumonia [34]. Using a model of asbestos-induced
fibrosis, it was found that Gremlin-1 was upregulated sig-
nificantly coincident with reduced BMP signalling [35].
Moreover, in human bronchial epithelial cells Gremlin-1
was induced by incubation with asbestos. Transient over-
expression of Gremlin-1 in rat lungs using adenoviral vec-
tors resulted in reduced BMP signalling and a transient
fibrosis associated with activation of epithelial cells [36].
A further study identified elevated Gremlin-1 in IPF tissue
and the bleomycin model of lung fibrosis [37]. Gremlin-1
was also found to be regulated in IPF fibroblasts by IL-6
[38], an effect we had seen in skin also [6] suggesting, at
least in some situations, that inflammation may regulate
Gremlin-1.

Skin fibrosis/systemic sclerosis

We first identified that Gremln-1 was involved in skin
fibrosis associated with a disease called systemic sclero-
sis (SSc). SSc is an autoimmune rheumatic skin disease
in which there is inflammation and fibrosis of the skin,
and in some individuals, the lung [23, 24]. Key to the
fibrosis, like all fibrosis, is the myofibroblast cell type that
is activated and secretes copious amounts of ECM. We
demonstrated that Interleukin-6 trans signalling mediated
increased collagen in skin fibroblasts via Gremlin-1 [6].
This appeared to be associated with Signal Transducer
and Activator of Transcription 3 (STAT3) activation [6].
More recently using an overexpression system we could
show that overexpression of Gremlin-1 led to elevated
ECM and that this was associated with the TGF-3 path-
way and neutralisation of TGF-p or TGF-f receptors led to
reduced collagen expression [39]. Interestingly, although
Gremlin-1 appeared to be dependent on STAT3 via IL-6
signalling it was not upregulated by IL-11, another of the
IL-6 family cytokines [39]. Furthermore, we recently dem-
onstrated elevated levels of Gremlin-1 in the sera of SSc
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patients, particularly those with interstitial lung disease
[40].

Liver fibrosis

The first study to identify Gremlin-1 upregulation in liver
fibrosis was in 2006 [5]. Boers et al. used transcriptomics of
activated hepatic stellate cells and found transcripts belong-
ing to Gremlin-1 to be upregulated compared to healthy
controls [5]. This was also recapitulated in mice models of
liver fibrosis [5], suggesting that gremlin-1 is critical in liver
fibrosis. This was further validated and in hepatic stellate
cells it appears that Gremlin-1 activated these cells through
and upregulation of TGF-f. This indicates that Gremlin-1
mediated liver fibrosis may, at least in part, be mediated by
TGF-f.

Furthermore activation in vitro of hepatocytes to stel-
late cells, the cells responsible for ECM deposition and cell
contraction, could be induced by Gremlin-1 [41]. Gremlin-1
was found to be regulated epigenetically by microRNA27a/b
that will bind to the 3* Untranslated Region (UTR) of Grem-
lin-1 [41] which would lead to its degradation as microRNAs
are negative regulators of gene expression [42]. In a further
animal study of experimental liver fibrosis, Gremlin-1 was
elevated [43].

Pancreatic fibrosis

Gremlin-1 has been found to be associated with pancreatic
fibrosis in a similar way to liver fibrosis. In mouse models
of pancreatic fibrosis, Gremlin-1 was found to be hugely
upregulated in these animal models [44]. In a heterozy-
gous Grem1 KO mouse, experimental pancreatic fibrosis
was reduced by over 30% [44]. Suggesting that Gremlin-1
is very important in pancreatic fibrosis. In vitro, in isolated
cells they found that TGF-f induced Gremlin-1 expression
in pancreatic cells [15, 44].

Intestinal fibrosis

Most recently a role form Gremlin-1 has been described in
intestinal fibrosis- at least in an pre clinical animal model
of intestinal fibrosis. It was demonstrated in the Dextran
Sodium Sulfate (DSS) model of fibrosis—a standard inflam-
matory colitis model that can lead to fibrosis—that the levels
of Gremlin-1 mRNA and protein where significantly ele-
vated [45]. Furthermore, in isolated cell lines human-derived
Gremlin-1 mediated increased fibrosis and deposition of
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ECM. This increased ECM was mediated via activation of
MAPK pathway that ultimately led to increased metabolic
rerouting to fatty acid oxidation through metabolic repurpos-
ing. Finally, they used a specific VEGFR inhibitor in vivo
in the animal model to demonstrate that VEGFR blockade
reduced fibrosis in this model of disease [45]. This suggest
that Gremlin-1 was mediating its effects through the VEGR2
receptor in a BMP-independent manner. The authors sug-
gest that targeting gremlin-1 directly with an antibody would
have been a preferable route but none was commercially
available.

Retinopathy

Gremlin-1 has been found to be associated with increased
fibrosis and epithelial to mesenchymal transition in reti-
nal pigment epithelial cells (RPE) that are associated with
retinal disease, such as aged related macular degeneration
[46]. Further research demonstrated increased Gremlin-1 in
these RPE cells and that reduction in Gremlin-1 by siRNA
reduced collagen expression mediated by incubation of the
cells with both TGF-$1 and B2 [47]. Gremlin-1 was also
found to be associated with RPE mesenchymal transition
which was reduced on siRNA-mediated knockdown of
gremlin-1 protein [48].

Multiple organ fibrosis differing mechanisms

It is clear that Gremlin-1 is elevated in multiple organ-spe-
cific fibrotic conditions (Fig. 1). Whilst Gremlin-1 is clearly
present in elevated amounts the precise mechanism appears
to depend on the specific organ and cell type, but may lead
to common end point myofibroblast formation (Fig. 3). For
instance, it appears in systemic sclerosis that it is due to
an upregulation of TGF-B1, as mitigation of TGF-$1 [39]
reduced ECM deposition. In kidney for instance, it appears
BMP inhibition is important but VEGFR2 activation has
also been demonstrated [31], but a recent study could not
reproduce this finding [17]. Indeed a more recent study uti-
lising pulmonary endothelial cells demonstrated that Grem-
linl acts as a antagonist to VEGFR2, and not an agonist [49].

Therefore, what is the precise role of VEGR2 in mediat-
ing fibrosis? Are there other, unknown, pathways that medi-
ate Gremlin-1 effects? It was shown that Gremlin-1 can bind
to fibrilin microfibrils in mesothelioma [50]. Mesothelioma
is a cancer that often affects the pleura of the lungs. The
biding of Gremlin-1 in this study to fibrillin microfibrils is
interesting [50], because microfibrils are used for the inte-
gration of TGF-f} signals and thus Gremlin-1-targeted fibril-
lin microfibrils may serve to suppress BMP signalling and
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Fig.3 Gremlin-1 mediates
myofibroblast transition.
Schematic demonstrating

that fibrotic stimuli drives
Gremlin-1-mediated fibrosis
with a shared phenotype from
divergent cells. Epithelial and
fibroblast stromal cells shown.
Lower box gives examples of
signalling pathways medi-
ated by Gremlin-1 in different
cell types. Cellular phenotype
characteristics are given on the
right hand side. TIMPs; Tissue
Inhibitors of Matrix Metallopro-
teinases

Fibrotic stimulus

as a consequence enhance pro-fibrotic TGF-f signalling in
a disease scenario.

In intestinal fibrosis, it appears that VEGFR2 does indeed
play a role with induction of fatty acid oxidation being
important in fibrosis. Furthermore, because it appears that
there are BMP-independent pathways of Gremlin-1-medi-
ated fibrosis one could speculate that Gremlin-1 has a spe-
cific interaction with an unidentified receptor? For instance,
Gremlin-1 has been identified to interact with SLIT proteins
[51], at least in immune cells. Furthermore, it has also been
found to be an antagonists of macrophage migration inhibi-
tory factor [19] and a recent study suggested that Gremlin-1
activated a STAT3 pathway in breast cancer cells mediat-
ing metastasis [52]. So how does the context determine the
response? This is a key question that remains unanswered.
Regulation of BMPs by Gremlin-1 is well characterised but
the precise upstream regulators of Gremlin-1 in the context
of fibrosis are not that clear. A few studies have demon-
strated that TGF-f1 can induce Gremlin-1 expression [44]
suggesting that TGF-f lies upstream of Gremlin-1 in fibro-
sis. However, in other studies including ours we did not
see that effect [39], more that Gremlin-1 enhanced TGF-f
signalling [39]. Factors outside of classic cytokines includ-
ing mechanical stretch have also been found to upregulate
Gremlin-1 levels [53]. Identifying regulators of Gremlin-1
expression requires more research.

Targeting Gremlin-1 would also be an attractive option
due to the fact that postnatally there is barely any expression
of Gremlin-1, thus inhibition would be specific and with
no side effects. Currently no specific chemical inhibitor
exists thus hampering clinical development as a possible
therapeutic. In vivo in an animal model of chronic hypoxia-
induced pulmonary hypertension—which is associated with
systemic sclerosis—treatment with a specific antibody to

Gremlin-1
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proteases

~—— Up regulation of TIMPs

Increased contractility

‘\.
_ Resistance to apoptosis

BMP-dependent
BMP-independent
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VEGFR2?
Fatty acid oxidation?

Gremlin-1-retarded pathology [54]. Also, in vivo in an ani-
mal model of myeloma antiGremlin-1 antibody treatment
compared to IgG control reduced tumour burden [21]. Thus,
therapeutic targeting with monoclonal antibodies seems a
facile approach. A different approach could be with the
reduction of Gremlin-1 mediated by PRoteolysis TArgeting
Chimeras (PROTACs). PROTACS are used to target proteins
for specific protein degradation by hijacking the ubiquitin
proteosome system [55]. PROTAC:Ss are hetero bifunctional
molecules that connect your protein of interest ligand to an
E3 ubiquitin ligase recruiting ligand with a linker molecule.
Subsequently protein of interest degradation occurs when
the ubiquitination machinery is brought into close proximity
and the ubiquitinated protein is recognized and degraded by
the 26S proteosome, which is part of the ubiquitin-proteo-
some system in cells [56]. This targeted degradation making
use of the hosts own recycling machinery is highly specific
and could be used to degrade Gremlin-1. Such PROTACs
have been used to degrade proteins such as STAT3 [57].

Conclusions

Gremlin-1 appears to play a critical role in multiple fibrotic
diseases including kidney [28], systemic sclerosis [39], lung
[4], eye [46] and liver [5]. The downstream signalling path-
ways appear different among different organs and cells and
likely represent differential signalling nodes. Gremlin-1 may
be a conserved response to injury and that is why multiple
organs are expressing this. To date no small molecule inhibi-
tors exist, although antibodies to Gremlin-1 do exist, they
are not commercially available. Neutralisation of Gremlin-1
with specific monoclonal antibodies maybe a therapeutic
option in fibrotic diseases and should be investigated further.
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Furthermore, PROTACS that can degrade proteins using
the proteosomal system should be investigated. Given the
importance of fibrotic diseases and the estimation that over
50% of deaths are associated with fibrosis in the western
world [58] further investigation is critical into the role of
Gremlin-1.
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