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ABSTRACT

Gremlin-1 is a secreted antagonist of bone morphogenetic protein (BMP) signalling, highly expressed in various malignant tu-
mours and is associated with poor prognosis. In addition to its established pro-angiogenic activity, its potential role in endothe-
lial differentiation in tumour contexts remains incompletely defined. Here, we investigated whether gremlin-1 contributes to
tumour vascularization by promoting both endothelial differentiation and vascular recruitment. The expression of gremlin-1 in
murine embryonic stem cells (ESCs) promoted tumoroid development enriched in mesodermal and endothelial lineages in vitro,
as indicated by the upregulation of lineage-specific markers and the presence of CD31-positive vascular-like networks. In vivo,
gremlin-1-expressing ESCs generated larger teratomas with pronounced stromal expansion and increased vascularization, while
retaining multilineage differentiation capacity. Using the chick chorioallantoic membrane (CAM) assay to discriminate donor-
derived vasculogenesis from host-driven angiogenesis, we observed that gremlin-1-expressing grafts exhibited enhanced growth
and vascularization. Species-specific endothelial labelling revealed the presence of both ESC-derived and host-derived endothe-
lial cells within vascular structure. Collectively, our findings identify gremlin-1 as a regulator of tissue vascularization that
integrates intrinsic endothelial differentiation with extrinsic angiogenic responses, a mechanism potentially relevant to vascular

remodelling in several pathological conditions including tumour growth.

1 | Introduction

Gremlin-1 is a highly conserved, multifunctional soluble protein
involved in numerous physiological and pathological processes,
including organogenesis, tissue homeostasis, inflammation, fi-
brosis and tumour growth. By binding bone morphogenetic pro-
teins (BMP2, BMP4 and BMP7) [1, 2], gremlin-1 regulates cell
signalling and thereby regulates key developmental and differ-
entiation programmes [3]. In tumours, gremlin-1 is frequently
overexpressed within the tumour stroma, particularly in cancer-
associated fibroblasts, where it contributes to the establishment
of a pro-tumorigenic ‘niche’ [4]. By suppressing BMP-driven dif-
ferentiation, gremlin-1 supports the maintenance of progenitor-
like states and promotes tumorigenesis in several malignancies
including gastric, colorectal, glioblastoma and breast cancer
[5, 6]. Gremlin-1 also exerts BMP-independent pro-angiogenic
activity by directly activating vascular endothelial growth factor

receptor-2 (VEGFR?2) [7] and FGFR1 [8], and interacting with
heparan-sulphate proteoglycans [7, 9-11]. These activities have
been primarily linked to endothelial cell activation and sprout-
ing angiogenesis. However, whether gremlin-1 also influences
endothelial lineage commitment, thereby contributing to vas-
cularization upstream of angiogenesis, remains largely unex-
plored. Here, we address this question by investigating the role
of gremlin-1 in endothelial differentiation within a tumour-like
context. Using a murine embryonic stem cell (ESC)-based ter-
atoma model [12], we combined in vitro tumoroid formation
assays with in vivo analyses of teratoma growth and vascular-
ization. ESC-derived teratomas, which recapitulate multilineage
differentiation from all three germ layers [13, 14] provide a pow-
erful system to dissect how developmental signalling pathways
regulate lineage specification and tissue organization. We show
that gremlin-1 expression enhances teratoma growth and vas-
cularization. Mechanistically, gremlin-1 promotes endothelial
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differentiation of ESCs while simultaneously increasing the
recruitment of host-derived vasculature. These findings extend
the current view of gremlin-1 as a pro-angiogenic factor by iden-
tifying a previously unappreciated role in modulating endothe-
lial lineage commitment. Thus, gremlin-1 emerges as a dual
regulator of tumour vascularization, integrating vasculogenesis-
like processes with classical angiogenic responses within the tu-
mour microenvironment.

2 | Materials and Methods
2.1 | Murine ESC Culture

Murine 1122 fgfri*/~ ESC (ESC™) (Deng CX Gene dev 1994)
adapted to grow without feeder cells were maintained in growth
medium DMEM (Life Technologies, Grand Island, NY, USA)
supplemented with 20% foetal bovine serum (Lonza Bioscience
Basel, Switzerland), 0.1 mmol/L non-essential amino acids (Life
Technologies), 1 mmol/L sodium pyruvate (Life Technologies),
0.1mmol/L f-mercaptoethanol (Sigma-Aldrich St. Louis, MO,
USA) and 2mmol/LL-glutamine (Life Technologies) supple-
mented with 1000U/mL mouse leukaemia inhibitory factor
(LIF Chemicon, Millipore, Billerica, MA, USA). Murine 1122
fefr1*'~ ESC were transduced with lentiviral particles encoded
for Lv-r-gremlin to stabilize the ESC&"™!" Jine.

2.2 | InVitro Tumoroids

Exponentially growing ESC cells were resuspended in LIF-
deprived medium and cultured in 30 L of hanging drops (400
cells) for 2days to allow cell aggregation. Then, aggregates were
transferred onto 0.5% agarose-coated dishes and grown for
5days in complete medium w/o LIF. On Day 7, tumoroids were
transferred into 8-well ChamberTek (Nunc, Roskilde, Denmark)
tissue culture plates to allow adhesion. Aggregates were fixed in
PFA 4% in PBS and stained or collected for RNA extraction.

2.3 | Mouse Teratoma Formation

7x10° ESC*! or ESCe™!in cells were subcutaneously injected
(s.c.) into the flanks of female NOD/SCID mice (n =6 per group).
Tumour volumes were monitored over time using callipers,
and the volumes were calculated according to the formula
V=(Dxd?/2, where D and d are the major and minor perpen-
dicular tumour diameters, respectively. At the experimental
endpoint, tumours were harvested, weighed and processed for
subsequent analyses. All in vivo experiments were approved by
the local animal ethics committee (OPBA, Organismo Preposto
al Benessere degli Animali, Universita degli Studi di Brescia,
Brescia, Italy) and conducted in accordance with national guide-
lines from the Italian ‘Ministero della Salute’.

2.4 | Teratoma Growth in Eggs
White Leghorn eggs were incubated at 37°C in a humidified

incubator. Grafting procedures were conducted as previously
described [15, 16]. Briefly, on embryonic Day 4, a small window

was opened in the eggshell. On Day 7, a plastic coverslip with a
central opening was placed on the surface of the CAM. 2 x 10° of
LIF-deprived ESCs were grafted onto the CAM in proximity to
a well-vascularized area. Ten days after implant, samples were
collected (n=7-17), excised and processed for histological or
gene expression analyses.

2.5 | Flow Cytometry

Tumoroids were dissociated, resuspended in FACS buffer (PBS
supplemented with 2% FBS) and stained with APC-conjugated
anti-CD31 and PacificBlue-conjugated anti-VEGFR2 antibodies
(BioLegend, San Diego, CA, USA). Samples were acquired using
the MACSQuant Analyzer (Miltenyi Biotec, Bergisch Gladbach,
Germany) and analysed using FlowJo. Gating strategy included
the exclusion of debris and doublets, followed by the analysis of
CD31%/VEGFR2* double-positive cells. Data are representative
of three independent experiments.

2.6 | Histological Staining
and Immunohistochemistry

Teratoma samples were fixed in PFA 4% or Zinc Fix, embedded
in paraffin and sectioned. Sections were stained with haema-
toxylin and eosin (H&E) or subjected to antigen retrieval in ci-
trate buffer (pH6.0) at 95°C for 20min, followed by incubation
with the primary antibodies anti-CD31 (Dianova, Hamburg,
Germany), anti-Nestin (Santa Cruz Biotechnology, Dallas, TX,
USA), anti-vWF (Dako, Glostrup, Denmark) and anti-PECAM
(Santa Cruz Biotechnology). Nuclei were counterstained with
API (Sigma-Aldrich). Images were acquired using an Axio
Observer microscope equipped with Apotome.2 and with Plan-
Apochromat 63X/1,4 Oil DIC objective (Carl Zeiss), and anal-
ysed using the Zen software. CD31 and vWFpositive areas were
quantified using the ImageJ software on at least 4 independent
sections per samples (n=4 biological replicates). For each sec-
tion, multiple fields were analysed, and positive staining was
expressed as a percentage of the total area. Thresholding param-
eters were kept constant across all conditions.

2.7 | Western Blot Analysis

Conditioned media or total protein extract were separated
by SDS-PAGE and probed with antigremlin (R&D System,
Minneapolis, MN, USA) followed by HRP-conjugated second-
ary antibody (Santa Cruz Biotechnology). Signals were acquired
using the ChemiDocTM Imaging System (Bio-Rad, Hercules,
CA, USA).

2.8 | Gene Expression

Total RNA was extracted by Trizol reagent according to the man-
ufacturer's instruction. 2ug of RNA were retrotranscribed using
MML-V (Life Technologies). Quantitative real-time PCR (qRT-
PCR) was performed using the ViiA7 Real-Time PCR System
(Life Technologies). Gene expression levels were normalized to
reference genes (chicken or mouse GAPDH) and calculated using
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the AACt method. Data are presented as relative fold change com-
pared with control conditions. Each experiment was performed in
at least three independent biological replicates.

2.9 | Statistical Analyses

Statistical analyses were performed using the statistical pack-
age Prismll (GraphPad Software). Data are presented as
mean+SEM unless otherwise specified. Student's t-test for
unpaired data (2-tailed) was used to test the probability of sig-
nificant differences between two groups of samples. The sig-
nificance level was set at *p <0.05, **p<0.01, ***p<0.001 and
*#*%p <0.0001; ns=not significant.

3 | Results

3.1 | Gremlin Modulates the Expression
of Stemness-Associated Transcription Factors

Several evidences identified BMP2 and BMP4 as key inhibitors
of cancer stem cell self-renewal and drivers of their differentia-
tion, for example, in glioblastoma stem cells [17]. Here, we inves-
tigated how gremlin-1 expression, a BMP-antagonist, influences
ESC differentiation. To this end, ESCs were transduced with
lentiviral particles encoding r-gremlin (ESC&°™!i") or EGFP
(ESCYY). Gremlin expression was confirmed by PCR (Figure 1A)
and Western blot (WB) analysis (Figure 1B). In the presence of
LIF, gremlin-1 overexpression did not affect ESC proliferation or
their undifferentiated state.

A

As expected, LIF removal induced the formation of tumor-
oids with a progressive loss of stemness in both ESC"' and
ESceremlin cells within 10days. gPCR analysis confirmed that
all three stemness-associated transcription factors, Oct4, Sox2
and Nanog, declined over time in both cell lines (Figure 1C).
However, kinetic analysis revealed that gremlin expression
markedly altered the timing of pluripotency exit. Indeed,
ESceremlin cel[s retained higher Oct4 and Sox2 levels throughout
differentiation while Nanog expression decreased in both lines,
albeit with slightly altered dynamics (Figure 1D).

3.2 | Gremlin Enhances Mesodermal Commitment
and Endothelial Differentiation

Here, given the altered kinetics of pluripotency loss observed in
ESceremlin_ we investigated whether gremlin-1 expression affects
lineage specification during in vitro differentiation using a tu-
moroid model. Tumoroids, generated by hanging drops of 400
cells, were differentiated for 10days (Figure 2A). qRT-PCR anal-
ysis revealed that gremlin enhances early mesodermal commit-
ment as demonstrated by a marked induction of Wnt7a, Wnt7b,
CD45 and aSMA, in ESCe&emlinderived tumoroids (Figure 2B).
Since endothelial lineages derived from mesoderm and given the
mesoderm-biased programme observed in ESCe*™lin cells, we
assessed the effects of gremlin expression on endothelial spec-
ification. As expected, ESC&*™!in-derived tumoroids exhibited
a robust upregulation of endothelial markers including CD31,
CD34, VE-Cad and FLK1, whereas FLT1 and VCAM levels re-
mained comparable to ESC%! (Figure 2C). These data suggest
that gremlin did not globally activate endothelial programmes,
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FIGURE 1 | Gremlin modulates the expression of stemness markers in ESCs. (A) Semi-quantitative PCR analysis of m-gremlin and r-gremlin
both in the presence of LIF (Undif) and after 5, 7 and 9 days of differentiation. mTubulin has been used as a reference gene. (B) WB analysis of grem-
lin in the supernatant of Undif and Diff ESCs. (C) qPCR analysis of Oct4, Sox2 and Nanog expression upon 10days of differentiation (Diff) of ESCW!
and ESceremlin cells. Data are expressed as relative-fold-change (log scale) + SEM (n=3). (D) Time-course analysis of Oct4, Nanog and Sox2 expres-

sion during differentiation (Days 1-10) in ESC! (black bars) and ESC&*™!i" (salmon bars). Data are expressed as relative-fold-change (log scale).

Statistical significance: *p <0.05, **p <0.01, ****p <0.0001.
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FIGURE 2 | Gremlin promotes mesodermal commitment and vascular differentiation. (A) Schematic representation of in vitro tumoroid forma-
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tion protocol. (B) gPCR analysis of mesodermal markers in ESC*! and ESCge™lin cells. Bars represent mean +SEM (n=4); *p <0.05, ****p <0.0001,
ns=not significant. (C) gQPCR analysis of endothelial markers in ESC"' and ESCg" ™! cells. Bars represent mean = SEM (n=4); *p <0.05; **p <0.01;
***p <0.001; ****p <0.0001; ns = not significant. (D) Representative images of adhered tumoroids. (E) Representative confocal images of CD31 stain-
ing in ESC%'- and ESCe&"™!i"-derived tumoroids. Scale bars: 50um. (F) Quantification of CD31-positive area. Bars represent mean +SEM (n=4);
#5p <0.01. (G) Cytofluorimetric analysis of ESC¥' and ESCe&*™Iin cells. (H) Representative confocal z-stack 3D reconstruction of CD31(red) and
Nestin (green) co-staining in ESC¥'- and ESCg™linderived tumoroids. (I) qPCR analysis of nestin expression in CD31-positive cells. Bars represent

mean =+ SEM (n=6); *p <0.05.

but selectively reinforced specific transcriptional modules as-
sociated with endothelial differentiation. Consistent with these
data, morphological and immunofluorescence analysis of adher-
ent tumoroids highlighted that ESC&™™!in tuymoroids developed
broader stromal-like CD31-enriched areas. ESCe™™!inderived
tumoroids formed larger, denser and more interconnected
vascular-like networks than the sparse structures generated
by ESC"! (Figure 2D-F). This phenotype suggests that grem-
lin primes mesoderm formation and promotes the differentia-
tion and expansion of endothelial-committed progenitors. In

line with these observations, flow cytometry demonstrated a
higher proportion of CD31*/VEGFR2* double-positive cells in
ESceremlin_derived tumoroids, indicating a substantial enhance-
ment of endothelial commitment (Figure 2G).

3D confocal reconstruction revealed qualitative differences in
endothelial maturation: CD31% cells in ESC"! cultures retained
high nestin expression, a hallmark of immature endothelial pro-
genitors, whereas CD31* cells in ESC&*™!in-derived tumoroids
showed markedly reduced nestin levels, consistent with a more
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advanced differentiation state (Figure 2H). This observation
was supported by qRT-PCR analysis of nestin expression nor-
malized to CD31 levels, which confirmed reduced nestin expres-
sion in ESCe™lin_derived endothelial cells (Figure 21).

3.3 | Gremlin Increases Teratoma Vascularization

We then assessed the ability of ESC%' or ESCeemlin cells
to form teratomas in immunocompromised female mice.
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ESceremlin_derived teratomas grew significantly faster and
reached larger volumes and weight than ESC%'-derived tera-
tomas (Figure 3A,B), indicating that gremlin-1 enhanced ter-
atoma growth. Histological analysis revealed the presence of
derivatives of all three germ layers (mesoderm, ectoderm and
endoderm) in both groups, indicating that gremlin-1 expression
did not impair ESC pluripotency or their ability to generate mul-
tilineage teratomas (Figure 3C). Despite this, ESC&™!in-derived
teratomas were markedly enriched in mesoderm-derived tis-
sues, characterized by extensive stromal components and
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FIGURE 3 | Gremlin promotes mesodermal and endothelial differentiation in ESC-derived teratoma. (A) Growth curves of teratomas of ESCW!
and ESCe&e™!in cells injected subcutaneously in immunocompromised mice (n=6). Data are presented as mean = SEM; ****p <0.0001. (B) Tumour
weight at endpoint of ESC-derived teratomas. Data are presented as mean+SEM (n=6); ****p <0.0001. (C) Representative H&E staining of FFPE
teratoma sections showing the three germ layers (mesoderm, endoderm and ectoderm). Scale bars: 20um. (D) Representative H&E staining of

FFPE teratoma sections. Scale bars: 100 um. (E) qPCR analysis of mesodermal markers in ESCV'- and ESC8™™!in-derived teratomas. Data are shown

as mean + SEM; *p <0.05, ***p <0.001, ns=not significant. (F) qPCR analysis of endothelial markers. Data are shown as mean + SEM; *p <0.05,

ns=not significant. (G) Representative immunofluorescence staining for CD31 (red). Nuclei are counterstained with DAPI (blue). Scale bars: 100 um.
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highly vascularized regions (Figure 3D) along with increased
expression of mesoderm-associated markers, including Wnt7b,
CD45 and aSMA in ESC&e™lin_derived teratomas (Figure 3E).
Consistently, endothelial markers such as CD31, Flk1 and VE-
cadherin were significantly upregulated in ESC&*™!" tumours
(Figure 3F). CD31 staining further confirmed the presence
of abundant and well-organized vascular-like structures in
ESceremlin_derived teratomas, while ESC%'-derived teratomas
displayed sparse and discontinuous CD31% areas, indicative of
poorly structured vasculature. In addition, ESC8*™!i.derived
teratomas contained clusters of CD31* cells without clear vessel
organization, suggesting the presence of endothelial progenitor
or early stages of differentiation (Figure 3G).

Under these experimental conditions, it was not possible to dis-
criminate between endothelial cells newly differentiated from
ESCs and those recruited from the surrounding tissues via host-
driven angiogenesis.

3.4 | Gremlin Simultaneously Induces
Vasculogenesis and Angiogenesis

To determine whether the increased CD31* area observed in
ESC-derived teratomas primarily reflected differentiation of
ESC or also involved recruitment of host vasculature, we em-
ployed the chicken embryo chorioallantoic membrane (CAM)
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assay. This model enables a clear distinction between endothe-
lial cells of murine origin, arising from ESC differentiation, and
those derived from the avian host through angiogenic recruit-
ment [15].

ESceremlin_derived tumours displayed significantly accelerated
growth kinetics and reached larger sizes than ESC"* counter-
parts (Figure 4A,B). Histological analysis (Figure 4C) and im-
munofluorescence staining (Figure 4D,E) revealed a higher
degree of vascularization in ESC8™™lin.derived teratomas. To
specifically assess the contribution of ESC-derived endothelial
differentiation, we analysed the expression of murine meso-
dermal and endothelial markers by qPCR supporting the con-
comitant differentiation of ESCs towards an endothelial-like
fate. ESCermlin_derived teratomas maintained higher levels of
these markers than controls (Figure 4F), supporting enhanced
differentiation of ESCs towards an endothelial lineage in vivo.
In parallel, host-derived angiogenic recruitment was evaluated
using species-specific endothelial markers. Co-immunostaining
for avian FVIII and murine PECAMI revealed an increased
presence of host-derived endothelial components in ESCsremlin.
derived teratomas, along with areas of close association between
murine and avian endothelial cells (Figure 4G).

Together, these data indicate that, in the CAM model, gremlin-1

enhances both ESC-derived endothelial differentiation and host-
derived angiogenic recruitment, allowing these two processes to
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FIGURE 4 | Gremlin enhances teratoma vascularization supporting both vasculogenesis and angiogenic processes (A) Growth curves of CAM

teratoma derived from ESC*! and ESC&*™!i? (n=17-7). Data are presented as mean +SEM; ****p <0.0001. (B) Tumour weight at endpoint of ESC-
derived teratomas. Data are represented as Min to Max box & whiskers plot (n=7); ****p <0.0001. (C) Representative H&E staining of tumour sec-
tions. Scale bars: 100 um. (D) Representative immunofluorescence staining for FVIII (green). Scale bars: 100 um. (E) Quantification of the FVIII
positive area in ESC-derived teratomas. Data are represented as Min to Max box and whiskers plot (n=4); ***p <0.001. (F) gPCR analysis of murine
endothelial markers in ESC-derived teratomas. Data are presented as mean + SEM (n = 6); ****p <0.0001; **p < 0.01; *p < 0.05; ns = not significant. (G)
Representative immunofluorescence staining for FVIII (green) and PECAMI1 (red) in ESC-derived teratomas. Scale bars: 100 um.
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be distinguished and independently assessed within the same
experimental setting.

4 | Discussion

Gremlin-1 is a developmental regulator aberrantly reactivated
in cancer and is associated with tumour progression and poor
clinical outcome [18]. While its pro-angiogenic activity has been
primarily attributed to the activation of endothelial receptors
and the recruitment of host vasculature [7, 19], our data indicate
that gremlin-1 also influences endothelial differentiation within
a tumour-like context.

In ESC-derived tumoroids, gremlin-1 was associated with in-
creased CD31"/VEGFR2* vascular structures and reduced
nestin expression, consistent with enhanced endothelial
specification and progression towards vascular maturation.
Overall, gremlin-1 emerges as a key regulator of mesoderm-to-
endothelium differentiation, biasing pluripotent cells towards
an endothelial lineage and contributing to the generation of
tumour-associated endothelial-like cells from multipotent
progenitors, thereby supporting tumour vascularization and
growth.

The CAM assay provided a versatile, cost-effective and 3R-
compliant complementary system to distinguish between
intrinsic endothelial differentiation and host-driven angiogen-
esis [15]. In this model, gremlin-1-expressing grafts displayed
increased growth and vascularization, accompanied by up-
regulation of host-derived endothelial markers, indicating en-
hanced angiogenic recruitment. Concurrently, the persistence
of donor-derived endothelial markers supports a contribution
of ESC-derived cells to the vascular compartment. The pres-
ence of vessels containing both avian and murine endothe-
lial components suggests a close spatial association between
these processes. Although the functional integration was not
directly assessed in this study, previous observations in the
same experimental settings have shown the presence of nu-
cleated avian erythrocytes within chimeric vessels, indica-
tive of vessel perfusion [15]. This supports the possibility that
similar structures may be functionally connected to the host
circulation.

Taken together, our observations support a model in which
gremlin-1 contributes to tumour vascularization by simulta-
neously promoting intrinsic endothelial differentiation and ex-
trinsic angiogenic recruitment. Mechanistically, the pleiotropic
activity of gremlin-1 may reflect its ability to engage multiple
signalling pathways. In addition to its established role as a BMP
antagonist, gremlin-1 can function as a ligand for receptors such
as VEGFR2 and FGFRI1. Inhibition of BMP signalling may sus-
tain the maintenance of progenitor states and influence lineage
commitment, while activation of VEGFR2 or FGFR1 may pro-
mote endothelial differentiation, survival and vascular remodel-
ling. However, the relative contribution of these pathways was
not specifically investigated in this study and remains to be de-
termined [1, 20, 21].

Despite these limitations, our findings extend the current un-
derstanding of gremlin-1 function by demonstrating that its

pro-vascular activity is not restricted to the activation of pre-
existing endothelial cells but also involves the modulation of
cell fate decisions within the tumour microenvironment. This
dual contribution may explain the association between grem-
lin-1 expression, vascular remodelling and tumour progres-
sion observed [22, 23]. Given its combined effects on tumour
cell proliferation, endothelial differentiation and angiogenesis,
gremlin-1 represents a potential therapeutic target. Further
studies will be required to dissect the underlying signalling
mechanisms and to determine whether targeting gremlin-1 or
its downstream pathways may provide therapeutic benefit in
combination with existing antiangiogenic strategies. Targeting
gremlin-1 or its downstream signalling pathways, alone or
in combination with antiangiogenic therapies, may provide a
strategy to simultaneously impair tumour growth and disrupt
vascular network formation, potentially overcoming resistance
mechanisms [24, 25].
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