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Cyclic Adenosine Monophosphate-Response
Element-Binding Protein Mediates the Proangiogenic
or Proinflammatory Activity of Gremlin

Michela Corsini, Emanuela Moroni, Cosetta Ravelli, German Andrés, Elisabetta Grillo,
Imran H. Ali, Derek P. Brazil, Marco Presta, Stefania Mitola

Objective—Angiogenesis and inflammation are closely related processes. Gremlin is a novel noncanonical vascular

endothelial growth factor receptor-2 (VEGFR2) ligand that induces a proangiogenic response in endothelial cells (ECs).
Here, we investigated the role of the cyclic adenosine monophosphate-response element (CRE)-binding protein (CREB)
in mediating the proinflammatory and proangiogenic responses of ECs to gremlin.

Approach and Results—Gremlin induces a proinflammatory response in ECs, leading to reactive oxygen species and

cyclic adenosine monophosphate production and the upregulation of proinflammatory molecules involved in leukocyte
extravasation, including chemokine (C-C motif) ligand-2 (Ccl2) and Ccl7, chemokine (C-X-C motif) ligand-1 (Cxcl1),
vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1 (ICAM-1). Accordingly, gremlin
induces the VEGFR2-dependent phosphorylation, nuclear translocation, and transactivating activity of CREB in ECs.
CREB activation mediates the early phases of the angiogenic response to gremlin, including stimulation of EC motility and
permeability, and leads to monocyte/macrophage adhesion to ECs and their extravasation. All these effects are inhibited
by EC transfection with a dominant-negative CREB mutant or with a CREB-binding protein—CREB interaction inhibitor
that competes for CREB/CRE binding. Also, both recombinant gremlin and gremlin-expressing tumor cells induce
proinflammatory/proangiogenic responses in vivo that are suppressed by the anti-inflammatory drug hydrocortisone.
Similar effects were induced by the canonical VEGFR2 ligand VEGF-A

165"

Conclusions—Together, the results underline the tight cross-talk between angiogenesis and inflammation and demonstrate

a crucial role of CREB activation in the modulation of the VEGFR2-mediated proinflammatory/proangiogenic response
of ECs to gremlin. (Arterioscler Thromb Vasc Biol. 2014;34:136-145.)
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Angiogenesis and inflammation are closely integrated pro-
cesses.' Inflammatory cells may produce angiogenic cyto-
kines, growth factors, and proteases that contribute to the formation
of new vascular structures at the site of inflammation, tissue dam-
age, or tumor growth.** Moreover, several proinflammatory cyto-
kines may induce blood vessel formation via direct engagement of
target endothelial cells (ECs) or indirectly by inducing leukocytes
and ECs to produce proangiogenic mediators.™ However, angio-
genic factors, such as vascular endothelial growth factor (VEGF),
angiopoietin-1 (Ang-1), and fibroblast growth factor-2 (FGF2),
may elicit proinflammatory responses in ECs by upregulating the
expression of cell adhesion molecules and inflammatory media-
tors involved in leukocyte recruitment and activation.®'° Thus,
neovascularization and inflammation share several common sig-
naling pathways and molecular mediators.

The cyclic adenosine monophosphate (cAMP)-response
element-binding protein (CREB) is a bZip transcription factor

that forms homodimers or heterodimers with other CREB or
activating transcription factor (ATF) family members and binds
to specific cAMP-response element (CRE) promoter sites to
regulate the transcription of numerous genes.!" Several lines
of evidence implicate CREB activation in angiogenesis and
inflammation. CREB regulates the expression of several genes
induced by hypoxia, such as VEGF'>" and its receptor.'*
Also, overexpression of a constitutively active form of CREB
enhances tumor angiogenesis.'® Conversely, VEGF induces
CREB phosphorylation in ECs, thus increasing its transcrip-
tional activity.'®!” This capacity is shared by other angiogenic
growth factors, including FGF2 and hepatocyte growth fac-
tor.’*1” However, cyclooxygenase-2 upregulation induced by
inflammatory cytokines in ECs as well as various pattern recog-
nition receptor responses are mediated by CREB activation.?*?!

Gremlin belongs to the cystine-knot protein family*** and is
expressed in several pathological conditions, including fibrotic
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Nonstandard Abbreviations and Acronyms

BMP bone morphogenic protein

CAM chorionallantoide membrane
cAMP cyclic adenosine monophosphate
CREB cAMP-response element binding
ECs endothelial cells

HUVECs human umbilical vein endothelial cells
ICAM-1 intercellular adhesion molecule-1

VCAM-1 vascular cell adhesion molecule-1

VEGF-A vascular endothelial growth factor-A
VEGFR2 vascular endothelial growth factor receptor 2

diseases® and cancer.”?’ Gremlin acts as a bone morpho-
genic protein (BMP) antagonist by binding BMP2, BMP4, and
BMP7.%# Also, gremlin stimulates EC intracellular signaling
and motility in a BMP-independent manner, leading to a potent
angiogenic response in vivo.?”* This is because of the capacity
of gremlin to bind and activate VEGF receptor-2 (VEGFR2),
the main transducer of VEGF-mediated angiogenic signals.*%3!
Also, gremlin interacts with heparan-sulfate proteoglycans that
act as functional gremlin coreceptors in ECs, affecting its pro-
ductive interaction with VEGFR2.*> However, at variance with
heparin-binding VEGFs, gremlin does not interact with the
coreceptor neuropilin-1.>> Thus, gremlin is a novel proangio-
genic VEGFR2 agonist distinct from canonical VEGFs.

Here, we demonstrate that gremlin induces a proinflamma-
tory response in ECs by inducing the expression of various
chemokines and cell adhesion molecules, causing a VEGFR2-
mediated activation of CREB. In turn, CREB activation medi-
ates the early phases of the angiogenic response to gremlin,
including stimulation of EC motility and permeability, and
leads to leukocyte-adhesion to ECs and their extravasation. In
keeping with these observations, gremlin and gremlin-express-
ing tumor cells induce a proinflammatory or proangiogenic
response in vivo that is suppressed by the anti-inflammatory
drug hydrocortisone. These data point to a nonredundant role of
CREB in mediating the EC response to gremlin and underline
the tight cross-talk between angiogenesis and inflammation.

Materials and Methods

Materials and Methods are available in the online-only Supplement.

Results

Gremlin Induces a Proinflammatory

Response in ECs

Gremlin induces a potent angiogenic response in vitro and in
vivo.?7393 To get further insights on the proangiogenic activity
of gremlin, we assessed the transcriptional profile of murine
microvascular ECs (SIECs) stimulated by recombinant grem-
lin using Affymetrix MG-U74Av2 genechips (consisting of
22 690 probe sets, corresponding to =15 000 genes). A pre-
liminary analysis of the data indicates that a noticeable group
of gremlin-induced genes was related to the inflammatory
response, including various cytokines, chemokines, and leu-
kocyte-adhesion molecules (Andres, article in preparation).
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To confirm these observations, serum-starved SIECs were
stimulated with recombinant gremlin and investigated by
quantitative real time polymerase chain reaction analysis for
the expression of the monocyte/macrophage chemotactic che-
mokine (C-C motif) ligand-2 (Ccl2) and Ccl7, the neutrophil
chemoattractant chemokine (C-X-C motif) ligand-1 (Cxcll)
and of the cell adhesion molecules vascular cell adhesion
molecule-1 (VCAM-1) and intercellular adhesion molecule-1
(ICAM-1). Time-course analysis demonstrates the capacity
of gremlin to induce an early upregulation of all the genes
investigated, thus confirming its ability to induce a proin-
flammatory response in ECs. Similar results were obtained
when SIECs were stimulated with the proangiogenic canoni-
cal VEGFR?2 ligand VEGF-A . (Figure I in the online-only
Data Supplement). In keeping with their capacity to trigger
a proinflammatory response in ECs, gremlin and VEGF-A
stimulated also the production of cAMP and of reactive oxy-
gen species (Figure II in the online-only Data Supplement).

Gremlin Induces CREB Activation in ECs
CREB activation has been implicated in the regulation of
growth factor-mediated inflammatory and vascular remodel-
ing responses.'® In SIECs, gremlin induces a dose-dependent
phosphorylation of CREB (on Ser-133) and its rapid nuclear
translocation (Figure 1A and 1B). This was paralleled by
phosphorylation (on Ser-66) and nuclear translocation of the
cross-reacting family member ATF-1** and was preceded by
the phosphorylation and nuclear translocation of extracellular
signal-regulated protein kinases 1 and 2 (ERK ; Figure 1B).
Similar results were obtained by immunofluorescence analysis
of SIECs that showed a perinuclear pCREB immunoreactiv-
ity on 10 minutes of stimulation with gremlin and a nuclear
staining after 20 minutes (Figure 1D). In keeping with pre-
vious observations,'®"” CREB phosphorylation and nuclear
translocation were observed also after SIEC stimulation by
VEGF-A  (Figure 1B and 1D). This occurred with more rapid
kinetics when compared with gremlin stimulation, possibly as
a consequence of the different in-plane intermolecular attrac-
tive interactions after VEGFR2 recognition by the 2 ligands.!
The capacity of gremlin to induce CREB activation was
further assessed in starved human umbilical vein endothelial
cells (HUVECS) exposed to gremlin for 0 to 60 minutes by
electrophoretic mobility shift assay using a biotin-labeled CRE
oligonucleotide probe. As anticipated, gremlin induces the for-
mation of the CREB/CRE complex in a time-dependent manner
(Figure 1C). Complex formation was significantly inhibited by
a 100-fold excess of the unlabeled CRE probe, but not of an
unlabeled mutated probe; also, incubation with an anti-CREB
antibody caused the supershift of the complex (Figure 1C).
Finally, we established an in situ CREB/DNA-binding assay to
visualize the CRE-binding activity of CREB directly in cells
or tissue sections (see Materials and Methods section in the
online-only Data Supplement). To this purpose, gremlin-treated
HUVECs were fixed, permeabilized, and incubated for 1 hour
with a Cy5-labeled oligoprobe containing the palindromic or
the mutated CRE sequence. As shown in Figure 1E, the Cy5-
labeled palindromic CRE oligoprobe binds the nuclear CREB
of gremlin-stimulated cells, whereas the mutated oligoprobe
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Figure 1. Gremlin induces cAMP-response element (CRE)-binding protein (CREB) activation. A, Cell lysates were prepared from murine
microvascular ECs (SIECs) stimulated for 15 minutes with 0, 5, 10, 30, 50, and 100 ng/mL of recombinant gremlin. Twenty micrograms
of aliquots were probed by Western blotting with anti-pCREB antibodies. Uniform loading of the gels was confirmed by incubation of the
membranes with anti-FAK antibodies. B, SIECs were stimulated for 0 to 60 minutes with 50 ng/mL of gremlin or with 50 ng/mL of vascu-
lar endothelial growth factor-A (VEGF-A, ). Then, nuclear (5.0 pug) and cytoplasmic (10 ug) extracts were probed by Western blotting with
anti-pCREB, anti-CREB, and anti-ERK, , antibodies. C, SIECs were treated for 0 to 60 minutes with 50 ng/mL of gremlin. Then, nuclear
extracts (2.0 pg) were incubated with a biotin-labeled CREB double-stranded DNA oligonucleotide probe (left). Also, 2.0 pg of nuclear
extracts of SIECs treated for 20 minutes with 50 ng/mL of gremlin were incubated with a biotin-labeled CREB double-stranded DNA oli-
gonucleotide probe in the absence or in the presence of a molar excess of the unlabelled CREB probe or of a mutant CREB probe or in
the presence of anti-CREB antibodies (right). The protein-DNA complexes were analyzed by electrophoretic mobility shift assay onto a
native 6% polyacrylamide gel. D, Serum-starved SIECs were incubated for 0 to 20 minutes with 50 ng/mL of gremlin or VEGF-A, . and
immunostained with anti-pCREB antibody followed by anti-rabbit Alexa488. Samples were analyzed using a Zeiss Axiovert 200M epi-
fluorescence microscope equipped with Apotome system and a Plan-Apochromat 63x/1.4 NA oil objective. Data in B and D indicate that
gremlin induces a slower CREB nuclear translocation compared with VEGF-A_ .. E, Serum-starved human umbilical vein endothelial cells
were incubated for 0 or 20 minutes with 50 ng/mL of gremlin. Then, cells were fixed and stained with a Cy5-labeled oligoprobe containing
the palindromic CRE sequence or a mutated sequence. The Cy5-labeled palindromic CRE oligoprobe binds the nuclear DNA of gremlin-
stimulated cells, whereas the mutated oligoprobe was ineffective. Analysis was performed using a Zeiss Axiovert 200M epifluorescence

microscope equipped with a Plan-Apochromat 63x/1.4 NA oil objective. Results are representative of 3 independent experiments.

was ineffective. Together, these results confirm the specificity
of CREB/CRE binding after gremlin stimulation in ECs.

VEGFR2 Mediates CREB Activation

by Gremlin in ECs

Gremlin is a noncanonical ligand of the major proangio-
genic receptor VEGFR2 without exerting any interaction with
VEGFR1.%*° To assess whether the capacity of gremlin to induce
CREB activation is attributable to a VEGFR2-mediated effect,
SIECs were pretreated with the tyrosine kinase VEGFR2 inhibitor
SU5416* and incubated for 15 minutes with gremlin. As shown
in Figure 2A, SU5416 fully prevents CREB activation as assessed
by ELISA, thus confirming that CREB activation is part of the
VEGFR2-mediated proangiogenic response elicited by gremlin in
ECs. Relevant to this point, gremlin induces CREB phosphory-
lation also in VEGFR2-expressing smooth muscle cells with no
effect on VEGFR1-expressing peripheral blood mononuclear
cells (Figure III in the online-only Data Supplement).

As described above, ERK,, phosphorylation precedes
CREB activation in gremlin-treated ECs (see Figure 1B). A
60-minute preincubation with the MAP kinase kinase inhibi-
tor PD98059,"> the p38 mitogen activated protein kinase

inhibitor SB202190," or the Src inhibitor PP2' all prevent
CREB phosphorylation and DNA binding triggered by grem-
lin (Figure 2A and 2B).

Together, these data indicate that activation of the mitogen
activated protein kinase pathway after VEGFR2 engagement
plays a pivotal role in CREB activation by gremlin in ECs.

CREB Mediates the Early Phases of the

Angiogenic Response of ECs to Gremlin

Increased permeability and acquisition of a promigratory
phenotype are among the earliest events that occur in ECs
after stimulation by proangiogenic factors, including VEGF.
Accordingly, previous observations had shown that gremlin
elicits a motogenic response in ECs both when administered
as a recombinant protein or when produced by gremlin-over-
expressing tumor cells.* However, no data were available
about a possible effect of gremlin on EC permeability.

Here, confluent HUVEC monolayers plated on Transwell
membrane support were treated for 24 hours with the condi-
tioned medium from human breast carcinoma MCF7 cells sta-
bly transfected with the human gremlin cDNA (gremlin-MCF7
cells) or with the empty vector (mock-MCF7 cells).** Then,
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Figure 2. Vascular endothelial growth factor receptor-2 (VEGFR2)
mediates cAMP-response element-binding protein (CREB) acti-
vation by gremlin. A, Murine microvascular endothelial cells were
pretreated for 1 hour with the tyrosine kinase VEGFR2 inhibitor
SU5416 (5.0 umol/L), the MAP kinase kinase inhibitor PD98059
(25 umol/L), the p38 mitogen activated protein kinase inhibitor
SB202190 (25 pmol/L), or the Src inhibitor PP2 (5.0 umol/L) and
incubated for further 15 minutes in the absence or in the pres-
ence of 50 ng/mL of gremlin. Then, 5 pug of nuclear extract was
probed for CREB-binding activity with the pCREB Transcription
Factor ELISA kit. Extracts from gremlin-treated cells were probed
also in the presence of a molar excess of the unlabeled CREB
probe (pal) or of a mutant CREB probe (mut; mean values+SD;
n=3; *P<0.05; **P<0.01; Student t test). B, Cells were immu-
nostained with an anti-pCREB antibody followed by anti-rabbit
Alexa488. Analysis was performed using a Zeiss Axiovert 200M
epifluorescence microscope equipped with a Plan-Apochromat
63x/1.4 NA oil objective.

50 pg of biotin-labeled bovine serum albumin were added to
the upper Transwell chamber, and the amount of bovine serum
albumin diffused to the lower chamber through the HUVEC
monolayer was quantified after 90 minutes. Gremlin signifi-
cantly affects HUVEC permeability, as demonstrated by the
2-fold increase of biotin-labeled bovine serum albumin detect-
able in the lower wells treated with the conditioned medium
from gremlin-MCF7 cells when compared with mock cells
(Figure 3A). The loss of EC barrier integrity was confirmed
by immunofluorescence analysis of gremlin-treated HUVEC
monolayers using antibodies against the major endothelial
adherens junction protein vascular endothelial-cadherin and the
tight junction-associated protein zonula occludens ZO-1. When
compared with control cells, cells treated with gremlin were
characterized by an increased number of intercellular gaps and
by the delocalization of vascular endothelial-cadherin and ZO-1
from the cell junctions to the cytoplasm (Figure 3B). Similar to
that described for VEGF-A _,* the nitric oxide synthase inhibi-
tor NG-nitro-L-arginine methyl ester (L-NAME) prevented EC
junction disruption in gremlin-stimulated cells (Figure IV in the
online-only Data Supplement). In agreement with these obser-
vations, both recombinant gremlin and VEGF-A , similarly
affected blood vessel permeability in vivo when tested subcuta-
neously (s.c.) in the Miles assay*® (Figure 3C and C”).
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Inhibition of CREB activation after transient transfection
with the dominant-negative bZIP domain mutant ACREB¥
(Figure 3A”) prevents the increase of permeability induced
by gremlin in HUVECsS (Figure 3A). Similarly, ACREB over-
expression significantly inhibited the chemokinetic response
elicited by gremlin or VEGF-A . in HUVEC:s as assessed by
time-lapse video microscopy (Figure 3D) and the chemotac-
tic activity exerted by gremlin on SIECs in a Boyden cham-
ber assay (Figure VA in the online-only Data Supplement).
Accordingly, a CRE-decoy 24-mer oligonucleotide® caused a
dramatic reduction of the chemotactic response of HUVECs
to gremlin (Figure VB in the online-only Data Supplement)
with no effect on their adhesive capacity (data not shown).

These data point to a functional role of CREB in the early
phases of the angiogenic response to gremlin by affecting EC
permeability and motility.

Gremlin Causes CREB-Dependent

Leukocyte Extravasation

Leukocyte infiltration is a common feature of inflammation,
angiogenesis, and cancer. It involves a sequence of VCAM-1
and ICAM-1-mediated adhesive events between leukocytes
and endothelial receptors that culminates in leukocyte extrav-
asation.*” Previous observations had shown a direct or indirect
role of CREB in mediating VCAM-1 and ICAM-1 upregu-
lation in ECs.?334 To assess whether CREB activation is
involved in the modulation of VCAM-1 and ICAM-1 expres-
sion by gremlin, mock- and ACREB-transfected HUVECs
were treated with the conditioned medium from mock- or
gremlin-MCF7 cells. After 24 hours, ICAM-1 and VCAM-1
transcript and protein levels were assessed by quantitative real
time polymerase chain reaction and flow cytometry analysis,
respectively. As shown in Figure 4A and 4B, ACREB overex-
pression hampered ICAM-1 and VCAM-1 upregulation trig-
gered by gremlin with no effect on the expression of other
EC genes, for example, platelet endothelial cell adhesion mol-
ecule-1. Similarly, ACREB overexpression prevented ICAM
and VCAM-1 upregulation triggered by VEGF-A . in ECs
(Figure VI in the online-only Data Supplement).

Given the role of ICAM-1 and VCAM-1 in mediating mono-
cyte-EC adhesion and transmigration, we evaluated the adhe-
sion of human monocytic THP-1 cells to gremlin-treated ECs.
To this purpose, mock- and ACREB-transfected HUVECs
were stimulated for 24 hours with the conditioned medium
from mock-MCF7 or gremlin-MCF7 cells and incubated for 1
hour with LPS-activated THP-1 cells. The results demonstrate
that gremlin significantly increases THP-1 cell adhesion to
the EC monolayer (77+17 versus 135+15 cells/field for con-
trol and gremlin-treated cells, respectively). As anticipated,
this increase was prevented by coincubation with neutralizing
monoclonal antibodies against ICAM-1 or VCAM-1, as well
as by transient ACREB transduction in HUVECs (Figure 4C).
Similar results were obtained when mock and ACREB-
HUVECs were stimulated with recombinant gremlin or
VEGF-A ., (Figure VII in the online-only Data Supplement).

Next, we evaluated the effect of endothelial CREB activa-
tion by gremlin on leukocyte diapedesis. Mock- and ACREB-
transfected HUVECs were plated on a Transwell membrane
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Figure 3. cAMP-response element-binding protein (CREB) modulates gremlin-induced endothelial cell (EC) permeability and motility.

A, Mock- and ACREB-human umbilical vein endothelial cells (HUVECs) were plated at confluence on Transwell and treated with the con-
ditioned medium from mock-MCF7 or gremlin-MCF7 cells for 24 hours. To measure EC permeability, biotin-bovine serum albumin (BSA)
was added to the top chamber at 50 pg/well. After 90 minutes, the top chamber was removed, and biotin-BSA was measured in the lower
chamber with horseradish peroxidase-conjugated streptavidin. A’, Twenty-microgram aliquots of mock and ACREB-HUVEC lysates were
probed by Western blotting with anti-CREB antibodies. B, Confluent HUVECs were incubated with vehicle or 50 ng/mL of gremlin, fixed
with 3% paraformaldehyde, and permeabilized with 0.2% Triton X-100. Then, cells were incubated with anti-zonula occludens (ZO)-1 or
antivascular endothelial-cadherin (VE-Cad) antibodies followed by anti-mouse Alexa 488 and nuclei were counterstained with 4',6-diamid-
ino-2-phenylindole. Analysis was performed using a Zeiss Axiovert 200M epifluorescence microscope equipped with Apotome system
and a Plan-Apochromat 63x/1.4 NA oil objective. Note that the cell-cell contact localization of ZO-1 and VE-Cad is lost in gremlin-treated
cells. C, Systemic (i.v.) administration of Evans blue in C57BL6 mice was followed by intradermal injection of vehicle or 50 ng of gremlin
or vascular endothelial growth factor-A (VEGF-A,,). Evans blue leakage was assessed after 20 minutes (representative images are shown
in C’), and quantification of extravasated dye was assessed by formamide extraction. D, Mock and ACREB-HUVECs were seeded in
M199 plus 5% fetal calf serum. Then, cells were stimulated with 50 ng/mL of gremlin or VEGF-A_ ., and cell motility was assessed by
time-lapse videomicroscopy using an inverted photomicroscope (Zeiss Axiovert 200M) equipped with an LD A PLAN 20X/0,30PH1 objec-
tive. Constant temperature (37°C) and Pco, (5%) were maintained throughout the experimental period by means of heatable stage and cli-
mate chamber. Phase-contrast snap photographs were digitally recorded for 240 minutes. Cell paths (15-20 cells per experimental point)

were generated from centroid positions, and migration parameters were analyzed with the Chemotaxis and Migration Tool of ImageJ
Software (http://rsbweb.nih.gov/ij). Accumulated distances (in um) are shown in D. *P<0.05; Student t test.

support and cocultured with mock-MCF7 or gremlin-MCF7
cells seeded in the lower chamber. After 24 hours, LPS-activated
THP-1 cells were added to the upper chamber in the absence or
in the presence of neutralizing anti-ICAM-1 or anti-VCAM-1
antibodies and allowed to transmigrate for the next 16 hours. The
amount of THP-1 cells transmigrated throughout the HUVEC
monolayer was 6-fold higher in the presence of gremlin-MCF7
cells in the lower chamber than in the presence of mock-MCF7
cells. Also, THP-1 cell transmigration was prevented by neu-
tralizing anti-ICAM-1 or anti-VCAM-1 antibodies. Moreover,
inhibition of CREB activation in HUVECs by ACREB trans-
duction significantly reduced THP-1 adhesion and transmigra-
tion (Figure 4D). It must be pointed out that, in the absence of
the HUVEC monolayer, THP-1 cells showed a similar, limited
migratory response toward mock-MCF7 and gremlin-MCF7
cells (data not shown). This observation suggests that THP-1 cell
transmigration is driven by a gremlin-induced chemotactic stim-
ulus of EC origin rather than a direct chemotactic effect. Indeed,
as described above, gremlin upregulates the expression of a

variety of chemokines in ECs that may be responsible for the
observed THP-1 cell recruitment. In keeping with this hypoth-
esis, gremlin-driven THP-1 cell transmigration through the
HUVEC monolayer was significantly reduced by the pan-che-
mokine inhibitor M3, a murine y-herpesvirus 68 protein antago-
nist for human and mouse CC, CXC, and CX3C chemokines*'
(Figure VIII in the online-only Data Supplement). Together the
data indicate that gremlin stimulates monocyte transmigration
by acting on ECs and inducing the coordinate upregulation of
chemokine production and the CREB-dependent expression of
the cell adhesion molecules VCAM-1 and ICAM-1 on the EC
surface. This is paralleled by increased CREB-dependent EC
permeability and acquisition of a motile phenotype.

On this basis, we evaluated the capacity of gremlin to induce
a CREB-dependent leukocyte extravasation in vivo. In a first set
of experiments, CREB activation by gremlin was assessed in the
chick embryo chorionallantoide membrane (CAM) by the in situ
CREB/DNA-binding assay described above. To this aim, CAMs
were treated with gremlin (100 ng/implant) for 20 minutes. Then,
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Figure 4. cAMP-response element-binding protein (CREB) mediates leukocyte extravasation induced by gremlin. A and B, Mock- and
ACREB-transfected human umbilical vein endothelial cells (HUVECs) were treated for 24 hours with the conditioned medium from mock-
or gremlin-MCF7 cells. Then, intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and platelet endo-
thelial cell adhesion molecule-1 mRNA levels were assessed by quantitative real-time polymerase chain reaction analysis (A), whereas
ICAM-1 and VCAM-1 protein levels were quantified by flow cytometry analysis (orange line: mock-HUVECs stimulated by mock-MCF7;
red line: ACREB-HUVECs stimulated by mock-MCF7; dark blue line: mock-HUVECs stimulated by gremlin-MCF7; blue line ACREB-
HUVECs stimulated by gremlin-MCF7; B). C, Also, HUVECs treated as described above were incubated with lipopolysaccharides (LPS)-
activated THP-1 cells for 1 hour. At the end of the incubation, THP-1 cells adherent to the endothelium were counted in 5 random fields
using Zeiss Axiovert 200M epifluorescence microscope equipped with LD A PLAN 20X/0,30PH1 objective. When indicated, HUVECs
were pretreated for 1 hour with neutralizing antibodies against ICAM-1 or VCAM-1 before incubation with monocyte THP-1 cells. Data
are the mean+SD of 3 determinations. D, Mock- and ACREB-transfected HUVECs were plated on a Transwell membrane support and
cocultured for 24 hours with mock-MCF7 or gremlin-MCF7 cells seeded in the lower chamber. LPS-activated THP-1 cells were added to
the upper chamber in the absence or in the presence of neutralizing anti-ICAM-1 or anti-VCAM-1 antibodies. Transmigrated THP-1 cells
were counted in 5 random fields using Zeiss Axiovert 200M epifluorescence microscope equipped with LD A PLAN 20X/0,30PH1 objec-
tive. Data are the mean=SD of 3 wells (*P<0.05; Student ¢ test).

frozen tissue sections were incubated with the Cy5-labeled pal- gremlin and VEGF-A |/ to induce a proangiogenic response in
indromic CRE oligoprobe and analyzed by immunofluorescence the classical in vivo murine Matrigel plug angiogenesis assay*
microscopy. As shown in Figure 5A, the Cy5-labeled palindromic in the presence of the anti-inflammatory drug hydrocortisone.
CRE oligoprobe binds EC nuclei in gremlin-stimulated CAMs but After 7 days, immunofluorescence and quantitative real time
not in control CAMs. The specificity of interaction was confirmed polymerase chain reaction analyses of the plugs* revealed a
by the lack of nuclear staining when gremlin-treated CAMs were significant increase of the expression of the endothelial marker
incubated with a Cy5-oligoprobe containing a mutation in the CD31 and of the pan-leukocyte marker CD45 both in grem-
CRE sequence. These observations further confirm that CREB is lin and VEGF-A , plugs when compared with control plugs
a downstream molecule activated in vivo by gremlin in ECs. Next, (Figure 6A). As anticipated, hydrocortisone prevented the
alginate beads loaded with gremlin or VEGF-A | were implanted recruitment of infiltrating cells and the neovascular response
onto the CAMs at 11 days of development. As anticipated, both triggered by both VEGFR?2 ligands (Figure 6B).
gremlin and VEGF-A  triggered the recruitment of a robust Gremlin is expressed by tumor and stromal cells in differ-
inflammatory cell infiltrate in the CAM stroma that was prevented ent human cancers.?® On this basis, alginate beads loaded with
by the topic administration of a CREB-binding protein-CREB the conditioned medium from mock-MCF7 or gremlin-MCF7
interaction inhibitor that suppresses the transcriptional activity of cells were implanted onto the CAMs. Similar to recombinant
CREB* (Figure 5B and 5C). gremlin or VEGF-A , the conditioned medium of gremlin-
MCEF7 cells induced a potent angiogenic response (Figure IXA
Gremlin-Expressing Tumor Cells Induce a in the online-only Data Supplement) that was paralleled by
Proinflammatory/Proangiogenic Response In Vivo the recruitment of inflammatory cells in the stroma among the
To get further insights on the role of inflammation in grem- newly formed blood vessels (Figure IXB in the online-only Data

lin-driven neovascularization, we compared the capacity of Supplement). Again, hydrocortisone inhibited this coordinated
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Figure 5. cAMP-response element-binding protein (CREB)
mediates leukocyte recruitment and angiogenesis induced

by gremlin in the chick embryo chorionallantoide membrane
(CAM). A, CAMs at day 11 of development were treated with
100 ng/egg of gremlin or vehicle for 20 minutes and examined
for CREB activation. To this purpose, frozen tissue sections
were incubated with Cy5-labeled oligoprobe containing the pal-
indromic CRE sequence and analyzed by immunofluorescence
microscopy. Analysis was performed using a Zeiss Axiovert
200M epifluorescence microscope equipped with a ACROPLAN
10X/0,25 objective. Nuclei are highlighted by 4',6-diamidino-
2-phenylindole (DAPI) counterstaining. B, Alginate pellets con-
taining 100 ng of recombinant gremlin or vascular endothelial
growth factor-A (VEGF-A),,, were implanted on the top of chick
embryo CAMs at day 11 of development in the absence or in
the presence of 5.0 uM of CREB-binding protein (CBP)-CREB
interaction inhibitor. After 3 days, paraffin-embedded sections
of the CAMs were stained with hematoxylin/eosin and ana-
lyzed using a Zeiss Axiovert 200M epifluorescence microscope
equipped system and ACROPLAN 10X/0.25 (top) and LD A
PLAN 20X/0.30PH1 (bottom) objectives. Note the presence of
an abundant inflammatory cell infiltrate in the areas of gremlin
and VEGF-A, ~induced neovascularization (top) abolished by
treatment with the CBP-CREB interaction inhibitor (bottom).

C, Alginate pellets containing 100 ng of recombinant gremlin or
VEGF-A,,, were assessed for their angiogenic capacity in the
absence or in the presence of the CBP-CREB interaction inhibi-
tor. Data (7-10 eggs per group) represent the number of vessels
converging toward the alginate implant and are expressed as
mean+SD. *statistically different from the vehicle group; P<0.05.

proinflammatory/neovascular response, further implicating
inflammatory cells/mediators in gremlin-induced neovascular-
ization (Figure IXA in the online-only Data Supplement).
Next, we assessed the effect of gremlin in a tumor angio-
genesis assay. To this purpose, Matrigel embedded mock-
MCF7 or gremlin-MCF7 cells were implanted s.c. in nu/
nu male mice. Anti—nitro-tyrosine immunostaining of the
implants performed at day 7 after injection demonstrates that
gremlin-MCF7 cells induce NO production in tumor grafts
(Figure 7A). Accordingly, gremlin-MCF7 xenografts were
characterized by the presence of several CD31-positive blood
vessels and of an abundant CD45-positive leukocyte infiltrate
when compared with mock-MCF7 implants as shown by
immunofluorescence and quantitative real time polymerase
chain reaction analyses (Figure 7B and 7C). A further charac-
terization of infiltrating cells showed that recruited leucocytes
mainly consist of mature F4/80* macrophages and CD11b*
monocytes with rare neutrophils (Figure 7B). Again, the
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Figure 6. Gremlin exerts a potent proangiogenic activity in vivo.
A, Matrigel plugs containing phosphate buffer saline or 1.0 ng/mL

of gremlin or vascular endothelial growth factor-A,  were

implanted s.c. in mice in the absence or in the presence of 10 pg
of hydrocortisone (HD). After 1 week, plugs were harvested, and
quantification of CD31* endothelial cells and CD45+ infiltrating leu-
kocytes was performed by quantitative real time polymerase chain
reaction analysis. Briefly, Matrigel plugs were weighted, homog-
enized in TRIzol solution, added with 1x10* human cells per mg
of plug and assessed for mCD31, mCD45, and hGAPDH expres-
sion levels by RT-gPCR. Data are the mean+SEM of 7 plugs and
are expressed as mCD31/hGAPDH and mCD45/hGAPDH mRNA
ratios (*P<0.05). B, Immunofluorescence analysis with anti-CD31
and anti-CD45 antibodies was performed on plug sections using
a Zeiss Axiovert 200M epifluorescence microscope equipped with
Apotome system and an LD A PLAN 20X/0.30PH1 objective.

administration of hydrocortisone prevented the inflammatory
response and neovessel formation triggered by gremlin-MCF7
xenografts (Figure 7A-7C). Together, our findings support the
notion that inflammatory responses are relevant for gremlin-
dependent neovascularization.

Discussion

Neovascularization and inflammation share common signal-
ing pathways and molecular mediators. Several proinflamma-
tory cytokines may induce blood vessel formation via a direct
engagement of target ECs or indirectly by inducing leukocytes
and ECs to produce proangiogenic mediators.** Conversely,
angiogenic factors may elicit a proinflammatory signature in
ECs,'** causing the upregulation of cell adhesion molecules
and inflammatory mediators that leads to the recruitment of
proangiogenic leukocytes at the site of injury. Here, we show
that the proangiogenic activity of gremlin is dependent on its
direct effect on EC behavior and on its ability to affect the
modulation of proinflammatory mediators in ECs.

Previous observations had shown that gremlin triggers
VEGFR2-mediated intracellular signals that lead to in vitro
EC sprouting and invasive activity and in vivo neovessel for-
mation.***? Here, we show that gremlin also exerts a proin-
flammatory response in ECs inducing NO production and
an increase of intracellular cAMP levels that lead to EC per-
meability and CREB activation, respectively. Accordingly, a
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Figure 7. Hydrocortisone hampers the
proinflammatory or proangiogenic activity
exerted by gremlin-overexpressing tumor
cells in mice. A and B, Mock- and gremlin-
MCF7 cells were resuspended in Matrigel,
implanted s.c. in 16-week-old nu/nu mice in
the absence or in the presence of 10 pg of
hydrocortisone (HD) and examined at day 7.
A, Anti-nitro-tyrosine immunostaining dem-

O gremlin-MCF7 * onstrates that gremlin-MCF7 cells induce
™ gremlin-MCF7+ HD NO production in tumor grafts that is abol-

ished hydrocortisone. B, Accordingly, note
the presence of numerous CD31* endothe-
lial cells and of CD45+ infiltrating leukocytes,
mainly consisting of F4/80* macrophages
and fewer CD11b* monocytes, in grem-
lin-MCF7 grafts when compared with
hydrocortisone-treated samples. Nuclei are
shown by 4',6-diamidino-2-phenylindole
counterstaining. Samples were analyzed

CD31

gremlin-MCF7

vehicle +

CD31 CD45

F4/80

preliminary transcriptome analysis of gremlin-treated ECs
points to the capacity of this factor to induce a proinflamma-
tory signature in endothelium by causing the upregulation of
various inflammatory cytokines, chemokines, and leukocyte-
adhesion molecules (Andres, article in preparation). All these
molecules concur to leukocyte extravasation. Here, we have
confirmed this observation by showing that gremlin stimu-
lates monocyte transmigration by acting on ECs and inducing
the coordinate upregulation of the monocyte/macrophage and
neutrophil chemotactic chemokines Ccl2, Ccl7, and Cxcll and
the expression of the cell adhesion molecules VCAM-1 and
ICAM-1 on the EC surface. This is paralleled by increased EC
permeability and acquisition of a motile phenotype.

All these effects were inhibited by transient transfection of
ECs with a dominant-negative CREB mutant and by a CRE-
decoy oligonucleotide. Indeed, gremlin causes CREB activa-
tion, nuclear translocation, and DNA binding in ECs through
a productive gremlin—~VEGFR?2 interaction. PI-3K and PKC
mediate CREB activation after VEGFR2 engagement by
VEGF-A.">'7 Our observations demonstrate a nonredundant
role of VEGFR2-mediated mitogen activated protein kinase
and Src signaling in CREB activation by gremlin, whereas
no effect was exerted by the PI-3K inhibitors LY294002 and
Wortmannin or the PKC inhibitor GF109203X (data not
shown). Together with the different kinetics of CREB activation
by the 2 factors, these data reveal the previously unrecognized
capacity of gremlin to trigger VEGFR2-dependent intracel-
lular events distinct from those elicited by VEGF-A. This is
in keeping with the different nanomechanical affinity of the 2
ligands for VEGFR?2 because of different surface intermolecu-
lar interactions that may lead to distinctive EC responses (see
reference 31 for a further discussion of this point).

Vascular permeability can be regulated by growth factors
such as VEGF as well as by a wide array of inflammatory

CD45 using a Zeiss Axiovert 200M epifluores-
cence microscope equipped with Apotome
system and an LD A PLAN 20X/0,30PH1
objective. C, Quantitative real time poly-
merase chain reaction analysis of the grafts
confirms the inhibitory effect exerted by
hydrocortisone on the proinflammatory or
proangiogenic response elicited by gremlin-
MCF7 cells. Data are the mean+SD of 6
CD11b plugs (*P<0.05; Student t test).

mediators via distinct molecular processes.* Here, we show
that CREB activation by gremlin, either when administered
as a recombinant protein or when produced by tumor cells,
drives the breakdown of EC barrier function in vitro and in
vivo, paralleled by the redistribution of the major endothelial
adherens junction protein vascular endothelial-cadherin and
the tight junction-associated protein ZO-1, thus allowing pro-
tein diffusion through the EC monolayer and leukocyte tran-
sendothelial migration. Also, in keeping with the critical role
of NO in modulating vascular permeability,*’ the NO-synthase
inhibitor L-NAME hampers EC junction disassembly after
gremlin stimulation. Moreover, we cannot rule the possibil-
ity that additional factors produced by gremlin-stimulated
ECs may concur with gremlin in inducing vascular leakage.
Further experiments are required to fully elucidate the mecha-
nisms leading to gremlin-mediated EC permeability.

The upregulation of ICAM-1 and VCAM-1 in cytokine-
activated ECs may occur via CREB activation as well as via
the activation of the transcription factor NF-xB.**#! Indeed,
NF-xB triggers a proinflammatory/proangiogenic transcrip-
tion program in endothelium and regulates the production
of various angiogenic factors* pointing to a tight cross-talk
between NF-kB and CREB activity during inflammation.*
Previous observations had shown the ability of gremlin to
induce NF-xB activation in ECs, leading to Ang-1 upregula-
tion.”® Here, we demonstrate the role of CREB in the modula-
tion of ICAM-1 and VCAM-1 expression in gremlin-activated
ECs and its involvement in monocyte/macrophage transen-
dothelial migration. Of note, EC treatment with the cAMP
analogous dibutyryl-cAMP fails to recapitulate the proinflam-
matory response elicited by gremlin (Figure X in the online-
only Data Supplement). Together, the data raise the possibility
that NF-kB may concur with CREB activation in driving the
proinflammatory phenotype triggered by gremlin in ECs.
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However, the capacity of gremlin to induce the activation of
2 major proinflammatory transcription factors in ECs under-
lines the role of inflammation in the neovascularization pro-
cess. This is confirmed by the ability of the anti-inflammatory
drug hydrocortisone to hamper the angiogenic activity exerted
in vivo by gremlin or gremlin-overexpressing tumor cells.

Gremlin may exert a dual role in different physiological
and pathological conditions by acting as a BMP antagonist
and as a noncanonical VEGFR?2 ligand. For example, gremlin
seems to play BMP-independent angiogenic and tumorigenic
functions in different neoplasms®? and to promote tumor
epithelial-to-mesenchymal transition by inhibiting BMP sig-
naling.>' Although its contribution to neovascularization and
tumor growth in experimental and human neoplasms deserves
further investigation, our data support the notion that gremlin
produced by tumor cells may induce angiogenesis by interact-
ing directly with ECs and by stimulating the recruitment of a
proangiogenic inflammatory infiltrate. Accordingly, previous
observations have shown that gremlin upregulation may play
a pathogenic role in different chronic inflammatory condi-
tions, including hypoxic pulmonary hypertension,” diabetic
nephropathy,” and lung fibrosis.>* Indeed, gremlin haplodefi-
ciency reduces vascular remodeling in hypoxic lung and dia-
betes mellitus—associated kidney damage.> However, gremlin
attenuates atherosclerotic plaque growth in ApoE~/~ mice®
and may act as neuroprotective factor for dopamine neuron
degeneration.’” Thus, the biological impact of gremlin down-
regulation or of its overexpression in different pathological
settings seems to be strictly contextual.

In conclusion, our data point to a nonredundant role of
CREB in mediating the EC response to gremlin and underline
the tight cross-talk between angiogenesis and inflammation
(Figure XI in the online-only Data Supplement). The capac-
ity of gremlin to activate a proinflammatory or proangiogenic
phenotype in endothelium may contribute to neovasculariza-
tion and activation of innate immune responses in different
pathological conditions, including fibrosis and cancer.
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Significance

Angiogenesis and inflammation are processes that are closely related in several pathological conditions, including cancer. Gremlin, a pro-
angiogenic molecule released by tumor cells, induces proinflammatory responses in endothelial cells via CAMP-response element-binding
protein activation. Here, we show that cAMP-response element-binding protein mediates the early phases of gremlin-induced angiogenesis,
including stimulation of endothelial cell motility and permeability, leading to leukocyte adhesion to endothelial cells and extravasation. The
capacity of gremlin to activate a proinflammatory or proangiogenic phenotype in endothelium may contribute to neovascularization and acti-
vation of innate immune responses in different pathological conditions, including fibrosis and cancer.
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SUPPLEMENTARY FIGURES
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Supplementary Figure I. Gremlin and VEGF-A;ss modulate the expression of chemokines
and cell adhesion molecules in ECs. Serum-starved SIECs were stimulated with 50 ng/mL of
recombinant gremlin (A) or VEGF-Asgs (B) for 0, 2, 4, 6, 12 and 24 hours. At each time point total
RNA was reverse transcribed to cDNA and analyzed by qRT-PCR. Data (mean values + SD; n= 3)
represent the expression ratio of each target gene relative to the untreated control. Expression

levels were normalized to B—actin expression.



A gremlin VEGF-A45

- subset

75.1% | | - subset

| 54,2%

Zount

0
10

pmol/10¢ cells
=

vehicle gremlin VEGF-A165

Supplementary Figure Il. Gremlin and VEGF-Aies induce a pro-inflammatory response in
ECs. A) Fluorimetric determination of ROS production was carried out on SIECs (1 x 10°
cells/sample) loaded with 5 yM DCFH-DA and stimulated for 10 minutes with 50 ng/mL of gremlin
(left panel) or VEGF-A,¢5 (right panel). Control cells (red line), 9.56% positive cells with 6.61 + 2.1
Geom. Mean; gremlin-stimulated cells (blue line), 75.1% positive cells with 13.2 + 1.9 Geom.
Mean; VEGF-Asgs-stimulated cells (green line), 64.2% positive cells with 10.4 £ 2.3 Geom. Mean
(the values are the intensity mean of two independent experiments. B) non-acetylated cAMP levels
were detected in SIEC lysates by competitive ELISA. To this purpose, SIECs were stimulated with
50 ng/mL of gremlin or VEGF-Aes for 30 minutes and lysed in 0.1 M HCI. Data are the mean + SD
from two independent experiments.
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Supplementary Figure Ill. Gremlin induces CREB activation in VEGFR2-expressing smooth
muscle cells. Calf aortic smooth muscle cells (A) and freshly isolated VEGFR1-expressing human
PBMCs (B) were stimulated for O to 60 minutes with 50 ng/mL of recombinant gremlin. Then, 20 pg
aliquots of the cell lysates were probed by Western blotting with an anti-pCREB antibody. Uniform
loading of the gels was confirmed by incubation of the membranes with anti-FAK antibodies.
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Supplementary Figure IV. NO synthase inhibitor prevents EC junction disruption in gremlin-
stimulated cells. Confluent HUVECs were incubated with vehicle or 50 ng/mL of gremlin in the
absence or in the presence of 100 uM of the NO synthase inhibitor L-NAME or control D-NAME
(Sigma), fixed with 3% PAF and permeabilized with 0.2% Triton X-100. Then, cells were incubated
with anti-VE-Cad antibodies followed by anti-mouse Alexa 488. Nuclei were counterstained with
DAPI. Note the capacity of L-NAME to prevent the disorganization of VE-Cad-positive EC junctions
induced by gremlin. No effect was instead exerted by control D-NAME. Analysis was performed
using a Zeiss Axiovert 200M epifluorescence microscope equipped with Apotome system and a
Plan-Apochromat 63x/1.4 NA oil objective.
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Supplementary Figure V. CREB modulates gremlin-induced EC motility. A) Mock and ACREB-
SIECs were assessed for their capacity to migrate in response to 50 ng/mL of gremlin in a Boyden
chamber assay. After 4 hours, cells migrated to the lower side of the filter were counted (*, P<0.05
stimulated versus untreated; Student’s t test). B) HUVECs were transfected with a CRE-decoy
palindromic oligonucleotide or with control or nonsense oligonucleotides and tested in the Boyden
chamber assay for their capacity to migrate through a gelatin-coated filter in response to 50 ng/mL
gremlin. After 5 hours, cells migrated to the lower side of the filter were counted. (*, P<0.05
stimulated versus untreated; Student’s t test).
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Supplementary Figure VI) Mock- and ACREB-transfected HUVECs were treated for 24 hours
with 50 ng/mL of VEGF-Asgs. Then, ICAM-1, VCAM-1 and PECAM-1 mRNA levels were assessed
by quantitative RT-PCR analysis.



140 1 [J Mock *
B AcreB

291 @ Mock + anti-IcAM-1 l
= [l Mock + anti-VCAM-1
.~ 100 + *
(-
\
K%
U 80 =
Q
)
[
E 60 =
2
© I
I 40 4

20 =

0
vehicle gremlin VEGF-A1es

Supplementary Figure VII. CREB mediates leukocyte adhesion induced by recombinant
gremlin and VEGF-A;55. Mock- and ACREB-transfected HUVECs were treated for 24 hours with
50 ng/mL of recombinant gremlin or VEGF-A;¢s. In parallel, mock cells were treated with gremlin or
VEGF-A45 in the presence of neutralizing anti-ICAM-1 or anti-VCAM-1 antibodies 10ug/mL. Then
cells were incubated with LPS-activated THP-1 cells for 1 hour. At the end of the incubation, THP-1
cells adherent to the endothelium were counted in 5 random fields using Zeiss Axiovert 200M
epifluorescence microscope equipped with LD A PLAN 20X/0.30PH1 objective. Data are the mean
1 S.D. of 3 determinations (*, P< 0.05; Student’s t test).
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Supplementary Figure VIIl. The pan-chemokine inhibitor M3 hampers trans-endothelial
migration of monocytic THP-1 cells induced by gremlin. HUVECs were plated on a Transwell©
membrane support and co-cultured for 24 hours with mock-MCF7 or gremlin-MCF7 cells seeded in
the lower chamber. LPS-activated monocytic THP-1 cells were added to the upper chamber in the
absence or in the presence of M3 (1.0 nM). Transmigrated monocytes were counted in 5 random
fields. Data are the mean * S.D. of 3 determinations. (*, P<0.05 stimulated versus untreated,;
Student’s t test).
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Supplementary Figure IX. Hydrocortisone inhibits the pro-angiogenic response of gremlin
and VEGF-Ayss in the chick embryo CAM. A) Alginate pellets containing 100 ng of gremlin or
VEGF-A165 or 3 pl of fivefold concentrated conditioned medium from mock and gremlin-MCF7
cells were implanted on the top of chick embryo CAMs at day 11 of development in the absence or
in the presence of 1.0 ug of hydrocortisone. After 3 days, newly formed microvessels converging
towards the implant were counted at 5x magnification using a STEMI SR stereomicroscope
equipped with an objective f equal to 100 mm with adapter ring 475070 (Carl Zeiss). B)
Hematoxylin/eosin staining of paraffin-embedded chick embryo CAMs at day 11 of development
treated with the conditioned medium from mock and gremlin-MCF7 in the absence or in the
presence of 1.0 pug of hydrocortisone. Samples were analyzed using a Zeiss Axiovert 200M
epifluorescence microscope equipped with Apotome system and an ACROPLAN 10X/0,25 (top
panel) and with a LD A PLAN 20X/0,30PH1 objectives (bottom panel). Note the presence of an
abundant inflammatory cell infiltrate in the areas of gremlin-induced neovascularization abolished
by hydrocortisone treatment, as evidenced in lower panels at enlarged magnification
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Supplementary Figure X. db-cAMP administration does not recapitulate the pro-
inflammatory effects of gremlin on ECs. A) HUVECs were treated for 24 hours with 2 uM of db-
cAMP. Then, ICAM-1, VCAM-1 and PECAM-1 mRNA levels were assessed by quantitative RT-
PCR analysis. B) HUVECs were plated on a Transwell© membrane support in the absence or in
the presence of 2 uM db-cAMP. LPS-activated THP-1 cells were added to the upper chamber and
transmigrated THP-1 cells were counted in 5 random fields using a Zeiss Axiovert 200M
epifluorescence microscope equipped with LD A PLAN 20X/0,30PH1 objective. Data are the mean
+ S.D. of 3 wells. C-D) HUVECs were seeded in M199 plus 5% FCS. Then, cells were stimulated
with 2 uM db-cAMP and cell motility was assessed by time lapse videomicroscopy using an
inverted photomicroscope (Zeiss Axiovert 200M) equipped with a LD A PLAN 20X/0,30PH1
objective. Constant temperature (37°C) and pCO, (5%) were maintained throughout the
experimental period by means of heatable stage and climate chamber. Phase-contrast snap
photographs were digitally recorded for 240 minutes. Cell paths (15-20 cells per experimental
point) were generated from centroid positions and migration parameters were analysed with the
“‘Chemotaxis and Migration Tool” of ImagedJ Software (http://rsbweb.nih.gov/ij). Representative
tracked paths of HUVECs stimulated by vehicle or 2 uM db-cAMP are shown in panel C and
accumulated distances (in ym) are shown in panel D. (*, P< 0.05; Student’s t test). Together, these
data indicate that CREB activation by db-cAMP is not per se sufficient to recapitulate the pro-
inflammatory effect of gremlin on ECs.
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Supplementary Figure Xl. Schematic representation of the CREB-mediated pro-
inflammatory/pro-angiogenic activity of gremlin. By interacting with VEGFR2, gremlin activates
different signal transduction pathways, leading to ROS and NO production and CREB
phosphorylation. CREB activation causes the upregulation of different chemokines and cell-
adhesion molecules, leading to leukocyte recruitment. In parallel, NO production affects EC
junctions, increasing blood vessel permeability. The pro-inflammatory response plays a non-
redundant role in mediating the angiogenic activity of gremlin, as shown by the inhibitory effect
exerted by different approaches hampering VEGFR2 signaling, NO production, CREB activity,
chemokine function and inflammation (in red).
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METHODS AND MATERIALS

Cell cultures and transfection

Subcutaneous mouse microvascular ECs (SIECs, provided by A.Vecchi, Institute Humanitas,
Milan, Italy) were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco Life
Technologies, Grand lIsland, NY) supplemented with 10% heat-inactivated donor calf serum.
Human umbilical vein ECs (HUVECSs), prepared and characterized as described’, were grown in
M199 medium (Gibco) supplemented with 20% fetal calf serum (FCS, Gibco), 100 pg/mL
endothelial cell growth factor (Sigma Chemical Co. St. Louis, MO) and 100 ug/mL porcine heparin
(Sigma). HUVECs were used at the second passage and grown on plastic surface coated with
porcine gelatin (Sigma). When indicated, ECs were transiently transfected with the pcDNA3
expression vector harboring the mutant ACREB cDNA? (provided by D. Ginty, Johns Hopkins
University, Baltimore, MD) or with the empty vector. Human monocytic THP-1 cells [American Type
Culture Collection (ATCC), Manassas, VA] were cultured in RPMI 1640 medium supplemented with
10% heat-inactivated FCS, 100 U/mL penicillin, 100 pg/mL streptomycin, and 2.0 mM L-glutamine.
Human adenocarcinoma breast cancer MCF7 cells (HTB-22, ATCC) were grown in DMEM
containing 10% FCS, vitamins, essential and non-essential amino acids. MCF7 cells were
transfected with the pcDNAS3 vector harbouring the human gremlin cDNA or with the empty vector
by standard procedures to generate stable gremlin-MCF7 and mock-MCF7 cell populations,
respectively. Cell cultures were maintained at 37°C in a humidified atmosphere containing 5% CO..

Quantitative RT-PCR

Three independent SIEC cultures were stimulated for different time points ranging between 2 hours
and 24 hours with 50 ng/mL of murine gremlin (R&D System, Minneapolis, MN) or with 50 ng/mL of
human VEGF-A4ss (provided by K. Ballmer-Hofer, Paul Scherrer Institut, Switzerland) in DMEM
supplemented with 2% serum. Steady-state transcription levels of selected genes were evaluated
in SIECs by quantitative real-time RT-PCR (qRT-PCR). In brief, total RNA was isolated using
TRIzol Reagent (Invitrogen, Carlsbad, CA) according to manufacturer's instructions. Four pl of total
RNA were retro-transcribed with M-MLV reverse transcriptase (Invitrogen) using random
hexaprimers in a final 20 yl volume. Quantitative PCR was performed with a Biorad iCycler iQ™
Real-Time PCR Detection System using a iQ™ SYBR Green Supermix (Biorad, Hercules, CA)
according to manufacturer’s instructions. Each PCR reaction was performed in ftriplicate on one
plate and fluorescence data were recorded using iCycler software (BioRad). Relative expression
ratios were calculated by use of Pfaffl equation and Relative Expression Software Tool. The mRNA
expression levels of target genes were normalized to the levels of p—actin transcript.

The following specific primers were used:

Ccl2 (NM_011333): 5-CTTCTGGGCCTGCTGTTCA-3' (forward),
5-CCAGCCTACTCATTGGGATCA-3' (reverse);
Ccl7 (NM_013654): 5-CCTGGGAAGCTGTTATCTTCA-3' (forward),

5-TTGGCTCCTAGGTTGGTTTC-3' (reverse);
Cxcl1 (NM_008176): 5-ACCGAAGTCATAGCCACACTC-3'(forward),

5'- CTCCGTTACTTGGGGACACC-3' (reverse);
VCAM-1 (NM_011693): 5-GAACTGATTATCCAAGTCTCTCCA-3' (forward),

5-GAACTGATTATCCAAGTCTCTCCA-3' (reverse);
ICAM-1 (NM_010493): 5-CACGTGCTGTATGGTCCTCG-3' (forward),

5-TAGGAGATGGGTTCCCCCAG-3' (reverse);
B—actin (NM_009073):  5-CGTAAAGACCTCTATGCCAACA-3’ (forward),

5'-CCACCGATCCACACAGAGTA-3' (reverse).



Intracellular signaling

Confluent SIECs were made quiescent by a 20 hours-starvation in serum-free or 5% FCS-
supplemented medium. After stimulation with 50 ng/mL of gremlin or VEGF-A¢s, cells were lysed
and 20 pg aliquots were analyzed by 6% or 10% SDS-PAGE followed by Western blotting with
antibodies against pCREB (pSer-133, Cell Signaling Technology, Beverly, MA), CREB, pERK1/2 or
FAK (Santa Cruz Biotechnology, Santa Cruz, CA).

EMSA and in situ CREB/DNA binding assay

Nuclear extracts from control and gremlin-stimulated HUVECs were prepared using the Nuclear
and Cytoplasmic Extraction Kit (Active Motif, Rixensart, Belgium). Then, 2 ug aliquots of nuclear
extracts were incubated for 20 minutes at room temperature with a biotin-labeled, double-stranded,
gene-specific wild-type probe (sense, 5-AGAGATTGCCTGACGTCAGAGAGTAG-3') in the
absence or in the presence of a molar excess of the unlabeled-probe or of a mutated one (sense,
5'-AGAGATTGCCTGTGGTCAGAGAGTAG-3') or of anti-CREB antibodies according to the
LightShift Chemiluminescent EMSA Kit instructions (Pierce, Rockford, IL USA). Samples were then
loaded onto 6 % non-denaturing polyacrylamide gel and electrophoresed in Tris-borate-EDTA
buffer. The DNA-binding activity of CREB was also assessed in HUVECs by ELISA (TransAM™,;
Transcription Factor ELISA kit pCREB (#43096; Active Motif, Carlsbad, CA) using nuclear protein
extracts according to the Transcription Factor ELISA kit instructions.

For in situ CREB/DNA binding assay, samples were fixed in 3% paraformaldehyde/2% sucrose in
PBS, permeabilized with 0.5% Triton-X100 and incubated with Cy5-labeled probe (5-
AGAGATTGCCTGACGTCAGAGAGTAG-3") or Cy5-labeled mutated probe (5"
AGAGATTGCCTGTGGTCAGAGAGCTAG-3") and analyzed using a Zeiss Axiovert 200M
epifluorescence microscope equipped with a Plan-Apochromat 63x/1.4 NA oil objective.

EC immunofluorescence analysis

HUVECs were seeded on gelatin-coated glass coverslips in DMEM added with 2% FCS. After
overnight incubation, cells were treated with gremlin or VEGF-A4es for 0-30 minutes at 37°C,
washed, fixed in 3% paraformaldehyde/2% sucrose in PBS, permeabilized with 0.5% Triton-X100,
and saturated with goat serum in PBS. Then, cells were incubated with anti-pCREB antibody
(pSer-133, Cell Signaling Technology), or with anti-ZO-1 (Invitrogen) or anti-Ve-Cadherin (Santa
Cruz) antibody followed by Alexa Fluor 488 anti-rabbit IgG (Molecular Probes, Eugene, OR). Nuclei
were counterstained with 4’,6-diamidino,2-phenylindole (DAPI, Sigma). Cells were analyzed using
a Zeiss Axiovert 200M epifluorescence microscope equipped with Apotome and a Plan-
Apochromat 63x/1.4 NA oil objective.

EC motility assay

HUVEC motility was assessed by time lapse videomicroscopy. To this purpose, mock and ACREB-
transfected HUVECs were seeded in 24 well-plates at 150 cells/mm?. After 2 hours, cells were
stimulated with gremlin or VEGF-A4gs dissolved in M199 (Gibco) plus 0.5% FCS. Constant
temperature (37°C) and 5% CO, were maintained throughout the experimental period by means of
an heatable stage and climate chamber. Cells were observed under an inverted photomicroscope
(Zeiss Axiovert 200M) and phase-contrast snap photographs (one frame every 10 minutes) were
digitally recorded for 240 minutes. Cell paths (25-30 cells per experimental point) were generated
from centroid positions and migration parameters were analysed with the “Migration and
Chemotaxis” tool of ImageJ Software (http://rsbweb.nih.gov/ij).



EC chemotaxis assay

ECs were seeded at 1.0x10° cells/mL in the upper compartment of a Boyden chamber containing
gelatin-coated PVP-free polycarbonate filters (5 pm pore size, Costar, Cambridge, MA). Gremlin
dissolved in M199 with 1% FCS was placed in the lower compartment. 1% FCS medium was used
as negative control. After 5 hours of incubation at 37°C, cells migrated to the lower side of the filter
were stained with Diff-Quik (Dade-Behring, Milan, ltaly). Five random fields were counted for each
triplicate sample.

Fluorimetric analysis of intracellular ROS

Intracellular ROS levels were determined by measuring fluorescence intensity (excitation at 475
nm, emission at 525 nm) in cells suspended in serum-free medium and loaded with the redox-
sensitive dye DCFH-DA (Molecular Probe, Life Technology). The nonfluorescent DCFH-DA readily
diffuses into the cells where it is hydrolyzed to the polar derivative DCFH, which is in turn oxidized
in the presence of H,O, to the highly fluorescent DCF. Cells (1 x 10°) were incubated with 5 pM
DCFH-DA in the dark at 37°C. After 30 minutes of incubation, cells were washed with a pulse spin
and immediately suspended in 1 mL of PBS. FACS analysis was performed with a CyFlow Partec
flow cytometer (Partec Italia, Milano, Italy) and data were analysed with FlowJo software (Ashland,
OR).

cAMP competitive ELISA

SIEC (6x10* cells/well in a 48 well plate) were washed with Hanks Balanced Salt Solution (Gibco),
20 mM HEPES (Gibco), in presence of 1 mM IBMX (3-isobutyl-1-methylxanthine, Sigma) and
stimulated with gremlin or VEGF-A+g5 for 30 minutes. Then, cells were lysed in 150 uL of 0.1N HCI
for 10 minutes at room temperature. cAMP was measured using a cAMP competitive ELISA
(Thermo Scientific) according to manufacturer’s instruction.

EC permeability assay

Mock- and ACREB-transfected ECs were plated at confluence on gelatin-coated Transwell©
membrane support (0.3 um pore size, 6.5-mm diameter, polyester filters; Millipore) at the density of
2.5x10* cells/well. Then, endothelial monolayers were treated with the conditioned medium from
mock-MCF7 or gremlin-MCF7 cells for 24 hours. To measure EC permeability, biotin-BSA was
added to the top chamber at 50 ug/well. After 90 min, the top chamber was removed, and biotin-
BSA was measured in the lower chamber with horseradish peroxidase (HRP)-conjugated
streptavidin (GeHealtcare Life Science, Milan, Italy).

Miles vascular permeability assay

Evan’s blue dye (Sigma) (100 pL of 1% solution in 0.9% NaCl) was injected intravenously into 6-8
week-old C57BL6 mice (Charles River, Calco, ltaly). After 10 minutes, 50 uL of recombinant
gremlin or VEGF-A4es (both at 1 ng/uL concentration) were injected intradermally into the shaved
back skin. After 20 minutes, the animals were sacrificed and an area of the skin that included the
entire injection site was removed. Evan’s blu dye was extracted from skin by incubation with
formamide (Sigma) for 5 days at room temperature and measured at 620 nm.

Monocyte-EC adhesion assay

Confluent monolayers of mock- and ACREB-HUVECs were treated with the conditioned medium
from mock-MCF7 or gremlin-MCF7 cells or with 50 ng/mL of gremlin or VEGF-Ag5 for 24 hours.
Then, LPS-activated THP-1 monocytes were loaded with 8 uM CellTracker Green (CMFDA,;
Invitrogen) for 1 hour at 37°C and added at 1x10° cells/well on the top of the endothelial
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monolayers. After 30 minutes of incubation at 37°C, non-adherent THP-1 cells were removed with
a PBS wash and adherent cells were quantified in 5 random fields per sample under a Zeiss
Axiovert 200M epifluorescence microscope.

Monocyte trans-endothelial migration assay

Mock- and ACREB-HUVECs seeded on 6.5 mm polyester Transwell© inserts (3.0 ym pore size)
were grown to confluence. Then, mock-MCF7 or gremlin-MCF7 cells were seeded in the lower
chamber and co-cultured with HUVEC monolayers for 24 hours. At the end of the incubation, LPS-
activated THP-1 monocytes were added at 1x10° cells/well on the top of the endothelial
monolayers. After 16 hour of incubation at 37°C, Transwell© inserts were removed and endothelial-
transmigrated cells were quantified in 5 random fields per sample under a Zeiss Axiovert 200M
epifluorescence microscope.

Chick embryo chorioallantoic membrane (CAM) assays

In a first set of experiments, 100 uL of PBS with or without 100 ng of recombinant gremlin were
pipetted on the top of the CAM of fertilized White Leghorn chicken eggs at day 11 of incubation.
After 20 minutes, CAMs were stained for in situ CREB/DNA binding with the Cy5-labeled probe
(5-AGA GAT TGC CTG ACG TCA GAG AGC TAG-3’) or Cy5-labeled mutated probe (5-AGA
GAT TGC CTG TGG TCA GAG AGC TAG-3’) as described above and analyzed using a Zeiss
Axiovert 200M epifluorescence microscope. In further experiments, 100 ng/pellet of gremlin or
VEGF-A+65 were placed on top of day 11 CAMs at in the absence or in the presence of 5 uM CBP-
CREB interaction inhibitor (Calbiochem). After 3 days, inflammatory cell infiltrate was assessed by
H&E staining of paraffin-embedded CAM sections. Finally, conditioned medium from mock-MCF7
and gremlin-MCF7 cells were collected and concentrated fivefold using Centricon YM-10 filters
(Millipore, Billerica MA). Alginate beads containing the concentrated conditioned medium (3 pl) or
100 ng/pellet of gremlin or VEGF-A¢; were placed on top of the CAMs in the absence or in the
presence of 1 ug of hydrocortisone. After 3 days, newly formed microvessels converging towards
the implant were counted at 5x magnification using a STEMI SR stereomicroscope equipped with
an objective f equal to 100 mm with adapter ring 475070 (Carl Zeiss).

In vivo murine pro-inflammatory/pro-angiogenic activity assays

The pro-inflammatory/pro-angiogenic activity of gremlin was assessed by the murine Matrigel plug
assay. To this purpose, liquid growth factor reduced Matrigel (9 mg of protein/mL; Cultrex BME,
Gaithersburd, MD) was mixed at 4°C with gremlin or VEGF-A4es at a final concentration of 1.0
ug/mL in the absence or in the presence of 10 ug of hydrocortisone and injected subcutaneously
(0.4 mL/mouse) into the flank of 6-8 week-old C57BL6 mice. One week after injection, plugs were
harvested and the pro-inflammatory/pro-angiogenic response was quantified by gRT-PCR as
described *. Briefly, total RNA was extracted from Matrigel plugs using TRIzol reagent according to
manufacturer’s instructions (Invitrogen, Carlsbad, CA). Before RNA extraction, plugs were added
with an appropriate volume of TRIzol solution containing tracer human cells to a final concentration
of 1 x 10* cells per mg of Matrigel. Purified total RNA were dissolved in RNase free water (1 L per
mg of Matrigel). The mRNA expression levels of target genes were normalized to the levels of
human GAPDH housekeeping gene. In each experiment, an arbitrary value equal to 1.0 was
assigned to the levels of expression of the gene(s) measured in one PBS plug that was used as
reference sample. In parallel experiments, plugs were analyzed immunohistochemically for the
presence of inflammatory cells and newly formed blood vessels as described °.



In vivo tumor xenograft assay

Athymic nu/nu nude male mice (Charles River, Calco, ltaly) were injected s.c. with 400 uL of
growth factor reduced Matrigel containing 3x10° gremlin-MCF7 or mock-MCF7 cells (4 animals per
group, 2 plugs per animal) in the absence or in the presence of 10 ug of hydrocortisone. After 7
days, Matrigel plugs were collected and divided in two parts. One-half was embedded in Tissue
Tec OCT (Sigma), snap frozen by immersion in liquid nitrogen-cooled isopentane and analyzed by
immunofluorescence microscopy as described ®. The other half was processed for total RNA
extraction and qRT-PCR analysis as described *.
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