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ABSTRACT

Angiogenesis is a key process occurring under both physiological and pathological 
conditions and is a hallmark of cancer. We have recently demonstrated that the 
extracellular matrix (ECM) molecule MULTIMERIN2 exerts an angiostatic function 
through the binding to VEGF-A. In this study we identify the region of the molecule 
responsible for the binding and demonstrate that the interaction involves the 
carbohydrate chains. MULTIMERIN2 interacts with other VEGF-A isoforms and VEGF 
family members such as VEGF-B, -C, -D and PlGF-1 suggesting that the molecule 
may function as a reservoir for different cytokines. In response to VEGF-A165, we 
show that MULTIMERIN2 impairs the phosphorylation of VEGFR2 at both Y1175 
and Y1214 residues, halts SAPK2/p38 activation and negatively affects endothelial 
cell motility. In addition, MULTIMERIN2 and its active deletion mutant decrease 
the availability of the VEGFR2 receptor at the EC plasma membrane. The ectopic 
expression of MULTIMERIN2 or its active deletion mutant led to a striking reduction of 
tumor-associated angiogenesis and tumor growth. In conclusion, these data pinpoint 
MULTIMERIN2 as a key angiostatic molecule and disclose the possibility to develop 
new prognostic tools and improve the management of cancer patients.

INTRODUCTION

Angiogenesis, the formation of new blood 
vessels from preexisting vessels, is a key process and 
is required during reproduction, development, and 
wound repair [1,2]. The development of new vessels 
also plays a critical role in the onset and progress of 
many diseases, including cancer [3]. Pathological 
angiogenesis is a hallmark of neovascular diseases [4] 
and many anti-angiogenic strategies have been proposed 
to impair cancer growth [5]. However, these approaches 
were not as effective as hoped for [6–13]. To improve 
the therapeutic outcome, an emerging alternative is 
to readdress the aberrant tortuous and leaky vessels 
associated with tumors towards a normalized more 
efficient vasculature [14–19]. Angiogenesis is a 
tightly regulated process and involves the interaction 

among different cell types, several cytokines [20] 
and growth factors, and extracellular matrix (ECM) 
constituents. Fibroblast growth factors (FGFs) and 
vascular endothelial growth factors (VEGFs) have a 
recognized role in promoting angiogenesis and anti-
angiogenic strategies have been developed based on 
these molecules [21,22]. Nonetheless, the role of ECM 
in affecting the development of blood vessel has also 
been acknowledged [23–28]. The list of ECM molecules 
affecting angiogenesis is large and includes different 
collagens [29,30], fibronectin [31,32], vitronectin [33], 
laminins [34], thrombospondin [35], SPARC [36], 
perlecan [37] and decorin [38]. To further complicate 
this scenario, ECM proteolytic fragments also can affect 
angiogenesis, often exerting opposite effects compared 
to the intact molecule of origin [25,39–43].
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MULTIMERIN2 (MMRN2) is a pan-endothelial 
ECM member of the EDEN (EMI Domain ENdowed) 
protein family [44] associated with a high molecular 
weight glycoprotein complex [45]. The molecule 
is deposited along the endothelium, both in normal 
and tumoral vasculature, including hot spots of 
neovascularization in some tumors [45–48]. MMRN2 is 
found in tight juxtaposition with ECs, being present also 
in the luminal side of the vessels [45], hence suggesting 
an important function in EC homeostasis. Accordingly, 
MMRN2 exerts an angiostatic effect through a direct 
binding to VEGF-A [49]. In this study we identify the 
region of the molecule responsible for the binding to 
VEGF-A and demonstrate that the interaction partially 
occurs through the carbohydrate chains. We also found 
that MMRN2 interacts with other VEGF-A isoforms and 
VEGF family members. The effects of the active fragment 
on ECs biology and tumor growth closely resemble those 
of the entire molecule.

RESULTS

Identification of the region of MMRN2 
responsible for the angiostatic effects

In order to pinpoint the region of MMRN2 
responsible for the anti-angiogenic effects, we generated 
a series of deletion mutants and expressed them in 293-
EBNA cells (Figure 1A). The purified His-tagged deletion 
mutants were analyzed by Western blot (Figure 1B) 
and employed at equimolar concentrations (35 nM) to 
challenge HUVEC cells during cell migration. Similarly 
to the whole molecule, the Δ1 and Δ2 mutants were able 
to significantly inhibit the migration of HUVEC cells in 
scratch assays, whereas the Δ3 and the Δ4 deletion mutants 
did not affect cell motility (Figure 1C and 1D). This result 
was also corroborated by cell migration assays performed 
on transwells (Figure 1E). On the contrary, MMRN2 did 
not significantly affect the proliferation of HUVEC cells 
over time (Figure 1F) and these results were in accordance 
with the fact that it did not alter Akt phosphorylation 
(data not shown). Accordingly, MMRN2 and the deletion 
mutants did not affect the EC viability or the apoptotic rate 
following 48 hours of treatment (Fig 1G and 1H).

To further assess the influence of MMRN2 or its 
deletion mutants in affecting EC behavior, we carried out 
a tube formation assay on Matrigel challenging the cells 
with the various recombinant proteins. Either the entire 
molecule or the Δ1 and Δ2 deletion mutants strongly 
impaired the formation of tubules (Figure 2A to 2C and 
Figure S1A to S1D). We next applied the spheroid-based 
3D angiogenesis test, better resembling the physiological 
condition. To this end, EC spheroids embedded in a fibrin 
gel and overlaid with fibroblasts were challenged with 
the recombinant molecules under analysis. As shown in 

Figure 2D, MMRN2 and the Δ1 and Δ2 mutants strongly 
hampered the sprouting of ECs induced by the fibroblast-
derived cytokines; both the number and the length of the 
sprouts were decreased and the effect was even stronger 
in the presence of VEGF-A165 (Figure 2E and 2F). 
Accordingly, the down-modulation of MMRN2 expression 
increased vessels’ sprouting in 3D (Figure 2G to 2I).

The glycosylation of MMRN2 is required for 
optimal interaction with VEGF-A

Given that we had demonstrated that the angiostatic 
activity of MMRN2 relies, at least in part, on its ability 
to sequester the 165 isoform of VEGF-A, we verified 
if the deletion mutants retained the binding capability. 
As assessed by solid phase analyses, both the Δ1 and 
Δ2 mutants were able to interact to VEGF-A165, as 
opposed to the Δ3 and Δ4 mutants (Figure 3A). Thus, 
for the subsequent experiments, we decided to employ 
only the Δ2 mutant, the shortest fragment resembling 
the function of the entire molecule. The interaction of 
VEGF-A165 with the Δ2 deletion mutant was further 
confirmed by BIAcore analysis (Figure 3B). However, 
the kD of the interaction (kD = 4.3 × 10−7M), lower than 
that previously obtained with the whole molecule (kD = 
5 × 10−8 M), was likely underestimated due to unstable 
immobilization of the mutant to the chip. Given that 
MMRN2 is a glycosylated molecule, we wondered if it 
could sequester VEGF-A through the protein core or the 
carbohydrate chains. To address this question, we first 
performed solid phase binding studies in the presence 
of heparin. As shown in Figure  3C, heparin completely 
abolished the interaction of VEGF-A165 with MMRN2. 
We next removed the sugar chains and found that the 
interaction with VEGF-A165was significantly impaired, 
despite the binding was not completely abolished 
(Figure 3D). A complete abrogation of the interaction was 
obtained when the removal of the carbohydrate chains 
was achieved under denaturing conditions. However, we 
could not exclude the possibility that this effect depended 
on the lack of proper protein folding. Similar results were 
obtained using the entire molecule and the Δ2 deletion 
mutant synthetized in the presence of tunicamycin to 
preclude protein glycosylation (Figure 3E). The Western 
blot analysis indicated that tunicamycin was effective in 
preventing the glycosylation but also induced a partial 
degradation of both recombinant molecules (Figure 3F). 
Thus a contribution of the protein core to the interaction 
with VEGF-A165 could not be ruled out.

To investigate on the relative contribution of 
the carbohydrate chains versus the protein core, we 
assessed the interaction of MMRN2 with different 
VEGF-A isoforms, including VEGF-A121 which lacks 
the heparin binding domain. As shown in Figure 4A, 
the VEGF-A121 isoform retained the capability to bind to 
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MMRN2 (kD = 2.0 × 10−7 M), despite the interaction was 
much lower compared to that of VEGF-A165. Moreover, 
specific binding was also detected with VEGF-A145 
and VEGF-A189 (Figure 4B). Interestingly, both the 
heparin high-affinity binding isoforms displayed a good 

interaction with MMRN2, even higher than that observed 
with VEGF-A165 (kD = 2.7 × 10−8 M and kD = 3.0 × 
10−9M, respectively).

We next verified if MMRN2 interacted specifically 
with VEGF-A165 or it could also bind other members of 

Figure 1: The MMRN2 functional angiostatic portion resides in the coiled-coil region. A. Schematic representation of the 
various deletion mutants (Δ1 to Δ4) created and expressed in 293-EBNA cells. The numbers of the amino acid residues of the deletions 
is reported on top and excludes the first 24 residues of the signal peptide. The EMI domain (EMI), the coiled-coil region, the arginine-
rich domain (RR) and the gC1q domain (C1q) are indicated. B. Western blot analysis of the His-tagged MMRN2 molecule and the 
various recombinant deletion mutants (Δ1 to Δ4) purified by means of the Ni-NTA resin. An anti-His antibody was used for the analysis. 
C. Representative images of the scratch test performed on HUVEC cells challenged with equimolar concentrations (35 nM) of MMRN2 and 
the various recombinant deletion mutants (Δ1 to Δ4); type I collagen was used as control and the front of cells at time zero (t=0) migration 
after 6 hours of migration (t=6) are highlighted; scale bar = 145 μm. D. Graph representing the analysis of the scratch test expressed as the 
% of inhibition of EC’ migration respect to the collagen control; (*P ≤ 0.026). E. Graph representing the migration on transwells of HUVEC 
cells challenged with equimolar concentrations (35 nM) of type I collagen (col I), MMRN2 or the deletion mutants (Δ1 to Δ4); (*P ≤ 0.001). 
F. Graph representing the % of cell viability of HUVEC cells challenged with 35 nM of MMRN2 or vehicle (PBS), following 24, 48 and 72 
hours of incubation, as obtained by MTT assays. G. Graph representing the % of cell viability of HUVEC cells challenged with equimolar 
concentrations (35 nM) of type I collagen (col I), MMRN2 or the deletion mutants (Δ1 to Δ4) as obtained by MTT assays performed after 
48 hours of incubation. H. Graph representing the % of apoptotic HUVEC cells challenged with equimolar concentrations of type I collagen 
(col I), MMRN2 or the deletion mutants (Δ1 to Δ4) as obtained by TUNEL assays performed after 48 hours of incubation; 100 ng/ml of 
LPS were used to induce apoptosis. P values were obtained with the ANOVA one way analysis of variance and graphs represent the mean 
± SD obtained from at least three experiments.
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the family. The interaction of MMRN2 with VEGF-B167, 
VEGF-C and PlGF-1 was not detectable by solid phase 
analyses (Figure S2A to S2C). However, specific 
interaction between MMRN2 and VEGF-C, VEGF-D and 
PlGF-1 was detected through BIAcore analyses (Figure 

4C to 4G), despite it was much lower compared to that of 
VEGF-A165 (kD = 7.5 × 10−7 M, kD = 6.4 × 10−7 M, and 
kD = 5.6 × 10−7 M). The interaction with VEGF-B167 could 
not be analyzed by plasmon resonance due to non-specific 
binding of the cytokine to the control flow cell.

Figure 2: MMRN2 and the functional fragments affect EC behavior in 2D and 3D contexts. A. Representative images of the 
Matrigel tubulogenesis assay upon treatment of HUVEC cells with equimolar concentrations (35 nM) of the various recombinant molecules 
under analysis. Type I collagen was used as control; scale bar = 100 μm. B. and C. Graphs representing the evaluation of the number of 
tubes and total branching points, respectively, from the experiment reported in A as obtained with the Wimasis tube analysis software; 
(*P < 0.001). D. Representative images of the spheroid angiogenesis assay obtained following coating of HUVEC cells onto cytodex 
microcarriers embedded into a fribrin gel overlaid with normal human dermal fibroblasts (NHDF) to induce EC sprouting. Spheroids 
were challenged with a 35 nM concentration of MMRN2 and the various deletion mutants in the presence or not of VEGF. Untreated 
spheroids served as negative control (CTRL); scale bar = 100 μm. E. and F. Graphs representing the evaluation of respectively the number 
and length of the sprouts of the experiment in D, as obtained with the Image J software; (*P < 0.001). G. Representative images of the 
spheroid angiogenesis assay obtained following coating of HUVEC cells transduced with the control or siMMRN2 adenoviral vectors. 
Fixed spheroids were stained with α-CD31 (ECs) and SYTOX (nuclei), scale bar = 160 μm. H. and I. Graphs representing respectively the 
number of sprouts per spheroid (*P = 0.006) and the length of the sprouts (*P = 0.009) of the experiment in (G) as assessed by the Volocity 
3D software. P values from (B) (C) (E) and (F) were obtained with the ANOVA one way analysis of variance, P values from (H) and (I) were 
obtained were obtained using the Student’s t-test and graphs represent the mean ± SD obtained from at least three experiments.
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MMRN2 and the active mutant inhibit VEGFR2 
activation and impair its redistribution to the EC 
membrane in response to VEGF-A

We next analyzed the molecular mechanisms 
elicited by MMRN2 and verified the phosphorylation of 
residue Y1214 on VEGFR2, known to play an important 
role in SAPK2/p38 activation. MMRN2 strongly reduced 
Y1214 phosphorylation induced by VEGF-A165 as well as 
SAPK2/p38 activation (Figure 5A to 5C). Consistently, the 
Δ2 deletion mutant inhibited VEGFR2 phosphorylation 
at both residue Y1175 (Figure 5D and 5E) and residue 
Y1214 (Figure 5F and 5G). Not only MMRN2 and the Δ2 
deletion mutant halted VEGFR2 phosphorylation but they 
also impaired the availability of the receptor at the EC 
membrane. In fact, HUVEC cells challenged with either of 
the recombinant molecule displayed a decreased VEGFR2 

staining at the cell surface in response to VEGF-A165 
treatment (Figure 5H and 5I).

In vivo angiostatic and anti-tumoral function of 
MMRN2 and its active mutant

The effect of MMRN2 and of the active Δ2 deletion 
mutant was analyzed in vivo. As shown in Figure 6A and 
6B, both the entire molecule and the active mutant reduced 
the hemoglobin content within Matrigel plugs implanted 
in mice. The angiostatic function was further confirmed by 
hematoxylin and eosin staining performed on the plugs’ 
sections (Figure 6C and 6D).

To verify if the Δ2 active fragment could affect 
tumor growth and tumor associated angiogenesis, we 
generated HT-1080 cells ectopically expressing the 
mutant. Both the Δ2 deletion mutant and the whole 

Figure 3: The binding of VEGF-A to MMRN2 occurs through the carbohydrate chains of the coiled-coil region.  
A. Graph representing the solid phase analysis of VEGF-A165 interaction with the various deletion mutants indicating that the binding 
occurs within the coiled-coil region encompassed by the Δ2 fragment. BSA was used as negative control; (*P < 0.001). B. Sensogram 
expressed in resonance units (RU) of the surface plasmon resonance analysis of the interaction of VEGF-A165 (the different concentrations 
used are indicated) with the Δ2 deletion mutant; kD = 4.3 × 10−7 M. C. Graph representing the solid phase analysis of the interaction of 
VEGF-A165 with MMRN2 in the presence of heparin that completely abolished the interaction. BSA was used as negative control; (*P < 
0.001). D. Graph representing the solid phase analysis of the MMRN2/VEGF-A165 interaction following the cleavage of the carbohydrate 
chains with the Protein Deglycosylation Mix (degly. mix) under non denaturing or denaturing conditions (den. cond.); (*P < 0.003).  
E. Graph representing the solid phase analysis of the interaction of MMRN2 and the Δ2 deletion mutant with VEGF-A165 with the 
employment of the recombinant molecules produced in the absence or in the presence of tunicamycin to prevent their glycosilation. The 
absence of the carbohydrate chains completely abolishes the interaction; (*P < 0.001). F. Image of the Western blot analysis of recombinant 
MMRN2 and Δ2 deletion mutant expressed in the presence or not of tunicamycin. The removal of the carbohydrate chains induces a 
considerable reduction of the molecular weight of the molecules. P values were obtained with the ANOVA one way analysis of variance 
and graphs represent the mean ± SD obtained from at least three experiments.
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molecule strongly inhibited tumor growth (Figure 7A, 
7B, 7D and 7E). The effect was likely indirect, since the 
proliferation and the apoptotic rate of these cells in vitro 
was not altered (Figure S3A and S3B). On these grounds, 
we assessed the extent of vascularization of the tumors. 
First, we injected the animals with AngioSense® 750EX 
and verified in vivo that both the whole molecule and the 
Δ2 deletion mutant strongly reduced the formation of the 
vessels within the tumors (Figure 7B, 7C, 7E and 7F). 
This finding was further confirmed by CD31 staining 
performed on the tumor sections (Figure 7G and 7H). 
Accordingly, possibly due to the increased hypoxia, the 
tumors over-expressing the two molecules displayed an 
increased expression of HIF-1α (Figure S3C).

In conclusion, in this study we identify the region 
of MMRN2 responsible for the binding to VEGF-A165, 
demonstrate that it partially involves the carbohydrate chains 
and verify the angiostatic activity both in vitro and in vivo.

DISCUSSION

In this study we corroborated the angiostatic 
function of MMRN2 and identified the region 
responsible for these effects. Interestingly, these results 
are opposite to what observed with EMILIN2, 
another member of the EDEN family [50–52]. This 
effect occurred, at least in part, through the binding 
to VEGF-A165 via the region encompassed by the 

Figure 4: MMRN2 specifically binds to VEGF-A. A. Dose response plot of the interaction of MMRN2 with VEGF-A165 and 
VEGF-A121, as obtained by surface plasmon resonance. B. Dose response plot of the interaction of MMRN2 with VEGF-A165, VEGF-A145 
and VEGF-A189, as obtained by surface plasmon resonance. C, D, E. Sensograms reporting the binding of VEGF-C, VEGF-D and PlGF-1, as 
assessed by surface plasmon resonance. F. Sensogram of the comparison of the binding of VEGF-A165, VEGF-C, VEGF-D and PlGF-1 at the 
concentration of 200nM to MMRN2 as assessed by surface plasmon resonance. G. Dose response plot of the interaction of MMRN2 with 
VEGF-A165, VEGF-C, VEGF-D and PlGF-1 as obtained by surface plasmon resonance. All experiments were repeated at least three times.
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Figure 5: MMRN2 and the Δ2 deletion mutant impair VEFGR2 activation and its distribution at the EC surface. 
A. Representative image of the Western blot analyses from the lysates of HUVEC cells challenged with MMRN2 in the presence or not 
of VEGF-A165 for different time points (2.5, 5 and 10 min as indicated). Total VEGFR2 (VEGFR2) and the phosphorylated portion at 
Y1214 (Y1214) were analyzed with specific antibodies along with the total (p38) and phosphorylated portion of SAPK2/p38 (p-p38). 
Actin was used as a normalizer of protein loading. B. Graph reporting the quantification, expressed in arbitrary units (AI), of VEGFR2 
phosphorylation at Y1214 from the Western blot analyses reported in A, as assessed with the Image J software; (*P < 0.002). C. Graph 
reporting the quantification, expressed in arbitrary units (AI), of SAPK2/p38 phosphorylation from the Western blot analyses reported in A, 
as assessed with the Image J software; (*P < 0.001). D. Representative image of the Western blot analyses from the lysates of HUVEC cells 
challenged with the Δ2 deletion mutant in the presence or not of VEGF-A165 for 5 min. Total VEGFR2 (VEGFR2) and the phosphorylated 
portion at Y1175 (Y1175) were analyzed with specific antibodies. Actin was used as a normalizer of protein loading. E. Graph reporting the 
quantification, expressed in arbitrary units (AI), of VEGFR2 phosphorylation at Y1175 from the Western blot analyses reported in D; (*P 
= 0.008). F. Representative image of the Western blot analyses from the lysates of HUVEC cells challenged with the Δ2 deletion mutant in 
the presence or not of VEGF-A165 for 5 min. Total VEGFR2 (VEGFR2) and the phosphorylated portion at Y1214 (Y1214) were analyzed 
with specific antibodies. Vinculin was used as a normalizer of protein loading.  G. Graph reporting the quantification, expressed in arbitrary 
units (AI), of VEGFR2 phosphorylation at Y1214 from the Western blot analyses reported in F; (*P = 0.003). H. Representative images of 
the immunofluorescence analyses to assess VEGFR2 distribution in HUVEC cells challenged with MMRN2 or the Δ2 deletion mutant in 
the presence or not of VEGF-A165; scale bar = 50 μm. I. Graph representing the quantification of the number of cells displaying VEGFR2 
staining at the cell surface from the experiment reported in H, at least 10 fields each were evaluated; (*P < 0.001). P values were obtained 
with the ANOVA one way analysis of variance and graphs represent the mean ± SD obtained from at least three experiments.
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Δ2 fragment. The binding of VEGF-A165 required 
the presence of the carbohydrate chains, since their 
enzymatic removal partially halted the interaction. 
Accordingly, the binding to VEGF-A145 and VEGF-A189, 
which display higher affinity for heparin [53], was 
superior to that of VEGF-A165. Nonetheless, the protein 
core may be involved in the interaction since the 
removal of the carbohydrate chains did not completely 
abolish the binding. In fact, specific interaction was also 
detected with the VEGF-A121 isoform, which lacks the 
heparinbinding domain. Despite weaker, specific binding 
was also found with VEGF-C, -D and PlGF-1 and the 

low affinity may depend on a different arrangement 
of the basic residues involved in the interaction with 
the carbohydrate chains [54]. Thus, MMRN2 may 
bind many cytokines impinging on angiogenesis and 
affecting the tumor microenvironment through different 
mechanisms. Given the strong biological effects 
obtained with the Δ2 deletion mutant, we could assume 
that most of the VEGF-A165 is sequestered within this 
region. A further dissection of the functional fragment 
was attempted but none of the three smaller constructs 
generated could be synthetized (data not shown). Since 
this fragment is characterized by alternated coiled-coil 

Figure 6: MMRN2 and the Δ2 deletion mutant impair the development of blood vessels in the in vivo Matrigel plug 
assay. A. Representative images of the plugs explanted from BALB/c mice and challenged with 35 nM of MMRN2 or Δ2 deletion 
mutant, every other day for 10 days in the presence of (50 ng/ml) VEGF-A165 and (50 ng/ml) bFGF (V/F). Matrigel plugs were also 
treated with PBS as control. B. Graph representing the spectrophotometric evaluation of the hemoglobin content within the plugs as 
assessed by means of the Drabkin’s reagent; (*P = 0.004). C. Representative images of the hematoxylin and eosin staining of the 
Matrigel plugs upon treatment with 35 nM of MMRN2 or Δ2 deletion mutant, every other day for 10 days in the presence of (50 ng/
ml) VEGF-A165 and (50 ng/ml) bFGF (V/F). The newly formed vessels within the plugs are indicated by an arrow; scale bar = 100 
μm. D. Graph representing the evaluation of the number of vessels within the plugs as assessed by counting on at least 10 fields for 
each point; (*P < 0.001). P values were obtained with the ANOVA one way analysis of variance and graphs represent the mean ± SD 
obtained from at least three experiments.
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Figure 7. The over-expression of MMRN2 and Δ2 deletion mutant is associated with an impaired intratumoral 
vascularization and decreased tumor growth. A. Graph reporting the measurements of the tumor volumes following the injection 
of mock-transfected HT1080 cells (CTRL, left flank) or MMRN2 over-expressing cells (MMRN2, right flank), as evaluated by means 
of a caliper; (*P < 0.001). B. Representative image of the in vivo Imaging analyses following injection of AngioSense® 750EX in 
nude mice carrying control tumors (CTRL, left flank) or MMRN2 over-expressing tumors (MMRN2, right flank). Top image mouse 
photograph showing the decreased tumor growth of MMRN2-ectopically expressing tumors, bottom image overlay of the photograph with 
the fluorescent signal of the AngioSense® 750EX probe. C. Graph reporting the analysis of the fluorescent signals from mock (CTRL) 
and MMRN2 over-expressing tumors, as assessed with the dedicated software of the IVIS® Lumina instrument; (*P = 0.03). D. Graph 
reporting the measurements of the tumor volumes following the injection of mock-transfected HT1080 cells (CTRL, left flank) or Δ2 
deletion over-expressing cells (Δ2, right flank), as evaluated by means of a caliper; (*P < 0.001). E. Representative image of the in vivo 
Imaging analyses following injection of AngioSense® 750EX in nude mice carrying control tumors (CTRL, left flank) or Δ2 deletion 
over-expressing tumors (Δ2, right flank). Top image mouse photograph showing the decreased tumor growth of Δ2-ectopically expressing 
tumors, bottom image overlay of the photograph with the fluorescent signal of the AngioSense® 750EX probe. F. Graph reporting the 
analysis of the fluorescent signals from mock (CTRL) and Δ2 deletion over-expressing tumors, as assessed with the dedicated software of 
the IVIS® Lumina instrument; (*P = 0.004). G. Representative images of the immunofluorescent analyses performed on tumor sections 
from mock-, MMRN2- and Δ2-tumors (CTRL, MMRN2 and Δ2, respectively). Blood vessels were stained through an anti-CD31 antibody 
(α-CD31) and nuclei with TO-PRO; scale bar = 70 μm. H. Graph reporting the analysis of the number of vessels per field as assessed by 
counting in at least 10 fields from the mock, MMRN2 and Δ2 tumor sections; (*P < 0.001). P values from (A, C, D and F) were obtained 
using the Student’s t-test, P values from (H) were obtained with the ANOVA one way analysis of variance and graphs represent the mean ± 
SD obtained from at least three experiments.
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regions (Figure S4), it is possible that the dissection 
prevented a proper trimerization, thus leading to protein 
degradation.

The binding of VEGF-A165 to MMRN2 and the 
Δ2 deletion mutant led to a decreased phosphorylation 
of VEGFR2 at Y1175 and also Y1214, which is known 
to prompt SAPK2/p38 activation [55]. In addition, we 
identified a further level of VEGFR2 de-activation triggered 
by MMRN2. This involved the intracellular confinement 
of the receptor in the Golgi apparatus (Figure 5H and 5I) 
reducing its availability at the cell surface. The binding 
of VEGF-A to VEGFR2 induces the exit of intracellular 
VEGFR2 from the Golgi apparatus en route to the plasma 
membrane [56]. The treatment of EC with MMRN2 or 
the Δ2 deletion mutant did not decrease the total levels of 
VEGFR2, thus the impaired recruitment of the receptor 
at the cell surface may strictly depend on a decreased 
availability of VEGF-A165 for receptor engagement.

In a recent publication it was shown that the 
blockage of CLEC14A-MMRN2 interaction inhibits 
sprouting angiogenesis and tumor growth [57]. These 
findings are in contrast with our published observations 
indicating that down-regulation of the MMRN2 
endogenous expression increased EC migration [49]. In 
addition, here we demonstrated that the down-regulation 
of MMRN2 expression strengthened the sprouting of 
ECs from the spheroids (Figure 2G to 2I). It is possible 
that these opposite results may depend on the different 
molecules used to generate the matrix spheroids have 
been embedded in. However, given that MMRN2 is 
physiologically expressed along all the vessels, it is 
more likely that it exerts a homeostatic role, halting the 
sprouting of new vessels unless a strong pro-angiogenic 
stimulus is engaged.

To assess the role of MMRN2 and its active deletion 
mutant in tumor-associated angiogenesis, we employed 
HT1080 cells since the two molecules did not affect their 
proliferation or their apoptotic rate. This indicated that the 
strong decrease of tumor growth was due to an indirect 
effect, and likely depended on an impaired vascular 
supply. Accordingly, both the in vivo analyses and the 
examinations of the tumor sections indicated that the 
over-expression of MMRN2 and the Δ2 deletion mutant 
halted the development of tumor associated vessels. As a 
consequence, the increased intra-tumoral hypoxia likely 
induced the expression of HIF-1α, which was particularly 
high in the Δ2 mutant over-expressing tumors.

In conclusion, the present results provide 
additional evidences indicating an angiostatic role 
for MMRN2 and identify the region of the molecule 
responsible for the functional effects. Given that 
expression of MMRN2 is altered in a number of tumor 
types [49,58–60], it is conceivable that the growth 
of the tumors as well as the therapeutic efficacy may 
be significantly affected depending on the levels of 
MMRN2 expression.

MATERIALS AND METHODS

Cell cultures

Human Umbilical Vein Endothelial Cells (HUVEC) 
were isolated from the human umbilical cord vein as 
previously described [61]. Cells were cultured in M199 
medium (GIBCO, Invitrogen, Milan, Italy) supplemented 
with 20% fetal bovine serum (FBS) (GIBCO, Invitrogen, 
Milan, Italy), 1% Penicillin-Streptomycin (Sigma-Aldrich, 
Milan, Italy), 50 mg/ml heparin (Sigma-Aldrich, Milan, 
Italy) and bovine brain extract (0,5%). Embryonic kidney 
293-EBNA (Epstein-Barr Nuclear Antigen) cells were a 
gift from Rupert Timpl (Max Planck, Munich, Germany) 
and were cultured in Dulbecco’s modified Eagle medium 
(DMEM) (Sigma-Aldrich, Milan, Italy) containing 
10% FBS, 1% Penicillin-Streptomycin and 250 μg/
ml of G418 (Sigma-Aldrich, Milan, Italy); 0.5 μg/ml of 
puromycin (Sigma-Aldrich, Milan, Italy) were added after 
transfection. The human fibrosarcoma (HT1080) cell line 
was obtained from American Type Culture Collection 
(ATCC, Manassas, VA) and cultured in DMEM containing 
10% FBS, 1% Penicillin-Streptomycin and 600 μg/ml of 
G418 after transfection. Normal human dermal fibroblast 
(NHDF) cells were obtained from LONZA (Basel, 
Switzerland) and maintained in DMEN supplemented with 
10% FBS and 1% Penicillin-Streptomycin. All cells were 
maintained at 37°C in a humidified 5% CO2 atmosphere.

Antibodies and other reagents

The anti-histidine antibody was from Abgent 
(San Diego, CA, USA), the Ni-NTA agarose was from 
QIAGEN (Milan, Italy). The anti-MMRN2 polyclonal 
antibody was obtained upon immunization of a rabbit with 
150 μg of a recombinant MMRN2 fragment corresponding 
to the N-terminal gC1q domain. The antibody was affinity 
purified from the rabbit serum by means of the CNBr-
activated Sepharose 4B resin (Amersham, GE-Healthcare, 
Milan, Italy). The secondary horse radish peroxidase 
(hrp)-conjugated antibodies were from Amersham (GE-
Healthcare, Milan, Italy). The secondary antibodies 
conjugated with Alexa Fluor 488, 568 and TO-PRO-3 
were from Invitrogen (Milan, Italy). Recombinant human 
VEGF-A165, VEGF-A145 and VEGF-A189 proteins were 
from R & D systems, Inc (MN,USA) and VEGF-A121 
fromPeprotech (London, UK). The basic FGF, VEGF-B167, 
VEGF-C, VEGF-D and PlGF-1 were from Peprotech 
(Rocky Hill, NJ). The anti-CD31 antibody and Matrigel 
were from BD Biosciences. The anti-VEGFR2 and 
anti phospho-VEGFR2 (Tyr1175) and (Tyr1214), the 
anti-p38 and anti-phospho-p38, and the anti-β-actin 
antibodies were from Cell Signaling Technology Inc. 
(Danvers, MA, USA). The anti-VEGF-A antibody was 
from Sigma-Aldrich (Milan, Italy). Anti-VEGF-B, anti-
VEGF-C, anti-VEGF-D and anti-PlGF-1 were from 
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Santa Cruz Biotechology Inc. (California, USA). The in 
situ Cell Death Detection Fluorescein Kit was purchased 
from Roche Diagnostics S.p.a. (Milan, Italy). Cytodex 
3 microcarriers were from GE Healthcare Life Sciences 
(Milan, Italy). Drabkin reagent kit and Tunicamycin 
were purchased from Sigma-Aldrich (Milan, Italy); 
AngioSense® 750EX fluorescent imaging agent was from 
PerkinElmer (Waltham, Massachusetts).

DNA constructs and Real Time PCR analyses

The following MMRN2 deletion mutants were 
created: Δ1 (aa residues 24 to 474), Δ2 (aa residues 
137 to 336), Δ3 (aa residues 348 to 683) and Δ4 (aa 
residues 674 to 949). Δ1, Δ2 and Δ3 fragments were 
amplified from the full length molecule and cloned 
into the pCEP-Pu vector containing the BM40 signal 
peptide sequence using the following oligonucleotides: 
Δ1: 5′-ctagctagcccatcatcaccatcaccatgcttccagtactagcctc-3′ 
containing the NheI site and His sequence; 
5′-atagtttagcggccgctcagaggttgagctccaggag-3′ 
containing the NotI site; Δ2: 
5′-ctagctagccccatcatcaccatcaccatccaatccctgagcctgca-3′ 
containing the NheI site and His sequence; 
5′-atagtttagcggccgctcatttggtgtccacatcggc-3′ containing 
the NotI site; Δ3: 5′-gcaacagctgtccatcatcaccatcaccatggga 
ccaatggcagtctggtg-3′ containing the pshAI site and the His 
sequence; 5′-cgggatccgtcgtggctgggctccag-3′ containing the 
BamHI site; Δ4: 5′-gctagcccatcatcaccatcaccatCCGGCAGAG 
CACCTGGAG-3′ containing the NheI site and His sequence; 
5′-atagtttagcggccgctcaTCAGGTCTTAAACATCAGG-3′ 
containing the NotI site. In addition, the MMRN2 or Δ2 
cDNA were sub-cloned into pcDNA3.1/Myc-His vector 
by Hind III and Bam HI restriction. RNA was extracted 
from tumor frozen sections with the Trizol reagent 
(Invitrogen, Milan, Italy)., and reverse transcription 
performed using AMV-RT and exanucleotides (Promega, 
Milan, Italy). Real-time PCRs were carried out using 
the iQ™ SYBR® Green Supermix (Bio-Rad, Hercules, 
CA, USA) using the following oligonucleotides: 
GAPDH 5′-GAGAGACCCTCACTGCTG-3′, 
5′-GATGGTACATGACAAGGTGC-3′; HIF-
1α 5′-CAGAGCAGGAAAAGGAGTCA-3′, 
5′-AGTAGCTGCATGATCGTCTG-3′; The primer 
efficiency was ~100%, thus the comparative Ct method  
(2−ΔΔCt) was applied for the analyses.

Cell transfection, expression and purification of 
recombinant proteins

293-EBNA cells were transfected by electroporation 
with the different pCEP-Pu constructs and selected in the 
presence of 0,5 μg/ml of puromycin and 250 μg/ml of 
G418. Positive clones were isolated and the expression 
analyzed by Western blotting. Confluent 293-EBNA 
cells were then incubated in serum-free medium for  

48 hours, the media were collected and equilibrated with 
a buffer containing 50 mM NaH2PO4, 150 mM NaCl, 
10 mM imidazole. The proteins were purified by means 
of the Ni-NTA resin and eluted with the elution buffer 
(50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole). 
The different fractions were analyzed by SDS-PAGE 
followed by Coomassie blue staining. Protein fractions 
were then dialyzed against PBS and concentrated using 
polyethylene glycol (PEG). In addition, HT1080 cells 
were stably transfected by electroporation with the 
pcDNA constructs and selected in the presence of 600 
μg/ml of G418.

Scratch test and cell migration assays

For the scratch test HUVECs were seeded in a 
24-multiwell dish and allowed to grow until they reached 
confluency. Cells were then starved overnight and the day 
after a scratch wound across each well was made using a 
sterile pipet tip. Cells were washed to remove any loosely 
held cells and then incubated with medium containing 
0,5 % serum in the presence of 5 μg/ml of purified 
MMRN2 or the equimolar concentrations (35nM) of Δ1, 
Δ2, Δ3 and Δ4 purified fragments, or type I collagen as a 
control. The open gap was then inspected over time with 
the microscope. Time course analysis was carried out by 
means of the LEICA AF6000 Imaging System (LEICA, 
Wetzlar, Germany).

For the motility assay the transwell membranes 
carrying 8 μm pores were coated on the upper side with 
5 μg/ml of MMRN2 or the equimolar concentrations 
(35nM) of Δ1 or Δ2 or Δ3 or Δ4 fragments in the presence 
of 0,1M bicarbonate buffer pH 9,6 at 4°C overnight. 
Type I collagen was used as control. The next day the 
membranes were saturated with 1% BSA in PBS for 1 
hour at room temperature. 1 × 105 HUVEC cells were 
placed on the top layer of the permeable membrane in 
serum free M199 medium containing 0,1% BSA. In the 
bottom chamber VEGF-A was added to the medium as 
migratory stimulus at the concentration of 25 ng/ml. After 
6 hours of migration cells were stained with Crystal violet 
for 30 minutes and counted.

Cell viability and proliferation assays

HUVEC cells were incubated with 35 nM of 
MMRN2 or PBS for 24, 48 and 72 hours; in alternative 
the cells were challenged with MMRN2, collagen type 
I and the various deletion mutants for 48 hours and cell 
viability was analyzed. The MTT (3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) 
reagent was added to the cells at a final concentration of 
0,3 mg/ml and incubated for 4 hours at 37°C in complete 
medium. The medium was discarded and the crystals 
solubilized with dimethyl sulfoxide (DMSO). The reduced 
form of the colorimetric substrate was then quantified 
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at the spectrophotometer at 560 nm. Cell proliferation 
was assessed by culturing the mock and Δ2-transfected 
HT1080 cells in 96-well plates for 24, 48, 72 and 96 
hours. Cells were stained with the Trypan blue solution 
(Sigma-Aldrich, Milan, Italy) and counted using a 
hematocytometer.

TUNEL assays

The apoptotic rate was evaluated using the “in situ 
cell death detection kit, fluorescein” (Roche Diagnostics 
S.p.a, Milan, Italy) upon treatment of HUVECs with 
5 μg/mL recombinant MMRN2 or with the equimolar 
concentrations (35nM) of Δ1, Δ2, Δ3 and Δ4 purified 
fragments for 48 hours, and the assay performed according 
to the manufacturer’s instructions. Lipopolysaccharides 
from Salmonella enteric Serotype enteritidis (LPS, 
Sigma-Aldrich, Milan, Italy) at the concentration of 100 
ng/ml was used to induce HUVEC cell apoptosis. Briefly, 
the cells were fixed in 4% PFA for 20 minutes at room 
temperature, permeabilized for 2 minutes in freshly 
prepared permeabilization solution (sodium citrate 0,1%, 
Triton X-100 0,1%) at 4°C and incubated with the properly 
diluted enzyme solution for 1 hour at 37°C in humidified 
conditions. The cells were mounted in Fluoroshield™ with 
DAPI (Sigma-Aldrich, Milan, Italy) and positive cells 
counted using a fluorescence microscope equipped with 
a 63X objective. The same protocol was used to score the 
apoptotic rate in HT1080 cells stably expressing the ∆2 
fragment of MMRN2.

Matrigel tube formation assay

The growth factor reduced Matrigel TM Matrix (BD 
Biosciences) was thawed at 4°C overnight; 40 μl were 
quickly added to each well of a 96-multiwell dish using 
cold pipettes and was allowed to solidify for 30 min at 
37°C. Once solid, 1 × 104 HUVEC cells were resuspended 
in medium containing 0,5% serum and 5 μg/ml of purified 
MMRN2 or the equimolar concentrations (35nM) of 
Δ1, Δ2, Δ3 or Δ4 purified fragments, or type I collagen 
as a control and then seeded in each well. Time-course 
analyses was carried out for 12 hours by means of LEICA 
AF6000 Imaging System. Tube formation analysis was 
assessed with the Wimasis software.

3D in vitro angiogenesis assay

The 3D in vitro spheroid based angiogenesis tests 
were performed as previously described [62]. Briefly, 
4 × 102 HUVEC cells per cytodex microcarrier were 
employed. ECs were incubated with the beads for 4 
hours at 37°C, shaking every 20 minutes. After the 
incubation time, the coated beads were transferred into 
a flask containing complete medium and were incubated 
overnight at 37°C. The next day the coated beads were 
embedded into a fibrin gel with or without 35nM of 

MMRN2 or the Δ1, Δ2, Δ3 and Δ4 purified fragments. 
To provide the required soluble factors to promote EC 
sprouting, NHDF cells were layered on top of the gel 
after resuspension in medium containing the purified 
fragments, in combination or not with VEGF-A (50 ng/
ml). After 7 days spheroids were fixed with 4% (w/v) 
paraformaldehyde for 15 minutes at room temperature and 
pictures were captured and analyzed by Image J software.

ELISA tests

For the analysis of the binding of MMRN2 or Δ1, 
Δ2, Δ3 and Δ4 fragments with VEGF-A, 0.5 μg of the 
recombinant MMRN2 or the deletion mutants were used 
to coat the plates and BSA was used as a control. The 
wells were blocked with 2% BSA in PBS for 1 hour at 
room temperature and incubated with soluble VEGF-A 
(100 ng/well) in 0,2% BSA in PBS for 1 hour at 37°C. In 
other sets of experiments, the MMRN2-coated wells were 
incubated with soluble VEGF-B167, VEGF-C, VEGF-D 
or PlGF-1. Binding was verified using the specific anti-
cytokine antibodies; the ABTS substrate was added and 
absorbance at 405 nm detected with a spectrophotometer 
(TECAN, Milan, Italy).

Surface plasmon resonance tests

The affinity measurements were performed 
using a Biacore X100 biosensor (GE Healthcare) on 
a carboxymethyldextran-coated sensor chip (CM5) as 
previously described [49]. The purified MMRN2 (20 ng/
μl) or the Δ2 fragment (80 ng/μl) in Na acetate pH=4 were 
immobilized using amine coupling to a density of 3150 
and 1770 resonance units (RU), respectively. VEGF-A165 
and VEGF-A121, VEGF-B167, VEGF-C, VEGF-D and 
PlGF-1 were diluted in HBS-EP buffer (GE Healthcare) at 
different concentrations and injected over the sensor chip 
at a flow rate of 30 μL/min, with 60 seconds of analyte 
contact over the surface. In other sets of experiments 
when analyzing the interaction with VEGF-A145 and 
VEGF-A189, a NaCl concentration of 300 mM instead 
of 150 mM was employed. The kinetic parameters and 
dissociation constants (kD) were then determined using 
the BIAevaluation software.

Deglycosylation and Tunicamicyn treatments

The cleavage of the MMRN2 carbohydrate chains 
was performed using the Protein Deglycosylation Mix 
purchased from New England Biolabs (Beverly, MA) 
according to manufacturer’s instructions. Briefly, 
50 μg of purified MMRN2 were incubated with 
deglycosylation mix under non denaturing or denaturing 
conditions for 4 hours at 37°C. The deglycosylated 
protein was used for the analysis of the MMRN2/
VEGF-A interaction by ELISA test, as previously 
described.
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For the inhibition of N-linked glycosylation, 293-
EBNA cell stably expressing MMRN2 or Δ2 fragment 
were treated or not with 5 μg/ml of Tunicamycin every 
2 hours for 24 hours in serum free medium. The non-
glycosylated purified proteins were analyzed by Western 
blotting and used in the solid phase analysis to evaluate 
the binding with VEGF-A.

Preparation of cell lysates and Western 
blot analysis

For the phosphorylation studies, HUVEC cells were 
treated with VEGF-A (15ng/ml) with or without MMRN2 
(5 μg/ml) or the equimolar concentration (35nM) of the Δ2 
purified fragment for different times. The cells were then 
lysed in cold buffer (1mM CaCl2, 1mM MgCl2, 15mM 
Tris-HCl pH 7.2, 150mM NaCl, 1% TrytonX100, 0,1% 
SDS, 0,1% Na Deoxycholate) containing 25 mM NaF, 
1 mM DTT, 1 mM Na3VO4 and the protease inhibitors 
cocktail (Roche). For the Western blot analyses proteins 
were resolved in 4–20% Criterion Precast Gels (Bio-
Rad Laboratories) and transferred onto Hybond-ECL 
nitrocellulose membranes (Amersham, GE-Healthcare). 
Membranes were blocked with 5% BSA in TBS-T 
(100mM Tris-HCl pH 7.5, 0,9% NaCl, 0,1% Tween 20) 
and probed with the appropriate antibodies. The blots 
were finally developed using ECL (Western blotting 
detection, Amersham Biosciences) and exposed to X-ray 
films or acquired using the ChemiDoc Touch Imaging 
System (BIO RAD, Hercules, CA, USA). Alternatively 
the Odyssey infrared imaging system was used (Li-COR 
Biosciences, Lincoln, NE, USA).

Matrigel plug angiogenesis assay

Ten female BALB/c (Harlan S.r.l, Milan, Italy) mice 
were subcutaneously injected (0.5 ml/flank) with highly-
concentrated (18 mg/ml) Matrigel containing PBS (five 
left flanks) or 50 ng/ml of b-FGF and VEGF-A (five left 
flanks) or 50ng/ml of b-FGF and VEGF-A with 35 nM 
of MMRN2 or Δ2 (10 right flanks). Every other day the 
growth factors and the recombinant proteins were re-
injected into the plugs into a final volume of 100 μl. After 
10 days, the mice were sacrificed and the Matrigel plugs 
were excised. The plugs were divided in two parts, one half 
was fixed with formalin overnight, embedded in paraffin 
and sectioned onto slides stained with hematoxylin and 
eosin for histological observation. The remaining plugs 
were homogenized and the hemoglobin content was 
evaluated using the Drabkin reagent kit (Sigma-Aldrich, 
Milan, Italy), as previously described [63].

In vivo tumor growth

Twenty female athymic nude mice (Harlan S.r.l, 
Milan, Italy) were injected with 1.5 × 106 of HT1080 cells 
stably transfected with pcDNA3.1 vector carrying the 

MMRN2 or Δ2 coding sequence or with the empty vector. 
The left flanks of each mouse were injected with control 
cells, while the right flanks with cells expressing MMRN2 
or Δ2. Tumor growth was monitored over time and tumor 
size measured with a caliper. The tumor volumes were 
calculated with the following formula: (Pxlengthxwidth2)/6. 
Tumor vascularity was imaged using AngioSense® 750EX 
(PerkinElmer). Anesthetized mice were retro-orbital 
injected with 2 nmol of AngioSense® 750EX in 100 μL 
of PBS and the fluorescence signal detected after 24 hour 
by IVIS Lumina instrument (Perkinelmer, Walthman, MA, 
USA). The mice were sacrificed and the tumors excised for 
immunofluorescence analysis. All the in vivo studies were 
approved by the Institutional Ethics Committee.

Immunofluorescence analysis of ECs and tumors 
sections

HUVECs were grown on cover glass slides placed in 
a 24 multi-well plate, treated with VEGF-A (10 ng/ml) and 
MMRN2 (5 μg/ml) or equimolar concentration (35nM) 
of Δ2 for 20 min at 37°C and then fixed with 4% (w/v) 
paraformaldehyde for 15 minutes at room temperature. 
The cells were permeabilized with a PBS solution 
containing 1% BSA, 0,2% TRITON X-100 for 5 minutes 
at room temperature, saturated with blocking buffer (PBS-
2% BSA) for 1 hour and incubated overnight at 4°C with 
the α-VEGFR2 antibody. Next the actin cytoskeleton and 
the nuclei were stained for 1 hour at room temperature 
with phalloidin and TO-PRO3, respectively. Slides were 
finally mounted in Mowiol containing 2,5% (w/v) of 
1,4-diazabicyclo-(2,2,2)-octane (DABCO). The number 
of cells displaying VEGFR2 staining at the cell surface 
was evaluated by counting.

For the immunofluorescence analyses, tumors were 
included in the Optimal Cutting Temperature compound 
(OCT) and frozen. For microvessel density analysis, 7 
μm thick sections were obtained and stained with anti-
mouse CD31. Images were acquired with a Leica TCS 
SP2 confocal system (Leica Microsystems Heidelberg, 
Mannheim, Germany), using the Leica Confocal Software 
(LCS). Vessels density was assessed by counting.

Statistical analyses

Statistical analyses were performed using the Sigma 
Plot software. Student’s t-test for unpaired data was used 
to assess the probability of significant differences between 
two groups; for more than two groups, the ANOVA 1-way 
analysis of variance was used, according to the Bonferroni 
method. Results with p ≤ 0.05 were considered significant.
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