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Mutations in MC4R facilitate the angiogenic activity in patients
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Impact statement

The detailed molecular mechanism of
orbital venous malformation (OVM) is still
not clear. Using whole exome sequencing,
4 types of melanocortin 4 receptor (MC4R)
mutation were detected in 7 of 27 patients
with OVM, and all types of MC4R muta-
tions resulted in the upregulation of MC4R
expression. In vitro study indicated that
MCA4R has impacts on the proliferation, cell
cycle, migration, and tube formation of the
endothelial cells. Moreover, MC4R muta-
tions altered the downstream signaling,
including cAMP concentration and the
expression levels of several PIBK/AKT/
mTOR downstream genes, including p21,
cyclin B1, ITGA10, and ITGA11. MC4R
mutations may lead to the pathogenesis of
OVM through modulating the downstream
signaling to alter the angiogenic activity of
endothelial cells.

Abstract

Orbital venous malformation results from the aberrant angiogenesis in the orbit; however,
the detailed molecular mechanism is still not clear. In this study, tissue samples from 27
patients with orbital venous malformation were collected and subjected to whole exome
sequencing. Melanocortin 4 receptor was the gene with highest incidence (7/27) of muta-
tion identified in this series. A total of four types of mutations were found in the coding
region and the 5-untranslated region of melanocortin 4 receptor. All these mutations
resulted in the upregulation of melanocortin 4 receptor expression. In vitro assays using
human umbilical vein endothelial cells demonstrated that the endothelial properties includ-
ing cell proliferation, cell cycle, cell migration, and tube formation are positively correlated
with the expression level of melanocortin 4 receptor. Melanocortin 4 receptor mutations
resulted in increased cAMP production in a cell-based assay. By RNA sequencing tech-
nique, melanocortin 4 receptor was found to modulate the downstream genes of PISK/AKT/
mTOR pathway, including p21, cyclin B1, ITGA10, and ITGA11, which are known to regu-
late the endothelial properties. These data demonstrated that mutations in melanocortin 4
receptor modulate the downstream signaling pathway, facilitate the angiogenic activity of

endothelial cells, and therefore is one potential mechanism of orbital venous malformation pathogenesis.
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Introduction

been improved by the advances in the angiography, surgi-
cal instruments, and multidisciplinary collaboration®; how-

Orbital venous malformation (OVM) is one of the most
common forms of vascular lesions in the orbit, which is
caused by the aberrant angiogenesis during embryonic
development' and may lead to vision dysfunction and
appearance defect.? Multiple treatment approaches for
the OVM, including laser therapy, radiotherapy, sclerother-
apy, embolization and surgical resection, have been recom-
mended by the International Society for the Study of
Vascular Anomalies (ISSVA)® as well as other review liter-
atures."*® The diagnosis and management of OVM have
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ever, it is still challenging due to no standard treatment
available up to the present time.

Recently, the molecular genetics of several types of
venous malformations has been investigated. Mutations
occurred in TIE2, the receptor for angiopoietin, have been
identified in the inherited multiple cutaneous and mucosal
venous malformations.”® A mutation located in the kinase
domain of TIE2 activates the signaling pathways mediated
by STAT and other proteins, leads to aberrant cell cycle,
survival, adhesion, and migration of the endothelial
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cells.”" The mutations in TIE2 are further found in spo-
radic venous malformations."* Moreover, mutations in
another molecule, PI3KCA, have demonstrated that pro-
moting the downstream signaling for cell proliferation of
the endothelial cells and impairing normal vasculogenesis
in the embryonic development therefore lead to sporadic
venous malformations.”> Aberrant TIE2 and PI3KCA in
venous malformations were found to enhance the activity
of PI3K/AKT/mTOR pathway, resulting in the promotion
of angiogenesis.'"® Emerging studies have revealed the
molecular pathogenesis of other types of venous malforma-
tions, such as glomulin for glomuvenous malformation,'”*®
KRIT1, malcavernin and PDCD10 for cerebral cavernous
malformation,'® ELMO? for familial intraosseous vascular
malformation,?® and MAP3K3 for verrucous venous mal-
formation.”" In addition to genetic changes, the epigenetic
mechanism is suggested to be involved in the pathogenesis
of arteriovenous malformations.??> On the other hand, the
molecular basis of OVM is currently not clear.

Melanocortin 4 receptor (MC4R) is a G protein-coupled
receptor, which has been primarily found to be associated
with obesity.”*** Biochemical analysis suggests that endo-
plasmic reticulum-targeted agonist for MC4R may be a
potential therapeutic target by stabilizing the active form
of MC4R. In this present study, we investigated the MC4R
mutations in patients with OVM, and the potential role of
MC4R in OVM pathogenesis.

Materials and methods

Patients

Tissue samples were collected from 27 patients with OVM
who received surgical resection in Tianjin Medical
University Eye Hospital, China between December 2016
and August 2018. Patients’ demographics including
age, gender, and body mass index (BMI) were recorded.
The inclusion criteria were: (1) the lesions were classified
as the venous malformations according to the 2014 ISSVA
classification® by histopathological examination post-
operatively, and (2) the lesions were only found in the
orbit. Patients with other types of vascular malformations
or with other vascular malformations that are not in the
orbit were excluded. This study was approved by the insti-
tutional review board of Tianjin Medical University Eye
Hospital, China (IRB number: 2017KY-11). Written
informed consents were obtained from all patients as well
as their guardians for the patients aged <18 years. After
consulting the institutional review board of Tianjin
Medical University Eye Hospital, China, a clinical trial reg-
istration was not needed according to the objectives and the
methodology of this study.

Whole exome sequencing

Tissue samples collected from patients were stored in
liquid nitrogen until use. Genomic DNA was extracted
from patients’ tissues, and the exome sequences were effi-
ciently enriched from 1.0 pg genomic DNA using SureSelect
Human All Exon V5 kit (Agilent, Santa Clara, CA, USA)
according to the manufacturer’s protocol. DNA libraries
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were sequenced on Hiseq 4000 system (Illumina Inc., San
Diego, CA, USA) for paired-end 150bp reads. Valid
sequencing data were mapped to the reference genome
(UCSC hgl19) by Burrows-Wheeler Aligner software® to
obtain the original mapping results in BAM format.
SAMtools” and Picard (http://broadinstitute.github.io/
picard) were utilized to sort files for generation of the
final BAM file. Reads that aligned to the exon regions
were collected for mutation identification and subsequent
analysis. The information on single nucleotide polymor-
phism, insertion, and deletion was obtained and compared
to the open data of the 1000 Genome Project (http://www.
internationalgenome.org/). Four programs, including
SIFT,2® PolyPhen—Z,29 MutationTaster,”® and CADD,*!
were utilized for estimating the deleterious potential of
the genetic variants. A total of 12 genes were identified as
pathogenic candidates in at least two of the four prediction
programs (unpublished data). The gene with highest inci-
dence of mutation among these 27 patients was further
functionally characterized.

Immunoblotting and immunohistochemistry

Antibodies against the following proteins were used in
immunoblotting and immunohistochemistry: MC4R
(1:1000 dilution; ab24233), f-tubulin (1:1000 dilution;
ab15568), vWF (1:1000 dilution; ab6994), and GAPDH
(1:5000 dilution; ab128915) from Abcam (Cambridge, UK)

For immunoblotting, tissue samples were stored in
liquid nitrogen until use. Protein lysates were extracted
by RIPA buffer (150mM sodium chloride, 1.0% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris,
pH 8.0) and separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis. After transferred onto the
polyvinylidene difluoride membranes, proteins were
detected by anti-MC4R, anti-f-tubulin, and anti-GAPDH
antibodies as indicated in each figure. Samples from
patients without MC4R mutations were used as a control.

For immunohistochemistry, tissue samples were fixed in
4% paraformaldehyde and embedded in the paraffin.
Tissue sections were cut with 4-pm thickness on a micro-
tome. Tris/EDTA buffer (pH 9.0) was used for antigen
unmasking. MC4R and vWF were detected by the antibod-
ies described above. Samples from patients without MC4R
mutations were used as a control.

Endothelial cell assays

Human umbilical vein endothelial cells (HUVECs) were
chosen to characterize the functions of MC4R in vitro
because of its endothelial origin and the endogenous
expression of MC4R (Figure 2(a)). To generate HUVECs
harboring the stable MC4R knockdown (MC4R-KD),
HUVEC cells were infected with a recombinant lentivirus
expressing MC4R-targeting short hairpin RNA and select-
ed by puromycin. The MC4R-KD cells were utilized to
characterize the endothelial cell properties affected by
low MC4R expression. HUVECs infected with a recombi-
nant lentivirus expressing non-specific short hairpin RNA
were used for control (MC4R-NC) cells.
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The proliferation activity was measured by MTT assay,
and the different phases of cell cycle were determined by
propidium iodide staining and flow cytometry. Transwell
assay, scratch assay, and tube formation were conducted to
examine the endothelial activity as previously described.*
For transwell assay, cells were plated onto a fibronectin-
coated transwell with 3-um pore diameter. After 24h,
cells in lower chamber were quantified by Countess II FL
Automated Cell Counter (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). For scratch assay, cells were grown
to near confluence, and a wound was created by a pipet tip.
Cell migration toward the denuded area was observed after
24 h. For tube formation, cells were plated onto Matrigel,
and the capillary-like structures were observed after 24 h by
a light microscope.

cAMP measurement assay

Lentiviruses expressing wildtype and mutant MC4Rs were
generated by Sangon Biotech (Shanghai) Co., Ltd, China.
Briefly, plasmids used in lentivirus production, including
PCMV-dR8.91 and pCMV-VSV-G6363, and 293 T cells were
used in virus package. After purified by ultracentrifugation
(82,700¢ at 4°C for 2 h), the titer of each lentivirus was deter-
mined by quantitative PCR.

293T cells were transduced by each lentivirus recombi-
nants (MOI=10) for protein expression. After 72h, cells
were treated with 0.1 pM of a-msh (Calbiochem in EMD
Millipore, Billerica, MA, USA) for 0.5h. Intracellular
cAMP concentration was measured by a cAMP ELISA kit
purchased from TianJin Saierbio Inc., China.

RNA sequencing

Total RNA was extracted by RNeasy Mini Kit (Qiagen,
Germantown, MD, USA). Isolated RNA from MC4R-NC
and MC4R-KD cells was used for the construction of
whole transcriptome library using Ion AmpliSeq
Transcriptome Human Gene Expression Kit (Thermo
Fisher Scientific, Waltham, MA, USA), and then subjected
to the Ion S5 System (Thermo Fisher Scientific) under stan-
dard conditions. Data were analyzed by Ilon Reporter
Software (Thermo Fisher Scientific) with default parameters.

Quantitative RT-PCR

Tissue samples from patients were stored in liquid nitrogen
until use. Total RNA was extracted from patients’ tissues
and HUVEC cells by RNeasy Mini Kit (Qiagen), and cDNA
was prepared using SuperScript IIl reverse transcriptase
(Thermo Fisher Scientific). Quantitative RT-PCR was

Table 1. MC4R mutations identified in this study.

conducted using Power SYBR GREEN PCR Master Mix
(Thermo Fisher Scientific) and Applied Biosystems™™
7500 Real-Time PCR System (Thermo Fisher Scientific)
according to the user manuals. Primer sets for detecting
the mRNA expression level of MC4R, p21, cyclin Bl,
ITGA10, ITGA1l, and f-actin are shown in Table SI.
Relative fold expression (target gene/ fi-actin) was calculat-
ed by the 2-*4“T method.*® Samples from patients without
MC4R mutations and MC4R-NC cells were used as a
control.

Statistical analyses

Statistical comparisons for all data sets were conducted
with a nonparametric two-tailed Mann-Whitney test. The
level of significant differences and the number of replicates
were indicated in the figures.

Results

Upregulation of MC4R expression in patients with
orbital venous malformation

A total of 27 patients were enrolled into this study, and
59.3% (16/27) were men. Mean age of them was 35.1 +
17.6 years, while the mean BMI was 22.142.96kg/m?
MCH4R, the gene with the highest incidence of mutation in
this study, was detected in 7 of 27 patients (Table 1). Three
independent mutations occurring in the transmembrane
regions were found in three patients. On the other hand,
four patients bear the same mutation located in the 5'-
untranslated region (5-UTR).

The expression level of MC4R was first investigated in
patients’ tissues. Patients harboring the 5-UTR mutation in
MCH4R exhibited 8.6- to 53-fold increments of MC4R mRNA
level (Figure 1(a)). In addition, the protein level of MC4R
detected by Western blotting and immunohistochemistry
was significantly increased in these four patients (Figure
1(b) and (c)). The upregulated MC4R protein expression
was also seen in patients bearing other MC4R mutations
identified in this study (Figure S1). Moreover, MC4R was
co-localized with vIWF, an endothelial cell marker, in tissues
from patients with MC4R mutation (Figure 1(d)).

Effects of MC4R mutations on the levels of protein
expression were further studied. Wildtype and mutant
MC4Rs were expressed in HEK293T cells via the lentiviral
system. Compared to the control, the wildtype MC4R con-
struct did not significantly lead to the increment of MC4R
proteins; in contrast, all examined mutant MC4R constructs
resulted in obvious accumulation (25-70% increment) of

Amino acid
Site Region change Frequency
NC_000018.10:9.60371817G>A Coding; TM T187M 1/27
NC_000018.10:9.60371854C>T Coding; TM V166l 1/27
NC_000018.10:9.60372043C>T Coding; TM V103l 1/27
NC_000018.10:9.60372565G>A 5’-UTR None 4/27

TM: transmembrane region; T: threonine; M: methionine; V: valine; I: isoleucine; UTR: untranslated region.
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Figure 1. Upregulation of MC4R expression in patients with orbital venous malformation. (a,b) The mRNA (a) and protein (b) expression level of MC4R were detected in
orbital venous malformation patients with MC4R wildtype and mutation in 5’-UTR. (c) MC4R was detected in the tissue sections from orbital venous malformation patients
with MC4R wildtype and mutation in 5-UTR by immunohistochemistry. (d) MC4R and vVWF were co-stained in the tissue sections from orbital venous malformation
patients with MC4R mutation in 5’-UTR. DAPI was used to indicate the cell nucleus. **P < 0.001 as compared with the wildtype controls. Scale bar, 10 um.
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Figure 2. Increased protein amount for MC4R with mutations at positions 103
(V—I), 166 (V—I), and 178 (T—M) in HEK293T cells. Wildtype and mutant MC4Rs
were ectopically expressed in HEK293T cells. Relative expression level of MC4R
was quantified and calculated. GAPDH was used as an internal control. An
asterisk indicated significant difference compared to MC4R WT group. *P < 0.05;
**P <0.01; ™P <0.001.
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MC4R protein (Figure 2), consistent with the results
observed in patients’ tissues (Figure 1). These data sug-
gested that MC4R mutations identified in this study lead
to upregulation of MC4R expression in the endothelial cells
of the lesion in patients with OVM.

Aberrant cell proliferation and cell cycle in
MC4R-knockdown HUVEC cells

To further characterize the role of MC4R in the pathogene-
sis of OVM, MC4R-KD cells were generated (Figure 3(a)).
The cell proliferation decreased around 50% in MC4R-KD
cells compared to that in MC4R-NC cells (Figure 3(b)).
Moreover, MC4R was involved in maintaining cell
cycle. MC4R-KD cells showed G2/M arrest compared to
MC4R-NC cells (Figure 3(c)). These data indicated that
MC4R modulates cell proliferation and cell cycle of endo-
thelial cells.

Impaired cell migration and tube formation in
MC4R-knockdown HUVEC cells

The role of MC4R in endothelial property was subsequently
examined by several in vitro angiogenesis models. Cell
migration examined by Transwell assay was impaired
under MC4R-knockdown condition (Figure 4(a)). Using
in vitro scratch assay, cell migration toward the denuded
area was attenuated in MC4R-KD cells (Figure 4(b)).
Moreover, reduced tube formation was observed in
MC4R-KD cells (Figure 4(c)). These data demonstrated
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Figure 3. Aberrant proliferation rate and cell cycle in MC4R-knockdown HUVEC
cells. (a) Total cell lysates from control (Lane 1) and MC4R-knockdown (Lane 2)
HUVEC cells were immunoblotted with antibodies against human MC4R and
p-tubulin. (b) Cell proliferation of control (MC4R-NC) and MC4R-knockdown
(MC4R-KD) HUVEC cells was measured according to MTT assay. N=5.

***P < 0.001 as compared with the control cells. (c) Cell cycle of MC4R-NC and
MC4R-KD HUVEC cells was analyzed by PI staining. N=3.

that MC4R plays a positively regulatory role in the angio-
genic potential of endothelial cells.

Altered signal transduction dictated by mutant MC4Rs

To investigate the detailed molecular mechanism for
mutant MC4Rs, we first measured the intracellular cAMP
level, a known secondary massager in MC4R signaling
pathway, in cells transduced with lentiviruses containing
various mutant MC4Rs. Mutant MC4Rs significantly
resulted in higher cAMP levels compared to vector control
and wildtype MC4R, and cAMP levels were further elevat-
ed in the presence of «-msh, a ligand for MC4R. Compared
to the wildtype MC4R, the increment of the cAMP level was
around 20-70% among the examined mutant MC4Rs,
despite of the presence of o-msh (Figure 5).
PI3K/AKT/mTOR pathway is crucial for angiogenesis
and is affected in venous malformation patients bearing
aberrant TIE2 and/or PI3KCA.'® We therefore focused
whether MC4R modulates this signaling pathway. RNA
sequencing technique was utilized to analyze the expres-
sion level of PI3K/AKT/mTOR downstream genes in
MC4R-KD cells (Figure 6(a)). Among the PI3K/AKT/
mTOR downstream genes, the expression level of p21,
cyclin B1, ITGA10 and ITGA11, was further validated by
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Figure 4. Impaired cell migration and tube formation in MC4R-knockdown
HUVEC cells. (a) Migration of control (MC4R-NC) and MC4R-knockdown
(MC4R-KD) HUVEC cells was measured with a Transwell assay. N =3.

***P < 0.001 as compared with the control cells. (b) Migration of MC4R-NC and
MC4R-KD HUVEC cells was performed with an in vitro scratch assay. Images
were acquired at 0 and 24 h in the assay. The lines define the area lacking cells.
N = 3. (c) Tube formation of MC4R-NC and MC4R-KD HUVEC cells was per-
formed with Matrigel. Images were acquired at 6 h in the assay. N=3.

quantitative RT-PCR. The mRNA levels of these examined
genes were all decreased around 30-60% (Figure 6(b)).
Also, the low MC4R expression was confirmed in MC4R-
KD cells (Figure 6(b)). These data showed that MC4R is
involved in the regulation of PI3K/AKT/mTOR down-
stream genes.

Discussion

Using whole exome sequencing, 4 types of MC4R muta-
tions were detected in 7 of 27 patients with OVM. All
types of MC4R mutations resulted in upregulation of
MCA4R protein expression. The functions of MC4R in endo-
thelial cells were investigated using HUVEC cells under
MC4R-knockdown condition. MC4R was important for
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the property of endothelial cells, including proliferation,
cell cycle, migration, and tube formation. Moreover, down-
stream signaling was altered by mutant MC4Rs. cAMP con-
centration and the expression level of several PI3K/AKT/
mTOR downstream genes, including p21, cyclin BI,
ITGA10, and ITGA11, were changed by aberrant MC4R
expression. In this present study, we demonstrated that
MC4R mutations may lead to the pathogenesis of OVM
through modulating the downstream signaling to alter
the angiogenic activity of endothelial cells.

MCH4R has been reported to involve in a variety of phys-
iological function, including energy homeostasis, cachexia,
cardiovascular function, glucose/lipid homeostasis, and
reproduction function.” Among these diverse roles, the

association between MC4R and obesity has been

£ 61 O omsh

= B o-msh (+)

=

] o

— - b

=4 _

T e

= ++

5 E

SEa.

<

~ 0 -
Vector ~ MC4R  MC4R  MC4R  MC4R
control  WT V1031 V1661  T178M

Figure 5. cAMP production for wildtype and mutant MC4Rs. HEK293T cells
were transfected with each construct as indicated, and cAMP concentration was
measured in the absence or presence of e-msh. ***P < 0.001 as compared with
MC4R WT group without a-msh treatment; " *P < 0.001 as compared with
MC4R WT group with a-msh treatment.
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extensively reported. More than 150 distinct naturally
occurring mutations have been identified in patients from
different ethnic origins, which are scattered in the MC4R.
All the MC4R mutations identified in this present study
have been previously found in patients with obesity.”
One recent study has reported the association between
MC4R mutations and binge eating disorder in patients
with obesity.** It is interesting that T187M and V166l as
well as the point mutation in 5-UTR have been reported
in obesity patients; on the other hand, V1031 has protective
effects on obesity, suggesting that the involvement of MC4R
in obesity and OVM may undergo differential signaling
pathways. Moreover, the codominance of MC4R and
other genes in obesity has been suggested because not all
people harboring the pathogenic MC4R mutations are
obese™; this concept could probably be applied to OVM.
On the other hand, we did not find any reported MC4R-
mutated obese patients harboring OVMs; probably the
presence of OVMs was not investigated in the MC4R-
mutated obese patients in these literatures.

Although no animal models responsible for MC4R over-
expression have been reported up-to-date, one animal
study has demonstrated that MC4R involved in angiogenic
balance and vasorelaxation in pregnant rats.*® Another
study showed that MC4R agonist led to insulin-induced
AKT phosphorylation both in vitro and in vivo.”” In this
present study, we demonstrated that MC4R modulates
angiogenesis possibly through the production of cAMP
and the PI3K/AKT/mTOR signaling pathway in the endo-
thelial cells. Mutant MC4Rs identified in this study elevat-
ed the basal level of cAMP but did not alter the sensitivity
or responsiveness toward a-msh. Moreover, we showed
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Figure 6. Downregulation of PI3K/AKT/mTOR downstream genes in MC4R-knockdown HUVEC cells. (a) RNA expression profile of control (MC4R-NC) and MC4R-
knockdown (MC4R-KD) HUVEC cells was analyzed by RNA sequencing. Expression levels of PISBK/AKT/mTOR downstream genes in MC4R-NC and MC4R-KD
HUVEC cells were shown as a heatmap. Red, white, and blue colors represent high, median, and low expression, respectively. (b) The mRNA levels of MC4R as well as
several PIBK/AKT/mTOR downstream genes, including p21, cyclin B1, ITGA10 and ITGA11, were detected in MC4R-NC and MC4R-KD HUVEC cells. N =3.

**P <0.01; **P < 0.001 as compared with the control cells.
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that the expression levels of several PI3K/AKT/mTOR
downstream genes related to endothelial cell property
were modulated by MC4R. P21 is a well-known inhibitor
of cell cycle which blocks both G1/S and G2/M transi-
tions,” and cyclin B1 in partnership with Cdk1 is the key
component for mitosis.”’ MC4R may promote cell prolifer-
ation and cell cycle through AKT-mediated p21 and cyclin
Bl pathway. On the other hand, ITGA10 and ITGAIl
belong to the integrin family which is crucial for cell migra-
tion, wound healing, and tissue remodeling.** MC4R may
facilitate the endothelial function through the integrin
signaling.

In conclusion, four types of MC4R mutations were iden-
tified in OVM patients in this present study. Each of them
resulted in higher MC4R expression in endothelial. By a
series of angiogenesis assays in an endothelial cell line,
MC4R was found to modulate the cAMP production and
the PI3K/AKT/mTOR signaling pathway and therefore
facilitate the angiogenic activity of endothelial cells.
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