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ABSTRACT

Retinopathy of prematurity (ROP) is characterized by late-phase pathologic 
retinal vasoproliferation. Gremlin is a novel vascular endothelial growth factors (VEGF) 
receptor 2 (VEGFR2) agonist and promotes angiogenic response. We demonstrated 
that gremlin expression was significantly increased in retinas of ROP model mice, 
which was correlated with VEGF upregulation. In retinal pigmentation epithelial 
(RPE) cells, gremlin activated VEGFR2-Akt-mTORC2 (mammalian target of rapamycin 
complex 2) signaling, and promoted cell proliferation, migration and VEGF production. 
VEGFR inhibition (by SU5416) or shRNA knockdown almost abolished gremlin-
mediated pleiotropic functions in RPE cells. Further, pharmacological inhibition of 
Akt-mTOR, or shRNA knockdown of key mTORC2 component (Rictor or Sin1) also 
attenuated gremlin-exerted activities in RPE cells. We conclude that gremlin promotes 
RPE cell proliferation, migration and VEGF production possibly via activating VEGFR2-
Akt-mTORC2 signaling. Gremlin could be a novel therapeutic target of ROP or other 
retinal vasoproliferation diseases.

INTRODUCTION

Retinopathy of prematurity (ROP) is one 
important reason of childhood blindness [1–3]. The use 
of supplemental oxygen in closed incubators for the 
preterm infants is one major cause of ROP [3]. ROP 
starts from an arrest of retinal vascularisation (phase 1), 
which is followed by later hypoxia-induced pathologic 
vasoproliferation (phase 2) [1–4]. It will eventually lead 
to a complete retinal detachment behind the lens [3]. 
The detailed pathological mechanisms of ROP are still 
debatable [3]. Further, due to the invasive nature of this 
disease, current ROP clinical treatments are far from 
satisfactory in improving prognosis [3].

Gremlin, a highly conserved protein, has a total 
of 184 amino acid with a cysteine rich region [5–8]. It 
is a member of the cysteine knot superfamily, which 
can present in both soluble and cell associated forms 
[9–12]. Gremlin is a novel family of bone morphogenetic 

protein (BMP) antagonist [5]. Its function could be post-
translationally modified through glycosylation and/
or phosphorylation [5, 9–13]. Existing evidences have 
shown that gremlin could affect diverse cellular functions, 
including growth, differentiation, and development 
[5, 9–13].

Recent studies have proposed a critical function of 
gremlin in vasoproliferation [13]. It has been shown that 
gremlin is a novel agonist of vascular endothelial growth 
factors (VEGF) receptor 2 (VEGFR2) [6, 13], the latter is 
the main receptor of VEGF-mediated angiogenic signals 
[6, 13, 14]. Gremlin binding to VEGFR2 will activate 
downstream signalings and lead to VEGFR2-dependent 
angiogenic response [13]. In the current report, we show 
that gremlin expression is significantly upregulated 
in retinas of ROP model mice. Our in vitro studies in 
retinal pigmentation epithelial (RPE) cells show that 
gremlin promotes cell proliferation, migration and VEGF 
production via activating VEGFR2 signaling.
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RESULTS

Upregulation of gremlin and VEGF in the retinas 
of retinopathy of prematurity (ROP) model mice

First, we tested expressions of gremlin in ROP 
model mice. As described, C57BL/6J mice at P7 were first 
exposed to 75% oxygen for a total of 5 days (P7-P12). 
Afterwards, mice were kept in normoxia for additional 
5 days. At P17, the retinas were isolated and lysed. Western 
blot assay results showed that, compared to the control 
normoxia mice, and expressions of gremlin and VEGF 
in retinas of ROP mice were significantly upregulated 
(Figure 1A). Quantification data demonstrated that gremlin 
protein expression nearly doubled after ROP (Figure 1A). 
Further, real-time quantitative PCR (“RT-qPCR”) assay 
results showed that gremlin and VEGF mRNA expressions 
were also increased in ROP mice retinas (Figure 1B), as 
compared to that in control mice. These results show that 
gremlin expression is increased in ROP mice, and its level 
is correlated with VEGF upregulation.

Gremlin promotes APRE-19 cell proliferation, 
migration and VEGF production

To test the potential effect of gremlin in vitro, 
we treated APRE-19 cells with gremlin. Methylthiazol 
tetrazolium (MTT) assay and 5-bromo-2’-deoxyuridine 
(BrdU) incorporation ELISA assay were performed to 
test cell proliferation. Results from these assays showed 
that gremlin at 25 and 100 ng/mL promoted ARPE-19 
cell proliferation (Figure 2A and 2B). The MTT OD 
and BrdU intensity in ARPE-19 cells were increased 
following gremlin treatment (Figure 2A and 2B). Notably, 
lower concentrations of gremlin (1 and 5 ng/mL) had no 

significant effect on ARPE-19 cell proliferation (Figure 2A 
and 2B). Next, the potential effect of gremlin on RPE cell 
migration was also tested by the “Transwell” assay [15]. 
The quantified results in Figure 2C showed that gremlin 
dose-dependently increased the number of migrated 
ARPE-19 cells, confirming its pro-migration activity. 
Further studies showed that gremlin (25 and 100 ng/mL) 
treatment in APR-19 cells also promoted VEGF mRNA 
expression (Figure 2D) and protein secretion (Figure 2E). 
Lower concentrations of gremlin (1 and 5 ng/mL) again 
were in-effective on VEGF (Figure 2D and 2E). Together, 
these results demonstrate that gremlin dose-dependently 
promotes APRE-19 cell proliferation, migration and 
VEGF production.

VEGFR2 activation is required for gremlin-
exerted pleiotropic functions in ARPE-19 cells

Recent evidences have confirmed that gremlin is a 
novel agonist of VEGFR2 [6, 13]. We next wanted to know 
the possible involvement of VEGFR2 in gremlin-exerted 
functions in RPE cells. Western blot results in Figure 3A 
showed that gremlin (25 ng/mL) treatment in APRE-19 
cells induced profound VEGFR2 phosphorylation. The 
expression of regular VEGFR2 was not affected (Figure 
3A). Remarkably, SU5416, a small molecule inhibitor 
of VEGFR [16] (Figure 3A), almost blocked gremlin-
induced VEGFR2 phosphorylation (Figure 3A), APRE-
19 cell proliferation (BrdU ELISA assay, Figure 3B), 
migration (“Transwell” assay, Figure 3C) and VEGF 
production (ELISA assay, Figure 3D). These results imply 
that activation of VEGFR2 is required for gremlin-exerted 
functions in ARPE-19 cells.

Since SU5416 is pan and non-selective VEGFR 
inhibitor [16], we next applied the shRNA strategy to 

Figure 1: Upregulation of gremlin and VEGF in the retinas of retinopathy of prematurity (ROP) model mice. Protein 
and mRNA expressions of gremlin and VEGF in retinas of ROP model mice (P17) and control normoxia mice (P17) were tested by Western 
blot assay A. and RT-qPCR assay B., respectively. For the RT-qPCR assay, n=6. Gremlin and VEGF protein expression (vs. β-actin) was 
quantified (A). Experiments in this figure were repeated three times, and each time similar results were obtained. Bars ± error bars stand for 
mean ± SD (Same for all figures). * p < 0.05 vs. “Normoxia” group (B).
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selectively knockdown VEGFR2. As demonstrated, 
the two non-overlapping VEGFR2 shRNAs (“-1/-2”) 
dramatically downregulated VEGFR2 expression in 
ARPE-19 cells (Figure 3E). Importantly, gremlin-induced 
VEGFR2 phosphorylation (Figure 3E), cell proliferation 
(Figure 3F), migration (Figure 3G) and VEGF production 
(Figure 3H) were almost abolished in VEGFR2-silenced 
cells. These results again show that VEGFR2 activation 
is required for gremlin-induced pleiotropic functions in 
ARPE-19 cells. Notably, VEGFR2 shRNAs alone showed 
no effect on APRE-19 cells (Figure 3E–3H).

Gremlin activates VEGFR2, and promotes cell 
proliferation, migration and VEGF production 
in primary RPE cells

The potential effect of gremlin on primary murine 
RPE cells was also tested. As demonstrated, treatment 
of gremlin (25 ng/ml) provoked significant VEGFR2 
phosphorylation in the primary cultured murine RPE cells 
(Figure 4A). Further, gremlin promoted cell proliferation 
(Figure 4B), migration (Figure 4C) and VEGF production 
(Figure 4D) in the primary cells. Notably, co-treatment 
with the VEGFR inhibitor SU5416 almost completely 
blocked gremlin-mediated pleiotropic functions in the 

primary RPE cells (Figure 4A–4D). These results again 
imply that VEGFR2 activation is indispensable for 
gremlin-mediated activities in the primary RPE cells.

Akt-mTOR activation is required for gremlin-
induced pleiotropic functions in RPE cells

The above results have demonstrated that gremlin 
activated VEGFR2 to promote RPE cell proliferation, 
migration and VEGF production. Next, the downstream 
signalings of VEGFR2 that possibly mediate gremlin’s 
functions were analyzed. Results showed that gremlin (25 
ng/mL) treatment in ARPE-19 cells induced significant 
phosphorylations of Akt (Ser-473 and Thr-308) and S6K1 
(Thr-389) (Figure 5A), indicating significant activation of 
Akt-mTOR (mammalian target of rapamycin) signaling. 
Co-treatment with the VEGFR inhibitor SU5416 almost 
completely blocked Akt-mTOR activation by gremlin 
(Figure 5A), suggesting that Akt-mTOR lies downstream 
of VEGFR2. To study the role of Akt-mTOR signaling in 
gremlin-exerted pleiotropic functions, pharmacological 
strategy was first applied. The results demonstrated 
that the Akt-specific inhibitor perifosine [17] and the 
mTORC1/2 kinase inhibitor (AZD8055 [18] or OSI-
027 [19]) attenuated gremlin-induced APRE-19 cell 

Figure 2: Gremlin promotes APRE-19 cell proliferation, migration and VEGF production. APRE-19 cells were treated with 
applied concentrations of gremlin (1-100 ng/mL) for indicated time, cell proliferation was tested by MTT assay A. or BrdU ELISA assay 
B. Cell migration was evaluated by the “Transwell” assay C. VEGF mRNA expression and protein secretion were examined by RT-qPCR 
assay D. and ELISA assay E., respectively. For each assay, n=5. Experiments in this figure were repeated three times, and each time similar 
results were obtained. “CTRL” stands for untreated control group (Same for all following figures). * p < 0.05 vs. “CTRL” group.
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proliferation (Figure 5B), migration (Figure 5C) and 
VEGF production (Figure 5D). These results imply 
the involvement of Akt-mTOR signaling in gremlin’s 
actions.

Similarly, in the primary murine RPE cells, the Akt 
specific inhibitor perifosine or the mTOR kinase inhibit 
AZD8055 suppressed gremlin-induced cell proliferation 
(Figure 5E), migration (Figure 5F) and VEGF production 

Figure 4: Gremlin activates VEGFR2, and promotes cell proliferation, migration and VEGF production in primary 
RPE cells. Primary cultured murine RPE cells were treated with gremlin (25 ng/mL) or plus SU5416 (500 nM) for applied time, VEGFR2 
expression/phosphorylation (Western blot assay, A.), cell proliferation (BrdU ELISA assay, B.), migration (“Transwell” assay, C.) and 
VEGF production (ELISA assay, D.) were tested. *p < 0.05 vs. “CTRL” group. # p < 0.05.

Figure 3: VEGFR2 activation is required for gremlin-exerted pleiotropic functions in ARPE-19 cells. APRE-19 cells were 
treated with gremlin (25 ng/mL) or plus SU5416 (500 nM) for indicated time, VEGFR2 expression/phosphorylation were tested by Western 
blot assay A.; Cell proliferation (BrdU ELISA assay, B.), migration (“Transwell” assay, C.) and VEGF production (ELISA assay, D.) were 
also tested. The stable APRE-19 cells expressing the scramble control non-sense shRNA (“scr shRNA”) or different VEGFR2 shRNA 
(“-1/-2”) were treated with gremlin (25 ng/mL) for applied time, VEGFR2 expression/phosphorylation E., cell proliferation F., migration 
G. and VEGF production H. were tested. Experiments in this figure were repeated three times, and each time similar results were obtained. 
*p < 0.05 vs. “CTRL” group. # p < 0.05.
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(Figure 5G). Collectively, these results demonstrate 
that activation of Akt-mTOR signaling, downstream of 
VEGFR2, is required for gremlin-exerted pleiotropic 
functions in RPE cells.

mTORC2 activation mediates gremlin-induced 
pleiotropic functions in RPE cells

AZD8055 [18] and OSI-027 [19] are both mTOR 
kinase inhibitor, which block mTORC1 and mTORC2 
simantanuously [20]. We analyzed the role of each 
single mTOR complex in gremlin’s activities. To 
study the involvement of mTORC2, shRNA method 
was applied to selectively and stably knockdown its 
component Rictor or Sin1 [20, 21]. Western blot results 
in Figure 6A confirmed Rictor or Sin1 knockdown by 
targeted-shRNA in APRE-19 cells. As a result, p-Akt 
Ser473, the indicator of mTORC2 activation [22, 23], 
was largely inhibited (Figure 6A). Remarkably, Rictor or 
Sin1 knockdown significantly inhibited gremlin-induced 
cell proliferation (Figure 6B), migration (Figure 6C) and 
VEGF production (Figure 6D) in APRE-19 cells. On the 
other hand, two known mTORC1 inhibitors, rapamycin 

and RAD001 [24], showed no significant effect on 
gremlin-induced cell proliferation (Figure 6E) and 
migration (Figure 6E). These results imply that activation 
of mTORC2 is required for gremlin-exerted pleiotropic 
functions in ARPE-19 cells.

DISCUSSION

ROP is characterized by late-phase pathologic 
vasoproliferation [3]. Existing evidences have proposed 
gremlin as a novel VEGFR2 agonist, which promotes 
angiogenic responses [6, 13]. In the present study, we 
discovered that gremlin expression was significantly 
increased in the retinas of ROP model mice. Intriguingly, 
its level was correlated with VEGF upregulation. Further 
in vitro studies in primary and established RPE cells 
showed that gremlin activated VEGFR2-Akt-mTORC2 
signaling, and promoted cell proliferation, migration 
and VEGF production. Pharmacological and/or genetic 
blockage of VEGFR2-Akt-mTORC2 largely attenuated 
gremlin-mediated pleiotropic functions in RPE cells. Thus, 
VEGFR2-Akt-mTORC2 activation mediates gremlin’s 
activities in RPE cells.

Figure 5: Akt-mTORC2 activation is required for gremlin-induced pleiotropic functions in RPE cells. APRE-19 cells 
were treated with gremlin (25 ng/mL) or plus SU5416 (500 nM) for 1 hour, expressions of listed proteins were tested by Western blot assay 
A. APRE-19 cells B-D. or primary murine RPE cells E-G. were pre-treated for 30 min with the Akt specific inhibitor perifosine (“Prf”, 10 
μM), mTOR kinase inhibitor AZD8055 (“AZD”, 500 nM) or OSI-027 (“OSI”, 500 nM), cells were then treated with gremlin (25 ng/mL) 
for 24 hours, BrdU incorporation (B, and E), migration (C and F) and VEGF production (D and G) were tested. Experiments in this figure 
were repeated three times, and similar results were obtained. * p < 0.05 vs. “CTRL” group. # p < 0.05 vs. gremlin only treatment.
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mTOR lies in two multi-protein complexes, 
including rapamycin-sensitive mTORC1 and later-
discovered mTORC2 [23, 25, 26]. mTOR1, containing 
mTOR, Raptor, PRAS40 and possible several others, 
phosphorylates S6K1 and 4E-BP1, and its activity could 
be inhibited by rapamycin or its analogs (i.e. RAD001) 
[23, 25, 26]. Rapamycin-insensitive mTORC2, on the 
other hand, is composed of mTOR, Rictor, Sin1 and Protor 
[23, 25, 26]. Existing evidences have demonstrated that 
both complexes, depending on stimuli and/or cell types, 
could be important for cell proliferation, migration and 
angiogenesis [23, 25, 26].

In the current study, we showed that mTORC2 
likely plays a more important role in mediating gremlin-
mediated pleiotropic functions in RPE cells. Inhibition 
of this complex, via shRNA knockdown of mTORC2 
component rictor or Sin1, largely attenuated gremlin-
induced RPE cell proliferation, migration and VEGF 

production. Interestingly, the well-established mTORC1 
inhibitors (rapamycin and RAD001) showed almost no 
effect on gremlin’s activities in RPE cells. These results 
are in line with recent studies showing an important role 
of mTORC2 in promoting cell proliferation, migration and 
angiogenesis [22, 27]. The detailed mechanisms warrant 
further characterizations.

Studies have confirmed the pivotal role of VEGF 
in the development of ROP [3, 28]. Anti-VEGF therapies 
have displayed some benefits in the treatment of ROP 
[3, 28]. Our in vivo results showing that gremlin level 
was increased in ROP model mice retinas, which was 
correlated with VEGF upregulation. The in vitro studies 
showed that gremlin could promote RPE cell proliferation, 
migration and more importantly, VEGF production. 
These results imply that anti-gremlin therapy may 
provide an alternative treatment for ROP along with other 
proliferative retinopathies.

Figure 6: mTORC2 activation mediates gremlin-induced pleiotropic functions in RPE cells. Stable APRE-19 cells with the 
scramble control non-sense shRNA (“scr shRNA”), Rictor shRNA or Sin1 shRNA were treated with gremlin (25 ng/mL) for applied time, 
expression of listed proteins A., cell proliferation B., migration C. and VEGF production D. were tested. APRE-19 cells were pre-treated 
for 30 min with the mTORC1 inhibitor rapamycin (500 nM) or RAD001 (500 nM), cells were then treated with gremlin (25 ng/mL) for 24 
hours, relative BrdU incorporation and cell migration were tested E.. “DMSO” stands for 0.1% DMSO vehicle control. Experiments in this 
figure were repeated three times, and similar results were obtained. * p < 0.05 vs. “CTRL” group. # p < 0.05.
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MATERIALS AND METHODS

Reagents and chemicals

Gremlin, RAD001, rapamycin and perifosine were 
purchased from Sigma Chemicals (Shanghai, China). 
AZD8055 and OSI-027 were purchased from Selleck 
(Nanjing, China). All phosphorylation antibodies and 
their non-phosphorylated controls were obtained from 
Cell Signaling Tech (Danvers, MA). Anti-VEGF antibody 
and all other antibodies were purchased from Santa Cruz 
Biotech (Santa Cruz, CA).

ARPE-19 cell culture

As described [15], human RPE ARPE-19 cells were 
maintained in DMEM/Nutrient Mixture F-12 (DMEM/
F12, Gibco Life Technologies, Shanghai, China) with 
10% fetal bovine serum (FBS) (Hyclone), penicillin/
streptomycin (1:100, Sigma, St. Louis, MO), and 4 mM 
L-glutamine and 0.19% HEPES, in a humidified incubator 
at 37 °C and 5% CO2.

Primary murine RPE cell isolation and culture

The primary culture of murine RPE cells was 
performed in accordance with the Institutional Animal 
Care and Use Committee (IACUC). The protocols were 
approved by the Ethics Committee and Internal Review 
Board (IRB) of all authors institutions. All mice utilized 
in this study were purchased Soochow University Animal 
Facility (Suzhou, China). Three-to-four week old C57/B6 
mice were anesthetized, and the eyeballs were taken out and 
diluted in D-hank’s buffer (Sigma). The retinas were striped 
out carefully. Parenzyme (0.125%) was then added to digest 
for 30 min, before adding the complete medium (80% 
DMEM/F-12, 20% FBS) to terminate digestion. Afterwards, 
the supernatants were centrifuged twice and primary murine 
RPE cells were cultured in the complete medium.

Methylthiazol tetrazolium (MTT) assay

The routine MTT assay [15] was performed to test 
cell proliferation after applied treatments. MTT optic 
density (OD) at 490 nm was recorded as a quantitative 
indicator of cell proliferation.

BrdU incorporation assay

The RPE cell proliferation was also tested via the 
incorporation of 5-bromo-2’-deoxyuridine (BrdU). Briefly, 
BrdU (10 μM) was initially added to the medium, and then 
the cells were subjected to applied treatment/s. Afterwards, 
BrdU incorporation was determined via BrdU ELISA kit 
(Roche Diagnostics, Shanghai, China) according to the 
protocol provided. The BrdU ELISA OD was tested as a 
quantitative measurement of cell proliferation.

“Transwell” assay for cell migration

As described in our previous study [15], the 
“Transwell” assay was performed to test cell migration 
in the modified Corning chambers (Corning, Lowell, 
MA). RPE cells were allowed to migrate for 24 hours. 
The number of migrant RPE cells attaching to the lower 
surface was counted under microscopy. Mitomycin C 
(10 µg/mL, Sigma) was added to prevent cell proliferation 
[15].

Real-time quantitative PCR (“RT-qPCR”) assay

RNA was extracted via the Trizol (Invitrogen) 
method, and reverse transcription was performed through the 
TOYOBO ReverTra Ace-a RT-PCR kit (TOYOBO, Japan). 
The ABI7700 system (Applied Biosystems) was utilized 
for real-time quantitative PCR assay. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) primers were 
forward, 5′-GAAGGTGAAGGTCGGAGTC-3′; reverse, 
5′-GAAGATGGTGATGGGATTTC-3′; The primers for 
VEGF were described [29, 30]. The primers for gremlin 
were also described [31]. The melt curve analysis was 
performed for analyzing melting temperature. Relative 
gremlin or VEGF mRNA expression was calculated via the 
comparative Ct method (2−ΔΔCt) [32], with GAPDH as the 
reference gene.

VEGF ELISA assay

After treatment of cells, the conditional medium 
was collected. A commercial VEGF ELISA kit (R&D 
Systems, Nanjing, China) utilizing a sandwich two-site 
immunoassay was applied to test the VEGF content in the 
medium.

Western blots analysis

The detailed protocol for the Western blot assay was 
previously described [15]. The total gray of each protein 
band was quantified via the ImageJ software, and the value 
was normalized to each loading control.

VEGFR2 shRNA knockdown

VEGFR2 shRNAs were designed, synthesized 
and verified by Genepharm (Shanghai, China). The 
lentiviral shRNA was produced by constructing a 
GV248 vector (Genechem, Shanghai, China) with a 
puromycin resistance gene and either scramble control 
shRNA, or shRNA to VEGFR2 (two shRNAs, VEGFR2 
shRNA-1 or VEGFR2 shRNA-2). The lentivirus (10 
μL/mL medium) was added directly to cultured RPE 
cells. Stable cells were selected by puromycin (5 μg/
mL, Sigma) for 10-12 days until single resistant colony 
was formed. VEGFR2 knockdown in stably cells was 
verified by Western blot assay.
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Rictor or Sin1 shRNA knockdown

The lentiviral particles with Rictor shRNA 
(sc-61478-V), Sin1 shRNA (sc-60984-V) and scramble 
non-sense control shRNA (sc-108080) were purchased 
from Santa Cruz Biotech (Nanjing, China). The particles 
(10 μL/mL medium) was added to the cultured cells. 
Stable cells were again selected by puromycin. The 
knockdown of targeted protein (Rictor or Sin1) was again 
tested by Western blot assay.

Mice retinopathy of prematurity (ROP) model

The weight-matched C57BL/6J mice (P7) were 
utilized. To achieve ROP, mice were maintained in 
75% oxygen chamber (Oxycycler; Biospherix, Lacona, 
NY) for 5 days (P7-P12). Afterwards, mice were kept 
in normoxia for additional 5 days. Control mice were 
maintained in normoxia. At P17, mice were anesthetized, 
and the eyeballs were taken out. The retinas were striped 
out carefully, which were incubated in lysis buffer as 
described. mRNA and protein expressions of gremlin 
and VEGF were tested by RT-qPCR assay and Western 
blot assay respectively. The protocols were again in 
accordance with the IACUC, and were approved by the 
Ethics Committee and IRB of all authors institutions.

Statistics

Statistically significant differences were determined 
by one-way ANOVA and were defined as p <0.05. All 
experiments were repeated independently at least three 
times.

ACKNOWLEDGMENTS

This study is supported by National Natural Science 
Foundation of China (81400406, 81600742), Natural 
Science of foundation of JiangSu province (BK20140088 
and BK20160133), and by Science and Technique 
Development Foundation of NanJing Medical University 
(Grant NO.2013njmu099). The funders had no role in 
study design, data collection and analysis, decision to 
publish, or preparation of the manuscript.

CONFLICTS OF INTEREST

The authors declare no conflict of interests.

Author contributions

All authors carried out the experiments, participated 
in the design of the study and performed the statistical 
analysis, conceived of the study, and participated in 

its design and coordination and helped to draft the 
manuscript. All authors read and approved the final 
manuscript.

REFERENCES

1. Bharwani SK, Green BF, Pezzullo JC, Bharwani SS and 
Dhanireddy R. Systematic review and meta-analysis of 
human milk intake and retinopathy of prematurity: a 
significant update. J Perinatol. 2016.

2. Mutlu FM and Sarici SU. Treatment of retinopathy of 
prematurity: a review of conventional and promising new 
therapeutic options. Int J Ophthalmol. 2013; 6:228-236.

3. Hellstrom A, Smith LE and Dammann O. Retinopathy of 
prematurity. Lancet. 2013; 382:1445-1457.

4. Chen YH, Lien RI, Tsai S, Chang CJ, Lai CC, Chao AN, 
Chen KJ, Hwang YS, Wang NK, Chen YP, Chen TL and 
Wu WC. Natural history of retinopathy of prematurity: 
two-year outcomes of a prospective study. Retina. 2015; 
35:141-148.

5. Lappin DW, McMahon R, Murphy M and Brady HR. 
Gremlin: an example of the re-emergence of developmental 
programmes in diabetic nephropathy. Nephrol Dial 
Transplant. 2002; 17:65-67.

6. Grillo E, Ravelli C, Corsini M, Ballmer-Hofer K, Zammataro 
L, Oreste P, Zoppetti G, Tobia C, Ronca R, Presta M and 
Mitola S. Monomeric gremlin is a novel vascular endothelial 
growth factor receptor-2 antagonist. Oncotarget. 2016; 
7:35353-35368. doi: 10.18632/oncotarget.9286.

7. Kisonaite M, Wang X and Hyvonen M. Structure of 
Gremlin-1 and analysis of its interaction with BMP-2. 
Biochem J. 2016; 473:1593-1604.

8. Yin Y, Yang Y, Yang L, Li C, Liu X and Qu Y. 
Overexpression of Gremlin promotes non-small cell lung 
cancer progression. Tumour Biol. 2016; 37:2597-2602.

9. Wordinger RJ, Zode G and Clark AF. Focus on molecules: 
gremlin. Exp Eye Res. 2008; 87:78-79.

10. Muller I, Schonberger T, Schneider M, Borst O, Ziegler 
M, Seizer P, Leder C, Muller K, Lang M, Appenzeller F, 
Lunov O, Buchele B, Fahrleitner M, et al. Gremlin-1 is an 
inhibitor of macrophage migration inhibitory factor and 
attenuates atherosclerotic plaque growth in ApoE-/- Mice. J 
Biol Chem. 2013; 288:31635-31645.

11. Sethi A, Wordinger RJ and Clark AF. Gremlin utilizes 
canonical and non-canonical TGFbeta signaling to induce 
lysyl oxidase (LOX) genes in human trabecular meshwork 
cells. Exp Eye Res. 2013; 113:117-127.

12. Cahill E, Costello CM, Rowan SC, Harkin S, Howell K, 
Leonard MO, Southwood M, Cummins EP, Fitzpatrick 
SF, Taylor CT, Morrell NW, Martin F and McLoughlin P. 
Gremlin plays a key role in the pathogenesis of pulmonary 
hypertension. Circulation. 2012; 125:920-930.



Oncotarget987www.impactjournals.com/oncotarget

13. Mitola S, Ravelli C, Moroni E, Salvi V, Leali D, Ballmer-
Hofer K, Zammataro L and Presta M. Gremlin is a novel 
agonist of the major proangiogenic receptor VEGFR2. 
Blood. 2010; 116:3677-3680.

14. Shibuya M and Claesson-Welsh L. Signal transduction 
by VEGF receptors in regulation of angiogenesis and 
lymphangiogenesis. Exp Cell Res. 2006; 312:549-560.

15. Liu Y, Cao GF, Xue J, Wan J, Wan Y, Jiang Q and Yao J. 
Tumor necrosis factor-alpha (TNF-alpha)-mediated in vitro 
human retinal pigment epithelial (RPE) cell migration mainly 
requires Akt/mTOR complex 1 (mTORC1), but not mTOR 
complex 2 (mTORC2) signaling. Eur J Cell Biol. 2012.

16. Mendel DB, Laird AD, Smolich BD, Blake RA, Liang C, 
Hannah AL, Shaheen RM, Ellis LM, Weitman S, Shawver 
LK and Cherrington JM. Development of SU5416, a 
selective small molecule inhibitor of VEGF receptor 
tyrosine kinase activity, as an anti-angiogenesis agent. 
Anticancer Drug Des. 2000; 15:29-41.

17. Kondapaka SB, Singh SS, Dasmahapatra GP, Sausville 
EA and Roy KK. Perifosine, a novel alkylphospholipid, 
inhibits protein kinase B activation. Mol Cancer Ther. 2003; 
2:1093-1103.

18. Willems L, Chapuis N, Puissant A, Maciel TT, Green 
AS, Jacque N, Vignon C, Park S, Guichard S, Herault 
O, Fricot A, Hermine O, Moura IC, et al. The dual 
mTORC1 and mTORC2 inhibitor AZD8055 has anti-
tumor activity in acute myeloid leukemia. Leukemia. 
2012; 26:1195-1202.

19. Bhagwat SV, Gokhale PC, Crew AP, Cooke A, Yao Y, 
Mantis C, Kahler J, Workman J, Bittner M, Dudkin L, 
Epstein DM, Gibson NW, Wild R, Arnold LD, Houghton 
PJ and Pachter JA. Preclinical characterization of OSI-
027, a potent and selective inhibitor of mTORC1 and 
mTORC2: distinct from rapamycin. Mol Cancer Ther. 2011; 
10:1394-1406.

20. Sparks CA and Guertin DA. Targeting mTOR: prospects for 
mTOR complex 2 inhibitors in cancer therapy. Oncogene. 
2010; 29:3733-3744.

21. Sun SY. mTOR kinase inhibitors as potential cancer 
therapeutic drugs. Cancer Lett. 2013; 340:1-8.

22. Figlin RA, Kaufmann I and Brechbiel J. Targeting PI3K and 
mTORC2 in metastatic renal cell carcinoma: new strategies 
for overcoming resistance to VEGFR and mTORC1 
inhibitors. Int J Cancer. 2013; 133:788-796.

23. Sabatini DM. mTOR and cancer: insights into a complex 
relationship. Nat Rev Cancer. 2006; 6:729-734.

24. Crazzolara R, Bradstock KF and Bendall LJ. RAD001 
(Everolimus) induces autophagy in acute lymphoblastic 
leukemia. Autophagy. 2009; 5:727-728.

25. Guertin DA and Sabatini DM. Defining the role of mTOR 
in cancer. Cancer Cell. 2007; 12:9-22.

26. Laplante M and Sabatini DM. mTOR signaling in growth 
control and disease. Cell. 2012; 149:274-293.

27. Zheng B, Mao JH, Li XQ, Qian L, Zhu H, Gu DH and Pan 
XD. Over-expression of DNA-PKcs in renal cell carcinoma 
regulates mTORC2 activation, HIF-2alpha expression and 
cell proliferation. Sci Rep. 2016; 6:29415.

28. Sankar MJ, Sankar J, Mehta M, Bhat V and Srinivasan R. 
Anti-vascular endothelial growth factor (VEGF) drugs for 
treatment of retinopathy of prematurity. Cochrane Database 
Syst Rev. 2016; 2:CD009734.

29. Moritani T, Iwai M, Kanno H, Nakaoka H, Iwanami J, 
Higaki T, Ishii E and Horiuchi M. ACE2 deficiency induced 
perivascular fibrosis and cardiac hypertrophy during 
postnatal development in mice. J Am Soc Hypertens. 2013; 
7:259-266.

30. Sanchez A, Tripathy D, Luo J, Yin X, Martinez J and 
Grammas P. Neurovascular unit and the effects of dosage 
in VEGF toxicity: role for oxidative stress and thrombin. J 
Alzheimers Dis. 2013; 34:281-291.

31. Gazzerro E, Smerdel-Ramoya A, Zanotti S, Stadmeyer 
L, Durant D, Economides AN and Canalis E. Conditional 
deletion of gremlin causes a transient increase in 
bone formation and bone mass. J Biol Chem. 2007; 
282:31549-31557.

32. Livak KJ and Schmittgen TD. Analysis of relative 
gene expression data using real-time quantitative PCR 
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 
25:402-408.


