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Abstract: RAS guanyl nucleotide-releasing proteins (RASGRPs) are important proteins that act
as guanine nucleotide exchange factors, which activate small GTPases and function as molecular
switches for intracellular signals. The RASGRP family is composed of RASGRP1–4 proteins and
activates the small GTPases, RAS and RAP. Among them, RASGRP2 has different characteristics
from other RASGRPs in that it targets small GTPases and its localizations are different. Many studies
related to RASGRP2 have been reported in cells of the blood cell lineage. Furthermore, RASGRP2 has
also been reported to be associated with Huntington’s disease, tumors, and rheumatoid arthritis. In
addition, we also recently reported RASGRP2 expression in vascular endothelial cells, and clarified
the involvement of xenopus Rasgrp2 in the vasculogenesis process and multiple signaling pathways
of RASGRP2 in human vascular endothelial cells with stable expression of RASGRP2. Therefore, this
article outlines the existing knowledge of RASGRP2 and focuses on its expression and role in vascular
endothelial cells, and suggests that RASGRP2 functions as a protective factor for maintaining healthy
blood vessels.

Keywords: RAS guanyl nucleotide-releasing protein 2 (RASGRP2); vascular endothelial cells; small
GTPase; RAP1; R-RAS

1. RAS Guanyl Nucleotide-Releasing Protein (RASGRP) Family

Small GTPases that function as molecular switches and transmit intracellular sig-
nals become active by replacing bound GDP with GTP. This GDP to GTP replacement is
stimulated by guanine nucleotide exchange factor (GEF), which competes with GTPase-
activating proteins that catalyze GTP hydrolysis [1]. The RASGRP family, which acts as
a GEF and is composed of four members including RASGRP1–4, activates the RAS and
RAP proteins of small GTPases. All RASGRPs have a RAS exchange motif (REM), a CDC25
domain, which is a catalytic GEF domain, an EF hand that is a calcium-binding domain,
and a C1 domain, which is a diacylglycerol (DAG)-binding domain (Figure 1) [2]. The C1
domain of RASGRP proteins allows translocation to membranes by binding to DAG or
its analogs [3]. In addition, RASGRP1 and RASGRP3 have a plasma membrane-targeting
domain involved in membrane translocation, and it has been reported that these domains
are controlled or affected by EF1, one of the EF hands of RASGRP1 and the REM region
of RASGRP3, respectively [4,5]. RASGRP1 and RASGRP4 activate RAS, while RASGRP3
activates RAP in addition to RAS [6].
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Figure 1. Domain architecture of RASGRP2. RASGRP2 is a multidomain protein consisting of a REM 
region, a CDC25 domain, two EF hands, and a C1 domain. GenomeNet server (https://www.ge-
nome.jp/tools/motif/, accessed on 14 October 2021) was used to search for specific motifs in protein 
sequences. 

2. RASGRP2 Characteristics 
Among the RASGRP family members, RASGRP2, also called CALDAG-GEFI, acti-

vates RAP1 [6]. However, a study using 293T cells expressing both RASGRP2 and each 
small GTPase individually by transfected vectors showed that RASGRP2 slightly activates 
R-RAS, TC21, and RAP2 [7,8]. RAP1 and RAP2 belong to the RAP subfamily, and RAP1 
in vascular endothelial cells is also activated by other GEFs, such as EPAC, PDZ-GEF, and 
C3G [9]. R-RAS and TC21 belong to the R-RAS subfamily; however, their functions are 
known to be different from the classic RAS proteins of the RAS family [10]. In particular, 
R-RAS has been reported to be highly expressed in the vascular endothelial cells [11]. 

Unlike other members, RASGRP2 cannot bind to the DAG and translocate to the 
membrane because the loop A and loop B parts of the C1 domain are mutated [3]. How-
ever, it translocates by binding to F-actin via the REM region [12]. The GEF activity of 
RASGRP2 is regulated by the release of autoinhibition associated with the rearrangement 
of the EF hands caused by calcium binding [13], and is suppressed by intracellular calcium 
chelators such as BAPTA-AM [14]. On the other hand, it has also been clarified that the 
GEF activity can be regulated by phosphorylation, which is a post-translational modifica-
tion. In a study using HEK293 cells expressing RASGRP2 or its amino acid substitution 
mutants, it was shown that protein kinase A (PKA) phosphorylates Ser116/Ser117 
(weakly) and Ser587 (strongly) of RASGRP2 [15]. In particular, the phosphorylation of 
RASGRP2 at Ser587 almost attenuated the activation of RAP1 in transfected HEK293 cells 
and human platelets [15]. Furthermore, in human platelets, RASGRP2 phosphorylation 
has also been reported to be downregulated by P2Y12 receptor-mediated ADP stimulation 
and upregulated by the prostacyclin derivative, Iloprost [16]. Phosphoproteomic analysis 
of acute slices of mouse striatum confirmed that the dopamine type 1 receptor agonist, 
SKF81297, and the PKA activator, forskolin, phosphorylate Ser116/Ser117, Ser554, and 
Ser586 of mouse RASGRP2 [17]. In addition, in transfected HEK293T cells, phosphoryla-
tion of Ser394 in the linker region results in the autoinhibition of RASGRP2 by BRaf-MEK-
ERK signaling, and reduces its GEF activity [18]. 

Several studies on the function of RASGRP2 and its mutation or deficiency have been 
reported in human platelets and leukocytes [19–23]. RASGRP2 is associated with im-
mune-mediated thrombosis and thrombocytopenia [20], integrin-independent neutrophil 
chemotaxis [21], and regulation of platelet and T-cell adhesion via integrin [22,23]. In con-
trast, RASGRP2 has been reported to be associated with the striatum of mouse Hunting-
ton’s disease models [24], prostate cancer [25], fibroblast-like synoviocytes from rheuma-
toid arthritis synovium [26], and osteosarcoma [27]. 

3. Other RASGRPs in Vascular Endothelial Cells 
Although few studies of RASGRPs in vascular endothelial cells have been reported, 

endogenous RASGRP1 knockdown using siRNA in human umbilical vein endothelial 
cells (HUVECs) decreased vascular endothelial growth factor (VEGF)-induced migration 
and tube formation. In addition, RASGRP1 has been shown to be required for AKT phos-
phorylation in the VEGF signaling pathway, and is a VEGF-responsive gene. It has also 
been reported that RASGRP1 is involved in the pro-angiogenic effects of the anti-diabetic 
drug, metformin, under hyperglycemia [28]. 

Figure 1. Domain architecture of RASGRP2. RASGRP2 is a multidomain protein consisting of
a REM region, a CDC25 domain, two EF hands, and a C1 domain. GenomeNet server (https:
//www.genome.jp/tools/motif/, accessed on 14 October 2021) was used to search for specific motifs
in protein sequences.

2. RASGRP2 Characteristics

Among the RASGRP family members, RASGRP2, also called CALDAG-GEFI, activates
RAP1 [6]. However, a study using 293T cells expressing both RASGRP2 and each small
GTPase individually by transfected vectors showed that RASGRP2 slightly activates R-RAS,
TC21, and RAP2 [7,8]. RAP1 and RAP2 belong to the RAP subfamily, and RAP1 in vascular
endothelial cells is also activated by other GEFs, such as EPAC, PDZ-GEF, and C3G [9].
R-RAS and TC21 belong to the R-RAS subfamily; however, their functions are known to
be different from the classic RAS proteins of the RAS family [10]. In particular, R-RAS has
been reported to be highly expressed in the vascular endothelial cells [11].

Unlike other members, RASGRP2 cannot bind to the DAG and translocate to the
membrane because the loop A and loop B parts of the C1 domain are mutated [3]. How-
ever, it translocates by binding to F-actin via the REM region [12]. The GEF activity of
RASGRP2 is regulated by the release of autoinhibition associated with the rearrangement
of the EF hands caused by calcium binding [13], and is suppressed by intracellular calcium
chelators such as BAPTA-AM [14]. On the other hand, it has also been clarified that the GEF
activity can be regulated by phosphorylation, which is a post-translational modification.
In a study using HEK293 cells expressing RASGRP2 or its amino acid substitution mutants,
it was shown that protein kinase A (PKA) phosphorylates Ser116/Ser117 (weakly) and
Ser587 (strongly) of RASGRP2 [15]. In particular, the phosphorylation of RASGRP2 at
Ser587 almost attenuated the activation of RAP1 in transfected HEK293 cells and human
platelets [15]. Furthermore, in human platelets, RASGRP2 phosphorylation has also been
reported to be downregulated by P2Y12 receptor-mediated ADP stimulation and upregu-
lated by the prostacyclin derivative, Iloprost [16]. Phosphoproteomic analysis of acute slices
of mouse striatum confirmed that the dopamine type 1 receptor agonist, SKF81297, and
the PKA activator, forskolin, phosphorylate Ser116/Ser117, Ser554, and Ser586 of mouse
RASGRP2 [17]. In addition, in transfected HEK293T cells, phosphorylation of Ser394 in the
linker region results in the autoinhibition of RASGRP2 by BRaf-MEK-ERK signaling, and
reduces its GEF activity [18].

Several studies on the function of RASGRP2 and its mutation or deficiency have been
reported in human platelets and leukocytes [19–23]. RASGRP2 is associated with immune-
mediated thrombosis and thrombocytopenia [20], integrin-independent neutrophil chemo-
taxis [21], and regulation of platelet and T-cell adhesion via integrin [22,23]. In contrast,
RASGRP2 has been reported to be associated with the striatum of mouse Huntington’s
disease models [24], prostate cancer [25], fibroblast-like synoviocytes from rheumatoid
arthritis synovium [26], and osteosarcoma [27].

3. Other RASGRPs in Vascular Endothelial Cells

Although few studies of RASGRPs in vascular endothelial cells have been reported,
endogenous RASGRP1 knockdown using siRNA in human umbilical vein endothelial
cells (HUVECs) decreased vascular endothelial growth factor (VEGF)-induced migration
and tube formation. In addition, RASGRP1 has been shown to be required for AKT
phosphorylation in the VEGF signaling pathway, and is a VEGF-responsive gene. It has
also been reported that RASGRP1 is involved in the pro-angiogenic effects of the anti-
diabetic drug, metformin, under hyperglycemia [28].

https://www.genome.jp/tools/motif/
https://www.genome.jp/tools/motif/


Int. J. Mol. Sci. 2021, 22, 11129 3 of 8

Rasgrp3 has been identified as a novel vascular gene expressed in vascular endothelial
cells using an embryonic stem (ES) cell-based gene trap screen. In addition, RASGRP3 is
expressed during vascular development and downregulated in mature adult blood vessels,
but is expressed in newly formed blood vessels during pregnancy and tumorigenesis.
When wild-type blood vessels derived from ES cells were exposed to phorbol myristate
acetate, a DAG analog, abnormal morphogenesis of the vascular endothelium, depending
on the presence of RASGRP3, was observed [29]. On the other hand, it has also been shown
that loss of RASGRP3 function does not affect survival. Considering the expression of
Rasgrp2, which was detected by RT-PCR analysis using a murine endothelial cell line, it
has been suggested that RASGRP2 function may compensate for the loss of RASGRP3 [29].
RASGRP3 expression in HUVECs, similar to that of RASGRP1, is upregulated by VEGF,
and RASGRP3 signaling via the RAS/MEK/ERK pathway by endothelin-1 affects the
endothelial actin cytoskeleton and perturbs migration [30]. Therefore, it has also been
suggested that RASGRP3 exacerbates diabetic vascular complications characterized by
excess DAG or causes diabetes-induced developmental disorders. To date, there have been
no reports on RASGRP4 related to vascular endothelial cells.

4. Rasgrp2 Expression in Vasculogenesis during Xenopus Development

Vasculogenesis is the process of vascular development that begins with the formation
of angioblasts from the mesoderm and their subsequent migration, mediated by vascular
endothelial growth factor signaling [31,32].

The expression of xenopus rasgrp2 (xrasgrp2; homolog of the human RASGRP2) mRNA
in vascular endothelial cells was reported in Xenopus embryos [33]. The expression of
143 transcripts, including that of vascular-expressed genes, was revealed by microarray
analysis using the constructed aggregates from xenopus animal cap cells that were co-
treated with activin and angiopoietin-2, which expressed the vascular endothelial markers
X-msr, Xtie2, and xegfl7 [34,35]. Furthermore, xrasgrp2 was identified as a novel vascular-
expressed gene by expression pattern analysis [33]. The temporal expression pattern of
xrasgrp2 mRNA in xenopus embryos was observed after stage 24, and the timing was
consistent with that of vascular development. The spatial expression pattern of xrasgrp2
mRNA in xenopus embryos was observed in vascular regions such as the eye, intersomitic
vein, posterior cardinal vein, aortic arch, and vascular vitelline network. In addition,
xenopus Rasgrp2 overexpression induced ectopic vascular formation and its knockdown
delayed vascular development. VEGF-induced Rasgrp2 expression caused VEGF-induced
hemangioblast cell-to-vascular endothelial cell differentiation by expressing X-msr and
Xtie2 while suppressing globin T3 [36]. Therefore, it has been suggested that Rasgrp2 is
essential in the early phase of vasculogenesis during xenopus development (Figure 2).
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5. RASGRP2 Expression in the Human Vascular Endothelial Cells

The RASGRP2 expression in humans has been demonstrated by RT-PCR screening
using human umbilical artery endothelial cells (HUAECs) and the HUVECs. The human
RASGRP2 gene has three alternative variants due to differences in the first non-coding
exons, and HUAECs express RASGRP2 mRNA containing the first exon distal to the
5’-untranslated region. In addition, regulation of RASGRP2 expression has also been
shown by luciferase and gel super shift assays: The promoter and silencer regions are
upstream of the distal first exon, and the octamer-binding transcription factor 1 binds to
the silencer region [37].

6. Suppression of Apoptosis by RASGRP2 Signaling in the Vascular Endothelial Cells

Apoptosis of vascular endothelial cells is caused by various factors, such as hyper-
glycemia and inflammation. Apoptosis induces tissue damage and affects the onset and
exacerbation of disease [38–43]. On the other hand, it is also related to remodeling into a
mature network during angiogenesis [44]. Therefore, vascular endothelial cell apoptosis
is a very important event in various diseases and angiogenesis. The apoptotic pathway
is roughly divided into the mitochondrial pathway, which is an intrinsic pathway, and
the death receptor pathway, which is an extrinsic pathway. The mitochondrial pathway is
induced in response to cellular stress and results in the activation of pro-apoptotic BH3-only
proteins, such as BIM. Subsequently, BIM directly or indirectly activates BAX and leads to
apoptosis via the activation of caspase-9. On the other hand, the death receptor pathway is
induced by interacting with the death receptors, which are cell surface receptors, and their
ligands, such as tumor necrosis factor-α (TNF-α), and results in apoptosis via activation of
caspase-8 [45].

An analysis using human telomerase reverse transcriptase (hTERT)-immortalized
HUVECs (TERT HUVECs) with stable overexpression of RASGRP2 initially revealed that
RASGRP2 activates RAP1A, R-RAS, and TC21 but not RAP2A in human vascular endothe-
lial cells [46]. Furthermore, RAP1 activated by RASGRP2 suppresses apoptosis through
TNF-α, and the suppression mechanism is due to the inhibition of reactive oxygen species
(ROS) production mediated by NADPH oxidase (NOX) [47]. Furthermore, R-RAS activated
by RASGRP2 suppressed apoptosis through BAM7 or anisomycin, which are BAX activa-
tors, and the suppression was due to the inhibition of BAX translocation by promoting
hexokinase-2 translocation to mitochondria via R-RAS-PI3K-AKT signaling pathway. In ad-
dition, in a siRNA knockdown of endogenous RASGRP2 in TERT HUVECs, which express
similar levels of RASGRP2 as HUVECs, the reduction of RASGRP2 expression decreased
steady-state R-RAS activity and increased BAM7-induced apoptosis [46]. Therefore, it has
been suggested that RASGRP2 plays an important role in cell survival (Figure 3).
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7. Suppression of Vascular Hyper-Permeability by RASGRP2 Signaling in Vascular
Endothelial Cells

Vascular hyperpermeability caused by various factors, such as advanced glycation
end products (AGEs) and lipopolysaccharides, affects the onset and exacerbation of dis-
ease [48–51]. Maintenance of vascular permeability is regulated by adhesion factors be-
tween vascular endothelial cells, including adherens junctions (AJs), tight junctions (TJs),
and gap junctions, which consist of vascular endothelial (VE)-cadherin and its associated
α-, β-, and p120-catenin adhesion complexes; and occludin; claudins; junctional adhesion
molecules; and associated zonula occludens (ZO)-1, -2, and -3 proteins [52].

RAP1 activated by RASGRP2 suppressed vascular hyperpermeability through the
NOX-ROS pathway by AGEs without enhancing the basal barrier function. R-RAS acti-
vated by RASGRP2 partially suppressed vascular hyperpermeability through the non-ROS
producing pathway by AGEs. The suppression by RASGRP2 was ultimately due to pro-
tection against perturbation of the VE-cadherin protein, but not the ZO-1 protein [53].
Therefore, it has been suggested that RASGRP2 plays an important role in vascular perme-
ability (Figure 4).
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8. Conclusions

Although XRASGRP2 was identified during the vasculogenesis process of xenopus de-
velopment, changes in the expression of RASGRP2 during vasculogenesis and angiogenesis
in humans have not yet been studied. In vascular endothelial cells, RAP1 plays an impor-
tant role in cell–matrix and cell–cell adhesion, migration, and tube formation, that is, it is
required for normal vasculogenesis and angiogenesis [54]. R-RAS promotes lumenogenesis,
which is fundamental to angiogenesis by stabilizing the microtubule cytoskeleton [55].
Furthermore, it contributes to the maturation of blood vessels by stabilizing the endothelial
barrier and interacting with pericytes [56,57]. Since these small GTPases play an impor-
tant role in angiogenesis, the relationship between their function and RASGRP2 requires
further investigation.

On the other hand, in a study using human vascular endothelial cells, it was found
that RASGRP2 activates not only RAP1 but also R-RAS and induces multiple signaling
pathways. It has been suggested that RASGRP2 is involved in the suppression of apoptosis
and hyper-permeability by activating small GTPases, such as RAP1 and R-RAS, in vascular
endothelial cells. Therefore, RASGRP2 in vascular endothelial cells may act as a protective
factor to maintain healthy blood vessels.



Int. J. Mol. Sci. 2021, 22, 11129 6 of 8

Author Contributions: Conceptualization, J.-i.T.; Writing—Original Draft Preparation, J.-i.T.;
Writing—Review & Editing, S.M., K.N. and T.H.; Funding Acquisition, T.H. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by JSPS KAKENHI Grant Number JP18K11036 (T.H.).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Raaijmakers, J.H.; Bos, J.L. Specificity in Ras and Rap signaling. J. Biol. Chem. 2009, 284, 10995–10999. [CrossRef]
2. Stone, J.C. Regulation and Function of the RasGRP Family of Ras Activators in Blood Cells. Genes Cancer 2011, 2, 320–334.

[CrossRef] [PubMed]
3. Johnson, J.E.; Goulding, R.E.; Ding, Z.; Partovi, A.; Anthony, K.V.; Beaulieu, N.; Tazmini, G.; Cornell, R.B.; Kay, R.J. Differential

membrane binding and diacylglycerol recognition by C1 domains of RasGRPs. Biochem. J. 2007, 406, 223–236. [CrossRef]
[PubMed]

4. Tazmini, G.; Beaulieu, N.; Woo, A.; Zahedi, B.; Goulding, R.E.; Kay, R.J. Membrane localization of RasGRP1 is controlled by an
EF-hand, and by the GEF domain. Biochim. Biophys. Acta 2009, 1793, 447–461. [CrossRef]

5. Czikora, A.; Kedei, N.; Kalish, H.; Blumberg, P.M. Importance of the REM (Ras exchange) domain for membrane interactions by
RasGRP3. Biochim. Biophys. Acta Biomembr. 2017, 1859, 2350–2360. [CrossRef]

6. Ksionda, O.; Limnander, A.; Roose, J.P. RasGRP Ras guanine nucleotide exchange factors in cancer. Front. Biol. 2013, 8, 508–532.
[CrossRef] [PubMed]

7. Ohba, Y.; Mochizuki, N.; Yamashita, S.; Chan, A.M.; Schrader, J.W.; Hattori, S.; Nagashima, K.; Matsuda, M. Regulatory proteins
of R-Ras, TC21/R-Ras2, and M-Ras/R-Ras3. J. Biol. Chem. 2000, 275, 20020–20026. [CrossRef] [PubMed]

8. Ohba, Y.; Mochizuki, N.; Matsuo, K.; Yamashita, S.; Nakaya, M.; Hashimoto, Y.; Hamaguchi, M.; Kurata, T.; Nagashima, K.;
Matsuda, M. Rap2 as a slowly responding molecular switch in the Rap1 signaling cascade. Mol. Cell. Biol. 2000, 20, 6074–6083.
[CrossRef]

9. Chrzanowska-Wodnicka, M. Distinct functions for Rap1 signaling in vascular morphogenesis and dysfunction. Exp. Cell Res.
2013, 319, 2350–2359. [CrossRef] [PubMed]

10. Sethi, T.; Ginsberg, M.H.; Downward, J.; Hughes, P.E. The small GTP-binding protein R-Ras can influence integrin activation by
antagonizing a Ras/Raf-initiated integrin suppression pathway. Mol. Biol. Cell 1999, 10, 1799–1809. [CrossRef] [PubMed]

11. Komatsu, M.; Ruoslahti, E. R-Ras is a global regulator of vascular regeneration that suppresses intimal hyperplasia and tumor
angiogenesis. Nat. Med. 2005, 11, 1346–1350. [CrossRef] [PubMed]

12. Caloca, M.J.; Zugaza, J.L.; Vicente-Manzanares, M.; Sánchez-Madrid, F.; Bustelo, X.R. F-actin-dependent translocation of the Rap1
GDP/GTP exchange factor RasGRP2. J. Biol. Chem. 2004, 279, 20435–20446. [CrossRef] [PubMed]

13. Cook, A.A.; Deng, W.; Ren, J.; Li, R.; Sondek, J.; Bergmeier, W. Calcium-induced structural rearrangements release autoinhibition
in the Rap-GEF CalDAG-GEFI. J. Biol. Chem. 2018, 293, 8521–8529. [CrossRef]

14. Takino, J.; Nagamine, K.; Hori, T. Ras guanyl nucleotide releasing protein 2 affects cell viability and cell-matrix adhesion in
ECV304 endothelial cells. Cell Adh. Migr. 2013, 7, 262–266. [CrossRef] [PubMed]

15. Subramanian, H.; Zahedi, R.P.; Sickmann, A.; Walter, U.; Gambaryan, S. Phosphorylation of CalDAG-GEFI by protein kinase A
prevents Rap1b activation. J. Thromb. Haemost. 2013, 11, 1574–1582. [CrossRef]

16. Beck, F.; Geiger, J.; Gambaryan, S.; Solari, F.A.; Dell’Aica, M.; Loroch, S.; Mattheij, N.J.; Mindukshev, I.; Pötz, O.; Jurk, K.; et al.
Temporal quantitative phosphoproteomics of ADP stimulation reveals novel central nodes in platelet activation and inhibition.
Blood 2017, 129, e1–e12. [CrossRef]

17. Nagai, T.; Nakamuta, S.; Kuroda, K.; Nakauchi, S.; Nishioka, T.; Takano, T.; Zhang, X.; Tsuboi, D.; Funahashi, Y.; Nakano, T.; et al.
Phosphoproteomics of the Dopamine Pathway Enables Discovery of Rap1 Activation as a Reward Signal In Vivo. Neuron 2016,
89, 550–565. [CrossRef] [PubMed]

18. Ren, J.; Cook, A.A.; Bergmeier, W.; Sondek, J. A negative-feedback loop regulating ERK1/2 activation and mediated by RasGPR2
phosphorylation. Biochem. Biophys. Res. Commun. 2016, 474, 193–198. [CrossRef] [PubMed]

19. Canault, M.; Alessi, M.-C. RasGRP2 Structure, Function and Genetic Variants in Platelet Pathophysiology. Int. J. Mol. Sci. 2020,
21, 1075. [CrossRef]

20. Stolla, M.; Stefanini, L.; André, P.; Ouellette, T.D.; Reilly, M.P.; McKenzie, S.E.; Bergmeier, W. CalDAG-GEFI deficiency protects
mice in a novel model of Fcγ RIIA-mediated thrombosis and thrombocytopenia. Blood 2011, 118, 1113–1120. [CrossRef]

21. Carbo, C.; Duerschmied, D.; Goerge, T.; Hattori, H.; Sakai, J.; Cifuni, S.M.; White, G.C.; Chrzanowska-Wodnicka, M.; Luo, H.R.;
Wagner, D.D. Integrin-independent role of CalDAG-GEFI in neutrophil chemotaxis. J. Leukoc. Biol. 2010, 88, 313–319. [CrossRef]

22. Cifuni, S.M.; Wagner, D.D.; Bergmeier, W. CalDAG-GEFI and protein kinase C represent alternative pathways leading to activation
of integrin alphaIIbbeta3 in platelets. Blood 2008, 112, 1696–1703. [CrossRef]

23. Ghandour, H.; Cullere, X.; Alvarez, A.; Luscinskas, F.W.; Mayadas, T.N. Essential role for Rap1 GTPase and its guanine exchange
factor CalDAG-GEFI in LFA-1 but not VLA-4 integrin mediated human T-cell adhesion. Blood 2007, 110, 3682–3690. [CrossRef]

http://doi.org/10.1074/jbc.R800061200
http://doi.org/10.1177/1947601911408082
http://www.ncbi.nlm.nih.gov/pubmed/21779502
http://doi.org/10.1042/BJ20070294
http://www.ncbi.nlm.nih.gov/pubmed/17523924
http://doi.org/10.1016/j.bbamcr.2008.12.019
http://doi.org/10.1016/j.bbamem.2017.09.010
http://doi.org/10.1007/s11515-013-1276-9
http://www.ncbi.nlm.nih.gov/pubmed/24744772
http://doi.org/10.1074/jbc.M000981200
http://www.ncbi.nlm.nih.gov/pubmed/10777492
http://doi.org/10.1128/MCB.20.16.6074-6083.2000
http://doi.org/10.1016/j.yexcr.2013.07.022
http://www.ncbi.nlm.nih.gov/pubmed/23911990
http://doi.org/10.1091/mbc.10.6.1799
http://www.ncbi.nlm.nih.gov/pubmed/10359597
http://doi.org/10.1038/nm1324
http://www.ncbi.nlm.nih.gov/pubmed/16286923
http://doi.org/10.1074/jbc.M313013200
http://www.ncbi.nlm.nih.gov/pubmed/14988412
http://doi.org/10.1074/jbc.RA118.002712
http://doi.org/10.4161/cam.24082
http://www.ncbi.nlm.nih.gov/pubmed/23563504
http://doi.org/10.1111/jth.12271
http://doi.org/10.1182/blood-2016-05-714048
http://doi.org/10.1016/j.neuron.2015.12.019
http://www.ncbi.nlm.nih.gov/pubmed/26804993
http://doi.org/10.1016/j.bbrc.2016.04.100
http://www.ncbi.nlm.nih.gov/pubmed/27107697
http://doi.org/10.3390/ijms21031075
http://doi.org/10.1182/blood-2011-03-342352
http://doi.org/10.1189/jlb.0110049
http://doi.org/10.1182/blood-2008-02-139733
http://doi.org/10.1182/blood-2007-03-077628


Int. J. Mol. Sci. 2021, 22, 11129 7 of 8

24. Crittenden, J.R.; Dunn, D.E.; Merali, F.I.; Woodman, B.; Yim, M.; Borkowska, A.E.; Frosch, M.P.; Bates, G.P.; Housman, D.E.;
Lo, D.C.; et al. CalDAG-GEFI down-regulation in the striatum as a neuroprotective change in Huntington’s disease. Hum. Mol.
Genet. 2010, 19, 1756–1765. [CrossRef]

25. Wang, B.-D.; Ceniccola, K.; Hwang, S.; Andrawis, R.; Horvath, A.; Freedman, J.A.; Olender, J.; Knapp, S.; Ching, T.; Garmire, L.;
et al. Alternative splicing promotes tumour aggressiveness and drug resistance in African American prostate cancer. Nat.
Commun. 2017, 8, 15921. [CrossRef]

26. Nakamura, H.; Shimamura, S.; Yasuda, S.; Kono, M.; Kono, M.; Fujieda, Y.; Kato, M.; Oku, K.; Bohgaki, T.; Shimizu, T.; et al.
Ectopic RASGRP2 (CalDAG-GEFI) expression in rheumatoid synovium contributes to the development of destructive arthritis.
Ann. Rheum. Dis. 2018, 77, 1765–1772. [CrossRef]

27. He, Y.; Zhou, H.; Wang, W.; Xu, H.; Cheng, H. Construction of a circRNA-miRNA-mRNA Regulatory Network Reveals Potential
Mechanism and Treatment Options for Osteosarcoma. Front. Genet. 2021, 12, 632359. [CrossRef] [PubMed]

28. Xu, J.; Liu, M.; Yu, M.; Shen, J.; Zhou, J.; Hu, J.; Zhou, Y.; Zhang, W. RasGRP1 is a target for VEGF to induce angiogenesis and
involved in the endothelial-protective effects of metformin under high glucose in HUVECs. IUBMB Life 2019, 71, 1391–1400.
[CrossRef] [PubMed]

29. Roberts, D.M.; Anderson, A.L.; Hidaka, M.; Swetenburg, R.L.; Patterson, C.; Stanford, W.L.; Bautch, V.L. A vascular gene trap
screen defines RasGRP3 as an angiogenesis-regulated gene required for the endothelial response to phorbol esters. Mol. Cell. Biol.
2004, 24, 10515–10528. [CrossRef] [PubMed]

30. Randhawa, P.K.; Rylova, S.; Heinz, J.Y.; Kiser, S.; Fried, J.H.; Dunworth, W.P.; Anderson, A.L.; Barber, A.T.; Chappell, J.C.;
Roberts, D.M.; et al. The Ras activator RasGRP3 mediates diabetes-induced embryonic defects and affects endothelial cell
migration. Circ. Res. 2011, 108, 1199–1208. [CrossRef] [PubMed]

31. Cleaver, O.; Tonissen, K.F.; Saha, M.S.; Krieg, P.A. Neovascularization of the Xenopus embryo. Dev. Dyn. 1997, 210, 66–77.
[CrossRef]

32. Cleaver, O.; Krieg, P.A. VEGF mediates angioblast migration during development of the dorsal aorta in Xenopus. Development
1998, 125, 3905–3914. [CrossRef]

33. Nagamine, K.; Matsuda, A.; Asashima, M.; Hori, T. XRASGRP2 expression during early development of Xenopus embryos.
Biochem. Biophys. Res. Commun. 2008, 372, 886–891. [CrossRef]

34. Nagamine, K.; Furue, M.; Fukui, A.; Asashima, M. Induction of cells expressing vascular endothelium markers from undif-
ferentiated Xenopus presumptive ectoderm by co-treatment with activin and angiopoietin-2. Zoolog. Sci. 2005, 22, 755–761.
[CrossRef]

35. Nagamine, K.; Furue, M.; Fukui, A.; Matsuda, A.; Hori, T.; Asashima, M. Blood cell and vessel formation following transplantation
of activin-treated explants in Xenopus. Biol. Pharm. Bull. 2007, 30, 1856–1859. [CrossRef]

36. Suzuki, K.; Takahashi, S.; Haramoto, Y.; Onuma, Y.; Nagamine, K.; Okabayashi, K.; Hashizume, K.; Iwanaka, T.; Asashima, M.
XRASGRP2 is essential for blood vessel formation during Xenopus development. Int. J. Dev. Biol. 2010, 54, 609–615. [CrossRef]
[PubMed]

37. Nagamine, K.; Matsuda, A.; Hori, T. Identification of the gene regulatory region in human rasgrp2 gene in vascular endothelial
cells. Biol. Pharm. Bull. 2010, 33, 1138–1142. [CrossRef] [PubMed]

38. Klimontov, V.V.; Saik, O.V.; Korbut, A.I. Glucose Variability: How Does It Work? Int. J. Mol. Sci. 2021, 22, 7783. [CrossRef]
39. Duan, H.; Zhang, Q.; Liu, J.; Li, R.; Wang, D.; Peng, W.; Wu, C. Suppression of apoptosis in vascular endothelial cell, the promising

way for natural medicines to treat atherosclerosis. Pharmacol. Res. 2021, 168, 105599. [CrossRef] [PubMed]
40. Lee, J.H.; Parveen, A.; Do, M.H.; Kang, M.C.; Yumnam, S.; Kim, S.Y. Molecular mechanisms of methylglyoxal-induced aortic

endothelial dysfunction in human vascular endothelial cells. Cell Death Dis. 2020, 11, 403. [CrossRef] [PubMed]
41. Kim, S.; Woo, C.-H. Laminar Flow Inhibits ER Stress-Induced Endothelial Apoptosis through PI3K/Akt-Dependent Signaling

Pathway. Mol. Cells 2018, 41, 964–970. [CrossRef]
42. Cardinal, H.; Dieudé, M.; Hébert, M.-J. Endothelial Dysfunction in Kidney Transplantation. Front. Immunol. 2018, 9, 1130.

[CrossRef] [PubMed]
43. Miyazaki, K.; Hashimoto, K.; Sato, M.; Watanabe, M.; Tomikawa, N.; Kanno, S.; Kawasaki, Y.; Momoi, N.; Hosoya, M. Establish-

ment of a method for evaluating endothelial cell injury by TNF-α in vitro for clarifying the pathophysiology of virus-associated
acute encephalopathy. Pediatr. Res. 2017, 81, 942–947. [CrossRef]

44. Watson, E.C.; Koenig, M.N.; Grant, Z.L.; Whitehead, L.; Trounson, E.; Dewson, G.; Coultas, L. Apoptosis regulates endothelial cell
number and capillary vessel diameter but not vessel regression during retinal angiogenesis. Development 2016, 143, 2973–2982.
[CrossRef]

45. Westphal, D.; Dewson, G.; Czabotar, P.E.; Kluck, R.M. Molecular biology of Bax and Bak activation and action. Biochim. Biophys.
Acta 2011, 1813, 521–531. [CrossRef] [PubMed]

46. Takino, J.-I.; Sato, T.; Nagamine, K.; Hori, T. The inhibition of Bax activation-induced apoptosis by RasGRP2 via R-Ras-PI3K-Akt
signaling pathway in the endothelial cells. Sci. Rep. 2019, 9, 16717. [CrossRef]

47. Sato, T.; Takino, J.; Nagamine, K.; Nishio, K.; Hori, T. RASGRP2 Suppresses Apoptosis via Inhibition of ROS Production in
Vascular Endothelial Cells. Sci. World J. 2019, 2019, 4639165. [CrossRef]

48. Chan, Y.H.; Harith, H.H.; Israf, D.A.; Tham, C.L. Differential Regulation of LPS-Mediated VE-Cadherin Disruption in Human
Endothelial Cells and the Underlying Signaling Pathways: A Mini Review. Front. Cell Dev. Biol. 2019, 7, 280. [CrossRef] [PubMed]

http://doi.org/10.1093/hmg/ddq055
http://doi.org/10.1038/ncomms15921
http://doi.org/10.1136/annrheumdis-2018-213588
http://doi.org/10.3389/fgene.2021.632359
http://www.ncbi.nlm.nih.gov/pubmed/34079579
http://doi.org/10.1002/iub.2072
http://www.ncbi.nlm.nih.gov/pubmed/31120617
http://doi.org/10.1128/MCB.24.24.10515-10528.2004
http://www.ncbi.nlm.nih.gov/pubmed/15572660
http://doi.org/10.1161/CIRCRESAHA.110.230888
http://www.ncbi.nlm.nih.gov/pubmed/21474816
http://doi.org/10.1002/(SICI)1097-0177(199709)210:1&lt;66::AID-AJA7&gt;3.0.CO;2-
http://doi.org/10.1242/dev.125.19.3905
http://doi.org/10.1016/j.bbrc.2008.05.159
http://doi.org/10.2108/zsj.22.755
http://doi.org/10.1248/bpb.30.1856
http://doi.org/10.1387/ijdb.092929ks
http://www.ncbi.nlm.nih.gov/pubmed/19598105
http://doi.org/10.1248/bpb.33.1138
http://www.ncbi.nlm.nih.gov/pubmed/20606303
http://doi.org/10.3390/ijms22157783
http://doi.org/10.1016/j.phrs.2021.105599
http://www.ncbi.nlm.nih.gov/pubmed/33838291
http://doi.org/10.1038/s41419-020-2602-1
http://www.ncbi.nlm.nih.gov/pubmed/32467587
http://doi.org/10.14348/molcells.2018.0111
http://doi.org/10.3389/fimmu.2018.01130
http://www.ncbi.nlm.nih.gov/pubmed/29875776
http://doi.org/10.1038/pr.2017.28
http://doi.org/10.1242/dev.137513
http://doi.org/10.1016/j.bbamcr.2010.12.019
http://www.ncbi.nlm.nih.gov/pubmed/21195116
http://doi.org/10.1038/s41598-019-53419-4
http://doi.org/10.1155/2019/4639165
http://doi.org/10.3389/fcell.2019.00280
http://www.ncbi.nlm.nih.gov/pubmed/31970155


Int. J. Mol. Sci. 2021, 22, 11129 8 of 8

49. Tang, S.-T.; Tang, H.-Q.; Su, H.; Wang, Y.; Zhou, Q.; Zhang, Q.; Wang, Y.; Zhu, H.-Q. Glucagon-like peptide-1 attenuates
endothelial barrier injury in diabetes via cAMP/PKA mediated down-regulation of MLC phosphorylation. Biomed. Pharmacother.
2019, 113, 108667. [CrossRef] [PubMed]

50. Zhou, X.; Weng, J.; Xu, J.; Xu, Q.; Wang, W.; Zhang, W.; Huang, Q.; Guo, X. Mdia1 is Crucial for Advanced Glycation End
Product-Induced Endothelial Hyperpermeability. Cell. Physiol. Biochem. 2018, 45, 1717–1730. [CrossRef] [PubMed]

51. Liu, X.; Zhang, R.; Di, H.; Zhao, D.; Wang, J. The role of actin depolymerizing factor in advanced glycation endproducts-induced
impairment in mouse brain microvascular endothelial cells. Mol. Cell Biochem. 2017, 433, 103–112. [CrossRef] [PubMed]

52. Komarova, Y.A.; Kruse, K.; Mehta, D.; Malik, A.B. Protein Interactions at Endothelial Junctions and Signaling Mechanisms
Regulating Endothelial Permeability. Circ. Res. 2017, 120, 179–206. [CrossRef] [PubMed]

53. Takino, J.-I.; Sato, T.; Kanetaka, T.; Okihara, K.; Nagamine, K.; Takeuchi, M.; Hori, T. RasGRP2 inhibits glyceraldehyde-derived
toxic advanced glycation end-products from inducing permeability in vascular endothelial cells. Sci. Rep. 2021, 11, 2959.
[CrossRef] [PubMed]

54. Chrzanowska-Wodnicka, M. Rap1 in endothelial biology. Curr. Opin. Hematol. 2017, 24, 248–255. [CrossRef]
55. Li, F.; Sawada, J.; Komatsu, M. R-Ras-Akt axis induces endothelial lumenogenesis and regulates the patency of regenerating

vasculature. Nat. Commun. 2017, 8, 1720. [CrossRef]
56. Sawada, J.; Urakami, T.; Li, F.; Urakami, A.; Zhu, W.; Fukuda, M.; Li, D.Y.; Ruoslahti, E.; Komatsu, M. Small GTPase R-Ras

regulates integrity and functionality of tumor blood vessels. Cancer Cell 2012, 22, 235–249. [CrossRef]
57. Griffiths, G.S.; Grundl, M.; Allen, J.S.; Matter, M.L. R-Ras interacts with filamin a to maintain endothelial barrier function. J. Cell

Physiol. 2011, 226, 2287–2296. [CrossRef]

http://doi.org/10.1016/j.biopha.2019.108667
http://www.ncbi.nlm.nih.gov/pubmed/30852419
http://doi.org/10.1159/000487780
http://www.ncbi.nlm.nih.gov/pubmed/29490301
http://doi.org/10.1007/s11010-017-3019-8
http://www.ncbi.nlm.nih.gov/pubmed/28378130
http://doi.org/10.1161/CIRCRESAHA.116.306534
http://www.ncbi.nlm.nih.gov/pubmed/28057793
http://doi.org/10.1038/s41598-021-82619-0
http://www.ncbi.nlm.nih.gov/pubmed/33536515
http://doi.org/10.1097/MOH.0000000000000332
http://doi.org/10.1038/s41467-017-01865-x
http://doi.org/10.1016/j.ccr.2012.06.013
http://doi.org/10.1002/jcp.22565

	RAS Guanyl Nucleotide-Releasing Protein (RASGRP) Family 
	RASGRP2 Characteristics 
	Other RASGRPs in Vascular Endothelial Cells 
	Rasgrp2 Expression in Vasculogenesis during Xenopus Development 
	RASGRP2 Expression in the Human Vascular Endothelial Cells 
	Suppression of Apoptosis by RASGRP2 Signaling in the Vascular Endothelial Cells 
	Suppression of Vascular Hyper-Permeability by RASGRP2 Signaling in Vascular Endothelial Cells 
	Conclusions 
	References

