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Abstract 

Rationale: Angiogenesis is critical for embryonic development and microRNAs fine-tune this process, 
but the underlying mechanisms remain incompletely understood. 
Methods: Endothelial cell (EC) specific miR302-367 line was used as gain-of-function and anti-miRs as 
loss-of-function models to investigate the effects of miR302-367 on developmental angiogenesis with 
embryonic hindbrain vasculature as an in vivo model and fibrin gel beads and tube formation assay as in vitro 
models. Cell migration was evaluated by Boyden chamber and scratch wound healing assay and cell 
proliferation by cell count, MTT assay, Ki67 immunostaining and PI cell cycle analysis. RNA 
high-throughput sequencing identified miR-target genes confirmed by chromatin immunoprecipitation 
and 3’-UTR luciferase reporter assay, and finally target site blocker determined the pathway contributing 
significantly to the phenotype observed upon microRNA expression. 
Results: Elevated EC miR302-367 expression reduced developmental angiogenesis, whereas it was 
enhanced by inhibition of miR302-367, possibly due to the intrinsic inhibitory effects on EC migration and 
proliferation. We identified Cdc42 as a direct target gene and elevated EC miR302-367 decreased total 
and active Cdc42, and further inhibited F-actin formation via the WASP and 
Klf2/Grb2/Pak1/LIM-kinase/Cofilin pathways. MiR302-367-mediated-Klf2 regulation of Grb2 for 
fine-tuning Pak1 activation contributing to the inhibited F-actin formation, and then the attenuation of EC 
migration. Moreover, miR302-367 directly down-regulated EC Ccnd1 and impaired cell proliferation via 
the Rb/E2F pathway.  
Conclusion: miR302-367 regulation of endothelial Cdc42 and Ccnd1 signal pathways for EC migration 
and proliferation advances our understanding of developmental angiogenesis, and meanwhile provides a 
rationale for future interventions of pathological angiogenesis that shares many common features of 
physiological angiogenesis. 
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Introduction 
Angiogenesis is critical both for physiological 

processes and in various diseases (1). The formation 
of blood vessels is a complex process and 
developmental and pathological angiogenesis share 
many common features. Therefore better 
understanding of the key regulatory mechanisms of 
developmental angiogenesis should help in the 
development of novel therapeutic strategies for 
pathological angiogenesis related diseases. 

Angiogenesis is defined as the formation of new 
vessels by the sprouting of endothelial cells (ECs) of 
pre-existing vasculature. It commences in the embryo 
by E9.5 mediating the formation of the majority of 
embryonic blood vessels, which is responsible for the 
vascularization of organs including the brain (2). The 
hindbrain is vascularized early at E9.75, first 
sprouting from the perineural vascular plexus and 
growing rapidly towards the ventricular zone. From 
E10.0 the radial vessels extend sprouts laterally and 
meet to form a subventricular vascular plexus and 
perfuse vascular networks (3). Whole-mount 
immunolabelling of the embryonic hindbrain surface 
blood vessels and high-resolution imaging with easy 
quantification of the angiogenic sprouting network 
density permits the spatiotemporal analysis of its 
vascularization. Therefore, mouse embryonic 
hindbrain is a robust and adaptable model for 
studying in vivo sprouting angiogenesis and the 
underlying mechanisms (4). 

It is now well understood that sprouting 
angiogenesis is a coordinated series of events centered 
on ECs involving migration, proliferation and 
remodeling (5). Cell migration involves actin 
remodelling for extension of filopodia and 
lamellipodia at the leading edge (6) and Rho-GTPase 
Cdc42 represents the central signal mechanism 
controlling this essential process during angiogenesis 
(7). The underlying mechanisms of cell proliferation 
have been extensively investigated and the cyclin D1 
mediated retinoblastoma protein (Rb)/cyclin- 
dependent kinases (CDKs) pathway plays a key role 
in the transition of cells from G0 to S for cell 
proliferation in response to mitogenic signals (8, 9). 

MicroRNAs, a new class of small RNA 
molecules, have emerged as key regulators of several 
cellular processes, including angiogenesis at a 
post-transcriptional level by targeting multiple 
pathways, therefore, microRNAs can represent a 
future therapeutic target for the treatment of 
pathological neovascularization-related diseases (10). 
MiR302-367 is expressed at high levels in embryonic 
stem cells (11, 12) and recent studies demonstrated 

that miR302-367 directed lung endoderm 
development, promoted mammalian cardiac repair 
and regeneration, and prevented tumor growth via 
restricting angiogenesis and improving vascular 
stability (13-15), but its role in embryonic 
developmental angiogenesis and the underlying 
mechanisms have not yet been fully elucidated. 

Here we used a well-established mouse 
embryonic hindbrain angiogenesis model to look for 
the effects of gain- or loss-of-function of miR302-367 
in ECs on embryonic developmental angiogenesis. We 
found that miR302-367 inhibited embryonic 
developmental angiogenesis through impaired cell 
migration and proliferation. Moreover, miR302-367 
directly down-regulated Cdc42, leading to the 
reduction of F-actin formation via the Wasp 
pathways. In addition, miR302-367 mediated Klf2 
upregulation inhibited Grb2 and fine-tuned Pak1 
activation, and in turn the LIM-kinase/Cofilin 
pathway, together resulting in inhibition of EC 
migration. Finally, miR302-367 directly targeted 
Cyclin D1 (Ccnd1) leading to impaired cell 
proliferation via the Rb/E2F pathway. Taken 
together, EC-expressing miR302-367 intrinsically 
regulated EC migration and proliferation through 
multiple target genes, which are essential for 
embryonic developmental angiogenesis. 

Results 
Elevated expression of miR302-367 specifically 
in vascular endothelial cells reduces 
angiogenesis during embryonic development 

Our previous investigation showed that elevated 
expression of miR302-367 restricted post-natal 
angiogenesis and tumor angiogenesis. However, 
miR302-367 expression levels were higher at E9.5-11.5, 
and their expression sharply decreased after E15.5 
and were kept at low level after birth, suggesting that 
miR302-367 might display more important 
physiological effects in embryonic developmental 
angiogenesis. It is known that angiogenesis comm-
ences at E9.5 embryo and forms perfused vascular 
networks in the hindbrain from E10.5 (3), thus we 
proposed that miR302-367 might regulate hindbrain 
angiogenesis during embryonic development.  

To investigate the cell lineage-specific 
mechanisms of miR302-367 on embryonic developing 
angiogenesis, EC specific R26R-miR302-367Tg/+; 
Cdh5(PAC)-CreERT2 (miR302-367ECTg) mice were 
generated by crossing the gain-of-function mouse 
miR302-367 (14) with the Cdh5 (PAC)-CreERT2 line 
(16). 
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Tamoxifen administration for induction of 
elevated miR302-367 expression in mouse hindbrain 
ECs was shown in the schematic chart (Fig. 1A) and 
elevated miR302-367 expression was observed in 
miR302-367ECTg mutants compared to the littermate 
control mice (Fig. 1B). MiR302-367ECTg mutant mice 
exhibited a marked reduction of vessel density (Fig. 
1C-D), tube length (Fig. 1E-F) and branching points 
(Fig. 1G-H) of the hindbrain ventricular side, and 
branching dots (Fig. 1I-J) of the pial side. This reduced 
developmental hindbrain angiogenesis correlated 
with a loss in EC proliferation, as shown by reduced 
Ki67/iB4 co-immunostaining of ventricular (Fig. 
1K-L) and pial (Fig. 1M-N) sides at E12.5 embryonic 
hindbrain. The similar elevated expression of 

miR302-367 was found in retinal ECs of 
miR302-367ECTg mutant mice (Fig. S1A) and the 
mutant mice exhibited a significant reduction of 
retinal angiogenesis (Fig. S1B-D) as well as reduction 
of EC proliferation shown by reduced Ki67/iB4 
co-immunostaining (Fig. S1E-F). In addition, elevated 
expression of miR302-367 in vascular smooth muscle 
cells (VSMCs) by a VSMC specific inducible Cre line 
SMMHC-CreER(T2) (17) was verified by qPCR (Fig. 
S2A) and the mutant mice miR302-367SMCTg exhibited 
no significant change of vessel density in the 
hindbrain and retina (Fig. S2B-G). These data indicate 
that elevated miR302-367 specifically in ECs reduces 
developmental angiogenesis through inhibition of EC 
proliferation. 

 

 
Figure 1. Elevated expression of miR302-367 in vascular endothelial cells reduces sprouting angiogenesis and cell proliferation in embryonic hindbrain 
angiogenesis in vivo model. (A) The schematic chart of tamoxifen administration for induction of elevated miR302-367 expression in endothelial cells of E12.5 embryonic 
hindbrain. (B) miR302-367ECTg mutant mice exhibit significantly elevated miR302-367 expression in hindbrain endothelial cells compared to the littermate control mice. (C-J) 
Whole mount IB4 staining of E12.5 embryonic hindbrain in the WT and miR302-367ECTg mutant mice indicates significant reduction of hindbrain angiogenesis at ventricular side 
quantified by vessel density (C-D), tube length (E-F), branch points (G-H), and at pial side quantified by branch dots (I-J). (K-N) The reduced embryonic hindbrain angiogenesis 
correlates with loss of endothelial cell proliferation, as shown by reduced Ki67/IB4 co-immunostaining of both ventricular and pial sidesat E12.5 embryonic hindbrain. Data 
quantification is mean ± S.E.M (n = 6). All data were analyzed using Student’s t-test unless otherwise noted. *, P<0.05; **, P<0.01. Scale bars: C, 2 mm; E, 500 µm; G, I, 250 µm; 
K-M, 10 µm. 
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Reduced expression of miR302-367 by 
anti-miRs enhances embryonic developmental 
angiogenesis 

Inhibition of miR302-367 expression by 
anti-miRs was used to test miR302-367 loss-of- 
function in embryonic hindbrain developmental 
angiogenesis. Anti-miRs were administrated into 
mice via in utero electroporation to reduce miR302-367 
expression as shown in the schematic chart (Fig. 2A), 
and a significant reduction of miR302-367 expression 
was confirmed in hindbrain ECs (Fig. 2B). The mice 
administrated with anti-miRs exhibited significantly 
increased branch points in both ventricular and pial 
sides of the hindbrain (Fig. 2C-F), as well as a 
significantly increased Ki67 staining in ECs (Fig. 2G-J) 
compared with the mice administrated with scramble 
miRNA, which was consistent with our gain-of- 
function study. 

Elevated expression of miR302-367 attenuates 
in vitro sprouting angiogenesis through 
inhibition of migration and proliferation of 
endothelial cells  

To better understand the molecular mechanisms 
of elevated EC miR302-367 expression responsible for 
the reduction of in vivo developmental angiogenic 
activity, we next analyzed the effects of miR302-367 

on in vitro angiogenic activity of ECs using fibrin gel 
beads and tube formation assays, which mimic the 
multiple key steps of in vivo angiogenic processes 
including EC proliferation and migration. 

Lentivirus carrying miR302-367 (Lentiviral- 
miR302-367) or nonfunctional control (Lentiviral- 
GFP) was generated to achieve elevated expression of 
miR302-367 in human umbilical vein endothelial cells 
(HUVECs). All members of miR302-367 cluster levels 
were significantly increased in HUVECs by infection 
of lentiviral-miR302-367 compared to lentiviral-GFP 
control (Fig. S2H). In the fibrin gel beads assay we 
observed markedly attenuated sprout angiogenic 
activity when miR302-367 expression was elevated in 
HUVECs, as shown by a significant reduction of 
sprouts (Fig. 3A, red points), the numbers of scattered 
cells (Fig.3A, blue points) and the quantification, 
respectively (Fig. 3B-C). The same markedly 
attenuated angiogenic tube formation with decreased 
branch points and total tube length was observed in 
HUVECs when miR302-367 expression was elevated 
(Fig. 3D-F). These data confirmed the reduction of in 
vitro sprout angiogenic activity upon elevated 
expression of miR302-367 in ECs, which is in 
agreement with the in vivo anti-angiogenic effect of 
elevated EC miR302-367 expression. 

 

 
Figure 2. Inhibition of miR302-367 expression in hindbrain endothelial cells by anti-miRs enhances cell proliferation and embryonic hindbrain 
angiogenesis in vivo. (A) The schematic chart of anti-miRs administration for reduction of miR302-367 expression in endothelial cells of embryonic hindbrain. (B) Anti-miRs 
significantly reduce the miR302-367 expression of ECs in embryonic hindbrain compared to the scramble miRNA. (C-F) The mice administrated with anti-miRs exhibit 
significantly increased branch points in both ventricular and pial sides of embryonic hindbrain. (G-J) The increased embryonic hindbrain angiogenesis correlates with increase in 
endothelial cell proliferation, as shown by elevated Ki67/IB4 co-immunostaining of ventricular and pial sides at E12.5 embryonic hindbrain. Data quantification is mean ± S.E.M (n 
= 6). All data were analyzed using Student’s t-test unless otherwise noted. *, P<0.05; **, P<0.01. Scale bars: C, E, 250 µm; G, I, 10 µm. 
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Figure 3. Elevated expression of miR302-367 in HUVECs reduces in vitro sprouting angiogenesis, cell migration and proliferation. (A-C) Using fibrin beads 
assay HUVECs with elevated miR302-367 expression display a profound attenuation of sprout angiogenic activity as shown by a significant reduction of sprouts (A, red points) 
and the numbers of scattered cells (A, blue points). (D-F) HUVECs with elevated miR302-367 expression have significant inhibition of tube formation as shown by a significant 
reduction of branch points and total tube length. (G-J) The reduced in vitro angiogenesis correlates with a significant reduction of endothelial cell migration as shown by decreased 
migrated cell numbers in Boyden chamber assay, and increased blank area in scratch wound healing assay upon elevated miR302-367 expression. (K-N) The reduced in vitro 
angiogenesis also correlates with loss of endothelial cell proliferation, as shown by reduced Ki67 staining of HUVECs and less cell growth measured by cell count and MTT assay 
upon elevated miR302-367 expression. (O-Q) Cell cycle analysis shows more cells stayed in G0/G1-phase and fewer cells in S-phase when miR302-367 expression was elevated 
in HUVECs. Data quantification is mean ± S.E.M (n = 3). All data were analyzed using Student’s t-test unless otherwise noted. n.s., no significance; *, P<0.05; **, P<0.01.Scale bars: 
A, 100 µm; D, 100 µm; G, 100 µm; I, 200 µm; K, 50 µm. 

 
During vascular development, coordinated 

control of EC behavior at the levels of cell migration 
and proliferation is critical for functional blood vessel 
morphogenesis. To further explore the mechanisms of 
elevated miR302-367 expression on reduced 
angiogenic activity in vivo and in vitro, cell migration 
and cell proliferation studies were performed in 

HUVECs. Elevated expression of miR302-367 in 
HUVECs markedly decreased cell migration as shown 
by the Boyden chamber assay (Fig. 3G-H) and scratch 
wound healing assay (Fig. 3I-J), suggesting 
significantly less EC migration when miR302-367 
expression was increased in HUVECs. Furthermore, 
we transferred Life-act-GFP plasmids into HUVECs to 
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observe the actin dynamics and cell motility and the 
results showed significantly slower cell motility in the 
lentiviral-miR302-367 group compared with the 
lentiviral-GFP control (Fig. S3A-B, Video S1) with 
reduced cell center movement trajectory (Fig. S3C) 
and cell movement velocity (Fig. S3D). Moreover, 
elevated miR302-367 expression reduced the 
formation of filopodias and lamellipodias (Fig. S3E-F) 
which drived the cellular locomotion, and it also 
enhanced the formation of actin stress fibers which 
are essential for cell adhesion (Fig. S3G), while no 
significant difference of the cortex actin distribution 
was observed between the miRNA302-367 and control 
groups (Fig. S3H). These data suggest that 
miR302-367 control cell motility via an influence on 
actin dynamic to regulate EC behaviors including 
filopodias and lamellipodias formation. 

Significantly less Ki67 positive staining cells (Fig. 
3K-L) and reduced cell growth shown by fewer cell 
counts (Fig. 3M) and lower MTT OD value (Fig.3N) 
were also observed in HUVECs upon elevated 
expression of miR302-367, suggesting less EC 
proliferation occurred when miR302-367 expression 
was elevated in HUVECs. In addition, cell cycle 
analysis confirmed that more cells stayed in the 
G0/G1-phase and fewer cells were in S-phase when 
expression of miR302-367 was elevated in HUVECs 
(Fig. 3O-Q), while no significant changes in cleaved 
caspase-3 expression were observed in both basal and 
TNFα treated condition between the control and 
miRNA302-367 groups (Fig. S4A). Taken together, 
these results suggest that elevated expression of 
miR302-367 in ECs inhibits cell migration and 
proliferation, but not apoptosis, which contribute to 
the attenuated angiogenic activity. 

Cdc42 is identified as the direct target of 
miR302-367 and the Cdc42-Wasp pathway 
regulates F-actin formation contributing to the 
miR302-367-mediated reduced cell migration 
and sprouting angiogenesis 

MicroRNAs are paired with mRNAs to direct 
post-transcriptional repression by mRNA cleavage, or 
more commonly through mRNA direct translational 
repression, mRNA destabilization, or a combination 
of both (11). To identify the target genes of miR302- 
367 contributing to the reduced developmental 
angiogenesis, we performed RNA high-throughput 
sequencing of mouse lung eGFP-ECs obtained by 
FACS sorting the cells from R26R-miR302- 
367Tg/+;Cdh5(PAC)-CreERT2; R26R-tdTomato-EGFP 
mutant or corresponding WT control reporter mice 
and the results were shown in supplemental table 1. 
Together with analysis of microRNA database 
TargetScan, we identified Cdc42 as a possible target of 

miR302-367. Elevated expression of miR302-367 
markedly reduced CDC42 expression in HUVECs 
(Fig. 4A) which was confirmed by reduced CDC42 
total protein, especially the activated protein level and 
overall CDC42-GTPase activity in HUVECs 
(Fig.4B-C). We further separated ECs from hindbrain 
and found similar reduction in RNA and protein 
levels (Fig. S4B-C) without significant influence on 
RhoA and Rac1 protein expression (Fig. S4D). To 
confirm Cdc42 as a direct target gene of miR302-367, 
we performed sequence analysis and found 
miR302-367 binding sites in the 3’-UTR of CDC42 (Fig. 
4D). Furthermore, we found that miR302-367 
suppressed the luciferase activity, while mutation of 
the seed sequences of the miR302-367 binding site 
restored the luciferase activity (Fig. 4E). Similarly 
repressed luciferase activity was observed by 
individual miR302a/b/c/d mimics, miR367 mimic 
and most significantly by mimic mixture and 
miR302-367 vector (Fig. 4F). To clarify whether the 
inhibitory effect of miR302-367 on EC migration and 
sprouting angiogenesis is CDC42-dependent, 
elevated CDC42 expression via transfer of 
constitutively active CDC42 plasmids into HUVECs 
was performed. Constructive active CDC42 was able 
to reverse the reduced cell migration (Fig. 4G-H, Fig. 
S5A-B), as well as the attenuated angiogenic sprouts 
(Fig. 4I-J) and tube formation (Fig. S5C-D) in HUVECs 
upon elevated expression of miR302-367. Similar 
reversal of cell migration by constructive active 
CDC42 was observed under hypoxia conditions (Fig. 
S5E-F). Beyond regulation of cell migration, elevated 
CDC42 expression in HUVECs could reverse the 
reduced cell proliferation upon elevated 
miRNA302-367 expression, but the reversal degree 
was not as high as the elevated expression of CCND1 
(Fig. S6A-C). Taken together, these results indicate 
that miR302-367 inhibits cell migration and 
proliferation contributing to the attenuated sprouting 
angiogenesis through the CDC42 signal pathway. 

Actin is present in two forms within the cells, the 
monomeric globular molecule G-actin and the 
double-stranded filamentous polymer F-actin. In 
non-muscle cells, the actin cytoskeleton is a highly 
dynamic structure. G-actin has the ability to 
polymerize and form F-actin, and F-actin can 
depolymerize to G-actin. The ratio of G- and F-actin 
can alter rapidly and F-actin is primarily involved in 
crucial cellular processes, such as cell migration and 
division (18). In our study, we found that elevated 
expression of miR302-367 significantly increased 
G-actin but decreased F-actin in embryonic hindbrain 
ECs of miR302-367ECTg mutant mice compared to the 
WT littermate control mice. Similar results were 
observed in retinal ECs, as well as in HUVECs when 
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miR302-367 expression was elevated by lentiviral- 
miR302-367 transfer compared to lentiviral-GFP 
control (Fig. 4K). These data suggested that miR302- 
367-mediated reduced F-actin formation might be 
responsible for the attenuation of cell migration and 
sprouting angiogenesis. 

Cdc42 has a conserved role in regulation of the 
actin cytoskeleton in many eukaryotic organisms and 
has been shown to have a role in migratory polarity. 
Constitutively active Cdc42 and dominant negative 
Cdc42 affect the formation of highly dynamic 
finger-like actin-rich protrusions known as filopodia, 
which are thought to be important for axon guidance 
and growth (19). Moreover Cdc42 was found to 
directly interact with and activate Wiskott-Aldrich 
syndrome protein (Wasp) family proteins, further 
activate the Arp2/3 complex and subsequently bind 
to the side of an actin filament and promote G-actin 
nucleation and F-actin formation for initiation of 
filopodia formation (20, 21), which is known to be 
important in axon guidance and growth, as well as 
cell migration and angiogenic sprouts. Our study 
found that elevated expression of miR302-367 in ECs 
increased G-actin but decreased F-actin (Fig. 4K), and 
CDC42 was identified as direct target of miR302-367 
in ECs. Therefore, we hypothesized that miR302- 
367-mediated change of CDC42 and downstream 
pathways in ECs might have an influence on F-actin 
formation, and further on EC migration and 
angiogenic sprouts. 

As expected, our findings showed that elevated 
miR302-367 expression in HUVECs decreased the 
expression of CDC42 and the downstream target gene 
WASP phosphorylation, whereas constitutively active 
CDC42 reversed the reduction of CDC42 GTPase 
activity and phospho-WASP (Fig.4L-M), and further 
reversed the reduction of F-actin (Fig.4N). Therefore, 
we conclude that miR302-367 attenuates EC migration 
possibly through the CDC42/WASP-mediated actin 
remodeling pathway. 

MiR302-367 directly targets Cdc42 and 
regulates F-actin formation via the 
Pak1/LIM-kinase/Cofilin pathway with 
miR302-367-mediated Klf2 regulation of Grb2 
for fine-tuning Pak1 activation 

Another small GTP binding protein Cdc42 
effector, p21-activated kinase family 1 (Pak1), is the 
first identified and most well-studied protein as an 
important positive regulator for actin dynamic 
function (22-24). Activated Pak1 could phosphorylate 
LIM-kinase, then actin-regulatory protein Cofilin 
leading to inactivation of F-actin depolymerization 
and increase of F-actin (25). Our study found that 

elevated miR302-367 expression in HUVECs 
significantly reduced active phospho-PAK1 (Fig. 5A) 
and LIM-kinase, producing more active Cofilin (Fig. 
5L) to depolymerize actin without significant 
influence on other PAK isoforms, phospho-PAK2 and 
4. This indicated that the CDC42/PAK1/LIM-kinase/ 
Cofilin pathway might be involved in miR302- 
367-mediated F-actin reduction in ECs. To our 
surprise, constitutively active CDC42 was not able to 
fully reverse the reduction of PAK1 activation in 
miR302-367 highly expressing ECs (Fig. 5B), which 
indicating that other signaling molecule besides 
CDC42 might be involved in the disturbed 
PAK1/LIM-kinase/Cofilin pathway in ECs with 
elevated miR302-367 expression. 

In resting cells, Pak1 is mainly localized in the 
cytosol and translocated to membrane ruffles and 
lamellipodia when cells are activated (21, 26). Adaptor 
protein Grb2 was reported to interact with Pak1 and 
bring it to the plasma membrane, where Cdc42 
GTPases can activate it (27, 28), which further recruit 
and/or stimulate additional downstream signaling 
pathways leading to cytoskeletal rearrangement in 
immune cells (29). Therefore, we hypothesized that 
miR302-367 might regulate Grb2 and fine-tune Pak1 
activation in ECs as well.  

Our previous study showed that miR302-367 
inhibited retinal and tumor angiogenesis via the 
Erk1/2-Klf2-S1pr1 pathway (15). In the present study 
we confirmed increased KLF2 expression and a 
profoundly reduced expression of CDC42, PAK1 and 
GRB2 in HUVECs (Fig.5A), and constitutively active 
CDC42 domain was not able to reverse the reduced 
PAK1 expression (Fig.5B). A similar non-reversal of 
the PAK1 reduction by CDC42 was also observed 
when KLF2 expression was increased by 
vasoprotective simvastatin in HUVECs (Fig. 5C). 
However, when KLF2 expression was inhibited by 
siRNA (Fig. 5D), significantly increased GRB2 
expression was observed in HUVECs, with significant 
influence on PAK1, but not on PAK2 and PAK4 
expression (Fig. 5D). KLF2 is a known flow-activated 
transcription factor which regulates gene expression 
to influence endothelial migration and angiogenesis 
(30). Elevated GRB2 expression was also observed in 
mutant HUVECs with elevated miR302-367 
expression when high KLF2 expression was inhibited 
by siRNA (Fig. 5E). We then hypothesized that EC 
miR302-367-mediated KLF2 upregulation was 
involved in regulating GRB2 and in turn PAK1 
activation for actin remodeling to have an influence 
on EC migration and sprouting angiogenesis. 
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Figure 4. CDC42 is a direct target gene of miR302-367 and CDC42-WASP pathway contributes to actin remodeling and inhibition of cell migration in 
HUVECs. (A) qPCR results confirm the reduced CDC42 expression in HUVECs with elevated miR302-367 expression. (B-C) Elevated miR302-367 in HUVECs reduces total 
CDC42 protein level, and more significantly active CDC42 by western blot and by G-Lisa kit. (D) Sequence analysis shows miR302-367 binding sites in 3’-UTR of CDC42. (E) 
miR302-367 represses the luciferase reporter activity of CDC42 3’-UTR, while mutation of the seed sequence of miR302-367 binding site in 3’-UTR of CDC42 abolishes the 
luciferase repression. (F) Similar repression of the luciferase activity was observed by individual miR302a/b/c/d, miR367 mimic, and more significantly by miR302-367 mimic 
mixture or vector of miR302-367, and mutation of the binding site in 3’-UTR of CDC42 abolishes all individual miR302-367 mimic luciferase repression. (G-J) Elevated CDC42 
expression by plasmid transfer in HUVECs is able to rescue the reduced cell migration (G-H), as well as angiogenic sprouts (I-J) when miR302-367 expression is elevated. (K) 
miR302-367ECTg mutant mice exhibit significantly decreased F-actin formation and increased free G-actin in endothelial cells of hindbrain and retina compared to the WT 
littermate control mice, as well as in HUVECs with elevated miR302-367 expression by transfer of the lentiviral-miR302-367 compared to the lentiviral-GFP control. (L-N) 
Constitutively active CDC42 reverses the reduction of total CDC42, CDC42-GTPase activity and phospho-WASP (L-M), further reverses the reduction of F-actin and elevation 
of G-actin (N) in HUVECs with elevated expression of miR302-367. Data quantification is mean ± S.E.M (n = 3). All data were analyzed using Student’s t-test unless otherwise 
noted. *, P<0.05; **, P<0.01. Scale bars: G, 100 µm; I, 100 µm.  
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Figure 5. MiR302-367-mediated CDC42-PAK1-LIM kinase-Cofilin pathway regulates F-actin formation with miR302-367-ERK1/2-KLF2-GRB2 pathway 
fine-tuning the PAK1 activation. (A) Elevated miR302-367 expression in HUVECs significantly reduces phospho-PAK1 without significant change of phospho-PAK2 or 
PAK4. (B) Constitutively active CDC42 is not able to reverse the reduction of PAK1 activation in miR302-367 mutant HUVECs when high KLF2 expression is present. (C) Active 
CDC42 is not able to reverse the PAK1 activation in HUVECs with high KLF2 expression when the cells are stimulated by simvastatin. (D) KLF2 inhibition by siRNA increases 
GRB2 and PAK1 expression in HUVECs without change of PAK2 and PAK4. (E) KLF2 inhibition by siRNA reverses the reduced GRB2 expression, but cannot reverse the 
inhibition of PAK1 activation, in HUVECs with elevated miR302-367 expression. (F) Sequence analysis shows four KLF2 binding sites at GRB2 promoter region. (G) The 
proximal-1kb GRB2 promoter containing KLF2 binding sites is repressed by KLF2 in a dose-dependent manner. (H) ChIP assay shows association of KLF2 with GRB2 promoter 
in HUVECs by qPCR using GAPDH promoter as negative control. (I) Elevated miR302-367 expression in HUVECs significantly increases KLF2 binding to GRB2 when high KLF2 
expression is present. (J) Co-IP with PAK1 antibody pulls down less GRB2 protein in HUVECs with elevated miR302-367 expression. (K) Co-IP with GRB2 antibody pulls down 
similar amount PAK1, and less PAK1 band due to decreased GRB2 in HUVECs with elevated miR302-367 expression. (L) In HUVECs when KLF2 is inhibited by siRNA, the 
constitutively active CDC42 reverses the miR302-367-mediated reduction of GRB2 and PAK1 activation, and in turn increases phospho-LIM-kinase, and phospho-Cofilin. (M) 
Phospho-PAK1 immunostaining shows significantly reduced phospho-PAK1 expression in the membrane of HUVECs with elevated miR302-367 expression, and constitutively 
active CDC42 is not able to reverse the reduced phospho-PAK1 staining in mutant HUVECs, but significantly increases the staining when higher KLF2 is inhibited by siRNA. Data 
quantification is mean ± S.E.M (n = 3). All data were analyzed using Student’s t-test unless otherwise noted. n.s., no significance; *, P<0.05; **, P<0.01;***, P<0.005. Scale bars: M, 
25 µm. 
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Sequence analysis showed four KLF2 binding 
sites at the -1kb - +200 bp GRB2 promoter (Fig. 5F, Fig. 
S7A). To determine whether KLF2 regulates GRB2, we 
cloned the -820bp - +207bp GRB2 promoter into the 
pGL3 reporter vector (Fig. S7B-C). Forced expression 
of KLF2 could repress this -1kb proximal human 
GRB2 promoter luciferase reporter activity in a 
dose-dependent manner (Fig. 5G). Moreover, 
chromatin immunoprecipitation (ChIP) assays 
showed a direct association of KLF2 with the GRB2 
promoter in HUVECs (Fig. 5H), and KLF2 binding to 
GRB2 was significantly elevated when KLF2 was 
upregulated in HUVECs with elevated miR302-367 
expression (Fig. 5I). To determine the interaction of 
GRB2 and PAK1 in HUVECs, PAK1 and GRB2 
antibodies were used to IP and Co-IP PAK1 and 
GRB2, and the house-keeping GAPDH antibody was 
used as loading control to confirm the same amount 
of total input protein. Elevated miR302-367 expression 
significantly reduced GRB2 expression without 
influence on PAK1 expression, and Co-IP results with 
PAK1 and GRB2 antibodies suggested significantly 
reduced GRB2-bound PAK1 when EC miR302-367 
expression was elevated (Fig. 5J-K). Further study 
showed that the reduction of KLF2 expression in the 
mutant HUVECs by siRNA restored the reduced 
GRB2 expression, and the increased GRB2 can bring 
PAK1 to the membrane where it can be activated by 
constitutively active CDC42, which in turn 
phosphorylated and activated LIM-kinase, then 
phosphorylated and inactivated the actin- 
depolymerizing protein Cofilin, leading to increased 
F-actin formation and actin filament stabilization (Fig. 
5L). Phospho-PAK1 immunostaining confirmed that 
constitutively active CDC42 is not able to reverse the 
reduced phospho-PAK1 staining in the membrane of 
HUVECs with elevated miR302-367 expression, but 
significantly increased the staining when high KLF2 
level was inhibited by siRNA (Fig. 5M). 

In summary these data suggest that miR302-367 
directly targets CDC42, together with miR302-367- 
mediated-KLF2 regulation of GRB2, which fine-tunes 
the PAK1 activation, in turn influences on LIM-kinase 
and Cofilin, and finally leads to actin filament growth 
for cell migration and angiogenic sprouts. 

CCND1 is the direct target of miR302-367 and 
exogenous CCND1 can reverse the significant 
reduction of cell proliferation and sprouting 
angiogenesis upon elevated expression of 
miR302-367 in endothelial cells 

A single miRNA can regulate several, even 
hundreds, of gene transcripts. Using a similar 
approach as in cell migration we identified Ccnd1 as a 
possible target of miR302-367 contributing to cell 

proliferation for reduction of embryonic 
developmental angiogenesis. Elevated expression of 
miR302-367 markedly reduced CCND1 expression in 
HUVECs (Fig. 6A-B), and we further separated ECs 
from hindbrain and found similar reduced Ccnd1 
expression in RNA and protein levels (Fig S4B-C) 
without significant influence on CDK4/6. Sequence 
analysis showed binding sites in the 3’-UTR of Ccnd1 
(Fig. 6C), and miR302-367 suppressed the 3’-UTR 
luciferase reporter activity, whereas mutation of the 
seed sequences of the miR302-367 binding site 
restored the luciferase activity (Fig.6D). Similarly 
repressed luciferase activity was observed with 
individual miR302a/b/c/d mimics, miR367 mimic 
and most significantly with mimic mixture as 
miR302-367 vector (Fig. 6E). Elevated CCND1 
expression produced by plasmid transfer was able to 
reverse the attenuated cell count (Fig.6F), MTT OD 
value (Fig.6G), reduced Ki67 staining (Fig. 6H-I), as 
well as reverse the decreased S-phase cells and 
increased G0/G1-phase cells (Fig. 6J-L) in HUVECs 
when miR302-367 expression was elevated. 

The mammalian cell cycle is tightly regulated, 
the key regulator of the G0 to S transition being the 
Ccnd1-Cdk4/6-Rb pathway (8). Our study showed 
that elevated expression of miR302-367 in HUVECs 
dramatically reduced the CCND1 expression (Fig. 
6A-B) and its downstream target genes phospho-RB 
and E2F1 with no significant change of total RB and 
CDK4/6 expression (Fig. 6N). To determine the 
interaction of CCND1 and CDK4/6, we used the 
similar IP and Co-IP approach as in the study of GRB2 
and PAK1 and found significantly reduced 
CCND1-bound CDK4 when expression of miR302-367 
was elevated in ECs (Fig. 6O-P). Further study 
showed that elevated CCND1 expression restored the 
reduction of phospho-RB in HUVECs with elevated 
miR302-367 expression (Fig. 6Q). These results 
suggested that reduced interaction of CCND1 with 
CDK4/6 results in less RB phosphorylation, which 
further contributes to attenuation of EC proliferation 
when EC miR302-367 expression is elevated. 

Target site blocker determined the Cdc42 and 
Ccnd1 pathways contributing significantly to 
the reduced developmental angiogenesis 
observed upon miR302-367 expression in 
endothelial cells 

MicroRNAs usually regulate multiple target 
genes leading to the phenotypic changes, therefore 
Target Site Blockers (TSBs) were used to validate the 
importance of miR302 target genes in cell function 
phenotypes. The sequences of mouse or human 
immature stem-loop and mature miR302a-d were 
shown in Fig. S8A-D. Effects of TSBs against miR302 



 Theranostics 2018, Vol. 8, Issue 6 
 

 
http://www.thno.org 

1521 

specific target genes Cdc42 or Ccnd1 contributing to 
EC migration and proliferation during developmental 
angiogenesis were shown in Fig. S8E-F. The predicted 
consequential pairing of miR-302 with the 
Cdc42/Ccnd1 target region was shown in Fig. S8G, and 
the custom-design TSB sequences to selectively 
impair miR302 cluster-mediated inhibition of 
Cdc42/CDC42 or Ccnd1/CCND1 shown in Fig. S8H.  

The mouse TSBs studies were performed in the 
retinal developmental sprouting angiogenesis model 
and human TSBs studies in cultured HUVECs. The 
results showed that mouse TSB-miR302-Cdc42 
enhanced the miR302-mediated reduction of Cdc42 
RNA and protein levels in ECs without significant 
influence on Ccnd1 and Mapk1/3 compared to the 
scrambled sequence (Fig. S9A-B), and this resulted in 
significant reversal of the reduced angiogenic sprout 
filopodia (Fig. S9C-D) and EC proliferation (Fig. 
S9E-F) in the TSB-miR302-Cdc42 group as measured 
by quantification of angiogenic sprouts and Ki67/iB4 
double positive cells. Similarly, in HUVECs the 
human TSB-miR302-CDC42 enhanced the 
miR302-mediated reduction of CDC42 expression 
compared to the scrambled sequence (Fig. S9G-H), 
and further reversed the reduced EC migration and 
proliferation with more influence on cell migration 
(1.96±0.23) than cell proliferation (1.40±0.19) (Fig. 
S9I-L). These results confirmed the important role of 
the miR302-Cdc42 pathway in EC migration and 
proliferation contributing to developmental 
angiogenesis. 

Using a similar approach we found that 
TSB-miR302-Ccnd1/CCND1 specifically increased 
the reduction of Ccnd1/CCND1 expression upon 
elevated miR302 expression in ECs (Fig. S9M-N and 
S9Q-R), which reversed the reduced EC proliferation 
in in vivo developmental angiogenesis shown by 
Ki67/iB4 immunostaining (Fig. S9O-P), as well as in 
cultured HUVECs shown by Ki67 immunostaining, 
cell count and MTT assay (Fig. S9S-V), therefore 
confirming the important role of CCND1 in EC 
proliferation, and further influence on developmental 
angiogenesis when miR302 expression was elevated 
in ECs. 

Taken together, these data indicate that 
miR302-367 targets multiple pathways of EC 
migration and proliferation, and thereby attenuates 
embryonic developmental angiogenesis. Elevated 
expression of miR302-367 in ECs inhibits cell 
proliferation through repression of Ccnd1, which 
influences the Cdk4/6-Rb-E2F1 pathway. The 
inhibition of cell motility by elevated EC miR302-367 
is through repression of Cdc42, which regulates 
F-actin formation via Wasp, as well as Klf2/Grb2/ 

Pak1/LIM-Kinase/Cofilin pathway, with Klf2 and 
adaptor Grb2, together with Cdc42, fine-tuning the 
Pak1 activation (Fig. 7). 

Discussion 
We present here the evidence that EC specific 

miR302-367 targets diverse signal pathways, 
including the Rho GTPase Cdc42 pathway, which is 
essential for the control of cell motility, and Ccnd1, 
which regulates cell cycle and cell proliferation, and 
together tightly control angiogenic spouts and 
developmental angiogenesis in vivo. EC miR302-367 
decreases the total and activated Cdc42 expression, 
and in turn inhibits F-actin formation via the Wasp 
pathway. Furthermore, EC miR302-367-mediated 
increased Klf2 expression regulates Grb2, which 
together with Cdc42, fine-tunes Pak1 activation, and 
this in turn reduces the phosphorylation of 
LIM-kinase and Cofilin for precise control of F-actin 
formation and filament growth for cell motility. We 
also reveal that miR302-367 directly targets Ccnd1 and 
results in impaired cell proliferation via the Rb/E2F 
pathway. 

MicroRNAs represent evolutionary conserved 
small noncoding RNAs that can be transcribed 
individually or in cluster and are encoded by introns 
or intergenic regions. miR302-367, in the cluster of 
miR302b, c, d, a, and miR367 located in the intron 8 of 
gene Larp7, chromosome 3 (31), is highly expressed in 
early mouse development and plays important roles 
in diverse biological processes, such as maintaining 
pluripotency of human embryonic stem cells, 
tissue-specific progenitor identity, developing lung 
endoderm, promoting cardiomyocyte proliferation for 
regeneration, and restricting tumor angiogenesis 
(12-15). MicroRNAs modulate gene expression by 
either inhibiting mRNA translation or inducing 
mRNA degradation via imperfect sequence 
complementarities with the sites mostly located in the 
3’UTR of mRNAs (11), and microRNAs may suppress 
multiple mRNA targets for precise control of cellular 
processes. Our results found that miR302-367 directly 
targeted 3'-UTR of Cdc42 and Ccnd1 and repressed 
their expression in ECs. 

Embryonic organogenesis requires nutrient 
delivery, gas exchange and metabolic waste removal, 
and these processes depend upon the presence of a 
functional cardiovascular system. Angiogenesis refers 
to the formation of new blood vessels from 
preexisting ones, which is required in embryonic 
development. In this study we used a well-established 
in vivo angiogenesis hindbrain model and found that 
EC specific miR302-367 regulated the developmental 
angiogenesis. 
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Figure 6. MiR302-367 inhibits HUVEC proliferation through a CCND1 pathway. (A-B) qPCR and western blot show that elevated miR302-367 expression in 
HUVECs decreases CCND1 RNA (A) and protein (B) expression. (C) Sequence analysis shows miR302-367 binding sites in 3’-UTR of CCND1. (D) miR302-367 represses the 
luciferase activity of 3’-UTR of CCND1, and mutation of the binding site abolishes the luciferase repression. (E) Individual miR302a/b/c/d and miR367 mimic, miR302-367 mimic 
mixture as well as miR302-367 vector all repress the luciferase activity of CCND1. (F-I) Elevated CCND1 expression by plasmid transfer is able to reverse the attenuated cell 
count (F), MTT OD value (G) and Ki67 staining (H) in HUVECs with elevated miR302-367 expression. (J-M) Elevated CCND1 expression reverses the reduced CCND1 
expression (J), reverses the increased G0/G1-phase cell proportion (K, L) and the decreased S-phase cell proportion (K, M) in HUVECs with elevated miR302-367 expression. 
(N) Elevated expression of miR302-367 in HUVECs dramatically reduces phospho-RB expression. (O) Co-IP with CDK4 antibody pulls down less CCND1 in HUVECs with 
elevated miR302-367 expression. (P) Co-IP with CCND1 antibody pulls down similar amount CDK4, and less CDK4 band due to decreased CCND1 in HUVECs with elevated 
miR302-367 expression.(Q) Elevated expression of CCND1 reverses the reduction of phospho-RB in HUVECs when elevated miR302-367 expression. Data quantification is 
mean ± S.E.M (n = 3). All data were analyzed using Student’s t-test unless otherwise noted. n.s., no significance; *, P<0.05; **, P<0.01. Scale bars: H, 50 µm. 
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Figure 7. Working model of endothelial specific elevated miRNA302-367 attenuating embryonic hindbrain developmental angiogenesis by targeting 
CDC42 and CCND1 multiple pathways. 1) Elevated expression of miR302-367 in endothelial cells inhibits cell proliferation through repression of CCND1 via the 
CCND1-CDK4/6-RB-E2F1 pathway; 2) Elevated expression of miR302-367 in endothelial cells reduces cell motility through repression of CDC42 and its effectors WASP and 
PAK1 activation, and moreover, PAK1 activation can be fine-tuned by KLF2 and the adaptor protein GRB2, which futher regulates LIM-kinase and Cofilin for F-actin formation 
and filament growth, and finally influences cell migration. 

 
EC proliferation is essential for angiogenesis and 

our results demonstrated that both in vivo 
miR302-367ECTg mutant mice and in vitro miR302-367- 
elevated HUVECs exhibited loss of EC proliferation. 
Cell cycle analysis showed fewer cells entering into S 
phase and we identified Ccnd1 as the direct target of 
miR302-367. Further studies showed less association 
of CCND1 with CDK4/6 forming less CCND1/CDK 
complex, less phosphor-RB in HUVECs when 
expression of miR302-367 was elevated, confirming 
that CCND1, together with CDKs, is crucial for 
phosphorylation of RB and release of E2F factors for 
progression from G0- into S-phase and cell 
proliferation, as reported previously (9). 

During embryogenesis, formation of the 
primitive vascular network and subsequent vessel 
sprouting angiogenesis and remodeling require 

migration of ECs (32). Our results showed that 
elevated miR302-367 expression in ECs resulted in a 
significant reduction of EC migration contributing to 
the reduction of sprouting angiogenic activity in vitro 
and attenuation of embryonic developmental 
angiogenesis in vivo. 

Actin, a major cytoskeleton component of ECs, is 
composed of 43-kDa G-actin that polymerizes into 
helical filaments of F-actin, and the constant 
remodeling of the actin cytoskeleton for formation of 
filopodia, lamellipodia, and stress fibers is essential 
for cell migration (32). Cdc42 plays a vital role in 
directional migration by modulating the actin 
cytoskeleton at the leading edge and regulating the 
formation of filopodia in motile cells (33). Cdc42 
GAP-deficient mice showed elevated levels of 
activated Cdc42. HSC/P lacking Cdc42 GAP mice 
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exhibited disorganized F-actin structures, reduced 
adhesion, impaired directional migration, defective 
short term- long term engraftment and impaired 
directional migration (34). Our study identified Cdc42 
as the direct target of miR302-367 by high-throughput 
RNA sequencing and subsequent qPCR, 3’UTR 
luciferase reporter assay. The reduction of F-actin and 
cell migration by elevated EC miR302-367 expression 
can be restored by constitutively active Cdc42 
domain. 

Numerous effectors have been identified as 
Cdc42-mediated actin remodeling for cell migration. 
The activation of Wasp upon binding to Cdc42 
induces the Arp2/3-mediated actin polymerization at 
the side of existing actin filaments and, thereby, 
generates the spike like projections called filopodia at 
the leading edge of a cell responsible for cell 
migration (20). Our study demonstrated that 
miR302-367ECTg mutant mice exhibited significantly 
decreased endothelial F-actin formation in vivo, as 
well as in vitro. Constitutively active CDC42 reversed 
the reduced CDC42 GTPase activity and 
phospho-WASP, restored the decreased F-actin 
formation and rescued the impaired cell migration as 
well as angiogenic sprouts in HUVECs with elevated 
miRNA302-367, suggesting the CDC42-WASP 
pathway involved in the actin filament remodel 
responsible for EC migration and in turn sprouting 
angiogenesis. 

The Rho GTPase Cdc42 also regulates actin 
branching in the area of protrusion through the 
interaction of Pak (23, 35). Cdc42 activates Pak, which 
enhances the level of polymerized actin by activation 
of LIM-kinase leading to phosphorylation of Cofilin, 
and further impairment of actin depolymerization, 
thereby potentiating actin reorganization into stress 
fibers for EC migration (36). These signal pathways on 
the cytoskeleton reflect the fact that Cdc42 is an 
important regulator of cell motility (37). Our study 
found elevated miR302-367 expression in HUVECs 
significantly reduced phospho-PAK1 without 
significant change of phospho-PAK2 or PAK4, 
suggesting that PAK1 is the CDC42 downstream 
target in ECs, but constitutively active CDC42 was not 
able to reverse the reduction of PAK1 activation in 
miR302-367 mutant HUVECs. 

The cytoskeleton remodeling for cell migration is 
a complex process, requiring a finely-tuned balance 
between numerous stimulatory and inhibitory 
signals, and Pak1 serves as an important mediator of 
Cdc42 GTPase for regulation of cytoskeleton 
dynamics. Grb2, a 25-kDa adapter protein, specifically 
interacted with Pak1 in vitro and in vivo, bringing Pak1 
to the membrane edge for Cdc42 activation (28), while 
a flow-activated gene Klf2 was found as a novel Pak1 

repressor in ECs via the Erk5-Klf2-Pak1 pathway (38). 
Our previous study found significantly increased 
expression of Klf2 in ECs when miR302-367 
expression was elevated, thus we hypothesized that 
Klf2 upregulation by miR-302-367 might interact with 
Grb2 and regulate Pak1 activation. 

Indeed, sequence analysis showed four Klf2 
binding sites at the -1kb Grb2 promoter region, and 
forced Klf2 expression repressed this proximal -1kb 
Grb2 promoter in a dose-dependent manner, and 
Ch-IP analysis confirmed the direct association of 
Grb2 with the flow-activated transcription factor Klf2. 
Co-IP assay indicated interaction of Grb2 with Pak1, 
suggesting that Klf2-Grb2 signaling can fine-tune 
Pak1 activation. Further study showed that inhibition 
of KLF2 upregulation in miR302-367 mutant HUVECs 
by siRNA abolished the GRB2 blockage, resulting in 
more GRB2 bringing PAK1 to the cell membrane 
where active CDC42 led to PAK1 activation, and in 
turn LIM-kinase Cofilin to prevent F-actin 
degradation, which might be responsible for the 
reversal of impaired cell motility with elevated 
miR302-367 expression in ECs. 

In conclusion, this study demonstrates that 
miR302-367 regulates multiple pathways including 
Ccnd1, Cdc42 and effector Wasp/Pak1, and 
Erk1/2-Klf2-Grb2 fine-tuning the Pak1 activation in 
the endothelium to inhibit cell proliferation and 
migration, and further restricts developmental 
angiogenesis. As pathological angiogenesis shares 
many common features with the physiological 
pathway, the clarification of the underlying 
mechanisms in developmental angiogenesis would 
provide opportunities for future therapeutic 
intervention of pathological angiogenesis related 
diseases. 

Materials and Methods 
miR302-367 gain- and loss-of-function in 
mouse hindbrain developmental angiogenesis 
model 

Mouse developmental embryonic hindbrain 
angiogenesis in vivo model (4) was used and 
tamoxifen (50 mg/kg) was given by i.p. injection to 
pregnant mice at E10.5 for induction of elevated EC 
miR302-367 expression in miR302-367ECTg mice (39). 
The embryonic hindbrain was dissected out at E 12.5, 
fixed with cold 4% (wt/vol) formaldehyde and 
stained with iB4 antibody (Vector, B-1205) for 
vasculature analysis. MiR302-367 anti-miRs were 
administrated by in utero electroporation as 
previously described (40). Briefly mice at E10.5 and 
E11.5 were anesthetized with an i.p. injection of 
ketamine (120 mg/kg) and xylazine (10 mg/kg). The 
uterine horns were exposed and 37.5 pmol of each 
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anti-miR mixture or control scramble microRNA 
injected through the uterus into the lateral ventricles 
of embryos. Electroporation was accomplished by 
square electric pulses (5 pulses, duration 50 ms each, 
interval 950 ms) delivering to the embryos using 
electroporator CUY-21 (Protech International). The 
electroporated mice were killed at E12.5 and 
embryonic hindbrains were collected and analyzed. 
The mouse studies were approved by Tongji 
University Institutional Animal Care and Use 
Committee, which is the appropriate animal care 
committee in accordance with the Institutional 
Animal Care and Use of Laboratory Animals. 

Statistical Analysis 
Data are presented as mean ± SEM of at least 

three independent assays unless otherwise noted. The 
standard two-tailed Student’s t-test was used for 
statistical analysis, and p < 0.05 was considered 
significant. 
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