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Nonmuscle myosin 2 regulates cortical stability 
during sprouting angiogenesis

ABSTRACT  Among the three nonmuscle myosin 2 (NM2) paralogs, NM 2A and 2B, but not 
2C, are detected in endothelial cells. To study the role of NM2 in vascular formation, we ab-
late NM2 in endothelial cells in mice. Ablating NM2A, but not NM2B, results in reduced 
blood vessel coverage and increased vascular branching in the developing mouse skin and 
coronary vasculature. NM2B becomes essential for vascular formation when NM2A expres-
sion is limited. Mice ablated for NM2B and one allele of NM2A develop vascular abnormali-
ties similar to those in NM2A ablated mice. Using the embryoid body angiogenic sprouting 
assay in collagen gels reveals that NM2A is required for persistent angiogenic sprouting by 
stabilizing the endothelial cell cortex, and thereby preventing excessive branching and ensur-
ing persistent migration of the endothelial sprouts. Mechanistically, NM2 promotes focal 
adhesion formation and cortical protrusion retraction during angiogenic sprouting. Further 
studies demonstrate the critical role of Rho kinase–activated NM2 signaling in the regulation 
of angiogenic sprouting in vitro and in vivo.

INTRODUCTION
Collective cell migration requires highly orchestrated, mechanically 
coupled migratory behavior which coordinates regulation of cell–
cell adhesion, intercellular communication, and cell contractility to 
ensure efficient directional cell migration (Mayor and Etienne-
Manneville, 2016; Park et al., 2016). The leader cells positioned at 
the front of the sprout generate lamellipodial and filapodial protru-
sions that sense, lead, and power the migration. The follower cells 
proceed by cell–cell contact. In addition, cell–cell contact inhibition 

of locomotion prevents the follower cells from scattering. Angio-
genesis, the process of neovascular formation from preexisting 
blood vessels through collective endothelial cell sprouting in re-
sponse to various angiogenic stimuli, is essential for many physio-
logical and pathological conditions, including animal development, 
wound healing, and tumor formation (Phng and Gerhardt, 2009; 
Eilken and Adams, 2010; Carmeliet and Jain, 2011). Collective en-
dothelial cell migration is a critical event for angiogenesis. In re-
sponse to angiogenic stimuli, endothelial cells polarize, initiate 
sprouts, and migrate toward the angiogenic stimulus (such as vascu-
lar endothelial growth factor [VEGF] and fibroblast growth factor 
[FGF]). All these aspects rely on the integrated dynamic regulation 
of cell adhesion and the cytoskeleton. VEGF induces polarized cell 
elongation by decreasing VE–cadherin concentration at junctions, 
triggering polarized formation of actin-driven, junction-associated 
intermittent lamellipodia (JAIL) and thereafter endothelial cell 
sprouting (Cao et al., 2017). In vivo studies from both mice and ze-
brafish show that loss of VE-cadherin at endothelial cell-cell junc-
tions results in excessive angiogenic sprouting associated with dis-
rupted actin filaments at these junctions (Abraham et  al., 2009; 
Gaengel et  al., 2012; Sauteur et  al., 2014). Dynamic endothelial 
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cell–cell adhesions during angiogenic sprouting are associated with 
the activity of nonmuscle myosin 2 (NM2), a member of the conven-
tional myosin 2 family, which is ubiquitously expressed both in mus-
cle and nonmuscle cells in vertebrates. Inhibition of myosin ATPase 
activity by the NM2 inhibitor blebbistatin or the Rho kinase inhibitor 
Y27632 disrupts VE–cadherin mediated endothelial cell–cell adhe-
sion associated with increased sprouting activity (Abraham et  al., 
2009; Wimmer et al., 2012; Cao et al., 2017). NM2 activity is also 
involved in endothelial cell rearrangement during sprout elongation 
(Angulo-Urarte et al., 2018). Recently, it was shown that application 
of blebbistatin or Y27632 and deletion of the NM2A paralog in en-
dothelial cells disrupts cell–cell adhesion and results in endothelial 
cell scattering in a 3D angiogenic sprouting culture of human 
umbilical vein endothelial cells (Yoon et al., 2019). In addition, the 
acute injection of blebbistatin into the developing postnatal mouse 
retina leads to increased numbers of detached endothelial cells at 
the migrating front of the developing retina vasculature (Yoon et al., 
2019). The role of NM2 in angiogenesis, however, has not been 
tested directly in vivo during animal development.

NM2 is composed of a pair of coiled-coil heavy chains with 
globular heads, and two pairs of myosin light chains (Heissler and 
Manstein, 2013; Ma and Adelstein, 2014). NM2 constitutes one of 
the most abundant cytoplasmic motor proteins, supporting various 
cellular functions in eukaryotic cells, such as cell division, cell mi-
gration, and cell adhesion. Three paralogs of NM2, namely NM2A, 
2B, and 2C, have been identified based on differences in their 
heavy chains, which are the products of three different genes 
(Myh9, Myh10, and Myh14, respectively) located on different chro-
mosomes in humans and mice (Berg et al., 2001; Golomb et al., 
2004). The expression level of each NM2 varies in different organs 
and cells and is also regulated during development in mice. The 
three NM2s exert overlapping as well as unique functions in mouse 
development. Mice ablated for NM2A die very early in develop-
ment by embryonic day (E)6.5 before gastrulation, due to a failure 
in visceral endoderm formation (Conti et al., 2004). Mice ablated 
for NM2B die by E14.5 from severe defects in brain and heart de-
velopment (Tullio et al., 1997, 2001). NM2C-ablated mice have no 
obvious detectable abnormalities (Ma et  al., 2010). Both NM2B 
and 2C can replace NM2A in vivo, supporting cell–cell adhesion 
and functional visceral endoderm formation, but cannot replace 
NM2A during placental vascular formation in mouse embryonic 
development (Wang et al., 2010; Zhang et al., 2018). In addition, 
NM2 paralogs may function together by forming heteromyosin fila-
ments (Beach et  al., 2014; Shutova et  al., 2014). In most cases, 
mammalian cells express at least two NM2 paralogs. In developing 
mouse endothelial cells, NM2A and 2B, but not NM2C, are de-
tected. Whether and how NM2 paralogs function together in the 
regulation of developmental processes such as blood vessel for-
mation is not clear.

This study was designed to investigate the role of NM2A and 2B 
in vascular network formation during mouse development. The data 
presented in this report demonstrate that both NM2A and 2B are 
involved during embryonic blood vessel formation. This is accom-
plished using serial, endothelial cell–specific, and temporal abla-
tions of various combination of NM2A and 2B during embryonic 
mouse development. These data also make use of an in vitro embry-
oid body angiogenic sprouting assay from NM2A and NM2B ab-
lated mouse embryonic stem cells grown in 3D culture. Mechanisti-
cally, NM2A is essential for sprouting angiogenesis by maintaining 
the integrity of the cortical membrane through retraction of mem-
brane protrusions, thereby ensuring persistent collective endothe-
lial cell sprouting.

RESULTS
Ablation of nonmuscle myosin 2A, but not 2B, impairs 
vascular network formation in mice
To illustrate the expression of NM2A and 2B in the developing 
mouse vasculature, the back skins from mouse embryos that ex-
pressed EGFP-fused NM2A or 2B were dissected at embryonic day 
(E)14.5 and then wholemount stained with antibodies against GFP 
together with CD31 (a marker for endothelial cells). Supplemental 
Figure S1A displays the distribution of NM2A and 2B in the devel-
oping E14.5 mouse back skin. NM2A is predominantly detected in 
vascular endothelial cells (Supplemental Figure S1Aa) that costain 
with CD31 (Supplemental Figure S1Ab). NM2B is also detected in 
vascular endothelial cells, but is not as enriched as in endothelial 
cells (Supplemental Figure S1Ae) compared with other cells such as 
hair follicle cells (Supplemental Figure S1Ad, arrows). Panels S1Ac 
and S1Af show merged images of two channels. Staining using GFP 
antibodies also allows us to estimate the relative expression levels of 
NM2A and 2B in vascular endothelial cells in vivo. Supplemental 
Figure S1A shows that vascular endothelial cells expresses signifi-
cantly more NM2A (Supplemental Figure S1a) than NM2B (Supple-
mental Figure S1d). Because NM2C is not detected in endothelial 
cells, our studies focus on the role of NM2A and 2B in vascular net-
work formation.

We first individually ablated NM2A and 2B from endothelial cells 
in mice by crossing NM2A or NM2B floxed mice with Tie2-cre mice 
where the cre recombinase is expressed in all endothelial cells. 
E14.5 embryos ablated for NM2A (ATie2/ATie2) develop edema (Sup-
plemental Figure S1Bb, red arrows) and hemorrhage (Supplemental 
Figure S1Bb, white arrows), indicating a leakage of the blood ves-
sels in ATie2/ATie2 mice, which is not observed in control Aflox/Aflox 
embryos (Supplemental Figure S1Ba). To evaluate the vascular phe-
notype of endothelial NM2A or 2B ablated mice, the vasculature in 
E14.5 mouse back skins was visualized by wholemount staining us-
ing antibodies to CD31. As shown in Figure 1, the vascular network 
in ATie2/ATie2 mice is less mature, showing only a “chicken wire” cap-
illary plexus (Figure 1b), and covers a reduced area of the back skin 
as compared with Aflox/Aflox littermates, which show a hierarchical 
vascular network (Figure 1a, arrows). To quantitate the extent of the 
blood vessel coverage, we measured the angle between the lines 
bordering the front edges of vascular sprouts in an open-book con-
figuration of the back skin (a, b, dashed lines). The larger the angle, 
the lower the coverage. The average angle for control mice is 
23 ± 6° (e, n = 4 mice). The average angle for ATie2/ATie2 mice is 
40 ± 4° (e, n = 4 mice), which is significantly larger than for the con-
trol mice (p < 0.01). In addition, ATie2/ATie2 mice show abnormal clus-
ters of endothelial cells at the middle of the back skin that are dis-
connected from centrally growing vascular sprouts (Figure 1d, 
yellow arrows). These clusters are not normally seen in control mice. 
Closer examination of the front of the vascular sprouts shows that 
wild-type sprouts are smooth, without obvious branches (Figure 1c, 
white arrows); ATie2/ATie2 sprouts, however, contain multiple branches 
(Figure 1d, white arrows). Thus loss of NM2A results in vascular 
overbranching. Quantitation of branch points of the vascular net-
works from Aflox/Aflox and ATie2/ATie2 mice using the AngioTool reveals 
a moderate, but significant increase in branch points in ATie2/ATie2 
mice (27 ± 1.5 per mm length) compared with the Aflox/Aflox mice 
(24.5 ± 2.7 per mm length; Supplemental Figure S2, n = 4 mice 
each, p < 0.05). Note that the developing back skin vascular sprouts 
remain in a centrally migrating pattern in the open-book configura-
tion in both ATie2/ATie2 and Aflox/Aflox embryos. This indicates that 
ablation of NM2A does not affect the directionality of the migrating 
vascular sprouts.



1976  |  X. Ma et al.	 Molecular Biology of the Cell

In contrast, ablation of NM2B alone in endothelial cells shows no 
edema, no hemorrhage, and no obvious defects in blood vessel 
formation in the back skin at E14.5 (Figure 2b) compared with the 
control littermate (Figure 2a). As previously shown (Tullio et  al., 
1997; Takeda et al., 2003), although B–/B– mice (germline ablation of 
NM2B) develop severe defects in the heart and die by E14.5 during 
embryonic development with heart failure, no significant defects in 
blood vessel formation are found in these mice at E14.5 (Figure 2, e 
and f) compared with their control littermates (Figure 2, d and f). 
These data suggest that defective heart development does not af-
fect the vascular network in the B–/B– back skin. Taken together 
these results show that NM2A, but not NM2B, is essential for vascu-
lar network formation in the developing mouse skin. Additionally, 
NM2A functions to prevent angiogenic sprouts from excessive 
branching during vascular network formation.

An auxiliary role for NM 2B in blood vessel formation 
during mouse development
As shown above, the development of blood vessels is compromised 
but not drastically disrupted in ATie2/ATie2 mice. We thus hypothesize 
that NM2B is also functioning during vascular network formation, 
especially in ATie2/ATie2 mice. To test this idea, we generated NM2A 
and 2B compound endothelial cell–ablated mice. Crossing a Tie2-
Cre male with an Aflox/Aflox;Bflox/Bflox female generated healthy het-
erozygous A+/ATie2;B+/BTie2 mice. Figure 2 shows the back skin vas-
culatures from littermates obtained by crossing an A+/ATie2;B+/BTie2 
male with an A+/A+;Bflox/Bflox female. A+/ATie2;BTie2/BTie2 mice, which 
express one copy of NM2A but no 2B, show abnormalities in vascu-
lar network formation. The back skin vasculature in these mice at 
E14.5 (Figure 2c) appears less mature and shows reduced coverage 

compared with control littermates (Figure 2a). The average branch 
points for A+/ATie2;BTie2/BTie2 vasculatures is 27 ± 3 per mm length 
(Figure 2f, n = 4, p < 0.05), which is moderately increased compared 
with control A+/A+;Bflox/Bflox vasculatures (Figure 2f, 23 ± 1, n = 4). 
Note that defects in A+/ATie2;BTie2/BTie2 vasculatures are not as severe 
as those seen in ATie2/ATie2 vasculatures. These results indicate that 
expression of one copy of NM2A is not sufficient to support normal 
blood vessel formation when NM2B is not expressed, while expres-
sion of one copy of NM2A plus one copy of NM2B is sufficient. 
Crossing A+/ATie2;B+/BTie2 males with Aflox/Aflox;Bflox/Bflox females gen-
erated no live ATie2/ATie2;B+/BTie2 and ATie2/ATie2;BTie2/BTie2 embryos at 
E12.5. At E10.5 the ATie2/ATie2;B+/BTie2 embryo is smaller than the 
controls (Supplemental Figure S3c), and the ATie2/ATie2;BTie2/BTie2 
embryo is significantly delayed in development with pericardial ef-
fusion (Supplemental Figure S3d, arrow). These results further sup-
port the importance of NM2B in endothelial cells during mouse 
development. Early embryonic death of ATie2/ATie2; BTie2/BTie2 double 
homozygous mice prevents further analyses of the vascular pheno-
types in the skin.

Defects in blood vessel formation are not limited to the back 
skin. Mice ablated for NM2 in endothelial cells also show abnormali-
ties in coronary vessel formation during heart development (Figure 
3). By E14.5, the entire dorsal heart surface is covered by a hierarchi-
cal coronary vasculature in control Aflox/Aflox littermates (Figure 3a); 
the coronary vasculature fails to cover the apex area in ATie2/ATie2 
hearts (Figure 3c). Despite a very limited avascular area at the apex, 
BTie2/BTie2 hearts have no major defect in the coronary vasculature 
(Figure 3b). However A+/ATie2;BTie2/BTie2 hearts show a major reduc-
tion of coronary coverage (Figure 3d) which is even more severe 
than that seen in ATie2/ATie2 hearts. Avascular areas were measured 

FIGURE 1:  Abnormal blood vessel formation in ATie2/ATie2 mouse back skins at E14.5. Wholemount confocal images of 
back skins dissected from ATie2/ATie2 (b, enlarged in d) and Aflox/Aflox control (a, enlarged in c) mice at E14.5 stained with 
CD31 antibodies to reveal the developing vasculature (red) show that ATie2/ATie2 mice have reduced blood vessel 
coverage, b, compared with Aflox/Aflox mice, a. Aflox/Aflox mice develop mature blood vessels—a, arrows, which are not 
seen in ATie2/ATie2 mice, b. The dashed white lines in a and b depict a V-shaped area that has not been fully covered by 
blood vessels. Aflox/Aflox back skins develop smooth straight vascular sprouts toward the middle of the back—c, arrows. 
ATie2/ATie2 back skins show vascular sprouts that contain multiple branches—d, white arrows. Isolated clusters of 
endothelial cells are observed in the middle of ATie2/ATie2 back skins—d, yellow arrows—which are not seen in Aflox/Aflox 
mice, c. Panel e shows the quantification of average angles from Aflox/Aflox and ATie2/ATie2 mouse back skins, n = 4 for 
each genotype.
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FIGURE 2:  Ablation of NM2B impairs blood vessel formation when NM2A is not fully expressed. Wholemount confocal 
images of mouse back skins at E14.5 from various genotypes (as indicated) stained with CD31 antibodies show that 
mice ablated for NM2B in endothelial cells (b, A+/A+;BTie2/BTie2) or in the germline (e, B–/B–) have no defects in blood 
vessel formation as compared with their control littermates A+/A+;Bflox/Bflox (a) and B+/B+ (d), respectively. Ablation of 
one copy of NM2A in BTie2/BTie2 mice (c, A+/ATie2;BTie2/BTie2) results in immature back skin blood vessels together with 
moderately reduced blood vessel coverage compared with the control littermate, a. Panel f quantifies average branch 
points of vascular networks for each genotype. Bars a to e correspond to panels a to e, respectively. A+/ATie2;BTie2/BTie2 
vasculature, c, shows a moderate increase in branch points (27 ± 3, n = 4, p < 0.05) from control A+/A+;Bflox/Bflox mice, 
a (23 ± 1, n = 4). *p < 0.05 (one way ANOVA, Post Turkey).

using ImageJ (Figure 3e). The average percentages of the avascular 
area over the entire dorsal heart surface are 2 ± 2%, 4 ± 3%, 19 ± 3%, 
and 30 ± 8% for Aflox/Aflox, BTie2/BTie2, ATie2/ATie2, and A+/ATie2;BTie2/
BTie2 hearts, respectively (n = 3 for each genotype, p < 0.05 between 
two of each groups by one way ANOVA, Post Turkey). In addition, 
coronary vasculature in both ATie2/ATie2 (c) and A+/ATie2;BTie2/BTie2 
(d) hearts appears immature compared with control and BTie2/BTie2 
hearts (a, b). These results indicate that coronary vascular formation 
relies more on the function of NM2B compared with skin vascular 
formation. Again, we find no changes in vascular patterning in the 
developing coronary vessels with various combinations of NM2A 
and 2B ablation.

To further demonstrate the importance of NM2B in vascular net-
work formation during embryonic development, we ablated NM2A 
and 2B together in mice using crosses to an inducible VE–cadherin–
Cre mouse (Cdh5–CreER). Introduction of tamoxifen at E10.5 cir-
cumvents the early embryonic lethality found in Tie2–cre–mediated 
NM2A and 2B doubly ablated mice. Crossing A+/ACdh5;B+/BCdh5 
males with Aflox/Aflox;Bflox/Bflox females generates various combina-
tions of Cdh5–CreER–mediated NM2A and NM2B compound ab-
lated mice. Supplemental Figure S4 demonstrates the efficiency of 
NM2 ablation from these crossing. Figure 4, a–d displays embryos 

of littermates at E13.5 following a single intraperitoneal injection of 
tamoxifen at E10.5. A+/ACdh5;BCdh5/BCdh5 mice, which express one 
copy of NM2A and no 2B, show no obvious abnormalities, in con-
trast to Aflox/Aflox;Bflox/Bflox control littermates (Figure 4, a and b). 
ACdh5/ACdh5;B+/BCdh5 mice, which express one copy of NM2B and no 
2A, develop obvious hemorrhages (Figure 4c, yellow arrows). ACdh5/
AChd5;BCdh5/BCdh5 mice, which express no NM2A and no 2B, develop 
severe hemorrhages (Figure 4d, yellow arrows). Thus both NM2A 
and 2B are functioning to maintain the integrity of blood vessels 
during mouse embryonic development. A similar graded severity of 
vascular network defects in the back skin is observed among these 
genotypes (Figure 4, e–h). Compared with that in the control floxed 
littermates (Figure 4e), the vascular network in the back skin of A+/
ACdh5;BCdh5/BCdh5 mice appears normal (Figure 4f). ACdh5/ACdh5;B+/
BCdh5 back skin shows obvious abnormalities in vascular network for-
mation and coverage (Figure 4g), and ACdh5/ACdh5;BCdh5/BCdh5 back 
skin shows the most severe defects (Figure 4h). The average branch 
points per millimeter length are 24 ± 3 (n = 5) for controls, 25 ± 1 
(n = 5) for A+/ACdh5;BCdh5/BCdh5 mice, 33 ± 2 (n = 5) for ACdh5/ACdh5;B+/
BCdh5 mice, and 66 ± 4 (n = 5) for ACdh5/ACdh5;B Cdh5/BCdh5 mice 
(Figure 4i). Both ACdh5/ACdh5;B+/BCdh5 and ACdh5/ACdh5;B Cdh5/BCdh5 
mice show significant increases in vascular branch points as 



1978  |  X. Ma et al.	 Molecular Biology of the Cell

compared with the control mice (p < 0.01, one-way ANOVA). More-
over, branch points in ACdh5/ACdh5;B Cdh5/BCdh5 mice are also signifi-
cantly more numerous than those in ACdh5/ACdh5;B+/BCdh5 mice (p < 
0.01). Thus, NM2B is important when the expression of NM2A is not 
sufficient (heterozygous and homozygous) during vascular network 
formation. Importantly, when only a single allele of NM2A is ex-
pressed, the expression of NM2B is essential and sufficient to sup-
port normal development of blood vessels in mice. All these results 
further support the role of NM2 in the prevention of vascular over-
branching during embryonic development.

We have previously demonstrated that mice expressing NM2B 
or NM2C in place of NM2A under the control of the endogenous 
Myh9 promotor die early by E9.5 or E10.5, respectively, with abnor-
malities in blood vessel formation (Wang et al., 2010; Zhang et al., 
2018). Therefore, the total amount of NM2 is not the single most 
important factor in blood vessel formation.

Loss of NM2A causes excessive branching in embryoid body 
sprouting angiogenesis
As shown above, ablation of NM2 expression from endothelial cells 
in mice resulted in an increased branching morphogenesis during 
embryonic vascular network formation. Because NM2A plays the 
major role, we next focused on the role of NM2A in 3D sprouting 
angiogenesis. We employed an in vitro 3D sprouting angiogenesis 
assay using embryoid bodies (EBs) generated from wild-type (A+/A+) 
and NM2-ablated (A–/A–) mouse embryonic stem cells. A–/A– em-
bryonic stem cells were generated by homologous recombination 
as previously described (Conti et al., 2004). A+/A+ and A–/A– EBs 
were embedded and cultured side by side in pairs in a 1.5-mg/ml 
collagen gel containing 30 ng/ml VEGF-A. Immunofluorescence 
staining of EB sprouts with antibodies against the heavy chain of 

NM2A (NMHC2A) confirms the ablation of NM2A in A–/A– EBs (Sup-
plemental Figure S5, c and d). NM2A is detected in A+/A+ EBs (Sup-
plemental Figure S5, a and b). Figure 5A shows the endothelial 
sprouts stained with the CD31 antibody following 7 d in culture. 
A+/A+ sprouts in general appear straight and smooth (left, magnified 
below), A–/A– sprouts are much thinner with a marked increase in 
branches (right, magnified below). We quantified the density of the 
branching points and measured the length of the branches from 
cultured EB sprouts using the AngioTool (Figure 5C). The density of 
branch points is significantly higher in A–/A– sprouts (10 ± 3 per mil-
limeter of sprout, n = 32) than in the control A+/A+ sprouts (5 ± 2 per 
millimeter of sprout, n = 44, p < 0.0001). Correspondingly, A–/A– 
sprouts show a marked decrease in average length of the branch 
(0.86 ± 0.26 mm, n = 32) compared with A+/A+ sprouts (1.26 ± 0.82 
mm, n = 44, p < 0.05). Figure 5B shows phase-contrast images of the 
sprouts. Compared with the wild-type sprouts (Figure 5B, a and b), 
A–/A– sprouts develop excessive branches and cortical protrusions 
(Figure 5B, c and d, arrows). Panels b and d are enlarged from the 
boxed areas of panels a and c, respectively. Time-lapse videos of 
growing sprouts further reveal that in A+/A+ growing sprouts, the 
endothelial cells migrate collectively, and the tip of the sprout devel-
ops one dominant protrusion that leads to a persistent growth of 
sprouts (Supplemental Movie S1a). A–/A– sprouts, however, often 
develop multiple protrusions at the tip causing frequent splitting 
and/or turning of the sprouts (Supplemental Movie S1b). Together, 
these results demonstrate that loss of NM2A results in an increase in 
vascular branching during sprouting angiogenesis due to a defect in 
persistent sprouting. To further confirm these results, a second line 
of NM2A ablated mouse embryonic stem cells was generated using 
CRISPR and the 3D sprouting angiogenesis studies were repeated. 
Supplemental Figure S5, e and f demonstrates the ablation of 

FIGURE 3:  Abnormal coronary vessel formation in endothelial specific NM2–ablated mouse hearts. Wholemount 
confocal images of coronary vessels in the dorsal surface of E14.5 mouse heart stained with CD31 antibodies show that 
the coronary vasculature completely covers the entire dorsal surface in control cre-negative mice (a). BTie2/BTie2 hearts 
have a minor defect in coronary vasculature (b) compared with control hearts (a). ATie2/ATie2 hearts lack coronary 
vasculature covering the apex of the hearts (c). A+/ATie2;BTie2/BTie2 hearts show a marked reduction in coronary coverage 
(d). Dashed white lines in panels b, c, and d depict the front of vascular sprouts in mutant hearts. Panel e quantifies 
avascular areas for each genotype. n = 3 for each genotype. *p < 0.05 between two groups (one-way ANOVA, post 
Tukey).
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NM2A in CRISPR A–/A– sprouts. Again, CRISPR-NM2A–ablated EBs 
show excessive vascular branching (Supplemental Figure S6b) as 
compared with the isogenic wild-type EBs (Supplemental Figure 
S6a). The average branch points of CRISPR A–/A– sprouts (10 ± 1 per 
mm sprouts, n = 5, p < 0.01) are significantly more numerous than 
those of the wild-type sprouts (4 ± 2 per mm sprouts, n = 6; Supple-
mental Figure S6d). Using CRISPR, we also generated NM2B-
ablated mouse embryonic stem cells. Supplemental Figure S5, 
g–j confirms the ablation of NM2B expression in CRISPR B–/B– 
sprouts (i, j). NM2B is detected in wild-type (B+/B+) sprouts (g, h). 
Ablation of NM2B does not affect EB sprouting angiogenesis (Sup-
plemental Figure S6c; Supplemental Movie S1c). The average num-
ber of branch points of CRISPR B–/B– sprouts is 4 ± 2 per mm of 
sprout (n = 5), which is no different from that for the wild-type sprouts 
(Supplemental Figure S6d). These results are consistent with our 
findings from NM2 conditionally ablated mice, suggesting that de-
fects of blood vessel formation in NM2 conditionally ablated mice 

are primarily due to the loss of NM2 function during sprouting 
angiogenesis.

Loss of cortical stability in NM2A-ablated vascular sprouts
To understand how ablation of NM2A causes overbranching during 
sprouting angiogenesis, time-lapse videos of EB sprouting were 
captured at a frequency of 1 s per frame and carefully analyzed for 
the behavior of the sprouts. In A+/A+ EBs, the front of growing 
sprouts generates numerous cortical blebs with an average lifetime 
of 15 ± 3 s (n = 50, Supplemental Movie S2a, arrow). Typical bleb-
bing consists of a fast phase of protrusion and growth followed by 
a slower phase of retraction (Supplemental Figure S7a, Front; en-
larged in panel S7d). Blebs quickly form at the front of the sprouts 
following the protrusion of the tip cells. Blebs are also observed at 
the back of the sprouts but with decreased frequency (Supplemen-
tal Figure S7a, Back). In contrast, the front of A–/A– sprouts show no 
dynamic blebbing but develop marked cortical ruffles with multiple 

FIGURE 4:  NM2B is essential for endothelial cells when NM2A is not expressed. (a–d) Images of E13.5 mouse embryos 
with various combinations of tamoxifen-induced (injection at E10.5) NM2A and 2B ablation after crosses with Cdh5–
CreER mice show that with total ablation of NM2A from endothelial cells, an additional ablation of one copy of NM2B 
results in minor hemorrhages in ACdh5/ACdh5;B+/BCdh5 mice, c. Complete ablation of NM2A and 2B together leads to 
severe hemorrhages in ACdh5/ACdh5;BCdh5/BCdh5 mice, d. Mice ablated for one copy of NM2A together with both copies 
of NM2B, b (A+/ACdh5;BCdh5/BCdh5) do not show obvious abnormalities compared with control mice, a. (e–h) Wholemount 
confocal images of back skin vasculature from mouse embryos described above, a–d, show that with total ablation of 
NM2A from endothelial cells, additional ablation of one copy of NM2B results in reduced coverage of vasculature in 
ACdh5/ACdh5;B+/BCdh5 mice, g. Ablation of both copies of 2B causes a severe decrease in vascular coverage in ACdh5/
ACdh5;BCdh5/BCdh5 mice, h. Mice ablated for one copy of NM2A together with both copies of NM2B, f (A+/ACdh5;BCdh5/
BCdh5) show no defect in blood vessels compared with control mice, a. Panel i quantifies average branch points for each 
genotype. n = 5 for each genotype. *p < 0.01 between two groups (one-way ANOVA, post Tukey).
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protrusions (Supplemental Movie S2b, arrow). Instead of blebbing, 
the backs of A–/A– sprouts show slow cortical fluctuations (Supple-
mental Figure S7b, Back), suggesting a reduction of cortical ten-
sion compared with that in the wild-type sprouts. Interestingly, cor-
tical blebbing requires NM2A but not NM2B. NM2B-ablated 
sprouts show normal sprouting and blebbing similar to those in the 
wild-type sprouts (Supplemental Movie S1c; Supplemental Movie 
S2c, arrow; Supplemental Figure S7c). The actomyosin cytoskele-
tons in A–/A– and A+/A+ sprouts were examined by staining with 
antibody to CD31 and Alexa-488 phalloidin for F-actin. A+/A+ 
sprouts are generally encircled by thick actomyosin bundles around 
the entire sprout, manifesting a mechanically coupled migratory 
unit, and they develop numerous filopodia-like structures that are 
enriched at the tips of the sprouts during navigation (Figure 6a). 
The stress fibers in A+/A+ sprouts align along the long axis of the 
sprouts (Figure 6a, enlarged in c, green). In contrast, A–/A– sprouts 
are not as compact, show no obvious boundary of actin bundles 
surrounding the sprouts, and show a marked reduction in filopodia 
formation and stress fibers (Figure 6b, enlarged in d, green). In-
stead of filopodia-like structures, A–/A– sprouts develop numerous 
balloon-like protrusions (Figure 6d, arrows) reminiscent of mem-
brane ruffles in cells under 2D culture. We counted the filopodia 
numbers at the tip of the sprouts and measured the lengths of the 
filopodia using ImageJ (Figure 6, e and f). The average numbers 
of filopodia per sprout for A+/A+ and A–/A– sprouts are respectively 
8 ± 3 (n = 21) and 3 ± 1 (n = 28; p < 0.0001). The average lengths of 
filopodia for A+/A+ (n = 103) and A–/A– (n = 115) sprouts are 

7.6 ± 3.1 μm and 4.5 ± 2.0 μm, respectively (p < 0.0001). These re-
sults suggest that loss of NM2A impairs the cortical membrane sta-
bility in sprouts. Fibroblast cells lacking NM2 function develop ex-
cessive lamellipodia ruffling associated with impaired focal 
adhesion maturation when cultured on a flat surface (Lo et  al., 
2004; Even-Ram et al., 2007; Ma et al., 2017). Focal adhesions in 
EB sprouts were examined by staining for phosphopaxillin (pPaxillin, 
a marker of mature focal adhesions). Figure 7 shows that mature 
focal adhesions in A+/A+ sprouts align parallel to the long axis of 
the sprouts (Figure 7a, enlarged in b, green), similarly to the focal 
adhesions seen in mesenchymal cells cultured in a 3D matrix 
(Cukierman et al., 2001). In A–/A– sprouts, however, pPaxillin signal-
ing is markedly reduced and shows no regularity in alignment 
(Figure 7c, enlarged in d, green). The fluorescence intensity of 
pPaxillin staining was quantified using ImageJ (Figure 7g). The rela-
tive fluorescence intensity (arbitrary units) of A+/A+ sprouts is 132 ± 
28 (n = 60), which is significantly greater than for A–/A– sprouts, for 
which it is 9 ± 5 (n = 48, p < 0.0001). The alignment of adhesion was 
analyzed using ImageJ Directionality. A+/A+ sprouts show an obvi-
ous peak corresponding to their major alignment along the long 
axis of the sprouts (Figure 7e), while the peak in A–/A– sprouts is 
markedly damped (Figure 7f). Accordingly, the Dispersion index 
(Figure 7h; a measurement of deviation from the Directionality 
analysis) is significantly larger for A–/A– sprouts (28 ± 14°, n = 11, 
p < 0.01) than for A+/A+ sprouts (13 ± 4°, n = 10). Thus, NM2A plays 
an important role in maintaining cortical integrity and in the regula-
tion of focal adhesions during sprouting angiogenesis.

FIGURE 5:  Excessive branching of A–/A– angiogenic sprouts from EBs cultured in 3D collagen. (A) Z-projections of 
confocal images from A+/A+ and A–/A– angiogenic sprouts stained with CD31 antibodies for endothelial cells show that 
A–/A– sprouts (Right) develop more branches than A+/A+ sprouts (Left). The average densities of branch points are 10 ± 3 
(n = 32) and 5 ± 2 (n = 44) per millimeter of sprout for A–/A– and A+/A+ sprouts, respectively (p < 0.0001). The average 
lengths of branches are 0.86 ± 0.26 mm (n = 32) and 1.26 ± 0.82 mm (n = 44) for A–/A– and A+/A+ sprouts, respectively 
(p < 0.05). The panels at the bottom show a magnified view of the upper panel. (B) Phase contrast images of A+/A+ 
(a, magnified in b) and A–/A– (c, magnified in d) angiogenic sprouts show that A+/A+ sprouts in general are straight and 
smooth, b, while A–/A– sprouts have excessive branches and cortical protrusions—d, arrows. (C) Quantification of 
average branch points for A+/A+ (n = 44) and A–/A– (n = 32) sprouts. p < 0.0001.
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NM2A dynamics during cortical protrusion and retraction during 
EB sprouting were investigated next. Using EGFP–NM2A embry-
onic stem cells (where EGFP is fused to the N-terminal of the endog-
enous nonmuscle myosin heavy chain 2A), we recorded time-lapse 
videos of EGFP–NM2A signals during EB sprouting. As shown in 
Supplemental Movie S3, the cortical protrusions initiate at an area 
with reduced NM2A signal; however, an increase of NM2A intensity 
is observed during cortical retraction. Figure 8Ab shows the kymo-
graph of EGFP–NM2A dynamics along the line shown in Figure 8Aa. 
The relative NM2A intensity is shown in a “Fire” scale to better visu-
alize the differences. NM2A intensity increases during retraction 
from a low “blue” to a high “orange” in all four retraction events 
(Figure 8Ab, arrows). Figure 8B, a–c shows a timed series of images 
at 5, 10 and 15 s of a single retraction, which further demonstrates 
increased NM2A intensity during cortical retraction. EGFP–NM2A 
fluorescence intensity (au, arbitrary units) was quantified using Im-
ageJ (Figure 8Bd). The average EGFP–NM2A intensities (n = 10 
events) are 62 ± 18, 84 ± 14, and 119 ± 28 au, respectively. All these 
results are consistent with the role of NM2A in cortical retraction. 
Actomyosin therefore provides the mechanical machinery that is re-
quired for maintaining cortical stability and prevents excessive pro-
trusion during sprouting angiogenesis.

ROCK-activated NM2A activity is required during sprouting 
angiogenesis
To further confirm that sprouting angiogenesis requires NM2 enzy-
matic ATPase activity, we introduced the myosin inhibitor blebbi-
statin into the EB sprouting assay. Blebbistatin inhibits NM2 
MgATPase activity by blocking phosphate release from ADP. Movie 
Supplemental S4a shows that the application of 10 μM blebbistatin 

results in excessive branching. The sprouts develop multiple protru-
sions and no dynamic cortical blebbing, which phenocopies the ab-
normities of the NM2A ablated sprouts. We next examined the up-
stream activator of NM2 during angiogenesis. NM2 myosin 
MgATPase activity is activated by two major kinases, Rho kinase and 
Ca-calmodulin–dependent myosin–light chain kinase, which phos-
phorylate the regulatory myosin light chain. Inhibition of Rho kinase 
by Y27632 (10 μM) results in abnormal branching and the loss of 
cortical blebbing, similarly to blebbistatin inhibition of NM2 activity 
(Supplemental Movie S4b). However, inhibition of myosin–light 
chain kinase by ML-7 (20 μM) has no effect on sprouting (Supple-
mental Movie S4c). Applications of blebbistatin (10 μM) and Y27632 
(10 μM), but not ML-7 (20 μM), during EB-sprouting angiogenesis 
assays overnight at day 6 significantly increases sprout branching 
morphogenesis (Supplemental Figure S8). The average branch 
points of blebbistatin- and Y27632-treated sprouts are 7 ± 2 (n = 14) 
and 7 ± 1 (n = 14), respectively; those are significantly more numer-
ous than those of the sprouts treated with the same amount of sol-
vent DMSO (4 ± 2, n = 14, p < 0.01). ML-7 does not increase the 
branch points of the sprouts (5 ± 1, n = 9). Supplemental Figure S8e 
shows the quantification of the average branch points. All of these 
results demonstrate that Rho kinase–activated NM2 activity is es-
sential for sprouting angiogenesis.

We next asked whether Rho kinase–activated NM2 was impor-
tant in embryonic vascular development in vivo. There are many 
reports supporting the role of Rho kinase in the regulation of vascu-
lar network formation (Bryan et al., 2010; Kamijo et al., 2011; Liu 
et al., 2018). The importance of Rho kinase in vascular formation, 
however, is not well demonstrated during embryonic development 
in vivo. Two Rho kinases (ROCK1 and ROCK2) are expressed in 

FIGURE 6:  Abnormal actin organization in A–/A– angiogenic sprouts. Confocal images of A+/A+ (a) and A–/A– 
(b) angiogenic sprouts stained with CD31 (red) and Alexa488-phaloidin for F-actin (green) show disruption of stress-
fibers in A–A– sprouts (b, magnified in d) compared with A+/A+ sprouts (a, magnified in c). The stress fibers are aligned 
along the long axis in A+/A+ sprouts, c. A–/A– sprouts show a great reduction in stress -fibers and develop numerous 
balloonlike cortical membrane protrusions manifesting membrane ruffling—d, arrows. Panel e quantifies the average 
numbers of filopodia at the tip of sprouts (n = 21 and 23 for A+/A+ and A–A– sprouts, respectively, p < 0.0001). Panel f 
quantifies the average length of filopodia (n = 103 and 115 for A+/A+ and A–A– sprouts, respectively, p < 0.0001).
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endothelial cells and show overlapping roles during embryonic 
mouse development. The small GTPase RhoA is the major upstream 
activator of the Rho kinases. We therefore next ablated RhoA in 
mouse endothelial cells using Cdh5–CreER mice and examined the 
skin and cardiac vascular development in these mice. Figure 9 
shows E15.5 mouse embryos following a tamoxifen injection at 
E10.5 to induce RhoA ablation. Embryos ablated for RhoA develop 
edema and hemorrhage (Figure 9b). Compared with the control 
mice (Figure 9c, RhoAflox/RhoAflox), mice ablated for RhoA in endo-
thelial cells do not show obvious defects in the coverage of blood 
vessels and branching morphogenesis in the back skin at E15.5 
(Figure 9d, RhoACdh5/RhoACdh5). The average branch points for 
RhoAflox/RhoAflox and RhoACdh5/RhoACdh5 back skin vasculatures are 
28 ± 3 and 29 ± 1 per mm length, respectively (n = 4 each, p = 0.13, 
Figure 9g). The maturation of the vasculature, however, is delayed in 
RhoACdh5/RhoACdh5 back skin, which shows no remodeled blood 
vessels in the middle of the back (Figure 9d). These mature vessels 
are evident in the control littermate (Figure 9c, arrows). Interestingly, 
coronary vessel development in RhoA ablated mice is severely 

impaired, showing a marked reduction of coronary vessel coverage 
at the apex of the dorsal surface of the heart (Figure 9f, below the 
dashed line) compared with that in control mice, where the coronary 
vasculature completely covers the dorsal surface of the heart ven-
tricle (Figure 9e). The average percentage of the avascular area for 
RhoACdh5/RhoACdh5 hearts is 43 ± 7% (n = 3, Figure 9h). There is no 
avascular area for RhoAflox/RhoAflox hearts. These results suggest 
that RhoA/RhoA activated kinase activation of NM2A plays an im-
portant role in blood vessel development in vivo, especially during 
mouse cardiac coronary vessel formation.

In summary, we show that NM2 plays a major role in persistent 
vascular sprouting and that NM2A functions to prevent excessive 
branching from sprouts by maintaining cortical stability through fo-
cal adhesions and facilitation of cortical membrane retraction.

DISCUSSION
Our results from singly NM2A or NM2B endothelial cell-ablated 
mice and 3D EB angiogenic sprouting show that NM2A, but not 
NM2B, is required for sprouting angiogenesis. Similar findings are 

FIGURE 7:  Defects in focal adhesion formation in A–/A– angiogenic sprouts. (a–d) Confocal images of angiogenic 
sprouts stained with antibodies for phosphopaxillin (green, a marker for mature focal adhesions) and CD31 (red, a 
marker for endothelial cells) show that A+/A+ sprouts develop mature focal adhesions that align in parallel along the long 
axis of sprouts (a, magnified in b, green). Mature focal adhesions are infrequently observed in A–/A– sprouts and they 
are randomly distributed (c, magnified in d, green). (e, f) Representative directionality histograms of phosphopaxillin 
staining in A+/A+ and A–/A– sprouts obtained from the Directional analysis. A+/A+ sprouts show an obvious peak (e), 
which is consistent with a major alignment of focal adhesions along the long axis of the sprouts. A–/A– sprouts show a 
markedly damped peak (f) reflecting a loss of alignment. Panel g quantifies the average fluorescence intensity of 
pPaxillin staining (n = 60 and 48 for A+/A+ and A–A– sprouts, respectively, p < 0.0001). Panel h quantifies the average 
dispersion index (a measurement of deviation from the Directionality analysis) of pPaxillin alignments (n = 10 and 11 
for A+/A+ and A–A– sprouts, respectively, p < 0.01).
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reported for a 3D biomimetic model of angiogenesis using HUVECs 
by CRISPR ablation of NM2A and 2B individually (Yoon et al., 2019). 
Our analyses of endothelial NM2A and 2B compound ablated mice 
further show that NM2B also plays important roles in angiogenesis. 
Together with NM2A ablation, ablation of NM2B potentiates blood 
vessel abnormalities in mice, including a further decrease of blood 
vessel coverage and an increase of hemorrhage in mutant embryos. 
One possible explanation is that NM2A and 2B compensate for 
each other when one paralog is missing. A second possible expla-
nation is that NM2A and 2B complement each other in regulating 
angiogenesis. Previously, results from NM2 paralog genetic swap-
ping studies demonstrated that NM2A is uniquely required for pla-
cental vascular development in mice, which is not consistent with 
compensation between NM2A and 2B (Wang et al., 2010; Zhang 
et al., 2018). Our results here favor the notion that NM2A and 2B 
function complementarily in regulation of angiogenesis. Dynamic 
regulation of endothelial cell–cell adhesion plays key roles for an-
giogenic sprouting activity (Szymborska and Gerhardt, 2018). Weak-
ening of cell–cell adhesion promotes sprouting. NM2 activity is re-
quired for filopodia-like bridge formation and recruitment of 
VE–cadherin in nascent adherens junctions in cultured endothelial 
cells (Liu et al., 2010; Hoelzle and Svitkina, 2012). In cultured epithe-
lial MDCK cells, NM2A and NM2B have been shown to function 
complementarily in the formation and maintenance of the integrity 
of adherens junctions (Heuze et al., 2019). During adherens junction 
formation, NM2A and 2B are differentially localized to and stabilize 
the perijunctional contractile actin bundles and the juxtamembrane 
actin meshwork, respectively. NM2A provides the major tugging 
force for junction growth, while NM2B is required for E-cadherin 
clustering and coupling of perijunctional contractile actin to the 
plasma membrane, and provides the majority of intercellular stress 
(Heuze et al., 2019). In mature adherens junctions, junctional local-
ization of NM2A and 2B is also differentially regulated. Rho/ROCK 

FIGURE 8:  Increase of NM2A intensity during cortical retraction in angiogenic EB sprouting. 
(A) Kymograph of NM2A dynamics (b) along the line indicated in panel a during angiogenic EB 
sprouting. NM2A intensity is shown in a “Fire” scale. NM2A intensity increases from a low 
“blue” to a high “orange” in all four retraction events—b, arrows. (B) A time series of a 
retraction event (a–c) demonstrates a gradual increase of NM2A from panel a to panel c during 
cortical retraction. NM2A intensity is lowest in panel a and highest in panel c among the three 
time points. Panel Bd quantifies the average EGFP–NM2A fluorescence intensity (au, arbitrary 
units). n = 10, *p < 0.05 between two groups (one-way ANOVA, post Tukey). Note that the 
sprout shows a general shift from left to right during imaging as shown both from the 
kymograph, A, and the time series, B.

and myosin–light chain kinase activity are 
required for NM2A localization, whereas 
junctional NM2B depends on Rap1 (Smutny 
et al., 2010). All these findings support the 
idea that NM2A and 2B function comple-
mentarily but in different aspects of cell–cell 
adhesions. However, we failed to detect ob-
vious abnormalities in NM2B endothelial 
cell–ablated mice and in NM2B-ablated 
sprouting angiogenesis in vitro using EBs.

NM2 promotes cortical protrusion retrac-
tion ensuring processive sprouting and pre-
venting excessive branching. The back skin 
vasculature in mice ablated for NM2A de-
velops increased branching morphogene-
sis. NM2A null endothelial sprouts from an 
in vitro angiogenic sprouting assay also 
show increased branching activity. Thus 
NM2 is important to inhibit excessive 
branching during angiogenic sprouting. 
This is consistence with the findings that in-
hibition of Rho kinase activity increases 
sprouting activity (Abraham et  al., 2009; 
Kroll et al., 2009). This is also supported by 
the report that inhibition of NM2 activity by 
either the myosin inhibitor blebbistatin or 
the Rho kinase inhibitor Y27632 increases 
branching activity of endothelial cells cul-
tured in a collagen gel (Fischer et al., 2009). 

Since the initiation of branching is usually observed in an area with 
reduced NM2 activity, it is proposed that the inhibition of NM2 ac-
tivity by inhibition of ROCK promotes the initiation of branching. 
Here our study shows that tip endothelial cells in wild-type sprouts 
generate blebbing activities and that these blebs are highly dy-
namic, but usually do not form stable protrusions. Once protruded, 
they quickly retract. However when NM2A is ablated or NM2 activ-
ity is inhibited, the tip cells show no blebbing dynamics, instead 
they form excessive cortical protrusions. These results are consistent 
with the role of NM2 facilitating retraction of cortical protrusions, 
rather than inhibiting the initiation of cortical protrusions. This is fur-
ther supported by our findings that the intensity of NM2A increases 
during retraction of cortical protrusion. The role of NM2 in the re-
traction of cortical protrusions has been proposed during border 
cell migration in Drosophila showing that loss of NM2 leads to the 
development of multiple cortical protrusions causing a defect in di-
rectional migration of the border cells (Mishra et al., 2019). Similar to 
NM2’s role in protrusion retraction in migrating cells, NM2 drives 
membrane integration into the apical plasma membrane of large 
secretory granules following exocytosis in the salivary gland (Milberg 
et al., 2017). Alternatively, instead of a role for NM2 in maintaining 
cortical stability, NM2 may in general regulate cytoskeletal struc-
tures. Ablation of NM2 disrupts actomyosin stress-fiber formation 
and stabilizes microtubules, thereby altering mechanical properties 
of the cell cortex. Disruption of actomyosin structures could lead to 
the release of monomeric actin from stress-fibers which then pro-
vides an extra pool available for actin nucleators to drive cortical 
protrusion (Lomakin et al., 2015; Rotty et al., 2015; Suarez et al., 
2015; Beach et al., 2017). Delineating this possibility will be very 
important in the future.

Failure to prevent excessive cortical protrusions not only leads 
to the increased branching of blood vessels seen in NM2 ablated 
mice, it also impairs persistence of directed collective sprouting as 



1984  |  X. Ma et al.	 Molecular Biology of the Cell

FIGURE 9:  Abnormal blood vessel formation in tamoxifen-induced (E10.5) endothelial RhoA–ablated mouse embryos at 
E15.5. (a, b) Images of control, a (RhoAflox/RhoAflox) and endothelial RhoA–ablated, b (RhoACdh5/RhoACdh5) mouse 
embryos at E15.5 show that endothelial specific ablation of RhoA in mice results in edema and hemorrhages, b, which 
are not seen in control littermates, a. (c, d) Wholemount confocal images of E15.5 mouse back skin stained with CD31 
antibodies show that blood vessels cover the entire back skin in RhoAflox/RhoAflox, c, and RhoACdh5/RhoACdh5 mice, 
d. Mature remodeled blood vessels are observed in both lateral and middle regions in RhoAflox/RhoAflox mice—c, yellow 
and white arrows, respectively. Mature remodeled vessels are observed in the lateral region (yellow arrows), but are not 
found at the middle region in the RhoA ablated RhoACdh5/RhoACdh5 mice, d. (e, f) Wholemount confocal images of 
coronary vessels at the dorsal surface of E15.5 mouse hearts stained with CD31 antibodies show that the coronary 
vessels cover the entire dorsal surface in RhoAflox/RhoAflox hearts, e. The coronary vessels are only seen at the basal 
area, but fail to grow through the middle of the dorsal surface in RhoACdh5/RhoAChd5 hearts, f. Panel g quantified the 
average branch points of RhoAflox/RhoAflox and RhoACdh5/RhoACdh5 back skin vasculatures. n = 4 each, p = 0.13 (not 
statistically significantly different). Panel h quantifies the avascular areas of RhoAflox/RhoAflox and RhoACdh5/RhoACdh5 
hearts. n = 3 each, p < 0.0001.

manifested by frequent changes of migration directions. The im-
paired directional migration could contribute to the delayed vascu-
lar coverage seen in NM2 ablated mice. NM2 regulation of the di-
rection of cell migration has been demonstrated both in vivo, such 
as in germ cell migration in zebrafish (Blaser et al., 2006) and in cul-
tured MEF cells (Conti et al., 2004; Lo et al., 2004). Ablation of NM2 
or inhibition of NM2 activity impairs the persistence of migration, 
but does not affect (often even increases) the speed of cell move-
ment. During collective cell migration, the leader cells positioned at 
the front generate lamellipodial and filapodial protrusions, which 
sense, lead and power the migration (Reffay et al., 2014; Mayor and 
Etienne-Manneville, 2016). NM2 contributes to the traction forces at 
the front of migration, as well as to stabilization of the cortical sur-
face to steer the direction of migration. Our results from EB angio-
genic sprouting show that ablation of NM2 affects the directionality, 
but not the speed of sprouting migration. Thus NM2 plays a major 
role in maintaining the persistence of migration in vascular sprout-
ing. In a 3D biomimetic model of angiogenesis using HUVECs, Yoon 
et al. (2019) reported that deletion of NM2A expression or inhibition 
of NM2 by blebbistatin led to scattering of HUVECs from sprouts, 
but does not affect cell invasion (Yoon et al., 2019). In our study of 
mice in vivo and in EB sprouting in culture, we do not see remark-
able scattering of endothelial cells in NM2 ablated or blebbistatin 

treated sprouts. This may partially be due to the difference of our 
experimental models. Using 3D sprouting of HUVEC aggregates in 
collagen gels, we also find that inhibition of NM2 by blebbistatin or 
Y27632 results in cell scattering from sprouts and disruption of VE-
cadherin junctions in sprouts (our unpublished data).

NM2 ablation in endothelial cells affects directional migration 
and sprouting activity during vascular development, however, 
the general pattern of the developing vasculature is not affected 
either in the back skin or the heart. Therefore NM2 is not re-
quired for sensing during vascular sprouting. It is believed that 
lamellipodial and filopodial structures function to sense the an-
giogenic stimulus thereby guiding vascular sprouts (Gerhardt 
et al., 2003; Lamalice et al., 2007; De Smet et al., 2009). NM2 is 
one of the major cytoplasmic motors regulating lamellipodial 
and filopodial structures (Burnette et  al., 2011; Alieva et  al., 
2019). Ablation of NM2 or inhibition of NM2 activity greatly dis-
rupts filopodium formation and lamellipodium dynamics in vas-
cular sprouts, but does not affect vascular sprouting toward its 
destination. Therefore, NM2 regulation of endothelial filopodial 
and lamellipodial structures is not important for sensing the an-
giogenic stimulus during angiogenesis. Whether filopodia and 
lamellipodia are important or other regulators are required for 
sensing remains to be determined.
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Our results also reveal that the relative contribution of NM2 
paralogs to the development of the skin vasculature and cardiac 
coronary vasculature is not the same. Although NM2A in general 
plays the major role, the contribution of NM2B is more significant 
in coronary vascular development compared with skin vascular de-
velopment. In addition, RhoA activated Rho kinase is important 
for coronary vascular development, but is not as important for the 
skin vasculature. Different contribution of NM2B in the regulation 
of the skin and coronary vasculatures may partially be related to 
the different mechanical environments of the developing vascula-
tures between the skin and heart. The cardiac coronary vascula-
ture encounters a relative stiff environment compared with the 
skin vasculature. On the other hand, NM2B is more suitable to 
generate sustained tension and shows an increased mechanore-
sponsiveness due to its prolonged duty-ratio and increased load-
dependent force generation, when compared with NM2A (Kovacs 
et al., 2007; Billington et al., 2013; Schiffhauer et al., 2019). This is 
consistent with the idea that vascular development in different or-
gans is regulated by different signaling pathways and molecular 
motors.

MATERIALS AND METHODS
Animals
Aflox/Aflox, Bflox/Bflox, B–/B–, AGFP/AGFP, and BGFP/BGFP mice were gen-
erated as previously described (Tullio et al., 1997; Bao et al., 2007; 
Ma et al., 2009; Jacobelli et al., 2010; Zhang et al., 2012) and are 
available through the Mutant Mouse Regional Resource Centers 
(MMRRC: #032096, #016981, #16991, #037506, and #037053). 
RhoAflox/RhoAflox mice were generated as previously reported 
(Melendez et al., 2011). Tie2–cre mice were obtained from Jackson 
Laboratory (stock #004128). Cdk5–CreER mice were generated as 
described (Okabe et  al., 2014). To obtain homozygous ablated 
mice (flox/flox;Cre+), a heterozygous male containing one allele of 
Cre (+/flox;Cre+/-) was crossed with a double-floxed female (flox/
flox). Therefore the homozygous ablated mouse only expressed 
one Cre allele. All procedures were conducted using an approved 
animal protocol (H0053R3) in accordance with National Heart, 
Lung, and Blood Institute Animal Care and Use Committee 
guidelines.

Wholemount immunofluorescence staining of vasculature
Mouse embryos were collected in phosphate-buffered saline (PBS) 
and directly immersed in 4% paraformaldehyde (PFA) in PBS (pH 
7.4) at 4°C overnight. Following fixation, the samples were washed 
with PBS and stored in PBS at 4°C for further analyses. Back skins 
and hearts were dissected from fixed embryos and then stained by 
wholemount immunofluorescence staining as previously described 
(Yamazaki et al., 2017). The following primary antibodies were used 
in this study: polyclonal antibodies against NMHC 2A (1:1,000, Bio-
legend), NMHC2B (1:3,000, Biolegend), p-paxillin (1:1,000; BD 
Transduction Laboratories); monoclonal antibodies against PECAM1 
(CD31, 1:200, BD Pharmingen), GFP (1:200, ab183734, Abcam). 
Fluorescence secondary antibodies used were Alexa 488 goat anti-
rabbit IgG or Alexa 594 goat anti-mouse IgG (1:250, Invitrogen, 
Carlsbad, CA). Confocal microscopy was carried out either on a 
Leica TCS SP5 or on a Zeiss LSM 880. In all cases, when possible, 
comparison was made among littermates. For each genotype we 
analyzed at least three to five mice. We found no abnormalities in 
NM2A and NM2B single heterozygous mice or NM2A/2B double 
heterozygous mice compared with the littermates that expressed no 
Cre. Littermates containing no cre recombinase were used as con-
trols for conditional ablated mice.

In vitro EB angiogenic sprouting
EB angiogenic sprouting was performed as previously described 
(Jakobsson et al., 2010). Mouse embryonic stem (ES) cells were cul-
tured in gelatin-coated culture dishes containing 100 U/ml leukemia 
inhibitory factor in ES culture medium. EB were prepared in a low-
attachment 96-well plate. 500 ES cells (in 200 μl volume) were 
added into each well and cultured in differentiating medium (ES 
medium without LIF) for 4 d. EB were then collected and sand-
wiched in 1.5% collagen I gel (Purecol, INAMED biomaterials) to 
induce angiogenic sprouting in differentiation medium containing 
30 ng/ml recombinant VEGFA-165 (Preprotech) in a 12-well culture 
plate. The sprouts were fixed in 4%PFA and analyzed by staining 
with the various antibodies at 7 d after culture. For live cell imaging, 
sprouts were analyzed between days 3 and 5 using an Olympus 
X-70 microscope.

Quantification and statistical analyses
AngioTool (Zudaire et al., 2011) was used to characterize the vascu-
lature in the back skin and in vitro EB angiogenic sprouting following 
CD31 staining to reveal the vascular network. NIH ImageJ was used 
to analyze live cell imaging, fluorescence intensity of staining, and 
avascular areas. Data are expressed as means ± SD. Student’s t test 
was performed to compare two means. One-way ANOVA (post-
Tukey) was used when comparing more than two means.
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