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Replacing nonmuscle myosin 2A with myosin 2C1 
permits gastrulation but not placenta vascular 
development in mice

ABSTRACT Three paralogues of nonmuscle myosin 2 (NM 2A, 2B, and 2C) are expressed in 
mammals, and the heavy chains are the products of three different genes (Myh9, Myh10, and 
Myh14, respectively). NM 2A and 2B are essential for mouse development, while 2C is not. 
Studies on NM 2C are limited and the in vivo function of this paralogue is not clear. Using 
homologous recombination, cDNA encoding nonmuscle myosin heavy chain 2C1 fused with 
GFP was introduced into the first coding exon of Myh9, replacing NM 2A expression with NM 
2C1 expression in mice. In contrast to A–/A– embryos, which die by embryonic day (E) 6.5, 
AC1*gfp/AC1*gfp embryos survive through E8.5, demonstrating that NM 2C1 can support mouse 
development beyond gastrulation. At E9.5 and E10.5, however, AC1*gfp/AC1*gfp embryos are 
developmentally delayed, with abnormalities in placental vascular formation. The defect in 
vascular formation is confirmed in allantois explants from AC1*gfp/AC1*gfp embryos. Thus, NM 
2C1 cannot support normal placental vascular formation. In addition, AC1*gfp/AC1*gfp mouse 
embryonic fibroblasts (MEFs) migrate rapidly but with impaired persistence and develop 
smaller, less mature focal adhesions than A+/A+ MEFs. This is attributed to enhanced NM 2C1 
actomyosin stability and different NM 2C1 subcellular localization than in NM 2A.

INTRODUCTION
Nonmuscle myosin 2 (NM 2), a major component of the actomyosin 
cytoskeletal complex, plays important roles in a variety of basic cel-
lular processes including cell polarity, cell migration, cell–cell adhe-
sion, and cytokinesis (Robinson and Spudich, 2004; Vicente-
Manzanares et al., 2009; Heissler and Manstein, 2013). In mammals 

there are three NM 2 paralogues, each composed of a pair of non-
muscle myosin heavy chains (NMHCs) encoded by three different 
genes (Myh9, Myh10, Myh14), which together with two pairs of 
myosin light chains are referred to as NM 2A, 2B, and 2C. Though 
the three NM 2 paralogues show considerable homology in primary 
structure (∼60% identity in amino acids), are similar in three-dimen-
sional protein structure, and have overlapping cellular functions, 
their overall spatial and temporal expression profiles are quite differ-
ent. These differences persist despite the ability of the paralogues 
to form cofilaments (Beach et al., 2014).

Germline ablation of two of the three paralogues, NM 2A and 
NM 2B, in mice results in embryonic lethality with markedly different 
phenotypes. Ablation of NM 2A results in death by embryonic day 
(E) 6.5, with a defect in cell adhesion and visceral endoderm forma-
tion (Conti et al., 2004). Ablation of NM 2B results in lethality by 
E14.5, accompanied by cardiac and brain abnormalities (Tullio et al., 
1997, 2001; Takeda et al., 2003; Ma et al., 2004). These results sug-
gest that NM 2A and NM 2B have unique functions that are essen-
tial for mouse embryonic development. In contrast, germline abla-
tion of NM 2C does not cause embryonic lethality or an apparently 
overt abnormal phenotype in mice (Ma et al., 2010), raising the 
interesting and important question of whether NM 2C functions 
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redundantly or plays an ancillary role with the other two NM 2 para-
logues in vivo.

Unlike NM 2A and NM 2B, which are expressed from the earliest 
stages of mouse embryonic development, NM 2C is not expressed 
until E11.5 (Golomb et al., 2004; Ma et al., 2010). Similarly to NMHC 
2B, two alternative exons, C1 and C2, can be spliced into the mRNA, 
resulting in four NMHC 2C isoforms. NMHC 2C0 represents the 
noninserted form of NMHC 2C. The C1 insert encodes eight amino 
acids that can be incorporated into the ATP binding region at amino 
acid 227 to form NMHC 2C1 (Golomb et al., 2004). The C2 insert 
encodes 41 amino acids that can be incorporated into the actin-
binding region at amino acid 636 to form NMHC 2C2 (Jana et al., 
2009). The NM 2C isoforms differ in their actin-activated MgATPase 
activities, where the inclusion of either C1 or C2 enhances the 
MgATPase activity. Inclusion of the C2 insert results in NM 2C2 and 
NM 2C1C2 (containing both inserts), which are constitutively active 
and not regulated by the level of MLC20 phosphorylation (Jana 
et al., 2009; Heissler and Manstein, 2011). NM 2C1 is the most 
widely expressed NM 2C isoform, found in a variety of tissues in-
cluding liver, kidney, testes, brain, and lung (Golomb et al., 2004).

Because most cells contain more than one NM 2, their specific 
roles during embryogenesis in vivo are unclear. Previous work has 
shown that some defects associated with the loss of NM 2B could 
be rescued in vivo by a motor-impaired 2B or even NM 2A when it 
was expressed from the NMHC 2B gene (Myh10) locus (Ma et al., 
2004, 2007; Bao et al., 2007). These findings resulted in the hypoth-
esis that the functions of NM 2 that involve cross-linking properties 
of actin filaments allow replacement by another paralogue, but 
those functions that are dependent on NM 2 motor activity are not 
substitutable because of differences in their kinetic properties. This 
hypothesis was also tested by genetic replacement in vivo of NM 2A 
by 2B or a mutant, motor-impaired 2A (Wang et al., 2010; Zhang 
et al., 2012). These studies revealed an important paralogue and 
motor-independent role of NM 2 in visceral endoderm develop-
ment and a unique paralogue requirement for NM 2A instead of 2B 
in placenta development. NM 2A was also shown to be important in 
cell migration and focal adhesion formation in different cell lines in-
cluding fibroblasts, cancer cell lines, and mouse hepatic stellate 
cells (Sandquist et al., 2006; Even-Ram et al., 2007; Liu et al., 2011).

In this study, we tested whether NM 2C1 can substitute for NM 
2A in vivo during mouse development. We used homologous re-
combination to ablate NMHC 2A by inserting cDNA encoding 
mouse NMHC 2C1-green fluorescent protein (GFP) fusion protein 
into the first coding exon of the NMHC 2A gene, exon2 of Myh9. 
This ablates NMHC 2A and places NMHC 2C1 under the control of 
the endogenous 2A promoter. We examined the mice generated 
following germ line transmission of the NMHC 2C1-GFP allele (des-
ignated as AC1*gfp) with respect to the ability of NM 2C1 to replace 
the functions of NM 2A in mouse embryonic development. Our re-
sults show that while NM 2C1 can replace NM 2A during the critical 
developmental step of gastrulation, placenta vascular formation 
specifically requires NM 2A paralogue activity. In addition, we study 
the difference in properties between mouse embryonic fibroblasts 
(MEFs) containing NM 2A in the absence of NM 2C and those con-
taining NM 2C1 in the absence of NM 2A.

RESULTS
Generation of the NM 2C1 replacement for NM 2A in mice
To generate the genetic NMHC 2C1 replacement for NMHC 2A in 
mice, exon2 of Myh9, which contains the NMHC 2A start codon, 
was targeted with mouse NMHC 2C1 cDNA fused at its 3′ end to 
the GFP sequence (Supplemental Figure S1A). Upon homologous 

recombination, NMHC 2A was ablated by the insertion of the 
NMHC 2C1-GFP sequence, which has its own stop codon, resulting 
in the expression of mouse NMHC 2C1-GFP under the control of 
the endogenous NMHC 2A promoter. Southern blotting and PCR 
analysis confirmed genetic replacement (Supplemental Figure S1, B 
and C). A floxed Neor cassette, which aided in selection of targeted 
clones, was removed by crossing the mutant mice with CMV-Cre 
mice. Homologous recombination was made easier by the presence 
of a “safe harbor” site in Myh9 (Liu et al., 2018).

To confirm the replacement of NMHC 2A with NMHC 2C1 at the 
protein level, lung tissue extracts from 3-mo-old wild-type A+/A+ and 
heterozygous AC1*gfp/A+ mice were used for immunoblotting and 
showed a 50.4% (average of two immunoblots) decrease in NMHC 
2A expression (Supplemental Figure S1D, row 1). As expected, an 
additional band with a molecular mass higher than that of the en-
dogenous NMHC 2C was detected in the heterozygous AC1*gfp/A+ 
lung tissues with an NMHC 2C antibody directed to the N-terminus 
of NMHC 2C, indicating successful expression of NM 2C1-GFP in 
the mouse tissue (Supplemental Figure S1D, row 3). Immunoblot-
ting with both anti-GFP and anti-NMHC 2C antibodies confirmed 
that this additional band is positive with both antibodies (Supple-
mental Figure S1D, row 4; row 2 is GAPDH, which is used as a load-
ing control for row 1).

As Supplemental Figure S1D shows, prolonging SDS–PAGE en-
abled separation of the exogenous NMHC 2C1-GFP and the en-
dogenous NMHC 2C and permitted quantification of the extent of 
NMHC 2C1-GFP expression under the control of the endogenous 
NMHC 2A promoter. Quantification of the immunoblots showed 
that the NMHC 2C1-GFP expression level is 43.2 ± 2.1% of the en-
dogenous NMHC 2C (n = 6). Previous mass spectroscopy studies 
showed that wild-type mouse lung tissue contains almost equal 
amounts of NMHC 2A and NMHC 2C (Ma et al., 2010). Therefore, 
with the promoter on one allele of Myh9 controlling the expression 
of 2C1-GFP in AC1*gfp/A+ lung tissues, the expression level of 2C1-
GFP should be about half of the endogenous NMHC 2C expression 
level, as shown in Supplemental Figure S1D, row 3. Thus, in our 
mouse model, the expression level of NMHC 2C1-GFP under the 
control of the NMHC 2A promoter in AC1*gfp/A+ lung tissue is ap-
proximately the same as the expression level of endogenous NMHC 
2A, and is neither over- nor underexpressed.

Immunoblot experiments were also carried out with protein ex-
tracts of A+/A+ and homozygous AC1*gfp/AC1*gfp MEFs cultured from 
E9.5 mouse embryos. NMHC 2A could not be detected in extracts 
from AC1*gfp/AC1*gfp MEFs (Supplemental Figure S1E). NMHC 2C is 
not normally expressed in wild-type MEFs but is detected in AC1*gfp/
AC1*gfp MEFs. Using an antibody to GFP and an antibody to NMHC 
2C, a single band was detected with a molecular mass higher than 
250 kDa (Supplemental Figure S1E, row 2). These results confirm 
ablation of NMHC 2A and expression of 2C1-GFP in AC1*gfp/AC1*gfp 
MEFs.

Replacing NM 2A with NM 2C1 permits embryo survival 
beyond gastrulation but not placental vascular formation
Mating of AC1*gfp/A+ mice did not produce live homozygous AC1*gfp/
AC1*gfp offspring. AC1*gfp/AC1*gfp embryos at E8.5 were normal in size 
and appearance compared with A+/A+ and AC1*gfp/A+ embryos. 
However, at E9.5, live AC1*gfp/AC1*gfp embryos were markedly smaller 
than wild-type littermates and were developmentally delayed 
(Figure 1A, left panel), indicated by the unturned embryo morphol-
ogy, which differs from that of wild-type mouse embryos at E8.5 
(unpublished data). At E10.5, some embryos were dead and under-
going resorption, and live AC1*gfp/AC1*gfp embryos were markedly 
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reduced in size in comparison with A+/A+ littermates (Figure 1A, 
right panel). No live AC1*gfp/AC1*gfp embryos were found at E11.5. 
Thus, in contrast to NM 2A-ablated mice, which die before E6.5, 
genetic introduction of NM 2C1 into mice ablated for NM 2A res-
cues the embryos from lethality at E6.5, allowing them to survive 
and undergo gastrulation.

We have previously reported that visceral endodermal cells ex-
press only NM 2A but not 2B or 2C. Global ablation of NM 2A re-
sulted in delocalization of E-cadherin from cell–cell adhesions in the 
visceral endoderm. A–/A– embryos died before gastrulation due to 
a failure in functional visceral endoderm formation. As shown in 
Figure 1B (left panel), E-cadherin is localized to the visceral endo-
dermal cell–cell junctions in A+/A+ embryos (Figure 1B, left panel, 
red, arrowheads). Loss of NM 2A results in the absence of E-cad-
herin at these junctions (Conti et al., 2004). Figure 1B (right panel) 
shows that AC1*gfp/AC1*gfp embryos at E7.5 develop a normal extra-
embryonic single cell layer of columnar visceral endoderm with NM 
2C1 (in place of NM 2A) concentrated at the cell–cell junctions 
(green, arrowheads). Note that NM 2C1 (green) is not detected in 
wild-type E7.5 embryos, as manifested by lack of green signaling 
following immunostaining with antibodies against NMHC 2C (Figure 
1B, left panel). Together, these data show that NM 2C1 can replace 
NM 2A to maintain functional cell–cell adhesion during visceral en-
doderm formation, thereby supporting mouse embryonic develop-
ment throughout gastrulation.

To understand the cause of lethality in AC1*gfp/AC1*gfp embryos at 
E11–11.5, we examined placenta formation. Placentas of E9.5 
AC1*gfp/AC1*gfp embryos appeared much smaller than those of A+/A+ 
littermates. H&E staining of sagittal sections of A+/A+ and AC1*gfp/
AC1*gfp placentas showed that at E9.5 the labyrinth layers of A+/A+ 

FIGURE 1: Replacing NM 2A with NM 2C1 permits embryo survival beyond gastrulation. 
(A) Images of E9.5 and E10.5 mouse embryos show severe growth retardation of AC1*gfp/AC1*gfp 
embryos in comparison with A+/A+ embryos at both embryonic days. No live AC1*gfp/AC1*gfp 
embryos were collected beyond E10.5. (B) E7.5 mouse embryonic sections stained with 
antibodies against NM 2C (green) and E-cadherin (red) show E-cadherin localization at the 
adherent junctions between visceral endodermal cells (arrowheads) in A+/A+ and AC1*gfp/AC1*gfp 
embryos. NM 2C is expressed together with E-cadherin in visceral endodermal cells of AC1*gfp/
AC1*gfp embryos (right panel, green, arrowheads), but is not detected in A+/A+ embryos (left 
panel) at E7.5.

placentas were well expanded, with the nor-
mal trilaminar architecture (Figure 2a, en-
larged panel b). The A+/A+ labyrinth layer has 
a porous appearance containing a well-orga-
nized network of side-by-side fetal capillaries 
and maternal blood sinuses, which is required 
for efficient oxygen and nutrient exchange 
(Figure 2b). In contrast, the AC1*gfp/AC1*gfp pla-
centas were much thinner and more compact, 
with a poorly developed labyrinth (Figure 2, c 
and d). The thickness of the placenta is 150.9 
± 34.0 µm and 280.0 ± 23.2 µm for AC1*gfp/
AC1*gfp (n = 2) and A+/A+ (n = 3) embryos, re-
spectively (p < 0.05), as measured from H&E 
sections of one E9.5 litter. In the AC1*gfp/AC1*gfp 
labyrinth layer, blood vessels on both the ma-
ternal and fetal sides were dilated, showing 
almost complete loss of intermingling of fetal 
and maternal blood vasculatures and no ex-
pansion of the labyrinth layer, indicating a 
compromised vasculature invasion. These ab-
normalities in the placenta very likely contrib-
ute to the premature lethality.

Allantois explants confirm the 
requirement for NM 2A in vascular 
formation
The allantois is the embryonic precursor of 
the umbilical cord in mammals and is one of 
several embryonic regions that undergo vas-
culogenesis, the de novo formation of blood 
vessels. Studies have shown that vasculogen-

esis and angiogenesis (the remodeling and pruning of the network 
into specific arteries and veins) are essential for allantois function in 
the establishment of the chorioallantoic placenta (Downs et al., 
2001; Arora and Papaioannou, 2012). We made use of the allantois 
to study vascular formation in the mutant mice to gain insight into 
the formation of the placenta.

We first examined the expression pattern of the three NM 2s in 
allantois explants in vitro. Immunostaining of the three NM 2s was 
carried out in the wild-type allantois explants cultured for 24 h. Both 
NM 2A and NM 2B, but not NM 2C, are detected in the allantois 
explants (Supplemental Figure S2). Endothelial cells indicated by 
the costaining with CD31 (Arora and Papaioannou, 2012) express 
both NM 2A and NM 2B (Supplemental Figure S2). Staining of E7.5 
mouse embryonic sections confirms the expression of NM 2A and 
2B, but not 2C, in the developing mouse allantois in vivo (Supple-
mental Figure S3).

Allantoides from E8.5 wild-type and mutant embryos were dis-
sected and cultured for 24 h in a medium containing 50% serum 
(Downs et al., 2001). Compared with the well-organized, intercon-
nected endothelial vascular network found in A+/A+ littermate ex-
plants, endothelial networks of AC1*gfp/AC1*gfp allantois explants were 
significantly less complex, with fewer branches and larger gaps be-
tween the branches (Figure 3A, CD31 staining for endothelial cells; 
quantified in 3B). This result indicates that NM 2A plays an impor-
tant role in placental vascular formation and NM 2C1 cannot replace 
this function of NM 2A. However, the AC1*gfp/AC1*gfp allantois still 
developed endothelial networks in explants (Figure 3A, bottom 
panels), which indicates that NM 2B and/or 2C may partially com-
pensate for the loss of 2A in vascular formation. We next examined 
vascular network formation in wild-type allantois explants treated 
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with the pan-NM 2 inhibitor blebbistatin. Blebbistatin inhibits NM 2 
(all paralogues) activity by blocking the myosin head from switching 
from the weak actin-bound state to the strong-bound state during 
cross-bridge cycling. As shown in Figure 3C, blebbistatin inhibited 
branching morphogenesis in explants. Therefore, NM 2B and/or 2C 
partially support placental vascular formation in the absence of NM 
2A, especially in allantois explants. However, this function of NM 2B 
and/or 2C is not sufficient for normal placental vascular develop-
ment in vivo.

NM 2C1 fails to support persistent cell migration 
in MEF cells
The failure of the AC1*gfp/AC1*gfp blood vessels to invade the labyrin-
thine layer implies that the impaired vascularization might result from 
a defect in vascular cell migration. We therefore examined the out-
growth migration rate of MEF cells from embryonic explants to see 
whether cell migration of AC1*gfp/AC1*gfp MEFs is affected. Embryonic 
tissues were dissected from E9.5 wild-type or mutant embryos. 
After attachment of the explants to a glass-bottomed dish, MEFs 
migrate out of the explants as a cell sheet (Figure 4A). The progres-
sion of MEF cell migration was recorded by time-lapse microscopy. 
Surprisingly, compared with A+/A+, AC1*gfp/AC1*gfp MEFs displayed a 
2.5-fold increase in the rate of migration (A+/A+, 10.04 ± 4.29 µm/h; 

FIGURE 2: Premature death in AC1*gfp/AC1*gfp embryos is due to abnormalities in the placenta. 
H&E staining of E10.5 mouse placenta sections shows a thinner and unexpanded placenta in 
the AC1*gfp/AC1*gfp embryo (c, enlarged in d) than in an A+/A+ littermate (a, enlarged in b). 
AC1*gfp/AC1*gfp blood vessels on both the maternal (M) and fetal (F) sides were dilated with no 
vascularization and no expansion of the labyrinth layer. Brackets in left panels indicate sizes of 
labyrinth layers. M, maternal blood vessel; F, fetal blood vessel.

AC1*gfp/AC1*gfp, 25.68 ± 3.91 µm/h; Figure 4B). 
However, in a transwell assay to examine the 
directional migration of starved cells toward 
serum, the number of AC1*gfp/AC1*gfp MEFs mi-
grating through 8-µm transwell pores after 24 
h was significantly smaller than that of A+/A+ 
MEFs (Figure 4C, quantified in Figure 4D). 
Thus, MEF cells expressing NM 2C1 in place 
of NM 2A migrate more rapidly than wild-type 
cells on a 2D surface but are not as persistent 
as wild-type cells in the path of migration, as 
measured in a transwell assay.

AC1*gfp/AC1*gfp MEF cells display 
disorganized stress fibers and form 
fewer and immature focal adhesions
To further investigate the mechanism underly-
ing the impaired cell migration of the AC1*gfp/
AC1*gfp cells, we examined the actin cytoskel-
etal structure and focal adhesions in the MEF 
cells, since these play essential roles in cell 
migration. MEF cells were isolated from E9.5 
AC1*gfp/AC1*gfp embryos and cultured for in vi-
tro studies. Actin stress fibers and focal adhe-
sions were visualized by staining with phalloi-
din and antibodies to the focal adhesion 
markers vinculin and paxillin. For some of the 
experiments, we compared AC1*gfp/AC1*gfp 
MEF cells with the Agfp/Agfp MEFs, which have 
GFP fused to the endogenous NMHC 2A 
(Zhang et al., 2012). Agfp/Agfp mice show no 
abnormalities and these MEFs are considered 
control cells. Except for thick actin bundles at 
the lateral edges of the cells, AC1*gfp/AC1*gfp 
MEF cells developed fewer stress fibers, 
which are thinner and sometimes disorga-
nized within the cell body (Figure 5, bottom 
panels) in comparison with Agfp/Agfp MEFs 
(Figure 5, top panels).

Immunostaining for vinculin, a component of focal adhesion 
plaques that are involved in linkage of integrin adhesion molecules 
to the actin cytoskeleton, showed abundant and robust focal adhe-
sions in the A+/A+ MEFs (Figure 6A, left panel, arrows). In compari-
son with A+/A+ cells, focal adhesions were fewer and smaller in 
AC1*gfp/AC1*gfp MEFs (Figure 6A, right panel, arrows). We quantified 
focal adhesion density and area in A+/A+ and AC1*gfp/AC1*gfp MEFs 
and found that A+/A+ cells contained significantly more focal adhe-
sions per cell than AC1*gfp/AC1*gfp cells (240 ± 132 vs. 72 ± 22 per cell, 
p < 0.05, Figure 6B, top panel). The area occupied by focal adhe-
sions in A+/A+ cells was also significantly larger (median: 22.3 µm2, 
n = 959 in A+/A+ cells vs. 19.2 µm2, n = 430 in AC1*gfp/AC1*gfp cells, p 
< 0.005, Figure 6B, bottom panel). In addition, immunostaining for 
phospho-Tyr118-paxillin, which indicates paxillin activation and fo-
cal adhesion maturation (Zaidel-Bar et al., 2007), also revealed a 
reduction in focal adhesion maturation in AC1*gfp/AC1*gfp MEFs 
(Figure 6C, right panel) compared with A+/A+ cells (Figure 6C, left 
panel). Immunoblotting of phospho-Tyr118-paxillin and paxillin pro-
tein expression levels in MEFs confirmed the decreased level of 
phospho-Tyr118-paxillin in AC1*gfp/AC1*gfp MEFs (32.7 ± 15.8% of the 
wild-type MEFs, n = 3, p < 0.01), while the total paxillin expression 
levels were the same (Figure 6D). In polarized cells, particularly, 
phospho-Tyr118-paxillin staining is weak and only detected at the 
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periphery of immature focal adhesions in AC1*gfp/AC1*gfp MEFs 
(Figure 6C, right panel, arrows) in contrast to A+/A+ cells (6C, left 
panel). These results indicate that NM 2C1 cannot replace the spe-
cific roles of NM 2A in actomyosin cytoskeletal organization and in 
focal adhesion formation and maturation.

NM 2 paralogues demonstrate different subcellular 
localizations and actomyosin dynamics
The introduction of NM 2C into wild-type MEF cells to generate 
AC1*gfp/A+ MEF cells offers the possibility of investigating the distribu-
tion of all three NM 2 paralogues within a single cell using superreso-
lution microscopy. We first compared the localization of NM 2C with 
that of NM 2A and 2B (Figure 7A). The distribution of NM 2A and 2B 
in AC1*gfp/A+ MEFs is similar to that previously reported in other types 
of cells (Maupin et al., 1994; Kolega, 1998; Saitoh et al., 2001; 
Sandquist et al., 2006; Vicente-Manzanares et al., 2008). Similar to 
NM 2A (Figure 7Ab), NM 2C localizes toward the front of a migrating 
MEF cell, but NM 2C localization extends farther back into the mid-
dle of the cell than does that of NM 2A (Figure 7Ac). This is clearly 
seen in the green staining of the Merge (Figure 7Aa). As previously 
reported, NM 2B localized toward the rear of a migrating cell (Figure 
7Ae). NM 2B also colocalizes with NM 2C (see Merge, Figure 7Ad); 
however, NM 2C expression extends much farther toward the front 
of the migrating cell than that of NM 2B (Figure 7A, d–f). Supplemen-
tal Figure S4 shows a single channel of the NM 2 signals using fire-
scale (a colored scale of ImageJ, top right of the figure), revealing the 

relative intensity of individual NM 2 distribution in migrating cells 
and confirming the localizations above.

Figure 7B, c and f, depicts the various types of stress fibers found 
in the actin cytoskeleton of MEF cells, including dorsal stress fibers 
(dSF), ventral stress fibers (vSF), and transverse arcs (TA). Arrows in 
Figure 7B, c and f, illustrate examples of each of these. Whereas 
none of the myosin paralogues clearly localize to the dorsal stress 
fibers, the transverse arcs contain both NM 2A (Figure 7Ba) and NM 
2C (Figure 7B, b and e), but only small amounts of NM 2B (Figure 
7Bd). The immature transverse arcs at the front of the migrating cells 
contain more NM 2A than the relatively rear-positioned mature 
transverse arcs (Figure 7Ba). The NM 2C level is not markedly differ-
ent between the two groups of the transverse arcs (Figure 7B, b and 
e). The ventral stress fibers (vSF, red arrows, Figure 7B, c and f) con-
tain all three NM 2 paralogues (Figure 7B, a, b, d, and e). Therefore, 
NM 2A is mostly enriched in immature transverse arcs, NM 2B is 
enriched in ventral stress fibers, and in contrast to NM 2A and 2B, 
NM 2C is relatively abundant in mature transverse arcs. The distribu-
tion of NM 2 paralogues shown in this figure is also compatible with 
cofilament formation.

To better define the role of NM 2C in regulating cytoskeletal or-
ganization and focal adhesion formation, we examined the dynam-
ics of NM 2C1 and NM 2A by FRAP analysis in MEFs expressing NM 
2C1-GFP or GFP-NM 2A isolated from AC1*gfp/AC1*gfp and Agfp/Agfp 
mouse embryos, respectively. Compared with NM 2A, NM 2C 
shows a marked increase in stability, as manifested by a significantly 

FIGURE 3: NM 2A is required in allantois explant vessel formation. (A) Epifluorescence images of CD31 stained 
AC1*gfp/AC1*gfp explants show less complex endothelial networks (vascular plexus) (bottom panels) than images of A+/A+ 
explants (top panels). (B) AngioTool analysis of vascular morphology of allantois explants shows reduced vessel density 
and branching index and an increased lacunarity (indicating empty space) in AC1*gfp/AC1*gfp explants than in A+/A+ 
explants. There is no significant difference in the total area of vessel explants between A+/A+ and AC1*gfp/AC1*gfp 
explants. (C) Treatment of A+/A+ explants with 40-µM blebbistatin blocks vascular morphogenesis.
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slower recovery of the signal following photobleaching (Figure 8, A 
and B) and a marked reduction of the mobile fraction (Figure 8C). 
These results indicate that NM 2C in the actomyosin cytoskeleton is 
much more stable than NM 2A. The actomyosin cytoskeleton is the 
key regulator of focal adhesion formation and maturation, and 
changes in the actin cytoskeletal dynamics have a profound effect 
on focal adhesions (Parsons et al., 2010). It is likely that both the 
dynamics and the cellular localization of the three paralogues con-
tribute to their specific functions in regulating cell migration.

FIGURE 5: AC1*gfp/AC1*gfp MEF cells display disorganized stress fibers. MEF cells were stained 
with phalloidin to show actin filaments. Owing to great variations in MEF cell morphology, we 
show four representative cells for each genotype. In comparison with Agfp/Agfp MEFs (top), 
AC1*gfp/AC1*gfp cells show thinner and disorganized stress fibers (bottom).

FIGURE 4: AC1*gfp/AC1*gfp MEF cells exhibit abnormal cell migration. (A) Representative images 
from time-lapse microscopy show MEF cells migrating from A+/A+ and AC1*gfp/AC1*gfp 
embryonic explants at different time points. Cells are migrating from right to left. 
(B) Quantification of migration speeds (mean ± SD) shows an increased migration speed of 
AC1*gfp/AC1*gfp MEF cells in comparison with A+/A+ cells (**p < 0.001, N = 15 and 21 cells, 
respectively). (C) Representative images of individual MEF cells following the transwell 
migration assay show that fewer AC1*gfp/AC1*gfp MEF cells migrate through the membrane than 
A+/A+ cells. (D) Bar chart shows quantification of MEF cells migrating through a transwell 
membrane (**p < 0.001, n = 8 and 10 assays, respectively).

DISCUSSION
Among the three NM 2 paralogues, NM 2C 
expression is more limited than that of NM 2A 
and 2B in mice. It is primarily detected at the 
apical borders of cell–cell junctions in mature 
epithelial cells, which implies a role for NM 2C 
at these junctions (Golomb et al., 2004; Ma 
et al., 2010). Mice ablated for NM 2C, how-
ever, are healthy and show no defects at these 
cell–cell junctions (Ma et al., 2010). This is 
most likely due to its overlapping with NM 2A 
expression in epithelial cells. Of note is a 
study of the apical junctional complex of epi-
thelial cells present in the ear organ of Corti, 
which contains both NM 2C and 2B. Genetic 
ablation of NM 2C resulted in increased ex-
pression of both NM 2A and 2B at the junc-
tion, suggesting a potential compensatory 
effect (Ebrahim et al., 2013). This kind of com-
pensation was not seen in the mice ablated 
for NM 2A and 2B.

A potential ancillary role for NM 2C is seen 
in the double ablation of 2B and 2C in mice. 
Ablation of 2B alone results in an increase in 
premature binucleation in cardiac myocytes, 
whereas ablation of both NM 2B and 2C re-
sult in defects in karyokinesis, including ab-
normal chromatid segregation and mitotic 
spindle formation (Ma et al., 2010). Moreover, 
NM 2C1 has been shown to be required for 
the completion of cytokinesis in the A549 
lung tumor cell line. In this case, neither NM 

2A nor 2B could rescue the absence of NM 2C1 in the abscission 
step following small interfering RNA (siRNA) lowering of 2C1, al-
though NM 2C0, the isoform lacking the alternative exons, was able 
to partially rescue abscission (Jana et al., 2006). Visceral endoderm 
cells express only a single NM 2 paralogue, NM 2A, which is essen-
tial for maintaining E-cadherin–mediated cell–cell junctions between 
the endodermal cells (Conti et al., 2004).

Genetic replacement of NM 2A with NM 2C1 in mice provided a 
unique tool for studying the function of NM 2C1 in vivo. Our results 

provide evidence that NM 2C1 is capable of 
supporting the formation of a functional vis-
ceral endoderm through maintenance of cell–
cell adherent junctions, which is crucial for 
gastrulation during embryonic development. 
However, neither NM 2C1 (this report) nor 
NM 2B (Wang et al., 2010) can replace NM 
2A’s role in the vascular development of the 
placenta. This accounts for why these mutant 
embryos cannot survive beyond E10.5.

NM 2C is not normally expressed in mesen-
chymal cells (Ma et al., 2010). Unlike epithelial 
cells, mesenchymal cells usually do not form 
cell–cell adhesions; instead they form exten-
sive cell–matrix focal adhesions required for 
cell locomotion. NM 2A plays an important 
role in focal adhesion formation and matura-
tion in MEF cells, and MEF cells expressing 
NM 2C1 in place of 2A (prepared from AC1*gfp/
AC1*gfp mice) enabled us to test the function of 
NM 2C1 in mesenchymal cells in culture. 
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AC1*gfp/AC1*gfp MEF cells expressing NM 2C1 at a level roughly equiva-
lent to the endogenous NM 2A level, however, failed to form mature 
focal adhesions, which resulted in a defect in persistent cell migration 
in a transwell assay. These defects most likely reflect the differences in 
NM 2C1 myosin kinetics and cellular localization from NM 2A, since 
the former is a slower motor (Kim et al., 2005) and does not turn over 
as quickly, as shown in this report. Moreover, in polarized, migrating 
cells NM 2C1 localizes differently than NM 2A, extending more to-
ward the middle of the cell compared with NM 2A which is closer to 
the leading edge, and becomes the most prominent NM 2 paralogue 
decorating the stress fiber, in this case the transverse arcs. Defects in 
cell migration and focal adhesion formation observed in AC1*gfp/
AC1*gfp MEF cells were also seen in MEF cells expressing NM 2B in 
place of 2A (Wang et al., 2010), as well as in foreskin fibroblast cells 
following siRNA knockdown of NM 2A expression (Even-Ram et al., 
2007). Therefore, defects seen in AC1*gfp/AC1*gfp MEF cells are largely 
due to a loss of NM 2A function. Our present study demonstrates a 
unique requirement for NM 2A in efficient cell migration. These spe-
cific properties of NM 2A may also explain why it is essential and 
cannot be replaced by other NM 2 paralogues for placental vascular 
formation during mouse embryonic development.

An important finding from these NM 2 swapping experiments is 
the differential requirement for NM 2 in cell–cell adherent adhesions 
versus cell–matrix focal adhesions. All three NM 2 paralogues are 
interchangeable in the maintenance of cell–cell adhesions, while 

NM 2A is uniquely required for focal adhesion maturation in MEF 
cells. In addition, whereas cell–cell adhesion does not require full 
NM 2 motor activity (Ma et al., 2007), focal adhesions are sensitive 
to NM 2 motor activity.

MATERIALS AND METHODS
Generation of NM 2C1 replacement of NM 2A in mice
All mouse procedures were carried out in accordance with National 
Heart, Lung, and Blood Institute (NHLBI) Animal Care and Use Com-
mittee guidelines. As shown in Supplemental Figure S1, to generate 
the genetic replacement of NM 2A with NM 2C1 in mice, standard 
homologous recombination methods were used. Mouse NMHC 
2C1 cDNA with the GFP sequence fused to its C-terminus was 
targeted into exon2, the first coding exon of Myh9 just 5′ of the ini-
tiating ATG codon. Fragments flanking exon2 were amplified from a 
129S6/SvEv genomic BAC clone harboring the complete Myh9 lo-
cus. In the targeting construct, the 5′ arm, ∼4 kb immediately up-
stream of the initiating ATG codon in exon2 was followed by a 
cDNA cassette encoding mouse NMHC 2C1-GFP with the EGFP 
sequence (Stratagene) at the 3′-end of the mouse NMHC 2C1 se-
quence, followed by SV40 polyA, a loxP-flanked PGK-Neor cassette, 
and the ∼2 kb genomic sequence 3′ of the ATG codon. Nucleotide 
sequences of the cloned DNA fragments were confirmed by se-
quencing. The transfection of mouse 129 strain embryonic stem (ES) 
cells and the generation of chimeric mice were performed at the 

FIGURE 6: AC1*gfp/AC1*gfp MEF cells display fewer and smaller focal adhesions. (A) MEF cells stained with antibodies 
against vinculin show abundant vinculin-positive focal adhesions throughout A+/A+ cells (arrows, left panel). Fewer and 
smaller focal adhesions are detected in the AC1*gfp/AC1*gfp MEF cells (arrows, right panel). (B) Quantification of focal 
adhesion numbers and adhesion area (box plot) in A+/A+ and AC1*gfp/AC1*gfp cells from A (*p < 0.05). (C) MEF cells stained 
for phosphopaxillin show a marked decrease in phosphopaxillin staining at focal adhesions in AC1*gfp/AC1*gfp cells (right 
panel, arrows) in comparison with A+/A+ cells (left panel, arrows). (D) Immunoblots show that compared with A+/A+ 
MEFs, the expression level of phosphopaxillin is reduced to 32.7 ± 15.8% of the A+/A+ MEF cell level in AC1*gfp/AC1*gfp 
MEFs (n = 3, p < 0.01), while the expression level of total paxillin remains the same. GAPDH is used as a control for 
loading.
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FIGURE 7: Localization of three NM 2s in AC1*gfp/A+ MEF cells. (A) Superresolution microscopy images of AC1*gfp/A+ 
MEF cells stained with antibodies for NM 2A (red, 7Ab) or NM2B (red, 7Ae) and GFP (green, indicating NM 2C, 7Ac,f). 
Aa is a merge of NM 2A (b) and NM 2C (c), and Ad is a merge of NM 2B (e) and NM 2C (f). (B) iSIM images of AC1*gfp/A+ 
MEF cells stained with phalloidin (green, for stress fibers) and antibodies for individual NM 2s. Panels Bc and Bf show a 
single channel of phalloidin staining to illustrate dorsal stress fibers (dSFs, yellow arrows), ventral stress fibers (vSFs, red 
arrows), and transverse arcs (TAs, green arrows). Both NM 2A (a) and NM 2C (b) localize with transverse arcs (TAs). All 
three NM 2s localize to ventral stress fibers (vSF), but NM 2B is particularly concentrated in vSF. No NM 2s localize with 
the dorsal stress fibers (dSF).

NHLBI Transgenic Mouse Core Facility by conventional methods. 
Positive ES cell clones were determined by Southern blot. The gen-
otype of the initial mutant mice was confirmed by Southern blotting 
and subsequent genotyping was routinely performed by PCR. 
The Neor cassette, which aided in selection of targeted clones, 
was removed by crossing the mutant mice with CMV-Cre mice 

(BALB/c-Tg(CMV-cre)1Cgn/J, Jax 003465). Mice are available at the 
Mutant Mouse Resource & Research Centers, ID#41404.

Immunoblotting
Immunoblotting was performed as described by Zhang et al. (2012), 
with the exception that proteins were transferred to nitrocellulose 
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FIGURE 8: Fluorescence recovery after photobleaching (FRAP) analysis of GFP-NM 2A and NM 
2C1-GFP in MEF cells. (A) Represen tative images for GFP signals (green) following 
photobleaching at different time points during recovery. The boxes in the two top panels 
indicate the area bleached. (B) Recovery curves of GFP signals show a slow recovery of NM 
2C1-GFP in comparison with GFP-NM 2A. (C) Bar graphs of the calculated mobile fraction of 
GFP signals show a significant decrease in the mobile fraction of NM 2C1-GFP in comparison 
with GFP-NM 2A (n = 20 each).

membranes (Invitrogen). Signal was detected with fluorescence-
linked secondary antibodies on a Li-Cor Odyssey infrared imager. 
Primary antibodies were NMHC 2A (1:50,000; BioLegend), NMHC 
2C (1:5000; BioLegend), GFP (1:5000; Abcam), p-paxillin (1:1000; 
BD Transduction Laboratories), paxillin (1:20,000; BD Transduction 
Laboratories), and GAPDH (1:5000; Meridian).

Tissue preparation
Histological analyses of placentas and embryos were performed as 
described previously (Zhang et al., 2012). In brief, placentas and 
embryos at E9.5 were fixed with 4% paraformaldehyde (PFA) in 
phosphate-buffered saline (PBS), pH 7.4. They were then embed-
ded in paraffin, sectioned, and stained with hematoxylin and eosin 
(H&E). For immunostaining, paraffin sections were dewaxed, rehy-
drated, subjected to microwave antigen-retrieval in 10-mM so-
dium citrate (Sigma Aldrich), blocked with 1% bovine serum albu-
min (BSA), 5% goat serum in PBS, and then incubated with primary 
antibodies at 4°C overnight, followed by incubation with Alexa-
Fluor 488 or 594-conjugated goat anti-mouse or anti-rabbit im-
munoglobulin G (IgG) (Molecular Probes, 1:200) at room tempera-
ture for 1 h. Nuclei were stained with DAPI (Molecular Probes; 
1:1000). The slides were mounted with Prolong Antifade (Invitro-
gen) for confocal imaging.

Isolation, culture, and immunofluorescence of MEFs
A+/A+, AC1*gfp/A+, and AC1*gfp/AC1*gfp MEFs were isolated from em-
bryos at E9.5 from crosses of heterozygous AC1*gfp/A+ mice and 
genotyped with genomic DNA isolated from yolk sacs. MEFs were 
maintained in high-glucose DMEM (Life Technologies) plus 10% 

fetal bovine serum (FBS; Life Technologies) 
at 37°C, cultured for three passages, and 
then used for most experiments. For immu-
nofluorescence staining, cells were grown 
overnight on chamber slides, washed with 
PBS (warmed to 37°C), fixed with 4% PFA, 
and then permeabilized with 0.5% Triton 
X-100 (Sigma Aldrich). The fixed cells were 
blocked with 1% BSA plus 5% goat serum in 
PBS and then incubated with antibodies 
against NMHC 2A, 2B, vinculin (1:1000; 
Sigma), phospho-Tyr118-paxillin (1:100; BD 
Biosciences, pY118) at 4°C overnight, fol-
lowed by incubation with AlexaFluor 405, 
488 or 594–conjugated goat anti-mouse or 
anti-rabbit IgG (1:200; Molecular Probes) at 
room temperature for 1 h. Actin filaments 
and nuclei were stained with AlexaFluor 
594–conjugated phalloidin (1:200; Mole-
cular Probes) and DAPI (1:1000; Molecular 
Probes), respectively. The slides were 
mounted with Prolong Antifade (Invitrogen) 
for confocal imaging.

Cell migration assays
Embryonic explants at E9.5 were cultured in 
high-glucose DMEM plus 10% FBS at 37°C. 
After the explants attached to the coverslip, 
MEF cell outgrowth from the explants was 
recorded for 16 h using an inverted micro-
scope (Olympus IX-70) equipped with an 
environmental chamber set at 37°, 5% CO2. 
Migration speed was calculated from the 

distance the MEFs migrated, divided by the time used for recording 
the distance, and expressed as mean ± SD.

Transwell migration assays
Transwell migration assays were performed using Corning Tran-
swells (Sigma Aldrich; 24-well cell culture plate, 6.5-mm-diameter 
inserts, 8.0-µm pore size). The lower chambers were filled with high-
glucose DMEM containing 10% FBS. Samples of 1.0 × 104 cells in a 
total volume of 200 µl, serum-starved for 24 h, were applied to the 
upper chamber in serum-free DMEM. A+/A+ and AC1*gfp/AC1*gfp MEF 
samples were repeated 10 and eight times, respectively. The cells 
were allowed to migrate at 37°C and 5% CO2 for 20 h. Transwell 
inserts were washed with PBS, fixed with 4% PFA, and stained with 
0.2% crystal violet in 2% ethanol. Nonmigratory cells at the upper 
surface were removed with cotton swabs and the migrated cells at-
tached to the lower surface were imaged with a Nikon TMS 10x air 
objective. Three images were taken and the number of migrated 
cells was averaged from each transwell insert.

Isolation and culture of allantois explants
Allantois explants were isolated from E8.5 embryos from crosses of 
heterozygous AC1*gfp/A+ mice and genotyped with genomic DNA 
isolated from embryos. Allantois explants were cultured in 24-well 
plates with high-glucose DMEM plus 50% FBS at 37°C for 24 h. For 
immunofluorescence staining, allantois explants were washed with 
37°C PBS, fixed with 4% PFA, and then blocked with 1% BSA plus 
5% goat serum in PBS. After blocking, allantois explants were 
incubated with rat anti-mouse CD31 antibodies (1:100; BD Biosci-
ences) at 4°C overnight, followed by incubation with AlexaFluor 
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594–conjugated goat anti-rat IgG (1:200; Molecular Probes) at room 
temperature for 1 h. Round coverslips were mounted onto allantois 
explants before epifluorescence imaging. An AngioTool (Zudaire 
et al., 2011) was used to characterize vessels in allantois explants 
following CD31 staining to reveal the vascular network.

Light, epifluorescence, confocal microscopy, and FRAP
Images of H&E tissue sections were acquired with an Olympus BX40 
40 × air objective at room temperature using a SpotFlex camera. 
Epifluorescence images of allantois explants were acquired with 
Olympus IX70. Confocal immunostaining images were collected 
using an LSM510 META confocal microscope (Carl Zeiss). Fluores-
cence recovery after photobleaching (FRAP) analysis was performed 
using an LSM510 META confocal microscope (Carl Zeiss). Super-
resolution images were captured using a Visitech Instant Structured 
Illumination Microscope (iSIM). In all cases, when possible, compari-
sons were made among littermates.

Quantification of MEF focal adhesion
Focal adhesions density (number) and size (surface area) were quan-
tified using vinculin staining in A+/A+ and AC1*gfp/AC1*gfp MEFs. Indi-
vidual focal adhesions were segmented as “surface” objects using 
Imaris (Bitplane) software. This enabled users to review and edit the 
automatic segmented objects for accuracy. Statistics of the number 
of focal adhesions per cell and their individual surface areas per cell 
were exported for analysis in Excel (Microsoft) software.

Statistical analysis
Data are expressed as mean ± SD. Student’s t test was used to test 
statistical significance between two groups using Sigmaplot 
software.
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