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Morphogenesis in Drosophila requires
nonmuscle myosin heavy chain tunction
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We provide the first link between a known molecular motor and morphogenesis, the fundamental process of
cell shape changes and movements that characterizes development throughout phylogeny. By reverse genetics,
we generate mutations in the Drosophila conventional nonmuscle myosin (myosin II) heavy chain gene and
show that this gene is essential. We demonstrate that these mutations are allelic to previously identified,
recessive, embryonic-lethal zipper mutations and thereby identify nonmuscle myosin heavy chain as the
zipper gene product. Embryos that lack functional myosin display defects in dorsal closure, head involution,
and axon patterning. Analysis of cell morphology and myosin localization during dorsal closure in wild-type
and homozygous mutant embryos demonstrates a key role for myosin in the maintenance of cell shape and
suggests a model for the involvement of myosin in cell sheet movement during development. Our
experiments, in conjunction with the observation that cytokinesis also requires myosin, suggest that the
processes of cell shape change in morphogenesis and cell division are intimately and mechanistically related.
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The development of metazoan form is characterized by
complex cell shape changes and cell sheet movements,
whose molecular basis has not been established. A num-
ber of studies suggest a key role for the cytoskeleton, the
cell surface, and the extracellular matrix in morphogen-
esis {for review, see Armstrong 1985; Ettensohn 1985;
Fristrom 1988; Fessler and Fessler 1989). To date, the
most compelling evidence that microfilaments partici-
pate in these developmental processes comes from phar-
macological studies. For example, cytochalasins can dis-
rupt global morphological changes during neural tube
formation in vertebrates (e.g., Burnside 1971), embryo
elongation in nematodes (Priess and Hirsh 1986), and
epiboly in teleosts {Betchaku and Trinkaus 1978). In ad-
dition, these drugs abolish neurite elongation and the
establishment of neuron polarity—extreme examples of
individual cell shape changes (e.g., Letourneau et al.
1987). Such studies suggest that a detailed understanding
of morphogenesis will require a catalog of the molecular
motors responsible for cell movement and cell shape
change, the molecular switches that regulate the func-
tion of such motors, and the cytoskeletal elements with
which they interact to produce and transmit force.
Myosins are molecular motors with widespread ex-
pression in both muscle and nonmuscle cells where they
participate in diverse processes. Conventional myosins
{myosins II) are molecular motors composed of two iden-

2Corresponding author.

tical heavy chains and two pairs of light chains (Warrick
and Spudich 1987; Korm and Hammer 1988; Spudich
1989; Kiehart 1990; Kiehart et al. 1990). Myosin heavy
chains, in concert with a filamentous actin substrate,
alone may be sufficient for chemomechanical force pro-
duction, whereas the light chain subunits apparently
function to regulate and modify heavy chain activity.
Nonmuscle (or cytoplasmic) myosins II are required for
cytokinesis in dividing cells: Microinjection of anti-my-
osin Il antibody blocks cytokinesis in echinoderms
(Mabuchi and Okuno 1977; Kiehart et al. 1982), gene
disruption and antisense experiments show that myosin
II is required for cytokinesis in Dictyostelium (De Loz-
anne and Spudich 1987; Knecht and Loomis 1987; for
review, see Spudich 1989), and a mutation in the non-
muscle myosin regulatory light chain [spaghetti-squash
(sqh)] blocks cytokinesis in Drosophila {Karess et al.
1991). However, in metazoans, myosins II are also con-
spicuous components of postmitotic cells, suggesting
that there are key roles for this protein beyond its con-
tribution to cell division. Antibody microinjection ex-
periments in Drosophila, for example, demonstrate that
myosin II may participate in nuclear migration and in
the maintenance of the cell (embryo) cortex (Kiehart et
al. 1990; D. Lutz and D.P. Kiehart, unpubl.). In addition,
studies on lower eukaryotes have shown that conven-
tional myosin is required for nuclear migration in yeast
(Watt et al. 1987) and for the distribution of cell-surface
receptors and development in Dictyostelium (Spudich
1989).
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We have focused on the role of nonmuscle myosin in
cell shape changes during Drosophila development. Pre-
viously, we purified native nonmuscle myosin II from
Drosophila (Kiehart and Feghali 1986) and cloned and
sequenced the genes encoding each of its component
polypeptides (Kiehart et al. 1989; Ketchum et al. 1990;
Karess et al. 1991; K.A. Edwards, X.-]J. Chang, and D.P.
Kiehart, unpubl.). We showed that embryos receive a
substantial contribution of maternal myosin heavy
chain and analyzed the localization of myosin in devel-
oping embryos {Young et al. 1991). We found that the
localization of myosin in the early embryo changes dra-
matically: Myosin is recruited to the cell cortex, presum-
ably to contribute to cytokinesis {cellularization), and is
found specifically at the apical ends of epithelial cells
that undergo apical constrictions during cell sheet invag-
ination in early gastrulation {Kiehart et al. 1990; Young
et al. 1991). These changes in myosin distribution occur
before a peak of myosin transcript and protein accumu-
lation from 4 to 12 hr after egg laying, suggesting that
early movements that require myosin may be powered
by myosin from maternal stores. Zygotically encoded
myosin presumably contributes to cellular and develop-
mental processes that occur later in development.

Here, we demonstrate genetically that nonmuscle my-
osin is essential and is encoded by the zipper (zip) locus.
We focus our efforts on defects that occur in homozy-
gous myosin mutants during dorsal closure and demon-
strate that cell shapes are aberrant in these mutants.
These data indicate that nonmuscle myosin is required
for generating or maintaining, or both, the cell shapes
that change during the course of morphogenesis; provide
a link between myosin, a known chemomechanical,
force-producing protein or motor, and morphogenesis;
and suggest a simple model in which myosin contributes
locally to changes in cell shape to drive cell sheet mor-
phogenesis. Finally, observations that both cytokinesis
and morphogenesis require the same motor protein sug-
gest that the two processes are mechanistically related.

Results

Mutations in nonmuscle myosin: the zipper locus
encodes the nonmuscle myosin heavy chain

We generated a number of ethylmethane sulfonate
(EMS)-induced mutations in the myosin heavy chain
gene, all of which result in a failure to complete normal
development (for details, see Materials and methods).
The most severe alleles are embryonic lethal when
present over a deficiency that removes the myosin heavy
chain gene. These mutations also fail to complement
previously identified zip mutations (Nisslein-Volhard
et al. 1984). One of our myosin heavy chain alleles
zip™he-c1-3 produces an electrophoretically variant myo-
sin heavy chain polypeptide (Fig. 1A): On immunoblots
of heterozygous adults, the mutant species is less abun-
dant than the wild-type myosin and migrates with an
apparent molecular mass of 195-kD, just ahead of the
205-kD wild-type nonmuscle myosin heavy chain. Inter-
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Figure 1. Immunoblots identify a complementation group
with defects in myosin heavy chain. Immunoblots demonstrate
that zip™#°-°-3 produces an electrophoretically variant myosin
heavy chain polypeptide, and both zip'1%7 and zip'®?® contain
negligible levels of myosin polypeptide. Proteins in whole fly or
embryo homogenates were resolved by SDS-PAGE and blotted
to nitrocellulose. (A) An immunoblot of whole heterozygous fly
homogenates, probed with anti-nonmuscle myosin antiserum:
{Lane 1) dp cn bw/SMéa [wild type (wt) for nonmuscle myosin]|
{lane 2} zip™h<<-3/SMéa (wt/z' ). The normal 205-kD myosin
band in lanes 1 and 2 is encoded by the wild-type nonmuscle
myosin genes present on the dp cn bw (parental line} and the
SM6a balancer chromosomes; the 195-kD band is encoded by
the dp cn bw zip™°!% chromosome. (B) An immunoblot of
homozygous embryo homogenates, prepared ~16 hr after fertil-
ization and probed with anti-nonmuscle myosin antiserum:
{Lane 1) Wild-type embryos (wt); (lane 2) zip™°°13 homozygous
embryos (z'?/z!3). (C) An immunoblot of homozygous embryo
homogenates, prepared from three different zip alleles ~24 hr
after fertilization. Larvae that are wild type for some myosin
function have hatched from eggs by this time in development,
and the abnormal morphology of homozygous zip embryos dis-
tinguishes them from embryos of the double-balancer chromo-
some class (SMéa/SM6a). The lower portion of this immuno-
blot has been probed with anti-nonmuscle myosin antiserum
{(mhc); the upper portion of the immunoblot has been probed
with anti-spectrin antiserum (spec), which demonstrates equiv-
alent loading and lack of proteolysis in homozygous mutant
samples. (Lane 1) SM6a/SM6a unhatched embryos | wt); {lane 2)
zip™he-1-3 homozygous embryos (z!3/z!3; (lane 3) zip'®16/ SMé6a
and/or SMéa/SMé6a embryos, wild-type (wt) for some myosin
functions; {lane 4) zip™!¢ homozygous embryos (z'P/z!P); (lane
5) zip""F197/SM6a and/or SM6a/SM6a embryos, wild type (wt)
for some myosin function; {lane 6) zip"*f*®” homozygous em-
bryos z2/z2.

estingly, the zip™#°°?-3 myosin polypeptide is also visi-

ble in homozygotes (Fig. 1B), where it appears even less
abundant, suggesting that an interaction between the
mutant polypeptide and the wild-type form stabilizes
this mutant protein. Two of the original zip alleles
(Nusslein-Volhard et al. 1984; Coté et al. 1987) appear to
produce reduced levels of myosin (Fig. 1C): both zip™¥197
and zip'P?® embryo homogenates have barely detectable
levels of myosin heavy chain polypeptide.

To characterize more completely the molecular le-
sions responsible for the zip mutations, we analyzed ge-
nomic DNA isolated from heterozygous zip flies. We
found no differences in the pattern of Southern blots
probed with nonmuscle myosin cDNAs, suggesting that
there were no gross rearrangements of DNA in any of the
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myosin alleles recovered thus far {data not shown). To
analyze the molecular lesion responsible for the high
mobility myosin that characterizes the zip™2c-<1-3, we
sequenced polymerase chain reaction (PCR) product de-
rived from genomic template at the 3’ end of the mutant
myosin-coding region. A premature stop codon that re-
sults from a CG — TA base-pair substitution (changing a
CAG triplet that encodes glutamine to a TAG amber
stop codon), truncates this mutant myosin heavy chain
77 amino acids upstream of the wild-type carboxyl ter-
minus (data not shown). This molecular defect is appro-
priate to explain the higher mobility of the zip™he-<!-3
myosin heavy chain polypeptide.

To verify that the zip mutations are the result of de-
fects in the gene encoding the nonmuscle myosin heavy
chain polypeptide, we rescued the mutant phenotype
with P-element-mediated germ-line transformation (to
date, two alleles, zip™# <13 and zip'!%7, have been
tested and rescued). The embryonic lethal phenotype of
homozygous mutant embryos is abolished, with ex-
pected Mendelian frequency, when wild-type myosin
heavy chain transcription is induced from a transgenic,
full-length myosin heavy chain ¢cDNA driven by an
hsp70 promoter (plhs-mhc-c’]). Rescued embryos arrest
during larval development if there is no further induc-
tion of myosin heavy chain transcription. However, an
appropriate regimen of induction by intermittent heat
shocks administered throughout development permits a
low number (~5% of expected Mendelian frequency) of
homozygous zip mutants that carry the plhs-mhc-c?]
construct to reach adulthood. A P-element cosmid con-
struct that spans the entire genomic transcription unit of
the nonmuscle myosin heavy chain can completely res-
cue (with expected Mendelian frequency) these homozy-
gous zip mutant individuals to adulthood.

Together with molecular and genetic mapping experi-
ments (data not shown; see also Lindsley and Zimm
1992, p. 797), these studies prove formally that zip en-
codes the nonmuscle myosin heavy chain. By historical
precedent, all mutations in the nonmuscle myosin heavy
chain will be designated using the zip nomenclature
(e.g., zip'F197, zip®he-cl3) In this paper, we focus on an
analysis of the phenotype of zip mutations as revealed
by the alleles zip™2¢°1% and zip''F1%7. We have also
identified six other zip alleles—four that are embryonic
lethal (szmhc-cl.él zipmhc-cs.Ql szmhc-cs.lz' and ijmhc-c14)
and two that arrest during later stages, before eclosion
(Zl-pmhc-czl and Zl'pmhc-l:é'z).

Myosin mutants have defects in cell sheet
morphogenesis and myosin localization

Previous analysis of larval cuticles suggested that ho-
mozygous zip embryos have several defects in normal
morphogenesis (Niisslein-Volhard et al. 1984), the earli-
est and most conspicuous of which occurs during dorsal
closure (Fig. 2; for a detailed description of dorsal clo-
sure, see Campos-Ortega and Hartenstein 1985). This de-
fect is manifest by a prominent, irregularly shaped dorsal
opening in the cuticle at later stages of embryonic devel-
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opment (Niisslein-Volhard et al. 1984; Coté et al. 1987).
It occurs because the columnar cells of the lateral epi-
dermis fail to cover completely the flat amnioserosal
cells, which do not secrete cuticle (for orientation, see
Fig. 2). Because the dorsal-most edge of the epidermal
cells leads the advance of the lateral epidermis over the
amnioserosa, we refer to it as the leading edge {Fig. 2),
and the cells that include it, the cells of the leading edge.

To better understand the phenotype of failure in zip
mutants, we have examined both nonmuscle myosin lo-
calization and cell shapes (as ascertained by antispectrin
staining of embryos). In wild-type embryos, the onset of
dorsal closure is heralded by a specific subplasmalemma
accumulation of nonmuscle myosin II at the leading
edge of the lateral epidermis (Fig. 3, arrows). In addition,
the overall level of myosin in the cytoplasm of the cells
of the leading edge is increased (Fig. 3, arrowheads). The
subplasmalemma accumulation of myosin at the leading
edge appears as a “purse string” ({Fig. 3C, arrows) that
delimits the dorsal opening over the amnioserosa.

In the leading edge of wild-type embryos, cells are
tightly organized and their shapes are highly ordered,
such that the entire lateral epidermal cell sheet presents
a smooth front as it advances over the dorsal surface of
the embryo (Fig. 4A,B). The maintenance of the integrity
and the organization of the leading edge appears to en-
sure the proper alignment of each flank of the lateral
epidermis so that they can contact and fuse along the
dorsal midline (Fig. 4B).

Embryos homozygous for severe (embryonic lethal) zip
alleles have a nearly normal distribution of myosin early
in dorsal closure that becomes aberrant by later stages of
dorsal closure. At the beginning of dorsal closure, the
wild type distribution of myosin, with specific subcellu-
lar localization at the leading edge, is maintained in ho-
mozygous zip embryos but at much reduced levels (Fig.
5). zip"™*1%7 homozygous embryos (which appear to be
null or near null, on the basis of protein levels revealed
on immunoblots, see Fig. 1) have virtually no zygotically
encoded myosin; therefore, we assume that the great ma-
jority of myosin present in zip embryos at this time is
maternally contributed, wild-type myosin that perdures
into the early stages of dorsal closure. In contrast, by late
dorsal closure stages, nonmuscle myosin is improperly
localized in or absent from, the leading edge in an allele
dependent fashion. In zip™#¢°!® mutant embryos, the
specific accumulation of myosin at the leading edge is
completely abolished; however, as in wild type embryos,
we still observe diffuse myosin (presumably the trun-
cated form) in the cytoplasm of cells of the leading edge
that is more abundant than in other cells of the lateral
epidermis (Fig. 6A, B). In zip"#%” mutant embryos, both
the myosin accumulation at the leading edge and the
diffuse cytoplasmic myosin staining in cells of the lead-
ing edge are absent during late dorsal closure stages (data
not shown). Generally, zip™hc<?3 embryos complete
more of dorsal closure than do zip"™?%” embryos, which
has a phenotype comparable with that observed for
Df(2R)ES1/Df(2R)IIX62 {overlapping deficiencies that
completely remove and break in the myosin gene, re-
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Figure 2. Morphogenesis during dorsal closure re-
quires movement of lateral epidermal sheets. (A) A
confocal fluorescent micrograph of a whole-mount
wild-type Drosophila embryo, fixed and stained with
anti-spectrin antiserum. The spectrin labeling pro-
vides a marker for cell boundaries and establishes the
pattern of cell shape changes during dorsal closure.
The stage of this embryo is roughly comparable with
the diagram in B. (B, B’) Sketches of wild-type Droso-
phila embryos at two stages during dorsal closure. (C,
C') Magnified sketch of the cells at the earlier and
later dorsal closure stages, respectively, based on the
scanning confocal micrographs shown in Fig. 8. (D,
D’) Magnified view of the apical end of one cell of the
lateral epidermis with a schematic of how myosin
thick filaments and actin filaments might be ar-

ranged to drive apical constriction during dorsal clo-
sure. The junctions shown indicate that the cells at
the leading edge are mechanically linked and are not
meant to indicate specific molecular or morphologi-
cal features of the interconnections between cells. B
was produced and generously provided by V. Harten-
stein, University of California, Los Angeles; B’ was
modified from another of his drawings. B-D' were all
generated using Adobe Illustrator software on a Mac-
Intosh IIfx computer. For all panels, anterior is to the
left; dorsal is to the top. (as) Amnioserosa; (le) leading
edge of the lateral epidermis; (lat) lateral epidermis;

myosin
based

(my) myosin thick filaments; (act} actin-containing
thin filaments. Hash marks on actin filament indi-
cate sites at which the polarity of the filament must
change to interact with the myosin filaments dia-
gramed. Arrows in B indicate the relative movement
of the lateral epidermis during dorsal closure. Bar, 25
pm (A).

spectively), and to zip'P?® (which genetically and pro-
tein-wise is null or null-like; Lindsley and Zimm 1992;
see Fig. 1). However, the extent of dorsal closure is vari-
able in mutant embryos of both alleles (e.g., compare the
extent of dorsal closure in the embryos in Figs. 4 C,D and
6C).

By the time homozygous zip mutant embryos arrest
during late dorsal closure stages, the leading edge is dra-
matically disorganized, the lateral epidermis is not fused
along the dorsal midline, and the amnioserosa remains
exposed. The cell sheets are convoluted, buckled, and
thrown up into folds that pass in and out of the image
plane. This is particularly noticeable in the region occu-
pied by the amnioserosa (Fig. 4C, D, arrowheads). More-
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contraction

over, individual cells of the leading edge are in disarray,
irregularly shaped, and splayed apart {Fig. 4C, D, arrows).

To understand better the mechanism by which myo-
sin might function in dorsal closure, we also examined
the distribution of actin in wild type and homozygous
zip embryos (Fig. 7). In wild-type embryos, actin and my-
osin colocalize: actin is present at a low level throughout
the cytoplasm but is more concentrated at the leading
edge of the lateral epidermis {Fig. 7A). The distribution of
actin in homozygous zip embryos is indistinguishable
from wild type (Fig. 7B). Together, these observations are
consistent with dorsal closure being driven by an acto-
myosin contractile apparatus and the fact that the failure
of dorsal closure in zip homozygotes is due specifically
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to the absence of myosin. The normal distribution of
actin in zip homozygotes suggests that the overall struc-
ture of the cytoskeleton and the cell itself is not per-
turbed.

The dynamics of cell shape changes during
dorsal closure

Our analysis of cell morphology during dorsal closure
has focused on the cells of the leading edge, particularly
at later stages of dorsal closure. It is in these cells and at
these times of dorsal closure that there is an unambigu-
ous, aberrant cell shape phenotype associated with zip
homozygous mutant embryos. However, we have also
documented the morphology of cells throughout dorsal
closure in an attempt to understand and model this com-
plex cell sheet movement.

During dorsal closure, the cells of the lateral epidermis
undergo a dramatic cell shape change as the entire epi-
dermal cell sheet thins out to spread over the amniose-
rosa. After germ-band retraction in normal embryos, all
cells that comprise the ventral and lateral epidermis are
polygonal in shape (not shown). At the beginning of dor-
sal closure, the cells of the leading edge are somewhat
more elongated than those located more ventrally (Fig.
8A). As dorsal closure proceeds, more and more cells
throughout the epidermis are elongated (Fig. 8B, C). Cells
that are positioned adjacent to the leading edge appear to
change shape before cells that are located more ventrally
(Fig. 8B). As dorsal closure progresses, there is a reduc-
tion in the surface area of the amnioserosa visible in
whole-mount embryo preparations, because the lateral
epidermis moves over the amnioserosa as it shifts dor-
sally. Dorsal closure is complete when the apposing
flanks of the lateral epidermis fuse along the dorsal mid-
line.

This change in epidermal cell shape is sufficient to
account for the spreading of the lateral epithelia over the
region occupied by the amnioserosa. We measured the
average dimensions of cells in embryos stained with an-

Figure 3. Myosin is at the leading edge of the lateral epithe-
lium during dorsal closure. Confocal fluorescent micrographs of
whole-mount, wild-type embryos, fixed and stained with anti-
nonmuscle myosin antiserum show a general increase in the
amount of myosin in cells of the leading edge and a specific
targeting of myosin to the leading edge. {A) An embryo in the
early stages of dorsal closure. (B) Higher magnification view of
a similarly staged embryo. (C) Dorsal view of an embryo fixed
and stained for myosin during later stages of dorsal closure. In
all panels, note the increased level of diffuse nonmuscle myosin
in the cytoplasm of cells of the leading edge (arrowheads), as
well as the specific accumulation of myosin at the leading edge
in these same cells {arrows). Note how in C the accumulation of
myosin in each cell of the leading edge forms a continuous purse
string of staining that defines the leading edge of the dorsal
epidermis and surrounds the amnioserosa over which it is clos-
ing. {as) Amnioserosa. Bar, 25 um (4, C); 10pm (B).
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Figure 4. Cell shapes are perturbed in myosin mutants. Abnormal cell shapes in myosin mutants are shown in confocal fluorescent
micrographs of whole-mount embryos, fixed and stained with anti-spectrin antiserum. (A, B) Wild-type embryos; (C, D) homozygous
zip™he-cl3 embryos. Identification of mutant embryos was by the absence of B-galactosidase, produced by a transgenic construct
present on the wild-type balancer chromosome. Note the smoothness and organization of the leading edge in wild-type embryos (A).
In B, dorsal closure is complete, and the lateral epidermis on both sides of the embryo has fused along the dorsal midline. In
homozygous zip embryos, the shapes of cells in the leading edge are aberrant and the organization of the leading edge is obliterated
(C, D). Dark patches in the confocal image (arrowheads) in C and D, particularly in the region of the amnioserosa, indicate regions of
the embryo that pass in and out of the optical plane of section. Arrows indicate ends of cells that are splayed apart. Bar in D, 25 wm

(for A=D).

tispectrin at two stages during dorsal closure. At the be-
ginning of dorsal closure the cells of the lateral epidermis
are close to isodiametric (the ratio of cell diameters mea-
sured along the dorsal-ventral axis of the embryo divided
by cell diameters measured along the anterior—posterior
axis of the embryois 1.5; n = 300 cells in three different
embryos). At this stage, the lateral epidermis covers ap-
proximately one-third to one-half of the circumference
of the embryo [measured at 50% egg length (see Fullilove
and Jacobson 1978), Figs. 33, 35—41). By the end of dorsal
closure, the cells are, on average, much longer than they
are wide (the ratio of diameters measured along the dor-
sal-ventral axis to the anterior—posterior axis of the em-
bryo is 5.2; n = 300 cells in three different embryos).
This change in cell dimension produces an epidermal
sheet large enough to completely surround the circum-
ference of the embryo.
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Although dorsal closure fails in homozygous zip mu-
tant embryos (which lack zygotically encoded wild-type
myosin) and the leading edge is characterized by im-
proper cell shape changes as documented above, cells of
the lateral epidermis appear to elongate in a manner
qualitatively similar to that observed in wild-type em-
bryos (see Fig. 4). We hypothesize that this cell elonga-
tion is powered by the maternal myosin that perdures
through early stages of dorsal closure and is visible at the
leading edge of the lateral epidermis even in homozygous
mutants (see Fig. 5). This is consistent with the fact that
some dorsal closure does occur, that is, there is some
dorsal displacement of the lateral epidermis over the am-
nioserosa in mutant embryos. By this hypothesis, dorsal
closure finally fails because mutant myosin, which is
zygotically encoded, fails to contribute sufficient myosin
function to drive dorsal closure to completion.
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Figure 5. Early in dorsal closure, the pattern of myosin stain-
ing in zip embryos is normal, albeit at reduced levels. Confocal
fluorescent micrographs of whole mount embryos fixed and
stained with anti-nonmuscle myosin antiserum. (A) Wild-type
embryo early in dorsal closure. Note that the pattern, which
shows increased levels of diffuse staining in the cells of the
leading edge and a specific targeting of myosin to the leading
edge, is comparable to those seen in Fig. 3. (B, C) Homozygous
zip™#e©13 embryo at a comparable stage in development. Be-
cause the overall level of myosin protein in the mutant homozy-
gotes is reduced severely, the gain used to generate B was in-
creased to allow analysis of the pattern of myosin staining. The
gain used to generate C is comparable to that used to generate A.
Although myosin staining is severely reduced in zip mutant
embryos at early stages of dorsal closure, the targeting of myo-
sin to the leading edge is qualitatively similar to that observed
in wild-type embryos. Bar in C, 25 pm (for A-C).

Discussion

Nonmuscle myosin is a recessive, lethal locus required
for Drosophila viability. We recover and characterize
mutations in the gene that encodes the nonmuscle my-
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osin heavy chain polypeptide and demonstrate that se-
vere alleles die as embryos. We show that these muta-
tions fail to complement the previously described but
molecularly uncharacterized zip mutations (Nisslein-
Volhard et al. 1984; also see below). Immunoblot analy-
sis, DNA sequencing, and P-element-mediated rescues
with myosin ¢DNA and genomic constructs demon-
strate unambiguously that zip encodes the nonmuscle
myosin heavy chain. These data demonstrate that zip
does not encode a transmembrane protein as reported
previously (Zhao et al. 1988; see below). To better un-
derstand how myosin participates in morphogenesis, we
analyze cell shapes during dorsal closure and demon-
strate that they are defective in myosin mutants.

Figure 6. Late in dorsal closure, myosin is absent from the
leading edge in zip mutants. Confocal fluorescent micrographs
of a whole-mount, homozygous zip™°°? embryo double
stained for myosin (A,B) and spectrin (C). (A) Myosin is not
properly targeted to the leading edge of the lateral epidermis in
zip™heel-3 embryos. No discrete line of staining, comparable to
that documented in Figs. 3 or 5 is seen. As in Fig. 5, the gain has
been increased to evaluate the pattern. (B) Same embryo as in A,
with the gain comparable to that used in the generation of the
images shown in Fig. 3. It depicts a substantial, overall reduc-
tion in the level of myosin across the entire embryo that is
consistent with the low abundance of myosin seen in immuno-
blots of mutant embryos (see Fig. 1). (C} Same embryo shown in
B, viewed on a channel that reveals anti-spectrin staining. It is
provided for orientation. Bar in B, 25 pm (for A—C).

GENES & DEVELOPMENT 35


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 4, 2022 - Published by Cold Spring Harbor Laboratory Press

Young et al.

Figure 7. The distribution of actin during dorsal closure is the
same in wild-type and zip mutant embryos. Fluorescent confo-
cal micrographs of whole-mount embryos fixed and stained
with anti-actin demonstrate that the distribution of actin is
normal in zip homozygous embryos. (A) Actin is targeted to the
leading edge of the lateral epidermis in a wild-type embryo in a
manner comparable to that seen for myosin in previous figures.
{B) The distribution of actin in zip embryos is quantitatively and
qualitatively comparable to that seen in wild type, suggesting
that actin can be targeted to the leading edge in the absence of
myosin. The irregular shape of the exposed amnioserosa con-
firms aberrant dorsal closure in the zip mutant embryo. Bar in B,
25 pm.

Myosin powers cell sheet morphogenesis

The precise role of myosin in dorsal closure remains elu-
sive. This movement, specifically, and cell sheet mor-
phogenesis, generally, require a complex integration of
interactions among individual cells that are changing
shape. During dorsal closure, the epidermal cell sheet
spreads to encircle the embryo and close at the dorsal
midline. Individual cells change from polygonal to elon-
gate while maintaining the integrity of the cell sheet.
Low levels of myosin appear to be present in all cells;
therefore, myosin may contribute in a cell autonomous
fashion to the shape changes observed. However, the
most conspicuous accumulation of myosin is at the lead-
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ing edge of the dorsal epithelium, and the integrity of
this edge is obliterated in zip mutants at later stages of
dorsal closure. Clearly, our observations demonstrate
that myosin is at least required for the maintenance and
stabilization of cell shapes during dorsal closure. How-
ever, given the role of myosin as a chemomechanical
force producer in muscle, the colocalization of actin and
myosin at the leading edge, and the function of myosin
for cell shape change in cytokinesis, we speculate that
myosin plays an active role in producing force for cell
shape change during dorsal closure.

The tight correlation between myosin localization and
cell elongation during dorsal closure suggests a model by
which myosin contractility at the leading edge of the
lateral epidermis powers this cell sheet movement dur-
ing normal development. As dorsal closure begins, my-
osin is targeted to the leading edge of the lateral epider-
mis. This myosin can be maternally contributed: In
homozygous zip mutants that fail to accumulate appre-
ciable levels of zygotically encoded myosin, this early
pattern is still conspicuous. As dorsal closure proceeds,
cells elongate throughout the lateral epidermis, first the
dorsal-most cells and progressively more ventral ones. In
wild-type embryos, myosin staining at the leading edge
persists through to the end of dorsal closure, when the
lateral epidermis meets and fuses along the dorsal mid-
line. However, in homozygous zip mutant embryos, my-
osin is no longer present at the leading edge toward the
end of dorsal closure, the cells of the leading edge be-
come aberrant in shape, and dorsal closure fails.

The simplest model that accommodates these obser-
vations envisions myosin (and actin) in a mechanically
contiguous contractile band, or purse string composed of
a series of intracellular contractile rings or plates posi-
tioned at the leading edge of the lateral epidermis (dia-
gramed in Fig. 2; also see localization of myosin in Fig.
3C and of actin in Fig. 7). The mechanical integrity of the
epidermal sheet requires strong intercellular connec-
tions, mediated through cellular junctions and the extra-
cellular matrix. Because the amnioserosa and the tissue
beneath it defends its volume, shortening of this band—
mediated by actomyosin contractility—would serve to
draw the lateral epidermis toward the dorsal surface of
the embryo and thereby effect dorsal closure. The dorsal
movement of the lateral epithelia would be akin to the
movement of a velvet purse, drawn closed by a purse
string, over a billiard ball. In this manner, the function of
myosin during dorsal closure would parallel its function
during cytokinesis, where an intracellular purse string is
believed to power cell shape change. Moreover, this form
of sheet morphogenesis, driven by apical constriction of
individual epithelial cells, would be mechanistically
comparable with the cell shape changes that have been
proposed to underlie other cell sheet shape changes, for
example, neural tube formation in vertebrates (Burnside
1971) and gastrulation in fly (Young et al. 1991). The
main value of this model is that it makes specific pre-
dictions that are, in principle, readily testable. For exam-
ple, if correct, disruption of the integrity of the lateral
epidermis by microsurgery or laser ablation studies
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should have profound consequences on the progression
of dorsal closure in wild type embryos. In this model
shape change in a vast majority of the individual cells of
the lateral epithelium is passive, with force produced by
myosin contractility in cells at the leading edge. To un-
derstand in detail how myosin functions for these cell
shape changes, we require a precise understanding of
where force is generated and how it is transmitted.

Interestingly, embryogenesis appears to proceed nor-
mally in homozygous zip mutants until dorsal closure
stages. Movements such as cellularization and gastrula-
tion, for which some functional evidence (Kiehart et al.
1990} and good circumstantial evidence (Young et al.
1991} suggest an active role for myosin in cell shape
change, occur normally in the absence of zygotically en-
coded wild-type myosin. Such shape changes are likely
powered by the matemal myosin that perdures in these
embryos. Previously, we showed that unfertilized eggs
contain substantial amounts of myosin heavy chain
{Young et al. 1991). Immunoblots of homozygous zip em-
bryos are consistent with perdurance of maternal myosin
into dorsal closure stages. Moreover, the observations
that myosin accumulates to high levels in the cells of the
leading edge, and that defects in the morphology of the
leading edge characterize zip mutations, suggest that it is
in these cells that zygotically encoded myosin heavy
chain is first required.

Drosophila nonmuscle myosin and cytokinesis

Previous studies (Mabuchi and Okuno 1977; Kiehart et
al. 1982; De Lozanne and Spudich 1987; Knecht and
Loomis 1987; Karess et al. 1991} have unambiguously
demonstrated a role for myosin in cell shape changes
during cytokinesis in various organisms. However, we
have not observed obvious defects in cytokinesis in ho-
mozygous zip embryos. This result is not surprising, in
light of the maternal contribution of myosin to the egg
and the observation that most embryonic cell divisions
have been completed before dorsal closure (Hartenstein
and Campos-Ortega 1985; Technau and Campos-Ortega
1986; Foe 1989|. Clearly, maternal myosin stores may
permit cytokinesis to occur normally in the early em-
bryo. Cytokinetic defects may characterize zip mutants
in isolated groups of cells that undergo mitosis at later

Figure 8. Cell sheet morphogenesis is accompanied by changes
in cell shape. Confocal fluorescent micrographs of whole-
mount, wild-type embryos, fixed and stained with anti-spectrin
antiserum. (A—C) Optical, en face sections of different embryos,
fixed at progressively later times during dorsal closure; D a
more dorsal optical en face section of a different embryo, fixed
just before the completion of dorsal closure. Arrowheads indi-
cate elongated cells at the leading edge in A. The bracket in B
reveals the increasing extent of the zone of elongated cells. Ar-
rows indicate the smoothness of the leading edge of the advanc-
inglateral epidermis in C. (as} Amnioserosa. Bar in D, 25 um {for
A-D).
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stages, but we have not focussed on identifying such
events.

Interestingly, the terminal phenotype of mutations in
the myosin heavy chain and light chain is distinct. The
heavy chain, encoded by zip, and the regulatory light
chain, encoded by sqh (Karess et al. 1991; X.-J. Chang,
K.A. Edwards, R.F. Karess, S. Kulkarni, 1. Aguilera, and
D.P. Kiehart, unpubl.), are subunits of the same, native,
nonmuscle myosin isoform and coordinately function to
effect contractility. Whereas severe zip mutations fail at
embryonic dorsal closure stages, sgh? mutants complete
embryogenesis but arrest during third-instar larval stages
with defects in cytokinesis (Karess et al. 1991). The dif-
ferences observed in the terminal phenotypes of the sqgh?
and the zip alleles that we characterize here may be due
simply to the observation that the single, existing allele
of sgh, sgh’, is not null. Alternatively, different patterns
of myosin heavy chain and regulatory light chain tran-
scription, translation, and protein turnover may explain
these phenotypic differences. Moreover, it is possible
that homozygotes of weak zip alleles may have a pheno-
type of arrest comparable to sgh’ homozygotes.

Mpyosin is required for other developmental processes

Nonmuscle myosin is a conspicuous component of
Drosophila cells and tissues throughout development
(Fig. 1A; Kiehart et al. 1989, Young et al. 1991), where it
presumably plays a critical role in maintaining or chang-
ing cell shape. Preliminary immunofluorescent localiza-
tion data (not shown) confirm our suspicion that the dis-
tribution of this protein is widespread, as it is in verte-
brates (e.g., Korn and Hammer 1988; Kawamoto and
Adelstein 1991). Moreover, this myosin is required for
later development. Two weak zip alleles die after em-
bryo hatching, but before eclosion, and a single heat
shock rescues embryos (homozygous for severe zip al-
leles), transformed with an appropriate myosin heavy
chain cDNA construct {sec Results), to first instar larvae
that subsequently fail to molt without additional expres-
sion of wild-type myosin heavy chain.

Nonmuscle myosin is also localized in the Drosophila
embryonic nervous system (Young et al. 1991). Myosin
and actin are conspicuous components of nerve growth
cones from Drosophila (S.G. Mansfield and D.P. Kiehart,
unpubl.) and other species as well (Forscher and Smith
1988; Bridgman and Dailey 1989), and cytochalasins can
disrupt axon pathfinding in grasshopper embryos (Bent-
ley and Toroian-Raymond 1986; Miller et al. 1992). Ho-
mozygous zip™h¢c13 and zip™197/zip™he-c1-3 transhet-
erozygous embryos have defects in axon patterning (data
not shown) identical to the defects observed previously
for zip™197 and zip™’¢ mutant embryos (Coté et al.
1987; Zhao et al. 1988). Clearly, these data suggest that
myosin plays a role in growth cone motility and/or in
maintaining the epithelia on which the growth cones
migrate.

It is clear that imaginal disc morphogenesis, as during
dorsal closure, depends on cell shape changes (Condic et
al. 1991). Evidence from clonal analysis experiments
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shows that lesions in eye, wing, and abdominal tissue
occur in clonal patches that are homozygous for strong
zip alleles, demonstrating that nonmuscle myosin is re-
quired for imaginal development (D.P. Kiehart and P.E.
Young, unpubl.). In addition, recent experiments by J.
Fristrom and P. Gotwals {unpubl.), performed in collab-
oration with our laboratory, indicate that a previously
identified mutation, Enhancer of broad [E(br)] is also a
zip allele. The E(br) mutation was identified because of
its role in ecdysone-dependent disc morphogenesis (Got-
wals and Fristrom 1991), thereby providing additional
support for a function for nonmuscle myosin in imaginal
disc development.

unzipped

A previously published report claims to have cloned mo-
lecularly the DNA that encodes the zip locus (Zhao et al.
1988). The transcription unit that it assigns to zip is
adjacent, in the fly genome, to the transcription unit that
encodes the nonmuscle myosin heavy chain gene. But
the data are circumstantial, based on the pattern of ex-
pression of the cloned transcription unit and the ob-
served neurological phenotype. No defects in the tran-
scription, protein accumulation, or protein sequence of
this transmembrane protein have yet been identified in
zip mutants (S. C6té and J. Plante, pers. comm.). The
observed defects in the myosin heavy chain polypeptide
and our ability to rescue zip mutations with the wild-
type myosin cDNA prove that zip encodes myosin and
not the low-molecular-weight integral membrane pro-
tein described previously. To avoid confusion, we sug-
gest [and C6té and Jickle concur (pers. comm.}] that the
previously named zip protein, which is unrelated either
to the zip gene or to the myosin heavy chain that zip
encodes, should now be called unzipped, with uzi as an
appropriate abbreviation.

Myosin and cell shape change

Presumably, myosin participates in the morphogenic
movements of a wide range of species including verte-
brates by a mechanism that parallels its involvement in
dorsal closure. The cell sheet movements that we detail
in this paper are reminiscent, for example, of the process
of epiboly in teleost and avian development. Consistent
with this idea, early morphological studies (Betchaku
and Trinkaus 1978) document a distribution of microfil-
aments at the leading regions of cell sheets during epi-
boly that is similar to the accumulation of myosin that
we observe at the leading edge of the lateral epidermis.
Pharmacological studies {Trinkaus and Drake 1956;
Betchaku and Trinkaus 1978) using cytochalasin B and
EGTA prompted researchers to suggest that microfila-
ments and myosin, specifically, might be actively in-
volved in driving epiboly. The results of our mutational
analysis of myosin function in Drosophila lend credence
to such a hypothesis.

The similarity in the localization of myosin for cellu-
larization, gastrulation, and dorsal closure in Droso-
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phila, and the absolute requirement of myosin for cyto-
kinesis and dorsal closure lead us to speculate (1) that
cytokinesis is simply a specialized form of cell shape
change, and (2) that the three processes of cell shape
change depend on a single, underlying molecular mech-
anism for which myosin is the chemomechanical force
producer.

Materials and methods
Drosophila strains

Mutagenesis experiments were performed on a dp cn bw stock
recently isogenized for chromosome 2. Wild-type flies were of
the Canton-S strain. To verify the genotype of progeny of het-
erozygous parental crosses, the balancer chromosome was
marked with a B-galactosidase {B-gal) construct driven by a pro-
moter active during embryogenesis. Homozygous mutant em-
bryos lacked significant -gal staining compared with heterozy-
gotes or homozygous balancer siblings. The balanced deficiency
stocks, Df(2R)ES1, Df(2R)1IX62, and Df(2R)SB1, and the bal-
anced mutant stocks, zip1%7/CyO and zip'™®?¢/CyO were all
generous gifts of Serge Co6té (descriptions of these strains are in
Niisslein-Volhard et al. 1984; Coté et al. 1987).

Antibodies

Polyclonal antisera directed against Drosophila nonmuscle {cy-
toplasmic) myosin and Drosophila spectrin were described pre-
viously (Kiehart and Feghali 1986; Byers et al. 1987; Pesacreta et
al. 1989; Young et al. 1991). Antiserum directed against horse-
radish peroxidase was obtained commercially (Sigma; St. Louis,
MO). An antiserum directed against bacterial B-gal was the
generous gift of Robert Holmgren (Northwestern University,
Evanston, IL).

EMS mutagenesis

To generate mutations in the gene that encodes nonmuscle my-
osin heavy chain, we mutagenized dp cn bw flies with EMS by
standard methods (Lewis and Bascher 1968). To resolve germ-
line mosaics, we crossed mutagenized flies to a balancer stock
using a protocol that avoids recovering clusters that result from
the mutagenesis of premeiotic germ cells. To recover mutations
that map at or near the mhc-c locus, individual mutagenized
males were crossed to Df{2R)ES1 If/CyQ virgin females. Bal-
anced (dp cn bw/CyO) stocks of potential interest were recov-
ered from crosses that failed to give individuals of the genotype
dp cn bw/Df(2R)ES1 1f. We verified that Df(2R)ES1 removes
the mhc-c locus by quantitative Southern blot analysis. We
screened ~3000 mutagenized chromosomes, 1500 at 29°C, in an
attempt to recover temperature-sensitive mutations. Comple-
mentation analysis was by inter se crosses of all recovered al-
leles.

Molecular biological methods and Southern blot analysis

Molecular biological techniques were performed by standard
methods {Sambrook et al. 1989). EcoR1-digested genomic DNA
was resolved by agarose gel electrophoresis and blotted to Zeta-
Probe (Bio-Rad, Richmond, CA) by the method of Church and
Gilbert (1984). Fragments of interest were detected using a ra-
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diolabeled, full-length mhc-c cDNA probe (Kiehart et al. 1989;
Ketchum et al. 1990).

Immunoblots and sample preparation

Adult fly proteins were prepared for SDS-PAGE by homogeniz-
ing adults in phosphate-buffered saline [containing 0.05% sapo-
nin, 0.05% Triton X-100, 0.05% N-P-40 (~1 fly/5 pl buffer)];
and centrifuging the homogenate at 13,000g,,,,, for 2-3 min to
remove insoluble (see below) myosin and other debris. The su-
pernatant was mixed with an equal volume of 2X sample buffer
and electrophoresed and blotted by standard methods described
elsewhere (Kiehart and Feghali 1986; Young et al. 1991). Empir-
ically, we found that under those conditions little or no muscle
myosin was extracted and little or no nonmuscle myosin re-
mained in the insoluble pellet; thus, interference due to the
high concentration of muscle myosin ordinarily in the whole fly
protein samples was eliminated. Individual or small numbers of
embryos were homogenized directly in 1x sample buffer and
processed as described above. To evaluate relative levels of pro-
tein in sets of samples, blots were also stained with antispec-
trin. Even in zip mutants that completely lacked myosin, spec-
trin levels were essentially identical to those seen in controls.

Immunofluorescence

Antibody labeling and confocal microscopy of embryos were as
described previously (Young et al. 1991). Cell shape was ob-
served by immunofluorescent stains of embryos with antispec-
trin (Pesacreta et al. 1989; Schweisguth et al. 1990).

P-element-mediated rescue

A c¢DNA that includes the predominant (shorter) protein-coding
sequence of the Drosophila cytoplasmic myosin heavy chain
(Ketchum et al. 1990} was subcloned into the EcoRI site of the
pCaSpeR-heat shock vector (Capovilla et al. 1992). This vector
was constructed by V. Pirrotta and C. Thummel (electronic ref-
erence is Dros. Inf. Newsl. vol. 2, April 1991} and contains the
hsp70 promoter (from nucleotide —245 to the Xmnl site at
+207 in a gene at 87C1; see Ignolia et al. 1980) and 3’ untrans-
lated sequence from the hsp70 gene [excised as a 525-bp EcoRI-
Pst] fragment from pHT4 (Schneuwly et al. 1987) in a gene at
87A7] cloned into pCaSpeR (Pirrotta 1988). A full-length cDNA
and flanking vector DNA in pNB40 (Ketchum et al. 1990) was
subcloned into pUC19, Sacl was used to generate a 3’ overhang
protected end, unidirectional deletion by exonuclease III diges-
tion was used to generate a family of clones with different 5
ends, overhangs were trimmed with S1 nuclease and filled in
with Klenow fragment, and blunt ends were religated. Clones
were picked and their 5’ ends were sequenced. A clone that
included the EcoRI site and 4 nucleotides from pUC19 (GAAT-
TCGAGC), 5 myosin codons 5’ of the translation start ATG, the
entire myosin coding region, 188 bp of myosin 3’-untranslated
sequence up to a short stretch of poly(A), and 30 bp of pNB40
sequence to a cloning EcoRI site was subcloned into the EcoRI
site of the polylinker of the pCaSpeR-heat shock vector. Proper
orientation of the inserted DNA was determined by using re-
striction enzyme digests. The construct DNA was purified from
a large scale cesium chloride preparation as described by Sam-
brook et al. {1989). The DNA was resuspended in injection
buffer [5 mm KCl, 0.1 mm potassium phosphate [pH 7.8)] to a
final concentration of 0.5 mg/ml. The construct was trans-
formed into the germ line of w; delta 2-3 flies (Robertson et al.
1988) by standard methods (Ashburner 1989). One transformant
line was selected and used for rescue experiments.
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The structure of that portion of the fly genome that spans the
zip and uzi transcription units was gleaned from published re-
striction maps (Kiehart et al. 1989; Co6té et al. 1987), Southern
blots with appropriate zip and uzi probes (data not shown), and
a PCR experiment {described below). A molecular map of the
region appears in Figure 2 of C6té et al. (1987), which fails to
describe properly the location of the zip locus. Their location of
zip is the location of uzi. The 5’ end of the zip transcript is
located at coordinate —47 on the map of Coté et al. and extends
21 kb to beyond the —60 coordinate. Thus, the transcription
start for zip is ~10 kb from the start site of uzi, and the two
genes are transcribed in opposite directions.

A cosmid that includes the entire myosin (zip) transcription
unit in the vector pCoSpeP was recovered from a library con-
structed and kindly provided by John Tamkun (University of
California, Santa Cruz). The cosmid has an ~35-kb insert that
extends ~2 kb 5’ of the transcription start and 11.5 kb 3’ of the
poly(A} addition sites. We confirmed that this construct cannot
encode the uzi gene product using a PCR strategy. Primers in
the 5’ end of the uzi protein-coding region were based on uzi
sequence kindly provided by Serge Coté and failed to produce
PCR product when purified cosmid DNA was used as a tem-
plate. In contrast, myosin (zip) primers made product of the
expected size on the same cosmid template, and the uzi primers
made product on purified ES26 DNA, also kindly provided by
Serge Coté.
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