
Left–right asymmetry: class I myosins show the direction
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Myosins are actin-based molecular motors that are found in

almost all eukaryotes. Phylogenetic analysis allows the

discrimination of 37 different types of myosins, most with

unknown functions. Recent work in Drosophila has revealed a

crucial role for type ID unconventional myosin in left–right

asymmetry. Mutations in Myosin ID completely reverse the left–

right axis (situs inversus), a phenotype that is dependent on an

intact actin cytoskeleton. How this myosin might orient the left–

right axis has began to be elucidated by showing that it

interacts directly with b-catenin, suggesting that myosin ID

interacts with the adherens junction to control the direction of

organ looping. This is the first demonstration of a role of a

myosin in body patterning.
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Introduction
In Bilateria, the establishment of a left–right (L/R) axis is

essential for the organization and function of the brain

and viscera [1,2]. In contrast to the symmetrical shape of

the external body, the internal organs show complex

patterns of L/R asymmetry in their morphology and

position. Asymmetry arises during development follow-

ing three basic morphogenetic processes: first, unilateral

positioning — organs sit on one side relative to the

midline, e.g. heart or spleen; second, directional looping

— tubular organs (e.g. gut) coil in a stereotyped direction

(dextral or sinistral); and third, handed differentiation,

whereby bilateral organs, such as the brain and lungs,

differentiate distinct left and right parts.

Symmetry breaking is the primary and essential step

during L/R development. It takes place during embry-

ogenesis, after the two main axes (anterior–posterior and

dorsal–ventral) have been established [3��]. De novo asym-

metry is then communicated to the whole body through
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identified cascades of asymmetric expression of genes,

including the conserved nodal pathway [3��,4�,5]. How

L/R asymmetry arises and how it becomes oriented

relative to the two main axes are central issues. The

fundamental problem of symmetry breaking was concep-

tualized early by Brown and Wolpert [6], who proposed

that it could result from molecular chirality: they hypothe-

sized that a handed molecule capable of self-orientation

along the AP and DV axes could determine the L/R axis.

This hypothetical molecule, termed the ‘F-molecule’

(each branch of a three-dimensional F defining one axis;

see Figure 1), would be an L/R determinant, in other

words a molecule that can decide what is left and what is

right. Among other possibilities, it has been proposed that

molecular motors capable of moving along polarized

fibers could act as F-like molecules by moving unidir-

ectionally toward one side of the cell [7].

Various and elegant studies, mainly on vertebrate models,

have proposed macromolecular structures as symmetry-

breaking complexes [3��,4�]. In the mouse in particular,

recent papers have established that rotating cilia present

in the embryonic node generate a unidirectional fluid

flow, which can move and concentrate molecules and/or

vesicles asymmetrically in the node [8��–10��,11]. The

fluid flow model is well supported by the fact that muta-

tions in kinesin or dynein motors [12], which affect cilia

formation or movement, respectively, can lead to L/R

defects, as can experimental reversal of the nodal flow

[13]. The finding that cilia are tilted posteriorly, coupled

to their intrinsic chirality, makes them good candidates

for F-macromolecular structures determining the L/R

axis. Although cilia represent the earliest L/R patterning

event in mouse, symmetry-breaking was shown to take

place earlier than ciliary activity in Xenopus, fish and chick

[3��,4�], suggesting the existence of distinct mechanisms

to establish L/R asymmetry in vertebrates. More gener-

ally, whether vertebrates and other eukaryotes, including

invertebrates, share common L/R-determining mechan-

isms is an important question.

Recently, a type I Myosin has been identified as being

sufficient to orient the L/R axis in Drosophila [14��,15��].
This review will discuss this new role of myosin in

determining body handedness.

The Myosin I family is involved in L/R
determination in Drosophila
Unlike vertebrates, Drosophila does not have organs with

prominent unilateral positioning. For example, the heart

is a linear tube lining the dorsal midline. However, like

vertebrates, wild type flies have tubular organs showing
www.sciencedirect.com
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Figure 1

Schematic representation of the ‘F-molecule’ as originally proposed

by Brown and Wolpert [6]. Each branch of the molecule aligns with

one of the three body axes. Following alignment with A/P and D/V axes,

the F-molecule can orient the L/R axis because of its chirality. The

directional activity of molecular motors make them potential

F-molecules, provided they can orient according to A/P and D/V axes.

Figure 2

L/R markers in Drosophila and situs inversus phenotypes. L/R

asymmetries in Drosophila result mainly from directional coiling of

tubular organs, including the hindgut ‘hook’ in embryos (upper panel,

dorsal view) and the spermiduct loop in adults (lower panel, ventral view,

posterior up). Both phenotypic markers have a stereotyped, dextral

orientation (blue) in wild-type flies, which is reversed to sinistral (red) in

Myo31DF mutants. The looping of the spermiduct results from the

external rotation of the genital plate, to which it is attached.
invariant coiling, including the gut and the testis [15��].
Additionally, the posterior-most part of the adult abdo-

men, the genital plate, undergoes a precise 3608 clock-

wise (or dextral) rotation leading to the coiling of the

spermiduct around the gut (Figure 2) [14��].

Genetic screening using the gut and spermiduct as phe-

notypic markers allowed two independent studies to

identify Myo31DF as a situs inversus gene: the loss of

Myo31DF function leads to a complete reversal of the L/

R axis, with the gut, testis and spermiduct looping sinis-

trally rather than dextrally (Figure 2) [14��,15��]. These

data demonstrate the existence of a genetically controlled

L/R axis in Drosophila. They also provide the first evi-

dence that an actin-based molecular motor plays a central

role in orienting the L/R axis.

Using phylogenetic analysis of the motor domain, myo-

sins have been classified into 24 main classes, some of

them being found in very narrow species group (I to

XXIV) [16��]. Further classification using associated pro-

tein domains allows the distinction of 37 different myosin

types, whose evolutionary history has been determined

[17��].

Drosophila Myo31DF belongs to the Class I / Type 12

myosin family [17��]. This class is characterized by a basic

tail (TH1 domain) providing membrane-binding activity.

Interestingly, Class I myosins are one of the few myosin

classes (including TH1, MYTH4/FERM and SMC-DIL

domain-containing myosins) that were recently proposed
www.sciencedirect.com
to be present in the last common eukaryotic ancestor

(cenancestor) [17��], making Myosin I a possible ancestral

L/R determinant during eukaryote evolution.

Class I myosins can be subdivided into long-tailed and

short-tailed myosins. Long-tailed, ameboid-like myosins

I are found essentially in protist and fungi and have been

shown to control chemotaxis, pseudopod formation, actin

nucleation and membrane trafficking. In this review, we

will focus on short-tailed myosins in metazoa, which can

be further divided into eight subclasses (A–H) [18].

Drosophila has orthologs only for type IC and type ID

myosins, encoded by the Myo61F and Myo31DF genes,

respectively (Figure 3) [19,20]. Type ID myosins are

found in various species, from C. elegans to human, but

their function is poorly characterized and only Myr4, the

rat ortholog, was shown to be implicated in vesicular

recycling [21]. Like other members of the myosin super-

family, Myo31DF is made of three structural domains: a

head or motor domain, responsible for the generation of

movement through actin-binding and ATPase activity; a
Current Opinion in Cell Biology 2007, 19:82–87
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Figure 3

Myosins I in Drosophila. (a) The Human Myosin I class can be divided into eight subclasses (A to H) based on sequence phylogeny. Drosophila

has orthologs for only Myosin IC and Myosin ID, encoded by the myo61F and myo31DF genes, respectively. The cladogram was calculated

using the ClustalW program (default parameters). (b) Drosophila MyoID and MyoIC share a common, three-domain organisation: a head bearing

the ATP- and the actin-binding sites (grey), a neck (red) with IQ domains and a tail containing a basic TH1 domain (blue). The neck domain contains

a variable number of IQ motifs, two for MyoID versus three for MyoIC. The framed numbers indicate the scores calculated by the similarity matrix

of the ClustalW program using default parameters (matrix Gonnet 250): the head domain is highly conserved between homologues, whereas the

tail domain is more divergent.
neck domain, made of two IQ motifs that are likely to

bind regulatory light chains; and a short tail domain

(TH1) that is rich in basic amino acids (Figure 3). The

tail domain, which is highly variable among myosins, is

thought to provide functional specificity through selected

interactions with other partners (cargoes).

Spatial and temporal requirement for Myo ID
function
Genetic analysis of Myo31DF function reveals several

interesting features. First, null mutations in Myo31DF

are viable and fertile, with the only observed phenotypes

being the reversal of L/R asymmetric organs. This finding

suggests that Myo31DF has evolved into a specific L/R

myosin that serves to orient organs properly. Whether

such specialization is conserved among other organisms is

currently unknown. Second, Myo31DF function is

required within restricted regions of organ primordia
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and during a short period of time. The regions of

Myo31DF activity are termed L/R organizers because

they can direct the L/R development of the whole organ

they control. A first organizer has been mapped to the

hindgut and found to determine embryonic gut handed-

ness [15��]; a second organizer was identified in the A8

segment of the larval genital disc, the precursor of the

adult genitalia and spermiduct [14��]. Mosaic analysis in

A8 showed that Myo31DF function has different roles in

the anterior (A8a) and posterior (A8p) compartments.

Myo31DF is essential in A8p to direct dextral develop-

ment, while repressing sinistral development in A8a. This

dual function is highly restricted temporally, as shown by

temperature-shift experiments using a thermosensitive

Myo31DF function; indeed, as little as three hours of

Myo31DF function (compared to the 11 days of Droso-
phila development) are sufficient to orient the L/R axis

properly [14��].
www.sciencedirect.com
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Importantly, Myo31DF is expressed symmetrically in the

genitalia L/R organizer and its overexpression in the

whole A8 segment does not affect L/R asymmetry. This

feature, together with the spatial and temporal restriction

of Myo31DF function, is expected of a determinant that

must have the intrinsic ability to initiate asymmetric

development from a symmetric state.

Actin in left–right asymmetry
The finding of Myo31DF as a L/R determinant suggests

that the actin cytoskeleton plays a role in the process. The

importance of actin during Drosophila L/R development

has been investigated through indirect disorganisation of

the actin network and genetic interactions.

Tissue-specific expression of dominant-negative forms of

either small GTPases (Rho, Rac, Cdc42) or members of

the JNK pathway, both regulators of the actin cytoske-

leton, led to L/R defects both in the embryonic hindgut

and during genitalia circumrotation [14��,15��]. Remov-

ing one copy of Myo31DF strongly enhanced the phe-

notype of either Drac1N17 or DJNKDN expression in

the genitalia organizer. Furthermore, overexpression of

moesin-GFP, an actin-binding protein, resulted in rando-

mization of hindgut handedness. Interestingly, the time-

frame requirements for Myo31DF function and moesin-

GFP overexpression overlap, indicating a synchronous

requirement for both Myo31DF and an intact actin

cytoskeleton. Altogether, these data strongly suggest that

normal actin organisation is essential for the development

of L/R asymmetry in Drosophila.

The requirement for an actin network to allow L/R

development is reminiscent of what is observed in

another invertebrate, the freshwater snail Lymnea. The

direction of shell coiling is highly stereotyped with most

species showing dextral coiling [22]. Recent work showed

that Lymnea snails require a proper actin cytoskeleton to

undergo normal spiral cleavage in early embryos, which

prefigures the direction of shell coiling [23]. Using latrun-

culin A or B to depolymerize actin, the authors have

shown that a proper actin network is required for the

correct dextral, helical positioning of micromeres at the

eight-cell stage. Interestingly, depolymerization of micro-

tubules using nocodazole treatment did not affect chir-

ality of embryos, suggesting that the actin cytoskeleton,

but not microtubules, plays a specific role in L/R asym-

metry in snails.

In conclusion, the actin cytoskeleton appears to play a

central role in L/R development in invertebrates, while in

vertebrates, the microtubules (the major constituent of

nodal cilia) seem to represent the main cytoskeleton

network onto which asymmetry is set up. Whether the

use of different cytoskeletons (actin versus microtubules)

and their associated motors (myosins and kinesins) would

represent a dichotomy between protostomes and deuter-
www.sciencedirect.com
ostomes to establish L/R asymmetry remains to be further

investigated. In relation to this question, it is interesting

to note that myosin and kinesin motors share a common

origin [24,25].

Other Myo ID partners in L/R asymmetry:
adherens junction, trafficking and calcium
One way to assess the functional role of myosins is to

identify the direct partners, including cargoes, to which

they bind through their tail domain. Previously, no Myo

ID cargo had been identified, but recently a two-hybrid

approach has been used to isolate several potential

Myo31DF partners, including Armadillo (Arm), the Dro-
sophila homolog of b-catenin, which links the actin cytos-

keleton to the adherens junction [26]. Arm was shown

using a GST pull-down assay to interact directly with

Myo31DF in vitro. In addition, Myo31DF and Arm co-

localize to the adherens junction in the genitalia L/R

organizer, strongly suggesting that both proteins interact

in vivo to orient the L/R axis [14��]. This apico-basal

interaction could provide a way to orient Myo31DF

perpendicular to the AP axis, along which Myo31DF

function is polarized by way of compartmental-specific

activity. A model has been proposed in which transient

and oriented transport of cargoes to the adherens junction

bias cell junctions to promote directional cell intercalation

and/or sliding of genitalia cells, thus initiating dextral

rotation of genital plate precursor tissues [14��]. Another

myosin (myosin II) has already been shown to be able to

control the pattern of junctions and to drive cell inter-

calation during embryonic development [27]. Interest-

ingly, asymmetric development of the gut is accompanied

by cell intercalation [15��], but whether cell intercalation

is reversed in Myo31DF mutants and whether gut looping

requires Arm remains to be demonstrated.

The interaction between Myo31DF and Arm is reminis-

cent of the interaction found between vertebrate inversin

and b-catenin [28]. Inversin, an ankyrin-repeat containing

protein whose function remains poorly understood, is the

only known situs inversus gene in vertebrates, and thus

could be considered as equivalent to Myo31DF [29,30].

(We are distinguishing genes whose mutation leads to

100% situs inversus from those leading to situs ambigus

[randomization], i.e. mutations that can lead to a mix of

situs solitus, situs inversus, heterotaxia and isomerism.) It

is therefore tempting to suggest that both vertebrate and

invertebrate situs inversus genes initiate L/R develop-

ment through the adherens junction.

Another feature shared by Inversin and Myo31DF is

the presence of two IQ domains [31]. The Myo ID IQ

motifs are essential, since a neck-truncated form is not

able to rescue the mutant phenotype [14��]. IQ domains

can associate with regulatory light chains including cal-

modulin, making IQ-containing proteins potentially sen-

sitive to calcium. Inversin has been shown to bind
Current Opinion in Cell Biology 2007, 19:82–87
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Figure 4

Myosin ID is an essential L/R determinant in Drosophila. Molecular

genetic data suggest a number of MyoID interactions with the adherens

junction, trafficking, calcium and the other Drosophila Myosin I, Myo61F.

See text for details.
calmodulin [31–33], and recent studies have implicated

calcium signalling during early vertebrate L/R develop-

ment [34,35]. It will be important to determine if

Myo31DF responds to calcium to establish L/R asym-

metry in flies.

Recent work in the mouse found a link between vesicles

and L/R patterning. It showed that Hedgehog and reti-

noic-acid-containing vesicles called nodal vesicle parcels

(NVPs) are present in the node and transported in the

flow generated by cilia [10��]. Several myosins have been

shown to transport vesicles [36], and, as mentioned pre-

viously, the MyoID rat homolog Myr4 participates in the

recycling of the human Tranferrin receptor in MDCK

cells [21]. Interestingly, expression of a dominant nega-

tive form of the Drosophila dynamin homolog, Shibire,

leads to genitalia rotation defects, which are aggravated

when one copy of the Myo31DF gene is removed [14��].
Thus, a possibility is that like in vertebrates, L/R factors

are transported into vesicles to determine Drosophila
asymmetry, potentially involving Myo31DF.

Two L/R myosins I?
Data have clearly established a role for Myo31DF in L/R

asymmetry, in particular in driving normal (i.e. dextral)

development of looping organs. Interestingly, the study

by Hozumi et al. [15��] provided some preliminary evi-

dence showing that another closely related myosin,

MyoIC/Myo61F, could play a role in L/R asymmetry.

Experiments show that the overexpression of wild-type

Myo61F in the embryonic hindgut and midgut leads to a

full reversal of the handedness of both tissues, as is

observed in MyoID mutants [15��]. This result suggests

that Myo61F could have an antagonistic function over

Myo31DF. Whether such an antagonism takes place

normally during development remains to be established

using Myo61F null mutants, which are not yet available.

However, targeted expression of a Myo61F RNAi leads to

few L/R defects, suggesting that Myo61F plays a role in

gut asymmetry [15��].

MyoIC and MyoID proteins are very similar, displaying a

highly conserved head and a short and basic tail

(Figure 3). MyoIC has three IQ motifs in the neck

domain, versus two for MyoID. One forthcoming chal-

lenge will be to understand not only the roles of MyoIC

and MyoID, but also the molecular basis of the apparent

antagonism between them to understand how two related

class I myosins could control body patterning.

Conclusions
The study of reversed organ torsion in Drosophila mutants

has allowed the discovery of a dextral determinant

with actin-based motor activity (Figure 4). It emphasizes

that actin is likely to play a central role in invertebrate

L/R asymmetry, contrasting with the importance of the

microtubule cytoskeleton in vertebrates. MyoID spatial
Current Opinion in Cell Biology 2007, 19:82–87
organization along main axes and its intrinsic chirality

towards actin filaments make it a good candidate for the

F-molecule in Drosophila. Future studies will have to

decipher the molecular and cellular mechanisms under-

lying L/R asymmetry in Drosophila, as well as to address

their possible generalisation to other organisms.
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