
The mechanisms that drive chromo-
some segregation and spindle forma-
tion have fascinated cell biologists for

well over 100 years. In the ‘textbook’ view of
animal-cell mitosis, chromosome segrega-
tion is mediated by astral spindles with
microtubule-organizing centrosomes at the
poles. Such astral division is typical of
somatic cells and male meiosis. However,
nineteenth- and early-twentieth-century
cytologists described anastral meiotic
spindles in a remarkable variety of oocyte
systems1, and it is now clear that many
female meiotic cells lack conventional cen-
trosomes. In these systems, chromatin is
critical in organizing microtubules into
anastral-spindle arrays. Chromatin-driven
assembly of anastral spindles has been
extensively studied in mitotic extracts, and
these studies have identified a number of
microtubule motors and associated pro-
teins that are important to in vitro assembly
of spindles in the absence of centrosomes2.
The relevance of these findings to chro-
matin-driven assembly of the female meiot-
ic spindle has not yet been demonstrated.
Data from Cullen and Ohkura in this issue
(p. 637) provide evidence that two con-
served microtubule-associated proteins
(MAPs), D-TACC and Msps, cooperate
with the minus-end-directed microtubule
motor Ncd to promote assembly of
anastral-meiotic spindles in Drosophila
oocytes3. In an accompanying paper by Raff
and colleagues (p. 643), D-TACC and Msps
are shown to interact and to have important
functions during astral mitotic division4.
These observations provide new insight
into the molecular machinery that drives

meiotic anastral-spindle assembly and indi-
cate that a spindle-stabilizing function that
is independent of microtubule nucleation
may be shared by both astral- and anastral-
spindle poles.

In the fruitfly Drosophila melanogaster,
cytological techniques and systematic
genetic screens have been applied to female
meiotic-chromosome segregation5. During
the first meiotic division, Drosophila
females lack asters or centrosomes, and a
highly tapered anastral meiotic spindle is
organized around the meiotic chromo-
somes. Genetic and cytological studies
highlight the importance of Ncd, a kinesin
superfamily protein, in the assembly and
function of this anastral spindle. Complete
loss of ncd function leads to essentially ran-

dom chromosome segregation during the
first female meiotic division and highly
variable anastral spindle morphology in
vivo6,7. Time-lapse analyses showed that this
cytological variability reflects spindle insta-
bility. In the absence of Ncd, the formation
of bipolar microtubule arrays is slowed, and
individual spindles cycle between relatively
normal bipolar organization and grossly
abnormal multi-polar and apolar arrays8.
These observations support a model in
which Ncd assists in bundling and stabiliz-
ing microtubules in the anastral-spindle
poles.

Because bipolar spindles are able to form
in the absence of Ncd, other factors must
drive assembly of the anastral-spindle pole
in ncd-null oocytes. Cullen and Ohkura
have now defined two conserved micro-
tubule-associated proteins that appear to
cooperate with Ncd during the formation
of anastral-spindle pole. The Drosophila
Mini-spindles (msps) gene encodes a mem-
ber of the XMAP215/dis1/TOG family of
MAPs9,10. Msps localizes to centrosomes
and is required for mitotic-spindle function
during larval development10. Vertebrate
members of this MAP family stabilize
microtubules and seem to antagonize the
XKCM kinesin superfamily member to
control microtubule dynamics in vitro11.
Cullen and Ohkura show that Msps inter-
acts with a second conserved microtubule-
associated protein, known as Drosophila
transforming acidic coiled-coil (D-TACC)12,
and that both proteins co-localize to a novel
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TACCing down the 
spindle poles

William E. Theurkauf

Centrosomes define the poles of mitotic spindles, but spindles that
lack centrosomes mediate meiotic chromosome segregation in
females. Recent studies provide new insight into anastral-spindle
assembly, and indicate that a conserved protein complex may be 
critical to the stability of both the astral- and anastral-spindle pole.
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structure at the anastral-spindle poles.
Microtubule organization provides no evi-
dence for a distinct structure at the poles8,13,
but Msps and D-TACC co-localize in dis-
crete centrosome-like bodies at the ends of
these spindles. These structures do not
appear to organize or nucleate micro-
tubules, but may stabilize the spindle poles.

Consistent with a stabilizing function for
Msps and D-TACC, msps- and d-tacc-
mutant oocytes often contain tripolar mei-
otic spindles. Furthermore, d-tacc mutations
block Msps localization to the centrosome-
like structures at the tips of the anastral-
spindle poles. Mutations in msps have a less
severe effect on D-TACC localization, sug-
gesting that D-TACC can associate with the
spindle poles in the absence of Msps. In
msps mutants, however, the presence of
D-TACC is not sufficient to promote com-
pletely normal bipolar-spindle formation.
The D-TACC–Msps complex thus seems to
be critical for efficient spindle-pole forma-
tion or stability. The variable spindle
defects observed in d-tacc and msps
mutants are highly reminiscent of the cyto-
logical variability observed in the absence
of Ncd, and indeed, Ncd is required to
recruit Msps to the anastral-spindle poles3.
Ncd broadly localizes to the anastral-spin-

dle microtubules, and does not associate
with the polar structure containing Msps
and D-TACC. These observations suggest a
model in which Ncd transports Msps to the
poles, where Msps associates with D-TACC
to form a fully functional stabilizing struc-
ture (Fig. 1). As D-TACC associates with
spindle poles in ncd and msps mutants, this
protein may provide the partially redun-
dant spindle-stabilizing function inferred
from analysis of ncd-null mutations.

Does this motor–MAP complex provide
a similar function during astral-spindle
assembly? Null mutations in ncd are viable
and do not lead to severe mitotic defects, so
this component seems to be specific to the
anastral-spindle assembly pathway or may
provide a redundant function during mito-
sis. Strong alleles of msps are lethal, howev-
er, and lead to severe mitotic defects,
including multipolar and completely disor-
ganized spindles, in somatic cells10.
Although lethal alleles of d-tacc have not
been identified, none of the existing alleles
are functionally null; complete loss of d-
tacc function could prove to disrupt mitosis
in somatic cells. Consistent with this specu-
lation, existing strong alleles of d-tacc allow
development to the adult stage, but the
resulting homozygous females produce

eggs that do not hatch and that show
mitotic defects that include spindles with
broad poles and a reduced number of
astral microtubules. Furthermore, Lee et
al. showed that D-TACC and Msps form a
complex in mitotic cells, and that D-TACC
is required to recruit normal amounts of
Msps to conventional centrosomes at the
poles of astral spindles4. These authors
also found that the mammalian homo-
logues of D-TACC and Msps (TACC3 and
ch-Tog) co-localize to the centrosome
and co-immunoprecipitate. D-TACC and
Msps thus seem to form an evolutionarily
conserved complex with important func-
tions during astral- and anastral-spindle
assembly.

The precise role of the D-TACC–Msps
complex during mitosis remains obscure.
Many of the mitotic spindles in d-tacc
mutant embryos have reduced astral
microtubules and seem shorter than wild-
type controls, and overexpression of D-
TACC leads to an increase in both astral
microtubules and Msps localization to the
spindle. These observations indicate that
the D-TACC–Msps complex stabilizes
microtubules during mitosis4. This hypoth-
esis is consistent with in vitro studies, indi-
cating that the Xenopus homologue of
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Growth factors such as fibroblast-growth factor (FGF) or trans-
forming-growth factor-β act during vertebrate embryogenesis to
control cell growth, differentiation and morphogenesis. Cell
movements and rearrangements continually occur during the
complex reorganization of the developing embryo — for exam-
ple convergent extension in a Xenopus laevis embryo leads to
polarization of the mesoderm and intercalation of the mesoder-
mal cells to elongate the embryo along the anterior–posterior
axis. The FGF pathway is probably involved in this process,
together with other pathways such as Wnt signalling, as blocking
FGF signalling leads to a truncated anterior–posterior axis in the
developing embryo.

In another model organism, Drosophila melanogaster,
Sprouty, a membrane-anchored general inhibitor of receptor
tyrosine kinases, inhibits the FGF-signalling pathway. This is an
interesting connection as FGF signalling also acts to increase
Sprouty expression. Nutt and colleagues have now cloned a
Xenopus Sprouty homologue, Xsprouty2 (Xspry2) (Genes Dev.,
15, 1152–1166; 2001) which is expressed in embryos in a similar
pattern to FGF. From overexpressing an Xsprouty2 construct, it
appears that Xsprouty2 is also involved in axis formation during
development, as overexpression of Xsprouty2 in Xenopus
embryos leads to a shortened anterior–posterior axis (see pic-
ture). In particular, overexpression of Xsprouty2 inhibits conver-
gent extension. Nutt and co-workers found that overexpression
of Xsprouty2 inhibits the release of calcium from intracellular
stores in a way that depends on the FGF receptor.

The role of calcium in convergent extension is poorly under-
stood, but Wallingford et al. (Curr. Biol., 11, 652–661; 2001) have
recently shown that these morphogenetic changes are accompa-

nied by marked alterations in calcium dynamics. As cells under-
go convergent extension in Xenopus explants, there are waves of
calcium mobilization from internal stores. These waves lead to
contraction of the embryo and are essential for development, as
depletion of the calcium stores inhibits convergent extension.

Both papers offer insight into how cell intercalation and
movement might be involved in development. Calcium waves
could be a common mechanism by which organisms control
large cell movements. Although we do not yet fully understand
how these movements are regulated, the cloning of Xsprouty2
and the link between this and calcium release indicates that
thoughts on the process are extending as well as converging.

SARAH GREAVES

Converging on extension

ENRIQUE AMAYA



Msps, XMAP215, is a microtubule-stabiliz-
ing factor11. However, about 25% of the
spindles in d-tacc mutants appear normal,
and the effects of d-tacc and msps mutations
on microtubule dynamics have not been
determined4. As d-tacc and msps mutations
do not affect meiotic-spindle length, these
proteins may not have marked effects on
microtubule dynamics, at least in the
oocyte3. The function of the D-
TACC–Msps complex in regulating micro-
tubule dynamics in vivo thus remains to be
determined.

The high frequency of multi-polar spin-
dles in oocytes of d-tacc mutants and in
meiotic and mitotic cells of msps mutants
indicate, however, that this complex has a

general role in maintaining spindle integri-
ty. D-TACC and Msps, therefore, seem to
define a conserved complex, localized to
centrosomes and related structures, that is
critical for the stabilization of both astral-
and anastral-spindle poles. Identification
of these key components, with the power-
ful genetic and genomic tools currently
available for Drosophila, should allow
mechanistic dissection of the formation
and stabilization of astral- and anastral-
spindle poles.
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Tyrosine kinase receptors dimerize after
binding their ligands and transphos-
phorylate selected tyrosines of the

cytoplasmic domain, generating docking
sites for intracellular signal transducers.
Different transducers are recruited and
activated depending on the sequence of the
amino acids flanking the tyrosines in the
receptor-docking sites1. There is a spectrum
of intracellular signalling pathways, includ-
ing those driven by the small GTPase Ras,
the lipid kinase phosphatidylinositol-3-OH
kinase (PI(3)K), the phospholipase Cγ
(PLC-γ) and the cytoplasmic tyrosine
kinase Src. Tyrosine kinase receptors can
even target to the nucleus—by phosphory-
lation—cytoplasmic transcriptional factors
such as STATs (signal transducers and acti-
vators of transcription)2. It is an open ques-
tion whether a given biological response is
induced by the activation of specific path-
ways, or whether quantitative differences in
generic signalling output are sufficient.
Much experimental evidence, obtained in
vitro, favours this hypothesis. For example,
different PDGF receptor mutants capable of

binding only individual effectors induce
similar transcriptional responses, suggest-
ing extensive crosstalk between pathways
distal to the receptor3. However, the best
model to challenge the existence of sig-
nalling specificity would be to activate or
inactivate specific pathways in vivo, and to
use the resulting phenotype as a read-out
for the requirement of each one in specific
cellular functions.

Maina et al. report this kind of experi-
ment in the June issue of Molecular Cell4.
They introduced mutations in the mouse
genome that affect the amino acid sequence
of the docking site of the Met tyrosine
kinase, the receptor for HGF (hepatocyte
growth factor). With the use of a previous
technique5, specificity-switch mutants were
generated, encoding a Met receptor in
which the original docking site was con-
verted to the optimal binding site for
PI(3)K or for Src. These mutants are other-
wise fully functional but selectively activate
only one of the two pathways. In spite of the
physiological tyrosine kinase activity and
despite the normal phosphorylation of a

receptor-associated signal amplifier, such as
Gab-1, the mutants were loss-of-function
and displayed different phenotypes. This is
good news for those who believe that, to
awaken the specific biological response, it is
not enough to raise the threshold of a
‘generic’ signal.

In vivo, the Met receptor triggers a
unique biological program leading to
‘invasive growth’. This phenotype results
from the integration of apparently inde-
pendent biological responses to HGF,
including not only proliferation but, above
all, cell dissociation, survival, motility,
invasion of surrounding extracellular
matrices, proliferation and the induction
of cell polarity. Under physiological condi-
tions, the coordinated accomplishment of
these genetic programs leads to the forma-
tion of epithelial tubular structures (the
so-called ‘branched morphogenesis’),
myoblast migration and neurite branch-
ing. Deregulated activation of the Met
driven ‘invasive-growth’ program confers
unrestricted proliferation, invasive and
metastatic properties on cancer cells (for
reviews see refs 6, 7). Met is the prototype
of a family of tyrosine kinases including the
receptors encoded by the oncogenes RON
and SEA. The three receptors feature
unique signal transduction properties
because their cytoplasmic tails contain a
conserved two-tyrosine multifunctional
docking site that binds and activates multi-
ple SH2-containing intracellular signal
transducers8. During development, the
coordinated control of ‘invasive growth’ by
the HGF/Met pair is essential, because
knockout experiments involving either the
ligand or the receptor result in embryonic
lethality due to defects in placenta, liver,
muscle and nerves6. Interestingly, the same
‘null’ phenotype is observed in mice har-
bouring mutations that convert the two
tyrosines of the docking site into phenylala-
nine. In these embryos, Met kinase activity
is fully functional, in terms of both
autophosphorylation and phosphorylation

Pathway specificity for
Met signalling

Paolo M. Comoglio

Signals generated by the tyrosine kinase receptor Met elicit a complex
biological response including cell dissociation, migration, protection
from apoptosis, proliferation and differentiation. Paradoxically, all
these are triggered by phosphorylation of a single two-tyrosine motif 
in the Met receptor tail, docking multiple SH2 signal transducers. 
The precise amino acid sequence of the motif is an absolute require-
ment for fulfilling the response, showing that there is specificity in
intracellular pathways.


