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Summary

The large extracellular polysaccharide Hyaluronan (HA) formation of supernumerary lamellipodia and a blockage
and its synthesizing enzymes (Has) have been implicated in of axis extension. Epistasis analyses with constitutively
regulating the migratory potential of metastatic cancer active and dominant-negative versions of the small GTPase
cells. Here, we analyze the roles of zebrafish Has2 in normal Racl suggest that HA acts by Racl activation, rather than
development. Antisense morpholino oligonucleotide (MO)- as an essential structural component of the extracellular
mediated knockdown of zebrafish Has2 leads to the loss of matrix. Together, our data provide evidence that
HA, and severe migratory defects during gastrulation, convergence and extension are separate morphogenetic
somite morphogenesis and primordial germ cell migration. movements of gastrulation. In addition, they suggest that
During gastrulation, ventrolateral cells of has2morphant  the same HA pathways are active to auto-stimulate cell
embryos fail to develop lamellipodia and to migrate migration during tumor invasion and vertebrate
dorsally, resulting in a blockage of dorsal convergence, embryogenesis.

whereas extension of the dorsal axis is normal. The effect

is cell autonomous, suggesting that HA acts as an autocrine Key words: Hyaluronan, Has, Dg42, Racl, Cell migration,

signal to stimulate the migration of HA-generating cells.  Convergence extension, Adaxial cells, Slow muscle, Sclerotome,
Upon ectopic expression in axial cellshas2 causes the Germ cells, Metastasis, Zebrafish

Introduction CD44 via the nucleotide exchange factor Tiam1 (Bourguignon

Hyaluronan (HA) is a linear polysaccharide of high molecula€t @-» 2000), these responses include the local reorganization
weight, consisting of glucuronic acid (GIcA) andacetyl- of the cytoskeleton and lamellipodia formation (Oliferenko et
glucosamine (GIcNAc) disaccharide repeats, linked b)?"l-’ 2000). ) ) )
alternatingB1-3 andB1-4 glycosidic bonds. In contrast to most Most of the experiments addressing the functions of HA
other polysaccharides, HA is not covalently linked to a cord@ve been carried outin vitro. Comparably few in vivo analyses
protein. HA is synthesized at the inner face of the plasmBave been reported, most of which deal with the role of HA in
membrane by HA synthases (Has), and is directly extruded f@ncer. It was shown that most malignant solid tumors contain
the extracellular space. However, HA can also re-enter the cefilevated HA levels (reviewed by Toole, 2001). In addition,
and can even translocate to the nucleus (for reviews, s&tS overexpression promotes fibrosarcoma and mammary
DeAngelis, 1999; Lee and Spicer, 2000). In vertebrates, thr&@rcinoma growth (Kosaki et al., 1999), whereas perturbation
HA synthases (Has1, Has2 and Has3) encoded by three distifétendogenous HA interactions inhibits mammary carcinoma
genes have been identified by complementing HA-deficier@rowth (Peterson et al., 2000). Furthermore, HA-induced
cell lines. clustering of CD44 (Yu and Stamenkovic, 2000), and
Numerous functions have been associated with HA in cepverexpression of RHAMM (Hall et al., 1995), lead to
proliferation, cell adhesion and cell migration (for reviews, se€nhanced invasiveness of tumor cells and metastasis. Together,
Lee and Spicer, 2000; Toole, 2001). Some of these can Beese data indicate an important role of HA in promoting cell
attributed to the ability of HA to create and fill space byproliferation and migration in malignant tumor cells.
organizing and modifying the ECM. Other roles are related to To study the role of HA during normal vertebrate
its ability to interact and signal through cell surface ordevelopmentHas2 has been knocked out in moud¢as?
cytoplasmic receptors, such as CD44 or RHAMM. Differentdeficient embryos die during midgestation (E9.5-E10),
cellular responses can be induced via various signalxhibiting reduced body size and severe cardiac and vascular
transduction pathways, involving the GTPases Ras, RhoA arabnormalities (Camenisch et al., 2000). In the developing
Rac (reviewed by Lee and Spicer, 2000; Toole, 2001; Turleheart, Has2 and HA are required for an epithelial-to-
et al., 2002). In the case of Racl, which can be activated lmgesenchymal transformation, and subsequent migration of
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endothelial cells at the atrioventricular boundary during earlMaterials and methods
steps of heart valve formation. However, it remains uncleagoyation of zebrafish hasi, has2 and has3

Whether, being also involved in ther morphogenetic an cDNA library derived from zebrafish embryos from dome to 80%
migratory processes that take place in vertebrate embryos, Hi\inoly stages was screened under high stringency, using a previously
and Has proteins might have more widespread roles. described partial zebrafistg42 cDNA as a probe (Semino et al.,

In this paper we focus on the essential role of zebrafisB  1996). A 2.4 kb and a 3 kb cDNA clone were isolated (GenBank
for cell migrations during zebrafish gastrulation. Based on cel\ccession Number AF190742), both of which contain the same open
tracing analyses, three different morphogenetic movements ofading frame, encoding a protein of 552 amino acids. Comparison of
gastrulation have been distinguished, epiboly, involution, anthe predicted amino acid sequence of the full-length protein with Has
convergent extension (CE) (Warga and Kimmel, 1990). During_lrotelns from other species revealed that it is zebrafish Has2, rather

CE, cells from lateral regions of the gastrula embryo mov&'an HaslXenopusDgd2 is Hasl (Rosa et al.,, 1988)]. In order to
earch for other zebrafish Has genes, a genomic library was screened

toward_s the dors"?" Slde_'(convergence), which EXtenc{%ith low stringency, using theas2gene as a probe. Three clones were
accordingly (extension). Initially, convergence and extensm&olated’ two of which contained exons les2 whereas an 18 kb
|

were supposed to be closely linked, driven by mediolaterglione contained all exons, encoding a Has protein most similar to
cell-cell intercalations (Warga and Kimmel, 1990). Indeedmammalian Has3 (GenBank Accession Number AF190743). A third
several mutants were isolated in which both convergence ams gene was identified by searching the Ensemble06 zebrafish
extension are affected, suchlas/pekglypican6(Topczewski  genomic sequence from The Sanger Center using the Fasfl

et al., 2001) antfilobite/strabismuqJessen et al., 2002; Park sequence. Two exons of a putative Has gene were found. The
and Moon, 2001). However, a recent study of cell behaviogorresponding cDNA was amplified from 5-day-old larvae and

within the notochord afio tail (ntl) mutant embryos shows that Seduenced (GenBank Accession Number AY437407). The predicted
extension can be driven by mechanisms other than convergerﬁf@te'” has 53% homology with zebrafish Has2 and Has3, and 60%
omology with human and mouse Has1, indicating that this is most

(Gl|c_kmann et al., _20(_)3). Accordnjg to this notion, likely to be zebrafish Hasl.

mediolateral intercalation is largely restricted to dorsal regions,

driving extension and narrowing of the axis, whereasseneration of constructs, mMRNA synthesis and

convergence of lateral cells entails migration of individual cellsnicroinjection

and small groups of cells without any cell rearrangementgas2 was amplified with primers containingcoRl and Xha

(reviewed by Wallingford et al., 2002; Myers et al., 2002b;restriction sites from full-length cDNA using Cloneefu DNA

Solnica-Krezel and Cooper, 2002). polymerase (Stratagene), and cloned into pCS2+ to create a pCS2-
Mutant analysis has revealed some of the signaling pathwags2expression construct. Human caRacl G12V was obtained from

that are involved in instructing cellular CE behavior. Althoughthe Guthrie cDNA Resource Center (Sayre, PA) (Lennon et al., 1996),

the non-canonical Wnt signals Wntll and Wnt5, mutate@nd was re-cloned bganH| and Xhad digest into pCS.2+ to create

in silberblickwntll and pipetailwnt5 mutant embryos, pCS2-caRaclG12V. Capped RNA was prepared with the Message

: : . Jachine kit (Ambion). RNA was dissolved in water, and 1 nl per
resp_ectlvely (Heisenberg et al., 2.000’ Rauch et al., 199-gll‘mbryo was injected at indicated concentrations as described
Wallingford et al., 2002), are required for both CONVErgence 2 mmerschmidt et al., 1999)
and extension movements, Bone morphogenetic proteins b '

(Bmps) appear to be essential for convergence onlpmp  RT-PCR analyses

mutant embryos, convergence is blocked, whereas extensiond$.pcr was carried out using the Titan One Tube RT-PCR kit
normal or even elevated, resulting in the characteristic cylindgRoche, Basel, Switzerland), according to the manufacturer’s
shape of the mutant embryo (Myers et al., 2002a). Howeveistructions. RNA was isolated from dechorionated embryos using the
in addition to cell movements, Bmps also determineUltrasped RNA isolation system (Biotecx, Houston, USA),
differential cell fates along the dorsoventral axis of gastrulaccording to the manufacturer's instructions. The sequence of the
embryos, and it is currently unclear how these two roles arimers used were:

interconnected (for a review, see Hammerschmidt and Mullins, Zf eflr (GenBank Accession Number X77689),GGCCACGT-

TGTAAGG-3;

Here we show that Has2 is specifically required for the hasl 5-AGTCGGTCCGGGCTCTTCGTAT3and 5-GGACTG-
migration of lateral cells driving dorsal convergence. BYscaGGACCTCTCAATGTT-3:

contrast, extension within the axial and paraxial mesoderm is pas2 5.ACCATGCTGGACCCGGCCTCC 3and 5-GAGCCAG-
normal in has2 morphant embryos, but blocked upbas2  cGCAGGTAGGTAAT-3: and

overexpression. The loss of dorsal convergencehas?2 has3 5-GACAAATGCGAGGCCCCTCCAGAC-3and 3-CCG-
morphants results in a cylinder shape of the embryos, simil@ACCACTCTGGCCACTCGTGC-3

to that ofbompmutants. However, in contrast bonp mutants, RT-PCR reaction products after 20, 25, 30 and 35 cycles, were
has2 morphants do not display a dorsalization of cell fatesseparated on a 2% agarose gel and blotted on Hybond N+ membrane
Thus, has2allows us to genetically dissect convergence andAmersham Pharmacia Biotech, UKjasl has2and efla DNA
exliion as two_separate. morphogenetic movements LSS WEIC shect Wi sialne presnane b v
gastrula_tlon, SpECIflca”y. regulating active cell migration Ofcarried out according to the manufacturer’s instructibas3DNA
converging lateral C_el_ls independent of dorsoventral cell fatﬁrobe was labeled wit?P by random primed DNA synthesis.
specification. In addition, we show that the effect of Has2 o

dorsal convergence is mediated by the small GTPase Raalorpholino oligonucleotides

promoting lamellipodia outgrowth. This indicates that HA mMorpholino oligonucleotides (MOs; Gene Tools) were dissolved in
regulates migrating cells during embryogenesis and tumagater to a concentration of 4 mM. For injection (1 nl per embryo),
invasion by activating the same signal transduction pathwayMOs were diluted in 2Danieu’s buffer (Nasevicius and Ekker, 2000).
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Results
The zebrafish hasl, has2? and has3 genes

We have isolated three members of the Has gene family from
) S ) _ ) zebrafishhasl has2andhas3 which are closely related to

In situ hybridization and immunohistochemistry the corresponding orthologs from human and mouse (Fig.
Whole-mount in situ hybridization and antibody counterstaining1A). The coding region ofias2 1656 nucleotides in length,
were carried out as previously described (Hammerschmidt et algontains a short previously cloned cDNA fragment originally
|1.996): Fgrh‘?tf]i'l? as't” dptrobe Syt':tzes'.fﬁ F%'?SF’Q“’\'& pBIS'thaSZ "‘I’asnamed dg42 (Semino et al., 1996), according to the first
Inearizea wi an ranscrinea wi polymerase. In :

addition, riboprobes of the following cDNAs were usddygl vn\;ﬁlr(?f? eirnOftLhee gmegsnft?nr?e”yg?sxebn:epnuE(ilc?j(e)rslﬁfieetjal)éb:ll;?glg ).
(Thisse et al., 1994)krox20 (Oxtoby and Jowett, 1993pax2.1 o . ;

(Krauss et al., 1992patal(Detrich et al., 1995)nyoD(Weinberg ~ Hydrophobicity plots of the zebrafish Has proteins show
etal., 1996)smbpo(Xu et al., 2000)sox17(Alexander and Stainier, SiX putative transmembrane domains, classifying them as
1999), twist (Morin-Kensicki and Eisen, 1997) andisa(Yoon et ~membrane-integrated glycosyltransferases. The catalytic
al., 1997). Whole-mount immunostaining with anti-Fibronectindomains contain all conserved amino acid residues involved
(Sigma, F3648, 1:200), and anti-Laminin and anti-pan

Sequences of MOs used wehas2MO1 AGCAGCTCTTTGG-
AGATGTCCCGTT,; controlhas2 4mm-MO AGCACCTCTATGG-
AGTTGTCGCGTT; has2MO2 CGTTAGTTGAACAGGGATGCT-
GTCC. All MOs were injected at 0.25 mM.

Cadherin antibodies (Crawford et al., 2003), was carrie
using reported concentrations and protocols as des:
(Hammerschmidt et al., 1996). 1Bn sections of staine
embryos were cut, using glass knifes, after mountir
Technovit 8100 (Haraeus-Kulzer), according to
supplier’s instructions.

HA staining

Staining was performed essentially as describec
Kdprunner et al. (Képrunner et al., 2000), with the follov
modifications. After sectioning, the partially (3C
rehydrated specimens were refixed in 4% paraformalde
The sections were incubated for 3 hours at room tempe
with a 1/10 dilution of serum free medium of HEK293 ¢
expressing a neurocan-alkaline phosphatase fusion f
(generous gift from Uwe Rauch, University of Lund) in
mM sodium phosphate buffer (pH 7.0), 1.5 M NacCl, 0.
BSA.

Uncaging experiments

Embryos were injected at the 1-cell stage with 0.25% ¢
fluorescein dextran (10,000 MW; Molecular probes, Eug
USA). Uncaging was carried out at shield stage using a
Axiophot Microscope equipped with a UV light soul
adjustable pinhole and a ¥®bjective. Pictures were tak
at 80% epiboly and tailbud stage, and the angle for ¢
convergence or the length of extension was measured
NIH image software.

Cell transplantations

To visualize cell shape and cellular processes in wild-
has2mRNA, has2MO, caRacmRNA, dnRac1mRNA or
double-injected embryos, donor embryos were injected
MRNA encoding membrane-localized GFP (Moriyost
al., 1996). At the shield stage, 5-10 lateral or d«
marginal donor cells were transplanted into the ¢
region of the same type of recipient embryo (lai
wild-type- lateral wild-type; lateralhas2 MO - lateral
has2 MO; dorsalhas2 mRNA - dorsal has2 mRNA, anc
so on). To show thathas2 and Racl act in a cel
autonomous manner, heterologous transplantatiol
labeled wild-type cells intdhhas2 MO or dnRac1lmRNA-
injected recipients, or transplantation of labeled2 MO
or dnRac1mRNA-injected cells into wild-type recipier
were performed. Chimeric embryos were mounted ir
methylcellulose between bridged coverslips, and pt
were taken immediately after the transplantation (s
stage) and at the 80-90% epiboly stage, using a Hama
digital camera (C4742-95) and Openlab softy
(Improvision).
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Fig. 1. Zebrafish Has genes and their expression during embryogenesis.

(A) Homology tree of Has1, Has2, and Has3 family members based on amino
acid sequences. The GenBank accession numbers for the sequences listed
above areXenopus laevigHas1 (X52958)Xenopus laevigHasrs

(AF015780), mouse mHas3 (MMU86408), human hHAS2 (HSU54804),
mouse mHas2 (MMU52524), human hHAS1 (HSU59269), mouse mHas1
(D82964). (B) RT-PCR analysis of zebrafisis1, has2 and hagXpression

during different stages of development. (C-J) Wild-type embryos stained for
has2mRNA (blue), and No tail (Ntl) protein (brown; F-J). (C) Early
gastrulation (shield stage), animal pole view. Arrowheads indicate the dorsal
shield devoid of staining. (D) Midgastrulation (80% epiboly stage), dorsal view.
(E) 90% epiboly stage, lateral view, dorsal to the right. (F) End of gastrulation
(100% epiboly stage), dorsal view on flat-mounted embryo; anterior to the left.
(G-J) 8-somite stage: (G) dorsal view on flat-mounted embryo, anterior to the
left; (H-J) optical cross sections at levels indicated in G.
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in both GIcNAc and GIcA transferase activity (Yoshida et al.,
2000).

The temporal expression profiles lods1, hasZand has3
during zebrafish development were determined through serr
quantitative RT-PCR analysis. Of the three, dm#s2shows
expression during embryogenesis. N@as2 mRNA was
detected in fertilized eggs (4-cell embryo), pointing to the
absence of maternal contribution, whereas zygotic expressi
is already high at the dome stage, shortly after midblastul
transition (MBT). has2 continues to be strongly expressed
during gastrulation, although transcript levels decrease durir
segmentation stages, and are very low at 24 hours pc
fertilization (hpf). In addition to in embryos, zebraftshs2is
also expressed in adult animals, similar to the human ar
mouse members of the class 2 genes (Spicer and McDona
1998).

In contrast to zebrafishas2 no haslor has3transcripts
could be detected during early developmental stages (Fig. 1E
Expression of both genes is initiated in 2-day-old larvae, an R g A ; TR (U
continues in adult tissues, corresponding with the expressic e VT RN S S R 3
profile reported for the human and mouse class 3 genes (Spit A ™ |
and McDonald, 1998). @ hase MO + eaRae RNA

The spatial expression patternhals2was determined using
whole-mount in situ hybridization. At blastula stagbas?2
transcripts are ubiquitously distributed throughout the
zebrafish embryo (data not shown). Starting with the onset «
gastrulation, a restricted expression pattern can be observe
At the shield stagehas2 transcripts are confined to the
presumptive mesendoderm in the entire marginal zone of tt
embryo, with the exception of the dorsal shield (Fig. 1C)
During gastrulation has2 is expressed in cells of the
ventrolateral mesoderm and endoderm, whereas cells of tl
axial mesendoderm ladtas2transcripts (Fig. 1D,E). Towards
the end of gastrulatiohas2expression becomes progressively
stronger in paraxial regions of the mesoderm (Fig. 1F)
whereas during segmentation stages it is predominant
expressed in adaxial cells of the head (Fig. 1G,H), thg

. . . ig. 2. Presence of HA depends on Has2 activity and cannot be
sclerotome of formed somites (Fig. 1G,1) and adaxial cells 0J]Cestored by constitutively active Racl, whereas Fibronectin is

the presomitic mesoderm (Fig. 1G,J). The trunk and taynaffected irhas2morphants. (A-C) HA staining on transverse
adaxial cells will give rise to slow muscle cells (see below). sections through the posterior region of 10-somite stage embryos.
. . (A) Wild type; (B) embryo injected withas2MO; (C) embryo co-

The has2 expression pattern anticipates the injected withhas2MO and mRNA encoding constitutively active
distribution of HA in the embryo Racl taRac). At tailbud stage, the embryo in B was elongated,
Has2 catalyses the synthesis of HA, which is supposed to Blicating convergence defects, the embryo in C was round like the
secreted into the extracellular space. To determine théild-type control, indicating that convergence was rescued (compare
distribution of HA in zebrafish embryos, sections of lateWith Fig. 4). Notochord and somites are outlined in B,C. (D,E) Anti-
gastrula and early segmentation embryos were stained with thronectin immunostaining. Section through poserior region of 3-

) - . somite stage embryos. (D) Wild type; (E) embryo injected hats2
Hyaluronan-binding protein Neurocan, coupled to alkalin O. nc. notochord: nt. neural tube: s. somite
phosphatase (Rauch et al., 1992; Koprunner et al., 2000). " Y T '
Although at late gastrula stages, HA levels were too low to be
detected (data not shown), the HA distribution in 10-somitéargeting the BUTR of has2 Injection of 0.25 pmol of two
stage embryos perfectly reflects the expression pattéras@f  different has2 MOs (see Materials and methods) led to a
with high HA levels in the somites and the presomiticreduction of HA to non-detectable levels at early
mesoderm, whereas neural tube and notochord are devoid ssgmentation stages (Fig. 2B). By contrast, other

HA (Fig. 2A). extracellular components appeared unaffected, as revealed by
) ) ) immunostaining against Fibronectin (Fig. 2D,E), Laminin

Hasz2 is required for dorsoventral morphogenesis, and Cadherins (data not shown). During gastrula stageg,

but not for dorsoventral patterning morphants develop striking morphogenetic defects. At the

To assess the function of Has2 during embryogenesis, wand of gastrulation they display a characteristic cylinder-like
blocked translation dias2by injecting antisense morpholino shape (Fig. 3B), thus far only described for dorsalized
oligonucleotides (MOs) (Nasevicius and Ekker, 2000)embryos mutated in components of the Bmp signaling
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Fig. 3.has2morphants are elongated,
similar to Bmp mutants, but are not
dorsalized. (A-D) Live embryos at tailbud
stage, lateral view, dorsal to the right.

(A) Wild type; (B) has2morphant; (C)
bmp2b/swmutant; (D) embryo co-injected
with has2MO andhas2mRNA. (E,F)sox17
expression at tailbud stage, lateral views,
dorsal to the right. (E) Wild type; (Rps2
morphant. Arrow (E) indicates forerunner
cells; arrowhead (F) endodermal cells that E
have remained on the ventral side.

(G-l) pax2.lexpression at the 4-somite

stage, lateral view. Arrow (H) indicates
midbrain-hindbrain boundary; arrowheads
(G,H) indicate presumptive pronephric duct
cells. (G) Wild type; (Hhas2morphant; (1)
swrmutant. (J-L)pax2.1(marked as ‘p’),
myoD(‘m’), hggl(‘h’) expression at the 10-
somite stage; dorsal views on regular (K) or
flat-mounted (J,L) embryos. (J) Wild type;

(K) has2morphant; (L)kny/glypican6 J
mutant. In J, midbrain-hindbrain boundary is
marked by an arrow, pronephric ducts by
arrowheads. (M,Nyatal(‘g’) and myoD

(‘m’) expression at the 10-somite stage;

dorsal view on flat-mounted embryos.

(M) Wild type; (N) has2morphant.
(0,P)krox20(‘'k") and myoD(‘'m’) L
expression at the 10-somite stage; dorsal

view on flat-mounted embryos. (O) Wild Woip ¥ s : 3 Y
type; (P)has2morphant. ’Tu'.Tf:) S—— T o Yt _}
Wity L A P\
m
\

has2 MO =~ swr  has2MO +RNA

sSwr

pathway, such aswr/bmp2b(Fig. 3C).
This effect of thehas2 MOs is very 0O
specific. It can be perfectly rescued

co-injection of low amounts (25 ng) NTITIL P = II%’,,

of has2mRNA lacking the 5sequenc “ TIYETE T e

targeted by the MOs (Fig. 3L \/ M
Furthermore, injection of a control v k wi has2 MO

with four nucleotide exchanges (4m
MO) had no effect (data not shown)

Despite this striking similarity in embryonic morphology, than in paraxial regions as in control siblings (Fig. 3G).
Bmp mutants anttas2morphants display crucial differences According to cell lineage analyses, pronephric cells derive
in early embryonic patterning, as revealed by whole-mount ifrom such ventral regions of the late blastula embryo (Kimmel
situ hybridization. Bmp mutants are dorsalized, characterizeet al., 1990). However, during normal development, they move
by a ventral expansion of the expression domain of dorsalorsally during gastrulation (Warga and Kimmel, 1990) to end
marker genes, such gmx2.] a marker for the midbrain- up in paraxial regions at early segmentation stages (Fig. 3G).
hindbrain boundary region (Fig. 3I; compare with wild-typeln this respect, the ventral localization of pronephric cells in
control in 3G), andnyoD, a marker for presumptive muscle has2morphants could be interpreted as a result of an impaired
cells in the somitic mesoderm (data not shown) (Mullins et aldorsal movement of its precursors during gastrulation. The
1996). In parallel, Bmp mutants display a loss of ventralsame appears to be true for endodermal cells, as reflected by
specific marker gene expression, such p&x2.] in the expression pattern ofox17 Whereas in wild-type
presumptive pronephric cells (Fig. 31), agatal, a marker for embryos, endodermal cells are shifted dorsally during
blood precursors (data not shown) (Mullins et al., 1996). Ngastrulation (Fig. 3E), inhas2 morphants, the earlier
such shifts in dorsoventral marker gene expression amorsoventralsox17pattern is maintained, with positive cells
observed irhas2morphants, which show the normal numberpresent ventrally and laterally, but absent from the posterior
of dorsally and ventrally specified cell types (Fig. 3H,K,N;dorsal axis itself (Fig. 3F). At the 10-somite stapas?
compare with wild-type controls in 3G,J,M). However, themorphants display a generally shorter and broader body axis,
spatial organization of the different cell types is severelyas revealed by the broadened somites (Fig. 3K,N,P; compare
altered inhas2morphant embryos. Most strikingly, at the 4- with 33,M,0 for wild-type control), and the increased distance
somite stage, presumptive pronephric cells are located f pronephric and blood precursors from the dorsal midline
ventral-most regions of the morphant embryo (Fig. 3H), ratheffFig. 3K,N; compare with 3J,M). The phenotype is very similar



530 Development 131 (3) Research article

to that ofknypek/glypicangFig. 3L) (Solnica-Krezel et al., 2001). has2 morphant embryos display a severely reduced
1996; Topczewski et al., 2001) anuilobite/strabismus movement of labeled lateral cells towards the dorsal axis (Fig.
(Hammerschmidt et al., 1996; Solnica-Krezel et al., 19964D-F; see Fig. 4J for graph; distance from dorsal axis at 10.5
Jessen et al., 2002; Park and Moon, 2001) mutants, both lopf: wild type 20+9° has2 MO 63+9°; P=1x10"19. Co-
which have been previously shown to display specific defecigjection ofhas2MO together with low amounts (25 md) of
in convergent extension movements of gastrulation. Howevehas2mRNA, which does not contain the sequence targeted by
in contrast to such mutantsas2morphants display a severe the MOs, results in a complete rescue of dorsal convergence
undulation of the notochord, reflected by thgoDexpression and morphology of lateral cells (Fig. 4J; distance from dorsal
pattern in adaxial cells (Fig. 3K,N,P). Thus, it appears that iaxis at 10.5 hpf: 23+78=0.5; and data not shown), indicating
contrast to Glypican6 and Strabismus, Has2 is not required ftinat the effects are specific.
the extension of axial tissue. Interestingig#s2morphants also Most of the thus far described zebrafish mutants with defects
display a broadening of the neuroectoderm, as reflected lay dorsal convergence also display impaired extension
the expression domains pbx2.1in the midbrain-hindbrain movements (see above fknypel. Therefore, we measured
boundary region (Fig. 3K), and ofrox20 in hindbrain  extension movements during gastrulatiorhas2 morphants.
rhombomeres 3 and 5 at the 10-somite stage (Fig. 3Pag%  Despite their failed convergence, lateral marginal cellsasf
is not expressed in the ectoderm (see above; Fig. 1), amabrphants display rather normal extension movements (Fig.
because it acts in a cell autonomous fashion (see below; F@D-F; see Fig. 4K for graph; length of labeled clones along
5), this broadening of the neuroectoderm appears to be amteroposterior axis at 10.5 hpf: wild type 532448, has2
secondary consequence of the defects in the mesendodeM) 507+28 um; P=0.3). When extension of dorsal cell
indicating that dorsal convergence of the neural plate depengspulations was measured by labeling cells within the shield,
on proper convergence of the underlying mesendodermal cellsas2 morphants only displayed a slight reduction compared
In summary, the in situ analyses indicate that dorsoventrawith wild-type control embryos (Fig. 6A,B,1,J; Fig. 6Q for
specific cell fate specification processes are norm&las2  graph; lengths of labeled clones along anteroposterior axis at
morphants, whereas morphogenetic movements of gastrulatid®.5 hpf: wild type 780+36um, has2 MO 690176 um;
are affected. In particular, dorsal convergence of ventrolater&=0.04). By contrast, an approximately 2.5-fold increase in
cells appears to be severely impaired, while extension of axiaktension was observed for ventral cellshaE2 morphants

tissues seems largely unaffected. compared with wild-type embryos (wild type 86425, has2

] ) MO 230+54um; P=6.6x10"% data not shown). Together, these
Has2 is required for dorsal convergence, but not for results indicate that Has2 is primarily required for dorsal
extension migration of lateral cells to allow convergence movements,

In order to directly study the effect of Has2 on convergenwvhereas the shifts in extension are most likely secondary
extension movements, lateral marginal (mesoderm ancbnsequences of the impaired convergence (see Discussion).
endoderm) cells located 90° from the dorsal shield were ) . o

labeled by un-caging a fluorescent dye at the onset dfas2 and Racl function are required for lamellipodia
gastrulation (6 hpf), and movement of labeled cells waormation

followed until gastrulation was completed (10.5 hpf), asTo investigate the cellular basis of failed dorsal convergence in
previously described (Sepich et al., 2000; Topczewski et alhas2 morphant embryos, we visualized cell membranes and
OU

A

[

Fig. 4. Loss of Has2 function leads to
blockage of dorsal convergence, but not of
extension, and can be compensated by
constitutively active Racl.

(A-1) Distribution of labeled cell clusters

at onset of gastrulation, mid-gastrulation
and end of gastrulation; lateral views,
dorsal to the right. (A-C) Wild type; (D-F) D
has2morphant; (G-I) embryo co-injected
with has2MO andcaRaclRNA.

(A,D,G) Shield (6 hpf), directly after

labeling of cell clusters by fluorochrome

uncaging; (B,E,H) 80% epiboly (8 hpf);

(C,F)) tailbud (10.5 hpf). (J) Graph has2 MO
showing angle between labeled cells and
dorsal axis at different time points, G
measuring dorsal convergence (indicated
in B by blue bar). All clones start at 90°
from the shield. (K) Graph showing the
anteroposterior extension of labeled lateral
cell populations (indicated in B by red bar)
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degrees from dorsal
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at different time points. In J and K, 10 + caRac! RNA 0 6 8 10,5
embryos per treatment were evaluated, and (hpf)
standard deviations are indicated. —— wt —v— has2MO has2 MO + RNA  —&— has2MO + caRaci RNA

lateral extension inym =
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cellular protrusions of individual lateral cells with a lamellipodia formation in lateral cells in a cell autonomous
membrane-localized GFP. At midgastrulation stages (8 hpffashion. This suggests that HA, the likely product of Has2
lateral cells in wild-type embryos are flattened and polarizedactivity, does not have to be secreted far to govern cell
with multiple lamellipodia 1t=4.3+0.95; from 20 cells in 4 migration. Rather, it appears to be involved in some kind of
embryos) (Fig. 5A), broad cellular protrusions acting asautocrine self-stimulation of migrating cells (see also
leading edges during directed cell migration (for a review, seBiscussion).
Webb et al., 2002). By contrast, labeled cells hafs2 _ o _
morphants lack lamellipodia€0.6+0.98; from 31 cells in 5 Ectopic dorsal Has2 and constitutively active Racl
embryos), and are roundish, without any apparent polarity (Figduce supernumerary lamellipodia, blocking
5B). extension movements within the axis

A role to induce lamellipodia formation in metastatic tumorln contrast to dorsal convergence, extension of the embryonic
cells has also been described for the small GTPase Raakis is largely driven by other cell movements, such as
(reviewed by Hall, 1998), a component of the HA signalmediolateral cell-cell intercalation, rather than by directed cell
transduction pathway downstream of the HA receptor CD44#nigration (Myers et al., 2002b; Wallingford et al., 2002). As
(Oliferenko et al., 2000). In order to investigate whether Racthe axial mesoderm is devoid lidis2transcripts (see Fig. 1D),
might also be involved in driving cell migrations of convergingwe injectechas2mRNA into zebrafish eggs to investigate the
lateral cells during zebrafish gastrulation, we injected embryosffect of ectopichas2 expression on the dorsal side of
with mRNA encoding a dominant-negative version of humargastrulating embryos. Embryos injected with threefold higher
RACL1. Indeed, in injected embryos labeled lateral cells aramounts ofhas2mRNA (75 ngfl) than used for the rescue
roundish, lack lamellipodian€0.3+£0.63; from 29 cells in 3 experiments (see above; Fig. 3) form a shortened body axis and
embryos) (Fig. 5C), and fail to converge dorsally akas?2 display partial cyclopia (data not shown), similar to the

morphant embryos (data not shown). phenotype of wntll/silberblick mutants, which are
) ) characterized by impaired extension of axial tissue (Heisenberg
Has2 and Racl act in a cell autonomous fashion et al., 2000).

In metastatic cancer cells, migration-stimulating signaling by Labeling cells in the shield blas2mRNA-injected embryos
HA and secreted proteoglycans is supposed to occur in amd following their behavior during gastrulation revealed a
autocrine, cell autonomous fashion (Kosaki et al., 1999strongly reduced extension of the axial mesoderm (Fig. 6E,F),
Rauvala et al., 2000). To study whether the effect of Has2 atompared with wild-type siblings (Fig. 6A,B; see Fig. 6Q for
lamellipodia formation in lateral cells during zebrafishgraph; dorsal extension: wild type 780+86n, has2 RNA
gastrulation is cell autonomous or non-cell autonombas? 32174 um; P=108). Whereas wild-type cells acquire an
morphant cells labeled with membrane-localized GFP werelongated bipolar shape, forming single lamellipodia along the
transplanted into the lateral margin of wild-type recipientsmediolateral axis (Fig. 6C,D), axial cells bhs2 mRNA-
Despite the wild-type environment, sulchs2morphant cells injected embryos display no apparent mediolateral polarization
failed to form lamellipodian=0.5+0.62; from 32 cells in 3 (Fig. 6G). They form many lamellipodia that can point in any
embryos) (Fig. 5F). By contrast, labeled wild-type cellsdirection (wild type:n=0.9+0.9, from 14 cells in 2 embryos;
transplanted into the lateral marginhafs2morphant recipients has2RNA: n=4.0+1.13, from 27 cells in 6 embryd%;0.0005;
formed lamellipodia in normal numbens=@4.3+0.82; from 24  Fig. 6H). Within one cell, the lamellipodia occupy a large
cells in 3 embryos) (Fig. 5E). The same cell-autonomous effegiortion of the cell surface, similar to the arrangement observed
was also observed for RacldnRaclexpressing cells in migrating lateral cells (compare Fig. 5A with Fig. 6H). Thus,
transplanted into a wild-type environment lack lamellipodiahas2expressing axial cells display the characteristics of cells
(n=0.3+0.57; from 32 cells in 3 embryos) (Fig. 5H), whereasundergoing active migration, rather than mediolateral cell-cell
wild-type cells transplanted into a host expressiimiRacl intercalation.
display normal lamellipodia formatiom%4.0+£1.0; from 18 In agreement with our observation that loss of Has2 and loss
cells in 2 embryos) (Fig. 5G). of Racl function cause similar migratory defects in lateral
Together, the data show that both Has2 and Racl affecells, we also observed very similar effectha$2mRNA and

Fig. 5.Has2 and Racl act in a cell autonomous
fashion, promoting lamellipodia formation. All
panels show individual lateral mesodermal
cells at the 80% epiboly stage, visualized with
membrane-localized GFP. Dorsal is to the
right, anterior to the top. (A) Wild type; (B)
has2morphant; (C) wild type injected with
mMRNA encoding dominant-negative Racl
(dnRacl); (Dhas2morphant injected with
MRNA encoding constitutively active Racl
(caRacl); (E) wild-type cells transplanted into
has2morphant host; (Fd)as2morphant cells
transplanted into wild-type host; (G) wild-type
cells transplanted into host expressing dnRacl;
(H) dnRacl-expressing cells transplanted into
wild-type host.
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mRNA encoding a constitutively active version of humanmRNA encoding dominant-negative RaainhRac). Indeed,
RAC1 (caRac) in axial cells. Likehas2 mRNA-injected we found that small amounts (2 pb)/of co-injectedcaRacl
embryos, embryos injected wittaRac1mRNA (10 ngpl) mMRNA or larger amounts (25 ngj of wild-type RacImRNA
display the formation of supernumerary lamellipodia in axialead to a perfect rescue bhs2 morphant embryos, which
cells (=5.1+0.86, from 12 cells in 2 embryos; Fig. 6P), andshow normal lamellipodia formation in lateral cebs1$2MO
show a severe reduction in axis extension (Fig. 6M,N; see Fig.caRaclRNA n=4.7+1.4, from 15 cells in 4 embryd3:0.2;

6Q for graph; dorsal extension: 316+§im, P=104). In  Fig. 5D), and normal convergence and extension movements
summary, the data suggest that Has2 and Racl promote dor@al. 4G-J). Such rescued embryos lack HA like reghiges2
convergence in lateral regions of the embryo, while they camorphants do (Fig. 2C), suggesting that HA is dispensable for

block extension of the axis. dorsal convergence when Racl is active. Furthermore, dnRacl
) . o blocked the formation of supernumerary lamellipodia caused

Has2 function can be subst!tuted by co_nstltutlvely by ectopic has2 mRNA (has2 RNA + dnRacl RNA:

active, and blocked by dominant-negative Racl n=0.04+0.21, from 22 cells in 2 embryos) (Fig. 6R,S).

To test whether Racl acts downstream of Has2 in a linear HFogether, these data strongly suggest that Has2 promotes

signal transduction pathway, we carried out epistasis analysdéamellipodia formation and cell migration by activating the

co-injecting either has2 MOs with  mRNA encoding small GTPase Racl. Biochemical studies and analyses of

constitutively active Raclc@Rac), or has2 mRNA with  potential HA receptors will be necessary to investigate
whether this effect of HA is direct, or mediated

A B through other components of the ECM (see

Discussion).

Has2 is required for proper migration of
presumptive slow muscle cells,

sclerotomal cells and primordial germ

cells

To study the general relevance of cell migration
regulation by HA, we investigated whether
Has2 is also required during other
developmental processes involving cell
migration. After gastrulatiorhas2expression is
maintained and/or upregulated in adaxial and
sclerotomal cells of the somites (see Fig. 1). The
adaxial cells display a very striking migratory
behavior. After somite regionalization into a
dorsal and a ventral half, they leave their adaxial
locations and migrate to the lateral walls of the
somites, where they become slow muscle cells

Fig. 6.Forced dorsal expression luéis2and
constitutively active Racl lead to supernumerary
lamellipodia, blocking axis extension. Extension
movement of labeled populations of dorsal cells.
(A-D) Wild-type control embryos; (E-H) embryos
injected withhas2mRNA; (I-L) has2morphant
embryos; (M-P) embryos injected withRacl
RNA; (R,S) embryos co-injected witlas2mRNA
anddnRacImRNA. The first two columns show
uncaging experiments. Lateral view of embryos at
shield stage (6 hpf), directly after uncaging
(A,E,I,M), or at tailbud stage (10.5 hpf; B,F,J,N).

,

has2 MO

caRac1 RNA

Q Columns 3 and 4 show morphology of clusters
800 (C,G,K,0,R) or individual (D,H,L,P,S) dorsal cells

.E_,_ labeled with membrane-localized GFP. Arrowhead

< 6001 (D) indicates single lamellipodium sometimes

c visible on narrow dorsal side of highly polarized

v% axial cells of wild-type embryos. Arrowheads (H,P)

s 4001 dnRacts indicate multiple lamellipodia in axial cells bfs2

g has2 RNA . RNA- or caRacl mRNA-injected embryos.

= 200 ) - (Q) Graph showing the amount of extension in the

] - has2 RNA axis of wild-type has2MO-, has2mRNA- or

2 4 ' caRacImRNA-injected embryos. Per treatment, ten
0 6 8 105 different embryos were evaluated, and standard

(hpf) —¥—: has2MO —&—: cafacT RNA deviations are indicated.
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(Devoto et al., 1996; Stickney et al., 2000). During this ¥
migration, different routes can be taken, either along th A BY . /
horizontal myoseptum, or through the presumptive fast musc : m T e e
tissue, the major component of the somites. A simila : v . r
directional migration has been reported for sclerotomal cells “

Initially located in ventromedial positions of the somites, they
migrate dorsally into adaxial regions (Morin-Kensicki and

Eisen, 1997, Stickney et al., 2000), eventually surrounding th smbpc wt has2 MO
entire neural tube to form the vertebral column (Morin-
Kensicki et al., 2002). C D

To study whether Has2 is involved in these migratory s S et | “
processes, weakly affectés2 morphant embryos that had My /( R \‘
survived early segmentation stages were stainedrfipc b= G A S
mRNA, a marker for specified postmigratory slow muscle LT - ' qi ¢
cells (Xu et al., 2000), or fotwist mMRNA, a marker for O S o l_ Ay T
premigratory and migrating sclerotomal cells (Morin- smbpc - i has2 MO
Kensicki and Eisen, 1997; Stickney et al., 2000). Whereas i -
control embryos (Fig. 7A,Cymbpepositive cells are located E F

in the lateral walls of the somitesnbpepositive cells ohas2
morphants are largely confined to adaxial regions and tr
horizontal myoseptum, with a few isolated cells stuck within
the presumptive fast muscle tissue (Fig. 7B,D). Similarly
sclerotomal cells ohas2morphant embryos fail to migrate
dorsally as in control embryos (Fig. 7E), but remain in
ventrolateral positions of the somites (Fig. 7F). Together, thes
data suggest that expressiorat2in adaxial and sclerotomal
cells is essential for their migration during somite
reorganization. Howevehas2does not appear to be required
for the specification of cells. Thus, despite their failed
migration, adaxial cells acquire slow muscle characteristics i
ectopic locations.

Another cell type that depends heavily on cell migration tc

reach the proper Iocatlo_n within the embryo are_prlmordla}:ig_ 7.Hasz2 is required for migration of presumptive slow muscle
germ cells (PGCs) (reviewed by Ra_z and ,H(_)pk'ns’ 2002)and sclerotomal cells during morphogenesis of somites, and for the
PGCs stem from rather random positions within the embryQyigration of primordial germ cells. (A-D) 30 hgfimbpdn situ

from where they actively migrate to the developing genitahybridization to mark slow muscle cells of trunk somites: (A,C) wild
ridges, taking common routes along the blastoderm margitype; (B,D)has2morphant. (A,B) Dorsal view, anterior left; (C,D)
and through the lateral mesoderm, the sites hak2 transverse sections. Arrows (B,D) markbpepositive cells located
expression during late gastrulation and early segmentatiomthin the presumptive fast muscle tissue. The lower side of the
stages. In situ hybridization withasa an early marker for embryo in B is less affected, which might have been the reason for its
PGCs (Yoon et al., 1997), shows that fias2 morphant sqrvwal.'_l’he e_ffe(_:ts are r_estr_lcted_to the first 5-8_som|tes, consistent
embryos, the PGCs are present in normal numbers. Howevé‘f:ith F.’re"'ogs findings indicating different propgrtndes betw;ae;ngsg%ch
in contrast to the situation in wild-type embryos (Fig. 7G),a terior and more posterior somites (see van Eeden et al., ).

£ th fail h thei | ion in th - /(E,F)twistin situ hybridization, at 24 hpf, to mark sclerotomal cells
most of them fail to reach their proper location in the genitals ¢ nk somites. Arrowheads indicate dorsally migrated sclerotomal

ridges, but remain randomly distributed over the yolk (Figcelis in wild type (E), which remain ventrals2morphant

7H). embryos (F). (G,H) Distribution afasapositive primordial germ
Together, these data show that in addition to dorsalells, at 24 hpf, in wild type (G) arfths2morphant (H). Arrowheads

convergence during gastrulatidmas2is required for proper (H) point to ectopic PGCs outside the genital ridges. hm, horizontal

migration of several mesodermal cell types during later stepsyoseptum; nc, notochord; nt, neural tube; s, somite.

of zebrafish development.

vasa wt " has2MO

. . migration of adaxial and sclerotomal cells during somite
Discussion reorganization, and the migration of primordial germ cells to
Compared with the amount of data concerning the roles of HAhe genital ridges. We further show data indicating that during
its synthesizing enzymes, Has, and its putative receptors agdstrulation, the synthesis product of Has2 — most likely HA —
signal transduction pathways in metastatic cancer cells, littlacts in a cell autonomous or autocrine fashion to activate the
has been reported about their roles during normal vertebrasenall GTPase Racl, thereby promoting the formation of
development. Here, we show that zebrafisis2is required lamellipodia inhas2positive cells themselves. This appears to
for the migration of multiple cell types during multiple result in some kind of auto-stimulation of migrating cells,
developmental processes, including the dorsal convergeneéiereas has2negative cells of the environment remain
of ventrolateral mesodermal cells during gastrulation, thetationary.
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Has?2 helps to dissect the cellular events driving negative effect on cellular processes specifically involved in
convergence and extension independent of cell fate axis extension. Thus, forceuas2 expression in axial cells
determination appears to transform them from intercalating to migratory cells

According to current understanding, convergent extensiosimilar to converging lateral cells. They form multiple
(CE) movements of gastrulating zebrafish embryos involvéamellipodia and move. However, in contrast to lateral cells,
different cellular events, depending on the position of cellsheir movement appears random, rather than directed (J.B. and
along the dorsoventral axis (Myers et al., 2002b; WallingfordM.H., unpublished), suggesting that guiding cues are only
et al., 2002). Convergence of lateral cells towards the dorsptesent laterally, and are missing in the axis.
shield is regarded as an active migration of individual or small In summary, our data provide evidence that during
groups of cells along a chemoattractant gradient. This view @astrulation, directed dorsal migration of cells in lateral regions
largely based on microscopic observations, revealing thand axis extension on the dorsal side are rather independent of
ventral and lateral mesodermal cells at the onset of gastrulati@ach otherhas2seems to be selectively required for cellular
meander without much directionality, whereas their movemergvents underlying dorsal convergence, such as for the
becomes faster and more directed when they get closer to taferementioned migration of cells on the ECM, whereas axis
shield during gastrulation (Myers et al., 2002a; Jessen et aéxtension appears to be achieved by different means,
2002; Trinkaus, 1998). Dorsally, cells not only pile up on eaclindependently ohas2(see above).
other, leading to a thickening of the axis, but also undergo Despite the normal or even elevated extension during
mediolateral intercalations, leading to axis extension. Dorsajastrula stageshas2 morphants later become significantly
migration of lateral cells and mediolateral intercalation ofshorter than their siblings. This, however, does not necessarily
dorsal cells might involve both shared and distinct cellulamean that later extension processes require Has2. Clearly, the
events. Thus, dorsal convergence appears to require migratidarsal mesoderm itself extends normally, as indicated by the
of cells on the extracellular matrix, while mediolateralundulation of the notochord. Thus, the reduced length of the
intercalation might involve a tight control of cell-cell adhesion,embryos during segmentation stages is more likely to be a
and a migration of cells on the surface of neighboring cells asecondary consequence of the block of convergence, indicating
substrate. Another specific driving force of extension appeatbat later anteroposterior growth of the dorsal axis heavily
to be the active anteriorwards migration of cells at the anteriatepends on the immigration of cells from lateral regions. In
edge of the mesendoderm, also called the polster or prechordhils respect, convergence and extension are linked in the sense
plate (Winklbauer and Nagel, 1991; Winklbauer and Selchowthat convergence supplies the dorsal side with cells required to
1992; Yamashita et al., 2002). build up the embryo.

Genetic evidence for such different cellular mechanisms
underlying dorsal convergence and axis extension had bedechanism of HA function during zebrafish
rather limited thus far. Impaired convergence with normal ogastrulation
even enhanced extension had only been described for mutaBtéferent modes of HA function have been suggested. In all
lacking Bmp signaling (Myers et al., 2002a) or the T-boxcases, HA is supposed to be extruded into the extracellular
transcription factor Spadetail (Griffin et al., 1998). However,space directly after its Has-catalyzed synthesis at the
such mutants, in addition to CE morphogenesis, also hawytoplasmic side of the plasma membrane. Thus, even
dramatic defects in differential dorsoventral cell fateintracellular HA binding proteins (IHABPs), such as
specification (Hammerschmidt and Mullins, 2002; Solnica-cytoplasmic versions of the receptor RHAMM, are supposed
Krezel and Cooper, 2002). This is not the caséds which  to bind HA after it has re-entered the cells by endocytosis
is required for CE morphogenesis only, but not for dorsoventrgteviewed by Lee and Spicer, 2000). After its secretion into the
patterning. extracellular space, HA could act to govern cell migrations in

has2 morphants also differ from all previously describedseveral ways. First, HA might function as a space filling
mutants and morphants with defective CE, but normasubstrate, on which cells are able to move. In addition, HA
dorsoventral patterning. Such embryos show either defects might influence the arrangement of other components of the
extension only (Glickman et al., 2003), or a combinedECM, such as fibronectins, ligands of integrins that have been
reduction of both convergence and extension, making itported to regulate Cadherin-dependent cell adhesion and
difficult to dissect the two processes. The combination o€onvergent extension movements durkgnopugastrulation
convergence and extension defects could have differefardsen and DeSimone, 2003). In this case, our observed
reasons. In morphant embryos deficient in Stat3, a transcripti@ifect of has2 during zebrafish development would be very
factor mediating cytokine signaling, convergence defects seeimmdirect. Alternatively, HA could act by direct signaling to
to be a secondary consequence of the impaired anteriorigrating cells, mediated by specific HA receptors such as
migration of the anterior dorsal mesendoderm (Yamashita €&D44 and RHAMM. Such signaling can activate different
al., 2002), whereas #wilberblick knypekandtrilobite mutants, signal transduction pathways, involving transcription factors
and indnrokzinjected embryos lacking the non-canonical Wntsuch as Myc, Erkl and MB, and various Rho GTPases, which
signal Wnt11 or its interacting partners Glypican6, Strabismug)ave distinct effects on the cytoskeleton (reviewed by Lee and
or RhoA-associated kinase, respectively, cellular process&picer, 2000; Ridley, 2001; Turley et al., 2002). Although
shared by dorsal migration and extension seem to be affectdRlhoA is supposed to promote the formation of cytoplasmic
such as the general establishment of cell polarity (Heisenbefipers, influencing overall cell polarity and inducing cell body
et al.,, 2000; Jessen et al., 2002; Topczewski et al., 200&pntractions, Racl has been reported to have more local
Marlow et al., 2002). In contrast to such geres2appears effects, promoting the formation and outgrowth of lamellipodia
to be required for dorsal convergence only, while it has &eviewed by Hall et al., 1998; Ridley, 2001).
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The data obtained in oufas2 loss- and gain-of-function themselves, not neighboring cells. This appears particularly
studies strongly suggest that the migration of converging laterahportant when certain cell types invade or pass tissues of
cells during zebrafish gastrulation is governed by a Has2-HAstationary cells. One example are theas2positive
Racl pathway. As all of our experiments were carried out witpresumptive slow muscle cells, which on their way to the
Has2, rather than with HA, we cannot rule out the possibilityateral walls of the somites migrate through lias2negative
that the observed effects are due to an HA-independertssue of presumptive fast muscle (Fig. 7).
parallel function of Has2. However, no additional roles of Has The cell autonomous fashion of Has2 action also indicates
proteins have been reported, except their ability to catalyze tliat the broadly discussed role of HA to fill the extracellular
synthesis of chitins, HA-related oligosaccharides consisting cfpace is not relevant for cell migrations during zebrafish
N-acetyl-glucosamine units only. To specify which activity ofgastrulation. This notion is further supported by our finding
Has?2 is required during zebrafish gastrulation, we carried otihat Racl can rescue the migratory defectsas? morphant
experiments with a mutant version of Has2, carrying a singlembryos in the absence of detectable levels of HA. In
amino acid residue exchange in the glucuronic acid bindingummary, the data suggest that HA has not a structural but an
pocket. This mutation has been shown to specifically block thastructive function. Rather than preparing the extracellular
HA-synthesizing, but not the chitin-synthesizing activity ofspace as a substrate for migrating cells, it appears to induce
Has proteins (Yoshida et al., 2000). The corresponding mutanglls to migrate.
version of zebrafish Has2 failed to rescue lthe2morphant o ]
phenotype (J.B. and M.H., unpublished), indicating that it i$arallels between HA function in embryogenesis
indeed the HA-synthesizing activity of Has2 that is required t@nd tumor invasion
drive dorsal convergence in zebrafish embryos. Consistent witost of the previous studies concerning the roles of HA and
this notion, we found that the loss lohs2function leads to HA signaling pathways had been carried out with tumor cells
highly reduced HA levels in morphant embryos, according tdines. There are many lines of in vitro and in vivo evidence that
the reported 96% reduction in HA contenHas2mutant mice  HA signaling plays a crucial role in governing the metastatic
(Camenisch et al., 2000). By contrast, content and distributiopotential of malignant tumor cells, transmitted via the HA
of other ECM components, such as Fibronectin and Cadheringceptors CD44 and RHAMM, and with Racl as one of the
were unaltered. In addition, we have evidence that Has2 adtgracellular effectors (Lee and Spicer, 2000; Toole, 2001;
by activating the Rho GTPase Racl, which is in agreemefurley et al., 2002).
with data obtained for HA in cell culture systems, showing that Our findings that both Has2 and Racl are required in a linear
local application of HA induces strong activation of Racl, locapathway to govern lamellipodia formation and active cell
lamellipodia formation and cell migrations (Oliferenko et al.,migration during zebrafish gastrulation suggests that the same
2000; Bourguignon et al., 2000). In zebrafish embryos, loss aidlA signaling pathway might be used to drive cell migrations
gain of function of Racl has the same effects on lamellopodi@during both normal development and tumor invasion. In
formation as loss and gain of function of Has2. Co-injectiorsupport of this notion, HA-regulated embryonic and tumor
experiments combining Has2 loss of function with Racl gairmells are similar in several other respects. As reported here for
of function, and vice versa, further show that Racl is epistatiaigrating lateral cells in the zebrafish gastrula, Has2 protein
to Has2, suggesting that Racl acts downstream of, rather thappears to promote metastasis of tumor cells in a cell
in parallel to, Has2. Together with the aforementioned datautonomous fashion. Thus, in vivo tumorigenicity of cells is
obtained in tissue culture, our results strongly suggest thahhanced after cell transfection with Has2 (Kosaki et al.,
dorsal migration of converging lateral cells in zebrafish1999), indicating that Has2 and HA are required as an auto-
embryos is regulated by HA through activation of Rac1l. stimulus in migrating cells themselves. Similar autocrine

We do not know as yet how the activation of Racl by HAeffects promoting tumor invasion have also been described for
is achieved. ClearlyRaclcan be activated by many different other secreted proteoglycans (see Rauvala et al., 2000). In
transmembrane receptors with different ligand specificitieaddition, Has2-dependent migrating cells in zebrafish embryos
(reviewed by Ridley, 2001). However, as we failed to detecshare morphological similarities with metastatic tumor cells. In
any changes in the composition of the ECMas2morphants, contrast to Has2-independent migrating embryonic cell types,
except the loss of HA, we favor a model according to whiclsuch as cells at the leading edge of the hypoblast during
the effect of HA on Racl activation and cell migration is quitenvolution, all Has2-dependent cells migrate as small groups of
direct, mediated by binding to HA transmembrane receptorsells or individual cells. In particular the Has2-dependent

such as CD44. migration of adaxial cells through the somites (Devoto et al.,
. . 1996, Stickney et al., 2000) is very reminiscent of tissue
HA appears to act as an autocrine signal invasion by metastatic cancer cells. If the mechanisms of the

In all studied systems, no activation of Racl independent ¢ilA-dependent migration of Has2-expressing cells during
extracellular signaling has been reported (reviewed by Ridlegebrafish embryogenesis can indeed be compared with tumor
2001). This is important for the interpretation of our findinginvasion, a systematic search for additional genes involved in
that Has2 — like Racl — acts in a cell autonomous fashiothese processes in zebrafish might be helpful to shed further
Given the epistatic relationship of Has2 and Racl (see abovéight onto the mechanisms of metastasis.

we conclude that HA acts as an autocrine or extracellular signal

with an extremely short-range effect, rather than as a \ye thank J. Kijne for stimulating discussions and financial support,

cytoplasmic trigger. Such an autocrine effect would allow and G. van der Horst, G. teKronnie, H. Stroband and H. Schipper for
differential cellular regulation of migratory behavior within excellent technical assistance in the initial stages of this research. We
tissues, becausdas2positive cells would only activate are very grateful to T. Boehm for support, and to U. Rau, C. Thisse,
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