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Summary

Glycogen synthase kinase 3 (GSK3) is a central regulator by extracellular cAMP. During normal development,
of metazoan development and theDictyostelium GSK3  apically situated prestalk cells express thecmBgene just
homologue, GskA, also controls cellular differentiation. as they commit themselves to stalk cell differentiation. In
The originally derived gskA-null mutant exhibits a severe the Ax2/gskA— mutant,ecmBis expressed throughout the
pattern formation defect. It forms very large numbers of  prestalk region of the slug, suggesting that GskA forms
pre-basal disc cells at the expense of the prespore part of the repressive signalling pathway that prevents
population. This defect arises early during multicellular ~ premature commitment to stalk cell differentiation. GskA
development, making it impossible to examine later may also play an inductive developmental role, because
functions of GskA. We report the analysis of agskA-null microarray analysis identifies a large gene family, the 2C
mutant, generated in a different parental strain, that family, that require gskA for optimal expression. These
proceeds through development to form mature fruiting observations show that GskA functions throughout
bodies. In this strain, Ax2/gskA—, early development is Dictyosteliumdevelopment, to regulate several key aspects
accelerated and slug migration greatly curtailed. In a of cellular patterning.

monolayer assay of stalk cell formation, the Ax2/gskA—

strain is hypersensitive to the stalk cell-inducing action of

DIF-1 but largely refractory to the repressive effect exerted Key words: GSK-3Dictyostelium cAMP, DIF, DIF-1, 2C gene

Introduction the structure that anchors the stalk to the substratum (Jermyn

; ; [, 1996).
Glycogen synthase kinase 3 (GSK3) was discovered as & L . :
metabolic enzyme, that regulates the response of g|ycogenThegskAnull mutant, which is generated in the auxotrophic

synthase to insulin; however, it is now known to be active in 52?'? D del’ dtla\(/j?lopsngoﬁfnorm arf“;]'t'ng %ocjrsz'gh ? ?refggS
wide range of cellular processes, ranging from apoptosis arged basal disc a y spore head (Harwood etal., )-

embryonic development (Cohen and Frame, 2001; Frame a @e strain displays a highly.a.lberrant pattern of expression of
Cohen, 2001: Harwood, 2001). In animal develop;ment " iboth the prestalk/stalk-specific geeemBand the prespore-

best known for its activity in Wnt signalling, where it regulatesgpecmc gen@sA ecmBmRNA is detected 4 hours earlier and

cellular differentiation, migration and growth (Miller, 2002). In atamuch higher level in the mutant than in DH1 parental cells.

) > . i By contrast, expression of the prespore marker geseis
the canonical Wn-catenin pathway, cell stimulation by Wnt o404 1 504 of control levels in trgskAnull mutant.
protein ligands leads to the accumulation and nucle

> . . ; FEonsistent with this gene expression pattern, prespore cell
translocation of3-catenin, which acts as a transactivator for, mpers are severely reduced and the mound is almost entirely
genes regulated by T-cell factor/lymphoid enhancer factofyied with cells that, based upon their patterns of expression of
(TCF/LEF) (reviewed by Brantjes et al., 2002). theecmAandecmBgenes, are pstB cells. In monolayer culture
Dictyosteliurrhas a single GSK3 homologue, GskA, that hasyperiments, DH1-derivedskAnull cells do not display the
78% amino acid identity to mammalian GgK@Harwood et cAMP repression of stalk cell induction, which is normally
al., 1995). Upon starvation, neighbourinictyostelium  seen in wild-type cells, and are only poorly induced to form
amoebae aggregate, using CAMP as chemoattractant. The cejfpres.
then differentiate into prestalk and prespore cells, which Consistent with a role in regulating cell fate, GskA activity
coordinately move and terminally differentiate to form the stalks upregulated about twofold at the mound stage and the
and spore head of the fruiting body. Cell fate is determined byAMP-receptor cAR3 mediates this activation (Plyte et al.,
diffusible signalling molecules; extracellular cAMP induces1999). The dual specificity tyrosine kinase ZAK1 tyrosine
prespore differentiation (Kay et al., 1978; Mehdy et al., 1983phosphorylates GskA and this activates it (Kim et al., 1999;
Oyama et al., 1988), while differentiation inducing factor 1Kim et al., 2002). The activity of ZAK1 is developmentally
(DIF-1) directs prestalk-specific gene expression (Williams etegulated, with kinetics that are approximately coincident with
al., 1987). Prestalk cells comprise a number of subpopulationle activation profile of GskA. Furthermore, there is no peak
and one of these, the pstB cells, ultimately forms the basal disof GSkA kinase activity in aakAnull strain (Kim et al., 1999).
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Likewise, the GskA activation peak during development isSpore viability assay
missing in thecAR3null strain (Plyte et al., 1999). All three Spore viability was determined essentially as described (Dynes et al.,
strains, thegskAnull, the zakAnull and thecAR3null, are  1994) In brief, spores were suspended in 10 mM EDTA/0.1%
insensitive to the inhibitory effect that CAMP exerts on theNonidet P-40 in KI, incubated at 42°C for 45 minutes, washed three
induction of stalk cell differentiation by DIF-1 (Harwood et al., times in KK, serially diluted plated oklebsiella aerogenesThe
1995; Kim et al., 1999). number of colonies was scored after 3-4 days.

The only known substrate for GskA is the STAT Immunostaining of prespore vesicles

transcription factor Dd-STATa (Kawata et al., 1997).Slu . . . ) . . .

. gs were dissociated by trituration through a syringe, fixed in
Phosphorylation of D(_j-STATa by GskA enhances nUCIGalrnethanol and immunostained with a polyclonal rabbit, anti-prespore
export of Dd-STATa (Ginger et al., 2000). Although upstreamyesicle antibody. Immunofluorescence was generated using an
regulators of GskA, and a target of its action, have beepjexaflour 488-coupled anti-rabbit antibody (Molecular Probes).
identified, it is unclear precisely how GskA exerts its effects _
on cell fate. We report an analysis ofyskAmutant strain, /acZ reporter gene expression
made in a different genetic background, that significantlyclones of an Ax2/gskA— mutant and a control random integrant clone

modifies understanding of the developmental roles played byere transformed by electroporation (Howard et al., 1988) latth

GskA. usion constructs and selected at PG/ml G418. Slugs were
developed on 1.5% water agar, transferred onto glass cover slips and
then processed féacZ gene expression as described (Dingermann et

Materials and methods al., 1989).

Generation of a gskA gene disruptant Induction of prespore cell differentiation in suspension

The region encodingskAwas amplified from AX2 genomic DNA culture

using the oligonucleotide primers gskA-1-fw '(GAGTT- | 5garithmically growing cultures were harvested, washed twice with

CAAAGGATCAGATATTGGAGAAAGATA-3') and gskA-1289-rev i, plated at k108 cells per 9 cm plate on 1.5% water agar and
(5-GGAGGAGGTAGTTGAAGGTGAAGCAGAA-3). The amplified  gjlowed to develop until aggregation centres formed. Cells were
sequence contains the 1289 bp coding regiogseAand the five  hapyested, resuspended to a density oL@ cells/ml in KKz and
gskAintrons. The gene was disrupted (Abe et al., 2003) by an i8naken in suspension at 300 rpm with pulses ofiBOCAMP every

vitro transposition technique, using an artificial transposon carryinggr. Every 2 hours, 0.5 ml of cell suspension were harvested and
a Blasticidin S-resistance cassette for selectiolityostelium frozen. Cells were lysed by repeated freeze-thawing and 00
The integration position of the transposon was determined byjiquots of cell lysate were incubated in microtitre plates withu30
sequencing from the transposon-internal Sq-Fw and Sq-Rv primetssy 7 puffer (Dingermann et al., 1989). The reaction was started by
(Epicentre, USA). Several disruption constructs were obtainedhqgition of 20pl ONPG (10 mg/ml), incubated at 22°C until the
differing in the flankingyskAsequences. A construct where gs%A  cjoyur changed and the increase in absorption was measured at 420
gene was disrupted at an approximately similar position to thgy g-galactosidase activity was normalised against protein content

construct used in the origingkAknockout (Harwood et al., 1995) f the samples and is expressed as gain in absorption per hour per mg
was chosen for the disruption gékAin AX2 cells. As part of the ¢ protein.

analysis procedure for the disruptant, the kinase activity of GskA

against the mouse glycogen synthase-derived substrate GSMestern transfer and northern transfer analyses
[RRRPASVPPSPSLSRHS(pS)HQRR] was determined as describ&ffestern Transfer analysis was performed as described previously
(Ryves et al., 1998). (Araki et al., 1998). For detection of GskA the anti-GSK-3 antibody
4G-1E (Upstate Technology) was used. Northern transfer analysis was

Cell culture and development performed as described previously (Fukuzawa et al., 1997).

Axenic Dictyosteliumstrains were grown at 22°C in HL5 medium
(Watts and Ashworth, 1970). For selection of transfected strainExpression profiling

expressing dominant markers, the medium was supplemented with §ficroarray analysis was performed as described previously (Araki et
Hg/ml Blasticidin S (Cayla) or 20-200g/ml G418 (Sigma). For g1 2003) but using the PCR products from 5568 cDNA clones (Morio
development on a bacterial lawn, cells were spread together witheq 5| 1998) (http://www.csm.biol.tsukuba.ac.jp/cDNAproject.html).
suspension oKlebsiella aerogenesn a 160 mm culture dish with  The yesults’ were normalised for signal intensities, signal-to-noise
SM-agar (0.5% Bacto-peptone (Difco), 0.05% yeast extract (OxOid}gatios (>3), and Lowess-normalised for different dye intensity and
0.5% glucose, 0.23% KifPQu, 0.13% KHPQy, 1.5% bacto-agar (PH  analysed using ‘GeneSpring’ (Silicon Genetics).
6.4) and allowed to develop at 22°C.

In order to obtain synchronous development, cells were harvested
during logarithmic growth, washed twice in 16.5 mM #dy, 3.8 Results
mM K2HPQy (pH 6.2; KKp), resuspended toxI10° cells/ml in HO } ,
and spread at a density of 250 cells/cn? on 1.5% water agar When developing clonally on a bacterial lawn
plates. If the formation of slugs was desired, the cell pellet waéx2/gskA— cells form functional fruiting bodies
resuspended in an equal volume afCHto give ~1(° cells/ml.  Targeted disruption of thgskAgene in the strain AX2 was
Spots of cell suspension were placed on 1.5% water agar plates. Thenjeved using a construct in which a transposon, carrying a
agar plates were incubated for 16 hours in the dark with §)aqiicidin-resistance cassette, was inserted into the region
unidirectional light sourceSlime trails and developing structures eopcoding the catalytic domain of GskA (Abe et al., 2003)

were transferred to overhead projector films (Punchline) and stain tivat f GSkA initially d trated b ¢
with Coomassie staining solution. For development on filters, th actvaton or LskAa was Initially demonstrated by westiem

washed cells were spotted onto nitrocellulose filters sitting onza KK transfer, using as controls ‘random integrants’; transformant
soaked filter pad (Whatman). The developmenDiattyosteliumin clones where the integrating DNA inserted into the genome at
monolayer culture, and stalk and spore cell inductions were d®ci other thargskA(Fig. 1A). As a further check, the level of

described previously (Harwood et al., 1995). GskA activity was determined by enzymatic assay. GskA



Dictyostelium GSK3-null phenotype 4557

A Development of the AX2-derived gskA-null strain on

® gskA-null clones non-nutrient agar is clonally variable but the

% RI 23 4 R 6789 10 migratory slug stage is always greatly curtailed
kbog Although many Ax2/gskA— cells complete development
1= relatively normally when allowed to develop asynchronously,
o on a bacterial lawn, their development is significantly more
- aberrant when developing synchronously. Thus, when

Ax2/gskA- cells growing in axenic medium are removed from

51 - - . .
their food source and allowed to develop on non-nutrient agar,
39 mounds appear ~2 hours earlier than in parallel random
28 integrant controls (data not shown). Furthermore, many of the
19 Ax2/gskA— structures terminate development as mound-
14 shaped structures or very small fruiting bodies (Fig. 3A). In the
Ax2/gskA— mutant migration of slugs, away from the point of
aggregation, is also greatly decreased relative to controls (Fig.
B 3B).
PO The extent of the developmental defects described above is
£ _ 50l variable between different growth regimes and between
8 g t different disruptant clones. Thus, if Ax2/gskA— cells are pre-
a § 4.0} grown on bacteria rather than in axenic medium, fewer cells
B E E arrest development as mounds (Fig. 3A). This difference may
e % 20 reflect a metabolic defect, caused by the absence of GskA but
25 20
g 2 t
2 E 10}
£ t
X i
0.0

cll cl2 cl6 AX2G
gskA-null clones

Fig. 1.(A) Western transfer analysis of transformant clones
generated using thgskAdisruption construct. Axenically growing
cells were harvested and GskA protein was analysed as described i
methods. Protein loading and transfer onto the membrane was
normalised by staining with Ponceau S. (B) GSK3 kinase activity
measured in cell extracts from AX2 cells aygkAnull clones.

Growing cells were harvested and GSK3 levels assayed as describe
(Ryves and Harwood, 1998). Each sample was assayed in triplicate
and means and standard deviations are shown.

N W
o o

activity is undetectable in the three Ax2/gskA— clones but i
readily detected in control, random integrant cells (Fig. 1B).
When developed clonally on a bacterial lawn, many
Ax2/gskA—- cells fail to undertake multicellular development.
Those that do enter development form fruiting bodies (Fig
2A,B) but the stalks of the fruiting bodies are significantly
shorter (191+48m) than those of random integrants (272+117
um). Nearly every stalk carries a spore head but the spore hee gskA-cll  gskA-cl2 ratdGm
are often malformed (Fig. 2B). As a confirmation that thes: integrant
morphological traits, i.e. a shortened stalk and a misshape
spore head, are indeed due to inactivatiogséf we showed Fig. 2. Terminal morphology and spore characteristics of a random
that both phenotypic defects can be reverted by expressiintegrant and an Ax2/gskA- clone developing on a bacterial lawn.
gskA in Ax2/gskA— cells under the control of a semi- (A) A random integrant control is shown at same magnification as B,
constitutive promoter (data not shown). an Ax2/gskA-— fruiting body. The beads on the stalk of the random

. integrant fruiting body are water droplets. Scale bar: 0
In Qrder to dletermme Wnether the malform%d _spOLe hFa;(C) The spore head of an Ax2/gskA— clone was squashed under a
contain normal spores, they were examined in the lighyq e, slip. (D) The temperature sensitivity of spores, derived from

microscope and their viability was determined. The spores (iting bodies that were generated on KK2-agar, was determined as
the Ax2/gskA- strain have a normal appearance (Fig. 2C) ardescribed in the Materials and methods. The percentage of surviving
are as viable and as resistant to heat treatment as spores derspores, relative to the total number of germinating untreated spores,
from random integrant cells (Fig. 2D). was determined, and means and standard deviations are shown.

% surviving spore cells
s & =8

(4.

(=]
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only fully manifest when cells are growing axenically. integrant clone were transformed withleeZ reporter gene
Furthermore, cells from some Ax2/gskA— clones develop morander the control of thesApromoter. The psAacZ construct
normally than others. Cells from such clones form short slugs expressed at the same approximate level in the prespore
that migrate a small distance away from the point ofegion of the slug in both random integrant and an Ax2/gskA—
aggregation (data not shown). The typical behaviours arejone (Fig. 5A). CotdacZ, another prespore marker, displays
however, as described; when pre-grown and developeal similar pattern of expression in the two strains (Fig. 5A).
synchronously, Ax2/gskA— strains are developmentally In order to obtain a measure of prespore differentiation in
aberrant at post-mound stages but they are not totalthe Ax2/gskA— strain that is not dependent upon the expression
developmentally compromised. This residual developmentaif a reporter gene and associated possible copy number effects,
potential has allowed us to investigate the role of GskA irslugs of the Ax2/gskA— strain, developed on non-nutrient agar,

multicellular development. were dissociated and immunostained with an anti-prespore
vesicle antibody. This revealed approximately equivalent

Ax2/gskA- cells precociously express cell-type amounts of prespore vesicle and spore coat material in the

specific markers gskAnull strain and the parental AX2 cells (Fig. 5B). Thus, for

An axenically grown Ax2/gskA— clone and a control randomthose Ax2/gskA— cells that proceed past the mound stage, there
integrant clone were developed on non-nutrient agar and th& no apparent impairment of prespore differentiation.
expression levels afcmA ecmBand psAwere compared by ) . . )

northern transfer. In the Ax2/gskA— mutant there is a lowef5SKA is not essential for the induction of prespore

apparent expression level of all three genes (Fig. 4). Thier spore differentiation

general reduction in gene expression levels varies fromRrespore cell differentiation can be induced in isolated cells by
experiment to experiment, and probably reflects the fact thatexposure to extracellular cAMP and the DH1-derigekiAnull
variable proportion of the mutant cells are left behind astrain is highly defective in this response (Harwood et al.,
mounds (Fig. 3A); such cells never enter late development ard®95). We therefore determined the cAMP-responsiveness of
consequently do not express late developmental genebepsApromoter in the Ax2/gskA— mutant, by monitoring the
Although there is a lower peak level p§AandecmBgene induction ofp-galactosidase activity in cells transformed with
expression in the Ax2/gskA— mutant, both genes start to besAdacZ Exposure to pulses of CAMP induces expression of
expressed about 2 hours earlier in the mutant than in thacZ in the mutant and random integrant cells to comparable
random integrant. This also holds true for doenAgene. The extents (Fig. 6A). Induction of the endogenqs: gene by

fact that developmental gene expression is brought forward lextracellular cAMP was also monitored, by northern transfer
about 2 hours in the Ax2/gskA— strain is consistent with th@nalysis, and it too is fully CAMP inducible in the Ax2/gskA—

precocious mound formation mentioned above. mutant (data not shown).

) ) Prespore differentiation is inducible by extracellular cAMP
Prespore genes are expressed in the correct spatial but an increase in intracellular cAMP is required for activation
pattern in the Ax2/gskA— mutant of cAMP-dependent protein kinase and resultant spore

To analyse the spatial pattern of prespore gene expressionfarmation (Kay, 1989). In thgskAnull derived from DH1, a
the Ax2/gskA— strain, a clone of the mutant and a randorgreatly reduced number of spore cells are formed in monolayer
culture in the presence of the membrane-
A random integrant gskA-null gskA-null + bact. permeant cAMP analogue 8-bromo-cAMP
L s _..'1\‘.,’ = ; YA TER - g (Harwood et al., 1995). In the AX2G/gskA—
£ - o 3T strain, there is an approximate threefold
. O reduction in the efficiency of spore formation,
| relative to a random integrant (Fig. 6B).
o i B Therefore, in the Ax2/gskA— strain prespore
Lol LY I differentiation, in response to elevated
Ve @ "‘3"@‘-‘ extracellular cAMP, appears normal, whereas
terminal spore differentiation, in response to
gskA-null elevated intracellular CAMP levels, is reduced
but not eliminated.

-

Fig. 3. (A) Development on non-nutrient agar of Ax2/gskA— cells pregrown in either

axenic medium or bacteria. Cells of a random integrant control were compared with

an Ax2/gskA-— strain, grown either axenically or in the presence of a bacterial food

source. They were then allowed to develop orxtégar and photographed from

above. (B) Slug migration on water agar. Cells from a random integrant clone and an

Ax2/gskA- strain were grown in axenic medium, developed to the slug stage and

allowed to migrate on water agar for 24 hours and towards a unidirectional light
source (indicated by arrows). Approximately 80% ofghkAnull structures

T T developed to the slug stage. The structures and their associated slime trails were
transferred onto a transparent membrane and visualised by protein staining.
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gskA-null random integrant strain (Fig. 7A). In addition, the maximal extent of stalk cell
differentiation is approximately halved in the parental strain.
08101214 16 18 20 0 8 10 12 14 16 18 20 h If, in a stalk-induction assay, CAMP is added at the same
ecmA P - .. s time as DIF-1 stal:< cell diff%r?ntialt(ion gndcmB ger;e ]
expression are greatly repressed (Berks and Kay, 1990). In the
ecmB R S | 1 L N DH1-derivedgskAnull strain cAMP is not inhibitory to these
psA 'SR B “. l processes (Harwood et al., 1995). We analysed the repressive

effect of cCAMP on DIF-induced stalk cell differentiation in
AX2G/gskA cells, in a random integrant and in parental Ax2

: cells (Fig. 7B). The number of stalk cells formed in giskA
Fig. 4.Northern transfer assay of developmentally regulated genes nolis very weakly repressed by extracellular CAMP but it is

a random integrant and an Ax2/gskA— mutant. Cells were develope . .
on KKz agar and RNA was prepared from samples taken at 2 hour strongly repressed by cAMP in the random integrant and AX2

intervals over a period of 24 hours. The blot was hybridised with an Cells (Fig. 7B). We also analysed an ecta&Z-expressing
ecmB and apsAspecific gene probe. DetectionefmAmRNA was  Strain and found that cAMP repression of ecmB expression is
by its cross-hybridisation with treemBprobe. Re-probing with the ~ severely abrogated in the null strain (data not shown).
constitutively expresseé7 gene acts as a control for loading and As the gskAnull mutant is hypersensitive to DIF-1 (Fig.
transfer. 7A), it seemed possible that loss of CAMP repression of stalk
cell formation may result from saturating concentrations of
DIF-1 overriding the inhibition by cAMP. We therefore
At the slug stage ecmB expression is aberrant in the determined the effect of extracellular cAMP at subsaturating
Ax2/gskA— strain levels of DIF-1. There is a slight increase in the relative
We next investigated prestalk differentiation, again ukiog  inhibitory effect of cAMP in thgskAnull cells as DIF-1 levels
reporter gene constructs. The slug contains several differeate lowered, but this is a very small effect in comparison with
prestalk populations that are defined by their patterns dhe dramatic inhibitory effect that cCAMP exerts on control cells
expression of reporters driven legmAand ecmBpromoter  at low DIF-1 concentrations (Fig. 7C). We conclude, therefore,
fragments. PstA cells comprise the front 1/3 of the prestalthat the CAMP repression pathway is defective ingsiexnull
region, pstO cells occupy the remainder of the prestalk regiostrain, but that this not a consequence of elevated DIF
(Early et al., 1993) and there are scattered cells in the prespaensitivity.
region that show a similar gene expression pattern to pstO ) N )
cells. These are termed the anterior-like cells or ALCSene expression profiling of random integrant and
(Sternfeld and David, 1982). ThecmAderived prestalk Ax2/gskA- strains at the slug stage identifies
markers, ecmA@acZ (a marker for pstA cells, pstO cells and Potential activation targets
ALC), ecmA-lacZ (a marker for pstA cells) and ecrlécZ(a  In order to search for other genes that are regulated by GskA
marker for pstO cells and ALC), are expressed in amluring multicellular development, we performed microarray
apparently identical manner in mutant and control randoranalysis. A profile of gene expression differences irgthek
integrant cells (Fig. 5A). null strain was obtained using RNA samples isolated at the slug
The ecmBgene is expressed at a relatively low level at thestage. The cDNAs were prepared using RNA from either
slug stage, but its expression increases when culminatioandom integrant or Ax2/gskA— slugs and they were labelled
begins (Jermyn et al., 1987). In marked contrast to the DHMWith either Cy3 or Cy5. A mixture of the two differently
derivedgskAnull strain, ecmBacZis not overexpressed at the labelled cDNA preparations was hybridised to an array bearing
mound stage in Ax2/gskA- cells (data not shown). Howevel?CR products derived from 5568 ESTs (Morio et al., 1998).
there is a very significant difference in ecr@BZ expression Based upon the estimate of VanDriessche et al. (VanDriessche
at the slug stage. In the random integrant, et¢acB-is et al., 2002), there should be no more than a 20% redundancy
expressed normally, i.e. in the small cone of pstAB cells in th# this EST set. Hence, the array potentially accesses ~40% of
slug tip (Fig. 5A), but in the Ax2/gskA— strain ecnidigZis  the estimated 11,000 Dictyostelium genes (Glockner et al.,

IG7T R Es Y.+ wWamgwe®s

expressed throughout the prestalk region. 2002).

We are not, unfortunately, able to interpret those ESTs that
The Ax2-derived gskA-null strain is hypersensitive appear to be over-expressed in the null mutant. This limitation
to DIF and shows a greatly reduced sensitivity to arises because, when developing on non-nutrient agar, a
extracellular cAMP as an inhibitor of stalk cell significant proportion of the null strain cells do not reach the
differentiation slug stage (Fig. 3A). Therefore, those genes that are expressed

The above results show tretmBis mis-expressed at the slug at a high level during early development, and are then switched
stage in the Ax2/gskA- strain. Therefore, we analysed theff, will appear to be overexpressed in the mutant. We can,
response of the AX2-derived null mutant to the extracellulahowever, interpret the data for those genes that are
signals that controecmBgene expression. In a monolayer underexpressed in the null strain. This was achieved psiAg
assay, stalk cell differentiation ae¢mBgene expression are as a standard to correct for the ‘dilution effect’ that results from
induced by the addition of DIF-1 (Berks and Kay, 1990).the presence of cells arrested as mounds. From the composite
Hence, we first compared the DIF inducibility of parental AX2microarray data fopsA we estimate this ‘dilution’ effect
cells and the Ax2/gskA— strain. There is a major difference itauses an apparent underexpression of less than twofold
sensitivity; the concentration that induces half-maximal stalkaverage value for the null/random integrant signal (+s.d.) for
cell differentiation is about 10-fold lower in the Ax2/gskA— psA=0.60+0.085 1=15)]. As psAis barely expressed at the
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mound stage but is highly expressed at the slug stage, this witlutant of less than fourfold that of the control, and this was
be the maximum extent of the dilution effect; i.e. any gene thatlso duplicated in the dye swap. Strikingly, all seven ESTs
is significantly expressed at the mound stage will causproved to be highly homologous to one gene, the 2C gene (Fig.
a smaller dilution effect than is observed fmsA As the 8). There is a 2C-related gene, 7E (Corney et al., 1990;
dilution effect creates an apparent approximate twofoldRichards et al., 1990), but the ESTs that we identified as GskA
underexpression, we placed a relatively severe significance agisponsive are all significantly more homologous to 2C than to
off for the primary analysis of fourfold (Fig. 8). 7E (data not shown).

Seven ESTs showed an average expression level in the nullldentifying those ESTs that are strongly overexpressed on
all slides automatically excludes ESTs where just one
hybridisation failed or gave a high background. Finally,

A random integrant gskA-null therefore, the entire data set was reanalysed for all ten 2C-
+
ecmAO ~ far
! ;' " A £
£ 20T +CAMP
ecmA - " e £ 0451
S o 0401 +CAMP
© a5
ecmO 7 o251
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Fig. 6.(A) Induction of the prespore marker p$acZin cells of a
Fig. 5.(A) Analysis of the expression pattern of cell-type specific ~ random integrant and an Ax2/gskA- strain. Cells were developed in
reporter constructs in a random integrant and an Ax2/gskA— strain. suspension culture and pulsed with 300 cAMP. Samples were
Stable transformants for each of the indicdsed reporter taken at=0 (~cAMP) and=8 hours (+cAMP), an@-galactosidase
constructs were allowed to develop on water agar. The stained activity was determined. All samples were measured in triplicate and
structure for each random integrant transformant clone is shown onthe means and standard deviations are presented. The accumulation
the left and the equivalegskAnull mutant structure is shown on the of B-galactosidase is higher in tekAnull mutant than in the
right. The developmental promoter, or promoter subfragment, that random integrant. This is likely to be due to copy number differences

directs expression of tHacZ gene is indicated on the left. Slug for the reporter construct in the two strains. (B) Induction of spore
stages are shown for strains transformed with all reporter constructs;ell differentiation by 8-Bromo-cAMP in a random integrant and an
except for strains transformed with p$sfeZ, where tipped Ax2/gskA- strain. The random integrant and Ax2-derigskiAnull
aggregates are shown. All structures derive from pools of mutant were plated at low density fklls/cn?), in spore induction

transformants. (B) Prespore vesicle staining in a random integrant medium and exposed to 15 mM 8-bromo-cAMP for 24 hours (Kay,
and agskAnull mutant. Slugs were stained for prespore vesicles as 1989). Spores were counted and expressed as a percentage of total
described in the Materials and methods section. number plated. Data are expressed as mean number+sie3. (
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related ESTs on the array. The ratio of the 2C signal for
null/random integrant is 0.19+0.088. Correction for the
dilution factor, 0.60+0.085 (legend to Fig. 8), indicates that 2C
is expressed at approximately one-third the wild-type level in
the gskAnull strain.
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Discussion

Strain differences between gskA null mutant
phenotypes

The morphology of mutants arising fragskAgene disruption
T - ; : varies markedly with parental strain. InactivatiorgskAin the
0.1 ! 10 100 DH1 parental background gives rise to highly abnormal
DIF structures, which contain very few spore cells and a greatly
(nM) - .
expanded pre-basal disc cell population. By contrast, many
clones of the AX2-derivedskAnull mutant generate small, but
] O- no cAMP normally proportioned, fruiting bodies. The parent of the
| M+ cAmMP original null mutant, DH1, is a uracil auxotroph of the axenic
strain AX3 and inactivation ofiskAin AX3 yields a mild
phenotype resembling that of the AX2 disruptant (C.S. and
J.G.W., unpublished). The phenotypic differences presumably
arise, therefore, from the absence in DH1 of pyr5-6 — an enzyme
of pyrimidine biosynthesis. We suggest that perturbations in
nucleotide biosynthesis, caused by the absence of pyr5-6, elevate
the mutation rate in DH1. There is a major variability in DIF
responsiveness in DH1 stocks derived from different laboratories
(C.S. and J.G.W., unpublished) and this is consistent with hyper-
AX2 Random  gska mutability of DH1. Hence, we further believe that the particular
integrant nul DH1 substrain used in the initial mutant screen contains a
C 100 genetic enhancer of the gskA-null phenotype.
gskA Paradoxically, the use of the DH1 strain in the origgskA
90 null study may have actually been fortuitous (Harwood et al.,
80 1995), because the milder phenotypes seen with the AX2-
derived gskA-null mutant could have been overlooked. This
701 was the original fate of the cAR3 cAMP receptor mutant.
60 1 Initial characterisation of the mutant suggested that it was
o0 | AX2 morphologically normal but more detailed analysis showed
that it is defective in GskA signalling (Plyte et al., 1999). The
40 1 T difference in severity of phenotype between gskA and
30 cAR3null mutants was originally thought to be due to receptor
redundancy (Plyte et al., 1999). However, our present analysis
201 suggests that thgskAand car3 phenotypes are much more
101 s similar than previously believed.
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CAMP (5 mM)O' -+ - = F -+ -+ The rate of early development is accelerated in
100 10 5 100 10 5 AX2G/gskA-null cells but the slug phase is curtailed
DIF (nM) . ) .
Dictyosteliumcells enter development when their food source,

Fig. 7.Induction of stalk cell differentiation by DIF-1. Comparison ~ More specifically their amino acid _supply, become_s limiting
of the DIF-1 sensitivity of AX2 cells and an Ax2/gskA— strain. Ax2 (Marin, 1976) and growth conditions are an important
(black circles) andiskAnull mutant cells (white circles) were plated modulator of subsequent development. GSK3 is a metabolic
at low density (16cells/cn? in stalk medium in 5 mM camp). After  enzyme and this provides one possible explanation for the fact
24 h_ours incubatio_n, cAMP was washed off and replaced with DIF aghat early development is acceleratedk2G/gskA-<ells. As
varying concentrations for a further 24 hours. Stalk cells were the transition from slug migration to culmination is regulated
counted and expressed as a percentage of total number plated. Datg, endogenous ammonia produced by cellular catabolism

are expressed as meanzs.e.m., and represent the combination of . :
clones analysed in triplicate. (B) Comparison of the effect of cAMP CTIQdI(terr] and Slilssmar:, .iL9d77),'a Tetabolhc derf]eCt m.ay tﬁlso
on AX2 cells, a random integrant and an Ax2/gskA- strain. Cells éxplain the greally curtailed migratory slug phase in the

were treated as in A, but incubated in 100 nM DIF+5 mM cAMP, as AX2/gskA— strain

indicated. (C) Comparison of the effect of cCAMP on AX2 cells and

an Ax2/gskA— strain using different inductive concentrations of DIF-L0SS of gskA has weak effects on spore

1 Cells were treated as in A, but incubated in 100, 10 or 5 nM DIF differentiation

+5 mM cAMP, as indicated. When the DH1-derivedskAnull strain is allowed to develop



4562 Development 131 (18) Research article

2C mRNA AAAT|C[AAA|T C[AAAAT|A[AAAT]- - - - - - AAATAAAATAAAAT GACACTCTTTTCATCAATCTCATCAAT
ssm360 AATAAATCAAATCIAAATI|ICIAAA|T TIAAAAT|TIAAAT|ITTTAA[AAAATAAAATAAAAT GACACTCTTTT CATCAATCTCATCAAT
sse255 AAATTAAAATIAAATITIAAAIATIAAA[T|T|A|A[T]AT|AAA TT|A[T|A[TITAAAATAAAA[GIGACACTCTTTIT CATCAATN]TCATCAAT
55¢520 AAA[T TIAT|TIAAAT|TATAA|IA AAJAAAATAAAAT GACACT[T]TT[C]TCATCAATCTCATCAAT
ssa602 AATAAATCAAAT|C[AAA|TCIAAAATA[AAAT]|- - - - - - AAATAAAATAAAAT GACACTCTTTTCATCAATCTCATCAAT
551296 A[AAAAT|TIAAA[CA TA[AAAATA[TIAA[A]JAAAAT cACA[A|T[T|TT[A|lTC[TGlcAAT[TA|C[T|TCAAT
ssh637

2CmRNA G[TCAAGT|T[CAAT GACAA G|C[TCAA|G[AT C [AACAAGTATGGGTTCAAATT CAATT G
ssm360 G[TCAAGT|T|CAAT GACAAGTTCAAAAT C - - /AACAAGTATGGGTTCAAATT CAATTG
sse255 T|TCAA[ACCICAAN[JGACAAGTTCAAAAT C -[AACAAGTA[N|GA]JGTTCAAATT CAATT G
ssc520 T[T CAA|A[T|CICAAT GACAAGTTCAAAAT C -IAACAAGTATGGGTTCAAATT CAATT G
ssa602 G|TCAAGT|T[CAAT GACAAGI[CITCAA[GIAT C -|AACAAGTATGGGTTCAAATT CAATT G
ssl296 T|TCAAG[AC|ICAA[AT|A[AJAAGTIAGT[AAAT C

C[TJAATT cA[G]T[AT
CAAATT CAATTG

ssh637

2CmRNA |CAT GTIA|GT G[TCIGGT(A|GT G G T GG|T G

ssm360 CATGTAGTGTTGGT|A|GTGG T[T]6|T G

sse255 CATGT|GIGTGIGITGGTTGT GG T GG|AA AAA|ITTTA
s5€520 CATGT|GIGTG|IGITGGTT GTGG|- - -[TGG|AA A[GGTTTA
ssa602 CATGTAGTGTCGGTGTGG T GG|T G GTTTA
551296 CATGTTTTAATGTTGTGG TGGICT GGTT[C]A
ssh637 CATGT|GIGTG|IGITGGTTGTGG|- - -|TGGIAA GGTITTAAGTTTA|IGGTTTA

2C MRNA GC|TAAAT|CHG|TGG|T|GGT| [AG|T[TGT|G[EAGG|AAAA GEGT GG|ACC[TJc A[TAAT|CATG[GlcCAT[EGT|AA T[GG|T C[AT|GGACCACA

ssm360

sse255 NGGATCAAGA N G TG TGCTCAAGGAGGAAA GGAGG|T TC[T|TGTTGTGG
ssc520 T[T AJAA[T]T|T[A AlC A A TAATGG AGTATG GGAGGAART|- - - - - - - -
ssa602 G C[TAAAT|C|AAlG T T TAATCATGGCCAT AAT|GG|T C GGACCACA
ssi296  [T]A[T AT|A T]AlA G CAAAC TC TTGT ATTGCAA TC[AACATGCCATTGCAG
ssh637 TATTTAAC A c TAAT .TATG GGAA --------

2cmRNA T[EG T]C A T G[GT|G GTAAAGGCGGAGGTECHTGT.GEG. [AA|T[ATAA[TATATA CA|C - - -[ACAT|A TA[TATA|Cc T[T]T A[AATA]

ssm360
sse255 AGGTCCATGTTGTGGTATTTAAAATATNTTAAAAAATT A[A A|A|ALA[A
55¢520 rGGTTCATGTTGTGGTATTTAAAATA—ATTAAAAAATT TAA AATA|-
ssa602 TGGTCATGGTGTAAA TNNNCAGGAGGTTATGTA'EITTGTTAATATA

H: T

551296 TTAATTIAIGT|TTIAATTAIAIC|TIATIAA[TITA|- A
ssh637 -[GGT|T CIA[TIGTT GT|GGTI|A|T AlAAJAITA|- A

2cmRNA [TT A CTT|C[AATT|G TAATAAT|AA[R]T TAT|T[TA[AA]T - -[AAAAT]C G c[TClc T[A]T[TT]T[A]
ssm360
556255
55€520
552602
551296
ssh637

>0 -AH>>
0Oz>»00

A
TTAAAAAATT A. AAAATA

AT T T T

AAAAAAAAAAAAA AAAAAAAAA A|A[A
vt ivivv v TT AAATTTGT
v v vt kvt vt TTTCAAAATAAAAAAA
TAAITTTN
v it i it TTTTA AAIAAAA

2C mRNA
ssm360

556255 AAAAIAIAAA
55¢520 TTTTIAITTTAAATTTAATC
ssa602 AAAAIAIAAAAAAAAAA CAAAAAAAA

551296
ssh637 A AAA[AJAAAAAA

Fig. 8.Sequence comparison for seven of the ESTs that are underexpressagskndl strain. Microarray analysis was performed as
described in the Materials and methods. This yielded seven ESTs where the sequence is known. This Clustal W analysithshesvethat
ESTs are all members of the 2C gene family.

clonally on a bacterial lawn, it exhibits a severe reduction imAx2/gskA— strain led us to study cellular responses to known
prespore and spore differentiation. By contrast, the AX2agonists of the two processes. Extracellular cAMP acts, via an
derived gskAnull cells express prespore genes and fornunknown intracellular signalling pathway, to induce prespore
fruiting bodies. Although inactivation of thgskAgene in  gene expression (Gomer et al., 1986; Kay et al., 1978). In the
AX2 cells is permissive for prespore and sporeDH1-derivedgskAnull strain, extracellular cAMP activates
differentiation, analysis under conditions of synchronougprespore gene expression very poorly, but in AX2G/gskA—
development revealed a heterogeneity in the response. tells, CAMP is a potent activator. The membrane-permeant
some clones of the AX2-derived null strain, pre-growth incAMP analogue 8-bromo cAMP induces spore differentiation
axenic medium and development on non-nutrient agar caus@day, 1989). This and much other evidence (reviewed by
a proportion of the aggregates to arrest as mounds. OWéilliams et al., 1993) suggests that activation of PKA, via an
possible explanation for the variable penetrance of ke elevation in intracellular cAMP, is both necessary and
null mutation, under these particular developmentakufficient to trigger terminal spore differentiation. This
conditions, is a cryptic heterogeneity in the AX2 parentainduction is greatly impaired in DH1-derivegkAnull cells.

cells used to generate the null strains. The induction of spore cell formation by 8-bromo cAMP is

. ) ) ) also reduced in AX2G/gskA- cells, to about 30% of control
Analysis of the signalling pathways that direct levels. However, this is a much less severe effect than in the
prespore and spore differentiation DH1-derived strain (Harwood et al., 1995) or in gs&Anull

The fact that prespore and spore differentiation occur in thederived in strain JH10 (Kim et al., 1999), where spores are
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formed at only 10% of control levels. One possible explanatioextracellular cAMP signalling activates ZAK1 and GskA to
for this difference, for the DHL1 strain, is that it is defective inrepressecmB expression in pstA cells and prevent their
prespore differentiation and that this enhances a subsequememature differentiation into pstAB cells (Fig. 9).

effect of thegskAmutation on spore formation. Consistent with  The above scheme may also help explain the DIF-1
this, the DH1 strain produces very few viable spores, duringypersensitivity of thegskAnull strain. As the inducing
normal development (A.H., unpublished) while AX2G/gskA—concentration of DIF-1 is lowered, in AX2 cells, there is a

cells forms completely viable spores (Fig. 2D). pronounced increase in the repressive effect that CAMP exerts

) . on stalk cell differentiation (Fig. 7C). Thus, there seems to be
Temporally and spatially regulated ~ ecmB expression an antagonism between DIF-1 and extracellular cAMP. By
is dependent upon GskA contrast, thegskAnull strain is largely refractory to the

PstA cell and pstO cell differentiation occur normally in theinhibitory effect of extracellular cAMP at all DIF-1
AX2G/gskA- strain but one aspect of prestalk/stalk-specificoncentrations tested; the low level of cCAMP repression of
gene expression is significantly aberrant; in slugs of thstalk cell formation that does occur probably derives from a
AX2G/gskA- strain, thecmBgene is activated, precociously previously described, gskA-independent mechanism (Coates et
and ectopically, in all cells within the prestalk region.al., 2002). We suggest that, in AX2 cells incubated in the
Normally, cells within the prestalk region of migrating slugsabsence of exogenous cAMP, endogenously produced cAMP
undergo a movement and differentiation cycle that presagestagonises the inductive effect of DIF-1. If true, this would
events at culmination (Abe et al., 1994). A subset of the pstaffectively shift the DIF-1 dose-response curve to higher
cells, located very near the slug tip, activate expressiearnB  concentrations. However, the shift would not occur gsle&
and are then termed pstAB cells. These cells are periodicalbull strain, where the extracellular cAMP inhibition
shed from the back of the slug, where they rapidly differentiatenechanism is inoperative. Hence, lower DIF levels would be
into stalk cells (Sternfeld, 1992). During culmination, theneeded for the induction of stalk cell differentiation ingskA
differentiation of prestalk cells into pstAB cells becomesnull.
continuous rather than sporadic. However, very similar )
processes of movement aadmBactivation occur; after first The extracellular cCAMP repression pathway
expressingecmB at the entrance to the stalk tube, the newlyfunctions independently of Dd-STATa
formed pstAB cells move down the tube and terminallyDd-STATa acts as a repressore@imBgene transcription by
differentiate as vacuolated stalk cells (Jermyn and Williamshinding to two, mutually redundant sites within the promoter
1991). (Fig. 9) (Mohanty et al., 1999). In addition, Dd-STATa is a
In the ZAK1-null and, as we have now shown, inglskA  direct target of GskA; the kinase modifies a region near the N
null, the ecmB gene is expressed throughout the prestalkerminus of Dd-STATa and triggers its export from the nucleus
region. In addition, in slugs of the original DH1-derigskA (Ginger et al., 2000). Moreover, just as for gekAnull, the
null strain, in the Ax2-derivedskAnull strain and in ZAK1- Dd-STATa-null strain is hypersensitive to DIF-1 (Mohanty et
null slugs inhibition of stalk cell differentiation by cAMP is al., 1999). Despite these congruencies, however, Dd-STATa
greatly attenuated. In combination, these data suggest th@nnot be the mediator of extracellular cAMP repression;

High extracellular [cAMP]

bi‘a Low intracellular ) _
Direction of [CAMP] Fig. 9. GskA and the regulation of stalk
prestalk cell movement s <P ZAK1 cell differentiation. The structure at the
Prestalk * left is a representation of an early
GSK-3 culminant, with prestalk cells
cell undertaking the ‘reverse fountain’
- - FEE movement. As they pass the entrance to
A Rl Rl OFF the stalk tube, the prestalk cells activate
expression of thecmBgene and are
then termed pstAB cells (pink). Before
entry to the stalk tube (blue), teemB
Low extracellular [cAMP] promoter is inactive; high extracellular
cAMP signalling acts (via the cAR3
High intracellular CAMP receptor, the dual specificity
[CAMP] kinase ZAK1 and GSK-3) to prevent the
PstAB V' ecmB activator region (A) from
cell BKA~ W functioning. In addition, Dd-STATa
; PKA functions as a repressor, acting via two
-\( repressor elements (Rl and RII) located
! | ec.mB distal to theecmBcap site. At
acivator ON culmination, repression by Dd-STATa is
Prespore cells A RI Rl also relieved by a parallel pathway

involving activation of PKA.
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because the Dd-STATa-null strain is hypersensitive to the the members of the cDNA project in Japan for generously providing
repressive effect of CAMP cgcmBgene expression (Mohanty the ESTs.

et al., 1999). In addition, an ecmB promoter construct lacking
the repressor elements remains subject to extracellular cA eferences
repression (Y. Yamada and J.G.W., unpublished). It woul

seem, therefore, that GskA exerts its effects via the ecmfbe T. Early, A, Siegert, F.,, Weijer, C. and Williams, J(1994). Patterns

. . . iee . of cell movement within the Dictyostelium slug revealed by cell type-
activator (Fig. 9), an as yet unidentified factor that interacts specific, surface labeling of living cell§ell 77, 687-699.

with a directly repeated sequence in the ecmB promotelpe, T., Langenick, J. and Williams, J. G(2003). Rapid generation of gene

(Ceccarelli et al., 2000). disruption constructs by in vitro transposition and identification of a
Dictyostelium protein kinase that regulates its rate of growth and
Evidence that GskA also activates gene expression developmentNucleic Acids Res31, e107.

To d . heth GskA h | | .Araki, T., Gamper, M., Early, A., Fukuzawa, M., Abe, T., Kawata, T., Kim,
0 determine whether Gs as a more general role in E., Firtel, R. A. and Williams, J. G.(1998). Developmentally and spatially

regulating gene expression, we used expression profiling toregulated activation of a Dictyostelium STAT protein by a serpentine
analyse thgskAnull mutant. Using a microarray that monitors receptorEMBO J.17, 4018-4028. _

almost one-half of expressed genes, we discovered a geﬂ?ﬁké’rig"gsﬂj;ﬁzﬁihgr'éA:e'KTa{Eof\uﬁZ?\:V;éd’\;"MMgme\?'(gﬂdbgcgag%A?'
fam!ly that.ls significantly underexpressed in the Ax2-GskA- regulétea, stress-induced signailingﬁ’ pathwa&/ in Dict;/ostelm.rﬁ:ell Sci.
strain. 2C is a very small gene, of less than 0.5 kb, that has; 16 2907-2015.

the potential to encode an 8.8 kDa protein of unknowrBerks, M. and Kay, R. R.(1990). Combinatorial control of cell differentiation
function (Richards et al., 1990). The 2C gene is strongly by cAMP and DIF-1 during development of Dictyostelium discoideum.

; ; iq_ Developmeni1Q, 977-984.
deveIOpmema”y regmated’ with -~ a peak durmg mid Brantjes, H., Barker, N., van Es, J. and Clevers, H(2002). TCF: Lady

culmination (Corney et al., 1990). AnalySiS_ of the genome jg1ice casting the final verdict on the outcome of Wnt signalBim.
sequence shows that there are multiple copies of the 2C genenhem.383 255-261.

and their level of relatedness is so high we assume we aeccarelli, A., Zhukovskaya, N., Kawata, T., Bozzaro, S. and Williams, J.
measuring their composite behaviour. Given the role of cAMP (2000). Characterisation of a DNA sequence element that directs
in GskA regulation, it is perhaps significant that the Dictyostelium stalk cell-specific gene expressiDifferentiation 66, 189-
intracellular concentration of 2C mRNA is regulated by thecoates, 3. c., Grimson, M. J., Williams, R. S. B., Bergman, W., Blanton,

extracellular cAMP concentration (Richards et al., 1990). R. L. and Harwood, A. J. (2002). Loss of the beta-catenin homologue
aardvarkcauses ectopic stalk formation ictyostelium Mech. Dev116,

Relationship to other GSK3 regulated signalling 117-127. _

pathways Cohen, P. and Frame, S(2001). The renaissance of GSK&at. Rev. Mol.

: ) . Cell. Biol. 2, 769-776.

In animal cells, GSK3 represses gene expression by causiggmey, A. J., Richards, A. J., Phillpots, T. and Hames, B. D(1990).

the degradation of-catenin. Wnt stimulation alleviates this  Developmental regulation of cell-type-enriched messenger RNAs in

repression by prevening GSK3 phosphoylation _and, Diioselum dcadeurnie, ool 4 e, L

SUbsequent Qegradatlon pfcatenm' allowmg It to aCtlvate_ Harwood, A ’\NiIIiams‘, J. G and N’erké, K.(1989). dptirﬁization émd in

gene expression. Superficially, the results presented r_\ere MIITOKjty detection of Escherichia coli beta-galactosidase gene expression in

the metazoan pathway; however, there are many differencesbictyostelium discoideumGene8s, 353-362.

Dictyosteliumexpresses a homologue fcatenin, known as Dynes, J. L., Clark, A. M., Shaulsky, G., Kuspa, A., Loomis, W. F. and

Aardvark (Aar) (Grimson et al., 2000). In thar-null mutant Firtel, R. A. (1994). LagC is required for cell-cell interactions that are
LN . . essential for cell-type differentiation in Dictyosteliuenes Dev8, 948-

at culminationecmBexpression expands outside the stalk tube ggg

and thrOUghOUt the tlp (Coates et al., 2002) However, this @arly, A. E., Gaskell, M. J., Traynor, D. and Williams, J. G.(1993). Two

an indirect structural effect; it arises from a loss of adherensdistinct populations of prestalk cells within the tip of the migratory

JunctlonS, WhICh requ"'e Aar proteln for thelr formatlon ?l?é(gty??g;ellum SIUg with dlﬁerlng fates at CU|m|nat|dDeVe|0pmenﬂ.18

(Coates etal, 2002)' . . Frame, S. and Cohen, R2001). GSK3 takes centre stage more than 20 years

Although we conclude that tHictyosteliumpathway does after its discoveryBiochem. J359, 1-16.

not conform to the canonical Wnt signalling pathway, everrukuzawa, M., Hopper, N. and Williams, J.(1997). cudA: A Dictyostelium

among the metazoa, the canonical pathway is not the only routegene with pleiotropic effects on cellular differentiation and slug behaviour.

; Developmentii24, 2719-2728.

whereby Wnt signals and GSK3 can regulate cell fate (Veem -

l., 2003). For example, during early nematode developmen nger, R., Dalton, E., Ryves, J., Willams, J. G. and Harwood, A. J.
etal, >/ ple, g y p (2000). Glycogen synthase kinase-3 (GSK-3) regulates nuclear export of
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However, much of the mechanism _Of these GSK3'mEd|at_e§omer, R. H., Armstrong, D., Leichtling, B. H. and Firtel, R. A.(1986).
pathways has yet to be resolved and it remains to be determinedAmMP induction of prespore and prestalk gene expression in Dictyostelium
whether there is any functional overlap with the pathways usedis mediated by the cell-surface cCAMP recepRyoc. Natl. Acad. Sci. USA

i ; 83, 8624-8628.
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