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Summary

The Dictyostelium stalk cell inducer differentiation-
inducing factor (DIF) directs tyrosine phosphorylation and
nuclear accumulation of the STAT (signal transducer and
activator of transcription) protein Dd-STATc. We show
that hyperosmotic stress, heat shock and oxidative stress
also activate Dd-STATc. Hyperosmotic stress is known to
elevate intracellular cGMP and cAMP levels, and the
membrane-permeant analogue 8-bromo-cGMP rapidly
activates Dd-STATc, whereas 8-bromo-cAMP is a much

pathways. Also, Dd-STATc null cells are not abnormally
sensitive to hyperosmotic stress. Microarray analysis
identified two genes,gapA and rtoA, that are induced by
hyperosmotic stress. Osmotic stress induction @fapAand
rtoA is entirely dependent on Dd-STATc. Neither gene is
inducible by DIF but both are rapidly inducible with 8-
bromo-cGMP. Again, 8-bromo-cAMP is a much less potent
inducer than 8-bromo-cGMP. These data show that Dd-
STATc functions as a transcriptional activator in a stress-

less effective inducer. Surprisingly, however, Dd-STATc
remains stress activatable in null mutants for components
of the known cGMP-mediated and cAMP-mediated stress-
response pathways and in a double mutant affecting both

response pathway and the pharmacological evidence, at
least, is consistent with cGMP acting as a second messenger.
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Introduction becomes serine/threonine phosphorylated, changes its
As would be expected of a soil-dwelling single-celledintracellular location and binds to p130 (Gamper et al., 1996;
organism, Dictyostelium possesses effective responseGamper etal., 1999). Two-dimensional gel electrophoresis also
mechanisms to cope with environmental insult — for examplg€vealed changes in the subcellular distribution of several other
osmotic shock, heat shock or oxidative stress. This has begfoteins after osmotic shock but there were no apparent
best characterised for hyperosmotic shock, where cells rapidghanges in the expression level of any individual protein
respond to high osmolarity by reorganising their cytoskeletor{Zischka et al., 1999).

The cytoskeleton is, in part, restructured as a result of the When Dictyosteliumcells are subjected to hyperosmotic
phosphorylation of three threonine residues in the tail regioBhock, guanylyl cyclase activity increases and cGMP levels
of the myosin Il heavy chain that regulate its state of assembWithin the cell rise (Kuwayama et al., 1996; Oyama, 1996;
(Kuwayama et al., 1996). Hyperosmotic stress and severRoelofs and Van Haastert, 2002). Analysis of KI-8, a
other stress factors, such as ATP depletion, exposure to heagljemically induced mutant that is defective in cGMP
metals, and heat shock, also induce changes in the tyrosiaecumulation, suggested that osmotically induced elevation of
phosphorylation level of actin and in actin cytoskeletalintracellular cGMP leads to phosphorylation of the myosin I
organisation (Aizawa et al., 1999; Gamper et al., 1999; Howardeavy chain (Kuwayama et al., 1996). This conclusion was
et al., 1993; Jungbluth et al., 1995). Genetic evidence shovssipported by the fact that 8-bromo-cGMP induces myosin
that these cytoskeletal rearrangements are essential fphosphorylation and prevents osmotic lethality in KI-8 cells.
resistance to high osmolarity; cells expressing mutant forms dihe gene encoding, sGC, a soluble guanylyl cyclase that is
myosin Il, wherein the three threonine residues in the tail aractivated by osmotic stress, has been isolated, but the
substituted by alanine, are sensitive to hyperosmotic stresslationship between sGC activity, myosin phosphorylation
(Kuwayama et al., 1996), as are double mutants in two F-actand the response to osmotic stress was not reported (Roelofs
cross-linking proteins (Rivero et al., 1996). In addition to theset al., 2001; Roelofs and Van Haastert, 2002).

important cytoskeletal rearangements, p130, a protein of Intracellular cAMP levels also rise in response to
unknown function, becomes tyrosine phosphorylated aftenyperosmotic shock and this is mediated by the DokA protein
osmotic shock and the protein tyrosine phosphatase PTRQLtt et al., 2000; Schuster et al., 1996). A null mutant for DokA
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(a dokA~— strain) displays reduced viability when exposed tet al., 2001) Dd-STATc functions as a transcriptional repressor
high osmolarity, and artificial elevation of the intracellularthat prevents ectopic pstA-specific gene expression in the pstO
cAMP concentration, by exposure to 8-bromo-cAMP, iscells (Fukuzawa et al., 2001).
osmoprotective in dokA— cells (Ott et al., 2000). DokA is a Our previous study showed that there is a low level of
hybrid histidine kinase. On exposure to osmotic stress, Dok#yrosine phosphorylation of Dd-STATc in cells newly set
is activated by serine phosphorylation and it functions asp for development (Fukuzawa et al.,, 2001). Tyrosine
a negative regulator of the two-component system thgbthosphorylation was quickly lost as the cells entered
controls intracellular cAMP concentration (Chang et al., 1998development but reappeared several hours later. We suggested
Thomason et al., 1998; Thomason et al., 1999; Wang et athat its presence in newly developing cells might be a stress
1996). DokA is believed to regulate this system, theesponse induced by the manipulations necessary to transfer
RdeA:RegA system, by acting as a phosphatase for RdeA (Qtte cells out of growth medium. To determine whether Dd-
et al., 2000). STATc is stress inducible we have characterised its response to
The link between the above three response systems ligperosmotic shock, because this is the best-characterised
unclear. In a dokA- strain cGMP accumulates afteDictyostelium stress-response pathway. We show that Dd-
hyperosmotic stress and the cells show a normal shrinka@TATc is indeed stress activated and that it mediates specific
reaction (Schuster et al., 1996; Ott et al., 2000). This suggestsess-induced gene transcription.
that cGMP functions either upstream of DokA or in a parallel
pathway. Also, PTP3 is phosphorylated in response to osmotic
shock in dokA— cells (Gamper et al., 1999), suggesting thdflaterials and Methods
DokA does not lie in an upstream part of the PTP3 modificatiofell culture, transformation and development
pathway. The Ax2 axenic derivative of NC4 (a gift of G. Gerisch) was used in
In fission yeast, mammalian cells and plant cells, a varietgll experiments and was cultured at 22°C in HL5 medium (Watts and
of cellular stresses activate mitogen-activated protein (MAPAshworth, 1970). Transformation was by electroporation and strains
kinase cascades that function by regulating the activity cg:f’jlre Szlride;sﬂgf?”@es:]aiﬂgd&s'gﬁ;tghg Sf}gers(igsssfny@h%‘fw'“g
specific transcription factors (Toone and Jones, 199&€S Werew wicel S u - M '
Waskiewicz and Cooper, 1995). There is, however, no evidenced MM KeHPQ:, pH 6.2) and resuspended al” cells/ml in KK2.

for MAP Ki invol t in the h fi t ey were shaken in suspension at 200 rpm and at 22°C for 4 hours
or iInase nvolvement in the Nyperosmolc Slres§,qsq e being subjected to various stress conditions. In most cases this

response ofDictyostelium In addition to activating MAP 45 the addition of sorbitol to a final concentration of 200 mM.
kinase cascades, animal cells activate specific Janus kinase-

signal transducer and activator of transcription (JAK-STAT)
signalling pathways when subjected to osmotic or oxidativémmunohistochemical staining, western and northern transfer
stress (Bode et al., 1999; Carballo et al., 1999; Gatsios et dimmunohistochemical detection was performed as described
1998). The mechanisms are not known in detail but theipreviously (Araki et al., 1998). For Dd-STATc, the 7H3 monoclonal
activation by osmotic shock is thought to be triggered by th@ntibody (Fukuzawa et al., 2001) was used and for Dd-STATa
cell shrinkage associated with hyperosmosis and is agamnog)(l’;f“;'l;”ggﬁ:zvgi Y;Z‘zduisneg O(Sr;l‘qs%t glélaﬁgg)bﬁf?érvgiztem
g]oéjght ’t[o lrllvol\llggzzMAgT'lg_lr_}ase ct:a§cade (?a}ts'c:z et alH.lag}%roteins were separated by SDS-PAGE and then transferred onto a
ode €t al, 19 )- proteins contain three nig bond C ‘extra’ membrane (Amersham Bio-science, Amersham,
conserved domains: a DNA binding site, an SH2 domain angk). The membrane was blocked with 5% skimmed milk in TBS
a site of tyrosine phosphorylation (reviewed by Bromberg angdontaining 0.5% Tween-20 for 30 minutes and then reacted overnight
Chen, 2001, Chatterjee-Kishore et al., 2000; Horvath, 2000yith primary antibody, CP22 — a monoclonal antibody that recognises
On tyrosine phosphorylation, most often by a member of thgr922 of Dd-STATc only when it is in its phosphorylated form
JAK family, STAT monomers dimerise, via mutual SH2 (Fukuzawa et al., 2001). The membranes were incubated with
domain:phosphotyrosine interactions, and accumulate in tigcondary antibodies followed by a reagent that allows
nucleus. chemiluminescent detection (Pierce and Warriner, Chester, UK). For
Dictyosteliumuses STATs but no JAKs have been reportedchecking the amount of Dd-STATc, membranes were stripped and
and the only known roles for the STATs are developmenta/€Probed with 7H3 antibody. Northem analysis was performed as
The Dd-STATa protein becomes tyrosine phophorylated an S%Ibeegceb% IE;L( Lt‘cf;v.vi'm?itVfg"a?ﬁaﬁiumzsanvfedand vitams:
accumulates in the nucleus when extracellular cAMP binds to P P '
its cell-surface serpentine receptor (Araki et al., 1998; Kawata
et al.,, 1997). DIF (differentiation-inducing factor) is a Microarray analysis
chlorinated hexaphenone, produced by the developing cellshe PCR products from 334 cDNA clones (see supplementary
which was originally identified by its ability to induce stalk cell data at jcs.biologists.org/supplemental), chosen from a set of
differentiation in a monolayer assay system (Kay and Jermymictyosteliumexpressed sequence tags (Morio et al., 1998)

1983; Morris et al., 1987; Town et al., 1976). DIF induces théhttp://www.csm.biol.tsukuba.ac.jp/cDNAproject.html), were used as
differentiation of pstO cells (Thompson and Kay, 2000), a bangObeS in the microarray. The cDNA clones were amplified in a first
! ' CR reaction using primers flanking the vector sequences. The

of prestalk cells lying in the rear part of the prestalk regIon; esultant PCR products were used as templates for a second PCR

immediately behind the pstA cells (Early et al., 1993). Dd'reaction, using nested primers, to generate probes. The first and

STATc is activated by DIF and accumulates in the nuclei ofgcond PCR reactions were run for 35 and 40 cycles, respectively,
pstO cells (Fukuzawa et al., 2001). The Dd-STATc null mutangith a 2 minute extension time using ‘TITANIUM’ Tag DNA

has an accelerated rate of early development and a defectpslymerase (Clontech, BD Bio-science, Oxford, UK). These DNA
the regulation of entry into terminal development (Fukuzawarobes were printed on CMT-GAPS2 coated slides (Corning Ltd, UK)
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using a MicroGrid-l1l microarray robot (BioRobotics, Cambridge, when cells were treated with sorbitol but it did rapidly exit the
UK). Fluorescently labelled cDNA targets were prepared using th@ucleus in cells treated with DIF (Fig. 1B).

methods described at http://cmgm.stanford.edu/pbrown/protocols/ The biological relevance of the osmotic-stress-inducible
4_yeast_RNA.html. They were produced from 50-t@0of total  activation of Dd-STATc was assessed by measuring the relative
;I)\Il?mggrs]e t(rlﬁe #zihﬁélo(;'i'g;"ﬁllitgéngﬁrft' | Splgi)sel;s)/crbpé) IzlsmdDg% sorbitol sensitivities of Dd-STATc null cells and control cells
or Cy5-conjugated dCTP (Amersham Pharmacia, Amersham, UK .Fukuzawa:j e:[t agbgooa. ThE.tstlra;lnSZWﬁre elthgrrl]efttuntr(iat?ad
Unincorporated dyes were removed using QIAquick spin column r exposed to mivl sorbitol for ours (Sc uster €t al,,
(QIAGEN Ltd, W. Sussex, UK) and the targets were purified1996). Samples were then plated onto bacterial lawns to
with microcon-30 filters (Millipore Ltd, Watford, UK) before determine the number of viable cells. The parental strain
resuspending in 20l of hybridization solution (8SSC, 0.1% SDS, displayed an apparently higher level of resistance than the null
50% formamide). Slide processing and hybridisation were performestrain: parental=84+17%, versus null=59+21% (meanzs.d.
according to the instructions at http://www.corning.com/lifesciencesfrom eight experiments, with each viablity determination
The denatured targets were deposited on the microarrays after thgsayed in triplicate). However, there is a very large amount of
addition of 37.5.g of yeast tRNA (GICBCO BRL, Invitrogen Ltd, " intrinsic biological variability in this assay and, as can be seen,
Paisley, UK) and 5Qug of oligo-dA (Amersham Pharmacia) and ne gifference was not statistically significant. At the level of

covered with coverslips. Hybridisation was carried out overnight in,. . . __. : . .

sealed chambers (Corning) at 42°C. The slides were then washed thga' Crlmlnat|_on .Of .t.h's assay, which we consider to be a
times, each for 5 minutes, with 83SC, 0.1% SDS warmed in a C/M€rénce in viability e.q“.a' to or greater than twofold, the
water bath at 50°C and rinsed in ¥8BC twice before drying. The results would seem to indicate that the Dd-STATc null mutant
microarrays were scanned in an Arrayworx scanner (AppliedS not abnormally sensitive to hyperosmotic stress.

Precision, Issaquah, USA). The images were analysed visually and

probes showing a clear enrichment for one or other dye were subjected

to secondary analysis by northern transfer. Specificity of the response: Dd-STATa is not activated by
osmotic stress but other cellular stresses activate Dd-
STATcC
Results To determine whether the osmotic stress response of Dd-
Dd-STATc is activated by hyperosmotic shock but Dd- STATC reflects the existence of a generalised STAT activation
STATc is not essential for stress resistance pathway, we determined whether osmotic stress also activates

Stress responsiveness of Dd-STATc was analysed under tDel-STATa. Cells were treated with various inducers and the
regime previously used to study its DIF inducibility (Fukuzawanuclear translocation of Dd-STATa was analysed, using Dd-
et al., 2001). Cells were removed from axenic growth mediunrSTATc as a positive control (Fig. 2). As expected, nuclear
and shaken for 4 hours in a low ionic strength buffer. Wheitranslocation of Dd-STATa was induced by extracellular cAMP
sorbitol was added, to a final concentration of 200 mM, Ddbut not by DIF. Nuclear translocation of Dd-STATa was also
STATc was specifically tyrosine phosphorylated and thisiot induced when cells were treated with sorbitol (Fig. 2). The
occured as rapidly as when cells were exposed to DIF (Figsmotic stress response is therefore specific to the DIF-
1A). Thereafter, when cells were treated with DIF, Dd-STATdnducible STAT, Dd-STATc.
became rapidly dephosphorylated. However, within the 15 We next determined whether stress conditions other than
minute period over which we routinely assay induction, theréayperosmotic shock lead to activation of Dd-STATc. We
was no dephosphorylation after sorbitol treatment. analysed the tyrosine phosphorylation of Dd-STATc protein
After hyperosmotic shock, Dd-STATc translocated to thdasolated from cells exposed to a 33°C heat shock or to the
nucleus with initial kinetics of accumulation that are as rapidincoupling reagent di-nitro phenol (DNP). Dd-STATc became
as with DIF; the peak of nuclear accumulation was reachespecifically tyrosine phosphorylated after both treatments but
approximately 2 minutes after DIF addition (Fig. 1B). Again,with different efficiencies, relative to a DIF-treated control
as would be expected from the respective activation kinetiog-ig. 3A,B). In the case of heat shock there was a slight (2 to
(Fig. 1A), Dd-STATc did not detectably exit from the nucleus3 minutes) delay relative to DIF (cf. Fig. 1A), but this was

A B
320 Fig. 1. Activation and nuclear accumulation of Dd-
_ . —= Sorbitol STATc by osmotic stress. Ax2 cells were allowed to
200mM sorbitol 90 - develop . .
B ——DIF p for 4 hours in shaken suspension, were
+ 80 A harvested and then divided into two. One portion
tyrP . ——memanam // \ was incubated in KK2 containing 200 mM sorbitol
Skake E - // \ and the other portion was incubated in KK2
FEETE g // \ containing 100 nM DIF. At the indicated times, one
) ) g 50 / \ aliquot was harvested and the specific tyrosine
100uM DIF &% 40 j phosphorylation level of Dd-STATc was determined
% 30 / \ T by western transfer (A). At the same time, a separate
B g i/ j \ aliquot was analysed immunohistochemically to
t)” - e a— < 04+—T . . .
STATe A~ | in\I determine the proportion of cells showing nuclear
10 — " enrichment of Dd-STATc (B). The results are shown
o 1 3 5 10 s 0 R , , : as the meanzs.d. but the error bars at 5, 10 and 15
Time after induction o r 3 O T X minutes for the sorbitol treated sample are so small

Time after induction as to be obscured by the filled boxes.
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Fig. 2. Dd-STATa shows neither osmotic stress or 8-bromo-cGMP-
induced nuclear translocation. Ax2 cells were allowed to develop forFig. 3. Activation of Dd-STATc by heat shock and ATP depletion.
4 hours in shaken suspension and divided into five. One portion wagA) Ax2 cells were allowed to develop for four hours in shaken
incubated in KK2 alone, and the other portions were incubated in  suspension at 21°C and then transferred to a heating block at 33°C.
KK2 with the indicated additions (5 mM cAMP, 200 mM sorbitol, At the indicated times thereafter, aliquots were harvested and the
100 nM DIF or 20 mM 8-bromo cGMP). After 3 minutes of specific tyrosine phosphorylation level of Dd-STATc was determined
incubation, two aliquots were removed. In one aliquot cells were by western transfer. As a positive control for the induction, a portion
analysed immunohistochemically to determine the proportion of cellsf the cells was maintained at 21°C, DIF was added to a final
showing nuclear enrichment of Dd-STATa (dark grey boxes), and in concentration of 100 nM and an aliquot was analysed in parallel with
the other aliquot the proportion of cells showing nuclear enrichmentthe heat shock samples. The results are therefore quantitatively
of Dd-STATc was measured (light grey boxes). The results are showsomparable and heat shock appears to be a more effective activator
as the meants.d. than DIF. (B) Ax2 cells were allowed to develop for 4 hours in

shaken suspension and di-nitro phenol (DNP) was added to a final

concentration of 5(M. At the indicated times thereafter, aliquots

i ; ; ere harvested and the specific tyrosine phosphorylation level of Dd-

ga%?l?ggtecdau;te C,:hgy htigﬁelra %eﬁqeggg}u?g_”r"?hgv rgzther;[? eofcetlr! TATc was determined by western transfer. DIF was added to a final

activation at peak level was somewhat greater in the heat-shoq oncentration of 100 nM and an aliquot was analysed in parallel with

. . . ) e oxidative shock samples. The results are therefore quantitatively
induced cells than in DIF-induced cells (Fig. 3A). DNP was.mparable and oxidative shock is a much less effective inducer than

also a slower activator than hyperosmotic stress (Fig. 3Bp|F. (N.B. This experiment and the experiment described above, in
However, this reflected an intrinsically weaker responsgig. 3A, are not directly comparable because they were performed at
because the level of activation never reached that observed witlfferent times.)

heat shock or osmotic shock. Nonetheless, the results show

that Dd-STATc is activated by a generalised stress-response ) ) ) )
pathway. 8-Bromo cGMP induces rapid tyrosine phosphorylation

and nuclear translocation of Dd-STATc

Because of the evidence that intracellular cAMP and cGMP both
Nuclear translocation of Dd-STATc in response to act as second messengers in the cellular responses to
sorbitol requires its specific tyrosine phosphorylation hyperosmotic shock, we determined the effects of their respective
Although we initially suggested that tyrosine phosphorylatiormembrane-permeant analogues. Exposure of cells to
of Dd-STATc is not necessary for its regulated nucleaconcentrations of 8-bromo cGMP of >1 mM for just 3 minutes
accumulation (Fukuzawa et al.,, 2001), subsequent worfEig. 5A) induced tyrosine phosphorylation of Dd-STATc and, at
showed that a mutant form of Dd-STATc, in which the site ofthe highest concentration studied (20 mM), activation and nuclear
tyrosine modification is altered to a phenylalanine residue (a ¥ccumulation occurred almost as rapidly as with DIF or sorbitol
to F mutant), does not accumulate in the nucleus after DIf. Fig. 5B,C with Fig. 1A,B). There was no apparent nuclear
treatment (Fukuzawa et al., 2001). To determine whether thfflux of Dd-STATc when cells were treated 8-bromo cGMP, that
is also true for stress induction, a single copy of the Dd-STAT®s, the efflux kinetics mirror that of sorbitol rather than that of
gene, and of its Y to F mutant form, were transformed into ®IF. Again, activation was selective for Dd-STATc, because Dd-
Dd-STATc null strain. In both cases GFP was fused at the NSTATa was unresponsive to 8-bromo cGMP (Fig. 2).
terminus of the Dd-STATc protein to yield GFP:STATc and In contrast to the robust induction of Dd-STATc observed
GFP:STATc-YF. When the two strains were exposed tafter 3 minutes of induction with 8-bromo cGMP, 8-bromo
sorbitol, GFP:STATc cells showed translocation of the GFRAMP barely induced activation of Dd-STATc at this time (Fig.
fusion protein to the nucleus, while the fusion protein remaineBA). However, when 20 mM 8-bromo-cAMP was added, in a
cytosolic in GFP:STATc-YF cells (Fig. 4). Thus, the key evenkinetics experiment, tyrosine phosphorylation and nuclear
in stress-induced nuclear translocation of Dd-STATc is, justranslocation were detected at the later time points, although
as in the case of DIF induction, the activating tyrosinghe peak levels were lower and were reached more slowly than
phosphorylation. with 8-bromo cGMP (Fig. 5B,C). Thus, the induction kinetics
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' : Fig. 4. Osmotic shock activation of Dd-STATc and ofa Y to F
Time of sorbitol treatment mutant of Dd-STATc. GFP-STATc contains the entire Dd-STATc

0 . S . protein with GFP fused at its N-terminus, whereas in GFP-
min min STATc(Y922F) the site of tyrosine phosphorylation at residue 922 is

replaced with a phenylalanine residue (Fukuzawa et al., 2001). The
two constructs were cloned into a vector containing a blasticidin
cassette and transformed into Dd-STATc null cells generated using a
GFP—STATC hygromycin resistance cassette. The Dd-STATc gene displays a very
high frequency of homologous recombination. Therefore, to prevent
gene conversion/repair of the remnants of the endogenous Dd-STATc
gene, the transformation was performed using REMI (restriction
enzyme mediated integration); a technique that disfavours
homologous recombination (Kuspa and Loomis, 1992). Western
transfer using 7H3, the N-terminal-specific monoclonal antibody,
showed that the GFP:STATc and GFP:STATc-YF cells express their
respective fusion proteins at similar levels (data not shown). The
GFP-STATC GFP:STATc construct causes reversion of the Dd-STATc null
phenotype; the transformant shows normal plaque morphology when
(Y 922F) plated on a bacterial lawn and loses its ‘slugger’ phenotype. By
contrast, GFP:STATc-YF transformants remain as defective as their

Dd-STATc null parent (data not shown). GFP:STATc and
GFP:STATc-YF were subjected to shaken development as in Fig. 2

) ) and then induced with 100 mM sorbitol for the indicated time.
for Dd-STATc are more consistent with a second messenget

role for cGMP than for cAMP.

different mutants. However, there was very little variation
) ] ) between time-point samples taken from the same strain. Below,
Analysis of mutants in the known cAMP-mediated and we therefore score the results in a plus/minus fashion and
cGMP-mediated intracellular response pathways disregard any quantitative differences in the absolute induced
We next studied mutants in the cAMP- and cGMP-mediatetevel of Dd-STATc.
stress-response pathways using western transfer (Fig. 6). AfterWe first analysed a strain that lacks DokA, the histidine
probing the filters with CP22, the monoclonal antibody thakinase that forms part of the cAMP-mediated stress-response
recognises tyr922 of Dd-STATc only when it is in its pathway. The dokA— strain showed Dd-STATc tyrosine
phosphorylated form, we re-probed the filter with 7H3, gphosphorylation in response to sorbitol treatment (Fig. 6).
general Dd-STATc antibody, to check equivalence of loadingDokA is believed to function by regulating protein kinase A
Although equal amounts of total protein were loaded onto théPKA) activity, so we also analysed a strain that is defective in
gel, the amounts of total Dd-STATc protein varied betweerdPKA-mediated responses to changes in intracellular cAMP
concentration. A15:Rm cells are transformed with a dominant-

% negative form of the R subunit of PKA that blocks C subunit
tve P function (Harwood et al., 1992). The response of Dd-STATc to
S";ATc" T - —— e e — - sorbitol stress was found to be normal in A15:Rm cells (Fig.

6). As a further check for any involvement of PKA, we

analysed a null mutant for the catalytic subunit of PKA (Mann
02 1 5 2002 1 5 20 (mM et al., 1992), and this also displayed sorbitol-inducible
activation of Dd-STATc (Fig. 6).

Cont
Sorbitol

8Br-cAMP 8Br-cGMP
C Fig. 5. Activation and nuclear
_ translocation of Dd-STATc in response
8Br-cGMP 20mM 100 Ry — to membrane-permeant cyclic nucleotide
) 90 analogues. (A) The tyrosine
tyr P-} . — l'/ phosphorylation of Dd-STATc was
; == g et $0 . :
STATe % /1 T determined in untreated cells (cont),
w / cells exposed to 200 mM sorbitol
0 1 3 5 10 15 & o / 0 (sorbitol) and in cells exposed to the
S 50 indicated concentrations of membrane-
8Br-cAMP 20mM S 40 [ 1 permeant cyclic nucleotide analogue.
& T Induction was for 3 minutes and the
tyr P > . T samples were analysed as described in
STATec S 20— 1 Fig. 2. (B) The activation and (C) the
10 ~®-8Br-cAMP | clear translocation of Dd-STATc in
0 . . __~SiBecCMP response to 20 mM 8-bromo-cAMP and

o 1 3 5 10 15 - ] R e 8-bromo-cGMP were determined as
) 1 ) E B described in Fig. 2. The results in panel

Time after addition Time after induction C are shown as the mean#s.d.
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We next analysed mutants in the cGMP pathway. Sgte  associated gene expression changes. Indeed, proteomic analysis
gene encodes a guanylyl cyclase activity that is inducible bguggested that there may be none (Zischka et al., 1999). Given
hyperosmotic stress (Bosgraaf et al., 2002). Activation of Ddthe results presented above, we were nonetheless encouraged to
STATc is responsive to hyperosmotic shock in the sGC nuBearch for genes that might be regulated when Dd-STATc is
mutant (Fig. 6).Gca encodes a guanylyl cyclase that is notactivated by hyperosmotic stress. We screened for such genes
stress inducible but, in order to rule out absolutely some formsing a microarray of 334 expressed sequence tags (ESTS)
of functional redundancy witlsgg we analysed the double derived from theDictyostelium cDNA sequencing project
null, sGC—/GCA—, strain (Bosgraaf et al., 2002). The strain wa@Morio et al., 1998). The cDNA library used for this project was
stress inducible for Dd-STATc activation (Fig. 6). Finally, to prepared from slug stage cells and the ESTs were selected
determine whether there is functional redundancy between theecause they have all previously been described in published
cGMP and cAMP pathways, we generated and analysed papers. Information obtained from any positive signals seemed
dokA-/sGC- strain. This strain was also stress inducible famore likely, therefore, to be more functionally interpretable.
Dd-STATc activation (Fig. 6). The microarrays were hybridised with a mixed probe

prepared using RNA isolated from cells that were either

) o N ) untreated or exposed to sorbitol for 15 minutes. We identified
Microarray analysis identifies two genes that are osmotic  two ESTs that reproducibly showed a higher signal with the
stress induced and Dd-STATc dependent probe from osmotically stressed cells and that could be
Although there has been a significant body of workconfirmed by northern transfer. These derive from rthé
characterising the hyperosmotic stress response ({Brazill et al., 2000) and thgapAgenes (Adachi et al., 1997).
Dictyosteliumthere has, to our knowledge, been no report oBoth genes are rapidly induced by osmotic stress but neither
gene was inducible by DIF (Fig. 7).

We next analysed the induction of the two stress-
regulated genes in the Dd-STATc null strain. Expression
of both genes was noninducible by hyperosmotic stress
in the Dd-STATC null strain (Fig. 7). Although osmotic
stress inducibility is lost in Dd-STATc disruptants, the
Total gapA and rtoA genes show their normal patterns of
STATe 7 = w= o --ﬂ--- = wm @ semiconstitutive gene expression in the null strain (data

Gl not shown) (Adachi et al., 1997; Wood et al., 1996).

tyrP

STATe - -— anm rm—p—— -— . — —

0 3 15 0 3 15 v 31 0 315

DokA PKAcat Differential effects of 8-bromo-cGMP and 8-
Ax2 null rEARm null bromo-cAMP on gapA and rtoA gene expression
Because Dd-STATc is rapidly activated by 8-bromo-
tyrP cGMP, and because Dd-STATc is required for stress-
STATe ~» — — — W - &= e===  nduced transcription ajapAandrtoA, we determined

whether 8-bromo-cGMP treatment would activgdpmA
and rtoA gene expression (Fig. 8). The addition of 8-
Total bromo-cGMP produced a detectable increase in the
STATe P "D G GED G w S G S S —— concentration of botitoA and gapA mRNA after 15
s : minutes of induction. By 30 minutes of induction the
T T T T expression oftoA was strongly induced, whereas that
L S ¢ 21y 03 of gapAwas less strongly induced. 8-Bromo-cAMP was
Ax2 «GC null SGCnull/ sGC null/ a much less potent inducer of the expression of both
GCAnull  DokA null genes than 8-bromo-cGMP (Fig. 8). As expected,

Fig. 6. Osmotic stress-induced activation of Dd-STAT ®istyostelium neither cyclic nUdeOt!de was effective in inducgapA
strains mutant in the cAMP- and cGMP-mediated stress-response pathwa)%r. roA gene expression in Dd-STATc nul! cells but the
The activation of Dd-STATc in response to sorbitol in the parental (Ax-2) 9¢ null mutant remained fully stress inducible for
strain and the indicated mutants was determined essentially as described @Xpression of both genes (data not shown).

Fig. 2. However, after probing with CP22 (tyrP-STATc), the filter was re-

probed with 7H3 (Total STATc) as described in Materials and Methods. Th%_ .

latter signal provides a convenient loading control. All the strains are Iscussion

published (see text), with the exception of the sgc—/dokA— strain. This wasOsmotic stress is as effective an activator of Dd-
generated using as a start point the dokA— strain (Schuster et al., 1996), STATc as DIF

which was created using a G418 resistance cassetgobiasticidin-  — Ajthough the best-characterised roles of metazoan JAK-
based disruption cassette was created using a novel in vitro transposition STAT signalling pathways are in mediating cytokine

technique (T. Abe and J. G. Williams, unpublished). PCR analysis shows di lating devel t oxidati d
that the mutate®ictyosteliumcells contain a blasticidin-resistance cassette responses and In reguiating development, oxidative an
in the centre of thegcgene, in the approximate position of the C1/C2 hyperosmotic stresses also lead to JAK-STAT activation

catalytic domains (Roeloffs et al., 2001). Consistent with this, we analysed(Carballo et al., 1999; Gatsios et al., 1998). Similarly,
osmotic stress induced guanylyl cyclase activation in the sgc—/dokA- straithe Dictyostelium STAT protein, Dd-STATc, was
(Roeloffs et al., 2000) and it is absent (data not shown). originally characterised as a DIF-dependent,
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Fig. 7.Expression of thgapAandrtoA genes in parental and STATc Parent STATc Parent
Dd-STATc null cells. Ax2 cells and a Dd-STATc null cells we null (Ax2) null (Ax2)

subjected to development and induced with either sorbitol o T \ I I
e w
Al ['! 15!

as described in the legend to Fig. 1. After 15 minutes of indt I I I I
total cellular RNA was isolated and analysed by northern Ig7 > 'm
transfer. The blot was hybridised sequentially with the indice "
probes. 1g7 is a constitutively expressed RNA that serves as 0I5 00 1§
loading control. ThgapAMRNA migrates as a broad band at
expected size of 3.2kb (Adachi et al., 1997). fibA transcript
is reported to be 1.6 kb and we also observed a band of 1.6~ gaPA ¥ R 4
when cells were growing or developing on a substratum (da .
shown). However, when cells were developing in suspensiol 0

15 0 15 "1
again observed a band of 1.6 kb, but there is an additional, > . - o
' .
-
15 0 15 o018

0 15

(1) 15'

molecular weight species of 2 kb. Because the two RNAS st ptoA
parallel concentration changes we believe that the longer sy >
is an RNA processing variant of the shorter species. There i

430 nt intron in thetoA gene and it has a very unorthodox (G

splice donor site (Wood et al., 1996). The size difference be

the longer and shorter transcripts (c. 2 kb minus c. 1.6 kb=0 Time after addition Time after addition

is therefore consistent with a splicing defect in the cells plac 0f 200mM sorbitol of 100pM DIF

suspension. The result shown is for a Dd-STATc null strain

generated using a construct containing a blasticidin casette. We also analysed strains generated using a hygromyadiasttiepinoh in this
case, we compared homologous integrants (i.e. Dd-STATc disruptants) and non-homologous, random integrants from the saat®iransfo
(data not shown). This strategy corrects for any unsuspected genetic divergence between the parental strain and thegait, strgiression of
gapAandrtoA in the Dd-STATc disruptants was unresponsive to osmotic stress (data not shown).

rtoA

o I £

developmental regulator, but we have now shown that a variegnd found that Dd-STATc is stress activated. We have also
of stress conditions also induce its tyrosine phosphorylatioanalysed a double null mutant with the other known guanylyl
and nuclear translocation. Nuclear translocation aftecyclase GCA, and we have ruled out possible redundancy
hyperosmotic shock occurs with the same initial, rapid kineticbetween the cGMP and cAMP pathways by analysing a
as with DIF. Also, both inductive events depend on tyrosin®okA/sGC double mutant.
phosphorylation. However, Dd-STATc persists in the nucleus Because of the above results, we favour the notion of a
for a longer period of time after osmotic shock. This differenceGMP-regulated signalling pathway that utilises a guanylyl
between DIF and sorbitol may reflect an adaption process theyclase that is yet undiscovered; the genome project is not yet
is specific for DIF signalling or it could simply reflect the factcomplete and biochemical analysis may also have failed to
that sorbitol is a more stable molecule: there is a specifieveal the proposed enzyme. The conclusion that cGMP is the
enzymatic activity that inactivates DIF (Nayler et al., 1992) andecond messenger is supported by our analyses of specific gene
we have not measured DIF stability under our stress-inductiosctivation because, as we go on to discuss, the two stress-
conditions. inducible genes we identify are much better induced by 8-
bromo-cGMP than by 8-bromo-cAMP.

cGMP is the most likely candidate for second

messenger in the stress pathway -
We were able to mimic the effect of sorbitol using 8-brot g7 > ." ' . . gl
cGMP, but 8-bromo-cAMP is a much less effective induc LU R 015" 30
Cyclic AMP and cGMP binding proteins often show a deg — . :
of cross-reactivity (reviewed by Francis and Corbin, 19 gapA - _ it e “ <« 23pA
Hence, we suggest that cGMP is the primary second messt ] : E i
but that it interacts with an intracellular cGMP binding prote 015 30 o015 30
that also binds cAMP at low relative affinity. We took advante .
of the fact that there are mutants in the cAMP-mediated str  r¢oA > p
response pathways, to further investigate the weak 8-br > -
CAMP response. The dokA- strain lacks the histidine kin " 15 30 0 15 30
that is an element in the intracellular cAMP mediated pathy
and it is hypersensitive to osmotic shock. We also studied
differently generated strains that are defective in PKA-medic Time after addition Time after addition
signalling. Both forms of mutant show a normal sorbiti of 20mM §Br-cGMP  of 20mM 8Br-cAMP
induced nuclear translocation response for Dd-STATc. Fi : _

ig. 8. Expression of thgapAandrtoA genes in response to

We were not able to perform a similarly definitive geneucmembrane permeant cyclic nucleotide analogues. Ax2 cells were

analysis for the cGMP-mediated osmotic stress pathwaypiected to development and induced with 8-bromo AMP or 8-
because there are no molecularly defined mutants that blogksmo GMP as described in the legend to Fig. 5. After 15 and 30

the stress pathway. However, we have analysed a null strain f@fnutes of induction, total cellular RNA was isolated and analysed
sGC, the only known osmotically inducible guanylyl cyclase by northern transfer as in Fig. 7.
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Fig. 9.A schematic representation of the Stress DIF
regulatory roles fulfilled by Dd-STATc. = e
This is a representation of the promoters ot
the two classes of gene known to be
regulated by Dd-STATc. The promoter of .
theecmAgene is under the negative cont No cross
of Dd-STATc; the element(s) that normall talk
directecmAexpression only in pstA cells ot

are repressed by Dd-STATc; such that in Ty
Dd-STATC null strain they become *
ectopically active in the pstO cells
(Fukuzawa et al., 2001). Activation of Dd
STATc in pstO cells is under the direct
control of DIF. As we have showgapA I —
andrtoA are regulated at two levels. They _. —— | gapA/Ti
dlsplay semiconstitutive act|V|ty dunng .Se:m—mnst.:ruli\-'e Sn‘ess—regglared - ecmA

growth and development and they are st g i e s

inducible, above this level, by hyperosmc

stress. We assume that different promoter elements are utilised for these different activities. We also ¢ayodeathaittoA are not induced by
DIF, that is, the DIF and the stress signalling pathways do not display ‘cross talk’, and two possible explanationgfprabénted in the text.

l’ecmz‘-’t.

The rtoA and gapA genes are stress inducible The stress-response mechanism can be uncoupled from

We identified genes that are regulated by hyperosmotic stredg§velopmental and DIF-inducible gene expression
using microarrays bearing the PCR products derived frorin the absence of stress, expression of ghpA and rtoA
334 characterise®ictyosteliumcDNAs. We identified two genes in the Dd-STATc null strain is normal. Hence, gene
ESTs, gapA and rtoA that are strongly inducible by transcription during growth and development presumably uses
hyperosmotic stress and by 8-bromo cGMP. Thus, as in othdifferent promoter elements from those used for stress-induced
organisms, hyperosmotic stress induces gene expressigane expression (Fig. 9). Furthermore, even though Dd-STATc
changes inDictyostelium The previous failure of two- transitorily accumulates in the nucleus in response to DIF, the
dimensional gel analysis to reveal such changes (Zischka gapAandrtoA genes are completely non-DIF-inducible (Fig.
al., 1999) presumably reflects the greater sensitivity, anl). Possibly,gapA and rtoA activation require the relatively
reliability of sample comparison, afforded by the microarrayprolonged nuclear persistence of Dd-STATc that is observed
technique. after osmotic shock but not after DIF treatment. Alternatively,
The principal aim of our study was to determine whethehyperosmotic stress may bring about additional changes,
there are stress-induced gene transcripts that are regulatedd@syond those bought about by DIF, that result in specific gene
Dd-STATc. It was not intended as a comprehensivectivation. There may be, for example, transcriptional co-
microarray analysis, an endeavour that can only be properbctivators for Dd-STATc that are recruited to the promoters
undertaken when the genome sequence is complete. Howevaiter osmotic shock but that are not activated by DIF signalling.
the identity of even this very limited sample of regulatedDistinguishing these possibilities will require detailed
transcripts is of interesttoA encodes a protein that affects promoter analyses of tlggpAandrtoA genes.
cell type choice and it is thought to bring about this effect by

acting on the cell cycle (Wood et al., 1996). RtoA acts to This work was supported by Wellcome Trust Program Grant

regulation during the cell cycle is perturbed (Brazill et al. dokA null strain, Peter Van Haastert for very helpful advice and for

. ) . - ‘the guanyly cyclase null mutants and R. Firtel for the PKAC null
2000). GAPA is a RasGAP-related protein that is needed fé_rEutant. The Japanese cDNA project was supported by JSPS-RFTF

normal cytokinesis (Adachi et al.,, 1997; Lee et al., 1997\, 96) 00105 and No. 00L01412) of JSPS and by Grants-in-Aid for
Sakurai et al., 2001). GAPA is homologous in sequence tQgjentific Research on Priority Areas C ‘Genome Biology' (No.

mammalian IQGAPs and these are effectors for Rac antb206001) and A (No. 08283107) from the MEXT of Japan.
CDC42 — Rho family members that regulate the actin
cytoskeleton (Epp and Chant, 1997; Kuroda et al., 1996;
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