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Early during Dictyostelium development a fundamental cell-fate decision establishes the anteroposterior
(prestalk/prespore) axis. Signaling via the 7-transmembrane cAMP receptor CAR4 is essential for creating and
maintaining a normal pattern; car4-null alleles have decreased levels of prestalk-specific mMRNAs but
enhanced expression of prespore genes. car4d™ cells produce all of the signals required for prestalk
differentiation but lack an extracellular factor necessary for prespore differentiation of wild-type cells. This
secreted factor decreases the sensitivity of prespore cells to inhibition by the prestalk morphogen DIF-1. At
the cell autonomous level, CAR4 is linked to intracellular circuits that activate prestalk but inhibit prespore
differentiation. The autonomous action of CAR4 is antagonistic to the positive intracellular signals mediated
by another cAMP receptor, CAR1 and/or CARS3. Additional data indicate that these CAR-mediated pathways

converge at the serine/threonine protein kinase GSK3, suggesting that the anterior (prestalk)/posterior
(prespore) axis of Dictyostelium is regulated by an ancient mechanism that is shared by the Wnt/Fz circuits
for dorsoventral patterning during early Xenopus development and establishing Drosophila segment polarity.
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Pattern formation in developing multicellular organisms
is regulated, in part, through coordinated response to
multiple extracellular signals. The proportions and posi-
tions of distinct cells result from interactions among ac-
tivating and inhibiting pathways. Experimental manipu-
lation of these signal-response circuits can often redirect
cell fate. This is evident in forming the dorsoventral axis
during early Xenopus laevis embryogenesis and in estab-
lishing segment polarity in Drosophila melanogaster,
where duplicated axes or expanded anteroposterior
boundaries, respectively, can be manifest (see Perrimon
1994; Miller and Moon 1996). A fundamental dichotomy
during the early differentiation of Dictyostelium dis-
coideum establishes the prestalk/prespore pattern, an
anteroposterior organization that is also regulated by
cell-cell communication and intracellular responses.
Also common to these systems is their mechanisms for
control by secreted morphogens. For Dictyostelium, it
has been known for nearly a decade that development is
regulated by the extracellular morphogen cAMP and a
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family of serpentine, G protein-coupled receptors. Mor-
phogen concentration is regulated by another secreted
factor, phosphodiesterase (see Kimmel and Firtel 1991).
More recently, the Drosophila frizzled2 (fz2) and
smoothened genes were suggested to encode presump-
tive serpentine receptors for signaling via the morpho-
gens Wingless (Wnt/Wg) and Hedgehog, respectively (Al-
cedo et al. 1996; Bhanot et al. 1996; Perrimon 1996; van
den Heuvel and Ingham 1996). Wnt concentration, in
turn, is sensitive to the secreted, Fz-related proteins
Frizzled in bone (Frzb) and Frizzled-related protein (FRP)
(Leyns et al. 1997; Wang et al. 1997; J. Rubin, X. He, and
H. Varmus, pers. comm.).

Dictyostelium grow vegetatively as ameboid cells, but
begin a muticellular developmental cycle involving ag-
gregation, cell differentiation, and morphogenetic move-
ment when nutrients are depleted (Kimmel and Firtel
1991, Firtel 1995). As multicellular structures form, non-
terminally differentiated prestalk and prespore cells ap-
pear. These cells sort into a defined pattern, configuring
a tip of prestalk A cells atop a mound comprised prima-
rily of prespore cells. Scattered among these latter cells
are the anterior-like cells (ALCs), a subset of prestalk
cells. The tipped mound elongates, falls to the substra-
tum, and forms a pseudoplasmodium, or migrating slug,
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that retains the original cell pattern. Prestalk A cells
localize to the anterior of the slug while the prespore
cells and ALCs are found toward the rear (see Williams
1995). These progenitor cells eventually give rise to the
terminally differentiated vacuolized stalk cells and the
heat-resistant spores found in mature fruiting bodies at
culmination, the terminal stage of development. The
cellular pattern of the fruiting body can thus be traced
from a pattern established in the aggregation mound.

Extracellular cAMP is a primary regulatory signal for
Dictyostelium development (Kimmel and Firtel 1991;
Firtel 1995). The receptors for cAMP belong to the ser-
pentine, seven-transmembrane family and are localized
at the cell surface, coupled with G proteins. cCAMP is the
chemoattractant that directs aggregation, but signaling
is also required for differentiation, morphogenetic move-
ment, and pattern formation (Klein et al. 1988; Saxe et al.
1993; Louis et al. 1994). There are four cAMP receptor
(CAR) subtypes in Dictyostelium encoded by single-copy
genes (Saxe et al. 1991a,b, 1993; Johnson et al. 1993;
Louis et al. 1994; Ginsburg et al. 1995). Each has a dis-
tinct temporal and spatial pattern of expression and each
is associated with specific developmental functions.
CARL is expressed first and is required for the earliest
developmental events (Klein et al. 1988; Saxe et al.
1991a,b; Sun and Devreotes 1991; Louis et al. 1993). It is
essential for establishing and propagating waves of
CAMP that define aggregation territories and for promot-
ing early developmentally regulated gene expression.
Cells that lack CARL1 fail to aggregate or activate cell-
specific gene expression (Klein et al. 1988; Sun and
Devreotes 1991), but CAR3 may substitute for CAR1
during differentiation in suspension culture if carl™ cells
are provided with an exogenous source of cCAMP (Pupillo
et al. 1992; Insall et al. 1994; Soede et al. 1994). CAR1
and CAR3 have a high affinity for cAMP, whereas CAR2
and CAR4, which are expressed later during develop-
ment and are involved in pattern formation, have signifi-
cantly lower affinities (Johnson et al. 1992; Saxe et al.
1993; Louis et al. 1994; J.M. Louis and A.R. Kimmel,
unpubl.).

The appearance of the late, low-affinity receptors par-
allels the dramatic rise in extracellular cAMP that fol-
lows aggregation (Abe and Yanagisawa 1983). In a man-
ner analogous to that of carl™ mutants, car2 null alleles
also exhibit developmental arrest (Saxe et al. 1993). Al-
though car2™ cells aggregate and initiate differentiation,
development arrests at the mound. car4™ cells have more
subtle defects in differentiation, no doubt reflecting the
multiple and complex controls of differentiation by
transmembrane signaling via the other cAMP receptors
(Louis et al. 1994). CAR4 is expressed initially in multi-
cellular aggregates and remains expressed through cul-
mination (Louis et al. 1994). Expression of CAR4 is
maximal in prestalk A cells with lower but detectable
levels in prespore cells (Louis et al. 1994). CAR4 is also
the primary low-affinity CAR in the ALC population
(Louis et al. 1994; Ginsburg et al. 1995). car4 null slugs
have decreased expression of prestalk-specific ecmA and
ecmB mRNAs and barely detectable expression of ALC
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markers. Prespore differentiation is also misregulated in
car4 null alleles. Prespore markers are overexpressed in
these mutants, and prespore cells are additionally de-
tected in canonical prestalk regions of the slug and
within the stalk tube.

We now demonstrate that CAR4 regulates prestalk
and prespore differentiation by distinct mechanisms and
that cAMP signal responses function through both cell
autonomous and nonautonomous pathways. In particu-
lar, CAR4 activation of intracellular (cell autonomous)
signaling stimulates prestalk but inhibits prespore differ-
entiation. Because cAMP is also required for prespore
differentiation, CAR4 acts autonomously and antagonis-
tically to positive regulatory signals mediated by another
CcAMP receptor, CAR1 and/or CAR3. We present evi-
dence that these distinct CAR-mediated pathways con-
verge to regulate GSK3 activity, an essential component
for establishing prestalk/prespore patterns in Dictyo-
stelium (Harwood et al. 1995). Thus, regulation of the
anteroposterior axis in Dictyostelium by intracellular
signaling via the seven-span CARs shares mechanisms
for pattern formation with Drosophila and Xenopus by
the Wnt/Wg morphogens and their seven-span Fz recep-
tors and may derive from an ancient pathway for estab-
lishing body plan.

Results
Cell-specific gene expression in car4 null cells

Figure 1 shows representative developmental RNA blots
of car4™ and wild-type cells, using the prestalk marker
ecmA and the prespore marker cotB (see Louis et al.
1994). Gene expression in the major cell populations is
differentially affected by mutation of CAR4. Expression
of prespore (e.g., cotB) genes is increased significantly in
the mutants, whereas prestalk (e.g., ecmA) expression is
reduced. As (B0% of cells during development are pre-
spore, the increase in cotB expression observed in car4™
cells cannot result from a simple alteration of cell-type
ratios and recruitment of prestalk cells into the prespore
pathway. Additional mechanisms must be involved. Be-
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Figure 1. Cell type-specific gene expression in wild-type and
card null cells. Wild-type JH10 and car4 null cells were har-
vested from vegetative growth (V) and plated for synchronous
development. At hours indicated, RNAs were isolated and hy-
bridized on Northern blots to the prestalk probe ecmA and the
prespore probe cotB.
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cause several extracellular factors (most notably cAMP,
adenosine, and DIF-1; see Schaap 1991 and below) will
stimulate or inhibit cell-specific gene expression during
Dictyostelium development, we investigated whether
car4 mutants accumulate or respond to these factors ab-
normally.

cAMP and DIF-1 production in car4™ cells

Secreted cAMP directs aggregation and prestalk and pre-
spore cell differentiation (Kimmel and Firtel 1991). From
aggregation through slug formation of wild-type cells
there is a progressive increase in cAMP levels and an
accompanying regulated expression of different receptors
with decreasing affinities for cAMP (Abe and Yana-
gisawa 1983; Johnson et al. 1992; Ginsburg et al. 1995;
J.M. Louis and A.R. Kimmel, unpubl.). Wild-type and the
car4 null strains were developed in parallel and accumu-
lated cAMP levels measured at stages of development
that normally express CAR4 protein. The car4 null al-
leles have reproducibly 30%-60% lower levels of cAMP
than do equivalent wild-type organisms (A.R. Kimmel,
unpubl.). However, the cAMP dose-response require-
ments for prestalk (ecmA) and prespore (pspA) mMRNA
induction in culture (Soede et al. 1996) cannot account
for the large disparity observed for cell-specific gene ex-
pression between wild-type and car4™ cells (see below).

DIF-1 is a secreted factor essential for normal prestalk/
stalk cell differentiation but an effective inhibitor of pre-
spore expression (Williams et al. 1989; Berks and Kay
1990). Using a bioassay for DIF-1 (Kay 1987), we show
that the levels of DIF-1 from car4™ and wild-type cells
cultured without cAMP are biologically comparable, as
are the cAMP-induced accumulations of DIF-1 in the
two cultures (Table 1). More specifically, DIF-1 levels in
the mutant cultures are sufficient for maximal prestalk
(e.g., ecmA) induction and prespore (e.g., cotB) repression
(Berks and Kay 1990).

Because the DIF-1 bioassay is very sensitive to artifac-
tual inhibition, we also monitored DIF-1 synthesis in the
presence of cAMP by in vivo precursor radiolabeling (Kay
et al. 1992). Under these conditions, production of DIF-1
dechlorinase, the enzyme responsible for initiating DIF-1
degradation, is inhibited in both wild-type (Insall et al.
1992) and car4™ cell lines (R.R. Kay and A.R. Kimmel,
unpubl.). As seen in Figure 2, DIF-1 syntheses are bio-
logically equivalent (within [50%) in both cell lines.
Thus, the differentiation defects of car4 null alleles are
not attributable simply to deficiencies in the production
of the prestalk morphogen DIF-1 (or of cAMP).

Table 1. DIF-1 production in car4 null cells

Units of DIF-1/10° cells

-cCAMP +CAMP
Wild type 0.3 45
card” 0.4 22
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Figure 2. Synthesis of DIF-1 during differentiation of wild-type
and car4™ cells. Wild-type JH10 and car4 null cells were differ-
entiated in suspension culture with 1 pCi/ml of 3¢Cl. For the
first 5 hr, cAMP was added at 6-min intervals to a final concen-
tration of 30 nm. Subsequently, cultures were left untreated or
adjusted to 300 pm cAMP. Cells and media were extracted twice
with 1 volume of hexane, and extracts were pooled, dried, re-
suspended in ETOH, and analyzed by thin layer chromatogra-
phy. Radiolabeled DIF-1 was identified by comigration with pu-
rified DIF-1. Quantification by Phosphorlmager analyses
yielded differences in DIF-1 accumulation of [(60% between the
two strains.

Autonomous defects for cAMP signal response in
car4d” cells

Figure 3A outlines briefly our approach for analyzing dif-
ferentiation in suspension culture in the presence or ab-
sence of exogenous regulatory factors. To initiate differ-
entiation and stimulate expression of the essential
cAMP receptor CARL1, cells are washed from growth me-
dia and then pulsed with 30 nm cAMP for 5 hr (Kimmel
1987; Ginsburg and Kimmel 1989). When cultures are
then maintained at a saturating level of cAMP (>300 uwm),
late developmental events including the induction of
cell type-specific gene expression are stimulated (Louis
et al. 1993).

As seen in Figure 3B, the addition of cAMP to suspen-
sion cultures does not rescue the altered patterns of gene
expression observed for card™ cells (see Fig. 1); prestalk
ecmA expression is low, whereas the prespore cotB
MRNA is overexpressed as compared with the wild-type
(JH10) controls. Adenosine is a competitive inhibitor of
cAMP binding to CARL1 (Theibert and Devreotes 1984)
and, in wild-type cells, will suppress prespore expression
and stimulate prestalk expression in the presence of
added cAMP (Spek et al. 1988; Schaap 1991). Figure 3B
also shows that addition of adenosine to cAMP-treated
card null alleles does not reduce prespore cotB expres-
sion to wild-type levels, nor will depletion of adenosine
from wild-type cultures by treatment with adenosine de-
aminase (ADA\) increase expression levels to that of the
car4” cells. Similarly, adenosine does not rescue prestalk
ecmA gene expression in cAMP-treated car4™ cells. Not
surprisingly, the car4 null alleles appear to have an in-
herent defect in cAMP response (i.e., cell autonomy),
suggesting that in wild-type cells CAR4 is a positive
regulator of prestalk gene expression but is coupled to an
inhibitory pathway for prespore differentiation.

As expected, growing cells, cAMP-pulsed cells, and
cells differentiated for only 2 hr with cAMP and/or DIF-1
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Figure 3. Differentiation of Dictyostelium with exogenous regulatory fac-
tors. (A) Differentiation in suspension cultures. Wild-type JH10 and car4
null cells were harvested from vegetative growth and resuspended for dif-
ferentiation in culture. For the first 5 hr, cAMP was added at 6-min inter-
vals to a final concentration of 30 nm. Subsequently, cultures were left
untreated or incubated with additional cAMP, adenosine, ADA, and/or
DIF-1, as described below. Samples were extracted for RNA and, in some
cases, for DIF-1. (B) Regulation of cell-specific gene expression by cAMP
and adenosine. Wild-type JH10 and car4 null cells were pulsed (P) with
cAMP for 5 hr and then treated with 1 mm cAMP, 10 mm adenosine (Ado),
and/or 2 U/ml of ADA for an additional 5 hr, as described in A. RNAs were
isolated and hybridized on Northern blots to the prestalk probe ecmA and
the prespore probe cotB. (C) Regulation of cell-specific gene expresion by
DIF-1. Wild-type JH10 and car4 null cells were pulsed with cAMP and then
treated with 300 um cAMP and/or 300 nm DIF-1, as described in A. RNAs
were isolated from cells during vegetative growth (V), after 5 hr of cAMP
pulses (P), or following various incubations after pulsing as indicated. Cor-
responding Northern blots were hybridized to the prestalk probes ecmA

and ecmB and the prespore probe cotB.

have only low levels of prestalk (ecmA and ecmB) and
prespore (cotB) mRNAs (see Fig. 3C). By 6 hr of culture in
the absence of additional cAMP, cell type-specific mR-
NAs begin to accumulate; car4™ cells consistently ex-
hibit lower levels of prestalk ecmA and ecmB expression
and higher levels of prespore cotB expression than do
parental cells.

Under the culture conditions described, both DIF-1
and cAMP are required for prestalk gene expression.
DIF-1 or cAMP, added separately or in combination, can-
not rescue prestalk gene expression in car4d™ cells. cAMP
will stimulate DIF-1 accumulation (see Table 1), sup-
press production of DIF-1 dechlorinase, and, hence, in-
duce prestalk gene expression to levels equivalent to
those observed with cAMP + DIF-1 [at 300 nwm (Fig. 3C)].

If 300 nm DIF-1 is added during differentiation (see Fig.
3A), activated expression of cotB by cAMP in wild-type
and car4™ cells is similarly repressed (Fig. 3C). Thus, the
high levels of prespore gene expression in car4™ cells are
not the result of a diminished inhibitory response to DIF-1.
Neither are they attributable to an inability to accumulate
sufficient levels of DIF-1 for normal cell-specific regulation
(see Table 1, Fig. 2). Consistent with previous data, the

delayed accumulation of DIF-1 during cAMP-induced dif-
ferentiation, in contrast to the effect of DIF-1 treatment
at the onset of differentiation, is inadequate to effect
prespore repression in either wild-type or car4 null cells.

Pattern formation in developmental chimeras of
wild-type and car4™ cells

Dictyostelium is well suited for study of cell autonomy
in developmental chimeras. Strains with equivalent
competence for aggregation will form mounds comprised
of both cell lines (Loomis 1993). Evaluation of differen-
tiation can reveal the developmental autonomy of indi-
vidual strains or their cooperative interactions. Wild-
type and car4 mutant cells were marked with cell-type
specific promoters fused to lacZ, mixed at a ratio of 1:9
with unmarked populations, and developed as chimeric
organisms. Developmental patterns of B-galactosidase
staining were compared among homologous and heter-
ologous mixes to determine whether aberrant patterns of
car4 null cells could be rescued by a predominant wild-
type background or, conversely, whether wild-type cells
developed abnormally with mutants.
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Figure 4A shows chimeric prestalk patterns with wild-
type cells and car4 mutants marked with the prestalk
ecmA/lacZ. Homologous mixes look identical to that
described previously for 100% marked populations
(Louis et al. 1994). In wild-type, B-galactosidase is
stained prominently in the prestalk A zone at the ante-
rior of the slug but also weakly throughout the posterior
region, the result of ecmA expression in the ALC
prestalk population. Levels of ecmA mRNA in car4 null
cells, B-galactosidase staining is diminished in the slug
anterior and is all but absent in the ALC population in
the homologous car4 null chimera. This phenotype is
not rescued in the chimeras with 90% wild-type cells.
The absence of CAR4 protein defines a cell autonomous
defect in prestalk differentiation. In contrast, ALCs of
marked wild-type cells, developed as a chimeric mix
with 90% unmarked car4 cells, have significant ecmA
expression. These data suggest that car4 null cells pro-
duce all of the signals required for wild-type prestalk
differentiation, but they lack an intracellular response
normally regulated by CAR4 and required by prestalk
cells.

Regulation of prespore patterns in developing chime-
ras is opposite that of prestalk (Fig. 4B). Patterns of ho-
mologous mixes using prespore cotB/lacZ appear iden-
tical to that of 100% marked cells (Louis et al. 1994). For

wild-type, no B-galactosidase staining is detected in the
anterior, prestalk A zone; car4™ controls show expansion
of cotB/lacZ expression and comingling with prestalk
cells in the anterior region. In contrast, when car4™ cells
are developed with 90% wild-type cells, the mutant cells
form a normal prespore pattern. Wild-type cells position
abnormally in an organism comprised of 90% car4 null
cells but retain their cell-specific pattern of expression
(see Louis et al. 1994). Thus, prespore patterning (but not
prespore gene expression, see below) is regulated nonau-
tonomously by the genotype of the predominant cell in
the chimeric organism.

Autonomous and nonautonomous defects of car4 null
alleles in cell-specific differentiation

The development of chimeras using cell-specific mark-
ers suggests a combination of autonomous and nonauto-
nomous mechanisms for CAR4 regulation of prestalk
and prespore differentiation. To study this further, we
examined the ability of car4™ and wild-type cells to con-
tribute to the major cell populations of terminally devel-
oped chimeras. Two modifications were made. First, we
used the ubiquitous promoter actin 15 (actl5) to trace
the fate of all cells. In addition, we present staining pat-
terns of fully developed fruiting bodies, where terminally
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differentiated spores and stalk cells are easily distin-
guished; identical fates were seen with migrating slugs.

In Figure 4C, lacZ expression is seen throughout the
spore masses and supporting stalk tubes of the JH10 and
car4d™ homologous controls. However, when act15/lacZ-
marked car4™ cells were developed with a background of
wild-type cells, most mutant cells are recruited to a pre-
spore/spore pathway. Little staining is seen in the stalk,
indicating that car4 mutants have an inherent (cell au-
tonomus) defect in prestalk, but not prespore, differen-
tiation. Wild-type cells, on the other hand, contribute
primarily to prestalk/stalk structures (they form only
few spores) in chimeras with 90% car4 null cells. car4
null cells produce all of the signals normally required for
prestalk differentiation, but perhaps not for the differen-
tiation of wild-type prespore cells.

Cell type-specific gene expression in
developmental chimeras

Chimeric studies using marked cells also permit an
analysis of cell autonomous control of cell-specific
MRNA expression. Because nearly all car4™ cells are di-
verted to the prespore pathway when developed in com-
bination with wild-type cells, and because most wild-
type cells become prestalk when developed with car4
mutants, we could only study certain chimeric combi-
nations.

Levels of prestalk expression were examined by devel-
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opmental Northern blots using chimeras of 2% ecmA/
lacZ-marked wild-type cells and 98% unmarked wild-
type or card™ cells. The prestalk ecmA and prespore cotB
controls show that endogenous prestalk expression is
suppressed in the predominant car4 null background,
whereas prespore genes are overexpressed (Fig. 5A). Be-
cause the ecmA/lacZ fusion is carried on a transforma-
tion vector with a neo® marker driven by a Dictyo-
stelium growth-specific promoter, we used levels of neo
mMRNA to confirm that both chimeric sets contained
equal percentages of marked cells (Fig. 5A). Normally,
prestalk cells represent only 20% of the developing
population. The act15/lacZ studies (see Fig. 4C) indicate
that >80% of wild-type cells will become prestalk when
mixed with the car4™ population. Thus, the expression of
ecmA/lacZ in JH10 cells is about fourfold greater when
codeveloped with card™ cells (Fig. 5A). Although endog-
enous ecmA expression is low in car4 null cells, this
chimera is still able to support normal (cell autonomous)
ecmA expression [and prestalk patterning (see Fig. 4A)] of
the 2% population of wild-type JH10 cells.

Parallel experiments were performed using 2% cotB/
lacZ-marked car4™ cells and 98% unmarked wild-type or
card” cells. Again, the endogenous ecmA and cotB genes
and the neo transgene yielded appropriate and consistent
patterns of mMRNA expression (Fig. 5B). For either mix,
nearly identical (=80%) percentages of marked cells are
predicted to become prespore (see Fig. 4C). Yet, cotB/
lacZ expression in car4 null cells is significantly higher
when they are developed in combination with wild-type
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Figure 5. Gene expression in developmental chimeras. (A) ecmA/lacZ expression levels in chimeras. Wild-type JH10 cells marked
with the prestalk ecmA/lacZ transgene were mixed with unmarked wild-type JH10 or car4 null cells at 1:49 ratios, respectively, as
indicated. Cells were harvested from vegetative growth (V) and plated for synchronous development. At hours indicated, RNAs were
isolated and hybridized on Northern blots to ecmA (prestalk), cotB (prespore), neo, and lacZ (prestalk-specific) probes. (B) cotB/lacZ
expression levels in chimeras. car4 null cells marked with the prespore cotB/lacZ transgene were mixed with unmarked wild-type
JH10 or card null cells at 1:49 ratios, respectively, as indicated. Cells were harvested from vegetative growth (V) and plated for
synchronous development. At times indicated, RNAs were isolated and hybridized on Northern blots to ecmA (prestalk), cotB
(prespore), neo, and lacZ (prestalk-specific) probes. (B) cotB/lacZ expression levels in chimeras. car4 null cells marked with the
prespore cotB/lacZ transgene were mixed with unmarked wild-type JH10 or car4 null cells at 1:49 ratios, respectively, as indicated.
Cells were harvested from vegetative growth (V) and plated for synchronous development. At times indicated, RNAs were isolated and
hybridized on Northern blots to ecmA (prestalk), cotB (prespore), neo, and lacZ (prespore-specific) probes.
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cells than in chimeras with unmarked car4™ cells (Fig.
5B). These data indicate that wild-type CAR4 directs two
modes of prespore gene regulation. First, as a cell-surface
receptor for cAMP in prespore cells, CAR4 can inhibit
prespore gene expression in a cell autonomous manner.
Second, wild-type CAR4-expressing cells seem to acti-
vate prespore expression nonautonomously, presumably
through secretion of a stimulatory factor.

Cells that express CAR4 secrete a
prespore-differentiation factor

Developing Dictyostelium accumulate sufficient levels
of the prestalk morphogen DIF-1 throughout their pos-
terior region to inhibit normal prespore differentiation
(Berks and Kay 1990; Schaap 1991; Loomis 1993), yet
DIF-1-mediated inhibition of prespore patterns is not ob-
served during the development of wild-type cells. Data
from Figures 4C and 5B suggest that wild-type cells pro-
duce an extracellular prespore signal; car4™ cells respond
to this signal but do not produce it. We reasoned that this
secreted prespore factor might serve to decrease the in
vivo sensitivity of prespore cells to DIF-1 inhibition and
evaluated the ability of differentiating wild-type or car4™
null cells to accumulate a prespore stimulatory factor in
their respective media. Media conditioned by cultured
wild-type cells and car4™ cells were used for subsequent
cAMP-induced differentiations in the presence or ab-
sence of a limiting concentration (15 nm) of exogenous
DIF-1. The experimental design is outlined in Figure 6A,
and the data are presented in Figure 6B.

The data demonstrate (Fig. 6B) that prespore cotB ex-
pression in car4 null cells is repressed by car4™ medium
treated with exogenous DIF-1 but is resistant to DIF-1

A CELLS

30nMcAMP .

inhibition when differentiated with medium condi-
tioned by wild-type JH10 cells. Nonetheless, cotB ex-
pression in card null cells is consistently greater than
that observed for JH10 cells regardless of which medium
is used for differentiation (see Fig. 6B). JH10 medium also
promotes somewhat higher levels of cotB expression in
JH10 cells than does the car4™ medium. These results
clearly demonstrate that CAR4-expressing cells are in-
volved in the accumulation of an extracellular factor
that augments prespore differentiation. Although it is
yet unclear how prestalk differentiation is initiated
(Shaulsky et al. 1995), a role for DIF-1 in their ultimate
determination is well established (Williams et al. 1989;
Berks and Kay 1990; Williams 1995). The various me-
dium preparations have only minimal effect on the rela-
tive levels of ecmA prestalk gene expression (Fig. 6B) and
lack accumulated DIF-1lase (R.R. Kay and A.R. Kimmel,
unpubl.). Thus, the secreted factor appears to act specifi-
cally on prespore cells, apparently to reduce their sensi-
tivity to inhibition by the prestalk morphogen DIF-1.

Negative regulation of GSK3 by CAR4

Dictyostelium that lack gskA, the gene for GSK3, have
phenotypes that are substantially the opposite of car4
null cells. gskA™ cells do not express prespore genes to
significant levels and correspondingly have expanded
prestalk cell patterns (Harwood et al. 1995). Several data
link CAR signaling with GSK3 regulation. Prespore ex-
pression in gskA null cells cannot be rescued by extra-
cellular cAMP, and stalk differentiation is not sensitive
to inhibition by cAMP as in wild-type cells (Harwood et
al. 1995). Other data are consistent with a role for GSK3
in Dictyostelium patterning. LiCl will specifically in-

Pulses
5 hr CELLS B JHI0 cad”™ Calls
300:M CAMP —» ~— 30nM cAMP JHIHS SHMHE ¢ Media
5 hr
lShr ~t-+-+-+ DIF1
300uM cAMP /\
/\ ; Cells Medla - 0B
Cells Media
+/=15nM DIF-1
hr
- -— ecmA

RNA

Figure 6. Identification of a prespore regulatory factor in conditioned media. (A) Wild-type JH10 and car4 null cells were harvested
from vegetative growth and resuspended for differentiation in suspension cultures. For the first 5 hr, cCAMP was added at 6-min
intervals to a final concentration of 30 nm. Subsequently, cultures were adjusted to 300 um cAMP, and after 5 hr the conditioned media
were collected and adjusted to a further 300 um cAMP and split for treatment with or without 15 nm exogenous DIF-1. Cultures of
wild-type JH10 and car4 null cells that had already received cAMP pulses for 5 hr were harvested and resuspended in each of the
separate medium preparations, and incubated further. RNAs were isolated as indicated. (B) Northern blots of RNAs isolated from cells
treated with conditioned media and hybridized to the prestalk probe ecmA and the prespore probe cotB.
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hibit GSKS3 activity in vitro [Ki (2 mm (Klein and Melton
1996; Stambolic et al. 1996; Hedgepeth et al. 1997)], and
treatment of Dictyostelium with LiCl will redirect cell
fate, yielding a partial phenocopy of gskA null cells (Ma-
eda 1970; Sakai 1973; Van Lookeren Campagne et al.
1988).

To determine whether the phenotypes of the car4 null
cells were the result of a loss in GSK3 regulation, we
differentiated mutant cells in suspension culture in the
presence of varying concentrations of LiCl and examined
patterns of prespore and prestalk gene expression in com-
parison with wild type (Fig. 7). Typically, untreated car4
null cells (see Fig. 1) expressed prespore cotB to high
levels and had reduced levels of prestalk ecmB mRNA.
With increasing concentration of LiCl to 10 mm, we see
a near complete rescue of cell-specific gene expression in
card™ cells (Fig. 7). These results strongly suggest that
GSK3 lies downstream of CAR4 in a pathway that
stimulates prestalk patterning. Loss of CAR4 by null
mutation would thus yield enhanced prespore gene ex-
pression but reduced prestalk differentiation through an
increase in GSK3 activity (see Figs. 1, 8, and 9).

Discussion

The proportioning of prestalk and prespore cells in wild-
type Dictyostelium is generally invariant irrespective of
the number of cells in the slug (Loomis 1993). Although
position within the cell cycle at the time of starvation
may contribute to an initial prestalk/prespore choice
(Weijer et al. 1984; Gomer and Firtel 1987; Maeda et al.
1989), differentiation is plastic and requires continuous
response to activating pathways as well as to lateral in-
hibition for determining and maintaining constant pro-
portions (Loomis 1993). The differentiation of prestalk
and prespore cells is positively regulated by secreted, ex-
tracellular cAMP, but we now show that cAMP receptor
responses can be also varied and antagonistic. The loss of

card”  WT
Lct 0 2 5 100

- - - e— oemB

WT  card”
LGl 00 2 510

- -— ooiB

Figure 7. Regulation of cell-specific gene expression in car4
null cells by LiCl. Wild-type JH10 and car4 null cells were
pulsed with cAMP for 4.5 hr. The car4 null culture was split and
adjusted to 0, 2, 5, or 10 mm LiCl. Pulsing was continued for 30
min, and all cultures were treated with 300 um cAMP. After 5 hr
RNAs were isolated and hybridized on Northern blots to the
prestalk probe ecmB and the prespore probe cotB.

Antagonistic signaling in axis formation

CAR4 function has contrasting effects on the differen-
tiation, genetic activity, patterning, and fate of prestalk
and prespore cells. Abnormalities result from defective
intracellular cAMP signal response and failure to pro-
duce, but not respond to, a non-cAMP extracellular fac-
tor. Some of the regulatory circuits associated with
prestalk and prespore differentiation in Dictyostelium
and their link with CARA4 signaling are detailed in Figure
8. They define novel mechanisms for CAMP activation or
lateral inhibition of prestalk and prespore differentiation
and for determining cell-type proportions and positions
during development.

card™ cells exhibit significantly reduced levels of pre-
stalk gene expression and zones of differentiation (Figs. 1
and 4A). These patterns cannot be rescued in develop-
ment with wild-type cells, whereas wild-type cells have
normal prestalk patterns when developed with car4 mu-
tants. car4 null cells also fail to express wild-type levels
of prestalk mMRNAs when differentiated in suspension
cultures with exogenous cAMP and DIF-1, requisite fac-
tors for prestalk differentiation (Fig. 3). car4 null cells
produce all the signals necessary for prestalk differentia-
tion and patterning but lack appropriate response. CAR4
plays an essential and autonomous role in intracellular
signaling for prestalk differentiation (Fig. 8). CAR4 and
CAR2 are the more abundant cAMP receptors on
prestalk cells, and elimination of either disturbs prestalk
cellular patterns (Saxe et al. 1991a,b, 1993, 1996; Louis et
al. 1994; Ginsburg et al. 1995; G.T. Ginsburg and A.R.
Kimmel, unpubl.). By analogy with CAR4 we may sug-
gest that CAR2 similarly activates an intracellular sig-
naling pathway for prestalk differentiation and pattern-
ing (Fig. 8).

Prespore differentiation is regulated by CAR4 through
autonomous and nonautonomous mechanisms (Fig. 8).
Increased levels of prespore expression in car4 null cells
(Fig. 1) do not result from reduced levels of or response to
DIF-1 (Table 1; Figs. 2 and 3C). Enhanced prespore ex-
pression is observed during differentiation in the pres-
ence of saturating concentrations of CAMP (Fig. 3). It is
similarly not caused by limitation of endogenous cAMP
through diminished cAMP relay and cannot be rescued
by development with wild-type cells. We suggest that
CARA4 has a primary and cell autonomous role linked to
an intracellular, inhibitory pathway for prespore control.
Because extracellular cAMP is nonetheless essential for
prespore differentiation (Kimmel and Firtel 1991; Firtel
1995), CAR4 may act antagonstically to intracellular cir-
cuits activated by CAR1/CARS (Fig. 8).

In correspondence with the increase in prespore gene
expression, card null cells exhibit expanded prespore re-
gions with appearance of prespore cells in prestalk-de-
rived structures (Louis et al. 1994; see also Fig. 4B). These
prespore patterning defects are rescued in chimeric slugs
with wild-type cells (Fig. 4B). Conversely, most wild-
type cells will not differentiate into prespore/spore cells
in chimeric development with car4 null cells (Fig. 4C),
and the few wild-type prespore cells that do appear ex-
hibit abnormal patterns (Fig. 4B). Prespore positioning
and determination appears to be nonautonomously regu-
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Prestalk Cell

Prespore Cell

Figure 8. Autonomous and nonautonomous roles for CAR4
regulation of prestalk and prespore differentiation. Prestalk dif-
ferentiation requires the extracellular signals cAMP and DIF-1.
Elimination of CAR4 greatly reduces expression of prestalk
genes and disturbs prestalk cellular patterns. However, because
car4™ cells accumulate sufficient levels of cAMP and DIF-1 for
prestalk differentiation, CAR4 must act autonomously to acti-
vate prestalk pathways. Based on other data (Saxe et al. 1993)
and by analogy with CAR4 function, we suggest further that
CAR2 also activates an intracellular signaling pathway for
prestalk differentiation. Extracellular cAMP both activates and
inhibits prespore differentiation through separate surface recep-
tors. We suggest antagonistic mechanisms for cCAMP regulation
of prespore differentiation through CAR1 and/or CAR3 and
CARA4, both acting cell autonomously. The prestalk morphogen
DIF-1 is an inhibitor of prespore differentiation. DMF is an ex-
tracellular factor that modulates the sensitivity of prespore cells
to DIF-1 inhibition but does not alter the response of prestalk
cells. Active CARA4 is required by cells for DMF accumulation,
thus defining a nonautonomous role for CAR4 in prespore dif-
ferentiation. Currently we do not know if a specific population
of cells is involved in DMF production. Epistatic interactions:
The model positions DMF to antagonize DIF-1 inhibition of
prespore differentiation, but the data cannot exclude a mecha-
nism for the direct activation of prespore differentiation.
(Pointed arrow) Activating pathways; (T-shaped arrow) inhibit-
ing pathways.

lated by CAR4. Although positioning of prespore cells
may be affected by defects in cAMP signaling, a distinct
extracellular mechanism must account for the inability
of wild-type cells to sporulate at normal frequencies in
chimeras with 90% car4 null cells (Fig. 4C). More spe-
cifically, CAR4-expressing cells produce a critical factor
that modulates the sensitivity of prespore cells to inhi-
bition by DIF-1 (Fig. 6B). This DIF-1 modulation factor
(DMF) is both limiting in car4 null cells and not essen-
tial for their prespore differentiation.

Although prespore differentiation is sensitive to inhi-
bition by DIF-1 in suspension culture, it may not be ad-
equate to effect complete inhibition of prespore differen-
tiation during normal development (Berks and Kay 1990;
Schaap 1991; Loomis 1993). The action of DMF may re-
solve this apparent paradox. DMF decreases, but does not
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eliminate, the sensitivity of prespore cells to inhibition
by DIF-1. DMF does not affect prestalk expression. Its
action appears to be cell type specific and unlikely
merely to sequester or degrade DIF-1. Furthermore, dur-
ing cAMP-induced differentiation, when DMF produc-
tion is maximized, accumulation of DIF-1 dechlorinase,
an obligatory enzyme in the first step of DIF-1 degrada-
tion, is suppressed. Preliminary fractionation studies in-
dicate that it is distinct from other potential prespore
activators (see Loomis 1996; A.R. Kimmel, unpubl.). Al-
though our epistatic model (see Fig. 8) positions DMF to
antagonize directly the inhibitory function of DIF-1, our
data cannot exclude an indirect effect through activation
of a separate pathway. Neither is it clear which CAR4-
expressing cells contribute to DMF production.

Prespore differentiation is inhibited by cAMP through
CAR4 (cell autonomously) and by DIF-1 but is activated
by cAMP through CAR1 and/or CAR3 and by DMF (Fig.
8). In the absence of DMF, negative pathways controlled
by CAR4 and DIF-1 are sufficient to restrict prespore
differentiation of wild-type cells. car4 null cells, how-
ever, lack the inhibitory CAR4 circuit and are less de-
pendent on derepression of the DIF-1 inhibitory pathway
for prespore differentiation. Prespore expression in car4
null cells is still sensitive to repression by DIF-1 (Fig. 3C)
and derepression by DMF (Figs. 5B and 6B). Thus, car4™
cells differentiated in combination with DMF-produc-
ing, wild-type cells express prespore genes beyond their
already elevated level (Fig. 5B). Medium conditioned by
differentiating wild-type cells, but not by the car4™ cells,
partially overcomes the inhibition by DIF-1 on prespore
gene expression (Fig. 6B).

The predominant class of cAMP receptors on prestalk
cells [CAR4/CAR2 (Johnson et al. 1992; Louis et al.
1994; Saxe et al. 1996; J.M. Louis and A.R. Kimmel, un-
publ.)] have significantly lower affinities than do those
on prespore cells [CAR1/CAR3 (Johnson et al. 1992,
1993; Ginsburg et al. 1995; Yu and Saxe 1996; Gollop and
Kimmel 1997; J.M. Louis and A.R. Kimmel, unpubl.)]. It
is suggested that CARs exhibit differential responses to
subsaturating or adapting concentrations of cCAMP (Chen
et al. 1996). Thus, it is difficult to predict definitively
which specific intracellular responses are affected by the
loss of CARA4, a low-affinity receptor. However, there are
two autonomous, intracellular pathways, critical for
prestalk and prespore differentiation, that may lie down-
stream of the CARs. Prestalk and prespore cells require
active cAMP-dependent protein kinase A (PKA) for dif-
ferentiation (Harwood et al. 1992; Mann and Firtel 1993).
PKA activity can be regulated by the intracellular pool of
CAMP that results from CAR-coupled stimulation of ad-
enylyl cyclase (Kimmel and Firtel 1991; Chen et al.
1996). Although their dose-dependent responses to
cAMP may differ, all of the CARs may be capable of
adenylyl cyclase activation (Pupillo et al. 1992; A.R.
Kimmel, unpubl.) and, hence, PKA activation. Reduced
cyclase activation in car4™ prestalk cells potentially
could inhibit the PKA-dependent regulation of prestalk
differentiation.

Another serine/threonine kinase, GSK3, appears to be



CAR regulated. gskA™ cells (GSK3 null cells) have a cell
autonomous phenotype that is substantially opposite
that of the car4 null cells (Harwood et al. 1995). In the
absence of GSK3, prestalk ecmB gene expression is en-
hanced while prespore expression is barely detectable.
Furthermore, gskA™ cells are insensitive to cCAMP stimu-
lation of prespore gene expression and cAMP inhibition
of stalk differentiation. It has been argued that certain
CARs (potentially CAR1/CAR3) may be positive effec-
tors for GSK activity (Harwood et al. 1995). Our data
indicate that CAR4 promotes prestalk, and inhibits pre-
spore, differentiation by decreasing GSK3 activity. In
context with the model for CAR control of prestalk and
prespore differentiation, CAR4 and CAR1/CAR3 may be
antagonostic and epistatic to GSK3 (Fig. 9). An additional
component in this sequence may now be invoked. We
have shown that slugs that lack the gene for the RING/
zipper protein rZIP are phenotypically similar to the
card null cells (Balint-Kurti et al. 1997). Defining epi-
static relationships among CAR4, CAR1, CARS3, rZIP,
GSK3, and PKA will be of critical significance in under-
standing CAR regulatory pathways.

Regulation of Dictyostelium cell fate by cAMP may be
analogous to signaling via Wnt/Wg morphogens in Xeno-
pus and Drosophila (see Fig. 9). Like cAMP receptors, the
Wnt/Wg receptors (Fz) are serpentine, seven-transmem-
brane members (Bhanot et al. 1996) that may be linked to
cell autonomous and nonautonomous regulatory path-
ways (Krasnow and Adler 1994). Fz2 (and CAR4)-medi-
ated inhibition of GSK3 appears to regulate pattern for-
mation by a cell autonomous mechanism. Down-regula-
tion of GSK3 activity in the ventral equatorial region of
Xenopus blastomeres establishes secondary dorsal axes,
whereas ectopic expression of activated GSK3 in dorsal
structures leads to their ventralization (He et al. 1995;
Pierce and Kimelman 1995). In Drosophila, wg mutants
exhibit diminished expression of the segment polarity
gene engrailed (en), whereas generalized expression of
wg or mutants of shaggy (GSK3) expand the boundary of
en expression (see Perimmon 1994). Both the cAMP and
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Antagonistic signaling in axis formation

Wnt/Wg systems utilize additional secreted factors to
regulate effective morphogen concentrations (Fig. 9). In
Dictyostelium, phophodiesterase (PDE) enzymatically
degrades cAMP to 5'-AMP; in turn, PDE activity is regu-
lated by another specific inhibitor, PDE-I (Franke et al.
1991). For Wnt/Wyg, the secreted fz-related protein fam-
ily, including Frzb and FRP, has very high and specific
affinity for these morphogens that antagonizes their ac-
tivity (Leyns et al. 1997; Wang et al. 1997; J. Rubin, X.
He, and H. Varmus, pers. comm.). These data support an
ancient appearance for body plan control via receptor-
mediated regulation of GSK3 activity.

In addition, the Wnt and cAMP receptors are linked to
pathways that activate and inhibit fate patterns. The
Whnt-5A class will antagonize the dorsalizing effects of
Whnt-1 members on early Xenopus embryogenesis but in-
duce dorsal axis duplication in conjunction with human
Fz5 (He et al. 1997). Also, whereas Wnt-8 has dorsalizing
activity in early embryos, it is a presumptive ventraliz-
ing factor during gastrulation. In Dictyostelium, distinct
CAR subtypes are proposed to differentially regulate a
common intracellular circuit for prespore differentiation
(Fig. 9). We would suggest that analogous mechanisms
for Wnt signaling in Xenopus could potentially activate
or inhibit GSK pathways. However, indirect effects, per-
haps on cell adhesion, cannot be excluded (Torres et al.
1996). Finally, it may be speculated that the Fz (Wnt/Wg)
and CAR pathways converge at GSK3 through a com-
mon target, and because GSK3 activity can be modulated
by phosphorylation at multiple sites (Cook et al. 1996),
this may also involve a shared kinase/phosphatase cas-
cade and additional downstream components.

Materials and methods

Dictyostelium: DNA-mediated transformation, growth,
development, and differentiation in suspension cultures

Wild-type JH10 and car4 null lines were transformed by elec-
troporation, selected for G418 resistance, and grown in HL5
medium in the presence of 20 pg/ml of G418 as required (Louis

Figure 9. Parallel pathways for axes formation
in Dictyostelium and Xenopus. In Dictyo-
stelium, PDE will degrade the secreted morpho-
gen cAMP, which will activate the CAR family.
CAR4 and CAR1/3 act antagonistically and con-
verge at GSK3. High GSK3 levels promote pre-
spore differentiation and inhibit prestalk pat-
terns. LiCl will stimulate prestalk differentia-
tion through inhibition of GSK3. In Xenopus,
the Frzb family of secreted proteins can bind
Wnt morphogens with high affinity. Activation
of Xenopus Fz2-type receptors during early em-
bryogenesis by the Wnt-1 class down-regulates
GSKa3 activity and stimulates dorsal structures.
The Wnt-5A class will antagonize the dorsaliz-
ing action of Wnt-1. Broken lines indicate poten-
tial pathways for ventral activation via another
Fz receptor. Direct activation of GSK3 is sug-
gested by comparison with CAR signaling in
Dictyostelium (see above).

Cell Fates
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et al. 1993). Cells were grown to at <2 x 10° cells/ml, washed,
counted, mixed at appropriate ratios, and developed on nitro-
cellulose filters (0.5 x 107 to 1 x 107 cells/cm?) in 10 mm sodium
phosphate (pH 6.4), 2 mm MgCI,, and 0.2 mm CacCl,. Cells were
differentiated in suspension culture under conditions that do
not permit endogenous cAMP signaling (Louis et al. 1993), ad-
justed to (B0 nm cAMP at 6-min intervals for 5 hr, and then
maintained continuously at =300 pm cAMP, 10 mm adenosine,
2 U/ml of ADA; and/or 300 nm DIF-1. LiCl was added to cAMP-
pulsed cultures 30 min prior to treatment with 300 um cAMP.

Developmental RNA and B-galactosidase expression patterns

Total RNA was prepared from cells, electrophoretically sepa-
rated, and blotted for hybridization (Kimmel 1987). Probes were
radiolabeled by the random primer method and hybridized to
RNA blots at 37°C in 0.8 m Na* and 50% (vol/vol) formamide.
Chimeric organisms were developed on nitrocellulose filters
and stained for B-galactosidase activity (Richardson et al. 1994).

cAMP and DIF-1 assays

Wild-type JH10 and car4 null cells were developed on filters,
and the total accumulated cAMP was assayed (Kimmel 1987).
These same cells were differentiated in suspension cultures
with and without 300 um cAMP, and DIF-1 was extracted and
bioassayed (Kay 1987). For radiolabeling of DIF-1, cells were
differentiated in 25 ml in 10 mm sodium phosphate (pH 6.4), 1
pCi/mi of 3¢CI ((2 mm NaCl) with cAMP, extracted, separated
by thin layer chromatography (Kay et al. 1992), and imaged (Mo-
lecular Dynamics).
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