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ABSTRACT  In the last few decades, we have learned a considerable amount about how eukaryotic 
cells communicate with each other, and what it is the cells are telling each other. The simplicity of 
Dictyostelium discoideum, and the wide variety of available tools to study this organism, makes 
it the equivalent of a hydrogen atom for cell and developmental biology. Studies using Dictyoste-
lium have pioneered a good deal of our understanding of eukaryotic cell communication. In this 
review, we will present a brief overview of how Dictyostelium cells use extracellular signals to 
attract each other, repel each other, sense their local cell density, sense whether the nearby cells 
are starving or stressed, count themselves to organize the formation of structures containing a 
regulated number of cells, sense the volume they are in, and organize their multicellular develop-
ment. Although we are probably just beginning to learn what the cells are telling each other, the 
elucidation of Dictyostelium extracellular signals has already led to the development of possible 
therapeutics for human diseases. 
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Introduction

As described in other papers in this special issue, Dictyoste-
lium discoideum is a premier system to study a remarkably broad 
swath of biology. The simplicity, the duality of a single-cell and a 
multicellular life stage, the ability to freeze cells, the ability to grow 
mutants that completely block development, and the availability 
of genetic tools such as REMI and shotgun antisense for genetic 
screens allow studies that would be exceedingly difficult in other 
systems. In this short review, we will discuss some of the work 

Int. J. Dev. Biol. 63: 395-405 (2019)
https://doi.org/10.1387/ijdb.190259rg

www.intjdevbiol.com

*Address correspondence to:  Richard H. Gomer. Department of Biology, Texas A&M University, 301 Old Main Drive, College Station, TX 77843-3474 USA.
Tel: +1-979-458-5745. Fax: +1-979-845-2891. E-mail: rgomer@tamu.edu - web: www.bio.tamu.edu/wordpress/index.php/lab-website-richard-gomer

 https://orcid.org/0000-0003-2361-4307

Submitted: 20 May, 2019; Accepted: 20 June, 2019.

ISSN: Online 1696-3547, Print 0214-6282
© 2019 UPV/EHU Press
Printed in Spain

done that has helped to elucidate how extracellular signals are 
used by Dictyostelium, and how these studies have led our un-
derstanding of many aspects of the biology of higher eukaryotes. 
In the following sections, we will describe work on extracellular 
signals that attract cells toward the source of the signal (chemoat-
tractants), signals that cause cells to move away from the source 
of the signal (chemorepellents), signals that promote and signals 
that inhibit proliferation, signals that allow cells to sense their local 
cell density, and signals that allow cells to sense the local density 
of specific types of cells. 

Abbreviations used in this paper, 8CPT-cAMP, 8-(p-chlorophenylthio)-cyclic adenosine monophosphate; AcbA, acyl-coenzyme A-binding protein A; AprA, autocrine prolife-
ration repressor protein A; ARDS, acute respiratory distress syndrome; ATP, adenosine triphosphate; BzpN, basic-leucine zipper transcription factor N; cAMP or cyclic 
AMP, 3’,5’-cyclic adenosine monophosphate; cAR, cyclic AMP receptor; c-di-GMP, bis-(3’-5’)-cyclic dimeric guanosine monophosphate (also known as cyclic-di-GMP); 
CF, counting factor; CfaD, counting factor-associated protein D; cGMP, cyclic guanosine monophosphate; Cln3, homolog of  human ceroid lipofuscinosis neuronal 3; 
CMF, conditioned medium factor; CnrN, cell number regulator N (PTEN-like phosphatase); CynA, callipygian; DdPpk1, D. discoideum polyphosphate kinase1; DhkA, 
Dictyostelium histidine kinase A; DIC, discoidin-inducing complex; DicA1, discoidin-inducing complex protein A1 (also known as DicA or PsiF (prespore inducing factor 
psiA)); DIF, differentiation-inducing factor; DPPIV, dipeptidyl peptidase IV; ElmoE, engulfment and cell motility E; ERK2, extracellular signal-regulated kinase 2; 
EV, extracellular vesicles; F-actin, filamentour actin; fAR, folic acid receptor; GABA, gamma-aminobutyric acid; GadA, glutamate decarboxylase A; GrlD, metabo-
tropic glutamate receptor-like D; GrlH, metabotropic glutamate receptor-like H; GTP, guanosine triphosphate; i6kA, inositol hexakisphosphate kinase; IplA, inositol 
1,4,5-trisphosphate receptor-like protein A; KrsB, kinase responsive to stress B (also known as Krs2); MAPK, mitogen-activated kinases; PAR2, protease-activated 
receptor 2; PI3K, phosphoinositide 3-kinase; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; PKA, protein kinase A; PKBA, protein kinase B (also known as Akt); 
PKBR1, protein kinase B-related kinase 1 (also known as PkgB); PKD2, polycystic kidney disease 2 (also known as TrpP); PSF, pre-starvation factor; PTEN, phosphatase 
and tensin homolog; REMI, restriction enzyme mediated integration; SAP, serum amyloid P; ScPPX1, Saccharomyces cerevisiae polyphosphate exopolyphosphatase 1; 
SDF, spore differentiation factor; TagC, tight aggregate protein C; TorC2, target-of-rapamycin complex 2; Trp, transient receptor potential; TrpP, transient receptor 
potential polycystin-type (also known as PKD2).
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Chemoattractants

Much of the multicellular morphogenesis in an embryo, and the 
homing of immune cells to a site of inflammation, require cells to 
crawl toward an attractant. Biased movement of cells in a chemotactic 
gradient requires signal transduction at the side of the cell closest 
to the chemoattractant to be different from the same pathway at 
the opposite side of the cell, and this then causes a rearrangement 
of cytoskeletal proteins such as actin and myosin to make the cell 
move toward the attractant (Fig. 1). Much of what we currently know 
about the molecular mechanisms underlying this sort of directed 
cell motility in eukaryotes originated from work in Dictyostelium. In 
Dictyostelium, 3’,5’-cyclic adenosine monophosphate (cyclic AMP 
or cAMP) produced by Dictyostelium cells and folic acid produced 
by bacteria have been used as paradigms for chemoattractants. 

Chemoattraction to cAMP 

Starvation induces the development of Dictyostelium cells (Bonner 
and Scharf, 1978). The starved cells synthesize and secrete pulses 
of cAMP, with cells in the regions of highest cell density secreting the 
first pulses. This causes the temporary formation of an extracellular 
cAMP gradient around the secreting cell, causing nearby cells to 
move toward the secreting cell and also to secrete pulses of cAMP, 
resulting in a propagating wave of cAMP that spreads through a 
field of cells (Konijn et al., 1967, Philipsborn and Bastmeyer, 2007, 
Schneider and Haugh, 2006). These waves repeat approximately 
every 6 minutes (Tomchik and Devreotes, 1981), resulting in cells 
moving toward a common aggregation center. Upon reaching the 
aggregation center, they form a multicellular mound that further 
develops into a ~2 x 104 – 1 x 105 cell (the number of cells depends 
on the strain) fruiting body consisting of a mass of spores held off 
the soil by a thin column of stalk cells. 

Similar to neuronal signal transduction where rapid removal of 
the neurotransmitter is needed at a synapse, to prevent the extra-
cellular cAMP concentration from building up and saturating the 
cAMP sensing mechanism, aggregating cells also secrete cAMP-
degrading phosphodiesterases, and loss of the phosphodiesterase 
can inhibit aggregation (Franke and Kessin, 1992). 

Although the review in this volume on ‘Signaling networks during 
aggregation’ by Devreotes et al., and ‘Cytoskeleton dynamics dur-
ing aggregation’ by Muller-Taubenberger will discuss cAMP signal 
transduction in more detail, we will briefly review this, as this work 
has guided many studies on other extracellular signals. In Dictyoste-
lium, extracellular cAMP is sensed by cell surface receptors (Klein 
et al., 1988). Four different cAMP receptors, cAR1, cAR2, cAR3 
and cAR4, are expressed sequentially during development. These 
receptors are homologous to 7-transmembrane G protein-coupled 
receptors found in plants and mammals. Although from the same 
family of transmembrane proteins, cAR1-4 have different affinities 
for cAMP (Kim et al., 1998). cAR1 was the first chemoattractant 
receptor to be identified in eukaryotic cells and is the main receptor 
that is involved in cAMP chemotaxis (Klein et al., 1988). In a cAMP 
gradient, the expression of cAR1 receptor is uniformly distributed 
on the surface of cells. Therefore, cAMP gradient sensing does 
not require re-localization of cAR1 receptors on the membrane. 
(Xiao et al., 1997). 

A relatively large number of studies have begun to elucidate the 
signal transduction pathway downstream of the cAMP receptor that 

regulates the cytoskeleton to cause movement of a cell toward cAMP 
(Chen et al., 2007, Kortholt et al., 2011). A key lesson from this work 
is the unexpected complexity of the signal transduction mechanism. 
One of the earliest steps in the pathway is cAR1 activation of Ras 
(Kortholt et al., 2011). Active Ras then activates a pathway to cause 
adenylyl cyclase to synthesize cAMP which is then released to 
the extracellular environment (Bolourani et al., 2006, Lim et al., 
2001). There are at least six different signal transduction pathways 
downstream of cAMP receptors that mediate chemotaxis. These 
pathways include PI3K/ PIP3, TorC2, phospholipase A, guanylyl 
cyclase, MAPK, and ElmoE (Kortholt et al., 2011, Ma et al., 1997, 
Yan et al., 2012). The pathways promote actin polymerization and 
pseudopod formation at the side of the cell closest to the source of 
the extracellular cAMP, and induce myosin contraction at the ‘back’ 
of the cell to cause the cell to squeeze itself into the pseudopod. 
Guided in part by the Dictyostelium work, many workers have found 
that human neutrophils use very similar pathways and mechanisms 
(Thomas et al., 2018). Much of the current work in the chemotaxis 
field involves further elucidation of the pathways, their interactions, 
and how they regulate the cytoskeleton. 

Chemoattraction to cAMP by extracellular vesicles

Many eukaryotic cells release small extracellular vesicles (EVs) 
containing proteins, nucleic acids, and lipids, and these EVs can be 
ingested by neighboring cells as a mode of communication (Iraci et 
al., 2016, Zaborowski et al., 2015). Dictyostelium cells release EVs 
that can induce responses in other Dictyostelium cells (Tatischeff, 
2019). One of these induced responses is chemotaxis. Aggregating 
cells release EVs, and the EVs in turn synthesize and secrete cAMP 
using adenylyl cyclase and stored ATP (Kriebel et al., 2018). Thus 
as a cell is moving toward an aggregation center, it leaves behind 
a trail of EVs that can attract other cells. As a following cell comes 
across an EV, it ingests it, and then is attracted to the next EV along 
the trail. This can then allow cells that are far from other cells to 
follow the trail and find the aggregation center (Kriebel et al., 2018). 

Chemoattraction to folic acid

During vegetative growth, Dictyostelium cells move towards 
bacteria, a preferred food source, and use folic acid released from 
the bacteria as a chemoattractant (Manahan et al., 2004, Meena 
and Kimmel, 2016). Two folate receptors have been identified in 
Dictyostelium, fAR1 and fAR2. fAR1 is a G-protein-coupled receptor 
and is the principal receptor for chemoattraction to folic acid (Pan 
et al., 2016). The signal transduction pathway downstream of fAR1 
may be simpler than the cAMP chemoattraction pathway since key 
signal transduction pathways necessary for cAMP chemoattraction 
such as PI3K, TorC2, phospholipase A, and guanylyl cyclase are 
not necessary for chemoattraction to folic acid (Hadwiger et al., 
1994, Kortholt et al., 2011).

Chemorepellents

Most of the research on chemotaxis has been on chemoattrac-
tion. In higher eukaryotes, chemorepulsion probably also plays a 
role in embryonic development and the movement of immune cells 
(Fig. 1). There have been several studies on chemorepulsion in 
axon guidance, but few studies on chemorepulsion of amoeboid 



Extracellular signaling    397 

cells. In Dictyostelium, vegetative cells are repelled by one another, 
suggesting the presence of endogenous chemorepellents (Samuel, 
1961), a synthetic analogue of cAMP can act as a chemorepellent, 
and a secreted protein called AprA also acts as a chemorepellent. 
As described below, studies of chemorepulsion in Dictyostelium 
have led to potential therapeutics for diseases.

Chemorepulsion away from 8CPT-cAMP

Some synthetic analogues of cAMP that bind to the Dictyostelium 
cAMP receptor act as antagonists to the receptor. Surprisingly, some 
of these cAMP analogues such as 8-(p-chlorophenylthio)-cAMP 
(8CPT-cAMP) repel Dictyostelium cells (Johnson et al., 1992, Van 
Haastert et al., 1984). Whereas the chemoattractant cAMP causes a 
pseudopod to form at the front of a cell while simultaneously induc-
ing myosin II localization at the rear, 8CPT-cAMP causes myosin 
II to first localize at the side of the cell closest to the 8CPT-cAMP, 
initiating contraction at that side of the cell. F-actin then accumulates 
at the side of the cell away from the 8CPT-cAMP (Cramer et al., 
2018). This suggests that there are fundamental differences in how 
cells respond to chemoattractants and chemorepellents.

Chemorepulsion away from AprA

Autocrine proliferation repressor protein A (AprA) is a 60kDa 
protein secreted by vegetative cells (Brock and Gomer, 2005, Choe 
et al., 2009, Phillips and Gomer, 2012). Cells lacking AprA proliferate 
faster than wild type cells, whereas overexpression of AprA or the 
addition of recombinant AprA to cultures modestly slows, but does 
not stop, proliferation (Brock and Gomer, 2005). In the extracellular 
environment, AprA forms a complex with a protein called CfaD (Choe 
et al., 2009, Tang et al., 2018). In addition to slowing proliferation, 
AprA acts as a chemorepellent for vegetative cells (Phillips and 
Gomer, 2012). Whereas colonies of wild-type cells have many cells 
moving radially away from the main group of cells, colonies of aprA¯ 
cells have far fewer cells that have moved away from edge of the 
group, even though AprA does not affect cell speed, suggesting 

that a function of AprA is to help disperse colonies 
of cells, with the high concentration of AprA in the 
immediate vicinity forming a gradient with the low 
concentrations of AprA far from the colony. 

As with the chemoattractants cAMP and folic 
acid, AprA is sensed by a G protein coupled receptor 
called GrlH (Tang et al., 2018). As with chemoat-
traction to cAMP, AprA also induces Ras activa-
tion, and Ras activity is required for AprA-induced 
chemorepulsion (Rijal et al., 2018). AprA-induced 
chemorepulsion utilizes components of the TorC2, 
Phospholipase A, and MAP kinase pathways used 
for chemoattraction to cAMP, as well as the calcium 
channel component IplA and protein kinase C. Both 
phosphatase and tensin homolog (PTEN), which is 
involved in chemoattraction to cAMP, and the PTEN-
like protein CnrN are required for AprA induced 
chemorepulsion (Herlihy et al., 2013b, Rijal et al., 
2018). However, chemorepulsion from AprA does 
not require other components of the cAMP signal 
transduction pathway such as guanylyl cyclase, El-
moE, and the PI3K/ PIP3 pathways. Phospholipase 

Fig. 1. Chemoattraction and chemorepulsion. If a single cell or a group of cells releases a 
diffusible factor (blue shading), the high concentration in the vicinity of the releasing cell or 
cells, and the low concentration far from the source, creates a concentration gradient of the 
factor. Cells can either be attracted (left) or repelled (right) by the factor. For Dictyostelium 
and other eukaryotic cells, a concentration difference of a few percent across the cell is 
sufficient for the cell to sense the gradient.

C, an essential component of 8CPT-cAMP induced chemorepulsion, 
is not essential for AprA induced chemorepulsion (Keizer-Gunnink 
et al., 2007, Phillips and Gomer, 2012, Rijal et al., 2018). Together, 
these results suggest that chemoattraction and chemorepulsion use 
partially overlapping sets of signal transduction pathways.

Development of potential therapeutics based on 
Dictyostelium chemorepulsion

AprA has very little sequence similarity to any human protein. A 
tertiary structure of AprA predicted by I-TASSER (Roy et al., 2010, 
Zhang, 2008), suggested that the AprA structure might have similarity 
to human dipeptidyl peptidase IV (DPPIV) (Hiramatsu et al., 2003). 
Both AprA and DPPIV are glycoproteins, have protease activity, and 
bind fibronectin (Herlihy et al., 2017). DPPIV is present in plasma and 
other extracellular fluids (Abbott et al., 1994, Cordero et al., 2009). 
We found that recombinant human DPPIV functions as a chemore-
pellent for human neutrophils and Dictyostelium cells (Herlihy et al., 
2013a) in gradients encompassing the DPPIV plasma concentra-
tion range in mice and humans (Busso et al., 2005, Marguet et al., 
2000), which may explain previous observations that abnormally 
low levels of DPPIV are associated with increased inflammation in 
mice, rats, and humans (Busso et al., 2005, Kamori et al., 1991, 
Schmiedl et al., 2010). In humans, acute respiratory distress syn-
drome (ARDS) is caused by an excessive number of neutrophils 
in the lungs; similarly, rheumatoid arthritis involves an excessive 
number of neutrophils in a joint. Being able to repel neutrophils out 
of the affected tissue might be therapeutic. Treatment with inhaled 
DPPIV prevented an increase in lung neutrophils in a mouse model 
of ARDS (Herlihy et al., 2013a), and localized injections of DPPIV 
decreased symptoms of arthritis in a mouse model (Herlihy et al., 
2015). We then found that the DPPIV receptor is the protease-
activated G protein-coupled receptor PAR 2, that PAR 2 agonists 
induce human neutrophil chemorepulsion, and when administered 
by aspiration into the airways, PAR 2 agonists show good efficacy 
at reducing the inappropriate influx of neutrophils into the lungs in a 
mouse model of ARDS (White et al., 2018). Together, this suggests 



398    K.M. Consalvo et al.

Cell density sensing signals that regulate cell 
proliferation

In higher eukaryotes, growth factors can promote cell prolifera-
tion. Typically, one cell type secretes the growth factor, and another 
cell type responds to the factor. Other factors, called chalones, are 
secreted by cells, and as the extracellular concentration of the chal-
one increases, the same cells respond to the chalone by slowing 
or stopping proliferation. There are many well-studied examples of 
growth factors. However, despite evidence for their existence, cha-
lones have proven elusive to identify, and there are thus relatively few 
examples of chalones. As described below, work on Dictyostelium 
has helped to elucidate chalones, which then led to the development 
of potential therapeutics. 

Growth factor

Dictyostelium cells in culture proliferate very slowly at low cell 
densities, and then increase their proliferation rate as the density 
increases, suggesting that they are either removing a toxin from 
the medium, or secreting a growth factor whose concentration 
slowly builds up. A putative growth factor secreted by vegetative 
Dictyostelium cells is a heat- and detergent- resistant molecule 
which is sensitive to proteases and reducing agents (Whitbread et 
al., 1991). These properties are similar to some growth factors in 
higher eukaryotes such as human platelet-derived growth factor 
(Heldin et al., 1985).

Proliferation inhibition by AprA and CfaD

As mentioned above, AprA is a protein secreted during growth. 
As the cell density increases, the extracellular AprA concentration 
increases, and at extracellular AprA concentrations equivalent to 
the concentration reached when the cells are nearing stationary 
phase, AprA slows but does not stop proliferation for cells grown 
on bacterial lawns and in shaking culture in axenic growth medium 
(Brock and Gomer, 2005, Choe et al., 2009). AprA forms a complex 

with CfaD, a cathepsin-L like protein that does not have protease 
activity (Bakthavatsalam et al., 2008). Like aprA¯ cells, cfaD¯ cells 
proliferate faster, reach higher stationary phase densities, and 
then die more quickly than wild type cells (Bakthavatsalam et al., 
2008, Brock and Gomer, 2005). CfaD overexpression or addition of 
recombinant CfaD slows proliferation, decreases stationary phase 
density, and increases survival after stationary phase compared to 
wild type cells (Bakthavatsalam et al., 2008). CfaD does not slow 
proliferation of aprA¯ cells, and AprA does not slow proliferation of 
cfaD¯ cells, indicating that the two proteins are essentially message 
authenticators for each other, possibly to decrease the probability that 
a signal from the environment might mimic the proliferation inhibition 
effect of this endogenous signal (Bakthavatsalam et al., 2008, Choe 
et al., 2009). Cells lacking Cln3, a Dictyostelium homolog of human 
ceroid lipofuscinosis neuronal 3 (CLN3), have decreased extracellular 
levels of AprA (Huber et al., 2014, McLaren et al., 2019). BzpN, a 
putative basic leucine zipper transcription factor, is required for the 
AprA and CfaD proliferation inhibition signal transduction pathway, 
but not the AprA chemorepulsion pathway, suggesting that a branch-
ing pathway mediates AprA chemorepulsion and AprA inhibition of 
proliferation (Phillips and Gomer, 2012, Phillips et al., 2011). We 
are currently working to elucidate the two pathways. AprA inhibits 
cytokinesis more than it inhibits growth (the increase in mass of 
cells), suggesting that as cell density increases, AprA pushes cells 
to be, on average, more massive than mid-log phase cells and thus 
to have more stored nutrients per cell in anticipation of starvation 
(Brock and Gomer, 2005).

Proliferation inhibition by polyphosphate

Dictyostelium cells in shaking culture enter a stationary phase when 
cell density reaches ~2 x 107 cells/ml (Yarger et al., 1974). Adding 
additional nutrients to stationary phase cells does not rescue the 
proliferation inhibition, suggesting that the inhibition is not due to a 
lack of nutrients (Yarger et al., 1974). However, adding conditioned 
medium from stationary phase cells to mid-log phase cells inhibits 
their proliferation, indicating the presence of an extracellular prolif-

Fig. 2. Cell density sensing (quorum sensing). If cells secrete a diffusible factor (blue dots), the 
concentration of the factor will increase as the number of cells secreting the factor increases. 
If cells can sense the concentration of the factor, they can sense the local density of other 
cells, or for the case of a volatile signal such as ammonia, sense whether they are in a confined 
space or not. Cells can use this information to regulate their proliferation and thus regulate group 
or tissue size. Dictyostelium uses cell density sensing factors to anticipate starvation, sense 
whether a spore is in the spore mass on a fruiting body or has been dispersed and is now an 
isolated spore, and to decide whether there are too many cells in a stream, and if so to break 
up the stream into groups of cells.

that chemorepellents based on Dictyostelium work 
might be useful as therapeutics. 

Cell density sensing

In addition to acting as attractants or repellents, 
signals can be used to sense the local density of 
cells. In a closed environment such as the body, 
if a signal is constitutively released by cells, is 
able to freely diffuse into the extracellular environ-
ment such as the blood, and has a fixed half-life/ 
degradation rate, the steady state concentration 
of the signal will be proportional to the number of 
cells releasing that signal. This can then be used 
to sense the number of type X cells in a body (Fig. 
2). For a small group of cells in an environment 
such as a soil surface, the local concentration of 
a diffusible signal will also increase, albeit not lin-
early, with the number of cells. As described below, 
studies on Dictyostelium have helped elucidate this 
type of cell number/ cell density sensing signal. 



Extracellular signaling    399 

eration inhibitor at stationary phase (Yarger et al., 1974). After ~40 
years, the proliferation inhibitor was identified as ~9-mer inorganic 
polyphosphate (Suess and Gomer, 2016). The level of extracellular 
polyphosphate increases with cell density, and reaches ~150 mM 
at stationary phase (Suess and Gomer, 2016). Treating stationary 
phase conditioned media with the exopolyphosphatase ScPPX1 
allows stationary phase cells to proliferate, and adding 150 mM 
polyphosphate to mid log phase cells stops their proliferation (Suess 
and Gomer, 2016). Polyphosphate inhibits proliferation by affecting 
cytokinesis more than karyokinesis, causing an increase in cell 
mass and the number of multinucleate cells (Suess and Gomer, 
2016). As with AprA, a possible reason that cells secrete and sense 
polyphosphate is to anticipate starvation, a condition where larger 
cells with more stored nutrients would have an advantage over 
smaller cells, such as cell that have just undergone cytokinesis. 

Extracellular polyphosphate levels are regulated by many genes, 
such as the kinases i6kA and DdPpk1, both of which may directly 
synthesize polyphosphate (Suess and Gomer, 2016). Cells lack-
ing i6kA or DdPpk1 accumulate less extracellular polyphosphate 
and reach higher maximum cell densities compared to wild type 
cells (Suess and Gomer, 2016). Conversely, cells lacking phos-
pholipase D or overexpressing AprA accumulate a higher amount 
of polyphosphate and have a lower maximum cell density (Suess 
and Gomer, 2016). This suggests that cells use parameters in 
addition to cell density to anticipate starvation. 

When Dictyostelium cells have decided that they are starving, 
and there is no reasonable possibility that they might find additional 
nutrients, they express developmental genes and aggregate to 
form a fruiting body to disperse cells to new environments. In low 
nutrient conditions (but not complete starvation), Dictyostelium 
cells continue to proliferate, albeit slowly. Under these conditions, 
polyphosphate induces the expression of early development genes 
and induces aggregation in the presence of nutrients (Suess et al., 
2019). Although cells will invariably initiate development if they are 
completely starved, this suggests that cells can decide to give up 
on the possibility of finding food, and initiate development, if they 
observe a combination of low nutrients and high polyphosphate 
(the latter indicating that there is a local high density of cells, all of 
which are competing for the limited nutrient resources). 

Polyphosphate shows saturable binding to Dictyostelium cells, 
suggesting the presence of a cell surface polyphosphate receptor, 
and the receptor was identified as the G protein-coupled receptor 
GrlD (Suess and Gomer, 2016, Suess et al., 2019, Suess et al., 
2017). Cells lacking the GrlD receptor did not show detectable 
levels of polyphosphate binding, and expressing GrlD in grlD¯ 
cells rescued the binding activity (Suess et al., 2019). In addition 
to GrlD, Ras also mediates polyphosphate-induced aggregation 
and proliferation inhibition (Suess et al., 2019, Suess et al., 2017). 
High nutrients appear to override the polyphosphate induction 
of aggregation, reinforcing the idea that cells integrate multiple 
sources of information to initiate development. 

Development of potential therapeutics based on 
Dictyostelium chalone work

Fibrosing diseases such as congestive heart failure, cirrhosis 
of the liver, end-stage kidney disease, and pulmonary fibrosis 
are associated with 30-45% of deaths in the US, and the current 
best therapeutics only slow the progression (Duffield et al., 2013, 

Wynn and Ramalingam, 2012). Fibrosis is due to the inappropriate 
formation of scar tissue in an internal organ. To help form the scar 
tissue, circulating monocytes enter the tissue and differentiate into 
fibroblast-like cells called fibrocytes (Abe et al., 2001, Bucala et al., 
1994, Chesney et al., 1997, Chesney et al., 1998). While attempting 
to purify chalones from human white blood cells, we noticed that 
monocytes quickly differentiate into fibrocytes in serum-free culture, 
and that serum inhibits this (Pilling et al., 2003). Since a factor that 
inhibits fibrocyte differentiation might be useful as a therapeutic for 
fibrosis, we shifted our focus and, using our experience purifying 
Dictyostelium secreted factors, purified the fibrocyte-inhibiting fac-
tor from human serum and identified it as a protein called serum 
amyloid P (SAP) (Pilling et al., 2003). We found that injections of 
SAP could prevent as well as reverse fibrosis in animal models 
of pulmonary fibrosis (Pilling et al., 2007). We helped form a 
company called Promedior to pursue this. Promedior found that 
SAP is an effective therapeutic in 20 different fibrosis models, and 
SAP showed better efficacy and fewer side effects than current 
therapeutics in a Phase 1B trial and a 117-patient Phase 2 trial for 
pulmonary fibrosis, and a Phase 2 trial for myelofibrosis, a bone 
marrow fibrosis (Dillingh et al., 2013, Raghu et al., 2018). If SAP 
continues to be effective in further clinical trials, it would be very 
helpful for fibrosis patients and an example of taking Dictyostelium 
secreted factor research into the clinic.

Other factors that allow proliferating cells to sense the 
local cell density

Proliferating Dictyostelium cells can sense their local cell den-
sity using both AprA/CfaD as well as polyphosphate. It is unclear 
why they need two factors instead of one to do this. Adding to 
the puzzle, there exist other factors that appear to do the same 
thing. Discoidin is a lectin that is present at very low levels in cells 
growing at low cell density, and the levels of discoidin rise as nu-
trient levels fall and the local cell density increases. Conditioned 
medium from cells at high cell density added to cells at low cell 
density induces discoidin expression, indicating the presence 
of a discoidin-inducing extracellular factor that was named pre-
starvation factor (PSF) (Clarke and Gomer, 1995, Clarke et al., 
1988). As with polyphosphate, the effect of PSF is counteracted 
by the presence of nutrients. A partial purification of PSF indicated 
that it is a ~70 kDa protease-sensitive molecule, but PSF was never 
purified (Burdine and Clarke, 1995). Discoidin-inducing complex 
(DIC) is an approximately 400 kDa complex that also induces 
discoidin expression during growth and development (Burdine 
and Clarke, 1995, Kolbinger et al., 2005). A component of DIC is 
the 80 kDa protein DicA1 (the sequence of this protein is known), 
which when added to cells induces discoidin expression, much 
like PSF. Whether DicA1 is PSF remains unclear. The existence 
of multiple factors secreted by growing cells that appear to convey 
the same information (cell density) suggests that the factors may 
be conveying more complex information, such as the availability 
of nutrients or the presence of dangers. 

Sensing the density of cells in aggregation streams: 
counting factor

As described above, if cells decide that their situation is hope-
less, they aggregate together to form a fruiting body. The goal of 
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the fruiting body is to raise a mass of spores as high as possible 
up off the ground to facilitate spore dispersal. If the fruiting body 
is too small, the spores will be too close to the ground for optimal 
dispersal, and if the fruiting body is too big, it will collapse. As 
cells aggregate, they sense their local density in the aggregation 
streams, and if they sense that there are too many cells in the 
stream, to prevent too many cells from trying to form a fruiting 
body, the streams break up into groups, each of which will form 
a fruiting body. To sense the local density in streams, the cells 
secrete and sense Counting Factor (CF), a ~450 kDa protein 
complex (Brock and Gomer, 1999, Roisin-Bouffay et al., 2000). 
During aggregation, many radial streams of cells flow toward a 
common center, and the high mass, and thus low diffusivity, of 
CF would enable each stream to use the local concentration of 
CF to sense the density of cells in that stream. High levels of CF 
cause excessive stream breakup and the formation of tiny fruiting 
bodies, while a lack of functional CF causes large streams to not 
break up, resulting in huge fruiting bodies that topple over. CF is 
a complex of four proteins: Countin, CF45-1, CF50, and CF60 
(Brock et al., 2003a, Brock and Gomer, 1999, Brock et al., 2002, 
Brock et al., 2003b, Brock et al., 2006). Disruption of the genes 
encoding countin, CF45-1, or CF50 block CF function, indicating 
that as with AprA and CfaD, a complex signal is used to generate 
‘message authenticators’ (Brock et al., 2002, Brock et al., 2003b). 
Computer simulations predicted, and experiments confirmed, 
that high levels of CF cause stream breakup by increasing the 
random motility of cells, and decreasing cell-cell adhesion (Roisin-
Bouffay et al., 2000, Tang et al., 2001). This causes a stream to 
disperse, much like a liquid to gas phase transition. As the cells 
disperse and move away from each other, they encounter less of 
each other’s secreted CF, so the extracellular CF concentration 
at each cell decreases, and the resulting decrease in random 
motility, and increase in cell-cell adhesion, causes the cells to 
reform into groups, much like the condensation of a gas into liquid 
droplets. Aggregates and streams containing few cells will have 
lower levels of extracellular CF, and this results in the aggregates 
and streams remaining condensed. 

Sensing the density of spores: discadenine

It is critical that spores germinate to release an 
amoeba only when they have been dispersed and not 
when they are in the spore mass atop a fruiting body. 
To sense the local density of spores, Dictyostelium 
spores secrete an adenine derivative called discadenine 
(Nomura et al., 1977, Tanaka et al., 1975). Discadenine 
promotes spore differentiation and inhibits spore ger-
mination (Anjard and Loomis, 2008, Taya et al., 1978). 

Sensing the presence of a confining space: 
ammonia

To a first approximation, a cell-density sensing/ quo-
rum sensing factor measures the ratio of the number 
of cells to the volume the cells are in, and thus can 
be used to sense either the cell number in a known 
volume, or the volume a known number of cells is in. 
After cells aggregate, they secrete the volatile molecule 
ammonia, and use this for a variety of purposes, one of 
which appears to allow cells in a slug to sense whether 

Fig. 3. Sensing the cell type composition of a tissue or group of cells. In addition 
to general cell density sensing, secreted signals can be used to let a population of cells 
sense the cell type composition. If cells of a specific subtype X (red cell at right) release 
a factor characteristic of that subtype (red dots), cells can sense the presence of the sub-
type. As the percentage of type X cells increases, the concentration of the type X factor 
increases. If there are no type X cells, there will be no X factor (left panel). Dictyostelium 
uses such factors to sense stressed cells, starved cells, and to sense the presence of 
cells that have completed a developmental step and/or differentiation event.

the slug is in a confined space (such as under a leaf or in soil), 
as evidenced by a high concentration of ammonia (Bonner et al., 
1989, Feit et al., 1990). The ammonia keeps the cells in the migrat-
ing slug stage of development. When the slug reaches an open 
space and senses the concomitant decrease in ammonia, it forms 
a fruiting body. Ammonia appears to act on cells by affecting the 
pH of intracellular compartments (Davies et al., 1993).

Sensing the cell type composition of a tissue 

A longstanding question in developmental biology is how cells 
sense the composition of a tissue – what the density of type A cells 
is, what the density of type B cells is, etc. A simple way to do this 
is for the type A cells to release a type A characteristic factor, and 
the type B cells to release a type B characteristic factor. The local 
density of the type A factor would then be indicative of the local 
density of type A cells (Fig. 3). With the exception of the folic acid 
secreted by bacteria and the discadenine released by spores, all of 
the signals described above are released by all cells. In addition to 
these classes of signals, as described below, Dictyostelium also has 
signals that are released by only some cells. These are paradigms 
for signals that can be used to sense the composition of a tissue. 

A signal saying I’m stressed: extracellular ATP

When osmotically stressed, Dictyostelium cells release ATP into 
the extracellular environment (Sivaramakrishnan and Fountain, 
2015). The polycystin-type Trp channel TrpP is either the ATP 
receptor, or closely coupled to it (Traynor and Kay, 2017). ATP 
also appears to be sensed by cell surface purinergic receptors 
that facilitate a rapid increase in intracellular calcium (Ludlow et 
al., 2008). This results in a reduction in cell swelling due to osmotic 
stress (Sivaramakrishnan and Fountain, 2015). ATP could thus act 
as both an autocrine signal to reduce cell swelling and bursting 
from a sudden reduction in extracellular osmotic strength, and as 
paracrine signal to let nearby cells know that other cells are also 
experiencing similar challenges.
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A signal saying I’m starving: conditioned medium 
factor (CMF)

As discussed above, cells would much rather eat and divide 
rather than aggregate and form a fruiting body. In a patch of dirt, 
a cell might be in a small area of a low nutrient environment, with 
nearby cells still finding food to eat. Knowing whether other nearby 
cells are also starving will thus let a starving cell know whether it 
should persist in trying to finding food, or go ahead and participate in 
aggregation and development. To generate this information, growing 
cells make and store an 80 kDa glycoprotein called Conditioned 
Medium Factor (CMF), and then begin slowly secreting CMF when 
they starve (Gomer et al., 1991, Mehdy and Firtel, 1985). CMF is 
sensed by cells using an unusual 2-transmembrane receptor, and 
a G protein-coupled receptor (Deery et al., 2002). At the relatively 
high extracellular concentrations of CMF indicative of a local high 
density of starving cells, CMF induces early developmental gene 
expression, and activates a signal transduction pathway that 
prolongs the lifetime of the G alpha-GTP protein regulated by the 
cAMP chemoattraction receptor, allowing chemotaxis to occur 
(Brazill et al., 1998, Van Haastert et al., 1996). Diffusion calculations 
showed that in a colony of vegetative cells, if one cell was unable 
to find food and started secreting CMF while the other cells were 
still feeding, the concentration of CMF around that one cell would 
be too low to cause CMF-induced effects (the CMF diffuses away 
from the cell so quickly that the concentration in the immediate 
vicinity of the single secreting cell stays quite low), and that only 
when a majority of the cells in a colony have starved and begun 
secreting CMF will the extracellular concentration of CMF reach 
the levels needed to initiate the CMF-induced gene expression 
and CMF-permitted cAMP signal transduction (Brazill et al., 1997, 
Yuen and Gomer, 1994, Yuen et al., 1995). 

Signals saying I’ve completed development step X, 
so you can now do development step Y

Even though the development of Dictyostelium fruiting bodies is 

one of the simplest examples of a multicellular morphogenesis (to 
a first approximation, a cylinder of stalk cells supporting a sphere 
of spore cells), the process does not appear to run automatically, 
and requires a careful coordination, with checks to make sure 
that one differentiation event occurs only after a previous event 
has occurred. If we consider cells that have undergone a dif-
ferentiation event as a subclass of cells, this then is effectively a 
subclass of mechanisms that sense the cell type composition of 
a tissue. Some of these differentiation checks are mediated by 
cell-cell contact signals, and these signals will be discussed in 
the chapter on ‘Allorecognition’ by Gadi Shaulsky. As discussed 
below, other checks are mediated by secreted signals. 

A chlorinated polyketide, cyclic-di-GMP, and adenosine 
mediate stalk differentiation

As cells starve, they check what phase of the cell cycle that 
they happen to be in, and use this information to make the initial 
choice of whether they will become prespore or prestalk cells 
(Gomer and Firtel, 1987, Weeks and Weijer, 1994). After cells 
aggregate, they use a secreted chlorinated polyketide called DIF 
to regulate the differentiation of prestalk cells to pstO stalk cells 
(Kay and Jermyn, 1983, Shaulsky and Loomis, 1996, Thompson 
and Kay, 2000). DIF appears to be made by prespore cells, and 
thus may be an example of a signal from one cell type/ differen-
tiation stage to initiate the next developmental stage (Brookman 
et al., 1987). DIF produced by prespore cells at the rear of a slug 
promotes prestalk cells at the front to produce cyclic-di-GMP 
(c-di-GMP), also causing the differentiation of prestalk cells into 
stalk cells (Chen and Schaap, 2016). This exchange of signals 
would then cause prestalk cells to become stalk cells only when 
both prespore cells are present, and other prestalk cells are 
present. Possibly to help spatially segregate the prestalk and 
prespore cells, extracellular adenosine produced by hydrolysis 
of secreted cAMP near the prestalk cell-containing tip of the 
developing fruiting body inhibits prespore cell differentiation 
(Schaap and Wang, 1986).

Fig. 4. Involvement of extracellular signaling factors in the Dictyostelium development cycle. The indicated factors play roles at the indicated 
stages of Dictyostelium development. See text for abbreviations.
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A peptide, a phosphopeptide, GABA, and a steroid 
mediate spore differentiation

During the final stages of spore formation and maturation, there 
is a gradation of gene expression from the bottom to the top of the 
spore mass, suggesting that diffusible factors mediate spore gene 
expression and differentiation (Richardson et al., 1994). Three 
extracellular signals called Spore Differentiation Factors 1, 2, and 
3 (SDF-1, SDF-2, and SDF-3) promote spore differentiation. SDF-1 
is a thermostable peptide that is phosphorylated by protein kinase 
A (PKA) and induces spore cell encapsulation (Anjard et al., 1997). 
SDF-2 is a short peptide cleaved from the acyl-CoA-binding protein 
(AcbA) by the prestalk cell protease TagC and binds to the recep-
tor histidine kinase DhkA to trigger spore encapsulation (Anjard 
and Loomis, 2005, Wang et al., 1999). Glutamate decarboxylase 
(GadA) is expressed specifically in prespore cells during late 
development and generates GABA from glutamate (Iranfar et al., 
2001). GABA induces the release of the SDF-2 precursor AcbA 
from prespore cells and induces the expression of the protease 
TagC on the surface of prestalk cells (Anjard and Loomis, 2006). 
SDF-3 is a steroid which induces the release of GABA (Anjard et 
al., 2009). This complex series of signals that appear to activate 
each other thus appear to form a series of checks where the suc-
cessful completion of one developmental stage permits the next 
stage to occur. 

Other signals: mechanical stimulation

If a Dictyostelium cell is subjected to mechanical stimuli, a che-
motactic response is initiated which allows cells to release focal 
adhesions at the rear of the cell and induce periodic pseudopod 
formation at the leading edge (Artemenko et al., 2016, Decave et 
al., 2003). The plasma membrane calcium channel PKD2 is involved 
in sensing mechanical stimuli (Lima et al., 2014), and in response 
to mechanical stimuli, the activity, localization, and concentration of 
proteins such as ERK2, Ras GTPases, Rac1, KrsB, PKBR1, PIP3, 
PKBA, PTEN, and CynA are modulated (Artemenko et al., 2016). 

Other signals: electrical stimulation

Electric fields can initiate a chemotactic response in Dictyoste-
lium (Zhao et al., 2006). In Dictyostelium, electric fields are sensed 
at the membrane by sodium proton exchangers and/or calcium, 
which induces the recruitment and activation of PI3K, PTEN, and 
cGMP (Sato et al., 2009, Shanley et al., 2006).

Conclusion

Dictyostelium cells use a wide variety of signals ranging from 
ammonia to 450 kDa protein complexes, and these signals play 
roles at all stages of the Dictyostelium developmental cycle (Fig. 
4). The signals fall into the four broad classes of attractants, 
repellents, general cell density sensing, and subtype cell density 
sensing. Studying these signals has provided paradigms for similar 
mechanisms in higher eukaryotes, and has led to potential thera-
peutics for human diseases.
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