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Abstract

Collective cell migration is organized movements of multiple cell and involved in various
biological activities such as morphogenesis, wound healing and cancer invasion.
Understanding how the collective cell migration is organized sptaio-temporally is the
crucial issues in biology. Social amoebae Dictyostelium discoideum is a model organism
for study of collective cell migration because of its unique morphogenesis and simple
cell-cell interaction via diffusible chemical guidance, cyclic adenosine 3°,5’-
monophosphate (CAMP). Dictyostelium cells usually behave as unicellular organisms but
they show aggregate to form multicellular bodies. It has been though that cell-cell
communication via cCAMP called cAMP relay plays key roles in organizing collective cell
migration during the multicellular morphogenesis of Dictyostelium cells. However, the
dynamics of CAMP signaling at the multicellular phase remain unclear. In this work, how
the cells interact via CAMP signals during collective cell migration was investigated by
live imaging technique through the development of Dictyostelium cells. Direct
monitoring of intracellular cCAMP levels revealed that the cAMP signals oscillate and
propagate between cells during aggregation and the intermediate stage of multicellular
formation, but such oscillations caused by cAMP relay gradually disappeared when the
multicellular bodies were formed. A similar transition of signaling dynamics occurred
with phosphatidylinositol 3,4,5-trisphosphate signaling, which is upstream of the cAMP
signal pathway. These suggest that cAMP relay is not always needed for collective cell
migration after multicellular body formation. This hypothesis is supported by the result
that the mutant which lacks the ability of cAMP relay could aggregate and migrate as
multicellular bodies without any cAMP oscillations under the certain condition. This
transition was programmed with concomitant developmental progression and relative to
the internalization of CAMP receptors from plasma membrane. Therefore, this study
propose a new model in which cAMP oscillation and propagation between cells, which
are important at the unicellular stage, shows dramatic transition in dynamics and becomes
unessential for collective cell migration at the multicellular stage. The mechanisms for
transition of cAMP signaling and organization of collective cell migration in multicellular

bodies are still unclear and thus further investigation is needed in future.



Introduction

1. Collective motion of organisms is a ubiquitous phenomenon in nature.

In nature, mobile organisms and their components (individual member of school, cells,
proteins, etc) show various modes of motion in their life style. One mode is migration of
a single biological element, such as migration of an animal individual or single cell
movement, and this simple mode of biological motion is widely described in detail
(Dingle & Drake, 2007; Gruler & Biltmann, 1984; Kareiva & Shigesada, 1983; Takagi,
Sato, Yanagida, & Ueda, 2008). On the other hand, when the self-propelled biological
elements gather, their motion are aligned with each other and finally they show
cooperative migration rather than collection of random movements in some cases. This is
called collective motion, which is the other mode of biological motion in nature.
Collective motion is a ubiquitous phenomenon and exists across wide scales from
molecules to individuals (Vicsek & Zafeiris, 2012). At the molecule scale, biological
motile molecules such as actin, tubulin filaments and motor molecules show collective
motion (Butt et al., 2010; Sumino et al., 2012). At the individual scale, bird flocks and
fish schools show collective motion, which is the famous examples of animal cooperative
behavior (Bajec & Heppner, 2009; Parrish & Hamner, 1997; Parrish, Viscido, &
Grinbaum, 2002). The collective motion occurs spontaneously, but it sometimes play
important roles in various biological activities. For example, fish schools gain
hydrodynamics advantages and defense ability against predators (Magurran, 1990;
Partridge & Pitcher, 1979). In the case of actin, the network composed of actin (F-actin)
and actin-related proteins which are interacted each other show collective motion of
molecules and organized actin elongation in a cell, resulting in more dynamics behavior
such as formation of pseudopods and cell movement (Bailly et al., 2001; Pollard, 2007).
These biological functions work properly when the collective motion is organized spatio-
temporally. Therefore, exploring the principle of the collective motion leads an

understanding the complex behavior of biological phenomenon.



2. Collective cell migration contributes to various biological activities.

There are many kinds of collective motion in nature, but one of the most studied collective
motion in biology is cooperative behavior of multiple cells, namely collective cell
migration. Single cell movement itself is involved in many events and has been studied
extensively (e. g., immune cells and germ cells: Doitsidou et al., 2002; Kunwar, Siekhaus,
& Lehmann, 2006; Redd et al., 2006), but collective cell migration shows more complex
behavior and contributes to various biological activities (Friedl & Gilmour, 2009; Rerth,
2009). For examples, collective cell migration of fibroblast or epithelial cells occurs
during the wound healing of scratched monolayer (Matsubayashi, Razzell, & Martin,
2011; Nobes & Hall, 1999), and collective cell migration in embryos of multicellular
organisms is particularly prevalent during morphogenesis and causes the formation of
complex tissue and organ (McMahon, Supatto, Fraser, & Stathopoulos, 2008; Migeotte,
Omelchenko, Hall, & Anderson, 2010). Furthermore, it has been recently revealed that
collective cell migration of tumor cells is involved in cancer invasion (Friedl, Hegerfeldt,
& Tusch, 2004; Gaggioli et al., 2007; Sahai, 2005). These event show that collective cell
migration is organized activities of cell populations worked as a whole rather than just a
collection of independent cell movements. Because of these crucial roles of collective cell
migration in multicellular organisms, understanding the mechanisms for organization of

collective cell migration is an important issue in biology.

It has been thought that collective cell migration is organized by cell-cell interactions or
cell-environment interactions via physical and chemical guidance cues, such as cell-cell
adhesion and diffusible factor-mediated signaling (Haeger, Wolf, Zegers, & Friedl, 2015).
Cell-cell contacts plays important roles in maintaining the polarity of cell population
which drives collective cell migration (Scarpa & Mayor, 2016). It has been reported that
E-cadherin-mediated cell-cell contact maintains the polarity of mesendoderm cells in
Zebrafish, which drives collective cell migration (Dumortier et al., 2012). In embryos of
Drosophila, adhesion via E-cadherin between border cells and their substrate, the nurse
cells introduce the stable forward protrusion and directed cell movements, resulting in

cluster polarization and collective cell migration (Cai et al., 2014).



As an example of chemical guidance for collective cell migration, primodium of the
lateral line in zebrafish migrate as a population of approximately 100 cells and its directed
migration is guided by self-generate gradients of chemokine CXCL12/SDF-1 through the
ligand-receptor internalization (Dona et al., 2013). During the migration of Drosophila
border cells in egg chamber, PVF1 and EGF function as chemical guidance cue (Duchek
& Rarth, 2001; Duchek et al., 2001). These various cues (physical and chemical guidance)
are integrated and act in parallel in organism (Haeger et al., 2015). For example, neural
crest cells show collective chemotaxis toward SDF-1 in N-cadherin-mediated cell-cell
contact-dependent manner (Theveneau et al., 2010). Therefore, the mechanisms for
guidance of multiple cells lead supracellular polarization of cell populations and thus
concerted position changes of cell populations relative to the substrate (Friedl & Gilmour,
2009; Venhuizen & Zegers, 2018). As described above, researchers have investigated the
collective cell migration in the various biological activities and revealed the mechanisms
for organization of such cooperative behavior. However, most studies of collective cell
migration have focused on particular biological scene, although actual collective behavior
of cell populations is diverse at the time and place in organisms. Thus, how the transition
of collective cell migration is organized is not fully understood.

3. Model organism for collective cell migration: Dictyostelium discoideum.

In the studies of collective cell migration, researchers use various organisms such as
primodium of the lateral line in zebrafish, border cells in oocyte of fruit fly, epithelial
cells in mammals and so on (Friedl & Gilmour, 2009). One of the model organism for
collective cell migration is social amoebae, Dictyostelium discoideum. This organism
usually behaves as unicellular organism, but they show unique morphological changes in
their life cycle. Dictyostelium cells feed bacteria or take in nutrient by pinocytosis from
liquid media and proliferate at the vegetative stage. However, when the cells are starved,
they undergo transition from a unicellular to multicellular state (Fig. 1). Starved cells start
to aggregate and are aligned to form streams after the obvious aggregation centers appear.
Streams flow into the aggregation center to form hemispherical cell masses, called loose
mounds. Cells in loose mounds show rotational collective migration. Loose mounds

become tightly packed mounds called tight mounds by both secretion of the extracellular



matrix and the strengthening of cell-cell contacts.
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Figure 1. Life cycle of Dityostelium discoideum.

(Unicellular phase): Vegetative cells eat bacteria (left panel) or absorb nutrient from surrounding
liquid media, and proliferate by cytokinesis (right panel). Starved cells with clear cell polarity
move actively and gain the chemotactic ability. These cells aggregates and are finally aligned to
form streams. Streams flow into the aggregation center resulting in formation of loose mounds.
(Multicellular phase): In tightly packed mounds, cells start to differentiate into either minor
prestalk or major prespore cells, and prestalk cells are sorted into top of the mound to form tip.
Tipped mounds then elongate and start to migrate as slugs. Slugs consist of anterior prestalk
region and posterior prespore region and show organized multicellular movement. After slug
migration, slugs start to culminate and form fruiting bodies. Fruiting bodies consist of stalk cells
and spores, which are differentiated from prestalk and prespore cells, respectively. After
dormancy, spores germinates and amoebae start to proliferate again as unicellular organisms.
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In tight mounds, cells start to differentiate into two cell types, prestalk and prespore cells.
Prestalk cells are sorted at the top of the mound to form the tip, which elongates and forms
the front of a multicellular body, called a slug. Cells in a slug adhere to each other and
move cooperatively, which makes a slug to migrate as an animal individual. Slugs show
obvious anterior-posterior polarity: prestalk cells made up about 20% region on the
anterior side of slugs, while prespore cells made up about remaining 80% region of slugs
(Bonner, 1952; Sternfeld & David, 1982). Slugs migrate straightforward and change
moving direction in response to external stimuli such as light (e. g., phototaxis and
thermotaxis). After the migration, slugs stop their migration and start to form fruiting
bodies which consists of spore masses and the stalk. During the fruiting body formation,
prespore and prestalk cells differentiate into spores and stalk cells, respectively. This
transition from unicellular to multicellular phases completes within about 24 hours.
Through the development, Dictyostelium cells show various collective cell migration
such as aggregation, rotational movements, cell sorting and multicellular movements.
Thus, diverse collective behavior can be observed easily at the experimental condition
using Dictyostelium cells, compared with other multicellular model organisms. This
makes D. discoideum a model organism for the study of collective cell migration.

4. Mechanism for organizing collective cell migration in Dictyostelium : cCAMP relay.
D. discoideum cells show chemotactic response to various compounds such as folic acid
and pteridine (Pan, Hall, & Bonner, 1972; Tillinghast & Newell, 1987), but especially
cyclic adenosine 3°,5’-monophosphate (CAMP) works as the self-produced diffusible
chemoattractant (Bonner et al., 1969; Konijn, Chang, & Bonner, 1969; Konijn et al.,
1969) and plays key roles in organizing collective cell migration through the development.
Starved cells autonomously start to synthesize and secret cCAMP, which triggers the
subsequent signal transduction in cells (Fig. 2a). When Dictyostelium cells sense
extracellular cAMP signals through G protein-coupled cAMP receptors (CARS), PI3-
kinases are activated through G proteins to produce phosphatidylinositol 3,4,5-
trisphosphate (PIP3) transiently on the plasma membrane of the cell front, leading to the
transient localization of CRAC (cytosolic regulator of adenylyl cyclase) to the membrane
via the Pleckstin Homolog (PH) domain that binds to PIP3 which activates adenylyl
cyclase (Insall et al., 1994; Parent et al., 1998).

11
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Figure 2. Intracellular and intercellular cAMP signal system in Dictyostelium cells.

(a) Intracellular signal transduction in response to external cCAMP signals (Parent & Devreotes,
1996; Swaney, Huang, & Devreotes, 2010). (b) Intercellular cAMP signal propagation (CAMP
relay). Extracellular cCAMP signals causes intracellular cAMP production, cCAMP secretion to
neighbor cells and chemotactic migration toward cAMP gradients subsequently. This leads cCAMP
signal propagation as signal waves and cooperative migration of multiple cells toward signal
center, resulting in cAMP relay and cell aggregation.
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CAMP is synthesized in cells by adenylyl cyclase in response to external CAMP signals
and secreted, resulting in inducing neighboring cells to similarly reatcion (Devreotes,
Derstine, & Steck, 1979; Dinauer, MacKay, & Devreotes, 1980). Simultaneously, the
transient accumulation of PIP3 at the cell front in response to external cCAMP also induces
actin polymerization and pseudopod formation, resulting in chemotactic migration
(Comer & Parent, 2002). These reactions finally cause the propagation of CAMP signals
as travelling waves called CAMP relay and chemotactic migration toward the aggregation
center (Fig. 2b). Isotope dilution assay revealed that cCAMP relay gives the spatial pattern
of cell-cell communication (spiral signal propagation) and organizes collective cell
migration during aggregation stage after the starvation (Tomchik & Devreotes, 1981).
Thus, cAMP relay organize collective cell migration during aggregation spatio-

temporally.

The D. discoideum genome encodes four subtypes of cCARs (CAR1-4) and the time course
of their expression pattern is different. CAR1 is expressed immediately after the
starvation and onset of CAR3 expression is at the later aggregation stage (Johnson et al.,
1993a; Klein, Vaughan, Borleis, & Devreotes, 1987). CAR2 and CAR4 are expressed
after multicellular bodies are formed (Louis, Ginsburg, & Kimmel, 1994; Yu & Saxe IlI,
1996). Especially, CAR1 mainly mediates chemotactic response to CAMP during the
development because the cells lacking CAR1 cannot aggregate after starvation (Sun, Van
Haastert, & Devreotes, 1990). In D. discoideum, only one G and Gy subunit has found
(Lilly, Wu, Welker, & Devreotes, 1993; Zhang, Long, & Devreotes, 2001), while the
genome contain at least twelve Ga subunits (Hadwiger, 2007). In particular, Ga2 subunits
coupled with cAR1 plays important roles on chemotaxis and toward CAMP and cAMP
relay (Kumagai, Hadwiger, Pupillo, & Firtel, 1991; Swaney et al., 2010). D. discoideum
has three subtypes of adenylyl cyclase (ACA, ACB and ACG), but only ACA is activated
by external cCAMP signals (Meima & Schaap, 1999), meaning that ACA is an essential
adenylyl cyclase for generating CAMP relay and aggregation. In fact, mutant cells lacking
ACA cannot aggregate after starvation (Pitt et al., 1992). The orchestrated reaction of

these molecules finally causes CAMP relay.
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It has been argued that CAMP relay is also essential for the organization of collective cell
migration during developmental events following the aggregation (Weijer, 1999) (Fig. 3).
Traditionally, microscopic observation is a powerful tool for investigation of role of
CAMP relay in collective cell migration of Dictyosytelium cells. Under the dark-filed
observation, optical densities of cell populations during aggregation describe
synchronous changes in cell shapes by chemotaxis and act as an index of CAMP relay
(Siegert & Weijer, 1989). Propagation of these optical density waves have been observed
in aggregation field, streams and mounds in the opposite direction of cell movements,
giving evidence that cCAMP relay controlled collective cell migration at these stages
(Dormann & Weijer, 2001; Rietdorf, Siegert, & Weijer, 1996). Sorting of prestalk cells
to the tip of the tight mound during mound elongation also can be explained by cAMP
relay. There is a difference in the response of chemotaxis toward cCAMP between prespore
and prestalk cells in mounds, resulting in CAMP relay from the top of the tight mound
guiding the sorting of prestalk cells to the tip of the mound (Sternfeld & David, 1981;
Traynor, Kessin, & Williams, 1992). At the slug stage, propagation of optical density
waves from the tip of slugs to the posterior side has been detected (Dormann & Weijer,
2001). Cells dissociated from slugs produce cAMP upon extracellular cAMP stimulation
(Otte et al., 1986) and show chemotactic movement toward cAMP (Early, Abe, &
Williams, 1995), indicating that slug cells have the ability of cAMP relay and chemotaxis
toward cCAMP. Furthermore, CAMP microinjection in slugs causes chemotactic attraction
of some cells in the population and perturbation of the optical density wave propagation
(Dormann & Weijer, 2001; Rietdorf, Siegert, & Weijer, 1998). These observations
suggest that cAMP signals control cell movement in slugs. Thus, CAMP relay is regarded
as an essential mechanism for organized collective cell migration, such as cell sorting and

multicellular movement, in Dictyostelium cells.
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5. cCAMP signals also play important roles in Dictyostelium development

In addition to organizing collective cell migration, cCAMP signals also contribute to
development progression. Periodic CAMP pulses induce the expression of
postaggregative genes some of which are involved in development and cell differentiation
(Iranfar, Fuller, & Loomis, 2003; Schaap et al., 1986). In fact, exogenous cAMP pulses
can restore the development of mutants which show developmental arrest phenotype (Pitt
et al., 1993; Soede, Insall, Devreotes, & Schaap, 1994). One of the pulse induced genes
is tgrC1, which mediates cell-cell contact and plays important roles in development. Gene
disruption of tgrC1 causes development arrest at loose mound stage (Dynes et al., 1994).
Intracellular cAMP signal which arises in response to external cCAMP stimuli activates
Protein kinase A (PKA). PKA is a heterodimer of regulatory and catalytic subunits. When
intracellular cAMP binds to the regulatory subunit of PKA, the catalytic subunit are
dissociated from the regulatory subunit and becomes active. Genetically-manipulated
inactivation of PKA results in inhibition of development and cell differentiation
(Harwood et al., 1992; Mann & Firtel, 1991; Mann, Yonemoto, Taylor, & Firtel, 1992).
Furthermore, intracellular cAMP signals plays important roles in stalk and spore cell
differentiation (Chen et al., 2017; Kay, 1989; Kwong, Sobolewski, & Weeks, 1988;
Loomis, 2014). These suggest that intracellular cAMP and PKA signal pathway is
important for controlling development and cell differentiation. PKA activates the
transcription factor GtaC which induces the expression of cAMP-pulse induced genes
(Cai et al., 2014; Loomis, 2014). Recently it has been reported GtaC shows oscillatory
nucleocytoplasmic shuttling in response to cAMP relay and its shuttling is important for
proper expression of early development genes and development progression (Cai et al.,
2014). Continuous cAMP relay during aggregation finally causes accumulation of CAMP
at high concentration, which induces the expression of the other transcription factor GBF.
GBF regulates the expression of postaggregative and cell-type specific genes and lacking
of GBF causes the developmental arrest at loose mound stage, indicating that GBF is
required for the transition to multicellularity (Firtel, 1995; Schnitzler, Fischer, & Firtel,
1994). Thus, cAMP signals including cAMP relay is required for multicellular

development of Dictyostelium cells.
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6. Question: how is the collective cell migration at the multicellular phase in
Dictyostelium controlled?

In spite of these traditional views of CAMP relay for the organization of collective cell
migration in Dictyostelium, some observations suggest that the role of CAMP relay in
multicellular slugs is controversial. acaA-null cells, which lack the ability of cCAMP relay,
normally cannot aggregate and form multicellular bodies (Pitt et al., 1992). However, the
phenotypes of the mutant are rescued by constitutive activation of PKA, which is
downstream of the cAMP signaling pathway, implying that Dictyostelium cells have
developmental ability without cAMP oscillation (Wang & Kuspa, 1997). Previous
research has shown that optical density waves which can be seen in streams and mounds
disappear at the slug stage (Rietdorf et al., 1996) and that the frequency of the optical
density wave observations depends on the cell strain (Dormann & Weijer, 2001).
However, the disappearance of optical density waves in slugs does not necessarily
indicate the disappearance of cCAMP relay, because there is a possibility that factors
unrelated to the CAMP signals make it impossible to detect optical density waves in the
slugs. The secretion of extracellular matrix and tight packing of cells by the strengthening
of cell-cell contacts at the slug stage affect the detection of small changes in cell shape
under dark field observation (Rietdorf et al., 1996). These points indicate that the optical
density measurement is not an appropriate method for assessing the cCAMP relay in slugs
and that previous studies based on observation of optical density waves cannot conclude
the presence or absence of CAMP relay in slugs. Furthermore, CAMP signals in mounds
and slugs have not been directly investigated, whereas the cAMP relay during cell
aggregation has been verified by live imaging of cAMP signals using sophisticated
cAMP-sensitive fluorescent probes, which has revealed that intracellular and extracellular
CAMP levels show synchronous oscillations in cell populations and propagation of the
oscillations between cells (Gregor, Fujimoto, Masaki, & Sawai, 2010; Ohta, Furuta,
Nagai, & Horikawa, 2018; Ohta et al., 2016). Therefore, no clear evidence exists for
CAMP relay in slugs, and thus the mechanisms for organizing collective cell migration at

the multicellular stage remain unclear.
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7. Aim of this study: toward understanding the relationship between cAMP signal
dynamics and collective cell migration through Dictyostelium development.

In this study, the dynamics of cAMP signals through the development of Dictyostelium
cells is investigated to reveal the relationship between cAMP signaling dynamics (CAMP
relay) and collective cell migration in Dictyostelium cells. Because the direct
measurement of extracellular cAMP changes can be performed only under the submerged
culture condition which inhibits the normal development after aggregation (Ohta et al.,
2016), I used the method for visualizing the changes in cytosolic CAMP levels ([cAMP];)
with genetically-encoded fluorescence cCAMP indicator Flamindo2 (Odaka, Arai, Inoue,
& Kitaguchi, 2014). This approach enables us to investigate the [CAMP]i dynamics
through the natural development of Dictyostelium which arises on solid substrate.
[cCAMP]; show oscillation in response to periodic propagation of extracellular cAMP
signals (Gregor et al., 2010; Ohta et al., 2018), thus monitoring of [CAMP]; is a reliable
index of CAMP relay. Through the live-imaging approaches, | aimed to demonstrate the
roles of CAMP relay on various collective cell migration including aggregation, cell
sorting and multicellular movement through the development of Dictyosteliu, which leads
the further understanding of the mechanism for organizing diverse collective cell

migration.
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Materials & Methods

1. Cell strains and culture conditions.

The Dictyostelium discoideum cell strains used in this study are shown in Table 1. Cells
except for NC4 and XP55 strain were grown axenically in HL5 medium (Formedium,
UK) in culture dishes or shaking flasks at 21°C. NC4 and XP55 cells were cultivated with
gram-negative bacteria Klebisiella aerogens suspended in KK2 phosphate buffer (20 mM
KH2PO4/K2HPQO4, pH 6.0) in culture dishes or shaking flasks at 21°C. Transformants were
maintained at 20 pg/ml G418, 10 pg/ml BlastcidinS, or 100ug/ml Hyglomycin B.

Strain name Parental strain Source

NC4 Natural isolates Dr. Kei Inouye laboratory
(Kyoto University) (Raper,
1935)

AX2 (wild type) * NC4 Dr.  Guenther  Gerisch

laboratory (Max Planck

Institute of Biochemistry)

XP55 NC4 NBRP-nenkin stock center
(Ratner & Newell, 1978)

acaA AX2 Laboratory stock
(Matsuoka et al., 2006)

gc (gca / sgcA) AX3 * Laboratory stock (Sato et
al., 2009)

gbfA AX2 NBRP-nenkin stock center.

RI9 (carA / carC) JB4 (AX3) Laboratory stock (Kim et
al., 1997)

Table 1. List of cell strain used in this study.

*: AX2 strain is selected from NC4 based on the ability of axenically growth by subculture under
the liquid medium (Watts & Ashworth, 1970). AX3 is the axenic strain isolated from NC4 strain
independently of AX2 strain (W.F. Loomis, 1971). NC4 and its derivate XP55 cells grow only
under the two-membered culture with food source bacteria, but AX2 cells can be cultivated with
only liquid medium. Because of ease of handling, AX2 cells are widely used as wild type cells
among the researchers of D. discoideum.
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2. Plasmid construction and genetic manipulation.

The plasmids used in this study are shown in Table 2. pHK12neo_Citrine was constructed
by the insertion of PCR amplified Citrine fragments into the Bglll and Spel sites of
pHK12neo by the In-Fusion technique (Clontech laboratories Inc.).
pHK12neo Flamindo2 was constructed by the insertion of synthesized Flamindo2
sequences (GenScript) into the Bglll and Spel sites of pHK12neo. The codon usages of
the Flamindo2 sequence were optimized to those of D. discoideum for efficient protein
expression in Dictyostelium cells. pDM324_CAR1-RFP was constructed by the insertion
of PCR amplified carA sequence into the Bglll and Spel sites of pDM324 by the In-Fusion
technique. pDM358 CAR1-RFP was constructed as follows: Hyglomycin resistant
cassette was cut out from the BamHI and Xhol sites of pDM358 and the fragment was
inserted into the BamHI and Xhol sites of pDM324_CAR1-RFP. pDMV18neo was
constructed by replacing the act6 promoter of pPDM304 with PCR amplified V18 (rpl11)
promoter sequence. pDMV18neo Flamindo2 was constructed by the insertion of
Flamindo2 fragment into the the Bglll and Spel sites of pDMV18neo. Vectors except for
pEcmAO-RFPmars allow constitutive expression of the target proteins in all cells through
the development under the control of actl5 promoter which is widely-used constitutive
active promoter in Dictyostelium cells. The wild-type strain and mutant cells were
transformed with about 1.5 pg plasmid by electroporation (Kuwayama, Yanagida, &
Ueda, 2008), and transformants were selected with G418, Blastcidin S and Hyglomycin
B at a final concentration of 20 pg/ml, 10 pg/ml and 100ug/ml, respectively.
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Plasmid name

Source

pECmMAO-mRFPmars

Dictybase stock center

pHistone2B-RFP

Dr. Tetsuya Muramoto laboratory (Toho

University)

pBIG_PHakypke-GFP

Laboratory stock (Asano, Nagasaki, &
Uyeda, 2008)

pHK12neo Laboratory stock (Morio et al., 2001)
pDM304 Laboratory stock (Veltman, Akar,
Bosgraaf, & Van Haastert, 2009)
pDM324 NBRP stock center (Veltman, Akar,
Bosgraaf & Van Haastert, 2009)
pDM358 Laboratory stock (Veltman, Akar,
Bosgraaf & Van Haastert, 2009)
pDMV18neo Constructed in this study

pHK12neo_Citrine

Constructed in this study

pHK12neo Flamindo2

Constructed in this study

pDMV18neo_Flamindo2

Constructed in this study

pDM324_CAR1-RFP

Constructed in this study

pDM358_CAR1-RFP

Constructed in this study

Table. 2 List of plasmids used in this study.
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3. Instruments for image acquisition.

In all experiments of this study, cells were observed at room temperature (approximately
21°C). Confocal images including a series of Z-stacks were taken by a confocal laser
microscope (Al confocal laser microscope system, Nikon) with an objective (Plan Apo
VC 20x/0.75 NA, Nikon) and oil immersion lenses (Plan Fluor 40%/1.30 NA and Apo
TIRF 60x/1.49 NA, Nikon) or an inverted microscope (Eclipse Ti, Nikon) equipped with
a CSU-W1 confocal scanner unit (Yokogawa), two SCMOS cameras (ORCA-Flash4.0v3,
Hamamatsu Photonics) and objective lenses (Plan Fluor 4x/0.13 NA, Plan Apo 10x%/0.45
NA and Plan Apo 20x/0.75 NA, CFI APO AS 60%/1.4 NA, Nikon). Z-stack images were
acquired at high-speed with the piezo z-stage (Nano-Drive, Mad City Labs). Flamindo2,
GFP and Citrine were excited by a 488 nm solid-state CW laser, and RFP and
tetramemethylrhodamine-maleimide (TMR, Invitrogen) was observed using a 561 nm
solid-state laser. Epifluorescence imaging was taken by using an inverted epifluorescence
microscope (1X83, Olympus) equipped with a 130 W mercury lamp system (U-HGLGPS,
Olympus), sSCMOS cameras (Zyla4.2, Andor Technology or Prime 95B, Photometrics)
and objective lenses (UPLSAPO 4x/0.16 NA and UPLSAPO 20x%/0.75 NA, Olympus).
Flamindo2 and TMR were observed using fluorescence mirror units U-FGFP (Excitation
BP 460-480, Emission BP 495-540, Olympus) and U-FMCHE (Excitation BP 565-585,
Emission BP 600-690, Olympus), respectively.

4. Image analysis.

All images were processed and analyzed by Fiji (https:/fiji.sc/) and R software
(https://www.r-project.org/). For cell tracking, laboratory-made software (Yasui,
Matsuoka, & Ueda, 2014) of which function was expanded for 3D cell tracking was used.
In the sequential time-lapse images, the positions of each cells at the first frame were set
manually from the fluorescence signal of Histone2B-RFP. Positions of cells at each frame
were determined based on Gaussian fitting and then cells were tracked automatically.
Flamindo2 signals at the individual cell level were estimated by measuring the mean
intensities of Flamindo2 in the about 3—-5 um? regions positioned on the cytosol which

was determined by automatic cell tracking at each frame.
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Cell velocity was calculated by dividing the displacement between two sequential frames
by the interval time, and the unit of velocity was converted to wum/min. The period of an
oscillating signals was calculated by averaging the intervals between the peaks of the
oscillation (Flamindo2 signals and cell velocity data) or defined as the first largest peak
at t > 0 of the autocorrelation function of the PHakvrks-GFP translocation data. Data with
at least three peaks in the oscillation were used for the analysis. In general, the

fluorescence intensities of Flamindo2 were normalized with intensitiesatt =0 as 1.

5. Inducing development of Dictyostelium cells and image acquisition of the
development.

To induce starvation and development, cells were harvested during the exponential phase
(1.5 —3x10° cells/ml) and collected by centrifugation at x 500 g for 1-2 min at 4 °C. After
removal of liquid medium or bacteria-suspended buffer, cells were washed three times
(bacterially growth cells, four times) by resuspendeing KK2 phosphate buffer and
centrifugation. In this study, two methods were used to observe development of
Dictyostelium cells (aggregation and multicellular formation). To observe aggregation
phase, 1 ml of cells suspension at a density of 5— 7x108 cells/ml were plated on 2% water
agar plates (1 ml of melting 2% wi/v Difco Bacto-agar in ultrapure water was poured in a
35-mm plastic dish) and settled for 10 min. After cell attachment to agar, excess buffer
was removed. In this condition, cells covered the entire surface of agar plate uniformly at
a density of 5— 7x10° cells/cm?. Plates was then incubated at 21°C for 3-10 h to induce
aggregation. To observe the mound and slug stages, 5 ul of cell suspension at a density
of 2—4x107 cells/ml was deposited on 2% water agar and settled for 10 min to allow cells
attaching to agar. For efficient cell tracking in slugs, 0.5-2% of Histone-labelled cells
(Histone2B-RFP expressing cells) were mixed in non-Histone labelled cells and
deposited on agar, because a slug consists of ~10° cells and it is difficult to trace large
number of cells simultaneously. After removal of excess buffer, plates were incubated at
21°C for 6-15 h to induce mound or slug formation. To take images of development, a
method described previously was used (Fig. 4: Dormann & Weijer, 2006).
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Figure 4. Experimental scheme of observing multicellular stages.
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Here, a piece of agar was cut out and placed upside down on a 35-mm glass bottom dish
(12 mm diameter glass, Iwaki) directly or on a spacer (thickness: 50, 100 or 150 um)
attached to the dish. The spacer was filled with liquid paraffin (Nacalai Tesque) which
has the approximately same refraction index as slugs and can avoid scattering of
observation light. To prevent desiccation during the observation, piece of wet paper was
placed in the dish and the agar piece was covered with liquid paraffin and the dish was
sealed with parafilm. In this condition, movements of cells and multicellular bodies were
not restricted and their development proceeded normally for more than 12 h under the
microscope. The Z series of fluorescence images was taken by the confocal microscope

at 10-30 s intervals.

In addition to the methods for observation of slugs described above, | also applied the
“mini slug” technique for efficient cell tracking in slugs (Bonner, 1998; Rieu et al., 2004),
because three-dimensional (3D) scroll movement of the slug, thickness of the tissue and
large number of cells in slugs (~10°) make it difficult to follow individual cell movements
in normal slugs. 1 pl of cell suspension at a density of 4x10’ cells/ml was deposited on
2% water agar plates together with 2 ul liquid paraffin. A coverslip was placed over the
suspension and the chamber was incubated at 22°C for more than 15 h to allow mini slug
formation (Fig. 5a). The Z series of the fluorescent images was acquired at 15-s intervals
for 20-30 min by the confocal microscope. Because the mini slug has only few (~ 4) cell
layers (Fig. 5b) and 3D scroll movement of slugs was restricted by enclosing glass and
agar, efficient tracking of cell movements in slugs was possible compared with normal
slugs. The mini slugs showed similar properties with normal slugs with respect to cell

movement and proportion of cell types (Fig. 5¢: Bonner, 1998; Rieu et al., 2004).
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(a ) Cell suspension Liquid paraffin

' Water oil

Coverslip

Silicon_— &=

chamber

(b)

Figure 5. Properties of the “mini slug”.

(a) Experimental scheme of mini slug formation. Mini slugs were formed at the boundary of water
and liquid paraffin under the two-dimensionally confined condition. (b) Three-dimensional
structure of mini slug taken by a confocal microscope. Cell contour is visualized by fluorescence
labeling of cell cortex with GFP fused with actin-binding domain. (c) Proportion of cell type in
mini slugs. ecmAO:mRFP and psA:GFP are prestalk and prespore cell marker, respectively. In
mini slugs, prestalk cells accounts for anterior 1/3 region of the slugs, while the posterior 2/3
region consists of prespore cells, like normal slugs (see Fig. 1).
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6. Verification of Flamindo2 as an indicator of [CAMP]i changes in Dictyotelium cells
at the unicellular stage.

To examine the response to CAMP stimulation of starved cells which have an ability of
CAMP relay, chemotactic-competent cells were prepared as follows: cells expressing
Flamindo2 or Citrine were harvested and washed as described in Section 5. Cells were
resuspended in 1 ml of developmental buffer (DB: 5 mM Na/KPO4, 2 mM MgSQOs, 0.2
mM CaCl,, pH 6.5) at a density of 5x10° cells/ml and settled on 35-mm dish for 1 h, and
incubated for a subsequent 5 h in the presence of 100 nM cAMP pulses given at 6-min
intervals. Cells were then washed three times with 1 ml DB and resuspended in DB at a
density of 10° cells/ml. 40 ul of the cell suspension was deposited onto a glass bottom
dish. cAMP stimulation assay to chemotactic-competent cells were performed under a
microscope as follows: cells were stimulated by adding 160 ul cCAMP solution (the target
concentration of CAMP) to 40 ul of the cell droplet under microscopic observation. In
caffeine treatment experiments, cells were exposed to 4 mM caffeine in DB for 30 min
on a glass bottom dish and then stimulated by cAMP solution with 4mM caffeine.
Fluorescent images were acquired by the confocal microscope at 5-s intervals during
stimulation. Averaged fluorescence intensities of Flamindo2 or Citrine in 4-5 um?

regions positioned within the cytosol were measured at each time point.

To confirm that Flamindo2 which has an ECsp of 3.2 uM to cAMP and Hill coefficient of
0.95 (Odaka et al., 2014), can cover the range of cytosolic cCAMP levels in Dictyostelium
cells through the development, | estimated intracellular CAMP concentrations based on
three parameters reported in literatures: CAMP concentration (about 2-75 pmol/mg
protein: Brenner, 1978; Meima & Schaap, 1999; Otte et al., 1986), protein amount per
cell (7 <10 mg/cell: calculated based on the notation that 10° cells equals about 1 g wet
cells, which equals about 70 mg protein (Aubry & Klein, 2006)) and cell volume (0.43
pl/cell: Waddell, 1988).
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7. Verification of proper function of Flamindo2 as the intracellular cAMP indicator
at the slug stage.

Cells expressing Flamindo2 and ecmAO::mRFPmars were harvested and washed as
described in Section 5. 1 ml of cell suspension in KK2 buffer at density of 107 cells/ml
was deposited on entire surface of a 47-mm cellulose membrane filter (Advantec) and
incubated at 21°C for 12 h to allow slug formation. The slugs were harvested in KK2
buffer and dissociated into single cells by repeated passages through a 25 or 26G needle
(Terumo) with a 1 ml syringe on ice (Inouye & Gross, 1993). Slug-dissociated cells were
resuspended in DB at a density of 10° cells/ml, and 40 pl of the suspension was deposited
onto a 12-mm glass bottom dish. cAMP stimulation and caffeine treatment to slug-
dissociated cells were performed as described in Section 6. Fluorescent images were
acquired by the confocal microscope at 5-s intervals during stimulation. Averaged
fluorescence intensities of Flamindo2 in 4-5 pm? regions positioned within the cytosol
were measured at each time point. Cell types of slug-disaggregated cells were
distinguished by the intensity of ecmAO::mRFPmars (cells show strong fluorescence

signals of mMRFPmars are prestalk cells).

| also performed the cAMP stimulation assay on intact slugs by microinjection of CAMP
solution into water agar (Fig. 6a). Cells were developed on 2% water agar plates until
slug formation as described in Section 5, and a piece of agar was cut out and placed
directly on a glass bottom dish. To avoid light scattering and desiccation, the agar piece
was covered with liquid paraffin. A Femtotip microcapillary (1 pm tip diameter,
Eppendorf) filled with 10 mM cAMP diluted in ultrapure water was mounted onto a
Femtojet pump and micromanipulator (Eppendorf). To visualize the diffusion of CAMP
solution in the water agar after injection from the capillary, 10 uM TMR was added to the
CAMP solution. The injection pressure and injection time were set to 1500 hPa and 0.1 s,
respectively. In this condition, 20 pl of solution was emitted from the microcapillary. The
volume of injected solution was estimated from the diameter of spherical droplets of the
CAMP solution injected in a drop of liquid paraffin.
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Figure 6. Experimental scheme of cCAMP microinjection assay to intact slugs.

(a) cAMP microinjection assay under the condition of observing entire intact slugs. Slugs were
developed on agar and agar piece mounting slugs was cut out to put on the glass. Slugs were
stimulated by injection of cCAMP solution from a microcapillary. (b) cAMP microinjection assay
with high magnification. Slugs were developed on thin agar layer covered directly on a glass
bottom dish. Response of slugs to cAMP stimulation was observed by x60 oil immersion lens.
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A tip of the capillary was touched to the agar surface near a slug, and cCAMP solution was
injected into the agar at a given time. The stimulation was applied at 6-min intervals as
performed in a previous study (Dormann & Weijer, 2001). Fluorescent images of
Flamindo2, TMR and DIC images were acquired at 15-s intervals by the epifluorescence

microscope.

8. Investigation of PHaxtrks-GFP translocation to cAMP-stimulated cells
dissociated from multicellular bodies or intact slugs.

Cells expressing PHakTrke-GFP were harvested and washed as described in Section 5.
Cell suspension was deposited on a cellulose membrane filter at a density of 5x10°
cells/cm? as described in Section 7 and incubated at 21°C for 12 h to allow slug formation,
or 5 ul of cell suspension at a density of 4x107 cells/ml was deposited on 2% water agar
and incubated at 21°C for 6 h to allow loose mound formation. Mechanical dissociation
of cells from loose mounds or slugs was performed as described in Section 7. 40 ul of the
cell suspension in DB (loose mound cells, 5x10° cells/ml; slug cells, 2x108 cells/ml) was
deposited onto a 12-mm glass bottom dish and settled for 5 min (loose mound cells) or
20 min (slug cells) to allow cell attachment. Cells were stimulated by 10 uM cAMP under
microscopic observation as described in Section 6. Fluorescent images were acquired by
the confocal microscope at 5-s intervals during stimulation. Averaged fluorescence
intensities of PHaktrke-GFP in 4 um? regions positioned within the cytosol were

measured at each time point.

In addition, we also performed the cCAMP microinjection assay on intact slugs expressing
PHakTrke-GFP as Section 7 to investigate the response of PHaktrke-GFP in intact slugs
to CAMP stimulation. To acquire fluorescent images of PHakT/pke-GFP localization in
slug cells with high magnification, slugs were formed on thin agar covered directly on
the glass bottom dish. This observation condition was prepared as follows: 100 ul of
melting agar was poured into a well of 12-mm glass bottom dish and then 65 pl of agar
was sucked up, resulting in the formation of a uniform thin agar layer on the glass. 5 pl
of cell suspension at a density of 4x107 cells/ml was dropped at the center of the thin agar
layer and incubated at 21°C for 12 h to allow for slug formation (Fig. 6b).

The manipulation of cAMP microinjection was performed as described in Section 7.
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9. Induction of acaA-null cell aggregation and slug formation by exogenous cAMP
pulses.

To induce the development of acaA-null cells which do not aggregate at normal
experimental condition described in Section 5, the method by Pitt et al. (1993) was
applied with some modification. acaA-null cells expressing Flamindo2 were harvested
and washed as described in Section 5. 1 ml of cell suspension in DB at a density of 6x10°
cells/ml was settled on a 35-mm plastic dish (Iwaki) and incubated for 4 h in the presence
of 30 nM cAMP pulses given at 6-min intervals. Cells were then washed and suspended
in 1 ml DB again and subsequently incubated on a 35-mm plastic dish or a 35-mm glass
bottom dish (with 27-mm diameter glass, Iwaki) for more than 12 h with 30 uM cAMP
pulses given at 60-min intervals. This treatment induced cell aggregation and clump
formation of acaA-null cells in DB. After terminating the exogenous cAMP pulse
treatment, acaA-null cells were washed and resuspended in DB at a density of about 4x10’
cells/ml. Because a submerged culture as described above inhibits the multicellular
development of even wild-type cells, 5 ul of cell suspension was dropped on 2% water
agar plates and incubated at 21°C for more than 5 h to allow the multicellular development.
Fluorescence and DIC images during the development were acquired at 30-s intervals by
the confocal microscope. | confirmed that the clumps of acaA-null cells formed after
CAMP pulse treatment could not synthesize CAMP in response to external cCAMP signals
by monitoring Flamindo2 signals. After the cCAMP pulse treatment, the cell clumps were
washed by DB three times and then resuspended in 450 ul DB on a glass bottom dish. 50
ul of 1 mM cAMP (final concentration: 100 uM) was applied to the dish under the
microscopic observation. Fluorescent images were acquired by the confocal microscope
at 5-s intervals during the stimulation. Average intensities of Flamindo2 in a 25 um?

region positioned on the cell clumps were measured at each time point.

31



10. Monitoring the effect of caffeine treatment on slug migration.

Cells expressing Citrine were harvested and washed as described in Section 5. 5 pul of cell
suspension in KK2 buffer at a density of 4x10’ cells/ml was deposited on a cellulose
membrane filter and incubated at 21°C for 12 h to allow for slug formation. A piece of
filter was cut out and placed upside down on a spacer (thickness, 100 um) which was
attached to a glass bottom dish and filled with liquid paraffin. A piece of 2% water agar
with or without 4 mM caffeine was then put on the filter. For caffeine treatment to slugs,
the dishes were settled for 5 min before observation to allow the caffeine to permeate
through the filter. Fluorescence images were acquired at 30-s intervals for 30 min by the
confocal microscope. Slug migration distance was quantified by measuring the
displacement between the positions of the slug tip at 0 and 30 min. Because the speed of
slug migration is proportional to the slug size (Inouye & Takeuchi, 1979), the migration
distance for 30 min divided by each slug length was regarded as the migration rate which

is an index of migration independent of slug size.

11. Immunoblot analysis.

Cells were harvested, washed and developed on a cellulose membrane filter as described
in Section 5 and 7. Developed cells were harvested at 5 and 12 h after starvation.
Vegetative and developed cells were lysed by 4 X SDS sample buffer (Wako Pure
Chemical Industries, Ltd.) and boiled at 95 °C for 5 min. Proteins from 4 < 10° cells were
loaded on polyacrylamide gel (SuperSep™ Ace, 5-20% ,Wako) and SDS-PAGE were
performed. Proteins on the gel were blotted onto a polyvinylidene difluoride membrane
(PDM) and PDM was blocked with blocking solution (1% skim milk in TBS-T) for 1h.
After washing, PDM was then reacted with polyclonal anti-GFP antibody (Anti-GFP
pAb-HRP-DirecT, Medical & Biological Laboratories) diluted 1:1000 in blocking
solution. Signals were visualized by the chemiluminescence of reactions with HRP
substrate (Luminata™ Forte Western HRP Substrate, Millipore), and images were
acquired with ChemiDoc™ XRS (BioRad).
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12. Gene expression analysis through the Dictyostelium development.

To examine gene expression pattern in wild type and gbfA-null cells at each
developmental stages, qRT-PCR analysis was performed. Cells were collected and
developed on the filter as described in Section 5 and 7. Then the developed cells were
harvested at 5, 7, 10 and 12 hours after starvation. Total RNA was extracted by the
RNeasy mini kit (QIAGEN) and the contaminating genomic DNA was removed using
DNase I (RNase-Free DNase Set, QIAGEN). cDNA was synthesized by reverse
transcription of 1 pg total RNA using random hexamers and PrimeScript RT™ Reagent
Kit (Takara Bio). gPCR amplifications were performed using PowerUp™ SYBR Green
Master Mix (Applied Biosystems) and primer pairs listed in Table 3 on Step One Real
Time PCR System (Applied Biosystems). The results were analyzed using the relative
standard curve method with the amplification of rnlA and DDB_G280765 as controls
(Chen et al., 2017; Parikh et al., 2010).

Primer name Sequence (5°- 3°)

acaA gPCR Forward AATGTCTGATTTCGCTTTGGAT
acaA gPCR Reverse CTGATACCGATACAACCAGCAA
carA qPCR Forward TTGCATGTTTTTGTGCTACCTC
carA gPCR Reverse ATAACAAGGGAAACCACCATTG
dagA gPCR Forward GCAGGTGGAAATGGTAAAGGA
dagA qPCR Reverse TGTGGTTCTTGTTTATCGTCTGG
DDB_G280765 gPCR Forward TGGAGGTTGTGCTTCTGGTG
DDB_G280765 qPCR Forward TGGTTGGAGTTGAAATTGGTG
gpaB qPCR Forward TGCATCATCAATGGAAGGAGA
gpaB qPCR Reverse CCAGATTCACCAGCACCAAG
Ig7 (rnlA) gPCR Forward AATTTAAAGGAGGCGCTGGT
Ig7 (rnlA) gPCR Reverse TACCGCCCCAGTCAAACTAC

Table. 3 List of primers using gRT-PCR in this study.
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Results

1. Verification function of the genetically-encoded fluorescence indicator in
Dictyostelium cells for monitoring [CAMP]i changes in response to external CAMP.

To investigate cCAMP relay in collective cell migration during the development of
Dictyostelium cells, I monitored [CAMP]; changes, which is caused by external CAMP
signals and thus an index of CAMP relay, by using a genetically-encoded fluorescence
CAMP indicator, Flamindo2 (Odaka et al., 2014). The Flamindo2 sequence encodes a
YFP variant, Citrine, whose sequence is separated by inserting the cCAMP binding domain
of mouse Epacl inside it. The increase in concentration of CAMP binding to Epac domain
in the probe causes a decrease in the fluorescence intensity of the probe (Fig. 7a). Thus,
it can be expected that the dynamics of cCAMP signaling (CAMP relay) in cell populations
are visualized by the changes in fluorescence intensity of the probe in cytosol (Fig. 7b).
Flamindo2 could be expressed uniformly in cytosol under constitutive active promoter at
both unicellular and multicellular stages (Fig. 8a). Immunoblot analysis also confirmed
that Flamindo2 was stably expressed in Dictyostelium cells at both unicellular and
multicellular stages (Fig. 8b). Expression of the probe causes no obvious toxic effects in
the developmental progression (Fig. 8c). The purified Flamindo2 has an ECsg of 3.2 uM
to cAMP and Hill coefficient of 0.95 (Odaka et al., 2014), which covers the range of
cytosolic cCAMP levels measured biochemically in unstimulated and cAMP-stimulated
Dictyostelium cells at all development stages (0.3-12 uM, Table 4) (Brenner, 1978;
Meima & Schaap, 1999; Otte et al., 1986). Therefore, Flamindo2 can be expected as the

optimal tool for monitoring [CAMP]; dynamics through the Dictyostelium development.

To assess the function of Flamindo2 as the cytosolic cCAMP indicator in Dictyostelium
cells, | investigated whether the probe can detect [cAMP]i changes in chemotactic-
competent cells induced by external cAMP stimulation (see Fig. 2a). Due to the
fluorescence property of the probe, the inverse of the fluorescence intensity of the probe
increases when the [CAMP]i in cells is elevated. Throughout this study, [CAMP]; changes
in cells monitored by Flamindo2 was shown by the inverse of the fluorescence intensity

of the probe.
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Figure 7. Principle of live imaging of cCAMP signaling dynamics in Dictyostelium cells
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(a) Fluorescence characteristics of Flamindo2. Flamindo2 was excited with 488-nm laser. The
fluorescence intensity of the probe decreases when cCAMP binds to Epac domain inserted into
Flamindo2. (b) Visualization of [cAMP]; dynamics in Dictyostelium cells. When the [cAMP]; of
cells expressing Flamindo2 increases in response to external cAMP signals, the changes in
[cAMP]; can be detected by the decrease of fluorescence intensity of the probe in cytosol (right).
If periodic external cAMP signals are propagated in the cell population which causes cooperative
oscillation of [cAMPY];, such cell-cell communication can be visualized by the oscillation and
propagation of fluorescence signals of the probe (left).
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Figure 8. Stable expression of Flamindo2 in Dictyostelium cells through development

without obvious defect in the development process.

(a) Fluorescence images of cells expressing Flamindo2 under the control of constitutive active
promoter actl5. Left, aggregating cells (unicellular phase). Right, cells dissociated from slugs
(multicellular phase). Scale bar, 10 um. (b) Immunoblot analysis of lysates of cells expressing
Flamindo2 at each developmental stage using a polyclonal anti-GFP antibody. Cells were
developed and harvested 5 hr (early aggregation stage) and 12 hr (slug stage) after starvation. Veg,
vegetative stage (development, 0 hr). Agg, early aggregation stage. Slug, slug stage. M, molecular
weight marker. (c) Developmental time course of cells expressing Flamindo2. Panels show
developmental stages of Ax2 cells (upper panels) and cells expressing Flamindo2 (lower panels)
on agar. Aggregation (5 h), aggregating stream (7 h), tipped mounds and slugs (12 h), and fruiting
bodies (24 h). Scale bar, 1 mm.
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cAMP

cAMP
(pmol/mg Reference
_ (HM)
protein)
Meima and Schaap,
Vegetative cells (Oh starvation) 6 0.976
1999
Meima and Schaap,
Cells starved for 15h starvation on agar 25 4.07
1999
Cells starved for 6h (peak value after stimulation by 5 Meima and Schaap,
75 12.2
uM 2'H-cAMP) 1999
Prestalk or prespore cells dissociated from slugs 0.326-
2-5 Otte, et al., 1986
(steady state) 0.814
Prestalk  or prespore cells dissociated from slugs 2.85-
17.5-20 Otte, et al., 1986
(Peak value after stimulation by 5 uM 2’deoxy-CAMP) 3.26
Cells starved for 5 h on Millipore filter - 3 Brenner, 1978
Cells starved for 5 h on Millipore filter - 1 Brenner, 1978

Table 4. Estimation of [CAMP]i of Dictyostelium cells based on the biochemical

measurement.

The values listed above were calculated as described in Materials & Methods Section 6.
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The signals of the probe in the cytosol of wild-type cells showed transient changes with
two peaks after external CAMP stimulation; the first peak occurred 15 s after the
stimulation, and the second peak gradually appeared 90-120 s after (Fig. 9a, first panel).
In cells lacking acaA which encodes ACA, the first peak of the response was weaker than
in wild-type cells, and the second peak had completely disappeared (Fig. 9a, second
panel). When wild-type cells were treated with 4 mM caffeine, which is the inhibitor of
adenylyl cyclases (Alvarez-Curto, Weening, & Schaap, 2007), the second peak of the
fluorescence intensity after the cAMP stimulation had again disappeared (Fig. 9a, third
panel). It has been reported that cytosolic cCAMP and cGMP levels show different
response times to cCAMP stimulation and that the first response of cytosolic cGMP levels
([cGMP];) elevation occurs within 10 s of the stimulation, but the [cCAMP]; elevation
occurs later (Gerisch et al., 1977). Biochemical assays and FRET-based imaging analyses
has shown that the peak of cAMP production by ACA occurs 60-120 s after external
cAMP stimulation (Sgro et al., 2015; van Es et al., 2001). Considering the fact that
Flamindo2 shows affinity not only to cAMP but also to cGMP with lower affinity than
CAMP (Odaka et al., 2014), these results suggest that the first peak is an effect of [cGMP];
elevation and that the second peak was due to only the increase in [CAMP]i. This
conclusion is also proved by the results of gc- cells, which lack all guanylyl cyclases
encoded in D. discoideum genome (gca and sgcA) and have no cGMP production ability
(Veltman & van Haastert, 2008). gc- cells show Flamindo2 signal responses with only
one peak at 90 s after the stimulation (Fig. 9a, fourth panel). When wild-type cells
expressing only Citrine instead of Flamindo2 in the cytosol were stimulated with cAMP,
the fluorescence intensity showed no response (Fig. 9b), indicating that changes in the
Flamindo2 signal were not caused by cell deformation or other signals. The response of
probe signals was dose-dependent to the concentration of the applied extracellular cAMP
(ECs0, 0.72 nM; Fig. 9c), which agree well with a previous report (Gregor et al., 2010).
Thus, these results demonstrate that Flamindo2 can detect the [CAMP]; changes of

chemotactic-competent cells in response to external CAMP signals.
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Figure 9. Detection of [CAMP]i changes in response to external cCAMP stimulation in

(a) Time-course plots of Flamindo2 signals in chemotactic-competent cells after 10 uM cAMP
stimulation. The inverse of the fluorescence intensity of Flamindo2 is plotted on the y-axis (mean
+ SD: n =30 cells in all panels). First panel, wild-type (Ax2) cells; second panel, acaA-null cells;
third panel, wild-type cells treated with 4 mM caffeine; fourth panel, gc™ cells. Dashed lines
indicate the time point of the cAMP stimulation. (b) Time-course plot of the fluorescence intensity
of Citrine in wild-type cells (expressing only Citrine and not Flamindo2) after 10 uM cAMP
stimulation (n = 30 cells). (c) The dose-dependent curve of the [CAMP]; response to various CAMP
stimulations (0.01 nM to 10 uM). The maximum amplitudes of the response were plotted against
the cAMP concentration (mean = SD). Sample number: 10 uM, n =30 cells; 10 nM, n = 19 cells;
other data points, n = 20 cells.
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The act15 promoter used for expression of Flamindo2 throughout this study is the widely-
used promoter as the constitutive active one among the researchers of D. discoideum, but
its activity become somewhat lower after multicellular formation (Rosengarten et al.,
2015) and the protein levels of Flamindo2 in slugs were actually less than those in
aggregating cells (ca. 62%; Fig. 10a). Therefore, | assessed whether the protein
expression levels affect the sensitivity of Flamindo2 in Dictyostelium cells. Fluorescence
intensities of Flamindo2 show variation among the cell populations which reflects the
heterogenous expression levels of the probe (Fig. 8a, Fig. 10b). Based on the fluorescence
intensities in cells, cells were classified into three levels: low, moderate and high
expression groups. The expression levels in the low group was about 30% that in the
moderate group. In spite of the difference of expression levels, all groups showed similar
responses to external CAMP stimulation at both high and low concentration (Fig. 10c—f).
Therefore, the sensitivity of Flamindo2 was independent of the expression level variation

throughout the development.

2. Monitoring of [cCAMP]i propagation and oscillations in cell populations during
aggregation phase by Flamindo2.

To see whether Flamindo2 is applicable to the monitoring of [cAMP]i during the
development of Dictyostelium cells, I examined cell populations in the aggregation stage,
which is the well-documented event as the collective cell migration organized by

CAMP relay (Gregor et al., 2010; Tomchik & Devreotes, 1981). Fluorescence time-lapse
imaging showed that aggregating cells expressing Flamindo2 on agar show oscillations
of the probe signals and its propagation during aggregation and stream formation (Fig.
11a—c). The spiral pattern of signal propagation is similar with the previous reports
(Tomchik & Devreotes, 1981). The synchronous oscillations of Flamindo2 signals during
aggregation were abolished by the pharmacological inhibition of ACA by caffeine
treatment (Fig. 11d). Synchronous oscillations of Flamindo2 signals also could be seen
in aggregating gc- cells (Fig. 11e). As expected, acaA-null cells did not aggregate (Fig.
11f) and showed no obvious oscillations of Flamindo2 signals after starvation (Fig. 119g).
These demonstrate successful monitoring of ACA-dependent cAMP relay at the

aggregation stage by using Flamindo2 similarly with a previous reports (Ohta et al., 2018).
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Figure. 10 Sensitivity of Flamindo2 signal response to external cCAMP stimulation

was independent of Flamindo2 expression level.

(a) Comparison of expression levels of Flamindo2 between aggregating cells (5 hr starvation) and
slug cells. Chemiluminescent signals of Flamindo2 from immunoblot analyses were quantified
and normalized (n = 7 samples). Dots plotted on the graph are original data point. *: P < 107,
Student’s t-test. (b) Histogram of the fluorescence intensities of Flamindo2 in chemotactic-
competent cells (n = 657 cells). Mean intensity of Flamindo2 in 5 um? regions positioned in the
cytosol of cells starved for 5 hr was measured. Based on the intensities, cells were classified into
three representative groups: cells expressing Flamindo2 at low levels (125-375 A.U., light green),
moderate levels (500-1000 A.U., green), and high levels (1625-2375 A.U., dark green). The
expression levels in the low group (mean fluorescence intensity is about 250 A. U.) was
estimated about 30% that in the moderate group (mean fluorescence intensity is about
750 A. U.). (c), (e) Time-course plots of Flamindo2 signals in cells of the three clades after (c)
10 uM or (e) 10 nM cAMP stimulation. The fluorescence intensity of Flamindo2 in 5 pm? regions
positioned in the cytosol of cells was measured and plotted on the y-axis. In each graph, gray
dashed lines show the data of 11 cells, and green lines show the average across those cells. (d),
(f) Time-course plots of normalized Flamindo2 signals in cells of the three clades shown in (c)
and (e), respectively. The fluorescence intensity of each cell shown in (c) and (e) was normalized
att=0, and the inverse was averaged across the cells (mean = SD). In (c) — (f), dashed black lines
indicate the time points of the stimulation.
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Figure 11. Visualization of [CAMP]i oscillations and propagation in aggregating cell

populations by Flamindo2.

(a) Spiral pattern of [cAMP]i waves in cell populations at early aggregation. Fluorescence images
of Flamindo2 in aggregating cell populations are shown. Scale bar, 1mm. Times after onset of
starvation (hr) are indicated at the top lest of the images. Dark zones in the images represents the
population of cells with high [CAMP];. (b) Time course plot of inverse Flamindo2 signals during
aggregation. Data were obtained 3.5-8 hours after starvation. The mean intensity of Flamindo2
in a 300 pm? region in the cell population indicated by a white box in (a) was measured. (c)
Kymograph of [cAMP]; wave propagation in the region indicated by a white rectangle (1000 x
50 pum) for 15 min duration in left panel of (a) (7.5hr). (d) Caffeine treatment inhibited the
synchronous oscillations in the Flamindo2 signal. Cells were starved in developmental buffer
(DB) on a glass bottom dish. DB with or without 4 mM caffeine (final concentration) was added
to aggregating cell populations at the time points indicated by the dashed lines. The mean
fluorescence intensity of Flamindo2 was measured in cell populations (318 um? region). (e) gc-
cell populations starved in buffer showed synchronous oscillations in the Flamindo2 signal during
aggregation. The mean fluorescence intensity of Flamindo2 was measured in aggregating cell
populations (250 pm? region). (f) Defect of aggregation and development in mutant cells lacking
acaA. Fluorescent images of acaA-null and wild-type cells expressing Flamindo?2 after starvation
are shown. Wild-type cells formed mounds, while acaA-null cells did not aggregate after 7 hours
of starvation. Scale bars, 500 pm. (g) Time course plot of Flamindo2 signals in acaA-null cells
after starvation. The fluorescence intensity of Flamindo2 in a 100 um? region in the left panels of
(f) was measured.
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3. Transition of CAMP signaling dynamics from oscillations to steady state during
Dictyostelium development.

Using Flamindo2, | monitored the dynamics of cAMP relay at the each development
stages of Dictyostelium cells. As shown in Fig. 11a and Fig. 12a, the propagation of
[cAMP]; waves could be seen during aggregation and streams. At the loose mound stage,
[cAMP]; waves showed rotational propagation (Fig. 12b). At the tight mound stage,
[cCAMP]i waves propagated from the top to the bottom of the mound with geometrical
changes from loose mound stages (Fig. 12c). In both loose and tight mound stages,
multiple cells migrate cooperatively toward the opposite direction of [CAMP]; wave
propagation (e. g. direction of collective cell migration is the bottom to the top of tight
mounds). In contrast, subsequent mound elongation and slug migration occurred without
obvious [cCAMP];i oscillations, but a stream flowing into the rear of the elongating slug
showed wave propagation (Fig. 12d). These findings indicate the dynamics of cAMP
signaling changes from propagating waves in aggregation, streams and mounds stages to
steady state with no oscillations in the multicellular slug stage during Dictyostelium
development. To characterize the transition of the cCAMP signaling dynamics, | quantified
Flamindo2 signals in cell populations from the onset of aggregation to the multicellular
slug stage. Because the development of Dictyostelium cells which is transition from the
unicellular to multicellular phase is three-dimensional morphogenetic process, Z-stack
images of the entire cell populations were acquired by a confocal microscope at given
time-internals (4D-imaging) and maximum z projection of images were used for analysis
(Fig. 13a). During early aggregation, synchronized oscillations of [cCAMP]; started with
periods of about 6 min (Fig. 13b, ¢ (1)). Such oscillations continued until mound
formation (Fig. 13b). At the loose mound stage, the oscillations showed shorter periods
of about 3 min (Fig. 13c (2)). However, the periods showed partial recovery and the
similar value with the one at aggregation stage when the tight mound are formed. (Fig.
13c (1), (3)). In contrast to these development stages, when slugs were formed through
mound elongation and tip formation, [CAMP]; oscillations became weaker and finally
disappeared (Fig. 13b and c (4)). | further observed Flamindo2 signals of 24 migrating

slugs for 20 minutes, but no slugs showed [cAMP];i oscillations.
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Figure 12. Typical cAMP signaling dynamics at each developmental stage of

Dictyostelium cells visualized by Flamindo2.

(a) Wave propagation in an aggregating stream. (b) Rotational propagation in a loose mound. (c)
Wave propagation from the top of a tight mound (right side of images) to the bottom. (d) A slug
with a stream elongating toward the top of the images. Anterior part (top) of the slug faces the top
side of the image. In (b)—(d), images were subtracted at 3—6 frame intervals to emphasize changes
in fluorescence intensity. Solid and broken arrows show the positions of the first and second
waves in each sequential image, respectively. Scale bars, (a) and (d) 100 um, (b) and (c) 50 um.
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Figure 13. Monitoring of [CAMP]i dynamics from the onset of aggregation to slug

formation by Flamindo2.

(a) Fluorescent images of Dictyostelium cells expressing Flamindo2 in each developmental stage.
Maximum intensity projections of Z-stack images are shown. Scale bars, 100 um. (b) Time course
plot of inverse Flamindo2 signals during development from the onset of aggregation to slug
formation. Data were obtained 3.5-10.75 hours after starvation. The mean intensity of Flamindo2
in a 30 um? region in the cell population shown in (a) was measured. (c) Autocorrelation of
Flamindo2 signals at each development stage are shown by the gray bars in (b).
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These data suggests the possibility that [CAMP]; signaling dynamics show the transition
from the oscillation to no oscillation state during the multicellular body formation of
Dictyostelium. Analyses of [cCAMP];i signaling dynamics shown in Fig. 13 are based on
the measurements of averaged Flamindo2 signals in cell populations. However, this
approach cannot demonstrate whether the apparent disappearance of the oscillations in
multicellular bodies (Fig. 13b and c (4)) resulted from a desynchronization of oscillations
between cells or a synchronous disappearance of the oscillations. To clarify the actual
state of disappearance of the [CAMP]; oscillations, [CAMP]i dynamics during the damping
of oscillations in an elongating mound was monitored at the single cell level by individual
cell tracking based on the position defining from Histone2B-RFP signals (Fig. 14a and
b). When the oscillation of Flamindo2 signals in the entire mound had almost disappeared
(Fig. 14c, left: 25 min ~), oscillation in single cells vanished almost at the same time (Fig.
14c, middle and right). Thus, the disappearance of the [CAMP]; oscillations in the entire
mound during multicellular formation was caused by a synchronous disappearance of
oscillations in individual cells and thus one kind of phase transition phenomenon of cell-

cell communication.

Next, using the system for monitoring the dynamics of individual cells (Fig. 14b), 1
investigated the relationships between [cAMP]i signal dynamics and cell movements.
Simultaneous monitoring of Flamindo2 signals and cell velocity indicated that both
parameters oscillated cooperatively during collective cell migration. The cell velocity
oscillated with the same period as [CAMP]; (Table 5) and that the two oscillations had
tight correlation with each other (Fig. 15a-d) at aggregation, stream, loose and tight
mound stages. As shown in Fig 13c, the periods of oscillations at aggregation and tight
mound stages showed the almost same value (5.62 + 0.36 min, loose mound: 4.70 + 0.56
min, tight mound) and were significantly longer than the value at loose mound stage (2.47
+ 0.28 min). Individual cell data and power spectrum analysis revealed that [CAMP];
oscillations in the cell populations had the same intervals and were synchronized at the
single cell level, while the oscillations of the cell velocity showed some variation in the

populations (Fig. 16, 17).
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Figure 14. Monitoring of [CAMP]i dynamics at single cell level in the mound during

the disappearance of [CAMP]; oscillations.

(a) A fluorescence image of Flamindo2 and Histone2B-RFP in an elongating mound. The
maximum intensity projection of Z-stacks is shown. Scale bar, 50 um. (b) Trajectories of tracked
cells in elongating mounds. Cell positions at each time point was defined by the fluorescence
signals of Histone 2B-RFP. (c) Time course plot of inverse Flamindo2 signals at the tissue (left)
or individual cell level (middle and right) in the mound shown in (a). Left, average signals in the
entire region of the mound. Middle, signals in 5 cells indicated by the white boxes in (d). In middle
graph, individual cells were tracked as shown in (b), and Flamindo2 intensities within each cell
were measured. Right, average of the signals in the middle graph.
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Early Loose Tight Slug

aggregation mound mound

Periods of cell velocity

_ 558+0.47 248+0.22 4.78+0.31 5.32+1.09
(min)
Periods of [cAMP];

oscillation (min)

5.62+0.36 247+0.28 4.70+0.56 ND

Phase difference between
cell velocity and [CAMP]i 0.29+0.29 1.26+0.26 0.15+0.12 ND

oscillation (min)

Table 5. Periods of oscillation of [CAMP]i and cell velocity at three developmental

stages.

Mean values £ SD are shown. Sample numbers are as follows: 100 cells in 6 aggregation centers
(early aggregation), 45 cells in 7 mounds (loose mound stage), 47 cells in 5 mounds (tight mound
stage), and 20 cells in 11 slugs (slug stage). The periods of [cAMP]; oscillations and cell velocities
in the loose mound stage are significantly shorter than those in the early aggregation and the tight
mound stages (P < 10~: Student’s t-test). ND, no detection of periodicity.
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Figure 15. Simultaneous monitoring of [CAMP]i and cell velocity in single cell levels

at each developmental stage.

Left graphs show time-course plots of [CAMP]; (green solid lines) and cell velocity (black dashed
lines). Individual cells were tracked, and Flamindo2 intensities within each cell and cell velocities
were measured. The signals of Flamindo2 and cell velocities were averaged across several
representative cells, and the averages of representative cells are plotted against time. The curves
of Flamindo2 signals and cell velocities were smoothed by a running average over four data points.
Right graphs show the cross-correlation between [CAMP]i and cell velocity shown in the left
graphs. (a) Early aggregation (n = 20 cells). (b) Aggregation stream (n = 14 cells). (c) Loose
mound (n = 12 cells). (d) Tight mound (n = 10 cells). (e) Slug (n = 10 cells).
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Figure 16. Simultaneous monitoring of [CAMP]i and cell velocity in individual cells.
Data of individual cells as the basis of the average data shown in Figure 15 are shown. Left
graphs show Flamindo2 signals, and right graphs show cell velocities. The curves were
smoothed by a running average over four data points. (a) Early aggregation (n = 20 cells). (b)
Aggregation stream (n = 14 cells). (c) Loose mound (n = 12 cells). (d) Tight mound (n = 10
cells). (e) Slug (n = 10 cells).
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Figure 17. Power spectrum of Flamindo2 signals and cell velocities of individual cells

at each developmental stage.

Power spectrum analysis was performed on the data of individual cells shown in Figure 16.
Spectral densities plotted against the frequency are shown. Left graphs show Flamindo2 signals,
and right graphs show cell velocities. (a) Early aggregation (n = 20 cells). (b) Aggregation stream
(n =14 cells). (c) Loose mound (n = 12 cells). (d) Tight mound (n = 10 cells). (¢) Slug (n = 10
cells).
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Furthermore, cross-correlation analysis indicated that there was a phase difference of a
half period between the oscillation of [cCAMP]i and cell velocity at the loose mound stage,
but the two oscillations had the same phase at the aggregation and tight mound stages
(Fig. 15a-d, Table 5). These findings indicate that CAMP relay organizes collective cell
migration and cAMP signal dynamics are coupled with cell movements until the mound
stages. Next, | also measured [cCAMP]; and cell velocity of the two-type cells, prestalk
and prespore cells in slugs. To trace slug cell efficiently, “mini slugs” were used for
observation (see Materials & methods). Prestalk cells made up about 20% of slugs
(anterior) and moved rotationally, while prespore cells made up about 80% of slugs
(posterior) and moved straight (Fig. 18a and b). Cell movements in the anterior and
posterior (respectively the prestalk and prespore regions) showed both oscillations with
periods of 7.75 and 8.25 minutes, like normal slugs (Fig. 15e, Fig. 18c and d). However,
no obvious oscillations in [CAMP]; associated with cell velocity were observed in spite
of the cell type (Fig. 15e, Fig. 18c and d). These results suggest that the dynamics of
CcAMP relay changes after slug formation and that the collective cell migration in slugs

was not organized dependently on periodic CAMP relay.

4. Verification Flamindo2 functions as a cytosolic CAMP indicator in slugs.

To see whether the absence of [cCAMP]; oscillations was due to the loss of Flamindo2
function in slugs or not, cells dissociated from the slugs were stimulated with external
CAMP and [cAMP]iresponse was monitored. The biochemical assay has been shown that
slug cells show [cAMP]; elevation in response to external cCAMP stimuli (Otte et al., 1986).
In the investigation using Flamindo2, prestalk and prespore cells showed similar transient
[cCAMP]; responses to external cAMP stimulation (Fig. 19a, left), which is consistent with
the results obtained from previous biochemical assays (Otte et al., 1986). The monitoring
of [CAMP]iresponse also revealed that the return of the response in slug cells to the basal
level was not perfect (Fig. 19a, left) compared with the response at the unicellular phase
(Fig. 9a). The responses were inhibited when the cells were treated with caffeine (Fig.
19a, right). These results indicate that Flamindo2 function in slug cells was verified and
the probe could detect the cCAMP synthesis in cytosol of slug cells caused by adenylyl

cyclases.
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Figure 18. [cAMP]i dynamics and cell movement of prestalk and prespore cells in

migrating slugs.

(a) Fluorescent images of a slug expressing Flamindo2 mixed with 2% Histone2B-RFP-labelled
cells. 2D slugs (see Material & methods) were used for cell tracking. Scale bar, 50 um. (b)
Trajectories of prestalk (cell 1) and prespore (cell 2) cells for 28 minutes. Scale bars, 10 um. (c),
(d) Dynamics of Flamindo2 signals and velocity of cell 1 and cell 2. Left graphs show the time-
course plots of Flamindo2 signals (green solid line) and cell velocities (black dashed line).
Middle and right graphs show the auto-correlation of the cell velocity and Flamindo2 signal,
respectively.
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Figure 19. [cCAMP];i elevation of slug cells in response to external cCAMP

stimulation.

(a) Time course plot of inverse Flamindo2 signals in slug-disaggregated cells after 10 uM
CAMP stimulation (mean £ SD). Left, no-treatment cells (magenta, prestalk cells, n = 22 cells;
green, prespore cells, n = 22 cells). Right, caffeine-treated cells (n = 45). (b) A dose-dependent
curve of [CAMP]i response to various concentrations of cCAMP stimuli (0.01-10 uM, mean +
SD). Magenta, prestalk cells (n = 20-24 cells at each data point). Green, prespore cells (n = 20—
22 cells at each data point). (c) External CAMP stimulation to the slug by injection of cCAMP
into agar near the slug from a microcapillary. Left, DIC image. Right, fluorescent image of
diffusing dye mixed with cAMP to visualize the injected solution. Scale bar, 100 pm. Bottom, a
scheme of the cAMP microinjection experiment. cCAMP solution mixed with the dye is diffused
from the tip of a micropipette into agar to stimulate the entire slug. (d) Time-course plot of
inverse Flamindo2 signals in whole slug (green solid line) and slug velocity (black dashed line).
Dashed magenta lines indicate time of the CAMP injection. The mean intensity of Flamindo2 in
a 43x186 um? region in the slug shown in (c) was measured. The curves of slug velocity were
smoothed by a running average over six data points. The peaks of Flamindo2 signals after
CAMP stimulation are shown as green triangles.
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Compared with the response at unicellular phase (Fig. 9a), the response in slug cells only
showed one peak after CAMP stimulation (Fig. 19a), suggesting that the signal pathway
downstream of cAMP reception altered and cGMP production in response to external
CAMP stimulation was suppressed in slugs, which agrees well with the fact that slug cell
does not show cAMP-induced increase in [cGMP]; (Mee, Tortolo, & Coukell, 1986). The
dose-dependency of the response showed an ECsp of 250 + 136 nM and 58 + 22 nM in
the prestalk and prespore cells, respectively (Fig. 19b), values that are about 100-fold
higher than in the unicellular phase (Fig. 9c). The difference of ECso between prestalk
and prespore cells was not significant. | next examined the response of intact slugs by
using a micropipette containing CAMP solution. In previous studies (Dormann & Weijer,
2001; Rietdorf et al., 1998), the response of slugs to cAMP stimulation has been
investigated by the direct injection of cCAMP solution into slugs from a micropipette, but
| stimulated slugs by injecting cAMP from the micropipette into agar to diffuse it and
avoid mechanical stimulation through sticking the micropipette to slugs (Fig. 6a, Fig.
19c). This application of cCAMP stimulation to a slug caused transient changes in the
Flamindo2 signals and slug velocity (Fig. 19d). Thus, extracellular cAMP signals could
modify slug movements, as reported previously (Dormann & Weijer, 2001), and induce
cAMP production, although endogenous [CAMP]; waves were not detected in slugs. Thus,
these results proved the correct function of Flamindo2 as the cAMP indicator in slugs and

that there is no obvious cCAMP oscillations during the collective cell migration in slugs.

5. Transient cAMP signal propagation in slugs of bacterially grown strain.

The previous study has reported that propagation of optical density waves under dark
filed observation, which is index of CAMP relay, was detected in migrating slugs and its
frequency depended on the cell strain (Dormann & Weijer, 2001). Researchers of
cellular slime molds usually use AX2 strain, which is one derivate from parental NC4
strain, and I also used AX2 strain through this study. However, XP55 strain, which is
the other derivate from parental strain NC4, is the optimal strain for observation of
optical density waves in slugs compared with AX2 strain (Dormann & Weijer, 2001).
This suggest the possibility that the cAMP relay occurs in slugs of XP55 strain in
certain condition. | confirmed that cAMP signaling dynamics in slugs of XP55 strains

using Flamindo2 observation system.
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To investigate the cCAMP signal dynamics in XP55 strain using the genetically encoded
fluorescence probe, the problems of transforming XP55 strain is needed to be resolved.
Usually, when axenically growth cells of AX2 strain were transformed, drug resistant
cassette is expressed under the control of act6é promoter. However, this promoter does
not work well in bacterially growth cells such as NC4 and XP55 strain (Wetterauer et
al., 1996). It has been reported that such problem can be resolved by using other active
promoter V18 (rpl11 promoter) (Wetterauer et al., 1996), thus | constructed the new
expression vector named pDMV18neo for transformation of bacterially growth cells by
replacing the act6 promoter in pDM304 plasmid with ribosome promoter VV18. Using
this vector, cells of NC4 and XP55 strain were transformed under the two-membered
culture with bacteria and | succeeded in allowing these cells for expressing Flamindo?2
(Fig. 20a). To assess whether Flamindo2 works properly in bacterially growth cells,
fluorescence time-lapse images were taken during the aggregation stage in NC4 and
XP55 strain. Both NC4 and XP55 cells show onset of [cCAMP]i pulses and oscillations
during aggregation, meaning that Flamindo2 shows correct function in bacterially
growth cells (Fig. 20b). Next, slugs of NC4 and XP55 cells expressing Flamindo2 were
observed to investigate the [CAMP]; dynamics in slugs of these strain. In NC4 strain,
any slugs show no obvious changes in the probe signal during migration (Fig. 20c, left).
On the other hand, a slug of XP55 strain showed transient changes in the probe signals
(Fig. 20c, right) and its propagation at the anterior side of the slug (Fig. 20d), although
such event was observed so rarely. These results suggest that in certain condition such
as strain dependency cAMP relay surely propagates in migrating slugs and Flamindo2
can detect the relay if it occurs. Furthermore, no detection of CAMP signal propagation
in AX2 slugs means that CAMP relay does not occurs actually during slug migration in
AX2 strain.
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Figure 20. Monitoring of [CAMP]i dynamics in bacterially growth strain using

Flamindo2.

(a) Fluorescence images of NC4 and XP55 cell expressing Flamindo2. (b) Time course plot of
inverse Flamindo2 signals during aggregation of NC4 (left) and XP55 (right) strain. (c) Time
course plot of inverse Flamindo2 signals during slug migration of NC4 (left) and XP55 (right)
strain. The mean intensity of Flamindo2 in a 30 um* region in the cell population was measured.
Black arrows show the peak of transient changes in Flamindo2 signals. (d) Transient
propagation of probe signals at the anterior part of the migrating slug. Fluorescence images
were subtracted at 3 frame intervals to emphasize changes in fluorescence intensity. Anterior
part of the slug faces the upper right side of the image. Solid and broken arrows show the
positions of the first and second waves in each sequential image, respectively. Scale bars, 100
pm,
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6. Aggregation and multicellular movements of acaA-null cells without [CAMP];
oscillations.

The results described above suggest the hypothesis that cAMP relay does not occur in
multicellular slugs at normal condition and thus it is dispensable for the collective cell
migration of slugs. This challenges the traditional model that assumes cAMP relay plays
key roles in organizing collective cell migration in slugs. However, this hypothesis is
supported by a previous report that acaA-null cells, which lacks ACA and the ability of
CAMP-induced cAMP production, can aggregate and develop to form multicellular
bodies when the expression of developmentally regulated genes is induced by
exogenous and uniform cAMP pulses (Pitt et al., 1993) or downstream of cAMP signal
pathway PKA was constitutively active in mutant cells (Wang & Kuspa, 1997). These
imply the nonessentiality of cCAMP relay for collective cell migration in slugs. However,
the dynamics of the cAMP signals during development in the ACA-null mutant has not
been examined directly and the absence of CAMP signals during the development has
not been verified in previous studies. To confirm whether acaA-null cells could develop
and migrate as multicellular organisms without [CAMP]; oscillations, we monitored
Flamindo2 signals during their development. To induce the development of acaA-null
cells, the mutant cells were starved under the exposure of exogenous uniform cAMP
pulses. Under the microscopic observation with exogenous cAMP pulses (Fig. 21a),
acaA-null cells gradually aggregated and form small clumps (Fig. 21b). After
terminating the cCAMP pulse treatment, the clumps were deposited on agar to induce
further development. Several hours after settling down on agar, the clumps started to
elongate and then formed slugs which migrate like the wild type slugs (Fig. 21c). The
Flamindo2 signals from cell clumps formed by aggregation were unresponsive to
external CAMP stimulation (Fig. 21d), indicating no ability of CAMP relay in the
clumps of acaA-null cells. Monitoring of Flamindo2 signals during the development of
acaA-null cells revealed that no obvious [cCAMP]; oscillations were observed during the
aggregation, slug formation and migration stages (Fig. 21e and f). Therefore, these
observations using mutant cells give support to the proposition that CAMP relay is not

essential for collective cell movements in migrating slugs.
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Figure 21. Monitoring of [cCAMP]i dynamics during development of acaA-null cells.
(a) Experimental scheme of exogenous cAMP pulse treatment to acaA-null cell in buffer under
the microscopic observation. (b) Aggregation and cell clump formation of acaA-null cells
expressing Flamindo2 in DB with exogenous cCAMP pulses under microscopic observation. Top
panels, DIC images. Lower panels, fluorescent images of Flamindo2. Scale bar, 100 um. (b)
Slug formation and migrating start of acaA-null cells expressing Flamindo2 on agar. Upper
panels, DIC images. Lower panels, fluorescent images of Flamindo2. Inside the fluorescent
images, maximum intensity projections of Z-stacks are shown. Scale bar, 100 um. (c) Time-
course plot of Flamindo2 signals in cell clumps after 100 uM cAMP stimulation. The mean
intensity of Flamindo2 in a 25 um? region in the cell mass was measured, and the inverse of the
fluorescence intensity of Flamindo2 is plotted on the y-axis (mean + SD, n = 13 clumps). (d)
Time-course plot of Flamindo2 signals in acaA-null cells during aggregation. The mean
intensity of Flamindo2 in a 100 pm? region on the aggregation field shown in (c) was measured,
and the inverse of the fluorescence intensity was plotted against time. (e) Time-course plot of
Flamindo2 signals in acaA-null cells during slug formation. The mean intensity of Flamindo2 in
a 100 um? region in the cell mass shown in (c) was measured, and the inverse of the
fluorescence intensity was plotted against time.
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7. Non-oscillation cAMP signals was required for maintaining slug movements.
Investigation using cells lacking ACA suggests that periodic cCAMP-induced cAMP
signal propagation namely cAMP relay is not required for collective cell migration in
slugs. However, D. discoiudeum cell has the other type of adenylyl cyclases ACB and
ACG, of which activities are stimulated by Mg?* ion and high osmolarity, respectively
(Kim et al., 1998; van Es et al., 1996), and there is a possibility that non-oscillation
CAMP signals rather than periodic signals work for organizing slug movement. To see
whether the tonic CAMP signals are required for slug movement, the effect of treatment
with adenylyl cyclases inhibitor caffeine on slug migration was investigated (Fig. 22a).
Caffeine treatment caused significant inhibition of slug migration, although the
morphology of slugs was maintained (Fig. 22b and c). These suggest that tonic CAMP
signals (not oscillating signals) function as the signals for maintaining the collective cell
migration of slugs.

8. Transition of signaling dynamics at the upstream of cCAMP production, PIP3
signaling with progression of Dictyostelium development.

The results obtained by observation using Flamindo2 suggests that there is no CAMP
relay in multicellular slugs. However, it is needed to be careful about the detection limit
of the cAMP probe to interpret of CAMP signal dynamics in slugs. To overcome the
limit of using only one kind of probe for detecting cAMP signal dynamics, I applied the
method for monitoring the upstream of cAMP signal pathway, PIP3 signaling. When
cells were stimulated by extracellular cAMP, PIP3 levels on the plasma membrane
show transient increase which finally causes the activation of ACA and intracellular
CAMP production (Swaney et al., 2010). Therefore, monitoring of PIP3 signal dynamics
is another approach which enables us to investigate the dynamics of CAMP signaling. It
has been reported that GFP fused with PH domain of CRAC (PHcrac-GFP), which
binds to the PIP3 on the membrane and thus works as the probe of PIP signal dynamics,
show the periodic translocation to the leading edge of cells in the mound, which
indicates a transient increase of PIP3 levels on the plasma membrane in response to

CAMP signals, and such periodicity is not shown in slugs (Dormann, et al., 2002).
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Figure 22. Caffeine treatment inhibits the migration of slugs.

(a) The scheme of experiments for monitoring the effect of caffeine treatment on slug migration.
Slugs were formed on a filter. Agar containing 4 mM or 0 mM caffeine (control) was put on the
filter during the observation. (b) Snap shots of migrating slugs under the condition treated with
or without 4mM caffeine. Fluorescence images of slugs expressing Citrine at t = 0 (left) and 30
min (middle) and subtracted images between t = 30 and t = 0 images (right) are shown. In
subtracted images, white zone around the tips of the slugs indicates the migration space for 30
min. White circles shown in t = 0 and 30 min images indicate the positions of the tips of the
slugs at t = 0 min. Scale bar, 500um. (c) Comparison of migration rates between no treatment
(Control) and caffeine-treated slugs (Caffeine treatment). n = 36 slugs in both data point. Dots
plotted on the graph are original data point. *: P < 10%, Student’s t-test.
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To confirm whether such a transition of dynamics is also observed with my observation
system and whether the PIP3 signal dynamics such as oscillation periods corresponds to
the [CAMP]; dynamics, the dynamics of PIP3 signaling at each developmental stages
was investigated using GFP fused to the PH domain of Akt/PKB (PHakurke-GFP). It has
been reported that PHakurks-GFP shows transient localization to the plasma membrane
in response to external CAMP stimulation dependently on PI13-kinase activity
(Funamoto, Milan, Meili, & Firtel, 2001; Meili et al., 1999), which regards PHakurke-
GFP as the probe of PIP3 dynamics. I confirmed that cells dissociated from loose
mounds or slugs show a translocation of PHakvrke-GFP to the plasma membrane in
response to external cAMP stimulation (Fig. 23a—c), although the previous study using
PHcrac-GFP did not succeed in detecting the transient elevation of PIP3 levels on the
plasma membrane of slug-dissociated cells in response to cCAMP stimulation (Dormann
et al., 2002). This may be resulted from the difference of experimental condition: in the
previous study, the slight cAMP gradient stimulation was applied to the slug dissociated
cells (Dormann et al., 2002), while the slug cells were exposed to the uniform “strong”
CAMP stimulation in this study. External CAMP stimulation test also revealed that the
adaptation of PIP3 transient translocation in slug-dissociated cells was imperfect
compared with loose mound cells (Fig. 23a—c). In vivo imaging at each developmental
stages revealed that loose and tight mounds exhibited periodic translocations of
PHakupke-GFP to the leading edge of individual cells and its propagation between cells
(Fig. 24a—d). The periods of translocation in loose and tight mounds were 2.89 + 0.95
minutes (25 cells, 4 mounds) and 5.17 £ 1.32 minutes (20 cells, 4 mounds),
respectively, which agrees well with the periods of [cCAMP]; oscillations (Table 5). On
the other hand, in slugs, PHakurke-GFP was continuously localized at the leading edge
of the cells and did not show any periodic translocation to the membrane (44 cells, 15
slugs; Fig. 24a—d). These indicate that the cAMP signaling pathway upstream of cAMP
production undergoes a transition in its dynamics from oscillations to steady state
during slug formation similarly with [cCAMP]; dynamics. Additionally, these results
raises the possibility that the continuous localization of PHakyrks-GFP cells of intact

slugs are caused by tonic cAMP signals and/or other signals in slugs.
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Figure 23. Translocation of PHakT/pks-GFP to the plasma membrane of cells
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dissociated from loose mound or slug in response to external cAMP stimulation.

(a) Translocation of PHaxtrke-GFP to the plasma membrane of cells dissociated from loose
mounds (upper panels) or slugs (lower panels) in response to uniform cAMP stimulation. Scale
bar, 5 um. (b), (c) Time course plot of fluorescence intensity of PHaktrks-GFP in the cytosol of
cells dissociated from loose mounds or slugs. Dashed lines indicate the time point of the
stimulation with developmental buffer (DB) with or without 10 uM ¢cAMP. Loose mound (n =
24 cells), slug (n = 30 cells).
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Figure 24. Periodic translocation of PHakvrks-GFP to the leading edge of cells in

the mound stages and continuous localization of PHakvrke-GFP in slug cells.

(a) Fluorescent images of cells expressing PHakvrks-GFP in a loose mound, a tight mound and a
slug. Scale bars, 50 um. (b) PHakrks-GFP localization to the leading edge of cells in the white
boxes shown in (a). (c) Time-course plots of fluorescence intensity of PHawrks-GFP in the
cytosol. Mean intensity of the signals in a 3-5
representative cell was measured. (d) Auto-correlatlon of the time course changes shown in (c).

um? region positioned in the cytosol of a
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To see whether continuous localization of PHakvpke-GFP in slug cells depended on
CAMP signals or not, interference on the localization of PHakupke-GFP in intact slugs
by cAMP stimulation was investigated by the cAMP microinjection assay (Fig. 6b).
External cAMP stimulation to the intact slug did not affect the localization of PHakurke-
GFP in cells of intact slugs (Fig. 25a). This finding is consistent with a previous results
using PHcrac-GFP (Dormann et al., 2002). Furthermore, interference of cCAMP
signaling by caffeine treatment performed as Fig. 22a also did not affect the localization
of PHakurks-GFP in slug cells (Fig. 25b). These results suggest that the continuous
localization of PHakyrks-GFP to the leading edge of cells in slugs depend on the signals

other than tonic cAMP signals generating by slug cells.

9. Transition of [cCAMP]i dynamics occurs with the progression of Dictyostelium
development.

Monitoring of [cAMP]i dynamics throughout the development of Dictyostelium
revealed that the mode of signal dynamics dramatically changes after multicellular slug
formation. To reveal the temporal relationship between the such transition of CAMP
signaling dynamics and developmental progression in detail, [CAMP]; dynamics and
morphological changes of multicellular bodies (tip formation on the mound) were
observed simultaneously using Flamindo2 and ecmAO::mRFPmars (Fig. 26a). Because
the tip region of the mound is regarded as a cluster of prestalk cells characterized by the
high expression of the ecmAO gene (Early, Gaskell, Traynor, & Williams, 1993), live
imaging with ecmAO::mRFPmars (expression of mRFPmars under the control of the
ecmAO promoter) can visualize the developmental process of cell differentiation into
prestalk cells and their sorting to the tip of the mound. From the loose to tight mound
stage, [CAMP]i showed clear oscillation and with no obvious fluorescence signals of
ecmAO::mRFPmars (Fig. 26b, 0-120 min). When the tight mound begun to elongate
and cells highly expressing ecmAO::mRFPmars were sorted on the top of the mound to
form the tip (Fig. 26¢), [CAMP]; oscillations became weaker and finally disappeared
after the formation of the obvious tip on the mound (Fig. 26b, 120-210 min).
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Figure 25. Interference with cAMP signals in intact slugs did not affect the

continuous localization of PHakvrks-GFP to the leading edge of cells.

(a) External cAMP stimulation to an intact slug by cCAMP injection into agar near the slug from
a micropipette. Left, fluorescent image of PHax1rks-GFP in the slug and diffusing dye mixed
with cAMP solution to visualize the injected solution during the stimulation. cAMP solution
was diffused from the tip of the micropipette positioned on the top of the image and stimulated
the slug. Fluorescence images of the focal plane near the bottom of the slug were taken by a
confocal microscope. Anterior part of the slug faces the bottom side of the image. Scale bar, 50
um. Right, fluorescence images of PHaktrke-GFP of anterior and posterior cells in the slug
during the cAMP stimulation. The regions indicated by the white boxes in the left image were
expanded and shown in the right images. Time after the cAMP stimulation (seconds) is shown
in the upper right of the images. Scale bar, 5 um. (b) Interference with cCAMP signaling in an
intact slug by 4 mM caffeine treatment. The caffeine treatment to slugs were performed as
shown in Fig. 22. Fluorescence images of PHaktrks-GFP in the slug cells are shown. Anterior
part of the slug faces the upper right side at each images. Time after the caffeine treatment to the
slug (minutes) is shown in the upper left of the images. Scale bar, 10 pm.
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Figure. 26 Association of transition of [CAMP]i dynamics with developmental

progression marked with tip formation in the mound.

(a) Expression of ecmAO::mRFPmars during mound elongation and slug formation. Upper
panels, DIC images. Lower panels, fluorescent images of ecmAO::mRFPmars. Scale bar, 100
um. (b) Time course plot of Flamindo2 (green) and ecmAO::mRFPmars (magenta) signals
during mound development. Data were obtained 8-13 hours after starvation. The mean intensity

of Flamindo2 in a 30 um? region in the mound shown in (a) and the mean intensity of

enceintens

Fluoresc

ecmAO::mRFPmars in the entire region of the mound were measured. (c) The sorting of cells

expressing ecmAO::mRFPmars at the top of the tight mound. This figure shows trajectories of

sorted prestalk cells marked by the expression of ecmAQO::mRFPmars at the top of the mound

(upper right side of images) during the mound elongation.
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Considering the maturation time of mRFP has a time lag of about 90 minutes (Bevis &
Glick, 2002), both the accumulation of prestalk cells to the tip and the loss of cCAMP
waves started to occur around the same time (Fig. 26b and c, ~150 min), suggesting
that the transition of the [cCAMP]; dynamics occurred simultaneously with the tip

formation.

To confirm whether the transition of cCAMP signaling is a developmentally regulated
event, | examined the [cCAMP]; dynamics of a mutant lacking gbfA, which encodes the
transcription factor G-box binding factor (GBF). GBF regulates the expression of late-
development gene, and the development of gbfA-null arrest at the loose mound stage
without tip formation (Fig. 27) due to the lack of post-aggregative and cell-type specific
genes (Schnitzler et al., 1994). Monitoring of Flamindo2 signals during the
development of gbfA-null mutant shows that mutant cells had impaired transitions in
[cAMP]i dynamics, in which [CAMP]i waves continued duration of 3—10 hours after
starvation and their propagation persisted 24 hours after starvation with arrest in the
loose mound stage (Fig. 28a—c). These results are consistent with a previous report that
found mounds of a gbfA-null mutant showed optical density waves, although the pattern
of the wave propagation was aberrant (Sukumaran, Brown, Firtel, & McNally, 1998).
Thus, these results indicate that the cAMP dynamics transition from propagating waves

to steady state was due to developmental regulation.

10. Developmentally regulated expression pattern of genes involved in cAMP
signaling pathway

This study proposes that cCAMP signal dynamics show the transition from oscillation to
steady state during the multicellular development of Dictyostelium cells and open a new
question how the transition of signal dynamics occurs during development. One
possible mechanism for the transition is the changes of expression pattern of
developmentally regulated genes. Analyses of transcription profile through the
development of Dictyostelium cells has suggested that expression pattern of genes
involved in cAMP signaling (e. g., CARs and ACA) dramatically changes after the
multicellular formation (Fig. 29a) (Parent & Devreotes, 1996).
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Figure. 27 Developmental time course of wild-type and gbfA- mutant cells.

Cells were deposited on agar and allowed to develop. (Upper panels) Wild-type Ax2 cells show
several developmental stages which could be distinguished by morphology: early aggregation (6
hr), loose mounds (8 hr), tight mounds (10 hr), and slugs (12, 16 hr). (Lower panels)
Development of gbfA” mutant cells arrested at the loose mound stage (8—16 hr). Scale bar, 1
mm.
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Figure. 28 Persistence of [CAMP]; oscillation and wave propagation during the

development of gbfA-null cells.

(a) Time course plot of inverse Flamindo2 signals during the development of gbfA- cells. Data
were obtained 3-10 hours after starvation. The mean intensity of Flamindo2 in a 50 um? region
of the cell population was measured. (b) Wave propagation of Flamindo2 signals in the loose
mound of gbfA cells after 24 hours starvation. Images were subtracted at 4 frame intervals to
emphasize changes in the signals. (c) Time course plot of inverse Flamindo2 signals in the
mound shown in (b). The mean intensity of Flamindo2 in a 20 pm? region in the mound shown
in (b) was measured.
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Figure. 29 Expression profile of genes involved in cAMP signaling along the time

course of development.

(a) Gene expression profiles of CAMP receptors (carA, carB, carC, carD), G proteins (gpaB,
gpbA), regulators (e. g., cytosolic regulator of adenylyl cyclase, dagA) and effectors (e. g.,
adenylyl cyclase, acaA) are shown. The profiles are based on RNA-seq data obtained from a
web-based platform for the sequence data dictyExpress (Stajdohar et al., 2017). The indicated
developmental time courses of the relative gene expression levels are based on the notation in
Rosengarten et al. (2015). (b) qRT-PCR analysis targeting four genes involved in cAMP
signaling. Relative quantities of gene expression (RQ) were shown. *: P < 0.01, **: P < 0.05,
Student’s t-test.
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To confirm whether the expression pattern of components in CAMP signal pathway in
cells using this study also changes with developmental progression, | performed the
gRT-PCR experiment. For the analysis, four genes, acaA, carA, dgcA, gpaB which
encode ACA, CAR1, CRAC, Ga2 subunit, respectively, were used as targets. In wild
type cells, expression of four genes show the peak at 5hr (aggregation stage) or 7hr
(loose mound stage) after starvation, and the expression of genes at 12hr (slug stage)
were significantly lower than those at 7hr (Fig. 29b). This result is consistent with the
previous studies (Parent & Devreotes, 1996; Rosengarten et al., 2015) and the fact that
CAMP relay disappears at the slug stage. Furthermore, | also examined the
developmental expression profile of the four genes in gbfA-mutant cells to see whether
the changes of expression pattern occurs or not in the mutant which shows
developmental arrest at the stage before multicellular formation. Unexpectedly, gbfA-
null cells show the similar down-regulated expression pattern of genes along their
developmental course with wild type cells (Fig. 29b), although this mutant persists the
CAMP oscillations 12hr after starvation. This implies that the down-regulation of these
four genes are not involved in the transition of cCAMP signaling dynamics and that not
only the changes in expression pattern of genes involved in cAMP signal pathway but

also other factors are related with the transition of cAMP signaling dynamics.

11. The cAMP receptor was internalized with the developmental progression.
Other possible mechanism for transition of cAMP signal dynamics than changes of gene
expression pattern is the changes in localization of cAMP receptors in cells with
developmental progression. It has been reported that CAR1, which is the receptor of
extracellular cAMP and mainly mediates cCAMP relay during aggregation, is localized
on the peripheral membrane, but internalized at the later developmental stage (Serge et
al., 2011). To investigate the localization pattern of CAR1 at each developmental stage,
CARL1-RFP was expressed in RI9 strain which is the CAR1/CAR3 double knock out
mutant and have no endogenous receptors mediating CAMP relay. RI19 cells usually
cannot aggregate, but expression of CAR1-RFP rescue the development defect of the

mutant.
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At the loose mound stage, CAR1-RFP signals were observed at the peripheral
membrane of the cells (Fig. 30a, loose mound). When the mound became the tight
mound, CAR1-RFP was localized at the peripheral membrane but also seen in the
cytosol as the granules (Fig. 30a, tight mound). This suggest that the CAR1
internalization from peripheral membrane to the cytosol occurs at the tight mound stage.
Furthermore, CARL1 localization in slugs was also investigated. In anterior prestalk
region, CAR1 accumulated in cytosol and did not localize at the peripheral membrane at
all (Fig. 30a, slug anterior). On the other hand, in posterior prespore region, CAR1
mainly accumulated in cytosol but could be seen at peripheral membrane a little
compared with the prestalk region (Fig. 30a, slug posterior). These results is consistent
with the immunostaining observation of cAR1 in wild-type cells along the
developmental time course (Wang et al., 1988). Therefore, the monitoring of CAR1
localization at each developmental stages suggest that CARL1 internalization occurs
during the slug formation in which cAMP oscillations disappeared simultaneously. To
confirm whether the CARL1 internalization is developmentally regulated event, CAR1-
RFP localization in gbfA-null mutant was investigated during their development. In this
mutant, CAR1-RFP was observed at the peripheral membrane as wild-type cells (Fig.
30D, 9 hr). Such localization pattern was maintained even in the mound of gbfA-mutant
cells 24 hours after starvation and the internalization of CAR1-RFP did not occurs
compared with the wild-type slugs which were formed 18 hours after starvation (Fig.
30b, 24 hr). These indicated that CAR1 internalization occurs with developmental
progression from loose mound to slug stages. Furthermore, the fact that gbfA-null
mutant remained [CAMP]; oscillations and CARL1 localization at the peripheral
membrane suggests the possibility that changes in localization of cARL is involved in

the transition of CAMP signal dynamics.
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Figure. 30 Localization pattern of CAR1 at each developmental stages.

(a) Fluorescence images of CAR1-RFP expressed in RI19 (carA™/ carC’) cells. Scale bar, 10 pm.

(b) Fluorescence images of CAR1-RFP expressed in gbfA™ cells. Scale bar, 10 pm.
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Discussion

In multicellular organisms, collective cell migration can be organized by chemical
guidance. For example, cell population in embryo move cooperatively toward gradients
of the chemoattractant such as SDF-1 (Dona et al., 2013; Theveneau et al., 2013). Other
type of chemical guidance for collective cell migration is signal propagation between
cells. It has been reported that EGF and ERK signal propagation between cells drive
collective cell migration (Aoki et al., 2017, 2013). In Dictyostelium cells, it has been
thought that propagating signal waves of chemoattractant cCAMP (CAMP relay) organize
collective cell migration through the development (Friedl & Gilmour, 2009; Weijer,
2009). However, the characteristics of cAMP signal dynamics have been examined only
at the unicellular aggregation stage in past studies (Gregor et al., 2010; Sgro et al.,
2015). In contrast, this study investigated the dynamics of cAMP signaling throughout
the development of Dictyostelium cells including the multicellular stage by using the
fluorescence cCAMP indicator Flamindo2. Flamindo2 has already been used to monitor
CAMP relay during aggregation by Ohta et al (2018). However, the cAMP signal
dynamics at later developmental stages, such as mounds and slugs, has not been
investigated using Flamindo2. Thus, I confirmed whether this probe can be used as the
indicator of CAMP signaling dynamics throughout the development of Dictyostelium
cells. The ECso (3.2 uM) and Hill coefficient (0.95) of Flamindo2 (Odaka et al., 2014)
are optimal to monitor the cytosolic cCAMP levels in unstimulated and cAMP-stimulated
Dictyostelium cells at all development stages which can be estimated to be about 0.3-12
uM (Table 4). The probe is expressed stably at both unicellular and multicellular phase
(Fig. 8), and could detect the [CAMP]i changes of Dictyostelium cells in response to
external cCAMP stimuli at both unicellular and multicellular stages (Fig. 9 and 19).
These estimates and investigation indicate that Flamindo2 is an appropriate tool for
monitoring the cAMP signaling dynamics in Dictyostelium cells throughout their
development. Monitoring of [CAMP]; through the development of Dictyostelium cells
by Flamindo2 revealed the dramatic transition of CAMP signaling dynamics during the

development.
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1. Changes in periods of [cAMP]; oscillations and geometry of [CAMP]i wave
propagation during the development.

In the aggregation and mound stages, observation system using Flamindo2 visualized
[cAMP]; oscillations and wave propagations in the cell populations (Fig. 11 and 12).
The pattern of [CAMP]; wave propagation in the aggregation and mound stages agreed
well with synchronous changes in the optical density of cell populations and its
propagation between cells previously reported (Siegert & Weijer, 1989). Investigation
of [CAMP]i dynamics and cell movements revealed that the cAMP wave oscillations
were coupled with the cell movement (Fig. 15-17). Live imaging also showed that the
geometry of wave propagation changed from the rotation in loose mounds to the top-
bottom pattern in tight mounds coupled with mound elongation (Fig. 12). Overall, these
findings show collective cell migration was coordinated with cAMP relay from the
aggregation to tight mound stages, which is consistent with the mechanism of collective

cell migration in Dictyostelium cells (Friedl & Gilmour, 2009; Weijer, 2009).

Simultaneous monitoring of [CAMP]i and cell velocity shows that these two parameters
both oscillated with a same periods and these oscillations correlated with each other at
aggregation and mound stages (Fig. 15). Cross-correlation analysis revealed that the
phase relationship between the [cCAMP]; oscillation and cell velocity was dependent on
the wave periods and not on the developmental stage (Table 5), suggesting that the
kinetic relationship between cAMP synthesis and chemotactic movement caused by
directed pseudopod formation in response to the cAMP signal until the tight mound
stage depends on the period of external stimulation, not on the developmental stages.
The periods of [cCAMP]; oscillation in the aggregation and mound stages (Table 5)
agreed well with those of synchronous changes in the optical density of cell populations
previously reported (Rietdorf et al., 1996). The oscillation period decreased in loose
mounds, but again increased in tight mounds to the same period as that in the
aggregation stage (Table 5). These changes would be explained by two reasons;
previous reports suggest that the decrease of the oscillation period can be caused by an
increase in the cell density and extracellular cAMP (Gregor et al., 2010; Noorbakhsh, et
al., 2015; Sgro et al., 2015).
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Other, the increase of oscillation period would be involved in expression of different
CARs which have different affinity to cAMP each other. D. discoideum genome
encodes 4 CARs: high affinity receptor CAR1 and CAR3, low affinity receptor CAR2
and CAR4 (Dormann, et al., 2001; Ginsburg et al., 1995; Johnson et al., 1992). These
receptors are expressed at the different time course along the developmental progression
(Parent & Devreotes, 1996). It has been reported that the oscillation period is increased
by the expression of low-affinity CAMP receptors during the mound stage instead of
high-affinity receptors expressed in the aggregation stage (Dormann et al., 2001). It has
also been suggested that the expression of low-affinity CAMP receptors causes changes
in the CAMP wave geometry (Dormann et al., 2001), which is agreement with the
hypothesis that the expression of low-affinity cCAMP receptor at the mound stage plays a
key role in changing the [CAMP]i wave propagation pattern at the loose mounds

transform into tight mounds (Fig. 12b and c).

The physiological role of changes in geometry of cCAMP wave propagation is clear:
changes in the direction of chemotactic waves from horizontal rotation to top-bottom
propagation (Fig. 12b and c) causes the synchronous upward movements of multiple
cells in the mound resulting in the morphological changes of the entire mound (mound
elongation). This also agrees with the traditional model, which assumes that cells
differentiated into prestalk cells are sorted on the top of the tight mound to form the tip
by chemotaxis toward cAMP signals (Weijer, 2009). On the other hand, the
physiological roles of changes in the period of cAMP oscillations are not obvious. One
candidate is the effect on periodic nucleocytoplasmic shuttling of a transcription factor
GtaC which is related with the expression of developmentally-regulated genes (Cai et
al., 2014). In Dictyostelium cells, GtaC shows nucleocytoplasmic shuttling in a CAMP-
dependent manner and the shuttling oscillates in cells with a same period about 6 min as
CAMP relay during aggregation. Furthermore, the periodic nucleocytoplasmic shuttling
of GtaC is induced by external cCAMP pulses with a period of 6 min but the rate of GtaC
in nucleus decreases when the period of cAMP pulses decreases to 3 min. When the
cells aggregate to form mound-like structures, little GtaC was found in the nucleus in
the cells (Cai et al., 2014).
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Considering the result of this study that the period of cAMP relay decreases from about
6 min to 3 min during the transition from aggregation to the loose mound stage (Table
5), the lack of GtaG shuttling during the mound formation can be explained by such
changes in the period of CAMP relay. Because the periodic translocation of GtacC
induces proper expression of developmentally-regulated genes such as csaA (Cai et al.,
2014), arresting the GtatC shuttling resulted from the changes in period of cCAMP relay
would affect the transcriptional state during the mound formation. Furthermore,
considering the result that the period of cAMP relay again increases from 3 to 6 min at
the tight mound stage (Table 5), there is a possibility that GtaC shuttling occurs again
and regulate expression of developmentally-regulated genes at the later development
stage, tight mounds. In fact, GtaC is involved in cell differentiation into subtype of
prestalk cells, pstB cells (Keller & Thompson, 2008), implying the role of GtaC at the
later developmental stage. To confirm the hypothesis, spontaneous monitoring of CAMP
signal dynamics and GtaC shuttling during the transition from loose mound to tight

mound stages will be required.

2. Transition of [cCAMP]i signal dynamics from oscillations to steady state after slug
formation.

Live imaging throughout the multicellular formation revealed that [CAMP]; oscillations
and wave propagations gradually weakened with slug formation and eventually
disappeared at both tissue and single cell levels (Fig. 13, 14). The disappearance of
[cAMP]; oscillations is consistent with the previous report using the other CAMP probe
Epac-camp (McQuade, et al., 2013). Cells in streams which flowed into the posterior
side of the slug did not mature completely as the cells at the multicellular phase and
thus maintained the cCAMP oscillations and signal propagation although the anterior part
of the slug did not show any cAMP relay (Fig. 12d). Because a transient elevation of
[cAMP]; in slug cells in response to external cCAMP stimuli was detected by the changes
in Flamindo2 signals (Fig. 19), the vanishing of the [cAMP];i oscillation was not due to

impaired Flamindo2 function.
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Furthermore, signal propagation was observed in migrating slugs using Flamindo2 in
certain condition (Fig. 20), indicating that cAMP relay in slugs can be detected by
Flamindo2 if it occurs and thus no detection of oscillations and propagation of
Flamindo2 signals in slugs under normal observation condition means no CAMP relay
in migrating slugs. Therefore, the results obtained by observation system using
Flamindo2 show that a transition of cCAMP signaling dynamics occurs after slug
formation and that any endogenous [CAMP]; changes in slugs was below the detection
limit of Flamindo2. Although no obvious cCAMP oscillations were detected in slugs, cell
velocity show oscillations in slugs similarly with those in aggregation and mound stages
(Fig. 15 and 18). It has been reported that MDCK cells show coordinated cell
movements and oscillating waves of motion spontaneously resulted from physical
interaction between cells under the physical confined condition (Notbohm et al., 2016).
Because the inside of the slug can be regarded as the physical confined environment
consisting of extracellular matrix, periodic cell movements in slugs can be explained by

the physical constrained condition of multiple cells, not by periodic chemical guidance.

In addition, to support the results by Flamindo2, we monitored the upstream of cAMP
signal pathway, PIP3 signaling which activates ACA and in turn cAMP production.
This is another approach which enables us to investigate the dynamics of cAMP
signaling. Monitoring PIP3 levels on the plasma membrane using PHaxvrks-GFP found
periodic changes and its propagation at the mound stages. Additionally, the periods of
PHakupke-GFP translocation was similar with those of [CAMP]; at mound stages
(Results Section 8, Table 5). On the other hand, PHakupks-GFP in cells show
continuous localization, not periodic translocation at the slug stage (Fig. 24). This
contrast of signal dynamics between mound and slug stages is consistent with a
previous report that tracked the PH domain of CRAC by GFP labelling in mounds and
slugs (Dormann et al., 2002). Although the cells dissociated from slugs showed a
transient translocation of PHakTrks-GFP in response to CAMP stimulation, the
continuous localization of PHakT/rke-GFP to the leading edge of cells in intact slugs
was not inhibited by external cAMP stimuli and pharmacological inhibition of adenylyl

cyclase (Fig. 25).
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These observations suggest that the continuous polarity of PIP3 levels on the plasma
membrane of slug cells at the cell boundary depends on tonic cCAMP signals and/or
other signals such as cell-cell contacts, as indicated in a previous study (Dormann et al.,
2002). Thus, our findings demonstrate transitions from oscillations to steady state

upstream of the cCAMP signaling pathway during slug formation.

From these results and interpretation, this study raise the possibility that collective cell
migration at the slug stage does not depend on cAMP relay for cell-cell communication,
which challenges existing models (Dormann & Weijer, 2001; Friedl & Gilmour, 2009;
Weijer, 1999; Weijer, 2009). However, this hypothesis is supported by the fact that
acaA-null mutant cells lacking the ability of cCAMP relay and development can
aggregate and form multicellular bodies when prestimulated with exogenous CAMP
pulses (Pitt et al., 1993) or when PKA, which is downstream of the CAMP signaling
pathway, is constitutively activated (Wang & Kuspa, 1997). Monitoring [CAMP]; in
acaA” mutant using Flamindo2 showed that the mutant cells could aggregate and form
migrating slugs without [CAMP]; oscillations after the CAMP pulse treatment (Fig. 21).
Previous reports (Pitt et al., 1993; Wang & Kuspa, 1997) and investigation in this study
using the acaA-mutant imply a development capacity without periodic CAMP signals
between cells. However, my approach using wild-type cells and live imaging technique
reveals for the first time that the disappearance of periodic cCAMP signals occurs even
with normal developmental progression. Therefore, this study concluded that cCAMP
relay is not necessary for collective cell migration at the slug stage. On the other hand,
this conclusion does not exclude the possibility that cAMP signals affect slug
movement. We found that [CAMP]; and slug movement are sensitive to external CAMP
stimuli (Fig. 19), indicating that collective cell migration could depend on any
endogenous cCAMP relay that occurs in slugs. The existence of optical density waves,
which reflects cooperative changes in cell shape, namely collective cell migration and
act as an index of CAMP relay in slugs, is controversial (Dormann & Weijer, 2001,
Rietdorf et al., 1996). Therefore, it is possible that other experimental conditions would
allow us to detect [CAMP]; wave propagation relevant to slug movement by using

Flamindo2.
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Actually, transient propagation of [cCAMP]i waves was observed in slugs of bacterially
growth XP55 strain (Fig. 20d). The reason why the wave propagation was observed
only in the posterior tail region of the slug may be that anterior-like (prestalk-like) cells
which exist in the tail region of slugs (Sternfeld & David, 1982) could emit the cCAMP
signals in response to the signals other than cAMP relay propagated from the anterior
region of the slug. However, the frequency of [CAMP]; wave propagation is so rare even
in the XP55 strain which can be regarded as the most suitable strain for observing the
wave propagation in migrating slugs as previously described (Dormann & Weijer,
2001). Thus, further investigation about factors inducing CAMP relay in slugs and the
relationship between cell movements and [CAMP]i waves is required for understanding

the cAMP signal dynamics and its effect on collective cell migration in slugs.

3. How does the transition of CAMP signaling occur during the development of
Dictyostelium cells?

The simultaneous monitoring of [CAMP]; and the marker of cell differentiation and
sorting in Dictyostelium cells (Fig. 26) suggested that the transition of CAMP signaling
dynamics was a developmentally regulated event. This proposition was confirmed in
gbfA- mutants that were developmentally arrested at the loose mound stage and showed
no transition in [CAMP]; dynamics during development (Fig. 28). In Dictyostelium cells,
the expression pattern of genes essential for CAMP signaling is dramatically changed
after slug formation (Parent & Devreotes, 1996). For example, the expression of high-
affinity CAMP receptor CARL1 is high and seen in all cells during the aggregation stage,
but becomes low after the mound stages (Johnson et al., 1993; Klein et al., 1987). In
contrast, after slug formation, the expression of the high-affinity receptor CAR3 is seen
in prespore cells, but the low-affinity receptors CAR2 and CAR4 are expressed in
prestalk cells (Louis et al., 1994; Yu & Saxe Ill, 1996). These changes in expression
pattern along the developmental time course are consistent with the sensitivity of the
[cCAMP]; response to external cCAMP stimulation at the multicellular phase being lower
than at the unicellular phase (Fig. 9 and 19) and that the responsiveness of chemotaxis
to CAMP gradients becomes weaker with mound formation (Hirose, et al, 2015). The
different sensitivities suggest changes in the CAMP signaling systems during

multicellular formation.
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Furthermore, it has been reported that signals of GFP fused with full-length CRAC is no
detectable in slugs although it is expressed under the control of a constitutively active
promoter actl5 and its fluorescence signals can be detected until the mound stage,
suggesting that expression of fully functional CRAC is forcibly downregulated
(Dormann et al., 2002). Additionally, imperfect adaptation to external cCAMP
stimulation observed in slug cells (Fig. 23) suggests the possibility that the systems for
the response to cCAMP signals which consist of various signal molecules such as PIP3
and Ras proteins (e. g., RasG: Swaney, et al., 2010) are altered in slugs and that such
changes in the systems are also involved in the transition of cCAMP signaling dynamics.
Therefore, results in this study and previous reports suggest the active downregulation
of molecules that mediate cAMP signaling and the developmental regulation of gene
expression patterns during slug formation are involved in the transition of ;CAMP

signaling dynamics.

On the other hand, there is a possibility that the transition of cAMP signaling dynamics
is caused by the mechanisms other than the changes in expression pattern of genes
involved in cAMP signal pathway, because the gbfA-mutant which shows development
arrest at the loose mound stage and maintains [CAMP]; oscillations shows similar down-
regulated expression pattern of genes involved in CAMP relay with the wild type (Fig.
29). The other possible mechanisms for the transition of cAMP signaling dynamics are
the changes in protein localization and thus protein function. It has been reported that
CAR1 is intrinsically internalized at the later development stage (Sergé et al., 2011). In
the previous study, CAR1 localization has investigated under the submerged culture
condition which is not the optimal development condition because submerged
environment inhibit the mound formation after aggregation. In this study, CAR1
localization was monitored during the development on agar which allowed cells to
normal developmental progression such as mound and slug formation. During the
mound development and slug formation, CAR1 was gradually internalized and
localization of CARL1 on the plasma membrane dramatically decreased in slugs, while
the gbfA-mutant cells maintained CAR1 on the plasma membrane throughout their

development (Fig. 30).
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Therefore, these suggest that the CAR1 internalization occurs simultaneously with
disappearance of [CAMP]; oscillations during the multicellular development and that
CAR1 internalization is related with the transition of CAMP signaling dynamics. It has
been widely known that internalization of G protein-coupled receptors is mediated by
its phosphorylation and arrestin binding (Marchese, Paing, Temple, & Trejo, 2008). In
D. discoideum, CAR1 is internalized when the cells are exposed to high-concentration
CAMP (Cao et al., 2014) or persistent CAMP stimulation (Wang et al., 1988), and the
internalization is regulated by phosphorylation of cAR1 and arrestin-dependent manner
(Cao et al., 2014; Sergé et al., 2011). Mutant cells lacking arrestins (adcB"C") which has
no ability to cAR1 internalization show aberrant development and alteration of CAMP
oscillations during aggregation (Cao et al., 2014), implying that the arrestin-dependent
signal pathway is involved in the transition of cCAMP signaling dynamics via CAR1
internalization. Investigation of CAMP dynamics using observation system developed in
this study during the development of mutant cells such as adcB C” will give a new

insight into the mechanism for transition of cAMP signaling dynamics.

4. Possible mechanisms for organizing collective cell migration in slugs alternative
to CAMP relay.

This study revealed the disappearance of CAMP relay after multicellular slug formation
and thus suggests the presence of mechanisms other than cAMP relay for the
organization of collective cell migration in slugs. One possible mechanism is that
extracellular cAMP signals such as a steady gradient in slugs work as the guidance cue
of the direction of cell movements, like gradients of chemoattractant involved in
collective cell migration in other multicellular organisms (Mayor & Etienne-
Manneville, 2016). Blocking the cAMP signal pathway by caffeine treatment results in
inhibition of the slug migration, although the morphology of the slug is maintained
under caffeine treatment by cell-cell adhesions and the extracellular matrix (Fig. 22).
Similarly, it has been reported that pharmacological inhibition of cAMP signaling
caused the disorganization of collective cell migration of slugs including the
cooperative changes in direction of cell movements such as phototactic movement of
slugs (Darcy & Fisher, 1990; Rietdorf et al., 1998; Wang & Schaap, 1985).
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Furthermore, although the developmental arrest phenotype of acaA™ cells can be rescued
by the expression of constitutively active PKA (Wang & Kuspa, 1997), mutant cells
lacking acaA and acrA, which encode ACA and ACB, respectively, cannot form normal
multicellular bodies even if constitutively active PKA is expressed (Anjard, Séderbom,
& Loomis, 2001). These findings indicate that CAMP is still required for the collective
migration of slugs although the detectable cCAMP oscillations are absent in migrating
slugs. In order to clarify the role of cCAMP in slugs, molecular genetics approaches and

more sensitive CAMP measurements are required.

In addition, it is possible that gradients of other chemoattractants in slugs are also
involved in the organization of collective cell migration in slugs. One candidate of
chemoattractants other than cAMP is pterin, which is derivate of folic acid. D.
discoideum cells show chemotaxis toward pterin during the development (Tillinghast &
Newell, 1987) and the signal pathway is mediated by receptors coupled to the Ga
protein subunit Ga4 (J A Hadwiger, Lee, & Firtel, 1994). The Ga4 protein are
expressed at high levels at the early mound stage and its expression levels are
maintained through the subsequent development (Hadwiger, Wilkie, Strathmann, &
Firtel, 1991). Mutant lacking Ga4 show aberrant formation of multicellular bodies,
indicating the pterin-Ga4 signal pathway is required for morphogenesis of multicellular
bodies(J A Hadwiger & Firtel, 1992; J A Hadwiger et al., 1994). The other candidate of
chemical guidance is Ca?* signaling. Dictyostelium cells show chemotactic movement
toward Ca®* gradients (Scherer et al., 2010). In slugs, Ca?* concentration of anterior
prestalk cells is higher than posterior prespore cells (Saran et al., 1994; Yumura,
Furuya, & Takeuchi, 1996). Furthermore, transient burst of [Ca?*]i was observed in the
anterior part of migrating slugs (Cubitt et al., 1995). These suggest the possibility that
self-organized Ca?* gradients in slugs plays key roles in organizing collective cell

migration of slugs.

In addition to chemical guidance, it is widely known that collective migration is
regulated by physical guidance cues through cell-cell contacts and cell-substrate
adhesion in higher organisms during various events such as epithelial wound healing

and cancer invasion (Haeger et al., 2015; Ladoux & Mege, 2017).
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Numerical simulations have shown that physical interactions between cells such as
collision can organize collective cell migration in the absence of any chemical
interaction (Li & Sun, 2014; Rappel et al., 1999). These studies raise the possibility that
the collective cell migration in Dictyostelium multicellular bodies is organized by
physical guidance cues. One possible physical interaction is “contact following”, which
is the property that cells follow other cells with which they have direct physical cell-cell
contact (Shaffer, 1964). Cells in slugs adhere each other and show organized
movements to the same direction, but the cells dissociated from slugs are also aligned
each other through contact following and move cooperatively as a single group (Fig.
31). D. discoideum has several proteins mediating cell-cell adhesion (e. g., DACAD-1,
CsA, TgrB1) and their expression pattern are developmentally regulated (Benabentos et
al., 2009; Siu, Harris, Wang, & Wong, 2004; Wong & Siu, 1986; Yang, Brar,
Desbarats, & Siu, 1997). In particular, the adhesion proteins TgrC1 which are expressed
at the later mound stage (Wang et al., 2000) play key roles in morphogenesis of
multicellular bodies. The mutant lacking TgrC1 show development arrest at the loose
mound stage like the gbfA mutant (Dynes et al., 1994). Blocking of TgrC1 by binding of
antibodies causes defect in cell sorting and slug formation (Siu, Des Roches, & Lam,
1983). Furthermore, cell-cell contact via TgrB1/TgrC1 proteins leads to cell polarization
including PIP3 localization on cell membrane and coordinated cell migration at the
mound stage (Hirose et al., 2015). Additionally, mutant cells which lack chemotaxis
toward any known chemoattractants show an organized collective migration that is
mediated by cell-cell adhesions (Kuwayama & Ishida, 2013). Therefore, these suggest
that cell-cell contacts play important roles on collective cell migration at the

multicellular stage of Dictyostelium cells.

Additionally, it has been know that extracellular matrix are involved in organization of
collective cell migration in higher organisms (llina, Friedl, Li, Meinkoth, & Herlyn,
2009). Therefore, there is a possibility that extracellular matrix in Dictyostelium called
slime sheath also play important roles on maintaining collective cell migration in slugs.
Slime sheath are mainly secreted by prestalk cells and consists of various proteins,
cellulose and polysaccharide (Morrison et al., 1994; Wilkins & Williams, 1995).
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Figure. 31 Contact following of slug cells.

(a) Cell alignment via cell-cell contact in the intact slug. The DIC image of surface of slugs
attached to the glass is shown. (b) Contact following of cells dissociated from the slug. The
phase contrast image of slug dissociated cells enclosed between glass and agar is shown. Cells
adhere via the head-to-tail contact and move as a single cell group.
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The compounds of protein in slime sheath includes EGFL repeat-containing protein
which are involved in regulating cell motility, suggesting slime sheath works as the
substrate modulating cell motility (Huber & O’Day, 2017). Because the slime sheath
surround the slug like a “stocking”, the physical constrain by slime sheath would help to
maintain the direction of multiple cell movements which is aligned during the mound
elongation. In fact, it has been recently reported that epithelial cells show apical-basal
polarity and organized cell movements when the cell sheets are confined in tubular
structures, suggesting environmental constrain contributes the organization of polarity
and coordinated movements of cell populations (Xi et al., 2017). Furthermore, the
observation using the electron microscope has found that the thickness of slime sheath
increases towards the posterior side of the slug (Farnsworth & Loomis, 1975). Such
gradient of surrounding physical restriction also may arise the supracellular polarity of
cell populations during the slug migration.
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Conclusion

It has been assumed that the cell-cell communication via chemical signals, namely
CAMP relay plays important roles on organization of collective cell migration through
the development of Dictyostelium cells, but the dynamics and roles of CAMP relay at
the multicellular phase is still unclear. In this study, monitoring CAMP signals in cell
populations through the development based on live cell imaging technique directly
demonstrated that the CAMP relay organizes the collective cell migration until the
intermediate stage of multicellular development (mound) but is gradually weakened and
finally disappeared at the multicellular stage (slug). These observation and investigation
of mutant cells concluded that collective cell migration in the multicellular slugs is
independent of cAMP relay (Fig. 32). Thus, this work calls for reconsideration of the
role that CAMP relay has in collective cell migration in Dictyostelium and proposes a
possibility that alternative mechanisms such as physical and/or other chemical factors to
CAMP relay contribute to the organization of collective cell migration at the
multicellular phase. In future, investigation using more sensitive CAMP probe or probes
targeting other chemical signals and numerical simulation focusing on physical
interaction without any chemical guidance will give a further understanding of the
mechanism for organizing collective cell migration of Dictyostelium cells without
CAMP relay.

Researchers have investigated various organisms and biological events as a model for
the study of mechanisms for collective cell migration. However, many of those focuses
on only a limited scene of biological activities, although various collective behavior
actually occurs even in one organism through their life cycle. Such approaches can only
reveal the mechanisms for collective cell migration in particular cases and thus how the
diverse collective cell movements in one organism are organized has not been
considered. This study using Dictyostelium demonstrated that the role of a mechanism
in collective cell migration dramatically changes during the transition of cooperative
behavior. Thus, this open a new window on the strategies that organisms customize

according to collective behavior of each biological scenes through their life style.

88



Unicellular == Chemotacticmigration @ practalk cells Multicellular

<=+ Signal propagation
cAMP wave
A 1

% & ."‘.‘ 5 )
Early aggregation Stream - Loose mound Tight mound  Tipped mound Slug

v

Developmental progression

dependency on cAMP relay

Figure 32. Model of transition of cCAMP signal dynamics throughout the

development of D. discoideum cells.

At the unicellular phase, CAMP signals are propagated between starved cells to chemotactic
aggregation. CAMP waves are also propagated in streams and loose mounds in a spiral manner,
which causes rotational cell movements in mounds. Then the geometry of wave propagation
changes from rotational to top-bottom pattern in tight mounds, resulting in prestalk cell sorting
and mound elongation. During the mound elongation, CAMP signal oscillation and propagation
gradually becomes weaker, and finally disappear after the obvious tips were formed on the top
of the mound. At the slug stage, cell populations show cooperative migration without cCAMP
relay. This model supersedes the traditional assumption of the relationship between cAMP
signals and collective cell migration (see Fig. 3).
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