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1. Abstract

Multicellular organisms, including humans, consist of various differentiated cells to have
each role. Understanding the regulatory mechanisms that determine and induce the fate
of each cell is a fundamental issue in biology and medicine. The cellular slime mold
Dictyostelium discoideum is a good model organism for studying differentiation; it
proliferates as single cells in nutrient-rich conditions, which aggregate into a multicellular
fruiting body upon starvation, subsequently differentiating into stalk cells or spore cells.
The fate of these cells can be predicted in the vegetative phase: cells expressing higher
and lower levels of omt12 gene differentiate into stalk cells and spore cells, respectively.
However, omt12 is merely a marker gene and changes in its expression do not influence
the cell fates; determinant factors remain unknown. In this study, I aimed to identify the
determinant factor by characterizing the stalk-destined and spore-destined cells that were
sorted based on omtl2 expression. Luciferase assay demonstrated that cellular ATP
concentrations are higher in the stalk-destined than in the spore-destined cells. Live-cell
observation during development using an ATP sensor probe revealed that vegetative cells
with higher ATP levels differentiated into stalk cells later. Furthermore, reducing the ATP
levels in the stalk-destined cells by treatment with an inhibitor of ATP production changed
their cell fates into spore cells. These results suggest that cellular ATP level is one of the
intrinsic factors affecting the cell fate determination in D. discoideum differentiation.
Here, I also discussed about the relationship between cellular ATP levels and other cell
fate determinants in D. discoideum, suggesting the possibility that there is a common

regulatory mechanism among those determinant factors.
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2. Introduction



2-1. Factors to determine the cell fate of differentiation in multicellular organism
Multicellular organisms, including humans, consist of various differentiated cells having
an each role. For their proper functions, differentiation process must be regulated spatial
and temporal; otherwise the errors occurred during developmental process can induce the
fatal defection to organisms. Therefore, understanding the regulatory mechanisms that
determine and induce the fate of each cell is a fundamental issue in the fields of biology
and medicine (Castanon and Gonzalez-Gaitan, 2011; Chagastelles and Nardi, 2011;
Alvarado and Yamanaka, 2014; Avior et al., 2016; Zakrzewski et al., 2019). In the process
of cell differentiation, following two factors act as keys for regulating and inducing
differentiation: the environmental (exogenous) factors and the intrinsic factors to cause
the cellular heterogeneity. Recent improvement of observation technology showed that
various type of heterogeneity exist even in genetically identical cell population .

As one of the cellular heterogeneities relating to differentiation, difference of
metabolic activity is known. Supporting this notion, it has been reported that glycolysis
pathway is dominant over oxidative phosphorylation (reaction in mitochondria) as a
means to generate energy in actively proliferating cells such as cancer cells and stem cells
(Simsek et al., 2010; Koppenol et al., 2011; Ito and Suda, 2014), whereas oxidative
phosphorylation become dominant toward the differentiation in human cells (Berger et
al., 2016; Schell et al., 2017). The shift of metabolic pathways using preferentially is
known to be important for the switch to differentiation phase from growth phase.
Moreover, the activity of the mitochondrion, an organelle important for metabolism, has
been reported to be crucial for the differentiation of human cells (Buck et al., 2016;
Khacho et al., 2016). Those increasing evidences showed the relationship between
metabolic activity and differentiation. However, the critical factors that determine cell

fate of differentiation remain unknown.



2-2. Dictyostelium discoideum as a model organism for studying differentiation

The slime mold Dictyostelium discoideum is a good model organism for studying the
relationship between cellular heterogeneity and differentiation. They proliferate as single
amoeboid cells in nutrient-rich conditions, but aggregate and transfer into multicellular
phase in response to starvation (Fig.1) (Maeda et al., 1997). At the end of development,
they produce a fruiting body composed of two types of differentiated cells, i.e., stalk cells
and spore cells (Fig.1). The developmental process of D. discoideum is initiated following
the aggregation by the chemotaxis toward the cAMP (Konijn et al., 1969a; Koniijn et al.,
1969b): D. discoideum cells have the nature to move up the gradient of cAMP (Fig.2).
Therefore, cCAMP sensing and directional migration is necessary for the proceeding of
their differentiation process. In fact, some mutant cells with defects on this migration
process show the delayed development: e.g., gipl- or pten- null mutants. (Kamimura et
al., 2016; Iijima and Devreotes, 2002). Migrating cells aggregate and form multicellular
body called “mound”. Cells that enter the mound phase begin to differentiate into stalk or
spore progenitor cells, called prestalk and prespore cells, respectively. Prestalk cells are
sorted to the top side of the mound, forming the tip region, which later forms the anterior
region of the migrating body (slug), whereas prespore cells constitute the posterior region
of the slug. This localization pattern is shown by observation of a slug composed of cells
expressing marker genes which fused with fluorescence proteins (Fig.3); ecmA
(Morrissey et al., 1984; McRobbie et al., 1988) and pspA (Grant et al., 1985; Early et al.,
1988) are used as marker genes which are expressed specifically in stalk cell and spore
cell, respectively. In the process of fruiting body formation, prestalk cells differentiate
into stalk cells, penetrating into the prespore region of the slug. Spore cells generating
progenies are moved to the top of the fruiting body through the support of stalk cells

(Maeda et al., 1997).



There are three advantages in D. discoideum as a model organism, as follows.
First, their differentiation process can be easily induced by only removal of culture
medium, that is starvation. Second, whole process of differentiation can be accomplished
within a relatively short time compared with other organisms; a fruiting body which is
the final form of those process is obtained within 24 hours (Fig.1 and Fig.4). Third, the
causal relationship between intrinsic factors and cell fates of D. discoideum can be

discussed relatively simple, thanks to they only have two cell fates.

2-3. Factors affecting the differentiation of D. discoideum

Several factors have been reported to affect the cell fate determination of D. discoideum:
intracellular calcium concentration, cell cycle stage, and metabolic activity. Calcium ion
is thought as a key to regulate the various events at transition point to differentiation,
because intracellular calcium concentration rapidly increases in response to starvation
and achieve the peak within 30 minutes from starvation (Tanaka et al., 1998). Moreover,
intracellular calcium concentration varies among cells; their concentrations are higher in
the anterior prestalk region of a slug than that in posterior prespore region (Maeda and
Maeda, 1973; Cubbit et al., 1995). Calcium ion is also focused as a factor to associate the
differentiation and cell cycle stage, as following described. The position on cell cycle to
transfer into differentiation from growth phase is called as GDT point (meaning the
Growth/Differentiation Transition point) in D. dictyostelium; GDT point exists at G2
phase (Fig.5). Previous studies have claimed that cell fate of differentiation is determined
by the distance from GDT point on cell cycle when starved (Ohmori and Maeda, 1987;
Maeda et al., 1989). That is, cells before entering M phase differentiate into stalk cells
later, and cells at mid G2 phase into spore cells (Fig.5). Interestingly, intracellular calcium

concentrations are relatively higher in cells at S phase or early G2 phase and such cells



have stalk tendency, whereas cells at mid to late G2 phase have relatively lower calcium
concentrations and have spore tendency (Azhar et al., 2001). Intracellular calcium
concentration and cell cycle stage of each cell might regulate the differentiation tendency
with common mechanism. Similar common points are also found between cell cycle stage
and metabolic activity. Several genes expressed at GDT point have been found in
previous studies (Maeda, 2005; Maeda, 2011) and they include the genes encoded by
mitochondrial DNA; expressions of those mitochondrial genes are required in transition
to differentiation (Inazu et al.,1999; Maeda, 2005). Other metabolism-related factors
affecting the differentiation are also known; for example, the changes in mitochondrial
respiratory activity and those in mitochondrial morphology affect cell differentiation
(Leach etal., 1973; Matsuyama and Maeda, 1995; Chida et al., 2004; Kimura et al., 2010).
Like humans and other higher eukaryotes, it has also been reported that mitochondrial
activity is crucial when switching from growth to differentiation in cellular slime mold.
Furthermore, previous studies have reported that differentiation tendency is affected by
the presence or absence of glucose, an essential molecule in the glycolysis pathway, in
the culture medium (Leach et al., 1973; Tasaka and Takeuchi, 1981; Thompson and Kay,
2000; Chattwood and Thompson, 2011). Many studies have shown the relationship

between metabolism and differentiation of D. discoideum.

2-4. Prediction of cell fates at the vegetative phase before differentiation

As described in previous section, complicated crosstalk between several factors affecting
the cell fate determination is known in D. discoideum. Some of these factors, like the cell
cycle stage when starved and the glucose concentration in culture medium, reflect the
condition of vegetative cells. These studies have provided us an idea that cell fates might

be determined at the vegetative phase, in contrary to the fact that a stalk and a spore



marker gene does not express until slug phase (middle and bottom panels of Fig.3). This
contrary has been discussed for long time.

However, recent study put an end to the discussion by showing that cell fates
of D. discoideum can be predetermined at the vegetative phase before multicellular
formation (Kuwana et al., 2016). The cell fates are distinguished by their expression
levels of the omt12 gene at the vegetative phase; vegetative cells expressing high levels
of omt12 (termed as pstVA in (Kuwana et al., 2016)) are destined to differentiate into stalk
cells (designated as “stalk-destined” cells, hereafter), whereas vegetative cells expressing
low levels of omt12 are destined to differentiate into spore cells (designated as “spore-
destined” cells, hereafter). At first, om¢/2 was identified as one of the genes expressed
higher in anterior prestalk region than in posterior prespore region (SSK861 in Maeda et
al., 2003). The gene product is o-methyl transferase (OMT) family protein modifying the
resorcinol ring to synthesize a variant of 4-methyl-5-pentylbenzene-1, 3-diol (MPBD)
(Ghosh et al., 2008). MPBD has been reported to be involved in various events in
development: e.g., cCAMP signaling in early development, prestalk/prespore pattern
formation, and spore differentiation (Saito et al., 2006; Narita et al., 2011; Sato et al.,
2013; Narita et al., 2014). For these reasons, omt12 was especially focused as a candidate
involved in differentiation and further investigated in Kuwana et al. (2016).

Identifying omt12 as a marker gene allows us to distinguish between stalk-
destined and spore-destined cell at the vegetative phase before differentiation. However,
omtl2 is merely a marker gene and changes in its expression levels did not influence the

differentiation (Kuwana et al., 2016). Determinant factors remain unknown.
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2-5. The analyses performed in this study

In this study, I aimed to identify the actual factors to determine cell fates by applying the
advantage that cell fates can be predicted at the vegetative phase. Specifically, I separately
collected the stalk-destined and spore-destined cells according to om¢12 gene expression
levels and characterized the sorted cells.

I first performed RNA sequencing (RNA-seq) analysis to examine the
differences in gene expression levels between the stalk-destined and spore-destined cells.
The results of RNA-seq analysis suggested the activation of metabolic activity in the
stalk-destined cells. To prove this, I next measured the cellular concentration of ATP, a
product of metabolism, at the vegetative phase by both luciferase assay and microscopy.
For microscopic observation, I developed new ATP sensor probes which optimized for
Dictyostelium. ATP levels of the stalk-destined and spore-destined cells were also
monitored during development. As these experiments suggested the influence of ATP to
differentiation, I investigated the mechanism by ATP affect the developmental process,
by observing the fates of cells treated by inhibitors of ATP production and that of sorted
cells according to ATP levels.

Finally, I discussed the relationship between the influence of ATP found in this
study and other determinant factors which have been reported previously: intracellular

calcium concentration, cell cycle stage, and their crosstalk.

11



Vegetative

Fruiting Spore

bOdy cAMP wave

24h 1
Mound

prestalk \ prespore i Q
Slug \ﬁliew Top-view

— stalk

Fig.1 Schematic image of development of Dictyostelium discoideum

Schematic illustration of the developmental process of Dictyostelium discoideum. They
transfer to the developmental process in response to starvation. A slug consists of
prestalk cells at the anterior region (blue) and prespore cells at the posterior region (red).
Prestalk cells differentiate into stalk, and prespore cells differentiate into spore cells in a
fruiting body. Next generation amoeba cells are germinated from spore cells. Fruiting
body is usually formed within 24 hours.
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Fig.2 Chemotaxis to cAMP

Images showing the chemotaxis of wild-type Ax2 cells to 1uM cAMP solution provided
from the needle on the right in each image. Images were acquired every 5 seconds by
CM using a 10 X objective lens. The number in each image indicates time in minutes:
seconds. An image on right-bottom represents the diffusion pattern of cAMP; cAMP
solution with fluorescent dye, ATTO532, was used here for the visualization of cAMP.
Scale bar, 50 um.
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Fig.3 Expression of stalk marker and spore marker genes at the slug phase

Developmental process of cells expressing both ecmAp-RFP and pspAp-GFP; ecmA and pspA is
a marker gene expressing specifically in stalk and spore cell, respectively. Merged images of
bright-field and fluorescence images (top), RFP fluorescence images (middle, stalk marker)
and GFP fluorescence images (bottom, spore marker) are shown. Prestalk cells expressing
ecmAp-RFP and prespore cells expressing pspAp-GFP localized at anterior region and posterior
region in a slug, respectively (see also the schematic image in Fig.1). Z-stack images were
acquired every 10 minutes by FV1000 using a 20 X objective lens and projected with the
maximum intensity using Fiji. The number in each image indicates time in hours: minutes.
Scale bar, 500 pum.
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Fig.4 Progress time of developmental process of D. discoideum

(A) Representative progress time of developmental process of D. discoideum. Images were
acquired every 10 minutes by CM using a 10 X objective lens. The number in each image
indicates time in hours: minutes. White arrowhead in “16:00” and arrow in “20:00”
indicate the fruiting body under formation; they are corresponding to the same marks
shown in (B). Fruiting bodies are out of focus due to their 3D structures. Scale bar, 500 um.

(B) Side-view images showing the whole developmental process of D. discoideum; it is
referred from “https://en.wikipedia.org/wiki/Dictyostelid”. White arrowhead and arrow
indicate the side-view images of structures shown in “16:00” and “20:00” of (A),
respectively.
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GDT point

Fig.5 The relationship between cell fate and cell cycle stage

Schematic images showing the relationship between the cell fate and the cell cycle
stage described in previous studies (Maeda, 2005; Maeda, 2011). White arrow
indicates the GDT point (the transition point to differentiation from growth) existing
at G2 phase. Cells positioned after GDT point differentiate into stalk cells, whereas
cells positioned before GDT point differentiate into spore cells.
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3. Materials and Methods
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3-1. Plasmid constructs

The pDM vector series (Veltman et al., 2009) were used as backbone vectors for
generating new constructs. pDM358-om¢12p-mCherry construct was generated from
pDM304-omt12p-mCherry construct (a kind gift from Drs. Hashimura and Ueda, Osaka
Univ.) as follows: omt12p-mCherry region was excised by digestion with BglII and Spel
restriction enzymes, and inserted into pDM358 vector in order to render the drug
resistance to hygromycin from neomycin. Promotor sequence of omt/2p-mCherry was
amplified same as omt12p-GFP construct (Kuwana et al., 2016) by Dr. Hashimura. A
DNA plasmid coding mRFPmars under the promoter of act/5 gene (actl5p), one of the
house keeping genes, was used as a control construct containing only fluorescence
protein; actl 5p-mRFPmars sequence was inserted into pDM358 (designated as pDM358-
actl5p-mRFPmars). This construct is a kind gift from Mr. Degawa and Dr. Ueda (Osaka
Univ.). To visualize the cellular ATP level of D. discoideum, the DNA sequences of
MaLionG (Arai et al., 2018) and AT1.03NL (Imamura et al., 2009; Tsuyama et al., 2013),
ATP sensor probes used in human cells, were codon-optimized for D. discoideum; such
optimized ATP sensors were named as DicMaLionG and DicAT1.03NL, respectively.
That optimization and DNA synthesis were performed by GenScript service
(https://www.funakoshi.co.jp/contents/687) based on the codon usage information of D.
discoideum (http://www.kazusa.or.jp/codon/cgi-bin/showcodon. cgi?species=44689) and
their sequence information (Arai et al., 2018; for MaLionG) (Imamura et al., 2009;
Tsuyama et al., 2013; for AT1.03NL). That synthesized DNA fragments were digested by
BglII and Spel restriction enzyme and inserted into pDM304 vector carrying neomycin-
resistant sequence. DicMaLionR construct, where the GFP sequence of MaLionG was
replaced by RFP sequence, was made by Miss Mori with the same procedures as

described above.
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3-2. D. discoideum strains

D. discoideum wild-type strain Ax2 (in-house strain) was used as a parental strain. The
strain was cultured at 22°C in HL5 medium (pH 6.4-6.7) consisting of 86 mM glucose
(049-31165, WAKO), 7.15 g/L yeast extract (212750, BD Biosciences), 14.3 g/L proteose
peptone (212120, BD Biosciences), 3.6 mM KH>PO4 (169-04245, WAKO), 3.6 mM

Na;HPO4 + 12H>0 (196-02835, WAKO), 453 nM folic acid (060-01802, WAKO) and 44

nM VBI12 (220-00346, WAKO). 10 pg/ml Streptomycin/Penicillin (SP) solution (168-
23191, WAKO) was supplemented in HL5 medium for preventing the bacteria
contamination.

The neomycin-resistant omt¢/2p-GFP strain was obtained as described
previously (Kuwana et al., 2016). As a control against omt¢2p-GFP strain, actl5p-
mRFPmars strain (a kind gift from Mr. Degawa and Dr. Ueda, Osaka Univ.) was used.
Cell strains constitutively expressing DicMaLionG or DicAT1.03NL were generated by
transfecting the pDM304-DicMaLionG DNA plasmid or the pDM304-DicAT1.03NL
DNA plasmid, respectively, to wild-type Ax2 strain by electroporation; 20 pug/mL
neomycin (074-05963, FUJIFILM Wako Pure Chemical Corp., Osaka, Japan) was used
for the selection. pDM358-omtl2p-mCherry DNA plasmids were transfected by
electroporation to DicMaLionG strain for simultaneous imaging of omt/2 expressions
and ATP levels (designated as omtl2p-mCherry/DicMaLionG), and pDM358-actl5p-
mRFPmars DNA plasmids were also transfected to DicMaLionG strain as a control
(designated as act!/5p-mRFPmars/DicMaLionG); 20 pg/mL hygromycin (084-07681,
FUJIFILM Wako Pure Chemical Corp.) and 20 pg/mL neomycin were used for the
selection of these double-expressing strains .

Electroporation was performed using an ECM830 electroporator (BTX) in all

experiments (electric conditions - 500 V, 100 us % 10 pulses, 1-s interval). Clonal cells

19



were selected on the basis of fluorescence intensity on a 96-well plate (1860-096, IWAKI

Science Products, Shizuoka, Japan) and used for this study.

3-3. Induction of cell differentiation

First, 1% Bacto agar (214010, BD Biosciences) plates were prepared as a platform of
development. Bacto agar was dissolved in milliQ and applied ImL in 35 mm plastic dish
(3000-035, IWAKI). Cultured cells were washed twice with the potassium phosphate
buffer (KK2: 16.1 mM KH>POs, 4.0 mM K,HPO4, pH 6.1) and suspended at a cell density
of 4x107 cells/mL in same buffer for inducing the development by starvation. Then, 5-uLL
droplets of cell suspensions were spotted on Bacto agar plate and left still for 10 minutes
for cell attachment to agar. Extra solution should be removed by tilting dishes after cell
attachment for dry. Starved cells were incubated over night at 22°C to proceed the

developmental process.

3-4. Flow cytometry and cell sorting
For preparations of samples for flow cytometry, fluorescent cells of interest were first
suspended at a density of 5 x 10° cells/mL in HL5 medium. Then, 1 mL of the cell
suspension was subjected to centrifugation to collect the cells as a pellet. The pellets were
washed twice with KK2 buffer and resuspended in 0.8—1 mL of 0.3 mM EDTA in KK2
buffer to avoid cell-cell adhesion. During this process of sample preparations, cells were
kept on ice. Then the cell suspension was analyzed by a FACSAria III flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA).

Cell sorting according to the fluorescence intensity was performed using a
sorting system of the same flow cytometer. To set the sorting gate against fluorescent cells

of interest, wild-type Ax2 cells were used as negative control with no fluorescence; they

20



were prepared as described above. The sorting gates was set in the order of FSC-A/SSC-
A, FSC-A/FSC-W, SSC-A/SSC-W, and Fluorescence-A/count. Cells with the top 5%
fluorescence intensity and those with the bottom 5% fluorescence intensity were sorted
and used for subsequent experiments. The sorted cells were collected in 2 mL of HLS
medium containing 30 pg/mL chloramphenicol (08027-14, Nacalai Tesque, Kyoto,
Japan). This medium containing the sorting solution was replaced with fresh HLS
medium within 2 hours after sorting because sorting solution damage the sorted cells.
These cells were cultured in the medium for 4-12 hours to recover from cell damage
caused by the cell sorting procedure and were then used for subsequent experiments. The
quality of cell sorting was evaluated by reanalyzing the fluorescence distribution of the
sorted cells. For re-analysis, sorted cells were collected in 200 pL of 0.3 mM EDTA in
KK2 buffer and be analyzed again by flow cytometer. The quality-checked cell fractions

were used for further analysis.

3-5. RNA extraction and RT-PCR

Total RNA was extracted from the stalk-destined and spore-destined cells (high and low
expressing omt12p-GFP, respectively; quality-checked sorted cells) using the RNeasy
Plus Mini Kit (74134, QIAGEN), followed by the removal of contaminated genomic
DNA using the RNase-free DNase set (79254, QIAGEN). Then, 1 pg of the extracted
total RNA was reversely transferred into cDNA using M-MuLV Reverse Transcriptase
(M0253S, New England BioLabs, Tokyo, Japan). RT-PCR was performed with
THUNDERBIRD SYBR qPCR Mix (QPS-201, TOYOBO, Osaka, Japan) using the
cDNAs as templates by Eco Real-Time PCR system (Illumina, San Diego, CA, USA).
The PCR conditions were as follows: 1 cycle at 95°C for 1 minute and 40 cycles at 95°C

for 15 seconds, 55°C for 15 seconds, and 72°C for 30 seconds. The DNA sequences used
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as forward and reverse primer for the quantification of GFP expression were 5'-
ATGTCTAAAGGAGAAGAACTTTTC-3' (synthesized by FASMAC, Atsugi, Japan)
and 5'-TAAGTTTTCCGTATGTTGCATC-3' (synthesized by Sigma-Aldrich Inc., Tokyo,

Japan), respectively.

3-6. RNA-sequencing analysis
The quality-checked cell fractions of stalk-destined and spore-destined cells were used
for the RNA-sequencing (RNA-seq) analysis. Total RNAs were extracted and the quality
of them were checked by the quantification of GFP expressions as described above.
Comprehensive RNA-seq analyses were performed three times by the NGS service
(http://ngs-service.biken.osaka-u.ac.jp/index.php/ja/pricing-and-ordering-2/)  of  the
Genome Information Research Center (Osaka University, Suita, Japan). The differences
of expression of each gene between stalk-destined and spore-destined cells were
evaluated by the ratio of expressions in stalk-destined cell to those in spore-destined cell.

Measurements were performed in three biological replicates to obtain FPKM
values and counts. Genes were excluded by two thresholding steps: first, genes with
counts below 10 in either of the three experiments were excluded because these genes
produce unreliable values for the stalk/spore ratio; second, genes with larger than 2-fold
variations in the stalk/spore ratio across the three experiments were excluded to ensure
reproducibility.

To analyze the differences in the gene expression levels between the stalk-
destined and spore-destined cell, the genes of interest were selected based on the
annotation in the Dictyostelium database (dictyBase; http://dictybase.org). Metabolism-

99 ¢¢

related genes were selected using the words “metabolic process,” “glycolytic process,”

and “TCA cycle” in the gene ontology section of the dictyBase. calcium-related genes
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were selected using the phrase “upregulated in the presence of calcium” in the “gene
description” section of the dictyBase. Cell cycle-related genes were selected by referring
to previous studies on the relationship between cell cycle and differentiation (Maeda,

2005; Maeda, 2011).

3-7. Luciferase assay for the quantification of cellular ATP concentrations

ATP quantification was performed against cells in HL5 medium. Cells were suspended at
a density of 2 x 103 cells/mL. Then, 50 uL of the cell suspension (containing 1 x 10%
cells) and the same volume of CellTiter-Glo2.0 assay solution (G9242, Promega,
Madison, WI, USA) were added into each well of a white 96-well plate (3912, Corning,
Corning, NY, USA) and mixed vigorously by shaking for 5 minutes at room temperature
(25°C). The specimens were left undisturbed on a bench for 30 minutes at room
temperature to allow the reaction to occur, and then the amount of luminescence was
measured for 1 second using a luminometer (GloMax, Promega, Madison, WI, USA).
Various concentrations of ATP solutions were prepared from ATP powder (01072-11,
Nacalai Tesque, Kyoto, Japan) for plotting a calibration curve; they were dissolved in
HL5 medium as with the cells. Cellular ATP concentration was calculated from the
amount of luminescence in the wells with the assumption that a cell is spherical with a

diameter of 10 pm.

3-8. Fluorescence live-cell imaging

Fluorescence live-cell imaging was performed by confocal microscopy as described
below. Snapshot images were acquired with FV1000 (Olympus, Tokyo, Japan) using 10x
(UPlanSApo 10%/0.40 NA, Olympus), 20x (UPlanSApo 20x/0.75 NA, Olympus), 40x

(UPlanSApo 40%/0.95 NA, Olympus), or 60x oil immersion (UPlanApoN 60x/1.42 NA,
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Olympus) objective lens. Diode lasers and HeNe lasers were used as sources for providing
473-nm (GFP excitation) and 559-nm (RFP excitation) wavelength lights, respectively.
Time-lapse images were acquired using Dragonfly200 (Andor, Tokyo, Japan) equipped
with EMCCD (iXonUltra 888, Andor) cameras using 20x (Plan Apo 20x%/0.75 NA, Nikon,
Tokyo, Japan) or 60x oil immersion (Apo 60%/1.40 NA, Nikon) objective lenses. A solid-
state laser (ILE-400, Andor) was used as the source for providing 488-nm (GFP
excitation) and 561-nm (RFP excitation) wavelength lights. FRET images of
DicAT1.03NL cells were acquired by LSM780 (Zeiss, Jena, Germany) using 20x (Plan-
Apochromat 20x%/0.8 NA, Zeiss), 40x water immersion (C-Apochromat 40%/1.20 NA,
Zeiss), or 60x oil immersion (Plan-Apochromat 63%/1.40 NA, Zeiss) objective lenses.
Multi Ar lasers were used for providing 458-nm (CFP excitation) wavelength light. The
FRET images show the ratio intensities of YFP (ATP-bound)/CFP (ATP-free)
representing the ATP levels; they were obtained using “Ratio Plus,” a plugin of the Fiji
software (ver. 2.0.0-rc-69/1.52p, https://fiji.sc (Schindelin et al., 2012)).

For observing the developmental process of D. dictyostelium, development was
induced on the agar plate as described above. Then, a piece of agar plate was cut out and
placed upside-down on a 35-mm glass-bottom dish (P35G-1.5-14-C, MatTek, Ashland,
MA, USA) coated by 10 pL of liquid paraftin (261-17, Nacalai Tesque, Kyoto, Japan).
Wet papers were placed on the lid and around the glass part of the dish, and the dish was
sealed with parafilm to prevent drying during time-lapse imaging. Z-stack images (5-pm
steps for 80-100 um) were observed for acquiring the whole images of the 3D
multicellular body. To observe the single cells, cells were plated on the glass-bottom dish
and the dish was filled with 2 mL of KK2 buffer after cell attachment. For long-term

observation, 2 mL of mineral oil was layered on the KK2 buffer to prevent drying.
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3-9. Tracking the cells of interest during development

For inducing development, cells were washed twice with KK2 buffer and suspended in
the same buffer as described in previous section. In order to make it easy to track
fluorescently labeled cells during the developmental process, only 1-5% of labeled cells
were mixed with wild-type Ax2 cells with no fluorescence. For tracking cells in early
development (the vegetative phase to the mound phase), 20 pL of the mixed cell
suspension at a density of 5 x 10° cells/mL (containing 1 x 103 cells) was added into each
well of a 384-well glass-bottom plate (781091, Greiner Bio-One Japan, Tokyo, Japan) to
limit their movements to a small area. Then, 10 puL of excess solution was removed after
cell attachment, and 40 puL of 2% low-melting-point agarose (15517-022, Gibco-BRL,
Cheshire, UK) in milliQ was layered on the cell suspension for flattening the 3D
multicellular body. For tracking cells in late development (the mound phase to the slug
phase), mixed cells were developed on the agar plate and a piece of agar was cut out and
observed as described in previous sections. Cell tracking analysis against this observation
was performed by the 3/4D Image Visualization and Analysis Software “Imaris”

(ver.9.3.1, Bitplane AG, Abingdon, UK https://imaris.oxinst.com).

3-10. Treatment with inhibitor drugs of ATP production

For decreasing the ATP levels of cells, 3-Bromopyruvic acid (3-BrPA; sc-260854, Santa
Cruz Biotechnology, Dallas, TX, USA) or oligomycin (mixture of A, B, and C isomers;
0-500, Alomone Labs, Jerusalem, Israel), inhibitors of ATP production, was added to
HLS5 medium at the final concentrations of 1 mM and 2.5 uM, respectively. Cells were
incubated at 22°C in HL5 medium containing each inhibitor for 24 hours, washed twice
with KK2 buffer or HL5 medium, and then suspended in the same buffer for subsequent

experiments.
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4. Results

26



4-1. Gene expression analysis against stalk-destined and spore-destined cells

I compared the gene expression levels of stalk-destined and spore-destined cells about all
genes of D. discoideum. Those two cell populations were separately collected by a cell
sorter according to the GFP expression of omtI2p-GFP cells at the vegetative phase
(Fig.6), and total mRNAs contained in those cells were extracted to quantify the gene
expression levels; the sorting quality was confirmed by both re-analysis of sorted cells
and the quantification of GFP expression levels by RT-PCR (Fig.7). Then, comprehensive
RNA-sequencing (RNA-seq) analyses against such quality-checked RNA samples were
performed three times; 8,191 genes out of all 12,257 genes of D. discoideum were
detected in total. RNA-seq results showed that the expression levels were different more
than 2 folds between stalk-destined and spore-destined cells in 31 genes; out of the 31
genes, 17 were higher in stalk-destined cells and 14 were higher in spore-destined cells
(Fig.8 and Table.1). However, the functions of majority of such genes were unknown.

In order to identify the factors inducing the different cell fates in stalk-destined
and spore-destined cells, I focused several factors which have been reported to affect the
developmental process of D. discoideum: i.e., intracellular calcium concentration, cell
cycle stage, and metabolic activity. I examined the expression levels of genes related to
them. The results studying about metabolic activity will be explained from next chapter,

and the consideration about other factors will be discussed later in chapter 4-9.
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Fig.6 Sorting of the stalk-destined and spore-destined cells

A typical image of amoeba cells expressing omt2p-GFP used for cell sorting (left)
and a typical distribution of the fluorescence intensity of omt12p-GFP cells measured
using a flow cytometer (right). Top 5% and bottom 5% of omt12p-GFP-expressing
cells were collected as the stalk-destined and spore-destined cells, respectively, and
used for further analysis. Scale bar, 50 um.
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(A) Fluorescence intensity of omtI2p-GFP cells was measured by flow cytometry before
and after sorting to quality-check the cell specimens. Typical fluorescence intensity
distributions of total cell population before sorting (top panel), sorted cells of top 5%
populations (stalk-destined; middle panel), and bottom 5% populations (spore-destined;
bottom panel) are shown.

(B) Expression levels of omt2p-GFP measured by RT-PCR in the spore-destined and stalk-
destined cells sorted as in (A). The average expression level in the spore-destined cells was
set to 1. The number (n) of measurements; n = 29 and 28 from the left. The data is presented
as box-and-whisker plots: the box indicates the median and the upper and lower quartiles;
the whisker indicates the range. Data were analyzed by the unpaired two-tailed Student’s t-

test. ***p <0.001.
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Fig.8 RNA-seq results for all genes

Analysis of RNA-seq results. The ratio of the expression of a particular gene in the
stalk-destined cell to that in the spore-destined cell (stalk/spore ratio) was calculated
for 8,191 genes; average values of three trials were plotted as a histogram on a
semilogarithmic graph. The number at the top of each column indicates the number
of genes belonging to that group. The color scale is given on the right, and the
numbers on the right of the color scale are ratios.
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Table.1 Genes with large differences as much as 2-fold

List of 31 genes with large differences of expression between stalk-destined and
spore-destined cells: 17 genes with high expression in the stalk-destined cells (listed
in upper part) and 14 genes with high expression in the spore-destined cells (listed
in lower part). The “Ratio” values indicate mean of three RNA-seq measurements.
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Higher in spore-destined cells

Gene name Protein name Ratio
1 |DDB_G0268640 hypothetical protein DDB_G0268640 5.030
2 |DDB_G0276219  |hypothetical protein DDB_G0276219 3.102
3 |DDB_G0280703 elongation factor 1b-related protein 3.006
4 |DDB_G0290545 hypothetical protein DDB_G0290545 2.749
5 |DDB_G0276731 hypothetical protein DDB_G0276731 2.739
6 |abcC10 ABC transporter C family protein 2.685
7 |DDB_G0284277  |hypothetical protein DDB_G0284277 2.435
8 |abcG10 ABC transporter G family protein 2.375
9 |DDB_G0272160  |hypothetical protein DDB_G0272160 2.334
10 |cinB esterase/lipase/thioesterase domain-containing protein 2.329
11 |DDB_G0275161 hypothetical protein DDB_G0275161 2.234
12 |DDB_G0272146 hypothetical protein DDB_G0272146 2.193
13 |DDB_G0276097 hypothetical protein DDB_G0276097 2172
14 |cbpD1 calcium-binding protein 2.112
15|DDB_G0288507  |arylamine N-acetyltransferase family protein 2.045
16 |DDB_G0290975 alpha/beta hydrolase fold-3 domain-containing protein 2.026
17 |cafA hypothetical protein DDB_G0277827 2.001
1 |DDB_G0288591 short-chain dehydrogenase/reductase family protein 0.497
2 |expl2 expansin-like protein 0.495
3 |DDB_G0271218 hypothetical protein DDB_G0271218 0.482
4 |DDB_G0280051 hypothetical protein DDB_G0280051 0.476
5 |DDB_G0267868 hypothetical protein DDB_G0267868 0.430
6 |DDB_G0280461 LISK family protein kinase 0.425
7 |DDB_G0281607 hypothetical protein DDB_G0281607 0.423
8 |cnrJ carbohydrate-binding domain-containing protein 0.414
9 |DDB_G0269452 hypothetical protein DDB_G0269452 0.350
10 |DDB_G0287581 hypothetical protein DDB_G0287581 0.341
11 |celB cellulase 270-11 0.317
12 |DDB_G0282715 hypothetical protein DDB_G0282715 0.313
13 |sigB "peptidase M8, leishmanolysin family protein” 0.312
14 |DDB_G0280919 hypothetical protein DDB_G0280919 0.239
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4-2. Higher metabolic activity in stalk-destined cells
A metabolism-related factor, in particular, the glucose concentration in culture medium is
known as one of the factors to affect the cell fate determination in D. discoideum. Previous
studies have reported that undifferentiated amoeboid cells cultured in a glucose-free
medium differentiate into stalk cells when mixed with cells cultured in a glucose-
containing medium (Leach et al., 1973; Tasaka and Takeuchi, 1981; Thompson and Kay,
2000; Chattwood and Thompson, 2011). So I examined the expression levels of 304
metabolism-related genes selected based on the annotation in Dictyostelium database
(dictyBase, http://dictybase.org); genes annotated by “metabolic process”, “glycolytic
process”, and “tricarboxylic acid (TCA) cycle” were selected as metabolism-related
genes. Then I calculated the ratios of the expression levels in the stalk-destined cells to
that in spore-destined cells for each gene. Result showed that 210 genes, corresponding
to an approximately 70% of metabolism-related genes, expressed higher in stalk-destined
cells than in spore-destined cells (Fig.9A). Furthermore, the group contains 6 limiting
enzymes functioning in the major metabolic pathways: glycolysis and TCA cycle (Fig.
9B and Table.2). Glycolysis and TCA cycle are parts of major metabolic pathways called
central metabolism, producing ATP molecules as energy resource. So these results of gene
expression analysis suggested that ATP production is more activated in stalk-destined
cells than in spore-destined cells.

Then, I quantified the cellular ATP concentrations of them by luciferase assay.
ATP quantification was performed against stalk-destined and spore-destined cells
incubated for 4-12 hours after cell sorting to reduce the cell damage caused by sorting.
This incubation time was confirmed to be proper, as the ATP concentrations of cells
incubated for longer than 4 hours (4, 8, 12, 24 hours) were kept constant as higher levels

than that of cells just after sorting (Fig.10). Although 24-hours incubation was also proper
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in the perspective of ATP level, it had a problem in the quality of sorted cells; the
distribution of GFP fluorescence intensity of sorted cells started to move back to unsorted
distribution 12 hours later, and in particular, the distribution of bottom 5% populations
(spore-destined cells) at 24-hours-later completely changed (Fig.11). To keep the quality
of the sorted cells, I set the up-limit of incubation time as 12 hours later from sorting and
performed the following experiments in this rule.

Luciferase assay for ATP quantification revealed that stalk-destined cells
actually had higher ATP concentrations than spore-destined cells at the vegetative phase
(Fig.12). As a control, same assay was performed using act/5p-mRFPmars cells instead
of omt12p-GFP cells; actl5 is one of the house-keeping genes expressing constantly.
Cells with the top 5% fluorescence intensity and those with bottom 5% fluorescence
intensity were sorted respectively (Fig.13A), and their ATP concentrations were measured
by luciferase assay. Result showed that cells in either populations had statistically same
ATP levels (Fig.13B), indicating that expression of fluorescence protein itself makes no
influence to cellular ATP concentrations. These results demonstrated that stalk-destined
cells (highly expressing omt!2p-GFP) had higher ATP concentrations at the vegetative
phase, perhaps due to the multiplication of the slightly higher expressions of metabolism-
related genes.

However, this result of ATP quantification was obtained in not-physiological
condition as the used cells were sorted and eluted for luciferase assay. In order to confirm
this result in physiological condition, I tried to investigate the correlation between omt12
expressions and ATP levels by microscopy. For this purpose, I first established the ATP

sensor probes working in D. discoideum.
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Fig.9 RNA-seq results for metabolism-related genes

(A) The stalk/spore ratio of expression of 304 metabolism-related genes. The color
scale is the same as that mentioned in Fig.8.

(B) The stalk/spore ratio of expression of genes involved in major energy production.
Left 3 and right 3 columns indicate the ratios of genes involved in the glycolysis and
TCA cycle, respectively.
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Table.2 Genes encoding limiting enzymes in the glycolysis and TCA cycle

List of 10 genes encoding limiting enzymes in the glycolysis and TCA cycle. As several
genes involved in the TCA cycle pathway encode same enzyme, most highly expressing
genes were selected as representative data shown in the graph of Fig.9B; such genes are
marked in the rightmost column. The “FPKM” values indicate the expression levels of each
gene provided by NGS service in three RNA-seq measurement. The “Mean ratio” values
indicate the mean of the ratios of the expression levels of each gene in the stalk-destined cell
to that in the spore-destined cell for three RNA-seq measurement.

, 1st (FPKM) 2nd (FPKM) 3rd (FPKM) | Mean | _.
Protein name . |Fig.9B
stalk- = spore- stalk- = spore- stalk- = spore- WEWS
6-phosphofructokinase 126.99 108.11| 137.68 133.22| 164.56 140.01| 1.13|
pyruvate kinase 735.03 595.95| 532.47 522.61| 673.80 610.28| 1.12|
glucokinase 3598 34.39| 29.40 26.46| 43.99 4005 1.09| Vv
"2-oxoglutarate dehydrogenase, E1 subunit" | 168.78 185.38| 590.99 517.37| 199.63 188.22| 1.04|
oxoglutarate dehydrogenase 66.84 53.88] 93.41 78.99| 69.21 58.94| 1.20
isocitrate dehydrogenase (NAD+) 503.16 476.11/1065.15 955.41| 501.19 483.59| 1.07|
isocitrate dehydrogenase (NAD+) 431.80 437.02| 665.81 549.86| 507.14 448.69| 1.11
"citrate synthase, mitochondrial" 1833.92 1496.73|2570.88 2267.00|2094.84 1797.53| 1.17|
citrate synthase 85.89 128.37| 611.55 579.61 89.72 103.41| 0.86
citrate synthase 4740 42.65| 7251 63.27| 37.09 34.02| 1.12
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Fig.10 The recovery of cellular ATP concentration from the damage

Cells exposed with the sorting solution for 2 hours were incubated in fresh culture
medium for each time duration written in bottom of the graph for the recovery from the
damage by sorting solution. Their cellular ATP concentrations after incubation were
measured by luciferase assay. The number (n) of measurements; n=16 in all samples.
The data is presented as box-and-whisker plots: the box indicates the median and the
upper and lower quartiles; the whisker indicates the range. Dashed line indicates the
median value of samples incubated for 4 hours.
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Fig.11 The change of fluorescence distribution of sorted cells

Fluorescence intensity of sorted omt12p-GFP cells was measured by flow cytometry after

Oh (top panels), 12h (middle panels) and 24h (bottom panels) from sorting. Typical
fluorescence intensity distributions of sorted cells of bottom 5% populations (left panel),
and top 5% populations (right panel) are shown.

37



*%

1.4
1.2
1.0 —
0.8
0.6
0.4
0.2

Cellular ATP concentration (mM)

Spore- Stalk-
destined destined

Fig.12 ATP quantification of spore-destined and stalk-destined cells

Cellular ATP concentrations were measured by luciferase assay. The number (n) of
measurements; n = 12 (spore-destined) and n = 10 (stalk-destined). The data is
presented as box-and-whisker plots: the box indicates the median and the upper and
lower quartiles; the whisker indicates the range. Data were analyzed by a unpaired
two-tailed Student’s t-test. **p <0.005.
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Fig.13 ATP concentrations of cells sorted according to actl5 expression

(A) Fluorescence intensity of actl5p-GFP cells was measured by flow cytometry before and
after sorting to quality-check the cell specimens. Typical fluorescence intensity distributions
of total cell population before sorting (top panel), sorted cells of top 5% populations (middle
panel), and bottom 5% populations (bottom panel) are shown.

(B) Cellular ATP concentration of sorted actl5p-GFP cells were measured by luciferase
assay. The number (n) of measurements; n = 10 (bottom 5%) and n = 14 (top 5%). The data
is presented as box-and-whisker plots: the box indicates the median and the upper and lower
quartiles; the whisker indicates the range. Data were analyzed by a unpaired two-tailed
Student’s t-test. N.S. indicates “Not Significant”.
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4-3. Visualization of cellular ATP levels by optimized ATP sensor probes

To visualize the ATP levels in D. discoideum, MalLionG and AT1.03NL were chosen as
the ATP sensor probes working in low-temperature that is suitable for D. discoideum
culture. MaLionG is an intensiometric indicator consisted of a GFP variant citrine which
divided by an ¢ subunit of the ATP-binding region on the bacterial FoFi-ATP synthase
(Fig.14A) (Arai et al., 2018). AT1.03NL is a ratiometric FRET probe consisted of a CFP
and YFP which divided by same ATP-binding region as MaLionG (Fig.14B) (Imamura
et al., 2009; Tsuyama et al., 2013). The codon usages of these indicator probes were
optimized based on D. discoideum codon usage; each probe was named as DicMaLionG
and DicAT1.03NL, respectively. Their intensities decreased when treated by oligomycin,
an inhibitor of ATP synthesis, showing that these probes represented the cellular ATP
levels in D. discoudeum (Fig.15, 16).

However, the alteration of DicAT1.03NL intensity when treated by oligomycin
(Fig.16C) and the heterogeneity of the fluorescence intensities at the vegetative phase
(Fig.16A, leftmost) were minor compared to those of DicMaLionG (Fig.15). It may be
caused by the difference of sensitivities of their original probes: MaLionG and
AT1.03NL; AT1.03NL had a little lower sensitivity than MaLionG (see Kd values in
Fig.14). My result of luciferase assay (Fig.12) and previous works (Roos et al., 1977)
showed that cellular ATP concentration of D. discoideum is approximately 1mM: it is
lower than that in other organisms (Zimmerman et al., 2011). As a little difference of
sensitivities between MalionG and AT1.03NL will be critical in D. discoideum with
lower ATP levels, ATP visualization by DicAT1.03NL may be difficult. Therefore,
DicMaLionG was mainly used hereafter and DicAT1.03NL was used only for important

experiments that should be confirmed by both probes.
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Fig.14 Schematic images of ATP sensor probes

(A) Schematic image of MaLionG (Arai et al., 2018). Left-side and right-side images
represent the condition with ATP-bound and with ATP-free, respectively. GFP fluorescence
can be observed when ATP-bound.

(B) Schematic image of AT1.03NL (Imamura et al., 2009). Left-side and right-side images
represent the condition with ATP-free and with ATP-bound, respectively. CFP fluorescence
is observed when ATP-free and YFP fluorescence as a result of FRET is observed when
ATP-bound. ATP level is indicated by the ratio of their fluorescence intensity (YFP/CFP).
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Fig.15 Evaluation of DicMaLionG as an ATP sensor probe

(A) Fluorescence images of DicMaLionG. The amoeba cells were treated with oligomycin
(bottom panels) and dimethyl sulfoxide (DMSO) as a control solvent (top panels) for
indicated time periods. Images were acquired every 10 seconds by Dragonfly200 using a

60 X oil immersion objective lens. Scale bar, 50 pm.
(B) The fluorescence intensity (ATP level) of cells in (A) are indicated by this color scale.

(C) Changes in fluorescence intensity (ATP level) over time during drug treatment. Changes
in fluorescence intensity were measured over time for individual cells by Fiji. The rate of
change was plotted with the intensity at the start (—5 min) as 1. Gray and blue lines indicate
DMSO and oligomycin treatment, respectively. The number (n) of analyzed cells; oligomycin
(n=42) and DMSO (n = 5). Mean and SD are shown.
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Fig.16 Evaluation of DicAT1.03NL as an ATP sensor probe

(A) Fluorescence images of DicAT1.03NL. The amoeba cells were treated with oligomycin
(bottom panels) and DMSO as a control solvent (top panels) for indicated time periods. These
are ratio images depicting the values of YFP/CFP intensity (see Materials and Methods
section for details). Images were acquired every 10 seconds by LSM780 using a 63 X oil
immersion objective lens. Scale bars, 50 pm.

(B) The fluorescence intensity (ATP level) of cells in (A) are indicated by this color scale.

(C) Changes in YFP/CFP ratio (ATP level) over time during drug treatment. Changes in
YFP/CFP ratio were calculated over time for each cell. The rate of change was plotted with

the intensity ratio at the start (—5 min) as 1. Blue and gray lines indicate oligomycin and
DMSO treatment, respectively. The number (n) of analyzed cells; oligomycin (n = 15) and
DMSO (n = 10). Mean and SD are shown.
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4-4. Correlation between omt12 expressions and ATP levels

As DicMaLionG probe enabled me the visualization of cellular ATP levels in D.
discoideum, 1 investigated the correlation between omt12 expressions and ATP levels by
microscopic observation using omtl2p-mCherry/DicMaLionG cells in order to confirm
the result of luciferase assay. Observation of these cells at the vegetative phase showed
that the intensities of om¢/2p-mCherry and that of DicMaLionG (ATP level) were high
correlated (Fig.17A). I also observed the cells expressing actl5p-mRFPmars instead of
omtl2p-mCherry as a control. In this case, the intensities of act/5p-mRFPmars and
DicMaLionG showed no correlation (Fig.17B). These observation at the vegetative phase
showed that omt12 expressions and ATP levels were high correlated also in physiological
condition, confirming the result that stalk-destined cells (highly expressing omt/2) had
higher ATP levels than spore-destined cells (low expressing omt12).

The correlation between omt12 expressions and ATP levels was also observed
at various developmental stages using omtl2p-mCherry/DicMaLionG cells. For easy
analysis of correlation, only 1% fluorescent cells were mixed to wild-type Ax2 cells with
no fluorescence. Results showed that om¢/2 expressions and ATP levels were highly
correlated at all stages including vegetative phase, aggregation phase, loose/tight mound
phase, and slug phase (Fig.18). This high correlation throughout the developmental
process suggested that the ATP levels of stalk-destined cells are kept higher during

development, until the differentiation to stalk cells.
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Fig.17 Correlation between omt12 and ATP levels at the vegetative phase

(A) Images of cells of the omtl2p-mCherry/DicMaLionG double-expressing strain: omtl2p-
mCherry (magenta), DicMaLionG (ATP) (green), a bright field image, and the merged image as
indicated in the panels. These images were acquired by FV1000 using a 60 X oil immersion
objective lens. Scale bar, 50 um. The graphs indicate plots of the values obtained by measuring the
intensity of each cell and dividing by the mean intensity; the line indicates the linear regression of

the plots. The number (n) of cells: n=190.

(B) Images of cells of the act/5p-mRFPmars/DicMaLionG double-expressing strain: actl5p-
mRFPmars (magenta), DicMaLionG (ATP) (green), a bright field image, and the merged image as
indicated in the panels. These images were acquired by FV1000 using a 60 X oil immersion
objective lens. Scale bar, 50 um. The graphs indicate plots of the values obtained by measuring the

intensity of each cell and dividing by the mean intensity. The number (n) of cells: n=214.
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Fig.18 Correlation between omt12 and ATP levels during development

(A) Cells expressing omt12p-mCherry (magenta) and DicMaLionG (ATP; green) were mixed
with wild-type Ax2 cells (not expressing fluorescent protein) at a ratio of 1%, and the
process of development was observed. Bright-field images (top), fluorescence images of
omt12p-mCherry (second row), that of DicMaLionG (third row), and their merged images
(bottom) are shown. Dashed lines indicate the periphery of cellular population. These images
were obtained by FV1000 using a 40 X objective lens. Scale bars, 50 um.

(B) Lower graphs indicate the correlation between two fluorescent proteins. The graph
indicates the plots of the values obtained by measuring the intensity of each cell and dividing
by the mean intensity; the lines indicate the linear regression of the plots. The number (n) of
the cells tested is indicated in each graph.
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4-5. Higher ATP levels of stalk cells throughout the developmental process

In order to investigate the ATP levels of stalk-destined cells and stalk cells in the
developmental process, I observed the various developmental stages using DicMaLionG
cells including vegetative phase, mound phase, slug phase, culminant phase, and fruiting
body phase. Results showed that cells localized in the anterior prestalk region of a slug
and in the stalk cells of a fruiting body had actually higher ATP levels (Fig.19A). To
further confirm this result, a FRET-type ATP sensor probe, DicAT1.03NL, was used.
DicAT1.03NL revealed a similar localization pattern as that observed when using
DicMaLionG (Fig. 19B). In contrast, control cells expressing act!5p-mRFPmars showed
a diffuse distribution throughout the multicellular body at various stages of development
(Fig. 19C). Taken together with the result of ATP quantification at the vegetative phase,
it was shown that stalk cells kept higher ATP levels throughout the developmental process
from before differentiation, suggesting that cells with higher ATP levels at the vegetative
phase differentiate into stalk cells later.

To confirm it directly, we tracked the ATP-rich cells from the vegetative phase
until slug formation by observing the developmental process of the mixed cell population
of DicMaLionG cells and wild-type Ax2 cells. This observation duration is enough to
identify the fate of cells, as cells localized at anterior prestalk region of a slug normally
differentiate into stalk cells later. As a control, ATP-poor cells were also tracked. First, I
observed the aggregation process from the vegetative phase to the mound phase;
DicMaLionG cells were mixed 5% here. Both ATP-rich cells and ATP-poor cells
aggregate to form a mound with keeping their initial intensities (Fig.20). At this point,
neither of them localized at specific region in a mound (Fig.20A). Second, I observed the
process of slug formation from a mound contained DicMaLionG cells with 1%. Here,

ATP-rich cells first moved rotationally along the edge of a mound until slug formation,
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and then moved toward the anterior prestalk region of a slug (see red lines in “1:30” -
“2:30” of Fig.21). ATP-poor cells moved rotationally as same with ATP-rich cells at first.
However, they did not reach the anterior prestalk region and stayed at the middle region
(spore region) of a slug (see green and purple lines in “1:30” - “2:30” of Fig.21). These
observations support the hypothesis that the ATP-rich cells at the vegetative phase

differentiate into stalk cells.
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Fig.19 Imaging of ATP levels during development
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Fig.19 Imaging of ATP levels during development

(A) Typical fluorescence images of DicMaLionG in each stage of development (upper
panels), and schematics of the corresponding developmental stages (bottom). The
DicMaLionG expressing strain was used. ATP levels are indicated by the color scale
presented on the right. White lines indicate cells with high fluorescence intensity. Images
were acquired by FV1000 and projected with the maximum intensity of z-stack images
using Fiji. Objective lenses used: 60 X oil immersion lens for vegetative cells; 40 X lens
for the mound; and 20 X lens for the slug, culminant, and fruiting body.

(B) Typical FRET ratio images of DicAT1.03NL in each stage of development (upper
panels), and schematics of the corresponding developmental stages (bottom). The
DicAT1.03NL expressing strain was used. ATP levels are indicated by the color scale
presented on the right. White lines indicate cells with high fluorescence intensity. Images
were acquired by LSM780 and projected with the maximum intensity of z-stack images
using Fiji. Objective lenses used: 60 X oil immersion lens for vegetative cells; 40 X lens
for the mound; and 20 X lens for the slug, culminant, and fruiting body.

(C) Typical fluorescence images of actlSp-mRFPmars in each stage of development
(upper panels), and schematics of the corresponding developmental stages (bottom). The
act]15p-mRFPmars expressing strain was used. Expression levels of act/5p-mRFPmars are
indicated by the color scale presented on the right. Images were acquired by FV1000 and

projected with the maximum intensity of z-stack images using Fiji. Objective lenses used:
60 X oil immersion lens for vegetative cells; 40 X lens for mound; 20 X lens for slug and

culminant; 40 X lens for the fruiting body.
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Fig.20 Tracking of cells in the aggregation process

(A) Tracking of single cells of interest during development from the vegetative phase to
the mound phase. Upper and middle panels indicate bright-field and fluorescence images,
respectively. Z-stack images were acquired every 3 minutes by Dragonfly200 using a 20 X
objective lens and projected with the maximum intensity using Fiji. The number in each
image indicates time in hours:minutes. Representative trajectories of three individual cells
are shown in the fluorescence images; their colors represent the fluorescence intensity
(ATP level) of individual cells as the color scale in (D). Dashed lines indicate the
periphery of mounds. Scale bar, 100 pm.

(B) This 3D graph shows the trajectories of three cells indicated in (A) over time; their
colors represent the fluorescence intensity as same.

(C) This graph indicates the plots of mean fluorescence intensity of all tracked cells with
high ATP levels (red) and low ATP levels (green); mean and SD is plotted over time (n =7
and n = 5 for high and low ATP levels, respectively). Initial intensity of each cell is shown
at the left of the graph.

(D) The fluorescence intensity (ATP level) of cells in (A) and (B) are indicated by this
color scale.
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Fig.21 Tracking of cells in the process of slug formation

Tracking of single cells of interest during development from the mound phase to the slug
phase. Upper panels indicate the merged images of bright-field and fluorescence images, and
middle panels indicate the fluorescence images with trajectories over time. The number in
each image indicates time in hours:minutes. Z-stack images were acquired every 3 minutes by
Dragonfly200 using a 20 X objective lens. The color of trajectories represent their intensity as
same in Fig.20D. Bottom panels indicate the enlarged images of right 3 images of the middle
panels. Yellow arrowheads indicate where the anterior prestalk region was formed. White
arrows indicate moving direction of cells. Scale bar, 100 um.
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4-6. Changes of cell fates from stalk-destined cells into spore cells

In order to understand the importance of ATP in cell differentiation, I tried to reduce the
cellular ATP concentrations of stalk-destined cells at the vegetative phase and observe the
future cell fates. For reducing the cellular ATP concentrations, two drugs were chosen as
inhibitors of ATP synthesis (Fig. 22A): 3-bromopyruvic acid (3-BrPA; an inhibitor of
enzyme activity of hexokinase II and a rate-limiting and critical enzyme of glycolysis)
(Ko et al., 2001; Geschwind et al., 2002) and oligomycin (an inhibitor of ATP synthase
activity in mitochondria) (Chappell and Greville, 1961; Kim and Berdanier, 1999;
Cunningham and George, 1974). The cellular ATP concentrations of stalk-destined cells
at the vegetative phase sufficiently reduced to equal as or lower than that of spore-
destined cells by treatment of these inhibitors (Fig.22B). Under the same condition, stalk-
destined cells (highly expressing omt12p-GFP) were treated by 3-BrPA or oligomycin to
reduce their cellular ATP concentrations. Treated stalk-destined cells were mixed at a
ratio of 2:8 with untreated wild-type Ax2 cells with no fluorescence to accommodate for
development initiation, and the fates of those treated stalk-destined cells were observed
at the slug phase and the fruiting body phase.

First, I observed the fates of the treated stalk-destined cells (highly expressing
omt12p-GFP) in a slug. In the control, the untreated stalk-destined cells localized in the
anterior prestalk region of a slug as expected (Fig.23A, left). In contrast, stalk-destined
cells treated by 3-BrPA or oligomycin did not localize in the anterior prestalk region, but
scattered throughout the slug (Fig.23A, middle and right). For the analysis of localization
of stalk-destined cells, slug was divided into 10 sections from the anterior region to the
posterior region so that each section has almost same area. Then GFP fluorescence
intensity in each section was measured by fiji software and normalized values by dividing

by the mean intensity of all 10 sections were plotted (Fig.23A, bottom). These graphs
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also demonstrated that untreated stalk-destined cells as a control had strong GFP
localization in the anterior prestalk region, whereas treated stalk-destined cells lost their
localization. Next, I observed the fates of treated stalk-destined cells in a fruiting body.
In the control, the untreated stalk-destined cells differentiate into stalk cells as expected
and GFP fluorescence was not observed in the spore region (Fig.23B, left). In contrast,
GFP fluorescence of stalk-destined cells treated by 3-BrPA or oligomycin were not
observed in stalk region but in spore region of a fruiting body (Fig.23B, middle and right),
suggesting that they changed the cell fates from stalk cells to spore cells. Two inhibitors
working in different pathways, glycolysis and mitochondrial ATP synthesis, showed
similar results. As the common goal of these pathways is the production of ATP molecule,
it is possible that the changes of cell fates was caused by the reduce of ATP levels by the
treatment of these inhibitors. These results demonstrated that ATP influences the cell fate

determination in D. discoideum differentiation.
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Fig.22 The effects of two drugs to inhibit the ATP synthesis

(A) Schematic diagram showing the reaction sites where each inhibitor has an effect. 3-BrPA
inhibits the limiting enzyme (hexokinase II) activity in glycolysis, and oligomycin inhibits an
ATP synthase required for ATP production in mitochondria.

(B) Cellular ATP concentration in the cells untreated or treated with drugs as measured by
luciferase assay. The red dashed line represents the median value of cellular ATP concentration in
untreated spore-destined cells. The number of specimens tested; n = 27, 28, 15, and 13 from the
left. The data is presented as box-and-whisker plots: the box indicates the median and the upper
and lower quartiles; the whisker indicates the range. Data were analyzed by the unpaired two-
tailed Student’s t-test. ***p <0.001.
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Fig.23 The cell fate of ATP-reduced stalk-destined cells

(A) Fluorescence images of omt12p-GFP in a slug. The stalk-destined cells collected using a cell
sorter were untreated (control, left panel) or treated with 3-BrPA (middle panel) or oligomycin
(right panel) and mixed at a 2:8 ratio with wild-type Ax2 cells (not expressing GFP) for observing
their cell fates. Dashed lines indicate the periphery of a slug. The schematic diagram on the right
of each image shows an overview of the results obtained. These images were acquired by FV1000
using a 20 X objective lens and projected with the maximum intensity of z-stack images by Fiji.
The lower graphs show the GFP fluorescence intensity quantified in each section obtained by
dividing the slug into 10 sections from the anterior to the posterior. Each section was divided to
have the same area. The values were calculated as (intensity of each section)/(mean intensity of
10 sections). The number of samples tested, n = 11, 8, and 6 from the left. Scale bars, 50 um.

(B) A fruiting body observed in the same manner as (A). Dashed lines indicate the periphery of a
fruiting body. The spore regions and stalk regions indicated by dotted squares are enlarged and
displayed in the lower panels. These images were acquired by FV1000 using a 20 X objective

lens and projected with the maximum intensity of z-stack images by Fiji. Scale bars, 100 um.
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4-7. The regulation of cell fates of differentiation by relative ATP levels

The hypothesis that ATP influences the cell fate determination raises the further question
about the mechanism. [ wonder which is important to regulate the cell fates: the absolute
value of cellular ATP concentration or the relative value. In order to reveal this question,
ATP-rich cells (top 5% fluorescence intensity of DicMaLionG) and ATP-poor cells
(bottom 5% fluorescence intensity of DicMaLionG) were separately collected by a cell
sorter, and then starved independently to induce development. In a case that absolute
value is important, all of cells contained in the top 5% populations are expected to
differentiate into stalk cells, whereas those in the bottom 5% populations will differentiate
into spore cells. In contrast, when differentiation is regulated by relative value, cells with
higher ATP levels and those with lower ATP levels in each population are expected to
differentiate into stalk and spore cells, respectively; normal fruiting body will be formed
in this case. As a result, both ATP-rich cells and ATP-poor cells finally formed a normal
fruiting body, but the formation of fruiting body was largely delayed in comparison with
wild-type Ax2 cells as a control (Fig.24). Furthermore, ATP levels were a little higher in
the anterior prestalk region of a slug composed of ATP-rich cells (Fig.25, top). Difference
in ATP levels was not detected in a slug composed of ATP-poor cells (Fig.25, bottom),
however it may be due to insufficient sensitivity of DicMaLionG probe to detect subtle
difference. These results suggest that relative ATP level among cells is important to affect

the cell fates of differentiation.

However, in addition to the delay of formation, strange structures of fruiting
bodies were also observed in both ATP-rich and ATP-poor cell populations (Fig.26). In
the ATP-rich cell population (top 5%), it appeared that a part of the posterior prespore
region of a slug was left behind during the formation of a fruiting body (Fig.26B, left). In

the ATP-poor cell population (bottom 5%), it appeared that stalk cells were abnormally
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formed from a slug (Fig.26B, right). These results demonstrated the possibility that the
differentiation into spore or stalk cells turned difficult in the top 5% and the bottom 5%
cell populations, respectively. Taken together, it is plausible that the cell fates can be
basically regulated by relative ATP levels, but it possibly needs the somewhat wide

distribution of ATP levels for the smooth proceeding of differentiation.
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Fig.24 The developmental process of ATP-rich and ATP-poor cell population

(A) Representative bright-field images of wild-type Ax2 cells as a control which were observed
16 hours later from development initiation. These images were acquired by FV1000 using a 20 X
objective lens. Scale bars, 200 um.

(B) Representative bright-field images of ATP-rich (left) and ATP-poor (right) cell populations
which were sorted according to fluorescence intensity of DicMaLionG (ATP level). Images
observed 16 hours later (top panels), 24 hours later (middle panels) and 60 hours later (bottom
panels) are shown. These images were acquired by FV1000 using a 20 X objective lens (16 hours
and 24 hours) and a 10 X objective lens (60 hours). Scale bars, 200 pum.
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Fig.25 ATP distribution in a slug composed of ATP-rich or ATP-poor cells

(A) Representative fluorescence images of ATP-rich (top panel) and ATP-poor (bottom panel) cell
population. Their intensities (ATP levels) are indicated by the color scale given on the left. These

images were acquired by FV1000 using a 20 X objective lens. Scale bars, 200 um.

(B) The graphs show the fluorescence intensity quantified in each section obtained by dividing
the slug into 10 sections from the anterior to the posterior. Each section was divided to have the
same area. The values were calculated as (intensity of each section)/(mean intensity of 10
sections). Red dashed lines indicate the mean values of most anterior region (leftmost box in the

graph). The number of samples tested, n =4 for both.
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Fig.26 The strange fruiting body in ATP-rich and ATP-poor cell population

(A) Bright-field images of wild-type Ax2 cells as a control, showing the typical process of a
fruiting body formation from a slug. These images were acquired by FV1000 using a 20 X
objective lens. Scale bars, 200 pm.

(B) The fruiting bodies which observed in ATP-rich (left) and ATP-poor (right) cell population.
The strange structures compared with control images shown in (A) were observed in both ATP-
rich and ATP-poor cell population during fruiting body formation. These images were acquired
by FV1000 using a 20 X objective lens (ATP-rich cell population) and a 40 X objective lens
(ATP-poor cell population). Scale bars, 100 um.

61



4-8. cAMP as a differentiation factor possibly affected by ATP

Then, what is the role of ATP for regulating the differentiation? I wonder why ATP-rich
cells and ATP-poor cells differentiate into stalk and spore cells, respectively. As described
in chapter 2-2, stalk cells are differentiated from prestalk cells which are localized at the
anterior region of a slug. Those spatial information is also important for differentiation
and the sorting mechanism of prestalk cells to the tip region have been discussed for long
time. It has been proposed that the different characteristics of prestalk and prespore cells,
the levels of cell motility and of cAMP chemotaxis, induce the sorting of stalk cells
(Traynor et al., 1992; Abe et al., 1994; Early et al., 1995; Rietdorf et al., 1996; Fujimori
et al., 2019). Therefore, I investigated the influence of ATP level to the cell motility and

the cAMP chemotaxis efficiency.

As an ATP is a molecule working as energy resource, ATP-rich cells may be
able to move faster and reach the anterior prestalk region of a slug. To prove this
hypothesis, I first compared the motilities of ATP-rich cells and ATP-poor cells during
development. The speed and the ATP level (fluorescence intensity of DicMaLionG) were
analyzed based on the previous cell tracking results in the aggregation process (see the
images in Fig.20) and in the process of slug formation (see the images in Fig.21). In the
aggregation process, the speed and the ATP level showed no correlation (Fig.27A).
Although there seemed to be the positive correlation between the speed and the ATP level
in the process of slug formation (Fig.27B), they were not correlated statistically.

On the other hands, the observations of this slug formation process provided
me interesting finding that ATP-rich cells suddenly changed their moving direction just
before the anterior prestalk region was formed (see “0:51” of Fig.28). Assuming that their
moving direction changed in response to some signals, most possible attractant is a cAMP

molecule, because D. discoideum cells have chemotaxis to cAMP (Konijn et al., 1969a;
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Koniijn et al., 1969b) as described previously. Cells begin to secret cAMP when starved
and drastically change the pattern of gene expressions by using the cAMP molecule as a
signal molecule (Gerish et al., 1975; Mann and Firtel, 1987; Mann and Firtel, 1989;
Reymond et al., 1995; Iranfar et al., 2003; Loomis, 2014). Not only in aggregation process,
cAMP plays important roles at the various stages of development like the morphogenesis
and the differentiation (Reymond et al., 1995; Williams, 2010). As a cAMP molecule is
biosynthesized from an ATP molecule by adenylyl cyclase in D. discoideum (Pitt et al.,
1992; Rossomando and Sussman, 1973; Rossomando and Hesla, 1976), cellular ATP
concentrations may affect the differentiation via cAMP production in cells. In fact, the
observation using DicMaLionG newly revealed that ATP levels were oscillating during
aggregation (Fig.29) as same frequent with cAMP pulse (about 6 minutes intervals, Roos
et al., 1977; Hashimura et al., 2019), contrary to the previous reports saying that ATP
levels were kept constant (Roos et al., 1977). This finding suggested that ATP level
actually affects the cAMP production; it might also affect the subsequent differentiation
via cAMP signaling. In order to confirm this relationship directly, I generated a new cell
strain expressing both ATP indicator (DicMaLionR, Arai etal., 2018) and cAMP indicator

(flamindo2, Odaka et al., 2014). Further study using this strain will be desired from now.
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Fig.27 The correlation between cell motilities and ATP levels

(A) Left images showing the aggregation process are excerpted from Fig.20. Cell motility and
ATP level (fluorescence intensity of DicMalionG) were obtained based on this observation result.
The horizontal plotted values of right graph are the values obtained by measuring the intensity of
each cell and dividing by the mean intensity. The vertical plotted values are the speed obtained by
the tracking results of “Imaris” software The number (n) of specimens tested; n = 60.

(B) Left images showing the process of slug formation from a mound are excerpted from Fig.21.
Cell motility and ATP level (fluorescence intensity of DicMaLionG) were obtained based on this
observation result. Plotted values in the right graph are same with (A); the line indicates the linear
regression of the plots. n = 28.
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Fig.28 The trajectories of ATP-rich cells during slug formation

Tracking of single cells of interest during development from the mound phase to the slug
phase. Images indicate the merged images of bright-field and fluorescence images with
trajectories over time. The number in each image indicates time in hours:minutes. Z-stack
images were acquired every 3 minutes by Dragonfly200 using a 20 X objective lens. The
color of trajectories represent the elapsed time as the color scale on the right-bottom. Yellow
arrowheads indicate where the anterior prestalk region was formed. Scale bar, 50 um.
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Fig.29 The oscillation of ATP levels during aggregation process

(A) Images to be analyzed, showing the aggregation process of mixed cell population
consisting of 1% DicMaLionG cells and wild-type Ax2 cells. Merged images of bright-field
and fluorescence images are shown. The number in each image indicates time in hours:minutes.
These images were acquired every 3 minutes by Dragonfly200 using a 20 X objective lens and
projected with the maximum intensity of z-stack images by Fiji. Scale bar, 200 um.

(B) The change of ATP level (fluorescence intensity of DicMaLionG) of a representative cell
shown in (A) over time. Oscillation of ATP level was observed.

(C) Enlarged graph of “0-30 minutes” parts shown by blue box in the graph of (B). Vertical axis
is common with graph of (B). During 30 minutes, 4-5 peaks were observed, showing that their
oscillation periods are 6-7 minutes.
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4-9. The relationship with other factors affecting the differentiation

Finally, I want to discuss the contribution of other factors except for metabolism-related
one in stalk-destined and spore-destined cells. As briefly described in chapter 2-3 and 4-
1, intracellular calcium concentration and cell cycle stage are known as factors to affect
the cell differentiation of D. discoideum. Calcium makes an important role to initiate the
differentiation (Tanaka et al., 1998), and their concentrations are higher in the anterior
prestalk region in a slug (Maeda and Maeda, 1973; Cubbit et al., 1995). Moreover,
intracellular calcium concentration at the vegetative phase is known to be related with
cell fates tendency; cells with higher calcium concentrations at the vegetative phase
differentiate into stalk cells later (Saran et al., 1994; Baskar et al., 2000). So I examined
the expression levels of 21 genes which are annotated “up-regulation in presence of
calcium” in the “gene description” section of dictyBase. Result showed that 7 out of 21
genes expressed higher in stalk-destined cells and 10 in spore-destined cells; 4 genes were
not detected (Table.3). This result was insufficient to suggest that calcium concentration

may increase in either of stalk-destined or spore-destined cells.

The relationship between cell cycle stage and differentiation has been also
discussed enthusiastically for long time in D. discoideum (Katz and Bourguignon, 1974;
Zada-Hames and Ashworth, 1978;) and also in human cancer cells (Sherr, 1996). Previous
studies about the cell cycle of D. discoideum have reported that there is a checkpoint at
G2 phase to transfer into the differentiation process from the growth phase (GDT point)
and that cell fate of differentiation is determined by the distance from GDT point on the
cell cycle when starved (Fig.5) (Ohmori and Maeda, 1987; Maeda et al., 1989). As
various genes expressing at GDT point were found in previous works (Maeda, 2005;
Maeda, 2011), I first compared the expression levels of those genes based on RNA-seq

results, but most of them expressed in neither of stalk-destined and spore-destined cells;
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out of 13 genes listed here, 9 were not detected (Table.4). In the level of gene expressions,
it remains unclear that those genes expressing at GDT point regulate the differentiation
of stalk-destined and spore-destined cells. However, further consideration can be possible

by this study revealing the difference of their ATP levels.

ATP level is changed corresponding to the cell cycle stage, that is, ATP level
increases near around at M phase (Skog et al., 1982; Marcussen and Larsen, 1996; Sholl-
Franco et al., 2010). In order to confirm this fact in D. discoideum, I measured the ATP
levels in the cell cycle using DicMaLionG. The cell cycle of D. discoideum is consist of
the following phases: (i) very short M phase (< 15 min), (i1) almost not existed G1 phase,
(ii1) short S phase (< 30 min) and (iv) G2 phase occupying the majority of cell cycle
(Weijer et al., 1984). Based on this duration and the timing of cell division (determined
as S phase) which was observed, the phase of each cell was estimated (Fig.30). As
reported in other organisms, ATP level was higher at M phase also in D. discoideum and
then decreased along the proceeding of cell cycle (Fig.30). Taken together with the
previous studies about the relationship between cell fates and the distances from GDT
point (Fig5 or right-bottom of Fig.30), this result suggests that cells at specific cell cycle
stage with high ATP levels differentiate into stalk cells later; it is consistent with the

notion demonstrated in this study.
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Table.3 RNA-seq analysis results on the calcium-related genes

List of 21 genes annotated as “up-regulation in the presence of calcium” in the "gene
description" section in dictyBase. The “FPKM” values indicate the expression levels of
each gene provided by NGS service in three RNA-seq measurements. The “Mean ratio”
values indicate the mean of the ratios of the expression levels of each gene in the stalk-
destined cell to that in the spore-destined cell for three RNA-seq measurements. Color
scale on the right are depicted the same rule as that in Fig.8; yellow shows values larger
than 2.0; white shows the value of 1; blue shows values less than 0.5. ND indicates “not

detected”, in which count values are smaller than 10.

: 1st (FPKM) 2nd (FPKM) 3rd (FPKM) X

Gene name Protein name - ore - ore . ore Mean ratio
commd1 COMM domain-containing protein 1 7.80 5.88 1.80 2.31 7.09 3.48] 1.38
commdi0 |COMM domain-containing protein 10 29.52 20.45 7.00 7.26| 27.37 20.80| 1.24
cupJ ricin B lectin domain-containing protein 18.17 15.00( 13.08 10.91| 21.44 17.24] 1.22
kenmat "calcium-activated BK potassium channel, alpha subunit" 1.99 1.65 0.97 0.72 2.27 237 117
fimA actin bundling protein 164.51 111.70| 169.48 152.79| 171.06 193.43| 1.16
patA P-type ATPase 413.42 313.25| 487.59 42195 417.29 600.70[ 1.06
cnrF RabGAP/TBC domain-containing protein 1469 13.98[ 12.09 11.62| 16.13 16.64| 1.02
acpA subunit of heterodimeric actin capping protein cap32/34 569.29 537.42| 517.79 499.66 535.96 610.04 0.99
potA "calcium-activated BK potassium channel, alpha subunit family protein" 1.39 1.28 1.62 1.72 1.75 1.87] 0.99
commd7 COMM domain-containing protein 7 28.73 2496 8.95 1157 27.33 26.60] 0.98
cupD calcium up-regulated protein 7.05 8.35 2.48 2.20 6.26 11.94| 0.83
cupF calcium up-regulated protein 56.66 64.32| 78.70 71.69| 7293 161.98| 0.81
cupl ricin B lectin domain-containing protein 99.36 136.92| 548.15 473.33| 85.69 181.28| 0.79
cupB calcium up-regulated protein 96.60 137.40| 91.96 92.40| 114.97 246.12| 0.72
cupC calcium up-regulated protein 56.07 7552 60.05 59.75| 57.85 143.13| 0.72
cupH ricin B lectin domain-containing protein 48.21 68.62 37.08 39.49| 62.10 142.48| 0.69
cupG calcium up-regulated protein 56.42 8297| 44.89 47.43| 57.08 152.92| 0.67
CUupA calcium up-regulated protein ND ND ND ND ND ND ND
commd2 COMM domain-containing protein 2 ND ND ND ND ND ND ND
commd3 COMM domain-containing protein 3 ND ND ND ND ND ND ND
commd8 COMM domain-containing protein 8 ND ND ND ND ND ND ND

69



Table.4 RNA-seq analysis results on the cell cycle-related genes

List of 13 genes related to D. discoideum development reported in previous studies
(Maeda, 2005; Maeda, 2011). The “FPKM” values indicate the expression levels of each
gene provided by NGS service in three RNA-seq measurements. The “Mean ratio”
values indicate the mean of the ratios of the expression levels of each gene in the stalk-
destined cell to that in the spore-destined cell for three RNA-seq measurements. ND
indicates “not detected”, in which count values are smaller than 10.

. 1st (FPKM) 2nd (FPKM) 3rd (FPKM) Mean

Gene name Protein name .
stalk- =~ spore- | stalk- = spore- stalk- = spore- REWS

carA-1 cAMP receptor 1 ND ND ND ND ND ND ND
carA-2 cAMP receptor 2 ND ND ND ND ND ND ND
mrps4 ribosomal protein S4, mitochondrial ND ND ND ND ND ND ND
dia2 hypothetical protein DDB_G0291253 13.55 59.66| 12.65 13.55| 24.71 30.91| 0.65
diat hypothetical protein DDB_G0285431 0.88 1.00 0.74 0.71 1.09 1.07| 0.98
cafA calfumirin-1 13.79 15.13| 17.00 5.88| 2596 11.79| 2.00
dscA-1 discoidin |, alpha chain ND ND ND ND ND ND ND
dscA-2 discoidin |, alpha chain ND ND ND ND ND ND ND
dscC-1 discoidin |, beta/gamma chain ND ND ND ND ND ND ND
dscC-2 discoidin |, beta/gamma chain ND ND ND ND ND ND ND
dscD-1 discoidin |, delta chain ND ND ND ND ND ND ND
dscD-2 discoidin I, delta chain ND ND ND ND ND ND ND
nxnA annexin VIl 1164.16 1073.03|1528.27 1418.91|1307.47 1607.23| 0.99
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Fig.30 The changes of ATP levels along the cell cycle

(A) Representative images of cell division; this is a part of long observation against cells
cultured in HL5 medium. The number above each image indicates time in hours:minutes with
setting the timing of cell division as 0:00. These images were acquired every 1 minute by
Dragonfly200 using a 60 X oil immersion objective lens. White arrowheads indicate the target
cells to be analyzed ATP level in (C). Scale bar, 20 pum.

(B) The change of ATP level (fluorescence intensity of DicMalLionG) over time of a cell
indicated by white arrowheads in (A). Their cell cycle phase shown here were determined
based on the timing of cell division. Expected future cell fate from previous studies shown on
the right (referred from Fig.5) are indicated by blue (stalk) and red (spore).
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5. Discussion
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5-1. Metabolic activity and differentiation in various organisms
The regulatory mechanism to determine the cell fates is a fundamental question in many
organisms including humans, and also in cellular slime molds. For long time, we cannot
identify the stalk and spore progenitor cells until the slug phase when their spatial
positions in a slug were determined. Therefore, various differences of the characteristic
of prestalk and prespore cells in a slug have been reported and discussed so far in order
to reveal the mechanism of cell fate determination. Following factors are examples of
their characteristic: gene expression levels, motility, sensitivity of some attractants, and
so on (Maeda and Maeda, 1973; Traynor et al., 1992; Abe et al., 1994; Cubbit et al., 1995;
Early et al., 1995; Rietdorf et al., 1996; Maeda et al, 2003; Fujimori et al., 2019). Cell
fate determination of those cells in a slug is already completed, and it was difficult to
know the differentiation-inducing factors working before the fate determination.

However, recent study enabled us to predict the cell fates at the vegetative phase
by identifying omt12 gene as a marker of future cell fates (Kuwana et al., 2016). In this
study, I investigated the characteristic of stalk-destined and spore-destined cells at the
vegetative phase by applying this advantage, showing that ATP levels are higher in stalk-
destined cells probably due to the multiplication of the activation of metabolism-related
genes. In supporting this notion, mitochondrial activity has been proposed as an important
factor in the differentiation of cellular slime molds (Matsuyama and Maeda, 1995; Inazu
et al.,1999; Chida et al., 2004; Kimura et al., 2010). Since mitochondria are intracellular
organelle that produce ATP (Cooper, 2000), these previous studies support my hypothesis
that cellular ATP levels influence the cell fate in differentiation.

As similar with cellular slime molds, recent studies have demonstrated the
relationship between intracellular metabolic states and differentiation fates in various

living organisms, including mice and humans (Cho et al., 2006; Simsek et al., 2010; Tan
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etal., 2011; Takubo et al., 2013; Shiraki et al., 2014; Buck et al., 2016; Berger et al., 2016;
Yang et al., 2016; Schell et al., 2017; Lees et al., 2017; Rodriguez-Colman et al., 2017).
For example, it has been shown that upregulation of metabolism-related genes, especially
glycolysis-related genes, promoted the activation of immune B cells during their early
stages of differentiation (Dufort et al., 2007; Aronov and Tirosh, 2016; Price et al., 2018).
Furthermore, another study demonstrated the increased mitochondrial biogenesis and
ATP production during the early differentiation of human embryonic stem cells (Cho et
al., 2006). Interestingly, some of these studies argue that the ratio of glycolysis and
oxidative phosphorylation usage (Takubo et al., 2013; Buck et al., 2016) and amounts of
the metabolites produced in each pathway (Khacho et al., 2016) have an effect on cell
fates at the growth/differentiation transition. Furthermore, in cancer and stem cell as well,
it has been reported that the metabolism shift between glycolysis and oxidative
phosphorylation has an effect on their fates at the growth/differentiation transition
(Matoba et al., 2006; Hsu and Sabatini, 2008; Meylan et al., 2009; Koppenol, 2011;).
Although the significance of usage of these pathways has been debated, it has possibility

that ATP as a final product of these pathways is an actual effector in other organisms.

5-2. The mechanism by an ATP affecting the cell fates

However, it remains unknown how ATP levels affect the cell fates. This study showed
that cell motility do not have the correlation with ATP level, whereas cAMP sensitivity
appears to be related with ATP perhaps via the activation of cAMP production and
signaling by abundant ATP molecules; but it remains unclear. On the other hands, the fact
that ATP, a universal molecule, is involved in differentiation suggests that such ATP-
dependent regulatory mechanism is commonly used in other living organisms. Assuming

that ATP acts as an actual effector in other organisms, there expected to be something
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general mechanism in addition to the specific cues in cellular slime molds. One possibility
is that activation of ATP production processes, or high ATP levels as a result, could affect
gene expression in the nucleus. This idea was supported by the reports that ROS generated
through ATP production switch the gene expression patterns to determine the cell fates of
the differentiation of immune cells (Buck et al., 2016) and neuronal stem cells (Khacho
et al., 2016). Another possibility is that ATP acts to bring about drastic changes in cellular
structures, including changes in mitochondrial structures that drive cell differentiation as
reported previously (Matsuyama and Maeda, 1995; Buck et al., 2016; Khacho et al., 2016).
In either case, the targets affected by ATP is commonly existed in various eukaryotes.
Moreover, the result in this study suggested the possibility that cell fates are
regulated by relative values of cellular ATP concentrations among cells, not by the
absolute values. It suggested that cells have some mechanism to sense the intracellular
condition each other. In this perspective, mitochondria can be an influential candidate to
be affected by ATP. Mitochondria acts as a sensor of intercellular and extracellular
condition, as it functions in multiple important cellular processes like autophagy or
signaling pathway (Rambold and Lippincott-Schwartz, 2011; Shadel and Horvath, 2015;
Akbari et al., 2019). In addition, the effect to surrounding cells was also reported, showing
that defect in mitochondrial function affects adjacent cells via the expression of secreted
proteins (Ohsawa et al., 2012). These facts support the relative determination mechanism

by the changes of mitochondrial structure or function via the changes of ATP levels.

5-3. Differentiation of ATP-rich cells into stalk cells to be removed
Abundant ATP molecules as a result of activation of metabolism appears to be good
signature for cells as they have a lot of energy. In Dictyostelium, approximately 20% of

the total cells differentiate into stalk cells and are removed by apoptosis thereafter,
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whereas the remaining cells propagate to offspring as spores (Bonner and Dodd, 1962;
Hayashi and Takeuchi, 1976; Hashimoto et al., 1988). However, results in this study
demonstrate that ATP-rich cells preferentially differentiate into stalk cells for removal,
and cells with low ATP levels are selected for spores to survive; it raises the question why
ATP-rich cells are destined to be removed.

A possible answer for this question is that cells with high ATP levels are likely
to maintain high mitochondrial activities, and hence, mitochondrial DNA in these cells
can be more damaged by ROS produced by the higher mitochondrial activities. Therefore,
it is tempting to speculate that ATP-rich cells, which may carry damaged mitochondrial
DNA, are removed as stalk cells. This hypothesis is supported by the evidence showing
that cells carrying damaged mitochondrial DNA tend to differentiate into stalk cells

(Chida et al., 2004).

5-4. The relationship between ATP levels and other differentiation factors

As described in previous chapter, intracellular calcium concentration, cell cycle stage,
and metabolism have been proposed as possible cell fate determinants in Dictyostelium.
Previous studies have reported that intracellular calcium concentration is involved in
differentiation (Maeda and Maeda, 1973; Saran et al., 1994; Cubbit et al., 1995; Baskar
et al., 2000), and that cell cycle stage plays a role in the process of differentiation (Katz
and Bourguignon, 1974; Zada-Hames and Ashworth, 1978; Maeda et al., 1989; Maeda,
2005; Maeda, 2011). It has been proposed that cell cycle stage when staved determine the
direction of differentiation and that several genes are known to function at the GDT point
(Maeda, 2005; Maeda, 2011). Moreover, the contribution to differentiation of metabolism,
mitochondrial activity and glucose concentration in culture medium, was also reported in

previous studies (Leach et al., 1973; Tasaka and Takeuchi, 1981; Matsuyama and Maeda,
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1995; Inazu et al.,1999; Chida et al., 2004; Maeda, 2005; Kimura et al., 2010). These
study support an idea obtained in this study that cellular ATP levels influence the cell fate
determination in Dictyostelium differentiation.

On the other hands, the increasing of calcium concentration in stalk-destined or
spore-destined cells was not suggested by RNA-seq results in this study. However, an
intracellular calcium ion is stored in endoplasmic reticulum (ER) (Soboloff et al., 2012)
and mitochondria (Berridge et al., 2003; Stefani et al., 2011) and the intracellular
concentration of calcium is regulated by influx from those organelles. Therefore, calcium
concentration can be related to the mitochondrial activity and ATP concentration. To
confirm it directly, calcium concentration should be observed in ATP-rich and ATP-poor
cell in future. Anyway, the contribution of intracellular calcium concentration to cell
differentiation is uncertain in this study so far; further investigation is expected.

In contrast, the relationship between ATP level and cell cycle stage was
revealed in this study. ATP level of Dictyostelium cells changed along the proceeding of
cell cycle with a similar pattern as reported about other organisms in previous studies
(Skog et al., 1982; Marcussen and Larsen, 1996; Sholl-Franco et al., 2010). ATP level
was higher in cells around at M phase, a phase reported the differentiation into stalk cells
(Ohmori and Maeda, 1987; Maeda et al., 1989). Previous studies also reported about the
relationship between calcium level and cell cycle stage, that is, calcium level is relatively
higher in cells at S phase to early G2 phase, whereas cells at mid to late G2 phase have
relatively lower calcium levels (Azhar et al., 2001). It consists with notion about cell
cycle stage that cells at S phase, M phase, or early G2 phase have tendency to differentiate
into stalk cells. These facts suggest that there is a common mechanism in cell fate

determination by the factors reported as determinants.
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6. Conclusion

In conclusion, this study proposed that an ATP influence the cell fate determination in D.

discoideum differentiation. The variation of ATP levels among cells might be derived
from the levels of mitochondrial activity. High mitochondrial activity resulting high ATP
level can cause the damage to mitochondrial DNA via the ROS generation. Such cellular
damages possibly make ATP-rich cells differentiate into stalk cells, the dead cells to be
removed for supporting spores. In addition, several results suggested the possibility that
ATP levels of D. discoideum have a relationship with other determinant factors reported
in previous studies: intracellular calcium concentration and cell cycle stage. I expect to
be able to elucidate the differentiation mechanism by considering the facts which have

been reported in those studies.

Recently, the differentiation mechanism regulated by metabolic activity have
been discussed also in other living organisms enthusiastically. Although the underlying
mechanism remains to be elucidated, same notion obtained in this study may be conserved

among a wide range of organisms as ATP is widely conserved among organisms.
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