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Abstract: Sirtuin is an evolutionally conserved histone deacetylase. The effects of sirtuin activator, resveratrol and inhibitor, 

nicotinamide on early Dictyostelium development upon starvation were examined. The cell streaming was appeared at 7 h and 

tight aggregates was formed at 24 h in control cells under submerged culture. Resveratrol treatment accelerated the 

development. Cell streaming at 6 h and weak aggregates at 9 h were already observed. While, nicotinamide treatment delayed 

the development. The initiation of streaming was delayed at 9 h, and the development was still under a cell streaming even 

after 24 h. Dictyostelium development starts inducing the essential molecules adenylyl cyclase, aca and cAMP pulsing induces 

cell-surface cAMP receptor (carA). Resveratrol treatment significantly increased the expression level of aca at 4 and 6 h after 

starvation. Nicotinamide treatment decreased the aca expression level at 4 h and carA expression level at 6 h. The induction of 

aca upon starvation starts with the transcriptional activation by MybB, a. putative transcription factor. MybB expression 

recovered the initiation timing of the cell streaming against the effect of nicotinamide, but the aggregates formation was still 

impaired at 24 h. Resveratrol had no effects on MybB-null mutant cells. Neither streaming nor aggregates formation was 

observed even after 24 h with low levels of aca expression after starvation by resveratrol treatment. These findings suggest that 

sirtuins may participate in more than one point of the early developmental processes of Dictyostelium upon starvation. 
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1. Introduction 

The first known sirtuin, Sir2 (silent information regulator 

2) of Saccharomyces cerevisiae regulates ribosomal DNA 

recombination, gene silencing, DNA repair, chromosomal 

stability and longevity [1, 2]. Sirtuins have been defined as 

a family of nicotinamide adenine dinucleotide (NAD)-

dependent enzymes that deacetylate lysine residue on 

various proteins. It has been recognized that growing 

number of non-histone proteins are deacetylated by situins. 

Sirtuin deacetylates a target protein, and acetyl group from 

the target protein is transferred to the ADP-ribose moiety of 

NAD. Certain sirtuins have in addition an ADP-

ribosyltransferase activity. In mammals, seven homologs, 

Sirt1-Sirt7, have been identified. Sirt1 is a best studied 

mammalian NAD-dependent histone deacetylase that 

downregulate the acetylation levels of many regulatory 

proteins including p53, FOXO, PPΑΡ γ, and PGC-1α 

involved in energy homeostasis, DNA repair, cell survival 

and lifespan extension [3, 4]. 

The cellular slime mold Dictyostelium discoideum is an 

excellent model organism for studying the molecular basis 

of cell differentiation and signal transduction. Although 

Dictyostelium cells grow vegetatively as individual amebae, 

upon starvation they gather with neighboring cells forming 

aggregates consisting of up to 10
5 

cells. Aggregation is 

mediated by the chemotaxis of cells toward cAMP to form a 

multicellular aggregate. During this process, cells can be 

seen streaming toward a central domain of aggregation 

center. After aggregation, cells behave as in more complex 

multicellular organisms and finally culminate into a fruiting 

body consisting of spores on top of a supporting stalk [5]. 
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cAMP levels are controlled by the developmentally 

regulated expression of adenylate cyclase, aca. The aca is 

expressed from the first hours of development. cAMP is 

used both as a secreted intercellular signal and as an 

intracellular second messenger in signal transduction. 

Binding of cAMP to cAMP receptor, carA activates several 

signaling pathways. Some of them activate the chemotactic 

movement of the cells [6, 7]. The sirtuins are conserved 

throughout evolution from archaebacterial to eukaryotes. 

Dictyostelium discoideum encodes at least 5 sirtuin proteins 

(Sir2A-E) that show sequence similarity to human sirtuins 

[8]. Sirt1 activator, resveratrol (RSV), and inhibitor, 

nicotinamide (NAM), are commonly used for studying Sirt1 

function [9, 10, 11]. Here, the effects of RSV and NAM on 

Dictyostelium development upon starvation were 

investigated. 

2. Materials and Methods 

2.1. Growth and Development of Dictyostelium 

Dictyostelium discoideum Ax-2 cells were provided by the 

NBPR (National BioResources Project) of Japan. Ax-2 cells 

were grown axenically in HL5 medium, and for development 

under submerged culture, the cells were washed twice in 10 

mmol/L Na-K phosphate buffer (10 mmol/L Na-K phosphate 

buffer, 20 mmol/L MgSO4 and 2 mmol/L CaCl2, pH 6.1) and 

the cells at 2 x 10
6
 cells/mL in Na-K buffer was developed 

over 24 h [12]. At a day before the experiment, resveratrol 

(RSV) (Wako, Japan) at 50 µmol/L or nicotinamide (NAM) 

(Wako, Japan) at 10 mmol/L was added in axenic growth 

medium HL5 and the cells were developed in the presence of 

RSV or NAM at the same concentration. RSV was dissolved 

in methanol, and NAM in water. RSV at 0 µmol/L (methanol) 

or NAM at 0 mmol/L (water) was used as a control. 

 

Figure 1. Amino acid sequence alignment of mouse Sirt1 catalytic domain with Sir2A, Sir2C and Sir2D derived from Dictyostelium discoideum. 

Amino acid sequences of around murine Sirt1 catalytic domain (NCBI NM_019812.3), Sir2A (DDB_G0283917), Sir2C 

(DDB_G0284795) and Sir2D (DDB_G0289967) were aligned using ClustalW. Boxed area in black is the catalytic domain in 

sirtuin. Identical residues among the sequences are boxed in red. Amino acid residue numbers are shown at each line. 
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Figure 2. Amino acid sequence alignment of mouse Sirt1 catalytic domain with Sir2B and Sir2E derived from Dictyostelium discoideum.  

Amino acid sequences of around murine Sirt1 catalytic 

domain (NCBI NM_019812.3), Sir2B (DDB_G0286671), 

and Sir2E (DDB_G0270928) were aligned using ClustalW. 

Boxed area in black is the catalytic domain in sirtuin. 

Identical residues among the sequences are boxed in red. 

Amino acid residue numbers are shown at each line. 

2.2. Quantitative RT-PCR (qRT-PCR) 

Total RNA was extracted from vegetative (0 h) and 2, 4 and 

6 h-starved Ax-2 cells in the presence or absence of RSV or 

NAM under submerged culture using TRI reagent (Sigma-

Aldrich), and cDNA was synthesized from total RNA (1 µg). 

cDNA was used as templates for PCR. RT-PCR products were 

quantified with LightCycler FastStart DNA Master-PLUS 

SYBR Green I (Roche Diagnostics) in a LightCycler 

instrument (Rche Diagnostics). Melting curves were analyzed 

to confirm a single species of each PCR product. Actin 15 

cDNA was used as an internal standard to quantify the relative 

expression of each cDNA. Statistical significance was tested 

using Student’s t-test. Primer used for real-time PCR are as 

follows: Actin15 (forward, 5’- taaatccaaaagccaacagag-3’; 

reverse, 5’-ttggaaagttgagagtgaagc-3’); aca (forward, 5’-

ttgcaggtttccaagaata-3’; reverse, 5’-tttgctctactgataccgat-3’); 

carA (forward, 5’-taaatatgtttccaccagca-3’; recerse, 5’- 

taccacgacttgaactatatg-3’). 

 

Figure 3. Effect of RSV and NAM on cellular development. 
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2.3. Cloning and Expression of MybB 

The entire coding sequence of MybB (DDB_G275445) was 

amplified from cDNA and cloned into pBluescript SK+ using 

BamHI and XhoI sites. The following primers were used for 

PCR amplification: forward, 5’-tgcggatccatgactgctatattcccaaat-

3’; reverse, 5’-gcgctcgagatagtaataattttacagcat-3’. The mybB 

sequence was matched completely to the sequence in the 

Dictybase. To express GFP-tagged MybB, mybB cDNA was 

cloned into pTX-GFP expression vector. GFP tag was fused at 

the N terminus of MybB. The construct was introduced into 

cells by electroporation and stable transformants were selected 

with G418. For fluorescence immunocytochemistry, cells were 

fixed in 4% formaldehyde in phosphate buffered saline (PBS) 

for 20 min and incubated with the anti-GFP rabbit monoclonal 

antibody (Life Technologies). For DAPI (Life Technologies) 

staining, the fixed cells were treated with 300 nmol/L DAPI in 

PBS for 10 min at room temperature and observed using a 

fluorescence microscope (EVOS, Thermo Fisher). Growth and 

development of GFP-MybB expressing cells in the absence or 

presence of NAM was the same as described in 2.1. 

Ax-2 cells were developed at 2 x 10
6
 cells/mL under 

submerged culture in the absence or presence of RSV (50 

µM) or NAM (10 mM). RSV at 0 µmol/L (methanol) or 

NAM at 0 mmol/L (water) was used as a control. 
Development was imaged at 6, 7, 9 and 24 h after starvation. 

Scale bar: 200 µm. 

2.4. Isolation of MybB-null Mutant 

The MybB-null mutant was generated by gene targeting 

according to the method described previously [6]. The 

targeting construct contains a genomic fragment that 

encompasses the MybB coding region from the position +32 

to +2949 (+1 at the beginning of the ATG start codon) in 

which a BSR cassette was inserted at the SacI site (the 

position +1501) (Figure 6A). The MybB gene was amplified 

by PCR using primers containing PstI and EcoRI sites. The 

following primers were used for PCR amplification: forward, 

5’-tgcctgcagcattttattattgggctagca-3’; reverse, 5’-

gcggaattcaatattgataagatgggaaat-3’. The construct was 

linearized with PstI and EcoRI and introduced into Ax-2 

cells. Transformants were selected for blasticidin resistance. 

Ax-2 cells were developed at 2 x 10
6
 cells/mL under 

submerged culture in the absence (Control) or presence of 

RSV (50 µM) or NAM (10 mM). Total RNA was extracted 

from the cells at 0, 2, 4 and 6 h after starvation. qRT-PCR 

was performed using specific primers for aca, carA or 

actin15. The quantified results were normalized against 

actin15 mRNA levels. Each value represents the mean ± 

standard error (SE) (n = 3). Asterisk indicates a value that 

significantly differ (*P < 0.05, **P<0.0001) from the value 

of the control. 

3. Results 

The sirtuin family of protein contains the highly conserved 

catalytic core domain composed of a large oxidized NAD-

binding Rossmann fold subunit [13]. When mouse Sirt1 

catalytic domain sequence (amino acids 236-490) was 

compared with Dictyostelium sirtuin sequences, Sir2A, Sir2C 

and Sir2D contained highly homologous sequences (Figure 

1), but not with Sir2B and Sir2E. Sequence similarities 

showed more than 50% identity between mouse Sirt1 and 

Dictyostelium Sir2A, Sir2C or Sir2D. While, about 10% 

identity between mouse Sirt1 and Sir2B or Sir2E was shown 

in Figure 2. Thus, Sir2A, Sir2C and Sir2D may have a 

deacetylase enzyme activity and could be a target for the 

Sirt1 activator, RSV and inhibitor, NAM. 

Dictyostelium discoideum Ax-2 cells were grown 

axenically in HL-5 medium [12] and developed under 

submerged culture over 24 h in the presence or absence of 

RSV or NAM. As shown in Figure 3, the cell streaming was 

appeared at 7 h and tight aggregates was formed at 24 h in 

control cells. The Sirt1 activator RSV treatment accelerated 

the development. Cell streaming at 6 h and weak aggregates 

at 9 h were already observed. While, the Sirt1 inhibitor NAM 

treatment suppressed the development. The initiation of 

streaming was delayed at 9 h, and the development was still 

under a cell streaming even after 24 h. The cell streaming 

was gradually condensing to form aggregates seen in control 

cells at 9 h. But condensing the streaming was severely 

impaired by NAM treatment at 24 h. 

Development in Dictyostelium upon starvation starts 

inducing the essential molecules to produce and sense 

extracellular cAMP such as an adenylyl cyclase (aca) and 

cell-surface cAMP receptor (carA) [6, 14]. Aca is the key 

enzyme of the cAMP signaling. Thus, aca mRNA expression 

levels in the cells treated with either RSV or NAM during the 

early development were examined by qRT-PCR. As shown in 

Figure 4A and B, aca was induced upon starvation and RSV 

treatment significantly increased the expression level at 4 and 

6 h after starvation by 1.9 x and 2.3 x fold, respectively 

(Figure 4A). NAM treatment significantly reduced the aca 

expression level at 4 h to 29% compared with that of control 

cells (Figure 4B), suggesting that the reduction of aca 

expression at 4 h is why NAM treatment delayed the 

initiation of cell streaming. NAM treatment also significantly 

reduced carA expression level at 6 h to 25% compared with 

that of control cells (Figure 4C). 

A. Expression of GFP-tagged MybB. GFP-tagged MybB was 

detected using anti-GFP antibody in axenically grown Ax-2 cells 

under a fluorescence microscope (middle panel, α GFP). The 

same cells were stained with DAPI to show the nuclei (right 

panel, DAPI). The left panel shows the phase contrast image of 

the same field of cells (Phase). Scale bar: 50 µm. 

B. Effect of RSV on cellular development of MybB OE 

cells. Control and MybB OE (GFP-MybB) cells were 

developed at 2 x 10
6
 cells/mL under submerged culture. 

MybB OE cells in the presence of NAM (10 mM) were 

developed under the same condition as described. 

Development was imaged at 5, 8 and 24 h after starvation. 

Scale bar: 200 µm. 
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Figure 4. Alteration of mRNA expression levels of aca (A and B) and carA 

(C) by RSV (A) or NAM (B and C). 

C. mRNA expression levels of aca. Control cells, MybB 

OE cells and MybB OE cells treated with NAM were 

developed under submerged culture. Total RNA was 

extracted from the cells at 0, 2, 4 and 6 h after starvation. 

qRT-PCR was performed using specific primers for aca or 

actin15. The quantified results were normalized against 

actin15 mRNA levels. Each value represents the mean ± 

standard error (SE) (n = 3). Asterisk indicates a value that 

significantly differ (*P < 0.05) from the value of the control. 

MybB is a homologue of the Myb-related transcription factor 

in Dictyostelium and has been identified as being one of the 

components regulating aca expression at the 

growth/differentiation transition [6, 15, 16]. When MybB was 

expressed as GFP tagged protein at the N terminus (MybB OE 

cells), the GFP-MybB immunoreactivity was relatively enriched 

in nuclei (Figure 5A). GFP-MybB expression accelerated the 

development. Cell streaming was observed at 5 h accompanied 

by significant increased expression of aca at 2 and 4 h compared 

to the levels of control cells (Figure 5B and C). When MybB OE 

cells were treated with NAM, the timing of cell streaming was 

recovered comparable to the development of control cells 

against NAM treatment (Figure 5B and C compare to Figure 3). 

However, the aggregates formation of MybB OE cells was 

severely impaired at 24 h (Figure 5B). The result suggests that 

MybB expression is not sufficient for restoring the 

developmental impairment by NAM. Thus, NAM also inhibits 

later developmental process during the aggregates formation. 

Next, MybB-null mutant was isolated according to the construct 

containing a genomic fragment that encompasses the MybB 

coding region from the position +32 to +2949 (+1 at the 

beginning of the ATG start codon) in which a BSR cassette was 

inserted at the SacI site (the position +1501) (Figure 6A). When 

MybB-null mutant cells were starved, they displayed an 

aggregate-less phenotype even after 24 h (Figure 6B). The Sirt1 

activator RSV had no effects on MybB-null mutant cells. 

Neither streaming nor aggregates formation was observed even 

after 24 h by RSV treatment (Figure 6B). MybB-null mutant 

cells and the mutant cells treated with RSV showed quite low 

levels of aca expression after starvation (Figure 6C). Thus, the 

effect of RSV on development requires MybB. 

 

Figure 5. Effect of RSV on cellular development of MybB OE cells. 
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Figure 6. Effect of RSV on MybB-null mutant cells. 

A. MybB-null mutant construction. The targeting construct 

contains a genomic fragment that encompasses the MybB 

coding region from the position +32 to +2949 (+1 at the 

beginning of the ATG start codon) in which a BSR cassette 

was inserted at the SacI site (the position +1501). 

B. Effect of RSV on cellular development of MybB-null 

mutant. Control and MybB-null mutant (MybB KO) cells 

were developed at 2 x 10
6
 cells/mL under submerged culture. 

MybB-null mutant cells in the presence of RSV (50 µM) 

were developed under the same condition as described. 

Development was imaged at 8, 9 and 24 h after starvation. 

Scale bar: 200 µm. 

C. mRNA expression levels of aca. Control cells, MybB-

null mutant cells and MybB-null mutant cells treated with 

RSV were developed under submerged culture. Total RNA 

was extracted from the cells at 0, 2, 4 and 6 h after starvation. 

qRT-PCR was performed using specific primers for aca or 

actin 15. The quantified results were normalized against 

actin15 mRNA levels. Each value represents the mean ± 

standard error (SE) (n = 3). 

4. Discussion 

The sirtuin family of protein is highly conserved from 

prokaryotes to human. Sir2A, Sir2C and Sir2D among 5 

sirtuins in Dictyostelium contains highly homologous 

catalytic domain sequences to mammalian Sirt1, suggesting 

that these sirtuins function as similar fashion with Sirt1. Sirt1 

is involved in energy homeostasis through the interaction 

with several transcription factors including p53, FOXO, 

PPAP γ and PGC-1α. Upon starvation, Sirt1 binds and 

represses genes controlled by PPAPγ, including genes 

mediating fat storage, to mobilize fat in white adipocytes. 

RSV and NAM are widely used for studying Sirt1 function 

[5, 6, 7]. Sirt1 activator RSV accelerated the development 

accompanied by an increased the aca expression upon 

starvation. While, Sirt1 inhibitor NAM delayed the initiation 

of streaming with reduction of the initial aca induction. The 

results suggest that sirtuins in Dictyostelium are involved in 

the early development upon starvation. The induction of aca 

upon starvation starts with the transcriptional activation by 

MybB, a putative transcription factor [3]. Because RSV had 

no effects on MybB-null mutant cells, one of the 

Dictyostelium sirtuin among Sir2A, Sir2C or Sir2D may 

interact and regulate the MybB activity. CarA is another 

important molecule for the streaming and aggregate 

formation. Transcription of carA from the early, aggregation 

promoter is activated by cAMP pulsing [10, 11]. 

Developmental timing of the cell streaming was recovered in 

MybB OE cells against NAM treatment, but the aggregates 

formation was still impaired at 24 h. These findings suggest 

that sirtuins may participate in more than one points of the 

early developmental processes of Dictyostelium upon 

starvation.  

5. Conclusion 

Sirt 1 activator RSV and inhibitor NAM affect the early 

Dictyostelium development upon starvation. Identification of 

the surtuins involved in the early development and its target 

molecule are necessary to confirm the sirtuins function in 

Dictyostelium discoideum. 
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