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Sirtuins are a family of deacetylases (Class III histone deacetylases) with evolutionarily conserved functions in cellular
metabolism and chromatin regulation. Out of the seven human Sirtuins, the function of Sirt2 is the least understood. The
purpose of the present study was to investigate the role of Sir2A, a homolog of human Sirt2 in Dictyostelium discoideum
(Dd), a lower eukaryote. We created both overexpressing and deletion strains of Ddsir2A to analyse its functions. We
observed sir2A mRNA expression throughout development and the transcript was present in the prespore/spore region of
multicellular structures developed. They show a preference towards prestalk/stalk pathway when co-developed with wildtype cells during chimera formation. Deletion strain showed a multi-tipped phenotype, decrease in cell proliferation and
inhibition of autophagy. In conclusion, our results show low cAMP levels, reduced cell-adhesion, weak cell migration and
impaired autophagy to be responsible for the phenotype shown by the null cells. This study provides new insights into the
functions of Ddsir2A.
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1. Introduction
Sirtuins are NAD? dependent deacetylases (North and Verdin
2004) that play a crucial role in response to oxidative, metabolic or genotoxic stress (Chalkiadaki and Guarente 2012) and
participate in various functions like adaptations to stress,
development, differentiation and maintenance of metabolic
homeostasis (Martı́nez-Redondo and Vaquero 2013). Sirtuins
are conserved in evolution and mainly exert their functions by
affecting the chromatin (Bannister and Kouzarides 2011) largely via gene silencing, chromatin modulation, DNA repair,
cell cycle regulation etc. (Bosch-Presegué and Vaquero 2011)
involving deacetylation of histone and non-histone proteins.
There are seven sirtuins (Sirt1–7) in humans, which are
dependent on NAD? binding but target different substrates (Li
and Kazgan 2011). They show distinct but not exclusive
subcellular localizations (Sack and Finkel 2012). Out of these
seven sirtuins, Sirt2 is the least understood. Several studies

support a role for Sirt2 as a tumour suppressor protein that is
down regulated in human gliomas (Hiratsuka et al. 2003).
They maintain genomic integrity by releasing the damaged
cells from mitotic arrest and forcing them into apoptosis. Also,
it has been linked to microtubule dynamics, cell migration,
inhibition of differentiation and oxidative stress response
(Serrano et al. 2013). Sirt2 is up regulated during mitosis and
overexpression induces the lengthening of mitosis (Dryden
et al. 2003) and shortening of G1 phase (Bae et al. 2004). In
addition, it inhibits oocyte maturation and embryonic cell
division in starﬁsh (Borra et al. 2002). Primary mouse
embryonic ﬁbroblasts derived from Sirt2 knockout mice show
a very limited decrease in the length of mitosis but a longer G1
and shorter S phases – a ﬁnding that conﬁrms that Sirt2 has a
signiﬁcant role in cell cycle and a direct impact on G1/S
(Vaquero et al. 2006). Sirt2 is primarily a cytosolic protein but
can shuttle into the nucleus suggesting its ability to deacetylate
both cytosolic and nuclear proteins (North and Verdin 2007).
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Recently, Ma et al. (2014) showed the inhibition of Sirt2
led to an impairment of autophagic ﬂux in chronic lymphocyte leukaemia cells. They also showed enhancement of
sirtuin inhibition under nutrient-starved conditions and proliferation was evident only after 2 days in culture, a time
point when the availability of nutrients was reduced.
Since, there are insufﬁcient data on the functions of Sirt2
during growth, development and differentiation of an
organism, the present study was undertaken. We have used
Dictyostelium discoideum, a lower eukaryote, to understand
the biology of Sir2A. This organism remains as solitary
amoeba till food is available but upon starvation and in
response to cAMP signalling it initiates multicellular
development to ultimately form a fruiting body comprising
of two terminally differentiated cell types: the spore cell
(viable) and the stalk cell (dead, vacuolated). Both the uniand multicellular forms can exist independent of each other
(Schaap 2011). There is a total of ﬁve sirtuins present in this
organism (Lohia et al. 2017).
In the present study, we demonstrate the role of DdSir2A
during development where overexpression increased cell
proliferation while deletion inhibited it suggesting a dynamic
role in the control of cell proliferation. Deletion of sir2A
results in aberrant development showing slow aggregation,
low intracellular cAMP levels and a loss of directionality
towards cAMP. The fusion protein (Sir2A-eYfp) is cytosolic.
When developed as chimeras with wild-type cells, the
sir2A- cells show reduced ability to form spores. Studies of
developmental markers show prespore (pspA) and the prestalk (ecmA and ecmAO) differentiations to be impaired in
the null cells. Also, sir2A deﬁcient strain inhibits autophagy.
In conclusion, our results demonstrate Sir2A to play a role
in cell differentiation, modulation of expression of both
prespore and prestalk genes and a role in autophagy in
Dictyostelium discoideum.

www.dictybase.org). Simple Modular Architecture Research
Tool (SMART, http://SMART.embl-heidelberg.de) was used
to deduce domain architectures of the proteins. Homologs of
DdSir2A were searched at NCBI (http://blast.ncbi.nlm.nih.
gov/Blast.cgi), UniProt (www.uniport.org) and dictyBase
(http://www.dictybase.org). Multiple sequence alignment
using ClustalW2 at EBI server (http://www.ebi.ac.uk/Tools/
clustalw2/) was performed. PHYLIP package (Phylogeny
Inference Package, version 3.68) was used for the construction of the Neighbour-joining (NJ) phylogenetic trees
with 1000 bootstrap replicates to create a consensus tree.

2.3 Spatial and temporal mRNA expression
during development
RT-PCR: For the semi-quantitative detection of the transcript, RNA was isolated from various stages of development
using the Trizol reagent (Sigma, USA) as described in
Gosain et al. (2012). RT-PCR reactions were performed
using speciﬁc primer combinations (supplementary table 1)
for different genes. ig7 (also known as rnlA) was taken as an
internal control.
In situ hybridization: A 1541 bp fragment of Ddsir2A was
ampliﬁed (supplementary table 1) from the coding region of
the genomic DNA and cloned into the vector (pBSIISK?) at
XhoI and BamHI sites. The construct was digested with
BamHI to yield antisense template with respect to T7 RNA
polymerase and XhoI to yield sense template with respect to
T3 RNA polymerase promoter. Both sense and antisense
probes were hydrolysed into smaller sizes and used for
in vitro transcription following the protocol of Gosain et al.
(2012). Here, the results obtained with sense probe are not
shown.

2.4

Construction of sir2A mutants

2. Materials and methods
2.1

Cell culture and development

Dictyostelium discoideum Ax2 (wild-type axenic strain) and
mutant cells were grown and developed according to Gosain
et al. (2012). Cells were inoculated at a density of
*2–3 9 105 cells/mL and counted in a haemocytometer to
measure cell proliferation. Antibiotics were added wherever
necessary.

2.2 Multiple sequence alignment and phylogenetic
analysis
The genomic DNA, cDNA and protein sequences of
DdSir2A were obtained from the online resource (http://

sir2A overexpressor (sir2AOE): Full-length Ddsir2A (4–1752
bp) was PCR ampliﬁed (supplementary table 1) from the
Ax2 genomic DNA as a fusion protein with enhanced yellow
ﬂuorescent protein (eYfp) at the C-terminal and expressed
under a constitutive promoter, actin15. Transformed cells
were selected on 40 lg/mL G418 and called (act15/sir2Aeyfp)/Ax2 or sir2AOE.
sir2A knockout (sir2A-): Two DNA fragments (fragment
one, NotI-XbaI: 4–745 bp; fragment two, HindIII-KpnI:
987–1752 bp) from the coding region was ampliﬁed (supplementary table 1) and inserted into the pBS-Bsr vector
with Blasticidin cassette (XbaI/HindIII) between them. The
construct was then digested with NotI/KpnI to yield a 2.95
kb fragment which was then transformed into Ax2 cells and
selected on 10 lg/mL of Blasticidin S. Transformed cells
were screened for homologous recombination by various
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PCR reactions and RT-PCR. Two strains of each, knockout
and random integrants were selected. The knockout cells
were called sir2A-.
Clonal isolates from independent mutants possessing the
same phenotype from each genotype were obtained and one
of these clones was used in all the subsequent experiments.
MTT assay: MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5diphenyltetrazolium bromide) reduction assay was performed according to Swer et al. (2014) to monitor cell viability in the wild-type and sir2A mutant strains over a period
of time.
LacZ reporter constructs: Ax2 and the mutant of
interest (sir2A-/Ax2) were transformed with constructs
having either prestalk or prespore speciﬁc promoters
fused to lacZ. The prestalk markers were (ecmA/lacZ),
(ecmB/lacZ), (ecmAO/lacZ) and a prespore marker was
(pspA/lacZ) (Lohia et al. 2017). Transformed wild-type
cells were selected at 40 lg/mL of G418 while the
transformed knockout cells were selected with both
40 lg/mL G418 and 10 lg/mL of Blasticidin S.
Multicellular structures developed were collected, ﬁxed
and stained with X-gal as described in (Gosain et al.
2012).

2.7

2.8

cAMP measurement

cAMP levels were measured as per the protocol given by the
manufacturer (cAMP Enzyme Immuno assay Kit, DirectSigma cAMP CA200). Brieﬂy, cell suspensions of
*2 9 107 cells/mL in potassium phosphate buffer were
starved and lysed at indicated time points, which was further
neutralized and assayed for total cAMP levels and expressed
as pmols/mL.

Microscopy

Developments of chimeric mixtures

The distribution of labelled cells from different genetic lineages was analysed in the chimeras formed (Lohia et al.
2017). For tracing the distribution of cells in developing
chimeras, wild-type Ax2 cells were transformed with (act15/
eyfp) and mixed with (sir2A-/Ax2) cells that were transformed with (act15/Rfp) in varying ratios (Maurya et al.
2017). The mixed populations were then allowed to develop
and the images were captured under a ﬂuorescence microscope (Nikon AZ100). A minimum of 20 individual sporeheads for each ratio from 4 independent experiments was
scored. Error bars indicate standard error.

2.6

Chemotactic cell migration assay

The chemotactic cell migration assay was performed
according to Mishra et al. (2017). Brieﬂy, 2 9 107 cells/mL
were developed for 6 h, thereafter, they were harvested and
re-suspended at a density of 1 9 106 cells/mL before spotting on 0.2% agarose slides. Cell suspensions were placed
*5 mm away from the cAMP well (5 lL cAMP; 100 lM)
30 min before spotting followed by incubation for 1 h in the
dark. Cell migration was captured in time-lapse images for
30 min using a Nikon TiE microscope at 209 magniﬁcation.

2.9
2.5
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Cell-cohesion assay

Cell-cohesion assays were performed according to Mishra
et al. (2017). Brieﬂy, the cell suspension of *2 9 107 cells/
mL was developed under shaken condition for 4 h in
potassium phosphate buffer. Thereafter, the cell aggregates
were dispersed by vortexing and re-suspended at a density of
2.5 9 106 cells/mL. The cells were then allowed to re-aggregate at 180 rpm at 22°C. The number of non-aggregating
cells including singlets and doublets were scored using a
haemocytometer. The percentage of cell aggregation was
calculated by dividing the difference of the total number of
cells and the number of singlets and doublets by the total
number of cells.

Images of development were captured using Nikon (AZ100)
stereo-zoom microscope. Confocal microscopy (Andor
Spinning Disc) was used for capturing single cell images.
The camera was controlled by NIS elements and processed
with Adobe Photoshop software.

2.10

Analyses of autophagic ﬂux

Autophagic ﬂux, in wild-type and sir2A- cells, both under
control and induced conditions were analysed using confocal
microscopy and proteolytic cleavage (Lohia et al. 2017). In
brief, both wild-type and sir2A- cells were transfected with
a construct expressing the autophagy marker Rfp-Gfp-Atg8
as described previously (Calvo-Garrido et al. 2010; Lohia
et al. 2017) Transformed cells were then induced by various
stimuli: starvation (cells grown in HL5 were washed two
times and incubated for 2 h in KK2 buffer) and treatment
with the lysosomotropic agent, NH4Cl (100 mM for 4 h).
The cells were visualized by confocal microscopy and
Z-stacks were selected to get maximum projections covering
the whole cell. For the proteolytic cleavage, an equal amount
of protein from both control and induced (NH4Cl) cells were
loaded onto a 10% SDS–PAGE gel. Western blotting to
detect the cleaved Gfp and Gfp-Tkt-1 using anti-a-Gfp
antibody (Sigma-Aldrich) was performed. Anti-actin antibody (Sigma-Aldrich) was used for normalization (Lohia
et al. 2017).
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3. Results
3.1

DdSir2A show homology to the known Sirts

DdSir2A share 54% sequence similarity to human Sirt2
suggesting the putative D. discoideum protein to be possibly
similar to the human Sirt2. Core domain analysis of
DdSir2A shares 65% similarity with human SIRT2 as shown
in supplementary table 2. We carried a multiple sequence
alignment of the core domain sequences using ClustalW2 at
EBI server to check for the conserved residues, which possibly could be responsible for the activity (supplementary
ﬁgure 1). Supplementary ﬁgure 1 shows the conserved
sequences of all the Sirtuins (A-E) from D. discoideum along
with human Sirt1, Sirt2 and ScSir2. Based on the known
classiﬁcation for Sirtuins (Fyre 2000), the above were classiﬁed (supplementary table 3). Human Sirt2, Sirt3 and yeast
Hst2 are members of Sirtuin class Ib to which DdSir2A also
belong. Signature sequences (red boxes shown in supplementary ﬁgure 1), GAGISXXXGIPXXR reads as GAGISVAAGIPDFR and PXXXH reads as PTTVH in DdSir2A.
These variations place DdSir2A in class I. Presence of
A before the HG motif (required for ADP-ribosylation)
classiﬁes DdSir2A to class Ib.
Figure 1 represents the unrooted phylogenetic tree drawn
using the core domain sequences of the various Sirtuins from
D. discoideum and other homologs from different organisms
(supplementary table 3). Results show DdSir2A and
DdSir2C to be closer to human Sirt2, Sirt3, Hst2 of Saccharomyces cerevisiae and Sir2 of S. pombe. DdSir2D and
DdSir2B are closer to human Sirt1, Sir2 and Hst1 of yeast.

In addition to the Sir2 domain, we observed an additional
UBP-type Zn-ﬁnger (zinc-ﬁnger ubiquitin-speciﬁc protease)
domain at the N-terminal whose function is not well characterized but from what is known in other systems it regulates various cellular activities. They were ﬁrst identiﬁed as a
DNA-binding motif in transcription factor TFIIIA from
Xenopus laevis, but now they are recognized to bind DNA,
RNA, protein and lipid substrates (Klug 1999; Hall 2005;
Gamsjaeger et al. 2007). In addition, DdSir2A possess a
long N-terminal, which is absent in ScHst2.

3.2 Ddsir2A mRNA is expressed during development
and in prespore/spore cells
To determine the spatiotemporal mRNA expression patterns
of sir2A, both reverse transcriptase (RT-PCR) and in situ
hybridization analyses were performed (ﬁgure 2A–C). The
sir2A transcript was present during growth and development
showing maximum levels at the loose aggregate stage. There
was an increase in the expression from vegetative to loose
aggregate after which it declined till fruiting body stage
(ﬁgure 2A and B). The whole mount in situ hybridization
analyses showed sir2A to be localized more in the prespore/
spore cells of the multicellular structures developed (ﬁgure 2C). Katayama and Yasukawa (2008) reported no difference in the expression in the prestalk and prespore regions
of migrating slugs. We found small differences in the
expression level in prestalk and prespore cells of migrating
slugs (ﬁgure 2Cb) and signiﬁcant differences at all other
stages, showing a distinct increase in the prespore/spore
cells. As development proceeded towards culmination we
found a clear distinction (ﬁgure 2Cd) in expression between
cell-types. The sense probe did not show any evident
staining (data not shown). In conclusion, sir2A transcript
shows higher prespore/spore localization as compared to the
prestalk/stalk cells and is expressed throughout growth and
development. This indicates its possible involvement in the
differentiation or patterning of these cells.
Confocal microscopy pictures of DdSir2A fusion protein
(sir2AOE) show cytoplasmic localization similar to the
human homolog Sirt2 (ﬁgure 2D).

3.3 Deletion of Ddsir2A results in the inhibition of cell
proliferation and cause developmental defects

Figure 1. Unrooted phylogenetic tree showing DdSir2A shares
sequence homology with human Sirt2 [list of organisms is
mentioned in supplementary table 3].

We screened nearly 350 colonies to isolate 2 independent
sir2A deletion strains. The knockout (KO), random integrants (RI) and rescue (res) strains were conﬁrmed by PCR
ampliﬁcations, RT-PCR ampliﬁcation of cellular mRNA and
further by sequencing (supplementary ﬁgure 2A–D). Rescue
strain (sir2Ares) was created by expressing the sir2A fusion
construct (act15/sir2A-eyfp) in sir2A- cells. The growth and
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Figure 2. Spatiotemporal mRNA expression patterns of Ddsir2A and subcellular localization of the fusion protein. (A) A semiquantitative RT-PCR for mRNA expression during development. ig7 was used as an internal control. (B) Graphical representation of the
results obtained in (A). (C) Spatiotemporal expression patterns as studied by in situ hybridization with Ddsir2A antisense probe [bar length
is 500 lM]. (D) Subcellular localization of Sir2A-eYfp [DIC image; blue due to DAPI in the nucleus; green is the fusion protein; colocalized with DAPI; bar length is 5 lM] [pst, prestalk; psp, prespore; UC, upper cup; LC, lower cup; V, freshly starved cells; LA, loose
aggregate; M, mound; MS, migrating slug; EC, early culminant; FB, fruiting body; n=4].

developmental defects shown by the sir2A- were more or
less rescued in sir2Ares cells. We also checked the sir2A
mRNA levels in the mutants and compared them with the
wild-type cells during development (supplementary ﬁgure 3). There was nearly 3- to 4-fold increase in the mRNA
levels over the wild-type during development of the overexpressing cells. The rescue strain also showed higher levels
(nearly 2 folds) but was signiﬁcantly lower than that
observed with the overexpressers.
To monitor the rate of cell proliferation in liquid culture,
Ax2, sir2AOE, sir2A- and sir2Ares log phase cells were
diluted into fresh media and monitored for a period of 96 h
(ﬁgure 3A). Ax2 cells reached stationary phase at a density
of *1.2 9 107 cells/mL by t72 and showed a doubling time
of 13.47 ± 1.11 h. Deletion of sir2A inhibited cell proliferation and showed a longer lag phase (till t24) as opposed to
other cells. Also, the stationary phase was reached by t72 at a

lower cell density of *6 9 106 cells/mL. Interestingly, we
did not see a decline in cell proliferation till t96. On the other
hand, the sir2AOE cells showed higher cell proliferation
reaching the maximum cell density of *1 9 107 cells/mL
by t60 and showed a faster decline. There could be two
possible explanations for the reduced proliferation in the
overexpressing cells at t72: (i) either the cell division was
very slow as the cells were not dividing due to arrest in cell
cycle phase or (ii) the percentage of dying cells was high
resulting in a small number of effective cells taking part in
cell division. Thus, to answer this we performed the MTT
assay (supplementary ﬁgure 4) during proliferation to assess
the percentage of cell viability over a period of time in
different strains. As observed, the cell viability decreased in
the knockout signiﬁcantly after t72. There was a dip in the
overexpressing cells but was not statistically signiﬁcant over
the wild-type cells. The decreased cell proliferation defects
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Functions of Dictyostelium discoideum Sir2A
Comparative analysis of cell proliferation and development. (A) Cell proliferation of control, Ax2; wild-type overexpressing sir2A-eyfp, (sir2AOE); sir2A knockout (sir2A-) and sir2Acells overexpressing sir2A, (sir2Ares) cells. The doubling times are
as indicated. (B) Analysis of development of the above strains. Row
1: plate-showing mounds (T8). Rows 2, 3 and 4: Showing
magniﬁed images of mounds (T8), slugs (T12) and fruiting bodies
(T24), respectively developed by each strain. A minimum of 5 to 7
such areas per experiment was considered. Note the multi-tipped
mounds, several slugs and fruiting bodies attached to the base
formed by the null cells. Arrows indicate multi-tipped structures
[n= 4; scale bar: 500 lM].

b Figure 3.

shown by sir2A- cells could be corrected in sir2Ares up to a
certain extent. Taken together the data suggests that Sir2A
regulates cell proliferation during vegetative cells.
To examine the role of Sir2A in multicellular development, we spotted cells from various strains at equal densities
(5 9 107 cells/mL) on non-nutrient agar plates and allowed
them to develop after synchronization (ﬁgure 3B). In the
case of wild-type, as expected we observed loose aggregates
by 4 h of starvation, which went on to form the mounds by
8 h, slugs by 12–16 h, early culminant by 20 h and fruiting
bodies by 24 h. The developmental timings were more or
less similar for all the strains under study. Development of
sir2A- was asynchronous and many structures formed were
attached at the base forming clusters (ﬁgure 3B, row 1). The
sir2A- cells formed seemingly large-sized aggregates and
subsequently each aggregate formed multi-tipped mounds
(ﬁgure 3B, row 2). Each mound then developed into slugs,
which remained attached at the base (ﬁgure 3B, row 3). The
slugs were unable to migrate, as they remained attached in a
cluster. Each slug then developed into a fruiting body, which
also remained attached at the base (ﬁgure 3B, row 4). The
development of sir2A- cells appeared asynchronous showing various developmental intermediates at a given time. The
fruiting bodies formed from a single cluster did not appear to
be of the same size.
We scored the number of multicellular structures formed
by each of the strains under study (ﬁgure 4A). The number
of structures formed by the sir2A- cells was comparatively
less than the other strains and these developmental defects
were rescued by the exogenous expression of Sir2A
(sir2Ares). Approximately 60% of the total multicellular
structures formed by the sir2A- cells showed a multi-tipped
phenotype (ﬁgure 4B). We observed the development of
sir2A- cells to be asynchronous with abortive intermediates.
Not all tips formed fruiting bodies thus giving rise to
reduced number of multicellular structures formed from each
cluster. On the other hand, sir2AOE cells showed development similar to the wild-type cells. The sir2Ares cells also
showed development similar to wild-type cells suggesting
that the overexpressing Sir2A could rescue the phenotype
caused by the deletion of sir2A.
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Phenotype observed with sir2A- cells were similar to that
observed in the mutants of autophagy genes (Otto et al.
2004), which indicated the possibility of involvement of
Sir2A in autophagy. As the development of Dictyostelium
largely depends upon cAMP signalling and processes like
cell-motility and cell-adhesion we measured the cAMP
levels, cell motility and cell-adhesion properties of the null
cells and compared it to the wild-type cells. The cAMP level
was signiﬁcantly lower in the sir2A- cells as compared to
the wild-type cells. This effect was rescued in the null cells
overexpressing Sir2A (ﬁgure 4C). The cell-adhesion proteins play an important role in group-size determination thus;
we measured the cell-adhesion properties (ﬁgure 4D). The
two cell-adhesion proteins, Gp24 (cadA) and Gp80 (csA)
that are expressed during early developmental stages were
also monitored (ﬁgure 4F and G). CadA is synthesised soon
after the onset of development and is calcium-dependent.
Pulses of cAMP at aggregation stimulate it. CsA is calciumindependent and is synthesised after the initiation of development. CsA has a major role in controlling the aggregatesize. The mRNA levels of cadA (ﬁgure 4F) were signiﬁcantly reduced in the sir2A- vegetative cells but hence after,
no signiﬁcant change was observed. On the other hand,
mRNA levels of csA (ﬁgure 4G), that is required to break the
aggregation streams was signiﬁcantly reduced throughout
development, which may have resulted in the observed
attached multicellular structures that developed from seemingly large-sized aggregates. Next, we checked the cell
migration of these cells to ﬁnd if they showed normal
polarity and chemotaxis (ﬁgure 4E; supplementary ﬁgure 5A–C). We found the sir2A- cells moved randomly and
showed reduced chemotactic movements as compared to the
wild-type cells. The cell migration was rescued by overexpression of Sir2A in the null cells. Our data thus suggest that
Sir2A protein is important both for growth and development
of D. discoideum.
3.4 sir2A- cells show prestalk tendency when codeveloped with wild-type cells
Sorting patterns of mutant cells when co-developed with wildtype cells allow us to ﬁnd their differentiation preferences. For
these studies, we made chimeras (0–100%) with Gfp tagged
Ax2 cells and Rfp tagged sir2A- cells (ﬁgure 5A). When we
mixed the two cell-types in 1:1 ratio and observed the
aggregate formation we found sir2A- cells largely occupied
the centre of the aggregates (ﬁgure 5B). When 10% of the
sir2A- cells were mixed with 90% wild-type cells the null
cells distributed themselves to the anterior-prestalk region of
the slugs formed while in the fruiting body it was observed in
the stalk, the upper and lower cups. Interestingly, we did not
ﬁnd its contribution in the basal disc region, which is largely
derived from the EcmB cells (ﬁgure 5Ab and h). When the
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Figure 4. Analyses of development. (A) The number of multicellular structures developed per unit area by Ax2, sir2A-, sir2AOE and
sir2Ares cells plated at equal densities. (B) The number of multi-tipped mounds observed in Ax2, sir2A-, sir2AOE and sir2Ares cells.
(C) Intracellular cAMP levels expressed as pmol/mL 9 107 cells in sir2A- and Ax2 cells. (D) Cell-adhesion assay performed in Ax2,
sir2A- and sir2Ares cells. The graph for aggregation of cells (in percentage) as a function of time is plotted. (E) Chemotactic cell migration
of Ax2, sir2A- and sir2Ares cells. Migration of cells towards cAMP gradient was captured after 30 min. The graph shows cell migration
relative (in percentage) to wild-type cells. (F) Normalized mRNA expression of cadA gene during development. (G) Normalized mRNA
expression of csA gene during development [V, freshly starved cells; LA, loose aggregate; M, mound; MS, migrating slug; EC, early
culminant; FB, fruiting body] [n=3, Student’s t-test, p-value: ***\0.001; **\0.01; *\0.05].

percentage of the sir2A- cells was increased to 20–80% in the
chimeras, it occupied the prestalk as well as the prespore
regions of the slugs formed. We observed them interspersed in
the prespore region, probably in the anterior-like cells. Further, this trend was also observed in the chimeric fruiting

bodies formed where it was distributed largely in the stalk and
spore head regions (ﬁgure 5Ac–e, i–k). Presence of sir2Acells in the rear-guard region of chimeric migrating slugs was
negligible except when the contribution was increased to
80%. Similarly, Ax2 cells formed the basal disc and only
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Figure 5. Studies with chimeras formed with wild-type and sir2A- cells. Both wild-type and sir2A- cells were labelled with act15/eyfp
and act15/rfp, respectively and mixed in varying proportions and allowed to develop as chimeras. (A) Top row (a–f): Migrating slugs
developed from chimeras (0–100%) mixed with different percentages of both wild-type and sir2A- cells. Bottom row (g–l): Fruiting bodies
formed from the same ratios. (B) Streaming of the chimera developed from a mix of 1:1 ratio of cells from wild-type and sir2A- cells.
(C) Graph showing the percentage of ﬂuorescent sir2A- spores formed by chimeras developed from varying ratios [n=4; bar length is
500 lM].

when the null cells were increased to 80% in the chimera, we
could observe their contributions in the basal disc region.
Both Ax2 and the sir2A- cells when, developed individually
could form slugs and later fruiting bodies (ﬁgure 5Aa, g, f, l,
respectively). Figure 5Af shows the number of slugs formed
from a centre in the null cells. Ax2 cells reduced the contribution of sir2A- in chimeric spore formation. Mixing of 10%,
20%, 50%, 80% and 90% of sir2A- cells with Ax2 cells
resulted in chimeric spore formation where sir2A- cells
contributed only to 8%, 18%, 42%, 58% and 69%, respectively (ﬁgure 5C).
Our results show lower spore forming tendencies by the
sir2A- cells in the presence of wild-type cells. In other
words sir2A- cells show increased tendency to move
towards the stalk cells as compared to spore cells in chimeric
structures formed. It is evident that sir2A- cells which are
less sensitive to cAMP gradient, have lower cAMP levels
and prefer the prestalk/stalk pathway.

3.5 Spatial patterning of cell-type speciﬁc genes are
altered in developing sir2A- cells
Since the sir2A- cells made aberrant multicellular structures
and showed prestalk/stalk tendency we were interested in
elucidating the role of Sir2A in regulating cell-type differentiation (ﬁgure 6). We monitored the mRNA levels of celltype speciﬁc marker genes during development of both Ax2

and sir2A- cells. Expression levels of the prestalk-speciﬁc
gene, ecmA were signiﬁcantly reduced during development
(ﬁgure 6A) while; ecmB gene did not show any signiﬁcant
changes (ﬁgure 6B). On the other hand, pspA, the presporespeciﬁc gene was also reduced during development as
compared to the wild-type cells (ﬁgure 6C). Our results
showed reduced prestalk and prespore speciﬁc gene
expression during development of sir2A- cells. We substantiated our results by examining the spatial cell-type
patterning using cell-type speciﬁc promoters fused to lacZ
reporter in both Ax2 and sir2A- cells. We found a reduction
in the staining region and/or mislocalization of prestalk and
prespore speciﬁc proteins during development of sir2Acells (ﬁgure 6D–G) as compared to the wild-type.
The prestalk-speciﬁc ecmA promoter that is active in the
anterior pstA/AB cells showed a signiﬁcant decrease in
distribution in developing sir2A- slugs and fruiting bodies
formed (ﬁgure 6Da’, b’) as compared to the wild-type (ﬁgure 6Da, b). The spatial localization of ecmA expression in
the fruiting bodies formed by sir2A- cells was restricted to
anterior-tip region only. The prestalk-speciﬁc ecmB promoter
is active in pstAB core and to a lesser degree in the anteriorlike cells and the rear-guard cells while in the fruiting body
the expression can be seen in the upper and lower cups, stalk
tube and basal disc region in the wild-type (ﬁgure 6Ec, d). In
the sir2A- slugs and fruiting bodies formed (ﬁgure 6Ec0 , d0 ),
we observed insigniﬁcant differences from the wild-type.
The prestalk-speciﬁc ecmAO promoter which is active in
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Figure 6. Spatial patterning and expression of prestalk and prespore cells during development. Relative mRNA expression during the
development of Ax2 and sir2A- cells as studied by RT-PCR for (A) ecmA, (B) ecmB and (C) pspA. Spatial patterning in multicellular
structures developed by wild-type and sir2A- cells after transfection with reporter vectors where lacZ was expressed under the control of
prestalk-speciﬁc promoters, (D) ecmA- [ecmA/lacZ], (E) ecmB- [ecmB/lacZ], (F) ecmAO- [ecmAO/lacZ] or the prespore-speciﬁc promoter,
(G) pspA- [pspA/lacZ]. Transfected cells were placed on nitrocellulose ﬁlters to induce multicellular development. Structures were collected
at the slug and culminant stages of development and histochemical X-gal staining and photographed determined lacZ expression [V-freshly
starved cells; LA-loose aggregate; M-mound; MS-migrating slug; EC-early culminant; FB-fruiting body; p-value: ***\0.001; **\0.01;
n=4; scale bar: 500 lM].

both pstA and pstO cells and is expressed in the anterior of
slugs (ﬁgure 6Fe, f) was observed to be reduced in the
sir2A- slugs and fruiting bodies formed (ﬁgure 6Fe0 , f0 ). The
staining was signiﬁcantly reduced in the rear-guard cells of
the slugs as well as the stalk and basal disc region of the
fruiting bodies formed by the sir2A- cells. Prespore-speciﬁc
patterning of the promoter pspA expresses in the posterior
four-ﬁfths of the slug and in the spore mass of the fruiting

bodies formed in wild-type (ﬁgure 6Gg, h). We observed
less staining in the anterior prespore region and it appeared
as if the prestalk/prespore boundary was lost in the slugs
formed by the sir2A- cells. Similar results were observed in
the fruiting bodies formed (ﬁgure 6Gg0 , h0 ).
Taken together our results show Sir2A is involved in celltype patterning and regulates the ratio of prestalk/prespore
cells in the multicellular structures formed.

Functions of Dictyostelium discoideum Sir2A

3.6

Sir2A regulates autophagy-related gene expression

Autophagy is required for multicellular development in D.
discoideum and the severity of the phenotype depends on the
mutated genes. sir2A- cells showed multi-tipped phenotype
which is a hallmark of autophagy mutants in D. discoideum
(Otto et al. 2004). Expressions of genes that are involved in the
process of autophagy were analysed during the development of
sir2A- and wild-type cells. We observed an increase in the atg1
(involved in the induction of autophagy) expression speciﬁcally
in the freshly starved cells (ﬁgure 7A). atg8 (autophagosome
marker, ﬁgure 7B) and atg16 (from the ubiquitin-like conjugation system, ﬁgure 7D) did not show signiﬁcant changes
though atg5 expression (from the ubiquitin-like conjugation
system, ﬁgure 7C) was decreased in the mutant cells. The
decrease in the expression of atg9 and atg18 (involved in
membrane trafﬁcking) in sir2A- cells throughout development
was observed (ﬁgure 7E and F). Results show that Sir2A
regulates the genes involved in the process of autophagy
especially those involved in membrane trafﬁcking that is
important for the formation of autolysosome.

3.7 Sir2A allows the formation of autophagosome
but not the autolysosome
Autophagy (self-eating) is an intracellular process that
allows the degradation of proteins and organelles (Calvo-
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Garrido et al. 2010). It is characterized by the presence of
autophagic vesicles or autophagosomes. Thereafter, the
autophagosomes are delivered to the lysosome for degradation. Nutrient starvation stimulates the process of autophagy, but it can also be stimulated by various other factors.
In the case of D. discoideum, autophagy plays an important
role during development where 10–15% of the total population (= stalk cells) dies in association with autophagic cell
death.
Since, sir2A- cells showed a typical autophagy phenotype
(of being multi-tipped), we investigated its possible role in
autophagy. The Rfp-Gfp-Atg8 tandem probe allows both
microscopic visualization and is a convenient way to monitor autophagic ﬂux (Lohia et al. 2017). It is well known that
Rfp ﬂuorescence is resistant to acidic pH of the lysosome
whereas, Gfp ﬂuorescence gets quenched rapidly. Thus, the
red-green puncta label the early autophagosomes and the red
puncta that lack green ﬂuorescence indicate the fusion of
autophagosomes with the lysosomes. The yellow puncta due
to the overlap of green and red puncta indicate the absence
of fusion of autophagosome with the lysosome.
Starvation induces, a high autophagy ﬂux in wild-type
cells as compared to sir2A- cells (ﬁgure 8A, C, and 8B, D,
respectively). When cells were treated with the lysosomotropic reagent like NH4Cl, it inhibits the acidiﬁcation
inside the lysosome to ultimately inhibit the autophagosomelysosome fusion. We observed high levels of red puncta
under induced autophagy conditions in wild-type cells

Figure 7. Sir2A regulates autophagy-related gene expression. mRNA expression during speciﬁc stages of development was analysed by
RT-PCR in both wild-type and sir2A- cells. (A) atg1; (B) atg8; (C) atg5; (D) atg16; (E) atg9; (F) atg18 [V-freshly starved cells; LA-looseaggregate; M-mound; MS-migrating slug: EC-early-culminant; FB-fruiting body; n=4; p-value: **\0.01; *\ 0.05].
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Figure 8. Sir2A inhibits the formation of autolysosome. Confocal images of (A) Ax2 and (B) sir2A- cells transformed with tandemly
tagged Rfp-Gfp-Atg8 in control and after stimulus with starvation/NH4Cl. Atg8 puncta/cell was counted using NIS elements software in
(C) Ax2 and (D) sir2A- cells. A total 30-cells/individual experiment was analyzed and statistical signiﬁcance was calculated using unpaired
t-test. Yellow bars represent merged green and red puncta, and red bars represent red puncta only [scale bar: 5lm; n=5; p-value: **\0.01;
*\0.05]. (E) One representative western blot showing autophagic ﬂux. Strains transfected with Gfp-Tkt-1 growing in HL5 were incubated
with 0 or 100 mM NH4Cl. Extracts with the same protein load were subjected to SDS–PAGE and processed for western blotting using antia-Gfp antibody to detect Gfp-Tkt-1 and the cleaved Gfp proteins. Actin was taken as a loading control. (F) Ratio of Gfp to Gfp-Tkt-1
ﬂuorescence levels is represented from 4 different experiments [#, non-speciﬁc band].

suggesting increased autophagic ﬂuxes. On the other hand,
the sir2A- cells showed an increase in the yellow dots
(comparable to that observed in the wild-type) suggesting
that autophagosome formation was present but the absence
of an increase in red puncta suggests that the autophagosome-lysosome formation was inhibited. Thus, we can
hypothesize that deletion of sir2A interferes with autophagic
ﬂux, especially lysosomal degradation of the autophagosome, leading to accumulation of Gfp. Our results imply that
Sir2A plays a role in the fusion of autophagosome and
lysosome leading to degradation of protein aggregates and
not inhibiting autophagy induction.
Further, autophagy ﬂux was also studied based on the
proteolytic cleavage of Gfp-Tkt-1 (ﬁgure 8E and F). There

was a comparable increase in the free Gfp levels after NH4Cl
treatment but far less than that observed with wild-type cells
conﬁrming reduced autophagy.
In conclusion, we could say that DdSir2A, a homolog of
human Sirt2 is involved in autophagy.

4. Discussion
In the present study, we have characterized Sir2A from D.
discoideum, which is a homolog of the human Sirt2 and
yeast Hst2 (Perrod et al. 2001). It was earlier observed that
Sirt2 was up regulated in response to calorie restriction
(North et al. 2003) thus it would be interesting to know if

Functions of Dictyostelium discoideum Sir2A

DdSir2A is important in altering phenotypes in response to
starvation. The knowledge gained from this study would
help highlight the evolutionary conservation of DdSir2A/
Sirt2 functions and also restate that D. discoideum could be
used as a model system to study sirtuin biology. The mRNA
is expressed at all stages of development and is localized
largely in the prespore region suggesting it to play a role in
cell differentiation.
Deletion of sir2A reduced cell proliferation suggesting
that it may be involved in cell cycle control, which still
needs to be analysed in details. Overexpression increased
cell proliferation conﬁrming the essentiality of Sir2A in cell
proliferation. It is very interesting to know how the cells
organize themselves into structures of speciﬁc sizes and
shapes. We found Sir2A to be an important component in
regulating the development program of D. discoideum as
deletion of it developed into multicellular structures but
remained attached to each other at the base. The slugs
formed were incapable of moving out of the cluster and thus
formed fruiting bodies attached to each other. The development and differentiation proceed quite normally as they do
form fruiting bodies with viable spores. The aberrant phenotype could be attributed to two main reasons: (i) they are
defective in cAMP signalling and cell-adhesion molecules
and/or (ii) it is an autophagic mutant showing multi-tipped
structures and possibly results in slower cell proliferation
and aberrant development upon starvation.
In an attempt to address the ﬁrst alternative, we observed
lower cAMP levels, reduced cell-adhesive properties and
lower cell migration in sir2A- cells as compared to the wildtype cells. These factors could be responsible for the smallsized aggregates. Each aggregate proceeded in development
but could not migrate away from the fused structures, which
allowed us to analyse the cell migration. The sir2A- cells
showed random movements and weak chemotaxis to the
cAMP source. Apart from showing aberrant development,
some of these cells did complete development and formed
fruiting bodies suggesting that the other components that are
required for development are under acceptable levels.
Sir2A is involved in the regulation of a signalling
molecule that is secreted out or is membrane bound as a
small percentage of wild-type cells in a chimera could
rescue the development defects due to mutation. The
sir2A- cells showed a preference for the prestalk/stalk cells
in the chimeras formed. The prestalk cells lead the cell
mass to culmination and since sir2A- cells completed
fruiting body formation we assume that Sir2A may also be
required for spore cell differentiation. Under similar conditions of development, a pure population of sir2A- cells
failed to make the same number of multicellular structures,
which sufﬁciently explains its inability to form spores as
compared to the wild-type cells. Thus, we could say that
Sir2A may be involved in the spore differentiation in D.
discoideum.
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Strains mutated in genes involved in autophagy like atg5,
atg6, atg8, atg9 show developmental phenotypes like
delayed aggregation, formation of multi-tipped aggregates
aberrant fruiting bodies and slow growth (Otto et al. 2004;
Calvo-Garrido et al. 2010) To investigate the role of Sir2A
in autophagy, we analysed the modulation of mRNA
expression of different atgs involved in the various processes
of autophagy in the absence of Sir2A during the development of D. discoideum as this provides the correlation
between the severity of their corresponding phenotypes and
reduced autophagy ﬂuxes. atg1, that plays a central role in
the induction of autophagy by integrating various signals
largely from nutrient stress was increased in the sir2A- cells
suggesting that there was an induction of autophagy upon
starvation. atg16 and atg5 forms a ubiquitin-like conjugation
complex with atg12 for the autophagosome formation.
Reduced expression of atg5 (a component of the ubiquitinconjugation complex) suggests less formation of
autophagosome thus resulting in reduced autophagy ﬂuxes.
atg9 and atg18 genes that are involved in membrane trafﬁcking (Calvo-Garrido et al. 2010) were reduced showing a
role played by Sir2A in the formation of autolysosome.
Since autophagy is a dynamic process we monitored
autophagic ﬂux by taking different approaches (Lohia et al.
2017). Autophagy plays a critical role in adaptive responses
to starvation and other forms of stress, development and cell
differentiation (Mizushima and Levine 2010). Results were
conﬁrmed using the tandem probe Rfp-Gfp-Atg8, which
allowed us to distinguish autophagosomes from autolysosome, as Gfp ﬂuorescence is quenched at the acidic pH of
the autolysosomes. Similar, to the observed microscopic
results, the proteolytic cleavage results also showed reduced
autophagic ﬂux. Our results, from different approaches
taken, showed a clear accumulation of autophagosomes in
the absence of Sir2A protein but a reduced autolysosome
formation. Formation of stalk cells in D. discoideum is
accompanied with autophagic cell death (ACD). Our present
results show that ACD does occur suggesting that Sir2A
may be required for the induction of autophagy or possibly
partial redundancy by other sirtuins present still needs to be
investigated. Our results suggest that reduced cAMP signalling, cell-adhesion, cell-migration and impaired autophagy in response to starvation may be the reason for the
observed developmental defects.
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