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a b s t r a c t

Poly (ADP-ribose) polymerase (PARP)-1 regulates various biological processes like DNA repair, cell death
etc. However, the role of PARP-1 in growth and differentiation still remains elusive. The present study has
been undertaken to understand the role of PARP-1 in growth and development of a unicellular eukaryote,
Dictyostelium discoideum. In silico analysis demonstrates ADPRT1A as the ortholog of human PARP-1 in D.

discoideum. The present study shows that ADPRT1A overexpression (A OE) led to slow growth of D.

discoideum and significant population of AOE cells were in S and G2/M phase. Also, AOE cells exhibited
high endogenous PARP activity, significant NADþ depletion and also significantly lower ADPRT1B and
ADPRT2 transcript levels. Moreover, AOE cells are intrinsically stressed and also exhibited susceptibility
to oxidative stress. AOE also affected development of D. discoideum predominantly streaming, aggrega-
tion and formation of early culminant which are concomitant with reports on PARP's role in D. dis-

coideum development. In addition, under developmental stimuli, increased PARP activity was seen along
with developmentally regulated transcript levels of ADPRT1A during D. discoideum multicellularity. Thus
the present study suggests that PARP-1 regulates growth as well as the developmental morphogenesis of
D. discoideum, thereby opening new avenues to understand the same in higher eukaryotes.

& 2016 International Society of Differentiation. Published by Elsevier B.V. All rights reserved.

1. Introduction

Poly (ADP-ribose) polymerase (PARP)-1 is a multifunctional
nuclear protein belonging to the transferase family that catalyzes
the formation of both linear and branched poly ADP-ribose poly-
mers (PAR) on target proteins by utilizing NADþ as its substrate
(Ame et al., 2004). In higher eukaryotes, PARylation is reversible
through the action of PAR glycohydrolases (PARG) (Uchida et al.,
1993). Poly (ADP-ribosyl) ation is a widely used post translational
modification in eukaryotes and the presence of PARPs has been
reported in all major eukaryotic groups (Citarelli et al., 2010;
Perina et al., 2014). PARP-1 and PARylation impacts a variety of
biological processes like DNA repair, transcriptional regulation, cell
growth, differentiation and programmed cell death (Hottiger et al.,
2010; Messner and Hottiger, 2011; Quenet et al., 2009; Mir et al.,
2012). PARP-1 influences �60–70% of genes controlling important
processes like cell cycle and transcription (Chaitanya et al., 2010).
The role of PARP-1 is majorly identified as NADþ dependent

modifying enzyme that mediates important steps in DNA damage
response, transcription etc., however, its role during development
and differentiation is yet to be fully understood. PARP homologs
have been identified in plants, metazoans, protists and filamentous
fungi with the notable exception of unicellular fungi, Sacchar-

omyces cerevisiae and Schizosaccharomyces pombe (Citarelli et al.,
2010).There are a few reports suggesting that PARP-1 regulates
critical gene transcription and cellular events during development.
Regulated expression of prpA (PARP ortholog) was reported for
Aspergillus nidulans asexual development (Semighini et al., 2006).
Although, PARP-1 is constitutively expressed, its enzyme activity is
also reported to be developmentally regulated (Ji and Tulin, 2010).
Moreover, regulated expression of PARP was found to be essential
for conidiospore development (Semighini et al., 2006). Also max-
imum accumulation of pADPr was observed at the pre-pupal stage
of Drosophila development (Kotova et al., 2009). Thus the absence
of PARP in unicellular eukaryote, yeast and above reports on es-
sentiality of PARP for development connotes plausible role of PARP
in multicellularity and development.

Dictyostelium discoideum is the simplest studied eukaryote that
exhibits multicellularity (Raper, 1984) and it has eight potential
parp genes (Kawal et al., 2011). As per studies from our lab and
Couto et al. (2013); out of the eight isoforms, three are reported to
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be active (Rajawat et al., 2011; Couto et al., 2013). However, all
eight isoforms show structural features for poly ADP-ribosylation
but no studies show presence of mono ADP-ribosyltransferase
activity (Fey et al., 2004; Citarelli et al., 2010). D. discoideum, being
at the transition point from unicellular to multicellular forms, of-
fers to be an excellent model system to study the role of PARP in
growth and multicellular development. We have investigated the
role of PARP in stress induced cell death in D. discoideum (Rajawat
et al., 2007). We have also showed PARP's role in D. discoideum

development by inhibiting its basal PARP activity with Benzamide
(PARP inhibitor), delayed development was observed. We have
also demonstrated that constitutive parp down-regulation did not
affect the growth of D. discoideum, nevertheless its development
was found to be blocked at initial aggregation stage (Rajawat et al.,
2011). Delayed development due to UV-C stress was also found to
be rescued in D. discoideum via PARP inhibitor (Mir et al., 2015).
Thus, our reports suggest that PARP plays an important role in D.

discoideum development and cell death. We are interested to fur-
ther explore the role of PARP-1 in D. discoideum growth and
development.

In the present study, we have analyzed the role of PARP-1 or-
tholog viz., ADPRT1A in growth and development of D. discoideum.

In silico analysis of ADPRT1A showed that it possesses all major
domains that define PARP-1. Our results substantiate that ADPRT1A
is essential for the growth of D. discoideum and its regulated ex-
pression is essential for the proper cellular metabolism. We have
also demonstrated ADPRT1A activity during D. discoideum devel-
opment and substantiate its role in multicellularity.

2. Materials and methods

2.1. D. discoideum culturing

D. discoideum (Ax-2 strain) cells were grown in HL5 medium,
pH 6.5 with 150 rpm shaking at 22 °C and also maintained on
nutrient agar with Klebsiella aerogenes and harvested using stan-
dard procedures (Watts and Ashworth, 1970). All the experiments
were carried out with the D. discoideum cells at mid-log phase at a
cell density of 2�106 cells/ml with 4 95% viability (tested with
Trypan blue exclusion).

2.2. Sequence similarity, domain and phylogenetic analysis

The ADPRT1A protein was aligned by Clustal W. The aligned
sequences were analyzed by the maximum likelihood method
(Dereeper et al., 2008). The treefile was constructed by TreeView.
Domain analyses were done using Pfam and Prosite and the
alignment of ADPRT1A from D. discoideum and similar PARP-1
proteins in other model organisms were made using ClustalW.

2.3. Generation of ADPRT1A overexpression construct

Full length ADPRT1A (3046 bp) was amplified from the genomic
DNA and cloned in act15/Acg-Eyfp vector using ADPRT1A specific
primers. Purified PCR product digested with SacI and BamHI was
inserted in to act15/Acg-Eyfp (Saran and Schaap, 2004) from
which the Acg was replaced by ADPRT1A. The positive constructs
were then transformed into D discoideum Ax-2 cells by electro-
poration and selected till 100 μg/mL G418 and were labeled as
ADPRT1A-Eyfp OE (AEOE).

A second construct lacking EYFP (as EYFP interferes with FITC
tagged antibodies used in our cell death studies) was made by
restriction digestion of PCR product and act15/Acg-Eyfp with en-
zymes SacI and XbaI. The positive constructs were then trans-
formed into Ax-2 cells by electroporation and selected till

100 μg/mL of G418 and were labeled as ADPRT1A OE (AOE).

2.4. Functional characterization of ADPRT1A overexpression

ADPRT1A overexpression was confirmed by monitoring gene
specific expression of ADPRT1A by Real time-PCR with RNLA as an
internal control.

2.4.1. Cellular localization of ADPRT1A

To determine cellular localization of ADPRT1A, AEOE (YFP-tag-
ged) was stained with DAPI and images were captured under 63X
by Zeiss confocal laser scan fluorescence-inverted microscope
(LSM 710; Carl Zeiss). Data are representative image of three in-
dependent experiments.

2.4.2. Estimation of NADþ levels

Intracellular levels of NADþ were determined by enzymatic
recycling method by Bernofsky and Swan (1973) using alcohol
dehydrogenase to reduce NADþ to NADH. NADþ levels were es-
timated at 570 nm and protein concentration was estimated by
Lowry method (Lowry et al., 1951).

2.5. Growth profile analysis of ADPRT1A-Eyfp OE and ADPRT1A OE

The growth profile of AEOE and AOE were studied by in-
oculating mid log phase cells at the density of 0.6�106 cells/ml in
HL5 medium. Cell viability was checked after every 2 h initially till
12 h and after 12 h interval thereafter. The cell suspension was
mixed with trypan blue solution [0.4% (w/v) in Phosphate Buffer]
in the ratio of 2:1 and cell count was taken using haemocytometer
(Kosta et al., 2001).

Similar growth profile studies were also done in presence of
Benzamide, a PARP inhibitor (1 mM) and NAC, an antioxidant
(2.5 mM).

2.5.1. Cell cycle analysis

Cell cycle was analyzed by Flow cytometry using Propidium
Iodide. Mid log phase cells were fixed with drop wise addition of
70% ethanol and incubation at 4 °C overnight. Fixed cells were
resuspended in staining solution (TritonX-100, DNase free RNase
and Propidium Iodide) and incubated for 30 min followed by FACS
analysis (Chen et al., 2004). Quantification was done by flow cy-
tometry using FACS ARIA III (BD Biosciences) and data were ana-
lyzed with FACSDiva software.

2.5.2. Induction of oxidative stress

Oxidative stress was induced in D. discoideum cells by exo-
genous addition of cumene H2O2 (Sigma). Log phase cells at a
density of �2.5�106 cells/ml were exposed to paraptotic
(0.03 mM) and necrotic (0.05 mM) doses of cumene H2O2 as de-
scribed in (Rajawat et al., 2014) in HL-5 medium at 22 °C in a
sterile flask.

2.6. ROS estimation (Degli Esposti, 2002)

In order to observe the formation of reactive oxygen species, a
fluorescent dye 2′,7′ dichlorodihydrofluorescein diacetate
(H2DCFDA-AM) was used. Oxidation of H2DCFDA by ROS converts
the molecule to 2′,7′ dichlorodihydrofluorescein (DCF), which is
highly fluorescent. Upon stimulation, the resultant production of
ROS causes an increase in fluorescence over time.

2�106 cells were harvested and washed with 1X KK2 twice.
DCFDA (50 nM) was added to cells and was incubated for 15 min at
22 °C with shaking, followed by two washes with 1X SB. Fluores-
cence was measured by fluorimeter (F7000, Hitachi, Japan) using
200 ml sample diluted 5 times using KK2 buffer. Excitation (λex)
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and emission (λem) wavelengths used for fluorimetric studies were
480 and 525 nm respectively.

2.6.1. Monitoring stress induced DNA damage by immuno-

fluorescence (Minami et al., 2005)

Phospho-Histone H2AX (S139) antibody at a concentration of
2 ug/ml (R&D systems) and anti-mouse IgG (whole molecule)
TRITC conjugate (Sigma) at a dilution of 1:400 were used to study
DNA damage. Cells were pelleted and washed once with phos-
phate buffered saline (PBS) pH 7.4, fixed in 70% chilled methanol
for 10 min at �20 °C and then washed with blocking solution
(1.5% BSA with 0.05% Tween 20 in PBS), incubated for 8 h in pri-
mary antibody. After incubation the cells were washed 2–3 times
with blocking solution and further incubated for 1 h with TRITC
labeled secondary antibody. Followed by 2 PBS washes, cells were
observed for fluorescence which was monitored under 63X by
Zeiss confocal laser scan fluorescence-inverted microscope (LSM
710; Carl Zeiss).

2.7. PARP activation

PARP was assayed by indirect immunofluorescence (Cole and
Perez-Polo, 2002) using anti-PAR mouse mAb (10H) (Calbiochem)
at a concentration of 0.5 mg/ml and anti-mouse IgG (whole mole-
cule) FITC conjugate (Sigma) at a dilution of 1:200. Cells were
observed for fluorescence which was monitored under 63X by
Zeiss confocal laser scan fluorescence-inverted microscope (LSM
710; Carl Zeiss).

2.7.1. Evaluation of mitochondrial membrane potential

Potential sensitive dye DiOC6 (3,3′-dihexyloxacarbocyanine io-
dide) (Sigma) was used to evaluate changes in mitochondrial
membrane potential (MMP) (Koning et al., 1993). �2.0�106 cells
were pelleted and washed twice with 1X SB. Cells were stained
with DiOC6 (400 nM) for 15 min in dark and then washed once
with 1X SB and fluorescence was monitored under 63X by Zeiss
confocal laser scan fluorescence-inverted microscope (LSM 710;
Carl Zeiss).

MMP was also and quantitated by flow cytometry using a FACS
ARIA (BD Biosciences). Data were analyzed with FACSDiva
software.

2.7.2. Assessment of cell death by AnnexinV-FITC/PI dual staining

To differentiate between apoptotic and necrotic cell death, dual
staining with Annexin V-FITC/PI (Miller, 2004) was performed
using apoptosis detection kit (Molecular Probes). �2.0�106 cells
were pelleted and washed twice with 1X Sorenson's buffer (SB). D.
discoideum cells were then suspended in binding buffer provided
in the kit and incubated with Annexin V for 10 min and then with
PI for 5 min in dark at 22 °C. Fluorescence was monitored under
63X by Zeiss confocal laser scan fluorescence-inverted microscope
(LSM 710; Carl Zeiss).

2.7.3. Development

For development, mid log phase cells were washed twice and
resuspended in 1X SB at a density of 1�108 cells/ml. This cell
suspension was spotted on 2% non-nutrient agar and incubated at
22 °C (Sussman, 1987). Images were taken every 2 h initially till
12 h and then at 12 h interval. Development was synchronized by
incubating the cells at 4 °C for 4–5 h and then transferring them to
22 °C for further development.

2.7.4. Transcript analysis of ADPRT1A during development

Total RNA samples extracted from D. discoideum Ax- 2 cells
during the growth and developmental phases were used for

ADPRT1A transcript analysis using ADPRT1A specific primers by
Real time PCR. Amplification of RNLA was carried out as an internal
control. Fold change in transcript levels in developmental phases
(2�∆∆Ct) as compared to growth (vegetative) phase is shown
graphically.

3. PARP activation on initiation of development

Cells were subjected to development as explained above fol-
lowed by collection of cells at 0, 2, 4 and 6 h of development. PARP
activity was monitored by indirect immunofluorescence (Cole and
Perez-Polo, 2002) using anti-PAR mouse mAb (10H) (Calbiochem)
at a concentration of 0.5 mg/ml and anti-mouse IgG (whole mole-
cule) FITC conjugate (Sigma) at a dilution of 1:200. Cells were
observed for fluorescence which was monitored under 63X by
Zeiss confocal laser scan fluorescence-inverted microscope (LSM
710; Carl Zeiss). Mean density of fluorescence was plotted for
quantification.

3.1. Data analysis and statistics

Flow cytometry and colorimetric assay experiments were re-
peated at least three times. Data were analyzed according to mean
fluorescence intensity or optical density and plotted on histograms
or on graphs. Statistical analysis was performed by t test for ex-
periments with single comparisons.

4. Results

4.1. Sequence similarity, domain and phylogenetic analysis

ADP-ribosylation is a reversible post-translational modification
that is involved in many cellular processes, including various sig-
naling cascades, DNA repair, gene regulation and cell death (Gibson
and Kraus, 2012). However, studies on its roles in growth and dif-
ferentiation remain elusive. Several aspects of the life cycle of D.
discoideum make it an attractive model to investigate the possible
physiological role(s) of ADP-ribosylation in growth and differ-
entiation. PARP-1 contributes to 80% of PARylation in cells. Thus,
with this aim to identify the PARP-1 isoform in Dictyostelium, pro-
tein sequences of known PARPs in Dictyostelium were obtained
from D. discoideum database by searching for proteins containing
the PARP catalytic domain. Eight protein sequences were retrieved
from dictyBase and the phylogenetic tree was constructed by
maximum likelihood method to identify the isoform closest to
human PARP-1. Of the eight isoforms identified, ADPRT2, ADPRT1A
and ADPRT1B displayed maximum similarity to human PARP-1
(Fig. 1A). Further, domain-wise analysis was carried out to identify
the closest ortholog of human PARP-1 in D. discoideum using the
Pfam and Prosite. Unlike ADPRT2 and ADPRT1B, the predicted do-
main analysis of ADPRT1A shows presence of a 2 zinc fingers,
pADPR1 domain, BRCT domain, WGR domain, PARP regulatory
domain; which are the key features of human PARP-1 (Fig. 1B). Also,
multiple alignments of ADPRT1A with PARP-1 from Homo sapiens,

Drosophila melanogaster, Arabidopsis thaliana, Mus musculus by
Clustal W indicate that the protein encoded by ADPRT1A transcript
has the definitive features of human PARP-1 i.e., the metal binding
residues of zinc finger 1 (Eustermann et al., 2011), WGR motif, D
loop residues (Wahlberg et al., 2012), K893 for poly ADP initiation
(Simonin et al., 1993) and E988, the catalytic active site except a
canonical caspase cleavage site (DEVD) [Fig. 1C]. ADPRT1A is thus
identified as human PARP-1 ortholog in D. discoideum.
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4.2. Functional characterization and localization of ADPRT1A over

expressing cells

In order to unravel the novel role of ADPRT1A in growth and
multicellularity, we studied the effect of overexpressed ADPRT1A in

AEOE cell lines. Semi quantitative Reverse Transcriptase PCR
(Fig. 2A) showed significantly higher ADPRT1A transcript levels in
AEOE cells which were further confirmed by qPCR studies wherein
61.1077.354 fold higher expression of ADPRT1A transcripts were
observed in AEOE cells as compared to control (Fig. 2B). ADPRT1A

Fig. 1. In silico analysis of PARP1 ortholog in D. discoideum. (A) Phylogenetic analysis of PARP isoforms in D. discoideum and human PARP by maximum likelihood method.
(B) Domain organization of ADPRT1A, ADPRT1B and ADPRT2 by Pfam and Prosite. ADPRT1A shows all domains like human PARP1 protein. (C) Multiple alignment of protein
sequences of PARP1 protein from human and its orthologs from M. musculus, D. melanogaster, C. elegans and D. discoideum (ADPRT1A). ADPRT1A displays key features –
CCHC– type zinc finger, WGR motif, poly ADP-initiation residues K893 and the catalytic active site.
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OE (untagged- AOE) also showed 72.4578.678 fold higher AD-

PRT1A transcript levels. AOE was used for all our fluorescence based
studies in order to avoid interference of YFP tag. In addition, the
localization of cloned ADPRT1A was confirmed to be nuclear as YFP
was colocalized with that of DAPI indicating that ADPRT1A is a
nuclear localizing protein (Fig. 3A). As per in silico analysis, ADPRT2
and 1B also show homology to human PARP-1. Hence, to ensure
that only ADPRT1A was overexpressed, ADPRT2 and 1B transcript
levels were compared to their respective levels in control cells.
Fig. 3B shows that ADPRT1A transcript levels are 72.45 fold higher
in AOE cells as compared to control cells. On the contrary, there is
significant decrease in ADPRT2 and 1B transcripts in AOE cells as

compared to their respective expression in control cells. Thus, re-
establishing that only ADPRT1A is overexpressed.

4.3. NADþ estimation in ADPRT1A over expression cell line

Further, it was essential to confirm the activity of the over-
expressed ADPRT1A. Activation of PARP can lead to depletion of
cellular NADþ pools which it uses as its substrate (Szabó and
Dawson, 1998). Interestingly, the overexpressing cells show 60%
reduction in NADþ levels in AEOE as well as AOE as compared to
control cells, confirming the ADPRT-1 activation in ADPRT1A
overexpressing D. discoideum cells. (Fig. 4).
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4.4. Effect of ADPRT1A overexpression on growth and cell cycle of D.

discoideum

Followed by NADþ estimation, the effect of ADPRT1A over-
expression on cellular proliferation of D. discoideum cells was

studied. AEOE D. discoideum cells were significantly slow growing
with doubling time of approximately 18.4871.65 h while AOE
cells showed a doubling time of approximately 17.8471.45 h
(Fig. 5A) while control cells and EYFP vector control cells divided
at approximately every 12.4170.5166 h and 12.8971.126 h re-
spectively. Thus, ADPRT1A overexpression significantly reduced
cellular proliferation in D. discoideum cells.

Since PARP-1 is known to be involved in regulation of cell-cycle
(Yang et al., 2013), we studied its effects on cell growth and cell
cycle using Propidium Iodide staining. We found that AEOE D.

discoideum cells exhibited predominant population of cells in S
and G2/M phases as compared to population of cells in G2/M
phase in control cells at 48 h and 60 h (log-phase cells) respec-
tively (Fig. 5B). Similar growth pattern and cell cycle profile was
exhibited by AOE D. discoideum cells. These results suggest that
PARP-1 homeostasis is indispensable for proper cell-cycle regula-
tion and maintenance.

Since the redox status of the cell, influences various cellular
activities including growth and cell death, the decreased cellular
proliferation in AOE cells may be a consequence of ROS generation
(Suzuki et al., 1997). Our studies showed higher endogenous ROS
in AOE cells as compared to that of control (Fig. 6A). Interestingly
we found that presence of Benzamide, a PARP inhibitor, alone
rescued the delay in growth of AOE cells while N-Acetyl Cysteine
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(NAc), an antioxidant did not have any significant effect on growth
of AOE cells, thus indicating that decrease in NADþ levels or the
accumulation of poly-ADP-ribose product could account for the
phenotypes observed in ADPRT1A overexpressing cells (Fig. 6B).

4.5. Effect of ADPRT1A overexpression on cell death of D. discoideum

Depending on the signal, PARP-1 either favors cell survival or
triggers cell death during extensive DNA damage, thus deciding
cell fate. We were interested to study the effect of overexpressed
ADPRT1A on cell survival during oxidative stress.

4.6. ROS estimation and DNA damage

ROS generation causes DNA lesions; the most abundant being
base modification and phosphorylation of gamma H2AX protein
(Minami et al., 2005). ROS levels in AOE cells peaked within
10 min after 0.03 mM H2O2 treatment (Fig. 7A) while in control
cells the peak was obtained at 30 min. The effect of ROS on DNA
damage in treated and untreated AOE cells was confirmed using
pH2AX (Fig. 7B). AOE cells treated with 0.03 mM H2O2 showed
significant DNA damage as compared to untreated control. How-
ever, it was lesser as compared to control cells treated with similar
H2O2 dose.

4.7. PARP activation under oxidative stress

Subsequent to ROS estimation, PARP activation was checked
after 0.03 mM H2O2 treatment at 2 min, 5 min and 10 min in AOE
cells as well as control cells. AOE cells showed higher basal levels
of poly ADP-ribosylation activity (Fig. 7C) as compared to control

without any oxidant treatment. On subjecting cells to oxidative
stress, the significant increase in fluorescence indicating PARP
activation was seen within 5 min (Fig. 7C). However, in control
cells highest PARP activation signals were observed at 10 min
(Fig. 7C). It was thus observed that endogenous PAR levels were
higher in AOE cells. Moreover, under oxidative stress AOE cells
showed faster PARP activation as opposed to control cells.

4.8. Mitochondrial membrane potential

Mitochondrial membrane potential (MMP) loss is a character-
istic feature of cell death and as PARP-1 has a major role to play in
cell death, overexpression of ADPRT1Awas hypothesized to change
the MMP in D. discoideum cells. MMP loss was monitored using
DiOC6 dye after subjecting AOE cells to oxidative stress of 0.03 mM
H2O2 dose after 3 h and 5 h. AOE cells showed marked decrease in
fluorescence within 3 h (Fig. 8A) suggesting significant loss of
mitochondrial membrane potential while in control cells loss of
MMP was observed at 5 h of 0.03 mM H2O2 dose as opposed to
PARP inhibitor treated cells wherein there was no significant loss
of mitochondrial membrane potential even at 5 h.

MMP changes were also quantified using DiOC6 dye by FACS.
Population of cells showing MMP loss post 3 h of 0.03 mM H2O2

dose in AOE cells were observed to be �81% (P1þP2), out of
which 40.1% (P1: lowest fluorescence) cells (Fig. 8B) had very less
fluorescence intensity suggesting significant mitochondrial mem-
brane potential loss. Control cells after 3 h of 0.03 mM H2O2 dose
did not show complete mitochondrial membrane potential loss
while PARP inhibitor treated control showed no significant loss in
MMP.

4.9. Annexin V FITC-PI

PARP-1 on over activation causes severe NADþ and ATP de-
pletion resulting in energy crisis and thus results in necrotic cell
death (Edinger and Thompson, 2004). However moderate PARP-1
activation favors programmed cell death or apoptosis. Above cell
death parameters illustrated ADPRT1A OE cells to demonstrate an
oxidative stress sensitive phenotype. Nevertheless, mode of cell
death under ADPRT1A overexpression background remains to be
studied. AOE and control cells after 0.03 mM H2O2 treatment ex-
hibited both Annexin V-FITC and Propidium Iodide (PI) staining,
however, AOE cells showed early Annexin V-FITC staining (due to
early exposure of phosphatidylserine) as well as early PI staining
(1 h and 3 h respectively) (Fig. 9). Control cells, on the other hand,
showed Annexin V-FITC and PI staining at 3 h and 12 h respec-
tively (Fig. 9). Together, these results indicate that AOE cells are
susceptible to oxidative stress as 0.03 mM H2O2 dose led to
paraptotic cell death in control cells nevertheless, AOE cells ex-
hibited necrotic cell death at the same dose.

4.10. Effect of ADPRT1A overexpression on development of D.

discoideum

Morphogenesis during developmental program involves large
scale changes in gene expression. PARP-1 is reported to regulate
gene expression via transcriptional control thereby controlling
growth and differentiation (Ji and Tulin, 2010). To pin down the
role of ADPRT1A during D. discoideum development, control and
AOE cells were subjected to starvation and then developmental
morphogenesis was studied. Interestingly, AOE cells showed delay
at aggregation stage. Streaming started in these cells at around 8 h
thereby forming loose aggregates at 10 h and tight aggregates at
14 h, tipped aggregates at 18 h followed by slug formation at 22 h.
However, AOE cells remained in the slug stage until 28 h and also
showed much delay in fruiting body formation at 38 h as opposed
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T. Jubin et al. / Differentiation 92 (2016) 10–2316



Fig. 7. ROS estimation, DNA damage and PARP activation post 0.03 mM cumene H2O2 treatment in control and ADPRT1A OE (A OE). (A) Fluorimetric analysis of ROS levels
using DCFDA dye in control and ADPRT1A OE (AOE) cells. Data are representative of three independent experiments. *p valueo0.05 as compared to control. (B) DNA damage
was observed in control and A OE 5 min post 0.03 mM cumene H2O2 stress by immunofluorescence using antibody against H2AX. Data are representative of three in-
dependent experiments. Scale: 10 μm. (C) PARP activation post 0.03 mM cumene H2O2 treatment using anti-PAR antibodies in control, PARP inhibitor control and A OE cells
by confocal microscopy at 63X magnification. Peak PARP activity was observed at 10 min post 0.03 mM cumene H2O2 stress in control cells as opposed to 5 min in A OE cells.
Data are representative of three independent experiments. Scale: 10 μm.
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to 24 h in control cells (Fig. 10A). Thus the aggregation stage seems
to be affected in ADPRT1A OE cells, hence these cells required
prolonged time to form the culminants.

4.11. ADPRT1A transcript levels and PARP activation during D. dis-

coideum development

Additionally, to understand whether ADPRT1A is devel-
opmentally regulated in D. discoideum, the expression pattern of
ADPRT1A during the growth and developmental phases were
monitored by Real Time PCR. Interestingly, ADPRT1A transcript
levels were highest at the loose aggregate stage followed by sig-
nificant reduction at the tight aggregate stage after which an in-
crease was seen at the migrating slug stage. The fruiting body of D.
discoideum showed the lowest transcript levels of ADPRT1A

(Fig. 10B). However, during development there is a significant
decrease in ADPRT1AmRNA levels as compared to vegetative stage.
Although the expression was seen to drop at the onset of devel-
opment, PARP activity was found to be significantly higher in cells
subjected to nutrient starvation from 2 h till 6 h than the vegeta-
tive stage implicating a strong role of PARP during developmental
morphogenesis of Dictyostelium and specifically during aggrega-
tion (Fig. 10C). Also, these results are consistent with the above
results wherein aggregation stage seems to be affected more due
to ADPRT1A overexpression. These results along with existing lit-
erature suggest ADPRT1A homeostasis may be essential for the
aggregation process in Dictyostelium.

In conclusion, the above results illustrate a definite role of
ADPRT1A in D. discoideum growth and multicellularity.

5. Discussion

PARP-1 is an abundant and ubiquitous nuclear enzyme in-
volved in many diverse functions like DNA repair, chromatin
modulation, transcription regulation, cell death etc. In addition,

recent reports suggest a novel function of PARP-1 in multi-
cellularity and differentiation as well. PARP deletion mutants in
Drosophila develop only up to larval stages due to defects in
chromatin remodeling and regulation of gene expression (Tulin
and Allan, 2003), suggesting that poly (ADP-ribosyl)ation is es-
sential for normal development. In addition, overexpression of
PrpA leads to increased spore production and fluffy colonies lar-
gely consisting of aerial hyphae, reflecting PARP's role in regulating
the expression and/or activity of proteins essential in its devel-
opment (Semighini et al., 2006). Interestingly, our earlier reports
are also suggestive of a role of PARP-1 in D. discoideum multi-
cellularity since downregulation of PARP using antisense against
catalytic domain resulted in stalled development at aggregate
stage of D. discoideum (Rajawat et al., 2007). Thus, an under-
standing of how ADPRT1A, an ortholog of human PARP-1 in D.

discoideum, functions in growth and multicellularity of D. dis-

coideum would help us identify some of its unknown functions
that still remain obscure.

The Dictyostelium genome encodes eight PARP proteins (Kawal
et al., 2011). The in silico analysis by phylogenetic tree construction
and domain analysis identified ADPRT1A as the PARP-1 ortholog in
D. discoideum. This analysis is in accordance with ADPRT1A do-
mains defined by Couto et al. (2011) using InterProScan. In addi-
tion, multiple alignment studies clearly confirm that D. discoideum
may be a suitable model system to study PARP proteins (Fig. 1C).

It is already known that PARP activation results in drop of
NADþ levels upon excessive DNA damage (Berger, 1985) and hence
triggering NADþ turnover (Houtkooper et al., 2010). Similar results
were obtained in ADPRT1A overexpressed cells wherein there was
significant NADþ depletion (Fig. 4). This suggests that PARP is
indeed activated in ADPRT1A overexpressed cells. This result is
consistent with our PARP activation results where basal level of
PARP activation was higher as compared to control cells (Fig. 7A).
Higher basal levels of PAR were observed during hPARP over-
expression in transfected hamster cell lines thus indicating PARP
activation (Van Gool et al., 1997). Also, it was seen that

Fig. 7. (continued)
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Fig. 8. Mitochondrial membrane potential changes in control, PARP inhibitor treated and ADPRT1A OE (AOE) cells at 3 h and 5 h post 0.03 mM cumene H2O2 treatment.
(A) Mitochondrial membrane potential changes by DiOC6 staining in control, PARP inhibitor treated cells and ADPRT1A OE (A OE) cells by confocal microscopy at 63X
magnification. Data are representative of five independent experiments. Scale: 10 μm. (B) FACS analysis of mitochondrial membrane potential change in A OE and control
cells post 3 h of 0.03 mM cumene H2O2 treatment using DiOC6 dye Data are representative of three independent experiments.
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overexpression of ADPRT1A led to downregulation of the other
PARP isoforms ADPRT1B and ADPRT2 (Fig. 3B). This decrease in
ADPRT2 and 1B levels could be the cells' mechanism to circumvent
the further reduction of the common substrate for all the isoforms
i.e NADþ , thereby keeping the cell viable. This is supported by the
growth profile of the A OE cells wherein in spite of the high NADþ

consumption, the cells are viable but show delayed growth. There
are reports wherein overexpression of the Naþ/KþATPase α2 eli-
cited downregulation of the other isoform α1 isoform in a manner
that preserved total levels of Naþ /KþATPases (Correll et al., 2014).

NADþ and ATP depletion can be seen as a result of PARP activa-
tion in response to DNA damage due to ROS (Cantó et al., 2013). Our
results are consistent with the fact that despite having high ROS le-
vels (Fig. 6A), AOE cells showed negligible cell death. This could be
due to the presence of more PARP molecules in ADPRT1A over-
expressed cells as compared to control, making the cells more
equipped to combat the increased DNA damage caused by ROS as
seen in Fig. 7B wherein untreated AOE do not show significant DNA
damage. Reports suggest that ADPRT1A is involved in double

stranded break repair while ADPRT1B and ADPRT2 are required for
tolerance to single stranded breaks (Tulin and Allan, 2003). Couto
et al., also explain that in absence of ADPRT2, ADPRT1A signals single
strand DNA lesions to promote resistance of cells to DNA damage
(Couto et al., 2013). Our results clearly indicate lower ADPRT1B and
ADPRT2 levels in AOE cells as compared control cells (Fig. 3B). Hence,
overexpressed ADPRT1A may compensate for the other isoforms.
Together, these results suggest that ADPRT1A homeostasis is very
important, and any disruption/change in ADPRT1A levels and acti-
vated PARP levels may disturb normal functioning of the cell.

Higher NADþ and ATP reduction along with high basal ROS
thus justify increased doubling time (�18 h) in ADPRT1A over-
expressed cells (Fig. 5A). Therefore, decreased energy availability,
would result in slow growth of ADPRT1A overexpressed cells. Apart
from NADþ and ATP reduction, cell cycle analysis by FACS also
revealed that population of cells in S and G2/M phase was higher
in ADPRT1A OE cells as compared to control (Fig. 5B). Thus AD-
PRT1A also seems to affect cell-cycle regulation in ADPRT1A OE
cells. This goes in accordance with reports suggesting that PARP-1

Fig. 9. Phosphatidylserine (PS) exposure (Annexin V-FITC Staining) and PI staining in control and ADPRT1A OE (AOE). Cells were by confocal microscopy at 63X magnifi-
cation. A OE cells showed both PS (green - Annexin V FITC staining) and PI (red) positive cells as early as 3 h post 0.03 mM cumene H2O2 treatment indicating necrotic mode
of cell death while control cells showed only PS (green) positive cells at 3hrs indicating paraptotic mode of cell death under the same oxidative stress. Data are representative
of three independent experiments. Scale: 10 μm.
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over-expression results in an increase in the number of cells in the
diploid population (Bhatia et al., 1996). Moreover, PARP-1 is critical
for the induction of G1 arrest and is also involved in the regulation
of G2 arrest (Masutani et al., 1995). PARP-2 is reported to regulate
cell cycle-related genes independently of poly (ADP-ribosyl)ation
(Liang et al., 2013). The present study thus provides the first report
in Dictyostelium wherein ADPRT1A, ortholog of PARP-1 is involved
in cell cycle control via poly (ADP-ribosyl)ation.

PARP-1 is a well-established mediator of necrotic cell death
(Edinger and Thompson, 2004; Rajawat et al., 2014). It is known
that in D. discoideum, high oxidative stress causes DNA damage
and PARP activation (Fey et al., 2004). PARP-1 depletes cellular
NADþ and ATP levels leading to necrotic cell death instead of
apoptosis (Ha and Snyder, 1999). Similarly ADPRT1A overexpressed
D. discoideum cells showed susceptibility to oxidative stress during
0.03 mM H2O2 insult resulting in necrosis (Fig. 9).

In addition to PARP's role in growth, evidences also suggest that
it might be playing a key role in development and differentiation.
PARP-1 and PARP-2 double knockouts in mice exhibit embryonic
lethality (Henrie et al., 2003) suggesting the role of PARP in de-
velopment. Constitutive PARP downregulation inhibits develop-
ment at aggregate stage (Rajawat et al., 2007). Interestingly,

ADPRT1A OE cells showed delayed streaming, loose aggregate
stage and early culminant stage (Fig. 10A). Aggregation defective
phenotypes of D. discoideum display disruption in cAMP signaling.
(Sawai et al., 2007; Bader et al., 2006). PARP-1 is known to interact
with histones and other chromatin modifying enzymes to control
their activity at target gene promoters, eventually influencing gene
expression (Frizzell et al., 2009).

Thus, our results show that analysis of endogenous ADPRT1A

transcript level in D. discoideum cells subjected to starvation display
highest ADPRT1A transcript levels at aggregation stage (Fig. 10B).
Furthermore, the developmental stimulus of nutrient starvation not
only causes increased transcript levels but also a significant increase
in PARP activity in the aggregation stages (Fig. 10C). Masutani et al.,
also report significant change in PARP mRNA expression throughout
the developmental stages of Sarcophaga peregrina (Masutani et al.,
2004). Overall, it could be concluded that ADPRT1A has a definite
role in development and may affect the cAMP signaling which is
quintessential for aggregation. Our results for the first time reveal
that there is increased PARP activity and developmentally regulated
transcript profile of ADPRT1A during D. discoideum development.
Thus, it would be of great interest to further explore how ADPRT1A
affects D. discoideum developmental morphogenesis.
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6. Conclusion

The current study shows that PARP-1 is essential for differ-
entiation and its function may be linked to multicellularity. This
new finding will give us an insight into the role of PARP-1 in dif-
ferentiation and developmental cell death in higher complex or-
ganisms. It would add one more feather to the multitasking
functions of PARP-1 thereby igniting new ideas to understand the
manner in which this multifunctional protein can be tapped for
therapeutic purposes.
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Abstract

PARP family members can be found spread across all domains and coninue to 
be essenial molecules from lower to higher eukaryotes. Poly (ADP- ribose) poly-
merase 1 (PARP- 1), newly termed ADP- ribosyltransferase D- type 1 (ARTD1), is a 
ubiquitously expressed ADP- ribosyltransferase (ART) enzyme involved in key cellular 
processes such as DNA repair and cell death. This review assesses current devel-
opments in PARP- 1 biology and acivaion signals for PARP- 1, other than conven-
ional DNA damage acivaion. Moreover, many essenial funcions of PARP- 1 sill 
remain elusive. PARP- 1 is found to be involved in a myriad of cellular events via 

conservaion of genomic integrity, chromain dynamics and transcripional regula-
ion. This aricle briely focuses on its other equally important overlooked funcions 
during growth, metabolic regulaion, spermatogenesis, embryogenesis, epigeneics 
and difereniaion. Understanding the role of PARP- 1, its mulidimensional regula-
tory mechanisms in the cell and its dysregulaion resuling in diseased states, will 
help in harnessing its true therapeuic potenial.
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R E V I E W  A R T I C L E

The PARP family: insights into funcional aspects of poly  
(ADP- ribose) polymerase- 1 in cell growth and survival

T. Jubin1 | A. Kadam1 | M. Jariwala1 | S. Bhat1 | S. Sutariya1 | A.R. Gani1 |  

S. Gautam2 | R. Begum1

1  | INTRODUCTION

Poly (ADP- ribose) polymerase (PARP) enzymes are a family of pro-
teins involved in a number of cellular processes including gene reg-
ulaion, chromain remodelling, DNA repair and apoptosis.1 These 
enzymes are present in all eukaryotes except yeast.2 PARPs can either 
transfer a single unit of (ADP- ribose) or more than one  (ADP- ribose) 
moieies from NAD+onto substrates yielding poly (ADP- ribose) 
(PAR) chains, which can be of varying length and branch content. 
ADP- ribosyltransferase D- type 1 (ARTD- 1 or PARP- 1) falls in the 
later category.1,3 The PAR polymers are rapidly degraded by poly 
(ADP- ribose) glycohydrolase (PARG)4 possessing both endoglyco-
sidic and exoglycosidic aciviies,5 and PAR hydrolase (ARH3), which 
also shares catalyic domain similarity with PARG.6 However, ARH3 
does not hydrolyse ADP- ribose- arginine, - cysteine, - diphthamide 
or - asparagine bonds.6 Another set of enzymes known as macro 
domain- containing proteins and NUDIX hyrolases have also been 
reported to be involved in PAR degradaion.7,8 There are 17 diferent 
homologues of PARP that have a conserved catalyic domain with 

various domains like zinc inger, BRCT, SAM, SAP, ankyrin and macro 
domain.9 Though PARP- 1 has been demonstrated as a key player in 
DNA repair and cell death, many of its equally vital cellular funcions 
have been overlooked. In this review, we discuss the distribuion 
of PARP homologues across all organisms and the role of PARP- 1 
in various cellular funcions like transcripion, spermatogenesis, epi-
geneics and the most novel in difereniaion and mulicellularity.

2  | THE PARP FAMILY

Based on new proposed nomenclature by Hoiger et al.,10 the 
human PARP (hPARP) family is classiied into three groups depend-
ing on their moifs and funcions: (1) PARP 1- 5: have a conserved 
glutamate residue (Glu988); (2) PARP 6- 8, 10- 12 and 14- 16: are 
putaive mono- (ADP- ribose) polymerases and (3) PARP 9 and 13 
which do not have PARP signature moif that binds NAD+nor do 
they have Glu988 implying that they are inacive.10 PARP super-
family can be subdivided into six clades which are shown in Table 1.
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Out of 17 members, PARP- 1 (113 kDa) was the irst characterized 
and extensively studied enzyme recognized to play an essenial role in 
DNA repair.11 PARP- 1 and PARP- 2 share ~69% homology in the cata-
lyic domain and they are documented as vital proteins in DNA repair 
system,2 while PARP- 3 is reported to be a mono- ADP- ribosylaing 
enzyme by Loseva and group.12 PARP- 2 and PARP- 3 were considered 
as a subgroup of PARP- 1 as they all carry out synthesis of branched 
polymers.13 PARP- 4 also known as Vault PARP, is a ribonucleoprotein 
complex having PARylaion acivity and it is thought to be involved 
in mulidrug resistance of tumour and intracellular transport.14 

Tankyrase- 1 (TRF- 1- interacing ankyrin- related ADP- ribose poly-
merase- 1), also known as PARP5a, is ideniied to enhance telomere 
elongaion by telomerase.15 Other PARP homologues show structural 
and funcional diferences. Tankyrase- 2 lacks N- terminal HPS (His- 
Pro- Ser) domain, but it may share some overlapping funcions with 
tankyrase- 1.16 Other PARP family members like iPARP, PARP- 12 and 
PARP- 13 share PARP catalyic, WWE and CX8CX5CX3- like zinc inger 
domains.2 PARP- 13 has been reported to be an important regulator of 
cellular mRNA via regulaion of miRNA acivity.17 The next subgroup 
which includes PARP- 9/BAL1, PARP- 14/BAL2/CoaSt6 and PARP- 15/
BAL3 are macro- PARPs, characterized by macro domains posiioned 
before the PARP domain. This domain is found to be involved in tran-
scripional repression and X- chromosome inacivaion, suggesing 
it as a transcripion factor.18 The RNA recogniion moif (RRM) and 
the Gly- rich domain of PARP- 10 are known to help in binding of RNA 
with proto- oncoprotein c- Myc.2 Other PARP family members such 
as PARP- 6, PARP- 8, PARP- 11 and PARP- 16 have been ideniied but 
their funcions are sill elusive, though PARP- 8 and 16 have been 
recently shown to be involved in assembly or maintenance of mem-
branous organelles.19

3  | DISTRIBUTION OF PARP ACROSS LIFE

3.1 | PARP in lower life forms

3.1.1 | PARP in bacteria

Numerous PARP- like proteins are detected in several bacterial 
genomes.20,21 Till now, around 28 PARP homologues have been 
suggested across 27 bacterial species.22 However, only a few bacteria 
possess the enire machinery required for PARP metabolism. Some 
also show the conserved hisidine- tyrosine- glutamate (H- Y- E) catalyic 
triad which is essenial for its acivity.21 PARP from Herpetosiphon 

auraniacus has been reported to have conserved catalyic triad hav-
ing the same characterisics as human PARP- 1 enzyme.21

3.1.2 | PARP in archaea

Archaea do show the presence of PARP homologues. PARP- like 
thermozymes have been ideniied from Sulfolobus solfataricus. This 
PARP- like protein shows oligo (ADP- ribosyl) transferase acivity 
and DNA- binding acivity.23

3.1.3 | PARP in viruses

PARP- like proteins have also been ideniied in a few double- stranded 
DNA viruses 24 such as Aeromonas phage—Aeh1, Anicarsia gem-

matalis nucleopolyhedro virus, invertebrate iridescent virus 6 and 
cellulophagaphage phi4:1. All these viral PARPs have been found 
to possess the conserved catalyic triad H- Y- E with an excepion 
of one which has an aspartate instead of glutamate suggesing 
that these PARPs are acive ADP- ribosyl transferases. Some viruses 
such as Herpes simplex virus and Epstein- Barr virus have also 
been reported to use PAR metabolism for their replicaion.25,26

3.2 | PARP in higher eukaryotes

PARPs are found in a divergent group of eukaryotes.9,10 PARP 
expression has been ideniied in nearly all eukaryoic cells ranging 
from plants to vertebrates.27 PARP- 1 was long assumed to be the 
single enzyme with PARylaion funcion unil two PARP isoforms 
were discovered in plants.28 Citarelli et al.29 invesigated at least 
two more PARP proteins in the last common extant ancestor of 
eukaryotes.

In conclusion, it is clear that the complexity of PARP proteins is 
augmented with the evoluionary level of the species. Vyas et al.19 evi-
dently illustrated that this domain complexity confers the diversity in 
funcions to the PARP family.

PARP- 1 is best studied out of this 17- member family of hPARPs. 
PARP has been implicated in development and cell difereniaion 
from lower life forms to higher eukaryotes.30 However, it is involved 
in a plethora of funcions and many of its funcions in spermatogene-
sis, epigeneics and difereniaion remain unclear. Thus, understand-
ing PARP- 1 and its role in the above processes is the focus of this 
review.

4  | PARP-1: STRUCTURE, ACTIVATION 
SIGNALS AND ITS DIVERSE CELLULAR ROLES

4.1 | Gene organizaion of PARP- 1 and its 
modiicaions

PARP- 1 (EC 2.4.2.30) is a prominent member of the PARP family. 
It is a nuclear enzyme with approximately 106 molecules per cell 
31 and accounts for 80%–90% of total cellular PARylaion. Gene 
structure of PARP- 1 mainly consists of DNA binding, an auto 
modiicaion and a catalyic domain (Fig. 1). (1) The N- terminal 
DNA- binding domain has three zinc ingers and a nuclear localiza-
ion sequence (NLS). The two homologous zinc inger proteins 
(Zn1 and Zn2) are characterized by a CCHC ligand patern.32,33 

(2) The auto modiicaion domain has BRCA1 C terminus (BRCT) 
moif and it is involved in protein- protein interacion.2,10,34 (3) The 
catalyic domain at C terminus comprises of PARP signature moif 
(six β- strands and one α- helix) that binds to NAD+and glutamate 
residue at its 988 posiion.2
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TABLE  1 Distribuion of PARP. PARP has been divided into six clades depending on the domains present22,29 and 30

Clade Clade sub group Class Key features

Clade 1 Clade 1A Amoebozoa (Dictyostelium) Opisthokonta (Fungi) 
Chromalveolates

Ankyrin repeats, WGR PRD, PARP catalyic 
domains. 

Clade 1B Opisthokonta (animals and Choanolagellata) and the 
Excavata (the Heterolobosea member Naegleria)

three N- terminal zinc ingers that contribute to 
DNA binding, a BRCT domain and a PADR1 
domain in addiion to WGR, PRD and the 
catalyic domain

Clade 1C Oomyocete Phytophtora species (within the Excavata) and 
one basal animal.

WGR, PRD and PARP catalyic domains and 
mostly do not contain other funcional 
domains.

Clade1D Opisthokonta, the animals Xenopus laevis (Q566G1) and 
Schistosoma japonicum  

(Q5DAZ0) and the fungus Batrachochytrium dendrobaidis 

and Plantae (land plants) as well as ciliate members of the 
Chromalveolates.

WGR, PRD and PARP catalyic domains and 
mostly do not contain other funcional 
domains. 

Clade 1E most of the fungal members of Clade 1 BRCT domains N- terminal to WGR, PRD and 
PARP catalyic domains. 

Clade 1F the Excavata —
Clade 1G Opisthokonta (both animals and the Choanolagellate 

Monosiga brevicollis)
only WGR, PRD and PARP catalyic domains

Clade 1H Two Caenorhabdiis elegans (C. elegans) proteins PADR1, WGR, PRD and PARP
Clade2 Clade 2A — an N- terminal WWE domain, the PARP 

signature and a C- terminal extension
Clade 2B — only the PARP signature and the C- terminal 

extension
Clade 3 Clade 3A — RRM RNA- binding domain, a glycine- rich region 

(GRD), and a UIM domain
Clade 3B Trichoplax adhaerens Macro domain N- terminal to their C- terminal 

catalyic domain
Clade 3C — Macro domain N- terminal to their C- terminal 

catalyic domain
Clade 3D two Dictyostelium discoideum and four Tetrahymena 

thermophila proteins
—

Clade 3E — one to two WWE domains, alone or in 
combinaion with zinc ingers (either CCCH or 
CCCH types) in front of their PARP catalyic 
domains

Clade3F — PARP9
Clade 4 Clade 4 — 15–18 ankyrin repeats followed by a sterile 

alpha moif (SAM) and the PARP catalyic 
domain

Clade 5 Clade 5A Opishthokonts (animals) the PARP signature is found in the middle of the 
protein, rather than at the C terminus

Clade 5B  Amoebozoa —

Clade 6 Clade 6A Opisthokonts (animals and fungi), Excavates (Parabasalids 
and Heterolobosa), and Plantae (chlorophyta and 
bryophytes)

N termini with no known funcional domains 
and C- terminal extensions beyond the PARP 
catalyic domain of varying lengths

Clade 6B PfamB_2311 domains as well as the PARP 
catalyic domain

Clade 6C  PfamB_2311 domain and a PARP catalyic 
domain

Clade 6D Deuterostomes with the excepion of the mollusc Loia 
gigantean

PfamB_2311 domain and the PARP catalyic 
domain

Clade 6E seven proteins encoded by Trichomonas vaginalis PfamB_2311 domain and the PARP catalyic 
domain

The next important component of this enzyme is the PARP sig-
nature moif (PSM). It has two sites, acceptor site for adenosine and 
donor site for nicoinamide wherein ADP residues from NAD+are 

transferred to target site.35 His- 862 and Glu- 988 play important role 
in NAD+binding.36 In addiion to this, WGR domain also contains 
highly conserved amino acid sequence i.e. Trp, Gly and Arg, but its role 
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is yet to be ideniied.2,34 However, Langelier et al.37 showed that Zn3 
along with Zn1 and WGR domain of PARP- 1 together bind to the DNA 
damage leading to structural changes eventually abridging DNA dam-
age site to its catalyic domain.

Other than auto modiicaion by PARylaion, PARP- 1 itself under-
goes various other modiicaions enlisted in Table 2 that has various 
cellular efects.38–43

4.2 | Mechanism of PARP- 1 acivaion

The enzymaic acivity of PARP- 1 is simulated signiicantly in the 
presence of a range of acivators like damaged DNA, non- B- DNA 
structures, nucleosomes and various protein- binding partners.1,44–46 

Lonskaya et al.47 reported that DNA bent, cruciform DNA or stably 
unpaired DNA regions can also simulate PARylaion. The aciva-
ion signal for PARP- 1 is DNA damage although several reports 
illustrate that PARP- 1 may also be acivated in the absence of 
DNA damage. The best characterized ligands for PARP- 1 are single- 
strand and double- strand breaks (SSBs and DSBs).

There are reports suggesing that PARP- 1 acivaion by SSBs 
requires presence of both the zinc ingers while only Zn1 is required 
for DSBs.33 Zn1 has been demonstrated to relay the signals to the cat-
alyic domain for formaion of PAR molecules,33,48 while Zn2 has been 
shown to be majorly involved in DNA binding as compared to Zn1 due 
to its higher ainity to DNA.49 Eustermann et al.50 have demonstrated 
very recently how the two zinc ingers recognize SSBs and coordinate 

domain folding in PARP- 1 to control the acivity of the C- terminal cat-
alyic domain. PARP- 1 has been reported to have ainity for intact 
DNA structures and recognizes speciic octamer moif “RNNWCAAA” 
found in various gene promoters.51

Another mode of alternaive DNA- independent mode of 
PARP- 1 acivaion is based on kinase cascades. Phosphorylated 
ERK2 has been shown to signiicantly enhance and maximize 
PARP- 1 catalyic acivity in the presence and absence of damaged 
DNA.41,52 Interacion between PARP- 1 and a pre- phosphorylated 
kinase has also been shown to mediate PARP- 1 acivaion.52,53 

Likewise, phosphorylaion by acivated calcium- dependent protein 
kinase (CaMKII) is also capable of acivaing PARP- 1 enzyme during 
neuronal development thereby promoing the nuclear export of 
its negaive regulator KIF4.54 Moreover, overexpression of pro-
tein phosphatase 5 (PP5) led to increase in PARP- 1 enzymaic 
acivity in response to double- stranded DNA breaks.55 Nuclear 
nicoinamide mononucleoide adenylyl transferase 1 (NMNAT1), 
an enzyme involved in NAD+synthesis, also associates with PAR 
to enhance PARP- 1 enzyme acivity.56 Other proteins regulaing 
PARP- 1 acivity include Ku,55 histone variant macroH2A1.157 and 
KIF4.58 Protein- protein interacions also seem to acivate PARP- 
1. Mao et al.42 have demonstrated that SIRT6 acivates PARP- 1 
by mono- ADP- ribosylaing it in posiion Lys521. Developmental 
or environmental simuli induce PARP- 1 acivaion and the PAR- 
dependent nucleosome loosening leading to histone stripping and 
hence opening of the chromain structure. This process allows 

F IGURE  1 Structural gene organization of human PARP- 1 (hPARP- 1). It is characterized by FI, FII: Zinc finger motifs, FIII: Zinc ribbon domain 
(1–333 bp); NLS: Nuclear localization sequence; BRCT: BRCA1 C terminus motif (386–464 bp); WGR domain (549–634 bp) and the most 
conserved catalytic domain with PARP signature motif (PSM) between 859–908 bp and glutamate (Glu) at 988 position

TABLE  2 Post- translaional Modiicaions of Poly (ADP- ribose) polymerase 1

Modiicaion in PARP- 1 Source Residue modiied Acivator Result References

Auto modiicaion Poly 
(ADP- ribosylaion)

PARP K498, K521 and 
K524

Intact and 
damaged DNA

Regulaion of PARP acivity Altmeyer et al.38

Mono- ADP- ribosylaion SIRT6 K521 dsDNA damage Enhances double- strand break 
repair under oxidaive stress

Mao et al.42

Sumolyaion small 
ubiquiin- related 
modiier (SUMO)

SUMO- 2
SUMO 3

K203, K486 and
K512

Heat shock 
intact DNA

Transcripional co- acivator of 
hypoxia- responsive genes and 
promotes inducion of the heat 
shock- induced HSP70.1 
promoter

Zilio et al.43

Acetylaion p300/CREB- 
binding protein

K498, K505, K508, 
K521 and K524

Inlammatory 
simuli

NF- κB- dependent gene 
acivaion

Hassa et al.40

Phosphorylaion ERK1/2

Protein Kinase C
S372 and T373 DNA damage Neuronal cell death

Decreased PARP- 1 DNA- 
binding and catalyic acivity

Kauppinen et al.,41 

Beckert et al.39
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transcripional acivaion. This PAR- mediated chromain loosening 
phenomenon is detected at larval salivary- gland polytene chromo-
some pufs.59 Hence, PARP- 1 can be acivated by DNA- dependent 
and - independent manner which is summarized in Fig 2.

4.3 | PARP- 1: single protein with varied roles

4.3.1 | PARP- 1 in DNA repair

ADP- ribosylaion acivity of PARP- 1 is an instantaneous biochemical 
response to DNA damage induced by ionizing radiaions, alkylaions 
etc. At low levels of DNA damage, it detects DNA damage followed 
by repair and cell survival, whereas at high levels of DNA damage, 
it acivates the cell death pathway.60 Upon DNA damage, PARP- 1’s 
zinc inger FI/Zn1, FII/Zn2 and FIII/Zn3 moifs have been reported 
to relay binding signal to catalyic domain followed by the recruit-
ment of proteins involved in repair mechanism such as base excision 
repair (BER), single- strand breaks (SSBs) and double- strand breaks 
(DSBs) repair.1,61 It is also indicated to act as a DNA damage sen-
sor 62 and help in chromain remodelling at DNA damage sites.63 

A variety of proteins like ALC1, histone mH2A1.1, scafold atach-
ment factor SAFB1 have been illustrated to be recruited to DNA 
damage sites via PARP- 1 thus proving its indispensable role in DNA 
repair.64–66 Evidences show presence of PAR- binding zinc inger 
moifs in DNA damage response and checkpoint regulaion pro-
teins.67,68 PARP- 2 was also shown to be involved in the later steps 
of BER/single- strand break repair.69 In nucleoide excision repair, 
PARP- 1 inhibiion or depleion has also shown to cause low ei-
ciency of removal of UV- induced DNA damage.70 Among mammalian 
DNA repair pathways, PARP- 1 has been also implicated in homolo-
gous recombinaion71 and non- homologous end- joining pathways.72 

PARP- 1 has been reported to interact with replicaion fork protein 
(Timeless) in a PAR- independent manner thereby allowing its recruit-
ment to DSB sites to promote homologous recombinaion.73 Thus, 

it is clearly illustrated that PARP- 1 plays a vital role in DNA damage 
response.

4.3.2 | PARP- 1 in cell death

Under normal physiological condiions, cell morphology, numbers, 
patern and injury are taken care of by the process of apoptosis.74 

The mode of cell death depends on the extent of DNA damage. 
Low DNA damage can acivate PARP- 1 resuling in cell survival 
via DNA repair mechanisms. At moderate levels of DNA damage, 
cell undergoes apoptosis and PARP- 1 acivaion results into cleav-
age of PARP- 1 by caspases- 3 and - 7 into two fragments (89 kDa 
and 24 kDa)75 which is believed to be a key feature of apoptosis.76 

N- terminal 24 kDa fragment remains in nucleolus and other 89 kDa 
fragment translocates from nucleus to cytosol wherein it acts as 
a target for autoimmunity.77 Severe DNA damage leads to pro-
grammed necroic cell death through over- acivaion of PARP- 1.78 

Ring inger protein 146 (RNF146), a cytoplasmic E3- ubiquiin ligase, 
acts as a direct interactor of PARP- 1 during this process and 
elicits release of PARP- 1 from the nucleus. This has been dem-
onstrated during myocardial ischaemia- reperfusion injury.79 On the 
other side, in caspase- independent cell death, it plays an important 
role in the release of apoptosis- inducing factor (AIF) from mito-
chondria to nucleus. Yu et al.80 have studied the dependence of 
PARP- 1 and AIF in caspase- independent cell death which is termed 
as ‘parthanatos’. PARP- 1 has been reported to play a very crucial 
role in iniiaion and regulaion of this type of cell death.81 

Parthanatos has been detected in many disease condiions like 
stroke, Parkinsons, diabetes, etc.82 Upon PARP- 1 acivaion simu-
lated with various DNA- damaging agents like NMDA, H

2
O

2
, etc., 

AIF translocates from mitochondria to nucleus and inally culminates 
into cell death.83–85 On the contrary, Mir et al. showed that 
staurosporine- induced cell death did not involve PARP.86

F IGURE  2 Mechanism of PARP- 1 
Activation. The nuclear enzyme PARP- 1 can 
bind to DNA breaks resulting in the activation 
of the enzyme. DNA breaks are caused 
either by ROS, RNS or radiation or indirectly 
by DNA repair machinery where breaks are 
introduced into the DNA strands as in the 
case of alkylating DNA damage. Binding to 
special non- B- DNA structures such as bent 
or cruciform DNA or four- way junctions may 
culminate into PARP- 1 activation. Protein- 
protein interactions or covalent modifications 
(e.g. mono- ADP- ribosylation, acetylation or 
phosphorylation) have also been described as 
activation mechanisms for PARP- 1 which are 
DNA- independent. Other proteins activating 
PARP include nuclear NMNAT, Ku and 
phosphorylated ERK2 and Histone- 4 tail
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PARP- 1 is also reported to be involved in autophagy induced by 
DNA damage.87 PARP- 1 via autophagy displays a cytoprotecive role 
in oxidaive stress- induced necroic cell death.88 Moreover, Son et al. 
89 have also reported that cadmium- mediated ROS generaion leads 
to PARP- 1 acivaion and energy (ATP) reducion, eventually culminat-
ing into autophagy in skin epidermal cells. Wyrsch et al.90 have found 
that PARP- 1 and PARP- 2 control cytosolic Ca2+shits from extracel-
lular and intracellular sources during oxidaive stress. The diferent 
Ca2+signals arise from the transient receptor potenial melastain 2 
(TRPM2) channels located in the cellular and lysosomal membranes. 
This Ca2+overload induces speciic stress kinase response which leads 
to autophagy or cell death. Under mild oxidaive stress condiions, 
PARP- 1 operates as an autophagy suppressor ater oxidaive stress 
leading to cell death by acivaing downstream of extracellular signal- 
regulated kinase 1/2 (ERK1/2) and AKT. Under severe oxidaive con-
diions, PARP- 2 induces Ca2+shits from lysosomes, while PARP- 1 
becomes completely inacive. The cytosolic Ca2+overload leads to 
phosphorylaion of p38, stress- acivated protein kinase/Jun amino- 
terminal kinase (SAPK/JNK), and cyclic AMP response element- 
binding protein (CREB) with its acivaing transcripion factor (ATF- 1), 
further acivaing autophagy markers leading to cell survival.

PARP- 1 and related PARP family members are at the intersecion 
of conversing stress signalling pathways. Oxidaive stress causes dis-
rupion in redox potenial that extends to the ER, causing accumu-
laion of misfolded proteins, inally simulaing the unfolded protein 
response (UPR).91 It would be interesing to know if PARP- 1 has a 
role in ER stress- mediated cell death as it is upstream to autophagy, 
where PARP- 1 is demonstrated to play an essenial role. Hence, it is 
clear that PARP- 1 is an essenial regulator in many of the cell death 
pathways and this has been demonstrated in many issues. However, a 
very interesing work by Jog and Caricchio92 illustrates a characterisic 
diference in PARP- 1- mediated necrosis in males and females. Male 
mice were shown to be prone to PARP- 1- mediated necrosis while 
female mice showed PARP- 1- independent cell death.92 Understand-
ing the role of PARP- 1 in diferent stress condiions and even in dif-
ferent sexes would help us dissect out pathomechanisms of various 
disease condiions.

4.3.3 | PARP- 1 and epigeneics

The poly (ADP- ribosyl)aion of histones leading to open chromain 
conformaion at DNA damage sites was the irst indicaion to the 
funcion of PAR as an epigeneic modiicaion.2 Recent evidence 
has shown that PAR has an important role in the epigeneic regu-
laion of chromain structure and in gene expression under physi-
ological condiions wherein DNA integrity is maintained.93 Lodhi 
et al.94 have demonstrated PARP- 1 as a genome- wide epigeneic 
memory mark in mitoic chromain. They report that PARP- 1 estab-
lishes stable epigeneic marks at the transcripion start sites in 
metaphase chromain and these marks are a prerequisite for tran-
scripional restart ater mitosis. Moreover, PARP- 1 acivity epige-
neically regulates mitochondrial DNA repair and transcripion.95 

PARP- 1 also associates with genome- wide epigeneic regulatory 

elements suggesing a funcional interplay between PARP- 1 and 
DNA methylaion.96 Previous studies have shown that PARP- 1 can 
afect the genomic DNA methylaion patern via DNA methyl 
transferase, Dnmt1, both by regulaing its expression as well as 
acivity.93,97 Furthermore, the role of PARP- 1 in DNA methylaion 
events has been explored in induced pluripotent stem cells (iPSCs).98 

Recently, PARP- 1 has been shown to be associated epigeneically 
with Tet2 (a methyl cytosine dioxygenase) during somaic cell 
reprogramming which leads to transcripional inducion at the 
pluripotency loci.99 PARP- 1 has also been demonstrated to interact 
with TIP5 via non- coding RNA, thereby playing a role in mainte-
nance of silent rDNA chromain in mid- late S phase.100 Though, 
these studies suggest the possible epigeneic involvement of PARP- 
1; its mechanisic role in epigeneic control is sill elusive and 
remains to be an area of great interest to researchers.

4.3.4 | PARP- 1 as a chromain modulator

Chromain consists of genomic DNA, linker histones (H1), core 
histones (H2A, H2B, H3 and H4) and other chromain- associated 
proteins. Early reports have shown that puriied PARP- 1 could 
ADP- ribosylate chromain proteins (e.g. mainly H1), by de- 
condensaion of chromain and destabilizaion of nucleosomes.101 

Also proven in recent reports, PARP- 1 binding to chromain can 
change the conformaion and composiion of nucleosome.32,102 In 
addiion, it has also been demonstrated that PARP- 1 interacts with 
core histone variants resuling in the recruitment and integraion 
of histone variants to speciic sites in the genome.57 Local chro-
main loosening by PARP- 1 has also been demonstrated well at 
the puf loci in Drosophila facilitaing transcripion and eventually 
helping chromain remodelling during development.59 Nalabothula 
et al.96 discussed the possible mechanisms of chromain structure 
remodelling by PARP- 1 as: a) it binds between entry and exit sites 
between nucleosomes and linker DNA, b) it PARylates histones, 
linker histone H1, etc. thus modifying chromain architecture and 
c) it competes with histone H1 for nucleosome binding. All the 
above reports strengthen the role of PARP- 1 in chromain 
remodelling.

4.3.5 | PARP- 1 in transcripion

It is well studied that PARP- 1 behaves as chromain modiier at 
transcripional level with a number of in vitro and in vivo experi-
ments. Electrostaic repulsion between DNA and histones due to 
transfer of negaively charged PAR molecules onto accepter proteins 
promotes transcripion by recruiing transcripional machinery.103 

PARP- 1 is observed to be more localized at the promoter regions 
of most acively transcribed genes.104 The transcripional regulatory 
roles of PARP- 1 are manifested mainly through two processes, 
modulaing chromain structure and acing as a part of enhancer/
promoter- binding complexes. Based on the cell type, it can enhance 
transcripion with co- acivators or inhibit transcripion by repres-
sors.105 Chromain- dependent gene expression is controlled by 
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PARP- 1 interacing with histones at promoter.104 The type of histone 
modiicaion (acetylaion, phosphorylaion and methylaion) is very 
essenial for interacion between PARP- 1 and DNA because it can 
add structural changes into histones.106 Phosphorylaion of histone 
variant, H2Av, promotes acivity of PARP- 1 in Drosophila at speciic 
promoter regions.107 PARP- 1 is also found to be localized at DNA 
repair sites ater binding to other histone variant, macroH2A.108 

Also, macroH2A1- simulated H2B acetylaion was seen in cancer 
progression which was PARP- 1- dependent.109 Depleion of PARP- 1 
acivity resulted into inefecive loading of RNA polymerase II tran-
scripional machinery implying its role in gene regulaion.110

Recent studies suggest that PARP- 1 funcions as a co- acivator, 
which upregulates the transcripion of Nrf2, promoing the interacion 
among Nrf2 and ARE (anioxidant response elements).111 Reduced 
expression of CCN2 was found in tubular epithelial cells of kidney 
upon knockdown of PARP- 1.112 In addiion to this, PARP- 1 also func-
ions as an insulator that organizes the genome into disinct regulatory 
units by controlling the efects of enhancers on promoters, or by pre-
vening the spread of heterochromain.113 In vivo and in vitro binding 
studies of PARP- 1 and transcripion factor Yin Yang 1 (YY1) suggested 
that PARP- 1 plays a promoter regulatory role and inhibits the tran-
scripion of Cxcl12. In addiion, changes in PARP- 1- CTCF interacions 
due to serum shock induced recruitment of circadian loci to the lam-
ina leading to transcripional atenuaion.114 PARP- 1 is also known 
to be acing as an exchange factor thereby controlling transcripion. 
Recently, it has been demonstrated that PARP- 1 funcions in remodel-
ling of promoter- associated nucleosomes by replacing H2A.Z by H2A 
from FOS promoter to allow transcripional acivaion in response 
to ERK signalling.115 Thus, the underlying mechanism of PARP- 1- 
mediated transcripional regulaion is very complex and extensive and 
hence more studies are required to explore the transcripional role of 
PARP- 1.

4.3.6 | PARP and spermatogenesis

Both PARP- 1 and PARP- 2 have been found to have a signiicant 
role in spermatogenesis.116 It has been observed that there is 
signiicant PARP expression during the earlier stages of sper-
matogenesis and its transcripion declines during late stages of 
maturaion.117,118 The levels of PARP- 1, PARP- 2 and PARP- 9 were 
found to be increased in mature sperms as compared to immature 
sperms 116 and interesingly PARP- 1 was also found to be down-
regulated during the haploid stage of meiosis.119 The presence 
of PARG in the nuclei of rat primary spermatocytes also suggests 
that the levels of poly (ADP- ribose) in these germ cells are highly 
regulated.117 Moreover, Meyer- Ficca et al.120 reported the pres-
ence of PAR polymerizaion by PARP- 1 and PARP- 2 in rat sper-
maids, highest during the phase of chromain condensaion.

Studies demonstraing an increase in DNA strand breaks in all pop-
ulaion of elongaing spermaids in human tesis 121 and the presence 
of higher levels of PARP- 1, PARP- 2 and PARP- 9 in ejaculated sperm 
from ferile men compared to inferile men indicate a possible rela-
ionship between PARP expression and male inferility.

4.3.7 | PARP- 1 in cell difereniaion/mulicellularity

Out of the various roles of PARP- 1, its role in cell difereniaion 
and mulicellularity has yet to be unravelled. However, accumulat-
ing reports in diferent model systems suggest a deinite role of 
PARP- 1 in growth and mulicellularity. For example, Drosophila 
PARP has been shown to act in ectodermal speciicaion and neural 
crest development in zebraish.122 Our laboratory studies are indica-
ive of PARP’s role in D.discoideum development wherein its down-
regulaion led to arrested development.123 Recent studies from 
our laboratory show PARP- 1 involvement in D. discoideum growth 
and mulicellularity by ADPRT1A (PARP- 1 orthologue) overexpres-
sion which led to delayed growth and developmental morphogen-
esis.124 We have also reported that PARP may be essenial in 
combaing stress condiions in D. discoideum.83–85,125,126 Geneic 
studies on PARP- 1 orthologues in fungus demonstrated defecive 
development and decreased life span.127–129 As we move to the 
higher life forms like plants, it was seen that AtPARP- 1 and/or 
AtPARP2 knockdown reported to alter Arabidopsis development 
130 and AtPARP2 orthologue in oilseed rape (Brassica napus) did 
not afect its development.131 However, further work is mandatory 
to explore the role of PARP in plant development. In addiion, 
studies in Drosophila also suggest importance of PARP in chromain 
loosening at ecdysone- inducible regions thereby inducing purparium 
formaion and metamorphosis.59,132 These results are also substani-
ated by mice studies wherein PARP- 1 and PARP- 2 double- mutant 
mice were found to be not viable and die at the onset of gas-
trulaion, establishing the importance of both the PARPs during 
early embryogenesis.133 Recently, Hamazaki et al.134 have shown 
that PARP inhibiion caused inhibiion of DNA demethylaion of 
the IL17d promoter region at the two- cell stage leading to down-
regulaion of genes essenial for early embryogenesis. Thus it is 
clear from the above that a strong associaion of PARP- 1 exists 
in difereniaion and mulicellularity, which is yet to be explored 
in detail.

4.3.8 | PARP- 1 in metabolic regulaion

PARP- 1 has been known for its role in DNA repair as discussed 
in above secions. However, recent data suggest a role for 
PARP- 1 in metabolic regulaion by inluencing mitochondrial 
funcion and oxidaive metabolism. Mouse knockout studies 
showed that PARP- 1 deleion led to increased food intake.135,136 

PARP- 1−/− mice showed an increased metabolic rate.137 PARP- 1 
has also been associated with reducion in the glycolyic rate 
which has been linked to a reducion in NAD+availability over 
the years.138 Over- acivaion of PARP acivity can lead to meta-
bolic perturbaions through reducion in ATP, NAD+/NADH levels, 
which is enough to impair carbohydrate metabolism.139 It also 
changes the low of glycolyic metabolites into Krebs cycle and 
thereby compromised energy producion in mitochondria.140 

However, recent evidence indicates that PARP- 1 may be respon-
sible for reducion in hexokinase acivity and hence afects the 
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cellular glycolyic rate via poly (ADP- ribosyl)aion of hexokinase 
directly.141 PARP- 1 and PARP- 2 acivaion have also been dem-
onstrated to afect mitochondrial acivity negaively.142 Hence, 
PARP inhibiion arises as therapeutant to treat mitochondrial 
dysfuncion.

In addiion, PARP- 1 also plays a crucial role in the circadian entrain-
ment and regulates feeding behaviour. Asher et al.143 demonstrated 
that CLOCK (Circadian transcripion factor)–BMAL1- dependent gene 
expression was altered in PARP- 1- knockout mice, in response to 
changes in feeding imes. In contrast, the deleion of PARP- 2 did not 
afect food intake or daily behaviour.135 Moreover, both PARP- 1−/− 

and PARP- 2−/− mice displayed enhanced energy expenditure.135,138 

PARP- 1−/− mice showed an increased mitochondrial content in their 
brown adipose issue (BAT),138 which physiologically renders them 
to be able to maintain their body temperature during cold exposure. 
Interesingly, PARP- 2 deleion does not inluence mitochondrial bio-
genesis in BAT.138 Furthermore, it has been suggested that PARP- 1 
acts as a posiive regulator of adipogenesis and adipocyte funcion 
resuling in fat deposiion.144 Studies have conirmed that PARP- 1 

regulates adipogenic gene expression and is required selecively for 
adipocyte funcion.145 PARP- 1−/− and PARP- 2−/− mice also displayed 
an increased glucose clearance 135,138 suggesing the increased insulin 
sensiivity. Thus, these reports suggest the metabolic involvement of 
PARP- 1 and PARP- 2; however, more studies are needed to conirm 
these indings and to explore new metabolic regulatory funcions of 
PARP.

4.3.9 | PARP- 1 and cancer

Errors in replicaion process, producion of ROS and UV radiaions 
result in DNA damage which includes single- strand breaks (SSBs), 
double- strand breaks (DSBs), etc. Cells then signal DNA repair 
pathways such as nucleic acid excision repair (NER), base excision 
repair (BER), mismatch repair (MMR), non- homologous end- joining 
(NHEJ) and homologous recombinaion (HR) resuling into cell sur-
vival with an excepion of tumour cells. PARP- 1 and PARP- 2 are 
key regulators for the funcion of DNA repair mechanisms; however, 
geneic disorders, such as BRCA1 and BRCA2 mutaions, prevent 

F IGURE  3 PARP- 1 and cancer therapy. (a) In normal cells, upon DNA damage like SSB, DSB and non- B- DNA structures, PARP- 1 gets 
activated and thereby aids in the recruitment of DNA repair proteins such as the scaffolding protein XRCC1 to sites of SSBs through BER, 
whereas DNA- PKcs, Ku70 and Ku80 to sites of DSBs through NHEJ. It also aids HR via recruitment of factors like ATM, Mre11 and Nbs1 
to sites of DSBs. Another very essential process of HR repair involves localization of BRCA- 1 and BRCA- 2 to sites of double- stranded 
DNA damage. In cancer cells bearing BRCA1/2 mutations or deficiency (red star), cells are rendered faulty in HR repair (red no symbol) 
and thus there is complete dependence on NHEJ (error- prone) for DSB DNA repair and SSB for BER (red arrows); both of which are PARP- 
1- dependent. Thus, PARP inhibition serves as an excellent approach for therapy. BRCA1/2 mutations or deficiency along with PARP- 1 
inhibition leads to amplification of DNA instability due to impairment in BER- , NHEJ-  and ATM- mediated HR repair and chromosomal 
aberrations results in cell death. (b) PARP- 1 inhibitors like Olaparib, Veliparib, etc. have been promising therapeutic candidates in case of 
breast cancer and ovarian cancer—Approach 1. Approach 2a uses PARP- 1 inhibitors in case of epigenetic modulation or artificial inactivation 
of BRCA pathway in case of sporadic cancers, whereas approach 2b involves use of chemotherapy and radiation along with PARP- 1 inhibitor 
depending on the cancer type

(a)

(b)
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DNA repair mechanism and increase the risk of malignancies.146 

Inhibiion of DNA repair process may lead to cell death and this 
brings PARP- 1 as a perfect target for ani- cancer therapy. PARylaion 
of targeted proteins by PARP- 1 on acivaion by SSBs and DSBs 
facilitates the recruitment of DNA repair proteins such as XRCC1 
to sites of damage.147,148 PARP- 1 may also facilitate HR via recruit-
ment of factors like ataxia telangiectasia- mutated (ATM, Ataxia 
Telangiectasia Mutated), Nijmegen breakage syndrome 1 (Nbs1) 
and mitoic recombinaion 11 (Mre11) to sites of DSBs.149 However, 
major role in HR repair involves localizaion of BRCA- 1 and BRCA- 
2. BRCA- 1 plays an essenial role in the surveillance of DNA 
damage and transducion of DNA repair responses, while BRCA- 2 
is directly involved in double- stranded DNA repair, via modulaion 
of Rad51 by HR.150

PARP- 1 inhibiion does not cause cell lethality by itself, as the cell 
has an intact HR pathway for DNA repair. Cells that have a mutated 
BRCA1 or BRCA2 genes as in the case of breast cancer or those that 
are deicient in BRCA1 or BRCA2 proteins like sporadic cancers are 
found to be defecive in their ability to repair DNA through HR and 
henceforth depend on error- prone NHEJ. This results in amplii-
caion of DNA instability and chromosomal aberraions eventually 
causing cell death (Fig 3a). This synergisic efect has been very well 
demonstrated by Arun et al.,151 wherein PARPi AZD2281 showed 
more promising results in BRCA1-  and BRCA2- bearing mutants via 

inducion of autophagy. This concept of syntheic lethality has been 
implemented upon in cancer therapeuics. In cases of breast and ovar-
ian cancer, treatment with PARP- 1 inhibitors Olaparib and Veliparib 

(Approach A) has found posiive clinical results.152 Epigeneic modula-
ion or ariicial inacivaion of BRCA pathway (Approach 2a) in cases 
of sporadic cancer along with the use of PARPi plays a key to thera-
peuics. This synergisic inhibiion of DNA repair poses as a double- hit 
mechanism for cancer cell death. PARPi can also be used in combi-
naion with chemotherapy and radiaion (Approach 2b) to render the 
cells prone to cell death under enhanced damaged condiions as in 
cases of non- Hodgkin lymphoma cell line, use of PARPi in combinaion 
with both external beam radiaion and 131I- tositumomab; radio sensi-
izaion with veliparib in head and neck carcinoma cell lines and lung 
cancer xenograt models; or with niraparib in neuroblastoma cell lines, 
and whole brain radiaion in cases of brain metastases 153 (Fig 3b). In 
addiion, Table 3 compiles various drug combinaions with Olaparib 
(Table 3a) and Veliparib (Table 3b) which are being currently exten-
sively used in various cancers along with its side efects.

The transcripional role of PARP- 1 in cancer includes chromain 
modulaion of tumour suppressor and oncogene funcion, regulaion 
of the metastaic processes, alteraion of cell survival and adapta-
ion. For example, in liver cancer, ATPases acivity of ALC1 (ampliied 
in liver cancer 1) was found to be dependent upon both PARP- 1 and 
NAD+.154 Furthermore, various tumour cell lines exhibited overex-
pression of PARP- 1 with malignancy progression.155 One of the recent 
studies indicated that following irradiaion, PARP- 1 acivaion plays a 
criical role in prostate cancer cell lines (LNCaP and DU145).156

PARP- 1 is also thought to be an important modulator of tumour 
suppressor gene, p53.157 In addiion, PARP- 1 is known to regu-
late organ site- speciic tumour suppressors as explained by tumour 

F IGURE  4 PARP- multifunctional protein. Poly ADP- ribose polymerase family of proteins are detected from prokaryotes to eukaryotes. The 
number of PARP family members and their involvement in various cellular processes increases with the complexity of the organism. PARP- 1, the 
most studied PARP family member is involved a wide range of processes like DNA repair, cell death, transcription, spermatogenesis, metabolic 
regulation, epigenetics and differentiation
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suppressor gene, APC (adenomatous polyposis coli). The loss of this 
gene was associated with sporadic colorectal cancer (CRC). Collecive 
reports suggest that PARP- 1 controls acivity of T- cell factor (TCF)/lym-
phoid enhancer factor (LEF), i.e. TCF/LEF complex in CRC with higher 
expression levels of PARP- 1.158,159 In addiion, Schiewer et al. 160 

showed that PARP- 1 controls androgen receptor (AR) associaion and 
funcions with chromain using in vitro and in vivo systems. In paricu-
lar, reducion in AR acivity was correlated with signiicant ani- tumour 
response to PARP- 1 inhibiion, indicaing the dependence of prostate 
cancer on PARP- 1 acivity.160 Thus, these studies suggest that inhibi-
ion of PARP- 1 has potenial as a cancer therapeuic through at least 
two mechanisms: (1) by poteniaing chemotherapeuic agents that 
damage DNA and increasing tumour sensiivity; and (2) by inducing 
“syntheic lethality” in cells that are highly dependent on PARP- 1, due 
to deiciency in homologous recombinaion such as BRCA1 mutants.

4.3.10 | Clinical implicaions of PARP- 1 in other 
diseases

Dysfuncional PARP- 1 has been linked to the onset and progres-
sion of myriad of diseases including cancer, ageing, diabetes, neu-
rological diseases, etc. Several evidences point out the role of 
PARP- 1 in cancer. In addiion, PARP- 1 has also been associated 
in neuronal pathology. PARP- 1 inhibiion has been proven to play 
a protecive role in Parkinsons and Alzheimer’s disease.161 Moroni 
et al. also illustrated PARP- 1 inhibitor HYDAMTIQ to be very 
efecive in conferring neuroprotecion post stroke.162 In addiion, 
PARP- 1 acivaion plays a role in diabeic nephropathy, neuropathy 
and reinopathy. Studies in experimental models relect the role 
of PARP- 1 in inlammatory responses by promoing inlammaion- 
relevant gene expression. Moreover, acivaion of NF- κB, AP- 1 
and heat shock factor protein- 1 transcripion factors, classically 
known to signal inlammatory gene expression are mediated by 
PARP- 1.163,164 PARP- 1 also controls immunosuppressive funcion 
of regulatory T cells by destabilizing Foxp3.165 Also, an increase 
in Foxp3+T regulatory cells has been observed in PARP- 1 dei-
ciency.166 PARP- 1 has thus emerged as a very important therapeuic 
target not only in cancer but also in several other diseases which 
can be further probed for its therapeuic potenial.

5  | CONCLUSION

The current research in PARP- 1 biology unravels the role of PARP- 1 
beyond DNA repair and its involvement in several biological/cellular 
processes, such as epigeneics, transcripional regulaion, spermato-
genesis, difereniaion, etc. (Fig 4). The role of PARP- 1 as a tran-
scripional regulator has shed light on the broader aspect of PARP- 1 
in the cell. Recent studies have also highlighted the mulifaceted role 
of PARP- 1 in transcripional regulaion and provided new insights into 
how PARP- 1 plays a very important role in signalling pathways in the 
cell. In addiion, PARP- 1’s potenial in therapeuics for diverse disease 
condiions require more animal- based clinical studies. Much work needs 

to be done to understand how PARP- 1 works in conjuncion with 
the other PARP family members. Moreover, PARP- 1 inhibitors have 
been a promising therapeuic for a wide range of pathological  condiions. 
Inhibiing PARP acivity uncovers potenial of PARP inhibitors as 
promising candidates for cancer therapy, paricularly in BRCA1/2- 
mutated cancers, alone or in combinaion with cytotoxic drugs. p53- 
deicient breast cancer cells treated with a PARP inhibitor happen to 
lose resistance to an apoptosis promoing, clinically acive ani- tumour 
agent called doxorubicin. However, these PARP inhibitors have several 
side efects that are toxic to the cell as the reports clearly show 
PARP- 1’s role in physiological condiions. Hence, to harness the 
 therapeuic potenial of PARP- 1, studies are required to ind out new 
inhibitors with least side efects. Thus, PARP- 1 has now opened new 
avenues for researchers to understand PARP- 1’s mulifuncional role 
in the cell which would eventually aid to further expand the uility 
of PARP family and its inhibiion in therapeuics.

ACKNOWLEDGEMENTS

RB thanks Council of Scieniic and Industrial Research, New Delhi 
(38 (1383)/14/EMR- II) Department of Biotechnology, New Delhi 
(BT/PR4383/BRB/10/1014/2011) and Department of Science and 
Technology, New Delhi (SR/SO/BB- 03/2010) and for inancial sup-
port. TJ thanks UGC- SAP DRS for fellowship. RB thanks Dr. Mitesh 
Dwivedi for his criical suggesions. It is to be noted that none 
of the authors have any conlict of interest.

REFERENCES

 1. D’Amours D, Desnoyers S, D’Silva I, Poirier GG. Poly(ADP- ribosyl)
aion reacions in the regulaion of nuclear funcions. Biochem J. 

1999;342:249–268.
 2. Schreiber V, Dantzer F, Ame JC, de Murcia G. Poly(ADP- ribose): novel 

funcions for an old molecule. Nat Rev Mol Cell Biol. 2006;7:517–528.
 3. Lauier D, Lagueaux J, Thibodeau J, Ménard L, Poirier GG. Molecular 

and biochemical features of poly (ADP- ribose) metabolism. Mol Cell 

Biochem. 1993;122:171–193.
 4. Meyer-Ficca ML, Meyer RG, Coyle DL, Jacobson EL, Jacobson MK. 

Human poly(ADP- ribose) glycohydrolase is expressed in alternaive 
splice variants yielding isoforms that localize to diferent cell com-
partments. Exp Cell Res. 2004;297:521–532.

 5. Min W, Wang ZQ. Poly (ADP- ribose) glycohydrolase (PARG) and its 
therapeuic potenial. Front Biosci (Landmark Ed). 2009;14:1619–1626.

 6. Oka S, Kato J, Moss J. Ideniicaion and Characterizaion of 
a Mammalian 39- kDa Poly(ADP- ribose) Glycohydrolase. JBC. 

2006;281:705–713.
 7. Dunn CA, O’Handley SF, Frick DN, Bessman MJ. Studies on the 

ADP- ribose pyrophosphatase subfamily of the nudix hydrolases and 
tentaive ideniicaion of trgB, a gene associated with tellurite resis-
tance. J Biol Chem. 1999;274:32318–32324.

 8. Rosenthal F, Feijs KLH, Frugier E, et al. Macrodomain- containing 
proteins are new mono- ADP- ribosylhydrolases. Nat Struct Mol. 
2013;20:502–509.

 9. Ame JC, Spenlehauer C, de Murcia G. The PARP superfamily. BioEs-

says. 2004;26:882–893.
 10. Hoiger MO, Hassa PO, Luscher B, Schuler H, Koch-Nolte F. Toward 

a uniied nomenclature for mammalian ADP- ribosyltransferases. 
Trends Biochem Sci. 2010;35:208–219.



Jubin et al.    |  13

 11. Morales J, Li L, Fatah FJ, et al. Review of poly(ADP- Ribose) 
 polymerase (PARP) mechanisms of acion and raionale for 
 targeing in cancer and other diseases. Crit Rev Eukaryot Gene Expr. 
2014;24:15–28.

 12. Loseva O, Jemth AS, Bryant HE, et al. PARP- 3 is a mono- ADP- 
ribosylase that acivates PARP- 1 in the absence of DNA. J Biol Chem. 

2010;285:8054–8060.
 13. Hassa PO, Haenni SS, Elser M, Hoiger MO. Nuclear ADP- 

ribosylaion reacions in mammalian cells: where are we today and 
where are we going? Microbiol Mol Biol Rev. 2006;70:789–829.

 14. Kickhoefer VA, Siva AC, Kedersha NL, et al. The 193- kD vault pro-
tein, VPARP, is a novel poly(ADP- ribose) polymerase. J Cell Biol. 
1999;146:917–928.

 15. Smith S, Giriat I, Schmit A, de Lange T. Tankyrase, a poly(ADP- 
ribose) polymerase at human telomeres. Science. 1998;282:1484–
1487.

 16. Seimiya H. The telomeric PARP, tankyrases, as targets for cancer 
therapy. Br J Cancer. 2006;94:341–345.

 17. Leung AK, Vyas S, Rood JE, Bhutkar A, Sharp PA, Chang P. Poly(ADP- 
Ribose) Regulates Stress Responses and MicroRNA Acivity in the 
Cytoplasm. Mol Cell. 2011;42:489–499.

 18. Ma Q, Baldwin KT, Renzelli AJ, McDaniel A, Dong L. TCDD- inducible 
poly(ADP- ribose) polymerase: a novel response to 2,3,7,8- tetrachlo
rodibenzo- p- dioxin. Biochem Biophys Res Commun. 2001;289:499–
506.

 19. Vyas S, Chesarone-Cataldo M, Todorova T, Huang YH, Chang P. A 
systemaic analysis of the PARP protein family ideniies new func-
ions criical for cell physiology. Nat Commun. 2013;4:2240.

 20. Barkauskaite E, Jankevicius G, Ladurner AG, Ahel I, Timinszky G. The 
recogniion and removal of cellular poly(ADP- ribose) signals. FEBS J. 

2013;280:3491–3507.
 21. Slade D, Dunstan MS, Barkauskaite E, et al. The structure and cat-

alyic mechanism of a poly(ADP- ribose) glycohydrolase. Nature. 

2011;477:616–620.
 22. Perina D, Mikoč A, Ahel J, Ćetković H, Žaja R, Ahel I. Distribuion 

of protein poly(ADP- ribosyl)aion systems across all domains of life. 
DNA Repair. 2014;23:4–16.

 23. Faraone-Mennella MR, Gambacorta A, Nicolaus B, Farina B. Puri-
icaion and biochemical characterizaion of a poly(ADP- ribose) 
polymerase- like enzyme from the thermophilic archaeon Sulfolobus 
solfataricus. Biochem J. 1998;335:441–447.

 24. Oto H, Reche PA, Bazan F, Ditmar K, Haag F, Koch-Nolte F. In silico 
characterizaion of the family of PARP- like poly(ADP- ribosyl) trans-
ferases (pARTs). BMC Genom. 2005;6:139.

 25. Li Z, Yamauchi Y, Kamakura M, et al. Herpes simplex virus requires 
poly(ADP- ribose) polymerase acivity for eicient replicaion and 
induces extracellular signal- related kinase- dependent phosphoryla-
ion and ICP0- dependent nuclear localizaion of tankyrase 1. J Virol. 
2012;86:492–503.

 26. Maiussi S, Tempera I, Matusali G, Mearini G, Leni L, Fratarcangeli S. 
Inhibiion of poly(ADP- ribose)polymerase impairs Epstein Barr Virus 
lyic cycle progression. Infect Agent Cancer. 2007;2:18.

 27. Ogura T, Takenouchi N, Yamaguchi M, Matsukage A, Sugimura T, Esumi 
H. Striking similarity of the distribuion paterns of the poly(ADP- 
ribose) polymerase and DNA polymerase beta among various mouse 
organs. Biochem Biophys Res Commun. 1990;172:377–384.

 28. Babiychuk E, Cotrill PB, Storozhenko S, Fuangthong M, Chen 
Y, O’Farrell MK. Higher plants possess two structurally diferent 
poly(ADP- ribose) polymerases. Plant J. 1998;15:635–645.

 29. Citarelli M, Teoia S, Lamb RS. Evoluionary history of the poly(ADP- 
ribose) polymerase gene family in eukaryotes. BMC Evol Biol. 

2010;10:308.
 30. Kawal AM, Mir H, Ramniklal CK, Rajawat J, Begum R. Structural 

and evoluionary analysis of PARPs in D. discoideum. Am J Infect Dis. 

2011;7:67–74.

 31. Kameshita I, Matsuda Z, Taniguchi T, Shizuta Y. Poly(ADP- ribose) 
synthetase. Separaion and ideniicaion of three proteolyic frag-
ments as the substrate- binding domain, the DNA- binding domain 
and the automodiicaion domain. J Biol Chem. 1984;259:4770–
4776.

 32. Langelier MF, Ruhl DD, Planck JL, Kraus WL, Pascal JM. The Zn3 
domain of human poly(ADP- ribose) polymerase- 1 (PARP- 1) func-
tions in both DNA- dependent poly(ADP- ribose) synthesis activity 
and chromatin compaction. J Biol Chem. 2010;285:18877–18887.

 33. Langelier MF, Servent KM, Rogers EE, Pascal JM. A third zinc- binding 
domain of human poly(ADP- ribose) polymerase- 1 coordinates DNA 
dependent enzyme acivaion. J Biol Chem. 2008;283:4105–4114.

 34. Ye’lamos J, Farres J, Llacuna L, Ampurdanes C, Marin-Caballero J. 
PARP- 1 and PARP- 2: new players in tumour development. Am J Can-

cer Res. 2011;1:328–346.
 35. Kinoshita T, Nakanishi I, Warizaya M, et al. Inhibitor- induced struc-

tural change of the acive site of human poly(ADP- ribose) poly-
merase. FEBS Let. 2004;556:43–46.

 36. Masson MV, Rolli FD, Dantzer F, et al. Poly(ADP- ribose) polymerase: 
structure- funcion relaionship. Biochimie. 1995;77:456–461.

 37. Langelier MF, Planck JL, Roy S, Pascal JM. Structural basis for DNA 
damage–dependent poly (ADP- ribosyl)aion by human PARP- 1. Sci-
ence. 2012;336:728–732.

 38. Altmeyer M, Messner S, Hassa PO, Fey M, Hoiger MO. Molecular 
mechanism of poly(ADP- ribosyl)aion by PARP1 and ideniicaion 
of lysine residues as ADP- ribose acceptor sites. Nucleic Acids Res. 

2009;37:3723–3738.
 39. Beckert S, Farrahi F, Perween GQ, et al. IGF- I- induced VEGF 

expression in HUVEC involves phosphorylaion and inhibiion 
of poly(ADP- ribose) polymerase. Biochem Biophys Res Commun. 

2006;341:67–72.
 40. Hassa PO, Haenni SS, Buerki C, Meier NI, Lane WS, Owen H. Acetyl-

aion of poly(ADP- ribose) polymerase- 1 by p300/CREB- binding pro-
tein regulates coacivaion of NF- kappaB- dependent transcripion. J 
Biol Chem. 2005;280:40450–40464.

 41. Kauppinen TM, Chan WY, Suh SW, Wiggins AK, Huang EJ, Swan-
son RA. Direct phosphorylaion and regulaion of poly(ADP- ribose) 
polymerase- 1 by extracellular signal regulated kinases 1/2. Proc Natl 
Acad Sci USA. 2006;103:7136–7141.

 42. Mao Z, Hine C, Tian X, et al. SIRT6 promotes DNA repair under stress 
by acivaing PARP- 1. Science. 2011;332:1443–1446.

 43. Zilio N, Williamson CT, Eustermann S, et al. DNA- dependent SUMO 
modiicaion of PARP- 1. DNA Repair. 2013;12:761–773.

 44. Kim MY, Zhang T, Kraus WL. Poly(ADP- ribosyl)aion by PARP- 1: 
‘PARlaying’ NAD+into a nuclear signal. Genes Dev. 2005;19:1951–
1967.

 45. Kun E, Kirsten E, Ordahl CP. Coenzymaic acivity of randomly bro-
ken or intact double- stranded DNAs in auto and histone H1 trans- 
poly(ADP- ribosylaion), catalyzed by poly(ADP- ribose) polymerase 
(PARP I). J Biol Chem. 2002;277:39066–39069.

 46. Oei SL, Shi Y. Poly (ADP- ribosyl)aion of transcripion factor Y in Yang 
1 under condiions of DNA damage. Biochem Biophys Res Commun. 

2001;285:27–31.
 47. Lonskaya I, Potaman VN, Shlyakhtenko LS, Oussatcheva EA, 

Lyubchenko YL, Soldatenkov VA. Regulaion of poly(ADP- ribose) 
polymerase- 1 by DNA structure- speciic binding. J Biol Chem. 

2005;280:17076–17083.
 48. Eustermann S, Videler H, Yang JC, et al. The DNA- binding domain 

of human PARP- 1 interacts with DNA single- strand breaks as a 
monomer through its second zinc inger. J Mol Biol. 2011;407:149–
170.

 49. Langelier MF, Planck JL, Roy S, Pascal JM. Crystal structures of poly 
(ADP- ribose) polymerase- 1 (PARP- 1) zinc ingers bound to DNA 
structural and funcional insights into DNA- dependent PARP- 1 
acivity. J Biol Chem. 2011;286:10690–10701.



 Jubin et al.14  |   

 50. Eustermann S, Wu WF, Langelier MF, et al. Structural Basis of Detec-
ion and Signaling of DNA Single- Strand Breaks by Human PARP- 1. 
Mol Cell 2015;60:742–754.

 51. Ko HL, Ren EC. Novel poly(ADP- ribose) polymerase 1 binding moif 
in hepaiis B virus core promoter impairs DNA damage repair. Hepa-

tology. 2011;54:1190–1198.
 52. Cohen-Armon M, Visochek L, Rozensal D, et al. DNA- independent 

PARP- 1 acivaion by phosphorylated ERK2 increases Elk1 acivity: 
a link to histone acetylaion. Mol Cell. 2007;25:297–308.

 53. Cohen-Armon M. PARP- 1 acivaion in the ERK signaling pathway. 
Trends Pharmacol Sci. 2007;28:556–560.

 54. Ju B, Solum D, Song EJ, et al. Acivaing the PARP- 1 sensor compo-
nent of the Groucho/TLE1 corepressor complex mediates a CaM-
Kinase IIdelta- dependent neurogenic gene acivaion pathway. Cell. 

2004;119:815–829.
 55. Dong F, Soubeyrand S, Haché RJ. Acivaion of PARP- 1 in response 

to bleomycin depends on the Ku anigen and protein phosphatase 5. 
Oncogene. 2010;29:2093–2103.

 56. Zhang T, Berrocal JG, Yao J, DuMond ME, Krishnakumar R, Ruhl 
DD. Regulaion of poly(ADP- ribose) polymerase- 1- dependent gene 
expression through promoter- directed recruitment of a nuclear 
NAD+synthase. J Biol Chem. 2012;287:12405–12416.

 57. Ouararhni K, Hadj-Slimane R, Ait-Si-Ali S, Robin P, Mieton F, Har-
el-Bellan A. The histone variant mH2A1.1 interferes with transcrip-
ion by down- regulaing PARP- 1 enzymaic acivity. Genes Dev. 

2006;20:3324–3336.
 58. Midorikawa R, Takei Y, Hirokawa N. KIF4 motor regulates acivity- 

dependent neuronal survival by suppressing PARP- 1 enzymaic 
acivity. Cell. 2006;125:371–383.

 59. Tulin A, Spradling A. Chromain loosening by poly(ADP- ribose) poly-
merase (PARP) at Drosophila Puf Loci. Science. 2003;299:560–562.

 60. Virág L, Szabó C. The therapeuic potenial of poly(ADP- ribose) poly-
merase inhibitors. Pharmacol Rev. 2002;54:375–429.

 61. Masutani M, Nakagama H, Sugimura T. Poly(ADP- ribose) and car-
cinogenesis. Genes Chromosom Cancer. 2003;38:339–348.

 62. Dantzer F, de La Rubia G, Menissier-De MJ, Hostomsky Z, de 
Murcia G, Schreiber V. Base excision repair is impaired in mam-
malian cells lacking poly(ADP- ribose) polymerase- 1. Biochemistry. 

2000;39:7559–7569.
 63. Izhar L, Adamson B, Ciccia A, et al. A systemaic analysis of factors 

localized to damaged chromain reveals PARP- dependent recruit-
ment of transcripion factors. Cell Rep. 2015;11:1486–1500.

 64. Ahel D, Hořejší Z, Wiechens N, et al. Poly (ADP- ribose) dependent 
regulaion of DNA repair by the chromain remodeling enzyme 
ALC1. Science. 2009;325:1240–1243.

 65. Altmeyer M, Toledo L, Gudjonsson T, et al. The chromain scafold 
protein SAFB1 renders chromain permissive for DNA damage sig-
naling. Mol Cell. 2013;52:206–220.

 66. Timinszky G, Till S, Hassa PO, et al. A macrodomain- containing 
histone rearranges chromain upon sensing PARP1 acivaion. Nat 

Struct Mol Biol. 2009;16:923–929.
 67. Ahel I, Ahel D, Matsusaka T, et al. Poly (ADP- ribose)- binding zinc in-

ger moifs in DNA repair/checkpoint proteins. Nature. 2008;451:81–
85.

 68. Rulten SL, Cortes-Ledesma F, Guo L, Iles NJ, Caldecot KW. APLF 
(C2orf13) is a novel component of poly (ADP- ribose) signaling in 
mammalian cells. Mol Cell Biol. 2008;28:4620–4628.

 69. Mortusewicz O, Amé JC, Schreiber V, Leonhardt H. Feedback- 
regulated poly(ADP- ribosyl)aion by PARP- 1 is required for 
rapid response to DNA damage in living cells. Nucleic Acids Res. 

2007;35:7665–7675.
 70. Robu M, Shah RG, Peitclerc N, Brind’Amour J, Kandan-Kulangara 

F, Shah GM. Role of poly(ADP- ribose) polymerase- 1 in the removal 
of UV- induced DNA lesions by nucleoide excision repair. Proc Natl 
Acad Sci USA 2013;110:1658–1663.

 71. Adamson B, Smogorzewska A, Sigoillot FD, King RW, Elledge SJ. 
A genome- wide homologous recombinaion screen ideniies the 
RNA- binding protein RBMX as a component of the DNA- damage 
response. Nat Cell Biol. 2012;14:318–328.

 72. Patel AG, Sarkaria JN, Kaufmann SH. Nonhomologous end joining 
drives poly(ADP- ribose) polymerase (PARP) inhibitor lethality in 
homologous recombinaion- deicient cells. Proc Natl Acad Sci USA. 

2011;108:3406–3411.
 73. Xie S, Mortusewicz O, Ma HT, et al. Timeless interacts with PARP- 1 to 

promote homologous recombinaion repair. Mol Cell. 2015;60:163–
167.

 74. Galluzzi L, Joza N, Tasdemir E, et al. No death without life: vital 
funcions of apoptoic efectors. Cell Death Difer. 2008;15:1113–
1123.

 75. Soldani C, Scovassi AI. Poly(ADP- ribose) polymerase- 1 cleavage 
during apoptosis: an update. Apoptosis. 2002;7:321–328.

 76. Tewari M, Quan LT, O’Rourke K, et al. Yama/CPP32 beta, a mam-
malian homolog of CED- 3, is a CrmA inhibitable protease that 
cleaves the death substrate poly(ADP- ribose) polymerase. Cell. 

1995;81:801–809.
 77. Scovassi AI, Diederich M. Modulaion of poly(ADP- ribosylaion) in 

apoptoic cells. Biochem Pharmacol. 2004;68:1041–1047.
 78. Sosna J, Voigt S, Mathieu S, et al. TNF- induced necroptosis and 

PARP- 1- mediated necrosis represent disinct routes to programmed 
necroic cell death. Cell Mol Life Sci. 2014;71:331–348.

 79. Gerö D, Szoleczky P, Chatzianastasiou A, Papapetropoulos A, 
Szabo C. Modulaion of Poly (ADP- Ribose) Polymerase- 1 (PARP- 1)- 
Mediated Oxidaive Cell Injury by Ring Finger Protein 146 (RNF146) 
in Cardiac Myocytes. Mol Med. 2014;20:313.

 80. Yu SW, Andrabi SA, Wang H, et al. Apoptosis- inducing factor medi-
ates poly(ADP- ribose) (PAR) polymer- induced cell death. Proc Natl 
Acad Sci USA. 2006;103:18314–18319.

 81. Donizy P, Halon A, Surowiak P, Pietrzyk G, Kozyra C, Matkowski R. 
Correlaion between PARP- 1 immunoreacivity and cytomorpholog-
ical features of parthanatos, a speciic cellular death in breast cancer 
cells. Eur J Histochem. 2013;57:35.

 82. Andrabi SA, Dawson TM, Dawson VL. Mitochondrial and nuclear 
cross talk in cell death. Ann NY Acad Sci. 2008;1147:233–241.

 83. Rajawat J, Alex T, Mir H, Kadam A, Begum R. Proteases involved 
during oxidaive stress induced poly(ADP- ribose) polymerase medi-
ated cell death in D. discoideum. Microbiology. 2014;160:1101–1111.

 84. Rajawat J, Mir H, Alex T, Bakshi S, Begum R. Involvement of 
poly(ADP- ribose) polymerase in paraptoic cell death of D. dis-

coideum. Apoptosis. 2014;19:90–101.
 85. Rajawat J, Vohra I, Mir H, Gohel D, Begum R. Efect of oxidaive stress 

and involvement of poly(ADP- ribose) polymerase (PARP) in Dictyos-

telium discoideum development. FEBS J. 2007;274:5611–5618.
 86. Mir H, Rajawat J, Begum R. Staurosporine induced cell death in D. 

discoideum is independent of PARP. Indian J Exp Biol. 2012;50:80–
86.

 87. Muñoz-Gámez JA, Rodríguez-Vargas JM, Quiles-Pérez R, et al. 
PARP- 1 is involved in autophagy induced by DNA damage. Autoph-

agy. 2009;5:61–74.
 88. Huang Q, Shen HM. To die or to live: the dual role of poly(ADP- 

ribose) polymerase- 1 in autophagy and necrosis under oxidaive 
stress and DNA damage. Autophagy. 2009;5:273–276.

 89. Son YO, Wang X, Hitron JA, et al. Cadmium induces autophagy 
through ROS- dependent acivaion of the LKB1–AMPK signaling in 
skin epidermal cells. Toxicol Appl Pharmacol. 2011;255:287–296.

 90. Wyrsch P, Blenn C, Bader J, Althaus FR. Cell death and autophagy 
under oxidaive stress: roles of poly(ADP- Ribose) polymerases and 
Ca(2+). Mol Cell Biol. 2012;32:3541–3553.

 91. Mansuri MS, Singh M, Jadeja SD, et al. Could ER stress be a major 
link between oxidaive stress and autoimmunity in Viiligo? Pigmen-

tary Disord. 2014;1:123.



Jubin et al.    |  15

 92. Jog NR, Caricchio R. Diferenial regulaion of cell death programs 
in males and females by Poly (ADP- Ribose) Polymerase- 1 and 17β 
estradiol. Cell Death Dis. 2013;4:e758.

 93. Caiafa P, Guastaierro T, Zampieri M. Epigeneics: poly(ADP- ribosyl)
aion of PARP- 1 regulates genomic methylaion paterns. FASEB J. 

2009;23:672–678.
 94. Lodhi N, Kossenkov AV, Tulin AV. Bookmarking promoters in mitoic 

chromain: poly(ADP- ribose) polymerase- 1 as an epigeneic mark. 
Nucleic Acids Res. 2014;42:7028–7038.

 95. Lapucci A, Pitelli M, Rapizzi E, Felici R, Moroni F, Chiarugi A. 
Poly(ADP- ribose) polymerase- 1 is a nuclear epigeneic regula-
tor of mitochondrial DNA repair and transcripion. Mol Pharmacol. 
2011;79:932–940.

 96. Nalabothula N, Al-jumaily T, Eteleeb AM, Flight RM, Xiaorong S, 
Moseley H, et al. Genome- wide proiling of PARP1 reveals an inter-
play with gene regulatory regions and DNA methylaion. PLoS ONE. 

2015;10:e0135410.
 97. Caiafa P, Zlatanova J. CCCTC- binding factor meets poly(ADP- ribose) 

polymerase- 1. J Cell Physiol. 2009;219:265–270.
 98. Vitale AM, Wolvetang E, Mackay-Sim A. Induced pluripotent stem 

cells: a new technology to study human diseases. Int J Biochem Cell 
Biol. 2011;43:843–846.

 99. Doege CA, Inoue K, Yamashita T, et al. Early- stage epigeneic mod-
iicaion during somaic cell reprogramming by PARP- 1 and Tet2. 
Nature. 2012;488:652–655.

 100. Guetg C, Scheifele F, Rosenthal F, Hoiger MO, Santoro R. Inheri-
tance of silent rDNA chromain is mediated by PARP1 via noncoding 
RNA. Mol Cell. 2012;45:790–800.

 101. Huletsky A, de Murcia G, Muller S, et al. The efect of poly(ADP-  
ribosyl)aion on naive and H1- depleted chromain. A role of 
poly(ADP- ribosyl)aion on core nucleosome structure. J Biol Chem. 

1989;264:8878–8886.
 102. Wacker DA, Ruhl DD, Balagamwala EH, Hope KM, Zhang T, Kraus 

WL. The DNA binding and catalyic domains of poly(ADP- ribose) 
polymerase 1 cooperate in the regulaion of chromain structure and 
transcripion. Mol Cell Biol. 2007;27:475–7485.

 103. Pinnola A, Naumova N, Shah M, Tulin AV. Nucleosomal Core His-
tones Mediate Dynamic regulaion of Poly(ADP- ribose) Polymerase 
1 Protein Binding to Chromain and Inducion of Its enzymaic Aciv-
ity. J Biol Chem. 2007;282:32511–32519.

 104. Krishnakumar R, Gamble MJ, Frizzell KM, Berrocal JG, Kininis M, 
Kraus WL. Reciprocal binding of PARP- 1 and histone H1 at promot-
ers speciies transcripional outcomes. Science. 2008;319:819–821.

 105. Frizzell KM, Gamble MJ, Berrocal JG, Zhang T, Krishnakumar R, Cen 
Y. Global analysis of transcripional regulaion by poly (ADP- ribose) 
polymerase- 1 and poly (ADP- ribose) glycohydrolase in MCF- 7 
human breast cancer cells. J Biol Chem. 2009;284:33926–33938.

 106. Berger SL. Thecomplex language of chromain regulaion during 
transcripion. Nature. 2007;447:407–412.

 107. Kotova E, Lodhi N, Jarnik M, Pinnola AD, Ji Y, Tulin AV. Drosophila 
histone H2A variant (H2Av) controls poly (ADP- ribose) polymerase1 
(PARP1) acivaion in chromain. Proc Natl Acad Sci. 2011;108:6205–
6210.

 108. Kraus WL. New funcions for an ancient domain. Nat Struct Mol Biol. 
2009;16:904–907.

 109. Chen H, Ruiz PD, Novikov L, Casill AD, Park JW, Gamble MJ. Mac-
roH2A1.1 and PARP- 1 cooperate to regulate transcripion by 
promoing CBP- mediated H2B acetylaion. Nat Struct Mol Biol. 
2014;21:981–989.

 110. Krishnakumar R, Kraus WL. PARP- 1 regulates chromain structure 
and transcripion through a KDM5B- dependent pathway. Mol Cell. 

2010;39:736–749.
 111. Wu T, Wang XJ, Tian W, Jaramillo MC, Lau A, Zhang DD. Poly (ADP- 

ribose) polymerase- 1 modulates Nrf2- dependent transcripion. Free 

Radic Biol Med. 2014;67:69–80.

 112. Okada H, Inoue T, Kikuta T, et al. Poly(ADP- ribose) polymerase- 1 
enhances transcripion of the proibroic CCN2 gene. J Am Soc 
Nephrol. 2008;19:933–942.

 113. Ong CT, Van Bortle K, Ramos E, Corces VG. Poly(ADP- ribosyl)aion 
regulates insulator funcion and intrachromosomal interacions in 
Drosophila. Cell. 2013;155:148–159.

 114. Zhao H, Sifakis EG, Sumida N, et al. PARP1- and CTCF- mediated 
interacions between acive and repressed chromain at the lamina 
promote oscillaing transcripion. Mol Cell. 2015;59:984–997.

 115. O’Donnell A, Yang SH, Sharrocks AD. PARP1 orchestrates variant 
histone exchange in signal- mediated transcripional acivaion. 
EMBO J. 2013;14:1084–1091.

 116. Agarwal A, Mahfouz RZ, Sharma RK, Sarkar O, Mangrola D, Mathur 
PP. Potenial biological role of poly(ADP- ribose) polymerase (PARP) 
in male gametes. Reprod Biol Endocrinol. 2009;7:143.

 117. Di Meglio S, Denegri M, Vallefuoco S, Tramontano F, Scovassi AI, 
Quesada P. Poly(ADPR) polymerase- 1 and poly(ADPR) glycohydro-
lase level and distribuion in difereniaing rat germinal cells. Mol 

Cell Biochem. 2003;248:85–91.
 118. Quesada P, Atorino L, Cardone A, Ciarcia G, Farina B. Poly(ADP- 

ribosyl)aion system in rat germinal cells at diferent stages of difer-
eniaion. Exp Cell Res. 1996;226:183–190.

 119. Schreiber V, Ame JC, Dolle P, Schultz I, Rinaldi B, Fraulob V. Poly(ADP- 
ribose) polymerase- 2 (PARP- 2) is required for eicient base excision 
DNA repair in associaion with PARP- 1 and XRCC1. J Biol Chem. 

2002;277:23028–23036.
 120. Meyer-Ficca ML, Scherthan H, Burkle A, Meyer RG. Poly(ADP- 

ribosyl)aion during chromain remodeling steps in rat spermiogene-
sis. Chromosoma. 2005;114:67–74.

 121. Marcon L, Boissonneault G. Transient DNA strand breaks during 
mouse and human spermiogenesis new insights in stage speciicity 
and link to chromain remodeling. Biol Reprod. 2004;70:910–918.

 122. Rouleau M, Saxena V, Rodrigue A, et al. A key role for poly(ADP- 
ribose) polymerase 3 in ectodermal speciicaion and neural crest 
development. PLoS ONE. 2011;6:e15834.

 123. Rajawat J, Mir H, Begum R. Diferenial role of poly(ADP- ribose) 
polymerase (PARP) in D. discoideum. BMC Dev Biol. 2011;11:14.

 124. Jubin T, Kadam A, Saran S, Begum R. Poly (ADP- ribose) polymerase1 
regulates growth and mulicellularity in D. discoideum. Difereniaion 

2016;pii:S0301-4681(15)30081-5. doi:10.1016/j.dif.2016.03.002.
 125. Couto CA, Wang HY, Green JC, et al. PARP regulates nonhomolo-

gous end joining through retenion of Ku at double- strand breaks. J 
Cell Biol. 2011;194:367–375.

 126. Mir H, Alex T, Rajawat J, Kadam A, Begum R. Response of D. dis-

coideum to UV- C and involvement of poly(ADP- ribose) polymerase. 
Cell Prolif. 2015;48:363–374.

 127. Kothe GO, Kitamura M, Masutani M, Selker EU, Inoue H. PARP is 
involved in replicaive aging in Neurospora crassa. Fungal Genet Biol. 
2010;47:297–309.

 128. Müller-Ohldach M, Brust D, Hamann A, Osiewacz HD. Overex-
pression of PaParp encoding the poly(ADP- ribose) polymerase 
of Podospora anserina afects organismal aging. Mech Ageing Dev. 

2011;132:33–42.
 129. Semighini CP, Savoldi M, Goldman GH, Harris SD. Funcional char-

acterizaion of the putaive Aspergillus nidulans poly(ADP- ribose) 
polymerase homolog PrpA. Geneics. 2006;173:87–98.

 130. De Block M, Verduyn C, De Brouwer D, Cornelissen M. Poly(ADP- 
ribose) polymerase in plants afects energy homeostasis, cell death 
and stress tolerance. Plant J. 2005;41:95–106.

 131. Vanderauwera S, De Block M, Van de Steene N, van de Cote B, Met-
zlaf M, Van Breusegem F. Silencing of poly(ADP- ribose) polymerase 
in plants alters abioic stress signal transducion. Proc Natl Acad Sci 
USA. 2007;104:15150–15155.

 132. Fletcher JC, Buris KC, Hogness DS, Thummel CS. The Drosoph-
ila E74 gene is required for metamorphosis and plays a role in the 



 Jubin et al.16  |   

polytene chromosome puing response to ecdysone. Development. 

1995;121:1455–1465.
 133. De Murcia JM, Ricoul M, Tarier L, et al. Funcional interacion 

between PARP- 1 and PARP- 2 in chromosome stability and embry-
onic development in mouse. EMBO J. 2003;22:2255–2263.

 134. Hamazaki N, Uesaka M, Nakashima K, Agata K, Imamura T. Gene 
acivaion- associated long noncoding RNAs funcion in mouse pre-
implantaion development. Development. 2015;142:910–920.

 135. Bai P, Canto C, Brunyanszki A, et al. PARP 1 regulates SIRT1 expres-
sion and whole body energy expenditure. Cell Metab. 2011a;13:450–
460.

 136. Devalaraja-Narashimha K, Padanilam BJ. PARP1 deiciency exacer-
bates diet- induced obesity in mice. J Endocrinol. 2010;205:243–252.

 137. Wang ZQ, Auer B, Singl L, et al. Mice lacking ADPRT and poly(ADP- 
ribosyl)aion develop normally but are suscepible to skin disease. 
Genes Dev. 1995;9:509–520.

 138. Bai P, Canto C, Oudart H, et al. PARP- 1 inhibiion increases mito-
chondrial metabolism through SIRT1 acivaion. Cell Metab. 

2011b;13:461–468.
 139. Houtkooper RH, Williams RW, Auwerx J. Metabolic networks of lon-

gevity. Cell. 2010;142:9–14.
 140. Ying W, Chen Y, Alano CC, Swanson RA. Tricarboxylic acid cycle sub-

strates prevent PARP- mediated death of neurons and astrocytes. J 
Cereb Blood Flow Metab. 2002;22:774–779.

 141. Andrabi SA, Umanah GKE, Chang C, et al. Poly(ADP- ribose) 
polymerase- dependent energy depleion occurs through inhibiion 
of glycolysis. Proc Natl Acad Sci USA. 2014;111:10209–10214.

 142. Bai P, Nagy L, Fodor T, Liaudet L, Pacher P. Poly (ADP- ribose) poly-
merases as modulators of mitochondrial acivity. Trends Endocrinol 
Metab. 2015;26:75–83.

 143. Asher G, Reinke H, Altmeyer M, Guierrez-Arcelus M, Hoiger MO, 
Schibler U. Poly(ADP- ribose) polymerase 1 paricipates in the phase 
entrainment of circadian clocks to feeding. Cell. 2010;142:943–953.

 144. Erener S, Mirsaidi A, Hesse M, et al. ARTD1 deleion causes increased 
hepaic lipid accumulaion in mice fed a high- fat diet and impairs adi-
pocyte funcion and difereniaion. FASEB J. 2012b;26:2631–2638.

 145. Erener S, Hesse M, Kostadinova R, Hoiger MO. Poly(ADP- ribose)
polymerase- 1 (PARP- 1) controls adipogenic gene expression and 
adipocyte funcion. Mol Endocrinol. 2012a;26:79–86.

 146. Hennessy BT, Timms KM, Carey MS, Guin A, Meyer LA, Flake DD 
2nd. Somaic mutaions in BRCA1 and BRCA2 could expand the 
number of paients that beneit from poly(ADP- ribose) polymerase 
inhibitors in ovarian cancer. J Clin Oncol. 2010;28:3570–3576.

 147. El-Khamisy SF, Masutani M, Suzuki H, Caldecot KW. A requirement 
for PARP- 1 for the assembly or stability of XRCC1 nuclear foci at sites 
of oxidaive DNA damage. Nucleic Acids Res. 2003;31:5526–5533.

 148. Houtgraaf JH, Versmissen J, van der Giessen WJ. A concise review of 
DNA damage checkpoints and repair in mammalian cells. Cardiovasc 
Revasc Med. 2006;7:165–172.

 149. Haince JF, McDonald D, Rodrigue A, et al. PARP- 1 dependent kinet-
ics of recruitment of MRE11 and NBS1 proteins to muliple DNA 
damage sites. J Biol Chem. 2008;283:1197–1208.

 150. Tut A, Ashworth A. The relaionship between the roles of BRCA 
genes in DNA repair and cancer predisposiion. Trends Mol Med. 

2002;8:571–576.
 151. Arun B, Akar U, Guierrez-Barrera AM, Hortobagyi GN, Ozpolat B. 

The PARP inhibitor AZD2281 (Olaparib) induces autophagy/mitoph-
agy in BRCA1 and BRCA2 mutant breast cancer cells. Int J Oncol. 
2015;47:262–268.

 152. Fong PC, Yap TA, Boss DS, et al. Poly(ADP- ribose) polymerase inhi-
biion: frequent durable responses in BRCA carrier ovarian cancer 
correlaing with plainum- free interval. J Clin Oncol. 2010;28:2512–
2519.

 153. Do K, Chen AP. Molecular Pathways: targeing PARP in cancer treat-
ment. Clin Cancer Res. 2013;19:977–984.

 154. Gotschalk AJ, Timinszky G, Kong SE, et al. Poly(ADP- ribosyl)aion 
directs recruitment and acivaion of an ATP- dependent chromain 
remodeler. Proc Natl Acad Sci USA. 2009;106:13770–13774.

 155. Zaremba T, Ketzer P, Cole M, Coulthard S, Plummer ER, Cur-
in NJ. Poly(ADP- ribose) polymerase- 1 polymorphisms, expres-
sion and acivity in selected human tumour cell lines. Br J Cancer. 
2009;101:256–262.

 156. Espinoza LA. The Role of PARP Acivaion in Prostate Cancer. Advances 
in Prostate Cancer, Dr. Gerhard Hamilton (Ed.). Croaia: InTech, 2013.

 157. Mendoza-Alvarez H, Alvarez-Gonzalez R. Regulaion of p53 
sequence- speciic DNA- binding by covalent poly(ADP- ribosyl)aion. 
J Biol Chem. 2001;276:36425–36430.

 158. Idogawa M, Masutani M, Shitashige M, et al. Ku70 and poly(ADP- 
ribose) polymerase- 1 compeiively regulate beta- catenin and 
T- cell factor- 4- mediated gene transacivaion: possible link-
age of DNA damage recogniion and Wnt signaling. Cancer Res. 

2007;67:911–918.
 159. Idogawa M, Yamada T, Honda K, Sato S, Imai K, Hirohashi S. 

Poly(ADP- ribose) polymerase- 1 is a component of the onco-
genic T- cell factor- 4/beta- catenin complex. Gastroenterology. 

2005;128:1919–1936.
 160. Schiewer MJ, Goodwin JF, Han S, Brenner JC, Augello MA, Dean 

JL. Dual Roles of PARP- 1 Promote Cancer Growth and Progression. 
Cancer Discov. 2012;2:1134–1149.

 161. Marire S, Mosca L, d’Erme M. PARP- 1 involvement in neurodegen-
eraion: A focus on Alzheimer’s and Parkinson’s diseases. Mech Age-

ing Dev. 2015;146–148:53–64.
 162. Moroni F, Cozzi A, Chiarugi A, et al. Long- lasing neuroprotecion 

and neurological improvement in stroke models with new, potent 
and brain permeable inhibitors of poly(ADP- ribose) polymerase. Brit-

ish J Pharmacol. 2012;165:1487–1500.
 163. Ba X, Gupta S, Davidson M, Garg NJ. Trypanosoma cruzi induces the 

reacive oxygen species- PARP- 1- RelA pathway for up- regulaion of 
cytokine expression in cardiomyocytes. J Biol Chem. 2010;285:11596–
11606.

 164. Beneke S. Poly(ADP- ribose) polymerase acivity in diferent 
pathologies: the link to inlammaion and infarcion. Exp Gerontol. 
2008;43:605–614.

 165. Zhang P, Maruyama T, Konkel JE, et al. PARP- 1 controls immunosup-
pressive funcion of regulatory T cells by destabilizing Foxp3. PLoS 

ONE. 2013;8:e71590.
 166. Nasta F, Laudisi F, Sambucci M, Rosado MM, Pioli C. Increased Fox-

p3+regulatory T cells in poly(ADP- ribose) polymerase- 1 deiciency. J 
Immunol. 2010;184:3470–3477.

 167. Kaye SB, Lubinski J, Matulonis U, et al. Phase II, open- label, ran-
domized, mulicenter study comparing the eicacy and safety of 
olaparib, a poly (ADP- ribose) polymerase inhibitor, and pegylated 
liposomal doxorubicin in paients with BRCA1 or BRCA2 muta-
ions and recurrent ovarian cancer. J Clin Oncol. 2011;30:372–
379.

 168. Mateo J, Friedlander M, Sessa C, et al. Administraion of coninu-
ous/intermitent olaparib in ovarian cancer paients with a germline 
BRCA1/2 mutaion to determine an opimal dosing schedule for the 
tablet formulaion. Eur J Cancer. 2013;49:S161.

 169. Gelmon KA, Tischkowitz M, Mackay H, et al. Olaparib in paients 
with recurrent high- grade serous or poorly difereniated ovarian 
carcinoma or triple- negaive breast cancer: a phase 2, mulicentre, 
open- label, non- randomised study. Lancet Oncol. 2011;12:852–
861.

 170. Ledermann J, Harter P, Gourley C, et al. Olaparib maintenance ther-
apy in plainum- sensiive relapsed ovarian cancer. N Engl J Med. 

2012;366:1382–1392.
 171. Kaufman B, Shapira-Frommer R, Schmutzler RK, et al. Olaparib 

monotherapy in paients with advanced cancer and a germline 
BRCA1/2 mutaion. J Clin Oncol. 2015;33:244–250.



Jubin et al.    |  17

 172. Tut A, Robson M, Garber JE, et al. Oral poly (ADP- ribose)  polymerase 
inhibitor olaparib in paients with BRCA1 or BRCA2 mutaions 
and advanced breast cancer: a proof- of- concept trial.  Lancet. 
2010;376:235–244.

 173. Liu JF, Tolaney SM, Birrer M, et al. A Phase 1 trial of the poly(ADP- 
ribose) polymerase inhibitor olaparib (AZD2281) in combinaion 
with the ani- angiogenic cediranib (AZD2171) in recurrent epithelial 
ovarian or triple- negaive breast cancer. Eur J Cancer. 2013;49:2972–
2978.

 174. Liu JF, Barry WT, Birrer M, et al. Combinaion cediranib and olapa-
rib versus olaparib alone for women with recurrent plainum- 
sensiive ovarian cancer: a randomised phase 2 study. Lancet Oncol. 
2014;15:1207–1214.

 175. Oza AM, Cibula D, Benzaquen AO, et al. Olaparib combined with 
chemotherapy for recurrent plainum- sensiive ovarian cancer: a 
randomised phase 2 trial. Lancet Oncol. 2015;16:87–97.

 176. Rivkin SE, Iriarte D, Sloan H, Wiseman C, Moon J. Phase Ib/II with 
expansion of paients at the MTD study of olaparib plus weekly 
(metronomic) carboplain and paclitaxel in relapsed ovarian cancer 
paients. ASCO Annu Meet Proc 2014;15(Suppl):5527.

 177. Choy E, Butrynski JE, Harmon DC, et al. Phase II study of olaparib in 
paients with refractory Ewing sarcoma following failure of standard 
chemotherapy. BMC Cancer. 2014;14:813.

 178. Waxweiler TV, Bowles D, Reddy K, et al. Safety and feasibility update 
of olaparib, an orally bioavailable PARP inhibitor, with concurrent 
cetuximab and radiaion therapy in heavy smokers with stage III- IVB 
squamous cell carcinoma of the head/neck: a phase 1 trial. Int J Radi-
aion Oncol Biol Phys. 2014;90:S559.

 179. Chalmers AJ, Jackson A, Swaisland H, et al. Results of stage 1 of 
the oparaic trial: a phase I study of olaparib in combinaion with 
temozolomide in paients with relapsed glioblastoma. J Clin Oncol. 
2014;32:5S.

 180. Samol J, Ranson M, Scot E, et al. Safety and tolerability of the 
poly(ADP- ribose) polymerase (PARP) inhibitor, olaparib (AZD2281) 
in combinaion with topotecan for the treatment of paients 

with advanced solid tumors: a phase I study. Invest New Drugs. 

2012;30:1493–1500.
 181. Coleman RL, Sill MW, Bell-McGuinn K, et al. A phase II evaluaion 

of the potent, highly selecive PARP inhibitor veliparib in the treat-
ment of persistent or recurrent epithelial ovarian, fallopian tube, or 
primary peritoneal cancer in paients who carry a germline BRCA1 or 
BRCA2 mutaion- An NRG Oncology/Gynecologic Oncology Group 
study. Gynecol Oncol. 2015;137:386–391.

 182. Pahuja S, Appleman LJ, Belani CP, et al. Preliminary acivity of veli-
parib (V) in BRCA2- mutated metastaic castraion- resistant prostate 
cancer (mCRPC). J Clin Oncol. 2015;33.

 183. LoRusso PM, Tolaney SM, Wong S, et al. Combinaion of the PARP 
inhibitor veliparib (ABT888) with irinotecan in paients with tri-
ple negaive breast cancer: Preliminary acivity and signature of 
response. Cancer Res. 2015;75:CT325.

 184. Owonikoko TK, Dahlberg SE, Khan SA, et al. A phase 1 safety study 
of veliparib combined with cisplain and etoposide in extensive stage 
small cell lung cancer: A trial of the ECOG–ACRIN Cancer Research 
Group (E2511). Lung Cancer. 2015;89:66–70.

 185. McKee MD, Bondarenko I, Guclu SZ, et al. Veliparib (ABT- 888) or 
placebo combined with carboplain and paclitaxel in paients with 
previously untreated advanced/metastaic squamous (Sq) non- small 
cell lung cancer (NSCLC): a randomized phase 3 trial. J Clin Oncol. 
2015;33.

 186. Kummar S, Ji J, Morgan R, et al. A Phase I Study of Veliparib in Combi-
naion with Metronomic Cyclophosphamide in Adults with Refractory 
Solid Tumors and Lymphomas. Clin Cancer Res. 2012;18:1726–1734.

 187. O’Reilly EM, Lowery MA, Segal MF, et al. Phase IB trial of cispla-
in (C), gemcitabine (G), and veliparib (V) in paients with known or 
potenial BRCA or PALB2- mutated pancreas adenocarcinoma (PC). 
ASCO Annual Meeing Proceedings 2014;32(15 suppl):4023.

 188. Hussain M, Carducci MA, Slovin S, et al. Targeing DNA repair with 
combinaion veliparib (ABT- 888) and temozolomide in paients with 
metastaic castraion- resistant prostate cancer. Invest New Drugs. 

2014;32:904–912.



Please cite this article in press as: T. Jubin, et al., Poly ADP-ribose polymerase-1: Beyond transcription and towards differentiation,

Semin Cell Dev Biol (2016), http://dx.doi.org/10.1016/j.semcdb.2016.07.027

ARTICLE IN PRESS
G Model

YSCDB-2094; No. of Pages 13

Seminars in  Cell & Developmental Biology xxx (2016) xxx–xxx

Contents lists available at ScienceDirect

Seminars  in  Cell  & Developmental Biology

j ourna l h  o  me  page: www.elsev ier .com/ locate /semcdb

Review

Poly  ADP-ribose  polymerase-1:  Beyond  transcription  and  towards
differentiation

Tina  Jubin a, Ashlesha  Kadam a,1,  Amina  Rafath  Gani a,b,1, Mala Singh a, Mitesh  Dwivedi a,c,
Rasheedunnisa  Begum a,∗

a Department of  Biochemistry, Faculty  of  Science, The Maharaja Sayajirao University of Baroda, Vadodara, Gujarat 390002, India
b Department of  Biochemistry, School of  Life Sciences, University of  Hyderabad, Hyderabad, 500046 Telangana, India
c C.G. Bhakta Institute of  Biotechnology, Faculty of  Science, Uka Tarsadia University, Surat, Gujarat 394350, India

a  r  t  i  c  l  e  i n f  o

Article history:

Received 29 June 2016

Accepted 27 July  2016

Available online xxx

Keywords:

PARP-1

DNA independent activation

Gene regulation

Differentiation

Therapeutics

a b  s t  r  a c  t

Gene  regulation mediates  the processes  of cellular  development  and  differentiation  leading to  the origin

of different  cell  types  each having their  own  signature gene  expression  profile. However,  the compact

chromatin  structure  and  the  timely recruitment  of  molecules  involved  in various  signaling  pathways  are

of prime importance  for  temporal  and spatial  gene  regulation  that eventually  contribute  towards cell

type and  specificity. Poly (ADP-ribose)  polymerase-1 (PARP-1),  a 116-kDa nuclear  multitasking  protein

is involved in  modulation  of  chromatin condensation  leading  to altered  gene expression. In  response

to  activation  signals,  it adds ADP-ribose  units  to  various  target  proteins including  itself,  thus  regulating

various  key cellular  processes  like  DNA repair,  cell  death, transcription,  mRNA  splicing etc.  This  review

provides insights  into the  role of PARP-1 in gene regulation, cell differentiation  and multicellular  mor-

phogenesis.  In addition,  the  review also explores  involvement  of PARP-1  in immune  cells  development

and therapeutic possibilities  to treat various  human diseases.

©  2016  Elsevier  Ltd. All  rights  reserved.
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1. Introduction

Innumerable studies over decades have illustrated the most

fundamental concepts in gene regulation [1,2].  Cell growth and dif-

ferentiation involve cellular transition from one type to the other,

a process that is tightly modulated by  gene regulatory networks

that involve activation and recruitment of specific transcription

factors, chromatin remodeling, histone regulation, post transla-

tional modifications, alternative splicing, epigenetics etc. Multiple

molecular systems involving an array of gene regulatory machin-

ery initiate, promote and execute various processes involved in

maintaining these complex cellular signaling pathways. Poly (ADP-

ribose) polymerase-1 (PARP-1) is a  ubiquitously expressed highly

conserved protein in mammalian tissues with predominant nuclear

localization. Exploration of several molecular events governed by

PARP-1 to regulate gene expression, cell  differentiation and devel-

opment pathways may  lead to new therapeutic possibilities for

several human diseases. The article focuses on the unaccounted

roles of PARP-1 in gene regulation, differentiation, development,

morphogenesis, and multicellularity along with its therapeutic

potential in immune cell development.

2. Poly ADP-ribose polymerases (PARP-1)

One of the emerging families of proteins involved in  gene

regulation for development and differentiation is the Poly ADP-

ribose polymerase family. Poly ADP-ribose polymerase belongs

to the ADP-ribosyltransferase (ART) family [3,4].  These trans-

ferases utilize nicotinamide adenine dinucleotide (NAD+) as its

substrate for the synthesis of mono or poly (ADP-ribose) poly-

mers on target acceptor proteins and this process is termed as

poly (ADP-ribosylation) or PARylation [5,6]. The negatively charged

ADP-ribose units are degraded by  poly(ADP-ribose) glycohydrolase

(PARG) and ADP-ribosylhydrolase 3 (ARH3) [7,8].  However, macro

domain containing proteins and NUDIX hydrolases have also been

shown to degrade ADP-ribose polymers [9]. In the due process of

PARylating target proteins, PARP-1 itself becomes a prime target

for PARylation- this process is  called as auto- modification. PARyla-

tion and PARP proteins have been identified across various domains

of life from plants to  animals as well as lower life forms like bac-

teria, double-stranded DNA viruses etc. [10,11].  The human PARP

family comprises of 17 members with either mono- or poly-ADP-

ribosyltransferase activity possessing a  conserved PARP signature

motif in their catalytic domain [3]. PARP-1, recently termed as

ADP-ribosyltransferase diphtheria toxin-like (ARTD-1), is one of the

most abundant nuclear enzymes responsible for ∼90% of the PARy-

lation activity [12,13].  Although PARP-1 is one of the well-studied

and characterized members of the PARP protein family, yet many

of its features still remain unexplored. PARP-1 is  a  116-kDa nuclear

protein with well characterized structural domains [3,4] viz., (1)

the N-terminal DNA binding domain comprising of three zinc fin-

ger motifs, a nuclear localization signal (NLS) and a  zinc binding

domain [15,14] (2) an auto-modification domain with a  BRCA1 C-

terminus (BRCT) motif, for protein–protein interactions [4] (3) a

WGR  (Trp-Gly-Arg) motif with a plausible role in nucleic acid bind-

ing, and (4) a C-terminal catalytic domain comprising of the PARP

regulatory domain (PRD), and the highly conserved PARP signature

motif with acceptor site for adenosine and donor site  for nicoti-

namide [4].  PARP-1 acts as a DNA damage sensor molecule and

participates in various DNA repair processes involved in protection

against cell death [16,17]. Conversely, a  hyper-activated PARP-1

is destructive [18]. Accumulating evidences demonstrate that the

activity of PARP-1 is  also linked to cellular signaling pathways

wherein they regulate gene expression, interactions of RNA/protein

and protein/protein, recruitment of proteins and the location and

activity of proteins involved in signaling responses [19].

3. PARP-1 in regulation of gene expression

The regulation of gene expression by PARP-1 is  a  crucial aspect

for cell differentiation and development in many organisms. The

underlying mechanisms for  PARP-1 dependent gene expression or

transcriptional regulation are  well established. However, its acti-

vation and signaling are prerequisites to  execute these important

processes.

3.1. Activation of PARP-1: Kicking signals up a notch

Varied endogenous and exogenous genotoxic stress cues have

been implicated in PARP-1 activation. Genotoxic stress can arise

due to; (a) Endogenous agents such as  reactive oxygen and nitrogen

species that  are  generated during various metabolic activities and

cellular processes [20,21]. Conditions including hypoxia [22], ele-

vated extracellular glucose concentration [23,24] and angiotensin

II  [25,26] are known to produce rampant reactive oxygen species

(ROS) within the cell endangering the cellular genomic integrity.

(b) Exogenous agents involving different environmental factors

that can be harmful for the genome. (c) non B-DNA structures,

DNA breaks like cruciform, protein-protein interactions, nuclear

nicotinamide mononucleotide adenylyl transferase 1 (NMNAT1),

hormone secretion etc. [27–31] are also known to activate PARP-1.

Auto-modification domain of PARP-1 is  implicated in protein-

protein interactions along with PARP-1 homodimerization [32],  an

indispensable factor for its higher enzymatic activity. As per other

reports, N-terminal region of PARP-1 is  important for its dimer-

ization and activation [33].  However, the basis and importance of

PARP-1 dimerization for its activity is yet unclear.

Previous research established that formation of a compact PARP-

1–DNA complex is  imperative for its catalytic activity [15].  The

helical subdomain in  the catalytic domain of PARP-1 is  auto-

inhibitory in nature and regulates productive binding of NAD+ [34].

In addition, the N-terminal tail of histone H4  can also induce PARP-

1 activation to a  higher degree than damaged DNA [35]. Upon

genomic insult, maximal PARP-1 activation is achieved by phos-

phorylation of PARP-1 by the mitogen-activated protein kinase

(MAPK) and extracellular-signal-regulated kinase (ERK) 1/2 [36].

This in  turn stimulates transcription of genes implicated in cell

development and proliferation through phosphorylation of tran-

scription factor, Elk1 [37].  Also, NMNAT-1 modulates PARP-1 by

binding to  auto-modified PARP-1, triggering its enzymatic activ-

ity and allosterically regulating both the PAR synthesis activity

and PAR chain elongation of PARP-1. NMNAT-1 is  shown to
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stimulate PARP-1 in the absence of ongoing NAD+ biosynthe-

sis, suggesting that  NAD+ synthesis and PARP-1 activation are

two separable biochemical functions displayed by NMNAT-1 [31].

Furthermore, kinase-PARP-1 interaction is crucial for gene regu-

lation during cellular differentiation. Reports have proposed that

calcium-dependent protein kinase, CamKII�  stimulates PARP-1

activation through its phosphorylation during neuronal develop-

ment [38]. This cross talk between PARP-1 and kinase is  important

for fibroblast growth factor  (FGF)-stimulated neuronal differenti-

ation of embryonic stem cells and cell death (JNK, p38, Akt, Erk

etc.). Another post-translational modification that activates PARP-

1 is acetylation; upon coactivation of NF-�B  by interaction with

subunits of NF-�B (p65 and p50) and p300 [39].  In addition, devel-

opmental or environmental (exogenous) cues, such as steroids or

thermal shock also stimulate PARP-1. dPARP (Drosophila homolog

of  PARP-1) plays a  pivotal role in chromatin decondensation during

heat shock of polytene chromatin [40,41]. Upon heat shock, PARP-

1 activation occurs at heat-shock-responsive loci which alters

or loosens nucleosome assembly in a PAR-dependent manner to

enhance RNA polymerase II dependent transcription [40,42].  SIRT6,

a  member of another NAD+ utilizing enzyme i.e Sirtuins, possesses

either mono-ADP-ribosyltransferase, or deactylase activity and is

identified to activate PARP-1 by  mono-ADP-ribosylating PARP-1 in

response to DSB’s [43]. SIRT1 is also reported to inhibit PARP, and

in the absence of SIRT1, hyperactivated PARP leads to  AIF mediated

cell death [44]. Also, Kinesin superfamily protein 4 (KIF4) inter-

acts with PARP-1 via its C terminal domain, and keeps it inactive.

Thus, it  is evident that DNA damage alone does not induce PARP-

1 activation but environmental, developmental cues and certain

post-translational modifications can also activate PARP-1, thereby

supporting the multifunctional roles of PARP-1 in different aspects

of  cell biology.

3.2. Signaling of PARP-1: Sensing the nicks

PARP-1 identifies the genomic lesions such as SSBs, DSBs, non-

BDNA structures etc., gets activated, and recruits itself at the

deformed site, forming homodimers and triggering the transfer

of an ADP-ribosyl moiety from NAD+ to aspartate or glutamate

residues of its target substrates in the chromatin, mainly linker

histone H1. This leads to structural changes involving unwinding of

the highly condensed chromatin that renders the DNA easily acces-

sible to transcription and repair enzymes [45,46,40]. This entire

process commences with NAD+ which is  synthesized from nico-

tinic acid (NA). NA phosphoribosyltransferase (NAPRT) initiates

the reaction, which uses phosphoribosyl pyrophosphate (PRPP) to

form phosphoribosyl pyrophosphate (NAMN). Together with ATP,

NAMN is then converted into (NA adenine dinucleotide) NAAD by

the NMNAT1-3 enzymes. Finally, NAAD is transformed to NAD+

through an amidation reaction catalyzed by the NAD+ synthetase

(NADSYN) enzyme. PARPs catalyze the polymerization of ADP-

ribose units from donor NAD+ molecules on accepter proteins,

resulting in the addition of linear or  branched polymers. Covalently

attached PAR gets hydrolyzed by PARG and ARH3, both of which

possess both endoglycosidic and exoglycosidic activities [47].

The different mechanisms of PARP-1 dependent regulation of

gene expression are explained here.

3.3.  PARP-1 dependent gene expression by chromatin

remodeling: Revamping the DNA

Several in vivo and in vitro studies have revealed the transcrip-

tional regulatory mechanism of PARP-1 for  shaping the chromatin

architecture. Binding of PARP-1 to  nucleosomes facilitates com-

paction or loosening of the chromatin structure and regulates gene

expression at both  splicing and transcriptional levels [48,49]. PARP-

1 interacts with chromatin based on nucleosome complexity such

as histone variants and modifications of histones. It has the ability

to recruit chromatin architectural/remodeling proteins, histones or

histone variants by PARylating them [50,51] or it can compete with

histone H1 to bind to nucleosomes [52].

The histone H2A variant, macroH2A, inhibits PARP-1, leading to

silencing of inactive X chromosome [53]. In Drosophila, the con-

formational changes of core nucleosome due to replacement of

H2A with variant H2Av assist the binding of PARP-1 to H3  and H4

[54] through C-terminal domain of PARP-1 for chromatin structure

rearrangement [35]. H4 activates whereas H2A completely inhibits

PARP-1 enzymatic activity. Acetylation of H2A at 5th lysine residue

activates PARP-1 by removing the inhibitory effects of  H2A (Fig. 1).

Phosphorylation of H2Av histone variant at Ser137 by  JL1  kinase in

Drosophila activates PARP-1 and increases the interaction between

PARP-1 and H4 causing H4 to get polyADP-ribosylated (Fig. 1).

This in turn induces JL-1 dependent phosphorylation of H3Ser10

causing nucleosomal shifts and conformational changes leading to

chromatin loosening and transcriptional initiation [55].

Local chromatin loosening by PARP-1 has also been reported at

the puff loci in Drosophila which assists transcription and chromatin

remodeling during development [40].  Interaction of nucleosome

remodeling or  histone modifying enzymes with PARP-1 can modu-

late their localization and activities. SMARCA5, the catalytic subunit

of  ISWI chromatin remodeling complex, gets recruited to  DNA dam-

age site in PARP-1 dependent manner, which then interacts with

RNF168, E3 Ubiquitin ligase. This implies that  spatial organization

of PARylated RNF168-driven response to DNA damage depends on

the  activity of PARP-1 [56]. Previous reports by Meyer-Ficca et al.,

have shown that PARP inhibition results in  aberrant chromatin con-

densation and histone retention by removing histone H1 during

spermiogenesis, linking PAR metabolism with the integrity of mice

sperm chromatin [57,58].  The same group further revealed that

PARP-1 and PARP-2 activities modulate the chromatin structure

through DNA Topoisomerase II  beta (TOP2B) during spermiogene-

sis in mice [59].  Recently, it is  reported that  PARP-1 may  act as a

chaperone of histone molecules, recruiting or directly binding to

histones or  other proteins. PARylation of PARP-1 itself can bind to

free histones to assist assembly of nucleosomes [60]. This associa-

tion of PARP-1 and histones is  summarized in  Fig. 1.

In addition to this, PARP-1 can bind between linker DNA and

nucleosome to  open nucleosome structure, allowing regulatory

proteins to access DNA [61,62]. It  has been demonstrated that

lipopolysaccharide (LPS) stimulation enhances PARP-1 enzymatic

activity and PARylation of histones at nucleosome-occupied pro-

moters which increases the promoter accessibility to  facilitate

NF-�B recruitment followed by gene transcription in macrophages

[63].  Izhar et  al., [64] also discovered amyotrophic lateral sclerosis

(ALS) factor-TAF15 that  gets recruited at  the DNA lesion in  a  PARP-1

dependent manner thus emphasizing the critical role of  PARP-1 in

mediating DNA damage response.

3.4. PARP-1 dependent gene expression by splicing

(alternative/pre-mRNA/co-transcriptional): Sp(li)cing up  the

genome

Another indispensible function of PARP-1 is alternative splic-

ing by PARylating splicing factors or modulating RNAs. PARP-1

has been found in  association with mRNA, human pre-mRNA

3′-end-processing complex factor and noncoding pRNA (promoter-

associated RNA) [65,66], chromatin and splicing factors suggesting

its  role in  co-transcriptional splicing [67].  The components involved

in  PARP-1 mediated splicing are shown in Fig. 2.  In addition, hetero-

geneous nuclear ribonucleoproteins (hnRNPs) have been identified

to  be PARylated by PARP-1 during alternative splicing [68]. This

is substantiated by presence of conserved PAR binding motif in
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Fig. 1. PARP-1 and histones: (1) Under normal physiological state, histone H2A interacts with PARP-1 inhibiting PARP-1 activity. However, acetylation of the  5th  lysine

residue  of  H2A relieves the  inhibition allowing functioning of PARP-1 (2) DNA-independent PARP-1 activation. Developmental or environmental cues cause changes in the

“histone core” and consequently the  N-terminal tail  of histone H4 is  exposed followed by  H4-dependent PARP-1 activation. (3)  Stress-dependent PARP1 activation: The

N-terminal  domain of  PARP-1 protein serves as a sensor of the damaged DNA. Upon binding to  such structures, it mediates conformational changes leading to disruption of

interaction  with histones and subsequently relaxed DNA giving access to DNA repair proteins or transcription machinery.

Fig. 2. Components of PARP mediated regulation of splicing: PARP-1 can interact or form a  complex with mRNA, pre mRNA, noncoding pRNA (promoter-associated RNA),

hnRNPs  and splicing factors by  PARylating or modulating them, proving its importance in splicing for regulation of gene expression.

human hnRNPs such as A1, G,  H, K  etc. [69].  PARylation of Drosophila

hnRNPs (Squid/hrp40 and Hrb98DE/hrp38) decreases their RNA-

binding activity subsequently altering their alternative splicing

activities [68]. Assembly of Cajal Bodies (CB) involved in  pre-mRNA

splicing, spliceosome formation and RNPs maturation [70],  are

maintained by PARP-1 autoPARylation too. During splicing, the PAR

moieties interact with coilin and fibrillarin and get localized in  Cajal

Bodies (CBs) in a  PARP-1 dependent manner. Not only PARP-1 but

PAR molecules also behave as a  regulator of gene expression. PAR

molecules form a complex with alternative splicing factor/splicing

factor 2  (ASF/SF2) to  control topoisomerase I  mediated gene reg-

ulation [71].  Collectively, all these findings strongly support the

regulatory role of PAR and PARP-1 in alternative splicing and co-

transcriptional mechanism. Further studies are needed to decipher

the gene regulatory mechanism of PARP-1.

3.5. PARP-1 dependent gene expression through transcriptional

regulation: Managing the chromatin dynamics

PARP-1 can stimulate transcription positively with co-activators

or negatively with repressors [72], on the basis of DNA binding

transcription factors’ sequence specificity [49].  Activated PARP-1
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gets auto-PARylated followed by  its dissociation from nucleo-

some assembly which in  turn decondenses the chromatin to

initiate/enhance transcription [35]. Actively transcribed sites (pro-

moters) are found to  be enriched with PARP-1 [49].  PARP-1 acts

as a co-activator for  the Nrf2 genes, enhancing their expression

through interaction with antioxidant response elements (ARE) [73].

Recently, it  has been investigated that  stimulation-induced Erk-

PARP-1 synergism in chromatin of cerebral neurons is  essential

for immediate early gene expression involved in long-term mem-

ory [74].  Repression of transcriptional activities by incorporation of

PARP-1 into chromatin structure leads to compaction of chromatin

and inhibition of transcription [75,14]. In an Amish population

study, nucleosome positioning was shown to be  influenced by

PARP-1 leading to heterozygous mutation in  microsomal epox-

ide hydrolase (mEH) gene. The transcription of mEH was  inhibited

through PARP-1 binding to  the mEH  proximal promoter, impact-

ing chromatin structure [76] .  Kotova et al., [75] have disclosed

PARP-1 induced silencing of retro-transposable genes and forma-

tion of heterochromatin structures in Drosophila. Pharmacological

inhibition of PARP-1 with Olaparib results in global gene dereg-

ulation through polycomb repressive complex 2 (PRC2) member,

EZH2 in a lymphoblastoid B cell line [77]. Recent studies are draw-

ing attention towards rDNA silencing by PARP-1 in  cell division.

TIP5  (component of NoRC chromatin remodeling complex) com-

bines with PARP-1 to maintain rDNA silencing after replication and

represses transcription in  a chromatin dependent manner [78].

3.6.  PARP-1 dependent gene expression by DNA methylation:

Silencing the genome

Methylation is one of most key post-translational modifica-

tions of histone proteins which can alter chromatin structure and

thereby regulate gene expression. PARP-1 and PAR molecules play

an important role in maintaining DNA methylation patterns by reg-

ulating the activity as well as expression levels of DNA methyl

transferases (Dnmt)1 [79–81].  Functional interaction of PARP-1

with methylcytosine dioxygenase, Tet2 stimulates formation of

5-hydroxymethylcytosine (5hmC) from  5-methylcytosine (5mc).

This interaction plays an important role in  epigenetic program-

ming of somatic cells during their transition to  pluripotency [82].

Demethylase activity of histone lysine demethylase was shown

to be maintained by  PARP-1, PARylating it and hence inhibiting

binding of KDM5 to chromatin, influencing alterations in chro-

matin structure. This study explains the co-ordination of PARP-1

with histone modification for  controlling transcription [83]. CTCF

(CCCTC-binding factor) is  considered to be a vital protein through

which PARylation conserves the unmethylated pattern of a  few

DNA sequences [84]. Irrespective of DNA damage, CTCF stimulates

PARylation activity of PARP-1. Moreover, CCCTC-binding factor

(CTCF) loses its nuclear localization due to PAR depletion even-

tually resulting in changes in  the chromatin arrangement. This

work underlined the link between CTCF and PARylation to uphold

chromatin architecture and DNA methylation patterns [85] as also

shown in Fig. 3 .

4. PARP-1 in development: From the cradle to  the grave

4.1. PARP-1 in embryonic development

Accumulating evidences suggest a role of PARP-1 in  driving cell

differentiation and cell fate commitment. PARylation by PARP-1 is

developmentally regulated. PARP-1 and PARP-2 have been estab-

lished to play an important role  in mouse embryogenesis and

development. de Murcia et al. (2003) reported that PARP-1 and

PARP-2 double mutant mice died at the onset of gastrulation [86].

Fig. 3.  DNA methylation control by PARP-1: PARP-1 PARylates N-terminal end of

transcription factor, CTCF, which in turn stimulates auto-PARylation of PARP-1. This

CTCF-PARP-1 interaction inhibits the  catalytic activity of DNA methyl transferase 1

(DNMT1) through non covalent binding between PAR-DNMT1 due  to which DNA

methylation is  inhibited thereby maintaining the methylation pattern.

Moreover, female embryonic lethality is  found to be associated with

specific X-chromosome instability in  PARP knock out (KO) mice

[86].  An  early post implantation embryonic lethality is  observed

in mouse having double mutation in  both ATM and PARP-1 genes

at embryonic day 8.0.  The synergistic effect of these genes may be

responsible for  either monitoring or repairing DNA damage dur-

ing embryo development [87]. PARP-1–Ku80 interaction is vital for

early developmental stage, as suggested by Henrie et al., [88].  They

show that  PARP-1−/−Ku80−/− embryos fail  to repair DNA  damage

in early embryogenesis developmental stage generating an embry-

onic lethal phenotype of these double KO mice. The  Wnt  signaling

pathway is  considered to be a  central pathway for embryogenesis

wherein T-cell factor-4 (TCF-4) combines with nuclear B-catenin

to  form a complex [89].  Earlier studies show  that transcriptional

activity of TCF-4 and B-catenin complex is  enhanced by  interaction

with PARP-1 [90].  The same group further revealed the compet-

itive interaction between PARP-1 and Ku70 to  control TCF-4 and

B-catenin complex mediated gene trans-activation [91]. Moreover,

the loss of SSBR/BER and DSB repair pathways’ component led

to massive apoptosis of the embryo as a result of defect in DNA-

damage signaling. DYX1C1 is a  known candidate gene for dyslexia

susceptibility. PARP-1 is  also reported to be  essential in  migra-

tion of neurons during embryogenesis, forming a  complex with

TFII-I and SFPQ proteins to control transcription of  DYX1C1 [92].

Drosophila has been used as a  model system to illustrate the role of

PARP-1 during larval development. Higher PARP enzymatic activity

is found at  the prepupal stage of development in  Drosophila [93].

These reports are indicative of role of PARP-1 in embryogenesis via

different pathways wherein DNA repair is identified to be  PARP-1’s

primary role.
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4.2. PARP-1 in germline development

Germ cells play an important role in  reproduction; development

and evolution and therefore transfer of conserved genetic infor-

mation from these cells to the next progeny is a matter of prime

importance. PARP-1 via its multifunctional roles in DNA repair, gene

transcription, chromatin remodeling and epigenetic modification

proves to be an important candidate in  germline development. The

temporal and spatial expression of few PARP-1 target genes, along

with their molecular interactions, is ultimately responsible for

germ cell differentiation [94]. PARylation regulates the key events

in epigenetics, chromatin structure modulation and transcription

in germ line differentiation and development. It was reported that

PARP inhibition in  mice ovaries increases oogenesis and follicu-

logenesis by regulating expression of transforming growth factor

(TGF) super-family members and other genes involved in  oogenesis

pathways [95].  PARP-1 KO was found to be  more sensitive to geno-

toxic stress due to its compromised DNA repair ability. PARP1−/−

mice embryonic fibroblast displayed tetraploid population with

an unstable genome [96] and immortalized embryonic fibroblasts

showed hyperploidy in PARP-1 KO conditions [97].  Partial KO of

PARP (PARP-1+/−) and complete KO of PARP-2−/− was found to be

associated with X  chromosome instability conferring specifically

female lethality [86]. PARP-1 null oocytes exhibit defects in meiosis

like persistent H2AX phosphorylation, suggesting a  role of PARP-1

in chromatin modification during oogenesis [98].  The expression

of PARP-1 is restricted to the peripheral cellular layer which con-

tains proliferating spermatogonia, whereas the PARP-2 is  evenly

distributed all over the seminiferous tubules, suggesting a  crucial

role of PARP for different aspects of spermatogenesis [32]. Dantzer

et al., [99] have reported a  decline in fertility potential of males

in PARP-2 deficient mice that  relates to  defects in  spermiogene-

sis and meiosis-I. GATA3 regulates cell growth and tumorigenesis

by favoring G1/S transition and transcriptional regulation of the

CCND1 (coding Cyclin D1 protein). PARP-1, a transcriptional coac-

tivator for  GATA3, interacts with the later and this interactome in

turn transactivates the CCND1 gene [100]. Mouse PARP-1 is  found

to be enriched and is suggestive of a role in gene silencing of inactive

X chromosome [53].  Thus, it will be interesting to  further probing

the roles of PARP-1 in  X chromosome inactivation and germ cell

development.

4.3. Mechanism of gene regulation for

development/differentiation by PARP-1

PARP-1 has been shown to regulate growth and development

of variety of cells [37,30] through transcriptional regulation [101].

Although PARP-1’s role in differentiation had been detected long

back, only recently it  has grabbed the interest of researchers. It has

been demonstrated that  mouse myeloid leukemia cells treated with

purified poly (ADP-ribose) differentiated into mature macrophages

and granulocytes [102]. ADP-ribosylation mediates formation of

a complex between PARP-1 and PPAR� at the promoter regions

of target genes, a  process that increases ligand binding and aids

ligand induced co-factor exchange. ADP-ribosylated PARP-1 then

stabilizes the PPAR ligand binding. Torsional stress created during

TopoII cleavage further recruits and activates PARP-1. The modified

PARP-1 interacts with PPAR� and stabilizes PPAR� ligand bind-

ing, which permits an exchange of the NCoR1 co-repressor with

the p300 co-activator at PPAR� promoter sites. Further, the PAR

formation favors ligand binding and p300 recruitment to PPAR�
response elements (PPREs) and thus leading to  PPAR� dependent

gene expression [103].

PARP-1 is also reported to have role in differentiation of neu-

roectoderm. Yoo et.  al., discovered that  FGF-ERK1/2 orchestrates

neural specification via  regulating PARP-1 activity, thus reinforcing

role  of PARP-1 in neural induction from human embryonic stem

cells [104,36,37]. Recently, PARP-1 has been reported to regulate

osteoclastogenesis via inhibition of recruitment of p65/RelA to the

IL-1� promoter subsequently affecting IL-1� expression [105].

The transforming growth factor beta (TGFB) signaling pathway

is  another pathway in which PARP-1 plays a  crucial role. TGFB sig-

naling pathway is  implicated in both the adult organisms and the

developing embryo. The TGFB regulates cellular proliferation, dif-

ferentiation, and migration during embryonic development and

adult tissue homeostasis. Smad proteins mediate signals by  the

TGFB family of morphogens. PARP-1 has been shown to dissociate

the Smad complexes from DNA and attenuate Smad mediated tran-

scription [106].  However, Huang et al., [107] demonstrated PARP-1

to be  a requisite for TGFB1 induced Smad3 activation. The TGFB1

promotes PARylation of Smad3 resulting in  enhanced Smad-Smad

binding element [SBE]  complex formation and increased DNA bind-

ing activity and eventually resulting in  transcription of its target

genes.

Recent report have further illustrated that PARP-2 assists PARP-

1 in  negatively regulating Smad function while PARG is  a positive

regulator [108]. Reports indicate that PARP-1 can act either as a neg-

ative regulator of responses to  TGFB, as seen in epithelial cells [106]

and CD4+T  cells [109], or as a  positive regulator of TGFB responses,

as seen in vascular smooth muscle cells [107] to TGFB signaling.

Poly ADP-ribosylation has also been strongly implicated to regulate

TGF super family members during oogenesis and folliculogenesis in

mice [95].  Moreover, reports also illustrate role of PARP-1 in white

adipocyte differentiation and lipid metabolism by regulating PPAR�
dependent gene expression [110,111].

Switching on and off of gene expression in  response to  temporal

and spatial patterns is essential in  normal development. PARP-1

has been demonstrated to play such a  pivotal role  in neuronal

differentiation. Activated PARP-1 as a  part of the groucho/TLE-co-

repressor complex drives the dismissal of the poly ADP-ribosylated

components of the co-repressor complex from HES1 regulated

promoters followed by CAMKII�  phosphorylating HES1 thereby

permitting neurogenic gene activation [38].  PARP-1 has also been

recently associated with HIF [Hypoxia inducible factors] in  hypoxic

response. HIFs control induction of genes involved in  cellular

metabolism, cell growth, metastasis, apoptosis, and others [112].

PARP-1 is also suggested as an essential co-regulator for retinoic

acid [RA]  induced gene expression in vivo and thus  a requisite

of RA dependent growth and developmental pathways [113].

In addition, role of poly (ADP-ribosyl)ation by the PARP family

member, tankyrase has also been established in  the regulation

of Wnt-�-catenin signaling pathway which plays a  fundamental

role during embryonic development and adult tissue homeostasis

[114].  On similar lines, PARP-1 also regulates embryonic stem cell

differentiation via PARylation of SOX2 protein levels and regula-

tion of FGF4 expression [115]. However, poly ADP-ribosylation of

the target proteins finally leading to gene regulation may not  be

the only mode of regulating gene  expression by PARP-1. PARP-1

is reported to regulate Nrf2 transcription by neither PARylating

Nrf2 nor physically interacting with it.  Rather, PARP-1 interacts

directly with small Maf  proteins and ARE of Nrf2 target genes,

which amplifies ARE-specific DNA-binding of Nrf2 and enhances

the transcription of Nrf2 target genes thereby maintaining intra-

cellular redox homeostasis [73]. Rajawat et al., also showed

impediment of development of Dictyostelium discoideum when

PARP was down-regulated, showcasing its importance during

developmental program of the organism [116]. In view  of  the

above literature, it is evident that PARP-1 through its  modes of

transcriptional regulation as discussed above regulates many sig-

naling pathways in the cell thereby controlling important cellular

processes like  differentiation which are summarized in  Fig. 4.
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Fig. 4.  PARP-1 in differentiation: (A) PARP-1 in  regulation of stem cell differentiation: Phosphorylation of PARP-1 by  kinase ERK1 leads to auto-modification of PARP-1.

PARylated PARP-1 abolishes SOX2 DNA-binding and dimerization with OCT4 leading to  transcription inhibition of target genes involved in differentiation. (B) PARP-1 in

neuronal  differentiation: Treatment of neuronal stem cells with PDGF (platelet derived growth factor) induces activity of the kinase CaMKII�.  Activated CaMKII�  leads to

phosphorylation of PARP-1, which in turn leads to PARylation resulting in disruption of co-repressor complex including TLE, RAD50, TopoII�, PARP-1 and HES1 at promoter.

Auto-modified PARP-1 and HES1 recruit histone acetyl-transferase CBP, and also subsequent phosphorylation of repressor protein HES1 by  CaMKII�  initiates transcription.

(C)  PARP-1 in  TGF� mediated transcription: TGF� promoted PARylation of Smad3 ensuing into stronger Smad-Smad binding element [SBE] complex formation and increased

DNA  binding activity and eventually transcription of its  target genes (D) PARP-1 in neuro ectoderm specification: FGF-ERK1/2 coordinates PARP-1 activation which eventually

facilitates transcription of genes involved in neural differentiation from  human embryonic stem cells. (E) PARP-1 in  white adipocyte differentiation: ADP-ribosylated PARP-1

stabilizes  PPAR ligand binding. Torsional stress created during TopoII cleavage leads to  PARP-1 activation. Modified PARP-1 interacts with PPAR� and stabilizes PPAR�  ligand

binding,  which allows an exchange of the NCoR1 co-repressor with the p300 co-activator at the PPAR� response elelments (PPREs) and thereby ensured continuous expression

of  PPAR� target genes.

5.  PARP-1 in cell differentiation/multicellularity in

different organisms: Translating time

Cell growth and differentiation processes involve transcrip-

tional activation of a  variety of genes in  response to specific

developmental and environmental stimuli. PARP-1 has also been

reported to engage in  transcriptional control during development

as well [93].  Evidences across domains of life  substantiate the role

of PARP-1 from unicellular to  multicellular forms [117].  The differ-

entiation from preadipocytes to  adipocytes triggered by the nuclear

receptor PPAR� is an illustration of the involvement of  PARP-1

[111] in  cellular differentiation. Many such recent accumulating
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evidences enlisted below propose a strong association of PARP-1 in

differentiation and multicellularity.

5.1. PARP-1 in Dictyostelium discoideum development

D. discoideum is  a unicellular eukaryote exhibiting multicellu-

larity upon starvation [118] and has eight potential PARP genes

[119]. Our previous study showed that D. discoideum exhibits basal

PARP activity and inhibition of PARP by  benzamide delays the

development [120].  Our further study demonstrated PARP’s role

in development by down-regulation and no effect is observed on

the growth profile of unicellular amoebae. On the contrary, devel-

opment was blocked at the initial aggregation stage, signifying

the involvement of PARP-1 during development of D. discoideum

[116]. In addition, PARP-1 has also shown to be involved in  stress

responses like oxidative stress via proteases, UV-C stress via nitric

oxide and DNA repair in  D. discoideum whereas it has been shown to

play no  role in staurosporine induced cell death [121–125].  More-

over, our recent lab report shows association of ADPRT1A (PARP-1

ortholog in D. discoideum) with cell survival and development [126].

In addition, ADPRT1A knockout resulted in altered levels  of genes

essential for cAMP production and signaling as well as markers of

differentiation (Unpublished data).  These findings clearly establish

the importance of ADPRT1A in  D. discoideum life  cycle.

5.2. PARP-1 in fungus development

The presence of PARP in only multicellular eukaryotes is sugges-

tive of the association between PARP function and a multicellular

lifestyle. It has been reported that  PARP homologs exist in fungi

that have multicellular hyphae and organized developmental struc-

tures and lack yeast-like unicellular growth pattern. However, PARP

homologs are notably absent in  S. cerevisiae and S.  pombe while

they are found in  all other eukaryotes [127].  Semighini et al., [128]

reported that the disruption of the PrpA gene (PARP-1 ortholog) in

filamentous fungus Aspergillus nidulans was found to be  lethal in

haploid strains, whereas PrpA overexpression led to fluffy pheno-

type caused by defect in conidiation while generation of PrpA−/−

failed.

Interestingly, PARP overexpression in  P. anserina led to reduced

number of ascospores and fruiting body and also decreased the

growth rate and life  span whereas complete deletion failed thereby

suggesting a vital role  of PARP-1 in growth and development [129].

Furthermore, Neurospora PARP-1 orthologue [NPO] mutant strain

also exhibited an accelerated aging in mycelia [130]. All  these

reports are suggestive of PARP-1 role in  multicellularity and how its

regulated expression is  quintessential in the correct development

and cellular processes.

5.3. PARP-1 in plant development

In plants, the roles of PARP-1 orthologs in  development remain

obscure. Unlike in mammals, plants lack the variety of PARP super-

family members. However, plants encode a  group of PARP-like

proteins belonging to the SRO family. Plants PARP family mem-

bers and/or poly [ADP-ribosyl] ation have been linked to various

processes like DNA repair, innate immunity, mitosis, and stress

responses. In addition, SRO family members have been also shown

to be essential for normal sporophyte development [131].  More-

over, PARP super-family members have been found to be crucial

for stress responses in  Arabidopsis thaliana [131]. In  Arabidopsis,

AtPARP3 is reported to be expressed specifically in seed devel-

opment signifying its potential role [132]. In addition, AtPARP-1

and/or AtPARP2 knockdown were reported to alter Arabidopsis

development [133];  however, AtPARP2 ortholog in  oilseed rape

(Brassica napus) did not  affect its  development [134]. These reports

suggest that further research is necessary to establish the role of

PARP in  plant development.

5.4. PARP-1 in Drosophila melanogaster development

Role of PARP-1 in  differentiation and development is well stud-

ied in the model organism Drosophila melanogaster. In  Drosophila,

PARP activity is  found to  be developmentally regulated [135]. Also,

the expression levels of PARP in Drosophila are  shown to be the

highest in  embryos whereas reduced expression was seen in larvae,

pupae, and adults [136].  Moreover, PARP overexpression hampers

the cytoskeletal organization (F-actin) and disrupts tissue polarity,

suggesting its participation in Drosophila development [137].

Previous literature strengthens the importance of  PARP as a

transcriptional co-activator [138],  implicating that PARP may reg-

ulate the expression of a  few genes involved in  determining tissue

polarity or cytoskeleton in Drosophila. Miwa et al., [139] reported

that PARP deletion mutant failed to grow into an adult fly sug-

gesting PARP’s involvement in  larval metamorphosis since 50% of

mutant larvae were arrested at  this stage. In  addition, PARP acti-

vation is  a prerequisite for viability and organization of  chromatin,

heterochromatin, and other sequences during development [140].

Studies have been shown PARP to  be  vital for purparium formation

and metamorphosis [40,141]. Thus, PARP-1 also plays an important

role during the Drosophila development.

5.5. PARP-1 in mice development

PARP-1 and PARP-2 have been implicated in playing an impor-

tant role in mouse embryogenesis and development over the past

couple of decades. In particular, PARP-1 and PARP-2 double muta-

tions in mice were found to  be lethal as the embryos died at the

onset of gastrulation [86].  This result is  further supported from ATM

and Ku80 deficient mice in  PARP-1 knockout background [142,88].

It  has been suggested that  both PARP-1 and ATM act synergistically

during mouse development [142]. Moreover, the loss of  SSBR/BER

and DSB repair pathway components lead to massive apoptosis of

the embryo as a  result of defect in DNA-damage signaling. PARP-

1 is involved in  germline development wherein PARP-1 deficient

oocyctes were found to  exhibit defective meiosis [98]. In addition,

PARP-1 knockout mice also demonstrate altered gene expression

of cytoskeletal elements [143]. Furthermore, PARP-1 has been

reported to  contribute to  DNA demethylation in pre-implantation

embryos of mice [144]. Authors report that the mean life span of

PARP-1−/− knockout mice was  significantly reduced while these

mice also showed accelerated aging of the reproductive function

as compared to wild type mice. PARP-1 and PARP-2 have been

reported to be  a  requisite for the differentiation of mouse embry-

onic carcinoma F9 cells into endodermal cells via  recruitment of

the transcriptional intermediary factor (TIFI�) for the expression

of the endoderm specific gene  during endodermal differentiation

[145].  Similarly, adipogenic differentiation is reduced in adipose

derived stromal cells isolated from PARP-1 knockout mice. Recently

it has been reported that PARP-1 deficiency notably reduce bone

mass in mice as a  result of increased osteoclast differentiation [105].

Zhou et al., report that PARP-1 inhibition by PJ-34 induces angio-

genesis in diabetic and ischemic conditions. Thus, PARP-1 plays a

very important role in  cell differentiation and development in mice

[146].

5.6. PARP-1 in immune cells development

Recently, growing body of reports indicate that  PARP-1 engages

in  inflammatory/immune responses as well. PARP-1 controls cell

functions in many types of immune cells, including dendritic cells,

macrophages, and T and B lymphocytes [147–150].  It  has  been sug-
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gested that PARP-1 KO T cells stimulated in  the absence of antigen

presenting cells exhibit a lower cellular proliferation rate [151].

Moreover, V(D)J recombination deficient T  cells can be partially

rescued by knocking out PARP-1, implicating its role in  T-cell matu-

ration too. Several studies demonstrate that PARP-1 KO cells display

a  reduced ability to  differentiate in Th2 cells. In immune cell dif-

ferentiation, PARP-1 genetic ablation decreases specifically Th2 cell

differentiation and enhances regulatory [CD4+CD25+FoxP3+]  T  cells

population [152,153].  PARP-1 is also reported to play a role in  dif-

ferentiation to  plasma cells via transcriptional repression of Bcl-6

[154].

Apart from erratic environmental genomic insults, certain cel-

lular processes such as lymphocyte development and antibodies

production involve spontaneous DNA damage wherein PARylation

and PARPs/ARTDs play a  crucial role  in  combating the insults. B lym-

phocytes undergo a course  of rigorous genomic rearrangements

and recombination along with somatic mutations, to generate B

cells that produce related antibodies possessing varying degrees

of specificity and diverse functions due to class switching and

affinity/maturation. Thus, during the B cell development, differen-

tiation, and maturation, the genome in question undergoes lesions

and damages, that eventually activates the DNA repair machinery

and  cell cycle check points to  initiate genomic repair. Moreover,

NF-�B signaling plays a crucial role in immature B  cell devel-

opment and differentiation and mature B  cell survival. Earlier

evidences suggest a  crosstalk between intrinsic NF-�B  activity of

B  cells and spontaneous DNA damage/repair for  proper B cell func-

tion. Stilmann et al., demonstrate the importance of PARylation

by PARP1/ARTD1 in bridging the nuclear sensing of DNA damage

with cytoplasmic activation of the IKK (I�B kinases) complex [155].

Upon DNA damage, the PAR- modified PARP-1 dissociates from

damage sites, and orchestrates the assembly of transient multipro-

tein PARP1/ARTD1-IKK�–PIASy-ATM signalosome complex which

in  turn trigger stimulation of IKK� via its sumoylation by PIASy

(protein inhibitor of activated STAT superfamily), leading to IKK�
induced NF-kB activation of survival pathways [155,156]. These

findings suggest the importance of PARP-1 in immune cells differ-

entiation and maturation, implicating PARP as a  therapeutic target

for several immune mediated diseases.

6. PARP-1 and immune mediated diseases:Diss(ease)ing the

alter ego

PARP-1 is expressed in almost all  cells and plays a central

role in inflammation and immunity [157].  Its enzymatic inhibi-

tion confers protection in several models of immune-mediated

diseases, mostly through an inhibitory effect on NF-�B  (and NFAT)

activation [153].  PARP inhibitors ameliorate immune mediated dis-

eases in several experimental models, including colitis, rheumatoid

arthritis, allergy and experimental autoimmune encephalomyelitis

[158].  Previously, PARP-1 KO mice have been suggested to display a

decreased severity of rheumatoid arthritis due to  lower IL-1�  and

MCP-1 expression which led  to decreased destruction of bone and

cartilage in arthritic joints [159].  Rosado et al., [158] demonstrate

that PARP-1 have involvement in  the differentiation of Foxp3+ reg-

ulatory T (Treg) cells, suggesting it’s  role in tolerance induction. Also

ARTs is involved in  regulating Treg cell homeostasis by promoting

Treg cell apoptosis during inflammatory responses, thus rendering

it a crucial target for immune suppressive therapy.

Several studies show that PARP-1 deficiency and PARP inhi-

bition confer resistance to  inflammatory bowel disease (IBD) in

rodent models of dinitrobenzene/trinitrobenzene sulphonic acid

(DNBS/TNBS)-induced colitis by  dampening AP-1 and NF-�B acti-

vation, inflammatory cytokine production and apoptosis, with

consequent reduction of colon  damage [160,161].  Together, these

findings show that PARP-1 plays a pivotal role in the regulation

of immune responses and may  represent a  good target for new

therapeutic interventions in  immune-mediated diseases.

PARP-1 also changes the responsiveness of dendritic cells, T-cell

activation and antibody production via  alteration in  gene regula-

tion and secretion of various cytokines and adhesion molecules

[150]. PARP-1 inhibition targeting the enzymatic site reduces

the secretion of pro-inflammatory cytokines and ameliorates

various autoimmune and inflammatory diseases like heart and

brain inflammatory processes, rheumatoid arthritis, inflamma-

tory bowel disease, colitis, autoimmune encephalomyelitis etc.

[162–168]. Furthermore, PARP-1 acts as a  crucial mediator in

maintaining the balance between pro-inflammatory/effector and

anti-inflammatory/regulatory responses, suggesting possible ther-

apeutic perspectives of PARP inhibition [150]. Studies demonstrate

that PARP-1 sustains NF-kB induced transcription of  several genes

involved in inflammation, including cytokines, such as TNF�, IL1-

B, IL6,  IFN  and CCL3, and inducible nitric-oxide synthase (iNOS)

[169,170]. In view of these studies, PARP inhibitors can be pro-

posed as a  potent future therapeutant for various autoimmune

disorders. Moreover, role of PARP-1 has been suggested in adaptive

immune response as it gets stimulated during T-cell activation. In

addition,PARP-1 regulates NFAT function as well, which is  involved

in  T-cell differentiation and functions [171,172],  and modulates the

expression of Th1/Th2 cytokines [151].

The promising results of various studies including animal mod-

els emphasize the urgency of introducing PARP inhibitors into

clinical trials for  various autoimmune diseases exhibiting cytokine

imbalance, upregulation of adhesion molecules, dysregulation in

antibody production etc., implicating the multi targeting effects of

PARP-1 in attenuation of such diseases.

7. Conclusion

A wealth of reports over the past  decades have drawn the

attention of researchers towards PARP-1 from being just a ’DNA

damage sensor’, to  a  multitasking protein in the cell with prime

roles such as gene regulation, chromatin remodelling, differen-

tiation etc. Structural evidences now explain the multidomain

structure of PARP-1 and the process of poly ADP-ribosylation in

response to various stimuli. PARP-1 is well demonstrated to  be

activated not just by damaged DNA but also by various devel-

opmental and environmental cues. PARP-1 PARylates numerous

chromatin-remodeling factors, resulting in chromatin modification

and regulation of  gene expression. In addition, PARP-1 also regu-

lates splicing and DNA methylation processes. All  these functions

of PARP-1 in  gene regulation are mirrored in its association with

developmental and differentiation processes in  the cell, includ-

ing embryogenesis, germline development and cell differentiation.

Thus, instead of just being merely treated as a DNA damage sens-

ing protein, PARP-1 should be explored for its role in differentiation

that has been highlighted in the present review. Nonetheless, the

role of PARP in gene regulation, cell differentiation and develop-

ment also makes it suitable and promising target for therapeutic

armenatrium to  treat several human diseases.
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Abstract

Objectives: Radiation and chemical mutagens are

direct DNA-damaging agents and ultraviolet (UV)
radiation is frequently used in biological studies.

Consequent to ozone depletion, UV-C could become
a great challenge to living organisms on earth, in the

near future. The present study has focused on the
role of poly (ADP-ribose) polymerase (PARP) dur-

ing UV-C-induced growth and developmental
changes in Dictyostelium discoideum, a phylogeneti-
cally important unicellular eukaryote.

Materials and methods: Dictyostelium discoideum

cells were exposed to different doses of UV-C and

PARP activity, and effects of its inhibition were
studied. Expression of developmentally regulated

genes yakA, car1, aca, csA, regA, ctnA, ctnB,

gp24, hspD and dsn were analysed using semi-

quantitative RT-PCR.
Results: We report that the D. discoideum cells dis-

played PARP activation within 2 min of UV-C
irradiation and there was increase in NO levels in a
dose-dependent manner. UV-C-irradiated cells had

impaired growth, delayed or blocked development
and delayed germination compared to control cells.

In our previous studies we have shown that inhibi-
tion of PARP recovered oxidative stress-induced

changes in D. discoideum; however, intriguingly
PARP inhibition did not correct all defects as effec-

tively in UV-C-irradiated cells. This possibly was
due to interplay with increased NO signalling.
Conclusions: Our results signify that UV-C and oxi-

dative stress affected growth and development in D.

discoideum by different mechanisms; these studies

could provide major clues to complex mechanisms
of growth and development in higher organisms.

Abbreviations

Ax-2: axenic 2

FITC: fluorescein isothiocyanate

HA: hydroxylamine

iNOS: inducible nitric oxide synthase

NO: nitric oxide

PAR: poly-ADP ribose

PARP: poly(ADP-ribose) polymerase

PBA: phosphate-buffered agar

SB: Sorenson’s buffer

G0, G1, G2, M, S: phases of the cell cycle

L-NIO: iNOS inhibitor

Introduction

Dictyostelium discoideum is a unicellular organism that

feeds on bacteria and divides (under favourable environ-

mental conditions) approximately every 4 h. It divides

every 8–12 h in axenic media. During starvation, cells

become chemotactically sensitive to cAMP pulses and

initiate their developmental program to ultimately form a

multicellular fruiting body, consisting of spores within a

sorocarp, and a stalk. Spores germinate to form unicellu-

lar amoebae under favourable conditions. Dictyostelium

discoideum, being a eukaryote that stands at the transition

point of unicellularity and multicellularity, is an excep-

tional model system to study various signal transduction

pathways (1) that can be extrapolated to mammalian sys-

tems. The unicellular stage is known to be highly resistant

to DNA-damaging agents and oxidative stress (2,3).

Ionising radiation and chemical mutagens are direct

DNA-damaging agents. Ultraviolet (UV) radiation, of a
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broad band of energy extending from 200 to 400 nm, is

one of the frequently used types of radiation in biologi-

cal studies. UV wavelengths of the solar electromagnetic

spectrum can be subdivided into three regions: UV-C

(200–280 nm), UV-B (280–315 nm) and UV-A

(315–400 nm). Of these, UV-C is the most harmful

although its rays do not reach the surface earth, due to

the protective ozone layer. All UV-C and approximately

90% UV-B radiation is absorbed by ozone, water

vapour, oxygen and carbon dioxide [WHO] as sunlight

passes through the atmosphere. However, consequent to

ozone depletion, UV-C could become a great challenge

to living organisms in the future. Oxidative stress

induced by ionizing radiation and alkylating agent

accounts for DNA damage induced by these agents.

UV-C can cause formation of thymine glycol (4) but the

main lesions are caused by cyclobutane pyrimidine

dimers (CPDs) and pyrimidine-(6-4)-pyrimidone photo-

products (5). In double-stranded DNA, these lesions lead

to generation of SSBs (single-strand breaks) when they

are repaired by NER (nucleotide excision repair) (6).

They also lead to distortion in the DNA double helical

structure which is sufficient to activate the nuclear

enzyme, poly(ADP-ribose) polymerase (PARP) (7).

PARP uses NAD+ as donor of poly(ADP-ribose) and

catalyses poly(ADP ribosylation) (PARylation), of itself

and of a variety of other proteins. Numerous substrates

list PARP and link it to a wide range of physiological

processes. Primarily, it is involved in chromatin remod-

elling, DNA repair and maintenance of genomic integ-

rity (8–13). PARP contributes to cellular homoeostasis

under conditions of basal DNA damage, wherein it is

involved in cell cycle arrest (14). During conditions of

moderate/severe cell stress, PARP over-activation leads to

cell death resulting in various pathological conditions

(15). PARP inhibition during moderate/severe cellular

stress is beneficial (16) and we have reported long-term

consequences of PARP inhibition and down-regulation

(17) in oxidative stressed D. discoideum cells (18,19).

Also, staurosporine-induced cell death has been studied in

D. discoideum (20). In the present study, the role of PARP

in UV-C-induced growth and developmental changes in

D. discoideum has been addressed by inhibiting its activ-

ity with benzamide, and also long-term effects of PARP

inhibition for two successive generations and interplay

with nitric oxide (NO) have been explored.

Materials and methods

Cell death after UV-C stress

Dictyostelium discoideum cells (Ax-2 strain) were grown

in suspension in HL5 medium (21), with shaking at 3 g,

at 22 °C. All experiments were carried out with D. dis-

coideum cells at mid log phase expansion, cell density

2.5 9 106 cells/ml. Cells were washed in 19 SB (19

Sorenson’s buffer from 509 SB, 2 mM Na2HPO4,

15 mM KH2PO4, pH 6.4) by centrifugation, at 300 g for

5 min, then exposed to different doses of UV-C

(254 nm) (10.4 J/m2, 13 J/m2, 65 J/m2 and 130 J/m2).

Cells were then resuspended in HL5 after pelleting, and

incubated at 22 °C, with shaking at 150 rpm, for 24 h.

Growth curve studies

For growth curve studies after UV-C irradiation, 1%

inoculations (50 ll from ~2.5 9 106 cells/ml into 5 ml)

were performed in HL5 medium, and cell viability was

assayed using the trypan blue exclusion technique, every

24 h until death (22).

Cell cycle analysis

The cell cycle was analysed by flow cytometry using

propidium iodide. Mid-log-phase cells were fixed by

drop wise addition of 70% ethanol, and incubated at

4 °C overnight. Fixed cells were resuspended in staining

solution (TritonX-100, DNase-free RNase and propidi-

um iodide) and incubated for 30 min, followed by

FACS analysis (23). Quantification was performed using

flow cytometry, with FACS ARIA (BD Biosciences,

San Jose, CA, USA). Data were analysed with FACSDi-

va software.

Developmental studies

2.5 9 106 cells were harvested and processed as

described above for UV-C treatment (10.4 J/m2, 13 J/

m2, 65 J/m2 and 130 J/m2), then were resuspended in

100 ll 19 SB and spread on non-nutrient agar plates

(2% agar in 19 SB) kept at 22 °C, and different stages

of development were studied.

Chemotactic assay

Chemotactic studies were performed according to the

method of Wallace and Fraizier (24). Exponentially

growing cells were washed free of medium with 19 SB

and starved for 5–6 h after treatment. Of the cell sus-

pension, 5 ll were placed on 2% agar surfaces at a dis-

tance of 2 mm from wells containing 1 lM cAMP.

Movement of cells towards wells was observed using

phase contrast microscopy (Nikon TE-2000S, Tokyo,

Japan) and was photographed. Relative number and dis-

tance moved by cells was an indication of their chemo-

tactic activity.
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cAMP pre-treatment. Exogenous (1 lM) cAMP was

added 2.5 h prior to UV-C treatment to D. discoideum

cells in 19 SB. Plates were then kept at 22 °C to

observe different stages of development, or cells were

harvested to study developmental gene expression, at

various time points.

cAMP estimation in UV-C-irradiated cells

5 9 106 cells were harvested by centrifugation at

300 g/5 min/4 °C and subjected to UV-C irradiation

and they were resuspended in Sorenson’s buffer for 6 h.

Cells were then collected, and extracellular cAMP was

estimated in the buffer, using an ELISA kit method

according to the manufacturer’s instructions

(Calbiochem, Gibbstown, NJ, USA). A total of 200 lM

L-NIO (iNOS inhibitor) pre-treated cells were also col-

lected, and extracellular cAMP was estimated.

Nitric oxide estimation

NO generation was estimated according to the method

of Green et al. (25). 5 9 106 cells were suspended in

1 ml 19 SB and incubated at 22 °C for 20 min, to

allow for accumulation of NO. 1 ml Griess reagent was

added and mixed in well. Incubation was again carried

out at 22 °C for 15–30 min. Absorbance was measured

at 546 nm.

PARP activation under UV-C stress

Cells treated with different doses of UV-C were pro-

cessed for PARP assay (19). Data were analysed using

Image Proplus software to calculate mean intensity of

fluorescence from different fields and ~50 cells were

examined for each dose. PARP was inhibited by 12 h

pre-treatment with 1 mM benzamide (Sigma Aldrich, St

Louis, MO, USA), prior to UV-C irradiation.

Expression analysis of developmentally regulated genes,

by RT-PCR

RNA extraction and cDNA synthesis. Dictyostelium dis-

coideum cells were exposed to UV-C stress as mentioned

above. After specific pre-treatment, cells were pelleted

and washed in 19 SB before finally being resuspended in

19 SB. Total RNA was isolated from cells at two time

points (as specified in figure 4) using TRIZOL reagent (In-

vitrogen, Carlsbad, CA, USA). RNA integrity was verified

by 1.5% agarose gel electrophoresis and 260/280 absor-

bance ratio >1.95. RNA was treated with DNase I (Ambi-

on Inc., Austin, TX, USA) before cDNA synthesis, to

avoid DNA contamination. Reactions were performed by

reverse transcriptase using RevertAid First Strand cDNA

Synthesis Kit (Fermentas, Vilnius, Lithuania) according

to the manufacturer’s instructions, in MJ Research Ther-

mal Cycler (Model PTC-200, Watertown, MA, USA).

Second strand synthesis. First-strand cDNA was used as

a template with gene-specific primers to synthesize sec-

ond strand DNA by conventional PCR. Expression

kinetics of DYRK family protein kinase (yakA), cAMP

receptor-1 (car1), adenylyl cyclase (aca),cell adhesion

molecule–contact site A protein (csA), component of the

counting factor complex–countin A (ctnA) and countin

B (ctnB), calcium-dependent cell adhesion molecule-1

(gp24), cAMP phosphodiesterase (regA), a heat shock

protein of Hsp90 family (hspD) and discoidin (dsn)

genes were analysed. rnlA was used as internal control

(Table 1). Reactions were performed according to the

manufacturer’s instructions (Fermentas, Burlington, ON,

Canada). DNA fragments were amplified for 24 cycles

and signal intensities were analysed on 2% agarose gel

stained with ethidium bromide. Densitometric analysis

was performed using AlphaImager software, and mean

density for respective genes with respect to rnlA, was

plotted.

Fate of spores formed under UV-C stress. Spores

formed from cells irradiated with 10.4 J/m2 UV-C in the

presence and absence of benzamide (Sigma Aldrich)

Table 1. Primer sequences used for gene expression analysis.

Gene Primer sequence

yakA Forward 50-GCTTAGAGGACTTTCAACCAATTT-30

yakA Reverse 50-GATTTTTCATAACAAGCAGATCCA-30

cAR1 Forward 50-TGTGGACTTTATGTCTTGCAATTAG-30

cAR1 Reverse 50-CCAATACTGCTGAAATTGCCC-30

aca Forward 50-GTGATACTGCCAATACCGCC-30

aca Reverse 50-ACCCAAGAGAGTTCCAGATAATGG-30

csA Forward 50-ATAGTGCACATTCAGCTCC-30

csA Reverse 50-AAGAACTTTGCCATACTTTGG-30

ctnA Forward 50-ATGAATAAATTATTTTCATTAATTTTAG

CTTTATTCCTTGTCAACTCCGC-30

ctnA Reverse 50-TTAAAATAAAGCAAAACCTGAACCTGA

ACCAGAGGCGGCACC-30

ctnB Forward 50-GTGGTGCCGTTTGTTCATTACTCCC-30

ctnB Reverse 50-CCAGTTGGGTCAGTTACCATAACAGCAAC-30

gp24 Forward 50-CCAGGAGCTTTTCAATGGGCAGTTGATG-30

gp24 Reverse 50-GTGTAACAGTCATATTCTTTGGGAATGTCTC-30

dsn Forward 50-CCACCCATTAACCTGGAATG-30

dsn Reverse 50-TGGTGGCATCAGTACAATCG-30

hspD Forward 50-ACATTCCAAGCTGAAATTAATCAGC-30

hspD Reverse 50-GTGTAAGAGTTTTGGCAGTCTTATC-30

regA Forward 50-AATTGTTGGGGATACTGAATCAGC-30

regA Reverse 50-ATAAAGTGCGGTGATATTTC-30

rnlA Forward 50-TTACATTTATTAGACCCGAAACCAAGCG-30

rnlA Reverse 50-TTCCCTTTAGACCTATGGACCTTAGCG-30
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were picked from different areas, with the aid of steril-

ized nichrome loops, and added to 5 ml HL5 medium.

Flasks were kept shaking at 150 rpm/22 °C. After ger-

mination, cells were counted using a haemocytometer,

every 12 h, for growth curve experiments.

Assessment of DNA damage in cells germinated from

spores (26). Histones become phosphorylated during

oxidative stress. Hence, presence of phosphorylated his-

tone indicates oxidative stress-induced DNA damage.

Anti-H2AX at 0.5 lg/ml, and anti-mouse IgG (whole

molecule)–TRITC conjugate (Sigma, St. Louis, MO,

USA), 1:200, were used to study presence of oxidative

stress. Cells were pelleted and washed once in phos-

phate-buffered saline (PBS) pH 7.4, fixed in 70% chilled

methanol for 10 min at �20 °C, then washed in block-

ing solution (1.5% BSA with 0.05% Tween 20 in PBS)

and incubated for 1 h in primary antibody. After incuba-

tion, cells were washed 2–3 times in blocking solution

and further incubated for 1 hr with TRITC-labelled sec-

ondary antibody. Then, they were washed 2–3 times in

PBS and fluorescence was observed under 609 magnifi-

cation. Data were analysed using Image Proplus soft-

ware to calculate mean density of fluorescence and

graphs were plotted using Graphpad prism software.

Results

Cell death and PARP activation after UV-C irradiation

Cell death was monitored after different doses of UV-C

irradiation. UV-C dose (10.4 J/m2 and 13 J/m2) led to

less than 10% cell death (Fig. 1a). UV-C is a potent

DNA damage inducer and is well reported to activate

PARP (7,15). PARP was assayed at various time points

post UV-C stress. 10.4 J/m2 and 13 J/m2 UV-C-treated

cells had highest PARP activity at 2 min (Fig. 1b),

which then declined, and reached basal levels after

5 min. Benzamide pre-treated cells had reduced activa-

tion of PARP (Fig. 1b).

Dictyostelium discoideum growth and development

under UV-C stress

Growth analysis revealed dose-dependent increase in lag

phase with UV-C dose. As can be seen from Fig. 2a,

with increase in UV-C dose, there was increase in lag

phase and consequently late entry into the log phase.

Also, the stationary phase was achieved at lower density

compared to control cells. Pre-treatment of cells with

benzamide reseulted in partial rescue in UV-C-induced

changes in growth (Fig. 2a). Lag phase growth of UV-

C-stressed cells can be clearly explained by cell cycle

analysis studies, wherein UV-C-stressed cells were seen

to be arrested in G0/G1 (~77%) as opposed to untreated

control cells (~68%), at 48 h growth (Fig. 2b). Also,

marked reduction is seen in percentage of cells in S

phase after UV-C irradiation at 10 J/m2 (13.6%) and

13 J/m2 (12.1%) compared to untreated control cells

(22.1%) (Fig. 2b), explaining the slower growth in

stressed cells.

Effects of UV-C on development also reflected dose

dependency as seen in growth (Fig. 3); however, it was

more drastic. Cells exposed to 13 J/m2 (Fig. 3) and

higher doses (65 J/m2 and 130 J/m2) (data not shown)

UV-C failed to undergo complete development. 10.4 J/

m2 UV-C-treated cells displayed development that was

delayed compared to control cells. Delay in development

induced by 10.4 J/m2 was rescued when cells were pre-

treated with benzamide (Fig. 3). Interestingly after 12 h,

benzamide-pretreated cells exposed to higher doses

(65 J/m2) of UV developed streaming structures and

incompetence to form aggregates, compared to untreated

control and UV-C-exposed cells.

(a)

(b)

Figure 1. Cell death and PARP activation in UV-C-irradiated cells.

(a) UV-C induced dose-dependent cell death as monitored by the try-

pan blue exclusion method. Results are mean � SE of four indepen-

dent experiments. (b) Peak PARP activity induced by UV-C irradiation

was intercepted by benzamide. Benzamide inhibited PARP activity at

2 min post 10.4 J/m2 and 13 J/m2 irradiation respectively. Data

(mean � SE) are from four independent experiments. *P < 0.05 com-

pared to control; aP < 0.05 compared to respective dose of UV-C irra-

diation, without benzamide pre-treatment.
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Also, developing fruiting bodies formed after

10.4 J/m2 UV-C stress were smaller and ~40% greater

in number. Cells subjected to UV-C stress formed less

compact aggregates (Fig. 3). This observation led us to

assess expression profile of development-related genes

such as ctnA, ctnB, dsn1, hspD, csA and gp24. These

are associated with regulation of aggregate size

(27–29). Expression profiles of yakA, car1, aca and

regA were also studied as these genes are important for

growth to differentiation transition and cAMP-mediated

signalling, respectively (1,30). As shown in Fig. 4a and

4b, UV-C affected levels of ctnA, yakA, car1, aca, csA

and regA mRNA. Benzamide pre-treatment prevented

UV-C-induced changes in expression of ctnA and regA;

however, yakA, car1, aca and csA expression levels

could not be restored. Altered expression levels of

yakA, car1, aca, csA and regA during UV-C stress

indicated that the finely tuned cAMP signalling network

of development was affected, which was re-established

by yakA, car1 and aca restoration in presence of exog-

(a)

(b)

Figure 2. Effect of PARP inhibition on UV-C induced growth changes and fate of spores in Dictyostelium discoideum. (a) Effect of PARP

inhibition on UV-C induced growth changes Benzamide rescued UV-C-induced changes as shown in the growth curve. The stationary phase was

achieved at higher cell density in benzamide pre-treated cells compared to respective control. Results are mean of four independent experiments. (b)

Cell cycle analysis of UV-C-irradiated cells by propidium iodide staining. The 10.4 J/m2 and 13 J/m2 UV-C-treated cells had G0/G1 arrest, i.e.

~77% cells were in G0/G1 phase in contrast to ~68% untreated control cells. This figure is a representative picture of three independent experiments

performed.

Figure 3. Development of Dictyostelium discoideum cells under UV-C stress. Dictyostelium discoideum cells after UV-C treatment were allowed

to develop on nutrient-free agar medium and were observed at various time intervals. Benzamide pre-treatment restored the delay induced by

10.4 J/m2 but did not lead the 13 J/m2 UV-C-treated cells to complete development, though the cells entered it. Photographs taken with 49 objec-

tive. Scale = 100 lm.
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enous cAMP. To probe effects on cAMP signalling,

chemotactic assay and cAMP estimations were under-

taken. Control amoebae moved toward 1 lM cAMP

wells, while UV-C-irradiated cells failed to sense

cAMP in cups (Fig. 5a). These results justify effects of

exogenous cAMP on altered expression profiles of

developmentally regulated genes (Fig. 4a, b) and on

developmental arrest (Fig. 5b). Also cAMP levels were

found reduced in UV-C-irradiated cells (Fig. 6). Spores

developed after 10.4 J/m2 UV-C irradiation were

delayed by around 27 h in revival (111 h � 6.0) com-

pared to control cells (81 h � 6.658) (Fig. 7a). These

spores also had longer lag phases compared to controls.

However, benzamide pre-treatment had no effect on

revival of spores formed after 10.4 J/m2 UV-C expo-

sures as shown in (Fig. 7a). Also this second genera-

tion of UV-C-exposed cells did not differ from that of

control cells with respect to damage in DNA (Fig. 7b);

ensuring that partial inhibition of PARP did not inter-

fere with basal repair of the cells.

UV-C-induced developmental changes restored by iNOS

inhibition

UV-C radiation, unlike oxidative stress, leads to

increased NO generation which may further interfere

with D. discoideum development. Hence, we monitored

effects of inducible nitric oxide synthase inhibitor (L-

NIO) on UV-C-induced developmental changes. UV-C

dose of 13 J/m2 caused arrested development. However,

200 lM L-NIO (iNOS inhibitor) pre-treated cells exhib-

ited partial rescue in developmental delay due to UV-C

treatment (Fig. 8a). These results were further confirmed

by monitoring NO production under UV-C stress

(Fig. 8b). Results clearly suggest that D. discoideum

cells exposed to UV-C irradiation had dose-dependent

increase in production of nitric oxide, and NO levels

decreased significantly (P < 0.05) on benzamide

pre-treatment. Also inhibition of iNOS partially restored

cAMP levels (Fig. 6). Thus, increased NO generation

affected signalling in UV-C-exposed cells, thereby

impeding their development.

(a)

Figure 4. (a) Irradiation with UV-C affected mRNA expression of various genes involved in Dictyostelium discoideum development. Expres-

sion of yakA, coding for cell cycle arrest protein; cAMP receptor – cAR1, aca coding for adenyl cyclase A, countin, coding for a protein involved

in cell counting mechanism, csA, a cell adhesion molecule and regA, a phosphodiesterase were found to be reduced in UV-C-treated cells compared

to internal control rnlA (mitochondrial rRNA IG7). Benzamide pre-treatment restored expression levels of countin, however, it did not affect yakA

and cAR1 mRNA levels. Levels of countin (another protein of cell counting mechanism) mRNA were found increased in benzamide pre-treated

cells. Exogenous cAMP restored cAR1 without affecting yakA and csA. Expression of dsn, a gene coding for a protein which helps cells to adhere

to the substratum, hspD, a heat shock protein and gp24 (intercellular contacts and aggregation) were not affected. mRNA levels of yakA, cAR1,

aca, csA and regA were assayed at 0 and 9 h, while the rest of the genes were assayed at 6 and 10 h of development induction. (b) Densitometric

analysis of various genes involved in D. discoideum development. ***,aaa,+++,$$$,###,&&&
P < 0.001 compared to respective controls; **,aa,++,$$,##,

&&
P < 0.05 compared to respective controls and *,a,+,$,#,&p < 0.05 compared to respective controls. For benzamide pre-treated and 13 J/m2 UV-C-

treated cells, bbbP < 0.001, bbP < 0.01 compared to 13 J/m2 UV-C-treated cells (-benzamide/-cAMP). For cAMP pre-treated and 13 J/m2 UV-C-

treated cells, qqqP < 0.001, qqP < 0.01 compared to 13 J/m2 UV-C-treated cells (benzamide/cAMP).
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Figure 4. (Continued).
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Discussion

PARP characteristics render it an ideal candidate for par-

ticipation in cell responses to UV stress (31). UV-C

induces direct DNA lesions such as CPDs (e.g. T-T, T-

C or C-C) or 6,4-photoproducts. These lesions distort

DNA structure. DNA strand breaks generated during

excision repair of such lesions activate PARP (32–35).

Using elegant techniques that allow visualization of

events occurring in UV-C-irradiated zone, Vodenicharov

et al., (36) demonstrated that UV-C causes immediate

PARP activation within the first 15 s to 5 min. Our

results corroborate these reports. UV-C treatment lead to

both dose-dependent cell death and PARP activation

within 2 min (Fig. 1). Cells exposed to higher doses of

UV-C (130 J/m2) had a longer lag phase (~100 h) than

at milder doses, which could be due to seized cell cycle

(Fig. 2b). This is in accordance with the finding that

UV-C lead to cell cycle arrest after activation of the

repair machinery (37). PARP inhibition allowed cells

exposed to 10.4 J/m2 UV-C to enter the log phase ear-

lier than UV-C-only exposed cells. These also attained

higher cell density compared to10.4 J/m2 UV-C-only

irradiated cells, suggesting that PARP played a role in

cell cycle arrest and DNA repair.

Dictyostelium discoideum, during its unicellular veg-

etative phase, exhibits higher resistance to oxidative

stress (3) and other DNA-damaging agents (2,20). Very

high doses of hydroxylamine (4 mM) leading to ~90%

(a)

(b)

Figure 5. Effect of UV-C irradiation on

chemotaxis in Dictyostelium discoideum. (a)

UV-C-exposed D. discoideum cells failed to

move towards cAMP. Wells were formed on

PBA plates using a cup borer and were filled

with 100 ll of 1 lM cAMP; cells were placed

at a distance of 2 mm from wells. Photo-

graphs were captured 6 h after plating the

cells at 49 magnification. Results are repre-

sentative of three independent experiments.

(b) Exogenous cAMP resumed development

of UV-C-exposed D. discoideum cells. Expo-

sure to 13 J/m2 UV-C blocked initiation of

development; however supplementation with

cAMP (1 lM) restored development. Photo-

graphs were captured at 49 magnification.

Results representative of three independent

experiments. Scale = 100 lm
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Figure 6. cAMP levels in UV-C irradiated Dictyostelium discoide-

um were reduced in NO-dependent manner. UV-C irradiated D. dis-

coideum cells had reduced cAMP levels. Cells pre-treated with iNOS

inhibitor, L-NIO, retained levels of cAMP even after UV-C exposure.

Results are mean � SE of three independent experiments. *P < 0.05,

***P < 0.001 compared to control (0 J/m2), a
P < 0.05 and aa

P < 0.01

compared to benzamide pre-treated cells and PP
P < 0.01 compared to

L-NIO pre-treated cells.
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cell death, is required to block D. discoideum develop-

ment (17,18). Surprisingly, the effect of UV-C is more

drastic on D. discoideum development. Doses of UV-C

equivalent to 13 J/m2 (~6% cell death) or higher, com-

pletely arrested D. discoideum development at the loose

aggregate stage, whereas 10.4 J/m2 UV-C-irradiated

cells completed development albeit delayed (Fig. 3).

Benzamide pre-treatment of 13 J/m2 UV-C-exposed

cells had streaming structures indicating a definite role

of PARP in development. This is supported by work

previously published (19) from our laboratory, where

we showed that both constitutive and slug stage-specific

down-regulation of PARP lead to blocked or arrested

development respectively. Protective effects of PARP

inhibition were not seen at doses higher than 13 J/m2,

as cells died (38).

Azzam et al. (39) demonstrated cell type-specific

effect of UV-C irradiation on expression of connexin 43

native isoform, in human fibroblasts and AG1522 cells.

Experiments performed with UV-C irradiation in human

skin fibroblasts (37) showed that UV-C reduced tran-

scription of certain proteins involved in adhesion and

motility. Hence, expression of certain genes crucial to

various aspects of Dictyostelium development were

assessed. Our results indicate that heat shock protein D,

a cytosolic protein was required for early developmental

stages. Discoidin-1, a marker of growth to differentiation

transition that aids differentiating cells adhere to the sub-

stratum and gp24, required for filopodia formation and

(a)

(b)

Figure 7. (a) Effect of PARP inhibition on fate of spores developed

under UV-C stress. Spores of control cells revived within 81 h

whereas spores formed after 10.4 J/m2 UV-C stress exhibited ~27 h of

delay in spore revival, which could not be rescued by benzamide pre-

treatment. Data are mean of four independent experiments. (b) DNA

damage monitored in second-generation Dictyostelium discoideum

cells. No significant damage was observed in second-generation cells.
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Figure 8. Effect of UV-C on development

of Dictyostelium discoideum under iNOS

inhibition and nitric oxide generation. (a)

Development of UV-C-irradiated cells pre-

treated with iNOS inhibitor. L-NIO-treated

cells developed like control untreated D. dis-

coideum cells within 24 h. Photographs were

captured at 49 magnification 24 h after plat-

ing the cells. Results are representative of

three independent experiments.

Scale = 100 lm. (b) Nitric oxide generation

increased in UV-C-treated D. discoideum

cells. NO generation was estimated 30 min

after UV-C treatment by the Griess method

and was found to increase with increasing

doses of UV-C. Results are the mean � SE

of three independent experiments. *P < 0.05,

**P < 0.01, ***P < 0.001 compared to

untreated control cells, aP < 0.05 compared

to benzamide pre-treated cells and
###

P < 0.001 compared to L-NIO pre-treated

cells.
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aggregation, was not affected in UV-C-treated cells.

Nevertheless, expression of csA and ctnA was markedly

reduced without great alteration in ctnB mRNA levels

(Fig. 4a, b). csA is involved in Ca2+ independent cell–

cell adhesion during aggregation, and countin and coun-

tin 2 along with at least three other polypeptides form a

> 450 kDa counting factor complex, involved in main-

taining aggregate size. ctn null cells had increased group

size (40) similar to larger aggregate size seen in UV-C-

treated cells (Fig. 3), unable to progress to fruiting

bodies. Such cells have been reported to have reduced

cAMP-induced cAMP pulse, and decrease in cAMP-

stimulated Akt/PKB membrane translocation and kinase

activity, which in turn lower cell motility (40–42). This

is substantiated by reduced expression of cAR1 and aca

(Fig. 4a, b) and lower cAMP levels (Fig. 6), quintessen-

tial for cAMP signalling. In addition to this, reduced

regA expression underlay compromised motility of

UV-C-irradiated cells (Fig. 5a), as the protein is a

phosphodiesterase that regulates PKA activity via reduc-

ing cAMP levels during chemotactic aggregation. cAMP

addition was capable of restoring UV-C-induced

changes in car1 and aca expression (Fig. 4a, b). This

explains that some UV-C-induced developmental defects

were via modulating cAMP signalling to alter expres-

sion of genes associated with growth to differentiation

transition, chemotaxis and aggregate size regulation

(43–45).

Interfering PARP activity partly rescued develop-

ment of UV-C-irradiated cells. It restored countin levels

to normal but failed to affect expression of car1, aca,

yakA, crucial for regulating cell cycle exit and growth to

differentiation transition, and csA. Also, expression of

gp24, a cell adhesion protein, increased in the presence

of benzamide. PARP activity has previously been asso-

ciated with expression of adhesion proteins (46). As

increased adhesion proteins are known to hinder chemo-

taxis (47), the effect of benzamide on the gp(s) may

mask its effect on development via restoration of coun-

tin levels.

On the other hand, UV irradiation induces NO

generation in keratinocytes; this serves as a signal for

melanogenesis (48). NO functions as a signalling mole-

cule for D. discoideum cells also. NO-treated cells tran-

siently activate their adenylyl cyclase and produce

pulses of cAMP when stimulated with exogenously

applied cAMP (49). However, physiological or environ-

mental conditions that enhance external NO levels delay

initiation of cAMP pulses, which are essential for cell

differentiation (50). Estimation of NO (Fig. 8b) during

development with L-NIO, iNOS (inducible nitric oxide

synthase) inhibitor, showed NO generation via iNOS in

D. discoideum after UV-C irradiation. Also, this NO

production (Fig. 8b) was dependent on PARP. Activated

PARP-1 up-regulates iNOS expression (51,52) and fur-

ther iNOS byproducts may modulate PARP-1 enzymatic

activity by nitration (53) making PARP activity and NO

production interdependent. In D. discoideum cells, UV-

C irradiation affects expression of certain developmen-

tally important genes (yakA, aca, car1) and hence

affects cAMP pulses via PARP activation and NO pro-

duction. This has also been hinted at by increase in lev-

els of cAMP with iNOS inhibition after UV-C exposure.

An alternative sequence of events in which UV-C

induces NO production prior to PARP activation is also

possible. Further experiments need to be performed to

pinpoint the affected pathways. Nevertheless, our results

suggest interplay between PARP and NO with respect to

regulation of gene expression during developmental

defects induced by UV-C. Delayed revival of spores

could be attributed to down-regulation of certain genes

involved in spore revival, by UV-C. PARP may not be

involved in increasing dormancy of spores induced by

UV-C, as benzamide pre-treatment did not show any

significant change in the revival of spores compared to

UV-C-only treated cells. Cells germinated from spores

did not show any significant damage (Fig. 7b) signify-

ing that reduced activity of PARP (Fig. 1b) may be suf-

ficient to repair DNA damage induced by 10.4 J/m2

UV-C.

Interestingly, effects of PARP inhibition on UV-C-

induced changes in D. discoideum growth and develop-

ment also differed from our oxidative stress response

results (17,18). Spores formed under oxidative stress

exhibited delayed revival compared to benzamide-pre-

treated cells suggesting that PARP inhibition during oxi-

dative stress not only resumed delayed development but

also retained normal spore revival (17). However, the

present study suggests that PARP inhibition and UV-C

treatment did not have any effect on spore development

of second-generation cells. This, in addition to the

observation that lower doses of UV-C caused develop-

mental defects in D. discoideum cells, a few of which

were unaffected by PARP inhibition, raises a question

concerning therapeutic significance of PARP inhibition

in various DNA damage-related diseases. Thus, the con-

cept of PARP inhibition being beneficial in various

DNA associated diseases should be considered cau-

tiously.

On a different note, D. discoideum despite being a

lower eukaryote shows differential effects of oxidative

and UV-C stress on development and spore germination.

Hence, this organism has the complex signalling

machinery to deal with different stresses such as oxida-

tive stress and UV-C, in diverse ways. This fact empha-

sizes the importance of signalling pathway studies in D.
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discoideum, which is simple and easy to handle com-

pared to mammalian cell lines. Proteases involved in D.

discoideum cell death downstream of PARP have been

identified in oxidative stress-induced cell death (54).

Further work needs to be performed to explore down-

stream targets of PARP during D. discoideum develop-

ment for understanding the role of this multifunctional

enzyme, in developmental cell death.
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Abstract Paraptosis is mediated by several proteins,

poly(ADP-ribose) polymerase being one of them. D. dis-

coideum lacks caspases thus providing a better system to

dissect out the role of PARP in paraptosis. The cell death

phenotype in unicellular eukaryote, D. discoideum is similar

to the programmed cell death phenotype of multicellular

animals. However, the events downstream to the death signal

of PCD inD. discoideum are yet to be understood. Our results

emphasize that oxidative stress in D. discoideum lacking

caspases leads to PARP activation, mitochondrial membrane

potential changes, followed by the release of apoptosis

inducing factor from mitochondria. AIF causes large scale

DNAfragmentation, a hallmark feature of paraptosis. The role

of PARP in paraptosis is reiterated via PARP inhibition by

benzamide, PARG inhibition by gallotannin andPARPdown-

regulation, which delays paraptosis. PARP, PARG and AIF

interplay is quintessential in paraptosis ofD. discoideum. This

is the first report to establish the involvement of PARP in

the absence of caspase activity inD. discoideumwhich could

be of evolutionary significance and gives a lead to understand

the caspase independent paraptotic mechanism in higher

organisms.

Keywords Poly(ADP-ribose) polymerase �

Paraptosis �MMP � Apoptosis inducing factor � PARP

antisense � Poly(ADP-ribose) glycohydrolase

Abbreviations

PCD Programmed cell death

PARP Poly(ADP-ribose) polymerase

PARG Poly(ADP-ribose) glycohydrolase

AIF Apoptosis inducing factor

MMP Mitochondrial membrane potential

ROS Reactive oxygen species

H2O2 Cumene H2O2

PS Phosphatidylserine

PI Propidium iodide

Introduction

Programmed cell death or apoptosis which is mediated by

caspases is essential for normal development and homeo-

stasis in multicellular organisms. Cell death can occur in a

programmed manner independent of caspases, and parap-

tosis is one such type [1, 2]. Paraptosis is mediated among

others by poly(ADP-ribose) polymerase (PARP) activation

via DNA damage [3, 4]. Cell death can be induced by a

number of agents including reactive oxygen species (ROS)

[5–7]. ROS in addition to other apoptotic stimuli activate

PARP [8] which PARylates several target proteins [9].

Poly(ADP-ribose) (PAR) attached to acceptor proteins are

rapidly degraded by poly(ADP-ribose) glycohydrolase

(PARG). Downstream to PARP activation, a cascade of

events occurs wherein; mitochondrial protein such as

apoptosis inducing factor (AIF) [10] has been implicated in

the execution of paraptosis. However, the role of PARP in

paraptosis and the cascade of events are yet to be fully

understood.

Unlike yeast D. discoideum, a unicellular eukaryote has

nine potential PARP genes [11]. Absence of caspases [12]

makes this organism a good model to study paraptosis and
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the probable role of PARP in this type of cell death.

Studying PARP and cell death mechanisms in D. discoid-

eum would throw light on the evolutionary aspects of

programmed cell death [13, 14]. Developmental cell death

in D. discoideum exhibits a few but not all the features of

apoptotic cell death reported in multicellular organisms

[15]. Also, cell death in D. discoideum is shown to be

caspase-independent [16]. We have earlier reported high

resistance of the unicellular stage of D. discoideum to

oxidative stress [17], activation of PARP during oxidative

stress [4] and involvement of PARP in D. discoideum

development [18]. The current study attempts to dissect out

the role of PARP during oxidative stress induced paraptosis

in D. discoideum using PARP inhibitor-benzamide, down-

regulation of PARP by antisense and its indirect inhibition

by PARG inhibitor-gallotannin. The study focusses on the

cascade of events following PARP activation, a key player

in caspase-independent cell death.

Materials and methods

D. discoideum culturing conditions

Dictyostelium discoideum cells (Ax-2 strain) were grown in

suspension in HL5 medium and also maintained on nutrient

agar with Klebsiella aerogenes and harvested using stan-

dard procedures [19]. All the experiments were carried out

with the D. discoideum cells at mid-log phase at a cell

density of 2 9 106 cells/ml with[95 % viability (tested

with Trypan blue exclusion).

PARP down-regulation by antisense

Antisense of 500 bp was designed for the catalytic domain

sequence of PARP which is conserved in all PARP family

members and was PCR amplified by using forward (50-

KpnI AAAACGGGTTCCTCACTTTG 30) and reverse (50-

BamHI CGGCGATTAGAATTCTTCGT 30) primers. The

confirmed amplicon was cloned in D. discoideum consti-

tutive expression vector and the clone, pTX-PARP thus

obtained was used to generate D. discoideum transformants

with constitutive down-regulation of PARP. Further

experiments were carried out with these transformed D.

discoideum cells.

PARP and PARG inhibition

Dictyostelium discoideum culture with a count of 2 9 106

cells/ml was incubated with different doses (1.0, 2.0, 3.0,

4.0 mM) of benzamide (Sigma, India) [20] and (5, 15, 25,

50 lM) gallotannin (Sigma, India) (PARG inhibitor) for

12 h. For further experiments 1 mM benzamide and 15 lM

gallotannin were used as they showed 2 % cell death only

(data not shown). Cells were pre-incubated with benzamide

or gallotannin and then treated with cumene H2O2 (Sigma,

India).

Induction of oxidative stress and assessment of cell

death by Annexin V-FITC/PI dual staining

Oxidative stress was induced in D. discoideum cells by

exogenous addition of cumene H2O2. 2.5 9 106 cells/ml

were exposed to different doses of cumene H2O2 (H2O2)

(0.03, 0.05 mM) in HL-5 medium at 22 �C in a sterile

flask. Cell viability was assayed using Trypan blue after

12 h of stress [21]. To differentiate between apoptotic and

necrotic cell death, dual staining with Annexin V-FITC/PI

was performed using apoptosis detection kit (Molecular

Probes). Dose and time dependent studies were done to

standardize the paraptotic and necrotic doses. Cells were

analyzed qualitatively by Zeiss confocal laser scan fluo-

rescence-inverted microscope (LSM 710; Carl Zeiss) and

quantitated by flow cytometry using a FACS ARIA (BD

Biosciences). Data were analysed with FACSDiva

software.

Measurement of PARP activity

PARP was assayed by indirect immunofluorescence [22]

using anti-PAR mouse mAb (10H) (Calbiochem) at a

concentration of 0.5 lg/ml and anti-mouse IgG (whole

molecule) FITC conjugate (Sigma) at a dilution of 1:200.

Cells were observed by fluorescence microscope (Nikon

TE-2000S, Tokyo, Japan) and photographed. Mean density

of fluorescence was plotted for quantification.

Estimation of NAD? and ATP levels

Intracellular levels of NAD? were determined by enzy-

matic recycling method [23] employing alcohol dehydro-

genase to reduce NAD? to NADH. NAD? levels were

estimated by taking the absorbance at 570 nm and protein

concentration was estimated by Lowry method [24]. ATP

was determined by HPLC in aliquots extracted with alkali

[25].

Evaluation of mitochondrial membrane potential

(MMP)

Potential sensitive dye DiOC6 (3,30-dihexyloxacarbocya-

nine iodide) (Sigma) at a concentration of 5 nM was used

to evaluate changes in MMP [26]. Time dependent study

was done using H2O2. Cells were observed by fluorescence
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microscope (Nikon TE-2000S, Tokyo, Japan) and photo-

graphed. Results were expressed as the proportion of cells

exhibiting low mitochondrial membrane potential esti-

mated by the reduced DiOC6 uptake. Mean density of

fluorescence was plotted for quantification.

MMP was also measured by flow cytometry, by incu-

bating D. discoideum cells (1 9 106/ml) with 5,50,6,60-

tetrachloro-1,10,3,30-tetraethylbenzimidazol carbocyanine

iodide (JC-1) (Molecular Probes) [27] and quantitated by

flow cytometry using a FACS ARIA (BD Biosciences).

Data were analysed with FACSDiva software.

Monitoring apoptosis inducing factor (AIF) release

AIF release from mitochondria to cytosol and translocation

to nucleus was monitored by immunofluorescence [28].

Rabbit anti-AIF polyclonal antibodies against amino acids

151–180 of human AIF (Cayman Chemical), 1:1,000

dilution and anti-rabbit IgG (whole molecule) TRITC

conjugate (Sigma), 1:400 dilution were used. Nuclear

counterstaining with DAPI (1 lg/ml) for 5 min was per-

formed and observed the fluorescence. Cell specimens

were observed with a Zeiss Confocal Laser scan fluores-

cence-inverted microscope (LSM 710; Carl Zeiss).

Monitoring DNA fragmentation

Cells were exposed to 0.03 mM H2O2 for 6 h and DNA

isolation was done from the cells by the conventional

method and was run on 0.8 % agarose gel. TUNEL assay

(Terminal deoxynucleotidyl transferase dUTP nick end

labeling) [29] was performed as per the manufacturer’s

instructions (Sigma).

Data analysis and statistics

Flow cytometry and colorimetric assay experiments were

repeated at least three times. Data were analyzed according

to mean fluorescence intensity or optical density and plotted

on dot plots or on graphs. Statistical analysis was performed

by t test for experiments with single comparisons.

Results

Induction of cell death in D. discoideum by exogenous

addition of H2O2

The susceptibility of D. discoideum cells to death was

examined by treating them with H2O2. In response to

increasing doses of H2O2 from 0.03 to 0.1 mM, the per-

centage of cells undergoing death significantly increased

from 15 to 90 % after 12 h treatment regime, as examined

Fig. 1 H2O2 induces dose dependent cell death. a Monitored by
trypan blue exclusion method. Dose dependent increase in cell death
was observed with H2O2. ***p\ 0.001, **p\ 0.01, *p\ 0.05
compared to control. b Annexin V-PI dual staining of 0.05 mM H2O2

stressed D. discoideum cells. 0.05 mM H2O2 treated cells showed
Annexin V-PI dual positive cells as early as 3 h. c Annexin V-PI dual
staining of 0.03 mM H2O2 stressed D. discoideum cells. Annexin V
staining due to PS externalization was seen at 5 h while PI staining at
12 h with 0.03 mM H2O2. Data are representative of three indepen-
dent experiments. Photographs were taken with 960 objective.
d Annexin V-PI staining for D. discoideum cells subjected to 0.03 and
0.05 mM H2O2 quantitated by flow cytometry
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by Trypan blue exclusion (Fig. 1a). The LD50 was found to

be 0.05 mM. However, based on our Annexin V-PI dual

staining results, 0.05 mM H2O2 was found to be necrotic as

cells exhibited PI and Annexin V staining at 3 h (Fig. 1b,

d). In contrast, 0.03 mM H2O2 was found to be paraptotic,

as cells showed Annexin V staining at 5 h and during this

period, the majority of the cells were negative for PI,

implicating the early stage of paraptosis. With increased

exposure time (12 h), in addition to Annexin V staining, a

few cells exhibited PI staining consistent with a more

advanced stage of paraptosis (Fig. 1c, d).

Quantitation of Annexin V-PI dual staining by FACS

showed 0.03 mM H2O2 treated cells exhibited 25.5 %

Annexin V staining at 5 h with negligible PI staining, while

at 12 h around 5 % cells showed Annexin V-PI dual

staining. On the contrary, at 0.05 mM H2O2 dose *17 %

cells showed Annexin V-PI dual staining within 3 h

(Fig. 1d).

Functional characterization of PARP antisense

pTX-PARP was transformed into D. discoideum cells and

PARP down-regulation was confirmed by monitoring its

expression by semi quantitative Reverse Transcriptase PCR

and it was found that PARP transcript was reduced by

60 % (Fig. 2a, b). PARP activity in PARP down-regulated

cells was also found to be 50 % lower than basal level

(Fig. 2c, d).

PARP inhibition delays oxidative stress induced cell

death

The ability of PARP to modulate oxidative stress induced

cell death was then determined. The mean viability of

H2O2 treated cells was partially intercepted by benzamide

and PARP down-regulation as observed with Trypan blue

staining (Fig. 3a). 0.03 mM H2O2 treated cells exhibited

Annexin V staining at 5 h however, PI staining was seen

only at 12 h. Nevertheless, at 0.03 mM H2O2 dose, PARP

down-regulated as well as benzamide treated D. discoide-

um cells showed Annexin V staining at 12 h without PI

staining suggesting membrane integrity was still main-

tained (Fig. 3b). This confirms the involvement of PARP in

oxidative stress mediated paraptosis in D. discoideum.

However, at 0.05 mM H2O2 dose, Annexin V and PI

staining were seen as early as 3 h (Fig. 1b). Consistent with

the inhibition studies cell death was also partially inter-

cepted by PARG inhibition, PARP inhibition and down-

regulation (Fig. 3b).

PARP activation induced by oxidative stress

PARP activation is seen in response to DNA damage

resulting in the formation of poly(ADP-ribose) polymers

(PAR). PARP activity was assayed at various time points

after oxidant treatment by indirect immunofluorescence

method using PAR antibody. Peak PARP activitywas seen at

Fig. 2 Functional characterization of PARP antisense (As). a RT-
PCR of PARP down-regulated D. discoideum. Gene specific expres-
sion of PARP exhibits *60 % reduction while no change was
observed with internal control rnlA. b Densitometric analysis of

PARP expression at the transcript level. c PARP activation monitored
in PARP down-regulated cells. d Densitometric analysis of PARP
activation
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10 min post 0.03 mM H2O2 treatment (p\ 0.01) (Fig. 4a).

Results indicated no significant difference in PARP activity

at 15 min. High PAR levels were maintained for a few

minutes and basal level was regained after 10 min of H2O2

(Fig. 4a). Peak PARP activity at 10 min was significantly

inhibited by 1 mM benzamide (Fig. 4b, c). In addition,

Fig. 3 Effect of PARP inhibition on H2O2 induced cell death.
a PARP inhibition partially prevented the cell death induced by H2O2

as monitored by Trypan blue. *p\ 0.05 compared to control;
aap\ 0.01, compared to 0.03 mM H2O2;

ap\ 0.01 compared to

0.05 mM H2O2. b Monitoring cell death by Annexin V-PI dual
staining. At 12 h, cells showed only Annexin V staining and no PI
staining with PARP down-regulation, PARP inhibition and PARG
inhibition
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PARP antisense partially prevented the increase in PARP

activity due to oxidative stress (p\ 0.01) (Fig. 4b, c).

PARP activation leads to adenine and pyridine

nucleotides depletion

PARP activation consumes cellular NAD? and ATP pools

and depletion of adenine nucleotides offers one possible

signal responsible for the downstream events in the

paraptotic pathway. Thus PARP activation was also con-

firmed by monitoring cellular NAD? and ATP levels and

the results are shown in Fig. 5a, b. NAD? and ATP con-

tents were reduced to 60 and 45 % of control values

respectively within 1 h of 0.03 mM H2O2 treatment

(Fig. 5a, b). These results support the early activation of

PARP.

Our results on PARP inhibition with benzamide showed

significant rescue in the depletion of cellular NAD? and

ATP levels. 0.03 mM H2O2 stressed cells with benzamide

pretreatment could intercept the depletion in NAD? and

ATP levels by 30 and 35 % respectively, indicating that

PARP activation caused reduction in energy levels. PARG

inhibition also partially restores the NAD? levels (Fig. 5a).

Mitochondrial membrane potential (MMP) changes

under oxidative stress

Lower H2O2 doses led to an increase in MMP at an early

stage. Significant reduction inMMPwas observed at 3 h post

0.03 mM H2O2 (p\ 0.01). In accordance with nucleotide

depletion results benzamide pretreatment also delayedMMP

changes in cells exposed to 0.03 mM H2O2 for 7 h (Fig. 6a,

Fig. 4 Peak PARP activity induced byH2O2 at 10 minwas intercepted
by PARP inhibition. a Peak PARP activity was observed at 10 min post
0.03 mM cumene H2O2 stress. b Benzamide, gallotannin and PARP
down-regulation prevented peak PARP activation at 10 min during

oxidative stress induced paraptosis. c Densitometric analysis of PARP
activation in the presence of benzamide, gallotannin and PARP down-
regulation. **p\ 0.01 compared to control; a

p\ 0.05 compared to
0.03 mM H2O2;

AA,$$
p\ 0.01 compared to 0.03 mM H2O2 stress
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b). MMP changes induced by oxidative stress were also

found to be partially intercepted by PARP down-regulation

(p\ 0.05) (Fig. 6b). The magnitude of this effect mediated

byPARP antisensewas comparablewith the PARP inhibitor,

benzamide and by PARG inhibition (Fig. 6b).

To confirm the change in MMP, JC-1 staining was

performed. Mitochondria containing red JC-1 aggregates in

healthy cells and are detectable in FL2 channel, and green

JC-1 monomers in apoptotic cells are detectable in FITC

channel (FL1). JC-1 staining also shows reduction in red

fluorescence in almost 72 % cells indicating mitochondrial

membrane depolarization at 3 h post 0.03 mM H2O2

treatment which is partially rescued by PARP down-regu-

lation (59.34 %), pretreatment with benzamide (62 %) and

gallotannin (65.32 %) as shown in Fig. 6c.

AIF translocation is downstream to PARP activation

As AIF has been identified as a mediator of PARP induced

cell death, we have monitored the release of AIF during

oxidative stress induced cell death. AIF release under

0.03 mM H2O2 dose was seen at 5 h and its translocation to

nucleus was observed by 6 h (Fig. 7). These changes in the

localization of AIF coincide with the MMP changes. PARP

inhibition intercepted AIF release at 0.03 mM H2O2 stress.

AIF translocation was also partially prevented by gallo-

tannin and PARP down-regulation (Fig. 7).

Oxidative stress induced apoptosis leads to large scale

DNA fragmentation

Oligonucleosomal DNA fragmentation is the hallmark of

apoptosis while paraptosis exhibits large scale DNA frag-

ments that cannot be resolved on agarose gel. However

DNA fragmentation can be detected by TUNEL assay. D.

discoideum cells exposed to 0.03 mM H2O2 showed

absence of oligonucleosomal DNA ladder (Fig. 8a). A

significant increase in TUNEL positive cells was seen

(Fig. 8b, c) at 6 h post 0.03 mM H2O2 stress suggesting

that under oxidative stress D. discoideum cells undergo

large scale DNA fragmentation.

Discussion

Apoptosis is mediated by caspases which exist as inactive

precursors, or procaspases, and are activated by either

extracellular or intracellular death signals. Caspase acti-

vation is regulated by members of the Bcl-2 family.

However, the mediators of non-apoptotic cell death pro-

grams are much less characterized. Earlier report demon-

strates non-apoptotic caspase independent cell death

pathway operates via alternative caspase-9 activity (1).

Notably, in Dictyostelium, there are no caspase-family

members, except one paracaspase gene which was previ-

ously shown not to be involved in autophagic and necrotic

cell death [16]. The types of cell death reported in Dicty-

ostelium are autophagy, necrosis and developmental cell

death [30–32]. Also, in silico investigation showed that the

genome of Dictyostelium harbored no detectable member

of the Bcl-2 family and no single BH3 domain-bearing

molecule. Lam et al. [33] also showed that cell death in

Dictyostelium can occur without caspases and Bcl-2

members. Our earlier report showed oxidant induced PARP

mediated cell death in D. discoideum [4]. The present study

is the first detailed report that enlightens paraptosis induced

by oxidative stress in D. discoideum without the involve-

ment of procaspase-9. It demonstrates that cell death is

mediated by PARP as it occurs without caspase activation

and it could be intercepted by the PARP inhibitor, benz-

amide. Caspase inhibitors are found to be ineffective in

blocking the cell death (data not shown). Also, our present

study delineates the ensuing cascade of events following

PARP activation finally culminating in cell death.

Oxidative stress is a known inducer of cell death and

severity of the stress determines whether cells undergo

Fig. 5 Oxidative stress depletes NAD? and ATP content of D.

discoideum cells in a PARP dependent manner. a NAD? estimation
post 0.03 mM cumene H2O2 stress in presence of benzamide and
gallotannin.**p\ 0.01 compared to control; a,Ap\ 0.05 compared to

H2O2 stress. b ATP estimation in presence of benzamide post
0.03 mM cumene H2O2 stress. *p\ 0.05 compared to control;
ap\ 0.05 compared to H2O2 stress
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necrosis or apoptosis. Annexin V and PI dual staining

results suggest that 0.05 mM H2O2 dose is necrotic

(Fig. 1b, d). Nevertheless, 0.03 mM H2O2 stress yielded

paraptotic cell death (Fig. 1c, d). Thus, H2O2 at different

concentrations can induce different types of cell death in

D. discoideum. Similar results were also obtained with

another oxidant, hydroxylamine (data not shown). These

results are in parallel with a murine macrophage like tumor

cell line which exhibits apoptosis and necrosis when

exposed to lower and higher doses of H2O2 respectively

Fig. 6 Mitochondrial membrane potential changes induced by oxi-
dative stress at 3 h. a Benzamide, gallotannin and PARP down-
regulation partially restored the changes in MMP. b Densitometric
analysis of the MMP changes in presence of benzamide, gallotannin
and PARP down-regulation. **p\ 0.01 compared to control;
a,A,$p\ 0.05 compared to H2O2 stress. c A dot plot of red

fluorescence (FL2) versus green fluorescence (FL1) resolved in live

cells with intact mitochondrial membrane potential and from
0.03 mM H2O2 treated cells (in presence of benzamide, gallotannin
and PARP down-regulation) with loss of mitochondrial membrane
potential. Mitochondria containing red JC-1 aggregates in healthy
cells and are detectable in FL2 channel, and green JC-1 monomers in
apoptotic cells are detectable in FITC channel (FL1)
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[34]. Cell death induced by phagocyte derived oxygen

radicals as well as exogenous hydrogen peroxide was

efficiently prevented by PARP inhibitors [35].

PARP-1 knockout can prevent energy depletion and

hence increased viability of the cells exposed to oxidative

stress [36]. In higher organisms PARP-1 and PARP-2

double knockouts are lethal due to loss of DNA repair

function [37]. In view to these reports and to rule out the

non specific effects of benzamide we have made an attempt

to down-regulate PARP by antisense to dissect out its role

in D. discoideum cell death. Peak PARP activity was

observed at 10 min of 0.03 mM H2O2 stress (Fig. 4a). It

Fig. 7 Mitochondrio-nuclear translocation of AIF 5 h post oxidative
stress. Confocal microscopy images where nucleus of control D.

discoideum cells is blue and translocation of AIF (red coloured) to

nucleus during oxidative stress turns the nuclear stain into pink (Color
figure online)

Fig. 8 DNA fragmentation was monitored under oxidative stress. a By agarose gel electrophoresis. b, c Using TUNEL assay and its
densitometric analysis ***p\ 0.001 compared to control
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has also been demonstrated that PARP is activated under

oxidative stress in HeLa cells within 10 min [38]. PARP

inhibition by antisense confers survival advantage to oxi-

dative stress exposed endothelial cells by maintaining

cellular energy levels and activating pro-survival pathway

[39]. Benzamide pretreated and PARP down-regulated

cells subjected to H2O2 showed reduction in the peak

PARP activity (Fig. 4b).

PARP is known to be activated rapidly in response to

different DNA damaging agents and the type of cell death a

cell exhibits depends on the extent of PARP activation in

the nucleus [36]. Oxidant imbalance in the cell leads to

potential DNA damage. Within minutes following oxida-

tive stress H2AX phosphorylation was observed in D.

discoideum cells (data not shown). To elucidate the role of

PARP in paraptosis PARP inhibition studies were

attempted by using benzamide. In the presence of benz-

amide, paraptosis was delayed by 7 h (Fig. 3b). PARP

down-regulation results were comparable to PARP inhibi-

tion studies by benzamide where Annexin V staining which

was seen at 5 h with paraptotic dose of H2O2 was delayed

by 12 h and PI staining was not seen at 12 h suggesting a

delay in paraptotic cell death (Fig. 3b). PARP inhibition

prevented cell death by 50 % while 60 % rescue was

observed with PARP down-regulation.

As a consequence of PARP activation, cellular NAD?

and ATP levels were reduced to 60 % and 45 % of control

D. discoideum cells within 1 h of oxidative stress (Fig. 5a,

b). This reduction in the pyridine and adenine nucleotides

is a supportive evidence for PARP activity as NAD? serves

as the substrate for PARP, and ATP is required for NAD?

replenishment [40] as opposed to our earlier report on

staurosporine induced cell death in D. discoideum wherein

PARP activation was not seen and there was no concom-

itant change in cellular NAD? and ATP levels as compared

to control cells [41]. Also, NAD? supplementation par-

tially intercepted oxidative stress induced cell death in

D. discoideum cells (data not shown). Cytoprotection by

PARP inhibition is due to the prevention of NAD? and

ATP depletion caused by PARP overactivation [42]. Ying

et al. [43] reported that PARG inhibition is protective in

function during oxidative stress. Also, our results showed

that pretreatment of D. discoideum cells with benzamide

and PARG inhibitor gallotannin prevented PARP activa-

tion and rescued the NAD? and ATP levels by *30 and

35 % respectively at paraptotic dose (Fig. 5a, b), thus

maintaining the energy levels.

Loss of MMP was observed downstream to PARP

activation during D. discoideum paraptosis. Benzamide

pretreatment delayed the change in MMP (Fig. 6a–c)

which correlates with the delay seen in PS exposure.

Similar results were obtained with PARP down-regulation

(Fig. 6a–c).

AIF is known to be an important executioner of caspase

independent cell death. ROS mediated PARP activation is

necessary for the AIF release from mitochondria [44]. PAR

polymer itself or PARylated proteins or NAD? depletion

could lead to mitochondrial permeability transition, linking

PARP activation to AIF translocation [45]. Our findings

support this hypothesis as PARP inhibition partially pre-

vented the release of AIF from mitochondria (Fig. 7) and

also delayed DNA fragmentation (Fig. 8). We have pro-

posed a pathway which shows that paraptosis is partially

rescued by PARP inhibition (Fig. 9).

PARG inhibition prevents cell death by slowing the

turnover of PAR and thus preventing NAD? depletion.

Reduced PARP activity might also contribute to cell death

prevention in presence of PARG inhibitor. Thus, paraptosis

induced by oxidative stress can be intercepted by PARG

inhibition, suggesting that PARP-mediated cell death

requires the concomitant action of PARG. Our findings

support the hypothesis suggested by Ying et al. [43].

Interestingly, paraptosis also can be seen in mammalian

cells, but paraptosis lacks many of the molecular and

biochemical characteristics of apoptosis. Paraptosis and

apoptosis represent two separate programs of cell death

that are induced via distinct molecular pathways, but may

be induced simultaneously by a single insult or agent. One

feature distinguishing paraptotic cell death from apoptotic

cell death is that paraptosis is not affected by broad caspase

inhibitor (data not shown). In particular, apoptosis is

inhibited by caspase inhibitors whereas paraptosis is

resistant to such inhibitors. Involvement of procaspase-9 in

Fig. 9 Proposed pathway for oxidative stress induced paraptosis
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paraptosis is independent of its proteolytic activity in the

apoptotic pathway as evidenced by the resistance of

paraptosis to Apaf-1. However, D. discoideum paraptosis

may not be dependent even on procaspase 9 function as this

organism lacks caspases [12]. Thus our results point out

that paraptotic pathway could be further divided into pro-

caspase-9 dependent and procaspase-9 independent types.

A striking similarity has been observed at the morpho-

logical level between paraptosis, type 3 (cytoplasmic) cell

death, and the neuronal cell death observed in some neu-

rodegeneration models, which suggests that paraptosis may

be a physiologically relevant process. It will be important

to characterize the molecular mechanisms underlying

paraptosis to identify specific inhibitors for such non-

apoptotic programmed cell death. These results support the

concept that multiple, distinct cell death programs may be

employed in a cell depending upon the nature of stress and

its severity. So far there are no reports which throw light on

the protein/s involved in mediating D. discoideum parap-

totic cell death.

Dictyostelium discoideum, a protist that emerged in

evolution after plants and from an ancestor common to

fungi and animals shows developmental cell death which is

of paraptotic type. We have established the role of PARP in

D. discoideum during oxidative stress induced paraptotic

cell death. Our PARP and PARG inhibition studies by

benzamide and gallotannin respectively, and our PARP

antisense results furthermore suggest that PARP down-

regulation has delayed the oxidative stress induced parap-

tosis. Thus we have demonstrated that D. discoideum is an

excellent model to dissect out and study the molecular

mechanisms of PARP mediated paraptosis in complete

absence of caspases.

This is the first report where the involvement of PARP

and the downstream events during oxidative stress induced

paraptosis in D. discoideum, an ancient eukaryote, are

established. PARP and AIF are the major players govern-

ing D. discoideum cell death kinetics during paraptosis

induced by oxidative stress. PARG inhibition is also pro-

tective in function during oxidative stress induced cell

death. The elucidation of the mechanisms by which PARP-

1 activation signals translocation of PARG would be of

paramount importance. Therefore, PARP, PARG and AIF

could be potential targets for therapy of neurological dis-

orders. This model could also be exploited to screen the

compounds/drugs that can intercept or activate paraptotic

type of cell death during different disease conditions

involving PARP.
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Apoptosis involves a cascade of caspase activation leading to the ordered dismantling of critical

cell components. However, little is known about the dismantling process in non-apoptotic cell

death where caspases are not involved. Dictyostelium discoideum is a good model system to

study caspase-independent cell death where experimental accessibility of non-apoptotic cell

death is easier and molecular redundancy is reduced compared with other animal models.

Poly(ADP-ribose) polymerase (PARP) is one of the key players in cell death. We have previously

reported the role of PARP in development and the oxidative stress-induced cell death of D.

discoideum. D. discoideum possesses nine PARP genes and does not have a caspase gene, and

thus it provides a better model system to dissect the role of PARP in caspase-independent cell

death. The current study shows that non-apoptotic cell death in D. discoideum occurs in a

programmed fashion where proteases cause mitochondrial membrane potential changes followed

by plasma membrane rupture and early loss of plasma membrane integrity. Furthermore, the

results suggest that calpains and cathepsin D, which are instrumental in dismantling the cell, act

downstream of PARP. Thus, PARP, apoptosis inducing factor, calpains and cathepsin D are the

key players in D. discoideum caspase-independent cell death, acting in a sequential manner.

INTRODUCTION

Cells contain a specific death-governing network associated
with different effector and/or dismantling mechanisms.
Apoptosis consists of events occurring via a cascade of
caspase activation leading to ordered dismantling of critical
cell components and pathways. At the end of apoptosis,
the cell is fragmented into apoptotic bodies that undergo
phagocytosis by neighbouring cells (Katoch et al., 2002).
Thus, these morphological changes are the manifestation
of the cell undergoing systematic dismantling and further
packaging itself into membrane-bound vesicles to be taken
up by neighbouring cells. Because cellular contents are not
released, apoptosis occurs without inflammation. However,
little is known about the dismantling process in non-
apoptotic cell death where caspases are not involved. A
major task, for the less well-known non-apoptotic types of
cell death, will be the identification and study of cell death

types, which reflect dismantling events of effector mechan-
isms. Dictyostelium discoideum is a good model system to
study dismantling events where it shows poly(ADP-ribose)
polymerase (PARP)-mediated caspase-independent cell death
(Rajawat et al., 2014). The evolutionary aspects of pro-
grammed cell death would be illuminated by studying cell
death mechanisms in D. discoideum (Mir et al., 2007; Kawal
et al., 2011).

Oxidative stress has been shown to be associated with cell
death in most systems (Hasnain et al., 1999; Sah et al.,
1999; Mohan et al., 2003). We have reported the high
resistance of the unicellular stage of D. discoideum to
oxidative stress (Katoch & Begum, 2003). D. discoideum
devoid of caspases exhibits non-apoptotic cell death
mediated by several proteins or factors, PARP being one
of them (Rajawat et al., 2014). We have established the role
of PARP during development (Rajawat et al., 2007, 2011)
and staurosporine- (Mir et al., 2012) and oxidative stress-
induced cell death (Rajawat et al., 2014) along with the
downstream effects. Our results suggest that PARP and
apoptosis inducing factor (AIF) may be the key players in
regulating caspase-independent cell death. In the current
study we have explored the biochemical events occurring
during oxidative stress-induced cell death in D. discoideum.

Abbreviations: AIF, apoptosis inducing factor; ALLN, N-Acetyl-L-leucyl-
L-leucyl-L-norleucinal; AMC, 7-amino-4-methyl-coumarin; DiOC6, 3,39-
dihexyloxacarbocyanine iodide; DPH, 1,6-diphenyl-1,3,5-hexatriene;
HA, hydroxylamine; MMP, mitochondrial membrane potential; PARP,
poly(ADP-ribose) polymerase; PI, propidium iodide; PIC, protease inhibitor
cocktail; PS, phosphatidylserine; zVAD-fmk, N-Benzyloxycarbonyl-Val-
Ala-Asp(O-Me) fluoromethyl ketone.
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In mammalian systems, probable candidates involved in
cell dismantling could be lysosomal proteases or cytosolic
protease, namely calpain. Partial destabilization of lysoso-
mal membrane leads to release of cathepsin D in the cytosol.
Cathepsin D triggers Bax activation, which induces the
release of AIF into the cytosol (Bidère et al., 2003).
Cathepsin D also induces generalized proteolysis leading
to caspase-independent cell death. Calpains are believed to
participate in intracellular signal processing via limited
proteolysis of their targets. Calpains have been shown to
act downstream of caspase activation and contribute to the
degradation phase of campthotecin-induced apoptosis in
HL-60 cells (Wood et al., 1998; Wood & Newcomb, 1999).
Sanvicens et al. (2004) have shown that both caspases and
calpains contribute to oxidative stress-induced apoptosis
in retinal photoreceptor cells. Thus, to explore the role of
proteases in D. discoideum dismantling, we initiated our
study with protease inhibitor cocktail (PIC) to inhibit most
of the proteases and then used specific inhibitors for calpain
and cathepsin D.

METHODS

D. discoideum culture conditions. D. discoideum strain Ax-2,
which is an axenic derivative of Raper’s wild-type NC-4, was used. D.
discoideumwas grown under different culture conditions. Growing cells
(unicellular) were maintained in a liquid suspension (HL5 medium).
D. discoideum cells were grown in HL5 medium, pH 6.5, with shaking
(150 r.p.m.) at 22 uC (Watts & Ashworth, 1970). Exponential phase
cells at a density of ~2.56106 cells ml21 were used for experiments.

Induction of oxidative stress. Oxidative stress was induced in
D. discoideum cells by in situ generation of H2O2 upon addition
of hydroxylamine (HA; Sigma), a catalase inhibitor (Kono & Fridovich,
1983), or by exogenous addition of cumene hydroperoxide (Sigma).
Exponential phase cells at a density of ~2.56106 cells ml21 were
exposed to different doses of HA (0, 1, 2.5 mM) and paraptotic
(0.03 mM) and necrotic (0.05 mM) doses of cumene H2O2 as described
by Rajawat et al. (2014) in HL-5 medium at 22 uC in a sterile flask.

Assessment of cell death by Annexin V-FITC/propidium iodide

(PI) dual staining. To differentiate between apoptotic and necrotic
cell death, dual staining with Annexin V-FITC/PI (Miller, 2004) was
performed using an apoptosis detection kit (Molecular Probes). Then,
~2.06106 cells were pelleted and washed twice with 16 Sorenson’s
buffer (SB). D. discoideum cells were then suspended in binding buffer
provided in the kit and incubated with Annexin V for 10 min and
then with PI for 5 min in the dark at 22 uC. Fluorescence was
monitored at663 using a Zeiss confocal laser scanning fluorescence-
inverted microscope (LSM 710; Carl Zeiss) and quantified by flow
cytometry using a FACS ARIA cytometer (BD Biosciences). Data were
analysed with FACSDiva software. A dose- and time-dependent study
was done to standardize the paraptotic and necrotic doses of HA for
further experiments.

Evaluation of mitochondrial membrane potential (MMP). The
potential sensitive dye 3,39-dihexyloxacarbocyanine iodide (DiOC6;
Sigma) was used to evaluate changes in MMP (Koning et al., 1993).
To observe the change in MMP, a time-dependent study was
done using paraptotic and necrotic doses of HA as standardized
by Annexin V–PI dual staining. Approximately 2.06106 cells were
pelleted and washed twice with 16 SB. Cells were stained with DiOC6

(400 nM) for 15 min in the dark and then washed once with 16 SB

and monitored for fluorescence using a Nikon Eclipse TE2000S
fluorescence microscope.

MMP was also measured by flow cytometry, by incubating D.
discoideum cells (16106 ml21) with 5,59,6,69-tetrachloro-1,19,3,39-
tetraethylbenzimidazol carbocyanine iodide (JC-1; Molecular Probes)
(Cossarizza & Salvioli, 2001), and quantified by flow cytometry using
a FACS ARIA cytometer. Data were analysed with CellQuest software.

Monitoring AIF release by immunofluorescence. Release of AIF
from mitochondria to cytosol and its translocation to nucleus were
monitored by detecting immunofluorescence (Bidère et al., 2003) at
different time intervals. D. discoideum cells were pelleted and washed
once with PBS (pH 7.4), fixed in 70% chilled methanol for 10 min at
220 uC and then washed with blocking solution (1.5% BSA with
0.05% Tween 20 in PBS) followed by incubation for 1 h in primary
antibody using rabbit anti-AIF polyclonal antibodies raised against
amino acids 151–180 of human AIF (Cayman Chemical) at 1 : 1000
dilution and then anti-rabbit IgG (whole molecule) TRITC conjugate
(Sigma) at 1 : 400 dilution. Nuclear counterstaining with DAPI
(1 mg ml21) for 5 min was performed after the removal of excess
secondary antibody and observed for fluorescence.

Detection of caspase activity. The substrate DEVD-AMC is an
oligopeptide that is covalently linked with the fluorophore 7-amino-4-
methylcoumarin (AMC). DEVD is the cleavage site for caspases (3 and
7). Cleavage takes place at the C terminus of the last aspartate residue,
thus liberating the fluorophore AMC, which can be estimated and/or
visualized under the fluorescence microscope (AMC lex5380 nm;
lem5420 nm).

Approximately 2.06106 cells were harvested and washed with PBS.
Cells were resuspended in 1 ml PBS and an aliquot of 100 ml was
taken from it and 10 ml of DEVD-AMC substrate (1 mg ml21) was
added. After incubation for 1 h, cells were observed under the Nikon
Eclipse TE2000S fluorescence microscope. AMC liberated from the
fluorogenic substrate was measured at 380 nm using a UV filter (Olie
et al., 1998). Caspase activity as a function of AMC fluorescence was
monitored at different time intervals. The entire procedure was carried
out using a caspase-3 assay kit (Sigma) as per the manufacturer’s
instructions. The effect of caspases on cell death was also studied by
using a broad caspase inhibitor (zVAD-fmk, Sigma).

Characterization of vesicles formed during paraptotic cell

death. Isolation of vesicles was performed from D. discoideum
culture after 16 h of 1 mM HA stress as mentioned by Gautam &
Sharma (2002a). The culture was centrifuged at 1000 g for 4 min at
4 uC; the supernatant was collected and centrifuged at 21 000 g for
45 min at 4 uC. The pellet obtained was washed once with 16 SB and
used for further analysis. Formation of these vesicles was monitored at
different time intervals. Isolated vesicles were stained separately with a
fluorescent membrane probe, 1,6-diphenyl-1,3,5-hexatriene (DPH), at
a concentration of 1 mM, DAPI and Annexin V–PI and then observed
using a confocal laser scanning fluorescence-inverted microscope
(LSM 710; Carl Zeiss) and fluorimeter (F7000; Hitachi).

Vacuolization in paraptotic cell death. Cultured exponential-
phase cells exposed to 0.03 mM H2O2 were rinsed in 0.1 M phosphate
buffer, and fixed in 2.5% glutaraldehyde and 2.0% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.4, at 4 uC for 6–8 h. The pellet was
then stored in paraformaldehyde and 0.1 M phosphate buffer (1 : 1)
and processed for microtomy. Sections were obtained with a Reichert
Ultracut E ultramicrotome, stained and examined with a Morgagni
268D transmission electron microscope.

Investigation of proteases involved in cell death. Cells were
pre-incubated with PIC (Sigma) followed by oxidative stress, andMMP
change was monitored. Similarly, MMP change, phosphatidylserine
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(PS) exposure and vesicle formation were followed in oxidative stress-
treated cells pre-incubated for 12 h with 7.5 mM pepstatin A, a
cathepsin D inhibitor, and 10 mM N-acetyl-L-leucyl-L-leucyl-L-
norleucinal (ALLN), a calpain inhibitor.

Calpain activity. Calpain activity present in total cell lysates of
2.06106 cells of control and oxidative stressed D. discoideum was deter-
mined by cleavage of the fluorescent substrate N-succinyl-LLVY-AMC
(Calbiochem). Calcium-dependent fluorescence was measured after
30 min incubation at 37 uC in buffer containing 63 mM imidazole-HCl,
pH 7.3, 10 mM b-mercaptoethanol and 5 mM CaCl2 (Moubarak et al.,
2007). Fluorescence was recorded in a fluorimeter. Data were normalized
per milligram of protein, as estimated by the Lowrymethod (Lowry et al.,
1951).

RESULTS

Induction of cell death in D. discoideum cells by
oxidative stress

Experiments were designed to establish the ability of D.
discoideum to undertake cell death as a function of oxidative
stress. This was achieved by intracellular build up of H2O2 by
HA treatment. Cells were treated with different concentrations
of HA (0, 1, 2.5, 3, 4 mM), a known inhibitor of catalase,
leading to intracellular accumulation of reactive oxygen species,
and cell death was measured by the trypan blue exclusion
method (Fig. 1a). The LD50, i.e. the concentration of HA
inducing 50% cell death at 12 h post-treatment, was 2.5 mM.

Staining with Annexin V-FITC in conjunction with vital dyes
such as PI allows us to distinguish apoptotic cells (Annexin V-
positive, PI-negative) from necrotic cells (Annexin V-positive,
PI-positive). Thus, based on Annexin V–PI dual staining
results, 2.5 mM HA was necrotic as cells exhibited both
Annexin V staining due to PS exposure and PI staining at 3 h.
In contrast, 1 mM HA was paraptotic as Annexin V staining
due to PS exposure was exhibited by cells after 5 h while PI was
observed at 12 h of oxidant treatment (Fig. 1b, c). Paraptotic
and necrotic doses of cumene H2O2 were also used for further
experiments, as described previously (Rajawat et al., 2014).

Oxidative stress-induced cell death in
D. discoideum is caspase-independent

Oxidative stress was generated with HA or cumene H2O2.
Caspase-3 activity was monitored during oxidative stress-
induced cell death. No significant change in caspase activity
was seen in basal fluorescence in control and 1 mM HA-
treated cells at 1 and 6 h post-stress. A caspase-3-specific
inhibitor (DEVD-CHO) could not inhibit the observed
caspase activity (Fig. 2a), suggesting absence of caspase
activation during oxidative stress-induced cell death in D.
discoideum. HA at 2.5 mM also exhibited non-significant
caspase activity (Fig. 2a).

To demonstrate that the cytotoxicity effect is not due
to a caspase-dependent pathway, cell death study was
carried out with a broad caspase inhibitor (zVAD-fmk).
Our previous reports show that MMP changes following

post-oxidative stress. zVAD-fmk had no effect on MMP
changes (Fig. 2b) induced by oxidative stress and also on
plasma membrane integrity as monitored by PI staining
(Fig. 2c). In the presence of 10 mM zVAD-fmk, the
cytotoxicity induced by oxidative stress was not inhibited,
indicating that D. discoideum cells take up a caspase-
independent pathway. Further increasing the concentration
of zVAD-fmk up to 25 mM did not change the results.

Characterization of vesicles formed during
non-apoptotic cell death

To examine the fate of dying paraptotic cells, paraptotic
vesicle formation was assessed. We could observe the
formation of vesicles at a later stage after loss of plasma
membrane integrity. Our results suggest that the vesicles
formed by paraptotic doses of HA and cumene H2O2 were
membranous in nature (Fig. 3a, b) and contain DNA (Fig.
3c). PS staining could not be seen, suggesting that vesicles

did not exhibit PS exposure (data not shown). Interestingly

such vesicles were not observed with 2.5 mM HA/0.05 mM

cumene H2O2 stress, which is the necrotic dose.

Vacuolization in paraptotic cell death

Under the electron microscope, vegetatively growing
D. discoideum cells showed a highly developed cytoplasmic
system of small vacuoles. After 16–22 h of oxidative stress-
induced paraptotic cell death (1 mM HA/0.03 mM cumene
H2O2), vacuoles were more abundant in stressed cells
than in control cells. After 12 h in the presence of 1 mM
HA/0.03 mM cumene H2O2, the cell borders were altered.
The most prominent difference was the presence of large
cytoplasmic vacuoles, either appearing empty or containing
residual material (Fig. 3d).

Proteases involved in D. discoideum

caspase-independent cell death

Effect of PIC on caspase-independent cell death. PIC
had no effect at 3 h while partial rescue in MMP changes
was observed at 5 h (Fig. 4a). Protease inhibition results
showed that MMP changes were unaffected, suggesting that
lysosomal proteases are not involved in the early phase of
paraptotic cell death. However, during the late phase of
paraptotic cell death lysosomes seem to be involved in
dismantling events, as caspases are absent in D. discoideum.

Calpain activity during caspase-independent
cell death

To explore a possible role of calpain in oxidative stress-
induced cell death we examined the effect of HA and H2O2

on calpain activity. The kinetics of calpain activity was
studied using the fluorescent calpain peptide substrate N-
succinyl-leu-leu-val-tyr-7-amino-4-methylcoumarin. Our
results suggest an increase in calpain activity by 3 h during
1 mMHA and 0.03 mM cumene H2O2 treatments (Fig. 4b).

Proteases in D. discoideum cell death
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Effect of calpain and cathepsin D inhibition onMMP
changes during oxidative stress-induced cell death

To further identify the specific protease(s) involved during
oxidative stress-induced cell death we used ALLN, a calpain

inhibitor, and pepstatin A, a cathepsin D inhibitor, and
monitored their effects on MMP changes and PS–PI
staining. To study the effect of calpain and cathepsin D
inhibition during oxidative stress-induced cell death, cells
were pre-incubated with 10 mM calpain inhibitor (ALLN)
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and 7.5 mM pepstatin A before inducing oxidative stress.
No significant effect was observed on MMP with pepstatin
alone (Fig. 5a). Nevertheless, calpain inhibitor (ALLN)
alone could partially retrieve the changes in MMP induced
during stress with 1 mM HA and 0.03 mM H2O2. Further
combinatorial effects of both inhibitors on cell death were
also monitored. The resultant MMP changes as monitored
using DiOC6 are shown in Fig. 5(b, c). As can be seen,
calpain inhibitor and pepstatin A pretreatment together

gave significant rescue in MMP changes as compared with
pepstatin A or ALLN alone on 1 mM HA- and 0.03 mM
H2O2-induced MMP changes. To confirm the change in
MMP, JC-1 staining was performed. Mitochondria contain-
ing red JC-1 aggregates in healthy cells are detectable in the
FL2 channel, and green JC-1 monomers in apoptotic cells
are detectable in the FITC channel (FL1). JC-1 staining also
showed a reduction in red fluorescence in ~64% of cells,
indicating mitochondrial membrane depolarization at 3 h
post-1 mM HA treatment, which showed marked rescue by
the calpain inhibitor ALLN and pepstatin A pretreatment:
an ~37% increase in red fluorescence as opposed to 5.6%
with pepstatin A or 12.56% with ALLN (Fig. 5d). As
pepstatin alone could not rescue MMP changes, cathepsin D
probably does not have a major role in inducing cell death.

As shown in Fig. 6, cells pre-incubated with calpain
inhibitor (ALLN) and cathepsin D inhibitor (pepstatin A)
subjected to 1 mM HA stress exhibited only PS exposure at
12 h but no PI staining, indicating that plasma membrane
integrity remains intact upon treatment with calpain and
cathepsin inhibitors during oxidative stress.

Effect of calpain inhibition on AIF translocation

AIF translocation to nucleus was observed at 6 h of
1 mM HA treatment (cells exhibited pink fluorescence).
Pretreatment of ALLN and pepstatin A partially prevented
the translocation of AIF to nucleus in 1 mM HA-stressed
D. discoideum cells (Fig. 7).

Vesicle formation in the presence of calpain and
cathepsin D inhibitors

The vesicles were formed by 16 h with a paraptotic dose
of oxidative stress. As can be seen from the fluorescence
images, the vesicles are membranous in nature and contain
DNA as indicated by staining with DPH and DAPI,
respectively. Cells pretreated with cathepsin D and calpain
inhibitors, then exposed to 1 mM HA and 0.03 mM H2O2

stress showed no vesicle formation while pre-incubation
with calpain inhibitor alone followed by treatment with
1 mM HA and 0.03 mM H2O2 showed vesicle formation
(Fig. 8) although less than under oxidative stress alone.

Proteases involved during oxidative
stress-induced necrotic cell death

Calpain activity during necrosis. A significant increase in
calpain activity was observed in cells subjected to 2.5 mM
HA and 0.05 mM H2O2 treatments as compared with
control at 3 h (Fig. 9a).

Effect of PIC on necrosis

Partial rescue in MMP was seen at 2 h with PIC during
necrotic cell death, confirming that lysosomal proteases are
involved in MMP changes (Fig. 9b).
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Effect of calpain and cathepsin D inhibition on
MMP changes during oxidative stress-induced
necrotic cell death

No effect was observed on 2.5 mM HA- and 0.05 mM
H2O2-induced MMP changes by ALLN, a calpain inhibitor,
alone. Calpain and cathepsin D inhibition collectively
prevented the MMP changes during necrosis (Fig. 9c).

DISCUSSION

Caspase activation is the hallmark feature of apoptotic
cell death seen in all multicellular eukaryotes (Saraste &
Pulkki, 2000). Interestingly, caspase activation has also been
reported during prokaryotic cell death (Gautam & Sharma,

2002a, b) and also during oxidative stress-induced cell death
in yeast (Madeo et al., 2002). We have characterized the
oxidative stress-mediated cell death in D. discoideum, which
was found to be PARP- and AIF-mediated but caspase-
independent. Reports suggest that developmental cell
death is caspase-independent (Roisin-Bouffay et al., 2004).
However, Olie et al. (1998) reported that extracts from
vegetative Ax-2 cells showed labelling with z-EK(bio)D-
aomk, which labels activated caspases and caspase inhibitor,
blocked morphogenesis and not cell death. Nevertheless,
caspase activation could not be seen in D. discoideum under
oxidative stress (Fig. 2a), strengthening caspase independ-
ence during oxidative stress-induced cell death in D.
discoideum unlike the yeast system which showed caspase
activation during oxidative stress-induced cell death (Madeo
et al., 2002). The absence of caspases led us to characterize
caspase-independent cell dismantling mechanisms. The
sequence of events between oxidative insult and cell
dismantling remain unclear. Along with caspase independ-
ence, vacuolization continues to be a morphological change
in non-apoptotic PARP-mediated death called ‘paraptosis’
(Sperandio et al., 2000). Vacuolization observed under
oxidative stress indicates paraptotic cell death (Fig. 3).

To explore the possibility of lysosomal involvement during
oxidative stress-induced cell death inD. discoideum, PIC was
used to monitor MMP changes, which exhibited partial
rescue, suggesting that proteases could be acting upstream of
MMP changes (Fig. 4a). Cathepsin D and calpain inhibition
studies were performed to further elucidate the involvement
of specific proteases in dismantling during paraptosis.
Cathepsin D, being a lysosomal protease known to be active
at cytosolic pH (Zong & Thompson, 2006), could serve as
the protease in dismantling the cell (Turk & Stoka, 2007)
during oxidative stress-induced cell death. In addition,
calpain, a cytosolic protease known to affect MMP (Polster
& Fiskum, 2004), and further downstream events during
caspase-independent cell death could be involved. Hence
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experiments were done using a cathepsin D inhibitor
(pepstatin A) and calpain inhibitor (ALLN).

Calpain inhibition studies showed a partial rescue in
caspase-independent cell death while cathepsin D inhibition
alone could not delay death of the cell. When pre-incubated
with the calpain inhibitor ALLN, cells showed rescue in

MMP changes at 3 h (Fig. 5b, c), while pepstatin A did not
show any effect on MMP (Fig. 5a). During necrosis MMP
change was partially rescued by PIC (Fig. 9b) and by both
calpain and cathepsin D inhibition at 3 h (Fig. 9c).
Inhibition of these two proteases also prevented the loss
of plasma membrane integrity (Fig. 6). It has been reported
that calpain inhibitor is able to block translocation of AIF
and further cell death both in vivo and in vitro (Sanges et al.,
2006). AIF translocation to the nucleus was also partially
rescued upon calpain inhibition (Fig. 7). Thus, our results
imply that calpains function upstream while lysosomal
proteases function downstream of mitochondrial changes
during oxidative stress-induced cell death.

Cells pre-incubated with both cathepsin D and calpain
inhibitors showed complete inhibition of vesicle formation
(Fig. 8), suggesting that cathepsin D and calpains facilitate
cell dismantling during oxidative stress-induced cell death.
Calpain activation as well as its blockade during PARP-
mediated cell death was confirmed by using a fluorescent
substrate for calpain in the total cell lysate (Figs 4b and 9a),
and our results suggest that calpain regulates AIF release
during oxidative stress-induced PARP-mediated cell death
in D. discoideum. Hence, protection observed with pro-
tease inhibitors could be attributed mainly to calpains as
caspases are absent in D. discoideum (Olie et al., 1998).
Our data suggest that oxidative stress promotes calpain
activity in D. discoideum. We have also shown that pro-
teases are involved in causing MMP changes and down-
stream events including cell dismantling in the absence of
caspases. Our studies suggest that proteases, particularly
calpains and cathepsin D, could be the main players
involved in the downstream events during oxidative
stress-induced cell death as their inhibition prevented
dismantling of the cell and thus delayed cell death in
D. discoideum.

Mitochondrial uncoupling leads to plasma membrane
rupture in necrotic cell death induced by DIF in D. discoi-
deum, whereas exogenous glucose delays it non-glycolyti-
cally (Laporte et al., 2007). Our study suggests that necrosis
occurs in a programmed fashion with MMP changes
manifested by proteases followed by plasma membrane
rupture. Proteolysis during oxidative stress-induced nec-
rotic cell death involves calpains and lysosomal proteases.
While the pathways for apoptosis and necrosis are distinct,
they nonetheless overlap and cross talk in vivo (Hasnain
et al., 2003). It would be of interest to explore if such cross
talk exists.

Thus, from the above results we suggest an alternative cell
death programme that may be regulated by PARP, AIF,
calpains and cathepsin D as key players, where PARP may
activate calpains by bringing a change in calcium homeo-
stasis, as shown by Moubarak et al. (2007). Activated
calpains would cause the release of AIF from mitochondria
and cathepsin D from lysosomes. In this context we have
revealed two proteases that could be orchestrating cell
dismantling. This pathway opens the possibility to further
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characterize the mechanism involved in cell dismantling
during caspase-independent cell death. Moreover, D.
discoideum can thus be used as a model to study the
molecular mechanisms involved in non-apoptotic and
programmed necrosis, which can then be substantiated in
mammalian cells.
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