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Résumé

L’activation de la poly(ADP-ribose) polymérase-1 (PARP-1) en réponse aux
dommages a I’ADN est impliquée dans diverses réponses cellulaires, de la réparation de
I’ADN a la mort cellulaire. Dans I’annexe I, nous avons décrit différentes techniques
indispensables pour détecter le métabolisme de PARP-1 en réponse aux dommages a
I’ADN in vitro et in vivo. Les travaux de cette thése se concentrent sur le role de PARP-1
dans la mort cellulaire. PARP-1 est clivée et inactivée par des caspases pendant I’apoptose ;
j’a1 donc utilis€ une PARP-1 non-clivable pour étudier le role de I’activation et de la
fragmentation de PARP-1 dans la mort cellulaire induite par les UVB. Nous avons observé
que, contrairement aux fibroblastes de peau humaine exprimant la PARP-1, les fibroblastes
avec un « knockdown » de PARP-1 sont résistants a I’apoptose induite par les UVB,
phénotype pouvant étre totalement inversé par ré-expression de PARP-1 sauvage mais pas
de PARP-1 non-clivable par les caspases, suggérant un role significatif du clivage de
PARP-1 en réponse a la mort cellulaire induite par les UVB (chapitre 2). Dans ce contexte,
nous avons récemment passé€ en revue comment les substrats non clivables par des caspases
peuvent étre utilisés comme outil important pour démystifier le réle de ce clivage pour la
mort comme pour la vie, avec I’exemple spécifique de PARP-1 non-clivable par les
caspases (chapitre 3). Curieusement, en utilisant I’ARNi comme outil d’étude du réle de
PARP-1 dans la mort cellulaire, nous avons observé que I’ARNi stable (shRNA) de
nombreux genes, incluant PARP-1, échoue lors de I’apoptose, en raison de I’inactivation
catalytique par clivage par une caspase de 1’endoribonucléase Dicer-1, indispensable pour
la régulation de I’ARNi et des miARN (chapitre 4). Cependant, nous avons découvert que
I’ARNI transitoire persiste plusieurs jours méme apres induction de 1’apoptose, soulignant
des différences entre les ARNI stable et transitoire dans la dynamique de « knockdown »
génétique et dans la dépendance de la fonction de Dicer-1 (chapitre §). En résumé, mon
travail a permis la découverte des avantages et des limites de I’ARN1 durant I’apoptose et le

role de PARP-1 dans la mort cellulaire induite par les UVB.



Abstract

Poly(ADP-ribose) polymerase-1 (PARP-1) activation in response to DNA damage
1s involved in various cellular responses ranging from DNA repair to cell death. In Annex I
we have described different state-of-the-art techniques to detect PARP-1 metabolism in
response to DNA damage in models ranging from in vitro to mice and humans. The work in
this thesis largely focuses on the role of PARP-1 in cell death. Since PARP-1 is cleaved and
mnactivated by caspases during apoptosis; [ used caspase-uncleavable PARP-1 as a model to
study the role of PARP-1 activation and fragmentation in UVB-induced cell death. We
observed that as compared to PARP-1-replete human skin fibroblasts, PARP-1-knockdown
fibroblasts are resistant to UVB-induced apoptosis, a phenotype which could be rescued
fully by expression of wild-type PARP-1, but not caspase-uncleavable PARP-1, suggesting
a significant role of PARP-1 cleavage in response to UVB-induced cell death (Chapter 2).
In this context, we recently reviewed how caspase-uncleavable substrates could be
deployed as important tools to unravel the role of caspase-mediated cleavage of proteins
not only in death but also in life, using specific example of caspase-uncleavable PARP-1
(Chapter 3). Interestingly, while employing RNAI as a tool to study the role of PARP-1 in
cell death, we made a novel observation that stable DNA vector-based RNAi of many
genes, including PARP-1, fails upon induction of apoptosis, due to apoptosis-specific
caspase-mediated cleavage and catalytic inactivation of the endoribonuclease Dicer-1,
which 1s critical for the regulation of miRNA and RNAi (Chapter 4). In contrast, we
discovered that the transient RNAi persists for several days even after the onset of
apoptosis, highlighting the differences between stable and transient RNA1 in the dynamics
of achieving gene-knockdown and dependency on Dicer-1 function (Chapter §5). In
summary, my work discovered the usefulness and the limitations of RNAI in study of

apoptosis and the role of PARP-1 in UVB-induced cell death.



Avant-propos

Contribution to the work presented in the thesis

This PhD thesis is divided into four chapters and one annex which have been the
collaborative work of students and researchers within and outside our laboratory. The
following paragraphs emphasize details of relative contribution of my own and the co-
authors 1n research and in writing publications or in any unpublished data that is presented

in this thesis in the form of chapters.

Chapter 2: Role of PARP-1 in UVB-induced cell death in human skin fibroblasts

Our laboratory had already created normal human skin fibroblasts in which PARP-1
was stably knocked down by DNA vector-based RNALI. For this chapter, the first part of my
project was construction of RNAi-resistant wild-type and caspase-uncleavable PARP-1
expression vectors, both of which were Flag-tagged at the N-terminus and to establish and
characterize stable PARP-1 rescued cell lines expressing these vectors. Using this gene
rescue model we have shown that PARP-1 activation and cleavage play an important role in
facilitating UVB-induced cell death. This work is unpublished and I have contributed in the
execution of all the experiments as well as interpretation of the data and the preparation of all

the figures and writing of the manuscript under the guidance of my supervisor.

These vector constructs and stable cell lines created by me for this project have been
excellent tools to study the role of PARP-1 in different cellular processes. For example,
another graduate student in our laboratory recently used these constructs and cell lines to
study the role of PARP-1 in NER; and this work titled “Role of poly(ADP-ribose)
polymerase-1 in the removal of UV-induced DNA lesions by nucleotide excision repair”

has been published in Proc Natl Acad Sci USA, 110, 1658-63 (2013).
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Chapter 3: Caspase-uncleavable substrates: A gateway to understand death as well as life

In this chapter, we have examined the question of why selected proteins, including
PARP-1, are cleaved by caspases during apoptosis; and what have we learnt about the
physiological and apoptosis-related roles of these substrates in the cell by using the
caspase-uncleavable forms of these substrates. The specific example of PARP-1, its
cleavage by caspases 3 or 7, and the consequences of expressing its caspase-uncleavable
form to reveal its death and non-death related functions have been highlighted. This chapter
is written in the form a manuscript, which is due to be submitted to Cell Death &
Differentiation. I and a new graduate student (Nupur) have made equal contribution in the
collection of data and interpretations required for this work under the guidance of my
supervisor. In addition, this work benefitted from an earlier draft on this subject written by
a former graduate student (Sabina). This review will help in understanding the significance
of cleavage of substrates in a molecular mechanism that ensures the apoptosis and also to

reveal the non-death functions of substrates.

Chapter 4: Abrogation of DNA vector-based RNAi during apoptosis in mammalian

cells due to caspase-mediated cleavage and inactivation of Dicer-1

This chapter has been published in Cell Death and Differentiation, 16, 858-868
(2009). For this first part of my thesis, the focus was to characterize the integrity of gene-
knockdown model by RNA1 during apoptosis. This project was conceived by my supervisor
and colleague who made an interesting initial observation that stable RNAi1 of PARP-1 fails
upon induction of apoptosis. My contribution to this chapter was to execute the protocols of
transfection, treatment of cells with various apoptosis-inducing drugs, immunoblotting for the
results presented in fig 1b, 2a, b and c (right panel) and fig. 3b. In addition, I also participated
in the interpretation of the above results, preparation of these figures as well as critical reading
of the revised manuscript that was written by Medini and Girish. In this co-authored work, we
showed that abrogation of DNA vector-based stable RNAi of PARP and other genes in
different cell types occurs during apoptosis due to caspase-3-mediated cleavage and

inactivation of endonuclease Dicer-1.



vii

Chapter 5: Persistence of Different Forms of Transient RNAi during Apoptosis in

mammalian Cells

This chapter has been published in the PLoS One, 5, €12263 (2010). For this chapter, I
have contributed in execution of all the experiments as well as interpretation of the data for all
the figures, preparation of all the figures and writing of the manuscript with my supervisor. Ms.
Shah was very helpful in executing the RT-PCR experiments represented in figure 1B. Dr.
Affar provided shGFP plasmids. In continuation with above work in chapter 3, my work
proves that transient RNA1 of endogenous (PARP-1) or exogenous (GFP) gene achieved by
gene-targeting 21mer dsRNA, 27mer dsRNA or shRNA continues to remain functional upon
induction of apoptosis in the period during which stable RNA1 fails. Additionally, both stable
and transient RNA1 can be used for examining early and late apoptotic events provided RNAi-
status during apoptosis and accounting for the possible impact of its failure while interpreting

the results.

Annex 1: Approaches to detect PARP-1 activation in vivo, in situ and in vitro

This has been written as a book chapter and published in Methods in Molecular
Biology, 780, 3-34 (2011). This protocol chapter is compiled based on published as well as
individual unpublished experimental data from our laboratory on detection of PARP-1
activation and PAR in response to DNA damage. My contribution has been to compile the
protocols, to write the text and critical reading of the manuscript that was prepared by
Girish, Alicia, Rashmi and 1. For readers this chapter will be a great start to understand the
biological significance of PARP-1.
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Chapter 1: General Introduction




INTRODUCTION

The nuclear enzyme, poly(ADP-ribose) polymerase-1 (PARP-1 EC 2.4.2.30) is the
most abundant isoform of PARP enzyme family. Among the immediate cellular responses
to DNA damage is the catalytic activation of PARP-1. Activated PARP-1 utilizes NAD" to
poly(ADP-ribosyl)ate several target proteins thereby establishing a molecular link between
DNA damage and chromatin modification. This post-translational modification of proteins
plays an important role in wide range of molecular and cellular processes. The following

sections in my thesis will focus on current knowledge on PARP-1.

1.1 Poly(ADP-ribose) polymerase-1 (PARP-1/PARP)

In the early 60’s, Chambon and coworkers first reported the NAD" stimulated
incorporation of radiolabeled ATP into an acid-insoluble fraction containing polyadenylic
acid polymer by a DNA-dependent enzyme (/). This polymer was identified as poly(ADP-
ribose) and the enzyme responsible for this catalytic activity was labeled as poly(ADP-
ribose) synthetase or poly(ADP-ribosyl) transferase and is now commonly known as
poly(ADP-ribose) polymerase-1 (PARP-1). Later in the 80’s, the gene encoding PARP-1
was isolated (2) and PARP-1 protein was purified to homogeneity (3). PARP-1 is an
abundant (1-2 million molecules per cell), 113-kDa zinc-finger-containing nuclear protein
with three distinct functional domains (Figure 1.1) (reviewed in(4)): a 46-kDa N-terminal
DNA-binding domain (DBD), a 22-kDa central auto-modification domain (AMD) and a
54-kDa C-terminal catalytic domain (CD) which is by far the most conserved part of the
protein. This enzyme is highly conserved in higher eukaryotes with the exception of yeast,
which lacks PARP-1 (reviewed in (J)).

PARP-1 is subjected to a variety of covalent post-translational modifications
including poly(ADP-ribosyl)ation, phosphorylation, acetylation, ubiquitylation and
SUMOylation. The interrelation of these modifications is responsible for the control of

diverse PARP-1 regulated signaling pathways (reviewed in (4)). The following sections



will be mainly focused on PARP-1, poly(ADP-ribosyl)ation and its role in different cellular

processes, which is the principle theme of this thesis.

A Auto-
DNA Binding modification Catalytic
1 Domain 372 Domain 524 Domain 1014

SUMO

Figure 1.1: Structural and functional organization of PARP and site-specific post-
translational modifications. (B) Key post-translational modifications of PARP. Four types
of post-translational modifications are shown: phosphorylation (P), SUMOylation (SUMO),
acetylation (Ac), and mono(ADPribosyl)ation or poly(ADP-ribosyl)ation (ADPr). The Ser
(S), Lys (K), or Thr (T) residues that are the sites of covalent modification are indicated.
Enzymes that add (arrows) or remove (blunt lines) the specific post-translational

modifications are shown in the blue arc. Taken from Luo et al. 2012 (4).

1.1.1 DNA binding domain (DBD)

The N-terminal DBD extends from 1-373 amino acid (aa) in human PARP-1 and

binds to DNA strand breaks in a zinc-dependent manner. This domain contains three zinc



finger motifs (F/Znl, FII/Zn2 and FIII/Zn3), a bipartite nuclear localization signal (NLS)
of the form KRK-X(11)-KKKSKK responsible for nuclear localization of PARP-1
(reviewed in (6)) and a caspase-3-cleavage site (D214, in the sequence 2IpEVD?™) (7).

The exact mechanism by which PARP-1 binds to DNA damage is still under active
investigation. The three zinc fingers PARP-1 are structurally and functionally unique and
work independently of each other. Prior to discovery of the third zinc finger (8), many
earlier studies using biochemical, genetic or structural approaches had shown that Znl and
Zn2 have more affinity to bind to double or single strand breaks (DSB or SSB) respectively
and that 5’ or 3’ termini at the strand breaks were targets for the possible point of contact
with these zinc fingers. Although both zinc fingers facilitate binding of PARP-1 to DNA
strand breaks, Znl to DSB and Zn2 to SSB (9), Znl domain is indispensable for DNA-
dependent activation of PARP-1 (/0). However, recent crystallographic studies have shown
that Znl and Zn2 bind to the exposed or non-hydrogen bonded nucleotide bases rather than
3’ or 5’ termini of DNA strand breaks mediating a sequence-independent interaction (10).
While earlier studies speculated that Zn3 may be implicated in homodimerization of PARP-
1 molecules that was thought to be required for its catalytic activation (8, /7), more recent
studies show that Zn3 also mediates the inter-domain contact crucial for DNA-dependent
PARP-1 activation thereby coupling the DNA binding and catalytic activity of PARP-1 and
also, contributes to the ability of PARP-1 to modulate chromatin structure (8, 7).

Apart from DNA strand breaks, in vitro PARP-1 also binds to undamaged DNA
structures such as cruciform, curved or hairpin structures with a high affinity and is

important for local modulation of chromatin structure (72).

1.1.2 Automodification domain (AMD)

The automodification domain (373-524 aa), located in the central region of the
PARP-1 was considered as the principle site for auto-poly(ADP-ribosyl)ation by PARP-1.
This domain is highly basic and contains glutamic acid, aspartic acid (/3) and lysine (/4)
residues that were considered as main acceptor site for initiation and binding of polymers of

ADP-ribose (reviewed in (15)). In addition, the AMD also comprises a 95 residue BRCT



(breast cancer susceptibility protein, BRCA1, C-terminus) motif and a leucine-zipper motif,
both of which are known to mediate protein-protein interaction (reviewed in (4)). It has
been proposed that PARP-1 can homo- and/or heterodimerize to form a catalytic dimer
through leucine-zipper motif thus, stimulating the catalytic activity of PARP-1 (16). The
PARP-1-BRCT allows protein-protein interaction between BRCT-motif-containing
proteins involved in DNA repair or in cell-cycle check points such as X-ray repair cross-
complementing protein 1 (XRCC1), PARP-2, DNA polymerase B (Pol B) (reviewed in (J)).
Recently, a specialized role for PARP-1-BRCT in assembling mutagenic DNA repair
complexes involved in antibody diversification has been suggested (/7). However protein

partners in this complex remain to be identified.

1.1.3 Catalytic domain (CD)

The C-terminal catalytic/NAD -binding domain (525-1014 aa) is composed of an
80-90 amino acid long WGR domain (conserved tryptophane (W), glycine (G), arginine (R)
residues), a alpha-helical domain (HD) and ADP-ribosyl transferase (ART) domain
required for pADPr synthesis (reviewed in (/8)).

The in vitro studies have implicated WGR domain in association with DBD and
CAT domain in the regulation of double-stranded oligomer dependent PARP-1 activation
(I4) and also in RNA-dependent PARP-1 activation via its ability to bind to ssRNA
suggesting a possible role of PARP-1 in regulation of nascent RNA synthesis (/9).
Interestingly, Langelier’s recently proposed PARP-1 activation model adds a new function
to WGR domain in the formation of DNA-damage recognition surface along with Znl and
Zn3 (20). The ART domain contains a H-Y-E motif encompassing a histidine (H862) and a
tyrosine (Y896) residue that are important for NAD" binding and a catalytic glutamic
residue (E988) essential for the polymerase activity (27, 22). The mutation of residues
K893, D993, D914 and K953 in this domain completely inactivates human PARP-1,
implicating K893 and D993 directly in poly(ADP-ribosyl)ation initiation whereas, D914
and K953 indirectly in pADPr activity (23). Residues spanning 859-908 (50 amino acids)



are phylogenetically well conserved and are commonly accepted as the ‘PARP signature’

motif (reviewed in (3).

1.1.4 PARP-1 activation model

Recently based on binding of DBD of human PARP-1 to single strand breaks
(SSBs) and double-strand breaks (DSBs), two different models of PARP-1 activation i.e.,

cis-and trans-activation (reviewed in (24)), respectively have been proposed (20, 25)

Langelier et al. model explains DNA DSB-dependent PARP-1 activation using a
truncated and active PARP-1, consisting of Znl, Zn3 coupled to the WGR-CAT domains.
According to this model, PARP-1 as a monomer binds to exposed nucleotide bases of
damaged DNA via Znl. The Znl base stacking loop, the Zn3 extended loop and 5°-
terminus of DNA strand provides a binding site for WGR. In this arrangement, on one side
WGR provides interaction between Znl/DNA and CAT domain whereas on other side the
extended loop of Zn3 contacts WGR and HD of the CAT domain. This reorganization
distorts the hydrophobic core of HD region and alters the stability as well the
conformational dynamics of the ART domain thereby activating PARP-1 (20). Though AD
is absent in this model, the domain reorganization suggests close proximity of AD to the

CAT domain, thus explaining the preference for PARP-1 cis-automodification (reviewed in

(26)).

On the contrary, Ali et al provides a frans model of PARP-1 automodification. Ali
et al. uses PARP-1-DBD containing Znland Zn2 bound to SSB as a model (25). According
to their model, PARP-1 dimerizes and the intermolecular Znl-Zn2 complex forms a
functional break-recognition module at the SSB site. This dimerization enables the catalytic
domain of one PARP-1 molecule to act on AD of the other PARP-1 molecule thus

activating frans-automodification.

Both the models have their merits. Studies from Ali’s model emphasizes on DNA

damage recognition by both Znl and Zn2 and both Zn fingers are essential for recruitment



and activation of PARP-1 at the SSB where as Langelier’s model completely suggests that
Zn2 is dispensable for PARP-1 activation. However, both models display a flexible role of
Znl in response to different DNA damage and more experiments will be required to

determine the relative contributions of cis compared to frans models of automodification.

1.2 Poly(ADP-ribosyl)ation

PARP-1, carries out poly(ADP-ribosyl)ation, an NAD"-dependent enzymatic
reaction which involves following four reactions (Figure 1.2) (reviewed in (27)): NAD"
hydrolysis followed by initiation, elongation and branching of polymer chain (28, 29). The
first step in this modification is the NAD" hydrolysis whereby the glycosidic linkage
between nicotinamide and ribose is cleaved to release ADP-ribose, nicotinamide (Nam) and
proton (H") (reviewed in (30). The polymer (pADPr) reaction is initiated by the formation
of an ester bond between the first ADP-ribose and carboxyl group of glutamate and to a
lesser extent to lysine or aspartate residues of putative acceptor protein. This is followed by
polymer elongation involving attachment of additional ADP-ribose moieties to the first
covalently bound mono-ADP-ribose and branching of an ADP-ribose moiety at an average
of 20 ADP-ribose units along the linear portion of the polymer. For every initiation step
catalyzed by PARP-1, there can be more than 200 units of APD-ribose in linear elongation

and five to seven branching reaction (reviewed in (3, 28)).

This poly(ADP-ribosyl)ation activity of PARP-1 has been detected in organisms
ranging from plants to mammals, with an exception of yeast. This covalent post-
translational modification alters the activity of target protein through steric and electrostatic
effects (reviewed in (27)). However, this modification is transient as specific catabolizing

enzymes, degrade pADPr and restore the target protein to its native state.

PARP-1 is a major NAD -consuming enzyme. Besides poly(ADP-ribosyl)ation
reaction, NAD" is also utilized as a precursor of ADP-ribose in other ADP-ribosylation
reactions including mono(ADP-ribosyl)ation, cyclization of ADP-ribose by ADP-ribosyl

cyclases and generation of O-acetyl ADP ribose in deacetylation reaction by sirtuins (30).
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Figure 1.2: Metabolism of poly(ADP-ribose). PAR is heterogeneous in size and
complexity, as indicated by the x, y and z labels that represent values from 0 to >200.
PARG and ARH3 can both hydrolyse PAR at the indicated positions. Ade, adenine; ARH3,
ADP-ribosyl hydrolase-3; Nam, nicotinamide; PAR, poly(ADP-ribose); PARG, poly(ADP-
ribose) glycohydrolase; PARP, poly(ADP-ribose) polymerase; Rib, ribose. Taken from
Hakme et al. 2008 (27)

1.3 Poly(ADP-ribose) (pADPr) or PAR

The presence of pADPr was first reported by P. Chambon and co-workers in 1963

and subsequently its structure was solved in three independent laboratories (reviewed in

(29)).

pADPr is a homopolymer of ADP-ribose units linked by glycosidic (2°—17)
adenine-proximal ribose-ribose (A-ribose) bond along the linear and (2”—1°") bonds at
branching points occurring between two nicotinamide-proximal ribose (N-ribose)
(reviewed in (37)). Due to presumed secondary helicoidal structure which is similar to
RNA and DNA it is also known as third type of nucleic acid (32). Polymers have a high
density of negative charge (twice the charge density of DNA), since each monomer



contains two phosphate groups carrying a negative charge each with a high potential for
non-covalent reactions and multiple adenine rings capable of both hydrogen bonding and
base stacking interactions (reviewed in (28)). The constitutive levels of pADPr are usually
very low in unstimulated cells (33) however, in the presence of DNA strand breaks, the
catalytic activity of PARP increases by 10-500x folds, resulting in protein-conjugated long
branched pADPr, which can vary from few to more than 200 ADP-ribose units along the
length (reviewed in (5)).

The target proteins are modified either through a covalent linkage of pADPr chains
which were initiated as described above at specified amino acid residues of the protein or
through non-covalent binding of free pADPr chains to the target proteins in designated
domains (3, 34-36). This modification alters the physical and biochemical properties of the
modified proteins, ultimately regulating either their enzymatic activities or macromolecular
interactions such as protein-protein or protein-DNA interactions. The most prominent target
protein/acceptor of this pADPr is PARP-1 itself and this automodification of PARP-1 leads
to accumulation of negative charges, thereby abolishing its affinity for DNA strand breaks
and its catalytic activity (20). Several other DNA-binding nuclear proteins that are involved
in metabolism of nucleic acids and in maintenance of chromatin structure such as, histones,
topoisomerase I and II, p53, DNA ligases, DNA polymerases, high-mobility-group proteins
(HMG), DNA repair protein such as XRCC1 and a variety of transcription factors are
modified by pADPR (reviewed in (35)).

The non-covalent interaction with pADPr could be highly influenced by pADPr
chain length and the binding proteins (37, 38). To date, four different types of PAR-binding
motifs or domains have been found mediating non-covalent pADPr binding and regulating
enzymatic activity (Figure 1.3) (reviewed in (15)). The first is a short conserved motif with
a common feature of basic residue-rich motif interspersed with hydrophobic amino acids
found in wide range of proteins involved in DNA-repair and cell cycle check points (35,
39); second is PAR-binding zinc finger (PBZ), a short, conserved zinc dependent (C2H2)
module, identified in APLF (aprataxin PNK-like factor) and CHFR (checkpoint protein
with FHA and RING domains), that are involved in the DNA damage response and
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checkpoint regulation (40, 41); third is the macrodomain, an ancient and highly conserved
structural domain (reviewed in (42)) found in histone variant H2A1.1 (43) and ALCI1
(Amplified in Liver Cancer 1) (44), an ATP-dependent nucleosome remodeling enzyme
involved in chromatin remodeling; and the fourth is WWE (Trp-Trp-Glu) domain in
RNF146 (also known as Iduna), a PAR-binding E3-ligase which mediates a PAR-
dependent ubiquitylation (45).

A PAR-binding Motif ¢ Macrodomain
RBD-1 RBD-2 RRG M9

Histone Macrodomain
a0 recroanrs e R

[HKR];-X;-X,-[AIQVY],-[KR]s-[KR]s-[AILV]-[FILPV],

Figure 1.3: PAR-binding motifs. Taken from Krishnakumar et al. 2010 (15)

Some proteins such as PARP, p53 and histones are modified both covalently or non-
covalently by PAR, whereas majority of proteins are modified non-covalently. Recently,
Krietsch et al. have established a comprehensive repertoire of pADPr-associated proteins
and this emphasizes the importance of pADPr in modulating protein activity in a variety of

biological processes (Table 1.1) (46)



Table 1.1: pADPr binding proteins. Taken from Krietsch er al. 2012 (46)

DNA damage response and checkpoint

Aprataxin

Aprataxin and PNK-like factor (APLF)

Cellular tumor antigen

Cyclin-dependent kinase inhibitor 1 (p21)

DNA ligase 3 PBM + Gagne et al. (2012)

DNA mismatch repair protein MSH6

DNA polymerase epsilon catalytic subunit A (POL ¢)

DNA repair protein complementing XP-A cells

DNA repair protein complementing XP-C cells

DNA repair protein XRCC1

DNA topoisomerase 1 (TOP1)

DNA topoisomerase 2-alpha

DNA-dependent protein kinase catalytic subunit (DNA-PK)
Double-strand break repair protein MRE11A

E3 ubiquitin-protein ligase RNF146 (Iduna)

Flap endonuclease 1 (FEN1)

Histone H2A

Histone H2B

Histone H3

Histone H4

Nibrin (NBS1)

Non-POU domain-containing octamer-binding protein (NONO)
RNA-binding motif protein, X chromosome (RBMX)
Serine-protein kinase ATM

X-ray repair cross-complementing protein 6 (XRCC6 / KU70)
Werner syndrome ATP-dependent helicase (WRN)

Chromatin regulation and modification

Core histone macroH2A1.1

O-acetyl-ADP-ribose deacetylase MACROD1
Chromodomain-helicase-DNA-binding protein 1-like
(CHD1L/ALCY)

Chromodomain-helicase-DNA-binding protein 4 (CHD4
Chromodomain-helicase-DNA-binding protein Mi-2 homolog
(dMi-2)

Condensin complex subunit 1 (hCAP-D2)

DNA methyltransferase 1 (DNMT1)

E3 SUMO-protein ligase CBX4

Metastasis-associated protein MTA1

Polycomb complex protein BMI-1

Protein DEK PBM

Apoptosis

Apoptosis-inducing factor 1, mitochondrial (AIF)
DNA fragmentation factor subunit beta (DFF40/CAD)
E3 ubiquitin-protein ligase RNF 146 (Iduna)
Hexokinase domain-containing protein 1 (HKDC1)

Transcription, replication and gene expression

Cellular tumor antigen p53

DNA topoisomerase 1 (TOP1)

DNA topoisomerase 2-alpha (TOP2A)

DNA topoisomerase 2-beta (TOP28B)

E3 SUMO-protein ligase PIAS4 (PIASy)

Heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1)
NF-kappa-B essential modulator (NEMO/IKKy)

SARS coronavirus non-structural protein nsp3

Nuclear factor NF-kappa-B p100 subunit

Polycomb group RING finger protein 2 (MEL-18/RNF110)
RNA-binding motif protein, X chromosome (RBMX)
Serine/arginine-rich splicing factor 1 (ASF/SF2)
Telomerase reverse transcriptase (TERT)

Transcriptional repressor CTCF

G3BP1

Centromere function and cell cycle checkpoint
Aurora kinase A-interacting protein

E3 ubiquitin-protein ligase CHFR

Histone H3-like centromeric protein A (CENP-A)
Major centromere autoantigen B (CENP-B)
Mitotic checkpoint protein BUB3

Others

Capsid protein viral protein 1 (VP1)

Heat shock factor (HSF-1)

Major vault protein

Myristoylated alanine-rich C-kinase substrate (MARCKS)
Nicotinamide mononucleotide adenylyltransferase 1 (NMNAT-1)
Nitric oxide synthase, inducible (iINOS)

11

1.4 pADPr Catabolism

In eukaryotic cells, the polymer is rapidly hydrolyzed to free poly(ADP-ribose) by
poly(ADP-ribose) glycohydrolase (PARG), a major enzyme responsible for pADPr
turnover. Recently, an additional protein ADP-ribose-protein-hydrolase-3 (ARH3) was also
shown to possess intrinsic pADPr degradation activity (reviewed in (29)). The dynamic
turnover of pADPr serve as a molecular signal and can modulate different cellular functions

including chromatin remodeling, DNA repair and cell death (reviewed in (31).
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1.4.1 Poly(ADP-ribose) glycohydrolase (PARG)

Poly(ADP-ribose) glycohydrolase (PARG) (47), an enzyme with both exo- and
endoglycosidase activities hydrolyses the glycosidic bond between ADP-ribose units of
both linear and branched polymer (48, 49). In vivo the degradation of PAR by PARG
begins immediately after the initiation of PAR synthesis. In addition, branched and short
polymers are degraded more slowly than long and linear polymers. Thus, the mode of
action of PARG shows biphasic degradation of polymer in vivo clearly indicating the
existence of two major types of polymers (lineare>branched) with different structures and
distinct half lives (first 40 sec and second 6 min) following DNA damage (50). This free
pADPr generated by endoglyoaction can bind non-covalently to cellular proteins and

structural domains and modulate their function.

In mammals, a single gene codes for four isoforms of PARG which are located in
various cellular compartments. The predominant isoform, a 111-kDa nuclear PARG
accounts for most of the PARG activity (57). Other isoforms are a 60-kDa
cytoplasmic/mitochondrial isoform generated by protease cleavage of full length PARG
(52-54) and 102 and 99 kDa cytoplasmic isoform resulted from alternative splicing of
PARG gene transcript (55). Complete suppression of PARG gene causes early embryonic
lethality (56), whereas mice selectively lacking 110 kDa PARG isoform develop normally
but are more sensitive to alkylating agents and IR (57). This was likely due to dysregulation
in PAR catabolism and eventual higher accumulation of polymer. It is also shown that
cytoplasmic PARG102 translocates to the nucleus and hydrolyse the PAR, suggesting that
other PARGs notably, PARG102 and its activity may also be critical and sufficient for PAR
catabolism (5/). Additionally, in a pADPr- and PCNA-dependent mechanism PARG is
recruited at the DNA damage sites thereby regulating the switch between efficient DNA
repair and cell death (58). Although low in cellular abundance, PARG has a high specific
activity, and acts in concert with PARPs to maintain intracellular pADPr at very low

concentrations under homeostatic conditions (59).
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1.4.2 ADP-Ribosyl Protein Lyase and ADP-ribosyl-protein-hydrolase-3 (ARH-3)

ADP-ribosyl protein lyase, cleaves the proximal ADPr residue on the acceptor
protein and releases a dehydrated form of ADP-ribose (5’-ADP-3”-deoxypent-2”-
enofuranose) (60, 61). ADP-ribosyl-protein-hydrolase-3 (ARH3) which is structurally
unrelated to PARG shows amino acid identity with the catalytic domain of PARG and
generates ADP-ribose from poly(ADP-ribose), albeit at only ~10% of the activity observed
for the PARG (62, 63).

1.5 The PARP superfamily

PARP-1, the founding member of PARP family, was for a long time considered to
be the only enzyme with pADPr activity in mammalian cells. However, with the discovery
of residual pADPr activity in PARP-1-deficient (KO) mouse embryonic fibroblasts (MEFs)
following treatment with DNA damage gave a clue for the presence of additional PARPs
(64). Currently, based on high sequence homology with the human PARP-1 catalytic
domain 18 PARP homologues have been identified (Figure 1.4) and can be grouped into
three subfamilies (i) (PARPs 1-5) bonafide members containing a conserved glutamate
(Glu 988 in PARP-1) that catalyse poly(ADP-ribosyl)ation activity; (i1) PARPs 6-8, 10-12
and 14-16 lacking the conserved catalytic glutamate and with confirmed or putative
mono(ADP-ribosyl)ation activity and (iii) PARPs 9 and 13 which lacks NAD"-binding
histidine in addition to the catalytic glutamate and may therefore be catalytically inactive
(21). Since some members of PARP family functions as mono(ADP-ribosyl)transferases
(mARTSs), renaming this family as ADP-ribosyl transferases (ARTs) has been proposed
(65), however, PARP continues to remain the most frequently used and recognized name

for this family.
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Figure 1.4: Schematic comparison of the domain architecture of the human ARTD
(PARP) family. The following domains in ARTD1 (PARPI1) are indicated: The ART
domain is the catalytic core required for basal ART activity. Within each ART domain, the
region that is homologous to the PARP signature (859-908 aa of PARP-1) as well as the
equivalent of the PARP-1 catalytic E988 is shaded. The WGR domain named after a
conserved central motif (W-G-R). The BRCT domain (BRCAI1 carboxy-terminal domain)
1s found within many DNA damage repair and cell cycle checkpoint proteins. The other
known domains are, ARD: ankyrin repeat domains. (W-W-E): WWE domain is a protein—
protein interaction motif. PRD: PARP regulatory domain. ZF: zinc finger domains. NLS:
nuclear localization signal. Taken from Hottiger e al. 2010 (65)

Among PARP family members, PARP-2, a 60-kDa protein was discovered as a
result of the presence of residual DNA-dependent pADPr activity in PARP-17" mouse
embryonic fibroblasts (MEFs) (66). PARP-2 has a distinct DBD from PARP-1, consisting
of only 64 aa and lacking any obvious DNA-binding motif. Unlike PARP-1 which binds to
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nicks, PARP-2 has a higher affinity for gaps and flaps, favoring an implication of PARP-2
at later steps of the DNA repair processes (67, 68). In the C-terminal catalytic domain it
exhibits 69% homology with PARP-1 catalytic domain. Apart from PARP-1, PARP-2 is
also activated by DNA-strand interruptions and contributes only 5-10% of total PARP
activity (66, 69). PARP-2 interacts with PARP-1 and shares common partners such as
XRCCI1, polymerase § and DNA ligase III that are involved in DNA repair pathways (69,
70). Other than in DNA repair, PARP-2 involvement in transcription (7/) and in metabolic
stress (72, 73) has also been highlighted. In addition, PARP-I""/PARP-2"" double mutant
mice are non-viable and die at the onset of gastrulation, highlighting importance of both
PARPs during early embryogenesis (74). Nonetheless it needs to be pointed out that PARP-
1 knockout phenotypes are not compensated by the presence of PARP-2, and PARP-2
knockout does not display the dramatic DNA damage response-phenotypes indicating that
PARP-2 has albeit a minor role at least in DNA damage response.

The other bonafide PARP family proteins include PARP-3 (75, 76). PARP-3 a 60
kDa protein with homology to catalytic domain of PARP-1 lacks the N-terminal DNA-
binding as well as central automodification domain (77). Owing to alternate splicing
PARP-3 gene produces two isoforms (62 kDa and 67 kDa) and the long splice variant is the
core component of centrosome, preferentially residing in the daughter centriole and
regulates cell cycle checkpoints (78). Recent data from Caldecott group shows that PARP-3
is stimulated by DNA DSB in vitro (79). Nevertheless, PARP-3 has been associated with (1)
Polycomb group proteins involved in transcriptional silencing (80); (ii) a protein complex
containing tankyrase 1 and NuMA, that in turn controls specific mitotic functions (76); (iii)
components (PARP1, Ku70/80 and DNA-PK) of the DNA repair machinery (80, 8/) and
(iv) with ADP-ribose binding protein APLF ,suggesting an active role in cellular response
to DNA damage, DNA repair with special attention to DSB repair via NHEJ (75), mitotic

progression and maintenance of genomic integrity.

The other PARPs are Vault PARP (VPARP/PARP-4) (82) and PARP-5 (Tankyrase)
(83). Other lesser known PARPs are TCDD-inducible poly(ADP-ribose) polymerase
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(TiPARP/PARP-7), PARP-10 and macro PARPs (PARP9, PARP-14 and PARP-15) and

these have not been extensively studied (reviewed in (84)).

1.6 Function of PARP and pADPr: PARP-1 and its catalytic activity are crucial in
mammalian cells to orchestrate vast and diverse cellular functions including DNA damage

detection, DNA repair, chromatin remodeling, cell death has been discussed below.

1.6.1 PARP-1 and PAR (pADPr) in DNA damage detection and signaling network

The ultimate cellular response to DNA damage is either to repair the damage and
restore the genome to healthy state or trigger cell death to eliminate the damaged genome.
However, these responses take place over several hours to days, and are most likely to be
strongly influenced by events that occur almost immediately after DNA damage, namely
identification or marking of the DNA damaged site among the vast majority of undamaged
DNA in the chromatin context and transmission of the signal to downstream effectors to
respond with DNA repair or cell death processes. In this early DNA strand break signaling
network, PARP-1 plays a dual role as DNA damage sensor and signal transducer to

downstream effector pathways (85).

In response to low levels of DNA damage induced by oxidation, alkylating agent
and UV radiation, PARP-1 binds at DNA damage site and activates its catalytic activity
thereby automodifying itself. The modulation of chromatin structure is one of the early
events in DNA damage detection and DNA repair. PARP-1 is known to disrupt chromatin
structure by destabilizing nucleosomes via poly(ADP-ribosyl)ation of histones. Other
proteins such as non-histone chromosomal proteins, chromatin remodeling factors with
PAR binding domains such as macro H2A1.1, ALC1 and NuRD promotes chromatin
remodeling at the sites of DNA damage. Also, PAR-binding domain-dependent
modification of checkpoint proteins such as CHFR and APLF, DNA damage scaffold
protein XRCC1 are essential for efficient DNA damage repair. Additionally, Polycomb
group (PcG) protein complex 1(PRC1 and PRC2) are also modified by pADPr which are
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important in pre-and post-repair remodeling of nucleosome landscape during DNA repair.
These PAR-dependent events modulate chromatin structure locally at the sites of DNA
breaks in order to facilitate DNA damage signaling and the rapid recruitment of proteins to
facilitates DNA repair (Figure 1.5) (reviewed in (31)).

Nature Reviews | Molecular Cell Biology

Figure 1.5: PAR-dependent recruitment of factors at the site of DNA damage. Taken
from Gibson et al. 2012 (31)

Additionally, PARP-17" mouse models exhibits variety of DNA repair defects and
chromosomal aberrations implicating role of PARP-1 in DNA repair (86). The following
sub-sections will briefly summarize the current understanding of the role of PARP-1 and

PAR (or pADPr) in different DNA repair pathways.
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1.6.2 PARP-1 in Base Excision repair (BER) or Single Strand Break Repair (SSBR)

Base excision repair (BER) is the primary repair pathway that repairs single-strand
breaks (SSBs) and corrects base lesions that arise due to oxidative, alkylation and
deamination damage (87, 88). BER pathway is initiated by recognition and catalytic
removal of damaged base by DNA glycosylases, generating an apurinic/apyrimidinic (AP)
site, which is then cleaved by an AP endonuclease (APE) leaving a SSB. This is followed
gap filling and ligation by a DNA polymerase  and a DNA ligase III, respectively. Other
accessory proteins such as XRCC1, PCNA and PARP-1 are additionally involved and
provide a scaffold for the core BER enzymes (Figure 1.6) (89-91). BER facilitates the
repair of damaged DNA via two general pathways-short patch BER (SP-BER) and long
patch BER (LP-BER). The SP-BER (responsible for majority of repair) leads to a repair of
single nucleotide gap whereas LP-BER produces a repair tract of 2-8 nucleotides by
displacing a stretch of old DNA into a flap structure, which is then processed by a flap
endonuclease 1 (FEN-1) (87).

PARP-1 is denoted as a BER protein (70, 92). PARP-1 has been shown to bind at
AP site (93) and SSBs a BER intermediate (94) thereby protecting the DNA damage site.
PARP-1 binding to SSBs stimulates PARP-1 catalytic activity and functions to sequester
other DNA repair proteins to the sites of strand breaks supporting a “nick protection” model
(95, 96). PARP-1 is known to interact with BER/SSBR proteins such as APE1 (97),
XRCC1 (98), DNA ligase III (99) and pol B (100, 101) in both SP-and LP-BER pathway. In
pol B'/' cell lines PARP-1 is required for efficient repair of 8-oxoG by LP-BER (102).
XRCCI1 preferentially interacts with automodified PARP-1 and is recruited at the site of
oxidative and methylated DNA damage (98, 103). Similarly, DNA ligase III also associates
with modified PARP-1 providing possible mechanism of recruitment of XRCC1-ligasellla
complex at site of SSBs (104).

In contrast, some studies have challenged the role of PARP-1 in the DNA repair
steps involved in BER (705, 106). Although none of these studies exclude the possible role

of PARP-1 in events that facilitate BER, such as chromatin remodeling or access to the
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damaged site, because PARP-inhibition clearly traps PARP-1 to the damaged DNA site that
is repaired by BER (105, 107) and PARP-inhibitors can potentiate cell killing by DNA
damage that is repaired by BER (/08).

A DNA single-strand break repair B ,L':. .,mm
k— PARP1 At
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Figure 1.6: Involvement of PARP-1 in SSBR and BER repair pathway. (A) SSB repair:
PARP-1 has a high affinity for SSBs and will be amongst the first proteins to bind to the
lesion. In turn PARP-1 recruits factors to start end processing and finally ligation, normally
through short patch repair and through long patch repair where the lesions are more
difficult to repair. (B) Two-step model for BER: Different base lesions are recognised by
different glycosylases (Gly), which are excised before SSB incision by the AP-
endonuclease (APE). These SSBs are then left unprotected and recognised in a separate
process by PARP-1 that will then initiate SSB repair. Taken from Helleday et al. (108)



20

Unlike PARP-1, PARP-2 accounts for only 5-10% of total pADPr activity in
response to DNA damage and shares PARP-1 DNA repair partners such as XRCCI, polf,
DNA ligase III. However, PARP-2 depletion either has very little impact on repair of SSBR
in response to oxidative stress (109) or just slows down BER in response to alkylating
agent (69). In response to laser-induced DNA damage, unlike PARP-1 which is rapidly
accumulated at DNA damage site, PARP-2 accumulates with a slower kinetics (68) and has
a higher affinity for gaps and flaps, favoring an implication of PARP-2 at later steps of the
DNA repair processes (67). These experimental observations suggest supportive role of
PARP-2 in BER along with PAPR-1 which is further strengthened by embryonic lethality
of PARP-1""PARP-2""double knockout mice (74).

1.6.3 PARP-1 in Double strand break repair (DSBR)

In mammalian cells, there are two major pathways for the repair of DSBs:
homologous recombination (HR) and non-homologous end joining (NHEJ) (/10). Members
of the PI3 kinase family (ATM, ATR, and DNA-PK) are first recruited to the DNA damage
site and phosphorylate histone H2AX, termed y-H2AX creating a platform for further
recruitment of repair factors (/7). Functional interaction of PARP-1 and pADPr with
different NHEJ proteins including Ku70 and DNA-PKcs, has been described suggesting a
role of PARP in modulation of DSB signaling and repair by NHEJ (39, 112-115). However
cells with defects in major NHEJ factors undergo NHEJ at a slower rate implicating an
alternative pathway called back-up NHEJ (B-NHEJ) (/16). This backup pathway depends
on PARP-1 and XRCC1/DNA ligase III complex and is more error prone than classical
DNA-PK dependent NHEJ (117, 118).

PARP-1 has been implicated in HR to promote replication restart at damaged
replication fork (/19-121). In this regard, stalled replication forks formed by hydroxyurea
(HU) requires both PARP-1 and PARP-2 to mediate the recruitment and activation of
Mrel1-Rad50-Nbsl (MRN) complex to initiate the end processing followed by
recruitment of Rad51 (719). Further it has been shown that recruitment of Mrel1 at DSB is
PAR-dependent (/22). In HR-defective cell lines such as BRCA™", inhibition of PARP-1
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cause an increase in SSBs. Of the known synthetic lethality explanation between BRCA™
and PARP inhibition, it could be either due to trapping of PARP-1 to the damaged DNA
site that is repaired by BER (/08) or due to conversion of SSBs to DSBs thereby
enhanching the error-prone NHEJ (/23) and contributing to the cytotoxicity.

Additionally, PARP-3 has been associated with PARP-1, Ku70/80 and DNA-PK of
the DNA repair machinery (80, 124). Recent data from Caldecott group shows PARP-3 is
stimulated by DNA DSB in vitro and also associates with ADP-ribose binding protein
APLF, suggesting an active role in DSB repair via NHEJ (75).

1.6.4 PARP-1 in Nucleotide Excision repair (NER)

Nucleotide excision repair (NER), a highly versatile DNA repair pathway, removes
bulky, helix-distorting DNA lesions from genome such as UV-induced photolesions
cyclobutane pyrimidine dimers (CPDs), pyrimidine 6-4 pyrimidone photoproducts (6-4PPs)
and DNA adducts such as platinum-DNA adducts induced by mutagenic chemicals or
chemotherapeutic drugs There are two sub-pathways of NER: transcription coupled repair
(TC-NER) and global genome repair (GG-NER). These two pathways differ in their mode
of damage/lesion recognition and leads up to damage excision by use of pathway-specific

factors (125, 126)

TC-NER functions on actively transcribed strands and involves recognition of the
lesion through stalled elongating RNA polymerase II at DNA lesion followed by
recruitment of CSA, CSB and XAB2 factors to the DNA while, GG-NER removes lesions
throughout the genome and is initiated by UV-DDB and XPC-RAD23B protein complex
(126, 127) After lesion demarcation, the two pathways converge and core NER proteins
such as basal transcription factor TFIIH and its helicase component, XPB and XPD
unwinds DNA helix in vicinity to DNA lesion; a stable pre-incision complex involving
XPA, RPA and XPG stabilizes the open ssDNA structure; endonucleases ERCC1-XPF and
XPG incises the damaged strand 5’ and 3’ to the lesion respectively; DNA pols 8, € or
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fills the DNA gap and DNA ligase I or Illa restores the integrity of DNA backbone (128,
129) (Figure 1.7)

Two sub-pathways of NER

GG-NER (Fagbeni et al. 2011) TC-NER (Lagerwerf et al. 2011)
+ Cleaver et al. (2009)

Figure 1.7: The two subpathways of mammalian NER. Taken from Fagbeni et al (/27),
Cleaver et al (129) and Lagerwerf et al (/28)

The possible role of PARP-1 in NER has been elusive; however, experimental data
from our laboratory has implicated PARP-1 in lesion recognition step of NER pathway
(130) and the mechanistic detail of this role is under experimentation. In NER proficient
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cells, using Host-Cell Reactivation (HCR) assay, which reflects the DNA repair capacity of
the cells, it has been shown that PARP-1 inhibition decreases the DNA lesion repair by
both GG-NER and TC-NER to a level closer to NER-deficient XPC and CSB cells after
exposure to UVB and UVC (130). Additionally, in response to UV-induced DNA direct
photolesions CPDs such as T-T dimer, PARP-1 is immediately attached to chromatin DNA
containing T-T lesions indicating early lesion recognition role of PARP-1 (/37). In
addition, PARP-1 is also activated in the vicinity of UV-induced DNA damage to form
pADPr, indicating its possible role in either chromatin remodeling or transmission of
damage signal to downstream NER events. Infact, a recent study strongly supported this
notion by showing that DDB2-mediated chromatin decondensation in response to UV
irradiation, which is essential for access to the site by NER proteins, is suppressed by
PARP inhibition which in turn affects the recruitment of XPC at photolesions indirectly
implicating PARP and pADPr in the lesion recognition step of GG-NER (732).
Additionally, in a genome wide RNAIi screening, several potential targets showing
sensitivity to PARP-1 inhibition including TC-NER proteins such as DDB1 and XAB2 has
been identified, suggesting that PARP-1 activity inhibition could be detrimental to NER
pathway (/33). Thus there is enough evidence to support the role of PARP-1 at early stages
in NER such as in the lesion recognition and chromatin remodeling and it will be of interest

to see if ongoing efforts from our laboratory and other teams might uncover novel roles of

PARP-1 in NER.

The large amount of work done in several labs, have clearly established the role of
PARP-1 in different DNA repair pathways. In a recent study, PARP-1 is also implicated in
mismatch repair (MMR) and components of mismatch repair such as MutSa and Exol have

been identified as novel PARP-1 interacting partners in MMR (/34).

1.6.5 PARP-1 in Cell death

The cell death is defined as an irreversible loss of plasma membrane integrity and
represents the final point or ‘point-of-no-return’ in the cell life. Different forms of cell
death have been reported, each with distinct biochemical features and which could also be

divided into either of two mutually exclusive groups: the caspase-dependent or caspase-
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independent cell death (Table 1.2) (reviewed in (135, 136)). In contrast to PARP-1’s role
as a survival factor, it also has been involved as a mediator of cell death. In response to
extensive DNA damage, PARP-1 over-activation results in an irreversible NAD'/ATP
depletion thus contributing to cell death implicating PARP-1 as a mediator of cell death by
necrosis (137, 138). There are different ways in which PARP-1 is implicated in different
modes of cell death as described below. The choice of a specific PARP-1 dependent mode

of cell death is influenced by the type, strength and duration of stimuli as well as the cell

type.

Table 1.2: Functional classification of regulated cell death modes. Taken from Galluzzi

etal. 2012 (136).

Main biochemical features

Anoikis

Autophagic cell death

Caspase-dependent
intrinsic apoptosis

Caspase-independent
intrinsic apoptosis

Cornification

Entosis

Extrinsic apoptosis by death
receptors

Extrinsic apoptosis by
dependence receptors

Mitotic catastrophe
Necroptosis
Netosis

Parthanatos

Pyroptosis

Downregulation of EGFR
Inhibition of ERK1 signaling
Lack of f1-integrin engagement
Overexpression of BIM
Caspase-3 (-6,-7) activation

MAP1LCS3 lipidation
SQSTM1 degradation

MOMP
Irreversible Ay, dissipation

Release of IMS proteins
Respiratory chain inhibition
Activation of transglutaminases
Caspase-14 activation

RHO activation
ROCK1 activation

Death receptor signaling

Caspase-8 (-10) activation

BID cleavage and MOMP (m type Il cells)
C 3 (-6,-7) activati

Dependence receptor signaling
PP2A activation

DAPK1 activation

Caspase-9 activation
Caspase-3 (-6,-7) activation

2 activation (in some instances)
TP53 or TP73 activation (in some instances)
Mitotic arrest

Death receptor signaling
C inhibition
RIP1 and/or RIP3 activation

Caspase inhibition
NADPH oxidase activation
NET release (in some instances)

PARP1-mediated PAR accumulation
Irreversible Ay, dissipation

ATP and NADH depletion

PAR binding to AIF and AIF nuclear
translocation

Caspase-1 activation
Caspase-7 activation
Secretion of IL-14 and IL-18

++

++

++
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1.6.5.1 PARP-1 in Apoptosis

Apoptosis, a type of caspase-dependent programmed cell death (PCD), is
morphologically associated with rounding-up of the cell, reduction of cellular volume,
membrane blebbing, chromatin condensation and nuclear fragmentation (reviewed in
(139)). The two main evolutionarily conserved protein families that are involved in
apoptosis are Bcl-2 family of proteins such as Bcl-2, Bel-xLL and Bid which controls
mitochondrial integrity and caspases that mediates the execution phase of apoptosis
(reviewed in (/40)). Caspases are the cysteinyl aspartate specific proteases which uses
cysteine residue as a catalytic nucleophile to cleave their substrate specifically after aspartic

acid residue.

In mammalian cells, depending on the origin of death stimuli, apoptosis is mediated
through two pathways, the intrinsic and the extrinsic pathway (Figure 1.8) (reviewed in
(139-141)). The extrinsic pathway is initiated by the stimulation of death receptors of tumor
necrosis factor (TNF) receptor family such as CD95 (APO-1/Fas) or TNF-related
apoptosis-inducing ligand (TRAIL) receptors (/39). Binding of death ligands such as FasL
to death receptors Fas results in formation of homotrimeric ligand-receptor complex that
further recruits cytosolic factors such as FADD and capsape-8 to form an oligomeric death-
inducing signaling complex (DISC). This leads to the activation of initiator caspase-8
which in turn cleaves and activates the effector caspase, caspase-3. The intrinsic apoptotic
pathway is generated in response to a wide range of death stimuli that are generated from
within the cell and are all wired to a mitochondrion-centered control mechanism (reviewed
in (142)). Some of the well characterized mitochondrial factors are cytochrome-c,
apoptosis-inducing factor (AIF), Smac (second mitochondria-derived activator of
caspase)/DIABLO (direct inhibitor of apoptosis (IAP)-binding protein with low pI), Endo
G (endonuclease G) and OMI/Htra2 (high-temperature-requirement-protein A2). The
release of cytochrome-c from mitochondria into the cytosol triggers caspase-3 activation
through formation of cyt-c/apafl/caspase-9-containing apoptosome complex, whereas
Smac/DIABLO and Omi/HtrA2 promote caspase activation through neutralizing the
inhibitory effects of the IAPs (/4/). The two pathways are interconnected and the



26

molecular basis for the crosstalk between extrinsic and intrinsic pathway has been
established (reviewed in (/43, 144)). Upon death receptor triggering, caspase-8 can cleave
Bid, a Bcl-2 family protein with a BH3 domain only, which in turn translocates to

mitochondria to release cyt-c thereby initiating mitochondrial amplification loop.

Extrinsic pathway Intrinsic pathway

Figure 1.8: Overview of the Extrinsic and Intrinsic Apoptotic Pathways. Taken from
Lamkanfi e al. 2010 (141)

PARP-1 which functions in DNA damage detection and repair, is one of the early
substrates to be cleaved during apoptosis by two pro-apoptotic proteases, caspase-3 (7, 145)
or caspase-7 (145, 146) at 2pEVD? site producing a 24-kDa DBD and signature 89-kDa



27

(previously known as 85-kDa) CD fragment essentially inactivating PARP-1 (/47). This
cleavage is hallmark of apoptosis and prevents additional PARP-1 activation thus ensuring
cellular ATP store for the execution of apoptosis (reviewed in (/48, 149)). The 24-kDa
DBD can bind irreversibly to DNA strand breaks (/50) and acts as a transdominant
inhibitor of active PARP-1, thus inhibiting the DNA repair (/5/) or stimulating cell death
(152). The 89-kDa fragment retains a low basal activity but is not stimulated by DNA
strand breaks (/53) and interacts with intact PARP-1 inhibiting the homodimerization

during UV-induced apoptosis (154).

Preceding PARP-1 cleavage, in response to different apoptotic stimuli, an early and
transient burst of poly(ADP-ribosyl)ation of nuclear proteins including p53, DNA-PK and
lamins have been reported in different cell lines (155). One of the suggested roles for this
modification is that this post-translational modification will be modifying many anti-
apoptotic/pro-apoptotic substrates, cell cycle regulatory proteins, protein kinases and
structural proteins altering their physical, biochemical and regulatory functions.
Additionally, this observation was not found in PARP-1 knockdown or PARP-1 inhibited
cell lines suggesting role of PARP-1 and PAR in the course of apoptosis. Subsequently, the
degradation of PAR by PARG followed by cleavage of PARP-1 promotes apoptosis (156).

Studies using caspase-resistant or uncleavable PARP-1 ('"DEVD/AM retaining its

DNA-binding and catalytic activity provided the role of PARP-1 during apoptosis (157-
160). The introduction of this uncleavable PARP-1 in cells has varied response such as,
survival (/57), enhanced (/60) or delayed cell death (/58) or induction of necrosis (/59)
depending on cell type and apoptotic stimulus, supporting the hypotheses for PARP-1

cleavage as inactivation of survival-factor for efficient apoptosis or a switch to necrosis.

In addition to caspase-dependent apoptosis, mammalian cells can also undergo
caspase-independent apoptosis that is mediated by the dissipation of inner mitochondrial
potential and the release of a mitochondrial oxidoreductase AIF from the mitochondria.
Extensive DNA damage provoked by high doses of alkylating agent such as MNNG or
NMDA triggers PARP-1 over activation and release of AIF from the mitochondria (/61-
163). The release of AIF from the mitochondria is PAR-dependent. (/64, 165) and this
form of caspase-independent cell death is termed parthanatos (/66, 167). Following nuclear
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translocation, AIF associates with YH2Ax and cyclophilin A and causes nuclear chromatin

condensation as well as large scale (~50 kb) DNA fragmentation (161, 168).

1.6.5.2 PARP-1 in Autophagy

Diverse experimental evidence has shown that cells can also die through an
alternative caspase-independent pathway known as autophagy (reviewed in (169)).
Autophagy is hallmarked by accumulation of double membrane vesicles that sequester and
target cytoplasmic components such as mitochondria for lysosomal degradation in a
process dependent on autophagy proteins which are encoded by autophagy-related genes
(ATGs) (170). This primarily acts as a protective mechanism in normal cells in response to
nutrients depletion (/70) but persistent autophagy with excessive degradation of cell
components can lead to cell death and is usually accompanied by inhibition of the
phosphatidylinositol ~ 3-kinase/protein  kinase mammalian target of rapamycin
(PI3kinase/Akt/mTOR) signaling pathway, which is the main regulator of autophagy. (171).
Autophagy and apoptosis can be triggered by common upstream signals, resulting in
combined autophagy and apoptosis or they can be mutually exclusive. There have been
recent advances in understanding in the crosstalk between autophagy and apoptosis.
Recently, a gene network signaling model has also indicated a central role for Bcl-2 and
Beclin 1 in the apoptotic and autophagic responses (/72) wherein the binding of apoptotic
proteins, Bcl-2 and Bcl-xL, to beclin (/73), or caspase-3-mediated cleavage of Beclin-1

inhibits autophagy (174).

Recently few papers have shown role of PARP-1 in autophagy following DNA
damage by various stimuli such as doxorubicin and ROS generated by starvation (175-178).
In starvation-induced autophagy (Figure 1.9), the overactivation of PARP-1 in response to
ROS-induced DNA damage lead to NAD" and ATP depletion, leading to energy collapse
and generates a feedback loop to reactivate autophagy. The net consequence of NAD/ATP
depletion activates the energy sensing LKB1-AMPK pathway and induces autophagic state
through inhibition of mammalian target of rapamycin (mTOR) (776, 178). However, in the
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absence of PARP-1 or PARP-1 inhibition, where ATP depletion is reduced apoptosis is

favored over autophagy.

Figure 1.9: PARP-1 in starvation-induced autophagy. Taken from Rodriguez-Vargas et
al. 2012 (175)

1.6.5.3 PARP-1 in Necrosis and Necroptosis

Necrosis is considered as a passive, non-apoptotic and caspase-independent cell
death. It is marked by distinct features such as, mitochondrial depolarization, depletion of
intracellular ATP, enhanced ROS generation, activation of non-apoptotic proteases such as
cathepsins and calpains, loss of cell membrane integrity and release of the cytosolic
contents such as high-mobility group box 1 (HMGBI) into the surrounding extracellular
space (179-181). PARP-1 has been shown to mediate cell death via both apoptosis and
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necrosis. The severe DNA damage induced by various DNA damaging agents including,
MNNG (182, 183), H,0; (184), peroxynitrite and NMDA (/85) causes over-activation of
PARP-1 leading to a severe depletion of NAD/ATP store, irreversible cellular energy
failure and necrotic cell death (738, 186). Alternately, rapid depletion of NAD"/ATP can
also lead to rapid intracellular acidification and necrosis due to release of protons from
NAD" during formation of polymer (/87). In addition, prevention of acidification shifted
mode of cell death from necrosis to apoptosis. PARP-1 inhibition (/88) or PARP-1 gene
deletion (86) can inhibit both depletion of NAD/ATP and induction of necrosis.

PARP-1 cleavage typical of necrosis is characterized by the appearance of major
fragments of 50-kDa and minor fragments of 40- and 35-kDa, caused by lysosomal
proteases that are released during necrosis (/89, 190). Granzyme B, a serine protease (/91)
and cysteine protease calpain (/92) also has been demonstrated to cleave PARP-1 typical of
PARP-1 necrotic cleavage, a 64-kDa and 40-kDa, respectively.

However, necrosis can also occur in a regulated manner by a set of signal
transduction pathways and catabolic mechanisms. Necroptosis is such a recently identified
programmed necrosis that shares features of necrosis and depends on the serine/threonine
kinase activity of receptor-interacting protein 1 (RIP1) (793, 7/94). Among the death
receptors-induced necroptosis (reviewed in (193-195)), the Tumor necrosis factor-a/TNF
Receptor 1 (TNF-o/TNFR1) can mediate NF-kB activation, apoptosis and necroptosis
(Figure 1.10) (/96). Stimulation of TNFR1 by TNFa leads to the formation of an
intracellular complex at the cytoplasmic membrane (complex I) that includes TNFR-
associated death domain (TRADD), TNFR-associated factor 2 (TRAF2), RIP1, and cellular
inhibitor of apoptosis 1 (cIAP1). Ubiquitination of RIP1 by cIAPI recruits NEMO, a
regulatory subunit of the IKK complex and acts as a cytoprotective mechanism by NF-xB
activation and transcriptional upregulation of pro-survival genes. RIP1 ubiquitination
influences the transition from complex I to complex Ila. Upon deubiquitination of RIP1 by
cylindromatosis (CYLD), RIP1 is involved in the formation of complex Ila which includes
TRADD, Fas-associated protein with a death domain (FADD), RIP1 and caspase-8. This
complex Ila activates a caspase cascade to mediate apoptosis. Under apoptosis-deficient

conditions or when caspase-8 is inhibited, RIP1 interacts with RIP3 to form complex IIb.
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The phosphorylation-driven assembly of RIP1-RIP3 complex (necrosome) activates the
necroptosis. However, necroptosis specifically can be inhibited by necrostatin-1 (Nec-1),

which inhibits RIP1 kinase activity thereby blocking the assembly of necrosome, (797).
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Figure 1.10: The signaling complex of necroptosis. Taken from Yuan et al. 2010 (196)

There has been contrasting evidence on role of PARP-1 in necroptosis. It has been
shown that PARP-1 activation is potentially not involved in necroptosis in Jurkat and
BALB/c 3T3 cells (197). However, recently a paper has implicated PARP-1 activation and
AIF translocation in glutamate-induced necroptosis in HT-22 cells (/98). Regulated
necrosis can also be induced by alkylating DNA damage possibly by the over-activation of
PARP-1. Studies from Susin’s group has proposed MNNG-induced AIF-mediated
necroptosis (/99) which is regulated by sequential activation of calpain, Bid and Bax (200)
Interestingly, in a genome wide screening for genes, Hitomi et al have revealed PARP-2 as

one of the core regulators of necroptosis (195).
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There are different ways in which PARP-1 is implicated in different modes of cell
death as described above. Figure 1.11 shows the involvement of PARP-1 in apoptosis,
necrosis, AIF-mediated cell death and autophagy. Nevertheless, there are several other cell
death forms such as anoikis, entosis and many others (reviewed in (/36)) and whether

PARP-1 has any role in any of these is not yet known.
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Figure 1.11: PARP-1 in different cell death processes. Modified from Hong ef al. 2004
(201)
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1.7 Different approaches to study PARP-1’s functions

In any experimental system, targeting both PARP-1 protein and its catalytic activity
is important to understand the physiological role of PARP-1. Many approaches such as, in
vitro random mutagenesis, PARP-1 antisense oligonucleotides and overexpression of
dominant-negative PARP-1 mutants have been used to antagonize PARP-1 activity. Below

1s the brief summary of other approaches that are currently in use.

1.7.1 PARP-1 knockout mice

The observations from three independently constructed PARP-1 knockout mice,
revealed an instrumental role of PARP-1 in survival and cell death (reviewed in (86)).
Although all three PARP-1 knockouts were viable and fertile, the knockout of PARP-1
gene rendered different phenotypes including genomic instability, defective DNA repair
pathway and sensitivity to genotoxic chemicals or radiation. On the contrary, genetic
depletion of PARP-1 protected these mice from several DNA-damage dependent
pathophysiological conditions such as streptozotocin-induced diabetes, Lipopolysaccharide

(LPS)-induced septic shock and cerebral ischemia (Table 1.3).

1.7.2 Pharmacological inhibitors of PARP

PARP-1 often referred to as “guardian angel of DNA” has received a much greater
attention for potential therapeutic reasons. The chemical inhibitors employed as NAD"
competitive inhibitors or analogs effectively abolish PARP-1 activity. Of the known DNA-
repair inhibitors, PARP-1 inhibitors are furthest in clinical trial for cancer (reviewed in
(202)). Currently, PARP-1 inhibitors are used as a chemopotentiator with chemo and
radiosensitizing agent (TMZ, topoisomerase I inhibitors and ionizing radiations) that could
compromise the cancer cell DNA repair mechanisms (reviewed in (90)) or as a stand-alone
therapy for tumors that are deficient in certain DNA repair mechanisms (BRCA-1/2
deficient cells) (203).
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1.7.3 PARP-1 RNA-interference

Silencing or ablation of gene expression by RNA-interference (RNAi) is a
methodology for the analyses of gene function. Our lab has designed a simple and cost-
effective system to achieve stable depletion of PARP-1 by RNAL1 thus providing a system to
study loss of PARP-1 protein and its activity in different cellular processes (204). Using
this approach, studies from our lab and other labs have confirmed the role of PARP-1 in
DNA repair (130), chromatin remodeling (205), transcription and angiogenesis (206).

RNALI is discussed in detail in section 1.9.

Table 1.3: Phenotypes of the various PARP-1 knockout mice and derived cell lines.
Taken from Shall and de Murcia 2000. (86)

Constructs Phenotype
KO 1 (disruption Mice healthy and fertile. Impaired fibroblast
of the 2nd exon) and thymocyte proliferation after gamma-irradiation.

Decreased ability to repair DNA damage

induced by MNNG

Hypersensitivity to whole body gamma-radiation
Increased genomic instability (SCE, micronuclei)
Telomere length deregulation

p33: low basal level, defective post damage
induction, normal transactivation

Accumulation of DNA breaks following
Streptozotocin treatment.

Pancreatic islet cells are resistant to the

toxicity of NO and ROI

Protection against peroxynitrite-induced arthritis
Protection against MPTP-induced Parkinsonism
Protection against Streptozotocin-induced diabetes.
Defective induction of NF-kB

Resi ce to cerebral isch

Resistance to LPS-induced septic shock
KO 2 (disruption Extreme sensitivity and high genomic instability
of the 4th exon) of mice (SCE, chromatid and chromosome breaks)

following MNU exposure and gamma-irradiation.
Acute radiation toxicity to the small intestine.
High sensitivity of splenocytes and bone
marrow cells to MNU exposure, G2/M
accumulation and apoptosis.
P33 accumulation following DNA damage
(MNU, MMS).
Sensitization to camptothecin
Growth dation, G2 /M acc
chromosome instability (micronuclei), severe DNA
repair defect in the BER pathway in PARP-deficient
3T3 cells exposed to MMS. Normal NER
Resistance to VP16 due to decresease
expression of Topo 1B
Protection against Streptozotocin-induced diabetes
Defective induction of NF-kB
Resistance to LPS-induced septic shock

KO 3 (disruption Reduced survival of PARP-deficient ES cells after

of the 1st exon) MMS treatment and gamma-irradiation
p33 accumulation following gamma-irradiation
Protection against Streptozotocin-induced diabetes
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In short, PARP-1 and its catalytic activity play a crucial role in recognition of DNA
damage, which on one hand could facilitate DNA repair at lower levels of DNA damage via
chromatin remodeling and recruitment of DNA repair factors, and on the other hand,
mediate cell death at higher levels of DNA damage. In the context of PARP-1, the focus
of our laboratory is on understanding the roles of PARP-1 in cellular responses to UV
radiations, such as, DNA damage, repair, cell death and carcinogenesis using mice and
cellular models. To understand how PARP-1 may be involved in different cellular
responses to UV radiations, first it is essential to understand how UV can potentially trigger
different signaling pathways at cellular level. In the following section I will briefly describe
the different cellular responses to UV and involvement of PARP-1 in response to UV

radiations.

1.8 Ultraviolet (UV) spectrum and cellular UV damage responses

The ultraviolet (UV) spectrum of sunlight is conventionally divided into short
wavelength UVC (200-280 nm), mid wavelength UVB (290-320 nm), and long wavelength
UVA (320-400 nm). Of the three components of solar UV radiation, only UVA and UVB
reach the surface of earth. The UVC fraction of sunlight is entirely absorbed by
stratospheric  oxygen (O,), which subsequently undergoes decomposition and
recombination reactions, giving rise to ozone (Os). The resulting O3 molecules can function
as a filter and absorb the majority of UVB. Thus, the solar UV wavebands that reaches the
surface of the earth, and as such is of relevance for photocarcinogenesis, is UVA and UVB,

which comprise 95% and 5% respectively, of the terrestrial sunlight UV (reviewed in

(207))

The genomic DNA represents the main cellular chromophore with absorption
maximum in the UV region (200-290 nm) and thus a direct target for UVB and UVC
irradiation, while UVA induces damages mediated by oxidative stress. At the molecular
level, UVB radiation causes two types of DNA damages: (i) direct DNA photolesions such
as, CPDs and 6,4-PP, which are repaired by NER and (i1) oxidant-induced DNA damage
such as SSBs and (8-0x0G), which are repaired by SSBR and BER. The unrepaired DNA
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damages induce cell death thereby eliminating harmful mutations and preventing

progression of skin cancers (208).

Both DNA damage and oxidative damage caused by UV radiations provoke
adaptive cellular and defensive responses that involve activation of several signaling
cascades which could originate in the nucleus, at the cell membrane or in the cytoplasm
(Figure 1.12) thus leading to cell cycle arrest, DNA repair or cell death (209). The
unrepaired DNA damages can induce cell death or in case of repeated exposure or undue
delay in DNA repair, can also lead to mutation, pro-inflammatory response leading to
photocarcinogenesis (208). In response to DNA damage, first response is the cell cycle
arrest to allow the repair of DNA lesions. Following UV radiations, a family of
phosphoinositol-3-phosphate kinase ATR/Chkl, jun N-terminal kinase and p38 kinase
pathways are activated. ATR phosphorylate checkpoint kinases Chkl, as well as p53,
which block cell cycle progression by inhibiting cyclin-dependent kinase activity (210).
p53, a tumor suppressor protein, also plays a very important role in controlling cellular
growth, cell cycle arrest and apoptosis. In response to UV, p53 is phosphorylated by
kinases such as JNK (2717), p38 (212), and the phosphorylation status of p53 determines the
cell cycle arrest or the apoptosis. In response to UVB, p53 induces cell cycle arrest by
transactivation of different genes including p21, Gadd45, 14-3-3 (reviewed in (213, 214)).
The stabilization of p53 is also known to transactivate the pro-apoptotic genes such as Bax,
Noxa and Puma (215). Additionally, UV radiation also induces AP-1 family of genes (Fos
and Jun family), which control growth and differentiation responses which determine

carcinogenic response to UV.

Apart from DNA damage, UV can also mediate signaling by activation of MAPK
pathway (216). MAPK, the serine/threonine kinases can generate both pro-survival or cell
death signal. The p38a is a known transducer of survival signals via NF-xB in UV-
irradiated cells (2/7) and in human keratinocytes UVB activates the p38a and ERK kinases
via reactive oxygen species providing a pro-survival signal (2/8). Similarly, UVB-induced
ERK/AKT-dependent PTEN suppression promotes survival of epidermal keratinocytes

(219). UV radiations can also induce cell death. In keratinocytes in response to UV,
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apoptosis can also be mediated by caspase-mediated cleavage and activation of PKC, which
potentiates the caspase-activation and disruption of mitochondnal function (220). Signaling
by clustering of several surface receptors such as TNFRI1 or Fas family can cause UV-

induced apoptosis which is mediated by activation of caspase-8 (221).
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Figure 1.12: Nuclear and non-nuclear signals leading to UV-induced apoptosis. Taken
from Vodenicharov, M.D. and Shah, G.M. From DNA photolesions to mutations, skin
cancer and cell death, Vol 4, 247-267. New York: Elsevier, 2005 (209)

The DNA damage caused by UVB can also contribute significantly to the
development of sunlight-induced skin cancers, which is specifically due to compromised

NER pathway. However, one of the early responses to DNA damage induced by various
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stimuli including UVB is PARP-1 activation as described before in the thesis. In the

following section I will focus on role of PARP-1 in different cellular responses to UVB.

1.8.1 Role of PARP-1 in cellular responses to UVB

In response to UV, PARP-1 activation has been shown to participate in DNA repair
and cell death.

1.8.1.1 PARP-1 in UVB-induced DNA damage

PARP-1 activation has been implicated in the repair of UVB-induced DNA damage.
The inhibition of PARP-1 activation by DPQ or overexpression of PARP-1-DBD delays the
DNA repair of UVB-induced CPDs (222). Interestingly, Cockayne syndrome B (CSB)
deficient cells showed similar repair delay as in PARP-1 inhibited cells implicating, PARP-
1 and poly(ADP-ribosyl)ation in a repair pathway dependent on CSB protein (222). PARP-
1 was shown to interact and poly(ADP-ribosyl)ate CSB protein in response to oxidative
stress (223). PARP-1 is also known to be activated during BER of UV-induced oxidative
DNA damage. In a polf null cell line, PARP-1 activity is required to remove oxidative
DNA damage (/02). Additionally, in response to UV-induced DNA direct photolesions
CPDs such as T-T dimer, PARP-1 is immediately attached to chromatin DNA containing
T-T lesions indicating early lesion recognition role of PARP-1 (137). Also, PARP-1 is also
activated in the vicinity of UV-induced DNA damage to form pADPr, indicating its
possible role in either chromatin remodeling or transmission of damage signal to
downstream NER events. In NER proficient cells, the PARP knockdown decreases the
DNA lesion repair by both GG-NER and TC-NER after exposure to UVB and UVC (130).

1.8.1.2 PARP-1 in UVB-induced cell death

PARP-1 activation has been linked to UVB-induced apoptosis in cultured cell or in
mouse epidermis (224, 225). The UVB-induced apoptosis can be mediated via three ways
(1) by UVB-induced DNA damage (ii) activation of death receptors and (iii) by reactive
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oxygen species (ROS) within the cell. PARP-1 activation has been linked to UVB-induced
apoptosis in cultured cell (225). Also in mouse epidermis inhibition of PARP-1 activation
by PARP inhibitor (BGP-15M) on a hairless mice model (224) and by DHQ on epidermis
of SKH-1 mice reduces UVB-induced cell death (226) Also, in HeLa cells, the
overexpression of N-terminal DBD fragment (24kDa) of PARP-1 has shown to stimulate
UV-mediated apoptosis (/52) and the C-terminal fragment (89-kDa) interacts with intact
PARP-1 and inhibits the homodimerization during apoptosis (/54) suggesting cleavage of
PARP-1 and inhibition of PARP-1 activity in maintaining the basal cellular energy required

for the completion of UV-induced apoptosis.

In short, PARP-1 could play a role in different signaling pathways generated by UV
radiations. Thereby, the first part of my thesis (chapter 2) is focused on the role of PARP-1
in cellular response to UVB in a cellular model in which PARP-1 was knockdown by DNA
vector-based RNAi. In the next section, I will briefly describe general guidelines for

designing RNAi-inducing molecule such as siRNA and the RNAi mechanism.

1.9 The RNA interference

The phenomenon of RNA interference (RNAi1) was first introduced by Fire and
Mello to describe the observation that a double-stranded (dsRNA) that was homologous to
a specific gene when injected in the C. elegans can block gene expression more effectively
than either strand (sense or antisense) individually (227). However, the molecular trigger or
the mechanism of RNA1 was not clear. Gene silencing studies in plants and biochemical
analysis of RNAi in Drosophila lead to discovery of silencing intermediate of 25
nucleotides (nt) and similar 21-23 nt in plants (228) and Drosphila cell extracts
respectively, suggesting that dsSRNA is converted to shorter intermediates, small interfering
RNAs (siRNAs) capable of binding to target mRNAs and causing its degradation (229-
231). Years before the discovery of RNAi and siRNAs, similar endogenous 21-nt non-
coding regulatory small RNA /in-4 (232) and let-7 (233), which controlled developmental
timing in nematodes by modulating expression of genes at the post-transcriptional level was

discovered and were termed as microRNAs (miRNAs) (reviewed in (234)). This miRNA
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duplex has eventually the same structure as double stranded siRNA (2335), except that the
miRNA duplex is partially paired and regulates expression of its target gene mainly via
translational repression whereas siRNA achieves the same end-result by target mRNA

cleavage (236).

Advancement in research on the generation of mature miRNA from primary and
precursor miRNA (pri- and pre-miRNAs) by a series of proteins and enzymes including the
endoribonuclease Dicer (237) and subsequent implication of RNA-induced silencing
complex (RISC) in silencing the target gene of miRNA led to realization that RNAi by
exogenously introduced dsRNA or endogenously produced miRNAs shares the same core
components, although some specialization do exist (reviewed in (238)). Since then, the
experimental use of RNAI, based on co-opting miRNA pathway developed into a powerful
reverse genetic tool to identify gene function by silencing a specific gene in organism or
cell (Figure 1.13) (reviewed in (239)). Here, in this thesis, I will mainly focus on the
biogenesis and function of siRNAs and the purported use of RNAL1 as a tool to study gene

function in different cellular processes including cell death.

1.9.1 Tools of RNAIi

The very key trigger of RNAL1 is the 21-nt siRNA. Currently there are two ways to
harness the endogenous RNAI: either by direct delivery of chemically synthesized siRNA
(21mer) into the cytoplasm (235); or by introducing a 27mer or viral/plasmid vector that
directs expression of a short hairpin (shRNA) that would then be processed by
endoribonuclease Dicer into siRNA (240, 241)

1.9.1.1 21mer/siRNA

In mammalian cells utilization of in vitro synthesized siRNA ~21-nt in length is
long enough to induce sequence-specific mRNA degradation, but short enough to evade the

host interferon response (235, 242). The efficiency of siRNA varies and requires strict
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sequence specificity with target mRNA. To achieve optimal RNAi efficiency, siRNA
duplexes are composed of 21-nt sense and 21-nt antisense siRNAs, selected in order to
form a 19-nt perfect base-pairing duplex with 2-nt 3° overhangs. The 2-nt 3’ overhang of
both strands is composed of 2’-deoxy-thymidine/uridine residues (235, 243). The RNA
strand whose 5’-end is less stably paired (preferably with more A/U nucleotides) with
complementary strand is chosen as the guide (or antisense) strand and the other strand, is
known as passenger (or sense) strand homologous in sequence to the mRNA. The 5’-end of
the antisense strand contains a phosphate group, which is essential for guide strand uptake

into the nuclease complex RISC (229) and sets the ruler for target mRNA cleavage (243).
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42

1.9.1.2 27mer dsRNA

The chemically synthesized longer dsRNAs duplexes of 27-nt length with 2-nt 3’-
overhangs were 100-fold more potent than the corresponding conventional 2 1mer siRNAs
and importantly, were short enough not to activate the interferon response or protein kinase
R (PKR) in mammalian cells (240). These long dsRNA showed enhanced efficacy and
longer duration of RNAI at lower concentrations than 21mer siRNAs and were also suitable
to target sites which were refractory to silencing by 21mer siRNAs (240). The increased
potency of 27mer was attributed to Dicer processing of these long dsRNA duplexes to

generate siRNAs thus, conferring functional polarity and incorporation into RISC (244).

1.9.1.3 shRNA

Both 21mer and Dicer-substrate 27mer RNAI initiating molecules do not have long
half-lives once transfected into cells and thus, the inhibition of target gene is for limited
duration (4-6 days) (reviewed in (245)). To achieve long-lasting gene silencing, several
laboratories created plasmid or viral based vectors in which gene-targeting DNA sequences
are linked to specific promoters which permit an accurate transcription from these vectors
to form a small defined length RNA that can fold itself into a short hairpin structure
(shRNA). This shRNA resembles the pre-miRNA and can be a steady and permanent
source for supply of mature siRNA to achieve stable knockdown of the target gene (246,
247). These shRNAs modeled conceptually on pre-miRNAs avoid interferon induction
(248, 249). The first generation of shRNA-vectors carried Pol III promoters (U6 or Hl)
which are known for accurate initiation of transcription at defined nucleotides (G/A),
termination of transcription at 3’ end with a stretch of 4-5 thymidines (Ts) and these
noncoding transcripts are not capped or polyadenylated at 5° and 3’ ends, respectively.
Viral/plasmid-based expression vectors encoding short hairpin RNAs contains 19-29-nt
stems that match target sequence precisely, 3-9 nt loops and 3’ overhangs of 4 or fewer
uridines (241, 250) . This shRNA are then processed by endoribonuclease Dicer to generate
active siRNAs with structural feature required for effective RNAi (257). Stable suppression



43

of gene expression can be achieved using retroviral vectors or by positive selection of

integrated plasmids.

1.9.2 Molecular and structural biology of Initiator and Effector machinery of RNAi

Mechanistically RNAi could be divided into two steps: an initiation step involving
generation of siRNAs from long dsRNAs (27mer) or shRNAs by Dicer a member of RNase
III family (237); and an effector step whereby the siRNA becomes part of effector
machinery to carry out the nucleolytic destruction of the targeted mRNA (238). This is
achieved by RISC and a member of Argonaute family (reviewed in (252)).

1.9.2.1 Dicer

Dicer, a 1922 amino acid protein is a multidomain endoribonuclease of RNase III
family that is responsible for processing of dsSRNA or pre-miRNA to characteristic 21-23 nt
siRNAs or miRNAs (237, 253). Human Dicer has several domains (Figure 1.14) that
include a Helicase/ATPase domain, Domain of Unknown Function 283 (DUF283), PAZ
domain, two neighboring catalytic RNase III domains (RNase IIla and RNase IIIb) and
dsRNA binding domain (dsRBD) (254). Dicer functions as a monomer having only one
dsRNA processing center, containing two catalytic centers formed through intramolecular
dimerization of the two RNase III domains, assisted by dsRBD and PAZ domain. The PAZ
domain of Dicer contains a hydrophobic protein fold that specifically recognizes dsRNA
containing 2-nt 3’-overhangs (254) and dsRBD is assumed to be involved in binding the
dsRNA to Dicer. The distance between the PAZ domain and the active sites of both RNase
III domains (~65A) and the distance between two active sites of the RNase III domains
(~17.5A), matches the length of 25 dsRNA base pairs and the distance between the two
scissile phosphodiester bonds in the substrate, respectively (254, 255). The residues
Asp1320 and Glul564 in RNase IIla domain and Asp1709 and Glul813 in RNase IIIb are
required to cleave each strand of the long dsRNA to leave the siRNA with 2-nt 3’-overhang
(254). In mammalian species Dicer has two dsRBD cofactors PACT (protein Kinase R
Protein Activator) (256) and TRBP (HIV-1 transactivating response RNA-binding protein)
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(257, 258). TRBP binds and stabilizes Dicer and is known to stimulate the dicing activity of
Dicer (253).

1.9.2.2 RNA-induced silencing complex (RISC)

RISC is a preformed and fractionable ribonucleoprotein complex containing guide
strand of a siRNA as an integral component (229, 231, 259). Using size exclusion
chromatography a size range of 140-550 kDa was suggested for the RISC, depending on
the model system and the presence or absence of protein cofactors (reviewed in (260)).
Various RISC component proteins have been identified and the first and core component of
this complex was Argonaute 2 (Ago-2) and was always present in the various purifications
of the RISC from different species (267). It has been shown that hAgo2 and siRNA form
minimal RISC nuclease (mature or active RISC) that accurately cleaves substrate RNAs
(262, 263). RISC assembly is a key process in small RN A-mediated silencing and involves
two successive steps RISC loading and RISC unwinding/activation of small RNAs (252).
Once programmed with small RNA, RISC mediates gene silencing by distinct mechanisms,
working at (a) the transcript level by sequence-specific degradation of mRNA targets
(mechanism used by siRNA), (b) the level of protein synthesis by translational repression
which is often used by miRNAs for endogenous gene regulation, or (c) the level of genome

itself through the formation of heterochromatin (260, 264).

Figure 1.14: Model for Dicer catalysis. Taken from Hammond, S M. (2005) (238)
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1.9.2.3 Argonaute (Slicer)

Argonaute proteins (~100-kDa) are highly basic proteins and form a large,
evolutionarily conserved gene family in eukaryotes (reviewed in (265)). The eukaryotic
Argonaute family can be classified into three paralogous groups: Argonaute (Ago), Piwi
and Group 3 or WAGOs (worm-specific). All Ago proteins possess four distinct domains:
the N-terminal, PAZ, MID and PIWI domains. The PAZ domain of argonaute proteins is
structurally and functionally similar to the PAZ domain of Dicer (237) and is implicated in
the binding of 3’-ends of single-stranded RNA (ssRNAs) allowing rest of the siRNA to
bind to the target mRNA (266, 267). The 5’-end of small RNA is anchored by a divalent
cation at the interface between the PIWI and Mid domain (268, 269). In case of perfect
sequence complementarity between guide (siRNA) and target RNAs, the PIWI domain of
catalytically active Ago adopts an RNase H type fold and hydrolyses target RNA using
RNase H-like mechanism (270). Upon hydrolysis, the RNA is cleaved into two fragments,
leaving a 5’-phosphate on one product and a 3’-hydroxyl on the other. This activity has
been dubbed ‘slicing’ of target RNA (270). In case of imperfect base-pairing during target
recognition by miRNA, mRNA 1is not cleaved. In mammals, a functional RISC contains
four argonautes (Agol-Ago4) and all four binds to siRNAs and miRNAs at similar levels,
but only Ago2 displays a slicer activity (271, 272). The cleavage-competent Ago proteins
have Apartate-Aspartate-histidine (DDH) motif for catalysis and requires binding of
divalent cations for their endonucleolytic/slicer activity (268, 270, 273).

1.9.3 Detailed Mechanistic overview of RNAi

The understanding of RNA1 mechanism mainly came from Drosophila systems and
1s proving to be very similar in mammalian systems (reviewed in (274)). However, the
mechanism of RNA1 is very complex and constantly under review as new knowledge
emerges. In the subsequent sub-sections, the key steps of RNA1 have been highlighted
(Figure 1.12).
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1.9.3.1 Processing of dsRNA by Dicer

Dicer is a molecular ruler that measures and processes longer dsRNA to 21-nt
effector siRNA in a sequence-independent manner (237, 255). The PAZ domain of Dicer
recognizes the two nucleotides overhang at the 3’-end and locks the dsRNA into position
within Dicer. The dsRNA then lines up along the edges of both RNase III domains (Figure
1.13) (238). The active sites on each RNase IIla and IIIb domain contain two magnesium
atoms, essential for phosphodiester hydrolysis of the dsRNA and domain cleaves the
dsRNA to produce siRNA with 5’-phosphate and 2-nt 3’-overhang with hydroxyl group
respectively (255).

1.9.3.2 RISC loading: from siRNA formation to inactive RISC

After Dicer processing, in a thermodynamically asymmetric siRNA duplex, the
strand whose 5’end lies at the thermodynamically less stable end of the duplex is
preferentially loaded onto Ago2 as the guide strand (275) bound to the MID domain and
3’end of guide strand bound to PAZ domain (276). In mammals, Dicer-TRBP/PACT along
with Ago2 comprises the core of RISC-loading complex (RLC) (277, 278).

1.9.3.3 RISC unwinding: dissociation of siRNA duplex to form active RISC

The maturation of pre-RISC is very crucial and is achieved by discarding the
passenger strand of the duplex by two mechanisms
a. Passenger strand cleavage mechanism: In a pre-RISC loaded with a small RNA duplex,
the passenger strand can serve as the guide strand’s first RNA target (279-2817) and is
cleaved by Ago2 thus initiating the unwinding and release of mature or active RISC. The
nicked passenger strand is degraded by a RISC activator (C3PO in Drosophila and QIP in
Neurospora) that acts as endo/exonuclease respectively (282, 283). It has been shown that
an active-site mutation in Ago2 cripples the endonuclease activity impeding passenger-

strand release (279).
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b. Bypass mechanism: This is an alternative pathway, which is operational independent of
passenger strand cleavage. In this, active RISC is slower to form relying on some helicase

that 1s involved in siRNA unwinding (279).
1.9.3.4 Target mRNA recognition and slicing

The N-terminal, MID and PIWI domain of Ago protein together form a unique
structure, creating grooves for target mRNA and guide ssRNA interactions (270, 284).
RISC with ssRNA encounters target mRNA in a diffusion controlled mechanism(reviewed
in (283)). The key nucleotides (2-8) also known as seed region from the 5’-end of guide
strand contributes to mRNA recognition (286). The 5’-seed region hybridizes to target
mRNA with propagation of duplex formation towards the 3’-end. The phosphate group
between the 10™ and 11" nucleotide in the duplex 1s positioned directly in the RNase H
type fold of PIWI domain and is cleaved by Ago2 leaving products with a 5’-phosphate and
3’-hydroxyl group (287, 288). For miRNA, endogenous miRISC recognizes the 3’UTR of
target mRNA and hybridizes in an imperfect manner forming bulge structure due to
mismatches. Thus, mRNA cannot be cleaved by Ago2 and, interferes with gene expression

by mediating translational repression by sequestering target mRNA in P-bodies (reviewed

in (289)).

1.9.3.5 Dissociation from target mRNA (recycling)

RISC acts as a multiple-turnover complex and can direct many rounds of site-
specific target mRNA cleavage (277, 290). For efficient RISC turnover, the degraded
mRNA needs to be released and is generally held to be the rate-limiting step. In human cell
extracts, ATP hydrolysis is essential to accelerate degraded mRNA release and thus,
permitting RISC turnover, but this is not observed in recombinant RISC (262, 291).

In short, RNA1, a two-step mechanism has become an important tool for the gene
knockdown study in a wide range of organisms. The key players in RNAi are two

endoribonucleases Dicer-1 and Ago-2, and a siRNA. The first step involves degradation of
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dsRNA into 21 to 25 nucleotides siRNAs by Dicer-1 activity followed by incorporation of
siRNAs into an RNase complex, RISC containing Ago-2, which acts on the cognate mRNA
and degrades it. At present, RNAI is not only used to analyze gene function but it is also

giving a new shape to therapeutic gene silencing.
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1.10 Context and Objectives of the Research: PARP-1, RNAi and Cell death

PARP-1, the founding member of PARP-1 family, is a multi-functional and
abundant nuclear enzyme known to recognize DNA lesions and promote chromatin
remodeling, DNA repair and many other cellular processes, such as transcriptional
regulation and cell death (37). During apoptosis, caspase-3 mediated cleavage of PARP-1
abolishes the ability of PARP-1 to participate in DNA repair and promotes apoptosis.
Studies using caspase-3-uncleavable PARP-1 suggest that PARP-1 cleavage and
inactivation prevents energy depletion and facillitates the apoptosis (157, 158). Our
laboratory has been examining implication of PARP-1 in both DNA repair (/30, 292) and
cell death responses to UV irradiation in mouse and cellular models. In the context of
PARP-1 and UV-induced cell death, studies from our laboratory have shown that catalytic
inhibition of PARP-1 reduces UVB-induced cell death in epidermis of SKH-1 mice (226).
Also, it has been shown that PARP-1 fragments acquire dominant negative activity
repressing the PARP-1 activity to facilitate UV-mediated apoptosis (152, 154); however,
the exact molecular mechanism of UVB-induced cell death has not been elucidated. Thus,
the first objective of my PhD was to understand the role of PARP-1 in cellular response to
UVB in a cellular model in which PARP-1 was knocked down by DNA vector-based RNA1
(chapter 2). To delineate the role of PARP-1 cleavage and its catalytic inactivation in
UVB-induced cell death, we also planned to use gene rescue models, i.e., reintroduced
RNAui-resistant wild-type and caspase-uncleavable PARP-1 in PARP-1 knockdown model.
In these PARP-1-depleted or PARP-1-rescued models we examined UVB-induced cell
death response and demonstrated that PARP-1 cleavage promotes UVB-induced cell death.

Presently, RNA1 is well-exploited as a reverse-genetic tool to silence the expression
of genes and analyze their loss-of-function phenotype and gene function in different
cellular processes including apoptosis (293, 294). Generally, dsRNA duplexes
(21mer/27mer) are used for transient RNAi and plasmid/viral shRNA vectors are applied
for stable RNAI of a gene. Like RNA1, apoptosis is also an evolutionarily conserved and
tightly regulated process involving caspase-mediated cleavage of many key cellular
proteins that are involved in different cellular processes such as, cell cycle, DNA

replication, DNA repair etc (reviewed in (295)). However, it is not known whether RNA1
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would continue to function normally during apoptosis. Therefore, it was pertinent to
determine whether apoptosis can interfere with the integrity of RNAi core machinery and if
yes, how it could affect the cell death studies. Thus, in the context of RNAi and cell death,
the objectives were to perform a detailed characterization of stable and transient RNAi
during cell death. We employed a DNA vector-based stable RNAi of various genes,
including PARP-1 which was earlier established in our lab (204) to study the impact of
apoptosis on stable RNAi (Chapter 4). Though stable RNAi models are ideal for long term
and stable knockdown, they take long to establish. Interestingly, some apoptosis studies use
transient RNAI e.g., those using 21mer or 27mer dsRNA (294) or shRNA (296); thus, we
further aimed to study the apoptotic fate of transient RNAI of an exogenous gene GFP and
an endogenous gene PARP-1 (Chapter 5). In majority of the RNAI studies, knockdown
status of protein is rarely verified after the onset of apoptosis. Based on our results, we also
defined the limits and usefulness of RNAi as an approach to study functions of a gene

during apoptosis.

Furthermore, in the context of PARP-1, we reviewed (i) using specific example of
caspase-uncleavable PARP-1, how the caspase-uncleavable substrates, could be deployed
as an important cellular biology tool to unravel the role of caspase-mediated cleavage of
proteins not only in death but also in non-cell death functions (Chapter 3); (ii) the different
approaches to detect PARP-1 activation in vivo, in vitro and in situ. In this review, we
highlighted on analysis of PAR as the earliest and a useful biological parameter providing
direct proof of PARP-1 activation following DNA damage (Annex I).

References:
Please note that cited references for chapter 1 and 6 are pooled at the end of chapter 6 (page

no. 179).
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Chapter 2: Role of Poly(ADP-ribose) polymerase-1 (PARP-
1) in UVB-induced cell death in human skin fibroblasts
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2.1 Résumé en francais

En réponse aux dommages a I’ADN induits par les UVB, I’enzyme nucléaire
poly(ADP-ribose) polymérase-1 (PARP-1) est connue pour jouer un role dans la mort
cellulaire. Dans la présente étude, nous avons utilisé des fibroblastes humains exprimant
PARP-1 ou ayant subi un «knockdown» de PARP-1 (PARP-1-KD) et observé que cette
diminution de I’expression de PARP-1 confere aux cellules une résistance a la mort
cellulaire induite par les UVB. Pour comprendre si ’activité catalytique de PARP-1 et son
clivage par la caspase-3 peuvent altérer la mort cellulaire en réponse aux UVB, nous avons
restauré ’expression de PARP-1 avec soit une PARP-1 sauvage soit une PARP-1 non-
clivable par les caspases dans les fibroblastes PARP-1-KD. Dans ces cellules exprimant des
mutants de PARP-1, nous avons analysé, en réponse aux UVB, la viabilité cellulaire, la
clonogénicité et les marqueurs biochimiques de I’apoptose tels que le clivage de PARP-1 et
I’activation de la caspase-3. Nos résultats indiquent que la résistance a la mort cellulaire
induite par les UVB dans le modele de PARP-1-KD peut étre inversée par la ré-expression
de PARP-1 sauvage mais pas de PARP-1 non-clivable par les caspases, suggérant un role
facilitateur de I’activation ainsi que du clivage de PARP-1 dans la mort cellulaire induite

par les UV.
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2.3 Abstract

In response to UV-induced DNA damage, the nuclear enzyme poly(ADP-ribose)
polymerase-1 (PARP-1) is known to play a role in cell death. In the present study, we used
PARP-1-replete and PARP-1-knockdown human skin fibroblasts to understand the role of
PARP-1 in cellular response to UVB. In this model, we observed that PARP-1 knockdown
confers resistance to UVB-induced cell death. To address, whether PARP-1 catalytic
activity and caspase-3-mediated PARP-1 cleavage could alter the cell death in response to
UVB, using a gene rescue method in PARP-1-knockdown fibroblasts, we restored the
expression of PARP-1 with either wild-type or caspase-uncleavable PARP-1. In these
PARP-1 mutants, we analyzed cell viability, clonogenicity and biochemical markers of
apoptosis, such as PARP-1 cleavage and caspase-3-activation in response to UVB. Our
results indicate that resistance to UVB-induced cell death in PARP-1 knockdown model
could be rescued by wild-type PARP-1 but not by caspase-uncleavable PARP-1, suggesting
a positive role of PARP-1 activation as well as PARP-1 cleavage in facilitating UVB-
induced cell death.
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2.4 Introduction

The ultraviolet (UV) components of sunlight are considered as major environmental
factors deleterious to human health. At the molecular level, an UVB radiation causes two
types of DNA damages: (1) the direct photolesions such as cyclobutane pyrimidine dimers
(CPDs) and 6-4 photoproducts (6-4 PPs) which are repaired by nucleotide excision repair
(NER); and (ii) reactive oxygen species (ROS)-induced DNA damage such as single strand
breaks (SSBs) and 8-oxoguanine (8-0x0G), which are repaired by single strand break repair
(SSBR) and base excision repair (BER) pathways (/). Since the catalytic activation of
PARP-1 is implicated in DNA repair at lower levels of DNA damage and cell death at
higher levels of DNA damage (2), our laboratory has been examining implication of PARP-
1 in both DNA repair and cell death responses to UVB irradiation in mouse (3) and cellular
models (4-6). The implication of PARP-1 in cellular response to UV radiation has been
mainly examined at three levels to address following questions (i) Is PARP-1 activated in
response to UV irradiation and if so what is the cause for this activation (i1) Is PARP-1 or
its activation implicated in repair of UV-damaged DNA and (ii1) Is PARP-1 over-activation
after excessive DNA damage implicated in death of irradiated cells? While we have
obtained a most definitive affirmative answer for the first question (J), the second and third

questions have generated sufficient preliminary evidences and need additional work.

As for the activation of PARP-1 in response to UV, previous work from our
laboratory has conclusively established the mechanism of activation of PARP-1 by
different types of DNA damages induced by UVB (5). Additionally, data from our
laboratory shows that PARP-inhibition blocks the removal of thymine dimers from UV-
irradiated mouse skin or from UV-irradiated human skin fibroblasts (4). Overall, it is now
increasingly recognized that PARP-1 plays a crucial part in repair of UV-induced damaged
DNA by both BER and NER pathways.

However, the unrepaired UVB-induced DNA damages could induce cell death
which is known to be mediated by multiple pathways, such as continuous presence of

unrepaired UVB-induced DNA damage associated with mutated or deregulated p53 DNA
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damage response, mitogen activated protein kinase (MAPK) pathway, activation of death

receptors and by ROS generated within the cell (7).

PARP-1 activation has been linked to UVB-induced apoptosis in cultured cell as
well as in mouse epidermis (8, 9). The inhibition of PARP with 3-aminobenzamide (3-
ABA) in U937 leukemia cells has been reported to prevent apoptosis from low UVC dose
but could not protect the cells from high levels of UVC dose (&). Additionally, on hairless
mouse skin, the topical PARP inhibitor BGP-15M (O-(3-pyperidino-2-hydroxy-1-propyl)
pyrimide-3-carbocylic acid amidoxime monohydrochloride) application prevents PARP-1
activation and protect skin from acute photodamage-induced by moderate UV doses (9)
suggesting that at low levels of UV-induced DNA damage, PARP-inhibition has protective
effect.

During apoptosis, PARP-1 is cleaved by caspase-3 and 7 to 89-kDa catalytic
domain (CD) and 24-kDa DNA binding domain (DBD) (/0). This cleavage eliminates
PARP-1 activation in response to DNA damage, inhibiting its pro-survival or pro-DNA
repair role, protecting the cells from ATP depletion and contributes to progression of
apoptosis (/7). In this regard, in HeLa cells, the overexpression of 24-kDa DBD of PARP-1
has been shown to stimulate UV-mediated apoptosis (/2) and the 89-kDa C-terminal
fragment interacts with intact PARP-1 and inhibits the homodimerization during apoptosis
(12) suggesting cleavage of PARP-1 and inhibition of PARP-1 activity in maintaining the
basal cellular energy required for the completion of apoptosis. Also, in Jurkat cells, ROS
generated by UVB has been shown to be involved in mitochondrial permeabilization and

caspase-independent AIF translocation (/3).

Although the role for PARP-1 in UVB-induced cell death is known, the molecular
mechanism by which PARP-1 activation leads to cell death needs more targeted studies.
Potentially, the PARP-1 may play critical roles in interconnection between DNA damage
mediated, ROS or MAPK pathway in response to UVB. In the present study, in human skin
fibroblasts expressing wild type or caspase-uncleavable PARP-1, we have addressed the
role of PARP-1 activation and its cleavage in UVB-induced cell death. We report that
caspase-mediated PARP-1 cleavage is essential to facilitate UVB-induced cell death.
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2.5 Materials and methods:

2.5.1 Plasmids. The p3X-Flag-CMV-7.1, a 4.7 kb expression vector, was provided by
Sigma-Aldrich; Tet-Off expression system expressing caspase-uncleavable PARP-1
(pTRE-PARP-D*'¥/A) was obtained as described in (/4); an eukaryotic expression vector
pL15TK carrying the open reading frame of human PARP-1 (pPARP-31) was a kind

donation of Jan-Heine Kupper.

2.5.2 Cells. The PARP-1-replete (GMU6) and PARP-1-depleted (GMSIiP) cell lines (15)
derived from human skin fibroblasts (GM637, Coriell Cell Repository) were cultured in a
humidified incubator at 37°C in 5% CO; in a-MEM (GIBCO) supplemented with 2 mM L-
glutamine, 10% fetal bovine serum, 50 Units/mL of penicillin, 50 pg/mL streptomycin
(GIBCO); Hygromycin (200 pg/mL) was freshly added during the maintenance of GMU6

and GMSIP cells to keep selection pressure for U6 and SiP plasmid expression.
2.5.3 Construction of different PARP-1 DNA eukaryotic expression vectors.

A) Flag-PARP-1 DNA constructs. Flag-tagged expressing PARP-1 was obtained by
cloning a human PARP-1 ¢cDNA (3044bp) into BglII-Smal site of p3X-FLAG CMV 7.1
containing N-terminal Flag sequence. This Flag-PARP-1-WT construct was used as parent
plasmid to create Flag-PARP-1-D/A, the caspase-uncleavable PARP-1. The PARP-1
fragment containing D*'*—A mutation was isolated from pTRE-PARP-1-D*'*/A and was
subcloned into AscI-EcoRV site of Flag-PARP-1-WT c¢cDNA. The in-frame insertions of
wild type and mutant PARP-1 cDNA with FLAG-tag were confirmed by DNA sequencing.

B) RNAi-resistant Flag-PARP-1 DNA constructs. The p3X-Flag-PARP-1-WT and p3X-
Flag-PARP-1-D*'/A were used to generate PARP-1-siRNA resistant clones. The
resistance-conferring silent mutation was introduced in the 21mer RNA1 target sequence (5’
GGCAAGCACAGTGTCAAAGGT 3’) of PARP-1 ¢cDNA with the use of two 21-base
complementary oligonucleotides 5 GC AAG TTA CCC AAG GGG AAG CAC TCC GTC
AAG GGT TTG GGC AAA AC 3’ and 5 GT TTT GCC CAA ACC CTT GAC GGA GTG
CTT CCC CTT GGG TAA CTT GC 3’. Mutagenesis was performed by use of a
QuikChange XL Site-Directed Mutagenesis Kit (Stratagene) as per manufacturer’s

protocol. The underlined nucleotide sequences were changed to G, TCC and G
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respectively. The resulting plasmid was designated FL-PARPRSiP-WT (or GMRS1P-WT)
and FL-PARPRSiP-D*'"/A (or GMRSiP-D/A) in which RSiP refers to PARP-1 that is
resistant to siRNA of PARP-1. The introduction of the mutation was also confirmed by

sequencing.

2.5.4 Transfection. To establish stable cell lines expressing RSiP-PARP-1 mutants i.e.,
wild-type and caspase-uncleavable PARP-1, GMSIP cells were used (/5). Sub-confluent
GMSIP cells were cultured in 10-cm dishes and were transfected with 9 ng of PARP-1
plasmids (GMRSiP-WT or GMRSiP-D/A) by use of Lipofectamine (LPF, Invitrogen) as
per instructor’s protocol. For positive selection of clones all cells were co-transfected with
1 pg of pcDNA3.1/neo plasmid and clones were selected with 800 pg/mL of geneticin
(G418). The PARP-1-mutants expressing clones were maintained in medium containing
200 pg/mL hygromycin and 400 pg/mL geneticin. To minimize clone specific effects, at
least 2-3 clones for each PARP-1 phenotype were selected.

2.5.5 Polymer induction and apoptosis. For induction of apoptosis, sub-confluent cells
were left untreated or treated with 100 uM of etoposide (VP16) for 16 h. Post treatment
cells were harvested and extracts equivalent to 20 pg were resolved on 8% and 12% SDS-
PAGE, blotted on nitrocellulose, stained with Ponceau-S and subsequently probed with
monoclonal anti-PARP C-2-10 (Aparptosis, 1:10,000) and monoclonal anti-Flag (Sigma,
1:5,000). For polymer (pADPr) induction, briefly, cells were washed with PBS, exposed to
300 uM H,O; in PBS for 7 minutes and harvested for analysis by immunoblot to detect
polymer by monoclonal anti-pADPr 10H antibody (1:500).

2.5.6 Viability and Clonogenicity. For viability, cells were plated into 35-mm dishes and
were irradiated at 80% confluency with indicated dose of UVB. UVC wavelengths were
filtered out using 0.0127 cm film of Kodacel under a layer of dyeless serum-free medium in
spectrolinker XL-1500 (5). UV flux was measured using UVX digital radiometer equipped
with a probe for UVB. Treated cells were incubated at 37°C for indicated time. Then the
cells were trypsinized and the viable cells were counted based on their ability to exclude
trypan blue dye. Similarly, the cells were treated with UVB for protein extract preparation
and analyzed for PARP-1, cleaved caspase-3 and B-actin. For clonogenicity, cells were

treated as mentioned above in duplicates and were incubated at 37°C for 3 h. After the
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incubation, treated cells were washed with PBS and seeded in triplicate into 6-well cluster
(500 cells per well). Cells were then incubated at 37°C and monitored for colony formation.
After 10-15 days, cells were rinsed in PBS, fixed in 10% methanol and stained with 0.5%

crystal violet. An aggregate of >30 cells was scored as a colony.

2.5.7 Flow cytometry analysis. For FACS analysis, cells were treated with 800 J/m* UVB
as mentioned above. Following treatment, cells were harvested by trypsinization, and
suspended in ice cold PBS at a density of ~1 x 10 cells/mL. For every ImL of suspension,
1 uL. YO-PRO-1 stock solution (Vybrant® Apoptosis Assay kit, Molecular probes) was
added and the cells were incubated on ice for 30 minutes. Just before the analysis, PI at a
concentration of 10 pg/mL was added and cells were analyzed by FACS (BD FACScanto
II).

2.5.8 Statistical Analysis:

Cell viability and clonogenicity data were analyzed using GraphPad PRISM
software (version 5.01). 2way ANOVA test was performed to determine statistical
significance between PARP-1 mutants. Data are presented as mean + SEM. Results were
considered statistically significant when p< 0.001; *p-value<0.05, **p-value<0.01 and

***p-value<0.001.



2.6 Results

2.6.1 Characterization of clones expressing RNAi-resistant wild-type and caspase-

uncleavable PARP-1

Our lab has established a PARP-1 knockdown cellular model by DNA vector-based
RNAI (15) which has been used to study the role of PARP-1 in different cellular processes
such as DNA repair (6), carcinogenesis (/6, 17), gene expression and cell death (18).

To definitively exclude the possibility that the phenotype observed after RNAIi-
mediated knockdown of any gene is a non-specific or off-target effect, it is important to
demonstrate that the phenotype of the wild type can be rescued by introduction of the target
gene in a form refractory to RNAi. To achieve this in PARP-1 knockdown model, in an
eukaryotic N-terminal FLAG expression vector, we cloned the cDNA of human PARP-1
that was modified in the siRNA-21 bp target sequence (Fig. 2.1), such that, while
nucleotide sequence is altered to make it refractory to RNAI, the amino acid sequence
coded by the altered sequence remained the same as in wild type PARP-1. The mRNA
created from the wild type PARP-1 would continue to be cleaved by RNAi, while the
mutant mRNA would be spared from destruction by RNAI1 and cells would be rescued with
a fully functional PARP-1, which has the same amino acid sequence as the normal PARP-1.
To generate a RNAi-resistant and caspase-3-uncleavable PARP-1, we further carried out
appropriate change in the nucleotide sequence by site-directed mutagenesis of the cDNA of
RNAi-resistant PARP-1, such that the expressed protein is not only resistant to RNA1 but
also has an amino acid substitution D*'*—A described earlier (/4) (Fig. 2.1). Both the
RNAi-resistant PARP-1 vectors were transfected individually in GMSIP cells, which was

depleted of endogenous PARP-1, to obtain stable clones expressing PARP-1 mutants.

To characterize the PARP-1 mutant cell lines, we examined the expression (Fig.
2.2A) and the catalytic activity of PARP-1 (Fig. 2.2B) in response to DNA damage. In
GMSiP (Fig. 2.2A, lane 3) where endogenous PARP-1 was knockdown by RNAi, upon
introduction of RNAi-resistant PARP-1 vectors, we can observe the expression of wild type
PARP-1 (Fig. 2.2A, lane 5) and caspase-uncleavable PARP-1 (Fig. 2.2A, lane 7) in
GMRSiP-WT and GMRSIiP-D/A fibroblasts, respectively. We observed that expressed
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PARP-1 in these fibroblasts co-migrate with endogenous PARP-1 in GMUG6 (Fig. 2.2A,
lane 1). In GMUG6 treated with VP16 (Fig 2.2A, lane 2), PARP-1 is cleaved to 89-kDa,
which could be detected by PARP-1 antibody that detects both full length PARP-1 (113-
kDa) and 89-kDa PARP-1 fragment. We did not observe PARP-1 fragment in VP16-treated
GMSIP (Fig. 2.2A, lane 4) confirming that PARP-1 knockdown is functional. In GMRSiP-
WT since the Flag epitope is tagged at N-terminal, the 24-kDa PARP-1 fragment and the
full length PARP-1 can also be probed by a Flag antibody (Fig. 2.2A, lane 6, Flag
probing). However, in GMRSiP-D/A, PARP-1 remains uncleaved (Fig. 2.2A, lane 8) as it
can be seen from PARP-1 and Flag probing. These clones were also tested for the catalytic
activity of PARP-1 after treatment with DNA damaging agent. In response to H,O, we
detected polymers of ADP-ribose (pADPr) as probed by polymer (10H) specific antibody
in GMUG6 (Fig. 2.2B, lane 2) and cells expressing wild type PARP-1 (Fig. 2.2B, lane 6)
and caspase-uncleavable PARP-1 (Fig. 2.2B, lane 8), suggesting that the introduced PARP-
1 i1s enzymatically functional.

2.6.2 PARP-1 cleavage facilitates UVB-induced cell death

To understand whether depletion of PARP-1 affects viability of cells in response to
UVB, we exposed PARP-1 mutants, GMU6 and GMSIiP from 0 to 800 J/m* of UVB for 48
h and assessed the cell viability using trypan blue exclusion assay (Fig. 2.3A). At 48 h after
exposure to sub-lethal dose of UVB (100 J/m?), we observed no difference in cell viability
between GMU6 and GMSiP. However, with increasing dose of UVB (>200 J/mz), n
GMU6 we observed a rapid loss of cell viability in comparison to GMSiP. Statistical
significance was found between GMU6 and GMSiP at 200 J/m* (p<0.001) and at 800 J/m’
(p<0.01) dose of UVB. The measured ICs, values for GMU6 was 380 J/m? and for GMSiP
it was 700 J/m” at 48 h post UVB, suggesting a significant resistance to UVB-induced cell
death in the absence of PARP-1.

Next, we examined whether reintroduction of wild-type PARP-1 or uncleavable
PARP-1 in GMSiP cells will sensitize these cells to higher dose of UVB (800 J/m?) to the
same level as it was seen for GMUG6 (Fig 2.3B). As determined by viability at 48 h post
UVB (800 J/m?), GMRSiP-WT showed loss of cell viability (p<0.01 between GMU6 and
GMRSIiP-WT), indicating that restoration of wild type PARP-1 in GMSIP cell lines could
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rescue the phenotype to some extent to GMUG6 (p<0.001 between GMSiP and both GMUG6
or GMRSiP-WT); however, cells expressing caspase-uncleavable PARP-1 showed delay in
loss of cell viability in comparison to GMU6 (p<0.001 between GMU6 and GMRSiP-D/A)
suggesting that PARP-1 cleavage facilitates UVB-induced cell death.

2.6.3 Delayed UVB-induced cell death in cells expressing caspase-uncleavable PARP-1

Next, we examined the UVB-induced cell death in PARP-1 mutants by flow
cytometry analysis performed by YO-PRO/PI staining. YO-PRO is taken up differently by
viable, apoptotic, or necrotic cells due to differences in the permeability of their plasma
membrane. Propidium iodide (PI), a nuclear stain does not stain live or early apoptotic cells
due to the presence of an intact plasma membrane, whereas in late apoptotic and necrotic
cells, the integrity of the plasma and nuclear membranes decreases, allowing PI to pass
through the membranes and intercalate into nucleic acids thus, displaying its fluorescence.
The percentage of cells in different quadrants are represented as viable (YO-PRO7/PI),
early apoptosis (YO-PRO'/PT), late apoptosis/early necrosis (YO-PRO'/PI") and necrosis
(YO-PRO7/PT).

Following treatment with UVB at 800 J/m*, PARP-1 mutants were analyzed by YO-
PRO/PI staining from 12 h to 48 h (Fig. 2.4A). In a time dependent manner from 12 h to 48
h, UVB-treated GMUG6 cells showed a significant reduction in the number of viable cells
from 49% to 18% as compared to GMSIP (75% to 42%), suggesting a delayed cell death in
the absence of PARP-1. In GMRSiP-WT, in response to UVB from 12 h to 48 h, the cell
viability is lost from 45% to 13%, a YO/PRO staining profile similar to GMUS6, suggesting
that rescue of wild type PARP-1 restores the cell death phenotype and PARP-1 facilitates
UVB-induced cell death. In contrast, in GMRSiP-D/A, viable cells reduced from 80% to
only 45% from 12 h to 48 h in response to UVB. At 48 h post-UVB, late apoptotic/early
necrotic cells accounted for the majority of the non-viable cell population in GMU6 and
GMRSIiP-WT (60-67%) while GMSiP and GMRSiP-D/A accounted only for (40-43%) late
apoptotic/early necrotic cells, suggesting a delayed apoptotic response in GMSiP and
GMRSIiP-D/A cells.
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To confirm that the doses administered to cells induced apoptosis, we
immunoblotted the whole cell extracts of these cell lines before and after UVB (800 J/m?)
irradiation for apoptotic signature fragments of wild-type PARP-1 and cleaved or activated
form of caspase-3 (Fig. 2.4B). In GMU6 and GMRSiP-WT, the caspase-activation had
begun as early as 12 h and wild type PARP-1 was cleaved to 89-kDa fragment by 48 h.
While in GMSiP and GMRSIiP-D/A, caspase-activation began as late as at 24 h. As
expected, despite the activation of caspase-3, the mutant caspase-uncleavable PARP-1
remained intact in GMRSiP-D/A and suggest a delayed induction of apoptosis in GMSiP
and GMRSIiP-D/A.

2.6.4 Clonogenic survival of PARP-1 mutants in response to UVB

We compared the clonogenic survival of PARP-1 expressing mutants in response to
UVB (Fig. 2.5). After exposure to a sub-lethal dose of UVB (200 J/m?) as reported earlier
(6), GMSI1P cells had a lower clonogenic survival (65%) in comparison to GMU6 (91%).
Interestingly, at this dose of UVB (200 J/m2), GMRSiP-WT and GMRSiP-D/A showed a
significantly improved clonogenicity (80%) in comparison to GMSiP (p<0.001). A slight
statistically significant difference in clonogenicity between GMU6 and GMRSiP-WT or
GMRS1P-D/A was observed (p<0.05). However, at higher dose of UVB (600 J /m?), none of
the cells with different PARP-1 phenotypes retained clonogenicity.

In summary, our results show that resistance to UVB-induced cell death phenotype
in PARP-1 knockdown cells could be rescued by wild type PARP-1, but not by caspase-
uncleavable PARP-1. Also, the cells expressing uncleavable PARP-1 showed a short-term
delay in the onset of apoptosis, but conferred long term protection only at low levels of

UVB-induced DNA damage.



2.7 Discussion

PARP-1 activation is one of the major responses to UVB-induced DNA damage (5).
In the present study, using a series of skin fibroblasts with or without wild type or caspase-
uncleavable PARP-1, we have addressed whether the PARP-1 activation and cleavage play
an active role in regulation of UVB-induced cell death. As compared to PARP-1-replete
(GMUE6) cells, in our PARP-1 knockdown (GMSiP) model, we saw a delayed induction of
apoptosis in response to UVB, as measured by delay in loss of cell viability and late
caspase-3-activation. However, this phenotype could be reverted upon introduction of wild
type PARP-1 in GMSiP model indicating that PARP-1 does influence apoptosis in response
to UVB. The professed role of PARP-1 in UVB-induced apoptosis could be due to an early
and transient burst of poly(ADP-ribosyl)ation prior to caspase-3 mediated cleavage of
PARP-1 as reported by Simbulan-Rosenthal er al. (19). They showed an early burst of
poly(ADP-ribosyl)ation of nuclear proteins during anti Fas or cycloheximide-induced
apoptosis in many cells including PARP-1"" mouse embryonic fibroblasts (MEFs),
whereas no induction of apoptosis was observed in PARP-1-depleted 3T3-L1 antisense
cells or Jurkat cells and PARP-17~ MEFs, implicating poly(ADP-ribosyl)ation and
subsequent PARP-1 cleavage to prevent depletion of NAD/ATP or release of certain
nuclear proteins from poly(ADP-ribosyl)ation-induced inhibition, thus, facilitating cell
death. The other reason could be the trans-dominant inhibition of PARP-1 activity due to
the liberated PARP-1-DBD in response to UVB-induced cell death. It is reported that the
overexpression of 24-kDa PARP-1-DBD fragment produces a dominant negative effect as
it irreversibly binds to DNA strand breaks and inhibit the activity of intact PARP-1 thereby
reducing the PARP-1 mediated NAD"/ATP depletion and promoting apoptosis (20). In
addition, in HeLa cells, the overexpression of 24-kDa DBD or 89-kDa CD fragment of
PARP-1 has been shown to stimulate UV-mediated apoptosis (/2, 21) suggesting that
cleavage of PARP-1 and catalytic inactivation stimulates apoptosis by maintaining ATP

levels.

To understand whether PARP-1 cleavage is important to facilitate cell death, we
compared GMU6 with cells expressing caspase-uncleavable PARP-1 (GMRSiP-D/A) in

response to UVB. In response to various death-inducing stimuli, including DNA damaging
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agent such as N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), Staurosporine (STS) or non-
DNA damaging agent like Tumor Necrosis Factor (TNF) family receptors such as CD95 or
Fas, TNFa, cells expressing uncleavable PARP-1 showed varied responses such as survival
and proliferation (/4), delayed apoptosis (22), or increased apoptosis (23, 24) accompanied
with increased necrosis (24). In our model, GMRSiP-D/A displayed a delayed induction of
apoptosis as compared to GMUBG6. First, the probable reason could be, due to the persistence
of PARP-1 activity owing to uncleavable nature of PARP-1, which could allow PARP-1 to
participate in DNA repair. In this regard, recently we showed that in response to UV,
catalytic activation of PARP-1 is required for the efficient lesion recognition by DDB2 in
GG-NER (4). Secondly, there could be a possible delay in the progression of apoptosis due
to continuous poly(ADP-ribosyl)ation of pro-apoptotic substrates thereby inactivating the
pro-apoptotic factors. However this hypothesis needs to be validated with further
experiments. Additionally, as seen in clonogenicity data, in GMRSiP-D/A the long term
protective effect was seen only at low levels of UVB doses, indicating that in response to
high dose of UVB initially there could be an advantage for DNA repair, however, when the
DNA damages are beyond repair, the massive depletion of NAD/ATP owing to
uncleavable nature of PARP-1 will alter the balance to cell death.

In conclusion, in our model, caspase-mediated PARP-1 cleavage facilitates UVB-
induced cell death, whereas, the catalytic function of uncleavable PARP-1 could serve a
possible advantage for the DNA repair for significant amount of time before commitment
to cell death. Altogether, our data from PARP-1 mutants clearly indicates that PARP-1
activation and PARP-1 cleavage are essential for UVB-induced cell death. Nevertheless,
the role of catalytic activity of PARP-1 and its cleavage in cell death needs to be analyzed
separately using PARP-1 inhibitors, caspase-inhibitors or using catalytically inactive
PARP-1 in PARP-1 knockdown model.
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2.10 Legends to Figures

Fig. 2.1: Schematic representation of PARP-1 and RNAi-resistant wild-type and
caspase-uncleavable PARP-1 vectors. PARP-1 contains three major domains: a DNA-
binding domain containing three zinc fingers and nuclear localization signal (NLS), an
automodification domain, and a catalytic domain. Cleavage of wild-type PARP-1 at
DEVD*" by caspase-3 generates fragments of 24 and 89-kDa. With the use of site-directed
mutagenesis, Aspartate (Asp>'* or D*'*) was replaced by Alanine (A) to generate a caspase-
3-uncleavable PARP-1 mutant. SiP represents the 21 bp RNALI target sequence in PARP-1
cDNA that is targeted for knockdown by 21mer (siRNA) of PARP-1. RSiP represents the
resistance-conferring silent mutations (underlined) which were introduced in the 21mer

RNALI target sequence of PARP-1 cDNA to make PARP-1 mRNA refractory to siRNA.

Figure 2.2: Characterization of RNAi-resistant PARP-1 mutants. (A) Immunoblot of
the cells expressing PARP-1 mutants. Control and VP16 (100 pM/16 h) treated PARP-1
mutant cells were harvested and subjected to immunoblot analyses with antibodies to
PARP-1 (top panel) and Flag (middle panel). (B) Catalytic activity of PARP-1 mutants in
response to 300 uM H,0,. Control and H,O,-treated PARP-1 mutants were harvested and
subjected to immunoblot analyses with antibodies to polymer (10H) (top panel) and PARP-
1 (middle panel). Equal protein loading was verified by Ponceau-S staining (A and B;

bottom panel).

Figure 2.3: UVB response of PARP-1 mutants (A) UVB dose response for GMU6 and
GMSiP. PARP-1 mutants GMUG6, and GMSIP cells were irradiated with different doses of
UVB for 48 h and viability by trypan blue exclusion was measured. Data are represented as
the mean + SE obtained from two different experiments; cell counts were made in triplicate
for each sample. (n= 6), ***p-value<0.001 and **p-value<0.01. (B) Time course of UVB-
induced cell death in cells expressing PARP-1 mutants. PARP-1 mutants GMUS6,
GMSiP, GMRSiP-WT and GMRSiP-D/A cells were irradiated with 800 J/m? of UVB for
12-48 h and at each time point viability was measured by trypan blue exclusion assay. Data
are represented as the mean + SE obtained from two different experiments; cell counts were

made in triplicates for each sample. (n= 6), ***p-value<0.001 and **p-value<0.01.
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Figure 2.4: Cell Death Analysis (A) Flow cytometry analysis of UVB-induced cell
death. PARP-1 mutants GMU6, GMSiP, GMRSiP-WT and GMRS1P-D/A were irradiated
with 800 J/m” of UVB for 12-48 h. At each time point cells were stained with YO-PRO/PI
and then processed for flow cytometry analysis. Cell percentages represents viable (YO-
PRO7/PI), early apoptosis (YO-PRO'/PI'), late apoptosis/early necrosis (YO-PRO'/PI")
and necrosis (YO-PRO/PI") for UVB-treated PARP-1 mutants. Results shown are one
representative of two individual experiments (B) Time course of PARP-1 cleavage and
caspase-3-activation in UVB-treated PARP-1 mutants. PARP-1 mutants GMUS6,
GMSiP, GMRSiP-WT and GMRSIiP-D/A cells were irradiated with 800 J/m® of UVB for
the indicated times and whole cell extracts were prepared. Cell extracts were subjected to
immunoblot analysis with antibodies to PARP-1 and cleaved caspase-3. Actin was used as
loading control. The antibody to PARP-1 (C-2-10) recognizes both the full-length PARP-1
(113-kDa) and 89-kDa PARP-1 fragment. The cleaved caspase-3 antibody recognizes both
p19 and p17 subunit of caspase-3.

Figure 2.5: Clonogenicity of cells expressing PARP-1 mutants in response to UVB.
PARP-1 mutants GMU6, GMSiP, GMRSiP-WT and GMRSiP-D/A cells were irradiated
with indicated dose of UVB. After 3 h incubation at 37°C, UVB-treated cells were seeded
in triplicate into 6-well cluster (500 cells per well) and were monitored for colony
formation. An aggregate of >30 cells was scored as a colony. Colony forming ability is
expressed as percentage of control and was derived from 6 observations obtained in each of
the two separate sets of experiments. (n=6), *p-value<0.05, **p-value<0.01 and ***p-

value<0.001.
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2.11 Figures
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Chapter 3: Caspase-uncleavable substrates: A gateway to

understand death as well as life

(Manuscript in Submission to Cell Death and Differentiation)
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3.1 Résumé en francais

De nombreuses protéines cellulaires sont spécifiquement clivées par des caspases a
différentes étapes de la mort par apoptose. Afin de comprendre leur importance dans
I’apoptose, de nombreux mutants non-clivables par les caspases ont été créés afin
d’identifier leurs sites de clivage, les caspases responsables et I’impact de ce clivage sur les
évenements apoptotiques. Nous décrivons ici différents effets liés a I’apoptose sur environ
cinquante substrats non-clivables par les caspases dans des cellules mammaliennes. Nous
discutons des défis de I’interprétation des résultats car un seul substrat non-clivable, autre
que les caspases elles-mémes, peut retarder mais peut rarement prévenir la mort par
apoptose ou nécrose en raison du chevauchement des voies impliquées dans la mort
cellulaire et du clivage de multiples substrats durant ’apoptose des cellules mammaliennes.
Depuis peu, de nouvelles voies d’exploration émergent pour ces mutants pour étudier le
role du clivage par les caspases dans la vie plutdt que dans la mort. Les caspases sont aussi
activées de fagon localisée et contrélée pour jouer un réle non-létale dans une cellule ou un
organe, comme la réponse inflammatoire, la différenciation cellulaire ou le remodelage
neuronal. Comme les cellules survivent dans ces conditions, elles offrent une opportunité
idéale pour analyser les conséquences a long terme de 1’absence de clivage de méme un
seul substrat-cible des caspases. En utilisant I’exemple de la poly(ADP-ribose) polymerase-
1 (PARP-1), nous discutons de la fagon dont son mutant non clivable par les caspases
révele le role du clivage de PARP-1 dans les réponses par la mort cellulaire ou par la
continuité de la vie comme le contréle transcriptionnel durant I’inflammation. Nous
recommandons que les centaines de mutants non-clivables par les caspases créés pour
I’étude de I’apoptose soient exploités pour découvrir le réle de leur clivage dans la vie

cellulaire.
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3.2 Review Article
Caspase-uncleavable substrates: A gateway to understand death as well as life
Running Title: Caspase-uncleavable substrates in death and life
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3.3 Abstract

Numerous cellular proteins are specifically cleaved by caspases at different stages
of apoptotic death. To address their relevance in apoptosis, many caspase-uncleavable
mutants have been created for identification of the cleavage site, the caspases responsible
for this action and impact of this cleavage on apoptotic events. Here, we describe different
apoptosis-related effects seen with about fifty caspase-uncleavable substrates in
mammalian cells, and discuss challenges posed in interpretation of results because a single
uncleavable substrate, other than caspases themselves, can delay but rarely prevent eventual
death by apoptosis or necrosis because of overlapping nature of the death pathways and
cleavage of multiple substrates during apoptosis in mammalian cells. In the meanwhile,
newer uses are emerging for these mutants to study the role of their caspase-mediated
cleavage in life rather than in death, because caspases are also activated in a localized and
controlled manner to achieve non-lethal functions within a cell or an organ, such as
inflammatory responses, cellular differentiation and remodeling of neurons. Since cells
survive in these responses, they offer an ideal opportunity to examine the long-term
consequence of the lack of cleavage of even a single caspase-targeted substrate. Using an
example of poly(ADP-ribose) polymerase-1 (PARP-1), we discuss how its caspase-
uncleavable mutant revealed the role of cleavage of PARP-1 not only in death but also in
non-death response such as transcriptional control during inflammation. We urge that
hundreds of other caspase-uncleavable mutants created for study of apoptosis could be

readily exploited to discover novel roles of their cleavage in life.
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BULLET POINTS:

FACTS:

e (Caspase-uncleavable substrates is an useful approach to study relevance of caspase-
mediated cleavage of a substrate in apoptosis

e Many caspase-uncleavable substrates can delay but not permanently block eventual
death of mammalian cells by apoptosis or necrosis

e Even a partial effect on apoptosis seen with a single caspase-uncleavable substrate
should be treated as a positive outcome in mammalian models, due to overlapping
nature of caspase actions and cleavage of multiple substrates that ensure death under all
circumstances

e Mammalian apoptosis models using caspase-uncleavable substrates could be improved

OPEN QUESTIONS:

e A controlled and localized caspase activation that plays a role in non-death related
events, such as inflammation and differentiation allows the cells to survive

¢ Since some of the same caspases are involved in apoptosis and non-death events, we
should expect that at least some of the caspase-target substrates will be cleaved in
both apoptosis and non-death related events.

e Using specific examples of caspase-uncleavable PARP-1, we show that while
unlimited cleavage of PARP-1 by caspases can play a role in apoptosis, a limited
cleavage of PARP-1 by caspase 7, activated by inflammasome /caspase-1, is
implicated in transcriptional response during inflammation

e We urge use of previously created caspase-uncleavable mutants of PARP-1 and

hundreds of other proteins in study of caspase activation in life as well as in death
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3.4 Caspases and their target substrates in apoptosis

Caspases are cysteine-dependent aspartate specific proteases, which after activation
from their zymogen forms, cause limited and specific proteolysis of their substrates at Asp
(D) residue to facilitate downstream signaling events.' Human caspase family has 12
members with a variety of roles ranging from apoptotic death (caspases 2-4, and 6-10) to
non-death related functions such as inflammation (caspases 1, 4, 5 and 12) and
differentiation (caspases 3, 6-10 and 14).* Hence understanding when, where and how
different substrates are targeted for cleavage by each of these caspases has the potential to
reveal the mechanism by which caspases drive the cells towards their designated end-
points. At present, 777 substrates have been listed in the database CASBAH as those
cleaved by different caspases in vitro, during apoptosis and inflammation.” * A vast
majority of these substrates are cleaved by apoptotic caspases, because inflammatory
caspases are known to cleave very few substrates.’ Hence in the apoptosis field, the
challenge lies in sorting this list to distinguish the substrates whose cleavage is relevant to
apoptotic events from those whose cleavage could be termed as “collateral damage”.
Earlier reviews™ ® have summarized following possible outcomes from caspase-mediated
cleavage of relevant substrates on apoptosis: (i) gain of function, such as activation of
caspases from their inactive zymogen form; (ii) loss of function, e.g. [ICAD whose cleavage
abolishes its DNase-inhibitory function; (i11) feedback regulation, e.g. caspase 3, which is
originally activated by caspase 9, cleaves neo-N-terminal of caspase 9 to make it refractory
to inhibition by XIAP; and (iv) change of cellular localization of cleaved fragment:, e.g.,
cleavage of nuclear export signal sequesters Abl in the nucleus to exert pro-apoptotic
function. Interestingly, both gain and loss of different functions have also been reported due
to cleavage of some caspase substrates. For example, cleavage of endoribonuclease Dicer-1
at two distinct sites within its RNase IIla domain by caspase 3 results in loss of its dicing
activity that is required to create mature miRNA from their precursors in mammalian cells’
but the c-terminal caspase-created fragment of Dicer-1 acquires a DNase property that
could facilitates apoptotic DNA fragmentation.® ° The use of caspase-uncleavable mutant
substrate has been one of the useful approaches to reveal some of these roles for cleavage

of a substrate by caspases.
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3.5 Lessons from the use of caspase-uncleavable substrates in apoptosis

Taking advantage of the catalytic selectivity of caspases to cleave specifically at one
or very few Asp (D) residues in the target, one can create a caspase-uncleavable mutant
substrate by replacing the targeted Asp (D) residues with Ala (A), Glu (E) or Asn (N).
While a vast majority of the studies used these mutants to confirm the site of cleavage by
caspases, fewer studies used them to examine the relevance of their cleavage in apoptosis.
In Table I, we review studies with about 50 caspase-uncleavable substrates and discuss the
type of results obtained with these mutants during apoptosis in mammalian cells. We have
classified these substrates in seven functional groups: (i) structural proteins whose
breakdown is required for dismantling the cell; (i1) apoptotic regulatory proteins whose
cleavage will facilitate apoptosis, such as conversion of pro-caspases to activated caspases,
loss of chaperons or inhibitors of apoptotic DNases and caspases; (ii1) cell cycle and
proliferation regulatory proteins whose cleavage will abrogate cell cycle arrest that could
prevent apoptosis; (1iv) DNA repair related proteins, whose cleavage is expected to prevent
survival efforts; (v) transcription factors whose cleavage will block expression of pro-
survival and pro-growth genes; (vi) proteins kinases and signaling intermediates whose
cleavage dampens the survival responses; (vii) proteins involved in neuropathology whose
cleavage contributes towards advancing the disease by either blocking immediate death of

neurons or causing eventual death of the neurons.

As expected, uncleavable mutants for caspases and other proteins such as DFF45 or
Bid which directly regulate key apoptotic events, provided a more direct proof for the role
of their cleavage by blocking or delaying apoptosis or the specific apoptotic event.
However, for proteins not directly involved in controlling apoptosis, such as those in DNA
repair, cell cycle control or cell signaling pathways, it was more challenging to interpret the
results with their caspase-uncleavable mutants. As described in Table I, some of these
caspase-uncleavable substrates had no effect on apoptosis (e.g., cytokeratin, pGDI2)
whereas others changed the mode of cell death from apoptosis to necrosis (e.g., inositol
triphosphate receptor, poly(ADP-ribose) polymerase-1 (PARP-1)). A majority of the

uncleavable substrates could block or delay apoptosis, whereas others accelerated or even



enhanced apoptosis. Barring rare exceptions of survival (e.g., p21-activated protein kinase-
2, PARP-1), a majority of the caspase-uncleavable substrates were not shown to
significantly block cell death for a prolonged period of time. The ultimate lack of protection
from death by a single caspase-uncleavable substrate, other than the apoptosis-regulatory
proteins, could simply mean that we have not yet found “the” critical substrate whose
cleavage controls apoptotic events. However, we argue that the ability of a single mutant
substrate to show even some degree of influence on apoptosis is an indication that its
cleavage plays a role in cell death, which can be sharply defined if we could design better
experimental models. Our argument rests on three points: (1) Unlike apoptosis in worms,
mammalian apoptosis is controlled by multiple caspases, each of which cuts an overlapping
set of substrates under specific circumstances for achieving demise of the cell. Hence the
lack of cleavage of one substrate may be important but not sufficient to block the ultimate
death of mammalian cells, because other substrates will continue to be cleaved by caspases
(see Table I). (i1) Once initiator caspases are activated or mitochondrnal outer membrane
permeability transition has occurred, it may simply be too late to salvage mammalian cells
whether one downstream substrate is cleaved or not, but this scenario does not exclude the
possible role for cleavage of a substrate in apoptosis. (ii1) Finally, it should not be
discounted that cleavage by caspase i1s likely to be the principle reason why many
multifunctional proteins, such as PARP-1 (see below) lose their pro-life functions during
apoptosis, hence uncleavable version of such a substrate will ignore ongoing pro-apoptotic

clues and continue to work at cross-purposes to save life and impede death processes.

Could we design better experimental models for use of caspase-uncleavable
substrates to reveal the true function of their cleavage in mammalian apoptosis? Among the
first things to consider is use of these mutant substrates in cells or mice depleted of the
endogenous caspase-cleavable substrate. This condition will avoid ill-defined outcomes due
to opposing efforts of the endogenous cleavable and exogenous uncleavable mutant with
respect to death. As discussed earlier, this stringent condition for testing uncleavable
substrates is essential if we are to prove that cleavage of a substrate results in a gain of pro-

apoptotic function.® The mammalian cells and mice with knockout or knockdown of
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endogenous gene are ideal for introduction of the mutant protein. In case of lethality
associated with depletion of the endogenous gene, the conditional knockdown or
simultaneous knockdown and rescue with RNAi-resistant and caspase-uncleavable form
should be considered. Despite the obvious advantage, surprisingly few studies with
caspase-uncleavable mutants have been carried out in the absence of endogenous cleavable
substrate. The results obtained with seven mutant substrates under this condition could be
grouped under three categories (Table I): (i) decreased apoptosis, e.g., integrin B4, inositol
triphosphate receptor, DFF45, Bid, cdc42 and PARP-1; (ii) change of mode of death from
apoptosis to caspase-independent apoptosis or necrosis, e.g., p21-activated protein kinase-2
or iositol triphosphate receptor; and (ii1) increased survival, e.g., PARP-1 and p21-
activated protein kinase-2. Due to complete absence of endogenous substrate in these
models, different outcomes seen with some of these multifunctional substrates can be
unambiguously linked to different known functions of these proteins before or after their

cleavage by caspases, as described below for PARP-1.

The second improvement in experimental design for study of apoptosis with these
uncleavable mutants is to simultaneously introduce more than one uncleavable substrate
belonging to a common functional group, such as structural proteins or apoptosis-regulatory
proteins in a background depleted of endogenous versions of these proteins. The newer
large-scale gene knockdown and knock-in technologies may be required for these
experiments. Final frontier would be to introduce one or more sets of caspase-uncleavable
proteins in each of the functional groups to completely block death and allow the cells to
resume proliferation despite receiving a death-inducing stimulus. The last scenario will also

address the existential question whether a cell that should be killed is worth saving after all.

3.6 Novel use of caspase-uncleavable substrates in study of life rather than death

Although many of the caspase-uncleavable substrates were originally created to
study apoptosis, it is important to recognize that they can also be used for studying their

caspase-mediated cleavage outside the context of death. While the role of caspase-
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activation in inflammation has been known for a long time, there is a steadily growing
recognition that a well-controlled and selective activation of caspases occurs in other non-
death or life-related events, such as proliferation, terminal differentiation, and neuronal

2,10-12 . :
Since some of the caspases are involved

remodelling by axonal or dendritic pruning.
in both apoptosis and differentiation, such as capsases-3 and 6-10,% we should expect that
substrates that were conventionally known to be cleaved in apoptosis may also be
selectively cleaved by caspases during non-death events. This should open up an entirely
new frontier for use of caspase-uncleavable mutants in non-death processes. Since cells do
survive in non-death responses even after activation of caspase, we argue that these models

offer excellent opportunities at identifying the long-term consequence of the lack of

cleavage of even a single caspase-targeted substrate.

3.7 Use of caspase-uncleavable PARP-1 in study of both death and life

We review how use of caspase-uncleavable mutant form of the multifunctional
protein PARP-1 in PARP-1-deficient cells or mice revealed that caspase-mediated cleavage
of PARP-1 plays a key role not only in death but also in life. The cleavage of PARP-1 to its
signature 89-kDa (“85 kDa”) fragment was among the earliest described examples of
specific cleavage of a protein during apoptotic death of mammalian cells.* '* Subsequent
studies identified the DEVD*' as the only PARP-1 sequence that was targeted for cleavage
by the “protease resembling ICE”,"> which was identified as Yama/CPP32, currently
known as caspase 3 and PARP-1 earned the nickname “the death substrate”.'® Interestingly,
four apoptosis-focused studies using caspase-uncleavable mutant PARP-1 expressed in
PARP-1"" cells revealed four different outcomes: (1) delayed apoptosis;17 (11) change in
mode of cell death from apoptosis to necrosis;'® (iii) survival of cells instead of death *;

and (iv) accelerated apoptosis'® *°

(Table I). These outcomes can be explained by the
known roles of PARP-1 in cell survival and cell death. PARP-1 is catalytically activated in
response to DNA damage to consume its substrate NAD and form polymers of ADP-ribose,
which post-translationally modify target proteins.>’ At lower levels of DNA damage, this
metabolism is implicated in survival responses such as DNA base excision repair, whereas

at higher levels of DNA damage, an over-activation of PARP-1 causes necrotic death
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because of massive depletion of NAD and ATP? and increased transient intracellular
acidification that suppresses apoptotic death.  Therefore, caspase-uncleavable PARP-1 can
promote survival through its participation in DNA repair in case of DNA damage-induced
apoptosis19 or it can cause necrosis due to its over-activation in the presence of
apoptotically fragmented DNA;'® and both of these outcomes opposing apoptotic death
would be avoided if PARP-1 is cleaved and inactivated by caspases. The delayed”‘ ¥ or
enhanced'® ?° apoptotic death by caspase-uncleavable PARP-1 have been attributed to role
of PARP-1 in DNA repair or possible modification of pro- or anti-apoptotic target proteins
by catalytic activity of PARP-1.

Two studies with caspase-uncleavable PARP-1 expressed in PARP-1" mice
surprisingly revealed non-death related role of caspase-mediated cleavage of PARP-1 in
lipopolysaccharide-induced inflammatory response.24' ¥ While mice expressing wild type
PARP-1 had normal inflammatory response, mice expressing caspase-uncleavable PARP-1
showed suppressed inflammatory responses.24 This led to the discovery that wild type
PARP-1 occupies the promoter site to suppresses NF-kB regulated target genes under basal
conditions. In response to LPS stimulation, a controlled activation of inflammasome
containing caspase 1 selectively activates caspase 7, which upon translocation to the
nucleus cleaves PARP-1 promoting decondensation of the chromatin and expression of
these genes.25 Thus, use of caspase-uncleavable PARP-1 in inflammation model revealed
its novel role in transcriptional regulation of certain genes. We urge that more studies
should be conducted with caspase-uncleavable forms of target proteins in the absence of
their endogenous counterparts to reveal novel living functions of controlled caspase-

mediated cleavage of these substrates in life.
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