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CHAPTER	30		
	
The		PARP	story	and	a	new	strategy	for	cancer	therapy.	
	
Since	most	chemotherapy	drugs	damage	DNA,	the	ability	of	cancer	cells,	as	well	as	a	
patient’s	normal	cells,	to	repair	that	damage	had	long	been	high	in	the	minds	of	cancer	
researchers.	Therefore,	when	it	was	discovered	in	the	1980’s	that	poly(ADP-
ribose)polymerase	(PARP)	had	a	role	in	DNA	repair,	cancer	researchers	began	intensive	
studies	of	the	effects	of	PARP	inhibitors,	which	after	many	years	led	to	useful	new	cancer	
therapy.		
	
But	what	is	PARP,	and	how	was	it	discovered?		
	
This	chapter	is	about	the	PARP	enzyme,	and	the	polymer	it	produces,	poly(ADPR).	Both	
seemed	unusual	and	strange	at	the	time	of	their	discovery,	yet	both	turned	out	to	be	
important	players	in	many	DNA	repair	processes,	and	PARP	became	an	important	target	
for	novel	cancer	therapies.	One	of	the	first	clues	pointing	to	PARP	inhibitors	as	potential	
anti-cancer	drugs	was	that	they	increased	the	cell	killing	potency	of	alkylating	agents	
(Durkacz	et	al.,	1980)	(Durkacz	et	al.,	1981).	But	a	major	clinical	success	eventually	came	
from	the	remarkable	success	of	PARP	inhibitors	in	patients	whose	cancers	had	inactivating	
mutations	in	a	BRCA	gene.		
	
	
Discovery	of	a	strange	nucleic	acid-like	polymer,	poly(ADPR).	
	
The	first	time	I	heard	about	the	newly	discovered	poly(ADPR)	polymer	and	saw	its	
chemical	structure	displayed	on	a	poster	at	a	conference	in	the	1960’s,	it	seemed	so	bizarre	
that	I	had	doubts	about	its	existence.	I	was	still	imbued	with	the	Watson-Crick	lore	of	
nucleic	acid	structures	and	could	not	believe	that	a	chemical	structure	like	poly(ADPR)	had	
any	right	to	exist	in	biology.		
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The	discovery	of	this	strange-seeming	polymer	traces	back	to	1963	to	the	Institut	de	
Chimie	Biologique	in	Strasbourg,	France,	where	P.	Chambon,	J.D.	Weill,	P.	Mandel	and	their	
coworkers	noticed	that	there	was	an	enzyme	in	cell	nuclei	that	incorporated	NAD	
(nicotinamide-adenine-dinucleotide,	a	prominent	molecule	in	much	of	biochemistry)	into	
an	insoluble	product	that	did	not	dissolve	even	in	acid	solvents	(Chambon	et	al.,	1966).	I	
don’t	know	whether	the	experiment	that	led	to	this	observation	was	designed	or	whether	it	
was	an	incidental	observation.	When	they	examined	this	phenomenon	closely,	they	found	
that	the	enzyme’s	activity	was	greatly	stimulated	by	DNA,	but	not	by	RNA.	Chambon	and	
colleagues	might	not	have	imagined	that	this	observation	of	theirs	was	to	develop	into	a	
body	of	knowledge	of	enormous	importance	in	cell	biology	and	cancer	therapy.		
	
Figure	30.1	depicts	the	structure	of	the	new	polymer,	as	originally	conceived	by	Chambon	
and	coworkers	in	1966.		It	was	noteworthy	that	the	polymer	was	made	up	of	NAD	units,	but	
without	the	nicotinamide	part.	A	more	up-to-date	structure	of	poly(ADPR)	and	of	its	NAD	
building	block	is	shown	in	Figures	30.2	and	30.3.	
	
After	so	many	years,	culminating	in	so	many	important	findings	about	its	functions,	this	
polymer	no	longer	seems	strange	at	all;	in	fact,	it	seems	quite	natural	for	it	to	exist	and	
notable	for	all	the	things	it	does.	It’s	remarkable	how	new	knowledge	can	convert	mystery	
into	mundane	experience;	which	is	not	to	say	that	there	is	anything	dull	about	poly(ADPR)	
or	the	enzyme	that	produces	it,	now	known	as	PARP	for	poly(ADP-ribose)	polymerase.	
	
What	at	first	seemed	so	bizarre	about	poly(ADPR)	was	how	it	violated	the	rules	of	ordinary	
DNA	or	RNA	structures,	as	many	of	us	conceived	them	in	the	1960’s.	Although	poly(ADPR)	
was	composed	of	ordinary	adenosine-ribose	units,	these	units	were	linked	to	each	other	in	
a	very	non-nucleic	acid-like	manner	(Figure	30.3).	Instead	of	the	regular	head	to	tail	order	
of	nucleotide	chains	in	DNA	and	RNA,	the	structural	units	of	poly(ADPR)	were	linked	via	
their	diphosphates	and,	even	stranger,	they	were	also	linked	directly	between	their	
respective	ribose	units.	Stranger	yet,	and	very	non-DNA	or	RNA-like,	was	that	poly(ADPR)	
was	a	branched	polymer.	The	branches	come	out	of	the	second	hydroxyl	(OH)	group	of	the	
ribose	in	the	polymer	chain.	Ribose	has	two	hydroxyl	groups,	one	of	which	connects	in	the	
primary	polymer	chain,	and	the	branches	grow	out	of	the	other	hydroxyl	group	on	the	
riboses	(Figure	30.3).			
	
(As	I	write	this,	I	am	reminded	of	a	conference	I	attended	in	1951	or	1952	at	Harvard	
during	my	senior	year	at	the	college.	The	speakers	were	excited	by	some	of	the	first	
information	about	nucleic	acid	structure,	which	they	obtained	by	using	the	then	brand-new	
technique	of	ion-exchange	chromatography.	I	recall	their	exciting	conclusion	that	RNA	was	
a	branched	molecule!	I	don’t	remember	the	evidence	that	led	to	that	erroneous	conclusion,	
but	it	was	at	least	plausible	in	view	of	the	apparently	available	extra	hydroxyl	group	on	the	
ribose	parts	of	RNA.	One	might	imagine	that	branched	RNA	molecules	might	once	have	
existed	during	the	early	development	of	life	on	Earth,	during	what	is	called	the	RNA	World,	
or	that	polymers	of	that	kind	will	be	found	in	life	that	remains	to	be	discovered	elsewhere	
in	our	Solar	System.	Linear	RNA	might	have	been	required	for	replication.	But	primitive	
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RNA	is	thought	also	to	have	functioned	as	enzymes,	which	might	be	helped	by	a	branched	
structure.	The	branches	might	have	been	added	after	the	RNA	chain	was	replicated.)	
	
We	can	begin	to	understand	the	curious	structure	of	poly(ADPR)	from	the	fact	that	the	
building	blocks	from	which	the	polymer	was	made	differed	from	the	ones	from	which	DNA	
and	RNA	are	made.	DNA	and	RNA	are	composed	of	nucleotide	units,	assembled	from	
nucleotide	triphosphates,	whereas	poly(ADPR)	is	made	from	nicotine	adenine	
dinucleotides	(NAD).	NAD	had	long	been	known	to	have	essential	roles	in	much	of	the	cell’s	
biochemistry.	But	to	be	used	to	make	a	biologically	important	polymer	seemed	bizarre.	
Moreover,	the	nicotinamide	part	of	the	NAD	molecule	was	not	even	in	the	final	polymer.	
	
Now,	to	understand	all	that,	we	have	to	look	more	closely	at	the	poly(ADPR)	structure.	We	
see	(reading	from	right	to	left	in	Figure	30.3)	that	the	polymer	consists	of	chains	of	
adenosine-phosphate-phosphate-ribose-adenosine-phosphate-phosphate-ribose-	etc.	
(Ueda	and	Hayaishi,	1985).	
	
So,	what	happened	to	the	nicotinamide	part	of	the	NAD	molecule	that	went	into	making	
poly(ADPR)?	Why	was	it	not	in	the	polymer?	Not	only	that,	but	it	seemed	strange	to	have	
one	ribose	bound	to	another	ribose;	I	had	never	seen	that	before	in	any	nucleic	acid-like	
structure.	Those	questions	whirled	in	my	mind	when	I	first	saw	the	structure	of	
poly(ADPR)	displayed	on	the	poster	in	the	1960’s.		
	
Soon	the	fog	began	to	lift	however	when	Hayaishi	and	coworkers	noted	that	the	bond	
holding	the	nicotinamide	to	the	ribose	is	a	high-energy	bond	(Nishizuka	et	al.,	1969).	That	
meant	that	the	bond	could	easily	break.	Moreover,	the	energy	released	upon	breakage	of	
the	bond	drove	the	creation	of	the	bond	between	the	two	ribose	units	that	connected	one	
unit	of	the	polymer	to	the	next.	Thus,	it	was	realized	that	the	departure	of	the	nicotinamide	
in	fact	drove	the	polymerization	--	which	was	why	there	were	no	nicotinamide	units	in	the	
polymer.	
	
As	already	mentioned,	the	polymer	had	branches	coming	out	of	the	ribose’s	second	
hydroxyl	(OH)	group.	The	polymer	could	grow	a	branch	out	of	the	second	of	the	two	ribose	
hydroxyls.	The	branched	structure	of	poly(ADPR)	was	actually	visualized	in	an	electron	
microscope	image	in	1991	(Figure	30.4).	
	
Next,	we	should	talk	about	negative	charge:	The	poly(ADPR)	polymer	has	loads	of	it,	
because	each	phosphate	bears	a	negative	charge.	Furthermore,	the	polymer’s	branched	
structure	concentrates	the	negative	charges	into	an	even	smaller	volume	of	space.	The	
poly(ADPR)	molecule	can	be	composed	of	hundreds	of	units	and	therefore	can	be	quite	
large	(Figure	30.4).	When	that	happens,	an	extensive	region	of	concentrated	negative	
charge	surrounds	the	chromatin	region	where	poly(ADPR)	polymers	were	later	found	to	
become	attached.	The	concentrated	negative	charge	would	loosen	the	bonds	between	the	
DNA	strands	and	between	the	DNA	and	its	associated	proteins,	making	it	easier	for	the	DNA	
repair	machinery	to	access	the	sites	of	damage.	That	is	getting	ahead	of	the	story,	but	it	may	
be	useful	to	have	in	mind	where	the	story	is	heading	--	particularly	about	the	reason	for	the	
concentrated	negative	charge.	The	early	picture	was	soon	strengthened,	when	it	was	
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discovered	that	poly(ADPR)	polymers	become	attached	to	proteins,	particularly	the	
positively	charged	histones	that	are	associated	with	DNA	in	chromatin	(Hayaishi	and	Ueda,	
1977).	
	
The	story,	as	it	unfolded,	was	that,	when	DNA	is	damaged,	PARP	arrives	at	the	scene,	binds	
to	the	DNA	at	the	damage	site,	and	causes	poly(ADPR)	chains	to	grow	from	lysine	amino	
acids	of	nearby	histones.	The	large,	branched	polymer	that	hovers	over	the	region	of	
damage	tends	to	make	the	region	negatively	charged,	which	would	weaken	the	bonds	
holding	together	the	DNA	chains	and	their	associated	histones.	Consequently,	it	would	
become	easier	for	the	DNA	repair	machinery	to	come	in	and	do	its	job.	

	
Figure	30.1.	The	structure	of	poly(ADPR)	as	originally	conceived	by	Chambon	and	
coworkers	in	1966	(Chambon	et	al.,	1966).	The	ribose	parts	are	represented	by	carbon	
atoms	C1	through	C5.	The	repeated	unit	of	the	polymer	is	in	the	box.	
		
	

	 	
	
Figure	30.2.	Chemical	structure	of	NAD	(nicotine-adenine-dinucleotide),	the	building	block	
from	which	the	Poly(ADPR)	polymer	is	formed.	The	nicotinamide	moiety	within	the	red	
circle	becomes	cleaved	away	and	does	not	become	part	of	the	polymer.	The	bond	between	
the	nicotinamide	and	the	ribose	is	a	high	energy	bond;	breakage	of	that	bond	provides	the	
energy	for	the	polymerization	of	the	poly(ADPR)	polymer.	
	

NAD
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Figure	30.3.	Chemical	structure	of	adenosine-diphospho-ribose	(ADPR)	polymer,	showing	a	
chain	of	ADPR	units	(poly-ADPR)	attached	to	a	protein	(left	end	in	the	diagram).	Additional	
ADPR	units	may	be	connected	via	the	dashed	bond	at	the	lower	right.	The	enzyme	that	
assembles	the	chain	is	poly(ADPR)	polymerase	(PARP).	The	negatively	charged	phosphates	
in	the	structure	help	to	open	the	chromatin	locally	to	allow	repair	enzymes	to	access	the	
DNA	at	DNA	damage	sites.	The	remaining	OH	groups	on	the	ribose	units	could	attach	to	
another	adenosine-diphospho-ribose,	leading	to	a	branched	polymer	structure,	which	
would	concentrate	the	negative	charge	even	more.	The	polymer	can	be	broken	apart	by	an	
enzyme	(glycohydrolase),	which	breaks	the	bond	between	the	ribose	units	(red	arrow).	
Notice	that	there	is	no	nicotinamide	in	the	poly(ADPR)	polymer.	The	cleavage	of	the	bond	
to	nicotinamide	in	NAD	provided	the	energy	for	the	assembly	of	the	poly(ADPR)	polymer.	
	
	

	
	
Figure	30.4.	An	electron	microscope	image	of	a	large	branched	molecule	of	poly(ADPR)	(de	
Murcia	et	al.,	1991).	The	polymer	spans	a	little	over	0.1	microns,	which	could	encompass	
about	a	hundred	base-pairs	or	10	turns	of	DNA.		
	

glycohydrolase
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Discovery	of	the	poly(ADPR)	polymer	and	the	enzyme	that	produces	it,	
PARP.	
	
As	mentioned	above,	the	poly(ADPR)	polymer	was	first	observed	in	the	1960’s	by	P.	
Chambon	and	coworkers,	who	found	it	as	a	product	made	from	NAD	in	a	reaction	catalyzed	
by	an	enzyme	in	cell	nuclei	of	chicken	liver	and	beef	spleen	(Chambon	et	al.,	1966).	They	
remarked	that,	despite	being	made	from	NAD,	the	nicotinamide	part	of	the	NAD	molecule	
was	absent	from	the	polymer.	More	information	about	the	new	poly(ADPR)	polymer	and	
how	it	is	formed	soon	followed,	largely	from	the	laboratory	of	Osamu	Hayaishi	in	Kyoto,	
Japan	(Nakazawa	et	al.,	1968;	Nishizuka	et	al.,	1968;	Nishizuka	et	al.,	1967;	Nishizuka	et	al.,	
1969),	who	prepared	it	from	rat	liver.	They	noted	that	free	nicotinamide	was	released	from	
NAD	coincident	with	the	incorporation	of	the	remainder	of	the	NAD	molecule	into	the	
polymer	--	which	was	consistent	with	polymer	assembly	being	driven	by	scission	of	the	
high	energy	bond	to	nicotinamide.	The	enzyme	that	catalyzed	the	polymerization,	which	
became	known	as	PARP,	was	located	exclusively	in	the	cell	nuclei,	where	it	grew	
poly(ADPR)	chains	onto	histones	in	chromatin,	as	well	as	onto	the	PARP	molecule	itself.	
The	role	of	PARP	and	poly(ADPR)	in	DNA	repair,	however,	was	not	to	emerge	for	several	
years.	But	first,	we	should	talk	about	the	PARP	protein	and	its	DNA-binding	and	enzyme	
activities.	
	
	
The	PARP1	protein	and	its	domains	of	function.	
	
Several	proteins	with	PARP-like	structure	were	discovered	that	eventually	were	
considered	to	make	up	a	family	of	at	least	18	members.	However,	only	PARP1	and	PARP2	
bound	DNA,	and	PARP1	accounted	for	the	great	majority	of	the	poly(ADPR)	produced	in	
the	cell.	Mouse	embryos	survived	if	either	PARP1	or	PARP2	was	missing	but	died	if	both	
were	missing	(Ferraris,	2010;	Schreiber	et	al.,	2006).		
	
An	overview	of	the	PARP	protein,	as	diagrammed	by	(Schreiber	et	al.,	2006)	(Figure	30.5)	
shows	the	major	regions	(“domains”)	with	the	functions	of	each	domain.	The	N-terminus	of	
the	amino	acid	sequence	on	the	left	and	the	C-terminus	on	the	right.	The	amino	acids	are	
numbered	from	1	to	1,014,	starting	from	the	N-terminus.	A	domain	in	the	N-terminal	
region	was	found	to	be	capable	of	binding	DNA,	and	a	domain	near	the	C-terminus	was	
where	the	PARP	enzyme	activity	was	located.	In	the	central	region,	there	was	a	region	(an	
“automodification”	domain)	where	the	PARP1	protein’s	enzyme	activity	could	grow	
poly(ADPR)	polymer	chains	onto	itself.		
	
PARP1	was	found	to	have	a	way	of	controlling	its	own	enzyme	activity.	A	region	at	the	C-
terminus	was	able	to	bend	back	on	itself	to	bind	and	inhibit	the	adjacent	enzyme	activity	
region.	When	PARP1’s	N-terminal	region	binds	to	a	DNA	damage	site,	the	bend	is	relieved,	
and	the	enzyme	becomes	highly	active.	In	that	way,	PARP1	limits	itself	to	generating	
poly(ADPR)	chains	only	near	sites	of	DNA	damage.	



 

K. W. Kohn  Drugs Against Cancer  CHAPTER 30 
 

7 

	
	
Figure	30.5.	Diagram	of	the	PARP1	amino	acid	chain,	showing	the	locations	of	its	functional	
parts	(domains),	as	described	by	Schreiber	et	al	in	2006.	The	N-terminal	end	of	the	
molecule	is	on	the	left;	and	the	C-terminus	is	on	the	right.	The	numbers	are	the	amino	acids,	
counting	from	the	N-terminus.	The	N-terminal	region	was	found	capable	of	binding	DNA,	
and	the	C-terminal	region	had	the	enzyme	activity.	The	automodification	domain	near	the	
center	was	where	the	PARP1	molecule	attached	poly(ADPR)	polymer	and	onto	itself	(from	
(Schreiber	et	al.,	2006)).	
	
	
Discovery	of	PARP’s	role	in	DNA	repair.	
	
The	discoveries	that	were	to	implicate	PARP	and	poly(ADPR)	in	DNA	repair,	however,	
began	long	before	anything	was	known	about	the	polymer	or	the	enzyme	that	makes	it.		
	
As	often	happens	in	break-through	research,	it	all	began	with	a	puzzling	observation.	The	
first	clue	in	the	story	goes	back	to	1956,	with	a	curious	observation	by	I.	M.	Roitt	at	the	
Courtauld	Institute	for	Biochemistry	in	Middlesex	Hospital,	London	(Roitt,	1956).	When	
Roitt	treated	cells	with	an	alkylating	agent	(triethyleneiminotriazine),	he	found	that	NAD	
(nicotinamide-adenine-dinucleotide),	a	major	component	in	the	cell’s	metabolic	network,	
nearly	disappeared.	That	was	the	first	observation	linking	a	DNA	damaging	agent	with	
NAD,	the	building	block	that	was	later	found	to	be	used	by	PARP	to	make	poly(ADPR).	
	
However,	it	took	an	additional	20	years	before	the	fall	in	NAD	levels	in	DNA	damaged	cells	
was	shown	to	be	due	to	consumption	of	NAD	during	production	of	poly(ADPR)	for	linkage	
to	histones	in	chromatin	(Davies	et	al.,	1977;	Whish	et	al.,	1975).	In	the	meantime,	there	
were	over	100	reports	about	NAD	depletion	and	the	function	of	poly(ADPR),	but	all	of	them	
seem	to	have	missed	or	ignored	the	relationship	to	DNA	damage	repair	(Hayaishi	and	Ueda,	
1977).	There	were	just	so	many	possibilities	to	consider	among	NAD’s	many	functions	in	
the	cell	that	the	DNA	repair	aspect	apparently	was	not	seriously	considered.	
	
The	significance	of	Roitt’s	early	observation	in	1956	remained	clouded	until	1979,	when	
Sidney	Shall	and	his	coworkers	at	the	University	of	Sussex	in	England	studied	the	effects	of	
the	DNA	alkylating	agent,	dimethylsulfate,	on	mouse	leukemia	cells.	They	made	a	similar	
observation	to	that	of	Roitt	in	1956:	the	alkylating	agent	caused	a	severe	fall	in	the	level	of	
NAD	in	the	cell.	And	as	the	NAD	level	fell,	the	PARP	activity	rose	(Durkacz	et	al.,	1980)	
(Figure	30.6.);	PARP	and	its	enzyme	action	were	by	then	known,	but	their	role	in	DNA	
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repair	was	just	beginning	to	be	revealed.	It	all	suggested	that	perhaps	the	NAD	was	being	
used	up	to	make	a	huge	amount	of	poly(ADPR).	They	soon	found	out	that	PARP	was,	in	fact,	
required	to	repair	DNA	strand	breaks.		
	
The	Sidney	Shall	group	had	used	dimethyl	sulfate,	which	was	known	to	methylate	the	N7-
position	of	guanines	in	DNA,	resulting	in	dissociation	of	the	methylguanine	followed	by	
breakage	of	the	DNA	strand	at	the	base-free	site.	They	found	that	dimethyl	sulfate	caused	
NAD	levels	to	fall	and	PARP	activity	to	rise	(Figure	30.6).	In	addition,	they	found	that,	when	
PARP	was	inhibited,	the	survival	of	the	dimethylsulfate-treated	cells	was	reduced,	which	
indicated	that	PARP	helped	the	cells	survive	DNA	damage	caused	by	the	alkylating	agent.		
	
Then	in	1982,	Leonard	Zwelling	and	Yves	Pommier	in	my	laboratory	showed	that	PARP	
inhibitors	impaired	the	ability	of	cells	to	repair	x-ray	induced	DNA	strand	breaks	(Zwelling	
et	al.,	1982)	(Figure	30.7).	They	measured	the	DNA	strand	breaks	using	the	alkaline	elution	
technique	that	we	had	developed	(see	Chapter	9).	In	1984,	Mortimer	Elkind	and	his	
coworkers	then	showed	that	a	PARP	inhibitor	reduced	the	ability	of	cells	to	recover	from	
DNA	damage	caused	by	x-rays	(Ben-Hur	et	al.,	1984)	(Figure	30.8).	Taken	together,	those	
three	studies	supported	the	idea	that	PARP	helped	to	repair	DNA	damage	produced	by	
alkylating	agents	and	x-rays.		
	
Sixteen	years	later,	in	2000,	a	research	group	in	Newcastle	upon	Tyne	led	by	Barbara	
Durkacz	and	David	Newell	reported	that	PARP	inhibitors	increased	the	killing	of	cultured	
human	cancer	cells	when	added	to	treatment	with	a	topoisomerase	I	inhibitor	(Figure	30.9)	
(Delaney	et	al.,	2000)	(see	Chapter	11).	The	finding	of	synergy	between	PARP	and	a	
topoisomerase	expanded	the	types	of	DNA	damage	whose	cell	killing	was	enhanced	by	
PARP	inhibitors	and	suggested	that	combining	a	PARP	inhibitor	with	a	topoisomerase	
inhibitor	might	be	clinically	beneficial.	
	
However,	the	PARP	inhibitors	available	at	that	time	all	had	low	potency	and	also	inhibited	
enzymes	other	than	PARP.	Those	early	PARP	inhibitors	were	used	in	many	attempts	to	pin	
down	an	increased	anti-cancer	cell	activity	when	combined	with	DNA	damaging	drugs.		
But	the	inhibitors	were	not	good	enough	to	create	enthusiasm	among	clinical	researchers.	
Further	research	into	clinical	applications	therefore	had	to	await	the	development	of	better	
PARP	inhibitors.	
	
To	recapitulate	to	this	point:	After	cells	were	exposed	to	radiation	or	alkylating	agents,	
there	was	a	marked	reduction	in	the	cell's	content	of	a	key	molecule	of	metabolism,	
nicotinamide	adenine	dinucleotide	(NAD).	That	was	tied	to	another	observation:	the	DNA	
damaging	agents	cause	histones	(the	proteins	around	which	DNA	is	wrapped	in	chromatin)	
to	be	modified	by	chains	of	adenosine-diphospho-ribose	(ADPR)	becoming	stuck	to	them.	
The	enzyme	that	catalyzed	that	reaction	was	poly(ADPR)	polymerase	(PARP),	whose	
activity	increased	when	there	was	DNA	damage.	It	turned	out,	as	inferred,	that	NAD	
became	depleted	because	the	molecule	was	used	to	make	the	poly(ADP-ribose)	chains	that	
were	added	onto	the	histone	proteins,	a	process	that	was	a	required	step	in	most	DNA	
repair	pathways.	It	seemed	surprising	that	so	much	poly(ADPR)	was	made	that	it	actually	
depleted	the	amount	of	NAD	in	the	cell.		
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Figure	30.6.	Treatment	of	mouse	leukemia	L1210	cells	with	dimethyl	sulfate,	which	
damages	DNA	by	adding	methyl	groups	at	guanines-N7	positions,	suppressed	NAD	levels	
(A),	stimulated	PARP	enzyme	activity	(B),	and	impaired	the	viability	of	the	cells	(C)	
(Durkacz	et	al.,	1980).	The	curves	from	top	bottom	in	A	are	for	increasing	concentrations	of	
dimethyl	sulfate.	The	lower	curve	in	C	shows	the	increased	cell	killing	when	a	PARP	
inhibitor	(3-aminobenzamide)	was	added	to	the	dimethyl	sulfate	treatment.	The	NAD	
suppression	and	PARP	activity	enhancement	reverted	after	several	hours,	except	at	the	
highest	dimethyl	sulfate	concentration.	
	

	
Figure	30.7.	PARP	inhibitors	retarded	the	ability	of	cells	to	repair	DNA	single-strand	breaks	
(Zwelling	et	al.,	1982).	Mouse	leukemia	L1210	cells	growing	in	suspension	culture	were	
exposed	to	x-rays,	which	produced	DNA	strand	breaks,	mainly	single-strand	breaks.	Panel	
A	shows	the	rate	at	which	the	DNA	strand	breaks	disappeared	(were	repaired)	after	
exposure	of	cells	to	x-rays.	Panels	B	and	C	showed	that	PARP	inhibitors	(5-
methylnicotinamide	and	3-aminobenzamide)	reduced	the	rate	of	repair	of	x-ray-induced	
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strand	break,	compared	with	their	rate	of	repair	after	x-ray	alone	(dashed	curves).	The	
DNA	strand	breaks	were	measured	using	the	alkaline	filter	elution	method	we	had	
developed	(see	Chapter	9).	The	PARP	inhibitors	used	were	among	those	available	at	the	
time,	which	had	low	potency	and	low	specificity.	They	nevertheless	indicated	that	PARP	
function	was	required	for	full	effectiveness	of	the	cell’s	ability	to	repair	DNA	strand	breaks.		
	

	
	
Figure	30.8.		An	experiment	from	Mortimer	Elkind’s	laboratory	that	showed	that	a	PARP	
inhibitor	(nicotinamide,	NA)	suppressed	the	ability	of	cells	to	recover	after	x-radiation	
(Ben-Hur	et	al.,	1984).	The	vertical	axis	is	the	fraction	of	the	cells	that	were	able	to	grow	
into	colonies	on	an	agar	plate.	
	
	

	
	
Figure	30.9.	Synergy	between	a	PARP	inhibitor	(NU1025)	and	a	topoisomerase	I	inhibitor	
(topotecan)	in	killing	a	human	colon	cancer	cell	line	grown	in	culture	(Delaney	et	al.,	2000).	
Cells	were	exposed	to	topotecan	with	or	without	a	PARP	inhibitor	and	then	tested	for	
survival	of	their	ability	to	grow	into	colonies	on	an	agar	plate.	The	graph	shows	that	the	
PARP	inhibitor	increased	the	killing	of	topotecan-treated	cells,	as	measured	by	%	survival	
of	cells	able	to	form	colonies.	

Topotecan only
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How	did	PARP	assist	in	the	repair	of	DNA	damage,	and	what	would	happen	
if	PARP’s	activity	were	blocked?	
	
By	the	1980’s	there	was	good	reason	to	think	that	PARP’s	synthesis	of	poly(ADPR)	helped	
to	repair	DNA	strand	breaks	and	to	repair	DNA	damage	whose	repair	path	included	DNA	
strand	breaks	along	the	way.	An	important	discovery	supporting	that	reasoning	was	that	
single-strand	breaks	in	DNA	induced	PARP	to	synthesize	poly(ADPR).	Efforts	were	then	
made	to	find	out	how	that	happens	and	what	its	effects	may	be.	To	begin	with,	PARP	was	
found	to	bind	to	DNA	single-strand	break	sites.	PARP	binding	was	found	to	be	the	earliest	
response	to	at	least	some	types	of	DNA	damage.	The	binding	of	PARP	to	a	DNA	break	site	
was	actually	caught	in	electron	microscope	images	in	1994	(de	Murcia	and	Menissier	de	
Murcia,	1994)	(Figure	30.10).	The	DNA	binding	activated	PARP’s	enzyme	domain,	which	
then	grew	large	branched	poly(ADPR)	chains	(up	to	200	ADPR	units	per	branched	chain)	
onto	several	chromatin	proteins,	including	histones.	It	made	sense	that	PARP	would	add	
these	ADPR	units	to	chromatin	proteins	near	the	DNA	break	site,	where	PARP	became	
bound,	and	it	seemed	likely	that	these	modifications	of	chromatin	proteins	in	the	vicinity	of	
the	DNA	damage	site	would	in	some	way	prepare	the	damage	for	repair.	In	accord	with	that	
idea,	several	DNA-repair	proteins	were	found	to	bind	to	the	DNA-bound	PARP.	It	was	
suspected	also	that	the	high	concentration	of	negative	charge	conveyed	by	poly(ADPR)	
might	be	important.	It	all	pointed	to	PARP	being	the	first	player	to	enter	the	DNA	damage	
repair	scene.	
	

	
	
Figure		30.10.	Electron	microscope	image	of	a	segment	of	DNA	that	has	a	single-strand	
break	(white	patches	between	the	dashed	red	lines)	and	a	molecule	of	PARP	bound	to	the	
break	(white	arrowhead).	The	break	caused	a	bend	in	the	DNA,	which	was	accentuated	by	
the	bound	PARP.	(From		(de	Murcia	and	Menissier	de	Murcia,	1994),	modified	by	addition	
of	the	dashed	red	lines.)	
	
However,	the	cell	had	to	limit	the	amount	of	poly(ADPR)	allowed	to	accumulate,	as	well	as	
the	extent	of	the	concurrent	drop	in	NAD	level	that	the	cell	could	tolerate.	In	1992,	an	
enzyme	(a	glycohydrolase)	was	found	that	addressed	that	problem.	The	glycohydrolase	
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broke	down	the	poly(ADPR)	chains	within	minutes	of	their	production	(Althaus,	1992;	
Pieper	et	al.,	1999),	and	was	surmised	to	be	important	for	balancing	the	production	and	
removal	of	poly(ADPR)	at	the	DNA	damage	sites.	Also,	the	PARP	molecule	inactivated	its	
own	enzyme	activity	by	growing	poly(ADPR)	onto	itself,	which	was	thought	to	cause	PARP	
to	dissociate	from	the	DNA.	A	sufficiently	large	amount	of	DNA	damage,	together	with	the	
large	amount	of	PARP	that	existed	in	the	cell,	could	however	overwhelm	the	
glycohydrolase’s	capacity	to	eliminate	the	huge	amount	of	poly(ADPR)	that	could	be	
produced;	the	cell	could	die	for	lack	of	NAD.		
	
The	earliest	model	of	how	PARP	works	may	have	been	that	proposed	by	Tom	Lindal	and	
Masahiko	Satoh	in	1992	(Satoh	and	Lindahl,	1992)	(Figure	30.11A).	In	1995,	Lindahl	
presented	a	somewhat	more	developed	model	(Lindahl	et	al.,	1995)	(Figure	30.11B).	PARP	
was	known	to	be	divided	into	two	separable	parts,	both	of	which	were	required	for	its	
ability	to	produce	poly(ADPR)	polymers.	In	addition,	DNA	was	required	for	this	activity	
(Nakazawa	et	al.,	1968;	Nishizuka	et	al.,	1968;	Nishizuka	et	al.,	1967;	Nishizuka	et	al.,	
1969).	Lindahl’s	diagrams	included	much	of	what	was	then	known.	He	depicted	the	PARP	
molecule	as	made	up	of	a	DNA-binding	domain,	connected	by	way	of	a	middle	segment	to	
an	enzyme	domain	that	synthesized	poly(ADPR)	when	the	DNA-binding	domain	was	bound	
to	DNA.	His	diagrams	showed	poly(ADPR)	chains	becoming	attached	onto	the	PARP	
molecule	itself.		However,	his	diagrams	did	not	show	poly(ADPR)	chains	becoming	attached	
to	histones,	evidence	for	which	had	already	been	reported	by	Nishizuka	and	coworkers	in	
1968	(Nishizuka	et	al.,	1968).	Lindahl	may	have	been	unaware	of	that	older	evidence,	or	
perhaps	thought	it	was	not	securely	enough	established	to	include	in	his	model	–	or	
perhaps	he	felt	that	the	reason	for	the	histone	binding	was	unknown	and	not	relevant	to	
what	he	wanted	to	show.	
	
The	steps	of	PARP’s	actions,	as	understood	by	Lindahl	in	1992	and	1995,	were:	(a)	PARP’s	
DNA-binding	domain	binds	to	the	site	of	damage,	while	DNA	repair	proteins	wait	in	the	
wings;	(b)	PARP’s	enzyme	domain	adds	poly(ADPR)	chains	onto	itself,	particularly	onto	the	
region	that	connects	the	two	domains	of	the	PARP	molecule;	(c)	the	PARP	molecule	is	then	
repelled	away	from	its	binding	site	on	the	DNA,	and	repair	proteins	come	in	and	bind	to	the	
vacated	site.	PARP	adds	poly(ADPR)	chains	to	other	molecules,	such	as	histones,	but	only	
while	it	is	attached	to	the	DNA	break.	
	
Two	decades	later,	the	picture	had	filled	out,	as	shown	in	Figure	30.12.	In	2017,	Lord	and	
Ashworth	(Lord	and	Ashworth,	2017)	showed	the	elegant	way	that	PARP1	efficiently	
administers	the	early	steps	in	DNA	repair.	Here	is	their	concept	of	how	it	works	(the	
Roman	numerals	refer	to	the	designations	in	Figure	30.12):		
(i)	The	domain	structure	of	PARP1	is	shown	from	the	N-terminus	on	the	left	to	the	C-
terminus	on	the	right.	The	diagram	shows	the	Zn-fingers	(ZnF)	(the	DNA-binding	elements)	
at	the	N-terminus	and	the	catalytic	domain	near	the	C-terminus.	
(ii-iii)	PARP1	recognizes	and	binds	to	a	DNA	strand	break	(accomplished	by	3	Zn-finger	
structures	at	the	N-terminus	of	the	PARP1	molecule).		
(iv)	PARP1’s	catalytic	domain	near	the	C-terminus	then	binds	a	molecule	of	NAD	(diamond	
shape	in	the	Figure).	The	NAD	concentration	in	the	cell	must	be	high	enough	for	an	NAD	
molecule	to	bind	and	allow	poly(ADPR)	polymer	to	assemble.	This	normally	limits	the	rate	
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at	which	NAD	is	consumed,	thereby	tending	to	avoid	reducing	the	NAD	store	to	
dangerously	low	levels.		
	(v)	The	catalytic	domain,	now	activated	by	NAD,	assembles	poly(ADPR)	chains	onto	
histones	in	the	vicinity	of	the	break,	as	well	as	to	proteins	of	the	repair	machineries	and	to	
PARP	itself.	The	poly(ADPR)	additions	help	to	loosen	DNA-bound	proteins	and	thereby	
allow	access	of		repair	proteins	to	the	DNA	damage	site.		
(vi)	The	DNA-bound	PARP1	adds	poly(ADPR)	chains	onto	itself!	Neat!	Because	that	causes	
the	PARP1	molecule	to	release	from	the	DNA	and	complete	the	cycle.		
(vii)	An	inhibitor	of	PARP’s	enzyme	activity	would	prevent	the	addition	of	poly(ADPR)	
chains	to	chromatin	proteins	as	well	as	onto	itself,	which	would	prevent	the	PARP	molecule	
from	dissociating	from	the	DNA.	The	inhibitor	would	thereby	keep	the	PARP	molecule	
trapped	on	the	DNA,	which	would	block	DNA	replication	or	RNA	transcription	attempting	
to	pass	through	that	point	on	the	DNA,	potentially	killing	the	cell.	This	is	where	there	was	
an	opportunity	to	make	potentially	therapeutic	inhibitors	that	would	mimic	NAD	and	bind	
PARP1	the	way	NAD	does.	An	NAD	mimic,	if	it	binds	PARP	stably,	would	prevent	future	
reaction	steps,	thereby	locking	PARP1	onto	the	DNA	–	which	could	be	lethal	to	the	cell,	
unless	fixed	by	a	complicated	repair	machinery.		
	
It	was	estimated	that	there	are	typically	about	one	million	molecules	of	PARP	in	a	
mammalian	cell,	tightly	bound	to	chromatin	in	the	nucleus.	This	large	number	of	PARP	
molecules	scattered	about	in	the	chromatin	was	thought	an	efficient	way	for	them	to	find	
DNA	damage	sites	quickly,	wherever	they	may	be,	as	the	first	step	in	damage	detection	and	
setting	in	motion	the	DNA	repair	process.	Binding	to	a	DNA	damage	site	would	activate	the	
poly(ADPR)	production	by	PARP.	But,	if	unchecked,	this	action	might	consume	so	much	
NAD	that	the	cell	could	die	for	lack	of	that	essential	metabolite.	The	addition	of	poly(ADPR)	
polymer	onto	itself	was	a	self-inhibitory	action	that	reversed	the	PARP-DNA	binding	and	
stopped	further	PARP	activity.	The	rapid	breakdown	of	poly(ADPR)	by	glycohydrolase	was	
another	essential	part	of	the	PARP	control	mechanism.	
	
The	PARP	trapping	scenario	was	investigated	further	by	Junko	Murai,	Yves	Pommier	and	
coworkers	in	our	laboratory.	They	showed	that,	when	bound	to	an	inhibitor	(niraparib	or	
olaparib),	PARP	becomes	trapped	exactly	at	sites	of	DNA	single-strand	breaks	(Murai	et	al.,	
2012).	They	found	that,	when	PARP	has	bound	to	damaged	DNA,	it	prevented	the	DNA	
strands	at	a	single-strand	break	from	swiveling	around	each	other.	They	diagrammed	their	
concept	of	how	PARP	becomes	trapped	at	DNA	single-strand	breaks	using	the	notation	we	
had	devised	to	make	unambiguous	molecular	interaction	diagrams	(Figure	30.13).	
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Figure	30.11A.	The	concept	of	PARP	trapping,	according	to	a	PARP	function	scheme	
proposed	by	Satoh	and	Lindahl	in	1992.	The	PARP	molecule	was	considered	to	be	made	up	
of	a	DNA-binding	domain,	shown	on	the	left	in	A,	and	a	separate	enzyme	domain	on	the	
right.	The	region	of	the	molecule	between	those	two	domains	was	where	they	thought	
PARP	added	poly(ADPR)	onto	itself.	A	shows	the	PARP	molecule	and	a	segment	of	DNA	that	
has	a	strand	break.	B	shows	the	PARP	molecule	bound	to	the	DNA	strand	break	by	way	of	
its	DNA-binding	domain.	In	C,	the	enzyme	domain	would	normally	grow	a	poly(ADPR)	
chain	onto	the	intermediate	region	of	the	molecule,	which	would	release	the	PARP	
molecule,	shown	in	D,	and	allow	repair	of	the	strand	break	(not	shown).	A	PARP	inhibitor	
would	block	the	enzyme	domain’s	ability	to	make	the	polymer	chain.	Therefore,	the	PARP	
molecule	would	remain	trapped	at	the	DNA	damage.	(From	(Satoh	and	Lindahl,	1992),	
modified	and	simplified.)		
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Figure	30.11B.	A	more	developed	view	by	Tom	Lindahl	in	1995	of	the	role	of	PARP	and	
poly(ADPR)	in	DNA	repair	(From	(Lindahl	et	al.,	1995)	with	text	in	red	added).		
	

	
	
Figure	30.12.	The	beautiful	way	that	PARP1	efficiently	administers	DNA	repair,	as	depicted	
in	2017	by	Lord	and	Ashworth.	(From	(Lord	and	Ashworth,	2017)	with	added	label.)	See	
text	for	explanation.	
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Figure	30.13.	How	PARP	interacts	at	DNA	breakage	sites,	as	conceived	by	Murai,	Pommier	
and	coworkers	(Murai	et	al.,	2012).	The	interactions	are	diagrammed	using	the	notation	for	
molecular	interaction	maps	(Kohn,	1999).		The	N-terminal	end	of	the	PARP	molecule	is	at	
the	left;	the	C-terminal	end	is	at	the	right.	The	DNA-binding	domain	is	indicated	in	blue;	the	
enzyme	domain	is	in	red;	the	region	where	PARP	can	bind	poly(ADPR)	chains	onto	itself	is	
in	yellow.	The	diagram	shows	the	main	features	of	how	PARP	binds	to	DNA	strand	breaks	
and	how	PARP	inhibitors	can	trap	PARP	on	the	DNA	damage	site.	The	main	interactions	
are:	(a)	the	DNA-binding	domain	of	PARP	binds	to	single-strand	breaks	in	DNA;	(b)	when	
that	binding	has	occurred,	it	stimulates	the	catalytic	activity	of	the	enzyme	domain;	(c)	the	
enzyme	domain	then	adds	poly(ADPR)	chains	to	the	central	region	of	the	molecule;	(d)	
those	poly(ADPR)	chains	then	release	PARP	from	the	DNA	strand	break.	PARP	inhibitors	
block	the	production	of	poly(ADPR)	polymers,	thereby	preventing	PARP	from	adding	
poly(ADPR)	onto	itself	and	preventing	PARP	from	dissociating	from	the	DNA.	PARP	is	able	
to	add	poly(ADPR)	to	other	molecules	(not	shown),	but	only	while	attached	to	the	DNA	
break.		
	
	
Finding	better	PARP	inhibitors.	
	
Much	of	the	desire	for	PARP	inhibitors	was	fueled	by	its	role	in	DNA	repair,	and	by	early	
signs	that	combining	PARP	with	a	DNA-damaging	drug	enhanced	the	killing	of	treated	cells	
(Smulson	et	al.,	1977).	As	the	PARP	story	developed,	the	number	of	research	programs	
aiming	to	discover	PARP	inhibitors	that	could	be	used	for	treatment	of	patients	mounted	4-
fold	during	the	1990’s	(Ferraris,	2010).		
	
Although	at	least	18	members	of	the	PARP	family	of	proteins	were	eventually	discovered,	
only	PARP1	and	PARP2	bound	DNA,	and	PARP1	accounted	for	the	great	majority	of	the	
poly(ADPR)	produced	in	the	cell	(Ferraris,	2010).	Therefore,	inhibitors	were	sought	
primarily	against	PARP1.	Then,	in	2005,	the	stature	of	the	search	for	better	PARP	inhibitors	
for	cancer	treatment	increased	enormously,	because	of	an	amazing	discovery	that	wove	
PARP	together	with	defects	in	certain	genes.		PARP-inhibitor	drugs	were	found	to	be	highly	
effective	in	patients	with	breast	or	ovarian	cancers	of	a	certain	type,	namely,	cancers	whose	
BRCA1	or	BRCA2	genes	were	defective.	The	PARP-BRCA	story	is	told	later	in	this	chapter.	
But	first	we	focus	on	discoveries	of	PARP’s	role	in	DNA	repair	and	therapeutics	
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independent	of	the	BRCA	status	of	the	patient.	However,	it	was	first	necessary	to	develop	
better	PARP	inhibitors.	
	
The	easiest	route	to	an	inhibitor	was	to	target	the	enzyme	site	that	binds	NAD	for	use	in	
making	the	polymer.	An	NAD-like	molecule	could	bind	to	the	enzyme	site	on	the	PARP	
molecule	and	prevent	poly(ADPR)	production.	As	already	explained,	Poly(ADPR)	
production	would	cease,	and	PARP	would	remain	trapped	on	the	DNA.	
	
In	other	words,	if	the	drug	only	inhibited	PARP’s	enzyme	site,	its	DNA-binding	site	could	
still	bind	to	the	DNA	damage.	Then,	the	PARP	molecule	would	remain	bound,	because	the	
drug	would	prevent	PARP	from	growing	poly(ADPR)	chains	onto	itself	to	release	the	PARP	
molecule	from	the	DNA	(Figures	30.11A,	12,	and	13).	Furthermore,	the	trapped	PARP	
would	block	normal	events	seeking	to	access	or	pass	through	that	location	on	the	DNA.	The	
result	would	be	an	anticancer	action	by	the	inhibitor-bound	PARP	that	would	be	trapped	
bound	to	its	DNA-binding	site,	and	the	cell	would	be	left	with	a	difficult	repair	problem.		
	
	
Taking	advantage	of	the	synergy	between	PARP	inhibitors	and	DNA	
damaging	drugs.	
	
To	review	and	expand	on	how	the	role	of	PARP	in	DNA	repair	was	discovered:	A	major	part	
of	the	story,	as	already	mentioned,	began	in	1980	in	Sidney	Shall’s	laboratory	at	the	
University	of	Sussex,	England,	when	they	noticed		that	adding	a	PARP	inhibitor	increased	
the	lethal	effects	of	a	DNA	alkylating	agent	(Durkacz	et	al.,	1980)	(Nduka	et	al.,	1980).	It	
seemed	that	PARP	helped	cells	withstand	the	lethal	effects	of	an	alkylating	agent.		Research	
following	up	on	the	1980’s	findings	about	combining	PARP	inhibitors	with	DNA	damaging	
agents	were	at	first	inconclusive,	because	of	the	low	potency	of	the	PARP	inhibitors	that	
existed	at	the	time.	At	last,	nearly	15	years	later,	organic	chemists	succeeded	in	
synthesizing	more	potent	inhibitors.	Many	studies	then	combined	the	new	PARP	inhibitors	
with	temozolomide,	an	alkylating	agent	that	adds	methyl	groups	to	the	O6	position	of	
guanine	in	DNA.	Focus	on	this	drug	combination	was	driven	by	the	use	of	temozolomide	in	
the	treatment	of	brain	cancers,	because	temozolomide	was	one	of	the	few	anticancer	drugs	
able	to	penetrate	the	blood-brain	barrier	(see	Chapter	2).	It	was	assumed	that	both	drugs	
in	the	combination,	both	being	uncharged,	would	be	able	to	pass	through	the	blood-brain	
barrier	into	the	brain	(de	la	Lastra	et	al.,	2007).	
	
Meanwhile,	more	evidence	was	obtained	that	the	synergy	between	PARP	inhibitors	and	
DNA	damaging	agents	was	due	to	PARP	being	required	for	repair	of	the	DNA	damage.	PARP	
was	found	to	bind	some	of	the	proteins	(XRCC1,	DNA	polymerase b,	and	DNA	ligase	III)	that	
were	part	of	the	DNA	base	excision	repair	(BER)	mechanism	(Dantzer	et	al.,	1999).		
		
A	knotty	problem	in	chemotherapy	was	that	cancer	cells	often	migrated	into	the	brain	and	
caused	brain	metastases.	To	be	fully	effective	when	cancer	had	gone	into	the	brain,	the	
drugs	must	cross	the	blood-brain	barrier.	Many	drugs	bore	a	positive	or	negative	charge,	
which	usually	blocked	their	ability	to	enter	the	brain.	Temozolomide	was	one	of	the	few	
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anticancer	drugs	that	could	pass	into	the	brain,	and	it	was	therefore	studied	especially	for	
its	effect	on	brain	cancers	(see	Chapter	2).		Many	PARP	inhibitors	also	were	devoid	of	
charge	and	could	pass	into	the	brain.	Hence,	both	drugs	in	the	combination	could	enter	the	
brain	and	potentially	act	on	brain	cancers	or	brain	metastases.	When	a	PARP	inhibitor	was	
combined	with	temozolomide,	the	2-drug	combination	had	a	tremendous	synergistic	effect	
in	prolonging	the	lives	of	mice	bearing	a	lymphoma	in	the	brain	(Tentori	et	al.,	2005)	
(Figure	30.14).	
	
Then,	in	2008,	researchers	reported	that	the	most	effective	among		many	potential	PARP	
inhibitors	that	they	had	up	to	that	time	synthetized	was	olaparib	(originally	called	
AZD2281)	(Menear	et	al.,	2008).	A	big	advantage	of	olaparib,	as	well	as	PARP	inhibitors	
discovered	subsequently	was	the	lack	of	a	positive	or	negative	charge,	thereby	allowing	
them	to	move	into	the	brain	and	act	on	cancers	there.	The	PARP-inhibitor	plus	
temozolomide	combination	also	had	a	striking	effect	on	human	colon	cancers	grown	in	
immune	deficient	mice	(xenografts)	(Figure	30.15)	(Menear	et	al.,	2008).		
	
	
PARP	inhibitors	approved	for	cancer	treatment	come	onto	the	scene.	
	
Those	findings	spurred	the	search	for	even	better	PARP	inhibitors	that	would	be	effective	
in	cancer	treatment.	The	first	PARP	inhibitor	to	be	approved	for	treatment	of	cancer	
patients	was	olaparib.	It	was	the	first	of	several	structurally	related	drugs	to	become	
approved.	Figure	30.16	shows	the	PARP	inhibitors	that	were	in	clinical	use	by	2017,	listed	
according	to	their	potencies	for	trapping	PARP	at	DNA	stand	breaks.	The	most	potent	was	
talazoparib,	the	least	potent	was	veliparib,	and	olaparib	had	intermediate	potency.	Figure	
30.17	shows	the	inhibitors	according	to	their	structural	relatedness.	They	all	had	a	
structural	feature	(shown	in	red)	resembling	the	nicotinamide	part	of	NAD,	which	
indicated	that	they	all	acted	by	binding	and	inhibiting	the	NAD	site	(the	catalytic	site)	of	
PARP.	But	they	differed	in	their	strength	of	binding	to	DNA	break	sites	as	shown	in	Figure	
30.16.	
	
As	of	2019,	we	still	did	not	know	which	of	the	PARP	inhibitors	was	best,	because	there	had	
not	yet	been	any	clinical	trials	that	compared	them	head-to-head	(Mateo	et	al.,	2019).	This	
question	however	met	a	complication,	when	in	2014	Junko	Murai	and	Yves	Pommier	in	our	
laboratory	and	their	colleagues	noted	that	PARP	inhibitors	had	two	separable	actions	
(Murai	et	al.,	2014a).	They	compared	olaparib,	rucaparib,	and	talazoparib	(BMN	673)	for	
inhibition	of	enzyme	activity,	ability	to	trap	PARP	at	DNA	strand	breaks,	and	killing	of	
cancer	cells.	They	found,	remarkably,	that,	although	all	three	drugs	inhibited	PARP	enzyme	
activity	with	comparable	potency,	talazoparib	was	about	100	times	as	potent	as	the	other	
two	drugs	when	it	came	to	potency	of	trapping	on	DNA.	Also,	talazoparib	in	combination	
with	temozolomide	was	more	potent	in	killing	cancer	cells	compared	to	other	PARP	
inhibitor-temozolomide	combinations.	It	seemed	that	a	major	cell	toxic	effect	of	the	
inhibitors	came	from	trapping	PARP	to	DNA,	not	merely	from	inhibiting	PARP	enzyme	
activity.	
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A	notable	fact	about	talazoparib	was	that	its	stereoisomer,	where	the	configurations	of	its	
sites	labeled	R	and	S	in	Figures	30.16	and	30.17	were	reversed,	was	nearly	inactive	(Murai	
et	al.,	2014a).	That	meant	that	the	3-dimentional	geometry	of	talazoparib	was	critical	in	
allowing	the	drug	to	bind	to	its	site	on	the	PARP	molecule;	the	mirror	image	of	the	inhibitor	
would	not	fit	at	the	binding	site.	
	
Figure	30.18	shows	an	experiment	that	demonstrated	the	strong	synergy	between	
talazoparib	and	temozolomide	(Shen	et	al.,	2013).	
	
	

	
	
Figure	30.14.	A	PARP	inhibitor	(GPI	15427)	together	with	temozolomide	greatly	increased	
the	survival	of	mice	that	had	a	lymphoma	in	the	brain.	The	PARP	inhibitor	by	itself	or	
temozolomide	by	itself	had	much	less	effect	(Tentori	et	al.,	2005).	Both	drugs	were	able	to	
pass	through	the	blood-brain	barrier.	
	
	

No drug Temozolomide Temozolomide
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Figure	30.15.	The	PARP	inhibitor,	olaparib,	together	with	temozolomide	had	an	impressive	
synergistic	effect	in	suppressing	the	growth	of	human	colon	cancer	cells	(SW620)	in	mice	
(Menear	et	al.,	2008).	The	size	of	the	tumor	(vertical	axis)	is	plotted	against	time	
(horizontal	axis).	
	

	
	
Figure	30.16. 	PARP	inhibitors	that	were	used	in	cancer	treatment	as	of	2017,	showing	their	
relative	potencies	from	1	(most	potent)	to	5	(least	potent)	for	trapping	PARP	on	DNA,	
which	correlated	with	potency	for	killing	cells	in	culture	(Lord	and	Ashworth,	2017).		
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Figure	30.17.	PARP	inhibitor	drugs	showing	their	chemical	structure	relationships.	A	
feature	they	had	in	common	with	NAD	is	shown	in	red		(Pommier	et	al.,	2016).	This	feature	
is	like	the	nicotinamide	part	of	the	NAD	molecule.	It	is	the	part	of	the	molecule	that	binds	to	
the	active	site	of	the	PARP	enzyme,	which	breaks	its	bond	to	the	rest	of	the	molecule.	The	
cleavage	of	that	bond	drives	the	poly(ADPR)	polymerization	reaction	(blue	arrow	in	NAD	
structure).	The	nicotinamide-like	part	of	the	inhibitor	structure	is	attached	by	multiple	
bonds	to	the	rest	of	the	structure	and	cannot	be	released.	Therefore,	when	inhibitor	binds	
to	the	enzyme	at	the	nicotinamide-binding	site,	the	inhibitor	remains	stuck	there,	because	
the	reaction	to	release	the	nicotinamide-like	part	cannot	occur.	
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Figure	30.18.	Synergy	between	the	DNA	alkylating	agent,	temozolomide,	and	the	potent	
PARP	inhibitor,	talazoparib	(originally	called	BMN	673)	(Shen	et	al.,	2013),	in	inhibiting	the	
growth	of	a	human	colon	cancer	cell	line,	called	LoVo.	Temozolomide	by	itself	had	little	
effect	(upper	curve).	Talazoparib	by	itself	inhibited	cell	growth	by	about	40%	(lower	
curves	at	zero	temozolomide);	when	temozolomide	was	added	at	increasing	
concentrations,	cell	growth	was	inhibited	up	to	90%.	That	was	a	remarkable	degree	of	
synergy	between	the	two	drugs.	
	
	
PARP	has	a	major	role	in	DNA	repair.	
	
The	poly(ADPR)	chains	that	PARP	fixes	onto	histones	in	chromatin	serve	to	recruit	DNA	
repair	enzymes	to	a	variety	of	sites	of	DNA	damage	(Murai	et	al.,	2012;	van	Wietmarschen	
and	Nussenzweig,	2018).	Evidence	explained	earlier	in	this	chapter	pointed	to	single-
strand	breaks	and	base-free	sites	as	the	DNA	lesions	where	PARP	comes	into	play	during	
DNA	repair.		
	
It	therefore	became	important	to	know	which	drugs	produce	such	DNA	lesions.		For	
temozolomide,	the	DNA	damage	and	repair	scenario	was	described	in	Chapter	2.	The	most	
important	damage	it	caused	was	methylation	of	guanine-O6	sites	on	DNA,	in	other	words,	
the	addition	of	a	methyl	groups	to	the	O6	position	of	guanines,	yielding	a	potentially	toxic	
DNA	product.	A	wonderful	enzyme	was	discovered	that	efficiently	plucked	off	the	methyl	
group	off	and	restored	the	normal	DNA	structure.	The	enzyme	that	did	that	was	O6-
methylguanine-methyl-transferase	(MGMT)	(see	Chapter	2).	Although	that	enzyme	was	
highly	efficient,	it	was	not	foolproof	(no	biological	process	is).	Moreover,	some	cancer	cells	
made	little	or	no	MGMT.	As	discussed	in	Chapter	2,	that	made	those	kinds	of	cancers	
vulnerable	to	treatment	with	drugs	like	temozolomide,	because	the	cells	did	not	have	
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enough	MGMT	to	remove	the	methyl	groups	from	all	the	methylated	guanines.	The	
remaining	methylguanines	then	had	to	be	repaired	by	a	different	mechanism:	DNA	base	
excision	repair	(BER),	whose	discovery	was	described	in	Chapter	24.	BER	plucks	the	bad	
base	off	the	DNA,	leaving	a	base-free	site	in	the	DNA	chain:	a	deoxyribose	unit	without	a	
base	(adenine,	guanine,	thymine	or	cytosine)	attached	to	it.	
	
In	the	case	of	temozolomide,	the	BER	mechanism	removed	the	persistent	O6-
methylguanines	in	toto	and	left	behind	a	base-free	deoxyribose	in	the	DNA.	To	PARP,	the	
base-free	site	may	look	sufficiently	like	a	single-strand	break	for	it	to	bind	there	and	bring	
in	some	of	the	needed	DNA	repair	proteins.	Those	repair	proteins,	it	seemed,	removed	the	
base-free	deoxyribose	and	filled	the	resulting	gap	in	the	DNA	strand,	but	left	behind	a	
single-strand	break.	It	seemed	that	the	PARP	molecule	would	remain	attached	and	
continue	to	help	in	the	repair.		
	
Although	the	essentials	may	be	correct,	the	mechanism	may	be	more	complicated	than	the	
relatively	simple	picture	had	suggested.	A	collaboration	of	several	laboratories	in	2017	
enabled	the	use	of	new	physics	techniques	to	investigate	in	amazing	detail	some	of	the	
events	during	the	repair	of	base-free	sites	at	the	level	of	individual	molecules	(Liu	et	al.,	
2017).		
	
Their	essential	findings	were:	
(1)	PARP1	and	the	endonuclease	(APE1)	that	cleaves	away	the	base-free	deoxyribose	both	
move	around	freely	in	search	of	base-free	sites	on	a	DNA	molecule.		
(2)	A	PARP1	molecule	can	bind	to	a	single-strand	break,	base-free	site,	or	DNA	end.		
(3)	When	PARP1	and	APE1	are	bound	to	the	same	base-free	site,	the	PARP1	molecule	is	
enabled	to	slide	along	the	DNA	while	remaining	close	to	the	damage	site;	perhaps	that	
opened	the	damage	site	for	access	to	other	repair	proteins.	
(4)	Addition	of	poly(ADPR)	chains	onto	itself	allowed	the	PARP1	molecule	to	slide	for	
greater	distances	along	the	DNA	in	the	vicinity	of	the	damage	site.	
(5)	The	PARP	inhibitor,	olaparib,	did	not	affect	the	dissociation	of	PARP1	from	the	DNA,	but	
increased	the	ability	of	PARP1	to	slide	along	the	DNA	for	greater	distances	away	from	the	
damage	site.	
	
A	caveat	of	this	investigation,	however,	was	that	the	DNA	they	were	able	to	study	was	bare,	
without	any	histones	or	other	chromatin	proteins.	Nevertheless,	they	demonstrated	a	new	
technology	for	detailed	investigation	of	how	DNA	repair	works.	
	
In	general,	drugs	that	caused	DNA	damage	requiring	base-excisions	repair	(BER)	for	good	
cell	survival	should	be	sensitive	to	PARP	inhibitors,	because	BER	entails	the	production	of	
DNA	single-strand	breaks	during	the	repair	process.	Aside	from	drugs	like	temozolomide	
that	damage	DNA	bases	directly,	base	analog	drugs,	such	as	thioguanine	and	5-fluorouracil,	
become	incorporated	into	DNA	by	the	DNA	replication	machinery	that	is	unable	to	
distinguish	the	base	analog	nucleotide	triphosphate	from	the	normal	nucleotide	
triphosphate.	The	DNA	polymerase	thus	adds	the	bad	base	into	the	DNA	chain.	The	bad	
base	could	then	be	removed	by	BER,	leaving	a	base-free	site	and	leading	to	a	single-strand	
break	where	PARP	would	bind.	
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How	do	PARP	inhibitors	exert	toxic	effects	on	cells?	
	
In	2014,	as	already	mentioned,	my	colleagues	Junko	Murai	and	Yves	Pommier,	together	
with	other	researchers	in	our	laboratory,	gave	us	more	insight	into	the	workings	of	the	
PARP	drug	combinations.	They	measured	the	toxic	effects	on	cells	when	a	PARP	inhibitor	
was	combined	with	a	DNA	damaging	drug	(Murai	et	al.,	2014b).	Insight	into	the	effects	of	
PARP	came	from	measuring	what	happens	in	cells	whose	PARP1	gene	was	deleted.	Cells	
that	had	no	functional	PARP1	had	increased	sensitivity	to	temozolomide,	as	expected,	since	
PARP	was	necessary	for	efficient	DNA	damage	repair.	Also	as	expected,	PARP	inhibitors	
had	no	effect	on	cells	that	had	no	functional	PARP1	gene.	But	quite	remarkably,	cells	having	
normal	PARP	genes	were	extremely	sensitive	to	the	combination	of	temozolomide	and	a	
PARP	inhibitor.	The	inference	was	that,	even	though	PARP	itself	helped	to	repair	the	DNA	
damage,	the	PARP-with-bound-inhibitor	unit	became	trapped	at	temozolomide-induced	
DNA	damage	sites,	resulting	in	extreme	toxicity.	It	was	all	in	accord	with	the	idea	that	PARP	
inhibitors	cause	PARP	to	become	trapped	at	sites	of	DNA	damage,	thereby	producing	
severe	toxicity	to	cells,	possibly	more	severe	against	cells	in	a	cancer	than	against	critical	
normal	cells	in	the	body.		
	
Hence,	it	seemed	that	PARP	inhibitors	had	two	different	kinds	of	toxic	effects	on	cells:	(A)	
inhibition	of	poly(ADPR)	production	and	(B)	trapping	of	PARP	at	sites	of	DNA	damage,	
particularly	at	strand	breaks.	The	different	PARP-inhibitor	drugs	had	similar	potencies	for	
mechanism	A,	but	different	potencies	for	mechanism	B.	Moreover,	the	major	toxic	
mechanism	appeared	to	be	mechanism	B		(Murai	et	al.,	2014b).		
	
In	the	same	paper,	Murai	et	al.	asked	what	kinds	of	DNA	damage	would	produce	the	
extreme	toxicity	of	PARP	trapping.	In	other	words,	in	what	kinds	of	DNA	damage	did	or	did	
not	PARP	come	in	to	help	repair	and	at	the	same	time	become	trapped	on	the	DNA?		They	
were	able	to	infer	answers	from	experiments	such	as	those	summarized	in	the	previous	
paragraph.	
	
Further	studies	of	PARP	looked	to	see	when	and	where	poly(ADPR)	was	produced	(van	
Wietmarschen	and	Nussenzweig,	2018).	Since	poly(ADPR)	is	rapidly	degraded	by	
glycohydrolase,	the	researchers	inhibited	the	enzyme,	which	allowed	the	polymer	to	
accumulate	at	its	sites	of	production	where	it	could	then	be	measured.	They	found	that	
poly(ADPR)	was	produced	only	during	DNA	replication	and	at	or	near	the	replication	sites.	
When	they	inhibited	PARP,	the	gaps	in	the	replication	lagging	strand	(producers	of	Okazaki	
fragments)	were	not	ligated.	The	gaps	persisted	into	the	next	replication	cycle,	and	then	
caused	the	replication	fork	to	collapse.	Repair	of	that	problem	required	homologous	
recombination	for	which	BRCA1	and	BRCA2	were	both	needed	(Gudmundsdottir	and	
Ashworth,	2006).	This	gave	some	insight	into	the	BRCA-PARP	synthetic	lethality	strategy	
for	cancer	therapy	described	in	a	section	at	the	end	of	this	Chapter.	
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Topoisomerase	1	inhibitors	produce	another	DNA	damage	scenario	
requiring	PARP	for	repair.	
	
A	drug	that	produced	DNA	damage	of	a	kind	different	from	that	of	DNA	base	modifiers,	
such	as	temozolomide,	was	the	topoisomerase	inhibitor	camptothecin	(Chapter	11).	In	
2011,	my	colleagues	led	by	Yves	Pommier	had,	in	the	vein	of	our	long	interest	in	
topoisomerase-targeted	drugs,	found	that	PARP	inhibitors	become	trapped	at	the	DNA	sites	
of	camptothecin	action	(Zhang	et	al.,	2011).	As	explained	in	Chapter	11,	camptothecin	was	
known	to	produce	transient	single-breaks	that	allow	swiveling	of	the	DNA	strands	to	
relieve	the	torsional	stress	that	accumulates	as	DNA	is	transcribed	or	replicated.	Those	
single-strand	breaks	however	open	and	close	quickly	in	a	controlled	manner	--	and	do	not	
qualify	as	DNA	damage.	Camptothecin	however	did	induce	DNA	damage,	because	it	bound	
and	stabilized	the	open	state	during	the	topoisomerase	I	swivel	cycle	long	enough	to	cause	
problems.	Camptothecin	nevertheless	dissociated	easily	from	this	bound	state.	As	
described	in	Chapter	11,	camptothecin	induced	DNA	damage	mainly	while	DNA	was	being	
replicated	during	S-phase	of	the	cell	cycle,	which	suggested	that	the	damage	happened	
when	the	DNA	replication	machinery	collided	with	a	camptothecin-blocked	topoisomerase-
I	site.	That	idea	held	up	and	was	extended	by	evidence	that	damage	was	induced,	albeit	to	a	
lesser	degree,	by	collisions	involving	RNA	transcription.	The	essentials	of	an	experiment	
showing	these	DNA	damaging	events	are	shown	in	Figure	30.19	(Zhang	et	al.,	2011).	
	
In	general,	DNA	damaging	drugs	that	required	repair	by	BER,	as	well	as	drugs	like	
camptothecin	that	impaired	topoisomerase	I,	were	synergized	by	PARP	inhibitors.	On	the	
other	hand,	drugs	like	cisplatin	that	crosslink	DNA	or	drugs	that	impair	topoisomerase	II,	
were	repaired	by	mechanisms	that	did	not	require	PARP,	and	these	drugs	were	not	
synergized	by	PARP	inhibitors	(Zhang	et	al.,	2011).	A	dual	role	of	PARP1	and	TDP1	in	
removing	trapped	Top1-DNA	complexes	on	DNA	is	diagrammed	in	Figure	30.20.	
	

	
	
Figure	30.19.	The	PARP	inhibitor,	veliparib	(ABT-888),	combined	with	the	topoisomerase	1	
inhibitor,	camptothecin,	produced	DNA	damage,	but	mainly	in	cells	that	were	undergoing	
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DNA	synthesis	(S-phase)	(Zhang	et	al.,	2011).	In	this	experiment,	human	cancer	cells	
(osteosarcoma	U2OS)	were	treated	with	camptothecin	(CPT)	with	or	without	veliparib	
(ABT-888).	Cells	undergoing	DNA	synthesis	were	labeled	by	adding	a	thymidine	analog	
(EdU),	which	became	incorporated	into	the	newly	synthesized	DNA.	The	cells	were	then	
put	on	a	slide	and	stained	with	two	fluorescent	antibodies	that	make	cells	that	are	
undergoing	DNA	synthesis	glow	pink	and	cells	that	have	DNA	damage	(where	gH2Ax	is	
bound)	glow	green.	The	left	panel	shows	the	results	for	cells	that	were	treated	with	
veliparib	alone.	Treatment	with	camptothecin	alone	showed	some	DNA	damage	(green	in	
upper	right	of	the	right-hand	panel).	But	there	was	much	more	green	when	camptothecin	
was	combined	with	veliparib	(lower	right	in	the	right-hand	panel).	Thus,	camptothecin	
produced	DNA	damage	mainly	in	S-phase	cells	(green),	but	the	combination	of	
camptothecin	and	veliparib	produced	a	great	deal	more	DNA	damage	(more	green),	mainly	
in	S-phase	cells,	but	to	a	smaller	degree	also	in	non-S-phase	cells.	(Modified	from	(Zhang	et	
al.,	2011).)	
	
	

	
Figure	30.20.	PARP1	works	together	with	TDP1	and	DNA	repair	enzymes	to	cleave	away	
Top1	trapped	as	cleavage	complexes	on	DNA)	(Das	et	al.,	2014).	(See	Figure	10.9	in	Chapter	
10.	TDP1	acts	similarly	to	remove	trapped	Top1	and	Top2.)	The	diagram	uses	the	
molecular	interaction	map	notation	(Kohn,	1999).	1.	PARP1	binds	TDP1.	2,	3.	The	PARP1-
TDP1	dimer	stimulates	TDP1	to	cleave	any	remaining	Top1	fragment	away	from	the	DNA					
4.	DNA	enzymes	complete	the	repair.	PARP1	may	also	serve	to	recruit	the	DNA	repair	
enzymes	to	the	site	where	they	are	needed	(not	shown	in	the	diagram).	
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PARP	inhibitors	begin	to	be	used	to	treat	cancer	patients.	
	
The	approved	PARP	inhibitor	drugs,	however,	did	not	come	easily.	Far	from	it!	A	huge	
number	of	compounds	were	prepared	and	studied	by	several	pharmaceutical	companies	to	
unravel	the	chemistry	of	exactly	how	the	inhibitors	worked	and	to	prepare	some	of	them	
for	clinical	trial.		
	
Going	back	to	the	early	days	of	development	of	clinically	approved	PARP	inhibitors,	Figure	
30.21	lists	the	PARP	inhibitors	that	had	been	approved	as	of	2010	for	testing	in	cancer	
patients,	and	the	steps	in	development	that	each	drug	had	passed	(Ferraris,	2010).	The	first	
step	was	to	obtain	approval	of	the	drug	as	an	Investigational	New	Drug	(IND)	by	the	U.S.	
Food	and	Drug	Administration	(FDA).	Approval	of	an	IND	depended	on	animal	studies	
indicating	that	the	drug’s	toxicities	and	therapeutic	actions	are	well	enough	understood	to	
allow	preliminary	testing	in	a	small	numbers	of	advanced	cancer	patients	for	whom	there	
was	no	longer	any	approved	therapy	available.	Next	came	Phase	I,	which	aimed	to	
determine	the	toxicity	and	safe	dosage	limits	in	a	limited	number	of	cancer	patients,	most	
of	whom	had	relapsed	after	chemotherapy	and	for	whom	there	was	no	approved	therapy	
available.	About	70%	of	the	drugs	went	on	from	Phase	I	to	Phase	II,	where	several	hundred	
patients	with	advanced	cancers	were	treated	with	the	aim	of	finding	evidence	that	the	drug	
was	active	against	cancer,	while	continuing	to	monitor	for	untoward	actions.	If	Phase	II	
studies	provided	sufficient	evidence	of	action	against	some	types	of	cancer,	the	drug	went	
on	to	Phase	III,	which	aimed	to	determine	whether	the	drug	was	better	than	the	best	
previous	treatment	for	some	types	of	cancer.	Several	thousand	patients	were	typically	
recruited	for	Phase	III	studies	that	were	usually	carried	out	in	double-blind	fashion.	
	
Two	drugs,	at	the	top	of	the	list	in	Figure	30.21,	reached	Phase	III.	The	first	was	BSI-201,	a	
small	molecule	whose	structure	is	shown	below	the	table.	This	structure	was	simpler	than	
the	structures	of	the	drugs	(Figures	30.17	and	30.18)	that	were	later	approved	as	drugs	in	
the	clinical	armamentarium.	BSI-201	did	not	pass	beyond	Phase	III	however	and	was	
dropped.	The	next	Phase	III	drug	in	Figure	30.21,	became	“olaparib”	and	was	the	first	PARP	
inhibitor	to	become	an	official	clinical	drug.	The	next	in	the	list	became	“veliparib,”	and	was	
in	Phase	II	at	the	time	that	the	list	was	compiled	in	2010.		
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Figure	30.21.	PARP	inhibitor	drugs	approved	for	clinical	test	as	an	Investigational	New	
Drug	(IND)	as	of	2010	(see	text)	(Ferraris,	2010).		
	
	
The	combination	of	a	PARP	inhibitor	and	the	alkylating	agent,	temozolomide,	began	to	be	
used	to	treat	brain	cancer	patients,	because	both	drugs	were	able	to	pass	through	the	
blood-brain	barrier.	Temozolomide,	however,	was	expected	to	be	most	effective	in	cancers	
that	had	low	levels	of	the	DNA	repair	enzyme	that	removes	methyl	groups	from	the	O6	
position	of	guanine	in	DNA	(DNA-O6-methylguanine-methyltransferase,	MGMT)	(see	
Chapter	2).	Clinical	trials	of	PARP-inhibitor	plus	temozolomide	combination	were	under	
way	at	the	time	of	this	writing	(Gupta	et	al.,	2018).	A	response	was	already	seen	in	a	phase	
I/II	trial	(Figure	31.22).	
	
	

(Veliparib)
Olaparib)
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Figure	30.22.	Response	of	a	small-cell	lung	cancer	(SCLC)	tumor	in	the	lung	of	a	patient	
treated	with	olaparib	plus	temozolomide.	The	patient	had	relapsed	after	previous	
chemotherapy	and	was	treated	with	the	olaparib-temozolomide	drug	combination	in	a	
phase	I/II	trial.	The	green	arrowheads	point	to	the	tumor.	The	middle	panel	showed	that	
the	tumor	had	shrunk	almost	to	the	point	of	invisibility.	The	tumor	unfortunately	grew	
again,	as	shown	in	the	right	panel	(Farago	et	al.,	2019).	
	
	
A	new	paradigm	for	cancer	treatment:	synthetic	lethality.		
	
An	unexpected	finding	by	Alan	Ashworth	and	his	colleagues	at	Guy’s	Hospital,	London,	and	
Cambridge	Science	Park	in	2005	led	to	a	new	strategy	for	cancer	therapy,	based	on	a	
concept	called	“synthetic	lethality”	(Farmer	et	al.,	2005).	Here	is	how	their	unexpected	
discovery	came	about:	since	BRCA	enzymes	were	required	for	repair	of	DNA	double-strand	
breaks,	and	PARP	was	required	for	repair	of	DNA	single-strand	breaks,	they	thought	that	a	
BRCA	mutation	together	with	a	PARP	inhibitor	might	make	cells	particularly	sensitive	to	
DNA-damaging	agents.	Unexpectedly,	however,	they	found	that	cells	whose	BRCA	function	
was	inactive	due	to	mutation	were	killed	by	PARP	inhibitors,	even	without	introducing	a	
DNA-damaging	drug!	It	was	not	clear	exactly	how	PARP	produced	that	effect,	but	it	was	
nevertheless	a	clear	case,	they	soon	realized,	of	synthetic	lethality	that	might	have	
therapeutic	potential	(Figure	30.23.).	
	
In	the	same	issue	of	Nature,	Thomas	Helleday	and	his	colleagues	in	the	UK	and	Stockholm	
confirmed	and	gave	more	substance	to	the	BRCA-PARP	synthetic-lethality	concept	(Bryant	
et	al.,	2005).	Both	research	teams	found	that	PARP	inhibition	by	itself	generated	DNA	
damage	that	required	BRCA	for	repair	and	that,	if	the	functions	of	both	BRCA	and	PARP	
were	lacking,	cells	died.	Lack	of	BRCA1	or	2	function	was	not	by	itself	lethal	to	cancer	cells,	
nor	did	inhibition	of	PARP	by	itself	kill	the	cells.	However,	the	combination	of	a	non-
functioning	BRCA	and	an	inhibitor	of	PARP	killed	them.	That	was	the	essence	of	synthetic	
lethality	(Figure	30.23).	
	
Synthetic	lethality,	as	first	defined	in	1946	by	Dobazhansky	(Dobzhansky,	1946)	was	a	
situation	where	the	combination	of	2	genetic	changes	was	lethal,	whereas	either	genetic	
change	by	itself	was	not.	Figure	30.23	shows	how	synthetic	lethality	produced	by	
combining	a	BRCA	defect	with	a	PARP	inhibitor	was	a	strategy	for	cancer	therapy.	
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Body	cells	usually	have	two	copies	of	each	BRCA	gene,	one	on	each	of	two	homologous	
chromosomes.	In	some	families,	one	of	the	two	copies	(most	commonly	of	the	BRCA1	of	
BRCA2	gene)	has	an	inherited	mutation	that	destroys	its	function.	As	long	as	the	second	
copy	is	ok,	the	cell	has	normal	BRCA	functions.	However,	a	random	mutation	can	inactivate	
the	second	copy	and	frequently	occurs	as	an	initiating	event	in	cancer	particularly	of	breast	
cancer.	Family	members	who	had	inherited	an	inactivating	mutation	in	one	copy	of	a	BRCA	
genes	tended	to	have	an	unusually	high	incidence	of	breast	cancer	(see	Chapter	26).	They	
were	vulnerable	to	developing	cancer	when	a	random	mutation	inactivated	the	second	
copy	of	the	same	BRCA	gene.	With	BRCA1	or	BRCA2	totally	inactive,	the	cancer	cells	could	
not	repair	DNA	by	homologous	recombination.	For	repair	of	DNA	damage,	such	as	double-
strand	breaks,	the	homologous	recombination	repair	option	would	not	be	available	to	
them.	Such	cancer	cells	could	then	be	killed	by	PARP	inhibitors	that	blocked	the	other	
major	DNA	repair	pathways.	
	
People	whose	BRCA	genes	were	all	normal	had	a	much	lower	risk	of	breast	cancer.	
However,	a	first	inactivation	of	a	BRCA	gene	could	occur	as	a	rare	random	mutation,	for	
example	in	a	normal	breast	cell	from	which	a	cancer	could	eventually	develop.	That	was	
thought	to	be	a	route	by	which	cancer	could	arise	even	when	there	was	no	family	history	of	
cancer.	
	
In	both	the	familial	and	the	random	circumstance,	however	–	and	this	is	the	critical	point	–	
BRCA	function	would	be	defective	in	the	cancer,	but	not	in	the	normal	cells.	That	difference	
was	the	basis	for	therapy:	the	cancer	cells	were	vulnerable	to	PARP	inhibitor,	while	the	
normal	cells	was	not.	It	was	a	case	of	synthetic	lethality	with	selectivity	against	cancer	cells	
(Kaelin,	2005).	

	
Figure	30.23.	BRCA-defective	cancer	cells	are	killed	by	PARP	inhibitor.	This	was	the	first	
therapy	based	on	synthetic	lethality,	where	cells	die	if	an	only	if	their	Gene	A	and	Gene	B	
are	both	defective	or	drug-inhibited.	

Normal cell Cancer cell with defective gene A

Gene A – normal

Gene B – inhibited
by drug

Gene A – defective

Gene B - normal

Gene A – defective

Gene B – inhibited 
by drug

Gene A – normal

Gene B - normal
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Gene A = BRCA      Gene B = PARP

Synthetic lethality in cancer therapy:
Cells die if both Gene A and Gene B are defective or inhibited by drug.
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The	BRCA-PARP	synthetic-lethality	strategy	showed	its	promise	against	cancers	in	2009	in	
a	phase	I	study	of	ovarian	cancer	patients	who	had	an	inherited	BRCA1	or	BRCA2	mutation	
in	one	allele.	Such	patients	were	prone	to	develop	cancer	from	cells	that	spontaneously	
acquired	an	inactivating	mutation	in	the	second	allele.	These	cells	lacked	BRCA1	or	BRCA2	
function.	Since	both	BRCA	genes	were	needed	for	homologous	recombination,	the	cells	
were	unable	to	carry	out	this	DNA	repair	function.	Consequently,	more	mutations	
accumulated,	leading	to	a	high	probability	of	cancer.	Those	cancers	had	a	non-functional	
BRCA,	making	them	vulnerable	to	PARP	inhibitors,	based	on	synthetic	lethality	when	both	
of	those	genes	were	non-functional.	Figure	30.24.	shows	the	response	to	olaparib	(an	
inhibitor	of	PARP)	of	an	ovarian	cancer	in	a	patient	who	had	a	BRCA1	gene	mutation	(Fong	
et	al.,	2009).	Olaparib	was	approved	in	2014	by	the	US	Food	and	Drug	Administration	
(FDA)	for	treatment	of	ovarian	cancer	in	patients	with	a	BRCA1	mutation.	Another	PARP	
inhibitor,	talazoparib,	was	approved	in	2018	for	treatment	of	breast	cancer	patients	who	
had	a	BRCA	mutation	(Turk	and	Wisinski,	2018;	Zimmer	et	al.,	2018).		

	
Figure	30.24.	Regression	of	an	ovarian	cancer	in	response	to	treatment	with	the	PARP	
inhibitor,	olaparib;	the	patient	had	an	inherited	mutation	of	the	BRCA1	gene.	The	tumor	
disappeared	completely	in	these	computerized	tomography	(CT)	scans	of	the	abdomen	
(red	circles)	(Fong	et	al.,	2009).	Unfortunately,	however,	only	about	half	of	the	BRCA	
mutant	ovarian	cancer	patients	responded	to	olaparib,	the	response	was	rarely	complete,	
and	the	duration	of	response	was	8	months	at	best	(Fong	et	al.,	2010).		
	
	
To		begin	to	understand	how	the	remarkable	cooperation	between	the	BRCA	and	PARP	
genes	led	to	new	cancer	drug	therapy,	we	must	go	back	to	the	story	of	PARP	(see	above).	
PARP	is	abundant	in	the	cell	nucleus,	where	it	catalyzes	the	production	of	poly(ADP-ribose)	
polymers	and	attaches	them	to	certain	essential	cell	proteins,	particularly	histones,	in	
chromatin.	It	is	an	essential	part	of	the	molecular	machinery	that	repairs	DNA	single-strand	
breaks	and	other	types	of	DNA	damage.	However,	there	is	an	effective	backup	mechanism	
to	deal	with	DNA	breaks	that	may	remain	unrepaired:	homologous	recombination	repair	of	
DNA	double-strand	breaks,	which	can	form	from	unrepaired	single-strand	breaks,	and	
requires	both	BRCA1	and	BRCA2	(see	Chapter	27A)	(Gudmundsdottir	and	Ashworth,	

Before treatment 
with olaparib.

4 months after treatment 
with olaparib.
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2006).	Therefore,	if	both	PARP	and	either	BRCA1	or	BRCA2	are	defective,	then	the	cells	die.	
That,	in	short,	was	the	basis	for	the	excitement	engendered	by	prospects	for	therapy	
specific	for	cancers	that	have	inactivating	mutations	of	BRCA1	or	BRCA2.	Treatment	of	such	
cases	with	PARP-inhibiting	drugs	would	cause	the	cancer	cells	to	die.	
	
More	recently,	Niek	van	Wietmarschen	and	Andre	Nussenzweig	at	the	National	Cancer	
Institute	reviewed	evidence,	some	of	it	from	our	Laboratory	(Murai	et	al.,	2012),	that	
suggested	that	the	normal	production	of	Okazaki	fragments	in	the	replication	of	the	lagging	
DNA	strand	could	lend	itself	to	PARP-BRCA	synthetic	lethality	(van	Wietmarschen	and	
Nussenzweig,	2018).	The	sealing	of	the	fragments	would	be	impaired	by	inhibition	of	PARP	
and	would	then	rely	on	BRCA-dependent	homologous	recombination	to	deal	with	the	
difficulty.	Consequently,	this	could	be	a	of	synthetic	lethality	mechanism.	
	
The	success	of	the	PARP-BRCA	therapy	recently	stimulated	much	thought	and	investigation	
of	other	potential	therapy	based	on	a	synthetic	lethality	strategy	(Ashworth	and	Lord,	
2018;	Setton	et	al.,	2021).	
	
	
Summary	
	
The	story	developed	in	this	chapter	grew	out	of	three	roots:	First,	the	discovery	of	a	strange	
new	polymer,	poly(ADPR).	Second,	the	unexpected	observation	that	alkylating	agents	
caused	a	fall	in	nicotinamide	adenosine	dinucleotide	(NAD)	level	in	the	cell.	Third,	the	
discovery	that	inhibiting	the	enzyme	activity	of	PARP	(the	enzyme	that	produces	
poly(ADPR))	impaired	the	ability	of	cells	to	repair	DNA	strand	breaks	and	to	survive	DNA	
damage	produced	by	alkylating	agents	and	x-rays.	The	inference	that	PARP	had	a	role	in	
DNA	repair	then	spurred	investigation	of	how	PARP	worked	and	how	to	develop	better	
PARP	inhibitors	that	could	become	useful	anti-cancer	drugs.	Later	findings	indicated	that	it	
was	PARP’s	DNA	binding,	rather	than	inhibition	of	its	enzyme	activity	per	se,	that	was	the	
main	factor	in	killing	cancer	cells,	at	least	at	moderate	dosage	suited	for	treatment	of	
patients.	However,	inhibitors	of	PARP’s	enzyme	activity	were	effective,	because	the	enzyme	
activity	was	required	for	addition	of	poly(ADPR)	chains	to	the	PARP	molecule,	which	
allowed	PARP	to	dissociate	from	the	DNA.	The	inhibition	of	PARP’s	enzyme	activity	thus	
tended	to	keep	the	PARP	molecule	attached	to	the	DNA,	thereby	blocking	DNA	functions	
from	passing	through	that	point.	Along	with	the	development	of	clinically	approved	PARP	
inhibitors,	focus	was	on	combination	of	PARP	inhibitors	with	DNA-damaging	drugs,	
particularly	the	alkylating	agent	temozolomide.	The	drug	combinations	were	highly	
effective	against	cancer	cells	in	culture	and	against	human	tumors	grown	as	xenografts	in	
immune-deficient	mice.	Clinical	trials	of	the	drug	combinations	were	then	begun.	Then,	
came	the	unexpected	observation	that	PARP	inhibitors	were	remarkably	effective	in	
cancers	that	had	defects	in	BRCA	gene	function	in	DNA	repair	by	homologous	
recombination.	Cancer	cells	died	if	and	only	if	both	their	BRCA	and	PARP	functions	were	
inactivated.	This	was	the	first	case	of	synthetic	lethality	in	mammalian	cells	and	gave	
promise	as	a	new	strategy	for	cancer	therapy.	
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